A Highly Water Stable meta-carborane based Copper-Metal-Organic

Framework for Efficient High-Temperature Butanol Separation

Lei Gan,[® Arunraj Chidambaram,®! Pol G. Fonquernie,[ Mark E. Light,[! Duane Choquesillo-

Lazarte, Hongliang Huang,® Eduardo Solano, Julio Fraile,™ Clara Vifias,!¥ Francesc

Teixidor,[ Jorge A. R. Navarro,l®! Kyriakos C. Stylianou,* [*" José G. Planas*[

[a]

[b]

[c]

[d]

[e]

[f]

[a]

[h]

Institut de Ciéncia de Materials de Barcelona (ICMAB-CSIC)
Bellaterra, Spain.

E-mail: jginerplanas@icmab.es

Institute of Chemical Sciences and Engineering, Ecole Polytechnique Fedérale de Lausanne
(EPFL Valais), Rue de I’Industrie 17, 1951 Sion, Switzerland.

Department of Chemistry, University of Southampton, Highfield, Southampton SO17 1BJ,
UK.

Laboratorio de Estudios Cristalograficos, IACT, CSIC-Universidad de Granada, Av. de las
Palmeras 4, E-18100 Armilla, Granada, Spain.

State Key Laboratory of Separation Membranes and Membrane Processes, School of
Chemistry and Chemical Engineering, Tiangong University, Tianjin 300387, China.

NCD-SWEET beamline, ALBA Synchrotron Light Source, 08290 Cerdanyola del Valles,
Barcelona, Spain.

Departamento de Quimica Inorganica, Universidad de Granada, Av. Fuentenueva S/N, E-
18071, Granada, Spain.

Department of Chemistry, Oregon State University, 153 Gilbert Hall, OR 97331, Corvallis,
Oregon, USA.

E-mail: kyriakos.stylianou@oregonstate.edu

Keywords: Metal-organic frameworks, hydrophobicity, carborane, butanol recovery, water

stability


mailto:jginerplanas@icmab.es
mailto:kyriakos.stylianou@oregonstate.edu

Abstract: Biofuels are considered a sustainable and renewable alternative to conventional fossil
fuels. Biobutanol has recently emerged as an attractive option compared to bioethanol and
biodiesel, but a significant challenge in its production lies on the separation stage. The current
industrial process for the production of biobutanol includes the ABE (acetone-butanol-ethanol)
fermentation process from biomass; the resulting fermentation broth has a butanol concentration
of no more than 2 wt% (the rest is essentially water). Therefore, the development of cost-effective
butanol separation processes from dilute aqueous solutions is highly desirable. The use of porous
materials for the adsorptive separation of ABE mixtures is considered a highly promising route, as
these materials can potentially have high affinities for alcohols and low affinities for water. To
date, zeolites have been tested towards this separation, but their hydrophilic nature makes them
highly incompetent for this application. The use of metal-organic frameworks (MOFs) is an
apparent solution, however, their low hydrolytic stabilities hinder their implementation in this
application. So far, a few nanoporous zeolitic imidazolate frameworks (ZIFs) have shown
excellent potential for butanol separation due to their good hydrolytic and thermal stabilities.
Herein, we present a novel, porous and hydrophobic MOF based on copper ions and carborane-
carboxylate ligands, mCB-MOF-1, for butanol recovery. mCB-MOF-1 exhibits excellent stability
when immersed in organic solvents, water at 90 °C for at least two months and acidic and basic
aqueous solution We found that, like ZIF-8, mCB-MOF-1 is non-porous to water (type Il
isotherm), but it has higher affinity for ethanol, butanol and acetone compared to ZIF-8 as
suggested by the shape of the vapor isotherms at the crucial low-pressure region. This is reflected
in the separation of a realistic ABE mixture in which mCB-MOF-1 recovers butanol more
efficiently compared to ZIF-8 at 333 K.



INTRODUCTION

Biofuels are gaining a continual prominence, primarily to augment the security of energy
and supply, and thus contribute to the development of a sustainable economy. Biofuels are also
emerging as one of the overarching solutions for Bioenergy with Carbon Capture and Storage
(BECCS), a negative emission technology for meeting the global warming target.> It is therefore,
not surprising that many countries promote the use of biofuels through supportive legislation,
policy measures, and capital investments. For example, The Energy Policy Act (2005) directed
that all fuels produced in the USA must contain a minimum volume of renewable fuels (such as
biofuels). This has resulted in the commercial availability of biobutanol blended gasoline (with up
to 16% biobutanol by volume).® The growing interest is further reflected by the annual global
biofuel production figures, which shows that the year 2018 had the highest global biofuel
production in recent times. The IEA forecasts this trend will rise to 25% by 2024, with the USA
and Brazil accounting for two-thirds of the global production.*

Biobutanol is considered as an attractive renewable transportation fuel as it exhibits
superior performance and properties when is compared with bioethanol.® Biobutanol is less
hydroscopic, has higher energy density (30% on a unit volume basis, 98% of that of gasoline),
lower vapor pressure, and superior miscibility with gasoline. Also, biobutanol is considered a
viable biochemical alternative to synthetic butanol, whose costs are determined by crude oil prices.
It can potentially replace petro-butanol, and be an essential precursor for mainstream industrial
chemicals and several high-value products like paints, polymers, and plastics. Owing to the
prospective multisector applications, there has been an increasing commercial interest in the
production of biobutanol. Typically, biobutanol is produced through the Acetone-Butanol-Ethanol
(ABE) fermentation process of biomass feedstock. The critical challenge we have to overcome
with this process lies in the low yield and productivity, with biobutanol being a dilute alcohol-in-
water solution (concentration of < 2 wt%), resulting in prohibitively expensive downstream
processing costs. Addressing this challenge can enhance the technical and economic viability of
this process. To date, there are two proposed approaches to overcome this: i. Through genetic
engineering-based modification of microorganisms to enhance the product yield and concentration
and thereby reducing the production costs and ii. Through the development of a downstream
(hybrid) separation process, which is cost-effective, energy-efficient, and easily integrated with

