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Abstract—This paper reports an investigation into the effect of a number of operating factors on the removal of Pon-
ceau 4R (Acid Red 18) from an aqueous solution through photodegradation in the presence of nitrogen. N, was doped
in situ on Cu-TiO,. The photocatalyst was UV/TiO,-Cu applied in suspension to the solution to achieve a larger cata-
lyst surface area. The optimal values of photocatalyst dose, dye concentration, and pH were found to be 0.8 mg L',
20 mg L', and 7, respectively. The nitrogen gas was found to have a highly positive role in degradation. The aqueous
solution was characterized for its COD. Photocatalyst efficiency was evaluated using XRD, SEM, and EPR techniques.
The post-treatment product was characterized using FT-IR, HPLC, and GC-MS studies, intermediate compounds were
detected, and a pathway was proposed for the degradation of the dye.
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INTRODUCTION

Azo dyes are an important category of synthetic organic com-
pounds characterized by the presence of one or more azo bonds
-N=N-. They represent almost 50% of dye production worldwide
and are extensively used in industries such as textile, leather dye-
ing, cosmetics, food production, and paper printing, with the textile
industry being the largest consumer [1,2], because of their chemi-
cal stability, ease of synthesis, and versatility [3]. Traditional meth-
ods for dye removal include biological treatment [4], coagulation
[5], adsorption [6], flotation [7], membrane separations [8], elec-
trochemical methods [9-11], foam flotation [12], nanofiltration
[13], and biosorption [14]. However, due to high dye concentra-
tions and the increased stability of synthetic dyes, these methods
are becoming less effective for the treatment of colored industrial
effluents [14,15]. Researchers have thus turned to another tech-
nique: photocatalysis (PC) [16-18]. This process generally involves
subjecting a semiconductor (usually titanium dioxide nanoparticles
[19,20]) used as the photocatalyst to ultraviolet (UV) irradiation.
As a result, the electrons in the semiconductor are excited from the
valence band to the conduction band, thus generating the electron-
hole (H'/e") pairs [21,22]. These photo-generated pairs produce
hydroxyl radicals [23], which convert organic pollutants ad- sorbed
on the surface of the photocatalyst to less harmful products [24].

Nano-sized titanium dioxide (TiO,) has been widely utilized as
a photocatalyst for the removal of contaminants such as dyes, micro-
biologica, organic materials, inorganic, and oils [25,26]. TiO, is com-
paratively inexpensive, non-toxic, highly stable, and environmen-
tally friendly [27,28], and it has an appropriate band-gap (3.0eV)
to adsorb UV light at 365 nm [29].
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The photoelectrocatalytic capability of TiO, can be enhanced by
doping it with metals such as Cr, Fe, Ni, Cu, Ag, and Ti [30-34].
Doping enhances degradation by forming more hole-electron (h'-
¢ ) pairs and keeping the electrons and holes separate [35-37]. Some-
times the degradation capability of doped TiO, is further enhanced
by blowing nitrogen into the aqueous solution [38]. Since copper
is relatively more abundant and less costly than other metals, it a
common dopant for TiO, surface [39]. In particular, Cu(II) has been
shown to modify the valence band spectrum [40] and improve pho-
tocatalytic activity [41-44] of TiO,. Cu/TiO, has been widely used
as a photocatalyst [39,45-52]. To give extended examples, [39] stud-
ied the effect of Cu/TiO, thin films on photocatalytic degradation
of methylene blue, and [52] investigated the impact of Cu/TiO, on
the photodegradation of dihydroxybenzenes. Furthermore, Cu/TiO,
has been used in the treatment of gaseous pollutants [53,54], and
some studies have also found that Cu/TiO, has considerable poten-
tial for generating hydrogen [55,56].

Lee et al. [57] proposed TiO,/CuO as a new photocatalyst for
purifying dye wastewater. They reported a reduction of 46% in the
concentration of Acid Orange 7 (AO7) in wastewater in compari-
son with an AO7 removal of only 25% in the presence of bare TiO,.

Nitrogen has been demonstrated to improve photocatalytic activ-
ity of THO, in visible light regions [58]. For instance, [59] found that
TiO, in N, atmosphere decomposes organic compound in wave-
lengths of up to 550 nm. Elsewhere, Cu-TiO, was treated with N,
[60]. Doping N, onto TiO, has been accomplished using several
methods such as sputtering [61], annealing under NH, [62], ion
implantation [63], dip calcinations [64], hydrothermal method [65],
sol-gel [66], and electrochemistry [67].

