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SUMMARY 
 

Adsorption behavior and kinetics of CO2, H2O and H2S on a hydrotalcite-based 

adsorbent for sorption-enhanced water-gas-shift. 

 

 

Hydrogen production from natural gas via steam methane reforming and water-gas-

shift is one of the main technologies currently used in industry. In order to reduce the 

associated anthropogenic CO2 emissions, carbon capture and storage (CCS) is 

considered as a promising strategy. A low energy penalty and a high carbon capture 

efficiency is required to make CCS economically viable. The sorption-enhanced water-

gas-shift (SEWGS) process combines the high temperature water-gas-shift reaction 

with in-situ adsorption of CO2, with which hydrogen production and carbon capture 

can be accomplished in one single process step. Potassium-promoted hydrotalcite-

based (HTC) sorbents (mixed metal oxides of Al2O3, MgO and K2CO3) show a high 

stability, fast kinetics and a high CO2 cyclic working capacity. In order to better 

understand and quantify the interactions between small gas molecules such as H2O, 

CO2 and H2S and the sorbent, the adsorption of of these molecules on K-promoted 

hydrotalcites and a K2CO3-promoted alumina were studied in detail using TGA 

(thermogravimetric analysis), PBR (packed bed reactor) breakthrough experiments, in-

situ infrared and characterization methods such as BET, XPS, XRD and NMR. 

 

To describe the observed complex adsorption behavior of CO2 and H2O on hydrotalcites 

and their cyclic working capacity, carefully designed TGA experiments were carried out 

for different sorbents. It was found that slow desorption kinetics limit the cyclic 

working capacity of the sorbent for both CO2 and H2O. A high operating temperature 

enhances the cyclic working capacity for CO2 due to an increase in the desorption 

kinetics. For H2O the highest cyclic working capacity does not only depend on the 

desorption kinetics, but also on the adsorption capacity, which is significantly reduced 

at higher temperatures. This is contrary to the results for CO2, where a change in 

operating temperature does not necessarily lead to a change in adsorption capacity.  

The mechanism for H2O and CO2 sorption seems to be different, where H2O adsorption 

seems to follow the principle of a physisorption mechanism, whereas CO2 adsorption 

could be explained by a chemical reaction. Working isotherms for both CO2 and H2O 

were determined for a sorbent with a Mg/Al ratio of 0.54. The sorbent shows a very high 
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cyclic working capacity for H2O with 1.06 mol/kg (PH2O = 0.42 bar) and 0.47 mol/kg (PCO2 

= 8 bar). 

 

TGA and PBR breakthrough experiments were conducted to study the influence of H2O 

on CO2 adsorption on the sorbent. The combination of these techniques gave important 

new insights on the kinetics and the adsorption mechanism of CO2 and H2O at different 

operating conditions and for different adsorbents. The developed adsorption model 

includes two independent adsorption sites for H2O and CO2 (referred to as sites A and 

B resp.) and another site which can be occupied by both CO2 and H2O, where one 

component replaces the other (site C) depending on their gas phase partial pressures. 

The cyclic working capacity of the different sorption sites and the influence of the half-

cycle time and operating temperature was studied in detail for the adsorption of CO2 

and H2O.  

 

An in-situ IR technique was used to study the reversible adsorption of CO2 and H2O at 

elevated temperatures on a hydrotalcite-based adsorbent. The formation of bidentate 

carbonate species was found to be responsible for the reversible (cyclic) adsorption 

capacity of the sorbent. Presence of H2O enhances the decomposition of bidentate 

carbonates that are bond to stronger basic suface-sites. The basic strength of the 

involved adsorption sites seems to be highly heterogeneous. At higher operating 

temperatures, the formation of bulk carbonates participates in the reversible 

adsorption of CO2, which explains the observed differences in adsorption kinetics at 

different temperatures. Bi-carbonate formation in the presence of H2O especially at 

lower operating temperature (300 °C) was observed during experiments. Transient 

absorbance of main absorption bands corresponds nicely to the observed weight 

changes in thermogravimetric analyses and can therefore be used to describe the 

reversible adsorption/desorption kinetics of CO2 and H2O on hydrotalcite-based 

adsorbents.    

 

For future sorbent development and sorbent selection, the influence of material 

composition on both the cyclic working capacity and the adsorption/desorption 

kinetics were studied in detail for CO2 and H2O. It was found that a higher Mg content 

improves the cyclic working capacity for CO2 due to the higher basicity of the material.  

Adsorption kinetics were different for sorbents with a higher Mg content, resulting in 

slower CO2 uptake after the first initial fast CO2 uptake, which is attributed to the slow 

formation of bulk carbonates. H2O sorption kinetics seem to be rather independent on 
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the chemical composition of the used materials. Potassium-promoted alumina shows a 

very stable CO2 cyclic working capacity compared to HTC-based sorbents. H2O sorption 

at high operating temperatures (> 500 °C) results in irreversible decomposition of 

carbonate species leading to a decrease in the CO2 cyclic working capacity.  

 

The developed adsorption mechanism for CO2 and H2O is applicable for sorbents with 

different material compositions, which is a very important observation regarding the 

development of comprehensive sorption models. TGA and PBR experiments using 

sequences of adsorption and desorption steps revealed that K2CO3 promotion seem to 

be mainly responsible for the reactive CO2 adsorption site that can be regenerated with 

H2O. For K2CO3 promoted alumina the cyclic working capacity of this adsorption site is 

enhanced compared to K2CO3 promoted hydrotalcites. The cyclic working capacity of 

CO2 on a different site that can be easily regenerated with N2 is dominant on K2CO3 

promoted hydrotalcites with a high Mg content. As a result, sorbents with a high MgO 

content will have a high CO2 cyclic working capacity under dry regeneration conditions. 

The hydrotalcite-based sorbent with a lower MgO content has the highest cyclic 

working capacity for CO2 under wet regeneration conditions and is therefore the 

preferred sorbent for sorption-enhanced water-gas shift applications.  

 

Based on the developed mechanism describing the CO2 and H2O interaction on 

potassium-promoted sorbents and the observations made during in-situ IR a kinetic 

model was developed. The Elovich equation, where the activation energy of desorption 

changes linear as function of the surface coverage was used to account for the surface 

heterogeneity of the sorbent for both CO2 and H2O. A simple first order adsorption 

model with a Freundlich approach was used to describe the adsorption and desorption 

on the adsorption sites that can be regenerated with N2. Replacement of CO2 by H2O 

and vice versa was implemented as a reaction in the model, where a fixed capacity and 

equimolar exchange between CO2 and H2O were assumed. The desorption of CO2 and 

H2O from the exchange site upon thermal treatment, which was demonstrated for CO2 

experimentally, was accounted for. Different experiments were used to fit kinetic 

parameters by error minimization between experimental and model data. The 

developed and relatively simple kinetic model can describe the observations in the TGA 

and PBR experiments quite adequately. This is the first time that the adsorption of H2O 

and CO2, and the exchange of CO2 by H2O and vice versa on hydrotalcite-based 

adsorbents are described with a kinetic model.  
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In addition, H2S adsorption on hydrotalcites was studied to investigate the influence of 

H2S (present in solids fuel derived syngas) on the sorption behavior. It was shown that 

the sorption model developed for CO2 and H2O can also be applied for the binary 

interactions between H2S and H2O, and CO2 and H2S. The nature of the interactions of 

CO2 and H2S with the sorbent is very strong in comparison to the interactions with H2O. 

Due to the high cyclic working capacity for H2S this sorbent may also be a suitable 

candidate for H2S removal from gas streams at elevated temperatures.  

 

27Al nuclear magnetic resonance spectroscopy (NMR) and X-ray photoelectron 

spectroscopy (XPS) were used to investigate the role of Al in the structure of 

hydrotalcite-based adsorbents upon chemisorption of different sorbates such as CO2, 

H2O and H2S at elevated temperature. A semi in-situ analysis technique was developed 

and applied in order to prevent structural changes in the sorbent structure upon 

exposure to the atmosphere. It was found that Al is tetrahedrally and octahedrally 

coordinated in calcined sorbents. Two different tetrahedrally coordinated Al species 

could be distinguished, where their quantitative appearance depends on the Al/Mg 

content in the material. A higher Mg content lead to a higher distortion and to the 

formation of more tetrahedrally coordinated Al with a high chemical shift. Where CO2 

and H2O adsorption does not seem to influence well-coordinated Al, H2S chemisorption 

leads to the formation of an additional tetrahedrally coordinated site with a high 

chemical shift. XPS revealed the formation of a sulfate complex, that is reversible when 

the adsorbent is exposed to H2O.  

 

The results of this study are valuable for the further optimization of the cycle design of 

SEWGS processes and for the development and design of new processes exploiting 

hydrotalcite-based adsorbents for sour gas adsorption at elevated temperatures.
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1 
1.1 Hydrogen Production and CCS  

The worldwide demand for hydrogen has steadily increased in recent years. Currently, 

the global annual production of hydrogen is about 38 Mt/year. Among the different 

possible routes for hydrogen production, conventional Steam Methane Reforming 

(SMR) (of natural gas) is one of the most often-used production technologies. Another 

economically feasible route is coal gasification, because coal is more abundant and 

cheaper than natural gas [1]. However, hydrogen production from coal gasification 

results in twice as high carbon emissions compared to natural gas. Additionally, 

investment costs are three times higher for a coal-based syngas plant compared to a 

plant using natural gas [2]. Considering the additional hydrogen production from oil, 

96% of the current hydrogen production is based on fossil fuels and only about 4% is 

produced by electrolysis. (Figure 1.1) 

 

Figure 1.1 Feedstocks used in the global production of hydrogen [3]. 

 

An important disadvantage of these hydrogen production methods are the associated 

large emissions of CO2 into the atmosphere. To reduce the greenhouse gas effect, mainly 

related to the high atmospheric concentrations of CO2, Carbon Capture and Storage 

(CCS) has been proposed as a possible strategy to reduce anthropogenic CO2 emissions. 

While CCS has been demonstrated at different scales, the high investments costs related 

to the CO2 capture step are hampering its large-scale application in industry [4].  

Without CCS, the associated annual carbon emissions for hydrogen production is 255 

Mt (H2 production from natural gas) and 518 Mt from coal plants. CCS has the potential 

to reduce these emissions to 42 Mt  and 83 Mt, respectively [3].  
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1 
1.2 Hydrogen production from natural gas and sorption enhanced water-gas 

shift (SEWGS) 

Hydrogen production from natural gas is industrially mostly carried out via steam 

methane reforming. In this process two main reactions are involved. The (steam) 

methane reforming reaction is a highly endothermic equilibrium reaction, which is 

usually carried out at high temperatures between 800 and 1000 °C (see Equation 1.1) in 

a reformer reactor (generally a top-fired or wall-fired multitubular packed bed). CH4 is 

converted into CO and H2 in a first reaction step.  In a second step, CO is converted into 

CO2 by the slightly exothermic water-gas shift reaction (WGS) which is usually carried 

out in two consecutive reactors to achieve a high conversion of CO (see Equation 1.2). 

The gas from the reformer systems is first introduced into a high-temperature shift 

reactor (HTS), employing usually an iron oxide-based catalyst. The second reactor 

operates at a significantly lower temperature with a Cu-based catalyst, as iron oxide 

catalysts are less active at lower temperatures, to shift the equilibrium towards 

hydrogen production. Modern two-stage WGS converter systems reduce CO 

concentrations from high concentrations of 10-50 % to about 0.3% (wt.) [5]. A Pressure 

Swing Adsorption (PSA) unit is used to further purify the H2 stream and remove the 

CO2 at the end of the process. A schematic overview of the conventional steam methane 

reforming process is given in Figure 1.2. 

 

4 2 23 CH H O CO H    
298

0 206  / KH kJ mol     (1.1) 

2 2 2 CO H O CO H   
298

0 41  /KH kJ mol    (1.2) 

 

 

Figure 1.2 Hydrogen production via conventional steam methane reforming with WGS and PSA 

without CO2 capture 
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The sorption-enhanced water-gas shift (SEWGS) process is a technology for hydrogen 

production with integrated CO2 capture [6]. This technology is based on CO2 adsorption 

on solid materials (sorbent) at temperatures between 350 and 550 °C during the water-

gas shift reaction. This allows separating the CO2 in situ and thus shifting the WGS 

equilibrium towards higher conversions. Syngas is thus converted and separated into 

two streams of H2 and CO2, which makes SEWGS exceptionally suitable for pre-

combustion CO2 capture [7]. Higher CO2 capture ratios at lower energy penalties and at 

lower costs make SEWGS a promising technology in comparison with more mature 

technologies based on liquid solvents [8]. Usually, the functions of the second water-

gas shift reactor and the PSA gas absorber can be combined in a SEWGS unit, reducing 

the number of process steps and required equipment (Figure 1.3). It has been 

demonstrated that SEWGS can reduce the CO2 capture costs by more than 17% 

compared to the Selexol process in an integrated gasification combined cycle (IGCC) 

power plant [9]. 

 

Figure 1.3 Steam methane reforming process with SEWGS Unit 

 

Different steps are involved in a sorption-enhanced water-gas-shift cycle. During the 

first feed step, where the WGS-reaction and the CO2 adsorption take place at high 

pressures, a hydrogen rich product stream is obtained. Afterwards, a rinse step is used 

to remove some of the residual H2 using high-pressure steam. Lowering the pressure 

and purging the column with low-pressure steam leads to the desorption of CO2 and 

regeneration of the adsorbent. Usually, the depressurization involves different pressure 

steps (equalizations), where the columns are connected to increase the overall process 

efficiency, as already reported in the literature [10], [11]. In a final step, the column is 
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1 
re-pressurized with some of the effluent gas from other reactors containing marginal 

quantities of CO2 [10]. 

 

1.3 Adsorbents for SEWGS 

Different materials, such as carbon-based adsorbents, sodium zirconates, lithium 

zirconates, basic alumina and CaO have been investigated for their use in a SEWGS 

process [12]. However, most adsorbents have shown poor mechanical stability, 

sorption kinetic limitations at relevant operating conditions or are simply too 

expensive. Due to their high thermal stability [13], [14], fast sorption kinetics [15], [16] 

and high selectivity towards CO2, hydrotalcite-based adsorbents are considered as very 

suitable candidates for the SEWGS process.  

Hydrotalcites are layered double hydroxides (LDH), which belong to the group of 

anionic clays. These materials are used in a wide range of applications as catalyst, 

precursors and adsorbents [17]. Several thousands of tons of HTC’s are produced 

annually by different chemical companies, such as BASF, SASOL, Clariant, Kisuma 

Chemicals, Sakai Chemical. [18]. The original structure at room temperature of these 

materials is close to that of brucite (Mg(OH)2), in which the Mg cation is octahedrally 

surrounded by hydroxyl groups. These octahedra of Mg2+ are joined along their edges, 

forming infinite sheets which are stacked on top of each other, hold together by 

hydrogen bonding [19]. Partial substitution of the bivalent Mg2+ ion by trivalent Al3+ 

generates a net positive charge of the layer. Different anions like CO3
2-, Cl-, NO3

2- and 

SO4
2- usually compensate for this charge imbalance [20]–[22]. Other elements such as 

Cu, Ni, Mn, and Zn can be substituted for the bivalent Mg2+ anion and elements such as 

Al, Fe, Cr and V can be substituted for the trivalent anion (M3+). Usually, water is 

present with the compensating anions in the interlayer resulting in the layered 

structure of hydrotalcites. Temperature, water vapor pressure and the type of the 

anions can influence the number of water molecules present in the interlayer [23]. A 

general formula for this type of materials is [M2+
1-x M3+

x(OH)2]x+ • [An-
x/n • nH2O]x-. Here 

M2+ is a divalent cation like Mg2+, Ni2+, Zn2+, Cu2+ and M3+ is a trivalent cation like Al3+, 

Fe3+ or Cr3+. An- is an interlayer anion such as CO3
2-, SO4

2-, NO3
-, Cl- or OH-. A schematic 

representation of a layered double hydroxide (LDH) can be seen in Figure 1.4. 
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Figure 1.4 General structure for a layered double hydroxide [24] 

 

The atomic ratio between Mg/Al can vary for synthetic samples of hydrotalcites [25]. A 

higher Al content in hydrotalcites can lead to the formation of Al(OH)3 because of the 

increasing number of neighboring Al-containing octahedra. Low Mg/Al ratios lead to a 

high density of Mg-containing octahedra in brucite-type sheets and to segregation of 

Mg(OH)2 [23]. One crucial factor for the basicity of hydrotalcites and their derivates is 

the Mg content. A higher Mg content can increase the number of basic sites [21]. The 

basic site density is an important parameter regarding the adsorption capacity for 

different acidic gases like CO2 or H2S. It was reported that the highest concentration of 

strong basic sites is found for pure MgO, whereas the number of low- and medium-

strength sites increases with increasing Al content [26].  

 

The clay-layered structure is no longer present at elevated temperatures, which is 

important for SEWGS, where CO2 is adsorbed at relatively high temperatures between 

300 and 500 °C. Fresh hydrotalcites are highly hydrated materials and release CO2 and 

H2O upon heat treatment, where Mg-Al hydrotalcites are converted into well-dispersed 

Mg(Al)O mixed metal oxides. The mixed metal oxide usually has a higher surface area 

due to the formation of significant porosity [27]. A first weight loss is detected between 

70 °C and 280 °C, which is mainly attributed to the loss of interlayer water which is a 

reversible process [21]. CO2 and H2O is usually released between 250 °C and 450 °C, 

which is reversible if the temperature is not higher than 550 °C – 600 °C [28]. Basic and 

acid sites are formed during the heating process and a moderate increase in surface 

area has been reported, attributed to a cratering mechanism caused by the release of 

CO2 and H2O [28]. At high temperatures, close to 1000 °C, the formation of a spinel 
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phase has been reported [29]. In general, the decomposition of hydrotalcites and the 

release of CO2 and H2O strongly depends on the preparation method, the composition 

and the used temperature during calcination. It was reported that rapid heating would 

lead to an amorphous material with mixtures of octahedral and tetrahedral coordinated 

aluminum sites, where a slow heating rate results in a similar structure to the parent 

LDH before heating [30]. Hydrotalcites have a memory effect as reconstruction to the 

layered structure is observed by exposing the material to water at lower temperatures 

[31]. 

 

Impregnation of the mixed metal oxide with alkaline-metals like K2CO3  has shown to 

improve the adsorption capacity of basic species on the adsorbent [12], [15], [16], [32]–

[35]. K2CO3 promoted commercial hydrotalcites have been investigated frequently. 

Where usually a higher MgO content improves the amount of CO2 that can be adsorbed, 

some mechanical stability issues were reported at high partial pressures of CO2 and H2O 

for this type of sorbents due to the formation of bulk potassium carbonate [8], [14].  

 

1.4 About the research 

Although the adsorption capacities of different sorbents were amply studied in the past 

[22], [33]–[39], the influence of the cycle time and operating temperature on the 

adsorption capacity and adsorption and desorption kinetics of both CO2 and H2O and 

their mutual interactions is still not well understood. This thesis aims at filling this gap 

in the open literature and develop a sorption model that can be used for further 

optimization of SEWGS reactors and sorption processes in general. 

To study the performance of commercially available and stable hydrotalcite-based 

adsorbents a TGA (thermogravimetric analysis) study on the adsorption of CO2 and 

H2O and their mixtures at different temperatures, pressures (up to 10 bar total 

pressure) and cycle times was carried out. The results of this study are presented in 

Chapter 2 of this Thesis. 

 

Although it has been reported frequently that the presence of steam can enhance the 

cyclic working capacity of the sorbent [16], [40], the interaction of CO2 and H2O on the 

adsorbent and the mechanism behind the CO2 and H2O adsorption is indeed not fully 

understood yet. In Chapter 3 of this thesis, a combined experimental study using both 

TGA and PBR (packed bed reactor) breakthrough experiments is carried out to 

investigate and quantify the interactions of both sorbate species CO2 and H2O. A 



 Chapter 1 
 

14 

 

1 
mechanistic model considering different adsorption sites was developed to describe the 

cyclic working capacities of both CO2 and H2O at different operating conditions.  

 

Characterization methods to investigate the structural changes in hydrotalcite-based 

adsorbents are very difficult for several reasons. Commonly used X-ray crystallography 

does not result in a sufficiently high resolution to study changes on the material. 

Moreover, the sorbent generally tends to react immediately with CO2 and H2O present 

in the atmosphere, which makes ex-situ characterization quite difficult to capture 

structural changes during adsorption. With in-situ characterization methods the 

changes on the sorbent surface during adsorption of CO2 and H2O could be investigated, 

however, high operating temperatures and steam are required which requires dedicated 

equipment. In Chapter 4, in-situ IR has been used for the first time to characterize 

sorbents during adsorption and desorption of CO2 and H2O in a cyclic mode, enabling 

important observations regarding the adsorption sites present on the sorbent. 

 

Material composition can have a significant effect on the performance of the sorbent 

under different operating conditions. A higher magnesium content usually increases 

the capacity of the material to adsorb CO2. Also, it has been reported that potassium-

promoted alumina can adsorb large quantities of CO2 under SWEGS conditions [32]. In 

Chapter 5 the effect of the material composition on the adsorption kinetics, cyclic 

adsorption capacity of CO2 and H2O independently and the chemical stability of the 

sorbent was investigated using TGA, TGA-TPD and TGA-MS. Effect of steam on the 

adsorption behavior of CO2 and the influence on the different adsorption sites and their 

behavior during cyclic operation at different operating conditions for different partial 

pressures of the sorbate species was studied in detail with both TGA and PBR 

experiments in Chapter 6. Where Chapter 5 focuses on the adsorption behavior of single 

sorbate species, Chapter 6 includes the interaction of CO2 and H2O on the sorbent. 

 

To design and optimize the cycles in SEWGS plants, accurate modeling of adsorption 

and regeneration of different sorbate species in an adsorber column is required. 

Different modeling approaches have been presented in the past, to quantitatively 

describe the adsorption of CO2 on the sorbent [41]–[44]. More recently, also isotherms 

of H2O have been included in a model to describe the adsorption of steam on the 

adsorbent [7], [11]. The new insights in the behavior of the material requires a model 

consisting of different adsorption sites. Therefore, a kinetic model based on a large set 

of different TGA experiments was developed in Chapter 7.  
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The presence of H2S and its possible interaction with the sorbent and its influence on 

the adsorption of CO2 and H2O during SEWGS cycles has not been studied in detail yet. 

Although it was reported that small quantities of H2S (up to 2000 ppm) seem to have 

little influence on the adsorption capacity [45], [46], the sorbent is able to adsorb H2S. 

In Chapter 8 relatively high concentrations of H2S (up to 5%) and the interaction with 

the sorbent material and the sorbates CO2 and H2O was investigated with an extensive 

experimental study including both TGA and PBR experiments. 

 

27Al-NMR and XPS were used in this work to investigate the role of aluminum in the 

structure of hydrotalcite-based sorbents on the chemisorption mechanism of different 

sorbate species such as CO2, H2O and H2S, at elevated temperatures in Chapter 9. 

Sorbent materials with different Al/Mg ratios were investigated to study the influence 

of material composition on the Al coordination. Additonaly a semi in-situ experiment 

design was used to in order to characterize sorbent material after sorption experiments 

of CO2, H2O and H2S. 
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Abstract 

 
The adsorption behavior of carbon dioxide and water on a K-promoted hydrotalcite 
based adsorbent has been studied by thermogravimetric analysis with the aim to 
better understand the kinetic behavior and mechanism of such material in sorption-
enhanced water-gas shift applications.  
The cyclic adsorption capacity was measured as a function of temperature (300 °C – 
500 °C), pressure (0 - 8 bar) and cycle time. Both species interact at elevated 
temperatures with the adsorbent. The history of the adsorbent 
(pretreatment/desorption conditions) has a profound influence on its sorption 
capacity. Slow desorption kinetics determine the sorption capacity during cyclic 
operation, where a high temperature during the desorption and long half-cycle times 
increases the cyclic working capacity for both CO2 and H2O significantly. Accounting 
for the sorbent history and the definition of adsorption capacity are very important 
features when comparing sorption capacities to values reported in literature. The 
adsorbent shows very high capacities for H2O compared to CO2, which has not been 
reported in the literature up to now. The mechanism for H2O and CO2 adsorption 
seems to be different. Whereas H2O adsorption seems to follow the principles of a 
simple physisorption mechanism, CO2 adsorption can only be explained by a 
chemical reaction with the adsorbent. Working isotherms (cyclic working capacity 
at isothermal conditions at different pressures) of both CO2 and H2O were measured 
up to 8 bar total pressure. Higher partial pressures increase the cyclic working 
capacity of the adsorbent up to 0.47 mmol/g for CO2 (PCO2 = 8 bar) and 1.06 mmol/g 
for H2O (PH2O = 4.2 bar) at 400 °C after 30 min of adsorption followed by 30 minutes 
of dry regeneration with N2. 
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2.1 Introduction 

Commercially available hydrotalcite based adsorbents from SASOL (Germany) have 

been frequently investigated in the literature [11], [22], [40], [46]–[50]. Adsorbents with 

different Mg/Al ratio have been investigated in the past [40]. Although adsorbents with 

a higher Mg content show higher sorption capacities, mechanical stability issues have 

been reported at high pressure of steam and CO2, due to the formation of bulk MgCO3 

[8], [14]. A potassium-promoted hydrotalcite based adsorbent from SASOL (KMG30) 

has been tested in semi-industrial scale and has shown the needed requirements in 

terms of mechanical stability and CO2 capacity [8]. Isotherms for CO2 and H2O 

adsorption have been measured for this adsorbent by means of breakthrough 

experiments and a model has been developed to describe the interaction of both species 

with the adsorbent [49]. Although the influence of steam on the adsorption of CO2 has 

been reported in the literature, the ability of the adsorbent to adsorb steam at relevant 

conditions has not been investigated in detail so far.  

To elucidate the adsorption mechanism of CO2 and H2O on this kind of sorbents, the 

adsorption of CO2 and H2O has been investigated in detail in this chapter. Experiments 

in a Thermogravimetric Analyzer (TGA) have been carried out under different 

conditions for CO2 and H2O to study the adsorption mechanism and kinetics of both 

species. 

 
2.2 Materials and methods: 

A calcined potassium-promoted hydrotalcite-based adsorbent with a Mg/Al molar ratio 

of 0.54 and a potassium loading of approximately 20 wt.%, produced by Sasol Germany, 

was used in the experiments and will be further denoted as KMG30 (Puralox). The 

material was pre-calcined at 250 °C and 450 °C for 24 hours [40]. The adsorbent pellets 

(4.7 x 4.7 mm) were milled in a ball mill (Fritsch Pulverisette 6) to produce powder that 

has been used in TGA-measurements. After milling the powder has been dried at 250 

°C for two hours to remove moisture.  

 

The material was characterized using a helium Pycnometer (Quantachrome Upyc 

1200e), BET (Thermo Fischer Surfer), Mercury porosimetry (Thermo Fischer Pascal 

140/440), XRD (Rigaku Miniflex 600) and SEM-EDX (FEI-Quanta) to study the 

morphology of the used material. Particle size distribution was measured in a Fritsch 

Analysette 22 laser Particle Sizer. 
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A screening experiment in a Mettler Toledo TGA was carried out to determine the 

decomposition of the material during heat treatment. A Pfeiffer vacuum mass 

spectrometer connected to the outlet of the TGA was used to determine the release of 

H2O and CO2. A total flow of 40 ml/min containing 50% N2 and 50% He was used during 

the experiment. The sample was heated to 900 °C at a rate of 20 °C/min. 

 

Adsorption experiments were carried out in an in-house developed TGA setup for 

atmospheric pressure (see Figure 2.1 ). A microbalance (CI-Precision MK2-5M) with a 

sensitivity of 0.1 µg and a maximum capacity of 5 g and +/- 500 mg operating range 

attached to a quartz reactor allowed accurate weight change measurements. The 

temperature of the balance head was kept constant and the balance head was 

continuously purged with N2 to prevent reactive gas mixtures entering the balance. The 

gas feeding system consisted of Bronkhorst mass flow controllers (MFC). A Bronkhorst 

Controlled Evaporator Mixer (CEM) was installed to introduce desired quantities of 

steam into the gas mixture. All gas lines were traced and insulated to avoid steam 

condensation. A porous quartz basket was used; typically, the sorbent mass was 100 

mg. The temperature in the reactor was controlled using a thermocouple positioned 

close to the sample to ensure stable conditions. A total flow rate of 480 ml/min was used 

during all experiments at atmospheric pressure. The absence of mass transfer 

limitations (both internal and external) at these conditions has been confirmed in 

separate experiments. Therefore, experiments at different gas flow rate were carried 

out to exclude external mass transfer limitations. An experiment where the adsorption 

rate for both CO2 and H2O were compared for the mentioned powder size and pellets 

with a size of a few mm have shown the same adsorption rates excluding also internal 

mass transfer limitations.  
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Figure 2.1 P&ID of TGA setup used in this work 

TGA experiments at high pressure were carried out in a similar in-house designed setup 

for operation up to 10 bar (denoted as HP_TGA). A microbalance (Sartorius MD25) with 

a sensitivity of 1 µg and 200 mg of operating range connected to a reactor allowed for 

TGA experiments up to 10 bar. The maximum temperature of this reactor is 1100 °C. 

An N2 flow was used to purge the balance and the reactor heating elements to avoid a 

reactive gas mixture damaging either the balance or the heating elements. A CEM 

system is installed to produce desired quantities of steam (with either N2 or CO2 as a 

carrier gas). All lines were traced and could be heated up to 450 °C to avoid steam 

condensation even at high pressures. A porous quartz basket or a porous ceramic 

basket was used, which contained typically ~100 mg of sorbent.  

 

Blank measurements were performed for each experiment under the same conditions, 

using the empty basket to correct the balance signal for density changes in the reactor 

caused by changes in the feed gas (e.g. N2 compared to CO2) and changing the reactor 

temperature. It was necessary to correct the measured data with blank measurements 

since density differences between different gases can influence the measured cyclic 

capacity significantly depending on the setup (sample basket, reactor geometry, heat 

transfer from reactor wall depending on the material). At higher pressure, the blank 

correction becomes even more important due to buoyancy effects. Note that for a 

correct buoyancy correction the volume of the sample mass after pretreatment is 
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required. However, we measured buoyancy effects using quartz particles (to simulate 

an inert sample volume) and the results were identical to that of an empty basket. 

Therefore, blank measurements with an empty basket were found to be sufficient to 

correct the experimental values for the experiments reported in this work. 

 

To study the effect of pressure on the adsorption of CO2 and H2O, cyclic working 

capacity was measured up to 8 bar total pressure in the HP-TGA. A “working isotherm” 

(note that the maximum adsorption capacity was usually reached during the 

experiment) was measured within two steps. First, the partial pressure of CO2 was 

varied from 0.1 to 1 bar (0.1 to 0.8 bar for H2O) keeping the system at atmospheric 

conditions. To measure the adsorption capacity of the adsorbent at higher pressure, 

adsorption kinetics were studied with different gas volume flow rates at 8 bar. It was 

proven that the reduced volume flow rate in the reactor due to compression can lead to 

a decrease in the adsorption rate (caused by external mass transfer limitations). 

Increasing the gas flow rate by a factor two (960 Nml/min) was sufficient to avoid 

external mass transfer limitations, where further increasing the volumetric flow rate to 

1920 Nml/min did not show any effect on the adsorption/desorption kinetics. Based on 

these experiments, the volumetric flow rate was kept at 1000 ml/min at 8 bar. For 

pressures between 1 and 8 bar the volumetric flow rate was increased linearly between 

480 ml/min and 1000 ml/min, this assures good stability of the balance while avoiding 

external mass transfer limitations at each pressure. Five cycles with the same partial 

pressure of CO2 for adsorption conditions and N2 for desorption conditions were used. 

The HP-TGA was programmed in a way that partial pressure of CO2 was increased in 

steps of 0.1 bar up to 1 bar every 5 cycles. For the CO2 cyclic working capacity, the 

average value of the last three cycles was used. In this way the effect on partial pressure 

was studied compared to the base case with a 30 min half-cycle time as reported before.  

To check the reproducibility and the influence of the irreversible CO2 adsorption 

capacity during the first cycles the isotherm was measured twice with increasing partial 

pressure of CO2 (ISO_1 and ISO_2) and once with decreasing partial pressure of CO2 

(ISO_3). 
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2.3 Results and discussion 

2.3.1 Characterization of sorbent 

The powder used had a broad particle size distribution between 1 and 100 µm with a 

mean diameter around 35 µm.  A surface area of 112 m2/g and 106 m2/g for KMG30 was 

determined using nitrogen physisorption (BET method) and Hg-porosimetry, which 

are similar to the surface area reported previously by other authors for this adsorbent 

[51]. Potassium promotion, to increase the adsorption capacity for CO2 of the material 

leads to a decrease in surface area. For the same material it has been reported that the 

surface area decreases about 70% (from 200 m2/g to 62 m2/g) if promoted with 

potassium carbonate, which has been attributed to pore blocking [16]. However, the 

calcination method which has been used is slightly different to the calcination method 

used by SASOL, which can be the reason for the lower surface area obtained. 

 

SEM images of the potassium promoted sorbent KMG30 show a highly porous surface, 

containing agglomerates forming a porous particle (Figure 2.2a). That the material is 

fully converted to the mixed metal oxide structure can be concluded by the absence of 

any layered structures in the images. Some needle shape crystals can be found at the 

surface of the adsorbent (Figure 2.2b), which have been identified in the literature as 

bulk potassium carbonate species on the surface of the mixed metal oxide structure  

[32].  

 

Figure 2.2 SEM images of KMG30: a) particle structure; b) surface 
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The structure of hydrotalcite based adsorbent after calcination if exposed to humid 

atmosphere and sufficient compensating anions can form a layered clay structure like 

prior to calcination (memory effect). This has to be taken into account using ex-situ 

characterization techniques on these types of materials.  To investigate the state of the 

untreated sorbent particles, pellets of KMG30 were crushed and characterized with X-

ray crystallography. Figure 2.3 shows the diffraction pattern for fresh KMG30. It can be 

seen that KMG30 is highly amorphous material under the measured conditions. 

Periclase (MgO) and spinel (Mg0.4Al2.4O4) were identified according to the peak 

positions form the ICCD database. These results match the XRD-patterns reported 

before in the literature for the same material [40]. It has been reported that a heat 

treatment at 600 °C and 700 °C only leads to minor changes in the structure of KMG30 

measured with XRD. These results confirm that the material has not been into contact 

with sufficient water and anions to form the original clay layered structure prior to the 

calcination step. 

 

Figure 2.3 X-Ray pattern for KMG30 (fresh particles as delivered) 

2.3.2 TGA-MS Screening 

Figure 2.4 shows the derivative weight loss and the mass spectrometry signals of H2O 

and CO2 during TGA-MS analysis. The weight loss of KMG30 between 50 and 250 °C can 

be mainly attributed to the release of water. CO2 is released mainly at temperatures 
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higher than 500 °C, which indicates the stronger bonding of CO2 to the material than 

H2O. It has been reported that for some potassium-promoted hydrotalcite-based 

adsorbents decomposition of bulk potassium carbonate can occur at temperatures 

between 700 °C and 900 °C [32], [40]. However, a strong release of CO2 at higher 

temperature was not observed, which is in agreement with results reported in the 

literature for KMG30 [51]. This result, together with the low quantity of needle-shape 

crystals detected with SEM, indicates that only small amounts of bulk potassium 

carbonate are present on the surface of the material. 

 

Figure 2.4 TGA-MS Results for KMG30 at atmospheric pressure 

2.3.3 Adsorption of CO2 and H2O at atmospheric pressure 

Pretreatment procedure 

For the base case experiment, a temperature of 400 °C was selected. In various studies 

reported in the literature 400 °C is a typical value where a lot of adsorption capacities 

has been measured, which makes it possible to compare our results with other studies 

[6], [8], [16], [22], [32], [35], [49]. 

 

The sample was heated to 600 °C under N2 using a heating rate of 10 °C/min to desorb 

water and CO2. As reported in the previous section, at 600 °C the KMG30 sample releases 

high amount of CO2, resulting in a low CO2 loading of the sorbent at the start of every 

experiment. Literature confirms that heating at 600 °C seems to be a good pretreatment 

procedure for potassium-promoted hydrotalcite-based adsorbents [51]. To avoid 
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decomposition of potassium carbonate species, a higher temperature has not been 

considered for the pretreatment procedure which has been reported for some 

potassium promoted hydrotalcites and Al2O3 [32]. Hydrotalcites are usually calcined 

between 500 and 700 °C which is the range where hydroxyl-carbonate completely 

decomposes, releasing CO2 and H2O without forming crystalline spinel [51]. 

 

2.3.4 CO2 sorption capacity of KMG30 and the influence of cycle time and 

temperature 

To study the adsorption of CO2 in detail, the cyclic reversible sorption capacity of CO2 

and the kinetics of adsorption and desorption, measured with TGA, will be compared 

in the following section. Table 1 gives an overview of the CO2 sorption measurements.  

Definitions for experimental results 

Adsorption and desorption capacity is defined as  

𝑞 𝐶𝑂2
(ℎ𝑎𝑙𝑓𝑐𝑦𝑐𝑙𝑒) =  

∆ 𝑚 (ℎ𝑎𝑙𝑓 𝑐𝑦𝑐𝑙𝑒)

𝑀 𝐶𝑂2
∗𝑚𝑠𝑎𝑚𝑝𝑙𝑒(𝑎𝑓𝑡𝑒𝑟 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

   (2.1) 

In which the weight change occurring during either the adsorption or desorption part 

of the cycle, is divided by the molar mass of CO2 or H2O and the weight of the sample 

after the pretreatment. 

The cyclic working capacity is defined as the average of the adsorption and desorption 

capacities: 

𝑞 𝐶𝑂2
(𝑐𝑦𝑙𝑐𝑖𝑐) =  

∆ 𝑚 (𝑎𝑑𝑠)+∆ 𝑚 (𝑑𝑒𝑠)

2∗𝑀 𝐶𝑂2
∗𝑚𝑠𝑎𝑚𝑝𝑙𝑒(𝑎𝑓𝑡𝑒𝑟 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)

    (2.2) 

It will be demonstrated that the reported cyclic working capacity strongly depends on 

the conditions of the preceding step, being either a desorption step or a pretreatment 

step. Accordingly, the conditions of the preceding step should always be mentioned.  
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Table 2.1 Set of experiments to investigate the adsorption of CO2 on KMG30 at atmospheric 

pressure 

Name of experiment 
H2O 
Fraction 

Tempe-
rature 

Adsorption 
time 

Desorption 
Time 

Cy-
cles 

- - °C min min - 

30 min cycles 0.34 400 30 30 20 

60 min cycles 0.34 400 60 60 10 

120 min cycles 0.34 400 120 120 5 

300 min cycles 0.34 400 300 300 5 

600 min cycles 0.34 400 600 600 5 
varying adsorption 
time cycles 0.34 400 30, 60, 120 300 5 
varying desorption 
time cycles 0.34 400 300 30, 60, 120 5 

300 °C cycles 0.34 300 60 60 10 

500 °C cycles 0.34 500 60 60 10 

 

Figure 2.5 reports the results of the experiment with 30 min time for adsorption and 

desorption at 400 °C including the pretreatment at 600 °C. It can be seen, that the sample 

has lost about 10% of its initial mass at the end of the pretreatment, which will have a 

large contribution to the reported cyclic sorption capacity depending on whether the 

initial mass or the mass after pretreatment is considered. Note that Figure 2.5a shows 

the uncorrected weight loss based on the initial sample mass. To determine the sample 

weight after the pretreatment the measured weight loss has been corrected with a blank 

measurement since 9.6 mg/g of the weight loss measured between 20 and 400 °C, which 

can be seen in Figure 2.5a, is caused by the change in gas density. 

 

The first cycles show a higher CO2 adsorption capacity until a pseudo steady state is 

reached between adsorption and desorption. Additionally, it can be clearly seen that 

also the shape of the adsorption kinetics is different in the first few cycles compared to 

cycles where a pseudo steady state between adsorption and desorption has been 

reached. Both observations are related to the initial state of the material after the 

pretreatment, where the initial CO2 loading of the material is very low. A half-cycle time 

of 30 min at 400 °C is not sufficient to desorb the same amount of CO2, which has been 

adsorbed during the first adsorption step. The same observations were made for 

experiments with longer half-cycle time, where even 600 min of desorption are not 
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sufficient to reach the same CO2 loading before CO2 adsorption. Depending on the 

chosen half-cycle time, the measured adsorption capacity was higher. Figure 2.5b shows 

how a pseudo steady state, i.e. capacity calculated from the adsorption step approaches 

the capacity calculated from the desorption step, is reached after about 10 cycles 

resulting in a cyclic working capacity of ~ 0.33 mmol/g (based on the sample mass after 

pretreatment). However, it seems that the cyclic working capacity is still decreasing 

very slowly after 20 cycles. The data shown in Figure 2.5a also clearly show that the 

desorption rate of CO2 is slower than the adsorption rate, which will be discussed in 

more detail in the following section.  

 

Figure 2.5 Experimental results for 30 min cycle experiments at 400 °C and atmospheric pressure: 

a) normalized weight change and reactor temperature b) cyclic CO2 sorption capacity 

To compare the influence of time on the cyclic working capacity the average CO2 

working capacity of the last two cycles of each experiment with varying adsorption 

times is plotted in the Figure 2.5a. It can be seen that the cyclic working capacity 

increases when increasing the half-cycle time. Even after 10 hours per step, the 

adsorbent can still take up more CO2 when the adsorption time is increased; this shows 

that the maximum capacity at these conditions is still not reached. The ability of the 

sorbent to continuously increase its CO2 loading, even after long exposure times, has 

also been noted in the literature. Du, Ebner and co-workers reported continued uptake 

of CO2 after 700 min of adsorption for a potassium-promoted hydrotalcite-based 

adsorbent at 400 °C [43]. This behavior of continuous CO2 adsorption at long cycle times 

seems to be temperature dependent. It is reported that at lower temperatures longer 

adsorption times are required before the maximum CO2 adsorption capacity is reached 

than at higher temperatures, where the maximum CO2 adsorption capacity can be 

reached in shorter time. The CO2 adsorption capacity of the first cycle are much higher 

than the cyclic working capacity (Figure 2.6a). This shows how the pretreatment and 

half-cycle time influence the cyclic working capacity of the adsorbent at 400 °C, which 
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is much lower than one could report after the pretreatment. This illustrates how 

difficult it is, to compare CO2 cyclic working capacities reported for these materials in 

the literature and how the history (pretreatment) of the material can influence the 

measured capacity of the adsorbent significantly. 

 

Figure 2.6 a) Cyclic CO2 sorption capacity (averaged ADS and DES) as a function of half-cycle 

time b) cyclic CO2 sorption capacity as a function of temperature for 60min half-cycle time at 

atmospheric pressure 

Figure 2.7b shows the average measured cyclic working capacity of the last 2 cycles for 

half-cycle time of 60 min. A nearly linear increase in cyclic working capacity in the 

temperature range between 300 and 500 °C can be observed. The quantity of adsorbed 

CO2 during the first cycle however does not seem to be significantly influenced by the 

temperature. The gap between cyclic CO2 working capacity and CO2 capacity during the 

first cycle becomes smaller at increasing temperature. It is reported in the literature 

that increasing the temperature leads to a decrease in adsorption capacity [41], [43]. 

The reason we measured an increase in cyclic working capacity can be explained with 

the different kinetics for adsorption and desorption, which will be explained in the 

following section.  

 

2.3.5 Adsorption and desorption kinetics of CO2 for KMG30 

Figure 2.7a shows the normalized mass change of the adsorption and desorption step 

for the experiment where the complete pattern has been plotted in Figure 2.5 with a half 

cycle-time of 30 min. In the figure cycle 9 and 10 are plotted since the sorption kinetics 

seem to be constant after cycle 7. In fact, both cycles show identical curves for 

adsorption and desorption, which confirms that a pseudo steady state between 

adsorption and desorption had been reached at that moment. It is clear from the figure 
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that CO2 adsorption is much faster than CO2 desorption. The adsorbed quantity of CO2 

in each cycle is the same than previously desorbed. Whereas the CO2 desorption 

capacity is nearly constant starting from the 1st cycle, this is not the case for the CO2 

adsorption capacity. This indicates that the total CO2 loading seems to determine the 

cyclic working capacity of CO2. Comparing the experiment with a half-cycle time of 600 

min (Figure 2.7b) to the experiment with a half-cycle time of 30 min it can be obtained 

that the mass exchanged between adsorption and desorption is nearly the same, 

showing that independent on the half-cycle time, a pseudo steady state had been nearly 

reached also for this experiment.   

 

   

Figure 2.7 Adsorption and desorption kinetics of CO2 at 400 °C and atmospheric pressure: a) 30 

min half-cycle time b) 600 min half-cycle time 

Figure 2.8 shows a comparison of adsorption (a) and desorption (b) for experiments 

with different half-cycle time. The initial adsorption rate (the fast part) is similar for all 

experiments. However, the adsorption capacity at which the adsorption rate suddenly 

decreases depends on the half-cycle time. Contrary to the adsorption rate, the 

desorption rate is nearly equal for all experiments with different half-cycle time, which 

can be seen in the Figure 2.8b, where the data of the first 1000 s of each experiment are 

plotted. These results illustrate that the adsorption capacity depends on the current CO2 

loading of the material. This explains the higher CO2 uptake of the material after the 

pretreatment at 600 °C and the difference in adsorption capacity for the experiments 

with different half-cycle times. To further prove this hypothesis the adsorption of CO2 

for a constant desorption half-cycle time of 300 min was measured varying the half-

cycle time for the adsorption with 30 min, 60 min and 120 min (See Table 1). From 

Figure 2.9a it can be observed that the adsorption rate is equal for different adsorption 

time during the first 1000 s and also equal to the results obtained in the experiment 
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with a constant half-cycle time of 300 min for both adsorption and desorption. The 

normalized cyclic mass change, represented in Figure 2.9b, for the adsorption is quite 

similar for the cycle with 30 min of adsorption compared to the 120 min of adsorption. 

