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RESEARCH ARTICLE

Effect of roll compaction pressure on the properties of high drug-loaded
piracetam granules and tablets

Valentyn Mohylyuk

School of Pharmacy, Queen’s University Belfast, Belfast, UK

ABSTRACT
Objective: The aim of this study was to use an alternative granulation technique, solventless roll compac-
tion, and to investigate the effect of the roll compaction pressure on the properties of granules and high-
drug-loaded (80%, w/w) immediate release piracetam tablets.
Significance: Piracetam is commonly manufactured as high drug-loaded tablets by wet granulation with
an aqueous binder solution. Due to its high solubility in water, the wet granulation process is largely sus-
ceptible to processing methods and can induce the uncontrolled polymorphic transition of piracetam as
well as convert it into mono- and di-hydrates.
Methods: The blends, comprising piracetam, KollidonVR 30, and AvicelVR PH-101 were roll compacted at 4,
5 and 13MPa hydraulic pressure and calibrated using an industrial roll compactor. The resultant granules
milled and raw piracetam was investigated with DSC. The resultant granules are mixed with Ac-Di-SolVR ,
AerosilVR 200 Pharma, and magnesium stearate to prepare tablets using an industrial tablet press at the
same compression force and 25, 65, and 100 rpm. The obtained tablets were film coated with an aqueous
dispersion of OpadryVR II using a pilot-scale solid-wall pan coater.
Results: Roll compaction pressure influenced the polymorphic composition of piracetam, the granule
properties and tablet mixture in relation to morphology, particle size, flowability, bulk and tapped density,
as well as tablet hardness, tablet friability, disintegration, and dissolution.
Conclusion: This study showed that roll compaction can be successfully used for the preparation of highly
water-soluble, highly drug-loaded piracetam film-coated tablets avoiding wet granulation pitfalls.
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Introduction

Piracetam (2-oxo-1-pyrrolidine acetamide) is a cyclic derivative of
gamma-aminobutyric acid, which is a weak base with a pKa of
13.6 [1] and a high (479mg/mL) aqueous solubility [2,3]. It is used
clinically as a nootropic drug [2,4] and oral products of piracetam
are usually in the form of coated high-drug-loaded immediate
release tablets in the dose range of 200–1200mg [5].

Piracetam is prone to caking and clumping. To combat this
[6,7] and avoid segregation during manufacturing steps while

achieving the desired content uniformity [8], piracetam tablets are
typically manufactured by wet granulation. As piracetam is highly
water-soluble, high piracetam concentrations are used in formula-
tions, therefore the aqueous wet granulation process is very sus-
ceptible to process parameters and their variation [3,9]. Wet
granulation can also induce the polymorphic transition of
piracetam as well as convert it into mono- and di-hydrates [10].
These factors complicate the process of development and scale-
up, as well as production-scale batch-to-batch reproducibility. In
this situation, dry granulation by roll compaction can become an
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alternative manufacturing method neutralizing the disadvantages
linked to the wet granulation processing of piracetam.

Piracetam exists in a number of polymorphic forms. Polymorphic
FIV and FV forms were reported to be only stable at high pressures
[11]. At atmospheric pressure, only three polymorphs (FI, FII, and
FIII) of piracetam have been reported [11,12]. FII (triclinic) or FIII
(monoclinic) polymorphic forms directly transform into FI upon
heating and FI can be obtained after quench-cooling [13]. During
heating, FII transforms into FI at a slightly lower temperature com-
pared to FIII, and the respective DSC-observed endotherms illus-
trate the process of FII-to-FI and FIII-to-FI transition, followed by the
melting endotherm of FI [14]. Nevertheless, obtained after quench-
cooling FI is unstable and converts into FII within a few hours
under ambient conditions [13]. Under ambient conditions, the
solid-state transformation from FII to FIII wasn’t found [14], while
the FIII form was recognized as more stable compared to FII [15].

Typical processes such as milling/grinding and compression
can cause conformational polymorph phase transitions because of
localized increases in pressure and shear stress [16]. Piracetam FIII-
to-FII polymorphous transformations upon grinding were observed
as well [17]. Based on single crystal nanoindentation experiments,
FIII has a higher hardness and elastic modulus compared to FII
[18]. Attempting to establish relationships between crystal struc-
ture and macroscopic physical properties of piracetam poly-
morphs, the tableting of FII was found as superior compared to
FIII and explained with greater FII plasticity [18].

