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Highly Selective CO Removal by Sorption Enhanced Boudouard 
Reaction for Hydrogen Production 
Kumar R Routa*, María V Gilb and De Chenb* 

Development of an energy-efficient and cost-effective technology for purification of a hydrogen rich stream to achieve CO 
concentration below 10 ppm, suitable for low temperature fuel cell applications, is one of major objectives of energy 
research. Here we report the sorption enhanced Boudouard (SEB) reaction as an effective route for pure hydrogen 
production on metal-free catalysts by highly selective removal of CO and CO2 from a hydrogen rich stream, where CaO serves 
as both catalyst and CO2 sorbent. We reveal that the in-situ generated oxygen vacancy by CO adsorption on CaO catalyzes 
the sorption enhanced Boudouard reaction, hence Boudouard reaction and CO2 removal occurring simultaneously in a single 
step. The capture of CO2 in the presence of H2 by the solid sorbent shifts the chemical equilibrium towards the complete CO 
conversion. The results demonstrate a remarkable decrease in the CO concentration from 0.5% in a hydrogen rich stream 
to less than 5 ppm, suitable for low temperature fuel cells. It avoids a subsequent preferential oxidation process or 
methanation reaction, as well as an additional CO2 capture process. The feasibility of applying the sorption enhanced 
Boudouard reaction in the production of highly pure hydrogen (CO content less than 10 ppm) was demonstrated by 
multicycle tests of Boudouard-carbonation/regeneration on Ca-based oxides with stable cyclic operation.

1. Introduction 
It is widely accepted that hydrogen is an environmentally friendly 
and clean energy carrier for a sustainable energy system [1]. World 
consumption of hydrogen is expected to increase 3.5 percent 
annually to more than 300 billion cubic meters, not only for 
conventional industrial uses, such as petroleum refinery, chemical 
production, food processing, pharmaceutical or metal processing, 
but also for clean energy technologies, such as fuel cell vehicles and 
bio-refinery. Global hydrogen production mostly comes from natural 
gas (48%), oil (30%) and coal (18%), water electrolysis accounting for 
only 4% [2]. The most established technology to produce hydrogen 
on a commercial scale is nowadays the steam methane reforming 
(SMR) of natural gas. The synthesis gas is the typical intermediate for 
hydrogen production. High temperature- and low temperature 
water-gas shift (WGS) reactions are extensively used to increase the 
hydrogen content in the synthesis gas. Commercially, the syngas is 
usually passed through a dual-stage WGS reaction, with two reactors 
in series: a high temperature reactor (300-450 °C) and a low 
temperature reactor (180-270 °C). The high temperature reactor 
usually contains an iron oxide catalyst to convert bulk CO from ~15% 
to ~3%, whereas the low temperature reactor normally contains a 
copper catalyst for reducing the CO level to less than 0.4% [3, 4]. In 

the WGS reactors, CO reacts with water and produces CO2 and H2 by 
Eq. 1: 

CO + H2O ⟷ CO2 + H2                                                        (1) 
The product gas coming out from the low temperature WGS 

reactor still contains a high amount of CO, which is not suitable for 
certain uses, such as low temperature fuel cells [5]. It is well known 
that the fuel cell technology offers a highly efficient conversion of 
chemical energy into electrical energy without emission of 
environmental pollutants, thereby making fuel cells one of the most 
promising sources of power generation [5, 6]. Proton exchange 
membrane (PEM) fuel cells are a promising type of low temperature 
fuel cell being developed for transport applications as well as for 
stationary and portable fuel cell applications. The major challenge for 
low temperature fuel cell is that they are extremely sensitive towards 
impurities such as COx. The CO concentration in the hydrogen gas 
stream is typically required to be lower than 10 ppm [7]. Purification 
of the hydrogen stream is then essential, and several technologies 
are under development to produce fuel cell grade hydrogen, such as 
preferential oxidation (PROX) [5, 8, 9], selective methanation [10-
12], sorption enhanced water gas shift (SEWGS) reaction [13-16] and 
pressure swing adsorption (PSA) [17, 18]. In some cases, following 
the shift reactors, the syngas is fed to a CO2 capture unit based on 
physical solvents like selexol, rectisol, or chemical ones like amine-
based solvents. However, for a high purity hydrogen production, a 
PSA unit is needed as final step. 

