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Abstract

Clay, as a sediment material, is an attractive option for the production of porous ceramics
due to its low price and high abundance. Porous ceramics possess a combination of essen-
tial properties of clay-based materials, including high porosity and thermal and chemical
stability, making them suitable for various industrial applications, such as filters, heat in-
sulators, and absorbents. In this study, thermally and chemically purified clay was mixed
with boric acid as a pore-forming agent. Obtained results reveal that different contents of
boric acid (2 wt.% and 0.5 wt.%) and variations in synthesis conditions, including low
pressing pressures up to 60 MPa and low sintering temperatures of 1150 °C and 1300 °C,
optimize the production of a filter medium with good separation and mechanical proper-
ties. Further, these findings indicate that an adequate combination of boric acid content
and synthesis conditions positively affects mechanical properties, including values of
hardness, Young’s modulus, compressive and tensile strength of clay-based filters. The
clay-based filter with 2 wt.% boric acid exhibited a larger maximum pore diameter of
nearly 0.2 mm, compared to the one with 0.5 wt.% boric acid. The filtering efficiencies of
both filters were tested on pharmaceutical-grade ciprofloxacin with removal efficiency
above 80% for two tested concentrations (6 uM and 9 uM).

Keywords: clay; boric acid; porosity; sintering; mechanical properties; clay filters

1. Introduction

In recent decades, significant advancements have been made in developing porous
materials from natural minerals. One of the oldest materials still in use today is clay. Ever
since the Neolithic era, when many of the clay ceramic vessels and artifacts we know to-
day were created, particularly during the time of the Vinca culture, considered the most
technologically advanced prehistoric culture [1], people have started to recognize the vast
potential of clay as a natural material for practical applications.

Filtration is a key water purification process that involves the passage of water
through a porous medium that removes impurities as the water flows through. The effec-
tiveness of water quality improvement through filtration relies on the extent to which the
filter material can retain or eliminate impurities. Porous ceramics, which originate from
clay, offer a combination of desirable material properties, including high porosity as well
as excellent thermal and chemical stability. These attributes make them highly suitable for
various applications, including filtration [2-5], thermal insulation [6-9], adsorption
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[10,11], catalyst support [12,13], and advanced environmental technologies, such as mem-
branes [14,15] and chromatography columns [16].

Numerous studies have been conducted on the production and application of clay-
based materials. For example, the removal efficiency of impurities and the microbial ac-
tivity of a ceramic filter produced from kaolin and soft wood, with clay and activated
carbon, were investigated [17,18]. Similarly, ceramic filters have been made from clay us-
ing optimized mixing proportions of clay and sawdust, an organic combustible material,
as well as with clay and boric acid, an inorganic additive [19-22]. Clay-based filters exhibit
enhanced filtration rates compared to those of conventional slow sand filters, particularly
when blended with fly ash [23]. Furthermore, it has been reported that the durability and
resistance of water filters can be improved by modifying the clay material through engi-
neering of soil characteristics, such as grain size and mineralogical composition [24].

During surface coal mining in the Kolubara mining basin near Belgrade, Serbia, a
considerable amount of clay is generated as a byproduct. This material is typically depos-
ited in open-air landfills, creating significant environmental concerns. However, the de-
posited clay has significant economic potential, as it is a low-cost, widely available raw
material suitable for the synthesis of porous ceramics.

The development of clay-based filters for purifying industrial water is currently un-
derway. This process involves using boric acid (HsBOs) as an inexpensive, environmen-
tally friendly agent to promote the formation of a porous structure. By applying a low-
temperature synthesis approach, the aim is to produce ceramic filters with a porous struc-
ture, which is achieved by burning out the additive during processing [20-22,24-27]. Boric
acid was added to promote the formation of a porous microstructure. When heated above
170 °C, boric acid dehydrates to form metaboric acid (HBOz), and, with further heating, it
converts into boron trioxide (B20s). The presence of HsBOs lowers the sintering tempera-
ture of silicon dioxide ceramics, thereby enhancing process efficiency. Even small addi-
tions of B20s to clay can significantly improve its performance and applicability. Since
ceramic materials are naturally susceptible to fracture, optimizing the microstructure to
enhance the effective tensile strength of these filters without compromising their porosity
or filtration capacity is also an important factor. In many industrial applications, filters are
expected to withstand long durations of service where tensile strength is a key indicator
of the material’s ability to resist fatigue and higher temperatures and maintain their geo-
metric integrity under mechanical stress during assembly. Despite the recognized im-
portance of tensile strength as a critical mechanical property, there is a notable scarcity of
literature on the subject.

