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Preparation and Physicochemical Properties of
Dialdehyde Tapioca Starch

Tapioca starch was oxidized by periodic acid (sodium metaperiodate plus hydrochloric
acid) to form dialdehyde tapioca starch (DAS). The influence of periodate concentra-
tion (NalO,4, 0.05 N, 0.1 N, 0.2 N and 0.3 N) on the physicochemical properties of DAS
such as aldehyde and carboxyl contents, relative crystallinity, thermal properties,
pasting properties, swelling power, solubility and molecular weight distribution was
investigated. The results indicated that aldehyde and carboxyl contents of DAS
increased linearly with the increasing of periodate concentration. X-ray diffraction
patterns of DAS remained unchanged after periodate oxidation whereas the relative
crystallinity decreased as periodate concentration increased. Furthermore, the gelati-
nization temperatures (T, and T,) of DAS were also increased, whereas the gelatiniza-
tion enthalpy decreased. As determined in the Rapid Visco Analyser, the periodate
oxidation increased the pasting temperature and peak viscosity as well as breakdown
of the tapioca starch. The swelling power of DAS was higher than that of unmodified
tapioca starch at 60°C and 70°C, but was lower at 80°C and 90°C. However, the solu-
bility was higher than that of native tapioca starch at all incubation temperatures. Both
amylose and amylopectin fractions were degraded during the oxidation reaction as
measured by HPSEC. The thermal stability of DAS at boiling temperature was also
investigated and depolymerization of the DAS could not be detected at any heating
time as demonstrated for the thermal stability of the DAS.
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1 Introduction

Dialdehyde starch is obtained by oxidation of starch with
periodic acid at controlled temperature and pH. Periodic
acid is a highly selective oxidizing agent, which cleaves
the C-2 — C-3 linkage of anhydroglucose units with the
formation of dialdehyde groups [1-6]. The highly reactive
dialdehyde groups in starch can be used as crosslinking
agents. Therefore, most of the applications of dialdehyde
starch are based on a crosslinking reaction, e.g. with cel-
lulose in paper, cotton in textiles, with proteins, pharma-
ceuticals and leather [4-8]. The presence of aldehyde
groups is attributed to form internal crosslinks through
hemiacetalization [5, 9]. The acid production and molec-
ular degradation of dialdehyde starch under alkaline con-
dition and high temperature have been reported [9].

Most periodate oxidation in the literature was conducted
using high concentration of periodate. However, little
work has been done to study the changes in properties
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using low periodate concentration. Moreover, the pro-
duction and properties of dialdehyde tapioca starch have
not been studied up to now.

In this study, tapioca starch was to be oxidized by various
concentrations of periodate in order to investigate the
physicochemical properties changes after periodate oxi-
dation, such as formation of aldehyde and carboxyl
groups, relative crystallinity, thermal properties, pasting
properties, swelling power, solubility and molecular
weight distribution.

2 Materials and Methods

2.1 Materials

Tapioca starch was supplied by General Starch Co., Ltd.
(Nakornrachasima, Thailand). Sodium metaperiodate
was purchased from Asia Pacific Specialty Chemical Co.,
Ltd. (Seven Hills, NSW, Australia). Other reagents were of
analytical grade, and were purchased from Merck Co.,
Ltd. (Darmstadt, Germany).
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2.2 Proximate analysis and amylose content of
tapioca starch

Proximate analysis of native tapioca starch was per-
formed according to the standard methods described in
the AOAC, 1990 (Official Methods of Analysis, Associa-
tion of Official Analytical Chemists), i.e. moisture and ash
contents [10]. Protein content was estimated from the
nitrogen content obtained by the Kjeldahl method (model
VAPODEST 50 Carousel 250 mL autosample, and model
Kjeldatherm-Digestion units, with 20 digestion tubes
6100, 250 mL, both by Gerhardt, Kdnigswinter, Germany)
multiplied by 6.25 [11]. Fat content of the sample was
determined by the method described elsewhere [12].
Carbohydrate content was calculated by subtracting the
percentage of aforementioned compounds from 100.
Amylose content of native tapioca starch (based on
weight that is free of moisture, protein, fat and ash) was
determined by the iodine affinity method [13].

