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ABSTRACT

The catalytic ozonation of the herbicides atrazine and linuron was studied in a fixed-bed reactor using
alumina-supported manganese oxide catalysts. Two manganese oxides were supported, one on activated
alumina, MnOy/Al, O3, the other, MnO,/SBA-15, after impregnating mesoporous silica by the minimum
volume method. The adsorption of both compounds was not significant and the kinetic data indicated that
the reaction with molecular ozone was a non-catalytic process which took place in homogeneous phase.
The results of catalytic runs also showed no evidence that any of the catalysts increased the rate of the
hydroxyl-mediated ozonation. Both catalysts, however, considerably increased the ozone decomposition
rate constant, particularly MnO,/SBA-15 for which a MnO, bed load of 1.0 wt.% as MnO,, resulted in a 30
fold increase with respect to the homogeneous rate. The catalysts also improved the efficiency in the
production of hydroxyl radicals from ozone with an average hydroxyl radical-to-ozone ratio as high as
106 for MnO,/Al, 03 and 3.0 x 10-¢ for MnO,/SBA-15. The catalysts also led to lower ozone consumption
per mole of converted organic compound, whether or not bicarbonate was present in the solution. Best
results were obtained in all cases for MnO,/SBA-15, most probably due to a better distribution of the

active phase on a larger surface.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

There is a growing need for treatment technologies that can
provide safe treated effluents from wastewater treatment plants
(WWTP) in order to enhance wastewater reuse. Organic com-
pounds, particularly those belonging to emerging groups such as
pharmaceuticals and personal care products, severely endanger
water reuse in many applications even if they are present in very
low amounts. Besides affecting reuse strategies, micropollutants
from WWTP are currently discharged to surface bodies, thus jeopar-
dising the environmental protection of water bodies. In this regard,
Member States of the European Union have been urged to intro-
duce policies under the EC Water Framework Directive with a view
to achieving good ecological water status in terms of the presence
of chemicals from human activity in a period covering fifteen years
from 2015, the date this Directive comes into force [1].

The available technologies for the removal of micropollutants
include many oxidation processes carried out alone or in combi-
nation with membrane separations. A wide variety of oxidation
processes have been proposed for the removal of organic com-
pounds from WWTP, most of them belonging to the category
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of advanced oxidation processes (AOP). AOP are those oxidation
processes based on the generation of highly reactive species, par-
ticularly hydroxyl radicals, whose use has been proposed for the
degradation of many classes of organic compounds, especially
when their chemical stability makes them difficult to degrade oth-
erwise [2]. AOP is a growing family of technologies that differ in
the way they generate the primary oxidant species, the hydroxyl
radical. They include a number of combined processes in which the
simultaneous use of several technologies aims at increased eco-
nomic efficiency or better suitability to certain streams [3,4].
Among them, considerable research effort has recently been
centred on investigating heterogeneous catalytic ozonation. In this
process, a solid catalyst may (i) adsorb and decompose ozone,
thereby leading to the formation of active species which then react
with non-chemisorbed organics; and (ii) adsorb organic molecules
with further reaction with oxidants either adsorbed and surface-
generated or from the bulk [5]. Apart from these general ideas,
the exact mechanism of catalytic ozonation is still not clear. In
metals or metal oxides, the catalytic reaction might involve the
adsorption of organic molecules or ions with subsequent oxidation
by Eley-Rideal or Langmuir-Hinshelwood interaction with oxidant
species. It is well known that the adsorption of neutral compounds
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].
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Nomenclature

A rate of ozonation of a given compound, molL~1s-1
or molkg—1s-1

ro, rate of reaction of ozone, mol L~1 s=! ormol kg1 s~1

ko, second order rate constant for direct ozona-

tion reaction, Lmol-1s~!
L2 mol-1kg~1s~1 (catalytic)

(homogeneous) or

Kox second order rate constant of surface reaction,
Lmol-1s-1

kq rate constant for the decomposition of ozone, s~!
(homogeneous) or Lkg~! s~ (catalytic)

ktioe second order rate constant for the reaction with
hydroxyl radicals, Lmol~1s-1

CACB concentration of organic compounds, mol L~

CHO® concentration of hydroxyl radical, mol L~!

Co, concentration of dissolved ozone, molL~!

C(03); concentration of adsorbed ozone, mol kg~!

