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ABSTRACT

Yellow N-doped TiO, (TiON,) powder, synthesized using the liquid-phase nonthermal plasma
technique, was produced from a mixed aqueous solution containing commercial titanium dioxide
(Degussa P-25) and an N-precursor (ammonium chloride, NH,Cl), and used for photodegrading C. 1.
Acid Orange 7 (AO7) in a continuous-flow photocatalysis—membrane separation system. The effects
of the initial AO7 concentration, TiO N, dose, oxygen concentration, and solution pH on AO7 pho-
todegradation were investigated to obtain the optimum operational conditions. The experimental
results indicate that the optimal dose of TIO N, was 0.5 g L™, and the AO7 degradation efficiency was
effectively improved by increasing the oxygen concentration from 0% to 40% or reducing the initial
AQ7 concentration from 15 to 5 mg L-'. Moreover, the degradation efficiency for AO7 increased as pH
decreased, with the catalyst exhibiting maximum efficiency at pH 2. The durability of the photocat-
alyst was evaluated by reusing the photocatalyst 11 times, and the recycled catalyst could repeat five
runs without a significant decrease in treatment efficiency. In addition, the durability of the TIO,N,
catalysts with aeration, which reduces catalyst deactivation, was longer than that without aeration.
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1. Introduction

The textile industry has played a major role in Taiwan’s
economic development, but the textile processing industry
consumes a large amount of water through its various pro-
cessing operations. Wastewater from textile dyeing is char-
acterized by deep color, high oxygen demand, high pH, large
amounts of suspended solids, and low biodegradability or
nonbiodegradability [1,2], and the release of this colored
wastewater into the environment causes a serious ecological
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problem. At present, several conventional methods are used
to treat textile dye wastewater, such as Fenton oxidation [3],
coagulation—flocculation [4], biological treatment and mem-
brane filtration [5], and activated carbon adsorption [4,6].
However, these methods still generate a tremendous amount
of sludge or solid waste, which requires further treatment.
Recently, an increase in the application of advanced
oxidation processes to industrial wastewater has been
observed. Among these processes, TiO, heterogeneous pho-
tocatalysis is a very promising technique for wastewater
treatment [7], especially for wastewater containing refrac-
tory organic compounds. The photocatalytic degradation
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process has several advantages, such as complete mineral-
ization, effective disposal of waste solids, low cost, and the
capability to operate in mild temperature and mild pressure
conditions [8-12]. However, the band gap of pure TiO, for
the anatase crystalline phase is 3.2 eV; thus, it can absorb
solar light only in the near ultraviolet (UV) region [13,14].
Therefore, the development of TiO, photocatalysts with high
efficiency under visible-light irradiation is crucial to ensur-
ing its practicality and widespread use. Many studies have
been conducted to enhance the visible-light sensitization of
TiO,. Among the viable doping elements or compounds for
TiO,, the substitutional doping of nitrogen has long been
recognized as one of the most effective means of producing
visible and solar light irradiation effects [15]. Consequently,
applying N-doped TiO, (TiOXNy) for removing various types
of organic pollutants from the environment, such as acetalde-
hyde, methylcyclohexene, benzoic acid, phenol, and methyl
orange (MO), has recently been reported [16]. Notwithstand-
ing the substantial advantages of TiO N for photocatalytic
degradation, this technique has yet to be implemented in
the large-scale treatment of industrial wastewater. The main
problem is the lack of suitable hardware, namely a large cat-
alyst surface area per unit volume of reactor.

Currently, immobilized and suspended systems are the
most common applications of photoreactor configurations
[17]. For a TION -immobilized system, the limited catalyst
surface area and poor diffusive transportation are major
drawbacks, even though the immobilization obviates filtra-
tion requirements [18,19]. However, the TiOXNy—suspended
system can provide a higher surface area for adsorption and
reaction, but the finely dispersed TiO N, powder is difficult
to separate, recover, and reuse from the fiquid phase [20,21].
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In our previous study [22], we successfully used liquid-phase
nonthermal plasma (LPNTP) to prepare TiO N, photocata-
lysts, combining a ceramic UF membrane to recover the
TiO N, powder in the suspension system. However, the effect
of various operating parameters on the photocatalytic degra-
dation of Acid Orange 7 (AO7) dyes in the photoreactor with
continuous flow was not described. Furthermore, the activity
of the photocatalyst could decrease over time because of fac-
tors such as surface masking and catalyst poisoning [11], but
very few studies have discussed the relationship between
catalyst lifetime and catalyst activity.

