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A B S T R A C T   

Hierarchically porous structures are important in adsorption applications and can be used in gas treatment. 
Hierarchy in adsorbents offers flow channels on different scales, resulting in fast gas flow into a structure. Ad-
ditive manufacturing, a technology capable of forming intricate geometries, was seen as a potential method to 
form porous adsorption structures. Stereolithography was chosen as the fabrication method for hierarchically 
porous zeolite structures because of its high resolution and superior forming capability. The focus of this study 
was on tailoring the properties of light-cured resin to maximize stability during shaping and shape retention in 
the debinding stage. Successful slurry preparation was required for demonstrating that monoliths with channel 
geometry and retained adsorption properties can be manufactured with stereolithography. The final printed 
structures exhibited hierarchical porosity consisting of flow channels, macropores between the primary particles 
and the characteristic microporosity of zeolite framework. The structure was manufactured by using blue light to 
cure layers of resin containing ZSM-5 zeolite. An appropriate debinding heat-treatment cycle was generated 
based on the TGA and DSC thermal analysis results. The properties of the porous structure were analysed by 
comparing the BET surface area, XRD patterns and SEM images of as-received powder and a debound piece. The 
measured BET adsorption properties of the final monoliths remained comparable to the as-received ZSM-5 
powder. Based on this study, stereolithography can be utilized to manufacture porous zeolite structures.   

1. Introduction 

Adsorption is widely utilized in industrial applications such as gas 
treatment and catalytic conversion. Typical microporous adsorbents 
include different carbon-based materials, such as activated carbon, as 
well as metal organic frameworks (MOF), aluminium phosphates 
(AlPO4), silicoaluminophosphates (SAPO) and zeolites [1]. Zeolites are 
crystalline aluminosilicates which the IUPAC classifies as microporous 
[2,3]. The complex three-dimensional framework consists of TO4 
tetrahedra which can be arranged in numerous ways to assemble a wide 
variety of zeolite structures. T stands for tetrahedrally coordinated Si, Al 
or P. The lattice and secondary building unit dimensions of a synthetic 
zeolite depend on the chemical composition and how the zeolite is 
fabricated. The framework has a highly ordered micropore network that 
generates a large surface area and capacity for adsorption uniformly 
throughout the crystal structure. This microporosity is the reason for the 
unique properties of each zeolite: shape selectivity, adsorption and 
ion-exchange capability, as well as hydrothermal stability and polarity. 

Zeolites have become widely used as adsorbents, molecular sieves, 
catalysts and ion exchangers, and have shown potential in fuel cells, CO2 
capture and conversion, air-pollution remediation and water purifica-
tion [4,5]. 

Common applications of using adsorbents are in powder beds or 
pellets. However, structured adsorbents, especially extruded tubes and 
honeycombs with straight flow channels, perform better than powders 
and pellets since they are more efficient in processing gas with a lower 
pressure drop and mass transfer resistance over the structure [1,2]. 
Zeolite adsorbents have been formed by methods used for 
manufacturing other ceramic-like monoliths. Zeolites are commonly 
mixed with organic additives and extruded into honeycombs, tubes or 
other simple symmetrical shapes [3,8]. Colloidal processing routes 
include slip-, gel- and tape-casting methods [1]. However, the conven-
tional methods are limited to simple shapes and relatively large flow 
channels which hinder both the optimization of adsorption dynamics 
and efficiency. Thus, novel methods such as freeze casting, which can 
provide structures with very fine flow channels, have been tested [7]. 
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Another approach in pursuit of fabricating finer flow channels has been 
to coat a fine scaffold with adsorbents [8]. In addition, foams, fabrics 
and film structures are sometimes used as adsorbents [6,9]. Rezaei et al. 
simulated the adsorption performance of several morphologies: pellets, 
monoliths, laminates and foams. Laminated systems with small spacing 
were the most promising structures, but monoliths were also deemed 
worth considering if a high enough cell density could be produced and if 
the hierarchical porosity were appropriately tailored for the gas flow 
parameters of the target application [10]. 

