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Auto-agglomeration of dry ibuprofen powder under mechanical vibration: 
Effect of particle morphology and surface properties 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Particle morphology and surface prop
erties impact auto-agglomeration of 
ibuprofen powder. 

• Inverse correlation between auto- 
agglomeration and tribo-charging ten
dencies is seen. 

• Undesirable auto-agglomeration appeared 
to be hindered by higher particle surface 
polarity. 

• Higher surface polarity can be achieved 
by recrystallisation from polar solvent 
and/or induced by breakage.  
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A B S T R A C T   

This study investigates the effect of ibuprofen particle morphology and surface properties on its tendency to auto- 
agglomerate. Four diverse particle morphologies were produced by recrystallisation of ibuprofen from solvents 
with different polarities. The aspect ratio and the polar component of the recrystallised particles decreased as 
follows: methanol > ethanol > acetonitrile > hexane. The auto-agglomeration process was induced by me
chanical vibration and the agglomerate strength was assessed by the Dispersion and Agglomerate Strength 
indices. Relatively strong agglomerates were detected only in the case of ibuprofen recrystallised from ethanol 
and acetonitrile, whereas weaker and no agglomerates were formed during mechanical vibration of ibuprofen 
recrystallised from methanol and hexane, respectively. It was found that tendency of ibuprofen powder to auto- 
agglomerate was associated with lower tribo-electric charges during mechanical vibration, hypothetically linked 
to the competitive advantage of electrostatic attraction of high surface polarity particles to the walls of the vi
bration box which can hinder particle-particle interactions. Crystal surface polarity could be altered by the 
crystallisation protocol and/or by particle breakage (exposing more crystal facets of high polarity) during me
chanical vibration.   
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1. Introduction 

The term auto-agglomeration in the context of dry Active Pharma
ceutical Ingredient (API) powder refers to material sticking to itself that 
leads to the formation, and subsequent growth and/or strengthening of 
agglomerates - assemblages of bound primary API crystals and their 
fragments [1]. A dry API may undergo auto-agglomeration during 
various stages of the drug manufacturing process, including powder 
mixing, blending, milling, handling, transportation and/or storage 
[2–8]. The prefix “auto” is used to emphasise the fact that the discussed 
phenomenon occurs without any additives. Its occurrence is generally 
considered undesirable. Relatively soft API auto-agglomerates may 
regularly form during powder processing, but these are likely to be 
broken without any additional measures taken. Formation of hard API 
agglomerates that withstand breakage during the manufacturing process 
may lead to an inadequate API distribution within final product for
mulations, negatively impacting the API dissolution profile and its 
bioavailability. They may also impact powder flowability and 
compressibility creating risks with safety as well as efficacy and pro
cessability of the drug product [3,5,9–12]. 

Despite the crucial role API auto-agglomeration may play in drug 
product manufacturing and performance, the number of studies 
addressing dry API powder auto-agglomeration is limited and its un
derlying root-causes remain largely unknown. The reported papers are 
mostly on wet/moist API material agglomeration taking place during its 
crystallisation and subsequent drying [8,12,13] as well as those on non- 
API dry materials, such as inorganic chemicals [14,15], detergents [16] 
and food powders [17,18] and, in addition, on other types of unwanted 
dry powder transformation, including bulk powder caking [19,20]. 

In principle, there are many factors, both intrinsic and extrinsic, that 
need to be considered when studying auto-agglomeration of dry API 
powders. The intrinsic properties of the primary particles, such as par
ticle size, morphology, surface energy, surface roughness, amorphous 
content, and many others, along with the interparticle forces heavily 
affect powder behaviour. Interparticle forces include chemical bonding, 
van der Waals interactions, solid bridges, liquid bridges, and electro
statics. When they are attractive particles brought in contact are held 
together. However, it is unlikely that these forces alone will lead to 
spontaneous formation of agglomerates; extrinsic factors, such as me
chanical stress, strain, vibration, humidity and temperature may also 
play major roles in the API auto-agglomeration process [18,20–23]. 

Fundamentally, auto-agglomeration of an API manifests itself when 
attractive interparticle forces/energies prevail over disruptive forces/ 
energies [24–26]. For instance, vertical mechanical vibration has been 
utilized to produce agglomerates of fine powders, for which the equi
librium size and inherent strength were found to be dependent on the 
strength of attractive interparticle forces and mechanical vibration in
tensity [14,15,27]. A snow-balling process was proposed to explain the 
mechanism of agglomerate growth induced by mechanical vibration in 
which small particles stick onto the surface of larger particles and/or of 
already formed agglomerates. Size and mass mismatch drive agglom
eration due to the predominance of the cohesive energy of the bigger 
particles over the kinetic energy of the collision of the small particle 
[15]. Other possible modes of auto-agglomeration include densification 
of soft agglomerates, fusion of the primary particles, their sintering as 
well as accumulation of tribo-electric charges within the bulk powder 
[1,17,18,23,28]. 

