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Abstract In this work a combination of static gravimetric
and inverse chromatographic techniques is used to study the
adsorption and separation of the main synthesis gas com-
ponents, i.e. CO;, CO, CHs and H;. The single component
adsorption isotherms of CO,, CO, CHy and H; on fauja-
site NaX were measured from 303 K to 473 K and over a
large range of pressures (from 0 to 1200 kPa). Breakthrough
curves of CO; and CO and their mixtures were determined
at 323 K and 373 K and 100 kPa as an illustrative exam-
ple. A nice agreement was noticed between the two above-
mentioned techniques for single component adsorption. Bi-
nary mixture dynamics measurements were compared to the
predictions of ideal adsorption solution theory (IAST) via
the previously cited single component adsorption data.
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Abbreviations

SBET Specific surface area (m2 /g)

Vbubinin Micropore volume (cm3 /2)

qs Langmuir/Toth parameter 1 (mmol/g)
b Langmuir/Toth parameter 2 (1/bar)

m Toth parameter 3

M ads Adsorbed amount (mmol/g)

T Temperature (K)

P Pressure (kPa)

Y Gas phase composition
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X Adsorbed phase composition
o Selectivity

Q Reduced mass (g/g)

Verucible Volume of the crucible (cm?)
Vadsorbent Volume of the sample (cm3 )

Vadsorbed phase Volume of the adsorbed phase (cm?)

1 Introduction

Synthesis gas (syngas), which is a mixture of Hy and carbon
oxides (CO and CO;) and minor amounts of other gases,
e.g. methane, nitrogen and hydrogen sulfide, is produced
by thermal gasification of a various organic matter, includ-
ing fossil fuels and biomass. Syngas is the main source for
bulk Hy production. In order to produce H, from synthe-
sis gas, Hy needs to be separated from the other compo-
nents. High purity Hj, that meets hydrogen fuel cell spec-
ifications, is generally produced by Pressure Swing Adsorp-
tion (PSA) (Hufton et al. 1999; Yong et al. 2002). For the
design and optimisation of PSA units, reliable adsorption
data are required. Equilibrium adsorption measurements can
be carried out using a wide range of techniques, which
can be based on closed systems, such as gravimetric or
volumetric methods (Belmabkhout et al. 2004; Keller and
Staudt 2005), or open flow systems such as pulse or step
experiments (Harlick and Tezel 2004; Delgado et al. 2006;
Diaz et al. 2005), often subsumed under the term inverse gas
chromatography (IGC).

Intensive investigations on adsorption thermodynamics
and kinetics have been realised in order to find the ap-
propriate conditions and adsorbents for further industriali-
sation. The experimental conditions of most investigations
are limited to ambient temperature and low pressure (Bar-
rer and Gibbons 1965; Walton et al. 2006). Very limited
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work was devoted to high temperature/high pressure ad-
sorption. Moreover, a complete set of adsorption data on
CO,, CO, CH4 and Hj is very scarce (Maurin et al. 2005;
Akten et al. 2003; Harlick and Tezel 2004; Khelifa et al.
1999; Zhang et al. 1991; Kazansky et al. 1998; Wirawan and
Creaser 2006; Pulin and Fomkin 2004).

In this work we assess the adsorption capacity and selec-
tivity of syngas components in a wide range of temperature
and pressure using static gravimetric and dynamic inverse
gas chromatographic methods. For the purpose of illustra-
tion, we opted for a Na™ form of faujasite X as an adsor-
bent and CO,, CO, CHy and H; as adsorbates. Experimen-
tal loadings for the CO,/CO binary adsorption were con-
fronted to those extracted from macroscopic modelling by
using IAST (Valenzuela and Myers 1989; Myers and Valen-
zuela 1965; Talu and Myers 1988).

2 Experimental
2.1 Adsorbates and adsorbents

CO (> 99.999 purity), COz (> 99.995 purity), CH4 (99.995
purity), and H; (99.999 purity) were provided by Air
Liquide. NaX pellets were used as adsorbent. Based on
a comparison of their micropore volume with that of NaX
powder, the pellets contains 16 = 1% binder. Table 1
shows the textural characteristics and elemental analysis of
the sample.

