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Abstract7

The drying kinetics of single droplets of crystallizing and skin-forming species were investigated via

acoustic levitation to provide a well-controlled environment mimicking spray drying operations. Par-

ticles manufactured by drying aqueous solution droplets containing varying ratios of D-mannitol and

polyvinylpyrrolidone (PVP) were analysed using a range of techniques to elucidate their morphol-

ogy and microstructure. Size, porosity and surface roughness of the manufactured particles increased

with D-mannitol concentration in water, while the sphericity decreased, a consequence of the unique

morphologies. The change in particle shell thickness was found to be minimal. Considering varying

proportions of PVP led to a variety of fascinating structures, contrasting to those manufactured from

pure D-mannitol. Temperature effects were further considered, and the results were matched by that

from a lab and pilot scale spray dryer. Analysis of the solid form further demonstrates the opportunity

to prepare different polymorphic forms of D-mannitol.
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1. Introduction10

The dispersibility, flowability and tabletability of powders is an important consideration in the manu-11

facturing of pharmaceutical products [1]. These properties can be successfully tuned by crystallising12

particles of a desired morphology [2–4], or, more flexibly, by engineering the microstructure of the13

particles in a spray drying process [5–10]. Microstructure properties such as particle size, porosity14

and morphology can be tuned by altering the formulation and process conditions to affect powder pro-15

cessability and drug delivery efficiency. For example, it is possible to improve powder dispersibility for16

pulmonary drug delivery by engineering particles with a high degree of surface roughness (to reduce the17

cohesive forces between particles), or by tuning the size and apparent density of the particles [11, 12].18

Since many active pharmaceutical ingredients (APIs) can exist in different solid forms i.e., amorphous19

structures and various crystalline forms, the microstructure and morphology of each phase presents20

different properties fundamental to particle and powder formulation [9, 12]. Amorphous particles are21

of particular interest in the pharmaceutical industry as they offer faster rates of dissolution and higher22

solubilities. This results in improved bioavailability of poorly soluble drugs [13, 14]. However, such23

forms usually need to be stabilised with the addition of an excipient (e.g., polymers) against transfor-24

mation into more thermodynamically stable forms. Spray drying is a robust method that has been used25

extensively for powder manufacturing. The typically rapid kinetics and opportunity to co-formulate26

active ingredients with excipients allows generation of suitable stable amorphous particles, even for27

materials that have a strong tendency to crystallise. This single processing operation involving spray28

atomisation, droplet evaporation and particle formation therefore offers a unique opportunity to design29

tailor made particles [15].30

Carrying out an in-depth investigation of particle morphology and microstructure directly on the scale31

of a typical spray dryer (that contains millions of droplets at any time) is difficult. Instead, single droplet32

studies are often used to understand how drying conditions affect the microstructure of the resulting dry33

particles [16–19]. Such an understanding requires powerful in situ and ex situ characterisation tech-34

niques, and often multiple methods to characterise various structural features of particulate materials35

(i.e., size, shape and porosity etc.). In the past, characterisation techniques such as confocal microscopy36

(to obtain information on sample heterogeneity), Raman spectroscopy and X-ray diffraction (to under-37
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stand the crystalline nature of samples) and optical imaging and scanning electron microscopy (to38

obtain information on size, shape and surface topology of samples) have been used [16, 20–23]). These39

techniques are excellent for extracting two dimensional (2D) information. However, their applicability40

is limited when three dimensional (3D) information of a body is desired, or when only a small sample41

size is available for characterisation [24]. To obtain microstructural information of the architecture of42

particles, X-ray computed tomography (XCT) is a powerful alternative. This imaging technique pro-43

vides a non-destructive way to visualise the internal structure of the particles by reproducing the 3D44

volume of the object. The rendered 3D volume is produced through the reconstruction of the cross45

sectional XCT images of the object [25]. XCT has been used previously in the characterisation of size46

and shape [17, 26–29], porosity [17, 23, 26, 30] and the microstructure of solids [28, 31–33]. Since the47

robustness of imaging techniques such as XCT may be affected by the method of data collection, image48

reconstruction and image processing strategy employed, the method of analysis must be designed to49

optimise the representation of key information specific to the sample of interest [25, 34]. A detailed50

analysis will therefore employ a data variability analysis during data collection and processing [24].51

The generation of individual particles using single droplet drying (SDD) techniques can be achieved52

in various ways. A complete review of the different SDD techniques (sessile droplet drying, acoustic53

levitation, filament method, falling droplet drying methods) commonly used is given by Fu et al. [35].54

Although single droplet drying methods are not without drawbacks, key information on the morpho-55

logical development of particles can be readily obtained and the particles are often comparable to the56

ones obtained from a spray dryer. For example, in the work by Nuzzo et al. [36] lactose particles pro-57

duced via acoustic levitation and a lab-scale spray dryer were compared. The morphologies produced58

on both scales were similar. However, the authors noticed a difference in the surface composition of the59

manufactured particles, owing to the different time scales of the processes. The drying times resulting60

in single droplet drying experiments are often larger since SDD methods employ larger droplet sizes,61

typically 100− 1500µm compared to 10− 100µm in a typical spray drying operation, and smaller gas62

velocities. In a spray dryer, this difference typically leads to the generation of particles with smaller63

sizes, and a difference in the microstructure of particles as explained above [36–38]. Both et al. [16] in-64

vestigated the morphology of particles obtained when milk is dried. Smooth particles with large indents65

were obtained in both sessile droplet drying method and by acoustic levitation, although two indents66
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were formed when using acoustic levitation, only one indent was observed using the sessile method as67

one end of the droplet is attached to a hydrophobic surface. Several other authors have investigated the68

drying kinetics, particle morphologies and other intrinsic properties such as stickiness and surface com-69

position [20, 21, 29, 36, 39–42]. The study of single droplets allows one to gain appreciation of how the70

choice of both the formulation composition and the drying process parameters influence particle mi-71

crostructure, and hence powder quality. In addition, an in-depth understanding of the key mechanisms72

leading to the formation of particles with different morphology/structure will aid the development of73

droplet drying and particle formation models that can be applied to spray dryers. For example, Abdul-74

lahi et al. [43], Handscomb et al. [44, 45] and Seydel et al. [46] developed models based on population75

balances and heat and mass balances to describe the evolution of the particle morphologies obtained76

from spray drying. In the light that the precise experimental conditions used in spray dryers are often77

not accessible in single droplet drying devices (as mentioned above: droplet size, heat/mass transfer78

rates, temperatures), these mechanistic drying models represent a promising avenue to transfer single79

droplet drying data to full scale spray dryer conditions. Although, in the existing works droplet drying80

kinetics for the systems considered were compared to experimental data, the structural properties of81

the particles obtained from the model were not validated with experiments due to a lack of adequate82

particle characterization approaches that allowed investigation of the properties of interest.83

This contribution is therefore motivated by the gap in the literature and aims to further develop an84

understanding of the morphological evolution of droplets and to provide detailed microstructural in-85

formation of particles obtained from single droplet drying experiments. The resulting dataset will86

allow for the development of accurate and robust single droplet model methodologies that will form87

the building block for the development of more robust spray dryer models. One must however take88

note that applying the general conditions from single droplet drying to spray drying is not straight-89

forward due to the differences mentioned above. In addition, SDD studies do not capture interactions90

between droplets, particles and the chamber walls associated with spray drying. Understanding these91

differences is key to interpreting results from single droplet drying operations and applying this for the92

optimisation of spray drying processes. In the present contribution, we have applied XCT to eluci-93

date the structure of particles obtained by acoustic levitation, and have uncovered a fascinating variety94

of structures; depending on the mixture dried (we have investigated combinations of different solutes95
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over a range of solid concentrations), as well as the processing conditions (temperature of the drying96

gas). Investigating the droplet drying kinetics and the resulting particle microstructure for a variety of97

mixtures and operating conditions enables one to gain deep insight into the process behaviour and the98

properties of the resulting particles. The results obtained are correlated with the formulation and pro-99

cess parameters used. Thereafter, the morphological results are compared to those from a spray drying100

process. The remainder of this paper is organised in the following way; Section 2 provides an overview101

of the physics of droplet drying. Section 3 describes the experimental approach used for single droplet102

drying studies and the methods used to qualitatively and quantitatively describe the drying kinetics and103

final structure of the manufactured particles. Section 4 provides a detailed discussion of the results.104

