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Abstract Three different adsorbent materials, which are
promising for pre-combustion CO; capture by a PSA (Pres-
sure Swing Adsorption) process, are synthesized, pelletized
and characterized. These materials are USO-2-Ni metal
organic framework (MOF), mesoporous silica MCM-41
and a mixed material consisting of UiO-67 MOF bound
with MCM-41. On these materials, equilibrium adsorp-
tion isotherms of CO; and H, are measured at different
temperatures (25-140 °C) in a wide pressure range (up to
15 MPa). From the experimental data the parameters of dif-
ferent isotherm equations (Langmuir, Sips and Quadratic)
are determined, together with the isosteric heats of adsorp-
tion. Binary adsorption of CO,/H, mixtures on USO-2-Ni
MOF is additionally measured and compared to predicted
values using IAST (Ideal Adsorbed Solution Theory) show-
ing a good agreement. The potential of the materials for
the application of interest is evaluated by looking at their
cyclic working capacity and compared to those of a com-
mercial activated carbon. From this evaluation especially the
USO-2-Ni MOF adsorbent looks promising compared to the
commercial activated carbon. For the other two materials a
smaller improvement, which is limited to lower tempera-
tures, is expected.
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Notation

a Parameter for temperature dependent description
of n?° [mmol/g]

A Parameter for temperature dependent description
of k; [1/MPa]

b Parameter for temperature dependent description
of n° [J/mol]

B Parameter for temperature dependent description
of k; [J/mol]

c Exponent in Sips isotherm []

E squared error from isotherm fitting [(mmol/g)?]

Errge  Relative error on mass fraction from GC
measurements

F Parameter for temperature dependent description

of g; [(1/MPa)?]
g Weighting factor (final) [-]
G Parameter for temperature dependent description
of g; [J/mol]
AH Heat of adsorption [kJ/mol]
k isotherm equilibrium constant [1/MPa]
Molar adsorption per unit mass of adsorbent
[mmol/g]
Number of experimantal data points at one
temperature (one component) [—]
Pressure [MPa]
Constant for Quadratic isotherm [(1/MPa)?]
Ideal gas constant [J/mol/K]
Temperature [K]
Mole fraction in fluid [-]
Mole fraction in adsorbed phase [-]
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Greek letters

y Parameter for temperature dependent description
of exponent ¢ [-]

8 Parameter for temperature dependent description
of exponent ¢ [-]

P Molar density [mol/1]

Sub- and superscripts

a Absolute adsorption, adsorbed phase
calc Calculated value

ex Excess adsorption

exp Experimental value

i Component i

iso Isosteric

j Data point j

low Low pressure for cyclic capacity
00 Saturation (isotherm equation)
Abbreviations

AC Activated carbon

bdc Benzenedicarboxylic acid

CCS Carbon capture and storage

DABCO 1,4-Diazabicyclo[2.2.2]octane
DMF Dimethylformamide
GC Gas chromatrography

IAST  Ideal adsorbed solution theory
IGCC Integrated gasification combined cycle
MOF  Metal organic framework

MS Mass spectrometry

MSB Magnetic suspension balance

NIST  National Institute of Standards and Technology
PSA Pressure swing adsorption

PVA Polyvinyl alcohol

TG Thermo-gravimetry

1 Introduction

CCS (Carbon Capture and Storage) applied in a pre-
combustion framework within an IGCC (Integrated Gasi-
fication Combined Cycle) power plant is one option to re-
duce the CO, emissions on a midterm timescale while fossil
fuels, especially coal, are further used to satisfy the world-
wide increasing energy demand (IPCC 2005). For the cap-
ture step, which is in this case essentially a separation of
CO; and Hj, Pressure Swing Adsorption (PSA) is a promis-
ing option among the different other technologies discussed.
This is especially true as the feed to the separation step is al-
ready at a high pressure of about 3.0 to 5.0 MPa with a high
CO» mole fraction, i.e. about 40 % on a dry basis.
However, for applications it is crucial to decrease the en-
ergy penalty of the separation process. Using PSA, one pos-
sibility to increase the efficiency is the use of new adsorbent
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materials with enhanced performance. Several materials are
discussed in this context and especially metal organic frame-
work (MOF) materials attract a lot of research interest (Sum-
ida et al. 2012). They show in general high adsorption capac-
ities, surface areas and pore volumes. Furthermore, due to
their flexible chemical composition these characteristics can
be controlled and tailored for a special application (Sumida
et al. 2012). In order to evaluate the potential of new materi-
als, the adsorption equilibrium properties are a key indicator
and can be used for performance comparison.

In this work, three different materials which are consid-
ered promising for pre-combustion CO; capture by PSA are
synthesized, pelletized and characterized. Pelletization is an
essential step in order to bring the material in a form suit-
able for PSA column application and to increase the bulk
density. The adsorbents under consideration are USO-2-Ni
MOF, mesoporous silica MCM-41 and a mixed material
consisting of UiO-67 metal organic framework bound with
MCM-41 (labeled in this work as UiO-67/MCM-41 hybrid
or only Hybrid). Then the equilibrium adsorption isotherms
of Hy and CO, on the different materials at different tem-
peratures (25-140 °C) and in a wide pressure range (up to
15 MPa) are measured. The data is used to fit parameters
of suitable isotherm equations and to determine the isos-
teric heats. Additionally, on USO-2-Ni MOF binary adsorp-
tion equilibria of CO,/H; mixtures are measured and com-
pared with predictions obtained by IAST (Ideal Adsorbed
Solution Theory) using the pure component isotherm equa-
tions. This allows evaluating the possibility to predict mul-
ticomponent adsorption equilibria on new materials such as
MOFs using the pure component isotherm data. Finally, the
potential of the materials when used in a PSA process for
pre-combustion CO, capture is evaluated by looking at the
cyclic working capacity. In this way the new materials are
compared to a commercial activated carbon to check for pos-
sible improvements.

