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Effect of Acetylation on Stability to Retrogradation of
Starch Extracted from Wild Polynesian Arrowroot
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Adhesive on Paper
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Starch was isolated from T. leontopetaloides tubers, chemically modified by acetylation with varying amounts of acetic anhydride.
Monolayer of the ten acetylated and control starch powders was exposed on roof top for five weeks and pastes of both exposed
and unexposed (control) samples were prepared with distilled water (1 : 3 w/w). The effects of acetylation, degree of substitution
(DS), and exposure to sunlight were investigated to evaluate the retrogradation tendency of the adhesive pastes from changes in
syneresis, tack strength, optical clarity, viscosity, gelation time, and drying time. The results obtained showed that all the adhesive
properties studied were affected by both DS and exposure to sunlight. While tack strength, viscosity, and drying time were found
to increase with increase in DS, syneresis, optical clarity, and gelation time were found to decrease with increase in DS. Increase in
tack strength and reduction in syneresis imply that the acetylation treatment has made T. leontopetaloides starch more suitable for
use in remoistenable adhesive applications. The reduction in syneresis, optical clarity, and gelation time with increase in DS was
attributed to the strengthening of the bonds between the amylose and amylopectin molecules, preventing water leaching out of the
starch granules.

1. Introduction

Adhesive is a natural or synthetic substance that, when
applied to surfaces of materials, binds them and the joint
resist separation. Natural bioadhesives are obtained from
vegetable matter, starch, plant exudates, and resins or from
animals, for example, casein [1–5]. Advantages of adhesives
over other binding techniques include ability to bind different
materials together, efficient distribution of stress across the
bonded joint, cost effectiveness, easy process mechanization,
improvement in aesthetics design, and design flexibility [6–
9].

Starch, (C
6
H
10
O
5
)
𝑛
, is a complex carbohydrate occurring

in the form of minute granules in seeds, fruits, tubers, roots,
and stem pith of plants, consisting of two polymers, amylose

and amylopectin, and the molar ratio of which is about 20–
30% and 80–70%, respectively [10–13]. Amylose is a linear
polysaccharide composed of mostly linear chains with 500–
20,000 𝛼-(1 → 4)-D-glucose units, as can be seen in Figure 1
[14, 15].

Depending on the botanic source, amylose can form an
extended shape (hydrodynamic radius 7–22 nm) but gener-
ally tends to wind up into a rather stiff left-handed single
helix or form even stiffer parallel left-handed double helical
junction zones [16]. Single helical amylose has hydrogen-
bondingO2 andO6 atoms on outside surface of the helix with
only the ring oxygen pointing inwards [17–19].

Amylopectin molecule consists of both crystalline
(∼30%) and amorphous areas containing up to two million
glucose residues oriented radially in a compact structure
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Figure 1: Amylose molecule (adapted fromWard et al. [19]).
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Figure 2: Amylopectin molecule (adapted from Tako and Hizukuri [20]).

(Figure 2) having hydrodynamic radius 21–75 nm with the
radius increasing as the number of branches required to fill
up the space, with the consequent formation of concentric
regions of alternating amorphous and crystalline structure
[20–22].

Economic and technological advancements of nations are
tied to raw materials research and development, especially
fromwaste agricultural resources [23, 24]. Industrially, starch
is used because of its adhesive, film-forming, gelling, and
thickening properties. Unfortunately, retrogradation (a reac-
tion that takes place in gelatinized starch when the polymer
chains realign themselves and begin to reassociate into a
well-organized structure, causing the liquid to gel) limits
these properties as most native starches do not have the
functional properties required to impart or maintain desired
qualities [25–27].There are several reports from the literature
that retrogradation consists of three stages: starch granules
was swelled and melted with loss of X-ray crystallinity
and formation of both crystalline and amorphous lamellae;
secondly, in crystalline lamellae, amylopectin began to form
nucleation when they were autoclaved; finally, the nucleus
grew up to great rod-like crystals as the result of congregating
of amylose on plates which were composed of and prolonged
by amylopectin [28–32]. Charoenrein and coworkers have, in
two separate studies, reported that retrogradation manifests

in expulsion liquid from the polymer network (syneresis)
with the “weeping” jelly squeezing water out of the gel
network caused by a warm storage place, fluctuated storage
temperature and prolonged storage [33, 34]. Other signs
of retrogradation are increase in opacity [35], reduction
in tack strength [36], cold water insolubility [37], thermal
instability [38], and shorter shelf life [39] of starch-based
adhesive systems on ageing. Fortunately, native starches can
be modified biotechnologically [40, 41], chemically [42–46],
or physically [47–51] to overcome these shortcomings.

