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Highlights
e Impact breakage of acicular crystals by aerodynamic dispersion is analysed.
e Dispersion is achieved by an air pressure pulse using Morphologi G3.
e Impact velocity against walls is related to pulse pressure by CFD.
e Shift in particle size distribution is used to estimate breakage extent.

e Dependence of breakage extent on velocity is used to infer breakability.

Abstract

Acicular crystals are frequently encountered in pharmaceutical and fine chemical industries.
They are prone to breakage, as a result of which their bulk behaviour changes drastically. It is
therefore of great interest to be able to assess their breakage propensity quickly and preferably
using a small quantity. An integrated experimental and modelling method is proposed to
quantify the breakability of acicular crystals by aerodynamic dispersion using the disperser of
Morphologi G3, in which a pulse of compressed gas induces particle impact. Needle-shaped
crystals of f L-glutamic acid, benzothiazin and potassium phosphate are used as the model test
materials. The extent of breakage as a function of dispersion pressure is obtained by
quantifying the shift in particle size distribution provided by Morphologi G3. It increases as
the dispersion pressure is increased for § L-glutamic acid and benzothiazin particles, while not
noticeably for potassium phosphate crystals. The impact velocity of the particles at different
pressures is estimated by computational fluid dynamics (CFD) calculations. Its effect on the
extent of breakage is used to infer the ease with which the crystals break, expressed by a lumped
parameter as the ratio of hardness over square of toughness. Benzothiazin breaks by fracture
along both crystal length and width due to presence of cleavage planes, whilst § L-glutamic
acid breaks only perpendicular to the length. Potassium phosphate undergoes minor chipping

from the edges and corners.
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Graphical Abstract: Impact Breakage of Acicular Crystals Due to
Aerodynamic Dispersion by a Compressed Air Pressure Pulse
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1. Introduction
A wide range of industrial processes involve processing and handling of particulate solids like
crystals, granules and agglomerates. Particle breakage may be induced desirably as in milling
or undesirably by attrition, thereby altering particle properties, namely size distribution, shape,
surface area, and other physical and chemical attributes, such as dissolution. Particularly in
chemical and process industries, the operation and economy of manufacturing processes are
affected by such changes [1]. Breakage can negatively affect the quality and characteristics of
the product and the function of the equipment, as well as the environment due to dust formation,
but it can also positively affect the manufacturing process, e.g. by increasing the crystallisation

rate through increasing the number of nuclei available for crystallisation [2].
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Breakage by impact is commonly encountered in a wide range of process equipment, such as
fluidised beds, cyclones, stirred vessels [3], and of course in milling operations. Here our focus
is on powders and grains of particle sizes around a few millimetres or smaller. Early studies
incorporated experimental impact tests, where individual particles were accelerated by air flow
and impacted on a rigid target. These include the works of Yiiregir et al. [4,5] with NaCl
crystals, Salman et al. [6,7] with spherical solids and Cleaver et al. [8] with sodium carbonate
monohydrate crystals. Primary research on the impact breakage of agglomerates include the
works of Ning et al. [9] and Boerefijn et al. [10] on a-lactose monohydrate particles, Subero
and Ghadiri [11] on bonded glass ballotini and Samimi et al. [12] on detergent-based
agglomerates. Additionally, impact attrition of granules has been investigated by Salman et al.
[13], Antonyuk et al. [14] and Dumas et al. [15]. Lecoq et al. [16] employed a test rig of their
own design to impact particles of different materials on a target. They used sieving to analyse
the size distribution of the particles after impact in order to quantify their breakage.
Subsequently, Rozenblat et al. [17] developed a correlation for the breakage kernel and
breakage probability as a function of impact velocity and initial particle size. Lecoq et al. [18]
determined a particle breakage parameter by applying the model of Vogel and Peukert [19] to
particles impacting in an air-jet mill. The model of Vogel and Peukert is based on Weibull
equation [20] describing the failure probability and it is thus applicable to the brittle failure
mode of particles. There are also several studies on impact particle breakage in the semi-brittle
mode, in particular the works of Ghadiri and Zhang [21], Samimi et al. [22], Subero-Couroyer
et al. [23] and Olusanmi et al. [24], where a lumped parameter, describing the breakability, as
expressed by the ratio of hardness over square of toughness, has been quantified for a wide
range of materials. More recently, Bonakdar et al. [25] evaluated the suitability of Scirocco
disperser of Malvern Panalytical Mastersizer 2000 as a device for testing breakability of
crystalline solids by using an integrated experimental and CFD modelling approach, the latter
analysed by Ali et al. [26]. They observed that a unification of breakage data could be obtained
when the relative change in the surface area was expressed as a function of particle size, density
and velocity. Using the extent of breakage obtained from a single particle impact test, Bonakdar

et al. [27] had a similar observation for burkeite particles.

