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ABSTRACT: Shaping metal−organic frameworks (MOFs) into robust particles
with a controllable size is of large interest to the field of adsorption. Therefore, a
method is presented here to produce robust MOF beads of different sizes, ranging
from 250 μm to several millimeters, which, moreover, preserve the adsorption
properties of the unformulated MOF. A simple, mild, and flexible method is
demonstrated with the zeolitic imidazolate framework-8 (ZIF-8)/polyvinyl formal
composite material. The properties of the composite material are determined via
optical imaging, scanning electron microscopy, energy-dispersive X-ray spectrosco-
py, inductively coupled plasma mass spectrometry, X-ray diffraction, mercury
intrusion, argon porosimetry and pycnometry as well as thermogravimetric analysis/
differential scanning calorimetry, crush strength tests, and immersion experiments.
The proposed method allows the production of resistant particles with a high MOF
loading (up to 85 wt %) and remarkable structural and textural properties required
for adsorptive separation processes, including a preserved ZIF-8 crystalline structure, microporosity, and a narrow macropore
size distribution (1.27 μm average). The particles show a spherical shape with an average aspect ratio of 0.85. The stability tests
demonstrated that the composite MOF material exhibits a high mechanical strength (3.09 N/Pc crushing strength) almost
equivalent to that of a widely used commercial zeolite material. Furthermore, the material remains stable up to 200 °C and in
most solvents. The adsorption properties are explored via static and dynamic experiments in the vapor and liquid phases. The
results show that the adsorption capacities are only reduced in proportion to the binder content compared with the pristine
material, indicating no binder intrusion in the ZIF-8 pores. Fixed-bed experiments demonstrate the remarkable separation
performance in the vapor phase, whereas mass transfer limitations arise in the liquid phase with increasing flow rate. The mass
transfer limitations are attributed to the diffusion in the macropores or through the ZIF-8 crystal outer layer.
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1. INTRODUCTION

Shaping porous materials into robust structures is a key aspect
in the design of adsorption technologies.1−5 In this perspective,
metal−organic frameworks (MOFs) have been shaped into
various structures, such as membranes,6−9 foams,10,11 and
monoliths.12−19 Recently, the formulation of MOFs (crystals)
into resistant beads has also been gaining considerable
attention.20−29 Although structured adsorbents are seen as
superior for mass and heat transfer or pressure drop
issues,4,5,30−32 most adsorptive separation processes are
performed under fixed-bed conditions with adsorbent pellets
as a result of their simplicity in column packing.33 Therefore,
the production of resistant MOF particles remains of large
interest to the field of adsorption.
Various techniques, including extrusion, pressing, and

granulation, can be used to process (unformulated) crystalline
powder into beads.30,34,35 Formulation methods for conven-

tional materials, such as zeolites and active carbons, were
developed decades ago and are routinely used in the large-scale
production of commercial adsorbents and catalysts.5,30,36−41

The organic linker of MOFs together with their limited
stability imposes practical limits on the formulation method;
for example, the high-temperature treatment under oxidative
conditions typically applied with clay binders cannot be used.35

Also, the pressing of (binder-free) MOF powders has been
shown to lead to significant adsorption capacity losses.42−44

Nevertheless, MOFs have been formulated with binder
materials, including natural or synthetic polymers,20−26 and
different supports27−29 and via various methods, such as phase
inversion or granulation.20−24 However, most studies display
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losses in the adsorption capacity and mass transfer properties
upon shaping, which may result from structural degradation or
binder intrusion in the adsorbent pores,10,16,17,19,21,23,45 but
they also typically lack in exploring the material stability,
particle size variation, or performance under dynamic
conditions. Toward their implementation in adsorptive
separation applications, the formulated MOF materials should
possess high chemical, thermal, and mechanical stability,
besides preserving or enhancing the remarkable adsorption
properties of the unformulated MOF material. Finally, it is also
important to develop formulation methods that are easily
scalable to the large-scale production of the structured
adsorbents.23,29,33,34

Therefore, in this study, a flexible method is proposed to
produce resistant MOF beads of different particle sizes at the
gram scale. To this end, we chose to work with the zeolitic
imidazolate framework-8 (ZIF-8) as the MOF material.46 It
was previously identified as a promising adsorbent for the
recovery and separation of biobutanol from acetone−butanol−
ethanol (ABE) fermentation broths.47,48 Besides its exceptional
thermal and chemical stability compared with other MOF
materials,46,49 ZIF-8 is also one of the few MOFs that is
currently commercially available in substantial quantities at an
acceptable price, at least for research purposes. Furthermore, to
generate a resistant structure that holds the ZIF-8 crystals
together, we recently identified polyvinyl formal (PVFM) as an
efficient binder to produce MOF/polymer hybrid particles.50

