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h i g h l i g h t s

� Catalytic ozonation of organic acids using CuO/SBA-15 as catalyst was studied.
� The effect of inorganic anions on the ozonation process was determined.
� The non-catalyt ic proce ss was severely affected. Catalytic ozonation was almost unaffected.
� Under non-catalyt ic ozonation in STP effluent, oxalic acid was depleted by precipitation.
� Under catalytic ozonation in STP effluent, oxalate was depleted by ozone oxidation.
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a b s t r a c t

The depletio n of mesoxalic and oxalic acids, two of the main by-products of wastewater ozone treatment,
was studied in non-catalytic and catalytic ozonation using copper oxide supported on mesoporous silica 
SBA-15 as catalyst. The influence of the main inorganic anions present in natural and STP effluents (bicar-
bonates, sulphates, chloride s and phosphates) was also studied. The non-catalytic reaction rate was 
strongl y dependent on the presence of inorganic anions and it was also almost inhibited by the presence 
of particulate material. Catalysed ozonation not only accelerates organic acid depletion, but was almost 
unaffe cted by the presence of these inorganic anions, or by the presence of suspended solids. The effi-
ciency of catalytic and non-catalytic ozonation for depletion of both acids was studied in a real STP efflu-
ent. The depletion of mesoxalic acid was considerably slowed down in non-catalysed reactions, whereas 
under catalysed conditions it was not affected. Oxalate depletion was dominated by the formation with 
calcium of an insoluble salt, the precipitation equilibrium of which reversed only in the presence of a
catalyst.

� 2013 Elsevier B.V. All rights reserved.
1. Introductio n

Ozonation treatment is one of the most highly recommended 
technologie s for the removal of refractor y compound s in 
wastewater treatment [1]. Due to its high oxidation potential and 
disinfectant power, ozone is used in drinking water treatment 
and in water reclamation processes [2–4]. However homogeneous 
ozonation alone is generally unable to reduce the content of 
dissolved organic carbon, and it is generally assumed that for 
reclaimed water, the presence of organic matter is one of the main 
limiting factors [5]. Its inability to achieve organic carbon minerali- 
sation leads to the accumulation of residual organic by-produ cts,
which mainly consist of aldehydes and low molecular weight 
organic acids [6,7]. These compounds are considered like assimila- 
ble organic carbon (AOC), so they should be eliminated in water 
reuse applicati ons in order to avoid undesirable bacterial 
re-growt h which could present several problems in the use of re- 
claimed water, such as health concerns (opportunistic pathogens),
corrosion, biofoulin g or aesthetic deterioration of water [8–10].

The elimination of refractory compounds by ozonation has been 
studied through the use of advanced oxidation processes (AOPs).
These are designed to produce a relatively high concentr ation of 
hydroxyl radicals, a species with higher oxidation potential. Sev- 
eral ozone mediated AOPs have been developed, the most widely 
studied for wastewa ter treatment being O3/UV and O3/H2O2 [11].
These processes present several drawbacks, such as a reduced 
efficiency in the presence of particulate materials and radical scav- 
engers and the high cost of supplying hydrogen peroxide or UV 
radiation [1,12,13]. The ozonatio n rate of organic compounds is 
largely determined by the nature of the water matrix [14,15].
Superficial and sewage treatment plant (STP) effluents present a
complex mixture of microorgan isms, suspended solids (TSS) and 
organic and inorganic compounds that strongly influence the 
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reaction rate of target compounds . In surface water and wastewa- 
ter, the concentrations of such compounds are normally several 
orders of magnitud e greater than that of target compound s and 
thus, although their kinetic constant s are lower, their influence
should be considered. Special care must be taken in the oxidation 
of ozone refractor y compound s, for which the presence of hydroxyl 
radicals is required. It is well known that some relatively abundan t
compounds can act as radical scavengers, notably affecting the 
reaction rate [14–16].

Catalytic ozonation is an emerging technology that can achieve 
the total mineralisation of organic compounds, overcoming the 
previously mentioned drawback s of AOP technologie s. Different 
catalysts have been studied either in homogen eous and heteroge- 
neous phase [1,7,9,16]. From a technological and practical point of 
view, heterogeneous catalysts present the clear advantage of being 
much easier to recover, generally by precipita tion or filtration, with 
the possibilit y of repeated catalyst reuse. Heterogeneous catalytic 
ozonation presents some particular features in comparison to 
other catalytic processes , the main one being the need to monitor 
catalyst stability. Although the leaching of active phases is always 
undesirable, the use of metals in water treatment might compro- 
mise water reuse if the metals enter the treated water, eventual ly 
exceeding discharge limits [17]. Another aspect to take into consid- 
eration in catalytic water ozonation is that the main inorganic 
anions found in surface water and STP effluent, such as chloride,
sulphates and phosphates , are commonly poisons for the catalysts 
blocking the active catalytic sites. The most frequent ly used cata- 
lysts in ozonation are those based on manganese, copper, alumina,
titanium and iron oxides as well as activated carbon, which acts as 
a radical promoter and support [12,16,18 –24].

