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Pesticide degradation on solid surfaces: a
moisture dependent process governed by the
interaction between TiO, and H,O7
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Photocatalysis with universality and feasibility has been widely applied to degrade pollutants that mainly
exist in gas and liquid systems. However, the photocatalytic degradation of contaminants on solid
surfaces is rarely reported. The investigation of the photocatalytic degradation mechanism of pesticide
on a solid surface will provide a vital reference for removing pesticide residues on fruit surfaces. Here,
we discovered that in situ photocatalytic degradation on solid surface (PDSS) is a moisture dependent
process regulated by the interaction between TiO, and H,O. The interaction mechanism between TiO,
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and moisture was revealed by X-ray photoelectron spectroscopy and in situ FT-IR. Meanwhile, we
investigated a water layer formed between TiO, and water on the surface by density functional theory.
The photocatalytic degradation process of imidacloprid on the solid surface is proposed. This work
explores the H,O impact on photocatalysis in solid surfaces and provides a significant reference for
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1. Introduction

Pesticide residues are widespread and highly prevalent, espe-
cially on the surface of fruits and vegetables, which could cause
plenty of dominant-negative effects,’” such as chronic diseases
and cancer.®”® Hence, removing pesticide residues using con-
venient methods is a crucial challenge that affects agriculture,
health, and food safety. At present, several ways have been
reported, for instance, physical® (peeling, abluent'® and ultra-
sound," chemical’®'* (ozonation*'")), and biological'®"’
(biological enzymatic hydrolysis'®) methods. However, these
methods fail to completely reduce pesticide residue levels,
waste resources, and give rise to re-pollution. Hence, we are
obliged to seek a more advantageous way to degrade pesticide
residues.
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removing pesticide residues in realistic environmental conditions.

Photocatalysis is applied in various fields because it is a pro-
environment, sustainable and pollution-free technology.'®™*
Typical applications of photocatalysis include degradation of
dye,>?* poisonous gas®>® >’ and pesticide residues,**>* such
as, degradation and monitoring of imidacloprid in industrial
wastewater.>® Photocatalytic degradation of imidacloprid by
composite catalysts H;PW,,0,0/La-Ti0,.>® Pesticide degrada-
tion is carried out in aqueous solution or in the gas phase.
However, it is obvious that PDSS is more appropriate for
practical applications than in aqueous solutions because of
its versatility and simplicity, such as self-cleaning®~® the solid
phase degradation of polystyrene®® and polyvinyl chloride.*’
Therefore, we consider it to be feasible to degrade pesticide
residues on solid surfaces. Previous studies showed that envir-
onmental conditions (humidity and temperature) are critical
to the processes behind photocatalytic degradation.*"**> For
example, in the photocatalytic gas-solid systems, relative
humidity (RH) was shown to play a significant role in VOC
degradation.*’ Similarly, we believe that RH is also essential for
solid-phase degradation. Exposing the influence of moisture on
in situ photocatalytic degradation on the solid-phase is bene-
ficial to the efficient removal of pesticide residues. There have
been numerous studies on the interaction between TiO, and
water.**™*® The interfacial structure between H,O and TiO, was
explored, which was comprised of H,O molecules and an
ordered array of hydroxyls in the second layer.*” The surface
structure of TiO, was determined by the adsorbed water
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molecules.***84°

H,0 enhanced electrons and holes trapping
dynamics on the anatase TiO, surface, which were largely
affected by the nanostructure spatial confinement.’>*! Most
recently, the isolated terminal hydroxyl (OHy) and bridged
hydroxyl groups (OHg) on the surface of TiO, were used as
Bronsted acid/base sites for moisture.”>>® The first water
molecule layer at the TiO,(001)/H,O interface was important
for its dynamic structure.”® An unprecedented long-range
ordered H,O monolayer on TiO,(101) anatase was directly
observed by scanning tunneling microscopy.> The interaction
of TiO, and moisture determines the degradation mechanism
of in situ photocatalysis on the solid-phase surface. Whereas the
mechanism, feasibility, and effect of water on surface degrada-
tion were rarely revealed.