Therefore, the ZIF-8/PVFM MOF polymeric composite
material was selected as the ideal candidate to develop a
flexible method for the formulation of MOFs at the gram scale
and to investigate its effect on the adsorption properties and
separation performance. Here, a complete study is performed
starting from the production of composite MOF−polymeric
particles up to the evaluation of their (separation) performance
under dynamic conditions. A large set of characterization
techniques was used to gain insight into the structural, textural,
chemical, and adsorption properties of the formulated material
as well as its mechanical, thermal, and chemical stability in the
context of biobutanol recovery. In addition, mass transfer
limitations are identified, and guidelines are provided for
further optimization of the particles in accordance to (real)
dynamic process conditions.

2. MATERIALS AND METHODS
2.2. ZIF-8 Materials and Characterization. ZIF-8 powder was

purchased from Sigma-Aldrich (BASF Z1200, CAS 59061-53-9).
Polymeric beads consisting of ZIF-8 crystals with polyvinyl formal
(PVFM) binder (powder, CAS 9003-33-2, Sigma-Aldrich) were
produced by an immersion precipitation method (see further).
Chemical and structural properties of the ZIF-8 materials were
characterized by optical images, scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), mercury intrusion,
argon porosimetry and pycnometry, and thermogravimetric anal-
ysis/differential scanning calorimetry (TGA−DSC). The mechanical
and chemical resistance was determined by crush and immersion
experiments, respectively. The adsorption properties (i.e., equilibria
and kinetics) were measured, in the vapor and liquid phases, with a
gravimetric method and batch measurements. The separation
performance under dynamic conditions was evaluated with fixed-
bed experiments. Details on the different techniques as well as the
(supplier) properties of ZIF-8 and PVFM are provided in the
Supporting Information.
2.3. Immersion Precipitation Method. An immersion precip-

itation method was developed to prepare MOF beads with a
controllable particle size. General aspects on immersion precipitation,

also called phase inversion, can be found elsewhere.51−53 First,
polyvinyl formal (PVFM) (0.882 g) was dissolved in dimethylforma-
mide (DMF, 18 mL) (HPLC grade, Aldrich) at 353 K during 10 min.
Once the polymer was dissolved, the ZIF-8 powder (5 g) was directly
added and mixed to the hot polymer solution to create a viscous
slurry. The relative dry mass of the PVFM binder (vs ZIF-8) was 15
wt % in most cases, but binder contents of 20 and 33 wt % were also
explored. Afterward, while continuously stirring, the solvent (i.e.,
dimethylformamide, DMF; Sigma-Aldrich) was further evaporated
from the slurry until the desired viscosity was attained to guarantee
the efficient formation of beads. The required viscosity, being 1099 g/
(m s), was determined by free-falling sphere experiments (Supporting
Information). The slurry was then loaded into the piston of the setup
(Figure 1).

The MOF beads were produced by the dropwise falling of the
slurry, from the needle connected to the piston, into the liquid tank
filled with distilled deionized water (SIMPAKOD2, Millipore) at 294
K. The piston was constructed out of two syringes: the bottom one
loaded with the slurry and the upper one, which served to empty the
bottom one, getting filled with the liquid at 1 mL/min, pumped from
a separate reservoir. The piston was placed above the water tank such
that the needle tip was set at 4 cm from the water surface. A needle
with 0.9 mm inner diameter and a bevel tip (NN-2050R Neolus,
Terumo) was used. In addition, a 1/8 in. Swagelok T-connecting
piece, sealed with a septum at the upper side, was placed around the
needle, allowing air to flow over the needle tip. The T-connecting
piece was arranged in such a way that the needle protruded out by 3
mm. The increase in drag force due to the air flow enabled the
reduction of the size at which the droplets were falling into the water
tank and leading to the formation of smaller beads (see further). The
air flow was varied between 0 and 3.2 LN/min. Finally, once the piston
was emptied from the slurry, the droplets, which hardened
instantaneously on coming in contact with water, were separated
from the liquid excess and dried overnight at 363 K. Considering that
DMF is toxic, for safety reasons, the above-described method was
performed under a fume hood.

