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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 CO, 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 CO,

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

CO, into pharmaceutically relevant products under ambient conditions.

1 | Introduction

Green chemistry aims to eliminate hazardous substances in
industrial chemical production, while minimizing energy con-
sumption and harmful byproducts to ensure environmental
sustainability [1]. Phenol (C4Hs;OH) is a common pollutant
in both air and water. Acute inhalation of phenol can cause
irritation to the mucous membranes, and long-term exposure
may cause anorexia, diarrhea, or vertigo [2]. To reduce health
risk, it is necessary to convert phenol into less toxic sub-
stances [3, 4]. Advanced oxidation processes (AOPs) involving
Fenton’s reagent, biodegradation, or electrochemical oxida-
tion, are mainstream wastewater treating methods for phenol
removal. However, these strategies often incur high energy
costs and incomplete degradation, sometimes producing equally
toxic substances such as quinones and chlorinated derivatives
[5-8].

In addition to generating hazardous substances, industrial activi-
ties also emit carbon dioxide (CO,), a greenhouse gas contributing
to global warming [9]. To mitigate atmospheric CO, levels, two
principal strategies have been extensively explored. The first
involves CO, 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 CO, into value-added products
through reduction (CO,RR), including artificial photosynthesis
and electrochemical reduction [12, 13]. The products span from C,
(e.g., carbon monoxide, formic acid, methanol) to C, 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 CO,RR, the carboxylation of phenol
into hydroxybenzoic acid offers superior atom economy, as this
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process generates no additional byproducts (C,H;OH + CO,
— HOC,H,COOH). More importantly, this process combines
and converts phenol and CO,—two environmentally undesirable
substances—into a valuable pharmaceutical product.

2-Hydroxybenzoic acid (2HB), commonly known as salicylic acid
(SA), is an active pharmaceutical ingredient that modulates the
activity of cyclooxygenase 1 (COX-1) to suppress the formation
of pro-inflammatory factors [16]. SA has been used clinically
for over a century [17]. Its prodrug acetylsalicylic acid (ASA, or
aspirin) is more frequently used in modern medicine and can
be readily synthesized from SA via a single step of acetylation
under acidic conditions [18]. Pharmaceutical manufacturers pro-
duce aspirin by the classic Kolbe-Schmitt reaction [19], which
involves treating sodium phenolate with CO, gas at 100 atm
and 110-120°C. Given these harsh conditions, developing a com-
plementary approach that enables phenol carboxylation under
milder temperature and pressure conditions is desirable from a
green chemistry perspective.

Phenol has a moderate water solubility of 8.3 g/100 mL at
20°C [20]. Its carboxylation requires interaction with gaseous
CO, under basic conditions. Therefore, enhancing gas-water
interfaces (GWIs) should significantly promote this transfor-
mation through improved interfacial contact between CO, and
phenol. Water microdroplets offer over a thousand-fold increase
in surface-to-volume ratio compared to the equivalent volume of
bulk water. Mounting studies have demonstrated the advantage of
using GWIs to achieve CO,RR, including systems incorporating
silicon dioxide nanoparticles, 1,2,3-triazole, or copper-organic
complex photocatalysts [21-24]. At GWIs, the combined factors
of local solute enrichment, partial solvation, strong interfacial
electric fields, and enhanced gas-liquid contact have been pro-
posed to accelerate reactions in microdroplets and microbubbles
[25-27]. In the present system, these interfacial effects likely
facilitate contact between phenolate and CO,, supporting a
Kolbe-Schmitt-type carboxylation under ambient conditions.

Inspired by the unique advantages of microdroplets, we first
investigated the feasibility of the interfacial phenol carboxyla-
tion. A nebulizing gas-assisted water microdroplet spray setup
was coupled with a high-resolution Orbitrap mass spectrometer
(Figure 1) to enable online monitoring and capture of critical
intermediates for mechanistic insight. A 0.1% aqueous phenol
solution was infused at 10 uL/min and nebulized with N, gas
(100 psi) into the mass spectrometer, which was operated in
negative ion mode.

