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The HQ uptake coefficienty) for inorganic submicrometer wet and dry aerosol particles b0, and

NaCl) under ambient conditions (760 Torr an

d 20@ K) was measured using an aerosol flow tube (AFT)

coupled with a chemical conversion/laser-induced fluorescence (CC/LIF) technique. The CC/LIF technique
enabled experiments to be performed at almost the sameadiizal concentration as that in the atmosphere.
HO; radicals were injected into the AFT through a vertically movable Pyrex tube. Injector position-dependent

profiles of LIF intensity were measured as a

function of aerosol concentration. Measwueddes for dry

aerosols of (NH),SO, were 0.04t 0.02 and 0.05: 0.02 at 20% and 45% relative humidity (RH), respectively,

while those of NaCl were<0.01 and 0.02+ O.
aerosols, measuredvalues were 0.13% 0.03,
65%, and 75% RH, respectively, whereas fo
and 0.104+ 0.02 for 53%, 63%, and 75% RH

01 at 20% and 53% RH, respectively. For wet NSO,
0.15+ 0.03, 0.17+ 0.04, and 0.19+ 0.04, at 45%, 55%,
r wet NaCl aerosols the values werg 0.03, 0.09+ 0.02,

, respectively. Wet g¥80O, and NaCl aerosols doped with

CuSQ showedy values of 0.53t 0.12 and 0.65- 0.17, respectively. These results suggest that compositions,
RH, and phase for aerosol particles are significant to, dtake. Potential HOloss processes and their

atmospheric contributions are discussed.

1. Introduction

The hydroxyl (OH) and hydroperoxyl (HQ radicals, col-
lectively referred to as HEradicals, play central roles in
tropospheric chemistry/ The concentration levels of OH and
HO; in the troposphere are close to the steady-state values a
which their production and loss rates are balanced. As for the
production terms, the photolysis of ozone (followed by th&X)(

+ H,0 reaction) and the HO+ NO reaction are important for
OH, while the photolysis of HCHO, the OH CO reaction,
and the R@ + NO reactions are important for HOThe loss

of OH is mainly due to reactions with CO, hydrocarbons, and
NO,, while the loss of HQis dominated by reactions with NO,
Os, itself (HO,), and RQ.

A number of recent field observations of the [H@dical,
however, revealed that the daytime KHi®vels estimated from
the balance between the known source and sink reactions in
the gas phase under the steady-state approximation were high
than observed levefs? implying that loss processes of HO
were missing. Heterogeneous losses of,H@ the surface of
aerosol particles would be one of the possible processes to
explain the difference. Using the uptake coefficientfor HO,
in the range of 0.%1, better agreement between the observed
and calculated H@levels was achieved in these field studiés.

Heterogeneous reactions of the H@adical have been
investigated by several laboratory studies. Remorov €t al.
studied the loss of HPon solid NaCl using a coaxial reactor
with a NaCl coating coupled to an electron paramagnetic
resonance (EPR) or an electron spin resonance (ESR). Gersh
enzon et af. studied the loss of HOby solid inorganic
compounds using a cylinder reactor coupled to EPR. These two
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studies, performed at-13 Torr, indicated that the uptake
coefficient of HQ on solid NaCl is about 0.01 at room
temperature. In contrast to the cases using coated surfaces,
studies using sub-micrometer aerosol particles for the reaction
re rare. Mozurkewich et 8lreported the first experiment of
eterogeneous loss of H®y wet particles of (NH)HSO, and
LiNO3 using a flow tube reactor coupled to a chemical amplifier-
luminol detector. Their experiment was performed at pHO
~10¥—10° molecules cm® and 75% RH. They reported that
the mass accommodation coefficientd ¢f HO, on the (NH)-
HSO, and LING; wet particles were greater than 0.2 by doping
with CuSQ. Their results suggest that the reaction of +#@th
Cu(ll) may play a significant role in scavenging H@hen
aerosols contain a sufficient amount of Cu(ll) ions. Thornton
and Abbatt® reported measurements of the heterogeneous loss
of HO, on the HSO, and (NH,),SO; wet particles at room
Eemperature using an aerosol flow tube coupled to a chemical
ionization mass spectrometer. The initial concentration of HO
in their experiment was-5 x 109 molecules cm® at 42%
RH. Under this condition, the self-reaction of H@ the gas
phase cannot be neglected. Their results suggested that the
uptake coefficient on the 430 particles was<0.01. On (NH)2-
SOy particles,y was estimated to be0.1 from the first-order
analysis of data at42% RH. However, they reported the KHO
loss was attributed to the self-reaction of Hi@ the aqueous
phase, and thereby they concluded that the uptake coefficient
could be<0.01 under the tropospheric condition ([RG-1 x
10° molecules cm®) by extrapolation, although no experiments
under tropospheric conditions were performed.

