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Abstract

Tribo-charging is often a root cause of mass flow deviations and powder adhesion during continuous feeding. Thus, it may
critically impact product quality. In this study, we characterized the volumetric (split- and pre-blend) feeding behavior and
process-induced charge of two direct compression grades of polyols, galenIQ™ 721 (G721) for isomalt and PEARLITOL®
200SD (P200SD) for mannitol, under different processing conditions. The feeding mass flow range and variability, hopper
end fill level, and powder adhesion were profiled. The feeding-induced tribo-charging was measured using a Faraday cup.
Both materials were comprehensively characterized for relevant powder properties, and their tribo-charging was investigated
for its dependence on particle size and relative humidity. During split-feeding experiments, G721 showed a comparable
feeding performance to P200SD with lower tribo-charging and adhesion to the screw outlet of the feeder. Depending on
the processing condition, the charge density of G721 ranged from -0.01 up to -0.39 nC/g, and for P200SD from -3.19 up to
-5.99 nC/g. Rather than differences in the particle size distribution of the two materials, their distinct surface and structural
characteristics were found as the main factors affecting their tribo-charging. The good feeding performance of both polyol
grades was also maintained during pre-blend feeding, where reduced tribo-charging and adhesion propensity was observed
for P200SD (decreasing from -5.27 to -0.17 nC/g under the same feeding settings). Here, it is proposed that the mitigation
of tribo-charging occurs due to a particle size-driven mechanism.

Keywords continuous manufacturing - isomalt - mannitol - tribo-charging - twin-screw powder feeding

Introduction

The mono- and disaccharide alcohols (polyols) are excipients
in pharmaceutical tablet formulations [1, 2]. The polyols are
of a non-animal origin and bear the advantage of being non-
cariogenic with low hygroscopicity, pleasant taste, and reduced
caloric content [1, 3]. Polyols are widely acceptable by patients
(e.g., diabetic and lactose-intolerant patients [4]), and the
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absence of a carbonyl group makes them chemically stable (e.g.,
do not undergo Maillard reactions with amine drug’s functional
groups [5]).

Within the polyols, mannitol has gained prominence
as pharmaceutical excipient in solid dosage forms [2].
Another polyol, isomalt, has been mainly used as food
ingredient and was introduced as pharmaceutical excipi-
ent in 2005 [3]. Compared to mannitol, which has been
already used as excipient in formulations for continuous
direct compression (CDC) [6-8], to the best of the authors’
knowledge, there is currently no report of the use of iso-
malt as filler-binder for CDC applications. However, ben-
eficial properties of the direct compression (DC) isomalt
grades as low adhesion tendency [1] and tribo-charging
propensity [9], low sensitivity to lubrication [3], and
good compressibility [1, 3, 10, 11] have been highlighted
together with good mechanical properties [12] and solubil-
ity characteristics [13]. These properties may become criti-
cal for continuous manufacturing (CM) processes, where

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1208/s12249-023-02552-5&domain=pdf
http://orcid.org/0000-0002-3325-7828

91 Page2of12

AAPS PharmSciTech (2023) 24:91

materials need to be processed over a long period of time
without interruptions. Contrary to batch processes, during
CM, particle contact interactions are facilitated. Thus, phe-
nomena such as the surface exchange of charged species
(i.e., electrons, ions, material fragments, or combinations
thereof), known as tribo-charging, can develop more eas-
ily [14]. Powder tribo-charging has been suggested as a
potential root cause for inaccuracy and inconsistency of the
feeding process [15—17], the (fore)most critical step inher-
ent to all CM processes [18]. Therefore, there is a growing
interest in characterizing the tribo-charging tendency of
powders as a critical material attribute for feeding perfor-
mance [19-21]. Powders adhering to the feeder surfaces
undergo higher tribo-charging, resulting in stagnation in
the hopper, reduction of the screw free volume, bearding
effects at the screw outlet (i.e., adhesion to the screw out-
let), and alteration to the powder trajectory during free-
fall motion [22] and hopper refilling [23]. This can block
feeder refilling leading to poor accuracy and consistency
of the dosed mass, which may propagate throughout the
process and lead to products with varying content of active
pharmaceutical ingredient(s) (APIs). The common prac-
tice of grounding processing equipment has been in fact
demonstrated to be less efficient than generally thought in
reducing electrostatic charging [24, 25]. To mitigate such
risk to product quality, powders that are challenging to feed
as raw materials (i.e., split-feeding) are typically mixed
with other components to improve their feeding perfor-
mance (i.e., pre-blend feeding) [18, 20]. A trial-and-error
approach is often used in those cases, as powder tribo-
charging has still not been entirely understood. Factors
affecting the tribo-charging propensity can be related to
material (e.g., work function, surface chemistry, crystallin-
ity, particle size and morphology, moisture content, surface
roughness, mechanical properties), formulation (e.g., blend
type, API(s) concentration), and process conditions (e.g.,
equipment surface, process parameters, environmental
conditions) [26]. There are several complex factor inter-
actions that occur during pharmaceutical manufacturing
(e.g., materials differ for more than one parameter, undergo
different handling history, are subjected to distinct contact
types). Therefore, concerns have been raised regarding the
comparability of the results among different laboratories
as well as the transferability of the findings during process
scale-up [27]. These two aspects were addressed in our pre-
vious work where we attempted to (i) identify the principal
material attributes affecting the tribo-charging of common
pharmaceutical powders for CM under standardized condi-
tions and (ii) establish a link between the charge results of
a lab-scale measurement device and the ones developing
during processing in a small-scale twin-screw feeder [22].
We also investigated the effect of relative humidity (RH)
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on the bulk powder behavior and tribo-charging, which
was found to depend on material-water interactions [28].

