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Abstract: The operational and economic constraints suffered by amine solvents for CO; removal
have motivated the research on an alternative solvent with better performance and cost-effectiveness.
Amino acid salt (AAS) has been identified as an interesting green solvent, an alternative to commercial
amine solvents. The present work evaluated the physicochemical and CO,-solubility properties of
potassium L-cysteine (K-CYS), a naturally occurring amino-acid-based solvent for CO, removal from
natural gas. Its physicochemical properties, including density, viscosity, and refractive index, were
measured at different temperatures ranging between 298.15 and 333.15 K and a concentration range
of 5 to 30 wt.%. Based on the experiment, all properties were found to decrease with increasing
temperature and increase with increasing concentration. The experiments also demonstrated a
significant reduction of CO, loading from 2.4190 to 1.1802 mol of CO,/mol of K-CYS with increasing
solvent concentration from 10 to 30 wt% at 313.15 K and 20 bar (g).

Keywords: absorption; amino acid salts; CO, removal; L-cysteine (K-CYS); sterically hindered amino
acids (SHAA)

1. Introduction

Global energy demand has continuously risen due to accelerated growth in the human
population, economic development, and modernization of technology. In May 2022, the
International Energy Agency (IEA) reported that the energy demand in Southeast Asian
countries has significantly expanded at an average of 3% per year over the past two decades.
The trend is expected to persist until 2030 [1]. Natural gas (NG), one of the fossil fuels that
mainly comprises methane (CHy), serves as one of the important energy commodities for
power generation. According to the IEA [1], NG consumption in Southeast Asian countries
soared by more than 80% between 2000 and 2020, whereby the electricity and industry
sectors accounted for about 70% of natural gas use. On the other hand, the Wood MacKenzie
Report forecasted that the liquid natural gas (LNG) demand in Peninsular Malaysia will
reach 7.2 million metric tons per annum (mmtpa) by 2023 and 13 mmtpa by 2030 [2]. Hence,
these scenarios drive the need to further explore and monetize the undeveloped gas fields
to accommodate domestic demand and ensure a sustainable energy supply.
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However, many discovered gas fields remain undeveloped due to the bulk CO;
content that varies between 20% and 80%, especially in the offshore areas of Thailand
and Malaysia [3]. Approximately 23 trillion cubic feet (tcf) of undeveloped natural gas
reserves have been identified today in Malaysian waters [4]. Battersby [5] foresees that, by
2030, 50% of Sarawak’s gas output and 15% of Peninsular Malaysia’s production will be
produced from high-CO, fields. Therefore, CO, removal is a crucial task to exploit and
monetize low-quality gas fields. Nevertheless, the development of highly sour gas fields is
restricted by a few technical challenges due to the bulk CO, content and high pressure in
the gas reservoir up to 200 bar [6]. Thus far, various technologies have been adopted to
sequester bulk CO, from natural gas, including absorption, adsorption, membrane, and
cryogenic separation.

Chemical absorption has been widely used on an industrial scale for more than 50 years
due to its practicality and feasibility for industrial applications [7-10]. Since the 1930s, pri-
mary and secondary alkanolamines have been widely used as the solvents of choice for CO,
removal by chemical absorption [11-13]. However, the drawback of using alkanolamines
for CO, removal is that the reaction of CO, with amines is highly exothermic [14]. As a
result, extensive energy input up to 4.75 GJ /tonCO; is necessary for the regeneration step
to reverse the reaction and strip off CO, from the rich amines [15-17]. Moreover, these
carbamate-forming amines have a lower equilibrium capacity for CO, [18]. In addition,
the utilization of amine solvents is subjected to a few constraints, such as high vapor loss,
thermal degradation, very toxic, corrosive, and high energy consumption for regenera-
tion [8,19-22]. In the past decades, monoethanolamine (MEA) dominated the industrial
CO; absorption process due to its high reaction rates and low cost [23]. Nevertheless, the
maximum CO; loading capacity of MEA is limited to 0.5 mol CO, /mol amine due to the
formation of stable carbamates during the reaction. Under some circumstances, such as
high pressure, hydrolysis of the carbamates formed may occur and potentially increase
the CO; loading of MEA beyond 0.5 mol CO,/mol MEA [24]. To date, the interest in the
utilization of tertiary amines such as N-methyldiethanolamine (MDEA) for CO, removal
has significantly increased owing to their interesting features, such as low vapor pressure
and heat of absorption, as well as high thermal stability. Based on stoichiometry, MDEA
exhibits a high CO, equilibrium loading capacity of up to 1.0 mol of CO,/mol amine [25].
Despite these advantages, the efficiency of MDEA is restricted by its slow reaction rate with
COy, as well as low absorption capacity at low CO, content [26,27].

To date, various studies have been reported in the literature to improve the CO,
absorption of MEA and MDEA through blended solvents. Research has indicated that
the effectiveness of the solvent mixture for CO, extraction can be enhanced by combining
MDEA with activators. 2-Amino-2-methyl-1-propanol (AMP), piperazine (PZ), amino ethyl
ethanol amine (AEEA), and diethanol amine (DEA) are the common activators used to
increase the reaction kinetics and absorption capacity of aqueous amine solvents [28,29]. In
industry, PZ blended with MDEA has been commonly employed as the standard solvent for
purifying natural gas. For instance, Yuan et al. [28] employed piperazine-activated MDEA
to enhance CO; absorption. The study revealed that the presence of PZ in the blended
solvent resulted in the acceleration of the CO, absorption rate by 131%. Meanwhile, MDEA
activated with PZ demonstrated a substantial increase in CO; loading from 0.45 mol/kg
to 0.79 mol/kg compared to aqueous MDEA. However, its environmental impact is still
suboptimal despite its impressive performance [30]. Hence, efforts are being directed
towards discovering alternative solvents that are eco-friendly and can either boost the
efficacy or substitute this solvent for extracting CO, from flue gas or natural gas.

