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ABSTRACT

An amorphous copper silicate catalyst was prepared using Cu(NQO,), and Na,SiO,-9H,0 as precur-
sors. Characterization of amorphous copper silicate was accomplished by several techniques, includ-
ing X-ray diffraction, X-ray photoelectron spectroscopy analysis, scanning electron microscopy,
transmission electron microscopy, thermogravimetry-differential thermal curves, Fourier-transform
infrared spectroscopy, and nitrogen adsorption-desorption. The results of characterization showed
that Cu-5i binary oxide and CuO were formed on the surface of amorphous copper silicate and
contained abundant functional groups. The dosages of the catalyst, ozone, and humic acid affected
the removal efficiency of p-chloronitrobenzene (p-CNB). A hydroxyl radical (*OH) scavenger exper-
iment, electron spin resonance (ESR) analysis, and pH experiment demonstrated that *OH was the
predominant reactive specie for p-CNB degradation. Catalytic reusability studies demonstrated that
amorphous copper silicate maintained its catalytic activity and stability for five consecutive cycles.
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1. Introduction

Ozone is a powerful oxidant (E, = 2.07 V) that is widely
used in drinking water and wastewater reclamation treat-
ments [1]. However, several drawbacks—including lon-
ger required reaction time, high energy consumption,
low mineralization rate, low oxidation potential of ozone
molecules, and non-effective degradation of carboxylic
acid groups—have limited the practical applications of
the ozonation process [2]. To overcome these restrictions
and improve the ability of ozone to degrade organic com-
pounds, ozone has recently been integrated with some tech-
niques like UV/O,, US/O,, H,0,/O,, and catalytic ozonation.
By decomposing ozone using a catalyst, catalytic ozonation
produces oxidative radicals, such as hydroxyl radicals,
*OH, which react very quickly with many organic species.
These radicals enable organic pollution to be decomposed
and mineralized [3].

* Corresponding author.

There are two types of catalytic ozonation: homogeneous
and heterogeneous. In homogeneous catalytic ozonation,
several transition metal ions have been used, including Mn*
[4], Fe* [5], Co* [6], and Cu* [7]. However, metal ion cata-
lysts that are soluble in water are difficult to separate after
a reaction, thus having the possibility to act as pollutants.
In heterogeneous catalytic ozonation, ozone is catalyzed by
a solid catalyst. Heterogeneous catalytic ozonation has the
potential for real-world applications in water and waste-
water treatment because, unlike homogeneous ozonation,
it is highly efficient, does not require additional sources
of energy, such as thermal or light energy, and does not
generate secondary pollution [8].

Over the past few decades, many solid catalysts have
been used for heterogeneous catalytic ozonation, includ-
ing metal oxides (e.g., MnQO, [9], TiO,, Al,O,, CeO,) [10,11],
transition metals (Cu, Co, Ni) on supports (TiO,, AL,O,, and
CeO,) [12,13], zeolites modified with metals [14-16], and
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activated carbon [17]. The copper oxide was found to be a
promising catalyst because it is chemically stable, low cost,
and non-toxic, and it can reduce ozone consumption and
increase reaction rates [18-20]. However, power copper
oxide catalysts are generally not used in water treatment
due to the difficulty in separating them from treated water.

As functional materials, metal silicates have recently
been fabricated due to their unique properties of uniform
mesoporous channel structure, good chemical stability,
high surfaces area, low density, good adsorption capacity,
low cost, and high number of hydroxyl groups. There are
several applications for this catalyst, such as the decompo-
sition of nitrophenols [21], methylene blue dye [22], nitro-
benzene [23], and diclofenac [24]. Cu(NO,), is a strong
acid-weak base salt that forms [Cu(H,O)]** when dissolved
in water. Sodium silicate is a strong base-weak acid salt that
forms Si(OH), when dissolved in water. When a solution of
Cu(NO,), is mixed with a solution of Na_SiO,, silico-metal
surface complexes are likely to form between Si and Cu.
The complexation of Cu and Si may increase the physical
strength of the synthesized product. In this study, a new
type of amorphous copper silicate catalyst embedded with
copper oxides and silicon oxides was synthesized.

The halogenated nitro-aromatic compound p-chloro-
nitrobenzene (p-CNB) is widely used in the production
of pesticides, gasoline additives, antioxidants, herbicides,
dyes, photographic films, and other industrial chemicals.
Although p-CNB has been detected in many lakes and rivers
[25], the traditional water treatment process has low p-CNB
degradation efficiency. In comparison to the reaction rate
constants for p-CNB with *OH and with O,, p-CNB scarcely
reacts with molecule ozone [26].

