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Abstract

Starch is a frequently used pore-forming agent in ceramic technology. Moreover, it can take over the function of a body-forming agent in
a recently developed process, called starch consolidation casting. Upon firing the starch polymers are burnt out without residues and leave
a pore structure determined by the type of starch applied. In this paper, five commonly available starch types (potato, wheat, tapioca, corn
and rice starch) are characterized with respect to size and shape. Size distributions are measured via laser diffraction and microscopic image
a r
t potato,
w sometric for
p starch), are
m
©

K

1

i
p
n
r
p
c
T
a
g
c
p
m
m

o
truc-
opti-
hich
or of
re of
.
size
itial
pore

tural
nitial
d. In
dis-
LD)
ata.
that

duc-

0
d

nalysis. Rice starch is found to be the smallest type (median size 4.4–4.8�m), potato starch the largest (median size 46–49�m) and the othe
ypes intermediate (median size 12–21�m). The distribution is narrow for corn and tapioca starch (span approximately 1.1), while
heat and rice starch are relatively polydisperse (span approximately 1.35–1.65). The shape of the starch granules is most ani
otato starch (average aspect ratio 1.3–1.4). All other starch types, although possibly of polyhedral shape (tapioca, corn and rice
ore isometric, i.e. very close to an average aspect ratio of 1.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Starch is one of the frequently used pore-forming agents
n ceramic technology.1,2 Due to its chemical composition (a
olysaccharide consisting essentially of C, H and O only) this
atural biopolymer is easily burnt out during firing without
esidues in the final ceramic body. In a recently developed
rocess, called starch consolidation casting (SCC), starch
an additionally take the role of a body-forming agent.3–9

his process exploits the ability of starch granules to swell in
queous media at elevated temperature and enables ceramic
reen bodies to be formed from starch-containing aqueous
eramic suspensions by casting into non-porous molds (e.g.
olymer or metal molds). Principles, processing details and
odeling issues concerning the SCC process as well as
icrostructure–property characterization of final ceramics
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prepared by SCC can be found in Refs.10–15. Of course, als
the SCC process results in porous ceramics with a micros
ture determined by the type of starch used. However,
mization of the SCC process is a highly complex task, w
is complicated by the intricate time–temperature behavi
starch in aqueous media and the non-equilibrium natu
phase transitions (e.g. gelatinization and retrogradation)16,17

Although starch granules can generally change their
(and volume) and possibly shape during swelling, the in
size and shape will determine the characteristics of the
space of the final ceramics to a large degree.

In any case, as a first step towards efficient microstruc
control by the SCC process, it is necessary to know the i
size, shape and size distribution of the starch type use
particular, concerning size distribution, it is desirable to
pose of a characterization in terms of laser diffraction (
data and in terms of microscopic image analysis (MIA) d
The former (LD) is a convenient modern standard method
can be routinely applied in process optimization and pro

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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tion control, while the latter (MIA) is a method that can be
conveniently applied for the characterization of fired ceramic
bodies. In other words, only by MIA it is possible to relate
the particle size distribution of the pore-forming agent di-
rectly to the pore size distribution in the fired ceramics. In
spite of the immense literature on starch science and tech-
nology, it seems that a systematic comparison between LD
data and MIA data from the viewpoint of particle statistics
is not available. The purpose of this paper to provide such
a comparison and to present the individual characteristics
for five native starch types which are commercially avail-
able in the world market: potato, wheat, tapioca, corn and
rice.

The size and shape information provided in this paper
should be helpful to realistically delimit the potential
microstructural goals that can be attacked with starch as
a pore-forming agent (in conventional ceramic shaping
technologies or in the SCC process) and may serve as a
guideline in selecting the appropriate starch type for a
concrete application in mind. The comparison between
LD and MIA results is a necessary precondition for future
process optimization and improved microstructural control.

2. Starch types
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Fig. 1. Optical micrograph of zirconia ceramics prepared by SCC from a
suspension containing 30 vol.% (based on solids) of potato starch.

