Atmos. Chem. Phys., 14, 9204211, 2014 Atmospheric
www.atmos-chem-phys.net/14/9201/2014/ .

doi:10.5194/acp-14-9201-2014 Chemistry
© Author(s) 2014. CC Attribution 3.0 License. and Physics

Technical Note: Application of positive matrix factor analysis in
heterogeneous kinetics studies utilizing the mixed-phase relative
rates technique

Y.Liul", S.-M. Lit, and J. Liggio®

LIAir Quality Processes Research Section, Environment Canada, Toronto, M3H 5T4, Canada
“now at: Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, China

Correspondence tal. Liggio (john.liggio@ec.gc.ca)

Received: 4 March 2014 — Published in Atmos. Chem. Phys. Discuss.: 31 March 2014
Revised: 24 July 2014 — Accepted: 28 July 2014 — Published: 8 September 2014

Abstract. The mixed-phase relative rates approach for de-ganic aerosol in models can be overestimated due to under-
termining aerosol particle organic heterogeneous reactiorstimated OH uptake coefficients. Finally, a comparison of
kinetics is often performed utilizing mass spectral trac-reported rate constants implies that the heterogeneous oxida-
ers as a proxy for particle-phase reactant concentratiorntion of aerosols will be dependent upon a number of factors
However, this approach may be influenced by signal con—elated to the reaction system, and that a single rate constant
tamination from oxidation products during the experiment. for one system cannot be universally applied under all con-
In the current study, the mixed-phase relative rates techditions.

nique has been improved by combining a positive ma-
trix factor (PMF) analysis with electron ionization aerosol
mass spectrometry (unit-mass resolution), thereby removq |niroduction

ing the influence ofm/z fragments from reaction prod-

ucts on the reactant signals. To demonstrate the advarReaction kinetics data provide key parameters for both air
tages of this approach, the heterogeneous reaction betweejuality and climate models. They are required to compute
OH radicals and citric acid (CA) was investigated using the trace gas and particulate matter (PM) content of the at-
a photochemical flow tube coupled to a compact time-of-mosphere (Kolb et al., 2010) and to evaluate the atmospheric
flight aerosol mass spectrometer (C-ToF-AMS). The meadifetime and fate for individual species. Organic particles
sured heterogeneous rate constand (of citric acid to-  make up 10-90 % of the global submicron particle mass in
ward OH was (3.3 0.29)x 10 *2cm®molecule st at  the lower troposphere (Zhang et al., 2011), and are comprised
298K and (3Gt3) % relative humidity (RH) and was of various reactive organic species, which are subject to at-
several times greater than the results utilizing individual mospheric heterogeneous oxidation. Previous studies have
m/z fragments. This phenomenon was further evaluatediound that heterogeneous reactions with OH, in particular,
for particulate-phase organophosphates (triphenyl phosphaigan lead to an increase in density, cloud condensation nu-
(TPhP), tris-1,3-dichloro-2-propyl phosphate (TDCPP) andclei (CCN) activation (George and Abbatt, 2010) and optical
tris-2-ethylhexyl phosphate (TEHP)), leading kg values  extinction (Cappa et al., 2011) of organic particulate matter.
significantly larger than previously reported. The results sug-Therefore, there is a growing interest in not only understand-
gest that heterogeneous kinetics can be significantly undeiing the mechanism of PM transformation through heteroge-
estimated when the structure of the products is highly simi-neous reactions including oxidation but also determining the
lar to the reactant and when a non-molecular tracer is mearates at which organic aerosols are chemically transformed
sured with a unit-mass resolution aerosol mass spectrometeif; the atmosphere.

The results also suggest that the heterogeneous lifetime of or-
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To this end, Donahue et al. (2005) and Hearn andterest in semi-real-time. Aerosol mass spectrometry instru-
Smith (2006) developed a mixed-phase relative rates techments utilizing high-resolution detection and soft ionization
nigue for measuring organic PM component heterogeneougechniques, such as chemical ionization (aerosol chemical
reaction kinetic rate constants. In this method, the rate conionization mass spectrometry — CIMS) (Hearn and Smith,
stant of the compound of interest is determined from the2006; McNeill et al., 2007, 2008; Renbaum and Smith, 2011;
decrease of its particle-phase relative concentration as a fun&areen et al., 2013) and vacuum ultraviolet photoionization
tion of oxidant exposure. The oxidant levels are simultane-aerosol time-of-flight mass spectrometer (VUV-A-ToF-MS)
ously estimated via the measured loss of a gas-phase refeftiu et al., 2012), have been utilized to measure the concen-
ence compound after applying the known second-order ratération of the target organic compounds in particles. How-
constant k) toward the oxidant. In this approach, the rates ever, time-of-flight and quadrupole aerosol mass spectrom-
of chemical change are given by etry (ToF-AMS or Q-AMS) employing electronic ionization

