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a b s t r a c t
The photocatalytic degradation and mineralization of commercial solution of 2,4-dichlorophenoxy-
acetic acid (2,4-D) was carried out by UVA/P25 TiO2 and UVA/P25 TiO2/H2O2 oxidation processes 
under batch-mode conditions. In UVA + TiO2 photocatalysis (TiO2 1.5 gL−1, pH 5, initial 2,4-D 25 
mg L−1), 97.47% ± 0.27% degradation, 39.89% ± 3.42% mineralization, and 65.52% ± 4.88% oxidation 
were achieved in 180 min, and in UVA +TiO2 + H2O2 photocatalysis (TiO2 1.5 g L−1, pH 5, initial 
2,4-D 25 mg L−1, H2O2 150 mg L−1), 99.74% ± 0.08% degradation, 55.99% ± 2.67% mineralization, and 
82.49% ± 1.90% oxidation were obtained in 180 min. The pseudo-first-order kinetic model fitted the 
experimental data well, and the photocatalytic degradation process was explained by the modified 
L–H model; kc and KLH were 1.293 mg L−1 min−1 and 0.232 L mg−1, respectively. Fourier transform 
infrared (FTIR) spectroscopy spectra and scanning electron microscopy (SEM) analysis indicated 
degradation of organic bonds of the herbicide and adsorption of 2,4-D particles onto the TiO2 catalyst 
during 24-h experiments. Moreover, the dependence of kapp on the half-life time was determined by 
calculating the electrical energy per order (EEO). UVA/TiO2/H2O2 photocatalysis may be applied as a 
pretreatment to 2,4-D herbicide wastewater at a pH of 5 for biological treatment.

Keywords:  2,4-dichlorophenoxyacetic acid (2,4-D); Cost analysis; Electrical energy per order; 
Photocatalytic degradation; Mineralization; UVA/TiO2/H2O2

1. Introduction

Generally, many kinds of pesticides are used to control 
a variety of pests that can damage crops and livestock and 
reduce productivity in the intensive modern agricultural 
activities needed for a growing population and to satisfy a 
high demand for food. However, in recent years, there has 
been an increasing concern among scientific communities 
and global agencies (such as EPA and WHO) on the use of 
pesticides due to their high risks to human health and the envi-
ronment [1]. Active ingredients in pesticides are often toxic to 
living organisms and resistant to biodegradation, while the 
major sources of pesticides may leach into groundwater and 

reach surface water through direct surface runoff, disposal of 
empty containers, spraying, equipment washing processes, 
or effluents from pesticide formulating and manufacturing 
processes where they disturb the natural balance of ecosys-
tems [2–4]. As a consequence of these agricultural activities, 
pesticide concentrations can reach levels beyond Turkish 
legislation limits (0.1 µg L−1) in drinking water [5].

In many regions of the world and especially in Turkey, 
2,4-dichlorophenoxyacetic acid (2,4-D) has been one of the 
most widely used chlorinated phenoxy alkanoic herbicides 
for controlling broad-leaf weeds in a variety of agricultural 
activities – including gardening – due to its high efficiency 
and low cost, especially in potato, grain, and corn produc-
tion [6–8]. 2,4-D is considered moderately toxic (class II) by 
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WHO, and its carcinogenic, neurotoxic, and endocrine dis-
ruptive potential cannot be neglected [6,9,10]. Recently, some 
studies stated the cardiotoxicity and genotoxicity of 2,4-D on 
zebra fish [11]. Since this compound is mostly degraded to 
its anionic form – which exhibits high water solubility (667 
mg L−1), high mobility, and extended lifetime – its continuous 
use may cause soil percolation, and surface and groundwa-
ter contamination. Moreover, 2,4-D is often detected in sur-
face (≈6 µg L−1) and drinking water (2.2–3.2 µg L−1) sources 
[12,13]; the half-life of 2,4-D in the environment is relatively 
short, averaging 10 days due to its susceptibility to biological 
treatment in soils [14] and less than 10 days in water. The 
regulatory standard for 2,4-D in drinking water is 70 µg L−1 as 
per the US standard [15]. Moreover, the bio-refractory nature 
of chlorophenoxy herbicides requires development of novel 
treatment technologies to remove this type of herbicides 
from contaminated water and soil [15].

In recent years, by producing •OH− radicals through 
chemical, photochemical, photocatalytic, and electrochem-
ical reactions, advanced oxidation processes (AOPs) have 
become a promising technology to eliminate pesticides from 
water systems [2,16]. Among various semiconducting mate-
rials, P25 TiO2 (anatase) has proven to be the most favor-
able semiconductor photocatalyst for wastewater treatment 
applications and offers several advantages: (i) high reac-
tivity under UV light; (ii) chemically stable and harmless; 
(iii) superior photocatalytic oxidation ability and optical 
and electrical properties; (iv) lack of mass transfer limita-
tions, long lifespan, and operation at ambient conditions; 
and finally (v) lower energy consumption compared to 
UV photolysis – as the necessary light intensities are lower 
[17,18]. Moreover, it is nontoxic, chemically inert, and inex-
pensive, and it does not undergo photocorrosion. The oper-
ating principle of heterogeneous photocatalytic oxidation 
has been thoroughly explained before [19–21]. The process 
relies on subsequently generating a superoxide radical anion 
(O2

•–) and hydroxyl radicals (OH•), which are the primary 
oxidizing species in photocatalytic oxidation processes [19]:
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As reported in several previous studies, although the 
initial disappearance of the pollutant was rapid, a number 
of by-products were formed that might potentially be harm-
ful to the environment [2,4,19,22]. In Turkey, formulation 
grade pesticides are directly and unconsciously applied to 
fields without complying with legal restrictions, and a major 
part of the pesticide industries are formulating units. There 
are many new studies on 2,4-D elimination in published 

literature, as it is the most widely used herbicide in the 
world, and the prohibition or limited usage of it by EPA and 
other organizations is still controversial [3,23–26]. However, 
only very limited studies have been previously published 
about photocatalytic treatment of ultra-pure 2,4-D herbicide, 
and these studies were only concerned with the determina-
tion of the influencing factors in the photocatalytic process 
and identification of the intermediate products [27–30]. So 
far, no extensive mineralization studies of photocatalytic 
degradation of formulation grade 2,4-D herbicide have been 
reported that have aroused interest or destroyed the parent 
compound. Also, commercial grade herbicide is preferred for 
agricultural activities instead of the pure form of 2,4-D, due 
to higher water solubility and lower cost.

This study focused on the degradation of commercial 
grade 2,4-D by UVA/TiO2 and UVA/TiO2/H2O2 in an aque-
ous matrix under varying conditions. The objectives of this 
study were: (i) to investigate the extent of mineralization and 
produce kinetic studies of 2,4-D by performing total organic 
carbon (TOC) and chemical oxygen demand (COD) analysis 
and mass spectroscopy, (ii) to propose adsorption of 2,4-D 
on P25 TiO2 using scanning electron microscopy (SEM) and 
perform degradation of 2,4-D using a Fourier transform 
infrared (FTIR) spectroscopy method, (iii) to ensure the pri-
mary photocatalytic transformation of intermediates of the 
parent compound by liquid chromatography–electrospray 
ionization–tandem mass spectrometry (LC–ESI–MS/MS) 
techniques, and (iv) to look at the cost of applying photo-
catalytic systems with calculations based on the results, 
since economic aspects and energy consumption also have 
to be considered for such a process in terms of engineering 
applications.