More complex shapes could improve the adsorption dynamics 
further, and this is the interest in the present research, where we have 
demonstrated the capabilities of additive manufacturing. The ability to 
shape adsorption structures by additive manufacturing would enable the 
creation of geometries that are beyond the capabilities of conventional 
ceramic-forming methods. An adsorbent manufactured with 3D printing 
can be effective, as the effective amount of the active material can be 
increased and thus the volume of working capacity is high [6,11]. 
Common printing methods for ceramics are sheet lamination, powder 
bed fusion, binder jetting, material jetting, material extrusion and vat 
photopolymerization. The last mentioned can also be referred to as 
stereolithography, and is used for applications where high resolution 
and complex details are required [12]. This method is based on the 
process of curing thin layers of photocurable ceramic-containing poly-
mer resin with light [13]. 

Producing a porous adsorbent by stereolithography involves steps 
which are similar to the powder processing of ceramics and other typical 
adsorbent shaping processes [1]. In addition, stereolithography involves 
steps of mixing photocured polymer resin. Firstly, the porous powder 
and inorganic and organic additives are mixed and dispersed to produce 
a polymer resin. Secondly, the slurry is shaped into the desired geometry 
by additive manufacturing. Finally, moisture is removed and organic 
additives are decomposed by thermal treatment and a porous monolith 
is achieved. Fig. 1 Shows these steps adjusted for producing 3D printed 
porous monoliths. Note that for typical 3D printed ceramic structures, an 
additional sintering step would be added to achieve densification, which 
maximizes mechanical properties. However, when maximum porosity 
and surface area are targeted, sintering is not an option due to the 
aforementioned densification which would cause the collapse of zeolite 
frameworks at temperatures above 800 ◦C [14]. Thus, an optimal heat 
treatment cycle is needed to preserve the functionality. 

In stereolithography, ceramic particles are mixed in a photocurable 
polymer matrix. A 3D printing slurry has to have a high solid loading, 
typically at least 50 vol %, preferably higher [15]. The slurry must have 
the rheological properties applicable for printing, e.g. no yield point, a 
shear thinning nature [16] and suitable viscosity [17]. These properties 
ensure that the slurry can flow in the vat during printing and not resist 
when the building platform is lifted between each layer. 

The resin is cured with blue light that travels through the ceramic- 
containing resin initiating the photocuring process. The characteristic 
photosensitivity parameters of a resin are critical energy dose (EC) and 
penetration depth (Dp). Curing depth (Cd) is defined as the depth at 
which the energy of light is high enough to bring the resin to gel point. 
The energy of the light at the curing depth is called critical energy (EC), 
which is the amount of energy required for the initiation of 

photopolymerization. By measuring and adjusting these intrinsic resin 
properties, the printing parameters, such as layer thickness and printing 
speed, can be set accordingly to optimize the printing resolution. 

Curing depth is related to penetration depth and critical energy, 
according to Jacob’s equation of the Beer-Lambert law of exponential 
absorption: 

Cd =Dpln(
Emax

Ec
) (1)  

where DP is the penetration depth, Emax is the energy of the exposed light 
and EC is the critical energy [18]. 

Individual layers of the printed structure are connected due to 
overcure, which is the depth that the light penetrates into the previous 
layer during curing. To ensure a uniformly printed body, the curing 
depth should be equal to the layer thickness plus overcuring, preferably 
at least three times the layer thickness, which gives less delamination 
than lower curing depths [16,19]. The layer thickness also needs to be 
adjusted according to the particle size of the ceramic powder, especially 
if the particles are larger than the layer thickness. 

After printing, the structures are heat-treated in a step referred to as 
debinding, where organic compounds are burnt off, leaving an inorganic 
structure. When producing adsorption structures, debinding has to be 
performed at a temperature that will not reduce the total capacity, i.e. 
cause closure of pores and reduce the surface area, impairing the 
adsorption properties [20]. By using an organic binder system, we can 
avoid reducing the volumetric efficiency as inorganic binders can cause 
clogging of the microporous particle surface and therefore lower the 
mass transfer rate [21]. 