the ABE fermentation reactor in recovering biobutanol.®



The traditional distillation process is identified as the most energy demanding separation
technique for the recovery of biobutanol owing to the evaporation of high-water content (>95%)
in the feed stream. Additionally, through distillation, azeotropes might be formed. Alternatively,
several prospective technologies have been suggested to make the biobutanol recovery process
profitable.®'* Amongst these, adsorption is identified as one of the energy-efficient alternatives.'?
Adsorbent materials such as polymeric resins, activated carbon, zeolites, zeolitic imidazolate
frameworks (ZIFs) and metal-organic frameworks (MOFs) have been tested towards biobutanol
recovery, and most studies reported in the literature are performed predominantly under liquid-
phase conditions.®® On the other hand, the gas stripping separation technique functions by the
selective removal of volatile products, i.e., ABE from the fermentation broth, which is later
condensed to yield biobutanol.* This stripping is performed with the aid of a sparging gas like N2,
CO2 or He. Gas stripping facilitates a higher recovery of ABE in the vapor phase than in the liquid
phase. In addition, unlike liquid phase sorption, gas stripping ensures the circumvention of non-
volatiles like microbial cells, sugars, and/or reaction intermediates (acetic acid and butyric acid)
being removed from broth. However, it suffers from low selectivity and the possibility to form

foams within the fermenter.

(4)

(3)

Figure 1. Schematic illustration of the integrated gas stripping and vapor phase adsorption
and separation of butanol from the ABE fermentation process. (1) The ABE fermentation broth,
(2) headspace of the bioreactor where ABE vapors are accumulated due to (3) heating jacket which
maintains the broth at 313 K (4) N2 stripping gas and (5) agitator facilitate the stripping of ABE in
their vapor phase as a dilute stream from the broth (6) which is heated to 333 K and (7) transferred
as the feed stream to the adsorption column packed with mCB-MOF-1.



A hybrid separation technique that combines the merits of gas stripping and vapor phase
adsorption and effectively overcomes the demerits of their standalone processes was recently
proposed.>1® It involves the removal of acetone, butanol, and ethanol in their vapor state from
liquid solutions using a sparging gas, and subsequently, through vapor adsorption, the separation
of biobutanol is achieved (Figure 1). In that respect, a system that uses humid CO: to sparge the
fermenter and ZIFs as adsorbents for biobutanol separation becomes the only MOF based system
to be reported to date.” Overall, the critical issue that has to be addressed is the employment of a
suitable adsorbent which has particular prerequisites: i. High hydrolytic stability and
hydrophobicity with negligible water vapor uptake through the entire activity range, ii. High
affinity for butanol vapor at low coverage and high uptake capacity, and iii. Ease of desorption and
regeneration. Though zeolites are widely utilized for a plethora of applications, their hydrophilic
nature makes them highly incompetent for this application. The applicability of the hydrophobic
silicalite class of zeolites like Si-LTA, Si-CHA for biobutanol recovery in a gas stripping-
adsorption system was recently demonstrated®® and it was found that the selectivity of Si-LTA for
butanol/ethanol was affected negatively; this was due to the adsorption of water molecules in the
pores. Nonetheless, the separation of butanol was achieved with a reduced selectivity. This
characteristic of high sensitivity to even small amounts of water is considered to originate from
the hydrophilic defects in zeolites, and the transferability of such defects to bulk synthesis of
silicalite zeolites is highly probable. MOFs are comparatively more promising candidates than
zeolites for ABE separation as their structures can be tuned and tailor-made to be intrinsically
hydrophobic through the application of diverse synthetic options and use of starting materials. Due
to their designable structure and the resultant diverse chemical and physical properties, MOFs are
useful for a variety of applications.?®%° Hitherto, in the context of biobutanol recovery,
hydrophobic zeolitic imidazolate frameworks (ZIFs), ZIF-8 and ZIF-71 were principally
investigated for their adsorptive ABE separation as they have a low affinity for water compared to
other hydrophilic ZIFs like ZIF-90.3141

To improve the hydrolytic and thermal stability, as well as the hydrophobicity of MOFs,
ligands based on carboranes can be introduced within their structures.*>4 Icosahedral boranes and
carboranes ([B12H12]% and 1,n-C2B1oH12 (n = 2, 7 or 12) are a class of commercially available and
exceptionally stable 3D-aromatic boron-rich clusters that possess material-favorable properties

such as thermal and chemical stability and high hydrophobicity.® 45-*8 The neutral carboranes are



remarkably robust boron clusters with two carbon atoms and possess 26 electrons for 12 vertices.
The delocalized electron density is not uniform through the cage, giving rise to extraordinary
differences in the electronic effects of the cluster.®® This unusual electronic structure is often
highlighted by regarding carboranes as inorganic three-dimensional “aromatic” analogs of
arenes.>® The spherical nature of the carboranes, with slightly polarized hydrogen atoms and the
presence of the hydride-like hydrogens at the B-H vertexes, make the carboranes very
hydrophobic.> Such properties make icosahedral carborane clusters valuable ligands for
coordination polymers (CPs) or MOFs.>"2 For example, some of us have reported that the
hydrophobic properties of carboranes, exploited in a number of medical applications® %7 but
underexploited in materials science, and can potentially enhance the hydrolytic stability of CPs
and MOFs. We recently reported the first example of a MOF based on o-carborane as a ligand; we
found that our 3-dimensional MOF was porous, hydrophobic and water stable.** This report was
followed by a series of m-carborane based Co and Zn coordination polymers with high hydrolytic

