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Abstract

The direct ozonation is more and more used for waste wa-
ter treatment. In this study the effect of temperature on the di-
rect ozonation of a wastewater is studied. At constant pH and
dissolved organic carbon concentration, the time-dependence of
ozone concentration is measured in the function of different tem-
peratures. Continuous experiments are carried out at two tem-
peratures (8 and 17°C), batch experiments are carried out at
three temperatures (8, 18 and 27°C). It is shown that with in-
creasing temperature the ozone depletion is faster in both cases.
In case of batch experiments the temperature dependence of the
reaction kinetic constant is measured. It is found that if the tem-
perature is increased by 10°C doubles the value of the reaction
kinetic constant.
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1 Introduction

In recent years the ozonation process has been widely stud-
ied, not only its applicability in water treatment (e.g. disinfec-
tion of drinking water, removal of pollutants from wastewater)
but the reaction kinetics of these processes has been the cen-
tre of the scientific research. In the ozonation of drinking- and
wastewater, ozone may decompose through self-decomposition
or via reactions. Ozone molecules may initiate a complicated
chain of oxidation reactions. In aqueous medium the ozonation
reaction may follow two pathways: direct oxidation and indirect
free hydroxyl radical oxidation reactions may take place. These
reactions take place simultaneously. The formed free hydroxyl
radicals are not selective: they can react not only with ozone,
but with every compound being in water. In such reactions other
end products or other radicals can be formed. Parameters like
temperature, pH, the Dissolved Organic Carbon (later on DOC)
concentration and presence of scavengers influence these com-
plex oxidation and decomposition reactions. With the help of
radical scavengers (e.g. carbonates) the direct ozone reactions
can be studied [ 1[]. The effects of influential parameters are dealt
with in several papers [2]]-[3]]. Erlovitz et al. [2] studied the hy-
droxyl radical/ozone ratio during the ozonation processes and
took into consideration the effect of temperature, pH, alkalinity
and dissolved organic matter properties. Buffle et al. [3]] exam-
ined the effect of ozone dose, pH, dissolved organic matter and
hydroxyl radical scavengers on ozonation.

Several studies deal with the application of ozonation e.g. dis-
infection of drinking water [|1,4L|5]. The reduction of pollutants
by ozone in wastewater treatment is also relevant [[6]-[10]. A
recently published review gives a broad overview of ozonation
and Advanced Oxidation Processes (AOP) via the degradation
of aqueous pharmaceuticals [[11]].

1.1 Theoretical Background

Ozone is a very reactive chemical, therefore, it can be used as
a powerful oxidizing agent to remove the pollutants from water.
Ozone reacts with the oxidizable components (marked with C;)

Modelling of wastewater ozonation

2007 512 13


http://www.pp.bme.hu/ch

in direct reactions:

ke,
03+ C; = Coxidized 0 < kci < 10°L -mol™" - 571 (1)

03+ Ci 5 OH* + OP @)

As it is shown above, the direct oxidation reactions of oxidiz-
able compounds can lead either to stable end product marked
with Coxidized (see Eq. 1) or to free hydroxyl radicals and other
products marked with OP (see Eq. 2). The formed hydroxyl
radicals react with ozone (see Eq. 3), so increase the ozone con-
sumption. The radicals oxidize the oxidizable components too,
and so end products and other radicals are formed. Eqgs. 4 and 5
represent the indirect oxidation of the pollutants in ozonation.