Therefore, it is deduced that the removal of COx up to obtain ppm 
levels in a hydrogen stream makes the overall process quite complex, 
lengthy and with low yield, which hinders the application of the 
existing technology for hydrogen production in vehicular and small-
scale fuel cell applications. Furthermore, besides the consumption of 
fossil fuels, the overall process entails high capital costs [19]. Thus, 
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the development of more energy-efficient and cost-effective 
technologies for pure hydrogen production is highly desired. Hence, 
it is essential to find new routes for the removal of CO from hydrogen 
streams with the specific objective of application in fuel cell systems, 
which are highly selective and low-cost processes that provide the 
high yields of hydrogen needed. In the present work, the sorption 
enhanced Boudouard (SEB) reaction is purposed as a one-step high-
purity hydrogen production process, which could greatly simplify the 
procedure, increase the energy efficiency and reduce costs. 

Nowadays, an important research work is being carried out on 
the calcium looping process (CaL), which is a calcium sorbent-based 
chemical looping process that has the potential to increase the H2/CO 
ratio [20]. The CaL integrates the WGS reaction with in-situ CO2, 
sulfur and halide removal at high temperatures in a single-stage 
reactor. It utilizes a high temperature regenerable calcium oxide-
based sorbent (CaO), which apart from capturing the CO2, enhances 
the yield of H2 and simultaneously captures sulfur and halide 
impurities. However, it introduces issues and costs associated with 
the separation of the sorbent and catalyst prior to calcination, with 
the pretreatment of the catalyst to the active form after its 
deactivation in the presence of CO2 in the calciner at high 
temperatures, as well as with the replacement of the spent catalyst 
[21]. Recently, the WGS reaction has been performed in the presence 
of only a CaO sorbent [21]. The results obtained lead to the 
conclusion of that the WGS reaction takes place to a considerable 
extent even in the absence of a metal catalyst at relatively higher 
temperatures than the conventional WGS process. Thus, high purity 
H2 can be produced with very low levels of CO and CO2 during the 
pre-breakthrough region of the sorption curve while the CaO sorbent 
is active. However, the yield of H2 has not been reported in that study 
[21]. It is believed that the high purity of H2 is due to the shifting of 
the reaction equilibrium to the forward direction when the CO2 
formed is removed by the CaO. However, the possible interaction 
between CO and CaO has not been studied properly yet. Therefore, 
in the present work an attempt has been made for the first time to 
study the feasibility of the reaction between CO and CaO via the 
Sorption Enhanced Boudouard (SEB) reaction to increase the ratio of 
H2/CO in the syngas. 

In this work, we illustrate the feasibility of highly selective 
removal of CO by the SEB reaction up to reach ppm levels without 
consumption of hydrogen by thermodynamic analysis and 
experimental demonstration. We further demonstrate the feasibility 
of a continuous process by a cyclic carbonate looping process where 
the carbon formed by the SEB reaction can be burned effectively in 
air to supply heat for the regeneration of the saturated CaO 
materials. We study the effects of operation conditions, such as the 
concentration of H2 and the temperature, on the activity of the SEB 
reaction. We also demonstrate a remarkable reduction of the CO 
concentration from 0.5% in a syngas up to 5-10 ppm, which is 
suitable for low temperature fuel cells and avoids a subsequent 
preferential oxidation process. An oxygen vacancy mediated catalytic 
cycle of Boudouard reaction on calcium oxide is proposed in this 
study. 

 
 

2. Experimental 
2.1. CO2 sorbent 

Arctic dolomite was supplied by Franefoss Miljøkalk As, Norway. This 
has a purity of approximately 98.5 wt.% CaMg(CO3)2 and no sulfur 
according to X-ray fluorescence analysis. The dolomite was used as a 
precursor of CaO for the capture of CO2. The initial maximum CO2 
capture capacity was estimated as being 0.46 g CO2/g sorbent. The 
dolomite was ground and sieved to reach a particle size of 250-500 
μm. It was calcined in an air flow (200 mL min-1) at 900 °C for 4 h 
prior to its storage. 

