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ARTICLE INFO ABSTRACT

Keywords: Formaldehyde (CH20) and toluene (C;Hg) are typical indoor air pollutants that have high harm to people’s
Formaldehyde health. Photocatalytic oxidation is a feasible approach, but still remains the problem of incomplete degradation
Toluene

to form refractory intermediates and uncertainty of interaction between multivariant components. This paper
used natural proteins from waste shell as the carbon source and template to synthesize the ternary TiO2/C/MnOy
photocatalysts. It exhibited high adsorption selectivity and excellent photocatalytic performance for CH20 and
C7Hg mixture mineralization under visible light irradiation. The optimal candidate achieved near completely
mineralization within 60 min in the simulated indoor environment and exhibited remarkable stability after 5
cycles. Large amounts of oxygen vacancies, lattice distortions of TiO», and tailored bandgap structure contributed
to these excellent behaviors. Besides, carbon existence as an electron transfer channel dropped the interfacial
charge-transfer resistance, thus prolonging the lifetime of charge carriers and making them rapidly go through
the surface photo-oxidation reactions. In-situ DRIFTs results indicated that CH,O and C;Hg mixtures possessed
the same reaction pathway and rate-determining step with single component. Above all, this paper offered a
facile, sustainable, and green approach to synthesize efficient photocatalysts for treating indoor CH,0/C;Hg
pollution with visible light irradiation.

TiO,/C/MnO, photocatalysts
Resource recovery
Indoor air purification

1. Introduction successfully designed a direct ring-opening pathway for gas C;Hg
removal, significantly improving the C;Hg purification performance [5].
However, most studies focused on the single-component system as part

of air pollution. In fact, indoor air pollution is a complex issue with a

Indoor air quality is closely related to people’s physical and mental
health. The introduction of outdoor air pollutants and the release of

indoor pollution sources will lead to serious indoor air pollution, which
will endanger people’s health. Up to now, photocatalytic technology is
considered to have great potential for the degradation of volatile organic
compounds (VOCs) and has been confirmed through its extensive
application. Hou et al. synthesized an efficient N, Ca codoped TiO,
photocatalyst by using the insoluble matrix proteins extracted from
abalone shell for CH,0 degradation [1]. Dong and his groups combined
thermocatalysis and photocatalysis into a serious MnO,-based catalysts
with high performance for indoor CH50 elimination [2-4]. Zhang et al.
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multitude of VOCs existence concurrently. These components could
react with each other to produce complex refractory intermediates,
which also pose health hazards [6,7]. To resolve the problem, the
photocatalysts are required to have high adsorption selectivity and
strong photocatalytic oxidation to efficiently mineralize VOCs without
producing potentially toxic and refractory intermediates.

In the current studies, TiO»/MnO> has attracted much attention for
its high catalytic oxidation. Huang et al. utilized O3 which was gener-
ated under the vacuum ultraviolet radiation to increase the oxidation of
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Scheme 1. Schematic diagram of catalysts preparation.

the system and improved the efficiency of toluene degradation [8]. Ji
et al. applied MOx-TiFN in the photocatalytic ozonation of n-hexane [9].
Bergaoui et al. combined Og activation produced by non-thermal plasma
and ultraviolet light (UV) technologies, enhancing the ethanol decom-
position [10]. TiO2/MnO> in coordination with O3 oxidation is very
efficient in industrial applications. However, this advancement is inap-
plicable to the indoor environment due to the latent health hazards of
UV and Os. As a consequence, the catalyst needs to be re-engineered to
increase the separation efficiency between electrons and holes and
promote electron transport for improving photocatalytic oxidation ac-
tivity [11-13]. Carbon materials have these unique properties: low
interfacial charge-transfer and photoelectronic coupling ability [14,15].
TiO2/C/MnO2 have already been synthesized and applied as super-
capacitors, these studies clearly indicated that carbon enhances the
interfacial relation between TiO5 and MnO-, as well as enhances elec-
tron transport throughout the composite materials [16-19]. Meanwhile,
there are no reports about using TiO2/C/MnO; for VOCs degradation,
though it has big potential for this. The synthetic methods of previous
work can be summarized as follows: Firstly, TiO, was used to deposit
thin carbon layers. Secondly, MnO; substituted carbon layers. Finally,
carbon layers were synthesized again to fabricate TiO2/C/MnO,.
Nitrocellulose, glucose, starch and methanol et al. were usually used as
the carbon source for carbon layers [15,18-20]. Complex steps or
expensive materials can raise production costs and be hard to implement
on a mass basis.

