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Introduction

An investigation into the adsorption mechanism
of n-butanol by ZIF-8: a combined experimental
and ab initio molecular dynamics approachf

Samuel P. Wallbridge,
Jonathan L. Wagner,® Jamieson K. Christie

@ Stuart Archer,® Mark R. J. Elsegood, (2@
© and Sandra E. Dann*®

The zeolitic imidazolate framework, ZIF-8, has been shown by experimental methods to have a
maximum saturation adsorption capacity of 0.36 g g~ for n-butanol from aqueous solution, equivalent
to a loading of 14 butanol molecules per unit cell or 7 molecules per sodalite B-cage. Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) shows the presence of hydrogen bonding
between adsorbed butanol molecules within the cage; the presence of three different O—H stretching
modes indicates the formation of butanol clusters of varying size. Ab initio molecular dynamics simula-
tions show the formation of intermolecular hydrogen bonding between the butanol molecules, with an
average hydrogen-bond coordination number of 0.9 after 15 ps simulation time. The simulations also
uniquely demonstrate the presence of weaker interactions between the alcohol O-H group and the n-
orbital of the imidazole ring on the internal surface of the cage during early stages of adsorption. The
calculated adsorption energy per butanol molecule is —33.7 kJ mol %, confirming that the butanol is
only weakly bound, driven primarily by the hydrogen bonding. Solid-state MAS NMR spectra suggest that
the adsorbed butanol molecules possess a reasonable degree of mobility in their adsorbed state, rather
than being rigidly held in specific sites. 2D C—-'H heteronuclear correlation (HETCOR) experiments
show interactions between the butanol aliphatic chain and the ZIF-8 framework experimentally,
suggesting that O—H interactions with the m-orbital are only short lived. The insight gained from these
results will allow the design of more efficient ways of recovering and isolating n-butanol, an important
biofuel, from low-concentration solutions.

low, typically less than 20 g L~'. Traditional wild strains
produce low yields, such as C. acetobutylicium ATCC 824, which

n-Butanol is a straight chain alcohol with physical and
chemical properties that make it attractive as a next-
generation liquid transportation fuel: it has a high energy
density, high miscibility with gasoline and diesel, is easy to
distribute, and it is safer than alternatives such as ethanol, with
a lower vapour pressure and higher flash point.” Bio-butanol
can be obtained by the fermentation of sugars with Clostridium
bacteria that produce dilute aqueous mixtures of acetone,
butanol and ethanol (ABE) along with a number of side
products.’™ Due to the toxicity of n-butanol towards Clostri-
dium bacteria, the concentration of butanol obtained is very
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achieves a yield of 6.1 g L™' of butanol from microalgae
sources.®” Genetic engineering of bacterial strains can be used
to improve fermentation performance; for example, Lu et al.
were able to enhance butanol production by genetically engi-
neering a strain of C. bejjerinckii from 2.6 to 12.0 g L', whilst
Zu et al. demonstrate an improved butanol tolerance for C.
acetobutylicium strains, resulting in a yield increase from 14.5 to
18.0 g L7 1.%°

Alternatively, to prevent cell disruption, the product can be
recovered in situ, however, low n-butanol concentrations in
solution mean that current methods, such as distillation,
gas stripping and pervaporation, require large amounts of
energy and are not cost effective.'” Adsorption onto a variety
of solid materials, however, has been demonstrated as an
energy-efficient method for the recovery of n-butanol from
low-concentration aqueous fermentation liquors.'''® Materials
such as activated carbons, polymeric resins and zeolites have
all shown high adsorption capacities for n-butanol from
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Fig. 1 The structure of ZIF-8 where zinc atoms are shown in light blue, nitrogen in purple, carbon in dark blue and deuterium (representing hydrogen
positions) in orange. The light blue tetrahedra are ZnN units. (a) ZIF-8 cubic unit cell, space group /43m, a = 16.9901 A and o = 90°. (b) Zinc tetrahedron
(ZnNy) coordinated by four 2-methylimidazole groups. (c) Simplified SOD beta-cage depicted by zinc framework atoms. (d) Six-membered ring with
narrow pore opening of 3.4 A, hindered by bulky 2-methylimidazole groups. Data are adapted after Wu et al. (CDCC 652032).

