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Limitations and high pressure behavior of MOF-5 for
CO, capture
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Porous network structures (e.g. metal-organic frameworks, MOFs) show considerable potential in
dethroning monoethanol amine (MEA) from being the dominant scrubber for CO, at the fossil-fuel-
burning power generators. In contrast to their promise, structural stability and high-pressure behavior
of MOFs are not well documented. We herein report moisture stability, mechanical properties and high-
pressure compression on a model MOF structure, MOF-5. Our results show that MOF-5 can endure all
tested pressures (0-225 bar) without losing its structural integrity, however, its moist air stability points
at a 3.5 hour safety window (at 21.6 °C and 49% humidity) for an efficient CO, capture. Isosteric heats
of CO, adsorption at high pressures show moderate interaction energy between CO, molecules and the
MOF-5 sorbent, which combined with the large sorption ability of MOF-5 in the studied pressure—
temperature ranges show the viability of this sorbent for CO, capturing purposes. The combination of
the physicochemical methods we used suggests a generalized analytical standard for measuring viability
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Introduction

Porous solid networks, particularly metal-organic frameworks
(MOFs)," have long been considered for industrial applications;
especially in gas storage and separation since their structures
could easily be modified and tuned using a building-block
approach resulting in porous materials with low-density and
high surface area.® This approach was shown to prepare a
series of MOFs consisting of tetrahedral [Zn,O], units connected
via organic linkers by reacting carboxylate containing bridging
ligands with zinc metal ions.”® A specific compound of this
series, named MOF-5 where 1,4-benzene dicarboxylate is used as
the bridging ligand, exhibits a BET surface area of up to 3500 m> g~ *
and a pore volume of 1.31 cm® g~ *.° MOF-5 is arguably one of the
most well-studied MOFs'® and gas uptake studies''" show that
it could be a promising candidate in dry CO, capture and
separation applications. For example, Yaghi et al. reported an
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adsorption value of 22 mmol g~ * of CO, at 298 K and 40 bar for
MOF-5."" Further analysis at different temperatures ranging
from 220 K to 310 K up to 32 bars has been performed by
Simmons et al."*> where 31 mmol g~ " of CO, was reported as the
highest CO, capacity (220 K). The adsorption isotherms exhibit
negligible hysteresis rendering this compound to be more
suitable for capture and separation of CO, from flue gases
during pre-combustion processes rather than gas sequestration
and storage applications. The current dominant technology for
removing CO, from any power plant is based on a chemical
scrubbing process with use of amine-based solvents™® (e.g. mono-
ethanol amine - MEA). The processes that use MEA suffer from
high operational costs due to both energy intensive regeneration of
the carbonated aqueous solution and the caustic behavior of amine
solutions to the steel, leading to alternative methods that use solid
sorbents, such as MOFs, to rise to the occasion. Keskin et al.**
assessed CO, capture potential of the MOFs with regard to the
moist conditions that are commonly found in the exhaust gas
mixtures. They concluded that unless MOFs are made immune to
the water content of a power plant fume, there would not be a large-
scale implementation. An ideal candidate for this task, therefore, is
one that could be regenerated easily and is stable under hot and
steamy conditions since pre-combustion processes require high
pressures (20-50 bar) and warm temperatures (40-70 °C)."
Previously, Yaghi and Long reported degradation in the
crystallinity of a MOF-5 structure within 10 minutes of exposure
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to air'® where surface area change was not monitored. Matzger
compared common MOFs with respect to their water stability"”
and found that MIL-100 (Cr-BTC) is far more stable than MOF-5,
MOF-177, HKUST-1, MOF-505, and UMCM-150, although their
study does not report any relationship to a CO, capture capacity.
They also reported that each of the MOFs they tested, including
MOF-5, showed appreciable stability against water for 1 hour.
Other reports included a molecular dynamics simulation showing
that stability of MOF-5 is lost over >4% water,'® an MOF-5
analogue called MOCP is deemed unstable in moisture/water,"®
and an excellent review on mechanical properties of hybrid
structures.? In all these studies, however, the surface area loss
analysis over time, high pressure CO, capacity, and evaluation of
the mechanical properties of the framework to make a judgment
on whether MOF-5 could be used for CO, scrubbing were not
previously conducted. Lessons learnt from this model framework
will lead into a generalized method to test other MOFs and
perhaps all porous structures.

