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ABSTRACT: Formation and decay of formaldehyde oxides
(CH2OO) affect the complete oxidation of formaldehyde.
However, the speciation and reactivity of CH2OO are poorly
understood because of its extremely fast kinetics and indirect
measurements. Herein, three isomers of CH2OO (i.e., main
formic acid, small dioxirane, and minor CH2OO Criegee)
were in situ determined and confirmed as primary
intermediates of the room-temperature catalytic oxidation of
formaldehyde with two reference catalysts, that is, TiO2/
MnOx−CeO2 and Pt/MnOx−CeO2. CH2OO Criegee is quite
reactive, whereas formic acid and dioxirane have longer
lifetimes. The production, stabilization, and removal of the
three intermediates are preferentially performed at high
humidity, matching well with the decay rate of CH2OO at approximately 6.6 × 103 s−1 in humid feed gas faster than 4.0 ×
103 s−1 in dry feed. By contrast, given that a thinner water/TiO2 interface was well-defined in TiO2/MnOx−CeO2, fewer
reductions in the active sites and catalytic activity were found when humidity was decreased. Furthermore, lethal intermediates
mostly captured at the TiO2/MnOx−CeO2 surface suppressed the toxic off-gas emissions. This study provides practical insights
into the rational design and selectivity enhancement of a reliable catalytic process for indoor air purification under unfavorable
ambient conditions.

■ INTRODUCTION
Formaldehyde oxides (CH2OO), the simplest carbonyl oxides
or Criegee intermediates, have been recognized as important
transient intermediates in tropospheric oxidation1−5 but have
been rarely studied in the catalytic oxidation of formaldehyde
(CH2O). A large fraction of CH2OO in the atmosphere, whose
longest lifespan is 0.05−2 ms2,6, incur extremely reactive
bimolecular reactions with species such as trace gases (e.g.,
SO2 and NO),2 peroxy radical and organic acid,3,4,7 and water
vapor.5 Only few reports2,4,5 on direct measurements of
CH2OO are available. CH2OO Criegee and its isomers (i.e.,
formic acid and dioxirane)6,8 are identified through vacuum-
ultraviolet photoionization mass spectrometry in a chamber
simulation of CH2I2/O2 photolysis.2,4 The decay rate of
CH2OO reaction with water vapor at high relative humidity
(RH = 85%) is much faster than that with CH2OO scavengers,

such as SO2 and NO2, in a relatively dry atmosphere (RH =
35%).5,9

However, whether the CH2OO chemistry is similar in the
catalytic oxidation of CH2O remains to be elucidated. Room-
temperature catalytic oxidation (RCO) using either transition
metal-based catalysts or noble metal-based catalysts has
become an energetically attractive approach to reduce CH2O
in indoor air.10−15 Given the diurnal or regional variations in
ambient temperature and humidity, the RCO of CH2O is
limited by the moisture-dependent activity at low temper-
atures.16−18 Our group has thus focused on the surface
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hydrophilic modification of RCO catalysts. With the capability
of active-site exposure and activation of reactive oxygen species
at low temperatures, the MnOx−CeO2 catalyst (MCO) is
often modified by other catalysts or elements in hybrid
fabrications.19−21 Accordingly, MCO-supported colloidal TiO2
catalyst22 was synthesized to form a water/TiO2 interface,

23−25

resulting in approximately 41% (dry air) of recycling activity
compared with 57% in high humidity at room temperature. To
date, making direct measurements of CH2OO intermediates
during CH2O oxidation is challenging, and such intermediates
are roughly estimated by the proposed bridging modes of
carboxylic groups.16,17,26 Two primary CH2OO intermediates,
that is, formic acid (10.82 eV) and dioxirane (11.33 eV), were
preliminarily identified at different photoionization energies by
in situ time-of-flight photoionization mass spectrometry. The
formation of the two intermediates favors moisture as
supported by evidence of the hydroxymethyl hydroperoxide
(HOCH2OOH, HMHP) yield from the reaction of CH2OO
with water vapor.2,22,27 These findings help elucidate the
complete reaction pathways of CH2O oxidation. Nevertheless,
the production, stabilization, and removal of CH2OO have not
been fully studied. Moreover, although the toxicity of
formaldehyde is well reported, the potential environmental
impacts from the released CH2OO intermediates remain
unknown.28−30

Herein, in situ determinations of the CH2OO speciation and
kinetics during the RCO of CH2O were investigated through
vacuum-ultraviolet time-of-flight photoionization mass spec-
trometry. A distinct hydrophilic structure was observed in the
surface chemistry of water interacting with TiO2

23,24,31 and
Pt.32,33 Two different MnOx−CeO2-based catalysts, namely
MnOx−CeO2-supported TiO2 and MnOx−CeO2-supported Pt
(denoted as TO/MCO and Pt/MCO, respectively), were
modified and characterized after the loading treatment was
administered to attain the interfacial hydration structure.
Compared with that in Pt/MCO, a thinner ordered interface
between molecular water and TiO2 surface was found in TO/
MCO. As such, the adsorption and complete oxidation of
CH2O to CO2 were compared and examined in humid and dry
feeds. After the reaction was terminated toward yeast cells, a
cytotoxicological study of the spent catalysts was conducted to
further evaluate the inhibition of toxic intermediate emissions
relative to the cytotoxicity of fresh catalysts and formaldehyde.

