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Formulation of high solid load slurries is an important aspect in achieving dense, high quality ceramic green
body shaping by additive manufacturing techniques. To this end, the understanding and control of interparticle
interactions in non-aqueous organic slurry systems is imperative. With nanosized powders gaining increasing
interest, particle stabilization by long-chain polymeric dispersants is undesirable due to the high exclusion
volume associated and the subsequent decrease in the maximum solid load of the suspension. In this study, we
focus on the stabilization mechanisms provided by metal cation complexes in methyl ethyl ketone and
isopropanol-based spinel slurries. Special focus is given to chromium (III) 2-ethylhexanoate. Hemi-micelle for
mation at the powder surface in methyl ethyl ketone is suggested as a highly efficient stabilization mechanism.
Complexes of metal dopant cations may open new pathways towards future advances in ceramic slurry
formulation, especially in the field of additive manufacturing. Furthermore, the importance of solvation forces is
discussed on the basis of the protic or aprotic character of the solvent used.

1. Introduction
Production of fully dense and defect-free ceramics is an important
milestone to boost the technological relevance of additive
manufacturing (AM) in the ceramic industry. Achievement of highly
dense and homogeneous green bodies is hereby key and remains a topic
of research for many material systems [1–3]. It requires the formulation
of stable powder suspensions with high solid loads that respect the
rheological property requirements of a given AM technology [4,5]. Such
progress will eventually allow AM of transparent ceramics with complex
shapes, which have only scarcely been reported to date [6].
Within the field of AM, considerable progress has been made in
recent years on the formulation of organic-based powder slurries
through the evaluation of varying dispersing agents [7–16]. Using
commercial dispersants such as MelPers 4343 [17] or Solsperse 41000
[18], solid loadings of ca. 48 vol% with viscosities reaching down to 1
Pa s at 200 s− 1 were achieved using powders or mixtures of powders
with a dv50 particle size of 150–500 nm. Higher solid loadings (60 vol%)
have only been reported by Zhang et al. [19] using much larger particle
sizes (dv50 = 10.34 μm), albeit with higher viscosities (15.4 Pa s at 200

s− 1) and relying on yet another commercial dispersant (KOS110). These
results illustrate the challenges associated with the increasing exclusion
volume with decreasing particle size following steric or electro-steric
stabilization mechanisms. The majority of the published work relies
on proprietary commercial dispersants. Consequently, the lack of
detailed information regarding their chemical composition leads to a
rather widespread empirical slurry optimization within the AM ceramic
community. The associated lack of in-depth particle stabilization
knowledge subsequently leads to difficulties in reproducing the reported
results or relying on pre-acquired know-how once the boundary condi
tions have slightly changed. Furthermore, it can be observed that use of
sub-micron or nanoparticles is reported to a much lesser extent [20,21].
There is, however, a considerable amount of literature on non-aqueous
colloidal processing. The influence of the chemical structure of disper
sants on their stabilizing effects [22–28] as well the effect of micelle
formation [29,30] on the colloidal stability in organic media has been
reported. Despite this body of literature, its application to ceramic
powder stabilization in non-aqueous systems remains challenging, as
demonstrated by numerous empirical studies.
To match the performance of conventional ceramic sintering paths,
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Table 1
Properties of used solvents.
Solvent

Dynamic viscosity (mPa∙s) at 20 ◦ C

Dielectric constant at 20 ◦ C (− )

Density at 20 ◦ C (g/cm3)

Hydrogen bond index (1-10)

Purity

IPA - isopropanol
MEK - methyl ethyl ketone

2.4
0.42

18.6
18.5

0.785
0.805

8.9
5.0

≥99.8%
≥99.5%

Fig. 1. Flowchart of suspension preparation procedure.