Relevant conclusions are made in Section 5.105

2. Physics of droplet drying106

The drying of solution droplets (containing a volatile component, for example water, and a non-volatile107

solid forming component) to form particles is a two-stage process. In the first drying stage, evapora-108

tion occurs freely from the surface of the droplet. The surface area of the droplet therefore decreases109

almost linearly with time as long as the environmental conditions remain the same. This leads to the110

supersaturation of the droplet with respect to the solute and causes the formation of particles within the111

droplet. In the latter phase of drying, the formed particles agglomerate to form a rigid particle shell,112

resulting in the droplet shrinkage to nearly stop. This discontinuity is referred to as the critical point113

in traditional drying and the size of the particle after this point remains constant as liquid now moves114

from within the droplet to the exterior through the interstices of the rigid particle shell. The drying rate115

now depends on the increasing resistance of the particle shell to the moisture transport, until drying116

is complete. Under extreme drying conditions, such as high gas temperature leading to boiling, the117

formed shell layer may crack, inflate or even explode (depending on the mechanical properties of the118

formed shell) due to the build up of vapor in the droplet core. This will lead to open shells with large119

cavities or even complete disintegration of the particles into fragments. The evaporation behaviour in120

such a system is therefore unpredictable [47–49]. The drying history until the formation of a rigid shell121

is known to determine the morphological evolution of a particle [8]. To describe the particle forma-122

tion process, the drying history must be quantified to account for the evaporation or droplet shrinkage123
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behaviour and component redistribution within the droplet. Since the overall behaviour of the above124

processes results from the combination of convective and diffusive transport mechanisms, it is possible125

to quantify the relative magnitude of the drying mechanisms. Vehring et al. [50] showed from the ana-126

lytical solution of the governing transport equation that the dimensionless Peclet number, Pe, defined as127

the ratio of convective to diffusive transport, can be used to describe the combined effect of convection128

and diffusion within the droplet and hence, provide insightful information about the resulting particle129

morphologies. The dimensionless Peclet number, Pe can be written as:130

Pe(t) =
k(t)

8Di j(t)
(1)

where k(t) is known as the evaporation constant 1 and is given by:131

k(t) =
d
dt

(
d2

)
=

4ṁv

ρπd
(2)

d is the droplet diameter, t is time, ṁv is the evaporation rate and ρ is the liquid density. Several models132

exist for the calculation of the evaporation rate where experimental data is not available [51, 52]. The133

diffusivity D can be estimated from the Stokes-Einstein correlation for a binary system as [53]:134

Di j(t) = ωi
kBTwb

6πηrp,i
+ (1 − ωi)

kBTwb

6πηrp, j
(3)

where i and j are the diffusing components, ω is the mass fraction, kB is the Boltzmann constant, Twb135

is the wet bulb temperature, η is the viscosity of the solution and rp is the hydrodynamic radius of the136

respective molecule.137

From Equation 1, a low Peclet number indicates that convective transport is low or comparable to the138

diffusive transport. In such a case, the concentration of the droplet remains close to uniform throughout139

the drying process, resulting in the formation of a rigid porous structure as shown in Figure 1. On the140

1An expression relating the evaporation constant to the mass evaporation rate, ṁv of solvent from the droplet may be

derived from a mass balance: ṁv = ρ
dV
dt

=
ρπ

6
d
dt

(
d3

)
=
ρπ

6

[
d2 d

dt

(
d
)

+ d
d
dt

(
d2

)]
. The change in the diameter of the droplet

may be linked to the mass evaporation rate, assuming a spherical droplet by:
d
dt

(
d
)

=
2ṁv

ρπd2 [51]. Combining these two

equations, one obtains Equation 2.
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other hand, a large Peclet number implies that convective transport dominates over diffusive transport141

(i.e., there is little time for the solute to diffuse inward from the surface). This behaviour typically142

results in the formation of hollow structures (Figure 1). Although the transport processes are important143

as above, particle formation itself is often a result of crystallisation in crystal forming systems, or gel144

formation in gel forming systems. It is therefore important to pursue a combined understanding of145

both the transport and particle formation mechanisms. The scope of this work is therefore to explore146

qualitatively and quantitatively the resulting transport processes ensuing from drying, and develop key147

understanding of the mechanism of particle formation.148

solution droplet shrinkage shell formation

Figure 1: An example scheme of the morphological evolution of a droplet during drying. In this case, the drying process
leads to the formation of a rigid porous or hollow particle. The range of particle morphologies obtainable is not limited to the
above and depending on the drying condition and formulation, shrivelled or inflated particles may also be obtained [9, 44].

3. Experimental Method149

3.1. Materials and sample preparation150

The stable β form of D-mannitol was sourced from Alfa Aesar, with chemical purity>99%. Polyvinylpy-151

rolidone PVP (10,000 g mol−1) with chemical purity >99% was sourced from Sigma Aldrich. High152

purity deionised water with a resistivity of 19 MΩ cm was obtained from a Direct-Q3UV Merck purifi-153

cation system and was used to prepare stock solutions. Mannitol-water solutions at different concen-154
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trations were prepared in a 2 mL vial, where the mass of mannitol for the concentration range (0 - 11%155

w/w) was measured using a laboratory weighing scale (Mettler Toledo ML304T/00) with resolution of156

0.1 mg. The mannitol was mixed with water and agitated continuously until complete dissolution was157

visually observed, typically after 5-20 minutes at room temperature. In the same way, ternary solutions158

containing PVP at different concentrations were prepared. Table 1 lists the samples used in the exper-159

iments conducted. Each experimental condition was repeated 3–4 times to ensure repeatability of the160

drying rates and particle morphologies2. Note the sample names describe the starting concentration161

and temperature for which the experiment was performed at. These names will be used for sample162

identification at several points in this work.163

164

Table 1: A summary of the experimental conditions used for particle morphology and microstructure analysis 1 2.

Sample Mannitol

(w/w%)

PVP

(w/w%)

PVP fraction

(w/w% solid)

Temperature

(◦C)

Sample Mannitol

(w/w%)

PVP

(w/w%)

PVP fraction

(w/w% solid)

Temperature

(◦C)

M1-60 0.9 0 - 60 P3-60 4.5 2.5 0.36 60

M5-60 4.5 0 - 60 P5-60 4.5 4.8 0.52 60

M7-60 7.3 0 - 60 P8-60 4.5 7.8 0.63 60

M11-60 11.2 0 - 60 P15-60 4.5 15 0.77 60

M5-40 4.5 0 - 40 P20-60 4.5 20 0.82 60

M5-80 4.5 0 - 80 P5-40 4.5 4.8 0.52 40

P1-60 4.5 0.9 0.17 60 P5-80 4.5 4.8 0.52 80

1 All solutions (w/w%) were prepared from water as the solvent and using dry nitrogen as the drying gas. The molecular weight of PVP used is 10000 g mol−1.

2 Each investigated condition is repeated 3-4 times and the particles obtained at analysed morphologically.

165

3.2. Apparatus166

The drying droplet is contained in a controlled environment flushed with dry gas at a defined tem-167

perature. The inner diameter and height of the cylindrical drying chamber is 70 mm and 140 mm168

respectively, giving a chamber volume of roughly 540 mL. The chamber is equipped with two sealable169

access windows of 25 mm diameter each to allow for the suspension of droplets and for optical imag-170

ing. The setup consists of a Tec5 ultrasonic levitator (100 kHz and maximum power output of 5 W),171

2The experiments for each condition is averaged and the standard deviation of the drying rates and the particle properties
defined was calculated. The results for this are given in Table 2, Table 3 and Table 4
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an Allied vision manta G505B camera equipped with a telecentric lens, backlight LED illumination172

(Edmund Optics) and a controlled evaporator unit (Bronkhorst, CEM 202A) as illustrated in Figure 2173

(An image of the actual experimental system is also shown in the supporting information). The levita-

Liquid

CCD camera Blue light

Acoustic Levitator

Double jacketed 
vessel

Exhaust gas 

Evaporator

FT Filter

FTGas

Flow transmitter

Figure 2: Scheme of the single droplet drying apparatus. This consists of a liquid tank and a gas cylinder, flow transmitters
(FT), a controlled evaporator mixer, a temperature controlled chamber, a light and a camera to monitor the droplet drying
history.