Based on the previous reports discussed above, here, we
study the humidity-controlled photocatalytic degradation of
pollutants to reveal the working mechanism on solid surfaces.
We demonstrate the absorbed water on the TiO, surface via
IR and dynamic water adsorption experiments (DVS). The
hydrogen bond between TiO, and moisture enhanced the
photo-generated charge carrier separation efficiency, which was
characterized by in situ IR and photoelectrochemical measure-
ments. We evaluated the degree of surface hydroxylation by XPS.
DFT results showed the structure of a water layer on the TiO,
surface and its effect on oxygen. We found that the adsorption of
water increases the transfer distance of charge and the formation
of water layer on the surface of TiO, prevents oxygen from
participating in the reaction, which reduces the charge separation
efficiency and affects the photodegradation of pollutants. The
photocatalytic degradation intermediates of imidacloprid were
identified in situ by LC-MS. Based on these collective experimental
and calculation results, we propose a possible degradation
pathway that takes environmental effects into account. This work
shows new insights on the influence of moisture and TiO,
interaction to the in situ photocatalytic degradation of pesticide
residues on the solid-phase surface.

2. Experimental
2.1 Materials

Commercial TiO, (Degussa P25 grade, 20% rutile and 80%
anatase) was obtained from Acros organics (Japan). Imidacloprid
(IMD, >99.0% purity) was obtained from Yuanye Bio-Technology
(Shanghai). Acetonitrile (HPLC grade) was obtained from Thermo
Fisher Scientific (America). Apples grown in the Xinjiang region
were obtained from local markets.

2.2 Solid-phase photocatalytic degradation of imidacloprid
on glass/apple surface

2.2.1 Photocatalytic degradation of IMD on glass surface.
Firstly, an ethanol solution of IMD and TiO, with a certain
concentration was prepared. 400 pL IMD solutions were evenly
coated on 4 x 2 cm glass pieces used as supports and were
dried in an oven at 50 °C for 10 h. Then the different amounts
of TiO, (2-6 mg) were deposited on the IMD-coated glass sheet.

New J. Chem.

View Article Online

NJC

A sun simulated illumination (400 mW cm™?) served as the
light source. After 1-4 h light irradiation, the glass slices were
immersed in 10 mL ethanol and ultrasonicated for 1 h, so that
the residual IMD was completely dissolved in ethanol and
monitored by an ultraviolet spectrophotometer.

2.2.2 Photocatalytic degradation of IMD on apple surfaces.
We use apples as the research basis for simulation experiments,
and the specific process is as follows: First of all, the pesticide
residue on the apple surface was removed by ultrasonic clean-
ing. Then the apples were soaked in the 50.00 mg L' IMD
solution for 24 h, and a uniform solution of TiO, was sprayed
on the surface. Finally, the apple substrate samples obtained
were placed in a temperature and humidity control system
(T 20-40 °C, RH 20-90%), using the light source shown in
Fig. 1. The specific testing process is as follows:

Extraction. A 10.00 g apple peel sample was placed in a
100.00 mL centrifuge tube, 20.00 mL acetonitrile was added
and IMD was extracted by 15 000 rpm centrifugation for 5 min.
10 mL supernatant was extracted and added to a 50 mL pear-
shaped bottle, rotary steamed at 38 °C to near dryness, and then
25% acetonitrile was added to the pear-shaped bottle. The
sample was ultrasonicated for 30 seconds to fully dissolve
and wait for purification.

Purification. First, the ENVI-18 column is pre-eluted with
5 mL acetonitrile, then the column is equilibrated with 5 mL
25% acetonitrile, and then 1 mL of the dissolved sample extract
is transferred from the pear-shaped bottle to the purification
column. Then the column was rinsed with 10 mL of 20 mmol
L' NaOH solution and 10 mL of water, and the column was
drained. Finally, the imidacloprid retained on the column was
slowly eluted with 2 mL of acetonitrile, and filtered with a
0.45 pm organic filter membrane for testing.