Dry granulation by roll compaction is an alternative way of
granulation and it is getting more popular for manufacturing
pharmaceutical solid oral dosage forms [19–22]. During the process,
roll compaction pressure improves the contact area and powder
particles are aggregated due to direct contact bonding forces
between the solid surfaces [22,23]. Being a continuous method, roll
compaction has less processing risk because of in-process adjust-
able parameters and less critical manufacturing steps, resulting in a
less problematic scale-up process compared with batch granulation
[24]. Roll compactors have less physical size and footprint, decreas-
ing cleaning time and contamination risk and capital investment
than competing batch technologies. Roll compaction compared to
wet granulation allows the process to avoid the addition of solvent
or dissolved binder [25], which is beneficial in the case of piracetam
and allows for avoidance of uncontrolled polymorphic transitions
and hydrates formation [10,26].

In accordance with the literature, roll compaction pressure is
the most important process parameter affecting resulting ribbons
and consequently granule properties. The effect of roll compac-
tion pressure on the granule and tablet properties is highly pro-
nounced and has been previously reported [27–33], while in the
context of piracetam, roll compaction pressure can additionally
influence conformational polymorphism [16,17].

The aim of this study was to investigate the effect of roll com-
paction pressure on the piracetam polymorphism, the properties of
granules, tablet-cores, and coated tablets during the preparation of
high-drug-loaded (80%, w/w) immediate release piracetam tablets.

Materials and methods

Materials

Piracetam substance (CAS No.: 7491-74-9; MW 142.16 g/mol; purity
99.9%) was purchased from Yangzhou Pharmaceutical Co Ltd.
(Yangzhou, PR China). Povidone (KollidonVR 30) has been used as a
dry binder and was kindly provided by BASF SE (Ludwigshafen,
Germany). Microcrystalline cellulose (AvicelVR PH-101) and

croscarmellose sodium (Ac-Di-SolVR ; FMC Corporation, Philadelphia,
PA, USA) were used as tablet filler and disintegrant, respectively.
Colloidal silicon dioxide (AerosilVR 200 Pharma) was provided by
Evonik AG (Darmstadt, Germany) and magnesium stearate gifted
by Sudeep Pharma Pvt. Ltd. (Nandesari, Gujarat, India) was used
as glidant and lubricant, respectively. OpadryVR II which is the pre-
mix of hypromellose, macrogol 4000, lactose, triacetin and iron
oxide yellow was provided by Colorcon (Dartford, UK). Chemicals
used for the preparation of dissolution media were of
Pharmacopeia grade and used as received.

Differential scanning calorimetry (DSC)

To investigate the thermal properties of piracetam substance
before and after processing a heat-flux DSC (DSC Q20; TA
Instruments, New Castle, DE, USA) was conducted to characterize
thermal behavior. For measurement, samples were weighed
(5–8mg) into aluminum DSC pans and heated from 30 �C to
200 �C at 50 �C/min with a continuous purge of nitrogen gas at
50ml/min.

Roll compaction

Before the granulation, because of the large crystal size
(D50%¼196 mm), piracetam was milled with a hammer mill (Bohle
Turbo Mill; L.B. Bohle Maschinen und Verfahren GmbH, Ennigerloh,
Germany) at 4000 rpm. For the dry granulation by roll compaction,
piracetam, KollidonVR 30 and AvicelVR PH-101 in the required pro-
portions (in the amount of 1 kg; Table 1) were mixed in a Turbula
mixer (model T2F; Willy A. Bachofen AG, Muttenz, Switzerland) for
10min then sieved (mesh size 2mm) to avoid unmixed lumps and
mixed again for 10min. To obtain the batch size of 10 kg, the pro-
cedure was repeated 10 times, the mixture was collected in a PE
bag, sealed, and then mixed manually for 10min.

Dry granulation was utilized with an industrial roll compactor
(model RC 170� 45; Powtec Maschinen und Engineering GmbH,
Remscheid, Germany) comprised of conveying, feeding and roll
compacting, and milling units (Figure 1) [34]. The powder mixture
was delivered with a drum-feeder and moved vertically downward
on rolls by a forced screw feeder with (45mm diameter). The
powder mixture was then compacted into the ribbon by rolling
between counter-rotating compaction rolls at a predetermined
compaction pressure. The roll compactor was equipped with
smooth surface rolls (170mm diameter, 45mm width). Being a
function of the roll force, roll speed and screw speed, the gap dis-
tance between the rolls varied (due to the moving roll) keeping
the roll compression force close to the set value. The obtained
compaction ribbon after rolling was crushed at 125 rpm with a
rotor sieving mill equipped with a 1.0mm size square apertures
sized screen.

Table 1. The composition of granules and tablet core.