In our previous work, insoluble matrix proteins (IMPs) extracted
from abalone shell waste were considered as a kind of effective template
and dopant to synthesize TiO and had the potential to be a good carbon
source for TiO2/C/MnO; [1]. In practical application, seashell waste
which could be produced over 10 million tons since 2002 in China are
used as Ca source for construction materials, calcium supplements or
other materials [21]. IMPs in shell are discarded after recycling,
inducing new environmental pollution [22]. These proteins can be
broken into amino acids under solvothermal conditions [23-25]. These
amino acids are rich in C and N elements and can serve as sacrificial bio-
template, complexing agent and surfactant [26]. In this work, we syn-
thesized TiO3/C/MnO5 with the assistance of IMPs as a carbon source
and template for formaldehyde and toluene mixture (CH20 and C;Hg)
degradation. This work was organized to conduct a comprehensive
investigation consists of the following questions: (1) Whether IMPs can
serve as a carbon source as natural materials to synthesize new con-
struction TiO2/C/MnOy? (2) If so, whether it can act as an effective
photocatalyst for mineralizing VOCs mixture? (3) What’s the effect of
coexistence between formaldehyde and toluene on the surface of TiOy/
C/MnO3? (4) What'’s the photocatalytic degradation mechanism? These

answers to these questions will be of great value in recycling seashell
waste, indoor air purification and new sight on the VOC mixture
degradation mechanism.

2. Experimental section
2.1. Catalyst preparation

IMPs preparation: The abalone shell washed by deionized water
were demineralized in 5% acetic acid at ambient temperatures overnight
to harvest IMPs. After separating and washing into pH neutral, IMPs
were freeze-dried and sieved into 200-mesh.

Synthesis of TiO2/C. The TiO5/C were prepared by an IMPs-assisted
solvothermal method. 0.4 g IMPs and 1.5 mL tetrabutyl titanate (TBT)
were dispersed into a 30.0 mL anhydrous ethanol. Subsequently, the
suspension was transferred to a 50.0 mL teflon-lined stainless-steel
autoclave and heated at 200 °C for 50 h. After washing by anhydrous
ethanol several times and drying at 80 °C, the obtained powder was
carbonized at 500 °C under Ar atmosphere to harvest TiOy/C. For
comparison, the pristine TiO, was also prepared by the same method
without IMPs.

Synthesis of TiO/C/MnO;. After the carbonization process, MnO,
was decorated in the TiO2/C by in-situ redox reaction between carbon
and KMnOy. 0.75 g TiO5/C was dispersed into a 30.0 mL KMnO4 solu-
tion. Then, the mixture was placed into a 50.0 mL teflon-lined stainless-
steel autoclave to maintain at 120 °C for 5 h. After washing with
anhydrous ethanol and deionized water, the obtained powder was dried
at 80 °C to harvest TiO2/C/MnO,. The MnO; content could be adjusted
by varying the KMnOj4 concentration and the catalysts were labeled as
TIMP-Mn-x, where X was the concentration of KMnQy, ca 0, 0.005, 0.01,
0.02, 0.05, and 0.1 moL-L~!. Scheme 1 vividly describes the synthesis
process of TiO5/C/MnOs catalysts.

2.2. Activity and stability tests

The photocatalytic mineralization of indoor VOC mixtures (formal-
dehyde (CH20) and toluene (C;Hg)) was conducted in a quartz glass
reactor (1 L). The reactor temperature was kept at constant 25 °C by a
simple cooling system and the humidity level was kept at 50% before
reaction, which could guarantee to match the practical indoor envi-
ronment. 0.2 g of photocatalyst was evenly dispersed into deionized
water on a quartz glass with a diameter of 7 cm. It was dried in an oven
at 60 °C to evaporate water and then placed in the reactor. Subse-
quently, 2 pL of formaldehyde and 2 pL of toluene were injected into the
reactor separately or simultaneously. A xenon lamp with a 420 nm cutoff
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Fig. 1. Photocatalytic degradation performance and CO, generation of CH,O and C;Hg mixture under irradiation of xenon lamp with a 420 nm cutoff filter.
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filter (A > 420 nm, 421 mW-cm~?) was placed above the quartz glass
with a height of 20 cm. Finally, the photocatalytic process was initiated
by turning on the lamp after reaching the equilibrium concentration of
VOCs. The concentrations of formaldehyde, toluene, and carbon dioxide
were monitored online by a photoacoustic infrared multigas monitor
(GASERA ONE, Finland). Commercial TiOy P25 and MnO, were used to
compare the mineralization of pollutants with the optimal candidate.
The experimental setup is shown in Fig. S1. The difference values of CO»
with the original concentration in the reactor were labeled as ACO5. The
conversion formula of the theoretical gas concentration is as the Eq. (1).

_Vx><Vm><p><Px

Cx
M x V,

(€Y

where Cy is the gas concentration (ppm), V is the injection volume of
liquid organics, Vy, is the molar volume of gas at standard condition, p is
the density of liquid organics, Py is the purity of liquid organics, M is the
molecular weight, V; is the volume of the reactor.

The VOCs (CH20/C7Hg) removal efficiency was calculated as Eq. (2).

