
INTRODUCTION

Research on pollutants and their sources
that are emitted to the environment are very varied.
The scientists must propose solutions to this
problematic, which is an topic that today is a problem
of great importance to society, problem that requires
researchers with new ideas for propose the
realization of solutions to the pollution control and
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ABSTRACT

In this work, we report the degradation of NOx using two catalysts prepared by coating
activated carbon from orange peels with TiO2. This study compared the performance of TiO2-
coated catalysts prepared by CVD (AC1/TiO2) and the sol-gel method  (AC2/TiO2). The catalysts
were characterized by X-ray diffraction, BET surface area and TEM. The photocatalytic activity
was measured by studying the degradation of NOx in the vapor phase. The results show that the
catalyst synthesized by the CVD method was more efficient in the decomposition of NOx. TEM and
XRD revealed the presence of a mixture of the anatase and rutile phases, which favors the NOx

decomposition process. Nitrogen isotherms showed that coating the nanoparticles with titanium
oxide did not significantly change the surface area of the original activated carbon.

Key words: photocatalysis, activated carbon, isotherms, NOx degradation

ensure that ecosystems reach its natural balance.
The research in the laboratories of the Universities
have the fundamental idea that later can be applied
to small-scale and large-scale later. Thus, it may in
a short period of time, that the large part of the
pollutants which are now environmentally
hazardous, begin to decrease. Automotive traffic
exhaust contains many hazardous gaseous
pollutants, such as nitrogen oxides (NOx), which
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affect the health of people living in urban areas1,2.
Reducing NOx concentrations is therefore important
in order to promote sustainable development3,4. The
oxides of nitrogen, NO and NO2 (NOx), have a variety
of negative impacts on human and environmental
health, ranging from serving as key precursors of
the respiratory irritant ozone to forming nitric acid,
which is a key component of acid rain. Hence, it is of
great interest to develop approaches that
irreversibly remove NOx from the atmosphere.

Industrial development in the past five
decades has brought the planet to a very worrying
collapse from the environmental point of view
because of the uncontrolled increase in the use of
fossil fuels as the main energy source; the average
global temperature will increase and thereby alter
the ecosystem. In particular, the excess emission of
gases from the internal combustion engine and
industry has become one of the major causes of
environmental pollution, where gases such as CO2,
CO, hydrocarbons, SO2, and NOx generate volatile
organic compounds (VOC) and particulate matter.
These compounds have led to the greenhouse
effect, acid rain, photochemical smog, stratospheric
ozone depletion, and the aforementioned global
warming. These events impose considerable
negative effects on human and animal health due
to the high toxicity of the compounds mentioned1,2.
Nitrogen compounds such as nitrogen oxides (NOx)
and sulfur (SOx), which are considered the most
toxic gases, are emitted into the atmosphere during
the combustion of fossil fuels. To reduce these
emissions, several studies have used porous
materials such as mesoporous materials, modified
mesoporous materials, aluminas, silicon
compounds, compounds derived from coal as both
chemically and physically activated powders,
granular materials, and fabrics modified with TiO2

5,6.
Nitrogen oxide (NOx) emissions into the atmosphere
have a direct impact on the global environment and
human health through ozone depletion,
photochemical smog and acid deposition1-3. The wet
scrubbing method is an efûcient and economical
way to remove soluble pollutants3. In order to
remove NOx by the wet scrubbing method, it is
necessary to oxidize nitric oxide (NO) into the more
soluble nitrogen dioxide (NO2) or dinitrogen
pentoxide (N2O5) in either the gas or liquid phase4-

9. However, it is very difûcult to oxidize dilute NO

without the addition of strong oxidants such as
methanol, ozone and hydrogen peroxide5–10.

For several decades, it has been known
that heterogeneous photocatalysis represents an
emerging environmental control option for the
efficient removal of chemical pollutants, as it can be
applied to water and air purification. This process
involves a nano-solid semiconductor catalyst,
usually titanium dioxide (TiO2), which is activated
with ultraviolet light at the appropriate wavelength.
For various reasons, titanium dioxide in the anatase
form has been the preferred choice due to its strong
oxidizing power under UV irradiation, its chemical
stability and the absence of toxicity11. These
reactions are very attractive for treating pollution
because: (1) in the vast majority of cases pollutants
are transformed into innocuous products11,12 and
(2) the process has very low selectivity, thus
permitting the treatment of a wide range of
contaminants. Nowadays, smog is still problematic.
Researchers have dedicated their time to studying
the dynamics of the photocatalysis of nitrogen
oxides. While some have focused on NOx control
methodology by the reduction to NOx to N2

