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ABSTRACT

The kinetics of adsorption and photodecomposition of the water polluting insecticide
quinalphos (QP), in aqueous suspensions of TiO2 were evaluated under laboratory condi-
tions. Langmuir and Freundlich models were applied to describe the adsorption process
and the model proposed by Langmuir–Hinshelwood was used to illustrate the kinetics of
the photodecomposition reactions of QP. The adsorption capacity of TiO2 observed to
increase from 7.86 to 20.04 mg g−1 with the increase in initial QP concentration from 5 to
25 mg L−1, respectively. About 45.8% adsorption of 20 mg L−1 QP was observed in just
60 min at pH 6 with 5 g L−1 TiO2 loading and 25 ± 1˚C temperature. TiO2 was found to
have a maximum adsorption capacity of 23.7 mg g−1 for QP. Photocatalytic treatment of
200-mL solution (20 mg L−1) under least harmful UV-A radiations (365 nm/30 W m−2) with
0.5 g L−1 TiO2 loading gives nearly 89.67% degradation in 3 h. The photodecomposition rate
of QP was significantly higher at slightly acidic conditions (pH 6). Increasing light intensity
from 20 to 35 W m−2 and aperture to volume ratio of the photoreaction from 0.515 to
1.327 cm2 mL−1 shows a notable increase in the decomposition rate of QP. Formation of two
complex intermediates (m/z 282 and 284) and a few smaller compounds (m/z 104, 108, and
149) were detected by the gas chromatography–mass spectrometry analysis of the reaction
sample after 3 h UV irradiation in the presence of TiO2. These intermediates were further
dissociated to simpler hydrocarbons, possibly, by reacting with �OH and �O species.

Keywords: Quinalphos; Titanium dioxide; Catalytic adsorption; Slurry reactor;
Photodegradation

1. Introduction

Pesticides are the group of enormously toxic com-
plex organic compounds that are used worldwide for
agricultural and household activities. As a conse-
quence of their wide application, pesticides have now

become the second largest contaminant in drinking
water and therefore have potential toxicity toward liv-
ing beings [1]. Water contamination is one of the pri-
mary sources of human exposure with the toxic
compounds. The conventional water treatment pro-
cesses are not efficient enough to meet the regulatory
standards and therefore the development of efficient
facilities is the need of the hour [2]. Heterogeneous*Corresponding author.
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photocatalysis, as an advanced oxidation process, has
received grand attention in degrading such persistent
organic compounds and reducing the chemical oxygen
demand (COD) in water bodies [3–5]. Illuminated
semiconductors have been applied for the remediation
of pesticide-contaminated water and in most of the
cases, complete mineralization was achieved [6].
Among the long list of semiconductors, titanium
dioxide (TiO2) as a photocatalyst has been widely
applied because of its relatively high photocatalytic
activity, biological and chemical stability, nonpoi-
sonous nature and long lifespan [7]. The mechanism
of the photodegradation by UV-activated TiO2 is
well described by the band gap model given by
Bockelmann et al. [8]. It is based on the generation of
reactive oxide (�O) and hydroxyl (�OH) radicals,
mainly from the adsorbed water and hydroxide ions
by the semiconductor [9,10]. These radicals further
reacts with the pollutants adsorbed over the surface of
the semiconductor to oxidize them into simpler
intermediates and ultimately to harmless inorganic
products.

Heterogeneous photocatalysis has been studied for
the degradation of several toxic and water persistent
pesticides including quinalphos (O,O-diethyl
O-quinoxalin-2-yl phosphorothioate). Quinalphos (QP)
is one of the widely used organophosphate insecti-
cides in Indian agriculture for controlling the caterpil-
lar and scale insects on fruit trees, cotton, vegetables,
peanuts, and pest complex on rice [11,12]. It has been
found to be a severe irritant for eyes, skin, and res-
piratory tract, a neurotoxicant and strong inhibitor of
acetyl cholinesterase (AChE) [13]. Ranked “moderately
hazardous” in World Health Organization’s acute haz-
ard ranking, use of QP is either banned or restricted
in most of the nations [14]. However, in India, it is
still available in the market by different commercial
names such as rolux, captain, flash, ekaphos, and
goldlux and applied widely in the agriculture sector.

