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Abstract
This paper investigates the possibility of producing monolithic catalysts for the degradation of aromatic volatile organic com-
pounds by additive manufacturing technologies (3D-printing) using two different approaches. Stereolithography (SLA) was 
used to produce inert ceramic catalyst carriers and Fused Filament Fabrication (FFF) was used to prepare polymer composite 
monoliths with integrated catalyst. Optimal 3D-printing conditions were determined for both types of monoliths. Shrinkage 
of 14.3–16.0% in the x and y-axis directions, and 18.3–20.1% in the z-axis direction was observed for the ceramic catalyst 
carrier after heat treatment, while the mass decreased by 32.0–32.5%. To prevent bending and warping, it was found that the 
3D-models must be placed perpendicular to the build platform during 3D-printing and flat on the surface during heat treat-
ment to avoid stress fractures. For the other approach, which involved the production of monoliths with integrated catalysts, 
nine thermoplastic materials were tested to determine the most suitable polymer matrix for the production of filaments for 
the FFF. Four composite filaments with different mass fractions of  TiO2 (1%, 5%, 7.5% and 10%, wt.%) and Z-GLASS as a 
polymer matrix were prepared by extrusion process. The results showed that with the increase of  TiO2 content, the brittle-
ness of the material increased, while no significant changes in thermal stability were observed. Although monoliths were 
successfully 3D-printed using both approaches, future work will focus more on the use of ceramic monoliths due to their 
thermal and mechanical stability.
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1 Introduction

In chemical engineering, the term monolith refers to struc-
tures with well-defined and invariant geometry. Monoliths 
are generally used as an inert substrate for various catalyti-
cally active components that are subsequently applied to the 
monolithic structure, but there are many examples where the 
monolith consists of one or more catalytically active com-
ponents [1–3]. The geometric characteristics of monoliths 
such as shape, length, diameter, and thickness of the channel 
walls depend on the specific requirements of the process 
in which they are used. For the monolithic structure to be 
used for these purposes, it must provide the largest possible 
specific surface area with the lowest pressure drop [2, 4]. 
They are usually fabricated by extrusion process (ceramic 

monoliths, mostly produced using synthetic cordierite) or by 
winding and grooving (metal monoliths, mostly produced 
using stainless steel). This process of fabricating monolithic 
structures with minor modifications has persisted to this day.

In recent years, the possibility of 3D-printing, i.e. additive 
manufacturing (AM) has been explored for various applica-
tions in the fields of biotechnology and chemical sciences 
[5–7], but also in the field of catalysis [8–11] as an advanced 
method for fabricating complex monolithic catalysts/reac-
tors using various materials. Hierarchical porous ceramic 
catalyst carriers are already produced by powder bed fusion 
[12, 13] and direct ink writing technologies [14], but there 
is further interest to develop new procedures through differ-
ent technologies. Additive manufacturing has proven to be 
much simpler, faster, and cheaper than conventional methods 
for fabricating complex monolithic structures at a labora-
tory scale. The major advantage of this method is the great 
flexibility in terms of the ability to change the shape and 
internal structure of the carriers and the ability to quickly 
build complex prototypes. Reducing the time and cost of 
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manufacturing carriers with complex geometry is important 
as it allows faster development of innovative technologies 
and their rapid introduction into pre-commercial and com-
mercial applications [15–17].

In this work, stereolithography (SLA) was used to fabri-
cate ceramic monolithic catalyst carriers for the production 
of potential monolithic catalysts for the catalytic oxidation 
of aromatic volatile organic compounds (AVOCs). This 
approach includes the production of inert catalyst carriers, 
where the catalytically active components are subsequently 
applied on their surface. The ceramic catalyst carriers were 
3D-printed with Form2 (Formlabs) using Ceramic resin 
(Formlabs). In the studies by Xu et al. [18] and Truxova 
et al. [19] the same combination of 3D-printer and resin was 
used. The results given by Xu et al. focused on dimensional 
stability tests on a designed specimen in the form of a hol-
low cube. The dimensions of the cube models were 25 mm 
at the edge with a wall thickness of 4 mm. After heat treat-
ment of the 3D-printed models, shrinkage of around 14% 
was observed. The authors reported cracking as a significant 
problem in terms of the success rate of their prints. In our 
work, we plan to fabricate cylindrical catalyst carriers with 
a wall thickness of less than 2 mm. This could prove to be 
very challenging as Formlabs experts recommend keeping 
the wall thickness of the models between 2 and 10 mm to 
ensure a high success rate of the prints after heat treatment. 
Truxova et al. compared three different commercial resins 
for 3D-printing ceramic parts: Ceramic Resin (Formlabs), 
Vitrolite (Tethon3D), and Porcelite (Tethon3D). The compo-
sition of all three ceramic resins was determined by chemical 
analysis. The authors also reported cracking as one of the 
main problems during the production process. The authors 
claim that cracking was reduced by decreasing the wall 
thickness of the models, but they do not specify which wall 
thickness was used. One of the main limitations of ceramic 
monoliths produced by stereolithography is related to the 
homogeneity of the material, but in this case, the problem 
is the randomness of the distribution of ceramic particles 
within the layers of the monolith which can lead to non-
uniform porosity.

