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ABSTMCT

A photochemical cascade-flow reactor is described. The reactor can be used

for the deLermination of the degradation behaviour of chemical substances

under well-cont,rolled simulated tropospheric conditions. Specifically, the

OH-reactivity of the test chemicat can be measured accurateLy and reprodu-

cibly for a wide range of substances. The expected maximum atmospheric life-
time may be calculated directly from these measurements.

The use of this technique is illustrated for the case of dimethylether (DlG) 
'

an alternative propellant for aerosol spray cans. On the basis of measured

0g-reactivity, model calculations have been performed to obtain the expected

concentration of DME in Ehe atmosphere as a function of height uP to 20 km,

assr:ming that all chlorofluorocarbons used at the present time as propellants

in aerosol cans would be replaced by DME.



-3-

1. INTRODUCTION

We describe here a method for the assessment of the degradation of chemicals
in the atmosphere. As a consequence of legislation, interest in test methods
for degradation of chemicals in the environnent is increa"irrg 1 , 21 3) .

In general, the removal of a substance from the atmosphere can be effected by
wet or dry deposition, or by (photo)chemical degradation. Deposition can only
be considered as effective in removing the substance from the environment, Lf.

it is follwed by degradation in water or soiL.
Moreover, deposition may be a reversible process. (photo)chemical degradation
in the atmosphere is, however, in most cases irreversible. The degradation
can take place by direct photolysis or by reaction with photochemical species,
such as ozone or radicals. Moreover, degradation may Eake place by hydrolysis
or reactions in cloud or rain droplets and in or on the surface of aerosol
part icles.

0f course, in a testing Prograume, not all possible degradation routes can
be investigated. Ilowever, in order to estimate the maximr:m range of disper-
sion in horizontal and vertical directions, it is sufficient to obtain an

upPer limit of the residence time, and to determine only the degradation rate
for a dominant process. For many organic substances, reaction with OH-radicals
has been shown to be the most important removal process from the atmosphere
1 ' 4). Accurate techniques for t,he measurement of oH-reactivity, both on an
absolute and on a relative basis have been developed 5, 6, 7, 8). At the pre-
sent time, our knowledge of the concent.ration of OH-radicals in the tropo-
sphere sets a limit to t,he accuracy in calculated life times, since few
reriable measurements of oH-concentrations have been reported 9, 10, 11, 12) 

.

Because the contributions of other degradation processes as mentioned earlier
may also be important, it is desirable to determine the OH-reactivity under
conditions of temperature, pressure, relative hr:midity, light intensity and
spectral distribution and reactant concentrations that simulate the condi-
tions in the troposhere as closely as possible. The relative determination
of oH-reactivity as d.escribed by Lloyd et .1. 5) is well-suited for that pur-
pose. In Ehis met,hod, the OH-reactivity is determined from t,he ratio of the
degradation rates of the test substance and. a reference substance upon irra-
diation with NO-- in air in a smog chamber.x
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We describe here a cascade-fIow reactor t,hat can be used for the determination

of Oli-reactivity by this method. As an illustration, some results are pre-

sented on dimethylether (DME), an alternative for chlorofluorocarbons (CFC)

as propellant for aerosol spray eans. The results have been used as input
for model calculations of the concentration of DI'IE in the atmosphere as a

function of height. This work was part of a more extensive test prograrme

that has been performed by TNO under contract with Aerofako BV, sponsored

by the Netherlandrs Ministry of llealth and Environmentat Protection.
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2. Ttfi CASCADE-FLOW REACTOR: E)EERIMENTAL PROCEDTIRE

The cascade-f1ow reactor 13'14) consists of a number of compartments intercon-

nected by narrow orifices. The advantage of this type of reactor over conven-

tional ftow reactors is that Ehe residence time is fairly well-defined even

at Low flow rates, where diffusion and convective mixing play a roIe. There-

fore, long reaction times can be achieved in reLatively small reactors. This

is an advantage in view of the high costs involved in irradiation and Eem-

perature control eguipment of large systems. The cascade-flow reactor offers,
moreover, the advanEages of flow reactors over the more commonl-y used batch

reactor Eype-smog chambers. trIal1 effects are rnore easily reproducible be-

cause equilibrir:m between the reactant in the gas phase and absorbed on the

wall can be attained. The size of a sample taken for measurements is, in
principle, unlimited, and does not depend on reactor volume.

The cascade reactor consists of a Pyrex-glass tube (length 1.7 m; internal
diameter 0.23 m; wal1 thickness 0.008 m) divided into seven compartments

by Pyrex partitions with small orifices (see Fig. 1 ).

t

H--
"detoil" \ IVrr\

dilution ond sampling nlels

I
oHo
o( o loo\ )oo\-/o
6ross-sectron

Cascade reactor for the measurement

photovolto,c celt

ond lhermistor

Fig. 1. of atmospheric degradation.
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Each compartment has a voh:me of (9.35 t 0.02) x 10-3 m3 and an internal
surface area of (0.30 t 0.01) m2 (ratio of surface area to voh:me 3Z m-1).

