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Abstract

The study involved comparative investigations of the efficiency of several ozone- and/or UV-based processes: O3, O3/H,0,, UV/H,0,, UV/O3
and UV/H,0,/03, for the minimization of phenol as a model hazardous pollutant in wastewater. For all applied AOPs the best experimental
conditions concerning selected varied process parameters, initial pH and H,O, dosage, were determined. Different AOPs were evaluated on the
basis of their eco-effectiveness, by the means of phenol decay and TOC value decrease, and their cost-effectiveness. It was established that the
complete phenol removal can be achieved by adjusting the pH and H,O, dosage. The overall mineralization extent depended on the type of process,
number and type of oxidants and/or UV light, and their studied processes parameters as well. The highest overall mineralization extent, 58.0%
TOC removal, was achieved by UV/H,0,/0; process. From the aspect of both eco- and cost- effectiveness, UV/H,0,/03; was shown as the most

suitable process.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Different types of organic compounds discharged into the
environment mostly through industrial effluents, present serious
danger for humans and aquatic life due to their toxic nature.
There is continuing need for the development of efficient and
cost-effective technologies for hazardous organic contaminants
such as phenol, benzene, polychlorinated biphenyls, etc. from
groundwater and wastewater [1,2]. Conventional methods for
water remediation, including biotreatment, carbon adsorption,
air stripping, pure ozone oxidation and chlorine treatment, suf-
fer from various limitations [3—6]. For example, treatment based
on aerobic and anaerobic digestion tends to be very large due to
the slow rate of the biological reaction. Furthermore, wastewater
treatment methods based on physical processes such as reverse
osmosis and adsorption on activated carbon are non-destructive
and merely transfer the pollutants to the other media, thus
causing secondary waste [5]. Chemical methods such as chlo-
rine or pure ozone oxidation have been also shown as limited.
Chlorine oxidation produces carcinogenic halogenated hydro-
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carbons, while pure ozone oxidation is limited by high selectivity
and slow kinetics [6-8].

A number of alternative technologies, so-called advanced
oxidation processes (AOPs), are considered to be promising
methods for the treatment of hazardous toxic organic pollutants
in aqueous solutions. AOPs involve the generation of hydroxyl
radicals, highly reactive and unselective species, in sufficient
quantities to oxidize the majority of organics present in the
effluent water. Common AOPs could be broadly classified into
chemical, e.g. O3 and/or H>O;, photochemical and photocat-
alytic, e.g. UV/oxidant or UV/photocatalyst, mechanical, e.g.
ultrasonic, and electrical, e.g. corona discharge [8,9].

Treatments of organic compounds by O3z or H,O; are possi-
ble throughout two different pathways, direct and indirect. Direct
ozonation involves degradation of organics by ozone molecule
under acidic conditions, while the term indirect ozonation con-
sider degradation mechanism of organics throughout hydroxyl
radicals and it occurs under basic conditions [ 10]. In direct mech-
anism, hydrogen peroxide participates in redox reactions where
it can behave as an oxidant or as a reductant, while indirect
mechanism consider formation of free radicals throughout reac-
tions by other inorganic compounds, such as Fe ions or ozone, or
when is photolyzed [11]. In both direct mechanisms, the oxidants
ozone and hydrogen peroxide have much lower standard redox
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potential, 2.07 and 1.77 V, respectively, than 2.80 V of hydroxyl
radicals, species formed by both indirect mechanisms of above
oxidants [12]. By combining UV irradiation with either O3 or
H;0,, or both, the oxidation power of the systems for organic
pollutant degradation could be significantly enhanced [1,13-18].

The main goal of the study was to determine the best experi-
mental conditions in investigated ranges of selected varied pro-
cess parameters (initial pH and H,O, concentration) in order to
establish those, which provide the highest phenol decay and the
highest mineralization of model phenol solution. In further step,
processes were evaluated on the basis of the cost-effectiveness
criteria in order to find the most suitable process for the treatment
of model phenol solution.

2. Materials and methods

Chemicals used in this study were supplied by Fluka, Ger-
many (phenol, acetonitrile and acetic acid) and Kemika, Croatia
(H202, 30%; sulfuric acid, >95% and sodium hydroxide, p.a.).
All solutions were prepared with deionized water with conduc-
tivity less than 1 wScm™!. The concentration of model phenol
solution was 0.1 gL’1 (TOCjpitial = 8.01 x 1072 gL’1 ).

All experiments were performed in the glass water-jacketed
batch reactor (Fig. 1), the same as in our previous study [19].
The middle of the reactor was occupied with the quartz tube in
which a mercury lamp (125 W, UV-C at 254 nm, UVP-Ultra Vio-
let Products, Cambridge, UK) was placed vertically. The value
of incident photon flux at 254nm, 7.36 x 10~ % einsteins—!,
was calculated on the basis of hydrogen peroxide actinome-
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Fig. 1. Schematic diagram of experimental set-up for applied AOPs. (1) Glass
water-jacketed reactor, (2) quartz jacket, (3) UV lamp, (4) sintered glass plate
diffuser, (5 and 6) gas inlet and outlet, (7) magnetic stirring bar, (8 and 9) solution
inlet and outlet, (10 and 11) cooling water inlet and outlet, (12) thermometer,
(13) power supply.
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try experiments [20]. In the experiments where UV irradiation
was required, UV/H,0,, UV/O3 and UV/H>0,/03, the UV
lamp was switched on. In the experiments involving ozone, O3,
03/H,0,, UV/O3 and UV/H;0,/03, ozone was introduced into
the reactor. Ozone was generated from pure oxygen, >99.9%,
by introducing it into the ozone generator, MIC Systems Inc.,
Valdosta, Georgia, USA to produce ozone. The outlet gas mix-
ture, i.e. mixture of ozone and oxygen, from the ozononizer
was fed into the reactor through a sintered glass plate diffuser
located in the bottom half of the reactor. The outlet gas flow
from the ozone generator i.e. reactor inlet stream, was fixed
at 0.15Lmin~!. The rate of ozone generation in reactor inlet
stream, 7.86 x 1073 gmin_l, was determined iodometrically
[21]. The constant level of ozone production during experiments
was monitored by spectrophotometrical method [22]. Initial pH
values and hydrogen peroxide concentration ranged from 3 to
12, and 2 to 110 mM, respectively, until the achievement of
maximal mineralization extent. Initial pH was adjusted with the
addition of 0.1 M NaOH or 0.1 M H>SO4. Added quantities of
H>S0O4, NaOH and H,0O» as an additional oxidizing agent, were
negligible in comparison to the total volume of treated reac-
tion mixture. The experiments were conducted by adjusting one
variable, while others were held constant. The total volume of
the treated solution was 0.5L in all cases, while the mixing of
the solution was provided by both magnetic stirring and peri-
staltic pump at a flow rate of 0.1 Lmin~!. Experiments were
carried out at 25 (£0.2) °C. The duration of each experiment
was 1 h. Samples were taken periodically from the reactor (2,
5, 10, 15, 30, 45 and 60 min) and thereafter immediately ana-
lyzed. All experiments were repeated at least two times to give
reproducibility of the experiments within 5%, and averages are
reported.

