Anonymous Referee #3

We thank you for your valuable and constructive comments on our manuscript [acp-2014-255]. We accept most of your suggestions. Substantial revisions have been made in the revised manuscript according to your and the other two anonymous referees’ comments. Below are our point by point responses.

The authors utilized online spectroscopic and offline chromatographic approach to investigate the effects of nitrate on the heterogeneous uptake of SO2 on hematite. There are several issues in this work. 
Firstly, the substrates have been known to play important roles in heterogeneous uptake. The author should have performed more characterization about their hematite samples. 
We agree with this comment. In the manuscript, we performed XRD and BET characterization about our samples. We are also considering performing some other characterization about the hematite sample, which will help to obtain more information about our samples. In the answer to the comments of anonymous referee #1 and #2, we give some other information about the substrates. For your convenience we put the main contents below:
(1) In our study, the nitrate-hematite mixtures and pure nitrate are still loose fine powders after they are equilibrated at 68% RH for 48 h, and the nitrate and hematite are not immersed in a solution after the equilibration (for example, FN-24 after equilibration. Please see Fig. 1 shown below).
(2) The loss of surface adsorbed water during the purge process and the actual sulfur oxidation experiments (The anonymous referee #1 and #2 concerns about the loss of water during the experiments. In the answers to the first question in general comments of anonymous referee #1 and the question 8 in general comments of anonymous referee #2, we give some experimental results and discuss the loss of surface adsorbed water during the purge process and the actual sulfur oxidation experiments. Please refer to these answers, and also see Fig. 2 and 3 shown below).
During purge process, we found that the loss of water is almost stopped after about 40 min, and on the whole, the loss of water is low. The loss of surface adsorbed water (around 1640 cm-1) is not easy to be observed after the introduction of the gaseous reactant SO2 (using a background spectrum measured on the powder sample which was purged with argon for 1 h), which indicates less water loss. These results may be attributed to the presence of nitrate. That is, the water-solvated nitrate bound water molecules on the particle surface due to its hygroscopic properties, and the solvated nitrate may become a water reservoir for reaction. Weak water loss will favor the redox cycles of Fe3+/Fe2+ and the heterogeneous conversion of SO2. 
(3) X-ray diffraction analyses of pure hematite, humid FN-24 and FN-48. The results are shown in Fig.4. 
We performed X-ray diffraction analyses of pure hematite, humid FN-24 and FN-48. The results are shown in Fig. 4. The crystalline peaks at 29.65°, 31.9°, 39.0° and 47.9° can be identified as the characteristic reflections of NaNO3. No amorphous sodium nitrate was present because there was no broad amorphous peak in the 20° - 40° range. In addition, as can be seen from Fig. 4, except for the crystalline peaks of hematite and nitrate, no other crystalline phases are formed, which indicated that the FN sample we used was a mixture of hematite and sodium nitrate, and also indicated that no secondary processes occurred on the hematite surface during the sample preparation and the subsequent sample equilibration at 68% RH. 
Corresponding revisions have been made in the revised manuscript:
(1) In the supporting information, Fig. S1 is replaced by Fig. 4 mentioned above, and the corresponding explanations are presented. 
(2) Page 6, line 130 (Page 11582, line 2), “Powder X-ray diffraction indicated that no secondary processes occurred on the hematite surface during the sample preparation and the subsequent sample equilibration (see Fig. S1 in the Supplement).” is added in the revised manuscript.
In addition, we may further carry out the studies on (1) nitrate ions on the surface of hematite or different crystal faces by other characterization techniques, just as previously reported (e.g. Barron, et al. 1996; Watanabe, et al., 1994); (2) hygroscopic behavior of the nitrate-hematite mixture particles, and so on.

Secondly, the authors intended to understand how nitrate affects heterogeneous SO2 uptake, but there is no uptake coefficient data reported in this work. The IR spectra actually have shown spectral evolution of different absorption peaks. I do not understand why the authors avoided using their infrared data to derive reaction kinetics. Note that they did use sulfate formation rate as a semiquantitative approach for the uptake measurements. This is very problematic because it is not always true that reactant (SO2) is completely converted to products (sulfate). 
In the original manuscript, we point out that a further analysis for reaction uptake coefficients by DRIFTS is difficult because the evaluation of the diffusion depth and total actual reaction sample area are unavailable in this study, and hence we did not give the uptake coefficient data. However, as you know, in many previously reported studies, upper and lower limits of uptake coefficients can be estimated using the geometric area of the sample holder (assuming SO2 only reaches the surface) and the BET surface area of the sample (assuming SO2 can diffuse into the entire sample). Therefore, according to your and the anonymous referee #2’s suggestions, we use the new selected initial stage (0-60 min) to recalculate the sulfate formation rates and the two kinds of uptake coefficients of SO2 on hematite and the hematite-nitrate mixtures (see Table 2 in the supplement). Corresponding revisions have already been made in the revised manuscript. For example, replace Fig.4 by Table 2, add the introduction of the calculation method of uptake coefficient, the calculated results and corresponding discussions, etc. Please refer to the answer to question 4 in the general comments of the anonymous referee #2 and the revised manuscript in the supplement (all the revisions are highlighted in green).
Except for the different substrates, our DRIFTS experiments were performed under the same conditions (e. g. 298 K, 30 mg of sample, 21% v/v O2, constant total flow rate, the same SO2 concentration). Meanwhile, the actually formed sulfate product was measured. Based on the measured sulfate, we calculated the sulfate formation rate. The directly calculated sulfate formation rate and the subsequent calculated uptake coefficients in the revised manuscript should be able to reflect the reactivity of the different substrates, as reported previously.