stabilities.*2-43

Inspired by the intriguing properties of carborane based MOFs, herein, we report a novel Cuz-
paddlewheel based MOF with formula [Cu2(mCB-L)2(DABCO)o.5(H20)] (mCB-MOF-1; mCB-
L: 1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane; DABCO: 1,4-
diazabicyclo[2.2.2]octane; Figure 2) for butanol recovery. Our porous and hydrophobic mCB-
MOF-1 retains its porosity when subjected to harsh aqueous conditions (e.g., pH 2-11 for one day
or at 90 °C for over two months). Owing to the excellent hydrolytic stability of mCB-MOF-1, it
was tested as an absorbent for ABE separation and compared with ZIF-8. Unlike ZIF-8, the S-
shaped alcohol and acetone isotherms with low pressure uptakes are not observed for mCB-MOF-
1, indicating a stronger interaction between the adsorbate and adsorbent. The performance of
mCB-MOF-1 towards ABE separation was evaluated in vapor phase dynamic adsorption
breakthrough experiments and showed that mCB-MOF-1 is a superior adsorbent for the separation
of biobutanol compared to ZIF-8 at 333 K.

RESULTS AND DISCUSSION

Crystal structure and characterization. Reaction of Cu(NO3)2 with mCB-HzL and DABCO in
a mixture of dimethylformamide (DMF)/ethanol/water (5:5:1) at 80 °C for 48h afforded greenish



crystals for [Cu2(mCB-L)2(DABCO)os5(H20)] (mMCB-MOF-1; Figure 2 and Figure S1) in 50%
yield. The IR spectrum showed a characteristic broad B-H stretching band from the carborane
(2601 cm™), and the C=0 vibration of the carboxylate groups (1716 cm™; Figure S2). Single
crystal X-ray diffraction revealed that mCB-MOF-1 crystallized in the tetragonal space group
1422 and possesses a 2-fold interpenetrated 3D framework having a rare 5-connected (4%)(6°)
(Schlafli symbol) topology (Figure 2 and Table S1). Phase purity was confirmed by elemental
analysis and powder X-ray diffraction (PXRD; Figure S3). The basic unit of mCB-MOF-1 is a
Cuz-paddlewheel motif of [Cu2(COO)4] units (Figure 2a). The Cu—Cu distance in the paddlewheel
unit is 2.6641(5) A. The two copper atoms share four mCB-L linkers at the basal positions and one
oxygen atom from a water molecule and a nitrogen atom from a DABCO molecule occupy the
apical positions (Figure 2a). Cu—OOC and Cu—Osoiv bond lengths range from 1.937(2) to 1.974(2)
A and 2.188(4) A, respectively. The Cu-N bond length is 2.180(8) A. The carborane mCB-L
linker shows a V-shape (OOC—-CBcentroid—COO ~ 115°) and two noncoplanar phenyl rings (70°).
In this structure, each Cuz-paddlewheel cluster is connected to four mCB-L ligands forming planar
2D layers with a 4*-grid topology (Figure 2b). Interestingly, the later layers where highly
corrugated in the related structure where DABCO was not incorporated.® In mCB-MOF-1, the
observed 2D layers are flat and linked by the pillaring DABCO ligand with a N-N distance of
2.573(8) A, giving rise to the 5-connected 3D structure shown in Figure 2c. Quite remarkably, the
DABCO ligands coordinate to only one of the two apical sites of each Cuz-paddlewheel cluster
and alternate above and below the Cuz-paddlewheel/mCB-L layers (Figures 2b-c). This provides
large rectangular channels (18.6 x 4.2 A), in which the apical positions of the Cuz-paddlewheel
units are occupied by water molecules. These large rectangular channels are minimized by a 2-
fold interpenetration of another 5-connected network, providing square 1D channels (Figure 2d)
of about 7.0 x 7.0 A when coordinated water is excluded. The interpenetrated networks are
interacting by m-stacking interactions between the centroids of the aromatic rings (3.7174(2) A)
and with an angle of 9.70(14) ° between their planes (Figure S4). Such interpenetration is unusual
when a small pillar ligand such as DABCO is employed.>%-°
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Figure 2. Crystal structure of mCB-MOF-1. a) View of the Cuz-paddlewheel units with mCB-L
coordination. b) Two perpendicular views of the extended structures showing the 2D 4* networks.
¢) 3D framework having a 5-connected (4%)(6°) topology with rectangular 1D channels. d) 2-fold



interpenetrated structure with square 1D channels. e€) Underlying 2-fold interpenetrated 5-
connected nets in the structure of mCB-MOF-1; green spheres represent the Cuz-paddlewheel
cluster nodes. Interpenetrated networks are colored differently for clarity. H atoms are omitted for
clarity. Color code: B pink; C grey; O red; N blue, Cu orange.

The structure of mMCB-MOF-1 is a rare example of 5-connected (4%)(6°) topology®:-%? (sqp) and
represents the first example of such a topology in a Cuz-paddlewheel MOF. Indeed, the
Cu2(O2CR)4A:2 (A = apical ligands) paddlewheel units serve as lineal, square or octahedral building
units, if all dimer cluster coordination sites are occupied by polytopic ligands (i.e., saturated).®® In
the case of mCB-MOF-1, the apical positions for each Cuz-paddlewheel are occupied by a
nitrogen atom of one DABCO and oxygen from water molecules. This rare structural topology®*
66 allows the activation of mMCB-MOF-1 by removal of the Cu-coordinated water, leading to an

open porous structure.

