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Abstract

The present work involves the scale-up and characterization of CPO-27-Ni metal organic framework using a range of experi-
mental techniques aimed at determining equilibrium and kinetic parameters to assess its potential for post-combustion carbon
capture. CPO-27-Ni was prepared from its precursors by molecular gastronomy methods in kilogram scale. Adsorption of
isotherms of pure CO, and N, were obtained for different temperatures on these beads, using a volumetric apparatus and
the isotherms were fitted to a dual-site Langmuir model. A series of experiments were then carried out in the volumetric
apparatus by dosing a known volume of CO, and the pressure was monitored with time. The diffusional time constants were
then extracted by fitting the series of curves to an isothermal diffusion model. From the time constants, the values of the
diffusivities were obtained and compared with the values obtained from first principles correlations, which employed the
pore size, and the porosity values from independent mercury porosimetry experiments. The results from the analysis showed
that the transport of CO, in the beads was well described by a combination of Knudsen and viscous diffusion mechanisms.
Experiments were also carried out using a zero-length column (ZLC) apparatus by preparing a 10% CO,—He and 10% CO,—
N, mixture. The analysis of the ZL.C curves showed that the two different carrier gases had an effect of the long-time slope,
indicating the presence of a macropore-controlled diffusion mechanism.
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1 Introduction

Metal organic frameworks (MOFs) are a new class of mate-
rials, which have a high surface area and a large pore vol-
ume (Furukawa et al. 2013). Due to these characteristics,
these materials have found extensive applications such as
gas storage (Gygi et al. 2016; Mason et al. 2014; Tagliabue
et al. 2011), heterogeneous catalysis (Pettinari et al. 2017,
Ranocchiari and van Bokhoven 2011), adsorption desali-
nation (Youssef et al. 2017), respiratory filters (Hindocha
and Poulston 2017), drug delivery systems (Al Haydar et al.
2017; Pettinari et al. 2017), sensors (Lustig et al. 2017; Pet-
tinari et al. 2017), MOF—polymer composites (Zhang et al.
2016), etc.
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One of the widely studied MOFs is the CPO-27-Ni, also
known as the Ni-dobdc MOF, in which a divalent Ni cation
is co-ordinated to 2, 5-dioxidoterephthalate linker (Dietzel
et al. 2010). This material possesses open metal sites, which
can interact with different gas molecules and a potential
application for this material is to capture and concentrate
CO, from post-combustion flue gas streams (Dietzel et al.
2009; Pato-Doldan et al. 2017).

Several published studies exist in literature, which have
studied the adsorption of CO, in CPO-27-Ni. It has been
found that this material possess a very high CO, capacity
comparable and in some cases superior to that of Zeolite 13X,
the current benchmark material for CO, capture applications
(Dietzel et al. 2009; Pato-Doldan et al. 2017). The other issue
with Zeolite 13X is that the CO, adsorption capacity is sig-
nificantly reduced in the presence of water vapour and this can
affect the performance of an adsorption process designed to
capture CO, from wet flue gas streams (Krishnamurthy et al.
2014a; Li et al. 2008). CPO-27-Ni is a stable MOF which can
retain its capacity under long term storage (Liu et al. 2011) and
the material can retain from 60 up to 85% of the original CO,
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capacity when exposed to water vapour (Hu et al. 2018; Kizzie
et al. 2011; Liu et al. 2010; Mangano et al. 2016).

In a post-combustion capture process, from a coal-fired
power plant, the flue gas contains around 12-15% CO, along
with a large amount of nitrogen (Krishnamurthy et al. 2014b).
The challenge is to concentrate the CO, to over 90%, with a
high recovery, minimum energy consumption and maximum
productivity (Khurana and Farooq 2016; Krishnamurthy
et al. 2014b). In order to achieve the desired targets, a suitable
adsorbent with high CO, capacity, high CO, and N, selectiv-
ity and fast mass transfer is needed. Most of the literature on
CO, adsorption in CPO-27-Ni and other MOFs focus on CO,
adsorption equilibrium with minimal information on mass
transfer. To the best of our knowledge, only Liu et al. (2010)
and Hu et al. (2015b), have studied the mass transfer mecha-
nism on CPO-27-Ni beads. In case of Liu et al. (2010), uptake
experiments were carried out with different bead sizes, by fre-
quency response technique, while Hu et al. (2015b), studied
CO, adsorption mechanism using a zero-length column (ZLC)
method. Both these studies concluded that the mass transfer
mechanism was controlled by the diffusion in macropores.
As mentioned before, selectivity is also an important crite-
rion to select an adsorbent. It has been shown by Rajagopalan
et al. (2016), that the nitrogen adsorption plays a pivotal role
in determining the performance of a carbon capture process.
In the case of CPO-27-Ni, limited information on nitrogen
adsorption exists in literature and the aim of this study is to
address these gaps in order to evaluate the suitability of this
material for adsorption-based carbon capture.