Cs concentration of free active centres at the catalyst
surface, mol kg1

Cox concentration of oxidized surface sites, mol kg~1

Ct total concentration of active sites, mol kg~!

K equilibrium constant of ozone adsorption, L mol~!

Ret ratio of cype to o3> dimensionless

R¢ ratio of ¢o,), and co,, Lkg~!

w mass of catalyst, kg

F, liquid flow-rate in reactor feed, Ls™!

Greek symbols

v stoichiometric coefficient, dimensionless

€ bed porosity, dimensionless

Ob bed bulk density, gL~!

Subscripts and superscripts

0 reactor inlet

S reactor outlet

h homogeneous reaction

c catalytic reaction

hc simultaneous homogeneous and catalytic reaction

Although it is generally true that the extent of adsorption consid-
erably decreases under the unfavourable electrostatic conditions
that take place on charged surfaces, it has been pointed out that
small but significant adsorption may occur evenin this case through
surface complexation reactions [6]. In a previous paper, we deter-
mined that the use of Al,03 or MnOy/Al, 03 catalysts did not result
in an increase in the indirect ozonation rate constant of fenofibric
acid with respect to homogeneous ozonation, a fact that suggests
the absence of surface interaction with fenofibric acid, a compound
completely dissociated in working conditions [7].

The use of three-phase beds for heterogeneous catalytic ozona-
tion was originally developed as part of the Ecoclear process, and
originally intended for the use of granular activated carbon (GAC)
to remove chlorinated hydrocarbons in contaminated groundwater
[8]. From then on, most applications of catalytic ozonation which
used fixed or fluidized beds were linked to GAC or metal/metal
oxides supported on GAC. [9,10]. Recently, there have been reports
of the use of activated carbon fibers for the ozonation of phenol in
an aqueous fluidized bed reactor in which a significant reduction
of the isoelectric point (IEP) of the surface took place as a con-
sequence of the production of surface oxygen-containing groups
[11]. Contrary to agitated reactors, that exhibit a high liquid-to-
catalyst ratio, fixed-bed reactors can limit parallel homogeneous
reactions such as polymerisation or the formation of other by-

products. In this work, we studied the ozonation of the herbicides
atrazine and linuron, two non-polar pollutants commonly encoun-
tered in wastewater from agricultural activities. The complexity
of gas-liquid-solid reactions is a well-known factor that compli-
cates the use of reactors operating in packed-bubble or trickle-bed
modes. Accordingly, in this work we used a two-phase heteroge-
neous catalytic reactor operating with an ozone-preloaded aqueous
buffer that facilitated our goal of studying the efficiency of pro-
duction of hydroxyl radicals of two manganese-based catalysts
using a low-liquid-to-catalyst ratio. For this purpose we compared
a classic manganese oxide supported on activated alumina with a
MnOy/SBA-15 catalyst.

In spite of the considerable research in the field of catalytic
ozonation performed during last years, the mechanism of catalytic
processes is still essentially unknown. It has been demonstrated
that several catalysts enhance the efficiency of ozonation but the
mechanism of this process, particularly concerning the production
of hydroxyl radicals, is required prior to introduce this technique
to water treatment at an industrial scale. There are two major
gaps in understanding catalytic ozonation. First, is not completely
clear whether catalysts cause 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, there is still no direct evidence of ozone adsorption
on metal oxides in the presence of water and whether the decom-
position of ozone leads to the formation of surface-bound radicals
or other surface oxidizing species [13]. Second, it is not known
whether the adsorption of organics on the surface of catalyst plays
arole in the process. Certain authors reported high adsorption of
organic molecules on catalysts, but the presence of salts and other
competing compounds makes it difficult to assess the importance
of the adsorption of organic molecules during catalytic ozonation.

The purpose of our work was to use kinetic data to determine
whether the adsorption of organic molecules results or not in an
interaction between adsorbate and catalytic surface leading to an
energetically favoured pathway. Besides, this study aimed to deter-
mine the influence of MnOy on the increase of hydroxyl radicals
produced from ozone and the effect of a greater surface disper-
sion 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 grade reagents supplied
by Sigma-Aldrich. The formulation of buffers and pH adjust-
ments were made with analytical grade reagents from Merck or
Sigma-Aldrich. MiliQ ultrapure water with a resistivity of at least
18 MS2 cm at 25 °C was obtained from a Milipore system.