aqueous solutions. For example, Lin et al. achieved a capacity
of 0.206 grams of butanol per gram of adsorbent with a
polystyrene diethylbenzene polymer.'” Whilst zeolites, such
as ZSM-5, ZSM-12 and beta that reach capacities of 0.12,
0.075 and 0.150 g g ', respectively, are favoured for
their molecular sieving properties and improved adsorption
kinetics.'® The application of in situ recovery by adsorption
has been demonstrated in several studies to improve the
overall yield and productivity of ABE fermentation processes.
For example, Xue et al. used an activated carbon in a fed-
batch fermentation process to increase the yield by 230%, to
54.6 g L 11920
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Zeolitic imidazolate frameworks (ZIFs) are a subclass of
metal-organic frameworks (MOFs) with great structural diver-
sity and tuneable properties that have been used widely in the
field of separation.>* ZIF-8 is the most notably studied ZIF; its
structure consists of the cubic space group I43m witha=b=c =
16.9901 A and o = § = A = 90° (Fig. 1(a))** where tetrahedral zinc
atoms are coordinated to the nitrogen of 2-methylimidazole
linking groups that repeat to form an extended framework
(Fig. 1(b)). The resulting truncated octahedral fB-cages are
joined by 4- and 6-membered rings to generate a highly
symmetrical sodalite (SOD) network (Fig. 1(c)).>*** The B-cage
has a diameter of 11.6 A and can only be accessed through the
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narrow 6-membered ring opening with a diameter of 3.4 A
(Fig. 1(d)), however, an “opening the gate” effect, first char-
acterised by Fairen-Jiminez et al., resulting from rotation about
the Zn-N bond, enlarges the pore opening and allows much
larger molecules to diffuse into the channels.>®

ZIF-8 possesses characteristics that make it desirable as an
adsorbent material; it’s microporous nature results in a high
internal surface area; it also displays good chemical and
thermal stability and it is highly hydrophobic, meaning that
it can be employed in aqueous media. Applications of ZIF-8
have included separation of small gas molecules, short-chain
hydrocarbons and alcohols, as well as much bulkier
molecules.”>**> Several studies have demonstrated that ZIF-
8 has a high adsorption capacity for n-butanol, greater than
0.3 g g7, as well as good selectivity over acetone and ethanol in
low-concentration aqueous environments for both batch and
breakthrough processes.>**> The mechanism of adsorption
and hence the nature of n-butanol molecules inside the ZIF-8
cages is, however, unclear from experimental data alone. Gao
et al. have reported that the selective separation takes place by a
combination of thermodynamic and kinetic effects; the pre-
dominant effect being the relative polarisability of the mole-
cules and hence greater interaction between butanol and ZIF-8,
compared to ethanol and acetone.*® However, it has been
suggested by Remi et al. after Rietveld refinement of PXRD
data, that the butanol molecules interact solely through hydro-
gen bonding and show no interaction with the cage itself.*?
Several studies have employed molecular simulations to inves-
tigate the behaviour of light alcohols in ZIF cages; both Monte
Carlo simulations and the Ideal Adsorbed Solution Theory
(IAST) have previously demonstrated the existence of molecular
clustering through hydrogen bonding interactions that play a
key role in adsorption.**~*®

In this paper, we investigate the adsorption of n-butanol by
ZIF-8 both experimentally and theoretically to examine the
molecular interactions present at maximum loading capacity.
Liquid-phase adsorption isotherms, diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) and solid-state MAS
NMR spectroscopy are used to provide an experimental insight
into the behaviour of n-butanol inside the ZIF-8 cages. These
data are combined with ab initio molecular dynamics simula-
tions to investigate the preferential arrangement and binding
mode of the butanol molecules within the framework. To
develop materials with increased adsorption capacities, tar-
geted molecular selectivity, improved separation kinetics and
scalability for industrial application, an understanding of the
mechanism for n-butanol adsorption is imperative for develop-
ment of correct structure-property relationships. In doing so,
the results in this study can accelerate the discovery of materi-
als for more efficient n-butanol recovery.

Results and discussion

The liquid-phase adsorption characteristics of ZIF-8 towards
n-butanol have been studied for ZIF-8 synthesised by both
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solvothermal and room-temperature precipitation routes
(details provided in the ESIf). Scanning Electron Microscopy
(SEM) micrographs in Fig. 2 indicate that the two preparation
routes produce ZIF-8 samples with significantly different parti-
cle sizes and morphologies. In Fig. 2(a) and (b), ZIF-8 particles
synthesised by the room-temperature precipitation method are
small and highly uniform with well-defined rhombic dodeca-
hedral morphology, possessing twelve thermodynamically
stable [110] crystal facets.** The average particle size was
determined by measuring the diameter of >300 particles to
give a value of 405 + 24 nm (Fig. S4, ESIY).

