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ABSTRACT 

Flue gas purification is important for pressurized oxy-combustion systems to produce pure carbon 

dioxide (CO2) streams ready for storage or utilization. A catalytic approach to removing oxygen 

(O2) impurities from pressurized oxy-combustion flue gas via reduction with methane (CH4) was 

investigated in this work. Two types of catalysts were studied: palladium (Pd)-based catalysts 

supported on titania (TiO2) prepared by incipient wetness impregnation and cobalt–manganese 

(CoMn) composite catalysts prepared by co-precipitation. The performance of the catalysts was 

evaluated in a high-pressurehigh-temperature, fixed-bed reactor at a pressure of 15 bar and a gas 

hourly space velocity of 30,000 h1 (standard conditions), with a simulated feeding gas composed 

of 3 vol% O2, 1.5 vol% CH4, and CO2 as the balance gas. Among the Pd catalysts, 5% Pd/TiO2 

achieved the maximum 86% O2 removal at 350 C. The CoMn oxide catalysts displayed 

comparable or better activities for O2 reduction compared with the Pd catalysts. Among them, 

Co40Mn1 catalyst exhibited the best performance, able to reduce 99.9% of O2 impurities at ~370 

°C with negligible carbon monoxide (CO) formation (<10 ppmv). Both trivalent and divalent Co 

and Mn were detected on the catalyst surface, and the superior activity of Co40Mn1 might be 

associated with the resultant disordered structure. The activity of the catalyst was not affected by 

the presence of a trace amount of nitric oxide (NO) gas contaminant. Results of this study provide 

the basis for scale-up studies in both the synthesis and performance of non-noble metal catalysts.  

Keywords: purification, catalyst, oxygen impurity, pressurized oxy-combustion, flue gas 
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1. INTRODUCTION 

Oxy-combustion has been investigated as an alternative to the conventional amine-based 

postcombustion technology to reduce the cost of carbon capture for power generation. First-

generation oxy-combustion systems operate at atmospheric pressure and require the recycling of 

a large portion of flue gas to dilute pure oxygen (O2) for combustion in the boiler. These systems 

may incur additional costs associated with flue gas recycling, large equipment footprint, and the 

extensive multiple-step purification process for effluent carbon dioxide (CO2). Pressurized oxy-

combustion systems, such as staged, pressurized oxy-combustion (SPOC) systems, are considered 

second-generation oxy-combustion technologies. A SPOC system merges fuel-staged coal 

combustion with high-pressure operation.1 During fuel-staged combustion, O2 is in excess and is 

used as a diluent before the last stage to control peak combustion temperatures, thus eliminating 

the need for flue gas recycling. In addition, operating at high pressure improves energy efficiency 

through the recovery of water vapor condensation heat at a high flue gas temperature, and thereby 

reduces the equipment footprint and cost.1, 2  

One challenge in the oxy-combustion systems is the need for purification of their flue gases 

towards high-purity CO2 streams. Gas purity specifications for CO2 utilization and storage vary by 

application. Table 1 lists the required purities for enhanced oil recovery (EOR) and saline aquifer 

sequestration, two emerging pathways for CO2 usage.3 The estimated composition of the typical 

oxy-combustion flue gas is also provided in Table 1, highlighting the need for gas purification. 

Acidic gas species, mainly sulfur dioxide (SO2) and nitrogen oxides (NOx), and residual O2 are the 

two major types of impurities in oxy-combustion CO2 streams. SO2 and NOx form acids in the 

presence of water, causing corrosion in the CO2 pipeline and increasing dissolution of the caprock. 

Direct contact coolers (DCC) have been effective in removing SO2 and NOx from oxy-combustion 
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flue gas under elevated pressure and low temperature in the sour compression process.4, 5 The 

removal of residual O2, however, remains a major issue yet to be solved. Oxygen in the presence 

of water can provide cathodic reaction paths that lead to corrosion in the pipeline. Oxygen causes 

overheating at injection points for EOR due to exothermic reactions with the oil. Additionally, 

high O2 concentration can cause aerobic bacteria growth in oil reservoirs and at injection points. 

In the case of geologic sequestration, dissolved O2 may also react with metal species in the caprock 

to form precipitates that can plug pore spaces.6 For these reasons, the O2 content in the CO2 product 

stream must be reduced from approximately 3 vol.%  to 100 ppmv, preferably below 10–40 ppmv. 

Therefore, it is necessary to develop high-efficiency technologies to purify the pressurized oxy-

combustion flue gas.   

Table 1. Composition of the Typical Pressurized Oxy-Combustion Flue Gas and Purity 

Requirements of the CO2 Product Stream for Enhanced Oil Recovery and Saline Reservoir 

Sequestration 

Component 
Flue gas before 

purification Purity limit3 

CO2 63.0 vol% 
>95 vol% 

(min) 
N2 0.6 vol% a <1 vol% 
Ar 3.3 vol % a <1 vol% 
H2O 29.4 vol% <500 ppmv 
O2 2.9 vol% <10–100 ppmv 
SO2 1,000–8,000 ppmv b <100 ppmv 
NOx 400 ppmv <100 ppmv 
CO Trace <35 ppmv 
H2 Trace <1 vol% 
CH4 Trace <1 vol% 
C2H6 Trace <1 vol% 
C3+ Trace <1 vol% 

a The composition of flue gas before purification is estimated based on the use of 95% purity O2 
for oxy-combustion. If 99% purity O2 is applied, the concentration of N2 is estimated at ~0.2% and 
Ar at ~0.7% before purification while the concentrations of other gases stay similar.  
 bThe wide range of SO2 concentrations reflects the low to high sulfur contents in different coals. 
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One existing technology for CO2 purification is cryogenic cooling or distillation that separates 