2.2 Experimental methods
2.2.1 Low—high pressure gravimetry (LHPG)

The Rubotherm magnetic suspension balance (MSB) over-
comes the disadvantages of other commercially available
gravimetric instruments by separating the sensitive mi-
crobalance from the sample and the measuring atmosphere
(Losch 1999; Dreisbach et al. 2003). This system is able to
perform adsorption isotherm measurements while increas-
ing the gas pressure from 0 to 15 MPa and for temperatures
ranging from 303 to 473 K. Figure 1 shows a schematic rep-
resentation of the Low-high pressure gravimetry (LHPG)
apparatus. A clean (outgassed) adsorbent sample is exposed

reached. This method allows the direct measurement of the
reduced mass 2. A correction for the buoyancy effect is re-
quired to determine the absolute adsorbed amount m 4501
(Belmabkhout et al. 2004; Dreisbach et al. 2003) using (1).
For this purpose the density of the gas is determined exper-
imentally using a volume calibrated titanium-cylinder. By
weighing this calibrated volume in the gas atmosphere, the
local density of the gas is determined. Simultaneous sorp-
tion and gas phase density measurement as a function of
pressure and temperature are, thus, possible.

Q = Mapsolute

- pgas(vadsorbent + Verucivie + Vadsorbed phase)~ (D

Vadsorbent and  Vepeiple are determined by the helium
isotherm method, while Vgsorbed phase can be extracted from

the micropore volume (Keller and Staudt 2005). The effect
of Vadsorbed phase 18 negligible in the case of CO;, CO, CHy
in the whole range of the operational conditions studied.

The pressure is measured thanks to three kinds of pres-
sure transmitters (two MKS Baratron PDR 2000 up to
100 Pa and 100 kPa respectively and a DRUCK DPI 280
up to 15 MPa). Prior to each adsorption experiment, about
1 to 2 g sample is outgassed using the in situ heating sys-
tem under a constant residual pressure 10~° kPa up to final
temperature of 673 K. The temperature is held constant by
using a circulating fluid thermostat.

2.2.2 Column breakthrough experiments

A scheme of the inverse gas chromatography setup can be
seen on Fig. 2. The sample (5.6 g of hydrated NaX) was
placed into a stainless steel column with an inner diame-
ter of 1.0 cm and a length of 10 cm. The column was in-
serted in an oven and the sample was activated at 673 K
for 3 hours under a helium flow-rate of 1 NL/h and then
cooled to the adsorption temperature (323 or 373 K). The
breakthrough experiments were performed by stepping from
pure He to CO, CO; or mixtures thereof. The gas mixture
leaving the column was analyzed by a mass spectrometer.
All the experiments were performed at atmospheric pressure
(the pressure drop in the column is negligible). The adsorbed
amounts were calculated via a mass balance.

to a pure gas at constant temperature. The change in the Misads = Fin * Cisin " Ifinal
weight of the adsorbent sample as well as pressure and tem- Yfnal

& P p. ey . . _f Four - Ci,out(t) cdt — (Vi 4+ Vi) - Ci,in» 2)
perature are measured when thermodynamic equilibrium is 0
Table 1 Elemental analysis and ; B .
textural characteristics of NaX Sample % Si % Al 9% Na Si/Al SBET Vbubinin Loss on ignition
faujasite m?/g cm?/g % m/m

NaX 18.53 14.82 9.53 1.25 685 0.283 28.5
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Fig. 3 Experimental adsorption isotherms of CO;, CO, CHy4, and H» on NaX at 303 K (a), 323 K (b), 373 K (¢) and 473 K (d)

F = total molar flow rate, ¢c; = molar fraction of compo-
nent i, V; + V,,: interstitial and macroporous/mesoporous
column volumes.

