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Abstract
In the present study, an intensi�ed approach for the synthesis of starch nanoparticles (SNPs) was
demonstrated by using ultrasound-assisted acid hydrolysis method. The conventional acid hydrolysis for
the synthesis of SNPs was intensi�ed using ultrasound. The overall time required to convert starch
granules to SNPs in the conventional acid hydrolysis method (48 h) was signi�cantly reduced to 45 min
by simultaneous acid hydrolysis and ultrasound irradiation. The acid concentration was found to be an
important parameter for obtaining the desired size and morphology of the synthesized SNPs. The
variation in the surface charges associated with the SNPs was con�rmed through measuring their zeta
potential. These potential charges on the surface of SNPs induce crystal growth among the synthesized
nanoparticles. The irregular crystal morphology at higher acid concentration clearly shows SNPs'
attachment with each other by coalescence. The higher crystallinity for SNPs was observed at low acid
concentration; however, the lower acid concentration (0.5 M) leads to the smaller particle size of SNPs
from 40 to 60 nm, with the overall yield of 23%. The proposed ultrasound method is more e�cient and
reproducible for the synthesis of SNPs for various applications.

Introduction
Starch is a polysaccharide, abundantly found in plants, and can be utilized as biopolymers in various
applications, such as an additive in the food processing industry. The synthesis of starch nanoparticles
(SNPs) and their effective utilization for the various applications such as carrier for curcumin delivery [1],
antioxidants [2], drugs and many more had been studied interestingly during the last decade. The
insoluble, semi-crystalline nature of native starch consists of two homopolymers, namely amylose and
amylopectin. These homopolymers of glucose construct the structure of native starch, which is highly
complex. Thus, the functionality of starch particles shows variations even though they come from the
same source [3,4] . Concerning the structural complexity, amylose is essentially linear, whereas
amylopectin is a highly branched structure linked to a minimum of 20-25 straight-chain residues [5].
These structural variations of amylose and amylopectin in the starch particles induce variations in their
shape, size, and crystallinity. Among the most common types of starch, the weight percentage of amylose
ranges from 42% to 82%. In contrast, the amylopectin ranges from 18 to 28%, and depending on its plant
source, starch raw materials have different chemical composition [6]. The starch granule’s morphology
and size were found to be based on the amylopectin's branch length and distribution [4].

The nanosized particles of a material display unique properties such as a higher surface area to volume
ratio than their macro-sized particles. Several methods, such as enzymatic treatment [7], acid hydrolysis
[8], mini emulsion [9], and mechanical degradation [10] are reported to synthesize nanosized starch
particles starting from its native form. The conventional acid hydrolysis is more e�cient as it generates a
smaller starch particle size [11–13]. In the acid hydrolysis of starch, SNPs synthesis is affected by the
size of native starch particles and acid interaction time. A remarkable enhancement by 50% in starch
particle’s crystallinity was found after 10 days of acid hydrolysis [14]. It was observed that the initial size
of particles could promote the hydrolysis. The resultant SNPs from the hydrolysis process were found to
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possess enhanced crystallinity, making SNPs thermally stable compared to native starch particles. This
leads to the usefulness of SNPs in the food processing industry. The isolated starch �ltrates from the
suspension of acid consists of nanoscale starch with higher crystallinity than native starch. The process
is easier but consumes more time for the conversion of starch granules in to the nanoscale. In this
context, there is a need for an alternative approach to reduce the time required for the synthesis of SNPs.

The smaller sized starch particles offered lower resistance to proton transfer in the inner layers and
enhanced the extent of hydrolysis [15]. The hydrolysis rate was found to differ from 60 to 90% depending
upon the type of starch. Also, the short chains of amylose and amylopectin were generated during the
hydrolysis of starch [16]. But the limitation associated with acid hydrolysis is that it is a time-consuming
process, and more importantly, the yield is below 15%. Precipitation in the microemulsion system was
successfully utilized to control SNP’s particle size in the pre�xed environment [17]. It has been observed
that the spherical shape of SNPs is predominant as compared to other shapes with uniform size
distribution within 80-90 nm. The nanoprecipitation method was also adapted to synthesize SNPs in size
range of 110-140 nm [18]. The role of the surfactant and oil phase is more critical concerning
nanoemulsion and microemulsion systems. The rate of mechanical agitation also altered the size
distribution of SNPs in both the above processes. Vahanian et al. [19] observed that enzymatic
pretreatment through diffusion reduces the time for the synthesis of SNPs via conventional acid
hydrolysis method. They found a signi�cant reduction of time from 5 days to 45 h for the preparation of
SNPs. They also noted that the yield is 15% within 20 h. Cross-�ow �ltration was also an e�cient way to
separate SNPs from the bulk suspension [20]. The above method assisted in improving the quality of
SNPs by separation. SNPs yield and homogeneity was found to enhance without modifying the
crystalline structure of SNPs and aggregation. This process is also economical and energy-e�cient than
the conventional method. The extrusion was another method by which SNPs were synthesized, and
increased e�ciency was achieved using appropriate crosslinkers. The synthesized SNPs were more
stable with a crosslinker, even at around 100 oC [21].

