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Abstract:

Macroporous silica ceramic was obtained using clay and diatomite. Boric acid as a
low-cost additive in the amount of 1 wt% was used. These porous materials were obtained at
low forming pressure (40-80 MPa) and lower sintering temperature (850-1300 °C) for 4h in
air. The influence of boric acid, forming pressure, and sintering temperature on the
microstructure, porosity parameters, and mechanical properties of obtained porous monoliths
were investigated. As-received and the modified samples were characterized by X-ray
diffraction, FTIR, SEM, and mercury porosimetry measurements. As for modified clay and
diatomite, they were pressed at 60 MPa and then sintered at 1150 °C, obtaining porosities of
about 10 % and 60 %, respectively. Both of the analyzed samples had the pore diameter in the
range of macroporous materials. The pore diameters of clay samples are ranging from 0.1-10
wm, whereas the pore diameter of diatomite samples was slightly lower with values ranging
from 0.05-5 um. Modified diatomite samples have a lower Young modulus in comparison to
modified clay samples.
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1. Introduction

In the last few decades, significant progress has been made in the development of
porous materials from natural minerals. These new porous materials retain features of the
original materials. Porous ceramics provide an opportunity for combining important
properties of materials, such as high porosity with high strength and high thermal, mechanical
and chemical stability. This combination of properties is very important for various industrial
applications in advanced environmental applications as filters, heat insulators, absorbents,
catalyst supports, membranes, and chromatography columns [1-14]. Herein, we report the
utilization of clay and diatomite or diatomaceous earth as raw materials for the fabrication of
macroporous SiO, based material. We used economical and green strategy in contrast to
complicated processes which are usually applied in the synthesis of porous ceramics [15].
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Boric acid was used in the amount of 1 wt% which resulted in retaining original
porosity (at diatomite) and simultaneously providing consolidation of the materials. The
present work is committed to the comparison of various specific properties including
measurements of pore size distribution, total intrusion volume, morphology, mechanical
properties like Young modulus, and the Poisson ratio of the obtained porous monoliths which
became macroporous based on original porosity of clay and diatomite.

It has already been shown in our previously published research papers that higher
addition of H3BOj3 (2 wt%) in the clay and diatomite resulted in a significant increase in their
porosity [16-18]. The materials made of modified clay and diatomite opens the possibility of
designing materials with desired properties, which will be the subject of our future research.

2. Materials and Experimental Procedures
2.1 Purification procedure and preparation of samples

Clay and diatomite were used as raw materials from the surface coal mine Kolubara,
Serbia. Boric acid (Alkaloid AD) was used as an additive.

The same purification procedure has been done for as-received clay and diatomite.
As-received materials were purified by using thermal and chemical treatments before
processing. Organic impurities have been removed from the materials by heat treatment at
600 °C for 2 h in air. After thermal treatment, as-received materials were chemically treated
in an aqueous solution of 0.5 M HCI (p.a. 37 %, BDH Prolabo) (wt% 1:10). Suspensions were
stirred for 6 h at 60 °C. After decanting the liquid phase, residual sediment was dried at
120 °C until the constant weight. The starting mixture was prepared by homogenization of the
treated clay and boric acid in the amount of 1 wt%. The saturated aqueous solution of boric
acid has been prepared by dissolving boric acid in distilled water at 25 °C, aided by a
magnetic stirrer [19]. The boric acid solution was used in a quantity measured to the solid
weight of 1 wt%.

Prepared samples were denoted by C,,, and D, following the processing conditions:
a-applied pressure and b-sintering temperature while labels for C and D represent clay and
diatomite, respectively. The powders were pressed into pellets under different uniaxial
pressures: a = 40, 60, and 80 MPa. Pressed samples were sintered: b = 1000, 1150, and 1300
°C for 4 h in air. The sample sintered at 1000 °C, were damaged and disabled for use in
further analyses because of their friable nature.