The purpose of the present study was to synthesize
and identify the characteristics of amorphous copper
silicate as an ozonation catalyst, and to investigate its
catalytic performance in the ozonation of p-CNB in an
aqueous solution.

2. Experimental set-up
2.1. Chemicals and reagents

Milli-Q ultra-pure water (specific resistance P18 MX
cm) was used to prepare all solutions. By dissolving 100 mg
p-CNB into 1,000 mL ultra-pure water, a 100 mg/L p-CNB
(99.5% purity, Chem Service, USA) stock solution was pre-
pared. 5,5-dimethyl-1-pyrroline N-oxide (DMPO, >97%)
were purchased from USA Chem service. Methanol was
purchased from Sigma-Aldrich (USA) and was high-perfor-
mance liquid chromatography (HPLC) grade. The chemicals
used were sodium hydroxide, copper nitrate, hydrochloric
acid, sodium thiosulfate, f-butanol, indigo, phosphoric acid,
and sodium silicate, all of which were analytical grade.

2.2. Synthesis of catalyst

Cu(NO,), and Na,SiO,'9H,0 were used as precursors to
synthesize copper silicate catalysts. At room temperature,
150 mL of Cu(NO,), solution was slowly added to 200 mL
of Na,SiO, solution at 1 mL/min. Meanwhile, the mag-
netic stirrer was turned on and rotated at 200 rpm. By add-
ing NaOH solution (0.1 M) to the suspension, the pH was

adjusted to 12 before being aged for 24 h at 60°C in a muf-
fle furnace. The precipitate was collected and then washed
several times in ultra-pure water until the pH and conduc-
tivity remained constant. After drying at 90°C, the precipi-
tate was ground. It was found that the as-synthesized cop-
per silicate was reproducible. To further study the physical
and chemical properties of copper silicate (90°C), the other
copper silicate catalysts (800°C) were prepared by calcined
copper silicate (90°C) samples at 800°C for 4 h.

2.3. Experimental procedure

The catalytic ozonation experiments were carried out
in batch mode at a temperature of 20°C under thermostatic
control. A flat-bottomed flask with a volume of 1.2 L served
as the reactor. For each experiment, 1 L of ultrapure water
was added to the reactor. Ozone gas was produced from
pure oxygen (Harbin Gas Co. Ltd., 99.999%, China) through
a CF-G-3-010 g ozone generator (Qingdao Guolin, China).
Ozone was bubbled into the reactor for the desired period
using a silicate dispenser to obtain the desired concentra-
tion. The initial aqueous ozone concentration was controlled
by changing the electrical current of the ozone generator.
After that, the catalyst was added to the stock ozone solu-
tion along with the p-CNB stock solution. In parallel, the
reactor was sealed and the magnetic stirrer was switched
on to continuously mix the suspension. In the experiments,
25 mL suspensions collected from the reactor were quenched
immediately by adding Na,S,0, solution (0.1 mol/L) after a
designated period. The quenched suspension was passed
through a 0.45 um filter prior to the analysis of residual
p-CNB concentration. Identical experimental conditions were
used for both the adsorption on copper silicate and ozonation
experiments. NaOH solution (0.1 mol/L) and H,PO, solution
(0.1 mol/L) were used to adjust the pH of the solution.

2.4. Analytical method

An Agilent 1200 HPLC System (Agilent, USA) was used
to determine the concentration of p-CNB using a reversed-
phase 4.6 mm x 250 mm C18 waters column at room tem-
perature. At a flow rate of 1.0 mL/min, methanol, and water
(8:2 v/v) were pumped together for elution. An SPD-10A
UV-Vis Detector was used at a wavelength of 265 nm. To
determine mineralization, TOC-VCPH analysis was per-
formed. X-ray diffraction (XRD) analysis was carried out on
a Bruker D8 Advance Diffractometer with Cu Ko radiation
(A = 1.5418 A) to evaluate the crystalline structures of the
catalyst. An Axis Ultra Instrument from Kratos was used
to measure the chemical composition of the products using
monochromatic Al Ka radiation (225 W, 15 mA, 15 kV). An
FEI Tecnai G2 F30 (Japan) was used to examine the mor-
phologies and sizes of samples. A Surface Area and Porosity
Analyzer (Micromeritics ASAP 2020, USA) was used to
measure the catalyst’s surface area. Fourier-transform infra-
red spectroscopy (FTIR) was used to analyze the surface
properties of the catalyst. An STA-449C thermal analyzer
was used to record thermogravimetry-differential ther-
mal curves (TG-DTG). A saturated deprotonation method
described by Laiti et al. [27] was used to measure the density
of surface hydroxyl groups. An inductively coupled plasma
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atomic emission spectrometer (ICP-AES, Optima 5300DV,
Perkin Elmer, USA) was used to identify metals leaching
from the catalyst into the solution. The indigo method [28]
was used to determine the concentration of ozone in an
aqueous solution.