Ultrasound irradiation induces the scission of native starch particles by reducing the length of amylose
and amylopectin branches. The mechanical impact of cavitation proceeded with a lower yield; one reason
could be the starch molecule's different chain pattern. The different con�gurations of amylose and
amylopectin reduced the process yield [22]. The mechanical reduction of the native starch particle was an
effective method to obtain its nanosize [2,11]. A.R. Jambrak et .al [23] observed that temperature control
was essential to avoid gel formation during ultrasonic irradiation. The SNPs exhibited characteristic gel
formation at higher temperatures by associating with water to form a �lm [24].

Ultrasound-assisted acid hydrolysis, a hybrid method, was reported in several studies. It is a fast and
e�cient way of synthesizing SNPs without compromising starch particle’s crystallinity [2,25]. Sami et al.
[26] , it has been noted that the formed SNPs could be modi�ed by surface treatment, which was utilized
as a carrier for various applications. Jambrak et al. [23] reported the negative effect of ultrasound
irradiation on food material, where, the generated free radicals due to ultrasound in�uences the food
material negatively. Subjecting starch particles to acoustic cavitation leads to the destruction of granular
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structure, due to which the amorphous phase of the particle immediately contacts the acid solution. The
mechanical effect of cavitation produced by sound waves proceeds with the generation and collapse of
saturated and unsaturated cavities in solution. These cavities collapse and generate high pressures and
temperatures locally, which is responsible for breaking a longer chain of the starch structure. It was also
found that the input energy requirement is less due to cavitation effects [23]. However, the starch
particle's water absorption capacity was enhanced as the time of ultrasound irradiation increased. This is
due to the destruction of the starch particle from cavitation effects, allowing water to penetrate and retain
in the starch particles. After subjecting to ultrasound irradiation, two layers of starch suspension were
noted; one was in the nanoscale while the other was in the microscale [27]. These microscale starch
particles were found to be smaller than that of native starch particles. Nearly 12% of particles were SNPs,
and the remaining 88% were microscale particles. The synthesized SNPs had lower thermal stability as
compared to micro-scale starch particles. SNPs synthesized by ultrasound approach was found to be
effective as compared to the conventional acid hydrolysis process [11]. This process's main advantage is
that, the SNPs in the range from 20 to 80 nm were obtained without any chemical modi�cation on cost of
high energy requirement for the synthesis. However, the ensuing SNPs were amorphous, and acid
concentration as well as employing high-intensity sonication for more than 1 h were necessary to ensure
a good SNPs yield. This process did not require any additional steps after washing. SNPs were achieved
using high intensity ultrasound and concentrated acid concentration, and a yield of 21% was reported
with acid concentration of about 4.5 M [28]. SNPs were also achieved by the esteri�cation of waxy corn
starch through 120 min of ultrasonic irradiation [29]. The ultrasound method was found to affect the
crystalline structure of SNPs, which demonstrated potential applications in food, biotech, and materials
industries. High-intensity ultrasound irradiation of starch suspension converted starch particles in the
micron to the nano scale in less than 100 min at 25 oC [28].

Although the synthesis of SNPs using the conventional acid hydrolysis method has the merits of
displaying better crystallinity of SNPs; however, reduction in size, lower yield, and more extended time of
processing are the critical issues. Hence, an effective alternative method has to focus on improving the
process by boosting the yield and reducing reaction time. The enzymatic or mini-emulsion, and extrusion
processes exhibit some of the advantages, but the isolation of SNPs from the downstream solution
becomes challenging. Following this, ultrasound-assisted acid hydrolysis shows improvements in the
yield (23%) and reduces the processing time (45 min). The process intensi�cation by strategic
transformation of the conventional acid hydrolysis of starch to synthesize SNPs has been achieved and
is a more e�cient and green process. In this intensi�ed process, acid concentration optimization is
essential, as the hydrolysis of starch granules plays a vital role in synthesizing SNPs. In the present work,
for SNPs synthesis, different acid concentrations were used to hydrolyze starch particles under ultrasonic
irradiation for overall enhancement in SNPs yield, reduction in size, and processing time. The acid
concentration was varied from 0.5 to 3 M. Overall, this study's framework offers an intensi�ed approach
for synthesizing SNPs for various commercial applications such as food additives, nano�llers for
packaging materials, etc.
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Materials And Methods
2.1 Materials

The native cornstarch (amylose content 65-73%, granular size 5-17 µm) and sulphuric acid (93-98% pure)
were purchased from Alfa Aesar (Thermo Fisher Scienti�c Ltd., India). All chemicals were used as
supplied.

