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ABSTRACT

A photochemical cascade-flow reactor is described. The reactor can be used
for the determination of the degradation behaviour of chemical substances
under well-controlled simulated tropospheric conditions. Specifically, the
OH-reactivity of the test chemical 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 (DME),
an alternative propellant for aerosol spray cans. On the basis of measured
OH-reactivity, model calculations have been performed to obtain the expected
concentration of DME in the atmosphere as a function of height up to 20 km,
assuming that all chlorofluorocarbons used at the present time as propellants

in aerosol cans would be replaced by DME.



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

. . . . .. . 1, 2
for degradation of chemicals in the environment is increasing ° ’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, if
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 take place by hydrolysis
or reactions in cloud or rain droplets and in or on the surface of aerosol

particles,

Of course, in a testing programme, not all possible degradation routes can

be investigated. However, in order to estimate the maximum 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

1s 4). Accurate techniques for the measurement of OH-reactivity, both on an
absolute and on a relative basis have been developed 2, 6, 7, 8). At the pre-
sent time, our knowledge of the concentration of OH-radicals in the tropo-
sphere sets a limit to the accuracy in calculated life times, since few

reliable 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 humidity, light intensity and
spectral distribution and reactant concentrations that simulate the condi-
tions in the troposhere as closely as possible. The relative determination

6)

of OH-reactivity as described by Lloyd et al. is well-suited for that pur-
pose. In this method, the OH-reactivity is determined from the ratio of the
degradation rates of the test substance and a reference substance upon irra-

diation with NOX in air in a smog chamber.



We describe here a cascade~flow reactor that can be used for the determination
of OH-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 cans. The results have been used as input

for model calculations of the concentration of DME in the atmosphere as a
function of height. This work was part of a more extensive test programme

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

by the Netherland's Ministry of Health and Environmental Protectiom.



2. THE CASCADE-FLOW REACTOR; EXPERIMENTAL PROCEDURE

13,14) consists of a number of compartments intercon-

The cascade-flow reactor
nected by narrow orifices. The advantage of this type of reactor over conven-—
tional flow reactors is that the residence time is fairly well-defined even
at low flow rates, where diffusion and convective mixing play a role. 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 tem-
perature control equipment of large systems. The cascade-~flow reactor offers,
moreover, the advantages of flow reactors over the more commonly used batch
reactor type-smog chambers. Wall effects are more easily reproducible be-
cause equilibrium 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; wall thickness 0.008 m) divided into seven compartments

by Pyrex partitions with small orifices (see Fig. 1).
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Fig. 1. Cascade reactor for the measurement of atmospheric degradation.



Each compartment has a volume of (9.35 t 0.02) x 10—3 m?® and an internal

surface area of (0.30 = 0.01) m? (ratio of surface area to volume 32 m—1).
Each compartment has an opening at the top through which samples can be
taken or air introduced. The reactor is surrounded by ten fluorescent tubes
(Philips TL 05, 120 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 platinum resistance thermometer and a photovoltaic cell (Black Ray J-221,
UV Products) for routine measurement of the relative light intensity. The

cell was calibrated by NO, actinometry. The reactor and the fluorescent

2
tubes are mounted in a heat-insulated box provided with a closed cooling
circuit. The cooling capacity can be adjusted continuously to a maximum

of 1200 kcal per hour.
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Fig. 2. Spectral energy distribution of sunlight at a zenith
angle of 40° (S) and of the light in the cascade-flow
reactor (R).

The average residence time per compartment, T is given by

T=V/ v+ vy

where V is the volume of the compartment, v the main gas flow rate and vy

the dilution gas flow rate. In our experiments, Tt is usually equal to 1 hour.



Precursors are to be dosed at a constant rate in a stream of clean air, for
instance from permeation or diffusion tubes. For details, we refer to refs.
13 and 14. Clean air is prepared by passing compressed air successively over
activated carbon, 0.5 % Pt/Al at 300 °C, a heat exchanger, mol. sieve 5 A
and a Cambridge glass fiber filter. The relative humidity 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
compartment of our reactor, the steady state concentration is reached to
within 1 % in 15 hours, unless slow gas-wall reactions play a role.