2. Materials and methods

2.1. Chemicals

All chemicals employed in this investigation were used 
without further purification. Titanium (IV) oxide nanopow-
der (AEROXIDE® P25 ≥ 99.5%, 21 nm, 35–65 m2 g−1 (BET)) 
was used as a photocatalyst (from Sigma Aldrich, Germany) 
due to its availability and high performance in photocata-
lytic degradation reactions. X-ray diffraction (XRD) analysis 
demonstrated that TiO2 nanopowder was in anatase phase 
(Fig. S1). Commercial grade Amin EXT 500 SL (equivalent 
to 500 gL−1 2,4-D) 2,4-D amine salt (C10H13Cl2NO3, Mw: 
266.12 g mol−1) was obtained from the Agrofarm® Company 
(Fig. 1). Other chemicals, including hydrogen peroxide 
solution of analytical purity 30% (w/w), NaOH, and H2SO4 
(essay 97%) used for adjusting the pH, were obtained from 

 

Fig. 1. Molecular structure of (a) 2,4-dimethylamine herbicide 
and (b) 2,4-D herbicide.
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Merck (Germany). All solutions and reaction mixtures 
were prepared with purified water (Merck Millipore, spec. 
resistivity: 18.2 MΩ cm).

2.2. Experimental procedure

Photocatalytic experiments were performed in a 4.6 L 
(operating volume: 1 L) cylindrical batch photoreactor 
(14 cm D × 30 cm L) (Fig. 2) maintained at 22°C ± 1°C. The 
photoreactor is constructed from three parts: (i) an exterior 
Pyrex glass; (ii) a Pyrex glass thimble, where the upper part 
is fitted to the outside of the container to form a gastight 
seal, and running water is passed through the thimble to 
cool the reaction solution; and (iii) an empty quartz cham-
ber, into which a Philips PL-L UVA 36 W lamp (315–38 nm; 
110 µW cm−2) was fitted. The reactor was also equipped with 
a control system, a water level sensor system, and a water 
inlet–outlet and gas inlet openings to supply air from a dif-
fuser system with a capacity of 3.5 L min−1 during the exper-
iments. The reactor was wrapped with aluminum foil to 
prevent UV ray penetration. For irradiation experiments, the 
desired 2,4-D concentration was prepared from a 100 mg L−1 
stock solution daily in amber glass vessels, and the system 
was stirred and aerated in order to increase the oxygen 
transfer to the solution following the addition of TiO2 for 
at least 30 min in the dark to allow the system to reach 
equilibrium in case of adsorption. This time was selected so 
that, under stirring in the dark, no more herbicide molecules 
could be adsorbed by the photocatalyst. Then, the UV light 
was turned on that signals the photocatalysis. At 0, 5, 10, 
15, 30, 45, 60, 90, 120, 180, 300, 420, 540, 720, and 1,440 min, 
50 mL 2,4-D solution samples were collected and filtered 
through 0.45 µm Millipore filters to remove TiO2 particles 
for further analysis.

TiO2 catalyst loading (0, 0.5, 1.0, 1.5, and 2.0 g L–1), pH 
(3, 5, 7, and 9), and initial concentration of 2,4-D (10, 25, 50, 
and 100 mg L–1) were analyzed to determine the optimum 
degradation of 2,4-D herbicide conditions. As preliminary 
studies for comparison, photolysis (irradiation without 
adding TiO2) and adsorption (without irradiation) experi-
ments were also performed. Photocatalytic experiments were 

repeated three times to check repeatability of the experimen-
tal results. The mineralization experiments were duplicated 
for 24 h.

2.3. Analytical methods

Optimization of the photocatalytic conditions was ini-
tially done using a spectrophotometer between 190 and 
1,100 nm (Shimadzu UV-1601-PC) and measuring the opti-
cal density (OD) of the samples at 283 nm (Fig. S2), which 
is the given maximum absorption wavelength for the 2,4-D 
molecule. This was also confirmed by a spectrum reading 
from the spectrophotometer. A calibration curve was pre-
pared between 0 and 50 mgL−1 for standard pesticide solutions 
in accordance with the relationship between absorbance and 
concentration that obeys the Lambert–Beer law. COD was 
measured using COD test kits (Test Kits No: 1.14541 from 
Merck, Germany) with a UV spectrophotometer (Pharo 100). 
A 3 mL sample was measured over 120 min at 150°C under 
thermoreactor (Merck Spectroquant TR 320) treatment. When 
the sample contained hydrogen peroxide (H2O2), interference 
in COD determination was reduced by increasing the pH to 
above 10 – to decompose hydrogen peroxide to oxygen and 
water [31]. The total organic carbon (TOC) was analyzed by 
NPOC method (680°C, 150 mL min−1, an injection volume of 
20 µL, a spray gas flow of 80 mL, and a spray time of 1.5 min) 
using a Shimadzu TOC-L analyzer with 20 mL sample. The 
adsorbable organic halogen (AOX) concentration analysis 
was carried out using a Behr CL 10 device with 3 mL sam-
ple. The pH and temperature measurements of all samples 
from the photocatalytic reactor were measured using a pH 
meter (Orion Star A329 Thermo Scientific) and a pH probe 
(8107UWMMD ROSS pH/temperature electrode). A LC–ESI–
MS/MS instrument was used (Thermo TSQ Quantum Access 
Max LC-ESI-MS/MS) to verify the degradation of the 2,4-D 
into intermediate substances to identify the metabolites and 
to determine the residual herbicide concentration using the 
AOAC Official Method 2007.01 (the mobile phase of A: 5 mM 
ammonium formate and 0.1% formic acid (95:5 water:MeOH); 
and the mobile phase of B: 5 mM ammonium formate and 
0.1% formic acid (5:95 water: MeOH)) with 10 mL sample. 
The adsorption of the 2,4-D herbicide molecule trapped on 
the TiO2 catalyst was photographed with a scanning electron 
microscope (SEM, Jeol 6390-LV (20 kV, resolution: 3 nm)) 
during pre-photocatalytic and post- photocatalytic treatment. 
FTIR analysis was performed using a Shimadzu IR Prestige 
21 high-resolution DLATGS detector to observe the changes 
in the functional structure of the 2,4-D herbicide before and 
after the photocatalytic treatment (at the end of the 24-h oper-
ation). Small amount of KBr powder was taken and fused 
into the disk to make it completely smoothened; 1 mL of the 
2,4-D herbicide sample before and after the photocatalytic 
treatment was placed on the FTIR device and the spectrum 
was run.

