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Abstract

Under dark/low temperature (DLT) conditions, the oxidative removal of gaseous formaldehyde (FA) was
studied using eggshell waste supported silver (Ag)-manganese dioxide (MnQO) bimetallic catalysts. To
assess the synergistic effects between the two types of metals, 0.03%-Ag-(0.5-5%)-MnO./Eggshell
catalysts were prepared and employed for DLT-oxidation of FA. The steady-state FA oxidation reaction
rate (mmol g!' h'!), when measured using 100 ppm FA at 80°C (gas hourly space velocity (GHSV) of 5,308
h'!), varied as follows: Ag-1.5%-MnO,/Eggshell-R (9.4) > Ag-3%-MnO»/Eggshell-R (8.1) > Ag-1.5%-
MnOy/Eggshell (7.5) > Ag-5%-MnO2/Eggshell-R (7.2) > Ag-1.5%-MnO,/CaCOs-R (6.8) > MnO>-R (6) >
Ag-0.5%-MnOy/Eggshell-R (3.2) > Ag/Eggshell-R (2.6). Here, ‘R’ denotes hydrogen-based
thermochemical reduction pretreatment. The temperature required for 90% FA conversion (Too) at the same
GHSYV exhibited a contrary ordering: Ag/Eggshell-R (175°C) > Ag-0.5%-MnO2/Eggshell-R (123°C) > Ag-
5%-MnO2/Eggshell-R  (113°C) > MnO2-R (99°C) > Ag-1.5%-MnO2/Eggshell (96°C) > Ag-3%-
MnOy/Eggshell-R (93°C) > Ag-1.5%-MnO2/Eggshell-R (77°C). The eggshell catalyst outperformed the
commercial calcium carbonate variety due to the presence of defects in the former. The MnO> co-catalyst
enhances the capture and activation of atmospheric oxygen (Oz) to boost the overall activity through rapid
catalytic regeneration. Also, MnO> favorably captures the hydrogen of the adsorbed FA molecules to make

the oxidation pathway thermodynamically more favorable.
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1. Introduction

The presence of hazardous gaseous pollutants (e.g., volatile organic compounds (VOCs)) is
generally related to their adverse impacts on human health [1-3]. Among various VOCs, formaldehyde
(FA) has been considered a key target due to its high carcinogenicity [4, 5]. FA in the indoor air is
liberated from various consumer goods such as furniture, cosmetics, and other products [6]. It is noted
that FA in the ambient air is usually present in ppb or sub-ppm levels. However, its concentrations can
reach several hundred ppm in industrial effluents as it is the key consumable in the manufacture of
various products (e.g., textiles, pharmaceuticals, pesticides, artificial leather, organic chemicals, paints,
adhesives, inks, and electronic equipment) [4, 6, 7]. In light of its potential as a human health hazard,
the Occupational Safety and Health Administration has set a permissible FA exposure limit of 750 ppb

(for an 8 h workday) [4].

In recent years, the techniques for low-temperature catalytic oxidation have been established to
convert FA into carbon dioxide (CO2) and water (H>0O) under dark/low temperature (DLT) conditions
as an environmentally benign and reliable technique [8, 9]. The DLT catalytic oxidation of FA has
typically been obtained by applying supported platinum (Pt) catalysts [10, 11]. Despite the high
catalytic activities of Pt-based catalysts, their applications are often restricted in a practical sense due
to their exorbitant cost [ 12, 13]. In this regard, the utility of silver (Ag) has been explored actively as

an economical alternative to Pt to drive the DLT catalytic oxidation reactions of FA [13, 14].
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As an alternative to the supported noble metal catalysts (SNMCs), inexpensive transition metal
oxides such as manganese dioxide (MnO>) have shown enhanced potential to drive the DLT oxidation
reaction for FA [12, 15]. MnO> has been explored extensively as a suitable catalyst for VOC oxidation
due to its various crystalline and amorphous phases, multiple oxidation states, and large oxygen storage
capacity [12, 16, 17]. However, the catalytic oxidation efficacy of pristine MnO; is not good enough
for specific targets (e.g., FA) if applied at low temperatures. Hence, its combination with noble metals
(e.g., Ag) has been proposed as an effective option to overcome such limitations [12, 18]. For example,
an Ag-potassium (K)/MnO; nanorod and a three-dimensional ordered mesoporous MnO; supported
Ag catalyst were reported to exhibit effective oxidative removal of FA under the DLT conditions with
the aid of the Ag-MnO- synergy [18, 19]. However, the alkali metal promoter, bulk MnO» supports,
and high noble metal loadings (0.1-8.9 wt.%) were still needed for the Ag-MnO> catalysts to attain
good FA oxidation performance at the DLT conditions [18, 19]. In light of such limitations, an attempt
was made in the present research to validate the hypothesis whether the noble/non-noble metal oxides
(e.g., Ag-MnO» prepared with an ultralow (e.g., < 0.05 wt.%) Ag fraction) loaded onto a support

material can synergistically bring about FA oxidation with high catalytic activity.

With the backdrop of the circular economy, enormous efforts have been made to convert solid waste
like spent eggshells into high-performance catalysts [20, 21]. Eggshell is essentially identical to calcite
(biogenic calcium carbonate (CaCQOz3)) with interwoven protein (glycoproteins and collagens)-rich
membranes [13]. The presence of protein can help in the adsorption of noble metals during SNMC
synthesis [13, 22, 24]. Due to its multifaceted advantages, global availability, and eco-friendliness,
eggshell-based materials have been extensively applied in various environmental remediation fields

(e.g., wastewater treatment and air quality management (AQM)) [21, 23, 25].
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Likewise, the thermocatalytic oxidation of gaseous benzene has been examined by combining
eggshells with diverse metallic components such as Ag/Eggshell, Pt/Eggshell, and cobalt (11, III) oxide
(Co304)/Eggshell [13, 22, 23]. Our recent work explored the utility of K-Pt/Eggshell catalyst for the
DLT FA oxidation reaction [26]. Despite such efforts, the practical applications of eggshell waste-
based catalysts have only very rarely been made in treating VOCs. Also, although the FA oxidation
mechanism and pathway for SNMCs and MnOs-based thermocatalysts are well established in the
literature, the effect of co-catalysts (e.g., Ag-MnO; synergy) in such a process remains largely
unknown [10, 12]. Furthermore, the use of a synergistic Ag-MnO: interface for the DLT FA oxidation

reaction has been rarely explored to date.

In this study, 0.03%-Ag-(0.5-5%)-MnO2/Eggshell catalysts were prepared for the DLT FA
oxidation reaction in air. The optimum MnO: loading was determined by conducting a series of
oxidation tests to treat FA at DLT. Subsequently, the effect of process variables (e.g., catalyst mass
(Meat; 30-120 mg), flow rate (50-500 mL min™"), FA concentration (35-2,500 ppm), relative humidity
(RH; ~ 0-90%), and time-on-stream (TOS; 50 h)) was assessed using the best-performing catalyst for
FA oxidation. The FA oxidation pathway was determined using in-situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS). Hz temperature-programmed reduction (TPR) experiments
gave information about the possible oxygen species on the surface catalyst. Furthermore, density
functional theory (DFT) simulations were employed to understand the surface phenomena, FA reaction
pathways, and associated mechanisms. We believe that the present study is the first report on both the
synthesis of Ag-MnO>/Eggshell, and on testing its feasibility as a catalyst against VOCs (with the main
emphasis on FA in this work). Hence, the low-temperature oxidation of gaseous FA (under a
continuous-mode of operation) was also tested using an ultralow Ag content to assess its suitability for

such applications. On the whole, these high-performance and inexpensive catalysts with ultralow noble
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metal content could provide the basis for the development of advanced materials for the DLT oxidation

of VOCs.

2. Materials and Methods

2.1. Chemicals and materials

Potassium permanganate (KMnO4; = 99%), manganese(Il) acetate (MnAc (C4sHsMnOs); 98%),
Ag nitrate (AgNO3; = 99%), quartz sand (SiO), and paraformaldehyde (pFA (HO(CH20),H); 95%)
were procured from Sigma-Aldrich (St. Louis, Missouri, United States of America (USA)).
Commercial CaCOs (> 98%) was supplied by Showa Co., Ltd. (Tokyo, Japan). Air (99.999% (21%
oxygen (O2) in nitrogen (N2) balance)), N2 (99.999%), and hydrogen (Hz; 99.999%) cylinders were
purchased from Union Gas Co., Ltd. (Yongin, Republic of Korea). All the chemicals were used as
received without any additional purification. Chicken eggs, supplied by the Korea egg distribution
association (Seoul, Republic of Korea), were purchased from a local market. Tap water was used to
hard-boil the eggs. The eggshells were then peeled off and thoroughly washed with deionized (DI)
H>O to remove surface impurities. Subsequently, the eggshells were dried at 50°C for 12 h in a
convection oven (ED-CO150, Han Yang Scientific Equipment Co., Ltd., Seoul, Republic of Korea).

