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Vacuum-UV (172 nm) Actinometry. The Quantum Yield of the Photolysis of Water
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With the development of new light sources (Xe-excimer light sources), the vacuum-UV (VUV) photochemistry
on a preparative scale is becoming technically feasible. Among the first potential technical applications,
VUV photolysis of aqueous systems must be considered as a potential alternative to established “advanced
oxidation procedures” (AOP). For the design and dimensioning of corresponding reactors, incident photon
rates must be determined. The standard VUV actinometry in condensed phase is-ttensissomerization

of cyclooctene im-pentane. The incident photon rate of these new light sources depends on their geometry,
the configuration of their electrodes, and the dielectric constant of the solvent in the case where the substrate
solution is part of the dielectric barrier; thus actinometric experiments should be made under operational
conditions. However, the radiant power density of the excimer sources will be differepeiitane (standard
actinometry) is used as part of the dielectric barrier from when using water (oxidative degradation experiments),
because the voltage drop across the fluids is different. Consequently, for projects involving aqueous reactions
systems, operational conditions cannot be met by the standard actinometer. Water exhibits a high absorption
cross-section for VUV irradiatiomd(< 190 nm) and homolyzes mainly into hydroxyl radicals and hydrogen
atoms. Hydroxyl radicals, but not hydrogen atoms, are very efficiently scavenged by methanol molecules,
and under defined conditions, the rate of production of hydroxyl radicals may be determined from the rate of
degradation of methanol dissolved in the aqueous reaction system. The parameters affecting primarily the
rate of methanol degradation, i.e., the incident photon rate, the concentration of dissolved molecular oxygen,
the initial methanol concentration, and the flow parameters in the photochemical reactor, were determined
and optimized for a general actinometric procedure. A normalized diagram of the incident photon rate versus
the initial methanol concentration allows one to determine the boundary conditions under which the rate of
methanol degradation may be used to evaluate the production rate of hydroxyl radicals for Xe-excimer light
sources of different radiant power and independent of their geometry. Having determined both the rate of
production of hydroxyl radicals and the rate of methanol degradation, and having calibrated the corresponding
incident photon rates by the eisrans isomerization of cyclooctene (standard actinometry) in an experimental
setup in which the emitted photon rate does not depend on the reaction medium, the quantum yield of the
homolysis of water by VUV irradiation from Xe-excimer lamps may finally be calculated.

Introduction Free electrons are accelerated in an alternating electric field

Xe-Excimer Light Sources!? The Xe-excimer light source (ca. 10 k\é' 150 kHz, dlepen%mg on gafl (:llstance and g_asd
is a so-called high-pressure dielectric barrier discharge (silent?ressu.r?) etween two electrodes to reach t fﬁnergy requwef
discharge) lamp. Collisions of high-energetic electrons (ca. 10 fO €xciting Xe atoms (reaction 1). Because of the presence o

eV) with Xe atoms in the ground state lead to exited Xe atoms & diélectric barrier (Figure 2b,c), a gas discharge is quickly
(reaction 1). terminated and prevented from degenerating into a thermal arc.

As long as these light sources are not ignited, they may be

Xe+e — Xe* +e (1) characterized as a serial arrangement of capaéittmpractice,

the light sources are constructed in a way that the space in which
Xe* + 2Xe— Xe,* + Xe (2) the light-emitting process takes place is enclosed by a VUV-
transparent dielectric (e.g., synthetic quartz) with both electrodes
Xe,* — 2Xe+ hv (3) shielded by these barriers (Figure 2b).

To minimize radiation losses (e.g., by additional quartz tubes
or metal nets as outer electrodes), the design of photochemical
reactors permits in many cases a direct contact of the substrate
solution and the outer wall of the light source (Figure 2c). But
under such experimental conditions, a strong dependence of the
emitted photon rate from the reaction medium is obsefved.

In subsequent collisions of two Xe atoms in their ground state
with one exited Xe atom, a Xe-excimer (X¥ is created
(reaction 2). Deactivation of the Xe-excimer leads to two Xe
atoms in the ground state and produces a photon in the VUV
spectral region. The emission spectrum of this light source
shows a relatively narrow band with an emission maximum at

172 nm and a half-width of less than 14 nm (Figuré 1). Reaction Manifold of VUV-Irradiated Water. 42 Water
exhibits a high absorption cross-section for VUV radiation and
* Author to whom correspondence should be addressed. homolyzes upon excitation into the primary radicals, hydrogen
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03 f—eh Reaction System of VUV-Irradiated Methanol in Aqueous
AR R R T N B Solutions?814°18 Although the absorption cross section of
02 *“*T* f“‘i“*”‘}”“i‘“ 1”’4}”*4}”“ pure methanol is much higher than that of water, at a ratio of
o4 o N [MeOH]o/[H20] = 2 x 1073 ([H20] = 55 mol L") one may
1 | ! | ! ! ‘ | assume that photons are almost quantitatively absorbed by water
0.0 ‘ | ] | . | } l molecules, leading to water homolysis.
155 160 165 170 175 180 185 190 195 200 For higher concentrations of methanal{0~ mol L), the
wavelength [nm] linear absorption coefficient of the soluti&rat 172 nm has to