the use of sub-micron powders is crucial. With decreasing particle size,
the relative volume occupied by long-chain polymeric dispersants be
comes increasingly significant. This proportionately increasing exclu
sion volume directly prevents formulation of high solid load particle
slurries [17,31,32]. Dispersants for organic slurry formulations there
fore have to be optimized with respect to their molecular weight,
conformation and charge. Hereby, a sharp steric repulsion increase at
the lowest interparticle distance will allow minimization of the differ
ence between absolute and effective solid loading. This requires a
fine-tuned affinity of the dispersant for the powder and the solvent.
Furthermore, the solvent must be selected with respect to its effects on
powder particle solvation, particle charging, configuration of adsorbed
species (e.g. Flory-Huggins parameter) and micelle formation.
For aqueous systems, interparticle forces and certain slurry proper
ties can be predicted and studied using the DLVO approach [33–38]. For
AM, weakly flocculated suspensions with close secondary minima are
generally preferred to maximize the solid load while keeping problems
linked to powder settling at a minimum. Attempts to do so using the
well-known DLVO approach have been reported [32,39–41]. The role of
non-DLVO forces (i.e. solvation forces due to solvent polarity), however,
limit the success in accurately predicting the final slurry properties [42].
In this work, we explore new pathways for the formulation organic
Mg-Spinel powder slurries. The insights gained in this study may be
applied in future to the formulation of UV-curable organic slurries for
AM (e.g. Digital Light Processing technology). We examine the use of
metal cation complexes with varying cation valence as dispersing agents
to control the interparticle forces. To investigate the interactions be
tween solvents, metal-complexes and particles from a more fundamental
standpoint, single solvent systems were chosen. The particle stabiliza
tion mechanisms brought forward in the present work may lay out the
pathway towards a more knowledge-based selection of appropriate
(dopant compatible) dispersing agents for future slurry formulation in
the AM ceramic field.
2. Experimental
2.1. Materials and reagents
The powder used in this study was MgAl2O4 (S25CR, Baikowski,
France) with a specific surface SBET = 23.1 m2/g, dv,50 = 0.2–0.3 μm and
≥99% spinel crystal phase according to the supplier data sheet and
confirmed by in-house measurements after milling. The powder was
dispersed in Methyl Ethyl Ketone (MEK) (≥99.5%, Merck, Germany)
and Isopropanol (IPA) (Reag. Ph Eur ≥99.8%, analysis grade EMSURE®
ACS, Merck, Germany) respectively (see Table 1). Chromium (III) 2-eth
ylhexanoate 70 wt% in mineral spirits (abcr GmbH, Germany) and Zinc
2-ethylhexanoate 80 wt% in mineral spirits (abcr GmbH, Germany)
were evaluated as dispersants as well as 2-ethylhexanoic acid (≥99%,
Sigma Aldrich).

2.2. Suspension preparation
All suspensions were prepared according to the following procedure
(see Fig. 1). First, the desired amount of dispersant was mixed with the
selected organic dispersing liquid (MEK or IPA) and stirred with a
magnetic stirrer for 10 min in a covered polypropylene (PP) container
Prior to powder addition, a first conductivity measurement was per
formed. Powder was then added to reach slurries with 10 vol. % solid
loading. The slurries were then first stirred with a spatula before
vigorous shaking for 30 s and an ultrasonic bath treatment for 10 min.
The slurries were finally left ball rolling on a rolling bench for 24 h (with
15 g of 3 mm ZrO2 balls for 60 g of powder slurry) for final homoge
nization and stabilization, prior to slurry characterization. This pro
cedure was chosen well aware that it would not lead to full powder
deagglomeration, but to provide equal particle distributions to compare
the effects of the various dispersing conditions. A final planetary ballmilling step was only performed in the case of Cr3+-complexes in MEK
and IPA respectively to confirm their effectiveness as dispersants in the
de-agglomeration process. Note that the acid concentrations were cho
sen to compare the effect of 2-ethylhexanoate group additions over an
equal concentration range compared to the metal complex additions and
ensure that the full powder surface coverage was reached and exceeded.
2.3. Characterization methods
A conductometer (712 Conductometer, Metrohm, Switzerland)
equipped with a conductivity measuring cell for low conductivity media
(c = 0.1 cm− 1) and a temperature sensor Pt1000 was used to evaluate
the conductivity of the electrolyte.
Turbidimetry (Turbidimeter Eutech TN-100, Fisher Scientific, USA)
was used to detect the potential presence of micelles in the supernatant
following slurry centrifugation.
The zeta-potential was evaluated using Laser Doppler Electropho
resis (Malvern Zetasizer Nano ZS, UK) using the Huckle model. A glass
dip cell (Universal dip cell kit, Malvern, UK) was used to avoid solvent
compatibility issues.
The particle size distribution was measured using static light scat
tering (LS 13320, Beckman Coulter, USA) in MEK or IPA to match the
dispersing liquid of the sample to be analyzed. Mie scattering theory was
used for the calculation of the particle size from the raw scattering data.
The absorbance spectra of the received and surface-modified dry
powder samples were measured by a Fourier transform infra-red spec
trometer (FTIR Bruker Tensor 27, USA) to gain some qualitative infor
mation regarding the surface modification step of the powder.
The powder sedimentation velocity was determined following the
sediment height at 24 h intervals over one week.
The rheological behavior of the slurries was measured using a
Rheometer (MCR302, Anton Paar, Austria) with a concentric cylinder
setup (CC27/T200/SS) with the temperature regulated at 25 ◦ C.
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Fig. 2. Conductivity vs. complex concentration of primary solutions before adding powder (solid lines) and of supernatants (dash lines): a) Cr3+-complex; b) Zn2+complex; c) 2-ethylhexanoic acid and d) Molar conductivity vs. the square root of the complex concentration.