The engineering of a given particle of the API is often carried out 
using crystallisation procedure [29–31]. For instance, the surface 
chemistry of the API, which impacts physico-chemical and biopharma
ceutical properties of an API as well as its manufacturing and handling 
behaviour, may be controlled through altering the crystal morphology of 
the API particle that is defined by different proportions of different 
crystal facets [29]. Although there are numerous studies addressing the 
relationship between API crystal surface chemistry, powder properties 
and behaviour [13,32,33], the role of the particle morphology and 

surface properties on dry API auto-agglomeration has not been 
elucidated. 

This work examines possible correlations between particle engi
neering, particle physicochemical properties and post-processing with 
dry API auto-agglomeration. The specific aim was to determine whether 
particle morphology and surface properties, i.e., crystal polarity, impact 
the tendency to undergo auto-agglomeration. Ibuprofen recrystallised in 
different solvents was used as the model API. Its auto-agglomeration 
tendency was tested using mechanical vibration that, to some extent, 
could correspond to drug handling conditions. Ibuprofen samples were 
characterized to define their molecular structure (Fourier Transform 
Infrared, FTIR), crystallinity (Powder X-ray Diffraction, PXRD), particle 
size (optical and laser diffraction), morphology (scanning electron and 
optical microscopies), and propensity to acquire tribo-electric charge. 
The latter is one of the crucial phenomena taking place during powder 
mechanical vibration, thus, potentially affecting powder auto- 
agglomeration process. In addition, approaches to characterise the 
strength of agglomerates/agglomerated powder were investigated. 

2. Materials and methods 

(RS)-ibuprofen (50 μm grade) was supplied by AstraZeneca Ltd. and 
was recrystallised in hexane (99%, Fisher Scientific, UK), acetonitrile 
(≥99.5%, Sigma-Aldrich, UK), ethanol (≥ 99.8%, VWR Chemicals, UK), 
and methanol (≥99.8%, Fisher Scientific, UK). 

Based on ibuprofen solubility data [29,31], supersaturated ibuprofen 
solutions were prepared with the following concentrations: hexane 1.1 
g/ml, acetonitrile 1.42 g/ml, ethanol 1.5 g/ml, and methanol 2.1 g/ml. 
These solutions were heated to 60 ◦C and then cooled linearly at a rate of 
1 ◦C/min in a jacketed Optimax reactor. The solutions were seeded with 
1% of starting material prior to nucleation and then further cooled lin
early at the same rate to 1 ◦C. Crystals were separated from the solution 
by filtering through general-purpose laboratory filter paper (Whatman, 
UK). The resulting wet solid powder was dried in an oven at 50 ◦C for 24 
h. Prior to further characterisation, each recrystallised batch was sieved 
through a stainless-steel sieve with a mesh of 150 μm using a sieve 
shaker (EML, Haver & Boecker, Germany), operating with an amplitude 
of 0.5 mm, over intervals of 10 s for 10 min. 

To induce auto-agglomeration by mechanical vibration, 1 g of 
ibuprofen powder was filled into an acrylic box (60 mm × 60 mm × 60 
mm) mounted in an electrodynamic shaker (Model K2007E01, the 
Modal Shop Inc., Ohia, USA). Vibration was sustained at a frequency of 
110 Hz and an amplitude of 3 mm for 20 min to ensure powder vibrates 
throughout the experiment. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 
spectroscopy was performed using the Thermo Science IS 10 fitted with 
a Smart iTR ATR module and a diamond crystal. Pressure in the order of 
10,000 psi was applied with a high-pressure clamp to the samples and 
each spectrum was acquired as an average of 32 interferograms. Qual
itative analysis was carried across the entire 650–4000 cm− 1 range. 
Background absorption was subtracted from the sample runs. 

Powder X-ray diffraction (PXRD) was performed with a Bruker D8 
diffractometer, in Bragg-Brentano geometry with a standard Bruker 
powder diffraction holder. Cu Kα radiation (λ = 0.154 nm) was gener
ated from an X-ray bremsstrahlung tube operating with 40 kV acceler
ation voltage and 40 mA current. 1◦ fixed divergence slits were applied 
to the incident X-ray beam. Scans were acquired over a 2θ range of 10◦

to 50◦, in steps of 0.035◦. For each ibuprofen batch, relevant percentages 
of (011) and (100) crystal facets were calculated by comparing their 
areas under the curve (AUC) to AUC of all the peaks present in PXRD 
data. 

A Carl Zeiss EVO MA15 SEM instrument was used to perform scan
ning electron microscopy (SEM) to qualitatively assess particle size, 
shape and surface topography. The samples were placed on the carbon 
tabs placed on SEM metal pin stubs, then sputter-coated with a thin (5 
nm) layer of iridium in preparation for SEM analysis to minimize 
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charging. A voltage of 20 kV and working distance of 10 mm were used. 
The particle size and shape of as-recrystalised and mechanically 

vibrated ibuprofen samples were determined using a Morphologi G3-S 
(Malvern Instruments Ltd.; Malvern, UK) apparatus, as it provides ac
cess to particle shape characteristics as well. A small volume (11 mm3) of 
dry ibuprofen powder was placed into the sample dispersion unit. The 
powder was dispersed with 0.5 bar ‘pulse’ of nitrogen and allowed to 
settle over 1 min on the G3 stage glass. A 5× lens was used (measuring 
range 6.5–420 μm) to acquire images of the dispersed sample. Around 
40,000 particles were imaged for each run. Once scanned, particle pa
rameters were determined with the G3 software with the size reported 
using the circle equivalent diameter (CE diameter) and the shape re
ported using the aspect ratio [34]. The width of the size distributions 
was evaluated by calculating the span using the following formula: span 
= (D90-D10) / D50 [35]. 

