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Abstract A comparative study on photocatalytic degradation
of the pesticide carbofuran and its commercial product
Furadan 35-ST in an aqueous suspension of ZnO, irradiated
by long-wave light (315-400 nm), is presented in this study.
In order to assess the effects of inert ingredients present in the
commercial product Furadan 35-ST, non-competitive and
competitive adsorption and kinetic studies of carbofuran deg-
radation processes were conducted. A higher photochemical
degradation rate was found for pure carbofuran in comparison
to a two-component system, carbofuran and single addition of
ingredients at appropriate concentrations, and the commercial
product Furadan 35-ST. The overall effect of inert ingredients
was evaluated from a competitive study using the model sys-
tem of Furadan 35-ST. The results of a mineralization study,
obtained by ion chromatography (IC) and total organic carbon
(TOC) analyses, revealed the formation of acetate, oxalate,
and formate ions. Photodegradation products of carbofuran,
three of them detected for the first time, were identified based
on high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS) and gas
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chromatography-mass spectrometry (GC-MS) results, and
their photodegradation pathways were proposed.

Keywords Heterogeneous photocatalysis - Carbofuran -
Furadan 35-ST - Inert ingredients - Transformation products

Introduction

The problem of water pollution with pesticides has been an
environmental concern for many years (Konstantinou et al.
2004; Senthilnathan and Philip 2010; Ahmed et al. 2011).
Pesticides as an integral part of modern agriculture are a very
important class of water contaminants. Among various
methods proposed for the removal of pesticides, the process
of heterogeneous photocatalytic degradation has been sug-
gested as an attractive way of treating contaminated water
due to its cost-effective and non-toxic nature (Tomasevic
et al. 2010a; Tomasevi¢ et al. 2010b; TomasSevi¢ et al. 2014;
Quiroz et al. 2011; Sharma and Lee 2016).

Carbofuran, C;,H;5NO3, I[UPAC name 2,3-dihydro-2,2-
dimethylbenzofuran-7-ylmethylcarbamate, belongs to a large
group of carbamate pesticides widely used in agriculture and with
relatively good solubility in water (Tomasevi¢ and Gasi¢ 2012)
and a resulting great potential for groundwater and surface water
contamination. Carbofuran is degraded in water by hydrolysis,
microbial decomposition, and photolysis (MacBean 2012). It has
been banned in the EU because of its potential adverse effects,
e.g., acting as potential endocrine disrupter (Reg. EC No
1107/2009), but it is still in use in Africa and Asia (Otieno et al.
2010; Benicha et al. 2013; Farahani et al. 2007; Chowdhury et al.
2012; Cid et al. 2014). According to the Environmental Protection
Agency, World Health Organization, and European Commission,
carbofuran is a highly toxic compound. As an active acetylcholin-
esterase inhibitor, carbofuran is very toxic to mammals and fish. It
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can produce extensive negative effects in aqueous ecosystems
(MacBean 2012; EPA 2006).

Before application, pesticide active ingredients are formu-
lated and put on the market as chemically different commer-
cial products. Pesticide formulations are mixtures of active
ingredient(s) and various inert ingredients, such as surfactants,
solvents, antifoam compounds, and antifreeze compounds
(Knowles 2005, 2008). Having in mind that such commercial
products enter the environment during application, it seems
very important to investigate and compare the degradation
efficiency of an active compound itself and in the presence
of inert ingredients used in commercial products. A number of
studies have examined the influence of surfactants on the ef-
ficiency of pesticide degradation (Tanaka et al. 1977; Tanaka
etal. 1979, 1981; Bianco Prevot et al. 1999; Arias et al. 2005;
Kong and Lemley 2007; Sinha et al. 2009). Also,
photodegradation of active ingredients has been a topic of
many published papers and some of them related to degrada-
tion of commercially formulated products (Huston and
Pignatello 1999; Malato et al. 2000; Lhomme et al. 2008;
Ballesteros Martin et al. 2009; Colina-Marquez et al. 2009;
Navarro et al. 2009; Zapata et al. 2009a, 2009b; Mazille et al.
2010; Vicente et al. 2014).

Various catalysts are known to be used during heteroge-
neous photocatalysis, such as TiO,, ZnO, Fe,O3;, MnO,,
CdS, and ZnS. Among them, TiO, was found the most effec-
tive (Daneshvar et al. 2003, 2004). Besides TiO,, ZnO has
also been frequently used. In comparison to TiO,, ZnO ab-
sorbs over a larger fraction of the UV spectrum with threshold
wavelength of 440 nm (Malato et al. 2009) or 425 nm
(Behnajady et al. 2006). ZnO catalyst has a similar band gap
energy (3.2 eV) as TiO, (~3.1 eV) and similar photocatalytic
capacity (Malato et al. 2009). In addition, photocatalytic deg-
radation with ZnO is more effective in acidic than in alkaline
media (Daneshvar et al. 2004) because photodecomposition
and photocorrosion of ZnO occur in alkaline media
(Daneshvar et al. 2004; Daneshvar et al. 2007). It was reported
that during photocatalytic degradation of the herbicide
clopyralid in water, ZnO Merck was a better catalyst than
TiO, P-25 (Evonik) (Berberidou et al. 2016). Also,
Evgenidou et al. (2005) have reported that ZnO appeared to
be the more efficient catalyst in comparison to TiO,, especial-
ly at high concentrations (above 0.2 g L' of catalyst)
(Evgenidou et al. 2005).

To the best of our knowledge, there are no reported studies
relating to degradation of carbofuran and its commercial prod-
uct Furadan 35-ST in the presence of ZnO catalyst or to the
impact of inert ingredients on carbofuran photodegradation.
Hence, the impact of six inert ingredients present in Furadan
35-ST formulation (Tensiofix CD001, Tensiofix CP002, pro-
pylene glycol, polyacrylic acid, xanthan gum, and Rhodamine
B) on adsorption and photodegradation kinetics of carbofuran
was examined comparatively.