For the first time, SINTEF had synthesized the Ni MOF
beads in kilogram quantities. Single component CO, and N,
isotherms were measured on these beads using a volumetric
apparatus. In the next step, the mass transfer mechanism
was studied using volumetric and ZLC experiments. Inde-
pendent mercury intrusion experiments were carried out to
accurately determine the porosity and the pore size distribu-
tion in the beads.

It was seen that in the volumetric apparatus, the single
component CO, adsorption in CPO-27-Ni was governed
by diffusion through the macropores with contributions
from Knudsen and viscous diffusion mechanisms. The
binary experiments with the different carrier gases on the
ZLC apparatus clearly showed the presence of a macropore
diffusion-controlled mechanism and detailed description of
these experiments are provided in the subsequent sections
of this manuscript.

2 Materials
CPO-27-Ni MOF beads were synthesized by SINTEF

by alginate methods and the procedure for synthesis is
described in an earlier publication (Spjelkavik et al. 2014).
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The beads used had a diameter of 3.2 mm. Pure CO,
(99.8%), He (99.9995%) and N, (99.998%) were obtained
from BOC Gases, UK.

3 Volumetric method

The adsorption isotherms on the powders and beads were
measured on the volumetric system Autosorb iQ from Quan-
tachrome shown in Fig. 1. A known mass of the sample was
inserted into a 9 mm measuring cell with a bulb. First, the
empty weight of the cell covered with a plug of a known
weight was recorded. Then the sample was inserted into the
measuring cell and then the total weight of the cell along
with the plug was noted. The difference in the two weights
provided the mass of the sample. The sample was then
regenerated in situ for 14 h under vacuum at 403 K. After
regeneration, the sample cell was mounted on to the sam-
ple station and the experiments were started in the standard
mode, where the gas was dosed several times to achieve the
specified equilibrium pressure. Each experiment comprises
of measuring the adsorption isotherm up to 100 kPa and
desorption back to 0.5 kPa. The whole set up was controlled
by the software ASiQwin. The sample was maintained at
the experimental temperature by a water bath, which was
connected to a Julabo F-25 circulator. The experiments were
carried out for three different temperatures viz. 283 K, 308 K
and 323 K respectively. In our study, about 1 g of the beads
was used. Prior to the volumetric apparatus, the gases were
pre-dried using columns packed with Zeolite SA and silica
gel to remove any traces of moisture present. It is important
to note that the experiments were also carried out for 263 K
and 273 K to obtain the nitrogen isotherms and the isotherms
are reported in Fig. 2.

Fig. 1 Autosorb volumetric apparatus (left), two CPO-27-Ni beads
used for studying the mass transfer kinetics (right)
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Experiments were then carried out at 308 K to study
the adsorption kinetics on CPO-27-Ni with two beads as
seen from Fig. 1. This was done to minimize heat effects
due to adsorption of CO, in the sample. In this experiment,
a known volume of sorbate (0.5 cm®) was dosed and the
pressure was monitored with time. Once equilibrium was
achieved, the next dose was carried out. This mode of opera-
tion is called the vector-dose mode, and this is different from
the standard mode in the fact that the volume of each dose
and the duration of the experiment for each dose were speci-
fied. A series of such doses were carried out and, in each
case, the transient pressure response in the dosing volume
was recorded with time. The transient response was then
used to back out the value of the diffusional time constant
using a piezometric model and the details are described in
subsequent sections.
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Fig.2 CO, isotherms in a linear and b log scale in CPO-27-Ni
beads. The lines denote dual site Langmuir fits

