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In this study, Cu-loaded Santa Barbara amorphous (SBA)-15 catalysts were synthesized by impregnation method and
further used for catalytic wet peroxidation (CWPO) of pyridine from aqueous solution using hydrogen peroxide as oxi-
dant. The synthesized catalysts have been characterized by Brunauer—Emmett-Teller surface area: temperature-pro-
grammed reduction, H,-chemisorption, Fourier transform infrared spectroscopy, and field emission scanning electron
microscopy. Characterization results indicate good dispersion of Cu species inside the porous structure of SBA-15. The
effect of various parameters such as Cu loading on SBA-15, pH, catalyst dose, H,O, concentration, and temperature
have been studied for their effect on CWPO of pyridine. More than 97% pyridine removal and 92% total organic car-
bon removal was achieved at optimum condition. Cu/SBA-15 showed stable performance during reuse for six cycles

with negligible copper leaching. © 2013 American Institute of Chemical Engineers AIChE J, 59: 2577-2586, 2013
Keywords: wet peroxidation, catalytic oxidation, pyridine, Cu/SBA-15, mechanism

Introduction

Remediation of pyridine bearing wastewater is important
owing to its large discharge during its usage and manufactur-
ing in chemical, pharmaceuticals, and pesticide industries."
Pyridine is manufactured under extreme condition of temper-
ature using ammonia, acetaldehyde, and so forth. During its
manufacturing, huge amount of wastewater is generated
from process industries which are highly recalcitrant and are,
therefore, not submissive to biological treatment.” Exposure
to pyridine causes harmful effects on liver, kidneys, immune
systems, and reproductive functions, and it is a potential
carcinogen.

Several oxidation processes have been developed for the
treatment of toxic organic compounds containing wastewater.
Wet air oxidation is an attractive and powerful technique for
treatment of high organic loading and nonbiodegradable
wastewater into less harmful compounds such as CO,, H,0,
and N,.> Wet air oxidation is usually operated at elevated
temperature (140-320°C) and at high pressure (5-20 bar)
using pure oxygen or air as oxidant.>* Because of severe
reaction conditions of this process, there is an urgent need to
develop economically eco-friendly and efficient routes to
destroy toxic and/or refractory organic compounds from
effluent streams to meet the discharge standards. Catalytic
wet peroxidation (CWPO) is a promising alternative for the
treatment of toxic and/or refractory wastewater streams
under mild reaction conditions (<100°C temperature and at
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atmospheric pressure). CWPO mineralizes (i.e., complete
conversion to CO, and H,0) the organic compounds into
less harmful and less toxic compounds.” These process
involves the generation of highly reactive hydroxyl radical
(OH"), which is one of the most powerful oxidizing agents.6
The use of heterogeneous catalyst allows an easy separation
and recovery of catalyst from the treated wastewater. More-
over, presence of a solid catalyst enhances the degradation
rate due to the reactivity of organic compounds with active
oxygenated species generated during hydrogen peroxide
decomposition over the catalyst surface.’

Mesoporous silica materials were developed in 1990s, and
these materials have shown good properties as supports for
various metals and other catalytic active species. These mes-
oporous materials are regarded as excellent catalyst supports
for active metallic particles due to their high surface area,
uniform pore size and pore volume, and thermal stability.sfm
Santa Barbara amorphous (SBA)-15 itself does not show
substantial catalytic activity, unless appropriate active metal
species are impregnated inside SBA-15.° SBA-15 has been
extensively used in the field of catalysis due to its good
hydrothermal stability resulting from its thicker pore
walls,'!12

Few authors have previously synthesized copper-contain-
ing SBA-15. They used Cu/SBA-15 for different applications
such as steam reforming, hydroxylation, partial oxidation,
complete oxidation, and so forth.®1113723 Taple 1 shows a
comparative assessment on characterization of Cu/SBA-15
and its applications. It may be seen in Table 1 that Cu/SBA-
15 has never been used for CWPO of any recalcitrant com-
pound like pyridine. Moreover, most of previous researchers
did not characterize the catalyst Cu/SBA-15 after its poten-
tial use and did not report on its reusability, which is very
essential considering the high cost of SBA-15. Table 2
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Table 2. Various Oxidation Methods of Pyridine Bearing Wastewater