11,13,
another approach is to oxidize NO to NO2 and HNO3

along the general direction of nitrogen fixation.
Photocatalytic oxidation (PCO) of NOx offers the
following important advantages: (1) no extra
reactants are required and (2) NOx is recycled or
recovered as nitric acid, a potential raw material for
fertilizers. The scientific literature has reported a
number of interesting publications on the treatment
of NOx with TiO2, so photodegradation for this
compound. There are also interesting publications
in which kinetic studies have been carried out on
the possible mechanisms of the TiO2 photocatalytic
reaction with NOx11,17. Several researchers11,14 have
discovered that, during the photodegradation
process, interaction with certain pollutant molecules
or their intermediates can cause the TiO2 powder to
coagulate, thereby reducing the amount of UV
radiation able to reach TiO2 active centers (due to a
reduction in surface area), thus reducing its catalytic
effectiveness11. In order to overcome this coagulation
problem, some researchers have used different
materials as a support for the titania photocatalyst.
Various substrates have been used as a catalyst
support for the photocatalytic degradation of polluted
water. From a survey of the literature, we can
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establish certain criteria for selecting an optimal
catalyst support. The supporting material should be
transparent or at least allow some UV radiation to
pass through it and be chemically inert or non-
reactive to pollutant molecules, its intermediates
and the surrounding aqueous system. The
supporting material should sufficiently bond either
via physically or chemically to TiO2 without reducing
the reactivity of titania. The supporting material
should have a high surface area and a strong
adsorption affinity for the pollutants (organic or
inorganic compounds) to be degraded. This
criterion reduces or eliminates the intermediates
produced during the photocatalytic degradation
while further increasing mass transfer rates and
processes for efficient photodegradation. The
supporting material should also allow for fast and
easy photocatalyst recovery and re-use with or
without regeneration. Based on these criteria,
activated carbon (AC) has been extensively
researched and used as a support material for
TiO2

11,16,17.

Besides being used as a catalyst support,
some researchers have used TiO2 and AC mixtures
to treat pollutants. The literature reports some
benefits of AC supports in the preparation of titania
photocatalysts. A greater AC content in the
supported photocatalyst translates to a higher
surface area for the supported photocatalyst and
higher adsorption capacity. The pore volume of AC
is directly proportionate to the amount of AC in the
catalyst11, indicating that TiO2 particles actually
agglomerate on the carbon surface without being
adsorbed into the carbon pores. However, pore
trapping may still occur to a small extent. An AC
content less than 13% of the supported
photocatalyst weight will create a homogeneous
distr ibution of TiO2 on the surface11,18. A
heterogeneous distribution will occur if the
percentage of the carbon is greater than 13%,
causing both the AC and TiO2 particles to form
conglomerates. Organic compounds are
hydrophobic, whereas TiO2 particles, when
exposed to UV radiation, are hydrophilic. Using AC
as a photocatalyst support will help bring the
pollutant molecules closer to the TiO2 active site (to
come in contact with hydroxyl radicals) for an
efficient and effective photodegradation process
(synergistic effect). AC can generate new adsorption

centers to favor approaching pollutant molecules.
Using activated carbon as a support will also enable
secondary degradation of intermediates to take
place in situ, further enhancing the effectiveness of
the photocatalyst. Moreover, using AC as a support
allows for fast and easy photocatalyst recovery and
provides ample room for catalyst regeneration
using various techniques11-16,18. This is because the
supported photocatalyst can be made into a
granular form, providing an easy filtering option for
recovery from the slurry11. Besides possessing all
the criteria and benefits of a catalyst support as
established in the literature survey, AC is non-polar,
non-reactive, highly adsorptive and cheap to
manufacture or purchase.

The purpose of the present work was to
prepare AC from orange peel under specific
conditions in the lab and to deposit on its surface
nanoparticles of TiO2 using two different techniques,
with the purpose of comparing its performance in
the decomposition efficiency of NOx.

