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Abstract

The catalytic ozonation of the herbicides atraziné linuron was studied in a fixed-bed reactor gisitumina-
supported manganese oxide catalysts. Two mangarites were supported, one on activated alumina)diOs,
the other, MNQISBA-15, after impregnating mesoporous silica yfinimum volume method. The adsorption of
both compounds was not significant, and the kingdika indicated that the reaction with moleculanezwas a non-
catalytic process which took place in homogenetas@. The results of catalytic runs also showeevidence that
any of the catalysts increased the rate of thedxythmediated ozonation. Both catalysts, howevensiderably
increased the ozone decomposition rate constamicydarly MnO/SBA-15 for which a Mn@bed load of 1.0% wt.
as MnQ resulted in a 30 fold increase with respect tohtvogeneous rate. The catalysts also improved the
efficiency in the production of hydroxyl radicat®iin ozone with an average hydroxyl radical-to-oz@i® as high
as 1@ for MnOJ/Al O3 and 3.0x 10° for MNO./SBA-15. The catalysts also led to lower ozone aonstion per mole
of converted organic compound, whether or not bicaate was present in the solution. Best resulte wetained in
all cases for MNQSBA-15, most probably due to a better distributibthe active phase on a larger surface.

Keywords. Heterogeneous catalytic ozonation; Fixed bed; Maege oxide; SBAS5 supported catalyst; Hydroxyl

radicals.

1. Introduction

There is a growing need for treatment technolotjiats
can provide safe treated effluents from wastewater

treatment plants (WWTP) in order to enhance wadw@wa

reuse. Organic compounds, particularly those béhgng

to emerging groups such as pharmaceuticals andrars

care products, severely endanger water reuse ig man
applications even if they are present in very lomoants.
Besides affecting reuse strategies, micropollutota
WWTP are currently discharged to surface bodiass th
jeopardising the environmental protection of water
bodies. In this regard, Member States of the Ewaope
Union have been urged to introduce policies unider t
EC Water Framework Directive with a view to achreyi
good ecological water status in terms of the preser
chemicals from human activity in a period covering
fifteen years from 2015, the date this Directivenes
into force [1].

The available technologies for the removal of
micropollutants include many oxidation processese
out alone or in combination with membrane sepanatio
A wide variety of oxidation processes have been
proposed for the removal of organic compounds from
WWTP, most of them belonging to the category of
advanced oxidation processes (AOP). AOP are those
oxidation processes based on the generation olyhigh
reactive species, particularly hydroxyl radicalbose
use has been proposed for the degradation of many

classes of organic compounds, especially when their
chemical stability makes them difficult to degrade
otherwise [2]. AOP is a growing family of technoieg
that differ in the way they generate the primaridart
species, the hydroxyl radical. They include a nunufe
combined processes in which the simultaneous use of
several technologies aims at increased economic
efficiency or better suitability to certain streaf8s4].

Among them, considerable research effort has rigcent

been centred on investigating heterogeneous catalyt
ozonation. In this process, a solid catalyst mpgdsorb
and decompose ozone, thereby leading to the fasmati
of active species which then react with non-chenbisd
organics; and (ii) adsorb organic molecules wittHer
reaction with oxidants either adsorbed and surface-
generated or from the bulk [5]. Apart from theseayal
ideas, the exact mechanism of catalytic ozonatistili
not clear. In metals or metal oxides, the catahgaction
might involve the adsorption of organic molecules o
ions with subsequent oxidation by Eley-Rideal or
Langmuir-Hinshelwood interaction with oxidant speei
It is well known that the adsorption of neutral qgmuands
on oxides in aqueous solutions has to overcome the
competitive adsorption of water molecules and that
adsorption is relatively favoured for ionizable
compounds if the surface is charged [5]. Although i
generally true that the extent of adsorption caersidly
decreases under the unfavourable electrostatiatcmmsd
that take place on charged surfaces, it has beatedo
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out that small but significant adsorption may oceuen
in this case through surface complexation reactiéhs

In a previous paper, we determined that the ugd i:
or MnGQ/Al O3 catalysts did not result in an increase in
the indirect ozonation rate constant of fenofitared

with respect to homogeneous ozonation, a fact that
suggests the absence of surface interaction with
fenofibric acid, a compound completely dissociated
working conditions [7].

