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Abstract. Injection of aerosol particles (or their precursors) 1 Introduction

into the stratosphere to scatter solar radiation back into space

has been suggested as a solar-radiation management scheme

for the mitigation of global warming. Ti® has recently Injection of aerosol particles (or their precursors) into the
been highlighted as a possible candidate particle becausdratosphere to scatter solar radiation back into space has
of its high refractive index, but its impact on stratospheric Peen suggested as a solar-radiation management (SRM)
chemistry via heterogeneous reactions is as yet unknownscheme for the mitigation of global warming due to the in-
In this work the heterogeneous reaction of airborne sub-reasing concentrations of greenhouse gases (see, e.g., Shep-
micrometre TiQ particles with NOs has been investigated herd, 2009). Most of the stratospheric particle injection re-
for the first time, at room temperature and different relative S€arch to date has focused on the use of sulfuric acid par-
humidities (RH), using an atmospheric pressure aerosol flowicles (Crutzen, 2006; Ferraro et al., 2011) because of their
tube. The uptake coefficient of s onto TiOy, 3 (N2Os), natural presence in the stratosphere (SPARC, 2006). During
was determined to be 1.0x 10-3 at low RH, increasing to periods of low volcanic activity there is a background sulfate
~3x 103 at 60% RH. The uptake of #0s onto TiOy is aerosol layer with a global loading of 0.650.2 Tg (SPARC,
then included in the UKCA chemistry—climate model to as- 2006). However, after large explosive volcanic eruptions the
sess the impact of this reaction on stratospheric Chemistryt_:oncentration increases dramatically. For example, after the
While the impact of TiQ on the scattering of solar radiation Mt Pinatubo eruption in the Philippines in 1991 it is esti-

is chosen to be similar to the aerosol from the Mt Pinatubomated that at peak there was30 Tg HSQ; in the strato-

eruption, the impact of Ti@injection on stratosphericJ@s ~ SPhere (Guo et al., 2004; McCormick et al., 1995). Several
is much smaller. minerals, including Ti@, have recently been suggested as

possible alternative candidate particles to be injected into the
stratosphere for SRM (Pope et al., 2012), due to their high
light-scattering ability by virtue of a high refractive index.
For instance, the refractive index at 550 nm is 2.5 forliO
compared to 1.5 for the naturally occurring 70 wt %Sy
particles. The scattering ability of aerosol particles is also de-
pendent upon the size of the particles. Assuming that the size
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can be optimized, it is estimated that, to achieve the sam@ortant temporary reservoir for NQNO + NO), and its
scattering effect, the use of TiJor SRM requires a factor uptake onto aerosol particles contributes to the removal of
of ~ 3 less in mass (and a factor of7 less in volume) than  NOy and the formation of particulate nitrate (Brown et al.,
that of LSO, aerosols, i.e. only 10 Tg TiDparticles are  2006; Brown and Stutz, 2012), and the production of GINO
needed (Pope et al., 2012). (Phillips et al., 2012; Thornton et al., 2010), an important
Stratospheric particle injection for SRM would increase precursor of Cl atoms in the troposphere.
the burden of stratospheric aerosols and thus also the sur- The kinetics of the uptake of /D5 onto desert dust parti-
face area available for heterogeneous reactions. The producies and their surrogates (e.g., Arizona Test Dust, illite) has
tion and/or removal of gas-phase species via heterogeneouseen reported by several previous studies (Karagulian et al.,
reactions could perturb the stratospheric chemistry and im2006; Mogili et al., 2006; Seisel et al., 2005; Tang et al.,
pact the stratospherici@evel (Molina et al., 1996; Solomon, 2010, 2012, 2014; Wagner et al., 2008, 2009). In addition,
1999; Tilmes et al., 2008). The eruption of Mt Pinatubo intro- Seisel et al. (2005) observed the formation of nitrate on min-
duced an additional 30 Tg of aerosols into the stratosphereeral dust particles due to the uptake ofQ¢ using diffuse
This increased aerosol loading resulted in surface coolingeflectance FTIR (Fourier transform infrared spectroscopy),
and produced record low levels of stratospheric ozone (Dutand Tang et al. (2012) further confirmed that the yield of ni-
ton and Christy, 1992; McCormick et al., 1995). trate is~ 2 (as expected from Reaction R1) within the exper-
While the heterogeneous reactions of sulfuric acid parti-imental uncertainty, and that the formation of N3 neg-
cles in the stratosphere are well characterized (Ammann eigible. However, to the best of our knowledge, the reaction
al., 2013; Sander et al., 2011), the heterogeneous reactivitgf N>Os with TiO2 has never been studied. In this work an
of mineral surface towards stratospherically important traceaerosol flow tube was deployed to investigate the kinetics
gases has seldom been investigated (Crowley et al., 2010@f the heterogeneous reaction op®f with airborne sub-
and this impedes us from a reliable assessment of their immicron TiO, particles at room temperature and at different
pact on stratospheric chemistry and, more specifically, stratorelative humidities (RH). We note that in the lower strato-
spheric Q (Pope et al., 2012). The heterogeneous reactiorsphere the typical temperature and RH ranges are 200-220 K
of N2Os (Reaction R1), one of the most important heteroge-and <40 %, respectively (Dee et al., 2011). While our ex-
neous reactions in the stratosphere, converts reactive nitroggrerimental work covers the RH range relevant for the strato-
oxides (NO and N@), which are involved in catalytic cycles sphere, it has been carried out at room temperature instead of
leading to stratospheric {0depletion, to non-reactive nitric ~ 200K due to experimental difficulties.
acid (Solomon, 1999): Telford et al. (2009) used the UKCA (United Kingdom
Chemistry and Aerosol model) chemistry—climate model to
N20s + Ho0 + surface— 2HNO;. (R1) attribute ())/zone changes due tg) volcanicyaerosol after the Mt
It has been shown that after the eruption of Mt Pinatubo, thePinatubo eruption in 1991. Here, we use a successor of this
uptake of NOs onto sulfuric acid particles led to significant model to assess the effect 0§Qs uptake onto TiQ particles
change in the partitioning of nitrogen species in the strato-on the stratospheric composition. We construct a case study
sphere (Fahey et al., 1993; Solomon, 1999). based on the eruption of Mt Pinatubo, comparing the effects
Mineral dust particles are the most abundant aerosol partief TiO2 to those from the volcanic sulfate and to a situation
cles in the troposphere on a mass basis (Huneeus et al., 201Wjth only background aerosol amounts present. The changes
Textor et al., 2006). Tropospheric mineral dust aerosols havén reactive nitrogen species and ozone due to the heteroge-
alarge impact on direct and indirect radiative forcing (Balka- neous reaction of Ti@with N2Os are assessed relative to
nski et al., 2007; Cziczo et al., 2013), and their heteroge-sulfate aerosol impacts.
neous reactions with several trace gases can significantly in-
fluence tropospheric photochemistry (Dentener et al., 1996
and modify the composition of dust particles (Sullivan et
al., 2007). TiQ, an important component in natural min- 21 Experimental section
eral dust particles (Hanisch and Crowley, 2003; Usher et al.,”