The present study was conducted to examine the impact of a
number of operating parameters on the efficiency of removing
Ponceau 4R (Acid Red 18) from an aqueous solution through PC,
with TiO, doped with Copper (UV/TiO,-Cu) as the photocatalyst
in the presence of the nitrogen gas which had been doped in situ



On the positive role of doping Cu and N, on TiO, in improving dye degradation efficiency: Providing reaction mechanisms 1587

on Cu-TiO,. The parameters were photocatalyst quantity; dye con-
centration, pH. UV/TiO,-Cu was applied to the solution in sus-
pension. This suspension mode increases the photocatalyst surface
area and the contact between the photocatalyst and the pollutant
molecules, thus improving the efficiency of photocatalytic degra-
dation [68]. The problem of separating the UV/TiO,-Cu powder
from the treated solution [69] was dealt with by subjecting the post-
treatment solution to centrifugation. To judge the efficiency of the
PC process, the COD (chemical oxygen demand) test was used.
The efficiency of the photocatalyst was studied using XRD, SEM,
and EPR techniques. The post-treatment product was character-
ized using HPLC, FI-IR, and GC-MS techniques. What is novel
about this research is that, to the best of our knowledge, the effect
of doping TiO, with Cu and N, on the efficiency of azo dye degra-
dation has not been investigated in previous studies.

EXPERIMENTAL

1. Reagents

The chemicals used in this research were titanium tetraisopropox-
ide (TTIP), copper(II) nitrate hexahydrate, diethanolamine, glacial
acetic acid, absolute alcohol, and deionized water. Deionized water
was produced by the researchers. All the other chemical reagents
(purchased and used as received from Merck in Germany) were of
analytical grade or better quality.

2. Preparation of the Photocatalyst

The photocatalyst used in this study was TiO, doped with cop-
per (UV/TiO,-Cu). The components of the nano-sized powder
were synthesized separately before they were mixed via a sol-gel
process. The procedures are given below.

To prepare TiO,, hydroxyl propyl cellulose (HPC) was dissolved
in ethanol (C,H;OH, 99% pure product of Cymprangludt B.V.),
under fast stirring for 5min. Then, titanium tetra isopropoxide
(TTIP) was added, and the mixture was stirred for 20 min. The
mol ratio of TTIP: HPC: ethanol must be kept at 1:2.33:10.52,
(v/v) respectively. Another addition was a mixture of glacial acetic
acid, absolute ethanol and deionized water in the molar ratio 10:
8:100, (v/v), respectively. The pH of the solution was set at 7. This
was followed by 20 minutes of stirring to ensure a yellow transpar-
ent acidic TiO, sol. The sol was allowed to stand for 40 min at room
temperature. Glacial acetic acid was used as an inhibitor to slow
down the TTIP hydrolysis. The copper sol was prepared as follows.
First, copper(II) nitrate hexahydrate was dissolved in absolute alcohol
and was stirred for 10 min. Then, a mixture of diethanolamine,
absolute alcohol, and deionized water, (4 : 10 : 74 volumetric ratio)
was poured into the solution under fast stirring. The resulting solu-
tion was continuously stirred for 20 min to achieve a transparent
alkaline copper sol.

For the final UV/TiO,-Cu photocatalyst, the Cu sol was directly
added into the TiO, sol. The resultant nanocomposite was allowed
to dry at room temperature. Then, it was calcined at 360 °C for 15
min and subsequently at 550 °C for 5 hours, with the temperature
being increased at a speed of 5°C/Sec. Lastly, the specimen was
cooled before use.

3. Materials and Equipment
The solution was prepared by pouring Ponceau 4R (Acid Red
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18), obtained from the Iranian company of Alvan Sabet, into dou-
bly distilled water. NaOH and HCI (Merck, Germany) were used
to adjust the pH of the solution. The photocatalytic (PC) reactor
was a glass container (80x70x290 mm), with its walls covered with
aluminum foil. The excitation source was a 6 W UV lamp (irradi-
ation at 365 nm) purchased from the Dutch supplier of Philips. The
lamp was placed inside a single-walled quartz tube in the middle
of the reactor. The efficient volume of the PC reactor was 1,000 mL
after subtracting the volume occupied by the quartz tube. The sketch
diagram of the reactor used in the experiment is shown in Fig. 1.
To analyze the aqueous solution, COD levels were measured using
a Hach spectrophotometer (Diar 5000, USA).
4. Procedure