The strength of auto-agglomerates was characterized with an Aero S 
dry powder standard disperser unit (this has a straight-through 
connection to the measurement cell) for the Malvern Mastersizer 
3000. Particle size distribution measurements were performed for 8 
ibuprofen samples, average data of which were then used for the particle 
strength studies. Each batch was dispersed in air at pressures of 0.1, 2, 3, 
and 4 bar (3 repeats at each bar pressure). Backgrounds were acquired 
over 10 s, followed by measurements over 10 s at a feed rate of 50% and 
obscuration above 0.5%. 

Powder tribo-electrification during dispersion was measured using a 
previously described method [36] placing the dispersion unit of the 
Malvern Morphologi G3 onto a Faraday cup connected to an electrom
eter. All the components of the dispersion setup used for this study were 
made of stainless steel. After recrystallization and drying, samples were 
sieved and left in glass vials for several days before the test. 3 mm3 bulk 
volume from each sample were weighted and then dispersed at 0.5 bar 
dispersion pressure and 20 ms pulse time. The tests were conducted at 
the temperature and relative humidity of 22–23 ◦C and 41–43%, 
respectively and repeated at least ten times to make sure of a repro
ducible value. Then the results for average charge to mass and to surface 
area ratios were studied. The surface area was calculated using the 
Morphologi G3 data collected at 0.5 bar dispersion pressure. 

For the analysis, a work function of 4.77 eV [37] was assumed for 
ibuprofen and 4.3 eV [38] for stainless-steel. 

3. Results and discussions 

The scientific primary literature is rich in papers regarding crystal
lisation solvent effects on ibuprofen crystal morphology and conse
quential differences in its crystal surface properties and powder 
behaviour [29–33,39–41]. Decreasing solvent polarity decreases regu
larity of the crystal morphology from rectangular prism-like to needle- 

like as demonstrated in Fig. 1. Changes in crystal morphology imply a 
change in the proportions of the crystal facets. Literature indicates that 
there are three main facets of ibuprofen: (100), (011) and (002) 
[29,31,41]. The dominant (100) facet contains aliphatic chains at its 
surface, whereas the other two of the main three facets of the ibuprofen 
crystal have carboxylic acid groups exposed at their surfaces. The po
larity of the (011) and (002) facets is greater than that of (100) due to 
the nature of the functional groups exposed at their surfaces. Therefore, 
the overall polarity of the ibuprofen crystal surface and specific surface 
energy go down as the relative presence of (011) and (002) facets 
decrease. 

3.1. Recrystallised materials 

SEM images of the recrystallised ibuprofen samples (Fig. 2) prior to 
mechanical vibration show how crystal morphology varies as a function 
of the solvent medium used for recrystallisation. As expected from 
previous studies [29,32,40], the morphology changes from rectangular 
prism-like to needle-like as the polarity of the solvent decreased 
(methanol > ethanol > acetonitrile > hexane), i.e., higher solvent po
larity favours higher aspect ratios. 

The characteristic particle size distribution (PSD) parameters for the 
recrystallised materials, measured using morphologi G3, are presented 
in Table 1, along with the representative 2D images of the particles 
acquired by static image analysis (Fig. 3). The d50 and d90 aspect ratio 
values (Table 1) decrease as a function of solvent polarity, in the 
following order: methanol > ethanol > acetonitrile > hexane. The cu
mulative number- and volume-based particle size distributions (Fig. 4) 
for the recrystallised ibuprofen samples indicate that, recrystallisation 
from hexane results in the highest proportion of fines (< 10 μm) and the 
lowest proportion of coarse (> 50 μm) particles. All particle size dis
tributions indicate the presence of particles larger than 150 μm which is 
larger than the sieve mesh size of 150 μm. This is expected as larger 
particles can pass through the mesh when orientated with their principal 
axis perpendicular to the mesh plane. 

FTIR spectroscopy and PXRD were also performed on the recrystal
lised ibuprofen samples to determine the molecular structure and the 
polymorphic form of the ibuprofen, respectively. FTIR analysis did not 
indicate differences between the ibuprofen samples (Fig. S1). This is 
expected as this technique is relatively insensitive to particle morpho
logical variations. 