Methods and Experimental
Materials

AC was prepared as reported in our
previously published work19. Prior to use, the orange
peel was repeatedly washed with distilled water in
order to remove dust and other inorganic impurities,
then oven-dried for 24 h at 393 K to reduce the
moisture content and milled to a size < 1 mm. Peels
from Colombian oranges were impregnated with
an aqueous solution of KOH following a variant of
the incipient wetness method; similar cases have
been described in the literature19-27. This consists of
adding dropwise (while stirring the solid, to facilitate
homogeneous absorption of the liquid) a specific
amount of the aqueous solution (2.0 mL g”1 orange
peel) necessary to produce swelling until incipient
wetness. In this study, the concentration of KOH in
the aqueous solution was 160 wt%, which was
expressed as the impregnation ratio (Xp, wt.%),
defined as (g KOH per g orange peel)×100. After
impregnation, the samples were dried for 8 h at
383 K in air. Pyrolysis treatment (activation) was
carried out in a vertical tubular reactor made of
quartz in a Carbolite™ furnace, in all cases using
25 g of the impregnated and dried material. All
treatments were performed at a constant heating
rate of 10 K min-1 and with an argon (99.999% pure)
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flow of 30 STP cm3.min”1, which was maintained
during heating and cooling. An activation
temperature of 823 K and a soaking time of 4 h
were used. After cooling the solid pyrolysis residue
to room temperature, it was washed with Milli-Q
distilled water until the conductivity of the washing
liquid was lowered to <5 ¼S cm”1 (measured using
a pH/conductivity meter; HP, model MARK 602). The
resulting ACs was dried at 383 K for 24 h in a vacuum
furnace.

Preparation of the photocatalyst samples
Chemical vapor deposition (CVD) method

This experiment was based on the work of
Ding et al.28 and Amjad et al.29. We have designed
and built a system based on publications by other
authors by making some adjustments to improve
the variability of the equipment.

The reactor for CVD synthesis consisted
of a quartz tube that was made of this material due
to its chemical inertia during the evaporation of the
reagent, which was inserted into a tubular furnace
in order to obtain the desired coating temperature.
As the particles of the support were quite small and
as there was no means to support them, we
designed and adapted a porous glass plate for the
final part of the reactor that holds the activated carbon
during the reaction and promoting the free passage
of vapors. Seven milliliters of titanium tetra iso-
propoxide (TTIP) were placed in flask (a) of the
reactor, while another container (b) was kept empty
and immersed in an ice bath. The containers (a)
and (b) were heated using two adjacent boiling
water baths, which were heated before placing
flasks (a) and (b), and kept under an inert
atmosphere of nitrogen gas flowing through the
system at a 1.7 L/min. This flow rate was sufficient to
cause continuous movement of the particles inside
the second flask to ensure homogeneity. When all
the TTIP was consumed, water baths were switched
off and the nitrogen flow was kept on until the system
reached room temperature. The sample was then
washed three times with distilled water to remove
any suspended undeposited titanium hydroxide.
The sample was then dried at 150°C overnight, then
calcined for 3 h at 600°C to produce the anatase
form of titanium dioxide. This procedure was followed
has been reported in the literature28,29. This sample
was designated AC1/TiO2.

Sol–gel impregnation method
A nano-sized binary mixed oxide of AC/

TiO2 was prepared by the sol–gel impregnation
method30. The synthetic procedure followed a typical
sol–gel impregnation method to prepare a 1:1 molar
composition of AC/Ti mixed oxide. Under constant
magnetic stirring, 7.6 mL of titanium
tetraisopropoxide were added dropwise to a beaker
containing 25 mL of isopropanol and 1.5 mL HCl,
while the beaker was maintained at 0°C. In another
beaker, 8.2 mg of AC were suspended in 25 mL of
isopropanol and then was mixed dropwise into the
first beaker with vigorous stirring. The mixture was
then stirred at 25°C for 48 h. The mixed sol was then
sonicated in an ultrasonicator (up 200 s, Hielscher,
Germany) at room temperature for 30 min. The
sonicated sol was placed over a hotplate to remove
the solvent. The resulting powder was calcined at a
specific temperature and time. Nano-sized titanium
dioxide was prepared using a similar approach.

Under constant magnetic stirring, 7.6 mL
of titanium tetraisopropoxide were added dropwise
to a beaker containing 25 mL of a solvent such as
isopropanol and 1.5 mL HCl, an the temperature of
beaker was kept at 0°C using a water and ice bath.
The mixture was stirred at 25°C for 48 h. The
resulting sol was then sonicated for 30 min and
then the solvent was removed over a hotplate with
a rather slow stirring rate. The powder was calcined
at the desired temperature and time. This simple
was designated AC2/TiO

2.