The aqueous solution was prepared by dissolving dye into pure
water. The pH of the solution was adjusted using NaOH and HCL
The solution was poured into the reactor and magnetically stirred
at 200 rpm to ensure homogeneity. Then, the UV lamp was placed
inside the reactor. N, (99.99%) was introduced into the reactor. All
the experiments were performed under total N, environment. The
solution was subjected to the PC process for 120 min to examine
the effect of a number of operating parameters on the efficiency of
removing dye from the experimental solution: photocatalyst dose,
dye concentration, and pH. The effect of photocatalyst quantity
was studied by applying five quantities of 0, 0.2, 0.4, 0.6, 0.8, and
1 mg L. To determine the effect of dye concentration, six doses
were considered: 10, 20, 30, 50, 80, and 100 mg L™". The impact of
pH was explored by setting the pH of the solution at five values:
acidic (pH 2, 5, 6), neutral (pH 7), and basic (pH 8, 9, 11). The viabil-
ity of the removal technique was judged by subjecting the treated
solution to COD measurement.
5. Photocatalyst Characterization

The morphological features and surface characteristics of the
Cu-TiO, photocatalyst were studied using a scanning electron micro-
scope (SEM) unit (HITACHI-3000 SH Model, Japan). Further, the
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efficiency of the nanocomposite was evaluated through X-ray dif-
fraction (XRD) using a Philips PW 1710 high power diffractome-
ter (the Netherlands) with Cu K« radiation at 40kV and 40 mA.
Finally, electron paramagnetic resonance (EPR) spectroscopy was
employed to study the structure of TiO, and Cu-TiO,. EPR spectra
were obtained on a Bruker Elexys E580 spectrometer equipped with
a helium cryostat.
6. Evaluation of Photocatalysis Efficiency

The UV absorbance of the dye was tested using a UV-visible
spectrophotometer (Camspec M-350 Double Beam, UK) at a wave-
length of 507 nm (the maximum absorbance wavelength of Pon-
ceau 4R). Since the A, of the solution (507 nm) was obtained using
a double beam spectrophotometer, all the results were checked using
the same spectrophotometer and the same results were achieved.
Five-mL samples were taken out from the solution at five-minute
intervals, were subjected to centrifugation at 12,000 rpm for 10 min,
and were put inside the spectrophotometer. The linear relation-
ship between dye concentration and dye removal efficiency was
determined through Eq. (1):

A-A,
0

where Ay and A are the light absorbance of the dye before and after
PG, respectively.

The post-treatment product was characterized using HPLC, FT-
IR, and GC-MS techniques. Chromatographic analysis was per-
formed using a high-performance liquid chromatograph (HPLC,
Knauer, Germany) coupled with a UV 2600 diode-array detector
(DAD) and a Smart Line 1000 pump. The separation column was
ODS-C18 (5pm, 4.6 mmx250 mm) having a precolumn of the
same material, 1 cm long. A mixture of acetonitrile and water, 60 : 40
(v/v), was used as the mobile phase at a flow rate of 0.7 mL min ™'
at room temperature. For photolysis, aliquots of approximately 2 mL
were taken out at given time intervals during decolorization: 0 (before
treatment), 30, 60, 90, and 120 min. Standard dye (30 mg L") was
separately injected to the HPLC device to determine its retention
time.

The centrifuged samples were allowed to dry at room tempera-
ture. Then, they were mixed with spectroscopically pure KBr in
the ratio of 2:100 to make pellets to be placed in the Shimadzu
8300 FT-IR (Perkin-Elmer, Spectrum one). FT-IR spectra were ob-
tained in the range of 500 to 3,500 cm " for the intact dye and bio-
degraded dye.

The degradation products were also analyzed through gas chro-
matography-mass spectrometry (GC-MS) using an Agilent 7890
GC device (Agilent Technologies, USA) with a 30 mx0.25 mm HP-
5MS capillary column equipped with an Agilent 5973 mass spec-
trometer operating in the electron mode at 70 eV. The tempera-
ture program of the column was as follows: 50 °C for 5 min, up to
300°C at a rate of 10°C min". The temperature of the inlet and
detector was 250 and 150 °C, respectively. Pure helium (99.999%)
was used as the carrier gas at a flow rate of 1 mL min™". The inter-
mediates formed during the photocatalytic process were compared
with commercial standards, and their fragment ions in the mass
spectra were interpreted under the following conditions: an m/z
scan from 40 to 250, scan speed of 2000, interval of 0.5 s, and ion

R(%) =
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Fig. 2. Effect of photocatalyst (Cu-TiO,) dose on the degradation
of Ponceau 4R (contact time: 120 min, dye concentration:
20mg L™, pH: 7).

source temperature of 200 °C.
RESULTS AND DISCUSSION

The photocatalytic removal of Ponceau 4R from the aqueous
solution was studied at 4,,, 507 nm. The optimal conditions for
dye degradation turned out to be photocatalyst dose of 0.8 mg L,
initial dye concentration of 20 mg L™, and pH of 7. These param-
eters are discussed below.