3. Results and discussion
3.1. Conductivity measurements and turbidimetry
The conductivity measurements were performed to evaluate the
conductivity increase of the suspension following dispersant addition (i.
e. complex or acid). The rate of conductivity increase depends on the
dispersant dissociation and adsorption ratio respectively as a function of
the dispersant concentration prior to surface saturation and on disper
sant dissociation only afterwards. Two measurements were performed:
one in the solution prior to powder addition, and one in the supernatant
after slurry centrifugation.
From Fig. 2a) and b) and c) it can be seen that the conductivity in
creases with acid/complex addition, and particularly so in the presence
of spinel powder. This conductivity increase with increasing dispersant
concentration suggests at least a partial dissociation – and thus ionic
nature – of the added complexes and acids (Fig. 2). The strongest con
ductivity increase is observed for chromium complexes, where 232 μS/
cm is reached at 0.145 mol/dm3 in the supernatant of a MEK-based
suspension. This compares with 12 μS/cm for Zn2+-complexes and 2
μS/cm for acid additions in MEK. The observed conductivity increase in
the surfactant upon powder addition furthermore indicates that surface
adsorption of selected species occurs, increasing the overall ionic
strength of the suspension.
In Fig. 2 d) molar conductivity (Λm = κ/c) of Cr3+/MEK is plotted as
√̅̅̅
a function of the square root of the complex concentration ( c). The
√̅̅̅
strong change in molar conductivity as a function of c depicts a weak
electrolyte nature of the chromium complex in MEK. This further illus
trates that the dissociation constant is small and that the conductivity
increase in the supernatant relates to surfactant adsorption on the
powder surface, limiting the ion release in the liquid as a result of
additional complex dissociation.
From Fig. 2, one can also observe that there appears to be a certain

“critical” complex/acid concentration – decreasing with increasing
cation charge – above which the conductivity of the supernatant in
creases noticeably with respect to the initial electrolyte solution.
Although the origins of this critical concentration have not been further
elucidated, its existence may suggest that surfactant adsorption only
kicks in beyond this critical concentration. Furthermore, it can be
observed that the gap in the conductivities (beyond the critical complex/
acid concentrations) is more pronounced in MEK compared to IPA. This
suggests that surfactant adsorption strongly differs in both media, either
changing the amount of complex/acid dissociated upon complex/acid
addition and/or proton exchange reaction on the powder surface. The
former would be explained through a dominating adsorption of one ion
charge polarity, shifting the dissociation equilibrium towards increased
free ions. The latter would follow earlier studies suggesting that a con
ductivity increase in the supernatant was a result H+ release following a
surface reaction of oxide particles in contact with alcohol [43,44].
Alternatively, proton exchange of acidic particles and basic dispersant
resulting in protonated (positively charged) dispersant molecules and
deprotonated (negatively charged) acid sites on powder surface could
also occur [45].
Furthermore, it can be observed from Fig. 2 that in the case of Cr3+complexes, unlike in other cases, the conductivity in MEK and IPA are
seemingly identical in the primary electrolyte solution. After powder
exposure, however, higher conductivities can be observed in MEK. Both
media having a similar dielectric constant, the conductivity disparity
underscores the importance of the differing surface chemistries in MEK
and IPA suspensions, as we will further corroborate with zeta-potential
measurements (section 3.2.). In the case of Cr3+-complex additions
(Fig. 2b), the data may suggest a flattening of the slope of the conduc
tivity increase following a first steep increase with increasing complex
concentration (especially for IPA). Although additional work would be
required to confirm, a change in slope may occur at the dispersant
concentration required for full powder surface coverage, beyond which
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Fig. 3. Turbidimetry of Cr3+-complex supernatants in MEK and IPA.