residual O2 from condensable CO2.7 Cryogenic approaches incur massive amounts of energy use 

for refrigeration and lower the recovery of CO2 because of losses through the vent with non-

condensable gases. Adsorption of O2 on metal adsorbents is only economically feasible for trace 

amounts of O2, thus unable to meet the desired throughputs for the purification of oxy-combustion 

flue gas.8 In comparison, removal of O2 by catalytic reduction is a promising approach for flue gas 

purification because of its ability to process a large volume of gas at high CO2 removal efficiency 

and recovery and recover the heat of reaction. Catalytic reactions between methane (CH4) and O2 

have been intensively investigated for gas treatment operating with air in an excess of O2, such as 

cleanup of exhaust gases from coal mines and vehicles,9-16 and for catalytic combustion of fuel 

gases operating under oxidizing conditions in air or O2.17-19 However, applying catalytic 

approaches for residual O2 removal under oxy-combustion conditions has seldom been 

investigated. A recent study for the catalytic removal of residual O2 of oxy-combustion flue gas 

used supported palladium (Pd) and copper (Cu) nanomaterials and ambient pressure lab-scale 

reactors.20 The addition of a reducing gas, such as hydrogen (H2), carbon monoxide (CO), and 

methane (CH4) at stoichiometric ratios with O2, has been effective to remove O2 to below 1,000 

ppm. However, H2 is more expensive and may react with CO2 via the reverse waste-gas-shift 

reaction, and CO for O2 reduction demands narrow specifications for both CO and O2.20, 21 

Therefore, CH4 is a preferred choice of reductant because of both economic and technical 

considerations. In another recent study, catalytic reduction of O2 from flue gas with noble metals 

has also been reported, but the work has little relevance to pressurized flue gas.22 Research towards 

a catalytic process to purify the flue gas requires material development and evaluation of catalytic 

activity and product selectivity using high pressure and stoichiometric or reducing reaction 
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conditions (i.e., industrial relevant feed concentrations, high-pressure reactor, and product quality 

detection at the ppm level). 

We recently developed a catalytic reaction process to purify the flue gas under high-pressure 

and CO2-rich conditions. Figure 1 displays the conceptual scheme of the purification process 

incorporated into a SPOC power plant. In this process, the NOx and SO2 contaminants are first 

removed in an activated carbon-based catalytic DCC column, and the residual O2 is then removed 

in a catalytic fixed-bed reactor unit through the complete reduction reaction with CH4:  

2O2 + CH4  CO2 + 2H2O, Hr° (298 K) = 890.5 kJ/mol (1) 

The released heat from the exothermic reaction can be used to maintain a bed temperature within 

250 to 600 C under autothermal operation. Thus, this process requires substantially lower energy 

intensity than cryogenic distillation processes. Optimization of the bed temperature depends on a 

variety of factors: the temperature, pressure and O2 concentration of the influent gas, reactor 

design, and selection of catalyst. The catalytic unit needs to operate at an O2/CH4 ratio close to the 

stoichiometric amount or slightly fuel rich (O2/CH4 ≤ 2) to completely reduce O2 while avoiding 

excess slippage of CH4. Additionally, partial oxidation of CH4, such as via Eq. 2, that is more 

prominent under CH4-rich conditions is undesirable as the CO specification is <35 ppmv and 

should be minimized. 

CH4 + 1/2 O2  CO + 2H2, Hr° (298 K) = 35.0 kJ/mol (2) 
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Figure 1. Conceptual scheme of the catalytic flue gas purification process for the pressurized oxy-

combustion system as illustrated in the blue dotted box. PM, particulate matter; Cmp, compressor 

(multi-stage compression and cooling); EOR, enhanced oil recovery. 

In this work, we prepared both noble and non-noble metal-based catalysts and compared their 

activity and selectivity for residual O2 removal under high pressure. Palladium was chosen as the 

noble catalyst, while cobalt–manganese (CoMn) composite was investigated as the non-noble 

catalyst. Palladium has shown high reactivity for O2 reduction with CH4 in the literature9, 19, 23 and 

was used as a reference catalyst in this study. Cobalt and manganese were selected as attractive 

and low cost alternative materials to noble metals for treating pressurized gases because they were 

previously shown to promote the oxidation of CH4 with air.24, 25 The synthesized catalysts were 

characterized using a range of techniques to determine their chemical, structural, and 

morphological properties. A laboratory high-pressurehigh-temperature, fixed-bed reactor was 

used to measure and compare the performance of these catalysts for the reduction of O2 impurities 

in a simulated, pressurized oxy-combustion flue gas with CH4 as the reducing agent.  
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2. EXPERIMENTAL SECTION 

2.1. Catalyst Preparation. 2.1.1. Preparation of Pd-Based Catalysts. Pure Pd catalysts, as 

well as Pd doped with cerium (Ce), were prepared by incipient wetness impregnation using TiO2 

as the support. All the chemicals used were purchased from Sigma Aldrich, unless otherwise 

specified. Palladium nitrate [Pd(NO3)2] and cerium nitrate [Ce(NO3)2ꞏ6H2O] were used as metal 

precursors. An 80%:20% anatase/rutile titania (P25, Degussa Corporation) was used as the 

support.  

