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a b s t r a c t

This work investigates the synthesis and performance of double salts for H2/CO2 separa-

tion. A series of NaMg double salts were prepared based on xMg(NO3)2: yNa2CO3: zH2O and

characterised. The best sorbents reached CO2 uptake of 17.9 wt% at 0.62 MPa and 375 �C.

The NaMg double salts preferentially sorbed CO2 as determined by breakthrough tests. The

NaMg double salts were packed in a sorbent bed and tested for H2/CO2 separation at the

back end of a water gas shift reactor. 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 NaMg double salt sorbents

were exposed for over 1000 h 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.

© 2017 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

H2 has many industrial applications ranging from hydrogena-

tion of fuels and production of chemicals, to increasing the

calorific value of gases, production of electrical energy and to

power fuel cell vehicles. Therefore, there is a need for a down-

streamprocess to separate H2 fromCO2, tomeet commitments

of a carbon-neutral economy by capturing CO2 whilst using H2

as a clean energy carrier [1]. There are several technologies that

can beused for such a purpose, includingmembranes and solid

sorbents at high temperature, or solvent absorption at low

temperature. A number of membrane technologies have been
Diniz da Costa).
07
ons LLC. Published by Els

l., Long term and perform
, http://dx.doi.org/10.1016
reported for H2/CO2 separation including inorganic [2e5],

metallic [6e10] and polymeric membranes [11,12]. However,

there are still challenges in membrane technology for H2/CO2

separation, e.g., high temperature sealing and mechanical sta-

bility of the membranes. Another promising method is to lock

the CO2 in solid sorbents [13,14], thus producing high purity H2.

One example is using an alkali metal oxide based adsorbent by

carbonation anddecarbonation cycles suchasCaO [15e18]. The

reported CO2 net uptake in CaO based sorbents varied between

19 and 36 wt % [19e21]. However, the performance of all re-

ported CaO based absorbents deteriorates as the number of

carbonationedecarbonation cycles increases and they require

high temperatures (~900 �C) for calcination. As such, sintering
evier Ltd. All rights reserved.

ance testing of NaMg double salts for H2/CO2 separation, Inter-
/j.ijhydene.2017.01.107

https://core.ac.uk/display/83982638?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:j.dacosta@uq.edu.au
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
http://dx.doi.org/10.1016/j.ijhydene.2017.01.107
http://dx.doi.org/10.1016/j.ijhydene.2017.01.107
http://dx.doi.org/10.1016/j.ijhydene.2017.01.107


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 7 ) 1e92
always occurs after the carbonationedecarbonation cycles

[22,23].

There are also a number of materials for CO2 capture in a

mild to medium temperature range 250e450 �C [24]. In this

case, the most interesting candidates are Mg based sorbents.

One of the contenders is hydrotalcytes, also known as layered

double hydroxides (LDH), which belong to a large group of

anionic or basic clays [25]. Rodrigues' group [26,27] developed

MgeAleCO3 LDH-type sorbents reaching CO2 uptakes of up to

2.2 wt% whilst further improvements on the synthesis of this

sorbent by Reddy and co-workers [28,29] led to dry and wet

CO2 uptakes of 2.7 and 4.8 wt%, respectively. Further im-

provements were attained by adding CO2 sorption promoters

such as potassium, resulting in CO2 uptakes increasing to

~6.2 wt% [30]. Although commendable, these CO2 uptake

values are still too low for industrial application. At a mild

temperature range 120e150 �C [31,32], zeolites have shown

good potential for processing syngas in units known as pres-

sure swing adsorption (PSA) or vacuum swing adsorption

(VSA) [33]. Webley and co-workers [31] used zeolite 13X in a

pressure swing vacuum adsorption (PSVA) configuration with

CO2 sorption of ~6.9 wt% at 120 �C and desorption at 240 �C.
Even at high syngas pressures of 35 bar, zeolite LiX together

with activated carbon proved to be efficient for removing CO2

for syngas streams [34]. However, activated carbon out-

performs zeolites at high pressure operations [35].

Recently, Mg based double salts significantly enhanced CO2

uptakeandreactionkinetics [36,37].Doublesaltsofalkalimetals

andmagnesium carbonate can be represented by the following

formula [(M2CO3)m(2MHCO3)(1�m)]n (MgCO3)p(MgO)(1�p) xH2O,

whereM isanalkalimetal suchasNa,K, Li, 0�m� 1, 0.003�n�
0.925, 0 � p � 1 and x represents the extent of hydration [38].

