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a b s t r a c t

This study concerns the decolorization, dearomatization, mineralization and detoxification of the 
azo dye “Direct Yellow 11” using heterogeneous UV-TiO2 process. Eco-toxicological evaluation was 
conducted using three-days of seed germination and root growth of dicotyledonous plant (Lepidium 
sativum L). Dependence of initial decolorization and mineralization rate on catalyst mass was inves-
tigated; meanwhile,hydroxyl radical portionin photocatalytic degradation of dyehas been evaluated 
in different catalyst concentrations. There was an unexpected increment in the toxicity of solution 
within the first 60 min of illumination. Although maximum decolorization and mineralization rates 
were obtained in alkaline pH, the highest detoxification rate was achieved in natural pH. In the pH 
values of 5, 6.8 and 9, adsorption constants in dark and photocatalytic degradation were determined; 
consequently, only at pH of 5 rate data was fitted correctly to the Langmuir–Hinshelwood kinetic 
model. Detoxification rate was increased slightly with the hoist of temperature and activation energy 
for photocatalytic decolorization and mineralization processes have been determined. Energy con-
sumption was investigated in different dye concentrations and effective concentration (EC50) of target 
dye was determined as 38.30 ± 0.79 (mg/L). Biodegradability of treated effluent of dye has also been 
investigated using ratio of biological oxygen demand to chemical oxygen demand (BOD5/COD).

Keywords:  Azo dye; Bioassay; Eco-toxicity; Energy consumption; Langmuir–Hinshelwood kinetic; 
Photocatalysis; Suspended reactor

1. Introduction

Textile industry produces nearly 108 ton of dyes annu-
ally in which azo dyes account for about 70% [1]. Accord-
ing to the estimates 2.8 × 105 tons of dyes are discharged into 
water sink; this is aesthetically undesirable and toxicity of 
these dyes caused death of the aquatic living species [2,3]. 
Meanwhile, azo dyes and their degradation products might 
be mutagenic and/or carcinogenic to microorganisms and 
humans [4]. Among the dye stuffs, basic, diazo and direct 
dyes showed the highest toxicity [5]. Dyes are mostly resis-
tant to biodegradation and traditional physical methods do 
not result in effective degradation of them [3]. However, 

photocatalytic oxidation (PCO), especially using titanium 
dioxide (TiO2) as catalyst, can deal constructively with the 
problem of dye destruction and several review articles deals 
with PCO of dyes using UV-TiO2 process [5–7]. Whereas solar 
irradiation could be used as light source for PCO process, 
artificial light (UV lamp) is reported to be more efficient [8]. 
Meanwhile, due to the large surface area and efficient mass 
transfer in suspension or slurry systems, they are known as 
most effective reactor type for the PCO [6]. 

An important drawback of PCO process is that oper-
ational costs are relatively high and they often are too 
expensive to be applied as exclusive treatment [9]. Further-
more, due to the formation of resistant intermediates per-
fect mineralization of dye compound takes long time and 
it can be rarely achieved in an economically and environ-
mental friendly way [10]. In order to make the PCO pro-
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cess more economic and efficient, several strategies such as 
application of UV-LED lamps or controlled periodic illumi-
nation (CPI) have been applied [11–13]. However, it is clear 
that with reduction of illumination time, energy consump-
tion of PCO process can be reduced considerably. From the 
previous results it could be conclude that complete miner-
alization of dye compound it is not necessary; because the 
organic intermediate molecules which have been produced 
after some illumination are easily biodegradable and pres-
ent very low toxicity values [14]. Furthermore, according to 
the Clean Water Act law, complete detoxification of polluted 
wastewaters could be considered as successful endpoint of 
treatment; this law prohibits the discharge of toxic pollut-
ants in toxic amounts [15]. However, mechanism of PCO 
process is unpredictable and generated hydroxyl radicals 
in this process are non-selectively attack organic chemicals 
[11,16]. Therefore, various intermediates could be produced 
during the PCO of azo dyes and their toxicity play a crucial 
role in degradation process. It has frequently reported that, 
byproducts obtained by application of PCO processes show 
higher toxicity than the precursor dye compound [5,17,18]. 
Consequently, detection of intermediates and evolution of 
their toxicity during the PCO process is very important. 
Identification of the intermediates by modern analytical 
techniques (e.g. LC–UV/Vis, RP–HPLC, GC–MS and LC–
MS) has been extensively studied by various authors and 
reviewed by Hisaindee et al. [19]. However, these methods 
are very costly and they are not widely available. Mean-
while, toxicity level of identified intermediates should be 
controlled afterwards [10]. However, toxicological behavior 
of unknown compounds could be successfully evaluated by 
direct toxicity testing systems [20]. Environmental Protec-
tion Agency (EPA) has also developed methods for estimat-
ing the toxicity of discharged wastewater and toxicological 
evaluation was included as suitable technique for regulat-
ing the quality of a permitted discharge [15]. To evaluate 
the detoxification of dyes several direct toxicity techniques 
have been developed and among them, seeds germinated 
and root growth of Lepidium sativum L. (LSL) plant were suc-
cessfully used for toxicity testing of dye pollutants and their 
degradation byproducts [10,21]. This plant is repeatedly 
used to assess the eco-toxic risks from wastewater sources, 
river pollution, and industrially polluted soils [10]. LSL has 
advantage offered by some morphological and physiologi-
cal properties (small size and high growth rate); meanwhile, 
it could grow in a wide range of pH values (3.5–10) [22].

Whereas effect of operational parameters is usually 
followed only by monitoring the decolorization and/or 
mineralization of target dye(s), in the main part of current 
work effect of catalyst concentration and solution pH on 
detoxification of dye polluted wastewater by PCO process 
has been studied. Degradation rate in different pH val-
ues was described based on the Langmuir–Hinshelwood 
(L–H) kinetic model and effect of catalyst concentration on 
hydroxyl radical generation was investigated. Activation 
energy for decolorization and mineralization processes 
was determined and toxicity reduction has been evaluated 
in various operating temperatures. Using different initial 
concentrations of dye electrical energy consumption and 
effective concentration (EC50) have been evaluated and bio-
degradability of effluent was appraised based on (BOD5/
COD) and toxicity values.

