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ABSTRACT
We present a gas–water interfacial carboxylation of phenol into salicylic acid under ambient conditions, bypassing the high
temperature and pressure required by the conventional Kolbe–Schmitt reaction. Phenol-containing microdroplets were sprayed
with CO2 into a high-resolution mass spectrometer, where in situ analysis revealed a highly regioselective ortho-carboxylation
pathway. To scale up the process, we transitioned from microdroplets to microbubbles, extending the gas–water contact time.
Milligram-scale acetylsalicylic acid (aspirin) was synthesized from 500 mL of 10 ppm aqueous phenol solution under a CO2

atmosphere, upon the addition of acetic anhydride. This study highlights the unique reactivity of micron-scale gas–water
interfaces, whether in droplets or bubbles, as effective media for the proof-of-concept conversion of dilute aqueous phenol and
CO2 into pharmaceutically relevant products under ambient conditions.
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Introduction

reen chemistry aims to eliminate hazardous substances in
ndustrial chemical production, while minimizing energy con-
umption and harmful byproducts to ensure environmental
ustainability [1]. Phenol (C6H5OH) is a common pollutant
n both air and water. Acute inhalation of phenol can cause
rritation to the mucous membranes, and long-term exposure

ay cause anorexia, diarrhea, or vertigo [2]. To reduce health
isk, it is necessary to convert phenol into less toxic sub-
tances [3, 4]. Advanced oxidation processes (AOPs) involving
enton’s reagent, biodegradation, or electrochemical oxida-
ion, are mainstream wastewater treating methods for phenol
emoval. However, these strategies often incur high energy
osts and incomplete degradation, sometimes producing equally
oxic substances such as quinones and chlorinated derivatives
5–8].
ll rights reserved, including rights for text and data mining and training of artificial inte
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In addition to generating hazardous substances, industrial activi-
ties also emit carbon dioxide (CO2), a greenhouse gas contributing
to global warming [9]. To mitigate atmospheric CO2 levels, two
principal strategies have been extensively explored. The first
involves CO2 capture and fixation using catalysts such as metal–
organic frameworks, amines, and heterocycles [10]. The low cap-
ture efficiency remains the major issue for this strategy [11]. The
second approach is converting CO2 into value-added products
through reduction (CO2RR), including artificial photosynthesis
and electrochemical reduction [12, 13]. The products span from C1
(e.g., carbon monoxide, formic acid, methanol) to C2 compounds
(e.g., ethylene, ethanol, acetate), as well as carbonate esters [14].
Despite its potential, the nonnegligible energy consumption is
still the major hindrance to its large-scale application [15].

Compared to AOP and CO2RR, the carboxylation of phenol
into hydroxybenzoic acid offers superior atom economy, as this
lligence technologies or similar technologies.
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FIGURE 1 (A) The spraying microdroplet setup and online moni-
toring by a mass spectrometer; (B) Carboxylation of phenol anion across
the microdroplet’s gas–water interface (GWI).
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rocess generates no additional byproducts (C6H5OH + CO2
HOC6H4COOH). More importantly, this process combines

nd converts phenol and CO2—two environmentally undesirable
ubstances—into a valuable pharmaceutical product.

-Hydroxybenzoic acid (2HB), commonly known as salicylic acid
SA), is an active pharmaceutical ingredient that modulates the
ctivity of cyclooxygenase 1 (COX-1) to suppress the formation
f pro-inflammatory factors [16]. SA has been used clinically
or over a century [17]. Its prodrug acetylsalicylic acid (ASA, or
spirin) is more frequently used in modern medicine and can
e readily synthesized from SA via a single step of acetylation
nder acidic conditions [18]. Pharmaceutical manufacturers pro-
uce aspirin by the classic Kolbe–Schmitt reaction [19], which

nvolves treating sodium phenolate with CO2 gas at 100 atm
nd 110–120◦C. Given these harsh conditions, developing a com-
lementary approach that enables phenol carboxylation under
ilder temperature and pressure conditions is desirable from a

reen chemistry perspective.

henol has a moderate water solubility of 8.3 g/100 mL at
0◦C [20]. Its carboxylation requires interaction with gaseous
O2 under basic conditions. Therefore, enhancing gas–water

nterfaces (GWIs) should significantly promote this transfor-
ation through improved interfacial contact between CO2 and

henol. Water microdroplets offer over a thousand-fold increase
n surface-to-volume ratio compared to the equivalent volume of
ulk water. Mounting studies have demonstrated the advantage of
sing GWIs to achieve CO2RR, including systems incorporating
ilicon dioxide nanoparticles, 1,2,3-triazole, or copper-organic
omplex photocatalysts [21–24]. At GWIs, the combined factors
f local solute enrichment, partial solvation, strong interfacial
lectric fields, and enhanced gas–liquid contact have been pro-
osed to accelerate reactions in microdroplets and microbubbles
25–27]. In the present system, these interfacial effects likely
acilitate contact between phenolate and CO2, supporting a
olbe–Schmitt-type carboxylation under ambient conditions.