VOC,] — [VOC],

VOC;conv.(%) = [ VOC] x 100% 2)

2.3. Catalyst characterization

The crystal structure of obtained photocatalysts were investigated by
an X-ray diffractometer (XRD). The crystal size could be calculated from
XRD patterns using the Scherrer formula as Eq. (3). The morphology and
microstructure were tested by a field emission scanning electron mi-
croscope (SEM) and a high-resolution transmission electron microscope
(HRTEM) with a dual-type energy dispersive X-ray spectroscopy (EDX)
detector. The chemical states of elements in catalysts were analyzed by
an X-ray photoelectron spectroscopy system (XPS). All the binding en-
ergies were referred to C 1s at 284.6 eV. The light absorption property
was evaluated by UV-vis diffuse reflectance spectrometry spectra (DRS).
A fluorescence spectrophotometer (Aex = 320 nm) was used to investi-
gate the solid steady-state fluorescence and the transient state fluores-
cence spectra. In-situ diffuse reflectance infrared Fourier transform
spectra (In-situ DRIFTS) were performed to detect the adsorbed species
on photocatalyst surface by a Tensor II FT-IR spectrometer. Prior to
measurements, the chamber was purged with high purity He. The gas
mixture of CH3O (40 ppm balanced in He), C;Hg (40 ppm balanced in
He), H,0, and O, was injected into the chamber according to the actual
testing requirements. The system humidity level was kept at 50% and
the total gas flow rate was set to 100 mL-min ! under visible light. A JES
FA200 spectrometer was applied to record the electron spin resonance
(ESR) signals of reactive oxygen species (ROS) spin-trapped by 5,5-
dimethyl-1-pyrroline N-oxide (DMPO). To detect the byproducts for-
mation during the photocatalytic process, 250 pL of reaction gas was
injected into gas chromatography-mass spectrometry (GC-MS) equipped
with an automated thermal desorber every 15 min.

D = ki/pcosd 3)

where D is the crystal size, k is the shape factor, ca. 0.89, A is the
wavelength of X-ray radiation, § is the FWHM (full width at half
maximum) of the corresponding peak, and 0 is the angle.

2.4. Transient breakthrough experiments

To evaluate the adsorption behavior of the catalyst for CH,O and
C7Hg mixture, transient breakthrough experiments were performed.
0.66 g photocatalyst was filled into a cylindrical stainless-steel reactor (i.
d. 6.0 mm 3.0 mL volume). The length-diameter ratio of sample loading
was 10.0 and the dead volume was 10.0 mL. Prior to the breakthrough
measurements, the catalyst was degassed at 105 °C for 120 min with the
N gas flow rate of 60 mL-min~'. After cooling to room temperature, the
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gas mixture containing CH0, C7Hg, and N3 was fed into the bed with a
flow rate of 0.165, 0.165, and 162 mL-min~}, respectively. The tem-
perature, relative humidity, and pressure were fixed at 25 °C, 50%, and
1.0 bar, respectively. The multi-component mass spectrograph (BSD-
MAB) was equipped to continuously monitor each gas concentration. A
summary of the transient breakthrough experimental parameters is
provided in Table S1. The adsorption capacity calculation formula is
presented as Eq. (4):

t
Quis = Vi CoAT — /
0

Va,/ (1 - icl> } Cidt 4

where Q,q is the adsorption capacity, Vi is the total inlet flow rate, Cy
is the initial molar concentration, C, is the molar concentration at time t,
AT is the total test time and Vy, is the flow rate of carrier gas.

The adsorption selectivity can be calculated as Eq. (5).

X ~ (X

S— ( CH20> A.< C7H3> ©)
Ycn,0 Yo, u,

where S is the adsorption selectivity of CH20 to CyHs, Xcn,0 and Xc, g

are the corresponding mole fractions in adsorbed phase, Ycu,0 and
Yc,u, are the corresponding mole fractions in bulk gas phase.