In this work, we carried out three stability tests on MOF-5:
(1) surface area loss when interacting with moist air, (2)
mechanical properties analysis using nanoindentation, (3) high
pressure CO, adsorption. MOF-5 was tested using the MTS XP
nanoindenter to evaluate the mechanical properties, and CO,
adsorption tests were performed via a Rubotherm magnetic
suspension sorption apparatus (MSB) for adsorption profiles at
three different isotherms (318, 328, and 338 K) up to 225 bar. To
the best of our knowledge, this work is the first systematic
study of monitoring the surface area with respect to the
exposure to moist air, and we found that MOF-5 is stable up
to 3.5 hours contrary to the common belief, that is enough to
carry out several PSA operations and/or transport. Our nano-
indentation study was performed within the stability time
window before the structural collapse occurs upon exposure
to air as determined from the surface area monitoring results.
Furthermore, our CO, adsorption was recorded up to the
highest pressures of CO, ever applied on MOF structures, and
our results indicate that MOF-5 showed reversible CO, uptake
without structure collapse at 225 bar.

Materials and methods
Chemicals and materials

Benzene-1,4-dicarboxylic acid (98%), zinc nitrate hexahydrate
(98%), N,N-diethylformamide (DEF) (99%) and chloroform
(=99%) were procured from Aldrich and used as received.
Carbon dioxide (>99.9%) was purchased from Buzwair Gas
Company and used as received.

Synthesis, characterization and activation of MOF-5

A solid mixture of Zn(NOj3),-6H,0 (133.9 mg) and benzene-1,4-
dicarboxylic acid (24.9 mg) was dissolved in 5 mL of DEF in a
20 mL glass vial to obtain a highly transparent, light golden
yellow solution. The vial was tightly capped and left undisturbed
for heating at 85 °C in an oven for 24 h to yield pale yellow square
shaped crystals. After cooling the vial to room temperature, the
dark golden yellow solution was decanted, and the crystals were
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washed three times with 20 mL of fresh N,N-diethylformamide.
The crystals were then immersed in 20 mL of chloroform for three
days, during which time the activation solvent was decanted and
freshly replenished three times. The product was then dried under
vacuum at room temperature for 2 hours, and further heated at
120 °C for 6 hours. The diffraction pattern of MOF-5 was recorded
using a Rigaku (D/Max-2500) HR-X-ray diffractometer at 40 kv and
300 mA. Measurement was performed for 20 in the range of 2° to
40° with a step size of 0.01° and a scan speed of 2° min~'. TGA
measurement of as-synthesized and activated MOF-5 was carried
out on a NETZSCH TG 209 F3 thermogravimetric analyzer at a
heating rate of 10 °C min~"' under a nitrogen atmosphere. Thin
KBr pellets of crystal samples were employed to record IR spectra
over the range 4000-550 cm ™" at a resolution of 4 cm ™" using an
FT-IR Spectrometer, Model No. FT-IR 4100 manufactured by
Jasco. Nitrogen adsorption—-desorption isotherms were measured
at 77 K using a Tristar 3020, Micromeritics (USA) porosimetry
analyzer. For surface area determination, the Brunauer-Emmett—
Teller (BET) method was employed using a nitrogen molecule
surface area of 0.162 nm?. A Tristar 3000 V6.05 A, Micromeritics
(USA) porosimetry analyzer was used to determine CO, adsorp-
tion. The activated samples were degassed for 6 h at 120 °C under
vacuum for both sorption measurements. During the moisture
stability experiments, temperature and humidity were measured
using a Digitales Thermo-Hygrameter, TFA-Germany.

Adsorption measurements

For carbon dioxide adsorption measurements, a high-pressure
magnetic suspension sorption apparatus (MSB) made by
Rubotherm Prézisionsmesstechnik GmbH was used.”’ The MSB
apparatus is rated up to 350 bars at 100 °C. MSB has two different
operation positions. First, the measurement cell is filled with CO,
gas, and MSB records the weight change of the sample that is placed
in the sample container as the high-pressure gas is adsorbed by the
sample. The second measurement position is used to measure the
in situ density of the high-pressure gas, which is required to
calculate the amount of the adsorbed gas onto the sample in the
high-pressure cell. A force transmission error analysis on the high-
pressure density measurements was also conducted.

