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Abstract. The ozonolysis of alkenes is considered to be anlows them to become involved in atmospheric chemical pro-
important source of atmospheric peroxides, which serve agesses, e.g., SOA formation and radical recycling.
oxidants, reservoirs of HQradicals, and components of sec-
ondary organic aerosols (SOAs). Recent laboratory investi-
gations of this reaction identified hydrogen peroxide@)
and hydroxymethyl hydroperoxide (HMHP) in ozonolysis 1 Introduction
of isoprene. Although larger hydroxyalkyl hydroperoxides
(HAHPs) were also expected, their presence is not currentlyPeroxides, including hydrogen peroxide and organic perox-
supported by experimental evidence. In the present studydes, are considered to be important trace compounds in the
we investigated the formation of peroxides in the gas phas@tmosphere due to their multiple roles as oxidants (Calvert et
ozonolysis of isoprene at various relative humidities on aal., 1985) and reservoirs of radicals (H®RO,) (Wallington
time scale of tens of seconds, using a quartz flow tube reand Japar, 1990; Lightfoot et al., 1991; Vaghjiani and Rav-
actor coupled with the online detection of peroxides. We de-ishankara, 1990; Hatakeyama et al., 1991; Atkinson et al.,
tected a variety of conventional peroxides, includingO, 1992; Spittler et al., 2000; Ravetta et al., 2001). Furthermore,
HMHP, methyl hydroperoxide, bis-hydroxymethyl hydroper- they can harm vegetation (Hewitt et al., 1990; Pellinen et al.,
oxide, and ethyl hydroperoxide, and interestingly found three2002) and are known to be important components of sec-
unknown peroxides. The molar yields of the conventionalondary organic aerosols (SOAs) (Bonn et al., 2004; Docherty
peroxides fell within the range of values provided in the lit- et al., 2005; Hallquist et al., 2009; Chen et al., 2011). In the
erature. The three unknown peroxides had a combined moldaboratory, organic peroxides are known to be major prod-
yield of ~30% at 5% relative humidity (RH), which was ucts of the photooxidation of isoprene by the OH radical
comparable with that of the conventional peroxides. Unlikeunder NQ-free conditions (Miyoshi et al., 1994; Paulot et
H,0, and HMHP, the molar yields of these three unknown al., 2009). Using the iodometric spectrophotometric method,
peroxides were inversely related to the RH. On the basis ofSurratt et al. (2006) quantitatively reported that total organic
experimental kinetic and box model analysis, we tentativelyperoxides account for 25-60 % of SOA mass formed from
assigned these unknown peroxides te-€©2 HAHPs, which  the photooxidation of isoprene. Some model results suggest
are produced by the reactions of different Criegee intermedithat organic peroxides are even more important than car-
ates with water. Our study provides experimental evidencedoxylic acids as SOA contributors (Bonn et al., 2004). Kroll
for the formation of large HAHPs in the ozonolysis of iso- et al. (2006) suggested that the decrease in SOA mass dur-
prene (one of the alkenes). These large HAHPs have a suffig the photooxidation of isoprene may be attributed to the
ciently long lifetime, estimated as tens of minutes, which al- chemical reactions of organic peroxides. There are no known
primary sources of peroxides. An important pathway for their
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formation is considered to be the bimolecular reaction be- In the present study, we detect more peroxide types in the
tween RQ and HG radicals, while RQ radicals are mainly  reaction of ozone and isoprene in the gas phase to evaluate
formed from the OH radical-initiated photooxidation of alka- the reaction mechanism of Criegee intermediates with water,
nes and alkenes under low ©onditions (e.g., Atkinson et and we study the peroxide yield dependence on the relative
al., 2006). Another pathway for the formation of hydroper- humidity. We conduct simulations for the ozonolysis of iso-
oxides is the ozonolysis of alkenes (e.g., Becker et al., 1990prene in a quartz flow tube reactor with a reaction time of
Hewitt et al., 1990; @b et al., 1995; Neeb et al., 1997; Sauer tens of seconds at ten different relative humidities, using an
et al., 1999; Lee et al., 2000; Tobia and Ziemann, 2001). Aonline HPLC detection for the peroxides. A variety of perox-
peak in the concentration of peroxides was found at night inides have been identified and quantified or semi-quantified,
field measurements (Hua et al., 2008), providing evidence foin particular organic peroxides. A box model is used to sim-
the important contribution from the ozonolysis of alkenes. ulate the HAHPSs’ formation process, and simultaneously to
Scheme 1 illustrates a summary of the major known stepstudy the effect of water on the formation and removal of
in the ozonolysis of alkenes. The formation of peroxides isHAHPSs.
related to the reactions of Criegee intermediates, i.e., iso-
merization (R3b), reaction with water (R4al), and reaction
with organic acid (R4a2); whereas the decomposition of per-
oxides follows pathways of R4bl, R4all, R4al2, R4a13,2 1 Chemicals
and R4al4. Considering the ubiquity of water molecules™

in the atmosphert_e, water plays a principal role in h_ydrox'lsoprene (Fluka, 99.5%), ultrapure water (1&2MMilli-
yalkyl hydroperomde (HAHP) formation via the_ reaction of pore), acetonitrile (Tedia, spectroscopically pure€9.9 %),
R4al (Gb et al., 1985; Hatakeyama and Akimoto, 1994;\, (> 99.9999%, Beijing Haikeyuanchang Practical Gas
Ryzhkov and Ariya, 2004, 2006). In theoretical studies, Cre'Company Limited, Beijing, China), and ,0(> 99.999 %
huet et al. (2001) suggested that the KD biradical, the  pgjjing Haikeyuanchang Practical Gas Company Limited,
simplest Criegee intermediate, would have a two-Step reacggjjing, China) were used as received. The source and
tion with H,0, first generating HMHP and then decompos- purity of authentic standards for synthesising peroxides
ing. Aplincourt and Anglada (2003a) showed that the mostyre. 1,0, (Acros, 35wt. %), formaldehyde (Riedel-delaen,
fa\(ourab_le pathwz_iy fo_r the reaction of water and the isopreneyg 5\t %), acetaldehyde (Amethyst, 40 wt. %), glycoalde-
Criegee |ntermed|e}te is the formation .of HAHP. The HAHP hyde (Aldrich, crystalline), propanal (Fluka, 99.7 %), glyoxal
would decompose into the corresponding carbonyl as@H (sigma-Aldrich, 40wt. %), formic acid (Alfa Aesar, 97 %),
(Atkinson and Arey, 2003). Very recently, Welz et al. (2012) gcetic acid (Alfa Aesar, 99.9985 %), glycolic acid (Sigma-
directly determined unexpectedly large rate constants for they|qich o9 %), propionic acid (Alfa Aesar, 99 %), acetone
reactions of the Criegee intermediate withzSand NG, (gyka, 99.7 %), hydroxyacetone (Fluka, 90 %), 2-Br-ethanol

indicating that Criegee intermediates may be important OX-(Alfa Aesar, 97 %), 3-Br-1-proponol (Alfa Aesar, 976),
idants for SQ and NQ. Vereecken et al. (2012) presented 4 1-Br-2-proponol (Aldrich, 70 %).