2.2. Experimental procedure 

The SEB reaction experiments were carried out by passing the gas 
mixture over dolomite in a homemade fixed bed reactor 
thermogravimetric analyzer (TGA), where a good gas-solid contact is 
obtained. Gases were delivered by Bronkhorst® mass flow 
controllers. The dolomite, 3-20 gm sample, was inserted in the 
stainless tube fixed bed reactor, while the reactor is suspended from 
an electronic balance. A mass spectrometer (MS) was used to analyze 
the gas evolved during the experiments. The experiments were 
performed at 420-550 °C and 1 atm. A cyclic experiment was also 
carried out using a regeneration step at 800 °C in an N2 or air flow 
(1 NL min-1). The regeneration temperature was selected taking into 
consideration the thermodynamic limitations of the decarbonation 
reaction and the kinetics of the decarbonation of dolomite [22]. 

The dolomite sample was exposed to the inlet gas mixture for a 
time sufficiently long (approximately 250 minutes) to determine the 
weight gain of the sorbent. Thus, the weight change of the dolomite 
sample was continuously monitored. 

3. Thermodynamic analysis of sorption enhanced 
Boudouard reaction on CaO 

The Boudouard reaction is the redox reaction to form carbon dioxide 
and solid carbon from carbon monoxide, as it is shown in Eq. 2 [23]: 

                2CO ⟷ CO2 + C                   ∆H = -172 kJ/mol           (2) 

The Boudouard reaction is reversible and exothermic at all 
temperatures. However, at high temperatures (typically>700 ºC), 
when the large positive entropic term (T·ΔS) prevails the enthalpic 
component, the Gibbs free energy becomes negative (ΔG=ΔH-T·ΔS) 
and the reaction proceeds spontaneously to produce CO [24]. 
Likewise, at lower temperatures the forward exothermic reaction 
toward the formation of CO2 is favored, but the conversion is limited 
by thermodynamics. Based on Le Chatelier’s principle, the removal 
of CO2 in-situ by carbonation of an alkaline metal oxide such as CaO 
(Eq. 3) could enhance the conversion. The total reaction (Eq. 4) is 
called sorption enhanced Boudouard reaction, which is highly 
exothermic. 

              CaO + CO2 ⟷ CaCO3            ∆H = -178 kJ/mol          (3) 

The overall SEB reaction is shown in Eq. 4 as follows: 

           CaO + 2CO ⟷ CaCO3 + C        ∆H = -350 kJ/mol          (4) 
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Thermodynamic analyses of the Boudouard and the SEB 
reactions were conducted between 400 and 700 °C. The equilibrium 
composition was estimated by minimization of the Gibbs free energy 
of the system using Aspen Plus 8.6 software. The RGibbs reactor was 
specified as the reaction system and the Peng-Robinson 
thermodynamic package as the property method. The species 
included in the product pool were CO, CO2, C (graphite as solid 
carbon), CaO and CaCO3. The equilibrium partial pressure of CO as a 
function of temperature in a range of 400 and 700 °C is plotted in 
Fig. 1 for the thermodynamic analysis of both the SEB reaction and 
the Boudouard reaction. The results illustrate that the equilibrium 
partial pressure of CO for the SEB reaction is much lower than that 
for the Boudouard reaction at all the temperatures studied, clearly 
indicating the sorption enhanced effects. Moreover, for the SEB 
reaction at 400 °C, the CO and CO2 partial pressure values are close 
to zero, while between 400 and 450 °C only CO is present. This means 
that in the 400-450 °C temperature range almost all the CO2 formed 
is captured by the sorbent. It suggested that fuel cell grade hydrogen 
(CO content less than 10 ppm) can be obtained by fixation of CO to 
solids through the SEB reaction at mediate temperatures. In addition, 
based on Le Chatelier’s principle high pressure shifts the reaction 
towards CaCO3 and C formation, thus enhancing the conversion of 
CaO. 

