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The objective of this study was to summarize the results obtained in a wide research project carried out for more than 15

years on the catalytic activity of di erent catalysts (activated carbon, metal–carbon xerogels/aerogels, iron-doped silica

xerogels, ruthenium metal complexes, reduced graphene oxide-metal oxide composites, and zeolites) in the

photooxidation (by using UV or solar radiation) and ozonation of water pollutants, including herbicides,

naphthalenesulfonic acids, sodium para-chlorobenzoate, nitroimidazoles, tetracyclines, parabens, sulfamethazine, sodium

diatrizoate, cytarabine, and surfactants. All catalysts were synthesized and then texturally, chemically, and electronically

characterized using numerous experimental techniques, including N2 and CO2 adsorption, mercury porosimetry,

thermogravimetric analysis, X-ray di raction, Fourier-transform infrared spectroscopy, Raman spectroscopy, X-ray

photoelectron spectroscopy, di use reflectance UV–vis spectroscopy, photoluminescence analysis, and transmission

electron microscopy. The behavior of these materials as photocatalysts and ozonation catalysts was related to their

characteristics, and the catalytic mechanisms in these advanced oxidation processes were explored. Investigations were

conducted into the e ects on pollutant degradation, total organic carbon reduction, and water toxicity of operational

variables and the presence of di erent chemical species in ultrapure, surface, ground, and wastewaters. Finally, a review

is provided of the most recent and relevant published studies on photocatalysis and catalyzed ozonation in water

treatments using similar catalysts to those examined in our project.
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1. Introduction

Advanced oxidation processes have been developed to increase the efficacy of ozone treatment based on the generation

of HO  radicals . Solid catalysts have been proposed to increase the extent of ozonation . ACs, metal-doped carbon

aerogels, and basic treated zeolites were studied.

2. Activated Carbons

AC is a promising ozonation catalyst because of its chemical and textural properties and low cost . The following

groups of AC samples were studied for this purpose: (i) commercial ACs, (ii) ozonized ACs, (iii) nitrogen-enriched ACs,

and (iv) ACs from petroleum coke.

The commercial ACs studied  were Filtrasorb 400, Sorbo, Merck, Ceca GAC, Ceca AC40, Norit, and Witco, whose

characteristics are reported in Table 1.

Table 1. Characterization of activated carbons (reproduced from  with permission of Elsevier, 2002).

Activated Carbon

SN V V pH Acid Groups Basic Groups Ash

m /g cm /g cm /g  μeq/g μeq/g %

F400 1075 0.11 0.26 7.91 234 570 6.6

Sorbo 1295 0.06 0.37 9.42 88 1713 5.9

Merck 1301 0.09 0.26 7.89 114 582 5.2
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Ceca GAC 966 0.13 0.16 6.83 323 99 12.0

Ceca AC40 1201 0.07 0.32 5.29 438 102 8.3

Norit 968 0.10 0.42 9.18 139 2050 4.8

Witco 808 0.04 0.05 6.85 183 253 0.3

 Apparent surface area determined applying the BET equation to N  adsorption isotherm.  Volume of pores with a

diameter of 50 to 6.6 nm.  Volume of pores with a diameter above 50 nm.  Determined by NaOH (0.1 N) neutralization. 

Determined by HCl (0.02 N) neutralization.

The highest ash content (12%) was observed in Ceca GAC carbon and the lowest (0.3%) in Witco carbon (Table 1). High

Fe (6.32%) and Al (8.41%) contents were found in Filtrasorb 400 ash, while Norit and Sorbo have low Fe and Al contents,

but a substantive proportion of Mg and Ca (9–10% each). A high P content (4.11%) was observed in Ceca GAC alone. Ti

was detected in Filtrasorb 400 and Merck ash samples at a concentration of @1% and Mn was found in Norit ashes at

0.25% and in Sorbo ashes at 0.13%. These metals often serve as catalysts in oxidation processes. Thus, Ti is favored as

a catalyst in photocatalysis , and low concentrations of MnO  were used by Ma and Graham  to enhance

chlorobenzene degradation by ozone.

Figure 1 shows the experimental results of NTS ozonation in the presence of the ACs, which all increase the ozonation

rate. Sorbo, Norit, and Ceca GAC carbons produce a major increase in NTS degradation rate, whereas Witco AC has a

lower effect. The higher NTS ozonation rate in the presence of these ACs may be attributable to an increased HO

concentration. The ozone-NTS direct reaction constant is 6.72 M s , whereas the indirect reaction (free radical

reaction) constant is 3.7 × 10  M s . Therefore, the radical reaction is more effective in oxidizing NTS. Similar results

were obtained when these ACs were used in the ozonation of nitroimidazoles and surfactants .