The heterogeneous catalysts used in this study were alumina
supported manganese oxide (MnOyx/Al;03) 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 acti-
vated porous aluminium oxide, with a surface area of 155m2g-1,
determined by nitrogen adsorption, and an average particle size
of 100 um. The MnOx/Al;03 catalyst was prepared by incipient
wetness impregnation of the aforementioned dried Al,03 using
an aqueous solution of Mn(CH3COO),-4H,0 (Sigma-Aldrich). The
catalyst was subsequently dried in air at 423K and calcined at
773 K for 3 h. The catalyst was washed twice in phosphate buffered
water (PBW) to avoid further leaching of manganese. The amount
of manganese corresponded to a 10.2 wt.% expressed as MnO, and
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Fig. 1. Experimental equipment: (1) ozone generator; (2) flow control; (3) gas-phase UV ozone analyser; (4) thermostatic unit; (5) stirrer; (6) gas diffuser; (7) ozone
amperometric sensor; (8) pH electrode; (9) HPLC pump; (10) dual-channel syringe pump; (11) sampling device; (12) detail of tubing inserts; (13) fixed-bed reactor; (14) low

dead-volume mixer, (15) sampling device.

calculated by weight difference after washing and calcination. The
BET surface area was 119 m2 g~! for the manganese oxide catalyst
with an average pore size of 6 nm which has been calculated using
the Broekhoff and de Boer (BdB) method.

MnOy/SBA-15 was prepared by the impregnation of silica SBA-
15. The method of obtaining silica SBA-15 was as follows. Pluronic
P123 (Aldrich EO»9P0O79EO,q, EO: ethylene oxide, PO: propylene
oxide, MW =5800) and tetraethoxysilane (TEOS 98% GC Aldrich)
were used as received. In a typical synthesis, 6 g of Pluronic P123
were stirred at 308 K in 45 g of water and 180 g of 2 M HCI solution
until total dissolution. TEOS (12.5 g) was added to the solution and
stirred at 308K for 20 h. The mixture was aged at 373K for 24 h.
The white powder was recovered through filtration, washed with
water and dried at 323 K overnight. The product was calcined at
773K for 12 h with a heating rate of 1 Kmin~!. The impregnation
of the SBA-15 was carried out by the minimum volume method. In
a typical impregnation the desired amount of manganese precur-
sor, manganese nitrate tetrahydrate (Fluka) 2.01g was dissolved
in 30 mL of water and the solution poured slowly over 5g of cal-
cined SBA-15 while being stirred. The stirring was continuous for
10h and the solid dried out at 323 K overnight. The catalyst was
activated under calcinations at 773K for 12 h, with heating rate
of 1Kmin~!. The prepared catalysts presented 11.9 wt.% of MnO,
measured after washing with PBW and calcination. MnOx/SBA-15
had a particle size of 1.3+0.2 wm as determined by DLS using a
Malvern Zetasizer instrument. BET surface area was 650m2 g~ as
measured by nitrogen adsorption. We obtained a narrow pore size
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 various pH values after adjusting
ionic strength to 103 M with NaCl. The value of IEP for MnOy/Al, 03
as prepared was 7.3, which fell to 3.0 after contact with bubbling
ozone in aqueous slurry for 30 min. For MnO,/SBA-15 ¢-potential
was low at working conditions, with a value of —1.34+0.8mV at
pH 6.5 indicating an almost neutral surface that became nega-
tively charged after contact with bubbling ozone. The decrease of
¢-potential during ozonation could be attributed to the production
of negatively-charged surface oxygen-containing groups [11], but
it is also relevant for the possible adsorption of organics 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 continuously bubbled
using a diffuser. The stock was kept at pH 6.5 using 0.1 M PBW.
The reason for using phosphate buffer was to ensure a constant
pH inside the reactor where external adjustments are not possi-

ble. pH in the feed tank was continuously monitored by means
of a Eutech alpha-pH100 feed-back control device. The concentra-
tion of ozone in the stock tank varied in the 5.0-10.0 mg/L range
according to the prescribed dose for each run. The ozone solution
was delivered to the reactor at a flow-rate of 2.0-4.5 mL/min using
a HPLC Shimadzu 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 mL/min, which repre-
sented a maximum dilution factor of 7.5 in the PBW charged with
ozone. The solution containing organics was delivered using a Har-
vard Dual Syringe Pump, which also pumped the quenching agent
that stopped reaction. In preliminary runs, we monitored the tem-
perature and the inlet, outlet and inside the bed with no significant
deviations (£1.5°C) from the stock temperature of 25°C. The tee
located at the reactor head was provided with two PVDF inter-
nal tubes in order to avoid the mixing of ozone charged water
with the solution containing the organic reagent before reaching
the catalytic bed. Details on the experimental set-up are given
in Fig. 1.