If it is desired to calculate the OH-reactivity of the compound, the degra-
dation rate as observed in the irradiation experiment has to be corrected
for degradation by wall reactions, hydrolysis, reaction with ozone, and the
like. This is most conveniently done by performing an experiment without ir-
radiation, if necessary in the presence of ozone. If the test substance is
expected to react with ozomne, 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 % per hour, provided that analytical accuracy is suffi-
ciently high, and the test- and reference substance can be dosed at constant
concentration. If the OH-concentration is about 5 x 106 molecules/cm®, as is
commonly encountered in these measurements, OH-reaction rate constants in the

~13 =11 -1

range 3.10 - 3.10 cm? molecule-1 ] can be measured. This covers class

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

4)

by Darnall et al. . The range can easily be extended to the rate constants
of the more reactive compounds of class 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 dT 1

n
—

T dt 273



If temperature is controlled to within t °C, and the allowed uncertainty
in residence time is 5 7%, residence times of up to 14 hours per compart-
ment may be realized. Then, degradation rates as low as 0.05 7 per hour
could be detected, corresponding to an OH-reaction rate constant of

3x 10-14 cm? m,olecule—1 5-1. 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 HNO,.
X 2

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, narrow tubing of pyrex or teflon. The most costly part
is the temperature control unit, especially if measurements at low tem-

perature are needed.



3. DETERMINATION OF THE DEGRADATION BEHAVIOUR OF DIMETHYLETHER

The method as described was used for the determination of the degradation
behaviour of dimethylether (DME). Air, containing 85 ppbv NO, 30 ppbv NOZ’
250 ppbv n-butane and 820 ppbv DME was irradiated in the cascade reactor at
temperatures of 25 °C and 12.5 °C. The relative humidity was 50 7, the volu-
metric UV light intensity was 100 W/m?. DME was released at a constant rate
from a permeation tube held at 14 + 0.2 °C. The concentration of DME and bu-

tane was measured by gas chromatography. The results are depicted in Fig. 3.
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Fig. 3. Concentration of n-butane and of DME as measured in the

cascade-flow reactor as a function of residence time.

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

siderations it follows that

c = ¢ (1 + k

n n-1 H' (o] )

0

and therefore,



_10_

1n ¢, = In c, - n In (1 + kOH T [OH] )

kog (DME)
From the measured slopes, it was found that =1.1 £0.2
koH (Butane)

both for 25 °C and 12.5 °C,.

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

15)

of temperature by Perry et al. to be

1 e-(1110 + 300)/RT ~1

kK - (Butane) = 1.76 10 cm3 molec:ule-1 s

0
Therefore, the values of kOH (DME) could be calculated from our measurements
as shown in Table 1. After we had finished our measurements, data on the abso-
lute rate constant for DME kOH(DME) in the temperature range 299 - 427 K were

16)

reported . From these data we calculated the values also shown in Table 1.

There is satisfactory agreement with our results.

Table 1 Rate constants for the reaction of DME with OB-radicals, calculated

from our measurements and from ref. 16

_1 -
rate constants (cm?® molecule s 1)

temperature (K) kOH(DME) from this work kOH(DME) from ref. 16

12 12

298 (3.0 £ .5) x 10 (3.50 £ .35) x 10~

+

12 12

285.5 (2.7 £ .5) x 10~ (3.30 + .33) x 10~

+
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4. MODEL CALCULATIONS OF THE ATMOSPHERIC BEHAVIOUR OF DIMETHYLETHER

From the measured reaction constants, the average residence time 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 molecules 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

8) *)

et al.1 which was adapted for our purposes . Removal 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 model, some reactions describing the degradation of DME and

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

30 ¢
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15F
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5
\
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I molecules/cm’
0 L . I
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Fig. 4. Calculated OH-profile (—) and the OH-profile in the
lower troposphere adapted to recent theoretical and
experimental indications (---).

*) We are greatly indebted to Professor dr D.H. Ehhalt who provided all
facilities needed for this study and to Dr E.P. RSth for helping us
to adapt the model.
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In order to estimate the wet removal, it was assumed that at every height equi-
librium of DME in gas— and liquid phase exists. The wet removal rate was cal-
culated from the amount of rainfall, and from the estimated liquid water con-
tent of the atmosphere as a function of height using Henry's constant. Henry's
constant was determined from measurements to be 4.3 x 10-6 e4650/T %E;—%g%;;
for DME. For detailed descriptions of the model calculatioms, we refer to

ref. 20. Calculations were performed for F 11 (CFCL3), assuming a global flux
of 3.2 x 108 kg/year and for DME, assuming fluxes of 1.6, 5.4 and 20.5 x 108

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

height, km \ £l
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15
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Fig. 5. Calculated mixing ratios of DME normalized by the emission

(10-18 year/kg) vs. height (km). F 11 is CFCL,.

From the study, it could be calculated that the concentration of DME at a
height of 15 km would be 103 - 104 times less than current concentrations

of F 11, if all chlorofluocarbons used as propellant were to be replaced

by DME. Damage to the ozone layer would very probably be negligible, even

if DME would be as effective in removing ozone as the chlorine atoms pro-
duced by photolysis of CFC's. From sensitivity analysis, the OH-concentra-
tion turned out to be by far the most important uncertainty in the model.
Including wet removal had little effect on the calculated concentration pro-

files. The amount of DME annually transported by rainfall to the aquatic en-

vironment could be estimated to be roughly 0.02 % of the annual production.