A weak signal representing the deprotonated SA ([M — H],
m/z 137.0240) was detected (Figure 2A). Replacing N, with
compressed air increased the relative abundance of SA ion from
1.2% to 10.1% (Figure 2B), indicating the involvement of ambient
CO, molecules in this process. When pure CO, was used as a
nebulizing gas, the SA ion intensity further increased to 60.0%
(Figure 2C), confirming that CO, actively drives the interfacial
carboxylation.

In contrast, when using compressed N, to spray phenol and CO,-
presaturated water, the SA ion intensity had no significant change
(Figure 2D), indicating that simple CO, dissolution in the bulk
phase was insufficient. These results demonstrated that the GWI
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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).

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 CO,
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—H,0]"), whereas 4HB decarboxylates and yields a
different m/z 95.0492 ([4HB + H—CO,]*) 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 CO, 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 CO,
and the liquid phase still limits the overall conversion. Micro-
droplets and microbubbles both provide micron-scale GWIs,
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FIGURE 2 | Mass spectra of carboxylation of phenol into salicylic
acid (SA) in microdroplets using (A) N,, (B) air, (C) CO, as nebulizing
gas. (D) Water was pre-saturated with CO, gas before nebulization with
N, gas.

while offering complementary experimental advantages. Prior
studies have shown that microbubble interfaces can promote
interfacial chemical transformations by increasing gas-liquid
contact area and prolonging contact between gaseous reactants
and the aqueous phase [28-35]. In this study, microdroplets were
used for rapid in situ MS detection and feasibility testing, whereas
microbubbles were used to extend gas-water contact time and
enable reaction scale-up.

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 CO,
microbubble reaction, the reactor headspace was filled with pure
CO,, and CO, 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 CO, 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 CO, present in
ambient air, further supporting that significant SA formation
required intentional CO, 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 CO,. As CO,
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 uM
in the 500 mL batch solution within 4 h of operation (Figure 4E).
Given an initial phenol concentration of 10 ppm (106 uM), this
corresponds to an apparent solution-phase ASA formation of
approximately 59% after acetylation, reflecting the overall phenol-
to-aspirin transformation under the present CO, microbubble
conditions. The reported flow rate of 60 L h~! refers to the internal
liquid circulation rate through the microbubble generator. CO,
was supplied continuously during operation to maintain a CO,-
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 umol L~' h~! corresponds to
approximately 2.8 mg L™! h™! 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
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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.
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FIGURE 4 | Scaled-up phenol’s carboxylation by dispersing CO, 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) 'H-NMR confirmation of the

aspirin.
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(TLC). The target spot on the TLC plate (Figure S6) was carefully
scraped off and redissolved in 0.5 mL of methanol. The resulting
solution was analyzed by mass spectrometry (Figure S7) and 'H
NMR to confirm the identity of the final product. Figure 4F
shows two doublets and two triplets with chemical shifts from
7.00 to 7.75 ppm and coupling constants of 6-9 Hz, representing
four neighboring aromatic protons. This demonstrates the ortho
relationship between acetoxy and carboxyl groups. The singlet
peak at 2.2 ppm arises from the acetoxy CH; group (Figure S8).
After solvent evaporation, approximately 3 mg of purified aspirin
was isolated, corresponding to a yield of approximately 31%
based on the initial amount of phenol. The difference between
the solution-phase estimate and the isolated mass likely reflects
losses during extraction and preparative TLC purification, which
were performed primarily for product identification rather than
optimized recovery.