2 Experimental
2.1 Materials

Three different materials are synthesized and pelletized,
namely USO-2-Ni MOF, mesoporous silica MCM-41 and
a mixed material consisting of UiO-67 metal organic frame-
work bound with MCM-41 (labeled in this work as UiO-
67/MCM-41 hybrid or only Hybrid). The preparation proce-
dure is described in the next paragraphs. For the synthe-
sis the following chemicals are used without further pu-
rification: dimethylformamide (DMF, 99 %) from Sigma-
Aldrich, 1,4-diazabicyclo[2.2.2]octane (DABCO, 98 %)
from Aldrich, 1,4-benzenedicarboxylic acid (1,4-bdc, 98 %)
from Sigma-Aldrich, Ni(NO3),-6H,O (approx. 99 %) from
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Table 1 Physical material properties of the different adsorbents (in particle form); the specific surface area (BET) is obtained by N, adsorption at
77 K, the particle and material density is measured by Hg and He pycnometry, respectively

USO-2-Ni MOF MCM-41 UiO-67/MCM-41 hybrid
Specific surface area (BET) [m2/g] 1687 950 1390
Particle density [g/cm?] 0.53 0.55 0.56
Material density [g/cm’] 1.70 2.12 1.57

Sigma-Aldrich, tetradecyltrimetylammonium bromid (99 %)
from Sigma-Aldrich, sodiumsilicate reagent grade from
Sigma-Aldrich containing approx. 26.5 % SiO, and approx.
10.6 % NayO, HySO4 (95-97 %) from Merck, and graphite
(approx. 99 %) from Riedel-deHaén.

USO-2-Ni (Niz(1,4-bdc)z(dabeo)-4DMF-0.5H,0) MOF
is prepared in a similar manner as the isostructural Zn
analogue described by Dybtsev et al. (2004) and that
with Ni described later by Arstad et al. (2008) with the
following modifications due to synthesis up-scaling: 1,4-
benzenedicarboxylic acid (1,4-bdc, 0.996 g, 6.0 mmol),
DABCO (0.558 g, 5.0 mmol) and Ni(NO3),-6H,O (1.743 g,
6.0 mmol) are added to 120 ml DMF in a Teflon lined au-
toclave. The mixture is heated to 383 K for 24 hours. After
opening the autoclave, the slurry is filtered and the solid is
washed 3 times with 30 ml portions of methanol, then dried
at 70 °C overnight yielding around 1.9 g green powder. The
as-synthesized USO-2-Ni MOF is characterized by powder
X-ray diffraction.

USO-2-Ni particles are prepared in the following man-
ner: 1.175 g polyvinyl alcohol (PVA) is dissolved in 20 ml
DMF at 80 °C to make a 5 wt% PVA solution. 4.0 g of the
(non-activated) USO-2-Ni is mixed with 4.0 g of this PVA
solution to give a paste, which is first dried under vacuum.
Further drying is performed first by increasing the temper-
ature to 120 °C (0.5 °C/min) and hold it for 16 h and then
by keeping it for another 16 h at 140 °C, both under vac-
uum. The final “cake” (2.2 g) is crushed and sieved. The
200-500 pm particle size fraction is used in the adsorption
experiments described in Sect. 2.2. The specific surface area
of the formulated USO-2-Ni MOF obtained from N, ad-
sorption at 77 K using a Quantachrome Autosorb-1 instru-
ment as well as the particle and material density obtained
by Hg or He pycnometry, respectively, are reported in Ta-
ble 1.

MCM-41 is prepared as described by Beck et al. (1992)
and Kresge et al. (1992). The as-synthesized material is cal-
cined at 823 K overnight in air to remove residual tem-
plate. When cooling down to ambient temperature the gas is
switched to pure nitrogen and the material is kept inert dur-
ing the following reaction steps. The final material is char-
acterized by powder X-ray diffraction.

To obtain suitable particles of MCM-41 the fluffy virgin
powder is mixed with 2 wt % graphite and pelletized using

a static pressure of 98 MPa for 10 minutes. The pellets are
crushed and sieved. The 200-500 pum particle size fraction
is used in the adsorption experiments described in Sect. 2.2.
The specific surface area of the formulated MCM-41 is also
reported in Table 1 as obtained from Ny adsorption at 77 K
using a Belsorp II Mini instrument. Particle and material
density obtained by Hg and He pycnometry, respectively, is
also given in the table.

UiO-67 is prepared in an upscaled and slightly modi-
fied version of the original procedure used by Cavka et al.
(2008): 73.15 g of ZrCL4 is added to 56.55 g deionized wa-
ter and 2,294.27 g of DMF in a 4-liter roundneck bottle.
The mixture is stirred until complete dissolution at ambi-
ent temperature using a magnetic stirrer; 76.04 g of 4,4-
diphenyldicarboxylic acid (H,BTC) is then added and the
solution is heated to 95 °C and kept at this temperature for
48 hours under continuous stirring. The solid product is sep-
arated from the solvent mixture by filtration and washed
with DMF. The final powder is dried overnight in air at
95 °C. Thermo-gravimetric (TG) analysis of the powder af-
ter drying shows a residual solvent content of 38 wt %. The
product is analyzed by powder X-ray diffraction and iden-
tified as UiO-67. Typical yield of “wet” UiO-67 is 160-
170 g.

To produce pellets the following procedure is used: a
paste is prepared by mixing 50.8 g calcined MCM-41,
213.5 g “wet” UiO-67, 20.3 g microcrystalline cellulose
(PH 101) and 305 ml DMF for at least 1 hour in a Kenwood
mixer. Extrudates are made by using a Caleva Mixer Torque
Rheometer equipped with an extrusion head having a nozzle
with ten 1.3 mm cylindrical holes. The “noodle” produced
in this manner is dried overnight at 80 °C, then crushed into
smaller cylindrical shaped particulates. After activation at
110 °C under vacuum the SiO; content of the material is
determined to be about 25 wt % and the surface area of the
particulates is measured by Ny adsorption at 77 K. The re-
sults are summarized in Table 1 together with values for the
particle and material density determined by Hg and He pyc-
nometry, respectively.

After preparation and before the adsorption isotherm
measurements the materials are pretreated by heating slowly
under vacuum overnight. Maximum temperatures applied
are 140 °C for USO-2-Ni MOF, 150 °C for mesoporous sil-
ica MCM-41 and 120 °C for UiO-67/MCM-41 hybrid. After
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heating, these temperatures are kept for at least 8 hours. The
pretreatment is carried out to remove residual solvent and
moisture within the pores. The conditions used are based
on TG-MS data where one can determine the temperature
needed to remove the solvent species present and also the
temperature where the MOF starts to decompose. In this
work, a temperature is chosen where the materials are sta-
ble, but most of the solvent species are removed. For ad-
sorbent regeneration the same procedure is periodically ap-
plied, namely at least every time an adsorption isotherm at a
specific temperature is completed.

