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Starches extracted from acha (Digitaria exilis) and iburu (Digitalia iburua) were subjected to heat moisture
treatment and citric acid modification. Successful applications of the treatments are expected to promote
commercial utilization of the starches from these underutilized crops and improve the economy and
Keywords: livelihood of stakeholders along their value chains. Granules of the starches from the two cereal grains
Acha ) were polyhedral in shape. Generally, modifications led to the clustering of the polyhedral of the starches
?iet?itcr:coigt;fdti;eggz;“t granules. Indentations were observed on the surfaces of citric acid modified (CAM) starches. This could
Starch be due to the weathering effect of acid hydrolysis. Modification methods employed did not affect the
FTIR characteristic type-A crystal polymorph of the native starches. The starches generally exhibited single
Gelatinization prominent peaks at (26) 16 and 24, and a doublet at 17-19. Crystallinity index of the starches ranged

from 27.01-27.84% for acha and 29.01—30.47% for iburu. FTIR analysis and high peak gelatinization
temperatures of the starches suggested heterogeneity in the matrices. CAM starches of the two grains
remained in liquid form throughout the pasting cycle. Acha starches are lighter and whiter in color. All
the starch samples exhibited promising functional properties that could place them as good materials for
different industrial uses. Results of this study further exposed the potentials of acha and iburu starches
for food and pharmaceutical applications.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction composition of its granules (Zavarese & Dias, 2011). Interestingly,
starch in its natural form has some shortcomings which limit its use

The continued interest in starch research stemmed from its in industrial food processing. Examples of these shortcomings

array of functional properties. These properties place it as an
indispensable ingredient for innumerable domestic and industrial
applications (Alimi, Workneh, & Sibomana, 2016a). Utilization of
starch in food system is dictated by its dominant properties. For
instance; starch contribution to the textural properties of some
foods makes it an important agent of thickening, stabilizing, gelling,
bulking and water retention (Singh, Kaur, & McCarthy, 2007). Its
lipophilic property is also important in fat based food. However,
these properties vary according to the biological source of the
starch and are governed by the size, shape, structure and chemical
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include its inability to withstand the high temperature, pressure
and some strong chemical reagents use in most industrial food and
pharmaceutical processes. Hence, starch is modified to correct
some or all of these anomalies (Alimi, Workneh, & Oke, 2016b).

Properties of native and modified starches from major cereal
and leguminous crops have been studied over time. The new thrust
in starch research is the exposition of the potentials of starch from
underutilized crops that have significant starch content. Some of
these crops are abundantly available in developing countries. Suc-
cessful isolation, characterization and further improvement of the
starches from these crops would promote utilization of the starches
and expand sources of starch. This would reduce pressure on
established sources. It would also enhance commercial utilization
of these crops and ultimately improve the economy and livelihood
of farmers and other stakeholders along their value chains (Alimi
et al., 2016a).
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Acha (Digitaria exilis Stapf) and iburu (Digitalia iburua Stapf)
belong to this class of underutilized cereal crops. They are mostly
grown in West Africa and were described as small seeds with big
promises because of their excellent agro-ecological and food
values. They perform excellently well on low moisture and fertility
soil that may not support other cereal crops. They are known to
mature within a short period of 6—8 weeks, have high starch
content and higher economic returns compared to other cereals
(Arueya & Oyewale, 2015; Jideani & Akingbala, 1993). Philip and
I[todo (2006) reported that acha and iburu have greater perfor-
mance potentials than some major cereal crops when same quan-
tity of extra inputs are applied during growing period.

Acha and iburu grains have good content of sulphur amino acids.
Sulphur amino acids are known for their importance in proper
heart functioning and nerve transmission (Jideani & Jideani, 2011).
They were also believed to have neutraceutical potential because of
their use in some culture to manage diabetes (Jideani & Jideani,
2011).

However, the major attraction of these grains to researchers is
their high starch content of about 75.5% (Arueya & Oyewale, 2015).
Hence, studies are being carried out continuously to characterize
their starches. These are with the view of exposing their potentials
for domestic and industrial applications, and enhancing their
values. Primary work on the properties of native acha and iburu
starches was conducted by Jideani and Akingbala (1993). They were
further investigated by Jideani, Takeda, and Hizukuri (1996). The
studies revealed that the starches have properties typical of non-
waxy cereal starches. However, native starches from these grains
have characteristic shortcomings that are general to starches in
their natural form. These shortcomings limit their industrial ap-
plications (Emeje et a. 2012). Hence, studies are being conducted to
improve on the properties of their native starches (Emeje at al.
2012; Olu-Owolabi, Olayinka, Adegbemile, & Adebowale, 2014;
Arueya & Oyewale, 2015). However, reports on heat moisture
treatment and citric acid modification of the starches from these
grains are scarce in literature.

There are different starch modification methods. The choice to
be employed is dependent on the intending industrial end-use of
starch. Heat moisture treatment, a type of hydrothermal modifi-
cation, is a preferred method of starch modification for food and
pharmaceutical applications. This is mainly because of the safety of
heat moisture treated starch to health of consumers (Alimi,
Workneh, & Oyeyinka, 2017). Heat moisture treatment also im-
parts favorable changes to the properties of starch. The enhanced
properties are essential for some specific industrial applications
(Alimi et al., 2016a). On the other hand, citric acid modification is a
mild acid treatment of starch. It is relatively safe for food and
pharmaceutical uses; since organic acid is the major treatment
agent as compared to mineral acids. Citric acid modified starches
find important applications in products where clarity is of essence.
Examples include cheese and candies. Therefore, successful modi-
fication of the starches from acha and iburu, using these two
modification methods, could expand their potential utilization for
food and non-food uses. Hence, the objectives of this study were to
investigate the effects of heat-moisture and citric acid modifica-
tions on some physicochemical properties of acha and iburu
starches.