Figure 1. Emission spectrum of a Xe-excimer light soufce. be calculated:

k=ky,0 T €émeoMeOH] (10)
; with ky,0 being the linear absorption coefficient of® [cm™1,
B S s emeon = KveoH/[MeOH]pue and [MeOH}ye = 24.69 mol L%
SRRSO < —] In addition to the photochemical homolysis of methanol
& (reactions 6-9), degradation of methanol is initiated by reactions
ey 11 and 12, yielding hydroxymethyl radicals.
CH;OH + HO" — HOCH," + H,0O
c k=9.7x 1FLmol*s™* (11)
s <lecirodes
=7 dielectricum CH;OH + H"— HOCH," + H,
[ ] solvent

k=26x 1L mol's™ (12)

In the presence of molecular oxygen, these radicals are
immediately oxidized to the corresponding peroxyl radicals.

Figure 2. Schematic mountings of excimer light sources.

atoms, and hydroxyl radicals (reaction 4). Hydrated electrons
are produced (reaction 5) on a smaller scale. HOCH,” + 0, —

‘OOCHOH k=4.9x10°Lmol™*s™* (13)

v . o
H,0—HO +H (4) In oxygen free solutions, hydroxymethyl radicals may dispro-
o portionate to methanol and formaldehyde (reaction 14) or
H,O0 — HO" + HY +e (5) recombine to ethylene glycol (reaction 15).
2HOCH," — CH,OH+ CH,0 k=2.0x
The linear absorption coefficient of pure watdg.6) at the 18 L mol ts? (14)
wavelength of the peak emission of the Xe-excimer light sources
(172 nm) is ca. 550 cnt.13 2HOCH, — (CH,OH), k=1.0x
The subsequent reactions of these primary radicals yield 10° L mol ts™* (15)

hydroperoxyl radicals, superoxide and oxide radical anions, . . . .
hydroxide and hydroperoxide anions, and protons, leading finally Zper;::;%gr?nffn{%reffc?ﬁg igr?:dr;?eg tm:ti:rlw%rller:*ng]lggutlzzt
to molecular oxygen, hydrogen peroxide, molecular hydrogen, ’ 0

and watef-12 (reactions 11 and 12), at the most (absence of oxygen), will be
' led back to methanol (reaction 14). The rates of production of
Reaction System of VUV-Irradiated Methanol. Methanol ethylene glycol (reaction 15) and formaldehyde (reaction 14)

exhibits a very high absorption cross section in the VUV spectral may be determined experimentally, and consequently, the rate
region, the linear absorption coefficiekfton) at 172 nm being, of hydroxymethyl radicals reacting to methanol (reaction 14)
at 4000 cnml, nearly 8 times higher than that of watér.  may be calculated.

Products and the quantum yield of the photochemical homolysis In the presence of molecular oxygen, the sequence of
of methanol are only known for an excitation at 185and reactions toward mineralization continues by reaction 16, leading
have been assumed to be unchanged for an excitation at 1720 formate ions.

nm. At these wavelengths, methanol mainly homolyzes into .. - 4

methoxyl- and hydroxymethyl radicals, but also produces methyl ZOOCHOH—~2HCOO +2H" + H,0,

radicals and formaldehyde (reactions®. k=21x10°Lmol 's* (16)



Photolysis of Water

Formate ion and formic acid react with hydrogen atoms or
hydroxyl radicals to form the protonated or deprotonated formyl
radical:

H®*+ HCOOH— H, + HCOO

k=6.1x 10'Lmol*s™* (17)

H' 4+ HCOO — H, + ‘COO"
k=21x 1L mol *s?* (18)

HO" + HCOOH— H,0 + HCOO
k=13x 1L mol *s?* (19)

HO" + HCOO — H,0 + ‘COO"
k=3.2x 10°Lmol s (20)

The reactions of the protonated and the deprotonated formyl
radicals with molecular oxygen will finally lead to carbon
dioxide:

k=24x10°Lmol *s?

"CO0 +0,—CO,+ 0, o

k=3x10°Lmol *s?

HCOO + 0,— CO, + HO, )

Formaldehyde and ethylene glycol react both with hydrogen
atoms and hydroxyl radicals by way of H-abstraction:

k=1x10°Lmol *s?

CH,0 + HO" — *CHO + H,0
(23)

k=1x10Lmol *s?

CH,0 + H'— ‘CHO + H, )

(CH,OH), + HO® — "CHOHCH,0OH + H,0
k=18x10°Lmol ts?
(25)

(CH,0H), + H*— *CHOHCH,OH + H,

k=15x10'Lmol *s?
(26)

In the case of high incident photon density and, hence, of a
high local density of hydroxymethyl radicals, oligomerization
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Figure 3. Experimental setup: batch system.

provide a more sophisticated analytical procedure to determine
the rates o€is-cyclooctene diminution and theanscyclooctene
production with acceptable experimental errors. This modified
actinometry also provides a technical advantage, as it may be
carried out with commercially availablepentane (p.a.), hence,
simplifying considerably the experimental conditidr?s.

