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Abstract.

For both mixtures,
the MAGA unit showed high gas separation efficiency. It is
shown that the MAGA unit can remove up to 96% of sour gases from the mixture. At the same time,
the hydrocarbon losses do not exceed 1%, even in the maximum productivity mode. It is also noted
that the overall efficiency of the process can be improved by using specific absorbents with aqueous
solutions of amino alcohols.
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1. Introduction

The development of civilisation is directly linked to the process of energy generation.
In view of the increasingly severe environmental situation, technologies related to waste-
free or low-waste methods of energy production play an important role (Liang et al.,, 2022;
Ostergaard et al., 2020; Si et al,, 2022; ZOU et al,, 2021). Natural gas is one of the most
environmentally friendly organic energy sources (Bello and Solarin, 2022; Litvinenko,
2020; Shirazi et al., 2022). Due to the fact that natural gas deposits, both due to geological
and other factors (e.g. the biota that became the origin of the deposit) always contain acid
gases i there is a necessity to separate acid gases from natural gas. Acid gases
reduce the calorific value of fuel and create environmental and technological hazards (Khan
etal.,, 2021; Rahmani et al., 2023; Tikadar et al., 2021a, 2021b).

Acid gases removal is an important step in the preparation of natural gas for
transportation and processing (Darani et al.,, 2021; Liu et al,, 2020). The most common
today method of purification of natural gas from polluting components is amino-alcohol



chemisorption (Berchiche et al., 2023; Ellaf et al., 2023; Ibrahim et al., 2022). This method
has been actively used and developed for several decades. However, despite this, it has
some inherent disadvantages (Davarpanah et al.,, 2020; Godin et al., 2021; Struk et al,,
2020). Among the main disadvantages are high capital and operating costs, problematic
regeneration of sorbents, low reliability of apparatuses, relatively high complexity of
operation and maintenance, large footprint, the necessity of preliminary deep purification
of gas, and significant environmental damage from the process of operation (Ghasem, 2020;
G. Liu et al, 2021; Rochelle, 2024). Additionally, it is also worth noting that amine
purification plants are economically efficient only for very large production facilities.

Membrane gas separation offers an attractive alternative to amine treatment. The
important disadvantages of amine scrubbing, which were pointed above, are not present
(Lei etal,, 2020; Y. Liu et al,, 2021a, 2021b; Makertihartha et al., 2022; V. M. Vorotyntsev et
al,, 2006; Vorotyntsev et al., 2009; Yahaya et al., 2020). Thus, the membrane gas separation
method is a reagent- and heat-free technology, where acid gas removal can be carried out
at ambient temperature using relatively inexpensive polymeric materials (Hazarika and
Ingole, 2024; Jana and Modi, 2024; Kryuchkov et al., 2024; Sidhikku Kandath Valappil et al.,
2021) An important limiting factor in the development of the membrane method is the
interdependence of selectivity and process performance. In other words, the more efficient
the separation is - the lower the rate of this process (Robeson, 2008). Two main approaches
to the improvement of membrane separation methods can be distinguished (Khan et al,,
2024; 1. V. Vorotyntsev et al., 2006). Firstly, new membrane materials can be sought (Bashir
etal.,, 2024; Niu et al.,, 2024; Otvagina et al., 2019; Singh et al., 2024). However, this approach
is still limited by the interdependence of performance and selectivity. Secondly, new
engineering solutions can be sought (Karamah et al., 2021; Kartohardjono et al., 2023).

The group of authors proposed a new method, membrane assisted gas absorption
(MAGA). MAGA is a pressure-controlled hybrid process. In its framework, the separation is
continuous - gases are absorbed by a liquid absorbent spread over a membrane. After
absorption by the liquid, the gases permeate through the membrane. The separation of gas
mixtures takes place without phase transitions, in a single stage and without the need to
maintain high temperatures. Compared to conventional membrane gas separation, the use
of liquid absorbent allows to increase the selectivity of the system. An important and
significant feature of the method is the self-regeneration of the absorbent, which occurs
naturally in the process of gas sorption-desorption cycle and its penetration into the
submembrane space. Taking into account the above mentioned, the most significant
influence on the process is the choice of membrane and liquid absorbent materials. This
imposes some limitations on the possibility of their selection - it is necessary to take into
account the mass transfer rate. This is due to the fact that many polymeric materials, being
able to effectively separate gas mixtures, cannot provide the required process rate.

The MAGA method was initially proposed by a group of authors for the removal of acid
gases and for the ammonia recovery and purification, and the apparatus was based on
planar-framed membrane modules (Atlaskin et al., 2021a; Kryuchkov et al., 2021; Petukhov
et al., 2021). Then, various improvements of this method were proposed - the application
of hollow fiber membranes to solve the same problem, as well as usage of ionic liquids as a
sorbent in the system (Atlaskin et al, 2020a; Petukhov et al., 2022). The present study
investigates the feasibility of applying the MAGA method to the separation of natural gas
flow from sour gases. Modules based on hollow fibers made of PSF and PEI+PI are applied
and investigated in this work.

The present work deals with comprehensive study of materials and process during the
separation of natural gas using novel hybrid technique - membrane-assisted gas



absorption. During that complex investigation the combined system, which consists of
absorbent, gas separation and ultra filtration membranes was proposed and characterized
with respect to its mass transfer properties. Further, the proposed system was
implemented during the separation process. It was found, that membrane-assisted gas
absorption technique may be considered as an attractive alternative to conventional
methods.

