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Abstract

Herein, we present manifold possibilities of using saccharides and their derivatives in colloidal processing of ceramics. Sugar-

based compounds are attractive alternatives for commonly used organic additives, because they are renewable materials, 

are non-toxic to human skin, and have a positive influence on the rheological behavior and stability of ceramic suspensions 

which is reflected in the properties of green and sintered bodies. The examined substances include sugar acids (galactu-

ronic and lactobionic acid) as highly effective deflocculants for nanopowders; acryloyl derivatives of monosaccharides and 

sugar alcohols as organic monomers in gelcasting; polysaccharides as binders; and L-ascorbic acid as an activator of radical 

polymerization in gelcasting. The multifunctionality of the selected compounds as well as their thermal decomposition dur-

ing sintering of ceramics is discussed. The study also reviews the related literature focusing on sugar-based compounds in 

ceramic processing.
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1 Introduction

Saccharides (carbohydrates) are the most abundant biomol-

ecules on the planet. They compose the structural material 

of the cell walls of plants and bacteria (e.g., cellulose), play 

important roles in the lubrication of skeletal joints (e.g., hya-

luronic acid), and are major components of our diet (e.g., 

sucrose and starch). Moreover, saccharides are structural 

components of nucleic acids, RNA and DNA (e.g., deoxy-

ribose). The most common group of saccharides includes 

sugars. The term “sugars” refers to mono- and disaccha-

rides, which are sweet-tasting, water-soluble carbohydrates 

used in the food industry [1, 2]. The chemistry of saccha-

rides is comprehensive and covers not only simple sugars 

and polysaccharides but also their derivatives, such as sugar 

acids, sugar alcohols, deoxysugars, and aminosugars. Fig-

ure 1 presents the classification of saccharides and examples 

of compounds belonging to each group. Depending on the 

number of sugar units in a molecule, the carbohydrates are 

divided into monosaccharides, oligosaccharides, and poly-

saccharides. Monosaccharides are composed of one sugar 

unit and thus are also called simple sugars. Among them, 

aldoses and ketoses are distinguished sugars. Aldoses are 

aldehydes, and their endmost functional group is –CHO, 

whereas ketoses are ketones and contain a carbonyl group 

C=O as their endmost functional group. Then, depending 

on the chain length, monosaccharides are divided into tri-

oses, tetroses, pentoses, hexoses, and heptoses, both in the 

case of aldoses and ketoses. Among the two most common 

monosaccharides, glucose and fructose, the first one is an 

aldose and the second one is a ketose; both are hexoses with 

the general formula  C6H12O6. Moreover, as in case of many 

organic compounds, D- and L-enantiomers of saccharides 

exist, which are mirror images of each other.

The second group of carbohydrates, oligosaccharides, 

have 2–10 monosaccharide units. The best-known disaccha-

ride is sucrose composed of a glucose unit and a fructose 

unit. Sucrose is used in everyday life as table sugar. The 

other disaccharide—lactose—is composed of glucose and 
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galactose and is found in milk. The other oligosaccharides 

although less common, do occur in nature. Stachyose, for 

example, which is tetrasaccharide composed of two galac-

tose units—one glucose unit and one fructose unit—can be 

found in vegetables (for example beans).

The third group of carbohydrates are polysaccharides 

that contain from ten to several thousand monosaccharide 

units. They are divided into homopolysaccharides and het-

eropolysaccharides. Homopolysaccharides are composed 

of a single type of sugar unit, for example cellulose whose 

structure is the same as that a linear chain of linked D-glu-

cose units. Heteropolysaccharides, also called heterogly-

cans, contain two or more different monosaccharide units. 

Some well-known examples of heteropolysaccharides are 

hyaluronic acid (recently, more often used in cosmetics) 

and heparin (naturally occurring in humans and playing 

the role of anticoagulant).

Furthermore, there exist various derivatives of sac-

charides. Notably, sugar alcohols, such as xylitol or 

sorbitol, have been recently used as sweeteners to replace 

sucrose. An interesting example of a glucose derivative is 

L-ascorbic acid, which is well known as vitamin C and is 

a naturally occurring antioxidant. Finally, there are almost 

endless possibilities of the synthesis of any other deriva-

tives of saccharides with new properties and thus new 

Fig. 1  Classification of carbohydrates and examples of compounds belonging to each group (dashed line)
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applications in different areas, including ceramic technol-

ogy, the examples of which are presented in the following 

text.

Colloidal processing of high-performance ceramics 

requires effectively working processing agents like defloc-

culants [3], binders [4, 5], and organic monomers [6, 7]. 

The main challenge of colloidal processing of ceramics 

lies in achieving time-stable, low-viscosity aqueous sus-

pensions with high solid loading of well-dispersed non-

agglomerated particles [8]. Processing agents should influ-

ence these required properties of ceramic suspensions while 

realizing “green chemistry”. Thus, in colloidal processing 

of ceramic materials, saccharides are attractive alternatives 

for commonly used organic additives (including synthetic 

polymers). Most saccharides are renewable materials, inex-

pensive, non-toxic, and mostly water-soluble.

