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Abstract

faced by the poultry industry.

There is a significant interest in converting eggshells into value-added products. Therefore, the goal of this research

is to synthesize and study iron-impregnated eggshells as a catalyst for partial oxidation of methane. The objectives

of this research were to test the effects of iron loading, flow rate, oxygen concentration, and temperature on meth-
ane oxidation. The catalysts were synthesized using ferric chloride hexahydrate at various loadings and tested in a
heated stainless-steel reactor under different experimental conditions. The reaction products included C,—C, hydro-
carbons, carbon monoxide, and carbon dioxide depending on the reaction conditions. Results indicated that iron
loading beyond 5 wt% caused a decrease in methane conversion. A decrease in oxygen concentration enhanced
methane conversion with a substantial drop in the production of CO,. Besides, an increase in temperature resulted in
a decrease in methane conversion with a simultaneous increase in the production of CO, via overoxidation. The reusa-
bility experiments indicated that the catalyst was active for four reaction cycles. Our results indicate that eggshells can
be used as catalyst support for methane partial oxidation and can simultaneously solve the waste disposal problems
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Introduction

The poultry industry worldwide produces over 8.4 bil-
lion kilograms of eggshells each year most of which is
disposed as landfill wastes (Laca et al. 2017; Shahbandeh
2020). However, recent interest in newer waste manage-
ment opportunities has brought eggshells to the main-
stream (Mittal et al. 2016; Ahmed et al. 2019). Typically,
eggshells consist of calcium carbonate (~98%), magne-
sium (~0.9%), phosphorus (~0.9%), and organic semi-
permeable membrane structures (Waheed et al. 2019;
Simpson et al. 2019). Due to the presence of calcium and
organic semi-permeable membranes in eggshells, sev-
eral authors proposed the use of eggshells as adsorbents
and catalysts. Eggshells and eggshell supported with
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iron, zinc, and pyrolysis residues were evaluated as het-
erogeneous catalysts for transesterification of neat and
waste vegetable oils (Tan et al. 2017; Borah et al. 2019;
Gollakota et al. 2019; Helwani et al. 2020; Santos et al.
2019). Similarly, several researchers have tested egg-
shells as low-cost adsorbents for mitigation of heavy met-
als and other pollutants from water (Eletta et al. 2016;
Mashangwa et al. 2017; Sankaran et al. 2020; Tizo et al.
2018; Zhang et al. 2017).

Besides transesterification catalysts and adsorbents,
calcium-rich eggshells could also potentially be used as
precursors in selective oxidation of methane. Methane
constitutes about 80-90% of natural gas that is abun-
dantly available (Horn and Schlégl 2015). Based on 2018
calculations, the world annual production of natural gas
has crossed 3,900 billion cubic meters (International
Energy Agency 2019). Therefore, as suggested by Sharma
et al. (2020), transforming methane into fuels and chemi-
cals is of high priority.
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However, cracking methane and converting into chem-
icals are difficult because of the inertness of methane and
higher bond disassociation energies than the reaction
products (Schwach et al. 2017; York et al. 2003). Hence,
researchers are exploring active and selective catalysts for
partial oxidation of methane (Hutchings 2016).

In nature, methane is selectively oxidized via methane
monooxygenase by the catalytic activity of iron (soluble
form) and copper (particulate form) species (Ravi et al.
2017). Therefore, several researchers have investigated
iron (and copper) based catalysts for selective oxidation
of methane. Cherrak et al. (1992) reported enhanced C,
selectivity upon the introduction of Fe on bismuth vana-
date-based catalyst. Michalkiewicz (2004) investigated
partial oxidation of methane using an iron-impregnated
zeolite catalyst and reported methanol and formalde-
hyde as the products. Attempts have also been made
to disperse the FeOx clusters and Cu®* ions on silica to
improve catalytic oxidation of methane into formalde-
hyde (Wang et al. 2010). In their research, Vereshchagin
et al. (2012) reported highly active ferrosphere catalysts
composed of 36-93 wt% Fe,O, for oxidative coupling of
methane with emphasis on catalyst preparation approach
as well as the phase changes of the catalyst components.
Xu et al. (2016) reported selective oxidation of methane
into methanol over copper and iron co-impregnated
on the Zeolite Socony Mobil 5 (ZSM-5) catalyst using
hydrogen peroxide as an oxidant. Recently, an iron-
impregnated mordenite catalyst was evaluated for the
conversion of methane into formic acid, methanol, and
formaldehyde (Fang et al. 2019). Therefore, based on the
reports in the literature, it appears that iron can catalyze
selective oxidation of methane.