Figure 1. Immersion precipitation method, consisting of a piston (1),
a pump (2), a pump fluid reservoir (3), a solvent reservoir (4), and a
T-connecting piece (5).
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3. RESULTS AND DISCUSSION
3.1. Structural, Textural, and Chemical Properties of

ZIF-8/PVFM Composite Beads. First, MOF/polymer
composite beads (containing 15 wt % of the polymer) were
produced without varying their size (i.e., no air flow used; see
Materials and Methods; Figure 1). Properties of particles with
different sizes (and also binder content) are discussed further
in the manuscript. Figure 2 shows the textural properties and
chemical mapping obtained by scanning electron microscopy
(SEM) and electron-dispersive X-ray spectroscopy (EDX),
respectively (see Supporting Information for more details), of
ZIF-8/PVFM composite particles.
The characterization results indicate that the composite

particles display a spherical shape, a diameter of about 2 mm
(Figure 2a), and a well-defined smooth surface with limited

debris and defects (Figure 2a,c). Sphericity deviations are
limited as indicated by the SEM images (Figure 2b,e) and the
average aspect ratio is 0.85 (see Supporting Information,
Section S14). The PVFM polymer binder is seen to form a thin
porous film holding the ZIF-8 crystals together (Figure 2d). In
addition, the proposed method is found to disperse
homogeneously the ZIF-8 crystals and the PVFM polymer
binder on the surface (Figure 2c,d) and inside the particles
(Figure 2b). This is also confirmed by the EDX mappings of
zinc and oxygen, respectively (Figure 2e). Furthermore, the
particles possess large pores, which are larger than the crystal
size (Figure S1) and, moreover, uniformly distributed in the
outer layer and inside the particles between the ZIF-8 crystals
(Figure 2b,d). This feature is particularly important for fast
mass transfer in the bulk of the beads.33,54

Figure 2. SEM−EDX images of ZIF-8/PVFM polymeric beads (with 15 wt % of PVFM): (a) shape, (b) inner (sectional) surface, (c,d) outer
surface, and (e, middle) Zn mapping and (e, bottom) O mapping. Scale bars: (a) 500 μm, (b) 200 μm, (c) 50 μm, (d) 2 μm, and (e) 1 mm (see
Supporting Information, Section S3, for more details).

Table 1. Textural Properties and Chemical Composition of ZIF-8, PVFM, and the Composite Materiala

EDX ICP He Ar Hg

Zn
(atom %)

N
(atom %)

C
(atom %)

O
(atom %)

Zn
(wt %)

υHe
(g/mL)

υ0.2,Ar
b

(mL/g)
υ0.8,Ar

b

(mL/g)
υHg

(g/mL)
υtot,Hg
(mL/g)

υtot,Hg
(%)

dp,avg
(μm)

ZIF-8c 9.8 26.7 63.6 0 29.5 1.487 0.448 0.649 0.503 0.83 52 0.29
PVFM 0 0 71.4d 28.6d 1.282 0.003 0.016
composite 7.5 20.3 65.5 6.71 26.7 1.449 0.413 0.583 0.374 1.70 69 1.27

aWith 15 wt % of PVFM. bPore volume at p/psat = 0.2 and 0.8 (extracted from Figure 3). cEDX and Ar were carried out with powder, whereas
binder-free (compacted) pellets were used for He and Hg. dAccording to the skeletal formula (see Table S1, Supporting Information).

Figure 3. (a) Argon adsorption−desorption isotherm at 87 K on (○) ZIF-8 powder, (green triangle up solid) ZIF-8/PVFM composite material
(with 15 wt % of PVFM), and (red times) PVFM. (b) Pore size distribution obtained from mercury intrusion experiments (more details in
Supporting Information).
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Table 1 and Figure 3 provide additional characterization
results obtained for the pure ZIF-8, the PVFM polymer binder,
and the composite material. First, EDX analysis only detected
oxygen in the PVFM polymer. Small oxygen sources known to
be in the unformulated ZIF-8 powder, such as terminal
hydroxyl groups, are not detected with this bulk method.55−58