The second AM technology used in this work is Fused 
Filament Fabrication (FFF). FFF was used to fabricate 
monolithic carriers with integrated catalyst (titanium(IV) 
oxide,  TiO2) as potential photocatalysts for the degradation 
of AVOCs. Shah et al. [20] investigated and analyzed the 
basic working process, applications, limitations, and chal-
lenges of FFF technology. As shown in this work, FFF has 
some limitations in terms of surface finishing and the so-
called “staircase effect”. The staircase effect is caused by the 
overlapping of the material layers, which can lead to a rough 
surface of the manufactured models. These difficulties are 
expected in our work, especially when increasing  theTiO2 
mass fraction in the polymer matrix due to the changes in 

filament properties, e.g. viscosity. One of the main problems 
which can significantly affect the fabrication of composite 
filaments for 3D-printing is the homogeneity of the prepared 
material due to the mixing of polymer matrix and photo-
catalyst in laboratory conditions using an extruder. Shifrina 
et al. [21] gave an overview of the role of various polymer 
structures in the field of catalytic polymer nanocomposites. 
Regarding composite monoliths, the authors gave three 
examples highlighting the importance of pore size and distri-
bution, which can have a significant impact on the diffusion 
and mass transport of liquid reagents. In our future work, 
the main task will be to perform the degradation of gaseous 
AVOC compounds, and we do not expect such problems 
since gases diffuse much faster compared to liquids. There 
are numerous examples in the literature of this method of 
monolith preparation using various combinations of polymer 
matrix and added components such as catalysts, zeolites, 
etc. Thakkar et al. fabricated several polymeric monoliths 
with integrated zeolites 13X and 5A [22] and metal–organic 
frameworks [23] for the separation of gasses. They also 
experimented with the addition of aminosilica [24] due to 
its ability to adsorb CO2. Couck et al. [25] followed a dif-
ferent approach where the monoliths were based on zeolite 
SAPO-34 with the addition of methylcellulose as a binder. 
Datta et al. [26] prepared a composite using poly(vinyl car-
bazole) as a polymer matrix with the addition of  V2O5 and 
Pt–Pd nanocrystallites for application in direct ethanol fuel 
cells. The composites showed improved functional proper-
ties compared to the carbon counterpart. This was attributed 
to the faster tunneling of electrons through conjugation in 
the polymer matrix. The preparation of polymer composites 
based on polylactic acid (PLA) with the addition of  TiO2 
was investigated by Gonzalez et al. [27] for the preparation 
of antibacterial materials. Different  TiO2 weight fractions 
(0%, 1%, 5%, 10%, and 20%, wt.%) were investigated. The 
prepared composites did not show significant changes in 
structural and thermal properties by increasing  TiO2 content 
compared to pure PLA. Only a slight increase (< 10 °C) in 
the thermal decomposition temperature was observed. Simi-
lar conclusions were drawn by Mofokeng et al. [28], who 
prepared composites using PLA and poly(hydroxybutyrate-
co-valerate) (PHBV) as polymer matrix with the addition 
of  TiO2 (1%, 3%, and 5%, wt.%). Elkoro et al. [29] used a 
different approach to prepare monoliths with  TiO2. They 
prepared pastes containing  TiO2 which they used to produce 
filaments for binder-free 3D-printing. The concept behind 
the proposed method is based on a chemical sintering pro-
cess theorized by Kijitori et al. [30].

The aim of this work was to prepare monolithic cata-
lysts for catalytic oxidation of aromatic organic compounds 
using two different approaches (fabrication of inert mono-
lithic catalyst carriers and composite monoliths with inte-
grated catalyst), to examine the possibility of applying these 
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methods for this purpose and to determine their advantages 
and disadvantages in the development of advanced mono-
lithic catalysts.

2  Experimental section

2.1  Materials

In this work, as a material for the production of ceramic 
monolithic catalyst carriers using stereolithography (SLA) 
technology Ceramic Resin (Formlabs) was used. Ceramic 
Resin is a silica-filled photopolymer which after heat treat-
ment (so-called “firing”), forms a ceramic product.