(El; 70 eV) as an ion source remain the prevalent instruments

_dC_A — ko ACACOX (1) used in such organic particle experiments. In utilizing this ap-
dr ’ proach, a specific fragment (usually the fastest-decaying ions

_dC_R — ko RCRCOX ) in the spectrum) is often chosen as a tracer for the particle-
dr ' ' phase compound of interest. For exampl¢z 297 has been

wherec,, cx andcox are the particle-phase concentration of S€lected as a tracer for bis(2-ethylhexyl) sebacate (BES)
the compound of interest(), the gas-phase concentration of gGeorge etal,, 2f007>7”/2|71 for hgxr?cosa;ntez(Lambe etal,
the reference compound) and oxidant (molecules cnd), 007),m/z 113 for squalane (Smith et al., 2009)/z 104
respectively, whilek, 4 andk, x are the second-order rate and 144 for erythritol and levoglucosan (Kessler et al., 201_0)
constant ofA and R t6 the oxidant (crhmolecule L s71). A andm/z 152, 68 and 98 for 1,2,3,4-butanetetracarboxylic

relative rate constank() (i.e., particle-phase reaction rate of acid, .citrlic acid and tartaric acid (Kessler et al., 2012), re-
A, relative rate to the gas-phase ratekyfcan be derived by spectively. . . . . .

dividing Eq. (1) by Eq. (2). The derivation & provides a Howeyer, the use of El |n'conjunctlon with a p'art|cle va-
means to obtain heterogeneous kinetic data without the neel®"2€" I the AMS results in heavy fragmentation for or-

to know the absolute concentration of the oxidant. The differ-92NIC compounds due to the high energy associated with
ential and integral forms for the relative rates technique arethe El source (70eV) and the high temperature8{3 K) of
shown as Egs. (3) and (4), the vaporizer (Jayne et al., 2000; Allan et al., 2003). Under

such conditions, the tracer/z fragment is prone to inter-
dca  kpa deg dcg ferences due to (1) the fragmentation of larger ions and/or
ca = EE = krg’ ) molecules and (2) fragments from particle-phase oxidation
CA CR products. Both can contribute to the tragetz signal, some-
'09?0 =k '09;0’ (4)  times leading to an insensitive or nonlinear response of the
’ ' tracerm/z to the concentration of the target reactant dur-
from which the relative rate constarit) is the slope of the ing oxidation. The same may also be true for th¢; for
line derived by plotting the logarithmic relative concentra- the molecular ion, should one exist. In particular, it is true if
tion of A against that ofR (relative to initial conditions; the structure of the product is highly similar to the reactant
ca.0)- The second-order heterogeneous rate constant of thand when the tracer is measured with a unit-mass resolution
compound of interestkp 4) towards the oxidant may then (UMR) aerosol mass spectrometer. Although it is often as-
be calculated using the obtainkgdand the knowrky z (i.e., sumed that the chosen tracer ion does not contribute signifi-
ko A =kr X ko R). cantly to the mass spectra of any possible oxidation products
Using this method, a number of studies have quantifiedor vice versa (Kessler et al., 2010), this is not always the case.
the uptake coefficients of £ )OH, Cl and NQ on various or-  In our previous work, we observed that the magnitude of the
ganic particles, and the corresponding second-order rate corsecond-order heterogeneous rate constgntificreases as
stants for the degradation of organic compounds (Hearn and function of increasingn/z of the fragment chosen as a
Smith, 2006; George et al., 2007; Lambe et al., 2007; Mc-tracer of the parent molecule (Liu et al., 2014). The same
Neill et al., 2007, 2008; Smith et al., 2009; Kessler et al.,trend has also been observed for the OH oxidation of am-
2010, 2012; Renbaum and Smith, 2011; Liu et al., 2012; Sabient biogenic secondary organic aerosol (SOA) (Slowik et
reen et al., 2013). al., 2012). This suggests an interference from the fragments
Although gas chromatograph mass spectrometry (GC-MS}kelected and points to the necessity of separating the signals
has been widely used in kinetics studies (Weitkamp et al.,of the compound of interest from other compounds (products
2008a, b; Lambe et al., 2009; Isaacman et al., 2012), quantiand/or fragment) for kinetic studies.
fying the particle-phase loss of an organic compound in such In the current study, we improve the mixed-phase rela-
studies often relies upon aerosol mass spectrometry techive rates technique used for studies of the heterogeneous
niques to monitor specific particle-phase reactant ions of in-oxidation of organic aerosol (OA) using positive matrix
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factorization (PMF) analysis of UMR-AMS derived kinetic ~ Control experiments demonstrated that neither r@r
data. Heterogeneous kinetics of citric acid (CA) toward OH 254 nm light exposure lead to the decomposition of CA.
oxidation was studied in a photochemical flow tube coupledAnalytic grade CA (EM, Germany) was used as received.
to an Aerodyne C-ToF-AMS and an lonicon Analytik high- 18.2 MQ water was used as solvent.