To prepare 5% (wt.) Pd on the TiO2 support (i.e., a nominal Pd-to-TiO2 mass ratio of 5 to 100, 

designated as Pd5/TiO2), a slurry consisting of 2.2 mL of 9.0% (wt.) Pd(NO3)2 solution with 2.0 g 

of titania particles was stirred in an ultrasonic bath for 0.5 h. The slurry was then dried at 110 °C 

overnight. The resulting sample was sieved to 60–100 mesh, followed by calcination in a preheated 

tube furnace at 400 °C for 2 h in air and then after purging with N2, for 2 h in 50% H2 in N2. The 

synthesis of catalysts with Pd loadings of 1% (designated as Pd1/TiO2) and 3% (designated as 

Pd3/TiO2) followed a similar procedure.  

Supported 5% Pd catalysts doped with Ce (PdCe/TiO2) were prepared by incipient wetness 

impregnation with aqueous solutions of Pd(NO3)2 and Ce(NO3)2 simultaneously. The slurries were 

mixed, dried, and calcined according to the same procedure described for the Pd/TiO2 catalysts. 

The Ce-containing 5% Pd/TiO2 catalysts were designated Pd5Cem/TiO2, where m represents the 

mass ratio of Ce to 100 g of TiO2. All final catalytic materials were powders of 60–100 mesh. 

2.1.2. Preparation of Co-Based Catalysts. A series of unsupported cobalt-manganese (CoMn) 

oxide materials with different Co/Mn molar ratios were prepared by co-precipitation. All the 

chemicals used were purchased from Sigma Aldrich, unless otherwise specified. Cobalt nitrate 
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[Co(NO3)2ꞏ6H2O] and manganese acetate [Mn(CH3COO)2ꞏ4H2O] were used as the precursors of 

Co and Mn, respectively. First, 35 g of a precipitator (ammonium bicarbonate, NH4HCO3) and a 

total of 10 g of Co(NO3)2ꞏ6H2O and Mn(CH3COO)2ꞏ4H2O at their proportional amounts 

corresponding to the required nominal molar ratio of Co to Mn in the product were dissolved in 

250 mL of deionized water. The precursor solution was then dripped slowly into the precipitator 

solution with a peristaltic pump (Masterflex model 77200-52, Cole-Palmer). After continuous 

stirring at room temperature for 8 h, the solution was allowed to settle for 12 h. The deposits were 

centrifuged at 7,000 rpm for 1 min (model 5804, Eppendorf) and washed several times with 

deionized water until the pH value of the solution reached approximately 7. The resulting 

precipitates were dried at 110 °C overnight, followed by calcination in a preheated muffle oven at 

400 °C for 4 h in air. The obtained products were designated CoxMny, where x and y are based on 

the nominal molar ratio of Co to Mn. For example, Co5Mn1 represented a catalyst for which the 

nominal molar ratio of Co to Mn was 5:1. 

2.2. Catalyst Characterization. The surface and structural properties of the synthesized 

catalysts were characterized using several analytical techniques. A Brunauer–Emmett–Teller 

(BET) surface area and pore volume analysis of the catalysts was determined from the N2 

adsorption/desorption isotherms by using an automated gas sorption system (Gemini VII surface 

analyzer, Micromeritics). 

X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical states and 

atomic compositions of the catalyst surface. The XPS analysis was performed with a photoelectron 

spectrometer (Kratos Axis Ultra, Kratos Analytical) using a magnesium (Mg) Kα X-ray source 

(1,253.6 eV) with a voltage of 15 kV and an emission current of 7 mA. All XPS spectra were fitted 

by using XPS Casa software. An offset Shirley background was used to fit all spectra. 
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Hydrogen temperature-programmed reduction (H2-TPR) was performed on a chemisorption 

analyzer (FINESORB-3010, Finetec Instrument Corporation) to obtain information on the active 

phases (i.e., oxidation states) and degrees of reduction. The measurements were carried out in a 

quartz U-tube reactor with the H2 signal detected by a thermal conductivity detector. The catalysts 

(0.1 g) were initially pretreated in a stream of Ar at 500 ℃ for 1 h. A reducing gas, 10 vol % H2 

balanced with Ar, was then introduced to the reactor at a flow rate of 30 mL/min. The reduction 

temperature was raised from room temperature to 800 ℃ at a rate of 10 ℃/min, and H2 

consumption was recorded simultaneously with the thermal conductivity detector.  

2.3. Evaluation of Catalytic Performance. The activity of the synthesized catalysts was 

evaluated in a high-pressurehigh-temperature fixed-bed reactor. A schematic diagram of the 

experimental system is shown in Figure 2. The system had four gas supply streams, each equipped 

with a high-pressure mass flow controller (Brooks Instrument). When testing the catalysts, the 

inert gas stream (Ar or N2) was blocked off. The CO2 and O2 streams were combined before they 

were preheated. The preheater was a stainless-steel tube placed inside a Lindberg furnace (upper 

furnace in Figure 2) equipped with a temperature controller. The CH4 stream was combined with 

the preheated O2 and CO2 gas mixture just before entering the fixed-bed reactor to avoid any 

reaction in the preheater. The fixed-bed reactor was a 48.26-cm-high and 0.71-cm-i.d. stainless-

steel tube and was rated to 250 bar at 538 C. The reactor was heated by another Lindberg furnace 

(lower furnace in Figure 2) equipped with a temperature controller and a thermocouple close to 

the catalyst bed. A back-pressure controller was attached to the reactor outlet to control the 

pressure in the system. An infrared CO-CH4 dual gas analyzer (IR202 infrared gas analyzer, 

Yokogawa) and an O2 analyzer (OXYMAT 6E, Siemens) were used for in situ gas analysis. In 

addition, a residual gas analyzer (Cirrus 2, MKS Instruments) provided additional gas analysis as 
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needed. The temperature, pressure, and gas measurement readings were digitally fed to a computer 

to allow the operational parameters to be tracked continuously. 