In comparison, ZIF-8 particles synthesised solvothermally in
Fig. 2(c) are much less uniform, forming large aggregates with
no obvious crystal morphology. Fig. 2(d) shows that large
crystals, up to approximately 16 pm in size, with a truncated
rhombic dodecahedral morphology, can be observed in the
sample. This is an intermediate morphology formed as a result
of incomplete crystal evolution which exposes both [110] and
less thermodynamically stable [100] facets.*>*® This observa-
tion suggests that despite the long reaction time, the crystal
morphology evolution is very slow under these conditions
compared to the room-temperature precipitation method.
From this point forward, large particles of ZIF-8 synthesised
by the solvothermal method will be referred to as L-ZIF-8,
whereas small particles of ZIF-8 synthesised by the room-
temperature precipitation method will be referred to as S-ZIF-
8. Despite the differences in particle size and morphologies,
powder X-ray diffraction (Fig. S1, ESIf) confirms that both
routes produce crystalline ZIF-8 with a good match to literature
data from Wu et. al.>* N, adsorption/desorption analysis (Fig.
S3, ESIt) indicates that S-ZIF-8 has a slightly larger Brunauer-
Emmett-Teller (BET) surface area of 1433 m* g~ ' compared to
1373 m” g~ for L-ZIF-8 with total pore volumes of 0.71 cm® g~ *
and 0.66 cm® g~ *, respectively.

Single-component liquid-phase butanol adsorption iso-
therms for both L-ZIF-8 and S-ZIF-8 in Fig. 3 show that both
fit the Langmuir adsorption model and reach similar plateaus.
The saturation adsorption capacity, Qmax, values derived from
these plots are 0.364 + 0.027 g ¢ " and 0.356 & 0.025 g g~ ' for
L-ZIF-8 and S-ZIF-8, respectively. These data suggest that the
maximum amount of butanol that can be separated per gram of
ZIF-8 is the same, within experimental error, despite their vastly
different particle sizes and morphologies; an observation that is
not unexpected given the similarities in surface area and pore
volume. The Langmuir constant, k, is calculated to be 0.65 +
0.26 L g " and 0.73 + 0.28 L g~ . Again, the values for the two
samples are within experimental error of one another, and the
relatively high values suggest that the adsorption is very favour-
able. The uptake of butanol is high at low n-butanol starting
concentrations (0.5 and 1.0 wt%), with the adsorption capacity
exceeding 0.3 g g~ in both cases by 2.0 wt%,; this is a highly
desirable characteristic considering that the concentration of
n-butanol present in ABE fermentation liquors is often below
2 wt%. However, linear derivation of the Langmuir model
(Fig. S5, ESIT) shows that for starting concentrations of 0.25 wt%
and below, the adsorption capacity (Q.) is low and deviates
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Fig. 2 Scanning Electron Microscopy (SEM) micrographs collected with secondary electron imaging of ZIF-8 synthesised by the room-temperature
precipitation method at magnification of (a) x5500 and (b) x40 000 and ZIF-8 synthesised solvothermally at magnifications of (c) x600 and (d) x5500. In
(b) and (d), a selection of crystal facets are marked to demonstrate the different particle morphologies. {110} crystal facets are marked with purple

borders, whilst {100} facets are marked with green borders.

from this model, so it is suggested that ZIF-8 is not suitable for
separation of n-butanol from aqueous mixtures that are con-
siderably lower than 0.5 wt%.

The number of butanol molecules adsorbed per ZIF-8 unit
cell, N, is determined using eqn (1) below:

N = Qmax-%‘i1 (1)

where Qnax is the saturation loading capacity, in g mol™%; N, is
Avogadro’s number and N, is the number of unit cells per gram
of ZIF-8.*> When compared to the values calculated in Table 1,
the experimentally determined Q. value of 0.36 g g~ for both
L-ZIF-8 and S-ZIF-8 suggests that at equilibrium, the adsorption
capacity equates to 14 butanol molecules per unit cell and
7 per cage. We expect, therefore, that the structure refined by
Remi et al. with 6 molecules per cage was not fully saturated
with butanol and that a different molecular arrangement is
observed in this study than the one reported previously.*’

Further characterisation of cage-loading, through experimental

19914 | Phys. Chem. Chem. Phys., 2023, 25, 19911-19922

techniques and molecular simulations to investigate the n-
butanol binding mechanism, strength of adsorption and the
implications this has on separation processes was therefore
necessary to explain this behaviour, which we present here for
the first time.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS)

DRIFT spectroscopy has been used to study the interactions
present within the framework during adsorption as well as the
desorption mechanism of the butanol upon heating. The
presence of adsorbed species at room temperature is evident
in the spectra in Fig. 4(a) for L-ZIF-8 and Fig. 4(b) for S-ZIF-8;
butanol O-H stretching bands are observed between 3200-
3700 cm !, whilst C-H stretches are present at ca. 2960 and
2872 cm ™. Deconvolution of the O-H stretching bands using a
Gaussian fit (Fig. S6, ESIt) indicates that there are three
vibrational modes in this region. The relatively sharp band at
~3605 cm ™' can be assigned to free hydroxyl groups that do

This journal is © the Owner Societies 2023
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Fig. 3 n-butanol adsorption isotherms measured over the starting
concentration range 0.5-5.0 wt% for L-ZIF-8 () and S-ZIF-8 (@). The
data are fitted to the Langmuir adsorption model for L-ZIF-8 (solid line)
and S-ZIF-8 (dashed line).