One of the pioneering studies investigating the influence of B2Os on clay properties
was conducted by KokunesSoski et al. [20]. Subsequent articles provided a detailed char-
acterization of clay obtained from coal mines, as well as mixtures of clay with HsBOs con-
taining up to 2 wt.% of the additive [20-27]. These studies also examined the effects of
pressing pressure (40-80 MPa) and sintering temperature (850-1300 °C) on the formation
and properties of porous sintered compacts.

In this way, filters with tailored properties can be mass-produced from inexpensive,
readily available clay, a natural raw material. In the presence of HsBOs (as low-melting
glass), the sintering temperature of SiO: and alkali and alkali-earth oxides like MgO,
Na20, K20, etc. (originating from clay) will be lowered. During the cooling process, the
places where these oxides were present remain in the form of vacancies (pores). This study
showed that clay, as a natural source of SiO2 containing a small amount of HsBOs, can be
used as an additive to produce durable porous pilot SiOx-based filters [20-22,25-27]. Ac-
cording to all mentioned above, in previous work [20,25], the early phase of laboratory
level research performed on a series of samples synthesized by varying the content of
HsBOs up to 2 wt% used as a pore-forming agent, and by applying a pressure of up to 80

https://doi.org/10.3390/ceramics9070066



Ceramics 2026, 9, 66

3 of 16

MPa on compacts with a diameter of ~10 mm, and sintering them at lower temperatures
up to 1300 °C was discussed. It was reported that the microstructure and mechanical prop-
erties of macroporous sintered clay filters significantly depend on process parameters, but
with the remaining question of the specific application of each obtained ceramic filter.

This study focuses on developing a low-temperature synthesis method for a filter
based on porous ceramics with a macropore size by burning out the additive [2,3,17,18].
Based on previous findings, powder mixtures containing 0.5 wt.% and 2 wt.% HsBOs were
selected for filter production [20]. The clay from the Serbian Kolubara mine, as a natural
source of 5iOz, was used for the production of ceramic filters in this work. Until now, no
optimization of the content of HsBOs and sintering parameters has been performed on
Kolubara mine’s clay to produce a filter that balances permeability and mechanical prop-
erties for application in various industrial and urban wastewater treatments. The effects
of processing parameters on the filtration performance characteristics of clay monoliths
were systematically studied, with the main focus on the removal efficiency of suspended
matter from solution after biological processes. Moreover, the influence of process param-
eters on tensile strength was discussed. To the best of our knowledge, this is one of the
few studies to propose the use of simple and inexpensive resources, such as clay from the
Serbian Kolubara mine, for the production of efficient and reliable filters suitable for ap-
plications. Particularly, these filters are suitable for application in less developed regions
with limited capital investments in water purification infrastructure.

2. Materials and Methods

The chemical composition of clay from the Kolubara coal mine (44°28'31.2" N,
20°14'16.2" E) in Serbia was determined using inductively coupled plasma spectrometry
(Spectro-Flame, Spectro-Analytical Instruments, Kleve, Germany). The results are listed
in Table 1.

Table 1. Chemical composition of the clay in percentage of weight (wt.%).

Element Al20s3 Fe20s TiO2 MgO CaO Na:0 K0 SiO:
wt. % 6.05 2.06 0.48 0.35 0.18 1.05 1.76 88

The analysis revealed that the clay is primarily composed of SiO», with additional
components such as Al20s;, Na20O, and K2O present as impurities (Table 1). It should be
noted that the clay from the Kolubara surface mine in Serbia has been previously charac-
terized in detail elsewhere [20,26].

2.1. Preparation of Clay for the Synthesis of the Pressing Mixture

Raw clay, granulated to a particle size of 250 um, was thermally treated in air at
600 °C for 2 h to remove organic impurities. The clay was then leached with an aqueous
solution of 0.5 M HCI (p.a., 37%, BDH Prolabo, Sremska Mitrovica, Serbia) at a solid-to-
liquid ratio of 1:10 (wt.%) to reduce the iron oxide content. After decanting the liquid
phase, the residual sediment was washed with distilled water until reaching a pH of ap-
proximately 5.5 and subsequently dried to constant weight at 100 °C in a laboratory oven.
The dried purified clay was then granulated to a particle size of 250 pm.