2. Materials and Methods

2.1. Materials

In correspondence to the aim of the present study - evaluation of the membrane-
assisted gas absorption technique for natural gas processing, namely, removal of acid gas
impurities, special gas mixtures in stainless steel cylinders were prepared. The first
mixture, designed for the preliminary study, contains three components: methane, carbon
dioxide and xenon in the ratio of 94.5/5.35/0.15 vol.% under the pressure of 4 MPa. The
second mixture, identical in composition to natural gas, as it was mentioned in Patent
(Smetannikov et.al.,, 2010) contains eight components: methane, ethane, carbon dioxide,
propane, nitrogen, butane, hydrogen sulfide and xenon in the ratio:
75.677/7.41/5.396/4.534/3.013/2.469/1.389/0.113 vol.% under the same pressure
value. The gas mixtures were prepared using pure gases: nitrogen (299.999 vol.%),
methane (299.99 vol.%), xenon (299.999 vol.%), ethane (299.94 vol. %), propane (299.98
vol.%), butane (299.97 vol.%), carbon dioxide (299.99 vol.%), hydrogen sulfide (299.5
vol.%) supplied by «NII KM» Ltd, «Véssen M [ Y» Ltd, «Firma Horst» Ltd _)

A 30 wt.% aqueous solution of amino alcohol - methyldiethanolamine (MDEA) was
used as a liquid absorbent in the process of acid gas capture using a membrane-assisted gas
absorption unit. Methyldiethanolamine was provided by «Oka-Sintez» Ltd (i
). Deionized water obtained with Millipore Direct-Q3 was used to prepare the
solutions. Reagents were used without additional purification. Solutions were prepared
using standard gravimetric method on analytical balance SHIMADZU AUW-220D.

2.2. Methods

The schematic diagram of the experimental setup is shown in Fig. 1 and illustrates the
membrane-assisted gas absorption unit, where the separation process is implemented in
the counter-current flow mode. The schematic diagram of the separation cell, its detailed
description, technical data, flat and 3D schemes and photos are given in Supplementary
Materials (Fig. S1 - S2, Table S1). The source and product flows, which are feed and
retentate, are controlled by mass flow controllers (Bronkhorst, El-Flow Prestige FG-201CV)
and pressure transmitters (Wika, S-20). The constant pressure level in the cell and product
line is maintained by a back pressure regulator (Bronkhorst, EL-Press P-702CM). The
pressure on the permeate side is process controlled value, and is formed by the resistance
in the fibers and the flow of permeate gas. In other words, the operator does not influence
the pressure value manually. The outlets of the cell, which are permeate and retentate lines,



are connected to a four port two position switching valve (VICI, A4AVLAMWE2) equipped
with a high-speed switching accessory that allows 8 ms switch performance. It is used to
alternately switch the analyte flows using a gas chromatography system. HSSA does not
create pneumatic resistance in the line, which is typical for conventional valves, where the
switching time exceeds 180 ms. The analyzed flow is fed into an analytical system
represented by a Chromos GC-1000 gas chromatograph. There, the sample is separated in
the chromatographic column under isothermal conditions and the signal change is
recorded with a thermal conductivity detector. Detailed conditions for GC analysis are given
in Table 1.

Table 1 Process parameters for GC analysis

GC Component Description

Detector TCD-1, 3V, 170°C
TCD-2, 3V, 170°C

Analytical Column Hayesep R 3mx2mm, SS316 stainless steel (SS316), 80/100 mesh
Hayesep Q 3mx2mm, SS316 stainless steel (SS316), 80/100 mesh
40°C (5.8 min) heat 25°C/min (0.8 min); 60°C (3.6 min) heat 25°C/min (0.8
min); 80°C (2.5 min) heat 35°C/min (1.57 min); 135°C (9.9 min); 200°C

Sampling loop 1 cm3, 145°C

Carrier gas He 99.995 vol.%, 20 cm3 min-1

The experiment entails introducing the gas system into the inlet port of the
experimental unit via a Drastar pressure regulator to uphold a desired pressure level prior
to the mass flow controller, which guarantees an accurate gas flow rate of the separated gas
mix. The feed stream enters the MAGA unit, where impurities of acid gases are captured by
a combined membrane-absorption system, and transferred to the permeate side. Next, the
separated components are captured with carrier gas fed through a pressure regulator and
mass flow controller and exits the unit for further analysis. The same process is performed
for the retentate, which is depleted of permeated components. The back pressure regulator
mounted on the retentate line provides a consistent pressure level throughout the length
of the line from its feed to the regulator, ensuring a uniform pressure ratio across the
combined system. The permeate and retentate streams are sequentially analyzed via a gas
chromatograph to assess the progression of achieving a steady state and the efficiency of
the separation process. The experimental conditions are given in Table 2.

Table 2 Experimental conditions over the membrane-assisted gas absorption process

Parameter Value
Feed stream pressure 0.4 MPa
Permeate pressure 0.104 - 0.105 MPa
Feed flow rate 100 - 150 cm?3 min'?
Temperature 25°C

Stage-cut 0.05-0.065
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Figure 1 The principal scheme of the experimental setup for the evaluation of separation
process using MAGA technique

2.3. Determination of gas transport characteristics of the membrane

One of the main objectives of this study is to determine a suitable membrane
considering its mass transfer properties (permeance, selectivity) and stability in the
presence of plasticizing components such as carbon dioxide and hydrogen sulfide. The key
requirement for the membrane is high permeance, as the high selectivity is provided by the
liquid absorbent.

This study considers a new membrane-assisted gas absorption unit based on hollow
fibers. Unfortunately, there is no production of hollow PVTMS (Atlaskin et al.,, 2021b,
2020b) fibers in the world, so it is very important to find a membrane with characteristics
close to those specified. In addition, to date, there are very few studies containing data on
the permeance of such membranes to the gases, which are considered as components of
studied mixture, especially for hollow fibers. In this regard and in order to accurately
determine a suitable membrane, an experimental study of the gas transport properties of
asymmetric hollow fiber gas separation membranes made of polysulfone provided by
Airrane Co., Ltd and polyethylenimine with polyimide was carried out.

