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ABSTRACT: We report the use of a 3D-printing fiber deposition method to synthesize
ZIF-8 monoliths. A binder recipe was developed containing 16.7 wt % of
methylcellulose and 16.7 wt % of bentonite binder. The effect of the used binders on
the adsorption of n-butanol and Ar was investigated, showing a decrease in equilibrium
loading of 33 wt % for n-butanol due to the presence of both binders. To maximally
recover the adsorption capacity, a thermal activation procedure was developed to
remove the organic binder after 3D-printing without destroying the ZIF-8 structure. The
use of different activation temperatures for the removal of the organic binder was
investigated, showing activation at 450 °C to be optimal. Adsorbent monoliths using a
nozzle with two different diameters (250 and 600 μm) were subsequently printed and
the efficacy of the monoliths for the recovery of biobutanol was tested via breakthrough
experiments. The developed structures showed to retain the selectivity of ZIF-8 for
biobutanol, adsorbing 0.2 g/g n-butanol in dynamic conditions, opening perspectives for
the further design and optimization of 3D-printed ZIF-8 structures.

KEYWORDS: 3D-printing, adsorption, monolith, biobutanol, ZIF-8

■ INTRODUCTION

3D-printing or additive manufacturing allows the construction
of structures which are difficult or impossible to construct with
traditional methods. Usually, less process steps and resources
are needed to produce the final structure. 3D-printing uses, in
most cases, a layer-by-layer build-up process. In this way, the
freedom of design toward more complex structures is much
higher than with conventional shaping methods. Seven
different categories of additive manufacturing can be described
(ISO/ASTM 52900:2015): binder jetting, direct energy
deposition, material extrusion, material jetting, powder bed
fusion, sheet lamination, and vat photo polymerization.1 In
terms of materials, a large variety can be used, ranging from
polymers over metallic and ceramic to organic materials.2 3D-
printing methods have been used to produce catalytic or
adsorption devices based on the use of (functional) porous
materials.3−5

Metal organic frameworks (MOFs) are an attractive class of
such porous materials.6 These crystalline solids consist of metal
ions clustered with organic linkers that exhibit large porosity,
pore sizes and surface area.7−9 Researchers have explored the
use of MOFs for a wide range of applications such as sorption,
catalysis, chromatography, energy storage, sensors, drug
delivery, and nonlinear optics.10−19 However, only a limited
number of cases where MOFs are used on commercial scale
are known up until now. The biggest drawbacks of MOFs are
their lower chemical and mechanical stability compared to

conventional porous materials.20 One way to help overcome
these disadvantages is to use a structured support for the
immobilization of MOFs. Furthermore, the use of monolithic
structures could benefit the scalability of MOFs, decrease
pressure drop, and increase mass transfer rates in applications
such as adsorption and catalysis.21,22 Different approaches for
growth or coating of MOFs on a monolith such as seeded
growth,23,24 liquid-phase epitaxy,25 in situ dip crystalliza-
tion,26,27 electrochemical growth,28 and nonsolvent-induced
phase separation method29 are described in literature.
However, the use of a coated film of MOF leads to a low
loading of MOF and often weak mechanical adhesion of the
layer to the surface of the substrate.28 In order to overcome
these issues, the MOFs may be incorporated in the monolith
structure. The manufacturing of these types of materials can
either be done by growing the MOF inside the monolith or
starting monolith synthesis with the MOF powder.30−32

Ahmed et al. described a powder packing method for the
preparation of MOF monoliths for chromatography.31 In other
work Chen et al. described the synthesis of MOF foams with
different types of MOF.32 Thakkar et al. showed the first case
of directly 3D-printed MOF materials for CO2 capture with
MOF-74 and UTSA-16 using a robocasting technique.33 In
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subsequent work, Lawson et al. deposited UTSA-16 on a 3D-
printed kaolin monolith.34 UiO-66 was recently 3D-printed via
direct ink writing.35 MOF-5,36 ZIF-8,37 and H-KUST-137 were
formulated with an acrylonitrile butadiene styrene (ABS)
polymer and printed using fused deposition modeling (FDM).
Evans et al. used thermoplastic polyurethane (TPU) and
polylactic acid (PLA) as binders to print ZIF-8 via FDM.38

Sultan et al. used cellulose nanocrystals as a substrate on which
ZIF-8 crystals were grown.39