Most of the studies on impact breakage of particles address the failure of equant-shaped
crystals, granules, agglomerates, etc. There is scant coverage of breakage related to acicular
(needle-shaped) particles in the literature. In fact, most of the studies on acicular particles

revolve around their breakage under compaction. For instance, Grof et al. [28] simulated the
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breakage of needle-shaped particles during uniaxial compaction using discrete element method
(DEM). Their computational studies revealed that the presence of both strong and weak
particles in the mixture resulted in a more significant fragmentation for the weaker ones. It was
also observed that mixtures containing both strong and weak particles tend to experience larger
extents of breakage compared to mixtures consisting of particles with a narrow range of
strength. Also, in the latter case, longer particles tended to break at lower compaction ratios
compared to shorter ones. Following that, Grof et al. [29] developed and validated a
methodology to determine the breakage kernel and daughter particles length distribution
functions for needle-shaped crystals by combining computational and experimental techniques
using DEM and population balance modelling (PBM). They proposed that using this
methodology, a single-pass uniaxial compaction experiment would be sufficient for predicting
the extent of breakage and suggested simulation of other stressing modes, such as impact, as
the first step for future research. In a more recent work, Guo et al. [30] used DEM to develop
a model for predicting the breakage of high aspect ratio particles in an agitated bed. They
observed that the breakage rate increased with an increase in pressure, impeller rotational
speed, interparticle and particle-equipment friction. They validated the model using

experimental results obtained from breakage of chalk sticks subjected to uniaxial compression.

There have also been studies in which breakage is analysed during processes where acicular
particles fail due to both impact and shear. MacLeod and Muller [31] showed that the breakage
of needle-shaped crystals occurs during both pressure filtration and agitated drying steps. They
developed a qualitative model of breakage for particles in a filter bed using particle dimensions,
applied pressure and bed density. Also, for the drying steps, where they considered the
breakage to be due to impact rather than compression, they suggested the implementation of
Ghadiri and Zhang [21] model for prediction of breakage. Also, Ho et al. [32] carried out ball
milling of acicular crystals of D-mannitol and used dynamic image analysis (DIA) and inverse
gas chromatography (IGC) to explain their breakage trends. They concluded that a combination
of attachment energy prediction and particle shape and surface energy characterisation is
necessary to explain the breakage behaviour of crystalline solids in milling. Last but foremost,
the work of Antonyuk et al. [33] is the sole study where acicular particles are investigated for
their breakage caused by impact. They used a new electromagnetic particle gun that enabled
collision of single acicular L-threonine crystals with a wall under predefined impact angle and

velocity. Sieving was employed to obtain a characteristic length for the particles. They
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compared their experimental results with DEM analysis of breakage and showed good

agreement.

Considering the above-mentioned literature, impact breakage during handling of acicular
particles, especially in case of micron-sized crystals, still remains poorly characterised.
Therefore, this topic is addressed in this work by a combination of experimental impact testing,
using Malvern Panalytical Morphologi G3 disperser and CFD simulations for calculating the
impact velocity. The objective is to first explore the suitability and applicability of Morphologi
G3 disperser as an impact breakage test device, and then to quantitatively characterise the
breakability of various acicular crystals due to impact with the walls of the dispersion spool.
To this end, acicular crystals of three test materials are dispersed by Morphologi G3 at different
pressure pulses and their extent of breakage is determined by quantifying the shift in the particle
size distribution, analysed using the Morphologi G3 microscope and image analysis system.
Then, three-dimensional multiphase computational fluid dynamic simulations of the dispersion
chamber of Morphologi G3 are carried out to calculate the particle trajectories and impact
velocities induced by the compressed air pulse. The extent of breakage along with the
calculated impact velocity of the particles in the instrument are then used to determine the

breakability of the test particles.

2. Methodology

2.1 Experimental
Crystals of f L-glutamic acid, benzothiazin (2H-1, 4-benzothiazin-3 (4H)-one, 97%) and
potassium phosphate monobasic are used as the model test particles as they have an acicular
shape. Scanning electron microscopy (SEM) images of the shapes are shown in Fig. 1, taken
by Hitachi TM3030 tabletop microscope (Hitachi Ltd., Tokyo, Japan). The densities of the
model test particles are 1600 kg/m?® for B L-glutamic acid [34], 1197 kg/m? for benzothiazin
[35] and 2340 kg/m? for potassium phosphate [36]. In this work, the crystals of § L-glutamic
acid have been crystallised from water, while benzothiazin and potassium phosphate crystals
have been obtained from Sigma-Aldrich and Fluorochem, respectively. The breakage of these
crystals is analysed using Morphologi G3 (Malvern Panalytical Ltd., Worcestershire, UK),
which has a dispersion system and an optical microscope with a built-in software package used

to measure the morphological characteristics of particles.
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Fig. 1. Scanning electron microscopy (SEM) images of: f L-glutamic acid crystals (a); benzothiazin crystals (b); potassium

phosphate crystals (c).

The dispersion chamber of the instrument consists of a dispersion capsule with a spool, into
which a small amount of sample (typically a few mm?) is placed. A pulse of compressed air
with adjustable pressure and duration of 20 ms is injected into the dispersion chamber. The
particles are then dispersed by the air pressure pulse, impacting onto the walls of the dispersion
spool causing potential breakage, before leaving it and landing onto a glass slide placed at the
base of the dispersion chamber for microscopy and image analysis. The optical unit then scans
across the dispersed sample on the slide, capturing 2D images of the projected view of
individual particles lying on their plane of maximum stability. Morphologi G3 software
translates the images into a binary format and calculates a range of measures of particle sizes,

such as area, circle-equivalent diameter, length, width, aspect ratio, etc.

