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a b s t r a c t

This study aimed to investigate the agglomeration mechanisms of cassava starch during pneumatic con-
veying drying based on phase transition concept. Glass transition and gelatinization temperatures of
cassava starch were determined at various starch moisture contents. To investigate phase transition
of cassava starch, cassava starch was dried using pilot-scale pneumatic conveying dryer. Temperature,
vailable online 24 November 2010
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moisture content and particle size distribution of cassava starch were measured along the drying tube.
Experimental results showed that at the early stage of drying process, the temperature of cassava starch
was higher than its glass transition temperature indicating that the starch was in rubbery phase. After
the starch passed the middle stage of drying tube, the phase changed from rubbery to glassy state. This
phase transition of the cassava starch correlated with the changes of particle size. The agglomeration of
the cassava starch occurred when the cassava starch was in rubbery phase.
article size

neumatic conveying drying

. Introduction

Cassava starch has extensive industrial applications in various
ndustries. Cassava starch production starts with the preparation
rocess in which cassava roots are washed, peeled, and cut into
mall pieces. Chopped roots are then wet milled to obtain starch
lurry. The slurry is sent to the extraction and separation processes
o remove pulp and fine fiber, respectively. After that, the slurry
s sent to dewatering process. The moist starch is then dried and
ent to packing process (Chavalparit & Ongwandee, 2009; Sriroth,
iyachomkwan, Wanlapatit, & Oates, 2000).

Pneumatic conveying drying is a widely used process in cas-
ava starch production. During the drying process, some fractions of
he starch agglomerated into large particles. These fractions of the
tarch have undesired functional properties such as low viscosity,
igh gelatinization temperature and low acid/enzyme hydroly-
is rate (Liu, Wu, Chen, & Chang, 2009; Tang, Ando, Watanabe,
akeda, & Mitsunaga, 2000; Tang, Ando, Watanabe, Takeda, &
itsunaga, 2001). Moreover, large particles can cause problems in

andling process such as during pneumatic transportation process

Boonyai, Bhandari, & Howes, 2004; Özkan, Walisinghe, & Chen,
002; Turchiuli, Eloualia, Mansouri, & Dumoulin, 2005). These frac-
ions of the starch are then sent to reprocess, resulting in a higher
ost of production.
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Currently, little is known on the mechanisms of cassava starch
agglomeration during pneumatic conveying drying. However, the
agglomeration mechanisms of several food powders during drying
process were proposed to be two main types – liquid bridge and
solid bridge (Adhikari, Howes, Bhandari, & Troung, 2003; Boonyai
et al., 2004; Foster, Bronlund, & Pasterson, 2006; Papadakis & Bahu,
1992; Tomas, 2007). Both mechanisms relate to phase transition
temperatures of that specific powder. Liquid bridge is generated in
amorphous powder when it is at the temperature higher than its
glass transition temperature. Its surface changes from a solid-like
glassy phase (viscosity of ≈1012 Pa s) to a liquid-like rubbery phase
(viscosity of ≈106–108 Pa s) and becomes sticky. When neighbor-
ing powder particles collide, the powder particles agglomeration
occurs (Truong, Bhandari, Howes, & Adhikari, 2004). Solid bridge
mechanism occurs in solid or crystalline powder at the tempera-
ture higher than its melting temperature. The solid or crystalline in
the powder particles is melted and forms a bridge at the contact
points resulting in the powder particles agglomeration (Nijdam
& Langrish, 2006; Papadakis & Bahu, 1992; Tomas, 2007; Viguié,
Sukmanowski, Nölting, & Royer, 2007). Cassava starch powder is
a semi-crystalline. Its structure composes of amorphous and crys-
talline region in which glass transition and melting or gelatinization
may occur when the particles are in a high temperature condition

such as in the drying process (Hoover, 2001; Rickard, Asaoka, &
Blanshard, 1991). Liquid bridge and solid bridge may occur between
the starch particles during pneumatic conveying drying process.

Currently, there is no scientific method to measure liquid bridge
and solid bridge in situ during drying process (Werner, Jones, &

dx.doi.org/10.1016/j.carbpol.2010.11.036
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Table 1
Chemical compositions of the moist cassava starch.

