Response to Anonymous Referee #1

We thank the reviewer for the constructive suggestions/comments. Below we provide a point-by-
point response to individual comment (Reviewer comments and suggestions are in italics,
responses and revisions are in plain font; revised parts in responses are marked with red color;

page numbers refer to the modified AMTD version).

Comments and suggestions:

Overall Comments. Heterogeneous and multiphase reactions in the atmosphere can affect the
formation and transformation of pollutants and determine the composition of gases and aerosol.
Kinetic study is used to evaluate the impact of heterogeneous and multiphase reactions on the
atmosphere environment. This manuscript developed a method to measure gas uptake coefficients,
explained the principle of the method in detail and evaluated the measurement results. This study
has made a good attempt; however, some concerns still remain. So, | think it needs some revisions

before publication.

Responses and Revisions:
Thanks for the positive comments and feedback from the reviewer.

Comments and suggestions:

Specific Comments. The introduction procedure of reactant gas and sample may not be suitable.
When the lid is opened to place the sample, the reactor is filled with high concentration of reactant
gas. At this time, the sample has been in contact with these high concentration reactant gases for
a period of time during the placement, resulting in the occupation of its surface-active sites and
thus affecting the measurement of initial uptake coefficients. This method may be effective for the
measurement of steady-state uptake coefficient, however, there are very few heterogeneous
reactions that can take place in a steady-state. So, its application may be limited.

Responses and Revisions:

Thanks for the comments.

In order to evaluate the degree of saturation on sample surfaces during our sample placement
operation period (i.e., 0 - 5 min), we estimated the sample surface coverage (in percentage)

corresponding to the first 5-min of potential uptake assuming: (1) one molecule of the gas reactants



(O3 and SO>) adsorbed on sample surfaces would occupy/consume an area equaling to the cross-
section area of the spherical gas molecule; (2) the gas molecules could diffuse into the bulk of the
samples and adsorption inside the bulk (i.e., on pore surfaces) occurred, but the pore diffusion rate
was not considered as a limiting factor; (3) surface saturation was defined as one monolayer of the
gas molecules formed on the whole surface of samples. Then, the number of molecules needed to

form such a monolayer, N, can be calculated as:

_ SBET _ 4SBET
Neotw = 5= =702 (ER1)

where Sy and d are the cross-section area and diameter of the reactant gas molecule (O3 or SO»),

respectively. Sget is the specific surface area of the used samples.

The number of molecules adsorbed on sample surfaces after a time span of t, N(t), is given by:

N(t) = ZYBETSBETCreft (ER2)
where v is the mean molecular speed and jger is the uptake coefficient derived based on Sper. Cres
is the measured gas concentration at the outlet of the blank chamber. Since we didn’t measure the
gas concentration above the sample during our sample placement period, we took Creras an upper
limit and the real concentration should be lower. Finally, the sample surface coverage # can be

estimated as:

g = NO

Niotal (ER3)
Table R1. Parameters and results for sample surface coverage estimation

Uptake scenarios 7BETa Cref SeT v ¢ S t N(t) N 0
(moleculesm3) (M)  (ms') (nm) (m?) (s) (molecules)  (molecules) (%)

03 + Si0; 2.00E-07  9.31E+17 110 361 0.5 1.96E-19 300 554E+16  560E+19 0.1

O3 + Fe:03 1.79E-06  2.66E+18 72 361 05 1.96E-19 300 9.27E+17  367E+19 253

SO, + TiO2 5.22E-07  3.58E+18 205 313 0.28  6.15E-20 300 9.00E+17  3.33E+20 0.3

SOz + Fe203 1.29E-06  2.65E+18 80 313 028  6.5E-20 300 6.44E+17  1.30E+20 05

a: Given that the measured gas centration at the sample chamber outlet (i.e., Cou) displays an increasing trend for the
uptake scenario Os+SiO, its yer Was recalculated by using a Coyu: corresponding to the uptake time of 1 min (i.e., the
time point of 1 min during the sample placement operation period) and assuming that this Coy: generally represents the



average among the first 5-min of uptake. The Coy at uptake time of 1 min was obtained by logarithmically fitting and
extrapolating the Coy time series between 6 -10 min (i.e., the time period we used for data analysis in our manuscript).
For the other scenarios, the yser were directly taken from our measurement results (i.e., the values shown in Fig. 7 in
the revised manuscript), as their Coy are fairly constant during the measurements. The measured time series of Coy for
all the uptake scenarios can be found below (Fig. R1). b: The mean molecular speed values correspond to our
experimental conditions of 296 K and 1 atm. ¢: The molecular diameter of Os is referred to (Zhou et al., 2013) and the
one of SO, to (Dou et al., 2020).