To prevent the environmental loss caused by such
a hazardous chemical, a few researchers had studied
the behavior of QP in soil and water. The study con-
ducted by Babu et al. [15] had proved the persistence
of QP and its metabolites in Indian soil. Gupta et al.
[16] had detected the traces of QP’s metabolites in
water even after 80 d of application under natural
conditions, which were found to be more toxic than
the parent compound. When the aqueous solution of
QP was irradiated under very high energy radiations
using Xenon arc lamp (750 W m−2, 290 nm), it was
found to have a half life as long as 20 h [17]. However,
UV-B radiations (315–280 nm) are themselves consid-
ered the most harmful radiations as they may initiate
skin cancer [18,19]. Sidhu and Sud [20] had studied

the degradation products of QP (UV 290 nm) by
hyphenated technique and quoted the formation of
complex intermediates during the process.

Photocatalytic degradation of ethanol-based solu-
tion of the QP, using P25-TiO2 as the catalyst, was
studied earlier by Kaur and Sud [12], and they
observed that about 40% adsorption of the substrate
(QP) over the surface of TiO2 takes place in just
60 min of the reaction. Since the process of photo-
catalysis is based upon the surface reactions between
the pollutant and the light-activated catalyst, therefore,
it is important to study the adsorption behavior of the
pollutant on the surface of the catalyst for the
effectiveness of the photodegradation for the given
pollutant.

The aim of the present study is to: (i) investigate
the adsorption behavior of QP over TiO2 using
adsorption models proposed by Langmuir and
Freundlich and the effect of various reaction
parameters such as catalyst dose, pH, and initial QP
concentration on the adsorption; (ii) improve the
photocatalytic degradation of QP using P25 TiO2 by
means of least harmful and low energy UV-A radia-
tions (Black-light, florescent tube/367 nm/20 W); (iii)
examine the effect of reactor design in terms of area to
aperture ratio on the photoactivity of catalyst; and (iv)
to characterize the intermediate products, produced
by the photocatalytic breakdown of QP and propose
the pathway of their breakdown.

2. Material and methods

2.1. Materials

Technical grade insecticide QP (purity 78.2%) was
received from Markfed Agro Chemicals, India. Aerox-
ide P25 (TiO2) having purity 97%, average particle size
of 30 nm and anatase to rutile ratio of (80:20) received
as free sample from Evonik, Germany. HCl (LR) and
NaOH (essay 97%) were procured from SDFCL, India.
Diethyl ether was procured from Merck, India. All
chemicals were employed as received without any fur-
ther treatment. Double-distilled water was used for
the preparation of all laboratory solutions.

2.2. Adsorption studies

The experiments of QP adsorption onto TiO2

were conducted in the absence of light, using a hemi-
spherical glass reactor, having height 8 cm, outer
diameter 18.8 cm, and inner base diameter 8 cm,
equipped with a digital magnetic stirrer (1,000 rpm).
Adsorption experiments were carried out at various
concentrations of QP (5–25 mg L−1), catalyst loadings
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(0.25–1.25 g L−1), and pH (2–10) of the reaction
mixture at room temperature (25 ± 1˚C). The pH of
20 mg L−1 QP solution was adjusted by either HCl or
NaOH before addition of TiO2. Adsorption isotherms
were obtained by treating different concentrations of
QP (5–25 mg L−1) using a constant catalyst loading of
0.5 g L−1 each time. Aliquots of samples were taken at
predetermined time intervals and filtered through a
0.22-μm membrane filtering system (Millipore). The
variation in the concentration of adsorbate in the solu-
tion was monitored by UV–vis spectrophotometer
(Shimadzu UV 2450, Japan) in the wavelength range
of 200–800 nm.

