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3D printing has emerged as an attractive way of formulating structured adsorbents, as it imparts lower
manufacturing costs compared to hydraulic extrusion while also allowing for unprecedented geometric control.
However, binderless structures have not been fabricated by 3D printing, as ink formulation has previously
required clay binders which cannot be easily removed. In this study, we report the development of a facile
approach to shape engineer binderless zeolites. 3D-printed inks comprised of 13X, 5A, ZSM-5, and experimental
South African zeolites were prepared using gelatin and pectin as binding agents along with dropwise addition of
various solvents. After printing, the dried monoliths were calcined to remove the biopolymers and form 100%
pure zeolite structures. From N physisorption and CO, adsorption measurements at 0 °C, all monoliths showed
narrowing below 1 nm from their powders, which was attributed to pore malformation caused by intraparticle
bridging during calcination. The various adsorption isotherms indicated that this narrowing led to varying de-
grees of enhanced adsorption capacities for all three gases, as the slightly smaller pores increased electrostatic
binding between the sorbent walls and captured species. Analysis of CO, adsorption performance revealed
comparable diffusivities and adsorption capacities to the commercial bead analogues, implying that biopolymer/
zeolite printing can produce contactors which are competitive to commercial benchmarks. The binderless
monoliths also exhibited faster diffusivities compared to zeolite monoliths produced by conventional direct ink
writing — on account of an enhancement in macroporosity — highlighting that this new method enhances the
kinetic properties of 3D-printed scaffolds. As such, the sacrificial biopolymer technique is an effective and
versatile approach for 3D printing binderless zeolite structures.

columns, thereby driving up manufacturing, labor, and machining ex-
penses whenever a new geometry is needed. As such, there have been

1. Introduction

Zeolites are an important material class, as their high number of
active sites and unique pore structures allow them to be used in many
industrial processes including adsorption, separation, and catalysis
[1-6]. Traditionally, zeolitic structuring has been performed via pelli-
tization or extrusion processes, however, these techniques require
adhesion to an inert binder, which reduces the overall support loading
and deactivates its pores [7,8]. One way to address this problem has
been through manufacturing of so-called binderless zeolites by way of
hydraulic extrusion, however, this technique still necessitates a small
amount of binding agent (i.e., bentonite, kaolinite, etc.), which limits
the zeolite loading to less than 100 wt% [9,10]. Moreover,
manufacturing zeolitic structures — either with or without binder — by
extrusion necessitates the production of molds to fit different process
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many efforts in recent years to move away from hydraulic extrusion to
allow for greater geometric versatility and reduced manufacturing costs.

An important alternative to traditional manufacturing, 3D printing
technology — which digitally tunes the scaffold geometry prior to its
formulation with AutoCAD or some equivalent — has cemented itself as a
facile way of producing ceramic contactors containing various supports,
including metals/metal oxides, metal-organic frameworks (MOFs), and
zeolites [1,11-18]. In a pioneering work in 2016 [1], our group
formulated zeolite 13X and 5A monoliths with 90 wt% loading by
binding the commercial powders to bentonite clay through 3D printing
technique. More recently, Wang et al. [19] surpassed the 90 wt%
threshold by solvothermally bridging commercial zeolite particles,
colloidal silica, and halloysite nanotubes after printing to form 100%

Received 5 November 2020; Received in revised form 1 December 2020; Accepted 2 December 2020

Available online 8 December 2020
1385-8947/© 2020 Elsevier B.V. All rights reserved.


mailto:rezaeif@mst.edu
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2020.128011
https://doi.org/10.1016/j.cej.2020.128011
https://doi.org/10.1016/j.cej.2020.128011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2020.128011&domain=pdf

S. Lawson et al.

binderless NaX zeolite monoliths. Nevertheless, although this technique
did produce a binderless zeolite structure through 3D printing, the sol-
vothermal step was time-intensive and required extensive optimization
to coordinate the various components. Furthermore, this route only
produced a single binderless zeolite and, to the best of our knowledge,
has never been applied to other families. As such, a versatile and rapid
method of 3D printing binderless zeolite structures remains an elusive
and important area of additive manufacturing research.

Notably, 3D printing of binderless zeolite monoliths is an especially
difficult prospect because, as far as we are aware, formulating a rheo-
logically favorable ink requires some sort of binding agent. Otherwise,
directly printing the crystalline particulate leads to expulsion of the
dispersion solvent or gives rise to spreading behavior which is incapable
of producing a self-standing scaffold. Therefore, simply eliminating
binder use cannot be considered a worthwhile or realistic pathway for
3D printing zeolite structures of any family. Nevertheless, binderless
printing might still be possible by eliminating the inert species after the
formulation step. Granted, accomplishing this with traditional ink ad-
ditives would likely necessitate some degree of chemical etching to
extract the silica-based clays (bentonite, kaolin, etc.) and would inevi-
tably degrade the zeolites as well, since anything reactive enough to
dissolve the inert binders would also decompose aluminosilicates. As an
alternative, binding agents which can be removed by gentler techniques,
such as calcination, should be considered when developing a binderless
zeolite printing method, since such a process would give rise to the
desired rheological behavior while also allowing for 100% purity in the
final product. This being the case, it is inevitable that this approach’s
success would heavily depend on the binder properties, meaning that
the selection criteria and binder choice are crucial.