2003), is of particular interest because heterogeneous reag ey atmospheric pressure aerosol flow tube was deployed
tivity towards some trace gases (e.g., N@s) is signifi- 5 jnvestigate the heterogeneous reaction gDjwith air-

cantly enhanced under illuminated conditions (Ndour et al..p,qme Tig, particles. The schematic diagram of the aerosol
2008; Nicolas et al., 2009). Tiis also a well-established g,y tyhe is shown in Fig. 1. Since it is presented for the first

photocatalyst for a wide range of reactions (Linsebigler etijme 5 detailed description of the aerosol flow tube is given

al., 1995; Nakata and Fujishima, 2012), including the con-j, s study. All experiments were carried out at 298 K,
version of NQ species (Bedjanian and El Zein, 2012; Ndour 4.4 N> was used unless otherwise stated.

et al., 2008).
N2Os, mainly formed at night-time due to the reaction
of NO, with NOj3 radicals (Wayne et al., 1991), is an im-

E Methodologies
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Figure 1. Schematic diagram of the aerosol flow tube. SMPS: 5 1 5 Agrosol generation and characterization
scanning mobility particle sizer; CLD: chemiluminescence detector,

gsehd tﬁlgweasure the;Rs c:lrlwcsntfrlation (measurhedff\s the ﬁha:jnge TiO, aerosols were generated by atomizing a P25,FiO

in the NO concentration). All the flows (except the flow applied to .o ¢ ;spension (with a TiOnass fraction of 1-2 %) with

the atomizer) were controlled by mass flow controllers. Flow details - . .

are provided in text. ~3bar N using a commerC|aI.constant output .atomlzer
(Model 3076, TSI, USA). The Tig-water suspension was

constantly stirred using a magnetic stirrer, in order to keep

the suspension homogeneous so that the generated aerosol

would have a constant number concentration and stable size

The atmospheric-pressure aerosol flow tube (AFT) is adistribution. The resulting aerosol flow~3000 mL mirr 1)
horizontal-mounted Pyrex tube with an inner diameter ofwas delivered through 1-3 (depending on the desired RH in
30mm and a length of 100 cm. The total flow in the AFT the flow tube) diffusion dryers in series. The aerosol flow
was 1550 mL min® at 1 bar and room temperature, result- then passed through a Berner cascade impactor (not shown
ing in a linear flow velocity of 2.36 cnTs, a maximum res-  in Fig. 1) with a cut-off size of 1um at a flow rate of
idence time of~ 40, and a Reynolds number of 46, i.e. the 3000 mL mirr2, in order to remove super-micrometre parti-
flow was laminar. The entrance length required to developcles perform the wall loss measurement. A fraction of the
the laminar flow and the mixing length were calculated to beaerosol flow was then pumped away (F1). The remaining
~8 and~ 13 cm, respectively (Keyser, 1984), using a dif- aerosol flow either was delivered through a filter (not shown
fusion coefficient of 0.085 cfs ! for N,Os (Wagner et al.,  in Fig. 1) to remove all the particles or, alternatively, the filter
2008). For all the experiments, only the middle part of the could also be bypassed. The aerosol flow was conditioned to
flow tube (30-80 cm) where the gases have been well mixedlesired RH and diluted to a total flow of 1800 mL min(by
and the laminar flow has been fully developed was used td=2 and F3, as shown in Fig. 1). After that, 300 mL rmirof
measure the uptake kinetics. the aerosol flow was sampled into a scanning mobility par-
TiO, aerosols, after being adjusted to the desired RH, werdicle sizer (SMPS) to measure the number concentration and
introduced into the top of the AFT via the side arm, andbl size distribution, and the remaining 1500 mL mirflow was
was delivered into the centre of the flow tube via a stainlessdelivered into the aerosol flow tube via the side arm. Metal
steel injector. The position of the stainless-steel sliding in-(outer diameter: 0.2% or conductive silicone (TSI, inner di-
jector (outer diameter: 6 mm) could be adjusted to vary theameter: 0.19) tubing was used to deliver aerosols, in order
interaction time of NOs with airborne TiQ particles. The to minimize the loss of Ti@particles during transport.
inner wall of the AFT was coated with an inert FEP (United An SMPS was used to characterize the number concentra-
Kingdom Chemistry and Aerosol model) film to reduce the tion and size distribution of Ti@aerosol particles online.
loss of gaseous MDs onto the wall. The RH and the total It consists of a differential mobility analyser (TSI 3081),

flow rate in the flow tube were measured both before and afand a condensation particle counter (CPC, TSI 3775) which
ter each experiment. was operated at a sampling flow rate of 300 mL™inThe

sheath flow in the DMA was set to 3000 mL mih resulting
in a detectable mobility size range of 14-672 nm. The time
resolution of the SMPS measurement is 150 s. The measured

2.1.1 Aerosol flow tube
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number concentration and size distribution were quite stathe centre of the aerosol flow tube throughy&“4Teflon tube
ble, and the variation of aerosol surface area concentratiom the sliding injector.