2.2 Synthesis of starch nanoparticles (SNPs)

Initially, the acid solutions (sulphuric acid, 50 mL) of different concentrations (0.5 M, 1 M, 2 M, and 3 M)
were prepared using deionized water. First, starch powder (1.5 g) was dispersed uniformly in the acid
solution using ultrasonic irradiation for 45 min. For this process, a probe sonicator (20 kHz, probe tip
diameter 2 cm, 220 W, pulse mode 3 sec on and 1 sec off, Dakshin ultrasonicator, Mumbai, India) was
employed. The temperature of the system was maintained at 15 oC, by immersing in a thermostatic bath.
Starch irreversibly changes its structure at a temperature above 60 oC and thus to avoid gelatinization the
solution was mainly kept at a lower temperature [30]. The temperature of the bath was controlled by the
continuous supply of cold water at 10 oC. The solution was neutralized after sonication with NaOH (0.25
M) as at pH 7 termination of hydrolysis is achieved. The starch solution was then centrifuged in two-
stages. At �rst, centrifugation at 800 rpm for 2 min was done to separate microscale starch particles from
the suspension. The obtained microscale starch particles were then dried, and the weight of particles was
noted to calculate the process yield. Then, the supernatant of the �rst stage was centrifuged again at
9000 rpm for 15 min. The precipitate obtained from this second stage was then washed by deionized
water to obtain the acid-free SNPs. Further, the precipitate slurry was dried in the desiccator to obtain dry
SNPs.

For comparison, the synthesis of SNPs was also carried out by the conventional method of acid
hydrolysis. For this, acid hydrolysis of native starch was carried out using 3 M sulphuric acid and
agitation (300 rpm) through magnetic stirring for 48 h. After 2 days of acid hydrolysis, the obtained SNP
suspension was neutralized and centrifuged. The precipitated SNPs were then dried using a desiccator,
and the yield of SNPs was calculated on a dry weight basis. The acid hydrolysis of starch is slower due to
which we compared the 45 min hybrid acid hydrolysis method with a 48 h conventional acid hydrolysis
method to understand the effect of ultrasound. 

2.3 Characterization of SNPs

2.3.1 Particle size analysis and Zeta potential measurements

The particle size distribution (PSD) and Zeta potential analysis of SNPs were carried out at room
temperature (25 °C). Dynamic light scattering (DLS) was used for the measurement of PSD of
suspensions. For this, the required amount of SNPs was dispersed in water to obtain a dispersion of
starch. The Malvern Zeta sizer Nano (ZS, ZEN 3600) was used to measure PSD and zeta potential. The
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zeta potential of synthesized SNPs was measured at constant pH value of 9. The stability of SNPs in the
suspension was assessed using the suspended SNPs zeta potential in solution.

2.3.2 Morphology of SNPs

The SNP’s morphological characteristics were revealed using transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). TEM imaging (TEM instrument, PHILIPS, CM 200) was run at
200 kV and a resolution of 2.4 A°. The TEM micrographs of the fabricated SNPs were utilized to study
their surface morphology. The sample for TEM analysis was prepared by spreading a drop of the SNPs
suspension (0.2% w/v) on a glow discharged carbon coated grid. To conduct SNP’s SEM analysis, SEM
(TESCAN-Vega 3 LMU model microscope, Fuveau, France) operating at an accelerating voltage of 20 kV
was used. The particle size of synthesized SNPs at different concentration of acid, was con�rmed by
SEM and TEM image analysis of SNPs. The minimal count of 450 was consider while calculating the
mean diameter of SNP.

2.3.3 X-ray diffraction (XRD) analysis of SNPs

The preconditioning of native starch and SNPs were achieved in a desiccator at a relative humidity of
35% for 3 days. The preconditioning is necessary to maintain the moisture content in the sample before
XRD analysis. The Bruker D8 advanced diffractometer using copper Kα (Cu Kα) radiation (λ = 0.154 nm)
was used. The intensity was recorded in the range of 4o-50o (2θ) with a step size of 0.018 and measuring
for 2 sec. per point. The XRD spectra were also utilized to estimate and quantify the relative crystallinity
of the synthesized SNPs. The crystallinity index of SNPs was calculated, as indicated earlier [31]. The
sample's crystallinity was quantitatively estimated according to the method reported by Nara and Komiya
[32]. A curve connecting the baselines of the peaks is drawn on the diffraction pattern. It is assumed that
the area above the curve corresponds to the crystal domain, and the lower area corresponds to the
amorphous part. The ratio of the upper area to the total area indicates the crystallinity

2.3.4 Fourier Transform Infrared Spectroscopy (FTIR) of SNPs

The FTIR spectra (Shimadzu-8400 FTIR instrument, Japan) were obtained using the KBr pellet method.
KBr was mixed with SNPs, and the mixture was converted into a pellet for the analysis. The spectral
resolution was 4/cm, whereas the scanning range was 4000-400 cm-1 to record the FTIR spectrum.

2.3.5 Determination of thermal degradation properties of SNPs

Thermal degradation of SNPs was carried out with TGA-6/DTG of NETZSCH STA 2500 (precision of
temperature measurement ±2 °C, microbalance sensitivity <5 μg). The percentage weight loss of the
SNPs was recorded continuously as a function of temperature, under dynamic conditions, in the range of
30-600 °C. The experiments were carried out at atmospheric pressure, under a nitrogen atmosphere, with
a �ow rate of 50 mL/min, at a linear heating rate of 10 °C/min. The small mass of the sample, i.e., 15 mg
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was �lled in the crucible, whereas the reference crucible was kept empty in case of native starch and
SNPs. The experiment was carried out in triplicate to check the reproducibility of results.

