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Abstract. A particle-phase relative rates technique is used

to investigate the heterogeneous reaction between OH rad-

icals and tris-2-butoxyethyl phosphate (TBEP) at 298 K by

combining aerosol time-of-flight mass spectrometry (C-ToF-

MS) data and positive matrix factor (PMF) analysis. The de-

rived second-order rate constants (k2) for the heterogeneous

loss of TBEP is (4.44± 0.45)×10−12 cm3 molecule−1 s−1,

from which an approximate particle-phase lifetime was es-

timated to be 2.6 (2.3–2.9) days. However, large differences

in the rate constants for TBEP relative to a reference com-

pound were observed when comparing internally and exter-

nally mixed TBEP/organic particles, and upon changes in the

RH. The heterogeneous degradation of TBEP was found to

be depressed or enhanced depending upon the particle mix-

ing state and phase, highlighting the complexity of heteroge-

neous oxidation in the atmosphere. The effect of gas-particle

partitioning on the estimated overall lifetime (gas+ particle)

for several organophosphate esters (OPEs) was also exam-

ined through the explicit modeling of this process. The over-

all atmospheric lifetimes of TBEP, tris-2-ethylhexyl phos-

phate (TEHP) and tris-1,3-dichloro-2-propyl phosphate (TD-

CPP) were estimated to be 1.9, 1.9 and 2.4 days respectively,

and are highly dependent upon particle size. These results

demonstrate that modeling the atmospheric fate of particle-

phase toxic compounds for the purpose of risk assessment

must include the gas-particle partitioning process, and in the

future include the effect of other particulate components on

the evaporation kinetics and/or the heterogeneous loss rates.

1 Introduction

The effects of fine particles on the atmosphere, climate, and

public health are among the central topics in current envi-

ronmental research (Pöschl, 2005). These effects are closely

related to the particle size, morphology, and composition

(Pöschl, 2005; Kolb and Worsnop, 2012). In this regard, het-

erogeneous reactions can modify not only particulate compo-

sition, but also the physical properties of particles including

size, density and morphology, thereby affecting their optical

and hygroscopic properties (Ravishankara, 1997; George and

Abbatt, 2010a). Consequently, heterogeneous reaction kinet-

ics are key parameters in both atmospheric chemistry and

climate modeling; they are used to adequately compute the

trace gas and particulate matter content of the atmosphere

(Kolb et al., 2010), to evaluate the importance of heteroge-

neous reactions in the atmosphere (Zhang and Carmichael,

1999), and in the assessment of organic aerosol lifetime

(Zhou et al., 2012).

Significant progress has been made with respect to the lab-

oratory measurement of trace gas uptake on the surface of

organic and inorganic particles (Mogili et al., 2006; Qiu et

al., 2011; Liu et al., 2012b; Liggio et al., 2011; Romanias et

al., 2012; Tang et al., 2010; Ndour et al., 2008; Hanisch and

Crowley, 2003; Frinak et al., 2004; Ullerstam et al., 2003;

Han et al., 2013; Badger et al., 2006; Zhou et al., 2012; Ab-

batt et al., 2012; Kolb et al., 2010; Crowley et al., 2010). In

comparison to the uptake of stable trace gases, information

regarding heterogeneous uptake coefficients for short-lived
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radicals including OH, Cl, and NO3 (Hearn and Smith, 2006;

George et al., 2007; Lambe et al., 2007; McNeill et al., 2007,

2008; Smith et al., 2009; Kessler et al., 2010, 2012; Ren-

baum and Smith, 2011; Liu et al., 2012a; Sareen et al., 2013)

are limited at the present time. Given that organic aerosols

(OAs) comprise 10–90 % of the aerosol mass in the lower

troposphere (Zhang et al., 2011; Kanakidou et al., 2005), het-

erogeneous reactions of radicals with OA can have important

implications for their properties. It has been demonstrated

that the reactive uptake of OH leads to increases in density,

CCN (cloud condensation nuclei) activation (George and Ab-

batt, 2010b) and optical extinction (Cappa et al., 2011) of

OA, and has been postulated as a potential route to increased

organic oxygen content (i.e., O /C ratio) (George and Ab-

batt, 2010a; Heald et al., 2010). Thus, there is a growing

interest in understanding the mechanisms and kinetics asso-

ciated with the chemical transformation of OA in the lower

troposphere through reactions with these radicals (Hearn and

Smith, 2006).

Donahue et al. (2005) and Hearn and Smith (2006) have

developed a mixed-phase relative rates technique for mea-

suring particle reaction kinetics. In this method, the rate con-

stant for the second-order heterogeneous loss of a compound

of interest (i.e., k2) is determined from the decrease in its

particle-phase concentration as a function of oxidant expo-

sure. Oxidant exposure is in turn derived by the measured

loss of a gas-phase reference compound, applying known

second-order gas-phase rate constants (k2) towards the ox-

idant. Using this method, many studies have reported the up-

take coefficients of O3, OH, Cl, and NO3 on various organic

aerosols (Hearn and Smith, 2006; George et al., 2007; Lambe

et al., 2007; McNeill et al., 2007, 2008; Smith et al., 2009;

Kessler et al., 2010, 2012; Renbaum and Smith, 2011; Liu et

al., 2012a; Sareen et al., 2013). In most of these studies, the

concentration of the particle-phase compound of interest was

measured with an aerosol mass spectrometer (AMS), utiliz-

ing specific mass spectral fragments as a tracer for the partic-

ulate compound, while the gaseous reference compound was

usually monitored with other instrumentation. In our previ-

ous work, we demonstrated that the larger the tracer frag-

ment chosen, the larger the k2 value is derived if the prod-

ucts are highly similar to the reactant and a unit mass res-

olution (UMR) AMS is utilized (Liu et al., 2014b). It was

also demonstrated that an approach using positive matrix fac-

torization (PMF) analysis improves the accuracy of the rate

constant determination for selected organophosphate flame

retardants found in particles (Liu et al., 2014a).