2.2 Characterization

The chemical composition of as-received clay [16] is shown. Its main composition
includes (in wt%) SiO,-88.00, Al,0,-6.05, Ti0,-0.48, Fe,0,-2.06, Ca0-0.18, MgO-0.35,
Na,0-1.05, and K,0-1.76. The content of Al,O, is appreciably higher than normal due to the
presence of kaolinite in the sample (Chapter 3.1.; PDF no. 89-6538). The chemical
composition of as-received diatomite [17] is shown that its main composition includes (in
wt%) SiO,-73.68, Al,0,-12.28, Fe,0,-3.29, Ca0-0.70, MgO-0.44, Na,0-0.12, and K,O-
1.01. Samples were characterized at room temperature applying X-ray powder diffraction
(XRD) technique by using the Ultima IV Rigaku diffractometer, equipped by Cu Kay,
radiation, generator voltage 40.0 kV and current 40.0 mA. The range of 10-60° 26 was used
for all powders in a continuous scan mode with a scanning step size of 0.02° at a scan rate of
5 °/min. The functional groups of samples were studied by using Fourier transform infrared
(FTIR) spectroscopy. The powder samples with a small amount of KBr were pressed in a
mold and then introduced into a Thermo Scientific iD7 ATR Plates for Nicolet iS5 FT-IR
Spectrometer. Spectral data were collected between 1200 and 425 cm™. The morphology of
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clay and diatomite samples was investigated by using the Scanning Electron Microscopy
(SEM)-VEGA TS 5130 MM, Tescan. The mercury intrusion porosimetry was applied for
measurements of pore size distribution and total intrusion volume. The measurements were
performed by automatic porosimeter Fisons-2000 series (limiting pressure 200 MPa and pore
diameters from 7.5 to 15000 nm) and Carlo Erba-120 macropore unit (limiting pressure 0.1
MPa and pore diameter from 100.000 to 15.000 nm), and by applying for the data processing
program, Milestone 200. Poisson ratio (ugin) and Young modulus (Egi,) are determined based
on measuring ultrasonic velocity. The measurements were performed by using the equipment
OYO model 5210, according to the standard testing procedure (SRPS B.B8.12).

3. Results and Discussion
3.1 X-ray diffraction (XRD)

The XRD patterns of as-received and treated clay and diatomite, and C/Degg.1150, 1300 ar€
shown in Fig. 1. As-received material clay and diatomite were purified by using thermal and
chemical treatments.
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Fig. 1. XRD patterns of as-received and treated clay/diatomite and C/Dgo-1150, 1300;
S smectite (PDF no. 29-1490), K kaolinite (PDF no. 89-6538),
Q quartz (PDF no. 33-1161), Cr cristobalite (PDF no. 89-3606).
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In the X-ray pattern of as-received and treated clay, quartz (PDF no.33-1161)
followed by the appearance of clay minerals of kaolinite group, S smectite (PDF no. 29-
1490), and K kaolinite (PDF no. 89-6538) were identified. Cristobalite (PDF no. 82-1410) is
formed by recrystallization of quartz and appears in samples Cgo.1150 and Ceo-1300 (Fig. 1).

The XRD analysis revealed that the sample of as-received diatomite had a typical
opal structure [18, 27, 28]. The XRD pattern shows the broadening of diffraction lines in
regions around 15-25° of 26, which is associated with the presence of an amorphous silica
phase. Cristobalite (PDF no. 82-1410) is the major crystalline phase in the samples sintered at
1150 and 1300 °C, followed by peaks of quartz (PDF no. 33-1161) [18].