The study of membrane materials was carried out on an experimental setup coupled
with a residual gas analyzer Pfeiffer QMG 250. The general scheme of the unit is presented
in Figure 2. The setup is equipped with three mass flow controllers (Bronkhorst FG-201CV)
for supplying pure gases. These controllers can be used either individually or in gas mixing
mode. The gas mixture, in turn, is obtained by real-time dynamic flow mixing. Two more
controllers (Bronkhorst F201CV and Bronkhorst F201CM) are used to supply helium and
argon to the experimental setup (in the case when the permeance of these gases is not the
object of research). Helium is used to purge the gas distribution system of the setup
between tests. Argon is used as an internal standard in the mass spectrometer. A two-
position, four-port valve is used to connect the module's feed side to the mixing chamber or
helium inlet line. The retentate line of the module is connected to back pressure regulator
(Bronkhorst P702CM) to maintain a constant target pressure value. The permeate side of
the module is connected to a pumping station consisting of a diaphragm and
turbomolecular vacuum pump (Pfeiffer Hi-Cube ECO 300). The vacuum level on the



permeate side is measured with a pressure transmitter (Pfeiffer MPT200). A solenoid-
operated diaphragm valve installed between the cell and the vacuum station (Pfeiffer DVC
025 PX) is used to shut down the vacuum equipment in case of pressure surges resulting
from damage to the membrane samples. The vacuum system is then connected to the mass
spectrometer chamber (Pfeiffer PrismaPro QMG 250 M2), where the vacuum is provided
by a second pumping station (Pfeiffer Hi-Cube 80 Eco) and its vacuum level is determined
by a second pressure transmitter of the same model.
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Figure 2 Schematic diagram of mass spectrometer coupled experimental unit for
membrane mass transfer properties study

Before each experiment, the test cell is purged with helium (at a volume flow rate of 50
- 150 cm3 min-1). The mixing chamber is filled with individual gas or multiple gases (total
volume flow rate - up to 750 cm3 min-1). Argon is also supplied to the vacuum side of the
gas distribution system (volume flow rate 4 cm3 min-1), unless an argon permeance study
is required. Helium purging is necessary to remove air or gases remaining in the system
after previous experiments. The removal process is monitored by a mass spectrometer that
records the spectrum in real time with a 1 ms update delay. At the end of the purge
procedure, the two-position valve is switched to the position where the mixing chamber is
connected to the feed side of the cell. The switching time of the valve is 8 ms. The gas
pressure in the cell’s feed side and the gas volume flow rates are monitored using the
FlowPlot software, the pressure in the permeate side and in the mass spectrometer
chamber are monitored using the PV TurboViewer software, and the mass spectra are
monitored using the PV MassSpec software. Thus, all experimental data are collected to
determine the gas transport characteristics of the membrane.

Permeance Q (cm3 cm-2 s-1 cmHg 1) is calculated by the formula (see equation 1):
Q=5 €Y

where Ji is the volumetric flow rate of component i in the permeate, cm3 s-1; Ap is a
difference in partial gas pressures across the membrane, cmHg; and A is the membrane
area, cmZ.

Selectivity is calculated by the formula (see equation 2).:



a=0Q4/Qp (2)

where Q4 and Qs are the values of permeance of gases A and B, cm3 cm-2 s-1 cmHg-1. The
software of the mass spectrometer allows transformation of the signal of each component
into the value of its partial pressure. Thus, the permeate volumetric flow rate may be
estimated by the formula (see equation 3):

J= P (3)

Jar PAr

where Jar is the volumetric flow rate of argon, cm3 min-1; p; is the partial pressure of
component i in the permeate, cmHg; and paris the partial pressure of argon in the permeate,
cmHg. The error does not exceed +2.2 % of the measured value.

After the permeation tests were performed for hollow fibers, the membrane-assisted
gas absorption cell was studied. The mass transfer properties of the cell were determined
according to the technique described above. As the permeate side of the cell is flow-through
volume, the helium sweep inlet was stubbed in order to perform vacuum mode
measurements.

3. Results and Discussion
3.1. Preliminary tests of absorbent solution




As a part of the complex study, the preliminary tests of absorbent systems were
performed. In order to choose the most suitable absorbent the wide range of MDEA
concentration in aqueous solution were considered and compared with literature data. The
comparison was performed to verify the applied experimental technique and evaluate
absorbent properties in conditions, which are close to the conditions of the separation
process. In correspondence with that aim, the MDEA mass fraction was changed from 10 to
40 wt.% with a step of 10 wt.%, meanwhile the literature data is given for the 0 - 60 wt.%.

The appliance of MDEA is justified by a number of factors. MDEA also practically does
not cause corrosion, is characterized by low saturated vapor pressure, has a low specific
heat capacity and heat of reaction with H2S and COz. As a result of using an aqueous solution
of MDEA, with an amino alcohol mass content of 30%, in 1987 it was possible to reduce the
carbon dioxide content in commercial gas to 1-1.4% as a result of processing the natural
gas at the Orenburg and Karachaganak oil and gas condensate fields (OGCF) (Nasteka,
1996).

*

The viscosity measurements were carried out on an Anton Paar MCR702e rheometer
equipped with a PR170/Ti/XL measuring cell, a C-ETD 200/XL/PR temperature sensor and
aPA-23S pressure sensor. Solutions of MDEA with mass concentration of 10 - 40 wt.% were

prepared. Measurements were performed at a pressure of 100 and 400 kPa for neat and
acid gases rich absorbents, respectively. The PR170/Ti/XL is measuring cell made of




titanium and allows to perform measurements at elevated pressure values. In that case, the
viscosity measurement of loaded MDEA aqueous solutions were performed in the
environment of eight component gas mixture.

Moreover, the present study deals with the evaluation of MDEA aqueous solutions CO2
absorption capacity with different MDEA mass concentration (similar to described above).
The absorption capacity of solutions was calculated based on the raw data obtained from
gravimetric technique. The weight gain was measured using analytical balance (VIBRA AF-
225DRCE) (Accuracy: 1:104/1-10-> g). Aqueous solutions were loaded into a thin-wall
stainless steel cuvette with connectors for gas inlet and outlet. The outlet tube is connected
with back pressure regulator (Bronkhorst P702CM) which maintains the constant pressure
during the experiment. After the weight of the sample stops to change, the solubility limit
is reached, and the total weight gain is the absorption capacity of the sample. The cell was
placed in a thermostat and maintained at a constant temperature of 298.15 K. The
experiment was carried out at atmospheric pressure (~ 100 kPa) and at elevated pressure
of 400 kPa. The obtained results at atmospheric pressure were compared to literature data,
and then, after the technique was verified, the absorption capacity at 400 kPa was
investigated. The experimental scheme for absorption capacity measurements is given in
Figure 3.
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Figure 3 The principal scheme of the experimental setup for absorption capacity
measurements.