Temperature fluctuations are quite important to achieve
constant gas properties during the adsorption process. There-
fore double layer thermo-stated baths with active and inactive
temperature controlling shields were used to maintain the
temperature 0.6 °C accuracy (Jumo® DMM 5017 Pt100)
attached to the high-pressure cell body.

The pressure measurements have +0.01% full-scale accuracy
throughout the measurements (Paroscientific® Digiquartz 745-3 K).
The pressure transducer is located near the high-pressure cell and
the connection is made via a 1/16-inch tube. The dead volume
amount is minimized and it is negligibly small.

Nanoindentation

The MOF-5 crystals were adhered to a sample holder using
cyanoacrylic adhesive immediately after activation, and nano-
indentation tests were performed within the stability window
before pore collapse, which occurs at 3.5 hours after exposure.
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Nanoindentation tests were carried out using an MTS XP
nanoindenter with a Berkovich tip at a nominal constant strain
rate (P/P) of 0.05 s~ in the continuous stiffness measurement
(CSM) mode with 2 nm amplitude oscillations to collect contact
stiffness (S) as well as load (P), continuously during the depth of
indentation (). Since the MOF-5 crystals form microcracks
immediately after activation, the continuous measurements
of stiffness were important for determining reliable data sets
to probe mechanical properties of the pristine MOF-5 structure,
as explained more in detail in the following section.

Results and discussion

If MOFs are going to be used in any CO, scrubbing, they will
have to go through thorough screening with respect to their (1)
structural stability of the pores under moist air, (2) mechanical
properties and stability and (3) high pressure compression.
Since MOF-5 crystals are known to be sensitive to moisture, it is
expected that the crystal degrades and results in macroscopic
crack formation after a few hours after activation. Therefore, we
first determined the stability window of MOF-5 upon exposure
to air using BET and FT-IR analyses.

Stability

As post-combustion CO, capture requires water stability, MOFs are
expected to withstand moist conditions before being considered for
an industrial CO, scrubbing operation.* In order to assess their
potential, we monitored MOF-5’s surface area loss as it is the
ultimate indicator of structural integrity for gas capture operations
since the pore content is critical for the guest gas molecule
adsorption.” It is anticipated that an acidic gas like CO, (especially
under humid conditions) may break basic Zn-O bonds at moderate
to high pressures. For example, Yaghi et al reported that the
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crystallinity of MOF-5 degraded within 10 minutes of exposure to
moist air as monitored by X-ray diffraction.'®

The structural collapse due to moist air was fully evaluated in
this study using detailed BET and FT-IR analyses. Fig. 1 shows that
there is a complete collapse in the pore structure that results in a
drop in surface area from 2547.9 m*> ¢~ " at 3.5 hours to 37.6 m*> g~
after 7 hours of exposure to ambient air at 21.6 °C and 49%
humidity (min: 17.2 °C, 39% and max: 24.5 °C, 52%). Further
conformation is shown in FT-IR results that indicate growth of -OH
and -COOH peaks as the exposure time was increased. As MOF-5
interacted with the moisture in the air, the Zn-O bonds were
broken according to the possible mechanisms shown in the
following equation:**** (ignoring associated hydrolysis reactions)

(Zn,0)(BDC); + 4H,0 — [(Zn,0)(H,0)4(BDC),]*" + BDC*~

Therefore, the BET and FT-IR results indicate that the
maximum air stability window for MOF-5 structure is within
3.5 hours of activation.

Nanoindentation

The mechanical properties of MOFs are of critical importance in
applications for CO, storage since the sorbents and stored gases
usually experience elevated and cyclic pressures, e.g. in transport,
compression, and decompression.>> Nanoindentation is one of the
widely used techniques for determining the modulus and hardness
of materials in small scale volumes,® and thus is the suitable
technique for probing non-cracked regions within the MOF-5 crys-
tals with external dimensions of the sub millimeter scale. In order to
collect reliable data for analysis before structural collapse occurs
upon exposure to moist air, we performed our nanoindentation
studies within 3 hours of activation, as our stability tests
indicated that MOF-5 structure is fully intact within that
time frame.