The degradation of phenol was analyzed by HPLC equipped
with Software Classyp, Shimadzu, Japan, using a 5um,
25.0cm x 4.6 mm, Supelco Discovery C18 column, USA, and
detected with diode array UV detector, SPD-M10Avyp, Shi-
madzu, Japan. The mobile phase was 2% acetic acid/20%
acetonitrile/78% water at 10~3 L min~!. Phenol decomposition
was monitored at A =270 nm (tg = 10.05 min), whilst the mon-
itoring of formation and then the degradation of by-products
were performed at A=276nm for catechol (fg=5.76 min),
at =290 nm for hydroquinone (fgr =3.97 min), at A =245nm
for benzoquinone (fg =5.38 min) and at A =274 nm for resor-
cinol (fr =4.78 min). The recorded peaks were first identi-
fied and then the concentrations of residual phenol and its
formed primary by-products were determined from their cal-
ibration standards. Phenol removal was reported as a per-
centage, 100 x [phenol]/[phenol]iyitia. The mineralization of
the phenol solution was established on the basis of total
organic carbon content measurements (TOC), performed by total
organic carbon analyzer; TOC-Vcpn 5000 A, Shimadzu, Japan,
and expressed as a percentage of removed organic content,
100 x [TOCJ/[TOClipitia1- UV—vis spectrophotometer, Lambda
EZ 201, Perkin-Elmer, USA, was used for monitoring ozone
generation during the experiments. Handylab pH/LF portable
pH-meter, Schott Instruments GmbH, Mainz, Germany, was
used for pH measurements.
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3. Results and discussion

In order to establish the best operating conditions for each
of AOPs studied, the series of experiments were conducted.
The degradation of organics by ozone process through direct
or indirect mechanism is strongly influenced by pH of treated
media. Therefore, in O3 process initial pH values were varied
from 3 to 12 at constant ozone feed into the reactor. Results
are presented in Fig. 2. Constant increase in phenol decay in
pH range from 3 to 6 can be observed. Further increase of
pH value up to 8 caused the lowering of process efficiency.
By the increasing initial pH value from 8 into the more basic
conditions, process efficiency was again started to increase.
At initial pH values 11 and 12 the complete phenol removal
was achieved by ozonation process. Phenol decomposition is
obviously favored in strong basic conditions, where significant
increase of TOC removal can be observed. Drop of pH values of
treated phenol solution by O3 process in comparison to initial
pH values, indicates the formation of organic acids as products
of phenol decomposition. Due to the weak character of formed
acids, this effect is not such pronounced in strong basic con-
ditions, particularly at pH 12. Hoigne and Bader [23] pointed
out that organic acids with low reaction rate constants, such as
acetic and oxalic, always accumulate as final products when any
type of reactive organic aqueous solutes are ozonized in water.
Hence, the overall oxidation of organic material to CO;, will be
delayed whenever the oxidations lead to oxalic or acetic acid as
intermediates. In cases where the oxidations form formate ions,
mineralization to CO, will be less delayed, i.e. TOC removal
will increase. Therefore, the occurrence of a full mineralization
of organic solute will largely depend on whether formate or
oxalate and acetate ions are formed as intermediate products.
As mentioned earlier, by O3 process organic compound could
be degraded through two main oxidation mechanisms. One
is oxidation by molecular ozone which is predominant at
lower pH. Direct mechanism involves organic compound
degradation by molecular ozone [23,24], shown in the
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Fig. 2. Influence of the initial pH value on the phenol decomposition and min-
eralization efficiency and final pH values after a 1-h treatment by O3 process.

following equation:
k1= 13x10°Ms™!
ey

According to the literature, in the case of phenol degradation by
molecular ozone (1), the direct formation of organic acids, such
as muconic, maleic, oxalic, etc., is favored to their formation
through degradation of aromatic by-product formed by phenol
decomposition [23,25,26]. This could be explanation why
the monitored aromatic by-products (catechol, hydroquinone,
benzoquinone and resorcinol) of phenol decomposition were
not detected at pH 3 and 4 (results not shown). Chu and Ma
[27] pointed out that direct ozonation rarely produces complete
mineralization due to the selective nature of ozone toward
formed by-products, which is in accordance with low TOC
removal obtained in acidic conditions. On the other hand, the
significant improvement in the oxidation power of ozonation
process at strong basic conditions could be attributed to the pre-
dominant indirect mechanism which includes generation of OH
radicals by ozone decomposition in aqueous solution, specially
catalyzed by OH™ (i.e. higher pH), the following equation [28]:

Ce¢H50H + O3 — by-products,

03 + H,02L 0H® + 0, + HO,® )

Gurol and Vatistas [29] demonstrated that selectivity of ozone
for phenolic compounds decrease as the pH is increased. Such
observation supports the conviction that OH radical would be
predominant oxidant at high pH. Phenol can be degraded by
formed OH radicals according to the following equation [30]:

kr= 6.6x10°M1s~!
(3)