The family of highly ordered siliceous mesoporous materials 
have attracted great attention due to their important applications 
in a wide variety of fields such as separation, catalysis, adsorptio n
and advanced nanomaterial s, with the result that the number of 
synthesised materials is continuo usly increasing [25–27]. These 
materials present a narrow pore size distribution and a high 
surface area and pore volume, rendering periodic mesoporous sil- 
icas promising supports for metal and metal oxide catalysts.
Among these materials, SBA-15 [28] has been intensively studied.
This material presents a periodica lly ordered structure, which con- 
sists of two dimensio nal hexagonal arrays of uniform mesopores 
[29]. The main features of SBA-15 materials with respect to other 
ordered mesoporous silicas include its larger and tailored meso- 
porous pore diameter (control of pore size by synthesis tempera- 
ture from 3 to 20 nm [30]) and thicker walls (approx. 4 nm),
which confer higher mechanical and thermal stability [28].

In this study, we examined the catalytic and non-catalyti c
ozonation of two refractory by-products , namely oxalic and 
mesoxalic acids, which are the usual by-products of ozonation of 
larger organic molecules. We used copper oxide supported on mes- 
oporous solid SBA-15 as the catalyst for heterogeneous ozonation.
The effect of working pH, the concentr ation of the main inorganic 
anions present in wastewa ters and the presence of suspended solids 
were also studied. In addition, we performed runs in a real effluent
obtained from the secondary clarifier of a STP.
Table 1
Main physicochem ical parameters of Alcala de Henares STP effluent.

Anions (mg/L) Cations (mg/L)

PH 7.7 NO �3 36 Na + 83 
COD (mg/L) 27 PO 3�4

1.2 NH þ4 3.3 

TOC (mg/L) 8.1 SO 2�4
82 K+ 15 

Turbidity (NTU) 5.3 Cl � 83 Mg 2+ 20 
Conductivity (lS/cm) 667 Ca 2+ 32 
TSS (mg/L) 7.3 
2. Material and methods 

2.1. Materials 

Pluronic P123 (Aldrich EO 20PO70EO20, EO ethylene oxide, PO 
propylene oxide, MW = 5800) and tetraethoxys ilane (TEOS 98%
GC Aldrich) were used as received. Silica SBA-15 was prepared 
according to a method reported in the literature [31]. In a typical 
synthesis, 6 g of Pluronic P123 was dissolved in 45 g of water 
and 180 g of 2 M HCl solution and stirred at 308 K until total disso- 
lution. TEOS (12.5 g) was added to that solution and stirred at 
308 K for 20 h. The mixture was then aged at 373 K for 24 h. The 
white powder was recovered by filtration, washed with water 
and dried at 323 K overnight. The product was calcined at 773 K
for 12 h with a heating rate of 1 K/min. Impregnation of SBA-15 
was carried out by the minimum volume method. In a typical 
impregnation, 2.0 g of the copper precursor, cupric nitrate trihy- 
drate (Fluka), was dissolved in 30 mL of water, and this solution 
was slowly poured over 5 g of calcined SBA-15 while stirring. The 
stirring was maintained for 10 h and the solid dried at 323 K over- 
night. The catalyst was activated by calcinatio n under air flow at 
773 K for 8 h with a heating rate of 1 K/min.

The powder X-ray diffraction patterns of the calcined catalyst 
were collected on X-ray diffractome ter Polycristal X’pert Pro PAN- 
alytical which employed Ni-filtered Cu Ka (k = 1.5406 nm) radia- 
tion and was operated at 0.02 �/min, 40 kV and 40 mA. The 
scanning range of small-angle pattern was 2h = 0.6–4� with a step 
size of 0.02 � and a counting time of 20 s per step. The quantitative 
wide-ang le XRD spectrum was recorded over the 2h range 4–90�
with a step size of 0.02 � and counting time of 50 s per step.

N2 adsorption–desorption isotherms measured at �77 K using a
Beckman Coulter SA 3100. Copper content was determined by 
Inductivel y Coupled Plasma-Mass Spectrometry using a quadru- 
pole mass spectrometer Agilent 7700X operating after complete 
catalyst dissolution in the hot acid media. Diffuse reflectance
UV–vis spectra were recorded on a Shimadzu UV-2550 PC spectro- 
photometer equipped with a Harrick Praying Mantis™ diffuse 
reflection accessory. The spectra were recorded under air-exposed 
condition s in the range of 900–190 nm with a resolution of 0.2 nm.
The reflectance of anhydrou s KBr was used as reference. The reflec-
tance data were converted by the instrument software to the Kub- 
elka–Munk function F(R1) values according to the Kubelka–Munk
theory. Zeta potential was measured with a Malvern Zetasizer 
Nano ZS (Malvern Instruments , UK) with 633 nm He–Ne laser 
equipped with an MPT-2 Autotitrator by a potentiom etric titration 
performed with 0.25 mol/L HCl from pH = 12 to pH = 2, at 298 K.