■ MATERIALS AND METHODS

Catalyst Synthesis. The preparations of the precursor
MCO and TO/MCO are described in the Supporting
Information (SI). Pt/MCO was prepared via a wet
impregnation route. In brief, 500 mg of the as-prepared
MCO was added dropwise to a mixture containing 30 mL of
ultrapure water (Milli-Q system, Millipore Inc.), and 5 mL of
H2PtCl6 (2 mg·mL−1) aqueous solution was achieved under
stirring. After impregnation for 30 min, 10 mL of the mixed
solution of NaBH4 (0.1 mol·L−1) and NaOH (0.5 mol·L−1)
was rapidly injected into the suspension until uniform contact
with the whole surface of the suspension was achieved under
stirring. The molar ratio of Pt:NaBH4:NaOH was approxi-
mated to 1:5:25. After reduction for 30 min, the final
suspension was washed and centrifugated with ultrapure
water five times and dried in an oven at 65 °C for 6 h. The
mass ratio of Pt to MCO was determined to be 1.8% (SI Table
S1).

Characterizations. X-ray powder diffraction (XRD) of the
as-prepared catalysts was performed using Philips X’pert Pro
Super diffractometer with Cu Kα radiation (λ = 0.15406 nm).
The micromorphology of the catalysts was observed under a
JEOL JEM-2010 transmission electron microscope (TEM).
The Brunauer−Emmett−Teller (BET) surface area was
obtained by N2 adsorption/desorption isotherms at 77 K on
a Micromeritics Gemini VII 2390 instrument. Elemental
contents were precisely determined by inductively coupled
plasma atomic emission spectroscopy on a Vista MPX ICP
system (Varian). X-ray photoemission spectroscopy (XPS) was
performed on a Thermo ESCALAB 250 system, and all of the
binding energies were calibrated to the C 1s peak at 284.8 eV
of the surface adventitious carbon. Pyridine adsorbed IR
spectroscopy (Py-IR) was conducted with Fourier transform
infrared (FT−IR; Tensor 27, Bruker, Germany) spectrometer
equipped with an in situ vacuum (10−3 Pa) IR cell reactor. The
sample was purged with pure He gas at a heating rate of 10 °C·
min−1 to 400 °C and then cooled to room temperature in the
vacuum cell. Pyridine vapor was in situ introduced until the
adsorbed pyridine approached saturation. Desorption of the
adsorbed sample was conducted at a similar heating rate of 10
°C·min−1 to 450 °C. The Py-IR spectra were obtained with a
resolution of 4 cm−1 (32 scans). The OH stretching region
(2800−3800 cm−1) at the surface of catalysts was characterized
by sum frequency generation (SFG) spectroscopy (SI Figure
S1).

In Situ C 1s XPS Analysis. In situ XPS studies were
investigated using a Vacuum Generators Escalab 220 XL
spectrometer equipped with monochromatized aluminum X-
ray irradiation (Al Kα = 1486.6 eV) and an in situ cell reactor.
The CH2O-saturated sample was preheated from 25 to 175 °C
under an Ar feed gas at a rate of 2 °C·min−1. The sample was
cooled under the Ar feed gas to 25 °C after the required
temperature was reached, and in situ XPS analysis was
performed in the cell reactor. The C 1s XP spectra were fitted
by a peak-fitting program with a mixed Gaussian (70%)/
Lorentzian (30%) peak shape.

Catalytic Activity Test. Catalytic oxidation of CH2O was
conducted in a thermostatic fixed-bed reaction system.
Gaseous CH2O was diluted with a carrier gas (5 ppm of
CH2O/21% O2/N2 balance, RH = 0.7%−90%, GHSV = 6 ×
104 h−1). Then, 0.15 L·min−1 of the gas flow rate and 5 ppm of
inlet CH2O concentrations were stoichiometrically determined
by a mass flow controller (Brooks 5860E). Afterward, 50 mg of
test catalysts sieved between 40 and 60 mesh was loaded on
silica wool in a stainless-steel thermocouple tube (8 mm
diameter) of the fixed-bed reactor. The RH during the reaction
was controlled by adjusting the ratio of humid air in the carrier
gas, and the temperature was controlled with T-measuring
thermocouples inside the stainless-steel tube. The outlet
concentrations of CH2O and CO2 were monitored with a
photoacoustic multigas monitor (model 1412i, LumaSense
INNOVA Technologies Inc., Denmark). The error bars
(standard deviation) in the activity tests were calculated
from repeat measurements.

