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Abstract: A reducible MIL-100(Fe)
metal-organic framework (MOF) was
investigated for the separation of a
propane/propene mixture. An operan-
do methodology was applied (for the
first time in the case of a MOF) in
order to shed light on the separation
mechanism. Breakthrough curves were
obtained as in traditional separation
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sites. The qualitative and quantitative
analyses of Fe" and, to some extent,
Fe' sites were possible, upon different
activation protocols. Moreover, it was
possible to identify the nature and the
role of the active sites in the separation
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process by selective poisoning of one
family of sites: it was clearly evidenced
that the unsaturated Fe" sites are
mainly responsible for the separation
effect of the propane/propene mixture,
thanks to their affinity for the unsatu-
rated bonds, such as the C=C entities
in propene. The activity of the highly
concentrated Fe'™ sites was also high-

column experiments, but monitoring
the material surface online, thus pro-
viding evidences on the adsorption

Introduction

Operando spectroscopy is a methodology that allows the in-
vestigation of a material during its working conditions. The
Latin term operando derives from the field of heterogene-
ous catalysis, in which the spectroscopic characterisation of
a catalytic material takes place during the reaction with the
simultaneous measurement of catalytic activity/selectivity."?
In contrast, in situ spectroscopy deals with the analysis of
the material under controlled environments. The goal is a
qualitative and quantitative characterisation of the surface
species correlated with the catalytic performances of the
material. Although the studied surface induces changes in
comparison to the catalytic active one, an in situ study is
always necessary before carrying out the operando experi-
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lighted.

ments.”) This is due to a better understanding of the surface
species as well as the determination of their absorption coef-
ficients under in situ conditions. Both techniques are com-
plementary and necessary for the full understanding of the
catalyst.™ The simultaneous characterisation of the surface
of the material as well as the functionality of a device under
operation is also important in other fields (sensors, nanoma-
terials, energy, health etc.) of material science. Herein, we
report for the first time, the infrared spectroscopic charac-
terisation of a metal-organic framework (MOF) under flow-
ing conditions for separation by using the operando method-
ology during the separation process.

MOFs are a new class of materials synthesised in a build-
ing-block fashion from metal-ion vertices. They are intercon-
nected by organic linker molecules in a self-assembly proc-
ess for the purpose of creating highly tailorable crystalline
materials with pores of nanometre dimensions.”! The infinite
variations of the nature of the organic linkers added to the
possibility of using di-, tri- (including rare earth) or tetrava-
lent cations, lead to near-limitless possibilities for networks.
One remarkable feature of MOFs is the virtual absence of
dead volume, which principally gives them the highest po-
rosities and record-holding surface areas.” In addition, the
possibility of tuning the pore size, the presence of accessible
coordinatively unsaturated metal sites (CUSs), functionalisa-
tions of the organic linkers (by using functionalised ligands
during the synthesis'” or post-synthetic modification (PSM)
of the linker!!) and the easy, inexpensive synthesis of
MOFs make this new class of materials suitable for different
applications for example, catalysis,'>'* selective gas adsorp-
tion and separation,'"™! gas storage!'"***! or drug deliv-
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ery.”>>! From an industrial point of view, the application of
MOFs for separation questions is probably the most promis-
ing field. One of the greatest expenses in chemical industry
is in fact related to the separation and purification of the de-
sired products. In the field of separation and purification
distillation is the most common unit of operation; however,
it becomes energetically unfavourable and unpractical when
boiling points are close, or when the mixture contains com-
pounds that are unstable or reactive at elevated tempera-
tures. Unfortunately, the by-products are most of the time
chemically and physically similar to the desired product. An
interesting alternative is separation by preferential gas ad-
sorption. The high surface area of MOFs as well as the dif-
ferent possible interactions of the compounds in these mate-
rials qualify them as good candidates for environmentally
friendly gas adsorbents with preferential gas sorption prop-
erties.”!

