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Spray-drying is a widely used industrial technique and has shown an immense potential in the fields of
nanoscience and technology. This is due to its ability to synthesize microgranules consisting of correlated nano-
structures using evaporation induced assembly through bottom-up approach. Although the nature of correlation
among the constituent nanoparticles and their size distribution could earlier be obtained by conventional Small-
angle Scattering (SAS) technique, a statistically averaged quantitativemeasure of the shell thickness and hollow-
ness of the formed granules remained a challenge. In this work, we have used Spin-echo Small-angle Neutron
Scattering (SESANS) technique to characterize spray-dried nanostructured microgranules having different hol-
lowness. It is shown that this non-destructive technique provided precise quantification of the granular sizes
and hollowness by utilizing polarization property of neutrons in real space directly.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Spray-drying is a well-established industrial process, used for the
synthesis of powder granules from a liquid feed [1,2]. Its versatility
makes it extensively useful in the food [3], pharmaceutical and
chemical industries [4–14] where well-defined granules in powdered
form are desired owing to the inherent advantages over their fluidic
form. For example, a reduction in bulk volume makes food items
suitable for transport and increase the shelf-life for all practical utili-
zations. In pharmaceutical industries, dried powder is often easy for
medical administration through compacted granules and tablets for
consumption, facilitating direct drug usage. Recent advancements in
nanoscience and nanotechnology have initiated the utilization of
this versatile technique into its domain as well. Since the last decade,
this aerosol drying technique has proved to be an efficient bottom-up
route to fabricate nanostructured microgranules [15–19] through a
bottom-up self-assembly route. Such correlated nanostructured gran-
ules with well-defined shapes are obtained by rapid contact-free dry-
ing of atomized colloidal droplets. The huge enhancement of surface
area by droplet atomization ensures rapid solvent evaporation, induc-
ing directed assembly of the colloidal particles through capillarity,
ion, Bhabha Atomic Research

cience Laboratory, Chemical
ia.
forming correlated nanostructured granules [15,20–28]. They retain
all the characteristic properties of nanoparticles and being larger
than the bare nanoparticles, they are less prone to thermal fluctuations
andBrownianmotion.All these traitsmake thegranules suitable for spe-
cific applications, such as drug delivery [10], dye sorption [29], filtration
[30], etc.

Colloidal droplet to powder-granular transition during the above-
mentioned synthesis method is in fact, a dynamic process involving
a transition from viscous to elastic phase [31]. It has been shown in
recent past that the formed granules can be tuned for their mor-
phology and hollowness by controlling the spray-drying conditions
or the colloidal properties [23,32–35]. Further, the buckling of a hol-
low granule yields non-spherical, doughnut shapes [11,23,36–38].
The origin of such shape alteration can be due to various physico-
chemical parameters, such as colloidal particle size [35], concentra-
tion [32], initial droplet size [17], viscosity [36], etc. Recently, it
was demonstrated that the granular morphology shows systematic
variation with the spray-drying temperature [33]. It was observed
that granules exhibited a spherical to doughnut shape transfor-
mation with the increase in spray-drying temperature. Such
transformation is attributed to inherent hollowness of the gran-
ules that are synthesized at higher drying temperatures. It is
worth mentioning that such nanostructured microgranules are
potential candidates for several technological applications. These
granules are inherently porous owing to the interstices of the
correlated nanoparticles constituting the granule. While such
spherical granules with internal nano-porosity and hollowness
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Fig. 1. FESEMmicrographs of the granules depicting the shape diversity at different drying
temperatures. The inset of P-180 shows the hollowness of the granules.
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can be used as molecular sorbents [29], for drug delivery [39],
water purification [40,41], encapsulation [42], etc. the doughnut-
like granules with prominent central hole could be probably use-
ful in micromachinery, such as micro-wheel, micro-bearing, base
for micro dipole antenna etc. or as for granular flow modifier.

