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Abstract 
This work assessed the possibility to tune the CO2 capture performance of Na2ZrO3 with respect to 

CO2 uptake and CO2 sorption rate by varying the conditions used in the solid-state synthesis. The 

resulting Na2ZrO3 were characterized by XRD, SEM-EDS, XPS and TGA. A structural, chemical, 

microstructural and kinetic analysis of the Na2ZrO3–CO2 system over one cycle was performed to 

identify the correlation with the sorbent performance. The heating rate, the molar ratio of the 

Na2CO3 and ZrO2 used in the synthesis of Na2ZrO3, as well as additional powder processing steps of 

the reactants, all had a major impact on the sorbent’s CO2 capture performance. The best 

performing sorbent with the highest CO2 uptake capacity (4.83 mmol CO2/g) and absorption rate (30. 

5 nmmol/s) at 700°C was obtained when the Na2CO3 and ZrO2 reactants were processed by ball 

milling varying the molar ratio of 1:1 and a synthesis heating rate of 1°C/min. Under these 

conditions, the optimised Na2ZrO3 exhibited 86.5% conversion in 10 min with respect to the 

theoretical value. Na2ZrO3 synthesised using the optimised conditions as listed above were 

constructed with nanocrystals of ~20 nm in average diameter as observed using XRD (Sherrer’s 

formula). The Na2ZrO3 synthesised in this study favoured the ionic solid-state diffusion of Na and O 

from the core to the surface of the material to readily react with CO2. Moreover, an excellent cyclic 

stability of the sorbent over 70 sorption/desorption cycles was noted after an initial decay when the 

CO2 cycles were shortened to 5min.  

Keywords: CO2 capture, sodium zirconate, regenerable sorbents, global kinetics, parametric study, 

thermal analysis. 
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1. Introduction 

The UK is aiming to reduce its carbon emission down to 20% of the 1990 level by 2050. The key to 

reduce carbon emission effectively can come from the transition from fossil fuels towards renewable 

energies as well as to improve the efficiencies of industrial processes. Alternatively, in processes 

where CO2 emission is unavoidable, carbon capture technologies can be a way to reduce the net CO2 

emission. As an example, CO2 emission is inevitable from the production method currently used for 

cement (responsible for 8% of the global CO2 emissions). Cement production could, therefore, benefit 

from retrofitted post-combustion carbon capture and storage (CCS) technologies [1].  

Today, carbon capture by liquid solvents such as amines is a commercialised post-combustion carbon 

capture technology. However, a large amount of energy is required for the amine regeneration step. 

Furthermore, the continuous loss of expensive amine solutions, together with a high equipment 

corrosion rate, means that there is a need for alternative technologies. Solid ad- and ab-sorbents can 

be an alternative to liquid solvents. Solid sorbents can be designed to work at different temperatures. 

In particular, high temperature sorbents (HTS) have good CO2 capture capacity and can be used to 

treat hot flue gas streams immediately after the combustion process, reducing the operating costs [2-

3]. There are many alternative HTS that can be considered, including CaO, Li2ZrO3, Na2ZrO3 and Li4SiO4. 

CaO is inexpensive and readily accessible but displays significant loss of CO2 capacity after repeated 

calcination cycles due to loss of surface area and porosity [4-5]. The cyclic stability of CaO based 

sorbent can be improved by introducing MgO and Al2O3 [6]. Li4SiO4 as HTS was patented back in 2002 

by Toshiba and has been extensively studied. Recent research has shown the potential of these 

sorbents in a pellet form, which is very relevant to industrial applications of solid sorbents [7-8]. Yang 

et al. (2018) produced a Li4SIO4 based pellet sorbent with a stable CO2 capture capacity of 0.22 g/g at 

550 °C after 50th cycles (15 vol% CO2 for 30 min per cycle) [7]. Seggiani et al (2018) also tested Li4SiO4 

pellets under a stream of 4% CO2 (100 ml/min) over a number of cycles. The observed a decay of about 

20% in the first 40–50 cycles, followed by an excellent stability over 250 sorption/ desorption cycles 

[8].  

Unfortunately, the cost of lithium-containing ceramic sorbents has made these sorbents less appealing 

for large scale applications. The price of Li2CO3 was about $16,000/t in 2018 and is expected to increase 

in future due to the fast expansion of the battery market and the limited Li reserves [9]. Lithium from 

battery waste could be used to reduce costs, but it is constraint by technical, energy and 

environmental challenges [10]. Therefore, there is demand for alternative low-cost materials with 

good CO2 uptake capacity and absorption rate.   
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Na2ZrO3 is an interesting choice due to its cost being 1-order of magnitude lower than Li4SiO4 

(Appendix A1), its fast adsorption kinetics and minimal decay (<5%) in uptake capacity under 

conditions relevant to industrial applications. This makes it a promising candidate compared to other 

sorbents such as Li2ZrO3 or K2ZrO3 [4,11-14]. For sodium zirconate, the carbonation reaction is the 

following [15]: 

 𝑁𝑎2𝑍𝑟𝑂3 + 𝐶𝑂2 → 𝑁𝑎2𝐶𝑂3 + 𝑍𝑟𝑂2       (1) 

HT solid absorbents can be prepared by solid-solid reactions as well as “soft methods” [12-17].  Solid-

state (SS) synthesis has the advantages of high yield, simple operation process and low costs [10]. 

However, such a synthesis method needs heating at high temperatures, consequently yielding crystals 

of large size. In 2004, Nakagawa et al. compared Li2ZrO3 synthesized by different methods [18]. The 

noted differences in CO2 capture performance were attributed to both the particle size and the 

presence of different Li2ZrO3 mineral phases. The tetragonal Li2ZrO3 phase clearly showed a faster 

sorption rate than the monoclinic counterpart possibility due to the smaller crystals [18]. Also, the 

efficiency of zirconates (Li2ZrO3 and Na2ZrO3) for CO2 capture is highly correlated to the mobility of Li+ 

or Na+ in the ceramic skeleton made of (ZrO3)2 chains. Thus, the diffusion of Li+ or Na+ is determined 

by their structure and morphology. Although these two zirconates possess the same elemental 

stoichiometry, their crystalline structure is not the same. The Li2ZrO3 structure turns out to be more 

packed than the Na2ZrO3 structure, where the latter has a lamellar structure, with the Na+ located 

between the (ZrO3)2 layers [10]. The above structure differences have been linked to the better 

absorption rates observed for Na2ZrO3.  