3. Results and discussion
3.1. Catalyst characterization

The copper silicate XRD pattern in Fig. la shows no
sharp, intense peak, but instead a rather broad, low-inten-
sity, vaguely recognizable peak. This indicated that the
as-synthesized copper silicate had an amorphous structure
caused by the inhibitory effects of the highly dispersed sil-
ica sol formed from the hydrolysis of sodium silicate. As the
calcination temperature rose from 90°C to 800°C, amorphous
copper silicate completely crystallized. According to JCPDS
Card No. 29-85, the first highest peak was characteristic of
Si0,. In addition, there were several small and relatively
strong peaks, which appeared in close agreement with CuO
(Card No. 89-5896). This result indicated that copper sil-
icate (800°C) was mainly composed of CuO and SiO,.

X-ray photoelectron spectroscopy (XPS) analysis was
carried out on copper silicate to understand its surface chem-
istry. Fig. 1b shows that the wide Cu 2p3/2 obviously shifted
to a low position after deconvolution and could be fitted
satisfactorily to two principal peaks; CuO was responsible
for the peak at 941.5 eV [29], and Cu—O-Si binary oxidation

copper silicate (800)
copper silicate
e SiO:
A cCuo

Intensity (a.u.)

for the peak at 937.4 eV. Additionally, a higher binding
energy 103.1 eV (Fig. 1c) was observed for the Si 2p peak
compared with pure SiO, crystal (100.2 eV). Cu—O-Si binary
oxidation could explain the shifts of the Cu 2p3/2 and Si 2p
peaks. The O 1s XPS spectra in Fig. 1d show asymmetric
peaks, indicating different degrees of oxygen contribution.
They corresponded to Cu-O (531.1 eV), Cu-O-Si binary
oxides (529.8 eV), Si-O-Si (533.4eV), and adsorbed water
(532.2 eV), respectively [29].

As shown in Fig. 2, there were abundant ball-like par-
ticles in the typical scanning electron microscopy (SEM)
image. These ball-like particles were the CuO crystal-
lites present inside the amorphous silica sol.

The transmission electron microscopy (TEM) image of
the as-obtained amorphous copper silicate is shown in Fig. 3.
There were numerous particles embedded in the amorphous
silica matrix. Fig. 3a shows the SAED pattern, indicating
that some crystallites were present in the particles. Fig. 3b
shows the high-resolution transmission electron microscopy
(HR-TEM) pattern of a single particle and its correspond-
ing fast Fourier-transform (FFT) pattern. The interlayer
distance was calculated to be about 0.186 nm, which corre-
sponded to the 111 planes of CuO [30]. The HR-TEM image
and FFT pattern confirmed that there were some CuO
crystallites embedded within the amorphous silica matrix.

The physicochemical sorption properties and pore
parameters of copper silicate were determined by nitro-
gen adsorption—-desorption measurement. Fig. 4 shows that
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Fig. 1. (a) X-ray diffraction analysis of copper silicate calcined at different temperature, (b) Cu 2p3/2 spectrum, (c) Si 2p spectrum

and (d) O 1s spectrum.
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Fig. 3. (a) Transmission electron microscopy image of the copper silicate sample. (b) High-resolution transmission electron

microscopy image of a single CuO particle.
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Fig. 4. Nitrogen adsorption-desorption isotherm of copper sili-
cate. The inset shows its BJH pore-size distribution curve.

copper silicate exited typical type-IV-like isotherms [31].
There was a distinct H, hysteretic loop at 0.4 relative pres-
sures, indicating a mesoporous structure. The inset in Fig. 4
is the pore-size distribution plot, which was created using the

Barrett-Joyner-Halenda (BJH) method from the desorption
branch of the isotherm. Mesopore size distributions ranged
from 2.1 to 130 nm. Copper silicate had an average pore diam-
eter of 4.45 nm. A wide distribution indicated that copper
silicate had a significant ozone and organic matter adsorp-
tion capacity. Copper silicate had a Brunauer-Emmett-
Teller (BET) surface area of 247.1 m?/g and a pore volume of
0.41 cm’/g.

