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Context Statement 

 

ANLEC R&D undertook the Carbon Capture Shift Reactor Project to develop and validate 

opportunities for significant cost reduction in pre-combustion power generation systems. The concept 

was to combine the shifting of syngas and capture of carbon dioxide in a single step to reduce capital 

infrastructure costs.  

This report outlines the progress achieved by the laboratory studies to date. While targeted 

improvement was achieved for capture by the adsorbent materials under development, performance 

testing was not achieved under the wet syngas conditions typically expected in these process streams. 

Significant research and development is required before such adsorbent systems can be ready for 

deployment in a power generation context. 
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Final Project Executive Summary 

This final project executive summary aims to provide concise information from inception to 

the project completion. The key technical requirement in this project is to capture CO2 from an 

air blown syngas stream, and to maintain the N2 and H2-rich stream at high pressure, for 

subsequent combustion in a turbine without the need for extra compression. The central idea 

for this project is that the H2 diluted with N2 can be directly combusted using current turbine 

technology. In addition, the sorbent materials need to be able to capture CO2 up to 400 ̊ C, after 

the water gas shift (WGS) reactors, thus improving process efficiencies, as there is no need to 

cool down large gas streams to low temperatures as required by conventional carbon capture 

technologies.  

 

The project targeted to capture 90% CO2 of the air blown syngas stream at 32 bar using sorbents 

with a CO2 uptake capacity of 20 wt%. Subsequently, the total pressure for the laboratory 

experiments was reduced from 32 to 7 bar in view of compliance with new Occupational Health 

& Safety legislation. The project deliverables were two fold namely: (i) 2000 hours long term 

testing of best sorbents and (ii) provide scale-up rules (100X) for a 100 litre (NTP) per minute 

pilot trial unit operation. 

 

Task 1 

This task involved the development of several CO2 sorbents. We found that only two sorbents 

could be used for high temperature CO2 sorption namely: layer double hydroxides (LDHs) and 

double salts (DSs). LDHs based on MgAl and CaAl proved to be stable, but their CO2 sorption 

capacity was very low (2-4 wt%). DSs based on NaMg delivered high CO2 sorption capacity 

of 26 wt%, well in excess of the project target of 20 wt%. A mixed DS-LDH sorbent reached 

CO2 uptake of 13 wt%. All these sorbents were tested using thermal gravimetric analysis 

(TGA) equipment at the operating conditions of 1 bar for high purity CO2 and up to 450 oC. 

This task reached the targets of objective 1 as follows: 

 

Objective 1: Improve the CO2 sorption capacity of magnesium aluminium LDH sorbents by 

at least 200% by doping with calcium oxides to attain at least 20% CO2 sorption capacity within 

the first year of the project. 
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Task 2 

Subsequent to task 1, we exposed the sorbents to multiple cycles of CO2 (1 bar) sorption to 

determine their stability. DSs reduced the CO2 sorption to 12 wt% after 20 cycles. However, 

the hybrid version of DS-LDH proved to reach stability in a few cycles at ~12 wt% without 

any significant loss of CO2 sorption capacity. As the project aims at CO2 partial pressures of 8 

bar, the stable hybrid DS-LDH might deliver favourable CO2 sorption capacities in excess of 

20-30 wt%. It was also found that H2S adsorbed on DS materials, though the kinetics was very 

slow. Overall, the synthesised sorbents DS and hybrid DS-LDH materials were found to have 

suitable kinetics for CO2 capture. Of particular importance, the desorption of CO2 occurred 

over a small temperature swing of 50 °C. This is very attractive in engineering terms, as unit 

operations can be designed for short CO2 sorption and desorption cycles. This maximises plant 

foot print utilisation with smaller CO2 capture units, with further implications towards the 

reduction of capital costs. This task reached the targets of objective 2 as follows: 

 

Objective 2: Investigate the performance and robustness of three set of sorbents (UQ’s 

magnesium aluminium LDH and magnesium double salts, and the proposed calcium 

aluminium LDH) for carbon capture under several regimes of pressure and temperature using 

a synthetic air blown syngas stream in the first year. 

 

Task 3 

In this task, we initially built a small experimental rig containing a small vessel (20 g of 

materials) inside a furnace. The vessel contained a mix of WGS shift catalysts and the best DS 

sorbents developed in this work, as part of the concept of carbon capture shift reactor (CCSR) 

as proposed in this project. A vaporiser fed by a water mass controller was used to generate 

steam. The steam was then mixed with high purity CO prior to entering the furnace and the 

CCSR vessel. Initial testing delivered unsatisfactory results. After several trials and 

characterisation of materials, it was found that DS sorbents developed in this work proved to 

be unstable in the presence of wet syngas. In addition, the DS sorbents reacted with the water 

gas shift catalyst, deactivating the catalysts very quickly. We also tried different strategies by 

separating the WGS catalysts in layers from the DS sorbents, but to no avail as the results 

showed no improvements. Other problems included the difficulty of controlling the CCSR 

vessel under a single testing condition, which was also affecting the WGS catalyst performance 

when the CCSR vessel was being depressurised by a vacuum pump, followed by temperature 



 

3-0510-0033 – Milestone Report   

swing for the CO2 desorption cycle. This work consumed more time than the allocated 

schedule, mainly due to many trials using different DS sorbent and WGS catalyst mixing 

configurations, in addition to the time needed for characterisation of materials after testing to 

determine the lack of performance of the CCSR vessel. This task under wet gas conditions was 

therefore abandoned. The solution was to (i) not to mix catalyst and sorbent, and (ii) operate 

under dry syngas condition only. 

 

In view of the lack of performance of the DS sorbents developed so far, we decided to improve 

the sorbent’s CO2 uptake under dry conditions to counteract the detrimental performance under 

wet conditions. We systematically developed new NaNO3 doped NaMg DS sorbents. The new 

sorbent proved to be quite stable under cycling conditions showing only marginal loss of CO2 

uptake within the first few cycles. The best sorbents reached CO2 uptake between 18.8 and 

17.0 wt%, with a mid-point of 17.9 wt% at 6.2 bar and 375 ºC. As shifted syngas from an air 

blown gasifier could generate a CO2 partial pressure (~25% of 3.2 MPa) of ~8.0 bars, the CO2 

uptake of the novel sorbents could be in the region of ~20%, thus meeting project targets. 