The use of three-phase beds for heterogeneougtaatal
ozonation was originally developed as part of the
Ecoclear process, and originally intended for tbe of
granular activated carbon (GAC) to remove chloedat
hydrocarbons in contaminated groundwater [8]. From
then on, most applications of catalytic ozonatidriol
used fixed or fluidized beds were linked to GAC or
metal/metal oxides supported on GAC. [9, 10]. Rédgen
there have been reports of the use of activatdzboar
fibers for the ozonation of phenol in an aqueouslited
bed reactor in which a significant reduction of the
isoelectric point (IEP) of the surface took plaseaa
conseqguence of the production of surface oxygen-
containing groups [11]. Contrary to agitated reegtthat
exhibit a high liquid-to-catalyst ratio, fixed-begactors
can limit parallel homogeneous reactions such as
polymerisation or the formation of other by-produdh
this work, we studied the ozonation of the herlasid
atrazine and linuron, two non-polar pollutants camiy
encountered in wastewater from agricultural acésit
The complexity of gas-liquid-solid reactions is allw
known factor that complicates the use of reactors
operating in packed-bubble or trickle-bed modes.
Accordingly, in this work we used a two-phase
heterogeneous catalytic reactor operating withzzme-
preloaded aqueous buffer that facilitated our gbal
studying the efficiency of production of hydroxgldicals
of two manganese-based catalysts using a low-htpiid
catalyst ratio. For this purpose, we compared ssida

other surface oxidizing species [13]. Second, litds
known whether the adsorption of organics on théaser
of catalyst plays a role in the process. Certath@s
reported high adsorption of organic molecules on
catalysts, but the presence of salts and other etingp
compounds makes it difficult to assess the impagant
the adsorption of organic molecules during catalyti
ozonation.

The purpose of our work was to use kinetic data to
determine whether the adsorption of organic mokscul
results or not in an interaction between adsoraate
catalytic surfacéeading to an energetically favoured
pathway. Besides, this study aimed to determine the
influence of MnQ on the increase of hydroxyl radicals
produced from ozone and the effect of a greatdaser
dispersion of the oxide when using SBA as support
instead of activated alumina.

2. Materials and methods
2.1 Materials

Atrazine, linuron, potassium indigotrisulfonate and
sodium thiosulfate were high-purity analytical ggad
reagents supplied by Sigma-Aldrich. The formulatién
buffers and pH adjustments were made with analytica
grade reagents from Merck or Sigma-Aldrich. MiliQ
ultrapure water with a resistivity of at least 18Mm at
25°C was obtained from a Milipore system.

The heterogeneous catalysts used in this study were
alumina supported manganese oxide (MAQO3) and
manganese oxide supported on SBA-15. As to the
former, the activated alumina was purchased from
Sigma-Aldrich and used as received. It is an attva
porous aluminium oxide, with surface area of 155H
determined by nitrogen adsorption, and an average
particle size of 10@im. The MnQ/AIOs catalyst was
prepared by incipient wetness impregnation of the
aforementioned dried ADs using an aqueous solution of

manganese oxide supported on activated aluminaawith Mn(CH;COQ)-4H,0 (Sigma-Aldrich). The catalyst was

MnO./SBA-15 catalyst.

In spite of the considerable research in the fold
catalytic ozonation performed during last years, th
mechanism of catalytic processes is still essdytial
unknown. It has been demonstrated that severdystta
enhance the efficiency of ozonation but the megmani
of this process, particularly concerning the prdiuncof
hydroxyl radicals, is required prior to introdudest
technique to water treatment at an industrial sd@diere
are two major gaps in understanding catalytic otiona
First, is not completely clear whether catalysissea
ozone decomposition leading to the formation of
hydroxyl radicals. Some recent papers used electron
paramagnetic resonance to show that the presence of
metal oxides accelerates the generation of hydroxyl
radicals during ozonation [12]. However, theretil 130
direct evidence of ozone adsorption on metal oxides
the presence of water and whether the decomposition
ozone leads to the formation of surface-bound edslior

subsequently dried in air at 423 K and calcined/a K

for 3 hours. The catalyst was washed twice in phatp
buffered water (PBW) to avoid further leaching of
manganese. The amount of manganese corresponded to
10.2% wt. expressed as Mpénd calculated by weight
difference after washing and calcination. The BET
surface area was 11%g for the manganese oxide
catalyst with an average pore size of 6 nm which ha
been calculated using the Broekhoff and de BoeB{Bd
method.