3.2 Fourier transforms infrared (FTIR) spectroscopy

The FT-IR spectra of all investigated clay samples’ (Fig. 2) characteristics have a
wide band at about 1000 cm™, which is assigned to Si-O-Si stretching vibrations. A small
wide band at 910 cm™ corresponds to Al-OH-Al bending vibrations stemming from OH in the
di-octahedral layer, which is observed in the spectrum of as-received clay [20].
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Fig. 2. FT-IR of the as-received, treated clay and diatomite and C/Dgo-1150, 1300-

In the spectrum of all analyzed clay samples, the characteristic band at 795 cm™ is
followed by a less intensive band at 775 cm™, which corresponds to a doublet of quartz [21,
22]. The band at 693 cm™ is assigned to Si-O-Si bending vibrations. The absorption band in
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the area around 520 cm™ is observed at the spectrum of as-received and a treated sample is
assigned to Si-O-Al bending vibrations stemming from oxygen in the octahedral layer. The
wideband at about 440 cm™ originates from the Si-O-Si bending vibrations [22].

In the FT-IR spectrum of all analyzed diatomite samples (Fig. 2) [17] the absorption
bands are at about 1050, 800, and 470 cm™ are the characteristic bands for SiO, modification
associated with the presence of amorphous opal silica phase. A rather weak absorption band is
at about 700 cm™ in the spectrum of as-received diatomite indicates that there is a partial
arrangement of this SiO, modification towards the cristobalite structure which was confirmed
by XRD analysis (Section 3.1). The absorption bands at about 1050 and 800 cm™ are assigned
to Si-O-Si plane vibrations while the band at about 470 cm™ refers to Si-O-Si deformation
vibrations. The weak absorption band at 915 cm™ indicates the presence of clay minerals in
as-received diatomite [23-26]. The absorption bands are at ca 620 cm™ in sintered samples,
530 cm™ only in as-received diatomite, and 470 cm™ in the spectrum of all analyzed diatomite
samples probably correspond to the combined Si-O (bending) deformation and Al-O
stretching vibrations [23-25].

3.3 Scanning electron microscope (SEM)

The microstructures of the polished materials C/D 49 60-1150, 1300 are shown in Fig. 3. In
the SEM images of the clay materials, grains are mostly agglomerated (Fig. 3).

Flg 3. SEM images of Samples C/D4o, 60-1150, 1300-
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The surface morphology has a large number of voids and connected pores between
irregularly shaped particles. The microstructure of the sample sintered at 1300 °C showed
pore merging for both applied pressures (40 and 60 MPa) [16-18].

The SEM images of diatomite reveal characteristic morphology, the well-known disk,
and capsule-shaped frustules with a circular opening in the middle (Fig. 3). Bimodal
distribution of pores is easily noticed in the diatomite sample modified with boric acid,
resulting from the combination of the inherent fine porosity of the diatomite grains and larger
intra-grain pores. The morphology of sintered samples at 1150 and 1300 °C, still retains some
fragments of the original diatomite honeycomb structure [17, 18, 27]. According to SEM
images (Fig. 3), which compare the porosity of clay and diatomite samples sintered at 1150
°C which is modified with 1 wt% of boric acid, the clay samples have a significant higher
pore diameter than diatomite ones [16-18].

3.4 Mercury intrusion

Fig. 4 shows the pore size distribution curves of the clay/diatomite samples modified
with boric acid, pressed at all applied pressure, and sintered at 1150 and 1300 °C, determined

by mercury intrusion porosimetry.
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Fig. 4. Pore size distribution versus pore diameter of samples C/Dyo, 60, 80-1150, 1300-

When it comes to clay samples, the average pore size diameter significantly decreases
with the increase of the sintering temperature from 1150 to 1300 °C (Fig. 4). In clay, where
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samples are pressed ranging from 40 to 80 MPa and sintered at 1150 °C, the pore size
distribution curves are situated from 2.5 um to over 10 pm which is substantially higher in
comparison to the samples obtained at 1300 °C (0.01-2.5 um). The samples sintered at 1150
°C have weak peaks within the range from 0.03 to 1.5 um which indicates the presence of a
group of smaller diameter pores. The samples sintered at 1300 °C have two shoulders at
around 0.1pm (0.05 pm) which also indicates the presence of another group of smaller pores.