2.3 Preparation of dialdehyde tapioca starch
(DAS)

Dialdehyde tapioca starch (DAS) was prepared by fol-
lowing the modified method for bagasse dialdehyde cel-
lulose described by Varavinit et al. [14]. Tapioca starch
(200 g, dry basis) was suspended in 500 mL solutions of
various concentration of sodium metaperiodate (0.05 N,
0.1 N, 0.2 N and 0.3 N). The pH of the starch suspension
was adjusted to 3.0 by adding 2% (w/v) HCI. The reaction
was performed in a water bath at 32°C while stirring at
400 rpm for 1 h. At the end of the oxidation, the starch
suspension was washed three times (3 x 1.6 L) with dis-
tilled water. Next, the washed starch was immersed in
500 mL 0.5% (w/v) aqueous sodium metabisulfite solu-
tion for 1 h in order to destroy the residual oxidant (sodium
metaperiodate). Consequently, the suspension was
washed three times again with distilled water (3 x 1.6 L).
Then, the water was removed by centrifugation (Sorvall
RC 3B Plus, Du Pont, Delaware, USA). The starch cake
was dried overnight in a hot air oven at 45°C. Afterwards,
the dried starch was milled and sieved through a
100 mesh sifter to obtain DAS powder. Also, the residual
of periodate in DAS was tested according to the method
described elsewhere [15].

2.4 Determination of aldehyde content

The aldehyde group content was determined using the
modified method described by Smith [16]. Two grams of a
starch sample were suspended in 50 mL distilled water in
a 250 mL flask. The suspension was gelatinized in a boil-
ing water bath for 20 min. Then it was cooled to 40°C and
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adjusted to pH 3.2 with 0.1 N HCI. Finally, 30 mL of hy-
droxylamine reagent were added. The flask was stop-
pered and placed in a 40°C water bath for 4 h while stirring
slowly. The excess hydroxylamine was determined by
rapidly titrating the reaction mixture to the end point at
pH 3.2 with standardized 0.1 N HCI. A blank determina-
tion with only hydroxylamine reagent was performed in
the same manner. The hydroxylamine reagent was pre-
pared by first dissolving 25 g hydroxylamine hydrochlo-
ride in 100 mL of 0.5 N NaOH before the final volume was
adjusted to 500 mL with distilled water. Aldehyde content
was calculated as follows:

Percentage of

aldehyde content = 0.028 x N x (Vg — Vs) x 100

w

Where N is the normality of HCI, V; is the volume of HCI
used for titrating the blank in milliliter, Vs is the volume of
HCI used for titrating the sample in milliliter, and W is the
weight of starch sample (dry basis) in gram.

2.5 Determination of carboxyl content

The carboxyl content was determined using the modified
method described by Chattopadhyay et al. [17]. Two
grams (dry basis) of a starch sample were mixed with
25mL of 0.1 N HCI, and the slurry was stirred occasionally
for 30 min with a magnetic stirrer. The slurry was then
vacuum filtered through Whatman #40 filter paper and
washed with 500 mL distilled water until the filtrate was
free of chloride (by testing with silver nitrate). After that,
the starch cake was carefully transferred to a 500 mL
beaker, and the volume was adjusted to 300 mL with dis-
tilled water. The starch slurry was heated in a boiling water
bath with continuous stirring for 15 min to ensure com-
plete gelatinization. Next, the hot starch dispersion was
titrated with standardized 0.01 N NaOH using phe-
nolphthalein as indicator. A blank test was performed with
unmodified starch. Carboxyl content was calculated as
follows:

Percentage of

045 x N x (Vg -V 1
carboxyl content = 0.045 x N x (Vs 8) x 100

w

Where N is the normality of NaOH, Vg is the volume of
NaOH used for titrating the sample in milliliter, V; is the
volume of NaOH used for titrating the blank in milliliter,
and W is the weight of starch sample (dry basis) in gram.