2.3. Photodegradation studies

The photodegradation reactions of QP were done in
the above-mentioned slurry batch reactor. For UV light
irradiation, the reactor was placed in the UV chamber
[21,22], fitted with 8 black UV florescent tubes (Philips,
20 W) emitting predominant wavelength of 365 nm,
and an exhaust fan was provided on the back wall of
the chamber for temperature equilibrium (25 ± 1˚C).
The reactor was placed on a digital magnetic stirrer
(1,000 rpm) for uniform dispersal of the catalyst, placed
on an adjustable stand to attain different distances from
UV light source. Effect of various reaction parameters
such as catalyst loading (0.25–0.75 g L−1), initial
concentration (5–25 mg L−1), pH (4–8), area/volume
(A/V) ratio (0.432–1.327 cm2 m L−1), and light intensity
(15–35 W m−2) on the photodegradation of QP have
been studied at constant temperature (25 ± 1˚C). At
varied time intervals, suitable aliquots (3 mL) were
withdrawn from the reaction mixture filtered through
0.22-μm membranes (Millipore) and analyzed using
UV–vis spectrophotometer.

2.4. GC–MS analysis

To confirm the breakdown of complex QP into
smaller molecules and to identify the metabolites, gas
chromatography–mass spectrometry (GC/MS) analysis
of the samples has been done at the completion of
reaction. The analytical samples were prepared by
mixing sample solution and diethyl ether in the ratio
1:2, respectively. The mixture was stirred for 2 h for
appropriate mixing and upper layer, i.e. diethyl ether
containing QP was extracted thereafter. Appropriate
amount of anhydrous sodium sulfate was added to
the mixture for the complete removal of water vapors.
Finally, the sample was concentrated to 1 mL and ana-
lyzed by GC/MS (Thermo GC, TRACE 1300) fitted
with a capillary column (TG 5MS, 30 m, 0.25 mm ID,

and film thickness of 0.25 μm) attached to a TSQ 8000
mass spectrometer. Helium was used as both the car-
rier (1 mL min−1) and make-up gas (40 mL min−1). The
temperature of injector (splitless mode) was kept at
250˚C, transfer line temperature 280˚C, and oven tem-
perature was programmed from 60˚C (2 min hold) to
300˚C at the rate of 10˚C min−1 (5 min hold). To obtain
the proposed degradation of byproducts, the peak pat-
terns obtained by the GC/MS were compared to the
National Institute of Standards and Technology
library.

3. Results and discussion

3.1. Adsorption of QP on TiO2

3.1.1. Effect of contact time

The adsorption behavior of QP on the surface TiO2

was measured as a function of the contact time, at dif-
ferent initial QP concentrations from 5 to 25 mg L−1.
In Fig. 1, the plot reveals that the adsorption rate was
higher at the initial stage of reaction for all concentra-
tions of QP probably due to the availability of larger
surface area of TiO2 at beginning for the adsorption.
The increasing contact time increased the adsorption
and the equilibrium was observed to attain after
60 min of the contact time in each case.

3.1.2. Effect of initial concentration of QP

While studying the effect of contact time at differ-
ent initial concentrations of QP, it was also observed
that the extent of adsorption decreases with the
increase in initial concentration of QP. The percentage
QP removal was found to be 78.57% for 5 mg L−1 of

Fig. 1. Effect of contact time on the adsorption equilibrium
of various concentrations of QP (TiO2 loading 0.5 g L−1,
QP 200 mL, pH 6, 1,000 rpm); (♦) 5 mg L−1, (■) 10 mg L−1,
(▲) 15 mg L−1, (X) 20 mg L−1, (◊) 25 mg L−1.
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QP, whereas it was just 40.06% for that of 25 mg L−1

QP concentration at constant catalyst loading
(0.5 g L−1).

