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Abstract 

Dry sorbent high temperature CO2 capture process is a promising technology to remove CO2 

efficiently from flue gas. Here we report the performance of fly ash derived potassium-

aluminium silicates sorbents (K-FAs) for high-temperature CO2 capture at different scale 

setups, from milligrams to hundred kilograms. Li2CO3 and Na2CO3 were evaluated as 

promoters by their incorporation at 10 – 20 wt% on the sorbents for pure (100 vol%) or diluted 

(14 vol%) CO2 capture. The properties of the K-FAs sorbents were characterised by a number 

of techniques and linked to their performance and cyclability. The maximum CO2 uptake of 

2.82 mmol CO2/gsorbent was achieved with K-FAs_20%Li with pure CO2 using a 

thermogravimetric set-up, while K-FAs_20%Na exhibited the faster CO2 adsorption and no 

CO2 capture decay in 10 consecutive cycles when tested in a fixed bed reactor, which was 

linked to enhanced diffusion of CO2 and Na due to the smaller crystals (33 nm), smaller 

particles (56.3 µm) and larger pores (16.9 nm) compared to the Li and Li-Na doped K-FAs 

sorbents. SEM-EXD analyses indicate formation of K/Na eutectic melt on surface, which also 
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facilitates CO2 and K diffusion and protect from strong sintering.  The capability of deploying 

the K-FAs_20%Na sorbent at 100 kg scale was also demonstrated with the separation of 6 kg 

CO2/h (from a 50 kg/h biomass pyrolysis unit) at 700ºC in 30 min cycles. The gas recovered 

in the desorption stage had a purity of 55 mol% in wet basis and 80 mol% in dry basis, 

suggesting improvements are required to achieve ≥ 90% efficiency.  Detailed kinetics analysis 

concluded that the adsorption of CO2 on K-FAs sorbents could be described by double 

exponential kinetics and the diffusion was found to be governed by a mixture of different 

mechanisms with intramolecular particle being the prominent. The accessibility and cost-

effectiveness of K-FAs_20%Na and its performances render it as interesting candidate sorbents 

for high temperature CO2 capture only at small scale. 

Keywords: high-temperature CO2 capture; fly ash; potassium silicates; lithium; sodium, scale-

up 

1. Introduction 

The Earth's global warming is arguably one of the most pressing issues humankind is currently 

facing and although without full consensus, there is large evidence that anthropogenic 

greenhouse gases emissions, especially CO2, are the main contributors [1]. In the carbon 

management scenarios, carbon capture utilisation and storage (CCUS) possesses a vital role to 

play in the global transition to a sustainable low-carbon economy, in particular in those 

countries where fossil fuels will remain an important source of energy in the coming years [2]. 

Therefore, for researchers, a fundamental motivation to participate in CCUS research work is 

to seek or create new materials with outstanding performance for CO2 capture, which should 

include high CO2 uptake capacity, fast adsorption/desorption rates and stability among others.  
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Several materials have been proposed for the CO2 capture at various temperatures, with 

alkaline ceramics showing promising capabilities in particular at high temperature, which is 

required for processes of growing interests such as sorption enhanced hydrogen production and 

sorption enhanced steam reforming [3–13]. Among alkaline ceramics, lithium silicate 

(Li4SiO4) and aluminate (Li5AlO4) and sodium/lithium zirconate have shown the largest CO2 

sorption capacity and the fastest CO2 sorption rate over a wide range of temperatures, CO2 

concentrations and synthesis methods [10,14].  

Li4SiO4-based microsphere showed great capacity of 18.4 wt% within only 5 minutes sorption 

under 15% CO2 at 600ºC [15]. Li4SiO4, coated with Li2ZrO3 resulted in a CO2 uptake of 14 

wt% at 700ºC, decreasing up to 13 wt% after 20 isothermal cycles; while pure Li4SiO4 lost 

50% of its capacity over the 20 cycles (from 16 to 6 wt%) [16]. The Li2ZrO3 coated sorbent’s 

superior performance was linked to core-shell structure saturated with Li, allowing for easy 

restructuring during carbonation and fast regeneration upon decarbonation [16]. Alternative Li 

based sorbents are also being investigated. For example, lithium zinc oxide (Li6ZnO4) has 

achieved very large CO2 uptake capacity (76 wt% gain, 100% efficiency) at 700ºC under 20 

vol% CO2, but the efficiency dropped to56% after 10 cycles due to lithium sublimation at high 

temperature, so that song cyclability has to be proved [17].   

Nevertheless, lithium is poisonous and considered a rare element in comparison to sodium and 

potassium, and its demand and price is growing at a fast rate, mostly driven by the lithium 

battery market, so that lithium silicates and oxides on their own are becoming less attractive as 

CO2 sorbents and alternative materials are being developed [18]. Presence of aluminates has 

shown to enhance the stability of high temperature sorbents [19,20]. For example, Ca12Al14O33 

derived from carbide slag can effectively retard both agglomeration and sintering, with its CO2 

capture capacity under mild and severe calcination conditions retained a capacity of 37 wt% 
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and 29 wt%, respectively, after 20 cycles under 15% CO2 at 700ºC, which were 57% and 99% 

higher than those of carbide slag alone [19]. 

An effective way to improve the CO2 uptake of high temperature solid sorbents is the addition 

of alkali metal carbonates, which shift into a molten state at the temperatures that CO2 capture 

occurs, enhance the dissolution and easier interaction of the metals with CO2 [21]. So far, 

potassium has been considered as a promoter associated to other ceramics such as Li- or Na- 

based sorbents, zeolites and alumina-based CO2 sorbents and potassium aluminates have 

received less attention [7,10,22–24]. For example, the addition of K (and Na) to Li4SiO4 

resulted in stable CO2 capture capacity (0.22 gCO2/gsorbent) after 10 initial cycles [7]. 

Despite the fact that potassium carbonate has been widely tested as promoter in CO2 capture 

and for low temperature applications [10,14,25-28], there is barely a work on the utilization of 

potassium aluminium silicates fly-ash derived sorbents for the high temperature CO2 capture, 

which has encouraged our latest investigations. Thus, in a recent work we demonstrated that 

potassium-fly ash (K-FAs) rich in alkali aluminium silicates can be used for high temperature 

CO2 sorption [24]. The developed material (K-FAs 1:1) resulted in a CO2 uptake of 1.45 

mmolCO2/g at 700ºC [24]. Although the CO2 capacity uptake of K-FAs sorbent is inferior 

compared to other above-mentioned materials, its materials accessibility, low-cost and easiness 

in synthetize it, makes it a good candidate for high temperature post-combustion CO2 removal.  

Moreover, the majority of the studies regarding alkali silicates consisted in thermogravimetric 

analyses, where milligrams of sorbent are used [26–28]. It is well known that the behaviour of 

the sorbents can be largely different when set-up and conditions more similar to those used in 

industrial applications are employed, so that scaling-up studies are required to confirm the 

efficacy of the sorbents at larger scale. 

There have only been a few reported studies applying solid sorbents in continuous operation in 

systems similar to the actual process. Potassium carbonate-based sorbents have been tested in 
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continuous operations at bench-scale (30 hrs with 200 kg sorbent, 12/20 vol% CO2/H2O in wet 

basis) achieving 85% CO2 removal with optimal adsorption/desorption temperatures of 

70/220ºC [29], and then tested at 0.5 MWe and 10 MWe pilot-scale with the sorbent containing 

35 wt.% of active CO2 sorption component [30]. Silica-PEI adsorbent has also been evaluated 

on a 100 kg scale in 150 h continuous fluidised bed test obtaining 90% CO2 removal efficiency 

with ≥7.5% dynamic sorption capacity at 50-70ºC [31]. However, the available literature 

indicates a lack of scale up studies using high temperature dry sorbents.  

Therefore, the novelties and main aims of the present study were (i) the further investigation 

of potassium aluminium rich silicates by varying the addition of promoters (Li and Na 

carbonates), towards the enhancement of their capture performance, (ii) the evaluation of these 

materials performance when the high-temperature capture process is scaled-up from TGA to a 

fixed-bed reactor configuration, in which the amount of sample tested was 250 times larger; 

(iii) to elucidate on the CO2 adsorption mechanism using the K-FAs sorbents and finally  (iv) 

to study the conceptual process at larger scale (90 kg sorbent) in presence of real flue gas from 

pine woodchips combustion/pyrolysis process. 