The experiments are carried out at ten dispersion pressures of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5
and 5 barg in order to impact the particles at different velocities. Particle breakage is then
analysed by calculating the shift in particle size distribution. Sample size used for each
experiment is 7 mm® for B L-glutamic acid and benzothiazin particles and 26 mm?® for

3 samples individually dispersed at each

potassium phosphate particles (two sets of 13 mm
pressure before the relevant scan is done). A larger sample mass is used for potassium
phosphate crystals in order to compensate for the low particle count per sample, which is
caused by their large size. The experiments are then repeated for a total of three measurements
per dispersion pressure for § L-glutamic acid and benzothiazin particles and five measurements
per dispersion pressure for potassium phosphate particles. Subsequently, in order to increase
the particle count, the particles recorded in each of the measurements corresponding to the

same pressure are combined together for each of the test particles (treating particles obtained

from each of the measurements as fractions of a total sample); this not only increases the
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representativeness of the sample, but also reduces the fluctuations in the particle size
distribution by increasing the sample size. The obtained particle data are then filtered and

modified as described in the following section.

2.2 Post-Experimental Data Analysis

Both overlapping and foreign particles (such as dust and fibres) are removed from the recorded
particles by utilising the built-in filters of Morphologi G3 software in order to eliminate their
negative effect on particle data before determination of the particle size distributions. Thus,
after running a sensitivity test to find a proper filtering method, particles with both convexity
and solidity lower than 0.85 are excluded from the data obtained from all the experiments.

Morphologi G3 captures images of the particles from the planes perpendicular to the axis of
the objective lens and various particle size and shape features are analysed. Since the particles
of interest are acicular, the volume distribution of the particle size, as commonly calculated
using the CE (circle equivalent) diameter with the assumption that the particles are spherical,
cannot be used here. Therefore, the following approach, based on assumptions on the thickness
and orientation of the particles, is adopted. First, it is assumed that all the crystals lie with their
maximum stable plane facing the microscope lens. The second assumption is that all the
particles are rectangular cuboids; the thickness being the dimension hidden from the view. In
the case of f L-glutamic acid and benzothiazin crystals, their thickness is assumed constant,
so the difference in their volumes can be displayed by the difference in their scanned projected
areas. This assumption is justified for f L-glutamic acid by the crystal growth habit as
described by Wang et al. [37]. As observed from the SEM images of Fig. 1 (b), the flat and
plate-like morphology of benzothiazin particles suggests that the variations in crystal
thicknesses are negligible. For potassium phosphate crystals, this assumption is not valid, as
the thickness varies with crystal size. However, with regards to their SEM images, the crystals
used here have the tetragonal form [38] and thus their thickness is equal to their width. As the
projected area and width are measured by the instrument and the shape is approximated to a

cuboid, crystal volumes can be estimated.

Another important point to mention is that in view of the model crystals being of cuboid shape,
the ‘square-equivalent side length’ is used as the characteristic particle size, shown in this work
by dse. This means that the projected area of a particle is converted to the area of a square, the

side length of which will be used as the characteristic size of the particle. This is of course in
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addition to the use of the crystal length, width and aspect ratio, which have also been
characterised and used in the analysis. The size distributions of the test particles are determined
based on the above-mentioned discussions and by the method described in the following
section. It should be noted that for f L-glutamic acid and benzothiazin crystals, the
distributions are represented as area percentage distributions, which in turn describe the volume

distributions.

2.3 Histograms of Particle Size (Area and Volume Percentage Distribution)
For f L-glutamic acid and benzothiazin crystals, bins of particle sizes (represented by d; in this
section) are determined with each bin having a size of Ad;. It should be noted that here, d; can
represent either of the characteristic size, length, width or aspect ratio of the particles. Particles
are sorted into each size bin by their size, with each bin containing the sum of the projected
areas corresponding to the particles inside it (A;). A histogram of (Ai/Aw:) X 100 versus di,
where Ay is the sum of the projected area of all the particles, is used to represent the size

distribution.

; 1

Fy; =—x100 ZFAJ- =100 b
Atot

2

Ator = ZAL' 2)

Adi = di - di—l i = 1, dO =0 (3)

The same approach is used for potassium phosphate crystals by using particle volume instead
of projected area, volume being the product of particle width and projected area (Vi=WixA)).
The distributions are presented in continuous form by smoothening over 11 points using a
moving average in order to accurately represent the actual curve without causing any change

in the trend.

3. Experimental Results and Discussion
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3.1 Change in Particle Size Distribution
Area percentage distributions of f L-glutamic acid and benzothiazin crystals, and volume
percentage distributions of potassium phosphate particles as a function of particle size (square-
equivalent side length) after dispersion by Morphologi G3 are displayed in Figs 2, 3 and 4,
respectively. Characteristic measures D;o, Dso and Do of the square-equivalent side length
distributions by volume/area after dispersion are given in Table Al and Fig. A10 to A12 of
Appendix A. Observations by microscopy indicate that crystals dispersed at the lowest pressure
of 0.5 barg do not undergo notable breakage. Hence, in this analysis they are assumed as
‘unbroken’ and considered as the reference feed particles for calculating the shift in particle
size distribution at larger dispersion pressures. It should also be noted that fluctuations in the
curves at certain sizes show that there are not enough particles of such sizes in the distribution
to yield a smooth curve. This can be fixed by increasing the amount of the samples through

running more experiments.