ZIF-8 is known as a MOF structure with excellent chemical
and thermal stability and is one of the few MOFs commercially
available at a reasonable price for large quantities.9,10,40−45 It
consists of a framework containing zinc ions and 2-
methylimidizolate linkers and has large pore size (1.16 nm)
with a small pore aperture (0.34 nm). Because of its strong
hydrophobic nature and selective pore system, it is an
interesting adsorbent for the recovery of biobutanol, an
interesting biofuel and renewable chemical, from a dilute
fermentation broth.42,44,46−48 The industrial application of
biobutanol has been limited due to the energy expense and
costly downstream processing, mainly caused by product
inhibition.49−52 Adsorptive separations have been identified as
an interesting alternative to traditional downstream processing
methods.53 By stripping the produced products using the
fermentation gases, product inhibition can be avoided but
further downstream processing is still necessary.49−52 For the
direct recovery of biobutanol from the vapor stream generated
in the fermenter, the significant pressure drop generated by the
flow of the vapor stream (1.7 kg gases/kg product)54 through
an adsorption column packed with beads of extrudates of ZIF-
8 is disadvantageous with respect to process economics and
performance. The use of open, monolithic structures would
allow for higher volumetric flow rates and lower pressure
drops.22

In this work, ZIF-8 structured adsorbents with open flow-
through channels are obtained via 3D-printing. By robocasting
a viscous paste with high loading of ZIF-8 and bentonite
binder, the monolith was built up layer by layer. The effect of
the thermal activation conditions on the final MOF monolith
was studied in detail. The 3D-printed structures were
characterized using thermogravimetric analysis (TGA), X-ray
diffraction (XRD), optical microscopy, scanning electron
microscopy coupled with energy dispersive X-ray spectroscopy
(SEM-EDS), infrared (IR) spectroscopy, Hg porosimetry, and
adsorption of Ar. Because ZIF-8 is a promising candidate for
the recovery of biobutanol, n-butanol isotherms were also
measured. Finally, it is demonstrated that the 3D-printed ZIF-8
structures separate an isopropanol−butanol−ethanol (IBE)
model mixture in dynamic conditions with large capacity and
selectivity.

■ EXPERIMENTAL SECTION
Manufacturing of Monoliths. For the manufacturing of the 3D-

printed monoliths, a powder mixture of ZIF-8 powder (Basolite 1200,
Sigma-Aldrich), bentonite (VWR), and methylcellulose (Acros
organics) was prepared. These different components were mixed in
a ratio of 66.7 wt % ZIF-8, 16.7 wt % bentonite, and 16.7 wt %
methylcellulose. Subsequently, water was added, and the slurry was
mixed using an ARE Thinky mixer until a homogeneous slurry was
achieved. The preparation of the paste was performed at room
temperature. The printable paste was loaded into a syringe (50 cm3)
and extruded through nozzles of 250 and 600 μm diameter. An in-
house build setup was used, based on a modified computer
numerically controlled (CNC) milling machine. A schematic of the

used printer and a photograph of the printing head were added in
Supporting Information, for clarity (Figures S1 and S2). The 3D-
printing paste and the printing process itself was carried out at room
temperature. More details about the used printing method can also be
found in our previous work.4,55,56 The 3D-printed MOF structures
were manufactured layer-by-layer into cuboids of 2 cm in height and
2.5 cm in width. Samples were thermally treated in a tubular oven
under a constant flow of Ar gas (100 mL/min). Before thermal
treatment, all oxygen was evacuated from the oven. A temperature
rate of 1 °C/min was employed until the desired temperature was
reached. Subsequently, the temperature was kept constant for 3 h
before allowing the sample to cool down to room temperature. A
schematic overview of the used synthesis procedure is shown in
Figure 1.

Before 3D-printing the final ZIF-8 monoliths, smaller samples were
extruded to study the effect of the binder on the properties of ZIF-8.
A small sample containing 80 wt % ZIF-8 and 20 wt % bentonite
binder and a sample containing of 66.7 wt % ZIF-8, 16.7 wt %
bentonite, and 16.7 wt % methylcellulose were extruded.

Thermogravimetric Analysis. Thermogravimetric analysis
(TGA) was performed under argon atmosphere with temperature
ranging from 25 to 1000 °C and a heating rate of 10 °C/min. The
thermogravimetric measurement was recorded on a STA 449C Jupiter
device (Netzsch).