In order to reduce the particle size of Na2ZrO3 sorbents, a number of solution-based synthesis routes 

have been developed [4,17].  Spraying drying (SD) and simple evaporation-drying (ED) did not 

influence the final Na2ZrO3 properties. However, both Na and Zr precursors had remarkable influence 

on the Na2ZrO3 formation. The solid reaction of Na intermediate and nanocrystalline ZrO2 in the 

calcination was identified as the key step for the Na2ZrO3 formation, where the formation of molten 

phase Na intermediate was found to be crucial to facilitate the solid reaction [17]. Bamiduro at al. 

(2018), obtained a CO2 conversion of ~75% and 47% of the theoretical capacity by SD and SS 

preparation methods, respectively, after 5 min exposure to 15 vol.% CO2 at 700 °C. This and other 

studies also show the remarkable stability of Na2ZrO3 in multicycle performance regardless of the 

preparation method (SS or SD), although SD resulted in higher CO2 uptake capacity and reaction rates 

[4,13-14,17]. 

A few CO2 adsorption mechanisms have been proposed regarding Na2ZrO3. It has been proposed that 

the CO2 adsorption continues until chemisorption becomes hindered by the formation of external 



4 
 

sodium carbonate layer, which impede the penetration of CO2 to the outer layer to and reach the 

inner core of the alkaline ceramic [12-13]. At higher temperatures (600-800 °C), it is suggested that 

the primary method of transportation becomes through sodium diffusion from the core to the shell 

layer through the crystal phase [12-13]. This is suggested by the rate of CO2 absorption that becomes 

faster compared to the diffusion method through macro/mesopores, which occurs at lower 

temperatures (< 500°C).  

It has been suggested that the preparation method of solid Na2ZrO3 greatly affects its CO2 uptake and 

uptake kinetic. Typically, soft methods being preferred [4,13]. Despite the SS synthesis method being 

well established and cost-effective, there is a lack of studies on its optimisation to the best of our 

knowledge. Further studies are needed to systematically investigate the effect of various SS synthesis 

conditions on the CO2 capture performance of Na2ZrO3. Therefore, the objective of this work is 

primarily to establish a correlation between the parameters used in the SS synthesis and the Na2ZrO3 

CO2 absorption properties under industrially relevant conditions (i.e. 20 vol% CO2). The effect of 

heating rate, holding time, reactants molar ratio and mixing mode were explored. 

 

2. Materials and methods 

2.1 Materials 
Sodium carbonate (≥ 99.999%) and zirconium oxide (99.9%) were purchased from Sigma-Aldrich.  The 

chemical composition of the sodium zirconate synthesised in this study was varied, specifically, 

sodium zirconate was produced from a mixture containing Na2CO3:ZrO2 = 0.7:1, 1:1, 1.5:1 and 2:1. A 

10 mol.% excess of the sodium carbonate was added to each sample during preparation. These 

mixtures were mixed together using a mortar and pestle for 5 minutes before heating up to 900oC to 

undergo calcination and produce the desired sodium ziroconate sorbent. An additional sample was 

exposed to further mixing through a ball-milling method (Pulverissete 6, Fritsch) before calcination. 

The ball mill was operated at 350 rpm for 30 min – changing stirring direction every 5 min.  

Additionally, the calcination heating rates was varied between 1oC/min, 5oC/min and 10oC/min and 

the dwelling times at 900oC was varied between 1 and 5 hrs.  

Following the synthesis, the mineral phases and crystal sizes of the obtained powders were analysed 

by X-ray diffraction (XRD). XRD was used to determine the crystalline structure and composition of the 

catalyst. The analyses were performed using a Bruker Nonius X8-Apex2 CCD diffractometer equipped 

with an Oxford Cryosystems Cryostream (typically operating at 100 K), an X-ray source with a Cu anode 

working at 40 kV and 40 mA and an energy-dispersive one-dimensional detector.  



5 
 

This allowed the composition of each sample to be assessed post-synthesis to observe changes as a 

result of the varied synthesis conditions. Each synthesised sorbent was labelled as follows:  

NZ 1.5-1 900 2-1 

where, NZ stands for Na2ZrO3, 1.5-1 is the Na2CO3:ZrO2 molar ratio, 900 is the synthesis temperature 

(°C), 2 represents the hours spent at the maximum temperature and 1 is the heating rate (°C/min) 

used. 

Each sample was then run through a TGA (TGA/DSC 3+, Mettler Toledo) to measure the CO2 uptake 

capacity. Roughly 15-20 mg of the sample was loaded into the TGA crucible. A gas flowrate of pure 

nitrogen was then introduced at 100 ml/min. The temperature profile of the TGA followed an initial 

heating of 50 oC/min to a final value of 800 oC. This value was held for 30 minutes to remove any CO2 

contained within the sample as well as impurities such as water. The sample was then cooled at 25 

oC/min to the adsorption temperature of 700 oC. This adsorption temperature was used for all of the 

samples apart from one comparison, which decreases this temperature to 600 oC and 500 oC to assess 

the effect on the absorption performance of the sample. The absorption process was initiated upon 

the switch of the gas stream from pure nitrogen to a 20% CO2 stream with nitrogen. This adsorption 

process was held for 40 minutes. Upon completion, the CO2 supply was halted. The sample was then 

heated back to at 800 oC at 50 oC/min to desorb the CO2 from the sample. This process was undertaken 

for 30 minutes before a final cooling back to ambient conditions at 10 oC/min.  For the 100 cycles 

stability test, initial calcination was done at 900°C, heating rates were of 50 °C/min, adsorption at 700 

°C lasted for 7 min and desorption for 10 min (at 900 °C).  

The spent materials were then analysed by XPS, XRD and SEM-EDX for comparing their chemistry, 

mineral phases and morphology with the fresh absorbents.  

Samples were analysed using XPS (Quantera II Scanning XPS Microprobe, PHI) with an Al anode for X-

ray generation. Each sample was sputter-cleaned with argon ions for 1 min at 110 V prior to analysis 

and full spectrum and energy-resolved spectra were collected for all elements of interest. The 

obtained spectra were calibrated using the C1s peak (284.8 eV) for adventitious carbon.  