The dried eggshells were then ground (< 1.18 mm) for preparing the catalysts.

2.2. Synthesis of catalysts

The Ag/Eggshell catalyst (Ag content fixed at 0.03 wt.%) was prepared using the standard incipient

wetness impregnation (IMP) approach [27]. Eggshell (or CaCOs3; 20 g) and AgNOs (suitable amounts
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based on the desired metal loading) were added to 100 mL DI H>O contained in a glass beaker (500
mL). The suspension was stirred (500 rpm) for 24 h at room temperature (RT). The glass beaker was
then transferred to a convection oven operating at 85°C (12 h) to evaporate the excess solvent and dry
the solid. The dried powder was then calcined at 450°C for 3 h in a muffle furnace (MF-05, Han Yang
Scientific Equipment Co., Ltd., Seoul, Republic of Korea) under a static air condition to obtain the

final catalyst.

The Ag-(0.5-5%)-MnO>/Eggshell composites were synthesized by modifying a protocol reported
earlier [28]. Briefly, Ag/Eggshell (or Ag/CaCOs; 1 g) and MnAc (suitable amount per Equation 1)
were added to DI H,O (20 mL) contained in a glass beaker (50 mL). The solution was stirred (500
rpm) for 2 h (RT). Subsequently, KMnOj (suitable amount as per Equation 1) was added to the solution
under continuous stirring. The stirring was maintained for another 1 h (RT). The solution was allowed
to stand for 2 h at RT. At last, the solution was transferred to the convection oven operating at 85°C
for 12 h to obtain the dry catalyst powder. Pristine MnO> was also synthesized by following the
procedure mentioned above without the addition of Ag/Eggshell. The physicochemical properties of
eggshell, CaCOs, and the synthesized catalysts (Ag/Eggshell and Ag-MnO/Eggshell) were

characterized as described in the supplementary information (SI).

3 MnAc + 2 KMnOs+ 2 H2O = 5 MnO: + 2 CH3COOK + 4 CH;COOH (1)

2.3. Catalysis experiments

The FA oxidation experiments were conducted at atmospheric pressure using a fixed bed quartz
reactor (inner radius and length of 2 and 110 mm, respectively). For each experiment, a physical

mixture of the catalyst (30-120 mg) and SiO2 (600 mg) was filled into the reactor and sandwiched
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between quartz wool end plugs (Ohio Valley Specialty Company, Marietta, Ohio, USA). Note that the
physical mixing of the catalyst with SiOz is a routine protocol to avoid flow channeling and localized
heating of the packed bed [29, 30]. The reactor temperature was controlled using an electric heater
(TC200P (K), Misung Scientific Co., Ltd., Yangju, Republic of Korea). Before each experiment, the
catalyst bed was conditioned at 300°C for 3 h under the flow (50 mL min™") of (i) N2 or (ii) an Hz (10%)
+ N> mixture. In the latter case, i.e., the H> + N> mixture, the designation ‘R’ was added after the name
of the catalyst to denote the thermal reduction pre-treatment. The gas flow through the fixed bed reactor
was maintained using a vacuum pump (DOA-P704-AC, Gast Manufacturing Inc., Fair Plain, Michigan,
USA). The exact flow rate was set using a flow control valve and calibrator (FC-M1, Sibata Scientific

Technology Ltd., Saitama, Japan).

The standard pFA sublimation protocol was employed to prepare the FA gaseous primary standard
(G-PS) [31]. Briefly, pFA (100 mg) was filled in the quartz reactor and heated at 130°C under N> flow
(100 mL min™!) for 50 min. The FA-rich effluent was collected in a 5-L polyester aluminum (PEA)
bag (Top Trading Co., Ltd., Seoul, Republic of Korea). The exact FA concentration in the G-PS was
quantified wusing a standard 2,4-dinitrophenylhydrazine-based high-performance liquid
chromatography protocol [31]. FA gaseous working standards (G-WS) in the 35-2,500 ppm range were
then prepared by diluting the G-PS with air in a 100 L PEA bag. The RH in the prepared G-WS can
be neglected (< 10 ppm). For the experiments carried out in the presence of moisture, 680-2,000 pL
of DI H>O was injected (liquid phase syringe (500 pL), Trajan Scientific and Medical, Ringwood,
Australia) into the 100 L FA G-WS bag to obtain the RH in the 30-90% range. The FA G-WS was

pulled through the fixed bed reactor in the 50-500 mL min-' flow rate range.

The reactor temperature was raised at intervals of 25°C starting from RT (30°C) up to the point of

100% FA conversion (Xra) (Equation 2). Note that [FA]ou and [FAJin indicate the FA concentration
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at the outlet and inlet of the fixed bed reactor, respectively. The FA G-WS flow at each temperature
point was maintained for at least 30 min to establish the steady-state condition. A gas chromatograph
(GC) equipped with a flame ionization detector (FID) and methanizer was used to quantify both FA
and COg, respectively (iIGC-7200, DS Science Inc., Gwangju, Republic of Korea). The GC oven,
methanizer, and FID temperatures were maintained at 150, 320, and 280°C, respectively. The GC
analysis time and sample injections were set to 2.5 min and 500 pL, respectively (gastight syringe (500

uL), Trajan Scientific and Medical, Ringwood, Australia).

The CO» yield (Yco2) was computed using Equation 3 [13]. Note that [CO2]; indicates the
theoretical amount of CO- that should be produced at complete FA mineralization (in terms of the
carbon mass balance). In contrast, [CO2]. indicates the amount of CO> detected experimentally at the
outlet of the fixed bed reactor. The steady-state FA reaction rate (r, mmol g! h'') was computed using
Equation 4 [26, 32, 33]. Note that Vra indicates the FA G-WS flow rate (mol s™!). In-situ DRIFTS was
conducted using a Tensor II spectrometer (Bruker Corp., Billerica, Massachusetts, USA) equipped
with an in-situ diffuse-reflectance cell (Harrick Scientific Products, Inc., Pleasantville, New York,
USA) [34]. The in-situ DRIFTS spectra were acquired at 100°C (in the dark) for two gaseous streams:

(1) FA + Oz (1:1 mixture) and (i1) FA + helium (He; 1:1 mixture).

FAlyp — [FA]ou
Xea (o) = (A=) 100 @
[CO2]e
Veo, (%) = (£22) x 100 3)
S (3,600 X 10;>;pr XVFa ) 4)

2.4. DFT model and method
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The mechanism and energetics of the oxidation of FA on the catalytic substrates tested in this
study were assessed using DFT calculations. A Spanish Initiative for Electronic Simulations with
Thousands of Atoms (SIESTA) model built on pseudopotential codes was utilized for the
theoretical calculations [35]. All the calculations were conducted using the Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA-PBE) with spin-polarization and van der
Waals (+vdW) corrections for accurate descriptions of the weak non-covalent interactions [36, 37].
Relevant theoretical codes were employed to optimize the atomic positions in the simulated models.
During optimizations, the ion cores were described by non-relativistic and norm-conserving
pseudopotentials with cut-off radii of Ag, manganese (Mn), oxygen, calcium, nitrogen, and
hydrogen as 2.21,2.26, 1.15, 1.14, 2, and 1.25 au, respectively [38]. Moreover, the wave functions
for all species were expanded with a double-( plus polarization basis of localized orbitals

(excluding hydrogen). A double-{ basis was applied for hydrogen.

3. Results and discussion

3.1. Characterization of the test materials

3.1.1. Physical characteristics

The physical characteristics of CaCOs, eggshell, and Ag-MnO»/Eggshell composites were
analyzed using scanning electron microscope (SEM) images, transmission electron microscope
(TEM) images, Ag particle size distribution analysis, powder X-ray diffraction (PXRD) patterns,
thermogravimetric analysis (TGA), N> adsorption-desorption isotherms, pore size distribution
analysis, and inductively coupled plasma optical emission spectrometry (ICP-OES). The SEM

images of eggshell and CaCO3 showed staggered structures with jagged morphologies in line with
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previous observations [22, 23] (Figures S1 (a) and (b)). The presence of tiny pores on the surface
of Ag-MnO2/Eggshell composites may reflect the liberation of organic matter during the
calcination process used during synthesis [39] (Figures S1 (c) and (g)). The surfaces of Ag-

MnO»/Eggshell/CaCO3; composites were also covered with MnO; flakes (Figures S1 (d) and (h)).

The TEM image revealed a nano rod-like morphology of MnO», as reported previously [40, 41]
(Figure S2 (a)). The (101) MnO:z crystal facet (0.405 nm interplanar spacing) was observed in the
magnified TEM image [41] (Figure S2 (b)). TEM images of both Ag- and Ag-1.5%-
MnOy/Eggshell confirmed the presence of Ag (111) particles (interplanar distance of 0.232 nm) in
both catalysts [42] (Figures S3 (a) and (b)). The average particle sizes of Ag in Ag- and Ag-1.5%-
MnO>/Eggshell were 5.1 + 1.6 and 4.7 & 1.6 nm, respectively (Figures S3 (c¢) and (d)). Accordingly,
the particle size of Ag in the Ag-MnO> composite seems to be smaller than that of its non-MnO-

counterpart.

