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Abstract—Amine absorption processes designed to remove acid gases from gas streams generally face a major
challenge of solvent degradation. This degradation leads to the formation of heat-stable salts (HSS), corrosive
agents that irreversibly bind free alkanolamine. The present study proposes, for the first time, a method for HSS
perstraction using a liquid—liquid membrane contactor that allows HSS to transfer through porous membranes from
the solvent into a hydrophobic extractant represented by a methyltrioctylammonium solution in 1-octanol. The
perstraction provides selective extraction of HSS anions without direct mixing of liquid phases or the formation of
stable emulsions of the solvent and the extractant. For this purpose, a number of industrial and laboratory porous
membrane samples fabricated from polyvinylidene fluoride, polypropylene, and polysulfone were investigated.
Their chemical and morphological stability, surface properties, and transport properties were tested under prolonged
(>600 h) contact with a model solvent (an aqueous monoethanolamine solution) and with the components of the
selective extractant. The feasibility of HSS perstraction was demonstrated using the formic acid (as an HSS model)
extraction from the model solvent. The most promising results were obtained for a system with a polyvinylidene
fluoride membrane: up to 50% of formic acid was extracted over 18 h.
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INTRODUCTION

Along with mechanical treatment and dehydration,
removing acid gases such as carbon dioxide (CO,) and
hydrogen sulfide (H,S) is a critical process step of natural
gas treatment prior to its transportation/processing [1].
In addition, CO, capture from energy industry off-gases
serves as a common measure to combat climate change
by limiting carbon dioxide emissions [2, 3].

Chemical absorption using aqueous solutions of
alkanolamines such as monoethanolamine (MEA),
methyl diethanolamine (MDEA), and others is a mature
technique for removing CO, and H,S from natural gas
that demonstrates a high removal degree (>95%) of
acid gases within a wide range of their partial pressures
[4-7]. A key drawback of this technique is degradation
(deactivation) of amine solvents [8, 9] due to destruction

of alkanolamines and their involvement in side chemical
reactions. This is caused by high temperatures in acid
gas desorption units (100-140°C) and, fairly often, by
the presence of oxygen in the mixture (up to 10 vol % in
flue gases). Therefore, carboxylic acids, amides, amines,
aldehydes, ammonia, etc. are formed [10]. Formic, acetic,
glycolic, oxalic, and other acids, which are produced
in the final step of many chemical transformations of
alkanolamines, predictably dominate in the degradation
products [10—12]. Furthermore, equipment corrosion
and/or low-quality makeup water likely cause amines
to react with impurities that are contained both in the
feed gas mixture (e.g., sulfur and nitrogen oxides) and
in the absorption liquids themselves [7]. This increases
the concentration of heat-stable salts (HSS), i.e. salts
of protonated alkanolammonium and organic and
inorganic acids [13, 14] that do not decompose during
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CO, desorption under high temperatures [11, 15].
The accumulated HSS markedly impair the sorption
capacity of the amine solvent, affect its physicochemical
properties, and dramatically increase an equipment
corrosion [7, 16].

There have been a number of review studies
focused on the existing HSS removal methods
[12—14]. The common method for solvent reclaiming from
HSS is distillation [8, 17], though alternative techniques
exist and include—removal of HSS anions using
ion-exchange resins [18, 19], capacitive deionization
[20, 21], concentration of HSS using nanofiltration
[22, 23], and electromembrane treatment methods
[24-26]. Direct and bipolar electrodialysis are applicable
for treating MEA-based post-combustion CO, capture
solvents [27-32] and diethylamine recovery with
simultaneous acid production [33, 34].

A novel method for HSS extraction with hydrophobic
organic extractants has been recently described
[35, 36]. This method enabled the researchers to extract
HSS despite their low concentration (1000 ppm) with
minimized energy consumption. They used solutions
of amines or quaternary ammonium salts with bulky
substituents (C > 8) in higher alcohols (C > 6) immiscible
with amine-based solvents. Tricaprylmethylammonium
hydroxide in 1-octanol was shown to bind HSS according
to an acid—base mechanism [35], and its efficiency can
be enhanced by using branched 2-ethyl-1-hexanol instead
of 1-octanol [36].