Gases for the gravimetric equilibrium measurements are
purchased from Pangas (Dagmersellen, Switzerland). The
purities of the pure gases are as follows: 99.9 % for CO,,
99.999 % for H, and 99.996 % for He. The binary CO,/H;
mixtures with CO, molar fractions of 25 %, 50 % and
75 % are bought premixed from Pangas with relative er-
rors of +0.5 to 3.0 % using the pure gases at purities of
99.995 % for CO, and 99.996 % for H,. Gases for the syn-
thesis and the volumetric equilibrium measurements are pur-
chased from YaraPraxair (Oslo, Norway) with purities of
99.999 % for CO2, 99.9995 % for Ha, 99.9999 % for He
and 99.999 % for N».

2.2 Methods

In this work pure component adsorption isotherms are
measured using two different methods, namely gravimet-
rically and volumetrically. Moreover, binary isotherms are
measured by applying a gravimetric-chromatographic tech-
niques. All methods are explained and discussed in more
detail in the following.

Most pure component adsorption isotherms are measured
using a Rubotherm magnetic suspension balance (MSB)
(Rubotherm, Germany). The balance allows for the simul-
taneous measurement of the bulk density by taking ad-
vantage of a calibrated sinker with known volume (Dreis-
bach and Losch 2000). In some cases measurements car-
ried out in the desorption mode are repeated in the ad-
sorption mode to check for hysteresis effects. Moreover
some values are measured several times in order to test the
reproducibility as well as the effect of applying different
equilibration times. Binary adsorption is measured only on
USO-2-Ni, and in this case, a gravimetric-chromatographic
setup is used consisting of the same MSB combined with
a gas chromatograph in order to quantify the change in
gas composition caused by the competitive adsorption. For
both experimental techniques about 0.5-1.0 g of material
is used. The experimental setup, the measurement proce-
dure and the evaluation of the experimental data is de-
scribed in detail in related publications (Pini et al. 2006;
Ottiger et al. 2008; Schell et al. 2012). In this work there
are only two differences with respect to the protocols ap-
plied in the listed references. In previous works (Pini et al.
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2006; Ottiger et al. 2008; Schell et al. 2012) in the case
of the binary measurements a second adsorption cham-
ber filled with adsorbent material additional to the pure
component measurements is used in order to increase the
change in composition due to selective adsorption. In this
work, however, no additional adsorbent is applied because
of the limited amount available of these new materials. As
a second difference, contrary to Schell et al. (2012), also
the Hp density is measured in the MSB instead of using
NIST (National Institute of Standards and Technology) val-
ues.

For a pure component isotherm measured in desorp-
tion mode the balance is filled with the adsorbing gas at
the highest pressure to be measured. For every new ex-
perimental point gas is released until the desired pres-
sure level is reached; then equilibrium conditions are es-
tablished. Temperature, pressure and weight are continu-
ously monitored until they are constant for at least 30 min-
utes, which is normally reached after about three hours.
Longer equilibration times show no effect on the resulting
adsorbed amount, which confirms the validity of the proce-
dure above.

Binary adsorption isotherms are measured in adsorption
mode. In addition, no more than two points are measured in
sequence, before evacuation of the balance, which is carried
out in order to avoid error accumulation. For every point
three to five hours are waited in order to give enough time
to establish adsorption equilibrium and on the other hand
to minimize selective leakage of Hy, which would alter the
results.

For both single component and binary isotherms regen-
eration of the adsorbent (see Sect. 2.1) is performed in
between every measured isotherm, with the exception of
the H, data on UiO-67/MCM-41 hybrid and USO-2-Ni
MOF adsorbent, where regeneration is carried out more fre-
quently.

Additional to these gravimetric experiments, pure com-
ponent isotherms are measured in the pressure range from
vacuum to 5 MPa using a volumetric Belsorp-HP setup (Bel,
Japan) using around 0.7 g of adsorbent. The exact experi-
mental procedure is reported elsewhere (Dietzel et al. 2009).
This is done to verify the measured data. Furthermore, it
might be beneficial in the case of Hy measurements, which
suffer in gravimetric experiments from rather large errors
due to the low adsorption and the small molecular mass,
which both lead to very small weight changes upon adsorp-
tion. In the volumetric setup the density cannot be directly
measured, hence it is taken from NIST (2012) at the known
temperature and pressure.

All described measurement techniques lead to excess
adsorption, which is the truly measurable quantity (Sir-
car 1999). This is reported in this work in terms of spe-
cific molar excess adsorption n7*, i.e. the quantity that de-
scribes the excess amount of moles adsorbed per mass of
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adsorbent at specified temperature, pressure and composi-
tion.

3 Theory
3.1 Pure component adsorption isotherms

For the mathematical description of adsorption isotherms
many different approaches are known and described in the
literature. In many cases, especially when used in further
process design, often rather empirical isotherm equations,
which define the absolute amount adsorbed explicitly depen-
dent on the pressure or density in the bulk phase, are conve-
nient and widely applied. The measured data in this work is
described by different explicit isotherm equations dependent
on the adsorbent-adsorbate combination, selected in order to
obtain a sufficient accurate description with as few param-
eters as possible. More precisely, the equations finally used
are the Langmuir, Quadratic and Sips isotherms. In order to
compare calculated values of absolute adsorption and mea-
sured excess adsorption an assumption about the adsorbed
phase has to be made. In this work we assume a constant
density of the adsorbed phase (Schell et al. 2012), which
when combined with the three adsorption isotherms men-
tioned above leads to the following relations:

, p
n* = nf(l — P_la)

_  ntkip (1 - ﬁ)
1 +kip o
——

Langmuir isotherm

_ n®p(ki +2qip) (1 o )

1+ kip + qip?

—_——

Quadratic isotherm

=M<1_£> )
L+ &ps " pf
e

Sips isotherm

The excess and absolute adsorption of component i at de-
fined bulk conditions (pressure p and molar density p) is
given by n* and nf, respectively. The Quadratic and Sips
isotherms are extensions of the standard Langmuir isotherm
characterized by two parameters, i.e. the saturation capacity
n?° and the equilibrium constant k;. The Quadratic isotherm
introduces a third parameter ¢;, which makes this equation
suitable to describe S-shaped isotherms, i.e. those having an
inflection point; if g; = 0 the Langmuir isotherm is obtained.
On the other hand, to account for the inhomogeneity of the
adsorbent surface, in the Sips isotherm an exponent is added
as the third parameter ¢; (0 < ¢; < 1); also in this case the

Langmuir isotherm is obtained as a special case, namely for
Cc = 1.

The parameters in the adsorption isotherms are esti-
mated independently for each adsorbent-adsorbate combina-
tion and each temperature by minimizing the weighted sum
of squared errors between measured, n‘gip’ i and calculated,

N, i adsorbed amounts at all N experimental points:

N
E=Yg(nS,; — )’ @)
j=1

The weighting factors g; are calculated as explained in detail
elsewhere (Schell et al. 2012).

