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Highlights
e Mechanistic approach to understanding spherical agglomeration
e  Critical range of bridging liquid to solid ratio identified
e Solid loading and shear influence agglomerate size and porosity
e Model for agglomerate consolidation proposed and validated

e Recommendations for process design given
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Abstract

Spherical agglomeration, a process of in-suspension particle size enlargement, can substantially improve critical quality
attributes of powders. In this work, a paracetamol-heptane-water system is used to investigate the kinetics of
spherical agglomeration, demonstrating for the first time the influence of true bridging liquid to solid ratio (TBSR) and
suspension loading on the evolving size, shape and density of agglomerates. A critical range of TBSR is identified
where robust agglomerates are formed that are round, moderately dense, and have a controlled size distribution.
Immersion nucleation, drop breakage, and agglomerate densification by impact are the controlling rate processes.
Increasing mixing intensity reduces agglomerate size, porosity and agglomeration time. Increasing solids loading
increases agglomeration time while yielding smaller agglomerates with lower porosity. A first order consolidation
model quantitatively predicts the agglomeration kinetics as well as agglomerate properties with increasing TBSR, and

is a powerful tool for design and scale up.

Keywords

Spherical agglomeration; Spherical crystallisation; Paracetamol; Immersion nucleation; Bridging liquid

1. Introduction

The performance of particulate products is often dictated by the ability to control crucial quality attributes which have
a significant influence on powder processing unit operations. In the pharmaceutical industry, crystallization is a
routinely applied technique for separation and purification of active pharmaceutical ingredients (AP1) where attributes
of size and shape can impact drug product manufacturability, stability, oral administration route and release kinetics
[1]. Undesired aggregation and agglomeration and formation of needle-like crystals are common occurrences in
industrial pharmaceutical crystallization, generating downstream processing problems due to broad particle size
distribution, poor flow, low bulk density and low compressibility [2-4]. To circumvent these issues, strategies
employing additives [5], ultrasound [6] and high shear wet milling [7,8] in addition to the optimization of crystallization
parameters have been explored [9]. Whilst improvements can be achieved through external means, in some instances

this is only marginal [10].



Spherical agglomeration is an emerging unit operation, capable of performing several particle engineering tasks
through the addition of an immiscible or partially miscible bridging liquid into a mother suspension. In this unit
operation, existing crystals (typically needle-like) can be manipulated into large and dense spherical particles to
improve micromeritic (e.g. size, size distribution, surface area, shape) and functional properties (e.g. strength,
flowability, reactivity, solubility and dissolution characteristics) [11]. The early use within the natural resources
industry for coal [12], graphite [13] and sand [14] presents an opportunity to engineer APIs to ‘tailor-made’ properties.
Spherical agglomeration can either be performed by simultaneous precipitation and agglomeration or by
agglomeration in suspension (post-crystallisation) [11]. However, the technique is still within its infancy stage of
research and development as a modern manufacturing technique, and requires further research and development to

fulfill its potential within the pharmaceutical industry, particularly for direct compression opportunities [15].

Progress on applying the spherical agglomeration technique has been made on several pharmaceutical compounds
through experimental evaluation with an emphasis on the preparation of agglomerates and impact of process
parameters (agitation rate, binder to solid ratio etc.) [16-22]. Similarly, population balance models have also been
developed to describe the agglomeration mechanism, primarily during the growth-period through agglomerate-
agglomerate collisions, crystal-crystal collisions and coalescence of agglomerate nuclei [23-27]. More recently, a
population balance model was developed by Ahmed et al. [28] where all the key rate processes to predict agglomerate
properties were considered. Reported studies have outlined parallel mechanisms with wet granulation, namely
wetting and nucleation, growth and consolidation, attrition and breakage. However, there remains a need to further
understand, predict and control these mechanisms for the formation of spherical agglomerates with preferential
characteristics [11, 29]. However, there are few careful studies of the kinetics of the spherical agglomeration process
to support development and validation of these models. There has only been one study in the literature that has
reported changes in agglomerate properties (size, porosity, strength) as a function of agglomeration time [22,26].

Thus, a rigorous approach to process design and scale up is not available.