the conductivity increase returns to a dissociation constant-dominated
regime.
Following the bulk conductivity data, it is also possible to determine
the critical micelle concentration (CMC) [30,46–48]. Interestingly,
turbidimetry data of the supernatants in MEK following Cr3+-complex
addition (Fig. 3) reveal two distinct maximum peaks that coincide with
slope changes in the conductivity increase (Fig. 2a). Since an increase in
turbidity goes along with an increased micelle concentration, this result
suggests configuration changes in ad-layer on the particle surface
affecting the surfactant concentration. Alternatively, the sudden de
creases around 0.02 mol/dm3 and 0.08 mol/dm3 might also be the
consequence of a restructuration of surfactant aggregate shape, such as a
change in the micelle size or fusion of globular micelles to elongated
worm-like micelles as reported elsewhere [52,53]. Note that the clear
difference observed in turbidimetry between IPA and MEK excludes that
turbidity is a result of residual powder content (e.g. same particle size
distribution). Finally, it should also be noted that the presence of water
can furthermore promote reverse micelle formation in non-aqueous
media [49–51].
From these conductivity and turbidimetry measurements, a distinct
difference between MEK and IPA can be observed in terms of adsorption
behaviors and complex stability.
3.2. Zeta-potential
Following a first assessment using conductivity and turbidimetry
measurements that suggested distinct adsorption changes between MEK
and IPA, zeta-potential measurements were performed to further eluci
date the differences observed between the surfactants and the nature of
dispersing liquid. Following reports by Lyklema [54], a distinction be
tween non-polar and semi-polar/polar media arises if the dielectric
constant lies below or above 10, respectively. The dielectric constant of
both IPA and MEK being above 10, they thus can be considered polar.
Consequently, the concept of a zeta-potential applies even to such
non-aqueous particle suspensions. A charged slipping plane is formed,
the details of which are described elsewhere [55,56].
Zeta-potential measurements (Fig. 4) revealed a significant differ
ence in the charging behavior of spinel in MEK and IPA. While zetapotentials are negative in MEK, they are positive in IPA over the full
range of evaluated acid/complex concentrations. This difference can be
explained considering the protic/aprotic character of IPA and MEK,
respectively, and their resulting acid-base interactions with the surface
[45,50,57,58]. An in-depth discussion of the charging of colloidal par
ticles in non-polar solvents in the presence of surfactants can be found
elsewhere [30]. Following Kitabara et al. [59], the relation between the
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zeta-potential and the surfactant concentration can be classified in three
types, all of which have been observed in this work. For type A, observed
for Cr3+/MEK (Fig. 4a), the zeta-potential rapidly increases before
reaching a distinct maximum value followed by a steep drop. For type B,
observed for Cr3+/IPA and Zn2+/IPA (Fig. 4b and d), the zeta-potential
slowly decreases upon a surfactant concentration increase. For type C, all
remaining cases in Fig. 4, the zeta-potential remains mostly unchanged
following surfactant concentration changes.
The charge reversal effect observed for type A behavior may follow
various mechanisms. Labib and Williams reported a moisture-induced
charge reversal effect as a result of a donor/acceptor character change
of the solid oxide surface [60]. Charge reversal can alternatively also be
induced through the formation of tail-tail associated hemi-micelles at
the powder surface, which has been equally reported for aqueous [61]
and organic-based [44] suspensions. This latter mechanism is suggested
to apply for the observed charge reversal observed in the case of spinel in
Cr3+/MEK (Fig. 4a). Starting from − 48 mV, the zeta-potential first in
creases sharply with complex addition before reaching a maximum
(− 23.3 mV) around 0.0012 mol/dm3. Beyond this, further complex
addition leads a rapid zeta-potential decrease until it reaches a floor
around − 64 mV.
For Zn2+-complex and acid addition in MEK (Fig. 4c and e), no sig
nificant zeta-potential change can be observed with varying concen
trations. The observed fluctuation is not fully understood but might be
linked to slight configurational changes on the surface and/or configu
rational changes of the complexes and micelles in MEK, all of which may
lead to fluctuation of the zeta-potential plane position. Similar behavior
is observed in the case of acid addition in IPA (Fig. 4f). For Cr3+-complex
(Fig. 4b) and Zn2+-complex (Fig. 4d) addition in IPA, however, a net
charge neutralization effect is observed, reducing the zeta-potential.
In the following, we will suggest a mechanism able to explain the
above behavior through the adsorption/desorption of positively and
negatively charged species. In the Cr3+/MEK case (Fig. 5 top), Cr3+
cations released from complex dissociation are initially strongly
attracted to the negatively charged surface following the Schulze-Hardy
rule [62] (Fig. 5b). Following the adsorption, a rapid increase in
zeta-potential is observed. At the maximum, the 2-ethyl-hexanoate
groups that adsorb alongside the Cr3+ cations, rather than a desorp
tion mechanism of Cr3+, is expected to induce the charge reversal trend.
Based on literature, a tail-tail association of the surfactant to form
hemi-micelles is suggested (Fig. 5c) [44,61]. According to the definition
of hemi-micelles provided by Tadros [63], they are typically formed at
the solid/liquid interface at concentrations below the critical micelle
concentration (CMC) and may be observed as a secondary increase in
surfactant adsorption beyond a first saturation point.
In the case of zinc complex (Zn2+/MEK) and acid (H+/MEK) addi
tions in MEK, the absence of clearly identifiable peaks to not allow for
any equivalent interpretation of the adsorption mechanism. The results
suggest, though, that there is no hemi-micelle formation occurring in
those cases, a hypothesis supported by that fact that both show a
distinctly different rheological behavior (section 3.6) compared to the
Cr3+/MEK case. Indeed, anchoring of the charged species to the surface
may not be as stable in the absence of Cr3+ and some adsorptiondesorption mechanisms may occur. It may be assumed that following
the hemi-micelle formation (i.e. hard shell) in the case of Cr3+-complex
addition in MEK, particle stabilization is dominated by electrostatic
repulsion. In the other cases (Zn2+/MEK and H+/MEK), however, steric
repulsion may be the predominant particle stabilization mechanism.
Here the valence of the cation appears to play a significant role, since the
same Cr3+/MEK behavior could be reproduced with Y3+/MEK (Yttrium
(III) 2-ethylhexanoate, 10% w/v in n-hexane) in a follow-up experiment.
Despite these suggestions, further investigation would be required to
explicitly confirm the suggested stabilization mechanism, exceeding the
scope of the present study.
In IPA (Fig. 5 bottom), positively charged particles predominantly
attract 2-ethylhexanoate anions, leading to a net charge reduction of the
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Fig. 4. Zeta-potential in MEK for a) Cr3+-complex c) Zn2+-complex and e) acid. Zeta-potential in isopropanol for b) Cr3+-complex d) Zn2+-complex and f) acid.