Like other extraction processes [37], extraction of
HSS requires effective contact between the solvent and
the extractant. Although achieving the best efficiency,
centrifugal extractors exhibit the highest energy
consumption, with most of the mixing energy being spent
on heating the phases [38]. Conventional mix-settlers
have large weight—size parameters [39] and, hence, the
longest phase separation time. Extraction columns also
have major drawbacks, including the challenges of back-
mixing of phases, flooding effect, and poor operating
stability under variation of process conditions.

The implementation of mass transfer in membrane
modules [40] appears to be an attractive alternative
solution to the above challenges. Particularly promising
is perstraction (membrane extraction), a method that
combines HSS mass transfer across the membrane
followed by HSS extraction extraction, which provides
for the extractant flowing over the outlet surface of
the membrane. In this case, the extractant ensures
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selective extraction of the desired component, while the
membrane acts as a phase contact surface and prevents
the phases from being mixed. Membrane contactors
are compact and modular due to their high specific
mass transfer area per unit of the contactor volume.
Furthermore, membrane contactors provide high energy
efficiency (only circulation of phases is necessary) and
eliminate the operational challenges typical of extraction
columns due to independent control of phase flows
[39, 41, 42]. Our research team has demonstrated the
advantages of membrane contactors in a number of prior
studies focusing on carbon dioxide separation [43—45]
and membrane absorption of olefins from their mixtures
with paraffins [46, 47].

The perspective of of membrane extraction systems
have also been confirmed by relevant studies within
field of extraction of carboxylic acids from fermentation
broths [48—53]. Therefore, the removal of HSS from
aqueous alkanolamine solvents used for the removal of
CO, and H,S appears a logical and relevant application
for the perstraction method. However, to the best of the
authors’ knowledge, there are no available studies for
this purpose, whereas relevant works have omitted any
discussion on the compatibility of the membranes with
organic extractants.

The aim of the present study was to investigate the
stability of various industrial and laboratory membranes
when exposed to perstraction liquids (i.e., the amine
solvent and components of the organic extractant) and
to demonstrate, using a model MEA solvent, the basic
feasibility of the perstraction of HSS anions.

EXPERIMENTAL

Materials. A 30 wt % MEA aqueous solution (CP
grade, ChimMed, Russia) was used as a model CO,
capture solvent. The presence of HSS in the solution was
simulated by adding formic acid (CP grade, ChimMed)
until 2.3 g/L (0.05 M)a typical HSS content in post-
combustion CO, capture solvent [30], was reached. To
prepare an HSS extractant, 1-octanol (99%, 360562-1L,
Sigma-Aldrich) and methyltrioctylammonium chloride
(Aliquat® 336, 50393145, Lot 38-022-14, BASF) were
taken. All reactants were used without further purification.

Industrial flat porous polypropylene (PP) and
polyvinylidene fluoride (PVDF) membranes, as well
as laboratory polysulfone (PSf) membrane samples
prepared as described below, were chosen. The membrane
characteristics are presented in Table 1.
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Table 1. Membrane characteristics

Properties

Sample . §tandgrd pore | thickness
material grade manufacturer structure dimension, | . ’

size, pm um

mmxmm
GVS North .
tm a
PP Polypropylene Polysep America (USA) Symmetric 200x%200 0.1 95
EMD Millipore
PVDF | Polyvinylidene fluoride | Immobilon®-p | Corporation Symmetric 265%3750 | 0.452 127
(USA)
PSf Polysulfone - - Asymmetric 0.003° 112

2 Pore size specified by the manufacturer.
b Pore size measured by liquid—liquid displacement porosimetry.

Fabrication of PSf membranes. To prepare PSf
membrane samples, we used polysulfone (BASF
Ultrason® S 6010) pellets and N-methylpyrrolidone
(Acros Organics, 99% extra pure, abbreviated as “MP”)
as a solvent. Polyethylene glycol with a mean molecular
weight of 400 g/mol (PEG-400, Acros Organics) was
used as a pore-forming additive.

To prepare a casting solution, the PSf and PEG-400
(1 : 1.25 w/w) were placed in a thermostated reactor
and stirred at 150 rpm at 50°C. MP was then added, as
the stirring was speeded up to 500 rpm. Under these
conditions, the casting solution was stirred for 24 h. The
PSf concentration in the solution was 23.9 wt %. Next,
the casting solution was filtered at 1.8-2 bar nitrogen
through a 4-5 pm stainless steel mesh at 50°C, cooled
to room temperature, and vacuum-degassed.