The equilibrium CO2 concentration for the SEB reaction increases 
concurrently with increasing temperature because of the 
unfavorable thermodynamics of the carbonation reaction at high 
temperature. This led to a weaker sorption enhancement at higher 
temperatures, which is reflected by the increase in the CO 
concentration as temperature increases. 

The sorbent can be regenerated by air or oxygen following the 
Eq. (5): 

CaCO3 + C + O2 ⟷ CaO + 2CO2      ∆H = -41 kJ/mol      (5) 

The highly exothermic oxidation of solid carbon is effectively 
coupled with the highly endothermic decarbonation reaction. The 
regeneration is weakly exothermic. The overall cycle of SEB and 
regeneration is also an exothermic reaction. The temperature 
required for the regeneration depends on the equilibrium of the 
decarbonation of CaCO3. 

 

Fig. 1. Equilibrium partial pressure of CO (▬ ▬) vs. temperature for 
the Boudouard reaction, and equilibrium partial pressures of CO (▬) 
and CO2 (•••) vs. temperature for the sorption enhanced Boudouard 
(SEB) reaction. 

Using air for regeneration not only has the advantage of low cost, 
since it avoids expensive air purification for pure oxygen production, 
but also it lowers the temperature required for regeneration by 
decreasing the CO2 pressure. 

A relevant advantage of using the SEB reaction for the removal 
of CO is that it does not require a metal catalyst or steam during the 
reaction. The decomposition of CO by the Boudouard reaction to 
form carbon is a very slow reaction and hence is usually catalyzed by 
transition metals such as Fe, Ni or Co [25]. A CO2 sorbent has 
previously been used in literature [26, 27] to enhance the purity of 
hydrogen from syngas using the Boudouard reaction in conjunction 
of water gas shift reaction, but using metal catalysts and steam. 
However, it will be demonstrated in the present work that the SEB 
reaction would avoid the need of using a conventional catalyst by the 
shifting of the reaction equilibrium through the in situ CO2 removal 
by a CO2 sorbent. An additional advantage of the SEB reaction is that 
the thermodynamic analysis (one mole of CO2 is formed from two 
moles of CO) indicates that it is favored at higher pressures, so the 
efficiency of the CO disproportionation via the Boudouard reaction 
will be expected to increase at elevated pressures. 

4. Results and discussion 

4.1. Sorption enhanced Boudouard (SEB) reaction 

For the SEB reaction, thermodynamic analysis in Fig. 1 indicates that 
at 450 °C the CO level is 3 ppm and the CO2 level is 0.1 ppm. The CO 
level increases from 3 ppm at 450 °C to 10 ppm at 490 °C. This implies 
that the SEB reaction can produce such low CO and CO2 levels as 
required for low temperature fuel cells. Fig. 2 shows the 
experimental results of the SEB reaction in a CO2/CO/H2/N2 gas 
mixture on dolomite at 550 °C during the carbonation stage. The 
concentrations of CO2, CO and H2 in the gas mixture simulated the 
syngas composition. Afterwards, decarbonation was carried out in N2 
at 800 °C. The weight change, ∆w, of the dolomite as a function of 
the time of experiment (TOS: time on stream) is shown in Fig. 2a, 
while the outlet gas concentrations during the carbonation stage as 
a function of the TOS are shown in Fig. 2b. The gas consumption rates 
of CO and CO2 are shown as a function of TOS in Fig. 2c. 