is typically <5% during each experiment (typicaly 60—

80min), as shown in Table 1. A typical size distribution of 2.1.4 NOs detection

TiO» aerosols used in this study is shown in Fig. 2, suggest- . . .
ing that the contribution of undetected larger particles (with The bottom 30 cm of the AFT was coaxially inserted into an-

mobility diameters >672 nm) to the total surface area con—_Other F_EP—coate;j Pyrex tubei:/vithhaﬂlengt? of 60 cmmajrnd an
centration is negligible. For TiPaerosols used in this work, MNer diameter of 43mm. A sheath flow of 1500 mL min

dN/dIind maximizes around 150 nm, and the average surfacé':d') wasbfed in:]o the annlufllar SP a(‘he 2Ftwee8 tr;]e ;W?] coaxial
area of one Ti@ particle is~9.0x 10-1¢cn?. The mobil-  FY'ex tubes. The aerosol flow in the flow tube had the same

ity diameters measured by the SMPS are used to calculate tHi1€ar flow velocity as the sheath flow in order to minimize

surface area, which is then used to calculate the uptake coefff€ turbulence when they were mixed at the end of the AFT.
cient, though we note that Ti(particles used in this work are Gases, including pOs, could exchange between the sheath
non-spherical and thus the mobility-diameter-based surfac§0W and the aerosol flow because their diffusion coefficients
area can be different from the true surface area. The BET sui'€ &round 0.1 c#s™%, while airborne particles remain in the

face area was determined to be 8 3qn, ~ 60% larger than centre due to their very small diffusion coefficients {10
the mobility-diameter-based surface area,«&.7 mf gL, 10-°cm?s™%; Hinds, 1996). At the end of the larger Pyrex
tube, ~ 500 mL mirm! was sampled through a/4” Teflon

2.1.3 NOs generation tube which intruded 1-2 mm into the inner wall of the larger
tube. The sampled flow was checked by a CPC, and the mea-

Crystalline NOs was synthesized by mixing a small flow of sured particle number concentration was less than t¢cm

pure NO with 500 mL min® O3/05 in a glass reactor and even when the number concentration of the J&@rosols in

trapping the product at 78°C using a cold finger immersed the AFT reached- 1 x 10’ particles cnm3. This novel gas—

in an ethanol-dry ice bath.{vas generated by electrical dis- particle separation method in the aerosol flow tube study was

charge of @ which has been delivered through#R—silica  first presented by Rouviere et al. (2010), and the current de-

gel scrubber to remove any residual water vapour before ensign was previously described by Tang et al. (2012).

tering the electrical discharger. After mixing NO with D> The 500 mL min® particle-free air sampled from the AFT

in the glass reactor, brown colour appeared initially, indicat-was mixed with a small flow~5mL min—1, controlled by

ing the formation of N@ (Reaction R2). The brown colour a mass flow controller) of NO (100 ppmv ingNand then

mostly disappeared at the end of the reactor, suggesting thatelivered into a glass reactor which was heated to°T0

most of the NQ was converted to pDs (Reactions R3— N2Os was thermally decomposed to N@nd NG radicals

R4a): (Reaction R4b), which was then titrated by NO to form NO
(Reaction R5):

NO + O3 — NO7 + Oy, (R2)

NO 4+ O3 — NO3z + O, R3)  N20s+M— NO2+NOs+M, (R4b)
NO3 +NO — NO + NOs. (R5)

NO2 + NO3z+M — N20s5 + M. (R4a)

The change in NO concentration is equal to theObl con-
The synthesised D5 crystals were stored in an ethanol bath centration. The glass reactor used in this work has a volume
kept at—50°C using a cryostat. In order to further purify the of ~30cn? (with a length of 10cm and an inner diame-
N2Os sample, the following procedure was repeated a fewter of 2cm), leading to a residence time of3s at a flow
times after the cryostat was warmed+@0°C: (i) the cold  rate of~ 500 mL mirr1. At atmospheric pressure and 90,
finger was connected to the vacuum line; (ii) the cold fin- the lifetime of NOs with respect to thermal decomposition
ger was disconnected from the vacuum line (by shutting thg(Reaction R4b) is arounet 0.05s and the lifetime of N©
valve) and the cold finger was filled with drypNwhich was  radicals due to the titration by 1 ppmv NO (Reaction R5) is
passed through a;Ps-silica gel scrubber) te- 1 bar; (iii) ~0.002 s, as detailed by Wagner et al. (2008). The residence
the cold finger was disconnected from the dry fddbw, and  time in the reactor is much longer than the lifetime o0y
then connected to the vacuum line. This procedure was foundnd NG under our experimental condition, ensuring that all
to largely reduce the N&mpurity which was not completely  the NoOs should be decomposed and then titrated by NO.
oxidized by @ and thus also trapped in the cold finger at This scheme has been suggested as an absolute method to
—76°C during the NOs synthesis. A small N flow (F5 in calibrate other MOs detection methods (e.g., CIMS) (Fahey
Fig. 1, usually 5-10 mL min!) was passed through a®s— et al., 1985), and is also widely used to study the heteroge-
silica scrubber (to remove any residual water vapour) andheous reactions of }0s with aerosol particles (e.g., Wagner
then used to elute gaseous®§ from the crystalline sam- et al., 2008).
ple. The resulting AOs flow was diluted by another Nilow The NO concentration was measured by a
(F6) to a total flow of 50 mL min! and then delivered into  chemiluminescence-based nitrogen oxides analyser (Model
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Table 1.Loss rate of NOs on TiO, (ka), total surface area of Tigparticles in the flow tubeSa) and uptake coefficients ofJXDs onto TiO,
aerosolsy (N2Os), at different relative humidities. All the errors shown here arestatistically.