nspired by the unique advantages of microdroplets, we first
nvestigated the feasibility of the interfacial phenol carboxyla-
ion. A nebulizing gas-assisted water microdroplet spray setup
as coupled with a high-resolution Orbitrap mass spectrometer

Figure 1) to enable online monitoring and capture of critical
ntermediates for mechanistic insight. A 0.1% aqueous phenol
olution was infused at 10 μL/min and nebulized with N2 gas
100 psi) into the mass spectrometer, which was operated in
egative ion mode.

weak signal representing the deprotonated SA ([M − H]−,
/z 137.0240) was detected (Figure 2A). Replacing N2 with

ompressed air increased the relative abundance of SA ion from
.2% to 10.1% (Figure 2B), indicating the involvement of ambient
O2 molecules in this process. When pure CO2 was used as a
ebulizing gas, the SA ion intensity further increased to 60.0%
Figure 2C), confirming that CO2 actively drives the interfacial
arboxylation.

n contrast, when using compressed N2 to spray phenol and CO2-
resaturated water, the SA ion intensity had no significant change
Figure 2D), indicating that simple CO2 dissolution in the bulk
hase was insufficient. These results demonstrated that the GWI
of 6
region played a critical role in driving the phenol carboxylation.
A pure-water spray blank showed no obvious SA signal at m/z
137, excluding instrument background or solvent contamination
as the source of the weak SA signal (Figure S1).

Mass spectrometric analysis was further conducted to confirm
whether the carboxylation happened at the ortho- or para-
position of the phenol ring. The first method employed
the hydrogen–deuterium exchange (HDX) strategy. 2-
Hydroxylbenzoic acid (2HB) exhibits minimal HDX behavior
due to intramolecular hydrogen bonding between the hydroxyl
and carboxyl groups, yielding a low-intensity ion at m/z 140.0458
(<5%). In contrast, the 4-hydroxylbenzoic acid (4HB), which
lacks such intramolecular interaction, displays a more prominent
HDX peak at m/z 140.0458 (35%). As shown in Figure 3A, the
HDX mass spectrum obtained by spraying phenol with CO2
matched the 2HB pattern.

Additional structural evidence was obtained from collision-
induced dissociation (CID) of the precursor ion of m/z 139.0392.
2HB generates a diagnostic fragment ion at the m/z 121.0290
([2HB + H—H2O]+), whereas 4HB decarboxylates and yields a
different m/z 95.0492 ([4HB + H—CO2]+) peak. The intramolec-
ular hydrogen bonding in 2HB stabilized the carboxyl group
and facilitated dehydration during fragmentation. As shown in
Figure 3B, the sprayed product matched the MS/MS pattern of
2HB, confirming preferential ortho-carboxylation. Together with
the CO2 dependence and strong alkaline phenolate conditions,
this regioselectivity supports an ionic interfacial carboxylation
pathway, possibly aided by intramolecular stabilization of the
2HB product. Although phenol carboxylation proceeds efficiently
at GWIs of microdroplets, the short contact time between CO2
and the liquid phase still limits the overall conversion. Micro-
droplets and microbubbles both provide micron-scale GWIs,
Chemistry – A European Journal, 2026
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FIGURE 2 Mass spectra of carboxylation of phenol into salicylic
acid (SA) in microdroplets using (A) N2, (B) air, (C) CO2 as nebulizing
gas. (D) Water was pre-saturated with CO2 gas before nebulization with
N2 gas.
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hile offering complementary experimental advantages. Prior
tudies have shown that microbubble interfaces can promote
nterfacial chemical transformations by increasing gas–liquid
ontact area and prolonging contact between gaseous reactants
nd the aqueous phase [28–35]. In this study, microdroplets were
sed for rapid in situ MS detection and feasibility testing, whereas
icrobubbles were used to extend gas–water contact time and

nable reaction scale-up.
hemistry – A European Journal, 2026
We designed a closed glass reactor with a microbubble generator
inside (Figure 4A). A 500 mL aqueous solution of 10 ppm sodium
phenolate (pH 12) served as the reacting medium. For the CO2
microbubble reaction, the reactor headspace was filled with pure
CO2, and CO2 was supplied continuously during operation of the
microbubble generator. When the diaphragm pump circulated
water through the microbubble generator, it created a local
low-pressure region that drew CO2 gas from the chamber and
dispersed it into numerous micron-size bubbles (Figure S2).

The physical size of the bubbles played a critical role in the conver-
sion efficiency of phenol carboxylation. Microbubbles produced
a much stronger SA signal than larger bubbles under otherwise
similar conditions (Figure 4B). This enhancement is consistent
with the larger gas–water interfacial area, enhanced curvature
[36, 37], and longer residence behavior of microbubbles, as further
supported by Movies S1 and S2 and Figure S3. In contrast, the
SA ion was not detected in the control group, which only has
the interface between the gas in the headspace and bulk water
(Figure 4B). In addition, air bubbling under otherwise similar
microbubble reaction conditions also produced no obvious SA
signal (Figure S4), despite the small amount of CO2 present in
ambient air, further supporting that significant SA formation
required intentional CO2 bubbling rather than background con-
tamination or nonspecific oxidation. Over 4 h of continuous
operation, the SA ion intensity steadily increased while the
phenol ion intensity gradually declined (Figure 4C), supporting
our hypothesis that micron-size bubbles can effectively facilitate
the interfacial carboxylation of phenol into SA.

