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1. INTRODUCTION AND LITERARY REVIEW

One of the possible auxiliary processes of wastewater treatment methods is the group of
advanced oxidation processes (AOPs), where the degradation of organic materials takes place
by reactions with chemically generated reactive species and radicals. The transformation of
organic materials is usually traced back to reactions with highly reactive hyrdoxyl radicals
("OH). However the knowledge of the ongoing chemical processes in the system, roles of the
different reactive species, and the effect of reaction conditions is scarce. This knowledge is
important in the designing and optimization during the realization of industrial processes.
Radicals can be produced without additional reactants by vacuum ultraviolet photolysis
(VUV) and gamma (y) radiolysis, during which "OH is generated directly from water.
Therefore, these processes can be used for the investigation of radical reactions, and the
discovery of the mechanisms of complex radical processes.

Xenon-excimer lamp emitting at 172 nm wavelength can be used for the VUV photolysis of
water. The energy of the 172 nm photons is high enough for the homolytic decomposition of
water molecules resulting in "OH and hydrogen radicals (‘H) as primary radicals
(D172 0m=0,42 [1]), and the ionization of water to a lesser extent (@172 nm<0,05 [2]). The 172 nm

light is absorbed by an extremely thin, 0.035 mm layer of water (¢, ,,=9,9 mol™! dm* cm™, at

25 °C [3]), producing a quite inhomogeneous system with regards to the concentration of the
radicals and the dissolved O.. During the radiolysis of water, ‘OH, hydrated electrons (eaq)
(0,28 umol J1), and with a lower yield *H (0,062 umol J™!) are generated in the first step in a
homogeneous distribution [4].

There is a wide spectrum of data and knowledge available in the literature regarding the
reactions of phenol (PhOH, as a simple model compound) with primary radicals. Based on
these, there are several suggestions for the transformation mechanisms of both VUV photolysis
and y radiolysis. Following the addition of "H and "OH onto the aromatic ring hydroxy- (HCD")
and dihydroxy-cyclohexadienyl (DHCD") radicals are formed, whose recombination and
disproportioning results in the partial reformation of PhOH. In parallel, depending on the attack
site of the "OH, the formation of substituted 1,2-; 1,3; and 1,4-dihydroxybenzenes is possible.
In solutions saturated with O, the addition of the O> molecules onto the cyclohexadienyl-type
radicals can take place, followed by the elimination of HO2" (which in the case of HCD" results
in the reformation of PhOH [5]). In further oxidation steps ring-opening and fragmentation
occur most probably [6]. In solutions containing O, hydroperoxil radical (HO.") and superoxide
radical anion (O2™) form in high concentrations, partly due to the reaction of primary species



("OH, "H and eaq) with O, and partly due to the transformation of organic materials through
peroxyl radicals. So far, only the HO>" radical’s rate constant with PhOH has been determined
out of the HO>"/O," radical pair according to the literature. This rate constant, however, is
significantly lower than the rate constants of the primary radicals [7].

The majority of AOPs is based on the role of "OH, and the literature is also mostly focused
on the reactions of ‘OH. At the same time, during the oxidative treatment of aqueous solutions,
besides "OH, there are a large number of reactive species whose concentration, role and
significance can change with the reaction conditions. For the purposeful influence of the
concentration of each of the radicals, for the transformation of species, and as a result, for the
investigation of the roles of the individual radical reactions, radical transfer and radical
scavenger materials can be used [8]. During the experiments Oz and N2O gases were used as
radical scavenger/transfer materials. Furthermore, tert-butanol (t-BuOH, (CH3):COH),
methanol (MeOH, CH30H), formic acid (HCOOH), sodium formate (HCOONa) (and partially
isopropanol (i-PrOH)) were used. The specific reactions of these compounds are summarized

on Figure 1, and their rate constants with primary radicals in Table 1.
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Figure 1: The primary and secondary radicals formed during the VUV photolysis and
y radiolysis of water in the presence of various radical transfer and scavenger materials and
their conversions (the dashed lines signify the lower rate processes)



Table 1: The materials applied during the experiments and the rate constans of primary
species’ reatcions (mol~! dmd s™)

X K(X+OH) k(X+H) K(X+€aq?)
PhOH 8.4x10° [9] 1.7x10° [10] 3.0x107 [11]
cou 2.0x10° [12] n.a.* 1.6x10%° [13]
02 - 2.1x10%° [10] 1.9x10% [10]
N20 - 2.1x10° [14] 9.1x10° [15]
t-BuOH 6.2x108 [16] 2.3x10° [17] <4.0x10° [18]
MeOH 9.7x108 [5] 1.1x10° [17] <1.0x10% [19]
i-PrOH 2.0x10° [16] 5.3x10° [17] n.a.
HCOOH 1.3x108 [10] 4.4x10° [10] 1.4x108 [20]
HCOO- 3.2x10° [10] 2.1x108 [10] 8.0x10°% [21]