3. Results and discussion
3.1. Photocatalytic degradation of CH20 and C;Hg mixture

The photocatalytic degradation efficiency of the VOC mixture (CH20
and CyHg) was evaluated in a sealed reactor simulating the indoor
environment over synthesized catalysts under visible light. Clearly, the
concentration of CH;0, CyHg and CO, had stayed almost stable for all
samples under the condition of turning off the light. As shown in Fig. 1(a
and b), all these catalysts from the IMPs-assisted solvothermal method
exhibited superiority on CH20 and C;Hg degradation compared with
TiO3. MnO; decoration further promoted degradation within a shorter
time, i.e., a higher degradation rate. Interestingly, the CH»,O concen-
tration increased in reaction time between 20 and 35 min for TIMP-Mn-
0.1, TIMP-Mn-0.05, TIMP-Mn-0.01 and TIMP-Mn-0.005. This is due to
photocatalytic oxidation reactions of C;Hg and CH20O are exothermic
radical reactions. In the first 20 min, the faster reaction rate generated a
lot of heat in a short time and the decrease of pollutant concentration. If
the photocatalytic oxidation capacity and selective adsorption capacity
of the catalyst are insufficient, it will lead to the desorption of CH20. In
comparison, TIMP-Mn-0.02 displayed as the optimal candidate that
attained almost complete removal of CH,O and C;Hg after 60 min
without the phenomenon of CHy0O desorption. Fig. 1(c) presents CO;
generation during the photocatalytic degradation process over different
catalysts, which reflects the mineralization efficiency. Clearly, negli-
gible CO, was observed over pristine TiOg, indicating incomplete
degradation of VOCs with large amounts of organic byproducts. IMPs
assistance (TiOy/C) successfully improved further transformation of
intermediates, thus generating more CO;. Next, MnO, decoration on
TiO9/C further boosted deep oxidation and the ACO; finally reached
3100 ppm for TIMP-Mn-0.02, which was nearly close to the theoretical
value, ca. 3844 ppm. In addition, the CH3O degradation process on
TIMP-Mn-0.02 didn’t show the phenomenon of CH,0O desorption. This
remarkable performance illustrated that TIMP-Mn-0.02 had remarkable
photocatalytic oxidation capacity. Nevertheless, further adding MnO,
decoration amount brought inconspicuously or even deactivated per-
formance on CH,0 and C;Hg conversion efficiency. The final CO, pro-
duction consequently fell to 2100 ppm. This may be due to the redox
reaction between KMnO4 and C that produced excess MnO, with too
much consumption of C, blocking the active sites and the decrease of
light absorption of photocatalysts [8]. Fig. 1 (d-f) compare the photo-
catalytic performance between TIMP-Mn-0.02, commercial TiOy P25,
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Fig. 2. N, adsorption—desorption isotherms and surface area data of TiO,,
TiO,/C, and TIMP-Mn-0.02.

and MnOs. TiO2 P25 exhibited very poor degradation behavior for both
CH;0 and C;Hg, which only reached 70% and 65% conversion,
respectively. Moreover, negligible CO, was generated for TiOp P25.
Interestingly, commercial MnO5 showed similar CH,O conversion and
even higher C;Hg conversion compared with TIMP-Mn-0.02. However,
the total COy generation only reached approximately 500 ppm for
commercial MnOs, which was significantly lower than that of TIMP-Mn-
0.02. Therefore, TIMP-Mn-0.02 not only exhibited excellent photo-
catalytic conversion efficiency for both CHyO and C;Hg in the VOC
mixture but also achieved almost completely mineralization. This
outstanding performance was distinctly superior to commercial TiOy
P25 and MnOs. The cycle performance of TIMP-Mn-0.02 was evaluated
for 5 cycles to investigate its recyclability. The spent catalyst was loaded
into the reactor again for the next cycle without any treatment. Fig. S2
demonstrates that both the degradation efficiency of CH20 and C;Hg
was almost unchanged after 5 cycles. In conclusion, TIMP-Mn-0.02 with
IMPs from waste shell as templates and carbon source showed a
remarkable photocatalytic performance and recyclability for VOC
mixture mineralization.

200 nm
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3.2. Electronic structure characterization

All these obtained catalysts exhibited anatase TiO, diffraction peaks
as observed in Fig. S3. There was no obvious MnOj peak in all samples,
indicating MnO, was highly dispersed or presented as large amorphous
particles [27]. All these TiO2/C/MnO; catalysts possessed wider FWHMs
than TiO5 (Table S2). Accordingly, the grain sizes of TiO2/C/MnO; were
much smaller than that of TiO, and TIMP-Mn-0.02 had the smallest
grain size (9.00 nm), thus contributing to its high adsorption capacity
[28]. Besides, all these catalysts from IMPs-assisted solvothermal
method possessed much higher lattice strain than pristine TiOy, which
should attribute to lattice distortion (Table S2). Brunauer Emmett Teller
(BET) surface area analysis is shown in Fig. 2, TiO/C had the largest
surface area, but the introduction of MnO, decreased the surface area of
photocatalysts dramatically from 380 (TiO2/C) to 199 m2.g~! (TIMP-
Mn-0.005). That’s because KMnO,4 consumed amount of C and the
generated MnO; had small quantity and low crystallinity due to the low
concentration of KMnO4. Subsequently, the surface area of photo-
catalysts demonstrated first an increase from 199 (TIMP-Mn-0.005) to
270 (TIMP-Mn-0.02) mz-g’1 and then a decrease from 270 (TIMP-Mn-
0.02) to 180 mz-g’1 (TIMP-Mn-0.1) with the increasing MnO; decora-
tion amount. All of the above photocatalysts exhibited larger surface
area than pristine TiO,. The generated MnO, nanosheets could increase
the surface area of photocatalysts but too much MnO, could lead to
agglomeration and compaction which had negative effects on the sur-
face area. The morphologies of synthesized catalysts by SEM could also
illustrate that. As shown in Fig. 3(a-g), TiO2 and TiOy/C processed
smooth microspherical morphology. MnO;, decoration destroyed the
structure that exhibited rough and flake surface on the sphere. As the
concentration of KMnO4 participation in synthetic reaction was
increased, the outer in-situ-grown MnOj nanosheets grew thicker and
the crystallinity increased. TIMP-Mn-0.02 had the best morphological
structure, MnO4 nanosheets distributed evenly and loosely on the sur-
face of photocatalyst. However, further adding MnO; decoration
amount caused agglomeration and compaction on the surface. When the
concentration of KMnO, rose to 0.1 moL-L ™%, the thickness of MnO, on
the surface of TIMP-Mn-0.1 was 267 nm as shown in Fig. 3h. Excessively
thick MnO;, layer meant too much consumption of C, blocking the active
sites of TiO,, the decrease of light absorption of photocatalysts and
smaller surface area.