Fig. 2. Optical micrograph of zirconia ceramics prepared by SCC from a
suspension containing 15 vol.% (based on solids) of corn starch.

be viewed as paradigmatic examples. They show zirconia
ceramics prepared from 72 wt.% zirconia suspensions (TZ-
3YE, Tosoh, Japan) after mixing at room temperature with
30 vol.% potato starch and 15 vol.% corn starch (based on
solids), respectively. After casting into metal molds, heating
at 80◦C for 2 h, demolding and drying at 105◦C for 12 h the
ceramics were fired at 1400◦C (heating rate 1◦C/min below
600◦C and 2◦C/min above 600◦C, dwell 2 h), resulting
in total porosities of 31.5 and 20%, respectively. Although
the two starch types exhibit distinctly different processing

T
C es), including the rate of granular swelling and the temperature range forgelatinization
i

S Rate of granular swelling Gelatinization start (◦C) Gelatinization end (◦C)

P Fast 50–56 68
W Slower 58 64
T Fast 49 65
C Slower 62 72–80
R Slower 58–69 79–86
Starches are complex biopolymers of natural ori
ccurring in the form of granules in plant tissue. Chemic

hey consist essentially of two types of polysacchar
glucose polymers), amylose and amylopectin, cf.Table 1.
or a detailed characterization of composition, structure
roperties of starch, including the time–temperature be

or in aqueous media (with or without additional solutes),
eader can refer to several excellent reviews.18–20 What is
f primary interest in the present paper is the size and s
haracterization of native (i.e. unmodified) starch granul
he unswollen state, which is the initial state used for mi
nto ceramic suspensions and is related to the pore stru
esulting in the final ceramic after starch burnout,
igs. 1 and 2and similar micrographs, e.g. in Ref.1. It has to
e emphasized of course that the pore size distribution
y no means be identical to the initial size distribution of
tarch granules. Depending on the processing conditio
ossible influence of starch swelling on the final pore size

o be taken into account, although the choice of the ade
tarch type will always be the primary and most impor
tep for pore size control. In this sense,Figs. 1 and 2should

able 1
haracteristics of starch types (typical values for orientational purpos

n excess water17,19

tarch type Amylose content (%) Amylopectin content (%)

otato 20–21 79–80
heat 25–30 70–75

apioca 16–17 83–84
orn 25–28 72–75
ice 17–30 70–83
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behavior and controllability, it is evident that the difference
in pore size is primarily a consequence of the difference in
the initial granule size of potato starch and corn starch.

Being of natural origin, it is clear that all product charac-
teristics of native starch, including size and shape, exhibit a
relatively broad variance, depending on genetic type of the
plants, breeding and growth conditions (climate, sunshine,
humidity), extraction procedure and batch-to-batch varia-
tions. Potato (Solanum tuberosum) and tapioca starches are
tuber or root starches, the latter obtained from the cassava
plant (Manihot esculenta), while wheat, corn and rice starch
are cereal starches (fromTriticum vulgare, Zea mays L. and
Oryza sativa L., respectively).

All five starch types investigated here are commercially
available from several producers on the world market. In Eu-
rope, potato, corn and wheat starch are the most common
types. The samples for the present investigation were potato
starch Solamyl (Natura a.s., Czech Republic), corn starch
Gustin (Dr. Oetker a.s., Czech Republic) and wheat starch
from Amylon a.s., Czech Republic. Rice and tapioca starch,
currently less common in Europe, were test samples provided
by the Vyzkumńy ústav potravińǎrský Praha (VUPP), Czech
Republic.
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counted for the individual starch types in the present
investigation.

With the help of the image analysis software individual
starch granules were circumscribed manually by simple
well-defined equivalent area objects (circles or ellipses).
From the area (measured by pixel counting in the image
analysis software) a projected area diameter, i.e. the diameter
of a circle equivalent (with respect to area) to the projected
particle outline, is automatically calculated. In the case of
wheat, tapioca, corn and rice the marking could be done with
circles, due to their isometric shape (Figs. 4–7). However, for
potato starch, cf.Fig. 3 (obviously the most anisometric of
the starch types investigated in this paper), it appeared useful
to use equivalent ellipses (five-point ellipses) for marking.
This enables one to quantify shape information via an aspect
ratio (i.e. the ratio between maximum and minimum Feret
diameter), in addition to the size information contained in
the projected area diameter.

