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Abstract

The effluent from the secondary clarifier of an BmtSewage Treatment Plant was oxidized by the
combined and simultaneous use of ozone and hydnogrexide. The purpose was to increase the
wastewater’s reuse potential by improving waterigual he removal of dissolved organic chemicalswa
enhanced by adding periodic pulses of hydrogenxmzavhile keeping pH above 8.0 throughout the runs
These conditions led to almost complete minerabman less than one hour. Under similar conditjons
without the addition of hydrogen peroxide, the reai®f total organic carbon (TOC) was no highemntha
35%. The evolution of TOC was related to the cotregion of hydroxyl radicals using a second-order
kinetic model in which the exposure to hydroxylicatiwas included by assuming a quasi-steady-state
approximation. The concentration of hydroxyl ratliwas computed using the experimental data fronmezo
and hydrogen peroxide. The kinetic constants ferydroxyl-mediated mineralization process were
determined for wastewaters collected during a aa-gampling campaign. The results showed that the
mineralization process takes place in two periollese rate constants were linked to the chemicajexy
demand (COD) to biochemical oxygen demand (BODY iatd to the chloride content of wastewaters.
During the first part of the runs, the specificeraf mineralization was high, before subsequerglyrelasing
after a period of 5-15 min by an average factd.dfwhose 95% confidence interval was in the 33%4-9.
range. The moles of TOC removed per mole of ozonswmed were in the range of 9.2-17.7 m{nQ

TOC measured at maximum ozone efficiency, whichagswoccurred within the first ten minutes.

Keywords: Ozonation, Hydrogen Peroxide, Advanced Oxidatioyc@sses, Water Pollution Control, Water
Reuse, Kinetics.

1. Introduction partially removed from wastewater in conventional
wastewater treatments in the STPs and whose peesenc

The environmental protection of surface and repeatedly reported in effluents [4-8].

groundwater, including artificial and heavily madd
bodies of water, has been urged upon Member Stfites For the removal of organic compounds in wastewater,

the European Union by the EC Water Framework ozone-based Advanced Oxidation Processes (AOP) are
Directive [1]. The aim is to achieve good ecologica much more efficient than ozone alone. The addition
water status in terms of the presence of chemicais H.O. or UV radiation accelerates the decomposition of
human activity in a period covering the fifteenngeiom o0zone due to the increased rate of hydroxyl radical

the date this Directive comes into force (2015)his generation [9]. Less severe oxidation procesdes, li
connection, increasing water scarcity enhances ozonation in acidic conditions, have been repaited

wastewater reuse, especially that geared towaeds th  yield reaction intermediates that coelchibit enhanced
large amount of effluents from Sewage TreatmenttBla toxicity to microorganisms in early stages of oxidation
(STP) currently discharged to surface bodies. Blessi  [10-11]. This problem can be overcome by AOP,

reuse targets for biotreated municipal wastewatdude which are deliberately aimed at the complete oxidation
industrial, agricultural and domestic us@sy of these of recalcitrant compounds, thus yielding less hairaf
reuse options require different water qualitieg,ibu easily biodegradable products [1€krtain combinations
generalertiary treatments must be implemented after thef AOPs have been proposed with a view to increasin
secondary settling of activated sludge treatmenébid the capacity to treat refractory pollutants or¢hiave a
the presence of organic pollutants in treated \sg&jr deeper degree of mineralization [13]. Among others,
Certain regulations include TOC as a quality patame Fenton, photo-Fenton, photocatalysis onsJiO

for practices of indirect potable reuse such asafing ultraviolet-based oxidation processes@UV and
basins or injection [2]0Organic compoundgyven in very  03/UV), and the ozone based/B0 and Q/H,0, have
low amounts, severely endanger water reuse in many been reported by different authors [14-16]. Altleése
applications. This is the case of endocrine-disngpt involve the generation of hydroxyl radicals, a tygh
compounds and other emerging pollutants that dse on reactive and unselective species, in sufficientamto
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oxidize the organics in wastewater/i0O, belongs to

discharge ozonator (Ozomatic, SWO100) fed by an

the group of chemical AOP and produces HO- radicals AirSep AS-12 PSA oxygen generation unit. The gas

through a sequence of reactions initiated by
hydroperoxide anion, the conjugate base of hydrogen
peroxide [17-19]. The use of the/8,0, system was
shown to ensure a high degree of mineralizatioh [20
This feature was sought in order to ensure theraiesef
any oxidation intermediates and a reduction indibyi

as well as the removal of persistent, emerginggr a
other individual pollutant from the many compounds
identified in STP effluents [21].