Figure 1. 1,3,6-naphthalentrisulfonic (NTS) ozonation in the presence of commercial activated carbon. (¯), without

carbon; (○), Filtrasorb 400; (r), Merck; (£), Ceca GAC; (*), Ceca AC40; (Û), Norit; (+), Sorbo; (-) Witco (reproduced from

with permission of John Wiley and Sons, 2003).

The ACs with the highest pH  values and concentrations of basic surface groups produce the greatest increase in NTS

ozonation rate (Table 1); however, this rate is not clearly related to the SN  of the AC. The most effective carbons to

degrade NTS (Sorbo and Norit) have the largest volumes of macropores (Table 1), which behave as transport pores and

favor the access of ozone to the carbon surface, reducing diffusion limitations. In this way, the low catalytic activity of

Witco carbon may be in part attributable to their low V  and V  values.

ACs are heterogeneous materials with numerous surface groups and a variety of pore size distributions; however, the

above findings indicate that their catalytic activity in NTS ozonation is largely a function of their basicity. Their basicity

derives from the presence of basic oxygen-containing functional groups (e.g., pyrone or chromene) and/or graphene
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layers acting as Lewis bases and forming electron donor–acceptor (EDA) complexes with H O molecules. The latter basic

sites are localized at π electron-rich regions within the basal planes of carbon crystallites and away from their edges. This

delocalized π electron system can act as a Lewis base in aqueous solution (reaction (1)):

(1)

Hence, the delocalized π electron system of basic carbons and oxygenated basic groups (chromene and pyrone) would

behave as catalytic reaction centers and reduce ozone molecules to OH  ion and hydrogen peroxide according to the

following reactions:

(2)

(3)

Both OH  and hydrogen peroxide act as initiators of ozone decomposition in aqueous phase . The presence of Sorbo

(pH  = 9.42) and Norit (pH  = 9.18) produces higher NTS degradation rates because they have greater reducing

properties, favoring reactions (2) and (3) and enhancing the decomposition of ozone into highly oxidative radicals.

The total NTS ozonation degradation rate in the presence of AC was considered as the sum of the homogeneous reaction

rate in the absence of AC, (−r ) , and the heterogeneous reaction rate in the presence of AC, (−r ) ,

mathematically expressed as:

(4)

Heterogeneous reaction constants were determined as previously described  (Table 2). Thus, k  values can be

considered as a measure of the catalytic activity of ACs in NTS ozonation.

Table 2. Heterogeneous reaction constants for original and demineralized ACs according to the proposed model (adapted

from  with permission of Elsevier, 2005).

Activated
Carbon

k k (k )

s
(mol/L)
s

(mol/L) s

F400 0.0115 134.6 106.1

Sorbo 0.0152 189.4 142.3

Merck 0.1005 114.4 105.7

Ceca GAC 0.0155 195.2 90.4
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Ceca AC40 0.0086 95.2 88.5

Norit 0.0653 210.5 190.4

Witco 0.0085 94.2 94.2

Study of the association between the k  value (Table 2) and chemical characteristics (Table 1) of ACs revealed a

greater increase in NTS degradation with ACs having a high ash content and elevated concentration of basic groups,

which are both catalytic centers that can decompose the ozone into highly reactive species. The highest k  values are

observed in Norit, Sorbo, and Ceca GAC carbons.

Ozonation experiments were conducted in the presence of demineralized carbons to determine the contribution of the ash

to the heterogeneous NTS ozonation rate. ACs were demineralized with HCl and HF, as previously described . As an

example, results obtained for original and demineralized Ceca GAC samples are shown in Figure 2. The degradation rate

is lower after demineralization in all ACs except for Witco because of its very low ash content (Table 1). These findings

confirm the positive contribution of the mineral matter in ACs through their catalytic effect in NTS ozonation. All metals that

have demonstrated catalytic activity in organic compound ozonation are found in the ACs under study, but the

participation of each metal in the catalytic ozonation of NTS is difficult to evaluate.

Figure 2. Effect of demineralization on the catalytic capacity of Ceca granulated activated carbon (GAC) carbon in NTS

ozonation. pH = 2.3, T = 298 K. (£), untreated; (n), demineralized (reproduced from  with permission of Elsevier, 2002).

It has been shown that the demineralization of carbons does not substantially affect their concentration of basic surface

groups , and the pH  of the demineralized ACs is highly similar to that of the original ACs. Hence, a linear relationship

was observed between their heterogeneous reaction constant and their surface concentration of basic groups (Figure 3).