Wastewater samples were taken from the output of the second- 
ary clarifier of a STP located in Alcalá de Henares (Madrid). This 
plant treats a mixture of domestic and industria l wastewater from 
some facilities located near the city and has a nominal capacity of 
3000 m3/h. The biological treatment uses a conventional A2O 
configuration with nitrification–denitrification and enhanced 
phospho rus removal. Details can be found elsewhere [32]. All sam- 
ples were immediatel y processed or stored in a refrigerator 
(<269 K) inside glass bottles. The main physicochemi cal parame- 
ters of the wastewa ter are summarised in Table 1.

2.2. Experimenta l procedure 

The reaction was carried out in semi-batch condition s in a 1 L
double jacketed Pyrex reactor by continuously bubbling a mixture 
of ozone/oxygen (ozone concentration 25 g/m 3) through a porous 
glass disk at a flow rate of 0.2 m3/h. The ozone was generated using 
a corona discharge ozonator Ozomatic SW 100 from oxygen sup- 
plied by a PSA Airsep AS-12 unit. The working temperat ure was 
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maintained at 298 K with a Huber polystat cc2 thermostat. The pH 
of the reaction was measure d and controlled with a Crison 
electrode connected to a Eutech Cybernetycs apH1000 controller,
which delivered a 0.1 M NaOH solution by activating a LC 10AS 
Shimadzu pump. The concentratio n of ozone in the gas phase 
was measured using a non-dispersive UV Photometer Anseros 
Ozomat GM6000 Pro calibrated and tested using the Potassium 
Iodide Method (SM 2350 E). The ozone concentratio n in the liquid 
was measured using a Rosemount 499A OZ amperomet ric analyser 
equipped with Pt 100 RTD temperature compensation and cali- 
brated using the Indigo Colorimetr ic Method (SM 4500-O3 B).
The signal was transmitted to a Rosemount 1055 SoluComp II Dual 
Input Analyser . The signals from the dissolved ozone concentra- 
tion, pH and temperature were monitored and recorded using an 
Agilent 34970 Data Acquisiti on Unit connected to a computer.
The reaction vessel was agitated at 400 rpm with a four-arms 
propeller. In all runs, the ozone/oxyg en mixture was bubbled 
though 950 mL of the reaction matrix until attaining a constant va- 
lue for dissolved ozone concentration (4.5 ± 0.6 mg/L). Afterwards,
50 mL of a solution containing 1000 mg/L of oxalate (oxalic acid 
disodium salt) and 1000 mg/L of mesoxalate (mesoxalic acid 
disodium salt monohydra te) was added to achieve an initial con- 
centration of both acids of 50 mg/L. Samples were withdrawn at 
prescribed intervals and the ozone was quenched prior to analysis.
In catalysed reactions , 0.5 g of catalyst (�0.055 g of CuO) was 
added and kept in ozonated water for at least 30 min to allow 
the catalyst surface to attain equilibrium prior to the addition of 
acids. After ozone quenchin g, samples were filtered using a
0.45 lm Teflon filter to separate the catalyst. Samples were ana- 
lysed immediatel y after being obtained.
2.3. Analyses 

The concentratio n of oxalic and mesoxalic acid as well as that of 
the inorganic anions was determined using ion chromatograp hy in 
a Dionex DX-120 apparatu s equipped with an IonPac AS9-HC 
4 � 250 mm analytical column and an AG9-HC 4 � 50 mm guard 
column. The mobile phase was 9 mM NaHCO 3 with a flow rate of 
1 mL/min. Cations were also measured by ion chromatography 
using Metrohm advanced compact IC equipment with a Metrosep 
C3 4 � 250 mm column and a C3 guard column. The mobile phase 
was 3.5 mM HNO 3. The concentratio n of leached copper was mea- 
sured by a colorimetr ic method using Merck kit 1.14767.0001 
(range of applicability 0.02–6.00 mg/L). Absorbance was measured 
at 605 nm in a double beam spectrophotom eter Shimadzu UV- 
1800. In order to avoid possible interferences of other species 
present in the water, the spectrophot ometer reference used was 
a sample of the same water matrix.
3. Results and discussion 

3.1. Catalyst characterisation 

Nitrogen adsorption–desorption isotherms of the catalyst 
exhibit type IV isotherms accordin g to IUPAC classification with 
H1 hysteresis loop (Fig. 1a), which is characteri stic of mesoporous 
materials with one-dimens ional cylindrical channels. The 
sharpness of the increase in the adsorbed nitrogen volume in the 
adsorption branch of the isotherm due to capillary condensation 
within the mesopores, indicates the uniformity of mesopores in 
the sample [29,33]. The catalyst presents a BET specific surface 
area of 643 m2/g and a mean pore diameter of 7.6 nm calculated 
with Barrett–Joyner–Halenda (BJH) method.