3. Results and discussion

3.1. Preliminary studies

The available removal mechanisms for commercial 
2,4-D herbicide mainly comprise stirring in the dark using 
spectrophotometric analyses and adsorption onto TiO2, 

 

Fig. 2. Experimental setup of photocatalytic reactor.
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photolysis with UV, and photocatalysis with TiO2 and UV. 
In the experiment in which TiO2 and UV were used together, 
a maximum of 85.77% ± 0.73% of the initial 25 mg L−1 of the 
2,4-D concentration was removed in 15 min (data not shown). 
The degradation efficiency for photolysis was 13.64% ± 0.92% 
in 30 min, while the adsorption efficiency only reached 
9.78% ± 1.47% in 30 min. Djebbar et al. [29] reported that only 
4% of the 2,4-D was adsorbed after 50 min under dark condi-
tions. Daneshvar et al. [32] determined that 93% of the herbi-
cidal erioglaucine was removed in 20 min in the presence of 
P25 TiO2 and light, whereas with direct photolysis without 
TiO2, only 3% of the erioglaucine – a negligible amount – was 
removed. In this study, the adsorption experiments showed 
that approximately 14.81% of the 2,4-D herbicide was ini-
tially (at time zero) removed and 37.14% herbicide adsorp-
tion was achieved after 15 min. However, after 30 min, only 
9.78% ± 1.47% herbicide removal was observed on the TiO2 
surface, which indicates that equilibrium conditions were 
achieved. The low 2,4-D adsorption level on the catalyst sur-
face is attributable to the presence of hydroxyl radicals in 
the main degradation mechanism during the removal of the 
pollutant [33]. In other words, the experiments revealed the 
importance of using UV light and photocatalyst together for 
2,4-D degradation.

3.2. Effects of TiO2 on the degradation process

The concentration of TiO2 as a photocatalyst has an 
important role in the efficiency of the photocatalytic process. 
The effect of different doses of catalyst from 0 to 2.0 g L−1 
was tested with an initial 100 mg L−1 concentration of 2,4-D 
at a pH of 3 (Fig. 3). Batch experimental analysis was begun 
at a pH of 3, which is close to the pKa value of 2,4-D herbi-
cide (pKa = 2.73) [34]. As shown in Fig. 3, with increasing 
catalyst concentration at 1.5 gL−1, the reaction rate increases, 
because with an increasing amount of catalyst more 2,4-D 
molecules are adsorbed onto the catalyst surface and herbi-
cide removal in the area of irradiation increases. However, it 
was observed that above a certain concentration (1.5 g L−1), 
the herbicide concentration levels off and becomes inde-
pendent of the catalyst concentration. This limit is reported 
to depend on the geometry and working conditions of the 
photoreactor and for a defined amount of TiO2 [19]. The TiO2 

particles become saturated with the degrading molecules, 
and increasing the catalyst concentration beyond a certain 
limit – which is 1.5 g L−1 in this case – does not increase the 
photodegradation efficiency. Also, further increasing the 
TiO2 concentration may result in the formation of catalyst 
clusters leading to active sites on the catalyst surface that are 
inaccessible [35,36]. Therefore, 1.5 g L−1 of TiO2 was selected 
as the optimum amount of photocatalyst. Fig. 3 also shows 
maximum removal at 15 min for all the studied catalyst con-
centrations before an increase in optical density is observed. 
As photocatalysis proceeds, many intermediate molecules 
are formed and these intermediates may also be measurable 
at 283 nm, causing interference. Also, Oh and Tuovinen [37] 
stated in their articles that although UV spectrometry is a rel-
atively fast and sufficient method, it is not suitable to quan-
tify 2,4-D if UV-absorbing intermediates accumulate. Like 
other studies in the literature, the temperature variation in 
the reactor was 22°C ± 1°C, and it had no significant effect on 
photocatalytic reactions, which rely upon radicals for degra-
dation, and those radicals cannot be formed by such a small 
input of thermal energy [38].

3.3. Effects of pH on the degradation process

The pH of the medium affects the performance of the 
adsorption/desorption processes and the apparent sepa-
ration of the “photogenized” electron–hole pairs [39]. The 
load on the TiO2 surface depends on the pH as a result of the 
amphoteric properties of the surface [40]. The surface load 
and flat-band potential of the photocatalysts largely depend 
on the pH value. The electrostatic attraction and repulsion 
between the catalyst surface and organic molecules depend 
on the ionic form of the organic compound (anionic and 
cationic), and they develop under the influence of pH. The 
pH affects TiO2 aggregation, while the interaction between 
solvent molecules, catalyst and radicals – or the intermedi-
ate products – occurs during the photocatalytic process [4]. 
Since changes in solution pH have a significant impact on 
the photocatalytic process that reflects the surface charge 
properties of the photocatalyst, a pH range from 3 to 9 was 
investigated. The highest removal was observed at a pH of 5 
(Fig. 4). The zero point of charge (pHzpc) for P25 TiO2 is at a 
pH of 6.25, and hence, the highest removal was seen at a pH 

 
Fig. 3. Effects of the amount of TiO2 on concentration removal of 2,4-D herbicide, C0:100 mg L−1, pH 3, 150 rpm, 22°C ± 1°C.
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value lower than the pH of the zero point of charge. The TiO2 
surface will be positively charged at pH values below 6.25, 
while it is negatively charged at pH values above 6.25. The 
pKa value of 2,4-D is 2.73 [34]; at a lower pH value, positively 
charged, protonated 2,4-D becomes predominant and at a 
higher pH value, negatively charged 2,4-D is predominant. 
Therefore, at a pH of 5, the electrostatic interaction leads to 
greater adsorption of the negatively charged herbicide onto 
the positive TiO2 surface and therefore increases degradation 
efficiency. As expected, maximum removal conditions will be 
at pKa

2,4-D < pH < pHZPC
TiO2 [41].

3.4. Effects of initial herbicide concentration on the 
degradation process

In order to investigate the effectiveness of photocatalytic 
oxidation with increasing herbicide concentration, exper-
iments were conducted for 10, 25, 50, and 100 mg L−1 con-
centrations of 2,4-D with a P25 TiO2 catalyst (1.5 g L−1) at a 
pH of 5. Herbicide removal efficiencies were comparable 
and in a range from 81% to 86% for the studied concentra-
tions, except for 10 mg L−1, which turned out to be a too low 

a concentration to work spectrophotometrically (Fig. 5). It 
should be noted that measured concentrations at time zero 
were always lower than the initial concentrations; the differ-
ence was believed to be the adsorption onto the TiO2 particles 
during the 30 min of stirring in the dark. The best photodeg-
radation efficiency was with 25 mg L−1 (85.77% ± 0.73%), and 
as the concentration increased fourfold to 100 mg L−1, the 
removal efficiency decreased to 80.78% ± 0.63%. Although 
the magnitude of decrease may seem insignificant, it may 
be explained by the limited availability of the photocata-
lytic surface due to the adsorption of herbicide for increased 
herbicide concentrations [19].

Blockage of the photocatalyst’s active sites by herbicide 
molecules, and subsequently higher absorption of UV light 
by the herbicide rather than by TiO2, was also reported pre-
viously [41,42]. Also, given that the same concentration of 
catalyst was used for the experiments, less available sites 
with increased herbicide concentration would result in fewer 
numbers of 2,4-D molecules affected by OH−. Higher herbicide 
concentrations may also interfere with the absorption of UV 
light, and thus, photons may not be able to reach the catalyst 
surface, resulting in decreased removal efficiency [41,43,44].