Materials and methods
Materials

All chemicals used in the investigation were of reagent grade
and were used without further purification. Hydrochloric acid,
sodium carbonate, sodium hydrogen carbonate, sodium sul-
fate, and sodium hydroxide (all p.a.) were purchased from
Merck. Analytical-grade carbofuran (99.5%) was granted by
FMC, USA, while Furadan 35-ST was used as a commercial
product (FMC, USA). Furadan 35-ST is a suspension concen-
trate for seed treatment (FS) and contains 344.4 g L ! of
carbofuran active ingredient (manufacturer data 350 g L™).
The inert ingredients used in the investigation were Tensiofix
CDO001 and Tensiofix CP002 (S.A. Ajinomoto OmniChem
N.V., Belgium), propylene glycol (PG) (Shell Chemicals
Europe B.V., Netherlands), polyacrylic acid (Sigma-
Aldrich), xanthan gum (Rhodia, Italy), and red color
Rhodamine B (Riedel de Haén, Germany). The photocatalyst
employed was a commercial ZnO obtained from Merck with
surface area 10 m? g ' and particle size 0.1-4.0 um. HPLC-
grade acetonitrile for HPLC analysis, methylene chloride for
the extraction of carbofuran transformation products, and
methanesulfonic acid for ion chromatographic analyses were
provided by Fluka. All solutions were prepared with Millipore
Waters deionized water (18.2 M2 cm™ ! at 25 °C).

The exact content of commercial pesticide formulations is
usually a trade secret. Information on the composition of
Furadan 35-ST type of formulation can be found in literature
(Knowles 2005, 2006, 2008; Woods 2003). Typical formula-
tions contain active ingredient (20-70%), wetting/dispersing
agents (2-5%), antifreeze agent (5-10%), antisetting agent
(0.2-2%), red color as a safety marker on dressed seed (0.1—
2%), and water to 100%. After an additional qualitative/
quantitative analysis of original preparation by LC and
NMR analyses, the approximate content and class of inert
ingredients were determined. Based on the results, a model
formulation (model system) was prepared using the commer-
cial ingredients of similar properties to the ones found in the
original formulation, such as Tensiofix CD001 (1.8%) and
Tensiofix CP002 (0.45%), which were used as wetting/
dispersing agents. Other ingredients of the model formulation
are the same as found in Furadan 35-ST, which are PG (5%) as
antifreeze agent, xanthan gum (0.15%) and neutralized poly-
acrylic acid by triethanolamine (1.8%) as antisettling agents,
and Rhodamine B (0.1%) as safety marker.

Photodegradation procedure
Solutions were prepared by dissolving carbofuran (and
Furadan 35-ST) in deionized water, followed by additional

degasification for 60 min in an ultrasonic bath. The initial
concentration of carbofuran was 88.4 mg L' @4 x10*M)
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for both pure carbofuran and commercial Furadan 35-ST. The
reactions were performed in an open glass thermostated reac-
tor (cylindrical shape, volume 500.0 mL, 20 °C) with an 300-
W Osram Ultra-Vitalux® lamp (UV-A:UV-B = 13.6:3 accord-
ing to the manufacturer’s specification) placed 300 mm from
the surface of the reaction mixture. In a typical experiment,
250 mL of the carbofuran solution (or Furadan) and 2.0 g L
of catalyst were added. The pH-dependent carbofuran
photodegradation study was performed at the following five
different pH values: 2.7, 3.5, 5.9 (6.2), 9.6, and 10.2 with
carbofuran concentration of 88.4 mg L™". The pH values of
5.9 and 6.2 were obtained by dissolution of pure carbofuran
and Furadan 35-ST in deionized water, respectively. The pH
values 2.7, 3.5, 9.6, and 10.2 of the carbofuran (and Furadan)
solutions were adjusted before irradiation using 0.1 M HCl or
NaOH. Before irradiation, the reaction mixture was stirred for
60 min in darkness in order to achieve adsorption equilibrium.
Agitation was then applied (500 rpm) and solutions were sub-
jected to irradiation for the next 120 min. At specific time
intervals, appropriate samples of the suspension were with-
drawn, centrifuged for 15 min, and filtered through a
0.20-pm Sartorius filter. Time-dependent determination of
carbofuran concentration was performed using both UV/Vis
and HPLC-UV methods. A water solution of pure carbofuran
showed absorption peak at 275 nm, while water solution of
Furadan 35-ST showed the following two absorption peaks: at
275 and 555.0 nm (Fig. S1). The second absorption peak
originates from the red color of Rhodamine B dye.
Photodegradation procedures, designed to analyze the in-
fluence of the inert ingredients on the photodegradation rate of

Fig. 1 Schematic presentation of
non-competitive and competitive
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3| water &
out

hv

water
in

degradation products

—
GC/MS
HPLC/MS
IC

@ Springer

carbofuran in non-competitive and competitive conditions,
were performed in three sets of photodegradation experiments
(Fig. 1):
Set I: Non-competitive adsorption and kinetics of pure
carbofuran,
Competitive adsorption and kinetics of carbofuran in
a two-component system—carbofuran and one se-
lected inert ingredient used at concentrations found
in Furadan 35-ST, and
Set III: Competitive adsorption and kinetic
photodegradation of carbofuran with all inert in-
gredients added—comparison of
photodegradation rate of Furadan 35-ST and
model formulation. The results of adsorption
and kinetics study of pure carbofuran were used
as the reference.

Set II:

Analytical procedures

For UV/Vis spectrophotometric determination during
photodegradation of carbofuran and Furadan 35-ST, the spec-
tra were recorded on a Shimadzu 1700 UV/Vis spectropho-
tometer in a wavelength range from 200 to 600 nm. Due to the
linear dependence between the initial concentration of
carbofuran and absorption of carbofuran at 275 nm, the kinet-
ics of degradation was monitored at 275 nm. The solution was
used in amounts of 5.0 mL of all samples, and all UV/Vis and
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HPLC-UV results were obtained as mean values from three
determinations. HPLC-UV analysis was conducted at 280 nm
at the ambient temperature (25 °C) on a Hewlett Packard HP
1050 liquid chromatography with a UV/Vis detector,
equipped with a reversed-phase, column-type Zorbax
Eclipse XDB-C18 150 x 4.6 mm (i.d.) x 5 pm. The mobile
phase (flow rate 1.5 mL min_ ') was a mixture of methanol and
water (70:30, v/v), and both samples and standards were dilut-
ed with methanol. Under the above chromatographic condi-
tions, concentrations of carbofuran were determined from the
peak area at retention time ¢z = 1.63 min. The pH of the
samples was adjusted by adding NaOH or HCI solutions
(0.1 M). For ion chromatographic determinations, all
carbofuran and Furadan 35-ST solutions were diluted and
were filtered through Milex-GV 0.22-pum membrane filters
and analyzed on a Dionex DX-300 ion chromatograph at am-
bient temperature (25 °C) with a suppressed conductivity de-
tector. lon chromatograph was equipped with a Dionex IonPac
AS 14 column 250 x 4.0 mm (i.d.) for anion determination
and Dionex IonPac CS12 column 250 x 4.0 mm (i.d.) for
cation determination. The mobile phase for anion determina-
tion was a carbonate/bicarbonate mixture (3.5 mmol L'
Na,CO; + 1.0 mmol L' NaHCOs), flow rate 1.0 mL min ',
while for cation determination, it was a solution of
methanesulfonic acid (20.0 mmol L"), flow rate
1.0 mL min~'. The sample injection volumes were 50 pL
for both anion and cation measurements. Prior to sample mea-
surements, blank samples of deionized water were analyzed.
Retention times for acetate, formate, nitrite, nitrate, and oxa-
late ions were 4.40, 4.80, 9.70, 10.20, and 21.50 min, respec-
tively. Retention times for ammonium and methylamine ions
were 4.25 and 4.40 min, respectively. For total organic carbon
(TOC) analysis, the samples were analyzed on a Zellweger
LabTOC 2100 instrument using high-temperature combustion
followed by infrared CO, detection.