Supporting Type of Temperature,  Initial Conc. Reaction Degradation

System Materials Catalyst Rector Pressure, pH (mg/L) Time (min) (%) References

Catalytic Zeolite, Cu Microreactor  250-700°C, 600 30 100% Zhou et al.>*
oxidation MCM-41, normal

7-ALO;

Catalytic Carbon Cu-Co, Stainless 140-160°C, 10 90 64% Chaudhary
wet air CuSOy4 steel 9 bar, 4-pH et al?
oxidation reactor

Catalytic 7-Al,04 Pt 350-520°C 0.1-0.85% Ismagilov
oxidation vol. et al.”®

Fenton’s Iron 1-L glass 1-4 pH COD 60,000 240 62.2% COD Padoley
oxidation beaker and 23,000 et al.?

mg/L

Fenton’s Iron 500-mL 2-4 pH 12,500 120 74.0% COD Bag et al.?°
oxidation glass

beaker

Photo assisted Tron 2-4 pH 67.0% COD Bag et al.®
Fenton’s

Photocatalysis TiO, 4 pH Bag et al.*®

Wet peroxidation SBA-15 Cu/SBA-15  250-mL 85°C, at 100 300 97% conversion  This study

oil bath natural pH of PY, 92%
reactor TOC

CSI spectrometer (Thermo Electrom Corporation). The sam-
ple to be characterized was grounded using KBr pellet
technique.

Temperature-programmed reduction (TPR) experiments
were performed out on a Micromeritics AutoChem 2920
equipment. For this, 25 mg of catalyst was loaded into a
U-shape quartz reactor, and sample was degasified with
argon (20 mL/min) at 200°C for 2 h to remove physisorbed
moisture. After cooling to room temperature, the gas was
switched to 10% H, in argon flow (20 mL/min), and catalyst
was heated to 800°C with a heating rate of 20°C/min. Efflu-
ent gas was passed through a cold trap to trap moisture in
effluent gas before reaching the thermal conductivity detector
(TCD). The amount of H, consumption during reduction was
monitored by a TCD.

H,-pulse chemisorptions were performed out on Microme-
ritics AutoChem 2920 equipment, using TCD detector.
Before starting pulse chemisorptions, sample was degasified
with argon at 200°C for 1 h and reduced in 10% H,/Ar at
250°C for 1 h. After that the sample was flushed with argon
for 1 h at 270°C and cooled down to 35°C in flowing argon.
Hydrogen pulse chemisorption was started with catalyst at
35°C using loop gas hydrogen and repeated until the hydro-
gen peaks became identical.

To understand the morphology, a field emission scanning
electron microscope (FE-SEM)/energy-dispersed X-ray spec-
tra (EDX) QUANTA, Model 200 FEG was used. The sam-
ples were first grounded to make the samples homogeneous
and then spread on sample holders in such a manner to pro-
duce flat surfaces. After this, the samples were gold coated
using sputter coater (Edwards S150) to provide conductivity
to the samples, and then, the images of FE-SEM were taken
at an acceleration voltage of 20 kV under low vacuum, and
then, EDX were taken to find metal content of sample. The
error in the content of elements determined using this
method is between 5 and 10%.

Experimentation

The experimental studies were carried out in a 250-mL
three-necked round-bottomed glass reactor and equipped
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with a total reflux system. The total reflux prevented loss of
pyridine vapor. Magnetic stirrer was used to agitate the mix-
ture and keep the solution homogeneous during the experi-
mentation. The temperature of the reaction mixture was
raised using the hot-plate to the desired value, and it was
kept constant during the experimental run using a propor-
tional—integral—derivative controller. In each run, the reactor
was charged with 100 mL pyridine solution of required con-
centration. The oil bath was then heated up and stabilized to
the desired reaction temperature called time zero (time =0
for the reaction was taken). When thermal equilibrium was
reached, required amount of catalyst (Cu/SBA-15) and oxi-
dation agent (hydrogen peroxide) was added to reaction
mixture.