In this study, using DC grades of mannitol and isomalt,
we extended our feeding investigation beyond our previ-
ous work [22], including a different set of process condi-
tions (i.e., shear and normal stresses) and feeding strategies
(i.e., split- and pre-blend feeding) in a pilot-scale feeder.
To explain the resulting observations, the powders were
additionally characterized for relevant powder properties,
and their tribo-charging behavior was investigated for its
dependency on particle size and RH.

Materials and Methods
Materials

The agglomerated isomalt galenIQ™ 721 (G721, BENEO-
Palatinit GmbH, Germany) and the spray-dried mannitol
grade PEARLITOL® 200SD (P200SD, Roquette, France)
were investigated in the present study. G721 is a disac-
charide alcohol consisting of a 6-O-a-D-glucopyranosyl-
D-sorbitol/1-O-a-D-glucopyranosyl-D-mannitol dihy-
drate (GPS/GPM) ratio of 3:1 [3]. P200SD is a mixture of
a- and f-mannitol polymorphs [29]. For the preparation
of the respective binary blends, an E124 colored food dye
(tracer, Wurth Essenzenfabrik GmbH, Austria) was sieved
below 45 um to resemble a model API.

Material Conditioning

Prior to the experiments, if not stated otherwise, the powders
were stored at 43% RH for 48 h to minimize the impact of
possible variations in environmental conditions on the feed-
ing and material characterization results. For that, materials
were placed either in RH-controlled labs (prior to feeding
runs) or in sealed desiccators (prior to material characteri-
zation). To study powder tribo-electrification as a function
of RH, the powders were stored inside desiccators supple-
mented with saturated salt solutions of potassium acetate
(23% RH), potassium carbonate (43% RH), and potassium
iodide (69% RH) [30]. All salts were purchased from Sigma-
Aldrich (Germany).

Twin-Screw Feeding Experiments
Feeding experiments were performed using both split-feeding

and pre-blend feeding to evaluate the powder feeding perfor-
mance and characterize the respective feeding-induced charge.
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Experimental Set-up

The experimental set-up (Fig. 1) consists of a pilot-scale
K-CL-KT20 feeder (Coperion K-Tron GmbH, Germany),
two cameras, a reference catch-scale, and a Faraday cup.
The feeder was equipped with coarse concave screws and
was monitored by two cameras (C920 full HD cameras,
Logitech, Switzerland). The reference catch-scale type SW
1000/1000-FS (Wipotec, Germany) was used for an inde-
pendent determination of the mass flow, and the Faraday
cup of the GranuCharge™ device (GranuTools, Belgium)
was used for in-process charge measurements.

Feeding Runs and Measurement of Process-Induced Charge

Contrary to the gravimetric feeding operation commonly
applied in CM, all feeding runs were carried out in volu-
metric mode (i.e., fixed screw speed) to expose the materials
to the same level of shear and to evaluate the material-feeder
interaction independently from the feeder controller [31].

Fig. 1 Experimental set-up for feeding experiments: K-CL-KT20
feeder (1) with a grounding cable (2), two cameras (3), reference
catch-scale (4), and Faraday cup (5)

For the split-feeding runs, two different hopper fill lev-
els (i.e., hopper initially filled with powder up to 100% and
40% of its total volume) and screw speeds (i.e., 20 and 50%
of the maximum screw speed of 154 rpm) were selected to
evaluate the impact of different powder compression states
and shear rates. The pre-blend feeding runs were carried out
at fixed process parameters of 100% initial hopper fill level
and 50% screw speed.

The process-induced charge measurements were per-
formed according to the procedure described previously
[22]. The measurements were made at 3, 6, and 9 min from
the process start by collecting approx. 10 g of the powder
being fed by the feeder in the Faraday cup. Feeding runs
were performed in duplicate at 23 +1 °C/42+2% RH. The
feeding experiments will be identified throughout this manu-
script using the following notation: split-/pre-blend feed-
ing_initial fill level_screw speed (S/PB_FL_SS).