The results of preliminary study of absorbents are shown in Figure 4 (a, b), where the
viscosity (1) and absorption capacity (n¢o, - mgz.) plotted against MDEA mass fraction in
aqueous solutions.
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Figure 4 The viscosity (a) and absorption capacity (b) of MDEA aqueous solutions with
different MDEA mass fraction. Green crosses are literature data (Fu et al., 2016b; Hadri et
al., 2015b); blue crosses are experimental data obtained in present study as a verification
of techniques; red crosses are experimental data for loaded MDEA aqueous solutions under
elevated pressure (left) and data obtained at elevated pressure during CO2 absorption
(right).

As is seen from the curves, given in Figure 4 (a), the experimentally obtained viscosity
values of MDEA aqueous solutions under 100 kPa are close to data given in literature (Fu
et al.,, 2016b; Hadri et al.,, 2015b). Thus, the deviation is no more than 9 % is observed, and,
basing on these results it may be concluded, that applied technique provides correct
measurements. Further, the measuring cell was fed with eight component mixture under
the pressure of 400 kPa and was kept during 72 hours, to be sure, that the solution limit is
reached. After that, the viscosity measurement was performed. It is seen, that the viscosity
of rich MDEA aqueous solutions is higher, than the values obtained for neat samples in the
whole observed range of solution composition. Thus, for 10 wt.% MDEA content it is 1.23,
for 20 wt.% - 1.79, for 30 wt.% - 2.33 and for 40 wt.% it is 4.29 mPa s. According to the
viscosity dependence on MDEA content, it is of interest to apply solution from linear region
of viscosity gain - 10 - 30 wt.%. Increasing the MDEA content from 10 - 20 wt.% provides
the increase in the viscosity value of 45.9 %, further increase of MDEA content to 30 wt.%
accompanied with viscosity gain up to 84 %.

Thus, the higher viscosity of CO2 loaded solutions is observed due to the increase in
intermolecular forces between aqueous amine molecules, COz, and reaction products.

The Figure 4 (b) illustrates the influence of MDEA content on the absorption capacity
of different MDEA aqueous solutions. As is seen form the graphs, all considered cases are
linear. There are three curves in the Figure: literature data; experimental data, obtained at
the same conditions; experimental data obtained at the elevated pressure of 400 kPa. The
experimentally found absorption capacity values at 100 kPa are in well agreement with
literature data. And it allows to conclude, that the applied technique is appropriate and
provides correct data. Further, the same tests were performed at the 400 kPa pressure of
pure COz. It was found, that the absorption capacity dependence is linear too and overcome
the values obtained at 100 kPa. The absorption capacity gain was up to 23.4 % in
comparison with literature data and values obtained at 100 kPa of CO2. Taking into account
linear growth of the MDEA aqueous solutions CO2 absorption capacity observed for all



considered compositions, the criteria of suitability is viscosity value, as it influences the
mass transfer characteristics, namely the diffusion component.

According to the Stokes-Einstein-Sutherland equation, it is possible to evaluate the

diffusion coefficients of gas into the liquid absorbent system:
= kT
B 6rnr’

“

where D is diffusivity coefficient of gas A in liquid B, cm? s-1; kg — Boltzmann constant; T -
temperature, K; n — dynamic viscosity, mPa s; r - particle radius, m. The Stokes-Einstein-
Sutherland relation was used to calculate diffusion coefficients. For technological
calculations, a factor of 4  rather than 6 m is often used. It is important to point out that the
values predicted by this equation are only estimates.

The results of the diffusion coefficients estimation are given in Figure 5. As is seen, the
maximum values of CO2, H2S and CHa4 diffusion coefficients are observed at 10 wt.% MDEA
content. Increasing MDEA concentration to 30 wt.% the diffusion coefficients decrease
almost twice (1.9 times) in comparison with 10 wt.% MDEA aqueous solution, meanwhile
at 40 wt.% MDEA content, the diffusion coefficients are 3.5 times lower. Wherein, the
absorption capacity of 30 wt.% MDEA content, the absorption capacity is 2.1 times higher,
then 10 wt.% MDEA aqueous solution. Increasing the MDEA content up to 40 wt.%, the
absorption capacity increases 2.7 times. Taking into account the complex of obtained
results, it may be concluded, that the optimal absorbing solution composition is 30 wt.%
MDEA aqueous solution.
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Figure 5 The ideal gas diffusion coefficient in MDEA aqueous solution in dependence of
MDEA content for COz loaded absorbent

3.2. Determination of permeance

According to the results of the study for hollow fiber membranes PSF and PEI + PI the
permeance values for a number of gases included in the considered gas mixtures were
determined and the results are shown in Tables S2 - S5 in supplementary materials. It was
determined that the polysulfone hollow fiber has higher permeance values for all the
considered gases. Thus, for the polysulfone membrane, the permeance decreases in the
series CO2 > H2S > C4H10 > CH4 > C2He6 > N2 > C3Hs > Xe and are 322.1, 244.3, 37.2, 30, 22.9,



22.3,16.9 and 11.2 GPU, respectively. At the same time, the PEI+PI membrane permeance
values decrease in the series CO2 > H2S > CH4 > C2He = C3Hs = C4H10 > N2 > Xe and are 30.7,
13.6, 2.8, 2, 2, 2, 1.6 and 0.9 GPU, respectively. Thus, the permeance values of the PEI+PI
membrane are lower than those of the PSF membrane by more than 90.5 %. At the same
time, both membranes demonstrate comparable selectivity values.

Studying the gas transport characteristics of the components of the gas mixture, it was
found that the permeance values of the PEI+PI membrane for all of the considered
components practically do not change. For the PSF membrane a sharp increase in values is
observed, which is most likely caused by plasticization of the membrane under the
influence of carbon dioxide and hydrogen sulfide. At the same time, there is a significant
decrease in selectivity of the membrane for all considered gas pairs. However, such values
are retained during long-term operation of the membrane. Since the membrane permeance
is the key characteristic determining the possibility of its application in the membrane-
assisted gas absorption technique, polysulfone fibers are the most preferable option out of
the considered ones.