Textural characterization of activated carbons
and the prepared catalysts

To determine the surface area and pore
structure of activated carbon samples, the nitrogen
adsorption–desorption isotherms at 77 K were
measured by an automated adsorption instrument
(IQ2 Quantachrome, Boynton Beach, FL, USA) with
± 0.15% accuracy. The surface area, pore volume
and pore size distribution were determined from
nitrogen adsorption data using Quantachrome
software. Adsorption data were obtained over the
relative pressure, P/Po, range from 10-5 to 1. The
sample was degassed at 250°C under a vacuum
for 4 h. The apparent surface area of nitrogen was
calculated using the BET (Brunauer–Emmett–Teller)
equation within the 0.01–0.3 relative pressure range.
The micropore volume was determined according



455GIRALDO & MORENO-PIRAJAN, Orient. J. Chem.,  Vol. 30(2), 451-461 (2014)

to the DR (Dubinin–Radushkevich) method31-34. The
amount of N2 adsorbed at relative pressures near
unity (~0.99) corresponds to the total amount
adsorbed in both micropores and mesopores;
consequently, the subtraction of the micropore
volume from the total amount will provide the
volume of the mesopores. The pore size distribution
was obtained by applying the density functional
theory (DFT) method to the nitrogen adsorption
isotherm using the software supplied by IQ231-32.

Catalyst characterization
X-ray powder diffraction (XRD)
XRD was performed using a Rigaku MiniFlex-II X-
ray diffractometer with Cu K radiation (=0.15418
nm). The sample was scanned from 20° to 80° (2¸)
at a rate of 0.02°/min. The phases present in the
catalyst samples were identified using the Joint
Committee on Powder Diffraction Standard
(JCPDS) powder data files. The XRD pattern and
data were also analyzed using the Powder X
program35-39. From these XRD patterns, the crystallite
or grain size (dXRD) of the prepared powders was
estimated using the Scherrer equation (Eq.1) as
follows10,33-35:

dXRD = K x  /  x cos ...(1)

where ,  and  are the X-ray wavelength,
Bragg diffraction angle and the full width at half-
maximum (FWHM) of the diffraction peak,
respectively. K is a constant normally equal to 0.94
and =0.1540 nm (the wavelength of emission of
the device).

Transmission electron microscopy
TEM measurements were performed on a

Philips G20 Ultra-Twin transmission electron
microscope equipped with a CCD camera.
Operating at 300 kV, the microscope can achieve a
point resolution of 0.14 nm and a line resolution of
0.1 nm. Scale calibration was done on the Au (1 0
0) planes. Both dry and wet deposition were
performed with ethanol and water as the solvents.
Powders were deposited on carbon coated copper
grids.

Photocatalytic activity measurements: reactor
and test

Fig. 1 depicts the continuous flow system

used for NOx degradation over AC1/TiO2 and AC2/
TiO2. A round Pyrex glass vessel (× H, 15 cm × 4
cm) was used as the photoreactor to assess the
degradation of NOx, and a sample dish ( 7 cm)
was located inside the vessel containing the
nanoparticles of TiO2 supported on AC. A black lamp
provided a UV light source with an intensity of 1
mW/cm2 (Sankyo Denki FL 20SBLB, main peak
located at 352 nm). NOx degradation was carried
out at room temperature using an air stream
containing 1.0 ppm NO as the feedstock. Two mass
flow controllers (MFCs) (type MFC-CB control box,
Fluka, USA) manipulated the relative humidity (RH
= 50%) in the feeding stream. The reaction gas in
the feeding stream passed through a vessel
containing TiO2 supported on AC (0.2 g) at a flow
rate of 1 L/min. The measurements of NO and NOx

concentrations were performed using an on-line
chemiluminescence analyzer (AC32M,
Environnement SA, France) with a detection limit of
0.4 ppb and a continuous sampling rate of 0.7 L/
min. NO and NOx concentrations were measured
in successive 5-s steps. The NO2 concentration was
obtained from the difference between the NOx and
NO concentrations12,36.