Detection. (a) Column: C18 (5 pm, 250 mm X 4.6 mm)

(b) Injection volume: 5 mL; Wavelength: 270 nm

(c) Result calculation

The residual amount of imidacloprid is calculated according
to formula (1):

X_A]XV]XV3><C
- A2><V2><m

(1)

where: X is the content of pesticides in the sample (mg Kg™');
A, is the peak area of the components in the sample; V; is the
total volume extracted from the sample (mL); V; is the volume

Humidity control system

Fig. 1 Photocatalytic degradation system for IMD on the solid phase
surface.
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after purification (mL); ¢ is the standard mass concentration
(mg L™1); 4, is the peak area of the components in the standard
sample; V, is the total volume of the extraction solution for
purification (mL); m is the mass of the sample (kg).

2.3 Photoelectrochemical measurements

The pre-treated TiO, was coated on the ITO substrate as an
integrated photoelectrode, and the photocurrent and electro-
chemical impedance were recorded in a standard three-
electrode system. Firstly, the ITO electrodes were ultrasonically
cleaned in deionized water, acetone, and ethanol in sequence.>®
Then 1 mg of the catalyst was dissolved in 1 mL of ethanol
solution (water: ethanol = 1:2), and 20 pL of the mixture was
coated on half of the 1 x 2 cm ITO electrode and inserted into
the quartz with 0.20 M Na,SO, aqueous solution as the electro-
lyte in the container. The saturated Ag/AgCl electrode, a Pt plate
and the catalyst deposited on an ITO substrate were used as the
reference electrode, counter electrode and working electrode,
respectively.’” Under the irradiation of a 400 MW cm™~> xenon
lamp, the electrochemical impedance spectroscopy (EIS) of the
catalyst was recorded. Under an applied potential of —0.4 V,
the transient photocurrent response was detected. All samples
were subjected to light treatment at different humidity before
testing.

2.4 Characterization

Optical transmittance spectra of the degradation of IMD were
recorded using a UV-Vis spectrophotometer (MAPADA,
Shanghai). Dynamic water adsorption experiments were per-
formed characterized using an Advantage Instrument (UK) at
different relative humidity. The infrared spectra were moni-
tored using a FTIR spectrometer (Bruker Vertex 70 V).
To measure the mineralization efficiency, a TOC-VCPH analyzer
was used to analyze the total organic carbon (TOC) of the
degraded IMD (TC is completely burned at 850 °C, TIC was
treated by phosphorylation, and Pt was used as the catalyst).
X-ray photoelectron spectroscopy (XPS) was recorded on an
Escalab Xi+ (Thermo Fisher Scientific, US).

2.5 In situ infrared spectroscopy test

Humidity in situ infrared spectroscopy was performed using an
IR spectrophotometer (Nicolet Nexus 670) equipped with a
humidity and temperature control system (Fig. 2). The side of
the in situ infrared sample cell is composed of a glass tube that
can pass ultraviolet light, a CaF, window piece and an injection
port sealed at both ends for infrared testing. A 250 nm main
wavelength lamp is installed above the infrared pool as the
light source. The catalyst is filled in the sample rack in the
sample tank. The sample rack is made of Teflon material.
The DTGS KBR detector was adopted with a scanning band of
4000-500 cm ™!, 32 scanning runs and a resolution of 4 cm ™.
The changes of transmission spectra were recorded by an in situ
infrared spectrometer. Samples were completely dried before
the spectra were recorded.
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Fig. 2 1. N, cylinder, 2. Cooling pump, 3. High pressure injection pump, 4.
Metering pump, 5. Humidifier, 6. Controller, 7. Magnetic stirring, 8. Sample
pool, 9. Exhaust valve, 10. Intake valve, 11. FT-IR spectrometer, 12. The
computer.

