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Response to Reviewers
Ms. Ref. No.: acp-2021-560
Synergetic effect of NH3 and NOx on the production and optical absorption of secondary
organic aerosol formation from toluene photooxidation

Dear Editor:

We greatly appreciate the time and effort that the editor and reviewer spent in reviewing
our manuscript. After reading the comments from the reviewers, we have carefully revised
our manuscript. All the changes we made are marked in red. Our responses to the
comments are itemized below. The referee’s comments are in black, authors’ responses
are in blue.

Anything for our paper, please feel free to contact me via ghwang@geo.ecnu.edu.cn.

 

All the best

 

Gehui Wang

Oct. 14, 2021

 

Reviewer #1

The script by Liu et al. reported synergetic effects of NH3 and NOx on toluene SOA
production, chemical composition, and optical properties. Though experiment was not well
designed nor some important information (experiment repetition, photon-flux, OH radical
exposure, details in wall-loss correction, etc.) on chamber operation was provided, their
results are interesting and important if all their speculations on chemical results were
reliable based on simple AMS measurement. More chemical information on molecular
levels and proper reaction pathways should be provided to verify the discussion. Besides,
the authors should go through script carefully to check all the values and units. Overall,



the decision is Major revision and the authors should address all the comments.

Author reply:

We thank the reviewer for the important comments, which are very helpful for improving
our paper quality. We have carefully revised the manuscript, see the details below.

 

Specific comments:

Line 107: “participate”

Author reply:

“participated” is fixed as “partition”.

Line 148: Particle wall loss rate is constrained by many factors, including particle size,
chemical composition, and wall environment. You can surely use standard aerosols to
derive a simple wall loss rate for ensemble particles in the chamber, but detailed
information concerning the loss-rate should be provided and also discuss the feasibility
to apply one rate to correct all experiments with different environments.

Author reply:

We agree with the Referee that the wall loss rates are is constrained by many factors. In
this study all the particle mass concentration was corrected by using the method same as
that of Jiang et al. (2020) and Pathak et al. (2007) to constrain the influence of wall losses
of different SOA formed with different experiment conditions. For each experiment, we
continued to monitor the particle concentration in the dark condition for 1 hour, and
recalculated the particle wall loss constant according to the variation of particle
concentration. After the wall loss correction, we found that he particle mass concentration
was almost constant (New Fig.1), thus we believe that our results are reliable and
credible.

To clarify the statement, we added the sentences in line 235 of the revised manuscript:
“However, the particle wall loss rates were detected at the end of the chamber experiment
after the UV-lamps were turned off, and the mass concentration was corrected with the
method reported by Jiang et al. (2020) and Pathak et al. (2007). After the wall loss
correction, the particle mass concentration was almost constant, the different wall loss
effect caused by gaseous oxidation products formed under the different experiment
conditions have been remedied.”

In method description, what was the shape of your chamber? how do you control the
chamber temperature when the whole teflon bag in operation was sealed in light box?
And what is the light transition efficiency of your teflon bag? How to make sure the
chemicals were eventually distributed in the chamber?

Author reply:

The shape of the chamber is a cube-like.

The temperature of the chamber located room was controlled at 20 ℃ by two air
conditioners. Two fans for air exchange inside and outside the chamber room to ensure
the stable temperature of the chamber. However, the temperature in the chamber still
increased when the UV light turn on. The chamber temperature increased from to 25 ℃



within 30 min, then the temperature become stable. The evolution of the temperature in
chamber was consistent for each experiment, and not the environment factors that affect
the SOA formation in this study.

The sentence of “All experiments were performed at room temperature (293~298 K) and
one atmospheric pressure was maintained in the chamber at all time.” was added in line
153.

Light transition efficiency of this Teflon bag is not known here, but we can make sure light
intensity in the chamber is consistent for each experiment.

