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Utilization of CO,-captured poly(allylamine) as
a polymer surfactant for nanoarchitecture
production in a closed CO, cyclet

Eri Yoshida®

Intensified global warming, due to increased atmospheric CO,, is an urgent worldwide issue. To reduce
atmospheric CO, concentrations, various absorbents have been developed for its effective capture and
storage. However, the CO, stores could become another form of waste unless they are utilized as
valuable materials. This study focuses on the utilization of a CO,-captured absorbent as a surfactant to
produce nanoarchitectures in a closed loop of the CO, cycle. Poly(allylamine) (PAA) effectively captured
carbonic acid (CA) in an aqueous medium upon the introduction of gaseous CO,, loading the
ammonium bicarbonate onto the side chains. The molecular weight of PAA showed no significant
difference in its ability and efficiency to capture CA. The CA-captured PAA released the CA at room
temperature upon introducing N, due to the transformation of the bicarbonate into carbamate -
a process that was reversible and repeatable with alternating introductions of CO, and N,. The CA-
captured PAA was converted into a polymer surfactant through the partial ion exchange of the
bicarbonate with sodium dodecyl sulfate (SDS). At concentrations below the SDS critical micelle
concentration (CMC), the surfactant self-assembled into monodisperse nanospheres, which transformed
into worm-like morphologies upon increasing the polymer concentration. The utilization of the CO,
store, in this study employing ion exchange, involves releasing bicarbonate, which is recyclable as a CO,
source. This CO, capture-storage-utilization in a closed loop shows promise in diminishing CO, emissions.

To address accelerated global warming, effective CO, storage and its utilization are crucial for reducing CO, emissions. Although much attention has been paid

to improving the CO, capacity and regenerability of absorbents, this study focuses not only on the effective capture of CO, as carbonic acid but also on the
utilization of the CO,-captured absorbent for a surfactant that produces nanoarchitectures. The breakthrough in CO, storage lies in utilizing the CO, stores in its

closed loop employing simple ion exchange, which facilitates industrial innovations in CO, utilization and promises to diminish CO, emissions. This study
particularly emphasizes its alignment with SDG 13 (Climate Action), SDG 14 (Life Below Water), and SDG 9 (Industry, Innovation, and Infrastructure).

Introduction

biodiversity'>** and impacts on the global economy.**® If CO,
emissions continue to increase at the current rate, it is antici-

Accelerated CO, concentrations have been exacerbating global
warming."* The rise in global temperatures, due to increased
CO, emissions, has generated heatwaves, leading to destructive
droughts and extensive wildfires.® These frequent wildfires have
further increased CO, emissions, creating a vicious cycle of
warming. A rise in ocean temperatures has caused sea levels to
rise by melting ice sheets,*” resulting in the reduction of
terrestrial habitats®® and changes in marine ecosystems.'**®
These environmental changes have led to significant losses in

Department of Applied Chemistry and Life Science, Toyohashi University of
Technology, 1-1 Hibarigaoka, Tempaku-cho, Toyohashi 441-8580, Japan. E-mail:
yoshida.eri.gu@tut.jp

T Electronic  supplementary  information
https://doi.org/10.1039/d4su00121d

(ESI) available. See DOI:

© 2024 The Author(s). Published by the Royal Society of Chemistry

pated that the global temperatures will rise at an even more
accelerated pace by 2035, which will lead to further environ-
mental, ecological and economic damage.

To reduce atmospheric CO,, numerous efforts employing
various innovative methods have been made, including the
reduction of CO, through photochemical,”*°
electrochemical®*>* and biological approaches® into valuable
compounds such as formic acid, formaldehyde, methanol and
hydrocarbons; the co-reduction with nitrate to produce urea;*
the incorporation of CO, into polymer main chains via
copolymerization;***® and composting with biomass.>*** These
methods offer new avenues for fixing CO, and producing
materials composed of it. However, these methods have not yet
been effective enough to significantly reduce atmospheric CO,
concentrations.
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Currently, carbon capture and storage (CCS) technology,
including direct air capture,® is the most promising approach
to address global warming.*>** CCS involves three distinct
processes: capturing CO,, compressing it for transportation and
injecting it deep underground for its permanent storage in
a dense phase under high pressure.** Efficient CO, absorption
and subsequent desorption to regenerate the absorbents are
crucial for executing all these processes in an energy-efficient
manner. Numerous systems for CO, absorption and desorp-
tion have been developed to improve CO, capacity, absorbent
regenerability, cyclic stability and durability. These systems
involve the use of physical**=*” or chemical solvent dissolving
absorbents,*®  solid  absorbents, gas  separation
membranes, calcium looping***” and inherent CO, trap-
ping.”® The chemical solvent-based systems are convenient,
widely available, easily prepared and well-studied for CCS.
Various amines for the chemical solvents have been designed
and fabricated to enhance the performance of CO, absorption
and desorption.*®*->*> The performance often depends on the
amine class and its CO, absorption mechanism; tertiary amines
simply undergo an acid-base reaction with CO, to produce their
ammonium bicarbonate or carbonate due to the lack of
hydrogen atoms in the amino group.**** On the other hand,
primary and secondary amines covalently bond with CO, to
form the ammonium carbamate, which often requires a much
higher temperature to release the CO,.>>~’