Of critical importance to the agglomeration in suspension method is the initial wetting and nucleation stage which is
controlled by both the bridging liquid properties and the addition method [30, 31]. Depending on the relative size ratio

between the bridging liquid droplet size and primary crystals, an immersion or distribution mechanism occurs [11].
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Here, preference should be given to the immersion route as particles are observed to be more spherical and denser
[32]. Recently, two new mathematical models were introduced to predict the kinetics of wetting and subsequent
formation of agglomerate nuclei during the immersion method [33]. The identified mechanism for the agglomerate
nucleus formation consisted of: initial impact of particles with a single bridging liquid droplet; coverage and initial shell
formation composed of particles; expansion of the shell in a growing nucleus; complete filling by crystals inside the
bridging liquid droplets. From this work, an agglomeration nucleation number was introduced to demarcate the

boundary of three different rate limited regimes: immersion rate; collision rate and; intermediate. [33].

To enable the routine use of spherical agglomeration for a given pharmaceutical compound, a key controlling

parameter is the bridging liquid to solid ratio (BSR) [34], which is defined as:

Vz
BSR = (1)

s
where V, is the volume of liquid binder added and V is the volume of the solid in the system. Under a given
material system of interest, there exists a critical BSR range which to date has typically been found empirically. Below
this range, looser agglomerates form due to an insufficient amount of bridging liquid, whereas above this range, a
paste-like product from excess bridging liquid availability occurs [35]. Identifying and operating within the critical range
to produce strong and stable agglomerates for further processing is essential. In pharmaceutical systems, partial
miscibility between the solvent/anti-solvent continuous phase and the dispersed bridging liquid phase can reduce the
true amount of dispersed phase available for agglomeration. For this reason, the critical BSR is very system dependent
[11]. Tew et al. [34] defined the true bridging liquid to solid ratio (TBSR), based on the actual amount of bridging liquid

rich phase available:

Mp

Vo pp
TBSR = — = — 2
ARNTA (2)

Ps

where Vj, is the volume of the bridging liquid-rich phase, Vsis the volume of solid, M, is the mass fraction of the
bridging liquid-rich phase, pp is the true density of the bridging liquid rich phase, M is the mass of solid in the system
and pg is the true density of the solid. If the ternary phase diagram for the solvent/antisolvent/dispersed phase is

known, it is straightforward to calculate TBSR from BSR. The critical value of TBSR is a more robust and system



independent parameter for design and scale up. TBSR can be calculated relatively easily for a given BSR if the solvent-

antisolvent-binder phase diagram is known.

Kinetic understanding through careful selection and varying of process parameters within this range is limited in the
literature, but is essential to the development of the spherical agglomeration process. In this paper, we present a
mechanistic approach for describing the spherical agglomeration process via immersion nucleation using an
agglomeration in suspension technique for the spherical agglomeration of paracetamol. The approach is developed
through careful study of agglomeration kinetics and the time evolution of agglomerate size, size distribution, density

and shape. A model for agglomerate consolidation due to impacts is proposed and tested against these results.

2. Materials and Methods

2.1 Materials

An agglomeration system of paracetamol crystals suspended in heptane was used. Water, saturated with paracetamol,
was used as the bridging liquid. This system has the advantage that paracetamol is insoluble in heptane, and water
and heptane are immiscible. Therefore, for this system, the BSR is equal to the true BSR (TBSR) [34]. Micronised
paracetamol with a dso of 21 um (Fig. 1) was supplied by the University of Strathclyde. Heptane (99 %) was purchased
from Sigma-Aldrich, UK. Distilled water was used throughout. For some experiments, acid red dye (Sigma-Aldrich, UK)

was dissolved in the bridging liquid for visual identification in the system.

6
(a)

5 -
(0] 4 T
5
§ 3
S

2 4

14

0 et — t 100pm

0'1 10 1000 el of 0003 Apr 17, 2019
CE Diameter (um)
(a) (b)

Fig. 1. Micronised paracetamol starting material (a) particle size distribution measured using Malvern Morphologi G3
(b) SEM image.