The reaction of phenol with OH radical (3) is much faster than
with molecular ozone (1), which is obvious from the compar-
ison of rate constants, k; < k2. Also, the pathway of phenol
decomposition by indirect ozonation is different than that of
direct ozonation. Degradation of phenol by OH radicals favors
the formation of aromatic by products, and the subsequent for-
mation of organic acids and thereafter partial mineralization
[31]. Hence, at least one of monitored aromatic by-products
was detected in complete range of basic pH values. Due to the
fact that OH radical is strong and non-selective oxidant, TOC
removals were increased by increasing the initial pH values.
The highest TOC removal, 36.1%, was obtained at initial pH
12. The established and proposed optimal pH value of ozone
process for the degradation of phenol, pH 12, is in accordance
with the literature. Wu et al. [32] showed that the fastest phe-
nol degradation occurred at pH 12.9. Furthermore, Alaton et
al. [33] reported the highest COD removal in their study of the
treatment of penicillin formulation effluent by ozone process
at pH 12. Generally, degradation of phenol always occurs by
both direct and indirect mechanisms, which are competitive and
dependent of process conditions. According to Gurol and Vatis-
tas [29], radical mechanism is predominant even at neutral pH.
However, due to the slow rate of self-decomposition of ozone
initiated by OH™ ion at neutral pH, they came to the conclu-

Ce¢H50H + OH®* — by-products,
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sion that phenolic compounds themselves must be acting as the
promoters of the decomposition of ozone and the formation of
free radicals [29]. In this study, in pH range from 6 to 9 the drop
of phenol decay can be observed. One of possible reasons for
such effect could be the consumption of major oxidative species
(O3 and OH®) between themselves, according to the following
equation [34]:

OH® + O3 — HO»®* + 0y, k3= L.I1x108M's™! (@)
Rather than their consumption in the reactions with phenol
molecule, Egs. (1) and (3). The result of above reaction (4) is
the formation of perhydroxyl radical, HO,*®, much less reactive
specie than both oxidants, with the redox potential of 1.70 V [5].
In addition, according to Mvula and von Sonntag [35], the com-
petition of ozone between phenol and its by products should
be taken into account, resulting with slower phenol removal.
Accordingly, from the results presented in Fig. 2, it can be seen
that in spite of the drop of phenol removal in pH range form
6 t0 9, TOC removal remained constant. Such behavior corre-
sponds to the pronounced degradation of phenol by products in
comparison parent phenol molecules.

The next studied process applied for phenol degradation was
peroxone process, O3/H>O,. Both initial HoO, concentration
and pH were varied in order to determine values of those param-
eters producing the highest phenol decay and mineralization
extent of model phenol solution. Firstly, the set of experiments
was conducted at initial pH value 6 (pH value of phenol solu-
tion), while initial HyO» concentrations were varied from 2 to
70 mM (Fig. 3(A)). It can be seen that an increase in initial H> O,
concentration from 2 to 10 mM slightly improved the efficiency
of 03/H,0; process for phenol degradation, up to maximal 94.5
% of phenol removal. Further increasing of initial H O, caused a
decrease in process efficiency, at the beginning very slightly, and
then after 30 mM of H>O», the decrease in the phenol removal
efficiency of O3/H,0O» process was more and more pronounced.
It should be emphasized that HyO» addition improved phenol
removal efficiency in comparison to the case of ozone process
at pH 6 (Fig. 2), but only in the cases with HyO, lower than
40 mM. In the cases with initial HyO> over 40 mM, obtained
phenol decays were even lower than that obtained in the case
without H>O; addition (Figs. 2 and 3(A)). Mineralization extents
achieved in the cases with lower H,O; concentration followed
increasing trend up to 30 mM of H>O», and then in the cases with
higher HyO; dosages, obtained mineralization extents followed
decreasing trend. Comparing obtained TOC removals through
entire H,O; range studied with that obtained in the case of ozone
process at pH 6 (Fig. 2), it can be observed that H>O, addition
has improved mineralization of phenol model wastewater. The
highest mineralization extent of phenol solution was achieved
at initial H>O; concentration of 30 mM where 18.8% of TOC
was removed, whilst 93.4% of phenol was decomposed. Gener-
ally, in the case of peroxone process, both mechanisms O3z and
OH radical attack to phenol and its organic by-products could
be considered. However, the mechanism including OH radicals
is considered as predominant when H,O» is present in reaction
mixture, according to the overall Eq. (5) proposed by Glaze et

al. [36]
203 +Hy02 — OH® + O (5)

Observed dependence of process efficiency on HyO, concen-
tration suggests that HyO, act as a free radical scavenger at
concentrations above optimum required, i.e. in the excess of
H>O, concentration. Hence, the following radical scavenging
reactions (6) and (7) may become important [37]. Both reac-
tions consider consumption of OH radicals to the formation of
less reactive perhydroxyl radical, HO,*®

OH* + H;0, — OH,°* + H,O + Oy,
ka=27x 10" M 's7! (6)

ks= 7.5x 10°M~ ' s~}
@)

Further experiments were carried out at above determined ini-
tial H»O; concentration of 30 mM (Fig. 3(A)), while pH was
varied in the range from 3 to 12 (Fig. 3(B)). It should be empha-

OH,™ +OH®* — OH™ 4 OH»°*,
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Fig. 3. Influence of the initial HyO, concentration at pH 6 (A) and the initial
pH value at 30 mM H,O; (B) on the phenol decomposition and mineralization
efficiency and final pH values process after a 1-h treatment by O3/H, O, process.
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sized that the trend of the curve of phenol removal regarding
pH is very similar to that obtained by O3 process (Fig. 2) with
strong exception at pH 12. This could be explained by similar
degradation mechanisms involved in phenol degradation at the
same pH values. Constant increasing of initial pH value up to
pH 6 caused a constant increase in the efficiency of O3/H,0O»
process for phenol degradation. By further increasing of pH,
process efficiency was firstly decreased at pH 7, but not as much
pronounced as in the case of ozone process (Fig. 2), and then
constantly increased until the complete phenol decay at pH 11.
Further increasing up to pH 12 caused a decrease in process effi-
ciency (Fig. 3(B)). It can be observed that the trend of curve of
TOC removal with two maximums (pH 6 and 11) is very similar
to that of phenol removal. The overall highest TOC removal,
23.0 %, was obtained at pH 11. Somewhat higher results of
both phenol and TOC removals obtained by O3/H20; than O3
process through entire investigated range of pH (with exception
of extreme basic conditions, pH 12) indicated the presence of
additional OH radical generated throughout mechanism shown
by Eq. (5). Also, it should be kept in mind that the compounds of
low reactivity, such as carboxylic acids (discussed above) may
be oxidized by secondary oxidants (e.g. OH radicals) produced
by preliminary decomposition of ozone by H,O», Eq. (5). The
yields of such reactions will not only depend on the amount
of decomposed ozone, but also on the total amount of aqueous
solutes which scavenge these non-selective oxidants in concur-
rentreactions [23]. Trend of final pH values in the cases of O3 and
03/H, 0 processes are very similar, while only exceptions could
be observed as lower final values in the case of O3/H,O» process
at pHs 10 and 11. These results indicate the higher amount of
formed organic acids than at the same pHs in the case of O3
process, presumably due to the above mentioned additional OH
radical generation.