Analysis of pyridine concentration and total organic
carbon

Pyridine concentration was monitored using high perform-
ance liquid chromatograph (HPLC) (Waters), with a CI18
reverse phase column. The mobile phase was a mixture of
80% methanol and 20% distilled water and had a flow rate
of 0.5 mL/min. Pyridine was detected and measured via UV
absorbance at a wavelength of 254 nm. Meanwhile, the total
organic carbon (TOC) was determined using TOC analyzer
(Shimadzu TOC-V). The percentage removal of pyridine and
TOC were calculated using the following equation

C,—C
Percentage removal (X)= ( OC f) %100 (N

o

where C, is the initial pyridine concentration (mg/L), and C,
is the pyridine concentration (mg/L) after time (7). All the
experiments were done in triplicate, and results were found
to show *=5% deviation from the average value. Reported
results are average of three runs. The copper content of
Cu/SBA-15 catalysts were analyzed by ion chromatography
(IC) (Mehtrom) equipped with professional UV/VIS detector.
The samples were digested in nitric acid and filtrated
through membrane filter (0.25 pm).
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Table 3. Textural Characteristics of the Copper-Containing
Mesoporous Silica Materials

SB ET V% Dp SMicmpnre
Sample wt % 1C (mz/g) (em’/g)  (nm) (mz/g)
SBA-15 650 0.820 6.0 68.3

Cu/SBA-15 5 4.5 569 0.783 5.8 60.57
Cu/SBA-15 10 9.3 486 0.680 5.2 52.0
Cu/SBA-15 20 18.2 313 0.542  5.00 10.5

Sger: BET surface area; V/;: total pore volumes were obtained at P/P,=0.99;
D,: average pore diameter calculated by BJH method; and Sggr: #-plot
micropore area.

Results and Discussion
Characterization

Nitrogen adsorption—desorption measurements were used
to evaluate the textural properties of catalyst samples (SBA-
15 and Cu/SBA-15), and the results are listed in Table 3.
Nitrogen adsorption—desorption isotherms, shown in Figure
la, of all the samples exhibited international union of pure
and applied chemistry type IV-isotherms nature. All samples
except 20 wt % SBA-15 exhibited a clear H1 hysteresis
loops at high relative pressure as depicted in Figure la.
However, 20 wt % Cu/SBA-15 showed H, type hysteresis
loop corresponding to ink-bottle pores and reduction of the
pore volume. The hysteresis loop of the Cu/SBA-15 was due
to percolation effect caused by small Cu nanocrystals settling
within the mesopores and effectively forming ink-bottle type
pores.”® As predictable, the presence of metal molecules
leads to corresponding decrease in BET surface area, pore
volume, and pore diameter in metal-containing SBA-15 sig-
nifying that a substantial amount of copper had been
adsorbed on the pore walls of SBA-15 framework that did
not block the mesopores.?

TPR is a powerful tool to study the reduction behavior of
active phase and metal species in different states. TPR
provides useful information about the redox property of a
catalyst as well as the identification of different species.
TPR profiles of Cu/SBA-15 sample with various copper
loadings are shown in Figure 1b. Two main reduction peaks
were observed with maximum around 560 and 640 K,
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respectively. The first peak may be assigned to reduction of
Cu”* to Cu®, and the second peak may be assigned to
subsequent reduction of Cu™ to Cu® and Cu®>* to Cu®. The
relative intensity of the second peak increased with increase
of Cu loading because of an increase in particle size of Cu
as shown in Table 4. Similar behavior has been reported by
Martinez et al.>° for cobalt-loaded mesoporus silica. Gener-
ally, nonsupported copper reduction of bulk CuO to Cu® is
considered as one-step process at about 500 K.3! In the case
of supported CuO, reduction can occur in the range of 400—
600 K, depending on the copper oxide dispersion and the
nature of the support.’? Generally, small particles are
expected to get reduced at lower temperatures, and the bulk
copper oxide is expected to get reduced at higher tempera-
ture.> H,-TPR results (Figure 1b) confirm the formation of
highly dispersed smaller copper species on the surface of
SBA-15. Generally, reduction of well-dispersed CuO par-
ticles to Cu® and reduction of copper phyllosilicate to Cu™
occurs at temperature of ~516 K. TPR profile of unloaded
SBA-15 showed a straight line pattern, and no reduction
peak was observed in the temperature range of 303—-1073 K.