Organophosphate esters (OPEs) have been used exten-

sively worldwide as flame retardants, plasticizers, antifoam-

ing agents, and additives (Regnery and Püttmann, 2009). The

global consumption of OPEs is expected to increase since

they have been identified as possible substitutes for some

bromine-containing flame retardants (BFRs) (Reemtsma et

al., 2008; Dodson et al., 2012). Recent field measurements

suggest that OPEs are persistent in air and can undergo

medium- to long-range transport (Möller et al., 2012). Given

that many OPEs are considered toxic (EPA, 2005; WHO,

2000; Dishaw et al., 2011), it is necessary to assess their en-

vironmental behavior and fate in order to understand the risks

associated with these compounds. However, the degradation

kinetics for particle-bound OPEs is not available, but will be

important for assessing the persistence of those OPEs which

are primarily in the particle phase.

As a flame retardant, tris-2-butoxyethyl phosphate (TBEP)

is used mainly as self-leveling agent in floor polishes, solvent

in some resins, viscosity modifier in plastics, antifoam and

plasticizer in synthetic rubber, plastics and lacquers (IPCS,

2000; Verbruggen et al., 2005). The world production has

been estimated to be 5000–6000 tons (Verbruggen et al.,

2005). TBEP appears to be rapidly biodegradable in soil,

sediments and surface waters (IPCS, 2000). Based upon the

rate constant estimated via the structure activity relation-

ship (SAR) method, its atmospheric lifetime in the gas phase

should be less than 2.5 h. However, TBEP has been mea-

sured in both house dust (Dodson et al., 2012; Ali et al.,

2012; Cequier et al., 2014) and ambient particles (Möller

et al., 2012; Salamova et al., 2014a). It has also been de-

tected in remote regions, although its concentration is lower

than other OPEs (Möller et al., 2011, 2012; Salamova et

al., 2014b). This suggests that TBEP may undergo particle-

bound long- or medium-range transport and that the lifetime

of particle-bound TBEP should be longer than that expected

in the gas phase. Currently, particle-phase degradation kinet-

ics for TBEP are unavailable.

In the current study a particle-phase relative rates tech-

nique (Donahue et al., 2005) (as opposed to mixed-phase)

for the heterogeneous oxidation is used to derive the hetero-

geneous rate constant for TBEP towards the OH radical. In

addition, the influence of the particle mixing state on the het-

erogeneous oxidation of TBEP is investigated for the TBEP-

CA (citric acid) system. Finally, the derived kinetic parame-

ters are used as inputs into a partitioning model as a means to

estimate the overall atmospheric lifetime of OPEs including

TBEP, tris-2-ethylhexyl phosphate (TEHP), triphenyl phos-

phate (TPhP) and tris-1,3-dichloro-2-propyl phosphate (TD-

CPP).

2 Experimental details

2.1 Flow-tube experiments

A detailed schematic representation of the experimental sys-

tem and the flow-tube reactor utilized in this study has been

described elsewhere (Liu et al., 2014a, b), and is shown

in Fig. S1 in the Supplement. Internally mixed TBEP and

CA (TBEP-CA), TBEP and ammonium nitrate (TBEP-AN),

CA and AN (CA-AN), and TBEP, CA and AN (TBEP-CA-

AN) particles were generated via atomization (model 3706,

TSI), dried through a diffusion drier and size-selected with
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a differential mobility analyzer (DMA) (model 3081, TSI)

with a final-mode surface-weighted mobility diameter (Dm)

of approximately 210 nm. Pure CA particles of the same size

were generated simultaneously with a separate atomizer, dif-

fusion drier and DMA for externally mixed particle experi-

ments. Although NH4NO3 may have an influence on the re-

activity of TBEP when compared to pure TBEP, there are

two reasons for measuring the rate constants of TBEP using

internally mixed TBEP-AN. Firstly, the generation of a par-

ticle stream with a high and stable particle concentration is

facilitated when using a nonvolatile inorganic seed, internally

mixed TBEP-AN. Secondly, internally mixed particles (with

an inert inorganic salt) are more representative of conditions

in the atmosphere, where TBEP will be internally mixed with

a range of other species.

OH radicals were produced by the photolysis of O3 at

254 nm in the presence of water vapor. O3 was generated by

passing zero air through an O3 generator (OG-1, PCI Ozone

Corp.). The O3 concentration in the reactor was measured us-

ing an O3 monitor (model 205, 2B Technologies) and ranged

from 0 to 1000 ppbv (parts per billion by volume). Relative

humidity (RH) in the reactor was (30± 3) % and maintained

by varying the ratio of wet to dry air used as an air source.

The temperature was maintained at 298 K.

In our previous work, we measured the heterogeneous rate

constants (k2,OH) for several OPEs, (TPhP, TEHP and TD-

CPP,) with the mixed-phase relative rates technique, which

utilized methanol as a reference compound for the OH

concentration determination (Liu et al., 2014b). Unfortu-

nately, the oxidized products of TBEP significantly con-

tribute to the methanol signal when measured with a proton-

transfer mass spectrometer (PTR-MS). Therefore, particle-

phase CA, whose reaction kinetics were investigated previ-

ously (Liu et al., 2014a), was utilized as an OH radical ref-

erence compound in this study. A PMF analysis was per-

formed to differentiate the signals of TBEP, CA, and the cor-

responding oxidation products. The steady-state OH expo-

sures were varied from 0 to ∼ 8.0× 1011 molecules cm−3 s,

which was estimated on the basis of the decay of CA

from its reaction with OH and the diffusion-corrected k2 of

(3.31± 0.29)×10−12 cm3 molecule−1 s−1 for CA at 298 K

and (30± 3) % RH (Liu et al., 2014a).

