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Abstract Laboratory testing was conducted to deliver
a set of characteristics of structure and mechanical properties of
pure starch and starch with an addition of a lubricant — magnesium
stearate. Considerable influence of moisture content of potato starch
was found in the case of density, parameters of internal friction,
coefficients of wall friction and flowability. Elasticity was found to
be strongly influenced by water content of the material. Addition
of magnesium stearate affected density and parameters of flowa-
bility, internal friction and elasticity. Bulk density increased from
604 to 774 kg m> with decrease in moisture content of potato
starch from 17 to for 6%. Addition of magnesium stearate resulted
in approximately 10% decrease in bulk density. Angle of internal
friction obtained for 10 kPa of consolidation stress decreased
from 33 to 24° with increase in moisture content, and to approxi-
mately 22° with addition of the lubricant. With an increase of
moisture content from 6 to 18% and with addition of the lubri-
cant, the modulus of elasticity during loading decreased from
approximately 1.0 to 0.1 MPa. Modulus of elasticity during un-
loading was found in the range from 19 to 42 MPa and increased
with increase of moisture content and amount of lubricant.

K ey words: potato starch, mechanical properties, friction,
clasticity

INTRODUCTION

The volume and range of materials in powdered form
are still increasing in industry, yet simultaneously powder
handling remains one of the least understood areas asso-
ciated with solid processing plants. Scientific knowledge
regarding powder technology is still fragmentary, design of
equipment relies on empirical concepts, and process con-
trol is largely based on experts know-how (Cuq et al., 2011;
Moya et al.,2013; Stasiak ez al., 2010). Predictable process-

*Corresponding author e-mail: mstasiak@ipan.lublin.pl
**This work was financed from the budget for science as research
project No. N 313 141938 (2010-2013).

ing, assuring quality and reduction of losses of products,
are still substantial issues. Increasing scale of industrial
operations requires the design of efficient equipment and re-
liable processes thatin turn calls formore precise information
about the physical characteristics of substrates (Mazurkie-
wicz, 2011; Ramirez et al. 2009; Stasiak et al., 2007).

One of the frequently used powdered materials all
over the world is potato starch, as cheap and easily avail-
able. With the market share of 6% in the world, it is one
of the major components in the formulation of food pro-
ducts. Starch is one of the most widely used excipients in
manufacture of solid dosage form as binder and dissenter
in tablets formulation (Ahmad et al., 2012; Odeku et al.,
2005; Ruppel et al., 2009; Wang et al., 2010). Starch is
a useful raw material for biodegradable thermoplastics
because of its natural abundance and low cost (Mitrus
and Moscicki, 2009; Moscicki et al., 2012; Zavareze et
al., 2012). However, its low flowability and hydrophili-
city generate serious technological problems. That is why
in formulations for thermoplastics production flows, agents
are used to improve flowability and to change characte-
ristics from hydrophilic to hydrophobic (Chujiang et al.,
2009). These authors proposed a new dry process for the
production of hydrophobic corn starch without solvent.
To find the origins of properties of starch powders, inves-
tigations focused on single granule properties have been
conducted. Schroeter ef al. (1992) obtained parameters of
potato starch measured on single granule. Elastic modulus
of 2.7 GPa, tensile strength of 62 MPa, indentation hard-
ness of 113 MPa found by these authors were in a range of
values of those obtained for rigid thermoplastics. Salerno et
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al. (2014), in their atomic force microscope examinations
of individual granules, obtained elastic modulus of potato
starch of 9.8 MPa, thus fairly close considering usually high
variability of properties of materials of biological origin.

Numerous research projects have been performed to
study the mechanical properties of biopolymers such as
starch, and the influence of various process parameters on
these properties (Mitrus and Moscicki, 2009; Moscicki
et al., 2012; Zavareze et al., 2012) as well as properties
of tablets made with starch components (Odeku et al.,
2005). Most frequently addressed issues are: internal fric-
tion, flowability, elasticity and friction (including slip-stick
effect). These parameters are of high importance in tech-
nologies including compression, like extrusion and tablet
production, where pressure in equipment determines the
necessary strength of construction members of installation.
Magnesium stearate is widely used in tablet formulation
because of its lubrication action and ability to form hydro-
phobic thin film on the surface of the carrier granules. Use
of magnesium stearate allows to reduce power consump-
tion and ejection forces in tablet production (Wang et al.,
2010). Another factor determining the mechanical beha-
viour of powders is moisture content that affects flowabi-
lity, cohesion, caking, density, shear strength, compaction
and compression characteristics (Nokhodchi, 2005).