Evaluation of Feeding Performance

The gain-in-weight data collected from the reference catch-
scale were evaluated to obtain information on the feeding
performance. As indicators for the feeding process perfor-
mance, the following metrics were selected [31-33]:

i) The average mass flow at 20% and 50% screw speeds
over the first 2 min (MF, ;) of the feeding run as indica-
tion of the screw conveying capacity

ii) The feed factor (FF) as indication of maximum feed
capacity

iii) The relative deviation to the mean (RDM) of the mass
flow throughout the feeding as a measure of mass flow
consistency upon bulk density changes during hopper
emptying

iv) The hopper end fill level (EFL) as indication of the abil-
ity to empty the hopper (risk of flow stagnation)

More details on the feeding set-up, experimental execu-
tion, and selected feeding metrics can be found in the sup-
plementary material (Figure A1 and descriptions).

Material Characterization
Material Sieving and Small-Scale Blending

If not stated otherwise, material characterization was per-
formed on the powders with an untreated particle size dis-
tribution. Sieved fractions of G721 (a fine fraction below
100 pum, an intermediate fraction in the range of 100-250 um,
and a coarse fraction above 250 um) were used to investigate
its tribo-charging dependence on particle size and to obtain a
sample with a comparable particle size to P200SD. To inves-
tigate the impact of different additives (i.e., same-material
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and tracer fines) on the acquired charge, G721 and P200SD
were sieved through a 45-pm mesh, and small-scale powder
blends (10 g) comprising raw materials and 1 wt% of their
respective sieved fines (below 45 um) were prepared.

Particle and Bulk Characterization

The samples were investigated for the particle size and shape
distribution, inner structure, specific surface area (SSA) and
pore distribution, water content, surface energy, density, and
flow characteristics.

The particle size and shape distribution of the samples,
indicated as volume-based particle size (D, D,5, and
D,q0), span, and aspect ratio (AR), were determined using
the QICPIC/L dynamic image analysis apparatus (Sympatec
GmbH, Germany).

The inner structure of the particles was analyzed using
X-ray micro-computed tomography (u-CT) [34] on the RX
Easytom 160 (RX Solutions, France). The SSA and the pore
distribution in the size range of 1.7-300 nm were determined
from nitrogen gas adsorption measurements using a TriStar II
3020 system (Micromeritics, USA). The SSA was determined
applying the Brunauer—-Emmett—Teller (BET) theory, whereas
the pore size distribution was determined using the Barrett-
Joyner-Halenda (BJH) method [35]. In addition, mercury intru-
sion porosimetry (MIP) was performed on a POREMASTER®
60GT (Quantachrome Instruments, Germany) to evaluate the
meso- and macro-pore size distribution (in the range of 6 nm
to 230 pm) applying the Washburn equation [36].

The water content of the powders was measured via Cou-
lometric Karl Fischer titration, using a TitroLine 7500 KF
trace (SI Analytics, Germany).

The surface energy of the materials (yg’) was character-
ized on an iGC-Surface Energy Analyzer (iGC-SEA, Surface
Measurement Systems Ltd., UK). The dispersive component
(ysD ) was determined based on the Dorris and Gray method
[37]. The acid—base component (ySAB) was instead estimated
according to the van Oss approach [38] and subdivided into
its acid (y4") and base (y¢~) parameters. From the surface
energy data, the work of cohesion (W) and the work of
adhesion (W,) were calculated according to [39], assuming
the surface energy parameters of a 316L type of stainless
steel with a 2B surface finishing from literature [40].

The bulk (BD) and tapped (TD) density of the pow-
ders were determined using the cylinder method [41] on
a Pharma Test PT-TD200 (Pharma Test, Germany), and
the derived Hausner ratio (HR) and Carr index (CI) were
selected as flowability descriptors.

Tribo-charging

The tribo-charging propensity of the raw materials as a
function of their particle size and environmental conditions
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was assessed using the GranuCharge™ device. The initial
charge (Q,) was determined by pouring approx. 10 g of
powder in the Faraday cup. After the O, determination,
the powder was transferred in a stainless steel vibratory
chute, which conveyed the powder into a grounded stain-
less steel V-tube. Following particle—particle, particle—sur-
face frictional contacts, and impact with the V-tube [9], the
charged material was then collected into the Faraday cup to
determine the charge after contact (Q,). The charge density
(g) was calculated by dividing the measured charge (Q)
by the sample weight and the acquired charge calculated
as q; — 4o

More details on all methods and respective calculations
can be found in the supplementary material.