2. Materials and methods

2.1. Reagents and reactor 

Titanium dioxide (Degussa P25) catalyst provided 
by Degussa Company (Frankfurt, Germany) was used 
throughout this work without further modification. Its 
main physical data are BET surface area of 50 m2/g and the 
average particle diameter of 30 nm, with about 80% anatase 
and 20% rutile structure [14]. The Direct Yellow 11 (DY11) 
azo dye C16H10N2Na2O7S2 (CI No: 40000, CAS No: 1325-37-7) 
was provided from AlvanSabet Company (Hamedan, Iran) 
with the purity of more than 98% (HPLC analysis). The 
molecular structure of this dye is shown in Fig. 1. Acidic 
or alkaline medium was obtained by addition of solutions 
of either hydrochloric acid or sodium hydroxide to the 
aqueous solutions containing the substrate; ethanol used to 
quench the hydroxyl radicals, were all Merck products. Dis-
tilled water was used to prepare the solutions. 

A circulating up-flow annular and symmetric vertical 
Pyrex container with a conic body shape and capacity of 
about one liter was used as reactor. The UV lamp, Sunkun 
Co. Ltd. (Shenzhen, China), was mercury 250 W with 6.5 
cm body length in the wavelength range of 280–400 nm 
and the maximum lamp emission of 365 nm measured by 
(TOPCON UV-R-1 spectroradiometer, Tokyo, Japan) was 
positioned centrally in the reactor and the quartz tube was 
used to hold the lamp. Details and schematic view of the 
constructed photo-reactor has been provided in Supple-
mentary Information.

2.2. Experimental procedure

In this study initial DY11 concentration, in most cases, 
was set at 50 (mg/L) which was within the range of typical 
concentration in real textile wastewater [23,24]. For regulat-
ing the temperature, the reactor was equipped with a water-
flow jacket (Fig. S1 – Supplementary Information); before 
each experiment one liter of dye solution was transferred to 
the reactor and external water flow with desire temperature 
(in most case 25°C) had circulated around the dye solution. 
When the desire internal temperature is reached, the pH of 
solution was adjusted using dilute NaOH or HCl solutions 
by means of a pH meter (Elico LI 127). Thereafter, known 
amount of TiO2 (in most case 90 mg) was added to the dye 
solution and lamp was switched on. For evaluation of decol-
orization and mineralization of target dye samples (4 mL) 
were taken at 15 and 30 min intervals; after separation of the 
catalyst particles by centrifuging, decolorization analysis 
were performed with UV-Vis spectrophotometer (Systron-
ics 168, Systronics India Limited, Delhi, India), measuring 
the absorbance at appropriate maximum wavelength (λmax) 
at 404 nm in different pH values of 3, 5, 6.8 (natural), 9 and 
11. Experiments were carried out at the isosbestic wave-

Fig. 1. Chemical structure of Direct Yellow 11 (DY11) azo dye.
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length, but with increase in the pH the absorbance peak has 
been increased; hence, the appropriate calibration curves 
were used (Fig. S2 – Supplementary Information). To inves-
tigate the mineralization of dye, chemical oxygen demand 
(COD) was measured using a closed reflux digester reactor 
(HACH, DRB 200, Colorado, USA). Accordingly, after sep-
aration of catalyst, 2 ml of DY11 solution was added to the 
tubes containing potassium dichromate and sulfuric acid; 
these tubes with premeasured reagents are available com-
mercially. The samples are then digested for 2 h at 150°C. 
During the digestion, almost all of the DY11 molecules 
are oxidized with the dichromate (Cr2O7

2–); this reaction 
reduces the dichromate ions to the chromium (Cr3+). While 
the dichromate ions are visible at 400 nm, the chromium 
ions are at about 600 nm. Therefore, COD could be quanti-
fied by colorimetric determination using a spectrophotom-
eter at 600 nm, which measures the light absorbance by the 
sample and correlates it to the COD value. The degrada-
tion efficiency or conversion (X%) of DY11 at any time was 
obtained by:

X
C C

C
% =

−
×0

0

100  (1) 

where C0 is the concentration of DY11 before illumination 
and C is the concentration of DY11 after time t. According 
to Eq. (1), the COD reduction efficacy was also determined 
while C0 is the initial COD value of DY11 and C is the COD 
value (mg O2/L) at a given time (t). Dearomatization was 
monitored by (A/A0) percentage, using peak intensity of 
DY11 solution in wavelength of around 250 nm, absorbance 
peak around this wavelength is attributed to the aromatic 
rings [25,26]; where A0 is the initial measured absorbance 
and A is the peak intensity of treated solution at a given 
time.

2.3. Bioassay

Toxicity tests were carried out based on standard pro-
tocol [10]. The dicotyledonous garden cress LSL was used 
as indicator and seed germination as well as root measure-
ment were conducted to evaluate the toxicity of DY11 and 
its degradation byproducts. The seeds were purchased from 
local market and all the seeds were examined and selected 
before the toxicity test under a magnifier (X5) meaning that 
seeds discolored, physically damaged or abnormally low 
were removed. While the pH of sample was 5, 6.8 (natural) 
or 9, a positive control was performed using sterile distilled 
water and the pH was adjusted to the desire values of 5, 
6.8 (natural) or 9 with dilute hydrochloric acid or sodium 
hydroxide solutions. To determine the germination degree 
length of the main root was measured with a ruler against a 
black background. Samples were collected in 60 min inter-
vals and catalyst particles were removed by centrifuging. 
Each sample was tested in an individual 10 cm Petri dish as 
container. Three layers of absorbent 9 cm round filter paper 
were placed at the bottom of the containers and seeds were 
evenly distributed and then 4 mL of sample were added to 
it. The containers were incubated for 72 h in a dark growth 
chamber at room temperature (25°C) and 90% relative 
humidity; the germination index (GI) was used to record 
the percentage of germination [21]: 
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where SS and SB were the average number of germinated 
seeds for the sample and blank; LS and LB were the mean 
root length of seeds for the sample and blank, respectively. 
Fifteen seeds were distributed in each Petri dish and four 
replicate plates were used for each isolate; consequently, all 
the 60 obtained data have been analyzed by SPSS (Version 
22.0) statistical package software for determination of GI 
using mean root length and average number of seeds ger-
minated; standard division of these quantities was also cal-
culated. One-way ANOVA was carried out to compare the 
means of different treatments as well as differences between 
individual means and control mean; when multiple regres-
sion analysis was performed using stepwise method and 
probability to F-enter = 0.05. It has been reported that the 
GI below the 40% indicates a high toxicity, value ranging 
from 40% to 60% represents the moderate toxicity and val-
ues more than 60% show the low toxicity [27,28]. 