In Situ Measurements of CH2OO. CH2OO speciation
and kinetics were directly determined through vacuum-
ultraviolet time-of-flight photoionization mass spectrometry.
A schematic of the experimental setup is given in SI Figure S2.

Confocal Microscopy of Spent Nanoparticles (NPs)
toward Yeast Cells. Yeast (Saccharomyces cerevisiae, JCM
7255) was incubated with agitation at 30 °C in a yeast extract
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(YE) medium (5.0 g·L−1 YE and 30 g·L−1 glucose). After the
yeast suspension was centrifugated at 8000g at 3 °C for 10 min,
the harvested yeast cells in the late exponential growth phase
were washed thrice with the sterilized NaCl aqueous solution
(5 mM). NaCl aqueous solution was also used as the
dispersion medium.
The NPs were subjected to toxicity tests. Prior to cell

exposure, the spent NPs were sealed instantly in storage at 3
°C when the CH2O-exposed reaction was terminated. The
yeast suspension with an initial concentration of 1 × 106 cells·
mL−1 was exposed to 5 mM aqueous NaCl solution in a
sterilized microtube containing different concentrations of NP
suspension (0.5, 5, 10, 25, 50, and 100 μg·mL−1). Next, the
microtube was placed on a Duck rotor at 60 rpm for 1 h at 30
°C. The mixture suspension was spread on YE agar plates for 1
h incubation at 30 °C. The cell suspension without NPs on a
YE agar (2.0% (w/v)) plate was tested as a control group.
Toxicity was evaluated by counting the colony-forming units
(CFUs) of living cells given in the fluorescence image using
fluorescence cellular scanning microscopy (FCSM) with a 488
nm laser for excitation (Olympus laser-based point scanning
FV-1000D confocal fluorescent microscope). Cell viability was
compared by staining the combination of two membrane-
permeable dyes: propidium iodide (PI) and 4′,6-diamidino-2-
phenylindole (DAPI). PI only infiltrates cells with a disrupted
membrane, whereas DAPI can enter all cells. In the

fluorescence images, live cells were labeled with a green
fluorophore, whereas disrupted or dead cells were marked with
a purple fluorophore.

■ RESULTS AND DISCUSSION

Assembly of Hydrophilic Interface Favorable to
Active-Site Exposure. Exploring a water/metal oxide
interface of RCO catalysts is crucial to their practical
applications in CH2O removal at unfavorable reaction
temperatures and moistures. Aside from the enlarged specific
surface area and pore volume (SI Table S1), the surface
modifications with TiO2 and Pt loading, which exhibit an
ordered array of the hydrophilic interfacial structure at the
vicinity of their surfaces,17,22,23,32,34 are examined to improve
CH2O adsorption and catalytic oxidation. First, the crystal
structure and morphology of TO/MCO and Pt/MCO are
illustrated in SI Figures S3 and S4, respectively. TO/MCO
shows approximately 5 nm thin loading of TiO2 with a
uniformly exposed anatase facet (101) on the MCO surface,
whereas a small size distribution (approximately 2.4 nm) of Pt
NPs for Pt/MCO retains the unchanged morphology, particle
size, and exposed facets of the precursor MCO.
The structural arrangement of water molecules at TO/MCO

and Pt/MCO was characterized through SFG spectrosco-
py32,33 in an internal reflection mode as a function of the
energy of infrared radiation (IR). The SFG spectra in the