Ingredients

Composition of

granules
tablet core

% (w/w) % (w/w) mg/tablet

Piracetam (D50%¼115mm) 83.54 80.00 200.0
KollidonVR 30 3.34 3.20 8.0
AvicelV

R

PH-101 13.12 12.56 31.4
Ac-Di-SolV

R

– 3.20 8.0
AerosilVR 200 Pharma – 0.40 1.0
Magnesium stearate – 0.64 1.6P

100.00 100.00 250.0
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The described processing conditions (summarized in Table 2)
allowed the production of piracetam granules in a continuous
mode. Prepared batches of granules were manufactured using the
same processing conditions except for the applied hydraulic pres-
sure. For three different batches, the applied hydraulic pressure was
4, 5 or 13MPa (40, 50 or 130bar) and proportional to the total roll
compaction force of 18.5, 23.2 or 60.3 kN (calculated using the pis-
ton area of applied hydraulic pressure). The roll compaction prod-
uctivity (kg/h) was measured by weighing granules collected every
2min and presented as Av. (±SD) based on six measurements for
every three batches. Resultant granules were collected, homogen-
ized by mixing for 10min in the Turbula mixer, tested to determine
particle size distribution, bulk and tapped density, mass flow rate
through the funnel, and used for the following tablets preparation.

Preparation of tablets

Before mixing, magnesium stearate and AerosilVR 200 Pharma were
passed through a sieve with a 0.5mm mesh. Roll compacted gran-
ules, Ac-Di-SolVR and AerosilVR 200 Pharma in required proportions
(Table 1), were mixed in a Turbula mixer for 10min. Then, magne-
sium stearate was added, and the premix was additionally mixed
for 3min. To obtain the batch size of 3 kg, the procedure was
repeated 3 times, the mixture was collected in a PE bag, sealed,
and then mixed manually for 3min.

To obtain 200mg piracetam dose biconvex tablets (diameter of
9mm and with a radius of the hemisphere of 18mm) with a
weight of 250mg (Table 1), the rotary tablet press with 12 punch
stations and forced powder filler was utilized (model XL 100;
Korsch AG, Berlin, Germany) at a constant force of 25 kN (half of
the maximum recommended by iHolland Ltd. (Nottingham, UK)
tableting force for this punch type) for tableting at 25, 65 and
100 rpm. Tableting parameters were the same except for tablet
press rotor speed.

Weight uniformity

Twenty tablets were individually weighed, and the average (Av.)
weight and weight relative standard deviation (R.SD) were calcu-
lated. Then, the individual tablet weights were compared to the
mean and the difference (%) was calculated. In our case of 200-
mg dose tablets (being in the range of 130–324 and 80–250mg),
to meet pharmacopeia requirements, not more than two of the
individual weights deviated from the average weight by more
than 7.5% and none deviate by more than 15%.

Film-coating of tablets

The premix of OpadryVR II and deionized water were used for the
preparation of coating suspensions with a 15% w/w concentration
of solids [35]. For the film coating experiment, three batches of
piracetam tablet cores (2.8 kg of each batch) were coated in a
laboratory solid-wall pan coater (model GS HT- 3 with a pan diam-
eter of 450mm [36]; I.M.A. Industria Macchine Automatiche S.p.A.,
Bologna, Italy). The suspension was applied using one two-compo-
nent 1-mm nozzle (model Schlick 931/7-1 S22; Schlick GmbH,
Untersiemau, Germany). The distance between the nozzle and the
flowing tablet bed was 120mm. Utilizing specific coating process
parameters (Table 3), 3% w/w film-coating of OpadryVR II has been
coated on the piracetam tablet cores.

Determination of particle size distribution by sieving method

Powder material (50 g), sieves with the mesh size of 100, 250, 500,
700, 1000 and 2000mm and vibratory sieve shaker (AS 200 Basic;
Retsch GmbH, Haan, Germany) at 1mm amplitude for 5min were
used for the determination of particle size distribution (n¼ 3).
D10%, D50%, and D90% were graphically extracted from the cumula-
tive weight fraction which was generated from the raw data. The
Span was used as an indicator of particle size distribution and cal-
culated using the following equation:

Span ¼ D90%�D10%

D50%

Bulk and tapped density testing

To investigate the bulk and tapped density of the powder mixture
before and after the granulation, as well as the tableting mixture,
a Tapped Density Tester (PT-TD300; Pharma Test Apparatebau AG,
Hainburg, Germany) was used. The bulk and tapped density of
samples were investigated using 100 g of powder material and a
graduated volumetric cylinder. The volume of material was visually
recorded before tapping (bulk densities, qbulk), and after 10 and
500 taps (tapped densities, qtapped). All measurements were made

Table 2. Summarized process conditions of granules manufacturing with indus-
trial roll compactor.