surface. Co-adsorption of some metal cations may not be excluded,
though, and explain the larger zeta-potential decrease for Zn2+/IPA
(Fig. 4d) compared to Cr3+/IPA (Fig. 4b). In this configuration, the
COO− heads from the 2-ethyl-hexanoate adsorb to the surface, leaving
the chain extended into the solution to provide a steric hindrance
against agglomeration. This is supported through the calculation of the
Flory-Huggins interaction parameter which gives 0.39 for MEK and 0.35
for IPA with respect to their interaction with the 2-ethylhexanoate
groups. Indeed, a value below 0.5 is required to provide effective ste
ric hindrance. This once more clearly indicates that a pure steric stabi
lization effect cannot explain the differences observed between the
various powder suspensions, which will be further corroborated
analyzing the viscosity and agglomeration degree between both
solvents.
Following these results, we will concentrate on the effects of Cr3+complex addition in MEK and IPA respectively, except for the rheology
measurements in section 3.6.

3.3. Particle size distribution in pure solvents
Although zeta-potential measurements showed an opposite charge
for spinel powder in MEK and IPA, their absolute values were close to
each other, providing a similar repulsive potential component. The
comparison of particle size distributions in pure MEK and IPA (Fig. 6)
reveals that both solvents are insufficient to stabilize the suspension,
which remains strongly agglomerated in both cases. Without surfac
tants, repulsion is governed mainly by electrostatic repulsion forces,
with attractive van der Waals forces prevailing. Also note that with MEK
and IPA having similar dielectric constants, attractive van der Waals
forces are believed comparable in both systems. Explaining the strong
gel formation in MEK (Fig. 4a) thus requires additional non-DLVO
forces.
As reported by Hellebrand [61], powder dispersion requires wetting
by the dispersing liquid, with less dispersion work required for lower
contact angles. There is no straightforward rule and hence there are
different approaches to predict the wetting behavior of a dispersing
liquid [64]. One approach considers comparison of hydrogen bond
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Fig. 5. Schematic representation of proposed stabilizing mechanism (top) in MEK: a) negatively charged slipping plane, b) adsorption of Cr3+ ions and partial
adsorption of 2-ethylhexanoate molecules, c) hemi-micelle formation on spinel surface and (bottom) in IPA, d) positively charged slipping plane and e) adsorption of
2-ethylhexanoate molecules.

Fig. 6. Particle size distribution measured by Static Light Scattering method for
MgAl2O4 powder in pure solvents (isopropanol and MEK) after ultra
sonic treatment.

indexes. Following this approach, the higher hydrogen bonding index
found in isopropanol might contribute to the formation of a solvation
layer, and subsequently provide a more efficient powder wetting and
dispersing capacity. Weak wetting could furthermore explain the for
mation of a percolating powder network in MEK, leading to a gel
formation.
3.4. FTIR
In order to corroborate the assumptions made from zeta-potential
measurements, FTIR spectroscopy was performed to qualitatively
identify surface adsorbed groups and the presence of 2-ethylhexanoate.