4 Analysis of the isotherm data

Once the CO, and N, isotherms shown in Figs. 2 and 3 were
obtained, they were then fitted to a dual-site Langmuir iso-
therm of the form given below by minimizing the residual
between the experiment and the model

—AH| —AH,
4s1bo €% P qs2bo e 7 P

*

—AH)| -AHy ? (H
L+bye® P 1+bye s P

where q is the saturation capacity in mmol/g, b, is the equi-
librium constant in kPa~! and AH is the heat of adsorption
in J/mol. Subscripts 1 and 2 denote sites 1 and 2 respectively.
For the sake of thermodynamic consistency, the saturation
capacities of CO, and N, were kept the same, and the b and
the AH values were obtained for nitrogen. By looking at
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Fig.3 Nitrogen isotherms in CPO-27-Ni in a linear and b log scale.
The lines denote dual site Langmuir fit
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the shape of the nitrogen isotherm in Fig. 3, the isotherm
is linear and therefore only one meaningful parameter can
be obtained. So, the assumption that the affinities of sites
1 and 2 are equal for nitrogen is made and we only fit two
parameters in this case. The adsorption isotherm parameters
are shown in Table 1. The sample has a CO,/N, limiting
selectivity of 73. This is considerably less than that of Zeo-
lite 13X, which is known to have a CO,/N, selectivity of
1000 (Gibson et al. 2016). From the isotherm parameters,
the heat of adsorption of CO, and N, are found to be — 39.7
and — 17.3 kJ/mol respectively which are consistent with
values reported in literature (Chavan et al. 2009; Dietzel
et al. 2009; Queen et al. 2014).

5 Volumetric/piezometric method

In this model, the set-up comprises of a dosing cell at a
known pressure and an uptake cell, which contains the sam-
ple, and a valve connects the two cells. Adsorption takes
place when the sorbate is introduced to the uptake cell by
opening the valve. Brandani (1998) had developed an ana-
lytical solution for the piezometric model considering an
isothermal approximation and an ideal valve with zero open-
ing time. The present study adopts this approach to study the
mass transfer of CO, in CPO-27-Ni.

As mentioned earlier, the uptake measurements were car-
ried out with two beads in the measuring cell with each of
the beads being 3.2 mm in diameter. A series of doses of
known volume were carried out and the pressure was moni-
tored with time. Once the raw signal was obtained, it was the
normalised in the following manner (Brandani et al. 2019).

P (1) = Piny

P= . )
PdO - Pinf

In this equation, P, represents the dosing side pressure.
Subscripts 0 and inf correspond to the initial and final
pressures respectively. The normalised pressure was then

Table 1 CO, and N, isotherm parameters for CPO-27-Ni beads

Parameter CO, N,

q,,; (mol/kg) 7.02 7.02

by, (kPa™) 1.5x1078 8.3x 1077

AH, (kJ/mol) -399 -173

q,, (mol/kg) 6.95 6.95

by, (kPa™) 9%1078 8.3x1077

AH, (kJ/mol) —23.6 -173

Henry’s constant (303 K) (mol/  80.5 1.1
kg/bar)

Residual of fitting 0.0042 1.3%x10™
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compared with the predictions of the model described below.
The model accounts for the mass balance in both the dosing
and the uptake volume and the flow through the valve with
a small pressure steps. The model also assumes that equi-
librium exists at the surface between the gas and the solid
phases and a linear relationship to describe the adsorption
equilibrium. The analytical solution shown in Eqs. 7 and 8
were obtained for spherical particles by introducing the fol-
lowing dimensionless groups.