The adsorption ability of a solid surface can be
measured by the adsorption isotherm, which is charac-
terized by the amount of solute adsorbed per gram of
TiO2 in conditions of equilibrium. In the present
study, the adsorption ability of TiO2 was calculated by
dividing the difference of the initial concentration (Co)
and the equilibrium concentration (C), by the support
mass (m) and multiplied by the volume of solution (V)
used, in liters, as per the expression given below [23]:

Cs ¼ Co�C

m

� �
V (1)

A graph was plotted to study the relation between
adsorption ability of TiO2 and the initial concentration
of QP (Fig. 2), which reveals that the adsorption is a
function of the concentration, and the adsorption
capacity increases with the increase in the equilibrium
concentration of QP.

The Langmuir and Freundlich adsorption models
are most commonly used to study adsorption pro-
cesses in aqueous solutions as a function of concentra-
tion at a given temperature [24]. According to
Langmuir’s model, adsorption on solid substrate can
be described by the following equation [25]:

Cs ¼
K1CsðmÞC
1þ K1C

(2)

where Cs is the adsorption ability of TiO2, K1 is
Langmuir’s equilibrium constant, and Cs(m) is the
maximum adsorption capacity of the solute on solid
substrate. On reciprocating the terms of Eq. (2), we get:

1

Cs
¼ 1

K1CsðmÞC
þ 1

CsðmÞ
(3)

The multiplication of Eq. (3) by C gives the linear
form of Eq. (2) as follows:

C

Cs
¼ 1

K1CsðmÞ
þ C

CsðmÞ
(4)

The plot of C/Cs vs. C has been plotted, and the val-
ues of Cs(m) and K1 calculated through the slope and
intercept of the straight line were found to be
23.69 mg g−1 and 0.331 L mg−1, respectively, (Fig. 3(a)).

According to Freundlich’s model, adsorption on
solid substrate can be described by the following
equation [23]:

Cs ¼ KFC
1=n (5)

where 1/n is the coefficient/degree of linearity; KF is
the Freundlich adsorption constant and C is the equi-
librium concentration of the solute. On applying the
logarithm to Eq. (5) we get:

ln Cs ¼ ln KF þ 1

n
ln C (6)

The values of Freundlich constants, n and KF were
calculated as 2.714 and 7.54 mg(n−1)/n Ln−1 g−1, respec-
tively, from the slope and intercept of the plot
between ln Cs vs. ln C (Fig. 3(b)). The values of
correlation coefficients (R2) obtained through Lang-
muir’s and Freundlich’s equations indicate that the
two models are suitable for evaluating the adsorption
of QP over TiO2.

3.1.3. Effect of catalyst dose and pH

To determine the effect of catalyst loading (TiO2)
on the adsorption of QP over TiO2, the experiments
were done at various catalyst doses from 0.25 to
1.0 g L−1 under dark conditions at the natural pH of
QP solution (pH 6). The observed adsorption trend at
a reaction time period of 3 h is given in Table 1. The
removal efficiency generally increased with the
increase in catalyst loading at a constant temperature,
which is because of the availability of more surface
area for adsorption due to the increase in the total
mass availability [26].

In addition, the influence of solution pH on the
adsorption behavior of QP over 0.5 g L−1 TiO2 was

Fig. 2. Equilibrium adsorption isotherms of QP over the
surface of TiO2 at different initial concentrations (5–
25 mg L−1) (catalyst loading 0.5 g L−1, pH 6, 1,000 rpm).
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also investigated for a time period of 3 h. It was
noticed that adsorption of QP increases with the
increase in solution pH as we move from acidic to
neutral (pH 2–6) conditions, however slight decrease
in the adsorption of QP was observed with further
increase in the solution pH up to 10 (Table 1). One of
the possible reasons behind the lower adsorption at
high acidic conditions could be the increased solubil-
ity of QP in water as compared to the neutral and
basic conditions. Higher solubility may not allow the
compound to intact with the surface of TiO2. More-
over, acidic conditions favor the generation of H+ ions
onto the surface of TiO2 that has a zero point charge
of around 6.3 [27,28] and above this, pH it is
negatively charged. Thus, at pH 6, the electrostatic
interaction between the positive TiO2 surface and

anionic QP compound takes place and in the absence
of UV light radiations, the factor leads to strong
adsorption of QP over the surface of TiO2.

