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Abstract 

The aim of this study was to investigate a possibility of synthesis of porous ceramics with 
controlled open porosity, which could be used as sorbents and catalyst supports. Two 
organic additives were used to obtain open porosity: polystyrene beads and cellulose fibers, 
which are mixed with kaolin clay powder and the appropriate water content. Samples were 
sintered at 1050 oC for 1 h. Characterization of the obtained products included X-ray powder 
diffraction analysis (XRPD), Fourier-transform infrared spectroscopy (FTIR), scanning 
electron microscopy (SEM), thermogravimetric analysis (TGA) and elemental CHNS analysis. 
In addition, porosity was examined by quantification of visual information. The specific 
surface areas were determined by the Brunauer–Emmett–Teller (BET) method. Also, density 
and compressive strength of the obtained samples were assessed. It was determined that 
by sintering, the organic component completely leaves the system. For samples prepared 
with polystyrene beads and with cellulose fibers, satisfactory mechanical properties were 
obtained: compressive strengths were 1.42 and 1.56 MPa, respectively. It was noted that 
significantly higher open porosity was obtained by using polystyrene beads as a sacrificial 
template (porosity of 56 %) instead of cellulose fibers (porosity of 6 %). 
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1. INTRODUCTION  

High levels of heavy metals, metalloids, drugs, and other pollutants present in the environment may represent long-

term risks to human health and ecosystems, and therefore they have to be lowered to at least maximum allowable 

concentrations that the World Health Organization has recommended [1]. Amongst many methods for removal of 

pollutants from water, adsorption technology is mostly applied due to the highest efficiency [2-4]. 

Porous ceramics are widely used in adsorption, but also in heterogeneous catalysis to support catalytically active 

substances for waste gas treatment due to high porosity and permeability to liquids, as well as high thermal stability 

and low density of these materials [5-13]. There are numerous methods for the synthesis of either porous solid shapes 

or fine particles based on ceramics such as polymer replication [10,14], modified sol-gel method [12,15], sintering of 

green bodies prepared from starting ceramic powders [14,16], external gelatinization [17], etc. For example, a 

suspension of polymer particles in AlF3 was sintered to burn the polymer template and form reactive aluminum foam 

filters for the purification of molten aluminum [11]. Also, reticulated ceramic foams were prepared by dipping a polymer 

foam into ceramic slurry, controlled drying (60 oC for 72 h then 100 oC for 1 h) followed by sintering at 1250 oC for 2 h 

resulting in foams of various shapes and broad porosity range [14]. Mesoporous γ-alumina adsorbents for heavy metal 

removal were synthesized by a method based on modified sol-gel, using polymethyl methacrylate microspheres as 

templates for obtaining mesopores, while the alumina precursor was aqueous solution of Al2Cl(OH)5×2.5H2O. After 
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mixing, compressing, drying (48 h at 40 °C) and sintering at 800 °C for 5 h, highly efficient adsorbents for Pb2+, Ni2+ and 

Cd2+ with highly ordered porosity were obtained [12]. Similarly, macroporous γ-alumina spheres were produced by an 

external gelatinization, sol-gel based process for potential applications as adsorbents [17]. Activated γ-alumina powder 

was mixed with alumina sol, medium density fibreboard (MDF) powder and chemical precipitation media to enable the 

sol-gel transformation. The obtained gel spheres were aged, washed, dried and calcined at temperatures from 600 to 

1250 oC. The developed production method is efficient in the conservation of microporosity of the spheres, shown to 

be good adsorbents for Cd2+, Cu2+ and Zn2+ [17]. Porous alumina was also obtained from ceramic powders without using 

a polymer template by mixing corundum powders with aluminum hydroxide, which decomposed during the thermal 

treatment, and sintering at 1000 oC for 30 min. It was concluded that the fracture strength and fracture toughness were 

increased compared to ceramic prepared with only corundum when 90 wt.% of Al(OH)3 was mixed with corundum 

powder, and at the same time, highest porosity of some samples reached 62 % [16]. By described polymer foam 

replication or sacrificial template (polymethyl methacrylate microspheres) replication methods, desired shape and 

porosity of ceramics are obtained by burnout of the templates during sintering [12,18]. In addition, controlled open 

porosity in ceramic foams can be formed by gas bubbles, obtained by the use of foaming agents during ceramic 

preparation [19]. Previous studies have shown that it is possible to use NaOH as an effective foaming agent for the 

preparation of glass or glass-ceramic foams. Starting powders of soda lime glass were mixed with a solution of NaOH 

(10 wt.%) and sintered at about 750 oC in order to obtain a porosity of up to 92 % [20-23].  