X-ray Diffraction. The structural properties and crystallinity of
the robocasted ZIF-8 monoliths were measured using a X’pert PRO
device (Philips) with a Cu−Kα X-ray source (λ = 0.154056 nm).

Optical Microscopy. A Discovery V12 microscope (Zeiss) and
the Axio Vision software were used to measure the diameter and
distance between the fibers of the structure.

Scanning Electron Microscopy. A Nova Nanosem450 equipped
with an energy dispersive X-ray spectroscopy (EDS) system
(Quantax200, Bruker) was used to study the bulk chemical and
structural properties of the different materials. Samples coated with a
Pt/Pd (80/20) layer of 2.5 nm using a Cressington HR208. Samples
were studied at an acceleration voltage of 5 keV and under vacuum.

Porosimetry. The meso- and macroporosity of the pores in the
fibers of the structure were analyzed using Hg-porosimetry (Pascal
Mercury Porosimeters, Thermo Scientific). Argon isotherms were
measured at −187 °C, using a volumetric method (Autosorb AS-1,
Quantachrome). A more detailed description of the procedure can be
found in previous work.55

Figure 1. Schematic overview of the used synthesis procedure used in
this work. ZIF-8 powder, methylcellulose, and bentonite were mixed
with water to form a printable paste. This paste was subsequently 3D-
printed and treated thermally to remove the methylcellulose binder.
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Adsorption Isotherms. The ZIF-8 monolith samples were
activated under nitrogen at 150 °C. n-Butanol (99.8% purity,
VWR) vapor phase isotherms were measured at 323 K using a
gravimetric setup (SGA 100H, VTI). Nitrogen gas was used as a
carrier gas (99.998% purity, Air Liquide).
Geometrical Parameters of the Printed Monoliths. The

characteristic geometrical parameters (channel size, fiber thickness,
cell densit,y and open frontal area) of the 3D-printed monoliths were
determined based on SEM pictures of small parts of the printed
structures (Figure S3). As is commonly used in monolith literature,
the cell density (in cpsi), can be calculated based on the characteristic
length l of a monolith cell (channel size + wall thickness) as follows57

=
l

cell density
1
2 (1)

The open frontal area (OFA) was calculated using the following
formula, based on the wall thickness (or in this case, fiber thickness)
tw
57

=
−l t

l
OFA

( )w
2

2 (2)

Breakthrough Experiments. Several ZIF-8 monoliths (see above
for more details about the manufacturing procedure), were wrapped
together in Teflon tape (Griffon Corporation) to obtain a continuous
monolith. The bed length of the monolith with 250 μm fibers was
11.5 cm and the bed length of the monolith with 600 μm fibers was
11.1 cm. The monolith samples were placed in a cylindrical tube with
an internal diameter of 3.7 cm and a length of 12.3 cm. The inlet and
outlet of the column were sealed with a Teflon ring to avoid flow
bypassing the monolith and to seal the empty volume between the
monolith and the column outlet. Prior to the breakthrough
experiments, the ZIF-8 monoliths were activated at 150 °C under a
helium flow of 180 Nml/min. A heating rate of 1 °C/min was used
and subsequently the temperature was held constant at 150 °C.
Afterward, the monoliths were cooled to room temperature.
Isopropanol (Merck), n-butanol (Avantor), ethanol (Merck), and
water vapors were generated with two evaporators filled. One
evaporator was filled 6.7 wt % isopropanol, 92.5 wt % n-butanol,
and 0.7 wt % ethanol and kept at a temperature of 40 °C, whereas the
second one contained only water at 63 °C. The He flow rate through
the first evaporator was set at 36 Nml/min, and the rate through the
second evaporator was set at 53 Nml/min. An extra dilution flow of
200 Nml/min was used. At the column outlet, detection was carried
out using a gas chromatograph (HP 6890, Agilent Technologies)
equipped with a Stabilwax capillary column (Restek, 250 μm internal
diameter, 15 m length).
From the obtained elution profiles, the adsorption loading of n-

butanol was determined from a mass balance over the column58

τ
ρ

= · − · ϵ
− ϵ

·i
k
jjj

y
{
zzzq

u
L

c
1

1
0

b (3)

with q as the equilibrium capacity of the adsorbate (in mol/kg), u is
the interstitial velocity (in m/s), τ is the average breakthrough time

(in s), L is the column length (in m), ϵ is the bed porosity, c0 is the
feed concentration during adsorption of the adsorbate (in mol/m3),
and ρb is the bed density (in kg/m3).

