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Executive Summary 

This project focuses on the development of sorbents to capture CO2 from a syngas stream in 

coal gasification processes. The CO2 sorbents developed and tested as reported in milestone 5 

but yielded no positive results and had to be abandoned. The learnings from this initial work 

were that the best sorbents based on a mix of double salts (DS) and layered double 

hydroxides (LDHs) but these quickly lost activity and could not deliver good CO2 uptake as 

required for this project. The initial pressure and temperature swing adsorption (PTSA) tests 

caused deterioration of the WGS reaction, and the catalyst rapidly lost its activity. And lastly, 

it was found that the catalyst and sorbent were reacting under the testing conditions, forming 

new materials and effectively deactivating both the catalyst and sorbent simultaneously.  

Therefore, a new robust CO2 sorbent was developed from magnesium nitrate and sodium 

carbonate (i.e. nitrogen doping of DS type materials) and subsequently optimised by our lab 

(Mg58 Na72 H2O900). We have now tested a single batch in a modified CCSR setup since 

the 19th October 2015 (over 43 days (as at 30th November 2015) and thus in excess of 1000 

hours total testing so far). This work has clearly demonstrated that the new CO2 sorbents 

in the new CCSR setup are stable and performing well. By varying the operating 

conditions we found a significant reduction in the CO2 breakthrough time resulting from 

increasing the space velocities, increasing operating pressure due to CO2 sorption and 

increasing the WGS reactor temperature until a limit in CO conversion is achieved.  

We conclude that the performance of the adsorbent is satisfactory (i.e. meets project targets) 

and recommend progressing to the next project phase. We have provided a design schematic, 

equipment sizing and costing ($8500) for the scale-up reactor and are confident it will be able 

to process 1 L/min of syngas to the required product purity as specified in the project 

proposal. The new CCSR stainless steel vessels meet the temperature and pressure operating 

requirements. This will allow this project to be scaled up and tested for 2000 hours according 

to the new UQ lab pressure limit operation of 7 bars. 
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1 Introduction 

This project focuses on the development of sorbents to capture CO2 from a syngas stream in coal 

gasification processes. This report primarily addresses the requirements of milestone 6 of project 3-

0510-0033 title Carbon Capture Shift Reactors. This report also completes the remainder of work 

allocated for task 6 from milestone 5 on the systematic study of CO2 capture: sorption rates, flow 

rates (F), temperature (T) and pressure (P).  

2 Prior Work 

The CO2 sorbents developed and tested as reported in milestone 5 were further tested in a CCSR 

(carbon capture shift reactor) set up as shown in Fig. 1. In a single vessel, sorbents were mixed with 

WGS catalysts and alumina particles. The latter was used to assist with gas flow through the vessel. 

The intention of this set up was to have a single unit with the dual purpose of reacting syngas via 

the water-gas shift (WGS) reaction and capturing CO2 at the same time. It was operated as a batch 

process with the idea that adsorbing the CO2 as it is produced shifts the reaction to a higher 

conversion whilst simultaneously allowing high purity H2 to leave the CCSR. After each batch, the 

vessel was de-pressurised at a higher temperature to desorb the CO2. The vessel was operated inside 

a furnace controlled by a temperature PID controller. This unit was fed with CO gas and water 

vapour. The latter was injected through a vaporiser using a water mass flow controller. This allowed 

for a precise control of the H2O/CO ratio in the vessel.  

 

Fig. 1 - CCSR set-up as a single unit operation. 

After extensive testing, this type of work yielded no positive results and had to be abandoned. The 

learnings from this initial work were: 

 The best sorbents based on a mix of double salts (DS) and layered double hydroxides 

(LDHs) quickly lost activity and could not deliver good CO2 uptake as required for this 

project. 

 The pressure and temperature swing adsorption (PTSA) tests caused deterioration of the 

WGS reaction, and the catalyst rapidly lost its activity. 
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 Further, it was found that the catalyst and sorbent were reacting under the testing conditions, 

forming new materials and effectively deactivating both the catalyst and sorbent 

simultaneously. 

To address these problems, the catalyst and sorbents were physically separated by a layer of quartz 

wool inside the CCSR vessel. The catalyst was set in the front end and the sorbent at the back end 

of the vessel. The results improved slightly, but fell short of the project targets. A complete loss of 

both reaction and sorption after several PTSA cycles was also observed, which was attributed to 

leaching of the components of the sorbent, which then reacted with the catalysts. As a result, we 

decided to work further on more robust sorbents and re-design the CCSR experimental set up. 