The primary results of MIA are number-weighted size dis-
tributions in the form of so-called frequency histograms (q0).
In order to compare these results with the LD results, which
are volume-weighted size distributions (q3), it is necessary
to transform the MIA results (so-called “q0–q3 transforma-
tion”, cf. Ref. 23). For isometric particles or systems with
a size-invariant aspect ratio this can be done very easily by
replacing the number of objectsN counted in a certain size
c a-
t ise
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t
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P 56
W 22.5
T 15
C 15
R 5.2
. Measurement details and evaluation procedure

All five starch types (potato, tapioca, wheat, corn,
ice) have been characterized by LD and MIA. The re
an refer to standard monographs21,22 for measuremen
rinciples of these methods. Laser diffraction was ca
ut in a standard way23,24on the particle sizer Analysette
Fritsch Laborgeratebau GmbH, Germany) using a He
aser (wavelength approximately 0.6�m) and performing

model-independent evaluation via Fraunhofer theory
ample preparation was necessary prior to measure
ince complete dispersion can be achieved just by app
ltrasound during measurement itself. For microsc

mage analysis the starch granules were dispersed in dis
ater at room temperature, dropped on an object slide
ried in air at room temperature. A number of microgra
as made of each starch type with an optical micros
enapol (Zeiss, Germany) and a commercial image an
ng software package (LUCIA G, version 4.81, Labora
maging, Czech Republic) was used for data record
able 2 includes the number of objects (starch granu

able 2
umber of objects counted via MIA for the respective starch types
icroscopic image analysis, LD: laser diffraction)

tarch type Number of objects counted Median (MIA) (�m)

otato 1600 46.3
heat 3315 20.7

apioca 4173 12.2
orn 4204 12.9
ice 4083 4.8
i
lassDi by the quantityNiD

3
i . The corresponding cumul

ive size distributions (Q3) are easily obtained by stepw
ummation of the frequency histograms and normaliza
o 100%, cf.Refs. 21–23.

. Results and discussion

Figs. 3–7show micrographs of potato, wheat, tapio
orn and rice starch, respectively. It is evident that po
tarch exhibits the largest and most anisometric gran
Fig. 3). The deviation from sphericity is clearly towards p
ate shapes. Polydispersity is a common feature of all s
ypes, but wheat starch shows a large amount of small g
eside many large grains, while intermediate sizes are a
ntly missing (Fig. 4). Most wheat starch granules seem
e spherical, although some of the larger grains might b
lightly oblate shape, corresponding to the lenticular g
les described in the starch literature.17–20Tapioca and cor
tarch (Figs. 5 and 6) appear very similar to each other w

aracteristic measures of the volume-weighted particle size distribuIA:

MIA) (�m) Median (LD) (�m) Mode (LD) (�m) Span (LD)

49.0 54.9 1.45
20.0 22.7 1.65
13.5 15.0 1.07
14.2 14.8 1.13
4.4 5.2 1.35
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Fig. 3. Optical micrograph of native potato starch.

Fig. 4. Optical micrograph of native wheat starch.

Fig. 5. Optical micrograph of native tapioca starch.