Acetylation (IUPAC ethanoylation) describes a reaction
that introduces acetyl (CH

3
CO) functional group to replace

the hydrogen atom in alcohols and amines [52]. Acetic anhy-
dride [(CH

3
CO)
2
O] is a clear, colorless, and mobile (free-

flowing) liquid used as solvent for many organic compounds.
It is also used in the manufacture of industrial chemicals,
pharmaceuticals, perfumes, plastics, synthetic fibers, explo-
sives, and weed killers [53]. It was reported that about 75
percent of the acetic anhydride produced annually in the
United States is used in the manufacture of cellulose acetate
for films and plastic goods [54]. Acetylation (esterification)
is the most widely used chemical method of modifying
starch to improve its properties and extend the industrial
application range of its products. The acetylation process
used in the synthesis of acetylated starch by the reaction
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Scheme 1: Acetylation of an anhydroglucose unit of a starch polymer with acetic anhydride.

of native corn starch with acetic anhydride was reported to
be a substitution reaction that takes place by an addition-
elimination mechanism as shown in Scheme 1 [55, 56].

It has been reported severally that, although it has
many species, the family Taccaceae consists of only one
living genus, Tacca [57–59]. Polynesian arrowroot [Tacca
leontopetaloides (L.) Kuntze 1891] that is native to Tropical
Africa, South Asia, Southeast Asia, Northern Australia, New
Guinea, Samoa,Micronesia, andFiji [60]. InNigeria, the large
tuberous perennial terrestrial herb grows wild during the
humid seasons in Northern Nigerian, especially Kaduna and
Niger states [61, 62]. Although many environmental factors
were reported by several workers to affect performance of
adhesives, sunlight is the most serious agency [63–65].

The aim of this study was to extract starch from the
wild Tacca leontopetaloides, add varying amounts of acetic
anhydride to it, investigate the effects of degree of substitution
and exposure to sunlight, and assess the suitability of the
acetylated starch for remoistenable adhesive use in postage
stamps, envelope flaps, labels, and other paper fastening
works.

2. Materials and Methods

TheT. leontopetaloides tubers used in this studywere collected
from Dumbi village, along Zaria-Kaduna highway, Kaduna
state, Nigeria. (CH

3
CO)
2
O, NaOH, and HCl were analyti-

cal grade reagents from BDH, England, and were used as
received.

2.1. Isolation of Starch. The fresh T. leontopetaloides tubers
were washed, peeled, cut into small chips, and homogenized
in a Phillips blender with minimal amount of water. The
slurry was mixed with five times its volume of water and
sieved with a muslin cloth. The starch slurry was allowed to
settle, the supernatant decanted and the settled starch washed
several times with distilled water. The resultant white starch
was air-dried and further oven-dried at 105∘C to constant
weight. The dried crude starch powder was then stored in a
sealed plastic container before use.

2.2. Acetylation of the Native Starch. Starch (162 g) was placed
into 400 mL beaker and 220mL of distilled water and the
mixture was stirred for 30min. The pH of the slurry was
adjusted to 8.0 with 3% NaOH. Acetic anhydride (2.55 g) was
slowly added to the starch suspension (in agitation) and the
reactionwas allowed to proceed for 15min.Thereafter, the pH

was adjusted to 4.5 with 0.5M HCl and the slurry filtered on
a Buchner funnel containing Whatman No. 4. The residue
obtained was washed with distilled water to completely
remove any impurities and the product was finally air-dried
at room temperature (33∘C). The acetylation experiment was
repeated by adding 5.10, 7.65, 11.20, 13.75, 16.30, 18.85, 21.40,
23.95, and 26.50 g of the acetic anhydride. The percentage
of acetyl content, the degree of substitution (DS), and the
reaction efficiency (RE) for each of the 10 acetylated samples
were calculated following a standardmethod [66].The eleven
samples (control and acetylated) were divided into two sets;
one set was exposed outdoors for five weeks and the other set
was kept at room temperature in the dark.