*: no available data

For the detection and quantification of ‘OH and the investigation of the effect of the reaction
conditions on the concentration of “OH during the photo- and radiochemical reactions, a
technique was used based on the formation of a fluorescent product (7-hydroxycoumarin,
umbelliferone, 7HC) in the reaction between coumarin (COU) and "OH [22, 23]. The
efficiency of the individiual processes were compared using a comparison method by Bolton et
al. [24], that is independent from the reaction parameters. This is based on the calculation of
the input energy required for the transformation of the target compound (’electric energy per
order’, (Eeo)).

B Pxt
V xlg(c,/c,)
Where P is the power requirement of the method [kW], t is the time needed [h] to decrease the

EO

c1 initial concentration of target molecule to the one order of magnitude smaller ¢z concentration

[mol dm~], and V is the solution volume treated [m?].



2. OBJECTIVES

The goal of this work was the detailed characterization of the radical processes that take
place during VUV photolytic and y radiolytic transformation of a simple model molecule,
PhOH, while comparing, and gaining a profound understanding of the processes. For this
purpose, different dissolved gases (O2, N2O) were used to influence the radical set of the system.
The formation of the fluorescent product (7HC) during the transformation of COU, and through
this the formation rate of *OH was studied.

One of the objectives was the investigation of the effect of the most frequently used "OH
scavengers (such as t-BuOH, MeOH, HCOOH, HCOONa (and partly i-PrOH)) on the
transformation of PhOH with different reaction parameters (radical scavenger concentration,
presence of O2 and N20). While studying the effect of radical transfers the concentration change
of PhOH and H20, and also the pH change, and its influence on the reactions were investigated.
Moreover, the effect of the initial pH on the transformation rate of PhOH was studied.

Special emphasis was put onto the clarification of the possible roles of less reactive radicals
(HO2'/02™) and the carbon-centred radicals that form from the radical scavenger materials in
the transformation of PhOH.



3. EXPERIMENTAL MATERIALS AND METHODS

During the experiments the concentration of the PhOH and COU solutions was
1.0x10~* mol dm™ in all cases. Depending on the experiment, the PhOH solutions contained
5.0x107; 5.0x102 or 1.0x107° mol dm™ concentration of t-BuOH, MeOH, i-PrOH,
HCOOH or HCOONa as radical scavengers. For the VUV photolytic experiments a
Xe-excimer lamp of 20 W electrical power, emitting at 172+14 nm wavelength was used, while
the y radiolytic experiments were performed with a panorama type %°Co-radiation source

(Table 2).

Table 2: The parameters of VUV photolysis and y radiolysis and the differences between the

two methods

Viewpoints VUV photolysis vy radiolysis
primary species ‘OH and "H ‘OH and eqq”
hoton source Xe excimer lamp ®9Co isotope
P (VUV photon) (y-ray)
Ephoton 7.21eV 1.33x10% eV

radical formation rate
('OH +°'H + an_)

1.1x10° mol dm™> s!

1.6x10°°mol dm>3 s7!

radical formation

only in the photoreactive
zone near to the lamp surface

in the whole volume

radical distribution

inhomogeneous

homogeneous

conveyance of solution

circulation and mixing

mixing / no flow"

gas inner

continuous

continuous / preliminary
saturation”

*: During experiments performed in ampoules.

The concentration of the forming H20. was measured by UV-Vis spectroscopy using a
Spectroquant® H>O- test traded by Merck. For the separation and quantification of 1,2- and
1,4-dihydroxybenzene (intermediates of PhOH transformation) an HPLC apparatus was used
equipped with a diode array UV detector. The concentration of COU was determined by UV
spectroscopy (ABSmax=277 nm), and the concentration of the forming 7HC by fluorimetry

(Aexcitation=339 pym, Aemission=455 nm).