The bulk phase and analytical purity of the as made mCB-MOF-1 were confirmed by
powder X-ray diffraction (PXRD, Figure 3), elemental analysis, thermogravimetric analysis
(TGA) and infrared spectroscopy. TGA of the as-synthesized mCB-MOF-1 after washing with
DMF followed by soaking in acetone revealed a plateau in the range 100-300 °C (Figure S5).
Variable temperature Synchrotron Wide Angle X-ray Scattering (WAXS) measurements showed
that mCB-MOF-1 retains its original structure up to 300 °C under dynamic vacuum (Figure S6).
Upon activation at 130 °C for 12 h under vacuum, the TGA profile of our material confirms that
all guest molecules are successfully removed from the pores and provided the activated mCB-
MOF-1’. PXRD studies revealed that the structure of the activated mCB-MOF-1" is intact upon
removal of the guest molecules from its cavities (Figure S3). Type | Nz isotherms collected at 77K
and 1 bar confirmed the microporous nature of mMCB-MOF-1" and the BET surface area and pore
volume were found to be 756 m?g™* and 0.31 cm?®/g, respectively (Figure 3a and Table S2). mCB-
MOF-1’ is also porous to CO2 (1.34 mmol g*) at 313 K and 2 bar (Figure S7).
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(SEM) images showing crystals morphology of as made mCB-MOF-1 and that of mMCB-MOF-1’
after being in water at the indicated conditions.
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mCB-MOF-1 represents a rigid two-fold interpenetrated porous structure and PXRD
studies show that no structural changes can occur upon activation (Figure S3) or upon its
immersion in a variety of organic solvents such as alcohols, benzene, toluene and acetonitrile
(Figure S8). The rigidity of mMCB-MOF-1" can be attributed to the observed r-stacking interactions
of the interpenetrated networks of mCB-MOF-1. The interpenetration®” and formation of -
stacking motifs?® © are known to provide overall stabilization. We reasoned that such rigid
structure could also be stable in water as the highly hydrophobic carborane moieties are decorating
the MOF channels, thus providing protection to the Cuz-paddlewheel units against hydrolysis or

ligand displacement (Figure 4).4% 44

Figure 4. A 3D view of the crystal structure of mCB-MOF-1 along the ¢ axis showing the
environment of four Cu atoms (enlarged orange spheres) in the channels. Color codes: Boron, pink;

carbon, grey; nitrogen, blue; oxygen, red. H atoms are omitted for clarity.

Hydrolytic stability and hydrophobicity. It is noteworthy that mCB-MOF-1" is stable when
incubated in liquid water for at least one month at room temperature. More strikingly, it is fully
stable in hot water (90 °C) for up to one month as proved by a combination of PXRD, BET, SEM
and ICP measurements (Figure 3a-b and Table S2). Indeed, PXRD traces of mCB-MOF-1 before
and after incubation for two months at 90 °C in water in a closed vial perfectly match the simulated

pattern derived from the single crystal structure of mCB-MOF-1 (Figure 3b). However, there is a
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clear consensus that providing only the PXRD as a proof for water stability is not acceptable, and
other experimental evidences, such as gas sorption isotherms and SEM are mandatory to confirm
its water stability.%® Thus, the stability of mCB-MOF-1 was also confirmed by N2 adsorption
measurements of the solids after water treatment. Porosity is retained as proved by the BET surface
area measurements of the treated samples (Figure 3a and Table S2). Samples after water treatment
for up to two months at 90 °C show negligible changes in their surface area and pore volumes
compared with the as made material (see Table S2 for details). SEM images of both mCB-MOF-
1 and mCB-MOF-1" after their immersion in water at 90 °C for one month show no significant
morphology change of the polyhedral block crystals nor evidence of surface cracking (Figure 3c
and Figure S9). No significant weight loss was observed for the samples treated under the above
described conditions and consequently, copper leaching is deemed negligible in all the cases (see
Table S2 for details).

Moreover, nCB-MOF-1’ is also stable when incubated in liquid water over a wide pH range (from
2 to 11; pH adjusted with HCI or NaOH) for at least 48 h at room temperature (Figure 3 and S10).
PXRD patterns show that mCB-MOF-1" is more stable in basic than in acid conditions (Figure
S10). After immersion in water at pH 2, the surface area and pore volume of mCB-MOF-1’
decreases from 756 to 698 m?gtand 0.31 to 0.28 cm®g! in one day (Table S2). While in basic
conditions (water, pH 11), the surface area and pore volume of mCB-MOF-1’ decreases from 756
to 722 m?gtand 0.31 to 0.30 cm3g* in one day. Longer exposure to the above conditions shows a
decrease in its surface area and pore volume (see Table S2 for details). SEM images of the samples
immersed in acidic or basic conditions (Figure 3C and S11) show a clear change in morphology
from polyhedral crystals to small plates in the samples being in acidic aqueous solution but no
morphology changes are observed in the samples being in basic conditions. The higher stability of
mCB-MOF-1" in basic aqueous solutions prompted us to study the stability under harsher
conditions. Remarkably, mCB-MOF-1" is also stable in basic conditions (pH 11) at 90 °C for at
least 24h (Figure 3 and S10). When heated under basic conditions for 24h, slight structural changes
are already visible (Figure 3b). The PXRD pattern for mCB-MOF-1" after being at 90 °C in water
(pH 11) for one day shows a slight decrease in intensity of peaks at 26 = 8.3, 8.8, 14.5, 14.8 and
15.4 and we observed no additional peaks at higher angles (Figure S12). Consistently, SEM images
clearly show the presence of cracks on the surface of the polyhedral crystals and the appearance
of some spherulites (Figure 3¢ and S11).7%" The presence of spherulites in the SEM images of the
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treated MCB-MOF-1" does not reflect a significant change in the PXRD data with respect to the
PXRD pattern of the as made material. The treated material under basic conditions still shows high
porosity (629 m?g? at 77 K, Figure 3 and Table S2) with a pore volume of 0.26 cm3g*. Quite
surprisingly, copper leaching after such hard conditions was practically negligible (476 ppb) as
determined by ICP.