Conveying unit

Drum-feeder speed 35 rpm
Feeding and roll compacting unit
Screw feeder 40 rpm
Rolls’ speed 20 rpm
Hydraulic roll compaction pressure 4, 5 or 13MPa
Total roll compaction force 18.5, 23.2 or 60.3 kN
Milling unit (hammer mill)
Rotor sieving mill 125 rpm
Square aperture size 1.0mm
Productivity of granulation, Av. (±S.D.) 39(±0.5) kg/h

Figure 1. The schematic illustration of the roll compactor and the main func-
tional parts: (1) vertical forced screw feeder; (2) compaction rolls; (3) rotor siev-
ing mill.
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in triplicate (n¼ 3). Bulk and tapped densities as well as Hausner
ratio (HR) were calculated using the following equations [37,38].

qbulk ¼
Powder mass
Initial volume

; qtapped ¼ Powder mass
Volume after 500 taps

;

HR ¼ qtapped
qbulk

:

Mass flow rate determination with gravitational funnel method

A stainless-steel frustum cone funnel was fixed in a strictly vertical
position (flowability tester; Pharma Test Apparatebau AG,
Hainburg, Germany). 100 g samples were weighed and introduced
carefully into the funnel with a 10mm diameter orifice. During fill-
ing, the bottom opening of the funnel was closed. Once the fun-
nel was opened the time taken for the 100 g of powder within
the funnel to flow out was measured (n¼ 6). The mass flow rate
was calculated as mass per time, expressed in g/s [37].

Determination of tablet friability

The friability test was conducted using an automatic drum tablet
friability instrument (PTF 20E; Pharma Test Apparatebau AG,
Hainburg, Germany) at a fixed rotation speed and test duration
(25 rpm for 4min). To measure the friability, 20 tablets (n¼ 20)
were dedusted, weighed and loaded into the testing drum (n¼ 3).
After the friability test, tablets were dedusted, weighed and the
friability (weight loss) of tablets was calculated and expressed as a
percentage of the initial weight % (w/w) [39].

Determination of tablets disintegration time

Disintegration time was determined with a disintegration tester
(Pharma Test Apparatebau AG, Hainburg, Germany) according to
the European Pharmacopeia monograph 2.9.1. The disintegration

of tablets and capsules [40], in 900ml demineralized water at
37 ± 0.5 �C. Six tablets (n¼ 6) were measured [41].

Testing the drug release from the coated piracetam tablets

Dissolution testing was conducted using USP Apparatus II with a
paddle agitation speed of 75 rpm (VK 7000, VanKel Industries, NJ,
USA) in a 900ml dissolution medium (0.1 N solution of hydro-
chloric acid pH 1.2, acetic buffer solution pH 4.5 or phosphate
buffer solution pH 6.8). During the dissolution test, samples were
taken at predetermined time points (5, 10, 15, 20 and 30min) and
filtered through a 0.22lm DuraporeVR membrane filter (Merck
KGaA, Darmstadt, Germany). Based on the comparator product
dissolution profile, tablets should release not less than 85% of
piracetam in 15min [5].

The quantification of piracetam in dissolution samples was per-
formed by HPLC with UV-detector. The HPLC-column (250mm �
4.6mm) is filled with 5 mm size C18 (RP18, ODS, Octadecyl) silica
particles (YMC-Pack ODS-AQ; YMC Co., Ltd., Ishikawa, Japan). After
the injection of 10mL of dissolution sample, the mobile phase of
acetonitrile and water solution (1 g/L) of dipotassium hydrogen
phosphate (10:90) adjusted to pH 6.0 ± 0.05 by water solution of
phosphoric acid was used at 1.0ml/min flow rate. The signal was
detected at 205 nm, and the concentration of piracetam was
determined in accordance with the area under the piracetam peak
in comparison with the standard solution. The released drug
amount in percentage (presented as Av.±SD of twelve (n¼ 12)
tested tablets) was plotted versus time.

Results

To improve the homogeneity of the formulation on the micro-
level the raw piracetam substance was milled (Figure 2A and B).
After milling, the particle size (D50%) of piracetam was reduced
from 196mm to 115 mm (Figure 3A and B). As a result of the

Table 3. Parameters of the coating process.

Coating process steps
Pan speed Spray rate Atomisation pressure Inlet air volume Inlet air temperature Tablet’s temperature

rpm g/min bar m3/h �C �C
Warming-up 5 0 0 80 60 Up to 42
Coating 16 5–14 1.3 80 60 39–42
Drying 5 0 0 80 60 50
Cooling-down 5 0 0 80 30 Until 35

Figure 2. Light microscopy images of piracetam substance before (A) and after milling (B).
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milling process, along with particle size reduction, the span of par-
ticle size was increased from 1.6 to 2.6 (Figure 3B). The higher
span of particle size for milled piracetam and wider particle size
distribution was confirmed with light microscopy imaging (Figure
2B). For the following dry granulation using roll compaction, the
milled piracetam substance (83.54%, w/w) was mixed with poly-
meric crystalline diluent AvicelVR PH-101 (13.12%, w/w) and poly-
meric amorphous binder KollidonVR 30 (3.34%, w/w; Table 1). To
obtain granules, the resultant mixture was rolled compacted into
ribbons and milled with a rotor sieving mill. The productivity of
granule production was measured at the level of 39(±0.5) kg/h
(Table 2).