Responding to the above demands, this study presents 

various possibilities of using saccharide-based compounds 

in colloidal processing of ceramics. The main emphasis is 

placed on the discussion of the use of saccharides as defloc-

culants for nanoceramic powders and organic monomers in 

gelcasting. This study covers a summary of the research car-

ried out in Advanced Ceramics Group at Warsaw University 

of Technology, Poland, as well as provides a basic review of 

the literature related to this topic.

2  Saccharide-based compounds 
as de�occulants of ceramic nanopowders

2.1  Materials

Research was performed for  Al2O3  NanoTek® (Nanophase 

Technologies Corporation, USA) with an average particle 

size 47 nm (calculated from BET). The powder was a 70:30 

mixture of δ-Al2O3 and γ-Al2O3 phases with a density 3.53 

g/cm3 (measured on helium pycnometer AccuPyc II 1340, 

Micromeritics) and a specific surface area of 36  m2/g (meas-

ured on ASAP 2020 V3. 01, Micromeritics). The particles 

were spherical and agglomerated. The powder was used as 

received and after water leaching. Water leached powder 

was prepared based on the procedure described by Danelska 

et al. [9]. Water leaching allows the removal of impurities 

from powder surface [10, 11]. Two types of saccharides or 

their derivatives—commercially available and synthesized 

derivatives—were examined as potential deflocculants for 

nanoalumina powder. D-glucose, D-fructose, saccharose, and 

maltose were purchased from Avantor Performance Mate-

rials, Poland (formerly POCh, Poland). Turanose, galac-

turonic acid, and lactobionic acid were purchased from 

Sigma-Aldrich, Poland. Derivatives 1-O-methyl-D-fructose 

and 3-O-methyl-D-fructose were synthesized at Warsaw Uni-

versity of Technology as described in [12, 13]. Derivative 

3-O-methyl-D-glucose was purchased from Koch-Light 

Laboratories Ltd, England.

2.2  Rheological studies of nanoalumina 
suspensions

2.2.1  Suspensions containing mono‑ and disaccharides 

and their selected derivatives

Nanometric alumina aqueous suspensions with monosac-

charides, disaccharides, and monosaccharide derivatives 

were prepared in redistilled water at 20 °C. The content of 

nanopowder in the suspensions was 30 vol%. The content 

of saccharide-based compound was 3 wt% (based on the 

alumina powder). The suspensions were mixed in an alumina 

container in a planetary ball mill PM100 (Retsch) for 90 min 

at 300 rpm. Subsequently, the alumina aqueous suspensions 

were ultrasonicated (Model 3000 Ultrasonic homogenizer, 

Biologics, Inc.) for 15 min and then mixed again for 15 min 

in the planetary ball mill. The rheological properties of the 

suspensions were measured using Brookfield DV + II-Pro 

rheometer (Brookfield Engineering Laboratories Inc., USA). 

The shear rate increased from 0.1 to 100  s−1 and back to 

0.1  s−1. Then, the specimens were fabricated by slip casting 

on a porous alumina substrate in polyethylene molds. The 

densities of the obtained green bodies were measured by 

Archimedes’ method in kerosene.

2.2.2  Suspensions containing sugar acids

In the case of the use of sugar acids as deflocculants of nano-

metric alumina powder, the methodology of slurry prepara-

tion was modified based on the gained experience and obser-

vations. Nanoalumina powder purified by water leaching was 

used [14]. Sugar acids were dissolved in deionized water, 

and then, nanoalumina powder was added. Slurries were 

mixed in alumina containers in a planetary ball mill PM200 

(Retsch) for 60 min at 300 rpm. Then, the slurries were 

mixed and degassed in a THINKY ARE-250 Mixing and 

Degassing Machine for 8 min at 800 rpm (mixing) and 1800 

rpm (degassing). The contents of the nanopowder in the sus-

pensions were 45 and 50 vol%. The contents of galacturonic 

and lactobionic acid were 2 and 5 wt% (based on the alumina 

powder), respectively. The rheological properties of slur-

ries were measured using Kinexus Pro rheometer (Malvern 

Instruments) in a plate–plate geometry. The gap between 

plates was 0.5 mm. The shear rate increased from 0.1 to 

100  s−1 and then decreased to 0.1  s−1. Then, the specimens 

were fabricated by slip casting on a porous alumina substrate 

in polyethylene molds. The densities of the obtained green 

bodies were measured by Archimedes’ method in kerosene. 

The microstructure of the green samples was observed using 

a scanning electron microscope (SEM; Hitachi SU-8000). 
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DTA/TG measurements of the selected saccharides were 

carried out using Netzsch STA 449C coupled with a quad-

rupole mass spectrometer (Netzsch QMS 403C).

2.3  Results and discussion

Deagglomeration of ceramic nanopowders is an important 

issue that has been studied for many years. The possibility of 

obtaining well-dispersed nanoceramic suspensions of high 

concentration of the solid phase will contribute to homog-

enous densification of the material after sintering and prob-

ably limitation of grain growth. The use of selected saccha-

rides as deflocculants (dispersing agents) for nanoalumina 

was first described by Schilling et al. [15]. They discussed 

the influence of D-fructose and sugar alcohols on the viscos-

ity on nano-Al2O3 suspensions and pastes, and noticed that 

depending on the chemical structure of the saccharide, the 

rheological behavior of the suspension differed. A closer 

examination of the mechanism explained the relatively 

higher viscosities of nanopowder suspensions, and the vis-

cosity was reduced in the presence of monosaccharides by Li 

et al. [16], Ament et al. [17], and Cinar et al. [18]. They sug-

gested the “bound-water” mechanism, according to which, 

bound water exists around the nanoparticles, but does not 

serve as a solvent in the system. It behaves as a part of the 

powder, which increases the effective solid content and thus 

increases the viscosity of the suspension. However, because 

of the adsorption of the monosaccharides on the nanoparti-

cle surface, layers of bound water are meaningfully reduced.