The low-angl e XRD diffraction pattern of the catalyst (Fig. 1b)
present three well-resolved diffraction peaks which corresponds 
to the diffraction of (100), (110) and (200) planes, these peaks 
are characterist ic of the hexagonally ordered (p6mm) structure of 
SBA-15 [29].

The amount of supported copper was 8.9 wt.% (11.2 wt.% as 
CuO) close to the expected value of 10 wt.%. The powder XRD 
patterns in the wide-angle region (4–90�) (Fig. 1c) shows a broad 
diffraction peak at 24 � which indicates the amorphous nature of 
SBA-15 [34] and a sharp and well defined diffraction pattern. All 
the peaks on the XRD pattern can be indexed to that of the 
monoclin ic CuO according to the literature (JCPDS, file No 
80-1916) [35]. Based on the XRD pattern average particle size 
can be estimated using Debye–Scherrer formula giving a size of 
33 nm. This large and well crystallized copper oxide phase sup- 
ported on SBA-15 is normally found with copper oxide loadings 
higher than 4.5% and catalysts calcined at high temperat ure [36].

The UV–vis diffuse reflectance spectroscopy is known to be a
very sensitive probe for the identification and characterisatio n of 
metal ion coordinatio n and it has been used extensively to charac- 
terize the coordina tion environment of Cu 2+ ions in mesoporous 
materials . Fig. 1d shows the diffuse reflectance UV–vis spectrum 
for CuO/SBA- 15 sample. Two different bands can be observed; a
broad band between 540 nm and 890 nm, centered at about 
750 nm and a narrow one centered at 234 nm. The first absorption 
band are normally assigned to d–d transitions of Cu 2+ ions in a
pseudo-octa hedral ligand oxygen environm ent, which is assigned 
to copper species in the extra-fram ework position (CuO particles).
The second absorption band at 235 nm, is assigned to the charge 
transfer transition of the ligand O2� to mononuclea r metal centre 
Cu2+. This band is normally associated with the incorporation of 
copper cation to the SBA-15 framewor k [34,37–40].

The PZC of the catalysts was 2.7 (Fig. 1e). Nevertheles s, according 
to XRD and UV–vis diffuse reflectance data catalyst surface should 
present two separately phases, the support itself and the metal 
oxide. Surface zeta potential of SBA-15 and commercial copper oxide 
(Sigma–Aldrich) have been measured separately (Fig. 1e). Bare SBA- 
15 gives a PZC of 2.4 meanwhile copper oxide gives a higher value of 
9.7, both values similar to those found in the literature [40–43]. The 
similitud e between catalyst and SBA-15 is probably due to the poor 
copper oxide dispersion onto support surface.

3.2. Consumed ozone 

A typical profile of ozone evolution is shown in Fig. 2. The initial 
constant value of dissolved ozone (before the addition of organic 
acids) corresponds to the equilibriu m between the rate of ozone 
transfer from the gas phase and the rate of ozone decomposition 
in the liquid phase. After the addition of an organic compound (reac-
tion time 0 in Fig. 2), a sharp reduction of ozone concentration takes 
places due to its reaction with organic acids. The concentration of 
dissolved ozone reaches a minimum and then subsequently in- 
creases. Eventual ly, after total depletion of the oxidisable organic 
matter, the initial ozone concentration is restored. The initial ozone 
depletion is caused by a rapid reaction with oxidisable organic mat- 
ter, the ozone demand of which exceeds ozone transfer from the gas 
phase. Once the more easily oxidisable organic matter is depleted,
continuo us ozone transfer forces an increase in the concentratio n.
The shadowed area in Fig. 2 represents the ozone dose transferred 
to the liquid and consumed during the reaction. This amount can 
be calculated accordin g to the following equation:

mO3 ¼
Z t

0
ð1� �gÞVkLa C�O3

� CO3

� �
dt

¼ ð1� �gÞVkLa C�O3
t �

Z t

0
CO3 dt

� �
ð1Þ

where � is the gas hold-up and V the working volume. In our case,
ð1� �gÞV ¼ 1L, kLa is the individua l mass transfer coefficient, C�O3



Fig. 1. Catalyst characterisation: (a) N2 adsorption–desorption isotherm, (b) low-angle X-ray diffraction pattern, (c) wide-angle X-ray diffraction data, (d) UV–vis diffuse 
reflectance spectrum of CuO/SBA-15 powder and (e) zeta potential and PZC of CuO/SBA-15 (h), SBA-15 (N) and CuO (d). The measurements were conducted in 55 mg/L 
aqueous solutions at 298 K.
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was determine d by the Henry law and 
R t

0 CO3 dt was calculate d from 
the registere d ozone profile as indicated in Fig. 2 and the precedin g
paragrap h. By comparing the ozone transferred in the presence 
ðmorg