Di Qu et al. (1998) investigated the influence of normal
pressure, degree of conversion of starch, effective shear
rate, temperature and moisture content on shear stress in
the powder to obtain an equation combining all above
effects. Waxy corn starch was tested in modified vane
shear test device and fairly good correlation between cal-
culated and shear resistance was obtained. Ruppel et al.
(2009) examined flowability of corn starch powder with
different additions of a flow regulator used in the pharma-
ceutical industry. Housner ratio and shear stress of mixtures
were measured, moreover flowability parameters were
determined using modified outflow funnel. The authors
determined the conditions of best flow behaviour with the
addition of flow agent and compared the new method of
flowability determination with those well established.

Fitzpatrick and Ahrne (2005), in an article that summa-
rized a l-year project focusing on food powder handling
and processing, point out that food powders characteriza-
tion, design of powder storage and transport is the most
important knowledge barrier in industry and a major
research need.

Numerical modelling is a promising but just emerg-
ing tool for the design of processes of powder technology
that require specific material parameters. One of currently
developing approaches is DEM — discrete element method.
Di Qu et al. (1998) used DEM for modelling of extrusion
and tableting processes; that task also required knowledge
of material properties, transport phenomena and kinetics
of reaction.
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The objective of the reported project was to deliver a set
of structural and mechanical characteristics of potato starch
of different moisture contents and with the addition of a lub-
ricant. The modulus of elasticity, the slip-stick effect, the
angle of internal friction, the cohesion, flowability and fric-
tion against typical construction materials were determined.
The data presented may be useful in design of equipment
and control of processes in the industrial handling and con-
veying of potato starch.

MATERIAL AND METHODS

Commercial potato starch with moisture content of 6,
12 and 17%, produced by Melvit in Ostrotgka, Poland, was
used as the experimental material. Particle size distribu-
tion was analyzed using the Infrared Particle Sizer IPS UA
(Kamika, 2009). The method consists in measurement, in
continuous and graduated manner, of changes of laser radia-
tion stream scattered by moving particles in the air. The para-
meters are defined as follows: the mean diameter for a given
amount of particles (D ), the mean geometric diameter
(Dgeo), the size at which 50% of the sample is smaller and
50% is larger (D_ ), the form factor which is the ratio of
two dimensions (height/width) of a single particle (WK)
(for the sphere WK=1) (Kamika, 2009).

Moistening of the powder was realized by humidifier in
closedcubicspace for48h. Moisture content(MC) (wetbasis)
was measured gravimetrically by weighing 10 g of sample
before and after drying at 105°C for 24 h. Dried materials
were obtained by 24 h drying in laboratory drier with forced
air circulation in stable temperature of 30°C. The charac-
teristics of the starches were quantified at the levels of mois-
ture content occurring in practical technological processes.

Carr parameters with indexes describing flowability
were determined using Powder Characteristics Tester PT-S,
Hosokawa (Carr, 1965). Aerated density (p,_) is a bulk den-
sity of particulate containing much air built up in a vessel
by dropping according to the injection method. The packed
density (ppack) is a bulk density of particulate of loose bulk
density built up by tapping. The compressibility (Co) is
determined by the measurement of aerated and packed bulk
densities. As the compressibility is higher, the flowability is
poorer. The angle of repose (¢, ) means an angle of heap of
particulate built up by dropping according to the injection
method. Particulate poor in flowability shows a wide angle
of repose. The angle of fall (¢, ) means an angle of residual
particulate heap resulting from collapse due to application
of a certain shock to the particulate forming the angle of
repose. As the particulate is more liable to flow spontane-
ously, the angle of fall is narrower. The angle of difference
(¢ is the difference between the angle of repose and the
angle of fall. As the angle of difference is wider, the flush-
ing phenomenom is more likely to occur. Electron scanning
microscope examinations were performed using the JSM
5200 microscope at 10 keV. Specimens were placed on
double-side adhesive tape mounted on aluminium specimen
holders, coated with gold in vacuum evaporator JEOL 400.
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Magnesium stearate was used as the lubricant in amounts
of 1, 2 and 6% of weight of the potato starch sample and
mixed for 1 h in standard laboratory mixer. This chemical
is a widely used lubricant for tablet compression because
of its expedient mechanical properties: low coefficient of
friction, very small particles and hydrophobic properties
(Wang et al., 2010).