2.2. Methods

Experimental

All experiments were carried out at room temperature (21 °C). The experimental apparatus consisted of a covered
batch stirred tank (glass vessel; diameter = 65 mm, height = 75 mm) and a three bladed pitched impeller (diameter =
40 mm, pitch angle = 30 °). The paracetamol particles were suspended in heptane at various solid loadings (50 g total
mass). The bridging liquid was added directly into the stirred suspension using an autopipette (addition time of

approximately 1 sec).

For this system, the continuous and dispersed phases are completely immiscible so that TBSR = BSR. The TBSR (by
volume) was varied between 0.2 — 8 by varying the amount of bridging liquid added. Three different solid loadings
were studied; 1 %wt/wt, 5 %wt/wt and 9 %wt/wt. In all these cases, the impeller speed was 500 rpm. Additionally, at
a 5 %wt/wt loading, the impeller speed was varied from 300 rpm — 700 rpm to study the effect of mixing intensity on
the agglomeration process. Images of the agglomerates, sampled from the suspension during the process and the
recovered end product, were captured using a Lumenera Infinity 3 Camera (Lumenera Corporation, Canada) fitted
with a Navitar 12X zoom lens (Image Optics, UK) and a LGT.19.MF2D LED dome diffuser lamp (Honyu, China). Fig. 2
shows images of agglomerate formation during a typical agglomeration process using dyed bridging liquid, confirming
immersion nucleation taking place. Bridging liquid droplets can be clearly identified at early times, with primary
particles immersing into the droplets as time proceeds, mirrored with a decrease in the number of primary particles

in suspension. Eventually dense, spherical agglomerates are produced.



(c) (d)

Fig. 2. Typical agglomeration process: agglomerates after (a) 20 mins (b) 50 mins (c) 70 mins (d) 90 mins. Solid
loading = 5 %wt/wt, TBSR = 0.75, 500 rpm.

Agglomerate characterisation

Agglomerate size and porosity of the end product agglomerates were measured for each of the different operating
conditions. At a certain condition (5 %wt/wt solid loading, agitation rate of 500 rpm and a TBSR of 0.75) the changes
in agglomerate properties (percentage agglomeration, agglomerate porosity, size and sphericity) were measured as a

function of agglomeration time.

Experiments to produce agglomerates for size and shape analysis were carried out in either duplicate or triplicate.
Image analysis (Pixelink uScope software) was used for agglomerate size and shape measurements. The number of
agglomerates measured typically ranged from 500 — 750 per sample, and the agglomerate size was taken as the longest
physical dimension. The aspect ratio of the agglomerates was used to characterize shape. Aspect ratio was defined as

the shortest physical dimension (d;) divided by the longest physical dimension (d.).



Experiments to produce agglomerates to determine porosity measurements were carried out in triplicate. Dry,
individual, spherical agglomerates were weighed using a microbalance (Mettler Toledo, UMT2) and the volume of the
same agglomerates was determined by measuring the average particle diameter, i.e. (d; + d3) / 2, usingimage analysis.
Individual agglomerate density was calculated from the agglomerate mass and volume. A minimum of ten
agglomerates were measured for each condition and the mean density calculated. The porosity of the agglomerates
(@) can then be calculated from agglomerate density (,0.45) and the true density (o) of paracetamol (1.27 mg/mm?3),

according to:

@ =1~(pags/ p1) (3)

Experiments were also conducted to determine the extent of agglomeration as a function of time. After a
predetermined time, the experiment was stopped and the entire suspension poured into a sieve (212 um mesh,
Retsch) positioned above a Buchner filter (2.7 um pore size) and washed with a small amount of heptane. The spherical
agglomerates were collected in the sieve and the un-agglomerated primary particles resided on the filter paper
positioned below. The sieve and filter paper were dried overnight and weighed to determine the percentage
agglomeration by mass. It was assumed that all the spherical agglomerates are of a size of above 212 um. From
qualitative observation this appears to be a reasonable assumption, as very few spherical agglomerates below this size
were identified using image capture and analysis. Experiments to produce agglomerates for determination of

percentage agglomeration were carried out in triplicate.