Recent studies have revealed the promising potential of amino acid salt (AAS) as
an alternative solvent. AAS solvents exhibit identical amine functionality, high chemical
reactivity with CO,, better resistance towards degradation, and low volatility, and they
are environmentally friendly [31-35]. Another unique feature of AAS is its ability to form
a solid precipitate during reaction with CO,. The formation of the precipitate facilitates
the enhancement of the CO, absorption capacity of AAS and creates opportunities for
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temporary CO, storage [36]. The reaction of AAS with CO; is similar to alkanolamines [6],
which will be further discussed in Section 2. Hamzehie et al. [37] reported the stability of
potassium glycinate towards oxidation, whereby the CO, loading was consistent between
1.924 and 1.931 mol CO,/mol solvent even after 2 h of exposure to pure oxygen. Hence,
this finding signifies the strong resistance of amino acids towards oxidative degradation.
In addition, AAS solvents also show superior reactivity towards CO, compared to amine
solvents owing to their higher pKa values [38]. The high surface tension of AAS also
facilitates the chemical binding of CO,, which contributes to its favorable CO, absorption
capacity. Despite their advantages, AAS solvents are susceptible to precipitation during
absorption, especially at a high concentration of CO,, which may restrict mass transport
or lead to equipment damage [39]. From another perspective, the formation of solid
precipitation may also have a positive effect by reducing the energy requirements for
solvent regeneration and increasing CO, loading, provided that the process is intensively
controlled [40]. In addition, AAS also usually exhibits a lower absorption rate than amine,
mainly due to the presence of bulk substituent groups attached to the amino acids. Hence,
these limitations create an area of improvement to cultivate innovative solutions to enhance
the practicability of AAS for CO, removal. Generally, AASs are classified into four main
groups based on their side chains: linear amino acids, poly amino acids, cyclic amino acids,
and sterically hindered amino acids (SHAAs) [41].

Aftab et al. [42] reported the performance of sodium (3-alaninate (Na-pala), a linear-
type AAS for CO, removal, using a concentration that ranged between 10 and 30 wt.%.
The experimental findings demonstrated that the CO; loading capacity decreased as the
Na-fBala concentration and operating temperature increased. In addition, the authors also
discovered that 30 wt.% Na-Pala exhibits a higher CO; loading capacity than 30 wt.% MEA
at the temperature of 313.1 K. This finding can be attributed to the unstable carbamate
formation during the reaction between Na-fala with CO;. The carbamate ion may easily
hydrolyze into bicarbonate and liberate free amines, promoting CO; absorption. Chang
et al. [43] investigated CO, solubility in aqueous potassium salt solutions L-prolinate (KPr)
and DL-aminobutyrate (KAABA) at temperatures of 313.2, 333.2m and 353.2 K and CO,
partial pressures up to 1000 kPa. The measured salt concentrations were studied at 7.5,
14.5, and 27.4 wt.% for KPr solutions and 6.9, 13.4, and 25.6 wt.% for KAABA solutions,
respectively. KAABA solutions showed consistently higher CO, loadings at high pressures
than the loadings in KPr solutions. The steric character of the methyl group (-CH,CH3) in
KAABA reduces the stability of the formed carbamate. Thus, the carbamate can undergo
hydrolysis to form bicarbonate, releasing free amine and enhancing CO, loading. Unlike
KAABA, the reaction of CO, with KPr tends to form stable carbamate. However, if the pH
is favorable, the carbamate may undergo hydrolysis to form bicarbonate.

Among the various types of AAS, SHAA has been remarked as one of the potential
candidates for CO, removal due to the presence of steric hindrance, which offers higher
CO; loading capacity and lower thermal energy demand for regeneration. According
to Satori and Savage [44], SHAA refers to a tertiary amino acid in which its primary or
secondary carbon atom is attached to the amino acid. L-Cysteine (CYS) is one of the SHAAs
that can be used as a potential solvent for CO, removal. The presence of the steric effect in
SHAA reduces the stability of the formed carbamate. Consequently, the unstable carbamate
may undergo hydrolysis to form bicarbonate and free amine molecules, thereby promoting
CO, absorption. CYS has a bulky group (-SH) that lies at the second carbon (f3-carbon),
and it is considered to have good performance in absorption and desorption compared to
other amino acids. According to Song et al. [41], CYS showed a lower initial absorption rate
and higher initial desorption rate compared to other amino acids such as alanine (ALA),
taurine (TAU), diglycine (DIGLY), glutamine (GLN), asparagine (ASN), and pyroglutamic
acid (PGA), as shown in Table 1. Referring to Table 1, the net cyclic capacity of CYS is also
comparable to other linear amino acid salts (glycine, taurine, 3-alanine, and y-aminobutyric
acid). These attributes make CYS a favorable candidate for CO, removal due to its excellent
desorption performance that leads to lower energy requirements to desorb CO; and reduce
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solvent regeneration costs. To date, very few studies are available on the performance of
CYS for CO; removal. The compelling characteristics and performance of CYS drive out
the interest to further explore the potential of CYS as a green solvent and an alternative to
amine solvents for CO, removal. Currently, the performance of CYS has only been reported
for corrosion inhibition and biomedical applications.

Table 1. Cyclic CO, absorption and desorption properties of MEA and various AAS [41].

Absorbents Concentration Initial Absorption Rate Net Cyclic Capacity Initial Desorption Rate
(kmol/m?3) (mol CO,/(mol. amine. min)) (mol CO,/(mol. amine. min)) (mol CO,/(mol. amine. min))
Monoe(;}/‘[%rf)lamme 1 3.84 x 1072 2.00 x 102 0.483
Cysteine (CYS) 1 3.18 x 1072 2.46 x 1072 0.485
Alanine (ALA) 1 3.16 x 1072 1.98 x 1072 0.535
Taurine (TAU) 1 3.17 x 1072 2.26 x 1072 0.483
Diglycine (DIGLY) 1 299 x 1072 218 x 1072 0.467
Glutamine (GLN) 1 3.06 x 1072 2.08 x 1072 0.535
Asparagine (ASN) 1 2.79 x 1072 2.34 x 1072 0.547
Pymgigtca%‘c acid 1 241 x 102 0.38 x 102 0.069