When considering previously unexplored binding agents for the
development of binderless zeolite printing, there are a few criteria which
must be met to ensure a rheologically favorable ink and manufacture a
mechanically stable scaffold with large loadings. Namely, the sacrificial
binding agents should (i) impart sufficient adhesion with the zeolite
particles during ink production to prevent solvent expulsion, (ii) be
completely organic so that they can be extracted using calcination, (iii)
produce a shear-thinning ink without solvent expulsion, and (iv) exhibit
self-standing behavior with geometric stability after deposition. In that
regard, we hypothesized that a combination of gelatin and pectin bio-
polymers would meet these criteria, as such additives degrade well
below the zeolitic sintering temperature of 500 °C, are known to impart
desirable rheological properties (i.e., self-standing, shear-thinning, hy-
drophilic, etc.), and have been used to 3D-print nanocellulose, CaCl,
and plant tissue scaffolds [20-25]. Granted, these biopolymers have not
yet been used to 3D-print ceramics, however, based on their effective-
ness for multiple other supports, we speculated that they would be worth
exploring in zeolite ink production and subsequent development of
binderless structures. Motivated by this exciting possibility, we
embarked on a study which developed a versatile means of 3D-printing
binderless zeolite structures using so-called “sacrificial biopolymers” for
the first time.

In this proof-of-concept study, we manufactured binderless mono-
liths using four different zeolites — zeolite 13X, zeolite 5A, H-ZSM-5, and
an experimental South African zeolite synthesized from fly ash and
provided by Petrik’s group [26,27] — by implementing pectin and gelatin
as sacrificial binding agents. We also manufactured zeolite 13X mono-
liths with small concentrations of bentonite clay (1-5 wt%), to enhance
their mechanical strength, since the 100% pure zeolite monoliths were
somewhat brittle. These samples are noted as 13X, 13x%5%, and
13X°%, respectively. Here, it should be noted that we selected the
monolithic geometry as to demonstrate this technique because of its
relevance in industrial processes and because of its use in previous works
for 3D printing [1,16,19]. CO,, CHy, and N5 adsorption isotherms were
collected at 25 °C from O to 1 bar for the calcinated monoliths and parent
powders, to demonstrate any differences between adsorption capacities,
where the COy/CH4 and CO2/Nj; selectivities were calculated by the
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previously-detailed ideal adsorption solution theory (IAST) method
[28]. Lastly, fractional adsorption uptakes were performed on the cal-
cinated zeolite 13X monoliths and commercial beads as well as the
calcined 5A monolith and commercial beads to investigate the bind-
erless monoliths’ mass transfer properties relative to benchmark sor-
bents. Overall, the work detailed here establishes a groundbreaking way
to 3D-print binderless zeolites of any family through gelation with
sacrificial biopolymers and unlocks new pathways in additive
manufacturing.

2. Experimental
2.1. Materials

The following materials were purchased from Sigma Aldrich and
were used without modification for the production of binderless zeolite
monoliths by 3D printing: gelatin from porcine skin (gel strength = 300),
pectin from citrus peel (74% dried basis), poly(vinyl) alcohol (PVA),
methylcellulose (99%), N-N-dimethylformamide (DMF, ACS), and
ethanol (EtOH, ACS). Zeolite 13X and Zeolite 5A were purchased from
UOP while H-ZSM-5 (Al,03/Si0O2 = 50) was purchased from Zeolyst. The
South African (SA) zeolite was provided by Petrik et al. and was syn-
thesized from fly ash with their established method [26,27]. The bind-
erless zeolite 13X beads used in the dynamic adsorption experiments
were provided by Ingevity, while the zeolite 5A beads were provided by
Sylobead. All UHP gases were purchased from Airgas.

2.2. Monolith formulation

The component fractions and solvent ratios from Table 1 were used
to form the printing pastes, as shown in Fig. 1. To form the paste, the
powdered components were all added to a PTFE cup at room tempera-
ture. Then, the appropriate solvent mixtures were added to the paste in a
dropwise fashion to produce a printable rheology. To produce unifor-
mity, the solvents were added dropwise in ~ 1 mL increments and the
paste was folded together with a spatula until the desired rheological
properties (i.e. pliable, self-standing, homogeneous, and non-flow) were
observed. Here, it should be noted that — while the gelatin/pectin/
zeolite ratios varied across crystallites — it was generally found that
higher pectin/gelatin ratios produced better rheological properties,
whereas adding too much gelatin led to shear thickening behavior. As
such, when applying this approach to other zeolites, a good starting
point for paste optimization would be to begin using only pectin, fol-
lowed by incremental gelatin addition to minimize ink spreading. It is
also worth noting here that, in our earlier techniques [1,11-16], the
paste formulation and densification processes took place over the course
of 1-3 days, whereas this new technique yielded a printable paste in less
than 5 min, meaning that this new method allows for much faster
rheological optimization. Therefore, utilizing sacrificial biopolymers for
zeolite gelation and 3D printing can be considered a superior technique
from a rapid manufacturing perspective, as it dramatically reduced
binding time from traditional paste formulation.