3. Results

3.1. Agglomeration behaviour and the impact of true bridging liquid to solid ratio (TBSR)

Fig. 3 shows a summary plot of the effect of TBSR at a solid loading of 5 % and an impeller speed of 500 rpm. Note that
for this model system, heptane and water are completely immiscible so that TBSR = BSR. We use TBSR for reporting
as it is more system independent. The effect of TBSR in terms of the product properties and the time taken for paste
formation can be divided into five regions. In Region A, there is not enough bridging liquid available to completely

agglomerate the primary particles. This results in a mixture of primary particle flocs and dense spherical agglomerates.



The ratio of these products remains the same after a long agglomeration time, implying that all the bridging liquid has
been exhausted and no further agglomeration can occur. An example of this behaviour is given in Fig. 4a. The transition
from Region A to Region B is where primary particles are no longer observed. In Region B (TBSR = 0.7 — 0.8), complete
agglomeration occurs, and is termed the optimum TBSR range. The agglomerates are dense and spherical (Fig. 4b).
Once all solid has been incorporated, there is little to no free bridging liquid available. This absence of free bridging
liquid is a barrier to agglomerate coalescence. The product remains stable over long periods of agitation without paste
formation, allowing simple recovery of the agglomerates via filtration (Fig. 4c). These agglomerates are relatively
strong, as they remain intact during filtration and drying and qualitatively demonstrate excellent flow characteristics.
The transition to Region C is when coalescence and paste formation occurs within the timescale of the experiment
(120 min). In Region C, complete agglomeration occurs and the agglomerates are dense and spherical. However,
shortly after full agglomeration has occurred, agglomerates start to coalesce, and a paste is formed with continued
mixing. Paste formation was observed at times ranging from 38 to 75 min. This is due to an excess of bridging liquid
in the system once all the primary particles have been immersed into the droplets. The time for paste formation
decreases with increasing TBSR. It is possible to collect the agglomerates just before coalescence/paste formation via
filtration. The agglomerates survive filtration and agglomeration, and at relatively low TBSR (i.e. 2) the agglomerates
appear dense and highly spherical, similar to those produced in the optimum TBSR range (Fig. 4d). As TBSR increases
within this region, the agglomerates are weaker, not as spherical, and some breakage is observed during the filtration
process (Fig. 4e). The transition to Region D is where agglomerates are too weak to survive filtration. In Region D,
although complete agglomeration occurs, the time for paste formation decreases as the TBSR is increased. At higher
TBSR, the agglomeration process is much quicker and once full agglomeration has been achieved, the excess bridging
liquid initiates rapid paste formation. Agglomerates in suspension just prior to paste formation are less dense and less
spherical compared to those formed in the lower TBSR regions (Fig. 4f). The agglomerate density decreases as the
TBSR is increased. These agglomerates do not survive filtration. They are weak and collapse during the filtration
process (Fig. 4g). The transition to Region E is when there is such a large excess of bridging liquid that a paste is formed

almost immediately (Fig. 4h).

Region B is the optimum operation range. Operation in Region C is also possible provided the agglomeration time is

less than time to paste formation. Operation in Regions A, D and F will not give a suitable product.
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Fig 3. Effect of true bridging liquid to solid ratio (TBSR) at a solid loading of 5 % and impeller speed of 500 rpm. Error
bars represent the standard error of three experiments.

(e) (f)

(g)

Fig 4. Effect of TBSR at a solid loading of 5 %wt and impeller speed of 500 rpm. End product images at (a) TBSR = 0.5
(sampled from suspension); (b) TBSR = 0.8 (sampled from suspension); (c) TBSR = 0.8 (filtered product); (d) TBSR =
0.9 (filtered product); (e) TBSR = 1.5 (filtered product); (f) TBSR = 3 (sampled from suspension); (g) TBSR = 3 (filtered
product); (h) TBSR = 10; paste formation.
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3.2 Agglomeration kinetics at optimum TBSR (Region B)

