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Article Info Abstract

This study presents the phenol removal in the wastewater via catalytic wet peroxide oxidation
Received: 06/08/2018 over Cu-SBA-15 catalyst. The hydrothermally synthesized copper catalyst was characterized
Accepted: 06/11/2018 using XRD, N2z adsorption-desorption isotherms and FTIR analysis techniques. The multiple BET

surface area, total pore volume and mesopore diameter values were determined as 996 m?/g, 1.55
cm®/g and 6.82 nm, respectively. XRD pattern showed that the copper loading did not demolish

Keywords the characteristic structure of SBA-15. FTIR spectrum of SBA-15 and catalyst without and with
Cu-SBA-15 pyridine sorption showed the enhancement both in Lewis and Brensted acidities by copper
Catalytic wet peroxide incorporation to the structure. The wet hydrogen peroxide catalytic oxidation of phenol performed
oxidation in a batch reactor at 25, 40 and 60 °C temperatures provided 56% phenol conversion at 60 °C.
Phenol

1. INTRODUCTION

Phenol compounds found in waste of several industries such as petrochemical oil refinery, iron— steel mills
and dye producing are toxic even at low concentrations. Phenol removal is still an important due to serious
problem on human health [1, 2]. Some techniques such as physical (adsorption, solvent extraction,
filtration, ion exchange and precipitation), biological and chemical (advanced oxidation and ozonation) are
used for the phenol removal from wastewater [3-6]. In the case of high concentration application by physical
method, the desired level of phenol concentration is not achieved. Although biodegradation is generally
applied to reach the desired as ultra—separation, it is insufficient for resistive phenol. In recent years,
advanced oxidation processes (AOP) techniques come in front among various chemical process
technologies. AOP techniques usually performed the degradation of phenol with suitable oxidants such as
oxygen (air), ozone and hydrogen peroxide over a solid catalyst. AOP based on the production of many
hydroxyl radicals quickly oxidize many organic contaminants to less harmful intermediates with these
radicals. It is also stated that when appropriate oxidation conditions are provided, complete mineralization
to final products such as carbon dioxide and water can be reached by advanced oxidation processes [7, 8].
Catalytic wet air oxidation (CWAOQ) is generally requires high pressure and temperature. Catalytic wet
peroxide oxidation (CWPOQ) is an effective and clean treatment as compared with other catalytic oxidation
processes and it can be operated under mild condition close to atmospheric values with low energy
consumption [9-13]. When homogeneous catalysts used in CWPO reactions, the catalyst is not preferred as
long as the recovery and sufficient pH range are limited and use of heterogeneous catalysts overcomes these
drawbacks [14]. In the CWPO processes, transition metals such as copper, iron, chromium, manganese,
ceria and cobalt are preferred generally for the formation of hydroxyl radicals which are formed by the
redox processes between transition metal and hydrogen peroxide [1, 15-17]. In recent years, copper
catalysts based support such as mesoporous silica, alumina, active carbon, zeolite and clays have been
preferred in CWPO of phenol due to their excellent properties such as suitable in large pH working range,
good redox features and high catalytic activities [18-20].
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In the heterogeneous CWPO of phenol carried out using copper catalyst, copper species reacts with
hydrogen peroxide, leading to the formation of hydroxyl, which direct to the degradation of phenol
molecules.

S*-Cu?* + H,0; — S*-Cu'* + HO, + H* (1)
S*-Cul* + H,02 — S*-Cu?" + OH + OH- 2)
Phenol + OH -+ HOy — Aromatics + Acids +CO,+ H,0 3

where S* is reachable redox surface sites of the copper species [21, 22]. In the first step, the OH- radicals
are formed by the reaction of H.O. molecule with the CuO active site and then the generation of aromatic
compounds (catechol, hydroquinone and resorcinol) is occurred. Aromatic rings are attacked by generated
OH: radicals which lead to partial oxidation. These organic compounds are broken down to form some by
products such as oxalic acid, maleic acid, acetic acid, malonic acid and formic acid. At last, these organic
acids lead to CO and H,O formation [18].

Physicochemical properties of the support such as surface functional groups, pore size distribution and
surface area are important in catalytic activity [23]. The highly ordered hexagonally channeled SBA-15
(Santa Barbara Amorphous-15) having many advantages such as narrow and uniform pore size distribution,
large pore size (4.6-30 nm) and pore volume, high surface area (800-1000 m?/g), thick pore wall (3-9 nm),
hydrothermal stability and these properties make the SBA-15 as a good support alternative. Otherwise
finding high amount of silanol groups (Si-OH) on its surface provides binding of organic molecules [23-
26]. As it is known, in the impregnation method the success of incorporation of metal compounds on the
catalyst surface is high, but there are disadvantages such as two-stage production with more energy usage,
distribution of non-homogeneous active component, blocking of pores and reduction of surface area.
Moreover, metal loss higher than that of hydrothermal method in the filtration step. The hydrothermal
method provides economical superiority because it is a one-stage production and it provides the
homogeneous distribution of the active ingredient to each other while also protecting the pore structure of
the support [27, 28]. Literature studies indicated the metal dissolution problems in the use of metal
impregnated catalysts. [29-31].