resolution proton transfer reaction mass spectrometer (PTR-

ToF-MS). As it was applied to heterogeneous oxidation of2.2 PMF analysis and kinetics calculation

ambient biogenic SOA (Slowik et al., 2012), PMF analysis

was used to successfully deconvolve the full mass spectra drositive matrix factor is a multivariate factor analysis tool
the reactant from the potential oxidation products, hence athat decomposes a matrix of speciated sample data into two

lowing proper accounting of the time evolution of reactant matrices, namely, factor contributions and factor profiles
concentrations during photochemical oxidation. (Paatero and Tapper, 1994), such that

Xijzzgipfpj+eij, (5)
2 Experimental details P

wherei and; refer to row and column indices in the matrix,
respectivelyp is the number of factors in the solutian;, is

A detailed schematic representation of the experimental sysa" €lément of the: x » matrix X of measured data elements

tem utilized in this study has been described elsewhere (LiL}0 be fitance;; is the residual: Results are copstrgined so that
et al., 2014). Briefly, organic particles (citric acid) were gen- N° sample can have a negative source contribution. The PMF

erated via atomization (model 3706, TSI), dried through aSC!ution minimizes the object functio@ (Eq. 6), based upon
diffusion drier and size-selected with a differential mobil- € uncertainties) (Norris and Vedantham, 2008).

2.1 Flow tube experiments

ity analyzer (DMA) (model 3081, TSI). The dried, monodis- nom g, N2
persed CA particles were introduced into the flow tube reac-0=" "> (l) (6)
tor and exposed to differing OH concentrations. OH radicals ~ i=1 j=1 \!iJ

were produced by the photolysis og@t 254 nm in the pres-

ence of water vapor. ©was generated by passing zero air 1he ability of PMF to separate the signals of a multi-
through an @ generator (OG-1, PCI Ozone Corporation). component matrix has been well established. Positive matrix

dactor analysis has been widely used for source apportion-

The O; concentration in the reactor was measured using a X X i
ment of ambient particles in field measurements (Song et al.,

O3 monitor (model 205, 2B Technologies) and ranged from ) _ . X
0 to 1000 ppbv. Relative humidity (RH) in the reactor was 20063 Yuan et al., 2006’_ Viana et al., 2008; Ulbrich et al.,
held constant (3@ 3) % by varying the ratio of wet to dry air  2009; Liggio et al., 2010; Schwartz et al., 2010). Three sec-
used as an air source, and was measured at the exit of the flodary organic aerosol factors (SOA1, SOA2, SOA3) have
tube reactor. The temperature was held constant at 298 K b?een identified for OH-initiated oxidation of laboratory SOA
circulating a temperature controlled fluid through the outer(G€0rge and Abbatt, 2010). Similarly, SOA factors have also
jacket of the reactor. The residence time in the flow reacto?€€n successfully isolated in OH oxidation of ambient bio-
was 52s. The steady-state OH exposures were varied froff€Nic SOA (Slowik et al., 2012). Therefore, the use of PMF
0 to~ 7.0x 10" molecules cm? s which was estimated on [©F separating the reactants from the products in laboratory
the basis of the decay of methanol (as a reference compoundfudies aimed at using the relative rates method for heteroge-
from its reaction with OH. The decay of methanol from its re- neous kinetic studies is a rea;onfa\ble approach. )

action with OH was measured using the PTR-ToF-MS. The 1"€ AMS data for CA oxidation from all experiments
k> of methanol, 9.4« 10~ 13cm? molecules®s 1, was used combined were used as input into the PMF Evaluation

for the OH exposure calculation (Atkinson and Arey, 2003). 100lkit (PET) v2.05 (Paatero, 1997; Paatero and Tapper,

OH radical reactions were performed in a custom-made re+994: Ulbrich et al., 2009) to separate the signals of CA and
the corresponding oxidation products. In the AMS data, the

actor consisting of two electro-polished stainless steel cylin-
ders with inner diameter of 7.3 cm. The first stage contained? FOWs ofX are ensemble average mass spectra (MS) of typ-

static mixing elements (StaMixCo) to ensure that particles/Cally tens of thousands of particles measured over each av-
and gas-phase species were well mixed prior to entering"@9ing period (typically 2 min) and thecolumns ofX are
the reaction region (second stage). Fluid dynamics simulatn€ ime series (TS) of each/z sampled.