Hydrogen peroxide can be used as an oxidant (redox potential
of 1.77 V) to treat organic pollutants present in aqueous solu-
tions [5]. Combining hydrogen peroxide with UV irradiation
results with the generation of OH radicals, Eq. (8), that react
with organic compounds at the much higher rate than the parent
compound (H>O) [11].
H>O; +hv— 20H®, &= 0.5mol einstein ™! (8)
Two operating parameters of UV/H,O» process, initial con-
centration of HoO; (i.e. ratio of pollutant/H,0O,) and pH were
investigated. Therefore, two sets of experiments were performed
where one parameter was varied, while other was held con-
stant. In Fig. 4(A) the influence of initial H,O» concentration
on phenol and TOC removal at pH 6 is presented. Relatively
high phenol decay, over 90%, is obtained over entire investi-
gated range and no significant effect of HyO; concentrations on
phenol decomposition is observed. However, from the miner-
alization point of view, influence of initial H;O, concentration
is more pronounced. Increasing of initial HoO, concentration
enhanced the oxidation process up to certain point at which
H,0; started to inhibit the phenol photolytic degradation. At
higher H,O; concentration, reactions (6) and (7) in the HyO»
photolysis mechanism became more important and H,O; acted
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Fig. 4. Influence of the initial HyO, concentration at pH 6 (A) and the initial
pH value at 90 mM H,O, (B) on the phenol decomposition and mineralization
efficiency and final pH values process after a 1-h treatment by UV/H; O, process.

as a free radical scavenger thereby decreasing phenol decompo-
sition [14]. At our operating conditions (wavelength and light
intensity), it was deduced that the optimum HO,/phenol ratio is
90, i.e. at 90 mM of initial HyO, 24.6% of treated solution was
mineralized, whilst 99.4% of phenol was decomposed. In further
experiments pH was varied in the range from 3 to 11 at above
established initial HO, concentration of 90 mM (Fig. 4(B)).
It can be seen that the efficiency of phenol decomposition was
not affected by pH below 9, phenol removal >98% is achieved
through range from 3 to 9. Further increasing of pH over 9 caused
rapid decrease in UV/H; O, process efficiency that resulted with
only 65.7% of decomposed phenol at pH 11. Similar system
behavior can be observed in the case of TOC removal in the pH
range from 3 to 7 and pHs over 10. Exceptions were cases of
pH 8 and 9 where significantly higher TOC removals, 38.7 and
37.1%, respectively, were achieved. This could be explained in
terms of H,O; dissociation in strong alkaline media. Also, the
fast reaction of OH radicals with H;O, was responsible for the
observed decrease in phenol decomposition under acidic con-
ditions [14]. This is in accordance with Lipczynska—Kochany
[38] who studied phenol oxidation by the UV/H,O; process and
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observed no significant effects in the pH range from 7 to 9. On
the other hand, phenol degradation decreased rapidly when pH
<7 and pH >9. Also, direct photolysis of phenol is accelerated in
alkaline solutions due to the increase in “phenolate anions light
absorbency” [14]. Accordingly, in this study photolysis com-
bined with H,O, was most effective in weak basic conditions.
The curve of final pH values followed the same trend like in the
cases of O3 and O3/H,0; processes (Figs. 2 and 3(B)).

Similarly like in the case of UV/H;O, process, the
efficiency of O3z process can be enhanced by UV irra-
diation. The UV/Osz system is an effective method for
the oxidation and destruction of organic compounds in
water [13,15-17]. The extinction coefficient of ozone at
254nm is much higher than that of hydrogen peroxide
(8ozone =3300 M~ em™! > enydrogen peroxide = 18.6 ML em™1).
The decay rate of ozone is about a factor of 1000 higher than
hydrogen peroxide [39]. The AOP with UV irradiation and
ozone is initiated by the photolysis of ozone. The photode-
composition of ozone leads to the formation of HyO» in the
following equation:

@ = 0.64mol einstein ™"
9

and consequently, generation of two hydroxyl radicals through
Eq. (8) [11]. This system contains three components to pro-
duce OH radicals and/or oxidize the pollutant for subsequent
reactions: UV irradiation, ozone and hydrogen peroxide. In this
study, UV/O3 process was investigated regarding to the pH value
at constant ozone feed rate. From Fig. 5 it can be seen that
the final extent of phenol decomposition was not affected by
pH. The complete phenol decomposition was achieved through
entire pH investigated, from 3 to 12. However, influence of
initial pH on the rate of phenol decomposition was observed
(results are not shown). The highest phenol degradation rates
were observed in strongly alkaline media, like in the case of O3
process. Influence of initial pH on the mineralization extent by
UV/Os3 process is presented in Fig. 5, as well. It can be seen
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Fig. 5. Influence of the initial pH value on the phenol decomposition and miner-
alization efficiency and final pH values after a 1-h treatment by UV/O3 process.

that an increase of pH value enhanced mineralization of phe-
nol solution up to pH 8. Further pH increasing caused drop in
process efficiency at pHs 9 and 10, and then again an increase
to the maximal 44.3% of TOC removal at pH 11. However, in
comparison to O3 process presented in Fig. 2, higher mineral-
ization extents were obtained by UV/Oj3 process (Fig. 5) at each
investigated initial pH value, as an evidence of positive effect
of UV irradiation on the investigated system. The trend of TOC
curve presented in Fig. 5 is a consequence of interactions of
several above discussed mechanisms involved in UV/O3 pro-
cess and their predominance in dependence of pH of solution
[40]. Again, the trend of the curve of final pH values was similar
like in previous cases (Figs. 2, 3(B) and 4(B)).