2. Materials and methods 

2.1. Materials 

Fly ashes (FAs) supplied by LAFARGE CEMENT have been used as SiO2 source. K2CO3 

(99+%) supplied by Mistral Industrial Chemicals was used as potassium source for the 

synthesis of the CO2 acceptor; whilst Li2CO3 (99%, pure) and Na2CO3 (99.6%, ACS reagent, 

anhydrous) were used as promoters, which were purchased by Across Organics. FAs were 

characterised by particle size determination, loss of ignition (LOI) and chemical composition, 

whose results are summarised in Table 1. This FAs sample contains principally silica and 

alumina, with contents of 50.07 and 22.79 wt%, respectively. The potassium-fly ash (K-FAs) 
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sorbent precursors used herein were synthesized following the optimized molar ratio reported 

in a previous work [24]; according to which, FAs were mixed with K2CO3 at a 1:1 molar ratio 

K2CO3/SiO2 (from FAs) by using an agate mortar and pestle. The mixed powders were calcined 

in a muffle furnace with a heating rate of 25ºC/min up to 830ºC and held for 8 h. The synthesis 

of the CO2 acceptor is generalised by the following equation (Eq. 1): 

K2CO3 + SiO2 (from FAs) → K2SiO3 + CO2    (Eq. 1) 

A Mortar Grinder (Pulverisette 2, Fritsch) was employed for 5 min after calcination to 

homogenize the materials and to eliminate any potential agglomeration.  

Table 1. Loss on ignition (LOI) and chemical composition of raw fly ash (FAs) 

Test Average value 

LOI (%) 4.0 

Average particle size (nm) 24.4 

Particle density (kg/m3) 2323 

Chloride (wt%) 0.01 

Sulfuric Anhydride (wt%) 0.44 

CaO (wt%) 2.83 

SiO2 (wt%) 50.07 

Al2O3 (wt%) 22.79 

Fe2O3 (wt%) 8.34 

Alkalis (wt% Na2Oeq) 3.29 

MgO (wt%) 1.80 

Phosphate (wt%) 0.27 

Afterwards, Li2CO3 and Na2CO3, used as promoters, were incorporated at different percentage 

(10 – 20 wt%) after the calcination step, and mixed and homogenized with the Mortar Grinder. 

The active components of the sorbents were K2O, Na2O and Ca2O.  The carbonates added after 

the synthesis cannot be considered active since their decomposition temperature is typically 

>800ºC and are stable as eutectic melts (e.g. K/Na/Li K/Na and Na/Li carbonates) at the 
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temperature used for the CO2 capture stage (up to 700ºC) in presence of CO2 [32–34]. The 

active fraction of the sorbents was calculated in 29.7 wt%, of which 28.4 wt% being K2O and 

0.6 and 0.7 wt% being CaO and Na2O, respectively, from the starting fly ash.   

The sorbent required for the pilot-scale tests was synthetized using a customised furnace at 

Pyro Yield Ltd. premises following the same method used for the sample prepared in the 

laboratory. The nomenclature of the resulting sorbents was determined by the promoter used 

and its percentage in the mixture as: K-FAs_20%Li, K-FAs_20%Na and K-FAs_10%Li-

10%Na for sorbents containing 20 wt% Li2CO3, 20 wt% Na2CO3 or 10 wt% Li2CO3 and 

Na2CO3, respectively. These samples were characterized by several techniques: powder X-Ray 

Diffraction (XRD), Fourier Transformed Infrared spectroscopy (FTIR), Field Emission 

Scanning Emission Microscopy – Energy Dispersive X-ray spectroscopy (FE-SEM-EDX), N2 

adsorption-desorption isotherms, and thermogravimetric analysis (TGA). 

A Bruker Nonius X8-Apex2 CCD diffractometer equipped with an Oxford Cryosystems 

Cryostream, typically operating at 100 K, was used for the XRD analysis. A Perkin Elmer 

Frontier infrared spectrometer was used to gain additional information on the crystal structure 

of the synthesized sorbents before and after the CO2 adsorption experiments. The mean 

crystallites diameter size (nm) of the K-FAs sorbents was calculated using Scherrer’s formula 

(D = κλ/βCOSθ), where the Scherrer constant (k) for spherical crystallites with cubic symmetry 

is equal to 0.9, λ is wavelength (Cu = 1.5406 Å), β is the full width in radian at half maximum 

(FWHM) of the peaks, and θ is Bragg’s angle of the XRD peak. The instrumental line 

broadening (subtracted from the FWHM) of 0.03 was considered [35]. The morphology of the 

zeolite particles was investigated by means of a Field Emission Scanning Electron Microscopy 

(FE-SEM) model JEOL JSM-7900F (1.0-2.0Kv; detectors: Lower Electron Detector (LED) 

and Upper Electron Detector (UED)). An Energy Dispersive X-Ray Analyser (EDX) is also 

used to provide information on the elemental identification. The textural properties of the 
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investigated materials were determined by nitrogen physisorption at 77 K using an TRISTAR 

II instrument from Micromeritics, Before the analysis, each sample was degassed at 350 ºC 

under vacuum for 6 h. The specific surface area was estimated by applying the Brunauer, 

Emmett and Teller (BET) equation [36]. The mesopore size distribution was determined by 

applying the Barrett–Joyner–Halenda (BJH) model. Particles size distribution was obtained 

using a Mastersizer 3000 system, analysing 0.03 g sample in duplicates in water phase.  

2.2. CO2 capture tests 

The CO2 capture capacity of the prepared samples was measured by using three different scale 

reaction set-ups: i) Thermogravimetric Analyser (TA Q500) equipped with an auto sampler; ii) 

an on-site fixed-bed reactor, which was able to test around 250 larger amount of sample than 

in the TGA; and finally, iii) a mobile twin-bed pilot-plant able to hold a total of 90 kg sorbent. 

2.2.1. Thermogravimetric analyser (TGA) 

For the TGA experiments, approximately 25 mg of sample was loaded in a Pt crucible for each 

test. Firstly, the sample was heated at 25ºC/min up to 105ºC and hold at this temperature for 

15 min, then the temperature was increased to 800ºC at the same heating rate and held at 800ºC 

for 50 min in a 95 ml/min N2 flow, to ensure a fully desorption of previously adsorbed gases. 

After that, a cooling rate of 25ºC/min was used to reach 700ºC, which was selected as 

adsorption temperature. Then, the gas was switched to CO2 (100 vol%) at a rate of 95 ml/min 

for 30 min of adsorption stage. For the subsequent desorption step, the gas was switched back 

to 95 ml/min N2 and heated at 25ºC/min up to 800ºC for 30 min to complete an 

adsorption/desorption cycle, operation which was repeated three consecutive times. The 

sample weight increase (mmol CO2/gsorbent) was measured versus time under constant 

temperature and atmospheric pressure. CO2 uptake was calculated based on dry sorbent weight 

(after drying/desorption step). Triplicate measurements were conducted to estimate the % error 

in the experimental work. The assessed error (calculated as the standard deviation of triplicates) 
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resulted in lower than 5%. The same samples were also tested in CO2 diluted atmosphere, 

containing 14 vol% CO2 (balance with N2) at the flowrate mentioned above. 

In order to investigate the CO2 sorption kinetics, mechanism of adsorption and predicting the 

rate-controlling steps, the TGA sorption data were analysed using several kinetic models 

including the Pseudo second order, Elovich, Avrami, Avrami Erofeev and Double Exponential 

models. The linear equations of the models available in literature were used to obtain the kinetic 

parameters [37]. The pseudo second order constant is obtained by plotting (t/qt) vs t. In the 

Elovich model, a graph of (qt) vs (ln(t)) produces a linear plot where the slope and the intercept 

are ((1/β) and (1/β)ln(αβ)), respectively. In the Avrami’s kinetic model of particle nucleation 

(dqt/dt=Kanatna−1(qe−qt)), Ka is the Avrami kinetic constant and na is the Avrami exponent 

reflecting mechanism changes that may take place during the adsorption process.  

