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The present study investigates the absorption of CO,, into novel bis(3-aminopropyllamine (APA)-activated
aqueous solutions of 2-amino-2-methyl-1-propanol (AMP), using a wetted-wall column absorber. The
physicochemical and transport properties of these solvents were measured over a temperature (7) range
of 298-323 K and a partial pressure (pco,) range of 5-15 kPa. APA is used as an activator with molar
concentration varying from 0 to 1.1 kmol m™ while maintaining the total (APA + AMP) concentration to
3.0 kmol m~3. Details on uncertainty analysis of property measurements are provided in order to analyse
the kinetics data. The effect of thermodynamic properties on liquid—liquid interactions are discussed and
assessed. Following the reaction mechanism of primary and secondary amines with CO,, the reaction
mechanism of aqueous APA was described by the zwitterion mechanism. Based on this mechanism, the
overall reaction scheme for (APA + AMP + H,0)-CO, system was established. According to the pseudo-
first-order condition, the reaction rate parameters were estimated for the (APA + AMP + H,0O)-CO,
system from the kinetics measurement. A substantial enhancement of the reaction rate in comparison to
the single AMP solution was observed upon the addition of a small amount of APA to the blend.
Furthermore, it was prominent from the parity plot that the model fitted and experimental rate data were
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1. Introduction

Globally, the capture of anthropogenic CO, from power plants
and other industrial sources has become a critical environ-
mental concern because CO, is the root cause of global warm-
ing."* However, the threat of climate change from the large
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quantities of greenhouse gases (GHG), such as CO,, CH, and
N,O in the atmosphere, is significant. The energy-related global
CO, emissions will keep on growing from 31.3 gt in 2011 to 45 gt
in 2035 as per the report of the International Energy Agency
(2012). Therefore, the average global temperature is expected to
rise from 1.8 °C to 5.6 °C, and there is only a 50% probability
that this effect will significantly contribute to an increase in the
CO, emissions.” Hence, persistent attempts of stabilizing GHG
concentrations at a target of 450 ppm CO,-e (carbon dioxide
equivalent)® are essential. There are various techniques to
control CO, in the atmosphere. Cryogenic separation, biological
and membrane-based separations are used to capture CO,,” but
these methods are not feasible to handle the bulk quantities of
CO, emitted. Apart from this, cryogenic separation is cost
intensive, and other two methodologies are in their nascent
stage. Therefore, techniques that are most promising for CO,
control include absorption and adsorption.® Different indus-
tries like natural and synthesis gas processing plants, coal-
based power plants, and cement plants have proven the
potential of the absorption-based technique.’
Monoethanolamine (MEA) is used most frequently as an
absorbent for CO, removal on an industrial scale due to its high
reactivity with CO,, its low cost and the CO, capture ability from
the low-pressure flue gas.'®"* However, MEA reduces the power
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station efficiency considerably due to its significant energy
demand for solvent regeneration.”> In an amine-based post-
combustion carbon capture (PCC) system at 90% CO,
recovery, more than half of the overall energy requirement
accounts for solvent regeneration. In addition to this, the stoi-
chiometric CO, loading capacity of MEA is 0.5 mole CO, per
mole of amine. Increased volatility and the high rate of degra-
dation, i.e. degradation product, can be an environmental issue,
and dealing with these issues can increase the overall cost. The
large size of the stainless steel absorber and stripping columns
and solvent regeneration contributes 70% to the overall capital
cost of the MEA-based PCC process.'>** Thus, the higher cost of
CO, capture from power plant flue gas reduces the motivation
of up-scaling in the MEA-based PCC process.

Out of various solvents used in regenerative chemical
absorption processes, interest has recently grown towards
activated alkanolamine absorbents where a small amount of
rate activator is employed in the alkanolamine solution to
significantly increase the reaction rate of CO,. For example,
piperazine (PZ) activated N-methyldiethanolamine (MDEA)
solutions could combine the high reaction rate of CO, with PZ
and the high CO, loading capacity of MDEA. Moreover, the
activated solvent requires a relatively small cost for regenera-
tion."** The sterically hindered form of the primary amine® i.e.
AMP absorbs CO, more slowly than MEA, whereas its theoret-
ical cyclic CO, capacity is twice that of MEA. AMP is more
resistant to thermal degradation than MEA, and oxidative
degradation for AMP is two orders of magnitude slower than
that of MEA.*"” No degradation product of AMP was observed
after heating for 14 days at 403 K (Barzagli et al.*®). Pei et al.*®
reported that some heat-stable salt (HSS) formation could result
in the decrease of the CO, absorption capacity and regeneration
efficiency. Their results show easier regeneration of AMP with
less loss of absorption capacity than MEA, diethanolamine
(DEA) and MDEA. They have also reported that the order of CO,
stripping performance is as follows: AMP > MDEA > DEA > MEA.

The state-of-the-art process uses 15-30 wt% AMP for CO,
capture, with slower CO,—amine mass transfer rates than those
of MEA.>**?* The bis(3-aminopropyl)Jamine (APA), wherein
a single molecule contains two primary amine groups and one
secondary amine group, is proposed in this study as a novel
activator for CO, capture. Since the pK, value of APA (10.85) is
higher than that of PZ (9.73) along with the relationship of cyclic
and noncyclic amines with amine protonation constant,™ high
reaction rates are expected for (APA + H,0)-CO, system than
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those for (PZ + H,0)-CO,. Hence, the addition of a small
quantity of rate activator, i.e. APA to the alkanolamine solvent,
could activate the AMP by increasing the chemical reaction and
hence the mass transfer rate significantly. It will provide more
flexibility and give better performance than that with MEA or
AMP alone. Furthermore, it may fulfil the requirement of
a lower capital cost.”®

In the present study, the specific rate of CO, absorption into
a new aqueous blend solution containing APA and AMP as well
as the physicochemical properties over a wide range of
temperature and CO, partial pressure, were measured. The

molar concentration of blends was kept at 3.0 kmol m 3,

whereas APA concentration was varied from 0 to 0.5 kmol m ™3,
The importance of thermodynamic properties of the new amine
based solvent on both technical (thermodynamic model) and
economical considerations® are assessed, and the role of these
on the ternary liquid mixture are discussed. Several models, as
developed in our earlier study, were introduced to implement
the measured physicochemical properties. Uncertainty analysis
was carried out with a 95% level of confidence to interpret all
the measured physicochemical and transport properties. The
kinetics rate parameters were calculated based on the pseudo-
first order condition from the reaction rate experiment at
every condition.