Results

Analysis of the Split-Feeding and Pre-blend Feeding
Performance

Examples of the mass flow plots obtained during feeding
experiments are shown in the supplementary material (Fig-
ure A2), whereas the estimated feeding performance metrics
is reported in Table I.

Overall, both G721 and P200SD showed good feeding
performance (high MF and FF, low RDM and EFL) across
all the process conditions and feeding strategies tested. In all
cases, a slightly higher mass flow was observed for P200SD.
Likewise, a higher conveying capacity at full speed (FF)
was calculated for P200SD at both fill levels. A generally
lower RDM was instead observed for G721 (except for the
PB_100_50 run), reflecting its stable MF profile throughout
the entire fill level range. Moreover, both powders were able
to completely empty the hopper resulting in a low residual
mass in the hopper at the end of each feeding experiment
(EFL <4% in all cases).

To qualitatively evaluate the extent of powder adhesion
to the feeder surfaces, pictures were taken at the end of each
feeding run and reported in Fig. 2.

A minimal extent of adhesion was observed for G721
powder at all conditions on the screws (Fig. 2a and d) and at
the screw outlet (Fig. 2b and e). Instead, a higher adhesion to
the feeder outlet (Fig. 2h) and at the screw tip (Fig. 2g) was
evident for P200SD during split-feeding runs and became
more pronounced at higher screw speeds (Fig. 2j and k).
Similar findings have been observed, to a higher extent, by
Allenspach et al. when feeding hydroxypropyl methylcel-
lulose (HPMC) K4M powder and have been associated to
an electrostatic powder build-up [23].

Results of the magnitude of process-induced charge
measured during split-feeding and pre-blend feeding experi-
ments are reported in Fig. 3.
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Table! Overview of the

- . Material Feeding run ID MF,,;, (kg/h) FF (kg/h) RDM (%) EFL (%)
Feeding Performance Metrics (S/PB_IFL_SS)
Computed for Each Feeding I
Run (Identified by Split-/ G721 S_100_20 3.56+0.24 17.82+1.21 2.04%0.15 3.94+1.32
Pre-blend Feeding_Initial Fill S_40_20 2.97+0.05 14.84+0.26 1.19+0.13 2.68+0.07
Level_Screw Speed): MF,,,;,
mass flow, FF feed factor, RDM S_100_50 8.81+0.25 17.62+0.50 2.14+0.13 2.61+0.22
Relative Deviation to the Mean, S_40_50 7.45+0.02 14.90+0.05 1.34+0.00 2.87+0.07
and EFL end fill level (n=2; PB_100_50 9.52+1.22 19.05+2.45 3.86+2.01 3.50+0.01
Mean £ Range) P200SD  S_100_20 4.35:0.09 21734045  276+114  1.51+044
S_40_20 3.95+0.05 19.73+0.25 5.53+1.26 2.35+0.35
S_100_50 10.43+0.05 20.86+0.09 4.95+0.50 3.20+0.63
S_40_50 9.64+0.01 19.27+0.03 4.37+0.36 2.81+0.67
PB_100_50 10.34+0.05 20.68+0.11 2.01+0.06 2.13+0.13
Fig. 2 Pictures of feeder ele- Screws
ments showing the extent of
powder adhesion to the screws,
screw outlet, and residual mass
in the hopper for split-feeding G721: 20%
runs (performed at 100% initial screw speed
fill level with G721 (a-f) and
P200SD (g-1) at 20% and 50%
screw speeds) and pre-blend
feeding runs (performed at
100% initial fill level and 50%
. BEOO
screw speeds with pre-blends G721: 50%
comprising G721 (m-o) screw speed
and P200SD (p-r) powders Q)
with 1 wt% of sieved tracer, |L 2
respectively). Arrows indicating =| E
powder adhesion o w
» w
(1

PRE-BLEND
FEEDING

P200SD: 20%
screw speed

P200SD: 50%
screw speed

G721: 50%
screw speed

P200SD: 50%
screw speed
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An extremely low charge density was observed for G721
at all consolidation states and shear rates when fed as a raw
material. A slight, yet significant (p <0.05), increase in
charge density was only observed for the run at the highest
fill level and screw speed (S_100_50). Likewise, G721 pow-
der was found to charge to a minimal extent during pre-blend
feeding showing comparable values to the split-feeding runs.

Compared to G721, P200SD was found to undergo sig-
nificantly higher tribo-charging during split-feeding, and its
charge was only slightly reduced when fed at 100% hopper
fill level and 20% screw speed. Interestingly, the relatively
high charge density observed during split-feeding experi-
ments was drastically reduced when adding 1 wt% tracer
and reached even a lower charge level compared to G721.