3.2. Photocatalytic degradation study

After studying the adsorption behavior of QP over
the surface of TiO2, degradation studies of QP under
least harmful part of UV light (365 nm, 30 W m−2)
were carried out. The degradation was negligible
under UV light without catalyst at pH 6, whereas
about 89.67% decrease in QP concentration was
observed when the solution of 20 mg L−1 with a cata-
lyst (TiO2) loading 0.5 g L−1 was irradiated under UV
light (365 nm) for a period of 3 h.

3.2.1. Kinetics studies

The kinetics of photocatalytic degradation of QP
was studied by Langmuir–Hinshelwood (L–H)
method. The L–H model was originally developed to
quantitatively describe gaseous–solid reactions [29],
but later on, it has also been used to describe solid–
liquid interactions [30]. According to L–H model, the
photocatalytic degradation rate can be expressed as:

r ¼ krKC

1þ KC
(7)

where r is the rate of photocatalytic degradation of
QP, kr is the reaction rate constant, K is the equilib-
rium adsorption constant, and C is the concentration
of the substrate at time t, respectively. For dilute
concentrations, this equation can be expressed as
pseudo-first-order reaction where krK can be written
as “kapp” (apparent rate constant) [23].

Fig. 3. Linearization of Langmuir (a) and Freundlich’s (b) equation for adsorption of QP on TiO2 at 25˚C.

Table 1
Effect of different reaction parameters on adsorption of QP
over TiO2 (Temp. 25 ± 1˚C)

Parameters varied Range Percentage adsorption

Amount of TiO2 (g L−1) 0.25 38.31
0.50 45.79
0.75 52.35
1.00 64.36
1.25 63.98

pH 2 37.28
3 39.45
4 41.30
5 44.41
6 45.79
7 45.37
8 44.54
9 43.65
10 42.7
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To study the dependence of photocatalytic
degradation rate of QP at its initial concentration, L–H
model as a function of initial concentration was used,
and the reaction rate constant and adsorption constant
were determined; thus Eq. (7) can be rewritten as:

ro ¼ krKCo

1þ KCo
(8)

where ro is the initial rate of photocatalytic degrada-
tion of QP and Co is the concentration. The inverse of
Eq. (8) gives:

1

ro
¼ 1

kr
þ 1

krK

1

Co
(9)

The plot between initial reaction rate and initial con-
centration is represented in Fig. 4, which shows a lin-
ear relationship between the two (1/ro and 1/Co). The
values of kr and K calculated from the intercept and
the slope of the straight line (R2 = 0.992) were
1.9723 mg L−1 min−1 and 0.00632 L mg−1, respectively.

3.2.2. Effect of catalyst loading

To determine the optimal catalyst dosage, experi-
ments were carried out at various amounts of TiO2

from 0.05 to 0.15 g in 200 mL of an aqueous solution
of QP. It was observed that the degradation tends to
increase with the increase in catalyst dose from 0.25 to
0.5 g L−1 (Fig. 5), however, the degradation rate
started decreasing with further increase in the catalyst
loading. It is because of the increase in turbidity of the
reaction mixture with increasing catalyst loading,
which leads to the decrease in light penetration and
photoactivity [31]. High catalyst concentration may

leads to the aggregation of catalyst particles, thus
decreases the number of surface active sites [9]. It also
hinder the electronic excitations and hole generation
process, therefore, as a result, lesser number of reac-
tive �OH radicals are available for the degradation of
targeted pollutants. The observed optimum catalyst
dose (0.5 g L−1) is much lower than that quoted in the
literature (1.5 g L−1) for even lesser concentrations
(10 mg L−1) of QP [12,20] possibly due to the availabil-
ity of higher area/volume ratio (0.432–1.327 cm2 mL−1)
of the reactor which allows the light radiations to
penetrate the greater depths of reaction solution and
photoactivate the catalyst particles more efficiently.