The Avrami-Erofeyev (AE) kinetic model is obtained plotting ln(-ln(1- α)) versus ln(t), where 

if the curve slope (n) is higher than 1, the adsorption reaction is controlled by the formation 

and growth of product crystals, while a value close to 0.5 indicate that the adsorption reaction 

is controlled by the diffusion of ions.  Finally, a double exponential (DE) model: y =A exp -k1x 

+ B exp -k2x +C where y refers to the sorption capacity of the sorbent (1-qt), x is the time, k1 

and k2 are the exponential constants, and A, B, and C are the pre-exponential factors, was 

studied. A and B indicate the intervals over which each process controls the whole CO2 capture 

process. 

To give insight on the rate controlling steps associated with the CO2 adsorption kinetics, the 

intra-particle diffusion kinetic model was used [37]. The intraparticle diffusion model describes 

adsorption mechanism controlled by film diffusion, external diffusion, surface diffusion or a 

combination of these steps, where the diffusion rate constant is obtained plotting (qt) vs (t^0.5), 

which yields a linear function, in which (k) and (C) are the slope and intercept, respectively.  

2.2.2. Fixed-bed reactor 
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The lab-scale reactor (Figure 1) consisted of a downdraft stainless steel fixed-bed reactor (i.d 

16 mm and 240 mm length). The experimental procedure was slightly different from that used 

for the TGA, since there was not a sample weight change recorded during the 

adsorption/desorption stages. Instead, the gas composition of the exhaust gas was continuously 

monitored by a mass spectrometer, MS (MKS Cirrus II). So, for the adsorption tests, 6.25 g of 

sorbent were placed in the fixed-bed reactor and tested passing through downdraft a gas stream 

containing 14 vol% CO2 (in N2 balance) at a total flow rate of 115 ml/min. Before the 

adsorption stage, the reactor was purged with a flow rate of 200 ml/min He during the heating 

up period until the CO2 signal from the MS was almost negligible. The adsorption stage was 

carried out at 700ºC as in the TGA, while the desorption steps were performed at 750ºC in 200 

ml/min He. Then, the CO2 uptake was calculated based on the difference between the CO2 

breakthrough curve area during the adsorption stage and that obtained for a blank test 

performed without any sample in the reactor. Pressure drop was calculated using the Ergun 

equation, which remains the most popular and the most widely-quoted pressure drop flow rate 

relation for fluid flow through fixed beds and it is only applicable for relatively low Reynolds 

(Re) number (Re < 1000). Ergun suggested relationship is in form of: 

Δ𝑃

L
𝑔0 = 150

(1−𝜀)2

𝜀3

µ𝑈𝑚

𝐷𝑝
2 + 1.75

1−𝜀

𝜀3

𝐺𝑈𝑚

𝐷𝑝
    (Eq.2) 

in which ε is the fractional void volume, g0 the gravitational constant, Dp the diameter of the 

solid particles, Um superficial fluid velocity measured at average pressure, µ absolute viscosity 

of fluid, and G mass flow rate of fluid (G = rU) [38]. 

To define if the Ergun equation (Figure S1) could be used, for fluid flow through a bed, of 

approximately spherical particles of diameter Dp in contact, if the voidage is ε and the 

superficial velocity is vs, the Reynolds number can be defined as: 

𝑅𝑒 =
𝜌𝑣𝑠𝐷𝑝

𝜇(1−𝜀)
        (Eq. 3)  

https://en.wikipedia.org/wiki/Porosity
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Since the fixed-bed experiments were carried out using sorbents in powder form, the pressure 

drop was evaluated using the Ergun equation based on the Re number of 28. For an average 

particles size of 150 µm and a velocity of 0.004 m/s, a pressure drop of 0.09 bar/m was found. 

 

 

Figure 1. Schematic diagram of the fixed-bed experimental setup. 

2.2.3 Pilot-scale CO2 capture reactor 

The CO2 capture pilot-scale unit was designed and constructed by Pyro Yield Ltd. in 

collaboration with Heriot-Watt University. The design for the CO2 capture pilot plant unit 

consisted to a dual SS316 moving-bed reactor able to work on a continuous way at ambient 

pressure and vacuum. The pilot plant was designed and constructed to allow the heat integration 

with a Pyro Yield pyrolysis/combustion reactor dedicated to the production of activated 

biochar. The gases obtained in the pyrolyser were partially combusted to produce the required 

heat to maintain the high pyrolysis temperature (800-900ºC) and self-sustain the CO2 

separation process during the primary biochar production. Figure 2 shows a schematic diagram 

for the CO2 capture unit with heat integration from the pyrolysis/combustion plant by means 
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of a heat exchanger system (red area in Figure 2) integrated in a thermally isolated hot box, 

where the gas from the pyrolyser passes prior to, alternatively be directed to one of the two 

reactors. So, this gas flows through the sorbent material of one of the reactors, which captures 

the CO2 from the flowing gas by means of carbonation of the fly ash derived sorbent, and then 

the exhaust gas is directed to a ventilation system. At the same time, the other reactor operates 

on the desorption mode, which means that CO2 is desorbed from the saturated sorbent by 

vacuum at high temperature.  With this configuration, both reactors of the pilot-plant unit can 

be operated at the same reaction temperature (650-750ºC) for the adsorption and desorption of 

CO2 by just switching valves that allow them working with positive pressure from the gases 

coming from the pyrolysis/combustion plant (for CO2 sorption) or negative pressure by 

operating the vacuum pump (for CO2 desorption). 

 

Figure 2. Schematic diagram of the CO2 capture pilot-plant unit integrated to the biomass 

pyrolysis/combustion unit. 
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The sizing of the pilot plant was based on the data obtained in the TGA and lab-scale 

experiments and sized to fit the combustor/pyrolyser upstream. Therefore, a biomass flow rate 

of 50 kg/h woodchips (10 wt% moisture) fed as raw biomass to the thermo-chemical system 

(with 47 and 6 wt% of C and H, respectively) was considered. The biochar yield was ≈ 20 wt% 

(80 wt% C). Then, the air flow rate was considered with a ≈ 20% of excess with respect to the 

stoichiometry of the combustion reactions for all the C and H that are not transformed into 

biochar. Then, taking into account the reactor size and the selected sorbent (K-FAs_20%Na) 

bulk density (1200 kg/m3), the amount of sorbent per absorber was calculated to be ≈ 45 kg, 

which is about 4 order of magnitude higher than the tests carried out using the fixed-bed. 

The material was synthesised following the method reported in Section 2.1 using a high 

temperature furnace at the Pyro Yield Ltd. premises.  

According to the above information, together with data acquired with the CO2 sorbent in the 

small-scale fixed-bed experiments, the CO2 concentration would be slightly lower than 9 vol%. 

On the other hand, Figure S2 displays how the production of CO2 (kg/h) and the time required 

for one adsorption cycle (h) would change as a function of the % of the flue gas that is directed 

to the CO2 capture unit. Therefore, if we consider that about 20% of the flue gas is directed to 

the CO2 capture unit, the estimated CO2 flow rate and the time for any adsorption cycle would 

be ≈ 9.6 kg/h and ≈ 20 min, respectively, considering that each adsorber reactor contains 45 kg 

of adsorbent (K-FAs_20%Na) with an adsorption capacity of ~7 wt% (from lab scale fixed-

bed analysis). A preliminary energy balance has been carried out in accordance with the 

materials specifications and reactors design parameters. The reactor consisted of two stainless 

steel columns of 1.5 m length x 0.2 m diameter; with a Specific Heat Capacity (Cpreactor = 500 

J/kg·K) and total weight of 22 kg per column. The CO2 sorbent consisted of 45 kg of K-

FAs_20%Na in each reactor, with a Specific Heat Capacity (CpCO2 sorbent = 740 J/kg·K). Both, 



15 

 

the reactor and CO2 sorbent must be heated up from room temperature (293 K) to the reaction 

temperature (973 K), which gives a ΔT of 680 K. 

