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Intensified biobutanol recovery using zeolites with

complementary selectivity

Stijn Van der Perre, Pierre Gelin,® Benjamin Claessens,”® Ana Martin-Calvo,® Julien Cousin Saint

Remi,”™ Tim Duerinck, Gino V. Baron,® Miguel Palomino,” Ledys Y. Sanchez,™ Susana Valencia,

b]

Jin Shang,' Ranjeet Singh,'” Paul A. Webley,™ Fernando Rey,"” Joeri F.M. Denayer ™

Abstract: A vapor phase adsorptive recovery process is proposed
as an alternative way to isolate biobutanol from acetone-butanol-
ethanol (ABE) fermentation media, offering several advantages
compared to liquid phase separation. The effect of water, which is
still present in large quantities in vapor phase, on the adsorption of
the organics could be minimized by using hydrophobic zeolites.
Shape selective all-silica zeolites CHA and LTA were prepared and
evaluated via single component isotherms and breakthrough
experiments. These zeolites show an opposite selectivity; adsorption
of ethanol was favorable on all-silica CHA, while the LTA topology
had clear preference for butanol. The molecular sieving properties of
both zeolites allowed to easily eliminate acetone from the mixture.
The molecular interaction mechanisms were studied by density
functional theory (DFT) simulations. Effect of mixture composition,
humidity and total pressure of the vapor stream on the selectivity
and separation behavior was investigated. Desorption profiles were
studied to maximize butanol purity and recovery. The combination of
LTA with CHA type zeolites (Si-CHA or SAPO-34) in sequential
adsorption columns with alternating adsorption and desorption steps
allows to obtain butanol in unpreceded purity and recovery. A
butanol purity of 99.7 mole% could be obtained at nearly complete
butanol recovery, demonstrating the effectiveness of this technique
for biobutanol separation processes.

Introduction

The production of biobutanol from the fermentation of renewable
feedstocks (biomass) has received considerable attention as a
sustainable and more environmentally-friendly alternative for
petroleum based fuels and chemicals.™! Besides being an
excellent biofuel, butanol also serves an important platform
molecule to provide mainstream industrial chemicals (butadiene,
butyl acrylate, dibutyl ether, tributyl citrate etc.), leading to the
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production of several high-value products, such as plasticizers,
solvents, polymers, coatings, paints ....2%! Biobutanol, also
referred to as n-butanol or 1-butanol, is produced in the acetone-
butanol-ethanol (ABE) fermentation process. The most widely
used microorganisms for ABE fermentation are anaerobic
bacteria, such as the solventogenic Clostridia strain including
Clostridium acetobutylicum and Clostridium beijerinckii.*® The
ABE fermentation results in a mixture composition of acetone-
butanol-ethanol in a 3:6:1 ratio with a total product concentration
between 2-3 wt% diluted in water.’” A downstream process to
recover butanol during fermentation must be implemented to
reduce product inhibition by butanol itself and prolong the
fermentation. However, the low concentration of butanol makes
the product separation process highly costly. Conventional
distillation processes for the recovery of biobutanol from an ABE
fermentation broth require more energy than the energy content
of butanol itself.”" Therefore, it is essential to explore other and
more efficient separation methods to become competitive and
economically viable.” In this context, adsorption-based recovery
operations are considered as the most promising alternative
compared to other methods, like gas stripping, pervaporation
and liquid-liquid extractions.®®*? Several researchers studied
the adsorptive separation of butanol from fermentation media or
from aqueous model solutions.®*?* A wide range of different
adsorbent materials were tested and studied, including active
carbons,®*22224 polymeric resins,®*** zeolites®:10-11:14-16.18-19.22-
%2 and metal-organic frameworks (MOFs).”? Cousin Saint
Remi et al.”? developed a conceptual separation process for the
recovery and purification of biobutanol by several adsorption
steps. Garcia and coworkers?® studied the column dynamics of
an adsorption-drying-desorption process for butanol recovery
with silicalite pellets, supported by theoretical models to make a
real estimation of the energy requirement of the whole
separation process. All of these studies considered adsorption
processes in liquid phase conditions.