MnO./SBA-15 was prepared by the impregnation of
silica SBA-15. The method of obtaining silica SBB-1
was as follows. Pluronic P123 (Aldrich EBO;0EOzo,

EO: ethylene oxide, PO: propylene oxide, MW = 5800)
and tetraethoxysilane (TEOS 98% GC Aldrich) were
used as received. In a typical synthesis, 6 gufoRic
P123 were stirred at 308 K in 45 g of water and .89

2 M HCI solution until total dissolution. TEOS (523)
was added to the solution and stirred at 308 K €or
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Figure 1. Experimental equipment: 1, ozone generator;o2y ffontrol; 3, gas-phase UV ozone analyser; 4,
thermostatic unit; 5, stirrer; 6, gas diffuserpZone amperometric sensor; 8, pH electrode; 9, HRGp; 10, dual-
channel syringe pump; 11, sampling device; 12 ildgft&ubing inserts; 13, fixed-bed reactor; 14yldead-volume

mixer, 15, sampling device.

hours. The mixture was aged at 373 K for 24 hdlins.
white powder was recovered through filtration, wesh
with water and dried at 323 K overnight. The praduc
was calcined at 773 K for 12 hours with a heatatg of
1 K minl, The impregnation of the SBA-15 was carried
out by the minimum volume method. In a typical
impregnation the desired amount of manganese
precursor, Manganese nitrate tetrahydrate (Fluks)
was dissolved in 30 mL of water and the solutioarpd
slowly over 5 g of calcined SBA-15 while being ol
The stirring was continuous for 10 hours and thiel so
dried out at 323 K overnight. The catalyst wasvatéd
under calcinations at 773 K for 12 hours, with heat

continuously bubbled using a diffuser. The stock wa
kept at pH 6.5 using 0.1 M PBW. The reason foraisin
phosphate buffer was to ensure a constant pH itisele
reactor where external adjustments are not posgible
in the feed tank was continuously monitored by rgezn
a Eutech alpha-pH100 feed-back control device. The
concentration of ozone in the stock tank variethan5.0-
10.0 mg/L range according to the prescribed dose fo
each run. The ozone solution was delivered toehetor
at a flow-rate of 2.0-4.5 mL/min using a HPLC Shdna
pump. The experiments were conducted using stock
solutions of 4.5 mg/L of atrazine (20.9 mM) and 5.0
mg/L of linuron (20.1 mM) at a flow-rate of 0.6-1.6

rate of 1 K mint. The prepared catalysts presented 11.9%L/min, which represented a maximum dilution faaibr

wt of MnO, measured after washing with PBW and
calcination. MNGYSBA-15 had a particle size of 1.3 +

0.2pm as determined by DLS using a Malvern ZetasizeByringe Pump, which also pumped the quenching agent

instrument. BET surface area was 650gnas measured
by nitrogen adsorption. We obtained a narrow pae s
distribution around 5 nm using the BdB method.

The IEP of catalysts was obtained by measuring-the
potential in aqueous solutions at 25°C and at uarpH
values after adjusting ionic strength to*1 with NaCl.
The value of IEP for MNn@AI.Os as prepared was 7.3,
which fell to 3.0 after contact with bubbling ozadne
aqueous slurry for 30 min. For MpSBA-15-potential
was low at working conditions, with a value of -+£8.8
mV at pH 6.5 indicating an almost neutral surfdus t
became negatively charged after contact with babbli
ozone. The decrease @potential during ozonation
could be attributed to the production of negatively
charged surface oxygen-containing groups [11];thst
also relevant for the possible adsorption of organi
through ion-exchange.

2.2. Ozonation procedure

The runs were performed using ozone stock solution
stored in a tank kept at 25°C in which ozone was

7.5 in the PBW charged with ozone. The solution
containing organics was delivered using a Harvaud|D

that stopped reaction. In preliminary runs, we rtarei
the temperature and the inlet, outlet and insidebéd
with no significant deviations (+ 1.5 °C) from teck
temperature of 25 °C. The tee located at the rehetd
was provided with two PVDF internal tubes in ortter
avoid the mixing of ozone charged water with the
solution containing the organic reagent before higar
the catalytic bed. Details on the experimentalugetre
given in Fig. 1.

All reactions were performed with an excess of @on
The residual oxidant in the exit mixture was quextch
with the indigo reagent so that the reaction imratedly
stopped, and the concentration of ozone could be
determined. As an alternative, sodium thiosulfades w
used for ozone quenching to ensure the absence of
interferences in HPLC measurements. The lengtheof t
columns filled with catalyst was either 90 or 50 miith
an inside diameter or 4.6 mm. Both Mi#&l.Os and
MnO,/SBA-15 were diluted with AD3; and SBA-15 of
the same granulometry at 2.5% and 10%, leading to
0.25% and 1.0% of Mnfwith respect to the whole bed.