Table 1 Calculated saturation loading capacity values, Qmax. and equiva-
lent weight percent loadings for ZIF-8 with increasing n-butanol mole-
cules per cage

Butanol/cage Omax (g27Y) Weight percent (wt%)
4 0.20 17.8
5 0.27 21.3
6 0.33 24.7
7 0.38 27.5
8 0.43 30.3

not exhibit any hydrogen bonding between butanol molecules,
thus suggesting that there are isolated butanol molecules
present inside the cage. The broad band between 3150-
3560 cm " has two features that can be assigned to O-H
stretches of hydroxyl groups hydrogen bonded to one another
to different extents: one at ~3350 cm ™" for polymeric hydrogen
bonding and a shoulder at ~3513 cm™ " for butanol present as
smaller dimers/trimers.*’™** All three of the O-H stretching
modes are observed in both L-ZIF-8 and S-ZIF-8 implying that
the adsorbed species exist in the binding mode within the
structure, possessing the same hydrogen bonding interactions,
despite their vastly different particle sizes and morphologies.
The full spectra are included in Fig. S7 (ESIt) and again show
the same n-butanol bands throughout; as well as the bands
associated with the ZIF-8 framework, butanol C-OH stretches
are present at ~1114, 1071 and 1027 cm™ ' as is the C-H
deformation at 846 cm™'. The presence of hydrogen bonding
modes implies that intermolecular interactions play an impor-
tant role in the stabilisation of n-butanol inside the B-cages of
ZIF-8.

The clustering of alcohols in porous frameworks to form
hydrogen-bonded networks is a phenomenon that is known to
contribute to the adsorption mechanism in zeolites and
MOFs.*>*® In fact, we have conducted similar experiments with
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various other straight-chain alcohols, including 1-propanol, 1-
pentanol and 1-hexanol to compare their behaviour in ZIF-8;
these data are provided in Fig. S8 (ESIt). Both the O-H stretch-
ing modes of isolated alcohol groups, as well as those related to
hydrogen-bonded clusters are again observed during adsorp-
tion for all three adsorbates, suggesting that the proposed
mechanism is not just limited to n-butanol.

As the sample is heated and the butanol desorbs from L-ZIF-
8 (Fig. 4(a)) the intensity of the broad O-H stretching bands
related to hydrogen-bonded butanol begins to decrease at low
temperatures and is completely lost by 170 °C. The O-H
stretching band of the terminally bound butanol remains at a
similar intensity until higher temperatures, before gradually
decreasing in intensity up to 350 °C. On the other hand, in the
spectra for S-ZIF-8 (Fig. 4(b)) all three of the O-H stretching
modes decrease in intensity rapidly at low temperatures and are
completely lost by 110 °C. These differences in desorption rates
from the two samples are also reflected in mass spectra data
collected in-line with DRIFTS experiments in Fig. 4(c) and (d).
Butanol mass fragments 56, 43, 41 and 31 are all observed to
increase simultaneously from approximately 50 °C for both
samples. For L-ZIF-8 in Fig. 4(c), the intensity of these frag-
ments plateaus above 100 °C before gradually decreasing up to
350 °C when the butanol is fully desorbed from the framework.
On the other hand, mass spectral signals continue to increase
in intensity sharply up to approximately 150 °C for S-ZIF-8
(Fig. 4(d)) beyond which there is a sudden, sharp drop in the
signals as the butanol is fully desorbed.

As reported by Tanaka et al., the mass transport rate of n-
butanol in ZIF-8 is governed by both intercrystallite and surface
resistance models; on reduction in crystal size, the contribution
from surface barriers becomes more significant, resulting in
faster diffusion.*® The large reduction in particle size from L-
ZIF-8 to S-ZIF-8 therefore plays a significant role in the
desorption characteristics observed in these experiments.
Further, the existence of truncated rhombic dodecahedron
particles in L-ZIF-8, where a fraction of the exposed surface
consists of the {100} facets, results in the smaller 4-membered
ring openings at the surface of the crystals rather than the 6-
membered ring. It is likely that this is also a contributing factor
towards the slow desorption observed for L-ZIF-8.%° It is, there-
fore, assumed that the delay between loss of terminally bound
and hydrogen-bonded O-H stretching in the spectra of L-ZIF-8
as the temperature is increased is a direct result of slow mass
transfer out of the bulk phase, rather than an intrinsic differ-
ence in the binding between the two samples. Particle size
reduction, coupled with a uniform, thermodynamically stable,
particle morphology, results in rapid desorption kinetics for S-
ZIF-8, eliminating significant mass transfer limitations.

