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a b s t r a c t 

Mineral particles are ubiquitous in the atmosphere and exhibit an important effect on the 

photooxidation of volatile organic compounds (VOCs). However, the role of mineral particles 

in the photochemical oxidation mechanism of VOCs remains unclear. Hence, the photooxi- 

dation reactions of acrolein (ARL) with OH radical (OH) in the presence and absence of SiO 2 

were investigated by theoretical approach. The gas-phase reaction without SiO 2 has two 

distinct pathways (H-abstraction and OH-addition pathways), and carbonyl-H-abstraction is 

the dominant pathway. In the presence of SiO 2 , the reaction mechanism is changed, i.e., the 

dominant pathway from carbonyl-H-abstraction to OH-addition to carbonyl C-atom. The en- 

ergy barrier of OH-addition to carbonyl C-atom deceases 21.33 kcal/mol when SiO 2 is added. 

Carbonyl H-atom of ARL is occupied by SiO 2 via hydrogen bond, and carbonyl C-atom is ac- 

tivated by SiO 2 . Hence, the main product changes from H-abstraction product to OH-adduct 

in the presence of SiO 2 . The OH-adduct exhibits a thermodynamic feasibility to yield HO 2 

radical and carboxylic acid via the subsequent reactions with O 2 , with implications for O 3 

formation and surface acidity of mineral particles. 

© 2021 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Carbonyl compounds (CCs) are ubiquitous volatile organic 
compounds (VOCs) in the atmosphere ( Dai et al., 2012 ; 
Qian et al., 2019 ; Rao et al., 2016 ) and are popularly stud- 
ied for their adverse effects on air quality and human health 

( Cogliano et al., 2005 ; Ho et al., 2015 ; Ji et al., 2013 ; Tang et al., 
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2009 ). They are directly emitted into the atmosphere from 

the primary anthropogenic and biogenic sources or indi- 
rectly emitted as the atmospheric oxidation of other VOCs 
( Bakeas et al., 2003 ; Possanzini et al., 2002 ; Wang et al., 2015 ; 
Zheng et al., 2013 ). Photooxidation of CCs in the gaseous 
phase plays an important role in the formation of sec- 
ondary organic aerosols (SOA) and tropospheric ozone (O 3 ) 
( Carter, 1994 ; Clifford et al., 2011 ; Ji et al., 2018 ; Mang et al., 
2008 ; Roberts et al., 2001 ). 

Previous studies have revealed that mineral particles ex- 
hibit the accommodation properties of VOCs, providing a 
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reactive interface for the photooxidation of CCs ( Chen et al., 
2008 ; He et al., 2005 ; Iuga et al., 2010 ; Ji et al., 2015a , 2015b ; 
Tong et al., 2010 ; Yao et al., 2017 ). For example, previous stud- 
ies have shown that most of mineral particles such as α-Al 2 O 3 , 
α-Fe 2 O 3 , TiO 2 and CaO exhibit good adsorption performance of 
CCs ( Li et al., 2001 ). That is, CCs irreversibly adsorbed on the 
surfaces of the above mineral particles. Iuga et al. (2010) have 
pointed out that the presence of silicate clusters does not 
change the reaction mechanism of acetaldehyde and OH rad- 
ical (OH), but affects the contribution of H-abstraction from 

alkyl chain for the photooxidation reactions of C3-C5 aliphatic 
aldehydes. Ji et al. (2015b) have revealed that the presence 
of SiO 2 facilitates the atmospheric reaction of formaldehyde 
with NO 2 . Furthermore, the product yields of ozonolysis for 
methacrolein and methyl vinyl ketone are larger on SiO 2 sur- 
face than that in gas phase ( Chen et al., 2008 ). Considering 
that mineral particles are a significant class of natural aerosols 
with the global emissions of 500–4400 Tg/year ( Huneeus et al., 
2011 ), therefore, it is essential to study the detailed chemical 
mechanism of CCs oxidation on the mineral particles and the 
role of mineral particles in the photooxidation of CCs. 