The five-day biochemical oxygen demand assay (BOD5) 
was carried out to evaluate the changes in biodegradabil-
ity of the samples, according to the standard respiromet-
ric method [29], with a BOD system (VelpScientifica) and 
PolySeed® inoculum (Interlab®). The BOD5 value was deter-
mined for DY11 with initial concentration of 50 mg/L and 
its degradation byproducts.

2.4. Dark surface adsorption

At the pH of 5, 6.8 and 91L of suspension containing of 
known concentration of dye (10–80 mg/L), in presence of 
catalyst (90 mg) was circulated in darkness for up to 45 min. 
Data obtained from the adsorption experiments was fitted 
to the modified empirical Langmuir equation [30]: 

C
Q Q K

C
Qads

= +
1

max max

  (3)

where Qmax is the maximum absorbable dye quantity (mg/g) 
and Kads is the equilibrium constant for adsorption (L/mg); 
the adsorbed quantity (Q in mg/g) was calculated as:

Q
V C

m
=

∆   (4)

where ∆C is the difference between initial and equilibrium 
concentration (C0 and C in mg/L), V is the solution volume 
(L), and m is the mass of TiO2 (g). In order to find adsorption 
equilibrium time, samples were taken each 5 min and cata-
lyst particles were removed by centrifuging.

2.5. Electrical energy per order of magnitude (EEO)

For the cases that are following the pseudo-first-or-
der kinetic model, EEO (kWh/m3/order) is the number of 
electrical energy required to reduce the concentration of 
a pollutant by one order of magnitude (90%) in 1 m3 of 
contaminated water in ideal batch reactors. EEO has been 
accepted by the International Union of Pure and Applied 
Chemistry (IUPAC) and cost of treatment can be deter-
mined by this parameter. It can be calculated using the fol-
lowing formula [30,31]:
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where P is the lamp power (kW), V is the treated volume (L), 
C0 and C are the initial and final dye concentrations (mg/L) 
and t is the time of irradiation (min). When assuming the 
pseudo-first-order equation, the following can be applied: 
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where kobs is the pseudo-first-order rate constant (1/min) 
and t is the time of reaction (min). So, Eq. (5) can be trans-

formed as simplified form of E
P

VkEO
obs
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3. Results and discussion

3.1. The influence of catalyst loading

3.1.1. Effect of catalyst concentration on decolorization  
of DY11

The influence of catalyst concentration on PCO rate of 
DY11 with initial concentration of 50 mg/L in ambient tem-
perature (25°C) and its natural pH 6.8 has been presented 
in Fig. 2. The reaction rate increased by raising the catalyst 
concentration (up to 90 mg/L); this could be due to the 
increase in active site of catalyst and generation of more 
hydroxyl radicals; meanwhile, more dye molecules can be 
adsorbed on catalyst surface. However, adding the higher 
amount of catalyst (more than 90 mg/L) can increase the 
opacity of suspension and decreases the reaction rate [32].

The relationship between the initial rate of PCO and cat-
alyst concentration can be described as follows [30]:

r dyeCatalyst n
0α[ ] [ ]   (7)

As it can be seen in Fig. 3, dependence of the TiO2 con-
centration on the initial decolorization rate of DY11 follows 

the similar relationship (rDecolorizationα[TiO2]
0.72), when the TiO2 

concentration is less than 90 mg/L.
While the most effective concentration of TiO2 Degussa 

P-25, which is depends on reactor geometry and substrate 
nature, has been reported between 0.1–5.0 g/L [33], opti-
mum concentration of catalyst in this investigation has 
been obtained as 90 mg/L. Using the same photo-reactor, 
very low optimum concentration of TiO2 (≤ 0.1 g/L) was 
achieved in the previous works too [24,34–36]. Hence, this 
reactor is designed well to work with low concentration 
of catalyst; this could be accelerated the catalyst recovery 
stage and lower price should be spent for catalyst.

3.1.2. Effect of catalyst concentration on dearomatization, 
detoxification and mineralization

Effect of catalyst concentration (0, 30, 60 and 90 mg/L) 
on dearomatization, detoxification and mineralization pro-
cesses has been also studied and results have been illus-
trated in Table 1. Dearomatization processes was monitored 
by measuring the peak intensity at about 250 nm. Mineral-
ization process has been monitored by COD values and bio-
assay test was conducted in order to evaluate the toxicity of 
DY11 and its photodegradation byproducts using the LSL 
plant. These experiments were performed in ambient tem-
perature (25°C) and natural pH (6.8). The initial concentra-
tion of DY11 was 50 mg/L and initiative COD and GI values 
for this solution were 46 mg O2/L and 14%, respectively. 

In the structure of azo dyes like DY11, the azo linkage 
(–N=N–) is particularly susceptible to electrophilic attack 
by hydroxyl radical [18]. Therefore, increase of the absor-
bance peak in the UV region (about 250 nm), in the first 60 
min of the reaction, could be explained by the formation of 
the aromatic byproducts as a result of azo band cleavage. 
However, no increase of the absorbance in the UV region 
was observed during the decolorization of some azo dyes; 
adsorption of the generated byproducts on catalyst surface 
has been reported to be the main reason of this observation 

Fig 2. Effect of the amount of TiO2 on PCO rate constant; [DY11]0 
= 50 (mg/L), T = 25°C and pH = 6.8 (natural).

Fig. 3. Relationship between ln(kobs) and ln(TiO2 mass); [DY11]0 = 
50 (mg/L), T = 25°C and pH = 6.8 (natural).
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[18]. In the current study, the concentration of catalyst was 
low; thus, the adsorption sites on catalyst surface is lim-
ited and low tendency of generated intermediated could be 
adsorbed. Therefore, UV250 peak intensity has been increased 
in early moments of illumination. The UV-Vis spectra anal-
ysis as well as image of germination and root growth of LSL 
during the PCO process can be found in the Supplementary 
Information. Although the obtained data from current work 
does not allow the precise identification of generated inter-
mediate, the major intermediates which could be generated 
during the PCO of azo dyes are reported to be substituted 
phenols, aromatic hydroxyl amines and nitroso compounds 
[7]. The aromatic amines which could be produced by oxi-
dative cleavage of the azo bond are considered as hazard-
ous substances and the use of azo dyes which, by reductive 
cleavage, may release certain amines at concentrations more 
than 30 mg/L has prohibited by European Commission [37].