The average breakthrough time (in s) is defined as follows:

∫τ = −
+∞ c t

c
t1

( )
d

0 0 (4)

τ is the average breakthrough time of component i during adsorption
(in s), c(t) is the molar concentration (in mol/m3) of the adsorbate at
the column outlet at time t (in s), and c0,i is the concentration of
component i in the feed mixture (in mol/m3).

The dead volume of the system was obtained by measuring
breakthrough profiles at different flow rates, using a Valco union, and
was observed to be 3.5 mL. An example of such a blank measurement
was added in Supporting Information (Figure S4). The average
breakthrough times were corrected for the system dead time when
calculating the equilibrium capacities.

■ RESULTS AND DISCUSSION
Selection of Binder Recipe. In a first step, a binder recipe

was developed allowing the 3D-printing of ZIF-8. Methyl-
cellulose (organic binder) and bentonite (inorganic binder)
were employed. The bentonite binder was added to ensure the
rigidity of the final printed structures and thermally treated
structures, whereas the organic binder was employed to
finetune the rheology of the 3D-printable paste. More details
about this binder recipe can be found in our previous work,
related to the 3D-printing of ZSM-5 monoliths.56 Both the
organic and inorganic binder used in the formulation of the
paste may block the pores and/or functional sites of the ZIF-8
MOF crystals for adsorption. To study these effects, two small
extrudates of formulated ZIF-8 were printed. One sample
contained only bentonite binder (20 wt %), whereas the other
sample contained both bentonite (16.7 wt %) and organic
binder (16.7 wt %). These samples were characterized via the
measurement of Ar and n-butanol isotherms and compared
with the pure ZIF-8 powder.
The Ar-adsorption isotherms on the pure ZIF-8 powder, as

well as on the smaller extrudates, are shown in Figure 2. The
Ar isotherm of the pure ZIF-8 powder and the ZIF-8/
bentonite sample shows a distinct two-step shape with a
hysteresis loop (Figure 2c). This two-stepped adsorption
behavior has been previously observed for Ar and N2 on pure
ZIF-8 by different authors.43,59−61 Molecular simulations show
that the two steps in the adsorption isotherms can be linked to
the flexibility of the ZIF-8 linkers.60,61 The observation of the
hysteresis loop and the two-stepped isotherm shows that the
intrinsic properties of ZIF-8 are conserved when formulated
with bentonite and that the flexibility of the ZIF-8 linkers stays
conserved. Interestingly, in the ZIF-8 sample containing

Figure 2. Comparison between the pure ZIF-8 powder (black squares) and the formulated samples containing bentonite (orange triangles) and
both bentonite and methylcellulose (brown circles). n-Butanol isotherms (a,b) at 50 °C and Ar isotherms at −187 °C (c) are shown.
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bentonite a shift occurs in the region where the hysteresis loop
is observed. The onset of the hysteresis loop is shifted from a
relative pressure of 0.25 to 0.26 (Figure 2c). Furthermore, for
the sample containing only bentonite the adsorption branch of
the loop is broader (Figure 2c). Such a change in the position
and change in shape of the hysteresis loop on ZIF-8 has been
observed before for changes in ZIF-8 crystal size and can be
related to the energetics of the linker rotation process.43,62

However, in this case the pure ZIF-8 sample was of the same
batch as the one used for the synthesis of the monoliths. Thus,
the addition of bentonite binder appears to influence the ease
of linker rotation of the ZIF-8 material.
Comparing the Ar loading at equilibrium at a relative

pressure of 0.2, corresponding to the first plateau in the Ar
isotherm, a decrease of 21% in capacity is observed. In the
second plateau in the isotherm, at a relative pressure of 0.6 a
decrease in capacity of 20% is observed. Because the relative
decrease in Ar loading is of the same magnitude as the amount
of clay binder that was added, this shows that the ZIF-8 pores
are still accessible for Ar. The ZIF-8 sample containing
bentonite and the organic binder showed a very low uptake of
Ar, with a large hysteresis loop. This can be caused by blocking
of the ZIF-8 pores by the organic binder, or by a solidification
of the organic binder at the low temperatures of the Ar
measurements (−187 °C).
Because of the well-known linker flexibility of ZIF-8, the

determination of pore volumes and surface areas via DFT-
based methods, as is common for microporous materials such
as zeolites or active carbon, is not trivial.63 Therefore, we have
assessed the pore volume of the different samples using the
Gurvich rule at a relative pressure of 0.2.63 The BET surface
area was determined using the procedure developed by
Roucquerol et al.64 These results are summarized in Table 1.