2.3.6 Water absorption capacity of SNPs

The water absorption and binding capacity of SNPs were calculated based on the dry weight of SNPs.
SNPs known weight (S1) was dispersed into deionized water (5% solution, 25 mL) using magnetic stirring

for 30 min at 30 oC. After 30 min, the solution was cooled, and the separation of SNPs was carried out
after 24 h by nano�ltration. The separated SNPs were �ltered and dried at room temperature in a
desiccator. The weight of the obtained SNPs was noted (S2). The weight of water absorbed in the starch
nanoparticles was calculated using the following Eq. 1.

 

Results And Discussion
3.1 Particle size distribution and stability of SNPs in suspension

The obtained SNPs using the ultrasound-assisted hydrolysis method were evaluated for particle size
distribution (PSD), and stability using the dynamic light scattering (DLS) measurements. The
comparative particle size distribution is shown in Figure 1. The conventional acid hydrolysis was
performed for 48 h using a high acid concentration of 3 M. The ultrasound-assisted hydrolysis process
was more e�cient than the conventional hydrolysis [2,24,25]. The size of native starch particles was
reduced when subjected to sonication. The native starch conversion only with ultrasound was attempted
by Bel Haaj et al. [11]. The native starch was reduced in the range of 30 nm to 100 nm with the
application of continuous high power ultrasound irradiation for 75 min. In this study, acid hydrolysis
notably assists ultrasound irradiation for the rapid hydrolysis with minimum irradiation time was
observed.

The particle size was observed in the range of 500-600 nm in the conventional method, after 48 h of
hydrolysis. In contrast, in the case of ultrasound treated starch hydrolysis, the particle sizes were below
200 nm, and notably, it was applied only for 45 min. A reduction in the synthesis time of SNPs arises
from the sonication effects. The cavities generated in the starch suspension during sonication collapse
with high impact, producing higher local temperatures and pressures. These cavities collapse randomly in
the solution. When they collapse near or on the starch particle’s surface, the high impact physically
damages starch surfaces, increasing acid diffusion inside the starch particles. The hydrolysis rate is
found to increase due to higher acid diffusion in the starch particles, reducing the hydrolysis time in the
synthesis of SNPs. The suspended starch particles in the solution gain the energy from the impacts and
due to which agglomeration rate amongst starch granules hindered with great amount. The only
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drawback with sonication is the rise in local temperature during the collapse of cavities, inducing starch
gelatinization [30]. Thus, extensive temperature control is necessary to avoid the gelatinization effect in
the starch particles. The reported study, noted that the gelatinization of native starch occurs in
temperature range of 60 to 80 oC [33].

Figure 1 shows the effect of acid concentration on the SNPs size distribution. As the acid concentration
increases, the particle size of SNPs also increases. This increase in particle size, with an increase in acid
concentration, is due to SNPs simultaneous agglomeration during hydrolysis [25]. The collapse of
cavities in the solution increases the temperature and pressure suddenly for a fraction of time. This
collapse induces the dissociation of water and acid in the form of free radicals. A rapid rise in
temperature and pressure due to the collapse of cavities generates high energy, which is higher than the
bond dissociation energy of water and sulphuric acid, leading to the generation of free hydroxyl (.OH)
radicals from water and sulphonic group (-SO2-OH) [34]. These radicals are reactive, and their presence
on the surface of SNPs was con�rmed from infrared spectrometry and increased zeta potential. These
charged sulphonic groups are responsible for the repulsive force between SNPs when they are lower in
number. The esteri�cation of the surface hydroxyl groups of SNPs with sulfuric acid is another side
reaction that continues to the generation of sulfate groups on SNPs, as reported in the preparation of
starch nanocrystals [35]. As the concentration of sulphuric acid increases, the sulphonic group's radicals
also increases, leading to the simultaneous crystal growth of the starch in the suspension. The higher the
charge more will be the nanoparticles interaction in the suspension, higher the rate of agglomeration.
From Figure 2, it could be observed that as the acid concentration decreases, the suspension becomes
clear and transparent. At the lower acid concentration, SNPs were more stable in the suspension,
scattered and lower rate of agglomeration is clearly observed. However, as the concentration of acid
increases the haziness of solution slightly increases, this is possibly due to SNP interactions as soon as
they produced in the solution. Due to the agglomeration of SNP at higher concentration suspension
becomes hazy. The acid interaction with starch particles plays an important role during its simultaneous
exposure to sonication. The cavities generated during sonication create a high impact that breaks the
structure of starch, allowing the penetration of acid into the inner cores of starch. The amorphous portion
of starch reacts with acid and breaks its branches, reducing the complexity of starch structure [15,16].
Hence, the reduction in the size of starch particles is due to both acid interaction and sonication. The
ultrasound application causes acid interaction more effectively with the amorphous part of the starch.
Simultaneously, it also generates free radicals in the suspension which interact with the surface of starch,
as con�rmed from the peaks of the functional groups of FTIR [27,36]. The starch molecule with a
minimum of three hydroxyl groups at the outer side and the associated two branched amylopectins react
with H2SO4, and a family of hydroxyethers and hydroxyethanal was synthesized from amylopectin. The
branched structure of amylopectin offers a weaker bond for the acid reaction. The reaction further
proceeds by reacting with amylose.