After photodegradation of carbofuran (and Furadan 35-
ST), to extract the intermediates, 5 mL of irradiated
carbofuran solution was withdrawn and extracted twice with
methylene chloride (10 mL the first time and 5 mL the sec-
ond). After separation from the aqueous solution, methylene
chloride phase was dried with anhydrous sodium sulfate and
concentrated to dryness using rotary vacuum evaporation. The
residue was dissolved in 1 mL of methylene chloride, and an
aliquot was analyzed by GC-MS in a Varian CP-3800 gas
chromatograph equipped with a Saturn 2200 mass spectrom-
eter as a detection device. A Varian VF 5-ms capillary column
(30 m x 0.25 mm x 0.25 pm) and helium (1 mL min ") as the
carrier gas were used. The oven temperature was programmed
as follows: initially held at 80 °C for 5 min, then increased
from 80 to 210 °C at a speed of 10 °C min~' and held for
8.5 min, then increased from 210 to 300 °C at a speed of
30 °C min ", and finally kept at 300 °C for 2 min. The samples
were analyzed in the splitless mode. The ion trap mass

spectrometer was operated in the full-scan electron impact
mode. The ion trap and transfer line temperatures were set to
220 and 250 °C, respectively.

An HPLC-MS analysis of photodegradation samples was
also conducted. The HPLC-MS system consisted of a Thermo
Fisher Scientific (Waltham, MA, USA) apparatus including a
vacuum solvent degassing unit, quaternary pump (Surveyor),
LTQ XL mass spectrometer with liner ion trap (Thermo
Scientific, USA) with electrospray interface, and Xcalibur
v.2.1 software package. Chromatographic separation was per-
formed on the reversed-phase Zorbax Eclipse® XDB-C18
column, 75 x 4.6 mm (i.d.) x 3.5 um (Agilent Technologies,
Santa Clara, CA, USA). Chromatographic analysis was car-
ried out using gradient elution, and the mobile phase consisted
of water (A), methanol (B), and 10% acetic acid (C). For
carbofuran and Furadan 35-ST analyses, the gradient changed
as follows: 0 min, B 30%, C 1%; 30 min, B 100%; and 35 min,
B 100%. The initial conditions were re-established and held
for 10 min. An aliquot of 10 uL of each photodegradation
sample was injected into the HPLC system. The analysis
was conducted in the positive electrospray mode. The optimal
source working parameters were as follows: source voltage
(5 kV), sheath gas (32 au, i.e., 32 arbitrary units), auxiliary
gas (8 au), and capillary temperature (350 °C). In the first step
of the HPLC-MS analysis, full MS spectra were recorded in
the range of 50-600 m/z. MS/MS analysis was conducted for
most abundant ions by repeated injection of the sample.

Statistical analysis

All experiments were run in triplicates and the presented re-
sults are mean values from three determinations. Relative
standard deviations were less than 3%.

Results and discussion

Photocatalytic degradation of pesticides depends on different
operational parameters, such as pH, initial concentration,
photocatalyst properties and concentration, temperature, light
intensity, and the pollutant properties in a non-competitive
condition. In a competitive condition, the influence of another
reacting species must be additionally considered. Selection of
the most influential factor to carbofuran photodegradation
process was the main task of the presented study. The effect
of ZnO catalyst concentration was evaluated in a previous
work (TomaSevi¢ et al. 2007; Tomasevi¢ 2011), and the con-
centration of 2 g L' was again used in this study based on
those results. Although MacBean observed degradation of
carbofuran during photolysis (MacBean 2012), Tomasevic¢
detected no appreciable extent of it (TomasSevi¢ 2011). The
difference in results could be attributed to different experimen-
tal conditions, e.g., use of natural and deionized water.
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Effect of the initial pH on photodegradation

The interpretation of pH effects on the efficiency of
photodegradation process is a challenging and complex task
due to many related process parameters affecting the
photodegradation rate/mechanism. The effect of solution pH
on oxidation of organic compounds is an important element of
the analysis due to its essential influence on the generation of
hydroxyl radicals, i.e., photogeneration of electron-hole pairs
at the surface of photocatalyst particles (Tomasevi¢ et al.
2010a, 2010b, 2014; Daneshvar et al. 2004, 2007;
Neppolian et al. 2002a). The following three possible reaction
mechanisms can contribute to pesticide degradation:
destruction/consumption by OH" radical or some other oxida-
tive species, oxidation by the generated positive hole, and
reduction by the generated electron in conduction band.
Moreover, the solution pH controls the properties of electrical
double layer at solid/solution interface and protonation/
deprotonation processes in the course of a photodegradation
process. The point of zero charge (pHpzc) value of ZnO sur-
face is 9.0 = 0.3 (Daneshvar et al. 2007), which indicates that
surface charge density is negative at pH higher than 9.0. It
means that a catalyst could achieve electrostatic attraction/
repulsion with the species generated in the course of
photodegradation process at different extents at operating
pH. At pH > pHpzc, intensive interaction with positively
charged species is significant, and in that sense, it was neces-
sary to perform a photocatalytic study at different initial pH.
The results of our kinetic study at different initial pH, 2.7,
3.5, and 5.9 for carbofuran (or 6.2 for Furadan 35-ST), 9.6 and
10.2, after processing, by determination of pseudo-first-order
rate constant &, Eq. (S3), and half-life time, Eq. (S5), are given
in Fig. S2 and Table 1. The obtained results imply that the
reaction proceeds faster in acidic media for both carbofuran
and Furadan 35-ST, and the initial photodegradation rates
followed a decreasing trend with increasing pH (Fig. S2). In
the acidic media (pH 2.7 and 3.5), the 1.4 times higher