2. Materials and methods

Good quality acha and iburu were purchased from a local market
in Kano, Nigeria. Native starch was extracted according to the
alkaline (using aqueous sodium metabisulphite) steeping method
previously reported by Arueya and Oyewale (2015). Toluene
emulsification was used to separate protein from starch. Starch

obtained was dried in a forced convective air oven at 45 °C for 24 h,
packed in an airtight Ziplok bag and stored at 4 °C until further
analyzes.

2.1. Heat-moisture treatment

Heat moisture treatment was carried out on native starches of
acha and iburu as described by Alimi et al. (2016b). Moisture con-
tent of the starches was determined and raised to 25% through
dispersion in distilled water. The slurries were heated in a
convective hot air circulation oven at 110°C for 16 h. The heat
moisture treated starches obtained were left to cool, packed in
Ziploc bags and stored at 4 °C until further analyzes.

2.2. Citric acid modification

Protocol described by Falade and Ayetigbo (2015) were used to
prepare citric acid modified starches. Native starches (300 g) were
dispersed in distilled water (400 mL) to obtain starch suspensions.
The suspensions were brought to alkaline pH (about 9) through
addition of 10 mL of 1M NaOH and held for 30 min. The suspen-
sions were intermittently stirred during the holding period. Citric
acid (15% of weight of dry starch) and sulphuric acid (1% by weight
of dry starch) were carefully added to distilled water to make
100 mL acidic solution which was then added to alkaline suspen-
sions. The mixtures were left for 5 h at prevailing laboratory con-
dition. The mixtures were then washed with 600 mL distilled water,
filtered to remove excess liquid and dried in a convective hot air
oven at 50 °C for 24 h. They were then milled, packed and stored as
indicated above.

2.3. Scanning electron micrograph

Thin layer of starch samples was mounted on stubs with the aid
of double-sided adhesive tape and sputter-coated with gold using
EIKO IB-3 ion coater (EIKO Engineering, Hitachinaka, Japan).
Morphology of starch granules was thereafter captured with a
scanning electron microscope (EVO LS 15, ZEISS International,
Oberkochen, Germany). Sizes of the granules were measured using
an image analysis software (AnalySIS, Soft Imaging System, Berlin,
Germany).

2.4. X-ray diffraction

An X-ray diffractometer (D8 Advance, BRUKER AXS, Germany)
coupled with a sample changer and image plate detector was used
to capture the diffraction patterns of the starches. The scanning was
registered at Bragg angle (26) 3° to 40° at scan step 0.035° and step
time 0.5 s. Multi peak fittings to get integrated areas of crystalline
peaks (Ac) and amorphous peaks (Aa) were done using EVA soft-
ware (BRUKER, Germany). Crystallinity index (Xc) was calculated as
below

100Ac

XC(%) = m

(1)

2.5. Infrared spectra

Infrared (IR) spectra of native and modified starches were ob-
tained with the use of Fourier Transform Infrared (FTIR) spec-
trometer (Spectrum 100 series, Perkin Elmer, Beaconsfield, UK). The
wavelength range was 4000 to 380 cm™! at resolution of 4 cm™L.
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2.6. Thermal properties

Starch Thermal properties were evaluated using a TGA/DSC
(Perkin-Elmer Inc. USA) coupled with data analysis software.
Distilled water (6 puL) was added to starch in DSC (aluminium) pan.
The pan was sealed, reweighed and left for 2 h for equilibration of
starch and water. Scanning was done between 40 and 140°C at
stepwise increase of 10°C/min and at 140 °C for 5 min (gelatini-
zation). Empty pan was used as reference. Onset temperature (To),
peak temperature (Tp), conclusion temperature (Tc) and enthalpy
(AH, J/g), for gelatinization were determined.

2.7. Pasting properties

The pasting properties of the starches were determined with a
Rapid Visco Analyzer (RVA model 4500, Perten Instruments,
Australia) using the protocol described by Alimi, Sibomana,
Workneh, and Oke (2016c¢).

2.8. Color parameters of the starches

The Commission Internationale de I’Eclairage (CIE) L*, a* and b*
parameters were determined with the aid of a colorimeter (Chroma
meter CR 400, Konica Minolta, Japan). Duplicate measurements of
the color parameters were taken after standardizing the colorim-
eter using white tile. Hue angle (H), color intensity (AE) and the
degree of whiteness (W) were calculated using the equations
below.

H = tan™" (b*/a) 2)
4E = (417 + 40 + 4p?)°° (3)
W (%) =100 — [(100 — L) + ((a*)? + (b*)z)]O-S @

2.9. Functional properties

Water and oil absorption capacities, swelling power, solubility
and alkaline water retention of native and modified starches of acha
and iburu were determined as described by (Alimi et al., 2016a).
Emulsion capacity and relative occluded volume of the starches
were determined as described by Falade and Ayetigbo (2015).

Least gelation concentration was determined as described by
Alimi et al. (2016a). Starch sample was dispersed in separate test
tubes each containing 5 mL distilled water in the ratio of 2—20% of
distilled water at 2% increasing order. The dispersion was heated in
water bath at 80 °C for 1 h, then rapidly cooled under running tap
water and stored at 4 °C for 2 h. The lowest concentration at which
the gel formed did not fall from the inverted tube was the least
gelation concentration.

2.10. Data analysis

Experiments were carried out at least in duplicates and the data
were analyzed using Analysis of variance tool in SPSS (15.0) envi-
ronment. Means with significant differences at p <0.05 were
separated using Duncan Multiple Range Test (DMRT).