Fig. 6. Optical micrograph of native corn starch.

respect to size (evidently smaller than potato starch and the
large size fraction of wheat starch), while rice starch (Fig. 7)
is definitely the smallest of all. The shape of tapioca, corn and
rice starch is isometric but often non-spherical (polyhedral).
All these qualitative findings are in agreement with what is
known from the starch literature.16–20

In order to quantify the statements just made, it is nec-
essary to consider the measured size distributions.Fig. 8
shows the number-weighted size distributionq0 (frequency
histogram) of potato starch determined by MIA, whileFig. 9
shows the same data afterq0–q3 transformation, i.e. in terms
of relative volume instead of number. In the present case, the
q0–q3 transformation could be simplified as described above,
since the average aspect ratio is approximately size-invariant
(total grand arithmetic mean of the invidual size class arith-
metic means: 1.41± 0.09), cf.Fig. 10. Note, however, that
this does not imply that all grains are of the same shape
(cf. Fig. 3). On the contrary, similar to the individual size
classes the system as a whole exhibits an aspect ratio distri-
bution, cf.Fig. 11. For the potato starch investigated here, this
Fig. 7. Optical micrograph of native rice starch.
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Fig. 8. Number-weighted frequency histogram (q0) of potato starch deter-
mined by MIA.

Fig. 9. Volume-weighted size distribution (q3) of potato starch (obtained
from the MIA data inFig. 8via q0–q3 transformation under the assumption
of a size-invariant aspect ratio).

distribution can be characterized by a mode of 1.25, a median
of 1.25 and an arithmetic mean of 1.35± 0.22. According to
all these shape measures potato starch exhibits a small de-
gree of anisometry. Evidently, all other starch types are more
isometric.

Fig. 12shows the volume-weighted size distributions (q3)
of potato starch determined from MIA (afterq0–q3 trans-
formation) in comparison with the results of LD, in the
usual representation with logarithmic abscissa.Fig. 13shows

Fig. 10. Size dependence of the aspect ratio of potato starch granules (arith-
metic mean: 1.41± 0.09).

Fig. 11. Aspect ratio distribution (cumulative curve—left ordinate, fre-
quency histogram—right ordinate) of potato starch granules (median: 1.25,
mode: 1.25, arithmetic mean: 1.35± 0.22).

Fig. 12. Volume-weighted size distributions of potato starch (q3 histogram
obtained from the MIA data viaq0–q3 transformation, cf.Fig. 9; curve
measured by LD).

the corresponding cumulative curves (dashed curve: MIA,
solid curve: LD).Figs. 14, 17, 20 and 23show the number-
weighted size distributions (MIA,q0), Figs. 15, 18, 21 and 24
show the volume-weighted size distributions (MIA and LD,
q3) andFigs. 16, 19, 22 and 25the corresponding cumulative
curves (MIA and LD,Q3) of wheat, tapioca, corn and rice
starch, respectively. A striking feature is the unusual shape
of the q0 histogram for wheat starch: the small size mode
(size class 3.5–5.5�m) is extremely high, i.e. high enough to

Fig. 13. Volume-weighted size distributions of potato starch (Q3 cumulative
curves; dotted—MIA, solid—LD).
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Fig. 14. Number-weighted frequency histogram (q0) of wheat starch deter-
mined by MIA.

Fig. 15. Volume-weighted size distributions of wheat starch (q3 histogram
obtained from the MIA data viaq0–q3 transformation, cf.Fig. 14; curve
measured by LD).

be retained even afterq0–q3 transformation. This is charac-
teristic for the bimodal nature of wheat starch mentioned in
the starch literature.17,20Comparing MIA and LD results the
following conclusions can be made:

1. For all five starch types investigated in this work the agree-
ment between MIA results (afterq0–q3 transformation)
and LD results is generally satisfactory in the central re-
gion of the size distributions. It is evident fromTable 2that
the median values of the MIA and LD size distributions

Fig. 16. Volume-weighted size distributions of wheat starch (Q3 cumulative
curves; dotted—MIA, solid—LD).

Fig. 17. Number-weighted frequency histogram (q0) of tapioca starch de-
termined by MIA.

Fig. 18. Volume-weighted size distributions of tapioca starch (q3 histogram
obtained from the MIA data viaq0–q3 transformation, cf.Fig. 17; curve
measured by LD).

are very close and that the mode values are in excellent
agreement.