Our research group is also interested in the value-addi-
tion of poultry industry wastes. In that context, we had
previously reported that calcined eggshells and copper-
impregnated eggshells can catalyze selective oxidation
of methane (Karoshi et al. 2015, 2020). Considering that
there are no reports in the literature on the efficacy of
the eggshell-supported iron catalysts for selective oxida-
tion of methane, the present research evaluated eggshell-
impregnated iron as a catalyst for oxidation of methane.
From a waste management perspective, using eggshells
as support material will not only decrease the waste dis-
posal problems but also add value to an otherwise waste
stream. Based on our previous research, it is hypoth-
esized that the calcium present in the eggshell coupled
with iron can catalyze selective oxidation of methane.
The objectives were to investigate the effects of (1) load-
ing of iron, (2) the molar ratio of methane to oxygen (3)
flow rate, and (4) temperature on the methane conver-
sion and products.
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Materials and methods

Catalyst preparation

The catalyst was synthesized by impregnating three dif-
ferent concentrations (2, 5, and 10% by weight) of iron
on eggshell supports. Briefly, ferric chloride hexahydrate
(FeCl;.6H,0O) was used to deposit the metal using a wet
impregnation method. Eggshell particles (2-5 mm in
size) were mixed with aqueous ferric chloride solutions
prepared in proportionate volume (1 mL g~! of eggshells
used) of deionized water for 5 h at 300 rpm at room tem-
perature. Subsequently, the iron-impregnated catalysts
were dried at 105 °C for 8 h and then calcined at 1000 °C
for 4 h.

Catalyst characterization

The surfaces (fresh and spent as applicable) of iron-impreg-
nated eggshell catalysts were analyzed at the NC State
University Advanced Instrumentation Facility using two
analytical techniques: time-of-flight secondary ion mass
spectrometer (TOF-SIMS) and variable pressure scanning
electron microscopy (VPSEM). Briefly, the samples were
placed in a TOF SIMS (ION TOF, Inc. Chestnut Ridge,
NY) @ 5.0 x 10~ mbar and analyzed via a Bi,™" (n=1-5,
m=1, 2) liquid metal ion gun and a Cs™ sputtering gun.
Similarly, for studying the surface morphological data, the
samples were sputter coated (~ 35 nm) with gold (60%) and
palladium (40%) to enhance the conductivity of the catalyst
surface. Subsequently, the sample surfaces were analyzed in
a 107® Torr VPSEM (Hitachi S 3200) using a 20 keV elec-
tron beam.

Catalyst testing

All experiments were performed in a stainless-steel tubu-
lar reactor (2.5 cm diameter and 15 cm height) that was
enclosed in a kiln. A 10-g catalyst sample was loaded into
the reactor in which methane (99% purity) and oxygen
(99.9% purity) were fed to the reactor. Before the com-
mencement of each experiment, the catalyst was activated
at 650 °C for 60 min. Subsequently, separate experiments
were conducted to study the effects of iron loading (2,
5, and 10%) and molar ratios of methane to oxygen (1.0,
1.67, and 3.0) on methane oxidation and product selectiv-
ity. Similarly, to determine the effect of flow rate (0.4, 0.8,
and 1.2 L min™!) and temperature (650, 700, and 750 °C),
a molar ratio of 3 and 10 g catalyst with a 2% metal load-
ing was employed. Furthermore, additional experiments
were also performed to determine the catalyst durability by
reusing the catalyst for four oxidation cycles. For all experi-
ments, after attaining equilibrium, inlet and outlet gas
samples and flow rates were collected at 10- and 15-min
intervals and analyzed for concentrations of the reactants
and products to determine the fractional conversion and
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selectivity (Karoshi et al. 2015). Gas analyses were con-
ducted via a gas chromatograph equipped with a mass
spectrometer (HP 5 MS column) and a thermal conductiv-
ity detector (Carbosieve SII column).