Direct shear tests were performed in a shear box 60 mm
in diameter. The tests followed Eurocode 1 (2006) standard
procedure for consolidation reference stresses (o) of 4,
6 and 10 kPa and speed of shearing (V) of 0.035 mm s™'.
Based on the experimental curves, the angle of internal fric-
tion (), the effective angle of internal friction (), flow
functions (FF), cohesion (C), wall friction coefficient (u)
on black, galvanized and stainless steel samples were deter-
mined. Yield locus was determined based on the values of
the maximum shear stresses at two levels of consolidation
stress as recommended by Eurocode 1 (2006). Next, Mohr
circles were drawn, which provided a basis for calculating
the values of unconfined yield strength and major consolida-
ting stress. The relationship between these two parameters
regarded as FF, was also calculated (Molenda ef al., 20006).

Prototype uniaxial compression tester with horizontal
stress control was used to determine poured bulk density
(p), bulk density of consolidated material (p_ ), modulus
of elasticity (E) during loading and unloading and Poisson
ratio v. Maximum consolidation stress of 10 kPa was applied
as recommended by Eurocode 1 and incremental value of
vertical stress was 2 kPa. The uniaxial compression tester
is presented in Fig. 1. Supports of two basic components
of the tester: force transducer and of electronic microm-
eter are mounted on the duralumin base, on which also the
cylindrical chamber of the apparatus is placed. Cylindrical
chamber, 25 mmm high and 60 mm in diameter, consists of
two semicircular halves connected with hinge. One of the
halves is connected rigidly to the bottom plate, while the
second one is connected with the structure through a force
transducer to restore the shape of the cylinder. Top and bot-
tom bases of the chamber are rigid at the load level applied
and their inner surfaces are smooth.
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Consolidation stress was enforced gravitationally
throughayoke whichisplaced onthetop plate ofthe chamber.
The height of sample and its changes were measured by elec-
tronic micrometer with the accuracy of 0.001 mm. A vertical
stress is applied to the sample constrained against horizon-
tal deformation. As the vertical stress increases, the change
in induced horizontal stress and the change in vertical dis-
placement is measured. The E for loading is calculated from
thesemeasurements. Theverticalstressshouldthenbedecrea-
sed and the change in induced horizontal stress and the
change in vertical displacement is measured and from these
data E for unloading is calculated. Details of the procedure
of determination of modulus of elasticity during loading
and unloading were as described in Eurocode 1 (2006).

RESULTS AND DISCUSSION

Microscopic images and results of size analysis are pre-
sented in Fig. 2. The granules are characterized by bimodal
shape, typical for potato starch, and rather broad range of dia-
meters. Surfaces of the granules are smooth and diameters
range from 5to 70 pm. Large granules are elongated in shape,
whereas the small ones are closer to circular. These results
arein good agreement with the wide research of Bieganowski
etal.(2011) focusing on the geometry of potato starch granu-
les. These results corroborate results of earlier investigation
that potato starch granules are oval and irregular or cuboid-
shaped while corn and wheat starch granules are angular,
spherical and lenticular-shaped (Singh ef al., 2003).
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Fig. 1. Prototype uniaxial tester with measurement of horizontal
stress.
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Fig. 2. Microscopic images and UPS Kamika particle size analysis of potato starch (Stasiak et al., 2011).
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The presence of granules with diverse shape and size can
strongly influence the physical properties and behaviour of
the powder during processing. Baldwin et al. (1998), based
on AFM images, have shown that the surfaces of wheat and
potato starch granules present substantially different topog-
raphies. Potato starch granules have a rougher surface than
that of wheat starch granules, consisting of large raised nubs
(50 to 300 nm in diameter) above a flatter surface contain-
ing structures of diameters from approximately 10 to 50 nm.
The value of D, was 13 pm, D, 10.8 um and the form fac-
tor of potato starch was approximately 3.