2. Theory

2.1. Reaction scheme

The reactions of CO, into an aqueous amine blend solution of
sterically hindered amine, AMP and rate activator APA are
reversible in nature. The reactions of CO,-(AMP + APA + H,0)
systems are described elsewhere (ESI, Table S17).

2.2. Reaction mechanism

In the case of a sterically hindered amine such as AMP, the only
significant reaction of CO, with AMP is suggested to be the
hydration of CO, catalyzed by AMP, which forms the bicar-
bonate ion.*** However, because of the very small carbamate
stability constant of AMP, the formation of carbamate is much
lower in comparison to that of the bicarbonate ion.*** Hence, it
can also be neglected. Therefore, literature suggests that the
reaction of CO, with AMP is similar to the CO, and MDEA
reaction. The anticipated reaction mechanism between CO, and
APA consists of mainly two steps: one is the formation of the
zwitterion and other is the base (AMP, APA, APACOO )

A
0=C=0
CcOoOr
% K, | H
HZN/\/\N/\/\I%/H HZN/\/\IIVI/\/\T/
H
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catalyzed deprotonation of the zwitterion to form APA-
monocarbamate, APA-dicarbamate and protonated base. As
described by the zwitterion mechanism, which was initially
proposed by Caplow et al.*® and reintroduced by Danckwerts
et al.,”® the deprotonation of the zwitterion can occur by any
base present in the solution. The presence of significantly more
AMP in solution catalyzes the reaction between CO, and APA to
produce a carbamate and the deprotonation of AMP dominates.
The reaction mechanism of APA with CO, is illustrated below:

Two lone electrons present at nitrogen and at base atom in
above mechanism are denoted as ‘*2’, where k,, k_, and kg are
second order rate constant, zwitterion mechanism rate constant
and zwitterion mechanism deprotonation rate constant,
respectively.

According to the zwitterion mechanism, the rate equation
under steady state condition can be expressed as follows:

[APA][CO,) [APA][CO,]
'CO,—APA = 1 k = 1 (1)
— +
k> ApA kB(B)kZ,APA kz,APA kB(B)

herein, the kinetic constant g(B) represents a combination of
bases, whereas kg = kz,ApA%B\/k,l.
Two asymptotic situations exist for the above rate equation.
Case 1. When the deprotonation reaction is very high in
comparison to the reverse reaction and the rate determining
step is zwitterion formation, the kinetics rate expression
becomes simple second order kinetics as given below:

r'co,—-APA = kz‘ApA [COz] [APA] when (k,l < E;(B)) (2)

Case II. The opposite condition i.e. when (k,1 > E(B)) and
zwitterion deprotonation is rate-determining, then the rate
equation becomes:

ks apaks (B)

o [COAPA]

(3)

co,-APA =

This expression is suggested for the shift in reaction order
between one and two with respect to amine concentration since
the contribution of the individual bases to deprotonate the
zwitterions is considered to estimate the reaction order.

As discussed in the introductory section, the pK, value of APA
is higher than that of PZ, and high deprotonation rates are ex-
pected for (APA + H,0)-CO, system. Therefore, the kinetics rate
expression for this system is assumed to follow the Case I
situation. The rate-determining step of APA should be zwit-
terion formation, whereas only proton transfer occurs for the
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deprotonation steps and these steps are considered to be very
fast. Even though hydration of CO, occurs during the reaction,
the contribution of the rate constant to the overall reaction rate
is very little (k = 0.026 s~ " at 298 K),** and it has been neglected
in this study. Moreover, the bicarbonate reaction contribution
to the overall reaction is insignificant.

2.3. Reaction rate for CO, in (AMP + APA + H,0)

The reaction between CO, and sterically hindered alkanolamine
and AMP, is a second-order reaction as reported in several
studies.”™*” Therefore, the absorption rate of CO, with AMP can
be represented as follows:

rco, aMp = k2 AMp[CO2J[AMP] = kov.amp[CO2] (4)

As described by the zwitterion mechanism, the rate-
determining step of APA should be zwitterion formation.
Then, the governing equation for the reaction rate of CO, into
APA can be written as follows:

(5)

Thus, the overall reaction rate of CO, in (AMP + APA + H,O0) is
as follows:

rco, apa = k2 apa[CO2|[APA]

r'co, = ¥co,-ApA + 'co,—AMP
= ky apa[CO,|[APA] + k apa[CO,][AMP]
= koy[CO,]

(6)

where, k,, denotes an overall rate constant and is represented as
follows:

koy = ko apal[APA] + k> amp[AMP]

3. Mass transfer

The absorption flux is enhanced by the chemical reaction in
the bulk liquid when the absorption of gas occurs in a lean
chemical solvent, and the governing equation is presented as
follows:

Nco, = Eaki([CO2]) (7)
where E, is the enhancement factor and k;, is the liquid side
mass transfer coefficient. E, is related to the absorption rate in
the presence of a chemical reaction and in the absence of
a chemical reaction. This enhancement factor is considered to
be an essential element because this single term incorporates
all of the chemical reaction's possible effect on the absorption

This journal is © The Royal Society of Chemistry 2017
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rate. For certain reaction regimes, the enhancement factor
estimation from the various mass transfer models was available
in literature.?®

It is worth mentioning that when the gas phase mass
transfer is negligible and CO, content of the liquid phase is
zero, only eqn (7) is valid.