Powder Characterization
Determination of Particle Size and Shape

The particle size distribution (PSD) and shape of the start-
ing materials and respective sieved fractions are reported

-8

B G721
74 []P200SD

Process-induced charge (nC/g)
A

P | i

S_100_20 S_40_20 S_100_50 S_40_50 PB_100_50

Fig.3 Measured process-induced charge following split-feeding and
pre-blend feeding identified as split-/pre-blend feeding_initial fill
level_screw speed (n=6; Mean +SD)

in Table II. Differences in the PSD of the starting materi-
als were observed with G721 showing a broader distribu-
tion compared to the P200SD powder. For both materials, a
high AR was measured indicating a rather spherical particle
shape, which is in agreement with literature [1, 29]. With
regard to the sieved powders, the intermediate size fraction
of G721 (100 um < G721 <250 um) was found to have a
comparable PSD to the starting P200SD. Likewise, a similar
PSD was obtained for the sieved colored tracer and the fine
fractions of G721 and P200SD sieved below 45 um.

Characterization of the Inner Particle Structure

The inner structure of the starting materials is reported in
Fig. 4. The two samples revealed different structures, with
G721 showing a dense inner structure and P200SD a porous
one. The inner structure of P200SD presented a high concen-
tration of internal cavities with different dimensions (both
small and large pores), characteristic of spray-dried powders
under given process parameters [42].

Evaluation of the Specific Surface Area and Pore Size
Distribution

The SSA and pore size distribution of the investigated pow-
ders, measured via nitrogen gas adsorption, are reported in
Table III. The SSA of P200SD was approx. twice as large
as that of G721. Moreover, P200SD showed the presence
of larger pores in agreement with the structure identified
by u-CT. This observation has been further confirmed from
the MIP curves reported in Fig. 5. The intrusion curve of
P200SD showed a first intrusion step in the pore size range
of approx. 100-20 um (characteristic of inter-particle voids
filling) and a second, less pronounced step, in the range of
approx. 5-0.1 um (corresponding to the actual pore filling).
In contrast, only one broad intrusion step (in the range of
approx. 200—1 um) could be observed for G721. In this case,
the transition to an eventual pore filling step is smooth and
uniform.

Table Il Overview of the

Relevant Particle Size Sample Dv,y (um) Dvs (um) Dvy (um) Span (-) AR5 ()
Distribution (PSD) Parameters G721 110.92+£4.99 25444996 391223807  1.10+£0.12  0.87+0.01
?Sfeﬁfgf&l{sﬂﬁif;ﬁ)a?efrlei P200SD 107.85+1.69 164074293  227.76+482 0734002  0.86+0.01
and Respective Sieved Fractions G721 (<100 pm) 39.97+035 73854032 107204026 0914001  0.80+0.00
(n=3; Mean +SD) G721 (100-250 ym) ~ 80.98+0.80  157.98+0.98  230.99+1.11  0.95+0.01  0.84+0.00
G721 (>250 pm) 165.01+0.66  297.63+3.63  454.05+15.83  0.97+0.04  0.82+0.00
G721 (<45 um) 1743+0.19  37.72+030  58.08+1.73 1.08+0.04  0.75+0.00
P200SD (<45 um) 12434022 36.12+0.84  61.07+2.60 1.35+0.05  0.75+0.00
Tracer (<45 pm) 4414005  2638+328 48.67+021 1704022 0.79+0.00
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Fig.4 X-ray micro-computed
tomography (u-CT) images
of G721 (a) and P200SD (b)
powders

Table Il Overview of the Specific Surface Area (SSA) and Barrett-
Joyner-Halenda (BJH) Pore Size and Volume of the Investigated
Starting Materials (n=3; Mean +SD)

Sample SSA (mz/g ) BJH pore size (nm) BJH pore
volume
( mm3/g)
G721 0.44+0.01 12.45+1.54 0.92+0.06
P200SD 1.14+0.02 14.68 +1.99 4.30+0.57
3.0
— G721
—— P200SD
2.5
°
o 2.0
£
i
T 151
(=]
k)
kel
s 1.0 1
T
0.5
0.0 T T T T T
102 10° 10° 107 102

Diameter (pm)

Fig.5 Mercury intrusion porosimetry (MIP) profiles for the starting
G721 and P200SD powders

Determination of the Water Content

Results of the water content measurements, performed
after storing the starting materials at three RH levels, are
reported in Table IV. Both powders showed only a slight
increase in water content when stored at 69% RH. The total
water content of G721 (approx. 3 wt%), measured via Karl
Fischer titration, was significantly higher compared to that
of P200SD (approx. 0.1 wt%). However, G721 is a dihydrate
crystalline material containing two water molecules per
GPM component. Based on dynamic vapor sorption (DVS)
analysis (data not shown), 2.3 wt% of the total water content

Table IV Water Content Determined for the Starting Materials at 23,
43, and 69% RH After 48 h of Storage (n=2; Mean + Range)

Sample Water content (wt%)

23% RH 43% RH 69% RH
G721 2.97+0.02 3.04+0.02 3.13+0.01
P200SD 0.09+0.00 0.10+0.00 0.15+0.01

of G721 consists of bound water (crystal water), and the
residual 0.7-0.8 wt% is unbound (surface) water. In terms
of unbound water, a higher fraction of water molecules is
expected for the G721 particles.