1. Effect of Photocatalyst Dose

The effect of photocatalyst on the degradation of Ponceau 4R
was investigated by applying five doses of nano-sized UV/TiO,-
Cu: 0, 0.2, 04, 0.6, 0.8, and 1 mg L. The observation was that the
PC degradation of the azo dye increased as the quantity of the nano-
composite increased. However, as Fig. 2 shows, the last two values
lead to essentially the same degree of removal efficiency. As a result
of this and for economic considerations, 0.8 mg L™ was taken to
be the optimum quantity for efficient degradation of Ponceau 4R.

Before dealing with the reaction mechanism, a discussion of the
role of nitrogen in improving photocatalytic activity of NO, seems
necessary here. Our observation seems to be consistent with previ-
ous studies which confirm that N, gas creates oxygen vacancies
and that, as N, concentration in the aqueous solution increases,
more nitrogen ions combine with oxygen ions [70,71]. These nitro-
gen-oxygen compounds cause an increase in the number of active
sites in the presence of UV light and photocatalyst.

The impact of photocatalyst dose can be explained as follows.
On the one hand, an increase in the amount of photocatalyst leads
to a corresponding increase in the population of the photo-gener-
ated e /h" pairs and in the number of active sites (OH" and O; radi-
cals) on the Cu-TiO, surface [72,73]. On the other hand, N, in the
solution reacts with O, to form NO; (Eq. (2)).

N,+20,—2NO; 2

Now, the "OH and °O, radicals oxidize NO; ions into NOj ions.
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The reaction is given in Eq. (3) below.
2NO, +0,—>2NO; 3)

Also, the "OH radicals attack NO, [74,75] and transform it to "HNO,
or its conjugate base (NO,); (Eq. (4)).

2NO; + OH—'HNO; <>('NO,)* +H" (4)

Then, both species break down to "NO; as shown by Eq. (5) and
Eq. (6) below:

"HNO; > 'NO,+OH" 5)
('NO,)* +H,0— 'NO,+20H" 6)

"NO, can also exist in the solution as N,O, (Eq. (7)). This dimer
quickly becomes disproportionate and changes to nitrite (NO;)
and nitrate (NO3), as shown by Eq. (8).

2'NO,—»N,0, @)
N,O,+H,0—>NO; +NO, +2H" (8)

*OH quickly attacks NO;, thus peroxynitrous acid (Eq. (9)), which
can isomerize to nitrate (Eq. (10)).

"NO,+ OH—>HO,NO ©

HO,NO—>NO; +H" 10)
('NO,)*" can be oxidized by molecular oxygen to change into nitrate
and "O; radical (Eq. (11)).

(NO,)* +0,»NO; +'0; an
To see whether dye removal is a result of dye being adsorbed onto
catalyst surface or degradation owing to the presence of UV light and
N,, the following experiment was performed: Cu-TiO, was applied

to the aqueous solution in the absence of UV light and N,. A dye
removal of only about 4% was observed. A comparison between
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Fig. 3. Effect of initial pH value on the degradation of Ponceau 4R
(contact time: 120 min, photocatalyst dose: 0.8 mg L™, dye
concentration: 20 mg L"),

this value and the values obtained from the other two conditions
already studied (ie., “Cu-TiO,+UV” and “Cu-TiO,+UV+N,”) clearly
shows that dye removal is largely due to the presence of UV light
and N,.
2. Effect of pH

Fig. 3 depicts the effect of different values of pH on the efficiency
of the removal of Ponceau 4R: acidic (pH 2, 3, 5), neutral (pH 7),
and basic (pH 8, 9, 11). Around 77%, 90%, and 98% of the dye had
been degraded after 120 minutes of the PC process at pH values
of 3, 5, and 7, respectively. This phenomenon is attributable to the
fact that with an increase in the value of pH, the concentration of
OH ions increases, and this leads to the generation of OH' and O;

Fig. 4. (a) Effect of initial dye concentration on the degradation of Ponceau 4R (contact time: 120 min, photocatalyst dose: 0.8 mg L™, pH: 7)

and (b) the stages of dye degradation.