PXRD patterns of four samples (Fig. 5) reveal the alignment of the 
Braggs peaks over the whole scanning range. The measured patterns 
correspond to ICDD database data for ibuprofen single crystal form I 
confirming recrystallisation, independently of solvent used, did not 
result in the form change from (RS)-ibuprofen form I, since the only 
other form (form II) reported in the literature was produced by 

Fig. 1. Schematics showing ibuprofen molecule and the effect of crystallisation solvents on ibuprofen crystal morphology: (100) facet contains aliphatic chains, 
whereas (011) and (002) facets have carboxylic acid groups exposed at their surfaces. The greater proportion of (011) and (002) facets is believed to be associated 
with higher polarity of the crystal and higher specific surface energy. 
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annealing [42,43]. Observed differences in signal intensities may be due 
to a number of factors, such as variations in surface texture of the sample 
and/or the preferred orientation of the particles of distinct morphology 
[40,44]. 

Importantly, PXRD data was used to evaluate the differences in 
proportion of (011) and (100) crystal facets as a function of the crys
tallisation solvent used. The (011) facet was chosen for this analysis as it 
appears as a distinct single Braggs peak and is one of the main facets 
containing carboxylic acid groups exposed at its surface. Relevant 

percentages of the relatively polar (011) facet for each ibuprofen sample 
can be found in Table 2: its proportion decreases from 0.94% to 0.78% as 
the polarity of the crystallisation solvent decreased from methanol to 
hexane, in line with literature findings suggesting crystallisation of 
ibuprofen in polar solvents results in greater proportion of polar facets 
[31,39]. The percentage values are relatively small reflecting the fact 
that PXRD data captures all existing facets of ibuprofen crystal, i.e., 
there might be numerous facets beyond the three main ones discussed in 
this paper and in the literature [32,33,41]. Nevertheless, changes in 

Fig. 2. SEM images showing changes in particle morphology of ibuprofen particles recrystallised from: a) methanol (MeOH) b) ethanol (EtOH) c) acetonitrile 
(MeCN) d) hexane (Hex). Images captured using 500× magnification. 

Table 1 
Summary of the volume-based size profiles, including span and aspect ratio values, of as-recrystallised and after mechanical vibration ibuprofen samples, data collected 
using Morphologi G3.  

Recrystallisation 
solvent 

Volume-based particle size (μm) Auto-agglomeration induced 
by mechanical vibration 

As-recrystallised ibuprofen As-recrystallised ibuprofen after mechanical vibration 

D10 D50 Aspect 
ratio (d50) 

D90 Aspect 
ratio (d90) 

Span D10 D50 Aspect 
ratio (d50) 

D90 Aspect 
ratio (d90) 

Span 

methanol 67 121 0.54 192 0.60 1.03 76 138 0.57 198 0.57 0.86 Weak 
ethanol 68 129 0.51 202 0.58 1.05 120 195 0.60 326 0.61 1.06 Strong 

acetonitrile 52 110 0.49 175 0.54 1.12 87 158 0.55 240 0.62 0.97 Strong 
hexane 31 70 0.39 136 0.45 1.5 26 60 0.47 138 0.53 1.87 Absent  

Fig. 3. 2D images of ibuprofen samples showing differences in particle morphology as a function of solvent used: hexane (Hex), acetonitrile (MeCN), Ethanol (EtOH), 
and methanol (MeOH). The scale bar is 200 μm. 
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presence of (011) facet suggest crystal surface polarity gets lower in 
ibuprofen samples in the following order: methanol > ethanol >
acetonitrile > hexane, corresponding with variations in particle 
morphology (Fig. 2, Table 1). The contribution percentages of the (100) 
facet (the non-polar facet), are also included in the Table 2, where a 
slightly greater presence of the (100) facet in the MeOH compared to the 
other batches could be linked to its aspect ratio values for both d50 and 
d90-sized particles which are the highest amongst the as-recrystallised 

batches (Table 1). 

3.2. Materials after mechanical vibration 

After mechanical vibration, auto-agglomerates were observed in the 
ibuprofen samples recrystallised from ethanol and from acetonitrile, as 
seen in the SEM images in Fig. 6. 

The cumulative volume distributions of mechanically vibrated 
samples together with the as-recrystallised samples, for an ease of 
comparison, are shown in Fig. 7 and Table 1. According to PSD data, and 
in line with the SEM findings, mechanical vibration caused enlargement 
in particle size in the case of ibuprofen recrystallised from ethanol and 
from acetonitrile to the following extent: 45% of the EtOH(v) and 41% of 
the MeCN(v) particles were found to be above d90 of the original batches 
of EtOH and MeCN, respectively ((v) stands for “vibrated”). Weak auto- 
agglomeration, that is slight increase in d10, d50, and d90 values, was 
observed in the batch recrystallised from methanol. In contrast, the 
volume-based size of the batch recrystallised from hexane slightly 
decreased upon mechanical vibration. This may be due to the needle- 
like particle morphology of the batch recrystallised from hexane that, 
in general, is prone to breakage more than the less irregular shaped 
particles [32]. Also, the aspect ratio value of d90 decreased in MeOH(v) 
compared to MeOH (Table 1) which may be a sign of the breakage of the 
pre-existing in as-recrystallised MeOH batch thick d90 particles/ag
glomerates (Fig. 2 versus Fig. 6) and/or of the newly formed agglom
erates at the vibration intensities chosen to induce auto-agglomeration. 