For the production of composite monolithic catalysts, 
nine different thermoplastic materials: LDPE 150E (Dow 
Europe GmbH), HDPE KT 10,000 UE (Dow Europe 
GmbH), ABS + GOLD (Devil Design) [31], Z-PCABS 
(Zortrax), Z-PETG (Zortrax), Z-ULTRAT (Zortrax), Z-ABS 
(Zortrax), Z-HIPS (Zortrax), Z-GLASS (Zortrax) [32], were 
tested. As a photocatalyst, titanium(IV) oxide AEROXIDE 
 TiO2 P25 (Evonik Resource Efficiency GmbH) was used.

2.2  Preparation of ceramic monolithic catalyst 
carriers

The production of ceramic monolithic catalyst carriers by 
stereolithography involves the following steps: (1) CAD 
design of monolithic catalyst carriers, (2) 3D-printing, (3) 
preparation of fabricated carriers for heat treatment and (4) 
heat treatment of the carriers.

2.3  3D‑printing and preparation of ceramic 
monolithic carriers for heat treatment

In this paper, a 3D-printer Form 2 (Formlabs) was used to 
prepare ceramic monolithic catalyst carriers using a ste-
reolithography technology. Ceramic resin from the same 
manufacturer was used. Autodesk Fusion 360 software was 
used to create the CAD model, and PreForm was used as 
slicer. The main purpose of slicer is to prepare models for 
3D-printing. This includes selecting the shape and density 
of the internal structure of the model and its walls (so-called 
infill), defining the support structure and layer thickness, 
resizing it in one or more of the spatial axes, etc. [33]. In 
this work, we used default support structure (recommended 
by PreForm), and layer thickness of 100 µm. A series of 
monolithic carriers of circular and square shape with differ-
ent channel geometries was 3D-printed. An example of one 
of the fabricated models with a support structure is given 
in Fig. 1.

After the carrier is made, it is necessary to remove the 
residual resin from its surface and from the channels (rinsing 
with isopropyl alcohol), and remove the support structure. 
It has been observed that the use of Ceramic resin requires 
more support structure than polyacrylate resins without 
ceramic particles from the same manufacturer, and the fab-
ricated models are very fragile before heat treatment. In the 
next stage, the models thus prepared are placed in the fur-
nace (Fig. 2) and heat treated (firing process) according to 
the procedure defined by the manufacturer.

2.4  Heat treatment of 3D‑printed models

Heat treatment of the “green state” catalyst carriers was per-
formed according to the manufacturer’s instructions. Five 
characteristic areas or steps of the heat treatment numbered 
1 through 5 can be observed. In the initial stage of heat 

Fig. 1  3D-printed monolithic catalyst carrier with support structure 
(KRK model)

Fig. 2  3D-printed models prepared for heat treatment
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treatment (ramp 1), the material is heated to a temperature 
of 240 °C for 4 h. This is followed by the so-called burnout 
phase in which during the next 10 h the polymer matrix in 
the composite material is thermally decomposed. In step 
3, the material is additionally heated to a temperature of 
1271 °C for 7 h and 33 min (ramp 2), followed by a stage 
lasting only 5 min, during which the  SiO2 particles are sin-
tered and ceramic is formed at a temperature of 1271 °C. In 
the final stage, the material is slowly cooled to room tem-
perature, which takes approximately 10–12 h [34].

2.5  Characterization of 3D‑printed ceramic catalyst 
carriers

Characterization of material samples was performed by 
scanning electron microscopy (SEM), X-ray diffraction 
(XRD), Energy Dispersive X-Ray Analysis (EDX), and gas 
sorption analysis. SEM analysis determined the morphology 
of the samples, chemical composition of the ceramic catalyst 
carriers by EDX, phase composition with XRD analysis and 
the surface area of monolith samples was acquired using a 
gas sorption unit. To determine if the overall distribution of 
ceramic particles is uniform in each carrier and to estimate 
the amount of ceramic component in the resin, 3D-printed 
samples were weighed using an analytical scale (Radwag AS 
220.R2) before and after the heat treatment. Shrinkage of 
ceramic catalyst carriers was measured using a digital cali-
per (Alpha Tools) on 5 different places along the spatial axes 
and calculating the mean value.Morphology and EDX test-
ing of the studied samples was performed by SEM Tescan 
VEGA 3. The crystalline phase of the sample was identified 
using X-ray powder diffraction (XRD) analysis on Shimadzu 
XRD 6000 diffractometer with CuKα radiation operating at 
40 kV and 30 mA in a step scan mode between 5° and 85° 
2θ with steps of 0.02° 2θ and counting time of 0.6 s. Specific 
surface area of the ceramic monolith samples for compari-
son with commercial cordierite monolith was acquired with 
Micromeritics ASAP 2000 using Brunauer-Emmet-Teller 
(BET) method. Particle size distribution (PSD) of ceramic 
particles was determined in wet mode (samples are previ-
ously suspended in demi water) applying the laser diffraction 
method (SALD 3101, Shimadzu). Diffraction measurements 
were performed for three times under identical process con-
ditions. Averaged PSD is expressed on the basis of volume, 
with characteristic diameters: d50 as a median diameter, 
dmode as a modus diameter (dominant size in a population), 
Sauter mean diameter, d3,2, and reported using differential 
distribution function,  dQ3(d). Fraunhofer diffraction model 
was used in the approximation of particle sizes. Ceramic 