In this work, we demonstrate a proof-of-concept gas-water
interfacial route for converting dilute aqueous phenol and CO,
into SA and subsequently aspirin under ambient conditions.
The present work expands gas-water interfacial chemistry to
ambient-condition phenolate carboxylation and downstream
aspirin synthesis, combining regioisomer-selective MS charac-
terization, microdroplet feasibility testing, microbubble scale-up,
and purified product isolation. The key advance demonstrated
here is the promotion of phenolate carboxylation at micron-scale
GWIs without the elevated temperature and pressure used in the
conventional Kolbe-Schmitt reaction. For broad context, the mar-
ket price of aspirin is more than twice that of phenol, illustrating
the value-added nature of this transformation. Future reac-
tor optimization and quantitative energy/gas-utilization mea-
surements will further clarify the practical efficiency of this
approach.

Funding

C.B. acknowledges the Deanship of Research at KFUPM for International
Summer Research Program (ISP2648). R.N.Z. thanks the Air Force Office
of Scientific Research through the Multidisciplinary University Research
Initiative program (AFOSR FA9550-21-1-0170) and the Sustainability
Accelerator program of the Doerr School of Sustainability at Stanford
University (GHG-0030-R.N.Z.). This work was supported by King Fahd
University of Petroleum and Minerals.

Conflicts of Interest

The authors declare no conflicts of interests.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. P. Anastas and E. Nicolas, “Green Chemistry: Principles and Practice,”
Chemical Society Reviews 39 (2010): 301-312, https://doi.org/10.1039/
B918763B.

2. R. M. Bruce, J. Santodonato, and M. W. Neal, “Summary Review of the
Health Effects Associated with Phenol,” Toxicology and Industrial Health
3 (1987): 535-568, https://doi.org/10.1177/074823378700300407.

3. L. G. C. Villegas, N. Mashhadi, M. Chen, D. Mukherjee, K. E. Taylor,
and N. Biswas, “A Short Review of Techniques for Phenol Removal from
Wastewater,” Current Pollution Reports 2 (2016): 157-167, https://doi.org/
10.1007/s40726-016-0035-3.

4. A. Mohd, “Presence of Phenol in Wastewater Effluent and Its Removal:
An Overview,” International Journal of Environmental Analytical
Chemistry 102 (2022): 1362-1384, https://doi.org/10.1080/03067319.2020.
1738412.

5. P. M. van Schie and L. Y. Young, “Biodegradation of Phenol: Mecha-
nisms and Applications,” Bioremediation Journal 4 (2000): 1-18.

6.S. Ahmed, M. Rasul, W. N. Martens, R. Brown, and M. Hashib,
“Advances in Heterogeneous Photocatalytic Degradation of Phenols and
Dyes in Wastewater: A Review,” Water, Air, & Soil Pollution 215 (2011):
3-29, https://doi.org/10.1007/s11270-010-0456-3.

7. R. C. Martins and R. M. Quinta-Ferreira, “Remediation of Phenolic
Wastewaters by Advanced Oxidation Processes (AOPs) at Ambient Con-
ditions: Comparative Studies,” Chemical Engineering Science 66 (2011):
3243-3250, https://doi.org/10.1016/].ces.2011.02.023.

8. H. Xu, X. Sun, H. Yang, et al., “Degradation of Aqueous Phenol
by Combined Ultraviolet and Electrochemical Oxidation Treatment,”
Journal of Cleaner Production 436 (2024): 140672, https://doi.org/10.1016/
j-jclepro.2024.140672.

9. S. Manabe, “Role of Greenhouse Gas in Climate Change,” Tellus A:
Dynamic Meteorology and Oceanography 71 (2019): 1620078, https://doi.
0rg/10.1080/16000870.2019.1620078.

10. M. S. B. Reddy, D. Ponnamma, K. K. Sadasivuni, B. Kumar, and
A. M. Abdullah, “Carbon Dioxide Adsorption Based on Porous Mate-
rials,” RSC Advances 11 (2021): 12658-12681, https://doi.org/10.1039/
DORA10902A.

