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Oxidation of polystyrene aerosols by VUV-photolysis and/or ozone†
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Aerosols of submicron polystyrene particles were oxidized by either vacuum-ultraviolet (VUV)
irradiation in the presence of molecular oxygen (O2) and/or by ozone (O3). Different degrees of
oxidation and oxidative degradation were reached by VUV-photolysis depending on radiant energy, O2

and H2O concentrations in the bulk gas mixture as well as on particle diameter. The same
functionalization was obtained by exposing the aerosol to O3, however, oxidation, in particular
oxidative degradation, was less efficient. The evolution of hydroxyl and carbonyl functions introduced
was quantified by ATR-FTIR spectroscopy of filtered particles, and oxidative degradation of the
polymer particles was confirmed by determining size and number of aerosol particles before and after
oxidation. Efficiency analyses are based on the results of an O3 actinometry and on an evaluation of the
rate of absorbed photons by the aerosol particles in function of their size.

1. Introduction

The preparation of functionalized polymer and polymer-
composite nanoparticles is of primary interest in materials re-
search, and corresponding development work already led to a
number of applications, e.g. in the biochemical and medical
domain including drug and enzyme carriers,1 absorbents,2 affin-
ity bioseparators,3 as well as in the optical and optoelectrical
domains.4

Functionalized (e.g. sulfonated) polymer particles are mostly
prepared by (micro-)heterogeneous (co-)polymerisation of
monomer or oligomer substrates bearing the corresponding
reactive groups5,6 or by coating inorganic, e.g. metal oxide particles,
with such polymers.7 However, the production of a larger range
of functionalized polymer or copolymer particles of defined
size, composition and morphology is usually realized in two
phases: (i) the production of the polymer or copolymer substrate
(particle or coat of nanoparticulate inorganic material) and (ii)
the functionalization of the native polymer. These processes are
normally performed in batch reactions, and to our knowledge,
there is no published work describing such functionalization
processes in a continuous regime.
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A continuous process might be realized in a cascade of
reactors (i) to produce functionalized nanoparticles, and (ii) to
perform a primary as well as subsequent functionalizations of the
original polymer or polymer coated particles. The polymerization
of aerosol nanodroplets of liquid monomers or mixtures of
monomers in a continuous operating regime has long been
described8 and claimed for a technical application,9 yet the exam-
ples of the patent cited are not very informative. The experimental
results obtained so far by the authors confirm qualitatively that
polymer nanoparticles might be produced by a vacuum ultraviolet-
(VUV-)photochemical polymerization of aerosol droplets, but the
development of such a process requires a detailed knowledge
of the gas dynamics in a continuously operating reactor and,
consequently, a very special reactor design.

The work presented here therefore is focused on the primary
functionalization of previously prepared and commercially avail-
able polystyrene nanoparticles. VUV-photochemical oxidation
was chosen to avoid any addition of chemicals to the reaction
system during primary functionalization,10–14 except water (H2O)
and molecular oxygen (O2). Taking into account that VUV-
photolysis of O2 produces O3, the latter was used alternatively
for the thermal oxidation of the polymer nanoparticles.

Earlier work on the functionalization of polystyrene films
revealed that the VUV-photolysis of polystyrene leads to C–C-
bond homolysis (reaction (1)).12–14 Due to the reduced mobility
within the polymer bulk, the C-centered radicals generated may
mainly recombine, but evidence for disproportionation and cross-
linking was found in the absence of O2. In the presence of
O2, peroxyl radicals are generated as key intermediates of the
subsequent thermal reactions leading to hydroxyl and carbonyl
and carboxyl groups (reactions (2), (3) and (4), respectively).