In prior studies and experiments, 3D printing has been tested for 
different zeolites by varying methods. Thakkar et al. printed 13X and 5A 
zeolite monoliths for CO2 removal from air from enclosed environments 
using the robocast printing technique. They compared zeolite powder to 
printed monoliths of 80–90 wt%. In their study, the powder performed 
better in adsorption isotherms and gas breakthrough experiments. 
Importantly, they further demonstrated that additive manufacturing can 
be applied to the fabrication of adsorbent materials [22]. In another 
study they printed amino silica adsorbents with robocasting. Their dis-
coveries were similar to the above-mentioned study: the powder had 
better performance than the monolith, but they had improved the 
adsorption characteristics, which were similar to those of the powder 
[23]. Thakkar et al. also printed Torlon-polymer zeolite 13X and 5A 
composites for CO2 removal. These composite monoliths had better 
mechanical properties than the zeolite monoliths but the CO2 uptake 
was better in zeolite powder and the monoliths also had a lower BET 
surface area than their powder counterpart [24]. In one study, Thakkar 
et al. printed metal-organic frameworks into monoliths and studied their 
CO2 removal properties by comparing the results to powder counter-
parts; they found that MOF monoliths had comparable adsorption 
properties and faster adsorption kinetics [25]. The work of Thakkar et al. 
has shown that 3D printing can produce structures with good adsorption 
capabilities, encouraging our research where we aim to fabricate 
structures with surface areas comparable to powder but with far supe-
rior adsorption kinetics. 

Similar results were obtained when Lefevere et al. printed ZSM-5 

Fig. 1. Forming an adsorbent structure by the additive manufacturing process: 1. Slurry preparation, 2. printing, 3. intermediate form with the final shape before 
heat treatment, 4. Adsorbent after heat treatment. 
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zeolite for a catalyst application using the robocast printing method. 
They studied how different zeolite-binder compositions impacted the 
printing process and properties, e.g. pore size. Additionally, the effects 
of different drying processes were studied. They found that a combina-
tion of binders is beneficial when mechanical strength is optimized [11]. 
Couck et al. printed ZSM-5 zeolite fibres using three-dimensional fibre 
deposition to form monoliths for gas separation. They measured the N2, 
CH4 and CO2 adsorption isotherms for monoliths and a corresponding 
powder. The monoliths had a smaller capacity than the powder due to 
the binder system that occupied some of the pores [26]. In another 
study, Couck et al. used direct ink writing to produce SAPO-34 mono-
liths for gas separation. These monoliths performed similarly to 
SAPO-34 powder, but there was again a slight decrease in capacity due 
to the presence of the methylcellulose binder [27]. Middelkoop et al. 
compared 3D printed and spherical adsorbents [20] and found that the 
sorption kinetics were faster for printed monolith structures than for 
beads. On the other hand, they lost some of the surface area during the 
manufacturing process. The printing method in this instance was 
3D-fibre deposition. 

The aim of this work was to fabricate solid ZSM-5 zeolite monoliths 
via stereolithography while preserving the zeolite pore structure and 
retaining the adsorption properties during the manufacturing process. 
ZSM-5 was selected due to previous studies that indicated its printability 
and adsorption properties and the chance to compare the performance of 
the adsorbent produced with photopolymerization against other 3D 
printing methods that have been used to print ZSM-5 adsorbents [11, 
26]. Since the binder system has been shown to negatively affect the 
surface area and adsorption properties of printed monoliths, the organic 
polymer matrix was decomposed by appropriate heat treatments after 
printing, leaving a porous zeolite structure. The final monoliths had 
macro-scale channels for gas flow, porosity between the particles and 
the characteristic microporosity of zeolite. 

2. Materials and methods 

The zeolite powder used in this study was ZSM-5 (Zeochem), which 
has a high silica ratio and is hydrophobic. The technical data sheet 
specified the particle size as less than 7 μm. The low vacuum SEM image 
of ZSM-5 powder in Fig. 2 Shows primary particles being around 1 to 5 
μm in diameter and having an angular shape. 