VOCs, H2O2, NOx and NH3 were added into the chamber with the zero air. The flow of zero
air is 20 L min-1. When zero air is added, it has a good stirring effect on the gases in the
chamber. The reactants in the chamber can be evenly mixed within 2 min. To ensure that
VOC is already evenly distributed in the chamber, we let the chamber stand for about 10
minutes. Meanwhile, we measured the concentration of VOC by the PTR-MS and found it
was not changed. Hence, we believe that 10 min after the reactants were added,
chemicals in the chamber were well mixed.

This sentence was added in line 169: “After all the reactants were added, the chamber
stood quietly for 10 min without turning on the light to ensure that the reactant gases in
the chamber were evenly mixed.”

What was the general OH radical concentration throughout each experiment? Did you
quantify the OH radical exposure to ambient environment? Was it atmospheric
environmental relevant for toluene photooxidation?

Author reply:

We are very grateful to the reviewer for this comment.

In the revised manuscript, we have added the calculation of OH concentrations based on
the first order decay of toluene in line 163 as follows: “The OH concentration in the
chamber was calculated based on the first order decay of toluene concentration. There
was no obvious difference of OH concentrations in the different NOx and NH3 levels (Fig.
S2).”

The highest OH concentration of 1.02×108 molecule cm-3 was observed at the beginning
of the reaction. The average OH concentration over the entire reaction period was
5.87×107 molecule cm-3. The details on the calculation of OH concentration was added in
the Supporting Information as below:

“S1 OH Concentration Calculation Process

The OH concentration was calculated based on the decay ratio of toluene concentrations
and the known rate constant with respect to OH. The change of toluene concentration over
time can be expressed as:

 (RS1)

Where, KOH is the reaction rates constant of OH radicals with toluene (KOH=5.7×10-12 cm3

molecule-1 s-1). Assuming that the concentration of hydroxide did not change during the



experiment, then we can get:

 (RS2)

Thus, plotting the variation curve of ln([toluene]0/[toluene]t) vs. time t showed as Fig.S1.
The ln([toluene]0/[toluene]t) in Fig.1(b) was not a straight line. This is because the OH is
consumed as the reaction goes on. The evolution of OH concentration at experiment
conditions was shown in Fig.S2. The different experiment conditions in this study did not
affect the OH concentration obviously. The highest OH concentration of 1.0×108 molecule
cm-3 was observed at the beginning of the reaction. The average OH concentration over
the entire reaction period is 5.9 ×107 molecule cm-3.

 

Fig.S2 The evolution of OH concentrations at different experiment conditions”

The atmosphere is very complicated, and the experimental conditions in the chamber
cannot be the same as the real environment. In our work, the proportion of the key
components is comparable to the real atmosphere. The mean concentration of aromatics
VOCs and OH was about 11 ppb (Zou et al., 2015) and 1 ×106 molecule cm-3 (Prinn et al.,
1995), respectively, which was consist with the VOCs/OH ratio (~700 ppb/5.9 × 107

molecule cm-3) in our study.

To provide a better illustration on the experiment condition, the following sentences have
been added into the revised manuscript in line 170:

“In our work, the OH and toluene concentrations were higher than those of urban
conditions. The purpose of the high OH and toluene concentrations is to obtain enough
particle production samples for off-line collections and accurate measurements. The
toluene concentrations remained stable under the different experimental conditions, the
variation of toluene-derived SOA mass concentration and yield was only affected by the
different NO2 and/or NH3 concentrations in this study. Toluene was studied here as the
representative of total aromatic VOCs in the urban atmosphere. The concentration ratio of
toluene to OH in this study is similar to that under the real atmospheric conditions (Zou et
al., 2015; Prinn et al., 1995).”

 

Line 163: “NOx (……) or/and NH3”

Author reply:

Fixed.

 

Line 169: delete “present”

Author reply:

Deleted.



 

Line 176: SMPS classifies electrical mobility size of particles.

Author reply:

We added “(from 14.1 nm to 736.5 nm)” after “which were used for screening particles
with specific aerodynamic equivalent sizes” in line 176.