Gas: FFlue gas = 0.4 m3/min of flue gas at 700ºC with a Specific Heat Capacity (CpFlue gas) of 

1.340 kJ/kg·K and a density (ρFlue gas) of 0.3708 kg/m3. So, taking into account all of these 

parameters and considerations, the energy balance would be: 

𝑄𝑖 = 𝑚𝑖 · 𝐶𝑝𝑖
· 𝛥𝑇               (Eq. 4) 

 being i: reactor (adsorber) and CO2 sorbent. 

𝑄𝑇𝑜𝑡𝑎𝑙 = 𝑄𝑅𝑒𝑎𝑐𝑡𝑜𝑟 + 𝑄𝐶𝑂2 𝑠𝑜𝑟𝑏𝑒𝑛𝑡 = 14960 + 45288 = 60248 𝑘𝐽       (Eq. 5) 

This means that approximately 75% of the heat requirements are to pre-heat the CO2 sorbent 

(only one reactor filled of material) up to the reaction temperature. While the heat transfer from 

the flue gas to the reaction system would be calculated as follows:  

𝑄𝐺𝑎𝑠 = 𝐹𝐺𝑎𝑠 · 𝜌𝐺𝑎𝑠 · 𝐶𝑝𝐺𝑎𝑠
· 𝛥𝑇 = 188.26 𝑘𝐽/𝑚𝑖𝑛            (Eq. 6) 

This means that the heat provided by the flue gas composed by the combustion gases of the 

pyrolysis vapours would be 188.26 kJ/min. Then, the CO2 capture pilot unit would need 

approximately 5.3 h of heating to reach the working temperature in both reaction columns to 

properly start performing the CO2 capture operation. 

The pressure drop was evaluated using the Ergun equation based on the Re number of 37.5. 

For an average particles size of 200 µm and a velocity of 0.21 m/s, a pressure drop of 2.7 bar/m 

was found. 

The evaluation of the system was done by direct analysis of the gases at the inlet and at the 

outlet of the CO2 capture unit, after the carbonation and decarbonation stages, and by indirect 

measurements on the sorbent before and after the carbonation reaction. A total of two 

experiments were performed using the integrated pilot-plant. Experiment 1 was run to establish 

if the reactor was able to operate under the desired conditions and to investigate the design 

concept functionalities in terms of heat integration. Experiment 2 was instead run to check both 
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the effectiveness of the carbonation and decarbonation reactions. Those experiments consisted 

in pre-heating the pyrolyser with butane for about 20 minutes, to allow the woodchips to reach 

the desired temperature of ≈ 700ºC. Then, the gas burner was switched off and the reactor heat 

was produced only by the partial combustion of the woodchips. The reactor required a 

continuous feeding of woodchips (50 kg/h) for about ≈ 6 hours before achieving the required 

heat to rise the temperature of the CO2 capture unit (1 column) to ≈ 700ºC, with a temperature 

of 890ºC obtained at the exit o the pyrolyser (or inlet of the CO2 capture unit). At this stage, 

the hot flue gases (CO2, CO, N2, O2 and hydrocarbons) were externally flowing through the 

heat exchanger in the insulated chamber to the adsorption columns. The adsorption mode was 

initiated by means of diverting ≈ 20% of the flue gas inside the reactor containing the sorbent. 

The column was run in the adsorption mode for 30 minutes and then, the gas was flowed back 

to the chamber outside the column, by closing simultaneously the inlet and the outlet of the 

column. The desorption stage was run at the same temperature of the adsorption (~700ºC) for 

30 minutes. At the end of the 30 minutes, the CO2 released by the sorbent was vacuum out 

from the column using a vacuum pump. The flue gas was collected, at the inlet of the CO2 

capture unit and at the outlet of the adsorber after the desorption stage, by gas sampling bags 

and stored for further analysis. Similarly, the sorbent was collected before and after carbonation 

reaction and further analysed by TGA and FTIR. 

The quantification of the CO2 adsorbed during Experiment 2 was evaluated by TGA-MS. In 

this analysis, the raw sorbent (K-FAs_20%Na) and the sorbent after the carbonation stage 

underwent a thermal process with temperature ramp from ambient to 750ºC and final 

temperature held for 15 minutes using helium as carrier gas. The evolved gases during the 

thermal decomposition of the materials were then on-line analysed using a mass spectrometer, 

to check if only CO2 or other gases were released in the process.   
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The amount of CO2 captured by the K-FAs_20%Na during the 30 min of adsorption process 

was calculated by means of TGA experiments. For that purpose, the pre-existing CO2 present 

in the sorbent before the carbonation reaction was removed from the amount of the CO2 

removed from the carbonated material. 

3. Results and discussion 

3.1. CO2 sorbents characterisation 

The major chemical bonds present in the synthesised alkali metal silicate (K-FAs), as well as 

those in fly ashes and carbonates precursors (for comparison purposes) were identified by FTIR 

spectra, as shown in Figure 3(A). 

 

Figure 3. FTIR of the synthesised K-FAs together with those of fly ashes and carbonates 

precursors (A); K-FAs_20%Li (B); K-FAs_10%Li-10%Na (C); K-FAs_20%Na (D). 
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The broad adsorption band of silicate in FAs between 900 and 1200 cm-1 is due to Si–O–Si 

asymmetric stretching vibrations of silica; while the band at 792 and 775 cm-1 could be assigned 

to quartz and Si–OH, bonds, respectively [39,40]. The synthesised K-FAs present a 

characteristic band from deformation of M-OH that becomes Si–O–M+ (shown at 879 and 966 

cm−1) [41]; while the predominant transmittance band at 1386 cm−1 is due to siloxane bonds 

(Si–O–Si) [42]. The small peak at 1442 cm−1 can be attributed to CO3
2− anion originated from 

the potassium carbonate [43]. Figure 3(B-D) show the good correspondence of the FTIR 

spectra before and after the adsorption/desorption cycles of the doped sorbents. 

Figure 4 shows the XRD patterns of the raw synthesised K-FAs derived sorbents and the same 

after two cycles of CO2 adsorption/desorption carried out in the fixed-bed reactor. The main 

mineral phases identified were: KAlSiO4, K2SiO3, Li3AlSiO5, K0.95Na0.15AlSiO4 and KLiSiO4. 

The raw sorbents still contain some K2CO3, Li2CO3 and Na2CO3, indicating that the calcination 

step at 830ºC, even if 8 hours long, left unreacted carbonate species. This can be related to a 

large lag between the set and the real temperature in the calcination oven, or more likely, to 

areas in the crucible that did not reach the desired temperature due to excessive thickness of 

the material. Despite this, the carbonates disappeared in the XRD plots of the sorbents after 

two cycles, suggesting that a dynamic environment in presence of CO2 is more effective for 

the synthesis of the alkali aluminium silicates. Overall, KAlSiO4, K2SiO3 and Li3AlSiO5 (where 

Li was used as additive) or K0.95Na0.15AlSiO4 (where Na was used as additive), were the most 

abundant mineral phases. Despite a number of works have been focused on the assessment of 

K2SiO3 as high temperature CO2 sorbent, K and Li aluminium silicates, to our knowledge, have 

not been tested for CO2 capture at high temperature. On the other hand, Ca and Na aluminium 

silicates (molar ratio of 1:1:1) were able to capture 3.4 mmolCO2/g and 4.0 mmolCO2/g, 

respectively at 300 and 700ºC, indicating that alkali aluminium silicates are promising for high 

temperature separation of CO2 from flue gas [44].  
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Figure 4. XRD patterns of the raw K-FAs based sorbents and those for same sorbents after 

two adsorption/desorption cycles.  

The specific surface area and pore characteristics of the K-FAs sorbent were determined by 

N2 ad-desorption tests, and the results are listed in Table 2. All K-FAs sorbents present very 

small surface area and pore volume, which are in line with the textural data of this type of solid-

state derived ceramics reported in the literature [7,8]. The desorption pore size distribution 

indicate presence of mesopores that decrease in diameter in presence of the Li doped sorbent. 

