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Abstract 

 

Short chained triesters of glycerol and citric acid were systematically investigated as novel 

dual-functional dispersants and plasticisers for use in ceramic processing. Additional 

systematic studies on a series of diesters having structural similarities with the citrate and 

glycerol triesters were performed to further assess the significance of specific functional 

groups for the stabilisation of suspensions. 

The overall purpose of this work consists in simplifying the formulation for ceramic 

processing slurries while at the same time limiting the environmental impact and toxicity. 

The use of multifunctional additives reduces the risk of unwanted interactions between 

different components. Additionally, the possible use of one additive in more than one role 

opens the opportunity for an overall reduction in the number and amount of chemicals and 

therefore reduction of costs and risks. 

For the citrate ester candidates, different alkoxy groups were tested as well as the 

acetylation on the hydroxyl group. The glycerol esters differed by the length of the 

carboxylic chain. 

Especially triethyl and tributyl citrate are proposed as promising dual-functional additives 

for ceramic processing. Specifically, for triethyl citrate the dual-function was finally 

demonstrated by producing a dense piece of 8YSZ through tape casting and subsequent 

sintering. 
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1. Introduction 

 

Tape casting is a well-known ceramic processing technique for the formation of films for 

e.g. capacitors (1), proton (2) or oxygen (3) ion conducting membranes and solid oxide 

fuel cells (SOFCs) (4). Dry thicknesses of ≈ 10 to ≈ 400 µm are in all cases readily 

achieved. 

A slurry for tape casting usually contains a multitude of additives, each with a specific 

function, including a solvent (usually an azeotropic mixture), a dispersant, a polymeric 

binder and a plasticiser besides the ceramic powder to be processed (5, 6). Sometimes 

further additives such as wetting agents, homogenisers and/or antifoaming agents are also 

needed to fine-tune a slurry. 

Such a complicated mixture, does from a macroscopic point of view, entail a delicate 

balance between the particle size distribution (PSD), the viscosity, the shape stability of 

the green body, the sintering shrinkage and the final density of the sintered body. Often 

compromises have to be made in the final formulation such as a compromise between 

dispersant, binder and solids content with shape instabilities observed at low solids 

content and crack initiation observed at high solids content (7). 

In order to fine-tune the microstructure pore formers can be added thus modifying the 

overall porosity, the pore size distribution, the pore orientation and/or the overall shrinkage 

(3, 8, 9). The sintering temperature can be modified by adding sintering additives thereby 

also altering the shrinkage profile and the final grain size (10, 11). 

The many additives does, from a microscopic point of view, induce a risk of unwanted 

cross interactions including competitive adsorption (12, 13) or binder crystallization and 

plasticiser exsolution (14). 

Formulation work thus requires considerable attention with some effects, such as slurry 

stability, originating from interactions on a molecular level and others, such as total 

sintering shrinkage, originating from bulk effects such as the total amount of combustible 

material added. 

Additionally several of the additives, including many of the commonly used solvents and 

plasticisers, are toxic and thus it is desirable to find environmentally more friendly 

replacements. 

 

The primary aim of this paper is therefore to substitute toxic additives while at the same 

time introducing novel dual-functional additives in order to limit the overall number of 
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additives and thereby the number of unwanted interactions. This could lead to a 

subsequent decrease in the total volume of additives used and reduce costs. At the same 

time, the better packing of the green ceramic component (due to less organics, without 

compromising stability) will decrease the sintering shrinkage and/or reduce sintering 

temperature. 

Examples of multi-functional processing additives are, however, limited in literature. The 

use of cardanol as a dual-function dispersant and plasticiser in apolar solvents is 

documented (15) while a number of polymers are described as having both binder and 

dispersant functionalities (3, 16, 17, 18). 

 

Many conventional solvent systems, such as azeotropic mixtures of toluene, 

trichloroethane, xylene or 2-butanone with ethanol (5, 18, 19), are increasingly unwanted 

due to their harmful properties making pure ethanol or isopropanol interesting options for 

non-aqueous systems (14, 20). The binder, plasticisers and dispersants used in this work 

are therefore selected to be soluble in ethanol. 