For higher loads, and due to the low liquid-to-teta
ratio used in this work, no residual ozone could be
observed in the exit stream. In all cases, aftetdishing
the desired flow-rates, the concentration of ozairtbe
reactor inlet was determined using a sample vave a
indicated below. All runs using the same conceiatnadf
catalyst were performed with the same column, which
had been preconditioned with ozone for at least 2 h
before performing the first measurement. By pedallly
checking with reference conditions, no loss ofoincy
or deactivation could be measured for any of thalgiic
beds used in this work during their service period.
Additional bath runs were performed to determires th
rate constants for direct ozonation in the presente
BuOH following a procedure described elsewhere [7]

2.3. Analyses
The concentration of ozone dissolved in the aqueous

mainly in the aqueous phase and not on the catalyst
surface [16].

The rate of depletion of a given organic compoundri
ozonation process is the consequence of its sexraied
parallel reaction with dissolved ozone and with royg!
radicals as indicated in Eqg. 1. According to Elpwhd
von Gunten's hypothesis, the ozonation process is
characterized biR:, the ratio of the concentration of
hydroxyl radicals and ozone, that represents the
efficiency of the system in generating hydroxylicats
[17].

I‘r (mOI L S_l) = kgz Ca Co, + kﬂo. CaCuo. = (k& + kﬂo- F{l) CaCo,
1)

The preceding equation has been written in
homogeneous units; a superscript "h" indicating
homogeneous reactiolm what follows we assumed an

phase was monitored with an amperometric Rosemountverage value for the rati& andR’, the last defined

499A0Z analyzer periodically calibrated using the

below. Although both parameters may change dunng a

Indigo Colorimetric Method (SM 4500-0O3 B). The sameozonation reaction, the conversion of atrazinelamaon

colorimetric method was used to determine the ozdne
the reactor inlet and outlet. The analyses of atesand
linuron were performed by HPLC using a Hewlett
Packard 1200 Series device (Agilent Technologiaky P
Alto, USA) equipped with a reversed phase Krontsil
100A C18 analytical column. The mobile phase was a
mixture of acetonitrile (60%) and water (40%). UV
detection was carried out at 210 nm (linuron) a8 2m
(atrazine). Nitrogen adsorption isotherms were nneas
at 77 K using a Beckman-Coulter SA3100 system on
samples that were previously outgassed overnight at
200°C.

3. Results and discussion

It is well known that the presence of particles sthes
out the laminar velocity profile and results inrafarm
profile provided that the wall effects and axiadpBrsion
are negligible. The effect of higher bed porosityhie
vicinity of the reactor wall can be neglected i tfatio of
the reactor diameter to the particle diameterrgdiathan
10. Similarly, the axial dispersion can be negleédip
using a ratio of reactor length to particle diamefeover
50 [14]. In this work and for the most unfavourabiese
the aforementioned ratios were 44 and 480 respdgtiv
Bed porosity was estimated in line with Haughey and
Beveridge [15].

Prior to ozonation runs, the adsorption of atrazine
linuron was assessed in batch runs. After 24 lointact
with any of the catalysts used in this work, theoant
adsorbed was below statistical significance in PBVWA
previous work we obtained similar results for febot
acid on MnQ/Al;Os both in PBW and wastewater [7].
Other studies have reported the lack of significant
adsorption of organics on various catalysts inclgdi
supported manganese oxide at several pH valuesud r
which may suggest that the reaction probably occurs

was in all cases low enough to accept that thesesa
could be representative of the first part of thenagion,
where there is still a considerable amount of tept
compounds in solution. Additional details on thisr
are given elsewhere [7]. In the presence of a solid
catalyst, the rate of ozonation is also the resfubarallel
direct and hydroxyl-mediated oxidation on the cgil
surface in a reaction that may involve adsorbedispe
Assuming adsorption equilibrium and low surface
coverage, the rate expression becomes linear kgth t
concentration of organic adsorbate [18]. The irtizoa
of ozone and catalytic surface has been showrctease
the amount of surface hydroxyl groups that havenbee
recognized as the active sites for ozone deconipogin
transition metal oxides [19]. As a consequencdisf t
interaction, ozone-adsorbed species S-QH(@ the
product of the evolution of hydroxyl radicals orygen,

S-0; or S-O respectively, where “S” refers to surface of
the catalyst [16]. The primary formation of oxidise
surface sites in then due to the following reaction

0, +S-OH Uffr S-0H(0,), )

Considering this equilibrium, arad being the
concentration of surface sites available for ozone
binding, is, the concentration of dissolved ozone
determines the amount of oxidised surface sitef [20

Kc
06T 3)
Co,
wherec; is the total concentration of surface sites and it
was assumed that the adsorption of organics do not
interfere with the interaction of the surface wottone.