2. In the small-size region (particularly around 1–2�m) LD
generally seems to overestimate the content of fines. Al-
though it may be argued that in this size region the evalu-
ation of LD results via Fraunhofer theory is inappropriate
(and Mie theory should be used21,22,24), it is highly prob-
able that the LD results are nevertheless the more reliable
ones, because with MIA the size and number of such small
particles is seriously affected by the resolution limit of

Fig. 19. Volume-weighted size distributions of tapioca starch (Q3 cumula-
tive curves; dotted—MIA, solid—LD).
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Fig. 20. Number-weighted frequency histogram (q0) of corn starch deter-
mined by MIA.

Fig. 21. Volume-weighted size distributions of corn starch (q3 histogram
obtained from the MIA data viaq0–q3 transformation, cf.Fig. 20; curve
measured by LD).

light-optical microscopes: if the particles are detected at
all, the size values in this region are strongly distorted by
interference phenomena near the resolution limit.21

3. In the large-size region the LD results generally extend to
higher size values than the MIA results. Again, there is
a strong argument in favor of the LD results: the number
of particles is considerably larger and thus the statistics
is more reliable. Even a comparatively small number of
large particles, if statistically relevant, will have a visible

Fig. 22. Volume-weighted size distributions of corn starch (Q3 cumulative
curves; dotted—MIA, solid—LD).

Fig. 23. Number-weighted frequency histogram (q0) of rice starch deter-
mined by MIA.

Fig. 24. Volume-weighted size distributions of rice starch (q3 histogram
obtained from the MIA data viaq0–q3 transformation, cf.Fig. 23; curve
measured by LD).

influence on the volume-weighted size distribution (q3 or
Q3) determined by LD, while it may remain undetected
by MIA and meaningless in a number-weighted size dis-
tribution (q0 or Q0).

4. Potato starch is the largest starch type with a median equiv-
alent diameter (D50) between 46.3�m (MIA) and 49�m
(LD), rice starch the smallest withD50 between 4.8�m
(MIA) and 4.4�m (LD). An appropriate measure of the

Fig. 25. Volume-weighted size distributions of rice starch (Q3 cumulative
curves; dotted—MIA, solid—LD).
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width of the distribution is the so-called span defined as

span= D90 − D10

D50
,

whereD90 is the 90% andD10 the 10% undersize quan-
tile. The span values of the LDQ3 distributions inTable 2
indicate that tapioca and corn starch, apart from being
of almost the same size and shape, are both relatively
monodisperse (span 1.07–1.13), while rice, potato and es-
pecially wheat starch are much more polydisperse (span
1.35–1.65).

Although it clearly follows that for the characterization
of native starch LD is a more efficient method than MIA
and will usually be preferred in routine measurements,
the above comparison between MIA and LD results is of
fundamental importance in ceramic science and technology,
since the attempt to produce ceramics with controlled mi-
crostructure (porosity, pore and pore space characteristics)
requires a comparison between the size distribution of the
pore-forming agents and the size distribution of the pores
in the final ceramic body. Routinely (i.e. when tomographic
3D techniques25–27 are to be avoided), the latter can be
determined in two ways: either by mercury intrusion or by
microscopic image analysis of 2D polished sections. Both
ways are not without drawbacks: in the first the oversim-
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since they are thermodynamically stable or even show a
tendency to grow.33 Thus, when starch granules are used as
a pore-forming agent in traditional ceramic processing (slip
casting, extrusion, pressing) the pores resulting from the
pore-forming agent (burnt out during firing) can be expected
to be of approximately the same size as the initial starch
granule size. Surprisingly, preliminary microstructural stud-
ies with ceramics prepared by starch consolidation casting
(SCC), where starch is a pore-forming and a body-forming
(swelling) agent at the same time, seem to indicate that also
in this process the swelling potential of starch is by no means
fully exploited (at least for potato starch where swelling can
be extremely large) and the resulting pore size distribution
is not too much different from the initial size distribution
of the starch granules. The connection between swelling
kinetics, rheological changes and body formation in the SCC
process, questions of starch burnout and sintering as well as
microstructure–property relations in ceramics prepared by
SCC will be adressed in more detail in forthcoming papers.