Additionally, it can be seen that the desorption capacity is nearly constant, whereas the 

measured adsorption capacity is again higher for the first cycles as expected. 

Comparing the adsorption rate of the experiment with the adsorption rate from the 

experiment with 300 min half-cycle time (for both adsorption and desorption) the 

results are also identical (Figure 2.9a). This suggests that the CO2 loading at the 

beginning of the adsorption is equal for the different experiments. Therefore, it is clear 

that the measured adsorption capacity mainly depends on the desorption time because 

desorption kinetics are slower than the adsorption kinetics. 

 

Figure 2.8 a) Adsorption of first 1000 s for experiments with different half-cycle time b) Desorption 

of the first 1000 s for different half-cycle times at 400 °C and atmospheric pressure 

 

Figure 2.9 a) Adsorption for different adsorption times b) cyclic mass change normalized for 

variation in adsorption time with consent desorption time at 400 °C and atmospheric pressure 
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It has already been shown that the measured cyclic working capacity increases at 

increasing operating temperature. To investigate if both adsorption and desorption 

kinetics change as a function of temperature, adsorption and desorption rates for 

different temperatures are plotted in the Figure 2.10. The first fast adsorption rate again 

seems to be similar for all experiments, but the CO2 adsorption capacity at which the 

adsorption rate instantaneously decreases increases at higher temperature. On the 

contrary, it can be observed from Figure 2.10b, that the desorption rate strongly 

depends on the temperature. The higher kinetic energy of adsorbed molecules at 

increased temperatures, which enhances their desorption, is the reason for the obtained 

results, which is confirmed in the literature [43]. However, it was reported, that the 

initial adsorption rate increases and that the drop in adsorption rate becomes sharper 

for higher temperatures for a potassium-promoted hydrotalcite (MG70, Sasol 

Germany) with a different Mg/Al ratio [41]. The difference in Mg/Al ratio (2.95 versus 

0.54 of the present study) could be the main reason for the difference with the results 

reported here, where a significant influence of the temperature on the adsorption rate 

between 300 and 500 °C could not be observed. It is known that a material with higher 

Mg/Al ratio tend to adsorb more CO2 due to its higher basicity [52] and can form MgCO3 

under certain reaction conditions suggesting that the mechanism behind the 

adsorption is different for this material.  

 

Figure 2.10 a) Adsorption of CO2 at different temperatures b) Desorption of CO2 at different 

temperatures (at atmospheric pressure) 
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2.3.6 H2O adsorption capacity of KMG30 and the influence of cycle time and 

temperature 

The adsorption of steam on KMG30 has been studied using a mixture of 34 % steam in 

nitrogen, based on results published in the literature [45], where 34% of steam has been 

used in the adsorption and regeneration step. The same pretreatment conditions 

described previously for the CO2 adsorption were used for these tests. Table 2 shows a 

summary of the experiments carried out to investigate the adsorption behavior of 

steam. 

Table 2.2 Set of experiments to investigate the adsorption of H2O on KMG30 at atmospheric 

pressure 

Name of experiment 
H2O 
Fraction 

Temperat
ure 

Adsorption 
time 

Desorption 
Time 

Cycl
es 

- - °C min min - 

30 min cycles 0.34 400 30 30 20 

60 min cycles 0.34 400 60 60 10 

120 min cycles 0.34 400 120 120 5 

300 min cycles 0.34 400 300 300 5 

600 min cycles 0.34 400 600 600 5 
varying adsorption time 
cycles 0.34 400 30, 60, 120 300 5 
varying desorption time 
cycles 0.34 400 300 30, 60, 120 5 

300 °C cycles 0.34 300 60 60 10 

500 °C cycles 0.34 500 60 60 10 

 

Figure 2.11a shows the results of the water adsorption and desorption at 400 °C 

including the pretreatment. It can be seen that also for H2O the measured adsorption 

capacity for the first adsorption is much higher than for the rest of the adsorption 

cycles. Again, this can be attributed to the initial sorbate loading of the material after 

the pretreatment as already mentioned for CO2. Contrary to the observation for CO2, 

the maximum adsorption capacity is reached after 30 min, which implies that all sites 

available for H2O are covered. After the first adsorption of H2O, a pseudo steady state 

between adsorption and desorption already was established. The cyclic working 

capacity for H2O was decreasing slowly during the cycles being 0.5 mmol/g after 10 

cycles which is higher than measured for CO2 (0.32 mmol/g). These results indicate that 

the adsorbent has a high adsorption capacity for H2O, which has not been reported to 

the best of our knowledge using TGA experiments in the literature yet. Lower H2O 
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adsorption capacity of 0.23 mmol/g has been reported in the literature using 

breakthrough experiments for the same material [49]. The difference in the adsorption 

capacity may be due to a difference in pre-treatment, difference in the local partial 

pressure of gases and difficulties in interpreting the breakthrough experiments in case 

of gas bypass.  

 

Figure 2.11 Experimental results for 30 min cycle experiments at 400 °C 0.34 H2O molar fraction in 

N2 at atmospheric pressure: a) normalized mass change and reactor temperature b) cyclic H2O 

adsorption/desorption capacity  

Figure 2.12 shows the effect of increasing half-cycle time on the measured H2O cyclic 

working capacity of KMG30. The H2O cyclic working capacity is less dependent on the 

half-cycle time, compared to the results for CO2. The adsorption capacity of H2O in the 

first cycle was lower for longer half-cycle times, which is contrary to the cyclic working 

capacity. 

 

It can be seen in Figure 2.12b that the measured cyclic working capacity for H2O 

strongly decreases with increasing the temperature. It can be seen, that the amount of 

H2O adsorbed during the first cycle decreases with increasing temperature, which is 

similar to the results for the cyclic working capacity. Both observations are different if 

comparing the results for CO2.  
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Figure 2.12a) cyclic H2O working capacity as a function of half-cycle time b) cyclic H2O working 

capacity as a function of temperature (first adsorption capacity are only plotted for isothermal 

experiments) at atmospheric pressure and H2O molar fraction of 0.34 in N2 

 

2.3.7 Adsorption and desorption kinetics of H2O for KMG30 

Figure 2.13 shows the results of the adsorption and desorption kinetics for experiments 

with different half-cycle time. Again, a sharp drop in adsorption rate can be seen after 

a certain quantity of H2O has been adsorbed depending on the half-cycle time used in 

the experiment. It can be seen in Figure 2.13b, that the desorption kinetics are not equal 

for different half cycles times. Similar to the results for CO2, the desorption rate is 

slower and nearly independent on the half-cycle time used during the experiment. It 

could be confirmed, that the desorption step is mainly responsible for the measured 

cyclic working capacity by varying the desorption time keeping the adsorption time 

constant at 300 min. As a result, the H2O adsorption capacity was clearly increased for 

longer desorption times.  

 

During the adsorption of steam, especially for experiment with long half-cycle time 

> 120 min it was observed that the measured weight was decreasing very slowly for the 

first two cycles. Although this cannot be seen within the first 1000 s, it is the reason for 

the decreasing adsorption capacity during the first cycle for increasing half-cycle times 

(Figure 2.12a). For long cycle times, CO2 present in the structure of the material can 

desorb due to the presence of steam, which has not been removed during the 

pretreatment with dry N2. It has been reported in the literature previously, that steam 

can enhance the desorption of CO2 on K2CO3 promoted hydrotalcite based sorbents 

[53], [54]. 
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Figure 2.13 a) Adsorption of H2O of the first 1000 s for experiments with different half-cycle time b) 

Desorption of H2O for the first 1000 s with different half-cycle time (at 400°C 0.34 H2O fraction in 

N2 and atmospheric pressure) 

Figure 2.14 shows the influence of the temperature on the adsorption/desorption 

kinetics of H2O on KMG30. It can be obtained that adsorption and desorption rate are 

decreasing with increasing temperature. At higher temperature an increase in the 

desorption rate would be expected, as observed for CO2. The initial H2O loading of the 

material is higher at the beginning of the desorption step, because the sorbent takes up 

more H2O during the adsorption step at lower temperature. The increased desorption 

rate is therefore caused by the higher initial H2O loading and not by the lower 

temperature. 

 

Figure 2.14 a) Adsorption of H2O at different temperatures (0.34 H2O fraction in N2 and 

atmospheric pressure) b) Desorption of H2O at different temperatures (N2 at atmospheric pressure) 
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Increased adsorption capacity at lower temperatures can be explained with a 

physisorption mechanism of H2O. A higher kinetic energy of the sorbate molecules at 

higher temperatures reduces the quantity of gas molecules that adsorb at the surface of 

the sorbent. To confirm our assumption adsorption has been measured at 400 °C and 

desorption both at 300 and 500 °C (see Figure 2.12b). If the temperature was higher the 

measured cyclic working capacity was increased due to the enhanced desorption, as 

expected. 

 

The differences in observations described for CO2 and H2O can be explained with the 

state of the material and a different mechanism for CO2 than a physisorption 

mechanism, which we propose for the adsorption for H2O, based on the results 

described previously. After the pretreatment the initial CO2 loading of the adsorbent is 

very low and not dependent on the desorption step as in the cyclic measurements. If 

the mechanism for CO2 adsorption is a combination between fast physical adsorption 

and a chemical reaction binding CO2, whereas the reaction is favored at higher 

temperature and the physisorption at lower temperatures as proposed in the literature 

quite frequently [16], [22], [35], [55], the results presented in this study can be explained 

in a reasonable way.  

 

2.3.8 Pressure effect on adsorption and desorption behavior 

2.3.8.1 Influence of partial pressure on CO2 chemisorption on KMG30 

Figure 2.15a shows the results for two experiments (ISO_2 and ISO_3) which were 

measured to investigate the influence of partial CO2 pressure on the cyclic working 

capacity at atmospheric pressure. It can be seen that for ISO_2 the total sample weight 

is increasing as a function of time as expected due to higher the CO2 partial pressure 

and therefore the increased adsorption of CO2. For the isotherm with decreasing partial 

pressure of CO2 the opposite effect is observed. In general, one can observe that the 

measured cyclic working capacities are quite similar for both ways of measurement. 

The fact that the measured capacity for the third working isotherm are higher at higher 

partial pressures and lower at lower partial pressures has two reasons. First of all, the 

measured capacity in the beginning of an experiment is higher due to the irreversible 

adsorbed CO2 during the first cycles until a pseudo steady state is reached. Secondly, it 

was observed that the cyclic working capacity is slowly decreasing during the first 20 

cycles (see chapter 2.3.4). Because of this, the measured value for a partial pressure of 
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0.1 bar of CO2 is somewhat lower for the 3rd working isotherm. To minimize the effect 

of irreversible adsorption of CO2 on the measured cyclic working capacity, increasing 

the partial pressure of CO2 is the method that should be preferred to determine the 

cyclic working capacity. 

 
Figure 2.15 a) Adsorption/desorption pattern for ISO_2 and ISO_3 b) CO2 cyclic working capacity 

as function of CO2 partial pressure (at 400 °C and atmospheric pressure) 

To determine the CO2 cyclic working capacity at higher pressures different experiments 

were carried out in the HP_TGA, under different conditions, which are summarized in 

Table 2.3.  
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Table 2.3 Experimental set to determine the influence of CO2 partial pressure on cyclic working 

capacity 

Name P ADS P DES Feed ADS Feed DES Description 
- (bar) (bar) - - - 

Atmospheric pressure 1 1 CO2/N2 N2 

Variation in partial 
pressure of CO2, 
keeping system at 
atmospheric pressure 

Constant pressure 8 8 CO2/N2 N2 

Variation in partial 
pressure of CO2, 
keeping system at 8 
bar total pressure 

Pressure steps 1 - 8 1 - 8 CO2 N2 

Pure gases have been 
fed to the reactor. The 
total pressure has 
been increase in steps 
of 1 bar for adsorption 
and desorption 

Pressure Swing (PSA) 1 - 8 1 CO2 N2 

Pure gases were fed to 
the reactor. The total 
pressure during 
adsorption has been 
varied in steps of 1 
bar. The adsorption 
has been performed at 
1 bar. A 
repressurization step 
with N2 has been 
performed between 
desorption and 
adsorption 

 

First, the pressure in the HP-7TGA was kept constant varying the CO2 partial pressure 

(in the same way as already done at atmospheric pressure). The results for this 

experiment are shown in Figure 2.16 (red circles). The CO2 cyclic working capacity is 

much lower than we expected for this experiment. Furthermore, the cyclic working 

capacity at 0.8 bar CO2 partial pressure is lower than measured previously at 

atmospheric pressure. To verify whether the total pressure in the system influences the 

cyclic working capacity, the total pressure during adsorption and desorption was 
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changed using pure CO2 during adsorption and N2 during desorption (green triangles). 

The CO2 cyclic working capacity at 1 bar is identical to the cyclic working capacity 

previously (atmospheric conditions). Increasing the pressure leads to an increase in 

CO2 cyclic working capacity only at 2 and 3 bar total pressure. A further increase in 

pressure even leads to a decrease in the measured CO2 cyclic working capacity, which 

is contrary to expectations. At higher pressures the measured CO2 cyclic working 

capacity is equal to the previous experiment varying the partial pressure of CO2 at 8 

bar. For physisorption the partial pressure of the component should determine the 

desorption and adsorption rate of a gaseous species. However, from these two 

experiments it is concluded that the desorption of CO2 seems to be hindered at higher 

pressures. Since the kinetic energy of gas molecules at higher pressure is reduced, it is 

reasonable that CO2 cannot be desorbed at higher pressures due to a stronger chemical 

bonding present between sorbate and sorbent. To validate this hypothesis pressure 

swing adsorption was used to determine the CO2 cyclic working capacity. Adsorption 

of CO2 was measured at different pressures between 1 and 8 bar. During the desorption 

the system was depressurized ensuring that the desorption was taking place at 

atmospheric pressure. Pressurization has been performed with N2 to avoid CO2 

adsorption during this step. Since the pressurization step was fast (10 min) and 

desorption of CO2 is slow and seems to be reduced at higher pressure, no major 

influence on the measured cyclic working capacity is expected. The results of this 

experiment can be seen in Figure 2.16 (blue triangles). The measured cyclic working 

capacity at 1 bar shows the same result measured previously in two independent 

experiment, which illustrates that the results are reproducible. The measured CO2 cyclic 

working capacity increases up to 0.47 mmol/g under dry sorption conditions. To our 

best knowledge, this is the first time that one reports the desorption of CO2 being 

hindered at higher pressures for this material.  
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Figure 2.16 measured CO2 cyclic working capacity for different experiment as function of CO2 

partial pressure at 400 °C 

 

2.3.8.2 Influence of pressure on the adsorption of H2O and comparison to CO2 

To investigate the influence of the partial pressure of H2O on the cyclic working capacity 

of the sorbent similar experiments for H2O were carried out. As for CO2 the working 

isotherm has been split into two parts. In the first experiment steam partial pressures 

between 0 and 0.8 bar were measured at 1 bar total pressure and the results can be seen 

in Figure 2.17. The balance signal is somewhat unstable at steam partial pressure of 0.8 

bar which is caused by low gas flow rates in the CEM (N2 flow). The cyclic working 

capacity of H2O increases with increase partial pressure of H2O (Figure 2.18) and is 

higher compared to CO2. The cyclic working capacity increases almost linear with an 

increase of the partial pressure for H2O for lower pressures. The maximum measured 

steam partial pressure was 4.8 bar at 8 bar total pressure in the reactor. Tests with 

higher steam fractions are not possible due to limitations of the experimental setup at 

the moment (maximum flow rate for H2O being reached).  
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Figure 2.17  Adsorption/desorption pattern for H2O isotherm at 400 °C and atmospheric pressure 

Figure 2.18 shows the measured H2O cyclic working capacity compared to the cyclic 

working capacity of CO2 for a total pressure range between 1 and 8 bar. It can be seen 

that the increase in cyclic working capacity with increasing partial pressure of the 

adsorbate is higher for H2O than for CO2. For H2O it seems that the increase in adsorbed 

H2O reaches a plateau at some H2O partial pressure and can be best fitted to a 

Freundlich Isotherm as already used in the literature to describe the adsorption of 

water [7]. These high cyclic working capacities for H2O and the fact that the measured 

cyclic working capacity for H2O of the adsorbent under certain conditions can exceed 

the cyclic working capacity of CO2 have not been reported to the best of our knowledge 

in the literature for any hydrotalcite-based adsorbent until now. The only reported H2O 

adsorption capacity for this sorbent has been determined with breakthrough 

experiments and is reported with 1 mmol/g at 20 bar partial pressure for H2O.  
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Figure 2.18 Cyclic CO2 and H2O capacity as function of partial pressure measured at 400 °C 

In general, the ability of these adsorbents to adsorb steam has been neglected in most 

presented studies in the literature. It is clear from these experiments, that the 

adsorption capacity of H2O is very important to understand the sorption mechanism 

for both CO2 and H2O. The difference in pressure dependency together with the 

obtained differences in behavior at different adsorption/desorption conditions (section 

2.3.3) shows that the mechanism seem to be quite different for CO2 and H2O. This is 

supported by the results obtained for the working isotherm of both H2O and CO2, since 

the adsorption of CO2 seems to increase more linear and shows a different pressure 

dependency than water. It has been reported quite frequently in the literature that H2O 

can influence the measured adsorption capacity of CO2. The results obtained in this 

study will help to better understand the sorption mechanism and the influence of 

different sorbates on each other on these materials, where further studies are currently 

going on. It is known that regeneration of the material with H2O can increase the 

adsorption capacity for CO2. Therefore, obtained results in the literature for CO2 

adsorption capacity are higher than reported here, since the working isotherm for CO2 

was measured under dry adsorption and desorption conditions. As already mentioned 

in section 2.3.3, time and temperature during the desorption step mainly determine the 

adsorption capacity of the sorbent. It is clear that the measured cyclic working capacity 

would increase significantly if temperature and time would be increased during the 

desorption step. Therefore, it is important comparing the material, the preparation 

method (history of the material) and the desorption or regeneration conditions of the 
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sorbent before comparing the adsorption capacity or cyclic working capacity at certain 

conditions. 

 

2.3.9 Conclusions 

We studied the cyclic working capacity of CO2 on a calcined commercial potassium 

promoted hydrotalcite (KGM30) which is strongly dependent on the desorption step. 

Various measurements proved that temperature and time during the desorption step 

determine the measured cyclic working capacity for CO2. The adsorption of CO2, which 

shows very fast reaction kinetics in the beginning followed by a somewhat slower 

adsorption, do not seem to be influenced significantly by the temperature and the 

adsorption time. Depending on the desorption conditions the decrease in the 

adsorption rate and the final CO2 cyclic working capacity change. The desorption 

kinetics can be increased with an increase in temperature but are in general much 

slower than the adsorption kinetics in line with data in literature. These results show 

that it is very important to compare the pretreatment or the desorption step (history of 

the material) and therefore referring to the initial CO2 loading of the sample when 

reporting measured CO2 cyclic working capacities.  

 

KMG30 has high cyclic working capacity for H2O and the adsorption mechanism has to 

be completely different compared to CO2. Conditions for which the cyclic working 

capacity for CO2 increases decrease the cyclic working capacity for H2O. Whereas for 

CO2 the initial CO2 loading at the beginning of the adsorption step is determining, for 

water also the initial adsorption capacity at the end of the adsorption can determine 

the desorption rate of H2O. Contrary to CO2 a slower adsorption rate after the fast initial 

adsorption is not present for water. The first cycles during the adsorption of H2O, 

showed a steady weight loss, which is attributed to the desorption of CO2. The 

adsorption mechanism for H2O seems to be mainly physical adsorption, which has been 

elaborated with temperature dependency of H2O adsorption. CO2 adsorption seems to 

be a mixture between physical adsorption and chemical reaction which is in agreement 

with results found in the literature. 

 

Both the CO2 and H2O cyclic working capacity are strongly influenced and increased by 

increasing the partial pressure of the adsorbate. However, the measured cyclic working 

capacity increase for H2O is much larger than that for CO2, which has not been 

considered and reported in the literature until now. It could be shown that high 
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pressures during regeneration seems to hinder the desorption of the adsorbed species. 

The completely different shape of the measured working isotherm confirms that the 

mechanism for CO2 and H2O must be different. The influence of H2O on the adsorption 

capacity of CO2 has been investigated for the same adsorbent, and the results are 

described in Chapter 3, and the single gas adsorption data reported in this chapter are 

important to be able to interprete the combined effect.  
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Abstract 
 
Hydrotalcite-based adsorbents have shown great potential for use in sorption-
enhanced water-gas-shift applications. A combination of thermogravimetric 
experiments and breakthrough experiments have been carried out to elucidate the 
effect of steam on the CO2 cyclic sorption capacity on a K-promoted hydrotalcite-
based adsorbent. Different TGA cycles have been designed to study the mass change 
on sorbents exposed to different sequences of different CO2/H2O/N2 mixtures. 
Because the complex sorption/desorption and replacement phenomena cannot be 
explained by TGA experiments only, additional information from breakthrough 
experiments in a packed bed reactor was used to correlate the observed total mass 
change in the TGA cycles to the phenomena prevailing on the sorbent.  
A mechanism has been developed which is able to describe the cyclic working 
capacity, for both CO2 and H2O under different experimental conditions. It was found 
that at least three different adsorption sites participate in the sorption/desorption of 
CO2 and H2O. Two adsorption sites can be regenerated with N2, whereas the other 
adsorption sites require the presence of H2O or CO2 to be desorbed. A fourth 
hypothetical site was introduced to account for an increase in cyclic working capacity 
dependent on the experimental conditions to predict weight changes obtained by 
TGA with a simple model.  
Regeneration of the adsorbent with steam leads to a significant increase in the CO2 

cyclic working capacity from 0.3 to 0.53 mmol/g compared to a dry regeneration with 
N2 using the same cycle times. 



 On the influence of steam on the CO2 chemisorption capacity 

49 

 

3 

3.1 Introduction 

A SEWGS cycle usually consists of about five main steps. After saturation of the sorbent, 

a rinse step is used to improve the CO2 purity by preventing slip of H2 into the CO2 

stream [11]. The depressurization of the column is followed by a purge with steam to 

increase the recovery of CO2, thereby also increasing the cyclic CO2 capacity of the 

adsorbent [11]. Although it has been reported in the literature that steam can increase 

the CO2 adsorption capacity of potassium-promoted hydrotalcites, the mechanisms of 

H2O and CO2 adsorption/desorption on this material are not yet fully understood [14], 

[16], [22], [40]. It has been shown in an earlier publication that a K2CO3 promoted 

hydrotalcite (Mg/Al-ratio = 0.54) has a very high adsorption capacity for steam, but the 

aspect of water adsorption has been largely neglected in the literature [56]. However, 

for detailed reactor modeling and process evaluation, these effects are very important, 

because they have an effect on the hydrodynamics (change in superficial gas velocity) 

and the adsorption behavior of the hydrotalcite [49]. Therefore, the objective of this 

chapter is to improve the understanding of the effect of steam on the cyclic sorption 

capacity of a hydrotalcite-based adsorbent by elucidating the complex behavior of the 

adsorption/desorption phenomena of CO2 and H2O, using thermogravimetric analyses 

(TGA) and breakthrough experiments in a packed bed reactor. Based on the obtained 

experimental data, a model is formulated involving different sites on the absorbent that 

can describe the cyclic working capacity of CO2 and H2O at different operating 

conditions. 
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3.2 Materials and methods 

Experiments were carried out in the earlier introduced HP-TGA (see Chapter 2 for 

description, and the P&ID in the Figure 3.1). A N2 stream is used to purge the balance 

and the reactor heating elements protecting them from reactive gas mixtures. The gas 

feeding system is equipped with Bronkhorst mass flow controllers (MFC) to produce 

different reactive gas mixtures, where a CEM system is installed to produce the desired 

quantities of steam (with either N2 or CO2 as carrier gas). All lines are traced and can 

be heated up to 450 °C to avoid steam condensation even at higher pressures. A porous 

ceramic basket was used with approximately 100 mg of sample mass for each 

experiment. At every pressure, the gas flow rate was adjusted such that mass transfer 

limitations due to the reduced volumetric flow rate in the reactor are avoided.  

 

Figure 3.1 P&ID of the HP-TGA setup 

The weight change obtained from the TGA experiments to study the cyclic sorption 

capacity, cannot be directly attributed to specific adsorbing/desorbing species for gas 

mixtures in case multiple species interact with the material. TGA cycles containing 

different consecutive adsorption and regeneration steps with different gas 

compositions were designed in order to be able to link the weight change to a certain 

gaseous species adsorbed or desorbed. To understand the influence of steam on the 

adsorption of CO2, a basic set of experiments was designed and performed in the TGA. 

TC temperature controller 
TE    temperature indicator 
FC   mass flow controller 
CV   check valve 
SV automatic valve 
PI pressure indicator 
PC back pressure regulator 
WT balance 
FH  needle valve with indicator 
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The same steam concentration of 34% has been chosen similar as in an earlier 

published study [45]. CO2 adsorption was measured with a CO2 partial pressure of 0.66 

bar. Each step in the TGA cycle has a duration of 30 min as it was established earlier 

that a half-cycle time of 30 min is sufficiently high to study the prevailing phenomena 

in the reactive system [56]. Table 3.1 shows the basic set of experiments performed in 

the TGA. One experiment consists of 2 to 5 different steps. In the table, a step is 

indicated as follows: STEP1  STEP2, where the different gases in the reactor feed are 

mentioned for each step. Every experiment was performed 5 times in a cyclic way, 

starting again with the first step, before the next experiment was conducted. The 

average of the last 3 measurements for every experiment is reported as cyclic sorption 

capacity. The sorbent cyclic capacity is based on the sample mass after the pretreatment 

step to minimize the effect of irreversible adsorption of CO2.  

 

Table 3.1 Base set of experiments to study the influence of steam on the sorption capacity of KMG30 

for CO2 

Experiment 
number 

Experimental cycle description 
Steps in 

cycle 
Total cycle 
time (min) 

1 H2O/N2  N2 2 60 
2 CO2  N2 2 60 
3 CO2  N2  N2/H2O  N2 4 120 
4 CO2/H2O  CO2  N2  N2/H2O  N2 5 150 
5 CO2  CO2/H2O  N2  N2/H2O  N2 5 150 
6 CO2/H2O  N2  N2/H2O  N2 4 120 
7 CO2/H2O  N2/H2O 2 60 
8 CO2/H2O  N2/H2O N2 3 90 
9 N2/H2O  CO₂N₂ 3 90 
10 CO2/H2O  CO₂  N₂/H₂O 3 90 
11 CO2/H2O  N2/H2OCO₂ 3 90 
12 CO2  H2O 2 60 

 

The following terms will be used in the following sections to describe the different 

processes: A step is referred to as an adsorption step, if either CO2, H2O or both species 

adsorb simultaneously. In a regeneration or desorption step the feed partial pressure 

of the previously adsorbed species is changed to 0. We differentiate between wet and 

dry steps for the regeneration of adsorbed CO2. For a wet regeneration step the partial 

pressure of CO2 is reduced to 0, whereas the partial pressure for H2O is increased to or 

kept at the targeted steam partial pressure. For a dry regeneration step, only N2 is fed 
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to the reactor. If the sorbent is exposed to N2 after a wet desorption step, this step is 

defined as a drying step. 

To investigate the mechanism for adsorption of CO2 and H2O at different temperatures 

the same experiments were conducted at three different temperatures with the feed gas 

composition shown in the Table 3.2. The experiment at 400 °C is defined as the base 

case experiment, since this experiment was conducted several times and is used to 

develop the mechanism for H2O and CO2 adsorption on KMG30. 

 

Table 3.2: Experimental conditions during different experiments 

Temperature CO2 fraction H2O fraction Total pressure 

°C (-) (-) (bar) 

300 0.66 0.34 1 

400 0.66 0.34 1 

500 0.66 0.34 1 
 

The measured weight change of all experiments was corrected with blank experiments 

carried out at the same conditions. Experiments 3 – 6 have been started (in separate 

TGA experiments) one time with CO2 and one time with H2O to study if a first 

hydroxylation or dry CO2 adsorption has a major influence on the cyclic sorption 

capacity. All experiments have been performed at atmospheric pressure and with a total 

gas flow rate of 480 Nml/min. In a previous study, the absence of external mass transfer 

limitations under these conditions has already been demonstrated [56]. 

Packed bed reactor experiments were carried out using a small packed bed reactor with 

an inner diameter of 27 mm and 350 mm height (AISI 316L). A distributer plate with a 

pore size of 40 µm was installed at a height of 50 mm from the bottom. The reactor was 

filled with 53.6 g of hydrotalcite sieve fraction of 1.8-3.15 mm. The effective length of 

the packed bed was determined being 176 mm. The reactor was installed in an electrical 

furnace with three separate temperature controlled sections. A multipoint 

thermocouple (10 measuring points at a distance of 20 mm) was installed to measure 

the axial temperature profile in the bed to observe temperature fronts due to sorption 

effects. A gas feeding system with Bronkhorst mass flow controllers and a CEM system 

was used in order to supply the desired gas mixtures including steam. All gas lines to 

the reactor were trace-heated to avoid steam condensation. The reactor could be 

bypassed in order to check the gas compositions before exposing the material to the 

gas mixture. Two independent gas-analyzing systems were used to monitor the gas 
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compositions in the outlet during the experiments. A SICK GMS 800 gas analyzer for 

CO2, CO, CH4, H2 and O2 was used to monitor the gas streams continuously. In order to 

measure the steam content in the gas streams an Agilent Technologies Cary 630 FTIR 

with CaF2 windows was used together with a RED-SHIFT gas sampling system. The FTIR 

was calibrated prior to the experiments using the classical Lambert-Beer law in typical 

adsorption spectra for the gases CO2, CH4 and H2O. CH4 was used as a tracer gas during 

the experiments to determine the total gas flow rate in order to convert the measured 

gas quantities to molar flow rates. It was proved that CH4 did not show any interaction 

with the material and was not reacting with steam under the considered operating 

conditions. A total gas flow rate of 500 ml/min was used during the experiments. The 

used molar fractions for CO2, H2O and CH4 were 0.025, 0.10 and 0.10 respectively, with 

a balance in N2. Changing the gas composition was performed by bypassing the reactor 

for 5 min and measuring the concentration (to check the feed gas composition). After 

this stabilization time the feed was sent to the reactor from bottom to top while 

monitoring the outlet composition of the reactor for 60 min. Experiments were 

conducted at atmospheric pressure and 400 °C. The empty volume of the reactor and 

the tubing was determined previously with blank measurements to correct the 

breakthrough times for both the FTIR and SICK gas analyzers. The reported results in 

this publication are the results obtained by the FTIR gas analyzer. A process flow 

diagram of the setup is given in Figure 3.2.  
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Figure 3.2 P&ID of packed the bed reactor for the breakthrough experiments 

 

3.3 Results and discussion 

3.3.1 Introduction and data representation 

Before the first adsorption-desorption cycle with steam (according to Table 3.1), the 

sample was pretreated at 600 °C under a N2 flow for 2 h. This pre-treatment was 

sufficient to desorb CO2 and H2O from the material, which was adsorbed during storage 

[56]. For TGA measurements, the cyclic working capacity (cwc) is defined according to 

equation 3.1. 

( ) (des)

(pretreated)

( ) ( )

2*

ads

site

sample

abs m abs m
cwc

m

  
  (3.1) 

This cwc was determined for each adsorption/desorption step using the obtained mass 

change average over the last three consecutive experiments. Note that we use the mass-

based cyclic working capacity, as the TGA does not provide information on the species 

absorbed/desorbed. 

In order to prepare the reader for the following sections where the experimental results 

are described in detail, this paragraph briefly summarizes the main findings that had 

TC   temperature controller 
TE   temperature indicator 
FC   mass flow controller 
CV   check valve 
SV automatic valve 
PI pressure indicator 
PC back pressure regulator 
FS volume flow measurement 
QA gas detection system 
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led to the detailed experimental TGA and packed bed experiments described before. 

The adsorption of CO2 and regeneration with N2 had been studied in detail in the past 

together with the adsorption and desorption of H2O, where we had found a relatively 

low cyclic working capacity of the adsorbent. In this study we have used H2O and CO2 

together in one cycle. Once we were introducing H2O, we found that the CO2 adsorption 

capacity in the next cycle was significantly increased. Experiments in a packed bed 

reactor showed that during the adsorption step of CO2, the sorbent releases H2O. 

Therefore, we were anticipating that CO2 can replace previously adsorbed H2O. Based 

on these experimental results we assumed that at least two different sites are involved 

in the mechanism for CO2 adsorption on KMG30. One site can be regenerated when 

feeding only N2 (weaker bonding of CO2 to the adsorbent) and one site which can only 

be regenerated if H2O is present during one of the regeneration steps (second site which 

probably involves a stronger bonding of CO2 to the sorbent). In a last step we were 

trying to explain multiple experiments conducted in both the TGA and PBR. However, 

when considering three adsorption sites we still could not explain the experimental 

results completely. If CO2 and H2O is fed together to the sorbent, the cyclic working 

capacity for CO2 was significantly increased. To be able to describe these experimental 

findings a third site for CO2 was needed, that is active after the sorbent was previously 

exposed to CO2 and H2O simultaneously. Adding this site to our model all the 

experimental findings from the TGA and PBR could be described and explained. 

In the following section we will explain the development of the mechanism for both CO2 

and H2O gradually based on the results from the different experiments performed in 

the TGA and PBR. Note that the conditions of the experiments carried out in the PBR 

are different from the conditions used in the TGA. Because of this and the different 

dynamic behavior of a PBR compared to a TGA, we compare the experimental results 

from the packed bed reactor only qualitatively to those obtained from the TGA 

experiments. In the following section we will show the results in the following two 

different types of figures: 

 

TGA: 

Arrows are used in the figures that show the normalized weight change as a function of 

time to indicate which sites are involved in the adsorption/desorption steps, where a 

dotted line indicates the mass at the start and end of each step. Two different colors are 

used for the arrows. Red arrows represent the mass of CO2 exchanged in one 

experimental step, whereas blue arrows represent the mass of H2O exchange. The total 

height of the arrow represents the total mass change obtained in the experimental step 



Chapter 3 

56 

 

3 

and the contributions for the different sites are indicated by their letter. An increase in 

the adsorbate content is represented by a solid arrow, a decrease by a shaded arrow. An 

example for a representation of three different sites involved in an adsorption step can 

be found in Figure 3.3.  

PBR: 

The areas in the figures (integration of analyzer signal over the time with respect to the 

baseline) are colored in the same way as for the TGA results, see Figure 3.3. The signal 

for CO2 and the corresponding areas are plotted in red, whereas the signal and areas 

for H2O are plotted in blue. Again we distinguish between adsorption (solid area above 

the signal) and desorption (shaded area below the analyzer signal).  

 

Figure 3.3 Visualizations used in the figures to explain the different sites involved in CO2 and H2O 

adsorption on KMG30 

 

3.3.2 Development of the mechanism based on the experimental results 

3.3.2.1 Adsorption of H2O on KGM30 

The normalized weight change of an adsorption experiment of water is plotted in Figure 

3.4a. The first cycle shows a larger mass change than the subsequent steps, which is 

consistent with earlier published results [56]. The cyclic working capacity of H2O was 

determined based on the last cycle and amounted to 8 mg/g. Very similar results were 

obtained when analyzing the amount of H2O adsorbed during the PBR experiments. In 

addition, in this case the first cycle showed a somewhat higher adsorption capacity than 

the subsequent steps (Figure 3.4b). In order to describe the cyclic working capacity on 

the adsorbent we call the adsorption site for H2O Site A. 
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Figure 3.4 a) TGA Experiment 1: Adsorption/desorption of H2O at 400 °C and PH2O = 0.34 bar b) 

PBR Experiment 1 at 400 °C and PH2O = 0.1 bar 

 

3.3.2.2 Adsorption of CO2 on KMG30 

Figure 3.5a shows results of a similar experiment with CO2 as the adsorbate. As for water 

adsorption, both the TGA as the PBR CO2 experiments showed a higher adsorption 

capacity for the first cycle and similar CO2 cyclic working capacities of 12 mg/g. In a 

previous study, we have already reported that the measured cyclic working capacity is 

mainly determined by the desorption time [56], i.e. the longer the desorption time step, 

the higher the cyclic working capacity for both CO2 and H2O. For the settings used in 

these experiments we will call the site where CO2 can be adsorbed and desorbed with 

N2, site B. Thus far the adsorbent was exposed to either CO2 or H2O in a cyclic manner, 

the cycles presented in the next sections contain steps where CO2 and H2O are 

combined. It will become apparent that the sorbent behavior when both steam and CO2 

are present in the cycle cannot be described by a single site A for steam and a single site 

B for CO2. 
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Figure 3.5 a) TGA experiment 2: Adsorption/desorption of CO2 at 400 °C and PCO2 = 0.66 bar b) 

PBR experiment 2 at 400 °C and PCO2 = 0.025 bar 

 

3.3.2.3 Combination of CO2 and H2O in one cycle on KMG30 

Figure 3.6a shows the normalized weight changed measured during the first cycle of 

Experiment 3 to illustrate the mechanism of CO2/H2O interaction on the material. Prior 

to this Experiment 3, Experiment 2 was conducted and accordingly the starting weight 

in this graph represents the adsorbed amount of 12 mg/g of CO2 assigned to site B of 

Experiment 2. The subsequent regeneration step with N2 desorbs this amount of CO2. If 

only two sites (A for H2O and B for CO2) would be present, the subsequent H2O feeding 

in step 2 would result in an increase of 8 mg/g due to water adsorption in the TGA 

experiment. However, a first rapid weight increase followed by a slow decrease in 

weight is observed. In the PBR experiment, besides water adsorption, desorption of CO2 

is observed. It appears that the adsorption of H2O results in a release of CO2 that was 

still adsorbed after the previous steps. The following desorption step with N2 (step 3) 

induces water desorption of 8 mg/g as already observed in Experiment 1. In the PBR 

experiment, indeed only a response for water desorption is observed. Once the material 

is again exposed to CO2 (step 4), adsorption of CO2 is apparent both in the TGA as the 

PBR experiment. The amount of CO2 adsorbed, however, is higher than the measured 

cyclic weight change in the CO2-only Experiment 2 (Site B, Figure 3.5a) and it is similar 

to the CO2 amount adsorbed in the first adsorption step of Experiment 2 (Figure 3.5a).  
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Figure 3.6 a) TGA Experiment 3: Adsorption of CO2 with dry (N2) and wet regeneration (H2O) at 

400 °C and PH2O = 0.34 bar PCO2 = 0.66 bar b) PBR Experiment 3 at 400 °C and PH2O = 0.1 bar 

PCO2 = 0.025 bar 

Based on these observations it appears that steam adsorption during step 2 induces 

desorption of CO2, resulting in the measured net weight decrease as measured in the 

TGA experiment and the CO2 response measured in the PBR experiment.  We propose 

that this adsorbed CO2 must be assigned to a second site for CO2 (Site C) which can be 

regenerated by H2O adsorption but not by N2 flushing. Indeed, when comparing the 

TGA cycles with the packed bed test (Figure 3.6b), it is evident that in step 2 in the 

packed bed reactor experiments the adsorption of water also results in a desorption of 

CO2. Thus, the existence of Site C is confirmed.   

 

Figure 3.7 TGA Experiment 3 starting with H2O and CO2 measured at 400 °C and PH2O = 0.34 bar 

PCO2 = 1 bar 
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   2 2(OH)C O H O C  

Experiment 3 was performed twice: once staring with steam adsorption as the first step 

and once with CO2 adsorption as the first step. In Figure 3.7, the TGA results are shown 

for the two experiments, synchronized in time so that the two CO2 adsorption steps 

start at the same moment. As can be seen, the obtained weight changes are identical for 

both experiments (i.e. dashed red line and the solid black line are on top of one 

another). For the experiment starting with H2O, H2O adsorption and desorption on site 

A according to Experiment 1 is observed. The steam desorption is incomplete and there 

is still water present on the material. Since it is known that all water desorbs during the 

CO2 adsorption step (from the experiments in the packed bed reactor), it can be 

concluded that 7.5 mg/g of water is still present before the step with CO2 (site C on the 

blue arrow) is started. This amount of water is replaced by CO2 and additional CO2 is 

adsorbed as it is known from Experiment 2 in step 3 (Figure 3.5a). For the experiment 

where the adsorbent was not exposed to H2O only CO2 is adsorbed. Since the obtained 

weight changes are identical in the following steps it can be assumed that the adsorbent 

is in the same state at this point. To explain these experimental results, we can assume 

the presence of a metal oxide site that can be transformed either into hydroxide (when 

water is present) or into carbonate (when CO2 is present). Note that we assume in this 

case that the equilibrium is shifted completely, which will depend on the partial 

pressure used during the experiments, since the formation hydroxide and carbonate is 

determined by an equilibrium. 

Assuming a general metal oxide forming a metal hydroxide or carbonate, the following 

reactions can occur, depending on the gas phase composition: 

 

                              7.5 mg/g (0.416 mmol/g) (3.2) 

 

 11 mg/g (0.416 mmol/g) (3.3) 

  

  18.5 mg/g (0.416 mmol/g)  (3.4) 

 

Based on the observed additional mass increase of 7.5 mg/g of water for Site C, the 

number of moles of water in this hydroxide is 0.416 mmol/g of H2O. Assuming 

equimolar exchange between CO2 and H2O, the expected mass change would be approx. 

11 mg/g if the sorbent transforms these sites from a hydroxide to a carbonate (Equation 

3.3) and approx. 18.5 mg/g if the sorbent directly transforms from a metal oxide into a 

carbonate (Equation 3.4) during a dry CO2 feed. Note that reactions 1 and 3 are only 

occurring during the first time the material is exposed either to H2O (Equation 3.2) or 

   2 2 3 2(OH) COC CO C H O 

   2 3O CO COC C  
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to CO2 (Equation 3.4) after the pretreatment. After the activation of this site, the 

hydroxide can only be transformed with CO2 to a carbonate and vice versa. It can be 

inferred from Figure 3.6 and Figure 3.7 that our assumption can describe the obtained 

weight changes during the two different experiments quite well. 

  

3.3.2.4 Mixed adsorption of CO2 and H2O in one step on KMG30 

 
Figure 3.8 a) TGA Experiment 4: Adsorption of CO2/H2O followed by CO2 and desorption with dry 

(N2) and wet regeneration (H2O) at 400 °C and PH2O = 0.34 bar and PCO2 = 0.66 bar b) PBR 

Experiment 4 at 400 °C and PH2O = 0.1 bar and PCO2 = 0.025 bar 

During this experiment the material is first exposed to CO2/H2O (step 1) followed by an 

exposure to a dry CO2 stream (second step). Figure 3.8b (breakthrough curves) shows 

that, when switching from a wet to a dry CO2 gas stream, H2O desorbs as one would 

expect while CO2 adsorbs although the CO2 partial feed pressure does not change (step 

2). The CO2 adsorbing during this step can be ascribed to shifting of the equilibrium 

between the metal hydroxide and the metal carbonate of site C: the hydroxide is 

completely transformed into a carbonate, adsorbing CO2 and releasing H2O. Note that 

the loading of site B remains unchanged. Illustratively, in the subsequent step with N2 

(step 3 of the breakthrough experiment) no H2O desorption is observed indicating that 

the additional CO2 adsorption in step 2 results in a fully dry sorbent. This means that 

in step 2, all water from site A (8 mg/g) and all water present due to the equilibrium 

reaction of site C (derived from equation 2) is released.  

In this step 2 the mass change detected by the TGA is a loss of 2 mg/g. While steam 

desorption of site A corresponds to decrease of 8 mg/g, it means that the shift in 

equilibrium on site C due to equation (2) corresponds to a mass increase of 6 mg/g as 

illustrated in equation 4: 
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     8 A 6 2
mg mg mg

C measured
g g g

      (3.4) 

The mass change of 6 mg/g would correspond to an exchange of 0.23 mmol/g hydroxide 

to carbonate of site C. This also implies that in step 1 due to the equilibrium reaction 

(2) 0.186 mmol/g of site C was already occupied by CO2.   

Summarizing for step 1, the mass increase due to adsorption expected should thus be 

8 mg/g of H2O for site A, 12 mg/g of CO2 for site B, and of 4.8 mg/g for site C as explained 

above. A total mass change of approximately 25 mg/g is thus expected. However, the 

measured mass change during this step equals 31 mg/g. Thus, an additional site should 

be present in the sorbent, denoted in this work as site D and responsible for a 6 mg/g 

mass change in step 1. Since in step 2 the exchange of water can be explained with sites 

A, B and C, and since in step 3 (Figure 3.8b) there is no water desorption, it appears that 

site D is able to only adsorb CO2. Additionally, as this site was not present in the 

previous experiments, we conclude that this site is only available when the sorbent is 

sufficiently hydroxylated and exposed to CO2. Indeed it was observed that during the 

first exposure to a mixture containing both CO2 and H2O simultaneously, a significantly 

higher mass increase was detected in the TGA experiments, which is attributed to the 

activation of this site D (Figure 3.8a, Experiment 4 cycle 1). If this hypothesis is true, we 

should measure additional CO2 desorbing in the following steps compared with the 

three sites theory.  

