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Abstract: The present study evaluates micropollutant degradation from water by catalytic 
ozonation in a pilot scale unit comprising of a hydrophobic membrane for ozone dilution and a 
column filled with granules of the catalyst. The catalysts examined are alumina, calcite, dolomite, 
goethite, pearlite, polyethylene terephthalate (PET) and zeolite. Experimental results revealed 
zeolite as the most effective material achieving complete degradation of benzotriazole and 
carbamazepine, as well as 70% degradation of atrazine and about 50% of p-chlorobenzoic acid (p-
CBA). The rest of the catalysts tested presented a moderate performance in micropollutant removal, 
reaching 30%–50% for atrazine, 25%–35% for p-CBA, more than 90% for benzotriazole and complete 
degradation of carbamazepine. Adsorption capacity of all materials examined did not exceed 5%. 
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1. Introduction 

The increasing worldwide consumption of chemical products has led to increasing chemical 
pollution of aquatic environments including sewage, surface water, groundwater and drinking water 
[1,2]. These chemical products comprise pharmaceuticals, personal care products, steroid hormones 
and plasticizers that are usually termed as micropollutants, due to their low concentrations (pg/L to 
ng/L) in aquatic ecosystems [3]. A major pathway for the introduction of micropollutants to surface 
water is the discharge of treated effluent from wastewater treatment plants (WWTPs). Given their 
diverse properties (e.g., hydrophobicity and biodegradability) and low concentrations, 
micropollutant removal in conventional WWTPs is commonly incomplete and variable, ranging from 
12.5% to 100% for some frequently reported compounds [1]. 

Micropollutants removal is dependent on compound—and process—specific factors. Biological 
treatment is commonly unable to remove polar persistent micropollutants [1]. Advanced treatment 
processes, such as activated carbon adsorption [4], advanced oxidation processes, nanofiltration (NF) 
[5], reverse osmosis (RO) [6] and membrane bioreactors (MBRs) [7] can achieve higher and more 
consistent micropollutant removal. However, activated carbon effectiveness is strongly affected by 
the presence of natural organic matter competing for adsorption sites, hence resulting in blocked 
pores [1]. NF and RO, although widely used in water reuse industry due to their high pollutant 
removal efficiency, are permeable to some degree to certain relatively small micropollutants [8]. On 
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the other hand, MBRs can effectively remove a wide spectrum of micropollutants including 
compounds that are resistant to activate sludge processes [7]. Nevertheless, the removal of 
micropollutants in MBR can be affected by several factors, such as sludge age and concentration, 
existence of anoxic and anaerobic compartments, composition of the wastewater, operating 
temperatures, pH and conductivity [9]. 

Ozonation and advanced oxidation processes (AOPs) are effective redox technologies that 
prevail over conventional treatments, due to their high degradation rates and non-selectivity. 
However, high ozonation efficiency may also present undesirable side effects, such as specific by-
product formation, which can be as harmful as the original pollutants that were treated [10]. In order 
to further reduce parent compounds and oxidation by-products, the ozonation process can be 
optimized through the presence of an appropriate catalyst (catalytic ozonation) [11]. Catalytic 
ozonation can be divided into homogeneous (transition metal ions) and heterogeneous catalytic 
ozonation (solid materials). Catalytic ozonation is based on the degradation of organic compounds 
via the decomposition of O3 into hydroxyl radicals (⋅OH), that are a powerful and non-selective 
oxidant [11]. Micropollutants in the ozonation processes can be categorized based on the reaction rate 
constant with O3 into three groups: O3-resistant compounds, moderately O3 reactive compounds and 
high/moderate O3 reactive compounds [12]. 

The aim of this study is to examine the potential of several materials to act as catalysts to the 
ozonation of micropollutants by evaluating the removal of low concentration (2 μM) micropollutants 
that belong to these three categories. For that purpose, four different compounds were used: atrazine 
(ATZ) (O3-resistant compound) [13], benzotriazole (BTA) (moderately O3-reactive compound) [14], 
carbamazepine (CBZ) (easy-reactive compound) [15] and p-chlorobenzoic acid (p-CBA) (O3-resistant 
compound) [16]. The materials examined as catalysts are alumina, calcite, dolomite, goethite, pearlite, 
PET and zeolite, while all experiments were performed in a pilot scale unit operating in continuous 
mode in order to simulate real process conditions. 

