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a b s t r a c t
Textile industry wastewater includes organic dyes and decomposition products which could have 
toxic and mutagenic effects on life. The majority of industries in this sector use nonbiodegradable, 
heat-resistant, light, oxidizing agents and therefore synthetic dyes that are difficult to remove color. 
In this study, Dianix Yellow Brown CC (0.22%), Dianix Rubine CC (0.79%) and Setapers Blue CE3R 
(0.015%) containing disperse dye have been used in the production of wastewater from the dyehouse. 
In this study, textile wastewater has been treated which has applied adsorption and photocatalytic 
methods by using nano-titanium dioxide (nTiO2). Optimum chemical oxygen demand (COD) and 
color removal efficiencies have been determined for these two methods. Moreover, under the opti-
mum conditions in the adsorption method, the COD removal efficiency has been obtained as 58.07% 
and also color removal efficiencies have been obtained as 95.24%, 95.15%, 96.83% for 436, 525 and 
620 nm, respectively (pH 2, nTiO2 dose 2.5 g L–1 and 30 min reaction time). Therefore, under the 
optimum conditions in the photocatalytic method the COD removal efficiency has been obtained 
as 57.59% and also color removal efficiencies have been obtained as 95.24%, 96.31%, 94.71% for 436, 
525 and 620 nm, respectively (pH 2, nTiO2 dose 1.5 g L–1 and 60 min reaction time). Four different 
kinetic, that is, first-order kinetic, second-order kinetic, pseudo-first-order, pseudo-second-order, 
models have been used for the processes adsorption and photocatalytic. The pseudo-second-order 
kinetic model has been found to be the most suitable model for both processes. As a result, regression 
coefficients (R2) has been obtained for adsorption as 1 and for photocatalytic as 0.9999 and reaction 
rate constants (k) have been obtained for adsorption as 6.9 × 10–4 L mg–1 min–1 and for photocatalytic 
as 2.2 × 10–3 L mg–1 min–1.

Keywords: Textile wastewater, adsorption, photocatalytic, Nano-titanium dioxide

1. Introduction

Water pollution caused by industrial wastewater (espe-
cially the large discharges and complex composition of 
textile wastewater) and other polluting factors reveals the 
crisis of freshwater shortage, appeared as one of the most 
serious global problems that threaten human existence [1].

The available water resources for human activities 
represent an extremely small proportion of global water 
reserves (approximately 0.03%) while industrial activity 
is increasing as a result of the world population growth 
[2]. Due to the intensive water and chemical usage of the 
textile industry is one of the most important sectors that 
constituting industrial pollution in waters [3].
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Textile industry wastewater contains acids, alkalies, 
dispersants, synthetic dyes, pigments, biocides, oils, heavy 
metals, starch, salts, surfactants, nutrients and organic 
compounds [4,5]. On the other hand, as contamination 
parameters, textile wastewaters included high values of 
suspended solids, chemical oxygen demand (COD), bio-
logical oxygen demand (BOD), acidity, alkalinity and other 
dissolved substances [6].

60% of the dyestuffs used in the textile industry are 
reactive dyestuffs due to their advantages such as bright 
colors, stability during the washing process and easy appli-
cation [7,8]. Textile wastewater contains organic dyes and 
their decomposition products that may have toxic and/or 
mutagenic effects [8]. The majority of dyes used in this sec-
tor are synthetic dyes that non-biodegradable, heat resistant, 
and contains oxidizing agents, therefore difficult to remove 
from wastewater [9].

Reactive and azo dyes are mixed with water by wash-
ing processes for dyeing textile products. Approximately 
10%–20% of these dyes contain harmful substances to 
human health and the environment [10]. The dye house 
wastewaters generally contain about 10–50 mg L–1 dye and 
such concentrations are high enough to provide a significant 
coloration of the receiving water bodies [11].