Powder samples were examined in a FEG scanning electron microscope (LEO 1530, Zeiss). Small 

amounts of each powder were mounted on sticky carbon tabs on aluminium stubs. Each sample was 

gold/palladium-coated for 40 seconds in a sputter coater (Polaron SC7640, Thermo VG Scientific).  

Samples were examined under high vacuum using an in-lens secondary electron (SE) detector, at an 

operating voltage of 2.5 kV.  For each sample at least one image at 4,000- and 40,000-times 

magnification were taken. EDS spectra were recorded using a Hitachi TM3000 table top SEM 



6 
 

instrument (Tokyo, Japan) equipped with a Bruker Quantax 70 X-ray spectrometer (Massachusetts, 

United States) operating at 15 kV. Specimens were mounted on aluminium stubs with double sided 

carbon tape. 

The mean crystallite diameter size (nm) of each sorbent was calculated using Scherrer’s formula (𝐷 = 

𝜅𝜆 / 𝛽𝐶𝑂𝑆𝜃), where κ (Scherrer constant) is 0.9 (for spherical crystallites with cubic symmetry), λ is 

wavelength (Cu= 1.5406 Å), β is the full width in radian at half maximum (FWHM) of the peak (2-theta 

used= 16.16° and 38.63°), and θ is Bragg’s angle of the XRD peak. The instrumental line broadening 

(subtracted from the FWHM) was calculated using a diffractogram from a well crystalline sample of 

Al2O3 with a 0.03 slit was accounted in the calculation. In addition, it was assumed that the crystals 

are spherical (k = ~0.9).  

The results derived from the TGA tests were fitted against several kinetic models to determine the 

one that best fits the data.  The 1st model selected was the Pseudo-Second Order model, which 

assumes that the rate of adsorption is proportional to the square of the number of free sites on the 

absorbent surface. This model has been found to be more suitable in predicting the CO2 sorption 

behaviour based on chemical interactions. The rate-determined step is considered to be the 

chemisorption step [19]. To conform with this model, a plot of t/qt vs t should yield a straight line.  

The 2nd model selected to describe the interaction of a gas on a solid surface was the Elovich model. 

This model describes the rate of reaction decreasing due to an increase in the solid surface coverage 

as the reaction proceeds [20].  The rate of adsorption is predicted to decrease exponentially over time. 

Generating a plot of qt vs ln(t) should yield a straight line for this particular model.  The 3rd, the Avrami 

model was first developed to describe a phase change with regards to crystal growth [21]. However, 

this model can also be applied to the chemisorption associated with carbon capture by plotting ln(-

ln(1-𝛼)) vs ln(t), which yields a straight line in the successful fitting of the model. The Avrami exponent 

nA is a fractional number which gives an indication into the dimensionality of growth for the 

adsorption sites. An extension of the original Avrami kinetic model is the Avrami-Erofeyev kinetic 

model which is widely used to describe phase transformations during crystallisation or in solid 

reactions [22]. This model predicts the gas-solid reaction to follow a growth pattern through 

nucleation followed by the subsequent growth of the nuclei that is formed. This model uses the 

gradual change in conversion as the adsorption proceeds. This is given by equation 2 [4].  

α=(m(t)-mo)/(mf-mo)          (2) 

The linear version of this equation is given by equation 3 [4]. 

ln(-ln(1-α))=lnk+lnt         (3) 

and plotting ln(-ln(1- α)) versus lnt produces a straight line fit with gradient m.  
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3. Results  

3.1. Sample Characterisation 

The sorbents resulting from the solid-state synthesis under different conditions were examined by 

XRD to evaluate their mineral phases. Figure 1 shows the effect of holding the synthesis temperature 

at 900°C for different lengths of time (1, 2 and 5 h) in terms of mineral composition. The figure 

emphasises the similarity in the diffraction patterns among the different sorbents synthesized with 

different reaction time and, as expected, the sorbents are solely composed of sodium zirconate, with 

some minor ZrO2 impurity (~3%) in monoclinic (23.7°, 28.3°, 31.5° and 50.1°) phase [3,23]. Na2ZrO3 

exists in monoclinic (ICDD 35-0770) or hexagonal (ICDD 21-1179) phases and their relative abundance 

can be estimated by the analysis of the relative intensity ratio, dividing the most representative peaks 

by the most intense one [13]. Table 1 reports the Intensity ratios of the diffraction peaks, which 

indicate that the synthesised Na2ZrO3 after 1, 2 and 5 hours at 900°C contained both hexagonal and 

monoclinic phases, with a prevalence of hexagonal phase based on the peaks intensities ratios. 

Monoclinic phase decreased according to the increase of synthesis time.  

Figure 2 compares the XRD patterns of the Na2ZrO3 sorbents synthesized under different heating rates 

(to reach the final 900°C). Based on Table 1, the increase of the heating rate resulted in a decrement 

of the monoclinic Na2ZrO3 phase (Table 1), which is consistent to the trend shown by the time spent 

at 900°C, suggesting that the monoclinic phase requires more time to crystallise. Also, there was a 

clear increase of relative semi-quantitative crystallinity expressed in area% (calculated by dividing the 

total area of crystalline peaks by the total area under the diffraction curve (crystalline plus amorphous 

peaks). according to the decrease of the heating rate. The lowest crystallinity was observed for the 

sorbent heated at 10 oC/min (44%.). The crystallinity then increased as the heating rate increased from 

5 oC/min (47%) to 1 oC/min (61%).  

The effect of varying the Na2CO3:ZrO2 molar ratio in the Na2ZrO3 synthesis is shown in Figure 3, where 

it can be seen that, apart from the Na2ZrO3 sorbent synthesised in scarcity of Na (0.7:1), the other 

sorbents are almost made of pure Na2ZrO3. The analysis of the relative abundance of the Na2ZrO3 

phases of different Na2CO3:ZrO2 molar ratios (Table 1), indicated that abundance of Na2CO3 vs ZrO2 

(molar ratio 2:1) during the synthesis favoured the formation of monoclinic phase. 

All the above described sorbents were prepared by mixing the reactants by using a mortar and pestle. 

