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HIGHLIGHTS

e Highly selective separation of C3Hg
over C3Hg and CO, over CHy on
Ni-MOF-74.

e Simulation methodology for transient
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The metal-organic framework Ni-MOF-74 was synthesized and then characterized by XRD, SEM, and N,
adsorption techniques. The unary isotherms of CO,, CH4, C3Hg, and C3Hg on Ni-MOF-74 were measured
by means of a volumetric method. The Langmuir-Freundlich model appropriately describes the
adsorption equilibrium data. The selective separations of two mixtures CO,/CH4 and C3Hg/C3Hg on
Ni-MOF-74 were experimentally investigated by a breakthrough-column technique. Simulations of
transient breakthroughs for the two mixtures agree well with the experimental data. In addition, with
the inclusion of intra-crystalline diffusion into the simulations, the quality of the simulated break-
through curves are improved and agree better with the experimental data. The results indicate that
Ni-MOF-74 might be a candidate for the removal of C3Hg from C3Hg/C3Hg mixtures and for the efficient
separation of CO, from CHg.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

During the last two decades, there has been considerable
research effort on synthesis of ordered crystalline microporous
materials such as metal-organic frameworks (MOFs), covalent-
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organic frameworks (COFs), and zeolitic imidazolate frameworks
(ZIFs) (Banerjee et al., 2008; Ferey, 2008; Furukawa et al., 2013;
Yaghi et al., 2003); these materials have potential applications in a
variety of separations (Furukawa et al., 2013; He et al., 2012;
Haldoupis et al., 2010; Krishna, 2014; Krishna and van Baten, 2010,
2011a; Li et al, 2012; Liu et al, 2012; Sumida et al., 2012;
Watanabe et al., 2009). MOFs are a class of crystalline organic-
inorganic hybrid compounds formed by coordination of metal ions
(e.g., Zn, Cu, Cr, Al, Zr, Mg, Ni, Fe) or clusters with organic linkers
(bivalent or trivalent aromatic carboxylic acids or azoles) to form
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robust porous periodic frameworks. Particularly potent candidates
for separations are MOFs with coordinatively unsaturated metal
clusters that may be created by evacuation of frameworks that
have metal-bound solvent molecules. This strategy has been
employed to expose M2 cation sites in some of the most widely
studied frameworks, such as M,(dobdc) [M=Mg, Mn, Co, Ni, Zn,
Fe; dobdc?~ =2,5-dioxido-1,4-benzenedicarboxylate; these MOFs
are also referred to as M-MOF-74 and CPO-27-M, as shown in Fig. 1
(a)] (Bao et al., 2011a, 2011b; Britt et al., 2008; Herm et al., 2011,
2012; Wu et al.,, 2014).

For CO, capture from natural gas, we can rely on selective CO,
binding with the coordinatively unsaturated metal sites of
M-MOF-74, where the presence of small cylindrical pores is
believed to be also a key structural feature (Caskey et al., 2008).
Wau et al. (2010) have established that the O atoms of CO, bind
with the Mg atoms of Mg-MOF-74 [see Fig. 1(b)]. Such binding
results in selective separations that can compete economically
with amine absorption (Alivisatos and Buchanan, 2010; Bao et al.,
2011b; Dietzel et al., 2008; Duan et al., 2014; Herm et al., 2012;
Krishna and van Baten, 2012a; Mason et al., 2011; McDonald et al.,
2011; Padurean et al., 2012; Wu et al., 2012; Xiang et al., 2012;
Yang et al., 2014; Yu et al., 2013). The stronger the binding, the
higher is the selectivity for separations. It was reported that the
binding of H,S with metal atoms of MOFs is much stronger than
that with CO,, and this is reflected in a high heat of adsorption
(Chavan et al., 2013). In this case, the binding is between the S
atoms with Ni sites of Ni-MOF-74 [Fig. 1(c)]. Kizzie et al. (2011)
have shown that Mg-MOF-74 is particularly sensitive to the
presence of water impurities in the feed stream, whereas Co-
MOF-74 and Ni-MOF-74 are less sensitive in this regard. Liu et al.
(2012, 2010) have reported that Ni-MOF-74 retains a substantial
CO, capacity with moderate H,O loading, and by comparison with
other adsorbents such as the benchmark zeolites 5A and NaX
and the MOF CuBTC, Ni-MOF-74 shows a higher CO, adsorption

a
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Fig. 1. (a) Scheme of M-MOF-74 crystal structure, where the red and blue balls
represent oxygen and metal atoms, respectively, and energetically favorable
binding pattern for (b) CO, and (c) H,S on M-MOF-74. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

capacity and the smaller water effect together with an easier
regeneration process, suggesting that Ni-MOF-74 may be a pro-
mising candidate for removal of CO, from flue gases.