Each compartment has an opening at the Eop through which samples can be

Eaken or air introduced. The reactor is surrounded by ten fluorescent tubes

(ftritips TL 05, 12O W) with a stabilized voltage supply and a continuously

variable light intensity. The spectral energy distribution matches closely
that of naturaL sun light in the atmosphere (fig. 2). Compartment G contains

a platinr:m resistance thermometer and a photovoltaic ce11 (nlack Ray J'221,
W Products) for rout,ine measurement of the relative light intensity. The

cell was calibraLed by N0, actinometry. The reactor and the fluorescent
tubes are mounted in a heat-insulated box provided with a closed cooling
circuit. The cooling capacity can be adjusted continuously to a maximtrn

of '1200 kcal per hour.

2 xlla

i00

ELg. 2. Spectral
angle of
reactor

energy distribution of sunlight at a zenith
40o (S) ana of the light in the cascade-flow

(R).

t,ime per compartment, r is given by

+ v-
Cl

of the compartment, v the main gas flow rate and vU

rate. In our experiments, r is usually equal to t hour.

The average residenee

t=V/v

where V is the volume

the dilution gas flow

wowelenght (.nm)
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Precursors are to be dosed at a constant rate in a strearn of clean air, for
instance from permeat,ion or diffusion tubes. For details, we refer to refs.
13 and 14. Clean air is prepared by passing compressed air successively over

act,ivated carbon, O.5 Z Pt/Al at 300 oC, a heat exchanger, mol. sieve 5 A

and a Cambridge glass fiber fiLter. The relative hr:rnidity is adjusted by

bubbling the air through destiLled water and then passing it through a

reflux condenser at controlled temperature.

Measurements of concentrations in the compartments can be started after the

concentration in each compartment has reached a steady state. In the last
coapartment of our reacLor, the steady state concentration is reached to

within 1 7" it 15 hours, unless stow gas-watt reactions play a role.
If it is desired Eo calculate the OH-reactivity of the compound, t,he degra-

dation rate as observed in the irradiation experiment has to be corrected

for degradation by wall reactions, hydrolysis, reaction with ozone, and the

1ike. This is most conveniently done by perforrning an experiment without ir-
radiation, if necessary in the presence of ozone. If the Eest substance is
expected to react with ozoner the concentration of ozone has to be measured

during both the irradiation and the dark experiment.

The system described here is suitable for the measurement of degradation

rates of 0.5 - 50 7" per hour, provided that analytical aecuracy is suffi-
ciently high, and the test- and reference substance can be dosed at constant

concenErat,ion. If the OH-concentration is about 5 x 106 molecules /ca3, as is
cornmonly encountered in these measurements, O1l-reaction rate constants in the

range 3.10-13 -:.10-11 "r, molecure 1 ,-1 can be measured. This covers class

III and part of classes II and IV in the reactivity classification as proposed

by Darnall et aI . 4). The range can easily be extended to the rate constants

of the more reactive eompounds of elass IV and V by lowering the residence

time per compartment. Extension to compounds of lower reactivity is limited
by the degree of temperature control. The relative variation of the residence

time as a consequence of temperature variations is given by:

At

dr 273
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If temperature is controlled to within 1 oC, and the allowed uncertainty

in residence time Ls 5 7", residence times of up to 14 hours per comPart-

ment may be realized. Then, degradation rates as 1ow as 0.05 Z per hour

could be detected, corresponding to an OH-reaction rate constant of
-'l tL -1 -13 x 10'- cm'molecule's '. In these cases, an appropriate reference

substance has to be chosen, and the dilution system of the reactor should

be used to introduce precursors of OH-radicals, for instance butane and

NO* or NOZ.

Building a cascade-flow reactor for testing purposes is rather easy and

not very expensive. It can easily be assembled from pyrex glass vessels
joined by short, narrolr tubing of pyrex or teflon. The most costly part
is the temperature control unit, especially if measurements at 1ow tem-

perature are needed.
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3. DETERMINATION OF TIIE DEGMDATION BEHAVIOUR OF DIMETIIYLETIIER

The method as described was used for the determination of the degradation

behaviour of dirnethylether (olC). Air, containing 85 ppbv N0, 30 ppbv NOrr

250 ppbv n-buEane and 820 ppbv DME was irradiated in the cascade reactor at

tenperatures of 25 "C and 12.5 "C. The relative humidity was 50 Z, the volu-
metric W light intensity was 100 trI/m2. DME was rel-eased at a constant rate
from a permeation tube held at 14 t 0.2 "C. The concentration of DME and bu-

tane was measured by gas chromatography. The results are depicted in Fig. 3.

+ Residence time (hr) + Residence tine (hrl

Fig. 3.

23/.56t2315

Concentration of n-butane and of DME as measured in Ehe
cascade-flow reactor as a function of residence time.

The linearity of a plot of Lhe logarithm of the concentration c. in the nrth
compartment vs. n shows that the decay is pseudo-first order, and that, there-
fore, t.he OH-concentration is approximately constant. From mass balance con-

siderations it follows that

"., = cn_1 (t * kO, t [OHl )

and therefore,
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lnc, = lnco-nln(1 *kOHt tOHl )

k^._ (DME)

From the measured slopes, it was found that = 1.1 t 0.2t(OH (6uEane)

both for 25 "C and 12.5 "C.