The temperature dependence of the parameters n;°, k;,
and ¢g; is described with Arrhenius-type equations whereas
the temperature dependence of the exponent ¢; is accounted
for empirically using a linear relationship:

—b;
n® = aiexp< RTl ) (3)
ki :Aiexp< l) @)

RT

—G:
%=Ew%R£) ©)
ci=yiT+4; (6)

The parameters in these equations are obtained by fitting the
temperature dependence of the estimated isotherm parame-
ters.

3.2 Isosteric heat of adsorption

One important characteristic of an adsorbent-adsorbate pair
is the isosteric heat of adsorption AH;SO. It describes heat
effects upon adsorption and desorption which are linked to
the strength of adsorption. Similar to the heat of evapora-
tion, also for the isosteric heat of adsorption the Clausius
Clapeyron equation can be used to relate it to the change of
pressure p caused by a change in temperature 7 at constant
amount adsorbed nf‘ (Sircar 1985; Zhou 2002):

dlnp
0(1/T)

AH®(n,T)=—R @)

The adsorption isotherms only up to medium pressure are
used to evaluate this equation. This is a consequence of the
assumptions made in the derivation of the equation, namely
that of an ideal behavior of the bulk gas phase and that of
negligible volume of the adsorbed phase (Pan et al. 1998),
which are only valid up to medium pressure. In a previous
publication (Schell et al. 2012) it is shown that the values
obtained from this evaluation depend on how the method
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is applied. If the mathematical description of the adsorp-
tion isotherms with temperature dependent parameters is
used, the calculated isosteric heats are dependent on tem-
perature and loading. However, in most process develop-
ment applications average values of the isosteric heats are
used and therefore a simplified evaluation can be applied.
Using the experimental data, values for the isosteric heats
can be obtained that are dependent on loading, but aver-
aged over temperature. These are determined by plotting
In(p) versus 1/T for various constant loadings n? accord-
ing to Eq. (7). The points are fitted with straight lines whose
slope gives the value of the isosteric heat at the correspond-
ing loading. As experimental isotherm values at exactly the
same loading for different temperatures are rarely available,
in this work constructed “experimental” values are used as
obtained by fitting the most appropriate isotherm equations
separately to the part of the experimental isotherms, which
is used for evaluation of the isosteric heat (low loading
data).

3.3 Binary adsorption isotherms using ideal adsorbed
solution theory (IAST)

IAST provides a useful and widely applied methodology
to predict multicomponent adsorption equilibria from the
pure component isotherms (Myers and Prausnitz 1965). The
derivation of the corresponding equations as well as a dis-
cussion about advantages and disadvantages is provided in a
previous publication (Schell et al. 2012). The solution of the
system of non-linear equations leads to the absolute adsorp-
tion of every component n;‘ at given pressure p, temperature
T and composition of the bulk. In order to compare it to the
measured excess adsorption n7* a similar equation as in the
case of pure component adsorption is required that uses the
densities as well as the mole fractions in the bulk or adsorbed
phase, p or p? and y; or z;, respectively:

n?x =n?<1 P ) 8)

0z

Assuming ideal mixing, the density of the adsorbed phase
is calculated from those of the pure components p?, in the
binary case:

1 Z1 22

=2t ©)]
P P 123
4 Results

4.1 Single component adsorption

Experimental excess isotherm data of pure CO; and H; on
the different materials at different temperatures are shown as
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Fig. 1 Adsorption of pure CO, on USO-2-Ni MOF (a),
UiO-67/MCM-41 hybrid (b) and on MCM-41 (c) (symbols: ex-
perimental values; lines: fit with quadratic, Langmuir or Sips
isotherm assuming a constant density of the adsorbed phase) at
different temperatures: 25 °C—circles, 40 °C (USO-2-Ni) or 45 °C
(MCM-41 and UiO-67/MCM-41 hybrid)—squares, 65 °C (USO-2-Ni
and UiO-67/MCM-41 hybrid) or 70 °C (MCM-41)—triangles,
100 °C—crosses, 140 °C—diamonds; for clarity only points with
bulk densities above 0.2 mol/l are shown, the low density region
(p < 0.3 mol/l) is shown in Fig. 2; the corresponding experimental
values are reported in the supplementary information

symbols in Figs. 1, 2 and 4. Excess adsorption is plotted ver-
sus the bulk density, whose values correspond to pressures
up to about 15 MPa. As expected, adsorption decreases with
increasing temperature for all gases and all materials. For
clarity, CO, adsorption at low bulk densities (p < 0.3 mol/l)
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Fig. 2 Adsorption of pure CO2 on USO-2-Ni MOF (a),
UiO-67/MCM-41 hybrid (b) and on MCM-41 (c¢) in the low
density region (p < 0.3 mol/l) (symbols: experimental values; lines: fit
with Quadratic, Langmuir or Sips isotherm assuming a constant den-
sity of the adsorbed phase) at different temperatures: 25 °C—circles,
40 °C (USO-2-Ni) or 45 °C (MCM-41 and UiO-67/MCM-41 hy-
brid)—squares, 65 °C (USO-2-Ni and UiO-67/MCM-41 hybrid) or
70 °C (MCM-41)—triangles, 100 °C—crosses, 140 °C—diamonds;
the corresponding experimental values are reported in the supplemen-
tary information

is shown separately in Fig. 2 whereas in Fig. 1 only values
at bulk densities p > 0.2 mol/l are used. The corresponding
data in terms of pressure, bulk density and excess adsorp-
tion is summarized in the supplementary information. Since
no difference is observed between adsorption and desorption
measurements (no hysteresis) the data is combined into one
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Fig. 3 CO; adsorption on MCM-41 for bulk densities above 0.2
mol/l (a) and in the low density region (p < 0.3 mol/l), (b) (sym-
bols: experimental values; lines: calculation with Sips isotherm;
25 °C—circles, 45 °C—squares, 70 °C—triangles, 100 °C—crosses,
140 °C—diamonds); saturation capacity at the different temperatures,
(c) (circles: results as obtained by fitting of the Sips isotherm pa-
rameters to the experimental data at every temperature independently;
dashed line: temperature dependent description of the results at all tem-
peratures except 25 °C; asterisk: value fixed at 25 °C)

isotherm. The reproducibility of the experimental data is in
general very good, especially for CO;. Moreover, compar-
ison between data measured with the volumetric setup and
gravimetrically also show an excellent agreement.