2. Materials and Methods 

2.1. Materials and Reagents 

All chemicals were of analytical grade, except for HPLC-grade acetonitrile (Chem-lab, 
Zedelgem, Belgium) and phosphoric acid (Sigma-Aldrich, St. Louis, MO, USA). Atrazine, 
benzotriazole, carbamazepine and p-CBA (Sigma-Aldrich, St. Louis, MO, USA) were used as model 
organic compounds. The materials examined as catalysts were alumina, calcite, dolomite, goethite, 
pearlite, PET and zeolite. Experiments’ solutions were prepared in Thessaloniki’s tap water while 
target pH values were adjusted by the addition of either HNO3 or NaOH 1 N. 

2.2. Analytical Methods 

The initial and residual concentration of the micropollutants was determined by using the High-
Performance Liquid Chromatography system (HPLC Thermo Fisher Scientific Inc., model of UV 
Spectrum UV2000, Waltham, MA, USA) at 254 nm, equipped with a 4.6 mm 250 mm reversed phase 
column (AGILENT, model Eclipse Plus C18, Santa Clara, CA, USA). The mobile phase consisted of 
10 mM phosphoric acid and acetonitrile in the percentages shown in Table 1. The detection limit of 
the micropollutants was 0.025 μΜ. The O3 concentrations in aqueous solutions were determined by 
using the indigo method [17]. The color change of the indigo solution was determined by a U-5100 
Hitachi spectrophotometer. 
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Table 1. Mobile phase proportion for micropollutants detection by HPLC. 

Micropollutant (MP) 10 mM H3PO4, % v/v ACN, % v/v 
Atrazine 5 50 

Benzotriazole 75 25 
Carbamazepine 60 40 

p-CBA 60 40 

Surface area and pore size distribution of materials tested as catalysts were estimated by 
nitrogen gas adsorption at liquid N2 temperature (77 K) using a micropore surface area analyzer 
according to the Brunauer–Emmett–Teller (BET) model. The electric surface properties were 
examined through the measurement of the isoelectric point (IEP) which describes the effective charge 
at the surface double layer and the point of zero charge (PZC), which indicates the actual charge at 
the catalysts’ surface. Particularly, IEP was determined by the curve of zeta-potential at 20 ± 1 °C of 
materials’ dispersion in 0.01 M NaNO3 versus pH solution, using a Rank Brothers Micro-
electrophoresis Apparatus Mk II device, while PZC was defined by acid/base potentiometric mass 
titration in suspensions of the adsorbent at various ionic strengths [18]. 

2.3. Experimental Set-Up 

Experiments of catalytic ozonation were performed in a pilot scale unit comprising of a 
hydrophobic membrane and a column filled with granules of the catalyst (Figure 1). The membrane, 
PDMSXA–2500 (purchased from PermSelect) offered the adequate contact surface for ozone dilution 
to water. The initial concentration of micropollutants was set to 2 μM, the pH ranged from 6 to 8 and 
contact time from 2 to 15 min, while pilot unit provided an ozone concentration of 2 mg O3/L. The 
affinity/adsorption of micropollutants against the applied catalysts was evaluated through their 
adsorption capacity. 

 
Figure 1. Catalytic ozonation continuous flow pilot unit. 
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3. Results 

3.1. Physicochemical Properties of Materials Tested as Catalysts 

Table 2 summarizes the main physicochemical characteristics of materials tested as catalysts as 
determined by the methods described at Section 2.2. As shown, PZC values for all catalysts were 
close or higher than 7 which also stands for IEP with the exception of zeolite for which an IEP value 
of 2.2 was determined. The specific surface area of materials varied from 6.3 m2/g for calcite to 150 
for alumina which also presented the highest pore volume followed by goethite and zeolite. 