tions of the flow tube confirmed that particles and gas-phase POSitive matrix factor analyses were done in the robust
species were well mixed in the reactor, with a uniform ini- mode. The default convergence criteria were not modified.

tial velocity profile. The size and composition of the parti- 1h€ @ values as a function of FPEAK from1 to +1 were

cles exiting the reactor were measured by a scanning mobil€Xamined (Reff et al., 2007). For the variables with signal-

ity particle sizer (SMPS, TSI) and an Aerodyne C-ToF-AMS to-noise _ratios (SNRs) o_f less than 0.2 (“bad” variabk‘?s) an?
(Drewnick et al., 2005). down weight variables with SNRs between 0.2 and 2 (“weak

variables), their error estimates were increased by a factor
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of 10 and 3, respectively, as recommended by Paatero and 40
Hopke (2003). In this study, the SNRs of all/z fragments
are larger than 0.2. The error values foyz 44, 18, 17 and

16 were multiplied bw/(4).

The extracted factor profiles (mass spectra for CA and the
oxidation products) were compared with the National Insti-
tute of Standards and Technology (NIST) mass spectrum of §
pure CA and that measured with the C-ToF-AMS directly
via atomization. The temporal concentration profiles (factor
contributions) of CA were further confirmed via compari-

-3.
)

1

Fract

=}
son to the known experimental conditions used for kinetics %
calculations (i.e., zero OH exposure should result in a CA £
factor contribution of 100 %). For comparison with the PMF i
results, the kinetic rate constantg)(were also calculated us- 0 60 120 180 240 300 360
ing specific individual tracers of CA ai/z 87, 129 and 147, Relative time (min)

separately. Thé; of CA toward methanol was calculated ac- _ _ _

cording to Eq. (4). Thé&, of CA was further calculated with ~ Figure 1. Changes ir(a) total organic mass concentratid) the

the knownk, of methanol and;. fraction of unreacted citric acid derived by PMF afo) products
The reactive uptake coefficient of Okidyy) with CA was of citric acid oxidized by OH derived by PMF, as a function of rel-

calculated using the following formulation (Kessler et al ative experimental time. The values 1-6 represent a step-vgse O
2010, 2012; Worsnop et al., 2002; Liu et al., 2012): "' concentration decrease, corresponding to decreased OH exposure;

0 represents an 4§xoncentration of zero. Experimental conditions
2DppCANA areDm: 200nm, RH: 3Gk 3%, T: 298 K.

YoH = ————— ko, (7
3vonMca

where Dy, is the surface-weighted average particle diame-

ter of unreacted particles (cmjca is the density of CA  oH exposure (determined bys@oncentration). In the first
(gem®), Ny is Avogadro's numberyon is the average  and the third experiments, OH exposure was stepped down-
speed of OH radicals in the gas phase (chsMca isthe  \ards (high to low OH) by changing the power of @en-
molecular weight of CA (g mol') and is a correction fac-  grator with the same flow rate and RH, while the inverse se-
tor for diffusion of OH from the gas phase to particle phase. qyence was performed in the second experiment.

As demonstrated in Fig. 1b and c, in the absence of

3 Results OH radical (labeled “0"), factor 1 (Fig. 1b) accounts for
(94.7+ 0.9) % of the OA mass, while factor 2 (Fig. 1¢) con-
3.1 PMF analysis of AMS data tributes (6.2+0.7) % of the OA. This is consistent with the

experimental conditions of zero OH radicals (i.e., no oxida-

To ensure that oxidation of CA in particles does not resulttion), and suggests that factor 1 should be assigned to the
in a PTR-ToF-MS response for methanol in the gas phaseitric acid reactant. Impurities in the CA or the water used
(thus compromising the OH radical reference measurement}o atomize CA likely contributed to factor 2. When OH ex-
the oxidation of pure CA was performed in the absence ofposure was decreased in a step-wise manner in the first and
methanol, with no gas-phase methanol signal detected by thhe third experiment (Fig. 1b), the extracted factor represen-
PTR-ToF-MS. The mass concentration of the OA measuredative of CA (factor 1) increased synchronously, and is ac-
with the AMS during oxidation is shown in Fig. 1a, which companied with a decrease in factor 2. Therefore, factor 2 is
was constant. The results of Fig. 1a demonstrate that thénterpreted as the OH oxidation products of CA. This is con-
aerosol source is adequately stable for kinetic studies to bsistent with the second experiment, where the inverse trend
performed. was observed with a step-wise OH exposure increase. Based