a series of loss pathways for the stabilised Criegee interme-
diate, and found that its loss was dominated by its reactiorp.2  Apparatus and procedure
with H2O, NO,, and SQ, for which HO is the most effi-
cient scavenger. A flow tube reactor (100cm length, 5cm inner diameter,
There have been only a few chamber studies focusing omuartz wall) equipped with a water jacket for temperature
hydrogen peroxide and the C1-C3 hydroperoxide formationcontrol was employed for performing ozonolysis experi-
in the ozonolysis of alkenes &b et al., 1985, 1995; Hewitt ments in the dark. Figure 1 provides the overview of the
and Kok, 1991; Horie et al., 1994; Neeb et al., 1997; Sauerapparatus. The temperature of the reactor was controlled to
et al., 1999; Hasson et al., 2001a, b). However, to date, th@54 0.5°C. O3 was generated by the UV irradiation of a
identified peroxides are mostly limited to8> and HMHP. 0.1 L min~? flow of O,, and the concentration was controlled
The larger HAHPs have been speculated in laboratory studby the light intensity. Isoprene stock gas was prepared by in-
ies, although their possible decomposition products such agcting 4.0 pL liquid isoprene into an evacuated steel canister
H205, carbonyls, and organic acids have been quantitatively(15.0 L, Entech Instrument), followed by the addition of N
observed. Moreover, there is large uncertainty for th®©}  to the canister to a pressure of 30 psi. The isoprene concen-
and HMHP yields obtained in chamber experiments, whichtration in the canister was 20.6 ppmv. Through a mass flow
usually last for tens of minutes to several hours of reactioncontroller (MFC), the stock isoprene gas was introduced into
time, due to the decomposition and wall losses of the highlythe flow reactor from the canister. Water vapour was gen-
reactive peroxides. In addition, most experiments have beerrated by passing Nthrough a glass tube containing two
performed at either a low or high relative humidity rather floors of carborundum disc submerged in ultrapure water (18
than at various relative humidity values. M®). There were two gas entrances on the reactor, and the
flow through each entrance was 1.0 L min One entrance

Experimental
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Rz)_ - OH * o )_0 R/U\R (Rab1) constantly added to the reactor; then an hour later, the con-
1 .
o “ ! = centrations of the products become constant. Next, the prod-
R1)LO—R2 —=— cH3oH + CO (Racl) ucts were collected and detected either online or offline. We
—= R,=C-0 + H0 (Ric2) ensured that the reactants and the products mixture continu-
- + co (Ric3) ously contacted the reactor wall for one hour, to age the re-
‘ ’ actor wall and thus decrease the wall effect on the products.
—— R/C.=O + HO. (R4c4)
Ry OH 2 2.3 Products analysis
S + K
R2>< ooH R 1JJ\R2 H,0, (R4all)
o The concentrations of £9and the major products, includ-
—_— + . . . .
R1JLOR2 H,0 (Rial2) ing peroxides, carbonyl compounds, and organic acids, were
Ri OH ) determined using methods described in our previous work
XKooyt 1O rdg, * MO, *HO (i) (Wang et al., 2009; Hua et al., 2008; Huang et al., 2011).
2 . . .
o Generally, peroxide compounds were collected in a caoil
R1JLOR2+ H,0 (Raald) collector with an HPOy solution (pH 3.5) and were on-

line analysed by high performance liquid chromatography
(HPLC) (Agilent 1100, USA) coupled with post-column
Scheme 1.The major steps for the ozonolysis of alkenes in the gasderivatization. In this latter step, the peroxides oxidised p-
phase. The reactions in the blue box are related to the water effecthydroxyphenylacetic acid to produce a fluorescent dimer in
on the formation and removal of HAHPs. a reaction catalysed by hemin. The reaction mixtures were
collected for 1 min at a time. We used the reaction between
H,0O, and HCHO, both of which are the important products
in the ozonolysis of isoprene, to probe the possibility of a
introduced a mixture of isoprene, dryoNand wet/dry N. chemical reaction occurring in the scrubbingR®, solu-
The other introduced a mixture ofsQ0,, and wet/dry N. tion. We mixed 106 M H,0, with 107> M HCHO in H3POy
The residence time of the gases was estimated to be 68 s witkplution, and we did not detect HMHP in the mixture 30 min
a total flow of 2.0 L minL. The final ratio of N to O, was later. This result implied that the chemistry occurring in the
80%:20%. The initial concentrations of isoprengg®) scrubbing solution inside the coil collector was unimportant.
and Q (Co,) in the reactor were 290 ppbv and 80 ppmv, re- The samples for determining the carbonyls were collected us-
spectively. The ratio of g, to Ciso was about 300, which is  ing the cold trap method, in which a 2.0 L mihgas mixture
similar to the ratio in the real atmosphere. After each experfrom the outlet of the reactor passed through a Horibe tube
iment, the reactor was rinsed out twice with water and wasin a cold trap of ethanol-liquid nitrogen at abou®0°C. In
dried with No. our experiments, the “Horibe tube” was made of three glass
It is worth noting that, using the flow tube reactor, the components: an inlet main tube (25cm length, 4cm O.D.),
reaction time was 68 s although each experiment lasted foa coil (4-6 laps, 1 c¢cm O.D.) linked to and around the main
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tube, and an outlet carborundum disc. After the sample wa®2.5 Modelling methodology