Morita et all! reported that the mass accommodation of the
HO, radical on the water surface is almost unity using molecular
dynamics (MD) computer simulations. Their box model calcula-
tions showed that the daytime H@oncentration is significantly
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Figure 1. Schematic diagram of the experimental apparatus for measurement of kinetics efitH@erosols using an aerosol flow tube coupled
with a laser-induced fluorescence (LIF) technique. Details are descried in the text. MFC, mass flow controller; DMA, differential mobility;analyze
CPC, condensation particle counter.

sensitive to the assumed uptake coefficient in the range 6f10.2 2.1. Flow SystemAll gases were supplied by zero air, and
under clean marine and urban conditions. Usjng 0.2 for flow rates were regulated by eight mass flow controllers (MFCs)
any types of aerosol particles in a global tropospheric modeling, (models 3660 and 3650, Kofloc). The zero air is generated by
Martin et al?2 showed that the contribution from the heteroge- a zero air generator (Thermo model 111), equipped with a heated
neous loss to the total Hdbss rate exceeded 80% at the surface Pt catalysist and purafil (alumina impregnated with KMhO
level with high aerosol loadings and was about 20% over the and charcoal traps. The RH was controlled by mixing a dry
Antarctic Ocean. These results suggest that the heterogeneouairflow with a flow of air passed through a water bubbler. The
reaction of HQ is potentially important in a geographically wide total volumetric flow rate in the AFT was kept at 10.4 L min
area. However, more precise evaluation has not been achieved, 2.2. HO, Generation. The HG; radical was generated by
due to the lack of knowledge for the dependence’ @in the the photolysis of HO using a mercury lamp through a quartz
composition and surface conditions of the aerosol particles. tube ¢(O.D.) 6 mm) via the following reactions in 760 Torr
These results suggest that more measurements of the uptakair.
coefficient of HQ are needed for various aerosol particle types

with different compositions and surface conditions to clarify H,O + hv(185 nm)— OH + H (1)
the importance of the heterogeneous process of. HitOthe
present Article, we report the heterogeneous loss of BHYD H+ O, + M(N,or O,) =~ HO, + M 2

wet and dry aerosol particles of (NFASO, and NaCl at 296+
2 K using an aerosol flow tube (AFT) coupled with chemical
conversion/laser-induced fluorescence (CC/LIF). The AFT/CC/ L min~2 using MFCs (1, 2, and 3), and,8 concentration was

LIF technique was applied to the measurement ofifttake monitored by a commercial hygrometer. After radical generation,

on aerosol particlgs for the first time. In this study, the @NH _radicals were carried to the AFT through a 100 gf(Q(.D.) 12
SQ; and NaCl particles are regarded as typical chemical Speciesy, 1y pyrey tube coated with halocarbon wax to avoid wall loss
in the urban and marine atmosphere, respectively. Because 0 f the HO, radical

the high sensitivity of the CC/LIF instrument to HOwe are
able to measure the HQ@lecays with initial concentrations of
~1 x 10° molecules cm?3, which are similar to the ambient
concentration levels. Furthermore, the effect of the self-reaction
of HO; in the gas phase can be neglected in the system.

The flow rate including the H@radical was controlled at 0.47

2.3. Aerosol Generation.An atomizer (model 3076, TSI)
was utilized to generate polydisperse distributions of {¥H
SO, or NaCl aerosol particles from 0.02 to 0.05 M aqueous
solutions. In the case of the measurement of mass accommoda-
tion (o) of wet aerosol, CuS£5H,0 was added to the aqueous
solution as a cataly&t®at a molar ratio of~5% to (NH;)>,SOy
or NaCl solutions. When chemical reactions in the interface and/
Figure 1shows the schematic experimental setup (AFT/CC/ or aqueous phase are rapid, the uptake rate is controlled by