Experimental Part

Materials. Methanol (RotiSolv/HPLC, Roth), formaldehyde
(37%, Aldrich ACS), formic acid (98%, p.a., Fluka), and
ethylene glycol (p.a., Roth) were used without further purifica-
tion. Solutions prepared with tridistilled water were saturated
with synthetic air, nitrogen, or oxygen (Messer Griesheim).
n-Pentane (p.a., Roth) as solvent for the-¢igins isomerization

reactions with the radicals produced in reactions 25 and 26 leadof cyclooctene was either used without further purification or

to glycerin.
VUV Standard Actinometer in Condensed Phase: The
Cis—Trans Isomerization of Cyclooctene inn-Pentane. The

purified by distillation under ambient pressure using an insulated
packed column of 140 cm length and about 30 mm diameter.
Experiments. A number of 200 W (max.) Xe-excimer lamps

cis—trans isomerization of cyclooctene used as an actinometerwere used for the photolysis of oxygen free (saturated with

for the determination of incident photon rates of low-pressure
mercury lamps at 185 ntr2! has been modified to determine
the incident photon rates of Xe-excimer lamps at 172%Am.

Upon irradiation at 172 nm of an alkane solution (e.g.,
n-pentane) of commercially availableis-cyclooctene under
oxygen-free conditions a photostationary stateisfandtrans
cyclooctene is reached.

In contrast to the earlier investigations where the kinetics of

nitrogen), air-saturated, or oxygen-saturated aqueous solutions
of methanol €1 mol L™%). The Xe-excimer lamps were build

of two concentric Suprasil quartz tubes (outer diameters-30.4
26.2 mm; inner diameters 18-05.1 mm) and driven by a high-
voltage power supply (ENI model HPG-2). The effective length
of the light sources varied between 145 and 250 mm. The inner
electrode (phase) consisted of an aluminum foil, cooled with
distilled water.

this reaction system has been solved, assuming that no The Xe-excimer lamps were used in two different experi-
photochemical degradation of cyclooctene would take place, we mental configurations. Experiments in batch mode were carried

propose in this work to restrict analysis and calculations to the
very beginning of the photochemiazk- to transisomerization,

where a pure pseudo-first-order kinetics is found. To restrict
the actinometry to this early period of the experiment means to

out in a loop-type photochemical reactor using two different
configurations (Figure 3). In both reactors, the solutions were
circulated by means of a PTFE-covered magnetic stirrer placed
at the bottom of the reactor, the solution flowing down along
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‘ cooling of the Because of continuous gas saturation, the solutions entering the
| “clectrodes photoreactor were assumed to be nitrogen, air, or oxygen
& N\ saturated. The reservoir was thermostated at@5 A metal

net fixed around the outer wall of the reactor and connected to
the ground served as outer electrode. In a number of experi-
ments, the irradiated solutions were connected to the ground,
and no additional electrode was used.

Analysis. Purification of n-pentane was tested and the
concentrations of cyclooctene were analyzed by GC analysis
(Hewlett-Packard 5890 series 1), as described elsevAiéfe.
The degradation of methanol and the production of ethylene
glycol were also followed by GC analysis (Hewlett-Packard
5890 series Il, HP-Innowax column, length 30 m, inner diameter
0.32 mm, film thickness: 0.52m; pre-column, length 1 m,
inner diameter 0.52 mm). Applying a temperature gradient, both
components may be analyzed in one analysis: during the
retention time of methanol (ca. 2 min), the oven temperature
was kept constant at 1&, then quickly increased to 18C,
outlet outlet and kept at this temperature until the end of the analysis (ca. 8
% P4 min). Finally, the column was rapidly heated up to ZZ0

Formaldehyde concentrations were determined in producing
the corresponding 2,4-dinitrophenylhydrazone, which was ana-
lyzed by HPLC analysis (HP chromatograph series 1050 with
UV detector, RP18 column) at its absorption maximum at 360

nm.
L photo- Formic acid, oxalic acid, and glycolic acid were analyzed
reactor under isothermal conditions (3%) by IC using a conducto-

meter as detector (Dionex, column AS12A, 2034 mm with
pre-column AG12A, 50x 4 mm). The eluent consisted of a
sodium carbonate/bicarbonate solution (2.7/0.3 mol)Lthe
flow rate was fixed at 1.5 mL mir.

o The diminution of dissolved organic matter was measured
< Jstatic mixer by a DOC analyzer (Dohrmann DC-190).