The lower values of total pore volume (V,) and total porosity (P) of the samples
sintered at 1150 °C in comparison to the samples obtained at 1300 °C were observed (Tab. I).
On the other hand, the average pore diameters (PD) were higher at lower sintering
temperature (1150 °C, PD = 9um - 10 pum) in comparison to the samples sintered at the
higher temperature (1300 °C, PD ~ 0.4 um). Sintering of B,O3; and SiO; [29] in the presence
of impurities in clay [16] leads to melting processes [30-35] which leads to pore merging.
Two competitive processes like grain coalescence and pore merging determine the total
porosity. At higher temperatures, grain coalescence generally leads to the lowering of V,, PD
and P. Likewise, at higher temperatures pore merging causes large values of V, and P while
PD is lower (Tab. I). It means that the sintered sample at 1300 °C could have a large number
of smaller pores compared to the material sintered at 1150 °C resulting in higher values of V,
and P. In the analyzed samples, the boric acid has the role of sintering aid causing the local
melting of grain boundaries and particle/grain coalescence, but the net effect of sintering
results in increasing of V, and P at higher temperatures.

The pore size distribution from 0.15 to 10 um of the diatomite samples with boric
acid treated at 1150 and 1300 °C is observed (Fig. 4). The samples sintered at 1150 °C have
small peaks ranging from 0.01 to 0.15 um, which indicates the presence of a group of smaller
pores. From the form of curved patterns of the samples pressed at 40 and 80 MPa and sintered
at 1300 °C, it can be concluded that these samples have a broad peak below 0.01 um. Due to
better sinterability of diatomite samples caused by finer morphology of as-received diatomite
V,, of the samples sintered at 1300 °C were lower compared to the samples sintered at 1150 °C
(Fig. 4). Diminution of average pore size in the presence of the applied pressure is observed at
the samples obtained at the same temperature (Tab. I). Values of V,,, PD, and P decrease with
increasing pressure when it comes to diatomite samples sintered at 1300 °C. For the samples
sintered at 1150 °C only P increases with increasing pressure. Due to the finer structure, the
specific surface (Ss) of the diatomite samples is significantly higher compared to the clay
samples (Tab. I). Measurements confirm the well-known macropore character of the clay and
diatomite. These observations are in good agreement with the results obtained by SEM
analysis (Section 2.1).

Tab. | Summary of Hg-porosimetry data for samples of C,,/D,: total pore volume, Vp,
specific surface, S;, average pore diameter, PD, and total porosity, P.

Cat/Das V,, mm’g? Ss, m’g™ PD, nm P, vol%
Cao-1150 23 0.6 9784 6
Cé0-1150 43 45 8998 11
Cs0-1150 39 1.2 8998 9
Ca0-1300 37 0.6 286 9
Cé0-1300 52 0.9 556 12

. Ceoazo 51 0.6 48 11
Dao-1150 653 6.8 1726 50
Déo-1150 609 8.2 1076 57
Dso-1150 565 2.9 1554 58
D4o-1300 452 5.8 1800 50
Dé0-1300 416 8.3 1566 46

Dago-1300 345 1.6 1394 44
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3.5 Young modulus and Poisson ratio

Fig. 5 shows a variation of Young modulus in the presence of forming pressure at 40,
60, and 80 MPa of samples of clay and diatomite with boric acid sintered at 1150 and 1300
0
C.
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The samples Cgo-1150,1300 have a lower Young modulus in comparison to the samples of
Deo-1150.1300 (Fig. 5). Young modulus is dependent on the elastic properties of the material and
represents the mechanical properties of the material in the macroscopic sense. It is known that
Young modulus depends on the phase constitution, shape and size of grains, and the shape
and distribution of pores in the material. Young modulus for both groups of samples is
variable in a function of the forming pressure. Therefore, the modified clay samples have a
generally higher Young modulus in comparison to modified diatomite samples which are
caused by lower values of P and Ss for clay samples (Tab. I). Sintering of B,O3 and SiO, [29]
in the presence of impurities in the clay (Section 2.1) leads to low-temperature eutectic
reactions and melting processes [30-34]. The consequences of the local melting are the
appearance of the liquid phase at grain boundaries, which produces a glassy phase upon
cooling and therefore deteriorates the mechanical properties, like Young modulus [35].
Poisson ratio is ranging from 0.35 to 0.37 for all investigated clay/diatomite samples sintered
at 1150 and 1300 °C [16-18].