RH (%) ka Sa y(N2Os5)  average/(N2Os)
(x1072s1)  (x103cmPem™3) (x1079) (x1073)
3.02+ 1.62 4395026 1.1550.62

541 264058 3.79+ 0.06 1165026  1.22+4021
2444111 3.02:0.10 1.3500.61
2.39+ 0.40 2.75:0.16 1.45(024
2,86+ 0.36 3.80+0.52 1.26£0.16

1242 5 651022 2.89+0.33 153t013  34+018
1.8440.24 2.70:0.14 1.14£0.15
6.26+ 0.20 175017 0.60£0.19

28£2 5971028 4895021 0776001  0-68+013
1.00+0.37 2.27£0.16 0.73£0.27

3342  1.270.30 2.01:0.12 106025  0.86+017
1.0740.26 2.23+0.09 0.80+0.20
1.29+ 0.26 1.59£0.33 1.36£0.27
2,53+ 0.60 3.00£0.05 1.41+0.31

45+3 5914056 2.86+0.05 1706033  1°2%034
2,664+ 0.58 2.7550.02 1.6250.35
5.22+ 1.40 2.86£0.06 3.08:0.82

6043 5g411.04 2,241 0.09 28ar078  >8+136

200E, Teledyne Instruments, USA), which has a samplingbromine chemistry including heterogeneous processes on po-
flow rate of 500 mL mim (£10 %) and a detection limit of lar stratospheric clouds (PSCs) and liquid sulfate aerosols.
~ 0.5 ppbv with a time resolution of 1 min. The NO mea- We adopt an approach based on our previous study of
surement was calibrated using a certificated NO standardhe effects of the Pinatubo eruption on stratospheric ozone
The initial NoOs mixing ratios used in in the flow tube were (Telford et al., 2009). Telford et al. (2009) used the UKCA

in the range of 1-2 ppmv. model in a “nudged” configuration to constrain the dynam-
ics of the model to observations (Telford et al., 2008, 2013),
2.1.5 Chemicals and examined the differences in ozone between scenarios

with and without stratospheric sulfate aerosol caused by the
Pure NO (with a purity of >99%) in a lecture bottle and Mt Pinatubo eruption. Here we consider a further scenario
the 100 ppmv NO in N (with actual mixing ratio within  in Which we introduce raised levels of TiOnto the strato-
+1 % deviated from the stated value) were both supplied bysphere.
CK Gas (UK). N and @ were provided by BOC Indus- It has been suggested that in order to achieve the same so-
trial Gases (UK). P25 Ti@particles were purchased from lar radiation scattering effect as the eruption of Mt Pinatubo,

Degussa-Hiils AG (Germany) as dry powder, and have a0 Tg TiO; aerosol particles with an assumed radius of 70 nm
anatase to rutile ratio of 3L. are needed (Pope et al., 2012). The total mass of P&-

ticles (10Tg) is converted to the total surface area, based
on the known density (4.23gcm) and radius (70nm). In
the model the global distribution of the surface area concen-
The UKCA chemistry—climate model in its whole atmo- tration of TiQ, aerosol is derived from that of the Pinatubo
sphere configuration (Braesicke et al., 2014: Telford et al., aerosol, scaling to take account of differences in the global

2014) was used to simulate the effects of the heterogeneod@16133 particle size, and density. The sulfate aerosol sur-
reaction of TiQ with N»Os in the stratosphere. This is a rel- face area concentration was derived from the SPARC cli-

atively new configuration that combines the well-established™at10gy (SPARC, 2006). We perform two simulations for
tropospheric (O’'Connor et al., 2014) and stratospheric (Mor the TiC, scenario in which the uptake ofz0s onto TiO;
genstern et al., 2009) versions of the model. It includes the?€r0SOIS is included using two different uptake coefficients,

Oy, HOy, and NG, chemical cycles and the oxidation of CO, i.e. 0.001 and 0.005, respectively. The two uptake coeffi-
ethane, propane, and isoprene in addition to chlorine an&lents used in the model are constrained by the experimental

2.2 Model description

www.atmos-chem-phys.net/14/6035/2014/ Atmos. Chem. Phys., 14, 6@E88 2014
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measurements, as detailed in Sect. 3. We compare these with 400 . . . .
a simulation with aerosols set to a background level and  350-
with a simulation with volcanically induced sulfate aerosols 3
present. The 1990 stratospheric aerosol loading is chosen to
represent the background condition (Telford et al., 2009). We
examine the results over the course of 1992, as the effects 0f
the eruption on the stratospheric chemistry were largest then 2
caused by the spread of the aerosols towards the poles (e.gg: 150,
Telford et al., 2009). In our approach the loading of both sul-
fate and TiQ is then smaller than their peak loading. This
contrasts with some of the figures given in Pope et al. (2012) O Without aerosol 5
that concentrate on a time horizon soon after the eruption '] ™ Withaerosdl
when the radiative effect was greatest. o 15 20 2 %
Interaction time ()

2504

3 Results & discussion Figure 3. Measured NOs mixing ratios at different NOs—TiO,
interaction times, i.e. at different injection positions, with (solid
3.1 Uptake kinetics squares) and without (open circles) Bi@erosols in the flow tube.

The pseudo-first-order decay rates of@¢ are 0.0493:0.0025
The decay of MOs in the aerosol flow tube is due to the re- and 0.0619: 0.0030 s without and with TiG aerosols in the flow
moval of NbOs by the wall and its uptake onto the aerosol tube, respectively.
surface. Under pseudo-first-order conditions, e.g., the num-
rofr ive sites is in gr X fth r nt . .
ber of reactive sites is in great excess of the gaseous eaCtz:’;pztarlmentally derived) loss of §Os; therefore, the true loss

and_hen_ce does_ not_change 3|gn|f|cantl_y during the trace ga rate is different from the apparent loss rate. This effect on the
particle interaction time, the loss obRs in the aerosol flow