Ortho-phthalates, such as dibutyl phthalate (DBP), have been extensively used as 

plasticisers but these are also increasingly unwanted and less toxic alternatives have 

received an increased focus for ceramic processing (14, 20, 21, 22). Several short chained 

triesters, based on glycerol and citric acid, have previously been described as plasticisers: 

triacetin for starch ester films (23); triacetin, triethyl citrate, tributyl citrate, and tributyl 2-

acetylcitrate for cellulose acetate (24); and triethyl 2-acetylcitrate, tributyl 2-acetylcitrate 

and tributyl citrate for films of starch and poly(lactic acid) (25). 

Based on the general plasticising properties for a number of short chained glycerol and 

citrate esters and on the dispersing properties of citric acid in water (26, 27) and of long 

chained citrate esters in non-polar solvents (28, 29), this work examines a group of short 

to medium chained glycerol and citrate esters for the desired dual-functional properties in 

ethanol offering lower environmental impact and a simpler formulation. 

 

In order to show the viability of the idea, the effect of a series of citrate esters (triethyl 

citrate, tributyl citrate, triethyl 2-acetylcitrate and tributyl 2-acetylcitrate) and a series of 

glycerol esters (triacetin, tributyrin and trioctanoin) were investigated for their dispersing 

properties on yttria stabilised zirconia (YSZ) in ethanol. This was accomplished by 

assessing PSD, sedimentation speed as well as the final packing of the particles after 

sedimentation. The stabilisation mechanism was investigated through the measurement of 
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the suspension zeta potential allowing for a differentiation between steric and electrostatic 

stabilisation. 

The plasticising effect on polyvinyl butyral (PVB), also introducing various amounts of a 

polyethylene glycol (PEG) as a co-plasticiser, were assessed from dried binder systems 

prepared using ethanol as a solvent. The use of a co-plasticiser can be desirable as 

different classes of plasticisers acts differently and induce slightly different properties to 

the final green tape (6, 30). 

Finally a green tape was produced using triethyl citrate to demonstrate the applicability of 

these dual-functional additives. 

 

A number of diesters namely, diethyl succinate, diethyl fumarate, diethyl maleate, diethyl 

malate and diethyl tartrate, were additionally investigated in order to further assess the 

functional groups required for obtaining a proper dispersing effect. This was done both in 

order to be able to predict optimal molecules for further testing but also to complement the 

limited literature on the polar screen theory which describes the ability of some small polar 

molecules to induce good stabilisation through an electrostatic mechanism (31, 32, 33). A 

previous study, in a similar system, has additionally shown a strong correlation between 

the number and type of groups being present and the resulting dispersing properties (34). 

Several succinates and maleates have previously been reported as plasticisers for PVC 

(35), while dibutyl maleate is a plasticiser for PVB (14) and diethyl tartrate a plasticiser for 

keratin (36) indicating possible dual-function properties for some of the studied diesters as 

well. 

 

2. Experimental procedure 

 

2.1. Materials 

 

The powders used were TZ3Y and TZ8Y from TOSOH while the solvent was 99.9 % 

ethanol from CCS Healthcare. 

As binder a PVB polymer was used. Figure 1 gives structure and additional specifications. 
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Figure 1: Polyvinyl butyral with Mw = 55 k ± 5 

k, a = 78.0 ± 3.0 mol%, b = 19.5 ± 1.5 mol% 

and c = 2.5 ± 1.5 mol%. 

 

As possible dual-function dispersants and plasticisers the following chemicals were 

obtained from Sigma-Aldrich: triethyl citrate (≥99%), tributyl citrate (≥97.0%), triethyl 2-

acetylcitrate (99%), tributyl 2-acetylcitrate (≥98%), triacetin (99%), tributyrin (97%) and 

trioctanoin (≥99%). 