Secondary processes could occur on the hematite surface and more importantly various hematite surfaces could lead to drastically different product formation. Again, more information about their hematite sample is critically needed. 
Please refer to the response to the first comment. 

Moreover, for a typical uptake study, experiments are conducted under a pseudo-first-order condition. It is unclear to me that how their experiment conditions meet such a requirement.
The conclusion that the heterogeneous oxidation of SO2 on the hematite-nitrate mixture (FN sample) is a pseudo-first-order reaction is drawn from our experimental results. In the DRIFTS experiments, we performed the experiments with different SO2 concentrations (conditions: 298 K, 30 mg of sample, 21% v/v O2, constant total flow rate with a preset concentration of SO2).
The kinetics of the reaction of SO2 with the FN particle surface may be described by the general equation:
d[SO42-]/dt = k[SO2]m[O2]n{hematite}p[NaNO3]q   
Concentrations marked with { } indicate reactive surface species, whereas [SO2], [O2] and [NaNO3] indicate the concentrations of SO2, O2 and NaNO3. k is the rate constant, and m, n, p, q are the reaction orders for SO2, O2, hematite, and NaNO3, respectively.
The gas-phase concentrations of the reactive gases in a continuous flow were kept constant during the DRIFTS experiments and since O2 was in great excess compared to SO2, the concentration of O2 could be regarded as constant. The number of sulfate ions formed at the initial stage of reaction is generally considered to be small relative to the number of reactive surface species, and thus the reactive surface species on hematite at initial stage can be assumed to be constant (Börensen, et al., 2000). In order to simplify this analysis, we also assumed [NaNO3] be constant. Therefore, the reaction order can be determined from a bilogarithmic plot of initial rate of sulfate formation (log(d[SO42−]/dt)) vs. the concentration of SO2 (log[SO2]):
 log(d[SO42-]/dt)=log k+ m log[SO2] + n log[O2] + p log{hematite} + q log[NaNO3]
The sulfate formation rate d[SO42-]/dt was obtained from the slope of the initial linear portion (0-60 min) in the curve of sulfate formation as a function of time, and no saturation effects on sulfate formation are observed. 
For the mixture such as FN-24 used in this study, the bilogarithmic plot presented a linear relationship with a slope of about 1.09, which indicates a reaction order of 1 for SO2. This result also indicates that the assumptions in the analysis of reaction order are valid.
[bookmark: _GoBack]In our study, the heterogeneous uptake and oxidation of SO2 on particle surfaces were also performed by using in situ White cell-FTIR technique (reaction conditions: room temperature, 30 mg of sample, 21% v/v O2, different initial concentrations of SO2). Therefore, the reaction order with respect to SO2 was also examined from White cell-FTIR experimental data by examining the rates of SO2 decay (deducting blank value obtained from blank experiment). We found that the plot of ln[SO2]0/[SO2] versus time (t) was linear, and its slope should be apparent rate constant of heterogeneous reactions of SO2 on corresponding sample. This result further indicated that the heterogeneous reaction of SO2 on FN sample was a pseudo-first-order reaction. For example, the apparent rate constant was determined to be 6.40 × 10-3 (linear correlation coefficient r=0.99) for uptake of SO2 on FN-24.
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Fig. 1 Digital photo of FN-24 after equilibration for 48 h


















Fig. 2 loss of surface adsorbed water during purge process (here we zoom in on major areas)



















Fig. 3 Adsorption band around 1640 cm-1 after the introduction of gaseous reactant SO2.


















Fig. 4 X-ray diffraction patterns of pure hematite, humid FN-24 and FN-48


image3.emf
1800 1780 1760 1740 1720 1700 1680 1660 1640 1620

K-M

Wavenumber (cm

-1

)

FN-24

0.005

Increasing time


oleObject2.bin

image4.emf
20 30 40 50 60 70

Intensity (a.u.)

2 Theta ( 

0

 )

 Pure hematite

 Humid FN-24

 Humid FN-48

 

 


oleObject3.bin

image1.jpeg




image2.emf
4000 3500 3000 1750 1700 1650 1600 1550

K-M

Wavenumber (cm

-1

)

 0 min

 10 min

 20 min

 30 min

 40 min

 50 min

 60 min

0.005

 

 


oleObject1.bin