3 Development of New Sorbents 

3.1 Synthesis 

A new robust CO2 sorbent has emerged recently based on nitrogen doping of DS type materials. 

After preparation of a large number of samples using different recipes from the literature [1-3], a 

modified synthesis method was optimised as set out below: 

 Step 1 - mix a mass of Mg(NO3) 2.6H2O into the DI water. 

 Step 2 - stir for 30 mins at room temperature. 

 Step 3 - add a mass of Na2CO3 in the solution from step 2.  

 Step 4 - stir the mixture overnight. 

 Step 5 - vacuum filtration of the mixture. 

 Step 6 - dry the mixture at 60˚C in oven for two days. 

 Step 7 - crush the dried mixture into powder. 

 Step 8 - calcine the powder at 450˚C in a furnace with ramping / cooling rates of 5˚C min-1. 

3.2 CO2 uptake 

After a large number of tests, the synthesis procedures were narrowed to a number of optimised 

syntheses. The samples are designated with mixture elements and numbers as Mg116 Na144 

H2O1800. This means that this sample was derived from a mixture containing 116g of Mg(NO3) 

2.6H2O, 144g of Na2CO3 and 1800 ml of  DI water. Fig. 2 shows the CO2 uptake as wt% for the 

best samples at 1 bar CO2 pressure under dry conditions. It was found that the sample Mg58 Na72 

H2O900 delivered the best results, reaching CO2 uptake of close to 15%, though reducing at the 

second cycle to slightly below 14%. These result also show that the adsorption and desorption 
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cycles are very short due to very steep gain or loss of CO2 and are therefore ideal for PTSA 

processes. 

 

Fig. 2 - CO2 uptake for several samples. Block indicates the sample was in monolith form rather 

than powder form.  

In order to ensure robustness for TPSA cycling, the Mg58 Na72 H2O900 sample was exposed to 7 

sorption and desorption cycles. Helium was used to emulate the effect of a vacuum pump in this 

experimental work. It is observed in Fig. 3 that the sample is relatively stable, as CO2 uptake started 

to level out at ~14%. 

 

Fig. 3 - CO2 uptake cycling of sample Mg58 Na72 H2O900 at 1 bar CO2 pressure under dry 

conditions 

In this work, it was found that the initial CO2 uptake was much higher under wet conditions than 

dry conditions. However, repeated cycles under wet conditions resulted in severe losses of CO2 
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uptake during subsequent cycles. This was indicative that water may have been leaching elements 

from the sorbent, leading to an irreversible loss of capacity. This finding is similar to the results in 

Section 2.0. 

This project has a target of 20% CO2 capture for coal gasification, however the best results shown 

thus far are ~14%. Sorption capacity can be increased by operating at higher partial pressures and 

so thermogravimetric analysis (TGA) was undertaken at 3 different CO2 partial pressures to 

determine the cycling equilibrium sorption capacity. The CO2 uptake values at equilibrium (@400 

min) were 15.5, 14.0 and 9.2% for CO2 partial pressures of 1, 0.6 and 0.4 bar, respectively. There 

results were fitted with a logarithmic regression as displayed in Fig. 4 with R2=0.9846. Forecasting 

for an oxygen blown coal gasifier operating at 30 bars and generating a 40% CO2 at dry basis (i.e. a 

CO2 partial pressure of 12 bars) shows the calculated CO2 uptake would be ~28%. Similarly, an air 

blown gasifier could generate a CO2 partial pressure of 4.5 bars, resulting in a calculated CO2 

uptake of ~23%. If we treat the 0.4bar data point as an outlier (worst case scenario) the logarithm 

fitting resulted in CO2 uptake of ~20 and ~23% for the air blown and oxygen blow gasifier with 

R2=0.9999. These results therefore suggest that the sorbents developed in this work can meet the 

target value of 20% CO2 uptake as required in this project by varying the CO2 partial pressure in the 

feed stream. 

 

Fig 4 - CO2 uptake as a function of the CO2 partial pressure (), and extrapolated high pressure 

points () calculated from the regression. 