Physical, chemical and particular biological treatment 
methods are widely used in the treatment of textile waste-
water [12]. However, these chemical and physical meth-
ods are nonefficient for reactive and azo dyestuffs because 
of the secondary waste problems and complexity of their 
composition. And also, included organic matters are non- 
biodegradable and toxic, for biologic treatment methods 
[4,5,13,14]. Therefore, advanced methods such as adsorp-
tion and chemical/electrochemical processes are required 
to treat wastewater [9]. Coagulation [15], advanced oxida-
tion processes [16–19], adsorption [2,20,21] and combine 
processes such as electrocoagulation-ozone [22], activated 
carbon-FeCl3 [23], permanganate-ozone [24] studies have 
gained importance for textile wastewater treatment. Interest 
in wastewater treatment research has focused on advanced 
oxidation processes, an alternative treatment method for 
the last two decades [13].

In this study, textile dyeing wastewater containing Dianix 
Yellow Brown CC (0.22%), Dianix Rubine CC (0.79%), and 
Setapers Blue CE3R (0.015%) dyes have been used. There are 
no studies in the literature about textile wastewater contain-
ing these dyes mixture. It was aimed to treat wastewater by 
using adsorption and photocatalytic methods using nano- 
titanium dioxide (nTiO2). Optimum COD and color removal 
efficiencies have been determined for these two methods.

2. Materials and methods

2.1. Characteristic of textile wastewater

The textile wastewater used in this study was obtained 
from the textile factory of Sakarya (Turkey). Wastewater has 
been taken from the washing tank. The textile wastewater 
used in the experiments is very dirty and contains suspended 
solids, high COD and BOD, acidity, alkalinity and other dis-
solved substances. The textile wastewater has a red color 
and, consisted of disperse dyes (Dianix Yellow Brown CC 

(0.22%), Dianix Rubine CC (0.79%), and Setapers Blue CE3R 
(0.015%)). The dyes have classified as azo disperse dyes and 
included chemicals are N-[5-(diethylamino)-2-[(3,5-dinitro-2-
thienyl)azo]phenyl]acetamide (CAS number: 58979-46-7, EC 
number: 261-540-2). The chemical structure is given in Fig. 1 
[20]. λmax values at Dianix Yellow Brown CC, Dianix Rubine 
CC, and Setapers Blue CE3R are 450, 530 and 620 nm, respec-
tively. And also, the composition of the wastewater is shown 
in Table 1.

2.2. Analysis methods and chemical

The color analysis has been performed according to EN 
ISO 7887 B [25] and, measured with Shimadzu UV/Vis 
1700 brand spectrophotometer using 50 mm optical quartz 
cuvettes. The limit values according to European norms 
are given in Table 3. The COD analysis has been performed 
according to SM 5220 D [26]. The surface morphology of 
the films morphologies was examined by scanning elec-
tron microscopy (SEM). nTiO2 is 21 nm in diameter and 
the SEM image for nTiO2 is given Fig. 2. The surface area 
of the nTiO2 is determined by the Brunauer–Emmett–Teller 
(BET) assay. The BET analysis report is given in Table 3.

2.3. Photocatalytic treatment

Semiconductor materials and lightly are used to remove 
organic pollutants. Titanium dioxide (TiO2) is widely used 
because of its abundant availability, cost-effectiveness, 
non-toxicity, high excitation binding energy, and excellent 
properties such as photocatalytic active crystal phases [27]. 
Commercially available TiO2 in various crystal forms and 
particle properties is photochemical stable. Photocatalytic 

Table 1
Characteristics of textile wastewater

Parameter Value

pH 4–4.5
COD (mg L–1) 1,025.44

Color (m–1)
46.2 (436 nm)
43.3 (525 nm)
18.9 (620 nm)

Fig. 1. Structure of N-[5-(diethylamino)-2-[(3,5-dinitro-2-thienyl)
azo]phenyl]acetamide.
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treatment can greatly reduce the organic pollution load of 
textile wastewater and similar wastewater [28].

The photocatalytic reaction is a chemical reaction 
based on the action of free radicals by the interaction of 
molecules of photons in solution at an appropriate energy 
level to remove undesirable contaminants [29]. Oxidation 
of colored substances using catalyst-assisted photon 
energy; has a remarkable position in the growth processes. 
Heterogeneous photocatalysis; paint is an advanced oxi-
dation process sufficient to provide oxidation of organics 
and inorganics containing [30].