174

tor chamber is surrounded by a heating jacket for temperature control. The evaporator mixer is used to175

supply the chamber with a controlled gas flow at desired conditions (gas velocity, temperature, solvent176

saturation) by taking pure nitrogen gas from a gas cylinder. Note that the solvent saturation may be177

generated using the liquid flow stream. The resulting gas or gas mixture is sent to the evaporator, where178

it is heated to the desired gas condition and sent to the levitator. To ensure that the chamber is at the179

desired experimental condition, gas is allowed to flow through the chamber for a duration of 45-60180

minutes before suspending a droplet. The flow rate of the gas is fixed at 1 L min−1 for all the experi-181

ments conducted (using a higher flow rate led to droplet instability in the acoustic field). This gives an182

average gas velocity of 0.04 m s−1, based on the cross sectional area of the chamber. The gas employed183

in this study is set at 0% relative gas saturation throughout. The temperature and solvent saturation of184

the outlet gas was monitored using a thermochron ibutton sensor (DS1923) placed near the outlet of the185

chamber. This allowed the drying conditions to be followed continuously during drying. The change186

in the relative saturation of the outlet gas was found to be negligible throughout the experiments. By187
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conducting a mass balance around the chamber, we confirm that the change in outlet solvent saturation188

due to droplet evaporation is always less than 0.05% (cf. Sec. A in the supporting information). The189

droplet (typically 1.4 ± 0.1 mm) was suspended manually using a Hamilton 1800 model syringe. The190

power of the ultrasonic levitator was controlled from a power supply unit, starting with a power of191

between 0.45 – 0.5 dB (to allow for easy detachment from needle) to a fixed value of 0.32 dB (to keep192

the droplet stable after suspension). The droplet was visually observed following levitation from the193

continuous camera images to ensure that no visible bubbles were present at the onset of drying. This194

procedure ensured that any undesired condition that may uncharacteristically affect the final particle195

structure obtained was minimised.196

3.3. Particle analysis methods197

3.3.1. Optical imaging198

The evolution of the droplet size was determined from the measurement of the projected droplet area199

using an image analysis algorithm developed in Matlab 2019a [43]. The droplet image was filtered200

(i.e., noise reduction algorithms were applied) and segmented. This was followed by the extraction201

of the major and minor axis of the projected droplet, assuming that the droplet was an ellipsoid with202

two of its three axes equal to the observed minor axis. From the ellipsoid’s volume, an equivalent203

spherical diameter was calculated, allowing for the in-situ monitoring of the droplet during the drying204

process. The aspect ratio of the projected 2D image, AR = major axis/minor axis, was calculated and205

lies between 1 and 1.4 in all experiments (This is further discussed in section 4). The circularity, OC206

= 4πArea/perimeter2, was also calculated and lies in the range 0.9-1 (see Figure S1 of the supporting207

information). This demonstrates that the assumption of droplet sphericity is reasonable. The critical208

point, describing the onset of morphology development was determined by the visual observation of209

the droplet during drying. For dense solids, the droplet becomes opaque, indicating a transition from210

a droplet to a semi-solid/particle. When the droplet diameter is plotted against time, shrinkage ceases211

as the droplet transforms into a rigid particle as expected. When the droplet diameter is fixed due212

to shell formation, literature presents precedents that still allow the drying process to be followed:213

either by monitoring the moisture content of the outlet gas [54] or by tracking the displacement of the214

particle from the sound pressure node [55]. The design of our evaporation chamber (large volume in215
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comparison to the droplet; motivated by a desire to keep drying conditions constant over time) and216

limited resolution of the moisture sensor made the former method inapplicable in our case. The latter217

was investigated for a few conditions in this work. However, data scattering, presumably induced by218

droplet/particle rotation in the acoustic field (which might be a result of the objects’ heterogeneity),219

made the results unreliable for our purposes. The present work is therefore limited to tracking the220

drying rate up to the shell locking point, while all further characterization efforts (as below) focus on221

the final dried particles.222

3.3.2. Scanning electron microscope223

The particle morphology (shape, size and surface topology) was visualised using a high resolution224

scanning electron microscope (SEM). A Tescan Mira3 GMU VP analytical FE-SEM, with a working225

pressure of 0.1 Pa, a voltage of 5 kV and a power of 2 A was used. Samples were collected on a 12226

mm circular disc covered with adhesive carbon tape and sputtered with conductive platinum (5-10 nm227

thickness; using Cressington sputter coater 108 system with MTM-20 thickness controller) to prevent228

the sample charging.229

3.3.3. Raman spectroscopy230

Raman spectroscopy was used to identify the crystallinity and polymorphic forms of the particles. A JY231

Horiba LabRam300 confocal Raman microscope equipped with a class 3B HeNe laser (632.82 nm) was232

used for the measurements. The spectrum was obtained using an objective of 100X in the Raman shift233

range 400− 3500 cm−1. To avoid any solid form transformation especially in the presence of moisture,234

samples were allowed to dry at the gas condition for up to 1 h after particle shell formation and before235

storage in sealable vials. Thereafter, Raman analysis was performed within a day of sample preparation.236

The laser was focused on 3-4 random points on the particle surface and the Raman spectrum obtained237

for each focused point was analysed to determine the polymorphic outcome since Raman spectroscopy238

is not a bulk measurement technique.239
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3.3.4. X-ray computed tomography (XCT)240

XCT is an imaging technique that presents a way to non destructively visualise the internal microstruc-241

ture of a 3D object. In XCT, X-rays are focused on an object. The object is rotated 360◦ and images are242

collected from different angles for 3D reconstruction. The incident X-ray beam passing through every243

volume element (voxel) of the object is attenuated with the degree of attenuation dependent on the den-244

sity of the material and on its composition (elements with higher atomic number attenuate stronger).245

Since the samples analysed in this work consist of similar proportions of C, H, N and O, the compo-246

sition effect is of low importance. The final intensity of the X-ray after absorption by the material is247

measured using detectors, providing direct image contrast. In this work, measurements were taken us-248

ing a Zeiss Xradia Versa 250 with diffraction contrast tomography (DCT). Samples were imaged with249

a 10X objective lens, exposure time of 2 s, a voxel resolution of (1.2 µm)3, a field of view of 0.8 × 0.8250

mm, a source energy of 120 kV and a power of 10 W, with each scan consisting of 1601 projections.251

To load the samples, each sample was adhered to a carbon tape and fixed on a small sample holder. Im-252

age reconstruction was performed using Zeiss XRM Reconstructor. The reconstructed data was further253

processed using a combination of Avizo software (FEI VSG, Thermo-Fisher) and a self-written code254

in Matlab.255

3.4. 3D image processing and analysis256

Images obtained from XCT were processed to obtain relevant microstructure information (size, poros-257

ity, shape etc.) of the 3D volume. Figure 3 shows exemplary images of the processing step of an XCT258

projection in the 2D X-Y plane. The first aspect of the image processing involve the identification of259

the region of interest with Avizo using a watershed algorithm, allowing for the separation of the parti-260

cle from the carbon tape used to secure the particle. This was followed by the application of a median261

filter, ring artefact correction and beam hardening artefact correction where required (Figure 3a). The262

rest of the image processing steps were performed using Matlab. The functions used for analyses are263

highlighted in the discussion that follows. In the second step, an adaptive threshold was applied to the264

region of interest for segmentation from the background, using Matlab’s ’graythresh’ function [56].265

This is illustrated in Figure 3b. In the final step, the connectivity of solids on each slice in 3D was266

established using the function ’bwconncomp’, and the resulting volume space was rendered using the267
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(a) (b).