Nevertheless, about 50% (w/w) of the fermented sugars are
converted to the gases CO, and H, and 33-39% to solvents
during the ABE fermentation.””? This large gas production
causes the entrainment of solvent molecules in the vapor phase,
resulting in a significant amount of water, butanol, acetone and,
to a lesser extent, ethanol in the headspace of the fermenter
chamber. This opens perspectives for the recovery of these
valuable chemicals from the vapor phase, instead of the liquid
phase. Another possibility to enrich the vapor phase with
solvents is gas stripping. A combination of gas stripping and
adsorption was recently suggested as a promising method for
the recovery of butanol from vapor phase.?*% At the same time,
operation in vapor phase offers several advantages: (1) ABE



concentrations relative to water are higher in vapor phase;®% (2)
less competition effects occur due to absence of acids and
fermentable carbohydrates in the vapor phase; (3) adsorbents
suffer less from stability issues, like aqueous conditions and low
pH (acetic and butyric acid are formed during the fermentation);
and (4) clogging or fouling problems due to microbial cells or
inorganic salts are avoided.®

A critical issue in the adsorptive recovery of butanol is the
development or identification of suitable adsorbents. The
hydrophilic nature of common types of zeolites makes them
inadequate in the presence of large amounts of water vapor.®
On the contrary, it could be expected that hydrophobic high-
silica and all-silica zeolites could allow the selective uptake of
butanol in vapor phase, but adsorption data in these conditions
are scarce.[#18%233 |n that respect, only MFI-type zeolites, such
as silicalite-1 (the pure silica analogue of ZSM-5)® and high-
silica ZSM-5,%! were tested as adsorbents for the separation of
butanol/water vapor mixtures in the form of zeolitic membranes.

In the present study, a new and alternative strategy for the
recovery of biobutanol is presented. An approach in which
adsorbents with complementary selectivity are combined in a
process with separate adsorption columns operating in
sequential mode is proposed. Therefore, two hydrophobic
zeolites, all-silica LTA (Si-LTA) and all-silica CHA (Si-CHA)
(figure 1), were synthesized and studied as selective adsorbents
for butanol separation from ABE model solutions in vapor phase.
Until now, only the separation of small gasses and light
hydrocarbons?®* and diffusion of such molecules®*! on these
pure silica structures was investigated. More importantly, water
adsorption experiments on Si-LTA (or 1TQ-29), the pure-silica
analogue of zeolite A developed by Corma et al.,*? indicated a
very hydrophobic character with a water capacity of only 1 wt%
(or 0.55 mmol g*) at 20 mbar. The CHA zeolite topology on the
other hand shows very specific and unusual selectivity for short
chain molecules,”**®! which makes it an interesting material for
the separation of short alcohols. A Si-CHA sample, prepared by
Miyamoto et al.,* showed hydrophobic behavior and revealed a
water uptake of about 3.1 mmol g™ at 67 mbar (P/P, = 0.9).

Adsorption characteristics were determined via vapor phase
adsorption isotherms of the most important components present
in the head space of the fermenter (acetone, butanol, ethanol
and water). Then, separation performance was tested in
dynamic conditions by performing vapor phase multicomponent
breakthrough experiments, where the effect of composition,
humidity of the vapor stream, contact time and total pressure on
selectivity was investigated. Finally, the desorption process has
been examined with the purpose to obtain a high-purity butanol
stream by combining two columns with different adsorbents to
allow a high degree of butanol purification at high recovery.
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Figure 1. The structural framework of (a) CHA and (b) LTA-type zeolites.
Color scheme: red: O; yellow: Si. The colored spheres represent the cavities
inside the structure.

Results and Discussion

The aim of the current work is the vapor phase recovery of
biobutanol from ABE fermentation solutions via a multicolumn
separation process. The concept consists of a 2-step separation
(butanol concentration followed by deep purification) with two
different adsorption columns in series, containing adsorbents
with a complementary selectivity (scheme 1). In a first step, the
bulk separation of n-butanol from a diluted humid ABE vapor
mixture takes place on an adsorption column containing a
hydrophobic adsorbent. At this stage, mainly butanol is
adsorbed and an excess of water vapor and other side-products
(acetone and ethanol) elute from the column. Subsequently,
butanol is desorbed from this first column and then passed over
a second column for further purification. In this final step, the
remaining traces of side-products and water still present in the
enriched butanol stream are adsorbed to obtain a very pure
biobutanol stream at maximal recovery.

Diluted humid

stripping gas
ABE vapors pping &

i pure butanol

stripping gas ! butanol + traces (H,0,

''''' ethanol, acetone)

H,0, ethanol, acetone

Scheme 1. Combined adsorption-desorption process for the recovery and
purification of butanol from the head space in the ABE fermentation process.
Step 1: head space vapors from fermenter are lead to the first adsorption
column for bulk separation (solid line): adsorption of butanol in column 1. Step
2: the effluent of column 1, obtained during desorption of column 1, is lead to
column 2 for purification and removal of impurities. All components are
obtained in a dilute stream in the stripping gas.