A two-factor solution from the PMF analysis accounts for upon this evidence, we conclude that changes in the time se-
99.98 % of the variance of the data. When the number of facties of factors 1 and 2 extracted by PMF are consistent with
tors is greater than 2, none of the obtained factors resemthe expected response to OH exposures that, namely, higher
bles that of pure CA, whose contribution should be approx-OH exposure resulted in a decrease in CA (factor 1) and an
imately 100 % when OH is absent in the reactor. Figures 1hincrease in the oxidation products (factor 2).
and c present the temporal variations of the typical two-factor The factor profiles (i.e., mass spectra) extracted by PMF
PMF solution of AMS data when CA is exposed to vary- analysis are shown in Fig. 2. The main fragments of CA in-
ing OH concentrations. The error bars indicate the rotationakluding m/z values 129 (@Hsoj{) and 87 (QH30§) are
uncertainty in the PMF analysis. Three independent experipresent in factor 1 (Fig. 2a). These fragments are in good
ments were performed to test the response of CA signal tagreement with the NIST mass spectra of pure CA and the
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Figure 2. Normalized mass spectra (d) citric acid (PMF factor ~ Figure 3. Mass spectrga) of CA from NIST databaseb) of pure
1), (b) citric acid oxidation products (PMF factor 2) arid) the ~ CA measured with the C-ToF-AMS.
difference mass spectrum (factor 2—factor 1). The numbers in the

Mass concentration
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upper two rows are the intensitiesiaf z 87 and 129, while negative 025 R=09999
values are shown in the bottom row. The red and green lines indicate 02 Slop.e: 0.985
a negative and positive value, respectively. : <
0.20 F &)
i 2 0.1
: &
mass spectra of pure CA particles measured with the C-ToF-~ 0-15| 0.0 ‘ ‘
AMS (Fig. 3). Figure 4 further compared the normalized % : 0.0 0.1 0.2
mass spectra of factor 1 and pure CA directly measured with;{j 0.10 L PMF Factor 1
the C-ToF-AMS. The relative intensities for all ions of pure -
CA are linearly correlated with that of factor 1 with a slope g | PMF_Factor 1
of 0.985 andR of 0.9999. This further confirmed that fac- 0.05¢ | Pure CA
tor 1 should be assigned to unreacted CA. Figure 2c shows [ |
by

L Ll .II| il i 1 I|
10 20 30 40 50 60 70 80 90 100110120130 140

m/z

the difference mass spectra (factor 2—factor 1). Consump- 0.00
tion of m/z values 147 (gH;07), 129, 87, 85 (GHs03)

and 60 (QH4O§) can be observed, which is consistent with

the assignment that factor 2 belongs to oxidation productsrigure 4. Comparison between the mass spectra of factor 1 from
of CA. However, small changes in the relative intensities of PMF analysis and pure CA directly measured by the C-ToF-AMS.
these peaks suggest that the structures of the oxidation prod+he inset graph is the correlation of their corresponding signal in-
ucts of CA are likely similar to that of CA. For example, as tensities.

shown in Fig. 2a and b, the intensity af/z 129 and 87 in

factor 2 are 0.012% 0.0046 and 0.021& 0.0013 compared unreacted CA and its oxidation products as shown in Fig. 2.

to 0.01414+0.0046 and 0.023% 0.0013 in factor 1. .
The changes of the relative concentrations of gas_phasgurthermore, it suggests that the measured loss of these frag-
ments, which were supposedly only derived from CA, had in

methanol and particle-phase CA are shown in Fig. 5. The

signal of CA extracted by PMF analysis also responded tol‘act contributions from the fragmentation of the products of

OH exposure as expected, when methanol was present in tr}%A Oﬁ'fﬁt'on' Th'j' ultclima;elg/ would lead to {':ln undttareftlmaO-H
gas phase, which is similar to that of Fig. 1. The relative in- lon of the second-order heterogeneous rate constant (or

tensities of the typical tracers of CA at/z 87, 129 and 147 uptake coefficients) if these fragments were chosen as the
are shown in Fig. 5¢. As shown in Fig. 5b a’nd ¢, the drop inproxies for the particle-phase concentration of CA. In partic-

the PMF product factor is substantially greater than that ofUIar’ the dn‘f_erence betweer) the PMF-fap tor decay_ rate and
any of the individual ions. In addition, the consumption of the marker-ion decay rate is mathematically possible only
the smaller tracenx/z 87) is substantially lower than that of when the two factors (reactants and products) are extremely

the larger onesi{/z values 129 and 147). For example, the similar.
maximum consumption of CA extracted with PMF analysis

is approximately 80 %, in comparisonto30,~ 10 and 5%

for m/z values 147, 129 and 87, respectively. These results
support the small differences in the mass spectra between the

www.atmos-chem-phys.net/14/9201/2014/ Atmos. Chem. Phys., 14, 9821, 2014
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Figure 5. Changes in the relative concentration(ej methanol, Figure 6. Relative concentration of citric acid (cg) as a function

(b) citric acid extracted with PMF analysis afc) specific tracers  of the relative concentration of methanol based u@)PMF anal-
measured with the AMS during the OH-initiated oxidation of citric ysis, (b) m/z =129 and(c) m/z 147. Experimental conditions are
acid. Experimental conditions a®@m: 140 nm, RH: 3G:3%, T': Dm: 140nm, RH: 3G 3%, T: 298 K.