5. Summary and conclusions

Five starch types, all commercially available on the world
market, have been characterized with respect to size and
shape. Size distributions have been measured by LD and
M and
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b to
j ect
c ured
b en-
t e of
m n can
b rox-
i cific
s niso-
m ults
c le to
r

ts in
c ing
a with-
s mers
( and
s to the
p le),
a sive
s aled
i d for
n ctive
s h the
l sizes
o is
i al
s ing
lified and unrealistic cylindrical tube model is usua
xploited to express the results in terms of equivalent
iameters,21,28while the results of the latter are distorted

he fact that the pores are cutted statistically in random p
ot corresponding to the true (i.e. maximum) pore diam
evertheless, the latter problem (so-called Wicksell’s
uscle problem) can for many practical cases be solved

he so-called Saltykov transformation,29–31 while the mer
ury intrusion results must necessarily remain unrealisti
ores formed with spherical pore-forming agents. Howe
ased on the findings of MIA it was possible to assign
inimum in the pore size distribution measured by mer

ntrusion to the average size of the pore throats, i.e. the
onnecting channels between overlapping spherical po10

Based on the findings of this paper it can now be con
red as justified using laser diffraction for the characte

ion of the pore-forming agent (starch granules) and com
hese results directly with the pore-size distribution of
nal ceramic bodies (resulting after starch burnout du
ring) measured by microscopic image analysis. In par
ar, the median and mode values of the size distribution
e expected to be quite reliable, when the number of ob
pores) counted is not much less than in the present inve
ion. We note, however, that this comparison is only pos
ue to the sufficiently isometric shape of the starch gran
nd cannot be generalized to other, more anisometric,

orming agents.
It is known from sintering theory32 that when larg

ores are present in a fine-grained ceramic green
hese large pores do not exhibit significant shrink
IA. The latter, although much more operator-intensive
ime-consuming, was necessary in order to verify the p
ility to replace MIA by LD in routine measurements and

ustify the future use of LD (and not MIA) results for a dir
omparison with resulting pore-size distributions meas
y MIA. In particular, good agreement was found for the c

ral region of the size distributions and therefore the us
edian and/or mode values for system characterizatio
e recommended. This result should be valid for all app

mately isometric objects and is not related to any spe
tarch type. We emphasize, however, that for strongly a
etric pore-forming agents agreement of MIA and LD res

annot be expected and thus in general it is not possib
eplace the MIA measurement by a LD measurement.

Concerning the potential use as pore-forming agen
eramic technology or as combined pore-and-body-form
gents in the SCC process the following can be said: Not
tanding the fact that all starches are natural biopoly
which naturally implies a relatively large scatter of size
hape characteristics and doubtlessly sets certain limits
recision of microstructural control achievable in princip
comparison with the information available in the exten

tarch literature shows that the principal differences reve
n this paper can be considered as quite generally vali
ative starch and the values as typical for the respe
tarch types. Rice starch is the smallest, potato starc
argest of the easily available starch types (with median
f 4–5�m and 45–50�m, respectively). Wheat starch

ntermediate (D50≈ 20�m) and exhibits a strongly bimod
ize distribution, which might be exploitable for achiev
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extremely high porosities (fractal or “Appolonian” packing
of pores). Tapioca and corn starch exhibit very similar size
and shape characteristics (D50≈ 12–14�m) and a relatively
narrow size distribution (span≈ 1.1, compared to values
between 1.35 and 1.65 for the other three starch types).
Thus, from the viewpoint of pore size control it should
be possible to replace tapioca starch by corn starch and
vice versa. Nevertheless, other characteristics can be very
different, e.g. the swelling behavior and the gelatinization
temperature range listed inTable 1. Potato starch is the most
anisometric of the starch types investigated (average aspect
ratio≈ 1.3–1.4). All other starch types, although possibly of
polyhedral shape (tapioca, corn and rice starch), are more
isometric, i.e. very close to an average aspect ratio of 1.
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