PAA is an effective CO, absorbent and offers many advan-
tages over low-molecular-weight amines, including non-
volatility, high CO, capacity,*® thermal stability,* resistance to
oxidative degradation,® durability against high-pressure gas
streams* and low regeneration energy.” Regarding thermal
stability and resistance to oxidative degradation,®** PAA, which
is loaded with primary amines on its side chains, is more
suitable for CO, sorption than poly(ethylenimine) (PEI) that
incorporates secondary amines in its main chain, although PAA
is less effective in CO, adsorption capacity and amine efficiency
than PEL® Additionally, the commercial availability and easy
modifiability of PAA allow for broad design and conversion into
unique materials,*® including not only CO, absorbents®”*® but
also polymer surfactants® and biocompatible polymers for
medical use.”® Material design aimed at replacing existing
functional materials with PAA that has stored CO,, facilitates
industrial utilization of CO,-captured absorbents. Utilizing CO,
stores is environmentally significant because allowing them to
increase without utilization could cause additional pollution
from the CO, stores, further contributing to global environ-
mental degradation.

With the aim of effectively utilizing CO,-captured absor-
bents, this study demonstrated the efficient capture of CO, as
carbonic acid (CA) using PAA, followed by the sequential use of
the CO,-captured PAA as a polymer surfactant to produce
nanoarchitectures. This paper describes the reversible capture
and release of CA by PAA and the conversion of the CA-captured
PAA into a polymer surfactant that self-assembles into nano-
architectures through ion exchange.
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Experimental
Instrumentation

Electroconductivity (EC) and pH were measured using a Hanna
Instruments HI99300N portable EC/TDS/°C meter and
a HI991002N portable pH/ORP/°C meter, respectively. "H and °C
NMR measurements were conducted using Jeol ECS500 and
ECS400 FT NMR spectrometers. The viscosity was measured at 25 ©
C using an A&D SV-10 vibro viscometer equipped with an Eyela
digital Uni Ace UA-100 temperature circulator. UV spectra were
obtained at 25 °C using a Shimadzu UV-160A UV-Vis recording
spectrophotometer, equipped with an Eyela NCB-1200 tempera-
ture circulator. FT-IR spectra were obtained using a Jasco FT/IR-
4100 Fourier transform infrared spectrometer. Light scattering
measurements were performed at 25 °C with a Photal Otsuka
Electronics ELS-8000 electrophoretic light scattering spectropho-
tometer, equipped with a system controller, an ELS controller and
a He-Ne laser operating at A = 632.8 nm.

Materials

PAAs with weight-average molecular weights (M,,) of 1600, 5000
and 15000 were supplied by Nittobo Co., Ltd as their aqueous
solutions; 15 wt% solutions for PAAs with M, = 1600 and 15 000,
and a 20 wt% solution for that with M, = 5000. Poly(allylamine
hydrochloride) (PAH-CI), with M,, = 1600, 5000 and 15 000, was
also supplied by Nittobo Co., Ltd as aqueous solutions; a 34 wt%
solution for M,, = 1600, 40 wt% solution for M, = 5000 and
50 wt% solution for M,, = 15000. 1,6-Diaminohexane (DA-Hex),
purchased from Tokyo Chemical Industry, was purified by distil-
lation over calcium hydride under reduced pressure. Ammonium
bicarbonate, ammonium carbonate and ammonium carbamate
were purchased from Sigma-Aldrich and used as received. Sodium
dodecyl sulfate (SDS), purchased from Kishida Chemical, and
sodium ethyl sulfate (SES), obtained from Tokyo Chemical
Industry, were used as received. Ultrapure water was obtained
using a Merck Milli-Q® Integral MT-5 water purification system.
CO, with over 99.995% vol purity and N, with over 99.9995% vol
purity were purchased from Taiyo Nippon Sanso Corporation.