However, the ordinate in the origin is not zero, indicating that other features of the surface chemistry of ACs, in addition to

the basic groups, contribute to their catalytic effect in NTS ozonation.
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Figure 3. Relationship between (k )  value and concentration of basic groups on the activated carbons

(reproduced from  with permission of Elsevier, 2005).

In the presence of AC, ozonation can oxidize micropollutants by direct reaction with the ozone or by HO  radicals

generated by the interaction of the ozone with the AC surface. The concentration of both oxidants must be known in order

to calibrate this process with respect to its oxidation capacity. Previous studies have developed an experimental method

for measuring concentrations of ozone and HO  radicals with conventional ozonation or with the AOP O /H O  . The R

value is the ratio of HO  radical exposure to ozone exposure (Equation (5)).

(5)

This ratio indicates the efficacy of ozone transformation into HO  radicals in a given system. The R  is calculated by

measuring the reduction in a probe compound that reacts quickly with HO  but not ozone and by measuring the ozone

concentration at the same time.

The influence of operational parameters was examined by conducting ozonation experiments in the presence of AC at

ozone concentrations ranging between 2 ´ 10  and 6 ´ 10  M (1–3 mg/L) and AC doses ranging between 0.01 and 0.85

g/L) . The efficacy of HO  radical formation was identified by adding sodium para-chlorobenzoate (pCBA) as HO  radical

probe compound. pCBA has a low reactivity with ozone (kO  = 0.15 M s ) and a high affinity for HO  radicals (kHO  =

5.2 ´ 10  M s ).

The concentration of dissolved ozone in the system was evaluated because the potential to oxidize micropollutants is

increased at high concentrations, which also augments the formation of oxidation byproducts, e.g., bromate . In

addition, elevated O  exposure is required in disinfection systems, but not necessarily in systems designed to generate

HO  radicals. Table 3 displays the R  values obtained in each experiment. It shows that this value is increased when AC

F400 is present during pCBA ozonation, largely attributable to the increased rate constant for ozone decomposition (k ),

determined following a first-order kinetic model. Hence, the presence of AC promotes the transformation of ozone into

HO  radicals, and a major increase in R  value is observed at higher concentrations of dissolved ozone in the O /AC

system.

Table 3. R  values from experiments conducted at pH 7 in Milli-Q water ([NaH PO ] = 5 ´ 10  M, [t-BuOH] = 8 ´ 10  M)

(reproduced from  with permission of Elsevier, 2005).

Experiment Sample

Carbon Dose [O ] k

R

g/L M s

1 Without carbon 0.00 2 ´ 10 6.0 ´ 10 2.7 ´ 10
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2 F400 0.50 2 ´ 10 3.2 ´ 10 1.2 ´ 10

3 F400 0.50 4 ´ 10 3.6 ´ 10 1.6 ´ 10

4 F400 0.50 6 ´ 10 4.0 ´ 10 4.7 ´ 10

5 F400 0.01 2 ´ 10 6.1 ´ 10 3.0 ´ 10

6 F400 0.25 2 ´ 10 9.0 ´ 10 6.0 ´ 10

7 F400 0.85 2 ´ 10 8.0 ´ 10 5.7 ´ 10

10 F400-1 0.50 2 ´ 10 2.9 ´ 10 1.4 ´ 10

11 F400-2 0.50 2 ´ 10 2.6 ´ 10 1.5 ´ 10

12 F400-3 0.50 2 ´ 10 2.4 ´ 10 1.5 ´ 10

13 F400-10 0.50 2 ´ 10 1.0 ´ 10 5.6 ´ 10

14 F400-120 0.50 2 ´ 10 4.0 ´ 10 3.8 ´ 10

It is important to determine the minimum AC dose needed to transform ozone into HO  radicals. A higher AC dose in the

system also increases the pCBA oxidation rate, and a higher rate of ozone decomposition is observed when the AC dose

is increased (Table 3, Experiments 2, 5–7). Plotting the k  or R  values against the AC dose shows a large increase at

higher doses. According to these findings, the dose of AC is a key factor in the transformation of ozone into HO  radicals.