Acrolein (ARL), with both double bond and carbonyl 
group, is the simplest and typical unsaturated CC with wide 
emissions from the vehicle exhaust, industrial manufacture, 
and other sources ( Grosjean et al., 2001 ; Ho and Yu, 2002 ; 
Reda et al., 2015 ; Seaman et al., 2007 ). By investigating ARL, 
we can evaluate the impact of the different groups such as 
double bond and carbonyl group on the reaction mechanism. 
Although the environmental concentration of ARL is not as 
high as those of carbonyl compounds such as methylglyoxal 
and glyoxal, but ARL still can’t be neglected in the atmosphere. 
For example, during the Beijing Olympics, the average concen- 
tration of ARL was reported as 2.9 ± 0.8 μg/m 

3 ( Altemose et al., 
2015 ). The summertime concentrations of ARL range from 75 
to 625 ng/m 

3 in Roseville, CA ( Spada et al., 2008 ). In the Eastern 

USA, the median outdoor concentration of ARL is 460 ng/m 

3 

( Liu et al., 2006 ). And in Japan, mean outdoor concentration 

of ARL is 33 ng/m 

3 ( Azuma et al., 2007 ). In the coastal regions 
of southern Europe, the concentration of ARL is comparable 
to that of acetaldehyde ( Romagnoli et al., 2016 ). During sum- 
mer in California, USA, the natural background concentration 

of ARL is higher than 20 ng/m 

3 ( Cahill, 2014 ). Furthermore, 
the photooxidation of ARL forms peroxyacetyl nitrate (PAN)- 
type species in the presence of NO x ( Magneron et al., 2002 ; 
Orlando and Tyndall, 2002 ). Previous study has shown that 
the reactive uptake of ARL by aerosols leads to the formation 

of light-absorbing heterocyclic nitrogen-containing organic 
compounds in SOA ( Li et al., 2019 ). A recent study showed that 
the mixing state of mineral dust aerosols with acrolein (ARL) is 
largely facilitated in the polluted region, with profound impli- 
cations of the thermodynamic and optical properties of min- 
eral particles ( Ji et al., 2019 ). 

Hence, we investigated the photooxidation reactions of 
ARL in the presence and absence of mineral particles by the 
first principle theory. Herein, silica (SiO 2 ), as the largest nat- 
ural mass of mineral oxidation particles in the earth’s crust 
( de Leeuw et al., 1999 ), was chosen as the studied mineral 
particles. The most stable crystalline form of SiO 2 , α-quartz, 
is performed to simulate the case for the presence of min- 
eral particles. The α-quartz (001) is the most stable surface at 

the ambient condition ( de Leeuw et al., 1999 ; Rignanese et al., 
2004 , 2000 ).The geometries and adsorption configurations 
were constructed and optimized by density functional the- 
ory (DFT). The corresponding structural properties were cal- 
culated and analyzed by means of charge density difference 
(CDD) to insight into the nature of photochemical reaction. 
The photooxidation mechanisms of ARL with OH were elab- 
orated and compared in the presence and absence of SiO 2 to 
assess the role of mineral particles on atmospheric photooxi- 
dation of CCs. 

1. Computational methods 

1.1. Calculation details in the presence of SiO 2 

All the calculations of the heterogeneous reaction were per- 
formed with the plane-wave level utilizing the Vienna ab ini- 
tio simulation package (VASP) ( Kresse and Furthmüller, 1996a , 
1996b ) base on the DFT. The Perdew–Burke–Ernzerhof (PBE) 
( Perdew et al., 1993 ) within the generalized gradient approx- 
imation (GGA) exchange-correlation functional were carried 

out to investigate the electron interactions. The core electrons 
were described with the projector augmented wave (PAW) 
method ( PE, 1994 ). The kinetic cutoff energy was 400 eV in 

all the calculations, and the convergence criterion of struc- 
tural optimization was 0.01 eV/ ̊A. A Monkhorst-Pack k-point 
grid of 4 × 4 × 4 was used to optimize the unit cell of the 
SiO 2 bulk. The optimized cell parameters are a = b = 5.023 Å 

and c = 5.511 Å, which are in good agreement with the exper- 
imental data ( a = b = 4.910 Å, c = 5.405 Å) ( Levien et al., 1980 ) 
and the other theoretical values ( a = b = 5.052 Å, c = 5.547 Å) 
( Goumans et al., 2007 ). The hydroxylated (001) surface of SiO 2 

was expanded to 2 × 2 with 12 Si, 28 O and 16 H atoms, which 

was also constructed and proven effective in our previous 
work ( Ji et al., 2019 ). For simplicity, the hydroxylated (001) α- 
quartz is denoted by SiO 2 hereinafter. In order to eliminate the 
interactions between each slab, the vacuum zone between the 
slabs was set to approximately 15 Å. The 2 × 2 × 1 Monkhorst- 
Pack k-point grid was applied to optimize the SiO 2 surface. 
The van der Waals interactions were considered using the D2 
scheme (PBE-D2) ( Grimme, 2006 ) with the explicit R 

−6 terms to 
DFT (where R is the atomic distance). 