This work focuses on the need to provide adequate
quality in order to broaden water reuse practittas.a
part of a program financed by the Spanish Govertmen
that is undertaking a complete study of the diffiere
aspects involved in the reuse of wastewater camdist
with the fact that reclamation aneluse practices require
careful planning steps. These include the apptinatf
advanced oxidation technologies for the use ohrewd
water and the assessment of the fate of chemioalsgd
treatments. This work presents results concernioigea
year sampling campaign undertaken in the urban@TP
Alcaléa de Henares (Madrid, Spain), whose wastewater
were treated using an ozone-based AOP to remove
organic compounds. The aim was to establish ojpealti
boundaries for AOP in wastewater by relating thiemeix
of mineralization to matrix effects associated with
seasonal variability, as well as to contributehi® t
understanding and modelling o&/8,0; technology as
applied to wastewater reuse. The rate and extent of
mineralization in conditions of alkalines®l,0,
advanced oxidation was studied by accurately mongo
dissolved ozone as the key measured variable in the
system. An analysis of the ozone effectiveness was
derived from the model in order to furnish a bésighe
implementation of dosing and control strategiewel

as further life cycle analysis [21].

Experimental section
Materials and ozonation procedure

Wastewater was collected from the secondary cbariff
a STP located in Alcalad de Henares (Madrid) that
receives a mixture of domestic and industrial waater
from facilities located around the city. This STésla
capacity of 375000 equivalent inhabitants and sgied
to treat a maximum volume of wastewater of 303hm
Besides conventional activated sludge treatmehgst
recently implemented a biological nutrient removal
process to enhance the elimination of phosphorods a
nitrogen. All samples were composites of 1-L aliguo
collected on an hourly basis during 24 h samplieigqols
distributed over one year from February to December
Samples were immediately processed or stored in a
refrigerator (< 4°C) inside glass bottles. The @diom
runs were performed in batch mode in a 5-L glass
jacketed reactor at 25°C. The temperature wasatadr
by a Huber Polystat cc2 and monitored throughoait th

containing ozone was bubbled into the liquid by nseaf
a porous glass disk with a gas flow of 0.363mThe
concentration of ozone in the gas was ~ 45 g*md
measured immediately before each run. The off-gas w
vented to an ozone destruction unit. The reactessel
was agitated with a Teflon four-blade impeller @0Q
rpm. During the runs, injections of 0.15 mL of® (30
% w/v Sigma-Aldrich) were performed every 5 min
starting at the beginning of ozone bubbling. Thwant
was chosen in order to keep the overalD¥#Oz; molar
ratio lower than 0.5 in agreement with other puiac
data and the overall stoichiometry of the DO-
reaction [22-23]. Pulses were intended to avoideaty
excess of hydrogen peroxide, well-known radical
scavenger of hydroxyl radicals [25]. Some runs were
performed in the absence of hydrogen peroxide in
conditions of alkaline ozonation with pH > 8.5 and
without any injection of hydrogen peroxide. Additad
details on the experimental set-up are given elsesvh
[26, 27]

During the runs, certain samples were withdrawn for
analysis after previously removing ozone by bulgplin
nitrogen in order to prevent further oxidation téas.
The experiments started at pH 8.5 and were alweags k
above 8.0 by pumping a diluted solution of sodium
hydroxide (Panreac) with a feed-back PID contrefcke
when necessary. The decomposition of ozone asiifi
the reaction mixture but the general trend durirghof
the run was a moderate increase of pH. This effast
attributed to reactions between hydroxyl radicald a
carbonate and bicarbonate ions formed during the
mineralization process [28].

Analysis

The concentration of dissolved ozone was measuyred b
means of an amperometric Rosemount 499A OZ analyser
calibrated against the Indigo Colorimetric Meth&iA
4500-Q B). The signal, transmitted by a Rosemount
1055 SoluComp Il Dual Input Analyser was recordgd b
means of a data acquisition unit. The concentraifon
ozone in gas phase was measured using an Anseros
Ozomat GM6000 Pro photometer calibrated against a
chemical method [29]. The pH of the reaction migtur
was measured by means of a CRISON electrode
connected to a Eutectpha-pH100 feed-back control
system whose final control element was a LC10AS
Shimadzu pump delivering a solution of sodium
hydroxide. The signals from the concentration of
dissolved ozone, pH and temperature were recorged b
means of an Agilent 34970 Data Acquisition Unit
connected to a computer with a sampling period &f 5

Total Organic Carbon (TOC) analyses were performed
with the aid of a Shimadzu TOC-VCSH analyzer

equipped with ASI-V autosampler. Inorganic anioresav
determined using a Dionex DX120 lon Chromatograph

experiment by means of a Pt100 Resistance Therneometith conductivity detector and an lonPac AS9-HC