particles used in this measurement were acquired by washing 
a sample of Ceramic resin several times in isopropyl alcohol. 
Particles were then centrifuged (10 000 RPM for 1 min), and 
heat treated for 2 h at 300 °C (according to Ceramic user 
guide [29]) to remove the polymer phase from the sample.

2.6  Preparation of thermoplastic monoliths 
with an integrated catalytically active 
component

Z-GLASS material (as a polymer matrix) was used to pro-
duce the composite filament with the addition of  TiO2 as a 
catalytically active component. The Z-GLASS filament was 
granulated and mixed with powdered  TiO2. The materials 
were mixed in a twin-screw Rondol 21 mm LAB TWIN 
extruder with four different  TiO2 weight fractions (1%, 5%, 
7.5% and 10%, wt.%). A single filament without  TiO2 addi-
tion was made to test whether the extruding of Z-GLASS 
alone affects its mechanical and thermal properties. The 
prepared extrudates were cooled in a water bath, dried and 
granulated. A single screw extruder Noztek Pro was used 
to prepare the composite filaments for 3D-printing. This 
extruder allows more flexible temperature control, and 
using dies of different diameters ensures the production of 
filaments that can be used in different FFF 3D-printers (for 
3D-printer M200 we used 1.75 mm die).

2.7  3D‑printing of thermoplastic monoliths

3D-printing of monolithic carriers was performed with 
M200 3D-printer (Zortrax). CAD models of the monoliths 
were created using Autodesk Fusion 360 and Z-Suite was 
used as slicer.

2.8  Characterization of 3D‑printed thermoplastic 
monolithic catalyst

During the preliminary testing of all materials, dynamic 
TGA (TA Instruments Q500) was used. The tests were 
performed using nitrogen (50 mL  min−1) at a heating rate 
of 10 °C  min−1 within a temperature range of 25–600 °C. 
The thermal stability of the material was described by 
the initial decomposition temperature, i.e. the tempera-
ture at which certain mass loss was noticed (0.5%, 1%, 
2%, 3%, 5%). Testing of the mechanical stability of the 
material under elevated temperature conditions was per-
formed in such a way that the 3D-printed thermoplastic 
monoliths were heated in a laboratory furnace. This test 
was necessary because TGA does not indicate whether 
there is a loss of mechanical stability of the material, 
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i.e. at what temperature the deformation and potentially 
the blockage of the monolith channels occurs. For the 
tensile strength test, filaments prepared using extruder 
(Rondol) were pelletized using Rondol pelletizer. Pellets 
were used for the fabrication of test specimens using steel 
mould (10 cm × 1 cm × 1 mm). Filled moulds were placed 
(between two Teflon sheets to prevent sticking to the 
hydraulic press) in a hydraulic press (Fontijne) at 220 °C 
for 3 min and then pressed under 12 MPa for 4 min at 
the same temperature. Specimens were tested using Zwick 
Röell 1445 universal testing machine (UTM), at the test 
speed of 10 mm  min−1, and gauge length of 30 mm. Vis-
cosity of the composite samples was tested by measuring 
melt flow rate (MFR). MFR is inversely proportional to the 
viscosity of the melted sample. The test was performed on 
the MFR tester (Davenport) at a temperature of 250 °C. 
Working principle of the MFR tester is based on inserting 
sample pellets (6–8 g) in the heated tank and heating for 
30–50 s before placing a piston with a standard weight of 
2.16 kg that pushes the melted sample. The melted sample 
is then weighed on an analytical scale and the MFR for 
each material is calculated from the obtained time and 
mass of the sample. MFR represents the mass of the sam-
ple flowing from the heated tank through the nozzle in 
10 min, at a defined temperature and mass of the used 
weight. MFR is calculated according to the equation:

where t (s) is measured time of passage of the sample 
through the nozzle from the heated tank, and m (g) is mass 
of the sample that passed through the nozzle.