Doraiswamy et al.*® presented the specific rate of mass
transfer of CO, as follows:

d[COz]> Doosfo
Nco, = =D = (Ol 8
€02 COZ( dw /. [ Z]Itanh( Deoskov /) ¥

herein, [CO,]; denotes CO, interfacial concentration. Dco, and
k;, denotes the diffusivity of CO, and liquid phase mass transfer
coefficient, respectively.

Absorption experiments were carried out in such a way that
the reaction regime is considered to be the pseudo-first-order
reaction regime. In this regard, the absorption condition was
selected accordingly for the CO, in (AMP-APA-H,0) systems. In
this regime a linear relationship can be observed between the
flux vs. CO, partial pressure. In eqn (8), if \/kovDco,/kr, term is

greater than three, then t‘elnh<\/lc(,VDC()2 /kL> is equal to one,

and the enhancement factor can be presumed to be a dimen-
sionless Hatta number with

Ha = kovDCOZ/kL (9)

Moreover, in the pseudo-first-order reaction regime, the
condition (3 < H, < E.) must be fulfilled for the reliable
assessment of the reaction rate constant. Herein, the infinite
enhancement factor is presented below as follows:

| Dco,
E. — o,
Damine
where and Z are the diffusivity of amine and stoichiometric
coefficient, respectively.

The specific rate of mass transfer using eqn (7) and (9)
becomes

[amine] Damine
Z[CO,J;

10
Deo, (10)

Nco, = [CO2]/Dco,koy (11)

The interfacial concentration of CO, can be obtained from
Henry's law as follows:

Pco,

CO,, = 12
(COl, = 72 (12)
Using eqn (11), eqn (12) becomes
Nco, = II;COZ v/ Dco,koy (13)
o,

Hence, eqn (13) was used to interpret the measured
absorption kinetic data. From this kinetics study, the overall
reaction kinetics rate constant, k., can also be estimated with
the values of Hco, and Dgo, for CO, in the amine solution.

This journal is © The Royal Society of Chemistry 2017
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4. Experimental

4.1. Materials

Reagent-grade APA (98% purity) and AMP (97% purity) were
purchased from Sigma-Aldrich (USA) and E. Merck (Ger-
many), respectively. These chemicals were used without any
further purification. The CO, gas had a purity of 99.995%. On
the other hand, Assam Air Products (India) provided zero
grade N,0 gas for measurement of diffusivity and solubility.
Similarly, Vadilal Gases Limited (India) supplied calibrated
CO, and N, gas mixtures for the absorption kinetic experi-
ments. Water degassing was carried out before the use of
amine solution through boiling, followed by cooling under
vacuum conditions. A quality control step was carried out to
estimate the actual concentration of the amine solutions -
this involved an acid-base titration against standard HCI
using an auto-titrator (DL-50, Mettler Toledo, Switzerland).
The uncertainty for the determination of amine concentra-
tions was found to be 0.01%. Concentrated HCI with appro-
priate dilution was used for cell desorption, as well as for
titration purposes.

4.2. Physicochemical properties measurement

The density measurement was carried out for aqueous (APA +
AMP) solutions in a Pyrex England pycnometer (Sigma-
Aldrich) of volume 34.73 x 10~°® m?, and an Ostwald viscom-
eter (Model: 11619/01, Stanhope-seta, UK) was used to
measure the viscosity at six different concentrations and
temperatures. The validity of the procedure and apparatus
utilized for these experiments were same as those discussed
elsewhere.?® In this case, the combined expanded uncertainty
for density and viscosity measurements was 3.97 kg m > and
0.058 mPas, respectively.

The glass equilibrium absorption cell was used to estimate
the physical solubility of CO, in aqueous (APA + AMP) solu-
tions at constant temperature and pressure. A precise mano-
metric device was used throughout each experimental run to
maintain ambient pressure in the cell. The physical solubility
of CO, was estimated through N,O analogy.®* The same
procedures for physical solubility measurements were fol-
lowed as explained by Das et al.** The reproducibility among
the various experiments was observed and found to be less
than £1.0%. In this case, the combined expanded uncertainty
for the determination of Henry's constant was estimated to be
66.5 kPa m*® kmol .

A wetted-wall column absorber was employed to study the
diffusivity of N,O in aqueous blend (APA + AMP) solutions. The
absorption surface length during the experiment was 7 x 10~ m.
In the diffusivity experiment, the saturated gas was stored using
a jacketed glass soap film storage device, and thermostated water
controlled the temperature of the gas phase and the liquid film.
The apparatus and procedure used herein were the same as those
discussed in our recent publication.** The values of reproduc-
ibility between the various experiments were calculated and found
to be within +1%. In this case, the combined expanded uncer-

tainty was found to be 1.93 x 10" m* s~

RSC Adv., 2017, 7, 21518-21530 | 21521
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4.3. Measurement of CO, absorption rate

A wetted-wall column contactor****>** consisting of three
concentric stainless steel tubes was used to determine the
reaction rate of CO, into aqueous solutions of (APA + AMP). The
outside diameter of the wetted-wall contactor was 2.81 x 10 >
m. The outer surface of the tube provides an interfacial area for
capturing the solute gas. Throughout the research, the length of
the column was adjusted manually at a length of 7 x 10~> m. In
this absorption study, a jacketed glass shroud formed the gas
phase enclosure, which consisted of a gas inlet at the top and
three equally shroud gas outlets at the bottom. A water circu-
lating temperature controller was used to maintain the
temperature of the gas phase enclosure at the desired level. An
overhead vessel was employed to store the aqueous amine
solution. A constant liquid flow, through an outside part of the
tube and gas flow were monitored using calibrated rotameters.
Thermostated water was circulated through the middle of
a concentric tube, which formed a two-pass heat exchanger, to
maintain the liquid film temperature. At the end of the
absorption length, three samples of CO, loaded aqueous solu-
tions were collected in the liquid receiver at a fixed interval to
obtain steady state absorption flux. Each set of data was the
average of the three liquid solutions. A thermostated gas cell
with a manometric device was used to measure the total CO,
content of a loaded liquid.** Hence, the liquid phase analysis
was considered to estimate the specific rate of CO, in the (APA +
AMP + H,0) solvent.