collected for 30 min, the Horibe tube was removed from the

cold trap, and immediately 10 mL acetonitrile was used toA box model coupled with a near-explicit mechanism of
strip the tube inside. In this process, 2 mL stripping solutionozonolysis of isoprene under N@ree conditions, which
was mixed with 2mL 2, 4-dinitrophenyhydrazine (DNPH)- was extracted from the Master Chemical Mechanism version
acetonitrile solution for 24 h derivatization, and the deriva- 3.2 (MCM v3.2) (website:http:/mcm.leeds.ac.uk/MCM
tization solution was analysed by HPLC with UV detection Jenkin et al., 1997; Saunders et al., 2003), was set up to
(Agilent 1100, USA). The samples for the organic acids wereSimulate the reaction processes of theif@tiated oxidation

also collected using the cold trap method, and water was use@f isoprene occurring in the flow tube reactor. We expanded
to strip the Horibe tube. The 2mL stripping solution was the extracted mechanism to include a dozen reactions for the
immediately analysed with ion chromatography (DIONEX formation of hydroxyalkyl hydroperoxides (HAHPS) via re-
2650, USA) and an ED50 conductivity detector. During the actions between the gaseous water and Criegee intermedi-
collection process, ©and isoprene could not be frozen in the ates and the reactions of the water-assisted decomposition of
tube — only the reaction products were captured by the colddAHPs. In this model, we tentatively investigated the water
tube. The reaction rate of0and isoprene at-90°C was  effect on the products’ formation and removal.

much lower than it was at Z&. We think the reactions dur-
ing the collection process were unimportant to the formation

of the observed products. 3 Results and discussion

2.4 Control experiments: H,O, background and 3.1 Background and wall loss quantification

peroxide wall loss In the HO» background experiment, the measuregObl

concentration at the outlet of the reactor became constant af-
ter the Q-containing gas passed through the reactor for about
30 min. Generally, the §D, background was less than 5%
of the formed HO, from the isoprene ozonolysis. Figure 2
shows the wall loss profiles of several peroxides with increas-
ing RH. For Oy, the RH dependence of the wall loss was
a “V-shaped” curve, with its lowest level (0.02) occurring at

The wall losses of the reactants{@nd isoprene) were 0 % RH, and its highest level (0.11) occurring at 80 % RH.
negligible; however, the wall losses of the oxygenated prod-0" 1-hydroxyl hydroperoxides, HMHP and 1-HEHP had a

ucts were inevitable, especially under high RH conditions. AWall 10ss curve similar to that of $0, but with a higher loss
series of peroxides, including®,, HMHP, 1-hydroxyethyl fraction. The \{vall Iosg of peroxy acids, however, steadily in-
hydroperoxide (1-HEHP), peroxyacetic acid (PAA), and per_creased with increasing RH, and the highest vqlue was 0.21
propionic acid (PPA), were selected as representatives to gt 80% RH. In general for the vyal! loss _Of peroxides, HMHP
termine the wall losses of the oxygenated products. HMHPS€EMed to present an upper limit, while®; showed the
and 1-HEHP are proxies for 1-hydroxyl hydroperoxides, and/©Wer limit. In this study, the background of; and the -
PAA and PPA are proxies for peroxy acids. Peroxide gas withwall loss of "bo? and organic peroxides were considered in
a certain concentration was obtained by passing 100 mL N the data .at_nalys,ls. . o .

through a diffusion tube containing a peroxide solution. The ' addition, we considered the possibility of peroxides for-

peroxide gas was then introduced into the flow tube togetheMation on the walls. After each experiment, the reactor wall
with water vapour and Nplus Oy, which resulted in a to- Was washed with water, and then the eluate was collected

tal flow of 2.0 L min~* and a peroxide concentration close to for a peroxides analysis to detect if large quantities of per-

that observed in the ozonolysis experiment. The wall Iosse?xIdes were present. However, onIyg(Blz and HMHleere
of the peroxides, which were a function of RH, were deter. detected in the eluate. Thus, we believe that formation on the

mined as the difference between the peroxide concentration&@!lS y;as an unimportant pathway for the more complicated
peroxides.

of the inlet and the outlet of the reactor after 60 min of per-
oxide passing (at which time the peroxide concentrations be: 2 Conventional products: peroxides, carbonyls and
came constant). These losses were represented by the ratio organic acids ' '

(Cin — CouTm)/CiN- In addition, we adjusted the total gas
flow passing through the reactor to reach variable gas resiryis stydy identified a number of conventional hydroper-
dence t'm‘?sff 45sat3.0Lmih, 68sat2.0Lmin', 135S iqes which have been generally reported in the re-
at 1.0Lmir*, and 270s at 0.5Lmin', respectively. We |ieq fiterature, as products in the ozonolysis of isoprene.

then obtained the variation profiles of the wall loss with reS-They include hydrogen peroxide §B5), hydroxymethyl
idence time for HO, and HMHP at 5% RH. hydroperoxide (HMHP), bis-hydroxymethyl hydroperoxide

Blank runs were performed to investigate the potentiaDi
produced during the process of @eneration by UV irradi-
ation of oxygen and trace water; that is, we passed the mix
ture of &3 + N2 + O through the reactor in the absence
of isoprene. The measurechb®, was considered to be the
blank background that should be subtracted from th®H
observed in the isoprene ozonolysis experiment.
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HMHP: hydroxymethyl hydroperoxide; 1-HEHP: 1-hydroxyethyl o 0.09 B
hydroperoxide; PAA: peroxyacetic acid; PPA: perpropionic acid. § 0.40 %
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; ( 0.20 2
(BHMP), methyl hydroperoxide (MHP), and ethyl hydroper- i 0.03
oxide (EHP). Because the standard of BHMP is not available, & :
BHMP is quantified using the response factor of HMHP. Fig- 0.00 —_— 0.00

ure 3a shows the wall-loss-corrected molar yield profiles of
H>0,, HMHP, and BHMP as a function of RH. The wall
loss of MHP and EHP was considered to be the same as thqﬁig_ 3. Dependence of the product yields f@) peroxides andb)

of H202, while the wall loss of BHMP was assumed to be carbonyls and acids on relative humidity (RH). FA: formic acid;
like HMHP. The molar yield was defined as the ratio of the AA: acetic acid; FAL: formaldehyde; MG: methyl glyoxal; AL: ac-
formed molar number of the product to the consumed molaretaldehyde; GL: glyoxal.