To fabricate the membranes by a phase inversion
technique, a 200-um-thick layer of the polymer solution
was casted by a scraping knife onto an acetone-prewashed
glass plate and immersed into a non-solvent bath filled with
distilled water with a temperature of 20°C. The fabricated
asymmetric membranes were water-washed for 24 h, then
successively held in ethanol and n-hexane (for 2 h each) to
prevent the pores from capillary contraction [54], followed
by air drying.

Characterization of membrane stability under
contact with process liquids. The stability of the
membranes under the test liquids was evaluated. To this
end, the membranes were immersed in a 30 wt % MEA
aqueous solution, 1-octanol, and Aliquat® 336 for about
600 h.

Potential chemical transformations of the membrane
materials were examined on an IFS-Bruker 66/Vs
vacuum FT-IR spectrometer in the reflection mode with
a ZnSe crystal (100 scans at a resolution of 4 cm™).
The measurements were taken in the range of 4000—
400 cm™ and processed using the Bruker OPUS 6.0
software package.

Potential variations in membrane morphology were
examined by scanning electron microscopy (SEM) on
a Phenom XL G2 Desktop SEM instrument (Thermo
Fisher, USA) equipped with an energy dispersive X-ray
spectroscopy (EDS) module. Cleaved membrane samples
were prepared, after isopropanol preimpregnation, by
cryogenic fracturing in liquid nitrogen, followed by
cathodic sputtering of gold (5 nm thick) in a Thermo
Fischer Scientific Cressington 108 Auto Sputter
Coater (under vacuum of about 0.01 mbar). The SEM
accelerating voltage was 15 keV. The average selective
layer thickness was derived from micrographs using
Gwyddion software (ver. 2.53).

The contact angles were measured by a conventional
sessile drop technique using an LK-/ goniometer (RPC
OpenScience Ltd, Russia). All measurements were
conducted at room temperature (23+2°C). The contact
angle was computed as the arithmetic mean of five
measurements. For capturing and digital processing of drop
images, DropShape software was used providing Young—
Laplace contact angle calculations. The measurement
error was 2°.

The surface energy was evaluated by the Owens—
Wendt method [55]. This method determines the surface
energy (o) as a sum of the polar component (¢”) and the
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Table 2. Specification of test liquids [56]
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Liquid Total surface energy G,,,,;, mJ/m? | Dispersive component ¢, mJ/m? | Polar component ¢”, mJ/m?
Water 72.8 21.8 51.0
Diiodomethane 50.8 50.8 0.0

dispersive component (69) using two different liquids. The
correlation between the surface energy and equilibrium
contact angle of the liquid deposited onto the solid surface
is derived from the Fowkes equation:

0,(1+0059):2(670f)l/2 +2(0f0f)1/2, (D

where the superscripts d and p refer to the dispersive
and polar components of the surface energies of the test
liquid (c;) and membrane surface (o,), respectively. Water
and diiodomethane were used as test liquids as their
application for this purpose has been widely described
in published reports [56, 57]. The surface energy
components of these liquids are specified in Table 2.

The pore size distribution of the membranes was
measured by liquid-liquid displacement porosimetry
using a POROLIQ 1000 ML porometer (Porometer,
Belgium). This instrument measures the permeance of
a membrane with its pores filled with a wetting liquid
as a function of the transmembrane pressure applied
when a displacing liquid, immiscible with the wetting
liquid, is pushed through the membrane [58]. As the
transmembrane pressure increases, the wetting liquid is
displaced from the pores, thus providing a flow through
these pores. The open-pore diameter (d,) is related to
the transmembrane pressure through the Young—Laplace
equation:

d, = 4-y-cos 0/Ap, 2)

where v is the interfacial tension between the two liquids;
0 is the contact angle between the membrane surface and
the wetting liquid (assuming full wetting: cos 6 = 1); and
Ap is the transmembrane pressure. The interfacial tension
(v) for an isobutanol/water mixture is 2.0 mN/m at 20°C.