The fundamentals of the physicochemical property data are useful for the design,
simulation, and operation of the CO, removal process [45]. According to Garg et al. [46],
the density and viscosity of the absorbent are crucial in the process equipment design
as they may affect the hydrodynamics and mass transfer. Furthermore, these properties
are essential in determining the reaction rate constant and gas diffusivities. On the other
hand, refractive index (RI) data are beneficial for the verification of solvent purity and
the identification of solvent composition [46,47]. Moreover, RI data are also useful for
the derivation of molar refraction, which is essential for comprehending the molecular
arrangement and interaction within the solvent system under different concentrations
and temperatures [18,48]. Subsequently, these qualities will facilitate the understanding
of the behavior and properties of the solvent. For instance, Rahim et al. [49] estimated
the electronic polarizability or molar refraction of a solvent based on RI data, which is an
important parameter to determine the free volume available in the solvent. Therefore, it is
worthwhile to investigate the RI to obtain useful insight into the gas solubility in the solvent.
To the best of our knowledge, there are no available data in the open literature on the
physicochemical properties of the aqueous potassium salt of cysteine (K-CYS). Therefore,
the physicochemical properties such as density, viscosity, and refractive index were studied
and are reported in this paper. All properties were measured over a temperature range
from 298.15 to 333.15 K and concentrations from 5 to 30 wt.%. The CO; solubility in K-CYS
solutions was also evaluated at different temperatures between 303.15 K and 333.15 K, and
operating pressures up to 20 bar were also provided. The study of CO, solubility is crucial
to assess solvent performance.

2. Reaction Mechanisms
2.1. Amino Acid Solvent (AAS)

According to He et al. [50], the reaction between CO, and aqueous amino acid solvent
(AAS) generally occurs via zwitterion mechanisms, as shown below. In water, amino
acids exist in a zwitterion form whereby the molecules present as electrically neutral and
less reactive towards CO; [51]. Hence, the addition of a strong base such as sodium
or potassium hydroxide is necessary to increase the reactivity of the AAS towards CO,.
Referring to Figure 1, the aqueous AAS chemically reacts with CO;, forming an unstable
carbamate. The formed carbamate typically hydrolyzes into deprotonated amino acid and
carbonate, which provides more free amines to react with CO;, as shown in Figure 2 [32].
The extent of carbamate hydrolyzation depends on the concentration of the aqueous AAS,
the solution pH, and the stability of carbamates [51].
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Amino Acid CO2
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Q" d 8, J.L ::;I+ . + H N*”'RTO:
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Carbamates

Figure 1. Reaction mechanism between amino acid (AA) with CO;. R refers to the amino group.
o H H & “OH H "OH
H-N'/R\H/ ! _I_ \O/ > HN R\H/ —I_ T
0. .0. 0
Carbamates Water Carbonate
Figure 2. Hydrolysis of carbamates.

2.2. Alkanolamines

Similarly, the reaction mechanisms of alkanolamines, such as MEA with CO;, also
yields carbamate, as shown below. CO; absorption using amine-based solvents involves
a series of reactions, as illustrated in Figures 3 and 4 [35]. In Figure 3, the amine acts as a
weak base, which reacts with acidic CO, to form carbamate. In the presence of moisture,
this carbamate further reacts to form bicarbonate, as shown in Figure 4. Based on this
mechanism, the majority of absorbed CO; in the liquid amine will result in the formation
of bicarbonate. The interaction between the absorbent and CO; can be weakened by
increasing the temperature or reducing the pressure of the solution. This causes the CO, to
be separated from the amine solvent, thereby regenerating the solvent for future use [24].
Contrary to the AAS, the carbamates and bicarbonate created by MEA are relatively stable,
thereby increasing the energy required for regeneration [51].

H
M ) W o |
—\ + ¥ ~+ —éH
" N\H ..Q/ o R/ 4<) R ¥

Alkanolamine CO: Carbamate

Figure 3. Reaction mechanism between alkanolamines with CO;. R refers to the alkyl group [35].

N 0 /H HOL oo
/N.-‘< +0N " N+ \l'r

R e o \H U,
Carbamate Water Caﬂ;o;late

Figure 4. Hydrolysis of carbamate into bicarbonate [35].
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3. Methodology
3.1. Chemicals and Materials
L-Cysteine (CYS) with >99% purity and potassium hydroxide (KOH) with >85%
purity were purchased from Merck. The chemicals were used as delivered without further
purification. K-CYS salt solutions were prepared by neutralizing CYS with an equimolar
amount of KOH and deionized water (99% pure), following the procedure from the lit-
erature [16,18]. All weight measurements were carried out using an electronic analytical
balance (Sartorius, Model: BSA224S-CW, Goettingen, Germany) with £10~* g accuracy.
In water, amino acids exist as zwitterions with a protonated amino group (-NH3™),
which does not favor CO, [52]. Hence, the deprotonation of the zwitterions is essential to
increase the reactivity of amino acids towards CO, [31].

HOZCHRNH; < H + *OOCHRNH; < “OOCHRNH, )

The addition of KOH as the strong base aims to deprotonate the amino group (-NH3*)
and make it reactive towards carbon dioxide (CO,) [52].

“OOCHRNH; + KOH — KO,CHRNH, + H,O 2)

The physicochemical properties of prepared aqueous solutions with different concen-
trations of 5, 10, 20, and 30 wt.% were measured over the temperature range from 298.15 K
to 333.15 K. The chemical structure, molecular formula, molar mass, and source of the
chemicals used are presented in Table 2.

Table 2. The chemical structure, molecular formula, purity, molar mass, and source of the chemi-

cal used.

Component Molecular Formula Purity, % Molar Mass, g Source
L-Cysteine C3H7NO,S >99 121.16 Merck
Potassium KOH >85 56.11 Merck
hydroxide

Water H,O 99 18.02 -

3.2. Density Measurement

The density of K-CYS solutions was measured using a digital oscillating tube densime-
ter (Anton Paar, DMA-4500 M, Graz, Austria) with +5 x 10~> g cm 2 accuracy. Before the
measurement, the tube was first cleaned with acetone and dried with air to avoid sample
contamination. The instrument was then calibrated using deionized water to ensure reliable
experimental data. The density measurement procedure can also be found in the litera-
ture [9,53]. The density values of each sample were measured in triplicate, and the average
values were reported. The uncertainty of density and temperature was £6 x 107> g cm ™3
and £0.01 K, respectively.