25

b) l.’hrsso 1015 ¥ §654
3220 745
: 1582 1383
c)
2h — [ surfacearea
: W Baooof , ek i o
- . ; Eo2s00f " "= “
£ |3hr © & {209
§ g 2000 - AA 116 ®
Just after drying ;E e " § 1500 + T 12 N
£ . 1o
- ]
£ = 500 “ =
5hr w AL = 14
@ 0 I 4 4 A Aa Al L] [ ] m
- 654§ 6 vizar °
Time (hour)
. 24h
500um

After 6hrs in the air

4000 3500 3000 2500 2000 1500 1000 550

Wavenumber(cm"‘)

Fig. 1 (a) Optical micrographs showing increased amounts of crack formation after 6 hours of air exposure, (b) time-dependent FT-IR analysis, (c) BET surface area and
the average pore size change by time, showing collapse of the pore structure after 3.5 hours of exposure to air.
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Fig. 2 Nanoindentation result measured within 3.5 hours of exposure to air (a) S vs. h, (b) P vs. h, Oliver and Pharr (c) hardness and (d) modulus.

The nanoindentation results for the representative contact stiff-
ness (S) vs. indentation displacement (%) and load (P) vs. displace-
ment (/) plots of MOF-5 crystals within the 3 hour stability time
window are shown in Fig. 2a and b. Fig. 2 demonstrates that there is
a distribution in the measured P vs. & and S vs. & response even
though the data was collected within the stability window deter-
mined from the BET analysis. This distribution in the measured
response is likely due to already existing microcracks that were not
visible with the optical microscope, which was used to position the
indents. Since it is difficult to find pristine regions without any
microcracks by using the optical microscope, we used post-testing
examination of contact stiffnesses to find reliable data sets for
modulus and hardness evaluations. In the absence of any artifacts
in the sample due to the microcrack formations, the contact
stiffness measurements are expected to be linear with displacement
for a Berkovich tip indentation as given by Sneddon’s relation,*”

S =2pE.a (1)

where f = 1.034 for a Berkovich tip, a is the contact radius, and
E, is the reduced modulus as given by

E.=[1 — v2)Es — (1 — v?)E] " (2)

where vs and v; are the Poisson’s ratios of the sample and the
diamond tip, respectively, and Es and E; are the Young’s modulus
of the sample and the diamond tip, respectively. For an elasti-
cally homogeneous material with a constant E, the stiffness
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should then be linearly proportional to % since the contact radius
a itself is linearly proportional to indentation displacement . If
indentation is performed with the presence of the microcracks
or if microcracks were to form during indentation, a reduction in
stiffness with displacement will occur and therefore S will start
to deviate from the ideal linear behavior with /. Fig. 2a shows a
few examples of such tests with reduction in stiffness with
displacement. For comparison, repeatable, reliable tests showing
linear behavior of S vs. & are shown together in Fig. 2a that clearly
indicates that unreliable tests result in lower stiffness throughout
the depth of indentation. Therefore, we have chosen to work with
the repeatable data set that resulted in a linear relationship
between S vs. & for evaluating the hardness and modulus.

The Oliver and Pharr method of analysis,”® which is the
most widely used method in nanoindentation for homogeneous
materials, was used to analyze the repeatable, reliable data to
determine the hardness and reduced modulus. The Oliver and
Pharr modulus and hardness is determined by

Hpp = P/Ac(hC) (3)
B \/ES _ 2 ! _ (]_7]/12) h
E = m’ where Eop = (1 — vs ){Er E; :|
(4)

Here, E; and v; are modulus and Poisson’s ratio for the
diamond tip, and v; is the Poisson’s ratio of the sample that
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was estimated to be 0.3, which is a typical value for polymers.
Ac(h) is a pre-calibrated area function from fused silica inden-
tation as given by:

Ac(he) = Co - hé + Cy - he + Co - hd + C3 - hd + Ca - e,
5
whereh, = h — f‘f ©)
N

and ¢ and f are dependent on the geometry of the diamond tip and
are given by ¢ = 0.75 and f = 1.034 for the Berkovich tip. Results
from the Oliver and Pharr hardness and modulus are shown in
Fig. 2c and d. Both of the Hop and Eqp plots show a wide plateau at
large indentation depths, and therefore Hop, Eop of the MOF-5 were
taken within the plateau region at an indentation depth of 1 pm
where Hpp = 162 + 14 MPa and Egp = 6.3 £ 0.45 GPa. Our results
for Hop, Eop of the MOF-5 are higher than those reported by Bahr
et al,”® and we believe that the discrepancy is due to the highly
degradable nature of MOF-5 upon exposure to air that causes
scatter in the measured results. We believe that our method of
analysis by selecting only the data within the stability window as
determined using BET analysis and then selecting only a reliable
data set with a linear S vs. & and constant P/S” vs. h results in
measurement of the true mechanical properties of the MOF-5
porous structure before the pore collapse occurs.

The measured hardness of the MOF-5 crystal can be used to
estimate the yield strength by using Tabor’s relation,?**° where

¢S = H/2.7 = 61 MPa (6)

Here, the Tabor factor of 2.7 was calculated based on the measured
hardness and modulus as explained by Feng et al*'*** The mea-
sured strength and modulus of the MOF-5 indicate that MOF-5 is a
high strength and modulus material considering that the MOF-5 is
a porous structure that mostly consists of polymer chain linkers.
One of the common polymer materials of bulk polyvinyl chloride
(PVC) can be used for comparison. PVC with density in the range of
0.785-1.52 g cm > has yield strengths of 35.2-53.4 MPa and moduli
of 1.90-3.30 GPa, while the foam grade PVC with density in the
range of 0.0404-1.56 g cm ° has dramatically reduced yield
strengths of 0.103-0.414 MPa and moduli of 0.0320-1.26 GPa.*
In comparison to PVC, it is clear that MOF-5 with ¢*° = H/2.7 =
61 MPa and Eqp = 6.3 £ 0.45 GPa has significantly higher
strength and modulus for a low density porous polymer
(0.59 g em3),** and the strengthening can be attributed to
the fact that this is a crystalline polymer, where the ordered
structure is able to withstand higher mechanical loadings. The
high strength and modulus results indicate that this material is
suitable for CO, uptake at elevated pressures. However, it
should be noted that the observed strength and modulus would
only be sustained if the exposure of MOF-5 to moist air were
kept under 3.5 hours.

Adsorption measurements

In order to measure CO, capture capacities of MOF-5 accurately,
we used gravimetric analysis®® where a magnetic sorption appa-
ratus collects the sorption data based on in situ direct buoyancy
measurements and gives direct weight change measurements of

This journal is © the Owner Societies 2013
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the adsorbent due to the amount of gas adsorbed on the surface.
During the iz situ sorption measurements, density of the gas that
is being adsorbed on the surface is measured by using the
magnetic suspension assembly at the same temperature and
pressure conditions of the sorption process, as the density of the
gas has a direct effect on the calculation of the adsorbed
amount. We also check the reliability of the in situ density
measurements by using the reference equation of state for the
gas that is being used (e.g. CO, in this case) vie REFPROP 9.1
software, which is the current benchmark for thermo-physical
properties of the pure and mixture gases developed by NIST.
Moreover, a force transmission error analysis on the high
pressure density measurements was also conducted by using
the technique published by Cristancho et al.>®

The weight gained by the sample within the high pressure cell
is transmitted via the contactless method by using magnetic
suspension coupling from a closed and pressure-proof metal
container to an external microbalance.®” The measurement cell
is equipped with a platinum resistance thermometer Jumo DMM
5017 Pt100 that records temperature of the measuring cell within
+0.6 °C accuracy. Pressure is monitored via Paroscientific™
Digiquartz 745-3 K with an accuracy of 0.01% in pressure on
the full scale. Typical measurements start with placing approx-
imatey 0.25 g of the sample of interest within the sample holder.
First the system is kept under vacuum for 24 h at 65 °C. Carbon
dioxide is then pressurized via a Teldyne Isco 260D fully auto-
mated gas booster and charged into the high-pressure cell in
order to let carbon dioxide adsorption on the sample begin. For
each pressure point it takes about 45 minutes to reach calibra-
tion and once temperature and pressure equilibrium is reached,
4 different sets of measurements are taken for a period of
10 minutes at every 30 seconds and the total duration of each
temperature and pressure point takes about 50 minutes. At the
end of each pressure point, the system goes to the next pressure
measurement point automatically. In this work, a pressure of up
to 225 bars is used for maximum pressure and at the end of each
isotherm, hysteresis check is conducted at each isotherm by
collecting desorption data as the system is depressurized.