Compositions Content

Carbohydrate 99.83 g/100 g (dried starch)
Amylose 27.12 g/100 g (dried starch)

P
t
i
e
&
c
p
t
t
c
s
o
t
c
a

2

2

f
T
d
c
r
p
i
d
i

2

r
l
c
t
2
K
c
m
w

2

m
e
5
h
m
t
t
r
t

Fat <0.01 g/100 g (dried starch)
Protein <0.01 g/100 g (dried starch)
Ash <0.17 g/100 g (dried starch)
Sulfur dioxide Not detected

aterson, 2007). Many researchers proposed an alternative method
o investigate the mechanism of liquid bridge and solid bridge
n powders based on the drying kinetics and phase transition of
ach powder (Adhikari et al., 2003; Foster et al., 2006; Papadakis

Bahu, 1992; Tomas, 2007). The liquid bridge and solid bridge
an be formed, if the drying kinetics of powders is suitable for
hase changes. This research, thus, aims to investigate the phase
ransition temperatures of cassava starch, including glass transi-
ion and gelatinization temperatures, using differential scanning
alorimetry (DSC). Temperature and moisture content of cassava
tarch along pneumatic conveying drying were determined at vari-
us drying temperatures to determine the drying kinetics. Further,
he particle size distribution of cassava starch during pneumatic
onveying drying was evaluated in order to propose the possible
gglomeration mechanisms.

. Materials and methods

.1. Material

Moist cassava starch after the dewatering process was obtained
rom a cassava starch factory in Chonburi province, Thailand.
he chemical compositions of the moist cassava starch were
etermined following AOAC (1990) methods and percentage of
rystallinity of the moist cassava starch were determined using X-
ay diffractometer (Rigaku TTRAX III). The moisture content and
ercentage of crystallinity of the moist cassava starch were approx-

mately 48.00 ± 3.45% (d.b.) and 38.15 ± 1.23%, respectively. The
etails of other compositions (g/100 g of dried starch) are shown

n Table 1.

.2. Material preparation

To adjust starch moisture content, moist cassava starch was
ewetted in water at the ratio of starch to water of 1:2 (w/w) and
eft overnight. The starch slurry was placed in 1 �m filter bag and
entrifuged using basket centrifuge at 1660 × g for 5 min. The mois-
ure content of moist cassava starch was then adjusted from 8.6 to
5.2% (d.b.) by placing in a desiccating container containing LiCl,
Cl, NaCl, KNO3 and K2SO4 saturated solutions at 25 ◦C. To obtain
assava starch with the moisture content of 30–100% (d.b.), the
oist cassava starch was placed over P2O5 at 25 ◦C until the weights
ere constant. Then, it was rewetted and kept overnight.

.3. DSC protocol

To determine the glass transition temperature, 13–15 mg of
oist cassava starch was placed in a pressure aluminum pan and

quilibrated inside the DSC (Mettler Toledo – DSC1) at −50 ◦C for
min, using an empty pan as a reference. Then, the sample was
eated at 10 ◦C/min from −50 to 170 ◦C. Depending on the sample

oisture contents, different final temperature was used, to protect

he sample from gelatinization process. Each sample was scanned
wice. The second scanning was performed to reduce the enthalpy
elaxation of the sample which appears in the first scan. The glass
ransition temperature was determined at the second scan.
Fig. 1. Schematic diagram of pilot-scale pneumatic conveying dryer; S1–S8 are
sampling points.

To determine the gelatinization temperature, 13–15 mg of moist
cassava starch was sealed in a pressure aluminum pan and scanned
against a reference empty pan using the DSC from 25 to 170 ◦C at
10 ◦C/min scanning rate.

2.4. Determination of temperature and moisture profiles along
the pneumatic conveying dryer

Fig. 1 presents schematic diagram of a pilot-scale pneumatic
conveying dryer used in this research. After passing an electrical
heater, hot drying air was flowed along the cylindrical drying tube
with 9.70 m of length and 0.07 m of inner diameter. In order to
facilitate the air flow, a blower was placed at the end of drying
tube. During drying, a screw feed was used to continuously convey
moist starch into the drying tube. After drying, the dried starch was
then separated from the drying air by using cyclone positioning in
front of the blower.