As reasoned above, we attribute this remarkably high hydrolytic stability to a combination of
interpenetration and the hydrophobic nature of the meta-carborane residues in the structure mCB-
MOF-1, which hinder the degradation of the Cuz-paddlewheel units (Figure 4). Shimizu and
coworkers have recently provided a way to parametrize and grade the hydrolytic stability of MOFs,
based on structural and sorption properties.®® These authors proposed six levels of hardness to
water exposure (1 to 6: ambient conditions to boiling water) and four categories (A to D: retention
of crystallinity and porosity to loss of porosity and crystallinity) as a way to benchmark both with
respect to how the MOF was treated and the post-treatment analysis. Using this stability level,
HKUST-1 is classified with a 4B stability (retained some porosity but losses some order when
immersed in water), DMOF is classified as 3D (loss of porosity and crystallinity when exposed to
intermediate humid conditions), whereas MIL-53 and ZIF-8 are classified as 6B and 6C,
respectively (retained some porosity or some order when immersed in boiling water). Following
this classification, our Cuz-paddlewheel MOF mCB-MOF-1 correspond to 6A stability which is,
to our knowledge, the highest hydrolytic stability of a Cu-based MOF and surpasses that of the
well-known families of ZIF- or Zr-MOFs (Table S3).%% 72

Having determined that mCB-MOF-1 is robust and permanently porous, we then evaluated
the influence of the carborane units on its hydrophobic properties. The water adsorption isotherm
for mCB-MOF-1" collected at 313 K (Figure 5) exhibits a type-11 sorption isotherm, typical of a
material with low affinity for water; this is in agreement with the hydrophobic nature of the m-
carborane residues present in mCB-MOF-1.”> We then performed water contact-angle
measurements of dry mCB-MOF-1’ in crystalline powder packed on a glass surface and in the
form of a disk pellet (diameter = 13 mm), which was fabricated by pressing a dry crystalline
powder under a pressure of 10 tons for 5 min.”* The contact angle (©c) in each case was 144° and
101°, respectively — values which are characteristic of a hydrophobic solid. mCB-MOF-1" shows
a similar hydrophobicity to that of the other highly hydrophobic MOFs (e.g. ZIF-8, Oc = 142°).7
We also quantified the contact-angle hysteresis (CAH) that was found to be 32° (Supporting
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Information, Table S3). This CAH was attributed to the surface roughness of the disk pellet that
can be the responsible for the contact line pinning.”® Additionally, if a glass substrate bearing
mCB-MOF-1" powder was inclined after placing a droplet of water on its surface, a mCB-MOF-
1’-covered water droplet (known as liquid marble) was formed (Figure S13); this is known to be

a common occurrence with hydrophobic powders.”
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Figure 5. Left: Type Il water vapor adsorption collected on mCB-MOF-1" at 313 K, and right:

water contact angle photo of a crystalline powder packed on glass surface.

Butanol separation. The permanent porosity, type Il water isotherms and excellent hydrolytic
stability of mCB-MOF-1 prompted us to check the performance of this MOF towards butanol
separation from realistic multicomponent aqueous mixtures. With this aim, we proceeded to
evaluate the accessibility of its pore structure to the ABE mixture by means of i. equilibrated single
component vapor isotherms, ii. dynamic variable temperature pulse gas chromatography and iii.
integrated gas stripping-dynamic vapor phase breakthrough curve measurements collected at 333
K. In order to put the results into a broader context, we compared the performance of mMCB-MOF-
1 with that of the well-known ZIF-8, which is a highly porous (BET surface area: 1630 m?g?),

stable and hydrophobic material.

With this aim, single-component vapor phase adsorption isotherms of butanol and ethanol
were measured for mCB-MOF-1 and ZIF-8 at 313 K and acetone at 303 K (Figures 6). The results
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show significant differences between these two materials in terms of their uptake capacities and
uptake behavior of alcohols. Firstly, in accordance with their respective porosity features, ZIF-8
exhibits higher saturation uptake for all alcohols which is attributed to its higher surface area and
pore volume. Secondly, mCB-MOF-1 and ZIF-8 behave differently at the critical low-pressure
region: there is a steep uptake when mCB-MOF-1 is used, and there is a negligible uptake when
ZIF-8 is used. The type | vapor isotherms for butanol, ethanol and acetone indicate that the pores
in MCB-MOF-1 are readily accessible for these molecules to diffuse in and therefore, MCB-MOF-
1 forms strong interactions with these molecules (Figure 6a). Whereas, as shown in Figure 6b,
ZIF-8 exhibits the characteristic sigmoidal S-shaped isotherms for the alcohol vapors, indicating
weak interactions between the ZIF-8 and alcohols at the low-pressure region; biobutanol and other
alcohol products are typically dilute solutions in water. In addition, the absence of hysteresis in the

isotherms collected on mCB-MOF-1 facilitates the easier desorption of the adsorbed alcohols.
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Figure 6. Acetone (303 K), butanol and ethanol (313K) vapor isotherms collected on mCB-MOF-
1’ (a) and ZIF-8 (b).

The selectivity of butanol over ethanol was evaluated using the Ideal Adsorbed Solution

Theory (IAST).”” Predictions show a much higher uptake of butanol over ethanol in both mCB-
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MOF-1" and ZIF-8. Remarkably, a higher butanol uptake is observed in mCB-MOF-1’ than in
ZIF-8 in the low-pressure region, and contrary to the latter, mCB-MOF-1" shows a negligible
ethanol uptake over all pressure range (Figure S14a-b). The selectivity results of mCB-MOF-1’
for butanol over ethanol shows higher than 12.0 in the < 25 kPa and decrease slowly to 7.0 at 100
kPa, being overall larger than that for ZIF-8 (Figure S14c). Consequently, the overall behavior is

in agreement with a higher butanol/ethanol selectivity for mCB-MOF-1".