Adsorption data are analyzed and the amount of adsorbed
carbon dioxide on the sample is calculated by using the
equation below:

W+ Wbuoy,sample + Wbuoy,sink = Mags Msample * Msink,

Wbuoy,sample = (Vsample + Vads) X dgasx
Wbuoy,sink = Vsinker X dgas; (7)

where W is the signal read by the instrument, Wyyoy samples
Whuoy,sink are the buoyancy correction due to the sample and
the sinker, and Vsample; Vads) Vsinker are volumes of the sample,
adsorbed gas, and the sinker, respectively. dg, is the density of
the gas, and Mgample, Mads, Msample are the mass of the sample
and adsorption gas, and the sinker, respectively. As mentioned
before, MSB is capable of in situ density measurements of the
gas (dgas), which is collected simultaneously with the sorption
data. Both sorption and the density data are used in eqn (7) to
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determine the total mass of the adsorbed gas. The mass of the
empty sinker (Wpyoy,sink) Was measured using helium at several
pressures to correct for the buoyancy errors. Volume of the
sinker (Vginker) is then calculated from the slope of weight of the
sinker vs. density plot obtained from this measurement. A
blank measurement under vacuum was performed to deter-
mine the mass of the sinker (mg,i). The buoyancy correction
due to the sample (Wyuoy,sample) Was performed by calculating
the volume of the sample (Viampie) from the crystallographic
density of the sample.?® Mass of the sample is determined by
performing a measurement under vacuum.

Buoyancy correction of adsorption data

The raw MSB adsorption data contain errors due to lack of
understanding of the variations in the volume changes of the
sample and the sample holder at high pressures and variable
temperatures, which in turn affects the buoyancy of the sample.
As the MSB uses the buoyancy basics to determine the amount
of gas that is adsorbed, corrections are needed to account for
errors that come from buoyancy effects.

The mass of the adsorbed gas m, is determined from the
experimental measurements using the following relationship:

m=my + mg + mgg — Wy — Ws — Wk (8)

where Am stands for the experimental readings, m,, ms, Msk
and W,, Ws, Wsk are the mass and buoyancy correction for
adsorbed gas (CO,), the adsorbent (MOF-5), and the sinker,
respectively. Buoyancy corrections are then calculated accord-
ing to eqn (9)-(11):

WA = VAdgaS (9)
WS = VSdgaS (10)
Wsk = VSKdgas (11)

where V; stands for the corresponding volume.

Sample and sinker contributions may be calculated as in
previous works. The problem arises in the V, calculation. Several
approaches have been proposed in the literature. Some authors
considered the adsorbed phase as having a similar density to the
liquid phase of the adsorbate molecules at saturation temperature
and ambient pressure.’>*° Nevertheless, further studies showed
that this approach is not valid for high pressures,®>*" and the use
of pore volume in the buoyancy correction of adsorbed gas was
proposed, although this is a simplified approach. Dreisbach
et al.* proposed an approach to compute W, that we have applied
to analyse our data with minor modifications.

From eqn (10) and (11), Ws and Wsx may be straightforwardly
calculated from the experimental dy,(p,T) data if Vs and Vg are
assumed to not change in the studied pressure-temperature
ranges. Considering eqn (9)-(11) in eqn (8) we obtain:

Am = mg + Mgx — Vslgas — Vsk gas + Ma + Vadgas  (12)

All the terms except those relating to adsorbed gas with
subscript A may be calculated from experimental data, thus:

C=mg+ mgg — VSdgas - VSKdgas (13)
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Am — C = mp + Vadgas = Mp + (Maldp)dgas = MaA(1 — dgas/da)
(14)

where d, stands for the density of adsorbed gas as a function of
pressure and temperature, da(p,T). As proposed by Dreisbach
et al.*® d, may be calculated using an analytical isotherm model
to describe my,, and thus, through the fit of eqn (14) to
experimental data we may obtain the analytical model parameters
together with d,, which will be used in the calculation of W,.