2. Experimental Section

LIF) to study heterogeneous loss of HB®y (NH4)>SO, and accommodation, and the measured valug @fill correspond
NaCl aerosols. The kinetics of HQoss in the AFT were to a under these conditions. Details are given in section 3.3.
measured by changing the position of the H@dical injector The volumetric flow rate from the atomizer output was

to vary the contact time between the @dical and the aerosol.  adjusted to be 2.9 L mirt using MFC (6). Because the RH
The change in H® signal was monitored using the LIF just after atomizer output is close to 100%, wet particles can
technique. All experiments were performed at atmospheric be prepared by regulating RH after the particles are produced
pressure and 294 2 K. The details of the experimental setup by the atomizer. When the RH decreases to below the
are described in the following sections. deliquescence RH~{75%), the droplets do not immediately
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effloresce, but remain supersaturated until reaching efflorescence
RH (~40%). To generate dry particles, the atomizer output flow
was passed through a diffusion dryer (model 3062, TSI) before
mixing with the humidified air flow. After that, particles should

be dry, because the RH was20%, below the efflorescence
point of ~40% RH!3 Once the particles are dried, they stay on
the solid phase up to a deliquescence RH5% due to
hysteresid3 In the present study, the aerosol particles produced Y

using the dryer are referred to as the “dry particles”, and those

produced without the dryer are referred to as the “wet particles”.

Under the same volumetric flow rate (9.9 L mif), the RH 0 R D,
and aerosol concentration were controlled by adjusting the ratios 10 100 1000

of the humidity-controlled flow to the aerosol flow using MFCs Diameter / nm

(4,5, and 7). Figure 2. Number-weighted size distribution of we®) particles of

All reagents (Kanto Kagaku, purity>99.5%) were used  NaClat RH 53% using SMPS. The measured total number and surface
without further purification. areg concentrations are 6:210° particles cm®and 1.73x 10°* crm?

2.4. Aerosol Flow Tube.The AFT (100 cm in heightand 6 ™ ™
cm inner diameter) was mounted on the Hf@tection instru- The aerosol concentration after passing the AFT w&6%
ment (LIF cell). The bottom of the AFT faced the inlet pinhole |, e than that before. The decrease is explained by the dilution
of the LIF instrument. Humidified aerosol flow was introduced by the flow containing radicals. Therefore, we concluded that
from the top of the AFT, and H&radical flow was injected at  {}a \wall loss of aerosol was negligible.
the center of the AFT using a vertically movable Pyrex tube. 5 ¢ Measurement of HQ. The HO, was detected by CC/
The inside of the AFT was coateql with halocarbon wax to avoid LIF-FAGE (fluorescence assay by gas expansion) technique.
HO; losses by the wall. The RH in the AFT was monitored by pegails of the apparatus have been given in the previous
a commercial hygrometer, and the RHs before and after the AFT g, qjeqi6.17 Therefore, only a brief description important for
were almost the same within 0.5% in this study. The two flow .« study is given here. The LIF instruments for measuring
velocities (in the aerosol and radical flow t_ubes_) were controlled 51 radicals can be applied for the selective measurement of
to be close to one another, such that radial mixing between the,, by chemical conversion just before the detection zone via
flows containing radicals and aerosols occurs efficiently. The 1o reaction of H@-+ NO — OH + NO,. The transition line
LIF cell and the aerosol-sizing instrument require a volumetric employed for excitation was the:(2) line of OH (A2S —X2IT
flow rate of ~9 and 0.6 L min?, respectively. In our s =0 — o' = 0). An excitation laser was operated (’,ﬂ a
experimental conditions, the linear flow velocity was 6.1 cm  onetition rate of 8 kHz. The LIF cell was evacuated continu-
s+ and Reynolds number was250, suggesting that the flow 5y by a booster pump (PMBOO3CM, ULVAC) and a rotary
condition in the AFT was laminar. pump (VD401, ULVAC). The total pressure in the LIF cell was

The mixing time of the two flows is given bi#/5Dg, where about 2.3 Torr, which was measured by a capacitance manom-
ris the radius of the AFT an® is the gas-phase diffusion  gter (Baratron 127, MKS). The LIF signals were detected by a
coefficient of HQ (~0.25 cnt s™%),° and this time is estimated  channel photomultiplier (CPM, C1982P, Perkin-Elmer Opto-
to be~7 s:* Furthermore, potential turbulent mixing of flows  gjectronics) coupled with the photon-counting method through
containing aerosol and radical might occur with a magnitude foyr |enses and a band-pass filter centered at 308 nm. The
similar to that of gas-phase diffusidhTherefore, we assumed  getection axis was perpendicular to both the gas flow and the
that they are well mixed at-4 s. In this study, the injection  |5ger excitation. A signal integration time of 5 min was adapted
position of HQG radical was changed between 30 and 70 cm g achieve a low detection limit. The typical detection limit (S/N
from the bottom of the AFT. = 2,t =60 s) of our instrument was 2 10° molecules cm?3.