Further, the mass transfer properties of overall membrane-assisted gas absorption cell
were studied. The assembled cell was connected to the permeance experimental setup
coupled with a residual gas analyzer. The connection was performed in accordance with
scheme given in Fig. 1 with the exception of helium sweep inlet. It was stubbed and the
permeate outlet was connected to vacuum line of permeance test setup.

The test was performed using the same eight-component gas mixture, and the results
are given in Table 5. The permeance of the membrane-assisted gas absorption system
dramatically decreases for all components of the mixture. It became almost impermeable
for nitrogen, xenon and C1 - C4 hydrocarbons, meanwhile the carbon dioxide and hydrogen
sulfide pass the system. The system permeance with regard to CO2z and H:S is 6.2 and 4.2
GPU, respectively. As a consequence, the selectivity of the combined system (a (CO2/x) and
a (H2S/x)) is much higher than PSF and PEI+PI membranes. For example, the CO2/CH4 and
H2S/CHa4 selectivity is 206.67 and 140.00 respectively. These results are explained by the
presence of a layer of liquid absorbent, which interact prepensely only with acid
components - H2S and CO2, meanwhile N2 and Ci - C4 does absorbs in this MDEA aqueous
solution. As is known, Xe has modest solubility in water, but, supposably in the presence of
carbon dioxide (5.396 mol.%) and hydrogen sulfide (1.389 mol.%) provides the
competitive sorption and xenon is very slightly absorbed by MDEA aqueous solution.

Table 5 Mass transfer properties of the membrane-assisted gas absorption cell based on
the PSF hollow fibers.

Q, GPU-

N2 CHa4 Xe C2Hs CsHs C4H1o CO2 HaS
0.02 0.03 5 0.02 0.02 0.02 6.2 4.2
a (COz/x)

CH4 C2He CsHs C4H1o Nz HaS
206.67 310.00 310.00 310.00 310.00 1.48
o (HzS/x)

CHa Cz2Hs CsHs C4H1o N2 CO2
140.00 210.00 210.00 210.00 210.00 0.68

@ pressure drop 400 kPa, 25 °C.
a] GPU =1 x 10° cm3 cm2 s'1 cm Hg!

Table 6 Mass transfer properties of the membrane-assisted gas absorption cell in a
comparison with supported ionic liquid membranes.
System Q, GPU a




CH4 N2 CO2 HaS CO2/CH4 CO2z2/N2 H2S/CHs  H2S/N2
Present study* 0.03 0.02 6.2 4.2 206.67 310.00 210.00 210.00
Nanoporous
aluminum with 54 5.4
[BMIM][Ac]**
Porous aluminum
oxide + phenolic
resin with
[EMIM][BF4]**
Graphene oxide
with [BMIM][BF4]**
Polyimide P-84
with 23 41
[APTMS][Ac]**
y-alumina and
[EMIM][FAP]**

* - @ pressure drop 400 kPa, 25 °C.
** - literature data (Friess et al., 2021)

0.182 40

68.5 234 382

208 3

As aresult of mass transfer characteristics comparison between combined membrane-
assisted gas absorption system and supported ionic liquids membranes (Table 6), as
another class of barrier with liquid layer, it is evident that the system under study is
characterized by moderate permeability values. Thus, the CO2 permeability of the system
under consideration is 6.2 GPU, which is higher than the value obtained for porous
aluminum oxide with phenolic resin and [EMIM][BF4] (0.182 GPU), but lower than the same
value for other SILMs. At the same time, the system under study achieves the highest
selectivity for COz/Nz and CO2/CHa4 pairs. Comparison for H2S/N2z and H2S/CH4 pairs seems
impossible, since there are no data for liquid membranes. From the presented values of
mass transport characteristics of the combined system, it is evident that the permeability
of that system is many times lower than that of a membrane, especially exposed to
hydrogen sulfide. At the same time, the selectivity of the system increases significantly,
which is obviously associated with the use of an absorption solution.

3.3. Performance test of the developed membrane-assisted gas absorption unit

3.1.1. Separation of the model gas mixture

The efficiency of the proposed technique during the natural gas processing was
evaluated on the example of two gas mixtures: three-component, containing methane,
carbon dioxide and xenon in the ratio 94.5/5.35/0.15 vol.% and an eight-component
mixture containing methane, ethane, carbon dioxide, propane, nitrogen, butane, hydrogen
sulfide and xenon at a ratio of 75.67/7.41/5.396/4.534/3.013/2.469/1.389/0.113 vol.%. A
30 wt.% aqueous solution of amino alcohol - methyldiethanolamine was used as an
absorbent. The results obtained for the separation process of the three-component gas
mixture are shown in Figures 6 and 7. Fig. 6 contains data on the dependences of the content
of the components of the ternary gas mixture in the retentate flow on the stage-cut. Fig. 7
shows the dependences of methane and carbon dioxide content in the permeate flow on the
stage-cut. The dependence of xenon content in the permeate flow on the stage-cut is not
shown, as in the whole range of stage-cut value its content was below the detection limit of
the gas chromatograph equipped with a thermal conductivity detector with increased
sensitivity. This allows us to conclude that the xenon content in the permeate stream did
not exceed 10 ppm.