The addition of H,O, to UV/O3 process accelerates the
decomposition of ozone due to the increased rate of OH radical
generation. UV/H>0,/03 process is a very powerful method that
allows a considerable reduction of TOC. This process is the com-
bination of the binary systems UV/O3 and O3/H»O;. Influence of
initial HyO; concentration and initial pH values to UV/H;0,/03
process effectiveness was investigated (Fig. 6(A) and (B)). As it
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was expected due to the previous presented results, the complete
phenol decomposition was achieved in complete investigated
H>0, and pH range. From Fig. 6(A) it can be seen that mineral-
ization extents strongly depended on initial H,O; concentration
at constant initial pH value. Maximal TOC removal was obtained
by 10 mM H,O5. It can be assumed that at lower H,O, concen-
tration, insufficient amount of OH radicals is generated (Egs. (5),
(8) and (9)), while at higher concentrations, scavenging nature
of HyO, became predominant (Egs. (6) and (7)). In Fig. 6(B)
mineralization extents of phenol solution after the treatment by
UV/H70,/03 process (10 mM H,O;) at different pH values are
presented. Maximum TOC removal, 58.0%, is obtained at pH
7. Obtained TOC curve is a result of several competitive pH
dependant mechanisms involved in phenol and its by-products
oxidation by UV/H;0,/O3 process. All these degradation mech-
anisms should be taken into consideration: OH radical attack as
predominant, direct ozone attack, direct photolysis of organ-
ics by UV irradiation and direct oxidation by H>O; [18]. The
generation of OH radicals from following sources could be con-
sidered: (a) from the photolysis of added H>O;, (b) from the
photolysis of formed H,O, by ozone photolysis, (c) from the
reaction of HyO» (either added or formed) with ozone and (d) by
indirect ozonation. In addition, different radical species, either
inorganic or organic, formed during the oxidation treatment can
participate in chain reactions thus influencing overall process
efficiency [11].

In the next step of study, kinetics of phenol decomposition,
mineralization of model phenol solution and pH changes dur-
ing the treatment at above established best conditions for each
studied AOP were investigated. Fig. 7(A) shows phenol degra-
dation and the subsequent formation of oxidation by-products
during a 1-h treatment by O3 process (pH 12), while in Fig. 7(B)
the mineralization of phenol solution and changes of pH during
that treatment are presented. It can be seen that complete phe-
nol degradation was achieved after 45 min of treatment, while
only the presence of hydroquinone as an aromatic by-product of
phenol oxidation was observed. Formed hydroquinone was not
completely degraded even after 60 min of treatment (Fig. 7(A)).
From the mineralization kinetics, shown in Fig. 7(B), it can be
observed that TOC removal was somewhat faster in first 15 min
of treatment, and then almost negligible inhibition in process
efficiency was occurred, while thereafter the curve has the lin-
ear trend. That small decrease in process efficiency could be
attributed to the small decrease of pH value (from 12.0to 11.8) in
that first treatment period, due to the formation of organic acids
as by-products of phenol decomposition [31,41]. In further treat-
ment period, pH value remained almost constant, around 11.8,
which could be connected with the liner trend of TOC curve
in that period. It could be expected that an extension of treat-
ment time will result with the further mineralization of phenol
solution at the same rate due to the constant ozone feed rate
and expected constant pH. From the wide discrepancy at each
time point between the amount of degraded phenol and the pro-
duced hydroquinone, and on the other side the mineralized part
of phenol solution the formation of other by-products, either
aromatic or aliphatic, could be presumed. Mostly of that part
could be attributed to the formation of aliphatic organic acids
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Fig. 7. Kinetics of phenol decomposition and its primary aromatic by-products
formation/degradation (A) and phenol model solution mineralization alongside
with pH (B) during a 1-h treatment by O3 process (pH 12).

(HAA), which can be formed through degradation of aromatic
by-products [15,31]. But according to the results presented in
Fig. 7, HAA may also be formed directly by the indirect ozona-
tion of phenol solution.

InFig. 8 results of phenol decomposition (A) and the mineral-
ization of phenol solution (B) during a 1-h treatment by O3/H,0O»
process (pH 11, 30 mM H;0,) are shown. Similarly like in case
of O3 process, complete phenol degradation was achieved after
45 min of treatment by O3/H,O; process. However, trend of the
phenol curves (Figs. 7 and 8) indicate somewhat slower rate of
phenol decay by O3/H>O; process. From Fig. 8(A) it can be seen
among all monitored by-products; only catechol was detected,
which was degraded after 30 min of treatment. As it was men-
tioned before, by phenol degradation, acidic by-products were
formed which lowered pH during the treatment. In the case of
03/H,0; process, the inhibition of mineralization in comparison
to O3 process might be caused by the formed HA A as phenol oxi-
dation by-products manifesting in a decrease of pH, from 11.0
to 6.9 (Fig. 8(B)). Although constant leveling off in TOC curve
is demonstrated, further mineralization of phenol solution could
be expected by an extension in treatment time over 60 min, but
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the consumption of added H,O; as a system limitation should
be kept in mind.