This report concerns the study of MIL-100(Fe) (MIL
stands for Materials of Institut Lavoisier), the presence and
amount of Fe" and Fe™ CUS and their role for the separa-
tion of a propane/propene mixture through the use of the in-
frared operando methodology. Recently, some of us report-
ed that MIL-100(Fe) can be used for the separation of pro-
pane/propene.””! It was shown that by increasing the activa-
tion temperature of the sample, the separation effect in-
creases; unfortunately, by increasing the partial pressure, the
separation effect decreases. By using the operando ap-
proach, it has been possible to investigate the material at a
molecular level and, therefore, to describe the iron site for-
mation and action on the working surface versus the reac-
tion parameters. Moreover, by selectively blocking one of
the iron sites with a probe molecule, it has been shown its
influence for the separation process. Through that, we have
discriminated the active sites in MIL-100(Fe) that are re-
sponsible for the separation of the propane/propene mix-
ture. Therefore, this work aims at providing an important
contribution to a better understanding of MOF materials
and their applications as well as to a widening of the field of
operando characterisation to other domains than catalysis.
In fact, there are just a few existing articles that study the
redox properties of MOFs®! and, to the best of our knowl-
edge, this is the first study that investigates the redox prop-
erties of a MOF through operando IR spectroscopy.

Results and Discussion

C;Hy/C;H; separation with MIL-100(Fe): We start showing
the behaviour of the investigated sample in contact with a
propane/propene flow. Sending a propane/propene gas mix-
ture in a He flow through the sample, followed by mass
spectrometry (m/z =29 for C;Hg and m/z=41 for C;Hy), re-
vealed that both gases are adsorbed. While an activation
temperature increase leads to a greater amount of propene
adsorbed onto MIL-100(Fe) (Figure 1), on the contrary, a
similar amount of propane was adsorbed at each tempera-
ture; therefore, just one example of the breakthrough curve
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Figure 1. C;H¢ (black)/C;Hg (grey) adsorption at 298 K on MIL-100(Fe)
activated at different temperatures for 3 and 12 h followed by mass spec-
trometry (m/z =29 for C;Hg and m/z =41 for C;Hy). a) Blank experiment
without sample for both C;H, and C;Hg; b) C;Hg curves (similar curves
whatever the pre-treatment (temperature and time); C;Hg curves for an
activation at c¢) 373 K for both 3 and 12 h; d) 423 K for both 3 and 12 h;
e) 473 K for 3 h; f) 473 K for 12 h; g) 523 K for 3 h; h) 523 K for 12 h.

for C;Hy is represented in Figure 1 (line b, grey colour). In
parallel, IR spectra were recorded: they clearly showed the
bands for adsorbed propene,? ! as illustrated in Figure 2 A
for MIL-100(Fe) activated at 523 K for 3 h. Indeed, a recent
IR study led by Leclerc et al.” shows that adsorption of
propane on MIL-100(Fe) gives rise to two IR bands at 7=
2868 and 2958 cm ' assigned to the overtone 28(CH;) and
the fundamental v(CH;) modes, respectively. By using pro-
pene, the infrared spectrum recorded clearly shows different
characteristic bands in the #=2800-3100cm™' range.
Among these bands, the v{(CH;) mode at #=2930 cm™' and
the v(C=C)+§,,(CH,) combination at #=3060 or 3048 cm™,
as the propene interacts with Fe™ or Fe sites, can be taken
as indicative for the olefin adsorption. Thus, plotting the
area for the propene v,(CH;) band at #=2930 cm ™' versus
time (Figure 2B) reveals the kinetics of olefin adsorption.
Moreover, the comparison of the IR spectra at saturation
for C;H¢/C;Hg adsorption confirms the increase in the ad-
sorption of propene (essentially on Fe™) by increasing the
activation temperature (Figure 2C). The correlation be-
tween the preferential propene adsorption and the sample
activation temperature increase is demonstrated by the plot
of the band area for v{(CH;) versus the amount of disap-
peared C;Hg calculated from mass spectrometry results (Fig-
ure 2D). These results are coherent with calorimetric ex-
periments: an initial adsorption heat of —30 kJmol™' was
found for propane, whereas for propene the adsorption heat
depends on the activation temperature (~—50 kJmol™" for
MIL-100(Fe) activated at 423K and ~—70 kJmol™" for
MIL-100(Fe) activated at 523 K).?”! An explanation for this
behaviour of MIL-100(Fe) was attributed to the formation
of increasing amounts of Fe! sites. The presence of an addi-
tional d electron in the Fe orbitals causes in fact a m-back-
donation interaction with the olefin molecules. Here, the
electron density of the d orbitals of the Fe' atoms is trans-
ferred to the m* orbital of the unsaturated gas molecule