Oxidation experiments were carried out with pre-ozonated ACs (F400-1, F400-2 and F400-3) to determine changes in AC

activity during ozonation . It was observed that AC activity to transform ozone into HO  radicals is not affected by the

ozone treatment applied, finding highly similar R  values for all three samples (Table 3, Experiments 2, 10–12). The

behavior of the AC in prolonged ozone treatments was studied by subjecting AC samples to a much more drastic

ozonation treatment (F400-10, F400-120). These ACs showed an important reduction in their activity to transform ozone

into HO  radicals with a longer treatment time (Table 3, Experiments 2, 13, 14). The R  value is reduced from 1.2 ´ 10

(untreated) to 3.8 ´ 10  when the AC undergoes 120 min of gas-phase ozonation. According to these findings, ozone

oxidation decreases the AC’s catalytic properties by increasing the number of acidic oxygenated surface functional

groups . The electronic density of the graphene layers is diminished by these (electron-withdrawing) groups, decreasing

its reductive properties and reactivity with ozone. Hence, it appears that the AC is not a true catalyst for ozone

transformation but behaves as a conventional initiator or promoter in the transformation of ozone into HO  radicals.

As already noted, the combination of ozone and AC is an appealing technique for removing toxic organic compounds from

waters through the AC’s capacity to transform ozone into HO  radicals with higher oxidant power. This capacity is related

to the AC’s porous texture, surface chemistry (basic groups), and mineral matter. Accordingly, AC from petroleum coke

and nitrogen-enriched ACs were prepared in our laboratory to enhance ozone transformation into HO  radicals .

Petroleum coke is a residue of the petrochemical industry, with around 4 tons being produced in the refining of 100 tons of

crude oil. It cannot be used in production processes due to its elevated concentration of heavy metals (Ni, V, Fe), but this

feature means that petroleum coke is an attractive material for utilization in the ozonation of aromatic pollutants. Table 4

shows the results of the textural characterization of the ACs prepared with different KOH/coke mass ratios, showing that

the porosity of all samples is markedly developed by their activation, augmenting the volume of micro- (V ), meso- (V ),

and macropores (V ). Activation of the coke also modifies its chemical nature (Table 4). Thus, the original material is

mildly acid (pH  = 6.5), whereas the pH  of KOH-activated coke ranges from 8.4 for sample C-1 to 9.7 for sample C-

4. This is largely due to the generation of basic surface groups during the activation process, which increases with a

higher KOH/coke ratio.
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Table 4. Textural characterization of original and activated cokes (adapted from   with permission of Elsevier, 2006).

Sample KOH/Coke

SN V V V

pH

m /g cm /g cm /g cm /g

C 0 <30 0.02 Nil 0.011 6.5

C-1 1 1619 0.55 0.063 0.132 8.4

C-2 2 1261 0.41 0.061 0.154 8.8

C-3 3 1021 0.25 0.058 0.176 9.3

C-4 4 970 0.20 0.051 0.263 9.7

V  = micropore volume determined applying Dubinin–Radushkevich equation to CO adsorption isotherm.  Volume of

pores with a diameter of 50 to 6.6 nm.  Volume of pores with a diameter above 50 nm.

The k  value of each carbon sample was calculated to determine the increase in NTS ozonation produced by its

presence (Table 5), showing that the chemical activation process increases the activity of petroleum coke in NTS

ozonation. Thus, the increase in k  values with respect to that of the original coke ranges from 83% for sample C-1 to

16% for sample C-4, mainly by developing the porosity of the coke, which increases access of the ozone to its active

surface sites and mineral matter, and by increasing the surface basicity of the original coke, which favors ozone reduction

on its surface and thereby enhances its transformation into highly oxidant species.

Table 5. Heterogeneous reaction rate constants of activated coke samples in NTS ozonation (adapted from  with

permission of Elsevier, 2006).

Sample C C-1 C-2 C-3 C-4

k  (mol/L) s 57.7 105.8 86.5 76.9 67.3

Ozonation modifies the oxygenated surface groups and metal sites of these ACs and can change their oxidation state.

The Fe 2p spectrum for samples C-1 and C-1-ozonated shows a 14% increase in the surface concentration of Fe O  on

C-1-ozonated. According to these findings, the ozone can attack Fe(II) metal sites on the carbon surface during NTA

ozonation, generating Fe(III) by Equations (6) and (7). These reactions can also enhance ozone transformation rate into

HO  radicals, contributing to the ozonation of NTS. The main mineral components are Ni and V, and the Ni 2p  and V

2p  spectra show no modification in their initial oxidation state (Ni in oxidation state +2 and V in oxidation state +5).

(6)

(7)

ACs enriched in basic surface groups were prepared to examine their efficacy for NTS removal . The basic surface

groups were generated by treating Witco AC with nitrogenating agents (urea, ammonia, or ammonium carbonate); the

textural characteristics of the samples obtained are displayed in Table 6. The treatments augment the surface area of

carbon W (SN ), especially the urea treatment (W-U). W-U has increased microporosity due to its gasification by the urea.