 
Fig. 5. Effects of substrate concentration on photocatalysis, pH 5, 1.5 g L−1 TiO2, 150 rpm, 22°C ± 1°C.

 Fig. 4. Effect of pH during photocatalysis, C0:100 mg L−1, 1.5 g L−1 TiO2, 150 rpm, 22°C ± 1°C.
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3.5. Effects of initial H2O2 concentrations on the degradation process

Since hydroxyl radicals are known to play an important 
role in photocatalytic degradation, the addition of electron 
acceptors such as hydrogen peroxide will enhance the forma-
tion of hydroxyl radicals [19]. In our case, as shown in Fig. 6, 
the photocatalytic degradation of 25 mg L−1 of 2,4-D in the 
presence of 1.5 g L−1 of TiO2 P25 at a pH of 5 has been studied 
at different H2O2 concentrations (50–200 mg L−1).

There are two important roles for H2O2 in the photo-
catalytic degradation: (1) it accepts a photo-generated elec-
tron from the conduction band and thus promotes the charge 
separation (Eq. 5), and (2) OH• (hydroxyl) radicals are 
formed via interaction with the O2

− (dioxide (1-)) species in 
the superoxide mechanism (Eq. 6) [4] :

H O HO hydroxyl ion HO hydroxyl radical2 2 + → ( ) + ( )− − •e  (5)

H O O dioxide HO hydroxyl radical

HO hydroxyl ion
2 2 2 1+ −( )( ) → ( ) +

(

− •

− )) + ( )O oxygen2  (6)

Fig. 6 shows the decrease in the removal efficiency 
of 2,4-D with an increase in the H2O2 concentration to 200 
mg L−1. As the H2O2 concentration increases, the H2O2 in 
the medium starts to separate and inhibits hydroxyl radical 
formation and photocatalytic degradation, or OH reacts with 
excess H2O2 and forms HO2 [45]. Alalm et al. [46] reported the 
maximum degradation efficiencies for lambda-cyhalothrin, 
chlorpyrifos, diazinon, and COD as 68.9%, 73.3%, 49.1%, and 
84%, respectively. Furthermore, by using the UV/TiO2/H2O2 
system instead of UV/TiO2 system, the removal efficiencies 
for lambda-cyhalothrin, chlorpyrifos, diazinon, and COD 
were increased by 8%, 13%, 11%, and 5%, respectively. Aye 
et al. [47] stated that an increase in H2O2 concentration, from 
15 to 25 mM, resulted in a reduction in degradation due to 
the formation of undesirable by-products, which in turn 
encumbered effective UV adsorption by the oxidant. Since 
H2O2 may be preferred over oxygen as an electron acceptor, 
electron–hole recombination may be inhibited at low H2O2 
concentrations [48]. Various experiments were carried out at 
the optimum H2O2 concentration of 150 mg L−1. Moreover, 
in the presence of 2,4-D and H2O2 in the solution, and the 

absence of TiO2 and lighting, no visible compound loss was 
observed.

3.6. Pesticide mineralization in aqueous solution under optimum 
operating conditions

In AOP-based systems, the complete mineralization of 
target pollutants is a critical issue that requires attention. 
Incomplete mineralization indicates the presence of residual 
by-products in the system, which may be more toxic or less 
toxic than the parent compound [49,50].

In the first step, photocatalytic oxidation experiments 
were carried out until 2,4-D was totally eliminated, and its 
mineralization was complete in order to get information 
on kinetics (Fig. 7). The relationship between the photo-
degradation efficiency of 2,4-D and the illumination time 
was investigated by fixing the pH at 5, with a 25 mgL−1 
herbicide concentration and a 1.5 g L−1 TiO2 concentration. 
The LC–ESI–MS/MS analyses showed that the degradation 
efficiency of 2,4-D at 180 min was 97.47% ± 0.27% (Fig. 7). 
Djebbar et al. [29] reported that, at a pH of 4.2, 5 × 10−4 M 
of 2,4-D was rapidly degraded in approximately 100 min. 
The oxidative power of the OH• radicals formed during 
photocatalysis is known to be strong enough to oxidize 
2,4-D with CO2, H2O, and other mineral acids [51]. As seen 
in Fig. 7, during the period between the 60th minute and 
the 180th minute, photodegradation of only 5% of 2,4-D was 
achieved. This is possibly due to the production of small 
organic molecules in large amounts and their adsorption 
onto the TiO2 surface with increasing illumination time, 
which leads to the formation of HO· radicals that bond with 
2,4-D molecules.

Mineralization was investigated by measuring COD and 
TOC. The decrease in COD is also a sign of the mineraliza-
tion or degradation degree of an organic species [52]. The 
decrease in TOC during the illumination period indicates 
the conversion of 2,4-D to by-products with photo-oxidation, 
and its conversion to CO2 and H2O, as the reaction contin-
ues [53]. With the 24-h photocatalysis experiment, removal of 
53.04% ± 3.14% TOC was achieved. After 180 min, the lowest 
COD concentration was 20 ± 2.83 mg L−1, which corresponds 
to a TOC concentration of 13.56 ± 0.77 mg L−1 (Fig. 8). Getting 
as high as 65.52% ± 3.88%, a significant amount of the organic 

Fig. 6. Effects of H2O2 concentration on photocatalysis, C: 25 mg L−1, pH 5, 1.5 g L−1 TiO2, pH 5, 150 rpm, 22°C ± 1°C.
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matter content of the initial COD concentration was removed 
after 180 min, which was also confirmed by the TOC removal.

Oxidation of the target compound was expected to 
modify its chemical structure and result in a COD decrease. 
More importantly, biodegradability of photocatalytic prod-
ucts becomes important for the biological stage that will 
follow this study. So, an increase in oxidation of the target 
compound (COD decrease) with limited mineralization 
(low TOC decrease) is a favorable trend to understand sig-
nificant residual organic compound in microbial cultures 
[54]. Finally, a favorable trend is a decrease in the ratio of 
COD/TOC during the photocatalytic degradation of a tar-
get compound—in other words, 2,4-D herbicide (Fig. 8). 
COD removal was maximum where the majority of 2,4-D 
was eliminated and then the COD value increased and was 
stable afterwards – probably due to the formation of stable 
by-products. Finally, two time points were determined, one 
determined spectrophotometrically (at 15 min) and the other 
determined through measuring COD/TOC (at 180 min), 
to see if they might be producing two different and possi-
bly favorable influents for second-step treatments, such as 
biological treatments.

Despite the conversion of 53.04% ± 3.14% of the ini-
tial carbon content of 2,4-D to CO2 after 24 h, the photo-
catalytic mineralization of 2,4-D was completed (Fig. 8). 