As a consequence of the similar sizes and volatilities of the
molecules, separations of olefin/paraffin mixtures, such as CoHy/
C,Hg and C3Hg/C3Hg, must currently be performed at low tem-
peratures and high pressures and are among the most energy-
intensive separations carried out on a large scale in the chemical
industry (Eldridge, 1993). Because these gas mixtures are pro-
duced by cracking long-chain hydrocarbons at elevated tempera-
tures, a substantial energy penalty arises from cooling the gases to
the low temperatures required for distillation. Thus, tremendous
energy savings could be realized if porous solid adsorbents
enabling the efficient separation of olefins and paraffins at higher
temperatures (than currently used in distillation) and atmospheric
pressure were achieved (Geier et al.,, 2013). In general, there are
two mechanisms for the separations of light olefins and paraffins
by porous materials (Eldridge, 1993). The first one is based on
kinetic or even molecular-sieve effects to discriminate between
paraffins and olefins. For example, C3Hg can be selectively
adsorbed on the all-silica zeolites DD3R (Zhu et al., 1999, 2000)
and ITQ-32 (Palomino et al., 2007) while C3Hg cannot, leading to
an extremely high selectivity for CsHg over CsHg. However, the
applications of these zeolitic adsorbents are largely limited to their
difficulty in synthesis. The second mechanism is based on porous
adsorbents featuring selective chemical interactions with the
carbon-carbon double bond in olefins (Eldridge, 1993). Commer-
cial zeolite 13X (Da Silva and Rodrigues, 1999) and CuCl/NaX (van
Miltenburg et al., 2008) show a high selectivity for C3Hg over C3Hg.
However, the regeneration of hydrophilic zeolite-based adsorbents
is difficult in applied vacuum swing adsorption (VAS) processes at
temperatures as low as 298 K (van Miltenburg et al., 2008).
Increasing the operating temperature can improve this, but high
temperatures can lead to CsHg oligomerization and possibly
cracking owing to catalytic action of these materials, eventually
blocking the adsorbents. In addition, these hydrophilic zeolites are
sensitive to moisture. Separations by adsorption via z-complexa-
tion are susceptible to deactivation by feed contaminants
(Eldridge, 1993).

Recently, some interesting results have been obtained on the
separations of olefins and paraffins using MOFs (Nijem et al.,
2012). For example, fine-tuning of the ligands in zeolitic imidazo-
late framework ZIF-8 leads to a very large ratio of their diffusion
coefficients up to 125 for C3Hg/CsHg (Li et al.,, 2009), where the
efficient adsorptive separation should be controlled by the criti-
cally sized pore openings of ZIF-8. The windows of ZIF-8 have a
nominal size of 0.34 nm; the window regions offer large energy
barriers for inter-cage hopping of molecules that have kinetic
diameters of comparable magnitudes (Bux et al., 2011; Chmelik et
al.,, 2012; Krishna and van Baten, 2011b). Subtle differences in the
bond lengths and bond angles of C3Hg and C3Hg are the main
contributory factors to the significantly higher diffusivity of the
unsaturated alkene (Krishna and van Baten, 2012b).

In addition, using the gate-opening mechanism of microporous
materials the efficient separation of light hydrocarbon mixtures
was also achieved (Gucuyener et al., 2010; Nijem et al., 2012).
Alternatives are the MOFs with coordinatively unsaturated metal
sites since these unsaturated metal sites in the framework bind
stronger to olefins over paraffins (Bao et al.,, 2011a; Bloch et al,,
2012; Béhme et al., 2013; Kim and Jung, 2014; Kim et al., 2013; Wu
et al., 2014). Bloch et al. (2012) have demonstrated that Fe-MOF-74
has some excellent performance on separating C;H4/C;Hg and
C3Hg/C3Hg mixtures, since the unsaturated metal Fe sites can
selectively adsorb the olefins over the paraffins. The high CoH4/
C,Hg and C3Hg/C3Hg adsorption selectivity with Fe-MOF-74 is due
to the side-on m-coordination of the unsaturated alkenes with the
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Fe?* (Bloch et al., 2012), whereas the paraffins are adsorbed to the
metal site with much weaker interaction. Additionally, by compar-
ison with other adsorbents such as zeolites ITQ-12 and NaX and
MOFs CuBTC and Fe-MIL-100, Fe-MOF-74 shows the best perfor-
mance on the separation of C3Hg/C3Hg mixtures (Bloch et al.,
2012). Very recently, Geier et al. (2013) reported the unary
isotherms of C,H,4, CoHg, C3Hg, and CsHg on M-MOF-74 (M=Mg,
Mn, Fe, Co, Ni, Zn) and the adsorption selectivities of C;H4/C,Hg
and C3Hg/C3Hg mixtures predicted by the ideal adsorbed solution
theory (IAST), and their results show that Mn-MOF-74 and Mg-
MOF-74 have the highest gravimetric capacities for CsHg. For a
fixed-bed adsorber, it is also important to consider the volumetric
capacity of an adsorbent, as this will determine the size of bed
necessary to capture a given amount of gas. In contrast to the
gravimetric capacity, the volumetric capacity is the highest on
Ni-MOEF-74 for C3H6.