4. RESULTS AND INTERPRETATION

For both VUV photolysis and y radiolysis, the presence of O, and N2O increased the
transformation rate of PhOH significantly, when compared to the O, free cases (O2: during
photolysis 2.9, during radiolysis 5.7 times increase, N2O: during photolysis 2.1, during
radiolysis 9.4 times increase) (Figure 2 a and b). The positive effect of O, on the degradation
rate was explained by the inhibition of reformation of carbon-centred radicals (DHCD" and
HCD") produced from PhOH. During radiolysis, the positive effect of O is twice as large as in
case of VUV photolysis. This difference is most likely caused by the significant difference in
the homogenity of the distribution of the radicals. During photolysis, in the small irradiated
solution volume the *OH and "H (and therefore DHCD" and HCD") concentration is very high,
and the dissolved O2 concentration decreases significantly due to the formation of peroxyl
radicals. Because of this, the O cannot exert its positive effect, as in case of y radiolysis, where
the concentration of radicals and the dissolved O, can be considered homogeneous. The
increase in transformation rate in the presence of N2O can be explained by the increased *OH
concentration, which in case of photolysis manifests to a significantly lesser extent than in case
of radiolysis, due to the low reaction rate of N2O and ‘H (during photolysis) and the high

reaction rate of N2O and hydrated electron (during radiolysis).
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Figure 2: The concentration of PhOH versus a) the time during VUV photolysis and b) the
dose absorbed during y radiolysis in O free (o and A), Oz (e and A) and
N.O saturated (e and A) solutions

Considering that "OH radicals play the primary role in the transformation of PhOH, the
transformation of COU and its forming fluorescent intermediate (7HC) under different
conditions was studied for the investigation of the ‘OH formation rate. Both of the dissolved
gases (O2 and N20) caused an increase in the concentration of the forming 7HC, as compared
to the N> saturated system. "OH was produced at the highest rate and in the highest quantity

when the dissolved gas was O (Figure 3 a and b). The results have shown that the two



processes’ difference in homogenity regarding the Oz concentration effected both the
degradation of COU and production of "*OH. It has been proven that while during radiolysis —
due to the homogeneous distribution of O, — 7HC forms via peroxyl radical formation, whereas
in the case of VUV photolysis, the formation of 7HC by dismutation — that is typical in O2 free
conditions — can also have a role in O saturated solutions. In the presence of dissolved gases
the rate of degradation has decreased by 10 to 20%, which was interpreted to be the result of
the decreased eaq~ and "H concentrations due to the reactions of Oz and N20O. This negative effect
cannot be compensated by the increased ‘OH concentration. Based on these observations, the

eaq and "H are supposed to have a significant role in the degradation of COU.

—— 1.0
a) —~ 8 VUV photolysis<0, -7HC | b) sy radiolysis &
L] +N,O-7HC | 08 E
S g | =N, -7HC | S
o ] °0, -COU| - 06 g
E 4 aN,0 - COU | - | TE
CID 1 - i NZ _coul 3y i F 04 ©
EZ N 02 S
o O p T T T T T T T T T T T T T T 1 T T T T T T T T T T T T T U 0.0 o
0 500 1000 1500 0.0 0.5 1.0 15
Irradiation time () Dose (kGy)

Figure 3: COU degradation and 7HC formation and tranformation curves versus irradiation
time and dose in O2 free (m and o), Oz (e and o) and N2O saturated (A and A) COU solutions
(co=1.0x10"* mol dm~?) during a) VUV photolysis and b) y radiolysis

The Eeo values calculated for the comparison of the efficiency of the two oxidation processes
show, that both the O2 and N20O considerably decreased (by minimum 60%) the electrical power
needed for the decrease of PhOH concentration by one order of magnitude (Table 3). From the
point of the specific consumed power, the efficiency of y radiolysis can surpass the efficiency
of VUV photolysis by at least one order of magnitude, irrespective of the applied gas and the
properties of the compound to be degraded.

Table 3: Eeo values of VUV photolysis and y radiolysis of PhOH and COU 1,0x10~* mol dm™
initial concentration in case of Oz free, O2 and N2O saturated COU solutions

VUV photolysis vy radiolysis
N2 ‘ (O] ‘ N2O N2 | 02 ‘ N2O
T | Eeo (KW m~ order™) 40.0 6.7 16.7 | 1.67 | 0.19 | 0.17
_CC) Relative EEo (%) 100 17 42 100 12 10
A | Eeo ratios (VUV:y) 24 (N2) 34 (O2) 100 (N20)
> | Eeo (KW m order™) 33.0 | 0.50
8 EEeo ratios (VUV:y) 66 (N2, O2, N20)