The slurry was prepared with a method developed by Vastamäki 
et al. [28]. The process began by stirring the acrylate, epoxy and dibasic 
ester solution together. Acrylate was chosen for the resin as it reacts and 
polymerizes rapidly, but it also causes a lot of shrinkage. Epoxy, on the 
other hand, has a low polymerization shrinkage and dark curing which 
enables layers to connect to each other. After thorough mixing of the 
polymer, a dispersing agent (Disberbyk-180, BYK) and the zeolite were 
added to the mixture and stirred with an impeller. Finally, the photo-
active additives, photoinitiators, were added to the slurry. Photocuring 

of the polymer was initiated at the wavelength area of the utilized light 
source. This order of mixing was found to yield the most consistent 
slurry. All the resins were put in sealed bottles with zirconia balls and 
placed on a rolling table operating at 2 rps for 24 h in order to mix the 
slurry thoroughly without grinding the zeolite particles. 

Multiple resins with varying amounts of dispersant and zeolite were 
prepared to find the composition most suitable for printing. The vis-
cosities of the prepared resins were measured to compare their rheo-
logical properties. The measurements were made with a MCR301 
rotational rheometer (Anton Paar, Austria) at a constant temperature of 
22 ◦C and the forces were measured at rates between 0.1 – 1000 s− 1. 

The penetration depth and critical energy dose of each resin were 
determined by curing the resins with different energy densities, 
following the relations of the Beer-Lambert law (Eq. (1)). Fig. 3 Shows a 
schematic depiction of the custom test set-up, where an excessive 
amount of slurry is poured onto a glass sheet and irradiated with 
different amounts of energy with LEDs equivalent to the ones used in the 
printer. The thickness of the cured portion can then be measured with a 
micrometer to acquire the numerical value for curing depth Cd. The Cd 
data for different resin formulations was plotted against ln(Emax) to 
obtain a slope corresponding to the penetration depth (Dp) and an x-axis 
intersection point corresponding to the critical energy (Ec) [19,29]. 

The monoliths were printed with CeraFab 7500 (Lithoz, Austria, 
2016) 3D printing equipment, by curing one layer at a time from bottom 
to top with blue light. A layer thickness of 50 μm was selected based on 
the curing depth measurements. The light source in the printer consisted 
of blue lights with a combined intensity of 39.36 mW/cm2. Exposure 
time of 5 s was selected, which corresponds to 601.56 μm curing depth, 
calculated from equation (1). Following printing, the pieces were 
cleaned with dibasic ester and ultrasound. 

In order to create a suitable debinding program, the thermal 
behaviour of the resin was measured with a TG 209 F3 Farsus ther-
mogravimetric analyser (Netzsch, Germany) at a 10 ◦C/min heating rate 
in air atmosphere and a DSC 214 Polyma differential scanning calo-
rimeter (Netzsch, Germany), using a heating rate of 10 ◦C/min in air 
atmosphere to determine the mass change and the decomposition rate of 
the polymer components in the printed piece upon heating. The TGA 
was also measured from the resin without zeolite to compare the TGA 
with the real slurry and study whether there were traces of polymer 
decomposition products. Comparing measurements were also done for 
as received powder and heat treated (85 h) monolith. 

To characterize pore properties of the printed structures, the BET 
surface area, pore volume and diameter of the as-received zeolite 
powder as well as pieces cut from a printed zeolite monolith were 
measured with a 3Flex 3500 micropore gas adsorption analyser 
(Micromeritics, USA, 2017). Additionally, BET surface area was also 
measured for a powder heat treated at 500 ◦C. At the beginning of every 
measurement cycle, the samples were degassed on a PreVac at 350 ◦C for 
8 h (Micromeritics, USA, 2017). Nitrogen was used as the probe gas and 
isotherms were measured at 77 K. XRD patterns were measured with an 
Empyrean Multipurpose Diffractometer (Pananalytical, Netherlands, 
2013) from the as-received zeolite powder and from the surface of the 

Fig. 2. SEM image of the as-received ZSM-5 powder (BED-S, low vacuum).  