H,-chemisorption study was carried out to determine
metal distribution and active particle size. Metal dispersion
was found to be 32.28, 7.05, and 1.12% for 5%Cu-SBA-15,
10% Cu-SBA-15, and 20% Cu—-SBA-15, respectively. Re-
spective active particle sizes were found to be 3.2, 99.3, and
845.6 nm. Thus, it may be seen that the metal dispersion
decreased with an increase in copper loading, whereas the
trend was opposite for active particle size. Tu et al."? also
observed decrease in metal dispersion and an increase in active
particle size with an increase in copper loading on supports. In
this study, beyond 5% Cu loading on SBA-15, the particle size
of Cu will become enlarged due to sintering.13

The FTIR spectrum of SBA-15 and Cu/SBA-15 shown in
Figure 2 represents bands centered at 474, 811, 1073, and
1225 cm™ ', which are typical of Si—O—Si vibrations of
SBA-15 silica framework.”® The band at 1640 cm ™' is gen-
erally attributed to H—O—H banding vibrations of adsorbed
water molecules.*” The Cu-loaded SBA-15 samples showed
a decrease in the intensity of the band at 960 cm™ ' in com-

parison to parent SBA-15 silica. The peak at 629 cm ',

14
) 2 5% CuSBA-15
o ] JCRTTREE 10% Cu/SBA-15
12 il = 20% Cuw/SBA-15
L : SBA-15
— I T ]
= 0.8
=
: -
2
# 0.6 1
=
O
=~ 04
0.2
0

300 400 500 600 700 800 900
Temperature (K)

Figure 1. (a) Nitrogen adsorption desorption isotherms of SBA-15 and Cu/SBA-15 and (b) TPR profile of Cu-con-

taining SBA-15.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 4. Reducing Temperature Summary of the CuO/SBA-15 Catalysts

Temperature of

Peak Maximum (K) H, H,
Consumption Consumption
Sample Tlmax TZmux (Tlmux) (TZmax)
SBA-15 - - -
5% Cu/SBA-15 560 43.8338 7.4904
10 wt % Cu/SBA-15 570 102.1880 5.4594
20 wt % Cu/SBA-15 585 99.8911 91.0743

which was attributed to the stretching of Cu(I)—O, confirmed
the presence of Cu,0.% This confirms Cu incorporation into
the framework of SBA-15 and copper species to the silica
surface with the formation of Si—O—Cu-type association.**
The IR spectrum of the samples showed absence of Cu—O
stretch vibration band at 536 cm™'.%°

The morphology of Cu on SBA-15 structure was analyzed
using SEM images combined with the EDX analysis. SBA-
15 and copper-containing SBA-15 samples possessed typical
fiber-like morphology. Distribution of elements as shown in
Figure 3 by EDX mapping indicates that the major elements
in Cu/SBA-15 are carbon, oxygen, silica, and copper. The
elemental mapping survey reveals that all elements were uni-
formly distributed throughout the samples.

