508

Journal of Chemistry and Technologies, 2025, 33(2), 508-518

Journal of Chemistry and Technologies
[/ ISSN 2663-2934 (Print), ISSN 2663-2942 (Online).

O journal homepage: http://chemistry.dnu.dp.ua
editorial e-mail: chem.dnu@gmail.com

UDC 62.07:621.38
PROSPECTS OF USING DLP 3D PRINTING TECHNOLOGY TO PRODUCE MEMBRANE
KAOLIN MATRICES AND MEMBRANE HOLDERS
Viktor S. Kurylenko, Michael V. Tereshkov, Yurii M. Fedenko, Andrii V. Lapinskyi®,

Olena I. Yanushevska, Tetiana A. Dontsova
National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, 37 Beresteiskyi Ave., Kyiv, 03056, Ukraine
Received 13 December 2024; accepted 1 July 2025; available online 15 July 2025

Abstract

The ongoing evolution of 3D printing technologies demonstrates considerable potential for the production of
porous ceramics, including ceramic matrices. These technologies enable the creation of three-dimensional
structures with high complexity and precision from a variety of raw materials. This study assesses the feasibility of
utilising DLP 3D printing technology to produce ceramic matrices and membrane holders for the development of
ceramic membrane modules. To fabricate ceramic matrices by this method, it was proposed to use natural
Ukrainian Kkaolin as the ceramic component in a photopolymer-based suspension. It was found that increasing the
kaolin concentration (from 0-40 wt.%) in the suspension fed for 3D printing leads to an rise in viscosity, and with
an increase in temperature at which the kaolin was pretreated prior to suspension preparation (0-600 °C), it
decreases. The physicochemical processes occurring during kaolin heating were characterised by thermal analysis,
infrared spectroscopy, and low-temperature nitrogen adsorption-desorption. The results demonstrate that heating
kaolin above 450°C triggers dehydroxylation, while heating to 640°C leads to its transformation into
metakaolinite. Consequently, the infrared bands corresponding to structural water disappear, and the specific
surface area, determined using the BET model, decreases from 22.8 m2/g to 15.2 m2/g. The reduction in viscosity of
the suspension with thermally treated kaolin is likely due to diminished interactions between kaolin particles and
the photopolymer resin after structural water removal. Modelling and preparation for 3D printing of ceramic
matrices and membrane holders were performed using Autodesk Fusion 360 and the Anycubic Photon Workshop
slicing software. The results indicate that the DLP method produced structurally integral ceramic matrices and
successfully printed membrane holders. Thus, DLP 3D printing technology offers significant prospects for
fabricating tailored ceramic matrices and membrane holders.
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MEPCIEKTUBH BUKOPUCTAHHS TEXHOJIOT'II DLP 3D APYKY /11 BUTOTOBJIEHHS
MEMBPAHHUX MATPHUIb 3 KAOJIIHY TA MEMBPAHOTPUMAUIB
BikTop C. Kypunenko, Muxaiiio B. Tepemikos, I0piit M. ®enenko, AHpiit B. JlaniHCbKUH,

Ounena l. lnyweBcoKka, TeTsana A. loHoBa
HayionasbHutl mexHivHutl yHisepcumem Ykpainu "Kuigcbkuli nosimexuiunuii incmumym imeni lzopsi Cikopcbkoz2o ", npocnekm
Bepecmeticvkutl, 37, Kuis, 03056, Ykpaina