The studies performed with copper SBA-15 catalysts have been limited for CWPO of phenol [18, 32]. Liou
et al. [14] observed phenol conversion over 90% by use of copper activated carbon catalysts at 80 °C in
CWHPO. Garrido et al. [33] obtained phenol conversion 100% using copper-alumina-silica-clay catalysts in
the CWPO of phenol for 300 min at 40°C. Wang et al. [34] synthesized hydrothermally synthesized
catalysts with copper active metal over supports such as SBA-15 and HMS. Phenol conversion over Cu-
SBA-15 and CuHMS catalysts determined as 59.4 and 32.7, respectively. As seen in these studies, catalysts
obtained by impregnation method showed higher phenol removal.

In the present study, Cu-SBA-15 material was synthesized hydrothermally and was tested in the CWPO of
phenol. The characterization of materials was performed by XRD (X-Ray diffraction), N, adsorption-
desorption and FTIR (Fourier transform infrared) techniques and the effects of physical and chemical
properties of samples on the phenol conversion were investigated.

2. EXPERIMENTAL

Pluronic 123 (PEO20PPO70PEO20, Sigma-Aldrich) and TEQOS (tetraethyl ortosilicate, Merck) were used
as template and silica source, respectively. Hydrochloric acid (Merck) was used as acid source and water
as solvent. Copper nitrate (Cu (NO3).x3H.0, Merck) was selected as copper source. Phenol (Merck) and
hydrogen peroxide (H2O>, Merck) was selected as a model organic pollutant and oxidant for wet oxidation
test, respectively. All reagents were of analytical grade.

The synthesis of SBA-15 support was performed according to studies of Zhao et al. [24]. In the synthesis
of Cu-SBA-15 catalyst, copper source was added to the synthesis solution before TEOS addition and Cu/Si
molar ratio was taken as 0.03. Synthesis was carried out in autoclave at 100 °C for 2 days, obtained gel was
filtered firstly, washed with deionized water and then obtained solid was allowed dry at room temperature.
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Finally calcination of dried solid powders was done at 550 °C for 6 h after heating with a heating rate of 1
°C/min.

XRD patterns were collected within 0.5<26<90° range with step size of 0.02° and step time of 0.025 s from
a Philips PW 3040 diffractometer equipment using CuKa-radiation (A=0.15406 nm). N, adsorption-
desorption isotherm of samples dried for 24 h at 110 °C and 107outgassed at 300 °C under high vacuum
(107" bar) for 3h were obtained using a Quanthrocrome Autosorb 1C instrument within the relative pressure
(P/P,) values of 10 - 0.99. Multiple point BET surface and external surface area values were calculated
from isotherm data between 0.05<P/P,<0.30 and the t-plot method using de-Bore thickness, respectively.
Total pore (Vi) and micro+meso pore (Vmicro+meso) Volumes were determined from the amount of N>
adsorbed at P/P,=0.99 and 0.96, respectively. The t-plot was again applied for calculating the micropore
volume (Vmicro). The mesopore volume (Vmeso) Was calculated from the difference between micro+mesopore
volume and micropore volume (Vmicro+meso-Vmicro). Barrett-Joyner-Halenda method (BJH-method) and
Saito-Foley method (SF-method) were applied to the adsorption data at 0.35<P/P,<0.99 for mesopore and
1077<P/P,<0.30 for micropore regions, respectively for determination of pore size distribution [35]. FTIR
spectrums were recorded on a Bruker Vertex 70/70v FTIR spectrometer. Before analyses, samples were
dried at 100 °C in oven and then 1 g sample was diluted with 100 g KBr after then samples were transferred
DRIFT cell of FTIR. Samples were exposed to pyridine probe molecules at room temperature in the vacuum
desiccators (vacuum around 107 bar) to determine acid site. In order to determine the settling of phenol
which sites/region on the copper catalyst, phenol was dropped over catalyst and then dried at room
temperature and analyzed with FTIR.

The CWPO of phenol was studied using a 250 mL volume of batch reactor at 25, 40 and 60 °C and
atmospheric pressure under mixing. 0.02 g Cu-SBA-15 sample was introduced into 20 mL of 50 ppm
phenol solution under continuous stirring. 0.1 mol/L H20O; solution was added continuously (total of 9 mL)
to the phenol-catalyst mixture with a flow rate of 0.1 mL/min. 1 mL aliquots were taken from the reactor
in regular time intervals and it was filtered using a 0.22 um nylon filter. The phenol concentrations were
measured with a Perkin-Elmer Lambda 35 UV-VIS spectrophotometer at a 270 nm wavelength.