 

8.Line 180: Toluene SOA density shall be variant in response to different ageing degree
and presence of NOx or NH3.

Author reply: 

We agree with the reviewer on this comment. Toluene SOA density can be variant with
different experiment condition and oxidation time. It is indisputable that if we got real-
time density of SOA, it will further improve the accuracy of our result. A density of 1.3 g
m-3 has been widely used for toluene SOA in the previous studies (Volkamer et al., 2006;
Qi et al., 2020; Ng et al., 2007; Liu et al., 2021; Ji et al., 2017). We also believe that the
density used here is reliable, and the variation of SOA density in different ageing degree
and experiment conditions will not significantly affect our results.

 

Line 203: commonly W-mode was suggested to derive elemental ratio of organics from
AMS results.

Author reply: 

We thank for this comment. V-mode is able to meet the requirement of our experiment.
We did not use W-mode in this study.

 

Line 214: is “46.2 mm PTFE filter”?

Author reply: 

Yes. The label was shown below.

 

 

Line 215: what was the extraction efficiency? In presence of NOx/NH3, inorganics shall
form along with toluene SOA. Did you consider the salt influence on the extract
absorption? and ammonium nitrate also interference on AMS characterization of organic
fractions? It should be noted that ammonium nitrate has interference on AMS
ionization, f44 signal and associated elemental ratios.

Author reply: 

Chen and Bond (2010) reported that > 92 % of SOA was extractable by organic solvents
(methanol or acetone). The uncertainty is probably insignificant in this study. We add the



follow sentence in line 215: “As reported by Chen and Bond (2010), > 92 % of SOA is
extractable by organic solvents (e.g., methanol), which means that almost all organic
matter was extracted in this study.”

We think the salt influence is insignificant, because the amount of methanol is 5 mL, which
is much larger than the SOA mass.

AMS is widely used to quantify OA elemental composition, oxidation state in the field
observations. Pieber et al. (2016) show that a non-OA CO2

+ signal can arise from
reactions on the particle vaporizer, ion chamber, or both, induced by thermal
decomposition products of inorganic salts. They have pointed NH4NO3 could cause a
median CO2

+ interference signal of +3.4% relative to nitrate. Although, the propagation of
the CO2

+ interference to other ions during standard AMS data analysis affects the
calculated OA mass, mass spectra, molecular oxygen-to-carbon ratio (O/C), and f44. But
the resulting bias may be trivial for most ambient data sets but can be significant for
aerosol with higher inorganic fractions (>50%) (Pieber et al., 2016). In this study, the
proportion of NH4NO3 in the particle-phase is lower than 7%. The interference of NH4NO3
on AMS ionization, f44 is not significant. We believe our AMS data is credible here.

 

Line 229: how did you quantify methanol-soluble organic carbon in clear methanol
solution? if MAC was calculated on the basis of organic carbon, the unit of M should be
μg OC m-3 .

Author reply: 

The MAC was calculated on the basis of total particulate matter, not organic carbon. The
collected particle mass was measured by weighing the weight of the Teflon filter before
and after the SOA collection. Unit of M (μg m-3) used here was corrected.

 

In experiments, did you feed air to the chamber during monitoring and sampling? If so,
did you consider the dilution effect on your final results on SOA concentration? How
many times you repeated each test?

Author reply: 

The chamber volume is variable in this study, thus we did not feed air during the
experiment period. The total sample volume for the online measurement was only 3 L
min-1. The illumination time of UV light was 120 min. The total sample volume was lower
than 8% of the total volume. The change rate of chamber volume is even lower than the
systematic error of SMPS (10%) (Liu et al., 2017a). Therefore, the change of chamber
volume did not significantly affect the photooxidation process and SOA formation for each
experiment. The experiment was not repeated in this study.

Line 233: change “during” to “on”

Author reply:

Suggestion taken.

 

Line 255: change to “this may at least partly explain……”



Author reply:

Suggestion taken.