From the presented dependence of methane concentration on the stage-cut (Fig. 6a) it
can be seen that when the process is carried out with the minimum value of the stage-cut,




no change in the composition of the separated mixture is observed. So, methane
concentration in a retentate stream is 94.59 vol.% thus, that its initial concentration in a
mix was equal 94.5 vol.%. However, maximum achieved concentration of this component
in the retentate flow is 98.8 vol.%. It is evident from the presented dependence that the
growth of stage-cut is accompanied by a significant growth of methane content in the
retentate flow. Such dependence is explained by the fact that methane is a low-soluble
component in the used absorption system, as well as by the fact that the membrane
permeability value for this component is significantly lower than the same value for carbon
dioxide. Since the stage-cut is determined by the ratio of the permeate flow rate to the feed
flow rate, increasing the stage-cut means increasing the permeate flow rate (if the feed flow
rate is constant). Thus, when the stage-cut increases, a more soluble component - carbon
dioxide permeates the combined membrane-absorbent system, which allows to obtain
more concentrated methane in the retentate flow.
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Figure 6 Dependence of methane (a), carbon dioxide (b) and xenon (c) content in the
retentate flow on the stage-cut during the separation of a three-component gas mixture
using a membrane-assisted gas absorption unit

Dependence of carbon dioxide content in the retentate flow on the stage-cut, presented
in Fig. 6b is in good agreement with the conclusions described above. It can be seen that the
growth of the stage-cut is accompanied by a sharp decrease in carbon dioxide content in
the retentate stream. So, at the minimum value of the stage-cut, the concentration of carbon
dioxide is equal to 5.26 vol.% at its initial content of 5.35 vol.%. Thus, carrying out the
process at the maximum value of stage-cut allows to lower concentration of carbon dioxide
in the retentate flow to 1.08 vol.%. Such dependence is explained by the fact that carbon
dioxide is soluble in the used absorption system, and its efficient removal from the system
at a higher flow rate of permeate allows to remove most of it from the separated gas
mixture.

Figure 6¢c shows the dependence of xenon content in the retentate flow on the stage-
cut. From the obtained curve describing this dependence it can be seen that the growth of
the stage-cut value is accompanied by slow increase in xenon concentration in the
withdrawn flow. In this case, carrying out the process at the lowest value of the stage-cut
maintain the initial concentration of xenon. However, a further increase in the stage-cut
practically does not affect the change in xenon concentration in the retentate flow. This
dependence is explained by two factors: the ability of xenon to dissolve in water, low
permeability of the membrane used and relatively large kinetic diameter of the xenon
molecule. Thus, the reduction of xenon concentration in the retentate flow compared to its
content in feed is most likely due to the fact that some of it is dissolved in the water
contained in the liquid absorbent. At the same time, low membrane permeability to this



component and large size of the molecule do not allow xenon to permeate through the
combined membrane-absorbent system. This explains the fact that in the permeate stream
the xenon content was below the GC detection limit. The increase in the xenon
concentration observed with the increase of the stage-cut is due to the fact that the
solubility limit for this component is reached in the membrane-absorber module, which, at
the same time, leads to some loss of this component in the absorbent. However, the xenon
is not permeated to the submembrane space, which indicates that these losses are not
irreversible. Thus, regeneration of the absorbent used will allow the extraction of the
dissolved xenon. This effect should be taken into account in further optimization of the
proposed technique.

Figure 7a shows the dependence of methane concentration in the permeate flow on the
stage-cut during separation of a three-component gas mixture. From the presented curve it
is seen that the growth of the stage-cut is accompanied by an increase in the methane
concentration in the permeate stream. So, at the lowest value of the stage-cut, the methane
concentration is equal to 3.6 vol.%, and at the stage-cut value of 0.05 and 0.06, the methane
content in the permeate stream is 23.32 and 23.37 vol.%, respectively. It is seen that a
change in the stage-cut from 0.05 to 0.06, is not accompanied by a significant change in the
concentration of methane in the permeate stream, while the change in the stage-cut from
0.02 to 0.03 causes a sharp increase in the methane content in this stream. The dependence
obtained for the permeate flow agrees well with the data obtained for the retentate flow.
Thus, an increase in the stage-cut and, consequently, an increase in the permeate flow rate
leads to an increase in the fraction of methane permeating through the combined
membrane-absorbent system. Since methane is practically insoluble in the absorbent used,
its transfer through this system is most likely caused by diffusion processes. Such an effect
requires an additional study aimed at determining the diffusion coefficients of the gases
included in the mixtures.
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Figure 7 Dependence of methane content in the permeate flow on the stage-cut during the
separation of a three-component gas mixture using a membrane-assisted gas absorption
unit

Figure 7b illustrates the dependence of carbon dioxide content in the permeate flow on
the stage-cut, at which the separation process in membrane-assisted gas absorption unit is
realized.

From the curve shown in the figure is seen that increase of the stage-cut in the whole
observed range is accompanied by change of a content of carbon dioxide from 96.4 to 76.6
vol.%. At the same time, the concentration of carbon dioxide does not fall below 76.6 vol.%,
which allows to make a conclusion about high efficiency of the proposed technique, because



the conventional membrane gas separation rarely allows to obtain a carbon dioxide
concentrate of more than 50 - 65 vol.% in one stage even when using a highly selective
membrane (Merkel et al., 2010).

As a result of the cumulative analysis of the obtained results on the example of
separation of a three-component gas mixture, it may be concluded that the proposed
technique is promising for the task of removing acid gases from the natural gas flow. Thus,
the maximum purity of methane, withdrawn in the form of retentate flow is 98.8 vol.%, at
its same content in the permeate flow at a level ~ 24 vol.%. To reduce methane losses in the
permeate stream, optimization of the process is required, aimed at selection of the most
effective absorbent solution. Its selective adsorption will reduce the transfer of methane
into the submembrane space.

3.1.2 Separation of quasi-real mixture

For more detailed and approbation of the proposed technique, a similar study for an
eight-component gas mixture containing methane, ethane, carbon dioxide, propane,
nitrogen, butane, hydrogen sulfide and xenon in the ratio:
75.677/7.41/5.396/4.534/3.013/2.469/1.389/0.113 mol% was conducted. Figures 8, 9
show the results of quasi-real gas mixture separation. Figure 8 shows data on the
composition of the retentate stream as a function of stage-cut. Figure 9 presents data on the
composition of the permeate stream from stage-cut. Similarly to the previous case, data on
xenon in both streams are not given due to the fact that its content is below the detection
limit of the gas chromatograph, even though a thermal conductivity detector with increased
sensitivity was used. Based on this, it can be concluded that the xenon content in the
permeate does not exceed 10 ppm.