5. Results and discussion

5.1. Physicochemical, transport and thermodynamic
properties

5.1.1. Density and viscosity. The experimental data of
density and viscosity measurements of aqueous solutions of
(APA + AMP) at various temperatures and concentrations, are
given in ESI (Table S27). A Redlich-Kister equation is suggested
to implement the experimental density in terms of excess
volume (V¥), which is a function of temperature (7) in the Kelvin
range and mole fraction (x;) of component, i, as illustrated
below:

Vﬁ/m3 kmol ™' = x;x; iA,-(xj — xk)i (14)
i=0
where
A; = a + b(TIK) + «(TIK)? (15)
VE = Vi — o, V70 (16)
Vi = M 17)
Pm

where py, is the density of the solution in kg m 3, a, b, and c are
adjustable parameters and V, is molar volume in m* kmol .
Total excess volume, V¥, is the sum of binary excess volume
varies with the change of mole fraction of APA (x;) as shown in
Fig. 1. In the studied composition and the entire temperature

21522 | RSC Adv., 2017, 7, 21518-21530
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range, the values of V® are negative. This V* describes the
physical, structural and chemical contribution of the compo-
nents between the molecules upon mixing. The dispersion of
forces or weak dipole-dipole interactions account for physical
contributions, which leads to positive contribution of VE. The
structural contribution of the different size molecules present
in the mixture provides geometrical effect to fit each other's
structure, which leads to the negative contribution of V¥, Lastly,
the chemical contribution while V* values are negative involves
the formation of hydrogen bonding, the specific interaction,
formation of charge transfer complex, other complex forming
interactions and strong dipole-dipole interactions are amongst
the components.*>*® This study indicates that packing effect
and intermolecular interactions (hydrogen bond) exist in the
mixture, and a contraction of volume occurs by strong inter-
molecular interaction in the system upon mixing as well as
other properties while V* are negative, as mentioned above. The
AAD of this system is 0.12% for 42 data points. The values of V*
are given in Table S3,f and the parameters are tabulated in
Table 1. Herein, a correlation developed by Hsu et al.’” was used
to calculate the density of pure AMP.

The thermal expansion coefficient («), of the blend was
estimated from the experimentally measured density values
according to the eqn (18)*

1 (8pm)

Pm \OT /,
where pn,, T'and p are the measured liquid density, temperature,
and pressure, respectively. The values of thermal expansion
coefficient («) are incorporated in Table S3.t Fig. 2 demon-
strates the values of « against APA concentration at various
temperatures. It was observed that the values of a were all
positive. The values of « for (APA + AMP + H,0) increase with
increasing APA concentration, indicating a further expansion in
the volume with the addition of more APA in the blend. The

(18)
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Fig.1 Excess molar volume (VE) values of APA (1) + AMP (2) + H,O (3)
systems as a function of APA mole fraction®, T =298 K; ®, T = 303 K;
A T=308K, Vv, T=313K, « T=318K;», T=323K.
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Table 1 Ternary Redlich—Kister parameters Ag, A;, A, for the excess
volume of density for APA (1) + AMP (2) + H,O (3) (egn (14) and (15))*
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Table 2 Parameters of Grunberg and Nissan model Gy, Gz, Gz for
ternary viscosity of APA (1) + AMP (2) + H,O (3) (egn (19) and (20))*

Binary pair
APA (1) + AMP (2) + APA (1) +
Parameter AMP (2) H,O (3) H,0 (3)
Ay a 3.0289 1.3901 4.8559
b —0.30397 0.55637 —1.2786
c 0.072131 0.38635 0.44933
Ay a —2.1136 —0.029089 —1.6548
b —0.82476 1.2527 —2.6081
c 0.25637 0.89446 0.9783
Ay a —3.091 —1.8248 —8.0982
b 2.1344 0.70382 —1.2998
c 0.04018 0.5177 0.52785

“ AAD for ternary density, 0.12%.

values of « of the blend increase with increasing temperature
demonstrating higher expansivities for the mixtures.

The Grunberg and Nissan model is applied to estimate the
predicted experimental viscosity data as a function of mole
fraction and temperature, as shown below:

In(n/mPa s) = > x; Inn; + 3> xx,Gy (19)

G, = a + b(TIK) + ¢(TIK)* (20)
where 7 is the viscosity in mPa s and a, b, and ¢ are parameters,
whose values are given in the Table 2. The viscosity data of pure
AMP are taken from Mandal et al.** The AAD% for these pre-
dicted values is 2.23% over 42 data points.

The viscosity deviation (An) of the blend was calculated from
the experimental value of viscosity and the viscosity values of
pure components using the eqn (21)*

0.69

0.68—-
0.67-.
0.66—.
0.65—.

0.64

ax10% K"

0.63
0.62

0.61

0.60 T
-0.005

T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030

X,

Fig.2 Thermal expansion coefficient («) values of APA (1) + AMP (2) +
H,0 (3) system at various mole fraction of APAR, T=298K; ®, T=303
K;A T=308K VvV, T=313K <« T=318K;», T=323K.
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Parameter Gyo Gy3 Gy3
a 43 971 951.42 —2146.1
b —289.8 —5.8358 14.421
10°c 477.04 9.048 —23.888
¢ AAD for ternary viscosity, 2.23%.

AN = Nm — (X1 + Xom2 + X373) (21)

where x;, x, and x; are the mole fraction of components 1, 2 and
3, respectively while 7,,, 71, 7, and 7; are the viscosity values of
the mixture and components 1, 2 and 3, respectively.