After producing the zeolite/biopolymer inks, the monoliths were 3D-
printed using our established setup [1,11-16]. The zeolite 13X and 5A
monoliths were printed using 0.84 mm (Nordson) tips, however, the
ZSM-5 and South African monoliths were printed using 1.36 mm tips
because those inks displayed denser rheologies and could not be
extruded through the smaller bores. Nevertheless, because the ZSM-5
and South African samples were successfully formed into monoliths,
they are still worth discussing here as a proof-of-concept. In subsequent
works, we will further tune the paste compositions to enhance geometric
and rheological control. After 3D printing, all monoliths were dried
overnight in the fume hood (12 h, 25 °C) to gently remove the solvents
and prevent cracking. Thereafter, they were calcined using a stepwise
ramp. In the first step, the monoliths were heated to 350 °C using a ramp
rate of 2 °C/min and held isothermally for 2 h. Then, the monoliths were
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Table 1

Paste compositions used to 3D-print binderless zeolite monoliths.
Monolith Zeolite (wt.%) Pectin (wt.%) Gelatin (wt.%) PVA (wt.%) Bentonite (wt.%) Methyl-cellulose (wt.%) DI (mL) DMF (mL) EtOH (mL)
13X 66.7 13.3 20.0 0.0 0.0 0.0 5 1.5 0
13x1% 66.2 13.2 19.8 0.0 0.6 0.0 5 1.5 0
13x25% 65.6 13.1 19.7 0.0 1.6 0.0 5 1.5 0
13x5% 64.5 12.9 19.4 0.0 3.2 0.0 2.5 2.5 0
13X-R4 [1] 90 0 0 1.0 7.0 2.0 10 0 0
5A 92.1 2.9 5.0 0.0 0.0 0.0 5 0 0
5A-R4 [1] 90 0 0 1.0 7.0 2.0 10 0 0
ZSM-5 75.0 25.0 0.0 0.0 0.0 0.0 2.5 2.5 0
South African  81.6 18.4 0.0 0.0 0.0 0.0 2.5 0 2.5

Dropwise
solvent
addﬂion

%

Immobilized

zeolite

Self-standing monolith

Pure monolith

Fig. 1. Schematic representation of binderless zeolite monolith formulation by 3D printing with sacrificial biopolymers.

heated at 2 °C/min to 550 °C for final sintering, where the temperature
was held for 6 h. The furnace was then allowed to cool to 25 °C naturally
for 12 h. This stepwise ramp was found to be necessary as rapidly
heating the monoliths directly to 550 °C led to structural decomposition,
on account of overly rapid binder burnout. Lastly, it should be noted
here that — to compare the kinetic performance of the monoliths pro-
duced by this new method to those manufactured by conventional
bentonite/zeolite direct ink writing — we also synthesized the 200 cell
per square inch (cpsi) 13X-R4 and 5A-R4 monoliths using the technique
reported previously. These inks’ ratios are also contained in Table 1 and
the printing process can be found in our earlier work [1].

2.3. Material characterization

To assess the biopolymer degradation temperatures, thermal-
gravimetric analysis (TGA) was performed on a Q500 TGA (TA In-
struments). Therein, the samples were heated at 10 °C/min under 60
mL/min air from 25 to 900 °C. Both the weight and derivative weight
profiles were collected to assess the biopolymers’ thermal de-
compositions. The crystallinity of powdered, uncalcined, and calcined
samples were assessed by X-Ray diffraction (XRD) on a PANalytical
X’Pert Multipurpose X-ray Diffractometer with a scan step size of 0.02°/
step and a rate of 147.4 s/step. The monoliths’ surface topographies
particle binding behaviors were assessed after calcination using a
Hitachi S4700 field-emission scanning electron microscope (FE-SEM).

The mechanical strengths of the zeolite 13X, 13X, 13%x%5%, and zeolite
13x°% monoliths were assessed by an Instron 5881 extensometer under
0.2 mm/min compression, anvil height of 5 mm, and a head thickness
and width of 2 mm. Ny physisorption isotherm measurements were
collected for the zeolite powders, uncalcinated, and calcinated mono-
liths at 77 K using a Micromeritics (3Flex) gas analyzer to investigate the
samples’ textural properties at various stages of manufacturing. Prior to
measurement, the samples were degassed under vacuum at 350 °C on a
Micromeritics Smart VacPrep for 6 h to remove any pre-adsorbed spe-
cies. The binder-containing (uncalcined) monoliths were degassed at
200 °C for 6 h to prevent decomposition of the gelatin and pectin. The
surface area and pore size distributions (PSD) were calculated by Bru-
nauer-Emmett-Teller (BET) and nonlocal density functional theory
(NLDFT) methods, respectively, from the Ny physisorption data. 3Flex
was also used to assess the micropore distributions for the calcined
monoliths and parent powders from 0.3 to 1 nm. To accomplish this, the
samples were first degassed using the same conditions and underwent
isothermal CO; adsorption from 0 to 1 bar at O °C, where the tempera-
ture was held by submerging the sample tubes in a well-insulated ice
bath. After collecting the data, the adsorption isotherms were analyzed
using the density functional theory (DFT) method. Typically used to
assess narrow pores in activated carbon [29], this method is a well-
established way of assessing pore distributions below 1 nm because it
overcomes the diffusion limitations for Np which prevent it from
entering the narrowest pores at 77 K [30]. As such, it was deployed here
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to analyze the pore narrowing effects for the monoliths compared to
their pristine powders, since these were found to occur at low diametric
ranges and were not observable by N5 physisorption alone. To assess the
binderless samples’ macroporosities after calcination, mercury intrusion
porosimetry (MIP) was performed using a low pressure sweep on a
Quantichrome Poremaster. Therein, the pressure was swept from 0 to 30
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psi under fixed rate, dwell time of zero, and motor speed of twelve. Here,
it should be noted that only the low pressure sweep was performed
because the monoliths’ mechanical strengths were not very high,
meaning that performing the high pressure sweep would decompose
their structural integrity and lead to inaccurate nanopore assessment by
MIP.
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Fig. 2. Weight and derivative weight loss profiles from TGA for biopolymer-containing (a) 13X, (b) 5A, (c) ZSM-5, and (d) SA monoliths from 25 to 900 °C.
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2.4. Adsorption measurements