CO,, capture by PAA; general procedure

Ultrapure water (20 mL) was poured into PAA with M,, = 15000
(10.161 g as a 15 wt% solution containing 1.524 g (26.7 mmol) of
the allylamine unit, AA, and 8.637 g of water), resulting in an initial
AA concentration of [AA], = 0.932 mol L. CO, was introduced by
bubbling at a flow rate of 300 mL min~", using a flow meter, into
the solution contained in a 50 mL round-bottom flask situated in
a water bath maintained at 25 °C, with stirring. The pH of the
solution was measured at designated times. At these times,
a portion of the solution (1 mL) was extracted using a syringe and
diluted with water (14 mL) to facilitate an EC measurement, owing
to the upper limitation of the EC meter.

Isolation of CA-captured PAA

The solution of CA-captured PAA with M,, = 15 000, obtained by
the procedure mentioned above using 3.010 g of PAA (as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a 15 wt% solution containing 7.91 mmol of AA) and 5.9 mL of
water with CO, introduced for 30 min, was freeze-dried for 1 h at
room temperature, followed by 3.5 h at 25 °C in a water bath,
resulting in a white powder (0.910 g) with a 97% yield based on
the bicarbonate. Following the same procedure, PAA with M, =
5000 (2.253 g as a 20 wt% solution containing 7.89 mmol of AA)
and 6.6 mL of water produced a powder (0.818 g) with an 87%
yield. Similarly, PAA with M,, = 1600 (3.004 g as a 15 wt%
solution containing 7.89 mmol of AA) and 5.9 mL of water
resulted in a powder (0.888 g) with a 94% yield.

Release of CA from the CA-captured PAA by N, introduction

A solution ([AA], = 0.932 mol L") of CA-captured PAA was
prepared using 5.078 g of PAA with M,, = 15000 (as a 15 wt%
solution containing 13.3 mmol of AA) and 10 mL of water, by
introducing CO, for 1 h. N, was then introduced into the
solution with stirring at a flow rate of 300 mL min~" for 1 h,
after which the solution was subjected to NMR measurements.

Ion exchange of the CA-captured PAA with SDS

A solution of CA-captured PAA was prepared using PAA with M,,
=15 000 (283.0 mg as a 15 wt% solution containing 0.744 mmol
of AA) and 207 mL of water, with CO, introduced for 30 min.
The solution was then divided into 20 mL sample bottles in
10 mL portions while under the CO, flow. SDS (103.7 mg, 0.360
mmol) was dissolved in 10 mL of water to prepare a solution
with a concentration of 3.60 x 10~2 mol L™'. Next, the SDS
solution (0.1 mL, 3.60 x 10~> mmol) was added to the CA-
captured PAA solution (10 mL, 3.59 x 10~ > mmol) with stir-
ring on a water bath at 25 °C. The resulting mixture, with
a molar ratio of SDS/AA = 0.1, was subjected to UV and light
scattering measurements at 25 °C. Following the same proce-
dure, mixtures with other ratios were prepared using the
designated amounts of the SDS solution. Light scattering
measurements were performed at an angle 6§ = 90°. The
hydrodynamic diameter (Dy) of the polymer was determined
using cumulant analysis, while the number conversion distri-
bution of the Dy, was obtained using Marquadt analysis.”

FE-SEM observations

The CA-captured PAA solution ([AA], = 3.59 x 10~* mol L")
and SDS solution (3.60 x 10> mol L") were used. The SDS
solution (0.26 mL, 9.38 x 10> mmol) was added to the CA-
captured PAA solution (5.2 mL containing 1.87 x 10~> mmol
of AA) at 25 °C on a water bath, with stirring. The mixture ([AA]
=3.42 x 10~ % mol L") was maintained at 25 °C with stirring for
5 min, and then left to stand at 25 °C for an additional 5 min. A
drop of the mixture, thus prepared, was placed onto a cover
glass (18 x 18 mm) and then put in an oven set at 25 °C for
drying. The aggregates on the cover glass were subjected to FE-
SEM measurements at 0.7 kV without coating. Morphologies
and sizes of the aggregates were determined by the FE-SEM
observations, while the size distribution was calculated as
previously reported.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
CO,, capture and release by PAA