2.2. Preparing the Clay Mixture for Pressing

Based on previous research, powder mixtures for the manufactured filters were pre-
pared with 2 wt.% and 0.5 wt.% HsBOs. The clay mixtures were obtained by blending
purified clay with aqueous HsBO:s solution in weight ratios of 98:2 and 99.5:0.5, respec-
tively. Both synthesized powder mixtures were then granulated to a particle size of 250
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pm. The aqueous solution of HsBOs was prepared by dissolving 5.8 g of HsBOs powder
(Alkaloid AD, Skopje, North Macedonia) in 100 mL of distilled water at 25 °C using a
magnetic stirrer [28].

2.3. Pilot Filter Manufacturing

Pilot filters containing 2 wt.% and 0.5 wt.% HsBOs were prepared using 24 g of each
powder mixture (particle size of 250 pm) and formed on a laboratory uniaxial mechanical
cold press. The samples were pressed in a mold & 40 mm and a height of approximately
10 mm. Before sintering, all pressed samples were heated to 600 °C in air to remove HzBOs.
Red samples containing 2 wt.% HsBOs was pressed at 60 MPa and sintered at 1150 °C for
4 h in air. Gray samples with 0.5 wt.% HsBOs was pressed at 40 MPa and sintered at 1300
°C for 4 h in air. Figure 1 presents images of the sintered samples, while Figure 2 provides
a schematic illustration of the laboratory-scale manufacturing procedure.

Figure 1. (Left): Red and gray pilot filters with disk shape—1, and their corresponding test cylindri-
cal-shaped filters—2. (Right): The actual size of the red disk-shaped filters.

GRANULATED CLAY

HEAT TREATMENT

CHEMICAL TREATMENT

PREPARATION STARTING MIXTURE

GRANULATED STARTING MIXTURE

PRESSING

T 9T T ICICIC

SINTERING

Figure 2. Schematic representation of pilot-type filters made in laboratory conditions.
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2.4. Characterization of Microstructural Properties of Pilot-Type Filters

Samples were characterized by X-ray powder diffraction (XRD) using the Ultima IV
Rigaku diffractometer, equipped with Cu Kal,2 radiation (Rigaku, Tokyo, Japan). The
generator voltage and current were set to 40.0 kV and 40.0 mA, respectively. The range of
20 angle was 10-90° with a scanning step size of 0.02° at a scan rate of 10 °/min. An optical
stereo microscope (OM) Zeiss Stemi 508 (Zeiss, Oberkochen, Germany) was employed for
the investigation of the microstructure and pore distribution at the surface of the observed
pilot-type filters.

2.5. Characterization of Mechanical Properties of Pilot-Type Filters

The mechanical properties, including compressive and tensile strength, and Vickers
macro hardness, were determined on test tubes of the tested samples with 2 wt.% HsBOs
pressed at 60 MPa and 0.5 wt.% HsBOs pressed at 40 MPa before sintering at 1150 °C and
1300 °C, respectively, while tensile strength was measured on corresponding cylindrical
samples (Figure 1). Results were obtained from measurements performed on three test
specimens for each sample type.

2.5.1. Compressive and Tensile Strength

The compressive strength (o) was determined using an Instron testing machine (In-
stron, Norwood, MA, United States) equipped with a 10 kN load cell, and a crosshead
speed of 1 mm/min (Figure 3). The compressive strength was determined based on the
load applied at fracture of the cylindrical samples (about & 14, Figure 1) while the tensile
strength was determined on disk-shaped samples (about &J 38, Figure 1). Young’s modu-
lus (E) was calculated based on the axial strain in the linear elastic region of a material,
using the initial length and the reduced length of the test tube.

Figure 3. Gray samples with 0.5 wt.% HsBOs prepared for strength testing. (Left) shows a cylindrical
filter for compressive strength testing. (Right) shows a disk filter for tensile strength testing.

Indirect method (Brazilian test) was used to determine tensile strength (ot) according
to standard SRPS B.B7.127:2020 [29]-by using equation ot = 2F/(nDt), where F is the max-
imum applied load, 7t is a constant, D is the diameter of the sample, and t is thickness.
Young’s modulus and compressive and tensile strength were determined as the mean ob-
tained from measurements on three test specimens for each sample type.