Knowing that selected saccharides reduce the viscosity 

of the nanoalumina suspensions, we closely examined the 

chemical structure of monosaccharides and their methyl 

derivatives, which would allow the estimation of whether 

the orientation of hydroxyl groups in certain molecules is 

responsible for the ability to reduce the viscosity of nano-

Al2O3 suspensions. We examined the influence of the 

selected disaccharides and sugar acids on the rheological 

behavior of nanoalumina slurries. The chemical structures 

of the examined compounds are given in Fig. 2. In the first 

group of deflocculants, there were two monosaccharides: 

D-glucose and D-fructose and their methyl derivatives. In the 

second group, the disaccharides were saccharose, turanose, 

and maltose. Within the third group, there were two sugar 

acids: galacturonic and lactobionic. Notably, galacturonic 

acid is a derivative of a monosaccharide, whereas lactobi-

onic acid is a derivative of a disaccharide.

At first, the rheological properties of nanoalumina sus-

pensions with 30 vol% ceramic powder were examined. 

Figure 3 presents the viscosity curves of suspensions with 3 

wt% deflocculant with respect to alumina content. The vis-

cosity curves showed that suspensions with added D-fructose 

showed noticeably lower viscosity than those with added 

D-glucose, which agrees with the observations of Schilling 

et al. [15]. The lowest viscosity values were observed for 

methyl derivatives of D-fructose—1-O-methyl-D-fructose 

and 3-O-methyl-D-fructose. This behavior can be corre-

lated with the phenomenon of three-dimensional hydro-

gen-bonded structure of water and has been described by 

Falkowski et al. [19].

It was then expected that the methyl derivative of D-glu-

cose would also significantly reduce the viscosity of nanoa-

lumina suspensions. However, the addition of 3-O-methyl-

D-glucose only slightly decreased the viscosity compared 

with D-glucose. Thus, although monosaccharides and their 

methyl derivatives seem to be similar compounds, the dif-

ferences in the spatial structures in these molecules and the 

position of hydroxyl groups at the saccharide ring are key 

factors that determine the dispersing ability of the mole-

cules. Falkowski et al. [13] described the 3D structures of 

selected monosaccharides focusing on the axial and equa-

torial orientation of the hydroxyl group and the mutarota-

tion phenomenon. The deflocculating properties of sac-

charides were discussed based on the adsorption behavior 

of selected monosaccharides and sucrose on the alumina 

surface [20, 21]. The second important issue was intramo-

lecular hydrogen bonding in carbohydrates and its influence 

on water structure [22]. Figure 4 presents the influence of 

monosaccharides on the changes in the alumina surface. 

The surface of nanoalumina is completely hydroxylated and 

is composed of chemically bound water [16]. Water mol-

ecules near the surface constitute physically bound water 

as a result of hydrogen bonding with the surface hydroxyl 

groups. Nanoalumina particles are thus covered by water 

layers, which makes it difficult to obtain high solid load-

ing in aqueous suspensions. The presence of bound water 

and free water can be determined by differential scanning 

calorimetry (DSC) measurements at negative and positive 

temperature ranges [14, 16].

Saccharides may be adsorbed on the nanoalumina surface 

in two ways: first, by hydrogen bonding with surface -OH 

groups as shown by number 1 in Fig. 4, and second, through 

the substitution of the surface hydroxyl group and formation 

of complexes with the structural metal ions on the oxide 

surface (number 2 in Fig. 4). Figure 4 shows an example of 

a saccharide, 1-O-methyl-D-fructose. Adsorption of saccha-

rides makes the surface less available for water molecules 

and significantly reduces the layers of water around the par-

ticles. This leads to lower viscosity of nanopowder aqueous 

suspensions. The chemistry of alumina and its reactions in 

an aqueous environment were described in detail by Kaspr-

zyk-Hordern [23]. Glucose and cellulose adsorption on the 

kaolinite surface were discussed by Lee et al. [24]. Adsorp-

tion of saccharides depends on the pH of suspensions.

The addition of monosaccharides and their derivatives to 

the suspensions allowed us to obtain highly densified green 

bodies formed by slip casting. The density was 66% and 68% 
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of the theoretical density, respectively, for samples defloc-

culated by D-fructose and 1-O-methyl-D-fructose. Notably, 

the obtained green densities were unusually high and could 

be observed, and in the case of samples, be obtained by 

isostatic pressing instead of casting. This can be explained 

using the particle-size distribution and morphology of 

nanometric alumina. The particles are spherical in shape. 

Although the average particle size is 47 nm, the real parti-

cle size ranges between 10 and 100 nm. Because of the low 

viscosity of suspensions, the alumina particles can move 

and can be arranged easily during the casting of samples. 