For K¢, >>1, Eq. 3 reverts to an expression similar to

the definition ofR: in homogeneous systems in which
we considered that the concentration of dissolzmhe

Chem. Eng. J., 165, 806-812, 2010



at the catalyst surface equals the ozone conciemtiat
the bulk doe to its low reaction rate:

=R°C,, (4)

Yo,
Without loss of generalityc(os) may be substituted by

the concentration of oxidized surfaa, , sites yielding

the following overall rate constant expressiongor
catalytic process:

re (rml kg™ s‘l) =Ks, Ca Co, *+ ks,
(ks +ka R cucs,

C,C, —

A ~ox

ks, CaCo, + Ko R° CACo,

(5)

where the superscript "c" stands for catalytic tieas.
This equation is valid either for the interactioithxan
organic molecule in the liquid phase by an EleyeRid

mechanism or for the reaction between adsorbedespec

provided the adsorption equilibrium constant is [a&].
The rate of ozonation can be obtained combining Eqs
and 5 and expressed in heterogeneous units are as
follows:

£
r +kS |cyCo +| — Kiio. Co. F KEC,, [Cy =
A(pbkq ko\JAo3(pro HO ko jA
£
[pb Co3:|(1CACo3
(6)

wheregandp, are bed porosity and bulk density
respectively. The decomposition of ozone also takes
place following parallel catalytic and homogeneous
processes.

4 +K6 + £ R;+k;R°]cA

I, (mol kg s) = p£r§3+r53:%gk;cAcoa+vkc CaCo, +—kdcO +KS o,
b b
—V[;kh+k°j Aco3+[ k“+k°jcoa K, Ca Co, * K;Co,
b
(7)

wherevis the stoichiometric coefficient for the direct
reaction between the organic compound and ozoree. T
mass balance to a differential reactor volume giéthe
following equations:

dW __dc, (8)
Fo rA

aw __dc, 9)
F, o,

The combination of the integrated forms of the pdaeg
equations with the expanded formsrgfand o, allows

the experimental determination of the constantk, and
ks, which represent a combination of the fundamental
kinetic parameters governing the ozonation proGess,
explained below. The mass balance to a differential
reactor volume can also be expressed as follows:

K C4 C

dc,
kz Ca Co3 + ks Co3

d Co,

—Ta _

(10)
lo,
If there are more than one organic oxidizable camgo
a similar equation can be written for both, whislthie

basis of the competitive method of kinetic analysis

dc,
dcg

—Ta
'y

(11)

In a first series of runs, we determined the réte o

= catalytic decomposition of ozone in the absence of

organic compounds. The rate constant for the
homogeneous decomposition of ozone in PBW was
determined in semicontinuous experiments using PBW
previously loaded with ozone and following a praoed

described elsewhere [21]. The value obtained kf,‘is

(2.10+ 0.45)x 10® s*. The value ok, derived from

Eg. 7, was 0.0044 + 0.00020 Lkg* for Al,O; and
0.0023 + 0.0031 L k§s? for SBA-15, where the
boundaries represent 95% confidence intervaldatite
not differing significantly from zero. The incorion
of manganese forming MR\l .03 or MNnOJ/SBA-15
resulted in a considerable increase in the catalsite of
ozone decomposition as shown in Fig. 2. With 10%
MnO./SBA-15 (1.0 % wt. of bed as Mn}) the kinetic
constant increased up to 0.123 + 0.004 k4
Expressed in pseudo-homogeneous unitsttss
amounts a 30 fold increase with respect to thetaohs
for non-catalytic ozone decomposition. The
corresponding kinetic constant for Mg@I .0z loaded
with 10% MnQ (1.0% wt. of bed as Mnpwas 0.0155
+0.0015 L kg st. The relative efficiency for ozone
decomposition of MNEISBA-15 and MnQYAI,Os is
somewhat larger than that expected from their sge
surface areas. This may reflect a better dispersion
MnOx on silica, probably as a consequence of the
differences in the metal oxide-support interaction.
Moreover, the uniform pore-size distribution in the
ordered mesoporous materials could allow for aebett

L‘particle size control of the active phase.