Chem. Eur. J. 2012, 18, 11959 -11967
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under an oxygen flow.®!! Ther-
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mogravimetric analysis (TGA)
indicated three instances of
weight loss between 298 and
873 K. The first, (40.1% in
weight) at 373 K, was attribut-
ed to the departure of free
water molecules inside the
pores, followed by the second,
a slow release of bound water
between 373 and 473 K and, fi-
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separation of propane/propene,
MIL-100(Fe) was activated in
a helium flow at different tem-
peratures before being found
active.”’! Tt is well known that
water can be adsorbed on the
. CUSs,™ hence the departure

® temperature of water is a very

important phenomenon and
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can contribute to the separa-
tion effect of MIL-100(Fe).
The IR spectra revealing the

Figure 2. A) IR spectra versus time recorded during the C;H¢/C;Hg adsorption at 298 K on MIL-100(Fe) acti- progressive departure of water

vated at 523 K for 3 h. B) #=2930 cm ™' band area evolution. C) IR spectra at saturation for C;H,/C;H; adsorp-
tion on MIL-100(Fe) activated at a) 373/3, b) 373/12, c) 473/3, d) 473/12, ¢) 523/3 and f) 523 K/12h. D) 7=
2930 cm ! band area at saturation versus the amount of C;Hy adsorbed evaluated by mass spectrometry (m/z =

41) for each condition of pre-treatment.

(LUMO) and therefore, increases the stability of the metal—
adsorbate complex. On the other hand, the Fe™ CUS act as
pure Lewis acid sites (electron-pair acceptors) by interacting
with the olefin. Thus, only a weak interaction is possible be-
tween propane and the CUSs of MIL-100(Fe), which leads
to nearly no adsorption under the flow conditions used
during the separation process. A first clue indicating the in-
teraction of propene with the Fe sites is the presence of the
band at #=3047 cm™" (Figures 2A and C), assigned to a v-
(C=C) + 6,(CH;) combination mode, sensitive to the inter-
action with the CUSs, conversely giving rise to a band at
around 7#=3060 cm~' when the interaction takes place with
Fe'' species.® The increase of the band at #=3047 cm™! by
increasing the activation temperature, as well as the absence
of the band at #=3060 cm™', supports the statements above
(Figure 2C). However, for a full understanding of the gas
separation phenomena, a characterisation of the sample
under the separation flow conditions is necessary and is re-
ported below.

Thermal behaviour: Having ascertained that the propene
separation effect is connected with an increase of the Fe”
concentration, it is now necessary to understand how these
sites are created. The thermal behaviour of MIL-100(Fe)
was previously investigated by using a thermal analysis

are shown in Figure 3. Only
the v(OH) region is shown, be-
cause the intense bands due to
carboxylate groups of the ma-
terial framework below v=
1700 cm ™! hide the 8(H,0) mode."” The broad band be-
tween 7=3600 and 3200 cm™' is typical for OH groups of
adsorbed water (v(H,0)), which undergo hydrogen bonding.
On the other hand, the sharp bands in the 7=3600-
3700 cm™' range are due to the presence of hydroxyl groups
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Figure 3. IR spectra of MIL-100(Fe) heated at different temperatures for
3 or 12 h under a helium flow.
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of water coordinated to CUSs, showing a lack of OH groups
in MIL-100(Fe) as it was the case for the isostructural MIL-
100(Cr),?*31 and as it was also confirmed recently in the
dehydrated MIL-100(Fe), indeed.” These bands decrease
at the same time as the broad v(H,O) band in the 7=3600-
3200 cm™! region disappear at a relatively low temperature
(~373 K). The water bands further decrease in intensity
after 423 K and finally disappear at 473 K (Figure 3). There-
fore, these results indicate that the complete desorption of
free and bound water molecules from MIL-100(Fe) occurs
at 473 K under a helium flow. In turn, it reveals the strong
presence of water below 373 K and residuals at 423 K.
While heating the sample to 423 K, it is probable that the
huge water departure is due to the desorption of free water
molecules inside the pores, followed by the desorption of
bounded water molecules at 473 K, in agreement with the
TGA results.”!! It is worth noticing that the extent of the
thermal treatment (3 or 12 h) has less influence on the pres-
ence of water (Figure 3), meaning that at a fixed tempera-
ture a pseudo-equilibrium state is reached. Additionally, the
v(CH;) band at #=3090 cm™' unchanged upon temperature
treatment, is witnessing that the structure is completely
stable until 523 K, again in agreement with the TGA results
founding framework destruction at about 573 K.

