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ABSTRACT   15 

Synthetic goethite (FeOOH), magnesium oxide (MgO), and cerium oxide (CeO2) were used as 16 

catalysts to enhance the ozonation of the filtered raw river water. The UV absorbance (At 254 nm), 17 

dissolved organic carbon (DOC), molecular weight distribution (MWD), and also 18 

excitation-emission matrix fluorescence (EEM) changes of the filtered water were evaluated 19 

before and after catalytic ozonation and single ozonation to compare the degradation efficiency 20 

of natural organic matter (NOM) in the filtered water among the systems. The results showed 21 

that CeO2 catalytic ozonation performed best on UV254 removal. The addition of tert-butanol (TBA) 22 

in the systems had less effect on the removal of UV254, indicating that UV254 removal was mainly 23 

resulted from the direct oxidation. The mineralization of NOM in the filtered water by FeOOH 24 

catalytic ozonation and MgO catalytic ozonation was significantly better than that of single 25 

ozonation and CeO2 catalytic ozonation. DOC removal depended on hydroxyl radical (HO·) 26 

formation, which could also be verified by the changes of MWD. From the results of EEM, both 27 

fulvic acid and humic acid were oxidized effectively during catalytic ozonation and single 28 

ozonation while some differences among the systems emerged due to the different degradation 29 

mechanisms. Humic acid was oxidized followed by fulvic acid in single ozonation while they were 30 

oxidized simultaneously in the catalytic ozonation. Catalytic ozonation in the presence of MgO 31 

and FeOOH could oxidize humic acid and fulvic acid effectively due to the formation of HO·. CeO2 32 

catalytic ozonation would reduce fulvic acid, which was rich in carboxylate more effectively than 33 

humic acid mainly through complexation. In brief, catalytic ozonation would shorten the reaction 34 

time and also increase the mineralization of organic matter in the filtered water compared with 35 

single ozonation. This study has a certain reference value for practical application of catalytic 36 

ozonation in the water treatment plants. 37 

Key words catalytic ozonation, NOM, filtered water, cerium oxide, synthetic goethite, magnesium 38 

oxide 39 

1 Introduction 40 

Natural organic matter (NOM) is the product of organisms’ natural metabolic processes, 41 

most of which is humic substances-like matter containing lots of functional groups (e.g., amino 42 
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groups (-NH2), carboxyl group (-COOH), and nitro group (-NO2)) [1]. NOM cannot be removed 43 

effectively by conventional drinking water treatment process, which results in the 44 

microorganisms breeding in the water supply network. Even worse, NOM will react with the 45 

common disinfectants (i.e., chlorine and chloramine) to generate disinfection by-products (e.g., 46 

trihalomethanes (THMs), haloacetic acids (HAAs)), which represent a considerable health risk to 47 

human beings [2]. Thus, ozonation is widely investigated to replace chlorination to reduce the 48 

harmful by-product formation potential [3]. 49 

The published researches reported that ozone reacted fast with organic pollutants with NH2, 50 

activated aromatics, and C=C, but slowly with compounds with inactivated aromatics, NO2, COOH, 51 

and halogen groups (e.g., -Cl, -Br) [4, 5]. The ozone molecules can effectively translate organic 52 

compounds with unsaturated structure into that with saturated structure through the 53 

ring-opening or bond-breaking reactions. However, ozonation only changes the structure of 54 

organic matter to make them be decomposed more easily rather than decompose them into 55 

inorganic matter directly [4, 6]. It has also been confirmed that most of NOM cannot be degraded 56 

completely and sometimes toxic intermediates are produced [7].  57 

Because of this limitation, heterogeneous catalytic ozonation, which combines ozone with 58 

solid-phase metal oxides, has been developed to improve the mineralization of NOM in drinking 59 

water without extra addition of chemicals and energy into the reaction system [8, 9]. Zhang et al. 60 

[5] studied single ozonation and synthetic goethite catalytic ozonation (O3/FeOOH) of NOM 61 

fractions isolated from the natural water and indicated that FeOOH catalytic ozonation could 62 

enhance ozone consumption, UV absorbance (UV254) removal, dissolved organic carbon (DOC) 63 

reduction and also increase the percentage of easy biodegradable organic carbon (BDOC) 64 

compared with single ozonation. In addition, the effective removal of nitrobenzene [10], oxalic 65 

acid [11] and para-chlorobenzoic acid (pCBA) [12] in the O3/FeOOH system has been investigated, 66 

and all of the authors agreed that the degradation of organic compounds by O3/FeOOH follows 67 

hydroxyl radical (HO·) pathway. Moreover, Zhang and Ma inferred that O3 with nucleophilic and 68 

electrical characteristics could combine with hydroxyl groups on the surface of FeOOH to 69 

generate HO·, which was non-selective with strong oxidizing property [10]. Lee et al. [13] 70 

investigated the degradation of humic acid by Fe/MgO catalytic ozonation and found that humic 71 

acid with high molecular weight could be notably decomposed into organic compounds with low 72 

molecular weight. Azo dyes [14, 15], phenol [16, 17] and formaldehyde [18] were also used as 73 

target compounds to study the efficacy and mechanism of MgO catalytic ozonation (O3/MgO). 74 