Step 2 resulted in complete water desorption as discussed above. The mass change in 

the subsequent step 3 (desorption with N2), desorption of CO2 should only occur from 

site B in case only site A, B and C are assumed, corresponding to a mass change of 12 

mg/g. The observed mass change is, however, higher (around 15 mg/g) and the sorbate 

desorbed is only CO2 as evidenced by the packed bed experiment. So, the additional CO2 

should be released by site D in this step. However, the mass exchange is only about 50% 

of the CO2 adsorbed on site D in step 1. Thus, more CO2 is expected to be released in the 

next step.   

Indeed, when analyzing step 4, according to the three sites theory, one would expect 

adsorption of water on site A (8 mg/g) and an exchange of carbonate to hydroxide 

according to equation (2), which would correspond to a weight loss of 11 mg/g, so that 

in total one would expect a weight decrease of 3 mg/g. However, the measured weight 

loss in this step is 6 mg/g, which confirms that the rest of site D is released during this 

step. The next step (desorption with N2) at this point should only desorb water present 

on site A, which is indeed confirmed by the observed mass loss corresponding to 8 
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mg/g. Note that the introduced site D is required to model the mass changes during the 

different cyclic experiments but is not a different physical adsorption site. It accounts 

first, for the increase in adsorption capacity for a feed of CO2 and H2O together and 

second for the effect of time in the different experiments. Thus, for experiments 

involving more steps the sorbent can release more CO2 simply because of the longer 

time available for regeneration. This pehnomena is described in more detail in chapter 

6.  

 

3.3.2.5 Mixed adsorption of CO2 and H2O in one cycle on KMG30 

In the discussion of the following experiments, it will be confirmed that the 

experimental observations can indeed be adequately described by the proposed four-

site mechanism. 

 
Figure 3.9 a) TGA Experiment 5: Adsorption of CO2 followed by CO2/H2O and desorption with dry 

(N2) and wet regeneration (H2O) at 400 °C and PH2O = 0.34 bar PCO2 = 0.66 bar b) PBR 

Experiment 5 at 400 °C and PH2O = 0.1 bar and PCO2 = 0.025 bar. 

Experiment 5 is very similar to Experiment 4, but steps 1 and 2 are reversed. The results 

for Experiment 5 have been plotted in Figure 3.9 for both TGA (a) and PBR (b). Step 1 

of Experiment 5 is the same as step 4 of Experiment 3 (see Figure 3.6) and can be 

described in the same way with the four sites theory: site B adsorbs CO2 and site C is 

transformed from a hydroxide into a carbonate, resulting in CO2 adsorption and H2O 

desorption. In the second step (wet adsorption) CO2 is desorbing due to the shift in 

equilibrium of site C (equation 2) which leads to a mass decrease of approx. 6 mg/g. 

Additionally, site D is occupied again with CO2 and site A with H2O. The next step 3 with 

N2 flushing only leads to desorption of CO2 from site A and H2O from site B, while site 

C and site D are unaffected since they can only be desorbed if H2O is present in the feed. 

The adsorbing water in step 4 in the absence of CO2 in the feed causes site D to release 
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its adsorbed CO2. Compared to step 4 of Experiment 4, the amount of CO2 released in 

step 4 of Experiment 5 is smaller, since step 2 of Experiment 5 results in a lower 

equilibrium amount of CO2 on site C than step 2 in Experiment 4 because of the 

presence of H2O in the feed during step 2 in Experiment 5. 

 

 
Figure 3.10 a) TGA Experiment 6: Adsorption of CO2/H2O and desorption with dry (N2) and wet 

regeneration (H2O) at 400 °C and PH2O = 0.34 bar and PCO2 = 0.66 bar b) PBR Experiment 6 at 

400 °C and PH2O = 0.1 bar and PCO2 = 0.025 bar. 

The results of Experiment 6 have been plotted in Figure 3.10 for the TGA and PBR 

experiments. It differs from Experiments 4 and 5 in that the step with adsorption in dry 

CO2 conditions is not performed. This implies that the total capacity of Site C cannot 

be reached in this experiment. It can be seen from Figure 3.10a that indeed the 

measured mass change from the TGA can be described with the proposed four sites 

mechanism. The mass change in the first step is similar to the mass change in step 1 of 

Experiment 4 (see Figure 3.8a) and the rest of the steps are similar to the results 

obtained in Experiment 5. The same observation is made for the results of the PBR, 

which shows similar evolution of measured outlet concentrations compared to the 

previous experiments. 
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Figure 3.11 a) TGA Experiment 7: Adsorption of CO2/H2O and wet regeneration (H2O) at 400 °C 

and PH2O = 0.34 bar and PCO2 = 0.66 bar b) PBR Experiment 7 at 400 °C and PH2O = 0.1 bar and 

PCO2 = 0.025 bar. 

In Experiment 7 the material was exposed continuously to steam at a constant partial 

pressure, while CO2 is periodically added to the feed. Following the proposed 

mechanism, sites B, D and C (equilibrium) are adsorbing CO2 and are regenerated in 

the subsequent step (note that site B does not require H2O to desorb CO2). The effects 

of Site C, on which both H2O and CO2 can adsorb, is clearly observed in the results of 

the packed bed experiments, since desorption of H2O upon adsorption of CO2 and 

adsorption of H2O upon desorption of CO2 is observed. In this experiment Site C 

alternates between fully hydroxide and equilibrium loaded hydroxide/carbonate. The 

breakthrough times for CO2 for both experiments (Experiment 6 and Experiment 7) 

were nearly equal which is expected in accordance with the developed mechanism.  

 

Figure 3.12 TGA Experiment 8: Adsorption of CO2/H2O, wet regeneration (H2O) and drying (N2) at 

400 °C and PH2O = 0.34 bar PCO2 = 0.66 bar compared to the TGA experiment 7 
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To confirm that site A for H2O is always fully occupied in this experiment, Experiment 

8 is performed having an additional drying step, see Figure 3.12 solid line). It can be 

seen that indeed the expected mass is lost in Experiment 8 (Step 3) due to the water 

desorption. The mass increase during the following adsorption cycle is equal to the 

mass increase, which was measured during the first step of Experiment 7 and 

Experiment 8 where the material was previously dried. Moreover, this figure nicely 

shows in which way the cyclic obtained mass change is the same for different cycles 

performed, if the conditions are the same. 

  

 
 
Figure 3.13 a - d: TGA results of Experiments 9 - 12 conducted at 400 °C, PH2O=0.34 bar and 

PCO2=0.66 bar to support the developed mechanism for the CO2/H2O interaction on KMG30 

Figure 3.13 (a – d) shows additional experiments which were conducted to prove the 

developed mechanism and the introduced adsorption sites for KMG30. First, one can 

notice, that the four sites mechanism is able to predict the mass change that was 

measured during Experiment 9 to Experiment 12. Secondly, we can confirm the 

hypothesis, which was introduced previously, that site D will only be partly filled and 

emptied with CO2 in case dry CO2 is fed. To reach full capacity of site D a step with 
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CO2/H2O is necessary. Small deviations in the measured cyclic weight change can be 

expected due the different sites between experiments with a higher number of 

desorption/regeneration steps as the total desorption time is different in these 

experiments [56].   

Based on the experimental results described above the model proposed for the 

adsorption of CO2 and H2O on KMG30 is summarized in Figure 3.14 together with the 

cyclic working capacity of the sites summarized in Table 3.3. 

 
Figure 3.14 Proposed Model for CO2 and H2O adsorption on KGM30 at 400 °C 

Table 3.3 Cyclic working capacities of the different sites at 400 °C at PCO2 = 0.66 bar and PH2O = 

0.34 bar 

Site Adsorbate regeneration   cyclic working capacity  description 
    conditions mg/g  mmol/g   

A H2O dry 5 0.28 Always active 

B CO2  dry 12 (13) 0.30 
Always active (increased 
capacity after first time 

CO2/H2O) 

D CO2  wet 6 0.14 
activated after first time 

exposed to CO2/H2O 

C 

H2O CO2 7.5 0.42 H2O feed 

CO2  H2O 18.5 0.42 dry CO2 feed 

Ceq 

CO2  H2O 4.5 0.10 

CO2/H2O feed 
H2O CO2  5.7 0.32 

CO2 cyclic working capacity (only dry reg.) 0.30 dry CO2 feed 
CO2 cyclic working capacity (wet reg.) 0.72 dry CO2 feed 

CO2 cyclic working capacity at equilibrium 0.53 CO2/H2O feed 
 CO2 cyclic working capacity with dry CO2 feed 0.85 dry CO2 feed after CO2/H2O 
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According to this model, site A for H2O sorption (0.28 mmol/g) and site B for CO2 

sorption (0.3 mmol/g) are active after the pretreatment of the sorbent. Their behavior 

is already described in the literature at different temperatures and 

adsorption/desorption times and both can be regenerated with N2 [56]. Site D for CO2 

sorption, however, needs to be activated. This site in only capable of CO2 adsorption if 

the material contains adsorbed H2O and is active after the first time when CO2 and H2O 

was fed together to the material. This can result from simultaneous feeding CO2 and 

H2O, or by preventing full steam desorption in the preceding step to feeding dry CO2. 

The full capacity of this site is probably much higher than its cyclic working capacity 

(0.14 mmol/g). This site can be responsible for the in general slightly higher CO2 cyclic 

working capacities which are reported in the literature for experiments were steam was 

present during the adsorption step [40], [50], [57]. Site C can adsorb both CO2 as H2O 

and has a high CO2 cyclic working capacity (0.42 mmol/g for dry CO2). If CO2 and H2O 

are present together in the feed stream, an equilibrium will be established which leads 

to a replacement effect of CO2 or H2O dependent on the feed composition. Note that we 

need site D in order to predict the cyclic working capacities for this material for all 

conditions (history of the material). However, this does not necessarily mean that site 

D is a separate physical site. It has to be considered that the additional CO2 adsorbed 

by site D could also be explained by the activation of additional cyclic working capacity 

for sites B and C after feeding H2O and CO2. Also in this way the experimental results 

published here could be explained.  

In order to enlighten the chemical nature of the different sites proposed in this 

publication earlier published studies were investigated. However, in the literature 

various chemical species have been proposed being responsible for the CO2 adsorption 

mechanism and are summarized in Table 3.4.  Even though MgCO3 formation from 

brucite has only been reported for a hydrotalcite with a different Mg/Al ratio under 

high partial pressure of CO2 and H2O [8], [14], the mechanism reported by Fricker et al. 

[58] would match with our mechanism proposed for site C. Formation of potassium 

carbonate hydrate or potassium magnesium carbonate like reported by Maroño et al. 

[40] or the formation of dawsonite like reported by Walspurger [59] are also possible 

candidates. Trying to identify different species after CO2 adsorption with XRD was 

unfortunately not possible due to the amorphous structure of the material and the 

rapid change of the material when exposed to a humid atmosphere. TGA and PBR 

experiments with different sorbents (potassium promoted alumina and hydrotalcites 

with a different Mg/Al ratio) have been performed, and the results are described in 
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Chapter 6,  in order to further investigate the possible chemical species responsible for 

the different sites reported in this chapter. 

 
Table 3.4 possible species formed on potassium promoted hydrotalcite proposed in the literature 

Species  Name Conditions  Ref 
KAlCO3(OH)2 dawsonite 

10 bar CO2 steam 
at 200°C 

[59]  K2CO3/K-O-
Al(OH)y/AlOOH-Al2O3 

hydroxialuminium 
centers 

K4H2 (CO3)3 × 1.5 H2O potassium carbonate 
hydrate 

different 
temperature CO2 

and H2O up to 
600°C  

[40]  
K2Mg(CO3)2 

potassium magnesium 
carbonate 

KAlCO3(OH)2 dawsonite 
Mg(OH)2 brucite 

MgO magnesium Oxide 
Mg6Al2K2O10 - 

250 - 500°C at 980 
Torr 

[13]  MgAl2K2O9(CO3) - 
MgAl2K2(CO3)2 - 

Mg(OH)2 brucite up to 400 °C and 
1.52 MPa CO2  

 [58] MgCO3 magnesium carbonate 

K2Al2O4 3xH2O potassium aluminum 
oxide hydrate 

different 
temperature CO2 

and H2O up to 
600°C  

[51] 

 

3.3.3 Validation and accuracy of the model  

In this section, the ability of the four-site model to quantitatively describe the measured 

cyclic working capacities during the different experiments is tested. Since all 

experiments have been conducted at the same base case conditions (T = 400 °C, PCO2 = 

0.66 bar, PH2O = 0.34 bar, Ptot = 1 bar and similar total cycle lengths) constant capacity 

values for the different sites are expected. We summarized and compared the 

experimental data with the model predictions for the cyclic mass change for every 

adsorption/desorption step. The standard deviation between the experimental results 

and the predicted mass changes by the model was calculated. In order to describe the 

experimental results with a higher accuracy the cyclic working capacity of the different 

sites was fitted. The total standard deviation between the experimental results and the 

model predictions was minimized by adjusting the cyclic working capacity of the 

different sites proposed within an upper and lower boundary that were inserted to 

ensure that the fitting follows the proposed model. The fitting results for the base case 

experiment and the given boundaries are summarized in Table 3.5. 

  



Chapter 3 

70 

 

3 

Table 3.5: Fitted site capacities for the base case experiment in (mg/g) 

Model Base case 

Site A B Ceq C D 

boundary low 0 0 0 0 0 

FIT 8.3 11.3 5.1 11.3 5.5 

boundary high 13 13 13 13 13 
 

The experimental results of the base case experiment together with the standard 

deviations between the predictions and experimental results are summarized in the 

Appendix A (Figure 1Table ) for three sets of experiments. Experiments 1 – 8 were 

conducted three times to prove the reproducibility of the experiments. In the second 

set some additional experiments were conducted in order to further prove that the 

model can predict the cyclic mass change under conditions different from experiments 

1-8. In the third set the order of the experiments was revised to validate that indeed site 

D is activated if CO2 is fed to a hydroxylated sorbent (Experiment 5) and that the 

starting conditions do not influence the cyclic working capacity of the following steps.   

Table 3.6 Fitting results of the three sets of experiments 

  A B Ceq C D 

FITTING RESULTS SET 1 8.06 11.22 5.62 11.73 5.74 

FITTING RESULTS SET 2 8.20 10.60 4.54 10.62 6.09 

FITTING RESULTS SET 3 8.42 11.52 4.95 10.95 5.26 

FITTING RESULTS ALL SETS 8.34 11.28 5.13 11.31 5.53 

STD DEVIATION (SET FITTING) 0.14 0.34 0.39 0.41 0.31 

VARIANCE (SET FITTING) 0.02 0.15 0.20 0.22 0.12 
 

Minimization of the total error always led to the same result for the cyclic working 

capacities for the different sites, independent on the starting values for the different 

sites, indicating that indeed a global minimum was found (Table 3.6). In order to 

investigate the accuracy of the fitting and the experimental error, the different sites 

were fitted once for every experimental set separately. The cyclic working capacity 

determined for the different sites according to Table 3.5 have been plotted together with 

the standard deviation if the three different sets were fitted separately. It can be 

observed that the error between the different experimental sets is quite small. Where 

for Site A (which is a site which can be independently determined with Experiment 1) 

the deviation is very small, for the other sites the deviation is somewhat larger. Since 
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the model fitting is based on experimental results, the accuracy of the experiments is 

mainly responsible for the small discrepancies found for the cyclic working capacities 

of the different sites. 

 

Figure 3.15 Site cyclic working capacities determined for KMG30 by minimization of the error 

between the models and experiments at 400 °C, PCO2=0.66 bar and PH2O=0.34 bar (error bars 

represent the standard deviation between the different sets of experiments) 

Details of the measured weight change of the plotted results can be found in section 3.1 

where the mechanism was based on. A table containing all measured weight changes 

and the deviation of our model to predict the cyclic weight change, can be found in the 

appendix A(Table 1Table ). Analyzing the determined deviation (mg/g) between the 

model and the experimental values, one can notice that the model describes the cyclic 

mass change very accurately. The highest calculated total standard deviation (average 

of all standard deviations for one experimental set, Appendix A, Table 1), was 

calculated being 0.610 mg/g. Inspecting the experimental results it can be seen that the 

determined standard deviation is in general smaller than the experimental error 

between two identical experiments (e.g. comparing Experiment 2 of experiment 1 and 

2) where a difference in CO2 cyclic working capacity of 1.18 mg/g was measured. It was 

already mentioned that the material behavior strongly depends on the conditions as 

temperature, partial pressure and history of the material. Comparing the measured 

cyclic mass change of Experiment 2 to Experiment 7, where the same cycle time was 

used, one can obtain that the mass exchanged is nearly twice as high for Experiment 7 
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(Appendix A, Table 1). This clearly illustrates how the CO2 cyclic working capacity can 

be much improved if H2O is used instead of N2 as a balance to CO2. 

 

3.3.4 Influence of temperature on cyclic working capacity  

Analyzing Experiment 1 performed at different temperatures provides information on 

the temperature dependency of site A for H2O adsorption. Similarly, Experiment 2 at 

different temperatures gives the temperature dependency for site B for CO2 adsorption. 

These results have been plotted in Figure 3.16. It can be discerned that the influence of 

the operating temperature on the capacity of Site A is opposite to that for Site B, which 

is in agreement with results reported earlier [56]. From previous studies it is known 

that the temperature does not affect the adsorption capacity of CO2, but the desorption 

kinetics, which can also be obtained from Figure 3.16b whereas for Site A clearly the 

adsorption capacity of Site A is reduced by an increase in operating temperature 

(Figure 3.16a). It can also observed from these figures that the initial H2O loading of the 

material is not influenced by temperature, but the total adsorbed amount of H2O is 

influenced. On the other hand, for CO2 the initial CO2 loading is responsible for the 

lower cyclic working capacity at lower temperatures due to slower desorption kinetics.  

 

Figure 3.16  a) H2O dependence on temperature at PH2O = 0.34 bar  (Site A) b) CO2 dependence on 

the temperature at PCO2  = 0.66 bar (Site B ) 

Analyzing the experimental results to determine the cyclic working capacity of site C 

and D, different approaches were considered since both the capacity of Site C and the 

capacity of site D cannot be easily determined separately. Based on the proposed model, 

the cyclic working capacities for the different sites were fitted by using an excel model 

and the results are plotted in Figure 3.17a.  
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The figure shows that the cyclic working capacities of site A are decreasing and of site 

B are increasing if the temperature is increased, which has already been described by 

analyzing the adsorption/desorption kinetics. Site D seems to have a maximum cyclic 

working capacity at 400 °C. The cyclic mass change seems to increase for Ceq (due to 

equation 2). This increase can be explained with less H2O being adsorbed at higher 

temperature and therefore shifting the equilibrium towards the metal carbonate 

leading to a higher mass change. Interestingly, the total capacity of site C seems to 

decrease slightly with an increase in temperature indicating that the carbonation of the 

metal is a slightly exothermic reaction, however, the observed changes are within the 

experimental error of the experiments and fitting (see the error bars for the experiment 

at 400 °C).  It was already described that Site D is only participating in the adsorption if 

CO2 and H2O are fed together or is active if the material is still wet when exposed to CO2. 

Because of this observed behavior, it is possible that site D is directly dependent on the 

capacities of site B and A which represent the weaker and fast adsorption sites, since 

they can be easily regenerated with N2. 

In order to design a process that can use the cyclic working capacity of the adsorbent 

very efficiently the total cyclic working capacity of the material is an interesting 

parameter. Figure 3.17b summarizes the cyclic working capacity of CO2 and H2O for 

KMG30 at different operating temperatures. We distinguish between the full CO2 cyclic 

working capacity which can be reached if all the sites participate and the cyclic working 

capacity at equilibrium if CO2 and H2O are present together on the material (which is 

in general the case during WGS reaction). It can be concluded that the sorbent shows 

the highest CO2 cyclic working capacity at 400 °C for both conditions (equilibrium or 

full capacity) which is mainly caused by the higher sorption capacity of CO2 of site D. 

This observation based on the four sites model is also confirmed in the literature, where 

it has already been reported that a hydrotalcite based adsorbent showed a higher CO2 

sorption capacity at 403 °C compared to 306 and 510 °C [16].  
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Figure 3.17 a) Cyclic working capacities for the different sites at different temperatures b) Total 

CO2 and H2O capacities as function of temperature 

3.4 Conclusions 

Smart designed TGA cycles together with experiments in a packed bed reactor were 

used to develop a mechanism for the interactions between CO2 and H2O on a 

commercial potassium promoted hydrotalcite (KMG30). Four different adsorption sites 

are necessary to describe the cyclic working capacity for CO2 and H2O during different 

adsorption/desorption cycles with different composition at different temperatures. 

Two sites A (H2O) and B (CO2) can be easily regenerated with N2.  The cyclic working 

capacity for site B increases at higher temperatures, whereas the cyclic working capacity 

for site A decreases at higher temperatures. Site D is a site which can be activated if CO2 

and H2O is present. This site D accounts for a capacity increase depending on the 

experimental condition but does not represent an additional physical adsorption site. 

A metal oxide, reacting to either a metal carbonate or a metal hydroxide, was found to 

be a possible explanation for the observed behavior of the material. With this 

mechanism, the different measured cyclic working capacity can be explained and we 

are able to explain the different cyclic working capacity for CO2 reported in the 

literature. It is evident from the experiments that H2O increases the cyclic working 

capacity of CO2 significantly. The experimental results have proven that the main 

reason why steam increases the cyclic working capacity of the adsorbent is due to the 

regeneration of adsorption sites (site C in particular), which cannot be regenerated with 

N2. Regeneration of the adsorbent with H2O leads to an increase in the CO2 sorption 

capacity from 0.3 to 0.72 mmol/g. Feeding H2O during the adsorption of CO2 activates 

more adsorption sites that can increase the cyclic working capacity once more up to 

0.85 mmol/g. To the best of our knowledge this is the first time that an explanation is 
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provided for the increased CO2 cyclic working capacity for a potassium promoted 

hydrotalcite, as well as a detailed investigation of the different sites involved in the 

adsorption mechanism. By increasing the CO2 partial pressure and decreasing the H2O 

partial pressure during the adsorption step one can optimize the cyclic working 

capacity of the adsorbent and thereby increase the efficiency of the process. The 

proposed cyclic working capacities of the sorbent will significantly decrease in a 

process for shorter regeneration times, since the desorption is the cyclic working 

capacity determining step. In order to use the total cyclic working capacity of the 

adsorbent an optimum between regeneration time can be determined, dependent on 

the number of columns used in order to design an efficient process. The cyclic working 

capacity for CO2 can be increased by 45% if a mixture of H2O and N2 is used to 

regenerate the material due to the activation of more sites using the same cycle time 

(0.3 compared to 0.53 mmol/g). An operating temperature of 400 °C was found to be 

best in order to achieve the highest CO2 cyclic working capacity, which is confirmed in 

the literature. A more detailed kinetic model is developed in Chapter 7 in order to 

describe the transient response of the TGA and simulate the adsorption and desorption 

of CO2 and H2O in a packed bed reactor.  
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Abstract 
 
An in-situ IR technique was used to study the reversible adsorption of CO2 and H2O 
at elevated temperatures on a potassium-promoted hydrotalcite for its use in 
sorption-enhanced water-gas shift (SEWGS). It was found that mainly bidentate 
carbonate species are responsible for the reversible (cyclic) adsorption capacity of 
the sorbent. The presence of H2O can enhance the decomposition of bidentate 
carbonates bond to the stronger basic surface-sites. The basic strength of the 
involved adsorption sites for bidentate formation appears to be highly 
heterogeneous. At higher operating temperatures, reversible formation of bulk 
carbonates seems to participate in the reversible adsorption for CO2. The presence of 
H2O on the sorbent can lead to the formation of bi-carbonate, especially at lower 
operating temperatures of 300 °C. The transient absorbance of the main absorption 
bands for carbonate species identified during this study can be used in the 
development of a detailed description of the reversible adsorption/desorption 
kinetics reported before using thermogravimetric analyses.  
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4.1 Introduction 

FTIR has been frequently used to investigate carbonate species present in hydrotalcites 

[32], [60]–[63]. Du et al. reported that CO2 reversibly forms unidentate, bidentate and 

bridged carbonate species, with the formation of bidentate carbonate species being 

favored at short CO2 exposure times. The very slow adsorption and desorption 

properties of CO2 were assigned to the formation of bulk polydentate carbonates [61]. 

Bidentate carbonates have been identified as one of the major carbonate species 

relevant for the CO2 adsorption mechanism [32], although others have underlined the 

importance of unidentate carbonate species formed by adsorption of CO2 on strong 

basic sites [63]. In order to investigate the desorption of CO2 and the decomposition of 

carbonate species, the sorbent is usually exposed to CO2 at low temperature followed 

by heating to study desorption. A study where the sample is exposed to CO2, H2O and 

their mixtures as relevant for SEWGS applications and necessary to further investigate 

the adsorption mechanism is lacking [60], [63], [64]. 

In the recent literature, different hydrotalcites and mixed metal oxides were 

investigated using IR-spectroscopy to determine mainly the different basic strengths of 

the sites involved in the CO2 capture mechanism. The basic strength of an adsorption 

site can depend on the coordination degree of the surface oxygen atoms. The main 

species formed upon CO2 adsorption reported are chelating or bridging bidentate 

carbonates, monodentate carbonates, hydrogen carbonates and CO2 linear coordinated 

on Mn+ sites [60] and are depicted in Figure 4.1. The presence of different carbonate 

species can lead to the need of multiple adsorption sites, if the adsorption and 

desorption of CO2 on these types of sorbents is going to be modeled.  

 

Figure 4.1 Different types of carbonate species being formed on hydrotalcite based adsorbents,  

where the metal can be Al, K or Mg 

It has been reported in the literature, that the free carbonate ion in D3h symmetry has 

an active IR band at 1415 cm-1 (asymmetric ν(CO) vibration). In the adsorbed state the 

symmetry is lowered and the species formed are usually presented by two ν (CO) bands 

on both sides of the wavenumber of 1415 cm-1. The distance between both bands on 
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each site of the wavenumber 1415 cm-1 is usually reported as Δν3 splitting [65], which is 

considered to be a measure of the basic strength of the sites available on the sorbent. A 

smaller splitting represents stronger basic sites, where unidentate (Δν3 = 100 cm-1), 

bidentate (Δν3 = 300 cm-1) and bridged species (Δν3 = 400 cm-1) are assigned to be 

representative carbonate species [65]. In general, different authors in the literature 

have assigned different carbonate species on potassium-promoted hydrotalcites 

according to the Δν3-splitting measured in the experiments. However, it is reported that 

a low Δν3 – splitting can also indicate the presence of polydentate (very similar to bulk 

carbonate). It has also been mentioned that a unidentate carbonate would already 

decompose at relatively low operating temperature (<150 °C), whereas polydentate is 

more thermally stable [32], [65], [66]. Therefore, it is important to consider both the Δν3 

– splitting and the operating temperature. 

In this work, an in-situ FTIR study was performed on potassium-promoted 

hydrotalcites under a controlled atmosphere close to SEWGS process conditions 

relevant for the cyclic exposure to CO2, H2O and mixtures of CO2 and H2O at elevated 

temperatures between 300 and 500 °C.  This allows the validation of the proposed 

mechanism of adsorption of CO2 and H2O on potassium promoted hydrotalcites. 

 

4.2 Materials and methods 

The potassium-promoted hydrotalcite sample (KMG30) with a MgO/Al2O3 ratio of 0.54 

and about 20w% of K2CO3 from SASOL, which was already characterized in a previous 

work [56], was pretreated prior to FTIR measurements at 600 °C in N2 for two hours to 

desorb previously adsorbed CO2 and H2O from the atmosphere. After the pretreatment 

around 8 mg of sample was pressed into a self-supporting wafer, which was 

subsequently placed in the sample holder. After introducing the sample holder in the 

measuring cell of the FTIR the experimental procedure was started.  

In-situ FTIR measurements were performed in a Bruker Vertex 70v FT-IR-

spectrometer. The closed measuring cell is used with CaF2-windows and the cell walls 

were heated with an external temperature controller to 70 °C to prevent water 

condensation on the cell-walls. The sample temperature is controlled and can be 

increased to a maximum temperature of 550 °C. 

A manifold was connected to two Brooks mass flow controllers (MFC) for CO2 and N2 

with a maximum flow rate of 280 ml/min. The effective pressure between MFC and the 

cell was set to 0.6 bar (g). Another MFC for N2 with a maximum flow rate of 200 ml/min 

was connected to a saturator. The saturator bottle was filled with H2O and immersed in 
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a temperature-controlled bath, which was kept at a constant temperature of 50 °C. The 

N2 gas stream was humidified by passing through the water bottle. All gas lines after 

the humidifier were traced and heated to above 80°C to avoid water condensation in 

the gas lines. Valves V4, V6 and V7 (Figure 4.2) were software controlled to prepare 

different gas mixtures, which were sent to the measuring cell of the FTIR. Dry gases as 

N2 and CO2 were dosed via the manifold, whereas the humidified gas stream was mixed 

with the dry gas stream behind the manifold. A check-valve was installed to prevent the 

humid gas stream entering the manifold. A saturated gas stream of N2 at 50 °C was 

constantly produced and either bypassed or sent to the IR-Cell by switching V7-A/V7-

B (resulting in a constant saturation of the N2 stream). Figure 4.2 shows a PFD of the 

setup used for the FTIR measurements. 

The reactant gas was injected into the cell close to the sample as indicated in Figure 4.2. 

The flow rates for the different mass flow controllers are chosen in such a way that the 

maximum possible flow rate is used in order to keep the gas phase transition in the cell 

as short as possible (to prevent slow mixing and therefore possible effects on the 

adsorption/desorption of sorbate species). The MFC’s were calibrated previously to the 

experiments using a Definer H-220 to ensure accurate gas dosing under the chosen inlet 

pressure of the MFC’s.  The steam content was calculated to be 5%, mixing a dry gas 

stream (280 ml/min) of CO2 and N2 with 195 ml/min of N2 saturated with water at 50 °C 

(PH2O = 0.122 bar). The steam content could not be increased due to limitations of the 

experimental Setup (avoiding condensation of steam on the IR cell walls and windows). 

Table 4.1 shows the carefully designed measurement sequence containing multiple 

experiments programmed using in-house designed software. Each experiment took 25 

min and was divided in 5 sub-segments of 5 min at constant gas flow rate. Every 5 min 

during a certain experiment, an IR-spectra between 600 and 4000 cm-1 with 32 scans was 

recorded.  
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Figure 4.2 PFD of automated FTIR-setup and schematic sketch of the measuring cell 
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Table 4.1 Experimental procedure used for the in-situ FTIR study, which was carried out at three 

different operating temperatures (300, 400 and 500 °C). The table shows the procedure for 400 °C. 

EXP TEMP Time Gas feed PN2 PCO2 PH2O 
- °C Min - bar bar bar 
1 550 120 N2 1.00   
2 400 25 N2 1.00     
3 400 25 N2/CO2 0.50 0.50   
4 400 25 N2 1.00   
5 400 25 N2/CO2 0.50 0.50  
6 400 25 N2 1.00   
7 400 25 N2/CO2 0.50 0.50  
8 400 25 N2 1.00     
9 400 25 N2/H2O 0.95  0.05 
10 400 25 N2 1.00   
11 400 25 N2/H2O 0.95  0.05 
12 400 25 N2 1.00     
13 400 25 N2/CO2 0.50 0.50  
14 400 25 N2 1.00   
15 400 25 N2/H2O 0.95  0.05 
16 400 25 N2 1.00   
17 400 25 N2/CO2 0.50 0.50  
18 400 25 N2 1.00   
19 400 25 N2/H2O 0.95  0.05 
20 400 25 N2 1.00     
21 400 25 CO2/H2O 0.45 0.50 0.05 
22 400 25 N2 1.00   
23 400 25 N2/H2O 0.95  0.05 
24 400 25 N2 1.00   
25 400 25 CO2/H2O 0.45 0.50 0.05 
26 400 25 N2 1.00   
27 400 25 N2/H2O 0.95   0.05 
28 400 25 CO2/H2O 0.45 0.50 0.05 
29 400 25 N2/H2O 0.95  0.05 
30 400 25 CO2/H2O 0.45 0.50 0.05 
31 400 25 N2/H2O 0.95  0.05 
32 400 25 N2 1.00     
33 400 25 CO2/H2O 0.45 0.50 0.05 
34 400 25 N2/CO2 0.50 0.50  
35 400 25 CO2/H2O 0.45 0.50 0.05 
36 400 25 N2/CO2 1.00   
37 400 25 N2 1.00     

 

In order to be able to follow the changes on the material during in-situ IR, blank 

measurements have been carried out to measure the absorbance of the gas phase which 

was used later to correct the recorded spectra with the solid sample. Therefore, three 

measurements of each gas composition (gas compositions from Table 1, EXP 2, 3, 9 and 

21) were carried out. Prior to the blank measurements, the cell was purged with the 

desired gas composition for 25 min. In order to improve the accuracy, the blank 
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procedure was carried out twice. Blank measurements were conducted for 300, 400 and 

500 °C at identical conditions as for the experiments. Five spectra were recorded for 

each concentration with a 25 min of N2 purge in between the measurements.  

 

4.3 Results and discussion 

4.3.1 Background gas-phase spectra 

Recorded spectra for three different gas phase compositions, viz. CO2/N2, H2O/N2 and 

CO2/H2O/N2 as listed in Table 4.1, are shown in Figure 4.3. Typical absorption bands for 

CO2 are located at 2300 cm-1 corresponding to the asymmetric stretching mode of CO2 

and small peaks in the range 3600 – 3800 cm-1 corresponding to combination bands [67]. 

For gaseous water two broad bands at around 1600 cm-1 and 3600 cm-1 are visible. The 

band at 1600 cm-1 is divided into multiple small bands, corresponding to the bending 

mode of H2O, where the other branches at 3600 cm-1 correspond to the symmetric and 

antisymmetric stretching mode of H2O [67]. It was ensured that subtraction of a single 

gas spectrum (CO2/N2 or H2O/N2) from a mixed gas spectrum (CO2/H2O/N2) would result 

in the same spectrum measured previously for the remaining gas phase (Figure 4.3b). 

Based on this test it was concluded that indeed a gas phase correction is possible under 

the selected conditions. 

 
Figure 4.3 IR gas-phase spectra. Baseline for the spectra is increased to make the different spectra 

visible a) Measured gas phases spectra of different gases b) measured gas phase spectra for CO2 

and H2O and spectra of mixture of CO2/H2O which was corrected with pure gas spectra for H2O 

(green) which should correspond to the gas spectra of CO2 and once with CO2 (violet) which should 

correspond to the gas spectra of  H2O 

An example for the background gas-phase correction is plotted in Figure 4.4, showing 

the uncorrected spectrum, the spectrum after subtracting the IR spectrum of the same 

sample before CO2 adsorption and the corrected spectrum obtained by subtracting the 



An in-situ IR study on the adsorption of CO2 and H2O on hydrotalcites 

85 

 

4 

contribution of gaseous CO2 in order to evaluate the changes at the sorbent surface 

during adsorption/desorption of CO2, H2O. 

 
Figure 4.4 Recorded spectra after CO2 adsorption and correction of spectra with blank 

 

4.3.2 Pretreatment of KMG30  

To qualify the changes in KMG30 during pretreatment, spectra were recorded prior to 

pretreatment at room temperature under N2 atmosphere and after pretreatment (EXP1, 

Table 4.1) at an operating temperature of 400 °C. It can be seen (Figure 4.5a) that the 

background absorption of the IR is reduced which can be explained that one 

background is recorded at 50 °C and the other at 400 °C leading to an absolute change 

in absorbance. The broad absorption band at 3300 cm-1 together with the shoulder at 

1650 cm-1 disappeared during the heating process to 550 °C during the pretreatment 

(Step 1, Table 4.1). The two bands at 1500 cm-1 and 1400 cm-1 and the band at 1100 cm-1 

also appear less intense.  

The disappearance of the broad peak around 3300 cm-1 is caused by desorption of H2O 

from the sample. Bands at 3400 cm-1 are typically for symmetric O-H stretching and at 

3506 cm-1 for asymmetric O-H stretching. Various carbonate species such as free 

carbonate anion (hydroxyl carbonate) and unidentate and bidentate carbonate species 

decompose resulting in reduced absorbance in the 1400-1500 cm-1 range and at 1100 

cm-1 [64], [68]. These changes are consistent with the reported release of H2O and CO2 

during pretreatment by TGA and TGA-MS [56]. Despite the release of CO2, the IR 

spectrum shows that some carbonate species persist after the pretreatment procedure. 
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Based on the low Δν3 – splitting (150 cm-1) for the two remaining absorption bands at 

1535 and  1380 cm-1 and the high thermal stability of the remaining carbonates, we 

conclude that these are strongly bound bulk or polydentate carbonate species [32], [65], 

[66], [68]. The small remaining band at 3500 cm-1 (Figure 4.5b) reveals that still small 

number of OH-groups are present on the sorbent surface after the pretreatment.  

 
Figure 4.5 Spectra recorded before and after the pretreatment Assignments of absorption bands 

before (a) and after (b) pretreatment of KMG30 

 

4.3.3 Adsorption of CO2 and desorption with N2 

Figure 4.6a shows the changes in the IR spectrum upon exposure of the pretreated 

sample to CO2 at 400°C between 1000 and 1900 cm-1, since only visible changes in the IR-

spectra were detected in this region. Exposure to CO2 increases the intensity of the 

bands at 1570, 1340 and 1060 cm-1. The most prominent increase is observed in the first 

5 min followed by a slower increase during the total exposure of 20 min. These kinetics 

are in keeping with the CO2 uptake observed in TGA-MS studies [69].  

Upon exposure to N2 for 25 min (Figure 4.6b) the absorption bands at 1570 cm-1, 1340 

cm-1 and 1060 cm-1 decrease again. Not all CO2 adsorbed in step 3 can be desorbed under 

these conditions. The decreased Δν3–splitting can be attributed to the heterogeneity in 

CO2 binding. That is to say, during CO2 desorption first relatively weakly adsorbed CO2 

is released followed by stronger bound CO2. Based on the Δν3-splitting of 235 cm-1 (after 

CO2 adsorption) and 220 cm-1 (after desorption of CO2 with N2), we can conclude that 

mainly bidentate carbonate species are formed during the adsorption of CO2 on KMG30, 

as unidentate carbonate species are usually not stable at 400 °C [66]. According to the 

literature, most probably chelating bidentate or bridged carbonate structures are 

present under these conditions (Δν3 < 250 cm-1) [32], [65], [66]. The band CO2 at 1060 

cm-1 becomes slightly IR-active upon CO2 adsorption for various carbonate species as 

unidentate and bidentate  [63], [65]. 
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Figure 4.6 a) Spectra recorded at different times during the first adsorption of CO2 at 400 °C 

(EXP3) b) Spectra recorded at different times during desorption of CO2 with N2 at 400 °C (EXP4) c) 

Spectra recorded at different times during the second adsorption cycle of CO2 at 400 °C (EXP5). 

Comparing the spectra after adsorption of CO2 after the second adsorption cycle with 

the first adsorption cycle (Figure 4.6c, EXP5), some differences can be discerned. 

Indeed, it can be seen that the total absorbance is increased compared to the first cycle. 

It is known that a steady state between adsorption and desorption is established after 

a certain number of cycles [56]. Therefore, the increased absorbance is attributed to a 

higher loading of CO2 in the form of carbonate species. Again, an increase in Δν3-

splitting (235 cm-1) can be obtained from Figure 4.7 indicating the reversible formation 

of weaker bond bidentate. 
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Figure 4.7 Normalized spectra to the maximum absorbance after exposure to CO2, H2O and N2 to 

visualize the change in Δν3 – splitting upon exposure to different gases at 400 °C 

 

4.3.4 Adsorption of CO2 and desorption with H2O 

The IR spectra during adsorption of H2O during experiment 9 is plotted in Figure 4.8a, 

together with the last recorded spectrum of experiment 8 as reference (time zero). A 

broad absorption band at 3500 cm-1 and a small increase in the absorption band at 1430 

cm-1 is visible in this step (Step 9, feed of N2 and H2O). The broad band at 3500 cm-1 can 

be assigned to the adsorption of H2O (symmetric and asymmetric O-H stretching) on 

the sorbent.  

The absorbance of the absorption bands at 1565, 1365 and 1060 cm-1 strongly decreases, 

which can be attributed to the decomposition of bidentate carbonate upon exposure to 

H2O and N2. The maximum of the absorption bands is shifted (1565  1550 cm-1, 1350 

1365 cm-1) during this experiment, similar to the desorption step of CO2 with N2. The 

further decrease in Δν3–splitting (indicated by the shift in the maximum of the 

absorption bands) to 185 cm-1 (Figure 4.7) indicates that the CO2 desorbed from the 

sorbent during this step was indeed strongly bound, confirming our hypothesis, that 

very heterogeneous sites are present on the sorbent for CO2 adsorption. It seems that 

adsorbed H2O can reduce the amount of available strong basic adsorption sites for CO2 

and therefore initiating the decomposition of stronger bond carbonate species. This 

explains the decrease in desorption rate because the remaining carbonate species on 

the material were formed on more basic sites (for both desorption with N2 and 

desorption with H2O). Again the major decomposition of carbonate takes place during 

the first 5 minutes as reported earlier using TGA [69]. In contrast to the desorption with 
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N2 where both absorption bands were decreasing in the same way, in case of H2O being 

present, the band at 1550 cm-1 has decreased significantly more and a small shoulder at 

1490 cm-1 becomes visible. The shape of the remaining bands (similar to the remaining 

carbonates after the pretreatment) indicates that some bulk carbonate or polydentate 

and additionally some bicarbonates (band at 1490 cm-1) are formed. 

 

 
Figure 4.8 a) Adsorption of H2O at 400 °C (EXP9) b) Desorption of H2O at 400 °C with N2 (EXP10) 

c) Adsorption of CO2 at 400°C after desorption with H2O and N2 (EXP13) 

If the material is exposed to N2 during experiment 10 (Figure 4.8b), only a small 

decrease of the absorption band at 3500 cm-1 can be observed, whereas the other bands 

seem to remain nearly unchanged. If CO2 is fed again to the material, the bands at 3500 

and 1430 cm-1 are decreasing, whereas the bands at 1550, 1365 and 1060 cm-1 are 

increasing (Figure 4.8c). These results show that during the CO2 adsorption additional 

H2O is desorbed. It was already reported, that adsorption of CO2 leads to additional 

desorption of H2O, which is now also confirmed by these results using in-situ IR [69]. 

Both, the very fast adsorption of H2O postulated in the previous publication and the 

rapid replacement is confirmed. It becomes evident, that probably only one carbonate 

species is responsible for the adsorption mechanism at high temperature. However, the 
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strength of the interaction between CO2 in adsorbed state and the basic oxygen atoms 

seem to be different and not homogeneous.  

The increase of the absorption band at 1490 cm-1 is exceptional since the other 

absorption bands in this region show a decrease in absorbance as expected. A possible 

explanation could be that strongly bond bidentate carbonate that could not be 

desorbed, is converted into bi-carbonate (hydrogen carbonate) due to the presence of 

H2O on the surface of the sorbent like illustrated in Figure 4.9. However, a clear 

identification is difficult because the expected presence of the absorption bands around 

1650 and 1220 cm-1 (typical for hydrogen carbonate) was not observed from the 

recorded spectra. 

 

Figure 4.9 Partial conversion of bidentate carbonate to hydrogen carbonate upon exposure to H2O 

on the surface of the adsorbent 

During the adsorption of CO2 in experiment 13, the decrease in the broad band at 3500 

cm-1 indicates a further desorption of H2O. It has been found in earlier studies that 

indeed CO2 is required to desorb additional amount of H2O, which cannot be removed 

with N2. The band at 1430 cm-1 decreases in the same way as it increased during the 

adsorption of H2O in experiment 9. In the literature this single absorption band is 

assigned to the formation of bulk carbonates [32]. This would imply that H2O can lead 

to the formation of reversible bulk carbonate. The bands at 1550, 1365 and 1060 cm-1 

are reaching the same net absorbance as during experiment 5, indicating that the same 

carbonate species are formed as prior to the exposure of the material to H2O.  

 

4.3.5 Adsorption of CO2/H2O and desorption with H2O and N2 

Co-adsorption of CO2 and H2O was studied with experiment 21. Figure 4.10a shows the 

changes of the absorption bands during the adsorption of CO2 and H2O. Similar to the 

experiments where only CO2 was used, the bands at 1565, 1345 and 1060 cm-1
 are 

increased significantly. Again, the broad absorption band at 3500 cm-1 is increasing 

upon adsorption of H2O. However, differently to the previous experiment, a strong 
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increase of the band at 1430 cm-1 can be observed during this experiment. It was 

reported that indeed upon CO2/H2O exposure the adsorbent showed a significant weight 

increase during TGA experiments, which can be explained now by the formation of bulk 

carbonates [69]. 