Based on the sorbents’ isotherms (Figure S3) and the IUPAC classification of adsorption 

isotherms, a type 5 with weak interactions and capillary condensation is suggested. Clear 

hysteresis loops of type H3 related to non-rigid aggregates of plate-like particles (slit-shaped 

pores) is shown by all samples. The surface analysis clearly indicate that the surface of the 

sorbents increased after carbonation with the largest increase to be ascribed to the lithium 

doped K-FAs sorbent due to the large surface provided by the carbonates’ crystals.  

 

Table 2. Textural properties of the K-FAs sorbents. 

Sample name SBET (m2/g) 

Adsorption Desorption 

Vp BJH, 

cm3/g 

Dp BJH, 

nm 

Vp BJH, 

cm3/g 

Dp BJH, 

nm 

K-FAs_20%Na fresh 0.51 0.002 16.9 0.002 24.1 

K-FAs_20%Na carbonated 1.46 0.005 22.2 0.005 20.7 

K-FAs_20%Li fresh 1.44 0.006 12.7 0.006 13.2 

K-FAs_20%Li carbonated 7.40 0.018 11.8 0.019 8.2 

K-FAs_20%Na fresh - pilot scale 1.02 0.007 27.9 0.007 22.9 

K-FAs_20%Na carbonated - pilot scale 1.20 0.006 29.1 0.006 24.8 

K-FAs_20%Na regenerated - pilot scale 1.37 0.004 14.6 0.004 34.0 

Vp: pore volume (cm3/g); Dp: pore diameter (nm) 
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Table 3 and Figure S4 present the particle size distribution (Dv10, Dv50 and Dv90) for selected 

sorbents. From the point of view of reactivity towards CO2, smaller particles size is more 

effective and K-FAs_20%Na and K-FAs_20%Li fresh had a smaller particles size distribution 

compared to the sorbent doped with both Li and Na. The particles distribution for the sorbent 

used in the pilot plant were also larger than those used in the bench scale reactor and that there 

is a particles growth after regeneration for the K-FAs_20%Na suggesting partial 

sintering/agglomeration has occurred, which corroborate the surface analysis results in terms 

of pores volume.  

Table 3. Particles size distribution for selected sorbents.  

Sample Name Dx (10) (μm) Dx (50) (μm) Dx (90) (μm) 

K-FAs_20%Na fresh 11.1 56.3 147 

K-FAs_20%Na regenerated 20.2 83.8 154 

K-FAs_20%Na fresh – pilot scale 25.2 94.9 178 

K-FAs_20%Na regenerated – pilot scale 40.3 115 224 

K-FAs_20%Li fresh 14.6 59.9 127 

K-FAs_10%Na-10%Li fresh 17.3 97.8 314 

Figures 5(a), 6(a,b) and S5(a,b) show the surface morphologies of the K-FAs fresh sorbents, 

from which it is clear that the materials have similar particles size in the range 50-200 µm, in 

accordance with the textural characteristics in Table 2 and not major morphological 

modifications have occurred.  

 
10 µm 10 µm 10 µm

a b c
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Figure 5. SEM images of (a) raw K-FAs_20%Na large scale; (b) K-FAs_20%Na large scale 

carbonated; (c) K-FAs_20%Na large scale regenerated. 

From the microanalysis can be observed that the surface of K-FAs_20%Na (fresh) is formed 

by some aggregates of perfect spherical particles and irregular shape aggregates of different 

texture with plate-like and coral like particles. EDX analysis (Figure 6) indicates that these 

spherical particles are formed by K2SiO3 and KAlSiO4 from the initial reaction of K2CO3 and 

FA (without Na presence), while both the irregular coral- and plate- like aggregates contain Na 

species, suggesting presence of KNaAlSiO4 and Na2CO3.  

 

Figure 6. FE-SEM-EDX images of fresh K-FAs_20%Na sorbent used in pilot scale tests. 
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From the SEM and XRD analysis, it seems that the coral layer is linked to KNaAlSiO4, which 

according to surface analysis resulted in mesopores available on surface. Similar mixed 

silicates (Li+Na in that case) were found in previous work with Li3NaSiO4 identified as coral 

like structure [7]. In order to verify this speculation, we performed elemental analysis on 

different zones of the fresh K-FAs_20%Na sorbent used in the pilot scale plant, as presented 

in Figure 6. Region (x) and (#) contain plenty of coral-like texture, while region (+) none. EDX 

measurements show that regions (x and #) contain more Na than region (+), with Na/Si atomic 

ratios corroborating presence of KNaAlSiO4. 

Figures 5(b) and S6(a,b) show the morphology of carbonated K-FAs_20%Na, where it is clear 

the presence of needles and monoclinic (Figure S7) type crystals, which can be ascribed to 

sodium and potassium carbonates. EDX analysis confirm the presence of carbonates as can be 

seen in Figure S6.  

The microanalysis of the regenerated K-FAs_20%Na sorbent is plotted in Figure S8, where a 

mixture of raw and carbonated micro-morphologies is noticed as shown in Figures 5(c) and 

S8(a,b). Some needles and monoclinic crystals remain in the sample after regeneration, which 

demonstrate that a total regeneration of the sample was not achieved under pilot tests. Another 

important observation is that the surface is partially covered by a homogeneous layer of 

carbonate melt (Figure 5(c)). The morphology of the Li and Na/K doped K-FAs sorbents is 

shown in the supplementary material (Figure S9), where the Li-doped sorbents comprise 

particles smaller than those of the Na-doped samples, which gives rise to relatively high surface 

areas as shown by the surface analysis.  

Since the TGA results and the surface analyses indicate that there is some relation between the 

CO2 uptake and the surface area, the crystallites size of the K-FAs sorbents was calculated to 

observe any contribution to the CO2 adsorption process.  
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Sintering can be promoted by the molten alkali salts, which coat the pores (as shown in Figure 

5(c)) and provoke a capillary force that also pulls solid grains together. This force can be further 

enhanced due to the enabled solubility of solids in the molten salts leading to grain bonding, 

reshaping and densification after cycling activity [45]. The surface and particle size analysis 

do not show annihilation of pores although pore volume is slightly decreased, and pore 

diameter marginally increased.   

Sintering progression of alkali-based sorbents was estimated based on the evolution of the 

crystal size before and after 2 cycles using the Scherrer equation. The crystal size presented a 

steady augmentation with cycles, proving the influence of sintering only for the KAlSiO4 

(Figure S10a) mineral phase, while presence of Na in the silicate seems to lead to sintering 

resistance (Figure S10b). These results indicate that despite the continuous evolution of 

sintering, as proven by the increase of the KAlSiO4 crystallite size, there is a counteracting 

beneficial phenomenon for the stability. 

Moreover, if we analyse the crystallites size of the most representative peaks after 2 cycles, 

which corresponds to the K2SiO3 mineral phase, it can be seen that the Na doping alone leads 

to the smaller crystallites (Figure S10c), which together to the Na-induced sintering resistance, 

can be linked to their better cyclic stability as discussed later in Section 3.2.2.  

In the next sections, the TGA and scale-up CO2 capture tests using the developed sorbents are 

described. 

3.2. CO2 capture tests 

3.2.1. CO2 capture in TGA 

The CO2 capture reactions in presence of the K-FAs_20%Na sorbent can be described by the 

equations: 

K2SiO3 + CO2 → K2CO3 + SiO2       (Eq. 7) 

KAlSiO4 + CO2 + H2O→ KAlCO3(OH)2 + SiO2     (Eq. 8) 
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Both have similar maximum CO2 theoretical capture capacity of 28.5 and 27.8 wt%, which 

corroborate well with the active phase calculated based on the K/Na/Ca oxides used in the 

sorbent’s synthesis (see Section 2.1). For the K-FAs_20%Li and K-FAs_10%Li-10%Na, 

Li3AlSiO5 has also to be considered: 

Li3AlSiO5 + CO2 = Li2CO3 + LiAlSiO4     (Eq. 9) 

The K-FAs derived sorbents synthesised in this work were firstly tested for three CO2 

adsorption/desorption consecutive cycles in a TGA using 14 and 100 vol% CO2, whose 

adsorption/desorption curves (for the data obtained in presence of 14 vol% CO2) are depicted 

in Figure 7, and their sorption and desorption capacities are summarized in Table 4. The initial 

samples weight reduction by means of two consecutive weight losses in presence of N2 flow 

observed in Figure 7 was originated by the desorption of adsorbed water (≈ 100ºC), and CO2 

when the reaction temperature was raised from 100 to 800ºC prior to the first adsorption cycle.  