Using the Young—Laplace equation (2), the trans-
membrane pressure can be converted to the size of the
pores from which the wetting liquid was displaced at
this pressure, and the permeance increase can easily be
converted into the number of pores of the corresponding
size via the Hagen—Poiseuille equation. The wetting liquid
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was displaced by gradually raising the transmembrane
pressure, with the flow through the membrane being
monitored at each pressure applied after 180 s (initial
stabilization point). The measurements continued until a
linear flow—pressure relationship was reached, indicating
that the wetting liquid was completely displaced.
The measurements were taken at 20°C using a pair
of immiscible liquids prepared by stratification of the
isobutanol/water mixture. The water-saturated isobutanol
and isobutanol-saturated water were used as wetting and
displacing liquids, respectively. Before the measurement,
at least three samples (2 cm in diameter) were cut from
each membrane and placed in a wetting liquid cup at 20°C
for at least 48 h. The membrane pore size was evaluated
by averaging the sizes of at least three samples cut from
the membrane.

The main criterion to compare membranes was the
flow-averaged pore size. This value is normally estimated
for the transmembrane pressure required to reach 50% of
the maximum permeability. As it takes into account the
higher contribution of larger pores to the flow rate, the
flow-averaged pore size exceeds the average pore size.

Model experiments on HSS perstraction from
aqueous MEA solution. For the perstraction experiments,
the diffusion cell schematically shown in Fig. 1 was used.
The cell was fabricated from polytetrafluoroethylene
stable under most organic solvents. The cell consisted
of two chambers partitioned by a disk-shaped membrane
with an effective area of 12.6 cm?. The membrane was
sealed by two rubber rings. The containment of the system
with the membrane installed was ensured by fastening
two coupled chambers at the clamp bracket. Magnetic stir
bars were placed in the lower part of the chambers to stir
the liquids and, thus, prevented them from concentration
polarization. An Ika® electromagnetic stirrer was used as
a drive for rotation of the stir bars. To minimize liquid
losses due to evaporation, the cells were covered with
lids perforated in the center with 2-mm holes. These
holes were needed to fill the cells with process fluids (test
liquids) and to sample the solutions for analysis. During
the experiment, these holes were also covered.
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Fig. 1. Diffusion cell setup.

At the beginning of the experiment, 100 mL of the
30 wt % MEA aqueous solution with 0.05 M of formic acid
was poured into the left chamber (chamber 1, Fig. 1), and
100 mL of the 1 M OH-modified methyltrioctylammonium
(Aliquat® 336) solution in 1-octanol was placed in the
right chamber (chamber 2). The Aliquat® 336 had been
modified in accordance with the procedure described in
[35]. The liquids were poured simultaneously into both
chambers.

The recovery of formic acid from the aqueous MEA
solution was tested at room temperature (23+2°C) with
the solutions in both membrane-partitioned cell chambers
being continuously stirred. The formic acid content was
controlled by ion-exchange chromatography using an
Aquilon-Stayer-I system equipped with a Shodex ICSI-50
4E column (with 3.2 mmol of NaHCOj; and 0.1 mmol of
Na,COj; as eluents), an EMCES 21 electric suppressor,
and a CD-510 conductometric detector.

RESULTS AND DISCUSSION

A membrane extraction system cannot function
effectively unless the membranes are compatible with
the contacting liquids. In other words, the membranes
must be chemically and morphologically stable under
the contacting liquids. To test the compatibility, the
membranes were exposed to prolonged contact (see
above) with the model absorbent (30 wt % MEA

aqueous solution), as well as with 1-octanol and
modified methyltrioctylammonium (Aliquat® 336) as
the selective extractant’s components. After the exposure,
the membrane samples were examined using a number
of physicochemical analytical methods.

Chemical stability of membrane materials in
process liquids. Figure 2 shows the IR spectra of the
initial membranes as well as of the samples exposed to
30wt % MEA, 1-octanol, and Aliquat® 336 for 600 h. We
see that the IR spectra of the initial and treated samples are
almost identical for all the membrane materials studied
(PP, PVDF, and PSf).

It can be concluded that the prolonged exposure to
the MEA solution, 1-octanol, and Aliquat® 336 caused
no significant chemical degradation of the membranes.
This suggests that the tested membranes were chemically
compatible with the tested liquids.