Fig. 2b shows that the outlet CO2 concentration increases rapidly 
reaching the value of the inlet concentration (15 vol.%). Afterwards, 
the outlet CO2 concentration becomes slightly higher than the inlet 
CO2 concentration, indicating that additional CO2 is formed via the 
Boudouard reaction. The outlet concentration of CO is much lower 
than the inlet CO concentration and gradually decreases with TOS. 
Fig. 2c shows the gas consumption rates of CO and CO2 with the time, 
where the initial CO2 consumption rate is very high, but it 
experiences a very fast decrease and is almost zero after 
approximately 36 minutes of TOS. The weight of the dolomite 
increases concurrently with TOS (Fig. 2a) even after 36 minutes. The 
weight decreases after about 100 min, which is a result of the 
decarbonation of the sorbent in N2 at 800 °C, as shown in Fig. 2a. It 
is interesting to note that a mass of 0.17 g/g dolomite was remained 
after the complete decarbonation (Fig. 2a). On an assumption of full 
carbonation of CaO with the CO2 generated by the Boudouard 
reaction, the weight ratio of CO2 and C is 3.66. The ratio between the 
weight loss of CO2 release and the weight remained is 2.83, which is 
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lower than the theoretic value of 3.66 for the Boudouard reaction. It 
suggests that only part of the CO2 generated by the Boudouard 
reaction is captured by the carbonation reaction. The remained 
material was confirmed to be carbon by oxidation in air (Fig. 3), SEM 
(Fig. 5a) and Raman spectroscopy analysis (Fig. 5b). This agrees with 
the observation of Mondal et al. [28] in experiments on the 
separation of hydrogen from syngas using solid oxides, where 
significant carbon deposition due to the Boudouard reaction resulted 
in the deactivation of the oxides surfaces as a result of an insulated 
layer of carbon. All the results reveal that sorption enhanced 
Boudouard (SEB) takes place, where CO dissociates by the 
Boudouard reaction and it is converted to CO2 and solid carbon, while 
CO2 formed is captured by the CaO in the dolomite, in turn enhancing 
the Boudouard reaction. 

 

 

 
Fig. 2. Weight change, ∆w, of the dolomite sorbent (▬) (a), outlet CO 
(▬) and CO2 (▬) concentrations (b), and reaction rate of CO (▬) and 
CO2 (▬) (c) vs. time on stream (TOS) during an experiment with 
PCO2=0.15 bar + PCO=0.65 bar + PH2=0.12 bar (balance N2). 
Experimental conditions: Tcarbonation=550 °C, Tcalcination=800 °C 
(PN2=1 bar), dolomite=20 gm. 
 

The results might suggest competitive reactions on CaO surface 
between the direct carbonation of CO2 and the Boudouard reaction 
followed by the carbonation reaction. The surface Boudouard 
reaction possibly suppresses the direct carbonation of the CO2 in the 
gas phase. To confirm this hypothesis, Fig. 3 shows a comparison of 
the weight gains during experiments with CO2/N2 and CO2/CO/N2 gas 
mixtures using identical CO and CO2 pressures as in the previous 
experiment. The initial increase in the weight followed almost an 
identical rate for both mixtures. Taking into account the results in Fig. 
2b, showing a fast increase in the CO2 concentration, it can be 

suggested that direct CO2 carbonation takes place initially. Thus, the 
rate of weight increase was slower for the CO/CO2 mixture than in 
the experiment with only CO2. A more significant difference was 
observed in the regeneration step in N2. The CaCO3 formed in the 
experiment with only CO2 was completely regenerated, which was 
indicated by the complete weight loss, while the weight gained in the 
experiment with the CO/CO2 mixture was only partially lost, and the 
ratio of maximum weight and the remained weight was about 2.09, 
again lower than the theoretic value of 3.66. These results suggest 
that the SEB reaction is more preferable than the direct CO2 
carbonation, although the reaction rate of SEB is lower than that of 
direct carbonation. 

 

 
Fig. 3. Weight change, ∆w, of the dolomite sorbent vs. time on 
stream (TOS) during experiments with PCO2=0.15 bar (▬) and with 
PCO2=0.15 bar + PCO=0.65 bar (▬) (balance N2). Experimental 
conditions: Tcarbonation=550 ºC, Tcalcination=800 ºC (PN2=1 bar), 
dolomite=20 gm. 
 