To investigate the polymorphic transformation from raw, to
milled as well as to roll compacted and then milled piracetam, the

DSC method has been used for the characterization of the
respective samples. DSC curves of all samples showed two clear
endothermic events. While the second endotherm with relatively
the same values of the peak in the range between 157.8 and
159.9 �C appeared in the same temperature range, the first endo-
therm was different in terms of onset temperature and peak
(Figure 4, Table 4). For the first endotherm, the onset (140.7,
126.0, and 116.4 �C) and peak temperature (143.7, 131.7 and
122.5 �C) decrease from raw, to milled as well as to roll compacted
and then milled piracetam formulation.

Granules prepared at roll compaction force of 4, 5 and 13MPa
had granules sizes (D50%) of 245, 260 and 489.5 mm, respectively
(Figure 3C and D). D10%, D50%, and D90% increased along with roll
compression pressure (Figure 5). Comparing average particle size

Figure 3. Particle size distribution (A and C) and cumulative weight fractions (B and D) of piracetam substance before and after milling (A and B) and roll compacted
granulates (C and D).
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(D50%), granules prepared at the roll compaction force of 13MPa
were 229.5–244.5 mm bigger (489.5mm vs. 260 and 245 mm), while
D90% and D10% were 212.5–221.5 mm and 59–62mm bigger,

respectively (Figure 5). Granules prepared at 4 and 5MPa both
having a particle distribution profile peak at 375 mm were very
similar in terms of granule size and visual appearance (Figure 6).

The bulk density (670 and 676 g/mL) and density after 10 taps
(714 and 709 g/mL) were similar for roll compacted granules at
4 and 13MP (Figure 7). Also, the densification kinetics between 10
and 500 taps was faster for roll compacted granules at 4MP com-
pared to 13MP (800 vs 769 g/mL, respectively). The bulk and
tapped density at 10 taps for roll compacted granules at 5MP was
comparatively lower (633 and 690 g/mL) and the densification kin-
etics between 10 and 500 taps was comparable with roll com-
pacted granules at 4MP resulting in 769 g/mL tapped density
equal to roll compacted granules at 13MP. The bulk density and
the density after 10 taps for the non-granulated powder mixture
were the lowest (588 and 625 g/mL), while the densification kinet-
ics between 10 and 500 taps was the fastest and resulted in
801 g/mL tapped density equal to the tapped density of roll com-
pacted granules at 4MP.

To prepare the tableting mixture, granules (95.76%, w/w) were
mixed with disintegrant Ac-Di-SolVR (3.2%, w/w), glidant AerosilVR

200 Pharma (0.4%, w/w) and lubricant magnesium stearate
(0.64%, w/w). The resultant concentration of piracetam in the
obtained mixture reached 80,0%, w/w (Table 1).

The bulk density for all tablet mixtures with the roll compacted
granules at 4, 5, and 13MP was similar (719, 714, and 714 g/mL,
respectively) and was higher than the bulk density of the non-
granulated powder mixture and bulk density of roll compacted
granules (Figure 7). The values of density after 10 taps for tablet
mixtures with the roll compacted granules at 4, 5, and 13MP
were very close to each other (758, 769, and 746 g/mL, respect-
ively) and higher than the density of non-granulated powder mix-
ture and bulk density of roll compacted granules. The
densification kinetics between 10 and 500 taps of the tablet mix-
tures with roll compacted granules at 4 and 5MP was almost the
same and resulted in the same tapped density of 847 g/mL.

In general, the Hausner ratio of granules and tableting mixtures
was decreased along with roll compaction pressure increase
(Figure 8). The Hausner ratio of granules was systematically higher
than for tableting mixtures. The non-granulated powder mixture
could not flow through the 10mm orifice. While the flowability
(mass flow rate) of granules and tableting mixtures was increased
along with roll compaction pressure (Figure 8) and granule par-
ticle size (D50%) (Figure 3D). The flowability increase for tableting
mixtures was more pronounced in comparison with roll com-
pacted granules.

To prepare tablet cores (Table 1), tableting mixtures were com-
pressed into tablets using a rotary tablet press Korsch XL-100. At
the same tableting force (25 kN), the appearance of the tablet
cross-section was different for tablets based on granules obtained
at different roll compaction pressure. The roughness and fragmen-
tation of the tablet cross-section increased with roll compaction
pressure increase (Figure 6). The surface of tablets prepared from
tableting mixtures based on the roll compacted granules at 4 and
5MPa was smooth and visually almost the same but different
compared with tablets based on the roll compacted granules at
13MPa (Figure 6). The surface of the last was rough
and fragmented.