So, the thermal treatment provokes water desorption, at
the same time that it increases the amount of adsorbed pro-
pene on Fe', as shown in the previous paragraph. Is there a
direct correlation between these two phenomena? IR spec-
troscopy of adsorbed probe molecules can answer this ques-
tion, as shown below.

Dynamic probe of Fe"/Fe™ CUSs sending a flow of adapted
molecules: The effect of the thermal activation of MIL-
100(Fe) on the amount of Fe and Fe™ CUSs was studied
through CO and NO adsorption at room temperature by
using a gas flow. The use of CO as a suitable probe molecule
has already been pointed out.’¥ NO is a more reactive
probe molecule, therefore it is used less often as an IR
probe for the characterisation of the state of the metal
ions.’” Nevertheless, the combination of both CO and NO
was already found as an optimum way to fully characterise
iron oxidation and coordination states in porous com-
pounds.®®

Figure 4 shows the IR spectra of the CO and NO adsorp-
tion stretching region on MIL-100(Fe), activated at different
temperatures for 3 and 12 h. CO adsorption gives rise to
three v(CO) bands at #=2189, 2182 and 2175cm™'. The
band at #=2189 cm™" appears weak in intensity by an acti-
vation temperature of 373 K for 3 h. It increases by an acti-
vation temperature of 423 K and finally the intensity does
not change by increasing the activation temperature. This
weak band can be assigned to the interaction of CO with
Fe' CUSs®¥  The blue shift (A(>#=(CO))=
2189 cm'—2143 cm'=45cm™!) of the v(CO) mode indi-
cates that a Fe™ CUS in MIL-100(Fe) is a weak Lewis
acidic site. Therefore, the weakness of the interaction
cannot allow a complete detection of these sites at the meas-
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Figure 4. IR spectra of MIL-100(Fe) under A) CO (10% of CO in He,
25 ccmin) or B)NO (1% NO in He, 25 ccmin) flow at RT after activa-
tion of the sample under He flow at different temperatures for 3 or 12 h.

uring conditions (room temperature and under flow with a
weak partial pressure of CO). On the other hand, two other
bands appear at ¥=2182 and 2175 cm™!, being weak after
activation at 423 K for 3 h, then increasing in intensity upon
thermal treatment at higher temperatures. Both bands can
be assigned to CO adsorbed on Fe" CUSs.”*! The sample
was submitted to different concentrations of CO (0.5-40 %)
in the He flow. By using a 10% CO stream, a plateau for
the intensity of the bands at #=2182 and 2175 cm™! (corre-
sponding to the saturation of the Fe™ CUSs by CO) was ob-
served. Hence, 10% CO in a He flow was chosen as the
most adapted gas mixture for the complete detection of Fe™
CUSs. Figure 5A shows the effect of the temperature and
the time on the area of the peaks identifying Fe™ and Fe™
CUSs. The presence of Fe" CUSs starts weakly after the
treatment at 373 K and increases with time and temperature,
particularly after activation between 473 and 523 K. In con-
trast, the presence of Fe™ CUSs increases with a treatment
at 423 K and remains nearly unchanged at higher tempera-
ture. There is a perfect correlation between the amount of
Fe'™ CUSs probed by CO (Figure 5A) and the departure of
water (Figure 3). The much stronger stability of the carbonyl
species on Fe CUSs can be explained by the m-back-dona-
tion effect, which stabilises the CO molecule on Fe CUSs
and causes a red shift of the v(CO) mode, as already point-
ed out.®”!