JlaHe JocCaif;KeHHs NPHUCBAYEHO BCTAaHOBJIEHHI0 NepcrneKTUB BUKopHcTaHHA DLP TexHoJsiorii 3D-apyky aaa
OTPUMaHHs KepaMiYHMX MeMGpaH Ta MEMGPAaHOTPUMAYiB 3 METOI0 CTBOPEHHAA MeMGpPaHHUX KepaMiYHUX MOAYJIiB
Ha ix ocHOBi. B sAkocTi kepamiyHOi ck/agoBoi cycneH3ii Ha OCHOBi ¢oOTOmoJIiMEPHOiI CMOJIM 3aNpPONOHOBAHO
BUKOPHUCTAaHHAI NPHUPOJHOI YyKpaiHChbKOI CHPOBMHM - KaoJjiHy. Byjo BcTaHoOB/eHO, IO 3i 306iJbIIeHHAM
KOHIeHTpanii kaouiHy (Big 0 o 40 % mac.) y cycneHsii, sika nojgaerbcs A1 3D-apyky, ii B’A3KicTb 3pocTag, a 3i
3pPOCTAaHHAM TeMNepaTypH, IpH SKil KaoJiH nonepeaHbO TepMiYHO 06p0OG6JIABCA Nepej NPUroTyBaHHAM CycneHs3il
(Biz, 0 go 600 °C), B’A3KicTb, HaBNaKH, 3MeHIIyeTbcA. Pi3uko-ximiuyHi mpounecu, mo BiAGYyBalOTbCA mHiA 4ac
HarpiBaHHs KaoJliHy, 6y/IM OXapaKTepu30BaHi MeTOJOM TepMi4YHOro aHanaisy, iHppadyepBoHOi cneKTpockomii Ta
HHU3bKOTeMIepaTypHoi ajcop6uii-gecop6uii a3oTy. Pe3ysibTaTh NOKa3yloTh, 0 HarpiBaHHA KaoJiHy Buie 450 °C
BeJie A0 JerigpoKcuaiBaHHA, a npu 640 °C Big6yBa€eTbCcA HOro NepeTBOPEeHHA Ha METAKaoJIiHIT. YHAacC/IiA0K 1bOro
3HUKaWTh [Y-cMyry, mo BiANOBiAAIOTh CTPYKTYpPHiN BOJi, a MUTOMA NOBepxHs, BU3HayYeHa 3a moges/uiw BET,
3MeHIyeTbcA 3 22.8M2/r o 15.2 M2/r. 3MeHIIeHHA B'A3KOCTi cycneH3ii 3 TepMiYHO 06pOG/JIE€HMM KaoJIiHOM,
MMOBipHO, NOB’si3aHe 3i 3HM)KEeHHSAM B3a€MoOJii MK YacTUHKaMu KaoJiHy Ta ¢oTomosiiMepHOI0 CMOJIOW mic/s
BHUAAJIEHHS] CTPYKTYpHOI BoAu. MoAenoBaHHA Ta HiAroroBka o 3D-ApyKy kKepamiyHUX MaTpuib i TpUMadiB
MeMO6paH BUKOHYBAJIMCS 3 BUKOPUCTAaHHAM NporpamHoro 3a6e3nedyeHHs Autodesk Fusion 360 Ta Anycubic Photon
Workshop. OTpumaHi pe3yabTaTH cBiguaTh, 10 MeTos DLP no03BosmmB chopMyBaTH CTPYKTYPHO LijlicHi KepaMiyHi
MaTpHULi Ta ycnilHO HAAPYKyBaTH TpuMadi Mem6paH. Takum ynHOM, TexHoJioriss DLP 3D-aApyKy BiAKpuUBa€ 3Ha4Hi
nepcrneKTUBH JJIs1 BUTOTOBJICHHS celiiai3oBaHUX KepaMiYHMX MaTpHIb i TpMMa4iB MeMGpaH.

Karwuosi caosa: 3D-apyk; TexHosorist DLP; doTonosimepHa cMoJ1a; KepaMidyHa MaTPHIS; KaosIiH; MeMOpaHHI MoAy.Ii.
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Introduction

The recent rise in popularity of ceramic
membranes can be attributed to their
physicomechanical properties, which include

mechanical strength, hardness, and resistance to
biofouling and corrosion [1; 2].

Additive manufacturing (AM) technologies are
currently employed in a number of different
industries, including construction, aerospace,
automotive, thermal power, chemical, food, and
medical, as well as in electronics and water
treatment technologies [3]. To address a wide
range of complex tasks, AM technologies employ
a variety of materials, including ceramics,
plastics, metals, liquids, powders, and even living
cells. Despite the gradual adoption of AM
technologies in the fabrication of ceramic matrix
for water treatment, there is a growing interest in
adapting AM processes to produce defect-free
ceramic materials that can serve as reliable
membranes in wastewater treatment processes
[4-6].