Table 1 summarizes the types of particles introduced into

the reactor and the associated objectives of each experi-

ment. Specifically, in experiment I, the oxidation of inter-

nally mixed CA-AN and internally mixed TBEP-AN was

carried out individually by alternating particle sources and

oxidation conditions, thus providing a means to directly ob-

tain reference spectra (concentration profiles) for PMF anal-

ysis and to assess the suitability of the PMF technique to sep-

arate the signals of CA and TBEP. In experiment II, pure CA

and internally mixed TBEP-AN (i.e., CA externally mixed

with TBEP-AN) were oxidized simultaneously to derive the

kinetics of TBEP. In experiment III, internally mixed CA-

TBEP or CA-TBEP-AN was oxidized to investigate the in-

fluence of mixing state on the reaction kinetics. An exper-

iment at elevated RH (57± 2) % was also performed using

internally mixed CA-TBEP-AN to investigate the influence

of RH on the mixing state and subsequently the reactivity.

Control experiments demonstrated that O3 exposure did

not lead to the decomposition of TBEP or CA. To exclude the

possibility of TBEP photolysis by the 254 nm light, the parti-

cles were illuminated to measure the initial concentration of

CA and TBEP prior to the introduction of OH. TBEP (94 %,

TCI America Inc.), analytic grade CA (EM, Germany) and

NH4NO3 (Sigma-Aldrich) were used as received. The sol-

vent used was 18.2 M� water.

2.2 PMF analysis and kinetic calculations

The principles and the procedure of PMF analysis have been

described elsewhere (Liu et al., 2014a; Ulbrich et al., 2009).

Briefly, PMF is a multivariate factor analysis tool that de-

composes a matrix of speciated sample data into factor con-

tributions and factor profiles (Paatero and Tapper, 1994).

xij =
∑
p

gipfpj + eij , (1)

where i and j refer to row and column indices in the matrix,

respectively, p is the number of factors in the solution, xij is

an element of the m×n matrix X of measured data elements

to be fit, and eij is the residual. The PMF solution minimizes

the object function Q (Eq. 2), based upon the uncertainties

(u) (Norris and Vedantham, 2008), and is constrained so that

no sample can have a negative source contribution.

Q=

n∑
i=1

m∑
j=1

(
eij

uij

)2

(2)

If all points in the matrix are fit to within their expected er-

ror, the abs(eij ) / uij is∼ 1 and the expectedQ/Qexp equals

the degrees of freedom of the fitted data (mn – p(m+ n))

(Paatero and Hopke, 2003; Ulbrich et al., 2009). For AMS

data sets mn�p(m+n), soQexp≈mn, the number of points

in the data matrix. If the assumptions of the bilinear model

are appropriate for the problem (data are the sum of variable

amounts of components with constant mass spectra) and the

estimation of the errors in the input data is accurate, solu-

tions with numbers of factors that yield a Q/Qexp ratio of

∼ 1 should be obtained (Ulbrich et al., 2009).

The C-ToF-AMS (combined aerosol time-of-flight mass

spectrometry) data of OA were analyzed with the PMF evalu-

ation toolkit (PET) v2.05 (Paatero, 1997; Paatero and Tapper,

1994) to separate the signals of TBEP, CA, and their corre-

sponding oxidation products. The parameters used as input

for the PMF analysis have been described previously (Liu et

al., 2014a). The factor profiles (mass spectra) were compared

with the NIST (National Institute of Standards and Technol-

ogy) mass spectra of pure TBEP and CA, as well with those

measured through direct atomization into the C-ToF-AMS.
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The extracted signals of TBEP and CA were used for kinetic

calculations.

The relative rates technique is widely used for gas-phase

and mixed-phase (i.e., heterogeneous) reaction kinetics stud-

ies with several advantages: (1) no absolute concentrations

need to be measured, (2) impurities do not generally interfere

with the measurements, (3) the experiments can be carried

out in the presence of several reaction partners, and (4) the

initiation of radical chains during the reaction process does

not affect the measurements (Barnes and Rudzinski, 2006).

Similar to the gas-phase or mixed-phase relative rates tech-

niques, TBEP and CA are externally mixed (to avoid the

possible influence of mixing state on the reactivity of CA)

and simultaneously exposed to OH radicals. Thus, the rate of

change in the concentration of reactants for a second-order

reaction is given by

−
dcTBEP

dt
= k2,TBEPcTBEPcOH, (3)

−
dcCA

dt
= k2,CAcCAcOH, (4)

from which Eq. (5) is obtained by the ratio of

Eq. (3) /Eq. (4):

dcTBEP

cTBEP

=
k2,TBEP

k2,CA

dcCA

cCA

, (5)

and thus

log
cTBEP

cTBEP,0

=
k2,TBEP

k2,CA

log
cCA

cCA,0

= krlog
cCA

cCA,0

, (6)

where ci and k2,i are the concentration (molecules cm−3),

and the second-order rate constant of the compound i (CA or

TBEP) (cm3 molecule−1 s−1), respectively. The term kr is the

relative rate constant defined as the ratio of second-order rate

constants for TBEP and CA towards OH radical oxidation,

and is obtained from the slope of the plot of logcTBEP / cBEP,0

vs. logcCA / cCA,0.

3 Results and discussion

3.1 Reference spectra for PMF analysis (exp. I)

Reference spectra are used to properly interpret the PMF re-

sults and to confirm that the signals are correctly separated

for internally or externally mixed particles. Individual ox-

idation experiments were performed separately for TBEP-

AN and CA-AN by alternating particle sources and oxidation

conditions. PMF analysis was then performed using the com-

bined AMS data of both TBEP-AN and CA-AN to provide

reference spectra and to assess the ability of PMF to correctly

separate the signals of TBEP and CA from their correspond-

ing products. To ensure the same OH exposure, the particle

sources of TBEP and CA were alternately introduced into the

reactor with the same flow rate, RH and O3 concentration.