 

Line 266-267: confusing, make the statement clear

Author reply:

This sentence was revised as “resulting in the transformation of SOA chemical composition
continuously proceeding during the photooxidation process, but little attention has been
paid to the evolution of SOA chemical composition in previous studies.”

 

Line 275: in current toluene photooxidation with NOx and NH3presence, nitrogen
content is significant enough to be considered in carbon oxidation state calculation. The
simplified OSc may be biased in chemical feature description of toluene SOA.

Author reply:

We express our appreciation to the reviewers for this comment.

We added the N/C in the calculation of OSC. When SOA generated under NH3 condition in
Exp.2, the particulate nitrogen is fully reduced (OSN = -3), so OSC was determined by OSC
= 2 O/C - H/C + 3 N/C. When SOA generated under NOx condition in Exp.4, the
particulate nitrogen is almost certainly in the form of organic nitrates (OSN = +5), so OSC
was determined by OSC = 2 O/C - H/C - 5 N/C. New OSC figure was shown below:

 

The new OSC value still ranging between -0.5 and 0. The evolution of OSC for different
experiments was no change. And it does not make any difference to our conclusions.

The sentence “OSC is calculated based on the measurements of O/C and H/C (OSC ≈ 2 ×
O:C - H:C).” in line 274 was revised as “Average OSC calculation was shown in Supporting
Information.”

The following sentence was added in SI:

“S2 OSC calculation

In most previous studies, OSC was estimated from the O/C and H/C data (Liu et al., 2015;
Chen et al., 2019; Chhabra et al., 2011; Docherty et al., 2018; Kroll et al., 2011).
Because nitrogen content is significant enough to be considered in carbon oxidation state
calculation of Exp.2 - 4 in our study, the OSC value used here was calculated based on the
O/C, H/C and N/C ratio.

For Exp.2 with NH3 presence, particulate nitrogen is almost certainly in the form of
ammonium salt with nominal oxidation numbers of -3. Alternatively, average OSC in Exp.
2 was calculated using the equation of OSC = 2 O/C – H/C +3 N/C. For Exp.4, toluene SOA
formed with NOx presence, particulate nitrogen is almost certainly in the form of organic
nitrates (i.e., -ONO2 with nominal oxidation numbers of +5) (Park et al., 2017; Ruggeri et
al., 2016). Alternatively, average OSC in Exp. 4 can also be simply calculated using the
following equation of intensity-weighted mean O/C, H/C, and N/C: OSC = 2 O/C – H/C – 5



N/C.

Both NH3 and NOx was presence in Exp.3, we estimated the contribution of NH3 and NOx
to organic nitrogen based on N:C value in Exp. 2 and Exp. 4, respectively. Average OSC in
Exp. 3 was calculated as: OSC = 2 O/C – H/C + σNH3 × 3 N/C – σNOx × 5 N/C. Here, σNH3 is
the contribution rate of NH3 to total organic nitrogen in SOA, and σNOx is the contribution
rate of NOx to total organic nitrogen in SOA.”

 

Line 291: delete “toward”, change to “continuing increase of SOA and its OSc”

Author reply:

Suggestion taken.

 

Line 284-300: time-profile of SOA mass concentration from UV on till end of
experiment was needed to support your speculation of OSc changes. Besides, Organic
(CxHy

+, CxHyO+, CxHyOi
+, etc.) and inorganic contribution over the course of each test

should be provided. Can you tell at what proper time OH radical was totally consumed
in the chamber since UV on?

Author reply:

The contribution of CH, CHO and CHOx groups over the course of each test was provided
in SI.

 

Fig. S3 The evolution of OH concentrations at different experiment conditions”

The following sentence was added in Line 283: “The evolution of CH, CHO and CHOx
proportions to total organic matter was shown in Fig. S3. In Exp. 1 and 4, CHOx
proportion increased with photooxidation time, the contribution of more highly oxidized
products to SOA was gradually increased, which was consist with the increasing
OSC value.”