To further explore the lattice structure and element distribution in
TIMP-Mn-0.02, TEM and EDX mapping of a microsphere were collected
as shown in Fig. 4(a) and (b) and Fig. S4. Clearly, Ti was the most
abundant element, while Mn, C, and N were uniformly dispersed. TiOo,
C, and MnO, were evenly distributed in the composite and formed space
net structure. Interestingly, N element from IMPs successfully remained
in TIMP-Mn-0.02 with similar distribution to C. Abundant N distribution
in the carbon material was beneficial to change the surface basicity and

200 nm

200 nm

Fig. 3. SEM images of (a)TiO,, (b) TiO,/C, (¢) TIMP-Mn-0.005, (d) TIMP-Mn-0.01, (e) TIMP-Mn-0.02, (f) TIMP-Mn-0.05, (g) TIMP-Mn-0.1, (h) TIMP-Mn-0.1.
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Scheme 2. Illustration of TiO,/C/MnO5 synthesis process from amino acid in IMPs and KMnO, decoration.

polarity of catalyst, thus contributing to excellent adsorption perfor-
mance for VOC molecules with acidity [29,30]. The high-resolution
TEM image of TIMP-Mn-0.02 exhibited a regular arrangement of TiOo,
MnO,, and the amorphous carbon between crystals [31]. Besides, the
Fourier filtered crystal of TiO, showed severe lattice distortions that was
consistent with the increased lattice strain calculated from XRD. These
lattice distortions should originate from abundant oxygen vacancies and
Ti%" ions, inducing valence band tail to tailor the bandgap structure and
enhance the visible light absorption [28]. XPS analysis was adapted to
investigate the composition and valence state of surface elements.

(a)?
TIMP-Mn-0.02

0.8

crie,

0.4 CH,0O

—C,II,

0.2

0.0 v 1 v 1 T T T T
40 60 80 100 120

Time (min)

1.2

(¢

P25

0.8

cIc,

——CH,0

0.4 1 ——C,H,

0.2 4

0.0 T T T T T T
15 20 25 30

35

Time (min)

(@

Absorbance (a.u.)

Fig. S5 shows the C 1s XP spectra of TiO2/C and TIMP-Mn-0.02, which
exhibited negligible difference. Three peaks at approximately 284.8,
286.1, and 288.8 eV were ascribed to C—C, C—O0, and C—N bonds,
respectively [32,33]. There was no obvious difference in N 1s XP spectra
between TiO,/C and TIMP-Mn-0.02, and the peak at the highest binding
energy of 398 eV represented the C—N bond (Fig. S6) [34]. The results
of C 1s and N 1s XP spectra proved the presence of amorphous C and N
distribution in the carbon material. As shown in Fig. 4(c), large amounts
of oxygen vacancies (Oy) as the strong peak centralized at 532.3 eV of
TiO/C, while pristine TiOy possessed dominant lattice oxygen species
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Fig. 5. Adsorption breakthrough curve of an isoconcentration CH,0 and C;Hg mixture through (a) TIMP-Mn-0.02, (b) MnO, and (c) P25 at 25 °C, 50% humidity and
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Fig. 5. (continued).

(Oy) located at 530.4 eV with a slight amount of O,. TIMP-Mn-0.02 with
MnO, decoration had three types of oxygen species that the adsorbed
oxygen species (O,) emerged at 532.7 eV expect for Oy and Oj, con-
firming the enhancement of adsorption for ROS and the existence of
abundant oxygen vacancies [35]. The Mn 2p spectra shown in Fig. 4(d)
depicted the co-existence of Mn*" and Mn®" as the two peaks located at
642.7 and 641.7 eV in the region of Mn 2pg/» [36-38]. The proportion of
Mn®*/Mn** was calculated to be 1:1 based on the integrated area. The
presence of Mn>" validated the existence of oxygen vacancies for
maintaining electrostatic balance, which was important for the photo-
catalytic oxidation capacity of catalyst [39].