Figure 1. Potential dependence of the SFG spectra in the OH stretching region (2800−3800 cm−1) at the surface of TO/MCO (a) and Pt/MCO
(b) electrodes in a 0.1 M HClO4 electrolyte solution. SFG spectra were fitted by two broad OH bands centered at low (dash line) and high (solid
line) wavenumbers. Py-IR measurements of active sites over TO/MCO and Pt/MCO under humid (c) and dry (d) conditions.
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hydroxyl molecule (OH) stretching vibration region were
generally featured by two broad peaks at ca. 3200 and 3400
cm−1. These peaks are assigned to the symmetric OH
stretching of water molecules (i.e., strongly hydrogen bonded
“ice-like” water structure) and the asymmetric OH stretching
in a more random arrangement (i.e., less ordered “liquid-like”
water), respectively.33 In Figure 1a and b, two broad peaks for
Pt/MCO were observed in the OH stretching region (2800−
3800 cm−1) at ca. 3200 and 3450 cm−1. By contrast, two broad
OH bands for TO/MCO were centered at ca. 3200 cm−1 and
at a slightly low wavenumber at ca. 3400 cm−1. On the basis of
the IR study of water clusters, the SFG spectra prove that the
highly ordered “ice-like” interfacial water molecules were
distributed at the vicinity of the clean surface of TO/MCO and
Pt/MCO. The potential dependence of interfacial water at
TO/MCO and Pt/MCO was also investigated. The SFG
spectra of OH bands, which were fitted as the equation of SFG
intensity (SI eq S1), can be considered an index of the order of
interfacial water and varies as surface oxide is formed. The SFG
intensity weakened after the maximum was reached at zero
potential in the Pt/MCO electrode when the potential changes
from positive (200 mV) to negative (−400 mV). Conversely,
the intensity sharply increased as the potential in the TO/
MCO electrode was decreased. The charge of the TO/MCO
surface was higher than that of Pt/MCO (SI Figure S5).
Accordingly, oxygen-up and oxygen-down orientations were
stimulated on negatively and positively charged surfaces,
respectively. Consequently, the ordered water layer at the
vicinity of the TO/MCO surface became thin. CH2O
adsorption, which is initiated by the hydroxyl bonding of
water molecules with the methyl groups of formaldehyde and
formate intermediates,35 is feasible at this interfacial hydro-
philic structure even in dry atmosphere.
Next, the effects of moisture on surface active-site behaviors

were investigated through Py-IR measurements.36 Two kinds
of surface metal sites, namely, Lewis acid (L-acid) and
Brønsted acid (B-acid) sites, are discussed due to free electron
and proton exchange at metallic catalysts. The L-acid−base
properties of the metal oxides, ascribed to the cyclic electron
transfer, have important implications for the oxidation
selectivity and activation of reactive oxygen of catalysts.22,37−39

In Figure 1c and d, the peaks at ca. 1456 and 1610 cm−1 bands
were related to pyridine adsorbed onto L-acid sites, and the

peaks at approximately ca. 1545 and 1635 cm−1 bands were
assigned to B-acid sites. The peak at ca. 1489 cm−1 originated
from pyridine adsorbed onto L-acid and B-acid sites, and the
peak at ca.1474 cm−1 was assigned to the C−H exchange or
hopping of hydrocarbon compounds to oxygen atoms.36,37

Compared with Pt/MCO under humid conditions, TO/MCO
shows a high degree of nucleophilic substitution (an exchange
of metal sites (M) with oxygen atoms (O), namely the
formation of M−O structure), where the Brønsted/Lewis (B/
L) ratio at TO/MCO was 0.51 lower than that at Pt/MCO
with 0.64. In the dry feed, TO/MCO maintained sufficient
exposure of the L-acid site with a B/L ratio of 0.67, whereas an
apparent decrease in L-acid sites was found at Pt/MCO with a
B/L ratio of 0.80. L-acid sites are restricted if ion exchanges
appear between metal ions and protons,36 and Brønsted acid
sites act as predominant active sites at high temperatures
(>200 °C).37,40 Molecular water at the vicinity of metal oxides
induces a proton transfer to form a water dimer with the
hydroxyl overlayer,23,36 which comprises H5O2

+. Numerous L-
acid sites were found at TO/MCO in humid air possibly
because of the formation of the water dimer. Hence, the effect
of a water dimer on the as-generated porous water layer of
TO/MCO is substantial, leading to the predominance of L-
acid sites. These events can facilitate the activation of surface
oxygen species into reactive oxygen species, which was induced
by cyclic electron transfer at the active sites in metallic
dismutation reactions.22

High-resolution XPS spectra (SI Figure S6) were obtained
to study the ion exchange at TO/MCO and Pt/MCO before
and after the reaction and further verify the effects of moisture
on the active-site behaviors. High oxidation states of Mn were
maintained in fresh TO/MCO and Pt/MCO (SI Figure S7).
After the reaction was terminated, the increased proportions of
surface Mn4+/Mn3+ ranged from 2.73 to 3.27 at TO/MCO.
Some losses of surface oxygen species occurred at TO/MCO
throughout the dismutation reactions, in which the ratios of
surface lattice oxygen (Olatt) to surface adsorbed oxygen (Oads)
remained at 0.34−0.36. Ti−O depositions on O-defect sites of
MnOx−CeO2

22,41,42 remediated the participation of oxygen
species in TO/MCO (see the intense O 1s XPS signal in SI
Figure S3b). Selective electron transfers from Ce4+ to Mn3+

enhanced the charge storage of the neighboring MnOx in the
bimetallic (Mn−Ce) dismutation system.22 Hence, a few Ce4+