It is observed that those sorbents containing additives (Li and/or Na carbonates) desorbed both 

more water (≈ 4 wt% versus ≈ 1.5 wt% for K-FAs) and as expected, more CO2 (17.0, 15.1 and 

11.9 wt% for K-FAs_20%Li, K-FAs_10%Li-10%Na and K-FAs_20%Na, respectively), 

compared to only 6.3 wt% for K-FAs.   
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Figure 7. Consecutive adsorption/desorption cycles of 14 vol% CO2 at 700/800ºC of K-FAs 

derived sorbents. 

K-FAs as such, presented a capture capacity of 5 wt% for 30 min, which is similar to that 

reported in our previous work, in which the potassium content and the temperature capture 

conditions were optimized [24]. From the preliminary results obtained in such work with the 

addition of 10% of Li2CO3 to K-FAs, the capacity at 700ºC in presence of 100% CO2 was of 

2.38 mmolCO2/gsorbent. In the present study, the total amount of additives (Li and Na 

carbonates) was raised up to 20% to evaluate further improvements of the CO2 capture capacity 

and adsorption/desorption rates. 
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Table 4. Adsorption and desorption capacity of CO2 (mmol CO2/gsorbent) at times of 10, 20 and 

30 min, for different K-FAs derived sorbents during three consecutive cycles by TGA. 

Sample 

vol% CO2/ 

flow rate 

(ml/min) 

Time 

(min) 

Adsorption  Desorption 

C1 C2 C3  C1 C2 C3 

K-FAs 100/95 

10 0.76 0.75 0.71  0.78 0.72 0.66 

20 1.03 1.01 0.98  1.08 1.06 1.01 

30 1.14 1.13 1.11  1.23 1.20 1.17 

K-FAs_20%Li 14/95 

10 1.79 1.93 1.93  1.83 1.77 1.75 

20 2.59 2.52 2.49  2.30 2.28 2.26 

30 2.77 2.62 2.58  2.77 2.73 2.65 

K-FAs_10%Li-10%Na 14/95 

10 1.52 1.57 1.68  1.58 1.55 1.62 

20 2.25 2.14 2.15  2.07 2.10 2.11 

30 2.45 2.30 2.29  2.32 2.35 2.37 

K-FAs_20%Na 14/95 

10 1.54 1.31 1.27  1.51 1.40 1.37 

20 1.83 1.61 1.56  1.78 1.66 1.62 

30 2.00 1.79 1.74  1.95 1.82 1.79 

K-FAs_20%Li 100/95 

10 1.40 2.18 2.27  2.11 2.18 2.17 

20 2.37 2.72 2.73  2.51 2.61 2.61 

30 2.82 2.83 2.82  2.75 2.85 2.84 

K-FAs_10%Li-10%Na 100/95 

10 1.82 1.86 1.89  2.28 1.88 1.88 

20 2.44 2.36 2.36  2.45 2.29 2.28 

30 2.62 2.51 2.50  2.53 2.53 2.53 

K-FAs_20%Na 100/95 

10 1.97 1.73 1.65  1.62 1.60 1.59 

20 2.14 1.99 1.94  2.00 1.98 1.96 

30 2.18 2.04 2.01  2.23 2.18 2.18 

In Table 4 it can be detected that in presence of 100 vol% CO2, the K-FAs sorbent presented a 

slightly decreased capture capacities after three cycles. From these data can be observed that 

the K-FAs sorbent hardly adsorbed 1.14 mmol CO2/gsorbent, whilst the doped materials 

significantly enhanced the adsorption capacities in the sequence: K-FAs_20%Li > K-

FAs_10%Li-10%Na > K-FAs_20%Na), with values of 2.82, 2.62 and 2.18 mmol CO2/gsorbent, 

respectively, after only 30 min of adsorption.  
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Therefore, 20 wt% of Li carbonate resulted the best additive for improving the sorbent 

performance, since it showed the highest capture and desorption capacities, which remained 

constant after three cycles. K-FAs_20%Na presented the lowest capacity, which moreover 

decreased almost 13 mol% from the first to the third cycle. Similarly, K-FAs_20%Li was the 

material with the best performance after the first 10 min of adsorption with 2.27 mmol 

CO2/gsorbent in the 3rd cycle. This is also an important factor to take into account due to the 

adsorption kinetics is a key issue in the scaling up process.  

These sorbents were also tested in the TGA with a more realistic flue gas composition in terms 

of CO2 concentration before scaling up the process to a fixed-bed reactor. In this case, a CO2 

concentration of 14 vol% (balance with nitrogen) was used. Some important findings were 

observed from these experiments in comparison with those carried out with a stream of pure 

CO2. As expected, all the sorbents showed a decreased capture capacity with diluted CO2 

stream than with the pure one. The decay in the adsorption capacities for the last of the three 

consecutive cycles were 8.5, 8.4 and 13.4 mol% for K-FAs_20%Li, K-FAs_10%Li-10%Na 

and K-FAs_20%Na, respectively. This may be explained by the desorption time being not long 

enough for a complete release of the CO2.  The sorbent developed in this work performed much 

better than the previously reported K-FAs sorbents [24], in terms of CO2 sorption using diluted 

CO2 (14 vol% balanced with nitrogen). The here studied K-FAs_20%Li was able to capture 

1.8-1.9 mmolCO2/gsorbent after 10 minutes (see Table 4), while the 10% Li-K-FA material (2:1) 

in our previous work were able to adsorb only 1.58 mmolCO2/g, under the same conditions 

[24]. This enhanced CO2 capacity can be ascribed to the larger wt% of Li promoter used and 

also to the different mineral phases derived from the different fly ash composition. The CO2 

uptake capacity achieved by the fly ash derived sorbents are lower if compared to those (1.4-

5.0 mmolCO2/g) achieved by pure Li4SiO4 [5,15-16], Li6ZnO4 (9.8-17.3 mmolCO2/g [17], 

under similar conditions. 
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3.2.2. CO2 capture in fixed-bed reactor 

Once those sorbents containing Li and Na carbonates as additive were satisfactorily tested in 

the TGA, they were scaled-up to the fixed-bed reactor, in which the sorbent amount was 

increased by 250 times with respect to that employed in the TGA, as described in the 

experimental section.  

Figure 8 shows the evolution of the CO2 MS signal with time on stream during the CO2 

adsorption stage for the sorbents in comparison with that of the blank test, in which the reactor 

did not contain any sample. Therefore, the delay in the CO2 signal evolution, and the shape of 

the breakthrough curve for those experiments containing different sorbents in comparison with 

that of the blank pointed out their kinetics and capture capacity.  

In accordance with the results obtained in the TGA, K-FAs_20%Li was the sample with the 

highest CO2 capture followed by K-FAs_10%Li-10%Na as shows Table 5, which summarizes 

capture capacities obtained in the fixed-bed reactor with a diluted CO2 stream (14 vol%, in N2 

balance) at different adsorption times. 

 

Figure 8. Evolution of the CO2 signal (MS) during two consecutive adsorption cycles for the 

K-FAs based sorbents in comparison with a blank test (without sample). Adsorption at 700ºC; 

14 vol% CO2 (in N2 balance). 
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Table 5. Adsorption capacity of CO2 (mmol CO2/gsorbent) at times of 8, 10, 20 and 30 min, for 

different K-FAs derived sorbents during two consecutive cycles in the fixed-bed reactor. 