Fig. 3. Schematic image of curing depth measurement set-up.  
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printed zeolite monolith to determine possible crystal structure changes 
during processing. The anode was copper, measurements were made 
from 5 to 85 ◦2θ with a step size of 0.026 ◦2θ. The scanning electron 
microscope imaging was performed with an IT-500 (Jeol, Japan) in low 

vacuum mode (BED-S, 5–10 Pa). 

3. Results and discussion 

3.1. Resin optimization 

To prepare the best possible resin for printing, the amount of 
dispersing agent needed to be adjusted specifically for ZSM-5 zeolite. 
Slurries with 30 vol% solid loading and a dispersing agent content of 
between 1 wt% and 3 wt% were prepared. The viscosities at different 
shear rates for these slurries are plotted in Fig. 4. According to the flow 
curves, the slurry with 1 wt% dispersing agent had a high viscosity at 
shear rate of 10–1 s-1 but the slurries from 1.5 to 3 wt% were all grouped 
together in a much lower range. Out of these slurries, the one with 2.5 wt 
% of dispersing agent had the lowest viscosity throughout the measured 
area and therefore this concentration was selected for the final printing 
slurry. 

Similar rheological comparison measurements were made to define 
the maximum solid load. Slurries with 2.5 wt% dispersing agent content 
and a solids load from 35 vol% to 55 vol% were prepared and measured. 
The measured flow curves are presented in Fig. 5. All the slurries had a 
low enough viscosity for printing, but 55 vol% was selected as a high 
solids load is desired in printing. The 55 vol% slurry did not show 
measurable shear thickening, which indicated printability. 

The curing depth measurement data (squares) in Fig. 6 presents the 
semi-log plot of curing depth (Cd) versus critical energy ln(Emax). The 
penetration depth (Dp) can be defined as the slope of the linear fitting of 
the curve, which in this case is 172.84 μm. The critical energy dose (Ec) 
is at the intersection of the X-axis, determined to be 6.35 mJ/cm3 by 
solving y = 0. 

A large Dp and small Ec are appropriate for curing thick single layers 
with a low energy dose. The penetration depth and critical energy can be 
tailored for specific applications by adjusting the concentration of 
photoinitiators and adding dyes. Lowering the concentration of photo-
initiators produces a steeper slope and higher intercept values [19]. As 
the penetration depth was 172.84 μm, we selected 50 μm as a suitable 
layer thickness. These layers can be seen in a SEM image of the debound 
monolith sample presented in Fig. 7. 

Fig. 4. Viscosity curves for slurry with varying amounts of dispersing agent. 
Solids loading of the slurry was 30 vol%. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. Viscosity curves for slurries with different solids loads. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 6. Curing depth measurement data for zeolite-containing slurry (solids load 55 wt% and dispersing agent 2.5 wt%). Blue dots are the measured data points and 
the black line is the trendline. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.2. Thermal analysis of the resin 

TGA and DSC were measured for zeolite-containing polymer print to 
study the thermal behaviour and confirm the validity of generic 
debinding parameters for this custom slurry. Fig. 8 combines this TGA 
and DSC data with TG measurements for the resin without zeolite. TGA 
for heat treated (85 h) monolith and as received zeolite powder is also 
provided. 

According to the TGA measurements, the mass loss begins from 
100 ◦C and continues to 450 ◦C. The mass loss is slow in the region from 
100 to 150 ◦C which is probably caused by evaporation of water and 
uncured polymers. Mass loss accelerates in the typical acrylate decom-
position region (250–430 ◦C) and continues through epoxy degradation 
region (350–450 ◦C) [30]. Mass loss reached plateau approximately at 
450 ◦C. TGA for pure resin (dotted black curve) follows the trend of the 
printed structure (black dashed) and reaches approximate 7 mass % at 
500 ◦C and 0 mass % at 600 ◦C. DSC analysis shows (gray dot-dash 
curve) one large exothermic reaction in the acrylate and epoxy 
decomposition region, and the data shows reaction end in 515 ◦C. 