No difference in the Zn/N ratio is observed between the pure
and the composite materials; however, Zn is detected in higher
relative amounts than expected. On the other hand, via
inductively coupled plasma mass spectrometry (ICP-MS), the
zinc content was confirmed to be consistent with the ZIF-8
chemical formula (Table S2). Second, regarding the densities
obtained by helium pycnometry (Table 1, He), also called
skeletal densities, the density of (pure) ZIF-8 is consistent with
those found in the literature.59,60 The density of the composite
material is lower than that of the pure ZIF-8 material due to
the presence of the lighter compound (i.e., PVFM). Third, the
argon adsorption−desorption isotherms (Figure 3a) demon-
strate that the polymer barely takes up argon and that the
isotherm shape is identical for ZIF-8 in both material states
(i.e., unformulated and formulated). The latter indicates that
the proposed formulation method preserves the argon
adsorption properties of the pure (microporous) ZIF-8 MOF
material. This is also supported by the X-ray diffraction (XRD)
analysis, which demonstrates that the (bulk) structural
properties are unaltered after the formulation of ZIF-8 (Figure
S3). These remarkable results are attributed to the chemical
stability of ZIF-8 in the formulation medium and the limited
penetrability of PVFM inside the ZIF-8 pores. Figure 3a also
points out that the composite material does not possess
mesopores. Fourth, mercury intrusion reveals that the
composite material is lighter than pure ZIF-8 (pellets), as
seen from the pellet densities ρHg (Table 1); however, the
difference is much larger than for the skeletal densities (Table
1, ρHe). This highlights the highly porous nature of the
composite material, which is confirmed by the total (macro-
)pore volumes υtot,Hg (Table 1). The pellet density is also
found to be consistent with the calculated bulk density of the
composite material, being 0.24 g/mL (see Supporting
Information, Section S5). Furthermore, the average pore size
dp,avg was found to be 1.27 μm (see also Figure 3b), which
supports the SEM results (Figure 2d). In addition, our method
appears to produce particles with a remarkably narrow pore
size distribution (Figure 3b) with pores that were seen to be
uniformly distributed within the particle (Figure 2b,d).
Although the pore formation mechanism remains unclear,61−63

it is speculated that the narrow pore distribution is formed
because of the well-dissolved polymer being homogeneously
distributed as a filamentous structure around the ZIF-8 crystals
combined with an instant precipitation driven by the
hydrophobic nature of both components in the composite
material and the high affinity of DMF for water. The produced
structure, combining microporous crystals interconnected by
uniform and spatially well-distributed macropores, has been
proposed as the preferred adsorbent structure for enhanced
mass transfer during adsorptive separations.64

Furthermore, the amount of binder in the composite
material was calculated from the different characterization
results (Table 1). First, by comparing the argon porosities of
both materials (i.e., pure ZIF-8 and composite particles) at 0.2
and 0.8 relative pressures (Table 1), corresponding to the low-
and high-loading framework configurations of the (flexible)
ZIF-8 MOF,47,58,65−68 and assuming negligible argon uptake

by the polymer (Figure 3a), the binder fraction is about 10 wt
%. The same amount of binder is also estimated based on the
ICP-MS results (Table 1). This is lower than that expected
from the binder recipe (i.e., 15 wt %, see Materials and
Methods). On the other hand, from the EDX analysis and
helium pycnometry, the binder fraction corresponds to 17.4
and 16.15 wt %, respectively (see Supporting Information for
more details), which are slightly higher but coherent with the
binder recipe. Besides the limitations of each method (see
Supporting Information), the sample size used in the various
experiments may also explain these differences. Whereas the
EDX analysis and helium pycnometry are performed on a large
amount of particles (up to 2 g, see Supporting Information),
argon porosimetry and ICP-MS are only performed on a few
particles. This suggests that composite particles of one and the
same batch may possess different binder contents, which most
likely arise during the production of the MOF polymeric beads,
where the slurry is no longer being mixed once loaded in the
piston (Figure 1).
Finally, the results obtained with different probe molecules,

namely helium, argon, and mercury, are connected with each
other based on the different textural features enclosed in a
pellet volume Vp.

69,70 It includes the volumes occupied by the
material framework Vframework, the small pores Vsmall pores (i.e.,
micro- and mesopores), and the larger (macro-)pores
Vlarge pores. Since the composite material contains limited
mesopores (Figure 3), the overlap between argon and mercury
(intrusion) data is negligible, and the information obtained
with the different probe molecules can be correlated by eq 1:

= + +

≈ + +

V V V V

V V V

p framework small pores large pores

N/A,He Ar Hg (1)

with VN/A,He, VAr, and VHg being the nonaccessible (helium)
solid volume, the micro-/mesopore volume determined by
argon porosimetry, and the volume of the macropores obtained
by mercury intrusion, respectively. Equation 1 can be further
written in relative amounts per mass adsorbent (in mL/g)
from the densities and pore volumes as follows (eq 2):

ρ ρ
υ υ= + +1 1

Hg He
Ar Hg

(2)

Based on eq 2, it can be shown that the results displayed in
Table 1 confirm one another, with differences between the left-
and right-hand sides of eq 2 being only 4 or 10% depending on
low-loading or high-loading ZIF-8 microporosities, respec-
tively.