In our previous study, a two-factor solution adequately ex-

plained the unreacted CA and products for CA oxidation

(Liu et al., 2014a), suggesting that a two-factor solution for

TBEP oxidation is also likely. Consequently, four factors,

namely, two factors referring to parent and two to the prod-

uct, were chosen in the PMF analysis here. Figures 1 and 2

show the four-factor solution for the oxidation of internally

mixed TBEP-AN and internally mixed CA-AN when indi-

vidually exposed to different OH concentrations (i.e., exp. I).

The Q/Qexp variance is 99.6 % for a four-factor solution,

resulting in a small residual. In Fig. 1, the number 0 rep-

resents an OH exposure equal to zero, while the numbers

from 1 to 6 represent a step-wise OH exposure decrease from

(7.8± 0.8)×1011 to (8.5± 0.8)×1010 molecules cm−3 s. The

shift from red to blue color represents the change of particle

source (from internally mixed CA-AN to internally mixed

TBEP-AN). The error bars indicate the uncertainty in the ro-

tations of the PMF analysis.

As demonstrated in Fig. 1, factor 1 (attributed to the CA

reactant) accounts for (95.6± 2.4) % of the OA mass, and

factor 3 (attributed to TBEP) accounts for (95.9± 2.7) % of

the OA mass in the absence of the OH radical. However, a

small amount (3.2± 1.9) % of factor 2, which may originate

from organic impurities in water and/or NH4NO3, is always

present in the CA-AN and TBEP-AN experiments prior to

the OH exposure. It may also possibly be the result of an in-

ability of PMF to properly separate factors due to the model

uncertainty. When the particles are exposed to OH radicals,

consumption of both CA and TBEP is significant and pos-

itively correlated with the OH exposure. Concurrently, the

signals of CA (factor 1) and TBEP (factor 3) are anticorre-

lated with factor 2 and factor 4 (oxidation products of CA

and TBEP), respectively. As demonstrated in Fig. 1, oxida-

tion of TBEP also results in a minor contribution (∼ 10 %

at the highest OH exposure) to factor 2. This suggests that

some fragments from the products of TBEP oxidation are

likely similar to the products of CA oxidation or that a small

fraction of factor 4 is included in factor 2. Regardless, we

conclude that factor 2 mainly represents the products of CA,

while factor 4 represents the oxidation products of TBEP,

since they are correspondingly anticorrelated with CA and

TBEP in individual oxidation experiments. These results in-

dicate that factors representing CA and TBEP can be effec-

tively separated from their corresponding products.

The average mass spectra for these four factors are shown

in Fig. 2. Strong intensities for mass channels at m/z 87

and 129 are present in factor 1 (CA), while strong signals

at m/z 85, 125, 199, 227 and 299 are observed in factor 3

(TBEP). These fragments are in good agreement with the

mass spectra of pure CA and TBEP, respectively, when com-

pared with their NIST mass spectra (Fig. S2). Figure 3a–d

further compares the normalized mass spectra of factors 1

and 3 to pure CA and TBEP (atomized directly into the
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Table 1. Experimental details for oxidation.

Exp. Mixing state Components Dm(nm) Objectives

I

CA-AN 

TBEP-AN 

t2    t3t1              t4

..
CA-AN or TBEP-AN 210 Reference spectra for PMF analysis; resolving ability of PMF

II

CA-AN 

TBEP-AN 

t2    t3t1              t4

..

CA 

TBEP-AN CA and TBEP-AN 210 Kinetics of TBEP

III

CA-AN 

TBEP-AN 

t2    t3t1              t4

..

TBEP-CA             or 

CA-AN-TBEP TBEP-CA or TBEP-CA-AN 210 Influence of mixing state on kinetics

Note: CA-AN, internally mixed citric acid and ammonium nitrate; TBEP-AN, internally mixed TBEP and AN; TBEP-CA-AN, internally mixed TBEP, CA and AN.
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Figure 1. Averaged concentration profiles of the four-factor so-

lution for individually oxidized TBEP-AN and CA-AN parti-

cles. The number 0 represents an OH exposure of zero, while

the numbers from 1 to 6 represent OH exposure decreases from

(7.8± 0.8)×1011 to (8.5± 0.8×1010) molecules cm−3 s the uncer-

tainty in the rotations of the PMF analysis.

C-ToF-AMS). As shown in Fig. 3, the assignments of fac-

tors 1 and 3 above are well supported by the good correlation

between the PMF mass spectra and the directly measured

pure compound mass spectra across the entire mass range.

Furthermore, Fig. 2 demonstrates that the characteristic

fragments of CA (m/z 87 and 129) are observable in fac-

tor 2, although at a lower intensity than in factor 1. The same

is true for the characteristic fragments of TBEP (m/z 85,

125, 199, 227 and 299) in factor 4 when compared with fac-

tor 3 (Fig. 2). These results strongly suggest that factor 2 is

mainly from the oxidation products of CA, and factor 4 from

the oxidation products of TBEP, resulting in an overall four-

factor PMF solution.
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Figure 2. Averaged mass spectra of the four-factor solution for in-

dividually oxidized TBEP-AN and CA-AN particles. The red lines

indicate the characteristic fragments of CA, while the blue lines are

those for TBEP.
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Figure 3. Comparison of the mass spectra extracted by PMF analy-

sis and those measured through direct atomization.
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3.2 PMF analysis for externally mixed CA and

TBEP-AN (exp. II)

The mass spectra of the nonoxidized, oxidized and the dif-

ference mass spectra (oxidized−nonoxidized) of externally

mixed CA particles and TBEP-AN particles are shown in

Fig. S3a–c. The consumption of both TBEP and CA is ob-

served in Fig. S3c (shown as negative values in the differ-

ence spectrum). In order to perform kinetic calculations, the

signals of TBEP and CA must be resolved from each other

and from the various oxidation products. As described in

Sect. 3.1, a two-reactant and two-product (i.e., four factor)

PMF solution is expected for this system, based upon sepa-

rate experiments with CA and TBEP.