Some researchers reported the interaction between O3 and the active sites on the surface of MgO 75 

promoted the generation of HO· [14, 17, 18]; there are also some researchers considering that 76 

the alkaline environment created by hydrolyzation of MgO promotes the O3 decomposition and is 77 

responsible for the notable degradation of organic compounds [15, 16]. Dai et al. [19] studied the 78 

degradation of acetylsalicylic acid by catalytic ozonation with magnetic ceria nanometer particles 79 

and found that the surface reaction played a dominant role on the target compound removal. In 80 

addition, the great removal efficiencies of aniline and dyes [20], phenol [21] and also oxalic acid 81 

[20, 22] by cerium oxide catalytic ozonation (O3/CeO2) were reported in the published researches. 82 

Both the complexation of CeO2 [19, 22] and the redox activity by Ce3+/Ce4+ [20] were proposed 83 

for the removal of target compounds. And also, some researchers insisted that the addition of 84 

CeO2 would inhibit the formation of HO· [21, 23].  85 

However, most of the published researches focused on the removal of the special pollutants 86 
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in the model water and little information is available on the comprehensive evaluation of NOM 87 

removal in natural water by catalytic ozonation with MgO, CeO2 and also FeOOH. Moreover, very 88 

few studies have been made to assess and compare the oxidation effectiveness of O3/FeOOH, 89 

O3/MgO and O3/CeO2 on both NOM removal and also the subsequent modifications of NOM in 90 

the filtered water. And thus, in the present work, MgO, CeO2 and FeOOH were selected as 91 

catalysts to catalyze ozonation of NOM from the effluent of Mo Panshan water treatment plant in 92 

northeastern China. The selected catalysts are known as non-expensive, non-toxic, and 93 

biocompatible materials [11]. Moreover, they are different from each other in the mechanism of 94 

target compound degradation as stated above. To well understand the performances of catalytic 95 

ozonation on NOM degradation, four indexes containing UV254, DOC, molecular weight 96 

distribution (MWD) and also excitation-emission matrix fluorescence (EEM) were investigated to 97 

fully reflect the changes of NOM in the filtered water before and after catalytic ozonation and 98 

single ozonation. UV254 shows the relative quantity of aromatic or conjugated double bonds 99 

organic matter in water [24]. DOC is a recognized indicator of NOM in surface water. The change 100 

of DOC before and after oxidation reflects the mineralization degree of the water [25]. The 101 

change of MWD before and after oxidation will reflect the change of NOM clearly and moreover, 102 

it is a good index to compare the degradation of the target compounds by different catalytic 103 

ozonation macroscopically [26]. EEM is a powerful and widely used technique for characterizing 104 

the composition of fluorescent organic matter normally found in both synthetic and natural 105 

aqueous environments [27]. EEM represents the composition of fluorescent dissolved organic 106 

matter (FDOM) through collecting the fluorescence information when the change of excitation 107 

and emission wavelengths of the samples occurs. EEM is a method with high sensitivity and good 108 

selectivity, which also has no destructive effect on the structure of the samples in the detection 109 

process.  110 

This work, contributing to improving our understanding of catalytic ozonation of the filtered 111 

water has practical significance on designing high-efficiency water treatment process. 112 

2 Materials and Methods 113 

2.1 Materials and catalysts preparation  114 

Water samples used in this study were collected from the effluent of Harbin Mo Panshan 115 

water treatment plant. The samples were stored at 4 °C. Before used, the samples were filtered 116 

through 0.45-μm fiber filters (Whatman) to remove the suspended particles. The characteristics 117 

of the filtered water were shown in Table 1. 118 

Table 1 The characteristics of the filtered water 119 

All reagents were purchased from Sigma-Aldrich and were used as received. Except for the 120 

HPLC-grade phosphoric acid, all other reagents were of analytic grade. The stock solutions were 121 

prepared using Milli-Q ultrapure water (resistivity 18.2 MΩ·cm) from a Millipore system. 122 

Cerium nitrate/magnesium nitrate was calcined in air for two hours at 450 °C in a muffle 123 

furnace (YSD-5-12T, Shanghai Yaoshi Instrument Equipment Ltd.) to obtain CeO2 and MgO. FeOOH 124 

was synthesized following the previous method described by Zhang et al. [10].  125 

2.2 Experimental procedure 126 

The experiments were conducted in a semi-continuous mode at room temperature (20 °C) 127 

maintained by a thermostat (THD-5015, Tianheng). 1 L of the filtered water was introduced into 128 

the reactor (capacity, 1 L) followed by the catalysts (at a dose of 100 mg·L-1 unless specified). The 129 
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gaseous ozone (150 mL·min-1) produced by a DHX-SS-1G ozone generator (Harbin Jiujiu 130 

Electrochemical Engineering Ltd.) using pure oxygen as gas source was then bubbled into the 131 

reactor through a silica dispenser. The ozone concentration could be flexibly controlled by 132 

adjusting the electric current of the ozone generator. The catalysts were introduced to the reactor 133 

after the aqueous ozone concentration stabilized. And then the reactor was magnetically stirred. 134 