MFR =

(

600

t

)

× m

3  Results and discussion

3.1  3D‑printing of ceramic monolithic catalyst 
carriers

Figure 3 shows 3D-printed models of monolithic catalyst 
carriers after the heat treatment that are suitable for deposi-
tion of the catalytic layer. As can be seen, the monolithic 
carriers differed in terms of the characteristic dimensions 
and shapes of the channels and thickness of the walls.

3.2  Deviation tests of mass and dimensions

Results of the mass deviation test (Table 1) showed an 
almost constant weight loss of the carriers after heat treat-
ment, in the range of 32.0–32.5%, indicating a uniform over-
all distribution of ceramic particles throughout each carrier.

To experimentally determine the correction factors with 
regard to the deviation (shrinkage due to the heat treatment) 
of the experimentally obtained dimensions on the carrier 
model with respect to the given dimensions, and to maintain 
the expected dimensions after the thermal treatment of the 
carriers, a series of 8 carriers was made. Table 2 shows the 
results of the dimension deviation testing performed on the 
KR4 carrier model. The deviations of the carriers on the 
x-axis were 14.3–15.6%, on the y-axis 14.6–16.0%, while 
the deviations on the z-axis were 18.3–20.1%. The deviation 
values thus obtained differ very little from the deviations 
defined by the manufacturer [34]. The nominal deviation 
given by the manufacturer is 15% along the x and y axes, 
while slightly larger deviations are predicted for the z-axis. 
This can be explained by the greater variation in the amount 
of ceramic particles between the layers, while within the 
same layer the amount of particles is more uniformly dis-
tributed. It should be taken into account that each 3D-printed 
carrier was hand-treated with sandpaper along the z-axis 
prior to heat treatment to remove all supporting structure and 
to keep all channels open, which had the greatest influence 
on the deviations of the carrier heights.

Deviations (shrinkage) of models thus observed are 
comparable to results obtained by Xu et al. [18]. In their 
work shrinkage of 7.3–17.9% was observed. Some dif-
ferences are to be expected due to the different shape and 
size of the models compared to our work. The largest 

Fig. 3  Monolithic catalyst carriers after the heat treatment

Table 1  Test results of mass 
deviation for KR4 carrier model

Carrier KR4

Carrier 1 2 3 4 5 6 7 8

Mass green [g] 0.3193 0.3249 0.3397 0.3297 0.3283 0.3048 0.3291 0.306
Mass fired [g] 0.2156 0.2205 0.2295 0.2235 0.2218 0.206 0.2238 0.2067
Mass loss [%] 32.5 32.1 32.4 32.2 32.4 32.4 32.0 32.5
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differences are in the Z-axis direction, which is due to 
the grinding of monoliths with sandpaper to ensure the 
patency of the channels. Xu et al. and Truxova et al. 
[19] report significant problems with cracking of their 
3D-printed models produced by the same combination of 
resin and 3D-printer. We also had some problems with 
cracking but after several iterations, we concluded that 
the models must be placed under 90° angle regarding the 
build platform, and that the time between printing and 
heat treatment should be as short as possible. Regarding 
the carrier KR4 (shown in Table 2) thickness of the outer 
shell must be at least 1.2 mm (in green state), while the 
inner elements can be even thinner (≥ 0.9 mm). It was 
also found that the models after the 3D-print should be 
kept in non-humid conditions (we used the laboratory 
desiccator) if they cannot be heat treated immediately 
after the post treatment. We presume this happens due to 
the absorption of moisture from the air that significantly 
decreases the success rate of the heat treatment (cracks 
and/or warping of carriers was seen in more than 75% 
of cases if the green state carriers were left under room 
environment conditions for more than 24 h).

3.3  Characterization of ceramic monolithic catalyst 
carriers

Obtained surface images (Fig.  4) show the difference 
between the so called "green state" and heat-treated ceramic 
resin.

Comparison of the heat-treated Ceramic Resin shows that 
the ceramic particles are sintered and the composition is sig-
nificantly more homogeneous when compared to the green 
state Ceramic Resin. The imaging of the green state ceramic 
resin shows a heterogeneous composition of material with 
irregularly shaped ceramic particles and the regular round 
particles of the polymer matrix.

The results of the XRD analysis (Fig. 5) showed that the 
ceramic component of the photopolymer resin refers to silica 
 (SiO2), i.e. cristobalite. It is a high-temperature polymorphic 
modification of silica [35].