Studies to investigate the change in agglomerate properties during the agglomeration process were also carried out.
These experiments were conducted in the optimum range (TBSR = 0.75), at a solid loading of 5 %wt/wt and impeller
speed of 500 rpm. Fig. 5 shows images of the agglomerates as a function of time. The images clearly show that the
percentage agglomeration increases with time, as well as the agglomerate density (i.e. the amount of primary particles
immersed into the droplets). Fig. 6 shows the percentage agglomerated at each time point. After 96 min, there is
nearly 100 % agglomerate formation with very few primary particles left in suspension. Fig. 7 shows agglomerate
density (solids concentration) also increases with time, up until 103 min, at which point complete agglomeration was
achieved. There is a close coupling between the kinetics of agglomerate density and percentage agglomerated. Fig. 8
shows the agglomerate size and shape data combined in one plot, with three distinct stages. The three stages are
demarcated by observation of the agglomerates in Fig. 5, where distinct differences in agglomerate structure are
evident. In Stage I, immersion nucleation occurs and large, low density agglomerates are initially formed (Fig. 5a and
b). These are weak and break up under agitation. A sharp decrease in agglomerate size is accompanied by an increase
in agglomerate sphericity. The transition to Stage Il is where no further agglomerate size reduction occurs. In Stage /I,
further consolidation and capture of primary particles occurs, however there is no change in agglomerate size. At this
point, the agglomerates become much denser/stronger than observed in Stage I. Although aspect ratio still increases
for a time in this region, the agglomerate size remains roughly constant (Fig. 5c-f). This is likely due to both growth
and breakage rate processes occurring simultaneously. Smaller breakage fragments are evident in the system as the
time approaches 80 min (Fig. 5f). The transition to Stage Il is when no primary particles remain. However, in Stage Il
some changes to the agglomerate properties were still observed. The dense agglomerates combine/coalesce with the
smaller broken agglomerate fragments. This results in an initial decrease in sphericity and increase in agglomerate size
as the fragments adhere onto the agglomerate surfaces (Fig. 5g). The amount of broken fragments decreases with
increasing agglomeration time in this region until no fragments remain. With continued agglomerate-agglomerate

collisions, highly spherical agglomerates are eventually produced (Fig. 5h).
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Fig. 5. Images of agglomerates as a function of time: (a) 1 min, (b) 10 min, (c) 30 min, (d) 40 min, (e) 60 min, (f) 80
min, (g) 100 min, (h) 120 min. TBSR = 0.75; 5 %wt/wt solid loading; impeller speed = 500 rpm.
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3.3. Effect of agitation rate

The effect of mixing intensity on agglomerate properties in the optimum TBSR range was studied by varying the
impeller speed. The solid loading and TBSR were kept constant at 5 %wt/wt and 0.75 respectively. Fig. 9a shows the
effect ofimpeller speed on the time to achieve full agglomeration. It is clear that the process is faster at higher agitation
rate. The final agglomerate size decreases considerably with an increase in impeller speed (Fig. 9¢), accompanied with
a narrowing of the size distribution (Fig. 9d). This is mainly due to the higher agitation rate resulting in a smaller initial
droplet size due to droplet breakage, leading to smaller agglomerates via immersion nucleation in Stage | [33]. A
decrease in agglomerate size with increasing agitation rate has been reported by several authors [e.g. 22,36-38] and
has previously been attributed to agglomerate breakage. However, this does not appear to be the case here. A higher
agitation rate also induces agglomerate compaction due to increased intensity of agglomerate-equipment collisions,
and there is a clear decrease in agglomerate porosity with increasing impeller speed (Fig. 9b). This decrease in porosity
with increasing agitation rate has also been noted by Blandin et al. [22] for the spherical agglomeration of salicylic

acid.
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3.4. Effect of solid loading

Fig. 10 shows the effect of TBSR at different solid loadings. The optimum TBSR range is demonstrated to be
independent of solid loading. The time to paste kinetics and product properties show similar trends with increasing
TBSR for varying solid loadings. However, the time to paste does show some small dependency on solid loading. At
relatively high TBSR (in Region D), the time to paste is quicker with higher solid loading. As TBSR decreases into Region
C, this effect of a faster time to paste for higher loadings is no longer evident. Indeed, as the TBSR is decreased further
towards the optimum range, paste formation becomes slower for higher loadings indicating a slower agglomeration

process.