Ceramic AM printing technologies are typically
classified into two main categories: single-step
and multi-step processes. In single-step
processes, ceramic materials are sintered in a
single stage, with examples including SLS, SLM,
and DED laser technologies [7]. In contrast, multi-
step processes entail the formation of an initial
“green body” which is then subjected to a second
stage of thermal treatment. This process is
employed to remove the binding material and to
sinter the product. Examples of such technologies
include LOM, FDC, DIW, BJ, and DLP [8-11].

In digital light processing (DLP) technology,
the “green body” is formed through the
photopolymerisation of a photosensitive resin
[12-14]. The use of a more cost-effective UV
radiation source has led to the widespread
employment of DLP technology for ceramic
printing, with the manufacturing of ceramic
matrix being considered a particularly suitable
application [15-17]. The preparation of a DLP-
printable suspension requires the
homogenisation and dispersion of ceramic
powder within an organic liquid base, resulting in
a colloidal suspension that must meet stringent
requirements regarding viscosity, stability, and
photosensitivity [18-20].

The work [17] identifies a number of
challenges that must be addressed during the
DLP printing process in order to obtain
suspensions with the requisite rheological
properties and an absence of residual bubbles. It
has been demonstrated that the parameters of

the suspension are dependent on a number of
factors, including the nature and moisture
content of the ceramic components, their affinity
for the resin and organic solvents, the particle
size distribution of the ceramic powders, and the
degree and uniformity of their homogenisation in
the suspension.

Another study [21] highlights the significance
of utilising ceramic materials with submicron
particle sizes in DLP printing. This approach
ensures the production of smoother printed
layers, optimised packing of ceramic particles in
the “green body”, and a reduction in shrinkage
following sintering. In these studies, particular
attention was paid to the preliminary treatment
of ceramic particles and the suspension
preparation methodology, with the objective of
achieving an acceptable quality outcome. The
authors utilised alumina and silica powders with
a low specific surface area (1.6 m?/g) and a
particle diameter of 2.5um, which were
subjected to a two-hour vacuum drying process
at 150 °C prior to use. The ratio of powder to
resin was 34 vol.% : 66 vol.%. The preparation
procedure entailed a two-stage mixing and
homogenisation process. Initially, the mixture
was stirred in a dry mixer at 300 rpm for
20 minutes. Subsequently, it was mixed in a
planetary centrifugal mixer under two distinct
combinations of speed and time (i.e, 1800 rpm
for 2 minutes and 1200 rpm for 5 minutes).

It can be seen, therefore, that the quality of the
printed material and the characteristics of the
“green body” are dependent on the rheological
properties of the ceramic suspension. As
documented in [22], an augmentation in
suspension viscosity impeded the recoating of the
solidified layer with a fresh suspension, resulting
in  unanticipated layer thicknesses and,
subsequently, ceramic defects. It is therefore
essential to optimise the particle size distribution
of the ceramic components, their preliminary
treatment and the homogenisation procedure in
order to achieve the desired rheological
properties of the 3D-printing suspension, thereby
improving the quality of the “green body”.

The significance of the quantitative
composition of the solid ceramic component
within the resin and the chemical nature of the
organic phase of the suspension were explored in
[23]. At a low solid content (less than 40 wt.%),
the suspension exhibited the requisite rheological
properties for printing; however, following the
cessation of polymerisation, the formation of
cracks and delamination was observed in the final
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structure. Conversely, an elevated ceramic
powder-to-polymer ratio, essential for the
structural integrity of the final product, resulted
in a detrimental impact on the printability of the
ceramic resin due to augmented viscosity, which
impeded the flow of the liquid resin.
Furthermore, it was discovered that when the
suspension comprised solely the primary
components (polymer, photoinitiator, and
boehmite), uncontrolled resin polymerisation
occurred as a consequence of the strong light
scattering effect exerted by solid particles.
Nevertheless, the incorporation of the SUDAN III
dye (at a mere 0.15 wt.%), functioning as a UV
absorber, markedly diminished this adverse
impact by regulating the light path within the
liquid base. Furthermore, it was observed that the
addition of propanol had a beneficial effect on
maintaining the required viscosity level at a
sufficiently high solid-to-polymer ratio during 3D
printing.