D _d0=g . _ -G
R 9o — 40 Co = G
. P5) - P, , Py(t) - P, €)
D= 0 PuUT T oo
P, -P P, - P
1 Pie =P\ (Vir | Vuc
"= 3An, < R, T, "1, ) @)
Vy (Pur—P
S = d inf u0 i (5)
3An, R, Ty
R,T 2
_RL R
= v, )(D, (6)
Pa 36 - —pr
—=———++ ) ae i, 7
0 T+36+3y ; 7
o0 2
Pu 36 ﬁi —p?
—=—— 4+ Y all-— )eh".
/’2 1+36+3y ; ’< a)> ®)
Here a; and f; are given by the equations
2(05,Bi2
4 = 2 N2 (22 2y’ ®
206p; + (0 — B)* + (B, +z7 —z,+2vB7)
wbp?
z=1+yp>+ —=. 10
VB + — 5 (10)
f; are the positive non-zero roots of
picotf; —z; =0. (11)

Here y and 9 are the ratios of accumulation in the uptake
cell and the solid and the dosing cell, the solid respec-
tively, and these are calculated. The instrument measures
the hot and cold volume zones of the uptake cell (V) i.e.,
the volume of the cell immersed in the water bath at a
constant temperature and the volume of the cell exposed
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Fig.4 Transient pressure response in the dosing volume correspond-
ing to an equilibrium pressure of 1.76 kPa
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Fig.5 Normalised pressure curves for three different equilibrium
pressure values. The lines denote the analytical solution of the diffu-
sion model

to ambient conditions and the volume of the dosing cell
(Vy) and the temperature of the manifold (T,). An, is the
change in the number of moles during the adsorption and
therefore this enables us to calculate the value of y and .
o is the valve constant which increases with the pressure.

In the first step, the pressure response shown in Fig. 4
was normalised according to Eq. 2 and the normalised
pressure with time is plotted in Fig. 5 for different pres-
sures. By plotting the pressure in this manner, it is possi-
ble to distinguish between mass transfer and heat transfer
limited mechanisms. As seen from the figure, the uptake
profile is a simple exponential suggesting that there is only

Table 2 Porosimetry values of

. Parameter Value
CPO-27-Ni
Porosity 0.383
Mean pore diameter 0.016
(um)
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Fig.6 Pore size distribution in CPO-27-Ni

one time constant. The normalized pressure was then com-
pared to the model solution to obtain the diffusional time
constant (R*/D).

The kinetic measurements were coupled with independ-
ent mercury intrusion experiments to estimate the pore size
and the porosity of the CPO-27-Ni beads. The values of the
porosity and the pore size are summarized in Table 2 and
the pore size distribution is shown in Fig. 6.

6 Analysis of the uptake curves

Figure 5 shows the comparison of the pressure profiles of
the experiment and the piezometric model for three differ-
ent equilibrium pressure points namely 1.76 kPa, 9.23 kPa
and 20.72 kPa. The parameters, y, 8, ® and K along with
the initial and final pressures in the dosing and uptake cells
are given in Table 3. At the lower pressure, the slope of the
isotherm is higher and therefore the values of & and y are
lower. With an increase in pressure, the slope of the isotherm
decreases and therefore the values of & and y increase. It can
also be seen that the valve constant increases with increase
in pressure.

From Fig. 5, the normalised pressure curve is a simple
exponential and the slope is the measure of the diffusional
time constant. There is a good agreement between the model
and the experimental data in the fact that the slopes of the
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Table 3 Piezometric m(?del P, (kPa) P,, (kPa) Pu, (kPa) K v 5 ® D/R? (s71)
parameters for the transient
responses in Fig. 4 1.76 3.1 1.17 698.3 0.41 0.32 1200 0.0018
9.22 10.41 8.45 270.2 1.6 1.25 1800 0.0048
20.72 21.77 19.92 112.5 4.83 3.8 2500 0.012
600 —
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Fig.7 Diffusional time constants for various pressure steps for CO,
adsorption in CPO-27-Ni at 308 K. The line is just for guidance only

two curves are identical. Further, the slope of the exponential
region increases with increase in pressure, suggesting that the
mass transfer is faster at higher pressures.