The calculated values of viscosity deviation (An) are incor-
porated in Table S3.f Fig. 3 demonstrate the values of An
against APA mole fraction at different temperatures. It was
observed that the values of Az increased with increasing
temperature at constant concentration, indicating a positive
value of An. Vogel and Weiss*' expressed that different
components present in the blend system with strong interac-
tions, show positive viscosity deviations. The dipole interactions
between AMP and H,O are less at low temperatures. The
interaction between the molecules of the system increased
when APA was introduced into the system and the temperature
was increased. The values of An increase with an increment in
both temperature and mole fraction of APA, suggesting that
dipole interaction between the molecules in the system is more
prominent at higher temperatures and increases with the mole
fraction of APA in the mixture. The negative An values express
that the interaction amongst AMP and H,O is weak and
becomes stronger with the addition of APA into the mixture.
The values of An tend to increase on account of the increase of
viscosity in the blend with the introduction of APA. Thus, overall

|

An/mPas

d T T T T T T T
-0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030

X

Fig. 3 Viscosity deviation (An) values of APA (1) + AMP (2) + H,O (3)
system against APA mole fractionm, T =298 K; ®, T= 303 K; A, T =308
K;v, T=313K, « T=318K;» T=2323K.
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it is described that at low APA concentration and low temper-
ature, the dipole association is less prevailing, which increases
with temperature and APA concentration.

The Eyring equation eqn (22)* has been used to calculate the
activation molar enthalpy (AH), molar entropy (AS) and the
Gibbs free energy (AG) of the ternary blends using experimental

viscosity data
_ (hNa ox —AS ox AH
1=\ )P UR )P RT

where, /1, Na, Vi, AS, AH, R, and T are Planck constant, Avoga-
dro's constant, the molar volume, molar entropy, molar
enthalpy, the gas constant and the temperature, respectively. A
rearrangement of eqn (22) can be done according to eqn (23) as
a linear equation of R In(nV,,/AN,) against 1/7, in which the
slope and the intercept were estimated for AH and AS values,
respectively.

(22)

Rin (ﬁ) _ A s (23)

hNA T

From the obtained values of AH and AS, molar Gibbs free
energy (AG) can be calculated at a particular temperature
according to eqn (24)

AG = AH — TAS (24)

Based on the experimental viscosity as a function of
concentration, the estimated values of AH and AS from eqn (23)
for an entire temperature range and AG at T = 298 K are
incorporated in Table S4.1 It was observed from Table S47 that
the values of AH were positive in the blend, which indicate
strong interactions in the molecule,* while the values of AH
were greater than those of TAS. These observations suggest that
the contribution of enthalpy to the change of molar Gibbs free
energy was more predominant than that of entropy.

5.1.2. Solubility of N,O. The measured N,O solubility in
aqueous solution of (APA + AMP) is presented in terms of
Henry's constant (Hy,o) as ESI (Table S51) at temperature T =
298-323 K and various amine concentrations. As observed,
Henry's constant (Hy,o) increased with increasing temperature;
this may be due to the exothermic nature of the gas absorption.
However, Henry's constant decreased with increasing APA
concentration in ternary solutions, which may be due to a larger
affinity of APA towards N,O. Several models such as the semi-
empirical model, Arrhenius type equation and polynomial
model are suggested to estimate the solubility as given below:

5.1.2.1. Semi-empirical model. A semi-empirical model was
introduced to implement the experimental solubility of N,O

View Article Online
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into aqueous solutions of (APA + AMP), in terms of excess
Henry's constant (R) as shown in eqn (25). Excess Henry's
constant (R) is a function of the volume fraction (¢;) of amines
and water, and the temperature, as shown in eqn (26) and (27).

n
R = ln(HNEO-solulion) - Z Qi ln(H,) (25)
i=1
| Q-
R=3 Z PiP; + 192930123 (26)
i=1 i#j=1
wy= ki + kaT + ks T + g, 27)

where «;,3 is a constant for three-body interaction parameter,
and ki, k,, k; and k, are constants for two-body interaction
parameter. The values of Henry's constant of pure AMP and an
aqueous solution of AMP were obtained from Wang et al.** and
Mandal et al.,** respectively, to calculate the excess property.
The value of AAD for model predicted solubility of aqueous (APA
+ AMP) solutions was 0.95%, and parameters are given in
Table 3.

5.1.2.2. Arrhenius type equation. The solubility of N,O was
also estimated by the Arrhenius type equation as shown below
in terms of different APA (m;) and AMP (m,) concentrations
(kmol m~?) and temperature (7)

Hy o/kPa m? kmol ™" = (a + bm; + em* + dmy +em,? + finym,)
exp(—h/(T/IK)) (28)

5.1.2.3. Polynomial model. This model is suggested to
predict the solubility of N,O as a function of the mole fraction of
APA (x), AMP (x,), and the temperature (7), which is defined in
eqn (29).

Hy,o/kPa m® kmol ™' = 4, + Aox; + A3xy”> + A4(T/K)
+ Asx (TIK) + Agx,X(TIK) (29)

The values of parameters are presented in Tables 4 and 5 for
both the Arrhenius type equation and the polynomial model
having AAD of 0.38% and 0.28%, respectively.

The results of all of the three models were compared with
measured solubility of N,O in an aqueous solution of (APA +
AMP) and are shown in the parity plot (Fig. S1t). It is important
to note that the polynomial model led to the best result amongst
them.