To confirm the bonding states of the elements, FTIR
characterization was conducted on copper silicate, and
the results are shown in Fig. 5a. The band at 3,462 cm™!
corresponded to the stretching of hydroxyl groups of
absorbed water, and the band at 1,637 cm™ corresponded
to the bending vibration of absorbed water [32]. The band
at 1,375 cm™ was associated with hydroxyl deformation
vibrations of hydrated copper oxide. Spectra at 670 cm™!
were attributed to binary oxide Cu—-O-Si [33]. The absor-
bance at 472 cm™ originated from the Cu-O bond. Saturated
deprotonation experiments showed that the density of
surface hydroxyl groups on amorphous copper silicate
was 1.73 x 10 mol/g. Moreover, according to the TG-DTG
results (Fig. 5b), significant weight loss and an endother-
mic peak were observed near 100°C and 260°C, indicating
the evaporation of adsorbed water and dehydroxylation,
respectively [34]. This phenomenon reveals that amorphous
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copper silicate had abundant surface hydroxyl groups.
These surface hydroxyl groups are extremely useful for
catalytic ozonation and catalytic ozone destruction [35].

3.2. Catalytic activity

Through ozonation of p-CNB, the catalytic activities of
the as-synthesized amorphous copper silicate and CuO were
evaluated. Fig. 6a shows that in the ozonation system, only
approximately 55% of p-CNB was removed in 20 min. This
indicated that ozonation alone could not completely oxi-
dize p-CNB. In the adsorption experiment, during the same
period, p-CNB removal was about 3% in the presence of
amorphous copper silicate and 5.1% in the presence of CuO.
This indicated that neither amorphous copper silicate nor
CuO could adsorb p-CNB very well. Moreover, the degra-
dation rates of p-CNB in the systems of O,/amorphous cop-
per silicate and O,/CuO were 98.3% and 82.5%, respectively.
Compared with the cumulative effect of ozone alone and
the adsorption of amorphous copper silicate, an increment
of approximately 40% of p-CNB degradation was observed
during the amorphous copper silicate catalytic ozonation
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process. The experimental results suggested that the pres-
ence of the amorphous copper silicate catalyst had a syner-
gistic effect with ozone for the degradation of p-CNB.

To further investigate the catalytic activity of the amor-
phous copper silicate and CuO in mineralizing p-CNB, the
total organic carbon (TOC) was measured during the reac-
tions in this study, and the results are illustrated in Fig. 6b.
TOC removal by ozonation alone was 27.3%, whereas TOC
removal by amorphous copper silicate catalytic ozonation
reached 57.3% within 20 min, so amorphous copper sili-
cate was superior to O,/CuO for TOC removal. A compar-
ison of the amorphous copper silicate and CuO regarding
the removal of TOC indicated that amorphous copper sili-
cate was more active than CuO in the catalytic ozonation of
p-CNB.

In order to confirm the performance of copper silicate/
O, system for removing p-CNB, those reported various cat-
alysts under similar reaction conditions were compared
and summarized in Table 1. The degradation efficiency of
p-CNB are higher than those in previous reported litera-
ture, suggesting that the copper silicate/O, system exhibits
efficient catalytic performance towards p-CNB.
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Fig. 5. (a) Fourier-transform infrared spectrum of the copper catalyst. (b) Thermogravimetry-differential thermal curves spectrum of

the copper catalyst.
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Table 1
Comparisons of degradation of p-CNB by various catalysts with ozone
Catalysts (mg/L) p-CNB (mg/L)  Ozone (mg/L)  Removal efficiency =~ Reaction duration (min)  References
a-Fe(Fe?*)OOH 0.05 0.6 57.2% 10 [16]
50
Pumice 0.1 0.6 86.5% 20 [15]
1,000
Fe/pumice 0.1 0.9 90.8% 15 [20]
500
Amorphous zinc silicate 0.1 0.6 98.9% 15 [36]
100
Zinc-copper silicate polymer 0.1 0.6 99.3% 15 [25]
300
S-MnO, membrane 0.1 0.5 61.5% 20 [37]
300
Copper silicate 0.1 0.8 98.3% 20 This study
100

From the above analysis, it was deduced that (1) the pres-
ence of amorphous copper silicate has a significant impact
on the ozone for the degradation of p-CNB and (2) compared
with CuO, amorphous copper silicate can stimulate ozone
to decompose to produce more active species. According
to the results of XRD, XPS, SEM, and TEM analysis, copper
silicate was mainly composed of Cu-O-Si binary oxides
and CuO. These results indicated that the Cu-O-S5i binary
oxide played an excellent synergistic role in improving
the catalytic activity.