The FTIR spectra of dried powder samples are provided in Fig. 7, after
being suspended in the different solvents/surfactants. Despite the
qualitative nature of the analysis, potential surface modifications may
be followed through the identification of characteristic functional
groups.
Broad and weak characteristic peaks for O–H vibrations can be
located between 3600 and 3200 cm− 1. FTIR, however, does not allow
distinction between their origin from water molecules and/or hydroxide
groups. There are, however, no significant changes observed with
increasing Cr3+-complex addition in MEK or between MEK and IPA.
Furthermore, there is no reason to believe that the water/moisture
content should change significantly among the investigated samples that
have been prepared and measured at the same time at equal conditions.
In the following, O–H groups have therefore been mostly omitted in the
interpretation of the FTIR results.
Focusing on the characteristic C–H groups, it can be observed that for
spinel powder modified in 0.0012 mol/dm3 chromium (III) 2-ethylhex
anoate, there are no significant changes in the spectra compared to MEK
only exposure, explaining the remaining gel-like structure of these
slurries. For the complex concentrations ≥0.0036 mol/dm3, however,
characteristic C–H absorption peaks appear around 2840-3000 cm− 1.
This threshold aligns with the critical complex concentration observed
for a fast viscosity drop within the Cr3+/MEK powder slurries (Fig. 7
–O
inlay). From 0.036 mol/dm3 onwards, a characteristic peak for C–
bonds at 1680 cm− 1 develops in parallel with the increasing C–H peaks.
These results clearly indicate that adsorption of 2-ethylhexanoate onto
the powder surface occurs. Although these results do not allow conclu
sions to be made regarding the tail-tail association of 2-ethyl-hexanoate
in MEK – furthermore noticing solvent removal may significantly disrupt
the ad-layer structure formed in solution – they also do not refute the
hypothesis brought up previously from zeta-potential measurements.
3.5. Sedimentation height and settling velocity
The sediment tests are simple tests that allow assessment of the longterm stability of a suspension. Small sediment heights are hereby
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Fig. 7. FTIR data comparison in the functional group region (4000-1500 cm− 1) with viscosity as a function of Cr3+-complex concentration in MEK in the figure inlay.

Fig. 8. Natural sedimentation after 7 days in a) MEK; b) control test in MEK; c) IPA (encircled point is an artefact, which is supported by d) and zeta potential values
(inlay)); d) control test in IPA.

indicative of a well-dispersed powder suspension, preventing particle
agglomeration and allowing particle rearrangement for dense sediment
formation. Increasing sediment height might be representative of longrange repulsive forces, weakly flocculated suspensions and finally par
ticle agglomeration. Although flocculation and agglomeration may
impact the sedimentation speed, it is also a function of the viscosity of
the medium, temperature (e.g. Brownian motion) and particle size.
Because of the gelated suspension characteristics, especially in IPA, two
distinct sedimentation tests were performed in the present study to

confirm the general trend, as will be discussed in the following.
Considerable changes between the subsequent experiments are high
lighted by circles.
From the sedimentation results in Fig. 8, it can be observed that in
pure MEK and IPA, nearly no sedimentation occurs because of the highly
gelated character of the suspension. Following acid/complex addition,
the sediment heights drop in both solvents. There are, however, distinct
differences between IPA and MEK. Acid and Zn2+-complex addition in
MEK lead only to limited changes in sedimentation heights with a
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Fig. 9. The settlement velocity of a) Cr3+/MEK and b) Cr3+/IPA after 1 day, 4 days and 7 days.

plateau reached at a sediment height around 90% of the initial sus
pension height. The situation, however, significantly changes upon
Cr3+-complex addition. The sediment height rapidly drops and reaches a
plateau at about 50% of the original suspension height. This drop in
sediment height suggests a packing of particles close to the theoretical
56% expected from a random close packing of particles. This is only
achievable in well-dispersed and non-cohesive particle slurries. This
observation is consistent with the viscosity measurements that will be
discussed in the following section (section 3.6.). Note also the substan
tial changes in the sediment height between both tests (Fig. 8a and b) at
Cr3+-complex concentrations around 0.0036 and 0.018 mol/dm3 where
charge inversion occurs, which may lead to reproducibility issues.
In IPA (Fig. 8c–d), the added species (with different cation valences)
do not seem to play a significant role. The sediment height drops
quickly, albeit only slightly upon acid/complex addition, reaching a
plateau around 90% of the initial suspension height. Whereas for Cr3+/
IPA and Zn2+/IPA the changes in sediment heights occur relatively fast,
more acid addition is required to reach an equivalent change, which is
explained through the higher 2-ethyl-hexanoate mole content in the
metal complexes. These results suggest that the 2-ethyl-hexanoate con
centration required for minimal steric repulsion under these conditions
is relatively low. Indeed, from the current results it may be suggested
that this minimum concentration leads to a weak minimum in sediment
height (i.e. maximum following the notation in Fig. 8c and d), beyond
which increased 2-ethyl-hexanoate surface density (increased exclusion
volume) and/or surface charge neutralization leads again to a slight
increase in sediment height. Overall, the sediment height shows low
variability upon complex/acid addition beyond the initial sediment
height drop. These results support the previous hypothesis that steric
repulsion from adsorbed ethylhexanoate is the main stabilization
mechanism in IPA, with the cation valence playing no significant role.
Finally, these results also suggest that IPA powder suspensions are never
in a well-dispersed state for any of the studied dispersants.
Fig. 9 illustrates the sedimentation tests over a 7 days period to