SNPs were found to be more stable in the ultrasound-assisted hydrolysis process as compared to the
conventional method. The minimal SNPs size was in the range of 50-70 nm with the average particle size
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(PSD) of 63 nm. Table 1 shows the variations in the stability of each SNPs in the suspension. The
sonication assists in the physical destruction of starch particles and reduces the agglomeration rate of
SNPs. As the physical destruction of granules does not directly involving in chemical conversion of
amylose, thus ultrasound does not have signi�cant effect on the crystallinity of SNPs [11]. The yield of
the synthesized SNPs demonstrates a decreasing trend as the acid concentration increases. The yield
(based on dry mass) includes the losses during the process. The maximum yield of 23% was obtained
using an acid concentration of 0.5 M, which is optimized in terms of acid concentration as well as
ultrasound irradiation time as compared to the earlier report [11,28], where an acid concentration of 3.16
M was employed. However, the conventional acid hydrolysis shows the yield between 10 and 20%,
depending on the hydrolysis time and origin of starch, with the same acid concentration and hydrolysis
time. TEM was used to understand the morphology of the lowest SNPs, whereas all the remaining
samples were observed under SEM.

Acid interaction with starch particles can be divided into three stages. In the �rst mild stage, acid interacts
with the outer surface of starch particles. In the second intermediate stage, where the starch's outer
surface slightly distracts, and diffusion of acid to the inner part of the starch could be observed. This
diffusion enhances the hydrolysis rate as the amorphous phase of starch is exposed to acid. The
amorphous amylose linear chain breaks down faster than that of the crystalline branched structure of
amylopectin. In the third stage of hydrolysis, acid interacts with the amylopectin of starch. The
destruction of amylopectin induces the gelatinization effect in the starch suspension. Thus, acid
interaction with starch particles plays a vital role in the production of SNPs.

The time of acid interaction with starch particles may impact the particle size of the synthesized SNPs.
Subjecting the suspension to high-frequency ultrasound irradiation for 45 min generates OH- radicals and
–OH-SO2 functional groups interact with the SNPs surface. These radicals and charged ions contribute to
the potential for the dispersed SNPs in solution. The synthesized SNPs exhibited good stability in the
water suspension as observed from their zeta potential values at pH 9, which is similar to the already
reported observations [13,17]. More water molecules dissociate to give hydroxyl radicals at lower acid
concentration, due to which the potential of SNPs with lower acid concentration was observed in the
range of -21 to +21 mV, at constant pH value of 9, indicating a more stable structure in the suspension,
and were observed to reduce as the concentration of acid increases. Zeta potential of SNPs indicates the
negative charge on the surface, making them valuable carrier of anions in medical applications. The
colloidal phase of all the synthesized SNPs exhibits a narrow size distribution as the suspension's
polydispersity index is below 0.7. A suspension of colloidal nanoparticles below a polydispersity index of
0.7 with narrow size distribution and better colloidal stability has been reported [37].

3.2 Morphologies of the SNPs

The closely packed structure of starch is classi�ed in three types- A, B, and C [38]. TEM and SEM
micrographs are shown in Figure 3, which reveal the SNP’s morphologies synthesized using different acid
concentrations and ultrasonic irradiation. The Type A crystals shows closely packed structure, with lower
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volume, whereas B types of crystalline structure are loosely packed. The mixed A & B types of crystalline
nature shown by the C-type crystal structures. Figure 3a shows the differentiation of two different types
of crystalline structures of SNPs. Imberty and Perez [38] reported that a closely packed A-type starch
nanocrystal shows higher resistance for the impingement of acid than that of B-type starch nanocrystal.
Figure 3a shows the two different types of SNPs synthesized during hydrolysis. It was very clear that, the
mixed crystalline structures of SNPs were synthesized. The random impact of cavities collapse and
intensity of acid interaction at the surface are the prominent reasons for the randomness of the particle
size. The average particle size determined by the DLS method was supported by the �gure 3. The
nanosized SNPs could be noted through TEM (Figure 3b). Figure 3 con�rms that the synthesized SNPs
are roughly spherical, elliptical in shape and uniform size distribution was not observed in the
conventional acid hydrolysis method. The conventional acid hydrolysis produced mixed crystallinity
which is C-type crystallinity. A similar morphology of SNPs has already been reported [11,26]. The
spherical particles of SNPs with the short-chain arrangement are visible in TEM (Figure 3b) and are in the
range of 40-60 nm. This is the smallest range of SNPs found at a lower concentration of acid (0.5 M).
The A-type crystal was con�rmed from TEM (�gure 3b) and the x-ray diffraction pattern in �gure 5a. The
closely packed structure shows higher resistance to the further reduction of particle size with acid
interaction. However, the SNPs at higher acid concentration are in the range of 100 to 250 nm, which were
found to increase with the acid concentration. These SNPs were also observed under SEM (Figure 3 c, d,
e, f). The aggregate in the solution shows a larger size of SNPs. The larger size aggregates of SNPs were
found at an acid concentration of 3 M. SNP’s morphological studies with SEM and TEM con�rm the
irregular size distribution associated with this synthesis process. SNP’s size with 1 M acid concentration
varies from the lowest (below 100 nm) to a maximum (above 200 nm). The randomness in the shape of
the starch nanoparticles is due to the impact of cavities during ultrasound propagation and acid
interaction. Figure 3 displays the oval, and spherical shape of SNPs, similar to the earlier reports [2,26,28].