 

In order to operate under dry syngas conditions, we used the same experimental rig, though we 

split up the catalyst from the sorbent. The new set up contained a WGS reactor in a single 

furnace and a CO2 sorbent bed in another furnace. We set up a condenser between the furnaces 

to capture the water vapour from the WGS reactor, and to deliver dry syngas to the CO2 sorbent 

bed. This new set up gave us more operational flexibility, as the WGS reactor operating 

conditions were kept constant, whilst allowing us to study in more detail the performance 

behaviour of the CO2 sorbent bed by varying several operating parameters. The NaMg double 

salts preferentially sorbed CO2 as determined by breakthrough tests. The space velocity had 

the largest impact on the performance of the sorbent bed, as increasing the space velocity from 

2.16×10-3 to 9.51×10-3 s-1 sped up the breakthrough time by 84%. Increasing the feed gas 

pressure from 0.3 to 0.6 MPa reduced the breakthrough time by ~45%.  The doped DS sorbents 

were exposed for over 1000 hours of continuous temperature including 28 cycles of sorption 

and desorption, and proved to be stable during changes of operating conditions such as flow 

rates and pressures. 

 

The intended aims of this task was for operation under wet syngas conditions. Based on this 

intention, objective 3 below was not met. However, the solution to operate under dry syngas 

conditions allowed us to investigate the performance of the CO2 sorbent bed. 
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Objective 3: Investigate and match the best combination of sorbent and commercial catalyst 

for the low and high temperature water gas shift reaction in the second year. 

  

Task 4 

This task involved scaling up the experimental rig to process 1 L min-1 of dry syngas to be 

continuously tested for 2000 hours. The WGS reactor consisted 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 

operated up to 500°C at a total pressure of 6 bar. The CO2 bed consisted of 4 tubes of 50 cm 

long x 1” (ID) 316L stainless steel tubes arranged in series inside a second furnace. Each tube 

holds 100 g of doped DS sorbent operating between 370 and 450 °C and at ~6 bar (the pressure 

drop across the packed bed is <0.1 bar) and a breakthrough time of ~15 minutes. A silica dry 

bed was placed after the condenser to capture any water vapour not condensed in the condenser. 

A series of solenoid valves with timers were set to allow for the cycles of (i) sorption, (ii) 

decompression, (iii) CO2 desorption, and (iv) back to the sorption cycle. This scale-up rig 

operated very well for the first few weeks and then the WGS reactor failed with excess coking. 

After two further trials, it was found that the water mass flow meter was not delivering enough 

water to the vaporiser, and the water to CO ratio was below 1. As the project funding was 

already overspent, and no more funding available to purchase a water mass flow meter with a 

larger capacity, we decided to no longer use the WGS reactor. Instead, we mixed gases using 

flow rotameters, thus delivering a dry syngas mixture directly into the furnace to feed the 4 

CO2 sorption beds. This latest modification worked well for the purpose of testing the scale-up 

CO2 sorption beds for 2000 hours testing, and was adopted accordingly. 

 

The dry syngas stream consisted of H2 (~24.0 vol%), N2 (~50.3 vol%) and CO2 (~25.7 vol%), 

similar to dry syngas concentrations from air blown coal gasifiers after the WGS reactors. 

Sorption was carried out at 375 oC and desorption at 450 oC. The CO2 uptake was initially at 

99.4% and slightly decreased to 98.4% at 2000 hours testing, thus meeting the CO2 capture 

target for this project of 90%. Assuming a linear loss of capacity of 0.5% for every 1000 hours, 

it would take 18,800 hours of operation to reach the target CO2 uptake of 90%, equivalent to 

783 days or more than 2 years. The stability of the doped DS sorbent was therefore proved, 

even though CO (0.06 vol%) was measured, as a result of the inverse WGS reaction due to the 

metal elements in the stainless steal columns, which act as catalysts. Hence, water was 
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generated at very small amounts (0.06 vol%), though under these conditions the impact on the 

doped DS sorbents was not significant. 

 

In summary, objective 4 for scaling up to process 1 L min-1 for 2000 hours was achieved for 

dry gas conditions. It must be noted that this is a deviation of the initial objective to process 

wet syngas as the sorbents fail in wet conditions. 

 

Objective 4: Deliver 2000 hours proof-of-concept of an unit operation with capabilities to 

process 1 litre (NTP) per minute of air blown syngas and reaching at least 90% CO conversion 

while also capturing at least 90% CO2 in the second year. 

 

Task 5 

 

This task involved understanding the performance of the scaled up CO2 sorbent beds (1L min-

1) in task 4, which were used to develop the scale-up rules (100X) to process 100 L min-1 of 

dry syngas. We recommend a TSA system containing 3 columns, with a sequence for a pilot 

trial for column one to start the sorption (375 oC) cycle, column two to start the desorption (450 

oC) cycle, and the final column possibly half way in the desorption cycle. The volume of each 

column is relative small for the 100X scale-up, and we recommend thin columns with heat 

jackets (i.e. like a furnace) to enhance heat transfer during desorption cycle. The bed length to 

diameter ratio proposed is 5 to allow for good flow distribution. Each bed will contain ~6.9 kg 

of sorbents with breakthrough times of up to 1 hour. 

 

Future work and deployment 

The DS sorbents developed in this project proved to have good CO2 sorption and long term 

stability, though under dry syngas conditions only. A capital and operating cost analysis may 

provide further insights on the potential deployment of this type of sorbent for CO2 capture 

systems, and comparison against conventional and novel CO2 capture technologies. The major 

aim of this project was actually processing wet syngas streams, which was abandoned as the 

DS sorbents proved to be unstable in the presence of water vapour (see objective 3 above). 