0.16

0.12

©
o
©

ka® (L kgt s

0.04

0 0.2 0.4 0.6

0.8 1

MnOy in catalytic bed as MnO, (%)

Figure 2. Rate constant for the catalytic decompositionzafne
on MnQJ/Al>O3 (o) and MnQ/SBA-15 (@) as a function of the
content of manganese oxide calculated as MnO

Chem. Eng. J., 165, 806-812, 2010



During the ozonation of a given organic compourgl, E
10 can be integrated along the reactor to yield the
following expression:

k LS
K, Ky

Using experimental values for the concentrations of
organic compound and ozone from runs performed at
different spatial velocities, a regression analystds
values forko/k; andka/k;. The ratioks/k; can be
rearranged from Eqgs. 6 and 7 as follows:

ve h+l/ké
pbk03 :

6K, + Ko RITKG R
b

Ao

m(c

Cas

(Cop—s) (12)

(CAO _CAS)+

k2

= (13)
k

£
o8
The compounds tested in this work have a low vafue
k&that is 6 Mis? for atrazine [22], and 1.9 #* for
linuron [23]. Batch runs performed in the preseoice

BuOH 10 mM, a well-known radical scavenger, allowed

the calculation of the direct catalytic rate conttdor
degradation of atrazine and Iinurdx[‘.L. We found no

evidence that these values were significantly chffie
from zero, the conversion of both compounds being
completely explained by the homogeneous direct
ozonation reaction. This result agrees with thdigiste
extent of adsorption observed for both compounsls, a
indicated before, and is also consistent with a low
interaction between surface and neutral organissidJ
these results, Eq. 13 transforms as follows:

VE n c VE n c
— kg, +V kS — kg, tV kg
ﬁ: pb koa 3 _ pb 3 3 (14)
ko & nfyn R p € Rhhe
< K' o+ ke = fb R Ko
pri HO- ox R; e 0, HO

where k,ﬂ‘g, represents the apparent kinetic constant for

the reaction with hydroxyl radicals in the preseate
catalyst expressed in heterogeneous units. Ittia troie
kinetic constant, as depends on the efficienchef t
system in producing homogeneous hydroxyl radicads a
oxidized surface sites, but it can be readily cormgand

compared with the homogeneous consk,,, . The

same rearrangements fark: lead to the following
expression:

&
kit
= 'Ob— (15)

K
k,

In all cases and under the conditions tested swiork,
with atrazine or linuron as organic compounds, Bj.
yielded experimental values flk; that did not differ
significantly from zero. This is clearly due to tlosv

Chem. Eng. J., 1

value of the direct ozonations constants for both
compounds. The value &f can be obtained from the
experimental data for ozone concentration the same
by combining and integrating Egs. 7 an 9. As alteku
can be derived from Eqg. 15 and, from it, the experital
values ofkS, R have been computed. The effect of
catalyst could result in an enhancement of theahte
hydroxyl radical production from ozoné{} , an increase
in the catalytic rate constant between organics and
hydroxyl radicals, included ik, , or both. In order to
gain further insight on this point, we performesesies
of simultaneous ozonation runs of atrazine anddinun
PBW and in the presence of bicarbonat@ ¥0and 5x
102 M. The competitive kinetic method applied to a
differential section of the fixed bed yields:

dc, _r, k1,A CaCo, _Cy kﬂ%- A
=A== = - d (16)
dCB r.B kl,B CB CO3 CB kHO° B
And integrating between inlet and outlet compogio
hc
Cc . C
In( A-OJ: L In( B-°] (17)
CA,s kHO- ,B c:B,s

In order to derive Eqgs. 16 and ]1@3 was considered as

being low for both atrazine and linuron, as indecht
earlier. Fig. 3 shows the results of six seriesiob
performed with mixtures of atrazine (A) and linur@)
using different amounts of bicarbonate, a well-know

radical scavenger that should affé®f but notk,. .