Table 6 also reports the pore volume values determined by mercury porosimetry (V  and V ), showing that treatment with

ammonia (W-A) or ammonium carbonate (W-C) produces a low development of the meso- and macroporosity, whereas

treatment with urea produces a high development of the micro-, meso-, and macroporosity.
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Table 6. Textural characterization of basic activated carbon samples (adapted from  with permission of American

Chemical Society, 2004).

Sample

SN V V V

m /g cm /g cm /g cm /g

W 812 0.238 0.040 0.050

W-A 904 0.206 0.047 0.091

W-C 825 0.222 0.042 0.102

W-U 1057 0.289 0.064 0.122

Study of the catalytic activity of the AC samples in NTS ozonation revealed increased activity in the basic samples. In the

sample with the highest catalytic activity (W-U), a large proportion of surface nitrogenated groups are pyrrole groups, and

a small proportion is pyridine groups, indicating that AC catalytic activity is enhanced by pyrrole-type groups. This may

have the following explanation: the pair of nitrogen electrons in the pyrrole group form part of the ring electronic cloud and

are therefore delocalized among the five atoms of the molecule. Consequently, pyrrole has 6 π electrons on 5 centers,

making them π-excessive aromatic rings. Hence, the presence on the AC surface of pyrrole groups increases the

electronic density of its basal plane, increasing its capacity to reduce the ozone dissolved on its surface (reaction (2)).

In addition, the increase in the π electron system of the AC produced by the pyrrole groups enhances the interaction with

the water molecules (reaction (1)). Both processes generate OH  ions in the solution, and these behave as initiators of the

ozone decomposition into HO  radicals, highly reactive against NTS, which increases the degradation rate (reactions (8)–

(10)).

(8)

(9)

(10)

A study was conducted on the transformation of nitrogen functional groups from an interaction between ozone and AC

surface during NTS ozonation in order to determine their involvement in the catalytic activity. As an example, Table 7

exhibits the changes observed in sample W-U, showing that pyridone groups are not affected by ozonation, but a large

number of pyrrole-type groups are oxidized and transformed into N-oxide-type groups.

Table 7. Effect of ozonation on the concentration (%) of nitrogen surface groups on the urea treatment sample (W-U)

(reproduced from  with permission of American Chemical Society, 2004).

Sample

Pyridine Pyridone Pyrrole N-oxide

(398.5 ± 0.2 eV) (399.5 ± 0.2 eV) (400.5 ± 0.2 eV) (402.5 ± 0.2 eV)

W-U 8 42 50 -
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W-U (ozonated) 7 47 16 30

According to these findings, ozone can attack the pyrrolic groups of AC graphene planes during ozonation, resulting in N-

oxide type groups and hydroperoxide radicals (reaction (11)).

(11)

This reaction accounts for the changes in the pyrrole group during ozonation, which would contribute to NTS ozonation

because the hydroperoxide radical increases the decomposition of ozone into radicals that can effectively degrade NTS.

This may contribute to the higher catalytic activity of pyrrole groups on the AC surface.

3. Metal-Doped Carbon Aerogels

As mentioned above, the chemical and textural characteristics of carbon aerogels and their ready preparation have led to

their utilization in numerous industrial applications . Thus, carbon aerogels show high promise for boosting ozone

transformation into HO  radicals by taking advantage of the properties of transition metals, which have contrasting

catalytic activities during ozonation, preventing their dissolution in the medium and separation from the system.

Table 8 exhibits the textural characteristics of the original aerogels (A, A-Co(II)-15, A-Mn(II)-15, and A-Ti(IV)-15) prepared

for utilization as ozonation catalysts . They all have a much larger volume of mesopores (diameter 6.6–50 nm) (V )

and macropores (V ) than of micropores (V ).

Table 8. Textural characterization of basic activated carbon samples (adapted from  with permission of Elsevier, 2006).

Sample

SN SCO V V V

m /g m /g cm /g cm /g cm /g

A 500 200 0.07 0.36 0.68

A-Co(II)-15 562 206 0.07 0.43 0.97

A-Ti(IV)-15 550 203 0.07 0.40 0.92

A-Mn(II)-15 554 210 0.07 0.41 0.95

A-Mn(II)-15-1 540 200 0.07 0.41 0.94

A-Mn(II)-15-2 534 204 0.07 0.40 0.93

A-Mn(II)-15-3 546 206 0.07 0.41 0.95

A-Co(II)-15-1 560 210 0.07 0.41 0.92

A-Ti(IV)-15-1 538 200 0.07 0.38 0.90
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Some chemical characteristics of carbon aerogels are shown in Table 9. Textural analysis of aerogel samples treated with

ozone (A-Mn(II)-15-1, A-Mn(II)-15-2, A-Mn(II)-15-3, A-Co(II)-15-1 and A-Ti(IV)-15-1) showed similar SN , SCO , V , and