Fig. 11a shows the time for full agglomeration for the three different solid loadings for an optimum TBSR of 0.75. It is
clear that the agglomeration process is much slower for the higher solid loadings for all TBSRs in this Region B. For
example, at TBSR = 0.75 and 500 rpm, agglomeration time is increased approximately 3.5 times from 90 min to 330
min (Fig. 11a). These results suggest that for this material system at TBSR values lower than 1, agglomerate formation
is limited by the volume of the bridging liquid available. As a result, it takes longer for all solid material to be
incorporated into the agglomerates formed. Conversely, above a value of 1, the process is not limited by this
phenomenon. The bridging liquid is in excess, indicating particles are rapidly wetted and agglomerate growth begins
almost instantaneously. This quick depletion of available solid results in agglomerate coalescence and the onset of

paste formation.

There is also a decrease in agglomerate size as solids loading increases (Fig. 11c) and a significant narrowing of the size
distribution from 1 % loading to 5 % loading (Fig. 11d). Fig. 11b shows that there is also a clear decrease in agglomerate
porosity as the solid loading is increased. This coupling between agglomerate size and density is similar to that caused
by increased impeller speed. These porosity measurements are in agreement with works by Katta and Rasmuson [36]
and Blandin et al. [22] who both reported a decrease in agglomerate porosity with increasing solid loading for benzoic
acid and salicylic acid respectively. However, the trends in agglomerate size with solid loading are in contrast to both

these works, where an increase in agglomerate size was observed with increased solid loading.
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Error bars represent the standard error of three experiments.
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Fig. 11. Effect of solid loading on agglomerate properties: (a) time for complete agglomeration, (b) porosity, (c) size,
(d) size distribution. TBSR = 0.75 and impeller speed of 500 rpm. Error bars represent the standard error of three

experiments.
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4. A model for agglomerate consolidation and growth

This study clearly shows there is a narrow range of TBSR (Region B and C) in which robust agglomerates are formed
that are round, moderately dense, have a controlled size distribution, are easy to filter and free flowing. The key rate
processes that control the kinetics and granule properties are breakage of drops and low density agglomerates and
immersion nucleation (Stage /) and agglomerate densification through collisions with layered growth (Stages Il and

).

The kinetics of agglomeration are intrinsically linked to the agglomerate densification kinetics (Fig. 6 and Fig. 7).
Agglomeration is complete once all primary particles are captured. Tash et al. [33] quantified immersion nucleation
kinetics showing the nucleation time could be controlled by either the rate of capilliary driven immersion of particles
into the dispersed phase or the collision rate of particles with the drops. For the system under study in this paper, the
time scales for immersion and collision controlled nucleation are of order 103 s and 300 s respectively, indicating
nucleation kinetics are controlled by particle-drop collision. However, agglomerate density continues to increase, and
free fines decrease for up to 160 min (~10%). Immersion nucleation as described by Tash et al. only dominates in the
first few minutes of agglomeration (Stage /), and another mechanism must control this second stage of agglomeration

(Stage 1I).

We propose the second, slower stage of agglomeration is controlled by agglomerate densification (consolidation) due
to collisions between agglomerates and the impeller or wall of the vessel. Immersion nucleation in Stage I creates a
shell that locks in a structure which resists further densification driven by capilliary forces. Rearrangement of particles
which is required by the spherical geometry for further particle layer penetration is not possible without external
impact. This hypothesis is supported by agglomerate size measurements which show drop/agglomerate breakage only
occurring in Stage | of agglomeration, after which the agglomerates are too strong to break. This is analogous to
granule consolidation observed during wet granulation. Iveson et al. [39] and Hounslow et al. [40] both proposed
similar models for granulation where granule porosity (packing fraction) decreased via a first order process towards a
critical packing fraction ¢,,. This consolidation process releases liquid at the agglomerate surface which captures

additional primary particles.
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Consider an agglomerate of size v consisting of a liquid volume v; and solid volume vg. During consolidation and
layering, v;does not change but vs and v will increase. We write the following expressions for the agglomerate

porosity (packing fraction) ¢ and dry density pgg4:

v(t) =vs(t) + v (4)
¢(O) = (5)
pagg(t) = (1 - (.b(t))pt (6)

where the subscripts L and S represent the dispersed liquid and primary particles respectively. We assume a first

order decay of porosity towards the minimum porosity (critical packing fraction) ¢,:

% = _KC(¢ - ¢cp) (7)

where K, is the consolidation rate constant (min™ ). Integrating this expression gives the exponential decay of ¢ with
time:

where the subscript 0 denotes the start of the impact controlled consolidation (Stage Il). Given ¢(t) from Eq. (8),

Pagg(t), vs(t) and v(t) can be calculated from Egs. (4-6).

Similar to wet granule consolidation, we expect K, to be a function of the amount of deformation in a single impact

given in terms of the Stokes Deformation Number [39]:

K. = f(Stdef) (9)

where
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PaggU?
Staep = Lasa%t (10)

and U, is the characteristic collision velocity in the system and gy is the plastic yield stress of the wet agglomerate.

For a stirred tank agglomerator, impeller tip speed can be used as the characteristic collision velocity. Thus:

_ pagg(wr)z
20'y

Stdef (11)

where w is the angular velocity (rad.s) and r is the impeller radius (m). We expect the yield stress to increase as

agglomerate packing fraction decreases. If the strength follows a Rumpf style model [39], then:
Oy X — (12)

The optimum TBSR should be above the critical value corresponding to a completely saturated agglomerate at its

minimum porosity [34]:

¢cp

TBSR > TBSRcric = 1g
.

(13)

At TBSR_ ., it will take an infinite time for all primary particles to be included in the agglomerates. At TBSR >

TBSR_,it, the porosity at which agglomeration is complete is:

Pagg
TBSR = —==— 14
r—— (14)
TBSR
Pagg = 1+TBSR (14a)
Rearranging Eq. (8) gives:
__ 1 Pagg—Pcp
tagg — to = —K—cln do—ep ] (15)
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Comparison with paracetamol-heptane-water system

This model gives a good qualitative and quantitative description of the case study system studied in this paper. The
stable operating range for TBSR corresponds to Regions B and C in Fig. 3 (0.72 to 1.7), corresponding to a porosity
range from 0.42 to 0.63. At TBSR <0.72, agglomerate is not complete, while at TBSR > 1.7 agglomerates are too weak

to survive filtration.

Fig. 12 replots the porosity data corresponding to Fig. 7 within Stage Il (>30 min). A best fit line for Eqg. (12) is shown
on Fig. 12a. The data is a good fit to the first order consolidation model (Eq. (12)) with K. = 0.030 min~! and bep =

0.42.

1.0

y=(0) + (-0.0298783) " x
| log phi

0 [Pearsonsr | ~0.97588

[Adj. R-Square | 0.94705

u intercept 0t—

] [Siope 10,0298 £ 0.00223

5

¢ == ¢(p
¢0 - 451[:

-2}

i

-3k

-4 1 1
0 50 100 150

time - 30 (min) t- 30 (min)

Fig. 12. Porosity change with time during agglomeration Stage II: Comparison of data with Eq. (8) (TBSR = 0.75,
impeller speed = 500 rpm, Solids loading =5 %)

Given agglomeration is fast, we expect t,qq¢e to be similar to ¢,4,. The relationship between ¢, and TBSR is
therefore what we would expect from Egs. (14) and (15). Fig. 13 shows a prediction of t, 4t 8iven TBSR i = 0.72,
which matches the data remarkably well.  The value of ¢, is consistent with that measured directly for the

agglomerate product at complete agglomeration in Region C, 0.41 + 0.15 (Fig. 11b).