11. H. A. Patel, J. Byun, and C. T. Yavuz, “Carbon Dioxide Capture
Adsorbents: Chemistry and Methods,” Chemsuschem 10 (2017): 1303-1317,
https://doi.org/10.1002/cssc.201601545.

12. Y. Xiong, J. Ye, and C. Zhao, “Carbon Dioxide Conversion,” Chem-
NanoMat 7 (2021): 967.

13. G. Fiorani, W. Guo, and A. W. Kleij, “Sustainable Conversion of Carbon
Dioxide: The Advent of Organocatalysis,” Green Chemistry 17 (2015): 1375-
1389, https://doi.org/10.1039/C4GC01959H.

14. V. Havran, M. P. Dudukovic, and C. S. Lo, “Conversion of Methane
and Carbon Dioxide to Higher Value Products,” Industrial & Engi-
neering Chemistry Research 50 (2011): 7089-7100, https://doi.org/10.1021/
1€2000192.

15. 1. Artz, T. E. Miiller, K. Thenert, et al., “Sustainable Conversion
of Carbon Dioxide: An Integrated Review of Catalysis and Life Cycle
Assessment,” Chemical Reviews 118 (2018): 434-504, https://doi.org/10.
1021/acs.chemrev.7b00435.

16. R. Amann and B. A. Peskar, “Anti-Inflammatory Effects of Aspirin and
Sodium Salicylate,” European Journal of Pharmacology 447 (2002): 1-9,
https://doi.org/10.1016/S0014-2999(02)01828-9.

17. V. Fuster and J. M. Sweeny, “Aspirin: A Historical and Contemporary
Therapeutic Overview,” Circulation 123 (2011): 768-778, https://doi.org/
10.1161/CIRCULATIONAHA.110.963843.

18. J. A. Olmsted III, “Synthesis of Aspirin: A General Chemistry Exper-
iment,” Journal of Chemical Education 75 (1998): 1261, https://doi.org/10.
1021/ed075p1261.

19. A. S. Lindsey and H. Jeskey, “The Kolbe-Schmitt Reaction,” Chemical
Reviews 57 (1957): 583-620, https://doi.org/10.1021/cr50016a001.

20. A. E. Hill and W. M. Malisoff, “The Mutual Solubility of Liquids. III.
THE Mutual Solubility of Phenol and Water. Iv. THE Mutual Solubility
of Normal Butyl Alcohol and Water,” Journal of the American Chemical
Society 48 (1926): 918-927, https://doi.org/10.1021/ja01415a011.

21. W. Chen, J. Liu, Q. Jiang, et al., “Silica-Driven CO, Reduction in Water
Microdroplets,” Journal of the American Chemical Society 147 (2025):
25287-25294, https://doi.org/10.1021/jacs.5c03921.

Chemistry — A European Journal, 2026

50f6

85UBO11] SUOLIWOD SIS0 {91 ke aU Ad pouBA0B a2 DO YO ‘88N JO'SIINI 10} AIRIIT3UIIUO /BJIAN UO (SUORIPUOD-PUE-SLLLIBILOY"AB |1 AReic]1IBU 1|UO//SCIY) SUOIIPUOD) PUe SWLB | 34} 39S *[9202/60/TT] U0 AXeiqIT8UIIUO ABIIM * AISBAIUN PIOJIEIS - 9187 PRI Ad BTSTZ WRUD/Z00T OT/I0P/W0Y A3 i ARe.q1pUI U0 ad0Ie-AIIS ILBLD//'SANY W1} Papeolumod ‘0 ‘S9LETZST