In the context of DLP technologies, the
selection of an appropriate dispersant is also a
crucial factor in achieving a low viscosity while
maintaining an adequate solid-to-liquid ratio in
the suspension [24]. It has been demonstrated
that the dispersant exerts a direct influence on
interparticle interactions in UV-curable alumina
suspensions, which consequently affects their
rheological properties. Three distinct commercial
dispersants were subjected to analysis: oleic acid
(0A), an alkane-acrylic phosphate ester
(PM1590), and a copolymer dispersant (BYK111).
The use of BYK111 as a dispersant resulted in
improved wetting of alumina powders in the
photocurable resin, a reduction in viscosity (1.04
Pa-s at 30 rpm), the ability to achieve a denser
packing of the alumina powders, an increase in
the solid content (55 vol.%), and a slowing of
particle flocculation, which facilitated better
suspension flow.

A variety of metal oxide powders and clay
natural materials are used as ceramic materials
for the formation of ceramic matrices by
traditional methods [25], which determines their
choice in the formation of ceramic matrices by
additive technologies. However, in the context of
3D printing of ceramic materials, there have been
recent studies using kaolin as a cheap and
widespread natural material [26]. The use of
kaolin is usually associated with the manufacture
of monolithic materials, including the creation of
so-called technical ceramics: structures for
construction projects, such as cavity walls;
hermetic packaging for various purposes, works

of art and various accessories [27-28]. According
to the literature, the use of kaolin for these
ceramic products is due to its technical
characteristics:  good  strength, corrosion
resistance and good elasticity of the 3D printing
slurry. For example, work [29] shows the
possibility of high-precision printing of complex-
shaped kaolin ceramics using DLP technology.
The results indicate that the ceramics were
produced with a sufficiently high density
(2.38 g/cm3) and low shrinkage (17.35 %) at a
sintering temperature of 1200 °C. Nevertheless,
kaolin is mostly used for additive technologies,
mainly extrusion DIW methods, which help to
stabilise and reduce waste from the metallurgical
industry by incorporating it into printed ceramic
monolithic parts for various technical purposes
[30]. At the same time, there is virtually no
research in the literature on the manufacture of
porous kaolin-based ceramic materials by
additive technologies, including DLP, which could
serve as reliable matrices for the creation of
ceramic membranes. This emphasises the
relevance of finding ways and methods to involve
such a widespread and cheap clay material in the
process of obtaining ceramic matrices by 3D
printing.

In conclusion, the meticulous preparation of
DLP-printable suspensions can effectively
address intricate and pertinent challenges
encountered in the production of ceramic
materials. This is particularly crucial in the
fabrication of ceramic matrix, which are subject
to rigorous property specifications. As illustrated
in [4], the quality of a final ceramic membrane
produced through 3D printing is contingent upon
the attributes of the printing suspension, which
must possess a precisely defined composition to
ensure the desired viscosity, photo-optical
characteristics, and solid content.

The main objective of the study was to
establish the prospects of using DLP 3D printing
to produce ceramic matrices based on kaolin of
Ukrainian origin and membrane holders.

Experimental part

Materials and methods

For the preparation of the 3D-printing
suspension, High Speed Resin 2.0 (Anycubic,
China; viscosity: 75-85Pa's) and natural
Ukrainian kaolin from the Glukhovetsky deposit
(Ukraine) with a particle size fraction below 54
um were used. Borax (NazB407-:10H,0) and
potassium carbonate (K:CO3) were used as fin
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salts to reduce the sintering temperature during
the final heat treatment (sintering process).