 

Figure 2. Schematic diagram of the high-pressure fixed-bed reactor system used in this study. PR, 

pressure regulator; BPC, back-pressure controller; MF, mass flow controller; TCr, temperature 

controller; TC, thermal couple; RGA: Residual Gas Analyzer. 

During a typical run, 600 mg of catalyst powder was dispersed in inert silica (50–70 mesh) to 

a volume of 2 cm3. The solid mixture was loaded into the middle of the reactor tube and was 

supported by quartz wool. Unless otherwise specified, all screening experiments were carried out 

at 15 bar with a feed gas composed of 3 vol.% O2, 1.5 vol.% CH4, and CO2 as the balance gas, at 

a flow rate of 1 standard liter per minute (SLPM). Under this typical gas flow rate and at the bed 

volume used, the gas hourly space velocity (GHSV) under standard conditions was estimated at 

30,000 h1. Gas compositions and reaction temperatures were monitored and recorded in real time. 

It should be noted that duplicate or triplicate runs were not conducted for all testes but only for 

several selected tests. The results of replicate runs exhibited an average experimental error of 5% 

to 10% mainly incurred during the catalyst light-off stage. It is believed that the experimental error 

was attributable to the discrepancies in temperature and gas measurements, the size distribution of 
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catalyst particles, and the uniformity of catalyst particles dispersed in inert silica. 

3. RESULTS AND DISCUSSION 

3.1. Properties of the Prepared Catalysts.  3.1.1. Specific Surface Area. Table 2 summarizes 

the BET surface and pore volume measurements for the TiO2-supported Pd-based catalysts 

prepared by impregnation and the Co-based catalysts by co-precipitation. The surface area of TiO2 

for the as-received material dropped from approximately 51 m2/g to between 42 and 47 m2/g after 

impregnation and calcination to form the Pd-based catalysts. The porosity decreased with an 

increasing concentration of Ce, whereas it appeared to be independent of the Pd loading.  

Table 2. Summary of the Surface Area and Porosity Measurements for the Prepared 

Catalysts a 

Sample 
BET surface 
area (m2/g) 

BJH meso-/macro- 
pore volume (cm3/g) 

DFT micropore 
volume (cm3/g) 

Total porosity 
(cm3/g) 

 Pd-based catalysts 
Pd1/TiO2 46.78 0.34 0.0005 0.35 
Pd3/TiO2 44.69 0.34 ~0 0.34 
Pd5/TiO2 42.46 0.34 ~0 0.34 
Pd5Ce1/TiO2 47.11 0.34 ~0 0.34 
Pd5Ce5/TiO2 43.92 0.30 ~0 0.30 
Pd5Ce10/TiO2 42.99 0.27 0.0045 0.27 
TiO2 support 50.63 0.25 0.0066 0.26 
     
 Co-based catalysts 
Co 24.10 0.15 ~0 0.15 
Co50Mn1 32.84 0.20 ~0 0.20 
Co40Mn1 48.16 0.30 ~0 0.30 
Co30Mn1 52.52 0.25 ~0 0.25 
Co20Mn1 58.34 0.25 ~0 0.25 
Co10Mn1 68.26 0.24 ~0 0.24 
Co5Mn1 39.99 0.32 ~0 0.32 
a BJH: Barrett–Joyner–Halenda (BJH) method for determining the volumes of meso- and micro-pores; 

DFT: density function theory (DFT) calculations for estimating the volume of micro-pores. 
 

For the Co-based catalysts, an increase in surface area was observed as the concentration of 

Mn increased in the CoOx materials. The porosity was maximized at Co40Mn1, with a steady 
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decrease as more Mn was added. The exception was Co5Mn1, which showed the lowest surface 

area and largest meso-/macro-pore volume, most likely due to large pores formed. The greater 

surface areas and pore volumes of the CoMn catalysts compared with the pure Co oxide might be 

due to a multiple-step decomposition and oxidation of the Mn precursor from 

Mn(CH3COO)2ꞏ4H2O to MnxOy during the catalyst synthesis, as shown in Eq. 2.26  

Mn(CH3COO)2ꞏ4H2O 
~ଵଷ଴ °େ
ሱ⎯⎯⎯⎯ሮ Mn(CH3COO)2 

~ଶ଴଴ °େ
ሱ⎯⎯⎯⎯ሮ MnCO3 

~ଶସ଴ °େ 
ሱ⎯⎯⎯⎯ሮMnxOy. (2)  

3.1.2. Surface Speciation. The XPS spectra for the three Pd/TiO2 catalysts and the 

Pd5/Ce5/TiO2 catalyst are shown in Figure 3. The results of peak deconvolution revealed that Pd 

was present in three oxidation states (Pd, PdO, and PdOx), Ce was in two oxidation states (Ce3+ 

and Ce4+), and O was in three states, namely, lattice oxygen O2 (designated Oα), surface-adsorbed 

oxygen, such as defect-oxide O or hydroxyl-like group OH (designated Oβ), and adsorbed 

molecular water (designated Oϒ). These identified species were also observed in the Pd-based or 

oxide materials reported in the literature.27, 28 There are some degrees of shift towards lower 

binding energy in Pd 3d spectrum compared with the literature,27 indicating different interactions 

between Pd and the surface for the catalysts synthesized by the different approaches. In addition, 

compared with the Pd5/TiO2 catalyst, Pd 3d3/2 peak shift to higher binding energy for Pd5Ce5/TiO2 

could be attributed to an induced modification in the electronic structure because of the 

introduction of Ce.29 The compositions of different Pd and O species on the catalyst surface are 

summarized in Table 3. The speciation results show a general increase in surface atomic 

composition of Pd as the metal loading increased. Oα was the primary oxygen species detected for 

all Pd samples, but Oβ and Oϒ compositions were always present. The concentration of reduced 

Pd metal was maximized when using the Pd3/TiO2 catalyst sample (61%). Compared with 
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Pd5/TiO2, a main distinction with Pd5Ce5/TiO2 was the rise in Oβ due to the presence of Ce 

component. 