number of isoprene. Here, the percent conversion of isoprene

was estimated to be 75 %, according to the rate constant of

the isoprene reaction with4JAtkinson et al., 2006) and a _
reaction time of 68s. The molar yields of MHP and EHP Was very close to that of PAA (13.22 min). Both unknown2

were found to be- 2 % and~ 1%, respectively, under every and unknown3 were quantified using the response factor of
RH condition (not shown). HMHP and4®, increased with H205, since we have no standard very clpse to them. In our
RH and then leveled off at 40 % RH. An increasing humidity HPLC system, compared t028; (6.25min), compounds
led to a decreasing molar yield of BHMP, indicating that the with longer retention times have smaller response factors.
water effects on the formation of BHMP were different than !f trué, the amounts of unknown2 and unknown3 would be
the water effects on HMHP and,8,. All the observed or- underestimated. As for the wall losses, we applied the wall
ganic acids and carbonyls, including formic acid (FA), acetic 0SS curve of HMHP to the yields correction for these un-
acid (AA), formaldehyde (FAL), acetaldehyde (AL), methyl known peroxides and obtained upper limits of their yields.
glyoxal (MG), and glyoxal (GL), were found to be dependent Simultaneously, the wall loss curve of;8, was used to

on RH (Fig. 3b); that is, there was a significant yield increaseobtain the lower limits of their yields. The largest differ-
with increasing RH for AL, MG, and GL, while there was a €Nc€ between these two corrected curves was about 15 %.

slight yield decrease with increasing RH for FAL, FA, and e averaged the wall loss ratio of28, and HMHP and

RH (%)

AA. used the mean value to represent the wall losses of the un-
known peroxides. Based on the semi-quantitative concentra-
3.3 Unknown peroxides tions mentioned above, and considering the wall losses, we

estimated the molar yields of these three unknown peroxides.
Interestingly, we detected three unknown peroxides, includ+igure 4 shows the RH dependence for the molar yields for
ing unknownl (retention time in HPLC: 12.88 min), un- the unknown peroxides. Increasing the RH from 5% RH to
known2 (29.41 min), and unknown3 (27.22 min). Because 0f90 % RH led to a 90 % decrease in the molar yield for un-
the absence of standards for the three unknown peroxideknownl, 98 % decrease for unknown2, and 83 % decrease
unknownl was quantified using the response factor of perfor unknown3. Obviously, the formation and removal mech-
oxyacetic acid (PAA), as the retention time of unknownl anism of these peroxides is worth exploring.

www.atmos-chem-phys.net/13/5671/2013/ Atmos. Chem. Phys., 13, 56683 2013
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0.40 0.03 yield with only ~ 2 % at 5% RH, which is comparable to the
i 4-59% reported in the literature &bB et al., 1995; Neeb et al.,
unknown 1997). We observed a much higher yield for the more com-
5 030 unknown2 B plicated organic peroxides, e.gv,30% for the unknownl
2 T unknown3 40.02 g peroxide as estimated using the response factor of peroxy-
:_E 2 acetic acid (PAA) in the HPLC analysis. The observed yield
E 0201 3 of MHP was much lower than that of the unknown perox-
g | om% ides;.thus, the other ROOH compound.s producgd from the
£ o1l ' g reactions of R@ and HQ presented a minor contribution to
= 5 the formation of the observed organic peroxides.
0.00 0.00 3.3.3 Unknown peroxides variation with reaction time

RH (%)

Additional experiments that varied the flow were performed
Fig. 4. Dependence of the product molar yields for the unknown to Invejtlgagla the rfegctzlog tlmg g%pfnq:ﬁnce of thedur:jkpown
peroxides on relative humidity (RH). The upper edge of the filled peroxices. Flows of 5, 2, 1, and 9.5 L mincorresponded to

area represents the corrected unknown peroxide yields using thEeaction timgs of 45, 68_' 135 and 270 S_’ respectively. In all
wall loss curve of HMHP. The lower edge of the filled area rep- these experiments, the initial concentrations of the reactants

resents the corrected unknown peroxide yields using the wall losdn the reactor were the same (290 ppbv isoprer@0 ppmv
curve of H,0,. The black line represents the mean value, and theO3) and the RH is 5%. We also determined the wall loss ra-
error bar represents2of the detected concentrations of unknown tios ((Gn — Cout)/Cin) of HMHP and HO» at different
peroxides. residence times and obtained an average wall loss variation
that represented the wall loss residence time dependence of
the three unknown peroxides: 8.3% at 45s, 12.6 % at 68s,
3.3.1 Unknown peroxides source: ozonolysis reactionor 16.9% at135s, and 15.2% at 270 s, respectively. These wall
OH-initiated reaction? losses were considered in the unknown peroxides concentra-
tion calculation. The results for the peroxides concentrations
To explore the source of these peroxides, we needed to deare shown in Fig. 5. Once the reaction began, the unknown
termine if they were from @ or/and OH radical-initiated peroxides increased to a maximum within 100s and then
reactions. OH radicals are known to be generated in thegradually decreased. This indicated that the unknown perox-
gaseous ozonolysis of isoprene (e.g., Paulson and Orlanddages were unstable; also they possibly reacted with the other
1996; Ariya et al., 2000; Kroll et al., 2001a, b). We per- compounds in the gas phase. Unfortunately, we could not ex-
formed an experiment of isoprene ozonolysis in the presencelude the case of heterogeneous decomposition of HAHPs
of the OH scavenger, cyclohexane, at 5% RH. The added cyduring the reaction.
clohexane was estimated to scavenge 95 % of OH radicals
produced from the reaction. A comparison of the initial re- 3.3.4 Unknown peroxides decomposition in aqueous
actant concentrations and the product yields in the presence solution
and absence of the OH scavenger is shown in Table 1. The
cyclohexane addition did not affect the molar yields of the When we repeatedly measured a sample collected with the
unknown peroxides. This result suggested that the peroxideblsPOy solution (pH 3.5) (the sample was stored in an Ag-
were produced via the ozonolysis reaction rather than an OHlent brown sampling bottle at room temperature25°C),
radical-initiated reaction. we found that the concentrations of the unknown perox-
ides gradually decreased. Figure 6a shows the time series
3.3.2 Unknown peroxides source: cross reaction of RO of the peroxides in the sample. Simultaneously, we moni-
and HO» radicals? tored the carbonyl variation of the sample (shown in Fig. 6b).
The concentration variation of methyl glyoxal (MG) mir-
It has been reported that Criegee radicals could produce ROrored that of the unknown peroxides, as it increased 30 %
as well as HQ radicals, and the cross reaction of Rénd  after 130 min of storage at room temperature. Interestingly,
HO, would produce ROOH. In the MCM v3.2 mechanism we did not detect any compound that had more carbon than
for the ozonolysis of isoprene, the cross reaction of, RO MG (C3 dicarbonyl). Moreover, the Henry’s law constant of
and HQ resulted in the highest yield for G&OH (MHP), O3 (1.1x 10 2Matm™1, Seinfeld and Pandis, 2006) is so
which was produced via the reaction of gbp with HO». small that aqueous Owould be negligible; thus, the aque-
However, a much lower yield was obtained for the more com-ous ozonolysis reaction could not significantly contribute to
plicated ROOH compounds, about half to a tenth of the MHPMG production. Large radicals would be quickly stabilised
yield. In the present laboratory study, we observed an MHPby condensed water (Wang et al., 2012), and these radicals
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Table 1. The molar yields of the determined peroxides in the ozonolysis of isoprene in the presence and absence of the OH scavenger.