The light absorption capacity of catalysts with different MnO; con-
tents was investigated by UV-vis diffuse reflectance spectroscopy (DRS)
(Fig. S7-S8). Pristine TiO5 could only absorb the light with wavelength
ranging from 200 to 400 nm. Apparently, TiO,/C and all these TiO2/C/
MnO, catalysts could absorb the light in the whole visible region.
Therefore, C introduction from IMPs effectively promoted full spectral
absorption of TiOz. Besides, TiO2/C exhibited a groove ranging in 200 ~
340 nm, i.e., UV region absorption, but it elevated gradually with
increasing of MnO; content. Higher MnO3 content implied more KMnO4
dosage, therefore more C was consumed in IMPs to expose more TiO3 on
the catalyst surface. The optical bandgap was calculated based on DRS
results and listed in Table S2. TiO2/C and TiO5/C/MnOs exhibited lower
bandgap than pristine TiO,. In comparison, TIMP-Mn-0.02 had the

minimum bandgap, ca. 1.9 eV. The narrower band gap was consistent
with the fact that TIMP-Mn-0.02 could absorb more photons [40] and
generate electron holes more easily [21]. Fig. 4(e) shows that the PL
intensity of TIMP-Mn-0.02 was much lower than that of TiO3 and TiOy/
C, demonstrating enhanced separation and reduced recombination of
charge carriers. The transient time-resolved fluorescence tests further
confirmed the retarded recombination of charge carriers over TIMP-Mn-
0.02, as shown in Fig. 4(f). The average lifetime of charge carriers was
approximately 9.48 ns for TIMP-Mn-0.02, which was much longer than
that of TiO, (5.55 ns) and TiO5/C (6.88 ns). The electrochemical
impedance spectroscopy (EIS) and transient photocurrent were
employed to further confirm the migration and spatial redistribution of
charge carriers. In Fig. S9, it’s clear that TIMP-Mn-0.02 had a smaller
semicircular diameter compared with TiO; and TiO/C, and it exhibited
higher photocurrent density in Fig. S10. These results indicated that
TIMP-Mn-0.02 possessed lower charge-transfer resistance and less
charge recombination [41-43], confirming the super photocatalytic
activity of TIMP-Mn-0.02.

3.3. In-depth mechanism of photocatalytic CH20 and CyHg mixture
degradation

Scheme 2 illustrates the TiO2/C/MnOj synthesis process. IMPs broke
down into insoluble amino acids in ethanol [1,25]. Amino acids were
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Table 1
The summary of the transient breakthrough results in TIMP-Mn-0.02.
Composition  Breakthrough Half Dry Saturated Separation
point (5%) dry point adsorption rate of
point (95%) capacity CH,0 to
(50%) C;Hg
min min min mL-g~!
CH0 43.4 54.1 68.7 13.7 3.5
C;Hg 6.8 13.7 28.8 3.9

utilized as effective template to synthesize catalyst precursor and evenly
distributed in the precursor. After calcination in an anaerobic atmo-
sphere, C was distributed in TiO, In the next process, KMnO4 was
reduced to by C: 4MnO4~ + 3C + H0 = 4MnO; + CO3%~ + 2HCO5~
[44]. Due to the distribution character of C, the generated MnO, was
evenly distributed throughout the sphere, not only the outer flake of the
catalyst but also the inner flake. Because of this particular structure, C
atoms were hard to be reduced thoroughly and forming TiO/C/MnO,
without the C coating step. This well-constructed hybrid architecture
enhanced the stability and electron transport throughout the composite
catalyst.

The transient breakthrough experiments were carried out to evaluate
the competitive adsorption behavior of the catalyst for CH20 and C;Hg
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mixture. As shown in Fig. 5(a), at the same condition, C;Hg first eluted
through the fixed bed in a short time, whereas TIMP-Mn-0.02 retained
CH50. C7Hg at the outlet of column rapidly increased to half dry point at
13.7 min, while the time of CH,O was 54.1 min. The saturation
adsorption time (dry point) of catalyst for CH;0 and C;Hg were 68.7 and
28.8 min, respectively. From the calculations using the transient
breakthrough results of Fig. S11, the maximum adsorption capacity of
CH>0 was significantly higher than that of C;Hsg, ca. 13.727 > 3.961
mL-g 1. Table 1 provided a summary of the transient breakthrough re-
sults. This might explain that the CH>O molecules had much stronger
adsorption strength than CyHg in TIMP-Mn-0.02 and they gradually
occupied most of the possible adsorption site. Compared with TIMP-Mn-
0.02, the interval of CH,0 and C;Hg breakthrough points on MnO, and
P25 were shorter, 12.4 and 0.47 min, respectively (Fig. 5(b and c)). In
addition, large difference of adsorption capacity may also promise in
separating CH,0 and CyHg [45]. But these differences on MnO5 and P25
were only ~3.6 and 0.2 mL/g, which were well below that of TIMP-Mn-
0.02 (~9.8 mL-g’l), as shown in Table S3 and S4. The separation rate of
C;Hg to CH0 could reflect the adsorption selectivity of catalysts
directly. TIMP-Mn-0.02 had 8.5 and 3.9 times the separation rate of
MnO; and P25, respectively. Hence, TIMP-Mn-0.02 had the best
adsorption selectivity and these results complied with the degradation
experiments. The considerable difference of adsorption rate (Fig. S12)
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Fig. 6. (a) ESR spectra of TIMP-Mn-0.02 in the presence of DMPO as radical scavenger: DMPOeO,  and DMPOeHO. In situ DRIFTS measurements of (b) single CH»0,
(c and d) single C;Hg and (e and f) CH,O and C;Hg mixture for the detection of adsorbed species on the TIMP-Mn-0.02 surface under visible light. (g and h) The
photocatalytic decomposition efficiency of the single target VOC components (CH,0, C;Hg) and their mixture.
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and high separation rate of TIMP-Mn-0.02 indicated that CHO prefer-
entially adsorbed on the catalyst and could be rapidly mineralized
because of its high photocatalytic oxidation capacity, avoiding the
addition reactions between CH20 and CyHg and improving the miner-
alization ratio of the gas mixture.