The CHy4, Ny, and CO, adsorption isotherms on both zeolite powders
and calcined monoliths were measured on 3Flex at 25 °C from O to 1 bar.
Prior to measurement, the samples were degassed using the conditions
used from Ny physisorption. The corresponding CO2/CH,4 and CO5/Ny
selectivities from these isotherms were calculated by the IAST method
[28]. The calcinated zeolite 13X and 5A monolith samples also under-
went dynamic CO, adsorption to compare their adsorption perfor-
mances against commercial zeolite bead and powder analogues.
Therein, the fractional adsorption uptake experiments were performed
on the Q-500 TGA. Prior to analysis, the samples degassed at 400 °C for
1 h under 60 mL/min of Ny. The samples were then cooled to 25 °C and
the dynamic performances were assessed under 40 mL/min of 10% CO2/
N, for 60 min. The heating and cooling rates for each step were 10 °C/
min. The fractional uptakes were then calculated using a technique
described in our previous work [31] and were modeled by varying the
diffusivity to maximize the R? values, as detailed previously [32,33]. For
reference, the equations used for modeling are shown in Equations S1-
S3, Supporting Information.

3. Results and discussion
3.1. Characterization results

The TGA thermal decomposition profiles of the monoliths are shown
in Fig. 2, whereas the bentonite/13X monoliths profiles are displayed in
Fig. S1, Supporting Information. First, it should be noted here that the
bentonite/13X monoliths all displayed a new peak at 500 °C, which
literature indicated could be attributed to dihydroxylation and dehy-
dration of the minerals in bentonite clay [34,35]. Also worth noting,
across all samples weight loss occurred below 100 °C, however, this
could be attributed to desorption of water and CO». In other words, these
peaks were not found to be indicative of the biopolymers’ thermal de-
compositions. On the other hand, the peaks between 150 and 450 °C
were representative of the known temperatures for pectin and gelatin
thermal decomposition. To be specific, the gelatin containing samples —
i.e.,, the 13X (Fig. la), bentonite/13X (Fig. S1), and 5A (Fig. 1b)
monoliths — all displayed a peak at ~ 150 °C, which coincides with
combustion of gelatin biopolymers [36]. Notably, the SA monolith
(Fig. 1d) also showed a peak at this range, however, because that zeolite
was not commercially synthesized, and because the peak was much
sharper compared to that for 13X and 54, it can likely be contributed to

Compressive Strength (MPa)

15
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some leftover contaminants from synthesis. Having said this, the SA
monolith’s peaks at 230 and 285 °C were concluded as pectin decom-
position, since they were also present in the 13X, 5A, and ZSM-5 (Fig. 1c¢)
monoliths, and corresponded to the known decomposition temperatures
for pectin from literature [37]. Also worth noting here, all monoliths
showed small peaks above 410 °C, which can likely be attributed to
combustion of leftover carbon from removing the biopolymer templates.
Importantly, these peaks all occurred well below the calcination tem-
perature of 550 °C, meaning that the conditions selected were sufficient
to fully extract the biopolymers. Granted, it is worth noting that the 13X
and ZSM-5 monoliths did show some weight loss between 560 and
590 °C, however, this only led to a 1-2% reduction in sample weight
and, therefore, was unlikely to produce any real effects on sorption
properties. As such, the calcination temperature of 550 °C was
concluded to be sufficient for extraction of the biopolymer additives.
The printed zeolite 13X monolith is shown in Fig. 3a-b, while the
mechanical strengths as a function of bentonite loading are shown in
Fig. 3c. There was no visual change between the uncalcined and calcined
monoliths, meaning that sintering the zeolites and removing the bio-
polymers did not lead to structural shrinkage and the printed scaffold
geometries could be easily replicated. Here, it should also be noted that
the bentonite-containing zeolite 13X and binderless 5A monoliths were
visually indistinguishable from the zeolite 13X monolith. The SA and
ZSM-5 monoliths were also indistinguishable, albeit with a diameter of
2 cm and channel thickness of 1.4 mm because of the thicker tips used
for printing, instead of the 1.5 cm diameter piece with 0.5 mm channel
thickness depicted in Fig. 3a-b. For these reasons, only the 13X monolith
is shown here. As evident, this technique was able to produce monoliths
which were self-standing and free of cracks, indicating that using
sacrificial biopolymers is a facile means of printing binderless zeolite
structures. Granted, the purely binderless monoliths were brittle
(Fig. 3c), which was not surprising because mechanical strength is
known to be caused by bridging between the active support and inert
clay. Nevertheless, adding a mere 1 wt% of silica clay (i.e. bentonite)
doubled the mechanical strength from the purely binderless monolith,
whereas adding 2.5 wt% gave rise to a near six-fold enhancement in
compressive strength. As such, the issue of low strength in binderless
monoliths can clearly be addressed by adding small amounts of binding
agent, where 2.5 wt% of bentonite can be considered an effective
starting point for mechanical optimization. Notably, this binder con-
centration is still less than commercial binderless zeolite monoliths —
such as those produced by Ingevity corporation which include up to 10
wt% binding agent — meaning that, for all intents and purposes,