To evaluate the effect of mixing in the synthesis of sodium zirconate, a ball mill was used for preparing 

two optimised sorbents (NZ 1-1 900 2-1 (BM) (See Fig. 9) and NZ 1-1 900 5-1 (BM)). These sorbents 

resulted in a relative higher crystallinity (81.2 % and 78.4 %, respectively) and increased Na2ZrO3 phase 

(66.6% and 70%, respectively) than the samples mixed by mortar and pestle, due to more 
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homogeneous contact between the reactants during the synthesis. As can be seen in Table 1, NZ 1-1 

900 2-1 (BM) has a larger presence of hexagonal Na2ZrO3 phase (vs monoclinic Na2ZrO3) compared to 

the other sorbents.  

 

Figure 1: XRD analysis of the duration at the maximum synthesis temperature. Na/Zr molar ratio: 1.5:1; synthesis 
temperature: 900°C; Heating rate used to reach 900°C: 5°C/min. (1h= NZ 1.5-1 900 1-5; 2h= NZ 1.5-1 900 2-5; 3h= NZ 1.5-1 

900 5-5). 

 

 

Figure 2: XRD analysis for the different synthesis heating rates. Na/Zr molar ratio: 1.5:1; synthesis temperature: 900°C; Time 
spent at 900°C: 2 hours. (1°C/min= NZ 1.5-1 900 2-1; 5°C/min = NZ 1.5-1 900 2-5; 10°C/min = NZ 1.5-1 900 2-10). 
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Figure 3: XRD analysis for the variation in synthesis reactant ratios. Synthesis temperature: 900°C; Heating rate used to 
reach 900°C: 5°C/min; Time spent at 900°C: 2 hours. (0.7:1= NZ 0.7-1 900 2-5; 1:1 = NZ 1-1 900 2-5; 1.5:1 = NZ 1.5-1 900 2-

5; 2:1= NZ 2-1-900 2-5). 

 

Table 1. Intensity ratios of diffraction peaks for the Na2ZrO3 sorbents synthetised by solid-state 

method under different conditions.  

  I/Imax I/Imax I/Imax I/Imax I/Imax I/Imax I/Imax 

2 θ 16.16 18.98 30.56 32.7 33.6 38.7 56.6 

Hexagonal 1.00 0.02 0.06 0.30 0.10 0.20 0.06 

Monoclinic 0.37 0.07 0.01 0.16 0.40 1.00 0.27 

NZ 1.5-1 900 1-5 1.00 0.01 0.05 0.15 0.42 0.83 0.19 

NZ 1.5-1 900 2-5 1.00 0.04 0.04 0.11 0.38 0.64 0.16 

NZ 1.5-1 900 5-5  1.00 0.06 0.01 0.15 0.40 0.75 0.21 

NZ 1.5-1 900 2-1 1.00 0.09 0.01 0.11 0.48 0.79 0.18 

NZ 1.5-1 900 2-5 1.00 0.05 0.02 0.14 0.42 0.65 0.21 

NZ 1.5-1 900 2-10 1.00 0.10 0.04 0.20 0.40 0.66 0.22 

NZ 0.7-1 900 2 -5 1.00 0.14 0.06 0.17 0.55 0.98 0.27 

NZ 1-1 900 2-5 1.00 0.06 0.08 0.06 0.35 0.94 0.10 

NZ 1.5-1 900 2-5 1.00 0.05 0.06 0.15 0.40 0.67 0.16 

NZ 2-1 900 2-5 0.92 0.07 0.02 0.05 0.40 1.00 0.15 

NZ 1-1 900 2-1 BM 1.00 0.56 0.46 0.59 0.59 0.52 0.40 

 

Figure 4 shows the scanning electron microscopy (SEM) images and selected high magnification areas 

of as-prepared Na2ZrO3. The SEM images and magnified areas of NZ 1-1 900 2-1 (BM) (Fig.4 a-b) show 
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a polyhedral morphology, with particles ranging from 50 to 200 nm in size, which are almost half the 

size of the particles of the non-optimised sample obtained under the same heating rate and hold time 

at 900 °C (Fig 4 c-d). At the same time, the BM optimised sorbent (Fig.4 a-b) present a larger amount 

of macropores compared to the other sorbents, which can favour the transport of CO2 to the interior 

of the particles for CO2 capture and release. This can be also appreciated in Fig A1 a-d (Appendix A2), 

where particles size increase according to the increase of the heating rate as follows: NZ 1.5-1 900 2-

1 (10-25µm) < NZ 1.5-1 900 2-5 and NZ 1.5-1 900 2-10 (20-30µm). NZ 1-1 900 2-1 BM (obtained using 

a heating rate of 1°C/min) presents relatively homogeneous particles size (Fig. 4 a-b), compared to the 

much larger distribution of particles when a fast heating rates (5 and 10°C/min) was used (Fig. 4 e-h). 

The 5°C/min and 10°C/min heating rates resulted in dense mixture of crystals with different sizes 

without macro-porosity (10°C/min). The surface of the sorbent obtained applying a heating rate of 

5°C/min (NZ 1.5-1 900 2-5) was of ~ 3.9 m2/g (Table A1 in Appendix 2), which is consistent with other 

work where SS synthesis was used [16]. The synthesis with a prolonged synthesis time (5 hrs) also 

resulted in larger and denser particles (Fig. A2 a-b in Appendix A2) with absence of macropores on the 

surface. This has been well evidenced in previous works, where the materials obtained by a SS route 

present higher particle sizes due to prolonged exposure at synthesis temperatures higher than 800 °C, 

which favour particles sintering [3,14]. Therefore, the synthesis conditions can be used to control the 

size of the particles and porosity. 

More insight on the sorbents’ properties can be gained by considering the data from SEM-EDX (See 

Appendix A3). The instrument used allowed the analysis of a thickness of about 5 µm into the surface 

of the samples, so that it can be considered as representative of the external bulk shell composition. 

Table 2, which reports the elemental composition of the shell in wt.%, show a similar concentration 

of oxygen on the shell, but an higher presence of Na than expected, when the 1°C/min and 10°C/min 

heating rates were used for the synthesis in absence of ball milling. This can be associated to lower 

degree of mixing without ball milling with formation of clusters enriched in Na on surface. The Zr/Na 

wt ratios were also calculated and compared to the Zr/Na ratio in the expected Na2ZrO3 , which is 1.98. 