Almost complete phenol, 99.4%, was degraded within 60 min
of treatment by UV/H,O;, process (pH 8, 90mM H,0,)
(Fig. 8(A)). Unlike to the previously described processes, the
significantly higher concentration of catechol and benzoquinone
were detected during the treatment of phenol solution by
UV/H,0; process. In comparison to O3z process (Fig. 7(A)),
a significantly smaller discrepancy at each time point between
the amount of degraded phenol and the produced aromatic by-
products, and on the other side the mineralized part of phe-
nol solution, indicate that the formation of aliphatic organic
acids occurred mainly over degradation of formed aromatic by-
products than directly from phenol degradation. From Fig. 4(B)
it can be observed that initial acid conditions did not favor the
mineralization of phenol solution. However, mineralization pro-
cess was not inhibited by the drop of pH during the treatment
process when phenol as a parent compound was already mostly
transformed to its by-products (Fig. 9(B)). Similarly like in pre-
vious cases, further mineralization could be considered even
after 60 min of treatment time. However, UV/H,0O, system is
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Fig. 9. Kinetics of phenol decomposition and its primary aromatic by-products
formation/degradation (A) and phenol model solution mineralization alongside
with pH (B) during a 1-h treatment by UV/H, O, process (pH 8, 90 mM H»0,).

even more limited with HyO» consumption than O3/H>0;, due
to the lower mineralization efficiency of UV light itself in com-
parison to O3 (Fig. 2) [19].

In Fig. 10 kinetics of phenol degradation (A) and mineral-
ization of phenol solution (B) by UV/O3 process (pH 11) are
presented. Phenol decay is rather fast, the complete removal is
obtained within 30 min of treatment time. As by-products, resor-
cinol and benzoquinone were detected in low concentrations
(Fig. 10(A)). Again, formation of acidic by-products caused the
significant lowering of pH, from 11.0 to 6.5. Formed aromatic
by-products in very low concentrations indicate that the most of
acidic by-products was formed directly from phenol. It can be
assumed that the pronounced inhibition of mineralization effi-
ciency, occurred after 15 min of treatment time, is due to the
strong lowering of pH, from 10.0 to 8.0, in period between 15
and 30 min of process. This can be connected with the results
presented in Fig. 5, where the drop in mineralization efficiency
in pH range between 8 and 11 can be observed. From the linear
trend of TOC curve after 30 min of treatment time, and taking
into account constant ozone feed rate and UV irradiation, the
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formation/degradation (A) and phenol model solution mineralization alongside
with pH (B) during a 1-h treatment by UV/O3 process (pH 11).

continuation of mineralization process could be expected, but
the negative influence of acidic conditions on the process effec-
tiveness should also be considered.

Finally, kinetics of phenol decomposition and mineraliza-
tion of phenol solution by UV/H,0,/03 process (pH 7, 10 mM
H>0,) are shown in Fig. 11(A) and (B), respectively. Like in the
case of UV/O3 process (Fig. 10), the complete phenol decay was
achieved within 30 min of treatment (Fig. 11(A)). In the same
treatment period the formation of catechol, benzoquinone and
hydroquinone was detected and they were subsequently com-
pletely degraded. Among investigated systems, UV/H>0,/03
demonstrated the highest mineralization efficiency for the treat-
ment of phenol solution. Within 60 min, 58.0% of TOC was
removed. Linear trend of TOC curve can be observed through
entire treatment time interval. Generally, such system behav-
ior could be considered as zero order kinetics [42]. This can
be explained with the fact that ozone is continuously introduced
into the reaction mixture and constantly irradiated. Major source
of OH radicals, H> O3, is continuously consumed during the pro-
cess, but alongside added amount, the additional H,O; can be
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Fig. 11. Kinetics of phenol decomposition and its primary aromatic by-products
formation/degradation (A) and phenol model solution mineralization alongside
with pH (B) during a 1-h treatment by UV/O3/H,0O, process (pH 7, 10mM
H0).

generated mainly through ozone photolysis. Therefore, over-
all higher mineralization extent could be presumed even after
60 min of treatment time.

According to the fact that different by-products of phenol
degradation by applied process were detected and presented in
Figs. 7-11(A), it can be concluded that degradation of phenol
occurs throughout different oxidation pathways.

Among investigated AOPs, UV/H,0,/03 process with max-
imal phenol and TOC removal at above established operating
conditions is considered to be the most eco-effective. Thereafter,
the cost-effectiveness for each applied process was estimated.
Processes were compared according to their pseudo first order
rate constant of phenol removal, calculated by linear regression
(Fig. 12). The highest calculated rate constant for phenol
degradation, kyv,0, = 0.1936 min~!, was obtained for UV/O3
process. Other rate constants for studied processes are signif-
icantly lower than that of UV/O3 process, and they followed
decreasing order: kuv,/H,0,/0; > ko3 > koy/H,0, > kUV/H,0,-
Pseudo first order rate constants and half-life time, #;/,, present
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Fig. 12. Graphical estimation of pseudo first order rates of phenol degradation
by studied AOPs.

Table 1
Cost of reagents used in applied processes (costs are given in euros and the
values are valid for Croatian market)

Reagent Basis Cost (EUR)
H,0;,, 30% 1L 31.324
07,>99.9% 100L 0.188
Electricity 1kWh 0.134

global parameters including all the phenomena involved in the
studied process, thus allowing the overall comparison between
the different AOPs [16]. In order to evaluate the treatment costs
of proposed processes costs of used reagents valid for Croatian
market were taken into account (Table 1). Values of #;/, and
1314, times required to decrease phenol concentration to half and
quarter the amount present before reaction, respectively, are
given in Table 2. When the values of 3/4 are equal to #1/2 X 2, itis
possible to conclude that reactions obey first order rate constants
[16], which is mostly the case in our experimental conditions
tested.

As discussed earlier, complete phenol was degraded during
a 1-h treatment by all investigated AOPs with an exception
of UV/H,0; where 99.4% of phenol was removed. However,
from Table 2 it can be seen that less than 30 min of treat-
ment was required for total phenol decay by both UV/O3 and
UV/H,0,/03 processes, producing costs of 0.032 and 0.048
EUR, respectively. On the other hand, partial mineralization of
phenol solution was achieved in all cases. The overall high-

Table 2

Cost evaluation for all applied processes (processes conducted in laboratory scale)

est mineralization extent was achieved by UV/H,0,/O3 process
with corresponding cost of 1.41 EUR g~ !. This calculated treat-
ment cost expressed as € per gram of removed organic matter
for UV/H>0,/O3 process is around 10% higher than that for
the cheapest O3 process which yielded with more than 20%
lower mineralization effectiveness. Moreover, required strong
basic conditions i.e. adjustment of initial pH to 12 as well as
necessary conditioning of treated effluent additionally disfa-
vors O3 process. Therefore, it was concluded that among all
investigated processes treatment of phenol model wastewater
by UV/H,0,/03 process is the most cost-effective. However, it
should be emphasized that these evaluation of operating costs
has been made on the basis of laboratory scale investigations.
The overall costs are represented by the sum of capital, operating
and maintenance costs. For a full-scale system these costs will,
besides the nature and the concentration of pollutants, strongly
depend on the flow rate of the effluent and the configuration of
the reactor [43].