Figure 4B shows the IR spectra for NO adsorbed on
MIL-100(Fe) activated at different temperatures for 3 and
12 h. In our conditions, NO,, N,O and N, are not detected,
therefore we can consider NO as no reacting. Three v(NO)
bands are present at #=1901, 1842 and 1828 cm . The band
at #=1901 cm ™' can be assigned to nitrosyls on Fe™ CUSs
and the doublet at #=1842 and 1828 cm™' to species coordi-
nated on Fe!! CUSs.**#!! The NO bands on the different iron
sites show exactly the same behaviour as the corresponding
bands for CO. A very small amount of Fe" sites is observed
at 373 K and the NO band for Fe' sites does not increase in
intensity above an activation temperature of 423 K. Again, a
complete detection of all Fe™™ CUSs is not possible by send-
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Figure 5. Development of the band area, which corresponds to Fe'' and Fe'' CUSs detected by A) CO and
B) NO. Correlation between the band area for C) Fe! and D) Fe"" detected by CO (x axis) and NO (y axis).

ing a NO flow (1% in He) at room temperature, due to the
weak interaction between the molecule and the weak Lewis
acidic sites. This weak interaction is confirmed by the depar-
ture of the band at ¥=1901 cm™' assigned to nitrosyls on
Fe™ CUSs, in the spectrum recorded after the elimination of
NO in the flow (this point will be discussed in detail in the
following part). Figures 5SA and B display the effect of the
treatment temperature and the time on the peak area of car-
bonyls and nitrosyls on Fe"" and Fe™ CUSs. The results pre-
sented in Figure 5B match very well with the CO adsorption
results presented in Figure 5 A. This is underlined by plot-
ting the band area of Fe™" CUSs detected by CO versus the
area of Fe" CUSs detected by NO (Figure 5D); the same
plot is obtained for Fe™ CUSs (Figure 5C). It is interesting
to remark that a huge amount (about 250 umolg™") of the
Fe" CUSs is produced by heating MIL-100(Fe) at 523 K.
The investigations on water removal reported above have
clearly indicated that nearly all water has evolved from the
sample under flow at 473 K. Therefore, an increase of the
site concentration is not (or not only) connected with the
departure of water, but could rather be associated with the
departure of anionic ligands (F~ and/or OH™), which need a
higher temperature to be desorbed.”

These results are extremely informative, nevertheless is
worth of interest knowing if they have been affected in
some way by the choice of the probe molecules, which al-

Chem. Eur. J. 2012, 18, 11959-11967
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Changing the flow from
10% of CO in He (Figure 6a)
to pure He results in a com-
plete disappearance of all car-
bonyl bands (Figure 6b). Therefore, CO on Fe' and Fe™
CUSs in MIL-100(Fe) is not stable under an inert flow at
room temperature. Moreover, introducing again a gas
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Figure 6. Left) IR spectra of MIL-100(Fe) (activated at 523 K for 12 h
under He flow) under CO flow (10 % in He) at RT (a), followed by a He
flow (b), under NO flow (1% in He) (c), then flushed under He flow (d),
followed by a CO flow (10 % in He) (e) and finally, after reactivating the
sample (523 K for 12 h under He flow) sending a CO flow (10% in He)
again at RT (f). Right) Schematic representation of the adsorption—de-
sorption mechanism.
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stream containing 10% of CO in He, exactly the same
bands were observed as before (not shown). This means that
CO does not change the surface properties of MIL-100(Fe).
Contrarily to the carbonyl species on Fe, the nitrosyl spe-
cies on Fe are completely stable at room temperature
under a He flow (Figures 6¢ and d). The band for Fe™ at
#=1901 cm™ completely disappears under a He flow,
whereas the bands between #=1800-1850cm™" do not
change. This behaviour could be used to selectively probe
the sites on MIL-100(Fe). In fact, by sending a CO flow
after NO and then helium treatment, only the carbonyl spe-
cies for the Fe™ sites are observed because the Fe sites are
blocked by NO (Figure 6¢). The resulting spectrum displays
the corresponding v(CO) component at #=2190cm™' as
well as the remaining v(NO) modes in the 7=1800-
1850 cm™' range. The intensity of the v(NO) bands remains
unchanged, showing that CO does not interact with NO ad-
sorbed on the Fe sites. This may be considered as a pecu-
liarity of the MOF structure, where the sites are practically
isolated. After reactivating the sample and sending CO
again, the same amount of species is observed (Figure 6 f) as
at the beginning (Figure 6a), which means that CO and
even NO did not change the sample.

In summary, it was observed that neither CO nor NO
changes the surface properties of MIL-100(Fe). Moreover, it
is possible to block selectively all Fe" CUSs by using NO.
All these results allow us drawing a schematic view of the
adsorption—desorption mechanism as represented in
Figure 6 (right). Last but not least, we will now use this
knowledge to explain the behaviour of MIL-100(Fe) for the
separation of the propane/propene mixture.