2.5. Aerosol DetectionA scanning mobility particle sizing By calibrating the instrument by the simultaneous photolysis
(SMPS) instrument was used to observe aerosol distributionsof 0, and HO,16 the concentration of Hgradical in this study
and concentrations. The SMPS instrumentation consisted of aywas estimated to be3 x 107 and~1 x 108 molecules cm?3
differential mobility analyzer (DMA3080, TSI) for size selection  at an injector position of 30 cm in the presence and absence of
followed by a condensation particle counter (CPC3010, TSI). aerosols, respectively. This difference may be attributed to the
Figure 2 shows a typlcal size distribution of NaCl wet aerosol up[ake of HQ that occurs during mixing between id@nd
at RH 53%. By scanning over the mobility diameter range of aerosol particles.
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10—-420 nm, the distribution of aerosol number density (#),  |n the HQ, generator, OH radical is also generated by
surface area densityg), and volume density\) were deter- photolysis of HO (reaction 1). However, the OH signal
mined. The aerosol concentrations of NaCl and {N8IO, in measured without the addition of NO was always negligible. It
this study were from 0.5 10° to 1.3 x 10° particles cm for is implied that OH radical generated by the photolysis eé®H

the number density, and the geometric standard deviation wasjs |ost by the wall and chemical reaction with trace amounts of

1.85-+ 0.05. If the aerosol distribution is well characterized by |mpunty of zero air before reaching the bottom of the radical

alog-normal radius distribution, the mean-surface-area-weightedinjection tube. Mie scattering caused by the aerosols did not

radiusrs'4*>can be determined by significantly increase the background noise level in the LIF
detection cell.

re=r_...exp[2.5(no)? ©)

s pek 3. Results and Discussion
whererpeakis the radius for the peak of the distribution amd 3.1. Data Analysis.Figure 3 shows injector-position-depend-
is the geometric standard deviation. In this studys 80—110 ent profiles of HQ in the absence and presence of aerosol

nm for wet particles, ands = ~70 nm for dry particles. particles. The vertical axis in Figure 3 is in log scale, and the
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Figure 3. Injector position dependence of H8ignals at atmospheric
pressure. Signal intensities are normalized to those at the initial injected Figure 4. Plots of first-order decay rate&’) for HO, versus total

Total surface (10 - cm2/cm3)

position. Thea symbols indicate the background loss of H®he O surface concentration of aerosol particles. Upper and lower panels show
and @ symbols correspond to the wet and dry particles, respectively. results for (NH),SO, and NacCl, respectivelyO, O, and A indicate
The upper panel shows profiles of H@ the presence of (NPLSO, wet particles doped with CuSQwet particles, and dry particles,

aerosol particles. The total surface concentrations for dry and wet respectively.

particles were 1.2% 10~ and 1.35x 107 cn? cm3, respectively, at

RH 45%. The lower panel shows profiles of Wi the presence of However, in derivingyonsfrom eq 5, the gas-phase diffusion
NaCl aerosol particles. The total surface concentrations for dry and |55 not been taken into account. The coefficiegtis modified

wet particles were 1.78 10~ and 1.76x 10 cn? cm3, respectively, t rrected uptak ffici ina th tion
at RH 53%. The fitting line is an exponential decay fit to the HO 0 a corrected uptake coeflicientor using the equations

injector position. below19:20
HO; signal intensity is normalized by that at the initial injected _ Yobs ©6)
position. In this study, H@decays were found to be exponential Voorr (1 — yopd(r9)

and are explained by first-order kinetics:

Values ofA(rs) are given by
[HO,), _
[H0,], ~ &P HKad) ) 2y 075028,
0= cark) "

where [HQ]o is the initial concentration of Horadicals at the

injector position{ is the reaction time, anklysis the effective whereKj is the Knudsen number defined by
first-order rate constant (%) for heterogeneous reaction of HO

with the aerosol particles. The plot of In([HF[HO:]o) as a 3D,

function oft derived from the radical injected position and the Kn=

flow velocity in the AFT giveskops as a slope of the straight
line in the presence of aerosol. To exclude the;H§3s by the .
wall of the AFT from the observed decay, decay rates o HO In the present S.tUdWrS) was in a range from 0.15 to 0'25'.
were measured at the same RH under the absence of aerosol he correction in this study was small, only 3% and 10% in

for each experiment. Thepswas employed to calculate uptake }—le ca;s,te Otﬁ;]"bs - 0.1tand 05 res]p%ctwetlyc,j o ?_hllo lnm.
coefficient,yqps after correction of wall loss and diffusion under ereafter, the correctedoris simply denoted ag. The values