The BET surface area for the pure ZIF-8 powder is comparable
to values previously reported in literature.48,60 For the sample
containing ZIF-8 and the bentonite binder, both the pore
volume and surface area decrease by 20%, as a consequence of
the decrease in Ar loading due to the presence of the binder
(vide supra). No surface area or pore volume was calculated
for the sample containing bentonite and methylcellulose due to
the inaccessibility of this sample for Ar. (Figure 2).
To further study the effect of the used binders on the

adsorption properties of ZIF-8, n-butanol isotherms were
measured (Figure 2a,b). The measured n-butanol isotherms
show a type V shape, which is typical for the adsorption of
alcohols on the hydrophobic ZIF-8 material,42,48,65,66 indicat-
ing that the used binders are not altering the nature of the

adsorption mechanism of n-butanol on ZIF-8. The ZIF-8
composition with only inorganic bentonite binder exhibited a
saturation capacity of about 90% of the pure ZIF-8 powder.
The change in n-butanol loading at saturation is lower than
that of Ar. Adsorption of n-butanol by the bentonite binder
could be a possible reason for the difference. To check this
possibility, we have measured an adsorption isotherm of n-
butanol on bentonite and added this in Supporting
Information (Figure S5). With a maximum loading of 0.02
g/g, the capacity of bentonite is too low to explain the
difference between the Ar and n-butanol isotherms. Fur-
thermore, the n-butanol isotherms were measured on three
different small samples of the extrudates to check if the
nonhomogeneity of the binder/ZIF-8 mixture might influence
the isotherm measurements (Figure S6). The n-butanol
isotherms proved to be reproducible, independent of the
sample. A more detailed study would be needed to investigate
the reason for the discrepancy between the Ar and n-butanol
isotherm; however, this falls out of the scope of our current
work.
With the addition of organic binder needed for the 3D-

printing of the sample, the saturation capacity dropped to
around 70% as compared to the pure powder. This decrease in
saturation capacity of n-butanol corresponds largely to the total
amount of binder present in the sample (16.7 wt % bentonite +
16.7 wt % organic binder). Although the pores of ZIF-8 appear
to be blocked for Ar (Figure 2c), the measurement of n-
butanol isotherms was observed to be possible. At low n-
butanol partial pressure, all of the samples exhibited the same
adsorption behavior. In order to recover the sorption capacity
of the formulated structures to the level of that of the ZIF-8/
bentonite mixture, a procedure was developed to thermally
remove the organic binder from the 3D-printed structures.

Development of a Thermal Activation Procedure.
Because the ZIF-8 structure is known to degrade during
thermal treatment in air,67 a procedure using an inert (argon)
atmosphere was developed to activate the 3D-printed MOF
monoliths. In a first step, TGA was carried out on pure ZIF-8
powder and on a small piece of extrudate containing both
methylcellulose and bentonite, as a first screening, to allow the
identification of activation temperatures that allow the removal
of the organic binder without significantly damaging the ZIF-8
structure. The results of this TGA which were carried out in an
inert, argon atmosphere are shown in Figure 3a. The TGA
shows a sharp drop in weight of ZIF-8 at a temperature of 600
°C, indicating complete structural degradation of ZIF-8.
However, the sample containing organic binder starts to
decrease in mass already at 300 °C. Thus, in a temperature
window between 300 and 600 °C, removal of the organic
binder can be expected, without destruction of the ZIF-8
framework. To confirm this hypothesis, small extrudates were
printed and activated in a tubular oven and activated in an
argon atmosphere at 450, 500, and 550 °C. These structures
were characterized using XRD, IR-spectroscopy, and the
measurement of Ar and n-butanol isotherms in order to
develop an activation procedure avoiding ZIF-8 degradation.
The Ar isotherms of samples, containing both binders and

activated at different temperatures, are shown in Figure 3f. The
two capacity plateaus of the sample treated at 450 °C
correspond very well with the sample containing only
bentonite (Figure 2c). At a relative pressure of 0.2, a decrease
in Ar loading of 21% is observed, consistent with an amount of
bentonite of 20 wt %, which would be expected to be present