Figure 7 shows the trend in the diffusional time constant
with pressure. The value of diffusivity increases by an order
of magnitude from 1.76 kPa, the lowest pressure point to the
highest pressure at 27.3 kPa, suggesting that the mass transfer
becomes faster with increase in pressure. As the experiments
correspond to pure components, the transport mechanism can
be due to viscous and Knudsen flow across the macropores
and diffusion along the micropores. Given that the micropores
of CPO-27-Ni are more than double the kinetic diameter of
CO,, micropore diffusion will be fast and the system will be
macropore diffusion controlled. In case of a macropore con-
trolled diffusion process, the uptake curves show an increase
in slope with increase in the pressure. This is because the slope
of the isotherm decreases with pressure thereby resulting in
an increase in the effective macropore diffusivity. At very
low pressures, the Knudsen diffusion is dominant, while the
viscous contribution becoming significant at high pressures.
As these two diffusion regimes occur in parallel, the result-
ant diffusion coefficient is a sum of the Knudsen and viscous
contributions, which are expressed as
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rected with the Derjaguin’s (Derjaguin 1994; Levitz 1993)
expression as seen from Eq. 14.
The effective diffusivity is defined by the equation

D

macro
£ —Hado

P
D= —— I (16)
P, +(1-¢g)K

The tortuosity was obtained by rearranging Eq. 16 in
which the effective diffusivity was obtained from the slope
of the uptake curves, the macropore diffusivity was obtained
from the correlations defined by Eqgs. 12 to 15. The value of
particle porosity was given by the mercury intrusion experi-
ments and K was obtained from the slope of the isotherm
between the start and the end of the dosing. The tortuosity
values were obtained for different pressures and are shown
in Fig. 8 and summarized in Table 4 for three pressure steps.
The average value of tortuosity was found to be 2.7. Using
the average tortuosity, the measured and the predicted dif-
fusivity values were compared in Fig. 9 and there seems to
be good agreement suggesting that the system is governed
by the diffusion through macropores.

From Fig. 7, it can be seen that the time constant for
CO, adsorption at 10 kPa is approximately of the order of
200 s. For commercial beads of Zeolite 13X, at 10 kPa and
at 283 K a value of approximately 48 s was reported (Hu
et al. 2014) and at a similar temperature of 308 K, the time
constant will be even lower.
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Fig.8 Estimated tortuosity for different pressure steps. The line is for
visualisation only

Table 4 Summary of the volumetric experiments on CPO-27-Ni at
308 K

Pressure (Torr) Dy (cm?/s) Dy (cm?/s) Dy +Dg (cm?s) =
1.76 0.142 0.0008 0.143 2.57
9.22 0.142 0.042 0.146 2.75
20.72 0.142 0.01 0.151 2.7
0.20 -
A
0.15 | A
| | L | ] n [ ]
Q)
o~
§
:‘;0'10 T DKnndsen
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Fig.9 Comparison of the Knudsen, viscous and macropore diffusiv-
ity values. The macropore diffusivity was obtained with a tortuosity
value of 2.7

7 Zero length column (ZLC) apparatus

The ZLC adsorption apparatus is an established experi-
mental technique that has been used for nearly 30 years

to obtain adsorption equilibrium and kinetics (Brandani
et al. 2003; Eic and Ruthven 1988; Hu et al. 2014). In this
experiment, a small amount of sample, typically less than
15 mg is first saturated with a gas mixture of a specific
composition and then, desorption is carried out with an
inert purge gas. By studying the desorption response at
different flow rates, it is possible to obtain the informa-
tion on the mass transfer kinetics. The main advantage of
this technique is that due to the small amount of sample
used, external mass transfer resistances and heat effects
can be eliminated. The column length is shorter, the axial
dispersion is therefore large, and the system is analogous
to a well-mixed stirred tank reactor. Further, this technique
also enables rapid characterization of samples because
the experiments can be carried out at different flow rates,
using different carrier gases and at different temperatures.

Brandani and Ruthven (1995) had developed the fol-
lowing analytical solution for the ZLC assuming Fickian
diffusion in spherical particles

D
o exp <—ﬁ3—t>
L-uy s Can
Cy P2+ (L= 1=y 2 +L—1+y,p?
Here B, are the roots of the equation
B,cotp,+L—1—y,p>=0. (18)

L is the ratio of the diffusional time constant and the
convective desorption time constant and y; is the ratio of
the hold up in the fluid phase to the accumulation in the
solid phase. When L < 1, the system is under equilibrium
controlled and kinetically controlled when L is far greater
than 1 (Friedrich et al. 2015). The linear model can be
used to obtain initial estimates of the diffusivity that can
be used for the more refined analysis described in the sec-
tion that follows.