Reactants YH,0, YHMHP  Yunkowni Yunknown2  Yunknown3
290 ppbv ISO+ 80 ppmv Q3 0.051 0.185 0.263 0.018 0.005
290 ppbv ISOF 80 ppmv G+ 652ppmvCH  0.043  0.207 0.249 0.018 0.004
290 ppbv ISO+ 80 ppmv @+ 1956 ppmv CH ~ 0.040  0.194 0.257 0.019 0.005

Note: ISO, isoprene; CH, cyclohexane.
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—— Cg(unknownl) —A— Cg(unknown2) =
= — —o—H202 —6—HMHP s
£ —6— Cg(HMHP) —&— Cg(unknown3) S =
S 0.08 0.003 =16 BHMP —@— unknownl 4 120 ¢
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Fig. 5. The temporal profiles of HMHP and the three unknown per- 16 b 500
oxides at 5% RH. - —4—AL —0—GL ——MG —6—FAL
g ] a0 S
Z 12 =2
£ 9 {300 E
é g A 4 —A =
could not constantly decompose and directly produce MG § 200 2
. . 1 o
over such along time. So, the source of MG remains obscure. 0/_.\._/0 2
As shown in Fig. 6, the unknown peroxides decrease, 3 4 | 100 *
whereas HO, and MG increase. In the fnitiated reac- 3
tion of isoprene, we expected that hydroxyalkyl hydroper- I R I
oxides (HAHPs) would be produced from the reactions 0o 20 40 60 8 100 120 140
of the Criegee intermediates with,8 (Gab et al., 1985; Time (min)

Hatakeyama and Akimoto, 1994; Ryzhkov and Ariya, 2004).

However, in the past decade, researchers have identified fefid- 6. Temporal profiles ofa) peroxides andb) carbonyls of a
HAHPs larger than HMHP produced through the ozonoly- sample collected with §PO, solution and stored at room temper-
sis mechanism. The reason has been previously attributed @U"e & 25°C). AL: acetaldehyde; GL: glyoxal; MG: methyl gly-
the faster decomposition into a carbonyl ang for larger oxal; FAL: formaldehyde.

HAHPs than HMHP (Hasson et al., 2001b). Notably, most of

the previous studies employed a large static chamber, SO PO$3e a6 in the carbonyls such as MG was due to the aqueous
sibly t_hese studies rn_lss_ed details rega_rdlng the ge_neratlon Qicecomposition of large HAHPs.

peroxides at the beginning of the reaction as the first sample

was usually collected after 10 min reaction. In the present3 3.5 Comparison with the synthesized peroxides

study, we used a quartz flow tube reactor to investigate the

formation of peroxides in the ozonolysis of isoprene at var-Considering the inverse relationship between MG and the
ious RH. The reaction time was dozens of seconds and thenknown peroxides described in Fig. 6, we attempted to
wall losses of the peroxides were limited to a small extent;evaluate whether MG was a potential precursor in the
this increased the chance that we could observe some consynthesis of the unknown peroxides. Unfortunately, MG
pounds that were active and short lived. The obvious oppopolymerizes at a high concentration, and at a low concentra-
site variations for the unknown peroxides and carbonyls andion it did not react with HO, to generate the corresponding
the analysis mentioned above led us to suppose that the oltvyydroxyl hydroperoxide. However, we tried to synthesize a
served unknown peroxides were the products of the Criegeseries of organic peroxides including alkyl hydroperoxides,
intermediate reactions with4@ (i.e., HAHPS), and the in- hydroxyalkyl hydroperoxides, and peroxy acids to confirm
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Table 2. Synthesized peroxides and their retention time, carbon number, and response faggdarand the three unknown peroxides are
listed for comparison.

Precursor Peroxide RT C RF
H>0, H>0, 625 0 1
Glycoaldehyde Ch(OH)CH(OH)OOH 6.72 2
Formaldehyde CBH(OH)OOH[HMHP] 7.14 1 1
Glyoxal HOOCH(OH)CH(OH)OOH 7.30 2
Formic acid HC(O)OOH 8.61 1
Glycolic acid CH(OH)C(O)OOH 8.72 2
Formaldehyde HOCKDOCH,OH [BHMP] 8.81 2
2-Br-ethanol CH(OH)CH,OOH[2-HEHP] 9.59 2
Hydroxyacetone  Cb{OH)C(OH)(OOH)CH 9.61 3
Dimethyl sulfate ~ CHOOH [MHP] 9.75 1 0.07
Acetaldehyde CHCH(OH)OOH[1-HEHP] 1149 2

- Unknownl 12.88

Acetic acid CHC(O)OOH[PAA] 1322 2 0.33
3-Br-1-proanol HOCHCH,CH,OOH 14.37 3
1-Br-2-proanol CHCH(OH)CH,OOH 16.77 3
Diethyl sulfate CHCH,OO0H 17.30 2 0.05
Acetone CHC(OH)(OOH)CH; 18.66 3
Propanal CHCH,CH(OH)OOH 26.28 3