It is also noteworthy that as the temperature is increased
during these experiments, none of the IR bands associated with
the framework, including the aromatic C-H stretching band at
3133 em !, C-N stretching at 1180 and 1149 cm ' and C-H
deformation at 837 cm™', show any shift with butanol
desorption. The band positions remain constant regardless of
the presence or absence of butanol within the framework which

Phys. Chem. Chem. Phys., 2023, 25,19911-19922 | 19915
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Fig. 4 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra collected during in situ n-butanol desorption experiments carried
out under a N, atmosphere for (a) L-ZIF-8 and (b) S-ZIF-8. A constant temperature ramp of 5 °C min~* was applied to the sample cell; spectra in (a) are
shown every 20 °C, whilst spectra in (b) are shown every 10 °C, with additional plots distinguished as dashed lines, for clear comparison to (a). (c) and (d)
mass spectra data collected in-line during DRIFTS desorption experiments for L-ZIF-8 and S-ZIF-8, respectively. Mass fragments: m/z 56 = [C4Hgl*, m/z

43 = [C3H/", m/z 41 = [CsHs]* and m/z = 31 [CH, = OH]*.

gives a strong indication that there are only very weak interac-
tions between butanol molecules and the hydrophobic frame-
work when the pores are saturated.

Molecular dynamics simulations

Ab initio molecular dynamics simulations employing the den-
sity functional theory (DFT) method have been carried out to
corroborate the conclusions drawn from experimental findings.
Based on a saturation loading capacity of 0.36 g g, deter-
mined from liquid-phase adsorption experiments, simulations
were carried out with seven butanol molecules per B-cage of
ZIF-8. After equilibration at 500 K, the butanol molecules were
allowed to diffuse freely into their adsorbed state at 300 K; the
root-mean-square deviation (RMSD) plot of the butanol atomic
coordinates (Fig. S9, ESIf) suggests that equilibration was
reached after 15 ps of simulation time.

To investigate how intermolecular interactions contribute to
the adsorption process, the extent of hydrogen bonding inside

19916 | Phys. Chem. Chem. Phys., 2023, 25, 19911-19922

the framework was monitored over the course of the simulation
by calculating the radial distribution function (RDF), g(r), for
the O-O distance between butanol hydroxyl groups. These data,
plotted in Fig. 5, show that in the first 1 ps of the simulation,
the distribution of O-O distances between butanol molecules is
governed by the quasi-random starting configuration and there
is no evidence of any significant hydrogen bonding. At 5 ps, a
sharp peak centred around 2.8 A is present in the g(r) plot,
suggesting that there is an organisation of the butanol mole-
cules into a hydrogen-bonded network, inside the cage. This
sharp peak remains in the plot at 10 and 15 ps, but at slightly
decreased intensity compared to at 5 ps. The area under the
plot of g(r), represents n(r), the average coordination number of
each oxygen atom on a butanol molecule to the oxygen atoms of
other butanol molecules in the cage. The value of n(r) up to 3.31
A has been calculated to determine the average number of
hydrogen bonds per butanol molecule at any given point
throughout the simulation and is plotted in Fig. 5(b). The plot

This journal is © the Owner Societies 2023
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Fig. 5 Analysis of hydrogen bonding over the course of the molecular dynamics simulation with 7 butanol molecules inside the framework. (a) Shows
how the radial distribution function (RDF), g(r), for the intermolecular O-O distance varies between 0 to 9 A averaged over 1 ps of time starting at 0, 5, 10
and 15 ps into the simulation, and shown in blue, red, green and black, respectively. (b) Average coordination number, n(r), of each oxygen atom to

neighbouring oxygen atoms at a distance below 3.31 A.

shows a sharp increase in the coordination number over the
first 5 ps of the simulation at 300 K, where n(r) is equal to
approximately 1.2 after 5 ps. The coordination number then
plateaus before decreasing to 0.9 at approximately 8 ps as the
butanol molecules arrange into their most stable configuration,
beyond which there is no change in the extent of hydrogen
bonding up to 15 ps.

The final arrangement of the butanol molecules after 15 ps
can be viewed along all 3 axes in Fig. 6; the 2-methylimidazole
linking groups have been removed for clarity, leaving just the
tetrahedral Zn atoms of the B-cage, whilst hydrogen bonds
between O-H groups are shown in green. The full coordinates
for one loaded B-cage can be found as a separate ESI7 file. It can
be observed that the butanol molecules are arranged into
clusters of different sizes within the cage; a hydrogen-bonded
trimer, a dimer and two isolated butanol molecules that do not
partake in any hydrogen bonding. The most stable configu-
ration, therefore, consists of three hydrogen bonds between the
seven butanol molecules, rather than a continuous network as

- b

would be expected in purely liquid butanol. These results
support the observation of multiple O-H stretching modes in
DRIFTS experiments with respect to different extents of hydro-
gen bonding between butanol’s (observed in Fig. 4).