EDX analysis revealed that heat-treated carriers con-
sisted of: oxygen (66.6%), silicon (26.9%), aluminum 
(3.3%), sodium (2.4%) and potassium (0.8%). This result 
corresponds almost exactly to the composition of the heat-
treated sample determined by Truxova et al. using chemical 

Table 2  Test results of 
experimentally obtained 
dimensions on KR4 carrier 
model with respect to given 
dimensions

Carrier Axis Green, MEAN 
[mm]

Fired, MEAN 
[mm]

Deviation [%]

Carrier KR4
 

1 x 6.43 5.47 15.0
y 6.82 5.82 14.6
z 10.05 8.16 18.9

2 x 6.45 5.45 15.6
y 6.81 5.76 15.4
z 10.93 8.83 19.3

3 x 6.43 5.51 14.3
y 6.79 5.78 15.0
z 11.20 9.15 18.3

4 x 6.44 5.43 15.6
y 6.80 5.78 15.0
z 11.24 8.98 20.1

5 x 6.42 5.47 14.9
y 6.81 5.78 15.2
z 11.23 8.99 20.0

6 x 6.40 5.42 15.4
y 6.80 5.74 15.6
z 10.37 8.38 19.3

7 x 6.47 5.49 15.1
y 6.83 5.84 14.6
z 10.40 8.34 19.8

8 x 6.43 5.43 15.5
y 6.84 5.74 16.0
z 10.50 8.44 19.6
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analysis. The results of the gas absorption analysis showed 
relatively low values of the specific surface area of the pre-
pared samples of the ceramic monolithic catalyst carriers. 
The mean value of the specific surface area of the samples 
was 0.76  m2/g, which corresponds to the values for com-
mercial cordierite monolithic catalyst carriers, as shown by 
Xu et al. [36], Shigapov et al. [37], and Soghrati et al. [38].

The results of laser diffraction analysis, shown in Fig. 6 
describe the particle size distribution of ceramic particles.

The measurement showed that the size of ceramic par-
ticles ranges between 0.5 µm and 414 µm. Median size of 
the particles is 34.8 µm, dominant size of the particles in a 
population is 44.7 µm, while the mean (Sauter) diameter is 
91.5 µm.

3.4  Thermogravimetric analysis

The results of thermogravimetric analysis are summarized 
in Table 3.

Based on the TGA results, three thermoplastic materi-
als (Z-PCABS, Z-PETG and Z-GLASS) that showed the 
best results (highest temperatures at which they start to 
degrade i.e. to lose mass) were selected for 3D-printing 
of monoliths for heat stability test in a laboratory fur-
nace. 3D-printed monoliths were individually put inside 
the furnace and exposed to high temperature. The heat 
test results showed that significant deformations of the 
monolith channels occurred with all tested materials at 
temperatures above 170 °C. This test showed that the ther-
moplastic monolithic catalysts cannot be used for catalytic 
oxidation of aromatic volatile organic compounds where 

Fig. 4  Comparison of heat 
treated (left) and green state 
(right) ceramic resin

Fig. 5  Results of XRD analysis of heat-treated ceramic resin
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temperatures generally exceed 200 °C. This resulted in 
the preparation of a composite filament containing photo-
catalyst that could be used for photocatalytic degradation 
of volatile organic compounds as shown by Alberici and 
Jardim [39] and Shayegan et al. [40]. For the preparation 
of the composite filament containing  TiO2 as a catalyti-
cally active component, preference was given to Z-GLASS 
because of its transparency, which gives it a significant 
advantage over Z-PCABS and Z-PETG for photocatalytic 
application. Due to its transparency, mechanical properties 
and chemical stability when exposed to various solvents, 
Z-GLASS was also used in one of our previous studies for 
3D-printing of microreactors as shown by Vrsaljko et al. 
[41].

From the obtained results of the prepared composite fila-
ments, it appears that the addition of  TiO2 does not signifi-
cantly affect the thermal stability of the polymer material, 
as the thermal degradation of the samples occurs at similar 
temperatures. Similar results were obtained by Segura Gon-
zalez et al. [27] and Mofokeng et al. [28] in their research 
regarding the preparation of composites from PLA and  TiO2. 
It has been confirmed that the heat treatment, i.e. extrusion, 
has no significant effect on the thermal stability of Z-GLASS 
as the mass losses of the commercial and extruded sample 
are similar.

3.5  Preparation of composite filaments 
and 3D‑printing of monoliths with integrated 
catalytic component

Figure 7 shows the prepared composite filaments with dif-
ferent  TiO2 content.

The diameters of the obtained filaments were between 
1.70 and 1.80 mm, making them suitable for 3D-printing 
of monoliths (Fig. 8).