However, the DS sorbents operated well under dry syngas conditions. In terms of commercial 

industrial deployment, condensers and water desiccant columns prior to the DS sorbent beds 

will be required to maintain a long and stable operation. This will require energy to lower the 
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temperature of the syngas, thus increasing operational costs. Then the dry syngas will have to 

be heated up to 375 oC as it is recommended to keep small temperature variation in the TSA 

system. Waste heat may be available via heat exchanges after the low temperature WGS reactor 

(~250 oC) plus another heat exchanger prior to the high temperature WGS reactor (> 500 oC). 

The extra equipment requirement, which attract increased capital and operational costs, may 

cancel out all the positive performance findings of DS sorbents. This is therefore a major 

limitation of deploying DS sorbents for CO2 capture from wet syngas streams. 

 

Final Report Milestone 9 

This final report is composed of the following: 

 This project executive summary. 

 Part A: Milestone 6 Report 

 Part B: Milestone 8 Report 

This project executive summary should be read in conjunction with the reports in Sections A 

and B. 
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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. 

H2

CO + Steam

CO2 

WGS Catalyst + CO2 Sorbent
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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 cycles are very short 

due to very steep gain or loss of CO2 and are therefore ideal for PTSA processes. 
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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 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. 
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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 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 
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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. 
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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. 
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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 537 °C 
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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 

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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Executive Summary 

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

gasification processes. This report addresses the requirements of milestone 8, which include three 

specific project objectives as follows: 

 Objective 3: Investigate and match the best combination of sorbent and commercial catalyst for 

the low and high temperature water gas shift reaction in the second year. 

 Objective 4: Deliver 2000 hours proof-of-concept of an unit operation with capabilities to process 

1 litre (NTP) per minute of air blown syngas and reaching at least 90% CO conversion while also 

capturing at least 90% CO2 in the second year. 

 Objective 5: Adoption of the project by the industry: provide scale-up rules (100X) for a 100 litre 

(NTP) per minute pilot trial unit operation for air blown syngas reaching at least 90% CO 

conversion while also capturing at least 90% CO2 at the end of the project. 

 

Objective 3 

This objective was not achieved. The double salt (DS) sorbents developed in this work proved to be 

unstable in the presence of wet syngas stream. In addition, the DS sorbents reacted with the water gas 

shift catalyst, deactivating the catalysts very quickly. This objective was therefore abandoned. The 

solution was to (i) not to mix catalyst and sorbent, and (ii) operate under dry syngas condition only. 

  

Objective 4 

This objective was achieved, but under dry syngas condition only. DS sorbents developed in 

milestone 5 were scaled-up and continuously tested for 2000 hours. The syngas stream consisted of 

H2 (~24.0 vol%), N2 (~50.3 vol%) and CO2 (~25.7 vol%), similar dry syngas concentrations from air 

blown coal gasifiers. The scale up version had 4 sorbent beds in series and processed 1 L min-1 of dry 

syngas using a TSA process. Sorption was carried out at 375 oC and desorption at 450 oC.  

 

The CO2 capture target for this project is 90%. The CO2 uptake was initially at 99.4% and slightly 

decreased to 98.4% at 2000 hours testing. Assuming a linear loss of capacity of 0.5% for every 1000 

hours, it would take 18,800 hours of operation to reach the target CO2 uptake of 90%, equivalent to 

783 days or more than 2 years. The stability of the DS sorbent is therefore proved, even though CO 

(0.06 vol%) was measured, as a result of the inverse WGS reaction due to the metal elements in the 

stainless steal columns containing the DS sorbents. Hence, water was generated at very small amounts 

(0.06 vol%), though under these conditions the impact on the DS sorbents was not significant. 
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Objective 5 

This objective was achieved and the scale-up rules (100X) to process 100 L min-1 of dry syngas are 

straightforward. We recommend a TSA system containing 3 columns, with a sequence for a pilot trial 

for column one to start the sorption cycle, column two to start the desorption cycle, and the final 

column possibly half way in the desorption cycle. The volume of each column is relative small for 

the 100X scale-up, and we recommend thin columns with heat jackets (i.e. like a furnace) to enhance 

heat transfer during desorption cycle. 

 

Future work and deployment 

The DS sorbents developed in this project proved to have good CO2 sorption and long term stability, 

though under dry syngas conditions only. A capital and operating cost analysis may provide further 

insights on the potential deployment of this type of sorbent for CO2 capture systems, and comparison 

against conventional and novel CO2 capture technologies. The major aim of this project was actually 

processing wet syngas streams, which was abandoned as the DS sorbents proved to be unstable in the 

presence of water vapour (see object 3 above). In terms of commercial industrial deployment, 

condensers and water desiccant columns prior to the DS sorbent beds will be required to maintain a 

long and stable operation. This will require energy to lower the temperature of the syngas, thus 

increasing operational costs. Then the dry syngas will have to be heated up to 375 oC as it is 

recommended to keep small temperature variation in the TSA system. Waste heat may be available 

via heat exchanges after the low temperature WGS reactor (~250 oC) plus another heat exchanger 

prior to the high temperature WGS reactor (> 500 oC). The extra equipment requirement, which attract 

increased capital and operational costs, may annul all the positive performance findings of DS 

sorbents. This is therefore a major limitation of deploying DS sorbents for CO2 capture from wet 

syngas streams. 

 

Publication Outcome 

G. Ji, J. Motuzas, G. Birkett, S. Smart, K. Hooman, J. C. Diniz da Costa, Long term and performance 

testing of NaMg double salts for H2/CO2 separation, International Journal of Hydrogen Energy 42 

(2017) 7997-8005. 
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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 8 of project 3-

0510-0033 title Carbon Capture Shift Reactors related to the following project objectives: 

 

Objective 3: Investigate and match the best combination of sorbent and commercial catalyst for the 

low and high temperature water gas shift reaction in the second year. 

Objective 4: Deliver 2000 hours proof-of-concept of an unit operation with capabilities to process 1 

litre (NTP) per minute of air blown syngas and reaching at least 90% CO conversion while also 

capturing at least 90% CO2 in the second year. 