non-plug conditions using techniques of BroWiThe corrected of y obtained in this study are listed in Table 1, together with
kobs Values were 1620% higher than original values, where the values reported previously. Quoted errors are two standard

the measured wall loss rate was simply subtracted from the de\(lat|ons from the_ Ieast-squ_ar_es f_|ts, combined with the
observed H@decay. estimated systematic uncertainties in the measurements of

ot ; aerosol surface concentration (5%) and flow speed (2%).
up'tl';(eefgcsjzgirgz:]trabt; constarksby is related to the observed 3.2. HO; Loss by Dry Aerosol Particles of (NH,),SO, and
NaCl. They values for dry particles of NaCl measured in this
study were<0.01 and 0.02+ 0.01 at RH 20% and 53%,
— y"bstOZS (5) respectively. The values for solid NaCl in the previous study

(8)

Who,fs

bs 4 at room temperature and under a low-pressure condition were
0.012 4+ 0.00Z and 0.0164 0.003% which were in good
where wno, is the molecular thermal speed of H@m s2), agreement with our results. Thevalues for dry particles of
andSis the total surface concentration of aerosols{cm3). (NH4)2SOy in this study were 0.04- 0.02 and 0.05t 0.02 at

In Figure 4, the observed first-order rate constants fop ki@ RH 20% and 45%, respectively. For solid (}k8Qy, the uptake
plotted against the total surface concentrations of aerosol. Thecoefficient has been reported to be 0.@1For dry aerosol
observed uptake coefficientd,9 can be determined by slopes particles, the values are in general agreement with those from
in Figure 4 using eq 5. previous studies.
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TABLE 1: Summary of Uptake Coefficient of HO, for 0.3
Various Phases of NaCl and (NH);SO, ® (NH,),S0
4)29o04
NaCl RH y method8 refs O NaCl
dry particles 20% <0.01 ATF/CCI/LIF this work 02k
53% 0.02+:0.01 ATF/CCI/LIF this work
solid film 0.0124+0.001 ESRoOrEPR 7 -
0.016+ 0.003 EPR 8
wet particles 53% 0.130.03 ATF/CCILIF this work o1k ¢ % %
63% 0.09+0.02 ATF/CC/LIF this work ' %
75%  0.10+£ 0.02 ATF/CC/LIF this work
doped with CuS® 53%  0.65+ 0.17 ATF/CCI/LIF this work
(NH4).SOy RH? y method8 refs 0, 2 6
dry particles 20% 0.040.02 ATF/CC/LIF this work 17 3
45% 0.05+0.02 ATF/CCILIF this work [H20] (10" molecules cm™)
solid film 0.011 EPR 8 Figure 5. H,O concentration dependence for uptake coefficients of
wet particles 45% 0.1 0.03 ATF/CC/LIF this work HO, for wet aerosols of (NSO, (®) and NaCl Q).
42% ~0.1° AFT/CIMS 10
55% 0.15+ 0.03 ATF/CC/LIF this work .
65% 017-004 ATF/CO/LIE this work 3.4. HO;, Loss by Wet Aerosol Particles.The y values of
75% 0.19+ 0.04 ATE/CC/LIF this work (NHg4)2S0O, and NaCl were 0.1% 0.03 for 45% RH and 0.11
doped with CuS® 45%  0.53+0.13 ATF/CC/LIF this work + 0.03 for 53% RH, respectively. Figure 3 shows HiDofiles
42% 0.5+£0.1 AFT/CIMS 10

aTemperature is 296 K. ATF/CC/LIF, aerosol flow tube coupled

for the different phase aerosol particles of (J4$O; and NaCl
under almost identical total surface concentration and RH. The

with a chemical conversion/laser-induced fluorescence technique; EPR,observed decay of H{by both wet particles was larger than
electron paramagnetic resonance; ESR, electron spin resonance; AFT{hose by dry particles. This indicates that the uptake by wet

CIMS, aerosol flow tube coupled to a chemical ionization mass
spectrometert They is given by the first-order analysis of the observed
HO, decay.

3.3. HO, Loss by Wet Aerosol Particles Doped with
CuSO;y. They values for wet particles of (NHSO, and NaCl
doped with CuS@® were 0.53+ 0.12 and 0.65+ 0.17,
respectively. Previous repott¥ suggested that Cu(ll) ions act
as a scavenger for the catalytic reaction of H®Othe aqueous
phase. Because the H@adical undergoes acid dissociation
(HOx(ag) <= H™ + Oy7) in the aqueous phase, there are two
loss processes ((9) and (11)) to initiate catalytic consumption
of HO..