(1)

R∑ + O2 → RO2
∑ (2)
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RO2
∑ →→ ROH →→ R¢COH →→ R¢COOH (3)

RR¢CO2
∑ →→ RR¢C=O (4)

VUV-photolysis of the gaseous bulk system containing O2

generates atomic oxygen (O) (reaction (5)),15 which is known to
react from both triplet and singlet states with organic substrates
by hydrogen abstraction (reaction (6)); the latter may also react
by insertion into a C–H-bond (reaction (7)).16,17 However, O
predominantly adds to O2 yielding ozone (O3) (reaction (8)).15

O2 + hn (VUV) → 2O (5)

O + RH → R∑+ HO∑ (6)

O + RH → ROH (7)

O + O2 → O3 (8)

In the presence of H2O, its VUV-photolysis may contribute
to the oxidation of the polymer. In fact, the VUV-photolysis of
H2O (reaction (9)) is used to initiate the oxidation of organic
compounds by intermediate hydroxyl (HO∑) radicals via hydrogen
abstraction (reaction (10)) and addition to p-systems (reaction
(11)). Both reactions generate C-centered radicals18 that are
efficiently trapped by O2 (reaction (2)). However, it was shown
recently that HO∑ generated in an aqueous bulk phase reacts very
inefficiently with solid polymer surfaces,19 and similar reactions
in gas/solid heterogeneous systems cannot be competitive unless
H2O would be adsorbed on the aerosol particles when photolyzed.

H2O+ hn (VUV) → H∑ + HO∑ (9)

HO∑ + RH → R∑ + H2O (10)

HO∑ + RR¢C=CR¢¢R¢¢¢ → RR¢C∑–C(OH)R¢¢R¢¢¢ (11)

R¢COOH + HO∑→R¢CO2
∑ + H2O (12)

R¢CO2
∑ → R¢∑ + CO2 (13)

HO∑ is also known to react with carboxylates and carboxylic
acids by electron transfer and subsequent decarboxylation (reac-
tions (12) and (13), respectively).20

Under the experimental conditions applied, the concentration
of O3, generated by the VUV-photolysis of the bulk gas phase
containing O2, remains small, and the effects of its VUV-photolysis
on the overall reaction system are negligible. However, O3 was
found to react with solid polystyrene.12,14,21 Alkanes are relatively
inert to O3,22,23 and reaction products observed might either
be explained by reactions of atomic oxygen (vide supra) or by
reactive oxygen species generated in the presence of H2O (reaction
(14)) or hydrogen peroxide (H2O2, reaction (15)). In addition,
oxidation and oxidative degradation might be enhanced by the
generation (reaction (16)) and decay of ozonides (reaction (17))
and by reactions of O3 with intermediates of VUV-photolyses (e.g.
reactions (18), (16) as well as (1) and (19)).

O3 + HO- → HO2
- + O2 (14)

O3 + HO2
- → HO∑ + O2

-∑ + O2 (15)

O3 + HO2
∑ → HO3

∑ + O2 (16)

HO3
∑ → HO∑ + O2 (17)

H∑ + O2 → HO2
∑ (18)

(19)

The oxidation of aromatic moieties by O3 is thought to involve
epoxidation and subsequent rearrangement to yield phenols.24

The aim of the present work was to check the feasibility
of a continuous reaction system to functionalize polystyrene
nanoparticles in the gas phase, before expanding the scope of
such a process to more complex particle substrates (e.g. nanocom-
posites) and designing and combining reactors for gas and liquid
phase reactions.25 A differentiation between VUV-photochemical
initiated oxidation and ozonolysis was made in order to evaluate
the scope of application of the two processes.

2. Experimental part

2.1. Materials

Aqueous suspensions (approx. 10%) of polystyrene particles of
different sizes (50, 98 and 500 nm; Surfactant Free Sulfate White
Polystyrene Latex, Postnova Analitics, Germany), O2 4.5, N2 5.0
and synthetic air (Air Liquide, Germany) were used as purchased.
H2O was of tridistilled quality (UHQ-II).

2.2. Aerosol generation

250 ml of the aqueous suspensions of polystyrene particles of
defined diameter (see section 2.1.) were diluted under stirring in
80 ml of distilled water. The highly diluted suspensions were fed
into a Collison-Atomizer of defined diameter (Topas, ATM 220,
Germany)26 in which they were dispersed into the bulk gas phase
by pressurized gas or gas mixtures (3 bar) (Fig. 1). Due to the high
dilution, submicron droplets contained mostly (approx. 96%) one
polystyrene particle. A deflector led bigger droplets back to the
reservoir. Droplets were evaporated after passing the deflector by
mixing the aerosol with heated dry gas mixtures.

