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Response to Reviewer’s comments 

For clarity, the reviewer’s comments are listed below in black italics type, our responses 

are in black normal type, and changes in the revised version are highlighted in blue. 

Reviewer #2: 

This study investigates the formation of formic and acetic acid during the 

photooxidation of toluene using an oxidation flow reactor (OFR). The authors report 

unexpectedly high peak molar yields at equivalent atmospheric aging times of 1–3 days. 

The authors concluded that these findings suggest current chemical mechanisms, such 

as MCM v3.3.1, which underestimate these yields by a factor of five, are missing 

significant multi-generational oxidation pathways. 

However, the authors did not provide sufficient experimental details for me to examine 

whether their conclusion is valid. The source of OH radical in the OFR experiments of 

this study was O3. Its concentration was not reported in the paper. 

Usually O3 concentrations in such experiments should be very high (compared to 

ambient concentrations) to sustain strong OH production. If this is the case in this study, 

the alkenes formed after the first 1-2 steps of oxidation of toluene are likely also ready 

to react with O3. Reactivity of the ozonides formed is likely insensitive to NOx. It is 

possible that ozonides and subsequent products (e.g. Criegee Intermediates) convert 

into organic acids in the aqueous phase. It is an open question whether the 

abovementioned processes are relevant to the atmosphere. In any case, the authors 

should discuss the possibility and quantify their contribution to the observed organic 

acids. 

If O3 concentrations used in the experiments of this study were not very high (as in the 

OH exposure calibration experiments reported in Figure S3), to achieve high aging, 

the lamps needed to be very strong, and significantly photolyzed toluene and 

oxygenated alkenes at 254 nm. These processes have been very poorly constrained. 

They may or may not lead to organic acid formation, but they are experimental artifacts 

that should be avoided, or at least deducted. 

The authors should report more details of their experiments, carefully examine the 

possibility of the organic acid formation pathways I discussed above, and update their 

discussions and conclusion in the paper as needed before this paper can be accepted 

for publication in ACP. 

We gratefully thank you for your comments and suggestions to improve the manuscript. 

We have revised the manuscript by carefully considering the comments. The major 

revisions include: (1) quantitative assessment of the relative contributions of O3 

reactions and 254 nm photolysis versus •OH-initiated reactions; (2) detailed 

experimental conditions for the high-NOx experiments with model-simulated radical 

concentrations; (3) wall loss data for organic acids; and (4) expanded discussion on 

NO/NO2 roles, RH dependence, and organic acid decay at high •OH exposures. More 

details about the revisions can be found in the revised manuscript and in our response 

below. 

(Q1) The source of OH radical in the OFR experiments of this study was O3. Its 

concentration was not reported in the paper. Usually O3 concentrations in such 

experiments should be very high (compared to ambient concentrations) to sustain 

strong OH production. If this is the case in this study, the alkenes formed after the first 
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1-2 steps of oxidation of toluene are likely also ready to react with O3. Reactivity of the 

ozonides formed is likely insensitive to NOx. It is possible that ozonides and subsequent 

products (e.g. Criegee Intermediates) convert into organic acids in the aqueous phase. 

It is an open question whether the abovementioned processes are relevant to the 

atmosphere. In any case, the authors should discuss the possibility and quantify their 

contribution to the observed organic acids. If O3 concentrations used in the experiments 

of this study were not very high (as in the OH exposure calibration experiments 

reported in Figure S3), to achieve high aging, the lamps needed to be very strong, and 

significantly photolyzed toluene and oxygenated alkenes at 254 nm. These processes 

have been very poorly constrained. They may or may not lead to organic acid formation, 

but they are experimental artifacts that should be avoided, or at least deducted. 

Response: Thank you for your suggestions. We appreciate the opportunity to clarify 

the experimental conditions and to evaluate the relative contributions of O3 reactions 

and 254 nm photolysis compared to •OH reactions. 