3. RESULTS AND DISCUSION
3.1. Characterization of Samples

The XRD patterns and dioo, unit cell parameter (a) and pore wall thickness (8) of samples are given in Fig.
1 and Table 1, respectively. The typical peaks of SBA-15 were obtained at 20: 0.83° (100), 1.46° (110),
1.67° (200) and amorphous silica wall at 20: 18-35° which this values was compatible with the results of
Zhao et al. [24]. The narrow and high peak intensity (100) reflections of samples indicated a good mesopore
ordering and the typical hexagonal channels of SBA-15. Copper incorporation to the SBA-15 structure did
not chance the position of 100 and 200 reflections. (100) plane reflections preserved narrow peak which is
supported did not destroy of the mesopore ordering. Significant increase in the (100) plane diffraction
showed the formation of long channels (Fig 1a) [36]. Although 100-spacing (digo = 10.6 nm) and lattice
parameter (12.3 nm) values remained the same, the pore wall thickness value decreased a little (0.09 nm).

In the wide angle XRD patterns of Cu-SBA-15 (Fig 1b) no reflections typical of copper species could be
observed, only observed broad peak (at 20-30° Bragg angle) indicative of the amorphous silica structure
[24]. This could be caused by settling of metal compounds into silica wall or formation of small crystallite
form of metal complexes with the size of below XRD detection limit (~3 nm) [37].
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Figure 1. XRD patterns of SBA-15 and Cu-SBA-15 (a) small angle region (b) wide angle region

The N adsorption-desorption isotherms of samples given in the Fig. 2. All samples exhibited a well-defined
opening hysteresis loop in the P/P,=0.60-0.78. It corresponds to the type IV with H1 hysteresis loops of
IUPAC classification and is a reprehensive of mesoporous texture with well-ordered cylindrical pores. The
significant increases of adsorbed gas volumes for relative pressure values below 0.3 and consequently at
0.99 were resulted from textural ameliorations by copper addition [4, 35, 38]. The hysteresis loop of Cu-
SBA-15 was started at a value higher P/P, than that of SBA-15. This behavior was related to the formation
of little higher mesopore diameter and sharpness in this step indicated the uniformity of the mesopores with
a good mesoporous structural ordering and relatively narrow pore size distribution [39]. This hysteresis
behavior corresponding to capillary condensation of nitrogen, also consistent with the XRD results as an
inactive of the uniformity of the pores (Fig. 2). As seen from isotherms, adsorbed gas volume of Cu-SBA-
15 material has been 1.5 times higher than that of SBA-15 in the mesopore and micropore regions. The
high rise in nitrogen uptake within the mesopore region was the indicative of higher pore volumes and
surface areas than those of SBA-15. All surface area values were increased with copper incorporation by
the increases in the pore volume values. The pore size distribution curves are given in Fig.3 and results are
summarized in Table 1. The pore size distributions of materials exhibited a wide distribution at micropore
region while a narrow, sharp and homogenous distribution at was seen in mesopore region. These narrow
and sharp peaks in mesopore size distribution curves were again the demonstration of mesopore
homogeneity. The average pore diameter of SBA-15 was obtained as 0.92 nm by using SF-method at
micropore region and also as 6.73 nm by using BJH-method at mesopore region. While the mesopore pore
diameter of Cu-SBA-15 increased, micropore diameter decreased a little showing the formation of more
microporous silica walls. Especially improvement in pore size distribution in the micropore region reflected
to surface area value. The formation of new small pores within the thickening silica pore walls and metal-
silica phases by copper insertion generally reflected small increases in the adsorbed pore volumes in the
micropore range of the isotherm and average micropore sizes shifted to a little higher value.
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Table 1. Physically properties of SBA-15 and Cu-SBA-15

XRD lattice Pore volume Pore diameter Surface area
parameter (nm) (cm’/g) (nm) (m*/g)
) . External
Material ‘ BJH SF Multiple
leO a 6 lecro Vmeso Vtotal metho d me thO d BET Zl;;gace
SBA-15 106 123 557 058 064 1.14 6.73 0.92 800 118
Cu-SBA-15 10.6 123 548 073 079 155 6.82 0.56 996 190

dioo : basal spacing; a: lattice parameter (= 2 x d(100)/Y3) ; 8: wall thickness (= a — pore diameter)

FTIR spectrums for samples are given in Fig.4. FTIR spectrums in the 400-2000 cm™ of all samples showed
that bending vibrations resulting from typical silica material. The bands observed at 1080 cm™, 804 cm™*
and 484 cm? corresponding to bend stretching vibration bands of Si—-O-Si, symmetric and asymmetric,
respectively. The band appeared at about 960 cm™* was resulted from Si—OH stretching band. Loading of
copper to SBA-15 structure didn’t significantly affect the main peaks in this silica region [34, 40-43]. The
intensity of this peak didn’t change with copper incorporation.