To control the reversible capture and release of CO, by PAA, the
ability to capture CA in an aqueous medium was evaluated
using pH and EC variability. As gaseous CO, was introduced by
bubbling into an aqueous solution of PAA (M,, = 15 000), the
solution immediately turned opaque within a few seconds, then
gradually became clear and completely homogeneous in 5 min.
During the very early stage, a slight amount of the ammonium
carbamate and carbonate,”®”* which are in equilibrium,” elec-
trostatically cross-links the polymer chains, causing gelation;
however, the gel is disrupted by further capture of CA (Fig. 1).
This reasoning agrees with the mechanism of reactions between
CO, and aqueous ammonia, which is based on substance
stability as inferred from their reaction enthalpies.”®”
Ammonia (NHj;) initially reacts with gaseous CO, to produce
ammonium carbamate, NH,COONH, (eqn (1)). This compound
then converts into ammonium carbonate, (NH,),COs3, in the
presence of water (eqn (2)).

As CO, reacts with water to generate carbonic acid (CA), NH;
captures the CA to produce ammonium carbonate (eqn (3)) and
ammonium bicarbonate, NH,HCOj; (eqn (4)). The bicarbonate
further converts into ammonium carbamate by reacting with
remaining ammonia (eqn (5)). With the introduction of addi-
tional CO,, increasing the concentration of CA, the ammonium
carbonate and carbamate eventually convert into ammonium
bicarbonate (eqn (6) and (7)). All these reactions are in equi-
librium; however, the forward reactions are preferred because
the products are more stable than the starting substances,
achieving reduced energy levels by releasing heat. The transi-
tion from ammonium carbamate to bicarbonate via carbonate
agrees with the phase diagram of the CO,-NH;-H,0 system.”®

2NH; + CO, 2 NH,COONH,, AH,, = —72.32 kI mol™" (1)

&
NH, “NH “NH, NH, “NHz NH,

,k\(); oo,
—

NH,

+ +
NH, _NH; NH, NH, _NH; NH,

i H,CO;

+ + +
NH; "NH NH; NHy

PAA

P +
NH; "NH,

+ + + + + +
Mi

Fig. 1 Gelation of PAA by the carbamate/carbonate generation.
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NH,COONH, + H,O 2 (NH,),CO;,

AH,, = —28.90 kJ mol ™! (2)

2NH; + CO, + H,O 2 (NH,),CO;s, AH,, = —101.22 kJ mol
(3)

NH; + CO, + H,O 2 NH4HCO;, AH,, = —64.26 kJ mol '
(4)

NH4HCO; + NH3 2 NH,COONH,, AH,, = —8.06 kJ mol ™"
(5)

(NH4),CO5 + CO, + H,O 2 2NH4HCOs,
AH, = —2688 kImol™!  (6)

NH,COONH, + CO, + 2H,0 2 2NH,HCO;,
AH, = -5620kJmol™"  (7)

Fig. 2 and 3 show 'H and "*C NMR spectra, respectively, for
the CA-captured PAA. The proton signal at 2.60 ppm (Fig. 2a) for
the methylene attached to the amino group shifted to 2.96 ppm
(Fig. 2b) due to the protonation of the amino group by CA. In **C
NMR, the bicarbonate (HCO; ) was confirmed at 160.4 ppm
(Fig. 3b and S1%),°*” coexisting with a small amount of the
carbamate (NH,COO™) detected at 164.5 ppm. Isolating the CA-
captured PAA by freeze-drying reduced the intensity of the
bicarbonate signal, suggesting a partial release of the CA under
reduced pressure during freeze-drying (Fig. 3c), transforming
the bicarbonate into carbonate. However, the PAA remains in
the ammonium form based on no change in "H NMR (Fig. 2c),
implying that the PAA retained the CA even in its solid state. FT-
IR verified the presence of bicarbonate, carbonate and carba-
mate in the isolated PAA. As can be seen in Fig. 4, the PAA
showed four characteristic absorptions at 1640, 1567, 1486 and
1439 cm™', which are attributed to C-O/C=O stretching.
Ammonium carbamate exhibited these absorptions at 1630,
1543, 1459 and 1406 cm . These absorptions overlapped with
those of bicarbonate/carbonate C-O/C=O stretching, since
ammonium bicarbonate and ammonium carbonate had
absorptions at 1604 and 1605 cm ™', respectively. However, the

R YA A AN

@ _JKJLJM

3 (ppm)

Fig.2 H NMR spectra. (a) PAA with M,, = 15 000, (b) the CA-captured
PAA in solution after CO, introduction for 1 h and (c) the CA-captured
PAA isolated. Solvent: D,O. *CHzOH standard.
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Fig. 3 C NMR spectra. (a) PAA with M,, = 15000, (b) the CA-
captured PAA in solution after CO, introduction for 1 h and (c) the CA-
captured PAA isolated. Solvent: D,O. *CH3zOH standard.