In summary and in simplistic form, the relevant reactions 
at the semiconductor surface (TiO2) causing the degradation 
of dyes can be expressed as follows [19]:

TiO2 + hυ(UV) → TiO2 (e–
CB + h+

VB) (1)

TiO2(h+
VB) + H2O → TiO2 + •OHads + H+ (2)

TiO2(h+
VB) + OH– → TiO2 + •OHads (3)

TiO2(e–
CB) + O2(ads) → TiO2 + O2

•– (4)

O2
•– + H+ →HO2

•–  (5)

Dye + •OH → degradation products (6)

Dye + h+
VB → oxidation products (7)

Dye + e–
CB → reduction products (8)

There are 6 UV lamps in the reactor and the lamps have 
254 nm wavelength. Each lamp has a 6-watt power and the 
reactor has a total of 36 watts energy. TiO2 (21 nm) was used 
as the photocatalyst. The reactor vessel is a quartz vessel 
with a volume of 200 mL.

2.4. Adsorption treatment

Adsorption is one of the most simple, reliable, economi-
cal and efficient technologies among traditional wastewater 
treatment technologies [27].

The adsorption method is an effective method for remov-
ing contaminants such as color which are difficult to remove 
by conventional methods. Adsorption is an economically 
viable method, apart from the initial investment cost. The 
adsorption process is influenced by many physicochem-
ical factors such as surface area, particle size, temperature, 
pH, and contact time of the dye/sorbent interaction [31].

Natural adsorbents such as corn cob, rice husk, wood, 
wood clippings are involved in paint removal applications, 
but their effectiveness is higher on basic paints than acid 
paints. Since the usage of basic dyes is not very common 
in the textile industry, usage applications are limited [31].

Experiments have been carried out using 250 mL 
flasks and an adjustable stirrer in the adsorption system.

3. Results and discussion

3.1. Effect of pH

pH is an effective parameter in photocatalytic and 
adsorption methods. It has a significant effect on the 
retention of dyes. The pH value of the solution in photo-
catalytic reactions may affect the electrostatic charge on the 
surface of nTiO2. Therefore, pH is a factor determining the 
photocatalyst surface charge density and thus the photo-
catalytic oxidation efficiency. In the case of purification by 
adsorption, the adsorption of other ions is influenced by 
the solution pH, since hydronium and hydroxyl ions are 
strongly adsorbed. Besides the degree of ionization of acidic 
or basic compounds affects the adsorption.

In this study, the effect of pH on color and COD removal 
efficiencies has been investigated in the textile industry 
wastewater. In this study, 2,3,5,7,9 as pH are used for both 
processes considering 10 g L–1 as nTiO2 and 60 min as reaction 
time. COD removal efficiencies in treatment by photocata-
lytic and adsorption methods have been given in Fig. 3 and 
color removal efficiencies have been given in Fig. 4.

COD removal efficiencies which are shown in Fig. 3 
in the photocatalytic process is higher than the adsorp-
tion process. Removal efficiency is high at low pH in the 
adsorption method. Moreover, the COD removal efficiencies 
have appeared to decrease after pH 7 in the photocatalytic 

Table 2
European norm color limit values

436 nm 525 nm 620 nm

7 m–1 5 m–1 3 m–1

Fig. 2. SEM image for nTiO2.

Table 3
BET analysis report of nTiO2

Parameter Value 

Single point surface area (m2 g–1) 47.4130
BET surface area (m2 g–1) 44.8488
Single point adsorption total pore volume (cm2 g–1) 0.1571
Adsorption average pore width (by BET) (nm) 14.0123
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method. Fig. 4 show that color removal efficiencies have 
been high for both processes at low pH. Color removal 
efficiency decreases from 98% in pH 2 to 88% in pH 11 in 
the photocatalytic treatment method. While pH 2 has 94% 
removal efficiency, pH 11 decreases to 35% in the adsorption 
treatment method. Removal efficiency decreases around 
10% with a pH increase in photocatalytic treatment at dif-
ferent pH. However, the removal efficiency in the adsorp-
tion method tends to decrease considerably. The pH value of 
the textile wastewater used in the study is 4. pH 2 optimum 
results have been obtained in the photocatalytic and adsorp-
tion method. Therefore, since the pH value of the wastewa-
ter used in the study is low, it is possible to work with pH 2 
in commercial applications. COD removal efficiencies have 
been achieved 53.84% in the photocatalytic method and 
40.15% in the adsorption method for pH 2. Color removal 
efficiencies have been obtained to be 91.34%, 94.92%, 95.77% 
for adsorption and 98.05%, 98.15%, and 95.77% for photocat-
alytic, respectively at 436, 525 and 620 nm at pH 2.