3. Results and discussion
3.1. Morphological properties

Structure of native and modified acha and iburu starches are
presented in Fig. 1. Granules of the starches from the two cereal
grains are polyhedral in shape as previously reported by (Jideani
et al.,, 1996). Though none of the treatments resulted in fragmen-
tation of starch granules, however, they led to the clustering of the
granules and formation of mucilage on their surfaces. These effects
could be due to the presence of excess surface moisture that was
not absorbed by starch during the modification processes (Alimi
et al., 2016b).

Dimples observed on the surfaces of citric acid modified
starches could be the result of weathering effect of acid hydrolysis
on starch granules. Kaur, Oberoi, Sogi, and Gill (2011) similarly
observed dimples on the surface of acid modified lentil starch.
Atichokudomchai at al (2004) reported the erosion of tapioca
starch granule surface by acid hydrolysis but without formation of
pores. Difference in these observations could be due to variation in
the botanical source of the starch, sizes of starch granules, type of
solvent used, reaction temperature and time (Shah, Naqash, Gani, &
Masoodi, 2016; Singh et al., 2007).

Source of starch and modification method did not have signifi-
cant effect on the sizes of the granules (Table 1). Sizes range from
6.78 x 6.73 to 7.34 x 7.04 um for acha starches and 6.35 x 7.04 to
7.47 x 7.79 um for iburu starches.

3.2. X-ray diffraction

Diffraction patterns of acha and iburu starches are shown in
Fig. 2. Modification did not affect the diffraction pattern of the
native starches. Atichokudomchai, Varavinit, and Chinachoti (2004)
also reported that acid modification did not change the diffraction
spectra of tapioca starch. The retention of the native pattern after
modification was reported to be due to the ordered packing of
molecules within the starch structure.

Generally, the starches exhibited single prominent peaks at (20)
16 and 24, and a doublet at 17-19. This is a characteristic pattern of
A-type crystals consistent for cereal starches (Gebre-Mariam &
Schmidt, 1996; Jideani et al., 1996; Lawal et al., 2011). It was re-
ported that side chain of amylopectin is responsible for the crys-
tallinity of starch (Kaur, Sandhu, & Lim, 2010) and that X-ray
diffraction is dependent on the chain length of amylopectin (Gebre-
Mariam & Schmidt, 1996). Amylopectin with average short chain
length was also reported to crystallize to A-type polymorph (Gebre-
Mariam & Schmidt, 1996). Therefore, acha and iburu starches could

Fig. 1. Scanning electron micrographs of native and modified acha and iburu starches.
(a: native acha starch; b: heat moisture treated acha starch; c: citric acid modified acha
starch; d: native iburu starch; e: heat moisture treated iburu starch; e: citric acid
modified iburu starch).
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Table 1
Sizes of granules and crystallinity index of native and modified starches.

Sample Length (um) Width (pm) Crystallinity index® (%)
NAC 6.78 +2.28% 6.73 +2.75° 27.01
HAC 7.34+2.29° 7.04 +1.55° 27.84
CAC 5.94+1.16% 6.19 +1.63* 27.75
NIB 7.05 +1.99% 7.70 +2.33° 29.01
HIB 6.35 +1.35° 7.04 +1.41° 28.17
CIB 7.47 +1.897 7.79+1.76* 3047

Mean + SD. Mean with different superscript letters along a column are significantly
different (p < 0.05).
NAC: native acha starch; HAC: heat moisture treated acha starch; CAC: citric acid
modified acha starch; NIB: native iburu starch; HIB: heat moisture treated iburu
starch; CIB: citric acid modified iburu starch.

2 Not replicated.

—u—C1B
—m— CAC
—m—H1B
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——N1B

0 5 10 15 20 25 30 35 40
2 Theta (deg.)

Fig. 2. X-ray diffraction of native and modified starches (NAC: native acha starch; HAC:
heat moisture treated acha starch; CAC: citric acid modified acha starch; NIB: native
iburu starch; HIB: heat moisture treated iburu starch; CIB: citric acid modified iburu
starch).

be predominated with short chain amylopectin.

Crystallinity index (CI) of the starches ranged from 27.01 to
27.84% for acha and 29.01 to 30.47% for iburu (Table 1). Heat
moisture treatment had contrasting effect on the starches of the
two grains. While it enhanced the CI of acha starch, it reduced that
of native iburu starch. Citric acid modification increased the crys-
tallinity of acha and iburu starches as evidenced with the increase
in CL Since starch crystallinity has direct relationship with its
amylopectin content (Hizukuri, Kaneko, & Takeda, 1983), therefore,
it could be inferred that weathering effect of citric acid modification

led to the loss of more amylose than amylopectin and this resulted
in the prominence of amylopectin molecules.

3.3. FTIR spectrometer

The FTIR spectra of native and modified acha and iburu starches
are shown in Fig. 3. The FTIR spectra were used to identify types of
interactions taking place within the starch matrices and possible
variations that were induced by modifications. The peak trans-
mittance bands exhibited by the starches at 3270.62 (NIB: native
iburu starch) to 3291.30cm~! (CIB: citric acid modified iburu
starch) correspond to OH bond stretching resonance. This is
because hydroxyl groups transmit energy between 3000 and
3600 cm~! wavelengths (Zhang & Han, 2006). The transmittance
observed in this region indicates the contribution of water mole-
cules to the matrices. Similar range of transmittance in this region
was reported by Arueya and Oyewale (2015) for native and succi-
nylated acha starches. The peak bands at 2926.74 (HAC: heat-
moisture treated acha starch) to 2928.02cm™! (CIB) fall within
the range of 2800—3000 cm~! wavelength assigned for CH bonds
stretching. Amylose and amylopectin contents of starch are
responsible for the intensity of bands in the region. Therefore,
variation in the intensities of transmittance bands observed within
the region in the present study were due to differences in amylose/
amylopectin contents of the starches. (Pelissari, Andrade-Mahecha,
do Amaral Sobral, & Menegalli, 2013). Higher intensity implies
lower amylose content and vice-versa (Kizil, Irudayaraj, &
Seetharaman, 2002) From our results, citric acid modified
starches of the two grains had highest band intensities and this
suggested lowest amylose contents.