All reactions were performed with an excess of ozone. The resid-
ual oxidant in the exit mixture was quenched with the indigo
reagent so that the reaction immediately stopped and the concen-
tration of ozone could be determined. As an alternative, sodium
thiosulfate was used for ozone quenching to ensure the absence
of interferences in HPLC measurements. The length of the columns
filled with catalyst was either 90 or 50 mm with an inside diam-
eter or 4.6 mm. Both MnOy/Al;03 and MnOy/SBA-15 were diluted
with Al,03 and SBA-15 of the same granulometry at 2.5% and 10%,
leading to 0.25% and 1.0% of MnO, with respect to the whole bed.
For higher loads, and due to the low liquid-to-catalyst ratio used in
this work, no residual ozone could be observed in the exit stream.
In all cases, after establishing the desired flow-rates, the concen-
tration of ozone at the reactor inlet was determined using a sample
valve as indicated below. All runs using the same concentration of
catalyst were performed with the same column, which had been
preconditioned with ozone for at least 2 h before performing the
first measurement. By periodically checking with reference condi-
tions, no loss of efficiency or deactivation could be measured for any
of the catalytic beds used in this work during their service period.
Additional bath runs were performed to determine the rate con-
stants for direct ozonation in the presence of t-BuOH following a
procedure described elsewhere [7].

2.3. Analyses

The concentration of ozone dissolved in the aqueous phase was
monitored with an amperometric Rosemount 499A0Z analyzer
periodically calibrated using the Indigo Colorimetric Method (SM
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4500-03 B). The same colorimetric method was used to deter-
mine the ozone at the reactor inlet and outlet. The analyses of
atrazine and linuron were performed by HPLC using a Hewlett
Packard 1200 Series device (Agilent Technologies, Palo Alto, USA)
equipped with a reversed phase Kromasil 5u 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) and
228 nm (atrazine). Nitrogen adsorption isotherms were measured
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 smoothes out the
laminar velocity profile and results in a uniform profile provided
that the wall effects and axial dispersion are negligible. The effect
of higher bed porosity in the vicinity of the reactor wall can be
neglected if the ratio of the reactor diameter to the particle diame-
ter is larger than 10. Similarly, the axial dispersion can be neglected
using aratio of reactor length to particle diameter of over 50 [14]. In
this work and for the most unfavourable case the aforementioned
ratios were 44 and 480 respectively. Bed porosity was estimated in
line with Haughey and Beveridge [15].

Prior to ozonation runs, the adsorption of atrazine and linuron
was assessed in batch runs. After 24 h in contact with any of the cat-
alysts used in this work, the amount adsorbed was below statistical
significance in PBW. In a previous work we obtained similar results
for fenofibric acid on MnOy/Al,03 both in PBW and wastewater
[7]. Other studies have reported the lack of significant adsorption
of organics on various catalysts including supported manganese
oxide at several pH values, a result which may suggest that the
reaction probably occurs mainly in the aqueous phase and not on
the catalyst surface [16].

The rate of depletion of a given organic compound in an ozona-
tion process is the consequence of its second order parallel reaction
with dissolved ozone and with hydroxyl radicals as indicated in Eq.
(1). According to Elovitz and von Gunten'’s hypothesis, the ozona-
tion process is characterized by R, the ratio of the concentration
of hydroxyl radicals and ozone, that represents the efficiency of the
system in generating hydroxyl radicals [17].

h ~1 -1y _ 1h h _(h h  ph
ra(mol L™ s )_ko3cAco3+kHo.cAcHo- —(k03+kH0-Rct)CACO3

(1)