The ZLC apparatus used in this study is shown in
Fig. 10 and has been described in detail in an earlier publi-
cation (Hu et al. 2015a). It consists of a SANYO 212 oven
where the mixture of a certain composition is prepared, the
ZLC oven (Carbolite) which contains the column and an
AMETEK benchtop quadrupole mass spectrometer. The
ZLC is a Swagelok 1/4" to 1/8" reducing union shown in
Fig. 10 and was packed with a single 3.2 mm bead weigh-
ing 8 mg.

Prior to the experiment, the sample was regenerated in a
helium purge of 10 cm?/min overnight. Experiments were
then carried out at 35 °C by saturating the sample with a
10% CO,—helium mixture for followed by desorption with
a pure helium purge. This was carried out at different flow
rates to identify whether the system was equilibrium con-
trolled or limited by the mass transfer kinetics and initial
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Fig. 10 a Semi-automated zero length column (ZLC) apparatus used
in this study and b 3.2 mm bead used for the ZLC experiments (left)
and zero length column (right)

estimates of the values of the diffusivities were obtained
from the slope of the long-time asymptote.

To identify the transport mechanism, experiments were
then conducted with nitrogen as a carrier gas. If the system
was under macropore diffusion-controlled regime, then the
slope of the long-time region would depend on the carrier
gas, due to the difference in molecular diffusivities. The
experimental curves with different carrier gases would be
identical if the diffusion through the micropores was the
dominant transport mechanism.

8 Analysis of the ZLC curves

The ZLC experiments were carried out with a 10% CO,—He
mixture for different flow rates. Experiments were first car-
ried out at low flow rates and the isotherm up to 10 kPa was
obtained by performing a mass balance on the desorption
curves and subtracting the blank responses. The adsorption
isotherm thus obtained is about 8% lower than the isotherm
obtained from the volumetric experiment. The difference
between the isotherms obtained from the volumetric appa-
ratus and the ZLC, can be attributed to the fact that a single
bead was used in the ZLC experiment, which can be differ-
ent from the beads used in the other experiment.

In the next step, experiments were carried out at higher
flow rates namely 20 cm?® and 30 cm?® respectively. To
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Fig. 11 Ft (Flow rate x time) plot at different flow rates for a 10%
CO,-helium mixture

establish whether the system was in equilibrium or kineti-
cally controlled regime, a plot of the flowrate times time vs
the normalised concentration was obtained and are shown in
Fig. 11. As seen from the figure, the curves corresponding
to flow rates up to 20 cm*/min overlap in the entire range
suggesting that the system is equilibrium controlled. The
curves corresponding to 20 cm*/min and 30 cm®/min cross
the low flow rate curves and diverge. This is an indication
that the system is kinetically controlled, and the values of
the diffusivities can be extracted from the slope of the long-
time asymptote.

If the mass transfer is governed by the diffusion through
macropores, then the slope of the long-time asymptote
changes with carrier gas. Therefore, experiments were then

13 .

30cc Helium
o 30cc Nitrogen

Time (s)

Fig. 12 Comparison of 10% CO,-He and 10% CO,-N, experiment at
30 cm®/min. The solid lines are for visualizing the change in the slope
of the long-time asymptote with the carrier gas
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carried out with a 10% CO, in N, mixture. As seen from
the slopes in Fig. 12, the slope of the long-time asymp-
tote in case of the helium experiment is higher than that
of the nitrogen experiment, suggesting that the system in
macropore diffusion controlled. This agrees with previous
work that have characterized this material for CO, adsorp-
tion kinetics (Hu et al. 2015a; Liu et al. 2010).

The diffusivity values were then extracted by simulta-
neously fitting the 20 cm® and 30 cm® experiments using
an automated ZLC fitting tool (Friedrich et al. 2015). The
automated ZLC fitting tool is a Python script which used
genetic algorithm to minimize the residual between the
experiment and the model. The ZLC experiment is simu-
lated using CySim, an adsorption cycle simulator developed
at the University of Edinburgh (Friedrich et al. 2013). The
CySim code is written in a modular form and accounts for
the valves, adsorption columns, splitters, etc. The system
of differential algebraic equations is solved in SUNDIALS.
For simulating the ZLC, the component mass balance,
macropore diffusion and micropore LDF models are con-
sidered and the detector is treated as a CSTR. The column
is under isothermal conditions and there is no pressure drop
across the column.