Subsequently, further work was carried out by using a volumetric rig to determine CO2 sorption at 

high pressures up to 6.5 bars. The results in Fig. 5 show the high pressure CO2 sorption uptake 

(@50 min), which increased with pressure and reached 17.9% at 6.5 bar. Similar trends were also 

reported by Boom and co-workers [2014] from the Energy Centre of the Netherlands for the CO2 
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sorption capacity of similar materials containing magnesium (i.e. hydrotalcites). This was attributed 

to two mechanisms namely: (i) surface sorption which reached saturation at low pressures (<2-3 

bars) and (ii) nanopore sorption which kept increasing (e.g. not linearly) as a function of pressure. 

Fig. 5 also shows the TGA results (also at @50 min) at CO2 pressures at or below 1 bar. It is 

observed that both gravimetric and volumetric results were very close. The fitting point at 6.5 bar 

for the TGA results is also very close to the high pressure CO2 sorption experimental value. 

Therefore, these results validate the curve fitting in Fig. 4 for equilibrium conditions (@400 min) 

and confirm that the sorbents have super passed the CO2 sorption target of 20% for operation at 

high pressures. 

 

Fig. 5 - Volumetric CO2 sorption at high pressure () and comparison with previous gravimetric 

results () at or below 1 bar and curve fitted result () at 6.5 bar. 

3.3 Characterisation 

X-ray diffraction (XRD) was carried out using a Bruker D8 Advance XRD apparatus at room 

temperature. Fig. 6 shows the XRD patterns of sample Mg58 Na72 H2O900, indicating the presence 

of Na2CO3 (01-077-2082), by product NaNO3 (01-072-0025), the double carbonate Na2Mg(CO3)2 

(01-083-1591) and MgO (00-045-0946).  These results are consistent with reports [1, 2] in the 

literature. The presence of NaNO3 was reported to have a positive effect on CO2 adsorption [3], in 

line with the CO2 sorption results obtained in Section 3.2.  
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Fig. 6 - XRD patterns of sample Mg58 Na72 H2O900 (top) and of standards from the database 

(PDF-2) (bottom 4 spectra). 

4 CCSR experimental test 

4.1 New CCSR design 

In order to address the problems with the initial CCSR set up as discussed in Section 2 above, a new 

CCSR set up was commissioned as shown in Fig. 7. In this new set up, the WGS reactor operates as 

a continuous process followed by a condenser and then a sorbent bed. The CO2 sorbent bed operates 

as batch TPSA process. A bypass was used to ensure that the WGS reactor was always continuously 

operating. The bypass stream was also used to compare the concentration of gases generated in the 

WGS reactor against the concentration of gases flowing through the CO2 sorbent bed. Both the 

WGS reactor and CO2 sorbent bed were placed in (separate) furnaces. 

 

Fig. 7 - New CCSR design. 

WGS Reactor Condenser CO2 Sorbent
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water bypass
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The new CCSR design now includes 3 units instead of a single CCSR design as initially proposed. 

CaPex will be addressed in the final report. In principle, 3 units will increase capital costs. 

Operational costs will have to be ascertained in due course. Based on sorption capability the new 

design is more stable and has a high CO2 adsorption uptake. This may imply that operating costs 

will be cheaper, though this will have to be trade-off against the costs of cooling down the syngas 

stream for the condenser and heating up the same stream for CO2 capture. 

4.2 Testing Conditions 

The new CCSR set up was tested as follows: 

WGS reactor:  

 10 grams of WGS catalyst (0.6<dp<1mm) were mixed with 10g of quartz (dp>1mm) to 

favour gas flow, mixing and reaction. 

 WGS reactor: H2O/CO molar ratio = 2 

 Reactor temperature was varied from 375 to 450 ºC. 

CO2 sorbent bed:  

 35 grams of CO2 sorbent (dp<0.6mm) were mixed with 50 g quartz (dp>1mm) to favour gas 

flow and sorption. For this work, the best sorbent (Mg58 Na72 H2O900) as determined in 

Section 3.3 was used. 

 Outlet flow rates from 3.5 to 15.4 ml/min. 

 Pressure from 4 to 6 bar. 

 Sorption temperature 370 ºC 

 Desorption temperature 450 ºC and vacuum. 

Gas composition testing: 

 Gases samples were collected and analysed via a gas chromatography (GC). 

 The GC was a Shimadzu GC-2014 utilizing a dual TCD / FID detector setup. The FID loop 

was coupled with a methanizer for CO and CO2 detection. N2 was used as the carrier gas on 

a mole sieve column. 