V  values to those in the non-pretreated samples (Table 8). According to XPS analysis, all samples show an increased

percentage of surface oxygen with a higher number of ozonation cycles, whereas their pH  values remain similar to

initial values (pH  = 3–4). The surface oxygen groups produced during ozonation is largely in the form of –C=O in all

aerogel samples. Interestingly, Mn(III) and Mn(IV) are formed in the O -pretreated Mn-doped aerogel sample, and the

percentage of Mn in oxidation state +4 increases with more pretreatment ozonation cycles. In samples A-Co(II)-15-1 and

A-Ti(IV)-15-1, however, the oxidation state of Co and Ti stays at +2 and +4, respectively, after ozonation (Table 9).

Table 9. Chemical characterization of the aerogel samples (adapted from  with permission of Elsevier, 2006).

Sample pH

C O Co(II) Mn(II) Mn(III) Mn(IV) Ti(IV)

% % % % % % %

A 3.5 68 32 - - - - -

A-Co(II)-15 3.8 64 22 14 - - - -

A-Ti(IV)-15 4.3 64 21 - - - - 15

A-Mn(II)-15 4.2 62 22 - 16 - - -

A-Mn(II)-15-1 4.0 54 30 - 10 4 2 -

A-Mn(II)-15-2 4.1 49 35 - 8 4 4 -

A-Mn(II)-15-3 3.9 42 42 - 6 4 6 -

A-Co(II)-15-1 3.9 55 31 14 - - - -

A-Ti(IV)-15-1 4.2 53 32 - - - - 15

Table 10 displays the R  values for pCBA ozonation in the presence of carbon aerogels and the corresponding ozone

decomposition constants (k ) determined by a first-order kinetic model.

Table 10. Determination of R  value in the different ozonation experiments: pH 7, T 25 °C, [O ] = 2 ´ 10  M, [pCBA] = 8 ´

10  M) (adapted from  with permission of Elsevier, 2006).

Experiment Sample

Carbon Dose k

R

mg s

1 Without aerogel 0 6.0 ´ 10
2.68 ´

10

2 A 2.5 6.2 ´ 10
2.74 ´

10

3 A-Co(II)-15 2.5 5.8 ´ 10
2.56 ´

10
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4 A-Ti(IV)-15 2.5 6.1 ´ 10
2.73 ´

10

5 A-Mn(II)-15 2.5 4.2 ´ 10
5.36 ´

10

10 A-Mn(II)-15-1 2.5 2.6 ´ 10
3.35 ´

10

11 A-Mn(II)-15-2 2.5 2.1 ´ 10
2.68 ´

10

12 A-Mn(II)-15-3 2.5 1.4 ´ 10
1.78 ´

10

pCBA removal is not enhanced by the presence of the blank aerogel (sample A), and R  and k  values are similar to

those obtained with no aerogel (Table 10). Hence, the organic matrix of the aerogel does not contribute to the ozone

transformation into HO  radicals. The presence of Mn aerogel increases the pCBA removal rate, whereas that of Co- or Ti-

doped carbon aerogels has practically no impact. Given the slow reactivity of pCBA against ozone  and the slow

adsorption kinetics of pCBA on the aerogel samples , the generation of HO  radicals in the system would be largely

responsible for the increased oxidation rate in the presence of Mn aerogel. Furthermore, the lack of an increase in pCBA

removal when the blank (aerogel A) is present corroborates a direct relationship between the activity of the aerogels to

transform ozone into HO  radicals and the presence of the metal on their surfaces.

R  values are 20-fold higher when the Mn aerogel is present during pCBA ozonation, but those obtained when Co(II) or

Ti(IV) are present are similar to the R  values observed when they are not. The presence of Mn(II) aerogel during pCBA

ozonation also increases the k  value, but the presence of Co(II) or Ti(IV) aerogels has practically no effect (Table 10,

Experiments 2–5). These results confirm that ozone transformation into HO  radicals is enhanced by the presence of Mn-

doped carbon aerogel during the ozonation.

The mechanism by which the Mn(II) aerogel accelerates the pCBA removal rate was examined by XPS analysis of

samples A-Co(II)-15, A-Mn(II)-15, and A-Ti(IV)-15 after their ozonation (samples A-Co(II)-15-1, A-Mn(II)-15-1, and A-

Ti(IV)-15-1). Tables 8 and 9 exhibit their textural and chemical characteristics. Notably, the sample that enhances ozone

transformation into HO  radicals (A-Mn(II)-15) is the one showing a post-ozonation increase in oxidation state (Table 9).