2.6 Intermediate analysis

IMD and intermediate products were separated by SB-C18
RRHD (Agilent, 2.1 x 100 mm, 1.8 pum). Both the standard
sample and the reaction mixture were separated by a mobile
phase consisting of 0.20% formic acid solution (solvent A) and
acetonitrile (solvent B) under the same volume. 85, 80, 75, 0,
and 85% of solvent A were added and solvent B was added to
the rest at 0, 3, 22, 23, and 29 min, respectively. The flow rate of
the mobile phase was 0.40 mL min ", the total injection
volume was 5.00 pL, and the temperature was kept at 25 °C.
The total running time was about 30 min. The ESI interface
operated in positive ion mode, and the voltage was set to 80 V.
A full-spectrum scan from 65 to 500 m/z was recorded at a scan

rate of 500 amu s~ .

3. Results and discussion
3.1 Effect of RH on photocatalytic solid phase degradation

We show in Fig. 3 the moisture dependence of the degradation
efficiency of IMD within the range 20-90% RH. The IMD
residues after degradation for 1 h are in the order of 43%,
36%, 28%, 23%, 26% and 30% with RH in the order of 20%,
40%, 60%, 70%, 80% and 90%. The degradation at 70% RH is
slightly higher than the other RH because of the different
moisture adsorbed on the surface of TiO,. The water molecules
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Fig. 3 Effects of RH on in situ photocatalytic degradation of IMD on the
solid surface.
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on the surface of TiO, will affect the efficiency of electron
transport, and thus the degradation decreases too. Neverthe-
less, the degradation performance of TiO, towards IMD is still
relatively good and the pesticide can be fully degraded at high
RH. We performed IMD degradation experiments with TiO,
under different illumination times. The efficiency for degrada-
tion of IMD under photocatalytic conditions were 91% after
4 h, which is comparable to that of the liquid system, ie.,
30.00 mg TiO, dispersed in 50.00 mL (10 mg L") IMD solution,
and the degradation efficiency was 91% (after 50 min).
However, increasing the illumination time did not further
increase the rate of IMD degradation. We believe that the
contact between IMD and TiO, will not change in the solid-
phase, IMD in direct contact with TiO, will be rapidly degraded
by the TiO, hydroxyl vapor radicals under illumination.

Fig. S1(a) (ESIt) shows how the IMD degradation efficiency
depends on TiO, quality. The degradation efficiency was 77%
after 1 h for an optimal catalyst dose of 4.00 mg. However,
increasing the amount of TiO, further decreased the degrada-
tion efficiency because of excess TiO, blocking photon trans-
mission. Temperature also plays a role in in situ photocatalytic
solid-phase degradation of IMD. Fig. S1(b) (ESI{) shows
a comparison of IMD degradation by TiO, at different tempera-
tures. The temperature increase promotes the degradation
efficiency. However, for practical field applications, the tem-
perature is limited by the actual environment.

3.2 Characteristics of the interaction between TiO, and H,O

Photocatalytic degradation of IMD on solid-phase surfaces
requires active oxygen species (h*, *OH, O,7). To investigate
the PDPSS in detail, we added different scavengers to the in situ
photodegradation system to carry out free radical and hole
trapping experiments. Isopropyl alcohol (IPA), triethanolamine
(TEOA) and benzoquinone (BQ) were used to quench hydroxyl
radicals (*OH), holes (h*) and superoxide radicals (O, "), respec-
tively. We see from Fig. 4(a) that when IPA was added, the
photocatalytic reaction is severely inhibited, indicating that OH

(a) 08 (b) 0.6 0.57
07 0.52
05
_06 "
0.4
%ms E
%
L‘j’ N é 3 0.25
= 02
0.2 0.13
01 01T 9050  0.063
00 ol 1
Noscavengers TEOA  IPA BQ 20 40 60 70 80 9%

Humidity/ %

L Lo

Transmittance

3426 ——60% Ri
—— 0% RH
——80% RH
——o0% Rit

4000 3500 3000 2500 2000 1500 1000 500

@1 ® 0 @H

‘Wavenumber (cm'l)