In addition, batch experiments were conducted to investigate the relationship between UV254 135 

removal and O3 decomposition and tert-butanol (TBA) was used to capture HO·. The dosage of 136 

TBA was 13.5 mM (see Text S1 for detailed calculation, Supporting Information) and the detailed 137 

procedures for batch experiments were described in Text S2 (Supporting Information). In the 138 

case of adsorption tests, the catalyst was added into the reactor followed by the filtered water. 139 

The reactor was then sealed and magnetically stirred. The samples were withdrawn at different 140 

intervals and were treated followed the procedure described in our former work before 141 

determined [28].  142 

To better evaluate the stability of the catalysts, atrazine (ATZ) was selected as a model 143 

contaminant and the degradation efficiencies of ATZ in the filtered water were compared five 144 

times with the same load of recycled catalysts. The catalysts were reclaimed by filtration through 145 

glass fiber filters and rinsed with methanol and Milli-Q water several times. The detailed method 146 

for testing the stability and recyclability of the catalysts were described in Text S3 (Supporting 147 

Information). 148 

2.2 Analytical methods 149 

The ozone concentration in water was measured using the indigo method [29]. The ozone 150 

concentration in gas was determined by iodometric titration [30]. 151 

The UV-Vis spectrometer (Model 752, Shandong Gaomi Rainbow Analysis Instrument Ltd.) 152 

was used to determine the ultraviolet absorbance at 254 nm. DOC was measured on a TOC 153 

analyzer (Model 3100, Jena) with analytical variance of ± 0.01 mg·L−1 (n = 3). 154 

The high-performance liquid chromatography (HPLC) (Waters) equipped with 155 

UltrahydrogelTM 250 column (7.8×300 mm, Waters) and a UV detector at 254 nm was used to 156 

determine the molecular weight distribution. Phosphate buffer solution (pH 7.0) was used as the 157 

eluent with the flow rate of 1 mL·min-1. The injection volume was 100 μL.  158 

The fluorescence was measured by fluorescence spectrophotometer (Jasco FP-6500) for the 159 

data acquisition at ambient temperature of 22 °C, and the EEM images were corrected for the 160 

Raman scatter and inner-filter effect [31, 32]. Each EEM was generated by scanning excitation 161 

wavelengths from 240 to 400 nm with 5 nm steps, and detecting the emission wavelengths 162 

between 300 and 550 nm with 2 nm steps. The scanning rate was 5000 nm·min-1. 163 

ATZ was measured by HPLC equipped with a Symmetry C18 column (4.6 mm × 150 mm × 5 164 

μm, Waters) and a UV detector at 220 nm. The eluent (1 mL.min-1) was a mixture of Milli-Q water 165 

and methanol (V: V = 40: 60) and the injection volumn was 100 μL. The metal ions released from 166 

the catalysts during reactions were detected by an inductively coupled plasma optical emission 167 

spectrometer (ICP-OES, Optima 8300, Perkin-Elmer, USA). 168 

The specific surface area of the catalysts was determined on a Micromeritics ASAP2020 169 

analyzer. X-ray diffraction (XRD) patterns (10- 80°) of the catalysts before and after reactions were 170 

obtained in an Empyrean X-ray diffractometer (PANalytical, Holland) with a Cu Kα radiation (λ= 171 

0.15405 nm). The surface morphologies of the catalysts were analyzed with SU8010 scanning 172 

electron microscope (SEM, Hitachi, Japan). 173 
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3 Results and Discussion  174 

3.1 Catalyst characterization 175 

The textural and morphological properties of the selected catalysts (i.e., FeOOH, CeO2, and 176 

MgO) including pHPZC, specific surface area, pore size and also surface morphology were 177 

determined to get a better understanding of the catalytic efficacy and also the mechanisms. The 178 

data was presented in Table 2 and Fig. 1. 179 

Table 2 The major characteristics of selected catalysts 180 

Table 2 showed that the difference in specific surface area among the catalysts was small. 181 

CeO2 had the highest surface area and the smallest average pore size, which was just the 182 

opposite of FeOOH. The pHPZC values of the catalysts were in great agreement with the results 183 

reported by [10] and [23].  184 

Fig. 1 SEM images and XRD patterns of the catalysts before reactions 185 

Fig. 1 showed the SEM images and XRD patterns of CeO2, MgO and also FeOOH before used. 186 

As observed in Figs. 1(a), 1(b) and 1(c), CeO2 powders presented rough ball shape, and the sizes 187 

of the powders were not uniform (20-40 nm) because of aggregation; MgO powders had the 188 

elliptical plate structure with the size of 100-400 nm; FeOOH powders looked like long-strip seeds 189 

(width × length= (200-400 nm) × (400-600 nm)). The results from XRD indicated that both CeO2 190 

and MgO had high crystallinities while FeOOH had low crystallinity. The crystallite sizes of CeO2, 191 