The transition states (TSs) of all possible pathways were 
explored by using the climbing nudged-elastic band method 

(CL-NEB) ( Henkelman et al., 2000 ) with the convergence crite- 
rion of 0.05 eV/ ̊A. Because the potential energy surface (PES) 
of the heterogeneous reaction is sensitive to the initial state 
(IS), herein, the most stable adsorption configuration (ARL- 
SiO 2 ) for the mixing reaction of ARL and SiO 2 ( Ji et al., 2019 ) 
was chosen to construct the IS. In this study, the adsorp- 
tion energy ( �E ads ) was defined as �E ads = E (SiO2-Adsorbate) –
( E SiO2 + E Adsorbate ), where E (SiO2-Adsorbate) represents the to- 
tal energy of the adsorption system, and E SiO2 and E Adsorbate 

are the energies of SiO 2 surface and the individual adsor- 
bate, respectively. The energy barrier ( �E ) and the reaction 

energy ( �E r ) were obtained from the formulas of �E = E TS –
E IS and �E r = E Products – E IS , respectively, where E TS , E IS and 

E Products represent the energies of the transition states, the ini- 
tial states and products in the corresponding pathway, respec- 
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Fig. 1 – Potential energy surfaces of (a) H-abstraction (R abs ) and (b) OH-addition (R add ) pathways for the photooxidation of 
acrolein (ARL) on SiO 2 surface. �E : the energies relative to the ARL-SiO 2 ; IS: initial state; RC: pre-reactive complex; TS: 
transition state; Pro: product. 

tively. All the atoms were allowed to be relaxed in all the en- 
ergy minimization calculations. 

1.2. Calculation details in the absence of SiO 2 

Quantum chemical calculations were performed with Gaus- 
sian 09 package ( Frisch et al., 2009 ). Geometry optimization of 
stationary points, including reactants, complexes, products 
and TSs, was performed using the density functional M06–
2X method ( Zhao and Truhlar, 2008 ) with the 6–311G(d,p) 
basis set, i.e., the M06–2X/6–311G(d,p) level. The vibrational 
frequencies were obtained at the same level to identify 
stationary points to be a local minimum (without any 
imaginary frequency) or a TS (with only one imaginary fre- 
quency). To ascertain that the identified TSs connect the 
corresponding reactants and products smoothly, the intrinsic 
reaction coordinate (IRC) calculations were conducted. To 
yield more accurate energetics, the PES was further refined 

at the M06–2X/6–311 + G(3df,3pd) level on the basis of the 
above geometries. The dual-level approach, the M06–2X/6–
311 + G(3df,3pd)//M06–2X/6–311G(d,p) level, was denoted as 

the M06–2X//M06–2X level. Relative to corresponding re- 
actants, energy barrier ( �E = E TS – E Reactants ) and reaction 

energy ( �E r = E Products – E Reactants ) were calculated including 
zero-point energy (ZPE) corrections. 

2. Results and discussion 

2.1. Photooxidation mechanism of ARL with OH on SiO 2 

surface 

2.1.1. Configurations of ISs 
The optimized geometries of ISs are presented in Fig. S1. We 
chose two local minimums of ISs, in which OH on top and 

side sites of ARL are denoted as t-IS and s-IS, respectively. The 
�E ads value of t-IS is −10.73 kcal/mol, which is 3.56 kcal/mol 
lower than that of s-IS ( −7.17 kcal/mol), indicating that t-IS 
is more stable than s-IS. It attributes for two shorter bonds 
of O OH 

–H ARL (2.14 and 2.52 Å) in t-IS than those in s-IS (4.05 
and 3.51 Å). Two ISs are followed by H-abstraction and OH- 
addition pathways ( Fig. 1 ). For the H-abstraction pathway, H 
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Fig. 2 – Optimized geometries of TSs for (a) H-abstraction 

and (b) OH-addition pathways in the presence of SiO 2 (unit: 
Å). 

atom is abstracted from carbonyl group (R abs 1), –CH– (R abs 2) or 
–CH 2 – (R abs 3/4) group of ARL. As for the OH-addition pathways, 
OH adds to carbonyl C-atom (R add 1) or the middle/terminal 
methylene C-atom (R add 2/3). Fig. 1 displays the PESs of all pos- 
sible pathways for the H-abstraction and OH-addition path- 
ways starting from s-IS and t-IS. The optimized geometries 
of the stationary points along each pathway are presented 

in Figs. 2 and S2. The CDD analysis results of key stationary 
points are displayed in Fig. 3 . 