Characterization of the Surface Energy

The surface energy profiles of the starting G721 and P200SD
powders in the surface coverage range of 0.005-0.2 are
reported in Fig. 6. An overview of the respective numerical
values at an intermediate surface coverage of 0.1 is reported
in Table V together with the calculated W, and W, to stain-
less steel.

From the surface energy profiles (Fig. 6), it is evident
that P200SD is energetically more heterogeneous than G721,
meaning that its surface energy varies as a function of the
surface coverage due to the presence of surface sites of dif-
ferent energy levels. Both powders were found to possess
basic (electron-donor) characteristics (y,*/y,”<1), more
pronounced in the case of P200SD. The dominant contri-
bution to the total surface energy was represented by their
dispersive component for both powders. However, G721
showed a higher W, compared to W, whereas opposite
findings were observed for P200SD. This indicates that,
compared to P200SD, G721 will more easily spread over
the stainless steel surface leading to higher particle—surface
interactions [39].

Determination of Bulk and Tapped Density and Derived
Flow Descriptors

The densities and flow characteristics of the powders are
reported in Table VI. Compared to G721 powder, a higher
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Fig.6 Surface energy profiles a b
obtained for G721 (a) and 80 80
P200SD (b) in the surface cov- o 70 — B‘?tm ‘ o 10 Total
erage range of 0.005-0.2 £ Ispersive £ , Dispersive
S 601 Acid-base S el W Acid-base
E E
0 > 50
o .’*0—0—._.‘_‘__.%._. o
o 40 o 40
c c
O 30 @ 30+
2 8
© 20+ © 20
£ £
7] 101 . - . a 10
0 T T T T 0 T T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

Surface coverage (-)

Surface coverage (-)

Table V Dispersive (y,P), Acid (y,"), and Base (y,”) Components of the Surface Energy (y,7) Calculated at a Surface Coverage of 0.1 and the
Respective Work of Cohesion (W) and Work of Adhesion (W) to Stainless Steel

Sample ¥ P(md/m?) ¥y, (mi/m?) ¥y, (ml/m?) y L (mJ/m?) W o(mJ/m?) W y(mJ/m?)
G721 4235 1.99 2.87 47.12 94.24 99.50
P200SD 49.02 1.93 3.74 54.38 108.77 106.49

BD and TD as well as better flowability were measured
for P200SD. According to the flowability classification of
Carr [43], the HR and CI values determined for G721 (in
the range of 1.26-1.34 and 21-25, respectively) suggest a
“passable” flow character, whereas the ones obtained for
P200SD (in the HR range of 1.12-1.18 and CI range of
11-15) indicate a “good” flow character. Generally, the HR
and CI measured for the G721 powder are slightly higher
than the values reported in literature [3], whereas the ones
of P200SD are in good agreement [29, 44].

Evaluation of Powder Tribo-charging
on the GranuCharge™ Device

Tribo-Charging Dependence on Particle Size

To verify whether the difference in the tribo-charging of the
two powders was driven by their distinct PSD [45, 46], the
sieved size fractions of G721 were compared to P200SD in
Fig. 7a. When benchmarking G721 and P200SD powders
with comparable PSD (100 um < G721 <250 um), P200SD
was still found to charge to a higher extent suggesting the

Table VI Bulk (BD) and Tapped Density (TD) of the Investigated
Powders and Derived Flow Descriptors such as Hausner Ratio (HR)
and Compressibility Index (CI) (n=3; Mean+SD)

Sample BD (g/ml) TD (g/ml) HR (-) CI (%)
G721 0.41+0.02 0.54+0.00 1.33+£0.06 24.80+3.49
P200SD  0.53+0.01 0.62+0.00 1.18+0.01 14.93+0.61

@ Springer

contribution of other factors to its tribo-electrification.
Compared to the raw G721 powder, all its sieved fractions
resulted in a reduced charging propensity, and interestingly,
the lowest charge density value was obtained for the smallest
particle size (< 100 um). This is in agreement with previous
findings reporting higher charge magnitudes for materials
with a broader PSD [47]. When adding 1 wt% of fines to the
starting materials, the tribo-charging propensity of P200SD
was reduced, whereas for G721, this had a negligible impact.

