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1. Introduction and aims

The pre-treatment and treatment of air and waterstirmuously attract significant
interest due to the presence of compounds in Hauaiers that are difficult to eliminate by
conventional chemical and/or biological methodse Tdxicity of the pollutants and the high
costs associated with the available methods recerritated a pressing need for the
development of more efficient processes.

The advanced oxidation processes (AOPs) are engetgamnologies, which have been
developed for treatment of air and water contairfiagardous pollutants. The potential of
these methods to remove both organic and inorgaampounds is currently being intensively
studied. The AOPs, among others, include directublet (UV) and vacuum ultraviolet
(VUV) photolysis. In addition to these, nowadaystdiogeneous photocatalysis can be seen
as one of the most favored research topics dus famising applicability both in water and
air treatment and solar energy utilization. Thetowously growing interest in the application
of AOPs has triggered a wealth of publications he fiterature nevertheless the direct
comparison of their efficiency under identical estpental conditions is scarce. On the other
hand, researchers generally investigate the decsitigpoof one target compound, but during
the treatment of polluted air or (waste)watersabeomposition of several compounds should
be achieved in parallel. In a system like this, tw@mpounds can affect each others’
decomposition.

An objective of the present Ph.D. thesis is the manmson of various AOP processes
(UV photolysis, combined UV/VUV photolysis and hetgeneous photocatalysis) through
the decomposition of phenol and its intermediagsgithe same experimental apparatus and
low-pressure mercury vapour lamps having idengegmetric and electric parameters. The
UV/VUV decomposition of chlorinated methanes (ateptial air pollutants) and their binary

mixtures in the gas phase was also investigatstutty a multicomponent system.

2. Experimental conditions and methods

2.1. UV/VUV photolysis of chlorinated methanes inite gas phase

The photolysis of the chlorinated compounds wagstigated by using a low-pressure
mercury vapour lamp emitting both at 254 (6.15%Hinstein &) and 185 nm (3.55x10
einstein ). This light source was centered in a tubular gi@actor. The thickness of the
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irradiated gas layer was 2 mm, thus, the reactdurve is considered to be irradiated
homogeneously. The flow rate of high purity (99 @9mitrogen or oxygen gas was 98%m
min™ and the residence time was estimated to be 17Thesliquid VOCs (CHCl,, CHCk
and CC}) or their binary mixtures were injected into the@sgstream by means of a syringe
pump through a sample port sealed with a Teflotusep

Under oxygen-free conditions the composition ofgoutg gas stream was analyzed by
gas chromatographs equipped with flame ionizati@edors. Qualitative analysis was
carried out by using GC/MS. For photodecomposition®xygen stream, FTIR (Fourier
Transform Infrared)spectroscopy was applied to measure the concamtsatif chlorinated
compounds, their products (CO, QCOCh, HCIl) and the @ formed. The maximum
concentration of @was 3.60x10 M.

2.2. UV, UV/VUV photolysis and heterogeneous photatalysis of phenol
in aqueous solutions

The decomposition of phenol by using different AQRss investigated by using the
same apparatus. The light source was centred wdker-cooled, double-walled glass tubular
reactor. The light source was immersed directly itlie solution/suspension, which was
circulated continuously around the lamp. The sotutwas thermostated at &h5 °C.
Oxygen or nitrogen gas was bubbled through the @geolution/suspension during the
experiments.

The light sources were low-pressure mercury vapamps having identical geometry
and electric parameters (15 W) low-pressure mercury vapor lamp covered with caroal
quartz (UV lamp), emitting only at 254 nm (5.9751€instein &) was used to study the UV
photolysis of phenolegss nm= 516 dni mol™* s%). In the UV/VUV decomposition of phenol a
low-pressure mercury vapour lamp covered with Ipgiity silica quartz (UV/VUV lamp)
was applied, which emits both at 254 nm (5.97%Hinstein 8) and 185 nm (3.6x10
einstein 8). In the heterogeneous photocatalytic investigatia UV lamp or a special
mercury vapour lamp (emits in the 300-400 nm regioB3x1( einstein &) was used.