Fig. 1: Schematic diagram of the continuous
flow reaction system for the photocatalytic
degradation of NO: 1. Mass flow controler

2.Tramp 3. Peristaltic pump 4.
Chemiluminescence equipment 5. UV source

6.Reactor 7. Computer

RESULTS

Specific surface area and pore structural
characterization analysis of the activated carbon
The N2 adsorption isotherms at 77 K of both the
untreated sample (AC without titanium oxide) and
samples coated with titanium oxide are shown in
Fig. 2. The adsorption isotherms of the activated
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carbons exhibited a hybrid I/IV isotherm according
to the IUPAC classification, which is characteristic
of microporous materials with an important
contribution of mesoporosity37. The N2 adsorption
isotherms also showed a hysteresis loop (type H4)
at relative pressures about 0.5 where the adsorption
and desorption branches were parallel; this
indicates the presence of small slit-shaped pores
and well-developed mesoporosity for all the
catalysts37. Isotherm data were analyzed for BET
area, total pore volume, micropore volume and
average pore width. Specific surface areas were
calculated according to the BET method. Total pore
volumes were directly derived from the adsorbed
quantity at high relative pressures (P/Po 0.95, where
Po is the saturation pressure of nitrogen at 77.36 K
and equals 101.38 kPa). The results obtained from
the nitrogen isotherms are presented in Table 1.
Adsorption data were analyzed by the NLDFT
equilibrium model for slit pores and the pore size
distributions (PSD) were calculated38. The PSD, i.e.
the distribution of pore volume with respect to pore
size, is represented by the derivative of dV/dr as a
function of r, where V is the pore volume and r is the
pore radius. In the case of carbons, in which the
pores are considered to be mostly slit-shaped, pore
width (w) can replace pore radius (r), and the PSD
can be presented similarly by the derivative of dV/
dw as a function of w (results not shown).

When the AC was coated with titanium
oxide using the CVD and sol-gel methods, the
porous structure was modified. This change in the

textural structure was most noticeable in the AC2/
TiO2 sample. This can be explained considering
that, in this catalyst, particles may plug some of the
pores, whereas the AC covered using the CVD
method had a greater number of particles in the
pores because a TiO2 vapor was generated. This
type of change was observed in the values   of the
apparent BET area and PSD. These results are
consistent, and it was found that the pore size was
smaller for AC2/TiO2, as suggested in the previous
paragraph.

XRD analysis
The materials were analyzed by XRD and

the results are shown in Fig. 3. The diffraction
patterns of pure TiO2, AC alone, AC1/TiO2, and AC2/
TiO2 are presented for comparison. The two broad
peaks of the AC prepared from orange peel sample
indicate that the content of the well-ordered
crystalline phase can be neglected. The peak from
20° to 30° 2¸ corresponds to reflexes in the (002)
plane, whereas the peak from 40° to 48° 2¸
corresponds to the (100) plane39-42. The pattern
exhibits broad peaks and the absence of a sharp
peak indicating a predominantly amorphous
structure, which is a typical characteristic of AC. This
also indicates an advantageous property for well-
defined adsorbents.

The photocatalysts were dominated
mainly by the anatase phase. The main diffraction
peaks at 25.3°, 37.8°, 48°, 53.9°, 55° and 62.5° 2¸
were assigned to the diffraction planes of (1 0 1), (0
0 4), (2 0 0), (1 0 5), (2 1 1) and (2 0 4) for anatase
(JCPDS # 021-1272), respectively. Other crystal
phases corresponding to peaks at 27.4 and 36.1°
2¸ were assigned the diffraction peaks of (1 1 0)
and (1 0 1) of the rutile phase (JCPDS # 021-1276),
respectively. The XRD patterns revealed the
diffraction peaks of a mixture of the anatase and
rutile phases, which is favorable for photocatalytic
reactions43-49. XRD also showed that the AC
prepared in this study did not affect the crystal
structure of TiO2 when it was deposited on AC by
the CVD method, but the peak intensity was lower
and the peaks were wider, while the peaks in the
AC2/TiO2 samples decreased and some cases were
barely visible. This clearly shows the influence of
the method used to coat AC with titanium oxide.
Data analysis of the XRD patterns was performed

Fig. 2: N2 adsorption isotherms at 77 K for the
activated carbons prepared from orange peel

(AC, AC1/TiO2 and AC2/TiO2)
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using the PowderX program. The crystallite or grain
size (dXRD) was determined using the Scherrer
formula. The anatase (compound principal
registered) crystallite sizes of AC1/TiO2 and AC2/
TiO2 were 3.4 and 4.5 nm, respectively. The
diffraction peak width increased with increasing
BET surface area and pore volume, as shown
above. Therefore, the crystal size of TiO2 decreased
according to Eq. (1). This is in agreement with the
literature on nanostructured powders with high
purity44-49. The method used to coat AC with TiO2

may be responsible for this reduction in crystallite
size, because the formation of TiO2 in the CVD
method, which is performed in the vapor phase,
allows free particles to enter the pores of AC, while
the sol-gel method produces small agglomerations
of particles with a slightly larger size.