The main objective of this study is to demonstrate the potential
of Ni-MOF-74 for the separations of C3Hg/C3Hg and CO,/CHy4
mixtures. We first synthesize Ni-MOF-74, then press the synthe-
sized crystalline particles into the pellets, which are more suitable
for scalable industrial application, and finally characterize the
prepared samples using different techniques. The single-component
isotherms of CO,, CH4, C3Hg, and C3Hg on the Ni-MOF-74 pellets are
measured and then described by a proper isotherm model. Transient
breakthroughs are experimentally determined for the two mixtures
CO,/CH4 and C3Hg/C3Hg in a fixed bed packed with the Ni-MOF-74
pellets; the experimental transient breakthroughs are compared with
simulations using the methodology described in detail in the Supple-
mentary material accompanying this publication. Comparisons of
simulated and experimental breakthroughs serve to verify the
modeling procedure adopted. Finally, the feasibility of Ni-MOF-74 as
applied to CO,/CH4 and C3Hg/C3Hg separations is discussed.

2. Materials and methods
2.1. Synthesis and characterization of Ni-MOF-74

Ni-MOF-74 was synthesized, activated, and evacuated accord-
ing to the procedure reported in the literature (Dietzel et al,
2006). Two solutions, 0.373 g of nickel acetate tetrahydrate in
10 ml of deionized water and 0.149 g of 2,5-dihydroxyterephthalic
acid in 10 ml of tetrahydrofuran (THF), were mixed under stirring
in a Telflon-lined autoclave for 30 min and the synthesis was
carried out without agitation in an oven at 383 K for 3 d. The
product was filtered, and the solid was washed with ethanol.

Liquid pump eegp——

The washed solid was then dried at 373 K for 12 h in a vacuum
desiccator prior to further analysis or use.

The powdered X-ray diffraction (XRD) patterns were performed
on a Philips PW3040/60 diffractometer using CuKa radiation
(A=0.1541 nm) in a scanning range (260) of 2-50°. The morphology
and crystal size of the synthesized sample were examined with
scanning electron microscopy (SEM). The SEM image was obtained
using a Hitachi S-4800 instrument operating at 5.0 kV. The
synthesized sample was first pressed at 2 MPa and then crushed
into particles with sizes from 0.420 to 0.595 mm in diameter to
prepare the pellet sample. The textural properties of the synthe-
sized and pellet samples were evaluated by N, adsorption at 77 K
using a Micromeritics ASAP 2020 instrument. The samples were
outgassed under vacuum at 423 K for 10 h, prior to the adsorption
measurements. The grain density of the pellet sample was mea-
sured by He pycnometry (Micromeritics AccuPyc I 1340).

2.2. Adsorption isotherms

The single-component adsorption isotherms of CO, and CH4 on
the pellet sample were measured by a Particulate Systems HPVA-
200 instrument. The sample cell was loaded with ca. 500 mg of the
adsorbent. After the adsorbent was outgassed under vacuum at
423 K for 10 h in order to remove any adsorbed impurities, prior to
the adsorption measurements, the adsorption runs were carried
out at pressures up to 1.2 MPa and three different temperatures
(298, 323, and 348 K). The single-component adsorption isotherms
of C3Hg and C3Hg on the pellet sample were measured by the
Micromeritics ASAP 2020 instrument, in which the experimental
procedure and conditions were the same as those for the CO, and
CH,4 isotherm measurements with the Particulate Systems HPVA-
200, except for the measured pressures up to 120 kPa.

2.3. Transient breakthrough experiments

The flow-sheet diagram of the breakthrough setup is shown in
Fig. 2, and the setup consists of three sections: a gas mixing and
flow control section, a breakthrough column, and an analysis
section. The mixing section contains a total of four mass flow
controllers (MFC1-4). The two adsorbing gases are introduced into
the mixing section via two mass flow controllers (MFC3 and MFC4)
with an operation range of 0-20 ml(STP) min~! (STP: 273 K and
1 atm). The two adsorbing gases can be mixed with He from MFC2
[0-200 ml (STP)min~!]. The desorption gas flow is controlled
with MFC1 [0-200 mI(STP) min~'].

The breakthrough column was installed inside the ceramic
oven, which was located inside the convection oven. The external

T
{dP)

VI

i

Convection oven

|
T
MFC1 CVI

Helium

@_‘@eramic oven
o s S H

BPC1

Relieve valve MFC2 CV2

Component 1

condl
VZi
ﬁ]—%f—bVem

73 BPC2
V4 cond2

Relieve valve MFC3 CV3

Component 2
Relieve valve MFC4 CV4 0

MS

Fig. 2. Flow-sheet diagram of the breakthrough setup.
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diameter of the column was 6.35 mm with a length of 10 cm and
the inner diameter was 4.65 mm. The pressure drop across the
column was monitored by the differential pressure (dp) sensor.
The pressure in the outlet of the column was regulated with the
back pressure controller (BPC1). The gas flow sent to the analysis
section could be adjusted with the needle valve (V4). Selection
valve V2 allowed either the feed or purge gas pass the column, and
selection valve V3 allowed either the feed or the flow from the
outlet of the column to be sent to the analysis section. The mass
spectrometer (Pfeiffer Vacuum OmniStar GSD 320) in the analysis
section was used to monitor the component concentrations
continuously.