Charge density analysis was carried out to investigate the
interactions present between adsorbed n-butanol and the
hydrophobic surface of the ZIF-8 cage. The plot in Fig. 7 shows
that there are a number of areas of charge accumulation and
depletion distributed unevenly around the cage, indicating
various points of interaction between the butanol molecules
and the framework. The most prevalent are the interactions
between multiple butanol hydroxyl groups and the C—=C moiety
of 2-methylimidazole groups on the internal cage surface. This
type of interaction is an example of n hydrogen bonding, where
the acceptor is the electronegative n orbital on the imidazole
ring and the donor is the butanol O-H group.*”**® In Fig. 7, two
examples of this n hydrogen bonding are highlighted, however,
it is observed a total of four times throughout the cage, after 15
ps. In fact, where the hydroxyl hydrogen is not involved in a

Fig. 6 Arrangement of seven adsorbed butanol molecules inside the ZIF-8 cage after production at 300 K for 15 ps of molecular dynamics simulation,
viewed along the (a) x-axis, (b) y-axis and (c) z-axis. The ZIF-8 B-cage is represented by just the zinc atoms in light blue with organic imidazole linkers
excluded for clarity. Carbon atoms of butanol molecules are shown in deep blue, hydrogen atoms in orange and oxygen atoms in red. Hydrogen bonding
between butanol molecules is shown by highlighting O-0O distances less than or equal to 3.31 A in green.
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Fig. 7 Charge density plot of optimised coordinates after 15 ps molecular dynamics simulation at 300 K with seven butanol molecules inside the ZIF-8
cage. Interactions occur as weak charge transfer from electron-rich areas shown in blue to electron-deficient areas shown in yellow, with an iso-surface
value of 0.00045 e A=*3. The two circled areas demonstrate the occurrence of specific interactions between the hydrogen atom of a butanol hydroxyl
group and the C=C electron = cloud of an imidazole ring. Butanol atoms: carbon in blue, hydrogen in orange and oxygen in red. Framework atoms:

carbon in brown, nitrogen in light blue and zinc in grey.

hydrogen bond with the hydroxyl on another butanol molecule,
then it always interacts with the C—C m cloud. Evidence
suggests that these bonds are substantially weaker than alco-
hol-alcohol hydrogen bonding, however, it should not be
considered to be negligible.”® These interactions are accompa-
nied by other, less well-defined, areas of charge transfer
between the aliphatic carbon chain of the butanol molecules
and the 2-methylimidazole groups at various, unevenly distrib-
uted, locations around the cage. The observed butanol posi-
tions are unlikely to describe fixed adsorption sites and given
that the process is driven by intermolecular hydrogen bonding,
a degree of variability is expected. The adsorption energy per
butanol molecule in ZIF-8 can be calculated by eqn (2) given
below for the optimised structures:

(EziF4nBuon — Ezir — nEpuon) @)
n

Eus =

where Ezrnpuon 1S the energy of ZIF-8 with n-butanol adsorbed
inside the cage, Ezy is the energy of ZIF-8 without the presence

19918 | Phys. Chem. Chem. Phys., 2023, 25,19911-19922

of butanol and nFEg,on is the energy of n-butanol without
the presence of the ZIF-8 cage.’® E,qs was calculated as
—33.7 k] mol™" when there are 7 butanol molecules adsorbed
inside the cage. Whilst the binding strength of an individual
butanol molecule appears weak, the total adsorption energy
of —253.9 k] mol " indicates that the overall stabilisation provided
by the presence of 7 butanol’s inside the cage is not insignificant.>"

For comparative purposes, an equivalent simulation has
been carried out for ZIF-8 loaded with 6 butanol molecules
per cage. As with the 7-butanol simulation, the extent of
intermolecular hydrogen bonding between butanol molecules
inside the cage can be seen to increase over the course of the
simulation by analysing the RDF, g(r), shown in Fig. S10 (ESIt).
The average hydrogen bonding coordination number, n(r),
increases more gradually to ca. 1.8 over 10 ps, equilibrating
to ca. 1.6 by 15 ps simulation time; this value is greater
than that observed for the 7-butanol simulation, indicating
that there is a larger extent of hydrogen bonding present in
this simulation. Visualisation of the final coordinates of this

This journal is © the Owner Societies 2023
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simulation after 15 ps in Fig. S11 (ESIt) confirms this, showing
that the butanol molecules are linked in a more continuous
hydrogen bonding network when only 6 butanol molecules are
present.