Vapor phase adsorption of individual ABE components

Single component adsorption isotherms of butanol, ethanol and
water are shown in figure 2 for both materials. Interestingly,
acetone was barely adsorbed because its kinetic diameter (4.7
A) is larger than the CHA (3.8 x 4.2 A) and LTA cage (4.2 x 4.2
A) windows (figure S5).#" This results in an extremely slow
uptake and can be perceived as a molecular sieving property of
both zeolites for this molecule, which makes the separation task
much easier since acetone can be removed from the mixture in
one step without interference with the other mixture compounds.

a)

q/mmol g?
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Figure 2. Vapor phase adsorption isotherms of ethanol (0), n-butanol (o) and
water (A) on (a) Si-CHA and (b) Si-LTA at 40 °C. The butanol isotherm on Si-
CHA is not in equilibrium despite an equilibrium time of about 420 min.

Generally, the adsorption capacities of Si-LTA are larger than
those of Si-CHA, due to better packing of molecules in the
spherical and larger cages of the LTA structure (11.4 A) than in
the ellipsoidal and smaller CHA cages (6.7 x 10 A). As follows
from Ar porosimetry, both materials possess very similar
micropore volumes; 0.27 and 0.29 ml g'1 for Si-CHA and Si-LTA,
respectively, corresponding very well with literature values.?*®

It should be noted that Si-LTA and Si-CHA show an opposite
affinity for ethanol and butanol at low vapor pressure. Si-CHA
prefers to adsorb the smallest alcohol, ethanol, over the
complete pressure range, while Si-LTA shows a larger affinity for
butanol at low pressure. On Si-CHA, butanol uptake is kinetically
limited and very slow, as shown in figure 3a. Therefore, two
pseudo-adsorption isotherms were measured with a different
equilibrium time of 180 and 420 min. respectively, but even after
420 min., equilibrium was not fully reached, pointing at very slow
intra-particle diffusion (figure 3b). This behavior is well-known for
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the CHA structure.*® A drastic decrease in molecular diffusivity
is observed once the adsorbate size *” becomes comparable to
the size of the small zeolite cage (6.7 x 10 A). Additionally,
Daems et al.*®! found that shorter alcohols such as ethanol,
which can adsorb with their main carbon chain perpendicularly
to the length axis of the cage, are much more efficiently packed
than longer alcohols, resulting in an entropic advantage and
larger affinity for the shorter chains. The combination of these
kinetic and entropic effects results in a strong and unusual
preference for ethanol over butanol on Si-CHA. Both
phenomena are absent on Si-LTA with its larger cages, allowing
adsorption of much longer chains as compared to Si-CHA. Its
ethanol adsorption isotherm is S-shaped while butanol exhibits a
classical type | profile, with a higher uptake for butanol in
comparison with ethanol in the lower pressure range. Ethanol
adsorption sharply increases at a relative pressure of 0.03-0.04
due to adsorbate-adsorbate interactions.
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Figure 3. (a) Uptake kinetics of ethanol (red) and n-butanol (green) on Si-CHA
(solid) and Si-LTA (dashed) at P = 1000 Pa for ethanol and P = 500 Pa for n-
butanol at 40 °C. (b) Butanol adsorption isotherms with equilibrium time of 180
(A) and 420 min (o) on Si-CHA at 40 °C.

Compared to the alcohols, adsorption of water is low, confirming
the hydrophobic nature of these all-silica materials. Especially
Si-LTA has a very low affinity for water, with a capacity of less
than 0.04 g g (or 2.0 mmol g?) at a relative humidity of 85%.
The water uptake of the Si-CHA sample is higher and



corresponds to about 0.08 g g™* (or 4.4 mmol g*) at P/P, = 0.85.
The reason for this less hydrophobic character of Si-CHA can be
ascribed to local defects, such as polar silanol groups, which are
also found in other pure silica zeolite structures.®%? #sj BD-
MAS-NMR spectrum of pure silica CHA zeolite shows the
presence of two small resonances at -101 and -102 ppm that
can be unambiguously ascribed to silanol groups, since these
two signals increase their intensity in the *H > %Si CP-MAS
NMR spectrum. On the contrary, there is any signal in the 2°Si
BD-MAS-NMR spectrum of Si-LTA zeolite, confirming that LTA
material is an essentially defect-free pure silica zeolite (figure
S4).

DFT calculations indicate that both Si-CHA and Si-LTA have a
much stronger affinity to ethanol and butanol than to water,
justifying the hydrophobicity of these two zeolites. The
interaction energy at very low degree of pore filling follows the
order butanol > ethanol > water for both materials (table 1). This
confirms that the selectivity towards ethanol of Si-CHA is a result
of kinetic restrictions and steric effects. The higher (~5 kJ mol™)
adsorption energies for Si-CHA in comparison with Si-LTA can
be attributed to the smaller size and specific shape of the
chabazite cage, resulting in stronger interactions.

[a]

Table 1. “zero-loading” interaction energy™ (kJ mol'l) on a defect-free Si-

CHA and Si-LTA at 0 K.