2.3. VUV-photochemical oxidation of the polymer aerosol

The aerosol was led into an annular photochemical reactor that
was equipped with a cylindrical Xe2-excimer radiation source
emitting at 172 (±14) nm and positioned in the central axis of
the reactor. The radiation source (custom built) consisted of two
concentric Suprasil R© quartz tubes (length of discharge: 14 cm,
outside diameter: 3.0 cm) with an inner electrode (phase) made
of an aluminium foil and cooled with distilled water. The Xe2-
excimer radiation source was driven by a high voltage power supply
(ENI, Model HPG-2) with electrical powers (Pe) of 20 to 150 W
at 175 kHz. An additional Suprasil R© tube (outside diameter:
3.8 cm) was positioned between the outer wall of the radiation
source and the aerosol, providing a gap for the outer electrode.
This outer electrode was made of an extensible net of stainless
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Fig. 1 Experimental set-up for aerosol generation, functionalization and analysis. Aerosol generation: A: atomizer, N: nozzles, PS: polystyrene suspension,
H: gas heating system, O3: ozonizer, O2, N2, Air: pressure bottles with respective gases. Functionalization unit: PR: photochemical reactor. Analytical
devices: UV-Vis spectrophotometer, SMPS: scanning mobility particle sizer, R: agglomeration reservoir, LPI: low pressure impactor, D: charcoal denuder,
MF: membrane filtration, P: vacuum pump.

steel (wire diameter: 0.1 mm) and was connected to the ground.
The gap between the two Suprasil R© tubes was purged with N2

to avoid filter effects by O2. The reactor had an optical path (l)
of 7 mm, measured between the outer Suprasil R© tube and the
reactor wall. The outer (grounded) electrode could be covered
partially with a metallic sheet. This variation of the length (d) of
the irradiated annular volume allowed the control of the rate of
incident photons (P0,172). The maximum value of d was 140 mm.
The reactor temperature was not controlled but reached a stable
working temperature of approx. 60 ◦C.

2.4. Oxidation of the polymer aerosol by ozone

The aerosol of the native particles was mixed at the entrance
of the photochemical reactor with O3 (5 ¥ 10-6 M in synthetic
air) produced by an ozonizer (Sander, Germany). The ozonizer
contained 7 water cooled elements of silent discharge that could
be operated at 7 to 7.5 kV with a maximum electric power (P¢e) of
80 W. P¢e could be varied in % of the maximum value (see Fig. 10).

2.5. Analytic procedures

2.5.1. Actinometry. The rate of incident photons (P0,172 [ein-
stein s-1]) was determined by O3 actinometry27,28 using synthetic
air (estimated limit of error: ±5%). In-line ozone analyses were
performed spectrophotometrically (Fig. 1, HP Spectrophotome-
ter, 8452 DAD, Suprasil R© spectroscopic cell (optical path: 1 cm,
eO3,258: 3000 M-1 cm-129)).

The concentration of O3 in the gaseous mixture ([O3]) exiting the
photochemical reactor increased with increasing Pe, but reached
a level of saturation at Pe ≥ 150 W (Fig. 2). It is interesting to
note that addition of H2O did not affect [O3]. It may therefore be

Fig. 2 O3 production by VUV-photolysis of synthetic air. Concentration
of O3 [M] in the gaseous mixture exiting the photochemical reactor
in function of the electric power of the Xe2-excimer radiation source.
Photolysis of dry synthetic air (�), addition of 3.6 mg L-1 of H2O (�);
flux: 7 L min-1. Optical path: 7 mm; length of irradiated zone (d): 140 mm.

assumed that reaction (14) as well as reaction (20) are negligible
within this context.