Smaller particles fill the empty spaces between larger ones 

and provide a high packing density, which results in high 

green density.

The other examined group of potential deflocculants of 

nanoalumina powder included disaccharides, such as sac-

charose, turanose, and maltose. According to the viscosity 

curves shown in Fig. 5, it can be concluded that saccha-

rose allows us to obtain a suspension of the lowest viscosity 

among all three disaccharides; however, the dispersing prop-

erties are not as good as in the case of methyl derivatives of 

fructose. The viscosity of the suspensions with the addition 

Fig. 2  Chemical structures of 

saccharides examined as defloc-

culants of nanoalumina powder, 

*examined as both deflocculants 

(literature data) and activa-

tors of polymerization (own 

research)
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of turanose is slightly higher than that of suspensions with 

saccharose. Turanose is a structural isomer of sucrose [25], 

which means that the difference between these two com-

pounds lies only in their 3D structures. The addition of malt-

ose to the nanoalumina slurry does not provide satisfactory 

results, but a clear analogy to the results with the use of 

monosaccharides can be observed. Saccharose composed of 

glucose and fructose rings exhibits better dispersing proper-

ties than maltose composed of two glucose rings, which is 

similar to the case of monosaccharides; fructose exhibited 

better deflocculating properties than glucose. The research 

conducted with the use of disaccharides has, therefore, again 

revealed that the 3D structure, and thus, the position of -OH 

groups in a molecule is important factors when dispersing 

properties of saccharides are considered.

The third analyzed group of deflocculants included sugar 

acids. Two acids were chosen: galacturonic and lactobionic 

acid. Galacturonic acid is a derivative of the monosaccharide 

D-galactose, whereas lactobionic acid is a disaccharide com-

posed of D-galactose and gluconic acid, which is an oxidized 

form of D-glucose (Fig. 2).

Preliminary research revealed that with the use of the 

above-mentioned sugar acids, it is possible to obtain nanoa-

lumina suspensions with 30 vol% solid loading and low 

viscosity; therefore, the aim of the following experiments 

was to increase the content of the ceramic nanopowder. To 

accomplish this goal, alumina nanopowder was pre-treated 

with water leaching, which allowed purification of its sur-

face. Water leached nanoalumina powder was prepared 

Fig. 3  Viscosity curves of aqueous nanoalumina suspensions with the 

addition of 3wt % monosaccharides and their methyl derivatives

Fig. 4  Scheme of the arrangement of water layers around nanoalumina particles and the adsorption of 1-O-methyl-D-fructose through hydrogen 

bonding (1) and substitution of the surface hydroxyl group (2)
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based on the procedure described by Danelska et al. [9]. 

Mikkola et al. [10] and San et al. [11] showed that water 

leaching allows the removal of the impurities from the pow-

der surfaces. Figure 6 presents the viscosity curves of water 

leached nanoalumina suspensions. Addition of 5 wt% lac-

tobionic acid or 2 wt% galacturonic acid provided ceramic 

suspensions with high solid loading of 45 and 50 vol%. Such 

a high solid loading in nanoalumina suspensions combined 

with low viscosity has only been observed for sub-microme-

ter powders. This phenomenon was explained by Wiecinska 

et al. [14]. Similar to the conclusions of Li and Falkowski, 

the bound-water mechanism and 3D structures of the mol-

ecules were key factors with respect to the deflocculating 

properties of sugar acids. Densities of green bodies obtained 

by slip casting were 68% and 69%, respectively, for samples 

containing galacturonic and lactobionic acid. The densities 

were similar to those obtained with the use of monosac-

charides and their methyl derivatives. The arrangement of 

particles was confirmed by SEM images presented in Fig. 7, 

showing the microstructures of the obtained green bodies 

with the use of 1-O-methyl-D-fructose and lactobionic acid.

Cinar et al. [26] examined the other sugar acid, L-ascorbic 

acid, as a potential deflocculant of nanoalumina powder. 

They concluded that with the addition of 1 wt% L-ascorbic 

acid, it is possible to obtain a low-viscosity nanoalumina sus-

pension in which the concentration of the powder equals 35 

vol%. Interesting observations were provided by Sikora et al. 

[27] and Schilling et al. [28–30] who examined the rheo-

logical behavior of alumina suspensions with the addition of 

polysaccharides: dextrin and maltodextrin. In their research, 

micrometer-size alpha-alumina was used. The rheological 

properties of suspensions depended on the molecular weight 

of dextrin. Dextrins with molecular weights between 6450 

and 15,000 Da were the most effective. Saccharides can also 

be used together with other additives (e.g., polyacrylates) 

to improve the rheological behavior of slurries [31]. Thus, 

monosaccharides and their derivatives are, so far, the best 

Fig. 5  Viscosity curves of aqueous nanoalumina suspensions with the 

addition of 3 wt% disaccharides

Fig. 6  Viscosity curves of aqueous nanoalumina suspensions with the 

addition of lactobionic acid and galacturonic acid

Fig. 7  SEM images of nanoalumina green bodies obtained by slip casting with the use of a 1-O-methyl-D-fructose and b lactobionic acid
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deflocculants for nanoalumina powders. Their influence on 

the rheological properties of other nanopowders has still not 

been examined in detail.