The preceding equation has been written in homogeneous units;
a superscript “h” indicating homogeneous reaction. In what fol-
lows we assumed an average value for the ratios R, and RS, the
last defined below. Although both parameters may change during
an ozonation reaction, the conversion of atrazine and linuron was
in all cases low enough to accept that these values could be rep-
resentative of the first part of the ozonation, where there is still a
considerable amount of the parent compounds in solution. Addi-
tional details on this point are given elsewhere [7]. In the presence
of a solid catalyst, the rate of ozonation is also the result of parallel
direct and hydroxyl-mediated oxidation on the catalyst surface in a
reaction that may involve adsorbed species. Assuming adsorption
equilibrium and low surface coverage, the rate expression becomes
linear with the concentration of organic adsorbate [18]. The inter-
action of ozone and catalytic surface has been shown to increase the
amount of surface hydroxyl groups that have been recognized as
the active sites for ozone decomposition on transition metal oxides
[19]. As a consequence of this interaction, ozone-adsorbed species
S-OH(0O3)s or the product of the evolution of hydroxyl radicals or
oxygen, S—03° or S-0° respectively, where “S” refers to surface of
the catalyst [16]. The primary formation of oxidized surface sites in

then due to the following reaction:

K
03 +S — OH=S — OH(03), (2)

Considering this equilibrium, and c; being the concentration of
surface sites available for ozone binding, is, the concentration of
dissolved ozone determines the amount of oxidized surface sites
[20]:

KCO3 Ct

1+Kco, (3)

€03, = Kco,¢s =
where c¢; 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 with ozone. For Kco, >> 1,Eq.(3)reverts
to an expression similar to the definition of R.; in homogeneous sys-
tems in which we considered that the concentration of dissolved
ozone at the catalyst surface equals the ozone concentration in the
bulk due to its low reaction rate:

Cos), = RCC03 (4)

Without loss of generality, co;), may be substituted by the
concentration of oxidized surface, cox, sites yielding the following
overall rate constant expression for a catalytic process:
I (mol kg1 s*’) = kg} CACoy + kixCaCox = k63 CaCo,y + kxR caco, =

(k83 + kngC) CaCoy

where the superscript “c” stands for catalytic reactions. This equa-
tion is valid either for the interaction with an organic molecule in
the liquid phase by an Eley-Rideal mechanism or for the reaction
between adsorbed species provided the adsorption equilibrium
constant is low [18]. The rate of ozonation can be obtained com-
bining Egs. (1) and (5) and expressed in heterogeneous units are as
follows:

(5)

e P
ra=( —kh +kc)cc -i—(—kh +CHos + K5, C )c:
A (Pb 03 03 ) “A03 pop HO HO oxCox | CA 6)

€ h C € h h Cc pC
p—bko3 + l<03 + p—kaO.Rct + koxR® | caco, = kicaco,

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

& ve &
ro,(molkg™"s1) = —rf 41§, = Io—kg3 Cacos + VKG, Caco, + —Kijco, + K§co,
b
7)
€ € 1h (
=v (Ekg,3 +kf)3) CaCo; + (ﬁkd +k§) Co; = kaCaCo, + k3Co,

where v is the stoichiometric coefficient for the direct reaction
between the organic compound and ozone. The mass balance to

a differential reactor volume yields the following equations:

dw dCA
T ®
daw _ _ dco, (9)
FO r03

The combination of the integrated forms of the preceding equa-
tions with the expanded forms of 4 and ro, allows the experimental
determination of the constants ki, k; and k3, which represent a
combination of the fundamental kinetic parameters governing the
ozonation process, as explained below. The mass balance to a dif-
ferential reactor volume can also be expressed as follows:

dca 1A kicaco,

= =53 10
dCo3 o, szACQ3 + l<3Co3 ( )

If there are more than one organic oxidizable compound, a sim-
ilar equation can be written for both, which is the basis of the
competitive method of kinetic analysis

dCA ra
dCB - B

(11)
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Fig. 2. Rate constant for the catalytic decomposition of 0zone on MnOy/Al,05 (O)
and MnO,/SBA-15 (0J) as a function of the content of manganese oxide in the catalytic
bed calculated as MnO,.