Cassava starch with 60% (d.b.) moisture content was fed into the
pneumatic conveying dryer at the inlet drying air temperatures of
120, 160, and 200 ◦C. The inlet drying air velocity was controlled
at 20 m/s. After the outlet drying air temperature remained con-
stant, dried cassava starch samples were then collected at 0, 0.05,
0.40, 1.80, 2.70, 3.80, 9.20, and 9.70 m along the dryer tube (S1–S8
in Fig. 1) using a thief probe, which consists of two concentric
pipes. By rotating the inner pipe over 90◦, the dried cassava starch

was trapped. The temperature of dried cassava starch samples
were determined immediately using a laser radiation thermo-
couple (Fluke-62 Mini IR thermometer). The moisture content of
the dried starch samples were determined following AOAC (1990)
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Table 2
Glass transition temperature of cassava starch at various moisture contents.

Moisture content % (d.b.) Glass transition temperature (◦C)*

Onset Mid point End point

100.0 Not detected Not detected Not detected
60.0 Not detected Not detected Not detected
40.0 Not detected Not detected Not detected
30.0 33.94f ± 0.02 34.26f ± 0.01 35.79e ± 0.03
25.2 43.35e ± 0.05 44.69e ± 0.10 45.13d ± 0.13
23.1 46.07d ± 0.06 47.21d ± 0.15 48.47c ± 0.12
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21.3 54.71c ± 0.03 56.35c ± 0.02 59.45b ± 0.04
13.0 94.52b ± 0.02 97.58b ± 0.02 105.32a ± 0.03

8.6 132.20a ± 0.05 144.70a ± 0.09 159.43a ± 0.11

* Values followed by the same letter are not significantly different (P ≥ 0.05).

ethod and calculated from Eq. (1).

oisture content (% d.b.) = W − D

D
(1)

here, W is the wet weight of the material and D is the dry weight
f material.

.5. Determination of particle size distribution along the
neumatic conveying dryer

Particle size distribution was evaluated by the method modified
rom Jinapong, Suphantharika, and Jamnong (2008). The moisture
ontent of dried cassava starch samples collected from various sam-
ling points were adjusted to 0.53 ± 0.01% (d.b.) by placing them
ver P2O5 at 25 ◦C until their weights were constant. Then, the
article size distribution was determined using a laser diffraction
article size analyzer (Mastersizer S, Malvern Instruments Ltd.)
ith a Scirocco 2000 dry powder feeder unit.

.6. Statistical analysis

The experiment was performed with three replications. The
ariance was determined by ANOVA and the difference of mean
alues was determined by Duncan’s test. Values were considered
t 95% significant (P < 0.05).

. Results and discussions

.1. Glass transition temperature of cassava starch

Table 2 shows glass transition temperature of cassava starch
amples at the moisture contents of 8.6–100% (d.b.). The result
howed that glass transition of cassava starch could not be detected
n the samples with moisture content higher than 40% (d.b.) due to
he effect of ice melting during DSC experiment. However, from
he data in Table 2 and DSC curves of glass transition in Fig. 2, at
he starch moisture content lower than 40% (d.b.), the result indi-
ated that the glass transition temperatures, including onset, mid
oint, and end point, significantly decreased when the moisture
ontent of cassava starch increased due to the plasticizing effect of
ater, which gives more free volume to starch chains (Katekawa
Silva, 2007; Roos, 1995; Slade & Levine, 1988). A similar trend
as reported by Perdomo et al. (2009) who studied the effect of
oisture content on glass transition temperature of commercial

assava starch at a lower moisture content ranged from 2 to 22%
d.b.). They reported that, when moisture content of the samples
as higher than 11% (d.b.), the plasticizing effect of water was evi-

ent and glass transition temperature of the samples increased.
owever, at the same moisture content, glass transition temper-
tures of cassava starch reported by Perdomo et al. (2009) were
lightly different from those in this research. This may be attributed
o the different botanical origin of cassava.
Temperature (ºC)

Fig. 2. Typical DSC curves, as a function of glass transition temperature for cassava
starch with different moisture contents.