O + H2O → 2HO∑ (20)

The Xe2-excimer radiation source was not operational at Pe <

20 W, and Pe ≥ 50 W were chosen to obtain stable [O3] for
analytic purposes. Under the experimental conditions described
in Fig. 2, [O3] = f (Pe) was found within a nonlinear domain.
Under conditions of quasi-constant absorption during the time of
actinometer photolysis, [Pr]Ac depends on Pa,l and on t (eqn (21)30)

[Pr]Ac = P0,l(1 - 10-eAc,l l[Ac])UAc,lt = Pa,lUAc,lt = QaUAc,l (21)
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where:
∑ [Pr]Ac: concentration of product formed by the photolysis of

the actinometer during time t [M]
∑ UAc,l: quantum yield of actinometric reaction
∑ eAc,l: molar absorption coefficient of actinometer [M-1 cm-1]
∑ l: optical path [cm]
∑ [Ac]: concentration of actinometer [M]
∑ Pa,l: rate of absorbed photons [einstein s-1]
∑ t: time of photolysis [s]
∑ Qa: absorbed photon energy [einstein].
The result depicted in Fig. 2 could be due to a nonlinear relation

of P0,172 = f (Pe) and/or to too high values of Qa. The latter would
lead to levels of [O3] where the VUV-photolysis of O3 has to be
taken into account and a quasi-steady state [O3] would eventually
be reached. Both factors can be controlled by working at lower
but constant values of Pe and by diminishing and varying t. In a
continuous regime

t = t , (22)

where t is the residence time within the irradiated volume of the
reactor [s], the residence time can be changed by varying either
the flux of the gaseous reaction mixture (F) or the length of the
irradiated volume (d). The latter does not involve changes of the
flow characteristics and was implemented by inserting precisely
cut metallic sheets into the gap provided for the outer (grounded)
electrode (section 2.3.). A linear increase of [O3] in function of d
with a slope of 1.9 (±0.2) ¥ 10-7 M mm-1 was obtained for Pe =
50 W (Fig. 3).

Fig. 3 O3 production by VUV-photolysis of O2. [O3] [M] in the gaseous
mixture exiting the photochemical reactor as a function of d. F : 7 L min-1.
Pe: 50 W.

Based on eqn (21) and using the production of O3 by VUV-
photolysis of O2 as an actinometer in a continuous regime, P0,172

for a given reactor configuration is calculated with eqn (23)

P
F n

r n rl0 172
1 10

, [ ]

[ ]

( )

!

! !
=

- -( )-

O3

O3 ,172
O2 ,172 O2f e (23)

where:
∑ [O3] = [Pr]Ac

∑ fO3,172: apparent quantum yield of O3 production.
Whereas UO3,172 = 2, fO3,172 takes into account the main decay

reactions of O3, and the experimental eqn (24) was proposed for a
most adequate fit.31

f fO3 ,172 O3 ,172
3

2

O

O
= - [ ]

[ ]1 10. (24)

However, for [O3]/[O2] < 10-2, UO3,172 = 2 was used. In earlier
work of VUV-photochemical oxidations in the gas phase, total
absorption by O2 at 172 nm was found for l = 2.2 cm,32 hence, for
l = 7 mm, a calculated absorption A172 = 0.62 was applied. Since
A = log(1/T), eqn (23) may be rewritten

P
F

0 172 0 76,

[ ]

.
=

O3

O3 ,172f (25)

P0,172 was related to Pe, and the corresponding values are given
in Fig. 4 for d = 4 and 140 mm, respectively. For reasons already
mentioned, P0,172 was only assessed within the range of Pe shown in
the graph. For d = 4 mm, a quasi-linear relation P0,172 = f (Pe) was
found with a slope of 3.3 ¥ 10-9 einstein s-1 W-1 corresponding to
a radiation efficiency of the Xe2-excimer radiation source of 3.8%.

Fig. 4 VUV-photolysis of O2 (synthetic air). P0,172 in function of Pe for
d = 4 mm (�) and d = 140 mm (�). l: 7 mm, F : 7 L min-1.

2.5.2. Sampling for off-line analyses. Aerosol particles were
filtered after passing the photochemical reactor unit (Teflon-
membrane filter, pore size: 0.2 mm (Pall GmbH, Germany).
An upstream denuder filled with charcoal was used to reduce
ozononlysis of the accumulating particles during sampling time.

2.5.3. FTIR-Spectroscopy. Hydroxylation and carbonyla-
tion of the polymer particle surfaces were monitored with a
Bruker Golden Gate R© Diamond ATR Unit mounted on a Bruker
Equinox R© 55 FTIR spectrometer (resolution: 3 cm-1, 60 scans per
measurement). Fig. 5 shows the spectra of filtered polystyrene
nanoparticles before and after irradiation and indicates the
spectral domains used for quantification.