The ratio of the logarithmic concentration decalys o
atrazine and linuron across the catalytic bed gila

value for k%, ) / Kio.(s) Of 0.49 +0.05, a value that is
not significantly different from the ratio deterraih using

the homogeneous second order rate constants pedblish
elsewhere and obtained at 20°C, namely,

Klior(a) / Ktion(sy = 043 % 0.04 [22-24]. This result offers
no evidence that any of the catalysts may congibmtn
increase in the second order rate constant faregeion

between organics and hydroxyl radicals. To be more
precise, the experimental results shows no eviddrate

R° p
kgx —~h —=
R

catalytic reaction with hydroxyl radicals involved
adsorbed organics, it might be expected that tiee ra
constan k¥, due to the effect ok’ , would differ from

is significantly different from zero. If the

that of the homogeneous systek;,,. and that this

difference would also affect their ratio. Therehs
possibility that the rate constant could increasth lfor
atrazine and linuron cancelling the effect on thitéorof
rate constants, but our previous findings pointed low
degree of interaction between surface and orgafrecsy.
For it, the ozonation of fenofibric acid in sevemztrixes

65, 806-812, 2010



had already demonstrated that neithefOAlnor

MnO,/Al.Os had any observable effect on its indirect
ozonation rate constant even when hydroxyl radizal-
ozone ratio was significantly improved by both oatts

[7].

12

10

08

06 o

In(cao/ca)

04 % A

02

0.0
0.0 0.5 1.0 15 2.0 25

In(Cgo/Cs)

Figure 3. Logarithmic decay of concentrations of atraziAg (
and linuron (B) in ozonation runs of mixtures ottbo
compounds using Mn@Al O3 (o) and MnQ/SBA-15 @) in
PBW and MnGQ/Al;O; 103 M NaHCG; (o), MNOJ/AIO5 5 x
103 M NaHCG; (A), MnOJ/SBA-15 13°* M NaHCQ; (e) and
MnO,/SBA-15 5 x 16 M NaHCG; (A). (1.0 wt. % of MnO2
in all beds.)

In what follows, we used the result tIkS, did not
differ from their corresponding homogeneous values,

ki, for atrazine and linuron in order to derive averag

values for R from the experimental values afk

using Eq. 15. It must be noted that the conclusion
concerning the lack of interaction of atrazine &ndron
with the catalytic surface is not dependent on the

particular values ¢ F{‘t or R'. Fig. 4 plots the average

hydroxyl radical-to-ozone ratio within the reactor
ozonation runs of atrazine as a function of theanaolf

ozone consumed per mole of atrazine. The values wer

obtained in several reactors containing@| SBA-15
and two different amounts of Mpaded on both

supports. The plot shows tt Rht decreased with the

moles of ozone consumed, whose higher values also
corresponded to higher atrazine conversions. This
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Figure 4. Hydroxyl-radical-to-ozone ratit R; , for the
catalytic ozonation of atrazine on MGBA-15 (a, filled
symbols) and Mn@AI,0s (b, empty symbols) using a MRO
load of 1.0% wt. (squares), 0.25% wt. (circles) 8f@ (AlO3
or SBA-15, triangles).

Fig. 4 also shows th: RQ was considerably promoted by

MnO,/Al O3 with values near or over 2@vhereas the
maximum value obtained for ADs was 3.7x 107 for
atrazine conversions < 10%. A much higher effealato
be appreciated when Mp@as incorporated into SBA-

15, with R as high as 3.@ 10° while in similar

behaviour may be a consequence of the disappearanceconditions SBA-15 alone hardly surpassed. Ihis

from solution of the parent aromatic compounddgadt,
it has been stated that the decomposition of oaodehe
production of hydroxyl radicals are strongly prostwby
aromatic solutes due to the formation of hydrogen
peroxide as an intermediate product [25]. Other
compounds such as oxoacetic acids, typically fasd
ozonation by-products, contribute to ozone
decomposition and to the formation of radicals sash
superoxide and hydroperoxyl, and may contributiito
effect [26].

represented an average 30 fold increas:iwhen using
MnO,/SBA-15 with respect to SBA-15 alone, whereas
MnO,/Al;Os increased the efficiency in generation
hydroxyl radicals by an average factor of 2.7 wihpect
to Al.Os. For MNQ/SBA-15, R increased threefold with
respect to Mn@Al,Os under similar conditions.