Several groups have attempted to synthesise double salt sor-

bents based on NaMg and KMg to achieve high CO2 capacities.

Generally, the synthesis process involved varying the concen-

tration of the alkali metals, although results show some varia-

tion. KMg reached a good CO2 uptake capacity of ~8.8 wt% [39].

NaMg based double salts have shown even higher CO2 uptakes

of ~15 wt% [40] and ~20.7 wt% [28], though the later reported

variation in results for double salts, which is possibly linked to

the reproducibility of the synthesis process.

In this work, we focus on H2/CO2 separation using double

salts based onNaMg sorbent in view of their high reported CO2

sorption capacity. The double salts were synthesised by a

precipitation method containing NaMg and NaNO3. Sorbent

samples were fully characterised using materials analyses

techniques based on varying the ratio of the alkali elements.

Further, the performance of the best sorbent was continu-

ously tested for 28 cycles over 1000 h (>43 days) as a sorbent

bed. A number of conditions were investigated to determine

the CO2 breakthrough time based on space velocities and total

pressure.

Table 1 e Double salt adsorbent mixing ratios.

Mg(NO3)2$
6H2O (g)

Na2CO3 (g) H2O (ml) Sorbent name

29.04 36.15 900 Mg29Na36H2O900

58.08 72.30 900 Mg58Na72H2O900

116.16 144.60 900 Mg116Na144H2O900

116.16 72.30 900 Mg116Na72H2O900

116.16 144.60 1800 Mg116Na144H2O1800
Experimental

Sorbent synthesis and characterisation

The NaMg adsorbents were prepared from a precipitation

method from a stirred aqueous solution. Mg(NO3)2$6H2O
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(Magnesium Nitrate Hexahydrate AR, Chem-Supply) was

added to deionised water. After 30 min of mechanical stirring,

Na2CO3 (SodiumCarbonate Anhydrous AR, Chem-Supply) was

gradually add into the solution, which formed a slurry. Table 1

lists the reactants, mixing ratios and sample nomenclature.

The stirring of the slurry continued for a further 2 h, followed

by overnight settling, leading to the formation of magnesium

carbonate (MgCO3) and sodium nitrate (2NaNO3). The slurry

was then filtered by vacuum filtration and the collected white

compound was dried in an oven at 60 �C for 12 h. In this

method, the sodium carbonate is partially dissolved to ex-

change the carbonate with the nitrate in the magnesium ni-

trate, leading to the formation of double salts (Na2Mg(CO3)2).

The powder was crushed into fine particles and calcined in air

for 4 h at 450 �C, with a ramping and cooling rate of 5 �Cmin�1.

An in-house built volumetric adsorption rig (Fig. 1) was

used to determine CO2 adsorption up to 0.62 MPa. Degassing

and/or CO2 desorption was carried at 450 �C under vacuum by

a rotary pump (p < 10�3 Torr) for 2 h prior to each sorption. CO2

sorption was carried out at 375 �C by measuring the pressures

using a high accuracy MKS pressure transducer. The CO2

sorbed quantity calculated from the equilibrium pressure and

ideal gas law follows:

madðgÞ ¼ 44�
�
P1V1 þ P2V2 � PeqV1 � PeqV2

RT

�
(1)

where mad is the mass adsorbed (g), V1 and V2 are volumes (L)

for vessels 1 and 2, P1 is the initial pressure (Pa) in vessel 1 after

dosing gas through valve 1 (with valve 2 closed), P2 is the initial

pressures (Pa) in volume 2 which is equal to the equilibrium

pressure of the previous step and Peq is the equilibrium pres-

sure (Pa) after a period of equilibration with valve 2 open.

The X-ray diffraction (XRD) patterns of samples were

analysed using a Rigaku Smartlab X-ray diffractometer at

45 kV, 200 mA with a step size of 0.02� and speed of 4�min�1

using a filtered Cu Ka radiation (l ¼ 1.5418 �A). Morphological

features of the powder samples were examined using a Jeol

JSM-7001F SEM with a hot (Schottky) electron gun at an ac-

celeration voltage of 10 kV.

Sorbent testing

The separation of H2/CO2 was carried out using a system as

schematically shown in Fig. 2. The WGS reactor operated

continuously to provide both H2 and CO2. The excess

unreactedwater was captured by a condenser at 0 �C (using an

ice slurry) between the WGS reactor and the CO2 sorbent bed.