MgO and FeOOH estimated from XRD peaks using Scherrer equation were 8.156 nm, 14.186 nm 192 

and 33.559 nm, respectively. The lattice parameters of CeO2, MgO and FeOOH agreed well with 193 

those for pure cerianite mineral (JCPDS NO. 43-1002), pure periclase mineral (JCPDS NO. 43-1002) 194 

and pure FeOOH mineral (JCPDS NO. 29-0713), respectively.  195 

3.2 The changes of aromatic or conjugated double bonds organic matter in the filtered water 196 

The removal of UV254 by adsorption, catalytic ozonation and single ozonation was shown in 197 

Fig. 2 with Milli-Q ultrapure water as blank control. 198 

Fig. 2 Reduction of UV254 by adsorption, catalytic ozonation and ozonation  199 

As shown in Fig. 2, the adsorption of UV254 on FeOOH, CeO2 and MgO was limited. UV254 was 200 

reduced by only 0.92% for adsorption on CeO2, which was the least among the catalysts. The 201 

removal of UV254 by adsorption followed the sequence as MgO (9.20%) > FeOOH (7.83%) > CeO2 202 

(0.92%). It was reported that there were two ways for metal oxides to adsorb UV254: surface 203 

complexation and hydrophobic effect. Hu et al. has confirmed that MgO has strong adsorption of 204 

hydrophobic alkaline organic compounds which will contribute to the removal of UV254
 [33].  205 

In the case of catalytic ozonation and single ozonation, O3/CeO2 exhibited the highest 206 

removal efficiency of UV254 reaching 69.59%. The reduction of UV254 decreased in the trend 207 

O3/CeO2 (69.59%) > O3 (66.82%) > O3/MgO (49.84%) > O3/FeOOH (43.11%). Generally, organic 208 

molecules absorb UV254 light primarily through the conjugated double bonds between carbon, 209 

oxygen and also nitrogen [34]. These compounds always contain benzenes, phenols, unsaturated 210 

ketones, and also unsaturated aldehydes in the natural water [35]. Some of them can be oxidized 211 

by ozone easily, while the others are ozone-resistant and are always degraded by HO· [36]. And 212 

thus, UV254 was reduced by oxidation via both O3 and HO·. Meanwhile, the specific contribution 213 
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from each species, which depends on the composition of UV254, could not be quantified [37]. 214 

However, taking the catalytic properties of the catalysts as summarized in Introduction into 215 

consideration, the yield of HO· in the reactions seems to be in the order O3/FeOOH ≈ O3/MgO > 216 

O3 > O3/CeO2 and thus, the direct oxidation by O3 seems to play a dominant role on the removal 217 

of UV254 in the present condition. Batch experiments were conducted to verify the speculation. 218 

Fig. 3 Effect of TBA on (a) O3 decomposition and (b) UV254 degradation during 219 

catalytic ozonation and ozonation 220 

The effect of TBA on the catalytic ozonation and single ozonation was investigated and the 221 

results were presented in Fig. 3. As seen from Fig. 3(a), O3 was consumed quickly in O3/FeOOH 222 

and O3/MgO without TBA. The ratios of the concentration of HO· and O3 (Rct values) followed the 223 

order O3/MgO ≈ O3/FeOOH > O3 > O3/CeO2 (Text S4, Fig. S1 and Table S1 for detailed calculation 224 

and results, Supporting Information), which was in consistent with the above speculation. The 225 

presence of TBA notably reduced the rates of O3 decomposition in the reactions except O3/CeO2. 226 

Fig. 3(b) showed that the effect of TBA on the removal of UV254 was very limited (≤ 5 %), which 227 

agreed well with the published results [38, 39]. The UV254 degradation was reduced in single 228 

ozonation and the O3/CeO2 system after adding TBA, which might be resulted from the capture of 229 

HO· by TBA in solution. The result indicated that HO· also had a positive effect on the UV254 230 

degradation. However, in the O3/MgO and O3/FeOOH system, TBA promoted the UV254 removal 231 

slightly, which might be caused by the increased residual O3 concentration in solution (Fig. 3(a)). 232 

The direct oxidation of the components, which were responsible for the absorption of UV254 light, 233 

was promoted due to the increase of residual O3 concentration. Moreover, Rivas et al previously 234 

demonstrated that the addition of TBA promoted the removal of pyruvic acid in perovskite 235 

catalytic ozonation through increasing the concentration of O3 participating in the surface 236 

reactions [40]. Since the organic compounds could adsorb on the surfaces of MgO and FeOOH 237 

(Fig. 2), the promoted UV254 degradation might also be resulted from the enhanced surface 238 

reactions.  239 

In general, the ozone reacts fast with organic compounds represented by UV254 (kozone > 105 240 

