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a b s t r a c t

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, MnOx/Al2O3, the other, MnOx/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
anganese oxide
BA-15 supported catalyst
ydroxyl radicals

rate constant, particularly MnOx/SBA-15 for which a MnOx bed load of 1.0 wt.% as MnO2 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
10−6 for MnOx/Al2O3 and 3.0 × 10−6 for MnOx/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 MnOx/SBA-15, most probably due to a better distribution of the
active phase on a larger surface.
. Introduction

There is a growing need for treatment technologies that can
rovide safe treated effluents from wastewater treatment plants
WWTP) in order to enhance wastewater reuse. Organic com-
ounds, particularly those belonging to emerging groups such as
harmaceuticals and personal care products, severely endanger
ater reuse in many applications even if they are present in very

ow amounts. Besides affecting reuse strategies, micropollutants
rom WWTP are currently discharged to surface bodies, thus jeopar-
ising the environmental protection of water bodies. In this regard,
ember States of the European Union have been urged to intro-

uce policies under the EC Water Framework Directive with a view
o achieving good ecological water status in terms of the presence
f chemicals from human activity in a period covering fifteen years
rom 2015, the date this Directive comes into force [1].

The available technologies for the removal of micropollutants

nclude many oxidation processes carried out alone or in combi-
ation with membrane separations. A wide variety of oxidation
rocesses have been proposed for the removal of organic com-
ounds 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].

dx.doi.org/10.1016/j.cej.2010.10.020
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:roberto.rosal@uah.es
dx.doi.org/10.1016/j.cej.2010.10.020
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Nomenclature

rA rate of ozonation of a given compound, mol L−1 s−1

or mol kg−1 s−1

rO3 rate of reaction of ozone, mol L−1 s−1 or mol kg−1 s−1

kO3 second order rate constant for direct ozona-
tion reaction, L mol−1 s−1 (homogeneous) or
L2 mol−1 kg−1 s−1 (catalytic)

kox second order rate constant of surface reaction,
L mol−1 s−1

kd rate constant for the decomposition of ozone, s−1

(homogeneous) or L kg−1 s−1 (catalytic)
kHO• second order rate constant for the reaction with

hydroxyl radicals, L mol−1 s−1

cA,cB concentration of organic compounds, mol L−1

cHO• concentration of hydroxyl radical, mol L−1

cO3 concentration of dissolved ozone, mol L−1

c(O3)s
concentration of adsorbed ozone, mol kg−1

cs concentration of free active centres at the catalyst
surface, mol kg−1

cox concentration of oxidized surface sites, mol kg−1

ct total concentration of active sites, mol kg−1

K equilibrium constant of ozone adsorption, L mol−1

Rct ratio of cHO• to cO3 , dimensionless
Rc ratio of c(O3)s

and cO3 , L kg−1

W mass of catalyst, kg
Fo liquid flow-rate in reactor feed, L s−1

Greek symbols
� stoichiometric coefficient, dimensionless
ε bed porosity, dimensionless
�b bed bulk density, g L−1

Subscripts and superscripts
o reactor inlet
s reactor outlet
h homogeneous reaction
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c catalytic reaction
hc simultaneous homogeneous and catalytic reaction

lthough it is generally true that the extent of adsorption consid-
rably decreases under the unfavourable electrostatic conditions
hat take place on charged surfaces, it has been pointed out that
mall but significant adsorption may occur even in this case through
urface complexation reactions [6]. In a previous paper, we deter-
ined that the use of Al2O3 or MnOx/Al2O3 catalysts did not result

n an increase in the indirect ozonation rate constant of fenofibric
cid with respect to homogeneous ozonation, a fact that suggests
he absence of surface interaction with fenofibric acid, a compound
ompletely dissociated in working conditions [7].

The use of three-phase beds for heterogeneous catalytic ozona-
ion was originally developed as part of the Ecoclear process, and
riginally intended for the use of granular activated carbon (GAC)
o remove chlorinated hydrocarbons in contaminated groundwater
8]. From then on, most applications of catalytic ozonation which
sed fixed or fluidized beds were linked to GAC or metal/metal
xides supported on GAC. [9,10]. Recently, there have been reports
f the use of activated carbon fibers for the ozonation of phenol in
n aqueous fluidized bed reactor in which a significant reduction

f the isoelectric point (IEP) of the surface took place as a con-
equence of the production of surface oxygen-containing groups
11]. Contrary to agitated reactors, that exhibit a high liquid-to-
atalyst ratio, fixed-bed reactors can limit parallel homogeneous
eactions such as polymerisation or the formation of other by-
Journal 165 (2010) 806–812 807

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
MnOx/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
a role 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 MnOx 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 M� cm at 25 ◦C was obtained from a Milipore system.