Tableting mixtures based on roll compacted granules at 4, 5
and 13MPa were compressed into tablets at the same tableting
force of 25 kN at 25, 65 and 100 rpm, and their hardness was
tested and plotted versus roll compaction pressure and tableting
speed (Figure 9). The increasing roll compaction pressure resulted
in a non-linear tablet hardness decrease at every tableting speed

Figure 4. DSC profiles of raw, milled and for roll compacted (13MPa) and then
milled piracetam.

Table 4. Endotherm onset and peak temperatures for raw, milled and for roll
compacted and then milled piracetam.

Sample of
Onset1, �C Peak1, �C Peak2, �C

piracetam Av. S.D. Av. S.D. Av. S.D.

Raw 140.7 0.2 143.7 1.4 159.2 1.6
Milled 126.0 1.4 131.7 1.3 157.8 1.1
Roll compacted and milled formulation 116.4 0.4 122.5 0.1 158.4 0.3

Figure 5. Effect of roll compression pressure on the D10%, D50%, and D90%.
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(Figure 9A). The increases in tableting speed from 25 to 65 and
100 rpm resulted in an almost linear tablet hardness decrease for
every roll compaction pressure (Figure 9B). The tablet hardness
increased along with tableting speed and roll compaction pres-
sure decreased (Figure 9C). It should be mentioned, that for all

preparations and tableting speed, the uniformity of tablet weight
met pharmacopeia requirements, with not more than 2.5%
R.SD value.

The friability of tablets is related to the microstructure and
hardness of the tablet and from a practical point of view, the

Figure 6. Light microscopy of roll compacted granules, cross-section (after determination of tablets hardness) and the surface of tablets and surface of coated tablets
prepared at different roll compaction pressure and tableting at 25 kN.

DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY 7



hardness of tablets should be high enough to allow tablets to fit
the friability test. To compare the effect of the roll compaction
pressure on the friability, coating process and drug dissolution
profile, tablets with approximately equal hardness (circled in
Figure 9B) were used. Being tested using the pharmacopeial fri-
ability test, all tablets demonstrated good mechanical resistance
supported with weight loss values lower than 0.15% for tablets
based on roll compacted granules at 4, 5 and 13MPa.

Tablets were coated with a hypromellose-based coating
Opadry II using pilot-scale solid-pan-coater at a batch size of 3 kg.
Despite the good results of the pharmacopeia friability test, tab-
lets based on the roll compacted granules at 13MPa demon-
strated unsatisfactory friability during the coating process in
relation to the chipped edge of tablets (Figure 6) and stuck
chipped particles at the surface of other tablets (not more than
approx. 5% of tablets had coating defects). Tablets based on the
roll compacted granules at 4 and 5MPa demonstrated good
results in comparison due to no defects on the tablet edge and
the visually smooth and homogeneous coated surface of tablets
(Figure 6). Resulted tablets demonstrated 8-, 7- and 5-min disinte-
gration time for tablets based on the roll compacted granules 4, 5
and 13MPa, respectively.

The composition of dissolution media did not have a signifi-
cant effect on the drug release from coated tablets. Tablets based
on the roll compacted granules at 4MPa showed almost the same
immediate release profile at pH 1.2, 4.5 and 6.8, specifically, in
every media more than 85% of piracetam was released in 10min
and 100% in 20min (Figure 10A). The increase of roll compaction
pressure from 4 to 5MPa did not have a significant effect on the
drug release from coated tablets (no data provided), while tablets
based on granules prepared at 13MPa (only tablets without coat-
ing defects were used) demonstrated faster drug release
(Figure 10B).

Discussion

In order to increase the hardness of tablets, the raw piracetam
substance was milled [42]. High MCC content is commonly used
as plastically deforming materials and is frequently used in roll
compaction granulation [23,25,43,44]. Also, compared with wet
granulation, the choices of binders for roller compaction are lim-
ited and one of the commonly used binders is povidone
[23,45,46]. In this work, only 3.34% and 13.12% (w/w) of plastically
deforming under compression KollidonVR 30 and AvicelVR PH-101,
respectively, were used for the preparation of roll compacted
granules (Table 1). Thus, the resulting concentration of piracetam
comprised 83.54% (w/w) observing the high input of brittle pira-
cetam substance into the properties of the processed formulation.