M-1·s-1), so does HO· (kHO· > 108 M-1·s-1) [41]. However, the highest Rct value in the reactions was 241 

much lower than 1.7 × 10-7 (Table S1, Supporting Information), which was in consistent with the 242 

results reported by Elovitz and von Gunten [42]. The results indicated a better effect of direct 243 

ozonation on the degradation of UV254 compared with HO· oxidation. Moreover, hydroxyl radical’s 244 

ability to oxidize various organic compounds also made the probability of oxidizing that with 245 

aromatic rings and conjugated double bonds lower [36]. In conculsion, the above results 246 

demonstrated that the removal of UV254 of the filtered water in the present condition was mainly 247 

resulted from direct ozonation in solution although both adsorption and HO· oxidation also had a 248 

positive effect. 249 

3.3 The changes of DOC in the filtered water 250 

Generally, O3 only breaks the large organic molecules into smaller ones, which could be 251 

decomposed more easily. Thus, the mineralization of DOC was always thought to be the effect of 252 

HO· mainly. 253 

Fig. 4 Reduction of the DOC by catalytic ozonation and ozonation 254 
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As can be seen from Fig. 4, the adsorption of DOC on FeOOH, CeO2 and MgO was limited. 255 

The most significant reduction of DOC by adsorption was obtained by CeO2 (12.69%). The main 256 

reason was that Ce(IV) on the surface of CeO2 is a kind of strong Lewis acid (LA) with strong 257 

complexation for some carboxyl and carbonyl groups [28]. The reduction of DOC by adsorption on 258 

the catalysts was in the sequence of CeO2 (12.69%) > MgO (9.33%) > FeOOH (1.87%). From the 259 

aspects of catalytic ozonation and ozonation, though the removal of UV254 by the O3/FeOOH 260 

process was relatively low, it exhibited a strong mineralization ability of the filtered water. The 261 

degradation of DOC by O3/FeOOH was 27.24%, much better than that by single ozonation. The 262 

degradation of DOC by the reactions was in the sequence of: O3/FeOOH (27.24%) > O3/MgO 263 

(18.66%) > O3 (10.7%) > O3/CeO2 (2.24%). 264 

It was supposed that the removal efficiency and adsorption capacity was inversely related. 265 

Combining with previous studies, Chandrakanth and Amy [43] investigated the effect of ozone on 266 

the colloidal stability and aggregation of particles coated with NOM and found that ozone reacted 267 

readily with the aqueous DOC compared to the adsorbed DOC. Huber et al. [44] also 268 

demonstrated that micro-pollutants adsorbed to sludge particles would not be oxidized efficiently 269 

through the estimation of O3 mass transfer through the boundary layers on the basis of film 270 

theory. Thus, it was deduced that the lower degradation efficiency of DOC in the O3/MgO system 271 

than that in the O3/FeOOH system was due to the more adsorption amount of NOM, which 272 

resulted in the above results. Moreover, the adsorption of DOC on the catalysts would reduce the 273 

specific surface area and active sites, which also had an inhibitory effect on hydroxyl groups 274 

contacting with O3 in the O3/FeOOH system and hydrolyzation of MgO in the O3/MgO system to 275 

generate HO·. 276 

From Fig. 4, the degradation of DOC by the O3/CeO2 system was lower than that by 277 

adsorption on CeO2. It was likely due to that complexation was the main mechanism of CeO2 to 278 

remove organic matter as described by Zhang et al. [22]. The large molecules were broken into 279 

smaller ones with reduced aromaticity and enhanced hydrophilism, which would decrease the 280 

adsorption on the catalysts. Thus, the adsorption position of organic matter on the surface of 281 

CeO2 would be preempted with the existence of O3, which weakened the complexing ability of 282 

CeO2. Moreover, the inhibition of HO· formation caused by CeO2 also might contribute to the 283 

lower removal efficiency of DOC in the O3/CeO2 process. 284 

The above research on UV254 and DOC was similar to that reported by Zhang et al. [5], which 285 

proposed that the adsorption, HO· formation and the diversity in hydrophobicity of the adsorbed 286 

fractions on the catalysts led to the obtained results. 287 

3.4 The changes of molecular weight of natural organic matter in filtered water  288 

In order to study the changes of molecular weight in catalytic ozonation and ozonation, 289 

HPLC-SEC was used to determinate the MWD at 254 nm. According to the principle of HPLC-SEC, 290 

the large organic molecules will appear earlier than the smaller ones. The figure below showed 291 

the MWD of NOM fractions before and after catalytic ozonation and ozonation. 292 

Fig. 5 Molecular weight distribution of individual NOM fractions after ozonation 293 

and catalytic ozonation at 254nm 294 

It can be seen from Fig. 5 that single ozonation had the weakest ability to reduce NOM of 295 

the filtered water. Compared with the untreated filtered water, the water after single ozonation 296 

had more micromolecules, which directly confirmed the above phenomenon in the degradation 297 
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of DOC.  298 

The O3/FeOOH process could notably reduce the concentration of macromolecules of the 299 

filtered water while the O3/MgO process could reduce the concentration of micromolecules more 300 

effectively, which might be contributed to the adsorption of ozonated NOM [45]. The result was 301 

in accordance with the former results in UV254 and DOC. CeO2 catalytic ozonation had a better 302 

effect on the removal of small fractions of NOM compared with single ozonation, which might 303 

result from the strong complexation of CeO2 with low molecular weight organic matter in the 304 

filtered water such as carboxylic acids [46].  305 

3.5 The changes in the structure of functional groups that EEM expressed in the filtered water  306 

Usually NOM is contained of different fluorophores, which represent a lot of information 307 

about functional groups, structures and so on [47]. The fluorophores, such as humic-like, 308 

fulvic-like and protein-like, can be determined by characteristic peaks of EEM. 309 