As can be seen in Table 2, NZ 1-1 900 2-1 (BM) has a very close Na/Zr ratio, which is corroborated by 

the high degree of crystallinity (relatively to the other samples) as shown by the XRD analysis. The 

surface area measured by single point (See Appendix A4) was 5 m2/g, suggesting that the sorbents’ 

surface area obtained by ball milling should not lead to large differences in CO2 uptake capacity. The 

distribution of the Na and Zr species in the BM optimised sample was mapped and reported in Figure 

5, which shows a homogeneous surface distribution.  

 



11 
 

 

Fig 4. SEM images of Na2ZrO3. a-b) NZ 1-1 900-2-1 (BM); c-d) NZ 1.5-1 900-2-1; e-f) NZ 1.5-1 900-2-5; 

g-h) NZ 1.5-1 900-2-10. 



12 
 

Table 2. Atomic concentration on sorbents surface from SEM-EDX. Calculated on an area of 11 mm2. 

 Normalised concentration, wt% Zr/Na at ratio 

Sample Oxygen Sodium Zirconium 

NZ 1-1 900-2-1 (BM) 36.23 20.65 43.12 2.09 

NZ 1.5-1 900-2-1 41.29 26.85 31.86 1.18 

NZ 1.5-1 900-2-10 43.96 32.12 23.93 0.74 

 

 

Fig 5. Zr and Na EDS image for NZ 1-1 900-2-1 (BM). 

 

3.2. CO2 sorption tests 

The results obtained from the TGA tests towards the identification of the best material and 

parameters to synthesise the Na2ZrO3 by solid-state method are reported in Table 3, where the CO2 

uptake is given as a percentage increase from the original sample weight, as % to the theoretical 

absorption limit for the CO2 (23.8 wt% based on the content of the pure Na2ZrO3) and in mmol CO2/g 

sorbent. CO2 desorption was not completed under the studied conditions (desorption at 800°C), 

resulting in 8-15% of the absorbed CO2 not desorbing (Appendix A5). First, the material was optimised 

by varying the Na2CO3:ZrO2 molar ratios and then, the conditions used to synthesis the material were 

altered towards the identification of their best combination. To do so, the low performing molar ratio 

(1.5:1) was selected for the parametric study, to evaluate each parameter’s contribute. The effect of 

varying the material composition and the different parameters is then discussed in separated sections.  
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Table 3: Summary of sample adsorption properties 

  Sample 
CO2 

Uptake 
(%) 

* % 
Theoretical 

CO2 
uptake, 

mmolCO2

/g 

CO2 
absorptio

n rate, 

CO2 
desorption 

rate, 

mmol/s mmol/s 

Reactan
t Ratio 

NZ 0.7-1 900 2 -5 17.88 n.a. 4.06 1.13E-04 9.84E-05 

NZ 1-1 900 2-5 16.24 68 3.69 7.95E-05 9.09E-05 

NZ 1.5-1 900 2-5 7.82 32.9 1.78 4.09E-05 5.00E-05 

NZ 2-1 900 2-5 4.86 20.4 1.1 1.59E-05 2.95E-05 

Heating 
Rates 

(oC/min
) 

NZ 1.5-1 900 2-1 14.3 60 3.25 6.59E-05 7.95E-05 

NZ 1.5-1 900 2-5 7.82 32.9 1.78 4.09E-05 5.00E-05 

NZ 1.5-1 900 2-10 6.67 28 1.52 2.50E-05 3.64E-05 

Synthes
is 

Duratio
n 

NZ 1.5-1 900 1-5 9.7 40.8 2.2 2.95E-05 5.23E-05 

NZ 1.5-1 900 2-5 7.82 32.9 1.78 4.09E-05 5.00E-05 

NZ 1.5-1 900 5-5  10.72 45 2.44 3.18E-05 4.77E-05 

Absorpt
ion 

temper
ature 
(°C) 

NZ 1.5-1 900 2-5 
(700) 

7.82 32.9 1.78 4.09E-05 5.00E-05 

NZ 1.5-1 900 2-5 
(600) 

6.05 25.4 1.37 2.43E-05 7.16E-05 

NZ 1.5-1 900 2-5 
(500) 

4.51 19 1.02 7.91E-06 3.14E-05 

Ball-
milling 

NZ 1-1 900 2-1 
(BM) 

21.27 89.40% 4.83 1.64E-04 1.16E-04 

NZ 1-1 900 5-1 
(BM) 

19 79.80% 4.3 8.93E-05 9.57E-05 

* % Theoretical calculated assuming only Na2ZrO3 phase is active on absorbing CO2.  
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Figure 6: CO2 absorption isotherms from TGA based on: a) different reactant synthesis ratios; b) varied sample synthesis 
heating rates; c) different hold time at the maximum synthesis temperature;  d)  absorption temperatures. 

 

3.2.1. Effect of Na2CO3:ZrO2 molar ratios 

Zirconate sorbents with different Na2CO3:ZrO2 ratios (0.7:1, 1:1, 1.5:1 and 2:1) were synthesized. The 

effect of the Na2CO3:ZrO2 ratios on the CO2 absorption uptake capacity is displayed in Figure 6a. The 

results show a clear trend in which the CO2 uptake capacity increased when the amount of sodium 

carbonate used in the synthesis decreased. This difference was highlighted in the uptake of CO2 with 

respect to the sample weight. The NZ 2-1 900 2-5 sample has an uptake of just 1.10 mmol CO2/g (20% 

theoretical) compared to 1.77 mmol CO2/g (33% th.), 3.69 mmol CO2/g (68% th.) and 4.04 mmol CO2 

as the ratio of sodium carbonate decreased to NZ 1.5-1 900 2-5, NZ 1-1 900 2-5 and NZ 0.7-1 900 2-5, 

respectively. Moreover, the rate of absorption increases one order of magnitude (from 1.59x10-5 to 

1.13x10-4 mmol/s) by decreasing the Na content from 2 parts to 0.7 parts in the synthesis mixture. The 

CO2 desorption rate followed a similar trend to the absorption rate, being higher at low NZ ratio 

(0.7:1). Therefore, the reactants molar ratio, is an important parameter for tuning high performance 

Na2ZrO3 for CO2 sorption. Table 3 also shows that the same trend is true for the CO2 absorption rate. 
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Based on previous work [14] and the XRD results, the different abundance of Na in the lattice and the 

presence of ZrO2 mineral phases under depleted Na presence (see NZ 1-1 900 2-5 and NZ 0.7-1 900 2-

5), can be linked to the enhanced performance, possibly due to enhanced Na mobility. The results 

suggested that the excess sodium carbonate in the 1.5:1 and 2:1 sorbents acted as a hindrance to the 

adsorption capacity of the sample.  