4. Conclusion

Macroporous SiO, ceramics based on the clay/diatomite were obtained by using an
inexpensive method. Boric acid in the amount of 1 wt% was chosen to provide pores during
sintering. The samples were pressed at 40, 60, and 80 MPa and sintered from 1000 °C to 1300
°C. Porosities of about 10 and 60 % are obtained for the samples of clay and diatomite,
sintered at 1150 °C. As for the clay samples sintered at 1150 °C, the pore size distribution
curves over the entire range of diameters are situated from 2.5 um to over 10 pm which is
higher in comparison to the diatomite samples (0.15-5 pum). In the SEM images of the clay
materials, grains are mostly agglomerated with a large number of irregular connected pores
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and voids between particles. The SEM images of the diatomite show frustules which have the
disk, capsule-shaped with a middle circular opening that is broken due to applied pressure.
The porosity of modified diatomite samples remains quite high even though boric acid was
added as a sintering aid. Modified diatomite samples generally have a lower Young modulus
in comparison to clay samples due to very high values of total porosity and specific surface
area which originated from the fine structure of diatomite.

Synthesis of macroporous materials based on the original porosity of clay and
diatomite opens the possibility of obtaining composite materials with desired properties. This
technique of creating new materials with boric acid can be further developed regarding the
potential application of modified clay and diatomite as catalyst or catalyst support in catalytic
processes and adsorbents in separation processes.
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Caxycemax:. Cunmemucana je Maxkponopo3Ha Kepamuka Ha 6a3u cuiuke NPUMeHoM 2iuHe u
Jujamomeje kao noaasHux cuposuna. Kao jepmun aoumus xopuuwhena je 6opra xuceiuna y
konuuuHu 00 1 mac.%. Cunmemucanu noposHu mamepujaiu O00OujeHu cy HA HUCKUM
npumucyuma @opmuparea (40-80 MPa) u nuckum memnepamypama cunmeposaroa (850-
1300 °C), 4 cama na sazoyxy. Ilpoyuen je ymuyaj 6opne Kucenume, HUCKOZ NPUMUCKA
Gopmuparba u HuUcKe memnepamype CUHMEPOsarbd HA MUKPOCMPYKIMYpY, napamempe
NOPO3HOCMU U MeXaHuuke ocobune 0obujenux monoauma. Ionasnu u mooughuxosanu yzopyu
Kapaxmepucawu cy ungpaypeenom cnekmpockonujom ca @ypujeogom mpancgopmayujom,
PEHO2EHCKOM OUDPAKYUOHOM AHATUZOM, CKEHUpajyhom enexmpoHcKOM MUKPOCKONUjOM U
JICUBUHOM — nOpo3uMempujom. 3a moougukosane yszopxe npecosane Hna 60 MPa u
cunmeposarne na 1150 °C dobujena noposnocm je oxo 10% 3a moougpurkoeany enumny, a 3a
Mmoougurosarny oujamomejy oxo 60 %. Ilpeunux nopa ko0 0obujeHux yzopaxa eiuHe je y
oncezy 0,1-10 um, 0ok je ko0 0obujenux y3opaka oujamomeje npeunux nopa y oncezy 0,05-5
um. Moougpuxosanu yzopyu oujamomeje umajy nugice epedHocmu Jyne0602 Mooyia y 00HOCY
Ha MOOuUpuKoBaHe y3opke 2iuHe.

Kauyune peuu: cunmeposarne;, MakponoposHoOCm, 2IunHa, oujamomeja; 6OpHa KUceruna.
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