The evolution of the particle functionalization was determined
in introducing an oxidation index (Iox(fg)) that normalizes the
integrated absorption band of either one of the oxygen containing
functional groups (e.g. carbonyl) with reference to the absorption
band of carbon–carbon double bonds that was relatively little
or slightly inversely affected by the oxidation process (e.g. eqn
(26)).12–14,33

I
t

t
ox(C=O)

C=O

ref

C=O

ref

Abs

Abs

Abs

Abs
= -Ú
Ú

Ú
Ú

( )

( )

( )

( )

0

0
(26)
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Fig. 5 FTIR-spectra of polystyrene particles before and after VUV-photochemical oxidation. Wavenumber regions of oxygen containing functional
groups (blue) and of reference peaks (yellow) for the calculation of oxidation indices Iox(fg) are shown.33

where:
∑ Abs(t)C=O: absorbance of C=O (1615–1840 cm-1) at reaction

time t
∑ Abs(t)ref : absorbance of reference peaks (1471–1522 cm-1) at

reaction time t
∑ Abs(0)C=O: absorbance of C=O (1615–1840 cm-1) for unmod-

ified polystyrene
∑ Abs(0)ref : absorbance of reference peaks (1471–1522 cm-1) for

unmodified polystyrene.

2.5.4. Particle concentration and size distribution. After
VUV-photochemical oxidation, the aerosol was led through a
reservoir of 120 L to ensure equilibrium of the agglomeration–
dissociation processes. A scanning particle mobility sizer (SMPS)
was installed, consisting of a differential mobility analyzer (DMA;
TSI Inc., USA, Model 3071), operating at 0.3 L min-1 of aerosol
flow and 3.0 L min-1 of sheath air, and a condensation particle
counter (CPC; TSI Inc., USA, Model 3022).

3. Results and discussion

As expected from the results of foregoing experiments with
polystyrene films,12–14 the VUV-irradiation of polystyrene aerosol
particles led primarily to the oxidation of their surfaces,10 where
carbonyl and hydroxyl functions were formed (Fig. 5), The
evolution of Iox(C=O) as a function of the concentration of O2 in the
gaseous bulk phase and of Pe of the Xe2-excimer lamp is shown in
Fig. 6.

The result confirms the mechanistic hypothesis already derived
from the work with polystyrene films12–14 that VUV-photochemical
C–C bond homolysis is the main reaction path leading to
the oxidation of polystyrene. At higher O2 concentration, the
increased absorption cross-section of the bulk gas phase leads to a
decrease of polystyrene photolysis and therefore to lower oxidation
indices for comparable energy inputs. Alternatively, assuming that
photochemically generated HO∑ or O would primarily initiate the

oxidation, the short lifetimes of these intermediates would require
their generation close to the surface of the particles, and the same
explanation would hold. Given the fact that, for a given mass
of aerosol particles, the part of reflected radiation decreases with
decreasing diameter (vide infra), the result shown in Fig. 6b was
to be expected.

Iox(C=O) reached a limiting value of approx. 1.6 for different
incident radiant energies (Qe) depending on the particle diameter
(Fig. 7) and on the O2 concentration in the gaseous bulk phase.

Based on these results, the rate of absorbed photons (Pa,172)
and the absorbed radiant energy (Qa) could be evaluated for
related experiments. For this purpose, P0,172 was differentiated into
scattered (Ps,172), absorbed (Pa,172) and transmitted (Pt,172) rates of
photons (eqn (27)), and results were taken from experiments, where
Q0,172 = constant.