Peak bands observed at 1635.10 (NIB) to 1716.04cm~! (CAC)
were within the region reported for amide 1 (1600-1720 cm™~') by
Pelissari, Andrade-Mahecha, Sobral, and Menegalli (2012). The C=0
stretching of amide group of proteins were reported to be
responsible for these peaks. All the starches also displayed another
prominent bands at 1234.20 (CAC) to 1337.42cm™! (HIB). This
bands are in the region of amide III, another protein group, which
lies between 1200 and 1350 cm™~! (Singh, 2000). Amide III bands
are products of stretching of C-N bond and inflexion of N-H bonds.
These bands located within the protein groups indicated the
presence of residual proteins within the starch matrices. Bands
within protein group regions were also reported for plantain and
banana (Pelissari et al., 2012) and achira flour based films (Andrade-
Mahecha, Tapia-Blacido, & Menegalli, 2012). It is worth mentioning
that citric acid modified starches of both grains showed two peaks
in both protein groups’ regions. It could be that the hydrolysis effect

e = = = = = E ST < T S wms = =
Wavenumber (ca)

‘Wavenumber (cm)

Fig. 3. FTIR of native and modified acha and iburu starches. (NAC: native acha starch;
HAC: heat moisture treated acha starch; CAC: citric acid modified acha starch; NIB:
native iburu starch; HIB: heat moisture treated iburu starch; CIB: citric acid modified
iburu starch).
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of citric acid led to the erosion of some starch molecules and sub-
sequent prominence of residual proteins in the matrices.

The bands shown by the starches at 1411 to 1414cm™! are
related to the symmetric stretching of carboxyl (COO) group while
the transmittance bands between 1100 and 900 cm™' were the
results of stretching of C-O, C-O-H and C-O-C in the glycosidic
backbone of the starches (Huang, Jeng, Sain, Saville, & Hubbes,
2006; Kizil et al., 2002). The prominent bands located at 997-
999 cm~! gave indication to the relative differences in the crystal-
linity of the starches (van Soest, Tournois, de Wit, & Vliegenthart,
1995). Bands identified at 706 and 707 cm~! indicate the pres-
ence of phenolic compounds in the starches (da Silva Guilarduci, de
Mesquita, Martelli, & de Fatima Gorgulho, 2006). Bands within this
region were also identified for banana and plantain starches by
Pelissari et al. (2012).

3.4. Thermal properties of native and modified starches

The gelatinization properties of starches are shown in Table 2.
Native acha (98.31 °C) and iburu (84.36 °C) starches had high peak
transition temperature (Tp) of gelatinization. These values are
comparable to the value of 93.5 °C reported for native acha starch
by Emeje et al. (2012). The T, values for the native starches of the
two grains were higher than those reported for corn (65.7 °C),
potato (64.4 °C), cassava (71.0 °C) and banana (74.9 °C) starches but
close to the values reported for starches of some rice cultivars
(81.5-88.5°C) (Lawal et al., 2011; Pelissari et al., 2012). High T, of
gelatinization obtained in this study could be due to presence of
some other components along with starch in the matrices. Zaidul
et al. (2008) had earlier suggested that high Tj, of gelatinization
for starch could be the result of heterogeneity within the starch
matrices. It should be noted that FTIR analysis of our samples
indicated the presence of non-starchy components like proteins,
lipid and phenolic compounds.

Modifications had opposite effect on the T, of gelatinization of
acha and iburu starches. While both modification methods led to
the decrease in T, of gelatinization for acha starch, they enhanced it
for iburu starch. The differences in thermal reaction of both starches
to the modification methods could be due to the different level of
compactness of their granule structures, ratio of amylose to
amylopectin and varying amount of non-starchy components in
their matrices (Singh et al., 2007).

Generally, native and modified starches of both grains have wide
gelatinization temperature range. This is similar to the trend re-
ported for rice starches by Lawal et al. (2011). A number of factors
were mentioned to be responsible for this observation. They
include: large number of starch granules in unit mass, compact-
ness, and non-homogeneity in the starch matrices (Singh & Kaur,
2004; Singh et al., 2007).

Table 2

Thermal properties of native and modified acha and iburu starches®.
Sample To (°C) T, (°C) Te (°C) AT AH (J/g)
NAC 41.56 98.31 128.00 86.44 17.22
HAC 48.32 92.83 129.00 80.68 8.81
CAC 52.23 88.85 128.00 75.77 9.60
NIB 56.34 84.36 104.46 48.12 17.79
HIB 49.12 92.32 128.2 79.08 13.86
CIB 49.72 90.10 130.02 80.30 12.70

(NAC: native acha starch; HAC: heat moisture treated acha starch; CAC: citric acid
modified acha starch; NIB: native iburu starch; HIB: heat moisture treated iburu
starch; CIB: citric acid modified iburu starch; To: onset temperature; T,: peak
temperature; T¢: conclusion temperature; AT: gelatinization temperature range;
AH: enthalpy of gelatinization.).

2 Not replicated.

Both methods of modification decreased the enthalpy of gela-
tinization of the studied starches. Similar effect of modifications on
enthalpy of gelatinization were reported for banana and rice
starches by Carlos-Amaya, Osorio-Diaz, Agama-Acevedo, Yee-
Madeira, and Bello-Pérez (2011) and Shih and Daigle (2003),
respectively. The decrease was reported to be due to the weakening
of the internal network within the matrices as a result of the gaps
that were created by the treatment in the double helices of
amylopectin chains (Bao, Xing, Phillips, & Corke, 2003).