The latter operated as batch CO2 sorption/desorption in a

Temperature Pressure Swing Adsorption (TPSA) process. A

bypass was used to ensure that the WGS reactor was always
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Fig. 1 e The schematic of CO2 volumetric sorption rig.
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continuously operating when it was necessary to desorb the

CO2 from the sorbent bed. The bypass streamwas also used to

analyse the gases generated in the WGS reactor prior to

entering the CO2 sorbent bed. Both the WGS reactor and CO2

sorbent bed were placed in (separate) furnaces.

The WGS reactor was fed with CO and H2O steam which

reacted in the presence of WGS catalyst (Alfa Aesar™ Iron-

chrome based high temperature gas shift catalyst, HiFUEL™

W210 and the reactor size is f10 � 280 mm) to form a syngas

mixture (H2 and CO2). In order to increase the contact surface

area, the catalyst was crushed into smaller particles with

particle size 0.6 < dp < 1 mm. Equal weight ratio silica quartz

with particle size dp z 1 mm was mixed with the catalyst to

avoid gas flow blockage. The WGS reactor contained 10 g of

catalysts mixed with 10 g silica quartz, and the furnace tem-

perature was controlled by a PID controller at desired tem-

peratures from 460 to 580 �C. The CO feed flow ranged from 3

to 15 mL min�1 using flow rotameters, and water feed flow

was controlled by a Bronkhorst mass flow controller at

10 g h�1. The CO:H2O molar ratio was set at 1:15 instead of 1:1

to avoid the Boudouard reaction [41e43], which leads to car-

bon deposition and catalyst deactivation.

The CO2 sorbent bed contained crushed sorbents smaller

than 0.1 mm and also mixed with silica quartz (dp z 1 mm) at

a ratio of 35:50 by weight, again to avoid gas flow blockage.

The CO2 sorbent bed operated at 375 �C in the sorption mode,
Fig. 2 e Schematic of H2/CO2 se
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and at 450 �C at the desorption mode. As the sorbent bed

operated as a TPSA system, vacuum pressures p < 10�3 Torr

using a vacuum rotary pump was applied during the CO2

desorption cycle. Dry gas samples were collected from the

bypass and the CO2 sorption bed outlet streams and analysed

via a gas chromatography (GC) Shimadzu GC-2014. The GC

was set up with a dual TCD/FID detectors and FID loop was

coupled with a methanizer for CO and CO2 detection and

measurement.
Results and discussion

Sorbent characterisation

The comparison of CO2 uptake capacity was carried out by

performing two-cycles of sorption and desorption. Fig. 3

shows that the Mg58Na72H2O900 sample reached the high-

est CO2 uptake of 15 wt%. It is interesting to observe that

Mg116Na144H2O1800 has the same ratio Mg:Na:H2O as

Mg58Na72H2O900, but has delivered a lower CO2 uptake of

13.4 wt%. It was observed visually that the slurry of the former

sample was less homogeneous than the latter sample.

Doubling the amount of Mg 58 to 116 g in Mg116Na72H2O900

almost halved the CO2 uptake to 7.5 wt%, clearly indicating

that high Mg ratio in the double salt sorbent reduced the CO2

uptake. Doubling the water ratio also affected the reaction

process, as Mg29Na36H2O900 achieved the lowest CO2 uptake

of 4.5 wt%. These results suggest that both metal alkali ratio

and the slurry formation process affect CO2 uptake.

Fig. 4 shows the XRD patterns of samples described in

Table 1, 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 pres-

ence 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 Fig. 3. The presence of NaNO3 in the as-

prepared samples is related to the reaction of the precursors

as shown in Eq. (2), which forms NaNO3, whilst double salts

(Na2Mg(CO3)2) formation is represented in Eq. (3). Hence,

NaNO3 is a by-product and its CO2 adsorption is negligible as

reported by Lee et al. [36]. As NaNO3 melting point is 308 �C,
and CO2 sorption in this work is carried out 375 �C, therefore
the double salts are the compounds with significant CO2

sorption capacity.

Mg(NO3)2 þ Na2CO3 / MgCO3 þ 2NaNO3 (2)
paration experimental rig.
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Fig. 3 e The comparison of CO2 uptake among adsorbents from different recipes.