The heterogeneous catalysts used in this study were alumina
supported manganese oxide (MnOx/Al2O3) 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 155 m2 g−1,
determined by nitrogen adsorption, and an average particle size
of 100 �m. The MnOx/Al2O3 catalyst was prepared by incipient
wetness impregnation of the aforementioned dried Al2O3 using

an aqueous solution of Mn(CH3COO)2·4H2O (Sigma–Aldrich). The
catalyst was subsequently dried in air at 423 K 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 MnO2 and
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ig. 1. Experimental equipment: (1) ozone generator; (2) flow control; (3) gas-p
mperometric sensor; (8) pH electrode; (9) HPLC pump; (10) dual-channel syringe p
ead-volume mixer, (15) sampling device.

alculated by weight difference after washing and calcination. The
ET surface area was 119 m2 g−1 for the manganese oxide catalyst
ith an average pore size of 6 nm which has been calculated using

he Broekhoff and de Boer (BdB) method.
MnOx/SBA-15 was prepared by the impregnation of silica SBA-

5. The method of obtaining silica SBA-15 was as follows. Pluronic
123 (Aldrich EO20PO70EO20, EO: ethylene oxide, PO: propylene
xide, MW = 5800) and tetraethoxysilane (TEOS 98% GC Aldrich)
ere used as received. In a typical synthesis, 6 g of Pluronic P123
ere stirred at 308 K in 45 g of water and 180 g of 2 M HCl solution
ntil total dissolution. TEOS (12.5 g) was added to the solution and
tirred at 308 K for 20 h. The mixture was aged at 373 K for 24 h.
he white powder was recovered through filtration, washed with
ater and dried at 323 K overnight. The product was calcined at

73 K for 12 h with a heating rate of 1 K min−1. The impregnation
f the SBA-15 was carried out by the minimum volume method. In
typical impregnation the desired amount of manganese precur-

or, manganese nitrate tetrahydrate (Fluka) 2.01 g was dissolved
n 30 mL of water and the solution poured slowly over 5 g of cal-
ined SBA-15 while being stirred. The stirring was continuous for
0 h and the solid dried out at 323 K overnight. The catalyst was
ctivated under calcinations at 773 K for 12 h, with heating rate
f 1 K min−1. The prepared catalysts presented 11.9 wt.% of MnO2
easured after washing with PBW and calcination. MnOx/SBA-15

ad a particle size of 1.3 ± 0.2 �m as determined by DLS using a
alvern Zetasizer instrument. BET surface area was 650 m2 g−1 as
easured by nitrogen adsorption. We obtained a narrow pore size

istribution around 5 nm using the BdB method.
The IEP of catalysts was obtained by measuring the �-potential in

queous solutions at 25 ◦C and at various pH values after adjusting
onic strength to 10−3 M with NaCl. The value of IEP for MnOx/Al2O3
s prepared was 7.3, which fell to 3.0 after contact with bubbling
zone in aqueous slurry for 30 min. For MnOx/SBA-15 �-potential
as low at working conditions, with a value of −1.3 ± 0.8 mV at
H 6.5 indicating an almost neutral surface that became nega-
ively charged after contact with bubbling ozone. The decrease of
-potential during ozonation could be attributed to the production
f negatively-charged surface oxygen-containing groups [11], but
t is also relevant for the possible adsorption of organics through
on-exchange.

.2. Ozonation procedure
The runs were performed using ozone stock solution stored in
tank kept at 25 ◦C in which ozone was continuously bubbled

sing a diffuser. The stock was kept at pH 6.5 using 0.1 M PBW.
he reason for using phosphate buffer was to ensure a constant
H inside the reactor where external adjustments are not possi-
UV ozone analyser; (4) thermostatic unit; (5) stirrer; (6) gas diffuser; (7) ozone
(11) sampling device; (12) detail of tubing inserts; (13) fixed-bed reactor; (14) low