lamp

Results and Discussion
iniet
Figure 4. Experimental setup: semibatch system. Methanol Degradation in Aqueous VUV-Irradiated Solu-
tions. Upon VUV irradiation (Xe-excimer light sources, 172
the lamp and up through the external bypass. The configurationnm) of aqueous solutions of methanol, the organic substrate is
represented in Figure 3b consisted of a smaller reactor with aoxidized and ethylene glycol, formic acid, glycolic acid, and
total volume of 270 mL. The outer electrode was a metal net formaldehyde were analyzed as intermediates of mineralization.
fixed around the outer wall of the reactor and connected to the Oxalic acid, however, was not observed. The results of the
ground. Alternatively, the irradiated solution was connected irradiation experiments are summarized in Figures 5, 6, and 7.
to the ground and served as outer electrode. In both cases, thdhey show the concentrations of methanol, ethylene glycol,
irradiated reaction system is in direct contact with the surface formaldehyde, glycolic acid, and DOC as a function of
of the light source. In the reactor configuration represented in irradiation time in oxygen-free (Figure 5), air-saturated (Figure
Figure 3a, a larger reactor volume (350 mL) is used, and an 6), and oxygen-saturated solutions (Figure 7). For all these
additional synthetic quartz tube is positioned between the outer photolysis experiments reported, Xe-excimer lamps were used
wall of the light source and the reaction solution, providing a in @ semibatch reactor (Figure 4), the electrical input power
gap for the outer electrode. Because the solution is locatedPeing set at 150 W.
outside the grounded electrode, this configuration avoids any Taking into account that the rate constant of reaction 11 is
effect of the solvent and/or substrate parameters on the radian@bout 100 times higher than that of reaction 12 as well as the
efficiency of the light source. This outer electrode was cooled high efficiency of reaction 27, the reaction of methanol with
by nitrogen, avoiding filter effects by molecular oxygen. For hydrogen atoms (reaction 12) may be neglected.
all experiments, the reactors were immersed into a thermostated
(25 °C) water bath to ensure constant process temperature. H'+0,—HO, k=2x10"Lmol s (27)
In semibatch experiments, nitrogen-, air-, or oxygen-saturated
aqueous methanol solutions were continuously circulated be-Confirming this hypothesis, the rate of methanol degradation
tween an immersion-type photochemical reactor and a reservoirdid not increase with the diminution of the concentration of
of 65 and 1000 mL volume, respectively, passing a static mixer dissolved molecular oxygen. Diminution of methanol concen-
(Figure 4). The solutions entered the reactor through the inlet tration being primarily caused by the reaction with hydroxyl
at the bottom of the reactor, streamed up along the lamp, andradicals and, to a lesser extent, by VUV photolysis, the relation
left the reactor by the two outlets at the top toward the reservoir. between the incident photon reg, assuming total absorbance
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Figure 5. Methanol and product concentrations and DOC values as a function of irradiation time (VUV-irradiated aqueous solution of methanol
in the absence of oxygen (continuous purging with nitrogen)).

(P2 = Pg), and the rate of methanol degradation may be given the quantum yield of methanol degradation (reactions 28, 29)
as may be calculated, once the incident photon rate and d[MeOH]/
dt have been determined experimentally. The quantum ef-
ficiency of water homolysis may then be calculated from the

guantum yield of methanol degradation and the absorption cross
sections of methanol and water at the wavelength of irradiation
whereP, = the absorbed photon rate [einsteir]s Vg = the (egs 29 and 30). All these data finally permit one to establish

total volume of the reactor [L]® = the quantum vyield of @ procedure to determine the incident photon rate in measuring

®P, dMeOH]  _ d[MeOH] N d[MeOH]
Ve o dt foun d |

(28)
4

apparent methanol degradation with the rate of degradation of methanol.
Intermediate formation of ethylene glycol and formaldehyde
D = ({yeor®Pucon T PrEn.0PH.0) (29) depends on the concentration of dissolved molecular oxygen
2 2

(egs 13-15). The ratio of the rate of methanol degradation to
& = the fraction of the photon rate absorbed by compoient that of ethylene glycol production increases from 2.9 in oxygen-

with free solutions to 4.4 in air-saturated and to 6.5 in oxygen-
saturated solutions. The discrepancy between this experimen-
& =kiYk (30) tally determined value in oxygen free solutions and the ratio
evaluated in taking the published reaction rate constants of
with k = linear absorption coefficient of the componeint ~ reactions 14 and 15 is most probably due to oxygen production
[cm™Y; ®yeon = the sum of quantum yields of reactions @; in VUV-irradiated aqueous systems (vide supra) and its im-