As it can be seen in Table 1, during the PCO of DY11 
dearomatization and detoxification trends are in reasonably 
good agreement. In the first 60 min of irradiation, the obtained 
spectra show the increase in absorbance peaks at about 250 
nm; meanwhile, the toxicity of the solution was also increased 
in this period. With increase in the catalyst mass, in first 60 
min of irradiation, the number and/or concentration of toxic 
intermediates have been increased too. For illumination times 
longer than 60 min, absorbance peaks at around 250 nm and 
solution toxicity tended to decrease and with increasing in 
catalyst mass these trends were accelerated. 

While for illumination times longer than 180 min 
higher detoxification and mineralization can be expected 
for the PCO process, for the case of photolysis (no catalyst) 
these changes were not considerable. COD and GI values 
as well as absorbance peaks at around 250 nm have been 
decreased modestly in the first 180 min of irradiation and 
approximately leveled off after this time; this could be 
due to the formation of stable intermediates which are not 
more degradable by photolysis process. Thus, presence of 
catalyst is essential for an effective detoxification and min-
eralization of DY11. The COD removal rate of DY11 using 
catalyst concentrations of 30, 50, 60 and 90 mg/L have been 
expressed by the pseudo-first-order kinetic model and the 
related rate constants were calculated as 3.3 × 10–3, 4.8 × 10–3, 
5.9× 10–3and 8.2 × 10–3 1/min, respectively. As it can be seen 
in Fig. 4, the relationship between the initial rate of DY11 
mineralization and TiO2 concentration,according to Eq. (7), 
was determined as (rMineralizationα[TiO2]

0.83).

Therefore, compare to the decolorization process, min-
eralization of DY11 was more dependent on the catalyst 
concentration. The obtained data indicate that, optimum 
catalyst concentration for decolorization of DY11 (90 mg/L) 
shows the highest efficiency in the detoxification and miner-
alization processes too. Using the optimum catalyst concen-
tration, 0.75 kWh energy was consumed to reach the nearly 
complete detoxification (GI = 93%); while in this stage only 
78% of dye was mineralized and to reach the almost com-
plete mineralization (94% COD reduction), 1.5 kWh energy 
was required. 

3.2. Investigation on active species

In some of previous researches the PCO was constituted 
into two paths only: (1) bulk degradation by hydroxyl rad-
icals (•OH) and (2) degradation of pollution by positive 
holes during the adsorption on catalyst surface [24,30]. In 
order to evaluate these two paths, experiments have been 
conducted by adding the radical scavenger (e.g. ethanol) 
to the solution. Consequently, obtained data was used to 
calculate the contribution of hydroxyl radicals and/or elec-

Fig. 4. Relationship between ln(kobs) (for COD reduction) and ln 
(TiO2mass); [DY11]0 = 50 (mg/L), T = 25°C and pH = 6.8 (natural).

Table 1
Effect of catalyst concentration on mineralization, detoxification and dearomatization of DY11 during the photodestruction process; 
[DY11]0 = 50 (mg/L), T = 25°C and pH = 6.8 (natural)

Reaction time 
(min)

COD removal% GI% (A/A0)% about 250 nm

TiO2 mass (mg/L) TiO2 mass (mg/L) TiO2 mass (mg/L)

0 30 60 90 0 30 60 90 0 30 60 90

60 5 18 23 37 23 12 11 8 91 109 118 131
120 8 34 48 64 34 38 49 59 85 71 53 37
180 11 45 64 78 49a 62 78 93a 76 60 37 9
240 12 54 75 86 53a 84a 91a 98a 72 49 15 3
300 14 64 84 91 56a 90a 97a 100a 69 38 8 0

Values followed by the same letter within the same column do not differ significantly from each other at the 5% level of probability.
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tron-hole portion. However, recent researches indicate that 
main active species in the PCO process are holes, electrons, 
•OH and O2•−; meanwhile, contribution of these species 
should be measured exclusively [38,39].

To study the role of •OH species, experiments were per-
formed, with different amounts of added ethanol as radical 
scavenger [35]. Consequently,the contribution •OH in deg-
radation process using catalyst concentrations of 30, 60 and 
90 mg/L at different times are determined and illustrated in 
Fig. 5. Further background information can be found in the 
Supplementary Information.

With increase in reaction time and catalyst concentration 
the portion of •OH in dye degradation increased too. In Fig. 
5, the written number on each column represents the per-
centage of oxidize dye via •OH; for instance, using catalyst 
concentration of 90 mg/L after 30 min of illumination totally 
55% of DY11 was degraded and from this amount 22% was 
oxidized by•OH; consequently, almost 40% of total degrada-
tion in this time was accomplished by •OH. Dye degradation 
via hydroxyl radicals has been enhanced by increase in cat-
alyst concentration and reaction time. With increase in cata-
lyst concentration more active site would be available in the 
suspension; so, more hydroxyl radicals could be generated. 
Meanwhile, the average distance of molecular diffusion of 
hydroxyl radicals depends on the nature and concentration 
of the adsorbed substrate [40,41]. During the illumination 
several intermediates could be produced and adsorbed on 
the TiO2; hence, a part of catalyst surface engages on interac-
tion with them. The enhancement in •OH portion during the 
reaction could be due to this phenomenon.

3.3. Effect of pH

3.3.1. Effect of pH on surface adsorption and decolorization 
of DY11

For studying the adsorption of DY11 on catalyst surface 
in the initial pH values of 3, 5, 6.8, 9 and 11, solution con-
taining 50 mg/L of dye and 90 mg/L of catalyst, has been 

circulated in absence of UV light for up to 45 min in ambient 
temperature and percentage of dye adsorption on catalyst 
surface was determined; results are presented in Table 2. 
The point of zero charge (PZC), for TiO2 (Degussa P25), in 
water is around pH 6.8 [32]; therefore, at acidic pH, the par-
ticle surface is positively charged, while at pH > 6.8, it is 
negatively charged. Generally, predictable trend of DY11 
adsorption on catalyst surface has been observed; at pH of 
5, electrostatic attraction between positively charged TiO2 
surface and negatively charged sulfonic group leaded to 
strong adsorption. Lowering of the pH of the solution (pH = 
3) makes the TiO2 particles aggregated; hence, dye adsorp-
tion value was reduced slightly. At the initial pH of 9 and 11, 
TiO2 surface becomes negatively charged and low tendency 
to be adsorbed due to electrostatic repulsion between the 
dye sulfonic groups and catalyst surface.