O3
Þ and absence ðmo

O3
Þ of organic matter under same working 

conditio ns, the amount of ozone consumed by the organic acids 
was estima ted. Eq. (2) summaries this calculatio n, in which the last 
parenthesis corresponds to the shadowe d area in Fig. 2:
morg
O3
�mo

O3
¼
Z t

0
ð1� �gÞVkLa C�O3

� Corg
O3

� �
dt

�
Z t

0
ð1� �gÞVkLaðC�O3

� C0
O3
Þdt

¼ ð1� �gÞVkLa
Z t

0
C0

O3
dt �

Z t

0
Corg

O3
dt

� �
ð2Þ



Fig. 2. Generic ozone concentration profile.
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3.3. Influence of pH 

Fig. 3 shows the evolution of the concentr ation of oxalic and 
mesoxalic acids in a binary mixture (initial concentratio n of 
50 mg/L each) ozonated at different pH levels and in the presence 
and absence of catalyst (CuO/SBA-15, 0.5 g). In non-cata lytic 
reactions (filled symbols) the degradation rate of both compounds 
was faster at higher pH values. At pH 3 and 5 only a slight deple- 
tion (less than 10%) of the target compounds was observed after 
30 min. In contrast, at pH 8, total depletion of mesoxalic and oxalic 
acids was achieved in 15 and 30 min, respectively . Ozone reactions 
are strongly influenced by pH. At low pH the reaction with molec- 
ular ozone is known to be the main reaction pathway, while at 
basic pH the indirect reaction, through hydroxyl radicals generated 
from the decompositi on of ozone, dominates [44–47]. This result 
suggests that both acids are mainly eliminated by the indirect 
oxidation pathway, in agreement with some authors who have 
reported that oxalic acid does not react readily with molecular 
ozone and reacts relatively slowly with hydroxyl radicals [20,48].
In addition, pH also affects the ozonation rate of organic acids 
because of their degree of dissociation. It has been reported that 
deprotonated acids react several orders of magnitude faster than 
their protonated forms [45]. At pH 8, organic acids (oxalic acid 
pKa,1 = 1.27 and pK a,2 = 4.27, mesoxalic acid pK a,2 = 3.6) are fully 
deprotonated . It is reasonable to assume that both factors contrib- 
ute to the faster depletion of oxalic and mesoxali c acids at basic 
pH. Similar results have previously been reported [21].

Mesoxalic acid reacted more readily than oxalic acid under all 
tested conditions. In fact, in non-catalys ed reactions at pH 8, the 
concentratio n of oxalic acid remained essentially unchanged until 
the total depletion of mesoxalic acid (Fig. 3c). This result fits well 
with the above-ment ioned ozone depletion profile, in the first part 
of which there was a sharp decrease in ozone concentr ation. This 
would correspond to the reaction of the more reactive mesoxalic 
acid, after which the oxidation of the more refractory oxalic acid 
takes place. Catalysed reactions displayed the same general trend,
but with some important differenc es. Mesoxalic acid was more 
readily oxidised than oxalic acid at the three pH levels studied.
For both acids, the higher the pH the higher the rate of depletion,
but the catalysed reaction was considerably enhanced at low pH 
with respect to non-catalytic ozonatio n. At pH 3, depletion after 
30 min reached values of 89% and 57% for mesoxalic and oxalic 
acid, respectively, and 100% and 85% at pH 5. At pH 8, the total 
depletion of mesoxalic and oxalic acid was achieved after 10 and 
20 min, respectivel y, representing a one third reduction in total 
reaction time with respect to the non-cata lytic reaction and thus 
indicating a good performanc e of the catalyst. At pH 8, the concen- 
tration of mesoxali c acid rapidly decreased during the first part of 
the reaction, whereas the concentratio n of oxalic acid initially 
remained constant but then its concentratio n increased to over 
10%. Fig. 4 shows the evolution of molar concentrations of oxalic 
and mesoxalic acids as well as the total molar concentration of 
both. During the first part of the non-catalysed reaction, oxalic acid 
concentr ation was constant while the sum of the two acids 
decrease d in parallel to mesoxalic acid depletion. In the catalysed 
reaction, the sum of both concentr ations initially decreased with 
mesoxali c depletion, but before the mesoxalic acid was completely 
eliminated , a plateau was reached, correspondi ng to an increase in 
oxalic concentr ation. This result suggests the presence of another 
reaction pathway in addition to the indirect mechanism , in which 
mesoxali c acid is partially oxidised to oxalic acid as a result of 
catalytic ozonation. Similar results have been found by other 
authors during the catalytic oxidation of tartronic acid to mesoxa- 
lic acid with air [49]. These authors have reported that at low pH,
tartronic acid oxidises to mesoxalic acid, but at pH 8 mesoxalic acid 
is readily oxidised to oxalic acid. Mesoxalic acid probably forms 
germinal diols which would be easily oxidised on the catalyst 
surface to yield oxalic acid and CO 2. It has also been shown that 
the rate of oxidation of germinal diols increases with pH [50].