Table 1  Pseudo-first-order rate constants of carbofuran and Furadan
35-ST at different pH and correlation coefficients

Investigated system pH k (min ") R?
Carbofuran 2.7 0.1497 0.9890
Furadan 35-ST 0.1047 0.9904
Carbofuran 3.5 0.1302 0.9654
Furadan 35-ST 0.0994 0.9888
Carbofuran 5.9 0.1072 0.9836
Furadan 35-ST 6.2 0.0889 0.9638
Carbofuran 9.6 0.0810 0.9584
Furadan 35-ST 0.0737 0.9463
Carbofuran 10.2 0.0724 0.9786
Furadan 35-ST 0.0710 0.9498

@ Springer

degradation rate of carbofuran versus carbofuran in Furadan
35-ST was attributed to the interference of inert ingredients.
Electrostatic attraction is greater in the acidic pH; i.e., the
increased attraction of electron density at phenyl ring and
carbamate group of carbofuran and positive ZnO surface con-
tributes to an increased degradation rate in the acidic media.

By increasing pH to 5.9 or 6.2, attractive interactions be-
came weaker, and the degradation rate thus lower, while a 1.2
times higher &, 0.1072 versus 0.0889 minfl, was obtained for
carbofuran in relation to Furadan 35-ST, respectively. At pH
9.6, the degradation rate of pure carbofuran showed a decreas-
ing trend, and the k for pure carbofuran was 1.1 times higher
than for Furadan 35-ST (Table 1). At pH 10.2, the two rate
constants were similar. It could be expected that hydroxyl ions
participate in the hydrolytic reaction of the carbamate group,
contributing to the increase of degradation rate. Additionally,
due to its amphoteric nature, ZnO can undergo a significant
dissolution at higher pH (Daneshvar et al. 2008; Comparelli
et al. 2005), forming water-soluble basic tetrahydroxozincate
ion. This ion is diffusionally transported to the bulk of the
solution, oppositely to carbofuran transport, and contributes
to increased carbofuran desorption and decrease of the degra-
dation rate is a consequence.

Among other factors, the difference in photodegradation
rates could also be attributed to the effect of aggregations/
micelle formation in a suspension that contributes to inhibition
of a photodegradation process. The solubilization of active
compounds by micelle formation had been previously
discussed (Tanaka et al. 1981; Kong and Lemley 2007;
Sinha et al. 2009; Zhang et al. 2012; Tang et al. 2016).
Carbofuran is hardly soluble in water (0.320 g L™" at 20 °C),
and most of the active compound is present in the core of
formed micelles. Surfactants, wetting/dispersing agents, form
micelles above the critical micelle concentration by aligning
the hydrophobic groups to the inside and hydrophilic groups
to the outside, being in contact with aqueous phase (Tadros
2005). As a result, the following three effects crucially deter-
mine the rate of photodegradation process: carbofuran diffu-
sional transport from bulk and micelle and the competitive
interaction of ingredients with the active species. Differences
in diffusional transport of carbofuran from bulk solution and
micelle-solubilized carbofuran could contribute to lower
photodegradation rate. Surfactants present in the micelle shell
could play a double role, which are slow down diffusional
transport and could additionally be possible competitors for
photogenerated active species. Our kinetic results (Table 1)
confirmed that interactions/availability of carbofuran present
in micelles, i.e., Furadan 35-ST, or “free” carbofuran reacting
with active species at the catalyst surface are different. It is
well known that photodegradation is a non-selective process
which takes place with the most active group/moieties of
approaching/adsorbed molecules. Competition between the
active compound and inert ingredients in the adsorbed micelle
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(admicelle), due to their structural differences, shows various
degradation rates/routes. Also, the aromatic moiety in the
structure of pesticides or surfactants may also act as a possible
photosensitizer or active species quencher (Katagi 2004).

The pseudo-first-order rate constant of degradation reaction
decreased from 0.1497 to 0.0724 min~' for carbofuran and
from 0.1047 to 0.0710 min~' for Furadan 35-ST with the
initial pH increase from 2.7 to 10.2, respectively. The present-
ed results are consistent with previous findings regarding
photodegradation with ZnO in acidic media (Daneshvar
et al. 2004). It was explained by a contribution of the ZnO
catalyst to photodecomposition and photocorrosion processes
(Daneshvar et al. 2004, 2007; Neppolian et al. 2002a;
Neppolian et al. 2002b) and by a probably increased electro-
static attraction between carbofuran and the more positive
ZnO surface in acidic media.

Adsorption versus degradation rate of carbofuran,
Furadan 35-ST, and model system

In order to explain the effects of inert ingredients on adsorp-
tion and carbofuran photodegradation rate, the following three
systems were studied in detail: carbofuran, Furadan 35-ST,
and model system (Fig. 1). The effects of inert ingredients
could be manifested by interference/slowing down of diffu-
sional transport, adsorption/desorption, or competition in
photodegradation processes through consumption of the ac-
tive species or post-reaction of photodegradation species after
desorption from the catalyst surface. Well-dispersed
photocatalyst particles provide available surface active sites
at the particle/solution interfaces, and thus, a high extent of
pesticide adsorption and photodegradation provides a high
extent of pollutant degradation. Adsorption precedes the pho-
tocatalytic process and thus affects carbofuran’s approach to
the photocatalytic surface and its photodegradation rate. In
that sense, a comprehensive study on the influence of inert
ingredients on adsorption and photodegradation of carbofuran
was performed, and the results are presented in Fig. 2.

The results of the three-system adsorption studies of
carbofuran revealed a slightly higher adsorption under non-
competitive conditions regarding Furadan 35-ST, 5.8 versus
4.2%, respectively, while the highest adsorption was detected
for the model formulation, 8.0% (Fig. 2). Somewhat higher
adsorption of carbofuran in the system with model formula-
tion, in comparison to Furadan 35-ST, indicated differences
which originated from the properties of the components used
in those two systems, but regardless of this fact, the presented
results provide a reliable methodology which could be applied
for studying other commercial products. Among the used inert
ingredients, polyacrylate, xanthan gum, and propylene glycol
showed the largest adsorption of 7.9, 7.5, and 6.2%, respec-
tively, while the other ingredients showed less than 5% ad-
sorption under non-competitive conditions.