The difficulty in column breakthrough experiments with
highly concentrated gases that adsorb strongly is that the
flow rate at the column outlet changes as a result of the ad-
sorption process. F,;(¢) is not constant. It is therefore more
convenient to measure directly the molar flow rate of the
component i, i.e. Fj oy (1) = Four(t) * i out(t), instead of its
concentration. This is done by diluting the gas mixture leav-
ing the column with a large excess of He (30 NL/h). The
dilution serves two purposes: firstly, the concentrations are
brought into a range where the response of the mass spec-
trometer is linear. Secondly, the measured concentration is
directly proportional to F; ,,(¢) (see (3)):

Fi,out(t) ~ Fi,out(t)
Fi,out([)+FHe FHe ’

3

Ci,out ) =

The mass fragments m/e = 44 and 28 were used to mea-
sure the concentrations of CO, and CO, respectively. Since
CO, also has a mass fragment at m/e = 28, its contribution
to the corresponding signal has to be subtracted to obtain the
concentration of CO in experiments with CO, /CO mixtures.
The subtraction introduces an additional error in the deter-
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mination of cco. The precision of the adsorbed amounts of
CO is therefore lower than for CO;.

3 Results and discussion

3.1 Single gas adsorption isotherms of CO,, CO, CHy
and H, on NaX

Figure 3 shows adsorption isotherms of CO,, CO, CHy
and H; in a wide range of pressures and temperatures (Ta-
bles 2—5 compile all the data). The adsorption always fol-
lows the order CO, > CO > CH4 > Hj. Such a complete
set of experimental data was not available before (Akten
et al. 2003). CO; adsorbs most strongly on NaX because its
quadrupole moment interacts with the electric field of NaX.
Also CO has a weak quadrupole moment, whereas CHy in-
teracts only through dispersion and polarization forces with
extraframework cations and lattice oxygen of the zeolites.
This explains why the adsorption of CO is slightly stronger
than that of CHy.

The isotherms can be satisfactorily fitted by the Lang-
muir (4) and Toth (5) models up to 300 kPa as shown
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Table 2 Adsorption data on

NaX pellets at 303 K Pressure  mgq5 (CO») Pressure  mgq5 (CO) Pressure  myq (CHy) Pressure  mgq5 (Hp)
kPa mmol/g kPa mmol/g kPa mmol/g kPa mmol/g
5.02 0.555 594  0.182 12.15 0.049 27.11 0.067
10.81 2.145 10.78  0.256 26.68 0.145 53.30  0.080
21.39 3.171 20.41 0.389 50.81 0.298 125.1 0.109
38.73 3.920 40.45 0.619 97.84  0.570 321.3 0.186
69.02 4.465 61.2 0.813 202.9 1.090 613.5 0.279
132.1 4.946 80.4 0.967 403.1 1.803 1019.1 0.376
270.7 5.399 111.9 1.172 605.4 2.282 1523.7 0.499
511.4 5.743 209.0 1.649 809.7 2.611 2023.3 0.592
770.3 5.936 413.3 2.269 1013.0 2.846 3019.4 0.718
908.8 5.994 710.6 2.787 1216.3 3.023
1080.7 6.070 1018.0 3.116
1205.1 6.120

Table 3 Adsorption data on

NaX pellets at 323 K Pressure maqs (CO7) Pressure mags (CO) Pressure maqs (CHy) Pressure mgqs (Hp)
kPa mmol/g kPa mmol/g kPa mmol/g kPa mmol/g
11.16 1.490 6.10  0.032 14.20  0.064 52.25 0.054
20.97 2.250 10.89  0.069 4320  0.180 132.1 0.076
65.03 3.506 20.47  0.143 82.78 0.332 307.1 0.129
110.9 3.972 40.18  0.280 128.1 0.493 517.4 0.198
169.6 4.274 60.74  0.406 208.0 0.757 760.2 0.276
252.5 4.589 80.71 0.515 307.1 1.041 1012.0 0.357
329.4 4.803 100.2 0.613 408.2 1.293 1313.3 0.443
433.5 5.017 155.4 0.848 611.5 1.704 1813.9 0.578
538.7 5.147 205.0 1.057 812.7 2.011 2596.7 0.761
631.7 5.259 307.1 1.439 1011.0 2.246 2996.1 0.822
729.8 5.337 612.5 2.194 1216.3 2.440
849.2 5.430 1014.0 2.746