2.6 X-ray powder diffraction measurement

The X-ray diffraction patterns of native starch and DAS
were recorded with a Bruker X-ray powder diffractometer
(D-8 type, Bruker, Rheinfelden, Germany) with copper
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anode X-ray tube (Cu-K, radiation) at 30 kV and 30 mA.
The scanning region of the diffraction angle (26) was from
5° to 30° at a step size of 0.4° with a count time of 1.0 s
and the rotary speed of the sample holder was 30 min~".
The starch samples were equilibrated in a 100% RH
chamber for 24 h at room temperature prior to measure-

ment.

The relative crystallinity of starch samples was quanti-
tatively estimated by the method described by Komiya
and Nara [18]. The ratio of upper crystalline area to total
diffraction area was calculated as the relative crystal-
linity.

2.7 Determination of thermal properties

Thermal properties of unmodified starch and DAS were
assessed by a Differential Scanning Calorimeter (DSC,
Pyris, Perkin Elmer, Belerica, MA, USA). Both native
starch and DAS (base on weight free from moisture) were
adjusted to a starch to water ratio of 1:2. Each starch
suspension was then transferred to an aluminum pan
(80 pb) and hermetically sealed. After equilibration at
room temperature for 1 h, the sample was heated from
20°C to 120°C at the rate of 10°C/min. An empty pan was
used as the reference and the DSC was calibrated with
indium. The onset (T,), peak (T,,) and conclusion (T;) tem-
peratures, and melting enthalpy (AH in J/g of dried starch)
were recorded.

2.8 Determination of pasting properties

A Rapid Visco Analyser (Series 4V, Newport Scientific Pty.
Ltd, Warriewood, Australia) was employed to investigate
the pasting properties of native starch and DAS. In this
assay, 2.5 g (dry basis) of starch sample and 25 mL of
distilled water (10%, w/v) were mixed in an aluminum can
with a paddle. The heating and cooling cycles were pro-
grammed in the following manner: The starch suspension
was held at 50°C for 1 min, heated from 50°C to 95°C at a
rate of 12°C/min and held at 95°C for 2.5 min, then it was
cooled down to 50°C at a rate of 12°C/min and held at
50°C for 2 min.

2.9 Determination of swelling power and
solubility

The swelling power and solubility were measured
according to the modified procedure described by
Holm et al [19]. A 3.3% starch suspension (1 g starch in
30 mL water) was suspended in a centrifuge tube with
cap and then vortexed. The starch suspension was
incubated in a water bath at various temperatures from
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60°C to 90°C with a temperature increment of 10°C and
the sample was kept at that temperature for 30 min.
The sample was then cooled to room temperature for
30 min and centrifuged at 1000 x g for 15 min at 25°C.
The swelling power was determined by measuring the
sediment paste weight and solubility by the solid con-
tent of the supernatant.

2.10 Determination of molecular weight
distribution

The average molecular weight (weight average) as well as
the degree of polymerization (DP) of native and dialde-
hyde tapioca starches were determined by using high-
performance size-exclusion chromatography (HPSEC)
using the method developed by Govindasamy et al. [20].
A Water Associates (Milford, MA, USA) series liquid chro-
matography system with a refractive index (RI) detector
and a guard column with three Ultrahydrogel columns
was used. The columns, maintained at 40°C, were con-
nected in the following order: guard column with Ultra-
hydrogel linear followed by two Ultrahydrogel 120 col-
umns. Deionized water was used as mobile phase. The
columns were calibrated with polysaccharide standards
with molecular weights of 788,000, 404,000, 212,000,
112,000, 47,300, 22,800, 11,800, 5,900, 738 and 180
(Polymer Laboratory Inc, Amherst, MA, USA), respec-
tively.