Results and discussion

Catalyst characterization

The formation of CaO active phase was confirmed via
SIMS-TOF data via the occurrence of CaOH-+and
CaO +functional groups, as shown in Fig. 1a. Chloride dis-
tribution was observed to be present all over the catalyst
surface and suggests an arrangement of chloride ions along
the pore channels in eggshells. Furthermore, upon high-
temperature activation, chloride was observed to migrate
from FeCl,; to interact with calcium present in eggshell.
Visual observation showed that increasing FeCl; loading
led to clumping of catalyst particles, possibly minimiz-
ing accessible active sites for the reaction. During catalyst
preparation, aqueous FeCl; may have reacted with CaCO,
in the eggshell to exchange chlorine as well as to change
the pH substantially because of the release of HCl and CO,
(Egs. 1 and 2):

FeCl; + 3H,0 = Fe(OH); + 3HCI )

CaCO;3 4 2HCI = CaCly + CO; + H,O. @)

The mass spectral images suggested that iron was
arranged both as clusters and in a well-distributed planar
way (Fig. 1b). Hence, calcium overlapping with iron was
observed in both situations, as depicted in Fig. 1a and c.

Interestingly, the energy-dispersive spectroscopy (EDS)
data collected via VPSEM analysis for 2% Fe-loaded egg-
shell catalysts indicated that the metal loading both in the
form of a cluster as well as in a widely distributed man-
ner on the surface (Fig. 2a) suggesting a heterogeneous
surface. Unique surface morphology resembling a surface
with settled molten metal was observed, perhaps due to
the low melting point of FeCl; (~ 300 °C) which may have
spread over the eggshell support. Furthermore, partial
dissolution of iron clusters into the eggshell catalyst sup-
port is possible (EI-Shobaky and Fahmy 2006). Besides,
the analysis of the spent catalyst exhibited significantly
deformed surface morphology (Fig. 2b, c) with enhanced
porosity suggesting possible momentum effects of the
feed gas.

Effect of metal loading

The experimental data suggested that at 2% loading, iron
impregnation did not have any effect on the fractional
conversion of methane when compared to plain calcined
eggshell (control). However, with an increase in metal
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concentration, a substantial drop in methane conversion
was observed, as shown in Fig. 3a. This may be attributed
to the migration of chloride to Ca inherent to eggshell
forming an inactive CaCl, phase during catalyst prepa-
ration (Egs. 1 and 2). Furthermore, the relatively lower
melting point of FeCl; would have enhanced the distribu-
tion of its molten phase, masking active CaO sites on the
eggshell.

Furthermore, C,—C, hydrocarbons (ethane, ethylene,
propene, 1,3-butadiene, pentene, pentadiene, benzene,
and toluene) along with H, and CO, were identified as
part of the product spectrum. As suggested by Ibrahim
et al. (2015), the interaction between the catalyst and the
support material may have played a role in the selectiv-
ity of the catalyst. In addition, as observed by Lim et al.
(2019), the basicity of the eggshell support may have
also influenced the catalytic activity and selectivity. The
results indicated that the production of CO, did not vary
considerably with iron concentration. However, 10%
loading, despite possessing higher metal concentration,
led to a drop in CO, production. A drop in CO, pro-
duction was not compensated with enhanced selectivity
for other products, and rather, the production of C,—
C¢ hydrocarbons dropped simultaneously, as shown in
Fig. 3b, c. This phenomenon suggests the possible exist-
ence of an alternative pathway leading to products that
were not detected by our analytical system. Based on
our results, a 2% Fe-loaded catalyst was chosen for fur-
ther analysis, since iron loading beyond 2% substantially
reduced methane activation.

Effect of CH,:0,

When the effects of molar ratios were studied, the frac-
tional conversion of methane increased with decreasing
oxygen proportion in the feed, as shown in Fig. 4a. This
may be explained by the fact that oxygen and methane
in the feed compete to adsorb on the catalytic surface.
Reducing oxygen concentration will pose minimal con-
straint for methane molecules to adsorb on the catalyst
surface. This would have led to the enhanced conversion
of methane. Furthermore, it is theorized that at a lower
concentration of oxygen, Fe,O;/Fe-O clusters may also
have contributed towards methane activation.