The real OH concentration was shown before. About 90 min after the UV light was turned
on, OH concentration is almost zero. Our objective here is to illustrate the possibility of
the influence of UV light on SOA chemical composition. To make it clear, the sentences in
line 295-300 of the manuscript were revised as: “Finally, as pointed by Malecha and
Nizkorodov (2016), even if there was no OH radical in the chamber, the photodegradation
of SOA can produce small oxygenated volatile organic compounds (e.g. acetaldehyde
OSC=-1, and acetone OSC≈-1.3) under UV light irradiation. The photoproduction of OVOCs
from SOA had a lower OSC value than that of SOA. Although the loss of SOA through
photodegradation is small, the OSC value of SOA still had increased to a certain extent
(Malecha and Nizkorodov, 2016).”

 

Line 308: confusing. Ammonium salt offsets what?

Author reply:



This sentence was revised as “An organic ammonium salt with four H atoms can offset an
increase in OSC value caused by the formation of organic acids/carboxyl group with two O
atoms through acid-base reactions.”

 

Why not use practical m/z-43 (C2H3O+) and m/z-44 (CO2
+) mass concentration changes

to describe proper reaction pathways in toluene photooxidation? Mass fraction can only
tell relative change.

Author reply:

Fragments derived from the AMS data have been extensively used to explore the bulk
compositions and properties of ambient organic aerosols (Ng et al., 2010; Zhang et al.,
2011; Liu et al., 2017b). m/z 43 (C2H3O+) and m/z 44 (CO2

+) mass concentrations were
related to SOA mass concentration. It is obviously more reasonable to compare the SOA
formation with the relative content of its chemical composition.

We changed the sentence in line 352-353 “Here, we used f43 and f44 to express the
fractions of C2H3O+ and CO2

+ to the total organic signal.” as “Here, we use the approach of
Ng et al. (2010) by plotting the fractions of the total organic signal at m/z 43 vs. m/z 44
(f43 vs. f44).”

 

In tracking Hi-NOA and LO-NOA via PMF, have you ever considered application of some
characteristic fragments indicating products by homogeneous acid-base reactions and
heterogeneous Maillard reactions to verify your hypothesis? Molecular analysis by HRMS
is most reliable compared to AMS derived results.

Author reply:

We are very grateful to the reviewer for this comment.

The heterogeneous reaction of NH3 was obtained based on the evolution of SOA chemical
composition in this study. HRMS can only measure the SOA chemical composition offline.
Both acid-base reactions and Maillard reactions have been proved by previous studies (Na
et al., 2007; De Haan et al., 2009; Huang et al., 2012; Ortiz-Montalvo et al., 2014; Paciga
et al., 2014; Chen et al., 2019; Qi et al., 2020). The specific products of toluene/NH3 SOA
are not the focus of this study, hence the HRMS was not used here.

m/z 27 (CHN+) and 30 (CH4N+) are the characteristic fragments of imidazole (Malloy et
al., 2009). As shown in Fig. 4, more m/z 27 and 30 were observed in the stable stage.

 

Line 439: why dose Lo-NOA have higher N/C ratio? 0.062 vs. 0.29 for Ho-NOA vs. Lo-
NOA?

Author reply:

Here is mistake. The N/C ratio of Lo-NOA is 0.029.

It was corrected.

 



Line 449: how did you count the values of N/C ratio and percentage? Check all the
values in the script carefully. 0.0404 and 0.216 accounts for 65% and 35 %,
respectively?

Author reply:

We are very grateful to the reviewer for the attention to the data.

Here is mistake. The contribution of NOx to the N/C value was 0.0216, not 0.216. We
have fixed it.