 A typical breakthrough testing for a single condition involved the collection of up to 10 

samples in gas bags. The GC run time for each gas sample to determine gas concentration 

was ~30 minutes. 
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4.3 CO2 Breakthrough  

A typical representation of a CO2 breakthrough test is shown in Fig. 8. The results show that the 

CO2 concentration was ~0% up to 60 min, when it started increasing. On a similar basis the 

concentration of the non-adsorbing gases H2 was just above 90% and CO ~5% also up to the 

breakthrough time. All CO2 breakthrough parametric experimental work carried out under varying 

operating conditions were determined in the same manner as discussed below. A large number of 

tests under different conditions were carried out, including several repeats to ensure reliability on 

the data obtained.  

 

 

 

Fig. 8 - CO2 breakthrough at: Flowrate = 7ml min-1, Pressure = 6 atm, WGS reaction temperature = 

577 ºC and adsorption temperature of 370 °C. Gas concentration are in mole %. 

4.3.1 Space velocity effect 

The CO2 sorbent bed was exposed to several syngas flow rates and the results are shown in Fig. 9. 

By increasing the flow rate from 3.5 to 15.4 ml min-1, the CO2 breakthrough time reduced from 190 

to 30 min. Higher flow rates than 15.4 ml min-1 resulted in a fraction of CO2 not being adsorbed 

into the sorbent (i.e. no distinct breakthrough). Hence, the convective flow was too fast to allow 

enough contact time for CO2 adsorption. The space velocities for these flow rates of 3.5, 6.8 to 15.4 

ml min-1 were calculated as 2.1610-3, 4.2010-3 to 9.5110-3 s-1 respectively. 
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Fig. 9 - Effect of flow rate on CO2 breakthrough. Operating conditions: P = 3 bar, WGS reactor T = 

390 ºC. 

4.3.2 Pressure effect 

Subsequent tests were carried out at a syngas flow rate of 7.0 ml min-1 where the pressure was 

varied between 4 and 6 bars (Fig. 10). Please note that this represents the highest pressure allowed 

under the current Occupation Health & Safety regulations for our UQ laboratory operation. 

Increasing the pressure from 4 to 6 bars resulted in the reduction of the CO2 breakthrough time from 

90 to 50 min. This decrease is associated with equilibrium of CO2 sorption, which may be affected 

by the partial pressure of CO2 in the syngas stream. 

 

Fig. 10 - Effect of pressure on CO2 breakthrough. Operating conditions: F = 7.0 ml min-1, WGS 

reactor T = 500 ºC. 
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4.3.3 WGS Reactor temperature effect 

The temperature of the WGS reactor was also varied from 450 to 580 ºC, whilst the temperature of 

the CO2 bed was kept constant for CO2 sorption and desorption. Fig. 11 shows that at a significant 

reduction of CO2 breakthrough time as the temperature increased from 450 to 550 ºC. A further 

increase of temperature to 580 ºC yielded no further decrease in the CO2 breakthrough time. As the 

HT-WGS catalysts were used, increasing the operating temperature of the reactor likewise 

increased CO conversion from 78.7% at 450˚C to 93.3% at 550 ˚C. The latter was the highest CO 

conversion rate observed and increasing the WGS reactor temperature to 580 ºC resulted in no 

increase in conversion. Therefore, the reduction in the CO2 breakthrough time is closely associated 

with the performance of the WGS reactor, which increased the conversion of CO to CO2 at higher 

temperatures and in turn increased the partial pressure of CO2 in the sorbent vessel feed. 

 

Fig. 11 - Effect of WGS reactor temperature on CO2 breakthrough. Operating conditions: F=7.0 ml 

min-1, P=6 bar. 

4.3.4 Overall performance 

The work with a single batch of the Mg58 Na72 H2O900 sample started on 19th October 2015. This 

batch has now been operating for over 43 days (as at 30th November 2015), thus in excess of 1000 

hours. This work has clearly demonstrated that the new CO2 sorbents in the new CCSR setup are 

stable and performing well. By varying the operating conditions we found that significant reduction 

in the CO2 breakthrough time resulted from: 

 Increasing the space velocities, though excess values cause breakthrough almost 

instantaneous. 

 Increasing pressure due to CO2 sorption. 

 Increasing the WGS reactor temperature until a limit in CO conversion is achieved. 