3.3. Analyzing the effects of parameters on the catalytic ozonation
of p-CNB with copper silicate

3.3.1. Effect of ozone dosage

In this study, the effect of ozone dosage on catalytic
ozonation degradation of p-CNB with amorphous copper
silicate was investigated, and each dataset was modeled
using a pseudo-first-order expression:

40,]_
— 2=k [04] M

According to Fig. 7 and Table 2, p-CNB degradation was
visibly ozone dosage dependent. The k , was increased along
with the ozone dosage; particularly, the k__ of 0.8 mg/L was
nearly 1.5 times 0.3 mg/L, and the degradation efficiency
of p-CNB reached the maximum (98.1%) when the ozone
dosage was 0.8 mg/L. Nevertheless, the degradation effi-
ciency of p-CNB decreased slightly when the ozone dosage
was increased from 0.8 to 1.0 mg/L. This result suggested
that 0.8 mg/L was the optimum ozone dosage for p-CNB
degradation. The copper silicate catalyst could effectively
degrade p-CNB with a sufficient supply of ozone, ensuring
that more reactive oxygen species were generated as ozone
decomposed. A further increase in ozone dosage, how-
ever, led to more O, and ineffective consumption of *HO,
which then reacted with molecular O,.
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Fig. 7. Effect of ozone dosage on p-CNB degradation. Experi-
ment conditions: [p-CNB]; = 100 ug/L, [catalyst], = 100 mg/L,
solution pH = 8.0, T =20°C.

Table 2
Pseudo-first-order apparent rate constants of p-CNB degrada-
tion under different ozone dosages

Dosage (mg/L) Initial pH k. (min™) R?

0.3 8.0 0.061 0.998
0.6 8.0 0.072 0.997
0.8 8.0 0.09 0.995
1.0 8.0 0.088 0.988

3.3.2. Effect of copper silicate dosage

In Fig. 8, the effect of copper silicate dosage on cat-
alytic ozonation of p-CNB is presented. A significant
increase in p-CNB degradation efficiency was observed
from 0 to 100 mg/L catalyst dosage. The reason is that a
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higher amount of the catalyst can provide more active sites
during the ozonation process. However, when the cop-
per silicate dosage was increased to more than 100 mg/L,
no distinct improvement in the p-CNB degradation was
observed.

3.3.3. Effect of humic acid dosage

Natural organic matter (NOM), which is a complex
matrix of organic materials, is a key component in aquatic
environments [38]. Approximately 80% of NOM is com-
posed of high molecular weight humic acids (HAs), which
may directly or indirectly react with O,. Fig. 9 illustrates the
effect of HA dosage on the degradation of p-CNB by copper
silicate catalytic ozonation. While increasing the HA dosage
from 0 to 10.8 mg/L, p-CNB degradation decreased from
98.1% to 90%. There was a slight decrease in the degradation
efficiency of p-CNB caused by competition for active sites
between NOM and p-CNB, indicating that copper silicate
has great potential to be used in water purification.
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3.4. Stability of amorphous copper silicate

The reusability and stability of copper silicate are
important for assessing the practical application of cop-
per silicate to the catalytic ozonation of p-CNB. The amor-
phous copper silicate was tested for stability after catalytic
ozonation using catalyst powers reclaimed from the batch
experiment and filtered through cellulose acetate filters
of 0.45 pm. In the next experiment, the filtered catalyst
was washed with ultrapure water and dried at 90°C. The
decomposition results of the recovered catalysts are shown
in Fig. 10a. Catalytic ozonation with amorphous copper
silicate resulted in a slight drop in the degradation effi-
ciency of p-CNB—specifically, from 98.1% to 90.3% after
five rounds of degradation. The amorphous copper silicate
showed relatively stable catalytic activity. Additionally,
after catalytic ozonation by the O,/amorphous copper sil-
icate system, the Cu®" concentrations in the filtrate were
less than 0.2 mg/L after 20 min in each run, which is much
lower than the limit allowed in drinking water in the
United States (0.05 mg/L). To determine the stability of the
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amorphous copper silicate used in this study, five consec-
utive cycles of unused and used catalysts were compared
via XPS. According to Fig. 10b, the results of the used amor-
phous copper silicate XPS were quite similar to those of
the unused copper silicate XPS sample. According to these
results, copper silicate is stable in the ozonation process.