12 1

©)

10.0 10.4

1 wt.%
Binder Content

2.5 wt.%

Fig. 3. Visual and SEM images of (a-b) zeolite 13X as well as (c) mechanical strengths of zeolite 13X monoliths with various bentonite loadings.
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monoliths with 1-5 wt% of binder can be considered “binderless” ma-
terials, since they contain higher support loadings to commercial ana-
logues that are included under the same classification [38]. Overall, the
results displayed in Fig. 3 indicate a promising proof-of-concept for the
manufacturing of binderless zeolite monoliths by 3D printing pectin and
gelatin sacrificial biopolymers and demonstrate a versatile means of 3D
printing binderless zeolites for the first time.

The SEM images of the intraparticle bonds within the calcined zeolite
monoliths are shown in Fig. 4a-d, while the powder, uncalcined, and
calcined XRD spectra are shown in Fig. 4e. As circled in yellow, all four
zeolites exhibited intraparticle bridging, which was the source of me-
chanical strength for the purely binderless monoliths and prevented
collapse of the printed structures. Between the four zeolites examined
here, the intraparticle bonds were most apparent in the zeolite 13X
(Fig. 4a) and SA (Fig. 4d) monoliths, where soldered bridges can clearly
be observed. Notably, such sintering is known to occur when zeolites are
calcined in the presence of binding agents, such as bentonite or hal-
loysite nanotubes and, therefore, was somewhat anticipated from liter-
ature [1,16,19]. This being stated, to the best of our knowledge, this is
the first time these bridges have ever been observed between individual
zeolite particles, especially between particles in a printed ceramic,
meaning that the SEM micrographs represent a novel piece of infor-
mation pertaining to the physiomechanical properties of structured ze-
olites. Namely, the SEM images demonstrate that interparticle bonds not
only form between zeolite particles and inert binding agents, but also
can form between individual zeolite conglomerates themselves. As
apparent from the XRD patterns (Fig. 4e), however, this bridging did not
seem to affect the zeolites’ crystal structures, since the calcined mono-
liths all exhibited diffractive indices which were consistent with their
parent powders. Granted, it is worth noting here that the uncalcined
samples showed losses in peak intensity and broadened diffractive
indices, which could be attributed to obstruction of the crystal planes by
the biopolymers, however, the index reformation after calcination
indicated that the zeolites’ crystallinities were intact. Therefore, on the
basis of the results in Fig. 4 it was concluded that i) the source of me-
chanical strength in binderless zeolites stims from interparticle bridging
and ii) 3D printing zeolite monoliths by using sacrificial gelatin and
pectin biopolymers does not produce any significant change in the bulk
zeolite structure.

The N physisorption isotherms and PSD profiles are shown in Fig. 5,
while the corresponding textural properties are summarized in Table 2.
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Here, it is worth noting that, in the bentonite/13X samples, there was a
small increase in surface area compared to the pure binderless monolith,
however, this likely could be attributed to reduced bonding formed
between the individual zeolite particles, on account of their bonding
with the bentonite, which preserved some of the active sites. While these
effects are interesting, they were found to not play significant roles in
the monoliths’ adsorption capacities and, therefore, are not overly
important. What is important, however, is that across all commercial
zeolites (i.e., 13X, 5A, and ZSM-5), Type I physisorption isotherms with
Type H4 hysteresis was observed, which coincided with the IUPAC re-
ports for microporous materials [39]. These isotherm and hysteresis
shapes were also observed in the calcined SA samples (Fig. 5e), however,
the powder exhibited a much lower N5 uptake than the monolith, which
was not to be expected. On the one hand, this may have been caused by
an incomplete ion exchange between the zeolitic Na and H-forms.
Otherwise, previous studies on this material indicated that the zeolite’s
pores are too narrow for N permeation at 77 K [26,27], meaning that
definitive conclusions pertaining to differences in the monolith’s and
powder’s textural properties could not be drawn Ny physisorption alone.
The slight enhancement in surface area and pore volume implied that its
active sites were more accessible to the condensing gas, thus suggesting
that there was some degree of difference between the two materials’
pore structures, possibly stemming from the interparticle bridging
observed in in Fig. 4. These effects were further supported by the 13X
(Fig. 5a), bentonite/13X (Fig. 5b), ZSM-5 (Fig. 5d), PSD profiles, where
small shifts from the meso- to microporous regimes were observed after
calcination, suggesting that a narrowing effect was present. However,
because this shift was not present for the 5A samples (Fig. 5¢), the dif-
ferences in pore structures between the as-received zeolite powders and
binderless monoliths required further analysis to precisely elucidate
these effects.