We have considered a simple Langmuir model to describe m,:

my = mw“(bdgasy/(l + (bdgaS)M) (15)

where m ., « and b are model parameters. Therefore, substitu-
tion of eqn (15) in eqn (14) leads to:

Am — C = m, o(bdges)/(1 + (bdgas)) (1 — dgas/da)
(16)

Hence, plotting Am — C as a function of dg, and fitting the data
to eqn (16) allow us to obtain d, as an additional fitting
parameter together with m.,, « and b. To obtain d, as a
function of pressure and temperature, we considered each
isotherm and fit data to eqn (16) using different, maximum
pressures and thus, dy,s was obtained as a function of pressure
for each isotherm. We show in Fig. 3 an example of the plot of
Am — C as a function of dg,, together with the fit to eqn (16).

Therefore, we obtain dg,s as a function of pressure for each
isotherm, results reported in Fig. 4 show that dg,s obtained
through this procedure are linear functions of pressure. We did
the fits up to 100 bar because as reported by Dreisbach et al.*®
lower pressures do not show linear trends with pressure, and
thus, data for these low pressures were corrected using dgs
obtained from the linear extrapolation of dg,, obtained at
higher pressures.

We report in Table 1 the linear fits of d, as a function of
pressure for the studied isotherms. The Am — C term is called

surface excess mass, mA7E,41

Mag=Am —C (17)
0.25
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0/ . . . . . . :
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Fig. 3 Am — Cas a function of dg,s for 343 K using 224.89 bar as the maximum
pressure in the fit (fit using data from 9.96 to 224.89 bar). Symbols show
experimental data and line fit to eqn (16).
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Fig.4 d, obtained with the procedure aforementioned as a function of
pressure for the 316 K isotherm. Line shows the linear fit of data.

Table 1 Linear fits of density of adsorbed gas, dj, as a function of pressure for
each isotherm, dx =ap + b

View Article Online

Isotherm

316 K 328 K 343 K
alg em™® bar ™’ 0.000215 0.000267 0.000323
b/g cm™? 0.837649 0.799573 0.758151

Therefore, considering parameters reported in Table 1 together
with eqn (14) we obtain:

mp = mA,E/(l — (dgas/dA)) = mA,E/(1 - (dgas/(ap +b))). (18)

Using the corresponding parameters for each isotherm we may
obtain the absolute absorbed amount, m,.

High pressure CO, adsorption on MOF-5

We report m, and m, g for the three studied isotherms of CO,
adsorption in MOF-5 in Fig. 5, and our results are compared to
the work reported by Millward and Yaghi' for comparative
purposes in Fig. 5b. In excess surface adsorption (Ney.) of MOF-5 up
to 225 bar at 318 K, 328 K, and 338 K, V,qs was neglected in the
work reported by Millward and Yaghi,"! where it is corrected in the
absolute adsorption (N,ps) calculations, where Ny, is defined as
Nabs = Nexe + Vpore X gas (Vpore s extracted from BET analysis).

Isosteric heat of adsorption

In order to assess the reversibility in CO, uptake and the
chemical affinity of the sorbent to the guest molecules, the
isosteric heat of adsorption is the utmost reference."* We
obtained the isosteric heat of adsorption data, AH;, from
experimental adsorption isotherms using the Clausius-Cla-
peyron equation. Experimental adsorption data were fitted
successfully to a rational type empirical equation,>" to obtain
isosteric data. Calculated heats are reported in Fig. 6 in
comparison with available literature information.

This journal is © the Owner Societies 2013
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Fig. 5 Excess adsorption amount, mag, and the absolute adsorption amount,
my, for CO, in MOF-5.

Data obtained in this work are in agreement with literature
information for adsorption up to around 15 mmol g~ *, but for
larger adsorption AH; obtained in this work are larger than
those reported by Simmons et al.,"> which are in good agree-
ment with values obtained from Monte Carlo simulations by
Babarao et al.** We should remark that the AH; values reported
by Simmons et al.'> were obtained from adsorption isotherms
in the 220-310 K range and for pressures up to around 30 bars,
whereas the experimental data used for AH; calculations in this
work were in the 317-342 K range and using pressures up to
225 bar. The use of these different ranges could be the origin of
the differences between our AH; data and those by Simmons
et al.'> Moreover, we have used absolute adsorption amounts
for AH; calculations, whereas Simmons et al.’* used excess CO,
sorption isotherms in their calculations. Likewise, we should
remark the AH, data reported by Zhao et al.** for 1.5 mmol g *
(AH, = 34 kJ mol "), which are twice the value reported by
Simmons et al.'?