3.5. Pasting properties

Pasting properties of starch provide important guide to its
application in food processing. Pasting properties of native and
modified starches of the grains are presented in Table 3. There is no
significant difference in the pasting temperature of native and heat-
moisture treated starches of the grains. However, citric acid
modified starches of acha and iburu remained in liquid form
through the RVA pasting profile temperature cycle of heating (50-
91 °C) and cooling (91-50 °C). It could be that the hydrolysis effect
of acid resulted in the weakening of interactive forces within the
starch granules (Alimi et al., 2016a). This position was supported by
earlier report that acid modification caused partial debranching of
amylopectin molecules thereby weakening the internal cohesion
within starch matrices. The resultant effect was the thinning of
starch granules (Kaur, Gill, & Sogi, 2007).

Both modification methods employed led to reduction in
pasting viscosities of acha and iburu starches. The effect was more
pronounced in acid modified samples. Similar observation was
reported by Ferrini, Rocha, Demiate, and Franco (2008) in their
study on the effect of acid treatment on cassava and maize starches.
The decrease in pasting viscosities was higher in iburu starch. The
extent of decrease in viscosities with acid modification suggest the
ease of polymerization of the starches by the treatment. Very low
setback viscosities obtained for the CAM starches confirmed pre-
vious report that acid modification led to reduction in retrograda-
tion tendency of starch (Shah et al., 2016).

3.6. Color parameters

The CIE L*, a*, b* color parameters of native and modified acha
and iburu starches are shown in Table 4. Native acha starch was
lighter (88.96) than native iburu starch (83.53). Both modification
methods enhanced the lightness of the grains’ starches. Falade
and Ayetigbo (2015) had earlier reported increase in lightness
intensity with citric acid modification of yam cultivars. Since
presence of impurities like residual phenolic compounds, protein
and lipids were reported to be responsible for decrease of L*
index of starch (Ali, Falade, & Akingbala, 2012), it could be
explained that partial removal or purification of these impurities
by the treatments were responsible for the higher L* index values
obtained for modified starches. The implication is that HMT and
CAM treatments of these starches could make them good can-
didates in clear starchy products. All starch samples had low
tones of redness, a*, (-0.28 to 0.66) and yellowness, b*
(5.09—8.18). Acha starches were generally whiter than the cor-
responding iburu starches as shown by their higher whiteness
(W) values. Modifications did not have significant effect (p <0.5)
on color intensity (4E) of the starches from the two grains. The
implication is the uniformity of color within cultivar (Pelissari
et al., 2012). This uniformity in 4E values recommends the
starches for use in such materials where uniformity of color is of
essence. Examples include ice creams, juices and candies. How-
ever, except for NAC, iburu starches generally have significantly
(p <0.05) higher 4E than acha starches. This fact and the higher
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Table 3

Pasting properties of native and modified acha and iburu starches.
Sample Pasting temperature (°C) PV (cP) Peak time (min) Trough (cP) FV (cP) BV (cP) SBV (cP)
NAC 75.78 +0.04° 5063.50 + 4.95¢ 5.27 +0.00¢ 3025.50 + 10.61¢ 425250 +2.12¢ 2038.00 + 5.66¢ 1227.00 + 12.73¢
HAC 76.20 +0.57° 4941.50 +9.19¢ 5.27 +0.00¢ 2997.50 + 14.85¢ 4180.50 + 36.064 1944.00 + 24.04¢ 1183.00 + 21.21¢
CAC NR 33.00 +0.00° 474 +0.09° 17.50 +0.71* 37.00 +0.00° 15.50 +0.71* 19.50 +0.71°
NIB 76.58 + 0.04¢ 4181.00 + 16.97° 5.50 + 0.04¢ 2564.00 + 26.87° 3534.50 +9.19¢ 1617.000 + 9.90° 970.50 + 17.68¢
HIB 76.55 + 0.07¢ 4136.00 + 73.54° 5.44 + 0.05¢ 2634.50 + 26.16° 3464.00 + 33.94" 1501.00 + 49.49° 829.50 + 7.78P
CIB NR 16.50 +2.12% 4.47 +0.00° 7.50+0.71° 18.50 +0.71* 8.00 +0.00? 11.00 + 0.00°

Mean + SD. Mean with different superscript letters along a column are significantly different (p < 0.05).
(PV: peak viscosity; FV: final viscosity; BV; breakdown viscosity; SBV: setback viscosity; NAC: native acha starch; HAC: heat moisture treated acha starch; CAC: citric acid
modified acha starch; NIB: native iburu starch; HIB: heat moisture treated iburu starch; CIB: citric acid modified iburu starch; NR: no reading).

Table 4

CIE Color parameters of the starches.
Sample L* a* b* H w AE
NAC 88.96+5.11% —-0.28 +0.01% 6.85 + 0.88%" 92.33 +0.10° 86.93 +4.78%° 18.99 + 5.18%
HAC 93.46 +1.32° 0.30+0.787 5.78 +1.26% 87.90 +7.33° 91.25+1.85° 14.45 + 1.49°
CAC 93.80+2.11° 0.66 +0.27° 5.09 + 1.43° 82.74 +0.98%° 91.95 +2.55° 14.09 +2.29°
NIB 83.53+1.87% 0.37 +0.03% 9.25+0.13¢ 87.72 +£0.18° 81.10+1.57° 24.76 +1.81°
HIB 85.62 + 3.46° 0.19+0.117 8.18 +0.50™ 88.69 + 0.83° 83.38 £2.75° 22.52 +3.32°
CIB 84.86 +0.01° 2.26+0.11° 6.31+0.15% 74.32 + 6.06° 83.44 + 0.06° 23.19+0.01°

Mean + SD. Mean with different superscript letters along a column are significantly different (p < 0.05).
(NAC: native acha starch; HAC: heat moisture treated acha starch; CAC: citric acid modified acha starch; NIB: native iburu starch; HIB: heat moisture treated iburu starch; CIB:
citric acid modified iburu starch; L*: lightness index; a*: redness index; b*: yellowness index: H: Hue angle, AE: color intensity; W: degree of whiteness).