The size measurements of as-recrystallised and mechanically 
vibrated ibuprofen batches were also collected using a Mastersizer 3000 
(dry method). These results can be found in the supplementary infor
mation section in the form of Table S1 containing PSD values. The 
Morphologi G3 and Mastersizer PSD data are not aligned due to the 
inherent differences between the two methods, such as the amount of 
material analysed per test, the different size limits, how the 

Fig. 4. Number-based and volume-based cumulative particle size distributions of ibuprofen samples recrystallised from methanol (MeOH), ethanol (EtOH), 
acetonitrile (MeCN), hexane (Hex), Morphologi G3. 

Fig. 5. PXRD data of ibuprofen samples recrystallised from methanol (MeOH), 
ethanol (EtOH), acetonitrile (MeCN), hexane (Hex). Intensities normalized to 
the peak at 22.5 deg. 

Table 2 
Relative percentages of (100) and (011) facets (based on PXRD data) for as recrystallised and after mechanical vibration ibuprofen samples, and tribo-electric surface 
charge densities for as-recrystallised ibuprofen, recrystallised from methanol (MeOH), ethanol (EtOH), acetonitrile (MeCN), hexane (Hex).  

Recrystallisation 
solvent 

PXRD Tribo-charging (μC/m2) of as-recrystallised 
ibuprofen 

Auto-agglomeration induced by mechanical 
vibration 

As-recrystallised ibuprofen Ibuprofen after 
mechanical vibration 

%(100) 
facet 

%(011) 
facet 

%(100) 
facet 

%(011) 
facet 

Methanol 13.66 0.94 10.04 0.98 − 2.62 Weak 
Ethanol 12.86 0.92 17.48 0.94 − 1.96 Strong 
Acetonitrile 12.44 0.90 14.54 0.92 − 2.02 Strong 
Hexane 11.40 0.78 6.55 1.01 − 3.50 Absent  
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measurements are collected, etc. However, they show close agreement 
in batch size variations (in as-recrystallised batch-to-batch as well as in 
as-recrystallised batch-to-mechanically vibrated batch) confirming a 
strong presence of auto-agglomerates in EtOH(v) and MeCN(v) samples. 

PXRD data for ibuprofen samples that were mechanically vibrated 
reveals that no major changes in peak positions occurred, i.e., me
chanical vibration did not result in its crystallinity and/or crystal form 
change (supplementary information Fig. S2). The effect of mechanical 

Fig. 6. SEM images of recrystallised ibuprofen samples after mechanical vibration for 20 min at 110 Hz frequency and 3 mm amplitude, recrystallised in: a) methanol 
(MeOH(v)) b) ethanol (EtOH(v)) c) acetonitrile (MeCN(v)) d) hexane (Hex(v)). Images captured using 500× magnification. 

Fig. 7. Volume-based cumulative PSD spectra of as recrystallised and after mechanical vibration ibuprofen samples, recrystallised from methanol (MeOH), ethanol 
(EtOH), acetonitrile (MeCN), hexane (Hex), “(v)” in the name stands for “after mechanical vibration”, Morphologi G3. 
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vibration on the relative percentages of (011) and (100) facets was also 
studied. As presented in Table 2, the percentage values indicate an in
crease in the presence of the relatively polar (011) facet in all samples 
but more so in the case of MeOH(v) and Hex(v) batches being vibrated, 
which links with the decrease in d90 aspect ratio value of MeOH after 
vibration and breakage of Hex particles. In addition, the (100) facet 
relative percentages in mechanically vibrated batches decrease as fol
lows: EtOH>MeCN >MeOH>Hex linearly correlating with the auto- 
agglomeration trend. 

3.3. Strength of auto-agglomerates 

Various approaches were tried in the past to assess hardness of 
agglomeration, including sieving [45], and compression tests [46], 
though both were not plausible for this study as sieving requires large 
amounts of material, whereas, compression tests return high fracture 
force standard deviation values. It was necessary to develop a compar
ative approach to assess the strength of the primary particles and of the 
agglomerates to be able to establish the magnitude of the problem, 
hence, to establish if auto-agglomeration detected in after mechanical 
vibration ibuprofen samples could possibly impact the drug 
manufacturing process and/or drug performance. Ultimately, dry laser 
diffraction (Mastersizer 3000) pressure ladder approach was chosen 
allowing to measure the strength of all particles in the bulk (unlike, for 
instance, compression tests) while utilizing moderate amount of mate
rial per test. On the basis of the pressure ladder approach, the following 
two distinct analysis methods were developed: 1) dispersion index (DI), 
inspired by the work of [47]; 2) Agglomerate Strength Index (ASI). 
Although the same approach to testing agglomerates strength based on 
the dispersion pressure ladder could be potentially tried out using 
Morphologi G3 instrument, for this study we concentrated only on laser 
diffraction data after taking into consideration the facts that Mastersizer 
3000 (dry method) is a faster technique (time required per test), it 
measures more particles per test and particle morphology data was not 
planned to be used for the agglomerate strength calculations. 