Fig. 4 Free radical capture experiment (a); dynamic water adsorption
experiment (DVS) (b); FT-IR spectra (c); model of the interaction between
TiO, and water (d).
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is the most significant active radical. The addition of TEOA and
BQ also has a certain effect on the photocatalytic performance,
showing that h* and O, also take part in the photocatalytic
reaction,®® although playing a secondary role. RH is crucial for
the photocatalytic reaction on solid surfaces, and since the
surface of TiO, is hydrophilic, the moisture adsorption is
humidity dependent. Fig. 4(b) shows that the surface adsorp-
tion capacity of TiO, increases with the increase of humidity.
At 20-70% RH, the amount of moisture adsorbed on the TiO,
surface shows an upward trend, but it has little change. The
adsorption capacity of TiO, to moisture augments sharply at
70-90% RH. With the adsorption increase, it is possible to form
a water layer physisorbed on the TiO, surface, isolating TiO,
from the external environment, and explaining to a certain
extent the phenomenon we observed at the beginning. FT-IR
spectroscopy was used to verify the existence of water molecules
on the TiO, surface during the reaction process.

As shown in Fig. 4(c), after reacting at different RH, several
peaks appeared in the spectrum at higher RH environments as
compared with that at low RH. Peaks at 3426 and 1632 cm ™" are
ascribed to the stretching vibration and bending vibration
of OH, while those at 651 cm™' could be assigned to the
characteristic absorption peak of TiO,. No absorption peak
corresponding to OH is visible for experiments at RH of
20-40%, indicating that water failed to adsorb on the TiO,
surface. When humidity increases further, the appearance of
OH is observed. Infrared spectroscopy shows that water exists
on the surface of TiO, at high humidity. Before the FTIR
experiments, the TiO, was vacuum dried for 24 h.

We observed a significantly different profile in the in situ IR
spectra from the water adsorbed on TiO,. Results in Fig. 5(a)
shows that at 3650-3000 cm™ ' and 1500-1700 cm ™' vibrations
from H,O increase, including OH stretching »(H,O) and
bending vibrations J(H,0), respectively. In the meantime, two
extraordinary reversal peaks at 3728 and 3665 cm ™' appeared.
These two peaks are equal to the »(OH) vibration of the isolated
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Fig. 5 Insitu IR spectra: as the humidity increases (a); enlarged scales of
the ©(OH) of the isolated surface OHg and OH~ (b); transient photocurrent
responses (c) and EIS (d).
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terminal hydroxyl (OHy) and bridged hydroxyl groups (OHg).”>>°
We clearly see that the presence of OHr and OHjg at these
positions decreases with the increase of RH. Fig. 5(b) shows that
the introduction of water molecules at the beginning causes the
reduction of OHr and OHg, but this change is not monotonic.
On the surface of TiO,, OHz and OHy are used as acid/base
adsorption sites to further adsorb water molecules through inter-
molecular hydrogen bonds (Fig. 4(d)).

We conducted a photocurrent measurement on TiO, with
different hydroxyl concentrations on the surface treated by light
under different RH. The results show (Fig. 5(c)) that the higher
the surface hydroxyl concentration of TiO,, the stronger the
photocurrent response and the higher the separation efficiency
of photogenerated charges. This supports the excellent perfor-
mance of photocatalytic degradation of IMD on solid surfaces.
This is consistent with the experimental conclusion of Fu et al.®
This experiment shows that light treatment under different RH
can make the surface of TiO, have different concentrations of
hydroxyl groups, and the higher the RH, the higher the surface
hydroxyl concentration, the stronger the photocurrent response
signal, and the higher the separation efficiency of photogenerated
charges. When the RH exceeds 70%, the surface hydroxyl concen-
tration decreases and the photocurrent intensity decreases, which
inhibits the effective separation of photo-generated charges,
which is not conducive to photocatalytic degradation of IMD on
solid surfaces. This is also consistent with our results of TiO,
photocatalytic degradation of IMD on the solid surface under
different RH. We show the resulting recombination resistance at
different humidity in the Nyquist plot in Fig. 5(d). The relative
dimensions of the semicircle correspond to the charge separation
efficiency and transfer resistance of photogenerated electron-hole
pairs. The interface impedance of TiO, at 70% RH (T-70) is
smaller than that of other samples. We believe that it facilitates
electron transfer by forming hydrogen bonds between TiO, and
H,0, which can enhance the electron hole separation and the
interface charge transfer.