 

Figure 3. XPS spectra of Pd 3d (a), O 1S (b), and Ce 3d (c) of the Pd-based catalysts supported 

on TiO2.  

Table 3. XPS Results of Surface Atomic Compositions for Pd-Based Catalysts 

Sample 
Surface atomic composition (%) Surface species ratio 
Pd O Ti Ce Pd/PdOx/PdO Oα/Oβ/Oγ 

Pd1/TiO2 0.28 71.87 27.85 — 0.69/0.69/1:00 2.55/1.25/1.00 
Pd3/TiO2 0.66 71.47 27.87 — 2.56/0.62/1.00 2.58/0.94/1:00 
Pd5/TiO2 1.12 71.76 27.12 — 1.72/1.03/1.00 1.26/0.55/1.00 
Pd5Ce5/TiO2 1.68 71.85 25.42 1.06 0.87/0.50/1.00 2.33/1.56/1.00 

 

For the CoMn oxide catalysts (Figure 4), the Co 2p XPS spectra can be deconvoluted into two 

pairs of spin-orbit doublets ascribed to Co2+, with the peaks at 782.0 and 796.5 eV, and Co3+, with 

the peaks at 780.2 and 795.0 eV. The two Mn 2p3/2 and Mn 2p1/2 peaks at 641.8 and 653.3 eV 

belong to Mn2+, while the other two peaks at 643.3 and 653.8 eV belong to Mn3+. Tetravalent Mn 

(Mn4+) was not detected for all the catalysts. In the O 1s spectra, the peak at ~530.0 eV corresponds 
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to the lattice oxygen [Oα], and the peak at 531.5 eV corresponds to the adsorbed surface oxygen 

peaks [Oβ].30, 31 The XPS results revealed that the measured Co/Mn atomic ratio, which represented 

their contents on the catalyst surface, generally increased with but was always lower than the 

nominal Co/Mn ratio used for catalyst synthesis (Table 4). Cobalt was present predominantly in 

the form of Co3+ rather than Co2+. Both Mn3+ and Mn2+ were detected on the surface in similar 

amounts, but Co40Mn1 appeared to have the highest Mn3+/Mn2+ ratio. The XPS results also 

confirmed the predominance of oxygen on the surface compared with the other elements. The trend 

for oxygen speciation (i.e., oxide or adsorbed hydroxyl) did not appear to be related to the CoMn 

oxide composition. For all the samples, approximately half the oxygen was presented as oxide 

oxygen and the other half as hydroxyl oxygen. 

 

Figure 4. XPS spectra of Co 2p (a), Mn 2p (b), and O 1s (c) of the CoMn oxide catalysts. 

Table 4. XPS Results of Surface Atomic Compositions for CoMn Oxide Catalysts 

Sample 
Surface atomic composition Surface species ratio 

Co (%) Mn (%) O (%) Co/Mn Co3+/Co2+ Mn3+/Mn2+ Oα/Oβ 
Co 24.79 — 75.21 — 4.98:1 — 0.77:1 
Co5Mn1 13.54 5.05 81.41 2.68:1 3.54:1 1.04:1 1.08:1 
Co10Mn1 14.69 1.88 83.44 7.81:1 3.42:1 0.98:1 1.16:1 
Co20Mn1 21.57 1.57 76.86 13.74:1 4.23:1 0.32:1 1.42:1 
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Co30Mn1 18.01 0.91 81.01 19.79:1 4.00:1 1.68:1 1.23:1 
Co40Mn1 17.54 0.85 81.61 20.72:1 3.64:1 1.87:1 1.00:1 
Co50Mn1 15.25 0.57 84.19 26.91:1 4.33:1 0.66:1 0.80:1 

3.1.3. Reducibility of the CoMn Oxide Catalysts. Figure 5 shows the TPR curves for the pure 

Co oxide and CoMn oxide composites. Each sample has two major features related to its reduction 

profile: a low-temperature peak (between 320 and 360 C) and a broad high-temperature peak 

(between 480 and 580 C). The former is attributed to the reduction of Co3O4 (Co3+ and Co2+) to 

CoO (Co2+), or Mn2O3 (Mn3+) to Mn3O4 (Mn3+ and Mn2+), resulting in an uptake of H2.
30 In 

comparison, reduction of either Co2+ to Co metal or Mn3O4 (Mn3+ and Mn2+) to MnO (Mn2+) 

required higher temperatures, more H2 (larger area under the curve), and was kinetically slower 

(broader peaks), as indicated by the latter peak. Either the low-temperature TPR peak (between 

320 and 360 C) or the high-temperature peak (between 480 and 580 C) shifted to the right for 

all the CoMn catalysts, relative to the pure Co catalyst that was used as the control. This result 

suggested that doping Mn into Co caused a general decrease in its reducibility with H2. Using the 

value of the temperature peak as a measure, the reducibility of CoMn catalysts followed this trend: 

Co > Co10Mn1 > Co20Mn1 > Co30Mn1, Co40Mn1 > Co50Mn1, Co5Mn1. The TPR peaks indicate the 

presence of trivalent and bivalent Co and Mn species, which is consistent with the XPS analysis 

described above.  
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Figure 5. Spectra of the H2 temperature-programmed reduction analysis for CoMn oxide catalysts 

with varying Co/Mn ratios. 