3  Saccharide-based compounds 
as monomers in gelcasting processes

3.1  Materials

Studies have been conducted on  Al2O3 NABALOX 713-10 

(Nabaltec, Germany) with an average particle size of 0.70 

μm, density of 3.96 g/cm3, and a specific surface area of 

8.0  m2/g. The powder was used as received. All monomers 

used in the study were synthesized at Warsaw University 

of Technology [32–35]. Their chemical structures are pre-

sented in Fig. 8. Diammonium hydrocitrate (DAC; Avantor 

Performance Materials, formerly POCh, Poland) and cit-

ric acid (CA; Merc) were used as dispersants. N,N,N′,N′-
tetramethylethylenediamine (TEMED; Fluka) acted as an 

activator and ammonium persulfate (AP; Merc; 1 wt% aque-

ous solution) was the initiator of polymerization.

3.2  Gelcasting and sample characterization

At first, aqueous ceramic slurries with each monomer were 

prepared. The content of alumina powder was 50 and 55 

vol%. The content of monosaccharide derivative was 3 wt% 

(with respect to alumina content) and that of TEMED was 

2 wt% (with respect to monomer content). The quantity of 

dispersant was matched separately to determine the opti-

mal values for each ceramic suspension. All additives were 

dissolved in redistilled water at room temperature. Suspen-

sions were mixed in 50 ml containers made of alumina in a 

planetary ball mill PM100 (Retsch) for 60 min at 300 rpm, 

using alumina grinding media 5–7 mm in diameter. Next, the 

slurries were poured into plastic beakers, and deaeration was 

carried out for 20 min under reduced pressure in a vacuum 

desiccator supplied with a magnetic stirrer. After mixing and 

degassing the slurry, the initiator of polymerization, AP, was 

added (0.3–0.5 wt% with respect to monomer content) and 

additionally stirred for 5 min. Finally, the suspensions were 

cast into identical plastic molds of 20 mm diameter at room 

temperature. The molds were covered with a glass plate to 

cut off the access of air which could negatively influence 

the polymerization process (oxygen inhibition phenomena). 

After gelation, the samples were removed from the molds 

and dried for 24 h at 50 °C. The specimens were sintered at 

1600 °C for 2 h.

The rheological behavior of ceramic slurries was exam-

ined at room temperature using a rotational Brookfield 

DV + II- Rheometer. The viscosities of the slurries without 

initiator were measured as a function of shear rate. The den-

sities of green bodies were measured by the Archimedes’ 

method in kerosene. The tensile strength of the specimens 

before sintering was determined by the Brazilian test. The 

tensile strength was calculated as σt = (2P/πTD), where P is 

the force damaging the sample, and T and D are the thick-

ness and the diameter of the disk, respectively. The micro-

structure of the specimens was observed using a scanning 

electron microscope (SEM Zeiss Ultra Plus).

3.3  Results and discussion

Table 1 lists the basic properties of the synthesized mono-

mers, such as wetting angle of the alumina substrate and 

glass transition temperatures of the polymers obtained by 

radical polymerization of the monomers. The measurements 

were also performed for 2-hydroxyethyl acrylate, which is 

a commercially available monomer that is often described 

in the literature regarding gelcasting process [36]. It was 

used as a comparative substance. 6-O-acryloyl-D-galactose 

exhibits the best wettability of ceramic substrate (wetting 

angle below 10°). Glucose derivates also show very good 

wettability (wetting angle 11°). All investigated monomers 

wet alumina much better than water (wetting angle 46°). A 

low value of wetting angle can be related to the development 

of adhesive coating around ceramic particles. This can facili-

tate the formation of polymeric networks, which increase the 

mechanical strength of ceramic green bodies. The glass tran-

sition temperature of all polymers is below room tempera-

ture. This means that in conditions of the gelcasting process, 

which is carried out at room temperature, polymers have 

elastic properties. The highest Tg value of 5.5 °C was of the 

polymer obtained from 3-O-acryloyl-D-glucose, which is the 

lowest galactose derivative (− 28 °C). Thus, all investigated 

Fig. 8  Chemical structures of saccharide derivatives examined as 

monomers in the gelcasting process
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compounds had beneficial elastic properties for application 

in shaping of ceramic materials.

Figure 9 shows the viscosity curves of alumina slur-

ries with four monomers—acryloyl derivatives of glucose, 

fructose, galactose, and xylitol. The slurries also contained 

diammonium hydrocitrate (dispersant) and N,N,N′,N′-
tetramethylethylenediamine (activator of polymerization). 

All four suspensions exhibited shear thinning behavior, but 

their viscosities differed significantly. Although the slurry 

with 1-O-acryloyl-D-fructose had the lowest solid content 

(50 vol%), it had the highest viscosity in contrast to the sus-

pension containing 3-O-acryloyl-D-glucose.

The increase of solid loading from 50 to 55 vol% was 

possible when 6-O-acryloyl-D-galactose and 1-O-acryloylx-

ylitol were used. However, the slurries with higher content 

of ceramic powder exhibited thixotropic properties, what is 

evidenced by the fact that the viscosity values are different 

for increasing and decreasing shear rate (marked with black 

arrows).