tube can be described as apparent, can be c_orre_cted using_ the method described by
(Brown, 1978) and is widely used in aerosol flow tube stud-
_ . _ ) ies (e.g., Thornton et al., 2003). The effect is small, with the
(N2Gsl; = IN20so - &xpl=(kw +ka) - 21, @ correctedky only <5 % larger than the measured value. The
where [NOs]; and [NoOs]o are the measured #0s con- rate of a heterogeneous reaction is usually described by the
centrations at reaction times ofand 0, andk,, andky are  uptake coefficienty, which is equal to the probability that
the pseudo-first-order loss rates ¥ of NoOs onto the flow & gas molecule which collides with the surface is removed
tube wall and the aerosol surface, respectively. In a typicafrom the gas phase. The pseudo-first-order loss rateGgN
experiment, the total loss rathy + ka, was determined by Onto TiO, aerosol surface in the flow tube (after being cor-
measuring the pDs concentrations at five different injec- rected for the non-plug flow effect, etck), is related to the
tion positions (corresponding to five different reaction times) uptake coefficient of BOs onto TiO, particles by Eq. (2)
with TiO, aerosols present in the flow tube. Before and af-(Crowley et al., 2010):
ter measuring the total loss rate, the wall loss rajg,was _
determined in a similar way, except passing the aerosol flow 2 0.25- vexp(N20s) - ¢(N2Os) - Sa 2)
through a filter to remove all the Tiparticles before itwas  whereyexp(N2Os) is the measured (also called effective) up-
delivered into the flow tube via the side arm. The differencetake coefficient of NOs, ¢(N2Os) is the average molecu-
of k measured before and after introducing Ti@rosols in  lar speed of MOs (24 096 cm st at 296 K; Houston, 2001),
the AFT was within the experimental uncertainty associatedand S, is the surface area concentration fam~3) of TiO,
with ky, determination, indicating that the,®s wall loss did aerosol in the flow tube.
not change significantly during the uptake experiment. As shown in Table 1 for each RH 2—-4 repeat experiments
A typical data set of the measurecb® mixing ratios  were performed and Eq. (2) was used to derive the uptake
at five different injection positions with and without TiO coefficient for each experiment. The surface area concen-
aerosols present in the flow tube is shown in Fig. 3. The meatration of TiO, aerosols was varied by a factor of about 2.
sured NOs loss rate with TiQ aerosols present in the AFT The uptake coefficients of /D5 onto TiO, particles are quite
was significantly larger than that of the experiments withoutsmall (< 3x 10~3), and very high aerosol concentrations (up
TiO, aerosols, and the difference is equakjpthe loss rate  to 4 x 10° cm~2) were needed to achieve a significant decay
of N2Os onto the aerosol surface. The direct derivation of of N2Os due to the heterogeneous reaction with Fiarti-
loss rates from exponential decays (e.g., Fig. 3) assumes thaes. Thus, it was not possible to vayover a broad enough
plug flow condition and no radical/axial diffusion. However, range to determing (N2Os) via the slope of a linear fit df5
under laminar flow conditions the flow is non-plug and axial vs. S5, equal to 0.25y (N20s) - ¢(N20s), as has been done in
and radical diffusion also contribute to the apparent (or ex-previous studies (McNeill et al., 2006; Thornton et al., 2003).
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A gradient of the NOs concentration close to the parti- 40x10° : : : . . 40
; O y(N205)
cle surface is formed due to the uptake of®4 onto the 35¢10° Water ackorption isotherm for Tio2 [ 55
particle surface, leading to the decrease of effective uptake .
coefficient, yexp(N20s), compared to the true uptake coef- 30x1077 g
ficient, y (N2Os). This effect can be corrected by using the 2.5x10° 3
Fuchs—Stuggin equation (Fuchs and Sutugin, 1970; Péschl &8 00 f‘;‘;’
al., 2007): S - ®
= 1.5x10°+ °
: T
1 _ 1 ~ 0.754 0.286K n’ 3 . s
7(N205)  yexp(N20s) Kn-(Kn+1) 5 010
where Kn is the Knudsen number. For mono-dispersed 00 . . . . . L oo
aerosol particleXn given by 0 10 2 30 40 %0 60
RH (%)
6D (N2Os)
"= m (4) Figure 4. Uptake coefficients of lOs onto airborne TiQ parti-

cles (black squares, leftaxis) at different relative humidities. The
where D(N2Os) is the diffusion coefficient of BOsg number of layers of the adsorbed water on Jigarticles (red curve,
(0.085 cnd s at 1atm and 296 K; Wagner et al., 2008) and right y axis) at 296 K, measured by transmission FTIR spectroscopy
d is the diameter of the particle (cm), which is assumed to(Goodman etal., 2001), is also plotted as a function of RH.
be the mobility diameter measured by the SMPS. For poly-
dispersed aerosol particles, e.g., Figarticles used in this

work, Kn can be calculated by increases above 45 % concurs with the onset of multilayers
. . . of adsorbed water on Tigparticles. It is well known that the
Kn—= 2 [Kn@i)-N@)] _ 6D(N2Os) Z[N(’)/di], (5)  heterogeneous uptake 0b®s onto particles (including but
2 N@) c(N20s) 2 N@) not limited to minerals) is driven by the solvation ob®
whereKn(i) and N (i) is the Knudsen number and number (after being accpmmodate_d onto the surfac_e) into quui_d or
concentration of particles in thih bin with a diameter of adsorbed water in the particles, followed by |ts_hydr0IyS|s to
d;, respectively. The advantage of using Eq. (5) to calculatdo'm HNOs (Bertram and Thornton, 2009; Griffiths et al.,
the Knudsen number for poly-dispersed aerosol particles i€009; Tang etal., 2012). The formation of multilayers of ad-
detailed by Tang et al. (2012).(N,Os) is found to be only sorbed Water_ on the Tisurface can promote the s_olvat|on
< 2% larger tharyex(N2Os). The small difference between and hydrolysis of I_\jO5 onto the surface, and_ thus increase
¥ (N2Os) and yexp(N20s) is due to the small (submicrome- the uptake coefficient of POs. Pre\(lous studies have also
tre) particle size used in this study and the relatively small up-révealed that the formation of multilayers of adsorbed water
take coefficient of NOs onto TiO, particles (as shown in Ta- ataround 50 % RH has a S|gn|f|cant_|mpact of the uptake pro-
ble 1). The recombination of NQwith NO3 (Reaction R4a) ~ CESSeS of other trace gases ontoT#drface. For example,
leads to the formation of additionab®s, and the removal of v (H202) onto TiG; particles decregses W'th_ Increasing RH
NOs by the aerosol and wall surface causes further removal® RH below 40%, but a further increase in RH does not
of N»Os (Reaction R4b). Wagner et al. (2008) and Tang etc@use any change of the uptake coefficient gOpi(Pradhan
al. (2010) simulated the effects of these reactions @3N et aI._, ?Olo)'V(HCHO) onto TG partlgles under |rrad|aFed
uptake measurement, and concluded that at room temper&°nditions (340-420nm) increases with RH when RH is be-