This is true except for Hy isotherms on MCM-41 as dis-
cussed in more detail in Sect. 4.1.2. In general, gravimetric
measurements require that reference values are taken before
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Fig. 4 Adsorption of pure H» on USO-2-Ni MOF (a) and on
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with Langmuir isotherm assuming a constant density of the adsorbed
phase) at different temperatures: 25 °C—circles, 40 °C (USO-2-Ni)
or 45 °C (UiO-67/MCM-41 hybrid)—squares, 65 °C—triangles; the
corresponding experimental values are reported in the supplementary
information

the actual isotherm is measured, by applying vacuum first
and then using a Helium atmosphere as explained in de-
tail elsewhere (Schell et al. 2012). In the case of Hj, that
is light and is adsorbed only to a small extent, the mea-
sured adsorbed amount is very sensitive to these reference
values. Therefore, for the sake of accuracy such reference
measurements are repeated more often than in the case of
CO», namely every fourth day of operation of the MSB. This
procedure results in a good reproducibility of H, isotherms
on USO-2-Ni MOF and UiO-67/MCM-41 hybrid.

4.1.1 CO, adsorption

The CO; isotherms on all three materials as shown in Figs. 1
and 2 show the typical shape of excess adsorption isotherms,
namely an increase with bulk density at low pressures until
a maximum value is reached. At higher pressures the excess
adsorption decreases almost linearly with increasing density,
corresponding to the region where saturation of the absolute
adsorption is reached and the change in excess adsorption is
caused only by the increase in the bulk density.
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The experimental data of CO; adsorption on USO-2-Ni
MOF in the low pressure region clearly exhibit an S-shape
behavior (see Fig. 2(a)), therefore in this case a Quadratic
isotherm equation is selected to represent the experimental
data and its parameters are fitted to the experimental points
for every temperature independently. In order to relate cal-
culated absolute adsorption from the Quadratic isotherm and
measured excess adsorption, a constant density of the ad-
sorbed phase is used as explained in Sect. 3.1 (1). Often val-
ues for the liquid density at specific conditions are used in
this context because the adsorbed phase can be regarded as
a condensed phase. For CO; adsorption on USO-2-Ni MOF,
this density is fitted as an additional parameter to the data at
40 °C and kept constant for all other temperatures. The value
obtained is p* = 28 mol/l which is slightly higher com-
pared to the value of 23 mol/l, which is often used (Schell
etal. 2012). This is justified by the observation that the inter-
section between the extrapolated experimental data and the
horizontal density axis occurs at values larger than 23 mol/l
(see Fig. 1(a)). This is the point where n{* = 0, which cor-
responds to where the bulk density p equals the density
of the adsorbed phase p;' according to (1). The calculation
with the Quadratic isotherm is shown as lines in Figs. 2(a)
and 2(b) and describes the experimental data well over the
whole range of pressures and at all temperatures. Therefore
it is regarded as the right choice to represent the data. The
temperature dependence of all three parameters can be well
described by Arrhenius-type equations given in (3) to (5);
the parameters obtained are reported in Table 2.

The measured data of CO, adsorption on UiO-67/MCM-
41 hybrid can be described satisfactorily with a Langmuir
isotherm as represented by the lines in Figs. 1(b) and 2(b).
Again the parameters of the Langmuir isotherm are fit-
ted to the experimental data for every temperature inde-
pendently. In this case the density of the adsorbed phase
is assumed to be p® = 23 mol/l. This is consistent with
both the intersection of the extrapolated experimental data
at 45 °C with the density axis, and the value used for
CO; in previous publications (Humayun and Tomasko 2000;
Sudibandriyo et al. 2003; Schell et al. 2012). The parameters
of the Langmuir isotherm found independently at the dif-
ferent temperatures are then described with Arrhenius-type
equations (3) to (4) and the obtained parameters are reported
in Table 2.

Experimental CO, adsorption on MCM-41 is best de-
scribed using a Sips isotherm as shown by the lines in
Figs. 1(c) and 2(c). The experimental data exhibit also a
good agreement with the results published in Belmabkhout
et al. (2009). However, it is worth mentioning, that the fit
of the data is worse compared to the results of USO-2-Ni
MOF and UiO-67/MCM-41 hybrid. Several other isotherm
equations, such as Langmuir, Toth and Quadratic have been
tested with unsatisfactory results. Using the Sips isotherm
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Table 2 Parameters to describe the Quadratic, Sips and Langmuir isotherms temperature dependent; the temperature dependences of n?°, k; and
gi are all described with an Arrhenius type equation, the temperature dependence of ¢; is described with a linear equation

CO, H,
USO-2-Ni (Quadratic/Langmuir)
n® [mmol/g] a; [mmol/g] 2.10 8.02
bi [J/mol] —2956 0
ki [1/MPa] Aj [1/MPa] 2.61x1073 7.41%x1074
Bi [J/mol] —16751 —10107
qi [(1/MPa)?] F; [(1/MPa)?] 1.03x107° 0
Gi [J/mol] —38606 0
MCM-41 (Sips)
nX [mmol/g] a; [mmol/g] 0.71 -
b; [J/mol] —9372 -
ki [1/MPa] A; [1/MPa] 1.18x1072 -
B; [J/mol] —5976 -
Ci [-] Vi [-] 8.16x10~* -
5 -] 0.63 -
UiO-67/MCM-41 hybrid (Langmuir)
nloo [mmol/g] a; [mmol/g] 2.30 5.07
bi [J/mol] —5019 0
k; [1/MPa] Aj [1/MPa] 2.82x1073 1.01x1073
B; [J/mol] -12505 -8954

two different approaches are followed. First, all three pa-
rameters of the Sips isotherm are fitted independently at ev-
ery temperature to the experimental data. The results are
illustrated as lines in Figs. 3(a) and 3(b). This is done us-
ing an adsorbed phase density of p? = 23 mol/l, which is
chosen with the same rationale as for the UiO-67/MCM-
41 hybrid adsorbent. The experimental points are suffi-
ciently well reproduced, however, the parameters obtained
at 25 °C do not fit in the trend obtained using only the
data at the other temperatures as shown exemplarily for
”%002 in Fig. 3(c). In this representation and applying our
temperature dependence by an Arrhenius-type equation, all
points should result in a straight line, which is not the
case for the value at 25 °C. However, a reasonable tem-
perature dependence is crucial for further use in process
development applications such as detailed PSA simula-
tions. In this case, the adsorption has to be calculated as a
function of pressure, temperature and composition. There-
fore, in a second approach, a suitable temperature depen-
dence including the points at 25 °C is obtained by fix-
ing ”8002 and cco, at 25 °C using the temperature depen-
dent description (Arrhenius-type and linear) obtained from
the isotherms at all the other temperatures. This is shown
in the case of ”?:002 in Fig. 3(c) by the dashed line and
by the asterisk (fixed value at 25 °C). Consequently, only
kco, is fitted to the experimental data at 25 °C result-
ing in a slightly worse, but still satisfying, representation

of the experimental data at 25 °C; this is confirmed by
comparing Fig. 1(c) and 2(c) to Fig. 3(a) and 3(b). The
temperature dependence of kco, including the fitted value
at 25 °C can be described well with an Arrhenius-type equa-
tion and all parameters are summarized in Table 2.