Fig. 4 e The XRD patterns of various as-prepared sorbents.
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MgCO3 þ Na2CO3 / Na2Mg(CO3)2 (3)

Na2Mg(CO3)2 / MgO þ Na2CO3 þ CO2 (4)

MgO þ Na2CO3 þ CO2 / Na2Mg(CO3)2 (5)
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By applying heat, the double salt becomes amixedmaterial

containing MgO and Na2CO3 whilst the chemisorbed CO2

leaves the material structure (Eq. (4)). 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 Eq. (5). This is the chemi-sorption cycle. Essentially,
ance testing of NaMg double salts for H2/CO2 separation, Inter-
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Fig. 5 e Five-Cycle test of CO2 uptake (wt%) of Mg58Na72H2O900 sorbent.
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the chemi-sorption and desorption cycles are reversible, and

Eqs. (4) and (5) are reverse reactions. As the double salt also

contained excess NaNO3, it is interesting to observe that the

sample Mg29Na36H2O900 with the lowest CO2 sorption ca-

pacity in Fig. 3 has almost non-observable NaNO3 peaks in the

XRD patterns in Fig. 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

[36].

Due to the best CO2 uptake performance of

Mg58Na72H2O900, this sample was further tested for 5 ther-

mal cycles between 370 and 450 �C for sorption and desorp-

tion, respectively. Fig. 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

13wt%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 ismainly reversible, a

desirable property of sorbents. Initial decay is a common

property of CO2 sorbents, thus causing irreversible CO2 sorp-

tion properties. This is generally associated with structural re-

arrangement during temperature cycling [43,44] attributed to
Fig. 6 e SEM micrographs of the NaMg double salt (a) as pr
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sintering effect leading to loss of surface area and sorption

sites [45] or reactive sites [46,47]. Further evidence on the

structural re-arrangement is given in the SEM images in Fig. 6.

The as-prepared sorbent (Fig. 6a) was composed of separate

particles in size from 0.4 to 3 mm. After 22 cycles of CO2

sorption and desorption, Fig. 6b shows that the particle

increased in size to 1e8 mm and formed compact crystal

structures.

The isothermal CO2 uptake against pressure was also

investigated for the best Mg58Na72H2O900 sample. Fig. 7

shows a significant CO2 uptake increment when the pres-

sure was below 0.1 MPa. The CO2 uptake increment became

less noticeable for pressures >0.2 MPa. The maximum CO2

uptake reaching 17.9 wt% obtained in this work is desirable for

industrial applications. This type of isotherm has been re-

ported by other groups [48]. This shape of isotherm is due to

different CO2 sorption sites of the double salt mixture. The CO

and CO2 partial pressures add up to 1.5 or 1.0 MPa (dry gas

basis), and are common to oxygen fed [49,50] or air fed [51e53]

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 Fig. 7.
epared and (b) after 22 CO2 sorption/desorption cycles.
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Fig. 7 e CO2 adsorption uptake with pressure at 375 �C.
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H2/CO2 separation

The best performing sorbent (Mg58Na72H2O900) was selected

for H2/CO2 gas separation using the TPSA experimental set up

(Fig. 2). A series of experimental tests were carried out to un-

derstand the performance of the CO2 sorbent bed by varying

feed flow rates and pressures. All tests were carried out with

the same sorbent for 1000 h (43 days), thus demonstrating the

long term stability (28 cycles) of the best sorbent synthesised

in this work. A typical representation of a CO2 breakthrough

test is shown in Fig. 8. The results show that the CO2 con-

centration was <98 % up to 60min, when it started increasing.

On a similar basis the concentration of the non-adsorbing

gases H2 was just above 90% and CO ~5% (±2%) also up to

the breakthrough time. The presence of CO is due to incom-

plete conversion of CO in the WGS reactor.
Fig. 8 e CO2 breakthrough at: Flowrate ¼ 7 mL min¡1, Pre
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The effect of space velocity on the performance of the CO2

sorption bed is shown in Fig. 9a. By increasing the flow rate

from 3.5 to 15.4mLmin�1, the CO2 breakthrough time reduced

from 190 to 30 min, a reduction of ~84%. The space velocities

for these flow rates of 3.5, 6.8 and 15.4 mL min�1 were calcu-

lated as 2.16 � 10�3, 4.20 � 10�3 9.51 � 10�3 s�1, respectively.