Regarding the O3 concentrations, we note that the initial O3 concentration was in fact 

reported in the original manuscript (Section 2.2): “the initial concentration of O3 was 

about 1580 ppbv”. Moreover, the O3 concentrations at different sampling positions 

under various experimental conditions were also provided in the original manuscript 

(Figure 1). Compared with typical OFR studies, our O3 concentrations (< 2 ppmv) are 

relatively modest, being ~50 times higher than typical ambient levels. However, the OH 

radical concentrations in the OFR exceed 109 molecules cm−3, which is ~103 times 

higher than typical atmospheric concentrations. To quantitatively assess the relative 

importance of these two oxidation pathways, we calculated the contribution of O3 

reactions relative to •OH reactions for a series of species under our reactor conditions. 

As shown in Figure R1, even for species containing multiple unsaturated bonds, the 

relative contribution of O3 reactions is less than 20%, while for most species the O3 

contribution is less than 5%. These results confirm that the oxidation process in our 

OFR is predominantly driven by •OH. 

We have also performed an assessment of the potential contribution of 254 nm 

photolysis. As shown in Figure R2, except for a few species containing multiple 

chromophores, the contribution of 254 nm photolysis is generally minor compared to 

•OH-initiated oxidation. For example, the absorption cross section of toluene at 254 nm 

is relatively small (~5 × 10−19 cm2 molecule−1), and the resulting photolysis rate under 

our photon flux (~2.9 × 1015 photons cm−2 s−1) is approximately 0.0015 s−1, which is 

more than one order of magnitude lower than the corresponding •OH reaction rate. 

Therefore, direct photolysis of toluene at 254 nm is not a significant pathway. 

In summary, although the O3 concentrations and 254 nm photon flux in our OFR are 

higher than ambient levels, •OH concentrations are enhanced to an even greater extent, 

ensuring that •OH -initiated reactions remain the dominant oxidation pathway. We have 

added a brief discussion to Section 2.2. 
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Figure R1. Relative contributions of O3 reactions versus •OH reactions in the oxidation 

flow reactor. 

 
Figure R2. Relative contributions of 254 nm photolysis versus •OH reactions in the 

oxidation flow reactor. 

Page 6: “It should be noted that although both the O3 concentration and the 254 nm 

photon flux in the OFR substantially exceed typical ambient levels, •OH concentration 

is enhanced to an even greater extent, ensuring that •OH-initiated reactions remain the 

dominant oxidation pathway.” 

(Q2) Line 111: this OFR is much more tube-like than typical OFRs (e.g. PAM). More 

details are needed to convince me that its wall losses are negligible. 

Response: Thank you for your suggestion. We acknowledge that our OFR design (2 L 

volume, 1 m length, 5 cm inner diameter) is more tubular in geometry compared to 

typical OFRs such as the PAM reactor. We have conducted detailed wall loss 

experiments using this reactor configuration. Given the short residence times employed 

in our study (3.9–60 s), wall losses have a minor impact on the experimental results. 

The wall loss rate constants for formic acid and acetic acid were measured as 4.3 × 10−4 
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s−1 and 3.4 × 10−4 s−1 at 20% RH, and 4.7 × 10−4 s−1 and 3.9 × 10−4 s−1 at 70% RH, 

respectively. Compared with the •OH reaction rate at the •OH concentrations in our 

OFR, the wall loss rates account for less than 5% of the total removal rates. Therefore, 

wall losses were not corrected for in our yield calculations and do not affect the 

conclusions of this study. We have added a statement to this effect in Section 2.2 of the 

revised manuscript. 

Page 7: “In addition, the wall loss rates of formic acid and acetic acid were measured 

to be less than 5% of their respective •OH reaction rates under our experimental 

conditions and were therefore not corrected for in the yield calculations.” 

(Q3) Line 142: I can expect NO and NO2 to play very different roles in toluene oxidation 

chemistry. The authors should discuss the roles of NO and of NO2 in these experiments 

separately. 