2.5.2. Hardness

Vickers macro hardness (HV) was determined using the indentation method on a
Buehler 5101 instrument (Buehler, Lake Bluff, IL, USA). The HV value represents the ma-
terial’s resistance to penetration by a diamond, four-sided pyramid indenter with an apex
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angle of 136°, subjected to an applied load F(N). Measurements were performed on the
polished surfaces of the test specimens using a load of 0.5 kg and a dwell time of 10 s, with
indentation applied until the appearance of cracks. Vickers hardness is expressed as stress
on the indentation surface. The surface area of the indentation made by the diamond four-
sided pyramid was calculated using the mean value of the two diagonals. The Vickers
hardness was determined as the mean of measurements on 6 test tubes for the tested sam-
ples.

2.6. Methods of Testing the Functionality of the Pilot-Type Filter

The pilot filters were immersed in distilled water to neutralize their surface activity.
Passivation of surface activity was followed by measuring the electrical conductivity of
the distilled water in which the pilot filters were submerged, with results expressed in
uS/cm. After one day, the conductivity reached 5 uS/cm for the pilot filter containing 2
wt.% HsBOs and 12 uS/cm for the pilot filter containing 0.5 wt.% HsBOs. By the third day,
the conductivity of both tested distilled waters decreased to zero. For safety and stability
purposes, all filtration tests were conducted using filters that had been immersed in dis-
tilled water for seven days. The passivation process was completed prior to functional
characterization of the pilot filters.

The First Bubble Method

The functional characteristics of the pilot filters were evaluated under laboratory con-
ditions using the first bubble-point method, as described in the American Society for Test-
ing and Materials (ASTM) Standard F316 [30]. The in-house built setup for determining
the first bubble on tested samples (Figure 4) consisted of a compressed air source, a glass
U-tube filled with red-dyed water, a water bath containing distilled water, and a shell
with the pilot filter mounted on its upper side. Figure 4 shows two water baths containing
assemblies with a shell and a red (gray) pilot filter located to the right of the equipment
schematic. In the experimental procedure, air was introduced into the bottom of the shell,
which had been immersed in distilled water. The test concluded when the first air bubble
appeared on the surface of the tested filter.
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Figure 4. Schematic representation of the in-house built equipment for determining the first bubble
in the tested samples: (1) bottle with compressed air, (2) bathtub filled with distilled water, (3) glass
U-tube filled with red-dyed water, and (4) shell with (5) pilot filter. Equipment parts used to test the
red and gray filter with 2 wt.% and 0.5 wt.% HsBOs, respectively, are presented in the images located
to the right of the scheme.

The theoretical relation between this transition pressure and the bubble-point pres-
sure is expressed by D = 4 gcos q/P, where P (N/m?) is the bubble-point pressure, g is the
surface tension of the liquid (72 mN/m for water), and q is the liquid-solid contact angle
(which for water is generally assumed to be zero). The maximum diameter D (mm) of the
pores is expressed by relation D = K1/P where K1 = 0.288 N/m is the empirical factor
dependent on the filter material, form of the pores, and bubble point pressure.

2.7. Filtering Power

The filtration performance of the pilot filters was evaluated under laboratory condi-
tions using a suspension of water and soil. A glass bottle with an integrated filter was
connected to a water pump to simulate filtration. The suspension of water and soil was
prepared in accordance with the standard SRPS EN 12457-4:2008 [31], by mixing 1 L of
distilled water with 90 g of soil and agitating the mixture for 24 h using a custom-built
Vinca (44°4523.3" N, 20°36'17.7" E). The initial suspension and the corresponding filtrate
obtained from the pilot filters were analyzed and compared according to the Standard
Methods 2540 A. SOLIDS [32].

2.8. Ciprofloxacin Removal Efficiency

Ciprofloxacin (CIP) removal efficiency (REcr) by both filters was tested on the aque-
ous solutions of the pharmaceutical-grade ciprofloxacin hydrochloride suspended in
phosphate buffer (pH = 5) [33], with two concentrations of 6 uM and 9 pM CIP. CIP con-
centrations in the solutions before and after the filtration were tested commercially at the
Faculty of Pharmacy (Belgrade University) on the HPLC device with the UV detector. CIP
removal was calculated as RE¢;p(%) = 100 * (Cpefore — Catter)/Chefore Where Coefore and
Cafter are CIP concentrations (in pM) before and after the filtration, respectively.

3. Results and Discussion
3.1. Microstructural Properties

XRD analysis of the red and gray samples, made with 2 wt.% and 0.5 wt.% HsBOs,
respectively, identified quartz as the main crystalline phase in both samples (Figure 5). No
significant differences in phase composition were found among the samples formed with
different boric acid contents, pressures, or sintering temperatures. Minor variations in
peak intensities were observed between the samples, reflecting differences in HsBOs con-
tent, compaction pressure, and sintering temperature. Cristobalite was also detected on
XRD diffractograms of both samples (Figure 5) which was formed by quartz recrystalliza-
tions. Although the phase diagram of Rocket and Foster [34] shows that cristobalite forms
at about 1500 °C, the presence of B20s and alkaline-earth oxides in the raw clay lowers this
and promotes quartz recrystallization.