3.2.2. Effect of the heating rate on the Na2ZrO3 synthesis 

Figure 6b shows the effect of changing the heating rate during the synthesis. There is an important 

difference in the uptake capacity and rates of the sorbents at the varying heating rates. From Table 3, 

it can be seen that the sorbent synthesized at 1 oC/min (NZ 1.5-1 900 2-1) had an absorption capacity 

of 3.25 mmol CO2/g (60% of theoretical capacity) compared to only 1.78 mmol CO2/g and 1.52 mmol 

CO2/g for the 5oC/min (NZ 1.5-1 900 2-5) and 10 oC/min (NZ 1.5-1 900 2-10) sample, respectively. 

Similarly, the CO2 absorption and desorption rates were greatly affected by the heating rate, where 

the former increased from 2.50x10-5 mmol/s (10·°C/min) to 6.59x10-5 mmol/s (1·°C/min). This clearly 

suggests the importance of the heating rate has on maximizing the CO2 uptake capacity and adsorption 

rate. This characteristic is thought to arise from the increased conversion of the sorbent due to the 

exposure of a longer heating time, which allowed for a higher crystallinity (see Table A2), increased 

presence of Na2ZrO3-monoclinic phase (see XRD data in Section 3.1) and smaller homogeneous 

crystallites and higher porosity (SEM analysis in Section 3.1), compared to the sorbents obtained under 

5°C/min and 10°C/min.    

3.2.3. Effect of holding time at maximum synthesis temperature 

The time held at the peak calcination temperature (900oC) was varied between 1,2 and 5 hours. This 

parameter has a low impact on the final CO2 uptake, with only 32-45% of theoretical CO2 uptake 

achieved (see Table 3). The results obtained during the CO2 uptake are displayed in Figure 6c. The 

difference in the final CO2 adsorption uptake capacity, as well as the absorption rate, did not appear 

to follow an obvious trend. Following the same theory of the heating rate, the longer exposure times 

that the synthesis is undertaken should result in larger particles, as confirmed by the SEM images, and 

consequently results in a low CO2 absorption.  

3.2.4. Effect of absorption temperature 

The comparison outlined by Figure 6d shows the variation in the uptake performance as the 

absorption temperature was varied. With an increase in temperature, there was an established 

increase in the CO2 uptake capacity of the NZ 1.5-1 900 2-5 with 1.02 mmol CO2/g, 1.37 mmol CO2/g 

and 1.78 mmol/g as the absorption was undertaken at 500 oC, 600 oC and 700 oC respectively. The 

rapid increase in CO2 uptake capacity passing from 500 to 700°C was linked to the increased thermal 
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energy available for absorption at higher temperatures, but also to a change in absorption mechanism 

from (i) CO2 diffusion from the surface to the core through meso/macro -pores (T < 550 °C), to (ii) 

solid-state bulk diffusion of Na from the core to the surface (T > 550 °C), as discussed previously by 

Alcerreca-Corte et al. (2008) [12].  

3.2.5. Parameters Optimisation 

The parametric study shows that a heating rate of 1°C/min and a Na2CO3:ZrO2 molar ratio of 1:1 (0.7:1 

was excluded since high content of ZrO2 was present) resulted in the highest CO2 absorption rate and 

uptake capacity. Moreover, holding time of 2h and 5h resulted in a superior CO2 absorption rate and 

uptake capacity, respectively. Therefore, two new sorbents combining the best CO2 uptake capacity 

and adsorption rate (NZ 1-1 900 1-5 and NZ 1-1 900 2-1) were synthetized and mixed to a greater 

degree via ball-milling. The results are displayed in Figure 7, which compares these optimised samples 

with the best performing sample obtained using the mortar and pestle (NZ 0.7:1 900 2-5). The best 

performing ball-milled sample (NZ 1-1 900-2-1 BM) achieved a CO2 uptake capacity of ~88 % (15 min), 

87% (10 min) and ~70% (5 min) of the Na2ZrO3 theoretical limit (23.8 wt%), while the best performing 

mortar and pestle sorbent achieved only 75 % of the theoretical limit after 30 min. Moreover, the NZ 

1-1 900 2-1 (BM) resulted in the faster absorption (1.64x10-4 mmol/s) and desorption (1.16x10-4 

mmol/s) rates, one-fold higher than the non-optimised sorbents. By comparing this CO2 uptake 

capacity with that obtained through SD preparation, which achieved ~75% of the theoretical limit after  

at 700°C [4,13], it can be shown that solid-state synthesis can be successfully used, achieving similar 

results to the SD synthesis method, so long as the correct synthesis conditions are applied.  

 

Figure 7: CO2 absorption of BM-optimised sorbents vs best performing optimised sorbent by mortar and pestle. 
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From a practical perspective this demonstrated the importance that the initial mixing of the reactants 

had on the absorption performance of the sample. Since the small difference in surface area between 

the manually and ball milled sorbents (See Section 3.1) exclude available surface as the reason of the 

better CO2 uptake performance of the BM sorbents, the crystallinity was investigated. The ball milling 

resulted in small nano crystals of 50-200 nm. Moreover, larger presence of hexagonal Na2ZrO3 was 

obtained by using the ball mill.  

Since the results indicate that crystal size plays a role in enhancing the performance of the Na2ZrO3 

sorbent, the relation between crystal size and CO2 adsorption rate and uptake capacity was studied. 

The average crystals size of NZ 1-1 900 2-1 (BM) resulted the smallest in this study (~20 nm) and also 

compared to a previous study were SD and ED were used (28-30 nm) [17]. Crystal size then increased 

according to the heating rate used in the synthesis as follows: 33 nm (1°C/min using mortar & pestle) 

< 36 nm (5°C/min) < 38 nm (10°C/min). Figure 8 shows that there is a linear relation between the 

crystal size and the two performance parameters, with both CO2 adsorption rate and uptake capacity 

increasing according to the decrease of the crystal size.  