The temporal profiles of the four-factor solution for the

oxidation of externally mixed CA and TBEP-AN particles

(exp. II) are shown in Fig. 4. PMF analysis was performed

combining the mass spectra obtained in exp. I and II. Thus,

the assignment of factors for externally mixed particles in

exp. II is facilitated by directly comparing them with those of

exp. I (reference spectra which are shaded on the left side).

As shown in Fig. 4, the four-factor solution successfully sep-

arated the signals of CA, TBEP, and their oxidation products,

regardless of whether the particles were introduced into the

reactor together (exp. II) or via alternating particle sources

(exp. I).

It should be pointed out that the mathematical deconvolu-

tion of a data set often yields nonunique solutions for PMF

analysis, in which linear transformations (rotations) of the

factors are possible while the positivity constraint is main-

tained (Ulbrich et al., 2009). Here we report the averaged

fractional signals with different fpeaks (rotations) resulting

in error bars which indicate the uncertainty of the PMF solu-

tion (Paatero, 2007). When exposed to OH radicals, the con-

centrations of CA (factor 1) and TBEP (factor 3) decreased

synchronously with OH exposure, which was accompanied

with an increase of factors 2 and 4. Similar trends were

observed when internally mixed particles were oxidized as

well; however, the absolute kinetics were significantly dif-

ferent, as further discussed in the following section.

3.3 Derivation of kinetics

The vapor pressure of TBEP at 298 K is reported to range

from 2.5× 10−8 to 1.23× 10−6 torr (Veen and Boer, 2012;

Verbruggen et al., 2005; Bergman et al., 2012; Brommer et

al., 2014). The corresponding c∗(c∗ =PM /RT, where P is

the vapor pressure and M is the molecular weight of TBEP)

ranges from 0.54 to 26.4 µg m−3, which suggests that TBEP

is semivolatile. Consequently, based upon a simple partition-

ing model (Kroll and Seinfeld, 2008; Pankow, 1994), the

particle-phase fraction of TBEP may vary from 27 to 95 %

when the mass loading of OA is 10 µg m−3 (measured by

the AMS in this study). This implies that the evaporation

of TBEP from particles could potentially contribute to the
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Figure 4. Typical temporal concentration profiles of the four-factor

solution for oxidation of externally mixed TBEP-AN and CA par-

ticles. On the left side, the curves are the same as those in Fig. 1

(exp. I); the oxidation of externally mixed TBEP-AN and CA

as function of OH concentrations is represented in the right side

(exp. II).

decreases in particulate TBEP concentration observed as a

function of OH exposure via the establishment of a new

gas-particle equilibrium on the timescale of these experi-

ments (52 s). Using a mass transfer diffusion model (Jacob-

son, 2005) combined with a partitioning model (Kroll and

Seinfeld, 2008; Pankow, 1994) (described in detail in the

Supplement), evaporation of TBEP is calculated to contribute

less than 0.3 % to the particle-phase loss of TBEP within the

residence time of our reactor (Fig. S5). This is consistent with

our previous conclusion that the evaporation of a different

OPE, triphenyl phosphate (TPhP), is negligible in the reactor

even though it has a higher vapor pressure than TBEP (Liu

et al., 2014b). This suggests that evaporation of TBEP in the

reactor has little influence on kinetic calculations.

The relationship between the measured signals of TBEP

and CA for externally mixed CA and TBEP-AN particles

is shown in Fig. 5. The logcTBEP / cTBEP,0 ratio is linearly

(R > 0.96) related to logcCA / cCA,0 according to Eq. (6),

from which the apparent kr of TBEP to CA is calculated to be

1.34± 0.04. The uncertainty is the standard deviation (σ ) of

repeat experiments. If specific tracer fragments (rather than

PMF reactant factors) are used to represent the particle-phase

concentration of CA (m/z 129) and TBEP (m/z 299), then

kr is underestimated by more than a factor of 2 (0.66± 0.13).

The discrepancy between the two approaches has been dis-

cussed previously (Liu et al., 2014a). In order to obtain

the true second-order rate constant (kt,2), a gas-phase diffu-

sion correction is necessary for mixed-phase reactions be-

cause concentration gradients of OH exist between the gas

phase and particle phase under ambient pressure, while it

does not for the reaction between a gas-phase reference and

OH radicals. However, additional gas-phase diffusion cor-

rections for TBEP are unnecessary in this study due to the
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Y. Liu et al.: OH-initiated heterogeneous oxidation of tris-2-butoxyethyl phosphate 12201

followingreasons. Firstly, both CA (the reference) and TBEP

are present in the particle phase, and a gas-phase diffusion

correction for OH from the gas phase to the CA particle sur-

face has been performed by applying a previously utilized

empirical formula (Fuchs and Sutugin, 1970; Worsnop et al.,

2002; Widmann and Davis, 1997). Secondly, the kr is approx-

imately unity and the particle size for CA is the same as that

of TBEP-AN in this study.

Kessler et al. (2012) have reported the k2

for CA with respect to the OH radical to be

(4.3± 0.8)×10−13 cm3 molecule−1 s−1 at 308 K and

30 % RH (Kessler et al., 2012). Based upon a PMF analysis,

however, we have measured the diffusion-corrected k2

for CA to be (3.31± 0.29)×10−12 cm3 molecule−1 s−1

under the reaction conditions of the current study

(298 K, (30± 3) % RH and similar OH levels) (Liu et

al., 2014a). Using this value, the diffusion-corrected k2,TBEP

is (4.44± 0.45)×10−12 cm3 molecule−1 s−1 according

to Eq. (6). The diffusion-corrected γOH is 1.57± 0.16

according to Eq. (7).