The glass transition temperature of foods and biological materi-
als as a function of weight fraction of water is commonly modeled
using Gordon–Taylor equation as shown in Eq. (2) (Gordon & Taylor,
1952).

Tg = w1Tg1 + kTg2w2

w1 + kw2
(2)

where, Tg is glass transition temperature of food material (◦C); w1 is
weight fraction of food material; w2 is weight fraction of water; Tg1
is glass transition temperature of dry material (0% of moisture con-
tent) (◦C); Tg2 is glass transition temperature of water (−135 ◦C),
and k is constant value. From the data in Table 2, the percentages
of moisture content of cassava starch were converted to weight
fraction and the onset points of glass transition were used to cal-
culate glass transition temperature of dried cassava starch (Tg1)
and constant value (k). The goodness of fit was evaluated by the
determination coefficient (R2). The result showed that glass transi-
tion temperature of dried cassava starch (Tg1) was 216.41 ◦C and k
was 3.88 with R2 of 0.993. The w1 value in Eq. (2) was replaced by
(1 − w2) and the equation was rearranged as shown in Eq. (3).

Tg = (1 − w2)Tg1 + kTg2w2

1 + (k − 1)w2
(3)

The predicted equation of the glass transition temperatures of
cassava starch is shown in Eq. (4)

Tg = 216.41 − 740.21w2

1 + 2.88w2
(4)

Whittam, Noel, and Ring (1990) determined Tg1 of A-type crys-
talline anhydrous starch at 297 ◦C. Roos and Karel (1991) reported
that the Tg1 of wheat starch was estimated to be 243 ◦C based
on the Fox and Flory equation. The lower Tg1 of cassava starch in
this research is due to the differences in chemical composition of
starches (Sablani, Bruno, Kasapis, & Symaladevi, 2009).

3.2. Gelatinization temperature of cassava starch

During starch gelatinization, starch granules adsorb water and
swell resulted in a disorder of crystalline region (Hoover, 2001;
Rickard et al., 1991). As shown in Table 3, gelatinization of cas-
sava starch was only detected in the samples with moisture content

higher than 30% (d.b.). A similar trend was reported by Udomrati,
Poolkasorn, Potisate, and Charoenrein (2003) who stated that rice
starch required a certain amount of minimum water for gelatiniza-
tion. The minimum water is approximately 28.95–31.35%, whereas
the water content sufficient to complete gelatinization of rice starch
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Table 3
Gelatinization temperature of cassava starch at various moisture contents.

Moisture content % (d.b.) Gelatinization temperature (◦C)*

Onset Mid point End point

100.0 66.59d ± 0.01 74.49d ± 0.02 82.32d ± 0.02
60.0 70.03c ± 0.02 81.13c ± 0.01 96.26c ± 0.01
40.0 92.86b ± 0.01 108.30b ± 0.01 120.36b ± 0.02
30.0 102.89a ± 0.03 117.44a ± 0.04 132.21a ± 0.01
25.2 Not detected Not detected Not detected
23.1 Not detected Not detected Not detected
21.3 Not detected Not detected Not detected
13.0 Not detected Not detected Not detected

8.6 Not detected Not detected Not detected

* Values followed by the same letter are not significantly different (P ≥ 0.05).
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ig. 3. Typical DSC curves, as a function of gelatinization temperature for cassava
tarch with different moisture contents.

s around 58–60%. At low moisture content, water in the starch
ranule is sufficient for softening the amorphous region. At high
oisture content, some fraction of water separates from the starch

ranule. This fraction of water acts as pure solvent and causes
elatinization of starch crystallite. Only starch containing sufficient
mount of water can gelatinize (Biliaderis, Page, Maurice, & Juliano,
986).

From the data in Table 3 and DSC curves of gelatinization in Fig. 3,
he gelatinization temperature of cassava starch slightly decreased
ith increasing moisture content. Evans and Haisman (1982) pro-
osed that increased amount of water facilitates the gelatinization

y lowering the melting point of crystallite region. Therefore, as
ater becomes limiting, gelatinization temperature increased.