The Ni-MOF-74 pellet sample, 576.1 mg, was filled into the
column and then heated in flowing He with a rate of 20 ml(STP)
min~! at 423 K for 8 h prior to the breakthrough measurements.
The breakthrough curves were then measured by switching the He
flow to a flow containing CO, and CH4 (or CsHg and C3Hg) in He
(used as a balance) with a CO,:CH4:He (or C3Hg:C3Hg:He) mole
composition of 1:1:2 at a total flow rate of 8 ml(STP)min~".
The breakthrough experiments were performed at three different
temperatures (298, 323, and 348 K) and the exit pressure of the
breakthrough column was set at 200 kPa, while the pressure drops
of the column, which were dependent on the operating tempera-
ture and the set exit pressure of the column, were less than 20 kPa
under the experimental conditions. After each breakthrough
experiment, the column was flushed with flowing He at 20 ml
(STP) min~"! for 6 h at the measurement temperature.

The used gases had the following purities: CO, (99.999%), CHy
(99.99%), C3He (99.9%), C3Hg (99.9%), and He (99.999%).

3. Results and discussion
3.1. Textural and physical properties of Ni-MOF-74

The XRD pattern of the synthesized sample is identical to that
reported in the literature (Dietzel et al., 2006), see Fig. 3, confirm-
ing the successful synthesis of Ni-MOF-74. Fig. 4 shows the
morphology of the synthesized Ni-MOF-74 by the SEM image,
indicating that the sample consists of crystallite agglomerates and
the average particle size is less than 4 pm in diameter. The
measured BET specific surface area, Langmuir specific surface area,
and total pore volume of the synthesized sample (see Table 1) are
close to those reported by Tagliabue et al. (2011). In order to
reduce the pressure drop across the fixed-bed adsorber in the
breakthrough experiments, the synthesized sample was pressed at
2 MPa and then crushed into particles with sizes from 0.420 to
0.595 mm in diameter. As shown in Table 1, the BET specific
surface area, Langmuir specific surface area, and total pore volume
of the pellet sample are only slightly reduced in comparison with
those of the synthesized sample. This could be caused by a

Intensity / a.u.

10 20 30 40 50
2 Theta / deg.

Fig. 3. XRD pattern of the synthesized Ni-MOF-74.

Fig. 4. SEM image of the synthesized Ni-MOF-74.

Table 1
Textural and physical properties of the synthesized Ni-MOF-74 and pellet samples.

Sample SpeT Stangmuir Viotal He grain density
(m?g~")  (m*g ") (m’g™")  (kgm™?)

Synthesized 820 1083 0.41

Pellet 733 967 0.36 2160

decrease in inter-crystallite or particle voids after pressed at
2 MPa (Alcaniz-Monge et al., 2009). Table 1 also includes the He
grain density of the pellet sample, which will be used in simula-
tions for the transient breakthroughs.

3.2. Adsorption isotherms

The adsorption isotherms of CO,, CH4, C3Hg, and C3Hg on the
pellet sample were measured at 298, 323, and 348 K, shown in
Fig. 5. All the isotherms exhibit a type-I adsorption isotherm
(Brunauer classification) over the temperature and pressure ranges
studied. From a fundamental point of view, the experimental data
should be correlated with an analytical expression that includes
the temperature dependency. Various empirical methods have
been proposed to fit isotherm data in adsorption science. In many
cases, however, it may not be easy to determine a set of isotherm
parameters that can represent all the experimental data at multi-
ple temperatures with good accuracy. Therefore, we have used
different isotherm models to fit the measured isotherm data and
found that the Langmuir-Freundlich model describes the present
case the best over the full range:

2
q= qsatl_L"_pry (1)

with T-dependent parameter b:

E
b= by exp <ﬁ> 2)

where ¢, gsar, P, b, and v represent the adsorbed amount, adsorp-
tion saturation capacity, pressure, equilibrium constant, and
dimensionless parameter, respectively. by is the value of b at
infinite temperature and E is the energy change associated with
adsorption. To avoid variant adsorption saturation capacity from
the fitting at different temperatures, we fit the parameters (see
Table 2) using the three sets of isotherms at the three different
temperatures simultaneously. The fitted isotherms are shown in
Fig. 5 as lines, in good agreement with experimental data.

In order to elucidate the differences in the adsorption of CO,
and CH4; on Ni-MOF-74, we take their isotherms at 298 K for



D.-L. Chen et al. /| Chemical Engineering Science 117 (2014) 407-415

a gr—v—r— :
6 F
TO)
4
S 4r
e B 298 K (exp)
S —— 298 K (fitting)
21 A 323K (exp)
— 323 K (fitting)
® 348 K (exp)
0 — 348 K (fitting) |
0 200 400 600 800 1000
olkPa
c : : : ; ; :
5} o
o4 -
2
5 3 1
£
s 2 |
1 i
0 L L L 1 L 1 7
0 20 40 60 80 100
plkPa

411

b ; ; ; ; ; ;
2
5
£
S

0 . . . . .