For printing membrane holders, ABS-Like
Resin V2 (Anycubic, China; viscosity: 180-
200 Pa-s) was employed. All the photopolymer
resins used are photosensitive within the 365-
405 nm wavelength range.

The physicochemical transformations of
kaolin  during thermal treatment were
investigated by controlled heating to 1000 °C at a
heating rate of 5°C/min using a Q-1500
derivatograph (Paulik-Paulik-Erdey system). The
initial and calcined kaolin samples were
examined in the infrared range of 400-4000 cm-!
using a  Shimadzu  IRAffinity-1S  FTIR
spectrometer. The structural-adsorptive
properties of the kaolin samples were studied
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using low-temperature nitrogen adsorption-
desorption on a JWGB Meso 112 porosimeter.

The 3D models of «green body» of the ceramic
matrix and membrane holders were developed
using Autodesk Fusion 360. The 3D printing of
the «green bodies» for ceramic matrix and
membrane holders was performed on an
Anycubic Photon Mono M5s DLP 3D printer.

The removal of the organic component -
photopolymer resin  (so-called debinding
process) from «green body» was carried out in a
tube furnace in an inert environment (Ar) at the
temperature regime shown in Figure la. The
sintering process, as a result of which ceramic
matrices are obtained, was carried out in a muffle
furnace in the air environment according to the
temperature regime presented in Figure 1b.

1000 4

60 min

T .
0 200 400 600 800
T (min)

(b)

Fig. 1. Temperature regimes: (a) removal of the organic component from the «green body»,
(b) sintering process

The rheological properties of the kaolin-resin
suspensions were assessed using a rotational
viscometer VEVOR NDJ-9S (China) with spindle
No. 3. Viscosity was measured at 20 °C over a
range of rotational speeds. The consistency
coefficient (k) was determined from the slope
and intercept of log-log plots of viscosity versus
rotation speed (rpm), based on the power-law
model adapted to experimental conditions. All
suspensions were prepared as follows. The kaolin
samples were gradually added to the resin under
continuous stirring using an ultrasonic bath.

Results and their discussion

During the first attempts to produce a
suspension for 3D printing, a problem arose with
native (without thermal treatment) kaolin,
namely, when it was added in an amount of 20 %
to the photopolymer resin, the viscosity of the
suspension increased significantly, making the
suspension unsuitable for printing. Therefore, it
was decided to subject the native kaolin to heat

treatment. To investigate the processes occurring
during heat treatment, a thermal analysis was
first performed.

The resulting thermogram is presented in
Figure 2.

An analysis of the curves presented in Figure 2
leads to the following conclusions: in the
temperature range from ambient temperature to
450 °C, there is virtually no observed mass loss,
indicating the absence of physically adsorbed and
crystalline water that would be removed in this
temperature interval. Beyond the inflection point
(450 °C), the process of dehydroxylation begins,
whereby the structural water (-OH) is rapidly lost
from the aluminol surface. This is indicated by a
high rate of mass loss on the TG curves and an
endothermic peak on the DTA curve.
Subsequently, an exothermic peak
(approximately at 600 °C) occurs without mass
loss, indicating the formation of disordered
metakaolin (Al;Si;07). The exothermic effect
observed in the 850-960 °C range indicates the
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transformation  of metakaolin into an
aluminosilicate spinel (Si3Al4012), also referred to

as a gamma-alumina-type structure [24; 25].
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-22,5
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Fig. 2. Thermogram of kaolin K0 heating

An analysis of the curves presented in Figure 2
leads to the following conclusions: in the
temperature range from ambient temperature to
450 °C, there is virtually no observed mass loss,
indicating the absence of physically adsorbed and
crystalline water that would be removed in this
temperature interval. Beyond the inflection point
(450 °C), the process of dehydroxylation begins,
whereby the structural water (-OH) is rapidly lost
from the aluminol surface. This is indicated by a
high rate of mass loss on the TG curves and an
endothermic peak on the DTA curve.
Subsequently, an exothermic peak
(approximately at 600 °C) occurs without mass
loss, indicating the formation of disordered

metakaolin (Al;Siz07). The exothermic effect
observed in the 850-960 °C range indicates the
transformation  of metakaolin into an
aluminosilicate spinel (SizAl4012), also referred to
as a gamma-alumina-type structure [24; 25].