 

Figure 4.10 a) Adsorption of CO2/H2O at 400 °C (EXP21) b) Change in absorbance during 

desorption of CO2 with either N2 or H2O after adsorption of CO2/H2O at 400 °C (N2: EXP19, H2O: 

EXP26) 

In Figure 4.10b the changes in the recorded IR-spectra are plotted when either N2 or 

H2O is used after the adsorption of CO2/H2O. Note that the plotted absorbance is the net 

change compared to the spectra recorded previously after CO2/H2O adsorption. The 

decrease in the absorption bands between 1600 and 1000 cm-1 is significantly higher if 

the sorbent is exposed to H2O. The broad absorption band at 3500 cm-1 remains 

unchanged during the experiment with H2O, whereas a decrease can be obtained if N2 

is used instead. The difference in absorbance decrease of the bands at 1580, 1490, 1330 

and 1060 cm-1 show that the desorption of CO2 is improved if H2O is used during the 

desorption step. The absorption band at 1430 cm-1 show a smaller intensity decrease 

compared to the experiment where N2 was used. This can be explained with the 

reversible formation of bulk carbonates. Surface OH groups can only be desorbed if the 

partial pressure of H2O is lowered (feed of N2). 

 

4.3.6 Competitive adsorption effects  

To further study the effect of H2O inducing desorption of CO2 and vice versa during 

experiments 33 – 36 the partial pressure of CO2 was kept constant while changing the 

partial pressure of H2O. It was decided to study the replacement effect of CO2/H2O after 

dry CO2, since it is known from recorded gas phase spectra that small amounts of H2O 

seem to be present in the cell still after 5 min, which therefore cannot be used if we want 
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to study the immediate effect on the sorbent. It can be seen from Figure 4.11a that 

indeed only small changes are visible between the two spectra. The absorption bands 

at 3500 and 1430 cm-1 are increased slightly, whereas the absorption bands at 1565 and 

1345 cm-1 are decreased slightly if a CO2/H2O gas stream is fed to the cell. The net change 

in absorbance (Figure 4.11b) provides a better view to the changes on the material. It 

can be seen that the bands at 3500 and 1490 cm-1 are increasing and both bands at 1600 

and 1320 cm-1 decreasing. Decrease in absorbance seems to be time independent (no 

change after 5 min) where the increase in the band at 1490 cm-1 seems to be slower and 

not finished after 25 min. 

 

Figure 4.11 a) Corrected spectra for Experiments 34 (CO2) and 35 (CO2/H2O) and at 400 °C b) Net 

change in absorbance between experiment 34 and  35 to elucidate the replacement effect on KMG30 

One has to notice that the partial pressure of H2O used during this experiment is quite 

low and therefore the replacement effect is expected to be small in this case due to the 

relative high partial pressure of CO2 compared to H2O. Taking into account the Δν3-

splitting of the decreasing absorption bands being 280 cm-1, bidentate carbonate is 

desorbed from the sorbent during this step. This would explain the instantaneous 

replacement and fast kinetics for this adsorption site which we have reported earlier 

[69]. The increased absorption of the band at 1490 cm-1 again can be explained by the 

formation of hydrogen carbonate due to the presence of H2O and CO2 on the sorbent. 

It was observed that indeed if the feed gas was changed to dry CO2 the observations 

described here are reversible.  
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4.3.7 Influence of temperature on carbonate species 

Experiments were conducted according to Table 4.1 at 300 and 500 °C and compared to 

the results obtained for 400 °C in order to study the influence of operating temperature 

on the reversible formation of carbonates.  Figure 4.12 (a-d) show the recorded spectra 

at different operating temperature for four different feed gas compositions.  

Figure 4.12a shows the spectra recorded during experiment 2 using a dry CO2 gas 

stream. The net change in absorbance of the bands 1570, 1345 and 1060 cm-1 are very 

similar, with a somewhat higher absorbance of the band at 1570 cm-1 at lower 

temperature. The absorbance for the bands at 1490 and 1430 cm-1 is increased at higher 

operating temperature. The small differences between the spectra indicate that the 

amount of CO2 adsorbed at different operating temperature is the same, which has been 

reported using TGA previously [56]. The difference of the bands at 1430 and 1490 cm-1, 

however, show that the carbonate species formed do not have to be the same. At higher 

operating temperature, more bulk carbonate seems to be formed, which could be 

explained by an increased diffusion of carbonate species from the surface to the bulk 

of the sorbent. The higher absorbance for the band at 1570 cm-1 for lower temperatures 

indicates that the amount of weaker bond CO2 is increased.  

After CO2/H2O adsorption (Figure 4.12b, EXP19) most of the absorption bands are 

decreasing with an increasing operating temperature. This can be expected, since it is 

known that at lower temperatures a higher irreversible adsorption of CO2 is taking 

place, caused by slower desorption kinetics [69]. The reduced absorbance for the band 

at 3500 cm-1 indicates a lower amount of H2O being adsorbed at higher temperature. 

However, it would be expected that at higher temperature the formation of bulk 

carbonate (1490 cm-1) would be enhanced like in the experiment with a dry feed gas. It 

seems that the presence of adsorbed H2O somehow can enhance the formation of bulk 

carbonates. At 300 °C a small shoulder is visible at 1650 cm-1 indicating the formation 

of some bicarbonate. 

During a desorption step with either N2 or H2O in both cases a larger decrease in the 

absorbance is obtained at higher temperature (Figure 4.12c and d). Due to in general 

increased desorption kinetics at higher operating temperatures, the results are 

supporting previous measurements, that indeed the CO2 loading on the sorbent is 

decreased by increasing the operating temperature. This is confirmed by the lower 

absorption of the bands at 1680 - 1060 cm-1.  
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Figure 4.12 a) Spectra recorded after CO2 adsorption (EXP2) b) Spectra recorded after CO2/H2O 

(EXP19) c) Spectra recorded after N2 (EXP20) d) Spectra recorded after H2O (EXP27) 

If H2O is used for the regeneration of adsorbed CO2 (Figure 4.12d), the absorbance of 

the different bands is further decreased compared to the regeneration with N2. It can 

be obtained that the absorption of all bands is again decreased for a higher temperature 

indicating that more of the previously adsorbed CO2 can be desorbed. Due to the strong 

decrease of the band at 1550 cm-1 (which is lower at higher temperature) the band at 

1490 cm-1 becomes more visible. Together with the fact that the Δν3-splitting seems to 

be reduced at higher temperatures we can conclude that at higher temperatures even 

stronger bond carbonate species can be desorbed. The desorption of CO2 (by feeding 

N2) at higher operating temperature can be increased in the same way as using H2O as 

a feed at lower temperature. A combination of both (high operating temperature and 

H2O present during desorption of CO2) is therefore the reason for a higher cyclic 

working capacity obtained in earlier TGA measurements. The clearly visible band at 

1490 cm-1 (Figure 4.12d) at lower temperature indicates that some bicarbonate is 

remaining. Since also H2O cannot be desorbed at lower operating temperature it can be 

expected that this carbonate species remains. This hypothesis is confirmed in the 
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literature where K-dawsonite (KAl(CO3)(OH)2) formation has been reported for this 

sorbent which has been detected at lower operating temperature (and could be one 

possible species formed on the sorbent). If the operating temperature is increased this 

phase seems to disappear [8], [40]. The complete disappearance of the band at 1060 cm-

1 at 500 °C indicates that the remaining carbonates are probably some bicarbonates and 

bulk carbonates (polydentate) with a high thermal stability.  

 

4.3.8 Transient behavior of carbonate formation 

To show the relative absorbance of the different adsorption bands, changing during the 

experiments as a function of time, the relative net absorbance of different characteristic 

wavenumbers is plotted in Figure 4.13. The first two rows show the absorption bands 

which has been assigned to carbonates. On the third row the absorbance of the band at 

3500 cm-1 is plotted, which has been assigned to H2O adsorbed by the adsorbent. As 

indicated in the legend, the different background color indicates which mixture of gases 

was present in the cell.  

It can be observed that the net change in absorbance is higher for higher temperatures 

for the bands 1060, 1350 and 1570 cm-1, confirming that the amount of CO2 being 

exchanged is increased in at higher temperatures. In general, a larger irreversible 

formation of carbonate species due to the slower desorption kinetics of certain 

absorption bands (e.g. 1060 and 1570 cm-1) can be obtained from these figures, which 

are supporting results earlier obtained by TGA measurements [69]. It is remarkable 

how the measured weight change by TGA experiments is directly comparable to the 

absorbance of certain bands. This shows how in-situ IR can be extremely useful to 

follow CO2 adsorption on hydrotalcite-based sorbents and how H2O influences CO2 

adsorption. Even if the partial pressure of CO2 is kept constant it can be seen that the 

absorbance of certain absorption bands is higher with dry CO2 as a feed gas compared 

to a wet gas stream which is more distinct at higher temperatures (Figure 4.13 first row, 

1570 cm-1). The net absorbance change of the carbonate species in this region seems to 

match the measured weight change as function of time. In general, it can be derived 

that both the initial adsorption/desorption are quite fast, where the change in 

absorbance (e.g. adsorption/desorption of CO2) appears to be slower. These results 

show that the amount of the remaining carbonate species could be further decreased 

by increasing the desorption time which has been described in the past using TGA 

measurements [56]. 
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The net absorption of the band at 3500 cm-1 is increased at lower temperature. We have 

already reported that the cyclic working capacity for H2O is significantly increased at 

lower temperatures due to the higher adsorption capacity for H2O of the sorbent at 

lower temperatures. It has been reported in the literature using coupled TGA and in-

situ IR, that the absorbance of the region between 3000 and 3500 cm-1 increases in the 

same way as the adsorption of water [70], [71]. These observations are supported by 

our measurements that show the same behavior comparing the net change in 

absorbance to TGA measurements conducted at different operating temperatures.  

 

Figure 4.13 Absorbance evolution of different wavelengths at different temperatures as function of 

time (and experiment number). The distinct colors indicate a change in the gas phase composition 

during a specific experiment. Arrows are indicating the legend for a certain monitored 

wavenumber. 

Comparing the obtained results during this study to a previous study using 

thermogravimetric analysis and packed bed reactor experiments [69] to determine the 

cyclic working capacity of CO2 and H2O on KMG30, the proposed mechanism can be 
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confirmed. The absorption bands at 1060, 1335 and 1570 cm-1 can be assigned to the two 

sites necessary to describe the adsorption of CO2 and H2O. Considering the Δν3-splitting, 

it seems that a very heterogeneous site strength distribution of mostly bidentate 

carbonate species is responsible for the adsorption of CO2. The regeneration with H2O 

can enable the decomposition of stronger bond bidentate carbonate species. This 

conclusion is based on the lower Δν3-splitting of the remaining carbonates and can be 

attributed to site C. With this the two sites B (1570 & 1335 cm-1) and C (1550 & 1345 cm-

1) for CO2 can be described (Figure 4.14). 

The irreversible adsorption and activation of an additional site by feeding CO2 and H2O 

to the adsorbent is confirmed by the significant changes of the bands at 1430 and 1490 

cm-1 and therefore to the formation of bulk carbonate and some bicarbonates which 

can be attributed to the proposed site D for CO2. A longer desorption time can reduce 

the amount of site D required to describe the adsorption capacities on the sorbent due 

to the slow continuous desorption of the stronger bond carbonate species which was 

proved recently with TGA experiments. 

The adsorption of H2O indicated by the broad adsorption band at 3500 cm-1 can be 

assigned to the proposed site A. 

 

Figure 4.14 Proposed mechanism for H2O and CO2 adsorption on KMG30 and IR bands assigned 

to different adsorption based on the experimental results 

If we compare the absorption bands detected during this study with results obtained 

and reported in the literature (Table 4.2) one can conclude that the results are 

comparable to some of the results already published in the literature. The band at 1490 

cm-1 has been identified as a hydrogen carbonate (which usually comes together with 

two bands at 1220 and 1650 cm-1 [25]) which can be present due to the formation of K-

dawsonite (KAl(CO3)(OH)2). This has been reported in the literature for the same 
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adsorbent [32], [59]. The formation of bidentate carbonate (1590 – 1355 cm-1
 and 1090 

cm-1) was reported by various authors for similar types of sorbents, confirming our 

findings, that indeed this type of carbonate is mainly responsible for the CO2 sorption 

capacity on this sorbent. Reversible bulk carbonate formation and the formation of 

bicarbonate were reported at different experimental conditions. However, no studies 

have been found using in-situ IR under realistic operating conditions using both CO2 

and H2O as sorbate species.  

Table 4.2 Band positions and carbonate species reported in the literature for hydrotalcites and 

similar materials (CHT=calcined hydrotalcite) 

Material 
free 

carbona
te 

unidentate 
carbonate 

  
bidentate 
carbonate 

bridged 
carbonate 

polydent
ate 

bicarbonates Reference 

    vas vs   vas vs vas vs vas vs vas vs     

Al2O3(OH) 1450     1704 1265 1756 1204      

[68] 
MgO 

     1686 1365   1659 1304 1630 1452 1217 
           1600 1448 1200 

CHT   
1591-
1574 

1386-
1365 

  1658-
1650 

1420-
1400 

              

MgO 1410 
1550-
1520 

1410-
1390 

  1670-
1630 

1320-
1275 

        1655 1405 1220 

[66] α-Al2O3  1610-
1570 

1385-
1350 

  
1710 1310 

1810-
1730 

1310   1655 1440 1227 

γ-Al2O3   1530 1370 
  1730-

1660 
1270-
1230 

1900-
1750 

1180     
1659-
1650 

1490-
1440 

1236-
1225 

CHT   
1560-
1510 

1400-
1360 

  1630-
1610 

1340-
1320 

        1650 1480 1220 [25] 

MgO/Al2O3 1415                       1230 
[65] Δν3  >80   >250 <250      

Δν3   100   300 400           

CHT   
1575-
1590 

1355-
1385 

  
    

1645-
1655 

1325 1730-1755 
1300-
1325 

  
    

[63] 
Δν3  70 - 125          

  

   1500-
1530 

1385-
1435 

         
  

Δν3  190 - 235       
   

  
K(Al2O3)     1560 1362     1655 1520 1410 

[32] 
Δν3     198        

CHT 
1430 

 
 

  
1560 1370 

  
   

  
Δν3     190        

CHT 1430   
  1570-

1540 
1365-
1335        This 

work 
Δν3      185 - 235             

 
 

4.4 Conclusions 

In-situ IR has been used to elucidate the adsorption of CO2 and H2O on a hydrotalcite 

based adsorbent (KMG30). It has been shown that mostly a heterogeneous distribution 

of thermally stable bidentate carbonate sites with different basic strength are 

determining the adsorption and desorption kinetics of CO2 on the sorbent. The 

presence of H2O seems to enable the decomposition of even stronger bound bidentate 
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carbonate sites leading to an increase in the cyclic working capacity, as reported by 

various authors in the literature, confirming also results published recently. It has been 

shown that the desorption kinetics are determining the cyclic CO2 working capacity of 

the material due to the increased bond strength of remaining carbonate species on the 

sorbent, leading to a decrease in the desorption rate if the CO2 loading on the material 

decreases.  

In addition, it could be confirmed that feeding CO2 to a hydroxylated sorbent (feeding 

CO2/H2O) seems to initiate the formation of some bicarbonates. K-dawsonite formation 

can be one possible compound formed on the sorbent. Both a higher operating 

temperature and the presence of H2O seem to enhance the formation of some bulk 

carbonates. 

At constant partial pressures of CO2 additional CO2 can be adsorbed if the partial 

pressure of water is lowered. In the same way we could obtain an additional desorption 

of H2O if the sorbent was exposed to a dry CO2 stream. These observations are 

important and supportive to results published earlier where TGA and packed-bed 

breakthrough experiments have been used to determine the cyclic working capacity for 

CO2 and H2O of the adsorbent. 

Finally, it could be confirmed that the increase in the cyclic working capacity at higher 

operating temperature is due to the decomposition of stronger carbonate species and 

therefore leading to a lower CO2 loading of the sorbent at the end of a desorption step. 

These results support the development of a model for the adsorption and desorption 

kinetics of CO2 and H2O mixtures on hydrotalcites for the design and optimization of 

SEWGS processes. 
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Abstract 
 
Two different potassium-promoted hydrotalcite (HTC)-based adsorbents and a 
potassium-promoted alumina sorbent were investigated using thermogravimetric 
analysis (TGA) and different characterization methods in order to study CO2 and H2O 
adsorption capacity and kinetics. A higher Mg content improves the cyclic working 
capacity for CO2 due to the higher basicity of the material. The initial adsorption rate 
for CO2 is very fast for all sorbents, but for sorbents with higher MgO content, this 
fast-initial adsorption is followed by a slower CO2 uptake probably caused by the 
slow formation of bulk carbonates. A longer half-cycle time can therefore increase 
the CO2 cyclic working capacity for sorbents with a higher MgO content. Potassium-
promoted alumina has a very stable CO2 cyclic working capacity at different 
operating temperatures compared to the potassium-promoted HTC’s. Usually a 
higher operating temperature increases the desorption kinetics for a HTC-based 
adsorbent, but not for potassium-promoted alumina. HTC-based adsorbents show 
the highest cyclic working capacity for H2O. The adsorption kinetics for H2O are not 
influenced by the material composition, indicating that the mechanism behind the 
adsorption of H2O is different compared to CO2. Depending on the material 
composition, adsorption of steam at high operating temperatures (>500 °C) results 
in an irreversible decomposition of carbonate species. Steam can reduce the 
temperature where usually K2CO3 is irreversibly decomposed resulting in a 
significantly reduced cyclic working capacity, which is very important concerning 
the use of these sorbents for sorption-enhanced water-gas shift processes. 
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5.1 Introduction 

In order to study the influence of the sorbent composition on the adsorption and 

desorption kinetics of CO2 and H2O, a hydrotalcite-based adsorbent with a higher MgO 

content and a potassium-promoted alumina were compared in this chapter at the same 

operating conditions with the KMG30. In the first part of this chapter it is shown how 

the MgO content can influence the adsorption kinetics of CO2 and the positive effect of 

a higher MgO content on the CO2 cyclic working capacity is demonstrated, while the 

adsorption kinetics of H2O are not significantly affected by the material composition. 

Finally, to explain the decomposition of potassium carbonate on the sorbents due to 

exposure to H2O at high temperature TGA-MS and TGA-TPD experiments were 

conducted. XRD and BET analysis were used to characterize the sorbent before and 

after steam treatment. In this chapter we investigated the adsorption behavior for 

single sorbate species CO2 and H2O only. As continuation of this chapter we studied the 

interaction of CO2 and H2O on the different sorbents in Chapter 6.  

  

5.2 Materials and methods 

Two different calcined potassium-promoted hydrotalcite-based adsorbents (SASOL), 

with different Mg/Al ratio were used in the experiments and compared to a potassium-

promoted alumina (BASF). The material names and compositions have been 

summarized in Table 5.1. The materials were pre-calcined by the manufacturer at 250 

°C and 450 °C for 24 h [40].  

Table 5.1 Different materials used in the experiments 

Material Mg/Al Al/K Mg/K K2CO3 

  Atomic ratio w% 

KSORB - 5.42 - 20 

KMG30 0.54 3.79 2.06 20 

KMG70 2.95 1.63 4.80 20 

 

The samples used for XRD measured after TGA experiments were transported in N2 to 

a glovebox and prepared on air sensitive sample holder to avoid exposure to CO2 and 

H2O from the atmosphere during the XRD measurements.  

The screening experiment in a Mettler Toledo TGA was carried out to determine the 

decomposition of the material during heat treatment. A Pfeiffer vacuum mass 

spectrometer connected to the outlet of the TGA was used to determine the release of 
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H2O and CO2. A total volumetric flow rate of 40 ml/min containing 50% N2 and 50% He 

was used during the experiments. The samples were heated to 900 °C at a rate of 20 

°C/min. 

Sorption experiments were carried out in two similar in-house developed TGA 

setups, which were already described elsewhere [56]. Prior to the adsorption 

experiments all materials were pretreated in the same way (heating the samples to 600 

°C in N2 with a dwelling at 600 °C for 120 min) as reported earlier. In this chapter we 

will distinguish between different experiments that have been conducted with TGA. 

 

1. In order to investigate the adsorption mechanism and kinetics of the different 

materials, adsorption of CO2 and H2O were conducted according to the conditions 

listed in Table 5.2, where the adsorption/desorption times and the operating 

temperature (300-500 °C) were varied. The same experiments were carried out for 

CO2 and H2O as the sorbate species. For CO2 adsorption experiments a partial 

pressure of CO2 of about 1 bar was used. For H2O we used a partial pressure of 0.34 

bar for all experiments. 

2. Steam treatment with temperature programmed desorption (TPD):  Adsorption of 

steam during an increase in the operating temperature was performed in order to 

further understand the sorption phenomena. After steam adsorption of 30 min (PH2O 

= 0.34 bar) the operating temperature was increased from 300 °C to 850 °C keeping 

the partial pressure of H2O constant. Afterwards, N2 was fed to desorb remaining 

H2O at 850 °C. The sorbents were cooled down to the operating temperature at 400 

°C and the CO2 cyclic working capacity was determined at 400 °C at PCO2 = 1 bar with 

a half-cycle time of 30 min. 

The cyclic working capacity was determined for both sorbate species at different 

conditions as previously defined in Chapter 2.  
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Table 5.2 Experiments conducted in TGA with PCO2 = 1 bar and PH2O = 0.34 bar 

Ex
p  

Tempera
ture 

adsorption 
time 

desorption 
time 

Cycl
es 

Adsorption 
feed 

Desorption 
feed 

# °C min min - - - 
1 400 30 30 20 CO2 N2 
2 400 60 60 20 CO2 N2 
3 400 120 120 10 CO2 N2 
4 400 300 300 10 CO2 N2 
5 400 600 600 5 CO2 N2 
6 300 60 60 5 CO2 N2 
7 500 60 60 5 CO2 N2 
8 400 30 30 5 H2O N2 
9 400 60 60 5 H2O N2 
10 400 120 120 5 H2O N2 
11 400 300 300 10 H2O N2 
12 400 600 600 10 H2O N2 
13 300 60 60 10 H2O N2 
14 500 60 60 10 H2O N2 

 

5.3 Results and discussion 

5.3.1 Characterization of different materials 

N2 adsorption isotherms were conducted for the three different materials, in order to 

determine their surface area. Figure 5.1 shows the adsorption isotherms and the 

resulting surface area (BET method). All materials show an isotherm typical for a 

mesoporous material. The determined BET surface area decreased for the three 

materials in the following order: KMG30 > KSORB > KMG70. It has been reported 

earlier in the literature that the surface area of the original HTC prior to K2CO3 

promotion for KMG30 is higher than for KMG70 [16], [72], [73]. Since K2CO3 leads to a 

significant reduction in surface area, one can expect the same order for potassium-

promoted materials. However, the measured surface areas reported in the literature do 

not always show the same trend. This may be caused by different impregnation or 

calcination methods used. A pore size analysis shows that the pore size of all sorbents 

is below 40 nm as determined with BHJ method analysis (Figure 5.1b). KMG30 has the 

broadest pore size distribution compared to the other sorbents. From the isotherms it 

is evident that the pore volume for KMG70 is smallest and about 5 times smaller than 

for KMG30.  
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Figure 5.1 a) N2 Isotherms for different materials and resulting BET surface area b) Pore size 

distribution of different materials using the method of B.C. Lippens, B.G. Linsen, J.H. de Boer for 

mesoporous materials (B.J.H.)  

5.3.2 TGA Experiments 

5.3.2.1 CO2 adsorption experiments  

The CO2 cyclic working capacity was determined for the different sorbents using 

different half-cycle times. It can be seen that for all sorbents the cyclic working capacity 

can be increased by increasing the half-cycle time (Figure 5.2). In general the increase 

in cyclic working capacity for an increased half-cycle time is a result of more CO2 being 

desorbed during the regeneration step which was reported earlier for KMG30 [56] and 

is also valid for the other sorbents, independent of their material composition and 

difference in morphology. For all sorbents, the cyclic working capacity is nearly 

doubled when increasing the half-cycle-time up to 600 min. Although 600 min is not a 

realistic regeneration time for actual applications, the results give an indication on how 

much the cyclic working capacity could be increased if the regeneration of the sorbent 

were improved.  

During all experiments the sorbents can be sorted according to their cyclic working 

capacity in the order of KMG70>KGM30>KSORB. According to this, it can be stated 

that, even if the surface is lowest for KMG70, the highest cyclic working capacity was 

measured for this sorbent. It is known that the MgO content in the sorbent has a 

significant influence on the basicity of the material [21], which results in more active 

adsorption sites for CO2 on a material with a higher MgO content, explaining the 

obtained results. 
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Figure 5.2 CO2 cyclic working capacities of different sorbents at 400 °C and PCO2=1 bar during the 

adsorption, PN2=1 bar during regeneration of the sorbent 

We have reported before that usually a higher operating temperature can have a 

positive effect on the cyclic working capacity for hydrotalcite-based adsorbents due to 

the increase in the desorption rates at higher operating temperatures [56], [69]. We 

plotted the cyclic working capacity determined for CO2 at different temperatures in 

Figure 5.3 for the different sorbents. It can be seen that for KMG70 the already described 

trend for KMG30 is confirmed. However, it seems that the cyclic working capacity of 

CO2 for the potassium-promoted alumina is not increased significantly when increasing 

the operating temperature.  

 

Figure 5.3 CO2 cyclic working capacity of different sorbents at different operating temperatures, 

PCO2=1 bar during the adsorption and PN2=1 bar during the regeneration of the sorbent 

The reason for this difference is the generally different adsorption and desorption 

behavior of hydrotalcite-based adsorbents compared to potassium-promoted alumina. 
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From the TGA curves shown in Figure 5.4a, it can be seen that for HTC-based 

adsorbents during the first adsorption cycle, the initially adsorbed amount of CO2 is 

nearly independent of the operating temperature. However, the amount of CO2 

desorbed during the regeneration step is increased at a higher operating temperature, 

as already indicated. Figure 5.4b shows that this is not the case for potassium-promoted 

alumina. At a lower operating temperature more CO2 is being adsorbed initially, where 

the adsorption kinetics seem to remain the same, even if the CO2 loading is different 

(see the small figure inside Figure 5.4b). After the first cycle the cyclic working capacity 

for potassium-promoted alumina remains basically unchanged during the following 10 

cycles (Figure 5.5), where the cyclic working capacity is slightly higher at lower 

temperature. One would expect that at higher temperatures less CO2 can be adsorbed 

due to increasing desorption kinetics (high kinetic energy of gas molecules), which can 

be seen for the potassium-promoted alumina. It has been reported in the literature that 

the adsorption of CO2 on potassium-promoted HTC can be described with a bi-

Langmuir adsorption isotherm, where both physisorption and chemisorption lead to a 

similar adsorption capacity at different operating temperature [55].  

It is remarkable that during the first adsorption cycle the CO2 adsorption capacity is 

higher for KSORB than for both HTC based materials at a lower operating temperature. 

Considering both surface area (adsorption) and bulk basicity one would expect that the 

HTC based adsorbent would show a higher adsorption capacity. One explanation could 

be that at lower temperature condensation of CO2 could occur in the very small pores 

of the potassium-promoted alumina. The theory of a possible condensation of CO2 in 

nanopores was reported earlier in the literature [7] and could be an explanation for the 

obtained behavior, since KSORB has the lowest a mean pore diameter of around 10 nm 

(see Figure 5.1b) compared to KMG30 and KMG70. This could explain why pore 

condensation only occurs for this material or contributes more to the adsorption 

mechanism. Another reason can be that the integration of K2CO3 species in the HTC-

based adsorbents is different. Adsorption sites on KSORB, created by K2CO3 

impregnation, are available on the surface and therefore strongly dependent on the 

surface coverage, whereas for the HTC-based adsorbent CO2 is also bond by a reaction. 

It has been reported that needle shaped crystals on the surface of an adsorbent have 

been identified as K2CO3 using SEM-EDX and have been found on potassium-promoted 

alumina to a higher extent than on a potassium-promoted HTC [32]. 
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Figure 5.4 a) mass change during the first cycle for HTC-based adsorbents; b) mass change for the 

potassium-promoted alumina during the first cycle with a close-up of the desorption step if the 

initial weight is set to 0 after the adsorption step to compare the desorption kinetics 

 

Figure 5.5 Adsorption and desorption capacities for KSORB at different temperatures during 10 

adsorption/regeneration cycles PCO2 = 1 bar during adsorption and PN2 = 1 bar during 

regeneration 

Adsorption and desorption kinetics are very important for the effectivity of the used 

sorbents especially when using them in cyclic experiments. A comparison of the 

normalized kinetics of the different sorbents with respect to the total adsorbed mass 

during the adsorption cycle of 300 min are plotted in Figure 5.6. It can be seen that the 

potassium-promoted alumina has a very fast initial adsorption rate, where equilibrium 

seems to be established after about 8000 s. The HTC-based sorbents also exhibit a very 

fast initial adsorption rate, however at approximately 80% normalized weight change a 

very marked decrease in adsorption rate is observed, followed by a relatively constant 

but slow adsorption rate. For HTC-based materials this slow adsorption rate 
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contributes to a much larger extent to the total CO2 adsorption capacity. A higher MgO 

content seems to enhance this effect, which can be explained by a slow reaction of MgO 

sites with CO2. It has been reported that potassium-promoted HTC can form bulk 

MgCO3 under higher partial pressures of CO2 and H2O. At low pressure and dry 

adsorption conditions a possible explanation of the observed behavior could be the 

migration of adsorbed CO2 on the surface to highly basic adsorption sites in the bulk of 

the material. It was reported in the literature for a similar material as KMG70 that 

different adsorption steps (from fast adsorption to diffusion of gaseous CO2 to finally 

chemisorption in basic sites) can explain the adsorption kinetics on this type of 

sorbents [43]. During the desorption step this slowly adsorbed CO2 seem to be desorbed 

quite fast, indicated by the faster relative desorption kinetics for KMG70 compared to 

KMG30 and the potassium-promoted alumina (KSORB). With two independent 

reaction mechanisms involved in the HTC-based materials compared to one single 

adsorption site for KSORB the obtained results for both adsorption and desorption can 

be described. It was already reported that promotion with potassium increases the 

amount of basic sites available for HTC and alumina, where alumina itself does not 

show any significant CO2 adsorption capacity [32]. It was concluded that especially the 

interactions between K2CO3 and the aluminum centers play a crucial role in the creation 

of basic adsorption sites [32].  

 
Figure 5.6 a) Normalized adsorption kinetics for different adsorbents at 400°C and PCO2 = 1 bar for 

300 min half-cycle time b) a) normalized desorption kinetics for different adsorbents at 400 °C and 

PN2 = 1 bar for 300 min half-cycle time 
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5.3.2.2 H2O adsorption experiments  

Similar to CO2, the influence of the half-cycle-time on the cyclic working capacity of 

H2O on the different adsorbents was investigated at 400 °C and PH2O = 0.34 bar during 

the adsorption step. It can be seen from Figure 5.7 that KMG30 has the highest cyclic 

working capacity for H2O followed by KMG70 and KSORB. Considering only the 

available surface area, one would expect KSORB to show a higher cyclic working 

capacity for H2O than KMG70. However, when considering the surface basicity and the 

difference in the materials one can understand that the HTC-based adsorbents show a 

higher cyclic working capacity for H2O, since stronger sites are available. Surface 

basicity becomes very important at higher operating temperatures during adsorption 

(greater ratio of gas phase molecules and shorter residence time of gas molecules on 

the surface). In this case a simple physisorption mechanism for the adsorption is not 

able to explain the experimental results. However, the fact that the order in highest 

cyclic working capacity is changed for H2O confirms that the mechanism for adsorption 

is different from the mechanism for CO2 [56]. 

 
Figure 5.7 H2O cyclic working capacity at different half cycle times at 400° C PH2O= 0.34 bar 

during adsorption and PN2 = 1 bar during the regeneration step 

Similar to CO2, the cyclic working capacity for H2O is determined by the relatively slow 

desorption kinetics. Therefore, an increase in half-cycle-time leads to an increase in 

cyclic working capacity. However, this increase is less significant for H2O than for CO2. 

One reason for this observed behavior can be found in the normalized adsorption and 

desorption kinetics of H2O with respect to the total adsorbed/desorbed amount of H2O 

within one step. It can be seen from Figure 5.8 that the adsorption of H2O is extremely 
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fast and reaches adsorption equilibrium even within a very short time. It seems that the 

adsorption kinetics are the same for the different materials. This suggests that only 

surface adsorption is taking place on different types of basic sites without any bulk 

diffusion or reaction like it was observed for CO2. The same observation can be made 

for the desorption step (Figure 5.8b), where the normalized adsorption kinetics are 

similar for the different materials. Comparing the desorption kinetics of H2O (Figure 

5.8b) to CO2 (Figure 5.6b) it becomes clear that H2O desorbs much faster and thus an 

increase in half-cycle-time leads to a less pronounced increase in cyclic working 

capacity.  

 

Figure 5.8 a) adsorption kinetics for H2O at 400° C for the experiment with 300 min half-cycle time 

at PH2O = 0.34 bar, b) desorption kinetics for H2O at 400 °C for the experiment with 300 min half-

cycle time at PN2 = 1 bar 

Increasing the operating temperature leads to a decrease in cyclic working capacity for 

H2O (see Figure 5.9) contrary to the observations for CO2. The differences in cyclic 

working capacity regarding the different sorbents decrease at higher operating 

temperatures. It was observed for experiments at higher operating temperatures that 

during the first few adsorption cycles, the sorbents KMG70 and especially KSORB show 

a weight decrease in mass after the first rapid increase which was attributed to the 

desorption of CO2 due to the presence of steam on the sorbent.  
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Figure 5.9 Cyclic working capacity for different sorbents at different operating temperatures (300-

500 °C) at PH2O = 0.34 bar during the adsorption and PN2 = 1 bar during the regeneration for 

experiments with a half-cycle-time of 60 min 

This observed weight loss can be seen in Figure 5.10 for the sorbent KSORB and KMG70. 

For KSORB it can be seen, that the during the first adsorption cycle a strong decrease 

in mass is detected at 500 °C. For KMG70 this weight decrease is less prominent at 500 

°C, but it is visible during the following cycles. Both sorbents only show the described 

behavior if the temperature is increased (>400 °C). It can be seen that this effect was 

not observed in the experiments at 300 °C. Since the desorption kinetics (for the 

experiments at 500 °C) remain unchanged during the cycles it can be concluded that 

most probably the sorbent releases CO2 due to the exposure to H2O at a high operating 

temperature. We have reported that for potassium-promoted HTC (KMG30) an 

adsorption site exists which is can be occupied by either CO2 or H2O, where one 

component replaces the other [69]. The existence of this type of site on KMG70 and 

KSORB could explain the described results. In order to confirm this hypothesis TGA-

MS and TGA-TPD were carried out to study this effect and the influence of H2O on the 

cyclic working capacity of CO2.  
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Figure 5.10 normalized weight change during pretreatment, adsorption and desorption of H2O for  

at 300 and 500 °C for PH2O = 0.34 bar during adsorption and PN2 = 1 bar during regeneration a) 

KSORB b) KMG70 

 

5.3.3 TGA-TPD and TGA-MS  

The normalized weight change for the different sorbents and reactor temperature 

during the TGA-TPD experiment are plotted in Figure 5.11a (for a detailed description 

of the procedure see section 5.2), while Figure 5.11b shows the mass change during the 

steam adsorption and TPD during steps 2 and 3 in more detail. In order to compare the 

weight change in the different sorbents, the initial mass was set to 0 after the 

pretreatment and both x -and y-axes were set to 0 at the start of the adsorption at 300°C. 

After H2O adsorption at 300 °C, all sorbents are losing weight during the increase in 

temperature to 850 °C. Where KMG30 shows a more or less linear weight loss during 

the linear increase in temperature, for KSORB at about 500 °C a strong decrease in 

weight is observed, while at even higher temperatures the weight loss is linear with the 

increase in operating temperature. For KMG70 the strong weight loss occurs at a higher 

temperature (about 650 °C, Figure 5.11b) and continues until the final temperature of 

850 °C is reached. At the end of the adsorption step only a small amount of H2O is left 

on the sorbent, which is basically the same for all sorbents. This can be seen in the 

following desorption step, where for all sorbents the same mass decrease is detected 

upon changing the feed gas from H2O/N2 to N2. It is expected that some of the previous 

adsorbed H2O desorbs when the temperature is raised due to an increase in the 

desorption rate shifting the equilibrium constant for H2O. Regarding the linear weight 

loss of KMG30 one would expect that only water is desorbing form the sorbent during 

this step. Comparing the weight before the adsorption of H2O in Figure 5.11b and after 
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desorption, KMG30 has lost about 14 mg/g and KSORB and KMG70 about 40 mg/g which 

can be attributed to additional CO2 being desorbed. 

 

Figure 5.11 a) TGA-TPD for different sorbents 1) Pretreatment at 600 °C 2) Adsorption of H2O at 

300 °C and PH2O = 0.34 bar and increase of operating temperature to 850 °C 3) Regeneration of 

sorbent at 850 °C with N2 and cooldown to 400 °C 4) determination of CO2 cyclic working capacity 

at 400 °C and 30 min half-cycle-time b) close up of mass change setting the initial mass to 0 after the 

pretreatment in order to direct compare the  mass change of the different materials during steps 2 

and 3 

It has been reported in the literature that K2CO3 decomposes releasing CO2 at higher 

operating temperatures on potassium-promoted HTC and potassium-promoted 

alumina [32]. Figure 5.12 shows the weight loss rate of the different sorbents together 

with the MS signal for CO2 and H2O being released by the sorbent during the 

temperature treatment in a gas mixture of N2/He. The weight loss at low temperature < 

300 °C can be mainly attributed to the desorption of H2O. For KMG30 the largest amount 

of released CO2 is detected at about 568 °C. For KSORB CO2 seems to be released mainly 

at 340 °C together with H2O and at 776 °C (only CO2). KMG70 shows the highest CO2 

release rate at 870 °C. These results support our theory that the treatment of H2O at 

elevated temperatures leads to a decomposition of carbonate species. H2O seems to 

lower the activation energy for carbonate species decomposition resulting in a 

decomposition at much lower temperatures than under dry conditions. The activation 

energy for K2CO3 decomposition on KGM70 seems to be higher compared to KSORB 

resulting in the decomposition of these species at a higher temperature. The fact that 

KMG30 does not show K2CO3 decomposition at higher temperature could be explained 

with a different incorporation of K2CO3 into the structure of KMG30. It was also 

reported in the literature, that a very high surface area of the sorbent before 

impregnation can lead to a better incorporation of K2CO3 into the sorbent structure 

[36]. Our BET measurements are in line with this hypothesis showing that KMG30 
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indeed has a high surface area compared to the other two materials after K2CO3 

impregnation. 

 

Figure 5.12 a) Weight loss rate of different adsorbents as function of temperature (heating rate 20 

°C/min in 50% N2 and 50% He b) MS signal of CO2 and H2O for the different experiments as function 

of operating temperature 

After the treatment with steam, the CO2 cyclic working capacity of the different 

materials is significantly reduced (Figure 5.13). Where the cyclic working capacity for 

KMG30 is reduced by 50%, KMG70 has only 21% of its capacity compared to the normal 

pretreatment. A possible explanation could be a significant loss of surface area due to 

the high temperature (agglomeration of metal species), which could however be 

excluded for KMG70. It can be seen from Figure 5.14a that the N2 adsorption isotherms 

are quite similar for KMG70 before and after TGA-TPD. The surface area of KGM70 is 

higher after the experiment in the TGA. It has been reported that CO2 desorption is 

creating “vent holes” in the surface of potassium-promoted HTC, which results in an 

increase in surface area [28]. Al-spinel formation after the steam treatment at higher 

temperatures that could explain the reduction in available surface sites for KMG70, 

could not be detected using XRD with a closed sample holder (to avoid exposure to 

humidity and CO2 from the lab atmosphere) (see Figure 5.14b). It was reported that 

steam aging leads to the formation of MgO and Al spinel which reduces the number of 

basic sites for a HTC similar to KGM70 (without K2CO3 promotion) [74]. However, both 

recorded XRD spectra show only MgO as detectable crystalline phase of KMG70 before 

and after the TPD experiment. Additional the potassium promoted Alumina did not 

show a high loss in sorption capacity, where Mg-Al spinel formation can be excluded 

due to the absence of Mg in the material, spinel formation does not explain the obtained 

results during this study. Irreversible decomposition of the potassium carbonate 

species and possible interaction with Al and Mg under the presence of steam at high 
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temperature resulting in a significant loss of basic sites available for cyclic CO2 

adsorption is therefore one explanation for the obtained results. 

It is very important regarding the use of potassium-promoted sorbent for SEWGS and 

other applications at elevated temperatures, that the temperature for decomposition of 

potassium carbonate can be significantly reduced by the presence of steam and this 

should be avoided in order to prohibit the deactivation of the sorbent. This shows the 

importance of not only studying the CO2 adsorption capacity at ideal conditions, but to 

also consider conditions outside the direct process window. Considering the findings 

during this study, KMG30 was found to be the best candidate for SEWGS applications 

regarding the stability of the sorbent and the relatively high cyclic working capacity for 

CO2. 

 

Figure 5.13 CO2 cyclic working capacity after steam treatment at 850 °C (TPD) compared to CO2 

cyclic working capacity for sorbents pretreated at 600 °C for 2 h in N2 (usual procedure). The 

relative reduction in CO2 cyclic working capacity after steam treatment is indicated in percentages.  
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Figure 5.14 a) N2 adsorption isotherms and surface area determined by BET method of fresh 

KGM70 and after TGA-TPD b) XRD spectrum for KGM70 before and after TGA-TPD 

 

5.4 Conclusions 

The CO2 and H2O cyclic working capacity was determined for three sorbents with 

different material compositions for their use in sorption-enhanced water-gas shift 

processes at a temperature range between 300 and 500 °C. The potassium-promoted 

hydrotalcite based adsorbent with a high MgO content shows a higher cyclic working 

capacity for CO2 at different operating temperatures. More and stronger bulk basic sites 

are responsible for this increase in cyclic working capacity. For all sorbents the 

desorption step is limiting the cyclic working capacity due to slower desorption 

kinetics, which determines the amount of CO2 that can be adsorbed in the subsequent 

adsorption step. HTC-based adsorbents exhibited different adsorption kinetics 

compared to potassium-promoted alumina. After the first fast initial adsorption of CO2 

a sorbent with a higher MgO content adsorbs a larger amount of CO2 slowly which could 

be caused by slow formation of bulk carbonates. During a desorption step with N2 the 

additionally adsorbed CO2 can be desorbed relatively fast compared to the slow 

adsorption. Probably two different independent surface reactions are responsible for 

this behavior caused by MgO in the sorbent structure. The adsorption and desorption 

kinetics of H2O are similar for all sorbents independent of their material composition. 

A combination of a high surface area and the strength of basic sites could explain that 

the HTC-based materials show the highest cyclic working capacity for H2O at three 

different operating conditions. The presence of steam at high operating temperature 

can lead to the irreversible decomposition of surface carbonates resulting in a strong 

decrease in CO2 cyclic working capacity of the sorbent. It was found that steam seems 
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to be able to reduce the temperature when the decomposition of these carbonates 

occurs. For the use of these sorbents in sorption-enhanced water-gas shift processes 

this observation is of major importance regarding the selection of the sorbent and 

optimization of the process conditions. The potassium-promoted HTC KMG30 thus 

seems to be the best candidate for sorption-enhanced water-gas shift processes. 
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Abstract 
 
The sorption kinetics and capacities of CO2 and H2O were investigated for two 
different potassium-promoted hydrotalcite sorbents and potassium-promoted 
alumina. Thermogravimetric analysis (TGA) and packed-bed reactor (PBR) 
breakthrough experiments were performed using sequences of adsorption and 
desorption steps in different gas mixtures containing CO2 and H2O. Experiments 
were carried out at an operating temperature of 400 °C with different partial 
pressures ranging from 0.025 bar to 0.3 bar for CO2 and 0.1 to 0.3 bar for H2O 
respectively. It was found that a sorption mechanism with different adsorption sites, 
developed for one of the sorbents, also applies for the other sorbents where 
capacities are different and depending on the sorbent. From experimental results it 
was deduced that K2CO3 promotion is mainly responsible for a reactive CO2 
adsorption site, which can only be regenerated with steam. The adsorption capacity 
for this site is enhanced for K2CO3 promoted alumina compared to K2CO3 promoted 
hydrotalcite. A second adsorption site for CO2, which can be regenerated with N2 is 
dominant on the K2CO3 promoted hydrotalcite with a high MgO content. This 
indicates that MgO is probably responsible for the formation of basic sites on the 
surface of the sorbent, which are relatively easily regenerated at the investigated 
experimental conditions. The results also show that the sorbent with the highest MgO 
loading has the highest cyclic working capacity under dry adsorption conditions, 
whereas the hydrotalcite-based adsorbent with a lower MgO content has the highest 
cyclic working capacity for CO2 at wet conditions and is therefore the preferred 
sorbent for sorption-enhanced water-gas shift applications. 
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6.1 Introduction 

Different adsorption sites are present on a HTC based adsorbent which are the reason 

for the strong influence of steam on the cyclic working capacity of CO2 (Chapter 3). The 

existence of one adsorption site for each sorbate species CO2 (B) and H2O (A) was 

elaborated in the past with help of thermogravimetric analysis (TGA) and packed bed 

reactor (PBR) experiments for a potassium promoted HTC with a Mg/Al ratio of 0.54. 