Gelatinization temperature of starch as a function of volume
raction of water is often determined using Flory–Huggins equation

able 4
emperature and moisture content of cassava starch along the pneumatic conveying dryi

Sampling points Cassava starch samples

Drying air temperature of 120 ◦C Drying air tempe

Temperature (◦C) Moisture content % (d.b.) Temperature (◦C

S1 28.33 ± 0.23 60.02 ± 1.91 28.33 ± 0.23
S2 35.30 ± 0.34 58.86 ± 1.33 38.52 ± 0.45
S3 35.41 ± 1.22 37.82 ± 0.32 38.98 ± 0.78
S4 35.52 ± 0.43 34.30 ± 0.99 39.83 ± 0.55
S5 36.64 ± 0.96 30.93 ± 0.32 40.52 ± 0.43
S6 37.33 ± 0.57 22.51 ± 0.57 42.43 ± 0.98
S7 37.60 ± 0.78 17.20 ± 0.65 43.50 ± 1.02
S8 38.47 ± 0.78 12.18 ± 0.77 44.99 ± 0.56
e Polymers 84 (2011) 292–298 295

as shown in Eq. (5) (Farhat & Blanshard, 1997).

1
Tm

= RVu

�HuV1
(�1 − �1�2

1) + 1
To

m
(5)

where Tm is the melting point of starch (K); R is the gas constant;
To

m is the melting point of dry starch; �1 is the volume fraction of
water; Vu/V1 is the ratio of the molar volumes of repeating unit
in the chain to that of water; �Hu is the change in the enthalpy of
fusion per repeating unit, and �1 is the interaction parameter (K−1).
Eq. (5) can be modified as Eq. (6), where, ˛ is RVu/�HuV1.

1
Tm

= ˛(�1 − �1�2
1) + 1

To
m

(6)

From the data in Table 3, the onset of gelatinization tempera-
tures were used to calculate gelatinization temperature of dried
cassava starch (To

m), ˛ and �1 value. The gelatinization temper-
ature of dried cassava starch (To

m) was 529.40 K (or 256.40 ◦C). ˛
and �1 values equal to 4.27 × 10−3 K−1 and 0.99, respectively. The
predicted equation of the gelatinization temperatures of cassava
starch is shown in Eq. (7) with an R2 value of 0.986. The To

m value
of dried cassava starch in this research is closed to the result of
Whittam et al. (1990) who studied melting behavior of A- and
B-type crystalline starch and reported that the gelatinization tem-
perature of the dried crystalline starch was 530 K as calculated from
Flory–Huggins equation.

1
Tm

= 0.00427(u1 − 0.99u2
1) + 0.00189 (7)

3.3. Phase of cassava starch during pneumatic conveying drying

Table 4 shows the temperature and moisture profiles of cas-
sava starch samples along the pneumatic conveying drying tube at
the drying air temperatures of 120, 160, and 200 ◦C. During drying,
the temperature of cassava starch samples continuously increased
along the drying tube, while the moisture content of the samples
reduced. The final temperatures of the samples dried with dry-
ing air temperature of 120, 160, and 200 ◦C were 38.47, 44.99, and
52.97 ◦C and their final moisture contents were 12.18, 11.91, and
10.99% (d.b.), respectively. The final moisture contents decreased
when the drying air temperature increased.

To investigate the phase transition of cassava starch during
pneumatic conveying drying, the temperature profiles of cassava
starch samples along the drying tube were compared with the pre-
dicted glass transition and gelatinization temperatures obtained
from Eqs. (4) and (7) as shown in Fig. 4. The results revealed that
its gelatinization temperature throughout the drying period. This
indicated that gelatinization did not occur during drying. How-
ever, at sampling point 1 or the feeder, the temperature of starch
samples was lower than its glass transition temperature indicat-

ng tube at the drying air temperatures of 120, 160, and 200 ◦C.

rature of 160 ◦C Drying air temperature of 200 ◦C

) Moisture content % (d.b.) Temperature (◦C) Moisture content % (d.b.)