2.1.2. H-abstraction reaction on the SiO 2 surface 
Starting from s-IS ( Fig. 1 a), there exist two H-abstraction path- 
ways (R abs 1 and R abs 3). As shown in Fig. S1, the H-atom (H1) 
of carbonyl group in s-IS interacts with the surface O-atom 

(O surf ), and the length of H1–O surf bond is 2.10 Å. The CDD anal- 
ysis of s-IS ( Fig. 3 a) shows an obvious charge transfer between 

H1 atom and O surf . It suggests that there is a strong interac- 
tion between H1 and O surf atoms, leading to a steric hindrance 
for H1-abstraction (R abs 1). For TS abs 1, the length of H1–O surf 

bond is increased to 2.25 Å, and the charge transfer of CDD be- 
tween H1 and O surf weakens in TS abs 1 ( Fig. 3 b), indicating the 
weak interaction between H1 and O surf atoms. Thus, for R abs 1, 
the H1-abstraction and the breaking of H1–O surf bond simul- 
taneously occur, leading to the highest �E of 19.88 kcal/mol 
among the four H-abstraction pathways. For R abs 3, a pre- 
reactive complex (RC abs 3) is formed in the entrance of reac- 
tion, with the formation energy of −15.49 kcal/mol ( Fig. 1 a). 
In TS abs 3 ( Fig. 2 a), the length of H3–C methylene bond is 1.46 Å, 
which is elongated by 0.36 Å relative to RC abs 3. The �E of R abs 3 
pathway is −7.21 kcal/mol, which is 27.09 kcal/mol lower than 

that of R abs 1 pathway. 
Starting from t-IS, there are also two H-abstraction path- 

ways (R abs 2 and R abs 4 pathways). There are complexes RC abs 2 
and RC abs 4 formed prior to the TS abs 2 and TS abs 4 with the 
stable energies of −4.88 and −0.30 kcal/mol, respectively. 
As shown in Figs. 2 a and S1, the configurations of TS abs 2 
and TS abs 4 are similar to the configuration of t-IS, indicating 
that there are few steric hindrances to abstract H2 and H4 
atoms of ARL. The �E of R abs 2 pathway with −4.57 kcal/mol 
is 4.49 kcal/mol lower than that of R abs 4 pathway, while 
it is 2.64 kcal/mol higher than that of R abs 3. Hence, R abs 3 
is the dominant pathway for the H-abstraction reaction of 
ARL with OH on the SiO 2 surface. However, t-IS is thermo- 
dynamically more favorable to form than s-IS due to the 
lower �E ads value, and R abs 2 pathway starting from t-IS has 
a negative �E of −4.57 kcal/mol. Hence, the contribution of 
R abs 2 pathway to the H-abstraction pathway of ARL cannot be 
neglected. 

2.1.3. OH-addition reaction on the SiO 2 surface 
For R add 1 and R add 2 pathways, starting from s-IS, there are two 
pre-reactive complexes (RC add 1 and RC add 2) prior to TS add 1 
and TS add 2, respectively. The energies of RC add 1 and RC add 2 
are −26.19 and −6.26 kcal/mol, respectively, which are lower 
than s-IS. As shown in Figs. 2 b and S1, the configuration of 
TS add 1 is similar to the corresponding s-IS except for the form- 
ing O–C bond. The length of the forming O–C bond decreases 
from 3.80 Å in s-IS to 1.73 Å in TS add 1. For TS add 2, the length 

of the forming O–C bond with 2.22 Å is 0.49 Å longer than 

that in TS add 1. The �E values of R add 1 and R add 2 are −14.48 
and −3.46 kcal/mol ( Fig. 1 b ), respectively. The �E of R add 1 is 
11.02 kcal/mol lower than that of R add 2, attributable for no 
steric hindrance for OH-addition to carbonyl group. In ad- 
dition, starting from t-IS, R add 3 possesses a �E values with 