2.3. Exposure to Sunlight. Standardmethod of natural out-
door ageing (weathering) of adhesives to sunlight was fol-
lowed [67]. Each of the 11 samples (50 g) was evenly sprayed
in a ceramic crucible; the crucible mounted on a wooden
rack frame and exposed rooftop at 45∘ angle (Slant Exposure)
facing south for five weeks, with average room temperature
being 33∘C.

2.4. Preparation of Starch Pastes. Each of the 11 samples
(50 g), exposed and unexposed, was dispersed into 45mL
distilled water in a 100mL beaker. The slurry obtained was
homogenized, placed in a tube, sealed, and centrifuged at
1500 rpm to remove the excess water.

2.5. Determination of Syneresis. Freeze-thaw stability, a mea-
sure of syneresis, of both exposed and unexposed samples,
was determined by slightly modifying a method reported
in the literature [34]. Native and acetylated starch (3.0 g,
dry weight) was suspended in distilled water (100mL) in
a screw cap tube and boiled for 20min. After cooling to
room temperature (33∘C), each paste was divided into four
equal parts and transferred to four centrifuge tubes. The
four samples were kept refrigerated at −20∘C for 24 h and
then thawed at 33∘C for 6 h. Each of the four tubes was
then centrifuged in a L-550 centrifuge (Xiang-Yi Centrifuge
Instrument Co. Ltd., Changsha, China) at 3000 revolutions
per minute (rpm) for 30min. The water layer formed was
decanted; the residual paste was weighed and the percentage
of water separated after each of the four freeze-thaw cycles
was calculated as follows:

Syneresis =
𝑚
2
− 𝑚
3

𝑚
2
− 𝑚
1

× 100%, (1)
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Table 1: Percent acetylation, degree substitution, and reaction efficiency of the acetylated and control (native) starch from T. leontopetaloides.

Experiment % of acetyl DS (×10−4) RE (%)
0 0 0 0
1 23 ± 0.02 12 ± 0.002 61.43 ± 0.03

2 17 ± 0.03 35 ± 0.001 59.77 ± 0.02

3 19 ± 0.01 56 ± 0.003 60.64 ± 0.02

4 38 ± 0.01 81 ± 0.001 66.85 ± 0.04

5 32 ± 0.02 111 ± 0.004 64.27 ± 0.03

6 51 ± 0.04 151 ± 0.002 70.73 ± 0.03

7 47 ± 0.03 202 ± 0.002 70.26 ± 0.04

8 14 ± 0.01 243 ± 0.004 58.82 ± 0.03

9 27 ± 0.01 296 ± 0.003 62.38 ± 0.02

10 42 ± 0.02 366 ± 0.001 67.76 ± 0.03

Values are expressed as SEM of 3 readings.

where 𝑚
1
, 𝑚
2
, and 𝑚

3
are, respectively, the weights in gram

of centrifuge tube (g), centrifuge tube and starch paste, and
centrifuge tube and starch paste after centrifuging.

2.6. Determination of Tack Strength. Tack strength of the
samples was determined according to a standard ASTM
D1876 method [68]. 125𝜇m thick wet layer of each of the
eleven pastes was applied to two kraft papersmeasuring 15 cm
× 3 cm with bond area of 6 cm × 3 cm and the papers bonded
together. The peel strength of the two bonded Kraft papers
was tested by clamping one end and turning the other 180∘
downwards and attaching a load pan to it. Standard weights
were added to the load pan until the bond begins to peel.
Average of three weights required for the peel to begin was
recorded for each sample.

2.7. Determination of Optical Clarity. The optical clarity of
the samples was determined according to a standard method
[69]. Starch (0.5 g, dry weight) was suspended in distilled
water (50mL) in a screw cap tube and boiled for 20min and
the tube was thoroughly shaken every 5min. After cooling
to room temperature (33∘C), the percent transmittance (𝑇%)
of each sample at 650 nm was determined against a water
blank in UV-2102PC spectrophotometer (Unico Instruments
Co. Ltd., Shanghai, China).

2.8. Determination of Viscosity. Viscosity of the pastes was
determined using Brabender Visco-Amylo-Graph (BVA,
A.W. Brabender Instrument Inc., South Hackensack, NJ,
USA) according to ASTM D1084 standard [70].