P0,172 = Pa,172,2r + Ps,172,2r + Pt,172,2r (27)

where:
∑ Pa,172,2r = P0,172(1 - e-rs172 l)
∑ r: number density of particles [m-3]
∑ s 172: absorption cross section [m2]
∑

Ps,172,2r = P0,172 (1 - e-rss,172 l) 34 (28)

∑ s s,172: scattering cross section [m2].
Assuming that Pt,l could be neglected, Pa,172 is calculated as the

difference

Pa,172,2r = P0,172 - Ps,172,2r = P0,172 - (P0,172(1 - e-rss,172 l)) (29)

and for very dilute suspensions, the exponential factor may be
replaced

Pa,172,2r = P0,172 - Ps,172,2r = P0,172 - P0,172rs s,172l
= P0,172(1 - rs s,172l) (30)

Expressing r in terms of mass per unit volume,
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Fig. 6 VUV-photochemical oxidation of an aerosol of polystyrene
particles. Evolution of the oxidation index Iox(C=O) in function of the electric
power of the Xe2-excimer lamp (Pe) and depending on (a) the concentration
of O2 in the gaseous bulk phase and (b) the aerosol particle diameter (2r).
The polystyrene aerosol was produced by spraying an approx. 0.3 g L-1

aqueous suspension of particles of defined diameter into a heated gas
stream (pressure at the atomizer: 3 bar); F : 7 L min-1; temperature (T):
approx. 60 ◦C. (a) 2r: 500 nm; composition of gaseous bulk phase: O2: 8.5%
(�), 20% (�), H2O: evaporating from the aerosol droplets, approx. 0.5%,
N2: difference to 100%. (b) Composition of gaseous bulk phase: O2: 20%,
H2O: evaporating from the aerosol droplets, approx. 0.5%, N2: difference
to 100%; 2r: 50 nm (�), 98 nm (�), 500 nm (�).

¢ =r
d

s

V

S l,172
R

p

(31)

where
∑ V R: volume of reactor [m3]
∑ d : density of polystyrene (1020 kg m-3)
∑ Sp: surface of projection of particles [m3]

eqn (30) may be written as

P P
V

S l
l P

V

rra,172,2
R

p
s,172

R
s,172= - = -0 172 0 172 2

1 1, ,( ) ( )
d

s
d

s
p (32)

Fig. 7 VUV-photochemical oxidation of an aerosol of polystyrene
particles. Evolution of the oxidation index Iox(C=O) in function of the
incident radiant energy (Qe) and depending on the aerosol particle diameter
(2r). The polystyrene aerosol was produced by spraying an approx. 0.3 g L-1

aqueous suspension of particles of defined diameter into a heated gas
stream (pressure at the atomizer: 3 bar); F : 7 L min-1; T : approx. 60 ◦C;
composition of gaseous bulk phase: O2: 20%, H2O: evaporating from the
aerosol droplets, approx. 0.5%, N2: difference to 100%; 2r: 50 nm (�),
98 nm (�), 500 nm (�).

Ps,172,2r was also related to the differential scattering cross section
C¢s,35

¢ = ¢P P
r

Crs,172,2 s,1720 172 2

1
,

(33)

and after integrating C¢s over the whole sphere of observation,

P P
r

C

d
P

r
C Prs,

s,172

4
s,172172 2 0 172 2 0 172 2 0 172

1 1
4

1
, , , ,=

¢
= ¢ =Ú Wp

p
rr 2

s s,172
(34)

the combination of eqn (30) and (34) yields

P P
rra,172, s,1722 0 172 2

1
1

= -, ( )s (35)

Values of s s,172 could not be found in the literature and were
calculated using eqn (36)34 (see Table 1).

s
lRay

med=
Ê
ËÁ

ˆ
¯̃

-
+

Ê
ËÁ

ˆ
¯̃

8

3

2 1

20

4

6
2

2

2
p pn

a
m

m
(36)

where
∑ l0: wavelength of incident radiation [m]
∑ a: particle radius (r) [m]

Table 1 Calculated sRay,172 depending on the 2r of the polystyrene parti-
cles used and the corresponding Ps,172,2r and Pa,172,2r calculated (eqn (31)) for
experiments made with Pe = 50 W, F = 7 L min-1 and d = 4 mm (P0,172 =
5.70 ¥ 10-8 einstein s-1)

2r/nm sRay,172/m2
Ps,172,2r/
einstein s-1

Pa,172,2r/
einstein s-1

P

P
ra,172,

a,172,50

2 I

I
rox(C=O),

ox(C=O),

2

50

50 6.27 ¥ 10-15 3.23 ¥ 10-10 5.67 ¥ 10- 1 1
100 4.01 ¥ 10-13 5.4 ¥ 10-9 5.16 ¥ 10-8 0.91 0.62
500 6.27 ¥ 10-9 3.23 ¥ 10-6 — 0.31
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∑ m = np/nmed