Effect of Cu metal loading on SBA-15 for oxidation

First, catalytic activity of blank SBA-15 was tested for
pyridine oxidation. At catalyst dose of 1 g/L, H,O, dose of
2.3 mL/L, temperature of 358 K, and initial pyridine concen-
tration of 100 mg/L, only 20% removal was observed with
SBA-15. Aydemir et al.” reported that SBA-15 itself does
not show substantial catalytic activity unless appropriate
active metal species are impregnated inside SBA-15. The
effect of Cu loading on pyridine oxidation was studied, and
the results are shown in Figure 4a in terms of TOC removal.
Catalytic activity first increased with Cu loading up to 10 wt
%, though the difference in catalytic activity of 5 and 10%
Cu-loaded SBA-15 was very marginal. However, pyridine re-
moval efficiency decreased with an increase Cu loading
beyond 10%. Tu et al.'® reported that Cu particles having
maximum dispersion capacity of 5 wt %. Beyond this value,
the particles become enlarged due to sintering. And these
large Cu particles are less active as compared to smaller par-
ticles. Dispersion of Cu metal on SBA-15 plays a key role
due to possibility of Cu particles getting confined deep into
the channels that may not participate in the oxidation reac-
tion. Only those Cu particles that are positioned at or near
the pore opening act as the reaction sites. Because of above
reasons, 5 wt % Cu/SBA-15 was taken as optimum loading
for CWPO of pyridine. This 5 wt % Cu/SBA-15 was used
for further study to optimize various operating parameters.

Effect of pH

In oxidation process, pH of the solution plays vital role on
removal efficiency for the oxidation of organic wastewater.
In this study, pH of the pyridine-containing aqueous solution
was varied in the range of 3-10. The reaction was carried
out at 328 K for 6 h with a catalyst dose (Cu/SBA-15) of 1
g/L and 2.98 mL/L dose of 30 wt % of H,O,. The results
are shown in Figure 5a in terms of pyridine and TOC
removal. It clearly indicates that the degradation of the
pyridine increases with an increase up to 7. Furthermore for
pH>7, removal efficiencies decreased. The maximum
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pyridine removal was observed around neutral pH (6-7 pH).
Similar results have been reported by various investigators
using copper as active specie:s.37’38 The natural pH of
100 mg/L pyridine solution was 6.2—6.3. A near-neutral pH
(or natural pH) condition is preferable due to ease of opera-
tion in large-scale industrial application. In addition, acidic
conditions significantly enhance the leaching of active com-
ponent from SBA-15 that is not desirable.* Considering
these reasons, further studies were carried out at natural
pH only.

Effect of catalyst dose

In this study, catalyst dose was varied in the range of
0.05-3 g/L, while the other parameters were kept constant
(temperature=328 K, H,0, dose=2.9 mL/L, and pyridine
concentration=100 mg/L). The experimental results are
shown in Figure 5b. It was observed that for Cu/SBA-15
dose>1 g/L, increase in removal efficiency is not significant.
This phenomenon may be caused by several reasons. One
reason is that due to the high catalytic activity (high surface
area catalyst) the excessive catalyst may promote the decom-
position of H,0O,, resulting in lower utilization of H,0,.%
Optimum catalyst dose of 1 g/ was used in subsequent
studies.

Effect of the H,0, dose

Amount of H,O, in the solution is directly related to the
number of hydroxyl radicals generated, which ultimately
affects the removal efficiency. In this study, H,O, dose was
varied in the range of 0.96-3.85 mL/L. The catalyst dose
was maintained at the observed optimum of 2 g/L of Cu/
SBA-15, and pyridine concentration was 100 mg/L and
temperature 328 K. It could be seen in Figure Sc that the
pyridine removal increased with an increase in dose of

20wt% Cu/SBA-15

%Transmittance

Swt% Cu/SBA-15

w
§ . 10wt% Cu/SBA-15

2000
Wavenumbers (cm-1)

Figure 2. FTIR spectra of SBA-15 and Cu/SBA-15.

i
4000

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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‘ "~ SiCa ' EDAX
Figure 3. SEM/EDAX mapping of 5% Cu/SBA-15.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4. (a) Effect of metal loading on pyridine oxidation (T=328 K, H,0,=2.90 mL/L, Co=100 mg/L, Cu/SBA-15=1
g/L, and time=6 h) and (b) reusability and leaching study of Cu/SBA-15 (Cu/SBA-15 dose=1 g¢/L,
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Effect of various variables on pyridine oxidation: (a) effect of pH (T=328 K, H,0,=2.90 mL/L, Co=100 mg/
L, and Cu/SBA-15=1 g/L); (b) effect of catalyst dose (T=328 K, H,0,=2.9 mL/L, and Co=100 mg/L); (c)
effect of H,O, dose (T=328 K, Cu/SBA-15 dose=1 g/L, and Co=100 mg/L); and (d) effect of temperature
(Cu/SBA-15 dose=1 g¢/L, H0,=2.3 mL/L, and Co=100 mg/L).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