5.1.3. Diffusivity. The experimental diffusivity of N,O into
aqueous solutions of (APA + AMP) at various concentrations and
temperatures is given in Table S6.} As observed, N,O diffusivity

Table 3 Parameters ky, ko, ks, k4, a1 for the excess Henry's constant for the ternary solvent systems and AAD for N,O solubility of APA (1) + AMP

(2) + H,0 (3) (egn (25) and (26))

System ky ks, 10%k; ks 103 AAD%
APA (1) + AMP (2) —447.95 2.505 —-32.31 180.23
APA (1) + AMP (2) + H,0 (3) —~111.80 0.95

21524 | RSC Adv., 2017, 7, 21518-21530
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Table 4 Parameters for solubility and diffusivity of N>O in the ternary
solution of APA (1) + AMP (2) + H,O (3) with AAD using Arrhenius type
equation (egn (28) and (31))

View Article Online
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Table 5 Parameters Ay, Az, As, As, As, Ag for solubility and diffusivity of
N,O in the ternary solutions of APA (1) + AMP (2) + H,O (3) with AAD
using polynomial models (egn (29) and (32))

Parameter Solubility Diffusivity Parameter Solubility Diffusivity
a 7.6867 x 107 1.5219 x 107° A, 3.7394 —29.028
b 1.5537 x 10° 1.5621 x 10°° A, —22.37 —136.91

c —8.3652 x 10° 1.57 x 10°° A —159.45 —310.4

d 3.4288 x 108 3.0287 x 107°  10°4, 15.456 26.212

e —1.22 x 10°® 2.7701 x 107°  10°45 79.144 416.57

f —1.31 x 108 2.994 x 10°° A, 0.655 1.1248

h 1809.2 3248.3 AAD% 0.28 2.44
AAD% 0.38 2.57

decreased with increasing APA concentration and decreasing
temperature. Different models used to predict diffusivity of N,O
such as the modified Stokes Einstein model, Arrhenius type
equation and the polynomial model are given below:

5.1.3.1. Modified Stokes Einstein model. Modified Stokes
Einstein model based on viscosity of the solutions () with
different temperatures and measured diffusivity of N,O, is
suggested to estimate the diffusivity of N,O (Dy,0) into aqueous
solutions of (APA + AMP) as follows:

(Dnyo/ mz(;:/li((;l/ mPa s)" C (30)

where p and C are constant parameters. For the ternary system,
the values of p and C were 0.907 and 6.74 x 10~ '?, respectively.
The AAD value for this model predicted the diffusivity of N,O to
be 3.05%.
5.1.3.2. Arrhenius type equation. The Arrhenius type equa-
tion is considered to predict diffusivity of N,O (Dy,0) into
aqueous (APA + AMP) solutions as the function of the molar
concentration of APA (m;) and AMP (m,), and temperature as
shown in eqn (31).
Y= (a+ bmy + em® + dmy + emy* + finyms)
exp(—h/(T/K))

DNZO/ m2 S

(31)

The values of parameters for eqn (31) are also given in Table
4. The values of AAD through this model were found to be
2.57%.

5.1.3.3.  Polynomial model. The Polynomial model is applied
to estimate the predicted diffusivity of N,O for ternary solutions
as the function of the mole fraction of APA (x;), AMP (x,), and
temperature (7) as given below.

In(Dn,o/m® s™') = A; + Aox) + Asxs® + Ay(TIK)
+ Asx1(TIK) + Agx>X(TIK) (32)

Parameters of eqn (32) are given in Table 5 along with the
AAD of 2.44%.

All of the parameters obtained through regression from the
different model are computed using Matlab software (2013b).
Comparisons with the experimental diffusivity of N,O to the
model predicted data are represented in a parity plot, as shown
in Fig. S2.f It was prominent from the graph that the

This journal is © The Royal Society of Chemistry 2017

polynomials model showed the best-fit results for these ternary
solutions.

5.2. Determination of overall reaction rate constant and
second order rate constant for aqueous (AMP + APA) solutions

The absorption rate of CO, in the aqueous blend of (APA + AMP)
solutions is given in Table 6. Herein, APA acts as an activator in
aqueous AMP solution. As observed from Table 6, the specific
rate of absorption of CO, in the aqueous blend of (APA + AMP)
solutions increased with increasing temperature as well as
increasing APA concentration. Due to the presence of bulky
methyl groups, AMP is sterically hindered, which leads to lower
reaction rate with CO,. However, in APA, due to the presence of
six electron donating alkyl groups, the two amine groups at
either end cannot affect each other and are equally reactive with
a higher pK, value (10.85). Since the basicity of APA is higher
than that of AMP, APA can deprotonate the zwitterion faster,
indicating its higher reaction rate." The specific absorption rate
of CO, at different amine concentrations, is shown in Fig. 4, 5
and 6 for 5, 10 and 15 kPa partial pressures, respectively. The
Hatta numbers given in Tables 6 and 7 are higher than 3 in all
cases and E., are much higher than H,, and hence (3 <H, < E)
condition is fulfilled. The enhancement factor equal to the
Hatta number (H,) is also included in Tables 6 and 7.

The overall rate of reaction, k., are calculated based on eqn
(13) and presented in Table 7. Fig. 7 shows a change of k,, with
the variation of APA concentration in (APA + AMP + H,0). This
figure also shows the variation of PZ concentration in (AMP + PZ
+ H,0) systems, which are available in open literature.** The &,
values for the absorption of CO, into the aqueous blend of (APA
+ AMP) solutions at 303 K are comparable with reported values
for the (AMP + PZ + H,0) system by Samanta et al.** However, at
some higher temperatures (313 K), the values of k,, for the (APA
+AMP + H,0) system are a little greater than the reported values
of (AMP + PZ + H,0) systems. Thus, at comparatively higher
temperature ranges, the (APA + AMP + H,0) system is preferable
to the absorption of CO, than the (AMP + PZ + H,0) system. On
the other hand, at the temperature range of 303-313 K, the
values of k,, for (APA + AMP + H,0) system are higher than the
values described by Sun et al.*® The kinetic parameters, k, apa
and k; amp, calculated from the values of k,, by a regression
method using Matlab software (2013b) are included in Table 7.