N/C ratio of Hi-NOA and Lo-NOA in the NH3 experiment was 0.032 and 0.010,
respectively. N/C ratio of Hi-NOA and Lo-NOA in the NOx experiment was 0.019 and
0.014, respectively. In Exp. 3 with both NH3 and NOx presence, the proportion of NOA
formed from NH3 and NOx was defined as σ and 1-σ, respectively. We assumed that the
effects of NH3 or NOx on the N/C ratio in the Hi-NOA and Lo-NOA factors did not change
among different experimental conditions. The proportion of NOA formed from NH3 and
NOx can be calculated as:

 

In the Lo-NOA factor, the proportion and contribution of N/C from NH3 was calculated as
0.010×σ/[0.010×σ+0.014×(1-σ)] and 0.029×0.010×σ/[0.010×σ+0.014×(1-σ)],
respectively.

In the Hi-NOA factor, the proportion and contribution of N/C from NH3 was calculated as
0.032×σ/[0.032×σ+0.019×(1-σ)] and 0.062×0.032×σ/[0.032×σ+0.019×(1-σ)],
respectively.

The proportion and contribution of N/C from NOx were calculated in the same way.

 

SOA concentrations have been summarized in Table 1, Figure 1 is not necessary,
remove it. Besides, it is suggested to add photon flux and OH radical concentration
information in Table 1.

Author reply:

We changed Fig.1 as below:

“

 

Fig. 1. The evolution of mass concentration (a) and yield (b) of toluene-derived SOA in
different experiments. All the mass concentrations were wall-loss corrected. The error bars
of SOA yield were calculated by the volatility of measured SOA concentration after the UV
light was turn off at the end of each experiment.”

 

Photon flux was not known here, so it was not shown in the manuscript.

The OH concentration is very important for the photooxidation. We added average OH
concentration in line 163: “The average OH concentration over the entire reaction period



was 5.87×107 molecule cm-3.”

 

Redraw Figure 3, make it clearer. Suggest to add time information to trace time-profile
of f43-f44

Author reply:

We are very grateful to the reviewer for this comment. There are too many points in Fig.
3, and make it confusing. Therefore, we appropriately reduce the number of data points
without changing the results. The new Fig. 3 is shown below.

 

The time-profile of f43 vs. f44 was added in the Supporting Information, and shown
below.

 

Fig.S4 Time-profile of f43 vs. f44 for different experiments”

Make clear statement of specific time for formation and stable stage of SOA in Figure 4,
is it stable minus initial stage? Explain the presence of nitrogen-bearing fragments in
Experiment 1.

Author reply:

The statement for formation and stable stage was added in line 377: “According to the
changing trend of SOA concentration over time, the photooxidation process was divided
into formation stage and stable stage. As shown in Fig. 1, the first half hour of
photooxidation when SOA concentration increased linearly with time was defined as SOA
formation stage. After 60 min of photooxidation, SOA concentration was not changed with
reaction time, and it was defined as stable stage.”

We also added this sentence in line 815 to explain the presence of nitrogen-bearing
fragments in Exp. 1.: “Only minimal N-containing fragments could be observed in the
Exp.1 in the absence of either NH3 or NOx. These N-containing fragments could be
attributed to the background NH3 and NOx in the chamber or the systematic errors from
AMS.”

Present error and statistic results in Figure 5.

Author reply:

There is no error obtained from the PMF result.

We added the statistic results in Fig.5 as below.

 

Fig. 5. The H/C, O/C, and N/C values of Hi-NOA and Lo-NOA for each experiment. (a)
Exp. 2 with 200 ppb NH3, (b) Exp. 3 with 200 ppb NH3 and 62 ppb NO2, and (c) Exp. 4
with 63 ppb NO2.

 



 

Keep axis label and legend consistent in Figure 6.

Author reply:

We changed Fig.6 as below. As suggested by Referee #4, the y-axis title was changed as
“Percentage in total (%)”

“

Fig. 6. The evolution of high-nitrogen OA (Hi-NOA) and low-nitrogen OA (Lo-NOA) during
the photooxidation process under different NOx/NH3 concentrations. Hi-NOA and Lo-NOA
were not consistent among experiments. (a) Exp. 2 with 200 ppb NH3, (b) Exp. 3 with 200
ppb NH3 and 62 ppb NO2, and (c) Exp. 4 with 63 ppb NO2.”
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