To further characterize the alcohol-MOF interactions, gas-phase pulse chromatographic
were performed (Figures S15-16). Both mCB-MOF-1 and ZIF-8 were packed in separate columns
and the experiments were performed at 443 K and 503 K. A broad peak for butanol can be seen in
Figure S16, which suggests a relatively strong adsorbate (butanol)-adsorbent (mCB-MOF-1)
interactions. This can be explained by the slow intracrystalline diffusion of the butanol molecules
after they diffuse in the pores. To the contrary, acetone peaks are symmetrical for both ZIF-8 and
mCB-MOF-1 suggesting that the acetone molecules are not obstructed by intracrystalline
diffusion. NMR experiments were also performed to evaluate the multicomponent vapour uptake
capacity of both MOFs. Under atmospheric pressure and at 333 K, we observed that both ZIF-8
and mCB-MOF-1 uptake comparable amounts of butanol regardless of the difference in their BET
surface areas. (Table S7).

Having established the single component interactions of ABE components with the porous
framework, we then proceeded to study the butanol separation under industrially relevant
conditions in order to evaluate the effect of competitive adsorption of the different components.
With this aim, we studied the separation of butanol through an integrated gas stripping-adsorption
process with a model aqueous solution of ABE mixture (composition: acetone 7.04g/l, 0.715wt%;
butanol 13.75¢/l, 1.39wt%; ethanol 2.56¢/l, 0.26wt%; water 960.69g/l, 97.63wt%). 1000 mL of
the ABE mixture was thermostatized at 313 K and bubbled with He flow (40 mL min™). The
resulting flow of He, which carried the ABE vapor, was fed as the inlet stream to a thermostatized
chromatographic column (4 mm inner diameter/10 cm long) packed with mCB-MOF-1 or ZIF-8
and maintained at 333 K. It is worth mentioning that the standard ABE fermentation temperature
of solventogenic clostridium species in the bioreactor ranges from 308 to 313 K. It is well
demonstrated that any operating temperature above 313 K will hamper the production and yield,
as it negatively affects the clostridium species. Thus, in our proposed integrated process illustrated

in Figure 1, we envision that the ABE vapor generated in the bioreactor in concordance with the
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standard operating conditions of 313 K and 1 atmosphere pressure is stripped by a carrier gas from
the headspace of the reactor, and the resultant ABE vapor is externally heated to 333 K before
being fed to the fixed adsorbent bed. We chose to set up the temperature of our sorption column
at 333 K owing to the observation of comparatively very low adsorption and the concomitant rapid
elution of the raffinate — acetone and ethanol from sorption column loaded with mCB-MOF-1
(Figure S17). This finding from a lab scale setup, when extrapolated to an industrial scale process,
is considered to be highly meritorious in terms of the overall downstream separation process
efficiency and the associated process engineering and economics — capital and operating costs
requirements. Thus, the breakthrough curves collected on mCB-MOF-1 and ZIF-8 are presented

in Figure 7.
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Figure 7: Breakthrough curves collected at 333K on mCB-MOF-1" and ZIF-8. Color code: red:
acetone, black: ethanol and blue: butanol.

The breakthrough curves indicate that at 333 K, acetone, ethanol and butanol are initially co-
adsorbed, however, after acetone and ethanol become saturated, butanol replaces these weakly
adsorbed components. As can be seen in Figure 7, mCB-MOF-1" performs better than ZIF-8 as
exemplified by the respective breakthrough times of 146 and 80 min/g respectively, which
correlates to their adsorption capacity (butanol) at low pressure and strength of adsorbate-

adsorbent interactions. It can be therefore, concluded that the butanol interactions with mCB-
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MOF-1 pore framework gives rise to a material which can recover butanol from the ABE mixture

at 333 K more efficiently compared to ZIF-8.

To gain insights on the adsorption of butanol, ethanol or acetone in mCB-MOF-1’, we
conducted Monte Carlo simulations. The results indicate that all three molecules preferentially
distribute within the pockets created by the 2-fold interpenetrated structure and away from the 1D
channels of mCB-MOF-1" (Figure S18). A larger amount of intermolecular contacts between
butanol and the phenyl rings in the pockets than acetone or ethanol can explain the relatively
stronger interaction between mCB-MOF-1" and the larger alcohol (Figure S18). The binding
energies of those interactions have been calculated by DFT and compared with that for ZIF-8
(Table S8). The results show that the binding energy of butanol is greater than those for acetone
or ethanol in both MOFs. However, the binding energy of butanol with mCB-MOF-1" (-78.00
kJ/mol) is larger than the corresponding energy for ZIF-8 (-48.43 kJ/mol). These results are in
agreement with the shape of the single isotherms for both MOFs (Figure 6) and support the
observed higher selectivity of butanol over ethanol for mCB-MOF-1 than for ZIF-8 (Figure S14c).
The higher number of H atoms in the larger alcohol can improve the interactions between the small
pores (0.7 nm) of mCB-MOF-1’, whereas those are disfavored in the larger pores (1.1 nm) of ZIF-
8. The small pores of our carborane based MOF are fully decorated with low polar B-H groups
and nonpolar phenyl rings and that might certainly explain the preferential adsorption of butanol

molecules.