4.1.2 Hj adsorption

H> excess isotherms do not show the typical decrease as
seen in the case of CO; because the densities are too low at
the pressures reached in the experiments (up to 11.5 MPa).
Moreover, on all three materials Hy adsorption is much
smaller compared to CO; adsorption thus suggesting a high
selectivity of CO, compared to H, and therefore the po-
tential of the materials for pre-combustion CO; capture by
PSA. The highest values of H; adsorption are measured on
USO-2-Ni MOF followed by the ones on UiO-67/MCM-41
hybrid, as shown in Fig. 4.

The adsorption of H, on USO-2-Ni MOF and UiO-
67/MCM-41 hybrid can be described sufficiently well us-
ing Langmuir isotherms as shown by the lines in Fig. 4.
An adsorbed phase density of p* = 35 mol/l is assumed,
which corresponds to the liquid density of Hy at 0.1 MPa
and 20.3 K, i.e. boiling point, and has been used in previous
studies (Grande et al. 2008; Schell et al. 2012). The two pa-
rameters of the Langmuir isotherms are fitted to the exper-
imental data independently for all temperatures. However,
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Fig. 5 H; isotherms on MCM-41 as measured with the volumet-
ric method in adsorption (open symbols) and desorption (full sym-
bols) mode at different temperatures (a), isotherms measured in ad-
sorption mode together with linear equation which gives the aver-
age for all experimental data (b), comparison of the experimental H»
adsorption on MCM-41 to the Hy adsorption on USO-2-Ni and on
UiO-67/MCM-41 hybrid at 25 °C (c); the latter are calculated us-
ing the pure component isotherms with parameters fitted to the data
shown in Fig. 4 (symbols: experimental values with 25 °C—circles,
30 °C—stars, 45 °C—squares, 70 °C—triangles; dashed lines: guide
to the eye; full lines: calculation)

as the temperature dependence of nl‘floz is rather weak, in a
second step an average value of nfﬁ from the first fitting is
calculated and kept constant while fitting again ky, whose
temperature dependence is described by an Arrhenius-type
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equation (compare (4)). The corresponding parameters are
reported in Table 2.

A special discussion is needed for Hp adsorption on
MCM-41. In this case the general difficulties encountered
during H; adsorption measurements as explained before are
enhanced by two factors: an even smaller amount adsorbed
compared to that on the other two materials and the small
mass of adsorbent material used in the gravimetric measure-
ments. Both points lead to the situation that the mass change
due to adsorption of Hj is below the accuracy limit of the
gravimetric apparatus, where no meaningful results can be
obtained. For volumetric measurements the situation is sim-
ilar as shown in Fig. 5(a), where the results of several volu-
metric measurements in ad- and desorption mode at differ-
ent temperatures are illustrated. Several remarks are worth
making:

e in Fig. 5(a) two isotherms measured both in adsorption
mode at 25 °C are shown using the same symbols (open
circles); these two isotherms are clearly distinguishable
from each other and show a large discrepancy, which is
in fact similar to the difference observed when changing
the temperature to 45 °C (the corresponding data points
represented by the squares);

e measurements in ad- and desorption mode disagree;
this is most pronounced for the data at 70 °C (trian-
gles in Fig. 5(a); open: adsorption mode, closed: des-
orption mode); however, this difference is not the same
for all isotherms and no temperature trend can be ob-
served: nearly no difference is observed at 45 °C (squares)
whereas a larger discrepancy is again observed between
adsorption and desorption at 30 °C (stars); moreover, in
most cases it is also smaller than the difference observed
between the two adsorption isotherms measured at 25 °C
as explained above;

o three isotherms illustrated in Fig. 5(a) are measured at the
same or similar temperature, namely at 25 °C (circles)
and at 30 °C (stars); it is important to mention that these
isotherms are measured in the following order: (1) “high”
isotherm at 25 °C (circles), (2) “low” isotherm at 25 °C
(circles), (3) isotherm at 30 °C (stars); consequently the
differences between the isotherms at the same tempera-
ture cannot be attributed to the aging of the material over
time.

Based on these observations, the very small measured ad-
sorption values and a comparison with the accuracy limit of
the setup, it is concluded that these differences in the mea-
sured data are due to the measurement error rather than to
real differences in the adsorbed amount caused by effects
such as temperature changes, modifications/aging of the ma-
terial or hysteresis. Therefore the data measured can only
provide a rough estimate of the adsorption in the tempera-
ture range considered. We have thus decided to regress all
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adsorption data at all temperatures with a single straight line
(linear adsorption isotherm) as shown in Fig. 5(b). In or-
der to emphasize the fact that the amount of Hy adsorbed
on MCM-41 is indeed much smaller than the adsorption on
USO-2-Ni MOF and UiO-67/MCM-41 hybrid, the MCM-
41 data are shown in comparison to the calculated H; excess
isotherms on USO-2-Ni MOF and UiO-67/MCM-41 hybrid
at 25 °C in Fig. 5(c).

4.1.3 Isosteric heats

The isosteric heat of CO, and H; adsorption on the different
materials is determined according to the Clausius-Clapeyron
equation (7) using constructed “experimental” values as ex-
plained in Sect. 3.2. In order to stick to the conditions as-
sumed in the derivation of this equation only low loading
data are used for this evaluation, i.e. for CO, only values
up to 4 mmol/g and for Hy only values up to 1 mmol/g
are evaluated. Hence also only this part of the measured
isotherms is used to obtain the constructed “experimental”
data. For CO; the result of this evaluation are values of
the isosteric heat that are dependent on loading but aver-
aged over the temperature range used, as shown in Fig. 6.