For  L-glutamic acid and benzothiazin, there is a general shift of the particle size distributions
to the left of the plot with increase in the magnitude of the dispersion pressure pulse considering
Figs 2 and 3. This indicates that there is a general reduction in the size of the particles as the
pressure by which they are dispersed, is increased. This is also evident considering the
characteristic measures of the square-equivalent side length D;o, Dso and Dgy, represented in
Figs. A10 and All, Appendix A. As observed in Figs 2 and 3, large particles gradually
‘disappear’ from the distribution, while small particles emerge in the distribution as the
dispersion pressure is increased. Additionally, modes of the distributions move to the left as
the pressure is increased. However, such trends do not completely follow when the curves are
compared for some consecutive pressures, e.g. 2.5 barg with 3 barg for § L-glutamic acid and
benzothiazin. This might be attributed to the change in impact velocities at high pressure pulses
being less notable. These observations are also confirmed by the changes in the characteristic
measures of the square-equivalent side length Djo, Dso and Doy for each experiment.
Comparison of the reference distribution curve (0.5 barg) with each of the other curves for
L-glutamic acid and benzothiazin crystals shows that the higher the dispersion pressure, these

changes in particle size become more notable.
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Fig. 2. Area percentage distribution of § L-glutamic acid crystals dispersed by 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5 barg

pressures.

Considering Figs A10 and A11 of Appendix A, and the size distribution curves with regards to
p L-glutamic acid and benzothiazin particles represented respectively in Figs 2 and 3, particle
size generally decreases with increase in dispersion pressure. For  L-glutamic acid crystals,
this trend is rapid up to the dispersion pressure of 2.5 barg, then slows down with any further
increase in pressure. However, such trend follows at an almost constant rate for benzothiazin
crystals up to the dispersion pressure of 4 barg. Nevertheless, 4.5 and 5 barg data points deviate

from the trend line.

10



&~ W

O o0 9 N W

10
11
12
13
14
15
16

0.8

0.7

0.6

o
n

o
w

Area Percentage (%)
j=}
~

o
)

0.1

1000

Particle Size, d; (um)

Fig. 3. Area percentage distribution of benzothiazin crystals dispersed by 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5 barg

pressures.

Considering Fig. 4, the fluctuations in the distribution curves of potassium phosphate crystals
are more significant compared to those of § L-glutamic acid and benzothiazin crystals. As
mentioned before, this is due to the low particle count per sample for these particles (around
tens of thousands of particles were analysed for each experiment). Moreover, as suggested by
the CFD results discussed later below, the relatively larger size and higher density of potassium
phosphate crystals do not allow them to collide with the walls of the dispersion spool at high
impact velocities. The shift in the size distribution of potassium phosphate crystals is shown in
Fig. 4. Unlike the other two test materials, there is no substantial shift to the left in the modes
of the curves and the changes are notably small. This shows that the pressure pulses exerted by
Morphologi G3 are not sufficiently strong to cause fragmentation and size reduction is thus

mainly through chipping from the edges and corners of the crystals.

11
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Fig. 4. Volume percentage distribution of potassium phosphate crystals dispersed by 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5

barg pressures.

3.2 Change in Length, Width and Aspect Ratio Distributions
As the crystals are acicular, the changes in their length, width and aspect ratio are also analysed
to determine how they break. Percentage distributions by volume/area of particles length, width
and aspect ratio along with their characteristic percentile measures are reported in Appendix
A, Figs Al to A9 and A13 to A21, and Table A2 to A4. With regards to Figs Al and A2,
Appendix A, there is a significant decrease in the length of f L-glutamic acid and benzothiazin
crystals as the dispersion pressure is increased, indicative of the crystals breaking perpendicular
to their length. Considering Table A2 and Fig. A14, Appendix A, the trend of decrease in length
with pressure is steady for benzothiazin crystals up to the dispersion pressure of 4 barg.
However, the 4.5 and 5 barg dispersion pressures do not seem to decrease the crystal length as
effectively as the first seven dispersion pressures. As for f L-glutamic acid crystals, Fig. A13,
Appendix A, suggests that the trend is rapid up to the dispersion pressure of 2.5 barg. It then
slows down as the pressure is further increased. In contrast to f L-glutamic acid and
benzothiazin crystals, potassium phosphate crystals show a slight yet negligible reduction in

length as the dispersion pressure is increased, suggesting the crystals do not experience

12
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noticeable breakage perpendicular to their lengths and undergo chipping rather than

fragmentation (see Figs A3 and A15, Appendix A).

Considering the characteristic measures of the particle width distribution by volume/area Wiy,
Wso and Wop in Table A3, Appendix A, f L-glutamic acid and potassium phosphate crystals
show an insignificant decrease in their widths after dispersion. This suggests that the breakage
does not significantly affect the width of the particles, i.e. the crystals do not break
perpendicular to their width (also see Figs A16 and Al18, Appendix A). Interestingly,
considering Table A3 and Fig. A17, Appendix A, benzothiazin crystals display a relatively
noticeable decrease in their widths as the dispersion pressure is increased, suggesting that the
crystals break also perpendicular to their widths. This explains the more notable widening of
the distribution curves for benzothiazin crystals, compared to  L-glutamic acid crystals with

reference to Figs 2 and 3.

Characteristic measures of the particle aspect ratio (width to length) distribution by
volume/area AR, AR50 and ARy are given in Table A4, Appendix A. With regards to the data
corresponding to [ L-glutamic acid crystals and Fig. A19, Appendix A, the particle aspect
ratios considerably increase with the increase in dispersion pressure. This is in accordance with
the previous observations regarding the change in the length and width of the said crystals after
dispersion. As for benzothiazin crystals, considering Table A4 and Fig. A20, Appendix A, a
moderate increase in the aspect ratios of the crystals is observed as the dispersion pressure is
increased. Hence, considering the previous conclusion that both width and length of
benzothiazin crystals decrease during dispersion, the decrease in crystal length is relatively
more extensive than that in crystal widths. The negligible change in the aspect ratio of
potassium phosphate crystals is in line with the observation that neither the length nor width

of the crystals changes significantly due to dispersion (see Fig. A21, Appendix A).