20



]
o

t paste (min)
N w B (4] (2] ~
o o o o o o
T T T T T T

-
o
T

o

TBSR
Fig. 13. Comparison of tqs¢e as a function of TBSR with that predicted by the model (impeller speed = 500 rpm,
Solids loading = 5 %)
The model also predicts the effect of changing impeller speed. Increasing impeller speed will increase K, (Egs. (9) and
(11)) resulting in shorter agglomeration times (Fig. 9a). Note that ¢, also decreases with increasing impeller speed
(Fig. 9b). As expected, increased impeller speed leads to more drop breakage in Stage | and therefore smaller
agglomerates (Fig. 9c and Fig. 9d). Increasing impeller speed gives smaller, denser granules with shorter agglomeration

times and a smaller value for TBSR ;¢ -

Implications for design space, kinetics and agglomerate attributes

One limit on design space is given by the maximum acceptable agglomeration time t, g4 max, then combining Eqs.
(14a) and (15) for tyg9 = taggmax:

TBSRmm—TBSRCp]

1
taggmax ~to = —K—Cln[ 1+TBSRmin (16)

As TBSR increases, the strength of the agglomerates will decrease (Eq. (12)). Another limit on the design space will be

the minimum strength required for agglomerates to survive filtration and drying, g,,;,,. Comparing Egs. (12) and (14):

1
Oy X ——r (17)

and
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TBSRmax — Ocrit (18)

TBSRcrit Omin

These relationships are shown in Fig. 14 in nondimensional form. While agglomerate size is set by drop breakage in
stage |, the agglomeration time, feasible range of TBSR, agglomerate density and strength are all primarily determined
agglomerate consolidation. Fig. 14 is general for any agglomeration system. The key parameters required for the
design space calculations are K. and ¢,,. Currently, no standard methods are available to measure these parameters,

but the methodology developed in this paper gives a good starting point for such a development.

075 F _Omin

rBSRmax

25 30 35 40 45 50
TBSR/TBSR

crit

Fig. 14. Non-dimensional relationship between TBSR and agglomeration time, agglomerate strength and porosity.
Design space of TBSR bounded by the maximum allowable agglomeration time and the minimum allowable
agglomeration strength.

Note that many pharmaceutical systems have partial solubility between the continuous solvent/antisolvent phase and
the binding liquid. In this case, BSR > TBSR. However, TBSR can be calculated relatively easily if the phase diagram is

known [34].
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These results show impeller speed is a sensitive and important parameter to evaluate when developing the design
space for spherical agglomeration, being important to determining both agglomerate size and density. In some cases,
the coupling between small and dense agglomerates may be undesirable, e.g. if dense agglomerates slow down the
dissolution profile of the tableted product. It is possible to decouple size and density if drop size is controlled at the
desired agglomerate size when the binder liquid is added to the vessel, taking advantage of the immersion nucleation
mechanism [20, 33]. The effect of solids loading on agglomeration kinetics and properties is more complex. While
increasing solids loading gives a smaller and narrower agglomerate size distribution, with denser agglomerates, the
major impact is to dramatically increase the required time for complete agglomeration. These results suggest solids

loading above 5 % are not practical. Keeping solids loading constant during scale up is recommended.

5. Conclusions

The paracetamol-heptane-water system has been used to study the immersion nucleation mechanism with the aim of
further developing our mechanistic understanding of the spherical agglomeration process. This includes the formation
of agglomerate nuclei and their evolution process to dense, spherical agglomerates. Here, a critical range of a TBSR of
0.72 — 0.8 was identified where moderately dense, round agglomerates with controlled size were formed. Four other
distinct regions of operation were observed. These regions were identified by significant changes in the agglomerate
properties and are also characterised by whether or not a paste forms and the time required for the onset of paste

formation.

Agitation rate had a significant effect on the properties of the agglomerates. An increase in impeller speed resulted in
a decrease in agglomerate size and porosity and also reduced the agglomeration time. The critical TBSR range was
found to be independent of solid loading. However, there was an effect of solid loading on agglomerate properties;
higher loadings produced smaller agglomerates with lower porosities. Increased solids loading also caused a large

increase in the agglomeration time.

The time scale for complete agglomeration is significantly longer than that predicted by immersion nucleation kinetics

alone. Rather, agglomeration consolidation by impact largely determines the required agglomeration time. A first
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order consolidation model borrowed from granulation literature gives a very good fit to the agglomerate porosity and
successfully predicts the reduction in time to paste and agglomerate strength at TBSR increases, leading to preliminary

recommendations for a process design and scale up methodology.
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