Response: Thank you for your suggestion. In our experiments, NO was generated via 

the reaction O(1D) + N2O → 2NO, followed by NO + O3 → NO2 + O2. The resulting 

NOx mixture therefore contained both NO and NO2. Based on our model simulations, 

NO and NO2 concentrations exhibit a strong linear correlation (R2 = 0.98) across all 

experimental conditions, making it difficult to fully decouple their individual effects on 

organic acid formation. Nevertheless, we note that the primary role of NO in toluene 

oxidation chemistry is to react with peroxy radicals (RO2• and HO2•), diverting them 

from the RO2• + HO2• pathway toward NO reaction channels that favor alkoxy radical 

formation. Since our results show that organic acid yields are insensitive to the NO 

level, this implies that the dominant organic acid formation pathway is not mediated by 

traditional peroxy radical chemistry, regardless of whether NO or NO2 is the 

predominant species. We have added a brief discussion of this point in the revised 

manuscript. 

Page 11: “It should be noted that NO and NO2 were produced simultaneously in our 

experiments (via O(1D) + N2O → 2NO, followed by NO + O3 → NO2 + O2), and model 

simulations indicate that their concentrations were strongly correlated (R2 = 0.98). NO 

primarily reacts with RO2 to form alkoxy radicals (RO•), which can divert the 

traditional organic acid formation pathway toward carbonyl products. NO2 can react 

with peroxyacyl radicals to form peroxyacyl nitrates (PANs), potentially sequestering 

acyl peroxy intermediates, and can also react with •OH, thereby affecting •OH 

concentration.” 

Page 11: “These results indicate that neither the NO-mediated RO2• diversion pathway 

nor the NO2-related pathways significantly control organic acid production.” 

(Q4) Line 214: the organic acid formation pathways I proposed above both become 

more important relative to multi-generation OH oxidation at lower RH. None of these 

reactions directly involve water vapor, but OH is produced from it. More organic acid 

formed at lower RH is a piece of evidence AGAINST OH oxidation pathways. 

Response: As demonstrated in our quantitative assessment above, O3 reactions and 254 

nm photolysis are minor compared to •OH -initiated reactions under our experimental 

conditions and therefore cannot account for the observed RH dependence. The lower 

organic acid yields at higher RH can be attributed to two alternative factors rather than 

a reduced role of •OH chemistry: (1) substantially more SOA is formed at 70% RH than 

at 20% RH, and greater partitioning of water-soluble intermediates into the particle 

phase could reduce their availability for gas-phase fragmentation to organic acids; and 
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(2) enhanced formation of organic hydroperoxides at higher humidity may divert 

reactive intermediates toward non-acid-producing pathways. We have added this 

discussion to Section 3.1.1 of the revised manuscript. 

Page 15: “Additionally, it is worth noting that a greater aerosol mass was formed at 70% 

RH than at 20% RH under comparable •OH exposures (Figure 5). This enhanced SOA 

formation at higher humidity may partially account for the lower organic acid yields 

observed under high-RH conditions. Specifically, the larger partitioning of water-

soluble intermediates into the particle phase could reduce their availability for gas-

phase fragmentation into organic acids, and enhanced peroxide formation may divert 

intermediates toward non-acid-producing pathways.” 

(Q5) Line 225: the authors need to clarify that the decay after 3 days of aging was likely 

due to the fragmentation of the precursors of formic and acetic acids. The acids react 

with OH too slowly to be consumed at such a low age. 

Response: Thank you for your suggestion. We have clarified it in the revised 

manuscript. 

Page 8: “The decrease in organic acid concentrations at higher •OH exposure is likely 

due to kinetic competition between organic acid formation and their subsequent 

degradation (including direct •OH reaction and depletion of their precursors) as OH 

exposure increases.” 

(Q6) Line 275: I do not believe that NO:HO2 can reach 1000 with much O3 added, 

which reacts with NO very rapidly and sustains HO2 concentration through HOx 

radical recycling. The authors should also report the details of these "high-NOx" 

experiments. 