HPSEC starch samples were prepared by following the
method of Jane and Chen [21]. Dried starch (0.05 g, base
on weight free of moisture and protein) was mixed with
0.5 mL of distilled water, and dimethyl sulfoxide (4.5 mL)
was added. The suspension was mechanically stirred
while heating in a boiling water bath for 1 h and then stir-
red for 24 h at 25°C to prepare a 1% starch solution.
Absolute ethanol (20 mL) was then added to the solution
to precipitate the starch, followed by centrifugation to
separate the precipitated starch. Precipitated starch was
redissolved in boiling water (10 mL) and stirred for 30 min
and the final solution was passed through a 8.0 um Milli-
pore Filter (Sartorius, Gottingen, Germany) in order to
remove the protein and other impurities prior to HPSEC
analysis. Standard polysaccharides were used for pre-
paring the calibration graph used for determination of the
degree of polymerization.

2.11 Determination of thermal stability

The procedure was similar to the method of Jane and
Chen [21], but the heating time in boiling water was varied
(5, 15, 30 and 60 min) prior to HPSEC measurement.
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3 Results and Discussion

3.1 Residual periodate

Residual periodate could be detected in DAS before
washing with sodium metabisulfite. After the washing,
DAS was free from periodate. Residual periodate would
interfere and change the physicochemical properties of
the DAS.

3.2 Proximate analysis and amylose content of
tapioca starch

The native tapioca starch employed in this investigation
contained 0.04% protein, 0.03% fat, 0.16% ash, 12.8%
moisture and 86.97% carbohydrate (amylose content
28.5%), it is thus of high purity. Because of its high purity
tapioca starch is suitable for use as a starting material for
chemical modification including periodate oxidation to
minimize the effect of side reaction between chemical
reagent and impuirities.

3.3 Aldehyde and carboxyl groups contents

The relationships between periodate concentration and
contents of aldehyde and carboxyl groups of DAS are
shown in Fig. 1. Both aldehyde and carboxyl contents of
DAS increased as periodate concentration increased. The
increase was much stronger for the aldehyde content than
for the carboxyl content because periodate is a selective
oxidizing agent, which promotes the production of dialde-
hyde groups. Some aldehyde groups can be further oxi-
dized to carboxyl groups due to the Cannizzaro reaction
[9]. In this reaction, two aldehydes can be converted into a
carboxylic acid and an alcohol. Alternatively, carboxylic
acid production has been explained by a sequence

5 5
£ o4 L4 T
S S
= -
§3ﬂ 3 8
8 :
Q [5]
L5 —
2 21 2=
= =]
5 £
< 11 L1 S
0 0

000 05 .0 A5 20 25 30 35
Periodate concentration (N)

Fig. 1. Relationship among percentages of aldehyde and
carboxyl contents of DAS prepared by oxidation of
tapioca starch with various periodate concentrations.
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of reactions, initiated by B-elimination and followed by
hemiacetal hydrolysis and a benzil-benzilic acid type of
rearrangement [9]. The numbers of aldehyde and carboxyl
groups on DAS indicated the extent of oxidation [22].

3.4 X- ray diffraction

X-ray diffraction patterns of DAS resembled the pattern of
unmodified tapioca starch (figures not shown). It indi-
cated that periodate oxidation did not result in any signif-
icant change in type A diffraction peak pattern of tapioca
starch.

The ratio of crystalline region to total area was taken as
quantitative measurement of percent relative crystallinity.
These values were plotted against the periodate con-
centration as shown in Fig. 2. The relative crystallinity
decreased as periodate concentration increased. It can
be assumed that the periodate oxidation of tapioca starch
caused a loss of crystallinity and long range ordering. This
implies that periodate oxidation occurred at both amylo-
pectin and amylose fractions of the crystalline and amor-
phous regions of starch granules. The hydrophilicity of
aldehyde and carboxyl groups in DAS caused the de-
crease in crystallinity [6].

55 25
s S
< 50 <
= 20 _5
=
= 45 s
4 15 2
S g
= &
k= 3 10 .§
5 1 g
= 8

30 T " T T ‘ - . 5

000 .05 .10 .15 .20 .25 .30 .35
Periodate concentration (N)

Fig. 2. Relationship among percentage of relative crys-
tallinity and gelatinization enthalpy of DAS prepared by
oxidation of tapioca starch with various periodate con-
centrations.