These results show that the differences in the spatial 

structure and the chemical nature of the acryloyl deriva-

tives of saccharides have a significant influence on the 

rheological properties of ceramic slurries. This knowledge 

is also crucial in other applications, for example, in the 

combined techniques, such as gelcasting in high magnetic 

fields which allows fabrication of textured ceramics. The low 

viscosity of suspensions together with high concentration 

of ceramic powders is essential to rotate ceramic particles 

under magnetic field exposure [37–39]. Textured ceramics 

have recently attracted attention because of their improved 

mechanical, electrical, piezoelectric, and ferroelectric prop-

erties in comparison to randomly oriented sintered bodies 

[40, 41].

Table 1 also shows the values of the densities of the green 

bodies obtained by gelcasting with 3 wt% addition of all 

synthesized monomers to the slurry and the densities of the 

sintered samples. The lowest green density of 55.4% of the 

theoretical density was observed for 1-O-acryloyl-D-fructose 

samples. This can be explained by the lower solid content 

in the slurry in comparison to other suspensions. The other 

samples had a similar green density around 60–63%. It can 

be noticed that the use of different acryloyl derivatives of 

saccharides had a considerable impact on the tensile strength 

of the green bodies (Table 1). The 6-O-acryloyl-D-galac-

tose samples showed the highest tensile strength, which 

was more than seven times higher than the correspond-

ing values of 1-O-acryloylxylitol samples. This difference 

can be explained by the shape of the monomer molecules, 

because only galactose molecules appear to exhibit flat 

(not spherical) structures. The access to the acryloyl group 

which undergoes polymerization is hindered by spherical 

molecules in comparison to flat molecules. Thus, the polym-

erization of 6-O-acryloyl-D-galactose proceeds more easily 

and effectively than for other monomers. As a result, the 

polymers created may exhibit stronger bonds [34]. This is 

Table 1  Properties of monomers and samples obtained by gelcasting

Monomer Wetting 

angle 

(°)

Tg of polymer (°C) Solid loading 

in suspension 

(vol%)

Monomer 

concentration 

(wt%)

Density of 

green bodies 

(TD%)

Tensile strength of 

green bodies (MPa)

Density of 

sintered bodies 

(TD%)

3-O-acryloyl-

D-glucose

11 5.5 50 3 59.7 1.23 ± 0.18 99.1

1-O-acryloyl-

D-fructose

20 − 19.0 50 3 55.4 1.59 ± 0.14 99.1

6-O-acryloyl-D-ga-

lactose

< 10 − 28.0 55 3 63.5 6.50 ± 0.40 99.3

1-O-acryloylxylitol 41 − 44.0 55 3 62.6 0.90 ± 0.10 99.3

2-Hydroxyethyl 

acrylate

29 − 27.4 55 3 58.7 0.41 ± 0.12 98.8

Water 46 – – – – – –

Fig. 9  Viscosity curves of alumina suspensions with the addition of 

sugar-based monomers. Viscosity curves are plotted for suspensions 

containing both the monomer and the dispersant and activator of 

polymerization
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especially important for technological applications of near-

net-shaping techniques, because high mechanical strength 

of green bodies allows machining in a green state without 

using diamond tools.

However, the use of different monomers does not influ-

ence the density of the sintered samples; all densities were 

in the range of 99.1–99.3% of the theoretical density. These 

values were also confirmed by SEM images of the micro-

structures of sintered samples (Fig. 10). The grains had 

similar sizes, and no defects were observed. The free spaces 

between the grains visible at some points were caused by 

the polishing procedure which may have pulled out grains 

from the material. Grain growth was observed as expected.

In addition, because of the presence of several –OH 

groups in the saccharide molecules, the sugar-based mono-

mers were used in gelcasting without any external cross-

linking agent, contrary to other acrylic monomers which 

for weak, linear polymeric networks without cross-linking 

agents [42, 43].

At this point, the multifunctionality of the synthesized 

saccharide derivatives must be also underlined. These com-

pounds, initially obtained as an organic monomer for gel-

casting, appeared to be the efficient dispersing agents for 

nano- and submicro-alumina suspensions, as presented in 

Fig. 11 and described by Falkowski et al. [19]. The addition 

of 3 wt% of the monomer 3-O-acryloyl-D-glucose without 

any other additives (as it is in Fig. 9 for  Al2O3 Nabalox of 

coarse particles) significantly decreased the slurry viscos-

ity in comparison to D-glucose. In addition, the addition of 

3-O-acryloyl-D-glucose allowed us to obtain the suspen-

sion of 40 vol% with preferably low viscosity. The biggest 

advantage of using multifunctional compounds is that the 

total quantity of organic substances in ceramic suspensions 

is significantly reduced. As a result, lower amounts of gases 

are released into the atmosphere during binder burnout, and 

the defects caused by binder removal are minimized.

Another study revealed that L-ascorbic acid can be used 

as an activator of radical polymerization in the gelcasting 

process and in other shaping techniques related to gelcast-

ing such as gale-tape casting. L-ascorbic acid can replace 

harmful N,N,N′,N′-tetramethylethylenediamine (TEMED). 