RSC Aadv., 2017, 7, 21518-21530 | 21525
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Table 6 Results of the interpretation of the experimental kinetic data for CO,-APA-AMP—-H,0O system
T (K) [APA/AMP] (kmol m™?) Pco, (kPa) 0(s™h kL (10°ms™) Nego, (10° kmol m~2 s™%) H, E
303 0/3 4.85 0.555 4.5 2.00 37.6 37.6
0.1/2.9 0.564 4.33 5.60 109.1 109.1
0.3/2.7 0.571 4.20 7.80 154.7 154.7
0.5/2.5 0.585 4.04 9.10 185.7 185.7
0/3 9.71 0.555 4.55 3.98 37.3 37.3
0.1/2.9 0.564 4.33 11.25 109.5 109.5
0.3/2.7 0.571 4.20 15.40 153.4 153.4
0.5/2.5 0.585 4.04 18.13 184.7 184.7
0/3 14.6 0.555 4.55 6.10 38.2 38.2
0.1/2.9 0.564 4.33 17.00 110.4 110.4
0.3/2.7 0.571 4.20 23.20 153.4 153.4
0.5/2.5 0.585 4.04 27.25 185.3 185.3
313 0/3 4.70 0.493 5.77 2.31 40.4 40.4
0.1/2.9 0.500 5.57 7.33 132.1 132.1
0.3/2.7 0.510 5.41 10.09 186.0 186.0
0.5/2.5 0.519 5.22 12.35 232.6 232.6
0/3 9.39 0.493 5.77 4.55 39.9 39.9
0.1/2.9 0.500 5.47 14.80 127.0 127.0
0.3/2.7 0.510 5.41 20.00 184.6 184.6
0.5/2.5 0.519 5.22 24.60 232.6 232.6
0/3 14.1 0.493 5.77 6.85 40.0 40.0
0.1/2.9 0.500 5.57 22.10 132.8 132.8
0.3/2.7 0.510 5.41 30.37 186.3 186.3
0.5/2.5 0.519 5.22 36.70 230.4 230.4
323 0/3 4.45 0.442 6.98 2.58 46.8 46.8
0.1/2.9 0.452 6.73 9.01 168.1 168.1
0.3/2.7 0.462 6.58 12.18 230.6 230.6
0.5/2.5 0.473 6.40 14.40 277.3 277.3
0/3 8.9 0.442 6.98 5.10 46.2 46.2
0.1/2.9 0.452 6.73 18.05 168.4 168.4
0.3/2.7 0.462 6.58 23.97 226.9 226.9
0.5/2.5 0.473 6.40 28.50 274.4 274.4
0/3 13.65 0.442 6.98 7.86 46.4 46.4
0.1/2.9 0.452 6.73 27.80 169.1 169.1
0.3/2.7 0.462 6.58 36.60 225.9 225.9
0.5/2.5 0.473 6.40 43.52 273.2 273.2
16 20 4
14
25 -
—~ 12
" O
;E, 8 E 15 4
- =
» 6 —
g *ono -
r4 4 ZU
2- 57
0 T T T T T T T T T T T 0 T T T T T T
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[APA](kmol m™) into [AMP-APA-H,0]

Fig. 4 Specific absorption rates of CO, into aqueous solutions of APA
at different temperatures for gas compositions 5% CO, and 95% N,.
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Fig. 5 Specific absorption rates of CO, into aqueous solutions of APA
at different temperatures for gas compositions 10% CO, and 90% N.
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Fig. 6 Specific absorption rates of CO, into aqueous solutions of APA
at different temperatures for gas compositions 15% CO, and 85% N,.
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The average absolute deviation from this regression analysis is
estimated to be 2.71% for 36 data points. In order to study the
effect of kinetics parameter on the calculated specific rate of
absorption, parametric sensitivity analysis was performed and
discussed in the next section. The second order rate constants,
kz.apa and k, avp, are correlated as a function of temperature
with the following results (over the experimental range).

41256

k27APA =2.18 x 1012 €eXp (— T) (33)
=27717

kZ.AMP =6.33 x 107 €Xp <T) (34)

The absolute average deviation for these calculated rate
constants are found to be 0.87% and 4.38%, respectively. The
activation energy for k, app and k, amp is estimated to be
approximately 41.3 and 27.7 k] mol ™", respectively. The exper-
imental and model calculated specific rate of absorption using
eqn (33) and (34) are depicted in the parity plot (Fig. 8). There is

Table 7 Kinetics constant for the absorption of CO, into aqueous blend solutions of AMP and APA

[APA/AMP]
T (K) (kmol m™?) Pco, (kPa) Ew kov (571 k, (m® kmol ' s7%) Ky apa (m® kmol ' s71) Ky amp (m® kmol ' s77)
303 0/3 4.85 1404.4 3238.4 1079.5 166 062.5 1114.6
0.1/2.9 1387.5 26 869.6 8956.5
0.3/2.7 1370.9 53 463.4 17 821.1
0.5/2.5 1356.7 75 065.6 25 021.9
0/3 9.71 702.4 3199.5 1066.5
0.1/2.9 694.0 27 054.2 9018
0.3/2.7 685.7 52 535.6 17 511.9
0.5/2.5 678.6 74 335.9 24 778.6
0/3 14.6 469.4 3347.3 1115.8
0.1/2.9 463.7 27 513.2 9171
0.3/2.7 458.2 52 553.4 17 517.8
0.5/2.5 453.4 74 790.9 24 930.3
313 0/3 4.70 1662.8 4226.8 1408.9 287 057.5 1411.1
0.1/2.9 1652.7 44 453.3 14 817.8
0.3/2.7 1637.0 86 165.9 28 722.0
0.5/2.5 1616.3 132 654.8 44 218.3
0/3 9.39 833.2 4108.4 1369.5
0.1/2.9 828.1 45 403 15 134.3
0.3/2.7 820.3 85 155.6 28 385.2
0.5/2.5 809.9 131 863.3 43 954.4
0/3 14.1 555.5 4129.7 1376.6
0.1/2.9 552.1 44 899 14 966.4
0.3/2.7 546.9 86 736.2 28 912.1
0.5/2.5 540.0 130 160.4 43 386.8
323 0/3 4.45 2079.2 6295.5 2098.5 463 447.6 2116.3
0.1/2.9 2066.3 79 594.4 26 531.5
0.3/2.7 2048.5 146 610.4 48 870.1
0.5/2.5 2026.1 207 032.9 69 011
0/3 8.9 1040.5 6150.0 2050.0
0.1/2.9 1034.1 79 859.7 26 619.9
0.3/2.7 1025.2 141 953.5 47 317.8
0.5/2.5 1013.9 202 742.2 67 580.7
0/3 13.65 679.1 6210.0 2070.0
0.1/2.9 674.9 80 533.7 26 844.6
0.3/2.7 669.1 140 698 46 899.2
0.5/2.5 661.7 200 977.3 66 992.4

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Overall reaction rate constants for the reaction of CO, with
aqueous (APA + AMP) solutions as a function of amine concentration.

good agreement between the experimental and model fitted
data.