By comparing Fig. 2a and Fig. 3, it can be deduced that the 
presence of H2 in the gas mixture significantly enhanced the SEB 
reaction. The average formation rate of carbon within 100 minutes 
increased from 1.1 to 1.7 mg/gdolomite,min and the weight ratio of CO2 
captured to C formed increased from 2.09 to 2.83, when hydrogen is 
added. It means that the average SEB rate increased from 0.091 to 
0.14 mmol/gdolomite,min. 

Carbon formed by the SEB reaction was studied by SEM analysis 
(Fig. 4a). After the SEB reaction, the solid material (sorbent and 
carbon) was washed to remove CaCO3 and unconverted CaO, while 
carbon was collected and analyzed by SEM. It can be seen that the 
carbon formed by the SEB reaction shows very thin crystalline sheets. 
Fig. 5a also shows that several graphene layers stacked with each 
other. Fig. 5b shows the Raman spectra of the carbon produced from 
the SEB reaction. The obtained Raman spectra is identical to that 
reported in the literature for graphite material [29]. The G and D 
peaks of Raman spectra lie around 1560 cm-1 and 1360 cm-1, 
respectively. This indicates that the carbon formed by the SEB 
reaction is highly graphitic. 

These results clearly demonstrated that the SEB reaction takes 
place in the absence of a conventional metal catalyst. It is therefore 
suggested that CaO present in the dolomite produces a catalytic 
effect over the Boudouard reaction under the studied conditions. 
Previous studies in the literature have reported that calcined 
dolomite can act as both CO2 sorbent and catalyst on sorption 
enhanced water gas shift experiments and that no addition of 
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conventionally employed catalysts (metals, metal oxides) is required 
[30, 31]. In the present work, CaO in calcined dolomite could 
therefore be responsible for the activity towards the Boudouard 
reaction, which would mean that calcined dolomite (CaO) may act as 
both catalyst and CO2 sorbent in the SEB process. It could be argued 
that Fe and other metals in dolomites can serve as catalysts for the 
Boudouard reaction. In order to check the possible effect of the 
metal impurities contained in dolomites on the SEB, a reference run 
was performed on a synthetic CaO material with a purity of 99.99% 
using a gas mixture of CO and H2 at 550 °C, as shown in Fig. 5. It shows 
that weight is gained with an almost constant rate of 7.1 
mg/gdolomite,min. This confirms that the CaO present in the dolomite 
can effectively be responsible for the activity towards the SEB 
reaction. 

 

 

 
Fig. 4. Structural characterization of the carbon produced by the SEB 
reaction: SEM image (a) and Raman spectra (b). 

 

 
Fig. 5. Weight change, ∆w, of the CaO-based synthetic sorbent vs. 
time on stream (TOS) during an experiment with PCO=0.25 bar + 
PH2=0.75 bar. Experimental conditions: Tcarbonation=550 °C, synthetic 
sorbent=10 gm. 
 
 

4.2. Selective removal of CO for pure hydrogen production   

Selective removal of CO from the CO/H2 mixture (0.5/99.5 molar 
ratio) was carried out on dolomite in the TGA-fixed bed reactor at 
420 °C. Fig. 6a shows the weight change of the dolomite, while Fig. 
6b shows the outlet CO concentration as a function of the time on 
stream. A very low CO concentration (<5 ppm) was detected during 
all the experimental time of about 12 hours. The weight of the 
dolomite increased concurrently with time on stream. The detected 
increase in the weight accounts well for the captured CO2 and the 
deposited carbon generated by the SEB reaction based on the mass 
balance. The results clearly demonstrate the SEB reaction as a new 
effective route to produce fuel-cell grade H2 without loss of 
hydrogen. 
 

 
Fig. 6. Weight change, ∆w, of the dolomite sorbent (a) and outlet CO 
concentration (b) vs. time on stream (TOS) during an experiment 
with PCO=0.005 bar + PH2=0.995 bar. Experimental conditions: 
Tcarbonation=420 °C, dolomite=3 gm. 
 

The effect of the temperature on the SEB reaction in a CO/H2 gas 
mixture is shown in Fig. 7. The weight change of the dolomite at 450 
and 550 °C as a function of the time of experiment is shown in Fig. 
7a, whereas the outlet gas concentrations for the experiment at 
550 °C as a function of the time of experiment are shown in Fig. 7b. 