This is attributable to the formation of organic by-products 
during the period from the degradation of the first mole-
cule to total mineralization. Longer illumination periods 
are required to achieve complete mineralization under the 
stated experimental conditions [55]. The most important 
photocatalytic oxidation pathway for phenoxy herbicides is 
the degradation of the carbon–oxygen bond in the aromatic 
chain [53]. This step is considerably speedy and, as seen in 
Fig. 8, results in the rapid degradation of 2,4-D. The rapid 
degradation of the 2,4-D herbicide can be attributed to the 
chlorine atoms in its structure, which lead to the easy oxi-
dation of 2,4-D through photocatalysis during the low light 
period [56]. Obtaining the greatest degradation of the 2,4-D 
concentration after 180 min is associated with the formation 
of 2,4-dichlorophenol, which is the largest and more toxic 
and more stable by-product of 2,4-D, as determined by the 
results obtained with LC–ESI–MS/MS [53]. In this study, the 
LC–ESI–MS/MS analysis revealed that the products formed 
after the degradation of 2,4-D (m/z = 221.0) with UV/TiO2 
and UV/TiO2/H2O2 mostly comprised 2,4-dichlorophenol 
(2,4-DCP) (m/z 163.0) and contained small quantities of 
2,4-dichloro-1-methoxy benzene (2,4-DCA) (m/z = 176.0) 
and 4-chlorophenol (4-CP) (m/z = 128.50). In their study, 
Singh and Muneer [28] obtained various by-products by per-
forming the GC–MS analysis of 2,4-D in the presence of P25 

 
Fig. 7. 2,4-D concentration profile during the photodegradation of 2,4-D (•), AOX removal, % profile () (C0 = 25 mg L−1).

 
Fig. 8. COD (•) and TOC () profiles during the photocatalytic degradation of 2,4-D (C0 = 25 mg L−1).
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catalyst; the by-products included 2,4-dichlorophenol (2,4-
DCP), 2,4-dichloro-1-methoxybenzene benzaldehyde, benzyl 
alcohol, 3,5-dichlorobenzene-1,2-diol, 4-chlorophenol (4-CP), 
4-6-dichlorobenzene-1,3-diol, and 3-chlorobenzene-1,2-diol. 
The researchers attributed the formation of 2,4-dichlorophe-
nol to the bonding of OH radicals to the alkyl chain in the 
molecule and stated that 2,4-dichlorophenol was the first of 
the main by-products of 2,4-D [27,28].

The photodegradation efficiency of the 2,4-D herbicide 
was analyzed using an optimum H2O2 concentration 
of 150 mg L−1, 25 mg L−1 herbicide, a TiO2 concentration of 
1.5 g L−1, and a pH of 5; the removal of 92.05% ± 0.03% was 
achieved after 15 min. After 180 min, 2,4-D was completely 
degraded (Fig. 9). Therefore, the rate of 2,4-D photodegra-
dation was considerably higher when UVA lighting, opti-
mum concentrations of peroxide and TiO2, and an optimum 
pH were used. The halogen bond in the organic molecule 
gives rise to the main toxicity of the halogenated organic 
compounds, and, economically speaking, the complete deg-
radation of the organic compound is therefore not necessary 
[57]. As seen in Fig. 7, the removal of adsorbable organic 
halogen in the first mineralization experiment without per-
oxide was 77.67%, while, in the experiments with H2O2, it 

reached a maximum of 79.14% after 24 h (Fig. 8). The AOX 
profiles in both figures reveal that 2,4-D degradation was 
completed within the first 60 min, while the AOX removal 
was almost completed and reached a constant value after 
1 h. In their study, Catalkaya and Kargi [58] stated that 
the first reaction involved the degradation of diuron to 
by-products and its dehalogenation (AOX removal) occurred 
considerably faster. The second reaction is mineralization 
(TOC removal) and it occurs slowly. In the same study, the 
researchers reported that the time needed for the mineral-
ization of diuron exceeded 60 min, but dehalogenation of 
diuron occurred in 5 min; the researchers attributed this to 
the by-product formation during the oxidation process.

According to Fig. 10, in the 24-h photocatalysis experi-
ment, in which 150 mg L−1 of H2O2 was used, a maximum 
COD removal of 85.19% ± 0.95% was achieved after 150 min, 
and COD removal remained stable until the 24th h. Moreover, 
with the photocatalytic process, 55.99% ± 1.32% TOC 
removal occurred after 180 min. Compared to the miner-
alization experiment without peroxide – as given in Fig. 
7 – through maximum mineralization in a shorter period, 
the use of peroxide resulted in the degradation of the sta-
ble by-products that occur after 180 min. Nyugen et al. [59] 

 
Fig. 10. COD (•) and TOC () profiles during the photocatalytic degradation of 2,4-D (C0 = 25 mg L−1, 150 mg L−1 H2O2 concentration).

 
Fig. 9. 2,4-D concentration profile during the photodegradation of 2,4-D (), AOX removal, profile% () (C0 = 25 mg L−1, 150 mg L−1 
H2O2 concentration).
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reported 14%, 11%, and 33% removal of phenol, o-cresol, and 
4-chlorophenol (4-CP), respectively, within 3 h by direct pho-
tolysis with a 100 W UV lamp. The addition of 2.0 mM of 
H2O2 resulted in phenol, o-cresol, and 4-chlorophenol (4-CP) 
removal of approximately 55%, 52%, and 59%, respectively. 
Furthermore, by treating the solution with 1 g L−1 of TiO2 
under 100 W UV radiation, removal of phenol, o-cresol, and 
4-chlorophenol (4-CP) reached 70%, 65%, and 74%, respec-
tively. By combining the UV/TiO2/H2O2 processes, 97% of 
phenol and 94% of o-cresol were degraded within 3 h, while 
99% of 4-CP was degraded in a shorter radiation period of 
2.5 h. The particle diameter of P25 is large and may result 
in hole production (h+) at higher amounts in shorter periods. 
The holes react with the hydroxyl ions (OH−) in the solu-
tion and produce hydroxyl radicals (OH•) that can oxidize 
the organic pollutants. In addition, the high reaction rate of 
P25 is most probably due to the quantum efficiency of P25. 
Therefore, at a higher efficiency, the hole will react with H2O2 
and the polluting material itself [47]. In this study, with the 
UV/TiO2 process, a maximum 2,4-D degradation efficiency of 
99.82% ± 0.03% and a maximum COD value of 65.52% ± 3.88% 
were obtained, whereas during the 24-h mineralization period 
using the UV/TiO2/H2O2 processes, a maximum 2,4-D deg-
radation efficiency of 100% and a maximum COD removal 
of 85.19% ± 0.95% were reached. Although the degradation 
efficiency of the 2,4-D herbicide almost remained constant, 
the COD removal efficiency was increased by 19.67%. On the 
other hand, in the oxidation experiment without peroxide in 
Fig. 8, 30% of COD was removed after 180 min, while, in the 
oxidation experiment with peroxide in Fig. 10, the decrease in 
COD occurred more slowly in addition to the degradation of 
2,4-D. At the end of the 3-h oxidation process, COD removal 
was completed in both cases. This was associated with an 
insufficient amount of OH• radicals causing the degrada-
tion of the organic compounds, although the by-products 
were formed after 180 min. Incomplete COD removal is 
attributed to the toxicity of the by-products remaining after 
the photocatalytic treatment of 2,4-D [36]. Berberidou et al. 
[4] mentioned that the photocatalytic process was accelerated 
twofold in the presence of 0.5 gL−1 of TiO2 P25 and 100 mgL−1 
of H2O2. In general, strengthening the photocatalytic pro-
cess with the addition of H2O2 contributes to the formation 
of new hydroxyl radicals in the presence of UVA radiation. 