Part of adsorbed CO2 can only be regenerated with H2O from the adsorbent which was 

attributed to an exchange site (C). Therefore, a regeneration with steam significantly 

increases the cyclic working capacity for CO2. A schematic overview of the different 

sorption sites can be found in Figure 6.1 .  

 

Figure 6.1 schematic overview about adsorption sites on a hydrotalcite base adsorbent (see Chapter 

3)  

It could be observed from TGA experiments that the cyclic working capacity for CO2 

was increased for all following experiments if the adsorbent was exposed to a feed of 

CO2 and H2O simultaneously. This increase in adsorption capacity has been attributed 

to a site D. It will be clarified wether this behavior has to be described indeed with an 

additional adsorption site, or wether it can be seen as an increase in the capacity of the 

three sites introduced here. 

The influence of the material composition on the different adsorption sites is a crucial 

factor for a future sorbent selection depending on the later process conditions. It has 

to be investigated if the developed adsorption mechanism is in general valid for 

different sorbent such as potassium promoted Alumina to further improve the 

knowledge about the nature of the different adsorption sites. These results can 

significantly improve a future sorbent development for different processes similar to 

SEGWS. In this chapter experiments with both TGA and PBR were carried out for a 

potassium promoted HTC with Mg/Al ratio of 2.95 and a potassium promoted alumina.  
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6.2 Materials and methods 

A potassium-promoted hydrotalcite-based adsorbent, with a Mg/Al ratio of 2.95 and a 

potassium promoted alumina were used in this work and compared to a potassium 

promoted hydrotalcite based adsorbent with a Mg/Al ratio of 0.54.  The materials’ 

names and compositions are summarized in Table 6.1. The commercial materials were 

pre-calcined by the manufacturer at 250 °C and 450 °C for 24 hours [40].  

Table 6.1Material compositions of different sorbent materials 

Material Mg/Al Al/K Mg/K K2CO3 

  Atomic ratio w% 

KSORB - 5.42 - 20 

KMG30 0.54 3.79 2.06 20 

KMG70 2.95 1.63 4.80 20 

 

KMG30 and KMG70 adsorbent pellets (4.7 x 4.7 mm) and KSORB (spheres with a 

diameter of 2 mm) were crushed to powders with same particle size which have been 

used in TGA-measurements. Sorption experiments were carried out in an in-house 

developed TGA setup that was already described in Chapter 2. Prior to the adsorption 

experiments all materials were pretreated in the same way (heating the samples to 600 

°C in N2 with a dwelling at 600 °C for 120 min). 

 

This cyclic working capacity (definition can be found in Chapter 2) was determined for 

each adsorption/desorption step using the mass change averaged over the last three 

consecutive experiments. Note that we use the mass-based cyclic working capacity, as 

the TGA does not provide additional information on the species absorbed/desorbed. 

The measured weight change of all experiments was corrected with blank experiments 

carried out at the same conditions. Experiments were carried out two times starting 

one time with H2O as a first adsorption step after the pretreatment and a second time 

starting with CO2. Details on the experimental setups and the procedures used in this 

work can be found in the Chapters 2 and 3. 

 

Packed bed reactor experiments were carried out using a small packed bed reactor with 

an inner diameter of 27 mm and 350 mm length (AISI 316L). A detailed description on 

the experimental Setup was described elsewhere previously [69], [75]. The reactor was 

filled with different sorbent particles with characteristics reported in Table 6.2. 
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Table 6.2 Summary of reactor data for the different sorbent materials used in the PBR 

experiments 

Data PBR KMG70 KSORB KMG30 

Sorbent Mass (g) 39.9 101.4 53.6 

Bed height (mm) 205 172 176 

Particle size (mm) 1.8-3.15 2 1.8-3.15 

Particle type crushed particles spheres crushed particles 
 

A multipoint thermocouple (10 measuring points with a distance to each other of 20 

mm) was installed to measure the axial temperature profile in the bed and to monitor 

the temperature fronts due to sorption.  

Different molar fractions were used during the PBR and TGA experiments as 

summarized in Table 6.3. Changing the gas composition was performed by bypassing 

the reactor for 5 min and measuring the concentration (to check the feed gas 

composition). After this stabilization time, the feed was sent to the reactor from bottom 

to top while monitoring the outlet composition of the reactor for 30 min. Experiments 

were conducted at atmospheric pressure and different operating temperatures between 

300 and 500 °C. The mixing in the empty volume of the reactor and the tubing was 

determined using an inert (CH4 in this case). The breakthrough of the inert was used to 

determine the contribution of gaseous species to the breakthrough time for each 

material independently because different porosity and bed height will have an impact 

on the inert breakthrough time. The determined adsorption capacity during each 

adsorption/desorption step was corrected with the determined contribution of gas 

phase. An overview of all experiments including different partial pressures of sorbate 

species is listed in the Table 6.4. 

Table 6.3 Set of experiments to study cyclic working capacities of CO2 and H2O on 

different sorbent materials 

Material PCO2 PH2O TGA PBR T 

KSORB 
0.025 - 0.3 0.1 - 0.2  X 300 - 400 

0.66 0.34 X  400 

KMG30 
0.025 - 0.3 0.1 - 0.2  X 300 - 500 
0.1 - 0.66 0.05 - 0.34 X  300 - 500 

KMG70 
0.1 - 0.3  0.1 - 0.2  X 300 - 500 

0.66 0.34 X   400 
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Table 6.4  Experiments conducted for different sorbent materials in the TGA and PBR 

setups. For the experiments marked with * only cyclic sequences 2-5 were carried out (see 

also Table 6.5) 

NO T PCO2 PH2O TGA PBR Material 
1 400 0.05 0.1   X 

KSORB 

2* 300 0.05 0.1  X 
3* 400 0.05 0.15  X 
4* 400 0.1 0.1  X 
5* 400 0.025 0.1  X 
6 400 0.66 0.34 X   
7* 400 0.2 0.1  X 

KMG30 

8* 400 0.2 0.2  X 
9* 400 0.3 0.2  X 
10* 400 0.025 0.1  X 
11* 300 0.025 0.1  X 
12* 500 0.025 0.1  X 
13 300 0.66 0.34 X  
14 400 0.66 0.34 X  
15 500 0.66 0.34 X  
16 400 0.2 0.34 X  
17 400 0.4 0.34 X  
18 400 0.66 0.1 X  
19 400 0.66 0.05 X   
20* 300 0.05 0.1  X 

KMG70 

21 400 0.05 0.1  X 
22* 500 0.05 0.1  X 
23* 400 0.1 0.1  X 
24* 400 0.2 0.1  X 
25* 400 0.05 0.15  X 
26* 400 0.05 0.2  X 
27 400 0.66 0.34 X   
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For each experiment listed in Table 6.4 a sequence of adsorption and desorption steps 

have been performed as reported in Table 6.5. Cycles have been repeated 5 times for the 

TGA experiments. The cyclic working capacity for the TGA experiments was calculated 

based on the last three adsorption/desorption cycles. Every cycle for the PBR 

experiments was carried out twice. We will refer to the different experiments performed 

with ‘n.m’, where the first number refers to the experiment number in Table 6.4 (1-27) 

and the second number to the sub-experiment as listed in Table 6.5 (1-8). 

Table 6.5  Adsorption/desorption steps during the experiments  

(Note that depending on the experiment adsorption of one species can lead to the desorption of an 

adsorbed species) 

 Cycle Number 
 1 2* 3* 4* 5* 6 7 8 

a. ADS 
H2

O 
CO2 CO2 CO2/H2O CO2       

b. ADS       CO2 CO2/H2O CO2/H2O CO2/H2O CO2/H2O 

c. DES N2 N2 N2  N2 N2 N2     

d. ADS     H2O H2O H2O H2O H2O H2O 

e. DES     N2 N2 N2 N2   N2 

 

6.3 Results and discussion 

In the results and discussion section, we will show the presence of the earlier introduced 

different sorption sites based on TGA and PBR experiments (see Chapter 3). The 

different adsorption sites will be introduced consecutively, and their cyclic working 

capacity will be determined for the different sorbent materials. The importance of the 

different sorption sites for the different materials will be discussed with a simple model 

to predict the weight change observed in the TGA experiments. The total CO2 and H2O 

cyclic working capacities will be determined for all sorbents at different operating 

conditions to find the best operating conditions. Graphical representation of different 

adsorption sites on basis of TGA and PBR experimental data is introduced in Section 

3.3.1 of this thesis 

 

6.3.1 Sorption of H2O (Site A) 

The three different sorbents were exposed in the TGA to a H2O/N2 mixture with a partial 

pressure of 0.34 bar H2O (during the first part of experiment 6). The cyclic working 

capacity for H2O (site A) follows the following order: KMG30>KMG70>KSORB (see 

Figure 6.2). The same trend was already reported in an earlier publication using a 
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different experimental setup (see Chapter 5). The absolute value of the cwc of site A for 

KMG30 is somewhat lower than reported before (see Chapter 3), most probably due to 

some aging of the material during these tests.  

 

Figure 6.2 a) TGA Experiment 6.1: Adsorption/desorption of H2O at 400 °C and PH2O = 

0.34 bar (we only consider KMG70(2) & KSORB (1)); b) PBR Experiment 21.1 at 400 °C 

and PH2O = 0.1 bar for KMG70 

The packed bed reactor experiments confirm the higher cyclic working capacity of H2O 

for KMG70 compared to KSORB. Both the surface basicity and surface area affect the 

adsorption capacity of the sorbents, explaining the obtained results since a direct 

correlation between surface area and adsorption capacity of the materials for steam 

could not be found. Surface area of the different sorbents has been already published 

earlier [76].  The breakthrough curves for KSORB can be found in the Appendix B. Note 

that the longer breakthrough times for KSORB are a result of the higher sorbent mass 

used in the experiments. Since it was the first time that the adsorbent was exposed to a 

sorbate not only adsorption site A is filled with H2O, but also site C (Figure 6.2b, first 

adsorption), explaining the larger amount of H2O adsorbed in the first cycle (larger blue 

area in Figure 6.2b). This was also observed in the TGA experiments, but in Figure 6.2a 

only the last cycle is plotted to focus on the cyclic behavior of the different materials. 

 

6.3.2 Sorption of CO2 (Site B) 

The cyclic working capacity for CO2 of site B has been determined based on results 

obtained by TGA during experiment 2 (see Figure 6.3a), which are also confirmed with 

the results from the breakthrough curves in the packed bed reactor experiments (Figure 

6.3b). The results show that the order in the cyclic working capacity for CO2 is changed 

compared to H2O. The sorbent with the highest Mg content (KMG70) has the highest 

cyclic working capacity for site B. This trend was also found in a previous study and 
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was explained with the higher surface basicity of the sorbent when a larger amount of 

MgO is present in the sorbent structure. It seems that MgO induces a second reaction, 

which could be explained e.g. by diffusion of carbonate species into the bulk of the 

material which is enhanced for a more basic sorbent. This explanation is supported by 

the observed difference in adsorption profile for KSORB (without MgO), where an 

adsorption equilibrium is established after 30 min half-cycle time, while this is not the 

case for KGM30 and KMG70. The findings reported here confirm earlier 

measurements[76]. 

 

Figure 6.3  a) TGA experiment 6.2: adsorption/desorption of CO2 at 400 °C and PCO2 = 

0.66 bar (we only consider KMG70(2) and KSORB(1)) b) PBR experiment 21.2 for 

KMG70 at 400 °C and PCO2 = 0.05 bar 

6.3.3 Replacement of CO2 by H2O (site C) 

To determine the cyclic working capacity of the adsorption site which can be either 

occupied by H2O or CO2 (site C) experiment 3 was carried out (feeding CO2 and H2O 

consecutively). Figure 6.4a (TGA) and b (PBR) show the results obtained for KSORB and 

Figure 6.4c and d show the results for KMG70. A significant difference in the cyclic 

working capacity between the different sorbents was observed. The cyclic working 

capacity for KSORB (11.3 mg/g) is slightly smaller than for KMG30 (12.6 mg/g) but still 

comparable, whereas KMG70 shows a very low cyclic working capacity of 5.9 mg/g. 

When comparing the results obtained during the breakthrough experiments the ratio 

between the area of site B and site C should be compared rather than the breakthrough 

time or the total area due to the difference in sorbent mass in the experiments. Based 

on the PBR breakthrough results we can conclude that MgO cannot be responsible for 

this adsorption site, because the sorbent with the highest MgO content shows the lowest 

capacity for site C. The impregnation of the sorbents with K2CO3 could be the reason 

for the higher capacity of this adsorption site. It has been proposed in the literature 
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that indeed the interaction of K2CO3 with Al is a crucial for the availability of adsorption 

sites on a potassium-promoted hydrotalcite [32]. These findings explain the rather high 

adsorption capacity of this site for KSORB compared to KGM70. Since KMG30 has the 

highest surface area [76] K2CO3 can interact to a larger extent with the available Al on 

the surface resulting in the highest cyclic working capacity of site C for KMG30. 

 

  

Figure 6.4  TGA experiments: Adsorption of CO2 with dry (N2) and wet regeneration (H2O) 

at 400 °C and PH2O = 0.34 bar PCO2 = 0.66 bar: a) KSORB (experiment 6.3); c) KMG70 

(experiment 27.3) and PBR experiments at 400 °C and PH2O = 0.1 bar PCO2 = 0.05 bar 

b) KSORB (experiment 1.3); d) KMG70 (experiment 21.3) 

 

Based on the packed bed reactor experiments, the replacement ratio between CO2 and 

H2O was determined. Note that this information cannot be obtained from the TGA 

experiments. The average cyclic working capacity for CO2 of site C was determined 

based on the desorbed amount of CO2 during step d of an experiment n.3 (were n 

represents the experiment number from Table 6.4 and Table 6.3  refers to step 3 as listed 

inTable 6.5) and the adsorbed amount of CO2 during step a of experiment n.3 minus the 



CO2 and H2O chemisorption mechanism on different potassium-promoted sorbents 

131 

 

6 

cyclic working capacity of site B determined based on step c of each experiment 

according to Equation 6.1: 

 ads

2 2 2 2( ) ( );CO (a) ( )des desC CO average CO d CO c        (6.1) 

Analogously, the average cyclic working capacity of site C for H2O was determined 

based on the desorbed amount of H2O during the step a of an experiment n.3 and the 

adsorbed amount of H2O during the step d minus the cyclic working capacity of site A, 

determined based on the amount of H2O desorbed during step e of each experiment, as 

given by Equation 2: 

 ads

2 2 2 2(H O) ( ); (d) ( )des desC average H O a H O H O e   (6.2) 

Table 6.6 shows a summary of the determined CO2/H2O ratios based on all the 

experiments. For all the sorbents and for all the different conditions, a CO2/H2O ratio 

close to 1 was found, except for KMG70 that showed for some experiments a much 

higher value. Inspecting the breakthrough curves of KMG70, it can be seen (e.g. Figure 

6.4) that the amount of H2O desorbed during CO2 adsorption is within the detection 

limit (noise) of the FTIR. Combined with the low capacity of site C on KMG70 the 

determination of the replacement ratio for KMG70 is rather inaccurate. Because of the 

transient behavior and the slow desorption kinetics of CO2 and H2O on this type of 

sorbents, the determination of the cyclic working capacities is unfortunately subjected 

to rather large experimental inaccuracies. Nevertheless, it seems that for the higher 

cyclic working capacities of site C for KMG30 and KSORB the replacement ratio could 

be determined more accurately. Generally, the determined values of the replacement 

ratio correspond to 1:1 replacement of H2O by CO2 for site C, which was postulated 

earlier [69].  

Table 6.6 CO2/H2O ratios for different adsorbents determined during PBR experiments at 

different conditions 

    MIN MAX 

Sorbent  CO2/H2O PCO2 PH2O T PCO2 PH2O T 

KSORB 1.04 - 1.12 0.05 0.1 300 0.3 0.1 400 

KMG30 0.62 - 1.33 0. 3 0.1 400 0.025 0.1 500 

KMG70 0.98 – 3.05 0.3 0.1 400 0.05 0.15 400 
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6.3.4 Simultaneous feed of CO2 and H2O 

Experiment 4 was used to determine the cyclic working capacity of site C at equilibrium 

conditions when feeding both CO2 and H2O simultaneously, indicated with Ceq. The TGA 

and PBR results are shown in Figure 6.5. Figure 6.5a and c show that a higher cyclic 

working capacity for the site Ceq is found for KSORB compared to KMG70. This is 

expected because the cyclic working capacity of site Ceq should be directly correlated to 

the cyclic working capacity of site C. For KMG30 the highest cyclic working capacity for 

site C and Ceq was found.  

 

 

Figure 6.5   TGA experiments: Adsorption of CO2/H2O followed by CO2 and desorption 

with dry (N2) and wet regeneration (H2O) at 400 °C and PH2O = 0.34 bar and PCO2 = 

0.66 bar a) KSORB (experiment 6.4); c) KMG70 (experiment 27.4) and PBR experiments 

at 400 °C and PH2O = 0.1 bar and PCO2 = 0.05 bar: b) KSORB (experiment 1.4); d) 

KMG70 (experiment 21.4) 

6.3.5 Adsorption capacity change for CO2 and H2O (Site D) 

In the Chapter 2 a site D was introduced to describe the higher adsorption capacity of 

all sorbents when CO2 and H2O are fed together during the first step of experiment 4. 

The increase in cyclic working capacity is more pronounced for KMG70 (6.3 mg/g) 
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compared to KSORB (3.3 mg/g). However, it could also be considered that the increase 

in working capacity is mainly related to an increase in the cyclic working capacity of 

site B, which would also explain the higher capacity of this adsorption site for KMG70. 

The results from experiment 5 can be described with the 4 sites mechanism introduced 

until this point. Figure 6.6a and b show the results of KSORB for both TGA and PBR 

experiments, and similarly Figure 6.6c and d show the results for KMG70. When 

comparing the ratios of the areas of site B and C in the PBR breakthrough experiments, 

it can be concluded that indeed the replacement effect (cyclic working capacity of site 

C) is much smaller for KMG70 compared to KSORB. During step 2, the replacement of 

CO2 is only barely visible for KMG70. Moreover, it was found that the sorbent was still 

adsorbing CO2, which can be explained with the slower adsorption kinetics of KMG70, 

which were shown before (Experiment 2). 

 

 

Figure 6.6 TGA experiments: Adsorption of CO2 followed by CO2/H2O and desorption 

with dry (N2) and wet regeneration (H2O) at 400 °C and PH2O = 0.34 bar PCO2 = 0.66 bar 

a) KSORB (experiment 6.5); c) KMG70 (experiment 27.5) and PBR experiments at 400 °C 

and PH2O = 0.1 bar and PCO2 = 0.05 bar: b) KSORB (experiment 1.5); d) KMG70 

(experiment 21.5) 
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For KSORB it was observed during experiment 5 that not all CO2 can be desorbed from 

site B. This observation was obtained from both TGA and PBR experiments. If CO2 

would desorb completely from site B and H2O from site A during step three one would 

expect a weight decrease of about 16.5 mg/g. However, the obtained weight decrease is 

much lower (about 10 mg/g). PBR experiments confirm that indeed the amount of CO2 

desorbed during this step is smaller than during experiment 4. In the following step 

(step 4) some additional CO2 is desorbed compared to the previous experiments. In 

Figure 6.7 the area of the breakthrough curve for CO2 is plotted for experiments 4, 5 and 

6. It is evident, that the amount of CO2 desorbed in experiments 5 and 6 is significantly 

lower compared to experiments 3 and 4, confirming the introduced hypothesis.   

 

Figure 6.7  Comparison of the desorption signal of CO2 for the regeneration step with N2 

with KSORB for different experiments a) Experiment 4 (Step 3) and Experiment 5 (Step 3) 

b) Experiment 4 (Step 3) and Experiment 6 (Step 2). Amount of CO2 desorbed is 

significantly reduced in Experiments 5 and 6 compared to Experiment 4.  
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Figure 6.8   TGA experiments: Adsorption of CO2/H2O and desorption with dry (N2) and 

wet regeneration (H2O) at 400 °C and PH2O = 0.34 bar and PCO2 = 0.66 bar: a) KSORB 

(experiment 6.6); c) KMG70 (experiment 27.6) and PBR experiments at 400 °C and PH2O = 

0.1 bar and PCO2 = 0.05 bar: b) KSORB (experiment 1.6); d) KMG70 (experiment 21.6) 

In addition, the results obtained from experiment 6 confirm our proposed mechanism. 

The results from both the TGA and PBR experiments for both KGM70 and KSORB can 

be described. An important observation from the TGA experiments is the observed 

capacity change of adsorption site D. When comparing the total observed weight 

change during step 1 of experiment 5 (Figure 6.7) and experiment 6 (Figure 6.8), we 

observed a lower weight change during experiment 6. This observation seems to be 

valid for all sorbents, but it is most apparent for KSORB. Deactivation of this adsorption 

site can be explained with the fact that the measured adsorption capacity is always 

dependent on the prior desorption step [56]. Therefore, if the desorption time is not 

sufficient to desorb the amount of CO2 on site D, the capacity of this site will decrease. 

This would imply that the pseudo steady state between adsorption and desorption on 

site D was not yet reached or is not occurring at these operating conditions. To describe 

the cyclic working capacity during all experiments this adsorption site should 
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deactivate with experimental time if the capacity of the other adsorption site is assumed 

constant.  

 

 

Figure 6.9 TGA Experiment: Adsorption of CO2/H2O and wet regeneration (H2O) at 400 

°C and PH2O = 0.34 bar and PCO2 = 0.66 bar: a) KSORB (experiment 6.7); c) KMG70 

(experiment 27.7) and PBR experiments at 400 °C and PH2O = 0.1 bar and PCO2 = 0.05 

bar: b) KSORB (experiment 1.7); d) KMG70 (experiment 21.7) 

During the experiment 7 (Figure 6.9), the capacity of site D for KSORB is reduced to 

already 20% of its original value, indicating that this site probably will not be needed 

to describe the steady state operation of a SEWGS process. For KMG70, the TGA 

experiments can be described more accurately using 70% of site D still participating in 

the adsorption and desorption steps. It appears that the deactivation of site D depends 

on the type of sorbent. It was found that the reported mechanism of KMG30 could also 

be improved by a slow deactivation of site D. Table 6.7 shows the model used for the 

different sorbents during the 8 different experiments and the different 

adsorption/desorption steps. It can be seen, that indeed the strongest deactivation of 

site D seems to be present for the potassium-promoted alumina (KSORB), where a 

higher MgO content results in a slower deactivation rate of this adsorption site. Most 

probably the slow continuous adsorption of CO2 which was reported earlier for HTC 
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based sorbents with a higher MgO content, can balance the effect of the deactivation of 

site D for KSORB. Therefore, the deactivation of site D is less important for sorbents 

with a higher MgO content. Still one can expect for experiments with more than 1000 

cycles that probably for all sorbent materials this site will be completely deactivated 

and is therefore not needed to describe the cyclic working capacity of the sorbent. The 

experimentally determined cyclic weight change in the TGA experiments together with 

the difference with the predicted weight change by the developed mechanistic model 

can be found in Table 1 in the Appendix B. 

Table 6.7 Model description for the two sorbent materials used for the weight changes in 

Table 3 

Model KSORB 
EXP CO2 CO2/H2O N2 N2/H2O N2 

1    +A -A 
2 +B  -B   
3 +B +C  -B +A -C -A 
4 +C -Ceq -A +A +B +Ceq +D -B +A -C -D -A 
5 +B +C -A +A -C +Ceq +0.6D -0.5*B -A -0.5*B -C -0.6D -A 
6  +A +B +Ceq +0.4D -0.5*B -A -0.5*B -C -0.4D -A 
7  +B +Ceq +0.2D  -B -Ceq -0.2D  
8  +A +B +Ceq  -B -Ceq  -A 

Model KMG70 
1    +A -A 
2 +B  -B   
3 +B +C  -B +A -C -A 
4 -A -Ceq +C +A +B + Ceq +D -A-B +A -C -D -A 
5 +B +C +A -C +Ceq +D -A-B +A -C -D -A 
6  +A +B + Ceq+ 0.8*D -A-B +A -C -0.8*D -A 
7  +B +Ceq +0.6*D  -B - Ceq -0.6*D  
8  +A +B +Ceq +0.6*D  -B - Ceq -0.6*D -A 

Model KMG30 
1    +A -A 
2 +B  -B   
3 +B +C  -B +A -C -A 
4 - A -Ceq +C +A +B +Ceq +D -A -B +A - C -D -A 
5 +B +C +A -C +Ceq +0.8*D -A -B +A - C -0.8*D -A 
6  +A + B +Ceq +0.6*D -A -B +A - C -0.6*D -A 
7  +B + Ceq +0.4*D  -B -Ceq -0.4*D  
8   +A +B +Ceq +0.4*D   -B -Ceq -0.4*D -A 

 

The determined cyclic working capacities using the model according to Table 6.7 are 

plotted in Figure 6.10a. The error bars represent the standard deviation between two 

different experimental sets that were carried out for all sorbents independently. The 

determination of the adsorption sites using the proposed model is quite accurate. 

Although a direct comparison between TGA and PBR results is not possible due to the 

difference in experimental conditions (partial pressure of the sorbate species, transient 
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behavior of the PBR) the trend in adsorption capacities of the different adsorption sites 

can be compared. Error bars in the PBR experiment plot represent the standard 

deviation for determination of cyclic working capacities based on the adsorbed and 

desorbed amount within one cycle. Because adsorption and desorption of site C and 

site Ceq goes along with adsorption and desorption of site A and B it’s determination is 

more difficult.  The adsorption capacities of the adsorption sites A, B and C for the 

different materials show indeed the same trend in terms of cyclic working capacity. 

These results support the identification of different adsorption sites on weight bases 

measured with TGA experiments. To our best knowledge this is the first time that 

different adsorption sites on various HTC based adsorbents has been identified using 

a direct combination of both measurement techniques. Site D has not been determined 

using packed bed reactor experiments since it is expected that the determination of this 

site cannot be done in an accurate way due to the axial concentration profiles associated 

with the transient behavior of the packed bed.  

  

Figure 6.10  a) Site capacities for base case experiment at 400 °C and PCO2 = 0.66 bar 

PH2O = 0.34 bar performed in the TGA for the three different adsorbents under 

investigation b) Site capacities for experiments performed in the PBR at 400°C with PCO2 

= 0.025bar and PH2O = 0.1 bar 

6.3.6 Importance of adsorption site D 

To investigate the behavior of the adsorption site D (which was introduced in Chapter 

3) compared to the other adsorption sites a TGA experiment with identical conditions 

(CO2 and H2O partial pressure at 400°C) was performed with a longer step duration of 

60 min instead of 30 min. It can be seen from the results shown in Figure 6.11 that the 

adsorption capacity is increasing for all adsorption sites except for site D if the step 

time is increased compared to the experiment with a shorter step duration. It is known 
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that a longer experimental time would lead to a lower loading of CO2 and H2O on the 

sorbent, leading to an increase in measured cyclic working capacity. In Chapter 2 it is 

reported that slower desorption kinetics are the reason for this change in capacity. The 

fact, that the determined cyclic working capacity for site D is decreasing support our 

hypothesis that site D is a combination of a capacity increase of the adsorption sites B 

and C and mainly caused by the slow desorption rate. By using a longer step time, more 

CO2 and H2O can be desorbed from the site A – C making the correction with site D less 

important. This observation, together with the deactivation of this site D needed to 

accurately describe the TGA experiments, illustrates that indeed site D is not required 

to describe long-term experiments and steady state behavior of the different 

adsorbents.  

 

Figure 6.11  Cyclic working capacity of different adsorption site for KMG30 at PCO2=0.66 

bar and PH2O = 0.34 bar at 400°C using 30 min and 60 min as step duration during the 

experiment  

 

6.3.7 Cyclic working capacities of different sorbents 

For the application of the different adsorbents in a SEWGS process, the total cyclic 

working capacities of gaseous sorbate species at operating conditions play a key role in 

the selection of the best sorbent. In Figure 6.12 one can find a summary of the cyclic 

working capacity of CO2 and H2O for the all sorbents determined by TGA (Figure 6.12a) 

and PBR (Figure 6.12b) experiments. Depending on the process conditions, the total 

cyclic working capacity of CO2 and H2O will change mainly because of the adsorption 

site C which is dependent on feed partial pressures of the sorbates in the gas phase. 

KMG30 has the highest cyclic working capacity for both CO2 and H2O for a dry gas feed 

of CO2 (Total CO2) and for a wet gas feed (Total CO2 capacity at a feed of PCO2 = 0.66 bar 
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and PH2O = 0.34 bar). The high cyclic working capacity of the adsorption site C has also 

a major influence on the total cyclic working capacity for H2O on KMG30. Depending 

on the process conditions a lower adsorption capacity for steam can be beneficial in 

terms of energy efficiency. Reducing the required amount of steam is usually a crucial 

factor in order to reduce energy costs of a chemical process [77]. KMG70 has a high 

cyclic working capacity for CO2 with a much lower adsorption capacity for H2O. PBR 

reactor experiments confirm the trend observed in the TGA experiments. However, 

because of the lower partial pressures of the feed gas the reported cyclic working 

capacities are much lower compared to the ones determined from the TGA 

experiments. In addition, the transient behavior of the packed bed reactor reveals an 

incomplete regeneration of the sorbent compared to the experiments performed in the 

TGA. Sorbate species desorbing from the sorbent material can re-adsorb on the other 

sorbent particles along the reactor during the regeneration step hindering a complete 

desorption. It can be seen in Figure 6.12b that, under certain process conditions, for 

KMG70 (see Total CO2 at EQ), the cyclic working capacity for CO2 can be even higher 

than for the other sorbent materials. Considering the generally higher cyclic working 

capacity of this sorbent at dry regeneration conditions (only site B active), KGM70 can 

be an interesting material if the process conditions do not allow regeneration with 

steam. However, it has to be proven that this sorbent is mechanically stable throughout 

cyclic operation in long term tests under dry adsorption conditions, since it was found 

that high partial pressures of steam and CO2 result in the formation of MgCO3 leading 

to a loss in mechanical stability [8]. 

 

Figure 6.12  a) CO2 and H2O working capacities for different sorbent materials at PCO2 = 

0.66 bar and PH2O = 0.34 bar determined during TGA experiments with a time used for 

each experimental step being 30 min b) CO2 and H2O working capacities for different 

sorbent materials at PCO2 = 0.025 bar and PH2O = 0.1 bar determined during PBR 

experiments with a time used for each experimental step being 30 min 
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6.3.8 Influence of operating conditions on cyclic working capacity 

To achieve a high cyclic working capacity, the influence of operating conditions 

(variations in operating temperature and operating partial pressure) were investigated 

with PBR experiments. An operating temperature higher than 400 °C was not 

considered for KSORB because it was found that the presence of steam at high operating 

temperature leads to an irreversible decrease in the CO2 cyclic working capacity due to 

decomposition of carbonate species[76]. It can be discerned from Figure 6.13a and b 

that a decrease in operating temperature leads to an increase in the cyclic working 

capacity for H2O on site A and a decrease for CO2 on site B. This is in agreement with 

earlier studies for KMG30, where the same trend was observed [69]. Indeed, it seems 

that this behavior is in general valid for potassium-promoted HTC’s and potassium-

promoted Al2O3. For KMG70, site C (for CO2) shows the highest cyclic working capacity 

at 300 °C, which is probably due to the higher amount of CO2 being replaced by H2O. 

H2O in general shows a higher affinity to adsorb at lower operating temperatures. 

KSORB exhibited an opposite behavior. This can be explained by the increased 

desorption kinetics at higher operating temperatures. Since the cyclic working capacity 

of site C is much higher for KSORB compared to KMG70 and the total mass of sorbent 

was higher during the experiments the desorption rate becomes more important for 

this site than the replacement.  

Experiments at different partial pressures for CO2 and H2O confirm the opposite 

behavior of the two sorbents. In Figure 6.13 (c and d) the cyclic working capacities of 

the different adsorption sites are plotted for different partial pressures. A higher CO2 

partial pressure consistently leads to an increase in the cyclic working capacity for site 

B, where for site C the cyclic working capacity is decreased for KMG70, but increased 

for KSORB. Note that for KMG70 the small amount of CO2 and H2O being exchanged by 

site C result in a small area for integration which makes the determination of the cyclic 

working capacity of this adsorption site less accurate.  
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Figure 6.13  Cyclic working capacities of different adsorption sites at different operating conditions. 

The legend shows 1st the operating temperature, 2nd H2O partial pressure and 3rd CO2 partial pressure 

a) KMG70 at different operating temperature b) KSORB at different operating temperature c) KMG70 

at different CO2 and H2O partial pressures d) KSORB at different CO2 and H2O partial pressures 

 

6.4 Conclusions 

A detailed experimental study using TGA and PBR experiments with three different 

adsorbents for the application in a SEWGS process, showed that the mechanism for CO2 

and H2O adsorption on a potassium-promoted hydrotalcite reported in our earlier 

publication, is also valid for similar sorbents with a different material composition. 

Depending on the material composition, the cyclic working capacity of certain 

adsorption sites for CO2 and H2O are changing. It was found that an increase in MgO 

content in the sorbent leads to an increase in the cyclic working capacity for CO2 (called 

site B) for an adsorption site, which can be relatively easily regenerated with e.g. N2 due 

to the increase of basic adsorption sites on the surface of the sorbent materials. The 

cyclic working capacity for CO2 on a reactive adsorption site (called site C), which can 
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only be regenerated using H2O is highest for potassium-promoted alumina and a HTC-

based adsorbent with a low MgO content. This indicates that mainly K2CO3 interactions 

with Al-centers would be responsible for this reactive adsorption site. The cyclic 

working capacity on an adsorption site for H2O (called site A) is slightly higher for 

potassium-promoted HTC compared to the potassium-promoted alumina. The 

activation of an additional adsorption site for CO2 if the sorbent is exposed to CO2 and 

H2O together during one-step (called site D) was confirmed for all sorbents. It was 

found that the additional capacity of this site is decreasing with time on stream. This 

can be described with a deactivation of this adsorption site. Therefore, in order to 

describe the steady state adsorption behavior this adsorption site does not need to be 

included. It was proven with PBR breakthrough experiments comparing the cyclic 

working capacity of the proposed adsorption sites, that indeed the proposed 

mechanism can describe the experimental results of both measurement techniques. For 

SEWGS KGM30 shows the highest cyclic working capacity for CO2 and is therefore the 

preferred sorbent for the process. For adsorption process where dry regeneration of the 

sorbent is used, KGM70 could be a very promising alternative, if its mechanical stability 

is demonstrated during long-term cyclic experiments.
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Abstract 
 
A comprehensive kinetic model was developed for the description of the sorption 
behavior of CO2, H2O and their interactions on potassium-promoted hydrotalcite-
based sorbents. An Elovich-type equation has been used to describe the interactions 
of gas molecules with heterogeneous surface sites on the sorbent, accounting for the 
change in activation energy of desorption as a function of the surface coverage. The 
ability of the sorbent to desorb more CO2 while adsorbing H2O and vice versa was 
modeled with an additional adsorption site, assuming equimolar exchange between 
CO2 and H2O. A Freundlich isotherm was used to describe the change in adsorption 
capacity of CO2 and H2O as a function of the partial pressure of CO2 and H2O 
respectively, while the sorption capacity of the exchange site depends on both the 
CO2 and H2O partial pressures and could be described with a Freundlich type 
dependency for both CO2 and H2O. A good description of the desorption kinetics of 
both CO2 and H2O measured by extensive thermogravimetric analysis experiments 
has been obtained. The model is shown to adequately describe the complex sorption 
behavior at various experimental conditions between 300 and 500 °C and different 
partial pressures of the sorbate species CO2 and H2O and their mixtures. This is the 
first time that a kinetic model has been developed that can describe the adsorption 
and desorption kinetics of both CO2 and H2O including their complex interactions. 
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7.1 Introduction 

Various authors [13], [40], [51], [58], [59] have tried to explain the complex adsorption 

behavior on hydrotalcite-based adsorbents by proposing different chemical phases and 

reaction pathways. The understanding of the adsorption behavior is hampered by the 

fact that in-situ characterizations are required under relatively high temperature and 

pressure to investigate the adsorption phenomena under representative conditions. 

Despite the large research interest in the performance and behavior of hydrotalcite-

based sorbents, accompanied with many experimental studies [12], [13], [58], [59], [15], 

[16], [32]–[35], [40], [51], an adequate adsorption model that quantitatively describes 

not only the isotherm, but also the kinetics of the physisorption and chemisorption of 

CO2 and H2O and their mixtures on various adsorption sites is not yet available in the 

literature, and is the objective of this paper. A comprehensive adsorption kinetics 

model is a prerequisite for detailed modelling of the adsorber columns and a rational 

design and optimization of the various cycles the adsorption process. 

Various authors have proposed different types of models to describe the adsorption 

behavior of potassium-promoted sorbents, which can be classified in two different 

types of models. In various publications, the linear driving force model (LDF) was used, 

assuming that the intra-particle mass transfer is limiting the adsorption and desorption 

process of the hydrotalcite (HTC)-based sorbent [1], [15], [49], [53], [78]. To predict the 

equilibrium adsorption capacity often a Langmuir or modified Langmuir expression 

for CO2 and a Freundlich isotherm for H2O were proposed for HTC-based adsorbents. 

In general, limited knowledge is available on H2O adsorption on this type of sorbents. 

A kinetic model to predict the adsorption and desorption rate of CO2 was presented in 

the literature to predict the long-term adsorption behavior at various operating 

temperatures [43], [44]. To predict the adsorption behavior in the temperature range 

between 300 and 500 °C, a model with 21 parameters involving 5 different adsorption 

sites/phases was proposed. Recently, a kinetic model was presented using an Elovich-

type expression to predict the adsorption and desorption kinetics at various 

temperatures and pressures, which was able to describe the cyclic behavior of CO2 [42].  

In our previous work on CO2 and H2O on a HTC-based adsorbent it was shown that the 

desorption kinetics are very important, as they will determine the cyclic working 

capacity of the material for both CO2 and H2O [56]. A model was developed to predict 

the cyclic working capacity of the sorbent identifying different adsorption sites, where 

their capacity may vary for different conditions and for different sorbents (composition 

of the sorbent) [69], [79]. Two independent adsorptions sites (one for CO2 and one for 
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H2O) and one exchange site (which can adsorb both CO2 and H2O, where one sorbate 

specie will replace the other sorbate in case of a change in partial pressure), were 

identified.  One additional site was required to model the mass changes during the 

different cyclic experiments (Chapter 3) but is not a different physical adsorption site 

(Chapter 5). It accounts first, for the increase in adsorption capacity for a feed of CO2 

and H2O together and second for the effect of time in the different experiments. Thus, 

for experiments involving more steps the sorbent can release more CO2 simply because 

of the longer time available for regeneration. Modeling cyclic adsorption behavior with 

a kinetic model does not required necessarily a fourth adsorption site. The effect of 

increasing CO2 adsorption capacity for a feed of CO2 and H2O was incorporated in the 

exchanges site (Site C) in this publication. This replacement effect for CO2 and H2O is 

particularly important when the regeneration of the HTC-sorbent is carried with steam. 

The aim of this work is the development of a kinetic model accounting for the three 

different adsorption sites, based on a combination of the Langeren model with an 

Elovich-type expression to account for the heterogeneity in the basicity of the surface 

sites.  

  

The chapter is outlined as follows. In the first part the experimental study is shortly 

outlined, and the kinetic model approach is explained, and the equations used to 

describe the complex sorption characteristics of a potassium-promoted sorbent at 

various experimental conditions are elucidated. Subsequently, the adequacy of the 

description of various experimental results by the developed kinetic model is discussed 

in three sections. In the first two sections the sorption of single sorbate species, CO2 

and H2O respectively, at various experimental conditions is described. In the third part 

cycles containing CO2 or H2O and experiments with mixtures of both sorbate species 

are discussed and compared to the predicted mass changes of the kinetic model.   

  

7.2 Materials and methods: 

7.2.1 Experimental 

A potassium-promoted hydrotalcite-based adsorbent with a Mg/Al ratio of 0.54 and a 

potassium loading of approximately 20 wt. % (Sasol Germany), was used in the 

experiments and will be further denoted as KMG30. Powder with a mean diameter of 

approx. 40 µm and pellets with diameter of ~1-2 mm were tested using with TGA 

(thermogravimetric analysis). Experiments were performed using an in-housed 

designed setup for operation up to 10 bar, which was described in detail in chapter 3. 
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Mass transfer limitation tests and isotherm measurements were performed according 

to the conditions listed in Table 7.1 for both sorbate species H2O and CO2 up to 9 bar 

total pressure.  

Isotherm measurements were performed with a fresh sample. The sample was 

pretreated at 600 °C for 2 hours under N2 prior to measurement. After cool-down to 400 

°C in N2, five consecutive adsorption/desorption cycles were performed at one partial 

pressure. Afterwards the partial pressure was increased or decreased, depending on the 

experiment and the next five cycles were performed. All TGA experiments were 

corrected with blank measurements.  

The adsorption isotherm for H2O was measured in a similar manner at 400 °C, where 

again five cycles were used for each selected partial pressure.  

 

Table 7.1 Different TGA experiments used to determine kinetic model parameters 

 

EXP Description T Ptot PGas Flowrate ADS TIME DES TIME Pellets Powder 
- - °C bar bar Nl/min min min     

1 
External mass 

transfer 
limitations tests 

400 1 1 0.24 - 0.76 30 30 X X 

2 
External mass 

transfer 
limitations tests 

400 9 9 1.00 - 2.00 30 30 X X 

3 
Isotherm CO2 

(increase PCO2) 
400 0-1 1 0.48 30 30  X 

4 
Isotherm CO2 

(decrease PCO2) 
400 0-1  0.48 30 30  X 

5 Isotherm H2O 400 0-1 1 0.48 30 30  X 

6 
Adsorption of 

CO2  
300 - 500 1 1 0.48 60 60  X 

7 
Adsorption of 

H2O  
300 - 500 1 0.34 0.48 30 60  X 

8 

Steady state 
adsorption of 
CO2 different 
cycle times 

400 1 1 0.48 30,60,120 300  X 

9 

Steady state 
adsorption of 
H2O different 
cycle times 

400 1 0.34 0.48 30,60,120 300   X 

10 

Adsorption and 
desorption of 

CO2 with 
pretreatment 

step at the end 

400 1 1 0.48 300 300  X 

11 
Experiments 
with CO2 and 

H2O 
300-500 1 0.05-0.66 0.48 30 30  X 

 

The reaction enthalpy for the adsorption of CO2 on the adsorbent was measured with 

TGA-DSC. A Netsch STA 449 F1 TGA-DSC analyzer with 40 ml/min of N2 during 

desorption and 20 ml/min of CO2 during adsorption was used to determine the 



Chapter 7  

150 

  

7 

adsorption enthalpy of CO2. The used sample mass was about 10-30 mg. Three 

adsorption/desorption cycles (each cycle was 60 min) were carried out at three different 

temperatures, viz. 500, 400 and 300 °C, respectively. First, the sample was heated to 

600 °C in N2 and was kept at isothermal conditions for two hours, as a pretreatment 

prior to adsorption. This pretreatment procedure was repeated prior to every cyclic 

measurement to desorb CO2 that was adsorbed during earlier experiments. To correct 

the determined weight and measured DCS data, a blank measurement was carried out. 

The same experimental procedure was used as for the experiments containing a sample. 

The determined blank data was subtracted from the experimental data to correct for 

differences in gas flow rates and heat capacities of the used gases. 

BET measurements were performed with a Thermofischer Surfer with liquid N2 at -

196°C using about 0.1 g of sorbent material. Samples were degassed at 400 °C under 

vacuum conditions for 2 hours prior to the measurements.  

  

7.2.2 Kinetic Model for adsorption and desorption of CO2 and H2O 

It was reported before, that CO2 and H2O sorption on a potassium-promoted 

hydrotalcite involves at least three adsorption sites (Chapter 3 and Chapter 6). Two sites 

are required to model the weaker chemisorption of H2O (site A) and CO2 (site B), which 

can be regenerated easily with N2. A third site (site C) accounts for stronger bond CO2 

and H2O on the adsorbent, which cannot be regenerated with N2 and where the 

adsorption of CO2 is accompanied with the desorption of H2O and vice versa. To model 

the adsorption of CO2 and H2O the following assumptions are proposed on the basis of 

the experimental observations:  

 After pretreatment (i.e. heating till 600 °C under N2 and kept at this temperature 

for at least 2 hours) the surface is free of CO2 and H2O on all modeled adsorption 

sites; 

 During the first cycle, site C and A (if H2O is fed first) or site C and B (if CO2 is 

fed first) are both filled, which has been proposed in Chapter 3; 

 A pretreatment after an adsorption experiment can also remove CO2 and H2O 

adsorbed on site C; 

 Slow formation of (most probably) bulk carbonate species (which also release CO2 

when the temperature is increased to 873 K) is taken into account, as this affects 

the steady state cyclic working capacity (although very moderately). 
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7.2.2.1 Weak chemisorption of CO2 and H2O on adsorption site A and B 

Adsorption of H2O on site A and CO2 on site B are described with a first order Langeren 

model according to Equations 7.1 and 7.2 respectively: 

For H2O:   
,

,

( )  
 

 

e e

A ads A A A AA

e

A des A A A

k q q q qdq

k q q qdt
    (7.1) 

For CO2:   
,

,

( )  
 

 

e e

B ads B B B BB

e

B des B B B

k q q q qdq

k q q qdt
   (7.2) 

Where qA
e and qB

e represent the surface loading at equilibrium of H2O and CO2 

respectively, which depends on the temperature and pressure. Experimental results 

obtained in this study show that the equilibrium sorbate loading of H2O and CO2 follow 

a Freundlich isotherm. The empirical Freundlich isotherm is often used to describe 

adsorption on heterogeneous surface sites [80]. The Freundlich isotherms for H2O (A) 

and CO2 (B) are given in Equations 3 and 4, where k is the Freundlich constant (mol/kg) 

and n the adsorption intensity. The constant k is an approximate indicator of the 

adsorption capacity and n is related to the strength of the adsorption in the adsorption 

process [80]. The accuracy of the description of the adsorption isotherm by the 

Freundlich equation can be shown by plotting log(qe) as a function of log(P) and 

showing that the resulting experimental data can be fitted with a straight line [80]. 