 

 

Fig. 8. *Crystal size calculated using Scherrer's Formula for the peaks at 2 θ: 16.16° and 38.63°.  
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3.3. Characterization of BM optimized sorbent after 1 cycle 

Figure 9 shows the XRD patterns of the BM optimized Na2ZrO3 and the same materials after one 

absorption/desorption cycle. It is well known that variations in peak intensity are related chiefly to 

variations in the scattering intensity of the components of the crystal structure and their arrangement 

in the lattice. Differences in the lattice arrangement were observed after one CO2 

adsorption/desorption cycle. The BM optimized Na2ZrO3 presents larger presence of hexagonal 

Na2ZrO3 in comparison of monocline phase, as suggested by the 16.2°/38.7° peaks ratio. The patterns 

of NZ 1-1 900 2-1 (BM) after one CO2 adsorption/desorption cycle denote lower content of monoclinic 

Na2ZrO3. The XRD patterns after one cycle also show presence of Na2CO3 (30.18°), which suggests no 

complete desorption of CO2 at 800°C.  This is confirmed by the appearance of peaks (See Fig. A3 in 

Appendix 2) related to tetragonal zirconium oxide (30.3°, 50.5° and 59.9°) in the NZ 1-1 900 2-1 (BM) 

sorbent after 1 cycle [24] and in less extent, monoclinic ZrO2 (28.3°, 31.5°, 50.1°). . Although tetragonal 

ZrO2 is known to be stable at temperatures > 1170°C, it has been shown that it can form during cooling 

at around 800°C and stabilized at room temperature in presence of cations such as Mg2+, Ce4+ etc. 

[24]. The size of the crystals was found to decrease after 1 cycle from an average of about 20 nm to 

~10 nm. Therefore, the enhanced CO2 absorption of NZ 1-1 900 2-1 (BM), can be linked to the modified 

lattice with enhance presence of hexagonal Na2ZrO3 phase, presence of NaZrO2 phase, increased 

crystallinity and more homogeneous smaller crystals.  
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Figure 9: XRD pattern of the BM optimised Na2ZrO3 before and after 1 absorption/desorption cycle.  

In order to gain a better insight into the chemistry at the surface and modifications occurred after 1 

CO2 absorption/desorption cycle, XPS analysis of pure ZrO2, pristine NZ 1-1 900 2-1 (BM) sorbent and 

the latter after 1 cycle was carried out. Pure ZrO2 was analysed for reference and resulted in binding 

energies at 182.4 eV and 530.4 eV, corresponding to Zr 3d and Olattice 1s, which matched well ZrO2 

analysed in previous work (182.5 eV and 530.6 eV) [25]. Figure 10 shows the XPS of the pristine NZ 1-

1 900 2-1 (BM) that presents Zr 3d and Olattice 1s signals at lower BE at 181.4 and 183.8 eV and 531.1 

eV, respectively, which can be associated to Na2ZrO3. The presence of a small signal at 529.0 eV could 

be linked to Olattice 1s of ZrO2. Finally, Figure 10 shows that the NZ 1-1 900 2-1 (BM) after 1 cycle 

presents main signals at 181.2 eV 183.7 eV and 530.8 eV, corresponding well to Zr 3d (first two) and 

Olattice 1s in Na2ZrO3. Despite the absence of a Zr 3d signal at ~182.4 eV (as in the pristine sample), the 

presence of a deconvoluted Zr 3d signal at 182.7 eV and O 1s signal at 532.3 eV can be linked to Olattice 
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1s in ZrO2, corroborating the XRD analysis. This indicate that Na2CO3 in the regenerated was not 

completely decomposed and as a consequence, ZrO2 did not completely reversible react to form 

Na2ZrO3 during regeneration. 

Previous work shows that the crystalline phase of zirconates can be identified by XPS, where the 

deconvoluted Zr3d spectra could be fitted into two pairs of elemental profiles: (a) at the binding 

energies of 182.3 ± 0.2 eV and 184.8 ± 0.2 eV and (b) at 183.7 ± 0.2 eV and 186.0 ± 0.2 eV and the 

presence of different phases estimated by the ratio B/A [26]. As can be seen in Figure 10, the pristine 

NZ 1-1 900 2-1 (BM) and NZ 1-1 900 2-1 (BM) after 1 cycle, matches the two pairs, indicating a change 

of the sodium zirconate phase after 1 cycle.  

 

 

Figure 10: XPS spectra of (a) Zr 3d for pristine NZ 1-1 900 2-1 BM; (b) O 1s for pristine NZ 1-1 900 2-1 BM; (c) Zr 3d for NZ 1-

1 900 2-1 BM after 1 cycle; (d) O 1s for NZ 1-1 900 2-1 BM after 1 cycle; (e ) Zr 3d for pristine ZnO2; (f) O 1s for pristine ZnO2; 

(g) C 1s for NZ 1-1 900 2-1 BM after 1 cycle; (h) Na 1s for NZ 1-1 900 2-1 BM after 1 cycle. 

 

 The XPS of the Na 1s and C 1s are also shown in Figure 10. The XPS of the Na 1s can be deconvoluted 

in two peaks, a main peak at 1071 eV and a broad peak at 1072.3 eV, where the latter could indicate 

low valence Na, or Na vacancies on the sorbent surface, corroborating the EDS analysis [27]. Finally, 

the XPS of C 1s (Figure 10) denotes presence of adventitious carbon (C-C) at binding energy of 285.4 

eV and carbonate (C=O) at binding energy of 289 eV confirming the non-completed desorption of CO2 

at 800°C [26].  

3.4. Kinetic Analysis 

The NZ 1-1 900 2-1 (BM) sorbent was compared using several kinetic models to determine the best 

fitting model for the CO2 absorption process. Since the mechanism of the CO2 absorption depends on 
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the characteristics of the solid sorbent, which is ultimately dependent on how the solid was originally 

synthesized [28]. The kinetic analysis can suggest why certain preparation methods have a greater 

impact on the CO2 adsorption characteristics compared to others.  

 

Figure 11: Global kinetic models applied to the NZ 1-1 900 2-1 (BM) sorbent. 

 

In observing the validity of these models, the coefficient of correlation (R2) is typically used to indicate 

the relationship between the data and the model.  