The absolute rate constant for n-butane has been measured as a function

of temperature by Perry et al. 15) to be

\* fr,r.ane) = 1.76 10-11 "-(tt10 
t 300)/RT 

"rr molecule 1 
"-1.

Therefore, the values of kO, (DI'C) could be caleulated from our measurements

as shown in Table 1. After we had finished our measurenents, data on the abso-

tute rate constant for DME kOH(DME) in the temperature range 299 - 427 K were

reported '6). ,to, these data we caLculated the values aLso shown in Table 1.

There is satisfactory agreemeot with our results.

Table 1 Rate constants for the reaction of DIIE with OH-radicals, calculated
from our measurement,s and from ref. 16

rate constants (em3 molecrle-1 
"-1)

tenperature (K) koH(DME) from this work kOH(DtE) from ref . 16

298 (3.0 t.5) x rc-12 (3.50 r.35) * ro-12

285.5 (2.7 t.5) x 10-12 (3.30 r .33) * 10-12
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4. MODEL CAICIILATIONS OF THE ATMOSPHERIC BEHAVIOUR OF DIMETI{YLETIIER

From the measured reaction constants, the average residence tirne in the lower

troposphere can be estimated to be at most 6.5 days, if it is assumed that the

average oH-concentration in the troposphere is about 6.105 molecutes cm-3 17).

In order to assess the potential of DME to reach the stratosphere, model cal-
culations were performed of the atmospheric concentration of DME as a function
of height up to 20 km. under average climatic conditions in the northern hemi-

sphere. We used a one-dimensional tropospheric model developed by Gravenhorst

et, al.18) rti"h was adapted for our purposes 
*). 

R"roral processes for DME

considered in the model were reactions with OH-radicals and incorporation in-
to liquid water. Profiles of OH-concentration were calculated from a set of
reactions describing the (photo)chemistry of the various chemical species 19).

To this chemical modet, some reactions describing the degradation of Dl{E and

its products were added. The calculated OH-profile is shown in Fig. 4.

OH - concenlrolion ,

molecules/cm3
0

t0

Fig.4. Calculated OH-profile (-) and rhe Oll-profile in rhe
lower troposphere adapted to recent theoretical and
experimental indications (---).

*) We are greatly indebted to
facilities needed for this
to adapt the mode1.

D.II. Ehhalt who provided all
Dr E.P. R6th for helping us

Professor
study and

dr
t,o



-12-

In order to estimate the wet removal, it was assumed that at every height equi-
librir:m of DME in gas- and liquid phase exists. The wet removal rate was cal-
culated from the amount of rainfaIl, and from the estimated liquid water con-

tent of Ehe atmosphere as a function of height using llenryrs constant. Ilenryrs

constant was determined from measurements to be 4.3 x 10'6 e4650/T cm] gas
cm3 water

for DME. For detailed descriptions of the model calculations, rre refer to
ref. 20. Calculations were performed for F 1 1 (CFCL3), assr:ming a global flux
of 3.2 x 108 kg/y.ar and for DME, assuming fluxes of 1.6, 5.4 arrd 20.5 x 108

kg/year. The results are shown in Fig. 5.

Fig. 5.

t0 " l0' l0 +mxng ,o'l?o'/"r,rr,on {to''ty"!olxj)

Calculated mixing ratios of DME normalized by the emission
(10-rg yearlkg) vs. heighr (km). F 11 is cFCLr.

From the study, it could be calcutated Lhat the concentration of DME at a

height of 15 km would be 103 - 104 times less than current concentrations
of F 1 1, if all chlorofluocarbons used as propellant were to be replaced
by DME. Damage to the ozone layer would very probabl-y be negligible, even

if DME would be as effective in removing ozone as the chlorine atoms pro-
duced by photolysis of CFCrs. From sensitivity analysis, the OH-concentra-

tion turned out to be by far the most important uncertainty in the model.

Including ldet removal had 1ittle effect on the calculated concenEration pro-
files. The amount of DME annually transported by rainfall to the aquatic en-
vironment could be estimated to be roughly 0.02 Z of the annual production.

heighl. km

t

0
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5. CONCLUSIONS

Measurement of the OH-reactivity of chemical substances under controlLed
simulated tropospheric conditions is a valuable procedure for estimating
their atmospheric life times. A cascade-flow reactor is an adequate in-
strument to perform such measurements in an accurate and reproducible
way, for a wide range of reactivities. This type of reactor offers several
advantages over the conventionally used smog chambers, and the system may

be useful as a relatively cheap and simple means for the routine testing
of OH reactivity and degradation behaviour of chemicals. Measurement re-
sutts may be directly used to estimate atmospheric life Eimes, or can

serve as input data for more elaborate model calculations to assess the

range of horizontal and vertical dispersion of the chemicals in the atmo-

sphere.

Several of Ehese aspects are illustrated in this paper for the case of
dimethylether.
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