— Unknown 3 27.22

— Unknown 2 29.41

Propionic acid CHCH,C(O)OOHI[PPA] 3177 3

Note: RT, peroxide retention time (min) in HPLC analysis; C, carbon number; RF: response factor
in HPLC analysis[ ] represents the abbreviation of the peroxide.

the unknown peroxides. The detailed synthetic method catHOCH,CH,CH,OOH 14.37 min< CH3CH(OH)CH,OOH

be found in the literature (Kok et al., 1995).The precursors16.77 min. (2) For the peroxides containing a different num-
and the peroxides as well as the HPLC retention times ofber of carbons: (i) one more carbon usually leads to a longer
the peroxides are shown in Table 2. Generally, MHP (EHP)retention time, e.g., C4#0OH 9.75min <CH3CH,OOH

was synthesized from #, and dimethyl sulfate (diethyl 17.30min; and (ii) one more C(OH) group leads to
sulfate) in the presence of 40% KOHy-hydroxyalkyl a shorter retention time, e.g., GH)CH(OH)OOH
hydroperoxide was synthesized by the reaction oDy  6.72min< CH2(OH)OOH 7.14min. Furthermore, we
and various carbonyls, other hydroxyalkyl hydroperoxidesdetermined the stability of these synthesized peroxides.
were synthesized from #D, and brominated alcohols Alkyl hydroperoxides and peroxy organic acids are much
in the presence of KOH, and peroxy organic acids weremore stable than hydroxyalkyl hydroperoxides. When stored
synthesized by the reaction of>8, and organic acids. in H3POy solution (pH 3.5) at room temperature, alkyl
Unfortunately, none of these synthesized peroxides had thbydroperoxides and peroxy acids decreased by less than 5%
same retention time as one of the three unknown peroxidesat a concentration of about 1®M for 1 h of storage, while
Nevertheless, after comparing the retention time, carborhydroxyalkyl hydroperoxides decreased by 5 % to 40 % (the
number, and functional groups of these synthesized peroxlarger the compound, the more stable it is). From Fig. 6a,
ides, we obtained pattern about the retention time of thewe know that the unknown 1, 2, and 3 peroxides decreased
peroxides as follows. (1) For the hydroperoxides containing50 %, 40 %, and 7 %, respectively. This was very similar
the same number of carbons: (i) the compound containing amo the variation in the hydroxyalkyl hydroperoxides in the
OH group has a shorter retention time, e.g.,,GBH)OOH H3POy solution.

7.14 min<CH3OO0H 9.75min; (ii) hydroxyl hydroperoxide According to these empirical laws for the retention time
has a shorter retention time compared with peroxy acidand the stability of the synthesized peroxides, we speculate
e.g., CH(OH)OOH 7.14 minc HC(O)OOH 8.61min and that unknownl is a hydroxyl- or a carbonyl-group-containing
CH3CH(OH)OOH 11.49 minc CH3C(O)OOH 13.22min;  C2 hydroperoxide, or both hydroxyl- and carbonyl group-
and (iii) the further the hydroxyl group is from the peroxy containing C3 hydroperoxide. Unknown2 and unknown3 are
group, the shorter is the retention time for the hydroxyl hydroxyl-group containing C3 hydroperoxides or peroxy or-
group containing peroxide, e.g., GH)CH,OOH ganic acids or hydroxyl- and/or carbonylgroup-containing
9.59 min< CH3CH(OH)OOH 11.49 min and C4 hydroperoxides. Thus, we suggest that the MG HAHP
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(CH3C(OH)(OOH)CHO or CHC(=0)CH(OH)OOH) is at and Anglada, 2003b; Hasson et al., 2003); only the water-

least one of the three unknown peroxides. assisted decomposition of HAHPs is efficient in the gas
phase (Scheme 1, R (4a13) and R (4al4)), and it generates
3.3.6 Possibility of peroxyhemiacetals carbonyls plus HO> or organic acids plus $O (Aplincourt

and Anglada, 2003b). Therefore, we added the formation
It has been suggested that Criegee intermediates can rend decomposition of HAHPs into the extracted MCM
act with carboxylic acids to forna-acyloxyl hydroprerox-  mechanism. We suggest that the seven Criegee intermediates
ides, and thex-acyloxyl hydroperoxides can subsequently react with water and produce the corresponding HAHPs as
react with aldehydes to form peroxyhemiacetals via heterofollows:
geneous and aqueous phase reactions (Tobias and Ziemann,
2001; Zhao et al.,, 2012). In the present study, formic acidCH,00 + H,0O — CH,(OH)OOH[PO1] _> products
(FA), acetic acid (AA), formaldehyde (FAL), and acetalde-
hyde (AL) were detected in the ozonolysis of isoprene per-CH;C(OO)CH=CH, + H,0 —
formeq in the flow reactor, mdlcatl.ng the possibility of .the CH3C(OH)(OOH)CH=CH, [PO2] H0 products
formation of«-acyloxyl hydroperoxides and peroxyhemiac-
etals on the reactor wall or in the collection solution. Thus,
we added pairs of carboxylic acids and aldehydes with a CHaC(=CHp) CHOO+ Ho0 —
much higher concentration (a few hundred ppbv), |nclud|ngCH3C(—CH2)CH(OH)OOH[PO3] s products
(FA+FAL), (FA+AL), (AA +FAL), and (AA+AL), into the
isoprene ozonolysis system. The results of these additiondFH3C(=0)CHOO+ H20 — CH3C(=0)CH(OH)OOH
experiments show the formation of new peroxide species[PO4] 9 products
which are possibly peroxyhemiacetals. On the basis of the
retention time in HPLC, however, these species cannot be at€H3C(OO)CHO+ H,0 — CH3C(OH)(OOH)CHO
tributed to those three unknown peroxides.

In summary, consistent with their instability in solution,
the variation of their yield with RH, and their HPLC reten-
tion time, we tentatively assigned the three unknown perox-
ides to be HAHPs, produced by the reaction of large Criege
intermediates with water molecules.