 
Fig. 7. (a) Weight change, ∆w, of the dolomite sorbent during 
carbonation experiments at 450 °C (▬) and 550 °C (▬) with PCO=0.25 
bar + PH2=0.75 bar; (b) Outlet CO (▬) and CO2 (▬) concentrations vs. 
time on stream (TOS) during the carbonation experiment at 550 °C 
with PCO=0.25 bar + PH2=0.75 bar. Experimental conditions: 
dolomite=10 gm. 
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The dolomite experiences a much higher increase in its weight 
when the experiment is performed at 550 °C (Fig. 7a), which means 
that a higher amount of CO2 is captured by the sorbent and a higher 
deposition of carbon is taking place, i.e. the reaction rate of the SEB 
reaction increases with the increasing in temperature. Despite the 
favorable thermodynamics of the carbonation reaction at low 
temperature, which favors the SEB reaction, the kinetics of the 
process at low temperature is slower. Fig. 7b shows that the outlet 
CO2 concentration increases during the time of experiment as the 
sorbent is being saturated and loses capacity for the removal of CO2. 
The increase in the CO2 concentration is the result of its formation 
via the SEB reaction. Likewise, the outlet CO concentration increases 
with time (Fig. 7b) and it is lower than the inlet CO concentration 
along the experiment. 

Cyclic experiments were carried out with a CO/H2 gas mixture on 
dolomite at 550 °C during the carbonation stage and at 800 °C in N2 
during the regeneration step, which is followed by a combustion step 
in air in order to eliminate the deposited carbon. The cycle stability 
of the CO2 sorbent for the SEB reaction was tested in four 
carbonation/decarbonation cycles. Fig. 8 shows the weight change of 
the dolomite as a function of the time along the cycles. The results 
remain quite constant during the four cycles, which indicates no 
significant decrease in the CO2 capture capacity of the sorbent. 
Captured CO2 was calculated to be 4.6 gm/10 g dolomite in average 
of all the cycles. The weight ratio of CO2 to C is almost constant with 
a value of about 0.75 in all the cycles, which is much lower than the 
stoichiometric value of 3.66 for the Boudouard reaction. 

After the calcination step, the remaining weight change is 6.8 gm 
in average, which means 0.68 gcarbon/gfresh sorbent. This amount of 
carbon is higher than that shown in Fig. 2a, but in the cyclic 
experiment no CO2 had been added in the gas mixture and the 
concentration of H2 is quite higher. 

 

 
Fig. 8. Weight change, ∆w, of the dolomite sorbent vs. time on 
stream (TOS) for several cycles during an experiment with PCO=0.25 
bar + PH2=0.75 bar. Experimental conditions: Tcarbonation=550 °C, 
Tcalcination=800 °C (PN2=1 bar or Pair=1 bar), dolomite=10 gm. 

4.3. On the reaction mechanism 

Surface science and density functional theory (DFT) calculation on CO 
and CO2 interaction with CaO have been reported in the literature 
and they provide mechanistic insights [32]. CO2 and CO interaction 
with CaO surfaces has been studied by surface science techniques 
such as Metastable Induced Electron Spectroscopy (MIES), 
Ultraviolet Photoelectron Spectroscopy (UPS) and X-ray 

Photoelectron Spectroscopy (XPS) on CaO films [32]. Since CaO has 
not density of states near the Fermi level, no CO2 and CO dissociation 
is possible. The CO2 molecules impinge on the surface and form CO3

2- 
complexes with surface oxygen atoms. According to Kadossov et al. 
[33], the interaction between CO molecules and CaO(100) single 
crystal surfaces is very weak. Non-dissociative CO adsorption is found 
only at irregular sites, e.g. edges [33]. However, the formation of 
CO3

2- complexes was clearly observed by MIES and XPS when the CaO 
surface was exposed to CO, although the mechanism for the 
formation of CO3