Whereas for site A we can directly plot the determined adsorption capacity for H2O, for 

CO2 we have to use the cyclic working capacity because of the  formation of bulk 

carbonates [81]. When using the cyclic working capacities, the formation and 

desorption of bulk carbonates cancel each other out. For both sorbate species R2 > 0.97 

is found, indicating that indeed the Freundlich equation can well describe the 

experimental data. The plots for both CO2 and H2O can be found in Appendix C (Section 

1). 

 

For H2O: 
2

Ane

A A H Oq k P    (7.3) 

 

For CO2: 
2

Bne

B B COq k P    (7.4) 
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The adsorption rate constant kads can be expressed with an Arrhenius equation, where 

k0 presents the pre-exponential or frequency factor and Ea the activation energy 

according to Equation 7.5. (Note that we have written the equation in terms of site A; a 

similar expression holds for site B). 

0

, , exp a
A ads A ads

E
k k

RT

 
  

 
   (7.5) 

In-situ IR experiments have revealed that sites of different basic strength are 

responsible for the slow desorption kinetics (Chapter 4). The Elovich equation has been 

proposed in the literature to model chemisorption, where the activation energy of 

adsorption or desorption is a function of the surface coverage of the sorbent. Various 

researchers have used an Elovich type expression to model adsorption of different 

sorbates onto solid sorbents with heterogeneous surfaces [19],[26],[27]. According to 

the Elovich equation, the activation energy changes linearly with the surface coverage 

according to Equation 7.6.  

0

a aE E     (7.6) 

However, to describe the desorption rate the Elovich equation needs to be slightly 

modified. During the desorption process, the desorption of CO2 and H2O that is weakly 

bond on the surface, i.e. with a rather small activation energy, takes place first, and the 

activation energy increases when the surface coverage decreases. Therefore, 

Equation 7.6 is rewritten such that Ea
0 represents the activation energy of desorption 

for a maximally covered surface site, which will be denoted therefore as Ea
1, and the 

activation energy will decrease with increasing surface loading, i.e. the sign for the term 

containing β is negative, yielding Equation 7.7. 

1

,

,max0

, , exp

A
A des

A

A des A des

q
E

q
k k

RT


  
    

  
  

 
 
 

 (7.7) 

In this way the activation energy is lowest for q/qmax equal to 1 (surface site maximally 

covered). Note that β should be smaller than Ea
1, since the activation energy should be 

positive for any exothermic adsorption process. Equation 7.8 was applied accordingly 

for the desorption of both H2O from site A and CO2 from site B. The maximum possible 

surface coverage was estimated (c.q. assumed) with the maximum surface loading at a 

sorbate pressure of 20 bar, which limits the applicability of the model to a maximum 
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pressure of 20 bar. For the sake of completeness, it is noted that the Elovich equation 

was not needed to describe the experimentally observed adsorption rates. 

To ease the fitting procedure, the activation energy has been included in the pre-

exponential factor (Equation 7.8). The desorption constants were first fitted for 

experiments at the same temperature and subsequently the activation energy was 

determined from the fitted desorption constants at different temperatures.  

,max1

, , exp

A

A

A des A des

q

q
k k

RT


  
    

  
  

 
 
 

   (7.8) 

 

The measured adsorption profiles for CO2 and H2O are quite different. Whereas for H2O 

adsorption, the adsorption equilibrium is established very quickly and the H2O loading 

remains constant, for CO2 a continuous slow adsorption is observed after the initial fast 

adsorption, and this becomes important especially for long adsorption times [84]. This 

slow adsorption was attributed to the formation of some bulk carbonates during the 

adsorption step followed by migration of surface carbonates into the bulk of the 

material. During a subsequent desorption step, and depending on the experimental 

conditions, the bulk carbonates can migrate back to the surface followed by CO2 

desorption.  Detailed modeling of the surface reactions and diffusion into the bulk (e.g. 

via Fick’s second law of diffusion) requires much more detailed insight in the prevailing 

phenomena and would also largely further complicate the model and was considered 

outside the scope of this work. Here, a simplified approach was taken to account for the 

reversible formation of bulk carbonates, assuming that the amount of bulk carbonates 

increases due to intra-particle diffusion proportionally with the square-root of time 

[85]: 

0.5( )tq k t c    (7.9) 

And correspondingly, its derivative with respect to time as where the ½ can be included 

in the kinetic constant 

0.51
( )

2

tdq
k t

dt

   (7.10) 

This time dependency corresponds to the diffusion flux according to the penetration 

theory, where we assume that a certain fraction of the adsorbed CO2 is responsible for 

bulk carbonate formation and that the concentration profile starts with a flat profile 
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during every adsorption/desorption step. Thus, the reversible formation of bulk 

carbonates is modelled with equation 7.11.  

 ,, 0.5

, , , , 2 ,
B bulknB bulk

B bulk ads cycle B bulk dis CO B bulk

dq
K t K P q

dt

    (7.11) 

 

7.2.2.2 Exchange site for CO2 and H2O (site C) 

After careful analysis of experimental data presented later in this publication, site C 

was modeled according to Equations 7.12 and 7.13. The first part of the equation (in 

red) describes the adsorption of CO2 and H2O on site C, while assuring that the total 

capacity of site C is the same for both CO2 and H2O. The second part of the equation (in 

black) describes the exchange between CO2 and H2O depending on the partial pressure 

of the sorbate. Hence, e.g. only a site already covered with CO2 can be replaced by H2O 

and vice versa. The last part of the equation (in blue) accounts for desorption of both 

CO2 and H2O from site C upon thermal treatment. Like site A and B, the Elovich-type 

expression is used to account for site heterogeneity (Equation 7.14). From the 

experiments, it was deduced that the rate of replacement does not dependent on the 

sorbate partial pressure. To make sure that the exchange only takes place if the partial 

pressure of the exchanging sorbate exceeds 0, we have included the partial pressure of 

the sorbate in the equation with the exponent m set at a very small number (h.l. 10-6), 

so that this factor does not affect the rate and acts only as a numerical approximation 

of the Heaviside function.  

2
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  (7.14) 

The maximum sorbate loading of site C was assumed to be constant, since site A and B 

account for a pressure increase for experiments with only one sorbate species.  

 

 

7.3 Results and discussion 

The result and discussion section is outlined as follows. We start by showing that mass 

transfer limitations (both internal and external) do not influence the adsorption and 

desorption kinetics measured with TGA. Subsequently, we discuss the experimental 

results and the performance of the developed kinetic model for the adsorption of CO2 

and H2O when fed separately, where mainly the introduced adsorption sites A and B 

participate in the reversible chemisorption of CO2 and H2O in the cyclic steady state. 

Then, we continue by presenting the experimental and modelling results in case gas 

mixtures containing both CO2 and H2O are fed, as well as cases with complex sequences 

of different cycles containing CO2 or H2O, for different partial pressures of CO2 and H2O 

at 400 °C. In the last part of this work we present a short overview on the performance 

of the model to describe the adsorption behavior at different temperatures. 

7.3.1 Mass transfer limitations study 

Mass transfer limitation studies were performed to confirm the absence of external 

(insufficient fast supply of sorbate to the sorbent) or internal mass-transfer limitations 

(diffusion limitations due to a large particle diameter) in the TGA experiments. It was 

found that external mass transfer limitations can be excluded at the used gas flow rates 

in the experiments, since a significant increase in the gas flow rate lead to the same 

kinetic behavior. Even for the adsorption, which is in general very fast rendering the 

determination of the rate constants of adsorption with high accuracy difficult, we could 

conclude from the experiments that the adsorption and desorption rates remained 

unaffected when either the sorbent pellets (1-2 mm diameter) or sorbent powder 

(around 40 µm diameter) were used. However, the total adsorption capacity was found 

to be smaller for the powder samples. Therefore, BET and pore size analyses were 

carried out to study the surface area and pore volume. It was observed, that the surface 
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area and pore volume are smaller for the powder samples compared to the pellets. The 

increase in cyclic working capacity was about 12 – 20 % where the increase in pore 

volume and surface area was significant smaller (3 – 6 %). Even we could not find a 

linear correlation between surface area and CO2 adsorption capacity it can still explain 

the observed difference in total capacity. Additional aspects such as nature of the 

available basic sites and formation of bulk carbonates will also affect the total 

adsorption capacity. The experimental results of TGA and BET analysis can be found 

in the Appendix C (Section 2). 

 

7.3.2 Model for heterogeneous surfaces 

7.3.2.1 Legend explanation 

Before presenting and discussing the performance of the model to describe the 

adsorption and desorption cycles, first a few notes on the presentation of the results. 

The experimental and modelling results will be shown in the same graph in terms of 

the normalized weight (mg/g) versus time (left y-axis) and the loading of the different 

adsorptions sites (mol/kg) versus time (right y-axis). Above the graphs information 

about the feed conditions are indicated, using the legend displayed in Figure 7.1. The 

color of the bar indicates to which gases the sorbent was exposed in that step, while the 

length of the bar indicates the duration of each step and corresponds to the x-axis in 

each figure. If not specified, the temperature was kept constant during the experiment.   

 

 

Figure 7.1 Explanation of the legends in the figures used for the comparison of the experimental 

and simulation results with the developed kinetic model. The partial pressure of each sorbate specie 

in the feed is also specified. 

 

7.3.2.2 The model and parameter estimation 

The experimental data obtained from the TGA experiments was imported to different 

MS-Excel spreadsheets with a resolution of 1 data point every 2 seconds. For some 
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experiments, a lower resolution of 1 data point every 5 seconds was used (Experiment 

3 and Experiment 9, from Table 1). The differential equations were described with the 

explicit Euler method using the same step size as the temporal resolution of the 

experimental data. In every Excel spreadsheet, the earlier introduced equations for the 

different adsorption sites were implemented. As final output, the weight change (mg/g) 

was calculated and compared to the actually measured weight change during the TGA 

experiments. The SSE (sum of squared residuals) has been calculated and used as an 

optimization criterion to determine the best fit between the model and the experiments: 

 
2

,exp ,mod

1

n

n n

i

SSE m m


     (7.15) 

The root mean squared errors (RMSE) is usually used to quantify the performance of 

point estimates and has been calculated according to equation 15 [86]. The RMSE 

accounts for the number of measuring points that have been used and therefore for the 

length of the experiment. Minimizing the SSE for different experiments with different 

reaction times would result in a larger SSE, leading to a pseudo-false weight of the 

experiments with more measurement points. Therefore, the best fit between 

experiment and model was determined by optimization of the RMSE if more than one 

experiment was optimized simultaneously 
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7.3.2.3 CO2 adsorption on a fresh sorbent 

First, the model capabilities for CO2 adsorption on a fresh sorbent was investigated. 

Different experiments were used to determine the model parameters (see Table 1), 

where the capacity of adsorption site C was fixed at a constant value. In earlier reports 

[69], we determined the capacity of site C at 0.416 mol/kg (using a 30 min half-cycle 

time at 400 °C and PCO2 = 0.66 bar), and this value has been taken in this work. 

The adsorption experiments carried out at 400 °C for different CO2 partial pressures are 

shown in Figure 7.2a (for decreasing partial pressure) and Figure 7.2b (for increasing 

partial pressure). These experiments were used to determine the parameters of the CO2 

Freundlich-equation and hence the equilibrium adsorption capacity as a function of 

the CO2 partial pressure, but also for the description of the rate of bulk carbonate 

formation.  
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From Figures 2a and b it can be deduced that the formed bulk carbonate decomposes 

when the partial pressure of CO2 is lowered and sufficient time for desorption is 

provided (c.q. over different cycles). The developed kinetic model can very well describe 

these experimental observations, so that it can be concluded that the equations used in 

the modelling of the rate of bulk carbonate formation and the modified Elovich 

equation to account for site heterogeneity during the desorption provide an adequate 

description. Results for longer adsorption and desorption cycles are plotted in Figure 

7.2c and d. It can be seen that in Figure 7.2d, at the end of the experiment, a 

pretreatment step (heat up to 600 °C) was carried out which shows CO2 also desorbs 

from site C at higher temperatures. The activation energies for the different kinetic 

parameters for bulk carbonate formation and adsorption site C were determined from 

the parameters determined separately at different temperatures. The kinetic constant 

for site B was kept constant because basically no CO2 remains on this adsorption site 

after 300 min desorption in N2 at 400 °C. These two experiments (Figures 2c and d) are 

important to determine the Elovich parameter for site C, βC, because only for very long 

half-cycle times the CO2 desorption from site C becomes important. Using a small 

desorption constant without the modified Elovich equation would result in an almost 

linear weight loss, which would not adequately describe these experiments with long 

cycle times. The change in activation energy modelled with the modified Elovich 

equation for the desorption of CO2 is shown in Figure 7.2e and f for an experiment with 

a constant adsorption/desorption time of 60 min at 400 °C, showing that the change in 

activation energy within one cycle is about 30 kJ/mol for site B and about 10 kJ/mol for 

site C. The adsorption enthalpy determined by TGA-DSC varied between 105 and 160 

kJ/mol at 400 °C (see Appendix C, Section 3), which is in agreement with the values 

reported in the literature for a similar sorbent material [42].  

In general, the developed model can describe all the shown experiments quite 

accurately. However, especially the description of the first cycle can be improved 

somewhat by using the Elovich equation for site C. This indicates that the 

heterogeneous surface also may influence the rate of adsorption. Zhu et al. used the 

Elovich equation to describe the adsorption kinetics of CO2 on potassium-promoted 

hydrotalcites [42]. Since the description of the cyclic adsorption / desorption was not 

improved significantly, we did not use the Elovich equation for the adsorption.  

The model parameters determined by minimization of the overall RSME can be found 

in Table 7.2. To study the influence of the experiments on the model parameter 

estimation certain parameters were determined additionally by minimization of the 

SSE for each experiment separately. In this way, we studied the influence of the material 
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history (since the experiments are different). Note that we can only apply this method 

to the parameters which really change between different experiments. For example, 

experiments with one single partial pressure of CO2 cannot be used to determine the 

Freundlich parameters for the CO2 adsorption isotherm and have been excluded from 

the optimization procedure.  

It can be concluded, that the model parameters deviate quite significantly depending 

on the experiment, which shows that the history of the sorbent will always have an 

influence its kinetic behavior. Therefore, the parameters fitted to the experimental data 

may be slightly different for the same sorbent with a different history (treatment). ). 

The developed model and the determined model parameters can be refined by 

performing experiments a steady state condition close to operating conditions of a real 

absorber column. Refining the model parameters for a steady state operation would 

probably results in a very good description of the process condition but could probably 

not describe the behavior of the absorber column deviating from process conditions 

(e.g. startup and shutdown). The parameters for site C have been kept constant as they 

do not affect the description of the experiments with one sorbate, but are required to 

describe the experiments were H2O and CO2 are both involved, which are discussed 

later. Figure 7.3 shows that the description of the experiments could be significantly 

improved by using the parameters obtained by the individual fitting, as indicated by a 

lower RMSE value.   
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Table 7.2 Model parameters estimates for CO2 adsorption at 400 °C for kinetic model 

    PRE ISO 
ISORE

V CHT 400 ALL AV STDV 
STDV 

% 

  
EXP1

0 EXP3 EXP4 EXP8 EXP6     

kB,ads 
 s-1 2.79 

10-2 
1.22 
10-1 

1.73 
10-1 

2.29 
10-2 

3.26 
10-2 

7.81 
10-2 

7.60 
10-2 

5.55 
10-2 73 

 k1B,des 
s-1 7.23 

10-5 
1.82 
10-4 

6.48 
10—5 

7.50 
10-5 

4.71 
10-5 

5.77 
10-5 

8.32 
10-5 

4.53 
10-5 54 

βB J mol-1 
8.54 
104 

7.53 
104 

8.54 
104 

9.28 
104 

8.94 
104 

8.93 
104 

8.63 
104 

5.54 
103 6 

kB,Bulk,

ads 
s-0.5 1.41 

10-3 
1.69 
10—3 

1.26 
10-3 

6.59 
10-4 

8.64 
10-4 

5.59 
10-4 

1.07 
10-3 

4.10 
10-4 38 

KB,Bulk

,dis 
mol kg-1 

bar-1 
4.03 
10-1 

9.57 
10-1 

5.27 
10-1 

6.68 
10-1 

4.77 
10-1 

6.73 
10-1 

6.17 
10-1 

1.80 
10-1 29 

nB,Bulk - 
1.99 
10-1 

4.63 
10-1 

8.97v1
0-4 

1.99 
10-1 

1.99 
10--1 

1.99 
10-1 

2.10 
10-1 

1.34 
10-1 64 

kC,ads bar-1 s-1      

1.00 
10-1    

kC,desC

O2 
 s-1 

     

2.19 
10-8    

βC,CO2 J mol-1      

5.00 
104    

kB mol kg-1 
bar-1  

2.05 
10-1 

3.27 
10-1   

3.37 
10-1 

2.90 
10-1 

6.01 
10-2 21 

nB 
-   

1.82 
10-1 

2.39 
10-1     

2.97 
10-1 

2.39 
10-1 

4.71 
10-2 20 
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Figure 7.2 a) Experimental and model results for CO2 adsorption at 400 °C (30 min each step, with 

decreasing partial pressures between 1 and 0.1 bar at atmospheric pressure); b) Experimental and 

model results for CO2 adsorption at 400 °C (30 min each step, with increasing partial pressures 

between 0.1 and 1 bar at atmospheric pressure); c) Experimental and model results for CO2 

adsorption (PCO2 =1 bar) at 400 °C (30 min, 60 min, 120 min) each followed by a desorption step in 

N2 of 300 min (with site loadings on the right y-axis); d) Experimental and model results for CO2 

adsorption (PCO2 =1 bar) at 400 °C (300 min, each followed by a desorption step in N2 of 300 min. 

At the end of the experiment, the temperature was raised to 600 °C (dark grey bar in top x-axis); e) 

Experimental and model results for CO2 adsorption (PCO2 =1 bar) at 400 °C (60 min) each followed 

by a desorption step in N2 of 60 min; f) Change in activation energy for CO2 desorption modelled 

with the Elovich equation for the experiment in e. 
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Figure 7.3 RMSE of kinetic model describing TGA experiments. 1. Using same parameters for all 

experiments (RMSE ALL) and 2. optimization and determination of model parameters for individual 

experiments (RMSE) 

7.3.2.4 H2O adsorption on a fresh sorbent 

The model parameters for H2O adsorption were determined in a similar way as for CO2. 

The weight change measured by TGA and the weight change predicted by the kinetic 

model are plotted in Figure 7.4. It can be seen that the adsorption equilibria are 

established very quickly for H2O in comparison to CO2 [81].  The experiments with a 

different half-cycle time (Figure 7.4a) and the experiments with different partial 

pressures of H2O Figure 7.4b) can be described very well with the kinetic model. The 

small discrepancies between the model results and the initial part of the experiment 

with a longer half-cycle time are related to the desorption of bulk carbonates. The 

weight is slightly decreasing during the first cycles (see Figure 7.4a and c) caused by the 

decomposition of carbonate species which was reported earlier (Chapter 2, Chapter 5) 

and this cannot be predicted by the kinetic model since it was assumed that the sorbent 

surface is free of CO2 at the beginning of every experiment.  

Since we focused on the steady state description, the model can describe later cycles 

more accurately. The activation energy change within a 60 min cycle is plotted in Figure 

7.4d, which is around 20 kJ/mol and slightly smaller compared to the activation energy 

for desorption of CO2.  

Desorption of H2O from adsorption site C is even smaller compared to CO2 and is only 

visible for experiments with a very long cycle time (Figure 7.4b). The estimated model 

parameters are provided in Table 7.3. The standard deviation for the model parameters 
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is much smaller for kA,des and βA compared to kA,ads. Since desorption is a much slower 

process, these parameters can be determined more accurately.  

The accuracy in the determination of the adsorption kinetic parameters is less, since 

adsorption is much faster and therefore the influence of any change in kA,ads is much 

smaller on the RMSE. The differences between individual Figure 7.5. Individual 

optimization of each experiment does not have a major influence on the RMSE. This 

shows that the chosen methodology can very well describe the experiments and that 

the history of the material (different experimental conditions) is less important 

regarding the kinetic behavior of H2O compared to CO2. 

 

 

 

Figure 7.4 a) Experimental and model results for H2O adsorption at 400 °C (30 min, 60 min, 120 

min) each followed by a desorption step in N2 of 300 min (with Site loadings on right y axes); b) 

Experimental and model results for H2O adsorption at 400 °C (30 min each step) with increasing 

partial pressures between 0.1 and 0.7 bar at atmospheric pressure; c) Experimental and model 

results for H2O adsorption at 400 °C (60 min each step) followed by a desorption step (60 min)in N2 

of 300 min; d) Change in activation energy of desorption for site A and B due to application of the 

Elovich equation   
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Table 7.3 Parameter estimates by error minimization for adsorption of H2O at 400 °C for different 

experiments 

    400 
400DH

CT 
400IS

O ALL 
Avera

ge STDV 
STDV(

%) 

kA 
mol kg-1 

bar-1   

7.12 
10-1 

7.21 
10-1 

7.16 
10-1 

4.27 
10-3 0.6 

nA 
-   

2.35 
10-1 

2.19 
10-1 

2.27 
10-1 

1.07 
10-1 47.2 

k1
A,ads 

s-1 
6.97 
10-2 

9.12  
10-2 

3.50 
10-2 

5.06 
10-2 

6.16 
10-2 

2.11 
10-2 34.2 

kA,des 
s-1 

1.01 
10-4 

8.73 
 10-5 

7.90 
10-5 

8.74 
10-5 

8.88 
10-5 

8.04 
10-5 9.1 

βA J mol-1 
7.63 
104 

7.76 
104 

8.13 
104 

7.84 
104 

7.84 
104 

1.86 
104 2.4 

kC,desH

2O 
s-1 

   

8.56 
10-11 

8.56 
10-11 - - 

βC,H2O J mol-1    

5.41 
104 

5.41 
104 - - 

kC,ads bar-1s-1       
1.00 
10-1 

1.00  
10-1 - - 

 

 

Figure 7.5 RMSE of individual optimization (RMSE) and optimization of total RMSE (RMSE ALL) 

by using of same parameter values for all experiments 
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7.3.2.5 CO2 and H2O adsorption on a sorbent (steam effects) 

To describe several experiments (involving different sequences of sorbate mixtures) 

with the developed kinetic model we have combined experimental data at pseudo-

steady state (usually the last two cycles out of 5) into one dataset. The replacement 

constants kC,rep1 and kC,rep2 were determined by minimization of the RSME. As we have 

reported earlier (Chapter 3) the capacity of the sorbent seems to increase if CO2 and 

H2O are both fed in one single step. In this case a second capacity for this adsorption 

site needs to be defined after the sorbent is exposed to CO2 and H2O in one step. We 

refer to qCmax1 as the maximum sorption capacity of site C if the sorbent was not exposed 

to CO2 and H2O yet (t < 28000 s in Figure 7.6). For t > 28000 s, qCmax2 was used to account 

for the increase in sorption capacity of site C. Site loadings of the different sorption 

sites and the predicted weight change by the kinetic model at 400 °C and a partial 

pressure of CO2 (0.66 bar) and H2O (0.34 bar) are plotted in Figure 7.6. It can be observed 

that the kinetic model can describe the weight change quite reasonably. Some 

deviations can be expected since it was assumed that the kinetic parameters for 

adsorption sites A and B do not change compared to the experiments with one single 

sorbate specie (previous paragraphs).  

It can be seen in Figure 7.6b that 30 min of each experiment in the sequence is not 

sufficient to desorb all the CO2 or H2O from the adsorption sites A and B. From Figure 

7.6c, when both CO2 and H2O are fed to the sorbent, respectively more CO2 (~ 0.31 

mol/kg) will be adsorbed on site C than H2O (~ 0.17 mol/kg). Hence CO2 seem to have a 

higher affinity to adsorb on site C than H2O. The capacity of site C increases around 

15% from 0.416 (qCmax1) to 0.476 mol/kg (qCmax2). Note that for the SEWGS process with 

steam regeneration, the higher sorption capacity for site C can be used, as steam is 

present during both regeneration and adsorption phases. 
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Figure 7.6 a) Weight change obtained by TGA for different sequences of H2O, CO2, N2 mixtures (as 

indicated in the legend) and weight prediction from the kinetic model b) Site loading of adsorption 

sites A and B, c) Site loadings (CO2 and H2O) of adsorption site C 

 

TGA experiments with different CO2 and H2O partial pressures were conducted and 

compared to the results predicted by the kinetic model. From experiments with a 

variation in partial pressure, a poorer description of the experiments was observed. 

Therefore, the assumption of a constant capacity for site C does not seem to hold always 

for all different experiments (e.g. different partial pressures of CO2 and H2O if both CO2 

and H2O are involved within one experiment).  

Optimization of the RMSE for each experiment by changing the capacity parameters 

qCmax1 and qCmax2 result in a much better description of the experiments by the kinetic 

model. The experimental results and the model description at different sorbate partial 

pressures are plotted in the Appendix (Figure 6). Table 7.4 shows the variation of the 

maximum capacity of site C determined for different sorbate pressures. For lower CO2 
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and H2O partial pressures, the capacity of the adsorption site is reduced. Especially a 

low H2O partial pressure results in a very low capacity (this supports the earlier 

hypothesis that the capacity of site C is not constant). To improve the developed kinetic 

model, more experiments are required to determine the capacity of the adsorption site 

C under different partial pressures, which would allow the determination of the 

different isotherms for both adsorption sites, improving the accuracy of the model.  

 

Table 7.4 capacities of adsorption sites C for different sorbate partial pressures at 400 °C 

RSME qC,max1 (CO2) qC,max2 (CO2+H2O) PCO2 PH2O 

- mol kg-1 mol kg-1 bar bar 

1.828 0.311 0.210 0.660 0.050 

2.124 0.357 0.291 0.660 0.100 

1.499 0.345 0.392 0.200 0.340 

1.654 0.309 0.435 0.400 0.340 

1.538 0.389 0.447 0.600 0.340 

1.430 0.416 0.476 0.660 0.340 
 
 

The maximum sorption capacities qC,max1 and qC,max2 were described according to 

equation 7.17. The constants kC1, kC2 and n,c were determined by error minimization 

between the experimental values reported in Table 7.4 and the predicted values 

obtained by Equation 7.17. The obtained values can be read from Table 7.5. For more 

accuracy in the developed empirical formula, more experiments at different partial 

pressures would be required. 

 

2 2

,

,max 1 2

n c

C C CO C H Oq k P k P    (7.17) 

 
 

Table 7.5 determined constants to describe the sorption capacity on site C 

  qC,max1 qC,max2 

kC1 [mol kg-1] 0.174 0.156 

kC2 [mol kg-1] 0.342 0.691 

n,c [-] 0.172 0.591 
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7.3.2.6 CO2 and H2O adsorption on a sorbent at 300 and 500 °C 

To study the applicability of the developed kinetic model to an extended temperature 

range, TGA experiments at 300 and 500 °C were conducted. Note that we did not 

perform the same number of experiments at 300 and 500 °C as at 400 °C. As at 400 °C 

the sorbent shows the highest cyclic working capacity [69], [79], the other experiments 

have been only used as a further application of the model for a wider range of 

conditions. Figure 7.7 shows the description of the experiments with different 

sequences (PH2O = 0.34 bar, PCO2 = 0.66 bar) for both 300 and 500 °C. Single gas 

experiments with PH2O = 0.34 bar and PCO2 = 1 bar can be found in Appendix C. Because 

no isotherms were measured at these temperatures, the Freundlich parameters nB and 

nA were assumed to be identical as at 400 °C in this very first approach.  

The kinetic model can describe the experimental observations quite adequately. The 

adsorption capacity of H2O on site A is much higher at 300 °C compared to the one at 

500 °C, as was expected (Figure 7.7). The predicted capacity of about 0.2 mol/kg for site 

C at 500 °C is lower than expected, where about 0.3 mol/kg seems to be a realistic value 

at 300 °C.  

Regarding the complexity of the sorbent behavior and the possible physical and 

chemical changes in the material, the description of experimental results is still very 

good. The estimated parameters are tabulated and summarized in Table 7.6 for all 

temperatures, from which the activation energy can be determined using Arrhenius 

plots. The estimated activation energies were about 12 kJ/mol for the adsorption of H2O 

and 210 kJ/mol for the desorption of H2O. The estimated activation energy of 

desorption was smaller for CO2 with about 40 kJ/mol. This is much smaller than 

measured by TGA-DSC (Appendix C) and reported in the literature [42]. Probably three 

different temperatures are not sufficient to properly determine the activation energy 

(which is indicated by the low R2 value in Table 7.7). Additionally, the heterogeneous 

nature of the adsorption sites, changes in material properties at different temperature 

and the influence of β in the activation energy term of the used model can have a major 

impact on the results. A similar observation can be made concerning some other 

parameters, like kB,Bulk,ads, KB,Bulk,dis and nB,Bulk. Where usually one would expect that the 

diffusion constant would increase with temperature, the lowest value was found at 400 

°C. As can be seen from Table 7.6, nB,Bulk is varying strongly as a function of temperature, 

also showing a minimum at 400 °C. This can be explained by inspecting the irreversible 

weight increase: the largest amount of bulk carbonate was formed at 400 °C (cf. Figure 
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7.6a, Figure 7.7a and Figure 7.7d). A low diffusion constant with a high driving force for 

the formed bulk carbonate can describe the experiments best, which is probably the 

reason for the obtained minimum at 400 °C for kB,Bulk,ads and nB,Bulk. The parameter 

determining the equilibrium sorption capacity of site A for H2O (kA) decreases with 

increasing temperature. This is expected since at higher temperature, desorption is 

enhanced and therefore less H2O is adsorbed at equilibrium. On the contrary, for site B 

the smallest equilibrium capacity of CO2 is found (kB) at 400 °C. This can be explained 

by recalling that the total capacity of CO2 is quite independent of temperature (Chapter 

2) but that the adsorption capacity of site C is higher at 400 °C compared to 300 and 500 

°C, and that thus the total capacity is compensated by a lower equilibrium capacity for 

site B at 400 °C.  

To describe the complex adsorption behavior of CO2 and H2O and their interaction with 

hydrotalcites 19 model parameters were required to adequately describe the 

experimental results. With more experiments we can refine the developed model in the 

future and perform a better justification for the different model parameters. 

Additionally, a statistical analysis can help undertanding the interdependence of 

certain model parameters on the model accuracy. The complexity of the applied 

adsorption model and the large number of data points, makes a more detailed 

evalutation on the accuracy of the estimated variables for the transient sorption model 

not straightforward and computationally quite involved. This is probably the reason 

why none of the developed kinetic models for CO2 adsorption published in the 

literature report a statistic analysis on their estimated parameters [42]–[44], [87].  
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Figure 7.7  weight change obtained by TGA for different sequences of H2O, CO2, N2 mixtures (as 

indicated in the legend) and weight prediction of kinetic model at 500 °C (a) and 300 °C (d), Site 

loading of adsorption sites A and B at 500 °C (b) and 300 °C (e) Site loadings (CO2 and H2O) of 

adsorption site C at 500 °C (c) and 300 °C (f) 
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Table 7.6 Parameter estimates for kinetic model in a temperature range between 300 and 500 °C 

Constant  300 400 500 Unit 

kA,ads 4.18 10-2 5.06 10-2 8.27 10-2 s-1 

k1
,Ades 7.84 10-9 8.74 10-5 5.25 10-4 s-1 

βA 1.72 105 7.84 104 6.14 104 J mol-1 

kB,ads 9.29 105 7.81 10-2 8.16 10-2 s-1 

k1
B,des 4.41 10-5 5.77 10-5 4.31 10-4 s-1 

βB 6.27 104 8.93 104 6.44 104 J mol-1 

kB,Bulk,ads 2.15 10-3 5.59 10-4 4.51 10-3 s-0.5 

KB,Bulk,dis 6.74 10-1 6.73 10-1 5.17 10-1 mol bar-1 kg-1 

nB,Bulk 1.76 1.99 10-1 2.96 - 

kC,desCO2 2.06 10-10 2.19 10-8 1.41 10-8 s-1 

βCdes,CO2 5.00 104 5.00 104 5.00 104 J mol-1 

kC,rep1 5.00 10-3 4.75 10-3 3.64 10-3 bar-1s-1 

kC,desH2O 5.23 10-11 5.61 10-11 9.95 10-13 s-1 

βCdes,H2O 5.41 104 5.41 104 5.41 104 J mol-1 

kC,rep2 1.40 105 1.09 10-2 8.18 10-2 bar-1s-1 

kA 1.69 7.21 10-1 4.91 10-1 mol kg-1 

kB 3.10 10-1 7.81 10-1 3.68 10-1 mol kg-1 

qC,max1 3.02 10-1 4.16 10-1 2.02 10-1 mol kg-1 

qC,max2 3.49 10-1 4.76 10-1 3.79 10-1 mol kg-1 
 

Table 7.7 Activation energy of adsorption / desorption determined for different adsorption sites 

based on Arrhenius plots (Plots can be found in Appendix C, Section 8) 

 Ea Estimated deviation R2 

  J mol-1 J mol-1 - 

Site A: Eads
0 1.22 104 ± 4.26 103 0.891 

Site A: Edes
1 2.10 105 ± 6.20 104 0.919 

Site B: Eads
0 - - - 

Site B: Edes
1 4.01 104 ± 2.20 104 0.769 
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7.4 Conclusions 

We have developed a kinetic model to describe the adsorption and desorption kinetics 

of CO2 and H2O on a potassium-promoted hydrotalcite-based sorbent at elevated 

temperatures between 300 and 500 °C, including their complex mutual interactions, on 

the basis of an extensive TGA study. The model includes three adsorption sites, where 

two sites model the weaker chemisorption of H2O (site A) and CO2 (site B), which can 

be regenerated easily with N2, whereas a third site (site C) accounts for stronger bond 

CO2 and H2O on the adsorbent, which cannot be regenerated with N2 and where the 

adsorption of CO2 is accompanied with the desorption of H2O and vice versa. The 

exchange between CO2 and H2O depending on the partial pressure of both sorbate 

species was described with an exchange site where equimolar exchange was assumed. 

A modified Elovich equation was used to account for the heterogeneous distribution of 

the basicity of the adsorption sites, and this allowed a quite accurate description of the 

desorption step. This step is very important because it determines the cyclic working 

capacity of the adsorbent to a large extent. With the developed kinetic model, the 

measured weight change in the TGA experiments was described quite adequately for a 

wide range of temperatures and partial pressures of the sorbates. Note that to our best 

knowledge this is the first time that the adsorption and desorption of H2O on 

hydrotalcite-based materials is described with a kinetic model. The understanding of 

H2O sorption behavior is very important to predict the breakthrough curves in 

adsorption columns, since large H2O partial pressure gradients can be expected during 

the adsorption and regeneration cycles. Regarding the complexity of the CO2 and H2O 

adsorption, the number required of model parameters and therefore also the 

complexity of the kinetic model is still relatively low compared to other kinetic models 

presented in the literature [43], [44]. To better validate the developed kinetic model, 

more experiments at different temperatures and higher partial pressures need to be 

carried out to refine the estimated model parameters or to adjust the developed model 

in this work. In addition, after implementation of the kinetic adsorption model in an 

adsorption column model, the kinetic model can be validated with packed-bed 

breakthrough experiments, which can subsequently be used for the optimization of the 

operation and design the adsorption columns, particularly concerning the design of the 

regeneration cycles. 
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Abstract 
 
Adsorption of H2S and the influence of steam on its adsorption capacity and kinetics 
were studied on a commercial potassium-promoted hydrotalcite. The sorbent shows 
a very high cyclic working capacity for H2S compared to CO2 and H2O, even at lower 
partial pressures and at different operating temperatures ranging between 300 and 
500 °C. The operating temperature does not significantly influence the cyclic working 
capacity for half-cycle times of 30 min. The adsorption mechanism, however, 
changes at higher temperatures. At lower temperatures (300 °C) a fast adsorption 
with a fast approach to steady state was observed. At higher operating temperatures, 
H2S reacts with the hydrotalcite structure, forming strongly bonded sulfuric species 
on the sorbent. When using dry regeneration conditions, the first cycles in cyclic 
operation at higher temperatures show a significantly higher adsorption of H2S 
(especially the first cycle), which cannot be desorbed during regeneration with N2. 
After the first fast initial adsorption rate a continuous slow adsorption of H2S occurs, 
probably caused by a surface reaction between H2S and the hydrotalcite structure. 
This reaction is, however, reversible if steam is used.  
The adsorption mechanism for H2S and H2O was determined using multiple cyclic 
experiments comparable to previous studies performed for CO2 and H2O adsorption. 
It is evident that the adsorption mechanism developed for CO2 on the same sorbents 
is also valid for H2S, indicating that the developed mechanism is consistent for sour 
gas adsorption on this type of sorbents. The cyclic working capacity can be 
significantly increased if steam is used during the regeneration step of the sorbent. 
The mechanistic model developed for the adsorption of CO2 and H2O was 
successfully validated with more than 160 different TGA experiments. An operating 
temperature of 400 °C seems to be optimal to achieve a high cyclic working capacity 
for H2S, because at higher temperatures the regeneration of the formed sulfate 
species seems to be hindered resulting in a significant decrease in the cyclic working 
capacity. 
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8.1 Introduction 

Syngas from coal in an integrated gasification combined cycle (IGCC) power plant can 

contain H2S from few ppm to a few per cent [46]. Therefore, the interaction between 

H2S and the adsorbent, as well as the interaction of H2S on the adsorption capacity of 

CO2 needs to be investigated and quantified in detail. A mechanism for the interaction 

between CO2 and H2S has been presented in the past involving two different adsorption 

sites for H2S on a commercial potassium-promoted hydrotalcite with a Mg/Al ratio of 

2.9 [45], [88]. In general, mixed metal oxides have shown high H2S sorption capacities 

for H2S removal at low [89]–[92] and also elevated temperatures [93]. The interaction 

of H2S with a commercial potassium-promoted hydrotalcite and the influence on the 

developed mechanism for CO2 and H2O adsorption is investigated in detail in this work. 

Thermogravimetric analysis (TGA) and packed bed reactor (PBR) breakthrough 

experiments were used to study and quantify the interaction of binary sorbate mixtures 

such as H2S and H2O and H2S and CO2 and ternary mixtures with CO2, H2O and H2S.  

 

8.2 Materials and methods 

A potassium-promoted hydrotalcite-based adsorbent with a Mg/Al ratio of 0.54 and a 

potassium loading of approximately 20 wt.%, produced by Sasol (Germany), was used 

in the experiments and will be further denoted as KMG30. The original pellets (4 mm x 

4 mm) were milled to a powder for TGA experiments with a mean average diameter of 

about 40 µm, or crushed for packed bed reactor experiments with a sieve fraction 

between 1.8-3.15 mm. Sample weights for the TGA experiments were around 100 mg, 

while the packed bed reactor with an inner diameter of 27 mm was filled with 54.9 g of 

KMG30 resulting in a packed bed height of approx. 17 cm. The TGA and PBR 

experiments and setups are described in detail in Chapter 3, where the packed bed 

reactor was installed in this case in the same setup related to the additional safety 

measures for H2S experiments. Gas analysis for the breakthrough experiments was 

performed with two different gas analyzers. For H2S, H2, CO and CO2 a SICK GMS800 

analyzer was used with different modules, where only a dry gas stream could be 

measured, hence requiring prior steam condensation. H2O and CO2 was independently 

measured by an Agilent Technologies Cary 630 FTIR with CaF2 windows used together 

with a RED-SHIFT gas sampling system installed before the condenser.  

An overview of the different experiments performed to study the adsorption behavior 

and kinetics of H2S on KMG30 is provided in Table 1. H2S adsorption was studied with 

experiments 1–3 (Table 8.1), where the sorbent was regenerated with N2 after H2S 
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adsorption and a half-cycle time of 60 min was used for each adsorption and 

regeneration step. The adsorption interactions between H2O on H2S was studied with 

TGA experiments 4–7 and 9–10 in the packed bed reactor. CO2 and H2S interaction was 

studied with experiment 8 with TGA and experiments 11–13 in the packed bed. Ternary 

mixtures of CO2, H2S and H2O were studied in the packed bed only (experiments 14–

15), since a weight change measured with TGA cannot be easiely assigned to individual 

sorbate species begin adsorbed or desorbed in a ternary system. Each experiment 

contains a certain number of adsorption/regeneration steps in order to investigate the 

sorbate–sorbent interaction. These steps are specified in Table 8.1. 

The absence of external mass transfer limitations was proven by comparing the 

adsorption rate of H2S at different gas flow rates in the TGA. Note that the experiments 

in the packed bed reactor were always carried out with 0.025 bar of H2 in the feed gas 

stream to prevent irreversbile adsorption of H2S on the sorbent material, which has 

been proven with TGA experiments and will be described in more detail in subsequent 

sections. 

Table 8.1 Overview of different experiments performed to study the adsorption behavior and 

kinetics of H2S on KMG30 

NO Method Temperature PCO2 PH2O PH2S PH2 Experiments EXP 
- - °C bar bar bar bar - - 
1 TGA 300 0 0 0.05 0 10 2 
2 TGA 400 0 0 0.05 0 10 2 
3 TGA 500 0 0 0.05 0 10 2 
4 TGA 400 0 0.34 0.03 0.025 / 0 40 1-8 
5 TGA 400 0 0.34 0.02 0 40 1-8 
6 TGA 400 0 0.2 0.02 0 40 1-8 
7 TGA 400 0 0.1 0.02 0 40 1-8 
8 TGA 400 0.05 0 0.03 0.025 40 9-16 
9 PBR 400 0 0.1 0.03 0 16 1-8 
10 PBR 300 0 0.1 0.03 0 16 1-8 
11 PBR 300 0.05 0 0.03 0.025 16 9-16 
12 PBR 400 0.05 0 0.03 0.025 16 9-16 
13 PBR 500 0.05 0 0.03 0.025 16 6-16 
14 PBR 400 0.05 0.1 0.03 0.025 9 1-8 
15 PBR 400 0.05-0.15 0.1-0.2 0.03 0.025 10 1-8 
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Table 8.2 Description of different steps in one cycle of a certain experiment according to Table 1 

EXP cycle description Steps in cycle cycle time (min) 
1 H2O/N2  N2 2 60 
2 H2S  N2 2 60 
3 H2S  N2  N2/H2O  N2 4 120 
4 H2S/H2O  H2S  N2  N2/H2O  N2 5 150 
5 H2S  H2S/H2O  N2  N2/H2O  N2 5 150 
6 H2S/H2O  N2  N2/H2O  N2 4 120 
7 H2S/H2O  N2/H2O 2 60 
8 H2S/H2O  N2/H2O  N2 3 90 
9 CO2/N2  N2 2 60 

10 H2S  N2 2 60 
11 H2S  N2  N2/CO2  N2 4 120 
12 H2S/CO2  H2S  N2  N2/CO2  N2 5 150 
13 H2S  H2S/CO2  N2  N2/CO2  N2 5 150 
14 H2S/CO2  N2  N2/CO2  N2 4 120 
15 H2S/CO2  N2/CO2 2 60 
16 H2S/CO2  N2/CO2  N2 3 90 

 

8.3 Results and discussion 

8.3.1 Adsorption and desorption of H2S at different operating temperature 

Adsorption of H2S and regeneration with N2 was studied at three different operating 

temperatures according to experiments 1-3 (Table 8.1). The weight change during 

adsorption and desorption after pretreatment of the sorbent (as described previously) 

is shown in Figure 8.1a, while the amount of adsorbed, desorbed and irreversibly 

adsorbed H2S at 300, 400 and 500 C are plotted in Figure 8.1b–d respectively. The 

operating temperature has a major influence on the adsorption and regeneration 

behavior of H2S on KGM30. In general, during the first cycle a large amount of H2S is 

adsorbed compared to the other cycles. Similar results have been recently published for 

CO2 for the same material [56].  
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Figure 8.1 a) weight change obtained in TGA at different operating temperature for adsorption with 

H2S (PH2S = 0.05bar) and desorption with N2 b-d) Adsorbed and irreversible adsorbed H2S at different 

temperatures 

While at 300 °C a pseudo steady state (i.e. same amount of H2S desorbed as adsorbed in 

the previous step) is achieved quite quickly, whereas at 400 °C a constant mass increase 

over the cycles is observed. The amount of irreversibly adsorbed H2S during the first 

cycle (about 0.5 mmol/g) is very similar for the experiments carried out at 300 and 

400 °C (Figure 8.1b,c). At 500 °C the total amount of irreversibly adsorbed H2S is even 

more than 1 mmol/g. However, even for these experiments, a pseudo steady state is 

reached after about 10 cycles and the amount of H2S irreversibly adsorbed then even 

becomes smaller than what was observed at 400 °C (green bars in Figure 8.1c,d). The 

cyclic steady state working capacity for all three operating temperatures is very similar 

(0.2 mmol/g) for the used experimental conditions (0.05 bar partial pressure of H2S and 

a half-cycle time of 60 min). The cause for the observed differences on the pseudo 

steady state and the large amount of irreversibly adsorbed H2S at 400 and 500 °C is 

related to differences in the adsorption rate.  
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Figure 8.2a shows the weight change during the first adsorption cycle. For the first 50 s 

the adsorption rate is the same irrespective of the operating temperature. Then, a 

decrease in this fast adsorption rate occurs first for the experiment at 500 °C then for 

400 and 300 °C. The second part is much slower at 300 °C, where nearly no H2S is being 

adsorbed after first 250 s. At 400 °C a constant weight increase can still be observed, 

while at 500 °C H2S is being adsorbed with a high rate till the end of the experiment. 