Figure 3: XCT image analysis procedure for the identification of the internal structure of a mannitol particle. a) gray scale
image b ) processed image with an enclosing boundary in red. Note that the white pixels represent the solids.

function ’isosurface’. This analysis allows the solids and pore spaces within each slice to be identified.268

The solid fraction, ε, of each slice is given as the ratio of the solid volume, Vp,slice, to the total volume269

of the slice, Vslice:270

εslice =
Vp,slice

Vslice
(4)

The resulting solid fraction distribution along the z-direction can be determined by computing the solid271

fraction for each slice.272

Since the z-axis of the particle depends on the particle orientation and hence axis of rotation, it is273

necessary to make the computed solid fraction distribution independent of the axis of rotation. This274

was achieved by expressing the solid fraction as a function of the equivalent spherical radius of the275

particle (instead of a function of the z-axis). This allows particles obtained under similar conditions276

but with slightly different sphericity to be compared. By identifying thresholds or steps in the solid277

fraction distribution, this further provides information on the shell thickness of a particle (this will be278

discussed in further detail in the following). In the discussion that follows, we highlight a methodology279

that allows the solid fraction to be expressed as a function of an equivalent sphere radius. Consider280

the manufactured particles as onion like structures, with each onion layer representing a spherical shell281

layer. The solid fraction of each defined shell layer can be expressed as a function of the radial position282

within the particle, assuming it is a sphere.283

13



The first step starts with finding the enclosing boundary of the particle. The boundary was defined as284

the convex hull, ’convhull(I)’, of the object, I, when they contain a blow hole, otherwise the actual285

boundary of the object, ’bwboundaries(I)’, was computed when a blow hole does not exist. Ideally,286

this type of analysis should be performed using the actual boundary of the particle slices. However287

most particles obtained in this work possess a blow hole that exposes the interior of the particle to the288

exterior. The consequence of this is that in some of the slices the boundary is not closed cf. Figure 4a.289

In order to avoid this problem and make the analysis consistent, it was necessary to use the convex hull290

approximation to close the boundary for each slice. In the case of shrivelled particles, the blow holes291

do not exist (a consequence of the formulation and drying condition) and therefore the convex hull292

approximation was not required, an example of this type of particle is illustrated in Figure 6b, where293

the volume space has already been rendered (2D slices of this particle are shown in the supporting294

information, Figure S3). Hence, the choice of algorithm depends on the nature of the particle. In the295

next step, the convex hull of the object in each layer was masked, ’imfill’, (Figure 4b). The layers296

were then combined to create a 3D masked (filled) volume of the original particle (i.e., the particle297

volume was reproduced assuming no void space exists). Each pixel of the now masked particle was298

then mapped to its outer boundary by calculating the euclidean distance transform in 3D i.e., each non299

zero (white) pixel is mapped to the nearest zero (black) pixel which represents the outer boundary of300

the 3D masked volume, ’bwdist’. The white pixels were binned based on the distance from the outer301

boundary into defined particle shell layers accordingly. Figure 4c illustrates a cross section of the 3D302

distance transform of the particles (note that this is a 2D cut view of the 3D transform of the particle at303

the same z position as the binary images).304

The mapped layers from the 3D distance transform of the masked image were used to produce the shell305

layers in the original particle (onion layers as mentioned above). Figure 5a and Figure 5b show the 3D306

cross sections of the constructed shell layers for the masked and original particles respectively. One307

can observe that the hole present at the surface is now closed when the particle is masked as expected.308

Figure 6a and Figure 6b shows the constructed shell layers when the particle of interest is collapsed or309

shrivelled. In this case, the convex hull approximation is not required and the actual particle boundary310

is used to produce the shell layers. The shell layers are then transformed to fit in a sphere equivalent311

particle, i.e., the volume of each spherical layer has the same volume as the corresponding shell layer312
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(a) (b) (c)

Figure 4: a) segmented image of a particle slice b) masked (filled) image of a particle slice c) distance transform of the cross
section of a particle (obtained from its 3D distance transform).

in the original particle. The thickness, δr, of a spherical shell layer, k, is given by:

(a) (b)

Figure 5: 3D rendering of a particle showing its shell layers a) an ideal particle without voids i.e., with 100 % solids. Note
that this is an actual particle obtained from experiments, but in this case the particle is masked b) original particle with voids
as obtained experimentally. Each shell layer is 15 µm thick.

313

δr,k = ro,k − ri,k = ro,k −

(
r3

o,k −
3

4π
Vshell,k

) 1
3

(5)

314

where ri,k and ro,k is the equivalent inner and outer radius of the spherical shell layer, k, respectively315

and Vshell,k is the volume of the shell. The solid fraction distribution of the particle can be plotted as316
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(a) (b)

Figure 6: The 3D the rendering of a deformed particle showing its shell layers a) voidless particle with a solid fraction of 1
and b) original particle with small amount of void space. The thickness of each shell layer is 10 µm.

a function of the equivalent sphere radius, r, of the particle. The thickness of the shell layers within317

the particle (based on the mapped distances) can be chosen as a parameter of analysis. For example318

in Figure 5, the chosen shell layers are 15 µm thick. However, the region of the actual particle that319

is classified as a shell (usually the region with a high solid fraction) requires a predefined criterion to320

define the particle shell region and hence its thickness.321

In the ideal case shown in Figure 1 where the particle is symmetrical, identifying the shell region is322

straightforward since a plot of the solid fraction, or cumulative solid fraction will indicate a sharp rise at323

the inner boundary of the particle shell region. The particles obtained in this work are non symmetrical324

and the shell region is similarly not symmetrical. In Figure 5b, there exists a region of minimum and325

maximum shell thickness. It is therefore counter intuitive to define a specific average shell thickness326

value. Instead, the shell region is defined based on several criteria. The minimum shell thickness327

is defined as the region of the shell with a solid fraction, ε, of at least 0.7, while a maximum shell328

thickness is defined by the region of the particle with a solid fraction of at least 0.5. It is also possible329

to quantify the thickness using the cumulative solid fraction, since ideally the shell region will hold a330
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considerable amount of the total particle solid content. The cumulative solid fraction is given by:331

Cs f (k) =

i=k∑
i=1

Vp,shell(i)

i=n∑
i=1

Vp,shell(i)

(6)

where Cs f (k) is the cumulative solid fraction of solids, starting from the centroid of the particle to shell332

layer k, and n is the number of shells. In this case, the minimum and maximum shell thickness is333

defined as the region containing at least 50% or 70% of the total particle mass respectively.334

Comparison between the thickness defined using the above methods is discussed in the result section,335

Section 4. Figure 7 shows an example of the cumulative solid fraction and the solid fraction distribution336

for the particle depicted in Figure 5. The solid fraction in this plot is seen to decrease starting from the

Figure 7: Profiles of the solid fraction and the cumulative solid fraction for the particle shown in Figure 5b.

337

surface until a minima is reached, usually zero in the case of a hollow particle. In extreme cases where338

several minima exists as consequence of the architecture of a particle, the thickness value is taken as339

that before any minima, i.e., the thickness is defined as the region where the solid fraction, starting from340
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the surface first drops below the predefined values. This kind of behaviour is probable particularly in341

completely deformed (shrivelled) particles such as Figure 6b (the profile for this is shown in Figure342

S4 of the supporting information). In the case of the cumulative solid fraction, this consideration is343

not relevant since the distribution is monotonic. Comparing the cumulative solid fraction of a voidless344

particle to the original particle (Figure 5), one can clearly see that a considerable amount of solid is345

contained in a small region close to the surface.346

4. Results and Discussion347

4.1. Droplet drying behaviour348

During the evaporation of a pure component droplet, there is no internal limitation to mass transport349

and evaporation proceeds through a period of ideal shrinkage. At the beginning, the temperature of350

the droplet changes gradually to the wet bulb temperature of the liquid and remains constant at this351

temperature for the remaining duration of drying. According to the d2 law [52], the plot of the nor-352

malised surface area against time should be linear in this regime for pure substances. Figure 8a shows353

the drying profile for water (averaged for five different set of experiments). The surface area of the354

droplet is observed to decrease almost linearly with time accordingly. The slight deviation from lin-355

earity is rationalised to be the effect of decreasing Reynold’s number as the droplet shrinks, an effect356

that is considered negligible in the derivation of the d2 law [43, 52] cf. Figure S1 of the supporting357

information in Abdullahi et al. [43]).358

During drying, the droplets were observed to be deformed. The droplet deformation can be represented359

by the aspect ratio as shown in Figure 8a. One can observe that the droplet aspect ratio decreases to a360

value of 1.0 as the droplet size decreases over time. This effect is well documented in literature and has361

been explained to be a result of the non-uniform sound pressure distribution around the droplet in the362

acoustic field [55, 58]. The extent of deformation depends on the size of the droplet, droplet properties363

(surface tension of the liquid) and the sound pressure. The sound pressure distribution also leads to364

the streaming of the gas. This gas streaming affects the convection of solvent vapour away from the365

droplet surface. In primary acoustic streaming the droplet will experience enhanced convection while366

in secondary acoustic streaming, the convective transport is reduced. Generally, one can reduce or367
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(a) (b)