ture the influence is negligible. low 40 %, and a further increase in RH causes the reduction
of y(HCHO) (Sassine et al., 2010).
3.2 Effects of relative humidity A close inspection of Fig. 4 further suggests théil,Os)

may decrease with increasing RH between 5 and 20% RH

The heterogeneous reaction of ® with airborne TiQ par- and reaches a minimum around 20% RH, and above that
ticles was studied at six different relative humidities frerd y(N20s) starts to increase with RH. The heterogeneous up-
to 60 %. The results are summarized together with key extake of NbOs onto mineral surfaces is suggested to proceed
perimental parameters in Table 1, and in Fig:@20s) is with two pathways: the reaction ofJ®s with surface OH
plotted as a function of RH. As shown in Fig. A#(N2Os) groups or the heterogeneous hydrolysis O by surface-
does not vary significantly with RH below 45 %. adsorbed water, whereas the reaction with surface OH groups

An increase of/(N20s), by a factor of 2—3, was observed is faster (Seisel et al., 2005; Tang et al., 2014). FTIR ob-
when RH increased from 45 to 60 %. The water adsorptionservations showed that surface OH groups on Saharan dust
isotherm onto TiQ particles at 296 K, reported by Goodman particles were depleted during the exposure #®¥ lead-
etal. (2001), is also plotted in Fig. 4 (red curve, riglaxis). ing to the decrease gf(N2Os) with reaction time (Seisel
Itis interesting to note that the increase/4N,Os) when RH et al., 2005). The uptake coefficient 0f@s onto illite was
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found to decrease with increasing RH, and this is suggestedtratosphere (Solomon, 1999) and troposphere (Dentener and
to be due to the coverage of OH groups by adsorbed water arutzen, 1993).y(N20s) onto sulfuric acid particles in-
high RH (Tang et al., 2014). The minimum p{N2Os) onto  creases with temperature, maximizes~8230K, and then
TiO2 at 20% RH may indicate that the increase of RH up decreases with temperature (Ammann et al., 2013). The non-
to 20 % could cause the more reactive surface OH groups tanonotonic change of (N2Os) as a function of temperature

be covered by surface-adsorbed water, while further increasess caused by the combination of two processes: the posi-
in RH will promote the heterogeneous hydrolysis ofQ4 tive temperature-dependent bulk reaction and the negative
by surface-adsorbed water, i.e. the overall effect of the twotemperature-dependent accommodation/adsorption onto the
competing roles of surface-adsorbed water results in a minsurface. The overall temperature effect is small, a\dbOs)

imum of y(N2Os) at ~20% RH. The surface coverage of onto sulfuric acid particles only changes by a factordd
water is determined by RH, and is probably also affected bywhen temperature is varied from 210 to 300 K. The hetero-
temperature. However, the RH-dependent water surface cowgeneous reaction of 405 with TiO» particles was investi-
erage has only been investigated at room temperature but nglated only at room temperature 296 K) in this work, due

under lower stratospheric conditions (200—220 K). to the experimental challenges to measu(®>0s) onto
aerosol particles at stratospherically relevant temperatures
3.3 Comparison with other relevant surfaces (~200K), and no previous studies have investigated the ef-

fect of temperature on the heterogeneous reaction,@isN

TiO3 is an important component in tropospheric mineral dustwith minerals. The weak dependenceydN,Os) onto sul-
aerosols, and this work is the first time that the heterogefuric acid particles on temperature leads us to believe that
neous reaction of pOs with TiO2 aerosols has been inves- y(N2Os) onto TiO, particles under typical lower strato-
tigated. It is interesting to compaggN20Os) onto TiO, par- sphere conditions (temperature: 200—220K; RH: <40 %)
ticles with that onto other mineral dust particles. Only re- (Dee et al., 2011) should not be larger than a factor of 5 com-
sults reported by aerosol flow tube studies are compared hergared to that at room temperature, i.e. x 50~3.
Real desert dust and clay minerals show much higher het- Stratospheric ice particles, an important component in po-
erogeneous reactivity towards,8s: the uptake coefficient lar stratospheric clouds (PSCs), show significant reactivity
of N2Os, ¥ (N20s), is (1-2)x 102 for Saharan dust (Tang towards NOs, with y(N2Os) of 0.02 at 190-200K (Crow-
et al., 2012; Wagner et al., 2008), and (4x0~2 for il- ley et al., 2010), and the reactivity of NAT, another important
lite (Tang et al., 2014), explained by the high density of OH type of particles in PSCs, is much lower, wi#{N2Os) of
groups in illite (Hatch et al., 2011).(N>Os) was reported to  around~ 6 x 10~ at 190-200 K (Hanson and Ravishankara,
be (4.5-8.6) 10723 for SiO, (Wagner et al., 2008) and (5— 1991). In addition, ay(N2>Os) of ~6.5x 103 was mea-
10) x 103 for Arizona Test Dust (Wagner et al., 2008; Tang sured for sulfuric acid tetrahydrate (SAT) and ranges from
et al., 2014), whose main components are-S@d feldspar 4 x 1074 to 1.65x 10~ (RH dependent) for sulfuric acid
(Broadley et al., 2012), and the lower heterogeneous reactivmonohydrate (SAM) (Crowley et al., 2010).
ity of SiO, and Arizona Test Dust towards;Ns is mainly To summarize, under the conditions investigated P25 TiO
attributed to the low amount of surface-adsorbed water orparticles show much lower reactivity towards® than sul-
the surface of the two particles, compared to clay and Sahafuric acid and ice particles and significantly higher reactivity
ran dust. The reactivity of CaGQwith N2Os is very low at ~ than NAT, and their reactivity towards s is of the same
0% RH with y(N2Os) of ~5 x 10~2 but increases quickly order of magnitude as SAT and SAM.
with RH with  (N2Os) of ~ 2 x 10~2 at 71 % (Wagner et al.,
2009). This is explained by the formation of Ca(OH)({t) 3.4 Implication for stratospheric particle injection
which might be highly reactive towards acidic trace gases
(Al-Hosney and Grassian, 2005) at high RH. The impact of NOs uptake onto TiQ@ aerosols on the strato-