Scanning electron micrographs of the crystals taken after dispersion by 3 and 5 barg pressure
pulses along with optical microscope images of the crystals lying on the glass slide after being
dispersed by 0.5, 1, 2, 3, 4 and 5 barg pressure pulses, respectively shown in Figs 5 and 6, also

confirm the aforementioned observations.

13
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Fig. 5. Scanning electron microscopy (SEM) images of: § L-glutamic acid crystals after dispersion by 3 barg (a) and 5 barg
(b) pressure pulses; benzothiazin crystals after dispersion by 3 barg (c) and 5 barg (d) pressure pulses; potassium phosphate

crystals after dispersion by 3 barg (e) and S barg (f) pressure pulses.

With regards to Figs 5 and 6, the long acicular crystals of § L-glutamic acid and benzothiazin
have broken into short fragments and chips, whereas potassium phosphate crystals do not seem

to have undergone a significant change other than a slight increase in the number of chips.

14
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Considering Fig. 5 (b), surfaces of B L-glutamic acid crystals do not appear to be smooth as
there are stripes along the crystal length on the surfaces. These might be perceived as surface
defects which seem to chip away from the crystals as they are dispersed. The minute decrease
in the widths of fB L-glutamic acid crystals, as observed previously, may be attributed to the
detachment of these thin platelets. The images represented in Figs 5 and 6, along with the
previous observations on the length and width of the crystals suggest that f L-glutamic acid
crystals preferentially break perpendicular to their lengths. Obviously, the bending moment
perpendicular to the crystal length is accountable for the tensile stress, but the potential

presence of cleavage planes along the width of the crystals could facilitate the process.

Benzothiazin crystals break perpendicular to both their length and width. An interesting
observation is that not many chips form, and mostly fragments are generated when the crystals
are dispersed by the 5 barg pressures as compared to when dispersed by the 3 barg pressure.
This supports the observations from Figs Al11, A14, A17 and A20, Appendix A, with regards
to the deviation of 5 barg data points from the general trend, which suggests that the 5 barg
dispersion pressure pulse does not break benzothiazin crystals much further than the 3 barg
pressure pulse does. The difference in breakage patterns of § L-glutamic acid and benzothiazin
crystals shows that aside from the feed particle size and impact velocity, the crystal structure
plays an important role in the pattern of breakage. The breakage perpendicular to the length of
benzothiazin crystals could have been initiated by the same mechanism as of § L-glutamic acid
crystals. However, the breakage perpendicular to the width of benzothiazin crystals is
potentially due to the presence of cleavage planes along that direction as the bending moment
acting perpendicular to the width is not significant compared to that acting perpendicular to the
length. These observations suggest that the disperser of Morphologi G3 is a suitable device for
evaluation of particle impact breakage. However, for strong particles such as potassium

phosphate, the test may only reveal the chipping propensity.
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3.3 Analysis of Breakage
In the disperser of Morphologi G3, particle impact velocity is a function of the dispersion
pressure pulse. Thus, information on the extent of breakage as a function of the magnitude of
the dispersion pressure pulse is required in order to analyse particle breakage. The extent of
breakage, R", as given by Eq. (4), is a gravimetric ratio of the mass of the daughter particles to

the mass of the feed particles, expressed in percentage.

M
R* =—%%x100 “
My

where My and My represent the mass of daughter and feed particles, respectively. However,
optical microscopy does not provide gravimetric information. Nevertheless, distributions based
on the projected area/volume of the particles can be obtained as shown previously. Thus,
assuming that all the particles are rectangular cuboids and that the density does not change
during breakage, the gravimetric ratio is equivalent to volume ratio and consequently related

to area and thickness ratio as given by:
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where V4, Aq and hq represent the volume, projected area and thickness of the daughter particles,
respectively and Vj, Arand hyrepresent those of the feed particles. With regards to Eq. (5) and
based on the assumption of f L-glutamic acid and benzothiazin crystals having constant
thicknesses (hq = hy), the area percentage distributions can be used to obtain R". In the case of
potassium phosphate crystals, volume percentage distributions are used as the thickness is
approximately equal to the width and thus Va/Vy = (AaxWilApxWy); Wa and Wy being the width
of the daughter and mother particles, respectively. The percentage distributions are first
converted to probability density distributions. Consequently, the extent of breakage can be
determined by comparing the size distribution curve of the particles dispersed at each
dispersion pressure to that of the particles dispersed at 0.5 barg (taken as the reference
distribution, i.e. assuming little/no crystal breakage at this pressure pulse). The area of positive
difference (in percentage) between the probability density distribution curve of the reference
particles and that of the data of interest, when subtracting the former from the latter, can
represent the R” caused by the corresponding dispersion pressure. The extent of breakage as a
function of dispersion pressure for f L-glutamic acid, benzothiazin and potassium phosphate
crystals is thus calculated and represented in Fig. 7. As it can be observed, the extent of
breakage increases with the dispersion pressure for f L-glutamic acid and benzothiazin
crystals. The rise is fast with a similar slope and close values for both test materials up to the
pressure of 2 barg. However, it slows down with further increase in pressure for  L-glutamic
acid crystals, while it continues with the same rate up to the pressure of 4 barg for benzothiazin

crystals, following which it surprisingly decreases.
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Fig. 7. Extent of breakage of § L-glutamic acid, benzothiazin and potassium phosphate crystals as a function of dispersion

pressure using the 0.5 barg distribution as reference.