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 MnOx/Al2O3 and MnOx/SBA-15 were diluted
with Al2O3 and SBA-15 of the same granulometry at 2.5% and 10%,
leading to 0.25% and 1.0% of MnO2 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 499AOZ analyzer
periodically calibrated using the Indigo Colorimetric Method (SM
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500-O3 B). The same colorimetric method was used to deter-
ine the ozone at the reactor inlet and outlet. The analyses of

trazine and linuron were performed by HPLC using a Hewlett
ackard 1200 Series device (Agilent Technologies, Palo Alto, USA)
quipped with a reversed phase Kromasil 5u 100A C18 analytical
olumn. The mobile phase was a mixture of acetonitrile (60%) and
ater (40%). UV detection was carried out at 210 nm (linuron) and

28 nm (atrazine). Nitrogen adsorption isotherms were measured
t 77 K using a Beckman-Coulter SA3100 system on samples that
ere previously outgassed overnight at 200 ◦C.

. Results and discussion

It is well known that the presence of particles smoothes out the
aminar velocity profile and results in a uniform profile provided
hat the wall effects and axial dispersion are negligible. The effect
f higher bed porosity in the vicinity of the reactor wall can be
eglected if the ratio of the reactor diameter to the particle diame-
er is larger than 10. Similarly, the axial dispersion can be neglected
sing a ratio of reactor length to particle diameter of over 50 [14]. In
his work and for the most unfavourable case the aforementioned
atios were 44 and 480 respectively. Bed porosity was estimated in
ine with Haughey and Beveridge [15].

Prior to ozonation runs, the adsorption of atrazine and linuron
as assessed in batch runs. After 24 h in contact with any of the cat-

lysts used in this work, the amount adsorbed was below statistical
ignificance in PBW. In a previous work we obtained similar results
or fenofibric acid on MnOx/Al2O3 both in PBW and wastewater
7]. Other studies have reported the lack of significant adsorption
f organics on various catalysts including supported manganese
xide at several pH values, a result which may suggest that the
eaction probably occurs mainly in the aqueous phase and not on
he catalyst surface [16].

The rate of depletion of a given organic compound in an ozona-
ion process is the consequence of its second order parallel reaction
ith dissolved ozone and with hydroxyl radicals as indicated in Eq.

1). According to Elovitz and von Gunten’s hypothesis, the ozona-
ion process is characterized by Rct, the ratio of the concentration
f hydroxyl radicals and ozone, that represents the efficiency of the
ystem in generating hydroxyl radicals [17].

h
A(mol L−1 s−1) = kh

O3
cAcO3 + kh

HO• cAcHO• = (kh
O3

+ kh
HO• Rh

ct)cAcO3

(1)

The preceding equation has been written in homogeneous units;
superscript “h” indicating homogeneous reaction. In what fol-

ows we assumed an average value for the ratios Rct and Rc, the
ast defined below. Although both parameters may change during
n ozonation reaction, the conversion of atrazine and linuron was
n all cases low enough to accept that these values could be rep-
esentative of the first part of the ozonation, where there is still a
onsiderable amount of the parent compounds in solution. Addi-
ional details on this point are given elsewhere [7]. In the presence
f a solid catalyst, the rate of ozonation is also the result of parallel
irect and hydroxyl-mediated oxidation on the catalyst surface in a
eaction that may involve adsorbed species. Assuming adsorption
quilibrium and low surface coverage, the rate expression becomes
inear with the concentration of organic adsorbate [18]. The inter-
ction of ozone and catalytic surface has been shown to increase the
mount of surface hydroxyl groups that have been recognized as

he active sites for ozone decomposition on transition metal oxides
19]. As a consequence of this interaction, ozone-adsorbed species
-OH(O3)s or the product of the evolution of hydroxyl radicals or
xygen, S–O3

• or S–O• respectively, where “S” refers to surface of
he catalyst [16]. The primary formation of oxidized surface sites in
Journal 165 (2010) 806–812 809

then due to the following reaction:

O3 + S − OH
K
�S − OH(O3)s (2)

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

c(O3)s
= KcO3 cs = KcO3 ct

1 + KcO3

(3)

where ct 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 KcO3 >> 1, Eq. (3) reverts
to an expression similar to the definition of Rct 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:

c(O3)s
= RccO3 (4)

Without loss of generality, c(O3)s
may be substituted by the

concentration of oxidized surface, cox, sites yielding the following
overall rate constant expression for a catalytic process:

rc
(

mol kg−1 s−1
)

