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Abstract

The urgency to address climate change and its environmental consequences demands the
development of effective carbon capture technologies. The relationship between rising global
temperatures and increased atmospheric CO; levels necessitates innovative approaches for
mitigating this critical issue. Here, we present a novel photochemical strategy utilizing photoacids in
an aqueous bicarbonate buffer system for reversible carbon capture and release. We investigated the
photochemical modulation of hydrophilic pyranine as a model photoacid, showcasing its ability to
facilitate the capture and release CO,. Control experiments provided evidence of the photoacid effect
and its contribution to CO, release, complemented by the photothermal effect. Cyclic experiments
demonstrate the efficiency and reliability of the photochemical carbon capture strategy across
multiple cycles. In addition, we explored the potential use of meta-stable state photoacids for this
purpose. This research introduces possibilities for the advancement of photochemical carbon capture

systems, offering promising avenues for addressing the challenges associated with climate change.

The increasing climate change and associated environmental concerns mandate the need for viable

solutions.! With the planet's temperature having surged by 1.1 °C since the commencement of the industrial
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revolution, a direct correlation has been established between this temperature escalation and the surge in
atmospheric CO; levels, currently reaching 417 parts per million? due to anthropogenic carbon emissions
arising from the combustion of fossil fuels.® Consequently, it is imperative to address this issue and seek
effective solutions. In order to establish effective carbon management, the development of highly efficient

and economically viable carbon capture technologies assumes pivotal significance.*

The utilization of aqueous amine solutions through thermal-swing processes is one of the most
mature technologies for carbon capture.® However, despite its maturity, there are some limitations
associated with thermal amine capture, including high energy consumption and environmental concerns
stemming from the volatility of amines.®° These limitations have impeded its wider deployment in various
industry sectors as well as direct air capture of CO,. Recently, electrochemical carbon capture has emerged
as a promising alternative to traditional thermal amine capture.!*** Unlike thermal-swing processes,
electrochemical systems offer advantages such as reduced energy consumption and compatibility with
renewable energy sources. By harnessing the power of electrochemistry, these systems provide a more
environmentally friendly and economically feasible approach to carbon capture. Additionally, their
decentralized operation and potential for localized carbon capture make them efficient and cost-effective
solutions. In parallel, the exploration of photochemical carbon capture utilizing light directly opens new

avenues for innovative carbon management strategies.

In this work, we have devised an efficient strategy for photochemical modulation of molecular
photoswitches to facilitate carbon capture (Figure 1a). This approach draws inspiration from our lab's
extensive work on electrochemical modulation of redox-active materials.*>% In electrochemical
modulation, the redox-active material is activated through electrochemical reduction. The resulting
electron-rich state of the material is sufficiently basic or nucleophilic to capture CO, from diluted sources.
Subsequently, the CO»-saturated solution undergoes electrochemical oxidation to regenerate the resting
state of the redox-active material, releasing concentrated CO,. This cyclic process effectively separates and

concentrates CO-, from the diluted source.
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Building upon this concept, we have developed a parallel scheme for photochemical modulation of
organic molecular photoswitches?:2® (Figure 1a). In this scheme, the resting-state photoswitch, when kept
in the dark along with a suitable absorbent (e.g., carbonate, amine, or alkaline solution), captures CO- from
the diluted source. Upon irradiation, the CO»-saturated solution releases concentrated CO, by lowering the
local pH through the decreased pKa* of the excited states of the photoswitch. By blocking the light and
returning to the dark, the excited states of the photoswitch revert to the ground state, effectively closing the
cycle. In designing photo-swing carbon capture by photochemical modulation of photoswitches, we used a
visible light photoacid and bicarbonate buffered system as an absorbent in this work (Figure 1b). The
relationship between the bicarbonate buffer solution pH and pKa of the ground state and excited state of
photoacid is important in the design of an efficient system. The pKa of the ground state is desired to be
higher than the pH of the CO; saturated solution, and therefore, most photoacid remains protonated under
dark conditions, while the pKa* of the excited state is desired to be lower than the pH of the CO, saturated
solution so that the photoacid generates protons upon irradiation to release CO- out of the solution. During
the CO- release step, the excited photoacid would be deprotonated and bicarbonate decomposed to CO, and
water?61920.24 ynder the decreased pH of the local condition. Following the CO, capture step, the photoacid
returns back to its ground state and takes up a proton back under dark conditions. Following release of CO;
during irradiation, with subsequent reversion of the buffer bicarbonate to carbonate ions under dark

conditions, the sorbent is primed to again capture CO; from the dilute source.