Moisture content was found to influence strongly the
density of potato starch. Poured and consolidated density
determined inuniaxial chamber decreased with an increase of
moisture content from 774 to 604 and from 895 to 788 kg m*,
respectively.

Density decreased also with the addition of magnesium
stearate to potato starch, at 6% MC and resulted in a decrease
of poured density to about 730 kg m= with the addition of 2
and 6% of the lubricant. No influence of the addition of the
lubricant on consolidated density was observed (Table 1).
This result is contrary to what should be expected from
the addition of lubricant and what is observed in tableting.
The possible explanation of such behaviour is the large dif-
ference in pressure level of 10 kPa in compaction testing
compared to about 10 MPa in tablet formation. Probably,
at high level of pressure, deformation or even breakage of
granules take place that are facilitated by the action of
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lubricant. At low pressure level, the addition of magnesium
stearate would oppose or did notinfluence compaction. These
results are also in opposite to results obtained by Bos et al.
(1987). In their investigation the density of lubricated pota-
to starch were 900 kg m™ during unlubricated 708 kg m™.

T a b 1e 1. Density of potato starch determined in uniaxial
chamber

Poured Consolidated
density density
Parameter p Peone
(kg m™)
Moisture content (%)
6 774%1 895+3
12 665+1 817x21
17.5 604x15 788+26
Addition of magnesium
stearate (% )
0 774x1 895+3
1 698+11 86121
2 731+9 897+12
6 726+11 90422

c
o
S

F(2, 19)=0.253, p=0.778
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Fig. 3. Modulus of elasticity for: a — loading and b — unloading as a function of powder moisture content and amount of lubricant
addition. Points denote mean values and vertical bars denote the 0.95 confidence intervals; F, p — analysis of variance parameters. The
higher value of test function F means than given effect has stronger influence on determined parameter. The p-value is significance.
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Moduli of elasticity (E, ) and (E ) determined follow-
ing Eurocodel recommendation in prototype uniaxial tester
are shown in Fig. 3. There is still need for developing new
device for the measurements of parameters of powdered
materials. One of such device is that proposed by Barletta
and Poletto (2013) who invented two half-cells with fixed
one and mobile one using a single standard load cell with-
out the need to apply strain gauges on custom built parts,
as in apparatus presented in this article. Values of the para-
meter obtained under the loading regime were approxi-
mately 30 times lower than those for unloading. Modulus of
elasticity during loading, E, , decreased from approximate-
ly 1 to 0.1 MPa with an increase of moisture content from
6 to 17%. No influence of MC was observed for unloading
modulus of elasticity. The high scatter of results observed
in these examinations allows for concluding about tenden-
cies rather than firm relationships.

Loading modulus of elasticity decreased strongly from
about 1 MPa to about 0.1 MPa with addition of the lubri-
cant (Fig. 3). Further increase in the addition of magnesium
stearate did not influence the behaviour of this parameter.
Opposite tendency was observed for unloading where
increasing amount of the lubricant resulted in an increase
in modulus of elasticity. The average values of unloading
modulus increased from approximately 20 MPa without
the lubricant up to approximately 45 MPa with the high-
est addition of the lubricant. Results of this parameter for
single granules obtained by Salerno ef al. (2014) is ten time
higher from loading modulus.

Carr indexes of potato starch are presented in Table 2.
The angle of repose strongly increased with growing mois-
ture content of powder, from 38° for 6% moisture content
of powder to 58°. The softest cone formed with powder
was obtained for potato starch with 12% of moisture con-
tent (angle of difference 28°). The addition of magnesium