Heat treatment program was tailored from the Lithoz’s heat treat-
ment program to correspond with the data shown in Fig. 8. Heat treat-
ment was done with low heating rates (0.1–0.2 ◦C/min) in order to avoid 

cracking due to excessive rapid gas formation. Significant holding times 
were at 290 ◦C, 310 ◦C, 350 ◦C and 400 ◦C, and all together the heat 
treatment time was 85 h. The debinding cycle was taken up to 500 ◦C. 
The cooling rate was set to 3 ◦C/min and was performed without any 
active air flow cooling the oven. Cooling does not cause delamination 
due to the low thermal expansion co-efficient of zeolites. 

3.3. Characterization of printed structure 

The printed and debound zeolite piece was examined by low-vacuum 
SEM. The angular ZSM-5 particles shown in Fig. 2 can be seen in the 
printed and debound structure (Fig. 9., insert C). In the printed struc-
ture, porosity between the particles can also be observed. This porosity 
forms cavities (Fig. 9., insert D) that extend as openings to the printed 
flow channels, creating pathways for gas to flow into the structure. This 
distinct pore structure was built to enable the fast transport of gases to 
the characteristic micropores of ZSM-5 zeolite powder. 

The comparison of XRD patterns for the as-received powder and a 
printed piece in Fig. 10 on the right (B) confirmed that the zeolite crystal 
structure stayed unaltered during the heat treatment, as ZSM-5 zeolite is 
thermally stable in these temperatures [31]. Otherwise, collapse of the 
pore structure would have been observed in the XRD data. 

The BET surface area, pore volume and pore diameter were 
measured for both the as-received powder and the printed zeolite 
structure after the debinding cycle. In Fig. 10. A), the pore diameter and 
pore volume are plotted. This graph shows that there was no change in 
these parameters caused by the printing process. The average pore 
diameter in adsorption was 2.276 nm for the as received powder and 
2.286 nm for the printed monolith, the average pore volume in 
adsorption was 0.177 cm3/g for both. The BET surface area was 311.0 
m2/g for the as-received powder and 310.5 m2/g for the printed 
monolith. Based on these measured characteristics, the organic binder 
was effectively decomposed and did not significantly affect the surface 
area of the zeolite. However, when the heat-treated (debinding, 85 h 
peak at 500 ◦C) powder was measured, the BET surface area was slightly 
reduced to 301 m2/g. This would suggest that in the final monolith 
structure there is something that increases the BET surface area, mask-
ing the slight decrease observed in zeolite. We claim that the retained 
surface area is due to a small amount of organic (carbon) residue, as 
supported by the thermal analysis described above. 

A comparison between different studies where zeolite structures 

Fig. 7. Example of a layered zeolite structure produced by stereolithography 
(BED-S, low vacuum). 

Fig. 8. TGA and DSC analysis data for zeolite-containing polymer print. Black dashed curve is TGA for zeolite print, black is TGA for printed monolith after heat 
treatment (85 h), gray dashed is TGA for as received zeolite powder, black dotted line is TGA for polymer resin without zeolite and gray dot-dash line is DSC analysis 
for print. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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were formed by 3D printing showed the BET surface area evolution of 
the adsorbent (Table 1.). Our approach of using stereolithography did 
not significantly decrease the BET surface area. In other studies, lost 
capacity is due to the binder system required with different printing 
methods and the heat treatment temperature maximum. Middelkoop 
et al. reported a reduced total capacity, which might have been due to 

pore closure during calcination at 470–500 ◦C. On the other hand, the 
printed monolith had an increased adsorption rate despite having a 
lower BET surface area compared to the beads they used as raw material 
for printing. The beads had internal mass transfer limitations that hin-
dered the adsorption rate [20]. Lefevere et al. compared different binder 
systems and all the combinations reduced the BET surface area of the 
printed piece [11]. In the study of Couck et al. the BET surface area and 
micropore volume were reduced. The micropore volume decreased 
more than the relative amount of binder when monoliths with different 
binder amounts were compared [26]. 