It is well known that pH strongly influences the stability of 
supported metallic catalysts due to the leaching of active phase.
It can be seen that at pH 8, the copper concentratio n in water 
was low, accounting for less than 0.36 mg/L (0.8% of the total cop- 
per). However, at acidic pH the concentratio n of leached copper 
was as high as 15 mg/L (�40% of the total active phase). The pres- 
ence of dissolved copper can increase the rate of the homogen eous 
catalytic reaction, which could contribute to accelerating the 
decompo sition of oxalic acid [16,21].

Heterogeneous catalytic ozonation may involve other non-oxi- 
dative depletion mechanisms such as the precipitatio n of insoluble 
compound s or the adsorptio n of reactive species on the catalyst 
surface. Adsorption experime nts using the same experimental 
condition s but without ozone were carried out and yielded a
reduction of only 5% and 8% in the total concentratio n of oxalic 
and mesoxalic acids after 30 min. Similar adsorption experime nts 
carried out with bare SBA-15 shown that neither oxalic nor mesox- 
alic acid are adsorbed onto the support surface. This fact could be 
expected taking into account that at the working pH = 8 the SBA-15 
surface is negatively charged (zeta potential of �40 mV, Fig. 1e)
and considering the electrostatic interactions between the depro- 
tonated carboxyli c acid species and the surface sites the adsorption 
should be hindered [40,51]. Neverthel ess, this pH is lower than 
copper oxide pH PZC so its surface should be positivel y charged (zeta
potential + 35 mV) and the adsorption of these molecules onto the 
copper oxide should be enhanced [42]. In addition to adsorption 
the capacity of dicarboxilic organic acid complexati on with copper 
oxide should be considered, in the study of organic matter 
oxidation with copper oxide based catalysts, the formation of a
stable copper oxalate phase at the surface of the catalysts has been 
reported, this phase plays a main role in catalytic pathway and/or 
catalyst stability [16,52,53 ]. According to this data the low 
adsorbed amount of organic acid founded on the catalyst surface 
should take place onto copper oxide crystal, the low adsorbed 
amount is due to the poor dispersio n of this phase. This suggests 
that initial mesoxali c and oxalic acid depletion is probably due to 
the oxidation mechanis m rather than to adsorptio n or 
precipita tion.

Two main mechanis ms for catalytic ozonation have been pro- 
posed in the literature. One is the decompositi on of ozone by metal 
ions, yielding a high concentratio n of hydroxyl radicals. The other 
is the formation of a complex between the catalyst and organic 



Fig. 3. Evolution of mesoxalic (� non-catalysed; } catalysed) and oxalic acid (d non-catalysed; s catalysed) concentration at: (a) pH = 3, (b) pH = 5, (c) pH = 8. Error bars 
represent the standard deviation of sample replicates.

Fig. 4. Time evolution of the molar concentration of mesoxalic acid (}), oxalic acid (s) and sum of both (d) at pH = 8 in non-catalysed reaction (a) and catalysed reaction (b).
Error bars represent the standard deviation of sample replicates.
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molecules, followed by oxidation of the former [18,19,54,55]. In 
order to obtain an insight into the reaction mechanis m, the 
influence of the catalyst on the kinetics of ozone decompo sition 
at pH 8 was studied. The data fit well (r > 0.999) with a first order 
reaction, the pseudo-first order rate constant 0.19 min �1 in
non-catalys ed reaction and 0.25 min �1 in catalytic one are similar,
indicating that catalysts do not initiate ozone decomposition to 
form hydroxyl radicals [1,12]. This result suggests that the catalytic 
reaction occurs mainly through complexation/ adsorption 
mechanis m. This could explain the partial oxidation of mesoxalic 
acid to oxalic acid in the catalytic runs.

3.4. Influence of inorganic anions 

The individual influence of the four main inorganic anions pres- 
ent in STP effluent, bicarbonate, phosphate, chloride and sulphate,



Table 2
Influence of the inorganic anions in the reactions parameters obtained at pH 8 and 298 K.