With regards to potassium phosphate crystals, the extent of breakage does not increase with
increase in dispersion pressure except for the first three pressures. There is a significant scatter
in the data points with no clear trend. As discussed before, this is due to the fact that the crystals
undergo chipping. However, since the number of the produced chips is insufficient to produce
reliable results, the breakage of these crystals is not further analysed. A modification of the
spool design is needed to induce higher impact velocities for such large crystals in order to

cause their breakage.

Ghadiri and Zhang [21] model is used to analyse the breakage of the crystals, Eq. (6).

H
R* = afﬁpDV2 = YpDV? ©
C

where « is a proportionality constant and p is the density of the particle. D denotes a linear

dimension of the particle, whereas V, H and K. represent the impact velocity, the hardness and

the fracture toughness of the particles, respectively. ¥ (aH/K:) is a lumped parameter
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describing the mechanical properties of the particle that are responsible for plastic deformation
and fracture toughness, known as the breakability index [25]. This parameter reflects the ease
with which the particle breaks. Considering Eq. (6), if R" is plotted as a function of pDV?, a
unification of data is expected with the slope of the line indicating 1. In order to find the impact
velocity of the feed particles dispersed at different pressures, CFD calculations are carried out

as described below.

4. CFD Modelling

4.1 Computational Details and Numerical Solution Method
Three-dimensional Computational Fluid Dynamics (CFD) modelling method is used with
transient, compressible flow assumption to predict gas velocity profiles in the disperser.
Turbulence modelling is carried out using scale adaptive simulation method [39]. The
continuous and discrete phase equations are solved using commercial CFD software Ansys
Fluent (2018). The time step for particles tracking and for the continuous phase is set at 5.0x10"
®5. The simulation is run at the specified inlet pressure for 20 ms; thereafter the pulse is stopped
by changing the pressure to 0 barg. Details of the CFD modelling methodology and the mesh
used in the CFD simulations can be found in a recent work carried out by Ali and Ghadiri [40]

in which they studied triboelectric charging of particles in G3 disperser using CFD modelling.

4.2 Modelling of Particle Trajectories
The discrete phase is considered to comprise rectangular cuboid particles with the dimensions
given in Table 1. The density of crystals is considered to be constant with a value of 1600
kg/m? for B L-glutamic acid, 1197 kg/m?® for benzothiazin and 2340 kg/m® for potassium
phosphate. The particles are initially placed in the sample well and get dispersed due to a pulse
of pressurised air. The trajectories of particles are computed by solving the equation of motion
of particles considering the drag and gravitational forces. For these particle shapes, the drag
coefficient is calculated using correlations given by Ganser [41]. The rotation of particles is
not considered. One-way coupling is assumed between the particles and the air, 1.e. the air flow
influences the trajectories of particles, but the momentum exerted by the particles on the air is
ignored. The interaction between the particles, i.e. particle-particle collisions is also not
considered. In a previous study by Ali and Ghadiri [40], it was found that the maximum impact

velocity of particles in the disperser took place at the wall just above the sample well (a
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schematic of the Morphologi G3 dispersion spool is attached in Appendix B, Fig. B1). For the
purpose of predicting the impact velocity, the velocity of particles colliding with the walls in
this region is recorded and the impacted particles are eliminated from the computational
domain. To get a statistically representative impact velocity, 1000 particles are tracked for each

size. For each case, the simulation is continued until all the particles exit the domain.

Table 1. Dimensions of model test crystals considered in the study.

B L-glutamic acid benzothiazin potassium phosphate

Length Width Thickness Length Width Thickness Length Width Thickness

(pm) (nm) (nm) (nm) (nm) (um) (um) (um) (um)
1000 50 20 1000 60 20 2000 270 180
500 50 20 500 60 20 1000 270 180
250 50 20 250 60 20 500 270 180

50 50 20 60 60 20 270 270 180

4.3 CFD Modelling Results
The study of the influence of inlet air pressure on the impact velocity of particles is carried out
by using different inlet air pressure pulses. The simulation runs were carried out at 0.5, 1.0,
1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 barg inlet air pressure pulses. A plot of cross-sectional
view of the contour plots of air velocity coloured by velocity magnitude for selected inlet air
pressure pulses can be found in Appendix B, Fig. B2. An increase in the air velocity near the
tip of the inlet nozzle is predicted with increasing the inlet air pressure. After the 1 barg

pressure, the maximum velocity just at the exit of the inlet nozzle exceeds the sonic velocity.

The average normal and total impact velocities (normal and tangential components) of  L-
glutamic acid crystals impacting on the wall just above the sample well are depicted in Fig. 8
and Appendix B, Fig. B3, respectively. The normal component as well as the total impact
velocity are strongly affected by the dispersion pressure pulse. The effect of particle length on
impact velocity is more complicated, as it is generally pronounced for particle lengths smaller

than 250 pm, but largely invariant for larger particles.
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Fig. 8. Average normal impact velocity of § L-glutamic acid crystals of different sizes at different inlet air pressures.