¢r = the efficiency of hydroxyl radical scavenging in reaction mediate impact on the reaction manifold in initially oxygen-
11; ®p,0 = the sum of quantum vyields of reactions 4 and 5; free reaction systems. Consequently, even in oxygen free
(d[MeOH]/dt)|onp = the total rate of methanol photolysis solutions a fraction of hydroxymethyl radicals from reactions
(reactions 69 and 11) vyielding hydroxymethyl radicals; 11 and 12 reacts to hydroxymethylperoxyl radicals (eq 13), and
d[MeOHJ/ct = the apparent (measured) rate of methanol the experimentally determined ratio between the degradation
degradation; and (d[MeOH]Jt}l;s = the rate of methanol rate of methanol to the production rate of ethylene glycol will

production by reaction 14. always be higher than the calculated ratio.
Since (d[MeOH]/d|14 may be evaluated experimentally, and By analogy, the ratio of the rate of degradation of methanol
the rate constants of reactions 31 and 34 are known, to the production rate of formaldehyde increases from oxygen-
free solutions with a value of 14.9 to air-saturated solutions,

HO" + HO" — H,0, k=55x 10°L mol~ts? where a ratio of 17.8 has been determined.
(31) As expected from the published rate constants of reactions

14 and 15, the rate of ethylene glycol production is about 5

HO' + H,0, ~HO, + H,0 k=27x10"Lmol™'s " times higher than the production rate of formaldehyde (experi-

(32) mentally determined ratio: 5.1) in oxygen-free solutions. In
HO' +HO, —0,+H,0 k=6x10Lmol s air-saturated solutions, this ratio is reduced to 4.4 most probably
(33) due to reaction 35.
HO" + H — H,0 k=7x10Lmol's™"

(34) ‘O0CH,OH— CH,0+ 0O, + H" k=10s" (35)
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Figure 6. Methanol and product concentrations and DOC values as a function of irradiation time (VUV-irradiated aqueous solution of methanol).

[I/1oww] yeiuioy pue JejodA|6 ‘|ooA|Bus|Ayle jo uolejussuod

19 o wn (o] [(p] o wn [} wn o [Ts) o
[Te] © wn w0 <t < [y o« o™ N — -~ wn o
| 1 | 1 i i | t | I | 1 | |
: r T T . , ; . - : : :
I , | , , | [ | , i , , ,
| , I | I , , I , | [ [ [
, , I , , , , i | | , I ,
S A e e A N
| | | | | | |
| , | | , | , , , | | | ,
i [ i | , | | i , i , | |
Y I Iy e Y S DI A By SUURS S
| [ | [ [ | [ | | i [ [ T
i [ I | [ , , | [ | , , |
, , i I , | , I , | [ [ ,
, [ [ | [ , [ , I | [ | [
e s et st S N
, , , I , , i I I
, , , I , , , , , , | [ [
, , | I , , | , , , I I ,
5 s S S B A A S
| | | | | !
, I , , , , , I i , | I I
, i , i , , | , , , i ! I
T e e e e T AT R Ry At M R
i i , | [
| , , [ , [ | [ ! , I , ,
SR T O A T O T O
, | [ , I [
|1\\4\\Jl|1ﬁ\\4\\|ﬁi‘4i\4\t|ﬁ1\ﬂ\\g\.sﬁi+ﬁ¥\vw
| I , I i | | , |
I | [ , , | , | , ' , | I
, , i , , | , , , i , | I
T T Te T e T ey
, , |
| , | , , I | | I , , I ,
ST T O S S W
S O RO SR DU S N PO T T S N
| | | | | | | L ] | A+D L
| i , i i , , I , , I | [
| I , I I I , | , , | I [
! I | IR A SV U VAN E N NN NN N
TrTTIT T T | T [ T | ——
i , I , | | , i | I [ [ |
| , | I , | , | | , , , [
I , | | , , | , , [ | I ,
B e e S e s S B e e AN Eonle
[ , [ , | et I I , , [ <0 »
| , , [ , , I I I , I | ,
, | , , , , , | : , | I ,
I A e s A RS S SR S
| i | | |
, | , , I , | , , | | | i
| i , | i | [ | |
i e e 0 Y R N 3 S e T
i [ V o Y
I I ;e I I o 26 I |-
, , I , , , | -5 28 [ ,
| I | | I | I a2, I |
I e S R - S0 A
| B = =0 4
| | I | i | I SE>EQ| I
| [ [ | [ [ 2 55>Q [ ,
bt ——dee——+——1 EL Dm0 Rt
| [ | | | | i
e L ecare
I | [ |
e e e
i | | i
| , i , [ , i [ [
| | |
A
(=] [T9) o [To3 (=] 0 o o) (=] Yo o w0 o 1o}
(] [s2] N N o
R & 88 8% I 8RBJLRN SR
[171oww] uorenuadUOI-30Q PUB [ouBYlBW

20 30 40 50 60 70 80 90 100 110 120 130 140
irradiation time [min]

10

Figure 7. Methanol and product concentrations and DOC values as a function of irradiation time (VUV-irradiated aqueous solution of methanol

(continuous purging with oxygen)).

For experiments carried out in air-saturated solutions, the rate

Knowing the interdependence of the rate of methanol degrada-

tion and the rates of ethylene glycol (EG) and formaldehyde of ethylene glycol production was found to be 0.288.015

production, respectively, the rate of methanol production by times the rate of methanol degradatforThis value is higher

disproportionation (eq 14) may be calculated for oxygen-free than expected and is a consequence of the low local concentra-

solutions by

tion of dissolved molecular oxygen in the irradiated reactor

volume.