Morphological Stability of Membranes
under Process Fluids

SEM data. The structural stability of the membranes
exposed to the test liquids for 600 h was examined by
the SEM method. An analysis of the surface and cross-
section of the PVDF and PSf membranes (Tables 3
and 4, respectively) suggested that the membrane
structures remained largely unchanged even after their
prolonged contact with the MEA solution, 1-octanol,

PETROLEUM CHEMISTRY Vol. 62 No. 10 2022
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Fig. 2. IR spectra of initial membranes and samples exposed to 30 wt % MEA, 1-octanol, and Aliquat® 336 for 600 h.

and Aliquat® 336. In addition to the differences in the
particular polymeric materials (partially crystalline
fluorine-containing thermoplastic PVDF vs. amorphous
thermoplastic PSf), these membranes had dissimilar
porous structures: a symmetric spongy porous structure
for PVDF (see Table 3) versus an asymmetric structure
with two fine-pore selective layers on both side surfaces
and finger-like macrovoids in the cross-section for
PSf (see Table 4). Table 4 clearly shows that the SEM
resolution proved insufficient to measure the size of the
PSf surface pores. A comparison of the micrographs
before and after the exposure to the test liquids indicates
the morphological stability of the membranes.

On the other hand, the micrographs of the PP
membrane surface (Table 5) show that the membrane
pores were narrowed after the prolonged contact of the
symmetric PP membrane with the MEA solution and
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Aliquat® 336. However, the prolonged exposure of the
PP membrane to 1-octanol had no noticeable effect on its
porous morphology, like in the cases of PVDF and PSf.
The pore size aspects are discussed in the next subsection.

Evaluation of Membrane Pore Size

The porous structure of PSf, PVDF, and PP membranes
before and after the solvent exposure were examined by
liquid porosimetry. Table 6 shows the flow-averaged pore
size of the membranes before and after the exposure to the
test liquids. In the cases of PSfand PVDF, the exposure to
30% MEA and Aliquat® 336 did not affect the pore size.
Some changes were observed when these membranes,
especially PSf, were exposed to 1-octanol. However,
these effects were far below those for the PP membrane
samples after their prolonged contacts with 30% MEA
and Aliquat® 336 (in these cases, the pore sizes were
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Table 3. PVDF membrane porous structure (symmetric)

After solvent exposure

Parameter Initial

30% MEA 1-octanol Aliquat® 336

Surface 1 (15 pm scale)

Cross-section (15 pum scale)

Table 4. PSf membrane porous structure (asymmetric)

After solvent exposure

Parameter Initial

30% MEA 1-octanol Aliquat® 336

Surface 1 (15 pm scale)

Surface 2 (15 pm scale)

Cross-section (50 pm scale)

reduced by 30 and 40%, respectively). On the other hand,
the prolonged contact of the PP membrane with 1-octanol
did not affect the pore size or the pore size distribution.
Importantly, the porosimetry revealed narrowing of PP
membrane pores after their contact with the MEA solution
and Aliquat® 336, as well as their invariability after the

1-octanol exposure, corroborate well with the SEM data
on the membrane morphology (see Table 5).

Thus, in terms of the morphological stability of the
tested membranes, PVDF and PSf proved to be the
more promising for the of HSS perstraction proof-of-
concept. Although PP membranes also proved feasible,
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Table 5. PP membrane porous structure (symmetric)

After solvent exposure

Parameter Initial

30% MEA

1-octanol Aliquat® 336

Surface 1 (15 um scale)

Cross-section (15 pum scale) | §

Table 6. Flow-averaged pore size in membrane samples

Flow-averaged pore size, nm
Membrane sample
30% MEA Aliquat® 336 1-octanol initial
PSf 3.5 3.5 4.7 33
PVDF 770 780 730 780
PP 170 150 240 250
Table 7. Water permeance of membranes
Water permeance, Lm 2 h! atm™!
Membrane sample
30% MEA Aliquat® 336 1-octanol initial
PSf 1.3 1.3 1.6 1.2
PVDF 28300 29400 28000 28700
PP 1120 830 1520 1550

the performance of the PP membrane contactor system
may decline over time if their porous structure is affected
when exposed to a selective extractant.