—M— Carbofuran
—@— Furadan

1§ \ A~ Model system
S oad |A
\
0.2 - \A
L)
|
N\
0.0 L S

T T T
-60 -40 -20 0 20 40 60 80 100 120
time (min)

Fig.2 Adsorption and photodegradation kinetics of carbofuran (pH 5.9),
Furadan 35-ST, and model system (pH 6.2)

Photocatalytic efficiency is determined by the time-
dependent production of the active oxidative species, hydrox-
yl radical OH', obtained in the reaction of holes and surface-
bound water (Fig. 1). The consumption of active species by
either carbofuran or inert ingredients was evaluated by
performing competitive kinetic experiments, and determina-
tion of the structure of photodegradation products
(“Mineralization study of carbofuran and Furadan 35-ST”
section) provided a deeper insight into photodegradation
pathways.

Differences in photodegradation rates, shown in Fig. 2,
were significant for 15 min, which indicated a detrimental
influence of the inert ingredients present in the reaction medi-
um containing Furadan 35-ST. For the period of 15 min, the
concentration of carbofuran decreased nearly 10 times (from
88.4 to 8.7 mg L_l; 90% degraded), while in the case of
Furadan 35-ST, carbofuran concentration decreased 2.9 times
(from 88.4 t0 30.4 mg L™'; 70% degraded) compared to initial
concentration. After 30 min of irradiation, 1.5 mg L' (98.3%)
of pure carbofuran and 10.9 mg L' (87.7%) of carbofuran
from Furadan 35-ST were detected. After 45 min of irradia-
tion, 0.15% of carbofuran and 1.4% of carbofuran from
Furadan 35-ST were detected, while carbofuran was not de-
tected after 2 h. The k value was higher for carbofuran degra-
dation, 0.1072 min "', than for Furadan 35-ST, 0.0889 min™'
(Table 1). A small difference found for Furadan 35-ST and the
model system (Fig. 2) may be attributed to the influence of
both properties of inert ingredients and the applied manufac-
turer production technology.

Effect of inert ingredients on photodegradation efficiency
of carbofuran

Results of mutual contribution of all ingredients in Furadan
35-ST and model formulation on adsorption and
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photodegradation rates are presented in the “Effect of the ini-
tial pH on photodegradation” and “Adsorption versus degra-
dation rate of carbofuran, Furadan 35-ST, and model system”
sections. In order to analyze effect of inert ingredients on
adsorption and photodegradation rate of carbofuran, three sets
(I-II1) of adsorption and kinetic experiments were performed
(“Photodegradation procedure” section).

In the first step, a non-competitive photodegradation
study of carbofuran and inert ingredients was per-
formed. No adequate analytical procedure has been
established for measuring photodegradation rate of
xanthan gum and polyacrylate. The apparent k values
for the selected ingredients were 0.0584 min ' for PG,
0.0868 min ! for Rhodamine B, 0.0296 min ! for
CP002, and 0.0842 min ' for CDO001. Inhibition effi-
ciency could be evaluated from the determined £ values,
but more relevant results were obtained from the com-
petitive study.

In a two-component system, carbofuran degradation
was mostly inhibited by the addition of polyacrylate
followed by PG and Rhodamine B (Fig. 3a and
Table 2). The surfactants CP002 and CDO001 exhibited
low inhibitory effects. The surfactant molecules in
admicelle adsorbed onto the ZnO surface could, via hy-
drogen bonding or electrostatic attraction, contribute to
retardation/enhancement of adsorption/desorption of
carbofuran/photodegradation products. A low enhance-
ment of photodegradation was found in the presence
of xanthan gum (Fig. 3b and Table 2). This result indi-
cates that both the molecular interaction at catalyst/
solution interface and ones operating in bulk solution
contribute to repulsive/attractive interactions of
carbofuran/ingredient and carbofuran/catalyst surface is
reflected in a change of rate constant values. The largest
differences in the photodegradation rates were found at
the begging of the process, while no observable differ-
ences were noticed after 90 min.

Fig. 3 Adsorption and a)
photodegradation processes in a

two-component system of & 1.0
carbofuran with a xanthan gum,

Effect of salt concentration on carbofuran and Furadan
35-ST photodegradation

Inorganic salts, usually present in both surface and ground
waters, could exhibit either beneficial or detrimental effect
on the photocatalytic decomposition rate of pollutants. The
presence of inorganic ions could block holes and "OH radicals
causing decrease in the degradation rate of pollutants
(Behnajady et al. 2006; Neppolian et al. 2002b; Daneshvar
et al. 2007). The presence of sulfate (Tamimi et al. 2006),
carbonate (Behnajady et al. 2006; Neppolian et al. 2002b),
chloride (Neppolian et al. 2002b; Tamimi et al. 2006), and
nitrate ions (Tamimi et al. 2006) causes an appropriate de-
crease in photocatalytic degradation efficiency in relation to
their ability to react as hydroxyl radical scavengers
(Neppolian et al. 2002b; Wang et al. 2013).

The effect of interfering ions was investigated under com-
petitive conditions using carbofuran (Cy = 88.4 mg L") and
appropriate sodium salt of the counter ions of interest at the
concentration usually found in natural water (0.1 and 0.5% w/
v). The effect of sodium nitrate was studied only in the con-
centration of 0.1% due to the interference of nitrate ions and
carbofuran absorption. The effect of sodium cation could be
neglected, as it was previously reported by Mohammad et al.
(1990), and thus, the overall salt effect was considered in
relation to the counter anion used. The obtained results are
presented in Table 3.