As can be seen from Figure 11, the global sorption process for NZ 1-1 900 2-1 (BM) sorbent was not 

modelled well for the Elovich model, which has the lowest R2 value of 0.941, indicating that an 

adsorption process driven predominantly by CO2 surface coverage over time is unlikely. This is likely 

to have an effect where diffusion of the CO2 through the Na2CO3-ZrO2 shell is the rate-controlling step, 

but this is only likely at temperatures below that at which the adsorption was undertaken in this work. 

Both the pseudo second order model and A models display close results to the straight line, but are 

not modelled perfectly, with R2 values of 0.951 and 0.941, respectively. The best-fitting result is 

obtained for the AE model with an R2 value of 0.992, suggesting that chemical sorption of the CO2 with 

the sorbent is not the rate controlling step. However, the good fitting suggests that the availability of 

sites for absorption to be a crucial factor for the uptake of CO2 by the sorbent.  
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The AE model predicts that the overall rate of reaction is determined by the rates of nuclei growth 

and the concentration of potential nuclei sites available. Since the kinetic results of the BM optimize 

sorbent best fits the AE model, it appears that the adsorption proceeds similar to the nucleation, 

driven by the solid-state diffusion of Na and O ions from the core to the shell of the particles. The 

original heating rates that the synthesis is undertaken, would then allow for an increased 

concentration of potential nucleation sites. Based on XRD, XPS and SEM-EDS, the slower heating rates 

allowed for smaller Na2ZrO3 crystals that enhanced the material’s conductivity, consequently 

increasing the mobility of the Na/O ions. Also, the higher crystallinity (See Table A2) and smaller 

crystals of NZ 1-1 900 2-1 (BM) could be linked to higher concentration of nucleation sites available to 

adsorb the CO2, compared to the other synthetized sorbents, which would explain the better CO2 

uptake and absorption rate of the former. 

3.5.  Sorbent cyclic stability 

A long cycling test (70 cycles) was run to evaluate the potential of NZ 1-1 900 2-1 (BM) under 

industrial applications. The results are shown in Figure 12. For this reason, a short cycle of 5 min 

adsorption (700°C) and desorption (900°C) was selected. A higher temperature (900°C) and 

compared to the one used in the parametric tests was selected, since previous work indicate a rapid 

increase of the desorption rate take place when the temperature is increased from 800 to 900 °C 

[29].  The efficiency of the cycles’, expressed in terms of the maximum CO2 uptake capacity of the 

sorbent under the selected conditions, displayed an initial fast decrease to 80% (first 10 cycles) and a 

less marked decrease to about 70% efficiency between cycles 10 and 40. The BM-optimised sorbent 

then maintained 70% of its initial efficiency in the remnant 30 cycles denoting excellent stability.  

The rates of the CO2 adsorption and desorption are also shown in Figure 12, which displays an 

excellent stability of the adsorption and desorption rates from cycle 10 to cycle 70.  

The stability of NZ 1-1 900 2-1 (BM) resulted similar to previous finding. For example, Bamiduro et al. 

[4] observed a continued stability after 40 cycles, while Zhao et al. (2013) obtained a decrease of 

20% CO2 uptake capacity after 2 cycles (for Na2ZrO3 synthetised by SD and ED methods, absorption. 

at 575°C, desorption at 680°C/Ar using 50% CO2/Ar.) and then the capacity uptake remained stable 

for other 10 cycles [17]. Moreover, Martínez-dlCruz and Pfeiffer (2013) studied the cyclic 

adsorption/desorption of CO2 in Na2ZrO3 under different temperatures [14]. They clearly related the 

CO2 adsorption/desorption temperate with the cyclic stability of Na2ZrO3 indicating that cyclic 

adsorption/desorption at 800 °C resulted in a constant and rapid loss of ~36% CO2 uptake during 20 

cycles.  
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Figure 12: Cyclic stability of BM optimised sorbent. Cycles of 5 min adsorption (700°C) and desorption at 900°C. 

 

The initial decrease in the uptake capacity of the material can be related to the non-complete 

recovery of Na2ZrO3 phase (as shown by the XRD analysis) and to sintering during desorption at 

900°C. The findings by Seggiani et al. attributed the gradual reduction to the reduction of surface 

porosity, which inhibits the diffusion of the CO2 throughout the material [8]. To establish potential 

modification of the surface morphology after the 70 cycles, Figure 13 compares the material before 

(a,b,c) and after (d,e,f) the 70 cycles. Despite the material retains the overall morphology and macro-

porosity, denoting high thermal stability, there is appearance of growth of the crystallites size from 

about 50-100 nm to ~200 nm. Therefore, the decrease in performance could be related to crystal 

growth, which increase the distance over which the Na ions should travel.  
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Figure 13. SEM images of the BM-optimised sorbent (a,b,c) before and (d,e,f) after 70 cycles.  

 

4. Conclusions 

This work shows that the SS synthesis conditions used when preparing the Na2ZrO3 have a great 

impact of the CO2 uptake capacity and CO2 absorption rate.  The optimised sorbent NZ 1-1 900 2-1 

(BM)  resulted in a superior CO2 uptake capacity (4.83 mmol CO2/g), absorption rate (1.64E-04 

mmol/s) and an excellent stability over 70 cycles, achieving a theoretical uptake capacity (86,5%) 

after 10 min, comparable to that obtained using soft-methods. The XRD and SEM-EDS analyses 
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indicate that the NZ 1-1 900 2-1 (BM) sorbent, which was composed of a mixture of Na2ZrO3 

hexagonal (dominant) and monoclinic phases, resulted in higher crystallinity and crystals with 

smaller average diameter (~20 nm). The results also suggest a linear relation between the crystal size 

and the two performance parameters, with both CO2 absorption rate and uptake capacity increasing 

according to the decrease of the crystal size. Overall, the superior performance was related to the 

improved mobility of Na and O from the core to the shell of the particles thanks to the small crystals 

obtained under optimised SS synthesis conditions. The kinetic study found that the AE model fitted 

best the CO2 sorption of the BM optimised material. This indicates an adsorption process is 

controlled by growth of nucleation sites.  

Despite the promising results, practical applications of this optimised SS synthesis on pelletized 

Na2ZrO3 sorbents should be assessed. Additional focus should also be applied to the sorbent’s 

regeneration characteristics over multiple cycles as well as the ability to perform at various 

compositions of flue gas. 
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