Table R1 shows the related parameters adopted for € calculation and the results. The low 6 values
for all the uptake scenarios indicate that the sample surfaces didn’t undergo a significant saturation
process during our sample placement operation periods. Note that the results we obtained only
help to provide a qualitative understanding of the overall uptake process. Normally the uptake
coefficients derived based on the specific surface area of samples (yser) represent the lower limit
of a potential uptake coefficient range, this may explain the very low 6 values here we have. Early
studies (Kalberer et al., 1999) have suggested that initial uptake (in a time scale of seconds) can
also be irrelevant for atmospheric conditions. Thus, the time span (in minutes, but can be extended
to hours) covered by our system may have advantages in determining uptake coefficients of more

atmospheric relevance.

Moreover, in order to measure uptake coefficients at the initial stage of uptake, a modification may
be needed for our chamber system. One easy solution would be adding a cover (chemically inert)
on the sample-holding petri dish, which can be easily removed inside the chamber but without
opening it. Then, a new introduction procedure can be designed as: (1) put the covered sample-
holding petri dish onto the chamber bottom; (2) close the chamber lid; (3) feed gas reactant into
the chamber until its concentration reaches a steady state; (4) remove the petri dish cover inside
the chamber to allow gas uptake on samples. The use of the cover could avoid uptake of gas
reactants on samples before the steady-state concentration is reached. We suggest that future

chamber applications could consider to use this way for gas kinetic studies.

We have added these discussions in the revised manuscript (page 11, line 19-28), as follows:

“3.1.1 Chamber equilibrium time

...For our uptake experiments, the freshly prepared samples were exposed to the gas reactants for

10 min and only uptake data in the second half of the exposure period (i.e., 6 - 10 min) were used



for y calculation. In order to measure yat the initial stage of uptake, a modification may be needed
for our chamber system. One casy solution would be adding a cover (chemically inert) on the
sample-holding petri dish, which can be easily removed inside the chamber but without opening
it. Then, a new introduction procedure can be designed as: (1) put the covered sample-holding
petri dish onto the chamber bottom; (2) close the chamber lid; (3) feed gas reactant into the
chamber until its concentration reaches a steady state; (4) remove the petri dish cover inside the
chamber to allow gas uptake on samples. The use of the cover could avoid uptake of gas reactants
on samples before the steady-state concentration is reached in the chamber. We suggest that future

chamber applications could consider to use this way for gas Kinetic studies.”

Comments and suggestions:

Specific Comments. The influence of gas diffusion in the reactor on the kinetics was not sufficiently
evaluated. Due to the defects of the sample placement mentioned above, the selection of exposure
time seems not rigorous. In addition, the effect of the types of samples and reaction gases on the
time to reach steady-state is not known. The wall loss of reaction gas under different humidity
conditions also needs to be characterized.

Responses and Revisions:

Thanks for the comments.

The influence of gas diffusion inside our chamber on the measured uptake coefficient is mainly
discussed in page 5 from line 6 to line 28, where we introduce a method to measure the transport-
limited deposition velocity Vi Vi specifically reflects the gas diffusion conditions inside the
chamber. For our case, gas diffusion includes turbulent diffusion and laminar/molecular diffusion.
The former is produced and regulated by the mixing fan and the latter occurs in the quasi-laminar
layer just above the sample surface. Assuming the method we used for V: determination can
generally have the same gas diffusion conditions as in the uptake experiment, the determined V;
takes all the gas-diffusion-related uptake Kkinetics into account for later on uptake coefficient

derivation. Therefore, the influence of gas diffusion on the kinetics is represented by V..

In this work, the selection of exposure time is based on the chamber equilibrium time determined
via chamber characterization experiments. This chamber equilibrium time only accounts for the

gas dilution (due to the chamber opening operation, the lab air would dilute the gas reactant



concentration inside the chamber) and the chamber wall loss effects. The selection of our data time
period (6 - 10 min) is based on an assumption that the equilibrium time (5 min, see Fig. 3) of the
blank chamber is the same as that of the sample chamber. Only in this case can Cret be used for
uptake coefficients calculation.

As the reviewer mentioned, the effect of the types of samples and reaction gases on the time to
reach steady state is not specifically characterized in this study. Since here we only did the uptake
experiments with a timescale of 10 min, the relatively short time didn’t allow us to see the whole
picture of the evolvement of uptake as a function of time. Figure R1 shows the time series of the
gas reactants concentrations from typical uptake experiments in this study. For the first uptake
scenario (O3 + SiO»), the measured concentrations at the sample chamber outlet (i.e., Cout) Show a
gradually increasing trend during our experiment period (6 — 10 min), indicating that the uptake
didn’t reach a steady state. For the other scenarios, however, their Cout keep fairly constant,
characteristic of steady-state uptake. As reported in previous studies (Bulanin et al., 1994; Hanisch
and Crowley, 2003; Michel et al., 2003; Usher et al., 2002; Adams et al., 2005), the different
uptake behaviors can be due to their distinct uptake mechanisms. Note that, in this study, our focus
is not exploring the changing behavior of uptake coefficients as a function of time for different
types of samples and gas reactants, but rather to examine and show the validity of the chamber
technique (and the adopted calculation method for uptake coefficients derivation) for kinetic
studies. Thus, we used the average Cout (6 — 10 min) for uptake coefficients calculation and
compared our results with previous studies with similar uptake timescales (see Fig. 7). Our
chamber system could still allow to investigate gas uptake kinetics with extended time scales in