03+ OH* X% HOS + 0,
k7 = 10°[12]or10'°L - mol™" - s~'[13]
Ci + OH® — H O3 + Coxidized (3)

Ci + OH®* — Coxidized 4

Formed radicals can be eliminated by using scavengers. Scav-
engers have high reaction affinity to radicals, mainly to hy-
droxyl radicals, therefore, radicals react preferably with scav-
engers rather than with the oxidizable components or ozone. In
this way direct oxidation reaction comes to the front. Depend-
ing on the quality and quantity of the oxidizable components
and also the reaction’s temperature, pH and concentration of
scavengers the reaction time changes from seconds to minutes.
Fig. 1 shows two schematic drawings of depletion of ozone con-
centration in case of natural- (a) and wastewater (b) ozonation
at a given ozone dose and at constant circumstances.
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Fig. 1. A schematic example of ozone depletion in natural water (a) and

wastewater (b) at constant temperature and pH

It can be seen in Fig. [[{a) that at relatively low DOC concen-
tration (represented by natural water) ozone depletion is charac-
terized by a fast initial decrease of ozone, followed by a second
phase, in which ozone decreases by first order kinetics. In case
of wastewater (see in Fig. EKb)) using the same ozone dose, all
the ozone disappears within a short time. The amount of ozone
consumed within 20 seconds is defined as Instantaneous Ozone
Demand (IOD) and is typically represented by a straight vertical
line in concentration versus time.

The reaction rates of both the initial and the second phases
can be determined by experiments. The determination of the re-
action rate of the initial phase can be attained by competition
kinetics. Hydroxyl radicals possess remarkably higher reaction
rate constants to scavengers than to ozone. If the scavengers
form a sufficient long-lived intermediate and its concentration is
measurable, and also the concentration of ozone and the scav-
enger is known, then the reaction kinetic constant of the ozone
can be calculated [14]]. Determination of the reaction rate in the
second phase is simpler. The scavenger added to the reaction
mixture reacts with hydroxyl radicals, so the ozone consump-
tion is determined by the concentration of the oxidizable com-
ponents. From the time dependence of the ozone concentration
the reaction rate constant of the ozone reaction can be calcu-
lated.

1.2 Aim of the Work

The aim of the work is to characterize the ozone consumption
of an effluent of a wastewater treatment plant both in the ini-
tial and in the second phases. Since the effluent of a wastewater
treatment plant is treated water, its DOC concentration is similar
to that of the natural waters. Therefore, during ozonation the two
phases of ozonation can be observed and examined (Fig. E}a).
In the initial phase continuous measurements are carried out at
two temperatures in order to determine the effect of tempera-
ture on the ozone concentration during ozonation of the treated
wastewater. Batch experiments are carried out at three different
temperatures in order to determine the temperature-dependence
of ozone depletion and the temperature-dependence of the first
order reaction rate.

2 Experimental

Effluent of a wastewater treatment plant is treated by ozone.
Two types of experiments are carried out: continuous measure-
ments in order to study the initial phase using a stopped-flow
module, and batch experiments in order to study the reaction ki-
netics of the second phase of ozone depletion. In both cases the
reaction takes place in aqueous environment. Ozone dissolved
in water reacts with the oxidizable components of the wastewa-
ter effluent. The dissolved ozone and the treated wastewater are
prepared the same way for all the experiments.

2.1 Generation of Dissolved Ozone

A schematic drawing of ozone generation can be seen in
Fig.[2] Ozone is produced from oxygen gas in a Wedeco type
ozone generator by means of a silent electrical discharge. Di-
rect current is applied between two concentrically arranged elec-
trodes. The electrodes are separated from each other by oxygen
filling the two discharge chambers, through which the gas flows.
Some of the oxygen molecules in the input gas break down in the
electric field and immediately attach themselves to free oxygen
molecules, forming ozone. The formed ozone gas is bubbled
into cool water. To increase the quantity of the absorbed ozone,

14 Per. Pol. Chem. Eng.

Edit Cséfalvay / Tobias Néthe | Péter Mizsey



the cryostat is adjusted to 0.5°C. The barbotage lasts 15 minutes
in every case. The concentration of the generated ozone solution
is11.54+0.5mg- L™
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Fig. 2. Schematic drawing of the process of ozone generation