As seen from the PXRD analysis, the characteristic peaks of MnO, with the 20 values of 12.3,
25.1,37,41.7, and 65.7° were observed consistently with the (001), (002), (100), (-112), and (110)
lattice planes of the layered birnessite (MnO») structure, respectively [15, 43] (Figure S4). The
PXRD patterns of CaCOs, eggshell, and Ag-MnO,/Eggshell samples matched well with that
simulated for calcite (Figure 1 (a)). The characteristic PXRD peaks at 23.1, 29.4, 31.8, 36.1, 39.6,
43.1,47.3,47.6,48.6, 56.8, 57.5, 60.1, and 64.9° were attributed to the (012), (104), (006), (110),
(113), (202), (024), (018), (116), (211), (122), (214), and (300) calcite lattice planes, respectively
[44] (Figure 1 (a)). For Ag/Eggshell, a characteristic Ag (111) peak was observed at 38.3°, while
a minor Ag (200) peak was present at 44.6° [42] (Figure 1 (a)). The absence of MnO» peaks in the
PXRD patterns of Ag-MnO»/Eggshell indicate the high dispersion of MnO» in the composites [45,

46]. It can be inferred that MnO; loading does not alter the inherent crystal structure of the

10
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composite materials. Furthermore, there were no apparent distinctions in PXRD patterns between
the reduced (e.g., Ag/Eggshell-R and Ag-1.5%-MnO./Eggshell-R) and non-reduced samples. As
such, the reduction pre-treatment does not affect the inherent crystal structure of the catalysts

(Figure S5).

Based on the TGA, eggshell displayed three distinct mass loss regions as follows: (i) removal
of physisorbed moisture and organic matter (RT-630°C), (ii) decomposition and conversion of the
calcite structure to calcium oxide (CaO) with CO; liberation (630-777°C), and (iii) structural
decomposition (> 777°C) [47] (Figure 1 (b)). In line with our general expectations, CaCO3 did not
undergo any significant mass loss events (e.g., up to 604°C) as it does not contain any organic
matter in its structure (unlike eggshell) (Figure 1 (b)). Ag/Eggshell closely traced the CaCO3z TGA
profile since most of the organic matter contained in its structure must have been released during
the calcination step employed in its synthesis [39] (Figure 1 (b)). The Ag-MnO, composites
displayed an additional mass-loss event between 376-620°C due to the liberation of MnO:» lattice
oxygen (Omt) and phase transformation to other manganese oxide (MnOx) species [48, 49] (Figure
1 (b)). The TGA profiles of the Ag-MnO> composite are likely to involve the desorption of MnO»
surface active oxygen (O*) species (RT-376°C) and MnOx phase transformations (> 376°C) [40,
48, 49] (Figure 1 (b)). These additional mass loss events should have lowered the overall thermal

stability of Ag-MnO, composites (e.g., compared to CaCO3, eggshell, and Ag/Eggshell) (Figure |
(b)).

The N> adsorption-desorption isotherms for all the tested materials displayed a type-IVa pattern
typical of mesoporous materials [50] (Figure 1 (c)). The low P/Py region in the N> adsorption-
desorption isotherm indicates the complete filling of micropores by N> molecules. The moderate

and high P/Po regions in the N adsorption-desorption isotherm indicate the mono- and
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multilayered N> adsorption processes. The presence of a hysteresis loop at elevated P/Py (close to
unity) is indicative of N adsorption into the mesopores via capillary condensation [51] (Figure 1
(c)). The H3-type hysteresis loop indicates the presence of non-rigid plate-like aggregated particles
[50] (Figure 1 (c)). The pore size distribution analysis further confirmed that all the analyzed
materials contain both micro- (0.8-2 nm pore diameter) and mesopores (2-18 nm pore diameter)
in their structures (Figure 1 (d)). The Brunauer-Emmett-Teller (BET) surface area, pore volume,
and Barrett-Joyner-Halenda (BJH) average pore diameter values for all the analyzed materials are
summarized in Table S1. The actual contents of Ag and Mn in the catalyst samples were quantified
using ICP-OES as listed in Table S1. There was good compatibility in the amounts of Ag and Mn
between the theoretical and experimental values. Furthermore, the Ag content remained the same
for the MnO»,-loaded Ag/Eggshell catalysts to rule out any Ag leaching during the synthesis

procedure (Table S1).

3.1.2. Surface Chemistry

The energy-dispersive X-ray spectroscopy (EDX) mapping was utilized to analyze the
elemental distribution on the eggshell, CaCOs, and catalyst surfaces (Figure S6). In line with
general expectation, calcium, oxygen, and carbon were dominant species on the surfaces of all the
analyzed materials (Figure S6). Interestingly, nitrogen was observed to be present on the eggshell
surface, while it was absent on the CaCOs3 surface. This observation confirmed the presence of
protein membranes in the former (Figures S6 (a) and (b)). The observed nitrogen on all the catalyst
surfaces (including Ag-1.5%-MnO,/CaCO3) seems to originate from the protein membranes in the
eggshell and the nitrogen in AgNOs (Figures S6 (c)-(h)). Fluorine impurities were also present on

the surfaces of all the eggshell-based materials (Figure S6). It was reported that the fluorine
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(present in potable H>O and the feed components) consumed by laying hens often ends up in the
eggshell during its mineralization [52]. In addition, the presence of Ag and Mn on the Ag-MnO»
catalyst surfaces indicates the successful formation of the catalytic materials (Figure S6). The
surface Ag content for all the catalysts was estimated as ~ 1% by the EDX (Figure S6). The low
surface area of the eggshell (or CaCOs3) support likely concentrates the Ag species on the surface

to increase their surface concentrations (compared to the bulk Ag loading).

The Fourier-transform infrared spectroscopy (FTIR) was utilized to assess the functionalities
present on the eggshell, CaCOs, and catalyst surfaces (Figure S7). The similar FTIR spectra for all
the analyzed materials indicate that Ag and MnO; loading onto the CaCOzs/eggshell support does
not alter the inherent surface functional groups (Figure S7). Also, the reduction pre-treatment did
not affect the inherent surface functionalities as both Ag/Eggshell-R and Ag-1.5%-
MnO/Eggshell-R displayed FTIR spectra similar to their non-reduced counterparts (Figure S7).
The characteristic band at 712 cm™! was ascribed to the Ca-O bond [53] (Figure S7). The well-
defined bands at 882 and 1401 cm™! were attributed to the carbonate (CO3*) bending modes and
C-O stretching, respectively [54] (Figure S7). The weak band at 1785 cm™! was ascribed to the

CO3% C=0 bond [13] (Figure S7).

X-ray photoelectron spectroscopy (XPS) was utilized to assess the electronic states of the
elements present on the CaCOs3, eggshell, and catalyst surfaces. The deconvoluted core level Ca
2p CaCO:s spectrum revealed the presence of the characteristic spin-orbit doublet peaks at 346.6
(2p32) and 350.1 eV (2p12) [55] (Figure S8 (a)). The characteristic CaCOs3 energy loss satellite
features were consistently observed for all the analyzed materials at higher binding energies (BEs;
354.6-358.8 eV) [55, 56] (Figure S8). The presence of a blue-shift (increase in BE: +0.1 eV) in

eggshell Ca 2ps32, which was absent from CaCO3, may reflect the possible presence of protein
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membranes in its structure (Figure S8 (b)). The Ca 2ps/ peaks for Ag- and Ag-MnO»/Eggshell
catalysts also displayed blue-shifts (compared to eggshell) in the +0.1 to +0.3 eV range, indicating
further alterations in the electronic environment of the eggshell support due to Ag and MnO»

loading (Figures S8 (¢)-(g)).

As compared to CaCOs, the Ca 2ps32 and 2p1/2 peaks of Ag-1.5%-MnO,/CaCO; displayed blue-
shifts of +0.4 and +0.3 eV, respectively. These findings also support the strong interactions
between the loaded Ag and MnO; species and the COs* support material (Figure S8 (h)). As
compared to Ag/Eggshell, the Ca 2p3,2 and 2p12 peaks of Ag/Eggshell-R displayed blue-shifts of
+0.3 each to reflect the alterations in the local electronic environment by the reduction pre-
treatment (Figure S8 (i)). In contrast, the Ag-1.5%-MnO/Eggshell-R Ca 2p3, peak underwent a
red-shift (lowering of BE) of -0.1 eV (compared to its non-reduced counterpart) to signify slight
variations in the local electronic environment, possibly due to hydrogen adsorption onto the MnO»

co-catalyst (see Section 3.3.2) (Figure S8 (j)).