60.02 ± 1.91 28.33 ± 0.23 60.02 ± 1.91
58.10 ± 0.34 41.90 ± 0.36 58.67 ± 1.24
36.69 ± 0.32 43.93 ± 0.81 34.90 ± 0.90
33.00 ± 0.52 47.37 ± 0.42 30.42 ± 0.17
29.53 ± 0.23 48.03 ± 0.80 27.86 ± 0.85
21.94 ± 1.00 49.20 ± 0.40 21.03 ± 0.20
16.82 ± 0.13 51.07 ± 0.30 15.95 ± 0.24
11.91 ± 0.87 52.97 ± 0.87 10.99 ± 0.91
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ig. 4. Glass transition temperature, gelatinization temperature and temperature
rofile of cassava starch along the pneumatic conveying drying tube at various
rying air temperatures of (a) 120 ◦C; (b) 160 ◦C; and (c) 200 ◦C.
ng that the samples were in rubbery phase before drying. During
rying, the starch samples remained in rubbery phase until the
amples flowed pass sampling point 5. Between sampling points
and 6, the temperature of the starch samples was higher than

able 5
article size distribution of dried cassava starch along the pneumatic conveying dryer tub

Sampling points Cassava starch samples

Drying air temperature of 120 ◦C Drying air tempera

D10 D50 D90 D10 D

S1 8.37 ± 1.02 21.47 ± 0.08 108.46 ± 2.63 8.37 ± 1.02 2
S2 9.83 ± 0.89 30.44 ± 0.32 385.99 ± 0.34 10.36 ± 0.23 3
S3 9.14 ± 0.55 25.27 ± 0.54 364.25 ± 1.05 10.00 ± 1.04 3
S4 9.00 ± 0.43 25.00 ± 0.56 342.52 ± 0.54 9.93 ± 1.90 2
S5 8.98 ± 0.53 24.79 ± 0.12 325.47 ± 0.99 9.71 ± 0.43 2
S6 8.76 ± 0.56 24.32 ± 0.17 238.43 ± 1.98 9.70 ± 0.45 2
S7 8.66 ± 0.10 23.25 ± 0.19 163.38 ± 3.69 9.04 ± 0.52 2
S8 8.42 ± 0.11 21.28 ± 0.42 103.33 ± 4.26 8.98 ± 0.98 2
e Polymers 84 (2011) 292–298

its glass transition temperature which indicated that the starch
samples changed from rubbery to glassy phase. After that the
starch samples remained in glassy phase unit the end of drying
process.

3.4. Particle size of cassava starch during pneumatic conveying
drying

Particle size distribution of cassava starch along the drying tube
at the drying air temperatures of 120, 160, and 200 ◦C were deter-
mined (shown in Table 5). D10, D50, and D90 value are defined
as 10, 50, and 90% volume less than or equal to D, respectively.
The D10, D50, and D90 values strongly increased in the beginning
of drying period which indicated that cassava starch is agglomer-
ate in to large particles. However, the D10, D50, and D90 values
decreased after the samples flowed pass the sampling point 2.
This finding revealed that agglomerated cassava starch particles
can break into small particles. Kalman (1999) studied the attri-
tion of materials during pneumatic conveying and suggested that,
during materials flowing in the tube, the particle size of agglom-
erated materials decreased when the agglomerated particle of
material experienced impact/shear load from collision between the
agglomerated particles and collide against the tube wall with the
higher impact/shear load than the agglomerated strength of the
particles.

3.5. Relation between particle size and phase of cassava starch
during pneumatic conveying drying

The difference between cassava starch temperature and its glass
transition temperature (Tcassava starch − Tg) was used to describe
phase of cassava starch. The positive value indicated that cassava
starch is in rubbery phase, while the negative value revealed that
cassava starch is in glassy phase. The higher positive value indi-
cated that phase of cassava starch has high rubber characteristic
while the higher negative value indicated that phase of cassava
starch has high glass characteristic.