The successful release of CO; through irradiation in photochemical modulation is influenced by
various factors, including concentration of the protonated form of the photoacid, bicarbonate buffer
concentration, quantum yield, and light intensities. Given that most reported visible light photoacids have
pKa values within the range of 6 to 9,22%-2" the system consists of two buffering systems: the photoacid

buffer and the bicarbonate buffer (pKa 6.4 and 10.3).

With a larger bicarbonate buffer concentration and minimal effect on pH changes in the ground

state by the photoacid buffer, the concentration of the protonated form of the photoacid is determined by
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the bicarbonate buffer concentration, partial pressure of CO,, and the pKa value of the photoacid's ground
state. Figure 1c illustrates the ratio of protonated photoacid ([PAH]) to the total amount of photoacid
([PAJtotar), obtained under 15% CO; and varying bicarbonate buffer concentrations. For instance, with a
pKa value of 7.7, the protonated form ([PAH]) comprises 0.6 of the total photoacid ([PAJwt) With a
bicarbonate concentration of 100 mM. However, if the bicarbonate buffer concentration increases to 500
mM, the ratio of the protonated form ([PAH]/[PA]wt) in the ground state drops below 0.3. This reduced
ratio implies a decrease in the effective concentration of the photoacid, thereby affecting its carbon capture
and release capacity. Hence, a larger proportion of the protonated form in the ground state is desirable to

maximize the carbon capture and release capacity.

To examine the influence of the ground state pKa, Figure 1c presents curves for different pKa
values (8 in red, 9 in yellow, and 10 in purple). Higher pKa values were expected to result in reduced
dependence of the protonated photoacid portion on bicarbonate concentration. Conversely, a lower pKa of
7 would lead to a lower effective concentration, while a pKa of 6 would result in most of the photoacid
remaining in the deprotonated form regardless of the bicarbonate concentration. This deprotonation would
significantly diminish CO; release capacity under light. Therefore, careful consideration of the ground state
pKa is crucial during the initial design phase of photochemical carbon capture systems employing

photoacids in bicarbonate buffer systems.

To generate a high-concentration aqueous solution of the photoacid for gas output, we employed
pyranine,?:28-20 g well-established hydrophilic photoswitch with a maximum solubility of 520 mM in water
(Figure 1d). Pyranine has been extensively studied as a photoacid in various research fields, including
sensors,?®3! biology,® and optics®***. Its ground state pKa is 7.7, while the excited state pKa* is 0.6%,
aligning well with our design and the pH of the bicarbonate buffer under 15% CO.. As the excited state of
pyranine has a relatively short half-life of 9 ns?, no significant accumulation of excited states in the bulk
solution is expected using the limited power of a commercial LED light source. However, we hypothesized

that at a local time scale, localized concentrations could lead to the generation of CO, gas output. Once CO-
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gas escapes from the solution, the total dissolved inorganic carbon (DIC) content will gradually decrease

over time.

The photochemical working scheme is depicted in Figure le. In the bicarbonate buffer, the ground
state photoacid (pyranine, Aansmax = 400 nm) is excited upon irradiation with blue light (427 nm). The excited
state of the photoacid, with a pKa* value of 0.6, undergoes deprotonation within the pH range of 6 to 8 of
the solution. Consequently, the released proton reduces the pH of the local environment, causing the
bicarbonate ions to decompose into CO; and H.O. Upon return to a dark environment, the photoswitch
transitions back to the ground state, acquiring a proton from the bicarbonate ions and generating carbonate
ions. These carbonate ions actively participate in capturing CO; from the dilute source. Through this light-

dark cycle, CO; can be separated and concentrated.
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Figure 1. Photochemical CO, capture by a molecular photoswitch under visible light. (a) Stimuli-
responsive materials for carbon capture: electrochemical modulation and photochemical modulation. (b)
Photo-swing strategy of carbon capture using a molecular photoacid in an aqueous bicarbonate buffer
solution. (c) Correlation between the ratio of the protonated form of the photoacid ([PAH]) and the total
amount of photoacid added ([PA]wtar) With varying bicarbonate concentrations in water under 15% CO.. (d)

Pyranine as a hydrophilic photoacid in water and its physicochemical properties. 0.1 M pyranine solution
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is presented. () Working scheme illustrating the photochemical carbon capture process employing pyranine

as a photoacid in bicarbonate buffer system.