For almost all composite filaments, the same 3D-print-
ing parameters were used (250 °C, 100% print speed) as 
with the commercial Z-GLASS. An exception was made 
with the composite with 10 wt.%  TiO2, which at these set-
tings caused smearing of the filaments during 3D-printing. 
After several iterations, the optimal 3D-printing param-
eters were adjusted so that the extrusion temperature was 
increased by 10 °C and the print speed reduced by 3%.

3.6  Mechanical properties of prepared composite 
materials

The results of the tensile strength test performed on the uni-
versal testing machine are given in Fig. 9 and Table 4.

Tensile strength test showed that an increase of the  TiO2 
content reduces the values of elongation at maximum tensile 

Table 3  Temperatures at which thermoplastic material and composite 
samples lost certain percentage of their mass (0.5%, 1%, 2%, 3% and 
5%)

Mass loss of the sample [%] 0,5 1 2 3 5

T(PE-LD) [°C] 251.4 262.9 285.4 303.5 329.5
T(PE-HD) [°C] 260.8 274.6 300.2 315.7 331.6
T(ABS + GOLD) [°C] 255.7 289.2 327.2 344.2 363.3
T(Z-PCABS) [°C] 271.9 312.4 350.5 366.5 383.0
T(Z-PETG) [°C] 318.9 350.4 369.4 377.4 385.4
T(Z-ULTRAT) [°C] 222.0 266.5 312.5 337.0 361.0
T(Z-ABS) [°C] 261.4 303.4 335.0 347.5 361.5
T(Z-HIPS) [°C] 258.4 282.9 306.4 320.4 337.4
T(Z-GLASS) [°C] 299.3 338.3 362.8 372.8 3833
T(Z-GLASS, extruded) [°C] 295.5 349.8 375.4 386.6 397.7
T(Z-GLASS + 1%  TiO2) [°C] 303.6 349.6 377.1 389.6 4038
T(Z-GLASS + 5%  TiO2) [°C] 287.1 345.4 374.1 387.9 402.0
T(Z-GLASS + 7.5%  TiO2) [°C] 294.4 339.3 368.6 383.6 400.1
T(Z-GLASS + 10%  TiO2) [°C] 260.3 332.8 366.4 381.9 396.4

Fig. 7  Prepared composite filaments with various mass fractions of 
 TiO2 (from left to right: 10%, 7.5%, 5%, 1%, wt.% of  TiO2 and pure 
Z-GLASS)

Fig. 8.  3D-printed monoliths with various mass fractions of  TiO2 
(from left to right: pure Z-GLASS, 1%, 5%, 7.5% and 10%, wt.% of 
 TiO2)
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strength and elongation at break point. The elongation at 
break of the specimen is smallest for the composite with 10 
wt.% of  TiO2 with the value of 4.8 ± 1.9%, which means that 
with the increase of catalyst content, the brittleness of the 
material also increases, i.e. the material breaks faster with-
out major deformation. From the values of tensile strength 
of the samples, it is evident that no significant changes occur 
with the addition of  TiO2, with the exception of the com-
posite containing 5 wt.%  TiO2. Examination of this speci-
men revealed small air bubbles, which can affect the results 
obtained in this test because they present weak points in the 
material. This deviation can also be explained by the inho-
mogeneous distribution of photocatalyst particles, which 
can affect the results obtained in this test. Work at break 
is directly related to the material toughness, and from the 
obtained results it can be concluded that with the increase 
of  TiO2 content, the material toughness decreases.

3.7  Viscosity of Z‑GLASS and prepared polymer 
composites

The viscosity of the prepared composites was tested with 
the hypothesis that an increase in the amount of  TiO2 would 
lead to an increase in the viscosity of the material itself. 
The results presented in Table 5 show a deviation from the 
hypothesis.

Although it can be observed that the viscosity of the 
composites decreases with an increase in the amount of 
 TiO2, with exception of the composite with 5 wt.%  TiO2, 
the decrease in viscosity is not linearly related to the increase 
of the  TiO2 content. Such results can be correlated with 
the already mentioned inhomogeneous distribution of the 
catalytic component in the sample, especially considering 
that a small sample mass (6–8 g) was used for the measure-
ment. It should also be taken into account that repeated heat 

Fig. 9  Tensile strength test 
results of extruded Z-GLASS 
and composite materials
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Table 4  Tensile strength test results of extruded Z-GLASS and composite materials

Material sample Tensile strength, σM 
[N  mm−2]

Elongation at 
σM, εM [%]

Stress at break, σB 
[N  mm−2]

Elongation at 
σB, εB [%]