illustrate the sedimentation velocity. It can be observed that unless in
the case of MEK, sedimentation speed is equivalent in IPA regardless of
the chromium complex concentration. In MEK, however, the sedimen
tation speed increases with increasing Cr3+-complex concentration. The
results suggest that for Cr3+/MEK there are no or much weaker longrange inter-particle forces than for Cr3+/IPA, limiting the flocculation
phenomenon as will be discussed in the next section. Furthermore, the
results may suggest that long-range interparticle forces are reduced with
increasing chromium complex concentration in MEK.
3.6. Rheology measurement
Viscosity measurements revealed (Fig. 10a) a low-viscosity nearNewtonian behavior beyond a Cr3+-complex concentration of 0.018
mol/dm3. Net particle interaction forces thus appear to rapidly decrease
upon Cr3+-complex addition. In the case of acid and Zn2+-complex ad
ditions in MEK (Fig. 10e and c), a shear thinning behavior is observed,
representative of flocculated particle slurries and regardless of their
respective concentrations. This fits well with the observations made
from the sedimentation tests. Rheology was not evaluated for 0.0036
mol/dm3 Zn2+/MEK and 0.0072 mol/dm3 acid in MEK because of their
fully gelated nature, like spinel in pure MEK.
Unlike in MEK, a shear-thinning behavior appeared for all surfactant
types in IPA, once more supporting the steric repulsion hypothesis
following 2-ethy-hexanoate adsorption (Fig. 10b, d, 10f). However, the
shear thinning behavior is most pronounced in the case of acid addition,
leading to the suggestion that the metal cations interfere in the ad-layer
or its vicinity, as suggested from the zeta-potential measurements.
Comparing viscosities at constant shear rate (Fig. 11), it can be
observed that for Cr3+ in IPA, the viscosity decreases systematically with
an increase of the complex concentration. This is in contrast to the sit
uation observed for Zn2+-complex and acid additions, where the vis
cosity increases after reaching a minimum following a rapid initial drop.
The minimum may be associated with an optimal dispersant
18450

P. Zubrzycka et al.

Ceramics International 47 (2021) 18443–18454

Fig. 10. Viscosity curves for suspensions with a) Cr3+-complex in MEK; b) Cr3+-complex in IPA; c) Zn2+-complex in MEK; d) Zn2+-complex in IPA; e) 2-ethylhexanoic
acid in MEK; f) 2-ethylhexanoic acid in IPA. The inflection points in a), c) and e) are measuring artefacts due to the low viscosity and some powder sedimentation.

concentration for the respective system, supporting the results from the
sedimentation trials (Fig. 8c and d). Above this optimum dispersant
concentration, viscosity increases are commonly observed, whether
linked to viscosity changes of the medium or stiffening effect of the
adsorbed layer, increasing the effective solid loading. These optimum
dispersant concentrations have been found at 0.0036 mol/dm3 and
0.0071 mol/dm3 for the Zn2+-complex and acid, respectively. For
Cr3+/MEK, the viscosity drops significantly after reaching a complex
concentration of 0.0036 mol/dm3 and remains equally low upon further
increase of the complex concentration.
The differences in the effects of selected complexes/acids on the
viscosity observed here highlight the influence of the dispersing media
on the dispersion. In particular, the protic (e.g. IPA) or the aprotic (e.g.
MEK) nature of the solvent can have a dominant role on the interaction
between dispersants and the powder surface. In IPA, the viscosity is
lowest following acid addition and highest upon Cr3+-complex addition.
The reason why in the case of Cr3+-complex addition in IPA the viscosity
keeps dropping is not fully understood, but is presumably linked to a co-