The effect of pH on the PCO of DY11 has also been stud-
ied at same range of pH 3–11. As it can be seen in Table 2, pH 
plays an important role in the PCO of DY11. At acidic initial 
pH of 3 and 5, relatively low rate constants were obtained, 
while the rate constant has been enhanced in alkaline 
medium. The obtained data in this work are in agreement 
with the previous reported results [7]. In alkaline solution, 
by oxidizing the hydroxide ions available on TiO2 surface 
more hydroxyl radicals could be generated, so the efficiency 
of the PCO process is logically enhances [7]. However, the 
hydroxyl radicals could be rapidly scavenged at high pH 
values (pH = 11) that reduce the PCO rate [32]. On the other 
hand, agglomeration of TiO2 particles in the acidic condition 
can reduce the dye adsorption and PCO efficiency [32].

3.3.1. Effect of pH on dearomatization, detoxification and 
mineralization of DY11

Although, the dicolorization of dye polluted wastewa-
ters can be an important achievement for the PCO process; 
but, the main propose of this process is the mineralization 
and reduction of the toxic properties of the target pollu-
tions. Consequently, efficiency of mineralization and detox-
ification processes were evaluated in acidic and alkaline 
mediums (initial pH values of 5 and 9); dearomatization of 
dye was also followed by monitoring the absorbance peaks 
at around 250 nm (UV250) and results have been shown in 
Table 3 (related data to the natural pH (6.8) can be found in 
Table 1). Data indicate that, after nearly complete decolor-
ization (90%) of DY11 with initial concentration of 50 mg/L 
in presence of TiO2 (90 mg/L) in the pH values of 5, 6.8 and 
9 solution not mineralized yet and had toxic properties.

In pH of 9, during the first 60 min of reaction, toxic-
ity and UV250 wavelength absorbance peak was increased 
faster than natural pH. Meanwhile, despite the decoloriza-

Fig. 5. The contribution of hydroxyl radical in degradation of 
DY11 by different catalyst concentrations; [DY11]0 = 50 (mg/L), 
T = 25°C and pH = 6.8 (natural).

Table 2
Adsorption of DY11 on catalyst surface and PCO rate constant 
in different initial pH values; [DY11]0 = 50 (mg/L), [TiO2] = 90 
(mg/L) and T = 25°C.

pH 3 5 6.8 9 11

Dark adsorption%  
(after 45 min)

1.53 1.58 1.41 0.38 0.32

kobs × 102 (1/min) 1.80 1.92 2.41 2.97 2.60
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tion and mineralization rate in alkaline pH was higher than 
natural pH, more energy has been consumed for nearly 
complete detoxification of dye. Thus, in alkaline medium 
more number and/or concentration of toxic intermediates 
have been generated and remained in solution than natural 
pH. Generally, the relationship between the detoxification 
and the UV250 removal trend show that the prerequisite of 
complete detoxification was a striking reduction (nearly 
perfect removal) in aromaticity. Consequently, peak inten-
sity at UV250 that was closely related with the toxicity reduc-
tion could be considered as the control parameter for the 
detoxification of the tested compound. The obtained data 
in the current work are in good agreement with the previ-
ous reported results[25,26]. In pH 9, the required energy for 
almost complete detoxification (GI = 94%) was determined 
to be 1.0 kWh and in this stage near to 89% of dye has been 
mineralized. In the pH of 5, no increase was observed in 
solution toxicity as well as absorbance peaks at around 
250 nm. As it has been described hydroxyl radicals play an 
important role in PCO of DY11; at low pH the hydrogen ions 
interact with azo linkage and decrease the electron densities 
at azo group. Consequently, the reactivity of hydroxyl radi-
cal by electrophilic mechanism decreases and the azo band 
cleavage reduces [7]. Thus, less aromatic intermediates 
could be formed in acidic medium. Meanwhile, the gener-
ated intermediates could be adsorbed on positively charged 
catalyst surface. To reach the almost complete detoxification 
(GI = 96%) in the pH of 5, nearly 1.0 kW h energy was con-
sumed and 79%of dye was mineralized in this stage. Dis-
similar toxicity reduction and mineralization rate in the 
examined pH values can be attributed to the generation 
of different type and/or concentration of intermediates in 
those mediums. Meanwhile, pH of solution can affect the 
adsorption of generated intermediates on catalyst surface.

3.4. Effect of temperature 

The effect of temperature on decolorization rate, dark 
surface adsorption, toxicity reduction and mineralization 
rate of target dye has been studied. The PCO of dye, with 
initial concentration of 50 mg/L, was carried out in natu-
ral pH and catalyst concentration of 90 mg/L. Although 

increase in temperature goes against the adsorption of 
DY11 on the catalyst surface, PCO decolorization and min-
eralization rate was increased with the hoist of temperature 
(Table 4).

According to the obtained data (Fig. 6), the apparent 
activation energy (Ea), using Arrhenius equation [30], for 
the PCO decolorization and mineralization of DY11 has 
been calculated to be 5.89 and 5.50 kJ/mol; this apparent 
energy represents the total activation energy of adsorption 
and PCO of DY11. Since, the band-gap energy of TiO2 is too 
high to be overcome by thermal activation energy; usually, 
the UV/TiO2 reaction is not very dependent on tempera-
ture [42]. However, it has been reported that PCO could be 
highly temperature sensitive [43]. 

To investigate the influence of reaction temperature on 
solution toxicity, the GI values were measured in all the 
examined temperatures (Fig. 7). In the first 60 min of PCO 
processes, toxicity of treated solution increased leisurely 
with rise in temperature and after this time detoxification 
rate increased with the hoist of temperature. 

3.5. Kinetic studies 

The effect of various initial DY11 concentrations on the 
PCO rate at pH of 5, 6.8 and 9 in the presence of TiO2 90 
mg/L have been investigated; the obtained rate constants 
are listed in Table S1 – Supplementary Information. Con-
sequently, the experimental data have been rationalized 
in terms of the L–H kinetic model [30], to describe the sol-
id-liquid reaction: 

1 1 11 0

k k K
DY

kobs c LH c

= +
[ ]   (8)

where kobs (1/min) is the pseudo-first-order rate constant, 
KLH (L/mg) is the L–H adsorption equilibrium constant and 
kc (mg/L min) is the kinetic rate constant of surface reaction. 
According to Fig. 8, using a least square best fitting pro-
cedure (while initial DY11 concentration was less than 50 
mg/L), for the examined pH values of 5, 6.8 and 9, kc were 
determined as 1.107, 1.257 and 1.562 mg/L min; KLH were 
also calculated as 0.150, 0.387 and 1.124 L/mg, respectively.