The selectivity for CO, dropped rapidly with a reduc-
tion in oxygen concentration in the feed, suggesting
dominant selective oxidation reaction (Fig. 4b). Simi-
lar behavior was observed with eggshell-supported
catalysts (Karoshi et al. 2020). However, the decrease
in CO, selectivity was also accompanied by the drop in
C,—C¢ hydrocarbon selectivities (Fig. 4c), corroborating
the observation of alternative pathways and products
that were undetected by the gas chromatograph system
employed in our research that was also evident from the
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Fig. 1 SIMS-TOF mass spectral images for 2% Fe-loaded eggshell catalyst representing (a) distribution of Ca and Fe in different forms, (b)
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carbon balance. Furthermore, these observations were
also supported by the data collected from temperature
experiments as will be discussed later in the article. With
reduced oxygen concentration in the feed, the drop in
production of ethylene was greater than the reduction in
ethane production, as shown in Fig. 4d. Besides, meas-
ured high oxygen conversions of 95-97% suggest the pos-
sibility of the presence of oxygenates as part of unknown
products.

Effect of flowrate

An initial increase in flow rate enhanced the fractional
conversion of methane probably because of adequate
mixing that facilitates easy access of catalytic sites for
reactants. However, with a further increase in flowrate,
a rapid drop in methane conversion was observed sug-
gesting inadequate residence time for methane activation
(Fig. 5a). Thus, both mass transfer and residence time
constraints are critical in obtaining the desired meth-
ane conversion rate. The deposition of FeCl; on eggshell
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support may mask CaO clusters to a certain extent as is
evident from the earlier observations with different metal
concentrations. Lower flowrate with high residence time
may not supply adequate energy for reactant methane
molecules to diffuse in the catalyst bed to access many
CaO active sites and hence releasing most of them unre-
acted from the reactor. Additionally, FeCl; could have
been relatively more mobile because of the lower melt-
ing point (~300C) when the feed gas was flown at higher
flow rates. This could restrict the access of reactant
methane molecules to CaO clusters which are believed
to be the cause for methane activation. Such mobility
and molten state settlement of FeCl; were confirmed via
VPSEM magnified images, as shown in Fig. 2.
Production of CO, and C, hydrocarbons decreased
with an initial increase in flowrate and was enhanced
with a further increment of flowrate but at a lower
methane conversion (Fig. 5b). Interestingly, no quantifi-
able concentration > C, hydrocarbons was observed at
a higher flow rate of 1.2 L/min (Fig. 5¢). This suggested
that inadequate residence time would not have permit-
ted multiple adsorption and desorption steps for reac-
tants to form higher hydrocarbons. On the other hand,
with a lower flow rate, the tendency of target products
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to overoxidize into carbon dioxide will prevail caus-
ing lower selectivity. In one of their reports, Roseno
et al (2016) investigated catalytic partial oxidation of
methane via perovskite-type catalysts (La-Co/Fe-O)
under different experimental conditions. The authors
observed a strong dependence of fractional conver-
sion and product (CO, CO,, and C,) selectivity on
residence time, indicating that optimal residence time
is necessary for balancing fractional conversion and
overoxidation. Similarly, Grunwaldt et al (2001) studied
partial oxidation of methane on rhodium-impregnated
on alumina catalysts and reported that the residence
time influenced the product selectivity. Hence, balance
between adequate residence time and sufficient turbu-
lence is essential to enhance yields of target products.
This conclusion was further evident from the data of
variation in ethylene and ethane proportions in the
product stream (Fig. 5d). With increasing flowrate,
selectivity for ethane was greater than that for ethylene,
indicating a lack of secondary selective oxidation step
due to lower residence time. It was observed that car-
bon balance improved whenever CO, production dom-
inated product distribution.
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Effect of temperature