Figure 8: a) The drying profile of water evaporated at 60◦C, 0% relative gas saturation and a gas flow rate of 1 L min−1. The
data presented here is averaged for five different experiments. b) Sherwood number for evaporation predicted according to the
Ranz and Marshall [57] correlation and Abramzon and Sirignano [51] and compared to that obtained from acoustic levitation
experiments for a single experiment.

eliminate these effects by blowing a gas around the droplet [59, 60]. In order to understand the effect of368

acoustic streaming on mass transfer, one can approach the problem by computing the time evolution of369

the Sherwood number during evaporation in an acoustic levitator, and compare this to theoretical values.370

We have explored two mass transport approaches to predict the Sherwood number for evaporation: 1)371

the Ranz and Marshall [57] correlation and 2) the modified Sherwood number detailed by Abramzon372

and Sirignano [51]. To determine the actual Sherwood number, one can use the d2 law for evaporation373

under forced convection, as described by Tuckermann et al. [61] and fit this to the drying profile:374

r2(t) − r2
0 = −

2DvM
ρsR

(
pwb

Twb
−

p∞
T∞

)
Sh(t)

2
t (7)

where Dv represents the vapour diffusivity, M is the molecular weight of the solvent, pwb is the375

saturated vapour pressure computed at the wet bulb temperature, Twb, of the droplet surface, p∞ is the376

vapour pressure at the bulk gas temperature, T∞, and is lower than pwb and Sh is the Sherwood number.377

Note that the value of p∞ is zero for a dehumidified gas. The temporal evolution of the Sherwood378

number is shown in Figure 8b for a single drying profile of water. The maximum Sherwood number379

is observed at 3.6 and is substantially larger than the value of 2.0 for evaporation in quiescent gas, as380
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well as for evaporation under forced convection without any sound influence. The results clearly shows381

the influence of acoustic streaming on the evaporation of droplets in an acoustic levitator. These effects382

do not prevent comparing single droplet drying experiments carried out with acoustic levitation to383

pilot/full-scale spray drying experiments, but should be noted (i.e., rather than matching gas velocities384

directly, one should match the Sherwood number occurring in both experiments (while also matching385

the remaining experimental conditions)).386

In a solution droplet where two main drying regimes exist, drying during the first stage is unhindered387

similar to the drying of pure water. In the second stage, the formation of a shell or skin layer at the388

surface creates a resistance to mass transport as internal moisture migration becomes the rate limiting389

process. The rate of evaporation therefore decreases significantly. The drying behaviour of the solution

(a) (b)

Figure 9: a) The drying behaviour of aqueous solution droplets containing mannitol, PVP and mannitol-PVP and b) the effect
of the starting concentration of mannitol on the drying behaviour of solution droplets. All experiments were conducted at 60
◦C, 0% relative gas saturation and a gas flow rate of 1L min −1.

390

droplets containing mannitol in water, PVP in water and mannitol and PVP in water are compared in391

Figure 9a 3. The result illustrates a reduction in the evaporation rate during the first drying stage for392

3The drying history of all solution droplets was seen to be repeatable by conducting 3 experiments at the same conditions

and the average evaporation constant
(
∆d2

∆t

)
, as well as the standard deviation are summarised in Table 2, Table 3 and Table 4.
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solutions containing mannitol and PVP when compared to pure water. This may be attributed to the393

reduction in water activity due to the presence of other species in the solution, leading to a reduction394

in the partial pressure exerted by the solvent. At the onset of the second drying stage, the solution395

droplet forms a shell as a result of solid agglomeration or gel formation at the droplet surface. For396

these experimental conditions the particle size remains constant for the remainder of the drying period.397

In the case of aqueous PVP solutions, the formation of a sticky gel was observed (when collected398

on a spatula a few minutes after the critical point) but when allowed to dry for several hours, the399

solid becomes non-sticky as the moisture content of the particle is reduced significantly. The drying400

of PVP-water and mannitol-water solutions is further observed to exhibit comparable drying times401

until the critical point, Figure 9a. Figure 9b shows the drying kinetics of mannitol-water solutions402

for different initial concentrations. It can be observed that during the first drying stage, the drying403

rate is almost independent of the mannitol solution concentration. However, as the concentration of404

mannitol increases, the critical point occurs earlier due to increased crystal nucleation and growth405

kinetics resulting from the larger concentration gradient driving force.406

4.2. Effect of starting solution concentration on particle structure407

The dried particles collected at the end of the drying process were analysed using the range of tech-408

niques discussed in Section 3. SEM images of mannitol particles obtained at different starting concen-409

trations are shown in Figure 10. The external morphology illustrates the tendency of mannitol to form410

needle-like crystals [62]. The most distinct features observed are the particle size, the presence of holes411

in the shell of the particle and the surface roughness.412

The SEM images show qualitatively, the increase in particle size with increasing starting concentration413

(scale bar is 200 µm in all images). This is also demonstrated in the droplet drying history shown414

in Figure 9b. As discussed in Section 2, the evaporation of solvent from a solution droplet causes an415

increase in the solute concentration at the surface as the droplet shrinks. The high concentration at416

the surface is then transported by diffusion towards the centre of the droplet. When the concentration417

exceeds the saturation concentration of the solute in the solvent, the system is said to be supersaturated418

and a driving force for crystallisation is established. This leads to the nucleation and growth of crystals419
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Figure 10: Scanning electron microscope (SEM) images of mannitol particles for different starting concentrations M1-60,
M5-60, M7-60, M11-60 respectively.

in the solution droplet. The higher the starting concentration of the solute in the droplet, the higher420

the maximum concentration that can be reached at the surface during the drying process and the faster421

supersaturation is established. The effect of this is the earlier formation of a shell when the volume422

of the droplet/particle is still large. The effect of concentration is also reflected in the Peclet’s number423

which relates evaporation to diffusion (Equation 1). The higher the starting concentration, the higher424

the concentration gradient between the droplet surface and the droplet centre and the lower the resulting425

Peclet number. This would be expected to lead to smaller particles due to the faster diffusion but this is426

also counteracted by the faster particle formation kinetics.427

After a shell is formed, the evaporation of the solvent will continue through the interstices of the formed428

porous shell by diffusion or capillary transport. The slow transport mechanism in this regime may lead429

to the build up of pressure inside the particle since the formation of the shell now fixes the size of430

the particle and this may lead to particle rupture or collapse. The extent of this behaviour of course431

depends on the material make-up of the shell and the thickness of the newly formed shell. In the case of432

drying mannitol from aqueous solution, there is only one solute and shell formation is thereby driven433

by the solid formation kinetics of the single solute. Figure 10 shows the presence of blow holes in434

the shell for the concentration range investigated. This shows that the pressure build up caused by435

the volume expansion resulting from the formation of vapour within the droplet is enough to cause436

permanent deformation of the particle, starting from the weakest point i.e., the region with minimum437

shell thickness [19, 63]. In some cases, the shell collapses from two sides to form a toroid-like particle.438

At temperatures above the boiling point, the effect is expected to be more pronounced. However, such439
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conditions were not investigated in this work.440

Although the physics described above are sound, it may be argued that the formation of the blow holes441

is attributed to the effect of the acoustic pressure. Pathak and Basu [63] however showed from the study442

of the buckling dynamics of droplets in an acoustic levitator that the capillary pressure observed during443

drying is an order of magnitude higher than the acoustic pressure observed. A qualitative comparative444

analysis of the result described above for mannitol to that obtained from lab and pilot scale spray drying445

experiments [64, 65] show very good comparisons and partially demonstrates that the presence of the446

instabilities may be common driving factors. In both spray dryer scales, particles with indents were447

obtained when drying at 60 − 70 ◦C, although the starting concentration used for the experiments was448

higher, at 15% w/w. The indents shown at these conditions rather than complete blow holes may be449

explained by the size of the particles formed in the dryer. The initial droplet sizes employed in the spray450

drying experiments were between one and two orders of magnitude smaller than that employed in this451

work. This led to the formation of much smaller particles and since smaller particles are expected to452

have a higher resistance to shell deformation for the same shell thickness, the difference in the extent453

of deformation can be qualitatively rationalized. Nevertheless, the analysis above show similar particle454

morphology to that obtained from spray drying experiments.455

The surface roughness of particles is also seen to increase with increasing concentration. At low con-456

centrations, the particles are observed to be smooth and as the concentration is increased, the degree457

of surface roughness increases. This can also be explained by the higher degree of supersaturation458

reached at higher concentrations, resulting in rapid nucleation and growth of crystals. The roughness459

of the surface is seen to originate from the presence of nucleation sites at the external surface of the460

particles from which crystals grows outwards on the surface during the drying process. At low concen-461

trations, the number of surface nucleation sites is small and cannot be seen at the given resolution but462

as the concentration increases, the nucleation sites become more visible. From the results above, one463

can postulate that the presence of multiple surface nucleation sites may lead to the formation of rough464

structural features at the surface of the particles. The extent of this will depend on the combination of465

the drying kinetics and the kinetics of crystallization.466

3D volume rendering from tomography measurements allow further visualisation of the internal mi-467
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crostructure of the particles. From the 3D rendered volume of the particles shown in Figure 11, needle-468

like crystals can be seen to propagate inwards from the surface, acting as supporting structure for the469

near spherical particles. The needle crystals in the particle interior are typically larger than the crystals
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Figure 11: 3D volume rendering of particles obtained from the drying of aqueous mannitol solution at different concentrations
a) M1-60 b) M5-60 c) M7-60 d) M11-60.