The general structure of these citrate and glycerol esters can be seen in Figure 2. 
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Figure 2: Chemical structures for (a) the citrate 

esters with X1 all ethyl or butyl groups and X2 

hydrogen or acetyl group (b) the glycerol esters 

with Y1 all ethyl, butyl or octyl groups. 

 

For a further investigation of the influence of the type, position and number of substituents 

the following diesters were obtained from Sigma-Aldrich: Diethyl succinate (99%), diethyl 

fumarate (98%), diethyl maleate (97%), diethyl malate (≥97%) and diethyl L-tartrate 

(≥99%) The structure of these diesters can be seen in Figure 3. 
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Figure 3: Chemical structures for (a) diethyl succinate, (b) diethyl 

fumarate, (c) diethyl maleate, (d) diethyl malate and (e) diethyl tartrate. 

 

As a co-plasticiser polyethylene glycol (PEG 600) was obtained from Sigma-Aldrich. 
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2.2. Assessment of plasticising properties 

 

The plasticising properties of each candidate were assessed by mixing it with a polymeric 

binder (PVB) in ethanol, using various ratios, and then dry the resulting binder mixtures 

before further examination. Upon drying, the droplets were investigated for transparency, 

sweating and mechanical strength. An opaque appearance indicates binder 

recrystallization while sweating indicates plasticiser exsolution. Both behaviours are 

indicative of chemical incompatibilities and are thus unwanted. The mechanical properties 

were assessed manually with a DBP based system as a reference. A detailed description 

of the procedure can be found elsewhere (14). 

 

2.3. Assessment of dispersing properties 

 

Slurries for assessment of dispersing properties were prepared by dissolving 4 g of 

dispersant in 250 g of ethanol in a 1 L PE bottle. 100 g of TZ3Y was then added and the 

slurry was milled for 2 days at approx. 200 rpm using 1 kg of 3/8 inch zirconia milling 

beads. A sample without added dispersant was used as a reference. 

The composition of these samples was chosen as a compromise between having a solid 

load comparable to the tape casting conditions while still being able to include the 

reference suspension without added dispersant. In fact, at higher solid load it was 

impossible to wet the ceramic powder without introducing a dispersant. 

The PSD was determined for each sample immediately after milling and a sample of 

approximately 20 ml was extracted for measurement of sedimentation speed and final 

packing. The remaining sample was used for measurement of zeta potential. The 

combination of these techniques has previously been reported as a good combination to 

assess the degree and mechanism of stabilisation (37). 

 

2.3.1. Sedimentation speed and final packing 

 

Sedimentation studies were performed with a Turbiscan Lab (Formulaction, France) using 

the Turbisoft software version 2.1.0.52. Essentially the setup follows the position of the 

sedimentation front as a function of time with high precision and this can be used to 

evaluate the overall stability of a suspension as described elsewhere (37). 

 

2.3.2. Zeta potential 
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The zeta potential of the YSZ suspensions was determined by measuring the 

Electrokinetic Sonic Amplitude (ESA) with a ZetaProbe Analyzer (Colloidal Dynamic LLC, 

USA). The measurement can be used to assess the extent of electrostatic stabilisation as 

described elsewhere (37). 

 

2.3.3. Particle sizing 

 

A Beckman Coulter LS 13320 with a measurement range of 0.04-2000 µm was used to 

analyse the PSDs. 

All PSDs were evaluated using at least 3 samplings to ensure good data quality while also 

assessing the effect of different levels of obscuration and thereby different sensitivities at 

different size ranges (38). 

Measurements after binder addition were performed as a quality control to ensure that the 

binder system selected for tape casting does not significantly affect the slurry stability. This 

control is critical for these dual-functional additives as the amount needed for the 

plasticising effect is larger than that needed for the dispersing effect possibly inducing re-

flocculation upon the addition of the binder system which contains additional dual-role 

additive. No such re-flocculation was observed. 