The aim of this study was to examine the possibility of synthesis of ceramic sorbents and / or catalyst carriers with 

controlled open porosity, which will provide a high degree of sorption and homogeneous precipitation of catalytically 

active substances, i.e. high catalytic activity. In order to obtain porous ceramics with a hierarchically arranged controlled 

open porosity, polystyrene beads and cellulose fibers were used for the first time as a sacrificial template mixed with 

kaolin clay powder and appropriate water content. 

2. EXPERIMENTAL 

2. 1. Materials and methods 

In order to synthesize porous ceramic samples, the following materials were used: kaolin clay powder (99 %, Zorka 

Alas Kamen, Serbia), cellulose fibers (Đuraškovic Aleksej Ltd., Serbia), crosslinked polystyrene beads with phosphate 

groups (Lewatit® VP OC 1026, Lanxess, Germany) and demineralized water.  

Kaolin clay powder had particle size of 99 % under 43 μm, and the following chemical composition: SiO2 69.20 wt.%, 

Al2O3 18.90 wt.%, Fe2O3 1.40 wt.%, TiO2 0.83 wt.%, CaO 0.42 wt.%, MgO 0.46 wt.%, Na2O 0.10 wt.% and K2O 2.89 wt.% 

as provided by the producer (Zorka Alas Kamen, Serbia). Polystyrene beads had particle diameter in the range from to 

0.31 to 1.65 mm. 

Samples with polystyrene beads (G-PS-G) were obtained by mixing beads with dry powder of kaolin clay. The content 

of the beads was 27 wt.% (of total weight), which corresponds to about 70 vol.% of the dry mixture. After 15 min of 

mixing dry components, 40 wt.% of water was slowly added, and the mixture was stirred for another 15 min by using 

an IKA Eurostar 20 mechanical mixer (IKA-Werke GmbH & Co., Germany) at 250 rpm until thick paste was obtained. The 

content of water was previously determined experimentally and that is the minimal water content needed to obtain 

the paste that can be stirred by a mechanical mixer at 250 rpm. The paste was then manually pressed into cylinders in 

gypsum molds. The obtained green samples, G-PS-G, were dried in air atmosphere for 48 h at room temperature. Slow 

drying was carried out in order to prevent cracking and to distribute humidity evenly in the volume of samples.  

The samples with cellulose fibers as a sacrificial template (G-CV-G) were prepared under the same conditions as the 

samples with polystyrene. To allow mixing by a mechanical mixer at the same speed as in the G-PS-G sample, about the 

amount of water added was about four-fold higher. The water content was previously determined experimentally as 

the minimal amount that enables stirring of the paste by mechanical mixer at the specified speed. The cellulose content 

in the paste was 30 wt.%, and in the dry mixture it was approximately 70 %.  
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Green samples (G-PS-G and G-CV-G) were then removed from molds and sintered at 1050 oC for 1 h to obtain the 

final product (heating rate of 5 oC min–1). The obtain samples after sintering were denoted as G-PS-S (sample with 

polystyrene) and G-CV-S (sample with cellulose fibers). During each synthesis, five green samples were made and 

subsequently sintered. 

2. 2. Characterization 

Crystallographic structure investigation (X-ray powder diffraction, XRPD) of green and sintered samples was performed 

by using the Roentgen diffractometer (“Philips”, model PW-1710, Philips, Netherlands) with a curved graphite 

monochromator and a scintillation counter. Intensities of the diffracted CuK Roentgen radiation ( = 1.54178·10–10 m) 

were measured at room temperature at 0.02o intervals of 2, in the range 5 – 80o. The presence of the organic sacrificial 

templates in green and sintered samples was determined by Fourier-transform infrared spectroscopy (FTIR) using FTIR 

BOMEM MB series (Hartmann & Braun, country), in the range 4000-500 cm–1 with a resolution of 4 cm–1 in the form of KBr 

pellets. Thermogravimetric analysis (TGA) was performed by using a SDT Q-600 TA Instruments device (producer, country). 

The samples were heated in an alumina sample pan from room temperature to 700 o C at a heating rate of 10 o C min–1 

under nitrogen flow rate of 100 cm3 min–1. Amounts of carbon in the samples after sintering were determined by a Vario 

EL cube - Elementar CHNS analyzer (producer, country). The specific surface areas were determined by the Brunauer–

Emmett–Teller (BET) method, using an automated gas adsorption analyzer Micrometrics ASAP 2020 (producer, country). 