Figure 2. Time-resolved photoionization mass spectra of the CH2OO signal during the catalytic oxidation of CH2O (a). Time-of-flight distribution
of the m/z = 46 photoion signal (b).
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reactions with proton ions decreased the number of L-acid
sites. By contrast, the XPS spectra show distinct changes in O
1s, Mn 2p, and Pt 4f peaks in Pt/MCO during the reaction.
The Olatt/Oads ratio increased from 0.17 to 0.28, and large
reductions in Mn4+/Mn3+ were found from 3.41 to 1.69. The
coexistence of metallic and oxidized Pt was observed. The
oxidation states of Pt were increased throughout the reaction,
through which free electrons could be released to support the
potential-dependent hydration structure and the electron-
dependent Lewis active sites of Pt/MCO shown in Figure 1.
Compared with those in TO/MCO and MCO, the binding

energies (BE) of Olatt, Oads, and Mn 2p3/2 peaks shifted to low
values in Pt/MCO, indicating a strong charge exchange in
metal−support interactions.43,44 These findings demonstrate
that accepting negative charges44 on Mn and O sites from the
oxidized Pt can facilitate the activation of reactive oxygen
species.45 However, the generation of more Mn3+ in Pt/MCO
was verified by the low BE shift of Mn. Consequently, failure to
maintain a high oxidation state of metal oxides affects the
interfacial water structure and the M−O bridging mode.
Overall, L-acid sites play a key role in the selectivity of the

cleavage of carbonyl and carboxylic species.22,36,37 The active-

Figure 3. Determinations of the m/z = 46 species by the varying photoionization energies in the reaction of CH2O with TO/MCO and Pt/MCO
in different humid conditions at 72% (a and b), 50% (c and d), and 0.7% (e and f).
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site exposure and oxidation selectivity of the RCO catalysts
under unfavorable reaction conditions can be controlled by
precisely adjusting the molar ratio of metallic ions.
In Situ Measurements of CH2OO Speciation and

Kinetics. Direct measurements of CH2OO species were
performed using time-of-flight photoionization mass spectrom-
etry in Figure 2. The millisecond resolution of the mass
spectrometer is sufficient to determine the photoion signal of
the CH2OO group (mass/charge [m/z] = 46 peak) produced
from the catalytic oxidation of CH2O. First, the time-of-flight
photoion signal of CH2OO was carefully calibrated following
the reported photoionization mass spectrometric detection of
CH2OO,

2 which was formed in the CH2I + O2 reaction after
the 248 nm photolysis of CH2I2/O2 (SI Figure S8). The
kinetic profile of CH2OO in the CH2I2/O2 system followed the
pseudo-first-order kinetic scheme as the decay rate of CH2OO
was fitted as a constant. The formation and removal of
CH2OO were well proportionate with those of precursor
CH2I. The decay of CH2OO was independent of O2

concentrations, suggesting that CH2OO can be directly
measured under ambient conditions. Here the CH2OO (m/z
= 46 + 0.005 amu) lifetime was correlated with the decay of
CH2O (m/z = 30) over catalysts (see Figure 2a) and calibrated
from C2H6O (m/z = 46 + 0.042 amu) via time-of-flight
distribution of the m/z = 46 signal (see Figure 2b). Very faint
photoionization signal at m/z = 64 was assigned to HMHP.
The kinetic analysis of HMHP chemistry remains uncertain

and is thought to be generated from the reaction of CH2OO
with water molecules.2,8

In Figure 3, the photoionization spectra of the CH2OO
isomers were identified by scanning the ionizing photon
energy, and impacts of moisture on the photoionization
intensity of the isomers were studied in the reaction of CH2O
with TO/MCO and Pt/MCO. The signal integration of
CH2OO photoionization spectrum is roughly the integral sum
of the photoion signal of the three isomeric coproducts with
different photoionization energies, which were also calibrated
in the CH2I2 ozonolysis system (SI Figure S9). Dioxirane and
formic acid were identified in much higher ionization energies
at 10.83 and 11.31 eV, respectively. The spectrum that
originated from only 0.05 eV, which is much smaller than the
theoretical predictions of 9.98 eV, was assigned to CH2OO
Criegee.46 Moreover, CH2OO Criegee is thought to possess
some single bond characters,2,6,27,46 which are ascribed to the
rapid dissociation of C−C and O−O bonds from the
ozonolysis of unsaturated hydrocarbons. This work cannot
completely rule out CH2OO Criegee given its probable
involvement in side or secondary processes (e.g., HMHP
production from CH2OO reaction with H2O or CH2O
regeneration).2,27 The CH2OO formations were comparable
between TO/MCO and Pt/MCO at a higher RH of 72% but
started to decline in Pt/MCO at lower moisture more
significantly than those in TO/MCO. These observations are
consistent with the higher CH2O removal efficiencies of TO/
MCO than Pt/MCO at various humidity levels (see Figure 5c