 

2.4. Tape casting, sintering and post examination of sintered samples 

 

A tape was made to demonstrate the use of a dual-function additive for a real application 

by mainly substituting the dispersant (PVP 10k) and the plasticiser (Pycal 94) with a dual-

role candidate in a 1:1 ratio relative to an earlier reported system (14). The tape casting 

slurry was prepared by dissolving 3 g of triethyl citrate in 65 g of ethanol in a 1 L PE bottle. 

Upon dissolving the dispersant, 150 g of TZ8Y was added and the slurry was milled for 3 

days at approx. 200 rpm using 1 kg of 3/8 inch zirconia milling beads. 78 g of a premixed 

binder system was then added and mixed in for the following 24 hours. The binder was 

mixed according to the ratio later identified as primary candidate. 

The viscosity was subsequently adjusted in order to obtain a viscosity suitable for tape 

casting. The slurry was finally filtered using a 37 µm filter and de-aired prior to tape 

casting. 
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A double doctor-blade system was used for tape casting with a casting gap of 1000 µm 

and the tape was allowed to dry at slow ventilation overnight inside the tape caster before 

further handling. 

 

An additional slurry containing as much as 12 g of dispersant during the milling step was 

prepared to show that no flocculation occurs at high dispersant concentrations comparable 

to that needed for good plasticisation. 

A slurry with no dispersant and 90 g of solvent was prepared to assess the PSD without 

any dispersant. The larger amount of solvent was needed to wet the powder in this case. 

 

After tape casting, samples with a diameter of 40 mm were sintered. The samples were 

slowly heated with 0.25 °C/min to 600 °C, followed by a binder burnout for 4 hours at 600 

°C. The samples were then heated with 1 °C/min to at least 1250 °C, followed by sintering 

for a maximum of 12 hours. The samples were finally cooled to room temperature with 100 

°C/h. 

 

A sintered sample was mounted in epoxy, polished until a ¼ micron diamond suspension 

and coated with carbon. The sample cross section was investigated by scanning electron 

microscopy (SEM) applying  a Zeiss Merlin microscope equipped with an angle selective 

backscattered detector. The working distance was set to 3.8 mm, the acceleration voltage 

to 19 kV and the probe current to 2.0 nA for an enhanced electron channelling contrast 

between different crystallographic orientations (39). 

 

3. Assessment of environmental and health impact of the selected plasticisers 

 

Ortho-phthalates have recently become unwanted as some of them exhibit a number of 

unwanted health effects. As an example DBP is in the pre-registration process under 

REACH and it “may damage the unborn child and is suspected of damaging fertility and is 

very toxic to aquatic life” (40). It has also been included in the European Chemicals 

Agency’s “Candidate List of substances of very high concern for authorisation” with the 

reasons “Toxic for reproduction” and “Endocrine disrupting properties” (41) as well as in 

the “Authorization List” (42) 

 

To avoid replacing ortho-phthalates with equally problematic alternatives, some effort was 

used to assess possible environmental and health issues with the chemicals proposed. 
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Tributyrin (43), trioctanoin (44) and triethyl 2-acetylcitrate (45) are in the pre-registration 

process under REACH with triethyl 2-acetylcitrate listed as “may cause an allergic skin 

reaction.” 

Triacetin (46), triethyl citrate (47), tributyl citrate (48) and tributyl 2-acetylcitrate (49) are all 

pre-registered under REACH with CLP notifications identifying issues regarding serious 

eye damage for tributyl citrate. 

Triacetin (50), trioctanoin (51), triethyl citrate, tributyl citrate (52), triethyl 2-acetylcitrate and 

tributyl 2-acetylcitrate (53) have been evaluated for use in cosmetics and have been found 

safe for use. Triacetin (50) and triethyl citrate (52) are additionally stated as being “in 

general recognised as safe direct food additives by the Food and Drug Administration 

(FDA)”. Triethyl 2-acetylcitrate did, on the contrary, show strong skin sensitisation at larger 

concentrations (53). 