The image analysis of the TEM and SEM images of synthesized SNP were carried out with minimum
count of 370. The results of image analysis were noted in table 1. Though the hydrolysis rate is higher at
the high acid concentration, the aggregation rate due to surface charges were found to be higher. The
aggregates show higher resistance to the hydrolysis due to cumulative higher amylose content. This
higher amylose content hinders the propagation of acid reaction. The image analysis shows almost
similar results as generated from DLS based particle size analyzer. The crystalline types were
signi�cantly varying with the acid concentration. The acid interaction with starch granules was
meaningfully guided by random collapses of cavities at the surface or near the surface of the starch
granule. However, the size distribution was observed narrower, with slight exception with 2 M acid
concentration. The image analysis of �gure 3 [TEM and SEM] also con�rms the same. The SNP size
distribution was assessed by TEM, and SEM image analysis and reproduced in �gure 4.

Variation in acid concentration signi�cantly differ the SNP crystal morphology. The sonication effect
provides the randomness in acid interaction with the starch granule due which to both A, B-type
crystalline structure was produced. The frequency variation of ultrasound irradiation may be the
additional parameter to study which can be considered for future studies. The high impact of cavity
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collapse generates the random damage to the starch granule due to which loosely bounded B-type starch
nanoparticle crystals population was observed in higher extent at all acid concentration.

3.3 X-ray diffraction (XRD) analysis of SNPs

The synthesized SNPs with different acid concentrations possess different crystalline structures. The
effect of acid concentration on the crystallinity of SNPs was studied by using XRD diffraction. Figure 5
shows the comparison of the XRD spectrum for the SNPs synthesized using different concentrations of
acid. A semi-crystalline nature of SNPs could be noted from this spectrum. The crystallinity of
synthesized SNPs was affected by the acid concentration. The XRD spectrum shows a relatively high
crystallinity of SNPs with the usage of ultrasound during acid hydrolysis as similarly reported earlier
[11,25,26]. Ultrasound cavitation leads to the physical damage of native starch particles due to the high
impact of cavities. This cavitation effect induces a rise in the rate of hydrolysis. The reduction in the
amorphous phase of the native starch particles increases the crystallinity in the synthesized SNPs. The
characteristic A-type diffraction patterns are seen at 15.220o, 17.046o, 17.973o, 19.874o, and 26.400o.
These signi�cant peaks show variations with a change in acid concentration. The critical A-type and V-
type spectra of SNPs are unaffected by varying the acid concentration. The crystallinity of SNPs was
higher with the lowest concentration of acid, which could be due to the dominant effect of sonication.
Figure 5 (d) shows the crystallinity effect on SNPs by the conventional acid hydrolysis. It is found that as
the hydrolysis time increases, the crystallinity of starch granule also increases. The hydrolysis time for
the conventional method is 48 h, whereas, for the ultrasound-assisted acid hydrolysis, it is only 45 min.

The crystallinity index (CI) of the individual SNPs was calculated, as described earlier [31]. The

crystallinity index between 17o and 18o for the SNPs was calculated and recorded as 0.57, 0.50, 048, 0.43,
and 0.41 with an increase in the acid concentration. As reported, the crystallinity is a quantitative
indicator of the crystallinity of particles. It has been found that the crystallinity of SNPs decreases as the
acid concentration increases. The acid hydrolysis of starch can be divided into two major stages. The
�rst one is a faster reaction of an acid with amylose, amorphous starch, and the other with the crystalline
amylopectin. The acid reacts with linear molecules of amylose and converts this long chain of amylose
to shorter forms. This reaction is faster due to the linear structure of amylose. However, amylopectin is a
highly branched molecule with a short-chain. The second stage of hydrolysis progresses through an acid
with crystalline amylopectin, which is slower than the �rst stage. At a lower acid concentration, some
shorter chains of amylopectin distract by the cavitation effect.

Still, the hydrolysis of amorphous amylose is faster due to which the resultant crystallinity of SNPs is
higher. Higher numbers of radicals are produced at higher acid concentration during sonication, which
increases the hydrolysis rate in the �rst and second stages. The combined effect of sonication and free
radicals for branched amylopectin hydrolysis affects the destruction of the branched structure, reducing
the crystallinity of resultant SNPs. As the acid concentration increases the combined effect and hence the
resultant crystallinity of SNPs also reduces. The relative crystallinity of SNPs reduces by 20 % as the acid
concentration varies from 0.5 M to 1 M. Whereas, with a change in the acid concentration from 1 M to 2
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M the relative crystallinity reduces only by 18 %. SNPs' crystallinity is more than native starch by 40%, as
reported earlier [39,40]. The crystallinity of the SNPs synthesized at lower concentration was 42% more
than that of native starch, which is higher than the previously reported value [23,41]. However, compared
to native starches, the crystallinity of the SNPs increased because of reduction of amorphous part in
starch due to acid interaction. 