The complete structural characterization of these granules involves
probing multiple length scales namely, the size of the nanoparticles
(few ‘nm’), interparticle distances and interaction potentials, thickness
of the shell (few hundreds of ‘nm’) in case of the hollow granules
[33,35] and the granular size as a whole (few ‘μm’). A comprehensive
characterization of these granules necessitates the synergic use of di-
rect and indirect experimental techniques, such as X-ray/neutron/
light scattering [43] and electron microscopy [44]. Scanning Electron
Microscopy (SEM) provides the overall external morphology of the
granules [45]. Typical hydrodynamic lengths of the granules are ob-
tained by Dynamic Light Scattering (DLS) technique [46]. However,
both DLS and SEM are non-intrusive techniques; hence fall short in
quantifying statistically-averaged information about the various length
scales and structure of the granules. Small-Angle Scattering (SAS)
picks up on these drawbacks by providing a realistic quantification
of the size, internal structure and nanoparticle correlation in the hier-
archical granules. Thus, imaging or DLS results should be corroborated
with the small-angle scattering (SAS) techniques to provide a holistic
view of the granular structure [47–49]. A conventional SAS technique
measures the variation of neutron/X-ray scattering intensity (I(q)) as
a function of wave vector transfer (q) in the small q regime. I(q) is
the Fourier transform [50] of the auto-correlation function (γ(r)) of
the density distribution (ρ(r)). Thus, size information (in real space)
needs to be extracted from the scattering profile which is in the Fou-
rier space. Estimation of overall granular size, shell thickness and
shape demand accessibility of extremely small q regime. However,
the finite angular divergence of probing radiation puts a constraint
on the minimum q accessible in a SAS experiment, reaching up to
order of ~100 nm, or up to 1 μm in case of measurements by Ultra
SANS (USANS). Multiple scattering is also a major problem in these
cases. In this regard, an alternative way of performing SAS experi-
ments using the spin-echo principle provides information even up to
tens of microns in real space.

Spin-echo Small-Angle Neutron Scattering (SESANS) utilizes the
polarizing property of neutrons for real dimension determination
[51–53]. This technique proves to be efficient in providing a
statistically-averaged quantification of the overall sizes as well as
the shell thicknesses. It has a unique advantage as it allows investiga-
tions even of the order of 10 μm in the real space without
compromising much of the resolution. In this technique, the depolar-
ization of a polarized neutron beam is measured as a function of the
“spin-echo length” Z, which is a real space parameter [54]. SESANS
approach relates the polarization P(Z) of the neutron beam to the
projection G(Z) of the auto-correlation function (γ(r)) of the density
distribution (ρ(r)) of the sample [54,55]. P(Z) is measured as a func-
tion of the real-space distance over which correlations are measured
in the sample or the spin-echo length (Z). Rekveldt el al. (2005) [53]
and Bouwman et al. (2004) [51] established the technical details of
instrumentation, theoretical background required and cited applica-
tions of SESANS. Reproducibility of G(Z) profiles from I(q) and vice-
versa was also established through Hankel and inverse Hankel trans-
formations, respectively [54].

In this paper, we probe spray-dried nanostructured microgranules
using SESANS to estimate the granular size and the shell thickness.
The quantification of the average granule size and shell thickness
which was earlier elusive [33], has now been obtained using SESANS.
The main motivation of this work is to establish a bridge between
SESANS and conventional complementary characterization techniques,
thus demonstrating SESANS as an efficient tool for quantitative charac-
terization of nanostructured microgranules, alongwith complementary
microscopy or spectroscopic tools.
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2. Experimental methods

The synthesis process of the granules is elaborated in Biswas et al.
[33] In short, 2% by weight aqueous nano-silica dispersion was used as
the spray drying feed. Spray dryer Labultima LU 228 was used for the
purpose. Aqueous dispersion was fed into an air-compressed atomizer
nozzle the rate of 2 mL/min. Droplets with an average size of ~10 μm
were obtained. Hot air causes these droplets to dry, resulting in dry
powder being collected at the cyclone separator. The aspirator rate
was kept fixed at 50 m3/h and atomization pressure at 2 kg/cm2. Only
the drying temperature was adjusted to 110 °C, 130 °C, 160 °C and
180 °C and powderwas obtained in each case. For reference, the powder
samples will be referred to as P-110, P-130, P-160 and P-180 corre-
sponding to each of the synthesis temperatures.

DLS experimentswere performed usingHORIBADLS SZ100 Japan on
diluted aqueous dispersion of the granules. The morphology of the as-
sembled granules was examined using field emission scanning-
electron-microscope (FE-SEM), Carl Zeiss Gemini 300SEM, Germany,
FE-SEM model. SESANS measurements were carried out at the reactor
at TU, Delft, Netherlands. The principles of the SESANS technique is elab-
orated in Rekveldt et al. [53]
3. Results and discussions

It is perceived from the FESEM micrographs (Fig. 1 and Fig. SI 1) in
the Supplementary Information) that P-110 and P-130 granules are pre-
dominantly spherical, whereas P-160 and P-180 are larger and
doughnut-shaped.

Inset on P-180 in Fig. 1 shows a cracked granule, where the shell
clearly visible. An overall picture (Fig. SI 1) depicts that the granules
are polydisperse in shape and sizes. This is because the spray-drying
process, although tuneable to a large extent, has some limitations re-
garding the initial drop size polydispersity. The origin for such diversity
has been demonstrated earlier in Biswas et al. and will also be
summarised later in the manuscript.