All in all, the selected plasticisers are considered to be promising although not entirely 

harmless alternatives to ortho-phthalates. 

 

4. Results 

 

The prepared binder systems were evaluated by qualitative measures: strong (S), weak 

(W), flexible (F), inflexible (I), opaque (O) and sweating (SW). Strength and flexibility are 

somewhat interrelated and in general an increase in flexibility will come at the expense of 

strength resulting in a compromise. Opaqueness and sweating are both indicative of 

chemical incompatibility and are thus entirely unwanted. 

The results from the evaluation of the plasticising properties are presented graphically, for 

triethyl citrate and tributyl citrate, in Figure 4 and show the compositions of the samples 

with the qualitative measures indicated next to the compositions. The one or two 

compositions showing good chemical compatibility as well as a strength and flexibility 

similar to the DBP-based reference, are marked as “primary candidate” and “secondary 

candidate”, respectively. Triethyl citrate and tributyl citrate are the only candidates 

displayed here, as they show the best combined properties of slurry stabilisation and tape 

plasticisation. 
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(a) (b) 

Figure 4: Plot of tested compositions for (a) triethyl citrate and (b) tributyl citrate. W = 

Weak, F = Flexible, S = Strong, I = Inflexible and O = Opaque. 

 

For triacetin and trioctanoin no usable compositions were found as all the tested ratios 

showed signs of chemical incompatibility. These two plasticisers are thus considered 

incompatible with the selected binder. 

For the two shown citrates, as well as for triethyl 2-acetylcitrate, tributyl 2-acetylcitrate and 

tributyrin, compositions were found where no sweating, neither towards the air or the 

carrier foil interface, or opaqueness were visible, illustrating a rather general compatibility 

for these short chained triesters with the selected binder. 

 

Figure 5 shows a combined plot of the best evaluated compositions, of all the tested 

plasticisers, which further helps to define a rather narrow general area for the optimum 

plasticiser loading for these short chained triesters with the selected binder. 
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Figure 5: Plot of the optimum composition for a plasticising effect. 

 

In general, there seems to be a need for keeping the amount of the co-plasticiser PEG 600 

low as higher loadings result in chemical incompatibilities, seen as binder crystallization 

and plasticiser exsolution, along with a lack of plasticity consistent with reports on similar 

binder systems (14). 

 

Regarding the dispersing properties the zeta potential reaches values as high as ≈ 35 mV 

in the pure YSZ/ethanol system. The repulsion forces and the Debye length are, however, 

not large enough to provide full stability to sub-micron agglomerates. Similarly, 

experiments and calculations performed on alumina suspensions in ethanol show that full 

stability by electrostatic repulsion was obtained only for large zeta potentials (││ > 43 

mV) (54). 

 

Even larger zeta potentials are measured for triethyl citrate and tributyl citrate ( ≈ 50 and 

55 mV respectively) while triethyl 2-acetylcitrate and tributyl 2-acetylcitrate have zeta 

potentials similar to that of the reference ( ≈ 35 mV) illustrating very good electrostatic 

stabilisation for the non-acetylated citrates. 

The sedimentation profiles and the PSDs, given in Figure 6, confirms that acetylated 

citrate esters have little stabilising effect pointing at a huge importance of the alcohol group 

and/or at a steric hindrance induced by the acetylation possibly restricting the approach of 

the dispersant to the particle surface. Moreover the acetylated citrate esters do not allow 

for good packing of the ceramic particles, as visible in Figure 6 when the sedimentation 
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process reaches the steady state. This parameter is an indication of poor packing in the 

green body after tape casting (19). 

 

(a) (b) 

Figure 6: Sedimentation profiles (a) and PSDs (b) for the tested citrate esters. 

 

The variation of chain lengths (ethyl vs. butyl) does not affect sedimentation rate indicating 

that the alkyl group length in this case has no key influence on the stabilisation though the 

somewhat less bulky ethyl group allows for a slightly better final packing. 