[PO5] 9 products

CH3CHOO+ H,0 — CchH(OH)OOH[PO6]
eproducts

CHy(OH)C(=0)CHOO-+ H0 —
H,0
3.4 Mechanism and water effect modelling CH(OH)C(=0)CH(OH)OOH[PO7] —% products

To further test our hypothesis of HAHPs formation, we The formation rate constants for these HAHPs from the

used a box model coupled with a near-explicit mechanismcombination of Criegee radicals with water were estimated
for the ozonolysis of isoprene (extracted from the MCM On the basis of a theoretical study by Ryzhkov and Ariya
v3.2 mechanism) to simulate the reaction processes of th€2004), who provided the reaction rate constants of parent,
Os-initiated oxidation of isoprene. The extracted mechanismmono-, and dimethyl-substituted Criegee intermediates with
provides the reactions of seven Criegee intermediates as theyfater. For the water-assisted decomposition of HAHPs, only
react with water, directly producing carbonyls plus® or  the rate constant for 2-propenythydroxy hydroperoxide
organic acids plus pD. The seven Criegee intermediates (PO3) is available (Aplincourt and Anglada, 2003b), that is,
are CH0O, MVKOO [CHsC(OO)CH=CHj,], MACROO  1.5x 103%cn?® molecule* s~*. However, our model re-
[CH3C(=CHo)CHOO], MGLOO [CHC(=0)CHOOQ], sults indicate that this theoretical decomposition rate con-
MGLYOO [CH3C(OO)CHO], CHCHOO, and HMGLOO  stant is too small to be consistent with experimental obser-
[CH2(OH)C(=0)CHOO]. However, a number of experi- vations of the profile of PO3 variation with RH. Thus, we
mental studies have affirmed the formation of HMHP (the treated the exponent of the rate constant as an adjustable pa-
simplest HAHP), produced via a reaction of gbO with rameter. A sensitivity analysis was performed and 14 simu-
H,O and yielding less than 1% to 30% under different lations were performed for PO3 usirg0, —28, —25, -22,
humidities in the gas phase ozonolysis of isoprenab(G —21,—20, and—19 as the exponents of the rate constant at
et al., 1995; Neeb et al., 1997; Sauer et al., 1999). Severdo RHs (70% and 10%, Fig. 7). As a resu#21, —20,
theoretical studies suggest that the formation of HAHPs isand—19 could capture the variation of the concentration of
the main reaction path for the reactions of the Criegee in-HAHPs with RH. PO3 decreased by 53 % as RH increased
termediates with water molecules (Aplincourt and Anglada,from 10% to 70% at 68s, which is similar to the 80%
2003a; Hasson et al., 2003) or the water dimer (Ryzhkov andlecrease for unknown2 (Fig. 4). Furthermore, for exponent
Ariya, 2004). Subsequently, the unimolecular decomposition= —20, the simulated time series of PO3 would preferably
for HAHPs is unlikely to occur in the gas phase (Aplincourt Mmatch the observed unknown2 (Fig. 7).

www.atmos-chem-phys.net/13/5671/2013/ Atmos. Chem. Phys., 13, 56683 2013



5680 D. Huang et al.: Hydroxyalkyl hydroperoxides in the ozonolysis of isoprene

003 - —— 30&70% 40 a
= - = 30&10% ™ '
——— 28&70% o~ ——PO1 —#—P02
------- — — - - 28&10% § 30 PO3 ® unknownl
— 25&70% Yor

002 |t — . 25&10%‘; g < A unknown2

g T — 22870% §E

g =~ — - 22810% 2520 f

- },..\{_\ T ——21&70% 59

e N e g — - 21&10% g%

0.01 o ———20&70% S 10|
" — - - 20&10% £
§\_ —— 19&70% 5
: — -+ 19&10% @
~
0.00 s — . U270% oo 0 20 40 60 80 100
0 60 120 180 240 300 * Y25% RH (%)
Time (s)

. ege e . . . fcw) 2'5 b 3'0
Fig. 7. Sensitivity simulation for the exponent of the reaction rate g @ unknown3 PO4 1
constant of PO3 and water. The number before “&” is the negative & 20 L —*—PO5 —e—P06 25
exponent, and the number after “&” is the relative humidity (RH). S —+—PO7 s
For example, 30&70 % means the model is performed with arate < ;5 | 20 g
constant of 1.5¢ 1039 cm? molecule 1 s~1 and a RH of 70 %. U2 a 158
70% and U2 5% represent the observed unknown2 time seriesa @ |/ | g
70% RH and 5% RH, respectively. 3 109

[s2]
=
s 05T 05
E ]
D n 1 n 1 n 1 n 1 n
We hypothesized that all seven HAHPs (PO1-PO7) have 00 " 0 ” " oo
the similar rate constant of 1:610-2°cm® molecule ts~1. RH (%)

We then used the modified mechanism to simulate the con-
centration variations of the seven HAHPs with RH at 68 sFig. 8. The simulated dependence of the concentrations of seven
(Fig. 8). The simulation results displayed that PO1, PO2,POs on the relative humidity (RH), and comparisons between the
PO3, PO4, PO5, PO6, and PO7 decreased by 91 %, 80 %podelled PO and the observed unknown peroxi¢@sObserved
95 9%, 76 %, 53 %, 84 %, 81 %, and 87 %, respectively, with unknownl, unknown2, and modelled PO1, 2, an¢b3.Observed
RH increasing from 10% to 90 %. These decreases showedk"oWn3 and modelied PO4, 5, 6, and 7.
good agreement with the observed decreases for the un-
known peroxides, that is, 90 % for unknown1, 98 % for un- ,qather with the corresponding linear fitting equations are
known2, and 83 % for unknown3 with RH increasing from gpoed in Fig. 9. It is noticed that the modelled HMHP,
10% to 90% (see Sect. 3.3). Interestingly, for the conceny o 'po1 s far less than the measured HMHP. Moreover, as
tration curves, PO2 and PO3 agreed well with unknownZp,y increases, the decrement of BHMP due to its hydrolysis
(Fig. 8a), and PO4, POS5, and PO6 agreed well with un-y,.o/RH — 5.36x 10-%) can only account for about half
known3 (Fig. 8b). Meanwhile, all o_f the_P_Os were much o increment of HMHP Xumup/RH = 1.26x 10-3). There
lower than unknownl, although their variation trends wereg g 1o possible reasons to explain this result as follows: (i)
similar. This discrepancy between the POs and unknownlpere js other source of HMHP, and (ii) it is more difficult
seems to indicate an overestimation of the decomposition,. LMHP to hydrolyze at high RH than that for the HAHPS
rate constant for some PO, or an overestlmf_mon of the unZ:ontaining more carbons. Unfortunately, we currently cannot
known1 concentration due to the absence of its standard caliye 4 definite interpretation about the discrepancy between
ibration in HPLC analysis. _ the modelled and observed HMHP.