Korean J. Chem. Eng.(Vol. 32, No. 8)
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by Cu-TiO,. However, the rate of removal was lower for the val-
ues beyond pH 7. An explanation is that at higher pH values, the
negatively charged photocatalyst surface repulses the dye anions
and reduces PC efficiency [76,77]. Also, at acidic pH levels, the hy-
drogen atoms in the aqueous solution react with NO; and NO;
and transforms them to '‘NH; and "NHj, respectively. This increases
the active sites in the solution which are responsible for the degra-
dation of the dye molecules [74,75].

3. Effect of Initial Dye Concentration

To study the effect of the initial concentration of the dye on the
degradation efficiency; six quantities of 10, 20, 30, 50, 80, and 100
mg L were employed. Fig. 4 shows that changing the initial con-
centration from 10 to 30 mg L™ resulted in a dye removal of around
97% after 120 min of PC. Also, at concentrations beyond 30 mg L™
degradation rate decreased. A possible explanation is that an in-
crease in the amount of dye in the solution prevents light photons
from penetrating into the surface of the photocatalyst. In conse-
quence, fewer hydroxyl and superoxide radicals which are capable
of attacking dye molecules are formed in the reactor, and thus re-
moval efficiency declines [78,79].

Dye degradation takes place in three stages. First, upon UV illu-
mination, the dye electrons are excited from the valence band (VB)
to the conduction band (CB). This is stage (i) in Fig. 4(b) and Eq.
(12) below [73].

hv *

Dye(ads) Dye(ads) (12)

At stage (i), H,O, generated in the aqueous solution as a result of
PC reactions increases the number of hydroxyl and superoxide
radicals responsible for attacking the dye molecules (Eq. (13) and
(14) [80].

H,0,+hi;—>OH, +H* (13)
OH'+0H,—~H,0+0, (14)

Finally, at stage (iii), with the addition of nitrogen to the aqueous
solution, the active sites of 'NH;, 'NHj, and ‘NO, are generated
(already discussed in Eq. (2) through Eq. (11) above).

B Cu -TiO:
EN»+Cu -TiO;

COD Removal Effciency (%)

90 R
Time (min)

120

Fig. 5. The efficiencies of COD removal from the aqueous solution
(photocatalyst dose: 0.8 mg L™, dye concentration: 20 mg
L, pH: 7).
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4. Aqueous Solution Analysis

The COD test is widely used to judge the efficiency of dye deg-
radation techniques by measuring the total quantity of oxygen needed
for the oxidation of organic material to CO, and water [54,73]. In
the present work, the aqueous solution was subjected to COD deter-
mination at different intervals under the optimum conditions ob-
tained (contact time: 120 minutes, photocatalyst dose: 0.8 mg L™/,
pH: 7; dye concentration: 20 mg L™"). Fig. 5 presents the results.
The COD values decreased at an increasing rate as the PC process
continued. More specifically, maximum reduction in COD values
was obtained after 120 minutes of treatment: 88% for UV/TiO,-Cu
and 97% for N,+Cu-TiO,. This can be attributed to the degrada-
tion of complex molecules and intermediates into simple organic
materials.

CHARACTERIZATION AND ANALYSIS

1. Characterization of Photocatalyst: XRD and SEM Analyses

The crystallinity of TiO, and Cu-TiO, was verified using the X-
ray diffraction (XRD) technique. The crystallite sizes were calcu-
lated using the Scherrer equation [81], a formula which relates the
size of crystallites in the form of powder to the broadening of a
peak in a diffraction pattern. The Scherrer equation can be written
as Eq. (15) below:

KA
"~ B-cosd

¢ (15)
where @is the crystallite size, K a dimensionless shape factor, with
its value usually taken as 0.89, A is the X-ray wavelength, 0.154 nm,
[is the peak broadening at half the maximum intensity, after sub-
tracting the instrumental peak broadening, in radians, and @is the
diffraction angle of the anatase Peak (10 1). The average crystau‘ite
sizes were found to be 299:68 A=29:988 nm (TiO,) and 254:5 A=
25:46 nm (Cu-TiO,).

XRD measurements were carried out in the range of 2(6)=10-
80°. The results are given in Fig. 6. The major diffraction peaks de-
tected for the modified Cu-TiO, and unmodified TiO, samples
appeared to be the same, but the intensities of the peaks under-
went a significant reduction in the case of UV/TiO,-Cu. In addi-
tion, peak broadening was confirmed, which might be relevant to
grain refinement resulting from doping. It is believed that part of
Cu that penetrated into TiO,, and Cu ions were distributed uni-
formly in the interstices of semiconductor crystalline structure.
Finally; no mixed phase was observed between Cu and Oxygen, a
phenomenon which may be due to the low Cu loading (2%) [82].