0 200 400 600 800 1000
plkPa

d T T T T T T

5 L 4
- 4f :
(o]
4
5 3 1
£
S 2t 1

1 4

0t . . . . .

0 20 40 60 80 100
plkPa

Fig. 5. Adsorption isotherms of CO, (a), CH4 (b), C3Hg (c), and CsHg (d) on the Ni-MOF-74 pellet adsorbent at 298 K (square), 323 K (triangle), and 348 K (circle), respectively.

The lines are the Langmuir-Freundlich model correlations.

Table 2
Estimated parameter values for the combined fitting of the adsorption isotherm
data of CO,, CHy4, C3Hg, and C3Hg on Ni-MOF-74 by the Langmuir-Freundlich model

Adsorbate (sar (mol kg~ 1) bo (Pa™") E (k] mol~1) v

CO, 8.8 151 x10°° 163 0.6
CH, 7.2 3.78 x10~° 14.5 1.0
CsHg 4.85 115x 10 25.3 0.6
C3Hg 4.0 311x107 " 42,5 1.0

example, as shown in Fig. 5, the adsorbed amount of CH, increases
almost linearly as a function of pressure, reaching 4.0 mol/kg at
1 MPa, much smaller than a predicted experimental saturation
capacity of 7.2 mol/kg. In contrast to CHy, the adsorbed amount of
CO, increases sharply at pressures less than 100 kPa, at 100 kPa
the adsorbed amount of CO, is 4.6 mol/kg, and then it gradually
increases to 7.3 mol/kg with pressures up to 1 MPa, which is close
to a predicted experimental saturation capacity of 8.8 mol/kg. The
much higher adsorption affinity to CO, over CH, indicates that
Ni-MOF-74 could be potentially used for the separation of CO,/CH,4
mixtures, confirmed by the IAST calculations at 298 K showing
CO,/CH4 adsorption selectivities in excess of 30 in the range of
total pressures up to 100 kPa (Fig. 6).

The fitted isotherms of C3Hg and C3Hg agree very well with the
experimental data (see Fig. 5). The experimental adsorption
saturation capacities of C3Hg and CsHg are predicted to be 4.85
and 4.0 mol/kg, respectively. By careful comparison of the iso-
therms between CsHg and C3Hg, we observe that the adsorbed
amount of C3Hg is higher than that of C3Hg under the same
conditions, especially in the low pressure range. This is due to
the side-on 7-coordination of C3Hg with the Ni®*, whereas CsHg is
adsorbed to the metal site with much weaker interaction (Geier et
al., 2013). Therefore, a high adsorption selectivity for CsHg over

1401 |co,cH, 1
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Fig. 6. IAST simulation for the adsorption selectivities for CO, over CH, and C3Hg
over C3Hg of (50:50) CO,/CH,4 and C3Hg/C3Hg mixtures on Ni-MOF-74 at 298 K as a
function of total pressure.

CsHg is expected in their binary mixture adsorption on Ni-MOF-74.
Indeed, the IAST calculations at 298 K indicate that the selectivity
for C3Hg over C3Hg is about 10 (Fig. 6).

3.3. Transient breakthrough experiments and comparisons with
simulations

The breakthrough experiments were performed at three differ-
ent temperatures (298, 323, and 348 K) and the exit pressure of
the breakthrough column was set at 200 kPa. Fig. 7 shows the
breakthrough profiles of C3Hg and C3Hg in He (CsHg: CsHg:
He=1:1:2 in mole ratio) through the fixed bed packed with the
Ni-MOEF-74 pellets, and the red and black symbols represent the
mole fractions of C3Hg and C3Hg eluting through the column,
respectively, as a function of time (t). For example, at 298 K,
neither C3Hg nor CsHg is detected at the outlet of the column
when t is less than 800 s. As shown in Fig. 7, C3Hg elutes through
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Fig. 7. Comparison of the experimental and simulated breakthrough curves for 1:1:2 C3Hg/C3Hg/He mixture at 298, 323, and 348 K, respectively. The simulated
breakthrough curves without and with the consideration of intra-crystalline diffusion are shown at left (a-c) and right column (d-f), respectively, for comparison. The chosen
diffusivity values are Dy /r2=2 x 10~*s~'; P /P, =0.1, where 1 and 2 represent C3Hg and CsHg, respectively. A video animation of the transient breakthrough at 298 K is

available as the Supplementary material.

the column after 800 s and the mole fraction sharply increases to
0.45, higher than a mole fraction of 0.33 by assuming that the gas
phase only consists of C3Hg and He and their flow rates are the
same as those in the inlet of the column. This interesting
phenomenon is ascribed to a competitive adsorption behavior
between C3Hg and C3Hg, resulting in the replacement of the
adsorbed C3Hg by C3Hg due to the stronger adsorption affinity of
CsHs.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ces.2014.07.008.