L* and W values of acha starches could place acha starches above
iburu starches where clear starchy products are desired.

3.7. Functional properties

Functional properties of the starches are shown in Table 5. There
is no significant difference in the water absorption capacity (WAC)
of the native starches of the two grains. Heat moisture treatment
had contrasting effect on the WAC of acha and iburu starches. While
the treatment led to reduction in the WAC of acha starch, it
increased that of iburu. However, similar to the report of Kaur et al.
(2011), CAM generally led to decrease in WAC of the starches of the
two grains. Water absorption capacity of starch is a function of the
comparative quantity of amylose and amylopectin and their rela-
tive association in the starch granules. Relatively higher WAC im-
plies lower amylopectin content (Alimi et al, 2016b) and by
implication, lower degree of starch crystallinity (Kaur et al., 2011). It
therefore followed that WAC is inversely related to the degree of
crystallinity in the starch granules. This trend was established in
this study. The trend of WAC was opposite to that of CI for our starch
samples.

Oil absorption capacity (OAC) of the starches showed trends
similar to WAC. Varietal difference could be responsible for the

different effect of HMT on acha and iburu starches (Alimi et al.,
2016a). There was general decrease in OAC with CAM. This could
be due to the thinning effect of acid modification. The thinning
effect was reported by Kaur et al. (2011) to enhance lipophobic
tendency of starch.

While HMT increased alkaline water retention (AWR) of acha
and iburu starches, CAM led to its reduction in the starches of both
grains. The information of AWR of the starches will provide a useful
guide in their application under alkaline/basic processing
condition.

Emulsifying capacity (EC) and relative occluded volume (ROV)
are indices of oil-water interaction of starches. There is no signifi-
cant (p <0.5) difference in the EC and ROV among the starches.

Native acha starch had higher gelling capability (6%) than native
iburu starch (8%). Hydrothermal modification did not affect the
gelation capability of the two starches. However, CAM treated
starches did not gel throughout the starch increment range. Ferrini
et al. (2008) also reported significant drop in the viscosity forming
ability of cassava and maize starches that were treated with acid-
methanol. This result was reported to be due to the attack of
amylopectin molecules located in the amorphous region of the
starch granules by acid.

Table 5
Functional properties of acha and iburu starches.
Sample WAC OAC AWR EC ROV LGC
Soft gel Firm gel
NAC 1.80+1.18 2.40 + 0.05% 0.91 +0.06%° 0.45 +0.01°? 0.82 +0.03* 6 12
HAC 1.54 + 0.40° 2.14+0.05% 0.97 +0.04" 0.44 +0.01? 0.80 + 0.04* 6 10
CAC 1.36 +0.26° 2.16 +0.02° 0.55 + 0.08? 0.46 +0.02° 0.86 + 0.08* Nil Nil
NIB 1.64 +0.44° 227+0.11° 0.97 + 0.00° 0.46 + 0.02°? 0.87 +0.07¢ 8 12
HIB 1.96 + 0.68° 2.80+1.29% 0.97 +0.01° 0.45 + 0.02? 0.83 +0.07% 8 12
CIB 1.17 + 0.49° 2.23+0.24% 0.90 + 0.02? 0.44 + 0.05% 0.80+0.16% Nil Nil

Mean + SD. Mean with different superscript letters along a column are significantly different (p < 0.05).
(NAC: native acha starch; HAC: heat moisture treated acha starch; CAC: citric acid modified acha starch; NIB: native iburu starch; HIB: heat moisture treated iburu starch; CIB:
citric acid modified iburu starch: WAC: water absorption capacity: OAC: oil absorption capacity: AWR: alkaline water retention; EC: emulsion capacity; ROV: relative occluded

volume; LGC: least gelation concentration).
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4. Conclusion

Heat moisture treatment and citric acid modification had
varying effects on the studied properties of acha and iburu starches.
They both led to the clustering of starch granules and mucilage
formation while only CAM resulted in dimple formation on the
surface of the granules. None of the modification methods affected
sizes of the granules and the type-A diffraction pattern of the native
starches. Results of FTIR spectrophotometry and thermal analysis
suggested heterogeneity of the starch crystals. Decreased viscos-
ities as a result of polymerization of starches by citric acid are
important quality factors that could promote their applications in
imitation cheese, candies and processed meats. Acid modified
starches are also known to produce better quality plastic films than
native starches. Relative safety of the treatments to human health is
an added advantage for their applications in food and pharma-
ceutical. Enhanced lightness and whiteness indices that resulted
from HMT and CAM treatments put the starches from the two
grains as important candidates in products where color clarity is of
essence. Examples include ice-creams, juices, candies and tablet
excipient. The abovementioned and other quality changes induced
by the treatments position acha and iburu as potential cheap starch
sources for varying food and pharmaceutical applications.

Acknowledgement

Authors acknowledge the University of KwaZulu-Natal, South
Africa for funding this research. The authors also appreciate the
kind assistance of Dr. Remy Bucher of Materials Research Depart-
ment, iTHEMBA LABS, Faure, South Africa, for his technical input on
XRD analysis.

References

Ali, N., Falade, K. O., & Akingbala, J. 0. (2012). Effect of cultivar on quality attributes
of sweet potato fries and crisps. Food and Nutrition Sciences, 3, 224—232.

Alimi, B., Sibomana, M., Workneh, T., & Oke, M. (2016¢). Some engineering prop-
erties of composite corn-banana custard flour. Journal of Food Process Engi-
neering. https://doi.org/10.1111/jfpe.12444.