Table 2. Carrindexes of potato starch
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stearate also resulted in an increase in the angle of repose,
but only a weak tendency was observed. The most unstable
powder cone was obtained for the highest addition of the
lubricant. In the case of material with the lubricant higher
values of aerated density were found, but still lower than in
uniaxial compression test. Aerated bulk density was found
equal to this obtained in uniaxial compression and decreas-
ing with an increase in moisture content from 6 to 17%
adequately from 763 to 593 kg m. Packed bulk density was
higher than consolidated density (Table 2). This is the effect
of stronger compaction using tapping in the whole mass of
sample compared to compression through the top plate of
uniaxial compression tester. Probably in the uniaxial com-
pression apparatus layers of powder close to the upper lid
were consolidated stronger than those close to the bottom of
the chamber as an effect of friction acting on the wall. The
highest compressibility equal to 30 was obtained for powder
with the highest moisture content. These value was nearly
equal to compressibility of the material with an addition of
the lubricant, where the amount of magnesium stearate add-
ed did not influence the result. Similar investigations were
performed by Crouter and Briens (2014). Authors stated
that flowability determined by Carr indexes decreased with
increasing moisture content, once critical point f mono-
layer water coverage was reached, due to an increase in
cohesion from stronger interparticle liquid bridges.
Experimental relationships obtained in direct shear tester
are presented in Fig. 4. Strong disturbances of friction force
were observed in the case of 6% MC. potato starch for con-
solidation stresses of 4, 6 and 10 kPa. Such fluctuations of
experimental relationships observed in mechanical systems
with frictional damping are termed the slip-stick effect and
are attributed to the difference between coefficients of sta-
tic and dynamic friction (Abdo et al., 2010). Fluctuations
could be the reason of surface condition of single particles

Angle Bulk density
Carr parameter repose fall difference aerated packed Compressibility
(prer (pfall ¢diff paer ppack CO
©) (kg m?)
6 38.1 26.7 11.4 763 986 22.6
Moisture
content (%) 12 46.1 18 28.1 697 918 24.1
17 58.4 41.1 17.3 593 850 30.2
. 0 38.1 26.7 11.4 763 986 22.6
Addition of
magnesium 1 41.9 24.7 17.2 691 980 29.5
stearate to
potato starch 2 43 29.8 13.2 700 982 28.7
%
o) 6 40.9 22 18.9 688 976 29.5
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Fig. 4. Shear stress 7 — relative displacement DI/D relationship of potato starch for: a — different moisture content and b — addition of

magnesium stearate.

of powder materials which for thermal modified starches
after drum or hot air drying is more rough than for native
starch (Yadav et al., 2006). The highest amplitude of oscil-
lations was observed for the highest consolidation pressure
of 10 kPa. This result is typical for food powders and was
obtained by Bagga et al. (2012) for cream powder. In their
investigation for cream powder increase in normal load
from 2.52 to 9.59 kPa resulted in 6 fold higher amplitude of
oscillations. Slip-stick effects cause difficulties in interpre-
tation of testing results. Frictional parameters for materials
showing fluctuations were estimated using the maximum
values of shear stress to obtain the largest (or the worst
case) values. As shown by Stasiak and Molenda (2004), it
is also possible to reduce the slip-stick effects by a change
in the stiffness of measurement equipment.

Increase in moisture content resulted in cessation of
the slip-stick effect. Only small slip stick was observed for
the highest normal stress of 10 kPa for moisture content of
12%. Probably water which is on the surface of granules
acts as a lubricant, allowing smooth sliding. Moreover.
increase in moisture content resulted in earlier stabilization
of experimental curves. Addition of magnesium stearate
resulted in lower values of maximum stable values of shear
stresses. Moreover, even the lowest addition of the lubri-
cant of 1% resulted in disappearance of the slip-stick effect.
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N
o

F(2, 46)=57.408, p=0.000

N
o

Angle of internal friction (°)

a
@}

10

6 12 17
Moisture content (%)

Angle of internal friction ¢ was found to be influenced
by moisture content and addition of magnesium stearate
as shown in Fig. 5. Average values of ¢ decreased sharply
with an increase in moisture content, from approximate-
ly 25° for 6% moisture content to approximately 16° for
12% moisture content. For 17% moisture content a slight
decrease was observed, to 14°. Probable reason of such
behaviour was that the powder reaches the state of satura-
tion and water acts as a lubricant. For the highest moisture
content, free water may appear on the surface of granules
and decrease friction in contacts. It is opposite behaviour
to that determined in Hosokawa Powder Tester, where the
angle of repose increased with an increase in moisture con-
tent. These results are in agreement to results obtained by
Guan and Zhang (2009) which determined higher angle of
internal friction ¢ for drier material.