The broad band observed within 3000-3700 cm™ range is assigned to associated peak of hydroxyl groups.
This broad band was significantly decreased with copper loading [44-46]. The sharp peak at 3745 cm™ is
known to be caused by vibrations of the Si—OH [41, 47]. The intensity of this band was increased due to
the bonding of copper to the free silanol groups with the copper incorporation. The evident aliphatic
stretching C-H at ~1407 cm™ and C-O at ~1874 cm™ bands which are more prominent in Cu-SBA-15
catalyst could be resulted from the left organic template in the structure.

The band which appears at 1446 cm™ is ascribed to physisorbed pyridine. The observed band at 1629 cm’
! can be distinguishing coordinately bonded pyridine; however, the O—H bending frequency of adsorbed
water occurs in the same region and may interfere [48]. The intensity of this peak decreased after pyridine
sorption due to pyridine adsorption carried out under high vacuum caused the removal of adsorbed water
and a new peak were obtained at 1598 cm™* which assigned to hydrogen bonded pyridine [49, 50].

The peak at 1490 cm™* due to the contribution of Brensted +Lewis acid sites and the ones at 1544 and 1633
cm ! belonging to Brensted acid sites were seen in the all samples. The peak at 1579 cm™ was related to
weak Lewis bound pyridine. Pyridine chemisorbed as the pyridinium ion can be distinguished by the band
at 1641 cm™ [46, 51]. The observed 1500, 1512 and 1527 cm™ bands due to protonated pyridine [52].
Generally, copper incorporation to the SBA-15 structure caused to improvement and the formation of new
acid sites.

The model pollutant phenol used in the catalytic activity tests was adsorbed the Cu-SBA-15 to comment
on successive bonding of phenol molecule to functional groups over catalyst (Figure 4). An increase in
intensity of peak at 1630 cm™ due to -OH molecule of phenol was occurred. Peak at nearby 3745 cm™ was
seen that the —OH groups and this peak has shown an increase in phenol adsorbed Cu-SBA-15. It seen that
phenol molecule was adsorbed mostly on the basic regions (Si—OH and —OH sites) [23, 53].
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Figure 4. FTIR spectrums of samples in the region of (a) 400-4000 cm™ (b) 1400-1700 cm’

3.2. Catalytic Activity Test

The catalytic activity results of the copper catalyst are shown in Fig. 5. The phenol conversion was found
as 21 % at 25 °C and reached to 56 % within 60 minutes by the increasing of temperature to 60 °C. In the
study of Valkaj et al. [30] carried by the hydrothermally synthesized Cu/ZSM5 ~ 66% phenol removal was
achieved in a 180 minute at the same temperature and Wang et al. [34] obtained 59.4 % and 32.7% phenol
conversion by use of hydrothermally synthesized copper catalysts with SBA-15 and HMS support for
CWPO. The surface area (728 m?/g) and pore volume (0.81 cm®/g) values of Cu-SBA-15 catalysts lower
than that of our catalyst that this behavior is an advantage. Molecular size of hydrogen peroxide and phenol
is 0.2476 and 0.4297 nm, respectively [21]. Therefore, they would diffuse more easily in the pores of Cu-
SBA-15 as 6.82 nm. On the other hand, there is a significant increase at the oxidation rate due to the increase
of temperature resulting increases in kinetic energy of molecules. Redox properties of copper cations
assisted the formation of active hydroxyl radicals in the presence of hydrogen peroxide and acidity of
catalyst influenced the hydrogen peroxide conversion which provided the highest hydroxyl radicals
generation rate [21]. Brensted acidity play important role in the CWPO of phenol and the presence of
structural OH species which promoted Brensted acidity had been related with catalytic efficiency. From
this point of view, the synthesized catalyst has been found to provide these properties.
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Figure 5. Catalytic activity of the Cu-SBA-15 (at temperature of 25, 40 and 60 °C, atmospheric pressure,
60 ppm initial phenol concentration)

3.2. Conclusions

The surface area, pore diameter, pore volume, surface functional groups and acidity of catalyst effects
activity in catalytic oxidation reactions. In this sense, Cu-SBA-15 was successfully synthesized for CWPO
of phenol. Phenol molecule was diffused easily into pore due to the pore diameter values of material is
bigger than molecule diameter of phenol. Cu-SBA-15 provided necessary acid sites which are Lewis and
Bronsted. Phenol molecule was adsorbed especially on finding regions of Si—OH and —OH groups. The
increase temperature caused to the increasing of phenol conversion. Cu-SBA-15 material provided the
phenol conversion of 56% at 60 °C.
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