PAA exhibited absorption at 2575 cm™ ', originating from the

N-H stretching of the ammonium cation (-NH;") with a bicar-
bonate or carbonate counter anion, while ammonium bicar-
bonate showed it at 2590 cm ™' and ammonium carbonate also
at 2590 cm ™.

The capture of CA charges PAA, producing its polyelectrolyte.
Fig. 5 shows variations in EC and pH upon introducing CO, into
solutions of PAAs with different molecular weights (M,, = 1600,
5000 and 15000). The introduction of CO, initially caused
a decrease in EC due to the temporary gelation; thereafter, the
EC increased with the duration of CO, exposure and reached

PAA
CA-PAA

2 NHHCO;

8

5

£

£ (NH,),CO;

2

g

-
NH,CONH;8

IR I S SR S O 0 (O O SR 0 T S Y 11 0 0 o T
4000 2000 1000 400

Wavenumber (cm-')

Fig. 4 FT-IR spectra of PAA (M,, = 15000), isolated CA-captured PAA
(CA-PAA), ammonium bicarbonate, ammonium carbonate and
ammonium carbamate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variations in EC and pH of PAA solutions on introducing CO..
[AAlp = 0.932 mol L™ for the pH measurement and 0.0621 mol L~ for
the EC.

steady states. During the CO, introduction, the PAAs showed no
difference in pH variability, suggesting no difference in their
ability and efficiency to capture CA. However, the steady-state

3.0 2.0
25 <

o —41.5 §

S [

@ D ®

€ 20 3

o 3

(&)

m =410 &
15 z
qobvt v v w0l 05

103 104 108
logM,,
(b)
12
— PAH-CI
— PAA-CA
g =

EC (mS/cm)
(]
T

\

Ll
10° 104 108
logM,,

Fig. 6 (a) Plots of the steady-state EC value and viscosity versus the
molecular weight of PAA. (b) Plots of EC versus the molecular weight
for the CA-captured PAA (PAA-CA) and PAH-CL [AA] = [AH-Cl =
0.116 mol L%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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EC value linearly decreased with the logarithm of the molec-
ular weight (log M,,) (Fig. 6a). The decrease in EC with the
increased molecular weight was attributed to the increased
viscosity of the electrolyte solution. The restriction of molecular
movement by binding the amino groups to the high-molecular-
weight polymer chain reduced the EC. This inverse correlation
of EC with the molecular weight is characteristic of poly-
electrolytes, as evidenced by PAH-CIl, which also exhibited
a linear decrease in EC versus log M,, (Fig. 6b). For the same
molecular weight, the CA-captured PAA had a lower EC than
PAH-CI due to its lower ion conductivity: 44.5 x 10~* m* S
mol™* for HCO;™, 69.3 x 10~* m? S mol™* for 1/2C0O5*~ and
76.31 x 10" m*> S mol * for Cl".*

PAA is effective for capturing CA, compared to low-
molecular-weight amino compounds. Fig. 7 shows variations
in the pH of solutions using three different amines: TM-Hex,
DA-Hex and PAA (M,, = 1600). The primary amines captured
CA more efficiently than the tertiary amine due to their less
steric hindrance and greater hydrophilicity. Furthermore, the
polymeric amine grasped CA more effectually than DA-Hex
because it produced a much lower pH, although it reduced EC
due to the restriction of molecular movement. Binding the
amines involves more amine molecules in interacting with a CA
molecule, resulting in effective capture of CA (Fig. 8).