Figure 4. Decay rate (reciprocal of the lifetime τ) of the integrated photoion signal of m/z = 46 species (a) and comparisons in the constant decay
rates of photoion signals of the three CH2OO isomers during CH2O oxidation with TO/MCO in humid (b) and dry conditions (c). Geometries of
the three CH2OO intermediates and the very faint byproduct HMHP, indicating the preferential occurrence of CH2OO reactions in moisture (d).
Intermediates formed under the CH2O oxidation with the surface metal site (M) of TO/MCO by the proposed bridging modes (e).
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and d). The photoion signals of formic acid that remained the
highest at various humidity levels indicate the main primary
intermediate. Formations of the small dioxirane and minor
CH2OO Criegee intermediate are estimated through further
thermal isomerization or dissociation from carboxylic groups
(the symmetric υs and asymmetric stretching υas (COO)).

2,5

These results match the recently reported in situ FT−IR study,
wherein the formations of δ [CH2] corresponding to υs [OH]
are correlated with the decay of υs [CH] groups.22 Hence,
compared with minor formic acid and dioxirane observed in
the atmospheric oxidation,2,5,8 main formic acid and dioxirane
account for a substantial proportion in the CH2OO group in
CH2O oxidation.
Changes in the decay rates of CH2OO in humid and dry

feeds were examined under TO/MCO. The experimental
lifetime of CH2OO was sufficiently long to allow direct kinetic
measurements in the continuous reaction. The reciprocal of
the lifetime (τ) of CH2OO is denoted as the decay rate in
Figure 4 and can arrive at constant within several milliseconds
regardless of changes in reactant concentrations. In particular,
low RH prohibits the adsorption and decomposition of CH2O
at ambient temperatures. Figure 4a shows that the decay rates
of the signal integration of CH2OO differed in humid and dry
conditions. Approximately 6.6 × 103 s−1 of the decay rate of
the CH2OO group was attained in the humid feed, whereas the
rate under TO/MCO was up to 4.0 × 103 s−1 in the dry feed.

However, the CH2OO removal rate was gradually slower than
its formation due to the persistence of the CH2O conversion,
indicating that the CH2OO lifetime was difficult to
experimentally estimate. As anticipated, the decay rate in dry
air did not largely increase and the longest CH2OO lifetime τ
was estimated up to 0.5 ms in the dry air, which is four times
faster than that estimated in the literature for approximately 2
ms in tropospheric Criegee reactions.2 The decay rates of the
three CH2OO isomers after reaching an extremely short steady
state were compared in the humid and dry feeds (Figure 4b
and c). Their reaction kinetics are distinct but follow the same
descending order: CH2OO Criegee intermediate, formic acid,
and dioxirane. By contrast, the very minor CH2OO Criegee
intermediate has the fastest decay rate in humid (4.1 × 103

s−1) and dry (2.9 × 103 s−1) feeds. The RCO of CH2O, in
coordination with the production, stabilization, and removal of
CH2OO, is preferable at high humidity. In other words, the
moisture-dependent decay of CH2OO would restrict the RCO
activity in practice.
In Figure 4d, a short C−O bond length (approximately 1.28

Å) and a long O−O bond (approximately 1.35 Å) of CH2OO
Criegee intermediate were observed6,46 relative to those of
formic acid and dioxirane. The rapid kinetics of the Criegee
intermediate were proven in trapping experiments with its
scavenger NO2 and SO2 under tropospheric conditions.2,5,47

Formaldehyde conversion to formic acid and dioxirane

Figure 5. In situ C 1s XP spectra evolution of TO/MCO (a) and Pt/MCO (b) after CH2O adsorption heating under Ar. Moisture-dependent
CH2O consumption rate as a function of reaction temperature (c). CH2O conversion to CO2 at different humidity levels during the isothermal
reaction at 35 °C (d).

Environmental Science & Technology Article

DOI: 10.1021/acs.est.8b06234
Environ. Sci. Technol. 2019, 53, 5230−5240

5236

http://dx.doi.org/10.1021/acs.est.8b06234


preferentially occurs through monodentate binding and
bidentate coordination with metal sites of TO/MCO,
respectively, as shown in Figure 4e. A peroxymethy bridging
mode of −COO coordination with the active sites is thought
to be more available for the dissociative adsorption of the
weakened O−O than the strengthened C−O bond of CH2OO
Criegee intermediate.
Dioxirane has the longest lifespan and is formed possibly due