As far as KollidonVR 30 is amorphous and used in the relatively
small amount (3.34% w/w) and melting of microcrystalline cellu-
lose AvicelVR PH-101 can be observed upon thermal degradation
between 360 and 385 �C, for the processed piracetam formulation,
the thermal events such as endotherms in the range of 35–200 �C
can be attributed to piracetam only. The melting endotherms with
respective melting peaks (Peak2) in the range between 157.8 and
159.2 �C on the DSC-profiles of raw, milled, as well as roll, com-
pacted and then milled piracetam (Figure 4, Table 4) illustrated
the occurrence of FI form because of FII or FIII form transition
upon heating [10,14,15]. The onset and peak temperature
decrease of the first endotherm from raw, to milled as well as to
roll compacted and then milled piracetam formulation showed
the FIII-to-FII polymorph transition as a result of milling and fol-
lowed roll compaction technological steps. Thus, the increase of
the FII polymorph content along with the increase of roll compac-
tion pressure can be concluded and the highest FII content was
concluded at the highest roll compaction pressure.

The particle size of granules increased along with the increase
of the roll compaction pressure (Figure 3C and D, Figure 4). Apart
from that, the roll compacted granules at 4, 5 and 13MPa (pro-
portional to total roll compaction force of 18.5, 23.2 or 60.3 kN;
“Roll compaction” method description) have shown different
densification (Figure 6) and Hausner ratios (Figure 7). The mixing
of the roll compacted granules with 3.2% (w/w) of Ac-Di-SolVR ,
0.4% (w/w) of AerosilVR 200 Pharma, and magnesium stearate
improved the packing of particles and increased the bulk density
of tablet mixtures. Compared to the decrease in bulk density of
granules along with the increase of the roll compaction pressure
and particle size, the mixing with additional excipients made the
bulk density of tablet mixtures similar to the roll compacted gran-
ules at 4, 5 and 13MPa. It was likely to be due to the decrease in
interparticle friction because of the lubrication and glidant proper-
ties arising from the magnesium stearate and AerosilVR 200 Pharma
properties [37].

The densification kinetics during the determination of bulk
density reflects the behavior of granulated powders at low

Figure 7. The effect of tapping on the density of roll compacted granules (RC
granules) and the mixture which is intended for the tableting (tablet-mix).

Figure 8. The effect of roll compaction pressure on the mass flow rate (FR) and
Hausner ratio (HR) of roll compacted granules and the mixture which is intended
for the tableting.
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compression which can occur during tablet manufacturing. For
example, ten taps can reflect a short influence of vibration and
five hundred taps, a comparatively long influence of vibration or
properties of powder experienced the pressure of the same pow-
der on top of it. Additionally, a comparison of bulk and tapped
density (Hausner ratio) between different batches can give an
understanding of the flowability of powder and internal cohesion/
possibility of particle rearrangement, sliding, and restacking with-
out particle deformation.

Hausner ratio for powders of 1.0–1.1 is classified as free-flow-
ing, 1.1–1.25 as medium flowing, 1.25–1.4 as difficult flowing, and
>1.4 as very difficult flowing [47]. Additionally, the relationship
between the Hausner ratio and flowability (defined as the ratio of

the principal consolidation stress and the unconfined yield
strength, which gives the flow function coefficient) is known from
the literature [48,49]. Hausner ratio, which is an indirect measure
of the flow character, changed from medium flowing for the roll
compacted granules at 4 and 5MPa to the higher level of the
medium flowing for the roll compacted granules at 13MPa. The
same trend was observed for the respective tablet mixtures. The
increase of powder flow properties along with the increase of roll
compaction pressure from 4 to 13MPa was additionally confirmed
with the direct measurement of powder flowability (mass flow
rate; Figure 8) and agrees with the literature [50]. Additionally, it’s
in the agreement with current understanding as to the flowability
increase along with particle size increase because the flowability is

Figure 9. The tablet hardness is a function of (A) roll compaction pressure; (B) tableting speed and; (C) roll compaction pressure and tableting speed.
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dependent on the specific surface area [51]. Thus, no “rat holing”
or “bridging” was expected in the tablet press hopper and no
negative effect of tablet mixture flowability on the weight uni-
formity of tablets was expected because of obtained values of
Hausner ratio and high flowability [52]. No powder flow problems
occurred at Korsch XL 100 hopper loading with 3 kg of tablet mix-
ture composed of the 4, 5, and 13MPa roll compressed granules.

The lower tapped density of tablet mixture composed of the
13MPa vs. 4 and 5MPa roll compressed granules witnessing
looser tapped structure, lower ability of particles rearrangement
and/or less efficient filling the structure voids with fine particles.
Thus, the tablet mixture composed of the 13MPa was compara-
tively less susceptible to low pressure which is reflecting the initial
part of tableting without particle fragmentation. This behavior of
tablet mixture composed of the 13MPa roll compressed granules
can be explained by a larger particle size (D50% and D90%) and a
smaller fraction and a larger size of fines (D10%) [50].