During the preparation of raw clay to make a pressing mixture (Section 2.1), the re-
duction in impurities through acid and heat treatments introduced changes in the struc-
ture, making the clay more porous [20]. OM analyses showed that some single plate grains
are visible in the red sample synthetized with 2 wt.% HsBOs. The surface of the red sample
pressed at 60 MPa and sintered at 1150 °C exhibits a more pronounced grain structure and
higher porosity compared to the gray sample with 0.5 wt.% HsBOs, pressed at 40 MPa and
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sintered at 1300 °C. Moreover, the gray sample shows a low glassy-phase content and
more pronounced grain merging, leading to reduced porosity (Figure 6).

F ——0.5 wt.% H,BO,, 40 MPa, 1300°C
——2wt.% H,BO,, 60 MPa, 1150°C

15,000 -

* quartz
e cristobalite

Intensity (a.u.)

20 angle (°)

Figure 5. XRD patterns of the red sample with 2 wt.% HsBOs, and the gray sample with 0.5 wt.%
HsBOs. Legend: asterisk (*) quartz (SiOz); dot () cristobalite (SiOz).

Figure 6. Optical microscopy images of the red sample made with 2 wt.% HsBOs pressed at 60 MPa,
before sintering at 1150 °C, and gray sample made with 0.5 wt.% HsBOs, pressed at 40 MPa, before
sintering at 1300 °C.
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3.2. Determining the Mechanical Properties of Materials Used to Make the Pilot-Type Filters

The results of compression measurements and tensile strength measurements by the
Brazilian method for both tested groups of samples, with representative curves (Force
versus time) given in Figure 7. It can be seen that the gray sample with 0.5 wt.% HsBOs
can withstand a higher load in both tests compared to red samples containing 2 wt.%
HsBO:s.

== 2wt%HBO, 60MPa, 1150 'C
5000+

== 0.5wi% H BO,, 40MPa, 1300 °C
4000 A
‘0
L
‘ ]
~ 30004 ’ \
Z ’ '
< ‘.
o ’ !
g o] -
— ’: . 7 I'
’ " : '
—— 2 wt.% H,BO,, 60MPa, 1150 °C 1000+ P e '
r .
—— 0.5 wL% H,BO,, 40MPa, 1300 °C . ,
- -
okzzZo-
6 8 10 12 14 16 00 05 10 15 20 25 30
Time (s) (b) Time (s)

Figure 7. Applied force on compacts to the first visible deformation of the red sample (2 wt.%

HsBOs), and a gray sample (0.5 wt.% HsBOs) using: (a) compressive test, and (b) Brazilian test.

Tested red samples containing 2 wt.% H3sBOs exhibited lower mechanical values com-
pared to the gray sample with 0.5 wt.% HsBOs (Figure 8). The measured compressive
strength values were 22.64 MPa and 69.60 MPa for the red and gray samples, respectively,
while the corresponding Young’s modulus values were 30.80 MPa and 71.27 MPa, respec-
tively (Figure 8a,b). The same trend was observed for tensile strength, where values were
2.72 MPa and 6.64 MPa for the red and gray samples, respectively (Figure 8c). Using the
indentation method (Figure 8d), the hardness values were determined to be 570 MPa and
880 MPa for the samples containing 2 wt.% and 0.5 wt.% H3BOs, respectively [22]. Good
mechanical properties of ceramic filters are required to follow their filtration capacities,
where compressive strength was identified as an important indicator of ceramic filter
quality. The measured compressive strength of the red porous filter, 22.64 MPa, was ob-
tained using 2 wt.% HsBO:s is almost identical to the value of 20.76 MPa reported in the
literature for homogeneous and dense-structured ceramics samples sintered at 1150 °C
[35]. Similarly, Zhu et al. [36] prepared porous ceramics from tungsten ore tailings as a
raw material, using polymethyl methacrylate as a pore-forming agent, and a compressive
strength of 14.10 MPa was obtained at a sintering temperature of 1200 °C. Comparing the
obtained mechanical values of red and gray filters with published literature demonstrates
that these filters are promising candidates for various industrial applications due to their
sufficient mechanical strength.