3.2. Mechanical, Thermal, and Chemical Stability. The
mechanical, thermal, and chemical stabilities of the ZIF-8/
PVFM composite material were evaluated by means of
frictionless piston experiments, thermogravimetric analysis/
differential scanning calorimetry (TGA−DSC), and immersion
tests, respectively (see Supporting Information for more
details). The results are summarized in Table 2.
Single-particle (crushing) tests reveal that the composite

particles can support about 100 000 times their own weight
before they break (Figure S4, left). As a packed bed, the
particles can sustain a weight of at least 30.8 N (Table 2),
which is the maximum measurable force with the current setup
(see Supporting Information). Under such a mechanical stress,
the pellets did not show any sign of degradation, but only a bed
packing rearrangement was observed (Figure S4, middle and
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right). On the other hand, commercially available adsorbents
and catalysts possess bulk (crush) strength typically of at least
20 N (Table S3). A direct comparison was made with single-
particle tests on commercial samples (Table S4). The results
suggest that our method produces highly resistant adsorbent
particles using a limited amount of polymer binder, which,
moreover, almost reach the mechanical (crushing) stability of
widely used commercial materials required for fixed-bed
applications.
In addition, Table 2 provides the weight loss at two

temperatures extracted from the TGA curves (determined
under a flow of He) of ZIF-8, PVFM, and the ZIF-8/PVFM
composite material (Figure 4a). First, no (significant) weight

loss is observed for pure ZIF-8 MOF even at high temperature
(see also Figure 4a). This is supported by former studies that
indicate that ZIF-8 shows no structural degradation upon
heating up to 823 K in an inert environment.46,49 In contrast,
although no significant weight loss is observed at low
temperature, the pure PVFM polymer completely degrades
at high temperature, also leading to a change in color, from
white to black (not shown). These behaviors of both pure

compounds are also observed with the composite material
(Table 2). At low temperature (i.e.,

λ
c 150 °C), the composite

material remains stable, with unaltered adsorption properties as
confirmed by cyclic adsorption−regeneration experiments
(Figure S4), whereas at high temperature, it exhibits a weight
loss corresponding to the amount of polymer (i.e., 15 wt %, see
Methods) as well as a change in color, from white to gray (not
shown). A thermal stability up to 150 °C could be regarded as
sufficient considering the ease of regeneration/desorption from
the ZIF-8 MOF material at low temperature.47,48 Figure 4a
indicates that the decomposition of the pure PVFM polymer
starts at about 300 °C, with a continuous decrease in weight
with increasing temperature. The composite material, however,
shows a steep change in weight upon heating, corresponding
most likely to the degradation of its polymer fraction.
Interestingly, this decrease starts at a lower temperature than
for the decomposition of the pure PVFM polymer. This is also
corroborated by the DSC curves (Figure 4b), which exhibit
two major (inversed) peaks for the pure PVFM polymer,
whereas for the composite material only one peak is detected,
at even a lower temperature. Such a shift has also been noticed
for other MOF/polymer composite materials.71,72 Further-
more, the different tendencies observed in Figure 4 are
consistent with other studies that explored the TGA−DSC
behaviors of pure PVFM and PVFM hybrid materials.73−75

They correspond to the glass transition temperature, melting
and crystallization, as well as the decomposition steps of
PVFM.73−75 A more detailed study is required to clearly
distinguish these features and to understand the origin in the
shift of the TGA−DSC curves of the composite material
compared with those of the pure PVFM polymer.
Next, the chemical stability of the composite materials was