3.5 Thermal properties

The DSC thermograms of DAS prepared from various
periodate concentrations are displayed in Fig. 3. The DSC
endothermic patterns of DAS were sharper than that of
the native starch. It was found that gelatinization temper-
ature (T, and T) increased with the increasing of peri-
odate concentration. It was probably due to the formation
of hemiacetal crosslinking within DAS molecules,
increasing the stability of the molecules.
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Tp=74.17°C 0.3N NalO4

Tp=74.40°C 0.2N NalOy

To= 67.50°C

To=67.50°C 0.1N NalQ,

To=67.03°C 0.05N NalO4

Native tapioca
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To=62.52°
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Temperature (°C)

Fig. 3. DSC thermograms of DAS prepared by oxidation
of tapioca starch with various periodate concentrations.

The gelatinization enthalpy (AH) of DAS decreased as the
periodate concentration increased as shown in Fig. 2.
Generally, the gelatinization enthalpy (AH) of DAS was
positively related to the degree of crystallinity. When a loss
of ordering or crystallinity resulted, the energy required to
melt the starch granules was also decreased [6].

3.6 Pasting properties

The pasting profiles of DAS prepared with various peri-
odate concentrations differed from the native one as
shown in Fig. 4. The pasting temperatures, pasting time
and the peak viscosity of DAS increased as periodate
concentration increased. These properties were similar to
that of slightly crosslinked starch [23]. Veelaert et al. [5, 9]
suggested that the C-2 and C-3 aldehyde groups are
prone to form several inter- and intramolecular hemiacetal
and acetal crosslinks. These linkages contributed to the
reinforcement of starch granules and stabilized the swel-
ling of the granules [5, 24]. In addition to the presence of
carboxyl groups, DAS granules showed a higher swel-
ling than native tapioca starch because of their higher
hydration capacity [24, 25]. However, unlike the chemi-
cally crosslinked starch, which usually exhibits a lower
breakdown, DAS had higher breakdown than the native
one. It may be proposed that the hemiacetalization link-
ages in DAS are weak and easily broken [4]. The final
viscosities of DAS were lower than that of the native one
due to the degradation of starch molecules during peri-
odate oxidation.
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Fig. 4. Pasting profiles of DAS prepared by oxidation of
tapioca starch with various periodate concentrations. A:
native tapioca starch, B: 0.05 N NalO,, C: 0.1 N NalOQ,, D:
0.2 N NalO, and E: 0.3 N NalO,.

3.7 Swelling power and solubility

Swelling power and solubility of DAS are shown in Fig. 5.
The swelling power of DAS was higher than that of the
native one at 60°C and 70°C but was lower at 80°C and

25
(@) —— native
20 + tapioca
. —=—0.05N
g 15 periodate
a ——(.IN
.%ﬂ periodate
3 10 - —0.2N
(E periodate
—¥—0.3N
54 periodate
0 T T T T T
50 60 70 80 90 100 110
Temperature (°C)
50
(b) ——native
w0 tapioca
—=—(0.05N
z periodate
= 301 ——0.1IN
'g periodate
;ﬂ; 20 == 0.2N
S periodate
—*—0.3N
10 periodate
0 e T
50 60 70 80 90 100 110
Temperature (°C)

Fig. 5. (a) Swelling power and (b) % solubility as a func-
tion of temperature of DAS prepared by oxidation of
tapioca starch with various periodate concentrations.
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90°C. Although 60°C was below the average onset gela-
tinization temperature of all starches as measured by
DSC (63°C—67°C), some starch granules were capable of
swelling. These results indicated that DAS had a higher
hydration capacity than the native starch at 60°C and
70°C due to the hydration capacity of the aldehyde and
carboxyl groups. When the incubation temperature was
increased to 80°C and 90°C, the ability of holding the
absorbed water was lost due to the unstable hemiacetal
crosslinks accompanied with the degradation of DAS
during oxidation [9].