Detector (RTD). Ozone was produced by a corona

4x250mm analytical column with ASRS-Ultra

Chem. Eng. J., 149, 311-318, 2009



suppressor. The eluent was 9.0 mM@GIa; with a flow  in conditions of reasonable nitrification, with an
of 1.0 mL/min. Inorganic cations were determinecaby ammonia nitrogen content in general below 5 mg/L, a
lonPac CS512A 4 x 250 mm cation exchange analyticatontent which the ozonation treatment manageddioces

column with Dionex CSRS Ultra Il suppressor and 20
mM metasulphonic acid as eluent. Total suspendiis
were determined by the American Public Health
Association (APHA) Method 2540 D, “Total Suspend:
Solids Dried at 103—-105°C”. The determination ofCC
followed APHA Method 5220 C. For BOD-5 analysis
APHA 5210 B was used with a commercially availabl
nitrification inhibitor (Hach, 2533). Standard Metts
SM 4500-P E and 4500 NHD were used for the
determination of ortho-phosphate and ammonia.
Hydrogen peroxide was determined by Eisenberg’s
colorimetric method, which uses titanium sulphate t
create with hydrogen peroxide a yellow peroxo-c@rp
measured at 405 nm [30].

Results and discussion
Characterization of wastewater

Table 1 shows the main parameters of wastewater
samples with separate averages and standard desgiati
for wet and dry periods. The same parameters in
ozonated samples are also indicated. Fig. 1, reptieg
the profiles of COD and BOD, shows parallel behawio
in the wet season, with considerably higher COD
contents during summer, corresponding to sampkesta
between days 120 and 240. TOC in Table 1 was
determined in settled and filtered samples andethes
corresponds entirely to dissolved organic carbére T
results of TOC with non-filtered samples led to an
average value of COD/TOC of 4.8 + 2.6 (95%
boundary), indicating a relatively low biodegradiypi
whose origin could be attributed to the load olusidial
wastewater received by the STP. The evolution of
chloride is shown in Fig. 5b. During the sampliragipd,
which lasted almost the whole of 2007, the plantked

to less than or slightly above 1 mg/L.

35
100

COD (mg/L)
BOD (mg/L)

0 50

100 150 200

Sample (days)

250 300

Figure 1. Evolution of COD @) and BOD (1) during the
sampling period. The days from 120 to 240 corredpdrto
the dry summer period.

Mineralization model

The experiments were conducted in semicontinuous
mode with periodic pulses of.8,. Consequently, the
molar ratio HO./Os changed during the run. The overall
H>0,/Os ratio was calculated from the maximum rate of
ozone transfer from the gas phase:

N CHzoz,o
kaC,

(1)

where N is the number of pulsésa the volumetric mass
transfer coefficientC,, , , the initial concentration of

Table 1. Seasonal variation of wastewater parameters atadfcom ozonated samples.

Spring-Winter

Parameters (November-June)
pH 7.65 (0.24)
Total Suspended Solids (mg/L) 8.6 (5.7)
Turbidity (NTU) 7.4 (5.5)
Conductivity (4S/cm) 573 (140)
COD (mg/L) 59 (19)
BODs (mg/L) 12.7 (10.9)
TOC (mg/L) 8.6 (2.8)
PQi-P (mg/L) 1.92 (1.4)
NOs-N (mg/L) 3.50 (3.14)
Sulfate (mg/L) 111 (42)
Chloride (mg/L) 72.8 (11.1)
Sodium (mg/L) 59.2 (9.4)
Potassium (mg/L) 11.2 (1.3)
Magnesium (mg/L) 16.9 (8.1)
Calcium (mg/L) 36.7 (9.8)
Alkalinity (mg/L CaCQ) 434 (62)

Summer-Autumn

(July-October) Treaegples
7.56 (0.17) -
3.0 (1.3) 8(3.2)

3.3(0.4) 3.7 (0.8)

640 (74) 600 (130)

60 (26) 28 (23)
7.3 (5.7) 1.9(1.1)
6.6 (2.4) 0.9 (0.7)

0.78 (0.12) 2.00 (1.52)
7.4 (0.67) n.d.

99 (25) 102 (32)
99.2 (3.9) 81 (12)
72.8 (6.5) 62 (8.8)
13.3 (2.5) 10.8 (1.5)
17.4 (6.2) 16.8 (7.3)
46.5 (7.5) 39.4 (8.1)
361 (31) n.d.