4.56 kcal/mol, which is 19.04 kcal/mol higher than that of 
R add 1. As discussed above, the order of the �E for R add 3 is 
�E (R add 1) < �E (R add 2) < �E (R add 3), in line with that of the 
length of the forming O–C bond in TS ( r O–C ) with r O–C (R add 1) < 

r O–C (R add 2) < r O–C (R add 3). Hence, R add 1 is more favorable than 

other addition pathways. Compared with the dominant H- 
abstraction pathway (R abs 3), OH-addition to carbonyl C-atom 

(R add 1) has a lower �E and a larger �E r , suggesting that in the 
presence of SiO 2 , the OH-addition to the carbonyl group is of 
major importance in the atmosphere. Moreover, all the DFT 

results were calculated using the D3BJ scheme and listed in 

Table S1. As shown in Table S1, Under the DFT-D2 correction 
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Fig. 3 – Charge density differences of (a) s-IS and (b) TS abs 1. 

method, the order of �E for different pathways of ARL is con- 
sistent with that of the D3BJ method, suggesting that the DFT 

results with the D2 scheme is reliable and is suitable for the 
photooxidation of ARL. 

2.2. Role of SiO 2 in the atmospheric photooxidation of 
ARL 

To assess the impact of SiO 2 on the atmospheric photooxi- 
dation of ARL, we also investigated the photooxidation reac- 
tion of ARL and OH without SiO 2 . Similar to the reaction sys- 
tem with SiO 2 , the reaction also occurs via four H-abstraction 

and three OH-addition pathways in the absence of SiO 2 . For 
comparison, the nomenclature of the reaction without SiO 2 

corresponds to that with SiO 2 , except for marking with su- 
perscript “gas”. The PESs of four H-abstraction and three OH- 
addition pathways are depicted in Fig. 4 . The geometries of all 
stationary points involved in the gaseous phase reaction are 
presented in Fig. S3. 

For the H-abstraction pathways, the �E values of four path- 
ways are −1.85 kcal/mol for R 

gas 
abs 1 , 2.24 kcal/mol for R 

gas 
abs 2 , 

4.73 kcal/mol for R 

gas 
abs 3 , and 5.02 kcal/mol for R 

gas 
abs 4 ( Fig. 4 a). 

The �E of R 

gas 
abs 1 is at least by 4.09 kcal/mol lower than those of 

other H-abstraction pathways, indicating more favorable car- 
bonyl H 1 -abstraction ( R 

gas 
abs 1 ). It is in line with our calculated re- 

sults of dissociation energy (D 

0 
298 (C −H)) (Table S2). That is, the 

D 

0 
298 (C − H) in carbonyl group is 88.43 kcal/mol, which is lower 

than those in other group. However, in the presence of SiO 2 , 
H1 atom on the carbonyl group of ARL is occupied by SiO 2 sur- 
face via the formation of hydrogen bond (s-IS in Fig. S1a), caus- 

ing H1-abstraction pathway undergoes a higher �E value and 

large steric hindrance. In addition, the �E values of R 

gas 
abs 2 , R 

gas 
abs 3 

and R 

gas 
abs 4 are also at least by 5.10 kcal/mol higher than those 

of the corresponding pathways in the presence of SiO 2 . It in- 
dicates that the presence of SiO 2 promotes the H-abstraction 

from the –CH– and –CH 2 – groups but hinders the carbonyl-H- 
abstraction. As discussed above, H-abstraction from the –CH 2 –
group (R abs 3) is the dominant H-abstraction pathway on the 
SiO 2 surface, while H-abstraction from carbonyl group ( R 

gas 
abs 1 ) 

is the dominant H-abstraction pathway in the absence of SiO 2 

surface. 
As shown in Fig. 4 b, the �E values of the three OH-addition 

pathways are 6.85 kcal/mol for R 

gas 
add 1 , 1.03 kcal/mol for R 

gas 
add 2 , 

−0.86 kcal/mol for R 

gas 
add 3 . The �E corresponds to the order of 

R 

gas 
add 1 > R 

gas 
add 2 > R 

gas 
add 3 in the absence of SiO 2 , in contrast to 

R add 3 > R add 2 > R add 1 in the presence of SiO 2 . OH-addition 

to methylene C-atom ( R 

gas 
add 3 ) pathway as the dominant OH- 

addition pathway becomes difficult to occur when SiO 2 is 
added, while OH-addition to carbonyl C-atom pathway ( R 

gas 
add 1 ) 

as the minor OH-addition pathway is of major significance in 

the presence of SiO 2 . It indicates that the carbonyl C-atom is 
activated. 