adsorption of Cr3+ in the adsorption layer or its location in the vicinity
thereof. Corroboration thereof, however, would require additional ex
periments out of the scope of the present paper. The situation, however,
is the opposite in MEK, where chromium complex addition provides the
lowest viscosities by far. Addition of chromium (III) 2-ethylhexanoate in
MEK reduces the interparticle forces, presumably changing the config
uration of 2-ethylhexanoate adsorption at the powder surface. The
lowering of the interparticle forces and/or their distance range inhibits
gel formation and long-range particle repulsion, consistent with the
observations from the sedimentation experiments.
3.7. Ball milling
In order to confirm the good dispersion capability of chromium
complex additions in MEK, Fig. 12 shows the particle size distribution of
Cr3+/MEK and Cr3+/IPA spinel suspensions as a function of the ball
milling time. Both suspensions present considerable amounts of ag
glomerates prior to milling. Sixty minutes of milling is sufficient to fully
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Fig. 11. Viscosity at a shear rate of 100 s− 1 for dispersants in MEK (red line)
and isopropanol (black line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

remove any agglomerates in Cr3+/MEK, leading to a monomodal par
ticle size distribution with a dv50 = 0.139 μm. In the case of Cr3+/IPA,
agglomeration subsists after 60 min of milling, illustrating the poor
particle stabilization character of chromium complexes in IPA. This
result confirms the particle stabilization capability of Cr3+ 2-ethyl-hex
anoate complexes in aprotic solvents such as MEK.
4. Conclusions
We have evaluated the use of 2-ethyhexanoate metal complexes as
novel dispersing agents for oxide powder ceramics in protic (iso
propanol, IPA) and aprotic (methy ethyl ketone, MEK) dispersing media.
Chromium (III) 2-ethylhexanoate has been identified as a promising
small-chained surfactant to effectively disperse spinel powders with a
dv,50 < 0.2 μm in an aprotic solvent. While other powder systems have
been more carefully studied, such as titania in pure alcohols [43] or
alumina in various solvents [23], investigation of spinel stabilization
mechanisms has mostly focused on aqueous-based suspensions [65,66].
Consequently, the mechanisms behind the spinel suspension gelation in
aprotic organic solvents is less well documented. While the selected
system was chosen to avoid the common use of commercial dispersants,
it has simultaneously laid out a pathway towards the selective use of
dispersants as powder dopant sources.
Magnesium aluminate spinel forms a strongly gelated suspension in
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aprotic dispersing media (e.g. MEK) with negatively charged particle
surfaces. In protic dispersing media (e.g. IPA), however, gelation is
weaker and particles are charged positively. These opposite particle
charges are attributed to the differing proton donor-acceptor character
of MEK and IPA. The formation of the gel structure is presumably linked
to the different energy required for particle wetting in protic and aprotic
conditions. A similar behavior is expected during the use of acrylates
which may express a more protic (e.g. hydroxyl functional acrylates like
HEA or HEMA) or aprotic (e.g. HDDA) character.
Combining various measurement techniques, the influence of IPA
and MEK on the adsorption and particle stabilization mechanisms of
(Zn2+, Cr3+) 2-ethyl-hexanoate complexes and 2-ethylhexanoic acid
could be established. The surface polarity and the cation valence could
hereby be identified as prime factors governing the particle stabilization
performance of such dispersants. In particular, Cr3+ 2-ethyl-hexanoate
has been identified as a promising dispersant for particle stabilization
in aprotic dispersing media, such as MEK. Hemi-micelle formation was
suggested as the governing stabilizing mechanism behind this promising
performance. The “hard” shell configuration following the hemi-micelle
formation apparently leads to electrostatic-governed particle repulsion.
Further investigation would be required to provide a final confirmation
for hemi-micelle formation on the powder surface.
Combined with the strong electrostatic particle repulsion, the higher
conductivity values obtained for Cr3+ 2-ethyl-hexanoate in MEK effi
ciently suppress long-range particle interaction, shifting the rheological
behavior from a shear thinning to a Newtonian liquid behavior. This
could be confirmed through sedimentation tests and ball milling trials,
both of which confirmed the good particle stabilization and packing
density performance.
Because of the limited use of Cr3+ as a dopant in ceramics, a similar
behavior could be confirmed with Y3+ and is expected with complexes of
other trivalent metal cations. A metal-complex based dispersion system
like the one investigated in the present work may thus be promising for
use in other aprotic media such as aprotic acrylates commonly employed
in stereolithographic-based additive manufacturing. Application of the
knowledge brought forward in the present paper to non-aqueous UVcurable systems may thus prove relevant in the rapidly expanding field
of ceramic additive manufacturing. Therein, a more knowledge-based
approach may pave the way towards efficient dispersion and stabiliza
tion of high solid load slurries required for reliable high-performance
ceramics.
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