Although, in many studies, L–H kinetic model has been 
described using the rate of PCO reaction with various con-
centrations of a target substrate [32,34,43], the use of the 
dark adsorption measurement is required; if the kinetically 
adsorption equilibrium constant is different from that of 

Table 3
Effect of initial pH values on mineralization, dearomatization 
and detoxification of DY11 during the PCO processes; [DY11]0 = 
50 (mg/L), [TiO2] = 90 (mg/L) and T = 25°C

Reaction 
time (min)

COD removal% GI% UV250 (A/A0)%

Initial pH Initial pH Initial pH

5 9 5 9 5 9

60 33 38 23 5 87 144
120 57 67 55 51 45 42
180 71 81 81 80 23 17
240 79 89 96a 94a 12 6
300 87 94 100a 100a 4 0

Values followed by the same letter within the same column 
do not differ significantly from each other at the 5% level of 
probability

Table 4
Effect of temperature on decolorization and mineralization rate 
as well as dark surface adsorption of DY11; [DY11]0 = 50 (mg/L), 
[TiO2] = 90 (mg/L) and pH = 6.8 (natural)

Temperature (°C) 5 15 25 35 45

Dark adsorption%  
(after 30 min)

1.48 1.45 1.41 1.38 1.34

kobs × 102 (1/min) for 
Decolorization

2.02 2.25 2.41 2.57 2.82

kobs × 102 (1/min) for 
Mineralization

0.69 0.74 0.82 0.86 0.93
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obtained in dark, the L–H kinetic model cannot be adopted 
[30]. In order to obtain the adsorption equilibrium constant, 
the influence of the different initial concentrations of DY11 
on the surface adsorption at pH of 5, 6.8 and 9 have been 
studied; details are available in the Supplementary Infor-
mation. According to Eq. (3), while initial concentration 
of DY11 was below than 50 mg/L, data obtained from the 
adsorption experiments was fitted to the Langmuir equa-
tion (Fig. 9).

Accordingly, Langmuir adsorption constant (Kads) for 
the examined pH values of 5, 6.8 and 9 were determined 
to be 0.148, 0.179 and 0.134 L/mg. The maximum absorb-
able dye quantities (Qmax) were also calculated as 9.94, 8.57 
and 2.39 mg/g, for initial pH values of 5, 6.8 and 9, respec-
tively. The adsorption–desorption equilibrium of DY11 over 
both of catalysts surface occurred in relatively short time 

period. It has been reported that the adsorption process in 
a concise time could be described by film diffusion model 
[44]. DY11 adsorption at the initial pH values of 5, 6.8 and 9 
was occurred within approximately 15, 20 and 30 min over 
the TiO2 catalyst surface. These observations indicate that 
with increase in the Qmax dye adsorption equilibrium time 
decreases. In pH values of 6.8 and 9, adsorption constant in 
the kinetic model were determined to be higher from that 
of obtained in dark. Since the adsorptive sites on the TiO2 
surface could be changed as result of UV illumination and 
the amount of these sites would be scarce to start the reac-
tion, adsorption constant in the kinetic model may be deter-

Fig. 6. Linear variation of ln(kobs) versus 1/T for decoloriza-
tion and mineralization of DY11 by PCO process; [DY11]0 = 50 
(mg/L), [TiO2] = 90 (mg/L) and pH = 6.8 (natural).

Fig. 8. Variation of reciprocal of constant rate versus different 
initial concentrations of DY11 in different pH values; [DY11]0 = 
50 (mg/L), [TiO2] = 90 (mg/L) and T = 25 (°C).

Fig. 9. Determination of the Langmuir equilibrium constant 
(Kads) and maximum absorbable dye quantity (Qmax) of DY11 in 
presence of TiO2 in different pH values; [TiO2] = 90 (mg/L) and 
T = 25 (°C).

Fig. 7. Influence of reaction temperature on detoxification of 
DY11 in PCO process; [DY11]0 = 50 (mg/L), [TiO2] = 90 (mg/L) 
and pH = 6.8 (natural).  
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mined contrary to that of obtained in dark. Meanwhile, the 
observation of KLH > KL suggests that reaction takes place 
not only at the surface of catalyst, but also in the bulk solu-
tion [45]. At pH of 5 adsorption constant in kinetic model 
was found to be close to that of obtained in the dark (KLH = 
1.01 Kads); thus, PCO of DY11 at this pH satisfactorily follows 
the L–H kinetic model.

3.6. Biodegradability tendency

Biodegradability of treated effluent of DY11 with initial 
concentration of 50 mg/L in presence of TiO2 (90 mg/L), 
ambient temperature and natural pH by PCO process has 
also been studied. Generally, the wastewaters that have 
considerable toxicity to enzymes, microorganisms and cells 
could not be considered as readily biodegradable. Never-
theless, another straight way to quantify the biodegradabil-
ity of polluted wastewater is via (BOD5/COD) ratio [46]. 
When (BOD5/COD) parameter, which is known as “bio-
degradability index” (BI), is higher than 0.4 wastewater is 
biodegradable and the value of 0.3 to 0.4 shows that waste-
water is partially biodegradable [46]. Before PCO, the GI 
and BI values (14% and 0.09) clearly demonstrate that DY11 
with initial concentration of 50 mg/L is not biodegradable. 
Despite after almost complete decolorization (after about 90 
min of irradiation and about 90% decolorization) GI value 
of 36% indicated that treated solution is still highly toxic, 
obtained BI (0.43) demonstrated that effluent is biodegrad-
able. However, after about 120 min of irradiation GI was 
reached to 59% which is represents the approximately low 
toxicity; in this time BI were obtained to be 0.66. Therefore, 
after about 120 min of illumination, more confidently can 
decide to stop the PCO and continue the mineralization 
with biological treatment producers. 

3.7. Evaluation of EEO and EC50 by different initial dye 
 concentration

Toxicity data could be represented as a concentration 
causing a specific effect such as death or growth inhabita-
tion in 50% of the tested organisms (effective concentration, 
EC50). In order to obtain this eco-toxicological indicator 
(EC50), effect of different concentrations of DY11 (10, 20, 30, 
40 and 50 mg/L) that induce inhibition on LSL root growth 
(Fig. 10) and seed germination percentage (Fig. 11) have 
been studied and EC50was calculated from the data of a con-
centration response line by using the right-angled triangle 
principles [47]. Consequently, concentration of DY11 that 
indicated EC50 was determined to be 38.30 ± 0.79 mg/L. The 
image of germination and root growth of LSL in different 
concentrations of DY11 can be found in the Fig. S7 – Sup-
plementary Information.