Ceramic suspensions containing L-ascorbic acid gel as fast 

as those containing TEMED. Moreover, the sugar acid has 

a positive influence on the rheological properties of ceramic 

suspensions and allows obtaining slurries of low viscosity 

and high solid loading (e.g., 45 vol% of  ZrO2 TZ-8YS, Tosoh 

Corporation). As described by Wiecinska et al., the obtained 

samples were defect free and well densified [44]. The other 

interesting feature of using L-ascorbic acid as an activator of 

radical polymerization is that L-ascorbic acid, because of its 

dissociation (pKa values are 4.2 and 11.6), may be adsorbed 

on particle surfaces [45] and may stabilize the slurries in a 

Fig. 10  SEM microstructure of sintered alumina samples obtained with the use of a 3-O-acryloyl-D-glucose, b 1-O-acryloyl-D-fructose, c 

6-O-acryloyl-D-galactose, and d 1-O-acryloylxylitol
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wide range of pH values, shifting the isoelectric point toward 

lower pH values. TEMED, on the other hand, has no influ-

ence on surface charge, as shown in Fig. 12.

Depending on the presence of functional groups in the 

molecule, such as –COOH or –OH, the pH and dissociation 

constant differs; thus, the isoelectric point of the slurry may 

be located in the acidic or alkaline range. The differences 

in the adsorption on ceramic powder surface of L-ascorbic 

acid and TEMED and their different influence on surface 

charge allows matching the type of activator to a certain 

slurry. L-ascorbic acid can, therefore, play dual roles in col-

loidal processing of ceramic powders: as an activator in the 

gelcasting process and as a deflocculant for nanoalumina 

powders, as described in the previous section.

The use of saccharide-based compounds in ceramic pro-

cessing is beneficial also because of their ‘clean’ burnout 

during sintering of ceramics. The type of gases released to 

the atmosphere during thermal decomposition of organic 

compounds can be estimated by thermal analysis coupled 

with mass spectrometry. Figure 13 shows the DTA/TG/DTG 

curves of L-ascorbic acid and lactobionic acid thermal deg-

radation. Mass loss is observed until approximately 574 °C 

and 543 °C, respectively, for L-ascorbic acid and lactobionic 

acid, which means that both compounds decompose toward 

volatile products below 600 °C.

The mass spectrometer detected signals of m/z values 12, 

17, 18, and 44. Masses 18 and 17 can be ascribed to  H2O, 

while masses 44 and 12 can be attributed to  CO2. These 

are the only gaseous products released from the samples. 

The coupling of thermogravimetry with mass spectrometry 

allows the precise determination of temperature regions at 

which the additives decompose and thus the selection of a 

suitable sintering program for ceramic green bodies. The 

thermal characteristics of other additives commonly used in 

colloidal processing of ceramics are considerably different, 

as reported [46]. The additives used in gelcasting, such as 

TEMED or AP, decompose with the release of  NO2 and/

or  SO2. Thermal decomposition of other saccharide-based 

compounds (e.g., monomers based on monosaccharides) 

also proceeds toward water vapor and carbon dioxide [47, 

48]. Thus, when choosing carbohydrates and their deriva-

tives as additives in ceramic processing, we should consider 

the environment as that less harmful gases are released to 

the atmosphere.

The other possibility of conducting gelcasting is the use 

of polysaccharides as gelling agents. They do not undergo 

polymerization, because they are already long-chained com-

pounds, but they create a gel because of the physical process 

that proceeds under a temperature change. The main differ-

ence between using saccharide-based monomers and poly-

saccharides is that the former creates a polymeric network at 

room temperature, whereas the latter form a polymeric net-

work during transformation from elevated temperature (e.g., 

60 °C) to room temperature. Thermogelling of the selected 

polysaccharides (agar, agarose, and carrageenan) has been 

detailed by Millan et al. [49–51]. They concluded that a 0.5 

wt% concentration of gel from a 3 wt% precursor solution of 

the above-mentioned additives gives a compromise between 

sufficiently low Young’s modulus and high strength of green 

alumina bodies without extensive plastic deformation. The 

advantages of using polysaccharides as gelling agents have 

been noted by other scientists as well, who examined not 

only agarose [52] but also other substances such as chi-

tosan [53], galactomannan [54], cellulose acetate [55], and 

alginates [56, 57] in colloidal shaping of different ceramic 

materials.

Fig. 11  Viscosity curves of aqueous nanoalumina suspensions with 

the addition of 3 wt% D-glucose and 3-O-acryloyl-D-glucose

Fig. 12  Zeta potential as a function of pH for pure zirconia pow-

der TZ-8YS and with the addition of 0.5 wt% L-ascorbic acid and 

TEMED
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4  Saccharide-based compounds in various 
ceramic processes

The potential of saccharide-based compounds seems to 

be extremely large, because there are many other areas of 

ceramic processing in which saccharides have been success-

fully used. The first example is the use of sucrose (disac-

charide) as a chelating agent in the synthesis of ceramic 

nanopowders. Suza et al. [58] heated saccharide mixtures 

with metal salts solutions up to 60 °C gradually evaporat-

ing water. From the obtained gel, via calcination, NiO and 

 NiFe2O4 nanopowders were obtained with a crystallite size 

of 11–36 nm. Sucrose has been used as a chelating agent in 

the synthesis of other ceramic nanopowders, such as  Al2O3 

[59, 60], YSZ [61],  LaAlO3 [62], and hydroxyapatite [63]. 