This suggests that AC could enhance the
photocatalytic activity of NOx and would be
presented in composited samples in this case with
TiO2. Furthermore, in additional calculations, the
anatase content (f(A)) was determined from the
integrated intensity of the anatase diffraction line
(1 0 1), IA, and that of the rutile diffraction line (1 1
0), IR, using the following equation (Eq. 2)46.

...(2)

The anatase content of AC1/TiO2 and AC2/
TiO2 was 0.977 and 0.898, respectively. The f(A)

values show that the phases of the obtained
catalysts were mainly anatase with a small amount
of rutile.

TEM analysis
Fig. 4 shows TEM images of the AC1/TiO2

and AC2/TiO2 samples. The samples clearly
present a microstructure consisting of TiO2

nanoparticles (H”3 nm) homogeneously dispersed
on AC, especially in the case of AC1/TiO2. After
coating, the titanium oxide nanoparticles remain
homogeneously dispersed around the porous
structure of AC (Fig. 4a).

The AC1/TiO2 sample (Fig. 4a) showed
TiO2 nanoparticles embedded on a mass of AC
obtained from orange peel. The image indicates
that there were effective interactions between the
oxide and the chemical groups on the carbon, as
result of the more efficient CVD preparation method
developed in this work. This corroborates the XRD
results, which indicated that TiO2 par ticles
penetrated the more porous structure of AC when
the CVD method was used. Fig. 4b show a TEM
image of the AC2/TiO2 sample, with accumulation
of quite visible particles, unlike those obtained by
the CVD method.

NOx degradation results
Before starting the photocatalytic

experiment, we performed several preliminary
studies to optimize several variables such gas flow,
temperature and other variables for the catalytic
test of the photoactivity of the AC1/TiO2 and AC2/
TiO2 systems in the NOx degradation reaction, as
described in the Experimental section. The NO and
NO2 concentrations were monitored continuously,
and a profile of the concentrations as a function
time was recorded (see Fig. 5 for a representative
plot). As expected, the pure AC pure was
catalytically inactive in the reaction, while the AC1/
TiO2 and AC2/TiO2 catalysts were active under our
experimental conditions and showed good

Fig. 3: XRD patterns of the prepared samples
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conversion values. As shown in Fig. 5, the NO
concentration reached a minimum value followed
by a slow and continuous deactivation process after
the adsorption of NO3

- on the catalytic active sites.
Simple adsorption and desorption of NO gas (not
due to photocatalysis) by the catalysts (AC1/TiO2

and AC2/TiO2) occurred in the dark (Fig. 5(a) and
(b)). The net removal of NO gas at the beginning of
illumination for AC1/TiO2 was higher in comparison
to AC2/TiO2  The results show that the conversion
values   were associated with the TiO2 coating
method, since the catalytic activity of AC1/TiO2 was
greater than that of AC2/TiO2; this was associated
with the findings described earlier. The sample
obtained by the CVD method had higher catalytic
activity, which shows that the deposited vapor phase
TiO2 was more efficient than TiO2 deposition by the
sol-gel method where the pores of the AC were
blocked. The CVD method allows for the uniform
deposition of TiO2nanoparticles within the porous

structure, which generates a more active sample.
Fig. 5 shows the typical evolution of the NO, NOx

and NO2 concentrations during a test intended to
assess the photocatalytic efficiency of the coating.
The degradation of nitrogen oxides by
photocatalysis led to the oxidation of NO to NO2,
which, in turn, produced nitrite and nitrate ions
(reaction (4)).