These results indicate that with a decreasing amount of HsBOs (gray sample), the
mechanical properties increase. It can be assumed that these results are a consequence of
a small amount of glassy phase present in the sample with 0.5 wt.% HsBOs, sintered at
1300 °C, which is responsible for binding the ceramic particles. Further, the increased
amount of Hs3BOs generates pore structure (red sample) and potentially leads to a weaker
structure and a change in the pore network (forming larger or less uniform pores), which
reduces the overall mechanical stability. These findings align with the surface analysis
results for both pilot filter types, as determined by XRD and MO, and previously dis-
cussed in Section 3.1.
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Figure 8. Mechanical properties: (a) compressive strength, (b) Young’s modulus, (c) tensile strength,
and (d) Vickers macro hardness of tested samples with 2 wt.% HsBOs and 0.5 wt.% HsBO:s.

3.3. Determining the Functionality of Pilot-Type Filters

A schematic illustration of the in-house built equipment used to determine the first
bubble point of the tested samples is presented in Figure 4. The setup consisted of a com-
pressed-air bottle, a glass U-tube filled with red-dyed water where Ah (mm H20) repre-
sents the difference in height between the water columns, a water bath filled with distilled
water, and a shell fitted with a pilot filter sealed to its upper surface. The bubble test was
used for gathering information about the pore distribution at the sample surface (Figure
9) and to determine the maximum pore diameter (D).

The bubble test showed an uneven pore distribution across the surface of both tested
samples. The pores were primarily grouped and shifted toward the rim of the sample in
both types of pilot filters (Figure 9)as}. Based on the bubble-point test results (Table 2),
the maximum pore diameter (D) of the pilot filters was calculated using D = K1/P. The
sample containing 2 wt.% HsBOs, compacted at 60 MPa and sintered at 1150 °C, exhibited
a maximum pore diameter of 0.1956 mm, while the sample containing 0.5 wt.% HsBOs,
compacted at 40 MPa and sintered at 1300 °C, showed a maximum pore diameter of 0.1335
mm [22].
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Figure 9. The schematic view of the surface pore location of the largest pores on the tested sample.
(Left): red sample with 2 wt.% HsBOs. (Right): gray sample with 0.5 wt.% HsBOs.

Table 2. Results of testing filter samples by the first bubble method: difference in height between
the water columns of the U-tube (Ah), bubble point pressure (P), diameter of the tested filter (R),
and maximum diameter of the pore (D).

Filter Samples Ah (mm H:0) R (mm) P (Pa) D (mm)
2 wt.% HsBOs, 60 MPa, 1150 °C 150 398 1471 0.1956
0.5 wt.% HsBOs, 40 MPa, 1300 °C 220 373 2157 0.1335

The sample synthesized with 0.5 wt.% HsBOs exhibited significantly better mechani-
cal properties and a notably smaller maximum pore diameter compared to the sample
synthesized with 2 wt.% HsBOs. The slightly higher sintering temperature of 1300 °C was
used for the gray-colored sample containing 0.5 wt.% HsBO:s facilitated merging the par-
ticles of clay materials into a more solid form and stronger particle bonding, resulting in
a denser structure with smaller pore diameters compared to the red-colored sample syn-
thesized with 2 wt.% H3BOs and sintered at 1150 °C.

Before testing the separation performance of the synthesized pilot filters, both types
of filters were passivated with iron leaching by immersion in distilled water to neutralize
their surface activity. The separation ability of the synthesized pilot filters was evaluated
under laboratory conditions: surface activity was determined by conductivity measure-
ment (uS) in aliquots of the tested filter after 1, 2, 3, 7, 14, and 28 days (Table 3).

After the first day, the conductivity was 5 uS for the pilot filter with 0.5 wt.% HsBOs,
and 12 uS for the pilot filters with 2 wt.% HsBOs. On the third day, the conductivities of
both tested aliquots were zero. Based on these results, filters should be immersed in dis-
tilled water for 7 days to neutralize their surface activity before safe use.

Table 3. Conductivity measurement (uS) over a time span of 28 days in aliquots of tested filter sam-
ples immersed in distilled water.