 

In the case of glycerol esters a large zeta potential is measured for triacetin ( ≈ 55 mV) 

while tributyrin and trioctanoin have zeta potentials similar to that of the reference ( ≈ 35 

mV) illustrating very good electrostatic stabilisation for the short chained triacetin. The 

sedimentation profiles and the PSDs, given in Figure 7, confirm a strong dependency of 

the slurry stability on the chain length, with the short chained triacetin being significantly 

better performing. 
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(a) (b) 

Figure 7: Sedimentation profiles (a) and PSDs (b) for the tested glycerol esters. 

 

Even though 3YSZ has a high zeta potential in ethanol, wetting of the powder at high solid 

loading is not possible and de-agglomeration at medium solid loading is not optimal, as 

visible in the PSD graph. Addition of triethyl citrate, tributyl citrate or triacetin allows fast 

powder wetting and provides excellent dispersing properties through an enhancement of 

the already significant zeta potential offering additional electrostatic stabilisation. 

Tributyrin, trioctanoin, triethyl 2-acetylcitrate and tributyl 2-acetylcitrate all offer very limited 

or no improvement of the stabilisation. Key parameters, such as the initial sedimentation 

speed and median particle diameter (D50), have been extracted and collected in Table 1 

for direct comparison. 

 

Table 1: Dispersing properties for glycerol and citrate triesters based on key stability 

parameters: PSD (D10, D50 and D90), zeta potential, relative sedimentation height after 

30 days, and initial sedimentation speed. 

 D10 (µm) D50 

(µm) 

D90 

(µm) 

Zeta 

potential 

(mV) 

Relative 

sediment 

height (%) 

Initial 

sedimentation 

speed (mm/h) 

No dispersant 0.13 0.97 1.72 37 61 0.95 

Triethyl citrate 0.08 0.19 1.38 49 35 0.12 

Tributyl citrate 0.08 0.19 1.38 55 40 0.12 

Triethyl 2-acetylcitrate 0.11 0.82 1.38 37 58 0.83 

Tributyl 2-acetylcitrate 0.14 0.91 1.62 32 56 0.84 
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Triacetin 0.08 0.24 1.51 54 30 0.15 

Tributyrin 0.12 0.80 1.57 39 51 0.69 

Trioctanoin 0.12 0.71 1.44 37 55 0.92 

 

The origin of the large zeta potential seems somewhat different from that observed for 

citric acid in water (26, 27), where a negatively charged citrate is adsorped on a positively 

charged surface inducing strong electrostatic stabilisation. 

The stabilisation observed in the present case is, however, not due to the adsorption of 

charged species such as citric acid. The formation of such species is negligible as 

degradation of esters is very slow at the tested temperatures and pH regimes. Additionally 

such degradation would not allow for the simultaneously demonstrated plasticising effect. 

A pure steric stabilisation mechanism were likely the origin of the stabilisation induced by 

bulky citrate esters in non-polar solvents (28, 29) but in the present work especially the 

ethyl but also the butyl groups are too short to offer significant steric stabilisation. 

In the present case the stabilisation is rather obtained through an interaction between the 

dispersants and the ceramic surface through polar interactions or hydrogen bonding. This 

interaction induces an enhanced electrostatic charging offering a good electrostatic 

stabilisation (31, 32, 33). 

 

In order to further investigate which functional groups that will induce good dispersing 

properties, the effect on stabilisation was studied by systematically testing a number of 

chemically rather similar compounds. The diesters diethyl succinate, diethyl fumarate, 

diethyl maleate, diethyl malate and diethyl tartrate were chosen as they systematically vary 

the steric orientation of the carboxylate group as well as the total number of alcohols 

available. 

 

As visible in Table 2, diethyl tartrate induces a very large zeta potential ( ≈ 65 mV), diethyl 

maleate and diethyl succinate both induce intermediate zeta potentials ( ≈ 50 and 45 mV 

respectively) while diethyl malate and diethyl fumarate have zeta potentials similar to that 

of the reference ( ≈ 35 mV) illustrating very good electrostatic stabilisation for diethyl 

tartrate which has two alcohol groups. 