Zeta potential analyses were measured with the zeta 
sizer brand Nano-ZS model device. The zeta potential values 

of nTiO2 as a function of pH are given in Table 4. Any change 
in solution pH will reposition the potentials of photocatalytic 
reactions and affect the surface charge of the TiO2 particles. 
It will bring about a change in reaction rate, respectively 
[19]. The zeta potential of TiO2 is maximum at low pH. Zeta 
potential decreases with increasing pH. Especially the zeta 
potential, which is positive up to pH 6–7, becomes negative 
after these values. At low pH, the surface charges turn out 
to positive values after the zero charge point (after pH 6.5) 
aggregation begins on the surface of the nanoparticles [32]. 
At more alkaline pH values, particle size starts to increase. 
And positively charged particles repel each other with the 
effect of low pH [33].

Depending on the pH, zeta potentials were found as 
negative at pH 9 and also, in low pH, zeta potential values 
were achieved as the positive values, in this study.

3.2. Effect of nTiO2 dose

Both processes have been studied for COD and decol-
orization parameters at 60 min reaction times at pH 2. 
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Fig. 3. Effect of pH on COD removal efficiency by adsorption and photocatalytic methods (C0–COD = 1,025 mg L–1; nTiO2 = 10 g L–1; 
t = 60 min; mixing speed = 150 rpm).
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Fig. 4. Effect of pH on color removal efficiency by adsorption and photocatalytic methods (C0–436 nm = 46.2 m–1; C0–525 nm = 43.3 m–1; 
C0–620 nm = 18.9 m–1; nTiO2 = 10 g L–1; t = 60 min; mixing speed = 150 rpm).
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nTiO2 dose between 1 and 20 g L–1 have experienced in the 
photocatalytic and the adsorption methods.

COD removal efficiency has been found 16.96% at 
1 g L–1 nTiO2 dose and 59.99% at 20 g L–1 nTiO2 dose in the 
adsorption method (Fig. 5). Besides that for the photocata-
lytic method has been achieved by 44.21% in 1 g L–1 nTiO2 
dose, and 61.05% in 20 g L–1 nTiO2 dose. As seen in Fig. 
5 COD values increased up with the dose 2.5 g L–1 nTiO2 

in the adsorption method and after that, no significant 
removal has been observed. Furthermore, in the photocat-
alytic method after 1.5 g L–1 nTiO2 dose COD removal rates 
were not increased as indicated in Fig. 5. COD removal 
has been acquired to 53.19% at 2.5 g L–1 nTiO2 dose in the 
adsorption method and 50.56% at 1.5 g L–1 nTiO2 dose in 
the photocatalytic method.

While the dose of nano-titanium dioxide with the 
lowest color removal was 1 g L–1 in both processes, it was 
observed that removal efficiency increased very slowly, 
above this value of nano-titanium dioxide. As specified 
in Fig. 6, the color measurements have been pursued 
at 435, 525, and 620 in order. Based on the wavelength 
(435nm, 525, and 620 nm) color removal efficiencies were 
obtained as 93.94%, 94.46%, and 93.65% respectively for 
the adsorption method at the dose of 2.5 g L–1 nTiO2 in 
the photocatalytic method with 1.5 g L–1 nTiO2 dose, these 
values have alternated at 95.89%, 97.23%, and 95.24%.