The surface textures of undoped TiO, and Cu-doped TiO, (both
before and after PC) were analyzed using the SEM technique. Fig.
6(b) shows that undoped TiO, surface was rough and it was com-
posed of compactly aggregated nanoparticles. Fig. 6(c) shows that
doping resulted in an increase in the surface roughness and porosity
of the photocatalyst. Moreover, it was confirmed that the micropo-
res had amorphous edges. Finally, the blocked pores seen in Fig.
6(d) confirm that the dye molecules were adsorbed on to the sur-
face of Cu-TiO, during PC.

2. EPR Spectroscopy
Although XRD examination revealed the structural changes of
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Fig. 6. (a) XRD patterns of TiO, (i) and Cu-TiO, (ii); SEM photograph of undoped TiO, (b), Cu-TiO, before PC (c), Cu-TiO, dyed by Pon-

ceau 4R (d), and enlargement of part of d (e).

4 2.246

2.002

2400 2800 3200 3600

Gauss
Fig. 7. EPR spectra of (a) TiO, and (b) Cu-TiO,.

Cu-TiO, nanoparticles, it could not provide any information about
Cu. Thus, we employed the EPR technique to characterize the Cu-
TiO, photocatalyst. The EPR spectra of TiO, and Cu-TiO, nano-
composites are given in Fig. 7, indicates the presence of various para-
magnetic species. In both samples, a prominent signal at g=2.002
is responsible for the maximum signal area and is possibly a result
of the presence of free electrons in the conduction band [83]. G-
values between 1.93 and 1.98 are due to Ti"* species [84,85], and
the g=2.24 signal may be due to an Cu** ions species, [85,86]. The
former species acts as an electron trap, whereas the latter species
acts as a photon trap [87].
3. UV-visible Photospectrometry

Dye removal measured by the UV-visible photospectrometry
confirmed that the visible band at 507 nm had disappeared. Fig. 8
compares the UV-visible spectra of Ponceau 4R in the aqueous
solution before and after PC. Absorbance bands in the visible region
507 nm can be attributed to the n—7* transition of the -N=N- group.
The 77— 7* transition of electrons in the azo dye connecting naph-
thalene rings is responsible for the band in the near-ultraviolet region;
the absorbance band results from the unsaturated character of the
rings. The disappearance of the visible band indicates the effective
destruction of the -N=N- group and the removal of the dye mole-

Korean J. Chem. Eng.(Vol. 32, No. 8)
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Fig. 8. The UV-visible spectra of Ponceau 4R (contact time: 120 min,
photocatalyst dose: 0.8 mg L™, dye concentration: 20 mg L™,
pH: 7).

cule in the PC process. Moreover, the spectra of the initial dye con-
centration show UV band characteristic of -N=N- groups (507 nm)
related to the naphthalene rings bonded to the -N=N- groups (290,
322, and 370 nm). This indicates that the concentration of the naph-
thalene rings goes into a decline as the PC process continues.
4. HPLC Analysis

To gain a better understanding of the photodegradation of Pon-
ceau 4R, HPLC analysis was performed. Fig. 9 depicts the chro-
matographic behavior of the dye solution at several reaction time
periods under the optimum experimental conditions obtained above.
Upon injection of the initial solution, a well-developed peak ap-
peared at the retention time of 3.5 min. However, for the aliquots
taken at longer reaction times, two peaks emerged, which indicates
the decomposition of the dye and the concomitant formation of a
group of intermediates. Although the peak pertinent to the inter-
mediates emerged after 10 min of treatment, these intermediates
began to form with the start of the PC process. The chromatogram
additionally reveals that the concentration of these compounds
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Fig. 10. The FT-IR spectra of Ponceau 4R before PC (a) and after
100 min of PC (b) (photocatalyst dose: 0.8 mg L, dye con-
centration: 20 mg L', pH: 7).

was insignificant after 60 min of treatment.
5. FT-IR Spectral Analysis

The efficiency of the PC treatment can be determined using the
FT-IR analysis of Ponceau 4R (Fig. 10). Clearly, some structural
changes took place during the PC process. In spectrum (a), the broad
peak at 3,550 cm™" is an indication that the O-H stretching exists.
The peak at 1,630 cm™" is an indicator of the combination of the
carbon of the naphthalene ring with the nitrogen (ie., the C=N
group). Furthermore, the peak at 1,055 cm™" indicates the existence
of a large number of hydroxyl groups and intermolecular hydro-
gen (C-OH) bonds [88]. The intense peak at 1,512 cm ™" indicates
an -N=N- group, and the peaks at 2,456 cm ™" and 2,913 cm™" could
be attributed to C-H stretching vibration [89]. As spectrum (b) shows,
the peak of 3,550 cm™" broadened after the treatment, a fact which