470

on the surface owing to the fact that the crystals in the interior are exposed for longer in the supersatu-471

rated solution as the solvent evaporates slower following shell formation. In the presence of a hole at472

the surface at high concentrations, crystals are seen to propagate outwards through the pores/holes to473

form protuberances on the particle surface. The presence of these protuberances leads to a decrease in474

particle sphericity as shown in Figure 12. The large error bars here can be explained by the difference475

in the extent of the formation of the protuberances.476

From Figure 11, one can also observe that the particles are highly porous. We conducted a quantitative477

analysis of the particle porosity based on 1) the 2D projected area of particles obtained from the camera478

4 and 2) the volume data from XCT as shown in Figure 12. The porosities calculated from the camera479

do not match with the XCT values, since the approximated volume of the final particle is larger than480

the actual. However, Tran et al. [66] observed a similar trend. Although the authors [66] showed481

that the calculated porosities were lower than expected, this may be attributed to the different method482

employed to approximate the final volume of the particle from the camera images 5. Despite the above483

fact, porosities calculated from the camera images can provide valuable information where expensive484

4The porosity was calculated as: 1 − ε = 1 - volume of dense solid/volume of particle. The volume of particle in this case
was calculated using the equivalent spherical diameter obtained from the camera.

5Tran et al. [66] have calculated the volume of the particle from the camera images, assuming the projected area is that of
a sphere, rather than that of an ellipsoid as shown in the present work
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Figure 12: The effect of formulation condition on the porosity and sphericity of particles.

methods such as XCT are unavailable. One must however take care when calculating the porosity from485

2D camera images as the computed volume depends on the projected area of the particle, which might486

differ according to the particle rotation. In addition, the particle vibration (due to the acoustics) may487

result in a blurry image, which leads to overestimation of the projected area.488

Properties of the particle (size, sphericity, porosity and shell thickness) are summarised in Table 2. The489

thickness of the particles remains similar for the range of concentration investigated. A quantitative490

analysis of this using the solid fraction distribution shows that indeed this is true. However, a similar491

analysis based on the cumulative solid fraction of the particle shows that the thickness increases with492

the concentration of mannitol. This effect may be rationalised by the size of the particles. For example,493

an increase in the radius of the particle, rk + ∆rk, leads to an increase in the volume of the outermost494

particle shell, (rk + ∆rk)3. However, the increase in solid fraction in the shell is not proportional to the495

increase in the shell volume due to the needle like behaviour of the crystals. This implies that the mass496

of solid decreases as one moves away from the surface. Therefore, the higher the starting concentration497

of mannitol in the droplet, the larger the particle, and the thicker the shell that is required to contain498

a given mass of the solid i.e., 50% or 70% as described previously 6. One can observe the presence499

6The crystals propagate inwards from the surface so that an increase in the size of the particle will mean that existing
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of a hole located centrally within the particle shown in Figure 11c. This hole may be attributed to the500

existence of the blow hole which extends from the surface towards the centre of the particle.501

The crystallinity of the particles was investigated using Raman spectroscopy. For the pure crystalline502

forms, characteristic peak positions were used to differentiate the solid forms. Fronczek et al. [67]503

and Cornel et al. [68] reported three anhydrous polymorphs of mannitol, β (stable), α (metastable) and504

δ (least stable) for the range of conditions considered in this work. According to Su et al. [69], the505

difference in peak centre positions and broadness for the bands centred at 480, 885 and 1123 cm−1
506

and band range 2850-3000 cm−1 can be used to differentiate the polymorphs. The first three plots in507

Figure 13a show an example of the difference in peak positions for the band range 2850 - 3000 cm−1
508

(dashed box) for the reference patterns 7. The remaining spectra in Figure 13a are for the particles509

formed from mannitol-water solutions. For the range of concentrations of mannitol in water, M1-60510

(0.9% w/w) to M11-60 (11.2% w/w) investigated, the α form was readily obtained at concentrations511

less than M7-60 (7.3% w/w), although traces of the stable β form were observed to form concomitantly512

for the concentrations M5-60 and M7-60. At a higher starting concentration M11-60 (11.2% w/w), the513

degree of concomitant crystallisation was observed to increase significantly, with the β form seemingly514

dominating the formed particle. A detailed result of the polymorphic outcome for different samples and515

sample points are shown in Table S1 of the supporting information. The concomitant crystallisation516

of mannitol has been previously reported [70, 71] and was explained to be a result of the competing517

nucleation and growth rate of the polymorphs.518

As discussed in Section 2, the morphology and microstructure of the particles may result from the519

drying history of the droplets. This is related to the Peclet number, Equation 1. In non-ideal mixtures,520

the effect of solute concentration on the evaporation of solvent from the droplet can be significant,521

hence the degree of solvent flux and the diffusivity of the solute from the droplet surface towards the522

centre is a function of time. In our previous work [43], we have detailed a numerical solution to the523

conservation equations describing the drying history for the cases shown in the present work. From the524

simulation, we have solved for the evolution of the concentration profile over time. We have used results525

crystals can grow further inwards from the surface. The small crystals acting as binders at the surface do not extend down
from the surface.

7The reference patterns were obtained experimentally from pure samples.
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(a) (b)

Figure 13: Raman spectra showing: a) the effect of starting mannitol concentration b) the effect of starting PVP concentration
on the crystalline nature and polymorphic outcome of manufactured particles.

from the simulation to compute the Peclet number as a function of time. Our investigation showed526

that by normalising the Peclet number with the initial Peclet number for the formulation and drying527

conditions considered here, the data will collapse to a single profile. Such an analogy indicates the528

strong dependence of the Peclet number on the initial condition so that we can utilise the initial Peclet529

number Pe(0) to describe and compare different particle properties (see Figure S5 of the supporting530

information). The Peclet number calculated for each run is given in Table 2 and is seen to decrease531

with concentration as expected. The intermediate range of Peclet number (Pe ≈ 1) obtained throughout532

may demonstrate why rigid porous particles were obtained.533
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Table 2: Experimental results for the drying of mannitol solutions from different starting droplet concentrations a.

Description M1-60 M5-60 M7-60 M11-60

Evaporation constant k [10−9 m2 s−1] 4.96 ±0.2 5.18 ±0.2 5.24 ±0.2 5.18 ±0.2

Peclet number [-] b 0.95 0.94 0.92 0.87

Final particle size [µm] 325.6 ±12.4 552.8 ±5.5 693.6 ±19.8 802.9 ±27.5

Final particle porosity [-] 0.44 ±0.03 0.49 ±0.04 0.57 ±0.03 0.60 ±0.01

Sphericity [-] 0.89 ±0.06 0.81 ±0.08 0.72 ±0.14 0.73 ±0.15

Shell thickness with ε > 0.7 [µm] 6.8 ±2.1 6.5 ±0.1 6.8 ±1.0 - c

Shell thickness with ε > 0.5 [µm] 27.5 ±13.0 21.1 ±6.0 25.5 ±2.0 - c

Shell thickness with Cs f > 0.5 [µm] 18.6 ±1.6 34.0 ±1.9 36.01 ±0.7 40.2 ±1.6

Shell thickness with Cs f > 0.3 [µm] 32.6 ±2.4 59.7 ±2.3 67.0 ±0.7 74.5 ±2.1

a A gas flow rate of 1 L min−1 was used (determined from parameter fitting see Abdullahi et al. [43]) and a gas relative saturation of

0% in all investigations

b The Peclet number was calculated using Equation 1.

c The current method of analysis is still unable to accurately describe very rough particles as in the case of high concentration of

mannitol due to the protuberances formed at the surface of the particle. However, it is possible to still quantify the cumulative solid

of solids within the droplet with good accuracy.