298 K. The values in the top row represent the OH exposures.

3.2 Reaction kinetics wards OH of 9.4x 1013 cm®moleculesis 1 at 298K
(Atkinson and Arey, 2003), th&, of CA is calculated
The saturation vapor pressure of CA at 298K isas (2.83:0.25)x 1012 using the PMF approach, or
1.6x 10~ Pa (Huisman et al., 2013); thus, 99.9% of CA (6.77+0.47)x 10~13 using the single tracer at;/z 147
should be present in the particle phase under the current exand (2.02+0.01)x 10~ 13 cm® molecules®s™! using the
perimental conditions according to a partition model (Kroll single tracer atn/z 129, respectively. The reaction between
and Seinfeld, 2008; Pankow, 1994). Although new particlemethanol and OH radicals occurs in the gas phase, while for
formation was observed with a condensation particle countethe CA oxidation it occurs in the particle phase. Thus, it is
(CPC) in the experiments (at the exit of the reactor), it has nanecessary to correct for OH diffusion from the bulk gas phase
influence on the measured mass concentration of OA due tto the particle phase. Applying a diffusion correction utiliz-
the small particle size of the new particles. This is well sup-ing a previously developed empirical formula (Fuchs and
ported by the constant mass concentration of OA measure&utugin, 1970; Worsnop et al., 2002; Widmann and Davis,
with the AMS during oxidation experiments (Fig. 1a). In ad- 1997), the diffusion-corrected is (3.31+0.29)x 10~12
dition, as pointed out in our previous work (Liu et al., 2014), using the PMF approach and (7.82.55)x 10~12 and
evaporation of CA from particles could potentially contribute (2.36+0.01)x 10-13cm® molecules's™! using single
to the decreases in particle-phase CA concentration observadacers atm/z 147 and 129, respectively. The diffusion-
as a function of OH exposure. If CA evaporation occured, thecorrectedyoy is calculated as 2.7# 0.24 using the PMF
derived reaction rates will be overestimated using either theapproach and 0.660.05 and 0.2@0.01 using single
present approach or the simpler method of using single fragtracers atn/z 147 and 129, respectively. They values for
ments. The evaporation of CA from the particle phase un-a number of different organic particles have previously been
der these experimental conditions from control experimentameasured and are in the range of 0.3-2.0 (Kessler et al.,
is less than 0.005 % based upon an evaporation model (J&010; George et al., 2007; Hearn and Smith, 2006; Lambe et
cobson, 2005). This implies that the observed changes in CAl., 2007; Smith et al., 2009; Kessler et al., 2012). As pointed
concentration in the particle phase were due to the particleout by Hearn and Smith (2006), the largeimplies that
phase reaction. secondary radical reactions within the particles could play
The relative rates (relative to initial conditions) for CA a significant role in heterogeneous chemistry, particularly
and methanol in these experiments are shown in Fig. 6since gaseous citric acid in these studies is insignificant.
The logarithmice/co of CA both measured with the tracers It should be pointed out that oxidant diffusion in the par-
and extracted with PMF analysis linearly correlated toticle phase should lead to a concentration gradient of oxi-
that of methanol withR?>0.95. The derived relative rate dant and a negative impact on reaction kinetics (Donahue
constant based upon PMF analysis is 30127 while et al., 2005). However, as shown in Fig. 6, this effect is
it is 0.72+0.05 and 0.220.01 form/z values 147 and negligible under the current experimental conditions. Based
129, respectively. Applying thé, value of methanol to- upon the measured/co and the initial diameter of the CA