According to the results presented in Table 3 concerning
carbofuran, all the used anions showed that sodium carbonate
was the most powerful inhibitor, while chloride was the
weakest. The ratios of degradation rate of carbofuran under
non-competitive conditions, 0.1072 min ', and those obtained
under competitive conditions using the salt concentration of
0.1% w/v were 35.7, 1.6, 1.4, and 1.2 times lower in the pres-
ence of CO5 , SO427, NOs ', and Cl ions, respectively.
Somewhat lower rate constants were obtained using 0.5% of
appropriate salts excluding carbonate ions (Table 3). With salt

b)
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Table 2 Pseudo-first-order rate constants of carbofuran
photodegradation in a two-component system, Furadan 35-ST and model
system, and correlation coefficients

Compound/ingredient k (min ") R

Carbofuran 0.1072 0.984
Furadan 35-ST 0.0889 0.964
Carbofuran/Rhodamine B 0.0783 0.986
Carbofuran/propylene glycol 0.0782 0.945
Carbofuran/polyacrylic polymer 0.0764 0.983
Carbofuran/Tensiofix CP002 0.1018 0.954
Carbofuran/Tensiofix CD001 0.1042 0.970
Carbofuran/xanthan gum 0.1130 0.938
Model system (model formulation) 0.0741 0.986

concentrations of 0.1%, carbofuran in Furadan 35-ST degrad-
ed 80.8, 3.9, 3.7, and 7.9 times more slowly in the presence of
CO;, SO,*, NO;5 ™, and CI ions, respectively (Table 3).
Excluding carbonate ions, the decrease in rate constants was
obtained using 0.5% of appropriate salts and Furadan formu-
lation (Table 3).

Generally, it could be inferred that the photocatalytic deg-
radation rate constant (k) of carbofuran with salt concentration
of 0.1% w/v decreases in the following order: k (salt-free
carbofuran solution) > k£ (Cl') > £k NO3 ) > k (SO427) >k
(CO3"), while the photocatalytic degradation rate constants
for 0.5% wi/v salt concentration have the same order (nitrate
ions are not considered). The inert ingredients present in
Furadan 35-ST formulation cause a change in the following
rate constant order: k£ (Furadan 35-ST salt-free) >k (NO3 ) > k
(SO427) > k (ClI') > k (CO3 ), which indicates a complex
influence of the present ingredients, which participate in a
side-reaction modifying/decreasing rate at which carbofuran
is decomposed. Detailed discussion of the impact of each of
the individual anions is given in Supplementary material
(“Effect of salt concentration on carbofuran and Furadan
35-ST photodegradation” section).

Mineralization study of carbofuran and Furadan 35-ST

In order to get a deeper insight into photodegradation mecha-
nism, a mineralization study of carbofuran and Furadan 35-ST
was performed using ion chromatography (IC) and TOC anal-
yses. Photocatalytic degradation of carbofuran had been in-
vestigated earlier using different photoprocesses, and the pres-
ence of several inorganic ions in reaction solutions was con-
firmed (Huston and Pignatello 1999; Tennakone et al. 1997,
Katsumata et al. 2005; Mahalakshmi et al. 2007). On the other
hand, no data are available about mineralization of any
carbofuran-based commercial product in the presence of
ZnO catalyst. Considering the structure of carbofuran, the for-
mation of ammonia, nitrate, and nitrite ions could be expected
as photodegradation products of carbofuran. Instead of that,
oxalate, acetate, and formate ions were detected (Fig. 4a).

Figure 4a shows that the concentration of all ions originat-
ed from pure carbofuran increases over a period of 45 min,
and after that gradually decreases. After 120 min, the concen-
tration of acetate ions was highest, while the concentrations of
oxalate and formate ions were similar. The concentrations of
oxalate, formate, and acetate ions, obtained from Furadan 35-
ST, were more than double those generated from carbofuran.
The gradual increase in acetate and formate ion concentrations
with time indicates that their formation is a result of degrada-
tion of both carbofuran and the ingredients present in Furadan
35-ST, such as polyacrylate and xanthan gum. For example,
the concentration of acetate, produced by polyacrylate and
xanthan gum photodegradation, was found to be 12 and
5 mg L™ after 120 min, respectively, while the total concen-
tration of acetate ions was 31.5 mg L™,

Generation of ions, which describes a time-dependent pro-
file of formate, acetate, and oxalate ions (Fig. 4), was defined
by single hydroxyl radical attack at either carbonyl carbon or
a-position to keto group producing formate and acetate ions,
respectively (Fig. S3). A concomitant formation of Mw 122
and 110 molecules could be supposed. Double hydroxyl rad-
ical attack caused a degradation of furan-3-on moiety to phe-
nol and oxalate (Fig. S3). The degradation path which

Table 3 The effect of initial salt
concentration on the
photocatalytic degradation rate of

Salt concentration (% w/v)

Rate constant, & (min ")

carbofuran and Furadan 35-ST CO; S0,.% NO;~ Cl
(Co=884mgL™",
«(Zn0)=2.0gL ", pH 5.9 for 0.1 Carbofuran 0.0030 0.0676 0.0756 0.0886
carbofuran and 6.2 for Furadan) Furadan 35-ST 0.0011 0.02241 0.0243 0.0113
0.5 Carbofuran 0.0080 0.0611 - 0.0691
Furadan 35-ST 0.0015 0.0121 - 0.0091

Reference value of the rate of carbofuran degradation under non-competitive conditions 0.1072 min~

Furadan 35-ST 0.0889 min

U and
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Fig. 4 Degradation and a)
mineralization of carbofuran and
Furadan 35-ST

40

—M— oxalate (Carb)
® - acetate (Carb)
formate (Carb)
4@ oxalate (Fur)
—<— acetate (Fur)
—p— formate (Fur)

C(mgL")

TOC/TOC,

time (min)

produces acetate ions has the largest contribution, while for-
mate formation is the process of lowest probability (Fig. S3).

Also, in the case of carbofuran and Furdan 35-ST, an IC
analysis showed an appearance of methyl ammonium ion,
CH;NH;™. In our previous publication, related to methomyl
photo-Fenton process (Tomasevi¢ et al. 2010a), it was dem-
onstrated that methylamine was formed as a consequence of
an incomplete photocatalytic-induced degradation process.
Also, Oller et al. (2006) confirmed the formation of
CH;NH;" during the photocatalytic degradation of several
nitrogen-containing pesticides, which are dimethoate,
cymoxanile, oxamyl, and methomyl (Oller et al. 2006).

Mineralization of organic carbon in both pure carbofuran
and Furadan 35-ST was incomplete, 57 and 55%, respectively
(Fig. 4b), although carbofuran was practically absent from the
analyzed solutions (Fig. 2). Because of the fact that TOC
elimination rates were not proportional to the rates of
carbofuran disappearance in both pure carbofuran and
Furadan 35-ST, a study on carbofuran transformation path-
ways was necessary.