3.3. Viscosity Measurement

The viscosity of the aqueous solutions of K-CYS was measured using a digital rolling
ball viscometer (Anton Paar, Model: Lovis-2000 M/ME, Graz, Austria) with a stated accu-
racy of £0.5%. Firstly, the capillary was adequately cleaned with acetone and dried with
air to avoid contamination. Before each measurement, the equipment was calibrated with
deionized water to achieve accurate measuring results. During the sample injection into
the suitable capillary, the tube should be free from the air bubbles to prevent any interrup-
tion in the ball movement resulting in inaccurate results. The viscosity measurement was
based on the rate of the ball rolling through the liquid samples between the marks in the
liquid-filled capillary [53]. The capillary was kept inclined at an angle between 10° and 80°.
The viscosity of each sample was measured in the unit of mPa s by taking the average of
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three measurements. The uncertainty of viscosity and temperature was £7 x 1073 mPa s
and £0.02 K, respectively.

3.4. Refractive Index Measurement

The refractive index of K-CYS was measured at different temperatures between
298.15 and 333.15 K using a digital Anton Paar refractometer (Model: WR Abbemet,
Graz, Austria) with the accuracy of £4 x 10~ np. The refractometer was operated at
wavelength, A = 589.3 nm. The refractometer was calibrated using deionized water to
ensure measurement accuracy. Prior to each measurement, it is necessary to clean the
prism with acetone and deionized water to avoid sample contamination and errors during
the measurement of the refractive index. The description of the measurement procedure
is also given elsewhere in the literature [46,47,51]. The refractive index of the aqueous
K-CYS solution was reported in the unit of np by taking the average of 3 measurements at
different concentrations and temperatures. The uncertainties of the refractive index and
temperatures were estimated to be +5 x 1075 np and +0.03 K, respectively.

3.5. CO; Loading Capacity Measurement

The experimental setup used in this work is shown in Figure 5. The solubility of CO; in
aqueous solutions was measured using SOLTEQ High-Pressure Gas Solubility Cell (Model:
BP-22, Vantaa, Finland). A similar experimental setup was also reported by [42,54]. The
unit comprises two main vessels, a mixing vessel (MV) and an equilibrium cell (EC), with
3 L and 50 mL capacity, respectively. The gas vessel was used for CO, storage. Meanwhile,
the equilibrium cell (EC) acts as the chamber for mixing and reaction between the gas and
solvent. Both vessels were thermo-regulated using an electric water bath, the JULABO
thermostatic bath, set at the required temperatures with an accuracy of £0.1 °C.

Figure 5. Experimental setup for CO, solubility study [55].

Prior to the experiment, both vessels were first purged with nitrogen gas to remove
any trapped unwanted gas or contaminants. Next, CO, was pressurized in MV up to
the desired pressure using an air-driven booster pump. Both vessels, MV and EC, were
equipped with a digital pressure sensor (Model: Druck DPI 150) with an accuracy of
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£1.0 kPa, as well as a temperature transmitter (Model: Yokogawa 7653) with an accuracy
of £0.1 K). Prior to injecting CO, into EC, the initial pressure and temperature of MV
were recorded as P1 and T, respectively. Subsequently, approximately 6 mL of the aqueous
K-CYS solution was introduced into the EC using a metering pump. The vapor pressure,
Pvap, at a given temperature was recorded. As the pressure and temperature in EC reached
a stable condition, CO; was fed into the EC from MV. The pressure inside EC after the
CO; injection was recorded as P2. Furthermore, the aqueous solution in EC was constantly
agitated at 300 rpm by using the magnetic stirrer at the bottom of EC to enhance the rate
of mass transfer. Upon reaching equilibrium, the final pressure, Peq, and temperature,
Teq, in the EC were recorded. The process parameters, such as pressure and temperature,
were recorded in the data acquisition system every second until equilibrium was achieved.
The experiments were carried out at 3 different temperatures: 303.15, 313.15, and 333.15 K
with an operating pressure of CO; in the range of 2 to 20 bar (g). Upon attaining a steady
state, the CO; solubility in aqueous K-CYS was acquired in terms of CO; loading, which
refers to the number of moles of CO, absorbed per moles of solvent. The equation used to
determine the CO; solubility was further discussed in the following sections.

3.6. CO; Loading Capacity Calculation

In this work, the solubility of CO, in the solvent was evaluated via the pressure decay
method, whereby the amount of CO, absorbed in the solvent was determined based on the
changes in pressure [25,56,57]. The unique feature of this method is that the analysis of the
liquid phase is not necessary. The number of moles of CO, transferred from the MV into
the EC can be obtained from Equation (3):

V(P B
nco, = RT( 7 7, ©)

where V7 is the volume of the reactor (MV), P and P; are the initial and the final pressure
of MV, Z1 and Z, are the compressibility factors, R represents the real gas constant, and
T is the operating temperature. The Peng—Robinson equation of state (EOS) was used in
calculating the compressibility factors.
Equilibrium partial pressure of CO, in the system, Pcp,, was calculated by using
Equation (4):
Pco, = Pr— Py 4)

where Pr denotes the total pressure, and Py represents the vapor pressure of the liquid
samples. In these calculations, the vapor pressure of amino acid Py can be neglected as it is
minimal (P, = 6.73 x 10~7 mmHg at 25 °C) [58].
The moles of the unabsorbed CO; in the gas phase were calculated by using Equation (5):
s _ VsPeo,

= ©)

"co, T Zco,RT

where V is the gas-phase volume of the equilibrium cell, Zc(, is the compressibility factor
at Pco,, and T is the temperature inside the EC.

The effective number of moles of dissolved CO, in the liquid phase, ”lcoz' is calculated
from the difference between the number of moles of CO, (n¢p,) transferred from the
gas vessel to EC and the number of moles of CO, present in the gaseous phase at the
equilibrium state (n‘?:oz).

]
Nco, = Mco, — ”ééoz (6)

Then, the mole of amino acid salt is calculated using Equation (7).

_ pVim
nAM = —yr ()
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where p is the density of the aqueous amino acid salt solution, V; is the solvent volume
used for absorption (differential volume), m is the mass fraction, and M is the molecular
weight of the amino acid used.
The CO; solubility was thus expressed in terms of the molar fraction by Equation (8).
"co
& = 2 8
ot ®)
where « is the solubility in terms of CO; loading as per mole of CO, absorbed in the solvent
(nlcoz) per mole of amino acid salt (141).