future studies.
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Figure R1. Time series of gas reactants (Os and SO) concentrations. For each scenario, the results
from one typical uptake experiment is shown. The data in the time period of 6 — 10 min denote gas
concentrations at the sample chamber outlet (Cout) and in the other periods represent gas

concentrations at the blank chamber outlet (Crer).

Regarding the wall loss of reaction gas under different humidity conditions, all our uptake
experiments were performed with pre-humidified (50 + 1% relative humidity (RH)) zero air. This
means that the RH inside the chamber was around 50% for all uptake experiments with solid
samples. For the uptake experiments with deliquescent KI grains and saturated Kl solutions (see
Sect. 3.1.3), the RH inside the chamber was 73% and 92%, respectively. Actually, the wall loss of
reaction gas under these different RH conditions had been characterized before each uptake
experiment and corrected for the uptake coefficient calculation. To make this information more
clear, we have added some explanations in the revised manuscript (page 4, line 1-6), as shown

below:

“...where Cref (in molecules m=) is the gas reactant concentration measured at the outlet of a blank

chamber prior to the uptake experiment. Since our chamber system had a dynamic flow-through



feature, a constant rate of wall loss (once existed) was observed, i.e., the ratio of Cyetto Cin sShowed
a fixed value during our uptake experiments (see Fig. 3). Thus, using Crer (instead of Cin) for flux
calculation already accounted for gas losses on chamber walls. Before each gas uptake experiment,
Cref was determined mimicking the chamber conditions (i.e., gas flow rate, gas mixing state,
temperature, pressure and RH, and the speed of the mixing fan) of the following uptake

experiments.”

Comments and suggestions:

Specific Comments. The derivation of the formula should give the dimension or unit like in formula
6.

Responses and Revisions:

Thanks for the suggestion.

The related modifications have been made in the revised manuscript (page 3 line 19 to page 5 line
28), as shown below:

“2.1.1 Uptake coefficient determination

Dynamic flow-through chambers had been widely adopted in previous studies to measure trace
gas exchange rates between the atmosphere and biosphere such as vegetation and soils (Pumpanen
et al., 2001; Gut et al., 2002; Pape et al., 2009; Su et al., 2011; Breuninger et al., 2012; Oswald et
al., 2013; Cowan et al., 2014; Almand-Hunter et al., 2015; Plake et al., 2015; Weber et al., 2015;
Sun et al., 2016; Meusel et al., 2016; Meusel et al., 2018; Wu et al., 2019). Similarly, in our
chamber the flux J (in molecules s) of a gas reactant can be calculated from the mass balance by
J =Q X (Cin — Cour) (1)
where Q is the chamber flow rate (in m® s?), Cin is the supplied trace gas concentration at the
chamber inlet (in molecules m™), Cout is the trace gas concentration at the outlet of the chamber
containing a sample (in molecules m=). Note that in Eq. (1) the difference between Cin and Cout
can be arised not only from gas uptake on the sample but also from its losses on the chamber wall.
Here, as we only focus on gas uptake on samples, the chamber wall loss effect should be corrected

beforehand. Thus, the flux Jsam caused solely by gas reactant at the sample surface is calculated as

Jsam = Q@ X (Cref - Cout) (2)



where Crer (in molecules m=) is the gas reactant concentration measured at the outlet of a blank
chamber prior to the uptake experiment. Since our chamber system had a dynamic flow-through
feature, a constant rate of wall loss (once existed) was observed, i.e., the ratio of Cretto Cin sShowed
a fixed value during our uptake experiments (see Fig. 3). Thus, using Cref (instead of Cin) for flux
calculation already accounted for gas losses on chamber walls. Before each gas uptake experiment,
Cret Was determined mimicking the chamber conditions (i.e., gas flow rate, gas mixing state,
temperature, pressure and RH, and the speed of the mixing fan) of the following uptake

experiments.

Assuming a well-mixed and steady-state condition in the chamber, the deposition velocity Vg (in

m s™) at the chamber outlet can be derived as (Seinfeld and Pandis, 2016):

Vd _ Jsam (3)

- Cout X A
where A is the cross-sectional area at the chamber outlet (in m?), which equals the surface area of

the chamber bottom.