The results suggested that the fractional conversion
of methane for iron-impregnated eggshell catalysts
decreased with increasing temperature (Fig. 6a). The
methane conversion decreased by about 55% when the
reaction temperature increased from 650 to 750 °C. Our
results are in contrast to those reported by (Lim et al.
2019), who investigated perovskite-supported alkaline
earth metal oxides for oxidative coupling of methane.
The authors reported an increase in methane fractional
conversion when temperatures were increased from 600
to 725 °C for all calcium, strontium, and barium-based
catalysts. Besides, Michalkiewicz (2004) investigated
partial oxidation of methane on zeolite-supported iron
catalysts. It was observed that the fractional conver-
sion of methane increased with an increase in reaction
temperature from 350 to 650 °C, while the selectivity of
methanol decreased due to overoxidation of methanol
into formaldehyde and CO,. The substantial drop in
fractional conversion at higher temperatures may be
due to catalyst deactivation via sintering. Barbosa et al.
(2001) studied iron-based catalysts for combustion
of methane and reported the occurrence of sintering
effects of the catalysts tested. In addition, as suggested
by Ibrahim et al. (2015), the interaction between the
catalyst support and the catalyst may have played
an important role in the overall activity of the cata-
lyst. In our research, the drop in methane conversion
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can also be attributed to both possible Ca-Fe inter-
action as well as to relatively higher mobility of FeCl,
because of its low melting point. With increasing tem-
perature coupled with the physical impact of feed gas
flow, the mobility of FeCl; is believed to be enhanced
significantly. Such mobility would cause FeCl; to mask
the CaO active sites inherent to eggshell support.
Therefore, to understand the surface chemistry of the
catalyst, additional systematic studies on the catalyst
characterization via XRD, XPS, and TPD are suggested.
Besides, increased CO, production with a simultaneous
drop in C,—Cg4 hydrocarbons was observed because of
the overoxidation (Fig. 6b, c). While a slight increase in
ethane concentration was observed, ethylene produc-
tion remained nearly the same at all the temperatures
tested (Fig. 6d).

Moreover, an overall carbon balance was also per-
formed for the experiments at different temperatures.
The overall amount of unaccounted carbon reduced with
an increase in temperature, as shown in Fig. 6e. With a
simultaneous increase in CO, selectivity under the same
conditions, overoxidation of reaction products seems
possible. This further supports the idea of possible exist-
ence of reaction products that were not identified by the
gas chromatograph.
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Longevity

As depicted in Fig. 7a, the catalyst was found to achieve
consistent methane conversion over multiple cycles.
However, a considerable increase in the production
of CO, was observed after the first cycle of operation
(Fig. 7b). Analyzing these results in the light of VPSEM
images depicting high porosity in the spent catalyst
and high mobility of FeCl; it appeared that high poros-
ity along with mobile FeCl; would have provided an
enhanced number of Fe,O4/FeO clusters, resulting in
enhanced oxidation and CO, production. Furthermore,
secondary collisions of products within the catalyst may
have caused complete oxidation to CO, (Cullis 1967).
Furthermore, as described by (Enger et al. 2008), the cre-
ation of hotspots and temperature gradient zones during
oxidation of methane would also contribute to enhanced
CO, selectivity that was also enhanced via the heat
entrapment due to the possible molten state of the cata-
lyst surface. On the other hand, the selectivity for other
target products remained nearly similar over time. Unac-
counted carbon was observed to reduce with each cycle
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as the products were inclined to overoxidize because of
secondary collisions and heat entrapment (Fig. 7c, d).

Conclusion

Waste eggshells were employed as a precursor for the
synthesis of an iron-impregnated calcium oxide catalyst
for partial oxidation of methane. Experimental results
suggested that the oxygen concentration in the feed
appeared to have a dominant effect on methane activa-
tion and selectivity for target products of interest. Iron
loading beyond 2 wt% did not yield substantial methane
conversion and product yields, while higher temperatures
seem to decrease the fractional conversion of methane.
The catalyst was observed to provide consistent methane
conversion over multiple cycles, but the enhanced poros-
ity and heat entrapment enhanced overoxidation of target
products into CO,. Additional studies focused on catalyst
characterization to understand and relate the surface
chemistry of the catalyst to its activity are suggested.
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