The breakthrough time presents a decreasing function to

space velocity or flowrate. Subsequent tests were carried out

at an average syngas flow rate of ~7.0 mL min�1 where the

pressure was varied between 0.3 and 0.6 MPa. Increasing the

pressure from 0.3 to 0.6 MPa resulted in the reduction of the

CO2 breakthrough time from 90 to 50 min (Fig. 9b). This

decrease is associated with equilibrium of CO2 sorption which

is non-linear, though affected by the partial pressure of CO2 in

the syngas stream.

In order to understand further the performance of the

sorbent bed, the bed utilization was determined as the ratio of

breakthrough time (tbt) to the stoichiometry time (tst):

Utilization ¼ tbt
tst

(6)

tbt ¼
Ztbt
0

�
1� Fco2

Fco2 ;∞

�
dt (7)

tst ¼
Zt∞
0

�
1� Fco2

Fco2 ;∞

�
dt (8)

The bed utilization results were also plotted in Fig. 9a and b

as a secondary axis. The bed utilization slightly decreased

from 0.68 to 0.60 as the feed flowrate significantly increased

from 3.5 to 15 mL min�1. The reduction in bed utilization is

due to finite mass transfer and adsorption rates. With the

increased flowrate, the size of the active portion of the bed

increases and reduces bed utilization at breakthrough.

Increasing the pressure from 0.3 to 0.4 MPa increased the bed

utilization from 0.62 to 0.71. This increase derives from the

higher gas concentration, which translates into increased
ssure ¼ 6 atm, and adsorption temperature of 375 �C.
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Fig. 9 e CO2 breakthrough time and bed utilization as a

function of (a) flow rates (P ¼ 0.3 MPa) and (b) feed

pressures (F ¼ 6.8 mL min¡1).

Fig. 10 e Time line of experimental work, operation

conditions and breakthrough time.
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mass transfer and higher CO2 sorption. These two factors

reduce the size of the active zone of the bed. This competes

against the need to adsorb more CO2 from the gas phase,

which increases the size of the active zone. With pressure

increased to 0.5 MPa, the bed utilization remained constant

showing that the improved kinetics was balanced by the

requirement for more adsorption. A further pressure increase

to 0.6 MPa decreased to utilization to 0.64. These results show

that the bed utilization reached amaximumpoint between 0.4

and 0.5 MPa due to the balance of kinetics and the amount

removed from the gas phase to prevent breakthrough.

Fig. 10 shows a complete timeline of the long term per-

formance testing in excess of over 1000 h (>43 days). The

timeline had an initial region (i) where the sorbent was acti-

vated in the first day and several tests were carried out where
Please cite this article in press as: Ji G, et al., Long term and perform
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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 experi-

mental 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 experi-

mental cyclingwork started and it was generally carried out at

lower feed flow rates varying between ~5 and ~15 mL min�1.

Although the breakthrough varied between the highest

~193 min and the lowest ~35 min, the major limitation of this

work was the GC analysis which took 30 min to analyse each

point. For instance, each cycling test had up to 15 points, and
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gas samples were collected in bags, it took up to 8 h of GC

analysis to get a break through curve for a single testing

condition. Region (iii) was associated with weekends where

the experimental rig was left idle (no cycling work) at 375 �C
and at feed flow rates of 6e7mLmin�1. The last region (iv) was

also left idle like region (iii). During the timeline of over 1000 h,

and 28 cycling tests, the sorbents proved to be robust for H2/

CO2 separation under the tested conditions in this work.
Conclusions

NaMg double salt sorbents proved to be suitable for separating

H2 from CO2. In principle there is an optimised synthesis pro-

cess as using too much water or Na decreases the CO2 uptake

capacity of the sorbent. The best sorbent reached a CO2 uptake

of 17.9 wt% at 0.62MPa and 375 �C. CO2 uptake decayed by only

2 wt% during sorption/desorption cycles and it was clear the

sorbent became more stable after the 4th cycle. Further evi-

dence of stability came from testing the sorbent over a period

of 1000 h under various operating conditions to establish

breakthrough times. Breakthrough curves showed that

the sorbents were able to capture >98% of the CO2 produced by

the WGS reactor, thus separating H2 from CO2. Operating

conditions were found to significantly affect the CO2 break-

through time, which reduced as the space velocity and CO2

partial pressure increased. The sorbents were stable in excess

of 1000 h and 28 cycles of CO2 adsorption and desorption.
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