The XPS survey spectra of TiO, and T-70 in Fig. 6 shows that
these two materials matched exactly. It shows the existence of
elemental Ti, O, and C, with Ti2p as the main component in the
spectra with the highest intensity, the narrowest peak width,
and the highest symmetry. In addition to the main spectral line
Ti2p, there were other spectral lines such as Ti2s, Ti3s, and
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=
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Fig. 6 XPS survey scan of TiO, and T-70.
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Ti3p. XPS was used to characterize the OH oxidation state. The
coexistence of OH and lattice O, in the TiO, catalyst was
evidenced by a shoulder observed on the peak at 529.7 eV and
532.5 eV, that evidenced the presence of molecules in TiO,. The
degree of surface hydroxylation increased with increasing
humidity in the range 20-70% RH (Fig. 7(a-d)). At higher RH
70-90%, the XPS results in Fig. 7(e and f) show that hydroxyla-
tion decreased, with lower content of hydroxyl group OHr
and OHg that acts as an adsorption site for water. The OH
percentages in TiO, confirmed by XPS are shown in Table 1.
At 20-70% RH, O, and H,0O compete for adsorption on the
surface of TiO,, and O, is dominant, but trace amounts of OH
can be found. At 70% RH, a water layer is formed on the surface
of TiO,, and lots of OH is generated by water molecules.
At 70-90% RH, the generated OH further adsorbs H,O, so a
small amount of OH will be detected. The degree of hydroxyla-
tion was the largest on the surface of T-70, that also showed the
best catalytic performance.

3.3 Density functional theory (DFT) calculations

We performed ab initio molecular dynamics (AIMD) calcula-
tions to clarify the effect of RH on the adsorption behaviour of
H,0. To reveal the effect of humidity in this calculation, we
used models containing different proportions of H,O and O,
implemented in the Vienna Ab initio Simulation Package
(VASP).®®2 The Ti0,(101)/H,0 and O, interfaces were modeled
by a periodic supercell. Each supercell was composed of an
anatase (101)-2 x 4 slab consisting of four O-Ti-O layers (about
6 A) in contact with a mixing environment of H,O and O, filling
in the space between consecutive slabs. The optimized geo-
metric parameter of thte TiO,(101) slab is @ = 11.084A and

Table 1 The OH percentage content in TiO, at different RH

Peak position

RH/% Lattice O, (532.5 €V)/% OH (529.7 eV)/%
20 94.32 5.68

40 93.35 6.65

60 92.99 7.01

70 78.3 21.7

80 93.9 6.1

90 94.71 5.29
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Fig. 8 Snapshot of a water layer on the TiO, interface obtained from
AIMD simulations. Ti5c atoms are depicted in light blue, O is shown red
and H is shown in light pink. The dashed lines represent hydrogen bonds.

b = 14.926 A. One of the models involves 37H,0 and 30,
molecules to simulate the case of higher RH. To simulate the
lower RH, another model included only 10H,O and 200,
molecules. The canonical NVT ensemble was used with a
Nose-Hoover thermostat® at T = 300 K. Each time step is set
to 1 fs, and simulations were conducted for more than 25 000
steps (25 ps) which is long enough to obtain reliable structural
information. In addition, the DFT-D3 dispersion correction
proposed by Grimme®* was utilized to provide a better descrip-
tion of long-range van der Waals (vdW) interactions.

Snapshots from the AIMD simulations of the two models are
shown in Fig. 8. For the two models, the H,O molecules
adsorbed on the TiO,(101) surface to form a stable configu-
ration after about 20 ps. In Model-1, all of the Ti5c sites are
occupied by one H,O molecule, and the rest of the H,O
molecules made a water overlayer through H-bonding inter-
actions. Thus, the charge separation efficiency and photocata-
lytic performance were suppressed because of the obstruction
of the H,O overlayer that blocked the induced dissociative O,
molecule from taking part in the photocatalytic reaction. This
situation directly compromises the in situ degradation of
pesticide residues. In contrast, the result for lower RH, we
found that the Ti5c sites in Model-2 are partially occupied by
the H,O molecules and no H,O overlayer is formed. The
dissociative O, molecule would approach the TiO,(101) surface
and be reduced by the photo-generate electrons promoting the
photocatalytic reaction forward.