Therefore, the aim of the present study was to determine
the photocatalytic degradation of AO7 dyes over a visi-
ble-light illuminated TiO N, catalyst in a continuous-flow
photocatalysis-membrane separation system (PMSS) and
to examine the effect of operational parameters, such as the
initial concentration, TiO N, dose, solution pH, and oxygen
concentration. In addition, tghe durability of the TiOxNy cata-
lyst was evaluated through recycling experiments.

2. Materials and methods
2.1. Experimental setup

The experimental setup was a continuous-flow PMSS
system, as shown in Fig. 1. The continuous-flow pho-
tocatalytic reactor was composed of two quartz reactor
tubes in one unit. The two quartz tubes had a 30-mm
inside diameter (length: 250 mm) and were symmetri-
cally installed inside the photocatalytic reactor, with an
effective volume of 700 mL, and the outside of the reactor
was coated in tinfoil to increase the efficiency of visible
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Fig. 1. Main elements of the continuous-flow PMSS: (1) preparing the TiOXNy photocatalyst; (2) feed tank (V, = 2 L); (3) pump;
(4) photocatalytic reactor; (5) gas cylinder; (6) flow meter; (7) visible light (I_ =419 nm); (8) fan; (9) feed tank (V, = 3 L); (10) manom-
eter (0—4 bar); (11) ceramic UF membranes; (12) permeate tank; schematic drawing of the up-flow fluidized bed system.
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light irradiation. The photoreactor was surrounded by 12
light tubes in total. The visible-light tubes were germi-
cidal lamps with a wavelength of 419 nm (Sankyo Denki
Co., Ltd.). The light power in the air at the center of the
reactor was approximately 10 mW cm™, measured by a
power meter (Model 840-C, Handheld). A gas diffuser
from a gas cylinder was placed at the bottom of the quartz
tube reactor. The stirring speed was as high as 600 rpm
to ensure the complete mixing of liquid and gas phases,
consistent with previous tests. The ceramic membrane
separation system comprised a 3-L feed tank, where the
photodegraded AO7 solution was circulated at a constant
speed by a circulating pump operated with a cross-flow
module. The ceramic membrane tube was manufactured
by Pall Membrane Co. USA (Membralox® T1-70) with a
length of 250 mm, outer diameter of 10 mm, and inner
diameter of 7 mm. The membrane was composed of a
selective layer of zirconia with a pore size of 10 nm on an
o-alumina porous support. The membrane total surface
area was 0.005 m” The transmembrane pressure was 2.8
bar, the temperature was 25°C, and the cross-flow veloc-
ity was 0.0001 m s™. The experimental procedure was as
follows. Two liters of the reacting mixture were prepared
by suspending the desired amounts of TiO N, catalyst in
distilled water containing a certain amount of AO7 dye
The suspension was first stirred in the dark for 30 min
before irradiation, and this was sufficient to generate
an equilibrium adsorption concentration. The photode-
graded AO7 solution was then poured into the 3-L feed
tank through the ceramic membrane tube to recover the
catalyst in the separation system.

2.2. Preparation of TiIO,N,

Yellow TiO N/ powder, which was synthesized through
the LPNTP technique, was produced from a mixed aque-
ous solution containing commercial titanium dioxide
(Degussa P-25) and an N-precursor of an ammonium chlo-
ride (NH,Cl) solution. The pH value of the NH,ClI solution
was adjusted to 5, and the suspended mixture of TiO, in
the NH,CI solution was transferred to the LPNTP reactor,
which was operated at 13.5 W for 40 min. The prepared
TiO N, powder was then washed with water three times
to remove impurities and moved to an oven for continual
3-h desiccation at 573 K. More details of the LPNTP sys-
tem are described in our previous study [22]. The TiO NJ
particles were prepared under our optimal photocatalyst
conditions as TiO N -1:6. The primary particle size, BET
surface area, wavelength and band gap of the TiO N
powder are shown in Table 1. AO7 with purity of above
99% was obtained from Tokyo Kasei Kogyo (Japan), and

Table 1
Particle size, BET surface area, and band gap of photocatalysts

Sample Particle BET Band  Wavelength
size (nm) surface gap (eV) (nm)
area (m?/g)
TiON,-1:6 32 50.18 2.82 439

all the other chemicals that were used were of reagent
grade. The photodegradation rates of the AO7 solutions
were determined by measuring the absorbance at A =
486 nm periodically by using a Hach DR/4000 UV /VIS
spectrophotometer. The concentration of H,0, was deter-
mined through spectrophotometric analysis by using the
potassium titanium oxalate method (A = 400 nm) [23].