The major motivation of this work is to provide kinetic spheric trace gas composition is assessed using the UKCA
data required to assess the impact on stratosphefig Ne- model. Two values of/(N2Os) onto TiO, aerosol particles
active nitrogen species, andsGf TiO, particles were in-  were used in the model. The first one is 0.001, equal to the
jected into the lower stratosphere to scatter solar radiatiorexperimentally determined uptake coefficient at room tem-
back into space as a geoengineering scheme (Pope et apberature and low relative humidity. The second one is 0.005,
2012). Several types of particles — e.g., sulfuric acid, ni-which we believe represents the upper limitgN»Os) onto
tric acid trihydrate (NAT), and ice particles, are naturally TiO, aerosol particles under typical stratospheric conditions,
present in the stratosphere (Solomon, 1999), and their hetaking into account the uncertainties associated with temper-
erogeneous reactivity towards8s has been well charac- ature (typically 200—220 K) and relative humidities (typically
terized (Ammann et al., 2013; Crowley et al., 2010; Sander0—40 %) (Pope et al., 2012).
et al., 2011). The heterogeneous reaction oON with We note that, at the present at least, the impact of strato-
sulfuric acid has been investigated over a broad temperspheric aerosols on trace gases is dominated by chlorine ac-
ature range + 210-300K), due to its importance in both tivation (Solomon, 1999). Thus, to fully assess the impact
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of TiO», especially on ozone, these further reactions need Surface Area of Sulfate Aerosol (1992)
to be taken into account. However, we can gain an under-
standing of the relative effect of TiOcompared to sulfuric
acid by considering its effect onJ®s. We also acknowl-
edge that by choosing to constrain the dynamical changes
to those observed after the eruption of Mt Pinatubo, whilst
allowing us to focus on the changes in heterogeneous chem-
istry, we neglect differences in the dynamical response and
their feedbacks onto the chemistry. The effects of strato-
spheric aerosols, including TiQon stratospheric dynamics
have been considered elsewhere (Pope et al., 2012), and we | ! | ‘
consider it is worthwhile exploring the impacts of heteroge- 90  -60 30 0 30 60 20
neous chemistry in isolation before constructing case studies Surface Area:it'Tti;d:Aerosol (1992)

with a more elaborate set of feedbacks.

The surface area density of the additional sulfate (i.e. af-
ter the Mt Pinatubo eruption) and Ti@erosols is shown in
Fig. 5. The lower mass loading, higher density, and larger
particle size of the TiQ particles all contribute to the much
lower surface aerosol density of the Bi@erosol compared
to the Pinatubo sulfate aerosol. The higher density o, TiO
and lower projected mass are the main drivers of the de-
creases in the surface area density. Although our assumption
of completely uniform particle size is not realistic, it allows
to assess the effects 0605 under idealized conditions. 90  -60 -30 0 30 60 90

Figure 6 shows the effects of these extra aerosols on the Latitude
simulated NOs averaged over 1992. The run with Pinatubo Surface Area Density um2/cm3
aerosols has lost almost alb®s in the lower stratosphere, < — : 5 P b
around 90 %, compared to the base run. The reductions with
the addition of the Ti@ aerosols are much smaller, around Figure 5. Surface area density (ifom3) of sulfate particles after
20-30 % in much of the lower stratosphere using the highef€ Mt Pinatubo eruption (top panel) and of Biparticles (bottom
uptake coefficient (0.005), and only10 % using the lower panel) which generate the same radiative effect as the sulfate parti-

- . lesin th I (P l., 2012 hich inth
value (0.001). One region where there is slightly greater des®® in the top panel (Pope et al., 2012) and which were used in the

L : - simulations shown in Fig. 6.

pletion is over Antarctica, and this may be a result of overes-

timating surface area densities over the poles where we have

no observational data constraint. Overall the effects of oury e valid. We base this on our understanding of the atmo-

simulated TiQ in the stratosphere are considerably lower spheric response to the eruption of Mt Pinatubo. Here the

than the effects of the Pinatubo eruption. _ ~ dominant factor on the global stratospheric chemistry was
The impacts on ozone are also examined. As in previougne increased heterogeneous chemistry, with factors such as

model studies (Telford et al., 2009) we found the volcanic changes in photolysis rates being secondary. However, fur-

sulfate aerosols caused large decreases in ozone (up t0 10y studies are required on effects of photolysis change in

in the northern extra-tropics) in the lower stratosphere cause hotolysis before any definite conclusions can be reached.
by increased ClI activation, and small increases (2-3%) a

higher altitudes, driven by decreases in,l@s we do not

include any CI activation on the TiOaerosols we do not 4 Conclusions and future work

see the same lower stratospheric decreases, but do simulate

ozone increases through most of the stratosphere, peaking Biue to its high refractive index, TiOhas been highlighted

around 2.5% at 35km linked to decreases inyN@r both as a possible alternative candidate particle to sulfuric acid

TiO> runs. This increase in ozone has an impact on the tro{or its precursors) for injection into the stratosphere, where

posphere, lowering photolysis rates contributing to increase# would scatter solar radiation back into space as a solar

in tropospheric values of )0s, as seen in Fig. 6. radiation management scheme for the mitigation of global
Whilst we acknowledge that there are limitations to thesewarming. However, the heterogeneous reactivity of i@

simulations, most notably the inclusion of only a single het- wards stratospheric trace gases, e.g@ONand CIONQ,

erogeneous process on the Fj@ut also due to factors such needs to be fully understood to assess the atmospheric chem-

as the omission of the Tigaerosols from the photolysis cal- istry consequences of such interventions. In this work for the

culation, we believe the qualitative conclusions from themfirst time, the heterogeneous reaction ofy with airborne

Altitude [km]