Transient breakthrough simulations were then performed to
model the whole process with the same conditions as those in the
experiments; the details of the breakthrough simulation metho-
dology are provided as the Supplementary material accompanying
this publication. The intra-crystalline diffusion was taken into
account during the breakthrough simulations and compared to
those without the consideration of diffusion to evaluate its effect.
It is found that the assumption of the thermodynamic equilibrium
at any position in the fixed-bed adsorber (i.e., the intra-crystalline

diffusion is excluded) results in sharp breakthroughs for both C3Hg
and C3Hg, see Fig. 7(a-c), distinctly different from the experimen-
tally determined breakthroughs with distended characteristics
that are typical of intra-crystalline diffusion effects. For a quanti-
tative comparison with the breakthrough experiments we then
carried out simulations that include intra-crystalline diffusion
effects, as explained in the Supplementary material. The chosen
diffusivity values are P1/r2=2x10"%s""; P,/r2=2x 107357,
where D1,D,, and r. represent the Maxwell-Stefan diffusivities of
C3Hg and C3Hg and the radius of the crystallites, respectively. The
assumed diffusivity of C3Hg is taken to be a factor of 10 lower than
that of the saturated alkane, because the stronger binding of C3Hg
in Ni-MOF-74 leads to significantly lower diffusivities (Krishna and
van Baten, 2012b, 2013). As seen in Fig. 7 (d-f), the inclusion of
intra-crystalline into the simulations leads to distended break-
throughs, which are in better agreement with experiments. This
indicates the inclusion of intra-crystalline diffusion is important
for accurate description of the thermodynamic kinetics of
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C3Hg/C3Hg mixture. The above conclusions are also applicable to
the other two temperatures 323 and 348 K. In all three cases, the
consideration of intra-crystalline diffusion plays a key role in
accurately describing the thermodynamic kinetics of C3Hg/C3Hg
mixture in Ni-MOF-74. We also notice that the time for equili-
brium is decreased as the temperature changes from 298 to 323
and 348 K, which is reasonable since the adsorption capacity of
the adsorbent is lower as the temperature increases. For each case,
there is a certain period that pure C3Hg elutes through the bed,
suggesting that Ni-MOF-74 adsorbent has very high separation
efficiency for C3Hg/C3Hg mixture in this regard.

In addition to its high separation selectivity for C3Hg/C3Hg
mixture, Ni-MOF-74 may also be promising in separating CO,/
CH,4 mixture based on their large difference of uptakes as dis-
cussed in the last section. As shown in Fig. 8, at all three different
temperatures, CH, is the first to elute through the bed in a short
time, whereas the solid adsorbent retains the CO,. Take the break-
throughs at 298 K for example in order to explain the differences in
breakthrough between CO, and CH4, CH4 at the outlet of column
sharply increases to a mole fraction of 0.33 at time=300 s, while no
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CO, gas is detected until the time is larger than 1300 s. This could
be explained as the fact that the CO, molecules have much stronger
adsorption strength in Ni-MOF-74 than CH, and thus they gradually
occupy all possible adsorption sites. Interestingly, the ratio of CHy is
larger than 0.25 (molar fraction at the inlet of column) in a large
range of time from about 200 s to the end of the experiments. Two
reasons may cause this roll-up effect: Firstly, the CO, molecules are
completely adsorbed on the adsorbent and thus not detected at the
outlet of the column at all, and therefore the ratio of CH4 could
reach a value of 0.33 (1:2 CHy/He mixture). Secondly, the CO,
molecules may have a competing adsorption behavior over CH,
when the available adsorption sites in Ni-MOF-74 decrease, thus
leading to an increase in the amount of CH,4 at the outlet of column.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.ces.2014.07.008.

For a quantitative comparison with the breakthrough experiments
we also carried out simulations without and with the inclusion of
intra-crystalline diffusion effects, see Fig. 8 (a—c) and (d-f), respec-
tively. The chosen diffusivity values are P;/r2=1x10"3s"1;
D, /r2=2x10"2s~! for CO, and CH,, respectively. The diffusivity of
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Fig. 8. Comparison of the experimental and simulated breakthrough curves for 1:1:2 CO,/CH4/He mixture at 298, 323, and 348 K, respectively. The simulated breakthrough
curves without and with the consideration of intra-particle diffusion are shown at left (a-c) and right column (d-f), respectively, for comparison. The chosen diffusivity
values are D /r2=1x 10-3s'; P;/P,=0.05, where 1 and 2 represent CO, and CH,, respectively. A video animation of the transient breakthrough at 298 K is available as

the Supplementary Material.
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CO, is chosen to be a factor 20 lower than that of CH, in order to
reflect the strong influence of the binding energy on diffusivities
(Krishna and van Baten, 2012b, 2013). Several useful conclusions are
obtained: (1) the inclusion of intra-crystalline diffusion improves the
quality of the simulated breakthrough curves, which are in better
agreement with experiments; (2) the predicted mole fraction for CHy
after its breakthrough transition reaches to a steady value of about
0.35, which is larger than the experimental values; the value of 0.35 is
also larger than 0.33 (equilibrium state for 1:2 CH4/He), which may
arise from the competitive adsorption of CO, over CH,. Note that a
similar value of about 0.47 for C3Hg/CsHg is much larger than 0.35,
which could be explained as the fact that the adsorbed amount of CH,
is much smaller than CO,, while the adsorbed C3Hg is not significantly
smaller than C3Hg under the given condition, thus when competitive
adsorption happens the increased mole fraction of CHy is not as large
as that for C3Hg. The simulated breakthrough and breakthrough
experiments for the CO,/CH, mixture confirm that the Ni-MOF-74
material is a potential candidate for separating gas mixtures.