Solubility represents the amount of solubilized starch
molecules at a certain temperature. The solubility of DAS
was higher than that of native tapioca starch at all incu-
bation temperatures (60, 70, 80 and 90°C). In general, the
solubility increased as the incubation temperature
increased. The solubility was related to the swelling
power. At 60°C and 70°C, most of the swollen DAS gran-
ules still maintained their water holding capacity so that
a small amount of starch molecules were leached out
from them. In contrast, DAS cannot maintain the swollen
granules at 80°C and 90°C incubation temperatures and a
large amount of solubilized starch molecules were cap-
able of leaching out of the granules.

3.8 Molecular weight distribution

The HPSEC chromatogram of native tapioca starch can
be divided into two major fractions: fraction | and Il (Fig. 6).
Fraction I, which eluted first (first peak), consisted of high
molecular-weight carbohydrates, mainly amylopectin.

_________//\ 0.3N NalO
__,__,_‘_/'/\‘\ 0.2N NalO4

2

=]

=]

-1

g 0.1N NalO,4

=
0.05N NalO,
Native

0 10 20 30 40
Retention time (min)
8.64 6.04 3.44 0.84

Log DP

Fig. 6. HPSEC patterns of DAS prepared by oxidation of
tapioca starch with various periodate concentrations.
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Fraction Il which eluted later (second peak), consisted of
low molecular-weight carbohydrates, mainly amylose.
Native tapioca starch showed the first peak at DP
9.4 x10* and second peak at DP 2.2 x 10* (calculated
from calibration curve). After periodate oxidation, the
eluted fractions of DAS shifted to longer retention time,
indicating the decreasing of degree of polymerization.
The elution patterns showed the progressive appearance
of peaks at the lower degree of polymerization and the
disappearance of peaks at higher degree of polymeriza-
tion with increasing periodate concentration. It implied
that both amylopectin and amylose fractions were
degraded during the periodate oxidation.

3.9 Thermal stability

Periodate oxidized starch sample prepared with 0.3 N pe-
riodate was heated at 100°C at various length of heating
times (5, 15, 30 and 60 min) prior to HPSEC analysis,
depicted in Fig. 7. Surprisingly, it was found that all chro-
matograms showed similar patterns, which consisted of
two major peaks; a large peak with lower degree of polym-
erization (approx. 6.2 x 10%) and a small peak with higher
degree of polymerization (approx. 5.6 x 10%) appearingasa
shoulder of the large peak. This demonstrated the absence
of depolymerization at any heating time and accounted for
the thermal stability of DAS. It has been reported previously
[9] that the molecular weight decreased with the increasing
heating time and concluded that the DAS was thermally
unstable. However, such finding was proven to be inaccu-
rate. In reality, degradation was caused by the oxidation of
DAS by residual periodate during the heating periods.

60 min

30 min|

RI response

15 min

5 min

(=]
—
<
[\
(=]
(%]
(=]

40
Retention time (min)

8.64 6.04 3.44 0.84
Log DP

Fig. 7. HPSEC patterns of DAS prepared by oxidation of
tapioca starch with 0.3 N periodate after heating at var-
ious length of times prior to HPSEC analysis.
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4 Conclusion

It was found that the physicochemical properties of
tapioca starch changed during periodate oxidation. The
presence of aldehyde and carboxyl groups, causing
hemiacetal linkages, contributed to the increasing of
gelatinization temperature of DAS. Moreover, the peri-
odate oxidation caused a loss of crystallinity. The hemi-
acetal and acetal crosslinks as well as aldehyde and car-
boxyl groups in DAS affected the pasting properties such
as high pasting temperature and peak viscosity. The
degradation of DAS molecules during oxidation resulted
in a decrease in final viscosity. This also suggested that
the swollen DAS granules were not able to tolerate high
incubation temperature, which resulting in higher solubil-
ity. In fact, the degradation of both amylose and amylo-
pectin fractions occurred during the periodate oxidation
and the oxidized product was not depolymerized during
the heating as demonstrated for the thermal stability of
the DAS.
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