Ganesh et al. [64] worked on the combustion synthesis of 

 MgAl2O4 powders from aluminum nitrate, magnesium 

nitrate, and sucrose as a fuel. Carbohydrates have been also 

Fig. 13  DTA/TG/DTG curves together with signals registered by the mass spectrometer during thermal decomposition of L-ascorbic acid (a) 

and lactobionic acid (b)
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used in the synthesis of silver nanoparticles. The use of sac-

charides of different reducing–oxidizing potentials, com-

bined with the control over the concentration of substrates 

and the pH of the solution, allowed the manipulation of the 

size of the obtained silver nanoparticles in the range from 

25 to 380 nm [65–67].

The next area in which saccharides are the essential com-

ponents are shaping techniques, such as direct coagulation 

casting, aqueous injection molding, extrusion, or gelcasting 

of foams.

Direct coagulation casting (DCC) is based on the con-

trolled change of the pH or ionic strength around the par-

ticles in a suspension leading to their gradual coagulation. 

In the process, the enzymatic oxidation of saccharides is 

applied. The oxidation of glucose by enzyme glucose oxi-

dase in the presence of oxygen proceeds toward gluconic 

acid. The presence of gluconic acid in a ceramic suspension 

leads to a shift of the pH from an alkaline region toward 

a neutral or even to an acidic pH [68]. The DCC process 

requires very small amounts of water-soluble organic com-

pounds (generally up to 1 wt%); thus, binder removal as a 

separate sintering step is not necessary. Casting is performed 

at room temperature and under normal pressure.

Millan et al. worked on the fabrication of  Si3N4 and  Al2O3 

ceramics using an aqueous injection molding (AIM) process 

[69, 70]. AIM strongly reduces the binder content and pro-

vides an environmentally friendly technology as the solvents 

and polymers are substituted by water and low concentra-

tions of gelling agents (2–3 vol%). They used agarose as the 

binder and performed shaping at temperatures of 60–65 °C 

and a pressure of 0.4 MPa.

Water-soluble ethers of cellulose (polysaccharide) are 

considered environmentally friendly binders in ceramic pro-

cessing. Bayer et al. examined the influence of the degree 

of substitution on the thermal characteristics of methylcel-

luloses in water and thus in ceramic extrusion systems based 

on cordierite [71]. 3D extrusion printing of magnesium 

aluminate spinel was examined by Biswas et al. [72] who 

showed that 3D printed and sintered spinel specimens have 

shown comparable density, hardness, and flexural strength 

to specimens obtained by slip casting.

The use of polysaccharides is also beneficial in the fab-

rication of porous ceramic materials. Here, several shaping 

techniques can be applied which allow us to obtain highly 

porous, cellular materials. Gelcasting of foams is based on 

the preparation of stable ceramic suspension, which is fol-

lowed by foaming with the use of surfactants and consolida-

tion with the use of gelation of polysaccharides. Potoczek 

et al. obtained calcium phosphate bioceramics of 90% poros-

ity with the use of agarose as the gelling agent [73]. The 

scaffolds had spherical macropores, interconnecting win-

dows, and small amount of micropores, and have been con-

sidered as a promising bone substitution material. Potoczek 

et al. have also obtained highly porous  Ti2AlC open cell 

foams with a total porosity ranging from 87 to 93 vol%, indi-

cating that the agarose concentration in the starting slurry 

affected the amount of porosity as well as the cell window 

size [74]. The use of polysaccharides is also beneficial in 

additive manufacturing techniques. Elsayed et al. examined 

the influence of methylcellulose, carboxymethylcellulose, 

and other polymeric binders on the properties of the  Ti2AlC 

porous structures obtained by direct ink writing (DIW) [75]. 

 Ti2AlC lattices have been sintered at 1400 °C. Additive man-

ufacturing techniques, such as DIW, are shaping processes 

which have been intensively examined and developed. This 

can be a new field where saccharides and their derivatives 

may find application, especially because water-based sys-

tems are desired.

5  Conclusions

Saccharides and their derivatives are highly effective addi-

tives used in colloidal processing of ceramic materials. Most 

saccharides are non-toxic or at least low-toxicity substances, 

renewable materials, and water-soluble compounds which 

makes them an interesting alternative for commonly used 

polymeric binders and dispersants. They have a positive 

influence on the rheological behavior of ceramic suspen-

sions, including nanopowders, and thus on the properties of 

green and sintered bodies. The use of saccharide-based com-

pounds provides other benefits such as the relatively ‘clean’ 

burnout during the sintering process in comparison with the 

burnout with other additives. The family of carbohydrates 

is large, and many derivatives have not been examined in 

colloidal processing of ceramics yet. Moreover, saccharides 

can be modified through organic synthesis and thus gain 

different functional groups. Such modification opens up 

new possibilities of their application in ceramic technology. 

Moreover, organic synthesis allows us to tailor the struc-

ture and, consequently, the properties of processing addi-

tives dedicated to shaping of ceramics. This makes organic 

synthesis a powerful tool for obtaining new compounds that 

may allow us to overcome the problems related to colloidal 

processing of ceramic materials.
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