Tribo-Charging Dependence on Relative Humidity

The tribo-charging propensity of the powders was evaluated
at a relatively dry (23% RH), intermediate (43% RH), and a
more wet condition (69% RH). The tribo-charging results are
reported in Fig. 7b. A higher charge density was observed
for P200SD at all RH levels, which is in agreement with lit-
erature [9]. For both powders, a similar charging trend with
RH was observed, where the charge density increased from
23 to 43% RH and decreased at 69% RH (without reaching
the minimum charge level obtained at 23% RH).

Discussion

Effect of Material Attributes on Feeding
Performance

With the strides to continuous pharmaceutical manufactur-
ing, the importance in the characterization of the feeding
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performance of powders has raised as it is crucial for the
long-term stability of the entire CM process. Many stud-
ies have been conducted under process-relevant gravimetric
feeding mode. To gain understanding of the material-feeder
interaction, volumetric feeding studies have also been per-
formed [19, 21, 31, 41]. The volumetric feeding perfor-
mance of the two polyols grades investigated in this study
was found to be consistent across all the feeding strategies
and process conditions tested and resulted in relatively high
levels of mass flow. Based on the estimation of the mass flow
at full speed (FF), the mass flow rates in typical continuous
pilot-scale operations (e.g., 10-15 kg/h) could be met for
both powders with the given feeder configuration (Table I).
The feeding process was stable throughout its entire dura-
tion (i.e., low RDM), and a slight decrease in mass flow was
observed for P200SD at hopper fill levels below 40%. Such
effect can be erased during a continuous gravimetric feeding
operation (compensated by feeder controller) and by select-
ing a suitable refilling strategy.

Overall, a slightly higher mass flow was obtained for
P200SD associated to the higher bulk density and flowability
measured for this material, which is expected to result in a
more efficient degree of screw filling. Bearding effects were
visible during split-feeding runs for P200SD, and a higher
extent of powder adhesion to the screw outlet and screw tip
was observed at higher screw speeds. Such adhesion propen-
sity may worsen during longer processing, posing risks for
mass flow deviations (e.g., by a sudden dislodgment of the
powder accumulated at the feeder outlet) [23]. The absence
of bearding effects and a minimal tendency to adhere to the
feeder surfaces were instead obtained for G721. Such dif-
ferences in the adhesion tendency [1] were found to corre-
late to the process-induced charge. Tribo-charging has been
a root cause for the adhesion propensities of powders [23,
48]. However, adhesion forces consist of electrostatic and
non-electrostatic components (van der Waals forces) acting

G721 + 1wt% fines

20 30 40 50 60 70 80
RH (%)

P200SD

P200SD + 1wt% fines

at different length scales [49]. The higher extent of charge
generated during the feeding process for P200SD (Fig. 3)
may be responsible for bringing the powder into contact
with the feeder surface. Once the separation distances are
reduced in the order of tens of nanometer, short-range van
der Waals interactions prevail and make the powder adhere
to the surface [50]. This is supported by the higher disper-
sive component of the surface energy (representing van der
Waals interactions) measured for P200SD (Fig. 6).

Contrary to G721, for which a minimal charge density
and powder adhesion was overall observed, the addition of
only 1 wt% of fine particles of colored tracer in P200SD
resulted in a significant charge mitigation and reduction in
powder adhesion. Hypotheses to explain such behavior are
formulated in the next section.

Mechanisms Behind Powder Tribo-charging

Results of this study are in agreement with our previous
findings [22], attesting the suitability of a small-scale charge
analysis to evaluate trends in powder tribo-charging follow-
ing feeding operations. The tribo-charging measured on the
GranuCharge™ at similar environmental conditions as the
process-induced charge determinations revealed the same
lower tribo-charging and adhesion propensity of G721 com-
pared to P200SD. Also, differences were observed in terms
of charge magnitude between the two experimental set-ups.
The lower charge density observed during feeding may be
associated to the higher number of particle—particle contacts
in relation to the particle—wall contacts or to prolonged con-
tacts with the grounded feeder surface.

Tribo-charging is a multifactorial phenomenon, known
to be affected by differences in powder properties, process,
and environmental conditions [26]. Therefore, the process-
induced charge of both G721 and P200SD was characterized
under different process parameters (shear and compression),

@ Springer
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and a separate investigation on the effect of distinct RH lev-
els on tribo-charging was performed. In both cases, despite
strong differences in terms of charge magnitude, similar
charging trends were observed for the investigated materi-
als. The process-induced charge was generally found to be
consistent across the range of process conditions investi-
gated (with exception of the run with P200SD at 100% ini-
tial fill level and 20% screw speed). Additionally, a similar
trend of increasing charge from 23 to 43% RH followed by
a charge decrease from 43 to 69% RH was observed. This
can be explained by the presence of water molecules that
can facilitate charge transfer via conductive bridges at lower
RH [51] and lead to charge reduction by increasing surface
conductivity at higher RH [51]. Those results suggest that
the strong difference in charge magnitude observed between
the powders is not affected by process and environmental
conditions but predominantly driven by their distinct powder
characteristics. When analyzing the powder tribo-charging
dependence on particle size, the G721 fraction with a com-
parable PSD to P200SD showed a lower charge density.
Thus, the minimal charging propensity of G721 cannot be
explained by its characteristic particle size suggesting the
contribution of other powder properties.