Fig. 2. Granular diameter distribution as obtained from DLS [33].

Fig. 3. Depolarization plots obtained from SESANS measurements.
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Results of DLS measurement, provided on Fig. 2, graphically quan-
tifies the hydrodynamic sizes of the granules. The hydrodynamic sizes
for each have been provided in the notation panel.

It is to be noted here that the size quantification obtained from DLS
are not the actual granular sizes. DLS assumes a consolidated spherical
shape of the granule from which the resultant hydrodynamic radii/di-
ameters are obtained. However, for hollow granules the solid sphere as-
sumption is erroneous. Nonetheless, DLS do provide the polydispersity
trendof the granular size. Hence, corroboratingDLS resultswithmicros-
copy or small-angle scattering is imperative. Details on comparison of
DLS results with FESEM image analysis was discussed in Biswas et al.
[33] In the present work, we quantify the average granular sizes along
with the shell thickness with the help of SESANS, which was not earlier
possible with the aforementioned techniques.

Before going into the details of the SESANS technique, it is important
to understand the origin of the granular shape and size variation with
drying temperature [33]. During drying of a droplet the nanoparticles
undergo a diffusive motion. Drying temperature plays a significant
role in directing the motion of the nanoparticles. Often, the drying rate
at the evaporation front or the air-liquid interface is quick enough to in-
terlock the particles at the droplet edge into a shell, before it could dif-
fuse back to the centre. This shell is porous due to the interstices
formed due to the jamming of the nanoparticles.With time, evaporation
of trapped water progresses through this porous shell. During such a
transport of solvent, pressure imbalance develops across the shell,
which ultimately causes it to buckle, giving a distorted spherical or
doughnut-shaped granule, which is precisely the case at higher drying
temperatures. At lower dying temperatures, the assembly is much
more compact as the nanoparticles find enough time to rearrange,
allowing the shell to thicken considerably, leading to a more isotropic
granular shape. As mentioned earlier, size determination from DLS
and FESEM can only provide the polydispersity trend and not the size
quantification. For a more dependable statistically-averaged quantifica-
tion, resorting to scattering techniques is crucial.

Over the years, SAS has been established as an efficient non-
destructive tool for characterization of mesoscopic length scales. Infor-
mation about structure and correlation is obtained in reciprocal space,
as a function of wave vector transfer, ‘q’. For hierarchically structured
granules, such as in the present case, accessibility of a wide q-range is
required. Often, due to instrumental constraints of one, multiple SAS in-
struments are used to probe all the relevant length scales. In the present
case, the two important length scales are the micrometric granular size
and the nanoparticle size. Moreover, in the case of hollow granules, the
thickness of the shell also holds significance.
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In our earlier work,we have reported results of SAXS and SANS anal-
ysis for the granules in details. SAXS reveals the nanoparticle size to be
~14 nm. The packing fraction was found to be ~0.7 which is slightly
more than random jamming packing (~0.64) in all of the cases. [33] A
sticky hard sphere type interactive potential exists between the
jammed particles [56]. The SAXS profiles are provided in Fig. SI 2
where a distinct correlation peak is observed at the same q-position
for all the cases, denoting that average centre-to-centre nanoparticles
distance of ~25 nm. Further, Biswas et al. [33] ruled out any possibility
of ramified fractal-like aggregation in large-sized granules from the
fitting of SANS profiles, denoting that the nanoparticles are uniformly
jammed, and therefore the reason for the formation of large-sized gran-
ules is creation of internal hollowness. However, this hollowness or the
granule size could not be quantified by conventional SAS techniques
due to instrumental constraints of achieving extremely low scattering
angle regime because of direct beameffect. This justifies the use of a rel-
atively newer version of the SAS technique using spin-echo principle,
known as Spin Echo Small-Angle Neutron Scattering (SESANS)
[51–55,57–60].

In SESANS principle, a sample of thickness ‘t’, having a differential

scattering cross-section of
dΣ q

!ð Þ
dΩ is assumed, on which a neutron beam

of cross-section ‘S', wavelength ‘λ’ is incident. It is known that neutrons
undergo Larmor precession in amagnetic field. The scattering eventwill
cause a change in this precession depending on the angle at which the
neutrons are scattered [54]. Initially polarized (P0) neutron beam be-
comes depolarized due to elastic scattering by the sample. The depolar-
ization plots for each of the powder granules are given in Fig. 3.