Table 1. BET Surface Areas and Gurvich Pore Volume of
the Different ZIF-8 Samples Calculated from the Ar
Adsorption Measurements at −187 °C

sample
Gurvich pore volume

(mL/g)
BET surface area

(m2/g)

powder 0.5 1415
ZIF-8 and bentonite 0.39 1083
ZIF-8, bentonite and
methylcellulose

treated at 450 °C 0.39 1070
treated at 500 °C 0.34 907
treated at 550 °C 0.17 426
250 μm monolith 0.36 973
600 μm monolith 0.36 972
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after removal of the methylcellulose binder. This decrease in
loading is also of the same magnitude as seen for the untreated
ZIF-8/bentonite shown in Figure 2c. The same decrease is
visible in the Gurvich pore volume and surface area (Table 1).
Furthermore, comparing the pure ZIF-8 powder with the
sample activated at 450 °C, the onset of the hysteresis loop is
shifted from a relative pressure of 0.25 to 0.4 respectively.
Interestingly, this shift is even larger than for the untreated
sample containing only bentonite (Figure 2c). Possibly,
residual methylcellulose binder or degradation products
thereof further decrease the flexibility of the ZIF-8 linkers.
Treatment of the 3D-printed samples at higher temperatures

leads to significant decrease in the Ar loading (Figure 3f). At a
relative pressure of 0.2, the Ar equilibrium loading decreases
with 32% and 67% for the samples treated at 500 and 550 °C,
respectively. As a consequence, the Gurvich pore volume and
BET surface area decreases with a similar order of magnitude
(Table 1). Furthermore, at the temperatures of 500 and 550
°C, significant broadening of the hysteresis loop is observed.
Both the large decrease in equilibrium loading and the
occurrence of a broad hysteresis loop indicate structural
degradation of the ZIF-8 present in the sample.
Similar observations can be made when looking at the n-

butanol isotherms (Figure 3d,e). The sample activated at 450
°C shows a similar type V shape as the pure ZIF-8 powder
(Figure 2a). The equilibrium loading at saturation shows a
decrease of 20%, compared to the pure ZIF-8 powder and
corresponding to the residual amount of bentonite binder (20
wt %), which can still be expected to be present in the sample.
The sample activated at 500 °C shows a similar decrease in
saturation loading of 20%, however a slight change in shape of
the isotherm can be observed at the lower pressure range
(Figure 3e). At lower partial pressures, the equilibrium loading
is slightly higher, compared to the pure ZIF-8 powder and the
sample activated at 450 °C. For the sample treated at 550 °C, a
decrease in saturation loading of 25% is observed, compared to
the pure ZIF-8 powder. This decrease is stronger than

expected based on the 20 wt % residual bentonite binder
content. Furthermore, the change in shape of the n-butanol
isotherm in the lower partial pressure region is even more
pronounced than for the sample treated at 500 °C. The initial
part of the isotherm has become steeper. The type V shape of
the n-butanol isotherm on ZIF-8 thus seems to change to a
type I with increasing activation temperature. Steep, type I
isotherms are typically encountered with the adsorption of n-
butanol on activated carbons.68−70 We therefore hypothesize
that this change in adsorption isotherm shape is related to the
partial formation of carbon, either due to the degradation of
ZIF-8 or carbonization of the methylcellulose binder.
In the X-ray diffraction patterns (Figure 3c), a small shift

and decrease of intensity is visible for the sample activated at
500 °C and all of the characteristic ZIF-8 peaks disappear for
the sample activated at 550 °C. However, the X-ray diffraction
pattern of the sample treated at 450 °C is similar to that of the
native ZIF-8 powder. These results thus confirm the results of
the Ar and n-butanol isotherm measurements: the samples
treated at 500 and 550 °C show degradation of the ZIF-8
structure, whereas the sample activated at 450 °C retains its
structure.
The IR measurements are shown in Figure 3b. Compared to

the pure ZIF-8 powder, the spectrum of the formulated
samples show some extra peaks around 1100 cm−1 (SiO
stretch) and 3500−3600 cm−1 (−OH stretching). Upon heat
treatment, the SiO remains unaffected throughout all
samples, whereas the −OH stretching bond decreases at
higher temperature. This is related to the binding effect of
bentonite, resulting in condensing of −OH groups during
thermal treatment. The IR-spectrum of pure ZIF-8 shows the
NH stretching at 3135 cm−1 and CH stretching of methyl
groups at 2929 and 1307 cm−1. Other peaks at 1457, 1423, and
1145 cm−1 indicate the presence of the CN and CN
bonds. The ZnN stretching can be identified at 421 cm−1.
The peaks and intensities that remain are the same for the pure
powder and the sample treated at 450 °C. Comparing the