From EEM spectra of the filtered water, it could be seen that there were two EEM peaks at 310 

Ex/Em of (240 ~ 260 nm)/(420 ~ 450 nm) and Ex/Em of (300 ~ 340 nm)/(410 ~ 440 nm). According 311 

to the previous studies [48, 49], Ex/Em of (240 ~ 260 nm)/ (420 ~ 450 nm) belonged to the Type A 312 

fluorescent chromophore (Ex/Em = 260/450) (Peak A), which represented some certain structure 313 

of fulvic acid with low molecular weight in water and Ex/Em of (300 ~ 340 nm)/(410 ~ 440 nm) 314 

belonged to the Type C fluorescent chromophore (Ex/Em = 330/450 nm) (Peak C), which could 315 

represent the structure of humic acid in water [27, 50, 51].  316 

Fig.6 EEM spectra of the NOM fractions (a) before reactions, (b-d) after 20 min 317 

adsorption by CeO2, FeOOH and MgO, (e, g, I, k) after 10 min ozonation and 318 

catalytic ozonation, and (f, h, j, l) after 20 min ozonation and catalytic ozonation. 319 

Table 3 The EEM peak intensities of fluorophores and the corresponding reduction 320 

after adsorption and reactions at 10 min and 20 min 321 

The EEM spectra of the NOM fractions during catalytic ozonation and ozonation were shown 322 

in Fig. 6 and the EEM peak intensities of fluorophores and the corresponding reductions after 323 

adsorption and reactions were shown in Table 3. It could be seen from Fig. 6 (a) and Table 3, the 324 

intensity of Peak A was stronger than that of Peak C in the Ex/Em = (300 ~ 340 nm)/(410 ~ 440 nm) 325 

indicating that fulvic acid concentration was higher than that of humic acid. The ratio of their 326 

peak intensity (Peak A/Peak C) was 1.218. The intensity of Peak A was reduced 19.7% for 327 

adsorption on FeOOH, while it was reduced only 7.1% by CeO2 and 5.6% by MgO, respectively. 328 

The same order was obtained in the reduction of the intensity of Peak C, which followed as 329 

FeOOH (18.1%) > CeO2 (10.2%) > MgO (5.2%). From the results obtained, the adsorption 330 

proportion of humic-like acid and fulvic-like acid on FeOOH and MgO was almost the same.  331 

Fig. 6 and Table 3 also showed that tryptophan-like fluorophores (Ex/Em = (260 ~ 290 nm)/ 332 

(300 ~ 350nm)), which was very little in the filtered water, appeared in the processes of catalytic 333 

ozonation and ozonation. The intensity of tryptophan-like fluorophores increased within 10 min 334 

which indicated that the reactions transformed more organic matter to tryptophan-like substance 335 

(Table 3). The maximum fluorescence intensity (712.288 cps) was obtained by single ozonation. 336 

As described by Świetlik and Sikorska [52], the appearance of the tryptophan-like fluorophores 337 

could be attributed to the breakdown of macromolecular proteinaceous materials by O3, which 338 

exposed micromolecular amino groups. After then, the intensity of tryptophan-like fluorophores 339 
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continued to ascend sharply in the O3/CeO2 system, while, on the contrary, it was reduced sharply 340 

in single ozonation while it almost had no change in the O3/MgO and O3/FeOOH process. 341 

As can be seen from Figs. 6(a), 6(f), 6(h), 6(j), 6(l) and Table 3, at the end of the reaction time, 342 

the intensity of Peak A was reduced by 46.5% after single ozonation, which was the least of the 343 

reactions. It followed as: O3/MgO (82.6%) > O3/FeOOH (74.8%) > O3/CeO2 (57.7%) > O3 (46.5%). 344 

The degradation of fulvic-like acid by catalytic ozonation and single ozonation shifted the Type A 345 

fluorescent chromophore towards shorter wavelengths, which resulted in the blue-shift of 346 

fluorescence wavelength. The reduction of the intensity of Peak C followed as: O3/MgO (84.4%) > 347 

O3/FeOOH (79.9%) > O3 (57.3%) > O3/CeO2 (54.1%). It was reported that the blue-shift was mainly 348 

associated with the subsequent changes of structure and functional groups: the degradation of 349 

NOM with aromaticity into smaller molecules, the reduction of aromatic rings or conjugated 350 

bonds, or the reduction of the functional groups, like carbonyl, hydroxyl and amino groups [53]. 351 

The removal of humic acid and fulvic acid might be related with the adsorption of organic matter 352 

on the catalysts and HO· formation in single ozonation, O3/MgO and O3/FeOOH, while it might be 353 

owing to the degradation of the carboxylate in the O3/CeO2 process as mentioned previously.  354 