Although breakthrough experiments are quite valuable for
evaluating the gas separation capabilities of a material, in practice
they can be difficult and time consuming. Assuming that
(i) external mass transfer resistances and heat effects are negli-
gible through an isothermal adsorption bed in thermodynamic
equilibrium, (ii) plug flow proceeds through the bed, and (iii) the
binary mixture adsorption equilibrium in the packed bed of
adsorbent can be calculated using IAST, we were able to solve a
set of partial differential equations and calculate breakthrough
curves. Here we have demonstrated that the breakthrough char-
acteristics could instead be simulated with reasonable accuracy.
Given this validation, we can minimize breakthrough experimen-
tal work and employ analogous simulations to make quantitative
comparisons with other materials. However, for a large- and/or
industrial-scale PSA process, the modeling or simulation should
include external and/or internal mass transfer resistances, axial
dispersion, and heat effects. Recently, Ferreira et al. (in press)
indeed developed a full model to simulate the measured single
and binary breakthrough curves of a CO,/CH4 mixture on MIL-53
(Al).

4. Conclusions

The present study shows the potential application of Ni-MOF-
74 with high density of the coordinatively unsaturated metal sites
on selective separation of gas mixtures such as C3Hg/C3Hg and
CO3/CHg4. To evaluate its practical applications we focus on study-
ing the separation efficiency via breakthrough experiments as well
as breakthrough simulations proposed recently, which have been
proven to be a realistic tool for screening adsorbents for separa-
tions. The breakthrough results show that Ni-MOF-74 exhibits a
high selectivity for CO, over CH, and for C3Hg over CsHg, thus
producing pure CO, and C3Hg from CO,/CH; and C3Hg/CsHg
mixtures, respectively, under certain conditions. The simulations
agree well with experiments when the intra-crystalline diffusion is
taken into account, for all the mixtures investigated in this study.

Nomenclature

b adsorption equilibrium constant in the Langmuir-Freun-
dlich model, Pa~"

bo adsorption equilibrium constant at infinite temperature,
Pa~¥

E adsorption energy change in the Langmuir-Freundlich

model, k] mol~!
b; Maxwell-Stefan diffusivity, m?s~'

D pressure, Pa

Dt total pressure, Pa

q adsorbed amount, mol kg !

Qsat adsorption saturation capacity, mol kg~
R universal gas constant, 8.314 ] mol ' K~!
Te radius of crystallite, m

SgeT BET specific surface area, m? g~!
Stangmuir Langmuir specific surface area, m? g~

t time, s

T absolute temperature, K

1

Viotal total pore volume of sample, cm> g~

Greek letters

v exponent in the Langmuir-Freundlich model,
dimensionless
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1. Simulation methodology for transient breakthrough in fixed bed
adsorbers

Fixed bed, packed with crystals of nanoporous materials, are commonly used for separation of

mixtures (see schematic in Figure 1); such adsorbers are commonly operated in a transient mode, and

the compositions of the gas phase, and within the crystals, vary with position and time. Experimental

data on the transient breakthrough of mixtures across fixed beds are commonly used to evaluate and

compare the separation performance of zeolites and MOFs.' For a given separation task, transient

breakthroughs provide more a realistic evaluation of the efficacy of a material, as they reflect the

combined influence of adsorption selectivity, and adsorption capacity.”®

| L = length of packed bed

90,00
09,00°

VL

O’VO o oj

Crystallites of
NiMOF-74 &= bed voidage

Figure 1. Schematic of a packed bed adsorber.

L

The transient breakthrough characteristics of CO,/CH4, and CsH¢/C3Hg mixtures were measured in a

breakthrough set-up with the following dimensions: inner diameter: 4.65 mm, length: 100 mm, CPO-



27-Ni loaded amount: 576.1 mg, particle sizes: 0.420-0.595 mm in diameter, particle density: 2160 kg
m”.

Transient breakthroughs are influenced by both mixture adsorption equilibrium, and intra-crystalline
diffusion. In order to determine the extent of the relative importance of adsorption and diffusion in
determining the separation performance we perform transient breakthrough simulations, and compare
these with experimental data. We describe below the simulation methodology used to perform transient
breakthrough calculations.

Assuming plug flow of an n-component gas mixture through a fixed bed maintained under isothermal
conditions, the partial pressures in the gas phase at any position and instant of time are obtained by
solving the following set of partial differential equations for each of the species i in the gas mixture.’