Furthermore, in the photocatalytic process, H2O2 is a better 
electron acceptor than O2 [59].

3.7. FTIR spectra and SEM analysis

FTIR analysis produces a spectral range from 750 to 
4,000 cm−1, which provides information on the changes in the 
functional structure of the 2,4-D herbicide occurring after a 
24-h photocatalytic process. In Fig. S3, there are important 
peaks in the 2,4-D herbicide in the 400–4,000 cm−1 range. 
Fig. S4 shows the changes in the FTIR spectrum of the 2,4-D 
herbicide before and after the process.

The differences between the FTIR spectra of the treated 
and untreated solutions indicate the degradation of the 
organic bonds of the pesticides [18]. In Fig. S4, the peaks 
in the FTIR spectrum after the photocatalytic process show 
various similarities to the peaks of the original 2,4-D. In con-
trast to the peak of the original 2,4-D herbicide in Fig. S3 at 
1,733 cm−1, in Fig. S4, peaks were observed at 1,735.93 cm−1 
at the 0th min, at 1,747.93 cm−1 after 3 h, and at 1,737.86 cm−1 
after 24 h. In their study, Trivedi et al. [25] reported that the 
peak they observed at 1,732 cm−1 indicated the presence of the 
carboxyl group C=O. In Fig. S3, bands at 1,311 and 1,095 cm−1 
in the original 2,4-D spectrum signify the symmetrical and 
asymmetrical peaks of C–O–C. Moreover, the O–H defor-
mation coupled with C–O stretching vibration is observed at 
1,234 cm−1 [60]. The peaks at 1,470 and 1,428 cm−1 correspond 
to the C=C aromatic ring vibration and CH2 alkane vibration, 
respectively [61]. The peak at 697 cm−1 corresponds to C–Cl 
stretching [25].

Scanning electron microscopy (SEM) shows the high 
homogeneity of the commercial P25 TiO2 sample at the ana-
tase phase with a mean particle size of 21 nm and 35–65 m2 g−1 
BET surface area (Brunauer–Emmett–Teller surface area). 
The particles are spherical, and the nanoparticles with sizes 
smaller than 50 nm agglomerate [62,63]. SEM analysis is used 
to investigate the morphology, crystallinity, and surface area 
of materials. By analyzing the SEM images of the commercial 
P25 TiO2 catalyst before and after the photocatalytic process, 
this study investigated the suitability of TiO2 for the surface 
adsorption of the 2,4-D herbicide. Fig. 11(a) and (b) shows 
the SEM images of TiO2 before and after the photocatalysis of 
the 2,4-D herbicide, respectively.

 
Fig. 11. SEM images of the P25 TiO2 catalyst (a) before and (b) after the photocatalysis of 2,4-D herbicide.
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As seen in Fig. 10(a), P25 TiO2 catalyst was in the form 
of irregular and agglomerated crystal structure, while 
in Fig. 11(b), the density of the surface of the catalyst was 
increased following its coverage by particles of the 2,4-D 
herbicide after the photocatalytic process, and the surface 
became more compact and smooth. This led to the conclu-
sion that the interparticle voids were probably filled with 
herbicide particles.

3.8. Kinetics of photocatalytic degradation

The Langmuir–Hinshelwood (L–H) equation is used 
to model the heterogeneous photodegradation kinetics of 
many organic pollutants under UV lighting and TiO2 distri-
bution, and it is the best model for explaining this process 
[55,59,64,65]. According to the L–H model, the photocat-
alytic reaction rate (r) is proportional to the fraction of the 
surface covered by the organic matter (θx), the reaction rate 
constant (kr), the concentration of the organic species, and the 
Langmuir adsorption constant (K):

r dC
dt

k
k KC
KCr x

r= − = =
+

θ
1

 (7)

Challenges may arise when determining the kinetics of 
the process as a result of the formation of some by-products 
and the simultaneous adsorption and degradation during 
the photocatalytic process. Considering the smaller time 
interval, the change in the effect of the by-products can be 
neglected [2]; therefore, the photocatalytic degradation rate is 
expressed as a function of the 2,4-D concentration:

r k
K C
K Cr
c

c

= ×
+1

 (8)

If the initial concentration is low, the k in the denominator 
is neglected. Hence, the rate apparently becomes a first-order 
equation that can be written as follows:

r dC
dt

k k k t k tr r c= − = = =θ app  (9)

Integrating Eq. (9) above using the boundary condition, 
that is, at t = 0, C = C0; and t = t, C = C, it can be rewritten as 
Eq. (10):

ln C
C

k t
0

= − app  (10)

The apparent pseudo-first-order rate constant (kapp) was 
calculated from the slope of the plot, and values are given in 

Table 1. According to the kapp and regression coefficient (R2) 
given in Table 1, pseudo-first-order kinetics can be employed 
to explain the adsorption and photo-oxidation mechanisms 
in the reactor. According to Table 1, when the 2,4-D concen-
tration increased from 25 to 50 mg L−1, the kapp value decreased 
because of the decreasing mass transfer flux in the photocata-
lytic process [2]. These slopes describe a linear behavior, and 
their linear regression coefficients are between 0.98 and 0.97 
(Fig. S5.). These values are clear indicators of the compliance 
of the photodegradation reaction of the 2,4-D herbicide to the 
first-order kinetics. The pseudo-first-order kinetic modeling 
approach was reported to be suitable for the advanced oxida-
tion processes [66] and with photocatalytic processes [67,68]. 
Moreover, the initial herbicide concentration has an import-
ant effect on the degradation rate. For example, kinetic rate 
constant decreases with increasing initial herbicide concen-
tration [21,69]. According to Table 1, a low 2,4-D herbicide 
concentration shows a good consistency with a first-order 
reaction. Degradation rate largely depends on the formation 
of the hydroxyl radicals [44]. On the other hand, Vishnuganth 
et al. [2] stated that reaction rate constant will increase with 
increasing carbofuran removal efficiency. This is confirmed 
by the kapp values of 0.0441 and 0.0238 min−1 at two different 
2,4-D pollutant concentrations of 25 and 50 mg L−1, respec-
tively. While the removal efficiency of 2,4-D after 60 min with 
the photocatalysis process reached 92.47% at 25 mg L−1 and 
decreased to 73.72% at 50 mg L−1, the initial degradation rate 
(r0) increased from 0.103 to 0.190 mg L−1 min−1 with increas-
ing initial concentration. This implies the inadequacy of the 
first-order kinetic model under real conditions. At a low pol-
lutant concentration, a great number of water molecules pro-
duce hydroxyl radicals through adsorption onto TiO2, and 
thus, a rapid oxidation process occurs. As the concentration 
of the target pollutant increases, degradation rate decreases 
as a result of the increasing competition for adsorption 
between the pollutant and water molecules, and the resultant 
decrease in the formation of the hydroxyl radicals leads to 
the decrease in the number of the water molecules adsorbed 
onto the free TiO2 active regions. In addition, since it causes 
competition in the active regions on the catalyst surface, the 
amount of by-product formation gains further importance 
for increasing pollutant concentrations [39].