Poisoning of the Fe" CUSs and consequences for the separa-
tion effect: As we demonstrated above, it is possible to use
NO to selectively block the Fe™™ CUSs. Therefore, it is possi-
ble to poison one of the two possible sites (Fe" and Fe™)
and to investigate the preferential gas sorption afterwards.
This, until now, is one of the rare examples®® where such se-
lective site poisoning was possible, and the consequences for
investigating material properties in action can be of para-
mount importance.

Figure 7 displays the adsorption of propene at RT with
and without NO on the activated MIL-100(Fe) (He flow for
12 h at 523 K). The adsorption of propene dramatically de-
creases after blocking the Fe! sites with NO as it is clearly
shown by mass spectrometry (Figure 7A) and IR spectro-
scopy in the region of bands for adsorbed propene (Fig-
ure 7B). Moreover, Figure 7C indicates that the Fe" sites
poisoning by NO is still effective at the end of the C;Hg/
C;Hg adsorption experiment. MIL-100(Fe) activated at
523 K for 12 h can reach a separation factor over 100 under
the conditions used here (low partial pressure of C3); how-
ever, after blocking the Fe' sites with NO, this factor de-
creases to 5. All results of propane/propene adsorption with
and without NO on the sample are summarized in Figure-
s 8 A and B. Both the amount of Fe” sites and the separation
effect increase with increasing the temperature (Figures 4
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Figure 7. A) C;Hy adsorption on MIL-100(Fe) at RT followed by mass
spectrometry (m/z=41) during C;H¢/C;Hg separation experiments.
a) Blank experiment without sample, b) experiment with sample activat-
ed at 523 K for 12 h, c) experiment with sample activated at 523 K for
12 h followed by NO adsorption at RT to block the Fe'' sites. B) IR spec-
tra at saturation for C;H¢/C;Hy adsorption on MIL-100(Fe) a) activated
at 523 K for 12 h and b) activated at 523 K for 12 h followed by NO ad-
sorption at RT. C) IR spectra of MIL-100(Fe) (activated at 523 K for
12 h) under a NO flow (1% in He) at RT and then flushed under a He
flow (a) and after the C;H¢/C;H, adsorption experiment (b).

and 8A). After poisoning these sites, the separation effect
decreases significantly (Figure 8 B). This decrease is more
emphasised with the increasing amount of Fe™ CUSs, which
prove that propene has a strong affinity to Fe" sites and that
these sites are mainly responsible for the separation effect.
However, we must also accentuate that the Fe CUSs also
have a separation effect (Figure 8B) on the propane/pro-
pene mixture with a separation factor of around 4.

The fact that the separation factor sharply decreases by
blocking Fe" sites is due to the gas adsorption on Fe'™ sites
only, having a much lower affinity to propene. In the break-
through test of propane/propene, a separation factor of 5.3
was found at a mixture pressure of 20 kPa.”’! This separa-
tion factor is a combination of the contribution of the Fe"
and Fe™ CUSs and is in good agreement with our observa-
tions. The Fe'™ sites at higher partial pressure of the pro-
pane/propene mixture®® are dominant due to their higher
concentration in comparisons with Fe"' CUSs.*!

Moreover, by considering a molar absorption coefficient
of v(CO)=4.8 cmumol ' for the v(CO) bands on Fe" CUSs
determined by in situ IR spectroscopy,” a quantitative
analysis is possible and it results in a remarkable correlation
between the mass spectrometric results of adsorbed propene
and the concentration of adsorption sites (Figure 8 C). Due
to the limited detection of the Fe™ CUSs a quantitative
analysis is more complicated for these sites, but it was still
possible to plot the amount of propene adsorbed on Fe™
(followed by mass spectrometry) with the v(NO) on the Fe™
band area (Figure 8D), finding again a good correlation.
Therefore, both figures verify the results reported above.