Despite the recently reported superior tableting behavior of FII
vs. FIII [18], the tablet hardness of the 250-mg weight 200-mg
dose 9-mm diameter biconvex tablets was decreased along with
the increase of roll compaction pressure (with the increase of FII
content) and tableting speed (Figure 9). It is well known that par-
ticle size and press speed can influence the deformation mechan-
ism [53–56] as well as plastic and brittle materials are affected
differently on the tablet hardness as a function of particle size
and press speed [57–61]. For the formulation with roll compacted
granules, the loss of compatibility, especially at higher roll com-
paction forces has been previously reported, and the two main
hypotheses as granule hardening and granule size enlargement
were proposed [31,32,61].

The looser tapped density of roll compacted granules at
13MPa has already been mentioned above. For formulations with
lower granule size (D50% and D90%) and lower size of fines (D10%)
the specific surface area of granules is relatively higher than for
formulations with a large granule size and higher size and a lower
fraction of fines (4 and 5MPa vs. 13MPa, respectively). The higher
specific surface area resulted in higher contact area during tablet-
ing and consequently in greater tablet hardness [49].

At lower roll compaction pressure (4 and 5MPa), roll com-
pacted granules are more porous with relatively low solid fraction,
consequently, they should be more susceptible to the tableting
compression force which is resulting in the fragmentation and
increase of specific surface area [56]. The higher roll compaction
pressure (13MPa) resulted in a harder structure (the higher solid
fraction and the lower porosity) of granules which allowed gran-
ules’ structure to survive after compression into the tablet [31,62].
Interestingly, the signs of preserved granules can be observed on
the microscopy of tablet surface and cross-section resulting after
tablet hardness testing and they were increasing along with the
increase of roll compaction pressure (Figure 6). Thus, the roll com-
paction force should be sufficiently high to produce a granule
with desired flow properties but as low as possible to avoid the
loss in tablet hardness (Figure 9A) [63].

Roll compacted granules are porous, viscoelastic, nonhomoge-
neous, Mohr bodies [27] and the hardness of tablets made from
viscoelastic materials is substantially affected by tableting speed
(Figure 9B) [60,64].

The higher friability of tablets based on the roll compacted
granules at 13MPa during film-coating can be explained by tablet
structure including survived granules [65]. Thus, we can observe
the chipped edge of tablets after the detachment of granules
(Figure 6) because the bonds inside the granule are much stron-
ger than between granules.

Microstructure plays a decisive role in the disintegration and
drug release from the tablet [65]. The particle size of the roll com-
pacted granules and the deformation of granules during tableting
is influencing the water ingress into the tablet [66]. From another
side, it’s logical to assume that the distribution of disintegrant in
the tablet, which was produced from roll compacted granules at
4, 5 and 13MPa was different. In the tablet mixture based on the
roll compacted granules at 4 and 5MPa vs. 13MPa, the disinte-
grant should be distributed more evenly because of the smaller
granule size. At the same time, in the tablet mixture based on the
roll compacted granules at 13MPa vs 4 and 5MPa, the disinte-
grant clusters of disintegrant should be greater. Thus, considering
the high solubility of piracetam, the faster disintegration time and

Figure 10. The effect of medium pH on the drug release from coated piracetam tablets prepared at 4MPa roll compaction pressure (A). The effect of used roll com-
paction pressure (4 vs. 13MPa) on the drug release from coated piracetam tablets at pH 1.2 (B).
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drug release (Figure 10B) for tablets based on the roll compacted
granules at 13MPa vs 4 and 5MPa, can be explained by the
microstructure of tablets, higher disintegration force of disinte-
grant clusters, and faster water ingression into the tablet.

Conclusion

This study showed that roll compaction can be successfully used
for the preparation of highly water-soluble, highly drug-loaded
piracetam film-coated tablets. In comparison with wet granulation,
roll compaction allows to avoid water susceptible granulation pro-
cess variations as well as the formation of hydrates and uncon-
trolled piracetam polymorphic transition.

Being a continuous process with controlling, monitoring, and
in-process automated adjustment possibilities of roll compaction
pressure, where every discrete portion of material undergoes very
similar mechanical treatment, the roll compaction allows the pro-
duction of piracetam granules in a reproducible way with roll
compaction pressure-dependent properties.

The roll compaction pressure as a critical manufacturing factor,
influenced the polymorphic composition of piracetam, the proper-
ties of granules including the morphology, particle size, flowabil-
ity, bulk and tapped density (inc. Hausner ratio), as well as tablet
hardness, disintegration, and dissolution of piracetam
from tablets.

The investigation of roll compaction pressure on the properties
of granules and tablets helps to find the tendency in the effect of
roll compaction pressure increase on the mentioned properties
and to make data-driven decisions regarding project-required pro-
cess settings.
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