3.4 Degradation of IMD on apple surfaces

The apple as a research substrate has important practical
significance. The photocatalytic degradation of IMD on the
apple surface was investigated by HPLC. Fig. 9(a) is a plot of
the IMD remaining peak area versus time at different RH. The
plot combined with the relationship between the quality and
peak area (Fig. 9(b)) represent the IMD degradation efficiency.
According to Table 2, we found that the influence of RH on the
in situ IMD photocatalytic degradation on an apple surface was
the same as on glass. We determined that 97.66% of IMD
residues were removed from the apple surface at 70% RH. This
degradation efficiency is better than the efficiency obtained
on the glass substrate. We attribute the superior degradation
performance on the apple to the apple’s own moisture. The
IMD residue (0.329 mg kg~ ') is within the US maximum residue
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Fig. 9 The peak area of IMD residues at 20%, 40%, 60%, 70%, 80%, and
90% RH (a); the linear relationship between the quality and peak area (b).

Table 2 The degradation efficiency of IMD on the apple’s surface at
different RH

Area (mAU x S) IMD (mg L) Degradation rate/%
20% RH 131.59 5.34 51.97
40% RH 102.66 4.18 62.42
60% RH 73.02 2.96 73.38
70% RH 7.02 0.26 97.66
80% RH 50.68 2.05 80.04
90% RH 104.70 4.27 61.60

limit (MRL) of 0.5 mg kg ' for residual food pesticides.
We further verified this result in the actual environment.

For demonstrations in practical applications, it is necessary
to perform this photocatalytic experiment under natural con-
ditions. IMD on the apples surface was degraded by outdoor
sunlight (T 30 & 3 °C, RH 27 + 5%). The degradation efficiency
of IMD at different times in outdoor conditions is shown
Fig. S1(c) (ESIT). IMD gets oxidized by reactive oxygen species
generated by TiO, under ultraviolet light (UV) excitation.
As there is only a small proportion of UV in natural light,
adequate light is required to achieve the desired degradation
efficiency. As a result, the degradation efficiency of IMD
increases with the increase in exposure time. The degradation
efficiency reaches values of up to 88% when the illumination
time is 50 h. This degradation efficiency complies with MRLs in
food. This experiment was in line with actual production
scenarios and offered the necessary technological assistance
for realistic applications. We notice that the extension of this
experiment to real life conditions would be influenced by
climate and other unpredictable factors.

3.5 Intermediates analysis

We evaluated the total content of organic carbon (TOC) from
in situ photocatalytic solid-phase degradation of residual IMD.
The mineralization efficiency presented in Fig. S1(d) (ESIY)
shows the effect of humidity on TOC. The mineralization of
organic matter is inhibited at lower or higher humidity.
We found a 96% mineralization efficiency at 70% RH. The
IMD was almost entirely mineralized into H,O, CO, and
inorganic substances. As we expected, this process has greater
advantages over the solution reaction including high miner-
alization efficiency, less residual harmful substances, and lower
secondary environmental pollution.
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Fig. 10 Mass spectra and degradation pathways of IMD on the solid
surface (a and c) and in the liquid phase (b and d).