2.9. Determination of Drying Time. A uniform 150𝜇m thick
film of each paste was cast on two glass slides with their edges
tapped off with a layer of masking tape. The drying time for
each paste was determined by touching the film lightly with
index finger at an interval of 2min.The first time the filmwas
felt to be tacky enough but do not transfer a wet film to the
finger was recorded.

2.10. Determination of Gelation Time. 20 g of each of the nine
pastes was heated at 105∘C and cooled at room temperature
(33∘C) and the time taken for it to form a firm gel was noted.

2.11. Statistical Analysis. Data were subjected to one-way
analysis of variance (ANOVA). GraphPad Prism 5.00 soft-
ware was used for all the statistical analyses.

3. Results and Discussion

Themean values of percent acetylation (% acetyl), degree sub-
stitution (DS), and reaction efficiency (RE) of the acetylated
starches obtained from addition of varying amounts of acetic
anhydride in the 10 experiments, in comparison to the native
T. leontopetaloides starch, are presented in Table 1.

As seen, higher acetyl content and DS values were
found with increase in the amount of acetic anhydride, in
agreement with the findings of Luo and Shi [55]. It can also
be observed from the table that the values of acetyl content,
degree of substitution, and reaction efficiency increase with
increase in the amount of acetic anhydride (from 2.55 g in
experiment 1 to 26.50 g in experiment 10). The efficiency
of the acetylation process, represented by acetyl content of
the esterified native starch, ranged from 0.23% (experiment
1) to 0.42% (experiment 10), giving an increase of 0.19%.
Since acetylation replaces hydrogen of the hydroxyl groups
in the native starch with acetyl groups, according to Hwang
[52], introduction of the acetyl groups alters the adhesive
properties. He found that introduction of the acetyl group
reduces bond strength with the resultant acetylated starch
exhibiting improved resistance to retrogradation.The reagent
used during the acetylation process must yield acceptable
products and satisfy the requirement of government reg-
ulations especially when the resultant starch acetates are
intended for adhesive and other nonfood uses. The extent
of substitution of hydrogen atom of the hydroxyl group
of the native starch for acetyl (CH

3
CO) functional group,

represented by the degree of substitution (DS) of the ten
acetylated T. leontopetaloides starch samples, ranged from
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Figure 3: Effect of degree of substitution on the four-cycle syneresis
of the samples before and after exposure to sunlight for five weeks.

0.012 (experiment 1) to 0.366 (experiment 10), an increase
of 0.354. Since the values fall within the 0.01–0.50 range
recommended by the Adhesives and Sealants Council of the
USA for remoistenable adhesives, the acetylated samples are
qualified for use in paper works. The relative efficiency (RE)
of acetylation of the native starch values ranged from 61.43%
(experiment 1) to 67.76% (experiment 10), an increase of
6.33%. Utkin and associates have reported that the extent of
acetylation of native starch on its key adhesive propertiesmay
vary depending on the methods and the conditions involved
in the acetylation process as the method used in adding
the acetylating agent may also affect the reaction leading to
variation in the acetyl content and degrees of substitution
(DS) and the resultant acetylated starch properties.

3.1. Syneresis. The four-cycle syneresis (amount of water
seeped from or released by a paste) as a function of DS
of both native and acetylated samples, before and after
exposure to sunlight for five weeks, is shown in Figure 3.
Overall, the syneresis values ranged from 54.47% for control
after exposure in the fourth cycle to 2.33% for the sample
containing 26.50 g acetic anhydride (highest DS of 0.366)
before exposure in the first cycle. Considering the syneresis
before exposure, it can be seen that the amount ofwater loss in
the control sample ranged from 29.03% after the first cycle to
45.52% after fourth cycle, an increase of 16.09% in syneresis.
After exposure, the amount ofwater loss in the control sample
ranged from 37.91% after the first cycle to 54.47% after fourth
cycle, an increase of 16.56%. Similar trend can be observed
for the acetylated samples. The inverse relation between DS
and extent of syneresis can be observed in the figure for all
the samples (exposed and unexposed). Before exposure, as
the DS values increased from 0.012 to 0.366, syneresis values
ranged from21.26% to 2.33% (DS 0.366), a decrease of 18.93%.
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Figure 4: Effect of degree of substitution on tack strength of the
native and acetylated starch before and after exposure to sunlight
for five weeks.