Furthermore, the impact of the treatment
temperature within the 300-600 °C range on the
structural-adsorptive characteristics of the
natural kaolin was investigated. Thermal
treatment was conducted under the specified
conditions listed in Table 1 for 120 minutes in a
muffle furnace under ambient conditions,
followed by cooling to room temperature. The
resulting samples are designated KO-K7 (Table
1).

Table 1
Thermal treatment regimes for kaolin samples
Kaolin sample KO K1 K3 K4 K5 K6 K7
Treatment T, °C Untreated 300 350 400 450 500 550 600

To determine the removal of structural water
from natural kaolin (KO) after thermal treatment
at different temperatures (K1, K2, K3, K4, K5, K6),
IR spectroscopy was carried out.
The IR spectra of the samples obtained are shown
in Figure 3. It can be seen that the kaolin is
heated to 500 °C, the structural water (in the
wavelength range of 3600-3700 cm™) is
completely removed. For samples K5-K7, which

were thermally treated at 500-600 °C, the IR
spectra show significant changes in the
wavenumber range of 500-1250 cm!, starting
from K4, indicating the removal of structural
water from the crystal lattice and consequently
the  transformation of  kaolinite into
metakaolinite. The IR spectroscopy results
correlate with the thermogravimetric analysis
data.
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Fig. 3. IR spectra of kaolin samples before and after thermal treatment

For investigation of the effect of thermal
treatment on the adsorptive-structural
characteristics of the kaolin samples (KO, K1, K3,
K5, K7), low-temperature nitrogen adsorption-
desorption measurements were conducted, and
the specific surface area was subsequently
determined. BET method was employed to obtain
the adsorption-desorption isotherms, which are
presented in Figure 4.

Thermal treatment of kaolin over the range of
300-600 °C induces structural and
physicochemical changes that affect its specific
surface area, surface activity, and behavior in
photopolymer suspensions. According to BET
analysis, the specific surface area of untreated
kaolin is 22.8 m2/g. Upon heating to 300 °C, this
value decreases to 15.1 m2?/g and remains nearly

KO

60+ .
50 BET Surface Area = 22,8 m%/g

G
;)E- —a— adsorb
el —=—desorb

constant for samples treated at 400, 500, and
600 °C (14.3-15.2 m2/g). This ~33 % reduction in
surface area is attributed to the collapse of the
interlayer porosity, partial stacking of lamellae,
and thermal densification of edge regions,
consistent with observations [31-32]. While BET
surface area decreases, the disordering of the
crystal lattice during thermal activation-
particularly at temperatures above 450 °C
produces chemically active, unsaturated surface
sites. These include Al3* and Si** coordination
defects and broken hydroxyl bridges, which
increase the surface reactivity of amorphous
metakaolin [31-32]. These changes have a
pronounced effect on the rheological properties
of kaolin-resin suspensions used in DLP 3D
printing.

60
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540
.-?é —+— adsorb
S —s=—desorb
>
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50 50 1
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Fig. 4. Nitrogen adsorption-desorption isotherms of kaolin
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Viscosity measurements using a rotational
viscometer showed that suspension behavior is
strongly dependent on kaolin pretreatment
temperature and its content in the suspension
(Figure 5). As can be seen, untreated kaolin (KO0)
led to very high suspension viscosities even at
moderate loadings (e.g, k=17.953mPa-s at
25 wt%), making it unsuitable for printing. This is
likely due to the presence of strongly hydrophilic
groups and hydrogen-bonding sites, which
promote interparticle bridging and hinder
wetting by the acrylate resin, this behavior is
attributed to the layered structure of kaolin,
which leads to aggregation [33].