(Tcassava starch − Tg) values of cassava starch along the pneu-
matic conveying dryer tube were compared with the particle sizes
(D90 value) as shown in Fig. 5. The plot showed that the pro-
files of (Tcassava starch − Tg) values correlated with the profiles of
D90 values. From the profiles, the drying tube can be divided
into three zones. In zone I, (Tcassava starch − Tg) values was posi-
tive and increased while the D90 values also increased. Cassava
starch particles were in rubbery phase and had higher rubber
characteristic than that before drying so they are strongly agglom-

erated into large particle. The agglomeration mechanism may be
liquid bridge formation. In zone II which is in the middle of dry-
ing tube (Tcassava starch − Tg) and D90 values decreased. Cassava
starch particles remained in rubbery phase. However, the parti-
cles had a lower rubber characteristic as the (Tcassava starch − Tg)

e.

ture of 160 ◦C Drying air temperature of 200 ◦C

50 D90 D10 D50 D90

1.47 ± 0.08 108.46 ± 2.63 8.37 ± 1.02 21.47 ± 0.08 108.46 ± 2.63
5.37 ± 2.98 498.01 ± 0.49 10.77 ± 1.32 40.21 ± 0.68 539.13 ± 3.81
2.15 ± 2.09 458.43 ± 0.19 10.08 ± 0.21 36.58 ± 2.40 475.78 ± 2.67
9.28 ± 1.15 413.68 ± 0.04 9.97 ± 0.32 35.53 ± 1.89 467.54 ± 4.93
8.99 ± 0.34 390.01 ± 1.05 9.89 ± 1.02 34.61 ± 0.66 436.50 ± 2.31
7.63 ± 0.45 289.16 ± 0.44 9.96 ± 0.98 34.03 ± 0.43 417.03 ± 2.56
8.01 ± 1.43 258.43 ± 8.45 9.54 ± 0.34 29.48 ± 1.12 321.07 ± 5.34
5.25 ± 0.37 234.21 ± 6.36 8.75 ± 0.56 28.86 ± 1.11 265.10 ± 0.34
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ig. 5. (Tcassava starch − Tg) and particle sizes (D90) values of cassava starch drying
t drying air temperatures of 120, 160, and 200 ◦C along the pneumatic conveying
rying tube.

ecreased. This resulted in the breakage of agglomerated parti-
les into small particles or a granule. Verdurmen, Houwelingen,
unsing, Verschueren, and Stratsma (2006) explained that if the

mpact/shear loads from the collision force between the particles
re higher than the attractive force from liquid bridge between
he starch granules in the particle, agglomerated particles can be
roken. Zone III occurred at the end of drying tube where the
Tcassava starch − Tg) values were negative and decreased while the
90 values also decreased. Cassava starch was in glassy phase
nd had brittle characteristics. Therefore, the agglomerate parti-
les were easily broken. Moreover, the bend tube was established
t this zone (between sampling points 6 and 8 as in Fig. 1). When
assava starch flowed pass this zone, the collision force between
he starch particles and tube wall may cause the breakage of starch
articles.

The results in Fig. 5 also showed that, the positive value of
Tcassava starch − Tg) of cassava starch dried at 200 ◦C was the highest.
owever, the negative value of (Tcassava starch − Tg) of starch dried at
00 ◦C was the lowest. This implied that at the drying air temper-
ture of 200 ◦C, the starch had higher rubber characteristic when
hey were in zone I and II and lower glass characteristic when they
ere in zone III. Therefore, the D90 values of the starch dried at

00 ◦C was higher than that of cassava starch dried at lower drying
ir temperatures (Fig. 5).

. Conclusion

Phase and agglomeration of cassava starch during pneumatic
onveying drying were investigated. The agglomeration mecha-
isms of the starch were then proposed. It was found that the phase
ransition correlated with starch agglomeration during drying.

hen the starch phase was in rubbery phase, the agglomeration
f the starch particles increased. However, the agglomeration of
he starch decreased when the starch phase was in glassy phase.
his indicated that the agglomeration mechanism of the starch is
he result of liquid bridge formation. In order to reduce the starch
gglomeration by liquid bridge formation during the drying pro-
ess, the starch should be dried at temperature lower than its glass
ransition temperature.
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