Although, in the X-ray diffraction comparison of synthesized SNPs, found that synthesized SNPs were of
A-type crystals with only difference in the variation in the ratio amylose to amylopectin associated with
the crystals. The cluster formed during agglomeration of SNPs cumulatively shows higher ratio of
amylose to amylopectin. Whereas, at lower acid concentration rate of agglomeration is low. 

3.4 Fourier Transform Infrared Spectroscopy (FTIR) of SNPs

As shown in Figure 6, FTIR was recorded to understand the percentage of light transmitted by the SNPs.
This transmittance is used to identify the associated functional groups. The signi�cant peak at 1650 cm-

1 is due to the vibrational bond energy of the hydroxyl group. This peak associated with all SNPs
con�rms that the hydroxyl functional group is associated with SNPs. The S=O bond vibrations are seen
at 1196 cm-1, a characteristic peak con�rming the presence of sulphonic group associated with SNPs [7].
The sulphonic functional group is not signi�cantly found at a lower acid concentration. The presence of
these functional groups also supports the results obtained from zeta potential measurements. The peak
at 1097 cm-1 endorses the stretching of C-O-C bond associated with the structure of SNPs. The signi�cant
presence of sulphonic functional group associated with SNPs at higher acid concentration is responsible
for the higher potential charges on the SNPs, which induce the agglomeration of nanoparticles, and
hence the size of SNPs slightly increases.

3.5 Thermal degradation study of SNPs

The dehydration process during dry heating can be well understood by thermogravimetric analysis (TGA)
of SNPs. Figure 7 presents the decomposition of SNPs, which probably can be divided into four stages of
temperature. It was found that the thermographs of SNPs follow the same path almost, indicating that all
the starch comes from the same botanical source. The only difference was the amount of energy required
to achieve in every stage. The mass loss variation of SNPs may look different, as it is due to the variation
in the structural orientation, which is due to different amounts of amylopectin and amylose associated
with them. Thus, the crystallinity and the amorphous region in SNPs are different. This indicates that the
SNPs granule, at higher concentrations, demonstrate a larger size due to coalescence, which required
higher energy to separate water molecules from them. The SNP's pyrolysis in an inert atmosphere
consists of the following steps as seen from the TGA, which was similar to as reported earlier [12]. The
�rst stage with the mass loss is associated with unbound water evaporation. The amount of water
molecules depends on the adsorption capacity of SNPs. The second stage of mass loss is associated
with the loss of bonded water molecules, which could have been due to the hydroxyl groups of starch
crystal leaving behind the ether group. Their presence was con�rmed with the FTIR analysis, as indicated
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in Figure 6. Larger the crystal size more are the number of hydroxyl groups, higher is the bounded water
molecules synthesized, which require high energy for the second stage of mass loss. The thermal
decomposition of organic compound was observed in the third stage of mass loss, followed by the fourth
stage where it �nally becomes ash. The TGA of SNPs clearly shows that SNPs at higher concentration
has a higher amount of ether groups associated with them; thus, the second mass loss required higher
enough than lower acid concentration. The crystalline structure at lower acid concentration has a lower
tendency to agglomerate and has a lower amount of ether group associated with them. Thus, second
mass loss was achieved slightly earlier than the other. This con�rms the formation of smaller size SNPs
at a low concentration of H2SO4 [42].

3.6 Water absorption capacity of SNPs

Water absorption was evaluated to examine the structural difference and molecular arrangements in the
synthesized SNPs. High power ultrasound facilitates the acid hydrolysis of starch and isolates the
hydrolyzed starch particles, besides avoiding agglomeration [2]. Also, the collision impact of ultrasound
assists the mechanical breaking of the chain. The destruction of the complex molecular structure eases
acid to enter the inner layers of starch which reacts with the amorphous phase of starch particles. The
water absorption of SNPs is reported in Table 2. The decreasing water absorption capacity of SNPs could
be noted as the acid concentration increases. At lower acid concentration, destruction of the particle due
to ultrasound increases because of the high impact of cavities. This destruction, along with the
hydrolysis of the starch's amorphous phase, generates voids in SNP's crystal. Smaller the size of starch
particles higher is the percentage size of voids in the crystal. The water molecules diffuse through the
outer layer of SNPs to inner layers and occupy these voids inside the crystal.