Component Mesoxalic a Oxalica Molar ratio 

Catalysed Anion/source Concentration (mg/L) 50% 100% 50% 100% O3/organic acid 

No 4.5 15 15 30 2.2 
Yes 1.3 10 11.4 25 2.1 

No HCO �3 /NaHCO3 250 12.7 >30 25 >30 2.9 
Yes 1.3 10 11.4 25 2.5 

No PO 3�4 / NaH 2PO4 1b 7.7 30 21.2 30 2.3 

Yes 1.5 15 15.6 30 2.2 

No CI �/NaCl 100 10.7 25 24 >30 2.5 
Yes 2.5 25 11.8 25 2.1 

No SO 2�4 /Na2SO4 108 18 >30 >30 30 2.3 
Yes 1.8 15 12.5 25 2.1 

No SO 2�4 /Al2(SO4)3 108 17.8 >30 >30 >30 n.a.
Yes 1.8 15 12.6 25 2.2 

a Time to achieve the indicated conversion in minutes.
b Maximum allowed discharge limit for the wastewater discharged to sensitive areas (Council Directive 91/271/EEC concerning urban wastewater treatment).
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as well as that of the suspended solids, on the ozonation of oxalic 
and mesoxalic acids was studied in pure water under catalysed and 
non-catalys ed conditions at pH 8. In the case of bicarbonate, no so- 
dium hydroxide was added to control pH during ozonation because 
of the buffering capacity of bicarbonate . The concentr ation used for 
each of these inorganic anions was the average of the values 
encountered in the same STP effluent in a previous one-year study 
Fig. 5. Study of the influence of different parameters in the ozonation of mesoxalic aci
conditions. Symbols: (d) pure water, (s) bicarbonates, (h) phosphates, (r) sulphates,
sample replicates.
[32]. These are shown in Table 2, together with the reaction time 
required to achieve 50% and 100% conversion of both acids and 
the anion source. Fig. 5a and b give the eliminati on profile of oxalic 
and mesoxalic acids, respectively , under non-catalys ed reactions .
Fig. 5c and d shows the depletion of mesoxalic and oxalic acids 
under catalytic ozonation.
d (a, c) and oxalic acid (b, d) at pH 8 under non-catalytic (a, b) and catalytic (c, d)
(4) chloride, (}) suspended solids. Error bars represent the standard deviation of 



Fig. 6. Evolution of mesoxalic acid (}), oxalic acid (s) and ozone (solid line) in wastewater matrix in non-catalysed reaction (a) and catalysed reaction (b). Evolution of 
calcium (d) and oxalic acid (s) in non-catalytic (c) and catalytic conditions (d). Error bars represent the standard deviation of sample replicates.
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Non-catal ysed reactions were strongly influenced by the 
presence of the different parameters studied. The effects followed 
the order SS > bicarbonates � Cl� > phosphates >> sulphate s. The 
marked effect of bicarbonates ubiquitousl y present in natural 
waters was particularly noticeable; after 30 min, the oxalic acid 
was not fully depleted and the mesoxali c acid half-life as well as 
its total depletion time was twice as high as the figures obtained 
for pure water. The presence of chloride also negatively affects 
the depletion of both acids, exerting one of the strongest effects;
however, its concentr ation (2.8 mmol/L) was very high. The effect 
of phosphate was also strong in spite of the low concentratio n
(0.01 mmol/L). The results obtained suggest that under 
non-catalyti c reaction, both acids are probably oxidised mainly 
by the hydroxyl radicals; the anions mentioned above to a greater 
or lesser extent, have been recognised as radical scavengers 
[21,56–58] and their presence could affect the indirect reaction 
pathway. The presence of sulphate (using sodium sulphate as 
source) did not affect the non-catalyti c depletion of mesoxalic acid,
and the reaction of oxalic acid was only slightly affected. In spite of 
the relatively high sulphate concentr ation (1.1 mmol/L), this small 
effect was the result of the negligible radical scavenger effect of 
sulphate [15].

The influence of suspended solids was studied using aluminium 
sulphate, a widely used coagulant in water treatment. This com- 
pound was chosen after determini ng that the sulphate anion did 
not modify the ozonatio n kinetics of either organic acid. At the 
working pH, the aluminium cation forms insoluble aluminium 
hydroxide particles . In the experime nts, the withdraw n samples 
were immediatel y filtered using a Teflon 0.45 lm filter. The non- 
catalytic reaction of oxalic acid was almost suppressed and the 
mesoxali c acid reaction was severely slowed down. The negative 
effect of suspended solids on ozonatio n and their scavenger effect 
have previousl y been reported [59].

Catalysed reactions are only slightly slowed down by the 
presence of the anions and suspended solids studied, with the most 
noticeab le effect being that exerted by phosphates on oxalic acid 
depletion. In all cases, the same profile was observed that in the 
reaction carried out in pure water, which consisted of an increase 
in oxalic acid concentratio n during mesoxalic depletion, indicating 
that the mechanism does not appear to change. It is notable that 
the increase in oxalic concentratio n in the anion matrix reaction 
started earlier than in pure water, probably due to the negative 
effect of the anion on the radical reaction pathway in favour of 
the catalytic one. The concentration of phosphates, sulphates and 
chlorides remained almost constant during the experiment, indi- 
cating that no significant adsorption of these anions took place 
on the catalyst surface, that means the catalytic active centre 
poisoning should be very low and hence the catalytic ozonation 
process it is not affected. The presence of suspended solids was al- 
most unaffected by the presence of particulate matter in spite of 
the huge amount of suspended solids generated.