The CA-captured PAA exhibited differences in discharging
CA between its solid and liquid states. DSC analysis revealed
that the polymer began to release CO, at 68.6 °C and completed
this upon continued heating (Fig. 9). Whereas the CA-captured

(a)

13
— TM-Hex
— DA-Hex
— PAA (M,, = 1,600)

12 ¢

10

pH

1 1 1
0 60 120 180
Time (min)

240

(b)

EC (mS/cm)
IS

2 o ¢
o 1 1 1
0 60 120 180

Time (min)

240

Fig. 7 Variations in (a) pH and (b) EC upon introducing CO, into
solutions of TM-Hex,5* DA-Hex and PAA. [NR,]o = 2.63 mol L™ for the
pH measurement and 0.117 mol L™ for the EC. R = CHsx for TM-Hex
and H for DA-Hex and PAA. CO, flow rate = 250 mL min~1.
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Fig. 8 Mechanism for the more efficient capture of CA by PAA
compared to DA-Hex.

107 — PAA
— PAA-CA
— 5T
=
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100 200
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Fig. 9 DSC spectra of the CA-captured PAA (PAA-CA) and PAA. M,, =
15000.

PAA in a solid state required heating to discharge the CA, the
polymer in solution released it at room temperature upon
introducing N,. After N, introduction for 1 h, the solution
showed only the signal at 164.5 ppm in "*C NMR (Fig. 10b),

*

bl

(D) pawws LL ..JJW. woon

@ W

170 160 150 60 50 40 30 20
3 (ppm)

Fig. 10 3C NMR spectra of the CA-captured PAA: (a) after introduc-
tion of CO, for 1 h, (b) N, for 1 h at 25 °C, (c) N, for 1 h at 60 °C and (d)
second CO, for 1 h. M,, = 15 000. Solvent: D,O. *CHzOH standard.
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Fig. 11 H NMR spectra of the CA-captured PAA: (a) after introduction
of CO, for 1 h, (b) N, for 1 h at 25 °C, (c) N for 1 h at 60 °C and (d)
second CO, for 1 h. M,, = 15000. Solvent: D,O. *CHzOH standard.

(b)

indicating that the bicarbonate converted into carbamate,
thereby releasing CO,. This release produced no change in the
chemical shift of the methylene protons in "H NMR (Fig. 11b),
suggesting the absence of CA-free allylamine units. Raising the
temperature reduced the intensity of the carbamate carbon
signal (Fig. 10c), while the methylene proton signal partially
shifted to that of the original PAA (Fig. 11c), indicating that the
CA-captured PAA partially discharged the CO, from the carba-
mate to produce CA-free allylamine units. The polymer captured
CA again upon a second CO, introduction, producing

Fig. 12 Reversible transitions between PAA and the ammonium
carbamate, and between the carbamate and bicarbonate/carbonate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Variations in EC and pH of the CA-captured PAA solution on
introducing Na. [AAlg = 0.116 mol L™, M,, = 15 000.
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Fig. 14 Repetitive changes in EC and pH of the CA-captured PAA by
alternating CO,/N, introductions. [AA]p = 0.116 mol L%, M,, =15 000.

bicarbonate and carbonate (Fig. 10d and 11d). Thus, the tran-
sitions between PAA and the ammonium carbamate, and
between the carbamate and bicarbonate/carbonate, are revers-
ible (Fig. 12).

However, the carbamate-to-bicarbonate/carbonate transition
is a much lower-energy process that proceeds at room temper-
ature. Fig. 13 shows variations in EC and pH of the CA-captured
PAA solution upon introducing N,, based on the conversion of
the bicarbonate to carbamate. After introducing N, for 1 h, the
EC and pH reached their steady states. The decrease in EC was
linked to the increase in pH, indicating that the CA was
removed as gaseous CO, from the solution.

This transition was completely reversible and repeatable by
alternating CO,/N, introductions, as evidenced by the excellent
hysteresis in the EC changes upon repeated introductions
(Fig. 14).

Conversion of CA-captured PAA into polymer surfactant

Ammonium bicarbonate readily undergoes ion exchange due to
its weak electrostatic interaction between the ammonium
cation and bicarbonate anion. It has been reported that a poly-
mer loading the ammonium bicarbonate derived from hindered
secondary amine, ion-exchanged with poly(sodium 4-styr-
enesulfonate) to produce polymer complexes with ribbon-like or
sheet-like morphologies.®® The present study investigated
partial ion exchange with SDS to convert the CA-captured PAA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Variation in transmittance of the polymer solution versus the
SDS/AA ratio. [AAlp = 3.59 x 10~ mol L% SES for PAA (M,, = 15 000).