3.5. Reactive species

Since t-butyl alcohol (TBA) reacts rapidly with oxygen
and scarcely with ozone, it is an ideal scavenger [39]. A TBA
experiment was carried out to identify the contribution of
*OH to the process of ozonation by copper silicate catalytic
ozonation. Fig. 11 shows that with the increasing dosage of
TBA, the p-CNB degradation efficiency decreased. As the
TBA dosage was increased to 15 mg/L, the p-CNB removal
efficiencies in both reaction systems were around 15%,
indicating complete inhibition of the reaction between *OH
and p-CNB. Based on these results, ‘OH is the dominant
reactive species in the reaction system.

A previous study found that the surface hydroxyl groups
of catalysts promote the generation of *“OH [40]. According
to FTIR and TG-DTG results (Fig. 5), amorphous copper
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silicate has abundant hydroxyl groups. The TBA exper-
iment indicated that *OH is the predominant reactive spe-
cies. Our study was designed to test the hypothesis that
*‘OH may be generated more readily by hydroxyl groups
due to their surface properties by investigating the ozona-
tion of p-CNB with surface hydroxyl groups. The pH of the
solution plays an important role in the decomposition of O,
and its surface properties. Catalyst surfaces are protonated
or deprotonated when the pH of the solution is below or
above their point of zero charge (pH, ) [41].

Fig. 12 illustrates the results of investigating the effect of
pH on the ozonation and copper silicate catalytic ozonation
of p-CNB. The p-CNB degradation efficiency was strongly
dependent on pH in the ozonation system. As the pH of the
solution increased, the degradation efficiency increased as
well. The p-CNB degradation was 20% at pH 3 and 61% at pH
7. In contrast, when the pH of the initial solution was 10, the
p-CNB degradation increased to 83%. However, as shown in
Fig. 12a, copper silicate catalytic ozonation curves exhibited
an inflection point. In the pH range of 3 to 11, the catalyst
contributed the most at pH 8.0. The pH,__of the synthesized
copper silicate was 8.03. Hence, the highest degradation effi-
ciency of copper silicate catalyzed ozonation occurred at a
pH close to pH, . Additionally, ESR analysis (inset in Fig. 12)
revealed the signals of DMPO reacts with *OH (DMPO-OH)
adducts with peaks in the 1:2:2:1 range, supporting the the-
ory that *OH is the primary active species in copper silicate
catalytic ozonation. In addition, when the pH was close
to the pH,_, the DMPO-OH adduct signal was strongest.
Based on these findings, it appeared that the higher degra-
dation efficiency of p-CNB was a result of the higher con-
centration of *OH oxidation, due to the zero charge surface
of copper silicate in the process of copper silicate catalytic
ozonation.

4. Conclusions

In this study, an amorphous copper silicate catalyst was
synthesized and used in a catalytic ozonation process to
degrade p-CNB. Furthermore, to examine the morphology
and physicochemical structure of amorphous copper sili-
cate, a series of characterization techniques were applied,
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Fig. 12. (a) Effect of pH on the degradation of p-CNB. Experimental conditions: [p-CNB], = 100 mg/L, [O,], = 0.8 mg/L, [cop-
per silicate], = 100 mg/L. (b) The EPR spectra of DMPO-OH from the different processes. Experimental conditions: [copper

silicate]; = 500 mg/L, [DMPO], = 100 mmol/L, [O,],=2.0 mg/L.
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including XRD, XPS, SEM, TEM, FTIR, TG-DTG, and BET
analyses. According to the results, CuO and Cu-Si binary
oxides were the main constituents of the copper silicate.
After 20 min, 98.1% p-CNB was removed at the condition
of 0.8 mg/L ozone dosage, 100 mg/L catalyst dosage, and
pH 8.0. Furthermore, surface hydroxyl groups were found
to be the dominant reactive radical species in radical scav-
enger experiments and ESR analysis. In addition, the inter-
face reaction of O, with amorphous copper silicate could
enhance the production of *OH, which was responsible for
the enhanced ozonation. Moreover, the amorphous copper
silicate was stable and could be reused five times, with a
minimal amount of Cu* leaching.
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