to the asymmetric isomerization of carboxylic bonds.2,6,46

Moreover, its decay rate is slightly weaker than that of formic
acid, suggesting that the decomposition of dioxirane (C−O
bond of approximately 1.40 Å) is more refractory than that of
formic acid (CO bond of approximately 1.20 Å). If the O−
H bond dissociation of hydroxyl and carboxylic bonds is
sufficiently activated on the metal sites of catalysts, then the
remaining carboxylic groups would be bridged to the epidioxyl
groups of dioxirane under the electrophilic behavior of oxygen
atoms.48 Given that almost no reactions exist between
epidioxyl and carboxylic groups at room temperature, dioxirane
is more inactive in the catalytic oxidation than the two other
intermediates. The formation and decay of CH2OO Criegee
are rather complex and remain unclear. CH2OO Criegee is
thought to possess some single bond characters,2,6,27,46 which
are assumed to rapidly dissociate into C−C and O−O bonds
from the oxidation of unsaturated hydrocarbons. Furthermore,
the linear relation between CH2O disappearance and CH2OO
formation is not fully understood,2,3 in which small amounts of
formaldehyde may be regenerated in reactions of the O atom
with CH2OO Criegee intermediate. Consequently, preserving
a large accumulation of CH2OO on the surface of catalysts,
such as dioxirane and formic acid which are more resistant to
decomposition than CH2O, is challenging to the complete
catalytic oxidation of CH2O.

CH2O Adsorption and Complete Oxidation Enhance-
ment. The RCO of CH2O facilitates adsorption and favors
high humidity. In this reaction, the initial physioadsorption
relies on the improved specific surface areas and porosity
followed by the chemisorption involving H bonding of methyl
groups to interfacial water molecules16,23 and O atom bridging
of carbonyl and carboxylic groups onto surface metal
sites.22,26,48 In situ C 1s XPS studies as a function of reaction
temperature were compared between the CH2O-exposed TO/
MCO and Pt/MCO (see Figure 5a and b). The broad
photopeak at 288.5 eV was assigned to the presence of
formaldehyde/mono(bi)-dentate formate species (CF), and the
photopeak at low BE (284.5 eV) was assigned to adventitious
carbon (CA).

19,26 As temperature increased from 25 to 45 °C,
the ratios of CF to CA photopeak areas in Pt/MCO were all
lower than those in TO/MCO. Better CH2O/formate
adsorption and oxidation were found at the surface of TO/
MCO at ambient temperatures, consistent with the corre-
sponding catalytic activities illustrated in Figure 5c and d. The
adverse effects on the CF intensity were apparent when
temperature exceeded 45 °C. Above 125 °C, the decreases in
CF photopeak were larger in TO/MCO than in Pt/MCO,
indicating that the noble−metallic activity is preferential at
increased temperatures.49,50 CA photopeak became precipitous
at 125 °C−175 °C whereas weak CH2O and formate signals
were found in the CF photopeak, which are indicative of CO
oxidation and CO2 yield in favor of this temperature range.10,19

The catalytic activity for the CH2O removal was evaluated
using the turnover frequencies (TOFs) per unit of surface area
(molHCHO·s

−1·mcat
−2), defined as the ratio of the reaction rate

to the active-site density of catalysts. The variations in the
CH2O consumption rates with reaction temperatures were
found over TO/MCO, Pt/MCO, and MCO at different
humidity levels in Figure 5c and SI Figure S10a. The increased

Figure 6. Time-lapse of confocal laser scanning microscope images of yeast cells exposed to spent TO/MCO (a), Pt/MCO (b), and MCO (c) NPs
after CH2O oxidation was terminated at 180, 300, and 420 s. Disrupted cells stained by PI were labeled with a purple fluorophore, with high-
resolution 3D images shown in the inset. Fluorescence intensity of the disrupted cells stained by PI after exposure to the NPs and 0.017 mM CH2O
solutions (d). Comparisons of cell viability after exposure to different concentrations of the three spent NPs using the CFU counting method (e).
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moisture in the feed promoted CH2O oxidation, but
excessively high RH restricted this reaction. The rate of TO/
MCO decreased as temperature increased after the maximum
of 6.6 × 10−8 μmolHCHO·s

−1·mcat
−2 was obtained at 35 °C. By

contrast, the loading fabrication of Pt on the MCO surface
resulted in the highest rate obtained at above 70 °C, consistent
with the in situ XPS results. Notably, when moisture decreased
under the low-temperature range of 25−45 °C, the
consumption rates of TO/MCO were remediated because of
its hydrophilic interface, approximately 30% higher than those
of Pt/MCO and an order of magnitude higher than MCO.
Hence, the TOFs of TO/MCO in the CH2O oxidation were
much higher than those of Pt/MCO in the dry feed at low
temperatures. The CH2O conversion efficiencies to CO2 were
proportional to the TOFs under the identical test conditions
and were reduced with decreased moisture at a constant
reaction temperature in Figure 5d and SI Figure S10b. The
conversion rate of TO/MCO remained at 40.5% in the entire
test, whereas large decreases (average of 22.6%) were found for
Pt/MCO in dry air. Aside from the insufficient CO oxidation
at low temperatures, the catalytic oxidation of Pt/MCO is
flagging, indicative of deactivation occurred.10,18,20