It can also be known from Fig. 6 and Table 3, humic acid were oxidized followed by fulvic 355 

acid in single ozonation. At first, a blue-shift of Peak C appeared, which showed that the humic 356 

substances in water were oxidized into small organic molecules by single ozonation within 10 min, 357 

and then fulvic acid was further oxidized within 10-20 min. Nevertheless, they were oxidized 358 

almost simultaneously in the catalytic reactions. Moreover, the reduction of the intensity of Peak 359 

A seemed to be similar with that of Peak C at the end of reaction time.  360 

Moreover, some comparative analysis can be done from Table 3. The O3/MgO process was 361 

the most effective process in oxidizing both humic acid and fulvic acid. The result was opposite to 362 

the oxidation of DOC in Section 3.3. It could be contributed to the adsorption of NOM on the 363 

catalysts as stated above. In the O3/CeO2 system, the removal efficiency of the intensity of Peak C 364 

at the end of the reaction time was slightly higher than that at 10 min, which meant that the 365 

oxidation of Peak C had basically completed within 10 min. In the O3/FeOOH system, the 366 

oxidation of the fluorophores completed within 10 min, which was shorter than O3/MgO and 367 

single ozonation.  368 

From the previous researches on the characterization of humic acid and fulvic acid in China 369 

[1, 54, 55], both of humic acid and fulvic acid have a lot of functional groups, such as aliphatic 370 

groups, carbohydrate groups, aromatic groups, carboxylate and carbonyl groups etc. However, 371 

some differences could also be obtained. Humic acid always contains more aromatic groups and 372 

less carboxylate than fulvic acid. Also, carbohydrate carbons and aliphatic groups are also more 373 

abundant in fulvic acid than that in humic acid. Combining with Fig. 6 and the results obtained in 374 

Section 3.2- 3.4, it could be deduced that the degradation of NOM in the filtered water resulted 375 

from HO· oxidation, direction ozonation and also adsorption by catalysts. Single ozonation could 376 

effectively reduce the organic matter with aromatic rings or conjugated bonds, which was 377 

abundant in humic acid as shown in Fig. 2 and Fig. 6. Compared with catalytic ozonation, single 378 

ozonation was more preponderant in terms of oxidation of macromolecular humic acid, which 379 

was verified in Fig. 5. Both MgO catalytic ozonation and FeOOH catalytic ozonation could 380 

accelerate O3 decomposition to generate HO· to promote the degradation of most of the 381 

functional groups in the filtered water. The adsorption of original organic matter and ozonated 382 

matter on the surface of FeOOH and MgO would decrease their removal efficiency seriously. The 383 
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O3/CeO2 process could reduce carboxylate which was more abundant in fulvic acid represented 384 

by Peak A effectively. Moreover, O3 could directly oxidize aromatic or conjugated double bonds 385 

resulting in the reduction of Peak C. To sum up, catalytic ozonation with FeOOH and MgO would 386 

shorten the reaction time and also increase the degradation efficiency of the filtered water. CeO2 387 

catalytic ozonation would also accelerate the degradation of some specific functional groups 388 

compared with single ozonation; however, it performed worse than the other catalytic ozonation 389 

due to the degradation mechanism not relying on HO·.  390 

3.6 Catalytic stability of the catalysts 391 

The capability of the catalysts to be recovered and reused was assessed by performing the 392 

degradation reactions of ATZ in the filtered water repeatedly. The leaching of the metal ions was 393 

evaluated and the characterization of the catalysts after reactions was also carried out. The 394 

results were shown in Figs. 7, 8 and S2 (Supporting Information).  395 

Fig. 7 The stability studies of the catalysts including evolution of the dimensionless 396 

concentration of ATZ in (a) the O3/FeOOH system, (b) the O3/CeO2 system, (c) the 397 

O3/MgO system in 5 runs, and (d) the leaching metal ions in the catalytic ozonation. 398 

As shown in Fig. 7, the degradation rate of ATZ in the O3/CeO2 system was almost not 399 

reduced after being reused for five times. Slight reduction on the catalytic efficiency of FeOOH 400 

and MgO could be observed as the reuse times of the catalysts increased. ATZ degradation was 401 

reduced by ca. 4.46% and ca. 3.70% in the O3/MgO system and the O3/FeOOH system after five 402 

trials, respectively. The concentration of the released ferric ions, cerium ions and magnesium ions 403 

in solution were detected to be 5.5 μg.L-1, 11.3 μg.L-1 and 530 μg.L-1, respectively (Fig. 7(d)). The 404 

leaching of magnesium ions might be caused by hydrolyzation of MgO, which agreed well with 405 

the reported mechanism [15, 16]. However, in such a low concentration, the leased magnesium 406 

ions had less effect on the safety of drinking water.  407 

Fig. 8 SEM images of the catalysts after reactions  408 

The catalysts after reactions were also characterized by SEM and XRD. The results were 409 

depicted in Fig. 8 and Fig. S2 (Supporting Information). As seen in Fig. 8, the SEM images showed 410 

that the surface morphologies of the catalysts were not changed. Since the catalytic activities of 411 

the catalysts were derived from the surfaces [10, 14], the unchanged surfaces also suggested that 412 

the catalytic activities could still be retained after being used from another angle. Moreover, XRD 413 

patterns of the catalysts after reactions were almost identical to those before reactions (Fig. S2, 414 