2.2 Preparation of Wastewater

The sample of the effluent of a wastewater treatment plant
is filtered through a microfiltration membrane with a pore-
diameter of 0.45 um to remove the floating pollutants. After
the removal of floating pollutants the wastewater is stored in a
refrigerator at 4°C until the experiment begins, in order to avoid
any change in composition. The DOC-value of the wastewater
is 9.09 mg - L~! and the pH is 8+0.1. At every experiment the
pH is adjusted to 8.00 to ensure comparable results. Alkalinity
is determined by the German Standard [15], therefore, it is ex-
pressed by carbonate hardness. The carbonate hardness of the
prepared wastewater is found to be 13.3 °d. Carbonate and bi-
carbonate ions belong to scavengers, but in this case their quan-
tity is not sufficient to scavenge all the radicals. Therefore, the
carbonate and bicarbonate content of the sample is eliminated
by hydrochloric acid. Due to the acid carbon-dioxide arises and
leaves the sample. Tert-butanol regarded as a very efficient rad-
ical scavenger, is added to the wastewater. 3.46 mL tert-butanol
is added to 1000 mL wastewater in case of every experiment.

2.2.1 Continuous Measurements

Using a stopped-flow module continuous measurement of the
ozone concentration during the initial phase is investigated. The
schematic drawing of the stopped-flow module can be seen in
Fig.[3] The prepared wastewater is filled into funnel S and the
ozone solution is filled into funnel O. The standard (distilled)
water is filled into funnel Sz. In the stopped-flow module a one-
centimeter-wide cuvette is located, where the oxidation reaction
takes place. The decrease of ozone concentration can be mea-
sured by UV spectrometry. The cuvette is filled with the mixture
of a standard and of an ozone solution at first and the absorption
of ozone is measured at 254 nm wavelength. After cleaning the
cuvette, it is filled with wastewater-ozone solution mixture. Dur-
ing the ozonation reaction the absorption of ozone is measured
in every 0.04 seconds. Data are sent to the computer, which

calculates the concentration of ozone by the Lambert-Beer law.

The extinction factor of ozone is 3300 L - mol~! - em™!.
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Fig. 3. Schematic drawing of the stopped-flow module

2.2.2 Batch Experiments

In order to determine the reaction rate constants in the sec-
ond phase of ozonation and to measure the ozone concentration
during oxidation batch experiments are carried out in a reac-
tion glass. Batch experiments are carried out at three differ-
ent temperatures: 8, 18, 27°C. The prepared wastewater sam-
ples have the following properties: pH=8.00, tert-butanol (scav-
enger) content=3.46 mL - L™, DOC=9.09 mg - L~'. After
reaching the given temperature, the dissolved ozone is added to
the prepared wastewater. At regular intervals samples are taken
from the reaction mixture in order to determine the concentra-
tion of ozone by the indigo method [16].

2.3 Analytics

Since the experiments are carried out in the laboratory of the
Department of Environmental Technology, Dortmund Univer-
sity, Germany the analytical methods are mainly based on the
German Standard.

Ozone concentration is determined either by a UV spectrome-
try or by the indigo method [[16]]. In the stopped-flow module the
absorbance of ozone molecules at 254 nm is measured, there-
fore, direct determination of ozone concentration is achieved.
The indigo method is an indirect determination of ozone con-
centration. Ozone reacts with indigo-trisulfonate and discolours
the solution. The absorbance of indigo-trisulfonate can be mea-
sured at 600 nm. In this way indirect determination of ozone
concentration is carried out. Measurement of alkalinity is inves-
tigated by the German Standard [/15]].

3 Results and Discussion

3.1 Continuous Measurements

Effect of temperature on ozone concentration in the initial
phase of ozonation is shown in Fig. @ at two different temper-
atures. The initial concentration of ozone is 11.5 mg - L™!. The
curves are very similar; however at 17°C the curve of ozone con-
centration runs below the curve of ozone concentration at 8°C.
The ozone depletion is faster at higher temperatures.
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Fig. 4. Effect of temperature on ozone decomposition in wastewater (pH=8
and DOC=9.099 mg - L~ in the stopped-flow module

3.2 Batch Experiments
Fig. 5 shows the change in ozone concentration in the second
phase at three different temperatures.
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Fig. 5. Effect of temperature on ozone decomposition in wastewater (pH=8
and DOC=9.09 mg - L~ in batch experiments

Comparing the ozone concentration decrease in the initial and
in the second phase, a significant temperature-dependence can
be observed. With increasing temperature, the time moment
when the ozone totally disappears is reduced. Namely at 8°C
the ozone disappears after 600 seconds, while at 27°C the ozone
disappears at around 200 seconds.