= kc
O3

cAcO3 + kc
oxcAcox = kc

O3
cAcO3 + kc

oxRccAcO3 =(
kc

O3
+ kc

oxRc
)

cAcO3

(5)

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 Eqs. (1) and (5) and expressed in heterogeneous units are as
follows:

rA =
(

ε

�b
kh

O3
+ kc

O3

)
cAcO3 +

(
ε

�b
kh

HO• cHO• + kc
oxcox

)
cA =(

ε

�b
kh

O3
+ kc

O3
+ ε

�b
kh

HO• Rh
ct + kc

oxRc
)

cAcO3 = k1cAcO3

(6)

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

rO3 (mol kg−1 s−1) = ε

�b
rh

O3
+ rc

O3
= vε

�b
kh

O3
cAcO3 + vkc

O3
cAcO3 + ε

�b
kh

d
cO3 + kc

d
cO3

= v
(

ε

�b
kh

O3
+ kc

O3

)
cAcO3 +

(
ε

�b
kh

d
+ kc

d

)
cO3 = k2cAcO3 + k3cO3

(7)

where � 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

Fo
= −dcA

rA
(8)

dW

Fo
= −dcO3

rO3

(9)

The combination of the integrated forms of the preceding equa-
tions with the expanded forms of rA and rO3 allows the experimental
determination of the constants k1, k2 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

dcO3

= rA

rO3

= k1cAcO3

k2cAcO3 + k3cO3

(10)

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

dcB
= rA

rB
(11)
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ig. 2. Rate constant for the catalytic decomposition of ozone on MnOx/Al2O3 (©)
nd MnOx/SBA-15 (�) as a function of the content of manganese oxide in the catalytic
ed calculated as MnO2.

In a first series of runs, we determined the rate of cat-
lytic decomposition of ozone in the absence of organic
ompounds. The rate constant for the homogeneous decom-
osition of ozone in PBW was determined in semicontinuous
xperiments using PBW previously loaded with ozone and
ollowing a procedure described elsewhere [21]. The value
btained was kh

d
= (2.10 ± 0.45) × 10−3 s−1. The value of kc

d
, derived

rom Eq. (7), was 0.0044 ± 0.00020 L kg−1 s−1 for Al2O3 and
.0023 ± 0.0031 L kg−1 s−1 for SBA-15, where the boundaries rep-
esent 95% confidence intervals, the last not differing significantly
rom zero. The incorporation of manganese forming MnOx/Al2O3
r MnOx/SBA-15 resulted in a considerable increase in the cat-
lytic rate of ozone decomposition as shown in Fig. 2. With 10%
nOx/SBA-15 (1.0 wt.%. of bed as MnO2), the kinetic constant

ncreased up to 0.123 ± 0.004 L kg−1 s−1. Expressed in pseudo-
omogeneous units (s−1) this amounts a 30 fold increase with
espect to the constant for non-catalytic ozone decomposition. The
orresponding kinetic constant for MnOx/Al2O3 loaded with 10%
nO2 (1.0 wt.%. of bed as MnO2) was 0.0155 ± 0.0015 L kg−1 s−1.

he relative efficiency for ozone decomposition of MnOx/SBA-15
nd MnOx/Al2O3 is somewhat larger than that expected from their
espective surface areas. This may reflect a better dispersion of
nOx on silica, probably as a consequence of the differences in the
etal oxide–support interaction. Moreover, the uniform pore-size

istribution in the ordered mesoporous materials could allow for a
etter particle size control of the active phase.

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

k2

k1
(cAo − cAs) + k3

k1
ln

(
cAo

cAs

)
=

(
cO3o − cO3s

)
(12)

Using experimental values for the concentrations of organic
ompound and ozone from runs performed at different spatial
elocities, a regression analysis yields values for k2/k1 and k3/k1.
he ratio k2/k1 can be rearranged from Eqs. (6) and (7) as follows:

k2

k1
=

(�ε/�b)kh
O3

+ �kc
O3

(ε/�b)kh
O3

+ kc
O3

+ (ε/�b)kh
HO• Rh

ct + kc
oxRc

(13)

The compounds tested in this work have a low value of kh
O3

that is
−1 −1 −1 −1
M s for atrazine [22], and 1.9 M s for linuron [23]. Batch

uns performed in the presence of t-BuOH 10 mM, a well-known
adical scavenger, allowed the calculation of the direct catalytic rate
onstants for degradation of atrazine and linuron, kc

O3
. We found no

vidence that these values were significantly different from zero,
Journal 165 (2010) 806–812