300

250

~90 min

2001 I
150/
1001

50-

Minutes

Fig. 9. The HPLC chromatogram of Ponceau 4R subjected to PC (photocatalyst dose: 0.8 mg L™, dye concentration: 20 mg L™, pH: 7).
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can be attributed to the adsorption of water by the dye molecule.
The other two observations from spectrum (b) are the reduction
in the height of peak (b) and the complete disappearance of peaks
of 1,630 cm ™" and 1,512 cm ™. Concurrently, a new peak emerged
at 1,631 cm ™, suggesting the formation of the C=O group. More-
over, the peaks of 1,166cm ™" in spectrum (b) and 1,188 cm ™" in
spectrum (a) indicate C=C stretching vibration of aromatic ring
[90]. These changes confirm the degradation of the organic com-
pound and the formation of intermediate organic compounds during
the PC process.
6. Photodegradation Mechanism

A mechanism can be proposed for the photodegradation of Pon-
ceau 4R (Fig. 11). First, upon UV illumination, the electrons on
Cu-TiO, surface are excited from the valence band (VB) to the con-
duction band (CB) and as a result generate electron-hole pairs (Eq.
(16) and (17) below and reactions (1) and (2) in the figure) [82,92].

Cu-TiO,

Cu-TiO,(ecg) +Cu-TiO,hyy (16)
Cuy,(€)+Cu-TiO,(ecy)+reduction reaction (17)

Furthermore, as Eq. (18) and reaction (3) show, the copper parti-
cles doped on the surface of TiO, may act as electron-trapping agents

\\y 0; == Dye &

g Mineralized products
Ed cozl+ H:0
>

o Dye o

o

H,0

Fig. 11. Proposed mechanism for the photodegradation process in
the presence of nitrogen.

and hamper the recombination of photo-generated electrons and
holes. In the meantime, H,O, generated as a result of reactions in
the aqueous solution may expedite the process of dye degradation
by increasing the number of hydroxyl and superoxide radicals respon-
sible for attacking the dye molecules (Eq. (19) to (22) below) [93].

Cug,,+Cu-TiO,(e)—>Cug,,(€)+Cu-TiO, (18)
H,0,+Cu-TiO,(e)—> OH+ OH (19)
H,0,+h};—"OH,+'H (20)
‘OH+0OH,—H,0+0, (21)
*OH+*OZ+Dye—>mineral products (22)

On the other hand, N, in the solution reacts with H, to form NH,
(Eq. (23) and reaction (4)).

N,+2H,—2NH, (23)

Now, as Eq. (3) below shows, the “OH radicals oxidize NH, ions
into NHj; ions.

2NH,+H,—2NH, (24)

In addition, "NH, can take the form of N,H, in the solution (Eq.
(25)). This dimer quickly goes out of proportion and changes to
nitrite (NH,) and nitrate (NH;) (Eq. (26)).

2'NH,—>N,H, (25)
N,H,+H,0—>NH; +NH, +20~ (26)

"OH attacks NH, and forms HO,NH (Eq. (27)), which is then iso-
merized to nitrate (Eq. (28)).

"NH,+ OH—HO,NH 27)
HO,NH—>NH,+O" (28)

‘NH; can be oxidized by hydrogen and change to become nitrate
and "H, radical (Eq. (29)).

‘NH,+H,—>NH,+H, (29)

Eventually, these active molecules react with the dye molecules
and transform them into mineral products.

'NH,+'NH,+Dye—>mineral products (30)

The last stage in the mechanism is reaction (5) which has already

Ny 505 Na* “cu- Ti02 $05 Na™ . pa g~ /N S0, Na*
/ N —/ \ro/“
0 O g
0
S0;™ Na' S0;™ Na* S0; Na*

Ponceau 4R (Acid Red 18)

Fig. 12. GC-MS representation of the photodegradation of Ponceau 4R.
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been described in Egs. (2) to (11).
7. GC-MS Analysis

To identify the intermediate products generated during the pho-
todegradation of Ponceau 4R, GC-MS analysis was performed.
Fig. 12 is the GC-MS representation of this process. It can be seen
that the electrons generated during the treatment attack and break
the C-N bond under the experimental conditions (Cu-TiO,+N,+
hv), thus causing Ponceau 4R to degrade.