In the first step, blank and the packed experimental data
corresponding to the low flowrate experiments were fitted
to obtain the CO, isotherm. In the next step, the high flow-
rate experiments were then simulated using the isotherm
obtained in the previous step and the effective diffusivity
calculated from the particle porosity obtained from the
mercury intrusion experiments and the tortuosity obtained
from the volumetric experiments. As mentioned before, the
CO, isotherm obtained from the ZLC experiment was 8%
lower than the isotherm obtained from volumetry. The same
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Fig. 13 Experiment (symbols) and simulated (lines) ZLC curves at
20 and 30 cm*/min for a 10% CO,~He mixture

scaling factor was obtained for the nitrogen isotherm and
the isotherm was then used in the ZLC fitting tool to fit the
CO,—N, experiments.

In case of a ZLC experiment, the macropore diffusion
is a combination of Knudsen and molecular diffusivities.
Since the total pressure of the system is constant, the con-
tribution from the viscous diffusion can be neglected. The
combined macropore diffusivity in this case is given by

1 1 1

=— 4+ —.

Dy~ Dg

5 (19)

macro

The molecular diffusivity can be obtained from the
Chapman—Enskog (Bird et al. 2002) correlation as shown
in equation

Dy

0.001858753/ 1
=0 : (20)

P612’2.Q M1 * M2

The comparison between the experiment and the simu-
lated ZLC curves are shown in Figs. 13 and 14 with good
agreement between the experiment and simulation. The
results are summarized in Table 5. The tortuosity value
agrees well with the average value obtained from the volu-
metric experiment.
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Fig. 14 Experiment (symbols) and simulated (lines) ZLC curves at
20 and 30 cm?/min for a 10% CO,~N, mixture

Table5 Summary of the ZLC experiments on CPO-27-Ni at 308 K

Carrier gas  &pD,,00/T Dy (€cm%/s) Dy (em%s) Dyoro T

(cm?/s) (cm?/s)
Helium 0.017 0.651 0.142 0.116 2.67
Nitrogen  0.011 0.165 0.142 0.077 2.74
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Fig. 15 Volumetric curve at 1.76 kPa with the calculated curves
including +20% in the diffusion time constant
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Fig. 16 ZLC curve at 20 cm*/min for a 10% CO,-N, mixture with the
calculated curves including +20% in the diffusion time constant

9 Uncertainty in the measured diffusional
time constants

The diffusion time constants are estimated matching the
theoretical models to the experimental data. In both the
ZLC and the volumetric systems a typical uncertainty
is = 10%. This is reflected in the variance of the calcu-
lated tortuosity reported in Fig. 8. Additionally, Figs. 15
and 16 show an example of a volumetric and a ZL.C curve
respectively with the fitted diffusion time constants and
the corresponding model predictions with an uncertainty
of +20% in the diffusivity. The data are well within this

@ Springer

range and given that the slope of the long-time asymptotes
is directly proportional to the diffusivity the actual uncer-
tainty is clearly less than 20% and close to + 10%.

10 Conclusions

Adsorption isotherms of CO, and N, were measured in the
CPO-27-Ni sample. It was seen that the adsorption capacity
of CO, was significantly higher than that of nitrogen. The
isotherms were then fitted to a dual-site Langmuir model.
In the next step, uptake measurements were carried out to
obtain the time constants for CO, adsorption in the beaded
sample. The pressure versus time curve was obtained from
the uptake measurements were first normalised and a piezo-
metric model was then used to back out the diffusional time
constants for a series of curves corresponding to the par-
tial pressure of CO, in a vacuum swing adsorption process.
From this methodology, the macropore diffusion described
by Knudsen and viscous flow is the dominant mechanism in
CPO-27-Ni and the tortuosity was found to be 2.7. Binary
experiments carried out with 10% CO,—He and 10% CO,-N,
mixtures showed that the long-time asymptote at higher flow
rates was a function of the carrier gas indicating that the
system was macropore diffusion controlled.
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