To investigate the differences in textural properties between the
powdered and binderless zeolites posed by Fig. 5, CO2 adsorption iso-
therms were collected at 0 °C from O to 1 bar, since CO5’s diameter under
these conditions can better fill the small sorbent pores compared to N9 at
77 K [29,30]. The DFT pore distributions collected from these experi-
ments are displayed in Fig. 6, while the corresponding peak heights and
areas are summarized in Table S1, Supporting Information. As evident,
most of the zeolites exhibited slight diametric pore narrowing after
formulation into binderless monoliths. As observed from Fig. 4, these
effects could have been caused by slight malformation of the pore
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Fig. 5. N, physisorption isotherms and NLDFT pore distributions (nested) for (a) 13X, (b) bentonite/13X (c) 5A, (d) ZSM-5, and (e) South African zeolite powders,

uncalcined, and calcined monoliths at 77 K.

structure stimming from the interparticle bridging at high temperature
[40]. Although this phenomenon did not yield any discernable changes
in the bulk crystalline phases, as was evidenced by the XRD patterns, it
did give rise to pronounced changes in micropore sizing. Evidently,
these effects changed from one zeolite to another, which was not sur-
prising given that the physiochemical properties across crystallite fam-
ilies are not constant and, therefore, should yield differences in sintering
behavior. Granted, all samples did exhibit a peak at 0.367 nm, however,
because this peak was not fully formed, it should be considered a lower
bound of the DFT technique with CO5 at 0 °C and not representative of

the micropore distributions. Nevertheless, some useful information was
gathered from the narrow pore range in the zeolite 5A samples (Fig. 6b).
Specifically, although the 5A samples displayed no discernable pore
diameter shift after 3D printing, the monolith’s peaks at 0.367 and
0.437 nm increased in height by 10% and 5%, respectively, compared to
the powder. This strongly suggested that the structured material con-
tained additional micropore space, which could have been caused by a
diametric shift from 1 to 2 nm in the powder towards 0.4-1 nm in the
monolith. While there is not a technique to definitively prove this the-
ory, it was also strongly supported by the other zeolites’ DFT profiles
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Table 2
Textural properties for the zeolite powders, uncalcined, and calcined monoliths.
Sample SBET Vp-micro Vp-meso NLDFT Pore
(m*/g) (em®/g) (cm®/g) Size (nm)

13X Powder 660 0.30 0.08 2,10

13X Monolith 150 0.05 0.06 2-10
(Uncalcined)

13X Monolith 550 0.30 0.02 2,10
(Calcined)

13X'* (Uncalcined) 30 0.00 0.03 2-10

13X (Calcined) 640 0.29 0.03 2,5

13x%5* (Uncalcined) 210 0.09 0.02 3,6

13X*%* (Calcined) 620 0.29 0.04 2,3-15

13X°% (Uncalcined) 30 0.01 0.02 2.3

13X°* (Calcined) 590 0.29 0.02 2,10-20

5A Powder 660 0.32 0.00 2

5A Monolith 130 0.05 0.03 2,4,6
(Uncalcined)

5A Monolith (Calcined) 540 0.26 0.01 2,15

ZSM-5 Powder 470 0.15 0.15 2

ZSM-5 Monolith 160 0.06 0.09 2,6,8
(uncalcined)

ZSM-5 Monolith 390 0.15 0.12 2
(calcined)

SA Zeolite Powder 2 0.00 0.002 10-35

SA Zeolite Monolith 14 0.004 0.015 3,7,9,18-38
(uncalcined)

SA Zeolite Monolith 96 0.00 0.090 4,14
(calcined)

where clear narrowing was observed.