A bench-scale setup was assembled to investigate CO, capture and release in the pyranine
photoacid system under 15% CO; and blue LED light irradiation (Figure 2a). The setup consisted of a
reaction vial containing 5 mL of the photoacid solution, with the 15% CO; introduced into the vial at the
desired flow rate using a mass-flow controller. The solution pH was monitored by a pH probe. Gas output
from the reaction vial was measured using a mass-flow meter and an IR CO- sensor. The reaction vial was
enclosed within an aluminum photobox designed to reflect and confine the light emitted by a 45 W blue
LED at 427 nm. During the reaction, the photobox was cooled using a cooling fan. The solution used in the
experiments contained 100 mM of pyranine and 100 mM of potassium carbonate (K.COs3). Before the
photoreaction, the solution was saturated with 15% CO,. Once saturation was achieved, the reaction vial
was irradiated, and the gas output was recorded. Figure 2b illustrates the observed CO- release under the

standard conditions, where a total of 0.12 mmol of CO, was collected within 30 minutes (blue curve).

To confirm that the observed CO: release was indeed due to the photoacid effect, control
experiments were conducted. In the first control experiment, the photoacid was omitted while keeping all
other conditions the same. Even in the absence of the photoacid, a CO; release of 0.039 mmol was obtained
within 30 minutes. This result was attributed to an increase in temperature caused by the irradiation, leading
to reduced CO; solubility at higher temperatures. However, the temperature increase (35 °C) was lower
than under the standard conditions due to the absence of a photoactive molecule. The temperature reached
approximately 60 °C within 30 minutes under the standard conditions due to the photothermal effect of
pyranine. In the second control experiment, thermal heating was applied to induce CO; release at 60 °C. A

standard solution containing 100 mM of pyranine and 100 mM of bicarbonate, saturated with 15% CO,,
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was heated using a hot plate within an oil bath. The CO, output measured was 0.072 mmol within 15
minutes. These results indicated that a combination of the photoacid effect and the photothermal effect
contributed to the CO- release. Specifically, the photoacid effect accounted for the release of 0.058 mmol
of COz under the standard conditions, while the remaining 0.072 mmol was attributed to the photothermal

effect.

The pH variation during a series of photochemical reactions was investigated (Figure 2¢). Firstly,
under a nitrogen atmosphere, in the absence of CO; and carbonate species, the pH of the standard solution
decreased from 4.1 to 3.2 within 15 minutes of blue light irradiation (Figure 2c, top). Notably, despite the
ultra-short half-life (9 ns) of the excited state, a significant drop in bulk pH was observed. Although further
investigations are warranted, it is hypothesized that the solvation by water molecules contributes to the pH
change in this high pyranine concentration solution.®%35-% Secondly, a pyranine solution with an initial pH
of 7 was subjected to irradiation, and the pH dynamics were monitored (Figure 2c, middle). A modest pH
change from 7.1 to 7.05 was observed during the first 6 minutes of light exposure. This subtle pH variation
can be attributed to the buffering effect provided by the ground state of pyranine (pKa 7.7). Thirdly, during
the CO; release and capture step of the standard solution, the pH profile was recorded (Figure 2c, bottom).
In the release step under light, a pH drop occurred within the first 10 minutes, followed by a gradual increase
over the subsequent 20 minutes, consistent with the observed release of CO; during irradiation. Upon
turning off the light, a rapid pH jump was observed, followed by a gradual pH decrease upon the

introduction of 15% CO; at a flow rate of 50 mL/min, corresponding to the capture of CO; by the solution.