H,0,. Conversely, an excess amount of H,O, addition (>3
mL/L) did not cause significant pyridine removal because of
the self scavenging effect in which HO * radicals combine to-
gether to form water.*" Considering this, the optimum H,O,
dose of 3 mL/L was used so as to avoid build up of undesir-
able intermediates in the system.’

Effect of reaction temperature and kinetic study

The reaction temperature is a key operating parameter in
CWPO. Pyridine removal was monitored by varying temper-
ature in the range 313-358 K for pyridine oxidation by Cu/
SBA-15 (Figure 5d). As expected, an increase in temperature
enhanced the overall removal of pyridine. It can be seen
from the figure that by increasing the temperature from 313
to 359 K, the pyridine removal increased from ~63 to
~97%. At high temperature (>343 K), the nature of reaction
became very fast, and it reached reaction equilibrium within
2 h.

In the kinetic investigation, the CWPO of pyridine bearing
wastewater under excess hydrogen peroxide content was
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studied so as to avoid the H,O, dependence of the CWPO
reaction kinetics. For a first-order reaction, the simplified
kinetic rate expression can be expressed as

~In(C/C,)=kt 2

where k is first-order reaction rate constant, ¢ is the time, C
is pyridine concentration at any time ¢, and C, is the initial
pyridine concentration. Slope of In(C,/C) vs. t (Figure 6)
gives the value of the reaction rate constant at different tem-
peratures. Apparently, two-stage first-order reaction kinetics
describes the pyridine peroxidation. The nature of obtained
curves at different temperatures are similar (Figure 6), that
is, fast reaction for the initial 45 min duration and followed
by slow reaction for the next 300 min. Values of the reaction
rate constant were found for both steps at all temperatures
(Table 5). The curves well fitted to the first-order kinetic
with good coefficient of determination (R2 > 0.93) values
between the experimental and calculated values.

The activation energy (E) and the frequency factor (k)
were determined for both steps (fast and slow steps) from
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Figure 6. Determination of reaction rate constants in
the two stages of the CWPO of pyridine per-
formed at different temperatures (Cu/SBA-15
dose=1 g/L, H;0,=2.3 mL/L, and Co=100
mg/L).

[Color figure can be viewed in the online issue, which is
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the obtained rate constants at different temperatures by
Arrhenius equation given as follows

k=k,e Ea/RT 3)

Values of E, and k, were obtained from the slope and
intercept of Arrhenius plot (In k£ vs. 1/T plot), respectively.
The activation energy values were found to be 25.61 and
32.10 kJ/mol for fast and slow reaction steps, respectively.
Values for frequency factor were found to be 150 and 325
min~’, respectively.

Reusability of Cu/SBA-15 catalyst for oxidation of
pyridine

The catalytic activity of Cu-SBA-15 catalyst was moni-
tored over six runs of the reaction, and the results are pre-
sented in Figure 4b. The Cu/SBA-15 wrapped with the poly
tetra fluoro ethylene (PTFE) membranes can effectively pre-
vent loss of amorphous catalyst. In the recycling study, 100
mg of Cu/SBA-15 catalyst was wrapped in PTFE membrane.
For this study, H,O, dose was maintained at the observed
optimum 3 mL/L, pyridine concentration was 100 mg/L, and
temperature was kept constant at 328 K. After reaching
desired temperature of reaction mixture, H;O, and wrapped

catalyst was added to the reaction solution. Pyridine removal
decreased with each cycle, and more than 70% removal effi-
ciency was observed after six runs. Wrapped Cu/SBA-15
catalyst retained high catalytic activity until six cycles, dem-
onstrating the satisfactory reusability of the catalyst.