The deconvoluted core level C 1s CaCOs spectrum displayed a characteristic COs* peak at
289.1 eV [56] (Figure S9 (a)). The additional peaks at 284.6, 286.3, and 287.7 eV were attributed
to the C-C, C-O, and O-C-O functionalities of the surface-adsorbed hydrocarbon impurities,
respectively [56] (Figure S9 (a)). Similar peaks were also observed in the core level C 1s eggshell
spectrum in the 284.7-289.1 eV range (Figure S9 (b)). The peak at 286.1 eV in the C 1s eggshell
spectrum was also attributed to the C-N group in the protein membranes alongside the C-O
functionality of the surface-adsorbed hydrocarbons (Figure S9 (b)). The Ag/Eggshell COs?- peak
with a blue-shift of +0.3 eV (compared to eggshell) indicates the possible alterations in the local
electronic environment due to Ag loading (Figure S9 (c)). Compared to Ag/Eggshell, the CO3*

peak in the core level C 1s spectra of Ag-MnO»/Eggshell catalysts displayed red-shifts in the -0.9
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to 0.2 eV range (Figures S9 (d)-(g)). Ag-1.5%-MnQO,/CaCOs3 displayed a red-shift of -0.1 eV for
the CO3* peak compared to CaCOs (Figure S9 (h)). The COs* peak appeared at 289 eV for both
Ag/Eggshell-R (redshift of -0.4 eV compared to the non-reduced counterpart) and Ag-1.5%-
MnO»/Eggshell-R (blue shift of +0.3 eV compared to the non-reduced counterpart) (Figures SO (i)
and (j)). These observations provide evidence for complex interactions between the Ag and MnO»

species and the eggshell/CaCOj3 support (see Section 3.3.2).

The deconvoluted core level O 1s spectrum revealed the presence of CO3% Oy (O1) and C-
0O/0-C-0O species at 531.1 and 533 eV for both CaCO3 and eggshell [56] (Figures S10 (a) and (b)).
The Ag/Eggshell Oy peak displayed a blue-shift of +0.2 eV (compared to eggshell) (Figure S11
(a)). The peak at 531.7 eV in the core level O 1s Ag/Eggshell spectrum was attributed to adsorbed
oxygen (Oads (07, Oz, and 02%)) species (On) [13] (Figure S11 (a)). A new peak in the 529.3-529.6
eV range was observed in the Ag-MnO»/Eggshell/CaCOs3 core level O 1s spectrum, which was
attributed to the MnO; Olatt (Om) [57] (Figures S11 (b)-(f)). The relative contribution of the Om
peak in the core level O 1s spectrum rose from 8.1 to 37.1%, with a corresponding increase in the
MnO; loading (0.5-5%) in the Ag-MnO- composites (Figures S11 (b)-(f)). The Or peak displayed
red-shifts in the -0.3 to -0.1 eV range for the Ag-1.5-5%-MnO,/Eggshell catalysts (Figures S11
(c)-(e)). On the other hand, the Ag-1.5%-MnO./CaCO3 O peak displayed a blue-shift of +0.3 eV
(compared to CaCOs3), possibly due to alterations in the local electronic environment of the
concerned species (Figure S11 (f)). The Ag/Eggshell-R and Ag-1.5%-MnO2/Eggshell-R Oy peaks
appeared at 531.4 eV (blue shift of +0.1 eV compared to the non-reduced counterpart) and 531 eV
(redshift of -0.1 eV), respectively (Figures S11 (g) and (h)). The Om Ag-1.5%-MnO>/Eggshell
peak underwent a red-shift of -0.5 eV after the reduction pre-treatment (Figure S11 (h)). The

overall results of this comparative analysis suggest that there should have been complex alterations
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in the inherent surface chemistry of the eggshell/CaCO3 support due to Ag and MnO> loading and

the reduction pre-treatment (see Section 3.3.2).

The deconvoluted spectra of Ag 3d core level in Ag/Eggshell revealed characteristic spin-orbit
doublet peaks at 368.1 (3ds.2) and 374 eV (3d32), indicating the existence of metallic Ag species
(Ag®) [13] (Figure 2 (a)). The calcination treatment employed for the synthesis of catalyst is likely
to decompose the silver oxide (Ag,0) species to yield Ag’ [13, 58]. The Ag-MnO,/Eggshell Ag
3ds» peaks displayed red-shifts of -0.4, -0.5, -0.6, and -0.7 eV (compared to Ag/Eggshell) as the
MnO: loading increased from 0.5 to 5% (Figures 2 (b)-(e)). The Ag 3ds» and 3d3» Ag-1.5%-
MnO,/CaCOs peaks both displayed a blue-shift of +0.3 eV compared to the eggshell sample. As
such, there should be inherent differences between the eggshell and CaCOs supports (Figure 2 (f)).
Similarly, both the Ag 3ds» and 3d3» Ag/Eggshell-R peaks displayed a blue-shift of +0.3 eV
compared their non-reduced counterparts (Figure 2 (g)). In contrast, no changes in the Ag 3dsy
peak position were observed for Ag-1.5%-MnO2/Eggshell-R (compared to its non-reduced
counterpart), while the 3ds,» peak displayed a red-shift of -0.1 eV (Figure 2 (h)). This indicates the
possibility of strong Ag-MnQO: interactions involving electron transfers at the bimetallic interface
and the eggshell support with the reduction pre-treatment for altering the inherent electronic
environment of the catalysts [13]. The surface Ag content in the catalysts varied in the 0.16-1.6

atomic (at.)% range as determined by the XPS (Table S1).

The deconvoluted core level Mn 2p spectra revealed the spin-orbit 2p3» and 2pi2 splitting
characteristic of MnO; [59, 60] (Figure 3). The Mn 2p3,2 peak was deconvoluted into two peaks
characteristic of the Mn** (640.5-642.2 ¢V) and Mn*" (642.7-644 eV) species [61] (Figure 3). The
co-existence of Mn*" and Mn3" species indicates that the electrostatic balance in MnO; is

maintained through the formation of oxygen vacancies (Ovac) [48] (Equation 5). The Ag-MnO»
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Mn?* peaks underwent blue-shifts (+0.2-+0.4) when the MnO; loading increased from 0.5 to 5%
(Figure 3). The Ag-1.5%-MnO»/Eggshell-R Mn*" and Mn*" peaks displayed red-shifts of -1.5 and
-1.2 eV, respectively, compared to its non-reduced counterpart (Figure 3). It was reported that
unsaturated Mn*"/Mn>** species around the pores could increase the electron (¢) density of Mn
species to lower BEs in the XPS spectra [61]. The surface Mn content in the catalysts varied in the

3.4-14 at.% range as determined by the XPS (Table S1).
4 Mn* + 0% > % 02+ 2 €/Ovac + 4 Mn** 2 Oyac + %2 Oz + 2 Mn*" + 2 Mn** (5)

The carbon monoxide (CO)-temperature-programmed desorption (TPD) result (until 383 K) is

presented in Figure 4. For higher temperatures, no peaks related to CO desorption were observed.

The total signal shows two desorption peaks with parameters A, = (1.35 + 0.05) 10" s" and E =

152.6 +5.5kI mol™ and A, = (1.54+0.06) 10" s™ and E, =79.0 + 3.0 kI mol ™, respectively (refer

to the SI). The above results suggest two possible adsorption sites for CO on the Ag-1.5%-
MnO»/Eggshell-R catalyst. The first peak accounts for 47.8% of the total signal, and the second

accounts for 52.2%. Both desorption peaks contribute almost equally to the net signal. For a

reaction temperature of 350 K, the desorption coefficients were 2.56 10° and 236 107 s,

respectively. As the above-presented values are rather low, further oxidation of CO into CO, is

most likely.

Figure 5 shows a typical output during the H»-temperature-programmed reduction (TPR)
experiment (B =2 K min (refer to the SI)). A pronounced peak starting at ~800 K was observed,
which corresponds to the degradation of the eggshell support. This was also confirmed by the TGA
data. The shape of the H>-TPR data profile corresponds well with that typically reported for CaCO3

degradation [62]. The degradation of the eggshell above 800 K was also observed during the CO-
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TPD experiment. Therefore, the TPR data to investigate the reduction by H, were only considered

below 723 K. Figure 6 provides the results for all the tested heating rates with four distinct
reduction peaks being observed. The TPR data were modeled using Gaussian peak analysis as

described in the SI. The corresponding values for T, .. (refer to the SI (Section S1)) are reported

max

in Table S2. The regression of data couples (T .., B) according to Equation 8 in SI delivers the

max?

activation energy (E;) and the pre-exponential factor (A;) per reduction peak (Figure 7 (a)).