Objective 5: Adoption of the project by the industry: provide scale-up rules (100X) for a 100 litre 

(NTP) per minute pilot trial unit operation for air blown syngas reaching at least 90% CO conversion 

while also capturing at least 90% CO2 at the end of the project. 

 

2 Project Background 

 

2.1 Project Description 

This project was born out of a desire to simplify and improve the energy production from air-blown 

syngas streams (Figure 1). The key technical requirement in this process is to maintain the H2-rich 

air blown syngas stream at high pressure to be combusted directly in the turbine without the need for 

extra compression. An important aspect here is that there is no need to have special turbines as the 

H2 in the syngas has been already diluted with nitrogen due to the air blown syngas process. In 

addition, as CO is shifted to CO2 and captured in the carbon capture and shift reactor (CCSR) prior 

to the turbine, there is no need to set up a post combustion carbon capture process downstream of the 

turbine. Finally, the sorbent materials need to be able to capture CO2 up to 400 ˚C, again improving 

process efficiencies, as there is no need to cool down large gas streams to low temperatures as required 

by conventional carbon capture technologies. 

 

Figure 1. Schematic of the CCSR concept in power production. 
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2.2 Initial Development 

This project initially followed the development of various sorbents, which were then mixed with 

WGS catalysts and tested under several conditions using a CCSR set up. Figure 2 shows a simplified 

schematic of the CCSR.  

 

Figure 2. 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 when combined with the catalyst and could not deliver CO2 uptake at the level 

required for this project. 

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

catalyst which rapidly lost its activity. 

 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.  

 

Finding:  

Objective 3: Investigate and match the best combination of sorbent and commercial catalyst for the 

low and high temperature water gas shift reaction in the second year. 

 This objective could not be achieved due to technical problems of catalyst and sorbents losing 

activity rapidly in a single CCSR unit, coupled with the unstable performance of the sorbent in the 

presence of water. 

 

H2

CO + Steam

CO2 

WGS Catalyst + CO2 Sorbent
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The following actions were taken to address these problems: 

Actions:  

(1) Split up the CCSR unit into two units, following a conventional design of a WGS reactor followed 

by a sorbent bed. 

(2) Improve the CO2 sorption capacity of current DS-LDH sorbents to compensate against the 

potential loss in equilibrium shift of the CCSR, which is no longer available in a conventional design. 

 

2.3 Development of New Sorbents 

A new CO2 sorbent was developed 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 (see Appendix A). A number of DS were prepared by varying the 

concentration of precursors containing magnesium nitrate hydrate, sodium carbonate and water and 

tested for CO2 sorption. Figure 3 shows that the Mg58Na72H2O900 sample reached the highest CO2 

uptake of 15 wt%.  

 

Figure 3. The comparison of CO2 uptake among adsorbents from different recipes [4]. 

 

Figure 4 shows the XRD patterns of samples tested, 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). The presence of Na2CO3 carbonates suggests that CO2 sorption is characterised 

by a chemisorption at 375 ˚C, thus requiring a high temperature desorption cycle of ~450 ˚C in line 

with the CO2 sorption results in Figure 3. The presence of NaNO3 in the as-prepared samples is related 

to the reaction of the precursors as shown in Equation 1, which forms NaNO3, whilst double salt 

(Na2Mg(CO3)2) formation is represented in Equation 2. Hence, NaNO3 was a by-product and its CO2 

adsorption is negligible as reported by Lee et al. [5]. As NaNO3 melting point is 308 ˚C, and CO2 
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sorption in this work was carried out 375 ˚C, therefore the double salts are the compounds with 

significant CO2 sorption capacity.  

 

Mg(NO3)2+Na2CO3→MgCO3+2NaNO3    (1) 

MgCO3+Na2CO3→Na2Mg(CO3)2     (2) 

Na2Mg(CO3)2→MgO+Na2CO3+CO2     (3) 

MgO+Na2CO3+CO2→Na2Mg(CO3)2     (4) 

 

By applying heat, the double salt becomes a mixed material containing MgO and Na2CO3 whilst the 

chemisorbed CO2 leaves the material structure (Equation 3). This is the desorption cycle, where for 

each mole of double salt a mole of CO2 is desorbed. By exposing the mixed MgO and Na2CO3 to CO2 

at a lower temperature, CO2 reacts forming the double salt as shown in Equation 4. This is the chemi-

sorption cycle. Essentially, the chemi-sorption and desorption cycles are reversible, and Equations 3 

and 4 are the reverse reactions of each other. As the double salt also contained excess NaNO3, it is 

interesting to observe that the sample Mg29Na36H2O900 with the lowest CO2 sorption capacity in 

Figure 3 has almost no observable NaNO3 peaks in the XRD patterns in Figure 4. The other samples 

with superior CO2 sorption capacity showed high intensity NaNO3 peaks. As a molten salt above 308 

˚C, NaNO3 seems to be promoting mass transfer into the double salt, in line with reports elsewhere 

[5]. 

 

Figure 4 - The XRD patterns of various as-prepared sorbents [4]. 
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Due to the best CO2 uptake performance of Mg58Na72H2O900, this sample was further tested for 5 

thermal cycles between 370 and 450 ˚C for sorption and desorption, respectively. Figure 5 shows that 

the initial CO2 uptake of 15 wt% slightly decayed at every cycle, though the decay rate diminished 

and start stabilising by the 4th cycle, reaching 13 wt% CO2 uptake by the 5th cycle. The retention of 

87% of the CO2 uptake capacity in the 5th cycle as compared to the initial cycle clearly indicates that 

CO2 sorption is mainly reversible, a desirable property of sorbents. Initial decay is a common property 

of CO2 sorbents, thus causing irreversible CO2 sorption properties. This is generally associated with 

structural re-arrangement during temperature cycling [6, 7] attributed to sintering effect leading to 

loss of surface area and sorption sites [8] or reactive sites [9, 10]. Further evidence on the structural 

re-arrangement is given in the SEM images in Figure 6. The as-prepared sorbent (Figure 6a) was 

composed of separate particles in size from 0.4 to 3 µm. After 22 cycles of CO2 sorption and 

desorption, Figure 6b shows that the particle increased in size to 1-8 µm and formed compact crystal 

structures. 