The expected dependence of POL (i.e., HMHP) on RH |, qymmary, the simulation results were consistent with
was significantly different from that observed in the exper- o speculation that the detected unknown peroxides are

iment. The modelled HMHP decreased with increasing RH,,yaHps produced from the reaction of Criegee intermediates
while the observed HMHP increased gradually with increas-5 4 water molecules.

ing RH and then leveled off. This may have been due to the
chemistry of BHMP. @b et al. (1985) reported that HMHP
would react with HCHO to generate BHMP in the gas phase,
and BHMP would produce HMHP by hydrolysis. Our ex-
perimental results indicated that BHMP formed during the
ozonolysis of isoprene. The RH dependence profiles of mea-
sured molar yields of HMHP, BHMP and the modelled PO1
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ides. On the basis of the experimental results of the forma-

0% = 1.06E-03x + 1.83E-01 tion kinetics anq the RH-dependent molar yield of HAHPs,
030 RZ= 7.94E-01 and the model-fitted HAHIPH,O reaction rate constant of
oos | 1.5x 10-2°cm® molecule 1 s~1, we estimate that the life-
= . # modeled PO1 time of HAHPs due to their reaction with water is 10 to
2020 © HMHP 90 min at 25C and 10-90% RH. This lifetime favours the
S 015 [ & BHMP reaction of HAHPs with other species (such as carbonyls and
- acids) to produce peroxyhemiacetals, and thus contributes to
010 P y = -7.88E-04x + 7.43E-02 the formation of SOAs. Moreover, HAHPs will have enough
005 | R== 8.52E-01 time to distribute between the gaseous and aqueous phases.
- Because they are soluble, they will participate in the chem-
0.00 ' ' ' ' istry of atmospheric aqueous phases, including cloud, fog,
0 20 40 60 80 100

RH (%) and wet aerosols.

Fig. 9. Comparison of RH dependence profiles of measured HMHP,
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We investigated the formation of peroxides in the gas phas&nces and Engineering of Peking University, for model discussions.

ozonolysis of isoprene at various relative humidities on a

reaction time scale of tens of seconds using a quartz flowFdited by: P. O. Wennberg

tube coupled with an online HPLC detection. This relatively

quick detection method enabled the detection of both conven-

tional and unknown organic peroxides formed during the re-

action. The conventional peroxides, including®, HMHP,

BHMP, and MHP, were |de_nt|f|ed gnd quar!tlfled, and t.heyApIincourt, P. and Anglada, J. M.: Theoretical studies of the iso-

showed good agreemgnt with previous studies. Interestingly, prene ozonolysis under tropospheric conditions. 1. Reaction of

three unknown peroxides were detected and were charac- gypstituted carbonyl oxides with water, J. Phys. Chem. A., 107,

terised as follows: (1) their molar yields decreased signifi- 5798-5811, 2003a.

cantly with increasing relative humidity (RH); (2) their con- Aplincourt, P. and Anglada, J. M.: Theoretical studies of the iso-

centrations varied with the reaction time, indicating their in-  prene ozonolysis under tropospheric conditions. 2. Unimolecular

stability; (3) they decomposed into carbonyls plugdd in and water-assisted decomposition of thlydroxy hydroperox-

an aqueous solution; and (4) they were C2—C4 species and ides, J. Phys. Chem. A, 107, 5812-5820, 2003b.

contained a hydroxyl and/or carbonyl group, but could notAriya, P. A, Sander, R., and Crutzen, P. J.: Significance of i

be attributed to peroxyhemiacetal species. These character- pc_aroxugles production due to alkene ozonolysis during the fall and

istics are consistent with those of hydroxyalkyl hydroperox- ‘év(')rggr' A modeling study, J. Geophys. Res., 105, 17721-17738,

|des_(HAHPs). As illustrated in Scheme 1, the Crlleg.ee Ir]ter'Atkinson, R. and Arey, J.: Atmospheric degradation of volatile or-

mediates produced from the reaction of ozone with isoprene ganic compounds, Chem. Rev., 103, 4605-4683, 2003.

reacted with water and generated a series of HAHPS. Thusaginson, R., Aschmann, S. M., Arey, J., and Shorees, B.: Forma-

HAHPS are the |Ike|IeSt Candidates for the UnknOWn peI’OX- tion of OH radicals in the gas_phase reactions th a series

ides. We used a box model coupled with a modified near- of terpenes, J. Geophys. Res., 97D, 60656073, 1992.

explicit mechanism extracted from MCM v3.2 to try to pro- Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp-

duce the HAHPs profiles with RH variation. The modelled son, R. F.,, Hynes, R. G., Jenkin, M. E., Rossi, M. J., Troe, J.,

HAHP profiles showed good agreement with those of the and IUPAC Subcommittee: Evaluated kinetic and photochemi-

three unknown peroxides observed in the experiments. This cal data for atmospheric chemistry: Volume Il — gas phase re-

provided evidence in support of our suggestion that these un- 2¢tions of organic species, Atmos. Chem. Phys., 6, 3625-4055,

. . . . doi:10.5194/acp-6-3625-2008006.
known peroxides are the products of the Criegee Int(_}rmec“Becker, K. H., Brockmann, K. J., and Bechara, J.: Production of hy-

gte(sj re?ctlon Wlt.h Water.IObV|o dus(ljy, synthesizing the stan- drogen peroxide in forest air by reaction of ozone with terpenes,
ards of HAHPs is urgently needed. Nature, 346, 256-258. 1990,

The present study may experimentally prove that, insteachonn’ B., von Kuhimann, R., and Lawrence, M. G.: High
of a one-step reaction, Criegee intermediates react with wa- contribution of biogenic hydroperoxides to secondary or-

ter and then generate carbonyls pluglH, or organic acids ganic aerosol formation, Geophys. Res. Lett., 31, L10108,
plus KO, via the formation of hydroxyalkyl hydroperox- doi:10.1029/2003GL019172004.
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