Several products formed IMD decomposition, several pro-
ducts were formed. To explore possible pathways of degrada-
tion, LC-MS was performed to analyze the degradation products
of IMD at 70% RH (Fig. 10(a)). According to the results from
this experiment and from previous reports,®>®® the possible
routes for solid surface degradation of IMD are shown in
Fig. 10(c). Above all, IMD (m/z 256) can be directly converted
into the degradation product A (DPA, m/z 184) and DPD (m/z
205) by being attacked and losing -NO,, ~-HCN and -NO,, -HCL.
Meanwhile, the fragmentation and hydroxylation of the parent
compound formed DPB (m/z 185) and DPC (m/z 193),
respectively. IMD got fragmented, lost -N,O and transformed
into the most familiar IMD urea (m/z 212).°”%° It is evident that
there is a significant accumulation of products with the
increase of illumination time. In particular, IMD leads to the
formation of DPF (m/z 241), which has two isomers, including
product (1) and (2). Two of them, DPC and DPD, are eventually
converted to CO,, H,0, and inorganic substances. The products
formed by photocatalytic degradation of IMD on the solid
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surface are more isolated than those in the liquid phase
(Fig. 10(b) and (d)),*® because the contact between IMD and
TiO, is fixed and there is no solvent as the medium. The
intermediate products will not contact each other and secondary
reactions will occur avoiding the formation of additional inter-
mediate products. Among them, the toxicity of some products is
unknown and whether they pose a threat to human health. In this
context, understanding the reaction pathway and the degradation
mechanism is the best way to avoid unintended consequences
arising.

3.6 Mechanism

We explain the observed experimental phenomena by analyzing
the photocatalytic degradation mechanism of IMD on the solid
surface. In the 20-70% RH range, H,O and O, in the environ-
ment are adsorbed on the surface of TiO, by intermolecular
hydrogen bonds to form active species (*OH, 0, )’®”" under
the influence of light that degrades IMD (Scheme 1).
Hydrolytic adsorption in the air at 70% RH formed two
classes of hydroxyl and occurs in the form of an adsorbed state
on the solid surface. One is when water dissociates at (Op.yac) tO
form bridged hydroxyl groups (OHg) and the other one is when
0O in H,O binds to the Ti5c surface to form an isolated terminal
(OHy). The TiO, surface is saturated with water molecules
through hydrogen bonding between these two molecules, with
the largest number of hydroxyl radicals generated. The bonding
between molecules was conducive to the transmission of elec-
trons, which suppresses the efficiency of electron-hole recombi-
nation efficiency and improved photocatalytic performance.*
At 70-90% RH, H,O got the absolute advantage over O, in the

Scheme 1 Degradation of IMD on the TiO, surface.

‘Water layer

G

=

absorption

20-70%RH TiO, 70-90%RH

Scheme 2 A schematic diagram of the interaction between moisture and
TiO,. Ti5c is shown in light green, O in blue, Ob in light blue, adsorbed O in
pink, and H is shown in yellow.
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competitive adsorption process on TiO,. The water layer was
formed to adsorb water molecules through OHg and OHt on
the TiO, surface (Scheme 2),”* which occupies the active site,
inhibited electron transport, and prevented O, from participa-
ting in the degradation reaction. O, induced the band to bend
upwards and formed negatively charged compounds on the
surface of TiO, that act as charge traps for photogenerated
electrons inhibiting electron hole recombination.

4. Conclusions

In summary, the investigation of the reaction process in
humidity-controlled systems evidences the impact of moisture
on in situ photocatalytic degradation of organic contaminant on
the solid surfaces. Our results revealed the interfacial structure
between H,O and TiO,, showing that in the 20-70% RH range,
water molecules dissociate to form hydroxyl radicals (*OH).
Hydrogen bonding between TiO, and water molecules acts as
an electron transport channel promoting the charge separation
efficiency. The IMD removal rate reached the highest value of
77% after 1 h of light exposure. For higher humidity in the
70-90% RH range, a water layer formed on the surface of TiO,
via absorption. The water layer prevents oxygen, which acts as
an electron trapping agent, from participating in the reaction.
Photo-generated charge carrier separation efficiency and degra-
dation performance are inhibited. The remaining content of
IMD after in situ photocatalytic solid-phase degradation meets
the standards of US MRLs. The intermediates are single and
nearly completely mineralized, avoiding secondary pollution to
the environment. This new overall technique opens opportu-
nities for degradation of organic contaminants based on the
concept of in situ photocatalysis on the solid-phase surface
under realistic environmental conditions.
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