Alimi, B. A., Workneh, T. S., & Oke, M. O. (2016b). Effect of hydrothermal modifi-
cations on the functional, pasting and morphological properties of South Afri-
can cooking banana and plantain. CyTA - journal of Food, 14(3), 489—495.

Alimi, B. A, Workneh, T. S., & Oyeyinka, S. A. (2017). Structural, rheological and in-
vitro digestibility properties of composite corn-banana starch custard paste.
LWT-Food Science and Technology, 79, 84—91.

Alimi, B. A., Workneh, T. S., & Sibomana, M. S. (2016a). Effect of hydrothermal
modifications on functional, pasting and structural properties of false banana
(ensete ventricosum) starch. Food Biophysics, 11, 248—256.

Andrade-Mahecha, M. M., Tapia-Blacido, D. R., & Menegalli, F. C. (2012). Develop-
ment and optimization of biodegradable films based on achira flour. Carbohy-
drate Polymers, 88(2), 449—458.

Arueya, G. L, & Oyewale, T. M. (2015). Effect of varying degrees of succinylation on
the functional and morphological properties of starch from acha (Digitaria exilis
Kippis Stapf). Food Chemistry, 177, 258—266.

Atichokudomchai, N., Varavinit, S., & Chinachoti, P. (2004). A study of ordered
structure in acid-modified tapioca starch by 13 C CP/MAS solid-state NMR.
Carbohydrate Polymers, 58(4), 383—389.

Bao, J., Xing, ], Phillips, D. L., & Corke, H. (2003). Physical properties of octenyl
succinic anhydride modified rice, wheat, and potato starches. Journal of Agri-
cultural and Food Chemistry, 51(8), 2283—2287.

Carlos-Amaya, F., Osorio-Diaz, P, Agama-Acevedo, E., Yee-Madeira, H., & Bello-
Pérez, L. A. (2011). Physicochemical and digestibility properties of double-
modified banana (Musa paradisiaca L.) starches. Journal of Agricultural and
Food Cchemistry, 59(4), 1376—1382.

Emeje, M., Kalita, R., Isimi, C., Buragohain, A., Kunle, O., & Ofoefule, S. (2012).
Synthesis, physicochemical characterization, and functional properties of an
esterified starch from an underutilized source in Nigeria. African Journal of Food,
Agriculture, Nutrition and Development, 12(7), 7001—7018.

Falade, K. O., & Ayetigbo, O. E. (2015). Effects of annealing, acid hydrolysis and citric

acid modifications on physical and functional properties of starches from four
yam (Dioscorea spp.) cultivars. Food Hydrocolloids, 43, 529—539.

Ferrini, L. M. K., Rocha, T. S., Demiate, I. M., & Franco, C. M. L. (2008). Effect of acid-
methanol treatment on the physicochemical and structural characteristics of
cassava and maize starches. Starch/Starke, 60, 417—425.

Gebre-Mariam, T., & Schmidt, P. (1996). Isolation and physico-chemical properties
of enset starch. Starch-Starke, 48(6), 208—214.

Hizukuri, S., Kaneko, T., & Takeda, Y. (1983). Measurement of the chain length of
amylopectin and its relevance to the origin of crystalline polymorphism of
starch granules. Biochimica et Biophysica Acta (BBA) - General Subjects, 760(1),
188—-191.

Huang, C. B, Jeng, R., Sain, M., Saville, B., & Hubbes, M. (2006). Production, char-
acterization, and mechanical properties of starch modified by Ophiostoma spp.
Bioresources, 1(2), 257—269.

Jideani, A. 1., & Akingbala, J. 0. (1993). Some physicochemical properties of acha
(Digitaria exilis Stapf) and iburu (Digitaria iburua Stapf) grains. Journal of the
Science of Food and Agriculture, 63(3), 369—374.

Jideani, I. A., & Jideani, V. A. (2011). Developments on the cereal grains Digitaria
exilis (acha) and Digitaria iburua (iburu). Journal of Food Science & Technology,
48(3), 251-259.

Jideani, I. A., Takeda, Y., & Hizukuri, S. (1996). Structures and physicochemical
properties of starches from acha (Digitaria exilis), iburu (D. iburua), and tamba
(Eleusine coracana). Cereal Chemistry, 73(6), 677—685.

Kaur, R,, Gill, B. S., & Sogi, D. S. (2007). Studies on the effect of aqueous hydrochloric
acid on properties of wheat starch. Journal of Food Science and Technology-
Mysore, 44(4), 386—390.

Kaur, M., Oberoi, D. P. S., Sogi, D. S., & Gill, B. S. (2011). Physicochemical, morpho-
logical and pasting properties of acid treated starches from different botanical
sources. Journal of Food Science & Technology, 48(4), 460—465.

Kaur, M., Sandhu, K. S., & Lim, S.-T. (2010). Microstructure, physicochemical prop-
erties and in vitro digestibility of starches from different Indian lentil (Lens
culinaris) cultivars. Carbohydrate Polymers, 79(2), 349—355.

Kizil, R., Irudayaraj, J., & Seetharaman, K. (2002). Characterization of irradiated
starches by using FT-Raman and FTIR spectroscopy. Journal of Agricultural and
Food Chemistry, 50(14), 3912—3918.

Lawal, O. S., Lapasin, R., Bellich, B., Olayiwola, T. O., Cesaro, A., Yoshimura, M., et al.
(2011). Rheology and functional properties of starches isolated from five
improved rice varieties from West Africa. Food Hydrocolloids, 25(7), 1785—1792.

Olu-Owolabi, B. I., Olayinka, O. O., Adegbemile, A. A., & Adebowale, K. O. (2014).
Comparison of functional properties between native and chemically modified
starches from acha (Digitaria stapf) grains. Food and Nutrition Sciences, 5(2),
222.