Standard deviations in parenthesis, n.d.: not deted.
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equilibrium concentration of ozone in the liquid
calculated from Henry’s law [31]. The mass transfer
coefficient was determined in transient runs witlhep
water and yielded a value ofé&k= 0.010 + 0.005”% For
the experimental conditions used in this work, réite of
Eqg. (1) was in the 0.35-0.45 range, near the optimu
found by Paillard et al. [32]. This ratio was kéglow
stoichiometry in order to account for the highexatévity
of ozone with organic matter and inorganics witbpext
to hydrogen peroxide, as well as to limit the ekt&dn
radical scavenging due to the reaction betweendxydir
radical and hydrogen peroxide [33].

0.30
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S L e
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Figure. 2. Evolution of TOC ¢) and concentration of
dissolved ozone during the treatment of wastewaitdr
repeated injections of 0.15 mL ot® (30 % w/v) every 300
s. Samples taken (a) in April, (b) in September.

The behaviour of wastewater samples during ozomatio
revealed strong seasonal differences. Fig. 2 sH@G
and ozone profiles for two representative rungéea
spring (April, Fig. 2a) and during the dry summeripd
(September, Fig 2b). In most cases, the concemtrafi
dissolved ozone rapidly declined after the injettid
hydrogen peroxide, a usual pattern that was obderve
only after an extended ozonation period in samiallesn
during the summer. In all cases, the concentratfon
dissolved ozone is different from zero suggestivay the
kinetic regime is slow. The higher values for Hatta

numbers, corresponding to the injection of hydrogen
peroxide, can be obtained from the following expi@s,
already simplified by considering that pH <<pK

\/ Ko, 10774 C, 5, D
kL

3

Ha = (2

where DO3 is the diffusivity of ozone in water (1. %710

9m? s1), ki the specific rate of the reaction between
ozone and hydrogen peroxide and,pKL1.75 for HO..
The value of k= 5.5x 10° m s! was evaluated
according to Calderbank and Moo-Young [34]. In all
cases Ha < 0.10 and the kinetic regime was slow, a
finding consistent with the fact that ozone wasded
in solution at any time during runs.

The pattern of TOC removal revealed differencesramo
samples, although these were not dependent on their
belonging to wet or dry periods. The most appaners
the existence of an induction period in some preegs
samples. Fig. 2b shows a period of about 3 mimduri
which the dissolved organic carbon was almost
unaffected by @H-0.. This behaviour appeared in all
samples with low COD/BOD ratio, a variable thanta
out to be particularly linked to the mineralization
kinetics. In the rest of the runs, the first fewnotes of
ozonation corresponded to a rapid mineralizatiotode
with a still limited concentration of carboxylicids, the
well-known final group of oxidation products.

In contrast with runs carried out with an injectiain
hydrogen peroxide, alkaline ozonation alone yielded
much lower mineralization rates. Alkaline ozonation
initiates with the reaction of hydroxide anion withone,
a reaction whose second order constant is relgtsrahll
(70 M s1) compared to that with hydroperoxide anion
reported below. Fig. 3 shows the results obtainethd
the ozonation (pH > 8.5) of two wastewaters togethe
with the concentration profile of dissolved ozone
recorded during the run. TOC removal was lower than
35% after one hour whereas hydrogen peroxide-adsist
ozonation led to mineralization above 75% in aflesa

Considering that direct ozonation is negligible and
therefore, the oxidation of a given organic comphuh
takes place only by means of the hydroxyl raditted,
mass balance to a volume element yields the foligwi
expression:

dc,

dt

ke Co Ciion (3)

The concentration of hydroxyl radicals can be dated
from its initiation and termination rates with the
assumption of steady-state. The reaction startstivi
rapid reaction of ozone and hydroperoxide anion:

O, +HO, 0 ¥, HO,+0; Kk =2.2x10M*s®
(4)
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Figure 3. Evolution of TOC and concentration of dissolved
ozone during the ozonation treatment of wastewaitdout
injection of hydrogen peroxide for samples takeAjumil (o)
and in Junex).

O, +HO, 0 7. HO,+0;  k  =2.2x10M*s®
(4)
Propagation reactions involve the formation of othe

radical species like HOthat eventually lead to the
formation of hydroxyl radicals [19]:

HO; - HO + 0, ©)
dC
d?o. :2k0H’ CO3 CHO’ + 2kH02, C03 CHO; _zk[ Cq CHo. =0
(7)

Immediately after a hydrogen peroxide pulse, adrapi
decrease in the concentration of 0zone and hydoajokr
anion takes place as a consequence of the ramtiorea
between them. Even in such circumstances, the
concentration of hydroxyl radical approaches efgaiim
very quickly compared with the evolution of othiene-
dependent variables. The dynamic behaviour ofitee f
order system described by Eq. 7 depends on the rate
constant of termination reactions, the recipro¢alinich
is the time constant of the system. Considering onl
termination reactions with carbonate and bicarbmnat
whose concentrations in the samples are over 20.@Hd

mg CaCQ/L respectively,> k C, =10"s™ and,

therefore, the time constant of Eq. 7 is in theeoiof 10
°s. In other words, the quasi-steady-state hypistiiest
consists in assuming that the net rate of hydroxyl
formation is zero is borne out by the availableskin
data.