Table 2 shows the molar ratio of consumed ozone/or ganic acid 
depletion. In all the runs, the factor was lower for the catalytic one,
indicating better performanc e of ozone in the catalytic process.
Under catalytic reactions , no significant differences were found 
among the different runs, and the molar ratio was slighter higher 
than 2. Ozone consumption in non-catalytic reactions is more 
strongly influenced by the presence of inorganic anions, the 
scavenge r capacity and concentration of which increase the ozone 
consumed , according to the previously mentioned scale.
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3.5. STP effluent

The effect of a real wastewater matrix was studied in catalytic 
and non-catalytic runs using wastewa ter from the STP of Alcala 
de Henares spiked with oxalic and mesoxalic acids. The evolution 
of both acids and ozone are shown in Fig. 6 (6a for non-cata lytic 
reactions and 6b for catalytic runs). The concentr ation of mesoxali c
acid decreased continuously with reaction time, presenting a
profile similar to that already described previously. Under 
non-catalyti c conditions, approximat ely 40 min were required for 
its total depletion, which was similar to the reaction time found 
when assaying individual anions. The effect of the mixture and 
the presence of other compounds did not slow the ozonation reac- 
tion of mesoxali c acid down, the depletion rate being determined 
by the concentr ation of bicarbonate and phosphate. In catalytic 
runs, the total removal of mesoxalic acid was achieved in 10 min,
a time similar to that found in pure water.

The ozonation of oxalic acid presented a remarkabl e feature, in 
that its concentration profile was different to that observed before 
and described in the preceding sections. In the first few minutes,
the concentration decreased sharply (84% in non-cata lytic runs)
followed by a plateau that extended throughout the rest of the 
run in the absence of catalyst. These results can be explained by 
the presence of calcium cations (32 mg/L, see Table 1) in the waste- 
water matrix. Fig. 6c shows the evolution of the concentratio n of 
calcium and oxalic acid in a non-cata lytic reaction. It can be seen 
that in parallel to oxalate, a sharp decrease in calcium concentra- 
tion occurred . Calcium dropped from its initial value of 
0.81 mmol/L to 0.48 mmol/L, while oxalate decrease d from 
0.57 mmol/L to 0.10 mmol/L. Although the precipita tion 
equilibrium in a wastewater matrix is very complex and depends 
of several factors like temperature, pH, ionic strength, presence 
of DOC calcium oxalate is known to have a low solubility,
6.7 mg/L in pure water [60]. The disappea rance of oxalate from 
the solution was probably due to precipitatio n rather than to oxi- 
dation. This was also supported by the fact that the consump tion 
of ozone (0.8 mmol O3/mmol organic acid, see Fig. 6a) was lower 
than that required for the complete oxidation of the organic acids,
see Table 2. Fig. 6d depicts the evolution of oxalate and calcium in a
catalytic run. In parallel to the initial oxalate depletion, a sharp 
decrease in calcium occurred, but during the second part of the 
reaction the concentratio n of calcium was restored. These results 
were also consistent with the previously indicated role of calcium 
oxalate; initially, a sharp decrease in oxalic acid (concurrently cal- 
cium) occurred due to fast precipitation of calcium oxalate, but 
since the elimination of the dissolved oxalate was produced by cat- 
alytic ozonatio n, the precipita te re-dissolved until the oxalic acid 
was complete ly eliminated and the initial calcium concentratio n
was restored. The profile during the first part of the runs was com- 
plex, probably influenced by the oxidation of mesoxalic acid, the 
depletion of which corresponded to the maximum of oxalate ob- 
served in Fig. 6d.
4. Conclusion s

The catalytic and non-catalytic ozonatio n of mesoxalic and oxa- 
lic acids was studied using CuO/SBA-15 as catalyst. The ozonatio n
runs were performed at pH 8, close to the values usually found in 
wastewater , at which no significant leaching of the active phase 
took place. CuO/SBA- 15 increased the rate of oxidation of both 
acids and reduced their overall depletion time by one third. The 
presence of inorganic anions, namely sulphate, phosphate, chloride 
and bicarbonate was studied. With the exception of sulphate, the 
inorganic anions reduced the rate of non-catalyti c ozonation, most 
probably due to their role as scavenging hydroxyl radicals. In 
contrast, the influence of these anions on catalytic reactions was 
negligible. The presence of particulate matter inhibited the 
non-cata lysed reaction of both acids, but the catalytic process 
was unaffected . The use of a wastewater effluent as matrix resulted 
in a reduction of the ozonation rate of mesoxalic acid in 
non-cata lytic runs, essentially determined by the scavenging role 
of bicarbonate and phosphate. The concentratio n of oxalic acid 
was sharply reduced to 80% of its initial value during the first
few seconds of the ozonatio n runs. The apparent oxalate depletion 
was attributed to calcium oxide precipitation. Using CuO/SBA-15 
as catalyst, both acids could be effectively removed , and although 
calcium oxalate precipitatio n occurred, the dissolved oxalate was 
oxidised by catalytic ozonation until it was completely removed 
and the initial calcium concentr ation was restored.
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