into a polymer surfactant. By this conversion, the PAA randomly
loads the dodecyl groups on its side chains, producing
a random copolymer-like surfactant. Amphiphilic random
copolymers, readily available by one-step polymerization, self-
assemble into micellar nanospheres.?*®* SDS is an anionic
low-molecular-weight surfactant and serves as a cation
exchanger and a modifier of micelle surfaces.**** SDS has a low
critical micelle concentration (CMC) of 8.3 x 10> mol L™ " at
25 °C.**%8 Below this CMC, this study explored the ion exchange
of the CA-captured PAA with SDS at 25 °C. UV analysis revealed
that the CA-captured PAA aggregated in the presence of SDS.
The variations in transmittance of the polymer solutions are
shown in Fig. 15, with the concentration of [AA], = 3.59 X
10> mol L™ versus the SDS/AA ratio. As a result of increasing
the SDS/AA ratio, the transmittance at a 400 nm wavelength
decreased. The ion exchange between the bicarbonate anion
and dodecyl sulfate loaded the hydrophobic dodecyl groups
onto the CA-captured PAA chain, causing its aggregation. At an
SDS/AA ratio of 1.0, the transmittance suddenly increased due
to the precipitation of the aggregates. The polymer released all
the bicarbonate anions through the ion exchange with an
equivalent amount of dodecyl sulfate, forming insoluble
aggregates. It is evident that the dodecyl groups on the polymer
induced aggregation, since SES produced no change in trans-
mittance for the polymer solution. The ethyl chain is too short
to induce polymer aggregation.

Light scattering studies demonstrated that the polymer

loading with the dodecyl groups self-assembled into
M,
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3
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Fig. 16 Variation in hydrodynamic diameter of the CA-captured PAA
versus the SDS/AA ratio. [AAlg = 3.59 x 10> mol L%
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Fig. 17 Association states of the polymer for different amount of SDS.

nanoparticles. Fig. 16 shows the variation in hydrodynamic
diameter (Dy,) of the CA-captured PAA upon adding SDS. The Dy,
immediately decreased with the addition of a small amount of
SDS, then rapidly increased with more SDS. The hydrodynamic
size decreased again with further SDS addition and finally
increased due to continued addition of SDS. This up-and-down
change in the Dy, with increasing SDS reflects different associ-
ation states of the polymer. A small number of dodecyl groups
induce intramolecular association of the polymer, shrinking the
polymer chain and causing a reduction in the hydrodynamic
size (Fig. 17). The polymer chains aggregated with each other
due to the increased number of dodecyl groups, resulting in an

1844 | RSC Sustainability, 2024, 2, 1837-1848
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Fig. 19 Variation in scattering intensity of the polymer solution versus
the SDS/AA ratio. [AAlp = 3.59 x 10> mol L%,

increase in the hydrodynamic size. A further increase in the
number of dodecyl groups disrupts the intramolecular associ-
ation, altering it to intermolecular aggregation, which causes
the second decrease in Dy,. This switch from the intramolecular
association to the intermolecular aggregation involves reorga-
nization of the self-assembly, leading to a gradual increase in
the Dy, with further addition of SDS. SDS shows no self-assembly
in the absence of the CA-captured polymer, being below its
CMC. The dodecyl groups significantly induced the self-
assembly of the polymer by locating on the polymer side
chains. Even with the SDS concentration at 3.60 x 10~* mol L™?,
which is 23 times lower than the CMC and corresponds to a 0.1
ratio to AA, all the polymer chains participated in the self-
assembly, and there were no isolated polymer chains based
on the number conversion distribution analysis in the light
scattering (Fig. 18). The isolated polymer was 12.7 nm in
diameter, aggregating to a size of 192.2 nm at the 0.1 ratio. Up to
an SDS/AA ratio of 0.6, the scattering intensity of the polymer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution increased (Fig. 19); however, it decreased beyond this
ratio due to the highly dodecyl-loaded polymers precipitating.
The aggregates are stabilized below the medium SDS/AA ratio by
the ammonium bicarbonate surrounding the hydrophobic
dodecyl core. Fig. 20 displays a linear correlation between the Dy,
of the aggregates at SDS/AA = 0.5 and the log My, of the polymer.
The size of the aggregates lay in a range of 150 to 180 nm,
depending on the molecular weight of the polymer. The
normalized time correlation function of the scattering field,
G4(1), revealed that the CA-captured PAA produced mono-
disperse spherical aggregates. For monodisperse spherical
particles, G4(t) displays a single exponential decay with time.*
As shown in Fig. 21, the polymer with M,, = 15 000 and SDS/AA
= 0.5 exhibited a linear decay of In(G,(t)) with time, indicating
the formation of monodisperse spherical aggregates due to the
intramolecular self-assembly of the long polymer chain. As the
molecular weight decreased, the In(G;(t)) decay deviated from
a linear line (Fig. S2t). The low-molecular-weight polymer had
the potential to form non-spherical or polydisperse nano-
particles due to their random intermolecular aggregation.
FE-SEM observations demonstrated that the high-molecular-
weight polymer aggregated into spherical monodisperse nano-
particles (Fig. 22a). The particles had a number-average