Atmos. Chem. Phys., 14, 9208211, 2014 www.atmos-chem-phys.net/14/9201/2014/
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particles, the maximum OH diffusion depth is approximately onm/z 68 (or others). Finally, differences in temperature or
25nm. Given the residence time)(in this study (52s), otherreaction conditions between experiments may also have
a significant OH concentration gradient will exist in the led to differences in the morphology of CA and subsequent
particle phase if theDoy in CA particles is smaller than differences in the reactivity of CA.
1.2x 107" m?s~1 (D = I?/t) (Donahue et al., 2005). Atthe ~ Given the above discrepancy in the consumption of
present time, théoy in CA particles is unavailable. How- m/z 68, the fragments at/z 129 and 147 were used as trac-
ever, Price et al. (2014) have reported the diffusion g®n ers in this work. The measurdd of CA utilizing m/z 129
several organics (sucrose and levoglucosan) to be larger thaand 147 in this study is on the same order of magnitude as
~1x 1071 m? s~ even under dry conditions. This implies that reported in Kessler et al. (2012). However, as shown
that a gradient in OH concentration in the CA particles isin Fig. 3c, the consumption ofi/z 87 is much lower than
negligible under the current conditions. that ofm/z 129. The apparerit, of CA based onn/z 87 is
(9.940.8)x 10~ cm® molecule1s~1, and the diffusion-
correctedk, is (1.16+0.09)x 10-13cm® molecule s 1.
4 Discussion This suggests that the derived rate constant greatly depends
upon the size of the tracer fragment, with larger fragments
Kessler et al. (2012) have reported ttyeof CA toward OH resulting in larger values of, in this study. This is con-
to be (4.3:0.8)x 10 3cm® moleculels1 at 308K and  sistent with previous work investigating the OH oxidation
30 % RH with an Aerodyne HR-AMS. In their work, the di- of triphenyl phosphate (TPhP) (Liu et al., 2014) and am-
ameter of particles and RH were equivalent to the currentbient biogenic SOA (Slowik et al., 2012). THe of CA
work, while their experimental temperature was 10 K higher.based upon PMF analysis is approximately an order of mag-
In addition, arm/z fragment of 68 was used as a tracer for nitude larger than the Kessler result measured with the tracer
CA in their work to derive the heterogeneous rate constantatm/z 68, and 4.2 times greater than that calculated based
Conversely, no significant consumptionmafz 68 was ob-  uponm/z 147 in this study. The differences in product dis-
served in the current study. The lack of/ariz 68 fragment  tributions that may arise between this work and the work of
consumption here may be explained by the choice of reactiorKessler et al. (2012), consistent with the fact that 68 is
conditions. In the work of Kessler et al. (2012) OH concen- not consumed in the current study, suggest that the PMF ap-
tration exposure (0-7 102 molecules cm?®s) was approxi-  proach was likely required in this work to separate similar
mately an order of magnitude higher than that reported hereproduct and reactant spectra ultimately caused by lower OH
Recent evidence suggests that the product distribution durexposure.
ing OA oxidation greatly depends upon OH exposure lev- A number of factors may be responsible for the discrep-
els (Wilson et al., 2012). Hence, it is possible that more oxi-ancy between derived rate constants. It has previously been
dized products were formed via multi-generational chemistryobserved that the presence of €an inhibit the rate of OH
at high OH, which may have less of an influence on the sig-reaction, perhaps by reacting with OH radicals or by O
nal of the chosen tracem(/z 68), and result in product AMS  or intermediate species blocking surface active sites (Ren-
spectra which are significantly different than that of the re-baum and Smith, 2011). A Langmuir—-Hinshelwood mecha-
actant, thus mitigating the use of PMF (which was not thenism has been observed for the reaction gfdd organic
case here). In studies of the OH oxidation of squalane (Sgyurfaces (Pdschl, 2005). It has also been demonstrated that
(Smith et al., 2009; Wilson et al., 2012), the first generationa higher concentration of gas-phase reactant often leads to a
product (SqO) was the primary contributor to the productslower uptake coefficient due to surface saturation (Ma et al.,
when the OH exposure was the same as the highest OH lev&010; Li et al., 2002). Differences ip may also arise from
in the current study (7.8 10" moleculescm?®s), while  the competition between reaction products and reactants for
higher generation products were predominant at OH ex-available OH, or via the blocking or coating of the reactant
posures greater than2 x 102 molecules cm®s. Although by products which would require liquid-phase diffusion of
not directly comparable, it is reasonable to assume that lowe©H to degrade the original CA. In experiments with higher
OH exposure in the current work should lead primarily to OH exposures (Kessler et al., 2012) it is possible that sig-
the first generation products, which are highly similar to nificantly more product mass is mixed and/or coated onto
CA. However, the formation of multi-generation products the original particle, thus decreasing the perceivgdDif-
cannot be completely ruled out. Secondly, the difference inferent timescales and concentrations of reactants might also
OA and oxidant concentrations as well as timescale mayead to different rate constants (Che et al., 2009). Finally, as
also have an influence on the product distribution. Thirdly, pointed out above, the differing reaction conditions may have
a high-resolution time-of-flight aerosol mass spectrometerled to a different CA morphology and subsequent differences
(HR-ToF-AMS) was used in their work, while a C-ToF-AMS in the reactivity towards OH. The significant difference be-
with unit-mass resolution was used in this study. The highertween the reported rate constants highlights an important is-
mass resolution of the HR-ToF-AMS relative to a C-ToF- sue in heterogeneous reactions of the atmosphere and in the
AMS may further reduce the influence of product fragmentsexperiments trying to derive such kinetics. It implies that the
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Scheme 2Possible fragmentation pathways for an oxidation prod-
uct of citric acid in terms of the general chemistry described by
Atkinson (1986).