3.2. Performance of the Pd-Based Catalysts. Figure 6a shows the conversions of O2 as a 

function of the reaction temperature over the Pd/TiO2 catalysts with different Pd loadings. The O2 

removal reaction lit off (i.e., at 50% O2 conversion) over Pd1/TiO2 at ~380 C. The O2 conversion 

increased sharply and reached about 90% at ~400 C. The light-off temperature for the Pd/TiO2 

catalysts decreased with increasing Pd loading: ~360 C for Pd3/TiO2 and ~340 C for Pd5/TiO2. 

The temperature at which the O2 conversion began to level off decreased with an increase in Pd 

loading. The maximum O2 conversion for these Pd catalysts was within 80-90%. Among them, 

Pd5/TiO2 had the best O2 removal activity. 
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Figure 6. (a) Oxygen conversions and (b) CH4 conversions over Pd/TiO2 catalysts. Flow rate: 1 

SLPM; feed gas: 1.5% CH4, 3% O2, and the balance CO2; total pressure: 15 bar; GHSV: 30,000 

h1.  

Figure 6b displays the CH4 conversions as a function of the reaction temperature over the three 

catalysts. The trends for CH4 conversion were similar to the O2 conversion for all the catalysts. A 

comparison between Figure 6a and Figure 6b suggests that the O2 removal process generally 

followed the stoichiometric reaction of complete O2 reduction with CH4 (i.e., 2O2 + CH4  CO2 

+ H2O). The consistency between the CH4 and O2 conversions was also confirmed by the 

negligible CO or H2 signals monitored by the residual gas analyzer or CO analyzer during all the 

experiments. We further conducted a thermodynamic equilibrium calculation based upon 

minimization of Gibbs free energy for the reaction system consisting of O2, CH4, CO2, H2O, CO, 

and H2 species. The calculation results suggest that at relatively low temperatures (<450 C) used 

in this study, formation of either CO or H2 in the equilibrium system is insignificant.  

The effect of incorporating the second metal, Ce, on the performance of the 5% Pd/TiO2 

catalyst is displayed in Figure 7. The addition of 1% Ce (Pd5Ce1/TiO2) had a negative impact on 
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the activity of the Pd5/TiO2 catalyst, especially in the light-off region (330–370 C). At above 370 

C, the O2 conversion over Pd5Ce1/TiO2 stabilized at a lower level than did that over Pd5/TiO2. 

When the Ce loading was increased to 5% (Pd5Ce5/TiO2), the activity was comparable to Pd5/TiO2 

within the temperature range tested. Increasing the Ce loading further to 10% led to a decrease in 

activity. In general, the addition of Ce did not enhance the activity of the Pd5/TiO2 catalyst for O2 

reduction by CH4 under stoichiometric conditions.  

 

Figure 7. Oxygen conversions as a function of temperature over Pd5Cem/TiO2 catalysts. Flow rate: 

1 SLPM; feed gas: 1.5% CH4, 3% O2, and the balance CO2; pressure: 15 bar; GHSV: 30,000 h1. 

The similar negative effect of Ce on the Pd catalyst was also observed in the catalytic 

combustion of CH4 in air in the literature. Under oxidizing conditions, the addition of Ce resulted 

in considerable decreases in CH4 conversion over the alumina-supported Pd catalysts compared 

with their Ce-free counterparts.32, 33 The reduced activity of the Ce-doped Pd catalysts was ascribed 

to the tendency of Ce to promote the formation of bulk oxide of Pd, which was less active than the 

surface oxygen on Pd crystallites.32 Thus, it is confirmed that this similar effect also occurred at 

stoichiometric or reducing reaction conditions for the CO2-enriched gas in this study. However, it 
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has been reported that the doping of Ce to the Pd catalyst was able to suppress CO formation 

during the O2 reduction by CH4.32 One possible explanation is that the presence of Ce (i.e., ceria) 

in the Pd catalyst provides surface oxygen that can react readily with adsorbed CO, which is 

produced from partial oxidation of CH4), on Pd metal to form CO2. However, our data indicate 

that the formation of CO was insignificant at relatively low temperatures used in this study. As a 

result, the effect of Ce on suppressing CO formation was not discernible.  

Figure 8 illustrates the effect of the operating pressure on O2 removal over the Pd5/TiO2 

catalyst. At atmospheric pressure, the O2 reduction reaction lit off at ~320 C, reached 

approximately 90% conversion at 340 C, and leveled between 340–400 C. Higher operating 

pressures led to increased light-off temperatures and lowered the maximum attainable O2 

conversion for the Pd5/TiO2 catalyst. This result indicates that the activity of the Pd-based catalyst 

was adversely affected when applied for purification of the pressurized oxy-combustion flue gas.  