“zero-loading” interaction energy [kJ mol™]

Si-CHA Si-LTA
ethanol -46.83 -41.68
butanol -70.85 -64.63
water -25.60 -25.04

[a] The “zero-loading” interaction energy is defined as the adsorption
energy at a loading of one molecule adsorbed per supercage, reflecting
the intrinsic interaction between adsorbate and adsorbent.

In both structures, ethanol and butanol prefer to adsorb close to
the center of the hydrophobic cages, maximizing their
interactions, while water prefers sitting around the eight-
membered ring, as illustrated in figure 4. DFT calculations also
demonstrate that the adsorption interaction energy per ethanol
molecule becomes more negative with loading on Si-LTA,
suggesting ethanol-ethanol interactions become increasingly
important with loading (figure 5). This effect can be perceived in
the adsorption isotherm of ethanol on Si-LTA, where the
sigmoidal shape points at a cooperative adsorption mechanism.
On Si-CHA, a strong decrease in interaction energy (from -46.8
to -60.4 kJ mol™) is observed for the second molecule, probably
due to a better confinement. Beyond 3 ethanol molecules per
CHA cage, the interaction energy per ethanol molecule becomes
less negative. This reveals unfavorable interactions among the
ethanol molecules. To further prove this point, the intermolecular
interaction energies between ethanol molecules are calculated
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by removing the LTA and CHA structure and fixing the original
adsorption configurations of the adsorbed ethanol molecules.
The positive interaction energy values in the case of Si-CHA
(figure 5), indicate that ethanol-ethanol interactions are
unfavorable in this configuration, whereas negative energy
values are found for Si-LTA. The large difference in adsorption
behavior between Si-CHA and Si-LTA is related to the different
shape of the supercage, with a much larger degree of sterical
hindering in Si-CHA.
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Figure 4. Preferred location sites of ethanol (top), butanol (middle) and water
(bottom) in the (a) Si-CHA and (b) Si-LTA structure. Water molecule in the
LTA cage is located in the plane of the eight-membered window. Color
scheme: red: O; cyan: C; white: H; yellow: Si.
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Figure 5. Adsorption interaction energy per ethanol molecule as function of
the ethanol loading in the Si-CHA (closed circles) and Si-LTA (closed
triangles) cage and without the zeolite structure while fixing the original
adsorption configurations of the ethanol molecules (open symbols).



1-column vapor phase separation of ABE components

In a first stage, the separation of ethanol/butanol mixtures in
vapor phase conditions, in absence of water and acetone, was
investigated by performing breakthrough experiments using one
single column containing one of both materials. Separation of
ethanol and butanol is achieved with a clear difference in
breakthrough time on both adsorbents (figure 6). It should be
noted that Si-LTA and Si-CHA show an opposite selectivity
(figure 6a-b). Si-CHA prefers to adsorb ethanol and almost fully
excludes butanol, resulting in an instantaneous breakthrough of
butanol and strong retention of ethanol. Si-LTA on the other
hand has a clear preference for butanol. The ethanol
breakthrough profile of Si-LTA shows a large roll-up, indicating
that butanol displaces all adsorbed ethanol. The unusual shape
of the ethanol breakthrough profile originates from the sigmoidal
shape of its adsorption isotherm.®® The effect of ethanol/butanol
mixture composition and pressure on the separation
performance is shown in Supporting Information (figure S8).
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Figure 6. Breakthrough curves of an equimolar ethanol (0)/butanol (o) vapor
mixture (Py; = 1000 Pa) on (&) Si-CHA and (b) Si-LTA with a total flow rate of
10.5 Nml min™ at 40 °C.

Effect of water Since the ABE fermentation process is
performed in water, a gas stream obtained by stripping the liquid
phase contains a large amount of water vapor. It is well known
that the presence of water vapor negatively affects the
separation performance of most adsorbents. The influence of
water vapor was therefore tested in dynamic conditions. Even at
high relative humidity, the selectivity between ethanol and
butanol was preserved in both cases (figure 7a,b). No loss in
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ethanol/butanol selectivity was observed in presence of water
vapor for Si-CHA compared to the dry ethanol/butanol mixture
(figure 7c). At low water concentrations (Xwaer = 0.25 or RH =
7%), the selectivity increases even with a factor 2, because the
decrease in butanol capacity is relatively larger than that of
ethanol. At higher concentrations (from Xwaer = 0.50 or RH =
21% on), a downward trend in the ethanol/butanol selectivity is
discernable. For Si-LTA on the other hand, a negative effect of
water vapor on the butanol/ethanol selectivity is noticed. While
the butanol capacity is nearly unaffected by water vapor, the
presence of only few adsorbed water molecules in the pores
makes the material less hydrophobic which results in a larger
affinity for the more polar alcohol, ethanol (figure 7d). Also,
hydrogen bonding effects (between ethanol and adsorbed water
molecules) might play an important role in the attraction of
ethanol, leading to higher uptakes of ethanol.®™ This results in a
strong decrease of the selectivity (from 37 to 7) once water is
added to the structure. Nevertheless, separation of butanol and
ethanol is still achieved.