In-situ DRIFTS measurements were applied to further study the
adsorption behavior of the TIMP-Mn-0.02 for CH20 and C;Hg mixture
during dark adsorption. Firstly, the adsorption of single gas was
measured as benchmark. As depicted in Fig. 5(d), under the circum-
stance of CH;O adsorption, —CHO (1646 and 1745 cm_l) [46,471,
—COOH (1718 and 1772 em™) [47,48], and — CO3?~ (1347 — 1408
em™ D) [49,50] were observed, which were indexed as formaldehyde,
formic acid, and carbonic acid, respectively. For C;Hg single adsorption,
the strong bands at 2800 — 3100 and 1495 — 1600 cm ™! belonged to
C—H groups and the benzene ring in-plane and out-plane deformations
vibration were attributed to C;Hg [51], The weak bands at 1457, 1419,
1800 — 1958, and 1388 cm™! were corresponding to benzaldehyde [5],
benzoic acid [5], maleic anhydride [52], and carbonic acid [46],
respectively (Fig. 5(e and f)). All these bands were strengthened with
prolonging adsorption time. Co-adsorption of CH20 and CyHg did not
generate new bands that were not observed during single adsorption.
The bands climbed gradually within the first 15 min. Next, only the
bands originating from CH3O continued to strengthen, while the C;Hg
related bands were dramatically weakened, as shown in Fig. 5(g and h).
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This illustrated that the CH,O molecules might have a competitive
adsorption behavior over C;Hg when the available adsorption sites in
TIMP-Mn-0.02 decreased, hence, leading to a decrease of C;Hg. This
inference was in accordance with transient breakthrough results.

In the synthesis process, the catalyst was prepared in an oxygen-
deficient atmosphere, contributing to more oxygen vacancies [28].
The existence of oxygen vacancies had been confirmed by XRD, HRTEM
and XPS, suggesting that the generation ROS played an important role in
photocatalytic degradation. ESR spectroscopy was performed to validate
the existence of ROS for the enhanced photocatalytic performance. As
shown in Fig. 6(a), there were no DMPOeO,  and DMPOeOH charac-
teristic signals under darkness. After turning on the visible light, the
typical peaks corresponding to DMPOeO,~ and DMPQOeOH were
observed [53]. The ESR results further validated that eOH and eOy~
were generated on TIMP-Mn-0.02 surface under visible light, resulting
in intensive CH20 and C;Hg mixture gas degradation efficiency.

In-situ DRIFTS measurements under visible light irradiation were
applied to further explore the degradation mechanism of CH0 and C;Hg
mixture over TIMP-Mn-0.02. As the photocatalytic degradation of CH30
proceeded individually, the typical peaks in the adsorption process still
existed during the whole photocatalytic process in Fig. 6(b). The —
COOH exhibited an increase in the first 10 min and obviously dropped in
the remaining time. On the contrary, —CO32~ varied oppositely and
accumulated on the surface of TIMP-Mn-0.02, indicating HoCO3 self-
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Fig. 7. (a) GC-MS chromatograms with a prolonged time on TIMP-Mn-0.02 for the determination of reaction intermediates in the gas-phase photocatalytic
decomposition of CH,O and C;Hg mixture. Typical compounds (b) toluene, (c) 2,5-furandione, (d) acetaldehyde and (e) carbon dioxide from the outlet gas of reactor
determined by GC-MS during the photocatalytic degradation of CH,O and C;Hg mixture. (f) Possible photocatalytic oxidation reaction routes for CH,O and

C,Hg mixture.