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:

k2

k1
=

(�ε/�b)kh
O3

+ �kc
O3

(ε/�b)Rh
ct

(
kh

HO• + kc
ox(Rc/Rh

ct)(�b/ε)
) =

(�ε/�b)kh
O3

+ �kc
O3

(ε/�b)Rh
ctk

hc
HO•

(14)

where khc
HO• 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 kh

HO• . The same
rearrangements for k3/k1 lead to the following expression:

k3

k1
= (ε/�b)kh

d
+ kc

d

(ε/�b)Rh
ctk

hc
HO•

(15)

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 k2/k1 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 a result, k1 can be derived
from Eq. (15) and, from it, the experimental values of khc

HO• Rh
ct have

been computed. The effect of catalyst could result in an enhance-
ment of the rate of hydroxyl radical production from ozone, Rh

ct ,
an increase in the catalytic rate constant between organics and
hydroxyl radicals, included in khc

HO• , 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 × 10−3 M. The competitive kinetic
method applied to a differential section of the fixed bed yields:

dcA

dcB
= rA

rB
= k1,AcAcO3

k1,BcBcO3

=
cAkhc

HO•,A

cBkhc
HO•,B

(16)

And integrating between inlet and outlet compositions:

ln

(
cA.o

cA,s

)
=

khc
HO•,A

khc
HO•,B

ln

(
cB.o

cB,s

)
(17)

In order to derive Eqs. (16) and (17), kh
O3

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 Rct but not kHO• . The
ratio of the logarithmic concentration decays of atrazine and lin-
uron across the catalytic bed yielded a value for khc

HO•(A)/khc
HO•(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, khc

HO•(A)/khc
HO•(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 kc

ox(Rc/Rh
ct)(�b/ε) is significantly different from zero. If the cat-
alytic reaction with hydroxyl radicals involved adsorbed organics,
it might be expected that the rate constant khc

HO•, due to the effect of
kc

ox, would differ from that of the homogeneous system, kh
HO• 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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the decrease in the moles of ozone consumed and was more intense
for the case of MnOx/SBA-15 catalyst. The lower ozone consump-
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ion runs of mixtures of both compounds using MnOx/Al2O3 (�) and MnOx/SBA-15
�) in PBW and MnOx/Al2O3 10−3 M NaHCO3 (©), MnOx/Al2O3 5 × 10−3 M NaHCO3

�), MnOx/SBA-15 10−3 M NaHCO3 (�) and MnOx/SBA-15 5 × 10−3 M NaHCO3 (�).
1.0 wt.% of MnO2 in all beds.).

inuron cancelling the effect on the ratio of rate constants, but our
revious findings pointed to a low degree of interaction between
urface and organics if any. For it, the ozonation of fenofibric acid
n several matrixes had already demonstrated that neither Al2O3
or MnOx/Al2O3 had any observable effect on its indirect ozona-
ion rate constant even when hydroxyl radical-to-ozone ratio was
ignificantly improved by both catalysts [7].

In what follows, we used the result that khc
HO• did not differ from

heir corresponding homogeneous values, kh
HO• for atrazine and

inuron in order to derive average values for Rh
ct from the exper-

mental values of k3/k1 using Eq. (15). It must be noted that the
onclusion concerning the lack of interaction of atrazine and lin-
ron with the catalytic surface is not dependent on the particular
alues of Rh

ct or Rc. Fig. 4 plots the average hydroxyl radical-to-ozone
atio within the reactor for ozonation runs of atrazine as a func-
ion of the moles of ozone consumed per mole of atrazine. The
alues were obtained in several reactors containing Al2O3, SBA-
5 and two different amounts of MnOx loaded on both supports.
he plot shows that Rh

ct decreased with the moles of ozone con-
umed, whose higher values also corresponded to higher atrazine
onversions. This behaviour may be a consequence of the disap-
earance from solution of the parent aromatic compounds. In fact,

t has been stated that the decomposition of ozone and the produc-
ion of hydroxyl radicals are strongly promoted by aromatic solutes
ue to the formation of hydrogen peroxide as an intermediate prod-
ct [25]. Other compounds such as oxoacetic acids, typically found
s ozonation by-products, contribute to ozone decomposition and
o the formation of radicals such as superoxide and hydroperoxyl,
nd may contribute to this effect [26].