On this sample, 10% of the surface Mn is in Mn(II), 4% in Mn(III), and 2% in Mn(IV) forms. However, the oxidation states

of Co and Ti (samples A-Co(II)-15 and A-Ti(IV)-15) are not changed by ozonation (+2 and +4, respectively). According to

these findings, the mechanism underlying the effect of the A-Mn(II)-15 aerogel on ozone transformation into HO  radicals

is based on oxidation–reduction reactions. Hence, in agreement with results in Tables 9 and 10, the following reactions

may be responsible for accelerating this transformation in the presence of A-Mn(II)-15 aerogel during pCBA:

(12)

(13)

(14)

Therefore, ozone transformation into HO  radicals through the oxidation of surface Mn(II) to Mn(III) and Mn(IV) during the

oxidation process accounts for the increased pCBA removal rate. This agrees with the mechanism proposed by other

authors  for atrazine and oxalic acid ozonation in the presence of dissolved Mn(II) and MnO .
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4. Basic Treated Zeolites

The crystalline network of zeolites, which are aluminosilicates, has cavities containing large ions and water molecules.

Their widely varied chemical and structural composition and regular porosity make them ideal adsorbents and/or

catalysts . Zeolites have been proposed as catalysts of ozone decomposition in water and have been found to increase

the production of free radicals during ozonation, which may be responsible for the removal of micropollutants from

water . There is currently no consensus on the factors that influence these processes, including the catalytic

activity of the metals in zeolites or the ozone concentration of the catalyst. Therefore, we studied ozonation of the anionic

surfactant sodium dodecylbenzene sulfonate (SDBS) as a model pollutant , determining the consumption of ozone and

degradation of SDBS with the corresponding rate constants. Based on these findings, we proposed a reaction mechanism

to modify these materials for treatment optimization.

Three types of zeolites were studied, one prepared in our lab and two commercial zeolites: high-silica zeolite ZSM-5

(SiO /Al O  ratio of 1000, CAS 308081-08-5), supplied by Acros Organics, and zeolite Z-13X

(Na [AlO ) (SiO ) ]·xH O, CAS 63231-69-6), supplied by Sigma-Aldrich. Zeolite Z-2 was obtained by mixing a molar

ratio of 1.51 Na O, 1.13 Al O , 0.26 SiO , and 17 H O (Si/Al theoretical ratio = 0.24) and heating for 2 h at 373 K. Tables

11 and 12 summarize the crystallographic, elemental, and textural characteristics of all samples.

Table 11. Textural characteristics of zeolites (reproduced from  with permission of Elsevier, 2012).

Sample

SN W (N ) W (CO ) L (N ) L (CO ) 

m /g cm /g cm /g nm nm

Z-2 7.1 0.037 0.144 2.02 1.00

Z-13X 341.3 0.166 0.184 0.48 0.30

ZSM-5 314.4 0.161 0.245 0.41 0.74

ZSM-5-NaOH 326.4 0.162 0.320 0.70 1.14

 Volume of micropores obtained from the Dubinin–Radushkevich equation applied to N  adsorption data.  Volume of

micropores obtained from the Dubinin–Radushkevich equation applied to CO  adsorption data.  Average micropore width

obtained from N  adsorption isotherms.  Average micropore width obtained from CO  adsorption isotherms.

Table 12. Chemical characteristics of zeolites (reproduced from  with permission of Elsevier, 2012).

Sample

Composition (%)

pH Si/Al

Zeolite-A Sodalite ZSM-5 Faujasite

Z-2 97.3 2.7 0 0 11.4 0.89

Z-13X 0 0 0 100 11.1 1.73

ZSM-5 0 0 100 0 2.8 598.50

ZSM-5-NaOH 0 0 100 0 7.3 394.44

SDBS removal during ozonation in the presence and absence of the original zeolites is depicted in Figure 4, and the time

course of ozone consumption in Figure 5. SDBS removal and ozone consumption rate constants are displayed in Table

13. According to these findings, Z-13X and Z-2 produced a small increase and ZSM-5 a small reduction in the SDBS

removal rate. The increased SDBS removal in the presence of zeolites is related to the higher ozone consumption
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observed during O /Zeolite treatment. Ozone has low reactivity with SDBS by direct reaction (kO = 3.67 M s  );

therefore, SDBS degradation is largely due to the generation of HO  radicals during ozone decomposition [148]. The

reaction constant of HO  radicals with SDBS is elevated (kHO = 1.16 ´ 10  M s  ), explaining the quick and effective

degradation of the surfactant.