The total detected polarization Pd of the neutron beam is a function

of the spin-echo length Z given by the expression Pd Zð Þ
P0

¼ e G Zð Þ−G 0ð Þ½ � ¼
eG 0ð Þ G0 Zð Þ−1½ � where G0(Z) is the normalized G(Z) given by G Zð Þ

G 0ð Þ and G(Z)

has the form,

G Zð Þ ¼ λ2t
4π2

Z∞

−∞

dqy

Z∞

−∞

dqz
dΣ q

!� �
dΩ

cos qzZð Þ

and q
! ¼ 0, qy, qz

� �
, the spin-echo length is given by Z ¼ cλ2BL cot θ0

2π
where the neutron wavelength λ is 0.21 nm and inclination angle θ0is
5.5o. The spin-echo length, Z can be tuned by varying themagnetic field
B and distance L (between the sample and the last magnet). Z is physi-
cally the lengthwhich the correlations are probed [55,57–60]. More de-
tails of the technique have been elucidated in the works of Andersson
et al. [60] G(Z)-G(0) profiles were obtained using, G Zð Þ ¼ ln P Zð Þð Þ

s þ 1,



Fig. 4. Normalized G(Z)-G(0) profiles obtained from depolarization plots. The solid line
shows the fit of the model.

Table 1
Fitting parameters from analysis of the SESANS profiles.

Granules Outer Radius
(μm)

Inner radius
(μm)

Inner hollow space volume
(μm3)

P-110 1.44 ± 0.006 0.86 ± 0.008 3.05
P-130 1.91 ± 0.010 1.14 ± 0.011 5.60
P-160 2.10 ± 0.011 1.44 ± 0.013 11.5
P-180 2.20 ± 0.013 1.47 ± 0.014 14.13
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where ‘s’ is the total cross-section of the sample and P(Z) is the polariza-
tion. The fit of G(Z)-G(0), is shown in Fig. 4 where G(Z) have been fitted
using SASFIT software [61] by assuming a monodisperse spherical shell
model. The fitting parameters are tabulated in Table 1.

The granular sizes as well as the inner hollow space volume were
found to increase gradually for granules synthesized at higher drying
temperatures. An average shell thickness of ~700 nm was obtained
from the SESANS profiles as well. Here it should be noted that the use
of a polydisperse model with hollow geometry requires several param-
eters which makes the estimation of these parameters through non-
linear least-square highly unreliable. First of all, considering polydisper-
sity in fitting for such hollow geometry is difficult because both inner
and outer granular radius polydispersity has to be factored in. However,
for any practical purpose, considering such multi-polydispersity is un-
feasible as far as the SESANS analysisis concerned. Therefore we report
the statistically-averaged value of granular sizes and shell thicknesses.
We would also point out that considering a strictly monodisperse
model is unrealistic as it demands several idealistic experimental condi-
tions, such as monodisperse droplet generator, non-coalescence of the
droplets, very slow drying rate, etc. In such theoretical cases, the forma-
tion of shell does not occur and compacted spherical granules are
formed. Another important observation was that in the case of P-110,
the fit of the G(Z) profile at higher Z is slightly compromised. This is
probably due to agglomeration of a large number of small-sized gran-
ules due to electrostatic charging. This problem does not exist for larger
granules (P-180). A proper fix would be to synthesize a more uniformly
sized batch of the granules by ensuring droplet size monodispersity.
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4. Conclusions

It has been established that Spin-Echo Small-angle Neutron Scatter-
ing (SESANS) is an effective, non-destructive technique for the struc-
tural quantification of hollow spray-dried micro-granules. Granules
were synthesized by spray-drying of dilute nano-silica colloidal disper-
sion at different drying temperatures. Structural characterization of the
obtained granules by electron microscopy and dynamic light scattering
showed that the granules synthesized at higher spray-drying tempera-
tures are larger than those synthesized at lower drying temperatures
along with distinct shape differences. At lower drying temperatures,
the granules are spherical whereas at higher temperatures doughnut-
shaped granules are obtained. SESANS quantified the average granular
size and shell thicknesses whichwere not previously possible with con-
ventional small-angle scattering experiments. It was found that the
granules are hollow with an average shell thickness of 700 nm and in-
ternal core volume varying from ~3 μm3 for spherical granules at low
drying temperatures, up to ~14 μm3 for doughnut-shaped granules. In
future, we plan to carry out spray-drying with an ultrasonic nebulizer
instead of the compressed-air atomizer. This is expected to provide a
narrower droplet size distribution vis-a-vis the assembled granules
with less size polydispersity and more uniformity in shell thicknesses.
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