Pelissari, F. M., Andrade-Mahecha, M. M., do Amaral Sobral, P. ]., & Menegalli, F. C.
(2013). Comparative study on the properties of flour and starch films of plantain
bananas (Musa paradisiaca). Food Hydrocolloids, 30(2), 681—690.

Pelissari, F. M., Andrade-Mahecha, M. M., Sobral, P. J. D. A., & Menegalli, F. C. (2012).
Isolation and characterization of the flour and starch of plantain bananas (Musa
paradisiaca). Starch-Starke, 64(5), 382—391.

Philip, T. K., & Itodo, I. N. (2006). Acha (digitaria spp.) a “rediscovered” indigenous
crop of West Africa. Agricultural Engineering International: the CIGR Ejournal,
VIII(23). Invited Overview.

da Rosa Zavareze, E., & Dias, A. R. G. (2011). Impact of heat-moisture treatment and
annealing in starches: A review. Carbohydrate Polymers, 83(2), 317—328.

Shah, U., Naqash, F, Gani, A.,, & Masoodi, F. A. (2016). Art and science behind
modified starch edible films and coatings: A review. Comprehensive Reviews in
Food Science and Food Safety, 15, 568—580.

Shih, F. F, & Daigle, K. W. (2003). Gelatinization and pasting properties of rice starch
modified with 2-octen—1-ylsuccinic anhydride. Food, 47(1), 64—67.

da Silva Guilarduci, V. V., de Mesquita, J. P., Martelli, P. B., & de Fatima Gorgulho, H.
(2006). Adsorcao de fenol sobre carvao ativado em meio alcalino. Quimica Nova,
29(6), 1226—1232.

Singh, B. R. (2000). Infrared analysis of peptides and proteins - principles and appli-
cations. Washington: American Chemical Society.

Singh, N., & Kaur, L. (2004). Morphological, thermal, rheological and retrogradation
properties of potato starch fractions varying in granule size. Journal of the Sci-
ence of Food and Agriculture, 84(10), 1241-1252.

Singh, J., Kaur, L., & McCarthy, O. (2007). Factors influencing the physico-chemical,
morphological, thermal and rheological properties of some chemically modified
starches for food applications—a review. Food Hydrocolloids, 21(1), 1-22.

van Soest, ]. J., Tournois, H., de Wit, D., & Vliegenthart, J. F. (1995). Short-range
structure in (partially) crystalline potato starch determined with attenuated
total reflectance Fourier-transform IR spectroscopy. Carbohydrate Research, 279,
201-214.

Zaidul, I. S. M., Absar, N., Kim, S. J., Suzuki, T., Karim, A. A., Yamauchi, H., et al. (2008).
DSC study of mixtures of wheat flour and potato, sweet potato, cassava, and
yam starches. Journal of Food Engineering, 86(1), 68—73.

Zhang, Y., & Han, J. H. (2006). Plasticization of pea starch films with mono-
saccharides and polyols. Journal of Food Science, 71(6), E253—E261.


http://refhub.elsevier.com/S0268-005X(17)32031-3/sref1
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref1
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref1
https://doi.org/10.1111/jfpe.12444
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref3
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref3
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref3
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref3
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref4
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref4
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref4
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref4
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref5
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref5
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref5
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref5
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref6
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref6
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref6
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref6
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref6
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref7
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref7
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref7
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref7
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref8
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref8
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref8
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref8
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref9
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref9
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref9
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref9
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref10
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref10
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref10
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref10
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref10
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref10
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref11
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref11
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref11
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref11
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref11
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref12
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref12
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref12
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref12
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref13
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref13
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref13
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref13
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref13
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref14
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref14
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref14
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref14
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref15
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref15
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref15
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref15
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref15
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref16
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref16
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref16
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref16
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref17
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref17
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref17
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref17
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref18
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref18
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref18
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref18
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref18
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref19
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref19
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref19
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref19
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref20
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref20
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref20
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref20
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref21
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref21
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref21
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref21
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref21
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref22
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref22
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref22
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref22
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref23
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref23
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref23
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref23
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref24
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref24
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref24
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref24
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref24
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref25
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref25
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref25
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref25
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref26
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref26
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref26
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref26
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref27
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref27
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref27
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref27
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref27
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref28
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref28
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref28
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref29
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref29
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref29
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref30
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref30
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref30
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref30
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref31
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref31
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref31
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref31
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref32
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref32
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref32
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref32
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref32
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref32
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref32
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref33
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref33
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref34
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref34
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref34
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref34
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref35
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref35
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref35
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref35
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref35
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref36
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref36
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref36
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref36
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref36
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref37
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref37
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref37
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref37
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref38
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref38
http://refhub.elsevier.com/S0268-005X(17)32031-3/sref38

	Structural and physicochemical properties of heat moisture treated and citric acid modified acha and iburu starches
	1. Introduction
	2. Materials and methods
	2.1. Heat-moisture treatment
	2.2. Citric acid modification
	2.3. Scanning electron micrograph
	2.4. X-ray diffraction
	2.5. Infrared spectra
	2.6. Thermal properties
	2.7. Pasting properties
	2.8. Color parameters of the starches
	2.9. Functional properties
	2.10. Data analysis

	3. Results and discussion
	3.1. Morphological properties
	3.2. X-ray diffraction
	3.3. FTIR spectrometer
	3.4. Thermal properties of native and modified starches
	3.5. Pasting properties
	3.6. Color parameters
	3.7. Functional properties

	4. Conclusion
	Acknowledgement
	References