For example, the 13X powder exhibited pore diameters at
0.474-0.507 and 0.648-0.681 nm (Fig. 6a), however, the 0.474 nm peak
shifted to 0.472, 0.473, 0.453, and 0.455 nm in the binderless, 13x1%,
13x%5% and 13X°% samples, respectively, while the 0.681 nm peak
shifted towards 0.559, 0.561, 0.576, and 0.559 nm, respectively.
Notably, the shift at 0.474 nm was not significant in the binderless and
13X!% samples, however, the higher bentonite loadings gave rise to
increased narrowing at that range, likely caused by binder intrusion into
the pore window [41,42]. Nevertheless, these effects were marginal and
not overly significant, as evidenced by the 13X>55% samples’ higher
surface areas compared to the binderless monolith (Table 2). On the
other hand, the monoliths’ diametric shifts at 0.648 nm were much more
substantial, as that pore diameter reduced in size by ~20% regardless of
the binder concentration and, therefore, could likely be attributed to
intraparticle zeolite bridging. A similar effect was also observed in the
SA zeolite samples (Fig. 6d), where the powder’s peak at 0.471 nm
shifted towards 0.435 nm in the monolith, while the peak at 0.611 nm
became nonexistent. The latter peak’s disappearance was likely caused
by a shift to the 0.435 nm range, as further evidenced by the 70% in-
crease in peak area for the monolith relative to the powder between 0.4
and 0.6 nm. It is also worth noting that the monolith showed a decrease
in pore volume below 0.367 nm compared to the powder, indicating that
some of the zeolite’s micropores had broadened. This agreed with the
textural properties from Ny physisorption, where the monolith displayed
a higher surface area, thereby suggesting that the micropores had
become more accessible to N, condensation. As evident, the CO5 iso-
therms at 0 °C corroborated this conclusion, since the monolith’s pore
distribution indicated that the narrowest micropores had increased in
diameter to some degree relative to the parent SA powder. In the ZSM-5
samples (Fig. 6¢), the powder displayed several micropore ranges be-
tween 0.4 and 0.9 nm, all of which shifted towards 0.367, 0.439, and
0.576 nm in the monolith. Compared to the other zeolites, the pore
narrowing effects were much more prevalent for ZSM-5. As previously
noted, these pronounced changes could probably be attributed to dif-
ferences in the zeolites’ physiochemical properties, since these param-
eters are known to affect bridging behavior. Nonetheless, such
characteristics should be the target of subsequent studies, as the work
here is simply focused on demonstrating a versatile method of binderless
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zeolite printing and characterizing its effects on the monoliths’ physi-
ochemical properties. In this regard, the dataset in Fig. 6 can be used to
generate an important conclusion. Namely that, although zeolite/
biopolymer printing does not impact crystallinity, it does produce
changes in micropore sizing which can lead to pronounced differences in
adsorption behavior compared to the parent powders.

As a supplement to the other pore characterizations, low-pressure
MIP was performed on the various binderless zeolite monoliths to
assess the hierarchal macropore distribution produced by biopolymer
extraction. The MIP profiles are shown in Fig. 7. As can be seen, the
highest macropore volume was observed in the binderless zeolite 13X
monolith. This was not surprising, since the 13X monolith ink contained
~50 wt% of organic binder, whereas the other samples’ binder contents
ranged from 7.9 to 25 wt%. In other words, this result was not sur-
prising, since increasing the printing ink’s organic concentration is
known to increase macrovoid space produced during template removal
[16]. As apparent, the 13X monolith’s higher binder concentration also
led to a macropore diameter shift towards larger voids, since most of the
pore space was allocated above 20 ym. Granted, the zeolite 5A (Fig. 7b),
ZSM-5 (Fig. 7c¢) and South African (Fig. 7d) monoliths also displayed
some macropore volumes above this threshold, however, they were not
as pronounced as the 13X sample, meaning that their hierarchal pore
structure was more evenly distributed from 1 to 100 um. Having said
this, it was clearly concluded that — regardless of the polymeric binder
concentration — this new printing method generates a hierarchal mac-
ropore structure with considerable pore space. Stimming from this, it
was anticipated that the binderless monoliths would display enhanced
mass transfer properties compared to conventionally printed bentonite/
zeolite monoliths produced by direct ink writing, as elevating the
macropore volume has been shown to reduce barriers to molecular
diffusion and lead to sharper mass transfer kinetics [15,16]. Indeed, this
was observed in the fractional uptakes, as will be discussed in subse-
quent sections. From these analyses, the pore volumes of the samples
were estimated to be 3.1, 0.3, 0.15, and 0.1 cmg/g for 13X, 5A, ZSM-5
and SA zeolite monoliths.

3.2. Adsorption measurement results

The CO9, N3, and CH4 adsorption isotherms and IAST COs selectiv-
ities are displayed in Fig. 8. First, it should be noted that all monoliths
exhibited comparable CO,/CH4 and COy/N> selectivities to the parent
powders, where varying increases and decreases were observed because
of differences between the measured CO,, N3, and CH,4 adsorption ca-
pacities of the four samples. To be more specific, all binderless monoliths
showed increased CO, adsorption uptakes compared to the pristine
powders, where the N3 and CH4 adsorption capacities also increased by
varying degrees in the 13X (Fig. 8a-b), 5A (Fig. 8c-e), and ZSM-5 (Fig. 8f-
h) monoliths. Notably, these effects were consistent with the diametric
narrowing observed in Fig. 6, as slight shrinkage of the pore window can
yield enhanced electrostatic interactions between the captured guests
and adsorbent walls, thereby increasing the adsorption capacity even if
the surface area and pore volume are lower [43,44]. Granted, the SA
zeolite monolith (Fig. 8i-k) exhibited a reduced CH4 adsorption capacity
and nearly identical Ny adsorption capacity compared to its parent
powder, however, this sample also showed a degree of pore broadening
which likely can be considered the source of these effects. Otherwise, it
is possible that unforeseen factors affected the SA monoliths’ storage
capacity, since the zeolite was not commercially synthesized. As such,
the SA zeolite monolith’s adsorption isotherms are less statistically
significant relative to 13X, 5A, and ZSM-5. In those samples, however,
the benefits of pore narrowing can be clearly observed, as all three
monoliths exhibited enhanced adsorption capacities relative to their
parent powders. To the best of our knowledge, this is the first time that
such a phenomenon has ever been observed for binderless zeolite
monoliths, much less binderless monoliths produced by 3D printing, and
represents a novel way of tuning structured zeolites’ adsorptive
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Fig. 6. Sub 1 nm DFT pore distributions for (a) 13X, (b) 5A, (c) ZSM-5, and (d) South African zeolite samples collected by CO, adsorption at 0 °C from O to 1 bar.

properties.