The combination of the preceding equations yidhgs t
following expression for the logarithmic decay loét
concentration of a given organic pollutant:

_ Cq, Gy, LOP P

C, _ ~ 2k .
P =k, [Cpp. dt=k, [—2 SkC.

P.o

-In dt

(9)

In this equation, the initiation reaction betweeome
and the hydroxide anion, whose specific rate comgta
kon- = 70 M s, was not considered. The high value of

kHOZ_ = 2.2x 1¢® M! sl makes the contribution of the

former about three orders of magnitude lower thwn t
latter and therefore negligible when evaluatingtimee-
integrated concentration of hydroxyl radicals [19-1

The concentration of hydrogen peroxide can be
calculated inside each pulse from the ozone condume
within the liquid phase and that transferred frow gas:

Cio, (O) _%[Cm(o) _Coa(t)J _L;[C; s _Co3(t)Jt
(10)

C —

HZOZ -

whereC,_(0) andC, (t) are the concentrations of

dissolved ozone at the beginning of each pulse of
hydrogen peroxide and at any time between puldas. T
computation probably overestimates the instantameou
concentration of hydrogen peroxide as it ignorgs an
reaction of hydrogen peroxide other than that witbne.
Instantaneous equilibrium between hydrogen peroxide
and hydroperoxide anion was also assumed. The time-
integrated concentration of hydroxyl radical must b
evaluated after considering the sequence of puldesre
the integral refers to a given pulse in the segeenc
indicated by the summation:

2k 10M P
iktC ZI Co, Ciio, dt:kitzri:kilr
s

(11)

where k represents the influence of initiation and
termination reactions on the concentration of hygro
radicals and’, expressed in m¥Is?, accounts for the
integral in the second member of Eqg. 11. The vatfi€s
were evaluated using the full profile of ozone witita
taken every 5 s. If the aggregate TOC is usedadsté
the concentration of a given individual compouihe, t
combination of Egs. 9-11 yields the following exgsi®n
for the logarithmic decay of dissolved carbon:

TOC
Toco=kmjcm.dt=km k. =kl (12)

[Cro dt=

—In

The use of TOC instead of a given organic compound

The concentration of HOcan be calculated from pH andalso justifies ignoring direct ozone reactions i B as

pKa of H.Oo:

C =Ciio, 10PH ~PKa (8)

H

they would not reasonably contribute to mineraiaat

Fig. 4 shows the result of the least square fittihthe
experimental results of three representative exparts
to Eg. 12. In all cases, a good fit was obtained on
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considering two consecutive periods in the TOC deca
pattern. The first one represented rapid minerédina
with the exception of some samples characterizeal by
low COD/BOD ratio that exhibited an induction petio
during which TOC remained unchanged. The sample
indicated by triangles corresponds to April, whiglalso
represented in Fig. 2a. It shows a period of aB0o0ts in
which TOC was essentially constant. The other
experiments shown in Fig. 4 correspond to Junar{gur
rainy week) and July and are representative of &ssnp
taken in wet and dry periods respectively.

3.00

2.50 -

2.00

1.50 -

In(TOC,/TOC)

1.00

10
I (mM?s)

15 25

Figure 4. Logarithmic decay of TOC for representative runs
corresponding to April (triangles), June (circlasd July
(squares) as a function bfdefined in Eq. (9). Filled and
empty symbols indicate the two TOC decay periodghath
data were fitted.

The experimental values of the kinetic constariEaf12
are shown in Fig 5a and b for the first)(&nd second
(ko) fitting periods respectively. In runs showing an
initial induction period, this was not considerekem
computing the kinetic constants of the model. Camist
for both periods exhibited important seasonal Viama
but with larger deviations from the average in¢hee of
ki. Larger positive deviations corresponded to thye dr
period in runs with a low amount of dissolved ozone
(Fig. 2b) and in which mineralization took placedan
relatively low ozone exposure and, therefore, small
values (see Fig. 4). From the analytical paramditees]
in the analysis section, the most significant datien
with the first mineralization constant corresponttethe
COD/BOD ratio. The cross-correlation between threeti
series showed in Fig. 5a was high, allowing COD/BOD
to account for more than forty percent of the total
variability of ki, with a minor contribution on the part of
chloride content. These facts point to a minertitbra
kinetics dominated by the nature of the organict@narn
wastewater, whose biodegradability also determntines
behaviour of dissolved organic carbon towards
mineralization in ozonation runs. COD in the SPT
effluent was in all cases < 90 mg/L with low varidyp
whereas BOD changed considerably among samples
roughly in the 2-20 mg/L range. COD/BOD in the
effluent lie between common margins but with some