Young's modulus, E 
[N  mm−2]

Work to 
break, W [N 
m]

Z-GLASS, extruded 26.9 ± 1.4 9.5 ± 1.3 17.7 ± 0.2 17.8 ± 4.9 714 ± 44 1.2 ± 0.4
Z-GLASS + 1%  TiO2 31.8 ± 2.3 10.2 ± 0.7 24.5 ± 5.3 18.5 ± 7.9 719 ± 103 1.6 ± 0.7
Z-GLASS + 5%  TiO2 11.0 ± 13.8 9.5 ± 3.5 16.5 ± 6.8 7.2 ± 2.6 583 ± 17 0.5 ± 0.2
Z-GLASS + 7.5%  TiO2 35.6 ± 8.9 5.3 ± 0.4 32.1 ± 6.3 5.3 ± 0.8 825 ± 125 0.4 ± 0.2
Z-GLASS + 10%  TiO2 29.6 ± 1.2 4.0 ± 1.6 31.6 ± 6.6 4.8 ± 1.9 713 ± 48 0.2 ± 0.1
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treatment, i.e. extrusion, can significantly affect the proper-
ties of thermoplastic materials. This claim can be confirmed 
by comparing the viscosities of commercial and extruded 
Z-GLASS, which should be approximately equal. However, 
a deviation of as much as 20% has been seen, confirming the 
claim that the viscosity of thermoplastic polymers decreases 
with heat treatment.

4  Conclusion

Ceramic monolithic catalyst carriers with different dimen-
sions, characteristic channel geometries and channel wall 
thicknesses were produced using 3D-printing technology 
(stereolithography). During thermal treatment of ceramic 
monolithic carriers shrinking occurs due to thermal degra-
dation of the polymer matrix. Deviations of 14.3–15.6% in 
the x-axis direction, 14.6–16.0% in the y-axis direction and 
18.3–20.1% in the z-axis direction were found. The devia-
tions obtained are in accordance with the values given by the 
manufacturer and should be considered in the CAD design 
so that the final products retain the desired dimensions after 
heat treatment. The loss of carrier mass due to heat treatment 
showed an almost constant value in the range of 32.0–32.5%, 
indicating a uniform overall distribution of ceramic particles 
in each carrier. The heat treatment results in a mechanically 
and thermally stable monolith that can be used as a carrier 
for the catalytically active components. Although based on 
the performed dimensional stability tests the reproducible 
production of the monolith concerning the external dimen-
sions can be ensured by defining the correction factors, 
it is not possible to significantly influence the porosity of 
the obtained monolithic catalyst carriers. Although non-
uniform porosity can be a potential problem when talking 
about the repeatability of the decomposition efficiency of 
volatile organic compounds, no such problem was observed 
in the catalytic activity studies of monolithic catalysts that 
followed this work. The results of X-ray diffraction analy-
sis showed that the ceramic component of Ceramic resin 
is silica, as it agrees well with the diffractogram of cristo-
balite, which is a polymorph modification of silica due to its 

chemical composition. EDX analysis revealed that the com-
position of the heat-treated monoliths is as follows: oxygen 
(66.6%), silicon (26.9%), aluminum (3.3%), sodium (2.4%) 
and potassium (0.8%), which is in agreement with the data 
found in the literature [19].

The results of the thermogravimetric analysis showed that 
out of the nine tested thermoplastic materials the highest 
thermal stability was shown by the materials: Z-GLASS, 
Z-PCABS and Z-PETG. Z-GLASS was selected for com-
posite filament fabrication, which is similar to Z-PCABS and 
Z-PETG materials in terms of thermal stability. However, 
its transparency presents a significant advantage given its 
potential application in photocatalysis. Composite filaments 
with different  TiO2 content (1%, 5%, 7.5% and 10%, wt.%) 
were prepared and used for the preparation of monolithic 
catalysts with 3D-printing technology using fused filament 
fabrication. Conducted tests of mechanical properties have 
shown that with an increase of the catalyst content there is an 
increase in the brittleness of the material. The TGA results 
indicate that no significant changes in thermal stability occur 
with the addition of the catalyst. However, it should be noted 
that for measuring thermal stability as well as for viscosity, 
small sample amounts were used which makes it difficult to 
assume a homogeneous distribution of  TiO2 in the polymer 
matrix, i.e. to achieve the expected representativeness of the 
sample.

Based on the results obtained in this paper, it can be 
concluded that 3D-printing technology can be successfully 
applied for the preparation of monolithic catalysts of pre-
cisely defined geometry, which can become indispensable 
forms of catalysts with potential environmental applications.
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