The DI method facilitated a quick and efficient analysis of the effect 
of auto-agglomeration on the bulk powder dispersion behaviour, where 
volume-based PSD data collected at 0.1 and 2 bar pressures were used. 
The overlapping area under the curve (AUC) from the two distributions 
was used to define the DI of a sample (Eq. (2)). An example illustrating 
the overlapping AUC is depicted in the Fig. 8 and Fig. S3 in Supple
mentary Information, which could be estimated using the trapezium rule 
or by the following equation: 

AUC =

∫IP

d0

f0.1dPS+
∫df

IP

f2dPS (1)  

where f0.1and f2represent the distributions for the powder dispersed at 
0.1 and 2 bar pressures respectively, d0 and df are the initial and final 
points of f0.1 and f2distributions, respectively. IP is the intersection point 
of the two distributions and PS is the particle size in μm. 

DI = AUCr/AUCv (2)  

where subscript r represents recrystallised samples, and subscript v – 
sample after mechanical vibration. 

A DI of 1 means mechanically vibrated powder will disperse similar 
to as-recrystallised powder, hence little or no strong auto-agglomeration 
could have occurred after the vibration. A DI of lower than 1 for the 
mechanically vibrated powder indicates to its stronger constituents than 
as-recrystallised powder. A DI of bigger than 1 could indicate to particle 
breakage after the mechanical vibration. 

The DI profiles of eight ibuprofen samples are summarised in Table 3 
revealing that, indeed, the two batches that did strongly agglomerate 
upon mechanical vibration had the lowest DI values, hence, the 
dispersion extent of the powder decreases as the auto-agglomeration 

tendency of it increases as follows: Hex(v) > MeOH(v) > MeCN(v) >
EtOH(v), standard deviations for DI are not included as the highest value 
was 0.007 for EtOH batch. The DI of 1.1 for the Hex(v) batch indicates 
that mechanical vibration induced breakage of these needle-like 
particles. 

A second method, the ASI, was developed to investigate the strength 
of the d10, d50, and d90 individually and to determine which size fraction 
affects the DI of the vibrated powder the most and, possibly, get insights 
into the auto-agglomeration mode. The PSD data collected at 4 different 
dispersion pressures were fitted to asymptotic exponential function (y =
a-b*cx), and the term c related to the rate of the decay in size was defined 
as the Agglomerate Strength Index (ASI): the higher the index the 
stronger the agglomerates. The example of the gathered data and the 
fitting are shown in Fig. 9, and the ASI values for all 8 ibuprofen batches 
are provided in the Table 3. In Fig. 10 the ASI versus particle size for 
different batches (as recrystallised and vibrated) is plotted. 

Firstly, from the data presented in Table 3, the ASI values showed 

Fig. 8. Volume-based particle size distribution of ibuprofen recrystallised from 
hexane (Hex) obtained using Mastersizer 3000 (dry method) at 0.1 and 2 bar 
pressures, the dotted area is the area under the curve (AUC) of the two 
distributions. 

Table 3 
Dispersion Index and Agglomerate Strength Index profiles of as recrystallised 
and after mechanical vibration ibuprofen samples, recrystallised from methanol 
(MeOH), ethanol (EtOH), acetonitrile (MeCN), hexane (Hex), “(v)” in the name 
stands for “after mechanical vibration”; standard deviations (STD) for ASI are 
shown in brackets.  

Sample Dispersion 
Index (DI) 

Agglomerate Strength Index 
(ASI) 

Auto-agglomeration 
induced by 
mechanical vibration 

D10 D50 D90 

EtOH 0.93 0.45 
(0.02) 

0.47 
(0.04) 

0.51 
(0.06) 

Strong 

EtOH 
(v) 

0.45 
(0.04) 

0.45 
(0.01) 

0.59 
(0.05) 

MeCN 0.95 0.43 
(0.04) 

0.46 
(0.05) 

0.52 
(0.03) 

Strong 

MeCN 
(v) 

0.40 
(0.02) 

0.46 
(0.03) 

0.56 
(0.03) 

MeOH 0.99 0.53 
(0.02) 

0.48 
(0.03) 

0.53 
(0.01) 

Weak 

MeOH 
(v) 

0.47 
(0.00) 

0.43 
(0.02) 

0.51 
(0.02) 

Hex 1.1 0.24 
(0.00) 

0.47 
(0.04) 

0.48 
(0.02) 

None 

Hex(v) 0.23 
(0.02) 

0.44 
(0.07) 

0.48 
(0.01)  
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that generally the strength index of d90 particles is higher than of d50, 
presumably due to the larger aspect ratios of the bigger particles. 
Nevertheless, no relationship between strength index of d10, d50, d90 
particles across the as-recrystallised batches (before vibration) and the 
tendency of these batches to auto-agglomerate was found. 