4. Results and Discussions
4.1. Physicochemical Properties

To validate the experimental data, the analytic tools were calibrated by measuring
the density (p), viscosity (1), and refractive index (np) of pure water at three different
temperatures of 298.15, 303.15, and 308.15 K. The results obtained were compared with
data from the literature [59]. The compared results for all properties of pure water are
presented in Table 3. The absolute relative deviation (ARD%) implies the data reliability
and demonstrates the deviation between experimental and literature values. ARD% was
calculated by using Equation (9).

100 )

where 7 is the number of experimental data points, X, refers to the experimental, and
Y;t refers to the literature values. As shown in Table 3, the measured density, viscosity,
and refractive index of pure water are in good agreement with the reported values in the
literature [59].

Table 3. Comparison of experimental data of density, p, viscosity, 11, and refractive index, np, of pure
water with the literature data [59].

This Work Literature [59] ARD, %
T/K
plg cm—3

298.15 0.99739 0.997113
303.15 0.99599 0.995720 0.028
308.15 0.99438 0.994105

T/K n/mPa s
298.15 0.897 0.890
303.15 0.805 0.797 1.049
308.15 0.729 0.719

T/K np
298.15 1.33285 1.33268
303.15 1.33230 1.33211 0.014
308.15 1.33166 1.33148

Tables 4-6 show the measured values of the density, viscosity, and refractive index
of aqueous K-CYS salt solutions at each temperature. Based on Table 4, the density of
the K-CYS solution decreases when the temperature increases from 298.15 K to 333.15 K.
This finding can be attributed to the high mobility of molecules in the aqueous solution
at elevated temperatures as the molecules gained more kinetic energy. Consequently, the
rising temperature leads to the disruptions of hydrogen bonding and the weakening of
intermolecular forces within the aqueous solution, causing the separation of molecules away
from each other [31,45,60]. As the intermolecular interaction within the aqueous solution



Sustainability 2023, 15, 11558

10 of 23

weakened, the solution volume increased and subsequently resulted in the reduction of
density [61,62]. On the contrary, the increment in the concentration of K-CYS leads to a
higher density due to the increased number of molecules in the aqueous solutions and
intermolecular forces between the molecules. The densities of the K-CYS solutions were
obtained in the range of 1.00454 to 1.14510 g cm 3. Similar trends were also observed by
other researchers [31,59,60,63,64].

Table 4. Experimental values of densities, p, of aqueous K-CYS solution at different mass fractions, w,
and temperatures, T.

Density, p (g cm—3)

Temperature, T Mass Fractions, w

X 5 wt.% 10 wt.% 20 wt.% 30 wt.%
298.15 1.01956 1.04292 1.09130 1.14510
303.15 1.01794 1.04107 1.08904 1.14247
308.15 1.01611 1.03905 1.08665 1.13973
313.15 1.01412 1.03687 1.08412 1.13687
318.15 1.01195 1.03453 1.08146 1.13390
323.15 1.00963 1.03206 1.07868 1.13082
328.15 1.00715 1.02944 1.07578 1.12763
333.15 1.00454 1.02670 1.07277 1.12435

Table 5. Experimental values of viscosities, 77 of aqueous K-CYS solution at different mass fractions,
w, and temperatures, T.

Viscosity, # (mPa s)

Mass Fractions, w

Temperature, K

5 wt.% 10 wt.% 20 wt.% 30 wt.%
298.15 0.901 0.984 1.264 1.685
303.15 0.811 0.885 1.138 1.502
308.15 0.733 0.799 1.032 1.348
313.15 0.666 0.725 0.947 1.215
318.15 0.610 0.662 0.865 1.103
323.15 0.560 0.608 0.769 1.006
328.15 0.519 0.563 0.707 0.922
333.15 0.482 0.521 0.654 0.849

Table 6. Experimental values of refractive indices, np, of aqueous K-CYS solution at different mass
fractions, w, and temperatures, T.

Refractive Index, np

Mass Fractions, w

Temperature, K

5 wt.% 10 wt.% 20 wt.% 30 wt.%
298.15 1.34176 1.35141 1.37153 1.39329
303.15 1.34096 1.35067 1.37055 1.39209
308.15 1.34021 1.34993 1.36960 1.39095
313.15 1.33946 1.34905 1.36871 1.38991
318.15 1.33873 1.34828 1.36796 1.38921
323.15 1.33800 1.34756 1.36743 1.38883
328.15 1.33729 1.34693 1.36708 1.38861
333.15 1.33704 1.34624 1.36684 1.38859

Table 5 shows that the viscosity of K-CYS solutions increases at higher solvent con-
centrations. For instance, at the temperature of 298.15 K, the viscosity increases from
0.901 mPa s to 1.685 mPa s with the increasing concentration of K-CYS from 5 wt.% to
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30 wt.%. This finding is attributed to the higher molecular resistance in a more concentrated
solution [65]. However, the viscosity reduces at rising temperature, as shown in Table 5,
whereby the viscosity of 30 wt.% aqueous K-CYS solution significantly descends from
1.685 mPa s to 0.849 mPa s as the temperature rises from 298.15 K to 333.15 K. The decre-
ment in viscosity at higher temperatures was due to the decrease in electrostatic interaction
of the molecules and the availability of more free spaces between the molecules [64]. Hence,
the internal resistance of molecules decreased and subsequently reduced the viscosity.
Similar trends were also observed in different solvent systems [18,63,66,67]. On the other
hand, aqueous K-CYS solution also exhibits lower viscosity compared to the conventional
solvents MEA and MDEA reported in the literature. For instance, at T = 313.15 K and
the same concentration of 30 wt.%, the viscosity of aqueous K-CYS is 1.685 mPa s, which
is lower than MEA [66] and MDEA [68], the viscosities of 2.52 mPa s and 1.93 mPa s,
respectively. The significant difference in the viscosity shown by the aqueous K-CYS so-
lution implies that this solvent offers a lower mass transfer resistance compared to the
conventional solvents. Hence, this would facilitate the solvent pumping and minimize the
energy required for the process, which consequently may contribute to cost savings.