In a first series of runs, we determined the rate of cat-
alytic decomposition of ozone in the absence of organic
compounds. The rate constant for the homogeneous decom-
position of ozone in PBW was determined in semicontinuous
experiments using PBW previously loaded with ozone and
following a procedure described elsewhere [21]. The value
obtained was kg =(2.10£0.45) x 10~3 s~!.The value of kg, derived
from Eq. (7), was 0.0044+0.00020Lkg 's~! for Al,0; and
0.0023+0.0031Lkg~!s~! for SBA-15, where the boundaries rep-
resent 95% confidence intervals, the last not differing significantly
from zero. The incorporation of manganese forming MnOy/Al,03
or MnOy/SBA-15 resulted in a considerable increase in the cat-
alytic rate of ozone decomposition as shown in Fig. 2. With 10%
MnOy/SBA-15 (1.0wt.%. of bed as MnO,), the kinetic constant
increased up to 0.123+0.004Lkg's~!. Expressed in pseudo-
homogeneous units (s—!) this amounts a 30 fold increase with
respect to the constant for non-catalytic ozone decomposition. The
corresponding kinetic constant for MnOx/Al,03 loaded with 10%
MnO, (1.0 wt.%. of bed as MnO,) was 0.0155+0.0015Lkg~1s~1.
The relative efficiency for ozone decomposition of MnOy/SBA-15
and MnOy/Al, 03 is somewhat larger than that expected from their
respective surface areas. This may reflect a better dispersion of
MnOy 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 a
better particle size control of the active phase.

During the ozonation of a given organic compound, Eq. (10) can
be integrated along the reactor to yield the following expression:

ko ks Cho
E(CAO—CAS)+EIH (TAS) = (C030—C03s) (12)

Using experimental values for the concentrations of organic
compound and ozone from runs performed at different spatial
velocities, a regression analysis yields values for ky/k; and ks/k;.
The ratio ky/kq can be rearranged from Eqs. (6) and (7) as follows:

ks (vs/,ob)kg3 +vk§, (13)
ki (s/pb)k’53 +ko, + (&/ bk ge RE, + kExRE

The compounds tested in this work have a low value ofkg3 thatis

6M~1s-1 for atrazine [22], and 1.9M~1s~! for linuron [23]. Batch
runs performed in the presence of t-BuOH 10 mM, a well-known
radical scavenger, allowed the calculation of the direct catalytic rate
constants for degradation of atrazine and linuron, kg, . We found no

evidence that these values were significantly different from zero,

the conversion of both compounds being completely explained by
the homogeneous direct ozonation reaction. This result agrees with
the negligible extent of adsorption observed for both compounds,
as indicated before, and is also consistent with a low interaction
between surface and neutral organics. Using these results, Eq. (13)
transforms as follows:

ky (ve/pb)kg3 + VKG, - (ws/,ob)k’g)3 + kG,

ki (e/ pp)RY, (Kiiow + KEx(RE/RE X pp/)) — (¢/ pp)REKLG,
(14)
where k’l}lco. represents the apparent kinetic constant for the reac-

tion with hydroxyl radicals in the presence of catalyst expressed in
heterogeneous units. It is not a true kinetic constant, as depends on
the efficiency of the system in producing homogeneous hydroxyl
radicals and oxidized surface sites, but it can be readily computed
and compared with the homogeneous constant kﬁo.. The same
rearrangements for k3/k; lead to the following expression:

ks (&/pp)Kly +K§

=T (15)

ki (e/pp)RE KRS,

In all cases and under the conditions tested in this work, with
atrazine or linuron as organic compounds, Eq. (12) yielded exper-
imental values for k,/k; that did not differ significantly from zero.
This is clearly due to the low value of the direct ozonations con-
stants for both compounds. The value of k3 can be obtained from the
experimental data for ozone concentration the same runs by com-
bining and integrating Eqs. (7) and (9). As aresult, k; can be derived
from Eq. (15) and, from it, the experimental values of k’lfo. R’gt have
been computed. The effect of catalyst could result in an enhance-
ment of the rate of hydroxyl radical production from ozone, R?t'
an increase in the catalytic rate constant between organics and
hydroxyl radicals, included in I<’lfl‘6.. or both. In order to gain fur-
ther insight on this point, we performed a series of simultaneous
ozonation runs of atrazine and linuron in PBW and in the pres-
ence of bicarbonate 10~3 M and 5 x 10~3 M. The competitive kinetic

method applied to a differential section of the fixed bed yields:

hc
dca _Ta kl,ACACO3 _ CAkHo-,A

dos 1 = he
dcg 13 ki,CBCO, cBkiioe 5

(16)

And integrating between inlet and outlet compositions:

Ca Kifoe 4 CB.o
In( 22) = e In( =2 (17)
CA,s kHo-,B CBs

In order to derive Eqs. (16)and (17), kg3 was considered as being
low for both atrazine and linuron, as indicated earlier. Fig. 3 shows
the results of six series of runs performed with mixtures of atrazine
(A) and linuron (B) using different amounts of bicarbonate, a well-
known radical scavenger that should affect R but not kyge. The
ratio of the logarithmic concentration decays of atrazine and lin-
uron across the catalytic bed yielded a value for k}l-llCO'(A)/k}l}lCO'(B) of
0.49 £ 0.05, a value that is not significantly different from the ratio
determined using the homogeneous second order rate constants
published elsewhere and obtained at 20 °C, namely, k’IIICO'(A)/k’IIICO'(B)
=0.43 £0.04 [22-24]. This result offers no evidence that any of the
catalysts may contribute to an increase in the second order rate
constant for the reaction between organics and hydroxyl radicals.
To be more precise, the experimental results shows no evidence
that kS, (R¢/ R’C’t)( pp/€) s significantly different from zero. If the cat-
alytic reaction with hydroxyl radicals involved adsorbed organics,
it might be expected that the rate constant k’gfo., due to the effect of
kSy, would differ from that of the homogeneous system, kﬁo. and
that this difference would also affect their ratio. There is the pos-
sibility that the rate constant could increase both for atrazine and
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Fig. 3. Logarithmic decay of concentrations of atrazine (A) and linuron (B) in ozona- b 1E-05
tion runs of mixtures of both compounds using MnOx/Al,03 (CJ) and MnOx/SBA-15 '
(m) in PBW and MnOy/Al;03 10-3 M NaHCO3 (O), MnOy/Al,03 5 x 10-3 M NaHCO3;
(2), MnO,/SBA-15 10-3 M NaHCOs (®) and MnOy/SBA-15 5 x 10-3 M NaHCOs3 (a).
(1.0 wt.% of MnO; in all beds.).
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linuron cancelling the effect on the ratio of rate constants, but our o
previous findings pointed to a low degree of interaction between & A . ° R
surface and organics if any. For it, the ozonation of fenofibric acid s %o
. . . A
in several matrixes had already demonstrated that neither Al,03 °A o a
nor MnOy/Al,03 had any observable effect on its indirect ozona- 1.E-07 ¢ a ° A .
tion rate constant even when hydroxyl radical-to-ozone ratio was
significantly improved by both catalysts [7].
In what follows, we used the result that kgco. did not differ from
their corresponding homogeneous values, kﬁo. for atrazine and 1.E-08 : : :
0 10 20 30 40

linuron in order to derive average values for R, from the exper-
imental values of k3/k; using Eq. (15). It must be noted that the
conclusion concerning the lack of interaction of atrazine and lin-
uron with the catalytic surface is not dependent on the particular
values of R?t or R°. Fig. 4 plots the average hydroxyl radical-to-ozone
ratio within the reactor for ozonation runs of atrazine as a func-
tion of the moles of ozone consumed per mole of atrazine. The
values were obtained in several reactors containing Al,03, SBA-
15 and two different amounts of MnOy loaded on both supports.
The plot shows that Rl decreased with the moles of ozone con-
sumed, whose higher values also corresponded to higher atrazine
conversions. This behaviour may be a consequence of the disap-
pearance from solution of the parent aromatic compounds. In fact,
it has been stated that the decomposition of ozone and the produc-
tion of hydroxyl radicals are strongly promoted by aromatic solutes
due to the formation of hydrogen peroxide as an intermediate prod-
uct [25]. Other compounds such as oxoacetic acids, typically found
as ozonation by-products, contribute to ozone decomposition and
to the formation of radicals such as superoxide and hydroperoxyl,
and may contribute to this effect [26].

Fig. 4 also shows that R’gt was considerably promoted by
MnOx/Al,03 with values near or over 10-6 whereas the maximum
value obtained for Al03 was 3.7 x 107 for atrazine conversions
<10%. A much higher effect could be appreciated when MnOjy
was incorporated into SBA-15, with R’C’[ as high as 3.0x10°6
while in similar conditions SBA-15 alone hardly surpassed 107,
This represented an average 30 fold increase in Ry when using
MnOy/SBA-15 with respect to SBA-15 alone, whereas MnOy/Al,03
increased the efficiency in generation hydroxyl radicals by an
average factor of 2.7 with respect to Al,03. For MnOyx/SBA-15,
R increased threefold with respect to MnOy/Al,03 under similar
conditions.