The E, (kJ mol!) increased in the following order: 106.3 (peak 3) < 130.5 (peak 1) < 146.9
(peak 2) < 170.3 (peak 4). It is striking that the third peak shows low E; and Ai. Note that it is not
mandatory for the E; values to show an increasing trend with increasing reduction temperatures
[63]. E,; between 61 and 149 kJ mol” have been reported previously for the surface reduction of
MnOx [64]. Previous reports also indicate the Ovac formation energies for MnO; ranged from 0.7
eV (67.5k] mol'l) to 2.45 eV (236.4 kJ mol'l) [65]. Hence, all the obtained E; in the present work
are considered to be physically sound. A previous study also reported two reduction peaks ranging
between 500 and 770 K for MnOx [66]. The reduction of MnO> should involve subsequent
transitions to Mn(III) oxide (Mn203) and trimanganese tetraoxide (Mn3O4) (Equations 6-7) [66].
As the further reduction of Mn3O4 occurs at temperatures greater than 723 K, it was not considered

in the present work due to the co-occurrence of the CaCO3 degradation peak [67]:
2 MnO> + Hz = Mn;0s + H20 (6)
3 MnO> + 2 H2 = Mn304 + 2 H20 (7)

Based on the thermodynamic data reported previously, the entropy (AS,.,) values at 500 K for

the bulk reduction reactions (Equations 6-7) were calculated to be -50.1 and -70 J mol” K™,

respectively [68]. The corresponding enthalpy values were calculated to be -81.4 and -103.4 kJ
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mol”, respectively. Expressing the AS, ., change per removed oxygen atom, we get values of -50.1

and -35.0 J mol™ K, respectively.

For an irreversible reaction, the relation between the A, and AS” (the difference between the AS, 4
of the activated complex and reactants) can be calculated using Equation &:

k,T AS”
q =B | 20
= eXP[ 2 ] (8)

The importance of AS is that it contributes to the shift in equilibrium between the reactants
and activated complexes via the usual thermodynamic relationship (AG7E = AH” - T-AS?). The value
for AH” can be taken as the E; (with a maximal deviation of 10%). An increase for AS™ lowers

AG?, and the corresponding equilibrium shifts towards the formation of the activated complex for

the surface reduction reaction [69]. Using the data from Table S2 and Equation &, the following
values were obtained for AS™ (calculated at T, .x from the TPR data with B =10 K min™): 10.6 +

32,79+0.9,-1142+249,and -47.1 £54] mol™! K. Results for p=2K min'l, differ by less

than 3.7%, so the given values were considered acceptable for comparison.

For the first and second reduction peaks, the AS” was positive, indicating a shift in the transition

state more towards H,O desorption. The above result indicates a faster reductive desorption
process. The fact that the E; was higher for the second peak (146.9 + 16.4 kJ mol™) compared to

the first peak (130.5 + 3.6 kJ mol™) reflects the local surrounding and possible synergistic effects

in the former condition. For the third and fourth peaks, negative AS” values were obtained,
indicating that the transition state was closer to the surface oxygen. Hence, the third and fourth

peaks likely correspond to the bulk reduction reactions (Equations 6-7). Upon comparison of the
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data, the AS” values follow the same trend as the previously mentioned AS,, difference per oxygen
atom in the transition state. A more pronounced value was found for the third peak, but it is
compensated for by corresponding lower E, values of 106.3 +12.3 and 170.3 + 19.5 kJ mol”. The

above values also showed a similar increasing trend with the thermodynamically calculated

reaction enthalpies for Equations 6-7.

Before each TPR experiment, the sample was flushed with argon (Ar) to remove the weakly
adsorbed (physisorbed) oxygen species (refer to the SI). In this respect, the first two peaks were

considered to correspond to the reduction of oxygen species on the catalyst surface (Oy). It is

known that these surface oxygen species have high mobility, and they are easier to remove under
reducing conditions (compared to the bulk oxygen diffusion). This is reflected in lower reduction
temperatures. Upon analyzing the thermodynamic data, the other two peaks were assigned to the

bulk reduction processes (Equations 6-7). With regard to the XPS results, the O, can be considered
to be the O* during FA oxidation, which is then replenished by O, in the feed. Similarly, the last
two peaks can be related to Oy;. Note that Oy is responsible for the total and selective oxidation

reactions [70].

The reduction rate coefficient can be evaluated at a typical reaction temperature of 110°C to
compare all the oxygen species, giving the following values: 4.50 107, 2.14 107, 3.31 10®, and
2.49 10" s™'. The first two peaks (particularly the first one) can be related to the active O* species.
According to the approximated Redhead analysis (refer to the SI), increasing E; values were
obtained, as reported in Table S2. The above result corresponds to the peak appearance at higher
temperatures. The fraction of the peaks in the total TPR signal is given in Figure 7 (b). The average

fractions of each peak were 12.8 £1.9, 48.1 +£2.9, 26.5 + 2.6, and 12.6 £ 3.5%. Almost the same
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distribution was obtained for each of the tested heating rates. In other words, ~ 60% of the total
reaction profile (corresponding to reducible oxygen) was estimated to be the surface oxygen, while

the remaining 40% was the bulk oxygen.

3.2. Evaluation of the FA catalytic oxidation performance

The steady-state performances of all catalysts against FA in air assessed from light-off curves
of the catalytic reactions follow the descending order: Ag-1.5%-MnO>/Eggshell-R > Ag-3%-
MnO2/Eggshell-R > Ag-1.5%-MnO2/Eggshell > Ag-5%-MnO2/Eggshell-R > Ag-1.5%-
MnQO,/CaCO3-R > MnO>-R > Ag-0.5%-MnO./Eggshell-R > Ag/Eggshell-R (Figure 8 (a)). The
temperature for 90% conversion (Too) of 100 ppm FA followed the ascending order: Ag-1.5%-
MnOy/Eggshell-R (77°C) < Ag-3%-MnO2/Eggshell-R (93°C) < Ag-1.5%-MnO>/Eggshell (96°C)
< Ag-1.5%-MnO2/CaCO3-R (97°C) <MnO»-R (99°C) < Ag-5%-MnO2/Eggshell-R (113°C) < Ag-
0.5%-MnO»/Eggshell-R (123°C) < Ag/Eggshell-R (175°C) (Table 1). The above results indicate
that the catalytic activity increases with a rise in MnOz loading from 0.5 to 1.5%, although a further
increase in the MnO» loading lowers the catalytic activity (Figure S12). The latter pattern may
reflect the agglomeration of MnQO; particles, which may cover up the active surface sites to hinder
their access to the FA molecules. The r-value (quantified at 80°C) ranged from 2.6 mmol g h!
(Ag/Eggshell-R) to 9.4 mmol g' h'! (Ag-1.5%-MnO,/Eggshell-R) (Table 1). In line with our
general expectation, both Xra and Ycoz increased steadily with temperature (Figures 8 (a) and
S13). Both the Yco2 and Xra reached 100% at the same temperature, indicating the complete
mineralization of FA into CO; (as per the carbon balance) (Figures 8 (a) and S13). Nevertheless,

at temperatures less than Too, the Ycoz was often observed to be lower (< 0.5 times) than the
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corresponding Xra value for all the tested catalysts, indicating partial mineralization of FA (see

Section 3.3) (Figures 8 (a) and S13).

At 80°C, the r-value for Ag-1.5%-MnO2/Eggshell-R was about 3.7 times larger than that of
Ag/Eggshell-R (Table 1). Clearly, the synergy of Ag-MnO> appears to enhance the activity of the
supported Ag catalyst for the FA oxidation reaction. Likewise, the synergistic effect between noble
metal and MnO> was reported to boost the FA oxidation reaction [18, 71]. Furthermore, the
observations of 24% higher performance of Ag-1.5%-MnO,/Eggshell-R (in terms of the r-value at
80°C relative to its non-reduced counterpart) confirm the net catalytic activity enhancement due

to reduction pre-treatment (Table 1).

Interestingly, the performance of Ag-1.5%-MnO2/Eggshell-R was also seen to be better by 40%
than the corresponding catalyst made of the pure CaCOs. This difference indicates the superiority
of the eggshell support over its commercial counterpart (Table 1). A similar result was also
reported earlier wherein the thermocatalytic oxidation of gaseous benzene was compared between
Ag/Eggshell and Ag/CaCOs3 [13]. Our previous study on the application of the K-Pt/Eggshell
catalysts for FA oxidation also demonstrated the superior activity of the eggshell-based catalyst
over the one synthesized using the commercial CaCOj3 support [26]. The superior performance of
eggshell over CaCOs3 can be primarily attributed to the presence of surface defects in the former,
as they may act as the primary sites for FA adsorption and subsequent activation [22, 26]. The
larger surface area of Ag-1.5%-MnO2/Eggshell over its CaCOs3 counterpart (e.g., by 1.8 times)
also supports the above hypothesis (Table S1). The surface-bound organic matter (e.g., protein) in
the eggshell could be liberated during the calcination step to yield a higher surface area than the
CaCOs counterpart [26, 39]. In line with the above discussion, it has been previously reported that

such pores and defects often determine the overall catalytic activity [22, 72]. The best-performing
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catalyst (Ag-1.5%-MnO»/Eggshell-R) was utilized for further experiments to evaluate the effect

of process variables on FA oxidation.