Chem. Eur. J. 2012, 18, 11959 -11967
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However, also for Fe'" sites a
lower separation effect could
be observed, which is impor-
tant when a high operation
pressure is used, due to the
predominant concentration of
Fe'™ sites. This knowledge of
the structure—activity relation-
ship gives precious indications
P to optimise the sample. In
other words, an iron MOF with
a larger number of Fe™ CUSs
is required in order to increase
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the separation effect for an
alkane/unsaturated hydrocar-
bon mixture at low partial
pressure. Moreover, such a ma-
terial would also be interesting
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Figure 8. Propane/propene (C;Hy/C;H) adsorption on MIL-100(Fe) activated at different temperatures for 3 ~ @ hydrothermal reaction of trimesic
and 12 h followed by propane/propene adsorption A) before and B) after sending a NO flow through the  acid with metallic iron, HF, nitric acid
sample. A comparison between the amount of adsorbed propene detected my mass spectrometry (m/z=41) and H,O. The composition of the re-

and the amount determined with CO for C) Fe" and D) Fe'’.

Conclusion

Mechanistic insight into the fundamentals of an operating
material can only be acquired by using advanced characteri-
sation methods that investigate the sample under operating
conditions. This study is the first applying operando method-
ology in the field of MOFs. The reducible MIL-100(Fe)
metal-organic framework was investigated for the separa-
tion of a propane/propene mixture. Breakthrough curves
were obtained as in traditional separation column experi-
ments, but having here the online monitoring of the material
surface, which provides evidences on the adsorption sites.
The qualitative and quantitative analyses of Fe' and, to
some extent, Fe' sites were possible, upon different activa-
tion protocols. Details on the reduction mechanism of the
iron site were obtained as well. Moreover, we were able to
identify the nature of the active sites in the separation proc-
ess by selective poisoning of one family of sites during the
separation process, which constitutes a powerful and reliable
method to describe reaction mechanisms. The hydrocarbon
mixture flow after site poisoning was the gaining strategy to
demonstrate the role of the Fe"/Fe™ sites: it was clearly evi-
denced that the unsaturated Fe" sites are mainly responsible
for the separation effect of the propane/propene mixture,
thanks to their affinity for the unsaturated C=C bonds.

action mixture was 1.0Fe’:0.671,3,5-
BTC:2.0HF:0.6 HNO;:277H,0
(1,3,5-BTC=1,3,5-benzenetricarbox-
ylic acid or trimesic acid). The reac-
tant mixture was loaded into a Teflon autoclave heated up to the reaction
temperature and kept at 423 K for 12 h. The pH remains acidic through-
out the synthesis. The light orange solid product was recovered by filtra-
tion and washed with deionised water. The as-synthesised MIL-100(Fe)
was purified further through a two-step processes by using hot water and
ethanol. The purification has been performed by using boiling water at
353 K for 5h in order to decrease the amount of residual unreacted ions
(typically, 1 g of MIL-100(Fe) in 350 mL of water). Then, ethanol was
boiled at 333 K for 3 h until there was no detection of coloured impuri-
ties in the mother liquor solution, thus resulting in the highly purified
MIL-100(Fe). Finally, the solid was dried overnight at less than 373 K
under a nitrogen atmosphere.
Structure of MIL-100(Fe): MIL-100(Fe) is a trivalent metal carboxylate
MOF with the chemical composition Fe;O(H,0),F,s(OH), 0(CeHs-
(CO,)3)»nH,0 (n=14.5). As illustrated in Figure 9, MIL-100(Fe) consists

Figure 9. Structure of MIL-100. a) The secondary building unit (trimer of
chromium, octahedral) and the organic liker (1,3,5-BTC). b) The hybrid
supertetrahedron. c) Unit cell of MIL-100 with a schematic view of the
MTN topology (MTN =zeolite socony mobil-thirty-nine) .

Chem. Eur. J. 2012, 18, 1195911967 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 11965
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of iron trimers (the secondary building unit) and 1,3,5-benzene tricarbox-
ylic (the organic linker), which construct the so-called supertetrahedra.!!
The resulting structure exhibits several interesting features: a mesopo-
rous zeotype architecture (Figure 9¢) with a MTN topology,*? a huge
cell volume (V=388000 A%), two mesoporous cages (cage diameters: 25
and 29 A—highlighted in Figure 9c as green (25A) and red (29 A)
cages—that are accessible through microporous windows (5 and 9 A), a
high BET surface area (>2000 m?g~") and a temperature stability under
high vacuum until 523 K.”!! Moreover, it was already demonstrated for
MIL-100(Cr) and MIL-100(Fe) by using in situ IR spectroscopy, that
each metal octahedron possesses one terminal group, where H,O, OH™
or F~ is adsorbed after the synthesis and it can transform in an under-
coordinated site after temperature activation.”*! In the case of MIL-
100(Fe), there is the possibility of the generation of iron CUSs with
mixed valence Fe/Fe'' by temperature treatment.””! This remarkable
feature of MIL-100(Fe) requires a careful investigation of the reducibility
of the framework. Despite the creation of Fe" and Fe'! CUSs, the overall
structure of MIL-100(Fe) does not change.””’!