CU" + HO,(ag)— O,(ag)+ Cu" + H” (9)

H,O
Cu" + HO,(ag)— H,0,(aq)+ Cu*" + OH™  (10)

CU/" + 0, (ag)— O,(ag)+ Cu" (11)

" B 2H,0 " B
Cu" + 0, (ag)— H,0,(aq)+ CU/*" + 20H (12)

Rate constants for eqs-42 are 1.2x 1, 1.5 x 1(°, 9.4 x

10° and 8.0x 1®® M~1 s71, respectivel\¥1=22 In the case of
the wet aerosol particles generated at85% RH, the molarity

of Cu(ll) is estimated to be-0.5 M in the wet particle® Thus,

the lifetime of HQ is estimated to be less than 1 ns. The mass
accommodation of gas H@o the surface will be a rate-limiting
step by scavenging in the aerosol particle by reaction with Cu
Consequently, it is reasonable to conclude that the measured
is equal to the mass accommodation coefficient (

There are only a few studies for the measurement of mass

accommodation of HEby wet particles at room temperat$rt.
Their results gave 0.5 0.1, 0.40+ 0.08, and 0.94t 0.20 for
the o of (NH4)2S0Oy, (NH4)HSOy, and LiNG;, respectively. It

should be noted that this is the first report of a mass accom-

modation coefficient for wet NaCl particles. The above values
are in general agreement with our result. The previous sfiitfies

particles was larger than that by dry particles under the same
RH. This study was the first determinationjofor wet particles

of NaCl. There was only one report with which to compare our
result for wet (NH),SOy particles. Thornton and Abbalt
reported thay for a wet aerosol of (Ni.SO, buffered to pH

= 5.1 was estimated to be0.1 from the first-order analysis of
observed HQ@ decay at~42% RH. This result is in good
agreement with our result of 0.1 0.03 at 45% RH. However,
they reported that the observed HiOss was attributed to self-
reaction of HQ in the aqueous phase (egs 13 and 14).

HOj(aq) + HO%ag) = H205ag) T Oz(a) (13)

HO, (o T Ozf(aq) 1 Hy0 = H,055g) T Ogaqt OHf(aq) (14)
Because the HOconcentration in their experiment was quite
high (~5 x 10 molecules cm?3), assuming the surface
concentration of HQon a particle is in equilibrium with the
bulk concentration, they reported the rate constants from
observed HQ loss was in agreement with those from the
literature, which were 8.6 10° and 1.0x 10° M~1s™1for eqs
13 and 14, respectiveRf. Therefore, they concluded that the
loss rate of HQ@ can be calculated on the basis of the known
aqueous phase chemistry of eqs 13 and 14. When thg HO
radical concentration becomes of the same order in the
troposphere<{1 x 10® molecules cm?3), they for wet particles
of (NH4)>SO; will be less than 0.01 at~42% RH from
extrapolation. This result was inconsistent with our result of
0.114 0.03 under [HG| ~1 x 10° molecules cm?®. The reason
for the inconsistency is unclear.

They values of (NH),SO, were 0.15+ 0.03, 0.17+ 0.04,
and 0.19+ 0.04 for 55%, 65%, and 75% RH, respectively. On
the other hand, the values of NaCl were 0.0% 0.02 and
0.10 4+ 0.02 for 63% and 75% of RH, respectively. Uptake
coefficients determined in this study for wet particles of @H
SOy and NaCl as a function of # concentration (RH) are
shown in Figure 5. An increasing trend with®l concentration

and this study suggest the mass accommodation coefficient foris observed for wet (NSO, aerosol particles, while the

inorganic aerosol is commonly large0.40.

values by NaCl were almost constant.
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TABLE 2: Calculated Values of k; and | for Wet (NH 4),SO,
Aerosol Particles

RH ré VIS k.° |d
(%) (nm) (10"6cm) (10s™) (nm)
45 90 2.5 5.0 460
55 102 2.6 6.9 390
65 106 2.7 7.9 360
75 110 2.9 8.6 360

arg is determined from eq 3 using SMPS measurentewitS is a
ratio of the total aerosol volume and surfat&. is calculated by eq

16.91 is the reacto-diffusive length calculated by ,/D//k, using the
results from eq 16.

In the steady-state concentration of the H®tween a particle
surface and just inside the surface, the measyrddr the
reaction on the aerosol particle is given by Hanson &t al.