Conclusions

In summary, a new Cu(ll) based porous MOF (mCB-MOF-1) has been synthesized and
characterized. The activated mCB-MOF-1" is porous and stable in both basic and acidic aqueous
solutions as confirmed by PXRD, BET surface areas, SEM images and ICP. mCB-MOF-1" is
stable in water at 90 °C for over two months and also stable when incubated in liquid water over a
wide pH range (from 2 to 11) for at least 48 h at room temperature and it is also stable in basic
conditions (pH 11) at 90 °C for at least 24h. Such hydrolytic stability is attributed to a combination
of interpenetration and the highly hydrophobic nature of the meta-carborane residues in the
structure mCB-MOF-1, which hinder the degradation of the Cuz-paddlewheel units. Contact angle
and water vapor isotherms indicated that mCB-MOF-1 exhibits hydrophobicity on both the
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external crystal surfaces (Oc = 144 ©) and the internal pores (type-11 water sorption isotherm). Based
on the properties of mMCB-MOF-1, we tested this material towards butanol recovery from the ABE
mixture. Single-component adsorption isotherms of acetone, butanol and ethanol for mCB-MOF-
1 afforded type I isotherms in the low-pressure region, indicative of a strong affinity for the
components of the ABE mixture. The selectivity of mCB-MOF-1" for butanol over ethanol,
calculated by the Ideal Adsorbed Solution Theory, shows higher than 12.0 in the < 25 kPa and
only slowly decrease to 7.0 at 100 kPa, being overall larger than that for ZIF-8. Monte Carlo and
DFT calculations show that our MOF has higher affinity for butanol than ZIF-8, and show that the
adsorbates preferentially distribute within the pockets created by the 2-fold interpenetrated
structure of mMCB-MOF-1’. We therefore investigated the separation performance of mCB-MOF-
1 for ABE aqueous solution (acetone 7.04g/l, 0.715wt%; butanol 13.75¢/l, 1.39wt%; ethanol
2.56¢/1, 0.26wt%; water 960.699/l, 97.63wt%.) separation by an integrated process of gas
stripping-vapor phase adsorption process with dynamic breakthrough experiments and compared
the separation performance with ZIF-8 under the same conditions. Due to the stronger butanol-
mCB-MOF-1" interactions, breakthrough curves showcase that mCB-MOF-1" recovers butanol
more efficiently compared to ZIF-8 at 333 K. Our work demonstrates a step forward towards the
discovery of novel water stable MOFs for biobutanol recovery from a mostly water-containing
ABE mixture. To date, only ZIFs have been tested towards this application and based on our
findings, carborane-based MOFs can compete with ZIFs and can even outperform them in the
separation of biobutanol. Future work includes the scale up of mCB-MOF-1 synthesis, shape
engineer its powder form into a more industrially favored form, and test its performance using

different bed configurations as dictated by process modelling.

EXPERIMENTAL SECTION

Materials. 1,7-di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane ligand (mCB-H:L)
was synthesized according to the literature procedure.”® Synthesis of mMCB-MOF-1 was done in

air. All chemicals were commercially available and used as received.

Synthesis of [Cuz(mCB-L)2(DABCO)o.5(H20)]*2DMF2H20 (mCB-MOF-1). mCB-H:L
(90 mg, 0.234 mmol), DABCO (6.5 mg, 0.059 mmol), DMF (5 mL) and H20 (1 mL) were added
to an 8-dram vial and the mixture was sonicated until dissolution of the solids. Next, an ethanol
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solution (5 mL) of Cu(NO3)2¢6H20 (68 mg, 0.234 mmol) was added to the mixture. The vial was
closed and heated at 80 °C in an oven for 48 h, followed by slow-cooling to room temperature for
5 h. Greenish crystals of mMCB-MOF-1 were collected and washed with DMF (100 mg, yield 50 %).
IR (ATR; selected bands; cm-1): 2601 (BH); 1716 (C=0 from carboxylate). Elemental analysis
(%) calculated for Ca1H32B20Cu2NQOg: C 42.67, H 4.54, N 3.64; Found: C 42.68, H 4.97, N 3.59.

As synthesized mCB-MOF-1 crystals were immersed in acetone (20 mL) and replaced
once a day for three days, filtered and dried in air. The later was then activated by heating at 130

°C under dynamic ultrahigh vacuum for 12h.

Hydrothermal stability Tests. Solvent-exchanged and fully activated mCB-MOF-1" was
used for all hydrothermal stability tests. All experiments were replicated and the conditions were
chosen to test stability in liquid water at room temperature and at 90 °C in closed vials inside an
oven (Table S2). Such heating conditions were chosen as a more reproducible method than that
for the unspecific “boiling water” methods reported in the literature. Samples treated under the
different conditions, were filtered, and dried in air. Stability of the treated samples was evaluated
by X-ray diffraction, and BET of activated samples. Selected water treated samples were further

analyzed for Cu content by ICP or SEM images.

Breakthrough experiments. MOFs (500 mg) were packed into a stainless steel column
(10 cm long; 4 mm internal diameter) and activated by heating overnight at 403K under a Helium
flow (40ml/min) before measurements. Breakthrough measurements were done as follows: a
continuous He flow (40 ml/min) was bubbled through the ABE mixture (acetone 7.04 g/l, 0.715
wit%; n-butanol 13.75 g/l, 1.39 wt%; ethanol 2.56 g/l, 0.26 wt%; water 960.69 g/l, 97.63 wt%),
thermostatized at 313K, the forming stream subsequently was flow through the MOF (mCB-
MOF-1 or ZIF-8) packed in the column at 333K.

NMR experiments. We performed loading experiments (comparable with the
breakthrough experiments above) using a 10 cm long, 4 mm internal diameter home-made glass
column and nitrogen as gas carrier (flow, 40 ml/min). The loading experiments were performed
on mCB-MOF-1" (500 mg) and ZIF-8 (450 mg) at 333 K and atmospheric pressure. After 570
mins, the corresponding MOFs’ adsorbates were extracted with CDCIsz and the concentration of
each molecule was determined by NMR, using benzene as an internal standard. The results are
summarized in Table S7.
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Characterization and methods.

