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This manuscript presents laboratory measurements on the photooxidation of 
cyclohexene, with a focus on the change of SOA yield and chemical composition as a 
function of SO2 concentrations. The authors concluded that competitive reaction of 
OH radicals with SO2 and VOCs was the main reason that dictates the cyclohexene 
SOA yields, and presented FTIR, IC, and ESI-HR-MS data to support the formation 
of organosulfates in this specific system. Overall, this study provides useful 
information relevant to a better understanding of cyclic alkene SOA formation. 
However, there are a few major concerns regarding the connections between the 
reported data and the speculated mechanisms that need to be addressed before 
publication can be considered. Also, more in depth discussions are needed to improve 
the current manuscript. Below I listed a few specific questions for the authors’ 
clarification. 
1) In the abstract line 14-17, these two sentences are very confusing and somewhat 
contradictory with other statements in the manuscript. What is the real impact of acid 
catalyzed-mechanisms on cyclohexene SOA formation? 

 
Acid catalyzed reactions have been extensively proved to promote SOA formation 
(Jang et al., 2002; Jang and Kamens, 2002). At low SO2 concentrations, the 
decreasing SOA yield might be due to the promoting effect of acid-catalyzed 
reactions on SOA formation. This effect was less important than the inhibiting effect 
of decreasing OH concentration, which was caused by the competition reaction of OH 
reactions with SO2 and cyclohexene. 
Specifically, heterogeneous uptake is responsible for aerosol mass increase in the 
presence of acid seed aerosol. Sulfate oxidant from SO2 was the source of seed 
aerosol in our experiments. The oxygenated products of cyclohexene photooxidation 
including carbonyl and aldehyde group, which are able to react heterogeneously 
(Aschmann et al., 2012), are rapidly converted to low volatility products assigned to 
the particulate phase and increase the production of SOA (Cao and Jang, 2007). This 
additional accommodation of gas phase aldehydes to the particle phase progresses 
until no further heterogeneous reactions take place. Figure 5 shows that the sulfate 
amounts in unit mass of aerosols gradually decrease at high SO2 initial concentration, 
which means that SOA formation can be promoted in acidic conditions.  
To clarify the real effect of acid-catalyzed mechanisms in cyclohexene SOA 
formation, we modified the text in the Abstract lines 13-16 as: 
“The decreasing SOA yield might be due to the fact that the promoting effect of 
acid-catalyzed reactions on SOA formation was less important than the inhibiting 



effect of decreasing OH concentration at low initial SO2 concentrations, caused by the 
competition reactions of OH with SO2 and cyclohexene.” 

 
 

2) Did cyclohexene react completely in each experiment? The experimental profile 
presented in Figure S1 didn’t include the traces of VOC precursor and main gas phase 
products. Since in section 2.2 the authors mentioned that these compounds were 
measured by TD-GC-MS measurements, these data should be included in discussion.  

 
Cyclohexene reacted completely in each of our experiments. Its concentration was 
measured at the beginning and at the end of each experiment. We have patched 
experiments for the changing trend of cyclohexene during reaction. Figure S4 below 
shows the change of cyclohexene concentration with time, at different initial SO2 
concentrations. 

 

Figure S4: Change of cyclohexene concentration with time at different initial SO2 
concentrations. 

 
As shown in Figure S4, the reacted cyclohexene concentration at 0 ppb initial SO2 
concentration was slightly higher than that at 90 ppb. The consuming rate of 
cyclohexene was higher without SO2 in the chamber, which means that if there was a 
competition reaction, its effect was not significant. Due to the sparse data of 
cyclohexene concentration in the experiment with 40 ppb initial SO2, they could not 
be fitted. However, they fell between the fitted data at 0 and 90 ppb initial SO2 
concentration, being closer to the fit at 90 ppb. This further indicates that the 
presumed competition reaction was more obvious at low SO2 concentrations than that 
at high SO2 concentrations. The particle number concentration, which is related to the 
sulfate formed from SO2 reaction with OH was also increased quickly at low SO2 
concentrations. This result explains why the SOA yield was decreased at low initial 
SO2 concentration as shown in Figure 3. 
The following sentence was inserted at page 9 line 14. 
“The change of cyclohexene concentration with time at different initial SO2 
concentrations is shown in Figure S4, wherefrom it can be seen that the reacted 