Referring to Table 6, the refractive indices of the K-CYS solutions increase as the
concentration increases from 5 wt.% to 30 wt.%. At 298.15 K, the refractive index, np, of
the K-CYS solution remarkably increases from 1.34176 to 1.39329 with increasing solvent
concentrations. The increment in the refractive index at high concentrations is due to
the rising number of molecules being struck by the light from the refractometer [51,69].
On the other hand, an opposite trend was observed at an ascending temperature from
298.15 to 333.15 K, where, at a constant solvent concentration of 30 wt.%, np gradually
decreases from 1.39329 to 1.38859. The vibration among the molecules increased at higher
temperatures and created more spaces between the molecules. Hence, a lower number of
molecules were struck by the light from the refractometer, which eventually resulted in
the reduction of refractive index values [47,60]. Similar trends were also reported by other
researchers [18,45,47].

4.2. Correlation Study

To date, various empirical expressions have been developed to correlate density,
viscosity, and refractive index with temperature. Using a similar approach by Murshid
et al. [53], the experimental data for density were correlated with temperature using a linear
equation in Equation (10).

o= Ay + AT (10)

where p is the density (g/ cm®), Ap and A; are the correlation parameters, and T is the
temperature (K). A, and A; were obtained using the least-squares method. Meanwhile, the
standard deviations (SDs) for density were calculated by using Equation (11):

SD =

(11)

0.5
Z? (Xexp - Xcorr.)Z]
n

where X,y is the experimental value of the density, Xcorr is the correlated value of the
density, and # is the number of data points. The correlation parameters and SD for the
density of K-CYS are given in Table 7.

Table 7. Correlation parameters and SD for densities of different mass fractions of aqueous K-CYS.

wt.% A 10% A4 R? 10—4 SD
5 1.14844 —4.30254 0.99424 3.84
10 1.18186 —4.64214 0.99591 3.47
20 1.24973 —5.29863 0.99778 2.90

30 1.32233 -5.93119 0.99863 2.54
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Figure 6 shows the parity plot between the experimental and predicted density of
aqueous K-CYS solution at the different mass fractions. The black line in Figure 2 repre-
sents the correlated density. Based on Figure 2, the correlation is well fitted to the data
with R? > 0.99424, indicating satisfactory agreement between the experimental and pre-
dicted density. In addition, this finding was also supported by the relatively low standard
deviation of less than 0.000384.

1.16

1.14 |

1.12 |

Predicted denwity (p / grem™3)

0-98 i L L L L i i L
098 100 102 104 106 108 110 112 1.14 1.16

Experimental density (p / g-cm™)

Figure 6. Comparison between experimental and correlated values of density of aqueous K-CYS.

On the other hand, the thermal expansion coefficient («p) is a crucial property in the
industrial design of CO, separation systems [45]. The experimental density data were used
to estimate ap, where Equation (12) was used to calculate the thermal expansion coefficient
of K-CYS solutions at different concentrations and temperatures [45,70].

_ (\(o) _ A
e <P>(5T)P_ Ao + AT 12)

where ap is the thermal expansion coefficient, p is the density, T is the temperature, and Ay
and A; are the fitting parameters obtained from Equation (10).

The thermal coefficient data of the K-CYS solution at different mass fractions and
temperatures are listed in Table 8. The thermal expansion coefficient increased linearly
from 4.21 x 107* to 5.27 x 10~* K~! with increasing temperature and concentration. A
slight increment in the thermal expansion coefficient values shows that the volume of the
solution does not change significantly with the temperature rise. Similar behaviors were
also reported in the literature for various aqueous systems [45,63,67].

For viscosity, the measured data were correlated with temperature using an exponen-
tial equation in Equation (13).

n=Boexp(—B1-T) (13)

where 7 represents viscosity (mPa s), By and Bj refer to the correlation coefficients, and T
is the temperature (K). By and B; were obtained by using the least-squares method. The
correlation coefficients and SD are given in Table 9.
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Table 8. Thermal expansion coefficient of different mass fractions of aqueous K-CYS.
ap/10-4 K1
T/K
w =5wt.% w =10 wt.% w =20 wt.% w =30 wt.%
298.15 4.21 4.45 4.85 5.18
303.15 422 4.46 4.87 5.19
308.15 423 4.47 4.88 5.20
313.15 4.24 4.48 4.89 5.22
318.15 425 4.49 4.90 5.23
323.15 4.26 4.50 491 5.24
328.15 4.27 4.51 4.93 5.26
333.15 428 4.52 4.94 5.27

Table 9. Correlation parameters and SD for viscosities of different mass fractions of aqueous K-CYS.

wt.% 10~2 By 102 B; R? 103 SD
5 1.81990 —1.78691 0.99599 8.95
10 2.16775 —1.81577 0.99638 9.41
20 3.58453 —1.89658 0.99851 6.98
30 5.61252 —1.95472 0.996849 16.11

Figure 7 shows the parity comparison between the experimental and predicted viscos-
ity of the K-CYS solution at different temperatures. The predicted viscosity of K-CYS is
indicated by the black line in Figure 3. As shown in Figure 3, the predicted viscosity was
found good-fitted to the experimental data with R? > 0.99 and SD < 0.016.
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Figure 7. Comparison between experimental and correlated values of viscosity of aqueous K-CYS.

The activation energy (Ey) is a potential barrier to be overcome to allow the mobi-
lization of solvent molecules. Hence, the quantitative analysis of the viscosity activation
energy is significant in assessing the fluidity of the solvents. Moreover, the E7 of viscosity
is also an essential parameter that reflects the sensitivity of viscosity towards temperature
changes. In the present work, the experimental viscosity data were further used to calculate
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the activation energies at different concentrations using a logarithmic form of the Arrhenius
equation, as expressed in Equation (14).

L ! Ey 14)

= o0 — —
iy = inn RT (

where 7 is the viscosity, 77 is the infinite-temperature viscosity, E7 is the activation energy,
R is the gas constant (0.00831 k] mol~! K1), and T is the temperature. The graph of Iny
versus 1/T is plotted as shown in Figure 3. Ey is estimated based on the gradient of the
Arrhenius plot in Figure 8.
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Figure 8. The relationship of Iny and temperature reciprocal for different mass fractions of aqueous
K-CYS: () 5 wt.%; (A) 10 wt.%; () 20 wt.%; (O) 30 wt.%.