11, o
7 @ 4HRT,/Dk,

whereH is the effective Henry's law constar® is the gas
constant[T is temperature, and, is the aqueous phase diffusion
coefficient, assumed to be 10cn? s1 for HO,.2 k, is the
first-order rate constant for the reaction of H@ the bulk
aqueous phase, amfis the reacto-diffusive parameter, which
is the ratio of particle radius; to the reacto-diffusive length

(cothq - 3)71 (15)

This length () is a measure of the distance from the interface

in which the reaction occurs, defined hs= ,/D//k.?®> This
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ratio associated by the increasing water content with RH.
Apparently, the dependence lofon RH needs to be explained
by chemical reactions. In this system, reactants shouldfe H
The concentration of 50 in the particle will increase due to
an increasing water content with RH, while the concentration
of ions (NH;* and SQ?") in particles will decrease with RH.
If the reactions of H@in the particles with the Nt or SQ2~
have significant contribution loss of HOthe HGQ loss should
decrease due to a decreasing ion concentration with RH.
Therefore, the reactivity of O in a particle for HQ loss may
be more significant than that of ions in the case of (NBO,.
On the other hand, in the case of a wet NaCl aerosol particle,
there was no tendency gfon RH. Although we cannot suggest
that reaction scheme for loss of KD the particles, one possible
explanation is that the presence of@Hand ions (Cf or Na")
in the particle is significant for HOloss. As a result, both
contributions to H@loss might be canceled by increasing water
content and decreasing ion concentrations with RH. The ions
present in the wet (NpJ>SO, particle might be less reactive
than CI or Na". However, there are no data to verify these
hypotheses. More information is needed for Hfbemistry in
aqueous phase. The measurements of the uptake coefficient of
HO, by (NH)HSO,, H,SO4, and KCI particles are planned.
These results would give more systematic information to argue
the loss mechanism of HOn the wet particles including the
key ions, NH™, SO, Na', and Cr.

Under humid conditions, HOradical in the gas phase can
generate water-complexed H®O,—H,0.28 The equilibrium

length may suggest reaction regimes, volume-limited reaction for HO, + H,0 < HO,—H,0 was established quickly, and the

regime, and surface reaction regime, in the caske>ofrs and
rs > |, respectively. Whems > |, the factor (cothg —1/q)~1

constant Keq) Was reported as (52 3.2) x 1071 molecule’®
cmi.27.28Under a relative humidity of 45%, 55%, 65%, and 75%,

will become ~1, and the uptake coefficient should not be the ratio of [HQ—H,O]/[HO,] will be 0.16, 0.20, 0.23, and

dependent on particle size. Whénre rg, the reaction in the

0.27, respectively. Another possible explanation of the apparent

aqueous phase occurs throughout the entire particle volume. On&RH dependence foy by wet (NH),SO; particles is the
possible explanation for the apparent RH dependence may liecontribution of the HG—H,O complex. The uptake coefficients
in the potential effect of particle size due to the increasing water of HO, and HG—H,0 to the wet particle could be different.
content with RH. In this case; becomes size-dependent and  Aloisio et al?® suggested there is a possibility of BEH,0

is given by

1_1 w
y + AHRT(VIS)k, (16)

whereV/Sis a ratio of volume and surface of the total observed

aerosol particles. Estimated valueskpin eq 16 are listed in
Table 2 together with correspondihgThe effective Henry’s
law constantlfle) was estimated by the equatiélag = Hyo,-
(1 + Ked™/[H™]). Hho, is Henry's law constant, anided™®: is
the acid dissociation constant of HQHO,uq < Ht(ag) +
057 (ag)- Hro, and Ked'©2 were 4000 (M atm?)?4 and 2.1x
1075 (M),?2 respectively, and [H] that was estimated by the
concentration in the particles wasl0-42 (M) in the range of

45—-75% RH.T, D), andw have already been mentioned above,
anda was 0.53 as determined in this study. Estimated values

of k; increased with RH, and the valuesloffere ~500 nm.k;
and| were also estimated using eq 15. The valuek; afere
20% less than those from eq 16, antlad values similar to

loss by the aerosols.