ABE mixture separation In a next step, the separation of a
model vapor mixture (see SlI) with approximately the same
composition as in the head space of a fermentation chamber
was evaluated for both hydrophobic zeolites. The ABE
components were present in a 4:6:1 ratio, with a water mole
fraction of 90% (or a relative humidity of about 60%) in the vapor
phase. As the ABE components are present in low
concentrations in a real fermentation medium (table S2), the
partial pressures of these compounds in the feed are located in
the low-pressure regime of the isotherms (figure S9). Resulting
breakthrough profiles are shown in figure 8. The water profiles
were omitted for clarity. Acetone shows immediate breakthrough,
since it is too large to enter the pores of both materials and thus
elutes from the columns without being adsorbed. Although a
significant amount of water is adsorbed in the present conditions
of low concentration of the ABE components (table 2), both
materials maintain their separation ability. Again, a clear
preference for ethanol was observed on Si-CHA, while Si-LTA
showed strong retention of butanol (figure 8). While Si-CHA
allows to selectively remove ethanol from an ABE fermentation
medium, Si-LTA appears to be very effective for the isolation of
biobutanol from the same mixture. As a consequence of its
shape selective properties in combination with its hydrophobic
character, Si-LTA is an interesting candidate for biobutanol
recovery.

Table 2. Adsorption capacities obtained in breakthrough experiments with a
humidified ABE mixture on Si-CHA and Si-LTA at 40 °C.

g[mmolg']  Si-CHA Si-LTA
water 1.288 0.629
acetone 0.004 0.006
butanol 0.029 1.458
ethanol 0.112 0.060
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Figure 7. Breakthrough profiles of an ethanol (0)/butanol (o)/water (A) vapor mixture on (a) Si-CHA and (b) Si-LTA with a total flow rate of 10.5 Nml min™ at 40 °C.
Mixture composition: Pethanol = 750 Pa, Pputanol = 750 Pa and Pyaer = 1500 Pa (Xwaer = 0.5). Adsorption capacities (bars: ethanol = red; butanol = green; water =
blue) and selectivity (line graph) as function of the mole fraction of water (Xwater) for different ethanol/butanol/water mixtures on (c) Si-CHA and (d) Si-LTA at 40 °C.
Ethanol and butanol are always in a 1:1 molar ratio. The water mole fraction is based on the total hydrocarbon and water fraction in the vapor phase (relative
humidity varies from 6 to 66%).
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Figure 9. Desorption profiles of acetone (yellow), butanol (green), ethanol (red), and water (blue) and temperature profile (black) of a Si-LTA column in
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adsorption column is kept at a temperature of 40 °C. A zoom-in of both graphs is provided above the full scale charts. No water signal was detected in this

configuration.

1-step butanol recovery During the adsorption step, Si-LTA is
contacted with the feed vapor mixture, mainly resulting in the
uptake of butanol, but also in the adsorption of a significant
amount of water, a small amount of ethanol and traces of
acetone. In order to recover the adsorbed butanol from the Si-
LTA pores, a desorption step is required.

In a first approach, the Si-LTA column was flushed with an inert
gas and subjected to a temperature increase (Tmax = 120 °C) to
cause desorption. Initially, a relatively high butanol product could
be obtained (figure S10). Starting from a butanol recovery of
about 60%, purity starts to decrease due the presence of traces
of acetone (negligible) and ethanol. Above a recovery of 95%,
close to complete butanol recovery, a significant decrease in the
purity is observed due to the presence of significant amounts of
water in the column effluent (figure S10).

2-column vapor phase separation of ABE components

In order to increase the butanol purity at high recovery, the
effluent of the Si-LTA column produced during the desorption
step was directly sent to a second column to trap the most
important impurities, as shown in scheme 2. Chabazite zeolite,
with its selectivity complementary to that of Si-LTA and unique
capability of rejecting butanol, was used to selectively trap
ethanol without-adsorbing butanol, which would otherwise result
in a loss in recovery. Two different materials with the CHA
zeolite topology were tested as second adsorbent. The
hydrophobic Si-CHA material was selected for its very large
selectivity towards ethanol while the hydrophilic SAPO-34
material was studied since it combines large ethanol
selectivity*>“® with good water adsorption properties (figure S6).