values near or slightly over 20. The non-biodegoéala
fraction of COD under conventional biological
treatments is usually considered the residual Q©ibe
effluent of a properly running wastewater treatment
plant. A typical level of non-degradable COD iglie
range 40-70 mg/L, of which around 10-20 mg/L is
considered residual and non-treatable COD. In the
experiments reported in this work, an average COD
removal of 65% was attained, with an average COD at
the end of ozonation treatments of 28 mg/L. Acauydp
these figures, about half of the non-degradable €&bD
be mineralized by the 4H.0, treatment. The removal of
BOD was similar, with an average value of 55% and <
2.0 mg/L of residual BOD. The rest can be accoufued
by other inorganic substances in solution or by féect
associated with the different behaviour of solis i
suspension [35].
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Figure5. Dependence of reaction kinetic parameters for TOC
decay during the first (a) and second (b) fittirgipd. Filled
symbols correspond tq land k. Also shown COD/BOD)

and chloride ¢) in wastewater samples.

The second kinetic period showed quite different
behaviour and its kinetic constant did not coreelat
significantly correlated with that of the first. &lprofile
of the time series representingi& shown in Fig. 5b
together with that corresponding to the chlorideteot
of wastewater samples. The cross-correlation betlee
series shown in Fig. 5b was high, so that chlocimatent
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might explain more than thirty percent of the total
variability of k.. For both constants, the remaining
variance is associated with water hardness arallasser
extent, to pH. In the case of lsulphate content also had
a minor but significant positive influence, wherdagher
conductivity and hardness are associated with lower
values of k. The positive correlation betweepndnd the
time series of sulphate and chloride content might
explained by the formation of weak oxidants such as
chlorine or sulphate radicals from hydroxyl radécal
These secondary oxidants could extend the effettieof
oxidant mixture after the depletion of hydrogengx@fe.
To elucidate this point, more research is required,
research which falls outside the scope of this pape
Alkalinity did not demonstrate any significant iméince
on either mineralization constants. The influentce o
alkalinity of hydroxyl-mediated reactions is weltdwn,
but in this particular case may have been maskets by
low variability among samples as indicated in Tdble

[«2] ~ [ee]
T T

TOC, TOCc, Coxa (mg/L)
NG

0 500

1000 1500 2000

time (s)

2500 3000 3500 4000

Figure 6. Evolution of experimental TOGif and TOC
calculated from the concentration of acids forrawetic and
oxalic (). Empty circles represent the concentration ofioxa
acid. In this run, the transition from first to sed kinetic
period took place at 360 s.

Fig. 6 compares the experimental values of TOOhduri
the ozonation treatment with the dissolved carbon
associated with the lower molecular weight carbioxyl
acids that were analyzed by ionic chromatogragiat, t
is, formic, acetic and oxalic acids. Oxalic acidsvigy far
the most predominant except at the early stages of
reaction, and exhibited a typical pattern showing a
maximum as indicated in Fig. 6. The sample wasrtake
February with CODo = 62 mg/L and BODo = 6.5 mg/L.
The transition from the first rapid mineralizatipariod

to the second kinetic stage took place at 36(vm@ment

reactivity both towards ozone and free radicalg.[37
After ozonation, BOD reached values typically belbw
mg/L, whereas COD decreased from 30-80% with
samples yielding values as high as 50 m/L. Most COD
about 20 mg/L on average, corresponded to other
inorganic compounds such as nitrites or sulphitése
the concentration of chloride was too low to irdeef
[38]. Other sources of variability can be attrittite
solids in suspension and to the formation of oxaticl, a
compound that was reported to inhibit microorgagism
that biodegrade organic compounds [39].