The calculated values of the activation energy and the infinite-temperature viscosity of
the aqueous K-CYS solutions are presented in Table 10. In the present work, the estimated
activation energies of K-CYS solutions ranged from 14.77545 to 16.15941 k] mol~!. Based
on Table 10, the activation energy (E7) increases in the order of 30 wt.% > 20 wt.% > 20 wt.%
> 5 wt.%. The finding indicates the sensitivity of activation energy with the changes In
solvent concentration. The increase in concentration leads to an increase in activation
energy, which might be due to the stronger interactions between the molecules in the
solvents, thus increasing the potential barrier for the molecules to move past each other.
Similar trends were also observed for different types of solvents [71,72].

Table 10. Calculated activation energies and infinite-temperature viscosities at different mass fractions
of K-CYS.

wt.% Ey/k]J mol—1 #®/mPa s
5 14.77545 2.29551 x 10°
10 15.01246 228041 x 103
20 15.65887 2.28292 x 103

30 16.15941 2.45753 x 103
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For the refractive index, the experimental data were correlated by the least-squares
method as a function of temperature by using Equation (15). The best fit for the refractive
index was a polynomial equation, and the coefficients are reported in Table 11.

np = Cp 4+ C1T + CoT? (15)
where n, is the refractive index; Cy, Cq, and C; are the fitting parameters; and T is the temperature.

Table 11. Correlation parameters and SD for refractive indices of different mass fractions of aqueous K-CYS.

wt.% Co 10% ¢4 10° C, R? 10* SD
5 1.48364 —7.76223 1.00786 0.99727 2.30
10 1.44308 —4.48605 0.47387 0.99934 3.90
20 1.69046 —19.04114 2.79937 0.99911 0.80
30 1.88146 —29.79979 450405 0.99866 4.10

Figure 9 demonstrates the parity plot of comparison between the predicted and
experimental refractive index of K-CYS at different mass fractions and temperatures. The
predicted data of the refractive index are indicated by the black lines. A good consistency
was observed between the experimental and predicted refractive index data of K-CYS
solutions with SD < 0.00041. Conclusively, the applied empirical correlation is observed
to be reliable for the estimation or interpolation of the refractive index of K-CYS solution
under different temperature and mass fractions.
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Figure 9. Comparison between experimental and predicted values of the refractive index of aque-
ous K-CYS.

4.3. CO;, Loading Capacity Study

A CO; solubility study is essential to evaluate the performance of the solvents and
assess their feasibility for practical application in the industry. The equilibrium data of the
solvent are crucial in designing the absorption system for CO, removal. The solubility of
CO, was typically investigated in terms of CO, loading, which can be expressed as mol CO,
absorbed per mol of solvent. In the present work, the operating conditions were selected
based on the industrial implementation of amine-based absorption technology. Prior to
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the experiment, the high-pressure solubility cell was first calibrated by using 30 wt.% of
aqueous MEA at 313.15 K to ensure the measurement accuracy. The CO; loading of MEA
was compared with the literature data, as shown in Table 12. The average absolute relative
deviation (%ARD) of the results obtained was calculated based on Equation (9). Based on
Table 12, a good agreement was found between experimental and literature data with the
%ARD of 0.9173%. Hence, this finding signifies the reliability of the experimental results
reported in this work.

Table 12. A comparison of CO; solubility in 30 wt.% aqueous MEA solution at 313.15 K.

Present Work Literature [73] % ARD
04 PCOZ 24 PC02
(mol of CO,/mol of MEA) (bar (g)) (mol of CO,/mol of MEA) (bar (g))
0.703 8.56 0.728 8.83
0.731 10.03 0.763 12.56
0.759 13.08 0.772 15.80 0.9173
0.806 19.20 0.806 19.73

4.3.1. Effect of Pressure

Table 13 summarizes the experimental CO, loading of aqueous K-CYS solution mea-
sured at different pressure, temperatures, and mass fractions. The solubility of CO; in the
aqueous solutions was investigated at different pressures between 2 bar (g) and 20 bar
(g) and temperatures of 303.15 K, 313.15 K, and 333.15 K. Referring to Table 13, at a given
mass fraction and temperature, the solubility of CO; in the solutions gradually rises by
increasing the partial pressure. This behavior can be described by Henry’s law, in which
the solubility of a gas in the aqueous solution is directly proportional to the partial pressure
of the gas above the solution [74,75]. At higher partial pressure, the number of collisions
between CO, molecules and the surface of the K-CYS solution intensified, resulting in more
gas penetration into the solution and thus increasing CO; diffusion [16,76]. Consequently,
more CO, molecules were absorbed into the solvent. This observation was also consistent
with the finding reported by Syalsabila et al. [77], whereby, for any concentration and mass
fraction, the CO, loading in potassium AAS of L-histidine increases at ascending pressure
from 1.5 bar to 40 bar.

Table 13. CO, loading of K-CYS, a (mol of CO,/mol of K-CYS), at different pressures, temperatures,
and mass fraction.

10 wt.% Aqueous K-CYS

T =303.15K T=313.15K T=333.15K
Pco, /bar () % Pco, /bar (g) o Pco, /bar (g) o
1.73 1.2864 1.79 1.2156 1.86 1.1186
4.63 1.6541 4.68 1.5565 4.69 1.4547
9.30 2.0236 9.32 1.8793 9.39 1.6955
18.05 2.5438 17.10 24190 17.39 2.2224
20 wt.% aqueous K-CYS
T =303.15 K T=313.15K T=333.15K
Pco, /bar (g) o Pco, /bar (g) o Pco, /bar (g) o
1.54 0.8425 1.78 0.7557 1.90 0.6880
4.06 1.1230 3.84 0.9677 3.99 0.8741
7.80 1.3827 8.00 1.2714 8.03 1.1572
17.90 1.9119 17.18 1.7696 17.88 1.6906
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Table 13. Cont.
30 wt.% aqueous K-CYS
T =303.15 K T=313.15K T =333.15K
Pco, /bar (g) o Pco, /bar (g) o Pco, /bar (g) o
1.60 0.5259 1.96 0.4507 2.19 0.3925
3.40 0.7129 3.63 0.6516 3.98 0.5576
8.20 0.9265 8.44 0.8455 8.48 0.7109
18.00 1.2488 18.21 1.1802 17.96 1.0551