3. Results and discussion
3.1. Influence of operational parameters
3.1.1. Effect of initial AO7 concentration and dose of TiO N
y

The effect of the initial AO7 concentration on the photo-
catalytic degradation efficiency was examined for different
AQ7 concentrations from 5 to 15 mg L™ under a TiO N dose
of 0.15 g L, hydraulic retention time (HRT) of 10 h, pH of 5,
and Q , of 200 mL min™. Fig. 2(a) shows the AO7 removal
eff1c1ency and observed rate constant (k) as a function of
the initial AO7 concentration at a pH of 5 and HRT of 10 h.
The photodegradation of AO7 was observed to decrease
with an increase in the initial AO7 concentration. When the
initial AO7 concentration is increased, more AO7 dye mol-
ecules are adsorbed onto the surface of TiO, N to prevent
light adsorption. Therefore, the photons cannot reach the
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Fig. 2. (a) AO7 removal efficiency and k,_ as a function of the
initial concentration (TIO N =0.15gL", FIRT = 10h, pH=5,and
Q,, =200 mL min™); (b) comparlson of the removal efficiency for
AQ7 and H,O, generation under different TIO N, doses (AO7 =
10mg L', HRT =10 h, pH=5,and Q_ =200 mL min- .
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photocatalyst surface, and the photodegradation efficiency
decreases [24]. Albeoyeh et al. [25] obtained similar results
for AO8, AO7, and MO dyes.

In addition, the photocatalytic degradation of the AO7
reached a steady state after 16 h and followed a pseu-
do-first-order kinetics model. The mass balance equation
for the pseudo-first-order kinetics of a continuous-flow
reactor can be expressed as follows [26]:

dC,V=C, Qdt-Vk, C, dt- C,, Qdt (1)

where V is the reactor volume (L), Q is the flow rate (L h™),
C,,and C,, are the initial and effluent AO7 concentrations
(mg L), and k. is the observed constant rate of removal

(h™"). Under steady -state conditions, dC,,/dt =0, the HRT is
T =V/Q; thus, Eq. (1) can be reformulated as follows:

Cy 1

Co 11k, T &)

According to Eq. (2) [26], the reaction rate constants for
the initial AO7 concentrations of 5, 10, and 15 mg L™ were
2.77 x 10" h™1,1.02 x 10" h™!, and 3.80 x 102 h™, respectively.
As dlsplayed in Fig. 2(a), k and AO7 degradat1on effi-
ciency decrease as the 1rut1al AO7 concentration increases.
A possible explanation for the decrease in the removal rate
is that, as the initial concentration of the dye increases, the
path length of the photons entering the solution decreases.
Moreover, as mentioned previously, an increase in con-
centration reduces light penetration; thus, the relative for-
mation of OH radicals and O,*~ decreases, reducing the
photodegradation efficiency [27].

Additionally, the amount of catalyst is one of the most
crucial parameters for degradation analysis from an economic
perspective. Fig. 2(b) shows that the degradation efficiencies
for 0.15,0.3, and 0.5 g L™ of TIO N, were 50.38%, 81.08%, and
96.22%, respectively. Therefore, the optimal dose of TiO_ N
in this continuous-flow photoreactor was determined to "be
0.5 g L™ because nearly complete reduction of AO7 was
achieved in this experimental condition. Furthermore,
Fig. 2(b) shows that the generated H,O, concentrations were
071mngforTlON/at015gL1 278mgL1forT10N/at
0.3 g L, and 4.58 mg L for TION, at 0.5 g L. The results
indicate that increasing the Catalyst loadmg increased the H,0,
concentration, facilitating reduction of the AO7. Although
several studies [28,29] have indicated that H,O, occurs in the
UV light photocatalytic system, the aforementioned result in
the present study indicates that the generation of H,O, was
observed in our visible-light photocatalytic system. There-
fore, an appropriate dose of TIO N, facilitates the generation
of H,0, and increases the photodegradatlon efficiency.

3.1.2. Effect of solution pH

To study the effect of pH on the degradation efficiency,
experiments were performed under visible light at pH val-
ues from 2 to 11 at a constant AO7 dye concentration and
TiO N Catalyst loading. The results in Fig. 3(a) indicate that
the photodegradatlon efficiency for AO7 increased as pH
decreased, with the catalyst exhibiting maximum efficiency
(76%) at pH 2. The degradation rates for the continuous-flow
photoreactor system followed the order pH 2 > pH 5 > pH

100 035
% (a) EJA07 removal eff.
03
T \ & hops
3
3 70 025
&
2 60 02
% 50 £
E 2 015 3
9 30 =
£ 0.1
£ 2 \
~
5 1 ~e 005
<
0 0
2 5 1
pH
80
(b)
60
40
— when pH<pHy, :
> 20 ) R
£ TiOH + H* <> TiOH,
®
gof— — — — — _ — — —
c
2 / when pH > pHc :
820 E TiOH +OH™ & Ti0” +H,0
p pHype = 6.1
°
N -40 |
60 Jf L
0 2 4 6 8 10 12

pH

Fig. 3. (a) AO7 removal efficiency and k , as a function of pH
(AO7 =10 mg L™, HRT = 10 h, TIO N —015gL1 and Q,, =200
mL min™); (b) zeta potential of TIO N , particles.