https://doi.org/10.1039/B918763B
https://doi.org/10.1177/074823378700300407
https://doi.org/10.1007/s40726-016-0035-3
https://doi.org/10.1080/03067319.2020.1738412
https://doi.org/10.1007/s11270-010-0456-3
https://doi.org/10.1016/j.ces.2011.02.023
https://doi.org/10.1016/j.jclepro.2024.140672
https://doi.org/10.1080/16000870.2019.1620078
https://doi.org/10.1039/D0RA10902A
https://doi.org/10.1002/cssc.201601545
https://doi.org/10.1039/C4GC01959H
https://doi.org/10.1021/ie2000192
https://doi.org/10.1021/acs.chemrev.7b00435
https://doi.org/10.1016/S0014-2999(02)01828-9
https://doi.org/10.1161/CIRCULATIONAHA.110.963843
https://doi.org/10.1021/ed075p1261
https://doi.org/10.1021/cr50016a001
https://doi.org/10.1021/ja01415a011
https://doi.org/10.1021/jacs.5c03921

22.X. Song, Y. Meng, and R. N. Zare, “Spraying Water Microdroplets
Containing 1,2,3-Triazole Converts Carbon Dioxide into Formic Acid,”
Journal of the American Chemical Society 144 (2022): 1674416748, https://
doi.org/10.1021/jacs.2c07779.

23. J. Dong, J. Chen, W. Wang, Z. Wei, Z.-Q. Tian, and F. R. Fan, “Charged
Microdroplets as Microelectrochemical Cells for CO, Reduction and C-
C Coupling,” Journal of the American Chemical Society 146 (2024): 2227-
2236, https://doi.org/10.1021/jacs.3c12586.

24. Q. Ge, Y. Liu, K. Li, et al., “Significant Acceleration of Photocatalytic
CO, Reduction at the Gas-Liquid Interface of Microdroplets**,” Ange-
wandte Chemie International Edition 62 (2023): 202304189, https://doi.
org/10.1002/anie.202304189.

25. Z. Wel, Y. Li, R. G. Cooks, and X. Yan, “Accelerated Reaction Kinetics
in Microdroplets: Overview and Recent Developments,” Annual Review
of Physical Chemistry 71 (2020): 31-51, https://doi.org/10.1146/annurev-
physchem-121319-110654.

26. M. F. Ruiz-Lépez and M. T. Martins-Costa, “Disentangling Reaction
Rate Acceleration in Microdroplets,” Physical Chemistry Chemical Physics
24 (2022): 29700-29704, https://doi.org/10.1039/D2CP04998H.

27.X. Yan, R. M. Bain, and R. G. Cooks, “Organic Reactions in
Microdroplets: Reaction Acceleration Revealed by Mass Spectrometry,”
Angewandte Chemie International Edition 55 (2016): 1296012972, https://
doi.org/10.1002/anie.201602270.

28. X. Song, C. Basheer, J. Xu, M. M. Adam, and R. N. Zare, “Methane
Bubbled through Seawater Can be Converted to Methanol with High
Efficiency,” Advanced Science 12 (2025): 2412246, https://doi.org/10.1002/
advs.202412246.

29.J. Xu, X. Song, Y. Lu, L. Lyu, C. Basheer, and R. N. Zare, “Intrinsic
Electric Field Triggers Phenol Oxidative Degradation at Microbubble
Interfaces,” Journal of the American Chemical Society 148 (2026): 43-49,
https://doi.org/10.1021/jacs.5c16083.

30. S. Bose, M. Mofidfar, and R. N. Zare, “Direct Conversion of N, and
Air to Nitric Acid in Gas-Water Microbubbles,” Journal of the American
Chemical Society 146 (2024): 27964-27971, https://doi.org/10.1021/jacs.
4c¢11899.

31. S. Bose, M. A. Mehrgardi, and R. N. Zare, “Selective Photochemical
Conversion of Carbon Dioxide to Formic Acid at Gas-Water Interface
of Microbubbles,” Journal of the American Chemical Society 147 (2025):
27449-27457, https://doi.org/10.1021/jacs.5c04912.

32.J. Xu, Y. Xia, and R. N. Zare, “Catalyst-Free Microbubble System for
Removing Nitrous Oxide from Air,” Environmental Science & Technology
Letters 12 (2025): 1354-1358, https://doi.org/10.1021/acs.estlett.5c00536.