In the case of 1 and 2% addition of the lubricant, angle
of internal friction decrease from approximately 28 to 16°
was observed. The lowest value of the angle of internal fric-
tion was obtained for the highest addition of the lubricant.
Also these results are opposite to the behaviour of angle of
repose observed in HPT. The reason for this difference in
frictional behaviour is probably the difference of level of
pressure, nearly zero (own weight) in testing in free fall and
maximum 10 kPa in direct shear test.
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26 F(3, 46)=74.429, p=0.000
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Fig. 5. Relationships between angle of internal friction at: a — different moisture content and b — addition of magnesium stearate. Points
denote mean values and vertical bars denote the 0.95 confidence interval; F, p - analysis of variance parameters. The higher value of test
function F means than given effect has stronger influence on determined parameter. The p-value is significance.
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Cohesion increased with consolidation stress from
approximately 0.25 kPa to approximately 0.5 kPa with an
increase in consolidation stress. No influence of moisture
content on cohesion was observed (Fig. 6).

Addition of the lubricant in an amount of 1% resulted
in a decrease in cohesion and angle of internal friction.
Reaching 6% concentration, cohesion increased almost to
the value obtained when no lubricant was present.

Significant differences in FF of examined samples were
observed as shown in Fig. 7. Values of FF were characteris-
tic for free and easy flowing materials.

Values of FF increased by 50% with an increase in
moisture content from approximately 0.9 to 1.4 kPa for the
lowest consolidation stress, and from approximately 1.6 to
2.2 kPa for consolidation stress of 10 kPa. In the case of
addition of magnesium stearate a significant decrease in FF
value was observed. For consolidation stress of 4 kPa the

0.50
0.45 F(2, 98)=30.178, p=0.000 b
0.40
0.35
0.30

0.25

0.20

6 12 17
Moisture content (%)

0.50

F(2, 98)=10.605, p=0.000 d
0.45

0.40
0.30

0.25

0.20

black steel stainless steel
galvanized steel

Fig. 8. Coefficient of friction of potato starch as dependent on: a — consolidation stress, b — moisture content, ¢ — amount of lubricant
added and d — type of steel. Explanations as in Fig. 5.
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values of unconfined yield strength decreased from 0.9 kPa
to approximately 0.4 kPa for each concentration of magne-
sium stearate. In the case of the highest value of consoli-
dation stress the values of FF decreased roughly by 25%
for the addition of 1% of magnesium stearate. For 2 and
6% of lubricant addition the FF decreased by about 50%.
Mechanical strength of the bed and worsening powder flowa-
bility with an increase of moisture content were observed
by Opalinski et al. (2012).

Coefficient of friction was determined against con-
struction materials widely used in industrial technologies,
three kind of steel: black, galvanized and stainless. Average
values of friction coefficient are presented in Fig. 8. The
highest friction coefficient of the tested materials was
observed for black steel, while values obtained for galva-
nized and stainless steel were nearly equal. No significant
differences in friction coefficient were observed at various
consolidation stresses. Coefficient of friction increased by
approximately 40% with increasing moisture content.

CONCLUSIONS

1. Values of mechanical parameters of potato starch
were found to be strongly influenced by moisture content
of the material and amount of lubricant added.

2. During loading of the starch with addition of 1% of
lubricant, the modulus of elasticity decreased with increase
in moisture content. Further increase in the content of
lubricant did not influence the elasticity. During unloading
the modulus of elasticity did not change with increase in
moisture content and increased with increase in addition of
magnesium stereate.

3. Slip-stick effect observed during experiments decrea-
sed with increase of moisture content and addition of mag-
nesium stearate.

4. Angle of internal friction decreased with increase in
water content in whole range of moisture content and even
minimum addition of lubricant, while practically no con-
siderable influence was observed in the case of cohesion.

5. Values of flow function increased with increase in
moisture content and decreased with addition of lubricant.

6. The highest friction coefficient was observed for black
steel. No influence of consolidation stress on the friction
coefficient was observed. Strong increase in friction coeffi-
cient with increase in moisture content was noted. Addition
of magnesium stearate resulted in increase in friction
coefficient.
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