Attenuated total reflection Fourier transformed infrared (ATR-FTIR) spectra were recorded using
a PerkinElmer Spectrum One spectrometer equipped with a Universal ATR sampling accessory.
Spectra were collected with 2 cm™ spectral resolution in the 4000-650 cm™ range. Elemental
analyses were obtained by using a Thermo (Carlo Erba) Flash 2000 Elemental Analyser,
configured for wt.%CHN. Thermogravimetric Analysis (TGA) was performed in N2, on an nSTA
449 F1 Jupiter-Simultaneous TGA-DSC or SDT Q600 V8.3 Build 101 instruments (heating rate:
5 °C/min; temperature range: 25 °C to 600 °C). Gas sorption-desorption (CO2/273 K and N2/77 K)
measurements were performed using IGA001 and ASAP2020 surface area analyzer. The sample
was first degassed at 130 °C for 12 h. Crystals for X-ray Diffraction (XRD) were prepared under
inert conditions immersed in perfluoropolyether or paratone as protecting oil for manipulation.
Suitable crystals were mounted on MiTeGen Micromounts™, and used for data collection at BL13
(XALOC)™ at the ALBA synchrotron with an undulator source and channel-cut Si(111)
monochromator and Kirkpatrick-Baez focusing mirrors with a selected wavelength of 0.72932 A.
An MD2M-Maatel diffractometer fitted with a Dectris Pilatus 6M detector was employed. The
sample was kept at 100 K with an Oxford Cryosystems 700 series Cryostream. The structure was
solved with the ShelXT 2014/5 (Sheldrick, 2014) structure solution program using the direct
phasing methods solution method and by using Olex2 as the graphical interface.®’ The model was
refined with version 2016/6 of ShelXL using Least Squares minimisation.8! Highly disordered
solvent, identified as 6 ethanol per formula unit, was treated using a solvent mask (Squeeze). A
summary of crystal data is reported in Table S1 in the SI. Powder X-ray Diffraction (PXRD) was
recorded at room temperature on a Siemens D-5000 diffractometer with Cu Ko radiation (A =
1.54056 A, 45kV, 35mA, increment=0.02°). Morphological features were examined first by optical
microscopy and subsequently by scanning electron microscopy (SEM) with a QUANTA FEI 200
FEGESEM microscope. Water contact-angles were measured using a Kriiss DSA 100 device at
room temperature using water as the probe fluid (9 uL). Inductively Coupled Plasma — Mass
Spectrometry (ICP-MS) measurements were carried out in an Agilent ICP-MS 7700x apparatus.
Water, ethanol and butanol adsorption isotherms were measured at 313 K while acetone isotherms
were collected at 303 K using the Microtrac BELSORP aqua?® instrument. *H NMR spectra were
recorded on a Bruker Advance DPX-360 MHz spectrometer in deuterated chloroform, and
referenced to the residual solvent peak.
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WAXS patterns were recorded on the NCD-SWEET beamline at ALBA synchrotron light source
(Spain). An X-ray beam of 8 keV (A= 1.54 A) was set using a Si (111) channel cut monochramator.
The scattered radiation was recorded using a Rayonix LX-255HS area detector. The sample to
detector distance and the reciprocal space calibration were obtained using Cr20s3 as a standard
calibrant. The MOF was introduced in a borosilicate capillary and heated until 300 °C using a
Linkam TMS-350 capillary stage (10 °C/min from 25 °C; resting 30 minutes after every 50 °C
increase) under dynamic vacuum. Data reduction from 2D images to 1D profiles via azimuthal

integration was done using PyFAI.82

The isothermal parameters were well fitted by the Lagmuir-Freundlich (LF) method from the pure
adsorption isotherms at 313K.8384 Fitting parameters of LF equation as well as the correlation
coefficients (R?) are listed in Tables S5-S6. Predicted isotherms and Selectivity for mixtures of
butanol and ethanol (0.85:0.15) at 313K was analyzed using IAST (Figure S14a-c).

Adsorbate location. In order to localize the positions of the butanol, ethanol or acetone molecules
within the mCB-MOF-1" pores, the Adsorption Locator module of the Materials Studio 6.0
software®® was employed to perform Monte Carlo simulations. The used forcefield was
COMPASS,® the charge was forcefield assigned and the summation methods were group- and
atom-based. The simulations yielded the most stable conformation of the butanol, ethanol or

acetone molecules within the pores of MCB-MOF-1".

Binding energy calculation. Periodic DFT calculations were carried out using the CP2K code.®’
All calculations employed a mixed Gaussian and planewave basis sets. Core electrons were
represented with norm-conserving Goedecker-Teter-Hutter pseudopotentials,®-°° and the valence
electron wavefunction was expanded in a double-zeta basis set with polarization functions®® along
with an auxiliary plane wave basis set with an energy cutoff of 400 eV. The generalized gradient
approximation exchange-correlation functional of Perdew, Burke, and Enzerhof (PBE)® was used.
Test calculations showed that the total energy change of the reactive system was negligible (<0.01
eV) when the maximum force convergence criteria of 0.001 hartree/bohr was used. Each reaction
state configuration was optimized with the Broyden-Fletcher-Goldfarb-Shanno (BGFS) algorithm
with SCF convergence criteria of 1.0x10® au. To compensate the long-range van der Waals
dispersion interaction between the adsorbate and the MOF, the DFT-D3 scheme®® with an

empirical damped potential term was added into the energies obtained from exchange-correlation
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functional in all calculations. The value of binding energies (BE) were calculated as the energy
difference before and after adsorption in the adsorption process, as defined by

BE = EMOF+vapor — EMOF — Evapor

where EmoF+vapor is the total energy of the MOF/ABE adsorption system in equilibrium state,
while Emor and Evapor are the energy of the adsorbate-free MOF structures and the vapor
adsorbate, respectively. A negative value of BE suggests an exothermic adsorption of the vapor

molecule over MOF.
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