The morphology of the sintered samples was analyzed by using a Field Emission Scanning Electron Microscope (FESEM, 

TESCAN MIRA 3, producer, country)). Open porosity was examined at SEM images of sintered samples by using KVI 

software for quantification of visual information. Density values of the sintered samples were determined from the ratio 

of mass and volume. Afterwards, compressive strength of disc shaped specimens with diameter of 30 mm was determined 

by using a servo hydraulic machine Shimadzu UH - F1000kNI (producer, country) at the piston speed of 2 mm min–1. All 

analyses were performed by using minimum 5 replicate measurements. 

3. RESULTS 

Diffractograms of green (G-PS-G and G-CV-G) and sintered (G-PS-S and G-CV-S) samples are presented in Figure 1. 

Distinct peaks of kaolin, quartz and polystyrene or cellulose are observed in non-sintered samples. After sintering, kaolin 

peaks intensity decreases, the organic component completely disappears, while a phase which can be attributed to 

aluminum-silicon spinel appears.  

 

 
Figure 1. XRD spectra of green and sintered samples (K – kaolinite, Q – quartz, S - aluminum-silicon spinel, PS – polystyrene,  
C – cellulose) 
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FTIR spectra of the green and sintered samples are presented in Figures 2 and 3. 

 
Figure 2. FTIR spectra of green (G-PS-G) and sintered (G-PS-S) samples prepared with polystyrene beads  
 

 
Figure 3. FTIR spectra of green (G-CV-G) and sintered (G-CV-S) samples prepared with cellulose fibers  
 

The results of the TGA analysis are shown in Figure 4. The total weight loss in the sample G-PS-S was 0.44 %, while 

in the sample G-CV-S it was 0.31 %, which correspond to residues of organic components remaining after sintering. 

The CHNS analysis has shown carbon contents of 0.13 and 0.1 wt.% in G-PS-S and G-CV-S samples, respectively. 

The specific surface area of G-PS-S and G-CV-S samples was determined by the BET analysis yielding 0.33 m2 g–1 for 

G-PS-S and less than 0.2 m2 g–1 for G-CV-S. 

SEM images of sintered porous ceramic samples are presented in Figure 5. 
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Figure 4. Thermograms of sintered G-PS-S and G-CV-S samples 
 

    

   
Figure 5. SEM images of sintered porous ceramics: G-PS-S (a-c) and G-CV-S (d-f) 
 

Results of quantification of pore sizes and porosity of sintered samples, determined by SEM analyses and the 

Archimedes' method, are presented in Table 1. 
 

Table 1. Visual open porosity and mean pore size of sintered samples prepared with polystyrene beads (G-PS-S) and cellulose fibers 
(G-CV-S) determined by analyses of SEM macrographs and the Archimedes' method 

Sample 
SEM analyses Archimedes' met. 

G-PS-S G-CV-S G-PS-S G-CV-S 

Visual open porosity, % 56 6 59.44 7.72 

Mean pore size, μm 340 5 / / 

Maximal pore size, μm 807 9 / / 

Minimal pore size, μm 64 2 / / 

Standard error, μm 29 1 0.75 0.02 

Standard deviation 201 2 1.69 0.05 
 



Hem. Ind. 76 (2) 87-95 (2022) V. D. NIKOLIĆ et al.: SYNTHESIS OF NOVEL SORBENTS AND CATALYST CARRIERS 

92  

The results of the density and compressive strength tests of the sintered samples are shown in Table 2. 

 

Table 2. Density and compressive strength of the sintered samples prepared with polystyrene beads (G-PS-S) and cellulose fibers (G-
CV-S) 

Sample G-PS-S G-CV-S 

Mean compressive strength, MPa 1.42 1.56 

Stdandard deviation 0.032 0.022 

Mean density, kg m-3 1580 2210 

Stdandard deviation 71.64 70.77 

4. DISCUSSION 

XRPD analyses (Fig. 1) of the green sample G-PS-G has shown that the sample contained kaolin and quartz, while 

peaks at the 2 = 9.5 and 19o could be attributed to polystyrene [24]. After sintering, these peaks completely 

disappeared, which indicates that polystyrene is not present in the system anymore, which is consistent with FTIR, TGA 

and elemental CHNS analyses. In the green sample G-CV-G, the main phases are also kaolin and quartz while the peaks 

at about 2 = 16 and 22o can be attributed to the presence of cellulose. As in the case of PS, these peaks disappear after 

sintering, which is in accordance with other reported analyses [25]. In both sintered samples, a decrease in the intensity 

of peaks originating from kaolinite is observed, which is a consequence of the formation of the aluminum-silicon spinel 

phase (2 = 27 and 40o), which transforms into mullite at higher temperatures [26]. 