The initial concentration of the DY11 has a fundamental 
effect on the degradation rate, i.e. degradation rate constant 
decreased with increase in the DY11 initial concentration. 
Meanwhile, the reaction rate constant can determine the 
quantity of EEO. Accordingly, the evolution of energy con-
sumption for PCO of DY11 in presence of TiO2 (90 mg) at 
natural pH and ambient temperature as a function of initial 
dye concentration has been presented in Fig. 12. As it can be 
seen, the relationship between the EEO and the initial con-

Fig. 10. Influence of DY11 concentration on root length of LSL; 
T = 25 (°C) and pH = 6.8 (natural).

Fig. 11. Influence of DY11 concentration on the germination of 
LSL seeds; T = 25 (°C) and pH = 6.8 (natural).

Fig. 12. Evolution of energy consumption for PCO of DY11 as a 
function of initial dye concentration; [TiO2] = 90 (mg/L), T = 25 
(°C) and pH = 6.8 (natural).
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centration of dye until 50 mg/L can be written as EEOα 8.18 
[DY11]0; beyond this concentration this relationship was 
changed to EEOα 1.55 [DY11]0. Since, the electrical energy 
price in US market was 0.068 US$/kWh in 2015 [31], cost 
of decolorization for one cubic meter of DY11 with initial 
concentrations of 30, 50 and 80 mg/L could be determined 
as 16.52, 27.08 and 30.36 US$.

Generally with increase in the dye concentration PCO 
efficiency has been reduced and more energy was required 
for degradation of DY11. As it has been explained, with 
increase in concentration of DY11, more dye molecules can 
get adsorbed on the catalyst surface and requirement of 
reactive species needed for the degradation of dye increases 
too. However, the photogenerated electron-holes and for-
mation of hydroxyl radicals on the catalyst surface remains 
constant for a given catalyst concentration and light inten-
sity. Therefore, the available •OH and electron/holes were 
inadequate for the dye degradation at higher concentration. 
In addition, enhancement in DY11 concentration can lead to 
the formation of more intermediates, which can be adsorbed 
on catalyst surface. Slow diffusion of the formatted inter-
mediates from the surface of catalyst can result in the deac-
tivation of active sites of the catalyst; meanwhile, the active 
sties of catalyst surface would be occupied by the adsorbed 
reactant molecules. Hence, degradation rate reduces with 
increase in dye concentration and more energy is required 
for dye degradation. 

According to the obtained data in the current work, 
after 120 min of PCO, treatment process could be contin-
ued by biological methods. However, for nearly complete 
detoxification (GI = 93%) and mineralization (94% COD 
reduction), PCO process should be continued for more 60 
and 240 min. Consequently, for almost complete detoxifi-
cation and mineralization of 15.5 × 106 m3 of this effluent, 
equal to the 1% of annual India’s textile industry waste-
water production [48], approximately more 2.60 × 105 and 
1.04 × 106 US$ should be spent for electricity bill. Conse-
quently, continuation of the treatment without bioassay 
evaluation is not economical and monitoring of effluent 
biodegradability before reaching complete mineralization 
is more than justified. 

4. Conclusions

Heterogeneous photocatalytic degradation process, 
with commercially available nano TiO2 photocatalyst 
(Degussa P25) in slurry reactor, was successfully applied 
for the treatment of azo dye DY11 in aqueous suspension. 
The core findings of this research can be summarized as fol-
lowings:

•	 Using the moderate photoreactor very low optimum 
concentration of suspended catalyst (90 mg/L) was 
obtained.

•	 The mineralization of dye was depended more than 
decolorization to the catalyst mass.

•	 In first 60 min of irradiation, the number and/or con-
centration of toxic intermediates were increased and for 
illumination times longer than 60 min toxicity tended to 
decrease; with increasing in catalyst mass these trends 
were accelerated. 

•	 With increase in reaction time and catalyst concentra-
tion the contribution of hydroxyl radicals in dye degra-
dation have been increased.

•	 Decolorization and mineralization cannot be easily cor-
related to toxicity. While maximum rate of decoloriza-
tion and mineralization was obtained in pH of 9; highest 
rate of detoxification was achieved in natural pH 6.8. 

•	 Although in pH values of 6.8 and 9 toxicity was 
increased in first 60 min of irradiation, no increase was 
observed in solution toxicity in pH of 5.

•	 Activation energy (Ea) for decolorization and mineral-
ization processes was determined as 5.89 and 5.50 kJ/
mol and detoxification efficiency was increased mod-
estly with the hoist of temperature.

•	 Dearomatization of DY11 during the PCO could be con-
sidered as a control parameter for its detoxification.

•	 Only at the pH of 5 the rate data was fitted correctly to 
the L–H kinetic model.

•	 Germination index (GI = 14%) and biodegradability 
index (BI = 0.09) indicates that DY11 with initial con-
centration of 50 mg/L is toxic and non-biodegradable. 

•	 The effective concentration (EC50) of DY11 was obtained 
to be 38.30 ± 0.79 mg/L.

•	 Despite after 90% of decolorization GI indicated that 
treated solution is still highly toxic, obtained BI demon-
strated that effluent is biodegradable; thus, the end time 
of PCO should be determined more carefully.

•	 The relationship between the EEO and initial concentra-
tion of dye until 50 mg/L has been determined as EEO 
α 8.18 [DY11]0; beyond this concentration this relation-
ship was changed to EEO α 1.55 [DY11]0.

•	 Continuation of the photocatalytic degradation without 
bioassay evaluation was not economical.
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Supplementary information

Further information on constructed photo-reactor 

As it can be seen in Fig. S1, the UV lamp was positioned 
centrally in the constructed reactor inside the quartz tube. 
The lamp was totally covered by DY11 solution; therefore, 
maximum light utilization was achieved and no dead space 
was in the reactor. To reduce the absorption of light photons 
by oxygen molecules in the air around the lamp, diame-
ter of the quartz tube was minimized. The pump has been 
received the solution from top of the reactor and delivered it 
to the bottom; this was provided an up-flow and adjustable 
batch circulating system with no catalyst separation. The 
circulating pump had a flow-rate of about 5200 (mL/min); 
so, both fluidizing and the well mixing of catalyst particles 
around the quartz tube has been provided. For regulating 
the solution temperature, the reactor has been equipped 
with a water-flow jacket by means of an external circulat-
ing flow; a thermostat bath (OPTIMA-740, Japan) with an 
accuracy of ±0.1°C was used for adjustment of external cir-
culating water flow temperature. Since the photocatalytic 
oxidation process is sustained by the ready supply of dis-
solved oxygen, the air was blown into the solution using an 
air compressor (RS-510).