The distribution of impact velocities of f L-glutamic acid crystals of different sizes at 0.5 and
5 barg pressures is depicted in Appendix B, Fig. B4. For a given particle size, a range of particle
impact velocities is predicted, this is due to the transient nature of the operation of the disperser.
As the high velocity air stream exiting from the inlet nozzle starts to impinge on the sample
well, the particles start to accelerate towards the wall and collide with it. The smallest particle
size exhibits the largest variation in the impact velocities at both 0.5 and 5 barg inlet air
pressures, while the largest particles have the narrowest distribution. Qualitatively, the trend of

distribution of impact velocities for both 0.5 and 5 barg cases for each size is similar.
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Fig. 9. Average normal impact velocity of benzothiazin crystals of different sizes at different inlet air pressures.

The average normal and total impact velocities of benzothiazin crystals impacting on the wall
just above the sample well are depicted in Fig. 9 and Appendix B, Fig. BS, respectively. The
size distribution of benzothiazin crystals is similar to that of § L-glutamic acid crystals, but
their density is lower. As a result, benzothiazin crystals have higher normal and total impact
velocities compared to  L-glutamic acid crystals. The distribution of impact velocities of
benzothiazin crystals is given in Appendix B, Fig. B6 as a frequency distribution. The particles
with the smallest length have the highest velocities for both 0.5 and 5 barg pressures; a trend

similar to that predicted for f L-glutamic acid crystals.
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Fig. 10. Average normal impact velocity of potassium phosphate crystals of different sizes at different inlet air pressures.

The average normal and total impact velocity of potassium phosphate crystals impacting on
the wall above the sample well is depicted in Fig. 10 and Appendix B, Fig. B7. These crystals
have a wider size distribution and higher density compared to [ L-glutamic acid and
benzothiazin crystals. As a result, the predicted velocities in this case for all the pressures are
significantly lower. The frequency distribution of impact velocities is also relatively narrow as
depicted in Appendix B, Fig. B8. Finally, the simulation results suggest that most of potassium
phosphate crystals remain inside the sample well within the 20 ms pressure pulse and less than
half of the crystals hit the walls of the dispersion spool. This might be attributed to the large

size and higher density of the crystals.

5. Breakage Propensity
Impact velocity is a function of the feed particle size (the length for acicular particles) and
dispersion pressure, as shown in the previous section. Bonakdar et al. [25] used narrow sieve
cuts for the experiments to reduce the spread in the results and thus the same narrow size

distribution was used for CFD calculations [26]. However, the problem with acicular particles
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is the impracticality of sieving for classifying them into narrow sizes; crystals may align
perpendicular to the sieve aperture and pass through it, resulting in an inaccurate size
measurement. Thus, the whole size distribution is used here for acicular particles following the

method proposed by Goh et al. [42], based on a modification of Ghadiri and Zhang [21]:

" ™
R = ) pdiDiV?
i=1

where i is the bin number, ¢ is the area fraction (F4.;/100) of the particles in the bin, D is the
upper size limit of the bin and V 1s the impact velocity of the particles in the bin. The crystals
of size dsg are sorted into bins of size D; in order to account for the contribution of each bin to

the extent of breakage as given by Eq. (7).

In order to calculate the impact velocity, a relationship needs to be established between the
characteristic particle size (dsg) and the particle length. Since the particle length increases with
the increase in the characteristic particle size (see Figs A22 and A23, Appendix A), a linear

relationship is assumed here for these measures of size, as shown by Eq. (8).
L = deE (8)

where L is the particle length, dse is the characteristic particle size and k is a constant. In order
to find k, the characteristic size, dsg (square-equivalent side length) is plotted against the length
corresponding to each particle and the slope of the plot, k, is then used to find the length
corresponding to each bin, which in turn is utilised to determine the impact velocity
corresponding to each bin. Using the obtained values for impact velocity, along with the
corresponding values for area fraction and particle size, pgD;V? is calculated for each bin and
the resulting values are added. 1 is then determined as the slope of R” versus Y., p¢; D;V{
plot. The values of k are determined as 3.1 and 2.4 for f L-glutamic acid and benzothiazin
crystals, respectively. The graphs are given in Appendix A, Fig. A22 and Fig. A23. The length
corresponding to each bin is used to obtain the impact velocity for each bin from the graphs of
normal impact velocity versus particle length attained by CFD calculations. Finally, by
considering particle density for § L-glutamic acid and benzothiazin crystals, and using the area

fractions, sizes and impact velocities corresponding to each bin, the plot of R* versus
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Fig. 11. Extent of breakage versus Y, pDV 2 for § L-glutamic acid and benzothiazin crystals with the breakability index as the

slope.

A good unification of data is observed for both § L-glutamic acid and benzothiazin crystals.
The breakability index of § L-glutamic acid crystals is 0.97. For benzothiazin crystals, the data
points corresponding to 4.5 and 5 barg are excluded, thus yielding a breakability index of 0.94.
This suggests that up to the dispersion pressure of 4 barg, benzothiazin crystals have a breakage
tendency similar to that of § L-glutamic acid crystals; the crystals break due to fragmentation
and chipping with the fragmentation regime being dominant. The remarkable deviation of the
4.5 and 5 barg benzothiazin data points from the trend is consistently reproducible but is not
understood and requires further investigation. These results are also well in accordance with
the earlier discussed observations from the crystal images represented in Fig. 6 (b).
Additionally, the trend might be due to the operation of Morphologi G3 at high pressures and
needs further investigation, although the trend is stable for § L-glutamic acid crystals and for

carbamazepine crystals as reported by Goh et al. [42].
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Conclusions