Kaolin treated at 300°C (K1) yielded the
lowest viscosity at higher content (>30 wt%), yet
performed worse at lower concentrations. On the

120000

100000

80000

60000

40000

20000

Consistency coefficient (k}, mPa-s

;——dﬂﬁ‘;

other hand, Kkaolin treated at 600°C (K7)
exhibited markedly increased viscosity even at
25-30wt% of kaolin (e.g, k=59.871-
113.000 mPa-s), which can be linked to the
formation of highly disordered metakaolin.
Among thermally treated samples, Kkaolin
calcined at 500 °C (K5) demonstrated the lowest
viscosity: k=11.563mPa:s at 25wt%, and
13.456 mPa:s at 26 wt%. Therefore, kaolin
calcined at 500 °C was found to be the optimal
ceramic  component for  DLP-compatible
suspensions in this system. Overall, it was
established that suspensions with a consistency
index exceeding 15.000 mPa:s cease to flow
under the model during printing and are thus
unsuitable for 3D printing.

T T T
0% 5% 10% 15%

T T T T T
20% 25% 30% 35% 40%

Kaolin content in resin (%)

Fig. 5. Dependence of consistency coefficient on kaolin content in resin and its calcination temperature

In addition, the consistency of kaolin
suspensions with photopolymer resin was also
observed visually. It was found that the
thickening of the suspension was observed when
using kaolin samples K0, K1, K2, K3, and K7. For
samples K4, K5, and K6, a slight thickening of the
suspensions was observed, as evidenced by
satisfactory spreading in the printing vat.
Therefore, to use kaolin as a ceramic component
in the preparation of a suspension for 3D
printing, it is necessary to heat it at least at
450 °C, which prevents a significant increase in
the viscosity of the suspension.

Then, an investigation was conducted into the
photopolymerisation  process, utilising a
suspension prepared with the selected kaolin
sample, designated as K5. Kaolin K5 was
gradually introduced to the photopolymer resin
(26 wt% of kaolin), with continuous mixing in an
ultrasonic bath. A portion of the resulting
suspension was poured into a mould (Figure 6a)
and exposed to direct UV radiation (3 W, 395 nm
UV lamp) for 15 minutes (Figure 6b). This led to
the successful polymerization of the mixture,
which will be capable of forming «green body».
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Fig. 6. Kaolin K5-photopolymer mixture: (a) before UV irradiation; (b) after UV irradiation

The stability of this suspension was also
investigated. For this purpose, the suspension
was placed in a test tube and visually observed
for 2 days. During this period, the suspension did
not delaminate, which indicates its stability and is
quite sufficient for using such a suspension for 3D
printing.

Next, ceramic matrix and membrane holders
were modelled. 3D model of the ceramic matrix
was created using the functionality of the

Autodesk Fusion 360 software. Figure 7a
illustrates 3D model of matrix with diameter of
25mm and height of 2.4 mm. Following the
creation of 3D model, it was prepared for 3D
printing using slicing software, which generated
the model supports and layer-by-layer print files.
The preparation of the model for printing on the
photopolymer printer was conducted using
Anycubic Photon Workshop v3.1.4 software.

(c)

(d)

Fig. 7. Stages of ceramic membrane fabrication: (a) 3D CAD model; (b) «green body»; (c) sample after debinding
stage in inert atmosphere; (d) sample after sintering stage at 1100 °C

The 3D printing process was initiated by
importing the completed 3D model file (.stl
format) into the Anycubic Photon Workshop
slicer for print preparation. The suspension (26
wt% of kaolin) utilized for membrane printing
comprised 125 g of photopolymer resin, 46.38 g
of kaolin, 3.5 g of borax, and 3.5 g of potassium
carbonate. During the 3D printing process, the
photopolymer resin was polymerised under UV
irradiation, with the assistance of a photoinitiator
present in the resin, which facilitated the
formation of a solid «green body». The resulting
«green body» after printing is shown in Figure
7b. As can be seen, the obtained «green body»
was printed without visible defects and with

precise geometric shapes, forming a strong
composite system.