Isosteric heat of adsorption is a combination of gas-surface
(decreasing with increasing pressure) and gas-gas contributions
(increasing with increasing pressure).'> AH, values obtained in
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Fig. 6 Isosteric heat of adsorption, AH,, for CO, on MOF-5. Literature data
obtained from: Simmons et al. (Clausius—Clapeyron equation applied in the 220-
310 K range),'? Babarao et al. (data obtained from simulations),*? Zhao et al.**
and Farrusseng et al.**

this work show a minimum at 8.5 mmol g~ (AH; = 16.2 k] mol ")
and then increasing AH; values with increasing coverage (AH; =
31.9 k] mol ™" for 20 mmol g~ ). The minima may be explained
considering that gas-surface contributions prevail over gas-gas
ones, with increasing loading gas-surface contribution decreases
whereas the gas-gas term does not change remarkably. For
larger pressures CO,-CO, interaction begins to prevail over
gas-surface ones: the larger the pressure, the closer the
adsorbed molecules. Considering the large pressures studied
in this work, the gas-gas contributions is expected to be
significant, and thus AH; values obtained in this work increase
with increased coverage but are larger than those reported by
Simmons et al. (obtained from lower pressures and lower
temperatures).'”> Nevertheless, we should note the very large
adsorption ability of MOF-5 coupled with isosteric heat of
adsorption. In order to assess the reversibility in CO, uptake
and the chemical affinity of the sorbent to the guest molecules,
the isosteric heat of adsorption is the utmost reference.'* We
obtained the isosteric heat of adsorption data, AH, from
experimental adsorption isotherms using the Clausius—
Clapeyron equation. Experimental adsorption data were fitted
successfully to a rational type empirical equation,?* to obtain
isosteric data. Calculated heats are reported in Fig. 6 in
comparison with available literature information. The moderate
heat of adsorption; for example, 20 mmol g~ CO, capture may
be accomplished at 317 K using only 11 bars of pressure and
with 32 kJ mol™* for the heat of interaction. This low inter-
action energy is less than the half of the interaction energy of
CO, with the common monoethanolamine solutions used as
absorbents.*” Likewise, even larger CO, adsorptions may be
obtained using high pressures as the isothermal data reported
for the 317 K in Fig. 6.

14326 \ Phys. Chem. Chem. Phys., 2013, 15, 14319-14327
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Conclusions

Metal-organic frameworks (MOFs) are considered among the
leading candidates for CO, removal from power plant fumes as
many nations already started cutting their emissions through
renewed regulations.*® The harsh conditions of exhausts pose
risks for highly crystalline substances as mechanical and
chemical environments can lead to their complete failure, an
undesired outcome.*” A model MOF structure, MOF-5, was
subjected to pore structural stability upon exposure to moist
air, measurement of mechanical properties, and confirmation
that CO, adsorptivity up to 225 bar. Our FT-IR and BET analyses
have revealed that one has to stay within the suggested stability
window of 3.5 hours of exposure to moist air to avoid structural
collapse for reliable gas storage operations. The study of the
mechanical properties via nanoindentation has shown that
MOF-5 has a hardness of 162 + 14 MPa and a modulus of
6.3 £+ 0.45 GPa, which is significantly higher when compared
with other porous polymers. Therefore, the MOF-5 material has
mechanical properties well suited for CO, separation at
elevated pressures. In order to confirm the mechanical integrity
of the pore structure and the corresponding adsorptivity at
elevated pressures, CO, capacity of MOF-5 was tested at
extreme pressures of 225 bar that indicated fully reversible
cycles without any deterioration of the CO, capacity. No credible
hysteresis also points that a rapid pressure swing adsorption
could be envisioned. Lastly, we note that the combination of
techniques reported herein has potential to become a general-
ized method for checking viability of a sorbent for CO, scrubbing
operations at fossil-fuel power plants.
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