In Fig. 8a the dependence of methane concentration in the retentate flow on the stage-
cut is presented. From the presented curve it is visible that change of methane content is in
a range from 79.1 to 80.4 vol.% that speaks about insignificant change of this value from
the stage-cut at which process is realized. Given the initial content of this component in the
mixture (75.677 vol.%), it can be concluded that the membrane-assisted gas absorption
process contributes to an insignificant concentration of methane in the withdrawn flow. In
this case, an increase in the stage-cut is accompanied by an increase in the methane
concentration value, which agrees well with the data obtained earlier for the three-
component gas mixture. The obtained dependence is explained by the fact that the growth
of the stage-cutis caused by an increase in the permeate flow rate. This, in turn, contributes
to a more efficient removal of soluble components to the permeate side. Since methane is
practically insoluble in the selected absorbent, its buildup in the retentate flow occurs.
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Figure 8 - Dependence of methane (a), ethane (b), propane(c),n- butane (d), nitrogen (e),
xenon (f), carbon dioxide (g) and hydrogen sulfide (h) content in the retentate flow on the
stage-cut during the separation of an eight-component gas mixture using a membrane-
assisted gas absorption unit

Figure 8b shows the dependence of ethane content in the retentate flow on the stage-
cut, at which the gas separation process is realized. From the presented dependence it can
be seen that the concentration of ethane, as well as in the case of methane, practically does
not depend on the value of the stage-cut. Thus, as the stage-cut growth, the content of this
component in the retentate stream is observed very insignificantly, namely, the ethane
concentration increases from 7.72 to 7.86 vol. % when changing the stage-cut from 0.05 to
0.065. Since ethane also is a low-soluble component, its concentration depends on the gas
flow rate passing through the combined membrane-absorbent system insignificantly.
Comparing the concentration of ethane in the feed flow with its initial content in the
mixture (7.41 vol.%), we can see that there is an insignificant concentration of this
component.

Figure 8c shows the dependence of propane content in the retentate stream on the
stage-cut. From this curve it can be seen that the tendency described above for other
hydrocarbons is also observed for propane. So, at the stage-cut value of 0.05 the propane
content in the permeate stream is at a level of 4.73 vol.%. At the maximum value of the
stage-cut (0.065) its concentration is 4.81 vol.%. Here it is necessary to note, that as a result
of carrying out of process even at the lowest value of the stage-cut, which promotes the
least concentration of hardly permeable and low-soluble components, the growth of the
propane content equal to 0.2 vol.%, in comparison with its initial content is observed.



Figure 8d illustrates the dependence of n-butane concentration in the retentate flow
on the stage-cut. From the obtained dependence it can be seen that in this case, the change
of stage-cut causes more pronounced change in the content of this component in the
retentate flow than in the case of ethane and propane. Thus, carrying out the process at the
stage-cut equal to 0.05, a decrease in the n-butane concentration value (~ 2.1 vol.%) is
observed in comparison with its initial content in the mixture (2.469 vol.%). However, an
increase in the stage-cut to 0.065 is accompanied by an increase in the n-butane
concentration to 2.5 vol.%, which is equal to its initial content. Thus, the cumulative analysis
of dependencies of concentrations of hydrocarbons on value of the stage-cut shows that on
all these components insignificant concentration change is observed at carrying out the
process with the stage-cut value 20.06. Thus, application of a hybrid method - membrane-
assisted gas absorption allows to concentrate these components in the retentate stream.

Figure 8e shows the dependence of nitrogen content in the retentate flow on the stage-
cut. The obtained dependence shows that the nitrogen content in the captured retentate
stream does not depend on the value of the stage-cut, at which the gas separation process
is implemented. Thus, the concentration of nitrogen in the whole considered range of stage-
cut values varies from 3.1 to 3.34 vol.%. At the same time, comparing the achieved nitrogen
concentration with its initial content in the separated gas mixture, it can be seen that its
content increased by 0.33 vol.%. Thus, we can conclude that the implementation of the
membrane-assisted gas absorption process allows to slightly concentrate nitrogen, which
is also a low-soluble component unable to permeate and concentrate on the permeate side.

Figure 8fillustrates the dependence of xenon content in the retentate flow on the stage-
cut value. In general, for xenon a dependence similar to nitrogen is observed. In the whole
considered range of the stage-cut, the xenon concentration value varies from 0.116 to 0.117
vol.%. However, there is a weak tendency of increase in xenon concentration with increase
in the stage-cut, at which gas separation process is realized. Thus, at the stage-cut equal to
0.05, xenon concentration is equal to 0.116 vol.%, and at the stage-cut equal to 0.065, xenon
concentration decreases to 0.117 vol.%. As is seen, there is a linear dependence of Xe
content on stage-cut. The dependence obtained for the eight-component mixture is in well
agreement with the same dependence obtained for the ternary mixture. Despite the fact
that xenon is able to dissolve in the water contained in the liquid absorbent used, this does
not occur in the presence of other components (nitrogen, ethane, propane, n-butane,
hydrogen sulfide) that are absent in the triple mixture. Most likely, this dependence can be
explained by a specific sorption realized in the presence of an even more soluble gas -
hydrogen sulfide. Presumably, the solubility limit is reached in the membrane-assisted gas
absorption unit, which does not allow xenon to sorb in a liquid saturated with more soluble
components - carbon dioxide and hydrogen sulfide.

Figure 8g shows the dependence of carbon dioxide content in the retentate flow on the
stage-cut. The obtained dependence shows that an increase in the stage-cut is accompanied
by a decrease in carbon dioxide content in the retentate stream, withdrawn from the
membrane-assisted gas absorption module. Thus, the maximum concentration of carbon
dioxide is 2.1 vol.% at the stage-cut equal to 0.05. Performing the separation process at the
stage-cut of 0.065, the carbon dioxide content decreases to 0.23 vol.%. At the same time,
there is a significant decrease in the concentration of carbon dioxide compared with its
initial content in the mixture (5.396 vol.%). Thus, at the stage-cut of 0.05, the concentration
of carbon dioxide decreases by 3.3 vol.%, and at the process stage-cut value of 0.065, the
concentration of carbon dioxide decreases by 5.17 vol.%. The obtained dependence is
explained by the fact that carbon dioxide, firstly, is well dissolved in the used liquid
absorbent, and secondly, the membrane is characterized by the highest permeability by this



component (among the components of the mixture). Thus, in the process under
consideration, carbon dioxide is able to dissolve effectively in the liquid absorbent layer
and move into the submembrane space of the membrane-assisted gas absorption unit.