Charge-density analysis of butanol adsorbed in the ZIF-8
cage (Fig. S12, ESIf) with this arrangement highlights no
charge transfer between butanol molecules and the pore sur-
faces, unlike what was seen when loaded with 7 butanol
molecules. This suggests that at loadings below saturation
capacity, the molecules have more freedom to arrange into
their preferred hydrogen-bonded orientation. Despite having a
stronger E.qs per butanol of —39.0 k] mol ™" for the 6-butanol
simulation, the overall stabilisation of —234.0 kJ mol™ "' is
lower, providing a driving force for the adsorption of a seventh
butanol molecule, and allowing the partial disruption of the
hydrogen-bond network at saturation adsorption capacity.

These simulations substantiate the importance of hydrogen
bonding during the adsorption of n-butanol in ZIF-8, whilst
demonstrating at the maximum experimental loading capacity,
weaker interactions between butanol molecules and the pore
surface play a synergistic role in the adsorption. It is, however,
assumed that due to the low calculated adsorption energy per
butanol molecule inside the cage, the small pore opening of
ZIF-8 is prerequisite for good separation performance, provid-
ing additional confinement to the butanol inside the
framework.

Solid-state NMR

Solid-state MAS NMR spectroscopy has been used to provide
further insight into the nature of adsorbed n-butanol inside the
framework. A sample of L-ZIF-8 was pre-adsorbed with n-
butanol before being packed into a 3.2 mm zirconia rotor,
spectra were then collected by MAS at 15 kHz. In the spectra,
shown in Fig. 8, peaks are present for both the ZIF-8 frame-
work, as well as the adsorbed n-butanol in both (a) single-pulse
(SP) 'H and (b) cross-polarization (CP) **C spectra. In Fig. 8(a),
two broad peaks associated with ZIF-8 framework protons are
observed at 7.0 and 2.0 ppm, which are assigned to the methyl
and aromatic protons, respectively. Four much sharper peaks
associated with the adsorbed butanol species are observed; the
peak at 0.4 ppm is assigned to the methyl protons as position 4,
whilst the peak at 0.9 ppm is associated with the protons of the
CH, groups at positions 5 and 6, in an equivalent environment.

Assignment of the peaks at 2.9 and 3.9 ppm between the
hydroxyl proton and the two protons on the adjacent carbon
(C7) was at first tentative. Collection of proton spectra under
quantitative conditions was subsequently performed to provide
rough peak integrals that support these assignments, despite
overlaps between the butanol and ZIF-8 framework peaks. By
normalising the integral for the peak at 0.9 ppm to 4.00 (C5/
C6), the remaining integrals equate to 3.17, 1.89 and 0.73 for
the peaks at 0.4 (C4 with 3 protons), 2.9 (C7 with 2 protons) and
3.9 ppm (hydroxyl proton), respectively.

In Fig. 8(b), there are three ZIF-8 framework peaks, at 151,
125 and 14 ppm assigned to the tertiary, two equivalent
aromatic and methyl carbons, respectively. There are four

This journal is © the Owner Societies 2023
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Fig. 8 MAS NMR spectra of ZIF-8 with adsorbed n-butanol collected at 15
kHz. (a) Single-pulse *H spectrum and (b) cross-polarisation **C spectrum.
Peak assignments are based on the proton or carbon atoms at the
positions 1 to 8 provided, where 1 to 3 (black) correspond to the ZIF-8
framework, whilst 4 to 8 (green) correspond to adsorbed n-butanol
molecules.

butanol peaks that are again much sharper than the ZIF peaks;
they are at 60, 34, 18 and 13 ppm and are assigned progressively
along the carbon chain from the methyl carbon at 13 ppm. The
relatively sharp nature of the butanol peaks in both cases in
Fig. 8 compared to the ZIF peaks are uncharacteristic of
strongly adsorbed, rigid species. It instead suggests that the
adsorbed species possess a high degree of mobility inside
the cage rather than being fixed to one site; in this respect,
the butanol displays liquid-like characteristics.>>** This hypo-
thesis is supported by analysis of the rotating frame spin-lattice
relaxation time constant, T, through the CP "*C spectrum.
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Fig. 9 2-dimensional **C-H heteronuclear correlation (HETCOR) spectrum of ZIF-8 with adsorbed n-butanol, collected with MAS at 15 kHz. Individual
1D 3C and 'H spectra are displayed on the x-axis and y-axis, respectively. Peak assignments are based on the proton or carbon atoms at the positions 1 to
8 provided in Fig. 8. Peaks in the *H spectrum associated with the ZIF-8 framework protons are very broad and present at 1.8 ppm (*) and 6.7 ppm (not

shown).

T,, is calculated to be 19.3 (£ 5.1) s averaged across the three
framework signals in the '*C spectrum, whereas for the
n-butanol signals T}, is equal to just 3.9 & 0.9 s. The relaxation
time observed for the adsorbed butanol peaks is, therefore,
5 times shorter than that observed for the ZIF-8 signals and
suggests that the butanol molecules exist in a partial liquid
state inside the cage.