Sample 
vol% CO2/flow 

rate (ml/min) 
Time (min) 

Adsorption, mmolCO2/g 

C1 C2 

K-FAs_20%Li 14/115 

8 0.83 0.86 

10 1.00 1.05 

20 1.54 1.77 

30 1.64 2.07 

K-FAs_10%Li-10%Na 14/115 

8 0.83 0.84 

10 1.01 1.01 

20 1.49 1.55 

30 1.52 1.71 

K-FAs_20%Na 14/115 

8 0.62 0.75 

10 0.63 0.81 

20 0.64 0.94 

30 0.64 0.98 

During the experiments performed in the fixed-bed reactor, a significant increase in the sample 

bed temperature (ΔT ≈ 10ºC) was observed because of the exothermic character of the 

carbonation reaction [46], which was not appreciated in the TGA most likely due to the limited 

amount of sample. One interesting finding of this fixed-bed reactor configuration is that 

according to Figure 8, K-FAs_20%Na was the only sorbent able to capture all the CO2 passing 

through the reactor bed during almost 4 min, which means that this material presents the fastest 

capture kinetics. However, this effect was not observed from the TGA curves (Figure 7), 

probably due to its design and configuration of the gas flow, which do not force all the gas to 

pass through the sorbent bed installed in a holding Pt crucible, so that data from TGA should 

be carefully treated when these kinds of materials are considered for scaling-up applications. 

Nevertheless, K-FAs_20%Na was also the sorbent with the fastest saturation, as can be 

observed when comparing the slope of CO2 curves depicted in Figure 8, caused by its faster 

adsorption kinetics and lower capture capacity. The better performance of K-FAs_20%Na can 
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be linked to an enhanced diffusion of the CO2 and Na due to the smaller crystals (33 nm), 

smaller particles (56.3 µm) and larger pores (16.9 nm) compared to the Li and Li-Na doped K-

FAs sorbents, as shown by the materials characterisation. This also suggest that the K-

FAs_20%Li and K-FAs_10%Li-10%Na could be better suitable for a circulating bed adsorber 

design, rather than a fixed-bed configuration, where the K-FAs_20%Na should be preferred. 

In addition, it has to be pointed out that the time of complete CO2 adsorption is relative to the 

reactor design and it is particularly short in our experiments due to the high flow rate of gas 

passing through the reactor (115 ml/min) and the size of the bed, which resulted in ~ 4 sec for 

the gas to across the bed. 

The capture capacities showed by these materials in the fixed-bed reactor set-up were 

significantly lower than those obtained in the TGA when the diluted CO2 gas stream was used. 

This effect was probably caused by (i), the desorption temperature, which was lower in the 

fixed-bed reactor due to technical limitations (750ºC) in comparison with the TGA (800ºC); 

and therefore, all the CO2 was not completely desorbed from these sorbents in the fixed-bed 

reactor prior to the adsorption step limiting its capture capacity. But also (ii), it could be related 

to mass transfer limitations due to the thicker bed of sorbent, compared to the 1-1.5 mm bed 

used in the TGA set-up. Therefore, the scale-up tests show that the sorbent behaviour in the 

TGA may greatly differ from what can be observed in a set-up closer to what an industrial 

application will look like.  

Figure S11 shows the synthetized materials before and after 2 adsorption-desorption 

consecutive cycles in the lab-scale fixed-bed reactor. In this figure can be appreciated the 

change of colour of all the sorbents after the reaction, but also the fact that the sorbents 

agglomerated/sintered when used in the fixed-bed, suggesting that a different configuration 

reactor should be used. Among the tested sorbents, K-FAs_20%Na, even if agglomerated, was 

easily crushed back to powder by hand pressure. Diversely, the other two Li doped materials 



32 

 

presented clear signs of sintering, being very hard to crush even using a pestle and mortar. 

Previous work showed that enhanced diffusion distance of Li ions and CO2 molecules can be 

achieved by impure Li4SiO4 (perlite derived), where alkali metal impurities can inhibit the 

growth of sorbent particles, while Al2O3 can be used as support materials to mitigate the 

sintering effect caused by high-temperature heat treatment [8]. These tests also suggest that 

movement/agitation of the sorbent particles inside the reactor would be beneficial to improve 

the contact between the CO2 and sorbent surface avoiding particles agglomeration when the K-

FAs_20%Na is used. 

Therefore, K-FAs_20%Na sorbent was selected to be tested the in the pilot-scale reactor and 

demonstrate its CO2 capture performance with real flue gas coming from a biomass 

pyrolyser/combustor. For that purpose, the sorbent required for the pilot-scale tests 

(synthetized in the customised furnace at Pyro Yield Ltd. premises) was firstly tested for long-

term reliability and recyclability in the fixed-bed reaction system. Thus, Figure 9 shows 10 

consecutive CO2 adsorption/desorption cycles of this material passing through downdraft a gas 

stream containing 14 vol% CO2 (in N2 balance) at a total flow rate of 115 ml/min during the 

adsorption steps for 20 min at 700ºC, and a flow rate of 200 ml/min He during the desorption 

stages at 750ºC. From this figure can be assessed that the sorption capacity of this material kept 

almost constant at about  ≈ 0.9 mmolCO2/gsorbent after the first ten cycles (in a similar range of 

the values showed in Table 5 with the same material synthesized at Heriot-Watt University 

(HWU) laboratories following indications described in Section 2.1), revealing that the initial 

capacity decrease shown in the second cycle (Figure 7) was due to the initial incomplete 

synthesis of the K/alumina silicate as supported by the XRD results (Figure 4). 
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Figure 9. Evolution of the CO2 signal (MS) during ten consecutive adsorption/desorption cycles 

for the K-FAs_20%Na sorbent. Adsorption: 20 min at 700ºC, 115 ml/min 14 vol% CO2 (in N2 

balance). Desorption: at 750ºC in 200 ml/min He. 

To understand the CO2 sorption mechanism and link it to the sorbents’ properties, a kinetic 

analysis was performed and analysed together to the surface and morphologic properties. 

Among the different kinetic models that were employed (Avrami, Avrami–Erofeev, Double 

Exponential, Pseudo second order and Elovich), the DE provided the best fitting to the 

adsorption data followed by the AE model (See Figure S12 and Table S1).  

Table 6 shows the kinetic parameters of the double exponential model fitted to the reaction 

between CO2 and K-FAs sorbents. With the exclusion of the Na/Li doped sorbent, the values 

of k1 are one order of magnitude higher than those of k2, and B are larger than A, indicating that 

CO2 absorption over the surface of K-FAs sorbents controlled by chemical reaction is a rapid 

process, and CO2 absorption controlled by diffusion occurs in a large interval of time, which 
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the Li doped sorbent showed the largest k1, while the Na-Li and Na doped K-FAs sorbents 

showed the largest k2 indicating faster diffusion of the ions in across the carbonate melt.  

The adsorption data were also fitted to the Avrami–Erofeev (AE) kinetic model that is relevant 

to the reaction mechanism of the formation and growth of product crystals. When the value of 

the kinetic parameter n is higher than 1, the adsorption reaction is controlled by the formation 

and growth of product crystals, while when n is close to 0.5, the adsorption reaction is 

controlled by the diffusion of ions. The K-FAs sorbents presented a n close to 1 (0.89-0.99) 

suggesting both control mechanism with formation and growth of product crystals being more 

pronounced. The adsorption constant k, which agree with those obtained by the DE model, 

decreased in in the order Li > Na > Na/Li, corroborating the variation in surface analysis and 

crystallites size and TGA data. As shown in Figure S12, the curves of Avrami–Erofeev model 

look similar to TGA curves obtained at 700ºC, where it can be distinguished between the initial 

rapid chemical reaction-controlled stage and the following slow diffusion-controlled stage.  

Table 6. Kinetic parameters obtained fitting the CO2 adsorption data to the DE and AE kinetic 

models.  