Identification of photodegradation products—
HPLC-MS/MS and GC-MS analyses

Photocatalytic degradation products obtained during irradia-
tion of carbofuran and Furadan 35-ST were identified by using
GC/MS and HPLC/MS" techniques.

Pure carbofuran and Furadan 35-ST degradation using
HPLC-MS analysis

Evaluation of degradation products for both carbofuran and
Furadan 35-ST was based on the results obtained by HPLC-MS
analysis. According to the HPLC-MS time-dependent monitoring
of carbofuran photodegradation (Fig. 5a), a concomitant disap-
pearance of carbofuran could be observed and the appearance of
2,2-dimethyl-2,3-dihydrobenzofuran-3,7-diol (3-
hydroxycarbofuran) (zz = 14.72 min) and 7-hydroxy-2,2-
dimethylbenzofuran-3(2H)-one (3-ketocarbofuran phenol)

@ Springer
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(tg = 17.26 min) (Fig. S4). A somewhat lower rate of carbofuran
degradation in Furadan 35-ST was noticed (Fig. 5a), and
carbofuran in both systems was completely decomposed after
60 min of irradiation. Over the same period, two products showed
sharp peaks which disappeared simultaneously with carbofuran
disappearance (Fig. 5). A significantly higher intensity of the 3-
hydroxycrabofuran peak (Fig. 5b), compared to 3-ketocarbofuran
phenol (Fig. 5¢), indicates that the main process is hydroxyl attack
at 3-position of furane ring. A similar profile of time-dependent
concentration change of 3-ketocarbofuran phenol was found for
carbofuran and Furadan 35-ST in a time period from 0 to
17.5 min. After that period, the concentration of 3-
ketocarbofuran phenol steeply decreased to zero for carbofuran
(42.5 min), while the decrease for Furadan 35-ST started after
30 min and complete disappearance was observed after 60 min
(Fig. 5c). Lower degradation rate found for Furadan 35-ST indi-
cates that the protective role of ingredients present in Furadan 35-
ST lasted for ~30 min due to a competitive exhaustion of the
generated oxidative species.

Fragmentation ions generated by carbofuran
photodegradation are shown in Table 4; fragmentation paths
in Figs. 5, 6, and 7; and HPLC/MS spectra in Fig. S4. The first
photocatalytic degradation product, ion at m/z 238 identified
as 3-hydroxycarbofuran, was reported earlier (Fenoll et al.
2013; Wang and Lemley 2003; Ying-Shih et al. 2009;
Detomaso et al. 2005). The second photocatalytic degradation
product, ion m/z 179 identified as 3-ketocarbofuran phenol,
was also reported previously (Katsumata et al. 2005; Kuo
et al. 2006; Li-An et al. 2011; Lopez-Alvarez et al. 2011;
Fenoll et al. 2013; Wang and Lemley 2003; Ying-Shih et al.
2009).

The proposed fragmentation pathways of carbofuran, 3-
hydroxycarbofuran and 3-ketocarbofuran phenol, and related
fragmentation products are given in Fig. 6. An analysis of the
MS spectrum of carbofuran (Fig. 6a) indicated that an appear-
ance of the peak at m/z 165, attributed to carbofuran phenol,
was due to a cleavage of the carbamate group from the parent
compound. Loss of an allylic radical from m/z 165 produced
2,3-dihydroxybenzyl cation, an ion at m/z 123, which could be
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Fig.5 Time-dependent profile generation in a photodegradation system of pure carbofuran and Furadan 35-ST. a Carbofuran. b 3-Hydroxycarbofuran. ¢

3-Ketocarbofuran phenol. d TP I. e TP II

presented by resonantly stabilized dihydroxy tropylium cat-
ion/radical. The ion at m/z 238 was identified as

3-hydroxycarbofuran (Fig. 6b). It was obtained in a course
of photodegradation transformation by hydroxyl radical attack
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Table 4 HPLC/MS and MS? data of selected precursor ions detected in photodegradation samples of carbofuran and Furadan 35-ST

Compound Mw  MS, m/z MS? (relative abundance), m/z Carbofuran  Furadan 35-ST
Carbofuran 221 222 [M + HJ*, 244 [M + Na]* 165 (100), 123 (5) Detected Detected
3-Hydroxycarbofuran 237 238 [M +H]*, 260 [M + Na]* 181 (100), 163 (10) Detected Detected
3-Ketocarbofuran phenol 178 179 [M + H]* 161 (100), 151 (45), 179 (20) Detected Detected
Transformation product I 239 240 [M + H]*, 262 [M + Na]" 222 (100), 180 (45), 194 (40), 165 (15), 240 (5) Not detected Detected

(TP )
Transformation product 152 153 M +H]* 125 (100),135 (80), 111 (50), Not detected Detected

I (TP 1I) 153 (40), 95 (45), 144 (25)

on benzylic hydrogen of carbofuran (3-position of furan ring).
The fragmentation pathways of 3-hydroxycarbofuran is present-
ed in Fig. 6b. The most abundant fragment, ion m/z 181, was
obtained by methyl isocyanate removal forming protonated 3-
hydroxy-carbofuran phenol. Characteristic fragmentation prod-
ucts, obtained by dehydration of m/z 181 ion, produced 7-hy-
droxy-2,2-dimethyl-2,3-dihydrobenzofuran-3-ylium ion found at
m/z 163. A photodegradation product obtained from carbofuran
by methyl isocyanate elimination in the first step, and followed
by hydroxylation of benzylic hydrogen and oxidation produced
3-ketocarbofuran phenol, an ion found at m/z 179 (Fig. 6¢). Two
main fragmentation paths were found for this ion; dehydration
produced 2,2-dimethylbenzofuran-3(2H)-one, an ion found at m/
z 161, and the second one is elimination of carbon monoxide,
which produced 2,2-dimethyl-2H-benzo[bJoxet-6-ol, m/z 151
ion.