The deposition velocity can be used to calculate the surface uptake/reaction Kinetics. In analogy to
electrical resistances under both ambient (Seinfeld and Pandis, 2016) and chamber-modified
conditions (Pape et al., 2009), the uptake process can be decomposed into two processes: transport
to the surface and uptake on the surface. A simplified two-resistor model proposed by Canoruiz et

al., (1993) is therefore used:

1 1 4
LR +R;=(+
Va £t os (Vt 7obs><m)

(4)

where R is the transport resistance (in s m™), which equals the reciprocal of the transport-limited
deposition velocity Vi (in m s); Rs is the surface uptake resistance (in s m™), which is determined
by the observed uptake coefficient yns and the mean molecular speed @ of the gas reactant (in m
s'1). Comparison between this two-resistor model and the resistance model (for dry deposition)
proposed by Seinfeld and Pandis (2016) reveals that the transport resistance R can be viewed as
the sum of the aerodynamic resistance Ra and the quasi-laminar layer resistance Ry. Thus, Rt (or
V) is dependent on the flow/mixing conditions in the chamber (accounting for Ra and Rp) as well

as the molecular diffusivity of the gas reactant itself (accounting for Rp).



Based on Eqn. (4), an expression for the observed/measured uptake coefficient yps can be given

as:

_fo,1 1\t 5
Tons = (3G =D) (5)
After accounting for the sample mass ms, we can finally get the mass-independent uptake

coefficient yet:

7BET = 7obs X (Ai;s) = Zobs X (minBET) (6)

where As is the sample specific surface area (in m?), which equals the sample mass ms (in g) times

the sample specific BET surface area Sger (in m? g1). One should keep in mind that for liquid
samples in a petri dish, Ass is equivalent to the geometric surface area of the petri dish. Moreover,
adopting Ass for jget calculation only holds when the whole sample coating contributes to uptake
of the gas reactant within the experiment period. Using the method described in our previous study
(Li et al., 2019) a maximum diffusion time of ~ 5 min is estimated for O3/SO> penetrating through
our solid samples, which is comparable to our uptake experiment time scale (i.e., reaction time of
~5-10 min).

V4 can be calculated through Eqn. (3) based on chamber flux measurements. Actually, V: can be
viewed as a special situation when Rs << R; (i.e., when yis in the range of 102- 1, 4/(yx ) is in
the range of 10*— 102 s cm, which is two to four orders of magnitudes smaller than Ry, see Sect.
3.1.3. Note that at our experimental temperature of 23 °C, asoz = 313 m st and wos = 361 m sL).
Therefore, Vi can be obtained experimentally by finding a specific trace gas species with a yon the
order of 102 to 1. Saturated potassium iodide (K1) solutions and solid KI coatings have been
demonstrated to be a perfect sink for Oz with a y up to 102 (Galbally and Roy, 1980; Parmar and
Grosjean, 1990; Rouviére et al., 2010) and have been used to obtain Vi (Morrison and Nazaroff,
2000; Coleman et al., 2008; Pape et al., 2009). Note that the determined V: depends on the chamber
setup and experimental conditions (i.e., gas flow rate, gas mixing state, temperature, pressure and
RH, and the speed of the mixing fan). Because physical properties of samples can potentially
influence Ry (e.g., the surface roughness of a sample can affect the thickness of the quasi-laminar
layer above it) and hence Ry, the K1 samples should also have the same or similar phase state and
surface morphology as those of the investigated samples. Thus, in this study, Vi was determined

by measuring Os uptake on different types of KI substrates (i.e., saturated Kl solutions, Kl



films/grains held in a petri dish, see Sect. 3.1.3), to check the effects of their phase state and surface
morphology on V:. On the other hand, when Ry is the limiting step for V¢, the determined V; based
on O3 uptake on KI cannot be directly used for other gas reactants. A correction is therefore
necessary (Goldan et al., 1988):

M
Vii = Vio, X 1\23 (7)

where Vi is the transport-limited deposition velocity of gas reactant i (in m s?), Vios is the
observed transport-limited deposition velocity of O3 (in m s*), and Mi and Mogs are the molar mass
of i and Oz (in g mol™), respectively. Notably, turbulent diffusion is not affected by molecular
weight, hence the V: correction becomes exaggerated for cases where Ra >> Rp. We estimated Ra
and Ry according to our chamber configuration and experimental conditions. Details about
comparisons between Ra and Ry can be found in the Supplement. These results show that Ra is
several times larger than Rp when solid oxide samples are used for uptake experiments. Herein, Vi
measured by O3 uptake on KI can be used as a close approximation of V: in uptake experiments of

other reactive gases.”
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