1. bulk separation

excess H,0 + acetone/ethanol
(diluted in stripping gas) &

sy ¥t

H,0 + ABE
(diluted in stripping gas)

2. purification

120°C
M " N

stripping gas ——> Si-LTA ) Lw

& v‘v kgt

P ta'a

Fd butanol + impurities

butanol (diluted in stripping gas)
(diluted in stripping gas)

-->

Scheme 2. Overview of the 2-step butanol recovery configuration, consisting
of two columns with different selectivity. Solid lines indicate the active flow;
dotted lines indicate the inactive flow.

A fixed operation time was used for the second column, about
50 min. from the start of the desorption step, yielding a
substantial improvement compared to the 1-step butanol
recovery system (figure S11b). After this period, the outlet
stream of the LTA column contained nearly pure butanol as all



impurities already desorbed (figure S10), and needed no further
purification with a second CHA column. The use of the second
column during complete desorption of the Si-LTA column
resulted in suboptimal performance (table 3), as discussed in
Supporting Information (figure S11a). During the first 50 min.,
the Si-CHA column allowed to remove a large fraction of the
ethanol impurity from the Si-LTA column effluent, but also
resulted in a decrease in water content. As a result, a significant
increase in butanol purity was observed at high butanol recovery.
Only above a butanol recovery of 99%, butanol purity decreased
below 96% (figure S11b).

Nevertheless, the highest purities were obtained with SAPO-34,
a hydrophilic chabazite type zeolite, as second adsorbent. This
material removed all water and a large part of the ethanol
present in the Si-LTA effluent. The desorption profile obtained
with this configuration was converted into a purity-recovery plot.
(figure 9). The purity of butanol at the column outlet is plotted as
a function of the recovery of butanol, starting from the end of the
desorption curve and then moving up to the first release of
butanol. So the last point in the desorption profile is taken at
zero recovery, and the first point at full recovery. With this
combination of adsorbents, butanol purity was exceeding 99%,
even at butanol recovery close to 100% (table 3). When using
SAPO-34 to purify the effluent of the Si-LTA column, traces (<
0.25 wt%) of other impurities were found in the product stream.
The catalytic activity of SAPO-34 with regard to small alcohols is
well-known;®® SAPO-34 is often used as a catalyst in the
methanol-to-olefin process (MTO),®® but also in ethanol-to-olefin
(ETO)®" and even acetone-to-olefin (ATO)®® processes, which
usually take place at high temperatures (>350 °C). At lower
temperatures, SAPO-34 demonstrates only a reduced catalytic
activity.®>*9%Y Since adsorption took place at 40 °C, only an
insignificant amount of catalytic products was formed (see SI).
The main product of ethanol conversion on SAPO-34 is ethylene,
together with some byproducts as diethyl ether, acetaldehyde,
and propylene.F®! Acetone can be converted into isobutene
and also, to a much smaller degree, in other hydrocarbons such
as ethylene, propylene, and C;—C, saturated alkanes where the
reaction proceeds mainly on the outer surface of SAPO-34
crystals.®® The identification of these products was beyond the
scope of this work.

Table 3 summarizes the results obtained with a second
adsorption column during desorption of the Si-LTA column for
different levels of butanol recovery (90%, 95%, 99%, >99.5%).
The use of a second column with complementary selectivity
generates a manifest increase in the biobutanol purity at the
different recovery levels. At >99.5% recovery, a limited decrease
in purity can be observed for the CHA column, because a small
part of the butanol is adsorbed by Si-CHA despite the kinetic
limitations on the chabazite structure. The hydrophilic SAPO-34
zeolite allowed to reach significantly higher purities than the
more hydrophobic Si-CHA zeolite, because of its higher water
affinity® (figure S6a). The combination of Si-LTA and SAPO-34
led to a final butanol purity of 99.9 wt% (or 99.7 mole%, see
table 3) whilst recovering all of the desorbing butanol. These
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values are high compared to butanol purity values found in the
literature. Faisal et al.®®, for instance, performed adsorption in
liguid phase on a silicalite adsorbent, but desorbed using
nitrogen gas. The product stream resulting from desorption was
subsequently sent to a condenser, with the maximal butanol
purity reported to be 88.5 wt%. Liquid phase desorption results
of Cousin-Saint-Remi et al.?% on ZIF-8 showed a maximum
butanol concentration of 20 wt% using methanol as
displacement liquid. Abdehagh et al.?? used a similar approach
as Faisal et al.®® on their activated carbon material F-400, first
performing adsorption of an ABE model mixture in liquid phase,
followed by desorption using CO as carrier gas. In their study, a
final concentration of 15 wt% was reported.”” This approach
was also used by Saravanan et al.*¥ on ZSM-5. Inert argon was
used as purging gas, yielding a maximal butanol concentration
of 84.3 wt%. Similarly, Lin et al.® observed a final butanol
concentration of 14 wt% using methanol as desorbing agent
after liquid phase adsorption of an ABE model mixture. Agueda
et al.”® proposed a butanol recovery process using silicalite
pellets wherein a purity of 98 wt% could be obtained from dilute
aqueous solutions (0.5-2 wt%) with a recovery of 60-70 wt%. In
this context, it should be mentioned that a butanol purity of 76
wit% (or 65.5 mole%) could be achieved on the Si-LTA column
without combining it with a second adsorption column and
recovering all of the desorbing butanol.