Altitude [km]
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Change in N205 [Pinatubo H2504 - Base] size and extent than those seen after the Mt Pinatubo erup-
50 tion, where NOs depletion was over 90 % through much of
the lower stratosphere.
The impact on ozone was also studied, with small in-

30 creases (2—3 %) simulated throughout the stratosphere. These
20 increases are similar to the middle stratospheric increases we
found in our previous study of the Mt Pinatubo eruption, and

10 here we do not calculate any lower stratospheric ozone re-
0 duction, which contrasts with the large depletions seen in the
90 60 -30 0 30 60 90 ; . .
Latitude lower stratosphere after the Pinatubo eruption. This is the re-
sult of the omission of the activation of chlorine on pi@ar-

ticles in our simple experiment. Therefore, the heterogeneous

40

Altitude [km]

Change in N205 [TiO2 Uptake = 0.001 - Base]

>0 reactions of TiQ with chlorine containing trace gases (e.g.,
= 40 CIONO,, HOCI, and HCI) in the stratosphere need to be in-
% 30 vestigated before we can fully assess the impact ob TGO
S . stratospheric ozone. One previous study (Molina et al., 1997)
g — investigated the uptake of CION@1-10x 10~/ Torr) onto

10 aluminum oxide and Pyrex glass in the presence of HCI (1-

0 550 45 5 36 =5 55 10x 10-6Torr) at 210-220K, and suggested that this pro-
Latitude cess is very efficient, with an uptake coefficient of 0.02,
Change in N205 [TiO2 Uptake = 0.005 - Base] which is >10 times larger than that onto stratospheric sulfu-

50 ric acid aerosols. In addition, the uptake of®§ onto HCI-
= 40 doped sulfuric acid (Talukdar et al., 2012) and S{@aff et
2 3 al., 2009) leads to the formation of CINQwhose photolysis
3 will release Cl atoms and therefore represent a pathway for
.E 20 L chlorine activation (Ghosh et al., 2012). Heterogeneous chlo-
<0 rine activation is not included in the modelling work because

0 of the lack of reliable kinetics data. The uptake of CIONO
-90  -60 -30 0 30 60 90 onto airborne mineral particles is under investigation in an
Latitude ongoing study, and new laboratory data will be included in
AN205 [%] the_model to assess t_he effect of heterogene(_)gs chlorine acti-
S ——— S — vation on stratospheric £3n further work. Additionally, the

potential photocatalytic activity of Ti@is likely to play a
Figure 6. Simulated changes inJ0s concentrations caused by Mt role. For example, the uptake of NOn TiO; particles is en-
Pinatubo eruption (Top), and Tidnjection withy (N>Os) of 0.001 hanced under irradiation (Gustafsson et al., 2006; Ndour et
(middle) and 0.005 (bottom). al., 2008; El Zein and Bedjanian, 2012), leading to the for-

mation of HONO, the photolysis of which produces NO and

OH and may perturb the stratospheric Nahd HG cycles.
submicron TiQ particles has been investigated at room tem-Heterogeneous chemical oxidation of S¢uld enhance the
perature and as a function of RH (up to 60%). The up-formation of sulfate coating on mineral particles (Shang et
take coefficient of NOs5 onto TiO; was determined to be al., 2010). Future studies will address this aspect.
~1.0x 1072 atlow RH. The increase te 3 x 102 at 60 % Our simulations, which are designed to focus on chem-
RH, probably because of the formation of multilayers of istry effects, neglect feedbacks between the aerosol heating,
surface-adsorbed water on TiQarticles, starts at 50—60 %. the dynamics, and chemistry. However, the nudging has those
Uptake of NOs onto TiO, particles is relatively efficient, feedbacks implicitly included for the volcanic aerosol case,
though much slower than that onto sulfuric acid particles. which may or may not be a valid and good-enough assump-

To investigate the effect of these measurements we intion for TiO,. Interactive feedbacks could also contribute

cluded the uptake of pOs onto TiO; particles in a simplistic  to chemistry changes through factors such as the modifica-
experiment using the UKCA chemistry—climate model. We tion of the Quasi-Biennial Oscillation (Telford et al., 2009),
then studied the impact of introducing 10 Tg of Bifbto the  strengthening of polar vortices (Thomas et al., 2009), and
stratosphere, which has been suggested to produce a radimcreasing uplift (Rosenfield et al., 1997). Our description
tive effect similar to that of the Mt Pinatubo eruption (Pope et of the aerosol particles is also simple; obviously particles
al., 2012). We found, whilst the aerosols produced appreciawith uniform radii distributed as the products of the Pinatubo
ble reductions in MOs concentration (up to 30 % depending eruption would be impossible to obtain. Variations in the dis-
on the uptake coefficient), they were significantly smaller intribution and radii of the particles will change the surface
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area density, and thus the chemical and optical impacts. T@&rown, R. L.: Tubular flow reactors with first-order kinetics, J. Res.

fully quantify the effects of the injection of any aerosol into

the stratosphere a more complete simulation would be reBrown, S. S. and Stutz, J.

quired.

Much consideration is required before any solar radiation
management scheme could be considered. This will includ
feasiblility studies on the technical, political, social, and en-
vironmental feasibility of the scheme. One of the most im-

Nat. Bur. Stand., 83, 1-8, 1978.
radical observa-
41, 6405-6447,

Nighttime
tions and chemistry, Chem. Soc. Rev.,
doi:10.1039/c2cs351812012.

grown, S. S., Ryerson, T. B., Wollny, A. G., Brock, C. A., Peltier,

R., Sullivan, A. P., Weber, R. J., Dube, W. P., Trainer, M.,
Meagher, J. F., Fehsenfeld, F. C., and Ravishankara, A. R.: Vari-
ability in nocturnal nitrogen oxide processing and its role in re-

portant considerations is the effect of the scheme on the giona) air quality, Science, 311, 67—70, 2006.
stratospheric chemistry and in particular the ozone layercrowley, J. N., Ammann, M., Cox, R. A., Hynes, R. G., Jenkin,

This work shows that the use of TiOnight offer benefits,
when compared to sulfuric acid, by causing less perturbation
to N2Os chemistry, but further studies are required to fully

understand the chemical consequences as discussed above.
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