decomposition should be the rate-determining step. The primary
pathway could be inferred as HCHO — HCOOH — H,CO3 — CO» + H0.
Under the circumstance of C;Hg degradation (Fig. 6(c and d)), the
accumulated CyHg was oxidized to benzaldehyde, benzoic acid, maleic
anhydride, and carbonic acid, which were finally mineralized into H,O
and CO,. TIMP-Mn-0.02 had high photocatalytic ability in C;Hg degra-
dation, which had the same rate-determining step with CH>O degrada-
tion and the main pathway took place as following steps: toluene —
benzaldehyde — benzoic acid — maleic anhydride — carbonic acid —
CO3 + H0. In the case of the CH,0 and C;Hg mixture (Fig. 6(e and f)),
similar reaction processes were noted for CH>O and C;Hg in comparison
with single component. But the degradation rate of CH20 in the mixture
was close to that of single CH,0 degradation in the first 30 min, and then
become lower in the next 30 min. This is because the too low concen-
tration of CH20 made it lose advantages in competitive adsorption. For
C7Hg degradation, the degradation rate of C;Hg in the mixture was lower
in comparison with the single C;Hg in the whole process. To drive home
the point, experiments were designed to compare the degradation effi-
ciencies of the mixture and single contaminants on TIMP-Mn-0.02 as
shown in Fig. 6(g and h). In addition, the CO generation of single CH,0
and single C;Hg were combined to compare with that of the mixture
(Fig. 513). The total CO2 generation of single contaminants were higher
than that of the mixture in the same reaction time, side confirming the
above results. These results complied with the in-situ DRIFTS results.
Comfortingly, the ring-opening process of C;Hg was still observed, with
maleic anhydride and carbonic acid gradually increased on the catalyst
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as the reaction proceeded. Especially in the 60 min, almost all the signals
corresponding to CH,0, CyHg, and other intermediate products trailed
away to disappear except for a little carbonic acid remaining. Further-
more, gas chromatography-mass spectrometry (GC-MS) was applied to
monitor the intermediates in the gas (Fig. 7(a—e)). Toluene, 2,5-furan-
dione, acetaldehyde, and carbon dioxide were also found with the
photocatalysis of TIMP-Mn-0.02. Fortunately, complex and macromo-
lecular compounds were not detected [49]. Taking all the intermediates
into account, the possible photocatalytic oxidation reaction routes for
CH50 and CyHg mixture are shown in Fig. 7(f). TIMP-Mn-0.02 had
strong photocatalytic oxidation for CH20 and CyHg mixture minerali-
zation and the same pathway compared to the single component.
Based on the above results, the possible adsorption-photocatalysis of
mechanism for CH,O and C;Hg mixture mineralization under visible
light irradiation was clarified. The composite catalyst was composed of
TiOy, C, and MnO». The N atoms in carbon materials from amino acids
provided additional electrons, inducing surface basicity and abundant
oxygen vacancies in catalyst [29]. These advantages were conductive to
form superoxide ions with high hydrophilicity [26]. CH,0 and C;Hg had
different affinity. When the concentration of CH20 with strong adsorp-
tion affinity reached a certain degree, competitive adsorption would
occur on the adsorption site to replace C;Hg with weak adsorption af-
finity, avoiding the complex addition reactions between CH»0 and C;Hsg.
Under visible light irradiation, the formation of the ternary structure
and synergistic effect between TiO3, MnO,, and C promoted the gener-
ation of -OH and -0~ radicals and accelerated the mineralization of
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Scheme 3. Proposed mechanism of photocatalytic CH,O and C;Hg mixture degradation over TIMP-Mn-0.02.

CH30 and C;Hg mixture on the composite. As shown in Scheme 3, part of
excited electrons in MnO, conduction band (CB) can transfer and
combine with the holes in TiO, valence band (VB). However, the d-n
conjugation structure of TiOp/C/MnO; promoted electrons trans-
formation from CB of TiO5 and MnO, to C due to its excellent conduc-
tivity [28]. This process further promoted the separation of
photogenerated electrons and holes, thus prolonging the lifetime of the
charge carriers. These electrons and holes can be rapidly caught by O,
and OH /H,O to generate -OH and -O?  radicals, respectively.
Compared to traditional TiO2/MnO, photocatalyst, carbon materials
derived from IMPs contributed to the visible light utilization, special
absorption characteristics, effective separation of electron-hole pairs
and the enhanced electron transport throughout the photocatalyst of
TiO2/C/MnO2 composite. Thus, this ternary structure significantly
improved the photocatalytic degradation effect of VOCs mixture.

4. Conclusions

Natural material insoluble matrix proteins extracted from abalone
shell waste serve as carbon source was used to synthesize a kind of
unique ternary structure TiO2/C/MnOy composite which TiO3, C and
MnO, were evenly distributed in the composite and formed space net
structure through a handy, sustainable and green method. TIMP-Mn-
0.02 exhibited outstanding photocatalytic activity for indoor CH,0O
and C7Hg mixture mineralization at room temperature under visible
light irradiation, achieving near completely mineralization CH,O and
C7Hg mixture within 60 min and exhibited remarkable stability after 5
cycles. Characterization results indicated that TIMP-Mn-0.02 had nar-
rower optical band gap and longer lifetime charge carriers, because of
the lattice distortions which can induce a valence band tail and d-n
conjugation structure of TiO2/C/MnQO; allowed electrons to transfer
from CB of TiO and MnO; to carbon, respectively. The transient
breakthrough experiments, in-situ DRIFTs and GC-MS were applied to
explore the mechanism, the results revealed that this kind of photo-
catalyst had high adsorption selectivity and strong photocatalytic
oxidation for CH,0 and CyHg mixture mineralization. When competitive
adsorption occurred, CH20 with strong adsorption affinity would
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replace C;Hg with weak adsorption affinity on the adsorption site and
could be mineralized rapidly avoiding addition reactions and producing
potentially toxic and refractory intermediates. This work provided a
creative and facile way from synthesization super photocatalyst to
resolve severe seashell waste and indoor VOC mixture pollution
problems.
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