Cu leaching was also measured in each cycle using ion
chromatograph equipped with UV/VIS detector. Cu leaching
was always less than 210 pg/L, which is much less than 3
mg/L, permissible copper concentration for discharge of
wastewater in India.*'

Reaction mechanism of pyridine oxidation

The reaction path for the CWPO of pyridine involves cata-
lyst reduction and HO® radical generation as discussed in
this section. It is well known that conversion of H,O, mole-
cules into hydroxyl radicals greatly promotes the degradation
of organic compounds.*? The active phase of transition metal
ion reacts with H,O,, via reactions 4-6, leading to formation
of peroxy radical (HO, ") and hydroxyl radical (HO") which
have high oxidation potential.'' However, excess amount of
active phase of copper on the catalyst also converts peroxy
radical (HO, ") to nascent oxygen by reaction 7. In addition,
in presence of an excess amount of H,O,, HO" radicals com-
bined together to form water via reaction Eqgs. 8 and 9.40

Cu’* /SBA-15+H,0, — Cu " /SBA-15+H"+HO,  (4)
Cu " /SBA-15+H,0, — Cu?" /SBA-15+HO"+OH~ (5)
Cu*/SBA-15+H,0,+H* — Cu?" /SBA-15+HO"+H,0

(6)

Cu?* /SBA-15+HO,” —Cu* /SBA-15+0* +H" (7)
HO'+H,0, — HO»' +H,0 8)

HO +HO," — 0,+H,0 ©)

H"+OH ™ — H,0 (10)

HO® radicals formed during above reactions react with
pyridine to finally convert it N,, CO,, and H,O. During pyri-
dine oxidation, many intermediates such as ammonia, dime-
thylamine, formic acid, acetic acid, glutaconic acid, and
oxalic acid may get formed before complete mineraliza-
tion.”* The reaction mechanism for the CWPO of pyridine
via formation of intermediates is described in Figure 7. Or-
ganic acids (acetic acid, formic acid, oxalic acid, and gluta-
conic acid) were analyzed using ion chromatograph for
experimental run conducted at optimum condition (catalyst
dose=1 g/L, H,O, dose (30%)=2.3 mL/L, temperature=358
K, and initial pyridine concentration=100 mg/L). Formic
acid, acetic acid, and oxalic acid were found to be present at
concentrations <2 mg/L; however, glutaconic acid was not
detected. Ion chromatograph was also used for determining
the concentration of various nitrogenous compounds during
pyridine mineralization. Ammonia (3.5 mg/L), nitrates (3.0

Table 5. Kinetic and Thermodynamic Parameters for the Pyridine Removal

Fast Step Slow Step
Temperature
(K) K (1/min) R? E, (kJ/mol) ko (1/min) K (1/min) R? E, (kJ/mol) ko (1/min)
313 0.009 0.99 25.61 150.65 0.001 0.92 32.10 325.38
328 0.010 0.98 0.004 0.97
343 0.021 0.98 0.005 0.94
358 0.028 0.99 0.005 0.74
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mg/L), nitric acid (2.0 mg/L), and nitrites (0.5 mg/L) were
detected in the sample. Thus, by nitrogen balance, 70% of
the total nitrogen in pyridine gets converted to nitrogen gas.

Conclusions

In this study, a series of copper-containing SBA-15 mate-
rials have been synthesized via impregnation technique.
Cu-loaded SBA-15 showed potential capacity for catalytic
oxidation of pyridine bearing wastewater by hydrogen perox-
ide as oxidant. Cu incorporation into the framework of silica
tetrahedral was confirmed by various characterization (BET,
FE-SEM, EDX, FTIR, and TPR) studies. Results showed
that 5 wt % Cu/SBA-15 exhibited best catalytic activity.
Maximum CWPO of pyridine was found to happen at 358 K
with Cu/SBA-15 dose of 1 g/L, H,O, (30 wt %) dose of 2.3
mL/L with reaction time of 3 h. Cu/SBA-15 (5 wt %)
showed good operational stability during recycling test with
high removal and low copper leaching. The CWPO mecha-
nism for complete mineralization of pyridine was also
explained.
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