The decrease in Xra at 80°C with a decrease in mcat was observed in the following order: 120
mg (92%) > 60 mg (82%) > 30 mg (62%) (Figure 8 (b)). The decrease in Xra at smaller meq is
expected due to the decline in the number of available active surface sites to bring about the FA
oxidation reaction. An increase in the flow rate from 50 mL min™' (5,308 h™!' in terms of gas hourly
space velocity (GHSV)) to 500 mL min™! (53,080 h"! GHSV) also lowered the FA removal as
reflected by the Xra values (determined at 80°C): 50 mL min™' (92%) > 250 mL min! (64%) >
500 mL min' (53%) (Figure 8 (c¢)). We thus inferred that the residence time of the FA molecules
inside the reactor is greatly decreased (shortened FA-catalyst contact time) at elevated flow rates,

which decreases the overall Xra [73].

An increase in the FA concentration resulted in a dramatic decrease in Xra (determined at 80°C):
35 ppm (100%) > 100 ppm (92%) > 1,000 ppm (46%) > 2,500 ppm (19%) (Figure 8 (d)). Ata
given temperature, increases in FA concentrations would saturate the active surface sites to lower
the Xra [73]. An increase in the RH level also lowered the Xra (determined at 80°C): ~ 0% RH
(92%) > 30% RH (57%) > 60% RH (51%) > 90% RH (49%) (Figure 8 (¢)). The decrease in Xra
with increasing RH was expected as both FA and H2O molecules can compete to adsorb on the
same active surface sites [73]. The durability and stability of Ag-1.5%-MnO./Eggshell-R catalyst
were also assessed in the oxidative removal of FA in air at 100°C (Figure 8 (f)). As shown in
Figure 8 (f), 100% Xra to CO2 was stably maintained for the maximum test duration of 50 h TOS

without any deactivation.

FA oxidation performances between eggshell and CaCOs; were markedly different despite

identical crystal structures, as described above. It was observed that the adsorption of FA

23



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

molecules onto the support surface is largely controlled by the defects rather than the local
chemical composition (see Section 3.3.2). Hence, eggshells with natural cavities should offer a
more favorable FA oxidation pathway, as described in earlier work [26]. The presence of abundant
surface defects and cavities in eggshells can also be inferred from the fact that the BET surface
area of Ag-1.5%-MnOy/Eggshell is 77% larger than Ag-1.5%-MnO2/CaCO; (Table S1). The
calcination step (at 450°C) employed in the catalyst synthesis stage should have removed the
surface-capped organic matter from the eggshell (absent in CaCOs3) to create several defects and

cavities (increased specific surface), as also confirmed by the TGA data (Figure 1 (b)).

3.3. FA oxidation pathway and mechanism
3.3.1. In-situ DRIFTS and physicochemical characterization

To estimate the oxidation pathway of FA, the in-situ DRIFTS measurements were carried out
for both Ag/Eggshell-R (Figures 9 (a) and S14 (a)) and Ag-1.5%-MnO»/Eggshell-R (Figures 9 (b)
and S14 (b)). The following species were identified on the catalyst surfaces during the FA
oxidation reaction in the presence of O2: (i) molecularly adsorbed FA (FAags (1792 and 1794 cm™
M), (ii) formate (HCOO- (v(CH) (2851, 2878, 2893, 2988, and 2997 cm’))) and
symmetric/asymmetric OCO vibrational modes (vs(OCO)/vas(OCO)) of monodentate HCOO-
(1350 and 1628 cm™), (iii) (bi)carbonate (COs3 (symmetric/asymmetric stretching vibrational mode
(0s(CO3)as(CO3)) (1300/1344-1541/1579 cm™))), (iv) surface hydroxyl (OH (3304/3367-
3683/3690 cm™)), (v) CO (2017, 2022, 2028, 2031, 2173, and 2183 cm™), and (vi) CO2 (2340,

2341, 2360, and 2371 cm™) [10] (Figures 9 (a) and (b)).
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Based on these observations, it can be inferred that the FA molecules first adsorb on the active
surface sites (defects (see Section 3.3.2)) to react with O* for the formation of CO; as the end-
product via HCOO-, COs3, and CO intermediates [16]. The O* contributes to the formation of
formic acid (HCOOH) through combination with FAa4s. The HCOOH molecules then decomposed
to yield proton (H*) and HCOO". COjs species are then produced through a combination of O* and
HCOOr. The COs species then combine with H* to decompose into adsorbed H>O (H2Oads) and
COz molecules. As CO was found to be one of the reaction intermediates, the HCOO™ species
should likely have decomposed into H2O.4s and CO molecules as well. The reaction between CO
and O* would then yield CO: as the end-product [74]. The consumption of O* (to drive the FA
oxidation reaction) forms Ovac, which are then replenished through dissociative O, adsorption (on

Ag nanoparticles (NPs) and MnO») to sustain the catalytic pathway.

For the MnO: sites, Mn3" is oxidized into Mn*" after O is captured by Oyac (formation of Oads
species). The e released by the Mn>" oxidation process then leads to the conversion of Oads into
O* for the oxidation of FAags. This e is also involved in the reduction of the Mn*" species back
into Mn*. Hence, the Mn3"-Mn*" redox cycle sustains the FA oxidation reaction on the MnQ; sites
[16]. The presence of MnO, alongside Ag NPs is not likely to alter the FA oxidation pathway
significantly as the same reaction intermediates were observed in the in-situ DRIFTS spectra of
both Ag/Eggshell-R and Ag-1.5%-MnO/Eggshell-R (Figures 9 (a) and (b)). Nevertheless, the
distinct absence of monodentate HCOO™ in the in-situ DRIFTS spectrum of Ag-1.5%-
MnOy/Eggshell-R (compared to Ag/Eggshell-R) indicates slight differences in the nature of FA
oxidation products between the Ag- and Ag-MnO> catalysts (Figures 9 (a) and (b)). (The presence

of bimetallic sites (Ag-MnO> interface) could favor the formation of bridging HCOO instead.)
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The presence of negative surface OH bands in the in-situ DRIFTS spectra indicates their
consumption during the FA oxidation reaction (Figures 9 (a) and (b)). The surface OH groups have
been reported to bring about the direct oxidation of HCOO™ into CO2 and H2Oads[75] (Equation 9).
The consumed surface OH groups can then be replenished through the combination of O* and
H>0O.4s to sustain the catalytic pathway [61]. The absence of distinct H2Oags bands in the in-situ
DRIFTS spectra further indicated the rapid H2Oa4s conversion into surface OH [75] (Figures 9 (a)
and (b)). It is likely than only the H2Oags produced through FA.4s conversion produce OH groups,
while the H>O supplied through the moisture in G-WS lowers the catalytic activity (see Section
3.2). The prominence of negative surface OH bonds in the Ag/Eggshell-R in-situ DRIFTS
spectrum (compared to Ag-1.5%-MnO2/Eggshell-R) may suggest the more significant

contribution of OH induced direct HCOO™ oxidation on the Ag- catalyst surface (Figures 9 (a) and

(b)).
OH + HCOO- = H,044s + CO» )

Most of the above-described reaction intermediates are also observed in the in-situ DRIFTS
spectra obtained in the He environment. Consequently, we concluded that the surface Oy in the
catalyst samples should exist as O* (strong Ag-Eggshell and Ag-MnO2-Eggshell interactions) to
bring about FA oxidation (Figures S14 (a) and (b)). Nevertheless, the FA oxidation reaction cannot
be sustained for prolonged periods in an O deficient environment as Ovac created by O*
consumption cannot be replenished. Interestingly, the surface OH bands in the in-situ DRIFTS
spectra became more negative during the FA oxidation reaction in the He environment (Figures
S14 (a) and (b)). As such, the overall FA oxidation reaction as described in Equation 9 becomes

more prominent in the absence of O for both Ag/Eggshell-R and Ag-1.5%-MnO/Eggshell-R.
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The PXRD pattern of Ag-1.5%-MnO2/Eggshell-R was not altered after the FA oxidation
reaction. This observation is likely to indicate the structural stability of this catalyst (Figures 1 (a)
and S15 (a)). Likewise, as there was no change in the Ag-1.5%-MnO»/Eggshell-R FTIR spectrum
after the FA oxidation reaction, the surface functionalities of the catalyst should also be unaffected
by such a process (Figures S7 and S15 (b)). The above observations further confirm the complete
oxidation of FAags into CO2 to match the Ycoz results (see Section 3.2). Similar to the above
observations, no new species were identified in the deconvoluted spectra of Ag-1.5%-
MnO>/Eggshell-R XPS after the FA oxidation reaction (Figures S16 and S17). The fact that no
changes in the Ca 2p35, Ca 2pi2, and COs3* (C 1s) peak positions after the FA oxidation reaction

further confirms the structural stability of the catalyst (Figures S8 (j), S9 (j), S16 (a), and S16 (b)).