∑ np: refractive index of the particle (1.59, ref. 34)
nmed: refractive index of the surrounding medium (1.0003).
The calculated value of Ps,172,500 exceeds P0,172. The Rayleigh

approximation (eqn (36)) being in fact not applicable for 2r ≥
l,34 Ps,172,500 is largely overestimated. Inversely, Pa,172,50 may be
taken as a reference to compare normalized values Pa,172,2r/Pa,172,50

and Iox(C=O),2r/Iox(C=O),50. Iox(C=O),100/Iox(C=O),50, based on experimental
results, exceeds the calculated Pa,172,100/Pa,172,50 by a factor of 3. The
result is probably due to the vast manifold of oxidation reactions
initiated by the VUV-photolyis of polystyrene leading in most
cases to quantum yields of substrate oxidation (f-S) > 1. This kind
of chain reaction might be enhanced in the presence of O3, whereas
ozonolysis of polystyrene was found to be of minor importance
(vide infra).

The maximum level for Iox(C=O) (Fig. 7) represents an average
surface concentration of carbonyl functions that apparently
cannot be exceeded because of an ongoing oxidative degradation
of the particles. In fact, Fig. 8 shows the diminutions of particle
diameter (2r, Fig. 8a) and concentration (% cp, Fig. 8b) depending
on Pe, but in the latter case more strongly on t . At short t
(F = 7 L min-1), the maximum Iox(C=O) of 1.6 was obtained
with a Pe ≥ 100 W. Under these experimental conditions, the
particles lost in average approximately 5% of their original
diameter, and their concentration diminished by 2%. Short t
seem to be favourable for a slow loss of mass that is primarily
controlled by an oxidative degradation of the particle surface.
At higher t , particle loss was much more pronounced than the
diminution of their size, and these results indicate that, parallel to
a continuous diminution of particle size, oxidation may lead to a
disruption of the particles, the smaller fragments being oxidized
at much higher rate. At high values of t and Pe, only 20% of the
original particle concentration (cP,0) were left. It is interesting to
note that the particle concentration diminished at highest rate
in the absence of O2, confirming the dominant impact of the
VUV-photolysis and the competitive rate of depolymerization of
polystyrene. A similar loss of material was already reported for the
VUV-photochemical oxidative functionalization of polystyrene
films.12–14

Styrene and unsaturated polymeric and/or oligomeric inter-
mediate products were already observed by GC/MS analysis
and fluorescence measurements (lexc > 350 nm), respectively,
when polystyrene films were irradiated in the absence of O2.12,14

Styrene as a product of a competing depolymerization was also
detected in the bulk gas phase during photooxychlorination
experiments, where sufficient amounts of polymeric material could
be treated.25,36

Under VUV-irradiation, photolysis of polystyrene was found
to be the primary chemical reaction that leads in the presence
of O2, via oxidation and oxygenation of the intermediates, to
hydroxylated and carbonylated products. This photochemically
initiated oxidative functionalization is assumed to be accelerated
by O3, produced by the VUV-photolysis of the gaseous bulk phase
containing O2 (reactions (5) and (8)). Due to the relatively low
concentration of O3 generated by the VUV-photolysis of O2, its
photolysis may be neglected, but its contribution to the overall
rate of polystyrene oxidation may involve the reaction manifold
described in section 1. In addition, little is known about the
efficiency of the oxidation of polystyrene exposed to O3, whereas

Fig. 8 VUV-photochemical oxidation of an aerosol of polystyrene
particles of a diameter (2r) of 100 nm. Evolution of (a) particle diameter
(2r) and (b) percent of initial particles (% cP,0)) measured at the exit
of the photochemical reactor depending on Pe and on t . The latter
is represented by F : 7 L min-1 (�), 3 L min-1 (�), 0.3 L min-1 (�).
Polystyrene aerosol produced by spraying an approx. 0.3 g L-1 aqueous
suspension of particles into a heated gas stream; d: 140 mm; pressure at
the atomizer: 3 bar; composition of gaseous bulk phase: O2: approx. 20%,
H2O: evaporating from the aerosol droplets, approx. 0.5%, N2: difference
to 100%; temperature: approx. 60 ◦C. Percent of initial particles measured
in the absence of O2 is shown for comparison: F : 7 L min-1 (¥).