Observation from the Fig. 10, in line with previously discussed PSD 
data, is that all EtOH and MeCN size fractions significantly enlarged 
upon mechanical vibration suggesting that the auto-agglomeration 
mode, in this case, involves sticking of the smaller particles onto the 
surface of the larger ones. Normally, depending on the ratio of cohesion 
over collision energy, the two like-sized large particles would rebound 
or stick together but relatively loosely, while sticking of unlike-sized 
particles could lead to a formation of auto-agglomerates with inherent 
strength [14,15,24,25]. Indeed, out of all particle size fractions of the 
EtOH(v) and MeCN(v) batches that enlarged upon mechanical vibration, 
it is only their d90-sized particles/agglomerates that got stronger ac
cording to ASI calculations (Table 3), presumably because large ag
glomerates would attract smaller particles and become more 
consolidated during vibration. Moreover, the increase in d90 strength 
correlates with ibuprofen auto-agglomeration tendency trend as follows: 
d90 strength indices of EtOH(v) and of MeCN(v) are 0.59 and 0.56, 
respectively, whereas d90 strength indices of MeOH(v) and Hex(v) are 
0.51 and 0.48, respectively, indicating that the strength of the d90 size 
fraction could be playing the major role in the strength of the vibrated 
powder affecting the DI the most. 

Finally, by combining the SEM observations of EtOH(v) and MeCN 
(v) samples (Fig. 6), which suggest that the particles are tightly bound to 

Fig. 9. Fitting the pressure ladder data obtained using Mastersizer 3000 (dry 
method): the rate of decay in size was defined as Agglomerate Strength Index 
(ASI), examples are based on the d90 values of ibuprofen recrystallised in 
ethanol (EtOH and EtOH(v)), “(v)” in the name stands for “after mechani
cal vibration”). 

Fig. 10. Strength Index versus particles size of samples recrystallised from methanol (MeOH), ethanol (EtOH), acetonitrile (MeCN), hexane (Hex), “(v)” in the name 
stands for “after mechanical vibration”. Strength Index was calculated using dry Mastersizer 300 pressure ladder method, size values collected at 0.1 bar dispersion 
pressure were used. 
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each other, and their relatively large d90 strength values, it can be 
postulated that the obtained EtOH(v) and MeCN(v) auto-agglomerates 
could be due to the fusion of the mismatched in size original particles, 
although further investigations of the internal structure of these auto- 
agglomerates would be required to verify this statement as well as to 
explore if densification of the agglomerates took place during mechan
ical vibration. 

Since mechanical vibration induce strong auto-agglomeration only 
in two out four recrystallised ibuprofen batches, further work is focused 
on investigation of triboelectrification propensities of these samples – 
the phenomenon that, amongst other factors, relates to the surface 
chemistry of the particle as well as powder processing/handling. 

3.4. Tribo-charging 

The mechanical vibration method, used in this study to induce auto- 
agglomeration of ibuprofen, involves frequent particle-particle and 
particle-vibration box walls contacts (either by impact, shear or friction) 
that could result in electrostatic charging of the powder known as tri
boelectrification [48]. As reported in the literature, triboelectrification 
mechanisms include electron (the main route in the case of pharma
ceutical powders), ion and material transfer arising due to the difference 
in the work function of the materials in contact when electrons move 
from the material with lower work function to that with a higher value 
[49]; but triboelectrification may also be affected by particle size, sur
face chemistry/composition, environmental factors, etc. [28,50,51]. 

Ibuprofen is an overall relatively non-polar molecule consisting of a 
large non-polar body and a small polar head suggesting it is an insulating 
material that is prone to acquire triboelectric charge. Its charging ten
dencies against various materials were reported previously [37,52]. 
However, the impact of recrystallisation solvent, hence, ibuprofen sur
face composition on its tribo-charging propensity reported here for the 
first time. Since the polar interactions are associated with electron 
transfer [28,53,54], it was hypothesised that the tribo-charging 
magnitude might be affected by the ibuprofen particle morphology as 
the more regular (rectangular prism-like) shaped particles and particles 
that are prone to breakage, in accordance with the PXRD findings dis
cussed in Section 3.1 and 3.2 (Table 2), have greater proportion of 
relatively polar crystal facets with carboxylic acid groups exposed at 
their surface. 

As anticipated from the work function values of the materials in 
contact, the charge-per-mass data shown in Fig. 11 revealed that all 
ibuprofen batches charged negatively upon the contact with stainless 

steel during its dispersion using the tribo-charging rig. The magnitude of 
the charge-per-mass ratios reflects the differences in size across the 
batches: the ibuprofen recrystallised from hexane (Hex), the batch with 
the smallest PSD values, was found to charge the most compared to other 
ibuprofen samples. This is due to the increase in the total surface area of 
the material in a measured volume [48]. As the tribo-charging disper
sion system is the same as used in the Morphologi G3 size measurements, 
it was sensible to use the surface area obtained from Morphologi G3 in 
the calculation of charge per surface area, namely tribo-electric surface 
charge density. It should be noted that the same dispersion pressure (0.5 
bar) has been used in tribo-charging experiments as the Morphologi G3 
for the surface area measurement. Normalized by surface area tribo- 
charging data, shown in Fig. 12 and Table 2, indicated that the EtOH 
and MeCN batches acquired smaller tribo-electric charges compared to 
MeOH and Hex batches. 