The degradation of phenol was characterized biyealfifit to the decay curve of phenol,
above 20% conversion (0.988° < 0.997).

The concentration of phenol, aromatic intermedigie2- and 1,4-dihydroxybenzene)
and organic acids were determined with an HPLCesysequipped with a Merck-Hitachi L-
4250 UV-Vis detector. The concentration of the #Hikgroperoxide was measured by the

enzyme catalysed transformation of leuco crystableti The total organic carbon
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concentrations (TOC) of the solutions investigateste measured by using a Euroglas 1200

TOC apparatus.



3. Results

3.1. UV/VUV photolysis of the chlorinated methaneand their binary mixtures

1.

under oxygen-free conditions

The rate of degradation of both H@hd CHCI, was found to be significantly higher than
that of CCl. This is due to the relative contribution of thel dnitiated H-abstraction
reactions to the decomposition of the H-containaidorinated methanes, which was
confirmed by the products distribution. The appamgrantum yield of the decomposition
of CCl, was less than unity, while that of gE, and CHC} exceeded unity.

Addition of CC} to CH.Cl, or CHCE caused a significantly higher rate of decompasitio
of the H-containing chlorinated methanes, which veaplained by the higher «ClI
concentration. In the case of the photolysis o$é¢hleinary mixtures the CCplays a role

of a *Cl source. The effect of CCbon the relative contribution of the «Cl initiatéd
abstraction reactions to the decomposition otClElor CHCE was proved by the product
distribution. Addition of CHCI, to CHCk caused a significant decrease in the rate of
degradation of the CHg;lbecause the CEI, plays a role of a «Cl scavenger. This was

confirmed by the inhibitory effect of the GEl, on the formation of CGlas product.

3.2. UV/VUV photolysis of the chlorinated methaneand their binary mixtures

1.

in an oxygen stream

In oxygen stream ozone formed due to the ahisormtf 185 nm light by oxygen. The
efficiency of the combination of the ozone and 254 UV light is negligible comparing
to that of the synergic effect of 185 and 254 nghtliin the decomposition of the target

substances.

The rate of degradation of @El, and CHC} increased dramatically with their initial
concentrations, because the «Cl initiated chaicti@a determines the decomposition of
these substances above a given concentration. lgeox stream, the further
transformations of the peroxyl radicals and phosgemmed create new pathways for the

formation of «Cl.

In humidified oxygen stream, the HOe formed aopeup new pathway for the
decomposition of CHGland CHCI,, consequently, their rate of degradation increased

with the increasing concentration of water. At g8@ne time, the concentration of HCI



decreased, because of the competition between {hbstfiaction reactions initiated by
HOe and «Cl.

4. In oxygen stream addition of CH@nhanced the decomposition of £LHp and addition
of CH,CI, has no inhibitory effect of the degradation of Gki@oposite to that observed
In nitrogen stream. These observations are consigtiéh that, the further transformations

of peroxyl radicals results in «ClI.

3.3. UV, UV/VUV photolysis and heterogeneous photatalytic decomposition of phenol

in aqueous solutions

1. In TiO, containing suspensions irradiated with 254 nmtligie UV photolysis of phenol
had a minor role, because of the competitive lgtdorption between phenol and 7iO

The reactions occurred in a very thin layer ofgshspension.

2. In UV irradiated solutions, dissolved oxygen amted both the rate of degradation and
the apparent quantum vyield of phenol. Due to thsogiiion of 254 nm light, the
photoionization of phenol undergoes, and resultphanoxyl radical accompanied with
the formation of HG and/or Q. Thus, in UV irradiated solutions oxygen has & rof
an electron scavenger, while the formation of #ective species (such as F1Q0,"” and

peroxyl radicals) opens up new possibilities fa thrther transformation of phenol.

3. The rates of the decomposition of phenol in U¥¥¥irradiated solutions exceeded the
values obtained for UV irradiated ones. The VUV toims generate HO+ and *H from
water. Dissolved oxygen inhibits the recombinatiaf these primary radicals,
consequently, causes higher concentration of HQ} HE,” and enhanced rate of

degradation of phenol.