2D C-"H heteronuclear correlation (HETCOR) data shown
in Fig. 9 indicates a range of correlations between *C atoms of
the framework and "H atoms of adsorbed n-butanol. Butanol
methyl protons at position 4, along with CH, protons at
positions 5 and 6 show correlation signals with all three
framework carbon signals. The butanol CH, proton signal at
position 7 adjacent to the hydroxyl group on the other hand,
shows correlations only with the framework carbon signals of
C3 (methyl) and C2 (tertiary). It is interesting to note that no
correlations were detected between the butanol hydroxyl proton
and the framework carbons. From this it can be inferred that
the protons of the butanol aliphatic tail exist in closer proximity
to the internal pore surface, and with a greater degree of
mobility, than the hydroxyl ends that are hydrogen bonded to
one another.

19920 | Phys. Chem. Chem. Phys., 2023, 25,19911-19922

Non-covalent interactions such as hydrogen bonding are not
permanent and are weak enough to readily dissociate, whilst
there is a correlation between the bond lifetime and the bond
strength.>**” It can, therefore, be inferred that the weak O-H-n
hydrogen bonds that are present during adsorption in mole-
cular dynamics simulations (as described in Fig. 7) have a short
lifetime and are, importantly, not favoured over the stronger
butanol intermolecular hydrogen bonds. Ab initio molecular
dynamics simulations have, therefore, allowed the observation
of interactions that are not accessible experimentally, providing
a unique insight into the adsorption process.

Material design

We have shown the adsorption of n-butanol by ZIF-8 to be weak
and driven by adsorbate-adsorbate hydrogen bonding inside
the cages. This weak binding is evidenced experimentally by the
rapid desorption that occurs from small ZIF-8 particles at low
temperature (<150 °C), compared to larger particles that
exhibit significant mass transfer limitations. This has implica-
tions on the efficiency of the separation process, particularly
during regeneration of ZIF-8 and recovery of n-butanol during,
for example, temperature swing adsorption (TSA). The use of
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smaller particles will result in lower minimum purge tempera-
tures, and hence reduced energy requirements; as demon-
strated in Fig. 4, a small temperature change will result in a
large decrease in adsorbate loading when compared to the use
of larger particles. This in turn leads to less time for desorption
and cooling of the adsorbent bed and hence a quicker overall
cycle duration. The temperature required to desorb n-butanol
from L-ZIF-8 particles (>300 °C) is also likely to cause the
adsorbent to begin to decompose over extended time periods.>®
Lower temperatures therefore mean that the adsorbent is less
susceptible to thermal degradation during regeneration and as
a result could theoretically be used for more cycles without loss
of adsorption capacity.”’

Furthermore, the important structural features, namely the
large cage volume and narrow, flexible, pore opening, provide
means of adsorbing a large quantity of weakly bound adsorbate
that is confined inside the structure. It is, therefore, evident
from this work that there are several characteristics that should
be considered during the design of improved adsorbent mate-
rials for the efficient separation of n-butanol from low concen-
tration, aqueous mixtures.

Conclusions

This work has shown by several techniques the adsorption
mechanism of n-butanol by ZIF-8, which will have important
implications on the design of improved adsorbent materials. It
has been proven experimentally and by ab initio molecular
dynamics simulations that hydrogen bonding plays the key
role in the adsorption process. Simulations also highlight the
presence of weak interactions between the butanol molecules
and the = cloud of the imidazole linking groups on the frame-
work, in the early stages of adsorption at maximum adsorption
capacity. The calculated adsorption energy of —33.7 kJ mol ?,
however, suggests that the adsorption is very weak and depends
primarily on the intermolecular hydrogen bonding, rather than
strong binding at fixed sites. Solid-state MAS NMR spectroscopy
has shown that n-butanol molecules are mobile in nature
inside the cage, whilst **C-"H HETCOR indicates the presence
of dispersion interactions between the butanol aliphatic carbon
chain, and the imidazole ring on the internal cage.

These results show that ZIF-8 is most stable in a configu-
ration with seven adsorbed n-butanol molecules per cage. A
successful adsorbent benefits from a large pore volume to allow
for a greater extent of adsorbate-adsorbate hydrogen bonding,
along with a narrow pore opening in order to provide confine-
ment of adsorbed species inside the cage. Interactions with the
pore surface are not the most important factor, with hydrogen-
bonding between the absorbed molecules playing the most
significant role in stability. The particle size also has a sig-
nificant impact on the efficiency of the separation, with a
reduction in particle size eliminating significant mass transfer
limitations and reducing the desorption temperature. This
important insight will provide guidance to allow future work
in the design of adsorbents for the separation of butanol from
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ABE and related liquors, to form part of a concerted effort to
design a more energy efficient process of recovery, to allow bio-
butanol to succeed at replacing petrol, diesel, and current
biobased alternatives.
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