Filter Samples Conductivity (uS) in Function of Time

Time (Days) 1 2 3 7 14 21 28
2 wt.% HsBOs, 60 MPa, 1150 °C 12 1 0 0 2 2 1
0.5 wt.% HsBOs, 40 MPa, 1300 °C 5 0 0 0 2 2 1
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Analysis and comparison of the initial suspension and the corresponding filtrate
were carried out using filters sintered at 1150 °C with 2 wt.% HsBOs, which demonstrated
effective liquid permeability and impurity retention. The test water initially contained
2.769 g/L of impurities, which decreased to 0.899 g/L after filtration. The filter medium
was prepared with 2 wt.% HsBOs successfully removed approximately 67.5% of sus-
pended impurities [22]. In contrast, the medium sintered at 1300 °C with 0.5 wt.% H3BOs
allowed only a small amount of the initial suspension to pass through, which was insuffi-
cient for measuring impurity retention during testing.

The filter media prepared with 2 wt.% HsBOs and 0.5 wt.% H3sBOs achieved CIP re-
moval efficiencies REcie > 80% from 6 uM and 9 uM CIP aqueous solutions (Figure 10).
The 2 wt.% HsBO:s filter (red) demonstrated superior performance, reaching 100% REcr
for the 6 uM solution and nearly 90% for the 9 puM solution. Furthermore, the 0.5 wt.%
HsBO:s filter (gray) maintained REci > 80% for both tested CIP concentrations.

Bl 2 wt.% H_BO_, 60 MPa, 1150°C
0
[ 0.5 wt.% H,BO,, 40 MPa, 1300°C

100

80

60

40 4

Removal of ciprofloxacin (%)

20

6 uM CIP 9 uM CIP

Figure 10. Removal efficiencies (REci, %) of CIP in 6 pM and 9 pM aqueous solution, by 2 wt.%
HsBO:s clay filter (red) and 0.5 wt.% HsBO:s clay filter (gray).

The filter sintered at 1150 °C shows excellent separation capabilities but exhibits
lower mechanical durability. This filter has lower production costs due to the lower sin-
tering temperature compared to the filter sintered at 1300 °C. The latter possesses superior
mechanical properties, rendering it suitable for critical conditions, such as aggressive en-
vironments or extremely high temperatures. Furthermore, it can be concluded that the
addition of 0.5 wt% HsBOs does not significantly affect the properties of raw clay material
made out of boric acid, pressed at 40 MPa and sintered at 1300 °C.

3.4. Discussion Summary of Key Findings

Our findings, outlined in Table 4, highlight the performance of two synthesized filter
samples. The first sample was made with 2 wt.% HsBOs pressed at 60 MPa and then sin-
tered at a temperature of 1150 °C. The second sample was made with 0.5 wt.% HsBOs
pressed at 40 MPa and then sintered at 1300 °C.
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Table 4. For two filter samples: compressive strength (o), tensile strength (ot), Young’s modulus (E),
Vickers hardness (HV), maximum pore diameter (D), quantity of removing suspended impurities
(Q) and quantity of CIP removal (REcrr) from aqueous solutions of 6 pM and 9 uM. The first sample
contains 2 wt.% HsBOs was pressed at 60 MPa before being sintered at 1150 °C. The second sample
contains 0.5 wt.% HsBOs was pressed at 40 MPa before being sintered at 1300 °C.

o Ot E HV D Q REcrr (%)
(MPa) (MPa) (MPa) (MPa) (mm) (%) 6puM 9uM
2 wt.% HsBOs 22.64 2.72 30.80 570 0.1956 67.5 100.0 88.02
0.5 wt.% HsBOs 69.60 6.64 71.27 880 0.1335 - 82.10 85.11