2- complexes is unclear. DFT calculations [34, 35] 
predicted that these CO molecules are adsorbed via their C atoms on 
Ca sites, but rather weakly. On the polycrystalline CaO surfaces, no 
significant contributions from molecularly adsorbed CO were found 
in MIES or UPS spectra [32]. However, a UV-Visible and IR 
spectroscopic study of the adsorption of CO on microcrystalline MgO 
and CaO showed two types of adsorbed species, such as lower order 
non-reduced species incorporating surface oxide ions with 
Ca2+…(CO2)2- stoichiometry, and reduced polymeric species like cyclic 
anion species (CO)n

2- [36]. The formation of (CO3)2- was then 
proposed like:  

CO + O2- = (CO2)2- + VO (6) 

(CO2)2- + nCO = (Cn+1On+2)2- (7) 

(Cn+1On+2)2- + O2- = (CnOn)2- + (CO3)2- + VO
 (8) 

where VO is the oxygen vacancy. The proposed mechanism involved 
the formation of surface species (CO2)2- and the formation of reduced 
polymeric species such as (Cn+1On+2)2-. By the intervention of a further 
surface oxygen ion, ring closure occurs to give a resonance-stabilized 
polymeric carbanion (CnOn)2- and a carbonate species is rejected in 
the surface. This happened predominantly at n=5 on CaO [36]. 
Atomic-scale simulation, by means of density functional calculations 
and molecular dynamic simulation, has also been applied to 
understand the mechanism of carbonation of CaO. It pointed out O 
and C vacancies as thermally important defects, together with 
interstitial O. The joint C and O diffusion via vacancy mechanisms is 
important for CO2 diffusion within CaCO3 and CaCO3 growth. 
Formation and diffusion of (CO3)2- in the lattice of CaO generates the 
surface oxygen vacancy. The in-situ generated O vacancy seems to 
facilitate the CO dissociation, CO → C + O, and then O fills the surface 
oxygen vacancy, that reacts further with an undissociated CO(ads) to 
form surface CO2(ads) [37, 38]. Based on above discussion, a reaction 
mechanism of SEB is proposed in the scheme in Fig. 9: 

 

 
Fig. 9. The proposed reaction mechanism of the SEB reaction. 
 

The main feature of the mechanism is the oxygen vacancy as the 
active site for the SEB reaction, which is generated in-situ by CO 
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adsorption (Fig. 9). Moreover, the results in the present work have 
clearly revealed that hydrogen enhanced the SEB reaction. It could 
possibly suggest the hydrogen assisted CO activation on the oxygen 
vacancy, although the detailed mechanism needs to be further 
studied. 

5. Conclusions 

The proposed SEB process integrates the Boudouard reaction with in 
situ CO2 removal in a single step on a CaO based material, which not 
only catalyzes the Boudouard reaction but also removes the 
generated CO2 in situ. The direct tandem reaction on CaO by the 
formation of CaCO3 shifts the Boudouard reaction to a forward 
direction following the Le Chatelier’s principle, thus enhancing the 
CO conversion. Here we demonstrated the feasibility of the removal 
of CO without consumption of hydrogen by the SEB reaction on 
dolomite in the absence of conventional noble metal catalysts, 
achieving a CO concentration lower than 5 ppm. The presence of 
hydrogen enhanced the SEB reaction. This new process can replace 
the hydrogen purification processes such as methanation, which 
consumes hydrogen, or selective oxidation of CO, which requires 
pure oxygen and also consumes a part of the hydrogen. In addition, 
the SEB reaction combines the purification process with the CO2 
removal process, such as pressure swing process, in one-step. 
Moreover, the process allows the production of pure hydrogen with 
ultra-low concentrations of CO and CO2. The low temperature PEM 
fuel cell can benefit from such ultra-pure hydrogen. An oxygen 
vacancy mediated catalytic cycle of Boudouard reaction on metal 
oxide is proposed, including CO dissociation and CO reaction with 
lattice oxygen. It is expected that the chemistry of CO reaction on 
CaO can be also applied to other metal oxides as well as to process 
beyond CO removal, such as CO hydrogenation on metal oxides. 
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