γOH =
2DpρTBEPNA

3vOHMTBEP

k2,TBEP, (7)

where Dp is the surface-weighted average particle diameter

of unreacted particles (cm), ρTBEP is the density of TBEP

(g cm−3), NA is Avogadro’s number, vOH is the average

speed of OH radicals in the gas phase (cm s−1), and MTBEP

is the molecular weight of the OPEs (g mol−1). This value is

comparable with the γOH on other types of organic aerosols

(George et al., 2007; Hearn and Smith, 2006; Kessler et al.,

2010; Lambe et al., 2007; Smith et al., 2009). It should be

pointed out that Eq. (7) may introduce an additional uncer-

tainty to γOH for a mixed particle and, especially, for a solu-

tion or solid solution. However, as will be discussed below,

TBEP is a surfactant with a surface tension of 0.0342 N m−1

(Karsa, 1999). The internally mixed particles of TBEP-AN

were generated using an atomizer from an aqueous solution

followed by a diffusion dryer. Therefore, TBEP is highly

likely to be present on the surface layer in the dried parti-

cles (NH4NO3 as a core). In this case, the accessibility of

TBEP molecules to OH radicals should be similar to that in

the pure TBEP particles.

3.4 Influence of mixing state on TBEP oxidation

(exp. III)

In the ambient atmosphere, particles are often internally or

externally mixed with other components (Jimenez et al.,

2009), and it is well recognized that the mixing state or mor-

phology of particles plays an important role in heterogeneous

reaction kinetics (Rudich et al., 2007; Kuwata and Martin,

2012; Shiraiwa et al., 2011; Katrib et al., 2005; Zhou et al.,

2012; Chan and Chan, 2013). The relative rates of TBEP to

CA for internally mixed TBEP-CA particles and TBEP-CA-

AN particles at 30 % RH, respectively, are shown in Fig. 6a
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Figure 5. Relative rates for externally mixed CA and TBEP-AN at

298 K and (30± 3) % RH.
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Figure 6. Comparison of the relative rates for internally mixed

(a) TBEP-CA and (b) TBEP-CA-AN at 298 K and (30± 3) % RH,

and (c) TBEP-CA-AN at 298 K and (57± 2) % RH.

and b. In Fig. 6, the kr of TBEP to CA for internally mixed

particles increases greatly when compared with the exter-

nally mixed CA and TBEP-AN (Fig. 5). For internally mixed

TBEP-CA particles (Fig. 6a) the kr is 4.59± 0.12, and in-

creases to 19.53± 1.02 for internally mixed TBEP-CA-AN

particles (Fig. 6b). The consumption of TBEP and CA rel-

ative to their corresponding initial concentrations from high

to low OH exposure is shown in Fig. 7 for externally mixed

CA and TBEP-AN (Fig. 7a), internally mixed TBEP-CA and

TBEP-CA-AN (Fig. 7b, c) at 298 K and (30± 3) % RH. The

oxidation of CA is significantly depressed in the internally

mixed experiments (b, c), while TBEP oxidation is slightly

enhanced.

Our previous work has demonstrated that OH exposures

are reproducible to within 15 % (Fig. S4) when utilizing the

same experimental conditions (RH, O3 concentration and the

flow rate), suggesting that the changes in kr described above
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Figure 7. Comparison for the c / c0 ratio of TBEP and CA in (a) ex-

ternally mixed CA and TBEP-AN, (b) internally mixed TBEP-CA,

and (c) internally mixed TBEP-CA-AN at 298 K and (30± 3) %

RH.

and in Figs. 5 and 6 are a result of the variations in the parti-

cle mixing state or morphology. For mixed-phase reactions,

the diffusion of the gas-phase oxidant through the particle

surface has an important influence on reaction kinetics. For

example, Katrib et al. (2005) found that the uptake coefficient

(γ ) of O3 decreased significantly with increases in the lauric

acid content, in a mixture of oleic and lauric acids due to a

decrease in the diffusion coefficient of O3. Zhou et al. (2012)

also observed a decrease of γO3
when PAHs were coated with

other organics. In the current study, TBEP is a surfactant,

with a surface tension of 0.0342 N m−1 (Karsa, 1999), while

CA has no significant effect on the surface tension (Theron

and Lues, 2010). In droplets, it is well known that a surfac-

tant (TBEP) will remain at the surface to reduce the surface

free energy. TBEP may remain at the surface after water loss

during efflorescence, and be enriched on the surface of inter-

nally mixed particles containing CA during the diffusion dry-

ing from liquid droplets. This assumption is consistent with

the phase separation observed during efflorescence of inter-

nally mixed liquid particles of secondary organic materials

and ammonium sulfate, from which the inner phase was rich

in inorganics and the outer phase was rich in organics (You

et al., 2012). Consequently, TBEP is likely more accessible

than CA to OH radicals for these internally mixed particles

(exp. III, Fig. 6). When compared with the internally mixed

TBEP-CA (Fig. 6b), NH4NO3 (in internally mixed TBEP-

CA-AN particles; Fig. 6c) further inhibits the oxidation of

CA in TBEP-AN-CA, which is consistent with CA being sol-

uble in the aqueous-phase NH4NO3 particles, whereas TBEP

remains on the particle surface due to its surfactant proper-

ties. Thus, in the dry particles CA may be partially buried by

NH4NO3, resulting in a core-shell morphology of the parti-

cle with respect to these two components. The presence of

an AN coating may provide a barrier to the diffusion of OH

in the particle phase, which is similar to that of O3 in lauric

acid and oleic acid particles (Katrib et al., 2005).