 

Figure 5 - Five-Cycle test of CO2 uptake (wt%) of Mg58Na72H2O900 sorbent [4]. 

 

 

Figure 6 - SEM micrographs of the NaMg double salt (a) as prepared and (b) after 22 CO2 

sorption/desorption cycles [4]. 
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The isothermal CO2 uptake against pressure was also investigated for the best Mg58Na72H2O900 

sample. Figure 7 shows a significant CO2 uptake increment when the pressure was below 0.1 MPa. 

The CO2 uptake increment became less noticeable for pressures > 0.2 MPa. The high pressure CO2 

sorption uptake (@50 min), which increased with pressure and reached 17.9% at 6.5 bar has similar 

trends to those reported by Boom and co-workers [11] from the Energy Centre of the Netherlands for 

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. The high CO2 uptake is desirable 

for industrial applications. The CO and CO2 partial pressures add up to 1.5 or 1.0 MPa (dry gas basis), 

and are common to oxygen fed [12, 13] or air fed [14-16] coal gasification, respectively. Following 

the WGS reactor, which shifts CO to CO2, it is expected that CO2 uptake for these partial pressures 

will be in excess of 20 wt% based on the trends observed in Figure 5. 

 

 
Figure 7 - CO2 adsorption uptake with pressure at 375˚C [4]. 

 

2.4 New small scale CC+R design and testing 

In order to address the problems with the initial CCSR set up as discussed in Section 2.2 above, a 

new design was adopted as a carbon capture plus reactor (CC+R) only. Figure 8 shows a simplified 

box diagram of the new CC+R. In this new set up, the WGS reactor operates as a continuous process 

followed by a condenser and then a sorbent bed. The CO feed flow provided by pressurised gas 

cylinder, which ranged from 3 to 15 ml min-1 using flow rotameters. Water was fed into a vaporiser 

and the water feed flow was controlled by a Bronkhorst mass flow controller at 10 g h-1.  The CO2 

sorbent bed operated 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 
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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. 

Experimental details can be found in Appendix B. 

 

Figure 8 - New CCSR design. 

 

A typical representation of a CO2 breakthrough test is shown in Figure 9. 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.  

 

Figure 9 - 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]. 

bypass

WGS Reactor CO2 Sorbent

H2

CO + Steam

CO2 

Condenser

water

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 20 40 60 80 100 120

G
as

 C
o

m
p

o
si

ti
o

n

Time (mins)

CO%

CO2%

H2%



  Page B-8 

 
3-0510-0033 – Milestone Report 

 

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

10. 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. 

 

Figure 10 - Effect of flow rate on CO2 breakthrough. Operating conditions: P = 3 bar, WGS reactor 

T = 390 ºC. 

 

 

Figure 11 - Effect of pressure on CO2 breakthrough. Operating conditions: F = 7.0 ml min-1, WGS 

reactor T = 500 ºC. 

 

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 (Figure 11). Please note that this represents the highest pressure allowed under 

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

 

Figure 12 - Time line of experimental work, breakthrough time and operation conditions (i) initial 

testing, (ii) space velocities testing, after (ii) experimental cycling, (iii) weekends no testing, and (iv) 

system idle [4]. 
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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 as shown in the timelines in Figure 12. This work has clearly demonstrated that the new CO2 

sorbents in the new CCSR setup are stable and performing well. The time line had an initial region 

(i) where the sorbent was activated in the first day and several tests were carried out where pressure 

was changed from 0.1 to 0.7 MPa, and flow rates were also varied between 10 and 100 mL min-1. 

This region also involved learning about the operating system of the experimental set up and lasted 7 

days. The second region (ii) was focused on high space velocities using feed flow rates of 100 mL 

min-1 for another 7 days. It was found that the space velocities for this feed flow rate were too high 

for the size of the column used in this work. After region (ii) the experimental cycling work started 

and it was generally carried out at lower feed flow rates varying between ~5 and ~15 mL min-1. The 

breakthrough varied between the highest ~193 min and the lowest ~35 min. Region (iii) was 

associated with weekends where the experimental rig was left idle (no cycling work) at 375 ºC and at 

feed flow rates of 6-7 mL min-1. The last region (iv) was also left idle like region (iii). During the 

timeline of over 1000 hours, and 28 cycling tests, the sorbents proved to be robust for H2/CO2 

separation under the tested conditions in this work. 

 

3 Scale up and 2000 hours testing 

 

3.1 CC+R scale up schematic 

The experimental schematic for the CC+R set up is displayed in Figure 13. The features of this scaled-

up set up were very similar to the small scale set up discussed in section 2.4. Two furnaces were used, 

housing the WGS reactor and the CO2 sorbent bed separately. This allowed for the precise and 

accurate control of temperature for both unit operations. N2 was injected into the shifted syngas (i.e. 

between the WGS reactor and CO2 sorption bed) via a mass flow controller, to simulate a syngas 

stream from an air blown coal gasifier. A condenser was placed prior to the sorbent bed to collect as 

much water vapour as possible, as water proved to be prejudicial to the performance of the double 

salt. In addition, silica gel columns were also used to collect any residual water vapour downstream 

from the condenser. 

 

Back pressure valves were used to control the pressure in the system. The scaled-up system required 

a degree of automation and to this end solenoid valves were 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 was open and the solenoid bypass valve was closed. During the CO2 desorption cycle, the 
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valves reversed their positions. Desorption of the sorbent bed was carried out by raising the 

temperature and instigating a vacuum (TPSA). Non-return valves will be used to avoid unwanted 

gases returning to other lines due to pressure variation. 

 

 

Figure 13 - Scaled-up CC+R schematic. 

 

3.2 Equipment sizing and costs 

The WGS reactor consisted 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 operated 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 1.46 mm has a pressure rating of 3100 psig (213 bar). At 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 was suitable for the WGS reactor. Likewise the 

CO2 sorption bed consisted of 4 tubes of 50 cm long x 1” (ID) 316L stainless steel tubes arranged in 

parallel inside the 2nd furnace. Each tube holds 100 g of DS. 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-1 flowrate required for the scale-up test.  