Supporting Information), indicating that the compositions of the catalysts were not changed in 415 

the catalytic reactions. The above results showed that all of the catalysts were catalytic stable and 416 

were easy to be recovered and reused in the drinking water treatments. 417 

Conclusions 418 

(i) Single ozonation would notably degrade NOM with strong aromaticity into smaller 419 

molecules mainly due to the selective oxidation by O3. 420 

(ii) Catalytic ozonation with FeOOH and MgO could effectively reduce DOC, humic-like acid 421 

and fulvic-like acid mainly through hydroxyl radical pathway. The adsorption of original NOM and 422 

ozonated NOM on the surface of the catalysts could decrease their degradation ability through 423 

preempting active sites and inhibiting HO· formation. 424 
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(iii) CeO2 catalytic ozonation could degrade fulvic acid, which was rich in carboxyl acids more 425 

effectively than humic acid, which verified that complexation by CeO2 mainly contributed to the 426 

degradation of NOM in the filtered water, not relying on HO· formation. 427 

(iv) The oxidation of humic acid and fulvic acid was not synchronous in single ozonation as 428 

shown that humic acid was oxidized followed by fulvic acid while they were oxidized 429 

simultaneously in the catalytic ozonation.  430 

(v) Catalytic ozonation would shorten the reaction time and also increase the degradation 431 

efficiency of the filtered water compared with single ozonation. 432 

(vi) All of the catalysts were catalytic stable and could be recovered and reused. 433 
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Figures 

The figures are in the following order:  

1. 

 
Fig. 1 SEM images of (a) CeO2, (b) FeOOH, (c) MgO and (d) XRD patterns of the catalysts before 

reactions 
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Filtered 
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(g)                                     (h) 
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(i)                                      (j) 
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(k)                                       (l) 

Fig. 6 EEM spectra of the NOM fractions (a) before reactions, (b-d) after 20 min adsorption by CeO2, 

FeOOH and MgO, (e, g, I, k) after 10 min ozonation and catalytic ozonation, and (f, h, j, l) after 20 min 

ozonation and catalytic ozonation. Catalyst dose =100 mg·L-1
, T=20 °C, pH= 7.53, ozone gas flow rate of 

150 mL·min
-1

, ozone gas concentration of 0.15 mg·min
-1 
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7. 
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Fig.7 The stability studies of the catalysts including evolution of the dimensionless concentration 

of ATZ in (a) the O3/CeO2 system and single ozonation, (b) the O3/MgO system, (c) the O3/FeOOH 

system in 5 runs, and (d) the concentration of the leaching metal ions in the catalytic ozonation in 

the 1
st

 run. Catalyst dose= 100 mg·L
-1

, T= 20 °C, pH= 7.53, [O3]0= 1.17 ± 0.03 mg·L
-1

, [ATZ]0= 2 μM, 

reaction time = 20 min 
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8. 

 
Fig.8 SEM images of the catalysts after reactions 
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Tables 

The tables are in the following order: 

1. 

Table 1 The characteristics of the filtered water 

DOC/(mg·L-1
) pH UV254/(cm

-1
) temperature/°C 

2.68 7.53 0.0434 20 

 

 

 

2. 

Table 2 The major characteristics of the selected catalysts 

catalyst pHPZC BET specific surface 

area/(m
2
·g

-1
) 

Average pore size/ nm 

CeO2 6.7 116 ± 2.2 12.6 

FeOOH 6.8 97 ± 1.4 23.2 

MgO 11.1 105 ± 1.5 16.7 

 

 

 

3. 

Table 3 The EEM peak intensities of fluorophores and the corresponding reduction after adsorption 

and reactions at 10min and 20 min 

 

Indexs 

Type A fluorophores Type C fluorophores Tryptophan-like 

fluorophores 

Intensity/cps Reduced 

proportion/% 

Intensity/cps Reduced 

proportion/% 

Intensity/cps 

Filtered water 462.569 _ 379.809 _ _ 

CeO2(20min) 429.854 7.1 341.194 10.2 _ 

FeOOH(20min) 371.456 19.7 311.298 18.1 _ 

MgO(20min) 436.643 5.6 360.070 5.2 _ 

O3(10min) 404.261 12.6 254.361 33.0 712.288 

O3/CeO2(10min) 304.137 34.2 176.965 53.4 491.484 

O3/FeOOH(10min) 130.861 71.7 81.6502 78.5 407.393 

O3/MgO(10min) 151.080 67.3 109.283 71.2 444.072 

O3(20min) 247.615 46.5 162.156 57.3 482.331 

O3/CeO2(20min) 195.596 57.7 174.275 54.1 999.999 

O3/FeOOH(20min) 116.580 74.8 76.1536 79.9 435.636 

O3/MgO(20min) 80.5261 82.6 59.4001 84.4 420.592 

Note: Reduced proportion/% = (intensity reduced by adsorption)/(initial intensity of NOM)×100% 
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