35 CO,
5
£
2
88 25
I
<
T Hybrid
USO-2-Ni
% 2 4

n? [mmol/g]

Fig. 6 Isosteric heat of adsorption for pure CO; on different materials,
i.e. activated carbon (gray line), USO-2-Ni MOF (solid line), MCM-41
(dashed line) and UiO-67/MCM-41 hybrid (chain dotted line) depen-
dent on the amount adsorbed but averaged over temperature as obtained
by the Clausius Clapeyron equation using constructed “experimental”
data; the data on activated carbon are shown for comparison and were
published previously (Schell et al. 2012)

Table 3 Values of the isosteric heats [kJ/mol] on the different ma-
terials. For CO;, an average value resulting of the loading dependent
data presented in Fig. 6 is reported, whereas for H> a constant value is

The isosteric heats for CO, adsorption on all three materi-
als are compared and additionally the one on activated car-
bon is given as reported in Schell et al. (2012). A different
dependence on the loading can be observed for the differ-
ent materials. Whereas the isosteric heat of CO, adsorption
on activated carbon and MCM-41 is highest at low loading
and decreases with increasing loading, on UiO-67/MCM-41
hybrid and USO-2-Ni MOF the opposite trend can be ob-
served, though less pronounced. As already discussed for
the Sips isotherm in Schell et al. (2012) different isotherm
types (e.g. Langmuir, Sips, Quadratic) exhibit, depending
on the temperature dependence of their parameters, a dif-
ferent dependence of the isosteric heat on loading. Since we
clearly see that the experimental data on the different mate-
rials are described best by different isotherm types, namely
Sips for MCM-41, Langmuir for UiO-67/MCM-41 hybrid
and Quadratic for USO-2-Ni, it is correct that the different
materials exhibit a different dependence of the isosteric heat
on loading, which corresponds directly to measured differ-
ences as represented by the different isotherm types. Conse-
quently the variations in the isosteric heats might be related
to the different molecular interaction of CO, with the adsor-
bents. For activated carbon and MCM-41 the high isosteric
heat at low loading and the larger variation suggest an in-
homogeneous surface, which is in fact the basic idea behind
the Sips isotherm used to describe these data. In this way
the high values at low loading can be explained by the fact
that initially only sites with a high surface energy are oc-
cupied. However, the trend of the isosteric heats for CO,
adsorption on USO-2-Ni and Mix cannot be explained sim-
ply in an analogous way. Furthermore, apart from the differ-
ences at very low loadings, at higher loadings the isosteric
heats seem to be less dependent on loading with similar val-
ues on all materials. This might be caused by the fact that
at higher loadings adsorbate-adsorbate interactions become
increasingly important compared to adsorbent-adsorbate in-
teractions. Moreover, as already mentioned in Sect. 3.2, in
most process development applications constant values of
the isosteric heats are used. Therefore an average value for
CO; adsorption on each material is calculated from the data
shown in Fig. 6. These values are summarized in Table 3.
The values obtained do indeed exhibit only small differences
among the materials.

directly obtained due to the fact that in the Langmuir isotherm descrip-
tion only k; is temperature dependent

CO, Hy
USO-2-Ni USO-2-Ni 19.9 10.3
MCM-41 20.8 -
Ui0-67/MCM-41 hybrid 19.0 9.0
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Additionally, in Table 3 the isosteric heats of H, adsorp-
tion on USO-2-Ni and UiO-67/MCM-41 hybrid are given,
which are about half of the CO, values. In this case a con-
stant value is obtained directly from the described procedure
as Langmuir isotherms with constant saturation capacities
are used. No value is obtained for H, adsorption on MCM-
41 because of the lack of reliable isotherm data at different
temperatures.

4.2 Binary adsorption on USO-2-Ni MOF

For USO-2-Ni MOF, binary adsorption of CO,/H; mixtures
with different molar composition, namely 25 %, 50 % and
75 % CO> in the feed, is measured at 25 °C and compared
to predictions obtained by IAST using the pure component
isotherms. For this, the IAST equations are solved and the
absolute adsorption is converted into excess adsorption us-
ing equations (8) and (9). The experimental results as well as
the prediction with IAST at four different pressures, namely
1, 2, 3 and 4 MPa, are shown in Fig. 7.

As explained in Sect. 2.2, in this work no adsorbent ad-
ditional to the pure component measurements is used for
binary experiments. This is caused by the limited amount
available of these new materials. Together with the above
discussed issues in the case of pure component H, adsorp-
tion, this leads to large errors for H, in the binary case that
do not allow a meaningful evaluation, as discussed with an
example in the next paragraph. Therefore only experimen-
tal excess data of CO, are shown in Fig. 7. As a further
consequence of the small amount of material used, the fi-
nal composition of the gas phase is very similar to the feed
composition as can be observed in the figure.

For CO; the prediction with IAST is in good agree-
ment with the measured data. It can be seen, that at lower
pressures (1 MPa) IAST underestimates the data slightly
whereas at higher pressures (3 and 4 MPa) the opposite is
true. From these results it can be concluded that IAST is
able to predict binary adsorption in the case of the USO-
2-Ni material with reasonable accuracy. This is especially
the case in the pressure range which is interesting for pre-
combustion CO; capture. The experimental data is reported
in tabular form in the supplementary information.

As explained above, in the binary adsorption experiments
the gravimetric-chromatographic setup is used without addi-
tional adsorbent material in contrast to previous studies (Ot-
tiger et al. 2008; Schell et al. 2012). In this case the error
of the amount adsorbed as obtained by the method of error
propagation as described in Ottiger et al. (2008) is largely
influenced by the accuracy of the GC measurement. The lat-
ter is used to determine the composition in the gas phase at
equilibrium in terms of mass fraction and from repeated in-
jections a relative error Errge of 0.1 % is obtained. Using
this relative error Errgc the resulting absolute errors of CO;
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Table 4 Measured binary CO, and H» excess adsorption on USO-2-
Ni MOF for one experimental point as example and the corresponding
error calculated using the method of error propagation described in Ot-
tiger et al. (2008); the experimental point is specified by the following
conditions: CO, molar fraction in the feed of 0.750, CO, molar frac-

tion at equilibrium of 0.739, 25 °C and 2.05 MPa; the relative error
for the determination of the mass fraction in the bulk at equilibrium
by GC is set to be 0.1 % as obtained from repeated injections; addi-
tionally the influence of a larger error from the GC analysis is evaluated

nf* [mmol/g]

An* [mmol/g]

CO, 10.95
H, 0.04

and Hj excess adsorption for one exemplary experimental
point are summarized in Table 4. The experimental point
measured at 25 °C and 2.05 MPa is characterized by the fol-
lowing conditions: CO, molar fraction in the feed of 0.750
and at equilibrium of 0.739. Additionally the influence of a
larger value of Errgc, namely 1 %, is shown in this table.
It is clear that with both values for Errgc the calculated er-
ror of Hy excess adsorption is much too high in order to ob-
tain a reasonable result, especially when looking at the small
value of the excess adsorption itself. For CO, the situation
is different. With Errgc = 0.1 % the CO; excess adsorption
can be determined in a quite reliable way and even with the
higher GC error the measurement can still give a good indi-
cation of the CO; excess adsorption, which justifies the use
of the CO; data from the binary experiments.