the UV/O3-technology was identified quite early as a convenient
means of polymer particle functionalization.37

In order to investigate the ozonolysis of polystyrene aerosols,
O3 was produced from synthetic air by an ozonizer. The minimum
ozone concentration ([O3]) that could be maintained during
several hours was 5 ¥ 10-6 M. For comparison, a steady [O3] of 8.6
(±0.5) ¥ 10-7 M was found under conditions, where the Xe2-excimer
radiation source (Pe = 150 W, d = 4 mm) irradiated synthetic air
containing 0.5% of H2O at F = 7 L min-1 (Fig. 9).

The evolution of Iox(C=O) with the time of ozonolysis is depicted
in Fig. 10 for particles of 2r = 500 nm. As already observed
with polymer films, the increase of Iox(C=O) was found to be
quasi-linear, and in the case of the aerosol particles, a slope of
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Fig. 9 O3 production by ozonizer (�) and by VUV-photolysis (�)
using synthetic air containing 0.5% of H2O, F : 7 L min-1. Measured O3

concentrations ([O3]) [M] in function of the electric powers of the ozonizer
(P¢e, see experimental details) and of the Xe2-excimer radiation source (Pe)
with d: 4 mm).

Fig. 10 Oxidation of an aerosol of polystyrene particles (2r: 500 nm) in
synthetic air containing 5% of H2O by VUV-photolysis and/or by O3.
Polystyrene aerosol produced by spraying an approx. 0.3 g L-1 aqueous
suspension of particles into a heated gas stream (pressure at the atomizer:
3 bar), F : 7 L min-1. (�) Evolution of the oxidation index Iox(C=O) in
function of Pe; t : 1.56 ¥ 10-2 s, temperature: approx. 60 ◦C; time of exposure
to O3: approx. 1.7 s. (�) Evolution of the oxidation index Iox(C=O) in function
of time of reaction with a steady [O3] = 5 ¥ 10-6 M.

4.8 (±0.3) ¥ 10-5 s-1 was determined. It is also interesting to note
that the same value of Iox(C=O) was found when the polystyrene
particles were placed on a filter and ozonized for the same period
of time. Using polystyrene particles of the same diameter, the
VUV-photochemical experiment (t = 1.56 ¥ 10-2 s) led to a
value of Iox(C=O) of 1.3 (Fig. 6b and 10). Functionalization by
the combination of a VUV-photochemically initiated oxidation
and ozonolysis of polystyrene is therefore by at least a factor 100
more efficient than ozonolysis alone. Nevertheless, the latter might

be used advantageously for a strictly controlled functionalization
process without notable oxidative degradation.

4. Conclusion

VUV-photolysis of aerosols of polystyrene particles initiated
their oxidation to different degrees of surface functionalization
depending on radiant energy, O2 and H2O concentrations of
the bulk gas mixture and particle diameter. The evolution of
hydroxylation and carbonyl functions produced was quantified
by FTIR-spectroscopy of filtered particles after defining an index
of oxidation (Iox(fg)). Functionalization could not exceed a given
value independent of the particle diameter (e.g. Iox(C=O) ≤ 1.6),
most probably due to the oxidative degradation of the polymer
particles. Oxidative degradation of the polymer material, leading
to a diminution of particle size and concentration, occurred in
parallel, and optimum conditions for a given degree of oxidative
functionalization at minimum alteration of the morphologic
characteristics of the particles would have to be found. The same
functionalization, but with much less efficiency, was also obtained
by exposing the aerosol to O3. This thermal oxidation allows a
controlled functionalization to smaller values of Iox(fg) without
notable oxidative degradation. VUV-photolysis of O2 producing
O3 in a defined flux of synthetic air was used as an actinometer
to relate the electric power of the Xe2-excimer lamp (Pe) to its
emitted radiant power (P0,172), and, based on an approximation
of the scattering cross-section for the wavelength of the incident
radiation (172 nm), the rate of photons absorbed by the particles
was evaluated for particle diameters ≤ 100 nm.
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