Hereinafter the effect of radical scavengers (t-BuOH, MeOH, HCOOH, HCOO™ and partly
I-PrOH) (in a 10, 500, and 5000-fold excess compared to PhOH) was investigated on the
transformation rate of PhOH in solutions bubbled with N2, Oz, and N2O. It was a surprising
observation that under O free conditions, in 10-fold excess all scavengers increased the
transformation rate of the PhOH compared to the case without scavengers, in case of both
processes (during radiolysis the addition of MeOH or HCOOH resulted in a 3 times increase in
the transformation rate, while during photolysis t-BuOH increased it by approximately 2 times)
(Figure 4). In these cases the large majority of the "OH (which plays a major role in the
transformation of PhOH) react with the scavengers, while the "H still contributes to the
transformation of PhOH significantly. The carbon-centred radicals that are produced from the
(t-"BuOH, "CH20H, "COOH, CO>™) do not contribute directly to the transformation of PhOH,
yet their reactions with HCD® and DHCD® strongly suppress their recombination and
disproportionation, which would result in a partial reformation to PhOH. Finally, the scavengers
under certain concentration ratios increase the transformation rate of PhOH, despite the
decrease of the concentration of primary radicals. As far as the concentration of all primary
radicals is decreased considerably due to a scavenger, then this negative effect cannot
counteract the positive effect manifested in the inhibition of the reformation of PhOH.
Increasing the PhOH:scavenger ratio to 1:500 and 1:5000, the role of ‘OH and "H in the
transformation of PhOH is suppressed significantly, and consequently the initial reaction rate

decreases.
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Figure 4: The relative initial rate shift of PhOH degradation (Cophon=1.0x10* mol dm)
to the 10 times excess radical scavengers containing (Co,radical scavenger=1.0 %1073 mol dm~3)
in O2 free solutions during VUV photolysis (m) and y radiolysis (o) compared to the case of
absence of radical scavenger



In solutions bubbled with O, and N20 the transformation rate of PhOH decreased
significantly (in an increasing manner with the increase of scavenger concentration) compared
to the case without scavenger, in both processes. The primary reason for this is that along with
the decrease of concentration of "OH, the concentration of "H/eaq is also markedly decreased
due to their reactions with the dissolved gases and scavengers. The dissolved O> blocks the
reformation of DHCD" to PhOH via the formation of peroxyl radicals. Besides, O, transforms
the carbon-centred radicals that form from the scavengers into peroxyl radicals, therefore their
positive effect cannot prevail. In N2O bubbled solutions there is a competition for the "H
between the N.O, the scavenger, and the PhOH, meaning that during VUV photolysis the
positive effect of N.O on the "OH concentration will be less prominent. As a result, when using
N20O during radiolysis, there was a considerably larger inhibition when using scavengers, than
in case of photolysis. In the presence of dissolved Oz and N2O the scavengers exert their effect
on the transformation rate of PhOH primarily via the competition for "OH.

While studying the effect of HCOOH and HCOO™ it was observed that in the presence of
HCOOH the transformation rate of PhOH was higher during both processes, in all concentration
conditions, and in the presence of all three gases, than in the presence of HCOO™. Apart from
the larger "OH and "H scavenging capactity of HCOO, this difference can also be explained by
the difference in the pH values of the solutions. In the presence of HCOOH the pH strongly
decreased (pH=2-3), while in the presence of HCOO" it increased to a great extent (pH=11-12).
It was determined that in both processes the initial reaction rate of PhOH largely depends on
the initial pH of the irradiated solution according to a maximum curve, reaching the maximum
value at pH=6 (Figure 5). This was understood as the increase of the less reactive ‘O~ and
PhO-, and PhO" (that reform into PhOH during H-abstraction).
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Figure 5: PhOH initial degradation rate (co=1.0x10~* mol dm~) versus pH in the presence
of HCIO4 and NaOH in Oz saturated solutions during VUV photolysis ()
and y radiolysis (A)



H2>0> was produced in a significant concentration in solutions bubbled with Oz and N.O,
mainly as a result of the HO. /O, recombination reaction. In O saturated solutions the H2O-
concentration increased with the increase of the initial concentration of radical scavengers,
which can be explained by the forming peroxyl radicals and the increased HO2/O>™
concentrations resulting from the transformation of the peroxyl radicals.