The time-dependence of ozone concentration can be modelled
by a simple first order differential equation.

dc
— =—k 5
dt rxe ©)

where k is a function of the temperature. The minus sign rep-
resents that the ozone concentration decreases in time. Solving
the differential equation, regarding the marginal conditions of
co as the initial concentration of ozone, the following equation
is developed:

—In (i) =ky X t+ const ©6)

€0

Plotting on a diagram the left hand side of Eq. 7 versus time, the
slope of the straight line gives the reaction kinetic constant. As
Fig. [6] shows, regarding the second phase of ozonation the mea-
sured points really fit a straight line, showing that the ozone is

decomposed according to first order kinetics. Fig.[6]also shows
the effect of temperature on the reaction kinetic constant in the
second phase. It can be seen, that the higher the temperature
the steeper is the fitted line, i.e. at higher temperatures ozone
depletion is faster.
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Fig. 6. Effect of temperature on the reaction kinetic constant in batch exper-
iments (pH=8 and DOC=9.09 mg - L~1)

Tab. 1. Effect of temperature on the reaction kinetic constant in batch exper-
iments (pH=8 and DOC=9.09 mg - L~1)

Temperature ('C)  Reaction kinetic constant (s‘l)

8 0.0059
18 0.0114
27 0.0241

Depending on the molecular structure of the oxidizable com-
pounds, the reaction kinetic constant may range from less than
1 to about 103 L - mol~" - s~! [1]. Hoigné et al. [17] studied
the rate constants of reactions of ozone with several substituted
benzenes and carbohydrates. The kinetics of all the reactions
studied could be regarded as first order kinetics. They found the
L-mol™" . s71.

In our case the reaction can also be regarded as first order as it

rate constants in the range of 1072 to 107>

can be seen in Fig. [f] According to Eq. 7 the reaction kinetic
constant must be given in s~! unit. The reaction kinetic con-
stants experimented are 0.0059 sl at 8°C,0.0114 s~ 1 at 18°C
and 0.0241 s~! at 27°C at pH=8 and DOC=9.09 mg - L='.s~1.

4 Conclusions

Effect of temperature on ozone concentration in case of
wastewater ozonation is studied. Continuous measurements us-
ing a stopped-flow module and batch experiments are carried
out. In case of continuous measurements the initial phase of
ozone consumption is studied at two different temperatures (8
and 17°C). In case of batch experiments not only the degree of
ozone depletion is determined but the reaction rate constants are
calculated too. In case of batch experiments at 8, 18, 27°C are
carried out. All experiments are carried out at a constant pH
of 8. Effluent of a wastewater treatment plant is used for to the
experiments (DOC=9.09 mg - L™1). To avoid the indirect oxida-
tion reactions, tert-butanol as scavenger is added to each sample
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in a given quantity. The reaction kinetic constants calculated at
batch experiments are found to be 0.0059 s~1at8°C,0.0114s~!
at 18°C and 0.0241 s~! at 27°C. It is found that if the tempera-
ture increases by 10°C doubles the value of the reaction kinetic
constant.

5 List of Symbols

C; oxidizable components
Coxidized  Oxidized components
OP Other product
AOP Advanced Oxidation Process
10D Instantaneous Ozone Demand
DOC dissolved organic carbon [mg - L]
COD chemical oxygen demand [mg - L™!]
c concentration of ozone [mg - L™!]
co initial concentration of ozone [mg - L
t time (s)
k reaction kinetic constant
(mentioned in literature) [L - mol~! - s71]

ky first order reaction kinetic constant (s ™)
L litre (dm?)
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