Filter Samples

It is well known that HsBOs simultaneously acts as a pore former and a flux agent in
the production of ceramic-based filters. The effectiveness of HsBOs in ceramic filters rises
from balancing between the fluxing action, which ensures the ceramic has sufficient me-
chanical strength and stability, and the pore-forming action responsible for creating the
necessary open structure to allow filtration of fluids. Based on pore size analysis it is clear
that HsBOs at 2 wt.% enables better networks of pore formation. On the other hand, be-
sides quartz and cristobalite, the XRD results exposed a small amount of glassy phase,
which could be observed between 20 and 30 degrees of 20 angle (Figure 5). This finding
suggests the boric acids’ fluxing role at both 0.5 and 2 wt.% results in lowering the sinter-
ing temperature. The observed trends for tensile strength (Section 3.2) align with previous
findings regarding mechanical properties such as compressive strength at similar sinter-
ing temperatures [35,36]. Specifically, higher levels of pore-forming agents result in in-
creased porosity and, consequently, reduced mechanical strength. For comparison, sec-
ondary wastewater treatment, typically a biological process that uses microorganisms to
decompose organic compounds, achieves removal efficiencies of 70-90% of suspended
solids [37]. This process is often carried out via activated sludge systems or filtration
through filter beds, where wastewater is slowly distributed over gravel media to enhance
surface area for oxidation [37]. Similarly, Biological Aerated Filters (BAF) used for domes-
tic wastewater treatment have achieved reductions in particulate matter of about 73% [38],
comparable to the results obtained in this study. Furthermore, filtration using expanded
clay aggregates (Filtralite) for tap water with 9 mg/L of humic concentrate reduced total
organic carbon (TOC) by 60-80% at a filtration rate of 7.5 m/h [39]. Ceramic filters fabri-
cated from clay mixed with coffee bean residues and sintered at 900 °C for 4 h were also
reported to remove 42.99-59.21% of methylene blue and 79.95-92.72% of ortho-toluidine
blue dyes [40]. CIP is an important clinical antibiotic acting as a DNA gyrase inhibitor of
both Gram-positive and Gram-negative bacteria [33]. Chemically it is an ampholytic fluo-
roquinolone with pK = 6.09 for the carboxylic group and 8.74 for the nitrogen on the pi-
perazinyl ring with the isoelectric point at pH = 7.4 [33], which is why we tested it in
phosphate buffer at pH = 5. Both filters were very efficient (REcr > 80%) in CIP removal
from water solutions, with a maximal 100% removal using 2 wt.% HsBOs clay filter (red)
to filter 6 uM CIP. These results demonstrate the high efficiency of our filters in the re-
moval of complex synthetic substances from water solutions, such as active pharmaceuti-
cal ingredients. Further, results of testing the removal efficiency of suspended particles
from the corresponding suspension prepared according to the standard SRPS EN 12457-
4:2008 [31] indicate that the red filter with a pore size of ~200 pm possess good filtration
performance (particle removal 67.5%), while gray filter with pore size of ~133 um (Section
3.3) was able to pass a very small amount of the observed suspension. Based on this we
can declare gray filter as filter with no application in removing suspended particles from
this specified suspension. On the other hand, both filters, red and gray, have shown ex-
cellent filtration performance during CIP testing (Section 3.3). Moreover, the gray filter
exhibits superior mechanical properties, including tensile strength, which facilitates its
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deployment in chemically and thermally aggressive environments. These experiments
confirmed that sintered macroporous clay with controlled porosity in the macroporous area
can be used in industrial separation processes. Further removal capacities of both filters in
various environments merit future investigations.

4. Conclusions

Low-temperature synthesis of clay-based pilot filters was successfully achieved us-
ing HsBO:s as a low-cost and environmentally friendly additive to promote pore formation.
The filters were fabricated under mild processing conditions, with pressing pressures up
to 60 MPa and sintering temperatures up to 1300 °C.

For the synthesized filter media containing 2 wt.% and 0.5 wt.% HsBOs, the obtained
hardness values (570 MPa and 880 MPa), together with compressive strength (22.64 MPa
and 69.6 MPa), tensile strength (about 2.72 MPa and 6.94 MPa) and Young’s moduli (30.8
MPa and 71.27 MPa), confirmed the good mechanical stability of the sintered compacts.
Bubble-point testing showed that the largest pores (<0.2 mm) were unevenly distributed
across the surfaces of both samples. Filter medium containing 0.5 wt.% HzBOs has allowed
neglected amount of liquid suspension of water and soil to pass under the applied condi-
tions, whereas the pilot filter prepared with 2 wt.% HsBOs demonstrated effective liquid
permeability and an impurity retention of approximately 67.5%. It has been shown that
the filter with 2 wt.% HsBOs demonstrated superior performance, achieving 100% and 88%
ciprofloxacin removal for the 6 uM and 9 uM solutions, compared to the 0.5 wt.% HsBOs
filter, which had a removal efficiency of 82.1% and 85.1% for the same CIP concentrations,
respectively. The primary goal of this research was to demonstrate that filters made from
local clay from the Kolubara mine tailings can remove suspended matter from solution.
This method converts abundant and inexpensive natural clay, a mining by-product, into
a functional filter that supports circular economy principles. Future work will focus on
optimizing processing parameters to develop customized filter media for specific indus-
trial applications. Additionally, the next phase of research aims to design an innovative
wastewater treatment system that integrates clay-based filters with microalgae and bacte-
ria in a biological pre-treatment step, thereby providing a sustainable, cost-effective solu-
tion with the potential for significant positive environmental impact.
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