 

Figure 8. Effect of total operating pressure on O2 removal over the Pd5/TiO2 catalyst. Flow rate: 

1 SLPM; feed gas: 1.5% CH4, 3% O2, and the balance CO2; GHSV: 30,000 h1. 
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To further study the sole impact of the CO2-rich gas environment, the reduction reaction of O2 

over the Pd5/TiO2 catalyst was investigated with a feed gas containing Ar instead of CO2 as the 

balance gas at 15 bar. Figure 9 compares the O2 conversions for the Pd5/TiO2 catalyst in an Ar-

enriched gas versus those in the CO2-enriched gas. Using Ar, the O2 conversion was higher at all 

temperatures, reaching slightly above 90% at 285 °C and leveled off for all higher temperatures 

tested (up to 400 °C). These results suggest that CO2 suppressed the reduction reaction of O2 

severely between 300 and 350 C and, to a lesser extent, above 350 C. However, our 

thermodynamic equilibrium calculation suggests that at the stoichiometric O2 to CH4 ratio, the 

change of CO2 partial pressure would barely affect the equilibrium conversions of O2 and CH4 at 

the tested temperatures, indicating there are no equilibrium limitations or by-reactions incurred by 

the enriched CO2. This result is consistent to the experimental observation that in either CO2- or 

Ar-enriched feeding gas, there were no significant amounts of CO and H2 produced. Thus, one 

underlying reason for the reduced Pd catalytic activity in a CO2-enriched feeding gas could be that 

CO2 either competed with CH4 and O2 species for absorption onto the active sites of the catalyst 

or inhibited desorption of CO2 product formed during the O2–CH4 reaction from the active sites. 

Overall, the pressurized CO2-rich flue gas imposes additional challenges for the purification of 

residual O2. 
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Figure 9. Oxygen conversions over the Pd5/TiO2 catalyst in balance Ar or CO2. Feed gas: 3.0 vol% 

O2, 1.5 vol% CH4, and the balance Ar or CO2; pressure: 15 bar; GHSV: 30,000 h1. 

3.3. Performance of the Cobalt-Based Catalysts. Figure 10a shows the O2 conversions as a 

function of the reaction temperature over the CoMn oxide catalysts synthesized at various Co/Mn 

ratios. For comparison, the performance of the Pd5/TiO2 catalyst prepared by impregnation is 

included in the figure. All but one of the CoMn catalysts showed a comparable or only slightly 

higher (<30 C) light-off temperature for the O2 reduction reaction than did Pd5/TiO2. The 

exception, Co5Mn1, could be partially attributed to its low BET surface area and large pore size 

compared with most of the other CoMn catalysts. Based on the light-off temperature, the order of 

O2 conversion activity of these catalysts are: Co40Mn1 > Co10Mn1 > Co30Mn1, Co20Mn1 > Co50Mn1, 

Co > Co5Mn1. Using the maximum O2 conversion attained between 380-430 °C, the activity 

follows the order: Co40Mn1 > Co50Mn1 > Co30Mn1, Co20Mn1, Co > Co5Mn1 > Co10Mn1. Therefore, 

we can conclude that the high Co/Mn ratios generally yielded better performances in O2 

conversion, but some Mn addition (e.g., Co/Mn > 10/1) led to an improvement relative to the pure 

Co system. Most notably was the Co40Mn1 catalyst, which had a light-off temperature of 
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approximately 340 C and achieved greater than 99.9% O2 conversion (i.e., <30 ppmv of O2 

detected after the reaction) at ~370 C. This level of conversion was maintained over all tested 

temperatures greater than 370 C up to 430 C. Thus, among the CoMn catalysts, Co40Mn1 

exhibited superior O2 reduction activity and achieved near complete removal of O2 under the 

stoichiometric O2/CH4 conditions.  

The performance data above indicate that the CoMn catalysts were generally better than or 

comparable to the noble Pd-based catalysts for the reduction of O2 by CH4. This result could be 

explained by the ability of the CoMn catalysts in absorption of oxygen, as the absorbed surface 

oxygen is considered to be associated directly with the O2 reduction activity of the catalysts.31 Our 

XPS analysis shown in Table 4 indicates that all the Co-based catalysts contained the abundant 

absorbed oxygen (Oβ) on the surface, judged by the Oα/Oβ ratio, which ranges between 0.77 and 

1.42. 

 Our previous X-ray diffraction measurement for the CoMn catalysts provided additional 

structural information that may be attributed to the observed high catalytic activity (See the 

Supporting Information, Figure S1). The Mn element was shown to be incorporated into the lattice 

of Co3O4 and form a solid solution of CoxMn3-xO4 (x depended on the Mn/Co ratio),34 which could 

be a highly disordered spinel structure. While spinels typically have a unit formula of AB2O4 (A 

and B represent coordinated cations), in which the A cations fill tetrahedral sites and the B cations 

fill octahedral sites, quite a few may also have a partially inversed structure in a formula of 

B(AB)O4, in which the A-site cations and half of the B-site cations switch places. A previous study 

on catalytic CH4 oxidation with CoMn oxides suggested that octahedral sites were preferentially 

occupied by trivalent Co cations and tetrahedral sites by divalent Mn, but other oxidative states of 

the Co and Mn cations were also present on both sites, leading to the partial disorder of the spinel 
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structure.24 The presence of various Co and Mn oxidative states on these two sites depended on 

their structural and redox properties. Such a structural disorder enhanced the activity of the reactive 

ions on the octahedral sites and facilitated the CH4 dehydroxylation during the O2–CH4 reaction.24 

In this study, all the synthesized CoMn catalysts contained both divalent and trivalent Mn and Co, 

which is the preferred atomic configuration for O2 conversion by CH4. It is also interesting to note 

that for the best-performing Co40Mn1 catalyst, the ratio of Mn3+ to Mn2+ on the surface was the 

largest (1.87) and that of Co3+/Co2+ (3.64) was one of the smallest compared with the other CoMn 

catalysts, as shown in Table 4. These ratios could be indicative of the equilibrium compositions of 

Mn and Co species on the octahedral and tetrahedral sites, which might determine the extent of 

structural partial disorder and the effectiveness in enhancing the catalytic activity. 