IR operando experiments

IR operando system: The IR operando system, which was used for this
study, is shown in Figure 10. This system is composed of four main parts:
the infrared spectrometer, the IR reactor-cell, the gas flow set-up and the
exhaust gas analysers. The cell was connected to the operando gas-system

Gas flow set-up
Mass

E spectrometer
=4 e Valve selecting )
Flow 1/ Flow 2 —

7y e

DD E: | Reaction 2 ‘ b
gt‘ . flow . .

l "
ol =

Activation
Flow

Rud Temperature
E*‘ controller

IR reactor-cell

Infrared
spectrometer

Figure 10. General view of the IR operando system.

including mass flow controllers for the introduction of gases into the
lines. The two gas mixtures can be prepared and sent independently to
the reactor-cell. The system allows investigating the exhaust gases (reac-
tive and/or reaction products) by a quadrupole mass spectrometer (Pfeiff-
er Omnistar GSD 301). IR spectra (64 scans per spectrum) are collected
with a Thermo Scientific Nicolet 6700 spectrometer, equipped with a
MCT detector. More details can be found in references [43] and [44].

The “Sandwich” IR reactor-cell: The “sandwich” reactor-cell used in this
study is an evolution of the operando cell developed by Saussey et al. !
which has proven its reliability over many years of operando studies.*"!
The design of both the air cooling and the air tightness systems have
been improved with the aim of widening its performance from the point
of view of the domain of temperature (298-873 K). Figure 11 shows 3D
views of this “sandwich” cell. The shape of the main part is a cylinder
made of stainless steel that carries a spherical sample holder in its centre.
That is where the sample is placed in the form of a self-supported wafer
of 89 mgem 2 The heating system allows a maximum temperature of
873 K for the sample, whereas the air cooling system keeps the two ends
of the cell below 573 K. The required tightness of the cell can be ob-
tained by using Kalrez O-rings between the terminal KBr windows and
the extremities of the cell. The rest of the space is filled by KBr windows,
which limit the dead volume to 0.12 cm®. The experiment was carried out

11966 ——

www.chemeurj.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 11. General and detailed views of the “sandwich” reactor-cell. 1=
Spectrometer base-plate, 2=IR cell support, 3=adjusting nut for air
tightness, 4= gas outlet, 5=air cooling outlet, 6= gas inlet, 7=air cooling
inlet, 8=external shell, 9=thermocouple location, 10=IR beam, 11=
stainless steel ring, 12=Kalrez O-ring, 13=KBr windows, 14=wafer
holder, 15 =oven location.

at atmospheric pressure; gases are introduced onto the sample by a 1/8
OD pipe and collected on the opposite side of the sample holder.

Gas composition and experiment description: The gas compositions are
the following: activation flow, He—total flow =25 cm®min~' and reaction
flow, propane (C;Hg) 125 ppm and propene (C;Hg) 125 ppm diluted in
He—total flow=25 cm’min~". The consecutive steps for each experiment
(a new pellet was used for each experiment) are: 1) The pre-treatment;
samples have been previously heated under an activation flow (ramp
1,5 Kmin™') at 373, 423, 473 or 523 K for 3 or 12 h. 2) The temperature
of the sample was decreased to 298 K. 3) Characterisation of MIL-
100(Fe) CUSs was done by adding 10% CO to the flow—CO is removed
completely at the end of this step (switching to the activation flow).
4) The C;Hy/C;H, separation study was performed by switching to the re-
action flow. After the concentration of C;Hy/C;H, returned to the origi-
nal level of 125 ppm, the system was switched to the reaction flow for
30 min. 5) Followed by the addition of 1% of NO to the reaction flow.
After the concentration of NO returned to the original level the system
was switched to the reaction flow for 30 min. 6) Finally, a C;Hg/C;Hg flow
of 125 ppm was sent again through the sample.
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