0

20

40

60

80

100

400 450 500 550 600

B
re

ak
th

ro
u

gh
 T

im
e 

(m
in

)

Temperature (˚C)



 

14 | P a g e  
 

5 Scale up and 2000 hours testing 

5.1 CCSR scale up schematic 

Based on the learnings from the work carried out to date, we are recommending that the scale up 

and 2000 hours long term testing proceed as per the project proposal. The experimental schematic is 

displayed in Fig. 12. The features of this scaled-up CCSR are similar to the current experimental set 

up shown in Fig. 6, just at bigger scale. Two furnaces will be used, housing the WGS reactor and 

the CO2 sorbent bed separately. This will allow precise and accurate control of temperature for both 

unit operations. This set up also has an option to inject N2 into the shifted syngas (i.e. between the 

WGS reactor and CO2 sorption bed) via a mass flow controller. This option allows for the sorbent 

bed to capture CO2 from a simulated air-blown setup if desired. Back pressure valves will be used 

to control the pressure in the system. The scaled-up system will require a degree of automation and 

to this end solenoid valves will be used to control the CO2 sorption and desorption cycles in the 

sorbent bed. During the sorption cycle, the feed and H2 rich stream solenoid valves are open and the 

solenoid bypass valve is closed. During the CO2 desorption cycle, the valve will reverse their 

positions. A control box will be required for this operation. Desorption of the sorbent bed will be 

carried out by temperature and by a vacuum pump (TPSA) as per the current testing. Non return 

valves will be used to avoid unwanted gases returning to other lines due to pressure variation. 

 

Fig. 12 - Scaled-up CCSR schematic. 

5.2 Equipment sizing 

The WGS reactor will consist of a 50 cm long x 1” (ID) 316L stainless steel tube, packed with 400 

g of WGS catalyst and 400 g of quartz. The reactor will operate up to 500°C at a pressure of 6 bar. 

At this temperature the strength of 316L is decreased, but according to Swagelok design standards 

1” 316L tubing with a wall thickness of 1.46mm has a pressure rating of 3100 psig (213 bar). At 
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537 °C the maximum working pressure is de-rated 24%, with a final max operating pressure rating 

of 162 bar. Hence even with additional safety factors, the tubing will be suitable for the WGS 

reactor. Likewise the CO2 sorption bed will consist of 4  50 cm long x 1” (ID) 316L stainless steel 

tubes arranged in parallel inside the 2nd furnace. At this size we could actually fit 5 parallel tubes 

inside the furnace, giving us a significant margin for error if the adsorbent doesn’t perform as well 

(~3% uptake) as the current trials. They will operate between 370 and 450 °C and at ~6 bar (the 

pressure drop across the packed bed is <0.1 bar) and are expected to have a breakthrough time of 

~15 minutes. The pressure de-rating is 21% at 450 °C and as previously illustrated the Swagelok 

tubing will be suitable. Both the reactor and CO2 sorption bed will be connected via Swagelok 

compression fittings. Our current gas mixing rig is adequate to provide the 1 L/min flowrate 

required for the scale-up test. 

5.3 Cost of scale up CCSR set up 

The cost of the setup described in Fig 11 is estimated at $8500. This includes $2500 in 1” tubing 

and reducing connections, $1000 in additional connections and tubing (1/4” size) to connect into 

our existing rigs and $5000 in solenoid control valves and the controller box. The cost of the 

controller box could be reduced if the valves interfaced directly with Labview, but the equipment 

savings would very likely be offset by reduced productivity as the system is set up. 

6 Conclusions and Recommendations 

This project focuses on the development of sorbents to capture CO2 from a syngas stream in coal 

gasification processes. The CO2 sorbents developed and tested as reported in milestone 5 but 

yielded no positive results and had to be abandoned. A new robust CO2 sorbent was developed from 

magnesium nitrate and sodium carbonate (i.e. nitrogen doping of DS type materials) and 

subsequently optimised by our lab (Mg58 Na72 H2O900). We have now tested a single batch in a 

modified CCSR setup since the 19th October 2015 (over 43 days (as at 30th November 2015) and 

thus in excess of 1000 hours total testing so far). This work has clearly demonstrated that the new 

CO2 sorbents in the new CCSR setup are stable and performing well. By varying the operating 

conditions we found that significant reduction in the CO2 breakthrough time resulted from 

increasing the space velocities, increasing operating pressure due to CO2 sorption and increasing the 

WGS reactor temperature until a limit in CO conversion is achieved.  

We conclude that the performance of the adsorbent is satisfactory (i.e. meets project targets) and 

recommend progressing to the next project phase. We have provided a design schematic, equipment 
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sizing and costing for the scale-up reactor and are confident it will be able to process 1 L/min of 

syngas as specified in the project proposal.  
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