Fig. 6 Main fragmentation
pathways of a carbofuran, b 3-
hydroxycarbofuran, and ¢ 3-
ketocarbofuran phenol

m/z 222

l (-CH;N=C=0)

Mw 57
OH

m/z 165

:OH

CH,
m/z 123

a)
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From the MS spectra of Furadan 35-ST, besides the pre-
sented 3-hydroxycarbofuran and 3-ketocarbofuran phenol
(Fig. 6), two additional transformation products were detected
(Table 4). The first one, TP I, was obtained by hydroxylation
of benzylic hydrogen at position 3 in the first step, and scission
of etheral bond producing 3-(1,2-dihydroxy-2-
methylpropyl)-phenylmethylcarbamate, an ion detected at m/
7240 (Fig. 7) (Detomaso et al. 2005). Transformation product
I reaches maximum concentration after 17.5 min of photocat-
alytic reaction, while after 60 min, this peak completely dis-
appeared (Fig. 5). The most intensive ion observed in MS?
spectra, obtained by dehydration of m/z 240 ion (Table 4), was
protonated carbofuran (ion at m/z 222). The identity of frag-
ment ion at m/z 222 was confirmed by a subsequent MS?
analysis, which produced characteristic fragment ions found
in MS spectra of carbofuran (Fig. 5). Loss of a C,HgNO

m/z 151

(-CH;N=C=0)
Mw 57

m/z 181

m/z 161
m/z 163
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Fig. 7 Fragmentation pathways of m/z 240 ion

fragment (Mw 60) from m/z 240 ion produced 2,2-dimethyl-
2,3-dihydroxybenzofuran-3,7-diol, m/z 180 ion, and subse-
quent demethylation produced 3,7-dihydroxy-2-methyl-2H-
benzofuran, an ion found at m/z 165 (Fig. 7).

The second photodegradation product (ion detected at m/z
153, TP II) was obtained from carbofuran by methyl isocya-
nate elimination, followed by hydroxylation of benzylic hy-
drogen producing 2,3-dihydrobenzofuran-3,7-diol. This prod-
uct appeared after 30 min of illumination, and gradual in-
creases of TP II concentration were observed (Fig. 5e).
Dehydration of m/z 153 ion produced 2,3-dihydrobenzofuran-
7-ol fragment, an ion found at m/z 135 (Fig. 8). On the other
side, expulsion of carbon monoxide gave protonated 2-
methoxyphenol (m/z 125), which after a loss of formaldehyde
produced protonated phenol (m/z 95). The third fragmenta-
tion, which takes place by elimination of vinyl alcohol, pro-
duced protonated resorcin (m/z 111).

Fig. 8 Fragmentation pathways
of m/z 153 ion

m/z 135

OH
H+ 0
/2 153 m/z 125
-H,0

Photodegradation pathways of carbofuran and Furadan
35-ST defined by GC-MS

Photodegradation products of carbofuran and Furadan 35-ST
were also identified by the GC-MS method, which is widely
used for determination of the photodegradation mechanism of
carbofuran (Mahalakshmi et al. 2007; Wang and Lemley
2003). The GC-MS analysis confirmed the formation of the
following three photodegradation products of pure
carbofuran: m/z 164 ion (zz = 9.05 min), which corresponds
to carbofuran phenol, and two photocatalytic dimerization
products, which are m/z 278 and 281 (zz =~ 16.18 and
18.05 min), respectively, while only carbofuran phenol was
detected as Furadan 35-ST photodegradation product.
According to GC-MS data given in Table S1, the peak at m/
7 164 (Fig. S5) was attributed to carbofuran phenol ion, which
is the product of the cleavage of the carbamate group from the
parent compound (Fig. S6). An appearance of carbofuran phe-
nol, a photoproduct registered in literature (Katsumata et al.
2005; Mahalakshmi et al. 2007), indicated that hydroxyl rad-
ical attack on the carbamoyl group caused a breakage of ester
bond and formation of methyl carbamic acid. Relevant litera-
ture also describes carbamic acid as a carbofuran
photodegradation product (Katsumata et al. 2005;
Mahalakshmi et al. 2007; Bachman and Patterson 1999),
which undergoes degradation by producing methylamine
and CO, (Bachman and Patterson 1999; McMurray 1992).
Fragmentation of ion m/z 164 is given and explained in
Supplementary material (Fig. S6).

Compounds, observed at m/z 278 and 280 (Fig. S7), were
present in all studied samples with pure carbofuran from the
beginning of irradiation. Possible structures of these photo-
products were proposed, as given in Fig. S7. They were prob-
ably generated by photoinduced reaction in irradiated solution
which takes place by two demethylation processes of
carbofuran phenol producing Mw 148 and 133 molecules in

- on |H

- HCHO
—

m/z 95

CHz—CHOH

C(

m/z 111
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two consecutive steps. Hydroxyl radical attack on benzylic
hydrogen generates the reactive species capable of
dimerization-producing structures proposed in Fig. S7.

In summary, the presented results proved that ZnO can be a
very efficient catalyst for photodegradation of carbofuran and
the commercial product Furadan 35-ST. In the model system,
micelles formed in the bulk and micelles on the ZnO surface
influenced that the availability of carbofuran, incorporated
into the mixed aggregates, is compensated by a higher
carbofuran concentration at the catalyst surface. Generally,
the presented methodology provides a good and applicable
basis for analysis of the possible photodegradation rate/
mechanism in a realistic system.

Conclusion

The influences of selected process parameters on photocata-
lytic degradation of carbofuran, the commercial product
Furadan 35-ST, and its model formulation were studied and
discussed in the presented work. The results highlight the fact
that inert ingredients, present in Furadan 35-ST, have a certain
influence on the photodegradation rate of the active com-
pound. A mineralization study of both carbofuran and
Furadan 35-ST, followed by IC analysis, showed an appear-
ance of oxalate, acetate, and formate, as well as methylamine
ion, CH3NH;". GC-MS and HPLC-MS/MS analyses con-
firmed the formation of the following three photodegradation
products of both carbofuran and Furadan 35-ST: carbofuran
phenol, 3-hydroxycarbofuran, and 3-ketocarbofuran phenol,
and also the following two Furadan 35-ST degradation prod-
ucts: ion detected at m/z 240 (TP I) and ion detected at m/z 153
(TP II). GC-MS analysis revealed the presence of two
carbofuran photocatalytic dimerization products, which are
m/z 278 and 281 (tz = 16.18 and 18.05 min). Three degrada-
tion products (ions at m/z 153, 278, and 281) had not been
previously reported. Finally, the main photodegradation path-
ways of carbofuran leading to generation of the detected ions
were proposed. The presented results of our adsorption and
kinetic studies under non-competitive and competitive condi-
tions contribute to better understanding of the
photodegradation processes of active ingredients in pesticide
formulations.
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