Table 3. Butanol purity (mole%) at different levels of recovery (%) for
different multicolumn experiments with Si-LTA.

purity [mole%]

recovery [%]  Si-LTA Si-LTA + Si-LTA + Si-LTA +
Si-CHA® Si-CHA SAPO-34
(50 min)® (50 min)®™
>99.5 65.5 64.6 66.0 99.7
99 70.6 68.7 96.1 99.7
95 98.8 96.3 99.5 90.8
20 99.4 98.7 99.6 99.9

[a] Second column is used during the complete desorption process. [b]
Second column is used during the first 50 minutes of the desorption process.

Conclusions

Two all-silica zeolites, Si-CHA and Si-LTA, were synthesized
and identified for the adsorptive recovery of bioalcohols from an
ABE model mixture in the presence of water vapor. The effect of
water on the adsorption of the organics was limited, because of
the hydrophobic nature of these zeolites. Si-CHA and Si-LTA
displayed a complementary selectivity; Si-CHA preferred ethanol,
while Si-LTA showed very interesting properties for biobutanol
recovery. The combination of both complementary materials in
sequential columns with alternating desorption and adsorption
steps was proposed to obtain butanol in very high purity and



recovery. A butanol purity larger than 99.5% could be obtained
at a recovery > 99% using a combination of Si-LTA column and
SAPO-34, the polar analogue of Si-CHA, as second column.

The results presented herein illustrate the potential of
hydrophobic and shape selective zeolites in the adsorptive
recovery of bioalcohols, in particular biobutanol, from ABE
fermentation mixtures. This approach in which adsorbents with
complementary selectivity are combined could be used to obtain
all mixture compounds in high purity or extended to the
separation and/or isolation of other, rather small, biobased
components from aqueous mixtures in vapor/liquid phase.

Experimental Section

Synthesis Pure silica chabazite (Si-CHA) was synthesized by following a
reported procedure.”® This procedure features a hydrothermal synthesis
process using N,N,N-trimethyladamantammonium hydroxide (TMAdaOH)
as the structure-directing agent in the presence of fluoride at near to
neutral pH. In a typical synthesis 13.00 g of tetraethylorthosilicate were
firstly hydrolyzed in 31.18 g of a 1.0 M TMAdaOH aqueous solution.
Then the mixture was stirred using a magnetic stirrer to allow the ethanol
and water to evaporate to a final H,O/SiO, molar ratio of 3.0. After that,
1.33 g of HF (aq., 46.9%) was added and the mixture was homogenized
by hand using a stainless steel spatula prior to being transferred to a
Teflon lined stainless steel autoclave of 60 ml in volume. The autoclave
was heated at 150 °C while rotated at 60 rpm in an oven. After
crystallization for 40 h (pH = 8.5) the solid product was collected, washed
with deionized water, and dried in a vacuum oven at 80 °C.

Pure silica LTA (Si-LTA), also named as ITQ-29, was synthesized in
fluoride medium at 135 °C for 5 days using 4-methyl-2,3,6,7-tetrahydro-
1H,5H-pyrido[3.2.1-jj] quinolinium (ROH) and tetramethylammonium
(TMAOH) hydroxides as organic structure directing agents from a gel of
molar composition: SiO; : 0.25 ROH : 0.25 TMAOH : 0.5 HF : 3 H;0. 5
wt% of the silica was added as seeds of pure Si-LTA for promoting
zeolite crystallization. The solid was recovered by filtration and
extensively washed with distilled water and dried at 100 °C, overnight.
The occluded organic was removed by aerial calcination at 700 °C during
6 hours.

Commercial SAPO-34 was obtained from ACS Material (Medford, USA)
and was already extensively characterized in a previous study.®® The
obtained crystals of Si-CHA and Si-LTA have an average diameter of
around 6 and 2.5 um respectively.

Characterization Ar porosimetry measurements were performed on an
Autosorb AS-1 (Quantachrome instruments) device at 87 K. Both
samples were activated at 350 °C under vacuum for at least 3 h. Pore
volumes were determined at a relative pressure of around 0.2, while pore
size distributions were determined via Density Functional Theory (DFT)
using non-local DFT (NLDFT) parameters for zeolites/silica, assuming
cylindrical and/or spherical pores (figure S1).