Cost analysis and efficiency of mineralization

The model described by Eqgs. 10-12 permits the
calculation of TOC(t) from continuous measures of
Co,(t) given a dosing strategy for hydrogen peroxide. The

amount of ozone being transferred from the gasephas
can be calculated from the concentration of dissblv
ozone, provided that the concentration in the dgas@ is
known or accessible to computation. A mass bal&mce
ozone in the gas phase yields:

o La(Cés_Cos)

059 _
S dz

wheree represents the gas hold-up arttie height from
the gas diffuser. Assuming that the concentration o
ozone in the liquid phase remains constant duhieg t
time a gas bubble needs to rise to the top ofdhetor,
the integration of Eq. 13 yields:

(13)

_kaHes

Cos(2)=(CS,-HC, )e ° +HC,

(14)

The correlation of Rischbieter et al. [31] was uged
calculate the adimensional Henry’s constant; H97 &t

25°C. The values dfi%g for bubbles leaving the reactor

were found to differ less than 1% from their iditia
concentration at the diffused:';gs’g . With constant gas

concentration, the instantaneous rate of ozone mass
transferdNo, can be calculated at any time from the

concentration of dissolved ozone as follows:

dN

o _ -
o=V ka(Cy -Gy, (15)
The efficiency of the ozonation system to remove
dissolved organic carbon can be determined a gdrimmi
the model given by Egs. 10-12 using only infornyatio
about the concentration of dissolved ozone and the

amount of hydrogen peroxide being injected. The

at which most organic carbon measured as TOC twok t instantaneous rate of TOC removal is given by:

form of carboxylates. Low molecular weight carboxyl
compounds accounted for the totality of the amaidint
TOC that remained in solution at the end of alnadist
runs. This result is consistent with the well-known
resistance of these compounds to oxidation by ozone
[35]. In fact, it has been established that thalfin
oxidation products of many organic compounds are
carboxylic acids, a class of compounds that hawe lo

dTOC dar

- T = kTOC TOC CHO' =k TOC E (15)

A precise evaluation df function is possible due to the
accurate measuring of ozone concentration performed
with a sampling period of 5 s throughout the run.
Combining Egs. 14 and 15, the number of moles c£TO
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removed per mole of ozone being transferred froen th
gas phase can be calculated as follows:

kToc, e 4T
o, ka(C, ~Co

The theoretical number of moles of TOC removed per
mole of ozone consumed is shown in Fig. 7 for traes
runs represented in Fig. 2. The symbols correspmnd

mineralization efficiency was 12.5 mg/@g DOC.
Ozone dosing for the ozonation of surface water in
processes where mineralization is not pursued|lydiea
in the 1-2 mg@mg TOC with a limited degree of
mineralization [41]. Muroyama et al. reported apeip
limit of 5 min of ozonation for the treatment ofrdding
water in a bubble column with ozone doses around 3
mg/L [42]. In our work, the amount of ozone tramsfe
was much higher, but also the mineralization washmu
deeper and mineralization efficiency show similar

experimental TOC values. The good agreement betwedigures.

experimental and theoretical ozone efficiency is
noteworthy, especially considering that the thecaét
profile can be calculated from a relatively straigrward
measure such as dissolved ozone concentratiordddes
of hydrogen peroxide is an independent variabledaa
be handled at will by plant operators, the modédy on
requiring the rate constakito predict the mineralization
at a given time. The results show a sharp maximum i
mineralization efficiency that always lay in the01%50 s
interval. The dose of ozone transferred during the
ozonation, can be calculated from Eq. 14 and reptes
for the runs in Fig. 7 and evaluated at the maxinafim
dNrod/dNos, 29.2 mg/L (April) and 23.4 mg/L (Sept.)
with a TOC removal of 31% and 17% respectively,
representing 10 and 16 mg/@g TOC respectively. For
the whole set of runs, the amount of ozone consuayed
in the 9.2-17.7 mg ¢&mg TOC interval, the higher
figures corresponding to samples collected during
summer whose concentration of dissolved ozone was
lower, as shown in Fig. 2.

0.16

0.14
0.12
0.10
0.08

0.06

dN1od/dNp3 (dimensionless

0.04

0.02

n a
0.00 L L L L L L Ml

0 500 1000 1500 2000 2500 3000 3500 4000

time (s)

Figure 7. Evolution of the moles of carbon mineralized oyt u
mole of ozone in runs with wastewater samples takexpril
and June. The symbols correspond to experimenlig¢savith
derivatives obtained by a numerical non-model based
procedure.

Data on ozone dosing fors(®l,0, treatment of
wastewater are scarce and difficult to interprat,there
is a certain background on the use of this tectenfqu
surface and drinking water. Volk, et al. [40] oztath
surface water with about 15 mg/L of dissolved organ
carbon (DOC) that mainly consisted of humic substan
and found that for a 10 min treatment witf(lDO, the

The maximum at 2.5-7.5 min corresponded to a penod
which a complete removal of a number of
micropollutants took place. In a previous papelf,[2&
reported liquid chromatography-hybrid triple-quaguisle
linear ion trap system (LC-QgLIT-MS) analysis of
wastewater from the same STP in search of
pharmaceuticals and personal care products (PRCP).
that paper, we detected over thirty compounds and
metabolites representing u@/L overall, with individual
concentrations in the 3-2100 ng/L range. Their f&ie
followed during ozonation runs with the resulttireven
under conditions of mild mineralization, the remlova
efficiencies for most compounds were over >99% &te
min.