4. Conclusion

In this comparative investigation the different ozone- and/or
UV-based processes, O3, O3/H20,, UV/H,0,, UV/O3 and
UV/H,0,/03, were applied for phenol minimization in model
wastewater. From the fact that different by-products of phenol
degradation by applied process were detected, it was concluded
that degradation of phenol occurs throughout different oxidation
pathways. Complete phenol removal was achieved by all applied
processes at the best operating conditions determined for each
process in investigated ranges of selected varied process param-
eters, with an exception of UV/H2O, where 99.4% of phenol
was removed within a 1 h treatment. UV/H,0,/03 process (pH
7, c(HpO)=10mM) was shown to be the most eco-effective
with 100% of phenol removal within 30 min of treatment, and
58.0% of TOC removal after a 1-h treatment. On the other
hand, the most cost-effective, i.e. the cheapest with respect to
the mineralized part of solution, was found to be O3 process
(pH 12) with the corresponding cost of 1.34EURg™!. But,
concerning lower mineralization efficiency and additional costs
for strong conditioning of solution before and after the treat-
ment, O3 process is disfavored in comparison to UV/H>0,/03
process with corresponding cost of 1.41 EUR g~!. Therefore,
due to its eco and cost effectiveness UV/H,0,/03 process
is proposed as the most suitable for minimization of phenol
wastewater among investigated ozone- and/or UV-based
processes.

Process k (min~1) t1/2 (min) t3/4 (min) fmax (min) Costs for phenol decay (EUR) Final TOC removal (%) Cost (EURg™ ")
50% 75% Maximum

O3 0.1028 9.3 16.8 <45.0 0.007 0.013 0.035 36.1 1.34

03/H,0, 0.0881 11.3 20.3 <45.0 0.058 0.065 0.084 23.0 4.27

UV/H,0, 0.0810 10.3 19.3 60.0 0.149 0.152 0.163 38.7 4.33

UV/03 0.1936 55 10.0 <30.0 0.006 0.011 0.032 443 1.48

UV/H,0,/03 0.1234 7.0 12.3 <30.0 0.024 0.029 0.048 58.0 1.41




H. Kusic et al. / Chemical Engineering Journal 123 (2006) 127-137 137

Acknowledgement

We would like to acknowledge financial support from the
Ministry of Science, Education and Sport, Republic of Croa-
tia, Project # 0125-018. We are gratefully acknowledged on
the support from the National Science Foundation (USA) (INT-
0086351) for founding the ozone generator.

References

[1] M. Pera-Titus, V. Garcia-Molina, M.A. Bafos, J. Giménez, S. Esplugas,
Degradation of chlorophenols by means of advanced oxidation processes:
A general review, Appl. Catal. B 47 (4) (2004) 219-256.

[2] U.S. Environmental Protection Agency. Toxicological review of phenol.
EPA/635/R-02/006. In support of summary information on the integrated
risk information system (IRIS), 2002.

[3] A.P. Sincero, G.A. Sincero, Physical-Chemical Treatment of Water and
Wastewater, CRC Press, IWA Publishing, New York, USA, 2003.

[4] RJ. Droste, Theory and Practice of Water and Wastewater Treatment, John
Wiley and Sons, New York, USA, 1997.

[5] S.Parsons, Advanced Oxidation Processes for Water and Wastewater Treat-
ment, IWA Publishing, London, England, 2004.

[6] M.D. La Grega, P.L. Buckingham, J.C. Evans, Hazardous Waste Manage-
ment, McGraw-Hill, New York, USA, 1994.

[7] G.C. White, Handbook of Chlorination and Alternative Disinfectants, John
Wiley and Sons, New York, USA, 1999.

[8] D.R. Grymonpre, W.C. Finney, R.J. Clark, B.R. Locke, Suspended acti-
vated carbon particles and ozone formation in aqueous phase pulsed
corona discharge reactors, Ind. Eng. Chem. Res. 42 (2003) 5117-
5134.

[9] PR. Gogate, A.B. Pandit, A review of imperative technologies for wastew-
ater treatment. I. Oxidation technologies at ambient conditions, Adv. Env-
iron. Res. 8 (2004) 501-551.

[10] J.L. Sotelo, EJ. Beltran, EJ. Benitez, J. Beltran-Heredia, Ozone decompo-
sition in water: kinetic study, Ind. Eng. Chem. Res. 26 (1987) 39-43.

[11] EJ. Beltran, Ozone-UYV radiation—hydrogen peroxide oxidation technolo-
gies, in: M.A. Tarr (Ed.), Chemical Degradation Methods for Wastes and
Pollutants—Environmental and Industrial Applications, Marcel Dekker,
Inc., New York, USA, 2003, pp. 1-77.

[12] P.Ormad, S. Cortes, A. Puig, J.L. Ovelleiro, Degradation of organochloride
compounds by Oz and O3/H,0,, Water Res. 31 (9) (1997) 2387-2391.

[13] EJ. Beltran, J.M. Encinar, J.F. Gonzalez, Industrial wastewater advanced
oxidation. Part 2. Ozone combined with hydrogen peroxide or UV radiation,
Water Res. 31 (10) (1997) 2415-2428.

[14] R. Alnaizy, A. Akgerman, Advanced oxidation of phenolic compounds,
Adv. Environ. Res. 4 (3) (2000) 233-244.

[15] O. Gimeno, M. Carbajo, FJ. Beltran, F.J. Rivas, Phenol and substituted
phenols AOPs remediation, J. Hazard. Mater. B119 (2005) 99-108.

[16] S. Esplugas, J. Gimenez, S. Contreras, E. Pascual, M. Rodriguez, Com-
parison of different advanced oxidation processes for phenol degradation,
Water Res. 36 (2002) 1034-1042.