5 Discussion

Looking at the single component adsorption on the different
materials it is already mentioned in Sect. 4.1 that H, adsorp-
tion is always much smaller compared to CO; suggesting a
high selectivity of CO, compared to H, and therefore, in
principle the suitability of all materials for the considered
application. Furthermore, knowing that already in the pure
case Hy adsorption is quite small, it is clear that in a com-
petitive binary situation Hp adsorption will be close to zero
at most conditions except for very low CO; fractions in the
bulk. Consequently the pure CO; isotherms can be used in
a first step to compare the materials and their potential for
CO; capture by PSA. For this evaluation additionally to the
data on the three new adsorbent materials, USO-2-Ni, UiO-
67/MCM-41 hybrid and MCM-41, also data on a commer-
cial activated carbon (AC) are considered. These data are
taken from Schell et al. (2012) and represent a benchmark
in order to assess the possible improvements using new ma-
terials.

In Fig. 8 the absolute adsorption of CO, at 25 °C on
USO-2-Ni, MCM-41, UiO-67/MCM-41 hybrid and on AC
is compared as calculated using the corresponding isotherm
and the fitted parameters. In the whole pressure range shown
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0.47 1.94
8.90 42.04
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Fig. 8 Absolute isotherms of CO; at 25 °C on all materials: activated
carbon as comparison (gray line) (Schell et al. 2012), USO-2-Ni MOF
(solid line), MCM-41 (dashed line), UiO-67/MCM-41 hybrid (chain
dotted line)

in this figure adsorption on USO-2-Ni is clearly the high-
est whereas adsorption on MCM-41 and UiO-67/MCM-41
hybrid is similar and larger compared to AC only at pres-
sures above 2 MPa. This suggests that MCM-41 and UiO-
67/MCM-41 hybrid provide an improvement compared to
AC only when using higher CO, partial pressures. At higher
temperatures the picture looks basically similar with a re-
duced adsorption capacity on all materials. Moreover, the
point where adsorption on UiO-67/MCM-41 hybrid and
MCM-41 becomes higher than the one on AC is shifted to
even higher pressures.

However, for application in a PSA process not only the
absolute capacity and selectivity is important. A big impact
on the process performance has the so called cyclic work-
ing capacity or delta loading which is the difference be-
tween the amount adsorbed at a high adsorption pressure
and a possible low desorption pressure (Hamon et al. 2010;
Schell et al. 2012). This value combines adsorption capacity
and regeneration behavior. Especially in a PSA process for
CO; capture the pressure, at which CO» is desorbed, largely
influences its energy penalty because of the subsequent CO2
compression to 10.0-15.0 MPa for transportation and stor-
age. Therefore in Fig. 9 the cyclic working capacity of CO;
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on all materials at 25 °C and 100 °C is plotted for differ-
ent desorption pressures while keeping the adsorption pres-
sure constant at 1.5 MPa (corresponding approximately to
the partial pressure of CO; in the feed of a pre-combustion
CO; capture process). Comparing the two temperatures it
is clear that not only the absolute adsorption but also the
cyclic capacity is reduced a lot at higher temperatures. At
25 °C and between desorption pressures of 0.1 and 0.5 MPa
AC shows the lowest cyclic capacity. This means that using
one of the new materials compared to AC either a higher
cyclic capacity is obtained if the desorption pressure is kept
constant or the desorption pressure can be increased while
keeping the same cyclic capacity. For USO-2-Ni this bene-
fit is the highest whereas for UiO-67/MCM-41 hybrid and
MCM-41 only slight improvements are gained. At 100 °C
the cyclic capacity of USO-2-Ni is still the highest in the
whole desorption pressure range. However at this tempera-
ture the cyclic capacity on AC is higher than the one on UiO-
67/MCM-41 hybrid and MCM-41, which indicates that AC
would lead to a better performance in a PSA process com-
pared to UiO-67/MCM-41 hybrid and MCM-41 at higher
temperatures.

6 Conclusion

In this work, excess isotherms of CO, and H, on three
new materials are measured at different temperatures (25—
140 °C) and in a wide pressure range (up to 15 MPa). An
important and novel aspect of this work is that all materi-
als considered are shaped as pellets from the original pow-
der. Literature data using new materials, especially MOFs,
in pelletized form is scarce. In one of the very few publica-
tions using MOF pellets, isotherm data of CO, adsorption
on these pellets, which are prepared from Cu-BTC MOF,
are presented; however, direct comparison with our data is
difficult because of the lack of experimental details and the
limited pressure range where isotherms at different temper-
atures are measured (Cavenati et al. 2008).

The experimental results in this work are described with
suitable isotherm equations, namely Langmuir, Sips and
Quadratic, with parameters fitted to the measured data. Fur-
thermore, isosteric heats for CO, and Hj adsorption on the
three materials are determined. The obtained data set is used
to compare the suitability of these materials for a PSA pro-
cess in the context of pre-combustion CO; capture. More-
over, expected improvements using the new materials in-
stead of a commercial activated carbon reported in Schell
et al. (2012) are discussed. This is done by looking at the
absolute adsorption isotherms but also at the cyclic working
capacities at different temperatures. From the evaluation of
the cyclic capacities it can be concluded that based on the
thermodynamic equilibrium properties an improved process
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Fig. 9 Cyclic working capacities of pure CO, between a high ad-
sorption pressure of 1.5 MPa and different low desorption pressures
Plow at 25 °C (a) and 100 °C (b) on different adsorbent materials: acti-
vated carbon as comparison (gray line) (Schell et al. 2012), USO-2-Ni
MOF (solid line), MCM-41 (dashed line) and UiO-67/MCM-41 hybrid
(chain dotted line)

performance can be expected using USO-2-Ni instead of the
commercial activated carbon. For the other two new mate-
rials, MCM-41 and UiO-67/MCM-41 hybrid, this improve-
ment seems to be smaller and limited to lower temperatures.
However, this assessment reflects the equilibrium character-
istics of the materials and therefore can only give an indica-
tion about their suitability. The real potential of the materials
has to be determined by a proper process development that
accounts additionally for kinetics of heat and mass transfer,
competition between different gas components, temperature
effects and at the same time considers physical properties
of the materials like densities and porosities, which play an
important role in determining productivity and performance
of continuous processes like PSA.
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