The use of catalyst also led to a lower ozone
consumption per mole of converted organic compasd
observed in Fig. 5, which giv I{‘t for runs performed

using mixtures of linuron and atrazine on MM,03
and MnQ/SBA-15 in PBW loaded with different

Chem. Eng. J., 165, 806-812, 2010



concentrations of bicarbonate. The increas R} was

parallel to the decrease in the moles of ozonewuad
and was more intense for the case of MBBA-15
catalyst. The lower ozone consumption correspomaled
runs with high space velocities and, therefore glow
conversions, typically less than 10% ozone conugssi
for runs with efficiencies near 1.5 moles of ozpee
mole of converted parent organic, atrazine or bnur

1.E-05

1.E-06 ¢

1.E-07

1.E-08

0.1 1 10 100

mol O3 / (mol atrazine + mol linuron)

Figure 5. Hydroxyl-radical-to-ozone ratit R; , for the

catalytic ozonation of mixtures of atrazine andifion as a
function of the moles of ozone consumed per molgti@izine
or linuron oxidized. MnQAI,Os (o) and MNnQ/SBA-15 @) in
PBW; MnQ/Al,03 10% M NaHCQ; (0),MnO./SBA-15 16° M
NaHCG; (e); MNOW/Al O3 5 x 103 M NaHCQ; (A), and
MnO,/SBA-15 5 x 16 M NaHCG; (A). (1.0 wt. % of MnQ
in all beds.

4, Conclusions

A kinetic study of the catalytic ozonation of airezand
linuron was carried out in a two-phase fixed-beatter
operating in excess of ozone with ozone-preloaded
phosphate buffered water. A catalyst with a larger
specific surface, MN@SBA-15, improved the rate of
ozone decomposition with a kinetic constant of 8.2
0.004 L kg' s? for a total metal bed load of 1.0 %
expressed as MnOIn the same conditions, the ozone
decomposition rate constant was 0.0155 + 0.001§L k
st for MNOJ/Al0s. The incorporation of MnQto SBA-
15 (1.0% as Mng) resulted in a 30 fold increase in the
rate constant with respect to the non-catalytimezo
decomposition constant in the same matrix.

Neither atrazine nor linuron adsorbed significamihy
any of the catalysts in PBW. Consistent with tlisult,
we found that the direct catalytic ozonation conisthd
not differ significantly from zero in any case, tigaction
with molecular ozone being essentially the nonigtta
process taking place in homogeneous phase. Thisresu
of catalytic runs on both catalysts and using d#fé
concentrations of bicarbonate did not show anyenid
that MnG/Al .03 or MNnO/SBA-15 increased the
indirect, hydroxyl-mediated, ozonation rate contaith
respect to homogeneous ozonation. These results
suggested the absence of surface interaction wibine
and linuron and may indicate that their adsorptichnot

take place at all. In any case, a possible adsor i
organics did not result in an energetically favoureute
for the catalytic reaction with hydroxyl radicals.

The efficiency of hydroxyl radical production fromzone
was significantly improved by the use of catalysith
average hydroxyl radical-to-ozone ratio within the
reactor near 1®for MNnO/AlOs and up to 3.6 10° for

MnO./SBA-15. This represented a considerable - up to

30 fold - increase in the average value R} with

respect to the support alone for MWEBA -15. RQ for

MnO,/SBA-15 was about three times its value for
MnO./Al>Oz under similar conditions. The use of catalyst
also led to lower ozone consumption per mole of
converted organic compound, whether or not bicaatesn
was present in the solution, the highest efficicneing
obtained for MNQSBA-15. The relative efficiency of
MnO,/SBA-15 with respect to MnAI 05 is most
probably the consequence of a better distributidche
active phase on a larger surface.
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Nomenclature

M rate of ozonation of a given compound, mdld?
or mol kg* st

fo, rate of reaction of ozone, mot'ls? or mol kg* s*
second order rate constant for direct ozonation
reaction, L mot s* (homogeneous) ordlmol? kg?
s (catalytic)

Kox second order rate constant of surface reaction, L
mol? st

K, rate constant for the decomposition of ozorle, s
(homogeneous) or L Kgs? (catalytic)

Kio. second order rate constant for the reaction with
hydroxyl radicals, L mot s

C,., Cg concentration of organic compounds, mal L

Cuo concentration of hydroxyl radical, mot'L

003 concentration of dissolved ozone, maoi L

(05) concentration of adsorbed ozone, matkg
Cs concentration of free active centers at the cataly

surface, mol kg

Cox concentration of oxidized surface sites, maof kg
o total concentration of active sites, motkg
K equilibrium constant of ozone adsorption, L rhol
Ret ratio of C,,,, to Cy , dimensionless

; -1
R ratio of o) and G, , L kg

S
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W mass of catalyst, kg

Fo liguid flowrate in reactor feed, L''s

Greek letters

v stoichiometric coefficient, dimensionless
£ bed porosity, dimensionless

Jo bed bulk density, gL

Subscriptsand superscripts

o
s
h
c
hc

reactor inlet

reactor outlet

homogeneous reaction

catalytic reaction

simultaneous homogeneous and catalytic reaction
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