[17] H. Shu, M. Chang, Decolorization effects of six azo dyes by Oz, UV/O3
and UV/H,0, processes, Dyes Pigm. 65 (2005) 25-31.

[18] I. Peternel, N. Koprivanac, H. Kusic, UV based processes for reactive azo
dye mineralization, Water Res. 40 (2005) 525-532.

[19] H. Kusi¢, N. Koprivanac, A. Loncari¢ Bozi¢, 1. Selanec, Photo-assisted
Fenton type processes for the degradation of phenol: a kinetic study, J.
Hazard. Mater., in press.

[20] I. Nicole, J. De Laat, M. Dore, J.P. Duguet, C. Bonnel, Utilisation
du rayonnement ultraviolet dans le traitement des eaux: mesure du
flux photonique par actinometrie chimique au peroxyde d’hydrogene:
Use of UV radiation in water treatment: measurement of photonic flux
by hydrogen peroxide actinometry, Water Res. 24 (2) (1990) 157-
168.

[21] L.S. Clesceri, A.E. Greenberg, A.D. Eaton, Standard Methods for the
Examination of Water and Wastewater, 20th ed., APHA, AWWA and WEF,
Waldorf, MA., USA, 1998.

[22] B.Langlais, D.A. Reckhow, D.R. Brink, Ozone in Water Treatment: Appli-
cation and Engineering, Lewis Publishers, Boca Raton, FL, USA, 1991.

[23] J. Hoigné, H. Bader, Rate constants of reactions of ozone with organic and
inorganic compounds in water. II. Dissociating organic compounds, Water
Res. 17 (2) (1983) 185-194.

[24] J. Hoigné, H. Bader, Rate constants of reactions of ozone with organic and
inorganic compounds in water. I. Non-dissociating organic compounds,
Water Res. 17 (2) (1983) 173-183.

[25] A. Kunz, V. Reginatto, N. Duran, Combined treatment of textile effluent
using the sequence phanerochaete chrysosporium—ozone, Chemosphere 44
(2) (2001) 281-287.

[26] P. Lukes, B.R. Locke, Degradation of substituted phenols in hybrid
gas-liquid electrical discharge reactor, Ind. Eng. Chem. Res. 44 (9) (2005)
2921-2930.

[27] W. Chu, C.-W. Ma, Quantitative prediction of direct and indirect dye ozona-
tion kinetics, Water Res. 34 (12) (2000) 3153-3160.

[28] H. Tomiyasu, H. Fukutomi, G. Gordon, Kinetics and mechanism of ozone
decomposition in basic aqueous solution, Inorg. Chem. 24 (19) (1985)
2962-2966.

[29] M.D. Gurol, R. Vatistas, Oxidation of phenolic compounds by ozone
and ozone + UV radiation: a comparative study, Water Res. 21 (8) (1987)
895-900.

[30] R.J. Field, N.V. Raghavan, J.G. Brummer, A pulse radiolysis investigation
of the reactions of BrO, with Fe(CN )4’ , Mn(II), phenoxide ion, and phenol,
J. Phys. Chem. 86 (1982) 2443-2449.

[31] B. Roig, C. Gonzalez, O. Thomas, Monitoring of phenol photodegrada-
tion by ultraviolet spectroscopy, Spectrochim. Acta Part A 59 (2) (2003)
303-307.

[32] I.A. Alaton, S. Dogruel, E. Baykal, G. Gerone, Combined chemical and
biological oxidation of penicillin formulation effluent, J. Environ. Manage.
73 (2) (2004) 155-163.

[33] J. Wu, K. Rudy, J. Spark, Oxidation of aqueous phenol by ozone and per-
oxidase, Adv. Environ. Res. 4 (2000) 339-346.

[34] K. Sehested, J. Holcman, E. Bjergbakke, E.J. Hart, A pulse radiolytic study
of the reaction hydroxyl + ozone in aqueous medium, J. Phys. Chem. 88
(18) (1984) 4144-4147.

[35] E. Mvula, C. von Sonntag, Ozonolysis of phenols in aqueous solution, Org.
Biomol. Chem. 1 (2003) 1749-1756.

[36] W.H. Glaze, J.W. Kang, D.H. Chapin, The chemistry of water treatment
processes involving ozone, hydrogen peroxide and ultraviolet irradiation,
Ozone: Sci. Eng. 9 (1987) 335-352.

[37] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, Critical review
of data constants for reactions of hydrated electrons, hydrogen atoms and
hydroxyl radicals (OH®*/O®~) in aqueous solution, J. Phys. Chem. Ref.
Data 17 (1988) 513-886.

[38] E. Lipczynska-Kochany, Hydrogen peroxide mediated photodegrdadation
of phenol as studied by a flash photolysis/HPLC technique, Environ. Pollut.
61 (1993) 147-152.

[39] M. Rodrigeuz, Fenton and UV—-vis based advanced oxidation processes in
wastewater treatment. Degradation, Mineralization and Biodegradability
Enhancement, PhD Thesis, Faculty of Chemistry, University of Barcelona,
Barcelona, Spain, 2003.

[40] R. Wang, C.-L. Chen, J.S. Gratzl, Dechlorination of chlorophenols found in
pulp bleach plant E-1 effluents by advanced oxidation processes, Bioresour.
Technol. 96 (8) (2005) 897-906.

[41] H. Kusi¢, N. Koprivanac, B.R. Locke, Decomposition of phenol by hybrid
gas/liquid electrical discharge reactors with zeolite catalysts, J. Hazard.
Mater. 125 (1-3) (2005) 190-200.

[42] K.A. Connors, Chemical Kinetics: The study of Reaction Rates in Solution,
Wiley VCH, USA, 1998.

[43] R. Andreozzi, V. Caprio, A. Insola, R. Marotta, Advanced oxidation pro-
cesses (AOP) for water purification and recovery, Catal. Today 53 (1) (1999)
51-59.



	Minimization of organic pollutant content in aqueous solution by means of AOPs: UV- and ozone-based technologies
	Introduction
	Materials and methods
	Results and discussion
	Conclusion
	Acknowledgement
	References