 

Table 2: Dispersing properties for diesters based on key stability parameters: PSD (D10, 

D50 and D90), zeta potential, relative sedimentation height after 30 days and initial 

sedimentation speed. 
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 D10 

(µm) 

D50 

(µm) 

D90 

(µm) 

Zeta 

potential 

(mV) 

Relative 

sediment 

height (%) 

Initial 

sedimentation 

speed (mm/h) 

No dispersant 0.13 0.97 1.72 37 61 0.95 

Diethyl succinate 0.09 0.50 1.61 45 42 1.24 

Diethyl fumarate 0.09 0.51 1.54 35 53 0.90 

Diethyl maleate 0.09 0.29 1.54 51 44 0.25 

Diethyl malate 0.09 0.33 1.48 35 48 0.57 

Diethyl tartrate 0.08 0.18 1.57 64 26 0.05 

 

The sedimentation profiles and PSDs are shown in Figure 8 supporting the very good 

stabilisation offered by diethyl tartrate. For diethyl maleate the rather large zeta potential is 

accompanied by some decrease in sedimentation speed, some improvement in sediment 

packing and some reduction in the PSD while limited overall effect is observed for diethyl 

malate, diethyl fumarate and diethyl succinate showing that the intermediate enhancement 

of the zeta potential provided by diethyl succinate is still insufficient for electrostatic 

stabilisation in this case. 

 

(a) (b) 

Figure 8: Sedimentation profiles (a) and PSDs (b) for the tested diesters. 

 

As well as for the triesters, the diesters induce stabilisation through an electrostatic 

mechanism, as witnessed by the increased zeta potentials, and in general all the tested 

esters have some dispersing properties with triethyl citrate, tributyl citrate, triacetin and 

diethyl tartrate showing excellent properties, diethyl maleate showing intermediate 
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properties and the rest showing weak properties as a combined evaluation of the results 

obtained with different techniques. 

 

For demonstration of the dual-function action in a real process a thick and dense piece of 

8YSZ was produced by tape casting with triethyl citrate acting in a dual-function. Even 

though the tape is cast with a doctor blade set to 1 mm the resulting tape is crack free with 

limited edge curling and no release from the carrier foil altogether indicating little residual 

stress in the resulting tape (30). 

The flexibility and strength of the tape were also suitable for easy handling though a further 

optimisation of the mechanical properties should be performed using thermomechanical 

analysis as previously described (14). Such an optimisation should include a focus on the 

reuse of the dispersant as a plasticiser thereby also reducing the volume of added 

chemicals. 

 

In the current case dispersant loadings up to at least 8 % does not seem to affect the PSD 

of actual tape casting slurries as seen in Figure 9. 

 

 

Figure 9: PSDs for tape casting slurries with different concentrations of triethyl citrate as 

dispersant. 

 

Although the use of a dual-functional additive works in the current case then it is worth 

considering that dispersants are generally speaking added at lower levels than plasticisers 

and that the loading needed for a sufficient plasticising effect might in other cases be 

larger than that inducing re-flocculation. 
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When sintering at temperatures in excess of 1250 C for up to 12 h, almost completely 

dense and crack free ceramic specimens can be obtained as demonstrated in Figure 10. 

 

(a) (b) 

Figure 10: SEM images of sintered dense ceramic produced using a dual-function 

dispersant and plasticiser. 

 

The remaining porosity is comparable to that obtained with more traditional dispersants 

such as PVP or PEI (37). The grain sizes are, however, larger ranging from ≈ 0.5 to ≈ 2 

µm. 