Table 2. Main physicochemical characteristics of materials tested as catalysts 

Catalyst PZC IEP SBET, (m2/g) Pore volume (mL/g) 
Alumina 8.5 7.5 150 0.512 
Calcite 9.7 8.2 6.3 0.038 

Dolomite 10.1 9.3 5.1 0.030 
Goethite 7.8 7.4 135 0.265 
Pearlite / / 1.92 0.035 

PET 6.2 / / / 
Zeolite 6.8 2.2 21 0.164 

3.2. Continuous Flow Experiments 

Catalytic ozonation experiments were performed in the continuous flow pilot unit described at 
Section 2.3. Samples for analysis were collected after the membrane and at the outflow of catalytic 
ozonation. Part of the sample collected after the membrane was placed in a sealed beaker where 
ozonation reaction continued for a period of time equal to the catalytic ozonation contact time. 
Residual concentrations of ozone and micropollutant were measured to all samples. The results of 
continuous flow experiments with regard to tested materials performance in catalytic ozonation are 
presented in Tables 3–9. 

Table 3. Micropollutant removal and ozone decomposition in catalytic ozonation with alumina  
(C0, eozon: 2 mg/L, C0, MP: 2 μΜ, pH: 7, contact time: 7 min). 

ALUMINA 
Micropollutant Removal, % 

Micropollutant Adsorption Catalytic ozonation 
p-CBA <2% 29% 
ATZ 5% 43% 
BTA 5% 95% 
CBZ <2% >99% 

Ozone decomposition in catalytic ozonation, %. 
p-CBA ATZ BTA CBZ 
>99% >99% >99% >99% 
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Table 4. Micropollutant removal and ozone decomposition in catalytic ozonation with calcite (C0, ozone: 
2 mg/L, C0, MP: 2 μΜ, pH: 7, contact time: 7 min). 

CALCITE 
Micropollutant Removal, % 

Micropollutant Adsorption Catalytic ozonation 
p-CBA 5% 30% 
ATZ <2% 42% 
BTA 5% 92% 
CBZ <2% >99% 

Ozone decomposition in catalytic ozonation, % 
p-CBA ATZ BTA CBZ 

90% 79% 83% >99% 

Table 5. Micropollutant removal and ozone decomposition in catalytic ozonation with dolomite  
(C0, ozone: 2 mg/L, C0, MP: 2 μΜ, pH: 7, contact time: 7 min). 

DOLOMITE 
Micropollutant Removal, % 

Micropollutant Adsorption Catalytic ozonation 
p-CBA 5% 31% 
ATZ <2% 43% 
BTA 5% 90% 
CBZ <2% >99% 

Ozone decomposition in catalytic ozonation, % 
p-CBA ATZ BTA CBZ 

89% 77% 85% >99% 

Table 6. Micropollutant removal and ozone decomposition in catalytic ozonation with goethite  
(C0, ozone: 2 mg/L, C0, MP: 2 μΜ, pH: 7, contact time: 7 min). 

GOETHITE 
Micropollutant Removal, % 

Micropollutant Adsorption Catalytic ozonation 
p-CBA <2% 25% 
ATZ <2% 31% 
BTA <2% >99% 
CBZ <2% >99% 

Ozone decomposition in catalytic ozonation, % 
p-CBA ATZ BTA CBZ 
>99% >99% >99% >99% 
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Table 7. Micropollutant removal and ozone decomposition in catalytic ozonation with pearlite  
(C0, ozone: 2 mg/L, C0, MP: 2 μΜ, pH: 7, contact time: 7 min). 

PEARLITE 
Micropollutant Removal, % 

Micropollutant Adsorption Catalytic ozonation 
p-CBA 3% 31% 
ATZ 5% 28%  
BTA 5% 98% 
CBZ <2% >99% 

Ozone decomposition in catalytic ozonation, % 
p-CBA ATZ BTA CBZ 

70%  76% >99% 

Table 8. Micropollutant removal and ozone decomposition in catalytic ozonation with PET  
(C0, ozone: 2 mg/L, C0, MP: 2 μΜ, pH: 7, contact time: 7 min). 