There was no alteration of O; peak position in the core level O 1s Ag-1.5%-MnO»/Eggshell-R
XPS spectrum after the FA oxidation reaction (Figures S11 (h) and S16 (c)). The On peak
displayed a red-shift of -0.3 eV (Figures S11 (h) and S16 (c)). In comparison, the blue-shift (+0.3
eV) of the Om peak (after the FA oxidation reaction) indicates the alterations in the local electronic
environment (Figures S11 (h) and S16 (c)). Also, the relative contributions of the Or/Om species
towards the net O 1s spectrum decreased from 65.3/12.4% to 41.4/9.4% after the FA oxidation
reaction (Figures S11 (h) and S16 (¢)). In contrast, the relative contribution of Oy species increased
from 22.3 to 49.2% (Figures S11 (h) and S16 (c)). The enhanced contribution of Oy species in the
overall O 1s spectrum can be explained by the dissociative O2 adsorption (Oads) and its subsequent

deposition on the catalyst surface during the FA oxidation reaction.

The Ag 3ds» peak also did not show any changes in its position, whereas the Ag 3d3» peak
displayed a blue-shift of +0.1 eV. The latter may be accounted for by the differential charging

effect (Ag-eggshell interaction) [13] (Figures 2 (h) and S16 (d)). The blue-shifts of +0.7 and +0.6
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eV (core level Mn 2p spectrum) observed in Mn** and Mn** species, respectively, may indicate e
deficient conditions after the FA oxidation reaction (Figures 3 and S17). A possible explanation
for this observation could be the surplus deposition of O.gs onto the catalyst surface during the FA
oxidation reaction (Mn>" supplies e to Oads to yield O*) as also confirmed by the increase in the

amount of Oy species [16].

3.3.2. DFT simulations

A set of first-principle calculations were performed to reveal the Xga steps on diverse eggshell
substrates (modified and pristine forms). The eggshell surface was modeled using the (001) surface
of CaCOs [26] (Figure 10 (a)). Dangling bonds present on the CaCOj3 surface may have a similar
effect as the defects and impurities in eggshells [26]. The dangling bonds were assumed to be
present on the carbon atoms. Further, the reduced eggshell was also modeled by assuming that the
dangling bonds were saturated with atomic hydrogen (Figure 10 (b)). Catalytic Xra on the pristine
eggshell surface was studied as the first step of the theoretical modeling. The physisorption of FA
over the natural cavities in eggshells was taken as the preliminary step of the FA-substrate
interaction. The FA physisorption step was energetically favorable (adsorption energy of ~ -0.8
eV mol™!) for all the tested substrates. The co-adsorption of O> does not significantly alter the FA
adsorption energy (Figure 10 (b)). Consequently, the physisorption of FA molecules is tightly

controlled by the defects and cavities on the CaCOs surface instead of the local chemical species.

In the second step of the theoretical modeling, the solutions for the minimal formation energies

(for each reaction step) were derived by considering the energetics of several realistic intermediate
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steps in the Xra pathway. The theoretical results suggest that the catalytic Xra proceeds via a four-

step process (Equations 10-13).

H,CO + A-O-A’ > A’HCOO + AH (10)
A’HCOO + A-H > CO + A’0OH + AH (11)
A’OH + AH + CO > A’OHCO + AH (12)
A’HCOO + AH > CO, + A’H + AH (13)

Note that A-O-A’ is the local chemical environment of the FAags on the eggshell surface. The
reduction pre-treatment converts both A’ and A to A’H and AH. The first step of the FA oxidation
process involves the breakage of the A-A’ oxygen bridge to generate two dangling bonds (A’-O*
and A-*). The decomposition of FAa¢s leads to the saturation of the dangling bonds (A’-O* group
interacts with HCO to yield A’HCOO, while the hydrogen atom adsorbs onto A-*). The formed
HCOO- species then decompose to form CO (Equation 11). The formation of HCOO™ and CO as
reaction intermediates during FA oxidation has been experimentally confirmed and described in

several recent studies (see Section 3.3.1) [10, 26, 76].

In the third and fourth steps of the FA oxidation process, the CO molecules are converted into
HO-C*=0 intermediate to yield CO,, which then desorbs from the substrate. The fourth step
reduces the eggshell through an AH + A’H mediated substitution of the A-O-A’ oxygen bridge.
The proposed DFT simulation of the FA oxidation process agrees with the experimentally
observed formation of FA oxidation intermediates even in the absence of O (see Section 3.3.1).
Alteration of the catalytic substrate during the FA oxidation reaction in the absence of O> makes
the reaction unsustainable as the depleted O* reserve cannot be replenished. The DFT calculations
further indicate that the Xra process is not directly influenced by the co-presence of O, and the
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differences in the formation energies between the products and intermediates were estimated to be
in the range of 0.15 eV mol-'. The O helps sustain the FA oxidation reaction by replenishing the

O* stock (recharge of the reduced catalyst) (Equations 14-15).
A’H+ AH + O2 2 AH-O-O-A’H (14)
A’H+ AH + O2 & H20 + A-O-A’ (15)

In the next step of the DFT simulation, we considered the influence of the modified eggshell
surface on the energetics of the FA oxidation reaction. The formation energy for each of the above-
described reaction steps was negative (exothermic) for the pristine (001) eggshell surface. It should
be noted that the magnitudes of formation energy are relatively small if estimated for the second
and third FA oxidation steps on the eggshell surface. Also, the reduction pre-treatment made the
FA oxidation process energetically unfavorable on the eggshell surface (Figure 11). Hence, the
combined role of surface defects and impurities is expected to play a critical role in the FA
oxidation reaction over eggshells. The last step of the FA oxidation reaction, i.e., the desorption

of CO», requires ~ 30 kJ mol™! for all the substrates considered in this study.

The effect of MnO; co-catalyst and Ag-doping on the FA oxidation reaction was further studied
using DFT simulations. First, the locations of Ag impurities on the eggshell surface were
determined. According to the simulation results, the formation energy of interstitial Ag is ~ -2 eV
atom™' in contrast to the positive formation energy for the substitutional impurity cases (Figures
10 (a) and (b)). The theoretical simulation result agrees with the experimentally determined Ag 3d
XPS spectra (see Section 3.1.2). A MnO; slab was utilized to conduct DFT simulations in line with

the experimentally measured Mn 2p XPS spectra (see Section 3.1.2) (Figure 10 (c)).
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The formation of Ag-oxygen bonds could result in the possible substitution of C-A to C-Ag, as
expressed in Equations 10-13. The presence of Ag species (metallic or part of complexes)
demonstrates a high affinity to adsorb hydrogen atoms [77]. Consequently, the presence of
interstitial Ag impurities significantly increases the magnitude of negative formation energies for
the intermediate steps in the FA oxidation reaction (Figure 11). Note that some of the FA oxidation
steps (e.g., the second (Equation 11) and third (Equation 12) steps) on both the reduced and non-
reduced substrates are endothermic (Figure 11). As the magnitude of the energy cost for the
endothermic steps is on the order of 0.8 eV, they could be realized at RT with a low yield, which
is in line with the observed low Yco: at relatively low temperatures (see Section 3.2). The
exothermic-to-endothermic shift in some stages of the FA oxidation reaction corresponds to
hydrogen adsorption on the non-reduced eggshell surface. Hence, an alternative pathway involving
the adsorption of the hydrogen atom supplied by FAags onto the MnO» surface was also considered

(Figure 10 (¢)).

Two possible scenarios were checked to evaluate the energetics of hydrogen adsorption onto
the MnO: surface, namely, the formation of Mn-H and O-H bonds (Figure 10 (c)). As the formation
of the O-H bond is more favorable than the Mn-H bond, the modeling for the next stage was
considered based only on the former case. The results of theoretical calculations indicate that the
endothermic steps of the FA oxidation reaction are transformed into exothermic steps through the
adsorption of hydrogen onto the MnO; co-catalyst (Figure 11). Another possible effect of the
MnO; co-catalyst is on the capture and activation of O2. The activation of Oz could be realized as
the O=0 > -O-O- reaction or as the transition of the oxygen from the ground (triplet) to the excited
state (singlet). In the gas phase, the energy cost of the triplet-singlet O transition is ~ 1.2 eV. The

theoretical calculations demonstrate that Oz adsorption onto MnO:s is energetically favorable (~ -
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70 kJ mol!). The Oz molecule is then spontaneously transitioned into the singlet state. Thus, the
MnO; co-catalyst helps enhance the catalytic activity by effectively capturing and activating O
for the FA oxidation reaction. Note that hydrogen chemisorption and O» physisorption, followed
by their activation, alters the Mulliken occupancy of the 3d shells in the surface Mn atoms. The
above observation qualitatively agrees with the results of experimental XPS measurements (see

Sections 3.1.2 and 3.3.1).