Table 4 Adsorption data on

NaX pellets at 373 K Pressure  mgqs (CO2)  Pressure  mgqs (CO)  Pressure  mggs (CHg)  Pressure  mygqs (Hp)
kPa mmol/g kPa mmol/g kPa mmol/g kPa mmol/g
20.90 0.945 11.25 0.032 25.59  0.040 132.1 0.067
48.21 1.856 21.37  0.058 51.07 0.082 312.2 0.104
78.55 2.346 50.46  0.130 76.19  0.127 513.4 0.134
111.9 2.769 112.9 0.280 104.8 0.174 776.3 0.177
165.5 3.213 201.7 0.488 164.5 0.270 1211.2 0.244
239.3 3.638 404.1 0.826 207.0 0.335 1826.1 0.327
309.1 3.932 617.6 1.105 306.1 0.482 2605.8 0.407
407.2 4.248 816.8 1.313 510.4 0.796 3062.9 0.431
560.9 4.562 1014.0 1.501 807.7 1.211
712.6 4.770 1221.3 1.586
865.3 4.909
1013.0 5.043
1207.1 5.176
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Table 5 Adsorption data on

NaX pellets at 473 K Pressure Mags (CO2) Pressure Maqs (CO) Pressure Maqs (CHy)
kPa mmol/g kPa mmol/g kPa mmol/g
29.1 0.396 10.50 0.036 54.6 0.021
71.0 0.701 50.96 0.066 122.0 0.050
145.3 1.077 115.0 0.102 209.0 0.090
245.4 1.496 210.0 0.162 414.3 0.186
356.6 1.907 4153 0.238 624.6 0.263
474.0 2.173 612.5 0.302 814.8 0.351
704.5 2.643 850.2 0.412 1022.1 0.433
866.3 2.882 1031.2 0.513 1219.3 0.507
1046.4 3.090
1185.9 3.220
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These fits will be used later for the prediction of binary
adsorption via the IAST model. The key equations used in
this theory are described, for example, in Myers and Valen-
zuela (1965).

Figure 5 shows a confrontation between static and dy-
namic single adsorption measurements at 323 and 373 K
and 100 KPa. The agreement between the two techniques
is excellent.

The isosteric heats of adsorption were calculated from
the adsorption isotherms at the different temperatures and
the results are shown in Fig. 6. The most important factor
influencing the determination of the isosteric heat is the cor-
rect measurement of the sample temperature (in a magnetic
suspension balance the thermocouple is never in touch with
the sample). Generally, the estimated error of the isosteric
heat varies between 20% to 5% depending on the nature of

@ Springer

Pressure / kPa

D35
° — 323 K static experiment (b)
E 3 | — 373 K static experiment
— 25 % 323 K dynamic experiment /”4
'g' * 373 K dynamic esperiment /,,J"'
g > —
o
T 1,5 o
g _'_'___,__-i-
£ 1 o
8 /'/r’
0.5 4

k=]
< é""’/

0 T T T T r

1] 200 400 600 800 1000

Pressure / kPa

Fig. 5 Comparison between static and dynamics measurements
(100 kPa) of CO; (a) and CO (b) adsorption at different temperatures

the gas, the temperature range and the loading range (the
error is larger at low loadings).

The isosteric heat of adsorption at 0.8 mmol/g for CO» in
NaX (31.0 kJ mol~!) is much higher than that of CO (= 20
kJmol~!) and CH4(18.8 kI mol™!), reflecting the stronger
interaction between the CO, molecules and the Nat zeo-
lite surface. These values are in good agreement with pre-
vious works (Pulin and Fomkin 2004; Maurin et al. 2005;
Maurin et al. 2006). The weak H adsorption does not allow
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a reliable computation of the isosteric heat. Consequently
the latter is not presented in Fig. 6.

At low loadings (< 1 mmol/g), a steep decrease of the
CO, isosteric heat of adsorption can be noticed. A similar
effect has been observed before (Maurin et al. 2005) and
was attributed to the heterogeneity of the adsorption sites in
NaX (site III" and II) when the first molecules of CO, are
adsorbed.

3.2 Multicomponent adsorption

We wanted to test whether the single component isotherms
can be used to predict binary adsorption. The co-adsorption
of CO and CO, was used as a test case. The binary adsorp-
tion data were predicted with the Ideal Adsorbed Solution
Theory (IAST) and then confronted to experimental data ob-
tained from column breakthrough experiments.