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-
sults may be directly used to estimate atmospheric life times, 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 these aspects are illustrated in this paper for the case of

dimethylether.



6.

1.

- 14 -

REFERENCES

R.W. Coutant, L.J. Hillebrand, G.D. Mendenhall
Draft final report on photochemical degradation to Office of Toxic

Substances, US EPA (1979).

M. Fujiki
Simulation studies of degradation of chemicals in the environment
Chemical Research report no. 1/1978

Office of Health Studies, Environmental Agency Japan (1978).

. OECD - Chemicals Testing Programme

Expert group C, Degradation/accumulation

Ring test programme 1979 on detecting abiotic degradation (photo-
degradation) of chemicals.

Publication C 91/79 GER (1979).

K.R. Darnall, A.C. Lloyd, A.M. Winer, J.N. Pitts, Jr.

Reactivity scale for atmospheric hydrocarbons based on reaction with

hydroxyl radical.
Environmental Science & Technology 10 692 (1976).

D.A. Hansen, R. Atkinson, J.N. Pitts, Jr.

Rate constants for the reaction of OH radicals with a series of
aromatic hydrocarbons

J. Phys. Chem. 79 1763 (1975).

A.C. Lloyd, K.R. Darnall, A.M. Winer, J.N. Pitts, Jr.
Relative rate constants for reaction of the hydroxyl radical with

a series of alkanes, alkenes and aromatic hydrocarbons
J. Phys. Chem. 80 789 (1976).

H. Niki, P.D. Maker, C.M. Savage, L.P. Breitenbach

Relative rate constants for the reaction of hydroxyl radical with
aldehydes

J. Phys. Chem. 82 132 (1978).



10.

11,

12.

13.

14,

15.

_15—

R.A. Cox, R.G. Derwent
Atmospheric photo-oxidation reactioms. Rates, reactivity and mechanism
for reaction of organic compounds with hydroxyl radicals.

Environmental Science and Technology 14 57 (1980).

D. Perner, D.H. Ehhalt, H.W. Platz, U. Platt, E.P. Roth, A. Volz
OH radicals in the lower troposphere
Geophys. Res. Lett. 3 466 (1976).

D.D. Davis, W. Heaps, D. Philen, T. McGee

Boundary layer measurements of the OH radical in the vicinity of an
isolated power plant p1ume¥ 502 and NO2 chemical conversion times
Atmospheric Environment 13 1197 (1979).

M.J. Campbell, J.C. Sheppard, B.F. Au
Measurements of hydroxyl concentration in boundary layer air by
monitoring CO oxidation

Geophys. Res. Lett. 6 175 (1979).

D.H. Ehhalt, D. Perner, U. Platt

Trace gas measurements by optical absorption

Presented at the meeting of working party 5 of COST 6la - bis,
The Hague, June 16-17 (1980).

H. Nieboer, J.H. Duyzer

Experimental and mathematical simulation of photochemical air pollution
in: Photochemical smog formation in the Netherlands

R. Guicherit, editor,p. 89

TNO report 1978, Delft, The Netherlands (1978).

H. Nieboer, J. van Ham, J. van den Eikhoff

Evaluation of smog models by means of a new type flow reactor
Proc. 4th Int. Clean Air Congress, Tokyo 1977

p. 504 (1977).

R.A. Perry, R. Atkinson, J.N. Pitts, Jr.

Rate constants for the reaction of OH radicals with n-butane over
the temperature range 297-420 K

J. Chem. Phys. 64 5314 (1976).



- 16 -

16. R.A. Perry, R. Atkinson, J.N. Pitts, Jr.
Rate constants for the reaction of OH-radicals with dimethylether and
vinyl methylether over the temperature range 299 - 427 K
J. Chem. Phys. 67 611 (1977).

17. A. Volz, D.H. Ehhalt, R.G. Derwent, A. Khedim
Messung von atmospharischen 14CO: eine Methode zur Bestimmung der
tropospherischen OH-Radikalkonzentration

Report Kernforschungsanlage Julich GmbH (1979).

18. G. Gravenhorst, Th. Janssen-Schmidt, D.H. Ehhalt, E.P. Roth
The influence of clouds and rain on the vertical distribution of
sulfur dioxide in a one-dimensional steady-state model

Atmospheric Environment 12 691 (1978).

19, D.H. Ehhalt et al., to be published as a KFA report.

20. J. van den Eikhoff, H. Nieboer
A model description of the atmospheric behaviour of dimethylether
(DME) as a substitute of chlorofluorocarbons (CFS's) in aerosol cans
TNO Hoofdafdeling Maatschappelijke Technologie
Report CL 79/103a, Delft, The Netherlands (1979).

Delft, 1980-11-28
RMvA/vdK1l