11, and similar observations have been reported by other
researchers [30,31]. The effect of pH on the efficiency of dye
photodegradation plays multiple roles. First, the pH change
is related to the functionalized surface charge of a solid cat-
alyst, according to the following reactions [32]:

TiOH + H* «— TiOH ", pH <pH_ 3

TiOH + OH- «— TiO- + H,0, pH > pH @)

pzc

With reference to Eq. (3), when TiO, is suspended
in an acidic solution (pH < point of zero charge, pszc)
the surface charge of the TiO, becomes positive. How-
ever, when TiO, is suspended in a basic solution (pH
> pH_ ), the surface charge becomes negative, as dis-
played in Eq. (4). From Fig. 3(b), pH for the TiO N
was measured as 6.1. Therefore, the surface of the cat-
alyst is negatively charged for pH > 6.1 and positively
charged for pH < 6.1. Because the AO7 dye used in the
present study was an anionic dye and was negatively
charged under experimental conditions because of
the sulfonate (SO,”) groups, electrostatic interactions
between the TiO N/ photocatalyst and sulfonate groups
resulted in adsorption at pH < 6.1 to enhance the deg-
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radation efficiency (Fig. 3(a)). Conversely, adsorption of
AQ7 onto TiO N, surfaces is weak at pH > 6.1, because
of Coulombic repulsion between the negatively charged
TiOxNV and AO7 molecules; thus, the degradation effi-
ciency decreases. At pH values ranging from 5 to 10, the
formation of more OH radicals because of the presence
of large quantities of OH anions (Eq. (5)) improves the
photodegradation efficiency for the AO7 dye. Experi-
mental results indicate that the degradation efficiency
at pH 5 exceeded that at pH 11.

h,*+OH™ — HO" )

3.1.3. Effect of oxygen concentration

This section further examines the effect of differ-
ent oxygen concentrations on the photodegradation of
AO7. Experiments were performed under visible light
at oxygen concentrations from 0% to 40% for a constant
AO7 dye concentration (10 mg L) and TiO N, catalyst
dose (0.15 g L), as displayed in Fig. 4(a). The results
clearly show that the highest AO7 photodegradation was
observed for the concentration of oxygen (O, = 40%),
where the AO7 photodegradation achieved 63% removal
after 16 h of visible-light illumination. Conversely, the
removal efficiency was the lowest at an oxygen concen-
tration of 0%. This was attributed to the adsorption of
molecular oxygen onto the surface of the TIO N photo-
catalyst, which instantly traps the interfacial electrons
of the photocatalyst to suppress hole-electron recombi-
nation because of the presence of residual oxygen in the
reaction system [33,34]. Consequently, the decomposition
rate increases with an increasing oxygen concentration,
and these observations are in good agreement with the
reports in the literature [35,36].

The results in Fig. 4(b) show that the linear equation
between k, and the O, concentration is Y, , = 0.0032 x O,
concentration + 0.0292 with R? = 0.9338 for oxygen concen-
trations of 0% to 40%. The mechanism for increasing oxy-
gen to achieve higher removal efficiency is explained as
follows: The TiO N, has a new energy band that narrows
the band gap; thus, the TiIO N, exhibits stronger absorp-
tion in the visible-light region and is activated to gener-
ate pairs of electron (valance band) holes and conduction
bands (CBs) (Eq. (6)) [11]. Subsequently, the electron of
the TiON, particles is scavenged by molecular oxygen to
generate superoxide ions (O,) (Eq. (7)) [37], which can
produce H,0, and OH radical species (Egs. (8)-(10)) [38].
These active species facilitate photodegradation or miner-
alization (Eq. (11)) [38].

TiOxNy +th>ht, +e, (6)
TiOXNy (e)+0,—> TiION, +0O,~ (7)
O, + TiOXNy () » 2H*+ H,0+ TiOXNy (8)

20, + 2H* - 20,+ H,0, 9)
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Fig. 4. Effect of different oxygen concentrations: (a) effect of the
oxygen concentration on the degradation of AO7 against the il-
lumination time; (b) degradation rate constant (k) vs. oxygen
percentage plotted on a straight line (AO7 = 10 mg L™, HRT =
10 h, TiOXNV =015gL", pH=5and Q, =200 mL min™).