Transport properties of membranes. The transport
properties of the membranes were characterized in terms
of water permeance (Table 7). The data clearly show an
immense difference (by several orders of magnitude)
in the permeance between the tested membranes. In
particular, the PVDF permeance was about one order
of magnitude higher than that of the PP membranes,
and more than four orders of magnitude higher than the
PSf permeance. It is also worth noting that the water
permeance through PVDF was not affected by the
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prolonged exposure of this membrane to aqueous MEA,
Aliquat® 336, and 1-octanol. This gets in line with the
SEM micrographs (see Table 3) and the flow-averaged
pore sizes (see Table 6), indicating the stability both of
the membrane morphology and pore size after the contact
with the process fluids.

In the case of PSf membrane, the water permeance
increased by 30% after the prolonged exposure to
1-octanol. This concurs with the increase in the PSf
pore size after the prolonged 1-octanol exposure (see
Table 6). Specifically, the flow-averaged pore size of the
PSf membrane rose from 3.3 to 4.7 nm.
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Table 8. Contact angles and surface energies of membrane samples before and after liquid treatment

Membrane Treatment 0 water, deg 0 CH,l,, deg o, mJ/m? o?, mJ/m? o, mJ/m?
sample
Initial 123 96 0.1 9.3 9.4
30% MEA 120 95 0.3 9.5 9.8
PVDF 1-Octanol 123 93 0.1 10.6 10.7
Aliquat® 336 0 0 35 40 75
Initial 129 75 1 21 22
30% MEA 125 98 0.1 8.6 8.7
PP 1-Octanol 117 89 0,3 11,8 12,1
Aliquat® 336 0 35 46 27 73
Initial 76 17 4.5 41.5 46
30% MEA 68 19 8.5 39.5 48
PSt 1-Octanol 80 20 3.6 414 45
Aliquat® 336 23 18 34 36 70
Table 9. Contact angles of membranes with test liquids
0, deg
Liquid
PSf PVDF PP
Aqueous MEA (30 wt %) + 0.05 M HCOOH 79.7 0 44.6
1 M Aliquat® 336 in 1-octanol 22.0 18.7 10.9

The test of the PP membrane also yielded coherent
results. Given the reduced pore size (see the SEM images
in Table 5 and the liquid porosimetry data in Table 6),
the exposure of the PP membrane to 30% MEA and
Aliquat® 336 predictably lowered the water permeance
from250to 170 Lm2?h'atm'and 150 Lm2?h ' atm™’,
respectively.

Surface properties of membranes. The water and
diiodomethane contact angles of the initial membranes and
the samples exposed to the process liquids are presented in
Table 8. Except for the samples exposed to Aliquat® 336,
the dispersive component made a predominant contribution
to the surface energy. The polar component ranged from
0.1 to 8.5 mJ/m?, and the total surface energy from 8.7 to
48 mJ/m?. This pattern is generally typical for hydrophobic
materials. Bahriamian [59] reports data on commercial
bitumen samples with contact angles of 100.5°—
103.8°: the polar component ranges between 0.3 and
0.9 mJ/m?, and the dispersive component between 23.8 and
33.1 mJ/m?. Saidi et al. [60] provide surface energy
data for copolymers of perfluorooctyalkyl acrylate
C4F,,—~(CH,),,0C(O)CH=CH, and butyl acrylate (with
water contact angles of 98°-123°): 0—5 mJ/m? for the

polar component and 4.3-25.3 mJ/m? for the dispersive
component.

The presented data clearly show that immersion the
samples in Aliquat® 336 hydrophilized the membrane
surfaces, as indicated by the significant drop in the
contact angles and the rise in the surface energies. As
a consequence, during the operation of the membrane
contactor system, the membrane pores were likely filled
with the selective extractant first.

Thus, the studied membranes proved to be compatible
with the process liquids (30 wt % MEA, 1-octanol, and
Aliquat® 336); hence, these membrane materials are
promising candidates to demonstrate the feasibility of
HSS perstraction from alkanolamine solutions using a
methyltrioctylammonium hydroxide solution in 1-octanol
as an extractant.