The use of catalyst also led to a lower ozone consumption per
mole of converted organic compound as observed in Fig. 5,which
gives ngt for runs performed using mixtures of linuron and atrazine

mol O3 /mol atrazine

Fig.4. Hydroxyl-radical-to-ozoneratio, RZ’r, for the catalytic ozonation of atrazine on
MnO,/SBA-15 (3, filled symbols) and MnOy/Al, O3 (b, empty symbols) using a MnO,
load of 1.0 wt.% (squares), 0.25 wt.% (circles) and 0% (Al, 03 or SBA-15, triangles).

on MnOy/Al,03 and MnO/SBA-15 in PBW loaded with different
concentrations of bicarbonate. The increase in Rf, was parallel to
the decrease in the moles of ozone consumed and was more intense
for the case of MnOx/SBA-15 catalyst. The lower ozone consump-
tion corresponded to runs with high space velocities and, therefore,
lower conversions, typically less than 10% ozone conversions for

1.E-05
.
.
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. "
° . R Bg
8, e @
1.E-07 | A o
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1.E-08 t t
0.1 1 10 100

mol O3/ (mol atrazine + mol linuron)

Fig. 5. Hydroxyl-radical-to-ozone ratio, R, for the catalytic ozonation of mixtures
of atrazine and linuron as a function of the moles of ozone consumed per mole
of atrazine or linuron oxidized. MnO,/Al,03 (O) and MnOx/SBA-15 (W) in PBW;
MnOy/Al,03 10~3 M NaHCO3 (O), MnO,/SBA-15 10~3 M NaHCOs (®); MnOy/Al,03
5x10~3 M NaHCOs (A), and MnO,/SBA-15 5 x 10~ M NaHCO; (a). (1.0wt.% of
MnO; in all beds.).
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runs with efficiencies near 1.5 moles of ozone per mole of converted
parent organic, atrazine or linuron.

4. Conclusions

A Kkinetic study of the catalytic ozonation of atrazine and
linuron was carried out in a two-phase fixed-bed reactor operat-
ing in excess of ozone with ozone-preloaded phosphate buffered
water. A catalyst with a larger specific surface, MnOy/SBA-15,
improved the rate of ozone decomposition with a kinetic con-
stant of 0.123+0.004Lkg"!s~! for a total metal bed load of
1.0% expressed as MnO,. In the same conditions, the ozone
decomposition rate constant was 0.0155+0.0015Lkg~1s~! for
MnOy/Al,O3. The incorporation of MnOy to SBA-15 (1.0% as MnO;)
resulted in a 30 fold increase in the rate constant with respect
to the non-catalytic ozone decomposition constant in the same
matrix.

Neither atrazine nor linuron adsorbed significantly on any of
the catalysts in PBW. Consistent with this result, we found that
the direct catalytic ozonation constant did not differ significantly
from zero in any case, the reaction with molecular ozone being
essentially the non-catalytic process taking place in homoge-
neous phase. The results of catalytic runs on both catalysts and
using different concentrations of bicarbonate did not show any
evidence that MnOy/Al,03 or MnOx/SBA-15 increased the indi-
rect, hydroxyl-mediated, ozonation rate constant with respect
to homogeneous ozonation. This results suggests the absence
of surface interaction with atrazine and linuron and may indi-
cate that their adsorption did not take place at all. In any case,
a possible adsorption of organics did not result in an energet-
ically favoured route for the catalytic reaction with hydroxyl
radicals.

The efficiency of hydroxyl radical production from ozone
was significantly improved by the use of catalysts with average
hydroxyl radical-to-ozone ratio within the reactor near 10-6 for
MnOx/Al,03 and up to 3.0 x 10~6 for MnOy/SBA-15. This repre-
sented a considerable - up to 30 fold - increase in the average value
for R, with respect to the support alone for MnOx/SBA -15. R
for MnOx/SBA-15 was about three times its value for MnOy/Al,03
under similar conditions. The use of catalyst also led to lower ozone
consumption per mole of converted organic compound, whether
or not bicarbonate was present in the solution, the highest effi-
ciency being obtained for MnO/SBA-15. The relative efficiency of
MnOyx/SBA-15 with respect to MnOy/Al;03 is most probably the
consequence of a better distribution of the active phase on a larger
surface.
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