PET 
Micropollutant Removal, % 

Micropollutant Adsorption Catalytic ozonation 
p-CBA 5% 35% 
ATZ <2% 53% 
BTA <2% >99% 
CBZ <2% >99% 

Ozone decomposition in catalytic ozonation, % 
p-CBA ATZ BTA CBZ 

95% 95% 95% >99% 

Table 9. Micropollutant removal and ozone decomposition in catalytic ozonation with zeolite  
(C0, ozone: 2 mg/L, C0, MP: 2 μΜ, pH: 7, contact time: 7 min). 

ZEOLITE 
Micropollutant Removal, % 

Micropollutant Adsorption Catalytic ozonation 
p-CBA 4% 47% 
ATZ 4% 67% 
BTA 5% >99% 
CBZ <2% >99% 

Ozone decomposition in catalytic ozonation, % 
p-CBA ATZ BTA CBZ 

92% 84% >99% 92% 

Micropollutant removal achieved inside the membrane was determined as 21%, 27%, 63% and 
more than 99% for p-CBA, atrazine, benzotriazole and carbamazepine, respectively. Micropollutant 
removal via ozonation for a period of time equal to the catalytic ozonation contact time (7 min) was 
calculated as 31% and 57% for p-CBA and atrazine, respectively, while for benzotriazole and 
carbamazepine this percentage exceeded 98%. 

The influence of pH value and catalytic ozonation contact time was also examined and the 
results are shown in Figures 2 and 3, respectively. 
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Figure 2. Influence of pH in catalytic ozonation (C0, ozone: 2 mg/L, micropollutant (MP): p-CBA, C0, MP: 
2 μΜ, contact time: 7 min, catalyst: PET). 

 
Figure 3. Influence of contact time in catalytic ozonation (C0, ozone: 2 mg/L, MP: p-chlorobenzoic acid 
(p-CBA), C0, MP: 2 μΜ, pH 7, catalyst: goethite). 

4. Conclusions 

In the present research work a series of materials were tested as catalysts for the degradation of 
micropollutants from water in a continuous flow catalytic ozonation system comprising of a 
hydrophobic membrane and a column filled with granules of the catalyst. Experimental results 
revealed zeolite as the most effective material in catalytic ozonation achieving complete degradation 
of benzotriazole (moderately O3-reactive compound) and carbamazepine (easy-reactive compound), 
70% removal of atrazine and about 50% of p-CBA (O3-resistant compound) at pH 7. PET also 
demonstrated a significant performance removing 35% of p-CBA, 53% of atrazine and more that 99% 
of benzotriazole and carbamazepine. The rest of catalysts tested presented a moderate performance 
in micropollutant removal with an average of 37% for atrazine, 29% for p-CBA, more than 90% for 
benzotriazole and complete degradation of carbamazepine. Adsorption capacity of all materials 
examined did not exceed 5% suggesting that adsorption had a trivial contribution in micropollutant 
removal. However, a significant part of the micropollutant degradation took place inside the 
membrane used for ozone dilution to the aquatic phase and particularly 21%, 27% and 63% for p-
CBA, atrazine and benzotriazole, respectively, and total for carbamazepine. Comparison of catalytic 
with single ozonation demonstrated an increase in efficiency within a range of 10% to 15% for zeolite 
but similar performance, or in the case of atrazine lower, for the rest of materials tested. An increase 

Adsorption   After the membrane Catalytic ozonation 

Adsorption After the membrane Catalytic ozonation 



Environ. Sci. Proc. 2020, 2, 24 8 of 9 

 

in pH value significantly improved the performance of the process, multiplying it by more than 2.5 
times by pH rising from 6 to 8. This can be attributed to the catalysis of ozone decomposition by 
hydroxyl ions OH− in water over the pH range 1–8 [19]. Higher contact times also upgraded catalytic 
ozonation, at least up to the level of 15 min that was tested. 
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