Conclusions

The ozonation treatment of the effluent from the
secondary clarifier of an urban STP was carried out by
the simultaneous use of ozone and hydrogen

peroxide. Kinetic constants for the second order
hydroxyl-mediated mineralization process were
determined for wastewaters collected throughout a
sampling period lasting almost one year. The result
showed a TOC decay ranging from 75-100% during one-
hour of treatment. In the same conditions but witho
injecting hydrogen peroxide, the extent of mineswiion
was always below 35%. In all cases, after a pesfds

15 min, the rate of mineralization changed shaiugn a
stage of quick mineralization to a second and stowe
period associated with the reaction of the moneaotbry
compounds. The simple carboxylic acids formic, iacet
and oxalic, were identified as the main componehthe
reaction mixture during the slow reaction perioteTate
constant of this period was up to twenty times lothan
that of the first part of the ozonation. The ratestants
of both periods underwent significant seasonalality
associated to important changes in the amount of
dissolved ozone whose concentration was considerabl
lower during summer. This low amount was probably
related to the higher content of nitrate, sulplzamte
chloride of wastewater during the dry period. Thess-
correlation between time series allowed the COD/BOD
ratio and the chloride anion content to be idesdifas the
parameters which most contribute to explain the
variability of the kinetic constants for the fiestd second
mineralization periods respectively. Also, certsaimples
characterized by a low COD/BOD ratio had an indurcti
period of a few minutes in which no mineralization
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occurred, before then following the same pattern ki
exhibited by other samples. This effect could be
attributed to the variable period or time requifedthe ko
oxidation of complex organic compounds to the final
oxidation products. The mineralization model praggbs N
in this work can be used to estimate the ozonendosi N
required to achieve a certain amount of TOC rembyal
using exclusively the information from the concatitm
profile of dissolved ozone. The efficiency of thsewof
ozone increased during a 150-450 s period at the
beginning of the runs to steadily decay thereaker.
maximum efficiency, the amount of ozone consumed pe
unit mass of TOC removed lay in the 9.2-17.7 mgnQ r
TOC interval, representing a mineralization ratéhie €
17-31% range. These short treatments proved td yiel
high removal efficiencies of +99% for most
pharmaceuticals found in wastewater with
concentrations in the order of ppb or ppt. During a
one-hour treatment complete mineralization required,
whenever possible, ozone doses of up to 150 mg/L.
These figures are certainly higher that those lysual
encountered in €H.0;, treatments of drinking water, but [1]
similar to the limited data available on wastewater
treatment.

o,

N < W

Nomenclature

[2]

concentration of dissolved ozone (M)
equilibrium concentration of dissolved ozone (M)

concentration of ozone in gas phase (M)

3]
concentration of ozone in the gas leaving the
diffuser (M)

concentration of hydrogen peroxide (M) [4]

concentration of hydroxyl radicals (M)

_ concentration of hydroxide anion (M)

[5]

O.0.0 0

Lo- concentration of hydroperoxide anion (M)
2

@]
b

concentration of a given compound (M)
concentration of radical scavengers (M)

@)
7%

[6]

O

o, diffusivity of ozone in water (fns*)

gas flow rate (rhs?)
Henry's law constant (dimensionless)

kinetic constant of the reaction between ozone and

HO;
hydroperoxide anion (Ms?) [7]

o kinetic constant of the reaction between ozone and

hydroxide anion (M s?)

k. Liquid phase individual mass transfer coefficient [8]
(ms*)

kia volumetric mass transfer coefficient)s

ke kinetic constant for the indirect ozonation of a
given compound (M s?)

kroc mineralization kinetic constant (Ms?t)

ki kinetic constant of termination reactions{Mt)

ki  constant defined in Eq. 9 (NI

k kinetic constant defined in Eq. 10 B\¢Y)

~ I

=~

[9]

kinetic constant for the first mineralization pueti
(MZs?)

kinetic constant for the second mineralization
period (M2 s?)

number of pulses of hydrogen peroxide
moles of ozone (mol)

section of the reactor @n

volume occupied by the liquid phase®(m
height from the diffuser (m)

Greek letters

function defined in Eq. 9 (/)
gas-hold up (dimensionless)
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