Figure 3. TGA of the pure ZIF-8 powder and formulated ZIF-8 activated under Ar atmosphere (a). Also shown are the results for the IR-
spectroscopy (b), XRD (c), n-butanol isotherms at 50 °C (d,e), and Ar at −187 °C (f) on pure ZIF-8 powder (black) and the formulated samples,
activated in an Ar atmosphere at 450 °C (red), 500 °C (green), and 550 °C (blue).
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sample activated at 450 and 500 °C, the intensities of different
peaks change. One clear effect is the change in intensity of the
CH peak at 1307 cm−1, compared to the SiO peak of
bentonite, which remains unchanged. At 550 °C, the peak at
1307 cm−1 disappears and all other characteristic peaks of ZIF-
8 dramatically decrease in intensity, again pointing at the
destruction of the ZIF-8 framework.
The results of the Ar and n-butanol measurements, together

with XRD and IR spectroscopy thus show that degradation of
the ZIF-8 structure takes place starting from an activation
temperature of 500 °C. At 550 °C, the ZIF-8 material is almost
completely degraded. However, the sample treated at 450 °C
shows the inherent ZIF-8 structure. Therefore, this activation
temperature was used in the synthesis of the final monoliths.
3D-Printing of the ZIF-8 Structures. ZIF-8 monoliths

were 3D-printed using two different nozzle sizes and contain
both methylcellulose and bentonite binder (see Experimental
Section for more detail). Figure 4a−c shows pictures of the
final monoliths with a fiber thickness of 250 and 600 μm after
thermal treatment. Figure 4d,e shows images of the samples
with a 250 μm fiber diameter after 3D-printing and drying but
before thermal activation (i.e., firing). The images show a high
uniformity in the distance between fibers and the thickness of
the printed fibers. After thermal activation, no large differences
in fiber thickness or channel size were observed, showing that
the overall structure stays well preserved after treatment
(Figure 4a,d). A summary of the characteristic geometrical
parameters is given in Table 2. In case of the 250 μm monolith,
the fiber thickness corresponds well to the diameter of the used
printing nozzle. For the 600 μm monolith, the printed fibers
are slightly smaller than the nozzle diameter. Channel sizes
were chosen, so that both monoliths had a similar open frontal

area, however the 250 μm monolith has smaller channels,
leading to a larger cell density.
EDS elemental mapping showed the uniform distribution of

Zn, indicating the presence of ZIF-8 throughout the structure
except for one spot (Figure 4h,i). At this spot, a high signal of
Si was measured. This clearly indicates the presence of a
bentonite binder particle in the structure. The corresponding
EDS spectrum of the pure ZIF-8 powder was added in
Supporting Information (Figure S7). SEM analysis illustrates
the bulk porosity of the structure and the macropores in the
fibers of the structure (Figure 4f,g). The porosity inside the
fibers of the structure, needed for fast mass transfer in
separation applications, was quantified using Hg-porosimetry,
performed after thermal treatment (Figure S7). The ZIF-8
structures exhibited large porosity with a total pore volume of
1028 mm3/g in the fibers. Most of the macropore volume was
a result of pores between 0.15 and 0.3 μm, as is also visible on
the SEM pictures (Figure 4g).
The final structures, activated at 450 °C under Ar

atmosphere, were again characterized via the measurement of
n-butanol and Ar adsorption isotherms. These results were
added in the Supporting Information Figure S9. Both the Ar
and n-butanol isotherms are identical for both structures,
indicating the reproducibility of the used manufacturing
technique. Furthermore, in the Ar isotherms the hysteresis
loop occurs at the same relative pressure (0.4) for both

Figure 4. Photographs of the thermally activated 3D-printed monoliths with a 250 μm fiber thickness (a,b) and a 600 μm fiber thickness (c). (d,e)
Optical microscope pictures of the unactivated 250 μm monolith. (e−g) SEM pictures of the ZIF-8 monolith with 250 μm fibers. Elemental
mapping of Zn (h) and Si (i) on the SEM pictures is shown as well.