The initial pH of 12 promotes the formation of phenolate, the
nucleophilic species required for carboxylation with CO2. As CO2
dissolved and SA accumulated, the pH gradually decreased to
approximately 6, which likely reduced the phenolate fraction and
slowed further carboxylation at later reaction times. This pH shift
may help the subsequent acetylation step: after the addition of
acetic anhydride, SA was converted to aspirin under more acidic
reaction conditions. The formation of aspirin was confirmed
based on both exact mass m/z 181.0495 (-0.56 ppm) and its frag-
ment pattern through the CID-MS/MS experiment (Figure 4D).
Major fragment ions at m/z 91.0542, 105.0335, and 149.0235 were
highly consistent with the aspirin standard (Figure 4D). The final
aspirin concentration, estimated from the ASA calibration curve
under the same nESI-MS conditions (Figure S5), reached 62.5 μM
in the 500 mL batch solution within 4 h of operation (Figure 4E).
Given an initial phenol concentration of 10 ppm (106 μM), this
corresponds to an apparent solution-phase ASA formation of
approximately 59% after acetylation, reflecting the overall phenol-
to-aspirin transformation under the present CO2 microbubble
conditions. The reported flow rate of 60 L h−1 refers to the internal
liquid circulation rate through the microbubble generator. CO2
was supplied continuously during operation to maintain a CO2-
rich gas phase, and the reported aspirin formation rate was
normalized to the 500 mL liquid reaction volume. The apparent
aspirin formation rate of 15.6 μmol L−1 h−1 corresponds to
approximately 2.8 mg L−1 h−1 of aspirin. Thereafter, aspirin
was isolated and purified through postsynthesis treatment. After
acidification with acetic acid to convert aspirin to its neutral
form and suppress its solubility in water, the product was
then extracted with ethyl acetate, concentrated under reduced
pressure, and purified by preparative thin-layer chromatography
3 of 6
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FIGURE 3 Identifying the phenol’s carboxylation product by the ortho- and para-isomers differentiation. (A1–A3) The hydrogen–deuterium
exchange-mass spectra of 2-hydroxybenzoic acid, 4-hydroxybenzoic acid, and sample solution; (B1–B3) the collision-induced dissociation (CID) tandem
mass spectra of 2-hydroxybenzoic acid, 4-hydroxybenzoic acid, and sample solution.

FIGURE 4 Scaled-up phenol’s carboxylation by dispersing CO2 gas into the water solution. (A) Diagram of the continuous microbubble system
with recirculating pump. (B) Bubble-size-dependent phenol carboxylation efficiency. (C) Monitoring the progress of phenol carboxylation into salicylic
acid (SA) by plotting ion intensity-time curves. (D) Identification of the aspirin in the solution by CID-MS/MS. (E) The quantitative measurement of
aspirin concentration change with the acetylation process by adding acetyl anhydride. The inset is a microscopic image of purified aspirin crystals
obtained after ethyl acetate extraction, preparative TLC isolation, target-spot harvesting, and solvent evaporation; (F) 1H-NMR confirmation of the
aspirin.

4 of 6 Chemistry – A European Journal, 2026
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TLC). The target spot on the TLC plate (Figure S6) was carefully
craped off and redissolved in 0.5 mL of methanol. The resulting
olution was analyzed by mass spectrometry (Figure S7) and 1H
MR to confirm the identity of the final product. Figure 4F

hows two doublets and two triplets with chemical shifts from
.00 to 7.75 ppm and coupling constants of 6-9 Hz, representing
our neighboring aromatic protons. This demonstrates the ortho
elationship between acetoxy and carboxyl groups. The singlet
eak at 2.2 ppm arises from the acetoxy CH3 group (Figure S8).
fter solvent evaporation, approximately 3 mg of purified aspirin
as isolated, corresponding to a yield of approximately 31%
ased on the initial amount of phenol. The difference between
he solution-phase estimate and the isolated mass likely reflects
osses during extraction and preparative TLC purification, which
ere performed primarily for product identification rather than
ptimized recovery.

n this work, we demonstrate a proof-of-concept gas–water
nterfacial route for converting dilute aqueous phenol and CO2
nto SA and subsequently aspirin under ambient conditions.
he present work expands gas–water interfacial chemistry to
mbient-condition phenolate carboxylation and downstream
spirin synthesis, combining regioisomer-selective MS charac-
erization, microdroplet feasibility testing, microbubble scale-up,
nd purified product isolation. The key advance demonstrated
ere is the promotion of phenolate carboxylation at micron-scale
WIs without the elevated temperature and pressure used in the

onventional Kolbe–Schmitt reaction. For broad context, the mar-
et price of aspirin is more than twice that of phenol, illustrating
he value-added nature of this transformation. Future reac-
or optimization and quantitative energy/gas-utilization mea-
urements will further clarify the practical efficiency of this
pproach.
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