This indicates the coexistence of two different mechanisms being responsible for the 

H2S adsorption. The first fast part of H2S adsorption can be explained by a weak 

chemisorption, where at higher operating temperature the sorbent reacts with H2S. This 

reaction seems to have a high activation energy explaining the clear differences 

between the rates at 500 °C and 300 °C. It has been reported in the literature, that H2S 

reacts with γ-Al2O3 and surface complexes like S2-, HS- and physically adsorbed H2S are 

transformed to different complexes at higher temperatures [94]. It has been proposed 

that, after adsorption of H2S on the surface, the dissociation of H2S into HS- and H+ 

takes place, which can diffuse into the oxide lattice, and migration of lattice oxygen to 

the surface to form H2O confirming two different sorption mechanisms on mixed metal 

oxides [89]. Figure 8.2b and c show the adsorption and desorption rates for the last 

cycle, where a pseudo steady state is virtually reached. The two different regimes of a 

very fast initial weak chemisorption mechanism (first 50 s) and a relatively slow 

reaction-driven adsorption of H2S (after 50 s) and can be clearly discerned. 

Interestingly, the two different mechanisms seem to balance each other out in such a 

way that the cyclic working capacity results are almost the same at different operating 

temperatures.  Figure 8.2c shows that the pseudo steady state has not yet been fully 

established at 400 °C, since the amount of H2S desorbed is still somewhat lower 

compared to the amount of H2S adsorbed in the previous step.  
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Figure 8.2 a) Adsorption kinetics for the first cycle after the pretreatment at different temperatures 

b) adsorption kinetics of the last cycle (pseudo steady state) at different temperatures c) desorption 

kinetics for the last cycle at different temperatures 

After the experiments the sorbent showed a change in color from white (before the 

experiment) to yellow after being exposed to H2S (see Appendix D Figure 1 showing the 

sorbent material after experiment 2 at 400 °C and ten adsorption/desorption cycles). It 

has been reported that white γ-Al2O3 changes its color to yellow upon H2S adsorption 

[94].  Interestingly, this change in color was reversible, when the sorbent was exposed 

to the atmosphere at room temperature for several hours, where H2S could be detected 

based on the smell of the sorbent. XRD performed after the experiment could not reveal 

any crystalline phase upon H2S adsorption, which in general is highly amorphous and 

therefore difficult to be analyzed with XRD. Sulfate formation upon the interaction with 

H2S on alumina catalyst has been reported in the literature [95]. It has been reported 

that the reaction of H2S with mixed metal oxides (involving formation of sulfides and 

sulfates) leads to the release of H2O [89], [90]. This reaction is reversible and seems to 

take place even at room temperature with H2O being present in the atmosphere 

resulting in the formation of H2S. Sulfide interacting with a metal oxide (Al, Mg or K) 
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present in the hydrotalcite structure can react with H2O to form H2S, which explains the 

strong odor of H2S of the sorbent when exposed to the atmosphere.   

 

8.3.2 Mechanism for H2S adsorption on KGM30 (Interaction between H2S and 

H2O) 

In the following section, TGA and breakthrough experiments using the packed bed 

reactor will be presented together in order to explain the sorption mechanism involving 

different adsorption sites on the sorbent and to analyze the capacity of these different 

adsorption sites. The TGA results show results for two different H2S concentrations. 

The height of the arrow used in the figures represents the actual cyclic working capacity 

of a certain adsorption site within one cycle. Figure 8.3a shows the adsorption of H2S 

and the regeneration with N2 at 400 °C and a partial pressure of 0.02 and 0.03 bar H2S 

respectively (experiment 2,Table 8.2). The cyclic working capacity of this adsorption 

site (called B like for CO2 in a previous publication) increases slightly when increasing 

the H2S partial pressure reaching about 0.2 mmol/g at 0.03 bar for a half-cycle time of 

30 min. Breakthrough curves (Figure 8.3b) confirm the results of the TGA experiments. 

During adsorption, a small temperature increase of a few degrees C can be observed 

that moves along the bed with the adsorption front. Note that this experiment 

represents the fifth cycle (TGA) and the second cycle of the PBR. The sorbent was 

exposed previously to H2O (EXP1, Table 8.2). 

 

Figure 8.3 Adsorption -and desorption cycle (30min half-cycle time) for H2S at 400°C on KMG30 a) 

TGA experiment with 0.02 bar -and 0.03 bar of H2S b) Packed bed reactor experiments with 0.03 

bar of H2S 
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The interaction between H2S and H2O within one cycle was studied with experiment 3. 

Note that in Figure 8.4a the sorbent is loaded with H2S (same state as at the end of 

experiment 2, Figure 8.3a, step1). The presence of a second adsorption site for H2S, 

which can be regenerated with H2O, leading to an increase in the cyclic working capacity 

of the sorbent can be confirmed. Based on the TGA experiments, the capacity of this 

site has been determined at 4.66 and 6.44 mg/g at 0.02 bar and 0.03 bar H2S, respectively. 

In terms of H2S capacity, this would mean about 0.46 and 0.64 mmol/g for an equimolar 

exchange of H2S by H2O and vice versa. It has been reported that H2S can dissociatively 

adsorb on γ-Al2O3 with H2O formation according to the following equation [94], [96], 

[97]: 

 

𝐻2𝑆 + [𝑂] → 𝐻2𝑂 + [𝑆] (8.1) 

 

Where [O] and [S] represents oxygen -or sulfur species at the surface respectively. 

 

If the sorbent is exposed to H2O this reaction mechanism can be reversible. Site A (for 

H2O) was introduced in an earlier publication and represents a sorption site being only 

available for H2O which can be regenerated with N2 [69]. Breakthrough curves plotted 

in Figure 8.4b confirm the observations in the TGA experiments. Moreover, the 

observed temperature increase in the reactor during the adsorption of H2O is higher 

compared to the temperature increase during adsorption of H2S. Desorption of H2O 

(regeneration with N2 in step 3) leads to a decrease in the reactor temperature due to 

the endothermic desorption of H2O. From the TGA experiments it was observed that 

the weight loss during the last regeneration cycle is higher than expected if only steam 

from site A would desorb. It was proven with an additional experiment (Figure 8.4c) 

that the somewhat higher weight loss is caused by H2S still being desorbed during the 

regeneration steps. It can also be seen (due to the constant weight change afterwards), 

that only the first 30 min are affected by desorption of H2S. In order to account for the 

additional weight loss in the last experiment an adsorption site D is introduced in the 

later described model to predict weight changes obtained by TGA (which capacity will 

be ~ 2 mg/g according to Figure 8.4a).  
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Figure 8.4 a) TGA experiment 3 400 °C with PH2S = 0.03 bar and PH2O = 0.034 bar b) PBR 

Experiment 3 with PH2S = 0.03 bar and PH2O = 0.1 bar c) 5 adsorption cycle of H2S regenerated 

with N2 followed by 10 adsorption cycles of H2O, regenerated with N2 

The molar replacement ratio between H2S and H2O (site C) was determined based on 

breakthrough experiments in the packed bed, ranging between 0.81–1.46, which is 

similar to the replacement ratio for CO2 (0.97–1.33). Because the molar replacement 

ratio is influenced by the transient behavior of the packed bed reactor and both 

adsorption and desorption kinetics are different for the binary mixtures (CO2 and H2O, 

H2S and H2O) a direct comparison is not possible. The ratio between the different 

adsorption sites B and C was determined based on both TGA and packed bed reactor 

experiments and are shown in Table 8.3. According to the TGA experiments, a higher 

H2O concentration can increase the capacity of adsorption site C. In general, despite 

the very different partial pressures of CO2 compared to H2S, the ratio between the 

adsorption sites B and C remains similar between 0.81 and 1.46. 
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Table 8.3 Ratio between adsorption site C and B for TGA and PBR experiments at 400°C and 

atmospheric pressure at different conditions for both CO2 and H2S 

H2S/H2O - TGA CO2/H2O - TGA H2S/H2O - PBR CO2/H2O - PBR 

Conditions C/B Conditions C/B Conditions C/B Conditions C/B 

2% H2S,10% 
H2O 

0.8
1 

20% CO2, 34% 
H2O 

1.2
4 

3% H2S,10% 
H2O 

1.1
9 

20 % CO2, 10% 
H2O 

1.5
1 

2% H2S,20% 
H2O 

1.2
7 

40% CO2, 34% 
H2O 

1.4
6   

20 % CO2, 20% 
H2O 

1.2
2 

2% H2S,34% 
H2O 

1.2
2 

60% CO2, 34% 
H2O 

1.1
1   

30 % CO2, 20% 
H2O 

0.9
6 

3% H2S,34% 
H2O 

1.2
1 

66% CO2, 10% 
H2O 

1.0
2     

2.5 % CO2, 10% 
H2O 

1.5
6 

 

Adsorption site C has shown a dependency on the partial pressure of the interacting 

sorbate species for the CO2/H2O binary sorbate system [56]. Experiments 4 and 5 were 

used to determine the existence of any competition between the sorbate species H2O 

and H2S on site C.  Figure 8.5 shows the results of these experiments, where the partial 

pressure of H2S was kept constant in the first two steps and the partial pressure of H2O 

has been increased (Figure 8.5a TGA, Figure 8.5b PBR) or decreased (Figure 8.5c TGA, 

Figure 8.5d PBR). Any change in partial pressure of H2O will lead to either desorption 

of H2S (Figure 8.5a and b) due to partial replacement of H2S from adsorption site C or 

to additional adsorption of H2S (Figure 8.5c and d) because more sites become available 

for H2S, if the partial pressure of H2O is lowered. These findings can be explained by 

incorporation of H2S into the mixed metal oxide structure, which usually leads to the 

formation of H2O [94], [96], [97]. If the partial pressure of H2O is not equal to zero, 

formation of H2O on the surface of the sorbent could be hindered, preventing further 

adsorption of H2S. Like previously demonstrated for the sorbate interaction between 

H2O and CO2, feeding both H2S and H2O to the sorbent increases the cyclic working 

capacity of site C (therefore called site C*). A reason for this behavior could be a more 

effective regeneration or an increase in basic surface sites, when H2O is present on the 

sorbent surface during H2S adsorption. However, this behavior can only be highlighted 

by TGA experiments. The transient behavior of the packed bed reactor makes it difficult 

to discern this effect, since it is obscured by other effects like re-adsorption of some H2S 

along the bed, because only the very first part of the bed can be regenerated in these 

experiments. Capacities of site C for a mixed feed of H2S and H2O (called Ceq) was 

determined based on the TGA experiments at 1.06 and 3.82 mg/g weight change, which 

corresponds to 0.106 and 0.382 mmol/g H2S capacity, when assuming an equimolar 

exchange between H2S and H2O. 
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Figure 8.5 a) TGA experiment 4 400 °C with PH2S = 0.03 bar and PH2O = 0.034 bar b) PBR Experiment 

4 with PH2S = 0.03 bar and PH2O = 0.1 bar c) TGA experiment 5 400 °C with PH2S = 0.03 bar and 

PH2O = 0.034 bar d) PBR Experiment 5 with PH2S = 0.03 bar and PH2O = 0.1 bar 

Regeneration of the sorbent by lowering the partial pressure of H2S and keeping the 

H2O partial pressure constant was investigated with experiment 7. It was found that the 

proposed model with sites A, B and C can describe the measured weight change of the 

TGA experiment (Figure 8.6a). Breakthrough results show that there is no difference 

between a dry sorbent (Figure 8.6b) and a wet sorbent (Figure 8.6c), confirming that 

site A for water is completely independent from site C (confirming our proposed 

mechanism for H2S – H2O interaction on KGM30). 
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Figure 8.6 a) TGA experiment 7 400 °C with PH2S = 0.03 bar and PH2O = 0.034 bar b) PBR 

Experiment 7 with PH2S = 0.03 bar and PH2O = 0.1 bar cycle 1 c) PBR Experiment 7 with PH2S = 

0.03 bar and PH2O = 0.1 bar cycle 2 

The cyclic working capacity of the different adsorption sites at different partial 

pressures of H2S and H2O was determined from the TGA experiments and the results 

are plotted in Figure 8.7a. Increasing the partial pressure of H2O leads to an increase in 

the cyclic working capacity for site A. The influence of the H2O partial pressure on the 

cyclic working capacity of site C is not very clear. One has to notice that the plotted 

cyclic working capacities are determined by fitting the cyclic working capacities to 

simulate the obtained weight change in the TGA (in terms of weight change per step as 

already introduced in the chapter 3). A possible explanation for the strong variation in 

the cyclic working capacity of site C and Ceq at 400 °C and PH2O = 0.2 bar could be related 

with the experimental error and sensitivity to the fitting, which could lead to a different 

combination of cyclic working capacities of the different sites describing the 

experimental results best. The deviation between the predicted weight change for each 

experiment by the model and the experimental results can be found in the  

Appendix D material (Table 8.1). In general, one would expect a positive influence of a 

higher partial pressure of H2O on the cyclic working capacity of site C, since more H2S 

can be replaced in the same time. Site B and D are not affected by any change in the 
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H2O partial pressure, which is expected since site D represents just the insufficient 

desorption time for site B and should in general be independent of the H2O partial 

pressure. An increase in the partial pressure of H2S leads to an increase in the cyclic 

working capacity of both sites B and C, as expected. The influence of the operating 

temperature was studied with packed-bed reactor experiments and the results are 

shown in Figure 8.7b. The cyclic working capacity of site A is higher at lower 

temperatures, whereas the cyclic working capacity of H2S is decreased. This leads to the 

conclusion that the cyclic working capacity of the sorbent for H2S is increased by 

operation at higher operating temperatures, if the regeneration is carried out with 

steam. 

 
Figure 8.7 a) cyclic working capacities determined with Model to describe the weight changes 

during TGA experiments at 400 °C, b) cyclic working capacity of different sorption site determined 

during packed bed reactor experiments (average of adsorption and desorption capacity of a certain 

adsorption site) 

The influence of H2 on the adsorption behavior and kinetics of H2S was studied during 

in a separate experiment (experiment 4, Table 8.1). Figure 8.8 shows the weight change 

during the TGA experiments 1–8 according to Table 8.2 with a constant H2 partial 

pressure of 0.025 bar (black) and without H2 (red, experiments as described in the 

previous figures). For the experiment without H2, a continuous increase in weight is 

observed (probably related to H2S irreversible bond to the sorbent, as described in 

section 3.1). Presence of H2 seems to hinder the irreversible adsorption of H2S 

completely, where the cyclic working capacity remains unchanged over many cycles. 

This is an important finding regarding the aging and probably the long-term stability 

of the sorbent when used for H2S adsorption in a continuous process. It was tested 

whether H2 can also hinder the irreversible adsorption of CO2 observed during earlier 

studies [69], [84]. However, no significant effect of H2 on the adsorption behavior of 

CO2 was found.  



Chapter 8   

188 

  

8 

 

Figure 8.8 TGA experiment at 400 °C with PH2S = 0.03 bar and PH2O = 0.34 bar (black with 0.025 

bar of H2)  

 

8.3.3 Mechanism for H2S adsorption on KGM30 (Interaction between H2S 

and CO2) 

The same approach was used to investigate the interactions of CO2 and H2S using 

experiments 8 (TGA) and 11–13 (PBR). In general, the experiments can be described 

with four adsorption sites, where differences and similarities to the mechanism 

introduced for the system H2S and H2O will be pointed out in the next section. Figure 

8.9 shows the results of the first two breakthrough experiments with consecutive cycles 

containing either H2S or CO2 at 400 °C after the pretreatment. Where the regeneration 

step shows the same kinetics and capacity for CO2, it can be observed that during the 

adsorption of CO2, H2S is being desorbed from the sorbent and the breakthrough time 

for CO2 is shorter than that what was reported in an earlier publication for the system 

H2O and CO2. The pretreatment procedure (N2 flow at 600 °C for 120 min) is apparently 

insufficient to desorb all the H2S from the sorbent. Also the results of the TGA 

experiments where it was observed that H2S reacts strongly with the sorbent at higher 

operating temperatures, indicated that the chosen pretreatment method may not be 

sufficient for H2S (if the same material is used in a second experiment like PBR 

experiments). The replacement of H2S by CO2 seems to be also rather slow, since in the 

second cycle the sorbent is still releasing H2S. 
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Figure 8.9 Breakthrough experiment 1 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 0.05 bar 

and PH2S = 0.03 bar a) cycle 1 b) cycle 2 

In contrast to CO2 that can replace H2S, replacement of CO2 was hardly observed during 

adsorption experiments with H2S (Figure 8.10). Only a small breakthrough of some CO2 

was detected together with the breakthrough of H2S.  The cyclic working capacity and 

breakthrough time were very similar to those of experiment 9 (Table 8.1), shown in 

Figure 8.3b, which indicates that the sorbent does not seem to lose its capacity over 

multiple experiments also for H2S. 

 

Figure 8.10 Breakthrough experiment 2 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 0.05 bar 

and PH2S = 0.03 bar a) cycle 1 b) cycle 2 

With experiment 3 it is demonstrated that the cyclic working capacity can be increased 

for both sorbate species, if the regeneration with the competing sorbate species on 

adsorption site C is combined in one experiment (see Figure 8.11). It was found that the 

H2S capacity of site C is increased compared to a similar experiment with H2O. It seems 

that the competing sorbate has a large influence on the capacity of the remaining 

sorbate in cyclic operation. The ratio between the capacity of adsorption sites B and C 

for the system H2S/CO2, calculated to be between 2.08 and 2.71, is significantly higher 

in comparison to 1.19 if H2O was used as competing sorbate on site C, even though the 
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partial pressure of CO2 is lower in comparison to the H2O experiments (0.05 bar 

compared to 0.1 bar). Both experiments show that during step 3 (CO2) the replacement 

of H2S is not yet complete, which indicates that the theoretical capacity of site C can be 

very high. Slower kinetics of CO2 replacing H2S compared to the H2O/H2S interaction is 

confirmed by the TGA experiments (see Appendix D, Figure 2), which causes slip of H2S 

at the end of step 3, as also shown in Figures 12a and 12b. Interestingly, the replacement 

of CO2 by H2S is much faster (Figure 8.11, step 1), since the CO2 signal is close to zero at 

the end of the step.   

 

 

Figure 8.11 Breakthrough experiment 3 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 0.05 bar 

and PH2S = 0.03 bar a) cycle 1 b) cycle 2 

Competition of both sorbate species CO2 and H2S on site C was studied with 

experiments 4 and 5 (Table 8.2), and the results are shown in Figure 8.12. As before, the 

partial pressure of H2S was kept constant during the first two steps, while the partial 

pressure of CO2 was changed. Again, partial replacement of H2S (Figure 8.12a, step 2) 

and vice versa the partial replacement of CO2 (Figure 8.12b, step 2) is observed, 

however, with significant differences in their replacement kinetics. The breakthrough 

of H2S occurs in two steps: if CO2 is breaking through the bed, slip of H2S is observed 

(in a low concentration of about 0.8 %), which remains constant until total 

breakthrough of H2S. It was demonstrated with a TGA experiment (Appendix D, Figure 

3) that indeed the replacement of CO2 and H2S is very slow, when the sorbent is exposed 

to both CO2 and H2S in a single step. 
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Figure 8.12 a) Breakthrough experiment 4 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 0.05 

bar and PH2S = 0.03 bar b) Breakthrough experiment 5 of CO2 and H2S on KGM30 at 400 °C with 

PCO2 = 0.05 bar and PH2S = 0.03 bar  

Experiment 7 confirmed these results, where only the partial pressure of one sorbate 

species is lowered to zero within one cycle (CO2 in this case). Both PBR (Figure 8.13a) 

and TGA (Figure 8.13b) experiments show slip of H2S in the breakthrough experiments 

and the slow weight change during TGA measurements as a result of the slow 

replacement kinetics. Figure 8.13b nicely illustrates that the weight change during TGA 

experiments can be divided into two different kinetic regimes, corresponding to the 

results found in the breakthrough experiments. 

 
Figure 8.13 a) Breakthrough experiment 7 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 0.05 

bar and PH2S = 0.03 bar b) TGA Experiment 7 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 

0.05 bar and PH2S = 0.03 bar  
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8.3.4 Mechanism for H2S adsorption on KGM30 (interaction between H2S and 

CO2 and H2O) 

Adsorption and desorption of H2S, CO2 and H2S was studied by keeping the partial 

pressure of one sorbate constant and changing the partial of the other sorbates to zero, 

one at a time. Figure 8.14a and b show the results of the packed-bed breakthrough 

experiments where the partial pressure of H2O was kept constant. Figure a always show 

the first cycle and Figure b the second cycle. During the first step in Figure 8.14a, all 

components are adsorbed, where part of the adsorbed H2S is directly replaced by CO2 

(desorption of some H2S and adsorption of more CO2), indicating a higher affinity of 

CO2 towards the sorbent than H2S. In the second step the partial pressure of H2S is 

reduced to zero and H2S is desorbed and replaced by CO2 and H2O. In this case, site C 

is fully occupied by both CO2 and H2O in a ratio depending on their partial pressures. 

A larger amount of CO2 is adsorbed compared to H2O caused by the intense competition 

of CO2 and H2S. In step 3, the H2S partial pressure was increased again and the CO2 

partial pressure was reduced to zero. Both desorption of CO2 and H2O can be seen 

during the H2S re-adsorption on adsorption sites B and C. The small adsorption peak 

of H2O and the very high concentration peak of CO2 in the beginning of step 3 can be 

attributed to the rapid exchange of H2O on site C replacing CO2. In Figure 8.14b (step 1) 

the partial pressure of CO2 is increased. As expected H2S is replaced by CO2 (desorption 

of H2S) and part of H2O (first sharp desorption peak) is replaced by CO2. Interestingly, 

the adsorption of H2O is taking place during the adsorption of CO2. It seems that the 

adsorption of H2O is favored when CO2 is present on the adsorbent. The formation of 

hydroxide carbonate on the sorbent could be a possible explanation for the observed 

behavior, which has also been reported before using in-situ infrared in chapter 4 and 

in other works [32], [59]. Figure 8.14c and d show the experimental results for a 

constant partial pressure of CO2. The breakthrough curves during steps 1 and 2 are 

basically the same as shown in Figure 8.14b confirming the reproducibility and stable 

adsorption behavior of the sorbent. In step 3 (Figure 8.14c and d) the shape of the 

breakthrough curve is similar as observed in Figure 8.14a and b, where the signal for 

CO2 and H2O is reversed as expected. In step 1 of Figure 8.14d it can be observed that 

H2S is again replaced by H2O when increasing the H2O partial pressure. Also in this case, 

the adsorption of CO2 indicates that the formation of hydroxide carbonate may take 

place. This hypothesis is confirmed by step 2 in Figure 8.14e and f, where the desorption 

of H2O induces the desorption of CO2 (corresponding to the decomposition of the 

previously formed hydrogen carbonate), where normally one would expect a 
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replacement on site C of H2O by CO2 (resulting in additional adsorption of CO2). The 

free sites upon hydrogen carbonate decomposition seem to be occupied by H2S in this 

experiment. If the partial pressure of CO2 is lowered as in step 3 of Figure 8.14e and f, 

first H2O seems to rapidly replace some CO2 followed by a slow replacement (which 

confirms the earlier findings in this study of slow H2S/CO2 replacement kinetics), which 

is even not yet finished at the end of the cycle. Quantitative analysis of the experiment 

was carried out, except for step1 of each experiment because the H2S concentration was 

above the maximum readout of the H2S analyzer (5%) and indicates that equimolar 

exchange seems to take place on the sorbent. This implies that there is no separate 

adsorption site for H2S, since otherwise one would expect during experiments a2, b2, c2 

and d2 a higher amount of H2S being desorbed than the amount of H2O and CO2 already 

adsorbed. Some authors have reported that H2S does not seem to be regenerated from 

a hydrotalcite-based adsorbent if the CO2 partial pressure is decreased and steam is 

used for regeneration [88]. Note that in their study the used partial pressure of H2S was 

much lower (about 430 ppm) and the regeneration temperature was higher (500 °C). We 

have shown that H2S seems to chemisorb stronger at higher temperatures which could 

be the reason why H2S was remaining on the sorbent at the regeneration conditions 

used in their study. 
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Figure 8.14 Packed bed reactor experiments with H2S, CO2 and H2O at 400°C PCO2 = 0.05bar, PH2S 

= 0.03 bar and PH2O = 0.1 bar a & b) constant partial pressure of H2O, c & d) constant pressure of 

CO2, e & f) constant pressure of H2S 

It has previously been reported that the three sorbate species are competing depending 

on their basicity on the sorbent. The influence of the partial pressure is studied in 

additional experiments (see Figure 8.15a and b) where all sorbate species are present 
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on the adsorbent. The partial pressure of H2S was kept constant during all these 

experiments. In Figure 15a the partial pressure of CO2 was increased and decreased 

stepwise. For increasing CO2 partial pressures, H2S and H2O are being desorbed. 

However, the replacement is more evident for H2S than for H2O, confirming the strong 

competition between CO2 and H2S on adsorption site C. The effect is smaller for the 

change between 0.15 and 0.2 bar compared to 0.1 – 0.15 bar. This exchange is reversible 

if the CO2 partial pressure is lowered, for both H2S and H2O. An increase in the H2O 

partial pressure (Figure 15b) leads to the desorption of H2S and slightly of CO2. The 

exchange with H2O is somewhat slower compared to the exchange with CO2, which can 

be related to differences in their concentrations (slower adsorption/desorption fronts 

through the reactor bed). This experiment confirms our hypothesis, that CO2 has the 

highest affinity to the sorbent (highest basicity) and is therefore able to replace more 

H2S, compared to H2O.  

 

 
Figure 8.15 Packed bed reactor experiments with H2S, CO2 and H2O at 400°C a) PCO2 = 0.05 – 

0.15 bar, PH2S = 0.03 bar and PH2O = 0.1 bar b) PCO2 = 0.05 bar, PH2S = 0.03bar and PH2O = 0.1 – 

0.2 bar 

 

8.4 Conclusions 

The H2S adsorption capacity and kinetics and the interaction between different sorbate 

species, viz. CO2 and H2O, were investigated up to 0.05 bar of H2S on a commercial 

potassium-promoted hydrotalcite-based adsorbent. The sorbent has a high cyclic 

working capacity for H2S, where the operating temperature during adsorption has a 

large influence on the adsorption behavior. A higher temperature (500 °C) leads to high 

irreversible H2S adsorption and the kinetics are very different compared to lower 

temperatures (300 °C), indicating that two different adsorption mechanisms are 

involved. The pretreatment method (600 °C and N2) is insufficient to remove all 
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adsorbed H2S. This can be explained by the high irreversible H2S adsorption detected 

due to a strong chemisorption mechanism with a high activation energy. The three-site 

model developed for CO2 and H2O was shown to be valid in general for all binary 

mixtures (CO2/H2O, H2S/H2O, CO2/H2S), where the cyclic working capacity of the sorbent 

can be significantly increased when another interacting sorbate is used for the 

regeneration, but not an inert component. This an important observation for any type 

of process optimization using hydrotalcite-based adsorbents. Both CO2 and H2S seem 

to interact stronger with the sorbent than H2O and replacement of CO2 by H2S and vice 

versa is much slower in comparison to the replacement with H2O. In a ternary system, 

depending on the partial pressure, all sorbate species interact with the sorbent and an 

equimolar exchange can be expected between the sorbent species in a steady state 

operation. A small amount of H2 in the feed stream can significantly reduce the 

irreversible interaction between H2S and the sorbent, where the cyclic working capacity 

of the sorbent remains unchanged. This is a very important observation regarding the 

long-term stability of the sorbent for continuous H2S adsorption processes. Therefore, 

KMG30 seems to be a very interesting and suitable sorbent for the desulfurization of 

flue gas. Depending on the partial pressure of sorbate species both CO2 and H2S are 

adsorbed on the sorbent and can be regenerated with H2O. More detailed studies are 

required for different gas phase compositions to optimize the cyclic working capacity 

and regeneration conditions depending on the primary use of the sorbent such as CO2 

removal or H2S removal from gas streams at elevated temperatures.  
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Abstract 
 
27Al-NMR and XPS were used in this work to investigate the role of aluminum in the 
structure of hydrotalcite-based sorbents on the chemisorption mechanism of 
different sorbate species such as CO2, H2O and H2S, at elevated temperatures. Sorbent 
materials with different Al/Mg ratios were investigated to study the influence of 
material composition on the Al coordination. Two different tetrahedrally 
coordinated Al species and octahedrally coordinated Al species were detected. It was 
found that their quantitative appearance depends on the Al/Mg ratio of the sorbent 
material. A higher Mg content leads to a higher distortion and to formation of more 
tetrahedrally coordinated Al with a high chemical shift. Whereas CO2 and H2O 
adsorption seem not to influence well-coordinated Al visible with NMR, 
chemisorption of H2S showed a clear interaction with Al leading to the formation of 
an additional tetrahedrally coordinated site with a high chemical shift. XPS showed 
that a metal sulfate complex was formed on the sorbent, which was reversible upon 
exposure to H2O. 
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9.1 Introduction 

The influence of material composition (especially variation in MgO/Al2O3 content) and 

different preparation methods have been studied in detail by various researchers in the 

recent past [26], [68], [98]–[101]. However, the interaction of the sorbent with acidic gas 

molecules and the role of the different metal ions in the sorbent structure are still not 

fully understood. X-ray diffraction can provide insight into the bulk structure of the 

sorbent but has no value for determining adsorption sites. Nuclear magnetic resonance 

(NMR) can be used to study the Al speciation in the parent and activated materials 

[102]. Usually, 27Al-NMR and 1H-NMR are used to characterize the samples and 

structural changes upon thermal decomposition. In this study we investigated three 

different hydrotalcite-derived sorbents with different Mg/Al ratios before and after 

thermal treatment. Since the sorbent will adsorb CO2 and H2O immediately from the 

atmosphere, the measurements were carried out in a quasi in situ manner in order to 

avoid contamination of the sorbent samples. We focused on the interactions of the 

sorbents with CO2, H2O and H2S using 27Al-NMR and XPS. 

  

9.2 Materials and methods 

A potassium-promoted hydrotalcite-based adsorbent, with a Mg/Al ratio of 2.95 

(KMG70) and a potassium-promoted alumina (KSORB) were used in this work and 

compared to a potassium-promoted hydrotalcite-based adsorbent with a Mg/Al ratio 

of 0.54 (KMG30). Table 9.1 shows the material composition of the different sorbent 

materials that were investigated in the past for their use in sorption-enhanced water 

gas-shift reaction (SEWGS). The commercial materials were pre-calcined by the 

manufacturer at 250 °C and 450 °C for 24 hours [40]. 

 

Table 9.1 Material compositions of different sorbent materials 

Material Mg/Al Al/K Mg/K K2CO3 

  Atomic ratio w% 

KSORB - 5.42 - 20 

KMG30 0.54 3.79 2.06 20 

KMG70 2.95 1.63 4.80 20 
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Table 9.2 gives an overview of the experimental conditions (material conditions) prior 

to NMR and XPS measurements. Where pretreated means heating up the sorbent 

material to 600 °C with a heating ramp of 10 °C/min and a dwell time of 2h  continuously 

feeding N2 to the sorbent material to release adsorbed and chemisorbed H2O and CO2 

[56]. 

 

Table 9.2 Pretreatment study on different sorbent materials 

 KSORB 
KMG30 

(30%MgO/Al2O3) 
KMG70 

(70%MgO/Al2O3) 

  
K2CO3 promoted 

Alumina K2CO3 promoted HTC K2CO3 promoted HTC 

  Al-1D Al-2D  Al-1D Al-2D  Al-1D Al-2D 

Fresh  X X  X X  X X 
Pretreate

d  X X  X X  X X 
 

Gas adsorption experiments were conducted for KMG30, as this material showed the 

highest cyclic working capacity for CO2 and the highest chemical stability, which are 

both important parameters for its use in a SEWGS process [76], [79]. Experiments were 

carried out in a small stainless-steel reactor with two valves. The powder (with an 

average particle size of about 40 µm) was placed in a sample basket for TGA 

experiments inside a 12 mm Swagelok tube. A platinum wire is attached to the upper 

socket and connected to the basket (see Figure 1). After reaction, the reactor was purged 

with N2 and cooled down to ambient temperature under continuous feeding of N2. 

Afterwards, the valves were closed and the reactor was transported to a glovebox. While 

continuously monitoring the H2O (< 1 ppm) and O2 (< 3 ppm) concentrations, the 

sorbent was removed from the reactor and samples were prepared for NMR or XPS. 

Sorption experiments were carried out at 400 °C with identical conditions as used in 

previous TGA experiments with PCO2 = 0.66 bar, PH2S = 0.03 bar and PH2O = 0.34 bar. An 

overview of the different experiments carried out in this work is provided in Table 9.3. 
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Table 9.3 Different semi-insitu experiments and used characerization on KMG30 treated with 

different gases (PCO2 = 0.66 bar, PH2O = 0.34 bar, PH2S = 0.03 bar, Temperature 400 °C during 

treatment, step duration was 30 min for each reaction step). 

NO 
Treatment 

XPS 27AL-NMR 

2.0 Pretreatment with N2 
X X 

2.1 CO2 → N2 
X X 

2.2 CO2 → H2O → N2 
X X 

2.3 H2O → N2 
X X 

2.4 H2S → N2 
X X 

2.5 H2S → H2O → N2 
X X 

2.6 H2O → CO2 → N2 
X X 

2.7 H2O → CO2 → H2O →N2 
 X 

2.8 H2S → N2 (hydrated in air)  X 

 

XPS measurements were carried out with a Thermo Scientific K-

Alpha, with a monochromatic small-spot X-ray source and a 

180° double focusing hemispherical analyzer. Spectra were 

obtained using an aluminum anode (Al Kα = 1486.6 eV) 

operating at 72 W and a spot size of 400 μm. Survey scans were 

measured at a constant pass energy of 200 eV and region scans 

at 50 eV. Data analysis was performed using Casa XPS software. 

The binding energy was corrected for surface charging by taking 

the C1s peak of adventitious carbon as a reference at 284.6 eV. 

The samples were prepared in a glovebox in a closed sample 

holder to avoid any contamination with O2 and H2O during 

transport to the XPS. 

 

Al-NMR experiments were performed in a Bruker Avance 

DMX500 operating at 132 MHz for 27Al in a magnetic field of 11.7 

Tesla. The measurements were carried out using a 2.5-mm 

MAS probe head with a sample rotation rate of 25 kHz. 27Al 1D 

spectra were recorded with a single pulse sequence with a 18° 

pulse duration of 1 µs and an interscan delay of 1 s. MQMAS 

spectra were recorded by use of a pulse sequence p1-t1-p2-τ -p3-t2 for triple quantum 

generation and zero-quantum filtering (strong pulses p1 = 3.4 μs and p2 = 1.4 μs at ν1 

Figure 9.1 Small Test 

Reactor for sample 

treatment under 

reactive atmosphere 
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= 100 kHz; soft pulse p3 = 11 μs at ν1 = 8 kHz; filter time τ = 20 μs; interscan delay 0.2 s). 

The 27Al chemical shift is referred to a saturated Al(NO3)3 solution. The different 

samples were loaded in a 2.5-mm zirconia NMR rotor in a glovebox and closed with 

Kel-F cap. Afterwards, the rotor was transported to the NMR probe head under N2 

atmosphere. 

 

9.3 Results and Discussion 

The following section consists of different parts. In the first part we summarized some 

important parts of the work previously conducted on hydrotalcite based adsorbents 

and explain why we used XPS and 27Al-NMR to study these materials. In the second 

section we will focus on the different types of sorbents which were investigated upon 

heat treatment, because any sorbent used for adsorption test is usually treated at high 

temperature to release CO2 and H2O from the sorbent. In the third section we describe 

results obtained based on semi in-situ analysis of sorbent exposed to different gases 

such as CO2, H2O and H2S. 

 

9.3.1 Influence of material composition and adsorption behavior of sorbents 

Hydrotalcite based sorbents with different Mg/Al ratio and a potassium promoted 

alumina were investigated in previous works [76], [79] to determine the adsorption 

behavior at different operating temperatures between 300 and 500 °C and the 

interaction with sorbates such as H2O, H2S and CO2. The focus was on finding the 

sorbent with the highest cyclic working capacity for CO2, but also to understand the 

interaction of CO2 with H2O and H2S in order to predict the sorption behavior for 

sorbate mixtures. 

The cyclic working capacity of the sorbent is in general determined by the slow 

regeneration (desorption kinetics), which can be enhanced by operation at higher 

temperatures [56]. The presence of H2O during the adsorption of CO2 has different 

effects. First, co-adsorption of CO2 and H2O leads to an increase in the adsorption 

capacity (probably due to formation of some bicarbonate species, which were detected 

with in-situ IR [103]). Secondly, CO2 and H2O compete depending on their partial 

pressure, which could lead to a replacement of CO2 by H2O when the partial pressure of 

H2O is increased [69]. This competition of CO2 and H2O results in an enhanced 

regeneration of the sorbent. The regeneration capacity of CO2 can therefore be 

improved significantly by using steam instead of an inert such as N2. In Figure 9.2 we 

show the effect of regeneration on the breakthrough time (hence adsorption capacity 
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for CO2), which was determined with packed-bed reactor experiments using KMG30 as 

a sorbent with identical time (1 h) for regeneration. The breakthrough time for CO2 is 

about twice as long, when the sorbent was regenerated with steam (red dotted line) 

compared to the regeneration with N2 (red line), and consequently more CO2 is 

regenerated if steam is used during the experiment. This implies that the cyclic working 

capacity can be at least doubled when using steam during the regeneration.  

 

Figure 9.2 Breakthrough experiment in packed bed reactor with KMG30 as sorbent at 400 °C and 

PCO2 = 0.025 bar and PH2O = 0.1 bar with 1h regeneration step. Detailed description of experiments 

and experimental Setup can be found elsewhere in Chapter 2.  

To describe the adsorption behavior of a binary mixture such as CO2 and H2O or H2S 

and H2O a phenomenological model was developed considering different adsorption 

sites. Weaker bond sorbate can be easily regenerated with N2, while a stronger bond 

sorbate requires the replacement with a competing sorbate specie. Therefore, we need 

at least three adsorption sites to describe the interaction of any binary sorbate mixture 

with the adsorbent. Two sites for each component representing the weaker bond 

sorbate and one site describing the exchange of one sorbate by the other. The cyclic 

working capacities of the different adsorption sites seem to be strongly dependent on 

the chemical composition of the sorbent. Sorbent materials with a high MgO content 

(such as KMG70, Table 9.1) show a higher capacity of adsorption sites for CO2 which 

can be regenerated with N2 compared to the other sorbents. Sorbent material with a 

high Al2O3 content (such as KSORB, Table 9.1) show a higher cyclic working capacity 

for the exchange site (e.g. CO2 replacing H2O and vice versa) [79]. From this observation 
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one may conclude that Al2O3 in combination with K2CO3 impregnation seem to be 

mainly responsible for the exchange site, whereas the MgO content in the sorbent 

structure seems responsible for the adsorption site which can be regenerated with an 

inert. KMG30 showed the highest cyclic working capacity for CO2 and the highest 

chemical stability and is therefore the most promising sorbent which we have 

investigated so far [76], [79]. Additionally, this sorbent shows a high sorption capacity 

for H2S which can be used for the desulfurization of gas streams (CITE H2S PAPER). 

This sorbent was selected to study interaction with sorbates such as CO2, H2O and H2S 

with semi in-situ NMR and XPS which will be discussed in this publication.  

 

9.3.2 Heat treatment of different sorbents: Al-NMR on fresh and pretreated 

sorbents 

In the first part, we discuss the Al coordination in different sorbent materials and the 

changes upon heat treatment. In Figure 2, 1D and 2D 27Al-NMR spectra are plotted for 

the three different sorbents before and after pretreatment. All sorbents contain Al in 

two different coordination environments as can be appreciated from the 1D NMR 

spectra (2). The peak at 9.5 ppm is characteristic for octahedral AlO6 [104]. The second 

broader resonance between 68 and 82 ppm can be assigned to tetrahedrally coordinated 

Al (AlO4) [104]–[106]. Tetrahedral Al species are formed during calcination of the 

exclusively octahedral Al species in the original hydrotalcite structure [105]. The used 

parent material was already calcined by the manufacturer. 

The broad tetrahedral peak in the KSORB sample before treatment consists of two 

overlapping peaks as can be seen from the 2D NMR spectrum (Figure 9.4). After 

treatment, the two peaks merge into one very broad peak centered at intermediate 

chemical shift. The tetrahedrally coordinated Al in materials containing MgO shows a 

higher chemical shift in comparison to KSORB. The 2D spectra of the MgO containing 

samples (Figure 9.4) show clearly the formation of a second tetrahedral coordination 

environment at higher chemical shift. It has been reported in the literature that the 

peak with the higher electron density (higher chemical shift) can be assigned to 

tetrahedrally coordinated Al in Al-O-Mg species, while the peak with lower electron 

density can be assigned to tetrahedral Al in Al-O-Al [107]. The data show that more Al-

O-Mg species are formed on KMG70 than on KMG30, in line with the higher Mg content 

of the former. In principle the calcination may lead to the formation of γ-Al2O3 but the 

AlT/AlO ratios and the chemical shifts do not correspond with those expected for γ-
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alumina [105]. The calcined sorbents (Figure 9.4, right side) show that indeed the 

chemical shift of the AlT are different for different Al/Mg ratios and are generally higher 

than for the K2CO3 promoted Al2O3, but also higher than for unpromoted Al2O3 (65 

ppm).  

A comparison of the different materials before and after thermal treatment 

demonstrates that the amount of tetrahedrally coordinated Al increased during the 

thermal treatment for all materials. The difference is larger for materials with a higher 

Mg/Al ratio. For KMG70, the amount of tetrahedral Al exceeds that of octahedral Al 

after thermal treatment (Figure 2). In mixed metal oxides derived from hydrotalcites a 

part of tetrahedral Al may be located at tetrahedral positions in the MgO lattice, which 

could lead to the formation of Mg-Al inverse spinel type [105]. Interestingly, in the same 

study it was reported that with higher Al content the amount of tetrahedrally 

coordinated Al of calcined hydrotalcites increased. This is contrary to the results 

obtained in this study, where the amount of tetrahedrally coordinated Al becomes 

larger with increasing MgO content. Note that the lowest Mg/Al ratio in the cited study 

was about 2.33, which is much higher than the Mg/Al ratio of KMG30 (0.54). One 

explanation for these differences could be that there is an optimum Mg/Al ratio that 

results in a minimum formation of tetrahedral Al. Note that the sorbents in the 

mentioned study were not impregnated with K2CO3. Therefore, we should also mention 

that the presence of K may influence the Al distribution.   

Incorporation of Mg in the Al-lattice cannot be the only reason for the formation of 

tetrahedrally coordinated Al as described in the literature. In our experiments we found 

tetrahedrally coordinated Al on potassium-promoted alumina (KSORB), where no Mg 

is present in the sorbent structure.  
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Figure 9.3 27Al NMR spectra of KSORB, KMG30 and KMG70 before (a) and (b) after heat 

treatment. 
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Figure 9.4 1D -and 2D 27Al-spectrum of KSORB, KMG30 and KMG70 

Integration of the normalized 1D spectrum of KGM30 revealed, that the amount of 

visible coordinated Al for NMR does not significantly change upon heat treatment of 

the sample (Figure 9.5). This implies that pretreatment induces a transformation of 

octahedrally coordinated Al to tetrahedrally coordinated Al for this material. For 

KMG30, especially tetrahedrally coordinated Al (AlT-O-Al) with a low chemical shift is 

formed (Figure 9.5). As a result, the center of the peak for tetrahedrally coordinated Al 

is shifted towards a lower chemical shift.  
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Figure 9.5 Normalized 27Al NMR spectra with respect to the sample weight before and after heat 

treatment 

 

9.3.3 Al-NMR after gas adsorption experiments 

9.3.3.1 CO2 and H2O interaction with KGM30 

1D 27Al-NMR spectra recorded after exposing the pre-treated material to different 

sorbates are plotted in Figure 9.6. During all experiments KMG30 was pretreated with 

N2 prior to the gas adsorption experiments. Therefore, the 1D-spectrum shown in 

Figure 9.5 of pretreated KMG30 can be used as a reference (red dotted line in Figure 

9.6a). It can be seen that the spectrum after CO2 adsorption shows only minor changes. 