In agreement with the results of this study, the study car-
ried out by Bouafia-Chergui et al. [36] on the removal effi-
ciency of tetracycline (TC) decreased from 99% to 85% at 5 
and 20 mg L−1, respectively, and the initial degradation rate of 
TC (r0) increased with the increase in the initial concentration 
from 0.22 to 0.42 mg L−1 min−1. Kamble et al. [70] reported that 
the photocatalytic rate constant decreased with the decreas-
ing initial phenoxyacetic acid concentration. This behavior 
can be explained by the substrate molecules exceeding the 
sorbent capacity, which affects the degradation rate:

Table 1
The kinetic parameters obtained in the study

C0 (mgL−1) r0 (mgL−1 min−1) kapp (min−1) t1/2 (min) t*
1/2 (min) R2 kc (mg L−1 min−1) KLH (L mg−1)

25 1.103 0.0441 15.71 11.98 0.98
50 1.190 0.0238 29.12 21.65 0.97

1.00 1.293 0.232
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1 1 0

k k K
C
kc capp LH

= +  (11)

Here, C0 is the initial herbicide concentration (mg L−1), 
KLH is the L–H adsorption equilibrium constant (L mg−1), 
and kc is the surface reaction rate constant (in mg L−1 min−1). 
According to Eq.  (11), the plot of 1/kapp versus C0 results 
in a linear change and confirms the relationship between 
the initial degradation rate and L–H adsorption. The terms 
kc and KLH are calculated using the slope and intersection 
of the line and were determined to be 1.293 mg L−1 min−1 
and 0.232 mg L−1, respectively. In the removal of carbofu-
ran, Vishnuganth et al. [2] obtained kc and KLH values of 
1.51 mg L−1 min−1 and 0.1942 mg L−1, respectively. Bamba et 
al. [64] obtained a pseudo-first-order L–H-type rate coeffi-
cient value of k = 1.787 mg L−1 min−1 for P25 depending on the 
TiO2-sensitized primary oxidation occurring on a monolayer 
surface, while obtaining a monolayer adsorption constant of 
K = 0.801 mg L−1 – relating to the pseudo-equilibrium con-
stant. Daneshvar et al. [48] reported that the degradation rate 
of phosalone (a type of organophosphate pesticide) was high 
at the initial stages of illumination and gradually decreased 
over time. The rate constant of phosalone was determined to 
be 0.0532 min−1. Moreover, Daneshvar et al. [32] reported the 
second-order degradation constant (k) and adsorption equi-
librium constant (K) to be 0.984 mg L−1 min−1 and 0.116 mg L−1, 
respectively, for erioglaucine.

Half-life (t1/2) is defined as the time required for the initial 
2,4-D concentration in the aqueous solution to be reduced by 
a half during the reduction process. By using Eq. (11) and 
replacing C0 with C0/2, t*

1/2 is obtained:

t
C
k k Kc c

1 2
0

2
2

/
* ln
= +

LH

 (12)

Alternatively, half-life time (t1/2) is calculated according 
to the experimental data by using the pseudo-first-order rate 
constant (kapp):

t
k1 2
2

/
ln

=
app

 (13)

According to Table 1, at the low initial 2,4-D concentration 
(25 mg L−1), t*

1/2 and t1/2 were almost the same. As seen in 
Table 1, the difference between the estimated and observed 
half-life increases with increasing 2,4-D concentration [36]. 
This stems from the competition between the main pollut-
ant and its products formed during the degradation with 
HO, while the consumption of radicals has a limiting effect 
[71]. As seen in Table 1, the half-life of the first-order reac-
tion increases with increasing initial 2,4-D concentration, 
depending on the decrease in the kapp value.

3.9. Energy consumption and economic analysis

3.9.1. Electrical energy determination

The degradation of the 2,4-D herbicide by the photo-
chemical process consumes electrical energy [2,72]. The 
electrical energy consumed by this process constitutes an 
important part of the operating cost. For a batch reaction, 

EEO (kW energy amount consumed per process) is calculated 
using the following equation [32]:

E P t

V C
C f

EO =
× ×

× ×












1 000
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,
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The above equation is indirectly associated with the L–H 
model first-order kinetic:

ln C
C

k t
0









 = − app  (15)

By coupling Eq. (14) with the L–H model first-order 
kinetic Eq. (15), EEO can be represented as follows:

E P
V kEO

app

=
×

×
38 4.  (16)

Equation (16) (EEO) is used to determine the electrical 
energy model of each ideal batch reactor. Table S1 shows the 
EEO values determined for the 2,4-D removal with the UVA/
TiO2 and UVA/TiO2/H2O2 processes.

3.9.2. Total operating cost

Cost analysis is among the most important criteria in 
selecting the best wastewater treatment method. Advanced 
oxidation processes largely depend on electrical energy, 
which tends to be one of the major contributors to the 
operating cost [73,74]. The total cost is made up of investment 
cost, operating cost, and maintenance cost. Reactor configu-
rations, and the concentration and structure of the pollutant 
are the main factors affecting the cost of classical wastewa-
ter treatment systems. The International Union of Pure and 
Applied Chemistry (IUPAC) proposed the figures-of-merit 
for the electrical energy consumption by advanced oxidation 
processes (AOP) [73]. Therefore, cost evaluation was per-
formed based on “figure-of-merit (EEO)” for all the individual 
batch experiments [2,75,76].

Electrical energy consumption per process (EEO) com-
pares the electrical efficiency of various UV-based AOPs 
with each other, and it is a measure of electrical efficiency. 
Basically, if the energy efficiency of a process is high, its EEO 
will be low [32].

Considering the first-order degradation kinetics, the UV 
dose for each process can be calculated using Eq. (17) [32,73]. 
EEO is obtained from the inverse of the slope of the plot of log 
(C0/C) versus energy dose (kWh/m3) [32]:

UV Dose
lamp power kW time h
treatedvolume L

=
× ( )× ( )

( )
1 000,

 (17)

The total operating cost of the photocatalytic degradation 
of the 2,4-D herbicide at optimum conditions was calculated 
using Eqs. (18) and (19). Economic analysis was carried out to 
determine the operating cost of the photocatalytic treatment 
of the 2,4-D herbicide in a batch reactor under different condi-
tions such as UV/TiO2 and UV/TiO2/H2O2. The COD removal 
was below average under the working conditions involving 
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in the degradation of herbicide 2,4-D in an aqueous solution. 
A photocatalytic process (using UVA + TiO2) using 25 mg L−1 
obtained 97.47% ± 0.27% degradation, 39.89% ± 3.42% min-
eralization, and 65.52% ± 4.88% oxidation under UVA radia-
tion (365 nm/36 W m−2) at a pH of 5, a constant stirring rate 
of 150 rpm, and a temperature of 22°C ± 1°C under optimum 
conditions after 180 min; whereas 99.74% ± 0.08% degrada-
tion, 55.99% ± 2.67% mineralization, and 82.49% ± 1.90% 
oxidation were obtained after 180 min of photocatalysis 