Similar trend was observed after exposure although being
with relatively higher syneresis values.The direct relationship
between number of cycles and extent of syneresis can also be
observed. As the number of cycles increases, so are the values
of syneresis for all the samples (exposed and unexposed).
Again, relatively higher values of syneresis are obtained after
exposure. That is, for the same cycle number, there is an
increase in syneresis for all sample pairs after exposure to
sunlight.

Decrease in syneresis with increase in DS suggests that
acetylation is a convenient way of stabilizing native starches
against retrogradation, an undesirable property of adhesive
pastes, especially when the samples are exposed outdoors.
The decrease in syneresis with increase in DS is attributed
to the higher water-holding capacity of the acetylated in
comparison to the native starch. Further, there were several
reports that hydrogen bonding between the aligned amylose
and amylopectin polymeric chains is responsible for the
retrogradation phenomenon that involves release of some
loosely bound water molecules or syneresis [33, 34].

3.2. Tack Strength. Effect of DS on tack strength of the native
and acetylated starch before and after exposure to sunlight for
five weeks is shown Figure 4. Tack strength (the minimum
force required for an adhesive joint to peel or the minimum
weight a bonded joint can support at a particular temperature
before peeling) of the samples ranged from 8.27Nmm−1
for control to 59.22Nmm−1 for the sample with highest DS
before exposure and increase with increase in DS. Thus,
for each 0.0037 increase in DS, there is a corresponding
4.632 increase in tack strength before exposure. After the
five-week exposure period, the tack strength of the pastes
ranged from 6.52Nmm−1 for native starch to 48.05Nmm−1
for the acetylated sample with the highest value of DS and
increase with increase DS. Thus, for each 0.0037 increase
in DS, there is a corresponding 3.775Nmm−1 increase in
tack strength after the five-week exposure period. Although
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Figure 5: Effect of degree of substitution on optical clarity of the
native and acetylated starch before and after exposure to sunlight
for five weeks.

the values obtained are relatively lower than those obtained
from the literature [12], they are within the recommended
range for remoistenable adhesives. As tack strength is the
most important property of adhesives, the modified starch
paste can be used as adhesive in paper works.

Thuwall et al. and coworkers have found that intramolec-
ular hydrogen bonding between OH-6 and the adjacent
hemiacetal oxygen atom of the D-glucopyranosyl residues
and intermolecular hydrogen bonding betweenOH-2 and the
adjacent O-6 of the D-glucopyranosyl residues on different
amylose and amylopectin molecules are responsible for the
relative greater tack strength of the modified starch [15].
Lower tack strength values of exposed samples in comparison
to the control samples suggest that exposure to sunlight is
detrimental to both the native and acetylated starch pastes
within our study period.

3.3. Optical Clarity. Optical clarity (the ease with which the
pastes allow light to pass through them) of the samples that
ranged from 46.44% for control to 19.26% for the sample with
highest DS before exposure is shown in Figure 5. As seen,
the optical clarity of the samples, before and after exposure
to sunlight, decreases with increase in DS. This translates to
2.471% decrease in optical clarity for every 0.0037 increase
in DS value before exposure. After the five-week exposure
period, the optical clarity of the pastes ranged from 41.35%
for the native starch to 17.25% for the acetylated starch with
highest value of DS and also decreases with increase DS.
Thus, for each 0.0037 increase in DS, there is a corresponding
2.191% decrease in optical clarity after the five-week exposure
period. Since the optical clarity of both native starch and
modified starch decreases with increase in DS, the pastes are
not recommended for use where transparency of the pastes
is critical factor. Some researchers have reported that optical
clarity of remoistenable adhesives for postage stamps must
remain stable to the vagaries of weather elements, such as
sunlight, heat, and moisture [11]. That is, the adhesive must
not be opaque during manufacture, storage, or use.
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Figure 6: Effect of degree of substitution on viscosity of the native
and acetylated starch before and after exposure to sunlight for five
weeks.