A typical binary mixture breakthrough curve—CO,
(48.4%) /CO (51.6%) at 373 K and 100 kPa—is shown in
Fig. 7.

The breakthrough of CO occured after only 170 s fol-
lowed by CO» at about 1780 s. There is a roll-up of CO
because initially adsorbed CO is replaced by incoming CO»
until breakthrough of the latter occurs. The large difference
in the breakthrough times of CO and CO» indicates that the
CO,/CO selectivity is very high.

Table 6 compiles the adsorption results from CO,/CO
binary breakthrough experiments with different initial gas

compositions at 323 K and 373 K and 100 kPa. For all ex-
perimental conditions, the CO,/CO selectivity is highly in
favour of CO; and decreases with increasing temperature.
Both effects were expected in view of the isosteric heats of
CO and CO;. At 323 K, the selectivity does not vary signif-
icantly with the gas phase composition. At 373 K, the selec-
tivity seems to slightly increase in favour of CO; at smaller
CO; partial pressures. However, one should keep in mind
that high selectivity values are very sensitive to experimen-
tal errors.

The experimental results of the inverse gas chromatog-
raphy were confronted to IAST simulations at 323 K and
373 K for a pressure of 100 kPa. The results obtained with
Toth isotherms are presented in Figs. 8 and 9. The IAST pre-
dictions using Toth and Langmuir isotherms are very close.

The agreement between the adsorbed amounts obtained
from IGC experiments and IAST is reasonable. Discrepan-
cies are especially observed at low molar fractions of CO;
in the mixture: in this case IAST systematically underesti-
mates the amount of CO, adsorbed. We tentatively attribute
this phenomenon to the non-ideality of the adsorbed phase.
Non-ideal behaviour of the adsorbed phase of mixtures of
CO» with apolar molecules (alkanes and alkenes) is well-
known (Calleja et al. 1994; Siperstein and Myers 2001). In
particular, mixtures of CO; and C,Hg behaved very similar
to our CO7/CO mixtures (Dunne et al. 1997).
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Fig. 7 Breakthrough curve for a CO;, (48.4%)/CO (51.6%) mixture
Fig. 6 Isosteric heat of adsorption of CO, CO, CH4 on NaX at 373 K and 100 kPa
Table 6 Results of the
CO,/CO breakthrough Temperature/K Y(COy) Y(CO) Mads (CO2) Mads (CO) o a(IAST)
experiments mmol/g mmol/g Langmuir Toth
323 0.174 0.826 2.51 0.183 62 28 31
0.484 0.516 3.39 0.056 65 33 28
0.804 0.196 3.85 0.014 65 37 26
373 0.174 0.826 1.22 0.114 51 24 24
0.484 0.516 1.87 0.047 42 29 30
0.804 0.196 2.35 0.017 34 34 43
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IAST also has difficulties to reproduce the experimen-
tally observed selectivity values and their evolution as a
function of composition. As above, this may be partly at-
tributed to the non-ideal behaviour of the CO; /CO mixtures.
Moreover, it is important to note that the very high selectiv-
ity values are very sensitive to the corresponding errors of
the adsorbed amount, for both IGC and IAST. The experi-
mental decrease of selectivity with increasing temperature is
qualitatively represented by the IAST model. This behaviour
can be interesting for a high temperature PSA with the final
aim to remove simultaneously CO,, CO, CHy4 from syngas.

4 Conclusion

We have reported a comprehensive set of experimental data
using both static and dynamic experiments which can be ap-
plied to a large variety of adsorption systems. A nice agree-
ment between the two techniques for pure component equi-
libria was demonstrated. The accuracy of single gas data in
a wide range of temperature using the gravimetric methods
allows an accurate determination of isosteric heat of adsorp-
tion by varying temperature and pressure up to 1200 KPa
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and 473 K. The computed isosteric heats are in good agree-
ment with microcalorimetric data at low loading and reflect
the stronger interaction of NaX with CO, compared to CO
and CHy.

From the single adsorption isotherms, we have calculated
the IAST selectivity of CO,/CO in a wide range of temper-
atures and gas phase compositions and found a reasonable
agreement to experimental binary breakthrough curves. The
difference between IAST and experimental data is attributed
to a non-ideality of the adsorbed CO,-CO phase.
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