5.2.1. Enhancement of CO, absorption using APA activated
AMP. Table 6 represents the experimental specific rate of
absorption of CO, and enhancement factors into the novel
blended amine system such as (APA + AMP + H,0) at T = 303—
323 K. As observed from this table and Fig. 4, the aqueous AMP
solution was activated by a small amount of APA, which deliv-
ered significant enhancement in the rates of absorption. For
example, the enhancement factor for the absorption of CO, into
3 kmol m™ AMP, 0.1 kmol m™> APA + 2.9 kmol m—* AMP, 0.3
kmol m™ APA + 2.7 kmol m ™ AMP, and 0.5 kmol m > APA + 2.5
kmol m~> AMP at CO, partial pressure of about 4.0 kPa and T =
303 K are about 37.5, 117.8, 154.74, 185.6, respectively. There-
fore, by replacing 0.1 kmol m~® AMP with an equal amount of
APA, the enhancement factor increased to about 214%. Again,

Calculated rates x 10° (kmol m?s™)

Experimental rates x 10° (kmol m”s™)

Fig.8 Comparison of the calculated rates to the experimental rates of
absorption for CO, into aqueous solutions of (APA + AMP).
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the enhancement factor rose by an additional 31.3% when 0.2
kmol m~> of AMP was replaced with an equal amount of APA.
On further replacement of 0.2 kmol m™> of AMP with APA, the
enhancement factor was increased by an additional 19.9%.
Therefore, on replacement of a small quantity of AMP with APA,
a substantial increase of enhancement factor was observed.
This is presumably due to the larger amount of AMP present in
solutions catalyzed by the formation of APA-carbamate and
APA-dicarbamate ions. However, the initial enhancement factor
of (0.1APA + 2.9AMP) kmol m~* is high. As the concentration of
APA increased further in the blend solution, approximately
(2.5AMP + 0.5APA) kmol m >, the observed enhancement factor
was not found to follow the same trend. One of the reason may
be the decrease in diffusivity with increasing APA concentration
and decreasing AMP concentration in the blend. The other
possible reason could be the negligible increase in equilibrium
loading capacity. Similar phenomena were observed by
Samanta et al.*” for the absorption of CO, into the (MDEA + PZ +
H,O0) system.

5.2.2. Effect of pertinent parameters on the rate of
absorption of CO,. A parametric sensitivity analysis has been
performed to examine the effect of important physicochemical
and kinetic parameters on the specific rate of absorption of CO,
into (APA + AMP + H,0) solutions. The pertinent parameters, i.e.
Henry's law constant and diffusion coefficient of CO, into the
(APA + AMP + H,0) system, and the kinetics constant of CO,-
(APA + AMP) reactions in aqueous solutions of (APA + AMP) are
considered for this analysis. Deviations of +50% to —50% were
incorporated over the pertinent parameter value and results
were generated. The resulting deviation to Henry's law
constants and the diffusivity of CO, on the specific rate of
absorption are depicted in Fig. 9. The corresponding deviation
of Henry's law constants is in the range of —33% to 100% and
diffusivity is in the range of +23% to —29% on the specific rate
of absorption of CO,. Therefore, Henry's law constants are very
sensitive to the specific rate of absorption of CO, in comparison

100 T T T T v T T T
Henry constant in CO,

80 |-

—— Diffusivity of COZ in solution

60 -

40 |- -

20 |-

-20 - -

-0 [

% Deviation in calculated rate of absorption

T T T T T T g T
-50 -40 -30 -20 -10 0 10 20 30 40 50

% Deviation in parameters

Fig. 9 Deviation in Henry's law constant and diffusivity of CO, on the
calculated rate of absorption of CO, into aqueous blend of (APA +
AMP) solutions.
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Fig. 10 Deviation in second order rate coefficient on the calculated
rate of absorption of CO, into aqueous blend of (APA + AMP) solutions.

to the diffusion constants of CO,. It is evident from the Fig. 10
that significant deviation on the calculated rate of absorption of
CO, occurred due to the error introduced in rate constant
values. Herein, the numerical output to this deviation is in the
range of +23% to —29% with the corresponding deviation
incorporated on rate constant values.

6. Conclusions

The experimental and theoretical studies of physicochemical
properties as well as CO, reaction kinetics on the novel aqueous
solvent of (APA + AMP) were investigated. The thermodynamic
properties indicate that specific and strong interactions like
strong dipole-dipole interactions, hydrogen bonding, and
charge transfer interactions are present in the investigated
system. Significant enhancement of the specific rate of
absorption of CO, was observed by the addition of a small
amount of rate activator, (APA), to a larger volume of AMP
solution. Out of the three compositions studied, 2.5 kmol m >
AMP + 0.5 kmol m > APA showed the highest peak with respect
to APA concentration, specific rate and the enhancement factor.
The regressed values for the physicochemical and transport
properties and second order rate constants estimated from the
different models are in an acceptable range of less than 5%
(AAD). The k., value of (APA + AMP) blend solutions was found
to be little higher compared that of (AMP + PZ) blend solutions
at comparatively higher temperatures. This study demonstrated
that APA activated aqueous AMP solutions could be a potential
alternative for enhancing the absorption of CO, compared to
single aqueous AMP solutions.
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