3.2.3. Effect of pH of the QP solution

The pH of the reaction solution also plays a signifi-
cant role in photocatalytic process because it affects
the solubility of the compounds, surface charge on the
catalyst particles, size of the aggregates it forms, and
the position of the conductance and valence bands
[32]. The effect of pH on the degradation of QP was
studied in the pH range 4–8 at constant QP concentra-
tion of 20 mg L−1 and TiO2 dose 0.5 g L−1. As shown
in Fig. 6, high values of k shows higher degradation of
QP at slightly acidic pH, i.e. the initial pH of the stock
solution (pH 6); however, pH values higher/lower
than pH 6 shows low degradation.

The possible reason behind the observed pattern is
the acid–base behavior of TiO2 surface (zero point
charge 6.3) [27,28]. Under UV light conditions, the H+

ions form reactive �Hads (radicals) by capturing the
photogenerated electrons [33], whereas the positive
holes serve as oxidation sites to generate �OH radicals
[34]. Both processes collectively act for the effective
breakdown of QP.

Fig. 4. Plot showing the variation in initial reaction rate
with the initial concentration of QP (QP 20 mg L−1, pH 6,
UV 30 W m−2, 1,000 rpm).

Fig. 5. Effect of different catalyst (TiO2) loadings on
degradation of QP (QP 20 mg L−1, pH 6, UV 30 W m−2,
1,000 rpm).
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3.2.4. Effect of reactor design (area/aperture ratio)

The degradation in slurry-based photocatalytic
reactions depends upon the total amount of light
radiations received per unit area of the reaction solu-
tion and the depth of the solution to which light can
penetrate easily [35]. Thus, an imperative parameter
affecting the rate of degradation is the A/V ratio of
the reactor setup used for the treatment [36]. With the
increase in surface area, the path length of photons
entering the solution also increases that will intern
enhances the photoactive sites and the formation of
�OH radicals [22].

To study the effect of different A/V ratios of the
reactor, degradation of QP was carried out at diverse
initial volumes of the solution from 100 to 400 mL, by
keeping all other parameters constant. It was observed
that as the A/V ratio decreased from 1.327 to
0.515 cm2 mL−1, the degradation of QP has also
decreased from 90.73 to 86.78%. The variation in the
rate of reaction at different areas to volume ratio is
represented in Fig. 7.

3.2.5. Effect of light intensity

The extent of light absorption by the semiconduc-
tor catalyst at a given wavelength depends upon the
intensity of the falling light. To study the effect of dif-
ferent light intensities, equal volumes of the solution
(200 mL) were kept at different distances from UV
light source in order to have intensity values from 20
to 35 W m−2. The area to volume (A/V) ratio was kept
constant (0.9188 cm2 mL−1) for all experiments. In case
of shallow pond reactor, the relation between light
intensity and the rate of reaction is given by:

k

ko
¼ m

I A
V

� �
Io

A
V

� �
o

" #n

(10)

where m and n are the experimental constants, ko is
reference rate constant corresponding to reference
intensity Io. At constant A/V ratio, Eq. (10) was
converted in to:

k

ko
¼ m

I

Io

� �n
(11)

The above equation shows that the rate constant k is
directly dependent on the intensity of incident radia-
tions if the A/V ratio is kept constant. The reaction
rate constant (k) for QP degradation is directly propor-
tional to the intensity of incident light at constant A/V
ratio (Fig. 8).