X-ray powder diffraction (XRPD) data were collected at ambient
conditions using a Panalytical X'Pert PRO diffractometer with capillary
geometry, using an  hybrid monochromator for CuKa; radiation
(AM=1.5406), divergence slit: fixed = ¥2°; goniometer arm length: 240 mm;
detector: Panalytical X'Celerator; tube voltage and intensity: 45 kV, 40
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mA,; scan range: 3.0° to 75.0° (28), scan step size: 0.017° (20); counting
time: 2440 s/step. For measurement, the sample was placed in a 0.7 mm
diameter sealed glass capillary. The XRPD results (figure S2)
demonstrate the crystallinity of the synthesized materials.

Si NMR spectra were recorded in a Bruker AV-400WB spectrometer
using a BL7mm probe, spinning at 5 Khz. 2°Si Bloch decay (BD)-MAS
NMR spectra were measured using pulses of 4 ms corresponding to a
flip angle of /3 radians and recycle delay of 60 s. *H to #Si cross
polarization (CP)-MAS NMR spectra were measured using /2 pulse
length for *H of 5 ms, a contact time of 3.5 ms and recycle delay of 3s.
Both, °Si BD-MAS and H to 2°Si CP-MAS spectra were recorded with
proton decoupling (tppm). °Si NMR spectra were referred to
tetramethylsilane (TMS) (0 ppm). During the acquisition of 2°Si spectra,
the samples were span at the magic angle (MAS) at a rate of 5-5.5 kHz.

Density Functional Theory All results were calculated using the Vienna
ab initio Simulation Package (VASP) with the projector augmented waves
(PAW) approach.’”®8 The cut-off energy of the plane wave basis-set
was 405 eV. A gamma point only k-point mesh was used for an extended
zeolite structure with infinite repeating unit cells. Such a cut-off energy
and k-point mesh were tested to ensure the total energy value
convergence within 1 meV atom™. The atomic positions were optimized
with the conjugate gradient method until the forces acting on atoms were
below 0.015 eV A and the zeolite structure was allowed to relax. To
account for the van der Waals interactions, the calculations were
conducted using the DFT-D3 van der Waals interaction correction
method with Becke—Jonson damping (IVDW=12).*" The adsorption
interaction energy (0 K) of a given guest molecule is defined as the
difference between the total energy of zeolite augmented by the total
energy of an isolated guest molecule: E.gs = Ei(zeolite+tgas) —
Ewt(zeolite) — Eit(gas).

Vapor phase adsorption experiments Vapor phase isotherms were
measured at 40 °C with the gravimetric method on a microbalance of VTI
Corporation (SGA-100H). Nitrogen (Air Liquide, >99.998%) bubbling
through the reservair, filled with a liquid adsorbate, entrains the organic
vapor (dynamic method). Prior, samples were activated by heating at
350 °C for 2 h under N, flow. Some vapor phase isotherms were also
measured without carrier gas (static method), using a pressure-controlled
method (IGA-002, Hiden Isochema). This method enables one to achieve
lower vapor pressures than the dynamic method. Activation was
performed here at the same temperature, but under vacuum. It was
already shown that both methods yield similar results in their overlapping
vapor pressure range.!’”

Vapor phase breakthrough experiments Breakthrough experiments
were performed using a column of length 10 cm and internal diameter
0.21 cm, which was packed with zeolite pellets (between 250 and 500
pm).  Mixtures of ethanol/butanol, ethanol/butanol/water and
acetone/butanol/ethanol/water, diluted in He, were sent through the
column at 40 °C. Experiments were performed at different partial
pressures of ethanol, butanol and water to study the effect of water and
ethanol/butanol composition on the selectivity of Si-CHA and Si-LTA. The
gas stream at the outlet of the column was analyzed on-line with a gas
chromatograph (GC) equipped with an automatic gas injection valve. A
Stabilwax® (crossbond Carbowax-PEG) column (Restek) of length 15 m,



internal diameter 250 pm, and film thickness 0.5 pm was used for the
separation of different mixtures. The adsorbed amounts, g; and g;, were
calculated by integration of the experimental breakthrough curves. An
average adsorption selectivity, a, for components i and j, is defined as:

oo B/% 6
pi/ pj
Desorption experiments were performed using an inert gas, He, at a flow
rate of 10 ml/min where the column was subjected to a specific
temperature program (120 °C for 180 min with heating and cooling rate of
1 °C min™). From these desorption profiles, the purity and recovery of a
component i can be calculated. He was not included in the calculation of
the purity. A more detailed explanation of the calculation is found in SI.
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