A porous structure with a higher surface heterogeneity
was revealed for the spray-dried P200SD [42]. The tribo-
charging behavior of powders can be significantly affected
by surface modifications and can be correlated to changes
in surface energy [39]. The presence of sites with differ-
ent energy levels would lead to localized accumulations of
charge and result in an uneven charge distribution on the
surface [52]. The comparatively lower amount of surface
water present on the P200SD particles may not be enough to
guarantee an efficient charge relaxation process or may even
help promote tribo-electrification [28, 53]. This effect may
play a major role when the charging mechanism relies on the
exchange of other charge species than electrons. The electron
donor characteristics of the powders observed in the surface
energy analysis were not reflected in the negative polarity of
the measured charge, which may imply the transfer of other
charge species. In contrast to P200SD, the denser surface of
G721 particles may facilitate a homogeneous distribution of
charge and the formation of a uniform distribution of water
molecules. It can be therefore hypothesized that the overall
charge present on the surface of the G721 particles is dis-
sipated more rapidly due to the enhanced particle conductiv-
ity associated with the presence of the water layer [28, 53]
and the enhanced contact with the stainless steel surface for
charge neutralization (the higher adhesion/cohesion energy
ratio shown in Table V) [39].

The effect of different mechanical properties of the two pow-
ders (i.e., G721 undergoing a brittle-plastic whereas P200SD a
brittle deformation) [12] on the mode of contact and thus their
overall tribo-electrification [54, 55] cannot be ruled out.
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As a potential mitigation strategy, the addition of only
1 wt% of tracer fines resulted in a reduction of the tribo-
charging propensity of the P200SD powder. In contrast,
this had a negligible effect on the minimal charge density
obtained for G721. This effect seems to be particle size
driven rather than a chemistry-mediated, as when adding
1 wt% of the same-material fines, the same tribo-charging
trend could be observed. Most likely, the charge mitigation
results from the difference in charge polarity obtained during
same-material tribo-charging for coarse and fine fractions
(typically carrying a positive and negative charge, respec-
tively) [47, 56, 57].

Practical Implications and Limitations

The first step towards CM process design is the reliability
of the feeding system and its impact on downstream steps.
Despite this study being restricted to the specific grades of
polyols, the insights on their adhesion propensities and the
strategies for their potential mitigation are expected to be
valuable for formulation and process development. During
long processing times, the difference in the adhesion pro-
pensity of the two polyols may become critical and affect
the feeding performance resulting in spikes of material being
dislodged from the feeder outlet. Long-term investigations
should therefore be performed to assess such risk. Addition-
ally, CDC full line runs should be performed with different
API formulations to evaluate the overall performance of the
two polyols allowing a more thorough excipient profiling
across the different unit operations and formulation cases.
To enhance the fundamental understanding of the presented
findings, the pre-blend feeding investigations would require
a more detailed characterization of the blend structure. The
latter will be in fact directly related to the fraction of par-
ticles dominating the type of contact interactions during
tribo-charging.

Conclusions

In this study, we profiled the feeding performance and
tribo-charging of P200SD and G721 powders. During split-
feeding, G721 showed comparable feeding performance to
the well-established P200SD, yet, with lower tribo-charging
propensity and less tendency to adhere to the screw outlet.
These observations were attributed to differences in inner
structure, surface energy, and the presumed deformation
characteristics of the powders. Compared to G721, P200SD
was found to exhibit a highly porous structure with higher
surface heterogeneity, larger surface area, and less surface
water. All these factors may contribute to the overall higher
charging tendency of P200SD.
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The feeding performance of G721 was maintained during
pre-blend feeding with minimal tribo-charging and adhesion
tendency. The volumetric feeding capacity of P200SD was also
consistent between split- and pre-blend feeding, whereas in the
latter the adhesion propensity was reduced with the addition of
1 wt% of fine tracer powder. This was assumed to be due to a
particle size-induced mitigation effect of powder electrostatics.

Overall, the results presented in this study evidenced the ben-
efit of using G721 in continuous feeding operations when fed as
single excipient as well as the possibility to mitigate the adhesion
tendency of P200D in pre-blend formulations. Both aspects are
deemed relevant for formulation and process development.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1208/s12249-023-02552-5.
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