Figure 4 shows that SDBS removal in these systems diminishes in the order: O /Z-13X > O /Z-2 > O  > O /ZSM-5.

Therefore, the highest removal rate is obtained by the most basic zeolite with the largest surface area, Z-13X,

underscoring the important role of these parameters in the efficacy of a zeolite as an ozone decomposition catalyst for the

generation of HO  radicals. ZSM-5 obtained the lowest rate, attributable to its acid character and greater capacity to

stabilize dissolved ozone molecules. However, the consumption of ozone in the presence of SDBS (Figure 5) is more

rapid with the O /ZSM-5 than with the O /Z-2 system. This behavior can be attributed to the two possible contributions of

zeolite to ozone consumption: (i) adsorptive contribution (reaction (15)), mainly influenced by its hydrophobicity and the

type and development of its porous texture; and (ii) catalytic contribution (reaction (16)), which depends on its basicity.

(15)

(16)

Figure 4. Sodium dodecylbenzene sulfonate (SDBS) removal as a function of ozonation time in the presence of zeolites.

[SDBS]  = 2.8 ´ 10  M, T 298 K, [O ] = 2 ´ 10  M, [zeolite] = 100 mg/L. (×), O ; (△), O /Z-2; (¯), O /ZSM-5; (£), O /Z-

13X; (◆), O /ZSM-5-NaOH. (- -) Fitted trend (reproduced from  with permission of Elsevier, 2012).
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Figure 5. Time course of ozone concentration as a function of ozonation time in the presence of zeolites with different

chemical characteristics. [SDBS]  = 2.8 ´ 10  M, T 298 K, [O ] = 2 ´ 10  M, [zeolite] = 100 mg/L. (×), O ; (△), O /Z-2; (¯),

O /ZSM-5; (£), O /Z-13X; (◆), O /ZSM-5-NaOH. (- -) Fitted trend (reproduced from  with permission of Elsevier, 2012).

Table 13. Ozone consumption and SDBS removal rate constants (reproduced from  with permission of Elsevier, 2012).

Zeolite

Dose K  (O )

R

K  (SDBS)

R

(CHO )

mg/L s  ´ 10 s  ´ 10 mol/L ´ 10

Without zeolite 0 1.27 ± 0.04 0.997 2.75 ± 0.66 0.971  

Z-2 100 1.73 ± 0.17 0.984 4.05 ± 1.16 0.959 1.36

Z-13X 100 3.83 ± 0.28 0.993 7.36 ± 1.16 0.975 4.61

ZSM-5 100 2.50 ± 0.21 0.993 2.69 ± 0.37 0.983 0

ZSM-5-NaOH 100 3.24 ± 0.22 0.981 6.25 ± 1.66 0.965 3.55

The hydrophobicity of the zeolite in the O /ZSM-5 system is high and the basicity low, accelerating the consumption of

ozone by adsorption. The stabilization of ozone on the adsorbent surface hampers the formation of HO  radicals and,

therefore, the degradation of SDBS. In contrast, the adsorbent hydrophobicity of the zeolite is low in the O /Z-13X and

O /Z-2 systems, and its basicity is high, increasing the decomposition of ozone and generation of radicals. These HO

radicals participate in ozone decomposition in the presence of SDBS (kO = 1 ´ 10 – 2 ´ 10  M s  ) (reaction (17))

and react with and degrade SDBS (reaction (18)). Consequently, ozone consumption is reduced in these systems in the

presence of SDBS. This increases the efficacy of the system because fewer of the generated radicals are involved in the

chain mechanism of ozone decomposition (reaction (17)).

(17)

(18)

In order to increase the catalytic potential of acid zeolite ZSM-5 in SDBS degradation, SDBS ozonation experiments were

conducted in the presence of NaOH-activated ZSM-5 (sample ZSM-5-NaOH); Figures 4 and 5, and Table 13 exhibit the

results.

Figure 4 shows a major increase in SDBS degradation rate (125% increase in k ) with the NaOH-modified zeolite

ZSM-5-NaOH versus the untreated zeolite, but an increase of only 29.6% in ozone consumption (Table 13). According to

findings on the chemical and textural characteristics of the samples (Tables 11 and 12), treatment of ZSM-5 with NaOH

produces: (i) increased basicity (increased pH zc), (ii) widened microporosity, and (iii) reduced hydrophobicity. These

changes favor ozone decomposition into HO  radicals and, therefore, SDBS degradation. As shown in Table 13, an

increased concentration of HO  radicals (C ·)  available for micropollutant oxidation is produced when Z13-X and

ZSM5-NaOH are present during SDBS ozonation.
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