The main intermediates detected at each step of the pathway for

J-»obd .‘ oy O

H*; ; "2

Ponceau 4R photodegradation are given below.

The mechanism of photodegradation of Cu-TiO, in the pres-
ence of N, can be summarized as follows. First, the photocatalyst
generates ¢ /h* pairs on its surface, which in turn generate active
sites (OH" and O, radicals) on the Cu-TiO, surface. At the same
time, N, reacts with O, to form NQO;. Then, the ‘OH and O, radi-
cals oxidize NO; ions into NOj ions. Subsequently, NO; ions break
down to "NO,, which then quickly changes to NO; and NO;. ‘OH
attacks nitrite to form peroxynitrous acid which can isomerize to

N
[ﬂ ()

o N
HZO H:0
H NH *NHs~ 2
[lDD'Ii i — Ho‘“"> P
N H 5) n

Step 1: 1-Amino-2-hydroxynaphthalene (1), Naphthalen-2-ol (2), 4-nitroquinazoline (3), 2, 3-nitroquinoxaline (4), 2,4-dinitro-1-naphthale-

nol (5).

0. A° L

SOANS
(6) @ Yo No-
(8 O (9 ©

- oH
6. “on oH

(o]}

(13)

| —

- NO;
O Ol =

(10) N (11) (12}
0%, Noz / Hzo /
u_-‘

(14)

Steps 2 and 3: Coumarin (6), phthalide (7), phthalimide (8), phthalic anhydride (9), 5-nitrobenzofuranm (10), 3-nitropropiophenone (11), 2,
3, 6-trinitrobenzoyl nitride (12), dimethyl phthalate (13), dimethyl 4-nitrophthalate (14).

COOH COOH
f COOH
(15) (16)

(18)

COOH COOH COOH
0.2_ ﬁof H.0
o— e—
OH
H
NH N
(17)

QNHZ fox \riLJ

Step 4: Phthalic acid (15), benzoic acid (16), 4-nitrobenzoic acid (17), amino benzene (18) 2,2-dinitroacetamide (19).
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N
oA A° .
. x - 0%, NO: 0%, NO; e
pid Ll 2 — 0 wammp P
N N N o
(20) (21 N (22) (23 N
COOH NO,
COOH ) . 4
D'z‘ NO;
—
N
(24) (25)

COOH COOH =
COOH .~~~ COOH -~ 7 N
COOH COOH COOH.~ ™~COOH
: (26) 27 =
~ Step 6 / = | (28) (29)
\
COOH OH
/Y Y wm=—_ COz NO;", NOs", SO4%, NH,", OH"
OH o)
(30) (31)

Step 5: 3-Nitroisocoumarin (20), 3,4-dinitroisocoumain (21), 5-nitroisobenzofuran-1,3-dione (22) 1,2-benzenedicarbonyl dinitride (23), 1,4-
dinitrobenzene (24), 1,3,5-trinitro-2-nitrobenzene (25).

Step 6: Succinic acid (26), fumaric acid (27), maleic acid (28), malonic acid (29), 2-hydroxy butanoic acid (30), 2-hydroxy propanoic acid

(31).

nitrate. (NO,)* can be oxidized into nitrate and “O; radical. These
radicals attacked the dye, resulting in the breakdown of dye bonds
and the transformation of the dye into intermediates. Previous re-
search [73] has shown that in some cases these intermediate com-
pounds are even more hazardous to the environment than is the
dye. However, if the duration of the reaction is extended, interme-
diates decompose into environmentally-friendly minerals such as
CO, and OH.

CONCLUSION

This study aimed to optimize the photodegradation of an azo
dye, Ponceau 4R, using Cu-TiO, as the photocatalyst applied to the
aqueous solution in suspension and in the presence of the nitro-
gen gas doped in situ on Cu-TiO,. The operational parameters were
photocatalyst dose, dye concentration, and pH. The optimum nano-
composite dose for efficient dye degradation was found to be 0.8
mg L. Tt was also observed that a value of 20mg L' for initial
dye concentration causes maximum removal (97%). However, the
rate of degradation decreased at higher concentrations. Further-
more, a pH value of 7 led to the highest efficiency of photodegra-
dation. In addition, a very influential role was observed for nitrogen
in the degradation process. Another observation was the substan-
tial reduction in the COD values of the dye solution, suggesting
that the treatment was highly efficient. The efficiency of the pho-
tocatalyst was confirmed using XRD, SEM, and EPR techniques.
The post-treatment product was characterized using FI-IR, HPLC,
and GC-MS techniques. This helped us identify intermediate com-
pounds and propose a pathway for the degradation of the dye.
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