4. Inhibitory effect of methanol as HOe scavengesswalso investigated. Addition of
methanol has no effect in UV irradiated solutidnsUV/VUYV irradiated ones the degree
of the inhibitory effect decreased strongly withtial concentration of phenol, proving
that the relative contribution of the HO+ basedctieas to the decomposition of phenol
decreased. The inhibitory effect of methanol wamtbto be much more significant in
UV irradiated TiQ containing suspensions. Our results demonstrat the

transformation of phenol in these suspensions tplee® mainly by HO+ based reactions.

5. When a more effective radical scavenger (NaMas applied the rate of decomposition
strongly decreased both in UV and UV/VUV photoly#¢$ the same time, there was not



any difference between the degradation rates detedrin UV and UV/VUV irradiated
solutions. This observation proved the considerabigribution of the Hg} and/or Q" to
the photooxidation of phenol both in UV and UV/VUWvadiated solutions.

3.4. Formation and transformation of the aromatic htermediates

1.

In oxygen-free solutions, the radicals formed rgpicecombine. Oxygen inhibits the
recombination, and creates possibility for the fation of the 1,2- and 1,4-
dihydroxybenzenes as aromatic intermediates. In adbes the formation and
decomposition of these aromatic intermediates taldsce together with the

decomposition of phenol.

In UV irradiated solutions the concentration of-tljlydroxybenzene exceeded that of
1,4-dihydroxybenzene in great measure. Their faonas due to the recombination of
the phenoxy radical and HD and is followed by the #D elimination. Thus, the

formation of 1,4-dihydroxybenzene is likely to bergaly hindered.

In UV irradiated TiQ suspensions, the concentration of 1,4-dihydroxgbea exceeded
that of 1,2-dihydroxybenzene, however, 1,2-dihygtmenzene is expected to be
dominant. This observation could be explained leyftttt that, the reactions take place on
the surface of the TiDparticles under stericaly hindered conditions. Effect of the
TiO, concentration on the product distribution confidhtleis assumption.

In oxygen-free, UV irradiated solutions the rate odégradation of phenol and
dihydroxybenzenes increased according to their maddaorptivity. In solutions saturated
with oxygen, the rate of degradation of 1,4-dihygtmenzene exceeded that of 1,2-
dihydroxybenzene in spite of the fact that, its anchbsorptivity is much lower. This
observation confirmed the considerable contributainthe HQ' and/or Q" to the
photooxidation of these aromatic compounds. The e&fphotooxidation of the aromatic
compounds investigated in TiGuspensions and in U/VUV irradiated solutions exesl
the values determined in UV irradiated ones, bexdhsir photooxidation is primarily
determined by the HOe.

3.5. Formation and transformation of the aliphaticintermediates

1. Besides aromatic intermediates, aliphatic caylioyacids are also formed, proving the

opening of the aromatic ring and fragmentationmtd@rmediates in all cases.



2. Among the aliphatic intermediates detected, ghetooxidation of maleic, tartaric and
oxalic acid was investigated. UV photolysis wasndto be ineffective in the oxidation of
maleic and tartaric acid. The degradation of oxalitcd commenced with an induction
period, whose duration decreased with increasingjalinconcentration. Applying
UV/VUV photolysis or heterogeneous photocatalysi®e decomposition of aliphatic

intermediates was found to be much faster.

3. In UV and UV/VUV irradiated solutions the accuation of oxalic acid together with the
decrease in the total organic carbon concentratecame considerable after the total
decomposition of phenol and dihydroxybenzenes. Shggests that the fragmentation of
the longer-chain carboxylic acids becomes sigmficanly after the disappearance of
aromatic compounds. At the same time, in UV irreetialTiO, suspensions, the decrease
of the total organic carbon concentration startegether with the decomposition of
phenol and the accumulation of the oxalic acid @ significant. Comparing these
processes, the heterogeneous photocatalysis isntdst efficient method in the total

mineralization of phenol.
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