In fact, it has been shown that the oxygen concentra-

tion varies locally in VUV-irradiated aqueous systehi$25the

very restricted irradiated reactor volume being rapidly depleted

of oxygen.

(36)

d[EG]

d[MeOH]

dt

14

dt

In analyzing under these experimental conditions simultaneously Even though molecular oxygen is built up by reactions-31

ethylene glycol and methanol, the rate of methanol production 33 in oxygen- and air-saturated solutions, too, oxygen-consum-
by eq 14 may be calculated from the rate of ethylene glycol ing reactions 27, 37, and 13 will be dominant and the oxygen
production using eq 36.

concentration within the irradiated layer will be reduced.
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e +0,— 0, k=1x10"Lmol's?* (37)

The production of ethylene glycol in oxygen-saturated solutions
therefore indicates that the concentration of molecular oxygen
in this irradiated layer is low enough that reaction 15 may

compete with reaction 13, although the rate of reaction 15

TABLE 1: Molecular Absorption Coefficients of
Cyclooectene Isomers and Quantum Yield¥ of Cyclooctene
Isomerization3

e [L mol~tcm]

6130
7490

@ [mol einsteim?]

dgs = 0.32 (cis—trans)
Dyans= 0.44 (trans-cis)

cis-cyclooctene
trans-cyclooctene

disproportionation (eq 14) is lower by 50% in oxygen-saturated
solution, but higher by less than 50% in oxygen-free solution
compared to air-saturated solution. These data show that there
is practically no effect on the overall rate of methanol degrada-
tion by changing the concentration of dissolved molecular
oxygen, variations of experimentally determined values remain-
ing within the limits of experimental error.

It should also be noted that the rate of methanol degradation
does not depend on the flow characteristics within the limits of
the equipment available (708 Re < 2800).

Determination of the Quantum Yield of the Homolysis of
Water upon Excitation at 172 nm. Using the batch equipment
depicted in Figure 3a, effects of changes of the reaction systems
on the performance of the light source are excluded. The reactor
may therefore be used for determining the incident photon rate
by means of the cistrans isomerization of cyclooctene in
n-pentane as well as the rate of methanol degradation in aqueous
solutions. From these data, the quantum yield of methanol
degradation® (eq 28) as well as the quantum yield of water

depends on the squared value of a low intermediate concentrahomolysis (eq 29) may be calculated.

tion of the hydroxymethyl radicals and has the disadvantage of
a lower rate constant.

In the case where reactions-8 are negligible (low methanol
concentration), the rate of reaction 11 may be calculated by

dMeOH]| _ d[MeOH] , d[MeOH]

dt dt dt

‘OH ‘14

d[MeOH
= (1+02x 0.29)%

(38)

MeOH
- 1.058%

The manifold of reactions suggests that the rate of methanol
consumption depends only in an insignificant way on the
concentration of dissolved molecular oxygen. In fact, in air-
saturated solutions, the rate of methanol degradation is lower
by less than 6% in comparison to that in oxygen-saturated
solution. The rate of the competing methanol production by

Molecular absorption coefficients o€is- and trans-cy-
clooctene and quantum yieldss and ®ans Of the production
of trans andcis-cyclooctene, respectively, are shown in Table
1. The fractions of the photon rate absorbeaisycyclooctene,
Ceis, and bytrans-cyclooctene Cyans are independent of the
penetration depth of the light. Adapting eq 30 to these
conditions, we may write

dp,|
& ) €cisCeis
go= s = Casos  _py (30a)
cis P, €isCeis T €ranCirans
dx total
and
dP,
& €tranCtrans
g, = Xlrans— __Cwanctans gy 0p)
trans P €cisCeis T €rranCirans
a
AX |otal
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TABLE 2: Results of the Standard VUV (Cyclooctene) TABLE 3: Quantum Yield @, of Water Homolysis at Aexc
Actinometry. Incident Photon Rates of the Xe-Excimer =172 nm

Lamp (Aexs 172 nm) of 130 W Placed into the Reactor

Shovﬁ)/n( ire1xT:igure Sa) [MeOH]o  d[MeOHV/dorVr

[mol LY [mol min~] D D0
cis-cycloocten urity of pentane P
[ ol L] o purty 6] feinsteinmin] o W] 0.299 0.17(3% 102 042(7)  0.38(7)
, 0.208 0.18(7)x 1072 0.46(7) 0.44(3)
0.0306 >99.95 4325§ 1&4 0.41(7)+ 0.03
4
0.0321 ~99.98 f'gi 1g4 Determination of the Rate of Hydroxyl Radial Production

and the Initial Photon Rate of Xe-Excimer Light Sources
(4.0+0.51)x 10°* 4.6+ 0.6 Irradiating Aqueous Solutions. The initial rate of methanol
CIdegradation (conversion rate15%) has been found to be
constant for all experiments. The rate of hydroxyl radical
production may be evaluated from the rate of methanol
degradation in modifying egs 28 and 29:

The rates of cyclooctene isomerization may then be describe
by the differential equation

dctranﬁ) - _ dccis(t) _ ‘dci(t)‘

- d[MeOH d[MeOH d[MeOH
ot ot | ot | dMeOH]  _ d[MeOH]  d[MeOH] @)
P dt Jomm dt ‘OH dt ‘hv
— _ _a
= {q)cisécis(t) ‘I)tranegtrang(t)} VR d[HO’] _ d[MeOH]’
dt dt Jon
Pa
=9t~ (39) d[MeOH
Vg =g, O¢Rg
z dt OHhw
with
. Py,0Po 3
000 = Dol ~ Prnyand? = buoty, @)
and may be solved assuming that Knowing ®y,0 and assuming experimental conditions, where
all hydroxyl radicals react with methanol moleculés & 1),
. |G the incident photon rate may be calculated for air saturated
() = |9(t)|tV_R‘=’ @VR =1k, (40) solutions in applying eqs 28 and 38:
for o _p _dMeoH]| Vg
0~ "O0app dt D C
a9() ‘OH H,05H,0
ot t
<1 (41) v
g(t) _ d[MeOH] VR
dt OH,hv(I)
For short irradiation timeg (t < 20 min), condition 41 is
satisfied, and by a linear fit ati(t)/g(t)|Vkr = f(t) (Figure 8),
the absorbed photon rai can be determined. = d[MeOH] Vr
For initial cyclooctene concentrations of 3.66 102 and dt |onmPh,08h,0 T Preorbmeon
3.21 x 102 mol L~ in purified (>99.98%) and unpurified (44)
n-pentane ¥ 99.95%), respectively, the incident photon rate was v
determined to be (4.8 0.51) x 10~* einstein min! or 4.6 & — 1.0575d[MeOH] R
0.6) W (Table 2) for an electrical input power of 130 W. The dt CI)HZOCHZO + D peorbmeon
chosen cyclooctene concentrations ensure total absorption of
the incident photon rate, i.eP, = Po. The decay otis- and In the domain of methanol concentrations for whigk < 1,
the increase dfrans-cyclooctene with irradiation time reaching  increasing initial methanol concentration leads to faster methanol
a photostationary state is shown in Figure 9. degradation until a limiting value is reached (Figure 11). At

The rate of methanol degradation was measured using theconcentrations of methanol above this limit, recombination and
same photochemical reactor of a total volume of 350 mL. Initial back reaction of the hydroxyl radicals (eqs 31, 34) have not
concentrations of methanol (0.299 and 0.208 mdl)lensured been taken into account, and reactions of organic intermediates
¢r = 1. The electrical input power of the power supply was with hydroxyl radicals may also be neglected within the time
kept the same as for the actinometric experiments. The highlimit imposed. Under such conditions, the efficiency of eq 11
absorption cross section of water guarantees total absorptionreaches 100%gpg = 1).
of the incident photon rate within the optical path length of the ~ The high absorption cross section of water, the high quantum
chosen reactor. Additional data needed for the calculation of efficiency of hydroxyl radical production, and the short lifetime
the quantum yield of water homolysl,,0 and the results are  of the hydroxyl radicals lead to a strong heterogeneity in the
shown in Table 3. Together with the already reported values macroscopically homogenous reaction systéf?> We dif-
of ®p,0 for Aexc = 185, 147, and 123 nm, respectivéfythe ferentiate a volume of primary reaction close to the surface of
resulting quantum yield folexc = 172 nm fits well into the the lamp, in which the rates of reactions 11 and 13 are controlled
dependence obp,0 = f(lexd (Figure 10)* by the diffusion of the organic substrate and of molecular oxygen
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Figure 11. Rate of methanol degradation (£0mol min™') as a function

into this layer, and a large volume of secondary reactions, in
which slower thermal reactions domindteTo avoid the

undesired reactions 31 and 34, not the macroscopic but the local

concentration of methanol in the proximity of the surface of
the light source is important. This local concentration may be
estimated under photostationary conditions from the macro-
scopic concentration of methanol [MeQ¥the sum of absorp-
tion coefficients, and the diffusion coefficient of methanol in
waterDueon. Assuming that hydroxyl radicals react quantita-
tively with methanol g = 1) at the site of hydroxy! radical
production, the local concentration of methanol close to the
surface of the lamp, [MeOH],;, may be calculated in using eq
45.

(Cmeor®Pmeon T CHZO(I)HZO)PO

[MEOH]suer DMeOszi In(lO)

+ [MeOH],
(45)

The minimum average concentration of methanol in the reaction
system, [MeOH},in, which ensures that the concentration of
methanol on the surface of the lamp is above 0, is given by

of the initial methanol concentration (@ fnol L™2).