In figure 8h the dependence of hydrogen sulfide concentration on the stage-cut value,
at which the separation process is carried out, is presented. From the received curve it is
visible that growth of the stage-cut is accompanied by decrease in hydrogen sulfide content
in a retentate stream. So, at the stage-cut equal to 0.05 the hydrogen sulfide concentration
makes 1.07 vol.%, and at the stage-cut equal to 0.065 the hydrogen sulfide concentration is
equal to 0.75 vol.%. Thus, as a result of this process decrease in the hydrogen sulfide content
in comparison with its initial concentration in a mix from 0.32 to 0.64 vol.% is observed.
Like in the case of carbon dioxide, the obtained dependence is explained by the absorbent
ability to effectively dissolve this component and relatively high membrane permeance to
hydrogen sulfide, which provides effective transfer of this gas to the permeate side. Thus,
implementation of the process at the stage-cut value equal to 0.65, the gas stream
withdrawn as retentate consists of methane, ethane, carbon dioxide, propane, nitrogen, n-
butane, hydrogen sulfide and xenon in the ratio 80.
39/7.86/0.23/4.81/3.34/2.50/0.75/0.12 vol.%, which corresponds to an increase in the
concentration of all components except impurities of acid gases, and, equally importantly,
preservation and a slight increase in xenon content.

Analyzing the composition of permeate flow at different values of the stage-cut it is
seen that the dependences of concentrations of methane, ethane, propane, n-butane and
nitrogen (Figure 9) on the stage-cut form the curves of similar character and similar in
intensity of concentration decrease, accompanying the increase of the stage-cut value. So,
in process of increase in the stage-cut from 0.05 to 0.065, decrease in concentration of these
components from 54.2 to 66.3 % from the value received for the stage-cut equal to 0.05 is
observed. In absolute values this corresponds to the following values: 8.02, 0.94, 0.49, 0.23,
1.06 vol.% for methane, ethane, propane, n-butane, and nitrogen when the process is
conducted with the stage-cut equal to 0.065. An explanation of the obtained dependencies
is given above. All these components are low-soluble components of a mixture that causes
low efficiency of their transfer through the combined membrane-absorbent system, and, as
consequence, their low content in a permeate stream that corresponds to small losses on
these components even at high value of the stage-cut at which the considered gas
separation process is realized.
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Figure 9 Dependence of methane (a), ethane (b), propane(c),n- butane (d), nitrogen (e),
carbon dioxide (f) and hydrogen sulfide (g) content in the permeate flow on the stage-cut
during the separation of an eight-component gas mixture using a membrane-assisted gas
absorption unit

Fig. 9f and 9g show the dependences of concentration of impurities of acid gases -
carbon dioxide and hydrogen sulfide in permeate flow on the stage-cut. From the presented
curves it is seen that the character of these dependences is opposite, but the values of
concentrations of these components are high. So, the concentration of carbon dioxide is in
a range 65.43 - 79.7 vol.%, and hydrogen sulfide content in the permeate stream is 9.55 -
16.21 vol.%. For carbon dioxide there is a significant growth of its concentration caused by
growth of the stage-cut. At transition of a value of the stage-cut from 0.052 to 0.06 the
concentration of carbon dioxide increases by 11 vol.% and at increase of the cut to 0.065
concentration of carbon dioxide increases by 14.27 vol.%. Decrease in hydrogen sulfide
concentration in a permeate stream caused by increase of the stage-cut is less intensive and
makes 3.66 and 2.99 vol.% at the same step increase of the stage-cut value. Thus,
performing the membrane-assisted gas absorption process at the stage-cut equal to 0.065
(which corresponds to the most effective concentration of hydrocarbons in the retentate
stream) allows to receive a permeate stream enriched with acid gases. The composition of
such flow corresponds to the following proportion of methane, ethane, carbon dioxide,
propane, nitrogen, n-butane, hydrogen sulfide 8.02/0.94/79.7/0.5/1.06/0.23/9.55 vol.%.

The ultimate efficiency of considered process represented as removed amount of acid
gases is 96 and 61 % of carbon dioxide and hydrogen sulfide, respectively. Under the same
conditions the hydrocarbons losses were up to 0.95 %. In this way, the residual sum of acid
gases content may be lowered to 0.99 vol.% from 6.79 vol.% in one stage using the heat-
free hybrid membrane-assisted gas absorption technique maintaining suitable recovery
rate of methane, ethane, propane and n-butane. The content of acid gases in processed gas



stream meets the limitations indicated in Russian Government Standard (GOST 5542-
2022). Nevertheless, the overall efficiency of the process may be enhanced using the
specific absorption agents with aqueous amino alcohol solutions.

4. Conclusions

This paper presents a continuation of the development and investigation of the MAGA
method. The possibility of improving the efficiency of the system by optimising the cell
configuration was discussed. The optimisation of the configuration consists in the use of
two types of hollow fibres, which reduces the ratio between the absorbent volume and the
membrane area. The complexity of approach to evaluation of membrane-assisted gas
absorption process efficiency is stated by the consideration of two gas mixes: ternary model
mix and quasi-real natural gas. As a result of the present experimental study of the novel
heat-free process in natural gas sweetening application, it was shown that sum of acid gases
content may be lowered to less than 1 vol.% in one stage in a continuous mode without any
of pumping gear and specific absorbent regeneration step. The composition of product
stream is methane, ethane, carbon dioxide, propane, nitrogen, n-butane, hydrogen sulfide
and xenon in the ratio 80. 39/7.86/0.23/4.81/3.34/2.50/0.75/0.12 vol.%. In this way, the
ultimate efficiency of considered process represented as removed amount of acid gases is
96 and 61 % of carbon dioxide and hydrogen sulfide, respectively.
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