3.4. Viscosity. Viscosity (the ease with which a fluid sample
flows) of the eleven test pastes is shown in Figure 6. Before
the five-week exposure, the viscosity of the samples ranged
from 2.37 Pa⋅s for the native starch to 109.43 Pa⋅s for the most
acetylated starch and can be seen to increase with increase
in DS. This translates to 9.733 Pa⋅s increase in viscosity for
every 0.0037 increase in DS. After five weeks of exposure
to sunlight, the viscosity of the pastes ranged from 7.88 for
the native starch to 168.33 Pa⋅s for the acetylated starch with
highest value of DS and increases with increase in DS. Thus,
for each 0.0037 increase in DS, there is a corresponding
14.586 Pa⋅s increase in viscosity. Going by the several litera-
ture reports [5–7] that adhesives for use in paper bags and
sacks must have viscosity range of 2 to 140 Pa⋅s at 25∘C, those
for bottle labeling (about 100 Pa⋅s) and for use in envelopes
(2 to 10 Pa⋅s), the viscosity range of the acetylated samples
falls within the specified range and is stable to exposure
to sunlight for the period under investigation (five weeks).
The stability of the acetylated samples to the retrogradation
that may manifest as decrease or excessive increase in
viscosity of the adhesive pastes can be seen from the figure.
The increase in viscosity is gradual and steady for both the
exposed and unexposed samples.

3.5. Drying and Gelation Times. The drying and gelation
times of the eleven pastes are both shown in Figure 7. Drying
time (the time it takes an adhesive paste applied on a substrate
to completely dry) of the eleven pastes before the five weeks
of exposure ranged from 4.05min for the native starch to
58.43min for the acetylated starch with highest value of DS
and increase with increase in DS. This implies that, for each
0.0037 increase in DS, there is a corresponding 4.944min
increase in drying time. After five weeks of exposure to
sunlight, the drying times of the pastes ranged from 2.42min
for the native starch to 45.21min for the acetylated starch
with highest value of DS and also increase with increase in
DS. That is, for every 0.0037 increase in DS, a corresponding
3.890min increase in drying time is obtained. The gelation



Journal of Polymers 7

0

10

20

30

40

50

60

70

0 12 35 56 81 111 151 202 243 296 366

D
ry

in
g 

tim
e/

ge
lat

io
n 

tim
e (

m
in

)

Drying time before exposure 
Drying time after exposure
Gelation time before exposure
Gelation time after exposure
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time (the time it takes a paste to become rigid enough to
hold its shape even when cut) of both the exposed and
unexposed samples is shown in Figure 5. The gelation times
of the samples ranged from 44.47min (control) to 14.32min
(the most acetylated). From the figure, it can be seen that, in
contrast to drying time, gelation time decreases with increase
in DS. Specifically, there is 2.741min decrease in gelation
time for every 0.0037 increase in DS before the samples
were exposed to sunlight. After the five-week exposure
period, the gelation time of the pastes ranged from 53.07min
for the native starch to 21.27min for the acetylated starch
with highest value of DS and decreases with increase DS,
translating to 2.891min decrease in gelation time for every
0.0037 increase in DS. These results indicate that acetylation
has enhanced the suitability of the samples for adhesive use
(lower drying time but longer gelation time) as earlier found
by many researchers [9, 10, 36].

4. Conclusion

On the basis of the results obtained in this study, it can
be safely concluded that esterification of native T. leon-
topetaloides starch with acetic anhydride has improved its
desired adhesive properties (decrease in syneresis and drying
time, as well as increase in tack strength and gelation time).
Although the five-week exposure period has reduced the
adhesive efficiency of the acetylated starch, the reduction
was not drastic enough to render it unfit for remoistenable
adhesive use. Since the acetylation process has stabilized
the native starch against retrogradation, the most serious
problemaffecting bioadhesives, that is, acetylation, is strongly
recommended for value addition to the widely available

and often waste starch from nonfood sources such as wild
T. leontopetaloides tubers to yield acceptable adhesives that
comply with economic, environment, health, and safety
regulations. Also recommended is the inclusion of ultraviolet
light retardants or stabilizers in formulations of bioadhesives,
so that prolonged exposure to sunlight might not adversely
affect the desired adhesive properties. As can be seen from
the results, prolonged exposure of the samples to sunlight has
increased syneresis, viscosity, and gelation time as decreased
the tack strength, optical clarity, and drying time.
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[11] L. A. Bello-Pérez, E. Agama-Acevedo, S. G. Sáyago-Ayerdi,
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