 

The estimated cost for the scale up was $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. Other equipment used in the scale up 

were borrowed from UQ including furnaces, back pressure valves, mass flow meter and gas 
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rotameters, vaporiser, water tank, gas chromatograph equipment to analyse gas concentration, and 

walk-in fume hood to comply with Occupational Health and Safety regulations as CO and H2 were 

being using or produced.  

 

3.3 Scale up commissioning and re-design 

The equipment as schematically shown in Figure 13 were set in a walk-in fume hood as depicted in 

Figure 14. The top bench from the left to the right shows the (1) silica gel columns, (2) a split furnace 

with 4 DS adsorption beds, (3) a muffle furnace for the WGS reactor, (4) water mass flow controller, 

(5) water tanks, (6) gas rotameters and (7) gas supply. To the bottom bench also from the left to the 

right shows a (8) vacuum pump, (9) an electronic panel with reading boxes for gas mass flow 

controllers and pressure transducer, (10) a condenser plus a chiller and (10) a gas chromatographer. 

Four CO2 sorbent beds in parallel were set up inside the split furnace. Inside the furnace, each bed 

was preceded by spiral tubes as heat exchangers to the deliver the syngas to the required sorption 

temperature set point. A full list of equipment used in the scale commissioning can be found in 

Appendix C. 

 

 

Figure 14 – Photograph of the walk-in fume hood with the scale up equipment. 

 

In the commissioning stage, the WGS reactor operated by itself for two weeks without incident. Upon 

connecting the WGS reactor with the remainder of the equipment, the WGS reactor operated at 

equilibrium for another 2 weeks and then lost catalytic activity. We found carbon blocking at the inlet 

of the WGS reaction and then the water mass flow controller upstream was malfunctioning. Upon 

cleaning the inlet, the WGS reactor operated as required for another week, and then the same problem 

occurred. The same cleaning procedure was tried again, and the same problem occurred again after a 

week. This required re-designing the inlet of the WGS reactor, and purchasing a mass flow controller 

to deliver higher water flow, as the current one was operating close to a maximum load. As this 



  Page B-13 

 
3-0510-0033 – Milestone Report 

project has been overdrawn, we approached ANLEC requesting further funding which unfortunately 

was not available. As we gave our commitment to complete the scale up and long term testing of 

continuous 2000 h, we decided to re-design and simplify the experimental set up. 

 

Problems: WGS reactor weekly failure; water mass flow controller possibly too small for the scale 

up; project fund overspent; no more extra ANLEC funding available. 

Actions: Re-design and simplify the scale up experimental rig 

 

The simple solution to solve the problems with the scale up commissioning, without incurring any 

further funding which was no longer available, was to emulate a dry syngas stream mixing gases via 

rotameters prior to the CO2 sorbent beds (Figure 15). This system no longer has the WGS reactor and 

associated equipment including downstream condenser and silica gel columns. This new setup was 

then commissioned for another 4 weeks, including disassembling of equipment, adjusting the timing 

of the solenoid valves, using rotameters to adjust the correct syngas concentration, ensuring that gas 

was not leaking among many other tasks.  

 

 

Figure 15 – Simplified re-design of the scale up testing. 

 

During this latest commissioning time, we found out that preferential flow was occurring in the 

sorbent packed beds, as the concentration of CO2 in the H2+N2 stream was higher than expected. This 

problem was associated with the packing of the beds. In addition, the CO2 sorbent beds were placed 

horizontally which may have caused this problem. Ideally, the CO2 sorbent beds should have been 

placed vertically, though this would require repositioning the furnace to be vertical and further 

funding which is no longer available. In addition, this would add at least another 1-2 months delay to 
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the project. Therefore, we decided to change the configuration by linking the four beds in series 

instead of parallel. 

 

3.4 Scale up 2000 hours testing 

 

The scaled up CO2 sorbent beds were tested continuously for 2000 hours from 30 September to 22 

December 2016, totalling 84 days and based on the schematic in Figure 15. The testing conditions 

(Table 1) and details of the CO2 sorbent bed (Table 2) are listed below: 

 

Table 1 – Testing conditions for the scale up 2000 hours testing. 

Sorption Temperature 375 ˚C 

Desorption Temperature  450 ˚C 

Total Pressure  6 bar 

Total Feed Flow 1 L min-1 (NTP) 

Feed Concentration (dry gas only) H2 (~24.0 vol%) 

CO2 (~25.7 vol%) 

N2 (~50.3 vol%) 

Cycle: sorption/heating/desorption/cooling 1h/30min/2h/30min 

Total number of cycles (2000 h) 500 

 

Table 2 – Details of the CO2 sorbent beds. 

Materials 316L stainless steel (Swagelok) 

Dimensions External diameter = 2.54 cm 

Internal diameter = 2.248 cm 

Length = 50 cm 

Pressure at maximum temperature (450 ˚C) 190 bar >>> operating pressure (6 bar) 

Ratio of DS to alumina quartz beads (2 mm) 50:50 wt% 

DS mass for each bed 50 g 

Bed volume 183 cm3 

Packing density ~0.55 g cm-3 

 

Figure 16 shows the CO2 concentration that was not captured, that is the CO2 concentration that was 

measured in the H2 + N2 stream. The CO2 concentration were scattered and the observed variations 

are related to small variations in gas concentration in the feed stream and gas chromatograph 
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measurements at low concentration values. Overall, the initial non-adsorbed CO2 concentration was 

low at ~0.2 vol%, which than increase to an average value of 0.5 vol % at 2000 hours. In terms of 

mass balance, the total CO2 capture per cycle was initially at ~99.4% and then slightly reduced to 

98.4% at 2000 h. Therefore, the DS salt developed in this work and used for this long term testing 

met the requirements to capture at least 90% of CO2 from an air blown syngas stream. On a mass 

balance bases for a sorption cycle of 1 h feed flow rate at 6 bar containing ~CO2 25.7 vol% resulted 

in an average CO2 uptake of 13.8%. This performance is within the results shown in Figure 4.  