Two major observations can be made based on the results mentioned 
above. Firstly, the acquired triboelectric charge inversely correlates with 
auto-agglomeration tendencies of ibuprofen recrystallised from solvents 
of diverse polarities as follows: the lower the magnitude of the gained 
charge, the greater the tendency to auto-agglomerate (Table 2). 

The second significant observation arising from the tribo
electrification experiments is that no direct correlation between 
morphology as well as surface polarity of the as-recrystallised ibuprofen 
particles and their triboelectrification was found, since the particles with 
most extreme aspect ratios associated with the highest and lowest sur
face polarities (MeOH and Hex, respectively), gained greater tribo- 
electric charge compared to the EtOH and MeCN particles. A higher 
electrostatic charge for rectangular prism-like MeOH particles is ex
pected since they have the highest relative percentage of (011) facet and 
surface polarity. However, Hex particles were not expected to gain the 
highest electrostatic charge since they have the lowest surface polarity. 
In the particle size and shape analysis section we established that par
ticles recrystallised from hexane (needle-like particles) are prone to 
breakage. According to previous studies [32], the breakage mechanism 
of needle-like particles is of a random nature occurring by attrition, as 
opposed to the breakage through slip plane. The attrition of the Hex 
particles increases the relative surface area of the polar facets in the 
sample (Table 2), i.e. (011) and (002) facets that contain carboxylic acid 
groups at their surfaces. This is presumably the main reason that Hex 
particles gained higher electrostatic charge, despite their inherently 

Fig. 11. Charge-to-mass ratios for ibuprofen samples, recrystallised from 
methanol (MeOH), ethanol (EtOH), acetonitrile (MeCN), hexane (Hex), against 
stainless steel surface at 0.5 bar dispersion pressure. The data of samples after 
mechanical vibration can be seen in the Supplementary Information. 

Fig. 12. Tribo-electric surface charge densities for ibuprofen samples, recrys
tallised from methanol (MeOH), ethanol (EtOH), acetonitrile (MeCN), hexane 
(Hex), against stainless steel surface at 0.5 bar dispersion pressure. Surface area 
calculated using morphologi G3 size data obtained at 0.5 dispersion pressure. 
The data of samples after mechanical vibration can be seen in the Supple
mentary Information. 
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lower surface polarity. The greater the polarity of the crystal, the greater 
the gained charge from the surface which it collides with. This allows a 
greater opposite charge attraction between the particles and the wall, 
while it reduces the probability of similarly charged particle attraction. 
Hence, at this level of examination the inverse correlation between tri
boelectrification and auto-agglomeration of ibuprofen can be rational
ised by the reason that under the same mechanical vibration conditions 
the lower tribo-charging could favour greater particle-particle in
teractions and consequent formation of relatively weak agglomerates 
within the MeOH batch and larger and stronger agglomerates within the 
EtOH and MeCN batches. 

Previously, the electrostatic charging of the APIs has been linked to 
their adhesion propensity, for instance, when the triboelectrification led 
to API sticking to the processing tooling [37,55], compromised powder 
flowability [56,57], and caused unwanted API-excipients adhesion [58]. 
In current investigation, during particles vibration a charge transfer can 
occur between particles and the box’s walls resulting in the oppositely 
charged surfaces. However, ideally, tribo-charging of recrystallised 
ibuprofen against PMMA, the material of which the vibration box was 
made but was not available for the current triboelectrification study, 
should also be measured in future studies to confirm this statement. 

Nevertheless, the tribo-electric surface charge densities for EtOH and 
MeCN samples are similar, despite the higher expected polarity of EtOH 
compared to MeCN samples. This should be further investigated using 
advanced particle surface analytical techniques, e.g. by X-ray photo
electron spectroscopy (XPS), to explore the surface chemistry of samples 
and possible surface anomalies, since the conventional analytical tech
niques used in this study may not be surface-sensitive enough. 

4. Conclusions 

In this study, we have investigated the vibrationally-induced auto- 
agglomeration of ibuprofen particles recrystallised in different solvents 
with different polarities. Two approaches were proposed to quantify the 
strength of agglomerates based on the analysis of size distributions 
during dry dispersion at different pressures, namely the dispersion and 
agglomerate strength indices. The dispersion index inversely correlates 
with the agglomerate strength index of d90 particles indicating to the 
auto-agglomeration tendencies of ibuprofen. We also established an 
inverse correlation between ibuprofen auto-agglomeration during me
chanical vibration and the tendency of such particles to acquire tribo
electric charges. Undesirable auto-agglomeration appears to be 
hindered by higher electrostatic charge due to higher surface polarity, 
which may be induced either by using the polar recrystallisation solvent 
(the highest aspect ratio particles) and/or by breakage of the particles 
during mechanical vibration resulting in more surfaces with polar 
functional groups being exposed. Higher surface polarity could favour 
electrostatic attraction to the walls of the vibration equipment, reducing 
the rate of cohesive interactions that lead to auto-agglomeration. 
Overall, we expect that this work stimulates further studies on the ef
fect of particle surface chemistry on dry API auto-agglomeration, 
including on the correlation between powder auto-agglomeration and 
triboelectrification. 
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