Aside from the better BET performance, strong adsorption
of CH2O and CH2OO intermediates can be initiated in dry air
by the association of the H bond of alpha-methyl groups with
the hydroxyl molecules in the well-defined water interfaces of
TO/MCO (see Figure 1a and b). In the subsequent
decomposition of the ad-carboxylic (HOCO) groups,
the O−H bond dissociation was likely stimulated at active sites
on metal oxides.48 Although the formation of C−O from the
CO oxidation was triggered by the activation of reactive
oxygen species at the identical active sites,22 the pathway was
somewhat uncertain because of the complexity of bond
characters in the production of dioxirane and CH2OO Criegee.
To date, the correlations between the active sites and
formation of the CH2OO isomers are difficult to ascertain
because the laboratory measurements of the quantitative
effects of active sites on the production and decay of
intermediates cannot be directly carried out. Overall, exploring
an ordered array of water/TiO2 interface of catalysts is
believed to help the routine catalyst supports enhance the
complete adsorption and conversion of CH2OO to CO2 under
unfavorable reaction moistures and temperatures.
Cytotoxicological Assessment of CH2OO Intermedi-

ates. CH2O is already recognized as a common environmental
toxin even at low concentrations and has been long associated
with the initiation and progression of diseases of the upper
respiratory tract and several types of severe cancers.10,28,29 To
date, the toxicological potency of emissions from CH2OO
intermediates has not yet been studied due to their uncertain
speciation and millisecond lifetime. Given that the cellular
structure and organism function of yeast have many similarities
with cells in plants and animals,51,52 the cytotoxicity of the
spent catalyst NPs (after the reaction was terminated at three
given timeslots) exposed to yeast cells was evaluated relative to
the fresh NPs and formaldehyde in Figure 6. As shown in
Figure 6a−c, all cells stained by DAPI were labeled with green
fluorophore and those with disrupted membrane stained by PI
were labeled with purple fluorophore in the FCSM images.
After an initial 180 s reaction, the spent TO/MCO and Pt/
MCO NPs in the FCSM images of the cell viability were
observed to induce more apparent purple illuminations than
those in MCO NPs, which were examined with the benign cell

viability of their fresh NPs22 (see also SI Figure S11). Similarly,
more purple fluorophores were highlighted under exposure to
the spent catalysts after the prolonged reactions in 420 s.
Hence, the cell membrane and cytoplasmic area were disrupted
when the spent NPs adhered to or were transported into the
yeast cells.
As shown in Figure 6d, the fluorescence intensities of the

cell-exposed spent NPs stained by PI were investigated to
evaluate the cytotoxicity of the CH2OO intermediates
compared with those of cell exposure to a 0.017 mM CH2O
aqueous solution (approximately 500 ppb of the initial gaseous
CH2O concentrations in the reaction). Interestingly, the PI
fluorescence intensity of TO/MCO NPs inside the cell was
more intense than that of Pt/MCO NPs, even more than that
of CH2O. Corresponding to large amounts of the generated
CH2OO intermediates at TO/MCO (see Figure 3), possible
toxin species apart from formic acid were assumed to include
the dioxirane and CH2OO Criegee, resulting in more cell
disruption and death.
The number of CFUs of living yeast cells53 was counted to

double check the distinct cytotoxicity of the CH2OO
intermediates in Figure 6e. The yeast cells were exposed to
the spent NPs with different concentrations of 0.5, 5, 10, 25,
50, and 100 μg·mL−1 dispersed in 5 mM aqueous NaCl
solutions. The number of CFUs on the yeast-NP plate was
compared with that of CFUs on the control plate, which did
not include NPs. All cell viabilities weakened with the increase
in concentrations of NPs. Similarly, the spent Pt/MCO and
MCO NPs stimulated more cell proliferation and were less
lethal than the spent TO/MCO NPs. An average of 50% cell
death occurred at 0.5 μg·mL−1 NP concentration, and up to
80% cell death was observed after exposure to 50 μg·mL−1 of
TO/MCO NPs. Therefore, much larger amounts of CH2O
and CH2OO intermediates can be adsorbed at the TO/MCO
surface, thereby providing a basis for the complete conversion
of CH2O to CO2 and suppressing toxic intermediate emissions
to ambient conditions. This work also stimulates future study
on the rational design and selectivity enhancement of reliable
catalysts for practical applications under different ambient
conditions.
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