As discussed above, the �E of R 

gas 
add 3 is higher than that 

of R 

gas 
abs 1 , suggesting that H-abstraction from carbonyl group 

is the most favorable pathway in the absence of SiO 2 , in 

agreement with the previous theoretical results ( Olivella and 

Sole, 2008 ). Our results suggest that the contribution of OH- 
addition to carbonyl C-atom is enhanced and becomes a major 
pathway in the presence of SiO 2 . Hence, the presence of SiO 2 

changes the photooxidation mechanism of ARL, attributable 
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Fig. 4 – Potential energy surfaces of (a) H-abstraction ( R 

gas 
abs ) and (b) OH-addition ( R 

gas 
add ) pathways for the photooxidation of 

ARL in the absence of SiO 2 . COM: the complexes at exit of the reaction. 

for the reactivity of carbonyl H-atom and carbonyl C-atom is 
dominantly affected. 

3. Conclusions and atmospheric implications 

The photooxidation reaction mechanisms of ARL with OH in 

the absence and presence of SiO 2 were investigated by DFT. 
We evaluated the role of mineral particles in the photoox- 
idation of ARL and explored the nature of reaction. In the 
presence of SiO 2 , H-abstraction pathway is of minor impor- 
tance because carbonyl H-atom is occupied by SiO 2 , while OH- 
addition to carbonyl C-atom is of major significance due to 
the activated C-atom by SiO 2 . Hence, the presence of SiO 2 

changes the photooxidation mechanism and product distri- 
bution of ARL. For example, for the reaction without SiO 2 , 
the main product is identified to be CH 2 CHCO radical, which 

further reacts with NO 2 and O 2 to form PAN-type species 
CH 2 CHC(O)O 2 NO 2 (APAN) ( Magneron et al., 2002 ; Orlando and 

Tyndall, 2002 ). However, in the presence of SiO 2 , the main 

product changes to RO radical, CH 2 CHCH(OH)O radical. Con- 

sidering that in the troposphere, most of RO radicals have been 

proven to engage in the reaction with O 2 , unimolecular de- 
composition and unimolecular isomerization ( Devolder, 2003 ; 
Orlando et al., 2003 ), we assessed the thermodynamic feasi- 
bility of the subsequence reactions of CH 2 CHCH(OH)O radical. 
CH 2 CHCH(OH)O radical reacts with O 2 and forms HO 2 radical 
and CH 2 CHCOOH, with the �E r of −50.37 kcal/mol, indicat- 
ing that the reaction is thermodynamic favorable. HO 2 rad- 
ical further participates in the NO x chemical cycle and pro- 
motes the oxidation of NO to NO 2 and further influences the 
O 3 formation ( Wang et al., 2018 ). CH 2 CHCOOH will be fur- 
ther oxidized by OH through H-abstraction and OH-addition 

( Chu et al., 2018 ) or undergoes photodissociation to form OH, 
CO and CO 2 ( Fang and Liu, 2000 ), which contribute to at- 
mospheric CO 2 and influence the O 3 formation. In addition, 
CH 2 CHCOOH may accumulate on the surface and alter the 
acidity of SiO 2 surface, and thus influence the acid-catalyzed 

reactions. However, considering the atmospheric esterifica- 
tion between organic acid and alcohol, it is necessary to in- 
vestigate whether the acidity of SiO 2 will alter due to the 
formation of CH 2 CHCOOH. Moreover, previous studies have 
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shown that NO x contributes to the subsequent reaction of 
the photooxidation products of ARL ( Magneron et al., 2002 ; 
Orlando and Tyndall, 2002 ). Hence, the subsequent reaction 

for the photooxidation products of ARL needed to be further 
assessed. 

In addition, the optimized geometries and the �E ads for the 
adsorption of three gas-phase photooxidation products of ARL 
on SiO 2 were investigated and the results are list in Appendix 
A. Supplementary data. As shown in Fig. S5 and Table S3, the 
most stable adsorption configurations of three products are 
Pro a -SiO 2 (1), Pro b -SiO 2 (1) and Pro c -SiO 2 (2), with the �E ads of 
−12.38, −18.69 and −8.25 kcal/mol, respectively. It indicates 
that three gas-phase products are also effectively adsorbed 

onto SiO 2 surface. Our results revealed that mineral particles 
not only influence the photooxidation mechanism of CCs but 
also adsorb the photooxidation products of CCs. Hence, the 
subsequent conversion of the oxidation products for VOCs in 

the presence of mineral particles need to be further studied. 
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