assessed by immersion tests. ZIF-8/PVFM beads were
immersed in liquid solutions containing compounds of the
acetone−butanol−ethanol (ABE) fermentation.47,48,76 Table 2
indicates that none of the pure liquids, except for acetone,
damaged the macroscopic structure of the particles.
Furthermore, pure PVFM was seen to be soluble in acetone,
but not significantly in water or alcohols. Acetone will,
therefore, most probably decompose the PVFM polymeric
structure that holds the ZIF-8 crystals strongly together in the
composite material. Interestingly, if ethanol is preadsorbed, the
ZIF-8/PVFM composite particles retain their structure even
after being contacted with acetone. This may be due to
alcohol-induced polymer cross-linking, but the elucidation of
this aspect lies beyond the scope of this work. The adsorption
of alcohol molecules into the composite material may, thus,
explain the excellent stability observed with the ABE mixture
(Table 2). This protective effect is particularly interesting for
adsorptive biobutanol recovery considering that ethanol elutes
first from the column outlet during the ABE separation with
ZIF-8 MOF-packed beds.47,48 In other words, during this
separation, the ethanol concentration front travels ahead of the
acetone concentration front, and, thus, ethanol essentially
saturates the particles inside the column prior to acetone.
Besides maintaining its macroscopic structure, the composite
material also remarkably preserves its adsorption properties
after immersion tests (Figure S5). This is attributed to the
chemical stability of the active (adsorptive) agent of the
composite material, namely the ZIF-8 MOF.46,49

3.3. Adsorption Equilibria and Separation Performance.
The adsorption properties (equilibria and kinetics) and, more

Table 2. Mechanical, Thermal, and Chemical Stability of the
ZIF-8/PVFM Composite Material

crush strength (N)

single particle 3.09 ± 0.97a

bulk (packed bed) >30.82bM

weight loss upon heating (wt %)

150 °Cc 400 °Cc

ZIF-8 0.16 0.57
PVFM 1.19 64.82
composite 0.30 13.65

stability upon immersion during 28 days

ethanol acetone nBuOH ABE
excellent poor/excellentc excellent excellent

a± Standard deviation. baximum measurable force was reached with
the current setup. cbtained from TGA−DSC curves (see Figure 4).
dhen brought in contact with pure ethanol prior to being immersed in
pure acetone.

Figure 4. (a) TGA curves and (b) DSC curves of (dotted lines) the
ZIF-8 powder, (dashed lines) PVFM, and (full lines) ZIF-8/PVFM
composite particles (with 15 wt % of PVFM) under a helium flow
(see Supporting Information, Section S7, for more details).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b00521
ACS Appl. Mater. Interfaces 2019, 11, 13694−13703

13698

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b00521


importantly, the performance under dynamic conditions are
the key information in the evaluation of an adsorbent material
toward its implementation into a separation process.33

Figure 5 provides an overview of single-component
adsorption (equilibrium) isotherms of ABE mixture com-

pounds on the ZIF-8/PVFM composite material compared
with those on the pure ZIF-8 MOF, obtained by a gravimetric
method (see Supporting Information, Section S10). The
adsorption isotherms of both materials possess the same
shapes, with n-butanol having the largest affinity at low
pressures (Figure 5a) compared with ethanol and acetone
(Figure 5b,c) and water being almost completely excluded
from the material pores (Figure 5d). It demonstrates that the
affinity of the adsorbing compounds for the active agent of the
composite material, namely the ZIF-8 crystals, is not affected
by the formulation method, which is in line with the XRD and
argon porosity analyses (vide supra). The capacities of the ZIF-
8/PVFM composite material are, however, lower than those of
the pure ZIF-8 MOF. Such a decrease in capacity is attributed
to the PVFM polymeric binder.
Furthermore, the dynamic separation performance was

assessed by means of breakthrough experiments with packed
beds (see Supporting Information). To this end, the feed flow
rate was varied to identify mass transfer limitations that may
occur during the separation of the ABE mixture with the ZIF-
8/PVFM composite material. Furthermore, experiments were
performed in both the vapor and liquid phases, toward two
potential approaches to recover biobutanol from fermentation
media.47,48,77,78 The results are shown in Figure 6 for the liquid
phase (Figure 6a,b) and the vapor phase (Figure 6c,d), at a low
feed flow rate (Figure 6, top) and a high feed flow rate (Figure
6, bottom). In all cases, the three ABE compounds are well
separated from each other, with ethanol eluting first from the
packed column, followed by acetone, and n-butanol eluting
last. This separation behavior is consistent with that of the pure
ZIF-8 MOF material.47,48 However, the elution curves, being
composed of various overshoots and steps, exhibit different
shapes for the liquid and vapor phases. Such shapes are the

direct expression of the stepped or sigmoidal adsorption
(equilibrium) isotherms and the different feed condi-
tions.33,47,79 Furthermore, whereas for the vapor phase the
steepness of the elution profiles is unaffected by the feed flow
rate (Figure 6c,d), under liquid conditions, the elution profiles
at a high feed flow rate (Figure 6b) are much broader than
those at a low feed flow rate (Figure 6a). This suggests that
mass transfer limitations are more significant under liquid-
phase conditions compared with those in the vapor phase. In
other words, the large particles of the ZIF-8/PVFM composite
material perform well in the vapor phase, whereas in the liquid
phase the material should be optimized for a high feed flow
rate, in particular, to reduce the mass transfer limitations
leading to broad elution profiles.