UV-Vis spectra analysis as well as image of germination and 
root growth of LSL 

DY11 is a mono azo dye in which the strong absorbance in 
the visible region (404 nm) is related to the chromophore part 
of molecular structure (azo linkage), while the absorbance 

peaks of the naphthalene and benzene rings are appeared 
in the UV region (about 250 nm). Full spectra scanning of 
the target dye was followed during the time-course of PCO 
process (Fig. S3). A gradual disappearance of the absorbance 
peaks around 404 nm that observed during the time-course 
showed almost perfect degradation of the main chromo-
phores. Therefore, nearly complete decolorization (95%) was 
achieved in the presence of TiO2 suspension after 120 min. It 
has been reported that the intensity of the azo band (visible 
light chromophore) decreases with time more rapidly than 
the chromophore of aromatic rings [18]. The slower decrease 
of the previous chromophores could be due to the forma-
tion of byproducts which contain aromatic rings before the 
opening of them. In the current study the absorbance peaks 
at UV region (around 250 nm) was increased in first 60 min of 
illumination due to the generation of aromatic intermediates 
and decreased moderately after this time.

Fig. S1. The scheme view of photo-reactor: 1 - thermometer, 2 
- quartz tube, 3 - external circulating water flow outlet (for ad-
justment of temperature), 4 - DY11 solution, 5 - UV lamp, 6 - re-
cycling stream, 7 - water-flow jacket, 8 - thermostat, 9 - external 
water flow inlet, 10 - pump.

Fig. S2. The calibration chart for measuring DY11 concentration 
at different pH values; T = 25°C.

Fig. S3. UV–Vis spectra changes of DY11 at different irradiation 
times; [DY11]0 = 50 mg/L, [TiO2] = 90 mg/L, T = 25°C and pH 
6.8 (natural).
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As it can be seen in Fig. S4, after 60 min of irradiation 
number of LSL germinated seeds as well as its root length 
was decreased. Thus, the toxic properties of solution (num-
ber and/or concentration of toxic intermediates) have been 
increased in this period. For illumination times longer than 
60 min, the number of LSL germinated seeds as well as its 
root length tended to increase as result of decrease in solu-
tion toxicity.

Further information on investigation on active species 

Due to the extremely high rate constant of reaction 
between hydroxyl radicals and ethanol (1.9 × 109 1/Ms), 
this alcohol could be used to quench hydroxyl radicals 
[35]. Consequently, PCO of DY11 with initial concentra-
tion of 50 mg/L were performed using different amount 
of catalyst (30, 60 and 90 mg/L), each of them with dif-
ferent amounts of added ethanol under natural pH (6.8) 
and ambient temperature (25°C); Fig. S5 present these 
results respectively. Adding small amount of ethanol to 
the dye solution until 0.1, 0.12 and 0.16 volumetric per-
centages (v/v) for catalyst concentration of 30, 60 and 90 
(mg/L) has led to a decrease in degradation efficiency. The 
observed reduction by adding ethanol up to the certain 
percentage is due to the quench of hydroxyl radicals by the 
ethanol molecules and therefore can be introduced as the 
role of hydroxyl radicals in the process. On the other hand, 
adding extra amounts of ethanol causes the degradation 
efficiency to increase slightly. The formation of ethoxy rad-
icals (C2H5O

•) from direct PCO of ethanol can help in this 
regard. Meanwhile, the ethanol molecules would generate 
the hydroxyl radicals in direct photolysis with respect to 
the level of C–O energy bond [35].

Fig. S4. Root growth and seed germination percentage of LSL 
in DY11 solution during the PCO process; [DY11]0 = 50 mg/L, 
[TiO2] = 90 mg/L, T = 25°C and pH 6.8 (natural). (a): before il-
lumination, (b): after 60 min of illumination, (c): after 120 min 
of illumination, (d): after 180 min of illumination, (e): after 240 
min of illumination and (f): after 300 min of illumination.

Fig. S5. Variation of the degradation of DY11 in PCO process 
versus added amounts of ethanol at different catalyst concen-
trations and irradiation times; [DY11]0 = 50 mg/L, T = 25°C and 
pH = 6.8 (natural). (a): [TiO2] = 30 mg/L, (b): [TiO2] = 60 mg/L 
and (c): [TiO2] = 90 mg/L.
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Details about the adsorption equilibrium constant 

As it can be seen in Fig. S6, in the examined pH values of 
5, 6.8 and 9, adsorption of dye on catalyst surface increases 
with the initial concentration of DY11 to about 50 mg/L and 
then finds a tendency toward independent values with the 
higher initial concentrations. This plateau corresponded to 
attainment of limiting solubility for solute in the solution 
monolayer [44].

Table S1
Pseudo-first-order kinetic rate constants for the photocatalytic 
degradation of DY11 at pH values of 5, 6.8 and 9 with different 
initial concentrations; [TiO2] = 90 mg/L and T = 25°C. 

[DY11]0 (mg/L) 10 20 30 40 50

kobs×102 (1/min) pH = 5 6.75 4.29 2.94 2.45 1.92
kobs×102 (1/min) pH = 6.8 9.81 5.71 3.92 2.88 2.41
kobs×102 (1/min) pH = 9 14.90 6.91 5.09 4.11 2.97

Fig. S6. Adsorption isotherm of DY11 on TiO2 in different pH 
values, quantity adsorbed as a function of equilibrium concen-
tration; [TiO2] = 90 mg/L and T = 25°C. 

Fig. S7. Effect of different concentrations of DY11 that induce 
inhibition on LSL root growth and seed germination percent-
age; T = 25°C. (a): [DY11] = 10 mg/L, (b): [DY11] = 20 mg/L, (c): 
[DY11] = 30 mg/L, (d): [DY11] = 40 mg/L, (e): [DY11] = 50 mg/L 
and (f): Control (distilled water).