cyclohexene concentration at 0 ppb initial SO2 concentration was slightly higher than 
that at 90 ppb. The consuming rate of cyclohexene was higher without SO2 in the 
chamber, which means that if there was a competition reaction, its effect was very 
limited.” 
 
Only the cyclohexene concentration could be monitored with the GC-MS while other 
gaseous products could not, probably due to their low concentration not allowing their 
detection by the experimental device, and the selective adsorption of the Tenax tube.  
For more clarifications on this, the sentence at page4, line 21 was modified as:  
“The concentrations of cyclohexene were analyzed by thermal desorption-gas 
chromatography-mass spectrometry (TD-GC-MS).” 

 
We also did not find the organosulfates from the GC-MS spectra. Traditional 
analytical methods, such as GC-MS with prior derivatization, may not be well suited 
to identify organosulfates. It is likely that single derivatization protocols, such as 
trimethylsilylation, GC injection and column temperature could cause the degradation 
or misinterpretation of such species (Murray and Baillie, 1979). On the other hand, 
ESI-MS has been shown as an effective method for the detection of organosulfates 
species (Boss et al., 1999; Metzger et al., 1995). In this regard, only ESI-HR-MS data, 
as presented in Figure 6, were used for particle chemical composition discussion in 
this manuscript. 

 
 

3) What is the connection between OH-limited scenario presented here (that leads to 
competitive reactions) and the real atmospheric environment? This is not clearly 
stated in the manuscript. 
 
The competitive reaction of OH with SO2 and cyclohexene can be important in 
environment enriched with O3. For example, when OH reacts with SO2 while 
cyclohexene and O3 are present, cyclohexene + O3 reaction will become the dominant 
pathway for cyclohexene loss. Since SOA was mainly formed from the reaction of 
cyclohexene with OH and SO2, the OH competition reaction would then lead to less 
SOA forming. In real atmospheric situations where O3 is found in much higher 
proportion than OH, more cyclohexene will react with O3 to form Criegee 
intermediates, which are good SO2 oxidizers. Hence, even less SOA would form. 
However, this was not the case in our chamber. To clarify the atmospheric 
implications of competitive reactions, we inserted the following at page 9 line 14: 
“Moreover, in real atmospheric situations where O3 is found in much higher 
proportion than OH, cyclohexene would mainly react with O3 to produce Criegee 
intermediates, which are good SO2 oxidizers, and significantly less SOA than in the 
chamber will be formed.” 
 

 
4) How does the chemical composition of SOA change in the absence versus in the 



presence of SO2? Without the initial input of SO2, the SOA yield was already 
substantial. It appears that with and without SO2 addition, SOA was formed through 
different pathways (homogeneous nucleation versus heterogeneous 
uptake/partitioning). This needs to be discussed in more detail. Also, the authors 
provided a full set of FT-IR spectra and sulfate concentrations. Are the corresponding 
ESI-MS data available? These will be useful to strengthen the discussion on 
organosulfates formation. 
 
Different particles were formed from cyclohexene photooxidation, and the particle 
chemical composition was very complex. Because of this complexity, the chemical 
composition could not be completely determined, making the understanding of the 
photooxidation mechanism incomplete. The overall chemical composition of particles 
was analyzed by FTIR, and it was found that the relative intensity of each 
characteristic peak did not show obvious change under different initial SO2 
concentrations. This means that in addition to organic sulfate formation, the 
remainder of the chemical composition is almost the same regardless of the initial SO2 
concentration.  
For clarification, the sentence at page 10, lines 14-15 was modified as:  
“However, the band of sulfate at 1100 cm-1 in IR spectra increases with the rise of 
initial SO2 concentration rather than the SOA yield, which suggests the formation of 
sulfonic acid group and sulfate product from SO2 photooxidation since, only the 
relative difference in the intensities of FTIR peaks were studied here.”  