The changes in hygroscopicity and phase of the particle as

a result of increased RH may also have an effect on the kinet-

ics. Increased RH has been demonstrated to lead to decreases

in the viscosity of the particle phase (Shiraiwa et al., 2011).

This may promote the diffusion of OH or CA in the particle

phase and lead to a faster apparent reaction. The relative rate

of TBEP to CA in internally mixed TBEP-CA-AN particles

at an elevated RH (57± 2) % is given in Fig. 6c. The kr in

this case was 12.15± 1.82. This value is almost half of that

at (30± 3) % RH (i.e., faster kinetics). Several recent stud-

ies have found that RH may significantly influence the phase

of particles, and subsequently the mixing state and reactivity

(Chan and Chan, 2013; Kuwata and Martin, 2012). This im-

plies that the diffusion rate of CA or OH radicals in the par-

ticle phase increases at higher RH, subsequently enhancing

the potential for reaction with OH. However, the kr for inter-

nally mixed TBEP-CA-AN at (57± 2) % RH remains larger

than that for externally mixed TBEP-AN and CA particles,

suggesting that the internally mixed TBEP-CA-AN particles

are partially softened by adsorbed water.

3.5 Atmospheric fate of TBEP

Although factors such as mixing state and RH described

above affect the heterogeneous loss rates for TBEP, at the

present time, the particle-phase kinetics for TBEP under

any conditions is unavailable for comparison with the cur-

rent results. Using the structure-activity-relationship (SAR)

method combined with the Atmospheric Oxidation Pro-

gram for Microsoft Windows (AOPWIN) model (US-EPA,

2000), which is widely used for risk assessment of pri-

ority chemicals, the gas-phase k2 with respect to OH for

TBEP is estimated to be 1.29× 10−10 cm3 molecule−1 s−1.

Watts and Linden (2009) measured k2 towards OH in aque-

ous solution to be (1.19± 0.08)×1010 L mol−1 s−1, which

is equivalent to (1.98± 0.01)×10−11 cm3 molecule−1 s−1.

Hence, the heterogeneous rate constant for TBEP de-

rived here is much lower than that in the gas or

aqueous phases. In our previous work (Liu et al.,

2014a), we measured the heterogeneous k2 of triphenyl

phosphate (TPhP), tris-2-ethylhexyl phosphate (TEHP),

and tris-1,3-dichloro-2-propyl phosphate (TDCPP) towards

OH to be (1.95± 0.43)×10−12, (4.25± 0.78)×10−12 and

(1.35± 0.35)×10−12 cm3 molecule−1 s−1, respectively. The

k2 of TBEP is larger than those of TPhP and TDCPP,

although they are of the same order of magnitude, and

very close to that of TEHP. Using the AOPWIN model,

the gas-phase k2 of TEHP is estimated to be 9.79×

10−11 cm3 molecule−1 s−1, which is also similar to that

of TBEP (1.29× 10−10 cm3 molecule−1 s−1) and consistent

with the fact that both TBEP and TEHP contain alkyl side

chain groups which are likely the dominant reactive path-

ways. In ambient particles, the concentration of TBEP is
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often lower than other OPEs found in remote regions (Möller

et al., 2012), while it is comparable to other OPEs in urban

areas (Salamova et al., 2014a). The larger heterogeneous rate

constant for TBEP in the current study may reasonably ex-

plain these observations. Assuming a 24 h average OH con-

centration of 1.0× 106 molecules cm−3, the particle-phase

lifetime of TBEP is estimated to be approximately 2.2–2.9

days. This suggests that TBEP may undergo medium-range

transport in the absence of other confounding factors.

However, in assessing the overall atmospheric fate and

lifetime of TBEP (or any other particle-phase compound),

the partitioning to and from particles as a result of ongoing

gas-phase reactivity must be taken into account. While the

influence of TBEP evaporation in the reactor is negligible,

the residence time in the ambient atmosphere is many orders

of magnitude longer (up to a week) and hence the evapo-

ration process cannot be neglected for atmospheric lifetime

estimations of semivolatile organic compounds. Under such

circumstances, the loss rate of TBEP will be affected by gas-

phase degradation, evaporation (desorption) and uptake, as

well as particle-phase degradation (measured in this study) if

the evaporation has an intermediate rate compared with gas-

and particle-phase degradation. We therefore investigate the

overall lifetime of TBEP via the explicit modeling of these

processes. The overall lifetimes of TPhP, TEHP and TDCPP

are also discussed based upon our previously reported kinet-

ics (Liu et al., 2014a).

The particle-phase and gas-phase loss rates of TBEP can

be described by the following equations:

−
dcp

dt
= k2,PcpcOH+ kecp− kacg(1− θ), (8)

−
dcg

dt
= k2,gcgcOH− kecp+ kacg(1− θ), (9)

Kp =
ka

ke

=
cp

cgM
=

1

C∗
, (10)

where k2,p and k2,g are the particle-phase and gas-phase

second-order rate constants (cm3 molecule s−1), respec-

tively; ke and ka are the evaporation rate and adsorp-

tion rate constants (s−1), respectively; cg and cp are

the gas-phase and particle-phase concentrations of TBEP

(molecules cm−3); cOH is the concentration of OH in the at-

mosphere (molecules cm−3); M is the mass concentration of

organic matter in the particle phase (µg m−3); Kp is the par-

tition coefficient of TBEP (m3 µ g−1); C∗ is the saturated va-

por pressure of TBEP (µg m−3); and θ is the surface coverage

of TBEP.