The fractional 10% CO2/N> uptakes at 25 °C for the various 13X and
5A zeolite materials are displayed in Fig. 9, while the calculated
adsorption capacities and diffusivities are summarized in Table 3. Here,
it should first be noted that all R? values exceeded 0.98, indicating that
the selected model and diffusivity values accurately represented the
fractional adsorption uptakes. It should also be noted here that, between
the various monoliths tested, only the binderless 13X sample exhibited a
higher CO5 adsorption capacity than its parent powder. Quite likely, this
was caused by the monoliths’ enhanced N3 adsorption capacity, which
led to more pore filling while equilibrating the furnace at 25 °C. This

being stated, the differences between the powders and monoliths were
not very high, meaning that the mass transfer properties can be
considered better heuristics for assessing their performances as adsor-
bent materials.

In this regard, both the bentonite/13X (Fig. 9a-b) and 5A (Fig. 9c-d)
monoliths displayed slightly broader fractional uptakes compared to the
commercial beads. This was not surprising, as our earlier works have
repeatedly proven that printed monolith mass transfer is dependent on
molecular diffusion, which is always inhibited to some degree by pore
blockage from the inert binder [15,16]. This being the case, these effects
were not very substantial, as the low-binder containing monoliths
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exhibited nearly identical diffusivities to those of the purely binderless
beads and monoliths and, also, displayed much faster kinetics compared
to the 13X/R4 monolith produced by our previous technique [1]. Also
worth noting here, similar properties were observed in the binderless 5A
monolith, however, its transport was much slower relative to its powder
and bead analogues compared to 13X. Granted, the 5A powder and
beads both displayed faster diffusivities compared to the 13X powder
and beads, so comparing the various monoliths’ transport properties can
be considered a better representation of the materials’ kinetic behaviors.
In this regard, the binderless 5A monolith’s kinetics were also faster than
its R4 counterpart and were even slightly faster than the binderless 13X
sample. This was surprising considering that the 5A monolith was
significantly less macroporous than the 13X monolith, effectively indi-
cating that biopolymer burnout produces mass transfer benefits even
when the template concentration is low. Moreover, both the binderless
and bentonite/13X monoliths displayed vastly enhanced kinetics
compared to their R4 analogues, as well as comparable diffusivities to
their commercial bead counterparts, which represented a fundamental
improvement for 3D-printed monolith mass transport properties.
Namely, biopolymer printing and calcination overcomes the limitation
of molecular diffusion posed by conventional additive manufacturing
and gives rise to scaffolds with comparable kinetic properties to com-
mercial geometries. Granted, continuous adsorption/desorption exper-
iments should be performed to further investigate these materials’
process performance and better understand such properties, however,
these experiments should be targeted in a separate study, since this work
is solely focused on developing a means to 3D-print binderless zeolite
monoliths for the first time.

10

4. Conclusions

In this study, we demonstrated a novel approach for formulating
binderless zeolite monoliths across four different families by utilizing
gelatin and pectin biopolymers in ink formulation. Unlike other ap-
proaches, this so-called “sacrificial biopolymer” style of 3D printing
produced printable inks in under five minutes. Moreover, as was evi-
denced by the various pore analyses and adsorption isotherms, calcining
zeolites alongside gelatin and pectin lead to narrowing of the pore
windows and gave rise to enhanced adsorption capacities. As yet
another benefit, the binderless monoliths exhibited comparable mass
transfer properties to those of commercial benchmarks, which was
demonstrated to be an improvement on conventional 3D printing, where
the dynamic rate is critically dampened by molecular mass transfer.
Therefore, the technique demonstrated in this study represents a novel
and important breakthrough in additive manufacturing, since it is the
first ever known means of formulating 100% pure zeolite scaffolds for
virtually any family, allows for rapid printing, and yields enhanced
physiochemical properties compared to the pristine powder. Granted,
there are still improvements to be made in order to impart better me-
chanical strength and geometric control, however, such challenges are
small compared to developing the printing method itself. As such, this
work represents an important first step in the advancement of zeolite 3D
printing technology.
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Fig. 9. Fractional 10% CO,/N, adsorption uptakes (symbols) and corresponding fitted profiles (lines) for (a-b) 13X and (c-d) 5A zeolite materials at 25 °C.

Table 3
CO, Adsorption capacities and diffusivity values from normalized uptake
experiments.
Sample CO, Adsorption Capacity Diffusivity x 10° (cm?/
(mmol/g) s)
13X Powder 3.3 1.3
13X Beads (Ingevity) 3.3 1.4
13X Binderless 3.5 1.3
Monolith
13x-0% 3.5 1.1
13%x>5% 3.4 1.4
13x50% 3.3 1.1
13X Monolith — R4 3.0 1.0
5A Powder 4.0 3.5
5A Beads (Sylobead) 3.3 2.0
5A Binderless 3.7 1.6
Monolith
5A Monolith — R4 3.5 1.5
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