In our work, the goal was to remove as much binder as possible 
without interfering with the adsorption capabilities of the zeolite. Based 
on the thermal analysis, the pure resin on its own is not totally 
decomposed before 600 ◦C. However, decomposition from the monolith 
could be observed until 470 ◦C and after that, there was no change in 
mass all the way up to 1000 ◦C. Based on these results, we could not 
conclude if there was a trace amount of residue left in the monolith heat 
treated at 500 ◦C. DSC curve indicated exothermic decomposition re-
actions ending at 515 ◦C. The heating rate used for DSC was 10 ◦C/min, 
which may have caused delay in reactions, whereas the heating rate in 

Fig. 9. SEM images of a printed structure where primary ZSM-5 powder particles and inter-particle pathways can be seen (BED-S, low vacuum). Insert B is a close-up 
image of a single printed channel, insert C shows loose particles and insert D the cavities between them. 

Fig. 10. Pore diameter and pore volume analysis (A) and XRD patterns (B) for as-received zeolite powder (gray) and printed and debound zeolite monolith (black). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Comparison between different printing methods and BET surface areas from the 
literature and our study.  

Zeolite Powder BET 
[m2/g] 

3D printed monolith 
BET [m2/g] 

Printing method Source 

5A 705 395–543 Robocasting [22] 
13X 723 (beads) 507 3D fibre deposition [20] 
13X 770 498–571 Robocasting [22] 
ZSM-5 428 124–301 Extrusion [11] 
ZSM-5 414 261–305 3D fibre deposition [26] 
ZSM-5 311 311 Stereolithography This 

study  
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the debinding was 0.1–0.2 ◦C/min. The maximum temperature of 500 ◦C 
was selected for heat treatment of printed monoliths due to the plateau 
region found in the TGA, but also for preserving the characteristic 
microporous structure of zeolite. The latter was supported by TGA data 
for printed and debound (85 h) monolith, which closely followed the 
slight mass reduction observed in the as received zeolite powder likely 
caused by removal of atmospheric moisture (see Fig. 8). If there are 
traces of decomposition residue in the printed structures, this could 
affect the solidity of the monoliths and would also explain the retained 
BET surface area. The slightly reduced BET surface area we measured for 
the heat-treated pure zeolite would support this interpretation. 

4. Conclusions 

This study demonstrates that complex hierarchically porous zeolite 
structures can be manufactured via stereolithography. The manufac-
tured structures had porosity on three scales: printed flow channels for 
rapid gas transportation, porosity between primary particles allowing 
gas to flow into the structure, and micropores characteristic to the ma-
terial itself, where adsorption finally occurs. Our research was moti-
vated by the previous studies of other authors which showed that 
printing adsorption structures is possible. 

BET surface area analysis showed that the pore properties and sur-
face area of the zeolite were not lost during manufacturing. XRD anal-
ysis, which showed similar patterns before and after manufacturing, also 
supported this. Previous studies on monolithic adsorption structures 
reported decreased adsorption properties due to the binder system in the 
printed pieces. In contrast, our results show that the static adsorption 
properties of the printed monolith are comparable to those of a packed 
zeolite powder counterpart of similar mass. 

Thanks to these well-retained gas adsorption characteristics, these 
structures have potential for rapid adsorption. In future studies, the aim 
is to perform dynamic adsorption measurements to investigate the effect 
of different macroporosities on adsorption rates. 
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[14] M. Pérez-page, J. Makel, K. Guan, S. Zhang, J. Tringe, R.H.R. Castro, P. Stroeve, 
Gas adsorption properties of ZSM-5 zeolites heated to extreme temperatures, 
Ceram. Int. 42 (2016) 15423–15431, https://doi.org/10.1016/j. 
ceramint.2016.06.193. 