Given that the concentration of TBEP in particles is on the

order of several nanograms per cubic meter (Carlsson et al.,

1997), it is reasonable to assume θ � 1. Thus,

dlncp

dt
= k2,PcOH+ ke−

ke

M
. (11)

The value of ke was calculated with a mass transfer model

for drops (Jacobson, 2005) and a gas-particle partition model

(Kroll and Seinfeld, 2008; Pankow, 1994). The details with

respect to the model and inputs are described in Table S1

in the Supplement. Finally, an estimated overall atmospheric

lifetime (τ) can be calculated as

τ =
1

k2,PcOH+ ke−
ke

M

. (12)

Figure 8a illustrates the influence of the evaporation rate on

the overall atmospheric lifetime of TBEP assuming an aver-

age OH concentration of 1× 106 molecules cm−3. The blue

line is the particle-phase loss curve using the measured k2 of

4.44× 10−12 cm3 molecule−1 s−1 without considering evap-

oration and gas-phase loss. The red line represents the gas-

phase degradation of TBEP. The corresponding lifetimes of

TBEP (gas or particle phase) are 2.6 and 0.09 days (2.2 h).

The ke for TBEP is also estimated in the model (see Supple-

ment) for PM1.0 (particles with diameter smaller than 1 µm),

PM0.5 (500 nm) and PM0.2 (200 nm), assuming 5 µg m−3 of

organic matter (Vogel et al., 2013) and 1 ng m−3 of TBEP

in urban particle matter, which is on the same order of in-

door dust (2.2–5.9 ng m−3) (Carlsson et al., 1997), as inputs.

The corresponding ke values are 3.80× 10−7, 8.10× 10−7

and 2.18×10−6 s−1, from which the atmospheric lifetime of

TBEP is estimated to be 2.4, 2.3 and 1.9 days, respectively,

and are somewhat shorter than the value obtained directly

from the experiments of this study (2.6 days). The corre-

sponding results for TEHP and TDCPP are also shown in

Fig. 8b and c based on their k2,p reported previously (Liu

et al., 2014a). The lifetime of TEHP varies from 1.0 to 2.1

days, while it is 5.0–7.6 days for TDCPP when evapora-

tion has been considered. In the case of TPhP, the apparent

first-order degradation rate calculated according to Eq. (11)

for 200 nm particles is larger than the gas-phase degradation

rate (1.10× 10−5 s−1) due to the high vapor pressure (the

lower limit of 4.77× 10−5 Pa; Brommer et al., 2014). Even

for 1000 nm particles, the overall lifetime of TPhP is esti-

mated as 2.0 days. This suggests that gas-phase degradation

of TPhP should be the dominant loss process in the atmo-

sphere, while the estimated lifetimes for other OPEs studied

here are dominated by particle-phase degradation.

It should be noted that the overall lifetime estimated here

depends upon the value of ke and k2p. The value of ke is sensi-

tive to particle size and vapor pressure of OPEs. A wide range

of vapor pressures for these OPEs have been summarized in

a recent work (Brommer et al., 2014). In our work, we have

used the lower limit of vapor pressure as input in the evapo-

ration model. Apart from the uncertainty of the vapor pres-

sure measurements, the evaporation model will likely over-

estimate the evaporation kinetics of OA (Vaden et al., 2011).

An ideal solution is assumed in the current model, while the

interaction between OPEs and other matrices in the ambi-

ent atmosphere will likely decrease the ke value for OPEs,

leading to a longer lifetime. Furthermore, recent studies have
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Figure 8. Influence of evaporation from particles of various diame-

ter on the particle-phase loss rate of (a) TPhP, (b) TEHP, (c) TDCPP

and (d) TBEP.

found that SOA (secondary organic aerosol) is a semisolid

phase with high viscosity (Abramson et al., 2013; Vaden et

al., 2011) and that aged SOA demonstrated a slower evapora-

tion rate than fresh or uncoated SOA (Vaden et al., 2011). If

OPEs are internally mixed with or coated by SOA (resulting

in a core-shell morphology) during transport, the evaporation

rate of OPEs may be further reduced, and/or the reactivity of

OPEs towards OH may be slowed (as observed in reactions

of benzo[a]pyrene and O3 coated with SOA (Zhou et al.,

2013) and TPhP coated with oxalic acid (Liu et al., 2014b)).

In particular, the measurements of TPhP in PM in remote re-

gions (Möller et al., 2012), despite its dominant gas-phase

loss contribution (based upon our model results), highlight

the effect of multicomponent particle mixtures on the kinet-

ics of particle degradation. Thus, the results presented here

are likely a lower bound of the true atmospheric lifetimes.

4 Implications and conclusions

Using a particle-phase relative rates technique, the second-

order rate constant of TBEP towards OH is measured to

be (4.44± 0.45)×10−12 cm3 molecule−1 s−1 at 298 K and

(30± 3) % RH, resulting in a particle-phase lifetime of TBEP

estimated to be 2.2–2.9 days. Explicitly modeling the overall

atmospheric lifetime of OPEs suggests that evaporation of

OPEs from particles will reduce their atmospheric lifetime

further. However, the derived heterogeneous rate constants

and the explicit model results are in contrast to observations

that many OPEs can undergo long-range transport. This is

consistent with the large differences in the relative rate con-

stants for TBEP when comparing internally and externally

mixed particles and upon changes in the RH. These results

have important implications for the modeling the fate of OPE

in the atmosphere. Foremost, they demonstrate that the het-

erogeneous degradation of TBEP (or other compounds in

PM) may be depressed or enhanced depending upon the sur-

factant nature of the species relative to the matrix in which it

is immersed, the RH conditions experienced by the particle,

and the amount and/or nature of further atmospheric organic

coatings. Secondly, the lifetime of OPEs (as demonstrated in

the model results) will also significantly depend upon parti-

cle size when the partitioning process of TBEP is considered

during transport. Finally, a proper risk assessment of this and

other semivolatile organic compounds must include the gas-

particle partitioning process, and ideally eventually include

the effect of other components of the particle on the evapo-

ration kinetics and/or the heterogeneous loss rates.

The Supplement related to this article is available online

at doi:10.5194/acp-14-12195-2014-supplement.
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