The «Green body» was then subjected to
thermal treatment, first in an inert atmosphere
(Figure 1a), followed by treatment in air (Figure
1b), resulting in the successful formation of a
kaolin-based ceramic matrix. Consequently, after
the debinding and sintering processes, the
printed sample retained their shape and
geometric integrity (Figure 7c and 7d) without
any visible cracking or warping, confirming the
suitability of the kaolin-resin formulation for
thermal processing. The samples obtained in this
way are considered as ceramic membrane
matrices for subsequent deposition of
intermediate and selective layers that will
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determine their transport properties. It should be
noted that the obtained matrices were
characterized by low mechanical strength, which
requires  further  optimization of their
composition and temperature conditions.

The subsequent stage in the creation of
complete membrane modules was the modelling
and printing of a membrane holder for the
ceramic membrane. The methodology employed

=

(@)

for modelling the membrane holder was identical
to that used for the ceramic membrane. The
membrane holders were printed using ABS-Like
Resin V2 photopolymer resin, which provides
enhanced stability following polymerisation.
Figure 8 illustrates the designed membrane
holder model and the corresponding printed
sample.

T

(b)

Figure 8 - Membrane holder: (a) 3D model; (b) printed sample

The membrane holder was tested for leak
tightness using rubber O-ring seals, and the
results demonstrated complete hermeticity.
Consequently, in the work, «green body» of the
ceramic matrix and the membrane holder for it
were successfully modeled and printed on the
DLP printer. Despite the relatively low

Printing

i — W —

mechanical strength of the matrix, which requires
additional detailed studies to optimize the
composition of the matrices and their
temperature treatment, a new approach to
obtaining ceramic matrices and membrane
holders for them can already be proposed
according to the scheme shown in Figure 9.

Membrane module

-@-@-0-

Fig. 9. Schematic illustration of using DLP technology to create ceramic membrane modules

Therefore, it can be concluded that additive
manufacturing technologies, particularly DLP,
provide significant prospects for forming ceramic
matrix and their respective membrane holders,
including the production of custom-sized
components. This capability allows the creation
of membrane modules using a single technology.

Conclusions

The paper presents a study to explore the
prospects of using DLP 3D printing technology
for the fabrication of ceramic matrix and
membrane holders, with the aim of developing
ceramic membrane modules based on them. It
also demonstrates the possibility of using kaolin
as the ceramic component in the suspension for

DLP printing of «green bodies» of ceramic matrix.
It is shown that to use kaolin for the preparation
of suspensions for 3D printing, it must first be
subjected to thermal treatment.

The thermal analysis of the original kaolin
showed that dehydroxylation processes occur at
temperatures above 450°C, while at 600 °C
transformation to metakaolinite occurs. These
dehydroxylation processes are confirmed by IR
spectroscopy and low temperature nitrogen
adsorption-desorption, which are in full
agreement with literature data. In particular, the
IR spectra show the disappearance of bands
corresponding to structural water, and the
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specific surface area decreases from 22.8 m?/g to
15.2 m?/g.

The viscosity of kaolin-photopolymer resin
suspensions was investigated as a function of
kaolin content and its thermal treatment
temperature, and it was found that in order to
use kaolin as a ceramic component for the
preparation of suspensions suitable for 3D
printing, kaolin must be heat treated at least at
450 °C, but not exceeding 550 °C, due to the
absence of hydroxyl groups in such kaolin. It has
also been experimentally shown that when the
consistency coefficient of suspensions is
exceeding 15.000 mPa-s, the suspension is
unsuitable for 3D printing. The most suitable and
rational for 3D printing was found to be the
suspension containing kaolin thermally treated at
500°C, with a content of 26 wt% in the
suspension. This suspension was characterized
by a consistency coefficient of 13.456 mPa-s and
was such that it made it possible to obtain "green
bodies” with the subsequent production of
ceramic matrices without structural defects.

Autodesk Fusion 360 software and the
Anycubic Photon Workshop slicer were used to
model and prepare ceramic matrix and
membrane holders for 3D printing. The modelled
«green body» of the ceramic matrix and its holder
were successfully printed, demonstrating the
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