 

Target Achievement 

The CO2 capture at 2000 hour reached 98.4%, thus reaching the target of 90% set for this project. 

 

 

Figure 16 – CO2 concentration in the non-adsorbing gas stream (H2+N2) for 2000 hours ( normal 

operation and  anomalous operation due to central H2 gas run out by unexpected high consumption 

by other laboratories). 

 

Figure 16 also shows higher CO2 concentrations at around 1000 hours operation (see points with 

broken line circles). This problem was caused by excessive use of H2 from other laboratories, which 

resulted in no H2 being available for this project for a several days. As gases are provided from a 

central gas storage to comply with Occupational Health & Safety regulations, this problem caused 

instability in the long term testing leading to a reduction of the total pressure and reduction of the 

total flow. It came to a point that only N2 and CO2 were available, though the mass balance 

calculations for this situation show that ~98% of the CO2 was capture by the DS. 
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Further, CO (~0.06 vol%)  was also measured at the non-adsorbed gas stream (H2+N2). Although CO 

was not used as a feed gas, the measurement of CO strongly suggests the formation of a product from 

the reverse of the WGS reaction (CO2+H2→CO+H2O). The measurement of CO has also been 

reported for H2/CO2 membrane separation [17] at high temperatures. This is attributed to the metal 

elements in the stainless steel pressure vessel, which act as catalysts at high temperatures and a shift 

in the WGS reaction equilibrium towards CO and H2O. 

 

3.5 Post testing analysis 

 

Subsequently to the 2000 hours long-term testing, the scale up CO2 sorbent beds were disassemble 

and the DS salts were further characterised to compare against fresh DS. Samples were collected from 

the middle part of each of CO2 sorbent bed. SEM images in Figure 17 show that some of the samples 

were greatly affected by sorption/desorption thermal cycling. This is attributed to temperature 

sintering during the 500 cycles carried out for 2000 hours testing, in addition to 180 cycles carried 

out during the commissioning stages. 

 

Figure 17 – (a) Fresh and 2000 hours tested DS (b) bed 1, (c) bed 2, (d) bed 3 and (e) bed 4. 

 

X-ray diffraction analysis was also carried out on the 2000 hours tested DS and XRD patterns were 

compared against fresh DS samples as presented in Figure 18. These results clearly indicate that the 

sample underwent changes. For instance, the intensity of the peaks assigned to NaNO3 at 2 29.6o 

and 39o decreased and increased, respectively. Further, the peak at 243.1o, which is associated to 

MgO, increased in intensity. This gives an indication of MgO crystal growth, and likewise particle 

growth, in line with the particle increase observed in Figure 17. A comparative analysis of the 

measured patterns to the reference X-ray diffraction patterns in a database PDF4 revealed that many 

of the peaks changing in intensity were assigned to NaNO3. We also attempted to measure the CO2 

sorption of DS samples tested for 2000 hours. However, there was an unknown amount of quartz 
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wool mixed in the samples and it became difficult to separate the wool and to provide results with 

accuracy. Therefore, TGA CO2 sorption analysis could not be used and had to be discarded.  

 

 

Figure 18 – XRD patterns of fresh DS and DS samples collected in each sorption bed after 2000 

hours testing. 

4 Scale-up Rules (100X) 
 

Design of separation processes happen at three scales: lab, pilot, and commercial. We completed 

laboratory scale testing for the DS system and the results showed that the separation is feasible and 

stable over time. Here we propose the scale up required for a pilot scale process to handle 100 litres 

per minute (lpm). Long term testing on an actual process plant can be conducted at this scale. After 

this pilot scale testing, design and costing for an industrial scale process can be completed. 

4.1 Proposed Process 
 

Figure 19 shows a simplified flowsheet of the proposed three-vessel temperature swing adsorption 

(TSA) system. This operates under staggered sequencing with one bed under active adsorption to 

remove CO2 and two beds under regeneration. The regeneration process is achieved by heating the 

vessels via a jacket or immersion if a flue gas channel. There are alternative processes possible 

where the product CO2 gas is recycled as a heat-carrying medium through the regenerating bed. 

This may be feasible for this chemisorption process but would add a lot of complexity at the pilot 

scale.       
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Figure 19 - Temperature swing adsorption process. Column A is an active adsorption column prior 

to breakthrough. Column B and C are under regeneration using an available heat source. 

 

Two beds would be the absolute minimum required for a TSA process. It is expected that at least 

three beds are required as the heating/desorption process is likely to have slower dynamics than the 

adsorption process. An initial estimate is that it will take approximately twice as long for the 

desorption cycle as the adsorption cycle. 

 

4.2 Vessel Design 
 

 Design basis: 

 Feed flowrate of 100 lpm (at STP). 

 Feed composition of 50% N2, 25% H2, and 25% CO2.  

 0.5 mol% of CO2 in N2/H2 product stream. 

 0.2 mol% H2 and 0.5 mol% N2 in product CO2 stream.  

 

Design parameters 

The below presents the proposed design parameters of the adsorption process. The parameters 

would need to be: 
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Parameter Value Reasoning 

Adsorption temperature 375 oC Based on laboratory results and expected 

industry conditions.  

Desorption temperature 440 oC Based on laboratory results to reach less 

than 5% capacity at equilibrium.  

Vessel design temperature 500 oC Estimate. Requires hazard analysis to 

determine possible scenarios.  

Operating pressure 110 kPa Process is expected to be utilised in low 

pressure processes and low pressure is 

the worst case scenario 

Design pressure 500 kPa Estimate. Requires hazard analysis to 

determine possible scenarios. 

Particle size 2 mm Balance between mass transfer and 

pressure drop in the bed.  