There is a weight difference of SNPs after water interaction for 24 h, because of the difference in the
molecular arrangement and differences in the crystalline structure. As shown in Figure 8, the water
absorption of SNP decreases as the SNP particle size increases. The water absorption depends upon the
organization of the interior SNP crystals. The crystalline arrangement of starch depends on the amount
of amylose and amylopectin. The water absorption shows a difference in the amylose and amylopectin
contents of native starch and SNPs. This difference is due to acid interaction with starch particles [23,28].
The SNPs obtained through the conventional method have shown good absorption property, due to acid
interaction time for 48 h, which signi�cantly reduces the amorphous phase of the starch particles.

Conclusion
The present study demonstrates an intensi�ed approach for the synthesis of SNPs using the ultrasound-
assisted acid hydrolysis. The overall time of the process was reduced from 48 h to 45 min. A signi�cant
enhancement in the hydrolysis rate of starch particles due to cavitation effects has been noted. The
smaller particle size and narrower particle distribution was noted as acid concentration reduces from 3 M
to 0.5 M. The highest yield of 23% was noted at 0.5 M H2SO4 within 45 min of sonication time. The
effects of acid concentration on the synthesized SNPs were examined and found to reduce the
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synthesized SNP’s crystallinity as the acid concentration increases. As compared to the native starch, the
synthesized SNPs with a lower concentration of acid shows 43% higher crystallinity. The relative
crystallinity reduces by 10% as the acid concentration increases from 0.5 M to 1 M. However, it reduces to
18% and 23% when acid concentration changes to 2 M and 3 M, respectively. The conventional acid
hydrolysis has the highest interaction of acid with starch particles, even though SNP’s relative crystallinity
using conventional methods shows 20% lower relative crystallinity than the SNPs synthesized at a lower
concentration. At the lowest acid concentration, SNPs in the size range of 40-60 nm were noted. Also, the
size of SNPs slightly increased as the acid concentration increased. The critical peaks of the XRD
spectrum con�rm the synthesis of SNPs. The decreasing pattern of the crystallinity index of SNPs
between 17o and 18o, as shown in the XRD spectrum, con�rms that SNP’s crystallinity decreases as the
acid concentration increases. The variation in the thermal decomposition energy of SNPs, con�rms SNPs
of smaller size at lower acid concentration. The water absorption of SNPs demonstrates its a�nity
towards water. The presence of voids inside the SNPs could be responsible for water absorption. The
present investigation provides a useful pathway for SNP’s commercial production for various
applications, for example, using them as nano�ller in the epoxy coating, encapsulation, and bio-sensitive
packaging applications.
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Table 1 The stability studies using average particle size and zeta potential measurement of SNPs through DLS
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SNPs H2SO4

concentration
(M)

Average
size
(nm)

Average zeta
potential

(mV)

Yield
(%)

Time of
hydrolysis

(min)

Mean size of the
Particle with Image

analysis 
nm

Total
number of

counts

SNP ultrasound-
assisted hydrolysis
0.5M

0.5  63 -21.6 23 45 78 379

SNP ultrasound-
assisted hydrolysis 1
M

1  102.6 -19.8 19 45 117 489

SNP ultrasound-
assisted hydrolysis 2
M

2  207.1 -12.5 17 45 203 523

SNP ultrasound-
assisted hydrolysis 3
M

3  323.4 -8.5 17 45 339 576

SNP conventional
hydrolysis

3  629.3 0 17 48 h 623 692

 

 

Table 2 The water absorption capacity of SNPs

SNPs with the concentration of H2SO4 Time of ultrasonication (min) Water Absorption (%)

0.5 M  45 13

1 M  45 11

2 M  45 10

3 M  45 8

3 M (conventional method - 48 h) 0 9

Figures
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Figure 1

The particle size distribution of starch nanoparticles
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Figure 2

The suspension of SNPs after hydrolysis for 45 min and before neutralization with NaOH solution
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Figure 3

(a) The Different types of crystalline morphology synthesized during acid hydrolysis (b) TEM of SNPs
with 0.5 M H2SO4 (c) SEM of SNPs with 1 M H2SO4 (d) SEM of SNPs with 2 M H2SO4 (e) SEM of SNPs
with 3 M H2SO4 (f) SEM of SNPs with 3 M H2SO4 by the conventional method
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Figure 4

particle size distribution predicted by image analysis (a) for 0.5 M & 1 M concentration synthesized SNPs,
(b) for 2 M, 3 M and 3 M conventional method synthesized SNPs. (b) XRD spectra of SNPs synthesized
using 0.5 M and 2 M H2SO4
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Figure 5

X-ray diffraction spectra of SNPs synthesized using different concentration of acid (a) XRD spectra of
SNPs synthesized using 0.5 M and 1 M H2SO4. (b) XRD spectra of SNPs synthesized using 0.5 M and 2
M H2SO4 (c) XRD spectra of SNPs synthesized using 0.5 M and 3 M H2SO4. (d) X-ray diffraction spectra
of SNPs synthesized using H2SO4 of different concentrations (0.5 M, 1 M, 2 M and 3 M).
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Figure 6

Fourier Transform Infrared spectra (FT-IR) of SNP synthesized using H2SO4 of different concentrations
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Figure 7

Thermal degradation studies of the synthesized SNPs.
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Figure 8

Water Absorption of SNPs synthesized using acid of different concentrations