4.3.2. Effect of Temperature

In addition, Table 13 also demonstrates the effect of varying temperatures from
303.15 K to 333.15 K towards the CO; solubility in the aqueous K-CYS solution. Referring
to Table 13, at any pressure or concentration, the solubility of CO, in the K-CYS solution
decreases with the temperature increment, which is consistent with the Le Chatelier Prin-
ciple [17,42,78]. The decrement in the CO; solubility is affected by the thermodynamics
of the exothermic CO, absorption in the aqueous solution, which favors the reversible
reaction at high temperatures [24]. Hence, the extent of the chemical absorption reaction
was suppressed and subsequently reduced the CO; solubility [79,80]. Moreover, the present
findings were also consistent with the trend reported by Mohsin et al. [16], whereby the
CO; loading of glycine- 3-dimethylaminopropylamine (GLY-DMAPA) decreases as the
temperature elevated from 303.15 K to 323.15 K. The authors suggested that the solvent
molecules also tended to move faster due to the increased kinetic energy at higher temper-
atures. This phenomenon led to the breakage of intermolecular bonding, which enabled
CO; gas to escape from the solution.

4.3.3. Effect of Solvent Concentration

At the same partial pressure of CO, and temperature, the concentration of solvent also
poses a significant influence on CO; solubility. It can be seen from Figure 10 that, at constant
pressure and temperature, the CO; loading per mol of aqueous K-CYS solution decreases
with increasing solvent concentration in the order of 30 wt.% < 20 wt.% < 10 wt.%. This
behavior can be attributed to the increasing number of K-CYS molecules in the solution
at higher concentrations, which restricted the movement of CO, molecules and impeded
the diffusion of CO, [18,52]. In another work, Aftab et al. [42] reported the reduction
of CO; solubility in Na-pala solution from 1.651 to 1.117 mol of CO,/mol of solvent at
the same Pcop and temperature, as the concentration increased from 10 wt.% to 30 wt.%.
A similar trend was also observed for other types of amino acid by Mohsin et al. [16],
whereby the CO, solubility in a 3-dimethylaminopropylamine (DMAPA)-glycine (GLY)
mixture decreased as the solvent concentration increased. The author suggested that the
increment of solvent concentration led to higher solutes present in the solution, suppressing
CO, diffusion.
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Figure 10. Effect of concentration on the solubility of CO, in K-CYS solutions at 313.15 K.

4.3.4. Comparison with Other Amino Acid Salt Solvents and MDEA

As shown in Figure 11, aqueous K-CYS demonstrates a higher CO, absorption capac-
ity compared to other amino acid salts (AASs) such as sodium salts of 3-alanines. The
promising performance of K-CYS could be attributed to the more unstable carbamates
formed during the reaction with CO,, which subsequently hydrolyzed and liberated more
free amine ions for CO, absorption. Nevertheless, the performance of K-CYS is still slightly
lower compared to the potassium salts of L-phenylalanine (K-Phe) [54] and MDEA [79]. In
comparison to MDEA, aqueous K-CYS has a higher molecular weight than its counterpart,
which resulted in a lower number of solvent molecules present in the solvent that were
available for CO, diffusion [31]. Therefore, this phenomenon explained the lower CO,
loading in the K-CYS compared to MDEA. Based on the comparison between the three
AASs, K-Phe exhibits the highest CO, absorption capacity due to its large steric hindrance
compared to (3-alanines and K-CYS. This attribute is rendered to the bulkier substituent
group attached to the amino acid structure of K-Phe. According to Zhao et al., [81], the
steric hindrance effect lowers the tendency to form stable carbamates, thus promoting CO,
loading. Hence, this finding explained the greater equilibrium CO, loading demonstrated
by K-Phe compared to K-CYS and (3-alanines. Therefore, further research is necessary to
enhance the CO; reactivity of K-CYS.
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Figure 11. Comparison of experimental solubility of CO, in 30 wt.% K-CYS with literature data [42,54]
at 313.15 K.

5. Conclusions

In this study, the capability of the potassium salt of L-cysteine (K-CYS) was investi-
gated as a potential green solvent for CO, removal from natural gas. Herein, the density,
viscosity, and refractive index of K-CYS solution were measured over a range of tempera-
tures from 298.15 to 333.15 K using different mass fractions, varied from 5 to 30 wt.%. The
physicochemical properties of K-CYS were observed to decrease at elevated temperatures
and increase at higher mass fractions. The experimental results for all properties were also
correlated as a function of temperature. The parity plot showed a good agreement between
experimental and predicted data with SD < 0.1. Hence, the empirical expressions applied
can be effectively used to predict the physicochemical properties of aqueous K-CYS at other
process conditions. Moreover, the present work also evaluated the thermal expansion coef-
ficient and activation energy for K-CYS at different concentrations and temperatures based
on their experimental density and viscosity. The thermal coefficient of K-CYS was found
to increase linearly with the rise in temperature and solvent concentration. Meanwhile,
the increment in the concentration of the solution showed a positive effect on the viscosity
activation energy of K-CYS. On the other hand, the performance of aqueous K-CYS for CO,
absorption was investigated using different solvent concentrations of 10 wt.%, 20 wt.%,
and 30 wt.% under varying pressures, from 2 to 20 bar (g) and temperatures of 303.15 to
333.15 K. Based on the experiment, K-CYS demonstrated a substantially high CO, absorp-
tion capacity with a maximum CO, loading of 2.5438 mol of CO,/mol of K-CYS attained
at an equilibrium partial pressure of 18.05 bar (g). The presence of the sterically hindered
amino group in K-CYS exhibited more hydroxyl ions to dissociate and bicarbonate forma-
tion during CO; absorption, which accounted for high CO, loading. The high solubility
of CO;, in K-CYS may contribute to a significant operational cost-saving in CO, seques-
tration. Therefore, by exploiting the advantages of high CO, absorption capacity, along
with their favorable intrinsic properties such as low volatility, environmental friendliness,
and resistance towards oxidative degradation, K-CYS offers a promising potential as an
alternative solvent for CO, removal. Nevertheless, further research is necessary to enhance
the reactivity and competitiveness of K-CYS on par with the industrial solvent such as
MDEA for practical implementation in natural gas applications. Overall, the findings from
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this study contributed a remarkable insight into the potential application of amino acid
salts as a green solvent for CO; removal from natural gas.
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