3.4. Uptake Curves: Variation of Particle Size and
Binder Content. To reduce mass transfer limitations, the
overall (molecular) path length through the governing
diffusion resistance(s) must be shortened.33,54 Depending on
their origin, this could be achieved, for example, by reducing
the particle size or the binder layer thickness. In this section,
these two parameters are varied to explore their effects on the
molecular uptake rate by the ZIF-8/PVFM composite
particles. For instance, smaller particles as well as particles
with a higher binder fraction were prepared with the proposed
method. The binder fraction was increased, because a decrease
results in an unsuccessful particle production.
Figure 7a shows that this approach allows the production of

particles from about 250 μm up to several millimeters. The
average particle size is seen to be well controlled by varying the
air flow rate, almost in a linear fashion; however, the variation
is limited to a factor 2 in the investigated range (Figure 7b).
The increase in the air (drag) flow rate decreases the particle
size (Figure 7b), but also broadens the particle size distribution
(Figure 8a−g). On the other hand, although some particles
appear to be significantly deformed (Figure 8e,f), the sphericity
deviation, given by the (average) aspect ratio (Figure 7b),
remains constant and limited for the different batches. The
broadening of the particles size distribution results in the

Figure 5. Vapor-phase adsorption isotherms of (a) n-butanol, (b)
ethanol, (c) acetone, and (d) water on (filled symbols) the ZIF-8
powder47 and (empty symbols) ZIF-8/PVFM composite particles
(with 15 wt % of PVFM) at 323 K (more details in Supporting
Information).

Figure 6. Breakthrough profiles of (red times) ethanol, (o) n-butanol,
and (green triangle up solid) acetone in the presence of water on ZIF-
8/PVFM composite particle-packed beds: (a, b) Liquid phase at 294
K and a flow rate of (a) 0.1 mL/min or (b) 0.3 mL/min; (c, d) Vapor
phase at 323 K and a flow rate of (c) 10 mL/min or (d) 30 mL/min.
Volumes are already corrected with the corresponding dead volume of
the setup (see Supporting Information, Sections S9 and S10, for more
details).
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divergence of the average particle size based on volume and
frequency (Figure 8h).
Afterward, the different batches of ZIF-8/PVFM composite

particles were tested with conventional (batch) uptake
measurements in the vapor and liquid phases (see Supporting
Information, Sections S8 and S11). A direct comparison
between the uptake curves of the different batches was possible
since the different ZIF-8/PVFM composite materials possessed
the same adsorption equilibrium properties (i.e., identical or
only reduced in proportion to the binder content; see Figure
S5) and were made of ZIF-8 crystals from the same batch.
Furthermore, even though it is well known that the
identification of the governing diffusion resistance(s) with
conventional (batch) techniques is very tedious and prone to
large errors,54,80 an attempt was made to provide a microscopic
interpretation of the observed mass transfer limitations (vide
supra) based on the uptake curves given in Figure 9.
In the vapor phase (Figure 9a,b), the molecular uptake by

the formulated materials is systematically slower than that by
the unformulated ZIF-8 MOF crystals. Interestingly, this
decrease in the molecular uptake rate, induced by the
formulation method, is not affected by the particle size (Figure
9a) or the binder content (Figure 9b). This suggests that the
diffusion through the macropores or the polymeric binder layer
is not the rate-limiting step under vapor-phase conditions. Bed
diffusion can also be excluded considering the limited number
of particles in the sample holder. Besides, heat effects also
appear to be negligible since they would lead to a slower
uptake for particles with a larger size and/or lower binder
content compared with small particles with a high binder

Figure 7. (a) SEM images of ZIF-8/PVFM particles (with 15 wt % of PVFM) of various sizes (scale bar: 500 μm) and (b) effect of the drag (air)
flow rate on (○) the average particle size (volume based) and (red times) average aspect ratio with error bars (i.e., standard deviation, based on
particle size distributions; see Supporting Information, Section 14)

Figure 8. (a−f) Optical images (scale bar: 0.71 cm) of composite
particles (with 15 wt % of PVFM) with zoom-in SEM images (scale
bar: 1 mm). (g) Particle size distributions for batches obtained at
different air flow rates: (○) 0, (−) 1.29, (×) 1.81, (▲) 2.11, (●) 2.63,
and (Δ) 3.19 LN/min. (h) Average particle sizes based on (filled
symbols) frequency and (empty symbols) volume (see Supporting
Information for more details).