1 pta) 1 ovt)p(tz) (L-s) paai(t,z); i—12.n &)
RT A& RT a £

In equation (1), ¢ is the time, z is the distance along the adsorber, p is the framework density, ¢is the
bed voidage, v is the interstitial gas velocity, and ai (t, z) is the spatially averaged molar loading within

the crystallites of radius r., monitored at position z, and at time ¢.
At any time ¢, during the transient approach to thermodynamic equilibrium, the spatially averaged

molar loading within the crystallite 7, is obtained by integration of the radial loading profile
4,0 =~ [ a0, 0rdr @
i rca g i\

For transient unary uptake within a crystal at any position and time with the fixed bed, the radial
distribution of molar loadings, gi, within a spherical crystallite, of radius r, is obtained from a solution
of a set of differential equations describing the uptake

X e o



The molar flux N; of component i is described by the simplified version of the Maxwell-Stefan
equations in which both correlation effects and thermodynamic coupling effects are considered to be of

negligible importance5

N, =B, 5L @

Summing equation (2) over all n species in the mixture allows calculation of the total average molar

loading of the mixture within the crystallite

6.62)=29,02) ©)

The interstitial gas velocity is related to the superficial gas velocity by
v=" )

In industrial practice, the most common operation is with to use a step-wise input of mixtures to be
separation into an adsorber bed that is initially free of adsorbates, i.e. we have the initial condition

t=0; q,(0,2)=0 (7)

At time, ¢ = 0, the inlet to the adsorber, z = 0, is subjected to a step input of the n-component gas
mixture and this step input is maintained till the end of the adsorption cycle when steady-state

conditions are reached.
t=0; p(0t)=p,; u(0t)=u, (8)

where u is the superficial gas velocity at the inlet to the adsorber.



Component balance Balance for mixture
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Figure 2. Summary of model equations describing packed bed adsorber, along with discretization

scheme.

For convenience, the set of equations describing the fixed bed adsorber are summarized in Figure 2.
Typically, the adsorber length is divided into 100 — 200 slices. Combination of the discretized partial
differential equations (PDEs) along with the algebraic IAST or RAST equilibrium model, results in a
set of differential-algebraic equations (DAEs), which are solved using BESIRK.® BESIRK is a sparse
matrix solver, based on the semi-implicit Runge-Kutta method originally developed by Michelsen,” and
extended with the Bulirsch-Stoer extrapolation method.'” Use of BESIRK improves the numerical
solution efficiency in solving the set of DAEs. The evaluation of the sparse Jacobian required in the
numerical algorithm is largely based on analytic expressions.” Further details of the numerical

7, 11-13

procedures used in this work, are provided by Krishna and co-workers; interested readers are

referred to our website that contains the numerical details."!



b, . . . : .
If the value of —2' is large enough to ensure that intra-crystalline gradients are absent and the entire
r

Cc
crystallite particle can be considered to be in thermodynamic equilibrium with the surrounding bulk gas

phase at that time ¢, and position z of the adsorber

a9t 2)=q(t2) (9)

The molar loadings at the outer surface of the crystallites, i.e. at r = r, are calculated on the basis of
adsorption equilibrium with the bulk gas phase partial pressures p; at that position z and time ¢. The
adsorption equilibrium can be calculated on the basis of the IAST.

When matching experimental data on breakthroughs, the parameter values used correspond to those

relevant to the experiments being simulated. Two types of breakthrough simulations were performed

for each experimental run: (a) including diffusional limitations with assumed values of —2' for
rC

matching with experimental breakthroughs, and (b) assuming negligible diffusional limitations and
invoking equations (9).

In the breakthrough simulations reported in the main manuscript, we use (a) the same dimensions as
in the experimental set-up, (b) the same sample mass, and (c) the same interstitial gas velocity as in the

experiments.



2. Notation

G molar concentration of species i in gas mixture, mol m>
Cio molar concentration of species i in gas mixture at inlet to adsorber, mol m>
Ct total pore concentration in adsorbed mixture, mol m™

b; Maxwell-Stefan diffusivity, m?s!

L length of packed bed adsorber, m

n number of species in the mixture, dimensionless

N; molar flux of species i, mol m?2s!

Di partial pressure of species 7 in mixture, Pa

Dt total system pressure, Pa

qgi component molar loading of species i, mol kg™

Gisat molar loading of species i at saturation, mol kg'1

qi total molar loading in mixture, mol kg™

Gsat saturation loading, mol kg‘1

ai ) spatially averaged component molar loading of species i, mol kg™
r radial direction coordinate, m

Te radius of crystallite, m

R gas constant, 8.314 J mol™ K

t time, S

T absolute temperature, K

u superficial gas velocity in packed bed, m s

v interstitial gas velocity in packed bed, m s™'

Z distance along the adsorber, and along membrane layer, m
Greek letters

& voidage of packed bed, dimensionless



yo, framework density, kg m™

T time, dimensionless
Subscripts
i referring to component i

t referring to total mixture
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