534

4.3. Effect of polymer concentration on particle structure535

To further understand the effect of formulation properties on the particles formed, different concen-536

trations of PVP (a polymeric binder) were added. The particles obtained at the end of drying show537

qualitatively similar morphologies (with indents/blow holes at the surface) for low to medium concen-538

trations (Figure 14). The particle is seen to transition from partially deformed (with blow holes) near539

spherical particles (P1-60, P3-60, P5-60) to a completely deformed (shrivelled) particle at high concen-540

trations ≥ 7.8% PVP (P8-60). The shape of the particle is described by its sphericity and is shown in541

Figure 12. At low concentration of PVP relative to mannitol, mannitol precipitation is still significant542

and hence, the formed shell layer still possesses sufficient rigidity that prevents it from collapsing.543

At high polymer concentrations relative to mannitol, the shell layer is increasingly dominated by the544

skin forming polymer and the forming shell is elastic, such that it collapses quickly due to the pressure545

forces acting on the shell. In the end, the strength of the final particle shell is influenced by the com-546

bination of mannitol solid precipitation and the polymer skin formation. The particles obtained show547
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Figure 14: Effect of PVP concentration on a 4.5% w/w mannitol solution, from left to right P1-60, P3-60, P5-60, P8-60
respectively

smoother surfaces when compared to the binary case of mannitol in water shown in Figure 10. The548

addition of a skin forming material like PVP acts to inhibit the crystal formation kinetics of mannitol549

by trapping the solute molecules in the amorphous excipient matrix during solidification.550

At low PVP concentrations, the effect of this inhibition mechanism is low, however as the concentration551

of PVP is increased, the effect of the polymer excipient dominates during the solidification process. The552

inhibition of crystallisation, coupled with the relative transport mechanism of the solutes (mannitol and553

PVP) determines the inception of shell formation and the smoothness of the particles. The results554

confirm that even at low polymer concentration, the particles are smoother when compared to the555

binary case M5-60 (Figure 10). However, this does not necessarily mean that the surface is solely the556

polymer as it may still consist of the crystalline mannitol.557

In a multicomponent system such as this, the diffusivity of each component is affected by that of the558

other components. The faster diffusing component in the solution phase is expected to predominantly559

solidify as the particle core while the slower component solidifies predominantly as the shell at the end560

of the drying process. Metaxiotou and Nychas [72] showed experimentally that the binary diffusion561

coefficient in aqueous PVP solution at 25◦C is in the range of 1× 10−11 m2 s−1 at low concentrations, a562

value one to two order(s) of magnitude smaller than that of mannitol in water at 4.5% w/w, ≈ 2×10−9 m2
563

s−1 computed using Stokes-Einstein, Equation 3. Although the slower diffusivity of PVP may suggest564

the preferential accumulation of PVP at the surface, it is far more complicated due to the dynamics of565

the combined system during drying. Particularly, the viscosity of the droplet may increase considerably566

as the droplet becomes more concentrated. Since D ∝
1
η

, this may significantly reduce the diffusivity567

of mannitol and lead to the formation of a shell containing similar proportion of both components.568
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Figure 15 supports the above hypothesis as the amount of crystallinity within the particle is observed to569

decrease (visually) with increase in concentration. This is further confirmed by Raman analysis shown570

in Figure 13b. The polymorphic outcome from this is discussed below. The decrease in crystallinity571

also brings about the decrease in particle porosity with increasing PVP concentration, as shown in572

Figure 12. Similar to the mannitol particles, the observed trend between the porosity obtained from the573

camera and XCT is followed. From the SEM images and 3D volume rendering from XCT, it is clear574

that the morphology and microstructure of particles are influenced by the nature of the formulation.
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Figure 15: The 3D cross section of the particles obtained from solution droplets containing varying ratios of PVP and
mannitol. a) P1-60 b) P3-60 c) P5-60 d) P8-60.

575

The effect of concentration on the size, porosity and shell thickness of the particle for the range of576

conditions investigated is summarised in Table 2 and Table 3. Both porosity and particle size increases577

with concentration in the case of mannitol as expected. When PVP is added, the porosity is seen to578

decrease with increasing concentration, while the particle size increases to a maximum and then de-579

creases afterwards. On the other hand, the shell thickness increases with increase in PVP concentration580

(a consequence of the binding property of the polymer), for all the shell thickness metrics described in581

Section 3.3.4. The increasing shell thickness can also be clearly observed from the XCT images shown582

in Figure 15.583
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Table 3: Experimental results for the drying of droplets containing varying starting concentration of PVP in a PVP-mannitol-water
formulation a.

Description P1-60 P3-60 P5-60 P8-60

Evaporation constant k [10−9 m2 s−1] 4.92±0.3 5.18±0.1 5.01±0.1 5.00±0.1

Final particle size [µm] 590.0 ±18.3 639.8 ±16.7 702.0 ±2 652.2±17.4

Final particle porosity [-] 0.47 ±0.02 0.41 ±0.02 0.33 ±0.02 0.13 ±0.03

Sphericity [-] 0.94 ±0.03 0.93 ±0.04 0.95 ±0.02 0.77 ±0.14

Shell thickness with ε > 0.7 [µm] 15.5 ±1.6 21.9 ±0.3 29.2 ±3.9 - b

Shell thickness with ε > 0.5 [µm] 34.5 ±3.0 39.4 ±3.8 56.9 ±7.8 - b

Shell thickness with Cs f > 0.5 [µm] 28.2 ±1.2 29.5 ±1.4 34.3 ±3.5 49.3 ±1.2

Shell thickness with Cs f > 0.3 [µm] 50.1 ±3.4 52.7 ±4.5 59.5 ±7.8 81.5 ±3.2

a A gas flow rate of 1 L min−1 is used (determined from parameter fitting see Abdullahi et al. [43]) and a gas relative saturation of 0%

in all investigations.

b At high concentration of PVP (for example, P8-60), the particles become shrivelled that the resulting solid fraction is low across the

particle. Therefore, a shell does not exist explicitly as seen in Figure 15d.

584

Whereas the α and β polymrophs were obtained from aqueous D-mannitol solutions, the least stable585

δ polymorph of D-mannitol was manufactured consistently for concentrations up to 7.8% w/w PVP586

(P8-60) in the presence of PVP, Figure 13b. At concentrations above this (P15-60 and P20-60), the587

characteristic peaks of the crystalline D-mannitol polymorphs were not observed any more and the588

amorphous PVP spectrum becomes apparent, indicating the dominating effect of the polymer at these589

concentrations. The polymorphic outcome of this work agrees well with that obtained from a lab scale590

spray dryer investigation by Vanhoorne et al. [73], where the δ polymorph was manufactured in the591

presence of PVP (from 1:4 PVP-mannitol solutions). This starting concentration is approximately that592

of the P1-60 sample in this work.593

4.4. Effect of temperature on particle structure594

The effect of drying temperature on particle morphology and microstructure was also investigated. For595

the range of temperatures considered (i.e., 40 - 80 ◦C), the particle size in the case of aqueous mannitol596

solutions remained similar as reported in Table 4. Perhaps, a result of the limited range of conditions597

investigated. The surface roughness was however observed to decrease with increasing temperature as598
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expected (Figure 16), since the faster evaporation leads to a higher concentration at the droplet surface599

and hence a higher propensity for nucleation. Lower temperatures favour crystal growth rather than600

nucleation. This leads to increased particle roughness and the formation of protuberances and results601

in lower particle sphericity as shown in Figure 17.
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Figure 16: Effect of temperature on a 4.5% w/w mannitol solution, from left to right M5-40, M5-60, M5-80 respectively

Figure 17: Effect of drying condition on the porosity and sphericity of particles.