(EmeorPmeor T Ch,0PH,0)Po

MeOH]... = 46
[ b DMeOszi In(10) (40)
The excess factor
[MeOH],
n=——— 47
[MeOH]min

describes how much the initial macroscopic concentration of
methanol exceeds the minimum average concentration defined
above. As the degradation rate of methanol only depends on
the diffusion at and to the surface of the lamp, which may not
be accelerated by flow phenomena, this excess factoay be
used as abscissa in a normalized diagram (Figure 12), which is
valid independently of the Xe-excimer lamp used. To complete
the normalization, the ordinate of Figure 12 represents the ratio
between the apparent radiant powggpin using eq 44 and the
radiant powerP, determined by actinometry. Expressed in a
different way, this diagram shows the fraction of hydroxyl
radicals that react with methanol as a function of the excess
factorn as defined above.
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For an excess factar > 70, the calculated apparent radiant Cis concentration otis-cyclooctene (mol L)
power Py, equals the effective radiant power of the lafp Cirans concentration ofrans-cyclooctene (mol LY)
Above t.his. valuen, conditions for actinometry are accomplished. Dyeon diffusion coefficient of methanol in water

The incident photon rat® = Papp may then be evaluated ¢ molar extinction coeffcients [L mot cm 7]
from the rate of methanol degradation using eq 44. at 172 nm emeon molar extinction coeffcient of CHDH (162

) L mol~t cm™?)
Conclusions €cis molar extinction coeffcient afis-cyclooctene

Measurements of the rate of methanol degradation represent (6130 L mol* cnr)
an appropriate method for the determination of the rate of €trans molar extinction coeffcient Ofra[‘f
hydroxyl radical production in VUV-irradiated aqueous systems. Cy‘_:IOOCte”e (7490 L mot cm™)

As the limits and boundary conditions for the validity of this reaction rate constants -

method are investigated and fixed in this work, the rate of k linear absorption coefficient of the compo-
hydroxyl radical production may easily be estimated by means ne”t'_[cm_l] _ N

of in situ measurements of the methanol concentration as aat 172 nm k sum of linear absorption coefficients [cf
function of the time of irradiation. Care has to be taken that Kr,0 linear absorption coefficient of @ (550
the actinometric measurements are made in the photochemical cm™)

reactor that is used in the photochemical project. KieoH linear absorption coefficient of GH (4000

Taking the rate of hydroxyl radical production calculated from cm)
the rate of methanol degradation and the absorbed photon ratdMeOH]o initial macroscopic (total) concentration of
which in turn has been determined by the standard VUV methanol (mol %)
actinometry (cistrans isomerization of cyclooctene in- [MeOH]min minimum average concentration of methanol
pentane), the quantum yield of hydroxyl radical production by in the reaction system which ensures that
Xe-excimer light sourcesby,o, could be determined to be 0.42 the concentration of methanol on the
+ 0.04 surface of the lamp is above 0 (motd)

Based on this value, methanol degradation in VUV-irradiated M&OHlsur concentration of CkDH close to the surface

. . . of the light source (mol L)
aqueous solutions represents a new suitable actinometry for the
in situ determination of incident photon rates of Xe-excimer " excess factor (eq 47)
light sources. This method is of importance in cases where Pa absorbed photon rates [einsteiri]s
Xe-excimer light sources are used for irradiating aqueous Po incident photon rates [einstein’}
systems and their performance depending on the solventPoapp apparent incident photon rates [einsteif] s
properties. or apparent radiant power [W]

The experimental error of these actinometric measurements® quantum yields
is about 10%, including the fluctuations of the emission of the at 172 nm & quantum yield of apparent methanol degra-
light sources due to temperature effects and variations within dation
the electric and electronic equipment. Dpeon quantum yield of CHOH photolysis (reac-

tions 6-9)
List of Symbols Dp,0 quantum yield of HO photolysis (reactions
4 and 5)

Gi concentration of cyclooctene isomers (mol

LY

R

efficiency of reaction 11
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pKa negative logarithmic values of acidase
equilibrium constants

t time of iradiation

VR total volume of the reactor [L]

Gi fraction of the photon rate absorbed by

componeni (eq 30)

fraction of the photon rate absorbed tig-
cyclooctene

at 172 nm  &gis

Crrans fraction of the photon rate absorbedtgns
cyclooctene

Ch,0 fraction of the photon rate absorbed byQH

CMeoH fraction of the photon rate absorbed by £H

OH

total rate of methanol photolysis (reactions
6—9 and 11) yielding hydroxymethyl

(d[MeOH]/dt)|ow v

radicals

(d[MeOH]/dt)|hw total rate of methanol photolysis (reactions
6—9)

d[MeOH]/dt apparent (measured) rate of methanol deg-
radation

(d[MeOH]/dt)|14 rate of methanol production by reaction 14

d[EG]/dt rate of ethylene glycol production

(d[MeOH]/dt|on rate of methanol consumption by the reaction
with hydroxyl radicals (reaction 11)

d[HO/dt rate of hydroxyl radical production
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