   DE    AE   

Sample K1, (s-1) K2 (s-1) A B R2 n ln k k (s) R2 

K-FAs_20%Na 9.59E-04 9.31E-05 0.030 0.081 0.999 0.89 -7.77 0.0004 0.977 

K-FAs_20%Na  large 

batch 
2.85E-04 6.02E-05 0.026 0.042 0.999 0.95 -8.19 0.0003 0.987 

K-FAs_20%Li 3.52E-03 5.77E-05 0.050 0.142 0.999 0.83 -7.34 0.0007 0.927 

K-FAs_10%Na-10%Li 1.41E-04 1.41E-04 0.082 0.081 0.990 0.99 -9.00 0.0001 0.984 

 

To give an insight on the type of diffusion limitation, the sorption kinetic data were fitted to 

the Intraparticle diffusion (IPD) model (Figure S12). Plots obtained from modelling the 

intraparticle diffusion of CO2 in the K-FAs sorbents showed clear multi-linearity and did not 

result in straight line passing through the origin, indicating that multiple adsorption process 
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were taking place, so that intraparticle diffusion could be ruled out as the sole rate-limiting 

mechanism for the diffusion of CO2. Analysing the rate constants from the initial and final part 

of the slope, an estimation of the impact that film diffusion has on the overall diffusion of the 

gases was established [48]. The calculated k values found for the initial slope were larger when 

compared with the rate constants obtained from the final regions, indicating that the 

intraparticle diffusion occurred at a slower rate than film diffusion and thus plays a more 

decisive role in the adsorption rate of CO2 on K-FAs sorbents.  

According to the double shell model, presence of molten eutectic carbonate shell (e.g. Na/K or 

K/Li) greatly facilitates CO2 diffusion throughout the product layer compared to the solid 

carbonate shell and eutectic melts containing K2CO3 showed the best sorption kinetics and 

cyclic stability compared to the others promoted sorbents [49,50] In another study, Na/K 

carbonate eutectic melt showed good thermal and chemical stability at 750ºC after undergoing 

1500 thermal cycles [34]. Therefore, the cyclic stability of Na doped K-FAs could be linked to 

the formation in the outer layer of a “protective” K/Na carbonate layer as shown in Figure 5(c) 

and supported by surface and crystals size analyses. 

3.3.  Pilot-scale CO2 capture experiments 

Finally, performance of the K-FAs_20%Na material was tested in larger scale (90 kg sorbent) 

CO2 capture reactor due advantages highlighted in the previous section. The first experiment 

was designed to test the technical feasibility to achieve the temperature required for the CO2 

separation (~650-750ºC) by means of only the exhaust gases from the biomass thermo-

chemical conversion unit. As expected, an initial 6 h were required to reach the desired 

temperature of ~700ºC with a wood chips feeding rate of 50 kg/h with both parallel adsorbers 

filled with the selected sorbent.  

Figure 10(a) shows the TGA profiles of the raw (before reaction) and carbonated (after 

reaction) K-FAs_20%Na sorbent resulting from Experiment 2 in the pilot-scale unit. The 
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weight decrease observed at temperature higher than 650ºC is ascribed to the release of CO2 

from the formed carbonates (Na2CO3 and K2CO3 and other mixed Na and K carbonates). The 

CO2 captured by the sorbent during Experiment 2 (after subtraction of the 6.3 wt% weight loss 

due to the original carbonates present in the sample) was therefore, 7.1 wt% (1.6 mmol/g). The 

mass spectra of CO2 and H2O analysed during the TGA tests (Figure S13) denoted release of 

H2O at temperature in the 150-250ºC and CO2 at temperature higher than 650ºC suggesting 

presence of potassium carbonate hydrate (K2CO3·1.5H2O), which may have formed during the 

cooling down operation due to presence of water vapour [51]. 

 

Figure 10. TGA (A) weight loss curves for the K-FAs_20%Na raw sample (top) and after 

carbonation at 650-700ºC (bottom) for the Experiment 2 at pilot-scale unit; (B) FTIR of the K-

FAs_20%Na raw sample (top) and after carbonation (bottom) at 650-700ºC. 
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The vigorous stirring of the material by means of auger during the pilot-scale tests, with the 

consequent removal of external carbonated shell helped to decreased mass transfer limitation, 

while presence of water vapour could have promoted CO2 capture through a hydration reaction, 

i.e., formation of carbonates on the surface of the sorbent due to synergistic adsorption 

mechanism, as previously suggested on the basis of IR investigations [51]. 

Both materials were also analysed by FTIR in Figure 10(b), in which the presence of carbonates 

and water (~3300 cm-1) was clearly shown by the increase of the transmission negative bands 

related to presence of carbonates for the carbonated sample (1409 cm-1; 676 cm-1). To make 

sure that the gas evolved during the desorption experiment was CO2 and not some other 

adsorbed gases, an on-line mass spectrometer was employed. A direct analysis of (I) the gases 

produced by the pyrolysis/combustion unit (gas fed to the adsorber) and (II) the gas resulting 

from the desorption stage were also evaluated by mass spectrometry.   

The gas analysis shown in Table 7 supports the TG and FTIR results indicating that CO2 is 

captured in the carbonator and released during the decarbonation stage. To be noted the large 

presence of N2 and O2 in the gas entering the adsorption unit (coming from the pyrolyser), 

which is due to the 20% excess air used in the activated carbon production configuration.  

Table 7. Gas composition at the different stages of the process. 

 Adsorber feed (vol%) Desorbed gas (vol%) 

  wet basis dry basis wet basis dry basis 

N2 73.12 82.96 10.01 14.46 

O2 4.95 5.62 2.23 3.23 

CO2 7.05 8.00 55.43 80.09 

CO 3.02 3.43 1.54 2.22 

H2O 11.86 - 30.79 - 
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Table 7 shows that N2, CO2, CO, H2O and O2 were present during desorption together to small 

volume fraction of C1-C3 hydrocarbons (not reported in the table due to the difficulty to identify 

the single species), which gives information of the sorbent’s performance under a realistic flue 

gas composition. The FE-SEM-EDX do not show N, Ca or carbon deposits on the sorbent 

surface of the carbonated or regenerated sample and the only detected extraneous element that 

could derived from biomass volatiles was P and Fe, which were found respectively in the 

carbonated (~0.5wt%) and regenerated (0.5wt%) sorbents. However, both elements are 

constituents of the FA used for synthesizing the sorbent (see Table 1). Table 7 also shows that 

purity of the separated CO2 is about 55 vol% in wet basis, and 80 vol% in dry basis (suggesting 

that a dehydration step would be required to concentrate the CO2 in the final stream); which is 

lower than other works carried out at similar scale, where CO2 separation efficiency of 85-90 

% was obtained [29,31]. Presence of air can be linked to the gas that remained in the free board 

of the column when the circulation of the flue gas was stopped and was sampled together to 

the desorbed gas. Therefore, the technique developed in this work indicate that the purity needs 

to be enhanced by removing air contamination previous vacuum desorption and moisture 

condensed for achieving higher CO2 purity. 

Based on the relatively slow kinetics and CO2 uptake capacity, it is envisaged that the system 

will not be suitable for large scale applications, but only to small scale delocalised applications 

such as small biomass thermo-chemical conversion units. 

4. Conclusions 

In this work, potassium-fly ashes (K-FAs) derived sorbents Na and Li promoted, were prepared 

and tested for the high-temperature CO2 capture using reaction set-ups at different scales, from 

milligrams to grams and, finally, 100 kg scale coupled to a biomass pyrolyser/combustor. The 

maximum CO2 uptake of 2.82 mmol CO2/gsorbent was achieved with K-FAs_20%Li with pure 

CO2, while lower capture capacity was achieved with diluted CO2 stream.  CO2 capture uptake 
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performance in TGA and fixed-bed reactor types kept the sequence: K-FAs_20%Li > K-

FAs_10%Li-10%Na > K-FAs_20%Na.  

Despite the Li doped K-FAs sorbent denoted the fastest chemisorption kinetics among the 

tested sorbents, K-FAs_20%Na was the only sorbent able to fully adsorb CO2 for 4 minutes in 

the breakthrough tests and no CO2 capture decay in 10 consecutive cycles when tested in a 

fixed bed reactor. SEM-EDX analyses indicate formation of K/Na eutectic melt on surface, 

which also facilitates CO2 and K diffusion and protect from strong sintering that was instead 

suffered by the Li and Li-Na doped K-FAs sorbents.   

The K-FAs_20%Na capability to capture CO2 at high temperature was demonstrated using two 

parallel beds containing 45 kg sorbent each, with the sorbent able to capture about 6 kg CO2/h 

at 700ºC in 30 min cycles, where the CO2 in the gas recovered in the desorption stage had a 

purity of 55 mol% in wet basis and 80 mol% in dry basis.  
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