Bed L/D ratio 5 Rule of thumb for good flow distribution 

Bed maximum capacity 14 wt% From laboratory results 

Bed utilisation at 

breakthrough  

60 % From laboratory results 

Superficial (empty vessel) 

velocity 

0.1 m s-1 Rule of thumb for packed beds 

Vessel Diameter 0.15 m To achieve superficial velocity 

Bed Height 0.65 m Using bed L/D ratio 

Vessel height   

Bed packed density 600 kg m-3 Estimated from experimental 

measurement 

Bed mass 6.9 kg From bed volume and density 

CO2 feed rate 45 g min-1 Design basis 

Breakthrough time 1 hour Based on utilisation and assuming similar 

breakthrough dynamics to lab scale 

 

A cycle time of 1 hour is quite feasible for a TSA process. This design is based on the adsorption 

part of the process. If assumption on the heating/cooling times required are incorrect, it is easy to 

add additional beds to this modular design.  
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5 Discussion 
 

The DS developed in this project proved to (i) meet the CO2 sorption target of 90% and to (ii) be 

reliable over the long term testing of 2000 hours. The initial CO2 uptake was 99.4% which reduced 

to 98.4% after 2000 hour testing. Assuming a linear loss of capacity of 0.5% for every 1000 hours, it 

would take 18,800 hours of operation to reach a lower CO2 uptake of 90%, equivalent to 783 days or 

more than 2 years. The stability of the DS is therefore proved, even though water was generated at 

small amounts (0.06 vol%) due to the inverse of the WGS reaction as CO (0.06 vol%) was measured 

even though CO was not a feed gas. 

 

Based on the scale-up and long term testing, further scale-up by 100X seems to be straightforward. 

As the amount of CO2 to be capture for a feed flow rate of 100 L min-1 is relatively small, thin small 

columns as CO2 beds placed in furnaces (i.e. heat jackets) may be advantageous. First, the TSA unit 

is still too small to take advantage of any potential waste heat in the plant, so the use of furnace is 

recommended. Second, thin columns will allow to improve heat transfer in the desorption cycle. 

 

The next step would be building a commercial plant for CO2 capture. There are very important points 

for consideration here. The first point is that DS failed quickly under wet syngas stream, though 

worked quite well under dry syngas conditions. Therefore, to couple a TSA system at the back end 

of an air blown coal gasifier, particularly after the WGS reactors, will require a very efficient 

condenser possibly followed by water desiccation columns to capture any remainder water vapour. 

Whilst these technological add-on systems are conventional, and can be bought out of the shelf, the 

problem that these attract extra capital and operational costs. 

 

The WGS reactors tend to use excess water as a reactant to ensure that CO is converted to CO2, in 

turn generating more H2. Hence, the syngas stream with excess water will have to be cooled down to 

condense all the water prior to the TSA CO2 sorption beds. This will require energy, thus increasing 

operational costs. After the condenser and the water desiccation columns, the dry syngas will have to 

be heated up to 375 oC as it is recommended to keep small temperature variation in the TSA system. 

To some extent, heat may be available via heat exchanges after the low temperature WGS reactor 

(~250 oC) plus another heat exchanger prior to the high temperature WGS reactor (> 500 oC). 

 

Obviously, a capital and operation cost analysis (CAPEX) would provide a more specific analysis on 

the potential feasibility of the DS development in this work as compared against other commercial 

technologies. Whilst the good CO2 sorption and 2000 hours stability under dry syngas conditions 
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were positive outcomes from this project, ideally major savings could be realised if the DS could 

operate under wet syngas conditions.  

 

6 Conclusions and Recommendations 

 

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

gasification processes. The DS sorbent developed by the end of 2015 proved to meet the project 

targets for 90% CO2 capture and were used for the final experimental milestone of scale-up and 2000 

hours long term testing. The final scale-up testing consisted of mixing H2, N2 and CO2 to 

concentrations similar to those of syngas from streams air blown coal gasifiers. The scale up version 

had 4 sorbent beds in series and processed 1 L min-1 of dry syngas using a TSA process. Sorption was 

carried at 375 oC and desorption at 450 oC. The DS sorbent proved to be stable during the long testing, 

with an initial CO2 uptake of 99.4% and a final of 98.4% at 2000 hour testing.  

 

The scale-up rules (100X) to process 100 L min-1 of dry syngas are straightforward. Again, a TSA 

system is recommended containing 3 columns. As desorption step is the slowest, the sequence for a 

pilot trial could be for one sorption column be starting the sorption cycle, a second sorption column 

starting the desorption cycle, and the final sorption bed possibly half way in the desorption cycle. As 

the sizing of the columns in terms of volume are relative small, it is recommended to use thin columns 

with heat jackets (i.e. like a furnace) to enhance heat transfer during the desorption cycle. 

 

In principle, the DS sorbents developed in this project showed good CO2 sorption uptake and long 

term stability under dry syngas conditions. A capital an operating cost analysis may provide further 

insights on the potential deployment of this type of sorbent for CO2 capture systems. However, DS 

sorbents are very unstable in wet syngas streams, thus requiring condensers and water desiccant 

columns to maintain a long and stable operation. As syngas streams contain water, all the positive 

performance findings of the DS sorbents may not meet the industrial requirements of coal power 

generation plants. This is therefore a major limitation of deploying DS sorbents for CO2 capture from 

wet syngas streams. 
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Appendix A 

Nitrogen doped Double Salt synthesis method: 

 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. 
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Appendix B 

Small scale testing - experimental details: 

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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Appendix C 

 

List of equipment used in the modified final scale-up and 2000 hour testing 

 

Part Supplier Quantity 

Non-return valve 

Flow rotameters  

3-way solenoid valve 

Back pressure regulator 

Two-way valve 

Stainless steel adsorption bed  

Furnace 

Vacuum pump 

Chiller 

Gas Chromatograph 

Stainless Steel Tubing 

1/8' 

1/4' 

ODxL 2.54 x 55 cm 

Swagelok  

Cole Palmer   

Process Systems 

Swagelok  

Swagelok  

Swagelok  

Thermo Electron Corporation 

Edwards nXDS15i 

Cornelius Maxi 310  

Shimadzu GC-2014 

  

Swagelok  

Swagelok  

Swagelok  

8 

3 

2 

1 

1 

4 

1 

1 

1 

1 

 

6 m 

6 m 

4 m 

 

 

 

 

 

 

 

 