Figure 9. Uptake curves of n-butanol on ZIF-8 materials: (a) Vapor phase at 323 K and for a pressure step of 0.04−0.8 mbar, by (●) pure ZIF-8
MOF crystals and ZIF-8/PVFM composite particles (with 15 wt % of PVFM) with a (volume-based) average diameter of (○) 2.42, (red times)
2.28, (green circle solid) 1.96, (blue box) 1.54, (orange box) 1.27, or (purple box) 0.52 mm; (b) Vapor-phase uptake at 323 K and for a pressure
step of 0−0.07 mbar, by (●) pure ZIF-8 MOF crystals and ZIF-8/PVFM composite particles with a (volume-based) average diameter of 1.97 mm
and a binder content of (green plus) 15 wt %, (blue box) 20 wt %, and (□) 33 wt %; (c) Liquid-phase uptake at 294 K by ZIF-8/PVFM composite
particles (with 15 wt % of PVFM) with a (volume-based) average diameter of (○) 1.97 mm, (red times) 1.72 mm, (●) 1.53, (blue box) 1.43 mm,
(orange box) 1.27 mm, or (purple box) 1.10 mm.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b00521
ACS Appl. Mater. Interfaces 2019, 11, 13694−13703

13700

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b00521/suppl_file/am9b00521_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b00521


content. Therefore, we hypothesize that the mass transfer
limitation arises from the blocking of the pore entrance by the
PVFM polymer on the outer layer of ZIF-8 crystals. This will
be investigated in future work, including approaches such as
the further reduction of the binder content or preadsorption of
the PVFM monomer on the ZIF-8 crystals (surface) prior to
measuring the n-butanol uptake. On the other hand, the liquid-
phase uptake of n-butanol by ZIF-8/PVFM composite particles
(Figure 8c) is significantly affected by the particle size. The
uptake times are, moreover, related to the square of the particle
size. This proves that, under liquid-phase conditions, the mass
transfer is limited by the diffusion in the macropores. Thus,
depending on the (experimental) conditions, different mass
transfer limitations govern the molecular uptake rate. Although
the results of the batch uptake measurements (Figure 9)
indicate that the use of smaller particles would be beneficial for
a liquid-phase separation (Figure 6a,b), no such optimization
seems to be required under dynamic vapor-phase conditions
(Figure 6c,d). An assessment of the dynamic separation
performance under (real) process conditions would, however,
be needed toward the proper optimization of the ZIF-8/PVFM
composite material.

4. CONCLUSIONS

In this work, an immersion precipitation method is presented,
which allows the production of highly robust MOF particles
with a controllable size from about 250 μm to several
millimeters, and which preserves the specific adsorption
properties of the unformulated MOF material. A simple,
flexible, and mild method is demonstrated with the ZIF-8/
PVFM MOF polymeric composite material. A complete study
is performed starting from the production of the hybrid
particles up to the evaluation of their separation performance.
A large set of characterization techniques reveal that the
formulation method produces highly resistant ZIF-8/PVFM
particles with outstanding structural properties required for
real adsorptive separation processes. On the other hand, static
and dynamic adsorption experiments highlight that the
adsorption equilibrium properties of the unformulated MOF
are only reduced in proportion to the binder content. Also,
depending on the process conditions, different mass transfer
limitations govern the molecular uptake, such as diffusion
resistance in the macropores or through the pore entrance of
the ZIF-8 crystal outer layer. The specific optimization of the
particle properties, however, should be performed in
accordance with (real) dynamic process conditions. Further-
more, various aspects are highlighted from this work for further
investigation, such as the origin of the mass transfer limitations,
the stability improvement by preadsorption, or the thermal
behavior of the polymer in the presence of MOF crystals. In
addition, different modifications of our method will be
explored to fine-tune the (total) porosity and (average) pore
size in accordance to the process conditions. Finally, we believe
that this method can be applied for the formulation of any
MOF beads at a large scale and, consequently, to bring
formulated MOF materials closer to commercialization and
implementation in adsorption processes.
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