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Bars: 1 um

Fig. 22 FE-SEM images of the aggregate morphologies for the poly-
mer surfactants with the molecular weight: (a and b) M,, = 15000, (c
and d) 5000 and (e-g) 1600. (a, c and e) [AAlg = 3.42 x 10> mol L™*
and (b, d, fand g) 1.03 x 1072 mol L™,

diameter (D,,) of 106.7 nm, which is much smaller than the Dy,
observed in light scattering due to the observation of the
aggregates shrunk by drying. The size distribution (D,,/D,,) was
obtained by calculation using the weight-average diameter (D),
calculated as Dy, = =D;*/=D;*, according to a previous study.”
The D,, was calculated to be 112.9 nm for the spherical particles,
leading to a size distribution of D,,/D, = 1.06, indicative of
monodisperse particles when it is considered that a size
distribution of D/D,, = 1.00 is perfect for monodisperse parti-
cles. The particles transformed into a worm-like morphology
with an increase in the polymer concentration (Fig. 22b). At
a high concentration, the intramolecular aggregates connected
with each other in line, causing the transformation into worm-
like particles. Lower molecular weight polymers more readily
self-assembled into worm-like particles even at low concentra-
tions due to their intermolecular aggregation (Fig. 22c-f).
Furthermore, the M,, 1600 polymer produced vesicle-like
nanoparticles at a high concentration (Fig. 22g). The shorter
chain polymer is more hydrophilic, increasing the hydrophi-
licity of the internal core, resulting in self-assembly into vesi-
cles. Not only the vesicles but also the spherical and worm-like
particles are nano-sized capsules with micellar structures, since
they were produced by the self-assembling of the polymer
surfactants. These nanoarchitectures are stabilized with the
bicarbonate on the surface of their outer shells, which have the
potential to serve as nanocarriers for drugs and genes in
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delivery systems, releasing them in response to bicarbonate
concentrations in the blood. The polymer surfactant developed
in this study also has the potential to perform highly in the
polymer alternating gas (PAG) process used in enhanced oil
recovery (EOR). In this process, the polymer facilitates oil
movement toward production wells by alternating with CO, to
displace 0il.*>** The conversion of the CA-captured PAA into the
polymer surfactant is accompanied by CO, release, which can
be controlled by adjusting the ratio of the ion exchanger. The
ion exchange in water causes the surfactant to self-assemble
into nanoobjects, which are expected to effectively displace oil
when used in the PAG injection method. The simultaneous
generation of nanoobjects and CO, release in water could
improve the water alternating gas injection method* and
simplify the PAG method, leading to more effective EOR.

Conclusions

This study demonstrated the effective capture of CO, as
carbonic acid using PAA and utilization of the CO,-captured
PAA for a polymer surfactant to produce nanoarchitectures. PAA
captures carbonic acid more effectively than low-molecular-
weight amines due to its polymeric amine structure, where
more amino groups assist in capturing carbonic acid. The
capture of carbonic acid produces electrolytes, the electro-
conductivity of which is inversely proportional to the molecular
weight of the polymer, due to increased viscosity. PAA reversibly
and repeatably releases carbonic acid in an aqueous medium at
room temperature through alternating introductions of CO,
and N,, relying on the equilibrium between ammonium
bicarbonate/carbonate and carbamate. The carbonic acid-
captured PAA is converted into a polymer surfactant to
produce spherical and worm-like nanoarchitectures by under-
going partial ion exchange between the bicarbonate anion and
dodecyl sulfate. The bicarbonate anions released from the PAA
by the ion exchange are a source of CO,, forming a closed loop
of CO, in the utilization of the CO,-captured absorbent. The
conversion of the CO,-captured polymer can create versatile
surfactants by selecting various ion exchangers. This material
design, employing CO,-captured absorbents within a closed
loop, facilitates industrial uses of these absorbents, promising
to reduce CO, emissions.
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