Table 2. Characteristic Geometrical Parameters of the 3D-
Printed and Activated Structures

nozzle diameter
(μm)

channel size
(μm)

fiber thickness
(μm)

cell density
(cpsi) OFA

250 350 250 1800 0.54
600 760 540 375 0.54
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samples and at the same pressure as for the previous extrudate
activated at 450 °C (Figure 3f). The equilibrium loading of Ar
and n-butanol decreases with 25%, which is a slightly larger
decrease compared to the previous extrudate treated at 450 °C
(Figure 3f). A similar decrease is observed in the BET surface
area and pore volume (Table 1). Possibly, the larger volume of
the 3D-printed structures makes the removal of the organic
binder more difficult. Assuming that the Ar and n-butanol
saturation loading is proportional to the loading of ZIF-8 in the
structures, this leads to an amount of 75 wt % of ZIF-8 in the
final structures.
The 3D-printig of high-loading ZIF-8 structures is a

challenge, because the rheological properties of the 3D-
printing ink can degrade at high powder loading.36,37 When
3D-printing ZIF-8 using ABS as a polymer binder, Bible et al.
reported a loading of only 10 wt %.37 Evans et al. reported
structures with a ZIF-8 loading up to 50 wt %.38 Sultan et al.39

reported ZIF-8 structures with a loading up to 70 wt %, thus
showing that our printed structures have a ZIF-8 loading
comparable to the highest reported in literature.
Molecular Separation. The separation performance of

both monoliths (250 and 600 μm) and their applicability for
biobutanol recovery was evaluated via breakthrough exper-
imentation using a mixture of isopropanol, n-butanol, ethanol,
and water (Figure 5). Both monoliths were activated at the

optimal temperature of 450 °C and allow separation of the
mixture. In the present conditions, no large differences in
broadness of the breakthrough profiles were observed when
comparing both monoliths. The first component to elute at the
column outlet is water, confirming the hydrophobic nature of
the material, despite the presence of the (hydrophilic)
bentonite binder. Ethanol and isopropanol elute almost
simultaneously after 3 h (250 μm monolith) or 2 h (600 μm
monolith). The breakthrough profile of n-butanol shows two
different steps: a broad, dispersive part and a sharp, “shock”
part. This behavior is typical for components having a type V
isotherm and was observed previously in the case of liquid
phase adsorption of alcohols on ZIF-8.45 The average
breakthrough time of n-butanol is much higher than that of
the other alcohols (43 h, 250 μm monolith and 32 h, 600 μm
monolith), showing the selectivity of the ZIF-8 monoliths
toward n-butanol, even in the presence of water vapor and as
observed in previous work on pure ZIF-8.42,44,46 From the

breakthrough profiles (eqs 3 and 4), the adsorbed amount of n-
butanol was determined as 0.2 g/g for both monoliths and thus
close to the pure component isotherm equilibrium capacity
(Figure 3d). In the case of isopropanol, roll-up could be
observed for the two monoliths at the point of n-butanol
breakthrough, indicating a displacement of this alcohol by n-
butanol.

■ CONCLUSION
In this work, we report the synthesis of 3D-printed ZIF-8
monoliths with two different fiber thicknesses (250 and 600
μm). Using bentonite and methylcellulose as inorganic and
organic binder, formulated ZIF-8 structures were obtained.
The addition of the bentonite binder leads to a shift in the
hysteresis loop of the Ar isotherm on ZIF-8, thus possibly
influencing the flexibility of the ZIF-8 framework. Optimiza-
tion of the thermal activation procedure is crucial to obtain a
high-performance material. Activation of the 3D-printed
structures at 450 °C under inert atmosphere allowed the
removal of the organic binder from the structure and to
achieve a high adsorption capacity in a reproducible manner. A
breakthrough experiment with a model IBE-mixture showed
that the formulated monoliths have a high capacity and
selectivity for n-butanol, highlighting the promising properties
of the monoliths for the recovery of biobutanol. For the
industrial application of these printed monoliths, the assess-
ment of their reusability in a cyclic process as well as their
mechanical strength should still be evaluated.
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