[15] W. Zimbeck, R. Rice, Stereolithography of ceramics and metals, 1997, 
pp. 649–655. 

[16] E. Johansson, O. Lidström, J. Johansson, O. Lyckfeldt, E. Adolfsson, Influence of 
resin composition on the defect formation in alumina manufactured by 
stereolithography, Materials 10 (2017), https://doi.org/10.3390/ma10020138. 

[17] M.L. Griffith, J.W. Halloran, Freefrom fabrication of ceramicsc via 
streolithography, J. Am. Ceram. Soc. 79 (1996) 2601–2608. 

[18] P.F. Jacobs, Fundamentals of stereolithography, in: 1992 Int. Solid Free, Fabr. 
Symp., 1992. 

[19] J.W. Halloran, V. Tomeckova, S. Gentry, S. Das, P. Cilino, D. Yuan, R. Guo, 
A. Rudraraju, P. Shao, T. Wu, T.R. Alabi, W. Baker, D. Legdzina, D. Wolski, W. 
R. Zimbeck, D. Long, Photopolymerization of powder suspensions for shaping 
ceramics, J. Eur. Ceram. Soc. 31 (2011) 2613–2619, https://doi.org/10.1016/j. 
jeurceramsoc.2010.12.003. 

[20] V. Middelkoop, K. Coenen, J. Schalck, M. Van Sint Annaland, F. Gallucci, 3D 
printed versus spherical adsorbents for gas sweetening, Chem. Eng. J. 357 (2019) 
309–319, https://doi.org/10.1016/j.cej.2018.09.130. 

[21] L. Andersson, F. Akhtar, A. Ojuva, L. Bergström, Colloidal processing and CO2- 
capture performance of hierarchically porous Al2O3-zeolite 13X composites, 
J. Ceram. Sci. Technol. 3 (2012) 9–16, https://doi.org/10.4416/JCST2012-00039. 

[22] H. Thakkar, S. Eastman, A. Hajari, A.A. Rownaghi, J.C. Knox, F. Rezaei, 3D-Printed 
zeolite monoliths for CO2 removal from enclosed environments, ACS Appl. Mater. 
Interfaces 8 (2016) 27753–27761, https://doi.org/10.1021/acsami.6b09647. 

[23] H. Thakkar, S. Eastman, A. Al-Mamoori, A. Hajari, A.A. Rownaghi, F. Rezaei, 
Formulation of aminosilica adsorbents into 3D-printed monoliths and evaluation of 
their CO2 capture performance, ACS Appl. Mater. Interfaces 9 (2017) 7489–7498, 
https://doi.org/10.1021/acsami.6b16732. 

[24] H. Thakkar, S. Lawson, A.A. Rownaghi, F. Rezaei, Development of 3D-printed 
polymer-zeolite composite monoliths for gas separation, Chem. Eng. J. 348 (2018) 
109–116, https://doi.org/10.1016/j.cej.2018.04.178. 

[25] H. Thakkar, S. Eastman, Q. Al-Naddaf, A.A. Rownaghi, F. Rezaei, 3D-Printed metal- 
organic framework monoliths for gas adsorption processes, ACS Appl. Mater. 
Interfaces 9 (2017) 35908–35916, https://doi.org/10.1021/acsami.7b11626. 

[26] S. Couck, J. Lefevere, S. Mullens, L. Protasova, V. Meynen, G. Desmet, G.V. Baron, 
J.F.M. Denayer, CO2, CH4 and N2 separation with a 3DFD-printed ZSM-5 
monolith, Chem. Eng. J. 308 (2017) 719–726, https://doi.org/10.1016/j. 
cej.2016.09.046. 

[27] S. Couck, J. Cousin-Saint-Remi, S. Van der Perre, G.V. Baron, C. Minas, P. Ruch, J. 
F.M. Denayer, 3D-printed SAPO-34 monoliths for gas separation, Microporous 
Mesoporous Mater. 255 (2018) 185–191, https://doi.org/10.1016/j. 
micromeso.2017.07.014. 
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