 
Generated particles were collected on ZnSe, and then detected by FTIR. During 
ESI-HR-MS detection, particles were collected on the aluminum foil using the same 
method as FTIR analysis and then extracted with 1 mL of acetonitrile. Considering 
the volume of the chamber and the volume of particles collected, corresponding 
ESI-MS data and FT-IR spectra for each experiment were not available. In order to 
afford more information about organosulfates composition, we performed one more 
experiment with different initial SO2 to study the composition of organosulfates under 
different SO2 concentrations, and the HR-MS result is shown in Figure S3 to appear 
in the Supplementary material. It is seen from this figure that the composition and 
response of organosulfates vary weakly with change in initial SO2 concentrations. 

 



 

Figure S5: Comparison of SOA ESI-HR-MS spectra with different initial SO2 
concentrations.  

 
The following text was added at page 11 line 18 to strengthen the discussion on the 
composition and response of organosulfates with change in initial SO2 concentrations: 
“The ESI-HR-MS spectra of particles formed from two different initial SO2 
concentrations are shown in Figure S5. We found no obvious difference in the 
composition and response of organosulfates with different initial SO2 concentrations. 
The relative intensity of m/z = 97, which corresponds to sulfate was set to 100% in 
both ESI-HR-MS spectra. The relative intensities of the organosulfates peaks in both 
spectra were almost unchanged regardless of the initial SO2 concentration, indicating 
that the organosulfates yield was associated with sulfate content. Our result is 
consistent with the results of Minerath et al. and Hatch et al. who observed an 
increase in organosulfates yield with increasing sulfate concentration (Minerath and 
Elrod, 2009; Hatch et al., 2011). These observations demonstrate that particle sulfate 
content is likely a key parameter influencing organosulfates formation.” 

 
 

5) In the last paragraph of section 3.2, the authors stated that SOA yield was enhanced 
by acid-catalyzed heterogeneous reactions when SO2 concentrations are high. Is there 
direct evidence to support the proposed acid-catalyzed reactions? Was aerosol acidity 
measured or estimated? What is the potential role of particle sulfate contents for 
surface or bulk accommodation? 
 
We did not measure the aerosol acidity due to the limitations of our experimental 
equipment. Although, aerosol acidity correlated well with sulfate and could be 
estimated using the same way as Zhou et al. (Zhou et al., 2012), Zhou et al. pointed 
that when ambient RH is lower than the deliquescence point (DRH), the particle is 
considered to exist as a pure solid phase. Czoschke et al. pointed that a catalytic 
process takes place by a small amount of acid catalyst (5 μg m-3) in dry conditions 



(RH<10%) (Czoschke et al., 2003). As Figure 3 shows, the concentration of sulfuric 
acid in the chamber was greater than 5 μg m-3 when the initial SO2 concentration was 
greater than 40 ppb. This indicates that acid-catalyzed reactions took place in our 
experiment. 
 
Sulfate oxidant from SO2 as the source of aerosol seed in our experiments, contributes 
to the increase of the aerosol mass through heterogeneous uptake. The following was 
inserted at page 9 line 29 for clarifications:  
“It was demonstrated that acid-catalyzed processes could take place when there is a 
small amount of acid catalyst (5 μg m-3) (Czoschke et al., 2003). In our chamber, the 
concentration of sulfuric acid was greater than 5 μg m-3 when the initial SO2 
concentration was greater than 40 ppb. This indicates that acid-catalyzed reactions 
were evident in our experiment.” 
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