H,0,+TiON, (e") - OH" + OH™ + TIO N (10)
Xy Xy

dye** + (OH",0,"~or O,) - AO? dye degradation/ (11)
mineralization

Sun et al. [39] indicated that the new absorption band
in the visible range originated from the TiOYNy particles
and the photosensitized oxidation mechanism originated
from the azo dyes themselves, contributing to the higher
visible-light activity. However, Liu et al. [40] reported on
the photodegradation of azo dyes by TiOXNV and indicated
that the highest occupied molecular orbital and lowest
unoccupied molecular orbital of the azo dyes are located
in the band gap of TiOXNV; thus, the charge injection mech-
anisms forming the dyes to photocatalyze CB are not effi-
cient. Consequently, instead of azo dyes, molecular oxygen
plays a crucial role in the photo-oxidation of the dyes by
LPNTP-promoted TiOxNy under visible light.

3.2. Durability assessment of TiO N, catalyst

To assess the durability of the catalyst, experiments
under a TiOXNy dose of 0.15 g L', HRT of 10 h, and pH
of 5 were conducted with and without aeration. The
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photocatalyst that was separated after each reaction run
was washed with reagent-grade water three times, dried
at 120°C for 12 h in an oven, and reused in the subsequent
reaction under identical conditions. The results in Fig. 5
show that the removal efficiency for AO7 was as high as
87% after the catalyst was repeatedly used for five runs
under aeration conditions; however, the AO7 removal effi-
ciency rapidly decreased from 79% to 58% after six runs.
Finally, the AO7 removal efficiency reached a steady-
state value of approximately 53% + 2% after 9-11 runs.
Our results clearly indicate that the TiO N, catalyst was
recycled through membrane filtration without a decline
in flux, and the recycled catalyst was capable of repeat-
ing five runs without a significant decrease in the treat-
ment efficiency. However, after six experimental runs, the
TiO N, catalyst exhibited a significant decrease in activity.
This paper recommends replacing the TIO N, catalyst after
six runs of repeated use.

Because aeration reduces catalyst poisoning, the
TiO N, catalyst’s durability under aeration conditions
was determined to be longer than that without aeration.
Because molecular oxygen in an aqueous solution plays a
critical role as an electron scavenger, trapping the photo-
generated electrons from the CB [41] and forming super-
oxide ions (O,*), it delays electron-hole recombination
(O, +e — 0O,7) [42,43] as well as extends the lifetime of
the catalyst. Similar results were observed by Janus et al.,
who reported the lifetime and regeneration of supported
carbon-modified TiO, applied in the degradation of Reac-
tive Red 198 (RR 198) dye under UV light in a batch reac-
tor [8]. Their results clearly indicated that the time for RR
198 dye degradation without additional aeration was lon-
ger than that with aeration and the carbon-modified TiO,
was reused for 10 runs with a decrease in the removal
efficiency from 72% to 67%. Kaur and Singh [44] reported
that a TiO, photocatalyst was reused for four runs with a
decrease in the removal efficiency from 98% to 40%. In our
case, the TION  catalyst’s activity decreased after five
runs with aeration and after six runs without aeration. The
decrease in the efficiency of the reused catalyst may have
been attributable to the deposition of degradation prod-
ucts such as 2-naphthol, 2-hydroxy-1,4-naphthoquinone,

and smaller aromatic intermediates on the photocatalyst
surface to block its active sites [11]. These observations
closely agree with those of previous studies [44].

4. Conclusions

The photodegradation of the AO7 dye in an aqueous
medium by LPNTP-promoted TiO N, under various oper-
ating conditions is reported. The AO7 removal efficiency
increased from 50.38% for TIO,N, at 0.15 g L™ to more than
96.22% for TIO N, at 0.5 g L™ under visible-light irradiation,
and an optimal TiO,N, dose of 0.5 g L™ was determined.
The degradation efficiency for AO7 increased as the pH
decreased, with the catalyst exhibiting maximum efficiency
at pH 2. The presence of oxygen enhances degradation
because of the formation of O,*~ and further yields reactive
OH". The durability of TION, was evaluated by reusing
the photocatalyst 11 times, and the recycled catalyst was
capable of repeated use for five runs without a significant
decrease in the treatment efficiency. In addition, the dura-
bility of the TION, catalysts with aeration, which reduces
catalyst deactlvatlon was longer than that without aeration.
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