It is because of the fact that with the increase in
light intensity, more photons will be available for
excitation and therefore, more electron–hole pairs will
be generated over the surface of semiconductor,
resulting into increase in the rate of photochemical
reaction [37]. The values thus calculated for n and m
are found to be 0.726 and 0.953, respectively.

Fig. 6. Effect of varying pH of the reaction mixture on
degradation of QP (QP 20 mg L−1, UV 30 W m−2, TiO2

0.5 mg L−1, 1,000 rpm).

Fig. 7. Effect of A/V ratio of the reactor on degradation of QP (20 mg L−1, pH 6, UV 30 W m−2, 1,000 rpm).
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4. Mineralization studies

4.1 UV–vis spectra

Samples withdrawn after regular interval of time
during the photocatalytic reaction of QP under UV
light using TiO2 were analyzed by the UV–vis absorp-
tion spectroscopy. Initial QP gives two representative
peaks at 238 and 320 nm as shown in Fig. 9. The resul-
tant graphs at different reaction time periods show
gradual decrease in the peak intensities, without
formation of any new representative peak, which rules
out the formation of any complex byproduct during
the degradation of QP.

4.2. COD analysis

The breakdown of complex compound QP was
also studied in terms of COD reduction during the
photocatalytic treatment under UV light conditions. It
was measured as the mass of oxygen required by the

organic compounds present per liter of solution for
the decay/breakdown and expressed in milligrams
per liter (mg L−1). Fig. 10 represents the comparison
between the decrease in concentration and percentage
COD reduction of QP with reaction time, under UV
light conditions. It was observed from the graph that
the decrease in COD values took place along with the
decrease in concentration of QP with the increasing
time of reaction. The reduction in COD of the solution
indicates the breakdown of QP to simpler compounds
having COD values as low as 8, giving nearly 79%
COD reduction in 3 h.

4.3. GC–MS analysis

In order to further confirm the UV-assisted
photocatalytic degradation of QP and determine the
resulting intermediates formed during the process,
reaction samples were analyzed by GC–MS. Struc-
tures, retention times (Rt), molecular weights (m/z) of
the major intermediate compounds, and their break-
down peaks detected by the GC/MS are given in
Fig. 11.

The major high intensity peaks were observed at
m/z 282 (diethyl 2-quinoxalinyl phosphate)
(Fig. 11(d)) and m/z 284 (O-ethyl O-methyl O-quinox-
alin-2-yl phosphorothioate) (Fig. 11(e)). Kaur and Sud
[12] have reported the intermediate formation mainly
in the m/z range of 288–207. Similarly, intermediates
with the high m/z values have been detected in the
QP degradation in soil and plants [16]. Solar light-
assisted degradation of QP has also given the similar
range of byproducts [17]. However, in the present
study, the detection of comparatively smaller mole-
cules as the major intermediates at m/z 104, 108, and

Fig. 9. UV–vis spectra of QP degradation under UV light
(TiO2 0.5 g L−1, 20 mg L−1, pH 6, T 25˚C, UV 30 W m−2).
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Fig. 10. Plot showing relation between concentration and
mineralization of QP in terms of COD reduction with the
increase in irradiation time under UV (pH 6, T 25 ± 1˚C,
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Fig. 8. Effect of different light intensities on degradation of
QP at constant A/V ratio (20 mg L−1, pH 6, TiO2 0.5 g L−1,
1,000 rpm).
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149 (Fig. 11(a)–(b), respectively) illustrates efficient
degradation of QP even with the activation of TiO2 by
UV-A radiations. Further, these intermediates were
degraded to simpler linear chain hydrocarbons as
detected by GC–MS analysis.