The peak at 68 ppm for tetrahedrally coordinated Al decreased slightly and shows a 

shoulder at higher chemical shift (82 ppm). Comparison of the 2D spectrum of KMG30 

after exposure to CO2 to the pretreated material confirms that there are only minor 

changes in the Al coordination. This would imply, that the irreversible amount of CO2, 

which is usually remaining on the sorbent structure after exposure to CO2 and 

regeneration with N2 [13], [56], [69] is probably chemically bound to Mg2+ or K+ or to 

non-coordinated Al centers, but not to well-coordinated Al that can be measured by 

NMR. If the sorbent is exposed to H2O (Figure 9.6a), similar to the exposure to CO2, no 

significant changes are observed. It is confirmed in the literature, that CO2 and H2O 

adsorption and desorption usually does not affect the Al environment of calcined 

hydrotalcites at relatively low temperatures (30 – 80 °C) [108]. The present results show 
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that this observation also holds for reversible CO2 and H2O adsorption at a much higher 

temperature (400 °C).  

The binding energy of Mg, Al and K was measured with XPS for KMG30 after exposure 

to CO2, H2O and H2S and compared to the pretreated sample (Table 9.4). For all three 

metals (Mg, Al and K), a slight increase in the binding energy could be observed, after 

exposure to CO2 (EXP 2.1), which was partly reversed when the materials were exposed 

to H2O or H2S after CO2 (EXP 2.3 and further). Exposure to a mixture of CO2 and H2O 

after CO2 exposure did not strongly affect the binding energy. The small shift is most 

likely due to the replacement of a basic O ligand by formate or (bi)carbonate species at 

the surface. The trends suggest that these latter species decompose/desorb fastest from 

the Al sites, followed by Mg and K.  

XPS was also used to semi-quantitatively follow the amount carbonate and sulfur 

species at the surface. The presence of carbonate-like species is evident from the C 1s 

feature at 288.8 eV. This signal is present in all samples, showing the strongly basic 

nature of the parent material from which it is difficult to remove all carbonate species. 

Exposure to CO2 leads to an increase in the amount of surface carbonate species. This 

signal does not change much if the sorbent is exposed to CO2 and H2O afterwards (EXP 

2.2). This is contrary to the results obtained with TGA and PBR experiments, where it 

was found that the main part of adsorbed CO2 is released by exposing the sorbent to 

H2O at high operating temperatures [56], [79]. The reason can be that XPS probes also 

part of the bulk carbonate species, which cannot be decomposed under the applied 

conditions. For KMG30 only about 18 wt% of chemisorbed CO2 would remain on the 

sorbent considering the capacity of the first breakthrough of CO2 and a breakthrough 

after the sorbent was regenerated with steam (Texp = 400 °C, PCO2 = 0.1 bar, PH2O = 0.025 

bar and 30 min regeneration with N2 and 30 min regeneration with steam). However, 

when the sample was kept in H2O only (without CO2, EXP 2.3) the carbonate signal 

decreased even below the value of the pretreated material. This observation is in 

keeping with the TGA results. In fact we reported in an earlier study that a pretreated 

sorbent still can release CO2 if exposed to steam at 400 °C which is more apparent at 

higher temperature [76].  
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Table 9.4 X-Ray Photoelectron Spectroscopy analysis results of pretreated and treated sorbent 

material (KMG30) 

EXP Treatment Binding energy Binding energy Binding energy O-C=O/Al S/Al 

- - Mg 1s (eV) Al 2p (eV) K 2p 3/2 (eV) - - 

2.0 N2 1303.0 73.4 292.6 0.015 0 

2.1 CO2  N2 1303.5 73.9 293.0 0.025 0 

2.2 CO2  H2O  N2 1303.4 73.6 292.9 0.028 0 

2.3 H2O  N2 1303.1 73.5 292.8 0.011 0 

2.4 H2S  N2 1303.1 73.6 292.7 0.021 0.058 

2.5 H2S  H2O  N2 1303.0 73.4 292.6 0.013 0.015 
 

 

9.3.3.2 H2S interaction with KGM30 

The interaction of H2S with the sorbent was investigated in experiments 2.4, 2.5 and 2.8 

(Table 9.3). Figure 9.6b shows that H2S induces clear changes in the Al coordination of 

the mixed metal oxide structure. Two main observations can be made based on the Al-

NMR spectra. First, the amount of visible octahedral Al increases upon H2S adsorption. 

Second, the amount of tetrahedral Al is lowered and an additional tetrahedral Al signal 

appears at 93 ppm with a small shoulder at 80 ppm. The appearance of the shoulder at 

82 ppm is similar to what was obtained during the experiment with CO2 (EXP 2.1). 

Assuming that the two peaks at 82 ppm and 68 ppm are due to the tetrahedral Al species 

in AlT-O-Mg and AlT-O-Al, the peak at 94 ppm should be caused by the interaction of Al 

with H2S. The 2D spectrum (EXP 2.6, Figure 9.6) clearly revealed a different site for 

tetrahedral Al after H2S adsorption. A possible pathway could be the exchange of O by 

S in the structure resulting in (AlT-S-Mg) and/or (AlT-S-Al) tetrahedral complexes. The 

higher chemical shift observed is due to a higher electron density on the metal in the 

formed complex.  

Exposure to H2S leads to a significant increase in the amount of S species at the surface. 

From the binding energy at 161.5 eV, we infer that these species are predominantly 

sulfide (Figure 4a). The formation of sulfide and the changes in tetrahedral Al can be 

reversed, when the sorbent is exposed to H2O (see 27Al-NMR 1D spectrum in Figure 2b, 

and the 27Al-2D spectrum in Figure 9.7). This was also confirmed by XPS. The amount 

of sulfur species is decreased significantly upon H2O exposure (EXP 2.5, Table 9.1). The 

chemical shift observed for Al by XPS (Table 9.1 and Table 9.4) was slightly higher for 

Al compared to Mg and K when exposed to H2S. This confirms, that Al is interacting 
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with H2S, which is partially reversible if the sorbent is exposed to steam afterwards. We 

have reported earlier, that H2O exposure indeed leads to removal of adsorbed H2S at 

elevated temperatures (Chapter 8). It has been reported that H2S can dissociatively 

adsorb on γ-Al2O3 leading to H2O formation according to equation 9.1 [94], [96], [97].  

 

𝐻2𝑆 + [𝑂] → 𝐻2𝑂 + [𝑆] (9.1) 

 

A more complex reaction mechanism was reported elsewhere, where the interaction of 

H2S with mixed metal oxides was proposed with three different reactions on metal oxide 

(MO) (eq. 9.2-9.4) explaining the decomposition of formed sulfide complexes upon 

exposure to steam [14]: 

 

𝐻2𝑆 + 𝑀𝑂 → 𝑀𝑆 + 𝐻2𝑂 (9.2) 

 

𝐻2𝑂 + 𝑀𝑂 → 𝑀(𝑂𝐻)2 (9.3) 

 

𝐻2𝑆 + 𝑀(𝑂𝐻)2 → 𝑀𝑆 + 2𝐻2𝑂 (9.4) 

 

Decomposition of sulfur species formed on the sorbent takes place when the sorbent is 

exposed to ambient conditions. When the NMR rotor was kept for 1 night in a vial with 

air, the tetrahedral Al peak with a high chemical shift at 93 ppm disappeared, whereas 

the amount of octahedral Al remains constant. We also investigated a sorbent exposed 

to H2S in multiple cycles. This sample showed a reversible change in color. When the 

sorbent material was exposed to ambient conditions for a long time, the yellow color 

disappeared together with a noticeable odor of H2S. We conducted XPS measurements 

of a sorbent exposed to H2S at 400 °C in a multicycle experiment as reported elsewhere. 

(Chapter 8) XPS spectra were recorded directly after the experiment and after an 

additional exposure to ambient for 8 h (laboratory conditions). Figure 9.8b shows the 

resulting XPS S 2p spectra. In both cases, peaks corresponding to metal sulfide (~161.5 

eV) and metal sulfate (~169 eV) were observed. After exposure to ambient conditions, 

the intensity of both peaks was significantly reduced. However, the quasi in situ 

experiments showed only a peak corresponding to metal sulfide. Therefore, exposure 

to ambient conditions leads to the oxidation of metal sulfide, resulting in the formation 

of metal sulfate, which will then react further to H2S and be released. This is important 

regarding the regeneration of hydrotalcite-based adsorbents, which can be regenerated 
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very efficiently with steam. Subsequent steam condensation can be used to obtain a 

H2S-rich gas stream. In particular, these sorbents may be used in a gas sweetening 

process which could be competitive to the conventional amine-based gas sweetening 

process. The application of hydrotalcite-based sorbents for a gas sweetening process 

needs to be evaluated in the future. 

 

 

Figure 9.6 1D a) 27Al-NMR spectra (normalized with respect to sample mass) recorded for KMG30 

after exposure to CO2 and H2O in different sequence b) 27Al-NMR spectra (normalized with respect 

to sample mass) recorded for KMG30 exposed to H2S, N2 and H2O in different sequence 

 

Figure 9.7 2D 27Al-NMR spectra recorded of KMG30 after sorbate treatment at elevated 

temperature. 
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Figure 9.8 a) S2P scan of sorbent exposed to H2S and N2 and H2O in different sequence prepared 

under N2 b) S2P of sorbent exposed to H2S within a multicycle experiment at 400 °C after the 

experiment and after 8h exposed to ambient conditions. 

 

9.4 Conclusions 

A comprehensive study on the thermal behavior of different hydrotalcite materials and 

the interaction with different sorbates using 27Al-NMR and XPS is presented in this 

study. It was found that Al coordination changes during a thermal treatment, where 

octahedrally coordinated Al is transformed into tetrahedrally coordinated Al. 2D 27Al-

NMR showed that two different tetrahedrally coordinated sites are present, where the 

resonance with a higher chemical shift is attributed to the incorporation of Al in the 

Mg matrix. Adsorption experiments with CO2 and H2O did not show any significant 

change in Al coordination, which indicates that well-coordinated Al seems not to 

participate in the chemisorption mechanism at high temperatures. XPS revealed that 

upon CO2 adsorption an increase in the binding energy was observed, which was partly 

reversible upon exposure to H2O (with corresponding desorption of CO2) indicating 

that different metals in the sorbent matrix are responsible for the reversible CO2 

chemisorption. 

H2S chemisorbs strongly on a hydrotalcite-based adsorbent. NMR revealed a clear 

interaction of coordinated Al with H2S visible by additional tetrahedrally coordinated 

Al with a high chemical shift. Based on XPS analysis, it can be concluded that a metal 

sulfide is formed on the sorbent, which is reversible if the material is exposed to H2O 

(both at high temperature and at room temperature). Decomposition of formed sulfide 

species involves the formation of sulfate species due to oxidation of sulfur and finally 
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decomposition to H2S. The results provide useful insights regarding the regeneration 

of hydrotalcite-based adsorbents for SEWGS or gas sweetening processes. 
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Scope 

Sorption-enhanced water-gas shift (SEWGS) has been proposed as a promising process 

for pure hydrogen production from natural gas with intrinsic CO2 capture and reduced 

number of required process steps. Detailed understanding of the sorption process of 

CO2 on the selected hydrotalcite-based sorbents for this process and how this is affected 

by the presence of H2O and H2S is a crucial step for further improvement of the process. 

For further optimization of the performance of the process and the design of the 

adsorption cycles and columns, a model is required that can quantitatively describe the 

cyclic adsorption capacities, as well as the adsorption and desorption kinetics of CO2 

and H2O and their mutual interactions. These were the main objectives of this work. In 

this last chapter, a short overview of the obtained main results and conclusions will be 

presented together with some final considerations and an outlook for further work.  

 

This Thesis 

First, the cyclic working capacity of CO2 and H2O, which are both important sorbate 

species interacting with the hydrotalcite-based sorbent during the sorption-enhanced 

water-gas shift reaction was studied. Dedicated TGA (thermogravimetric analysis) 

experiments (described in Chapter 2) were carried out to determine both the cyclic 

working capacity of CO2 and H2O and their adsorption and desorption kinetics. It was 

found that the cyclic working capacity for CO2 and H2O is determined by the adsorption 

capacity and the desorption kinetics. For H2O the equilibrium adsorption capacity is 

reached quite fast, which results in a very fast pseudo steady state, i.e. identical sorbate 

capacity at the end of each cycle. However, for CO2 a fast initial adsorption is followed 

by a much slower CO2 uptake. For H2O the highest cyclic working capacity is achieved 

at low temperatures, since the adsorption capacity is significantly higher at lower 

operating temperatures. For CO2 the highest cyclic working capacity is achieved at high 

operating temperatures due to the enhanced desorption kinetics, while the adsorption 

capacity is not influenced by the operating temperature. The working isotherms for 

both sorbate species showed that the sorbent has a much higher adsorption capacity 

for H2O compared to CO2.  

 

A combination of TGA and PBR (packed-bed reactor) breakthrough experiments, 

described in Chapter 3, revealed that the cyclic working capacity could be described 

using four different adsorption sites. Two independent sites for CO2 and H2O are 
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required to describe the adsorption and regeneration with an inert gas. To describe the 

adsorption and desorption phenomena of mixtures containing both CO2 and H2O, as 

well as the regeneration with H2O, a very important third site is required, which is 

referred to as a replacement site, where CO2 can replace H2O and vice versa. This finding 

was not reported before in the literature, and requires a major change in the description 

of the adsorption of CO2 and H2O on hydrotalcite-based adsorbents. A fourth 

adsorption site is required to describe the increase in adsorption capacity of the 

material in cyclic steady state operation, when CO2 and H2O were fed together to the 

sorbent in one-step.  

 

In-situ IR (Chapter 4) revealed that the main chemical mechanism behind the reversible 

CO2 adsorption capacity of a hydrotalcite based sorbent is the reversible formation of 

bidentate carbonate. Different adsorption sites with different basic strength are present 

on the sorbent surface and explain the slow desorption kinetics described in Chapter 2, 

as remaining bidentate carbonate is bond to stronger basic sites. In addition, the 

formation of bi-carbonates upon interaction of CO2 and H2O and the formation of bulk 

carbonate species could be identified.  

 

For sorbent development, the influence of the material composition of the mixed metal 

oxides on the adsorption capacity, adsorption kinetics and chemical and mechanical 

stability are very important parameters. In Chapter 5, the adsorption capacity and 

kinetics of pure sorbate species on different sorbentia was investigated by dedicated 

TGA experiments. It was found that a higher MgO content in the material increases the 

cyclic working capacity for CO2 due to a slow continuous CO2 uptake after the first fast 

initial adsorption.  Therefore, a sorbent with a high MgO content may be selected for 

long adsorption cycles. Potassium-promoted alumina may be an alternative sorbent 

because of its very stable adsorption capacity independent on operating temperature. 

Interestingly, the adsorption kinetics of H2O are not influenced by the material 

composition. Steam adsorption at high operating temperature leads to irreversible 

decomposition of carbonates and a consequent significant reduction in the cyclic 

working capacity of the sorbent. The different identified sorption sites (Chapter 3) seem 

to be present for all sorbents, but the cyclic working capacity of certain sites clearly 

depend on the material composition of the adsorbent (Chapter 6). If a high cyclic 

working capacity should be achieved with an inert regeneration method, a sorbent with 

a high MgO content is clearly preferred. For high cyclic working capacity when using 

steam for the sorbent regeneration potassium-promoted alumina showed good 



Chapter 10 

218 

   

 10 

performance, but the sorbent with the highest cyclic working capacity was the sorbent 

with a relatively low MgO content, which also showed the highest chemical stability and 

is therefore proposed for sorption-enhanced water-gas shift processes. 

 

Based on the findings obtained during this study, a phenomenological adsorption 

model for CO2 and H2O, accounting for their mutual interactions, on the most 

promising sorbent was presented in Chapter 7. This relatively simple rate-based model 

describes the adsorption and desorption kinetics of CO2 and H2O and their interactions 

under various operating conditions quite adequately using three different adsorption 

sites. Compared to recently reported rate-based models, the required number of 

parameters for fitting could be significantly reduced. Application of an Elovich-type 

equation allowed capturing the heterogeneity of the sorbent sites, by assuming a linear 

dependence of the activation energy for the desorption process and the surface 

coverage of the sorbate specie. 

 

The interactions of H2S with hydrotalcite sorbents are important when syngas from an 

IGCC power plant is used as feedstock for the SEWGS process. Moreover, sour gas 

treatment and removal of H2S from gas streams can be another interesting application 

for hydrotalcite sorbents. In Chapter 8, a dedicated experimental study using TGA and 

PBR experiments is described to enhance our understanding of the interactions of H2S 

with the adsorbent and the interactions with both CO2 and H2O. In general, the sorbent 

material showed a high cyclic working capacity for H2S even at relatively low partial 

pressures (max. 5% H2S). The binary interaction mechanism for H2S with either CO2 

and H2O could be described with the same mechanism as reported in Chapter 3. Also 

for H2S the cyclic working capacity could be significantly increased by using steam 

during the regeneration. The interaction between CO2 and H2S was found to be similar 

to the interaction of CO2 and H2O, however with a much slower replacement kinetics. 

The results presented in Chapter 8 clearly indicate that H2S in high quantities will 

influence the cyclic working capacity of the material, but also that the investigated 

sorbent seem to be an interesting and suitable sorbent for flue gas desulfurization at 

elevated temperatures.  

 

To further understand the role of different metal oxides present in the sorbent structure 

several semi in-situ XPS and NMR experiments were carried out. In general, in-situ 

characterization is very difficult on hydrotalcite based sorbents. This why until now 

only very little is known about what different metal oxides participate in the sorption 
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process of acidic species. Al NMR revealed that major structural changes take place 

during calcination of the materials prior to adsorption. It was found that coordination 

of Al centers in the mixed metal oxide structure changes during calcination. However, 

the interaction of CO2 and H2O seemed to have no influence on the coordination of Al 

in the structure, indicating that the Al coordination plays a minor role in the sorption 

process.  Interestingly, H2S showed a clear interaction with Al centers. 

 

Recommendations for further work 

The behavior of mixed metal oxide sorbent materials was studied in this thesis and 

important observations were made. However, new findings also result in new questions 

to be answered in further work. Some recommendation for further work are therefore 

presented in this paragraph. 

 

One of the most important finings of this thesis is the interaction mechanism involving 

different adsorption sites. Especially the regeneration of the sorbent is influenced 

largely by the presented exchange site and this requires more detailed further 

investigation. More studies on the competitive behavior of sorbate species on the 

adsorption are required. For example, the transient behavior during adsorption and 

desorption of various sorbate species could be investigated in more detail, when the in-

situ IR is combined directly with TGA measurements. In addition, the role of the 

different mixed metal oxides in the sorption mechanism is still not fully understood. 

The method presented in this thesis, using very well-defined operating conditions in a 

small reactor and preparation of samples for characterization in an inert atmosphere 

seems to be a powerful tool to unravel the participation of different metal oxides in the 

sorption mechanism. 

 

In-situ IR is a very powerful tool to measure CO2 and H2O interaction with sorbent 

materials where the time dependent CO2 and H2O adsorption and desorption could be 

closely related to measurements with TGA and could be therefore considered studying 

transient behavior during adsorption and desorption of various sorbate species. NMR 

and XPS seem to be very promising characterization methods together with in-situ IR 

to improve our knowledge of the sorbate sorbent interactions. Additionally, working 

isotherms for CO2 should be determined at different constant concentrations of H2O 

and H2S to study the impact on the cyclic working capacity in more detail under 

different conditions.  
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The gained knowledge can subsequently be used to refine the developed adsorption 

kinetics model. Even though the number of parameters used in this model is relatively 

small compared to other models presented in the literature, a more thorough 

investigation on the stability of the model and the importance of several model 

parameters should be carried out, preferably using an even more expanded data set 

with more TGA/PBR experiments for CO2 and H2O concentrations at temperatures and 

particularly also different total pressures. Additionally, different approaches to model 

the sorbate sorbent interaction can be considered. For example, the sorbate sorbent 

interactions could also be modelled in terms of chemical potentials, which has been 

presented in the literature for various other applications [109]–[113].  

 

Implementation of the presented kinetic model in a packed-bed reactor model is 

currently ongoing. The simulation results will be validated with packed-bed reactor 

experimental results presented in this thesis. 

 

Impact of presented results on society 

Results presented in this thesis can have a significant impact in reducing anthropogenic 

CO2 emissions via intensification of chemical processes such as the sorption-enhanced 

water-gas shift process for hydrogen production. Production of hydrogen is becoming 

more and more important and has a significant contribution to the carbon footprint of 

human activities. By process intensification, i.e. the development of new, more efficient 

and more sustainable processes, we can reduce our CO2 emissions while even being 

more cost effective. 

Prediction of the process performance is a key issue before a new process will be 

implemented and realized due to usually high CAPEX required. New and better 

phenomenological models describing sorbate-sorbent interactions under realistic 

operating conditions can improve the rational design of equipment and processes. A 

higher efficiency while using a smaller amount of fossil fuels and resources will help to 

become more sustainable in the future. 

SEWGS is a promising technology and has already been developed to a significant scale. 

Demonstration projects will show whether the SEWGS technology is ready for 

application on industrial scale. Since both CO2 and H2S are strongly adsorbed on the 

sorbent, another future application could be a novel desulfurization process, which 

may be more energy efficient than the amine-based gas sweetening process. 
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The cyclic weight change obtained during the TGA measurements has been summarized in Table 

1. In the first column the number of the experiment and in the second column the feed gases are 

mentioned (according to Table 2.2, details can be found in section 2.3.4 of this Thesis). In the 

next five columns, we show the cyclic weight change determined by TGA for each step. The 

deviation of the predicted weight change according to our model compared to the experimental 

value is shown for each step in grey in the other columns. In the last column, the total average 

deviation of all experiments performed in one set, where in each step the experimental results 

obtained by TGA were compared with the predicted weight change of our model. 

Table 1 Summary of experimental results of the base case experiment and standard deviation of 

proposed model predicting the experimental results 

base case 400 °C PCO2 = 0.66 bar PH2O = 0.34 bar Model Deviation (mg/g)   

EXP Experimental cycle description 
CO2 CO2/H2O N2 N2/H2O N2 CO2 CO2/H2O N2 N2/H2O N2 

Total 
deviation 

(mg/g) 

1 
H2O/N2  N2 

      7.90 
-

8.06       0.26 0.15 

0.447 

2 CO2  N2 11.57   -10.71     0.60   0.00     

3 
CO2  N2  N2/H2O N2 

22.96   -12.30 -2.12 
-

7.85 0.35   1.12 0.96 0.30 

4 
CO2/H2O 

CO2N2N2/H2ON2 -1.95 33.72 -15.17 -6.48 
-

8.51 0.09 1.94 0.52 0.20 0.17 

5 
CO2 

CO2/H2ON2N2/H2ON2 24.94 7.69 -19.27 -4.20 
-

8.32 1.04 0.12 0.51 1.04 0.03 

6 
CO2/H2ON2N2/H2ON2  

  31.34 -18.91 -3.72 
-

8.20   0.25 0.76 0.71 0.05 
7 CO2/H2ON2/H2O    21.71   -21.29     0.00   0.29   

8 
CO2/H2ON2/H2ON2 

  30.27   -21.23 
-

8.35   0.21   0.34 0.06 
             

additional Experiment 400 °C PCO2 = 0.66 bar PH2O = 0.34 bar Model Deviation (mg/g)   

No Experimental cycle description 
CO2 CO2/H2O N2 N2/H2O N2 CO2 CO2/H2O N2 N2/H2O N2 

Total 
deviation 

(mg/g) 

1 
H2O/N2  N2 

      8.05 
-

8.20       0.16 0.05 

0.544 

2 CO2  N2 10.39   -9.49     0.23   0.87     

3 
CO2  N2  N2/H2O N2 

20.66   -11.28 -1.28 
-

7.61 1.28   0.40 1.56 0.47 

4 
CO2/H2O 

CO2N2N2/H2ON2 -2.11 32.62 -15.37 -5.01 
-

8.87 0.03 1.16 0.66 0.85 0.42 

5 
CO2 

CO2/H2ON2N2/H2ON2 24.01 7.48 -19.03 -3.51 
-

8.47 0.38 0.02 0.68 0.56 0.14 

6 
CO2/H2ON2N2/H2ON2  

  30.43 -18.78 -3.22 
-

7.95   0.39 0.85 0.35 0.22 
7 CO2/H2ON2/H2O    21.30   -20.78     0.29   0.66   

8 
CO2/H2ON2/H2ON2 

  29.14   -20.77 
-

8.24   0.59   0.66 0.02 
9 N2/H2OCO₂N₂ 16.78   -13.72 -3.11   0.35   0.65 0.27   

10 CO2/H2OCO₂N₂/H₂O -2.15 21.49   -19.01   0.06 0.86   1.15   
11 CO2/H2ON2/H2OCO₂ 16.03 5.16   -20.95   0.18 0.89   1.24   

             
reversed order 400 °C PCO2 = 0.66 bar PH2O = 0.34 bar Model Deviation (mg/g)   

No Experimental cycle description 
CO2 CO2/H2O N2 N2/H2O N2 CO2 CO2/H2O N2 N2/H2O N2 

Total 
deviation 

(mg/g) 

4 
CO2/H2O 

CO2N2N2/H2ON2 -2.40 34.13 -16.44 -5.18 
-

8.72 0.23 2.23 1.42 0.73 0.32 

0.610 

5 
CO2 

CO2/H2ON2N2/H2ON2 25.12 7.82 -20.00 -3.26 
-

9.14 1.17 0.22 0.01 0.38 0.62 

1 
H2O/N2  N2 

      7.64 
-

9.09       0.44 0.58 
2 CO2  N2 12.88   -12.44     1.53   1.22     

3 
CO2  N2  N2/H2O N2 

24.44   -13.47 -2.56 
-

8.27 0.68   1.24 0.65 0.00 

6 
CO2/H2ON2N2/H2ON2  

  31.10 -18.58 -3.24 
-

8.37   0.08 0.99 0.36 0.07 
7 CO2/H2ON2/H2O    21.43   -20.85     0.90   1.31   

8 
CO2/H2ON2/H2ON2 

  29.87   -20.97 
-

8.62   0.79   1.23 0.25 
12 CO2  H2O 16.34     -16.68   0.04     0.28   

1 
N2 H2O/ N2  

      8.27 
-

8.38       0.00 0.08 
12 CO2  H2O 16.16     -16.28   0.09     0.00   
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APPENDIX B 
 

This appendix contains the results from breakthrough experiments for H2O and CO2 adsorption 

performed in a packed bed reactor filled with HTC based materials. Additionally, the weight 

change during different experiments are given together with the deviation with predictions by a 

developed model using different adsorption sites. The total deviation in mg/g predicted by the 

model for each experiment is provided in Table 8 including the standard deviation of the model 

results compared to the experimental results.  

 

Figure 1 a) EXP1 KMG70 at 400°C with PH2O = 0.1 bar b) EXP2 KMG70 at 400°C with 

PCO2=0.05 bar 
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Table 1 Summary of the weight change in mg/g observed during TGA experiments 

compared to predicted weight change by the model for KMG70 and KSORB. The values 

of the model represent the total deviation between the predicted weight change and weight 

change measured during the experiments  

KMG70 EXP  Model KMG70 
No CO2 CO2/H2O N2 N2/H2O N2   CO2 CO2/H2O N2 N2/H2O N2 STD DEV 

1    7.42 -7.37     0.06 0.00 0.03 
2 15.29  -14.72    0.29  0.27   0.28 
3 21.52  -14.54 -0.26 -6.39  0.65  0.45 1.23 0.98 0.83 
4 -3.93 31.70 -17.68 -2.29 -6.79  0.00 0.09 2.69 0.39 0.57 0.75 
5 20.75 10.76 -22.64 -1.79 -6.59  0.11 0.01 0.28 0.10 0.78 0.26 
6  30.48 -22.38 -1.40 -6.64   0.16 0.02 0.87 0.72 0.44 
7  22.07  -21.97    0.58  0.92  0.75 
8  28.88  -21.72 -6.67   0.01  0.19 0.69 0.30 

KMG30 EXP   Model KMG70 

1    7.90 -8.06     0.17 0.01 0.09 
2 11.57  -10.71    0.00  0.85   0.43 
3 22.96  -12.30 -2.12 -7.85  1.61  0.73 0.56 0.22 0.78 
4 -1.95 33.72 -15.17 -6.48 -8.51  0.00 0.04 0.02 2.04 0.45 0.51 
5 24.94 7.69 -19.27 -4.20 -8.32  0.36 0.05 0.36 0.35 0.25 0.27 
6  31.34 -18.91 -3.72 -8.20   0.36 0.72 0.60 0.13 0.45 
7  21.71  -21.29    0.27  0.03  0.15 
8  30.27  -21.23 -8.35   0.88  0.09 0.28 0.42 

KSORB EXP   Model KMG70 

1    5.40 -6.65     1.30 0.06 0.68 
2 9.21  -8.73    0.18  0.66   0.42 
3 21.57  -9.06 -5.71 -6.38  0.06  0.32 0.18 0.32 0.22 
4 0.23 24.00 -9.36 -7.48 -6.61  0.04 0.14 0.03 0.85 0.09 0.23 
5 19.36 3.02 -11.34 -4.33 -6.40  1.04 1.62 0.05 0.60 0.30 0.72 
6  21.60 -11.03 -3.98 -6.49   0.62 0.36 0.39 0.21 0.40 
7  14.22  -13.93    0.70  1.27  0.99 
8   20.41   -13.79 -6.47     0.94   0.86 0.23 0.68 
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Applicability of the Freundlich isotherm for H2O and CO2 adsorption on KMG30 

 

Figure 1 Plot of log P(sorbate) vs. log q(sorbate) to prove applicability of the Freundlich equation 

to adsorption data on KMG30 at 400°C in total pressure range between 0.1 and 8 bar for CO2 and 

0.1 and 3,6 bar for H2O a) Plot of log (PH2O) vs. log (qH2O) b) Plot of log(PCO2) vs. log (qCO2) 

Figure 1 shows the linear dependency of log (Psorbate) and log (qsorbate) which is a 

confirmation of the applicability of the Freundlich isotherm. The slope can be used to 

determine the adsorption intensity n and the intercept to determine the Freundlich 

constant.  

 

Mass transfer limitation study 

Definitions: 

1. We define internal mass transfer limitation here as the limitation of sorbate 

transport through the particle to the surface. Therefore, powder of a mean 

diameter of about 40 µm and pellets with a diameter of ~1-2 mm were tested 

under similar conditions and compared. 

2. We define external mass transfer limitations here as the limitation of sorbate 

transport from the bulk gas flow to the sorbent. To investigate whether 

external mass transport limitation plays a role, different gas flow rates have 

been used in the reactor and adsorption/desorption rate were compared. 
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Figure 2 Adsorption and desorption cycle at different gas-flow-rates at 400 °C and 1 bar pressure 

(close-up inside the figure shows the adsorption step of the first 200 s): a) KMG30 powder b) 

KMG30 pellets 

Experiments (Figure 2) show that with lower gas flow rates the total amount of CO2 

adsorbed seems to be higher. Interestingly the amount of CO2 desorbed is also 

somewhat higher. The reason for the obtained behavior is the time duration of the 

experiment. We have reported that bulk carbonate formation is more important at the 

start of any experiment. Because we have measured the experiments in sequence, the 

formation of bulk carbonate is less dominant for experiments with 760 ml/min than for 

experiments with 480 ml/min, because these were carried out later. The slope of the 

initial adsorption profile is constant indicating that external mass transfer limitations 

are absent under the measurement conditions.  

Comparing the results for sorbent powder to sorbent pellets (Figure 2Figure b), the total 

adsorption capacity is somewhat higher for the pellets compared to the powder sample.  

 

Figure 3 Adsorption and desorption cycle at different gas flow rates at 400 °C and 8 bar pressure 

(close-up inside the figure shows the adsorption step of the first 200 s): a) KMG30 powder b) 

KMG30 pellets 
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At higher pressures (8 bar) the total amount of CO2 adsorbed was lower for gas flow 

rates below 1500 Nml/min. So in order to void mass transfer limitations due to 

insufficient feed flow rate, a minimum of 1500 Nml/min is required. Again, we find that 

the cyclic working capacity is higher for the pellets of KMG30 compared to the powder 

(Figure 3). 

We have measured the BET surface area and determined the pore volume of both 

(powder and pellets samples). Figure  shows the N2 adsorption isotherms determined 

at -196 °C and the calculated surface area using the BET method. Where both isotherms 

show the mesoporous character of the samples, BET analysis revealed that the pellet 

samples have a somewhat higher surface area. The pore volume distribution (Figure 

4b) is also quite similar for both forms of sorbent material, where the total pore volume 

of the pellets is somewhat higher in comparison to the powder. These results could 

explain the slightly higher cyclic working capacity of the pellets, as the available surface 

area is higher for the pellets than for the powder. 

 

Figure 4 a) N2 Isotherms and corresponding BET surface area for both KMG30 powder and pellets 

b) Pore size distribution and corresponding total pore volume for both KMG30 powder and pellets 

using B.J.H. method 
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TGA-DSC for CO2 adsorption on KGM30 

 

Figure 5 a) measured weight change during TGA-DSC measurement and reactor temperature b) 

DSC-Signal and with integrated areas (grey) which were used to determine the enthalpy of 

adsorption and desorption  

The amount of CO2 adsorbed within one adsorption step was determined based on the 

weight change (Figure 5a), where the amount of CO2 adsorbed during the adsorption 

step was assumed to be the weight at the end of the adsorption cycle minus the weight 

at the start of the adsorption cycle. The desorbed amount of CO2 was determined in an 

analogous manner. Note, that Figure 5a shows the weight change of the sample 

corrected with the blank measurement. The amount of heat released or consumed 

during adsorption and desorption was done by integrating the corrected DSC signal 

(also corrected with a blank measurement). The DCS data and the integrated areas to 

determine the heat is plotted in Figure 5a. To determine the enthalpy of adsorption and 

desorption, the total amount of heat released during one step (kJ) was divided by the 

total amount of CO2 adsorbed (mol) or released during one step. In this way the 

enthalpy was determined for different experiments and is shown in Table 1. The 

determined chemisorption enthalpy is between 60 and 170 kJ/mol, where it seems that 

the enthalpy is higher at higher temperatures. This can be explained with CO2 reacting 

with different adsorption sites (with a higher activation energy) being chemisorbed at 

higher temperatures. At 300 °C it the adsorption enthalpy increases significantly with 

each cycle. This can be explained with CO2 desorbing from weaker basic sites, where 

stronger basic sites are covered within the next cycles resulting in an increase in 

measured adsorption enthalpy.  Interestingly, for desorption this trend was not found. 

The average desorption enthalpy is relatively constant compared to adsorption 

enthalpy.   
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Table 1 Enthalpy for adsorption and desorption determined with TGA-DSC 

 TGA-DSC KMG30 
T cycle ∆H (kJ/mol) ADS ∆H (kJ/mol) DES 

300 

1 -60.42 143.27 
2 -87.49 127.86 
3 -125.65 161.57 

AV -91.19 144.24 

400 

1 -135.99 146.59 
2 -104.52 160.58 
3 -118.37 131.67 

AV -119.63 146.28 

500 

1 -181.27 127.68 
2 -173.08 132.86 
3 -170.98 155.93 

AV -175.11 138.82 
 

Experimental data and modeling results at different partial pressure for CO2 and H2O 

 

In Figure 6 we show results of TGA experiments carried out at different sorbate partial 

pressures. It can be concluded from these figures, that at lower partial pressure for both 

CO2 and H2O the kinetic model can describe the experiments very well. Note that the 

maximum capacity of adsorption site C is different for each experiment, indicating that 

the maximum capacity of the exchange site also depends on the partial pressure of 

sorbate species H2O and CO2.  
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Figure 6 Weight change obtained with TGA by sequence of different feeds according to legend 

indication compared to predicted weight change by the kinetic model at different sorbate partial 

pressures as indicated in legends above the graphs. All experiments were conducted at 400 °C and a 

total pressure of 1 bar 
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Experimental data and modeling at 300 and 500 °C for single sorbate species CO2 and 

H2O 

In Figure 7, we show the weight changes obtained by TGA experiments for CO2 and H2O 

at 300 and 500 °C. In Figure 7d we have plotted the weight change determined 

experimentally and a corrected weight change. Since H2O adsorption at high 

temperature induces decomposition of carbonates, the weight was assumed to be 

constant after reaching the maximum weight for each adsorption cycle. The weight 

change during desorption was not corrected, since the desorption profiles were quite 

constant. After correction, only a small decrease in weight was observed between the 

different cycles. In this way we can estimate the H2O adsorption capacity at 500 °C. Note 

we can calculate the adsorption capacity of H2O more accurately in the future by 

measuring the released CO2 during adsorption of H2O (e.g. with a mass spectrometer in 

the outlet stream of the TGA) to quantify the weight loss due to CO2 desorption. 

 

 

Figure 7a) weight change for H2O adsorption at 300 °C (EXP, MOD) and site capacities b) weight 

change for H2O adsorption at 300 °C (EXP and MOD) and site capacities c) weight change for H2O 

adsorption at 500 °C (EXP, corrected weight EXP, MOD) and site capacities d) 
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Arrhenius Plots for various kinetic constants 

 

Figure 8a) Arrhenius plots for adsorption kinetic constant and desorption kinetic constant for 

adsorption site B (CO2) b) Arrhenius plots for adsorption kinetic constant and desorption kinetic 

constant for adsorption site A (H2O) 
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Table 1 Model deviation of proposed weight changes to experimental results 

PH2S=0.02 bar PH2O=0.1 bar  Model Deviation (STD)  
No Experimental cycle description H2S H2S/H2O N2 N2/H2O N2 Total STDV 
1 H2O/N2N2    0.00 0.34 0.17 
2 H2SN2 0.08  0.25   0.17 
3 H2SN2N2/H2O N2 0.04  0.09 0.00 0.18 0.08 
4 H2S/H2OH2SN2N2/H2ON2 0.43 0.19 0.02 0.00 0.00 0.13 
5 H2S H2S/H2ON2N2/H2ON2 0.03 0.47 0.51 0.13 0.01 0.23 
6 H2S/H2ON2N2/H2ON2   0.08 0.03 0.00 0.16 0.07 
7 H2S/H2ON2/H2O   0.12  0.00  0.06 
8 H2S/H2ON2/H2ON2  0.10  0.03 0.06 0.06                

 
PH2S=0.02 bar  PH2O=0.2 bar  Model Deviation (STD)  

No Experimental cycle description H2S H2S/H2O N2 N2/H2O N2 Total STDV 
1 H2O/N2N2    0.04 0.03 0.03 
2 H2SN2 0.04  0.28   0.16 
3 H2SN2N2/H2O N2 0.01  0.05 0.10 0.32 0.12 
4 H2S/H2OH2SN2N2/H2ON2 0.08 0.02 0.11 0.63 0.11 0.19 
5 H2S H2S/H2ON2N2/H2ON2 0.07 0.51 0.15 0.06 0.13 0.18 
6 H2S/H2ON2N2/H2ON2   0.30 0.04 0.08 0.00 0.10 
7 H2S/H2ON2/H2O   0.05  0.14  0.10 
8 H2S/H2ON2/H2ON2  0.06  0.19 0.22 0.16         

 
PH2S=0.02 bar  PH2O=0.34 bar  Model Deviation (STD)  

No Experimental cycle description H2S H2S/H2O N2 N2/H2O N2 Total STDV 
1 H2O/N2N2    0.00 0.16 0.08 
2 H2SN2 0.07  0.26   0.17 
3 H2SN2N2/H2O N2 0.08  0.06 0.59 0.35 0.27 
4 H2S/H2OH2SN2N2/H2ON2 0.04 0.31 0.14 0.25 0.18 0.18 
5 H2S H2S/H2ON2N2/H2ON2 0.01 0.46 0.08 0.18 0.00 0.15 
6 H2S/H2ON2N2/H2ON2   0.02 0.16 0.13 0.15 0.12 
7 H2S/H2ON2/H2O   0.20  0.34  0.27 
8 H2S/H2ON2/H2ON2  0.02  0.17 0.00 0.06         

 
PH2S=0.03 bar  PH2O=0.34 bar  Model Deviation (STD)  

No Experimental cycle description H2S H2S/H2O N2 N2/H2O N2 Total STDV 
1 H2O/N2N2    0.02 0.13 0.07 
2 H2SN2 0.00  0.36   0.18 
3 H2SN2N2/H2O N2 0.11  0.02 0.00 0.33 0.11 
4 H2S/H2OH2SN2N2/H2ON2 0.08 0.50 0.36 0.42 0.07 0.29 
5 H2S H2S/H2ON2N2/H2ON2 0.51 0.44 0.10 0.00 0.22 0.26 
6 H2S/H2ON2N2/H2ON2   0.80 0.75 1.02 0.11 0.67 
7 H2S/H2ON2/H2O   0.18  0.13  0.16 
8 H2S/H2ON2/H2ON2   0.00   0.15 0.21 0.12 
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Figure 1 Picture of sorbent after 10 cycles in TGA at 400 °C with 0.05 bar of H2S (0.95 bar N2) 

during adsorption and 1 bar of N2 during desorption 

 

 

Figure 2 TGA experiment 4 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 0.05 bar and PH2S = 

0.03 bar 
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Figure 3 Figure 0.1 a) TGA experiment 4 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 0.05 

bar and PH2S = 0.03 bar b) TGA experiment 5 of CO2 and H2S on KGM30 at 400 °C with PCO2 = 

0.05 bar and PH2S = 0.03 bar  
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Nomenclature 
 

List of Abbreviations 

BET Brunauer -Emmett-Teller 

CHT Calcined Hydrotalcite 

CV Check Valve 

CWC Cyclic working capacity 

EDX Energy-Dispersive X-Ray spectrography 

FC Mass Flow Controller 

FH Needle valve with Indicator 

FTIR Fourier Transform Infrared Spectrometer 

HPTGA High Pressure Thermogravimetric Analyzer 

HTC Hydrotalcite 

IGCC Integrated Gasification Combined Cycle 

KCHT potassium promoted calcined hydrotalcite 

KMG30 Potassium promoted Hydrotalcite with MgO (30% wt.)/Al2O3  

KMG70 Potassium promoted Hydrotalcite with MgO (70% wt.)/Al2O3  

KSORB Potassium promoted Al2O3 

LPTGA Low Pressure Thermogravimetric Analyzer 

n.c. normally closed 

n.o. normally open 

PBR Packed Bed Reactor 

PC Back Pressure Regulator 

PFD Process Flow Diagram 

PI Pressure Indicator 

QA Gas detection system 

SAT Saturator 

SEM Scanning Electron Microscope 

SEWGS sorption-enhanced water-gas shift reaction 

SMR steam methane reforming reaction 

SV Automated Valve 

TC Temperature Controller 

TGA Thermogravimetric Analysis 

TI Temperature Indicator 

TPD Temperature Programmed desorption 

WGS water-gas shift reaction 
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WT Weight Transmitter (balance) 

XRD Single Crystal X-Ray Diffraction 
 

List of Symbols 

Ea activation energy J mol-1 

k1
A,des desorption rate constant on site A (H2O) s-1 

k1
B,des desorption rate constant on site B (CO2) s-1 

kA Freundlich constant for site A mol kg-1 

kA,ads adsorption rate constant on site A (H2O) s-1 

kB Freundlich constant for site B mol kg-1 

kB,ads adsorption rate constant on site B (CO2) s-1 

kB,Bulk,ads reaction rate constant for formation of bulk carbonates s-0.5 

KB,Bulk,dis distribution coefficient for formation of bulk carbonates mol bar-1 kg-1 

kC,ads adsorption rate constant on site C bar-1s-1 

kC,desCO2 desorption rate constant on site C (CO2) s-1 

kC,desH2O desorption rate constant on site C (H2O) s-1 

kC,rep1 replacement rate constant (H2O replacing CO2 on site C) bar-1s-1 

kC,rep2 replacement rate constant (CO2 replacing H2O on site C) bar-1s-1 

nA adsorption intensity for site A (Freundlich equation) - 

nB adsorption intensity for site B (Freundlich equation) - 

nB,Bulk 
pressure dependency parameter for bulk carbonate 
formation 

- 

PCO2 partial pressure of CO2 bar 

PH2O partial pressure of H2O bar 

qA site loading in site A mol kg-1 

qA,max maximum adsorption capacity of site A (20 bar) mol kg-1 

qA
e adsorption capacity of site A at equilibrium mol kg-1 

qB site loading in site B mol kg-1 

qB,max maximum adsorption capacity of site B (20 bar) mol kg-1 

qB
e adsorption capacity of site B at equilibrium mol kg-1 

qC,CO2 site loading of CO2 on site C mol kg-1 

qC,H2O site loading of H2O on site C mol kg-1 

qC,max1 maximum sorption capacity of site C (dry CO2 feed) mol kg-1 

qC,max2 maximum sorption capacity of site C (wet CO2 feed) mol kg-1 

qt sorbent loading mol kg-1 

R ideal gas constant J kg-1 K-1 
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t time s 

T temperature K 

βA 
change in activation energy from fully covered surface to 
empty surface for site A (H2O) 

J mol-1 

βB 
change in activation energy from fully covered surface to 
empty surface for site B (CO2) 

J mol-1 

βCdes,CO2 
change in activation energy from fully covered surface to 
empty surface for site C (CO2) 

J mol-1 

βCdes,H2O 
change in activation energy from fully covered surface to 
empty surface for site C (H2O) 

J mol-1 

m pressure dependency parameter for replacement on site C - 

 

List of Greek Letters 
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