Fig. 4 also shows that Rh
ct was considerably promoted by

nOx/Al2O3 with values near or over 10−6 whereas the maximum
alue obtained for Al2O3 was 3.7 × 10−7 for atrazine conversions
10%. A much higher effect could be appreciated when MnOx

as incorporated into SBA-15, with Rh
ct as high as 3.0 × 10−6

hile in similar conditions SBA-15 alone hardly surpassed 10−7.
his represented an average 30 fold increase in Rct when using
nOx/SBA-15 with respect to SBA-15 alone, whereas MnOx/Al2O3

ncreased the efficiency in generation hydroxyl radicals by an
verage factor of 2.7 with respect to Al2O3. For MnOx/SBA-15,

ct increased threefold with respect to MnOx/Al2O3 under similar
onditions.

The use of catalyst also led to a lower ozone consumption per
ole of converted organic compound as observed in Fig. 5,which

ives Rh
ct for runs performed using mixtures of linuron and atrazine
Fig. 4. Hydroxyl-radical-to-ozone ratio, Rh
ct , for the catalytic ozonation of atrazine on

MnOx/SBA-15 (a, filled symbols) and MnOx/Al2O3 (b, empty symbols) using a MnO2

load of 1.0 wt.% (squares), 0.25 wt.% (circles) and 0% (Al2O3 or SBA-15, triangles).

on MnOx/Al2O3 and MnOx/SBA-15 in PBW loaded with different
concentrations of bicarbonate. The increase in Rh was parallel to
Fig. 5. Hydroxyl-radical-to-ozone ratio, Rct , 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. MnOx/Al2O3 (�) and MnOx/SBA-15 (�) in PBW;
MnOx/Al2O3 10−3 M NaHCO3 (©), MnOx/SBA-15 10−3 M NaHCO3 (�); MnOx/Al2O3

5 × 10−3 M NaHCO3 (�), and MnOx/SBA-15 5 × 10−3 M NaHCO3 (�). (1.0 wt.% of
MnO2 in all beds.).
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. Conclusions

A kinetic study of the catalytic ozonation of atrazine and
inuron was carried out in a two-phase fixed-bed reactor operat-
ng in excess of ozone with ozone-preloaded phosphate buffered

ater. A catalyst with a larger specific surface, MnOx/SBA-15,
mproved the rate of ozone decomposition with a kinetic con-
tant of 0.123 ± 0.004 L kg−1 s−1 for a total metal bed load of
.0% expressed as MnO2. In the same conditions, the ozone
ecomposition rate constant was 0.0155 ± 0.0015 L kg−1 s−1 for
nOx/Al2O3. The incorporation of MnOx to SBA-15 (1.0% as MnO2)

esulted in a 30 fold increase in the rate constant with respect
o the non-catalytic ozone decomposition constant in the same

atrix.
Neither atrazine nor linuron adsorbed significantly on any of

he catalysts in PBW. Consistent with this result, we found that
he direct catalytic ozonation constant did not differ significantly
rom zero in any case, the reaction with molecular ozone being
ssentially the non-catalytic process taking place in homoge-
eous phase. The results of catalytic runs on both catalysts and
sing different concentrations of bicarbonate did not show any
vidence that MnOx/Al2O3 or MnOx/SBA-15 increased the indi-
ect, hydroxyl-mediated, ozonation rate constant with respect
o homogeneous ozonation. This results suggests the absence
f surface interaction with atrazine and linuron and may indi-
ate that their adsorption did not take place at all. In any case,
possible adsorption of organics did not result in an energet-

cally favoured route for the catalytic reaction with hydroxyl
adicals.

The efficiency of hydroxyl radical production from ozone
as significantly improved by the use of catalysts with average
ydroxyl radical-to-ozone ratio within the reactor near 10−6 for
nOx/Al2O3 and up to 3.0 × 10−6 for MnOx/SBA-15. This repre-

ented a considerable - up to 30 fold - increase in the average value
or Rh

ct with respect to the support alone for MnOx/SBA -15. Rh
ct

or MnOx/SBA-15 was about three times its value for MnOx/Al2O3
nder similar conditions. The use of catalyst also led to lower ozone
onsumption per mole of converted organic compound, whether
r not bicarbonate was present in the solution, the highest effi-
iency being obtained for MnOx/SBA-15. The relative efficiency of
nOx/SBA-15 with respect to MnOx/Al2O3 is most probably the

onsequence of a better distribution of the active phase on a larger
urface.
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