4.4. Proposed probable degradation pathway of the
intermediates

Photocatalytic degradation of organic compounds
in the presence of TiO2 is carried out mainly due to
the generation of reactive �O and �OH free radical

Fig. 11. Mass spectra and proposed structures of detected byproducts of QP, appeared under GC peaks. (a) 1,3,5-trioxi-
pane; (b) p-benzoquinone; (c) 4-methoxyphenylisocyanate; (d) diethyl 2-quinoxalinylphosphate and (e) O-ethyl O-methyl
O-quinoxalin-2-yl phosphorothioate.
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species [23]. These radicals further play the leading
role in the breakdown of the complex organic
materials. In the present analysis, 1,3,5-trioxepane
(m/z 104) was detected as the smallest intermediate at

retention time 3.36 min, which readily reduces to
propanoate (m/z 73) by ring cleavage and further to
species at m/z 62 (Fig. 12(a)). Similarly, intermediate
p-Benzoquinone (Fig. 12(b)) was detected at retention

Fig. 12. Possible pathway of the breakdown of intermediates produced by the photodegradation of QP over TiO2 under
UV irradiation: (a) 1,3,5-Trioxepane; (b) p-Benzoquinone; (c) 4-Methoxyphenylisocyanate; (d) Diethyl 2-quinoxylphos-
phate; and (e) O-ethyl O-methyl O-quinoxalin-2-yl phosphorotioate.
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time 4.67 undergoes fragmentation by the removal of
–CO2 and –C2H2 to form species at m/z 82 and 56,
respectively. The intermediate at m/z 149 (Fig. 12(c))
having retention time 8.7 breaks to form hydro-
quinone (m/z 110) by releasing –NH2 and –CO2,
which further oxidized to ketonic species at m/z 80,
and through ring opening to species at m/z 56. The
intermediate at m/z 282 (Fig. 12(d)) having retention
time 15.47 gives species at m/z 253 by releasing –
C2H2, which further fragmented to m/z 207 through
the breakdown of phosphate bond and thereafter
decompose to give species at m/z 135, 96 and straight
chain butanone (m/z 72). The principle byproduct at
m/z 284 (Fig. 12(e)), formed by the removal of methyl
group from QP, undergoes photohydrolysis of the P=S
and P=O bond to generate 2,3-dimethoxyquinoxalinol
(m/z 207) and 2,3-Dimethylquinoxaline 1,4-dioxide
(m/z 190), which further breakdown to form species
at m/z 164 by releasing –C2H2 and simpler molecule
butanone (m/z 72).

5. Conclusions

The adsorption study of QP over the surface of
TiO2 shows that at 0.5 g L−1 TiO2 loading and natural
pH of QP solution (pH 6), 20 mg L−1 of QP gives
about 45.8% adsorption in just 60 min at room tem-
perature (25 ± 1˚C). The maximum adsorption capacity
of QP over TiO2 surface was calculated as
23.69 mg g−1 using Langmuir adsorption model,
whereas the values of K1 and KF were found to be
0.331 L mg−1 and 7.54 mg(n−1)/n Ln−1 g−1, respectively,
from Langmuir and Freundlich isotherms. Low energy
(20 W) and least harmful UV-A (367) radiations were
observed to pose very effective TiO2 activation and
delivered 89.67% degradation of 20 mg L–1 QP in 3 h
with merely 0.5 g L−1 catalyst loading at the natural
pH of QP solution. Design of the reactor is observed
to have a valuable effect on the photoactivity of the
catalyst as a gradual decrease in the aperture to vol-
ume ratio (A/V) of the photoreactor from 1.327 to
0.515 cm2 mL−1 gives a proportional decrease in the
degradation of QP from 90.73 to 86.78%, respectively.
GC–MS analysis has detected the formation of several
transformation products including two major com-
plexes O-ethyl O-methyl O-quinoxalin-2-yl phospho-
rothioate and diethyl 2-quinoxalinyl phosphate at m/z
284 and 282, respectively. However, UV–vis spectra
and mass spectral interpretation have confirmed the
breakdown of these compounds to nontoxic simpler
hydrocarbons by the breakdown of P=S/P=O
bond after reaction with reactive OH free
radicals. Development of a suitable process for direct

mineralization of persistent QP under natural sunlight
conditions requires further exploration.
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