602

The above results are in qualitative agreement with experimental data reported on lab scale spray dry-603

ers. Investigations by Maas et al. [74] and Littringer et al. [75] led to the conclusion that the particle604

size did not change when temperature was varied. However in this work also, the range of temperature605
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investigated was limited. When a larger range of temperature was considered as in the pilot scale in-606

vestigation reported by Littringer et al. [75], the particle size was observed to increase with increasing607

temperature, at least until the particles began to deform considerably at high temperatures. The same608

authors further demonstrated that increasing the drying temperature led to rougher particles in the lab609

scale dryer [74–76]. This is indeed surprising from a theoretical point of view since higher drying tem-610

peratures should result in more nucleation of crystals and smaller sized crystals overall when compared611

to slow crystallisation. The authors rationalised this as an effect of delayed crystallisation resulting612

from the high solution viscosity at the droplet surface. This subsequently led to reduced nucleation at613

the temperatures investigated. Littringer et al. [75, 77] also showed results for the effect of temperature614

conducted on a pilot scale dryer. In this case, the results obtained were comparable to the ones observed615

in the present work with increasing temperature leading to smoother particles.616

The larger droplet sizes employed in the acoustic levitation approach and on a pilot scale dryer when617

compared to the lab scale dryer may be the reason why the particle surface roughness increases with618

temperature. The time scale of evaporation in the lab scale dryer is between 1 and 2 orders of magnitude619

smaller (due to the much lower surface area to volume ratio of the droplets) and may indeed result in a620

highly viscous solution at the droplet surface in the case of a lab scale dryer [78]. The above statement621

is substantiated by the simulation result shown in Figure 18 (generated with the model reported in622

Abdullahi et al. [43]). This result demonstrates the effect of process scale on the concentration of623

mannitol reached at the surface of the droplet. For smaller sized droplets (40 µm) as found in a lab scale624

operation, the shrinkage is an order of magnitude faster, compared to a size of 140 µm, which is typical625

in a pilot scale operation. This is also a few orders of magnitude faster than that of a droplet size of626

1400 µm typical of single droplet drying 8. Quantitative evaluation of the particle shell thickness shows627

that this is similar for the range of temperatures investigated, for all the evaluation criteria defined.628

This behaviour is not surprising, particularly if the crystallisation process is the rate limiting step in629

particle formation. The increase in temperature causes an increase in the solubility of mannitol and an630

increase in the time to reach saturation at the surface. Although this is in competition with the higher631

8The simulation proceeds up to a mass fraction of 0.14 (w/w) representing the saturation concentration of the D-mannitol
(for the stable β polymorph) in water at the wet bulb temperature of 293 K
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Figure 18: Simulated mass fraction of mannitol (in 4.5% w/w aqueous solution) at the surface during evaporation in a N2

environment at 60 ◦C, 0% relative saturation and a gas flow rate of 1 L min−1.

crystallisation kinetics at higher temperatures and the faster drying kinetics, the significant change in632

the solubility with temperature in the case of mannitol may outweigh the kinetic effects in this case.633

The effect of temperature in the presence of PVP was further investigated. The resulting morphologies634

are illustrated Figure 19. Qualitatively, the particles remain near spherical at the different temperatures.635

This is confirmed from the sphericity measurement shown in Figure 17. Analysis of the shell thickness636

shows that an increase in temperature may leads to a decrease in the shell thickness. However, the637

accuracy of the data in this case suggests a larger variation of temperature needs to be investigated. The638

effect of temperature on the particle properties is summarised in Table 4.639
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Figure 19: 3D rendered volume of particles obtained at different temperatures from an aqueous solution droplet containing
4.8% w/w PVP and 4.5% w/w mannitol, a) P5-40 b) P5-60 c) P5-80.

Table 4: Experimental results for the drying of mannitol and PVP-mannitol solutions at different temperatures a.

Description M5-40 M5-60 M5-80 P5-40 P5-60 P5-80

Evaporation constant k [10−9 m2 s−1] 3.90±0.3 5.18±0.1 6.23±0.3 3.30±0.1 5.18±0.1 6.72±0.3

Peclet number Pe [-] 0.75 0.94 0.94 -b -b -b

Final particle size [µm] 517±2.3 552.8±5.5 539.5±3.1 683.8±5.5 702.0±2 752±3.7

Final particle porosity [-] 0.48±0.02 0.49±0.01 0.54±0.01 0.34±0.01 0.37±0.02 0.42±0.01

Sphericity [-] 0.64 ±0.04 0.81 ±0.08 0.89 ±0.03 0.94 ±0.01 0.95 ±0.02 0.97 ±0.01

Shell thickness with ε > 0.3 [µm] 8.2±1.0 6.5±1.0 12.4±1.0 40.6±1.0 29.2±4 27.0±2

Shell thickness with ε > 0.5) [µm] 27.5±13.0 21.1±6.4 25.5±2.0 68.4±4.0 56.9±8.0 64.0±9.0

Shell thickness with Cs f > 0.5 [µm] 41.1 ±3.9 34.0 ±2.0 29.7 ±1.0 36.9 ±2.8 34.3 ±3.5 39.3 ±2.6

Shell thickness with Cs f > 0.3 [µm] 76.0 ±1.6 59.7 ±2.3 54.7 ±2.1 61.4 ±2.8 59.5 ±7.8 63.6 ±2.0

a A gas flow rate of 1 L min−1, a gas relative saturation of 0% in all investigations.

b Equation 1 was used to calculate the Peclet number in the binary systems. However this does not directly apply to a ternary system. Therefore we have not

attempted to calculate this but rather, we have used the information of the binary diffusion coefficient of each component in the solvent to understand the

behaviour of the particles as discussed in the main text above.

640

5. Conclusions641

X-ray computed tomography (XCT) was used to elucidate the morphology and microstructure of par-642

ticles obtained from drying solution droplets containing mannitol or mannitol and PVP in water. The643

implementation of an expansive image analysis algorithm for the XCT images was important in order644

to extract essential architectural features of the particles. Surface and microstructure information was645

extracted using a combination of the image analysis algorithm employed and scanning electron mi-646

croscopy (SEM). Data obtained from camera images were used to quantify the porosity of the particles647

35



and were compared to that obtained from XCT. By considering the effect of formulation properties648

and drying conditions, one can determine how particles of a desired characteristic (i.e., size, sphericity,649

porosity, surface roughness etc.) can be manufactured for a specific application.650

The effect of mannitol concentration in aqueous solution demonstrated the opportunity to manufacture651

particles with different level of crystallinity. The particle size and surface roughness was observed to652

increase with increasing mannitol concentration, although the difference in shell thickness was not con-653

clusive. Characterisation of the particles using Raman spectroscopy showed the ability to manufacture654

the metastable α polymorph at low concentration (up to ≈ 7%). The more stable β form appeared at a655

higher concentration, which was probably due to the stochastic nature of the concomitant crystallisation656

of mannitol [70, 71].657

On the addition of a polymeric binder (PVP), the particle morphologies remained similar with blow658

holes. However, the particles became significantly smoother, owing to the non-crystalline skin forming659

nature of the polymer and the inhibition of nucleation and growth of crystals of mannitol. The particle660

size was observed to increase with increasing PVP concentration until it reaches a turning point, where661

the shell completely collapses leading to complete particle deformation. The manufactured particles662

therefore exhibits a significantly lower porosity and overall volume. At the same time, the shell thick-663

ness increases due to the binding property of the polymer and the polymorphic form changes to the664

least stable δ form.665

The effect of temperature (40 ◦C - 80 ◦C) was also investigated. In the case of aqueous mannitol666

solution, the particle size and shell thickness remained similar for the range of temperature considered.667

However, the surface roughness of the particle was observed to decrease with increasing temperature.668

A result of the faster crystallisation at higher temperatures. Generally, the sphericity of the particles669

(describing its shape) decreases with increase in the formation of protuberances. Comparison between670

porosity values obtained from the camera and XCT were unmatched, but similar trends were observed.671

The result obtained was compared to that from a lab and pilot scale operation [64, 65, 76] and shows672

good similarity.673

In both the single droplet drying experiment employed here and the spray drying experiments, rigid674

porous particles were obtained. Although at lab scale, increasing temperature was shown to lead to675
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rougher particles. The difference in results of the lab scale from that obtained using the acoustic lev-676

itation and for drying at pilot scale was rationalised to be the effect of droplet size on the mechanism677

of crystallisation. In the case of PVP, similar morphologies were also observed, although the particle678

sizes were observed to increase for the same range of conditions. Such a detailed analysis of particle679

morphology development and microstructure can be used to inform product and process development.680

Additionally, the result obtained here may be useful for researchers aiming to develop predictive droplet681

drying models that incorporate microstructure information. We believe that such models could form682

the basis for further advancements in the in-depth description of spray drying operations.683
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