Figure 2 shows FTIR spectra of green (G-PS-G) and sintered samples (G-PS-S) prepared with polystyrene beads. The 

bands at 3693 and 3619 cm–1 present in the IR spectrum of G-PS-G are related to the vibration of hydroxyl groups in 

kaolin, i.e. Si–O(H)–Al, indicating the presence of these groups before sintering. Such conclusion is corroborated with 

the band at 1601 cm–1 which is assigned to the OH bending vibration. The peaks at 2978, 2958 and 2832 cm–1 are 

attributed to asymmetric and symmetric stretching vibrations of the methylene group present in the PS structure. The 

band at 1432 cm−1 is attributed to bending vibration of the C-H group [24]. 

The shoulders at 999 and 909 cm−1 were assigned to the kaolin in-plane asymmetric Si―O―Si stretching vibration [27]. 

Bands at 691 and 521 cm−1, which relate to symmetrical and asymmetrical Si―O―Si bending vibrations, respectively, 

describe the main vibration modes of the SiO4 structure. The band pattern with peaks at 790, 776 and 741 cm-1 correspond 

to Al-O-Al and Al-OH structure from Al2O3 overlapped with symmetrical Si-O vibration [28]. Also, in this region noticeable 

absorption form the PS structure, i.e. out-of-plane deformation vibration, was observed. 

Disappearance of the bands related to polystyrene and hydroxyl group in the sintered sample indicates that the PS 

structure decomposes after treatment at high temperatures without residual carbonaceous material in the structure of 

G-PS-S. After thermal treatment of G-PS-G appearance of the peak at 1034 cm−1 is a result of kaolin crystallization and 

sintering. Also, the bands at 796 and 777 cm–1 are attributed to bonds in the quartz structure, which is in accordance 

with results of the XRPD analysis showing a decrease in the intensity of the peaks which belong to kaolinite [29]. 

Green and sintered samples prepared in the presence of cellulose fibers were also studied by using FTIR spectroscopy 

(Fig. 3). Similar FTIR spectra of G-CV-G and G-PS-G were obtained with exception of the peak at 3327 cm-1 which appears 

due to OH stretching vibration originating from cellulose. Small band at about 2930 cm−1 is attributed to the CH 

stretching vibration of hydrocarbon group in cellulose. A band at 1633 cm−1 is associated with the bending vibration of 

hydroxyl groups in cellulose and hydroxyl group at the kaolinite surface, whereas the band at 1428 cm−1 is attributed to 

the bending vibration of C-H group [30,31]. Vibrations at wave numbers between 500 and 650 cm−1 are attributed to 

bonds in the aluminosilicate lattice of kaolin. High similarity of the spectra of G-PS-S and G-CV-S indicate similar surface 

functionalities and structures of both samples, which is also confirmed by the XRPD analysis. Thermogravimetric analysis 

(Fig. 4) confirmed that during sintering almost all amounts of polystyrene and cellulose leave the system. Presence of 

insignificant amounts of organic components in the sintered samples was also examined by the CHNS analysis 

confirming the same results obtained by the TG analysis (i.e. carbon content of 0.13 and 0.1 wt.% in G-PS-S and G-CV-S, 

respectively).  
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Specific surface areas of G-PS-S and G-CV-S samples determined by the BET analysis were low amounting to 

0.33 m2 g–1 for G-PS-S and less than 0.2 m2 g–1 for G-CV-S. A small value of specific surface area of sintered kaolin-based 

samples it was expected [26] and is the result of the applied sintering temperature-time regime. 

SEM analysis of the sample G-PS-S (Fig. 5a-c) clearly indicates the presence of particles of different sizes, having 

spherical shape and spongy structure. Unlike in the case of irregularly shaped particles, the spherical particle shape 

ensures their proper packaging during the sintering process, which is finally manifested by obtaining the final product 

with the required controlled porosity. Also, rough morphology of the particle surface is noticeable. The spongy structure 

and rough surface morphology are the result of polystyrene decomposition. Also, SEM analysis of these samples 

indicates that contacts were formed between individual particles. However, in some regions increase in the contact 

area was not observed, so that the sintering process was not complete. In accordance with the results SEM analysis, 

further research should be focused on optimizing the temperature-time regime of sintering.  