Although both methods have studied at the same pH, 
the efficiency of the adsorption method is obtained by 

Table 4
Zeta potentials of nTiO2 depending on the pH

pH Zeta potential (mV)

2 2.61
3 1.388
5 0.691
7 0.218
9 –3.33
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Fig. 5. Effect of nTiO2 dose on COD removal efficiency by adsorption and photocatalytic methods (C0–COD = 1,025 mg L–1; pH = 2; 
t = 60 min; mixing speed = 150 rpm).
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using a lower TiO2 dose in the photocatalytic method since 
TiO2 has high zeta potential in the photocatalytic method 
at low pH.

3.3. Effect of the reaction time

The reaction time of COD and color removal have been 
studied at pH 2 for both processes. Although the TiO2 dose 
was 2.5 g L–1 in the adsorption method, it was 1.5 g L–1 in 
the photocatalytic method. In Figs. 7 and 8 have been given 
COD and color removal efficiencies.

Fig. 7 shows that there is a very slow rise in COD 
removal performances up to 60 min for both processes. 
Also, after 60 min, the change in removal efficiency change 
has happened too little. While COD removal efficiency 
was found of 53.55% for 15 min and 59.87% for 240 min in 
the adsorption process, efficiency was found of 51.77% for 
15 min and 60.80% for 240 min in the photocatalytic process. 
COD removal efficiencies for 60 min have been obtained as 

58.07% and 57.59% in adsorption and photocatalytic meth-
ods, respectively.

Color removal efficiencies were found upon 90% in both 
processes. The color removal efficiencies were shown in 
Fig. 8 as 95.24%, 95.15%, and 96.83% for 436, 525 and 620 nm 
for adsorption method at 60 min reaction time. The removal 
efficiencies for the same wavelengths have been obtained 
95.24%, 96.31%, and 94.71% in the photocatalytic method, 
respectively.

3.4. Kinetic analysis of COD and color removal efficiencies

Adsorption and photocatalytic treatment efficiencies 
were examined in four different kinetics. The equations of 
the studied kinetic models are given.

ln
C
C

k t0 = ⋅  [34] (9)
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Fig. 8. Effect of reaction time on color removal efficiency by adsorption and photocatalytic methods (C0–436 nm = 46.2 m–1; C0–525 nm = 43.3 m–1; 
C0–620 nm = 18.9 m–1; pH = 2; nTiO2(ads) = 2.5 g L–1; nTiO2(ads) = 1.5 g L–1; mixing speed = 150 rpm).
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1 1
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2  [37] (12)

Reaction rate constants and regression coefficients (R2) 
according to first-order, second-order, pseudo-first-order 
and pseudo-second-order kinetic models are given in the 
tables.

Table 5 shows that the reaction rate (k) and regression 
coefficient (R2) values of the kinetic models inspected on 
COD removal efficiencies for both methods. The pseudo- 
second-order model is significant among the kinetic 
models. The regression coefficient and k value of the 

second-order model for the adsorption method were 1 and 
0.00069 L dk–1 mg–1, respectively. In addition, for the photo-
catalytic method with the pseudo-second-order equation, R2 
and reaction rate constant (k) has been calculated as 0.9999 
and 0.00022 L mg–1 min–1.

By using the kinetic models along with the calculated 
k, and R2 values are listed in Table 6, the color removal effi-
ciencies have been determined, for the adsorption method. 
The pseudo-second-order model is significant among the 
kinetic models as well as its were significant COD kinetic 
model. According to the pseudo-second-order equation, 
R2 and k values were calculated for three different wave-
lengths. At the adsorption method, according to the pseudo- 
second-order equation, R2 and k values were calculated 
for three different wavelengths. The results can be sum-
marized as, R2 = 1 and k = 0.00069 L mg–1 min–1.for 432 nm, 
R2 = 0.9998, k = 0.08 L mg–1 min–1 for 525 nm, and R2 = 0.9999, 
k = 0.05863 L mg–1 min–1 for 620 nm.

The k and R2 values of the kinetic models investigated 
on the color removal efficiencies have been given in Table 
7 for the photocatalytic method. The pseudo-second-order 
model is significant among the kinetic models. R2 values cal-
culated by pseudo-second-order equations are determined 
as 0.9998, 0.9999 and 0.9998 for 436, 525 and 620 respectively, 
while the k values are figured out, as 0.03971, 0.05952 and 
0.05483 L mg–1 min–1 in order.