The current relative rates method based upon PMF analy-
sis was used to reanalyze the heterogeneous oxidation kinet-
ics of three organophosphates (Liu et al., 2014). Aheal-

particle composition and/or morphology as determined byY€S for TPhP, tris-1,3-dichloro-2-propyl phosphate (TDCPP)

the reaction conditions in the laboratory or the ambient at-and tris-2-ethylhexyl phosphate (T.E HP) utilizing the tracer
mosphere will have a large effect on the OH kinetics. and PMF approaches are summarized in Table 1. For TPhP,

Citric acid is a hydroxyl-substituted poly carboxyl acid, 1S molecular-ion peak (M; 326) was chosen as a tracer
Scheme 1 summarizes its possible fragmentation pathwayé’yh'le the largest detectable fragments, /z 331 and 323,
The typical mass peaks includimg/z 147, 129, 87, 85 and Were chosen for TDCPP (M 431) and TEHP (M7} 435), re-

68 would result from this scheme and were indeed observedSPeCtively. The typical evolution of the PMF factors of TPhP,
The fragments atz/z 129, 87, 85 and 68 are also likely TDCPP and TEHP are shown in Sgpplement Figs. S1-S3.
from CA oxidation products fragments, and hence their sig-"°" TPhP. the measuréd values derived by both methods
nal intensities may be highly influenced by products and/ordre comparable within the experimental uncertal.ntl.es, while
larger fragments, in particular, when the oxidized productsk2 ©f TDCPP and TEHP based upon PMF analysis is 1.5 and
are highly similar to the reactant. In some instances, OXi_1.6t|mes larger than that using the chosen tracers. The good

dation products can exhibit similar fragmentation pathwaysagreement between methods for TPhP is likely due to the fact

as the reactants. This is likely the case for the smaller frag-th_at the molecula_lr-i(_m peak (W) is measurable for TPhP
ments of CA. For example, Scheme 2 illustrates the possiVIth the AMS while it is not observable for TDCPP, TEHP

ble fragmentation pathways of 2,3—dihydroxypropane—1,2,3-a,md CA. Therefore, the influenge of secondary fragm_enta—
tricarboxylic acid, which is one of the possible products tion from larger fragments has little influence on the signal
from the OH oxidation of citric acid in terms of the gen- of M* for TPhP. These results also demonstrate that a sub-

eral chemistry described by Atkinson (1986). As observedStamial underestimation of rate constants could result when

in Scheme 2, there are several pathways leading to the fragqhnon—molecular—l_on tr?cer is used to m(_)rplltor the partlcf?le—
ment atm/z 87, implying that the decrease in the signal of PN@s€ concentration of organic matter with UMR-AMS for

m/z 87 due to CA oxidation is likely to be compensated by heterogen&aous k”;et'c j’tUd'erf';—h? d|scr2epancy betw((jaen t.lr;e
fragments from the oxidation products. In addition, it is also tracer- and PMF-base ?}et ods Olr other Compounfs wi
possible to form fragments with the same/z as the par- depend upon a number of factors including structure of prod-

ent citric acid if the dehydration reaction (the sixth path in UCtS: OH exposure level, particle morphology and organic
Scheme 2) takes place initially. Other possible reaction prodSPEcies competing OH reactions.

ucts might also play similar roles in the fragments. This is

highly possible when the product distribution contains prod-

ucts which are structurally similar to the reactant under low

oxidant exposure conditions.

Scheme 1Possible fragmentation pathways for citric acid.
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Table 1. Comparison of the measurégd values utilizing PMF and selest/z tracers, for organophosphate compounds and CA.

OA Mean ko (10'2) cm® molecules1s1 ko pmAk2 Tracer MTrace/M™
kr_ PMF k2.0bs PMF  k2,: PMF k2.s Tracer

TPhP 1.58:0.33 | 1.4840.31 1.95-0.43 2.10+0.19° 0.9 326/326

TDCPP 1.2G£0.31| 1.13+£0.29 1.35-0.35 0.92-0.09* 1.5 381/431

TEHP 3.52£0.65 | 3.31+£0.61 4.25-0.78 2.70£0.63" 1.6 323435

CA 3.01+£0.27 | 2.83+0.25 3.314+0.29 0.79:0.06 4.2 147192

* Liu et al. (2014)

5 Implications and conclusions The Supplement related to this article is available online

at doi:10.5194/acp-14-9201-2014-supplement
The measuredky, for citric acid toward OH is

(3.31+0.29)x 10 2cm® moleculests?  at 298K
and 30% RH. This value is at least 4.2 times greater than
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