A control experiment involving light on and off was conducted to validate the photochemical
process (Figure 2d). The standard solution, comprising 100 mM pyranine and 100 mM potassium carbonate
saturated with 15% CO>, was subjected to one minute of irradiation followed by one minute without light.
Notably, a distinct pattern of gas output flow was observed during this experiment, with a sharp increase
during light exposure and a corresponding decrease when the light was turned off. This outcome

demonstrates the indispensable role of irradiation in CO; release. Moreover, the observed pattern suggests
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165 a predominant photoacid effect rather than a photothermal effect, as photothermal effect may exhibit a

166  gradual gas output during the light-on phase, followed by a gradual decline during the light-off phase.
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168  Figure 2. Photochemical release of CO; using pyranine photoacid system. (a) Schematic representation of
169  the experimental setup illustrating the standard condition for photochemical CO; release. The reaction vial

170  containing a pyranine solution is irradiated by a blue LED (427 nm) at room temperature. The vial is
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connected to a mass-flow meter (MFM) and a CO, sensor. The feed gas of 15% CO: is supplied through a
mass-flow controller (MFC). (b) CO; release from a 5 mL aqueous solution of 200 mM pyranine and 100
mM K,CO; saturated by 15% CO, irradiated by a blue LED (427 nm). The plot shows the amount of
released CO; under the standard condition (blue curve) as well as two control experiments: no pyranine
present (red curve) and no light exposure, but heating to 60 °C (yellow curve). (c) (Top) pH profile of a
100 mM pyranine solution in water (initial pH 4.1) irradiated by a blue LED (427 nm) for 15 minutes.
(Middle) pH profile of a 100 mM pyranine solution in water (initial pH 7.0, adjusted by KOH) irradiated
by a blue LED (427 nm) for 8 minutes. (Bottom) pH profile during CO- release (light) step in the presence
of 100 mM of K,COs saturated by 15% CO; followed by capture step (dark) by 15% CO; at a flow rate of
50 mL/min. (d) On/off studies demonstrating the effect of visible light by switching the light on and off

during the photochemical process.

We performed a cyclic experiment of CO- capture and release utilizing the pyranine photoacid
system (Figure 3a). The standard solution, consisting of 100 mM pyranine and 100 mM K,COs saturated
with 15% CO,, was prepared. The experiment involved repeated cycles of 30 minutes of irradiation for CO;
release, followed by 10 minutes of contact with 15% CO; at a flow rate of 50 mL/min for CO; capture. The
results of multiple cyclic CO, release are presented in Figure 3a. Over the course of 5 cycles, the amount
of CO; released through irradiation was approximately 0.1 mmol for each cycle. To ensure the
photostability of pyranine during the experiment, we performed NMR spectroscopy under the operational

conditions for 5 cycles, as shown in Figure 3b.
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Figure 3. Cyclic experiments of the photochemical capture and release of CO; using 100 mM of pyranine
in water (5 mL). (a) CO; release profile from a 5 mL aqueous solution containing 100 mM pyranine and
100 mM K,COs; saturated with 15% CO,. The solution was irradiated by a blue LED (427 nm) (red curve);
the flow rate of CO is shown in the blue curve. (b) *H-NMR and **C-NMR spectra of the starting mixture

and the solution after 5 cycles of the photochemical capture and release process.

Although CO; release was observed through irradiation using the pyranine photoacid system, the
current capacity of CO; released (0.13 mmol of CO; released per cycle using 500 mmol of pyranine) is
limited. We attribute this low capacity to the short half-life of the excited species in the pyranine photoacid
system. To address this limitation, we hypothesized that a photoacid with a longer half-life, capable of

accumulating excited states over time, could provide a larger capacity for CO, capture and release upon

https://doi.org/10.26434/chemrxiv-2023-pd83k ORCID: https://orcid.org/0000-0002-9569-1902 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2023-pd83k
https://orcid.org/0000-0002-9569-1902
https://creativecommons.org/licenses/by/4.0/