The sample prepared with cellulose fibers (Fig. 5d-f) did not have satisfactory porosity. The pores are rare and small 

in diameter, which leads to the conclusion that a much higher content of cellulose fibers in the starting ceramic paste is 

required to obtain open porosity, while still it is uncertain if hierarchical porosity can be obtained with this material.  

As presented in Table 1, the sample G-PS-S had satisfactory visual porosity of 56 %, obtained by using only 27 wt.% 

of polystyrene beads. The mean pore size was 340 μm. On the other hand, 30 wt.% of cellulose fibers provided visual 

porosity of only 6 % with the mean pore size of only 5 μm. It is obvious that the lower content of polystyrene provides 

significantly higher porosity. 

Having in mind the SEM micrographs (Figure 3 a-c), in which particles of a regular geometric shape (spheres) are 

clearly visible, it could be assumed that during sintering irregularities in the particle packaging did not occur resulting in 

a uniform pore distribution, which significantly contributed to obtaining satisfactory mechanical properties [32, 33]. 

Namely, density of the sample prepared with polystyrene beads was 1580 kg m–3 while the compressive strength 

reached 1.42 MPa (Table 2), which is consistent with previous research results [29]. Silicon carbide particle reinforced 

mullite composite foams intended for various purposes had compressive strength of 1.11 MPa at the foam density of 

440 kg m–3 [29]. Alumina foams that were synthesized for use in photocatalytic water purification had compressive 

strength of 0.59 MPa [33].  

The obtained results show that higher, controlled porosity and satisfactory mechanical properties are achieved when 

polystyrene beads are used in the synthesis instead of cellulose fibers. 

5. CONCLUSION 

The goal of the present research was to investigate possibilities for synthesis novel sorbents and catalyst carriers 

based on ceramics with controlled open porosity. Two different sacrificial templates were mixed into starting ceramic 

pastes to obtain open porosity: polystyrene beads (27 wt.%) and cellulose fibers (30 wt.%). Samples were sintered at 

1050 oC for 1 h. Analyses of the obtained ceramics have shown that considerably higher open porosity was formed by 

using polystyrene beads (56%) than by using cellulose fibers (6 %). Also, satisfactory mechanical properties were 

obtained: compressive strengths were 1.42 and 1.56 MPa for samples prepared with polystyrene beads and cellulose 

fibers, respectively. Based on the obtained results, it can be concluded that it is possible to synthesize ceramics with 

controlled open porosity in the presence of polystyrene beads. These materials can find their potential application as 

sorbents and carriers of catalytically active substances, which will be the subject of further research through 

optimization of relevant parameters in the synthesis process.  
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(Naučni rad) 

Izvod 

Cilj ovog rada je ispitivanje mogućnosti sinteze porozne keramike sa kontrolisanom otvorenom 

poroznošću, koji se mogu koristiti kao sorbenti i nosači katalizatora. Dva organska dodatka su korišćena 

za dobijanje otvorene poroznosti: perle od polistirena i celulozna vlakna, pri čemu su bili pomešani sa 

prahom kaolinske gline i odgovarajućim količinama vode. Uzorci su sinterovani na 1050 oC tokom 1 h. 

Karakterizacija dobijenih proizvoda obuhvatala je rendgensku difrakciju praha, infracrvenu spektrosko-

piju sa Furijeovom transformacijom, skenirajuću elektronsku mikroskopiju (SEM), termogravimetrijsku 

(TGA) analizu i elementnu CHNS analizu. Pored toga, poroznost je ispitivana kvantifikacijom vizuelnih 

informacija sa SEM mikrografija. Specifične površine su određene BET (engl. Brunauer–Emmett–Teller) 

metodom. Takođe, kod dobijenih uzoraka ispitane su gustina i čvrstoća na pritisak. Utvrđeno je da 

sinterovanjem organska komponenta u potpunosti izlazi iz sistema. Za uzorke pripremljene sa 

polistirenskim perlama i sa celuloznim vlaknima dobijene su zadovoljavajuće mehaničke karakteristike: 

čvrstoće na pritisak su bile 1,42 i 1,56 MPa, redom. Primećeno je da je značajno veća poroznost dobijena 

korišćenjem polistirenskih kuglica kao žrtvene faze (56%) u odnosu na celulozna vlakana (6%).

Ključne reči: porozna sinterovana glina; 

kaolin; polistiren; celulozna vlakna 
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