In the last step of the theoretical modeling, the effect of the hydrogenation of the doped (001)
CaCO;s surface on the FA oxidation process was analyzed (Figure 10 (b)). The simulation results
indicate that the reduction pre-treatment enhances the catalytic activity of the doped eggshell
substrates for the FA oxidation reaction. The above observation is in qualitative agreement with
the experimental results (see Section 3.2). Note that Ag’ demonstrates a strong affinity for
hydrogenation, similar to other transitional metals. In summary, the theoretical DFT modeling
demonstrates that the Ag catalyst and MnO> co-catalyst should create synergetic effects to enhance
the efficiency of FA oxidation over the eggshell catalysts when combined with reduction pre-
treatment (in line with the experimental observations). As various synergistic processes can occur
concurrently on eggshell, Ag, and MnO: surface sites, it is not simple enough to pinpoint a specific
rate-determining step. Nevertheless, the FA oxidation process on the Ag-MnO/Eggshell catalyst
can be assumed to occur through the Mars-Van Krevelen (MvK)-type mechanism (based on the
FA oxidation pathway simulated through DFT), as is commonly observed for various gas-phase
oxidation reactions [78-80]. The interaction between the FAags and O* species is often the rate-

determining step in the MvK mechanism [78, 79].

4. FA oxidation performance comparison
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To compare the DLT FA oxidation performance of Ag-1.5%-MnO>/Eggshell-R with other
supported Ag catalysts reported in the literature, the steady-state r-value derived at 80°C was
utilized as the relevant performance metric (Table 2). Note that the steady-state r-value has been
typically utilized in the literature to compare the performances of thermocatalysts as it incorporates
the critical process variables and parameters (Xra, VFa, and meat) in its derivation [11, 32]. Also,
anormalized r-value (per unit Ag (wt.%)) was derived to compare the performances of the reported

catalysts more meaningfully by including their respective Ag loadings (Table 2).

As observed from Table 2, the r-value (at 80°C) ranged from 9.4 mmol g h'! (Ag-1.5%-
MnO»/Eggshell-R) to 99 mmol g! h!' (Ag/cerium(IV) oxide (CeQ.)) [81]. However, to obtain
higher catalytic activities for FA oxidation, the Ag loadings reported in the literature varied
between 0.1-8 wt.%, which is a fairly large range and is unfavorable from an economic perspective
(Table 2). In terms of the normalized r-values, Ag-1.5%-MnO2/Eggshell-R was the best performer
for the DLT FA oxidation reaction (1,806 mmol g' h!' (Ag (wt.%))™!) followed by Ag-0.9%-

K/MnO> (442 mmol g h! (Ag (wt.%))!) [18] (Table 2).

As Ag-1.5%-MnO,/Eggshell-R only contains 1.1 wt.% Mn, it is much more practical than Ag-
0.9%-K/MnO> (second-best performer in terms of the normalized r-value) which uses MnO; as the
support itself [18] (Table S1). The eggshell support utilized in this work is a readily available
biowaste whose utilization offers a win-win alternative for simultaneous air quality and solid waste
management. Furthermore, the utilization of eggshell biowaste in the synthesis of Ag-1.5%-
MnOy/Eggshell offers a practical solution for meeting goals associated with the circular economy
and sustainability [82, 83]. Due to the minuscule metal content in Ag-1.5%-MnO2/Eggshell (Ag
and Mn wt.% of 0.03 and 1.1, respectively), this catalyst results in very low environmental concern

from an overall lifecycle assessment perspective [82] (Table SI). Overall, Ag-1.5%-
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MnO»/Eggshell-R appears to be one of the best-performing catalysts for the DLT FA oxidation

reaction in terms of both the absolute performance (normalized r-value) and sustainability.

5. Conclusions

In this work, we report the deep oxidation of FA under DLT conditions using Ag-
MnOy/Eggshell catalysts with ultralow noble metal content. Specifically, 0.03%-Ag-(0.5-5%)-
MnOy/Eggshell catalysts were prepared and employed for DLT-oxidation of FA. The Too of 100
ppm FA varied as follows (GHSV of 5308 h'): Ag/Eggshell-R (175°C) > Ag-0.5%-
MnO»/Eggshell-R (123°C) > Ag-5%-MnO2/Eggshell-R (113°C) > MnO2-R (99°C) > Ag-1.5%-
MnOy/Eggshell (96°C) > Ag-3%-MnO,/Eggshell-R (93°C) > Ag-1.5%-MnO,/Eggshell-R (77°C).
The Too value (97°C) of a CaCOs3 control sample indicates the superiority of the eggshell waste
support for the FA oxidation reaction, probably due to the presence of defects in the structure. The
best-performing catalyst in this study (Ag-1.5%-MnO»/Eggshell-R) was then utilized to study the
effect of process variables (e.g., FA concentration, flow rate, mca, and RH) on the FA oxidation
performance. The in-situ DRIFTS suggest the formation of HCOO™ and CO as the critical
intermediates during the FA oxidation reaction. The DFT simulations provided further insights
into the FA reaction pathways, surface phenomena, and associated mechanisms. The present study
offers intriguing insights into high-performing catalysts with ultralow noble metal content for the
FA oxidation reaction under DLT conditions. The utilization of eggshell biowaste offers a unique
win-win solution for simultaneous air quality and solid waste management serving the overall

objective of meeting circular economy goals and obtaining sustainability.
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Tables and Figures

Table 1. FA removal performance of the analyzed catalysts *.

Order Catalyst Catalyst activation Tso (°C)° Ty (°C)° Conversion (%) at 80°C r (mmol g"' h'')¢
1 Ag/Eggshell-R 113 175 25 2.6
2 Ag-0.5%-MnOy/Eggshell-R 94 123 31 32
3 Ag-1.5%-MnO,/Eggshell-R <30 (62% X4 at 30°C) 77 92 9.4

Reduction at 300°C using H,
4 Ag-3%-MnO,/Eggshell-R (10%) + No mixture for 3h < 30 (5994 X, at 30°C) 93 79 8.1
(50 mL min™")
5 Ag-5%-MnO,/Eggshell-R 44 113 71 72
6 Ag-1.5%-MnO,/CaCO;-R 51 97 67 6.8
7 MnO,-R 68 99 59 6.0
. BT
8 Ag-1.5%-MnOy/Eggshell Heating at 300°Cusing No- 5 5500 2 30°C) 9% 74 75

for 3 h (50 mL min™')

2 Reactant composition: FA (100 ppm) + air (balance), flow rate: 50 mL min™' (3.4E-09 mol s™"), catalyst mass: 120 mg, and GHSV: 5,308 h™'.
® Reaction temperature corresponding to Xga of 50%.

¢ Reaction temperature corresponding to Xpa of 90%.

4 Steady-state reaction rate obtained at 80°C.
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Figure 1. Physicochemical characterization results of CaCOs3, eggshell, and Ag-MnO»/Eggshell composites. (a) PXRD patterns, (b) TGA profiles, (¢) N> adsorption-
desorption isotherms and (d) pore size distributions.
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Figure 2. Deconvoluted core level Ag 3d XPS spectra of the analyzed catalysts: (a) Ag/Eggshell, (b) Ag-0.5%-MnO/Eggshell, (¢c) Ag-1.5%-MnQO/Eggshell, (d) Ag-3%-MnO/Eggshell, (¢) Ag-5%-
MnO»/Eggshell, (f) Ag-1.5%-MnO,/CaCOs3, (g) Ag/Eggshell-R, and (h) Ag-1.5%-MnO>/Eggshell-R.
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Figure 3. Deconvoluted core level Mn 2p XPS spectra of the analyzed catalysts.
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Figure 5. H,-TPR profile for =10 K min". (®) TCD output and (- ) temperature profile versus time.
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Figure 6. H,-TPR profile (until 723 K) for (a) =2 K min”, b)p=5K min”', and (c)p=10K min”. )

peak 1, (—) peak 2, (—) peak 3, (—) peak 4, and (—) total calculated signal.
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1148  Figure 7. H2-TPR results. (a) Data couples (T, B) for (®) peak 1, (®) peak 2, (@) peak 3, and () peak 4.
1149  Dotted lines represent the linear regression per peak. (b) Contribution of the peaks to the total TCD signal. (M)

1150 B=2Kmin",(M)B=5K min" and (M) B =10 K min"
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Figure 9. In-situ DRIFTS spectrum for a 1:1 FA + Oz mixture (acquired at 100°C under dark

condition), (a) Ag/Eggshell-R and (b) Ag-1.5%-MnO>/Eggshell-R.
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Figure 10. Atomic structures simulated using DFT: (a) optimized atomic structure of the FA

molecule physisorbed on the pristine eggshell surface in the vicinity of the interstitial Ag center,
(b) optimized atomic structure of the FA molecule physisorbed on the hydrogenated eggshell
surface in the vicinity of the interstitial Ag center and the co-presence of O, (c) optimized atomic

structure of the MnO: slab with the chemisorbed hydrogen atom.
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1232 Figure 11. The calculated formation energies of the four-step Xra to CO; (Equations 10-13) over

1233 the non-modified and modified eggshell surfaces in the absence and presence of O,.
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