A new method has been developed to quantitatively determine the breakability of acicular
particles. A pressure pulse is used to disperse a small quantity of acicular crystals, as a result
of which the crystals collide with the disperser wall and break. The extent of breakage is
analysed by measuring the shift in particle size distribution. The results show that for both
L-glutamic acid and benzothiazin, the crystals break into a considerable number of fragments
and platelets, with fragmentation governing the breakage regime. Based on the model of
Ghadiri and Zhang [21] together with CFD simulations for calculating particle impact velocity,
a breakability index is characterised. Its derived value for  L-glutamic acid and benzothiazin
crystals suggests that both test materials have a similar breakage tendency when dispersed by
a pressure pulse of up to 4 barg, as indicated by the slope of the fitted line. However, above the
4 barg dispersion pressure, benzothiazin crystals surprisingly break to a lower extent. The exact
cause of this decline is unknown. Potassium phosphate crystals do not accelerate to sufficiently
high impact velocities to get notable damage and merely experience minor chipping. A
modification of the design of the disperser could provide larger impact velocities, thus making
it possible to break such large crystals. Nevertheless, in cases that the sample supply is scarce,
the use of this method becomes valuable, as it requires only a small amount of sample for
impact breakage. Application of image analysis and post-processing and manipulation of the
raw data allow various size and shape analyses to be conducted, facilitating observation of how

particles undergo size reduction.
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Appendix A. Supplementary Breakage Data

Table Al. Characteristic measures of the square-equivalent side length distribution by volume/area Do, Dso and Do of the

model test crystals for different dispersion pressures.

Characteristic Size, dsr (um)

Material B L-glutamic acid benzothiazin potassium phosphate
Pressure Dy Dsy Dy Do Dso 17 D1 Dso 17
(barg)
0.5 25 80 165 42 119 226 243 421 713
1 23 66 144 30 95 193 236 422 638
1.5 20 53 121 28 88 182 248 403 629
2 17 45 107 16 64 146 195 364 572
2.5 16 41 97 12 50 129 238 414 632
3 17 44 110 9 40 123 189 352 528
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35 13 34 81 6 27 91 257 430 672

4 13 32 84 5 23 85 235 403 578
45 11 28 69 4 28 125 218 386 663
5 12 30 71 8 40 125 216 396 624
1
3 Table A2. Characteristic measures of particle length distribution by volume/area Lo, Lso and Lgo of the model test crystals
4 for different dispersion pressures.
Length, L (um)
Material P L-glutamic acid benzothiazin potassium phosphate
Pressure L Lso y27) Lo Lso Ly Lo Lso Ly
(barg)
0.5 57 249 550 76 292 648 393 809 1450
1 46 171 468 51 216 525 390 827 1481
1.5 37 123 365 45 191 487 421 772 1321
2 29 89 290 24 124 374 307 673 1307
2.5 27 78 239 17 88 302 387 750 1353
3 27 85 296 13 66 291 290 659 1122
3.5 21 59 180 9 43 185 442 823 1335
4 20 56 208 7 35 168 375 764 1148
4.5 17 45 145 6 43 298 345 715 1205
5 18 49 158 11 71 302 352 750 1277
5
6
7 Table A3. Characteristic measures of particle width distribution by volume/area Wio, Wso and Wy of the model test crystals
8 for different dispersion pressures.
Width, W (um)
Material B L-glutamic acid benzothiazin potassium phosphate
Pressure Wi Wso Wao Wio Wso Wao Wio Wso Wao
(barg)
0.5 13 30 67 26 60 110 196 338 555
1 13 29 64 21 52 99 192 325 487
1.5 12 28 62 20 49 93 199 319 490
2 12 27 61 14 41 81 166 300 446
2.5 11 27 60 10 35 77 195 323 496
3 12 29 65 8 30 72 161 285 434
35 11 25 56 6 23 60 209 338 525
4 10 24 53 5 20 58 196 317 439
4.5 10 23 49 5 22. 70 182 310 532
5 10 24 55 7 29 72 179 313 481
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1
2
3 Table A4. Characteristic measures of particle aspect ratio distribution by volume/area AR 0, ARso and AR of the model test
4

crystals for different dispersion pressures.

Aspect Ratio, AR (-)

Material B L-glutamic acid benzothiazin potassium phosphate
Pressure AR ARso AR AR ARso ARy AR ARso ARgo
(barg)
0.5 0.07 0.13 0.34 0.12 0.21 0.47 0.28 0.41 0.65
1 0.08 0.18 0.46 0.14 0.25 0.56 0.25 0.38 0.66
1.5 0.10 0.23 0.56 0.14 0.26 0.59 0.28 0.40 0.69
2 0.12 0.33 0.67 0.16 0.34 0.73 0.28 0.43 0.71
2.5 0.13 0.37 0.71 0.19 0.43 0.77 0.28 0.43 0.69
3 0.12 0.37 0.71 0.19 0.47 0.81 0.30 0.44 0.72
35 0.17 0.47 0.78 0.24 0.56 0.84 0.29 0.40 0.64
4 0.15 0.48 0.79 0.26 0.60 0.86 0.30 0.40 0.69
4.5 0.20 0.55 0.81 0.19 0.55 0.86 0.31 0.43 0.72
5 0.21 0.54 0.81 0.18 0.44 0.81 0.31 0.43 0.67
5
6
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8 Fig. Al. Area percentage distribution of particle length for f L-glutamic acid samples dispersed by 0.5, 1, 1.5, 2, 2.5, 3, 3.5,
9 4, 4.5 and 5 barg pressures.
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1  Appendix B. Supplementary CFD Data
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