Table 9 presents the contact angles of PSf, PVDF,
and PP membranes with the test liquids during the
HSS perstraction from the degraded alkanolamine
solution: 30 wt % MEA + 0.05 M HCOOH as a solution
to be treated, and 1 M Aliquat® 336 in 1-octanol as
an extractant. The data clearly show that the PVDF

PETROLEUM CHEMISTRY Vol. 62 No. 10 2022
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Fig. 3. Perstraction test data for different membrane materials: dots refer to experimental data, and lines show exponential approximation.
The content of formic acid is presented as relative concentration (C,/Cy).

membrane was completely wetted with the aqueous MEA
solution. Therefore, it would be fair to assume that, when
the process fluids came in contact with the membrane in
the perstraction cell (Fig. 1), the membrane pores were
filled with the aqueous MEA solution containing 0.05 M
of formic acid as an HSS model. In contrast, the porous
structure of the PSf and PP membranes was most likely
filled with the extractant (the 1 M Aliquat® 336 solution
in 1-octanol).

Perstraction transport of formate ions. The
perstraction test data for each membrane are illustrated
in Fig. 3.

Formic acid diffused from the left chamber of the
diffusion cell (2.3 g/L, or 0.05 M in the aqueous MEA
solution) through the membrane into the right chamber,
and interacted with the active component of the
Aliquat® 336 extractant (the 1 M solution in 1-octanol)
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according to the ion exchange reaction, where R is CgH 4
or CH; [35]:

R,N'OH™ +HCOO = R,N"HCOO™ +OH"

Since an excess amount of the extractant was used,
this reaction can be considered as a first-order reaction
and described by an exponential function (see Fig. 3).
The effective reaction rate constants were found to
range between 0.03 and 0.04 h™! for perstraction through
PVDF and PP membranes. The approximation of the
experimental data proved to be satisfactory (with a
correlation coefficient R? above 0.97). The only exception
was the PSf membrane case, with R? equal to about 0.9,
which may be associated with an additional resistance to
mass transfer due to the asymmetry of PSf membranes,
with fine-pore layers on both sides.
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Thus, the test data convincingly show the proof-
of-concept of HSS perstraction from aqueous MEA
solutions for all the studied membranes. The PVDF
membranes achieved the best performance: in the
perstraction experiment, up to 50% of formic acid was
extracted over the 18 h of experiment. In this case,
no direct phase dispersion was observed, nor was a
stable emulsion formed (which usually appears under
direct contact of a MEA solution with this extractant).
Despite the comparable performance demonstrated by
the PP membranes, they require additional experiments
to test prolonged operation of a membrane extraction
system and identify the effects of pore size changes (see
Tables 5 and 6) on the process performance.

CONCLUSIONS

This study proposes a perstraction (membrane
extraction) method for the removal of heat-stable salts
(HSS) from alkanolamine CO, solvents (based on
monoethanolamine) using industrial polypropylene (PP)
and polyvinylidene fluoride (PVDF) membranes, as
well as laboratory polysulfone (PSf) membranes. Using
IR spectrometry and scanning electron microscopy,
the PVDF and PSf membrane samples were found
to be chemically and morphologically stable when
exposed for at least 600 h to a model solvent (30 wt %
MEA aqueous solution) and to the components of
a selective HSS extractant, namely 1-octanol and
methyltrioctylammonium chloride (Aliquat® 336).
Using liquid-liquid displacement porosimetry, it was
shown that prolonged contact with Aliquat® 336 and
30 wt % MEA narrowed the PP membrane pores from
250 nm to 150-170 nm, thus impairing their transport
properties (indicated by the 1.4-1.9-fold drop in the
water permeance).

The surface properties of the membranes were
further evaluated. Using the formate anion transport
from the 30 wt % MEA aqueous solution to an OH-
modified Aliquat® 336 solution in 1-octanol, the
study demonstrated the proof-of-concept of HSS
perstraction from alkanolamine solvents without direct
phase dispersion or emulsion formation for the tested
membrane materials. The formic acid content in the
solvent during the perstraction experiments was described
by an exponential function, with the effective reaction
rate constants ranging between 0.03 and 0.04 h™! for

KOSTYANAYA et al.

perstraction through PVDF and PP membranes. Among
the tested membrane materials, PVDF membranes
exhibited the highest performance: up to 50% of formic
acid was extracted from the model solvent over 18 h.
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