(using TiO2 + UVA + H2O2) with the addition of an optimum 
150 mg L−1 of H2O2. The 2,4-D degradation rate decreased 
with the increase in initial 2,4-D concentration. The pseu-
do-first-order kinetic model fitted the experimental data 
well, and the photocatalytic degradation process was 
explained by the modified L–H model. The kc and KLH val-
ues were determined to be 1.293 mg L−1 min−1 and 0.232 
L mg−1, respectively. The UVA/TiO2/H2O2 process was more 
effective under a batch photocatalytic process in terms of 
low cost and higher efficiency per kg of COD removal from 
wastewater. The study is significant in terms of the appli-
cation of UVA/TiO2/H2O2 photocatalysis as a pretreatment 
for 2,4-D herbicide wastewater at a pH of 5 for a biological 
treatment.
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Symbols

C — 2,4-D concentration at time t, mg L−1

C0 — initial 2,4-D concentration, mg L−1

EEO — electrical energy per order, k Wh m−3 order−1

K — Langmuir adsorption constant
kapp — apparent kinetic constant, min−1

KLH —  Langmuir–Hinshelwood adsorption equilibrium 
constant, L mg−1

kr — reaction rate constant, g mg−1 min−1

L–H — Langmuir–Hinshelwood
P — UV lamp power, kW
r0 — initial degradation rate, mg L−1 dk−1

R2 — linear regression coefficient
t1/2 — half-life reaction time, minutes
V — treated volume, L
θ — fraction of catalyst surface covered

the sole use of UV and for conditions involving the sole use 
of TiO2. Using the experimental results, the operating cost of 
each kilogram (kg) of COD removal from the 2,4-D herbicide 
in wastewater was calculated in terms of US Dollars (USD) 
and Turkish Lira (TRY) by using Eqs. (3.7) and (3.8) [75]. In 
both equations, energy consumption is the sum of the energy 
requirement of the magnetic stirrer (8 W only for stirring), 
the UV lamp (36 W), the peristaltic pump (30 W), and the air 
pump (3 W).

Total consumed energy kWh
Consumed power W Reaction time dk( ) = ( )× ( )

11 000 60, ×( )  (18)
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EEO values revealed that the electrical efficiency in the 
photocatalysis of 25 mgL−1 of 2,4-D was better in the UV/TiO2/
H2O2 system (Table S1).

Economic analysis was performed under different work-
ing conditions to evaluate the operating cost of the photo-
catalytic treatment of the 2,4-D herbicide: for example, UV/
TiO2 and UV/TiO2/H2O2 in batch mode. The COD removal 
was below average only in the UV process, and the process 
involving the sole use of TiO2. The degradation half-lives 
calculated – based on Eq. (13) – were 15.71 and 29.12 min−1 
for 25 and 50 mg L−1, respectively. The estimated power 
input to the system was 77 W. The energy requirements for 
the degradation of half of the initial amounts were 20.30 Wh 
(e.g., 0.073 MJ) for 25 mg L−1 and 37.61 Wh (e.g., 0.135 MJ) for 
50 mg L−1.

According to Table S2, the photocatalytic process with 
UV/TiO2/H2O2 – compared to the treatment process with 
UV/TiO2 – had a rapid potential that exhibited a higher 
percentage of organic matter removal. Economic analysis is 
necessary to evaluate the cost effectiveness of a treatment 
process [77]. In their study, Aye et al. [47] reported that, in 
the absence of H2O2, a textile wastewater treatment of 47% 
removal was obtained after the decolorization process in a 
period three times longer than the illumination period in 
the presence of H2O2. In this study, using H2O2 as a sub-
sidiary to the reaction in the photocatalytic system resulted 
in the removal of a significant amount of COD in a period 
as short as 150 min (from 65.52% with the UV/TiO2 process 
to 85.19% with the UV/TiO2/H2O2 process). According to 
Table S2, cost reduction is a function of the optimum time 
required for achieving maximum removal efficiency [75]. 
In addition to reactor geometry and hydrodynamic resis-
tance time, it is a process that requires taking the deacti-
vation of the photocatalyst into consideration for technical 
applications [38].

4. Conclusion

UVA/TiO2 photocatalysis with the addition of H2O2 is 
more effective than UVA/TiO2 photocatalysis without H2O2 
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Supplementary Information

Appendix I

 

Fig. S1. X-ray diffraction of P25 TiO2 nanopowder in anatase 
phase.

Fig. S2. UV spectrum of 2,4-D (20 mg L–1).

 

Fig. S3. FTIR spectrum of the original 2,4-D herbicide.

  Wavelength, nm-1 

Fig. S4. FTIR spectrum of the 2,4-D herbicide (a) before 
photocatalysis (0 min), (b) 3 h after photocatalysis, and (c) 24 h 
after photocatalysis.
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Table S2
The cost analysis for 2,4-D herbicide removal in the photoreactor under two different sets of working conditions.

2,4-D 
conc. 
(mg L−1)

TiO2 
conc. 
(mg L−1)

TiO2 
costs 
(USD/g)

H2O2 
conc. 
(mg L−1)

H2O2 
costs 
(USD/L)

pH COD 
removal 
(mg L–1)

Reaction 
time 
(min)

Total power 
consumed 
per mg 2,4-D 
removal (k Wh)

Total cost 
(USD/kg)

Total  
cost 
(TRY/kg)

UV/TiO2 25 1.5 1.89  – 28.15 5 10.5 15 0.0194 219.909 785.432
50 1.5 1.89 – 28.15 5 38 180 0.2325 723.864 2579.17

UV/TiO2/H2O2 25 1.5 1.89 150 28.15 5 55 15 0.0194 71.662 157.577
50 1.5 1.89 150 28.15 5 122.5 150 0.1938 216.721 673.889

1. UV radiation intensity is the same in all systems (36 W). 2. The working volume of the reactor is 1 L. 3. Total energy consumption (P) 77 W 
(energy consumption by the electronic magnetic stirrer (8 W), air pump (3 W), peristaltic pump (30 W), and UV lamp (36 W) 4. Unit power 
cost 0.42 TL/kWh and 11.8 US cents/kWh) [TEDAŞ, 2017 July] 5. TiO2 price for 100 G:160.50 EUR (Sigma-Aldrich©) 6. H2O2 (30 %) price for 
1 L: 23.90 EUR. * Consumed per each mg of 2,4-D removal

Fig. S5. The linear change in ln (C0/C) versus time for the photocatalytic degradation of 2,4-D at different initial concentrations.

Table S1
The effect of the initial 2,4-D herbicide concentration on kinetic constant, regression coefficient, and electrical energy per order (EEO).

Experimental conditions

Initial concentration (mg L−1) TiO2 concentration (mg L−1) H2O2 concentration (mg L−1) pH EEO (k Wh m–3 order−1)

25 1.5 – 5 33,333
25 1.5 150 5 125,000
50 1.5 – 5 50,000