 

Figure 10. (a) Oxygen conversions and (b) CH4 conversions as a function of the reaction 

temperature over CoMn oxide catalysts. Flow rate: 1 SLPM; feed gas: 1.5% CH4, 3% O2, and the 

balance CO2; pressure: 15 bar; GHSV: 30,000 h1. 

Figure 10b displays the CH4 conversions for the tested CoMn catalysts. The CH4 conversion 

for each catalyst exhibited a trend similar to its respective O2 conversion. For instance, the 
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Co40Mn1 catalyst revealed the near complete conversion for either O2 or CH4 at temperatures of 

~370 C and greater. This was also consistent with the observation that negligible amounts of CO 

(10 ppmv) were detected in all the tests for the CoMn catalysts. Therefore, the CoMn oxide 

catalysts had superior selectivity for the conversion of CH4 towards CO2 over CO under the present 

test conditions.  

The best-performing catalyst, Co40Mn1, was further investigated for O2 removal in the presence 

of a trace amount of NOx. Both SO2 and NOx are the common byproducts of oxy-combustion.35, 36 

However, SO2 can be polished to below 1 ppm by caustic scrubbing.37 For NOx, while NO2 is 

relatively soluble in water and can be removed during caustic scrubbing, NO is difficult to get 

removed completely. Thus, NO is regarded as a major contaminant in real flue gas after scrubbing 

polishing. In this study, 12 ppmv of NO was introduced into the feed gas to simulate its typical 

concentration after the gas scrubbing treatment. Either 50 mg or 600 mg of the powder Co40Mn1 

catalyst, after being mixed into inert silica to obtain a bed volume of 2 cm3, was used to investigate 

the effect of NO on the O2 conversion. Low O2 conversions were obtained with 50 mg of Co40Mn1 

loaded in the reactor (Figure 11a) and high O2 conversions with 600 mg of Co40Mn1 (Figure 11b). 

Low O2 conversions led to high O2 concentrations in the reactor and vice versa. The results show 

that with either low or high O2 concentrations in the reactor, the presence of NO had a negligible 

effect on the O2 conversion at all temperatures.  
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Figure 11. Conversions of O2 at different reaction temperatures with or without the presence of 

12 ppmv of NO in the feed gas at a catalyst loading of (a) 50 mg and (b) 600 mg in the reactor. 

Flow rate: 1 SLPM; feed gas: 1.5% CH4, 3% O2, and the balance CO2; pressure: 15 bar; GHSV: 

30,000 h1; catalyst: Co40Mn1. 

The negligible effect of NO on the catalyst could be related to the electronic structures of NO 

and the thermodynamic and kinetic characteristics of the reaction between NO and O2. Nitric oxide 

has an unpaired electron and as a result, NO molecules tend to react with free O2 gas molecules 

rather than oxides, with or without promotion by a catalyst.38 Under normal processing conditions, 

the NO2, if formed from NO oxidation, may react with the metal oxides to form the nitrate salts, 

resulting in catalyst degradation. However, at the high temperatures used in this study, the 

formation of NO2 due to NO oxidation is thermodynamically unfavorable and because of its anti-

Arrhenius behavior, is also kinetically slow. Thus, the high activity and selectivity remained for 

the non-noble CoMn catalysts in the presence of NO. 
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4. CONCLUSIONS 

Both Pd-based and CoMn non-previous metal-based catalysts were developed for the catalytic 

removal of residual O2 from pressurized oxy-combustion flue gas streams. Palladium-based 

catalysts supported on titania were prepared by incipient wetness impregnation. Among them, the 

5% Pd/TiO2 catalyst exhibited the best performance for O2 removal from a simulated oxy-

combustion flue gas containing 3% O2 at 15 bar and achieved approximately 86% O2 removal 

above 350 C. Adding the Ce element to Pd/TiO2 catalysts did not exhibit improved catalytic 

activity. Increasing the operating pressure from 1 to 20 bar partially inhibited the catalytic 

conversion of O2, indicating that CO2 either competed with absorption of CH4 and O2 species or 

inhibited desorption of CO2 product. At higher operating pressures, the light-off temperature of 

the Pd/TiO2 catalyst was higher and the maximum attainable O2 conversion became lower. 

Cobalt-based composite catalysts were prepared by a co-precipitation method as a non-noble 

metal alternative to the Pd-based catalysts. Incorporating Mn into Co oxides generally increased 

the surface area and porosity of the composite catalyst. Cobalt was predominantly present in the 

form of Co3+ rather than Co2+, and Mn was in the forms of both Mn3+ and Mn2+ based on the XPS 

results. The Co40Mn1 catalyst was demonstrated to be the most active among all of the Co-based 

catalysts developed and outperformed the Pd-based catalyst (Pd5/TiO2). This catalyst was able to 

reduce the residual O2 from 3% to less than 30 ppmv (i.e., 99.9% removal), with negligible 

formation of CO (<10 ppmv) at 15 bar and above 370 C under the stoichiometric O2/CH4 

conditions. The superior activity of Co40Mn1 could be attributed to the disordered structures of the 

spinel sites that were favorable for catalyzing the reduction of O2. It is worth noting that the 

performance of the catalyst was not affected by the presence of trace amounts of NO gas 

contaminant. Compared with noble Pd-based catalysts, the CoMn catalysts are promising because 
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of their superior activity and selectivity for O2 removal, and their low cost. Results of this study 

provide the basis for scale-up studies in both the synthesis and performance of non-noble metal 

catalysts. 
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