Response: We clarify that the method of NO generation in our experiments differs from 

the conventional approach of direct NO injection. Although the reaction of NO with O3 

is rapid, in our system, NO is produced in situ throughout the reactor via the reaction 

O(1D) + N2O → 2NO, rather than being introduced at a single point. The NO 

concentration was systematically varied by adjusting the N2O flow rate (0, 20, 40, 80, 

120, 160, and 200 mL min−1). All NOx experiments were conducted using a single lamp, 

with sampling at the reactor outlet corresponding to a residence time of 60 s. 

The model-simulated NO concentrations increased approximately linearly with N2O 

flow rate, reaching a maximum of ~29 ppbv. The NO:HO2• ratio increased from 

approximately 3 to ~103 as the N2O flow rate increased, transitioning the dominant 

radical chemistry from HO2• -controlled to NO-controlled regimes. The model-

simulated •OH and HO2• concentrations as a function of NO concentration are shown 

in Figure R3. We have added detailed experimental conditions in the revised manuscript. 

 
Figure R3. Model-simulated •OH and HO2• concentrations as a function of NO 
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concentration. 

Page 6: “The influence of NOx on organic acid formation was investigated by adding 

N2O to the OFR. NO and NO2 were produced via the reaction O(1D) + N2O → 2NO, 

followed by NO + O3 → NO2 + O2 (Lambe et al., 2017). The NO concentration was 

systematically varied by adjusting the N2O flow rate (0, 20, 40, 80, 120, 160, and 200 

mL min–1). All NOx experiments were conducted using a single lamp, with sampling at 

the reactor outlet corresponding to a residence time of 60 s. It should be noted that 

although both the O3 concentration and the 254 nm photon flux in the OFR substantially 

exceed typical ambient levels, •OH concentration is enhanced to an even greater extent, 

ensuring that •OH-initiated reactions remain the dominant oxidation pathway.” 

(Q7) Line 314: Fittschen et al. (2014) reported a very high overall rate constant but 

did not conclude that HCOOH is the only C-containing product. Other pathways were 

also discussed that paper and the branching ratios of different channels were not 

specified. 

Response: Thank you for your suggestion. In our model implementation, we assumed 

a 100% yield of formic acid from this pathway, which represents an upper-limit estimate. 

Even under this favorable assumption, the modeled formic acid concentrations remain 

approximately five times lower than the experimental measurements. If the actual 

branching ratio is lower, the contribution of this pathway would be even smaller, further 

strengthening the conclusion that additional unidentified pathways are needed. We have 

revised the discussion in Section 3.2 to acknowledge the uncertain branching ratio and 

to clarify that our model estimate represents an upper bound for this pathway. 

Page 13: “It should be noted that the branching ratio for formic acid formation from 

this reaction remains uncertain, thus, the yield of 100% was assumed in our model, 

representing an upper-limit estimation.” 

Page 13: “Even under this upper-limit assumption, the modeled concentrations of 

formic acid are still approximately five times lower than the experimental 

measurements (Figures 4c–d).” 

(Q8) Line 364: NO can facilitate glyoxal and methylglyoxal formation through ring-

opening. Could their low yields at high exposures simply because almost all NO was 

oxidized in these experiments? 

Response: Experiments presented in Figure 6 were conducted without NOx addition. 

Therefore, the decrease in glyoxal and methylglyoxal yields at high •OH exposures 

cannot be attributed to the oxidation of NO. At low •OH exposure, the measured glyoxal 

yield (~11%) in this study is consistent with previous studies reporting glyoxal yields 

of 10–15% from toluene oxidation under low-NOₓ conditions (Gery et al., 1985; 

Bandow et al., 1985). 

(Q9) Technical correction: Table S1: "Rquivalent" -> "Equivalent" in the first row 

Response: We have corrected it in the revised manuscript. 
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