33. S. Bose, S. Bahadorikhalili, Y. He, H. Samouei, and R. N. Zare, “Highly
Efficient Production of Nitrite and Nitrate from Air at the Gas-water
Interface of Nanobubbles,” Science Advances 12 (2026): eaec4225, https://
doi.org/10.1126/sciadv.aec4225.

34. R. Li, M. Hong, M. Guo, R. Chen, and B. Song, “Oxidation and
Degradation of Nitrobenzene by Ozone Micro-Nano Bubbles,” Chemical
Engineering Science 302 (2025): 120903, https://doi.org/10.1016/j.ces.2024.
120903.

35. R.Yin, Q. Zhang, W. Yang, X. Hou, M. Xie, and Y. Tian, “Catalyst-Free
One-Step Oxidation of Benzene to Phenol Using Nanobubbles,” Green
chemistry 27 (2025): 11216-11221, https://doi.org/10.1039/D5GC02605A.

36. K. Lee, M. A. Mehrgardi, and R. N. Zare, “Interfacial Curvature,
Not Simply Size, Controls Spontaneous Hydrogen Peroxide Formation
in Water Microdroplets,” Journal of the American Chemical Society 147
(2025): 33240-33247, https://doi.org/10.1021/jacs.5c11575.

37.Y. Xia, X. Gao, J. Li, R. N. Zare, B. Chen, and X. Zhang, “Droplet-
on-demand Mass Spectrometry Reveals Curvature-Dependent Interfa-
cial Reactivity in Aqueous Microdroplets,” Proceedings of the National
Academy of Sciences 122 (2025): €2519491122, https://doi.org/10.1073/pnas.
2519491122.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting Information includes experimental methods, Figures S1-S8,
and Movies S1-S2.

Supporting File 1: chem71518-sup-0001-SuppMat.docx.

Supporting File 2: chem71518-sup-0002-MovieSl.mp4.

Supporting File 3: chem71518-sup-0003-MovieS2.mp4

60f6

Chemistry — A European Journal, 2026

85UBO11] SUOLIWOD SIS0 {91 ke aU Ad pouBA0B a2 DO YO ‘88N JO'SIINI 10} AIRIIT3UIIUO /BJIAN UO (SUORIPUOD-PUE-SLLLIBILOY"AB |1 AReic]1IBU 1|UO//SCIY) SUOIIPUOD) PUe SWLB | 34} 39S *[9202/60/TT] U0 AXeiqIT8UIIUO ABIIM * AISBAIUN PIOJIEIS - 9187 PRI Ad BTSTZ WRUD/Z00T OT/I0P/W0Y A3 i ARe.q1pUI U0 ad0Ie-AIIS ILBLD//'SANY W1} Papeolumod ‘0 ‘S9LETZST


https://doi.org/10.1021/jacs.2c07779
https://doi.org/10.1021/jacs.3c12586
https://doi.org/10.1002/anie.202304189
https://doi.org/10.1146/annurev-physchem-121319-110654
https://doi.org/10.1039/D2CP04998H
https://doi.org/10.1002/anie.201602270
https://doi.org/10.1002/advs.202412246
https://doi.org/10.1021/jacs.5c16083
https://doi.org/10.1021/jacs.4c11899
https://doi.org/10.1021/jacs.5c04912
https://doi.org/10.1021/acs.estlett.5c00536
https://doi.org/10.1126/sciadv.aec4225
https://doi.org/10.1016/j.ces.2024.120903
https://doi.org/10.1039/D5GC02605A
https://doi.org/10.1021/jacs.5c11575
https://doi.org/10.1073/pnas.2519491122

	Synthesis of Aspirin at the Gas-Water Interface With Phenol and Carbon Dioxide
	1 | Introduction
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


