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a b s t r a c t

Blending in a resonant acoustic mixer (RAM) was shown to be highly effective for low concentrations of
cohesive active pharmaceutical ingredients (APIs) and lubricant (Osorio and Muzzio, 2015). However,
changes in material properties of the final blend were observed. Those changes, and their effects on tablet
characteristics, are discussed in this paper. Variations in particle size, powder flow properties and
hydrophobicity of the blend were examined. The final blend was compressed into tablets. The tableting
compression force, and tablet hardness, weight and dissolution were investigated. Overall, powder blend
and tablet properties were significantly affected by acceleration, blending time and total energy input.
The total energy input to the blend can be efficiently calculated within error in the RAM; this is not true
for most mixers. Trends between total energy input and the material properties of the blends and tablets
were obtained. Resonant acoustic mixing is a good choice for blending low concentrations of cohesive
APIs. Care must be taken when blending hydrophobic lubricants in the RAM; the high energy input
can adversely affect critical tablet properties such as hardness and dissolution. The known energy input
can be used to predict the performance of blends and final products processed in a RAM.
� 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Bulk properties of fine powders are dependent on both their
physicochemical properties and their processing histories such as
feeding, mixing and delumping [1,2]. This is particularly true for
mixtures where two or more ingredients experience substantial
changes in properties from those displayed by the raw materials.
Shear rate (which is proportional to the energy input rate per unit
mass) and total strain (which is proportional to the total energy
input per unit mass) experienced during blending greatly affect
properties of powder blends such as particle size distribution [3],
hydrophobicity or contact angle [4–6], electrical conductivity
[7,8] and powder flow properties [7,9,10]. In addition, the effi-
ciency of processing steps after blending and the properties of fin-
ished products are dependent on the rate and extent of mechanical
energy dissipation during blending. For example, the performance
of the tableting [4,6,11,12] and capsule filling [13–16] processes
is dependent on the powder flow properties of blends. Tablet

hardness and dissolution are dependent on the powder flow prop-
erties and the extent of hydrophobic lubrication of the final blends
[4,6,11,17].

The ultimate goal from any blending process is to have a high
quality (uniform) finished product that performs as specified. For
instance, tablets need to have good homogeneity and low weight
variability in order to ensure that the dose delivered is the same
every time, i.e., that they achieve acceptable content uniformity.
Thus, content uniformity is a direct indicator of the efficiency of
the blending process. Content uniformity is usually achieved
through high mechanical energy input, which can also lead to
over-lubrication when a hydrophobic lubricant (most commonly
magnesium stearate, MgSt) is used. Over-lubrication (i.e. high
hydrophobicity) can also lead to low tablet hardness and delayed
dissolution [4,6,18]. It would be ideal if the final properties of the
finished product could be predicted from defined process parame-
ters and that such process parameters could be directly transferred
for scaling of the process. Therefore, studying the effects of pro-
cessing parameters of a particular blending process on the proper-
ties of blends and finished product is critical.

Our recent work presented the mixing performance of a
laboratory-scale resonant acoustic mixer (RAM) for pharmaceuti-
cal powders. It was shown that the RAM is a good candidate for
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mixing cohesive APIs and pharmaceutical powders, especially dur-
ing the formulation stage where the amount of API is limited [19].
In those studies, the blend uniformity correlated well to the energy
input per unit mass. Changes in bulk density were visually
detected after blending. Therefore, it was suspected that the blend
properties of the blends were significantly affected by the process
parameters (e.g. total energy input per unit mass). To confirm this,
further investigations were conducted and are presented in this
article. The only other reported instances in which APIs were used
in a RAM were studies performed by Polizzi et al. [20] and Zhon-
ghui et al. [21]. These studies investigated SiO2 dry coating of var-
ious APIs and excipients in the RAM. SiO2 dry coating led to an
increase in the API particle size and bulk density, leading to
improved flow properties of the APIs and excipients.