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

irradiation. Among the reported meta-stable state photoacids (mPAH), we selected Liao's photoacid® as a
model compound (Figure 4a). Liao's photoacid exhibits desirable values of pKa (7.8) and pKa* (1.7 - 3.2)
and possesses a long half-life of 70 s.*° Despite its extremely low solubility in water (0.19 mM),?” we
successfully obtained a 71 mM solution by incorporating 3.5 M of nicotinamide as a hydrotropic agent in
water.'®4! The photochemical working scheme of Liao's photoacid is depicted in Figure 4b. The mPAH
solution, saturated with 15% CO,, undergoes photochemical isomerization from E to Z upon irradiation.
The proximity of the phenol group and C2 of the indole moiety in the Z conformation leads to cyclization
and subsequent proton transfer. Upon returning to the dark environment, the mPAH reverts back to the E

configuration, completing the cycle.

The measurement of pH provides evidence supporting the accumulation of excited states over time
through irradiation (Figure 4c). The pH of the 72 mM mPAH in agueous solution decreased from 5.3 t0 5.0
within 3 minutes under light exposure (Figure 4c, top). Upon turning off the light, the pH gradually returned
to 6.2 within 30 minutes. Subsequently, mPAH buffer system at pH 7 was irradiated and the recorded pH
shows gradual decrease of pH from 7.0 to 6.85 over 15 min. pH reverted back to its starting value when the
light was turned off (Figure 4c, middle). This small pH change can be attributed to the buffering effect
provided by the ground state of mMPAH (pKa 7.8). Measurement of pH in the presence of 100 mM of K,CO3
saturated under 15% CO; presented a gradual increase in pH while irradiated and decrease in pH under
dark, which is consistent with the proposed photochemical working scheme (Figure 4c, bottom). A light on
and off experiment further confirms the essential role of light in CO. release (Figure 4d). Although
preliminary, the results indicate that the extended half-life of the excited state of Liao's photoacid provided
stable CO; release during irradiation. In a cyclic experiment comprising 3 cycles, each cycle resulted in a
CO; output of 0.07 mmol. Further investigations are necessary to explore potential enhancements in CO,

release capacity using alternative strategies.
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Figure 4. Photochemical CO; capture using meta-stable state photoacid (mPAH). (a) Liao’s photoacid and

its physicochemical properties. (b) Schematic representation of the photochemical working scheme for the

carbon capture cycle using mPAH in water. (c) (Top) pH profile of a 72 mM mPAH solution in water

(initial pH 5.3) irradiated by a blue LED (427 nm) for 8 minutes. (Middle) pH profile of a 71 mM mPAH

solution in water (initial pH 7.0, adjusted by KOH) irradiated by a blue LED (427 nm) for 14 minutes.
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(Bottom) pH profile during CO; release (light) step in the presence of 100 mM of K,COs saturated by 15%
CO; followed by capture step (dark) by 15% CO; at a flow rate of 50 mL/min. (d) Control experiment
demonstrating the effect of light by switching the light on and off. (e) Cyclic experiment of photochemical

carbon capture using a 71 mM mPAH solution in a 3.5 M nicotinamide aqueous solution (5 mL).

In summary, we have developed a photochemical carbon capture strategy in an aqueous bicarbonate
buffer system, utilizing the unique properties of photoacids and their response to light. Our study focused
on the photochemical modulation of the hydrophilic pyranine molecule as a model system for carbon
capture. Control experiments verified the contribution of the photoacid effect, along with a photothermal
effect, to CO- release. Cyclic experiments demonstrated the feasibility of the system over 5 cycles.
Additionally, we explored a meta-stable state photoacid with a longer excited state half-life, with observed
stable CO, release upon irradiation, while the CO- release capacity is still limited. Future studies should
consider the quantum yield of the photoacid and aim to design photoacid systems with high pKa values in
the ground state. This approach will not only enhance the effective capacity of the photoacid system for
carbon capture but also simplify the system by relying solely on the bicarbonate buffer, enabling better
system control. Our research opens up new avenues for the development of novel photochemical carbon
capture strategies. Looking ahead, future developments will aim to create photochemical systems that
harness sunlight, thereby enabling energy-efficient carbon capture without the need for external energy
inputs. This advancement has the potential to revolutionize the field of photo-swing carbon capture,

allowing for efficient and controlled capture and release of CO», facilitating its further utilization or storage.
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