The theoretically calculated COD and color values, by 
using the reaction rate constant and equilibrium concentra-
tion were acquired from the pseudo-second-order kinetic. 
The comparison of the theoretical and the experimental 
results have shown in Figs. 9–11.

As shown in Fig. 9, theoretical COD and experimen-
tal COD results were both decreased similarly depending 
on the reaction time, for two methods. Theoretical color 

Table 5
k and R2 values for COD removal efficiency

Kinetic model
Adsorption Photocatalytic

R2 k R2 k

First-ordera 0.6617 0.0006 0.3559 0.0006
Second-orderb 0.6716 0.000001 0.3442 0.000001
Pseudo-first-orderc 0.9303 0.0207 0.9459 0.0276
Pseudo-second-orderd 1 0.00069 0.9999 0.00222

ak unit: min–1; bk unit: L mg–1 min–1; ck unit: mg L–1 min–1; dk unit: 
L mg–1 min–1

Table 6
k and R2 values for color removal efficiencies in adsorption method

Kinetic model
436 nm 525 nm 620 nm

R2 k R2 k R2 k

First-ordera 0.0768 0.005 0.2955 0.0016 0.5787 0.0043
Second-orderb 0.5931 0.0117 0.5016 0.0019 0.5931 0.0117
Pseudo-first-orderc 0.0878 0.00346 0.1989 0.00138 0.1587 0.00299
Pseudo-second-orderd 1 0.5198 0.9998 0.08 0.9999 0.05863

ak unit: min–1; bk unit: L mg–1 min–1; ck unit: mg L–1 min–1; dk unit: L mg–1 min–1

Table 7
k and R2 values for color removal efficiencies in photocatalytic method

Kinetic model 436 nm 525 nm 620 nm

R2 k R2 k R2 k

First-ordera 0.2969 0.004 0.3317 0.004 0.2621 0.0032
Second-orderb 0.3147 0.0092 0.3062 0.0022 0.3147 0.0092
Pseudo-first-orderc 0.2094 0.00599 0.5088 0.00737 0.2021 0.00392
Pseudo-second-orderd 0.9998 0.03971 0.9999 0.05952 0.9998 0.05483

ak unit: min–1; bk unit: L mg–1 min–1; ck unit: mg L–1 min–1; dk unit: L mg–1 min–1
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concentration results calculated with the pseudo-second- 
order kinetic model, and experimental results are presented 
in Figs. 10–11 for the adsorption method and the photo-
catalytic method. Figs. 10 and 11 show that the color con-
centrations decrease as the reaction time increases. When 
the kinetic model was examined, significant results have 
obtained depending on 3 different wavelengths. In particu-
lar, at 420 nm wavelength, the theoretical results have been 
overlapping one to one with the experimental results.

4. Conclusions

Textile wastewater has shown different characteristics 
due to the dyestuffs used in production. In this study, textile 
dyeing wastewater from the dyehouse containing Dianix 
Yellow Brown CC (0.22%), Dianix Rubine CC (0.79%) and 
Setapers Blue CE3R (0.015%) dyes were used. There are no 

studies in the literature about textile wastewater contain-
ing these dyes. It was aimed to treat wastewater by using 
adsorption and photocatalytic methods using nano-tita-
nium dioxide (nTiO2). Optimum COD and color removal 
efficiencies have been determined for these two methods.

Optimum textile wastewater treatment parameters were 
determined as pH 2, 30 min reaction time, 2.5 g L–1 nTiO2 
dose and 25°C temperature for the adsorption process. And 
also for the photocatalytic treatment process, optimum 
parameters were obtained as pH 2, 60 min reaction time 
and 1.5 g L–1 nTiO2 dose. While under optimum conditions 
for COD removal have been supplied 50% efficiency for 
the photocatalytic treatment and 55% efficiency has been 
reached by adsorption treatment. Color removal efficien-
cies were found as 95% and 93% with the usage of optimum 
parameters for photocatalytic treatment and adsorption 
treatment, respectively.
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