In accordance with the objectives the role of the forming low reactivity radicals on the
transformation of PhOH was investigated. Using y radiolysis, in the presence of HCOOH and
HCOO~ The rate constant for the reaction between PhOH and HOy
(kHoy+phon = (2.7 = 1.2)x10% mol™* dm® s™!) was determined. It was found that the role of this
species is negligible in the transformation of PhOH in the presence of primary radicals. The
reactivity of the carbon-centred radicals forming from the scavengers towards PhOH was also
studied, by using radical scavengers in suitable concentrations (Figure 6). The reaction rate
constants of the latter carbon-centred radicals fall into the range of 102-10* mol~! dm3s™ and
the following order of reactivity applies: t-"BuOH > ‘CH,OH ~ "*COOH > CO;"". It has been
demonstrated that the role of the carbon-centred radicals is also negligible when compared to

the reactions of primary radicals.
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Figure 6: The logarithm of PhOH concentration (co=1.0x10~* mol dm~) versus irradiation
time in the presence (®) and in the absence (m) of 5.0x10~! mol dm~ radical scavenger
in N20 saturated solutions during y radiolysis
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5. THESES OF DOCTORAL (PH.D.) DISSERTATION

1. The positive (degradation rate improving) effect of Oz on the VUV photolysis and
vy radiolysis of PhOH and COU can mainly be explained by the formation of peroxyl
radicals. This effect is less prominent during VUV photolysis than during y radiolysis
that can be interpretted with the inhomogeneity of Oz concentration in the solutions
irradiated by VUV light.

The O, effectively inhibits the reformation of PhOH from cyclohexadienyl radicals by forming
peroxyl radicals (via additioning onto carbon-centred radicals at a high rate) and opening up
new reaction pathways for their transformation. During photolysis, in the VUV-irradiated thin
layer (0.035 mm) the concentration of the primary species and the carbon-centred radicals
forming in their reactions is very high. The carbon-centred radicals react with Oz, and thus
decrease the O concentration in the system. In the thesis the significance of this inhomogeneity
during the photolysis of both PhOH and COU was demonstrated, while this inhomogeneity
does not occur in case of y radiolysis. Due to the difference between the distributions of radicals
between the two processes the positive effect of O2 (that can be traced back to the peroxyl
radical formation) is less visible during VUV photolysis, which can be explained with the
inhomogeneity of the Oz concentration.

2. The rate constant of HO2» and PhOH reaction was determined:
(2.7 £1.2)x10° mol-* dm? s™1. The value is about five times higher than the rate constant
of Oz~ and PhOH reaction.

For the determination of the reaction rate constant the y radiolysis was used, with HCOOH and
HCOO  radical scavengers applied in suitable concentrations. (Publication 1) It was confirmed
that HO. /O~ mainly play role in the H.O. formation and their contribution to the

transformation of PhOH is negligible. (Publication 2 and 3)
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3. The reactivity of carbon-centred radicals formed from various radical scavengers were
determined. The order of reactivity: t-"BuOH > *CH20H ~ *COOH > CO2". The values

of reaction rate constants fall into the range of 102-10* mol-' dm?3 s,

The PhOH degradation rates were measured during y radiolysis, in N2O saturated solutions
containing radical scavengers in high concentration. Based on these measurements the rate
constants of the reactions of carbon-centred radicals formed from radical scavengers with
PhOH (10%-10* mol~! dm® s™!) are by 5-7 orders of magnitude higher than that of the reaction
of primary radicals ("OH, "H and eaq) and PhOH. Consequently, the contribution of these
species to the transformation of PhOH is negligible. The reactivity of the examined
carbon-centred radicals varied according to the following order:
t-"BuOH > ‘CH20H ~ "COOH > CO;". (Publication 2 and 3)

4. Under O2 free conditions, the radical scavengers in low concentration increased the
degradation rate of PhOH. The disproportion of dihydroxy-cyclohexadienyl radicals
(DHCD) is inhibited by the reactions of carbon-centred radicals (formed from radical
scavengers) and DHCD® (formed from PhOH), diminishing by this the reformation of
PhOH.

Under O free conditions the radical scavengers increased the transformation rate of PhOH,
which can be interpreted by the reaction of the radicals that form from the scavengers and the
DHCD’, which inhibits the reformation of DHCD" to PhOH. This was mainly observable at low
scavenger concentration ratios (1:10 = PhOH:scavenger), at higher scavenger concentrations,
and in the presence of dissolved gases the degradation rate of PhOH decreased.
(Publication 2 and 3)

5. Comparing the Eeo values of VUV photolysis and y radiolysis of PhOH and COU the
observation was made, that Eeo values are by one order of magnitude smaller in case

of radiolysis, whereas the radical formation rate is higher during VUV photolysis.

The electrical power needed to decrease the concentration of PhOH by one order of magnitude
was decreased by 80% for both processes in the presence of O, while it was 80% for radiolysis
and 60% for photolysis in the presence of N2O. At the same time, the dissolved gases had no
significant effect in case of COU. This can primarily be traced back to the determining role of

€aq_ In the transformation of COU, which is negligible in case of PhOH.
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