With no reported knowledge of the effect of resonant acoustic
mixing on powder blends and finished product properties, the
main objective of this study was to investigate the effects of reso-
nant acoustic mixing on the bulk properties of pharmaceutical
blends and tablets. For this purpose, a common formulation was
used while varying the intensity of mixing (acceleration) and the
total blending time yielding different energy inputs. Powder bulk
properties, including particle size, bulk density and hydrophobic-
ity, were studied. The tableting performance (compression force),
and tablet weight, hardness and dissolution were also investigated.
These measured properties were correlated to the resonant acous-
tic mixing parameters. The main findings of these investigations
are presented in this article.

2. Materials and methods

2.1. Materials

The materials used in all experiments were as follows: semi-
fine acetaminophen (Mallinckrodt, Raleigh, North Carolina, USA),
silicified microcrystalline cellulose (Prosolv HD90, JRS Pharma,
Germany), and magnesium stearate (MgSt, non-Bovine, Tyco
Healthcare/Mallinckrodt, St. Louis, Missouri, USA). The nominal
particle sizes of the materials used are listed in Table 1. The particle
size distribution of the raw materials was determined using a
laser-diffraction analyzer with a Tornado Dry Powder System (LS-
13320, Beckmann-Coulter, Brea, California, USA). Approximately
10 mL of each raw material was used for each measurement.

2.2. Resonant acoustic mixing and blending

All powder blends were prepared in a laboratory scale Reso-
nantAcoutic� Mixer (Resodyn Acoustic Mixers, Butte, Montana,
USA) shown in Fig. 1. The RAM is a relatively new mixing technol-
ogy that works on the application of low frequency, high intensity
acoustic field. This facilitates the movement of the loose mass cre-
ated by micro-mixing zones as well as the bulk movement of the
materials throughout the entire vessel. The RAM operates at
mechanical resonance, capable of transferring almost all of the
mechanical energy created in the springs to the loose mass in
the vessel by the propagation of an acoustic pressure wave. The

resonant frequency automatically adjusts by fluctuating constantly
around 60–61 Hz. The controllable parameters in the LabRAM are
the mixing intensity (0–100%), which determines the input accel-
eration (0–100g’s) depending on the load mass, and the mixing
time. These two parameter determine the total energy input to
the blend.

The common formulation for each powder blend consisted of 3%
semi-fine acetaminophen (APAP), 1% magnesium stearate (MgSt)
and 96% Prosolv HD90. In this study, each blend was obtained from
a different combination of accelerations and mixing times. For the
blend characterization, the experimental design used is shown in
Table 2A. The experimental design was slightly changed for the
tablet characterization study and is shown in Table 2B. A 236-mL
polystyrene vessel, filled up to approximately 60% by volume,
was used for all the experimental work presented in this article.

2.3. Blend characterization

To characterize the effect of resonant acoustic mixing on the
bulk properties of the final blends, three blends for each experi-
mental condition (Table 2A) were obtained and characterized.

2.3.1. Particle size
The particle size distribution of the finals blends was also deter-

mined using a laser-diffraction analyzer with a Tornado Dry Pow-
der System. Approximately 10 mL of blend was used for each
particle size distribution measurement.

Table 1
Concentrations and mean particle size of materials in blend.

Concentration
(% w/w)

Material Mean
(lm)

d10
(lm)

d50
(lm)

d90
(lm)

3 Semi-fine
acetaminophen

48.9 5.6 32.6 122.7

96 Microcrystalline
cellulose

143.7 37.0 137.4 250.9

1 Magnesium stearate 8.8 2.1 7.8 16.6

Fig. 1. LabRAM with 236-mL mixing vessel.

Table 2
Experimental design used to study the effect of resonant acoustic mixing on
pharmaceutical powder (A) blends and (B) tablets.

Time (min) Acceleration (g’s)

(A)
0.5 20
1 40
2 70
4
8

Additional acceleration
1 80
2

(B)
0.5 20
1 40
2 70
4 80
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