HO,—H,0O + aerosol— products a7
However, they did not study the process further. It is likely
that our detection technique does not detect the-H@QO. If

the increase in the loss of observed H@With RH was fully
attributable to the consumption of HOH,O by aerosols, we
should modify the previous analysis. Here, when the equilibrium
between H@and HQHO is established, the uptakes of HO
H,0 and HQ by (NH,),SO, aerosols were simply calculated
by

Kobs = k’HOZ + k'Hoszzo (18)

®Ho,

o , ®Ho,-H,0
Kobs = 7o, 4 S+ 7'ho,h,0 4 SK4{H:01 (19)

those from eq 16. These results suggest that the reaction mawherewno,-1,0 is the molecular thermal speed of HEH,0,
lie in the transition region between volume- and surface- andy'wo, andy'no,-H,0 Were estimated to be 0.02 and 0.88,

dependent processes, becalise of the same order as.

respectively, to fit the dependence kj,s on [H2O]. In this

Overall, the estimatetivalues were about 4 times larger than assumption, overall uptake coefficien{gera) by wet (NHs)2-

rs. This implies that the uptake is not fully volume-limited, but

may be a mostly volume-limited process. Thevalue still

SO, aerosols, which were calculated for averaged molecular
thermal speed for H®-H,O and HQ, were 0.12, 0.16, 0.18,

increased with RH (Table 2), suggesting that the dependenceand 0.20 for 45%, 55%, 65%, and 75% RH, respectively. Taking

of v for wet (NH,),SOy particles on RH cannot be explained
only by the changes in the Henry’s law constant and invit&

account of the contribution of HS-H,0, voveran Will be ~10%
larger thany.
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Marine

[HO,] / 10® molecules cm™

Time of day / hour

Figure 6. Diurnal variations of the H@concentration calculated with
y = 0 (solid line). Broken lines indicate the HGQconcentration
calculated withy = 0.1 and 0.15 for marine and urban cases,
respectively.

4. Atmospheric Implications

Our results suggest that the uptake coefficient of,Hi®
aerosols depends on phase, composition, and RHy Uadues
by solid aerosol (NaCl and (NHESOy) were <0.05, while they
were enhanced to 0.69.19 once the particles became wet. In
our results, we recommend that the uptake coefficient of HO

by wet particles of NaCl is 0.10 with no dependence on RH.

Because those by wet particles of (WkBO, depend on RH,
we tentatively suggest an averaged valug @fi,),so) = 0.15.

Taketani et al.

ubiquitous and the concentration of Fe is larger than that of
Cu. Concentrations in the rural area are reported to be in the
range 0.06-15 and 0.0030.3 ug m=2 for Fe and Cu,
respectively?® Consequently, wet particles have a potentially
high contribution of the heterogeneous reaction, while there is
a possibility that these metals are not fully free ions in the
aqueous phasé.An understanding of the composition and
surface condition in the aerosol particles is important for an
estimation of the heterogeneous effect.

5. Summary

We reported the H@uptake coefficient for submicron wet
and dry aerosols (NDLSO, and NaCl) under atmospheric
pressure at 296 2 K using an aerosol flow tube coupled with
a chemical conversion/laser-induced fluorescence (CCI/LIF)
technique. This study was carried out under¢Oncentrations
of ~1 x 10° molecules cmd, which were similar to the ambient
concentration levels. The uptake coefficients of dry aerosol
(NaCl and (NH),SQy) particles were<0.05. On the other hand,
the uptake coefficients of wet particles of NaCl and (SO,
were estimated to be 0.10 and 0.15, respectively, which
suggested that heterogeneous loss was enhanced by the particle
containing water. Furthermore, threvalue for wet (NH).SOy
particles depended on RH. We discussed the potential loss
mechanisms for H® One possible mechanism was a particle
size-limited process, in whichJ@ in the particle is significant
for HO;, loss. Another possibility was attributed to HH,0
loss by aerosols. However, we cannot identify the loss mech-
anism of HQ radical shown above. More data are needed to
understand the heterogeneous loss mechanism ef Haally,
to estimate the contribution of heterogeneous loss of BYD
aerosol, the diurnal variation of HOusing a box-model
calculation was demonstrated. As a result, the daytime maximum

To estimate the contribution of the heterogeneous loss for concentrations of Hewere changed to 95% and 70%, relative

HO,, we carried out the box model calculation for the diurnal
variation of HQ concentration for the remote marine and the
urban cases. We adapt@gaci = 0.10 andyH,),so, = 0.15 to

the remote marine and the urban cases, respectively, and the

gas-phase diffusion coefficient of H@~0.25 cn? s71). The

other parameters for the box model calculation were the same
as those in ref 11. Under the typical aerosol concentration, the
first-order decay rates of heterogeneous loss for the remote

marine and urban cases were estimated to bex91® * and
1.8 x 107271, respectively. Figure 6 shows diurnal variations

of HO, with and without heterogeneous loss. The concentrations

of the daytime maximum of HOwithout heterogeneous loss
were 3.6x 10° and 7.9x 10® molecules cm?® for marine and

to an absence of heterogeneous loss for marine and urban areas,
respectively.
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