 

5. Discussion 

 

Since the used dispersants are not ionic other and weaker kinds of interactions must be 

present at the surface. In terms of a classic description of intermolecular forces there are 

alcohols which can form strong hydrogen bonds with electronegative elements such as 

oxygen atoms at the surface. The C=O bonds in the esters moieties are also polarised and 

the resulting dipole can also interact with the surface. Finally the apolar carbon chains can 

interact through even weaker dispersive forces. This latter interaction is negligible for short 

carbon chains as in the present case. 

As already mentioned the glycerol esters exhibit a behaviour which is differing from those 

of the citrate esters when varying the chain length. 

In the case of the glycerol esters the elongation of the chain from ethyl to the bulkier butyl 

or even octyl results in much poorer stabilisation. This elongation seems to prevent an 
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approach of the dispersant to the particle surface through the increasing bulkiness of the 

side chains. An approach to the surface also limits the conformational freedom of the side 

chains causing an increased entropic penalty when elongating them. 

In the case of the citrate esters no dependency on the length of the side chains is 

observed. The contribution of the hydrogen bonds thus seems to be much larger than that 

of the side chains as the citrate esters are less sensitive to a variation of the length of 

these side chains. In the case of the acetylated citrate esters the added group sterically 

prevents the approach to the surface making the acetylated citrates poor dispersants 

independently of the length of the side chains. 

The effect of the presence and position of alcohol and carboxylic acid groups for 

stabilisation has previously been studied for the stabilisation of alumina in water (34). It 

was there shown that it in general was favourable to have many of these groups available 

and positioned so they can interact with the surface simultaneously. 

Comparing the citrate esters with the glycerol esters there is an additional effect from the 

orientation of the ester groups relative to the central carbon chain. A C-COOR 

configuration is observed in the case of citrate esters while a C-O-COR’ configuration is 

observed in the case of glycerol esters. This changes the conformational freedom at the 

rather crowded centre of the molecule and thereby also the possible approach of 

interacting groups. 

 

Comparing diethyl succinate, diethyl fumarate and diethyl maleate it is seen that for diethyl 

maleate the ester groups are locked in the same direction whereas the diethyl fumarate 

has them locked in opposite directions and diethyl succinate has free rotation. The 

different performance of diethyl maleate and diethyl fumarate indicate that the molecules 

do not adsorp/interact in a planar way on the surface, but rather like a chelate, indicating 

little interaction through the double bond. Diethyl succinate has free rotation and will for 

entropic reasons assume a larger range of conformations. The worse performance of 

diethyl succinate, when compared to diethyl maleate, shows that this entropic penalty is 

sufficient to prevent good stabilising properties. 

Comparing diethyl succinate, diethyl malate and diethyl tartrate it is seen that as much as 

two alcohol groups are needed to induce proper stabilisation for the diesters. 

 

Altogether many interactions either through the stronger hydrogen bonds or the weaker 

polarised ester moieties are needed for a sufficient enhancement of the zeta potential. The 

performance of diethyl succinate vs. diethyl maleate and the performance of triactin vs. 



 19 

tributyrin illustrates that the interactions are so subtle that they can be overcome by either 

entropic contributions and/or small changes in steric hindrance. 

 

6. Conclusions 

 

A number of closely related small di- and triesters were investigated for having dual-

function plasticising and dispersing properties. 

A dispersing effect was demonstrated on a 3YSZ powder in ethanol through the 

measurement of PSDs, sedimentation speed and final packing. Based on the measured 

zeta potentials and the non-ionic nature of the used dispersants a polar screen 

mechanism, resulting in enhanced zeta potentials, was proposed. The presence of alcohol 

groups, which can function both as hydrogen bond donors as well as hydrogen bond 

acceptors, seems to be particularly favourable. Especially diethyl tartrate, triacetin, triethyl 

citrate and tributyl citrate showed good dispersing properties. 

Of these triethyl citrate and tributyl citrate were tested with a PVB binder and showed good 

plasticising properties in dried binder systems. 

For triethyl citrate the dual-function effect was finally demonstrated by successfully tape 

casting and sintering of a dense piece of 8YSZ. 
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