The mechanism of the photocatalytic
reaction using supported nanoparticles of titanium,
in this case AC prepared from orange peel, has
been studied by several authors and is published
in the literature50,51. Several studies agree on a
number of steps that we reproduced in our research,
considering that these reactions are very consistent
with what we have established in this investigation.
Thus, we believe that the photocatalytic process
occurs in three main steps: (1) mass transport and
adsorption of pollutants from the bulk air to the

Fig. 4: TEM photographs of (a) AC1/TiO2 and (b) AC2/TiO2

Table 1 : Structural parameters calculated from nitrogen adsorption
isotherms at 77 K for the samples prepared in this research

Sample SBET[m2.g-1] VTOTAL[cm3.g-1] VMICRO[cm3.g-1]a VMESO[cm3.g-1]b Wo, N2(DR)[cm3.g-1]

AC 625 0.55 0.33 0.12 0.32
AC1/TiO2 580 0.50 0.30 0.10 0.28
AC2/TiO2 500 0.45 0.26 0.07 0.24

a Evaluated at P/Po H0.95. b Evaluated from DFT applied to N2 adsorption data.
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surface of the catalyst; (2) photocatalytic reaction
on the catalyst; (3) desorption and mass transport
of the reaction products from the surface of the
catalyst to the air. The photocatalytic oxidation
mechanism has been investigated extensively51-55.
Based on previous publications50,51 and the results
of the present study, we believe that Eqs. (3)–(12)
represent the photocatalytic reaction mechanism
of NO. Eq. (3) shows the photon-mediated
generation of electron/hole pairs50-52.

TiO2 + hµ e+ + h- ...(3)

Eqs. (2)-(4) show the adsorption of the reactants
onto the photocatalyst:

TiO2+ H2O TiO2_H2O ...(4)

TiO2+ O2 TiO2_O2 ...(5)

TiO2+ NO  TiO2_NO ...(6)

Eq.(5) shows the recombination of the generated
electron and hole pairs:

e- + h+  heat ...(7)

Eq.(5) and (7) show the trapping of the
generated holes and electrons:

h+ + H2O  OH-+ H+ ...(8)

e- + O2  O2
- ...(9)

Eqs.(8)-(10) show the oxidation of NO:

NO + OH-  HNO2 ...(10)

HNO2 + OH-  NO2 + H2O ...(11)

 NO2 + OH-  NO3
-
 + H+ ...(12)

These reactions clearly show the role of
adsorbed oxygen and water and its very important
role in the heterogeneous photocatalytic oxidation
reaction. Oxygen is used to trap the generated
electrons on the TiO2 surface coating on AC.
Hydroxyl radicals are produced from water by
trapping the generated holes on the TiO2 surface,
which then leads to the oxidation of NO2 and finally
NO3

-. In another series of studies reported in the
literature, these reactions clearly show the role of
oxygen and water56.

The photocatalytic oxidation reaction
takes place immediately when the sample is
exposed to the visible light. The NO2 concentration
increases and quickly reaches a stable condition.
After reaching the maximum degradation rate, the
process will slightly slow down and reach a stable
conversion condition. Fig. 3 shows the concentration
change in NOx during the photocatalytic oxidation
reaction. The photocatalytic oxidation of NO is
calculated from Eq. (13):

NOcon(%) = [Ccon]in-[CNO]out/[CNO]in100 ...(13)

(a) AC1/TiO2 (b) AC2/TiO2

Fig. 5: Profiles of variation in the NOx concentration in the reactor during a typical test
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where [CNO]out is defined as the average
NO concentration of the last 5 min in the
measurement time. Eq. (11) shows the formation of
NO2 during the oxidation reaction. However, not all
the produced NO2 can be oxidized to HNO3 because
a small part of it is released into the air due to
desorption. So, the exit pollutant is composed of the
remaining NO and the undesired intermediate NO2.
The amount of NOx removed is calculated using Eq.
(14):

NOxcon(%) = [CNOx]in-[CNOx]out/[CNOx]in100     ...(14)

where [CNOx]out is defined as the average
NOx concentration at the exit port in the last 5 min of
the measurement time.

CONCLUSIONS

In this study, two catalysts (AC1/TiO2 and
AC2/TiO2) were prepared using AC derived from
orange peel by two different methods to achieve

the deposition of titanium oxide nanoparticles (CVD
and sol-gel). The results show the superiority of the
AC1/TiO2 catalyst, prepared using the CVD method
to apply TiO2 nanoparticles onto the surface of the
AC, because this method allows vaporized
nanoparticles to enter into the porous structure. The
XRD results show that the nanoparticles were a
mixture of the anatase and rutile phases, which
makes the catalyst more efficient regarding NOx

degradation. NOx degradation assays were used to
test catalyst efficiency.
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