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1 INTRODUCTION 

 

Magnesium stearate (MgSt) is one of the most commonly used excipients in tablet 

formulations and a common lubricant in tablet manufacturing. It forms a thin layer 

between powder particles that reduces friction and cohesive forces between the particles, 

container and die wall (Strickland et al. 1960). Over-lubrication of particles with MgSt, 

however, is a well-known problem in the tableting process. Over-lubrication weakens the 

ability of a powder to form a compact (compactibility), decreases crushing strength and 

increases disintegration time of the tablets (Shah and Mlodozeniec 1977; van der Watt 

1987). Over-lubrication is usually caused by too high amount of MgSt in the formulation 

or too long blending time. 

 

The over-lubrication effect is dependent on the physical characteristics of the base 

material (David and Augsburger 1977; De Boer et al. 1978). During compression, 

particles undergo fragmenting, plastic and/or elastic deformation. Fragmenting material 

breaks down when compressed and the surface area of the powder increases, because new 

surfaces are formed during the breakdown. New surfaces formed are not affected by 

magnesium stearate, which increases the bonding ability of the powder. Plastically 

deforming particles undergo a non-reversible change in their shape when compressed: the 

particles do not break down and surface area of the particles does not change. Thus, the 

magnesium stearate effect is more significant with plastic materials. 

 

Mechanofusion is a mechanical dry coating method in which the powder is subjected for 

high shear and compression forces (Pfeffer et al. 2001). The shear forces are exerted by 

a rotating blade that forces the powder to compress through the small gap between the 

blade and vessel wall. It is believed that the shear forces create sufficient mechanical 

forces to fuse the guest particles with the host particle surfaces in a mechanochemical 

reaction. It has been shown that mechanofusion can improve flowability and increase 

density when cohesive pharmaceutical powder with median particle size of approximately 

20 µm is dry coated with MgSt (Zhou et al. 2011c). It was proposed, that mechanofusion 

causes so high shear forces that the fine particle agglomerates break and MgSt 

delaminates forming a thin layer between every particle surface, whereas in conventional 
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blending MgSt coats only the agglomerates and the shear forces are not strong enough to 

delaminate the lubricant. Thus, mechanofusion can be considered a promising alternative 

approach for solving the flowability problems of cohesive powders in the pharmaceutical 

industry. In another study, Qu et al. (2014) applied mechanofusion to a direct compaction 

formulation, dry coating a cohesive ibuprofen powder with MgSt. In that study, powder 

flow improved substantially, while the negative effect of the lubricant was insufficient to 

hinder bond formation and the mechanofused powder could be directly compacted into 

tablets. In addition, there was no hindering effect on the dissolution rate of compacts. 

Therefore, mechanofusion was deemed an attractive approach to develop alternative 

formulation strategies for direct compaction of a high dose drugs cohesive in nature.  

 

It must be noted, however, that the effect of dry coating with MgSt on compactibility and 

associated properties of a plastic material has not been examined in previous studies. To 

examine this matter, this study aimed to determine, whether it is possible to use the 

mechanofusion approach with direct compaction of materials with plastic behaviour. The 

effect was studied with microcrystalline cellulose (MCC), a pharmaceutical excipient 

often used as a reference material for pharmaceutical powders with plastic behaviour.  

 

 

2 LITERATURE REVIEW 

 

2.1 Ordered mixing vs. dry coating 

 

Mixing is a process where two or more components are combined together in such a way 

that the particles of the different components in the mixture are evenly distributed. Mixing 

can also be considered as a statistical phenomenon. Homogeneity of pharmaceutical 

powder mixtures is essential in order to achieve accurate dosing of the active substance 

from the final product. This is the case especially with products of low active substance 

content. One solution to this kind of problem is to prepare an ordered mixture (Ohrem et 

al. 2012; Mao et al. 2013). In an ordered mixture, particles interact with each other: 

smaller particles loosely cover the surface of the larger particles due to the adhesion force 

(Hersey 1975). This is contrary to the concept of random mixing, in which particles need 
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to be equally weighted and sized in order to form a homogenous mixture. Furthermore, 

ordered mixtures are usually more homogeneous than random mixtures. One example of 

an ordered mixture is incorporation of lubricants into granules (Hersey 1975; Bolhuis and 

Lerk 1981). 

 

Ordered mixing may be a desired phenomenon in some formulations, but not desirable 

when mixing a lubricant (Bolhuis and Lerk 1981). When blending time is prolonged, 

lubricant particles increasingly adhere to the other particles and the degree of ordering 

increases as the result. With magnesium stearate, this effect is known to be 

disadvantageous for tablet strength, disintegration time and dissolution rate (Shah and 

Mlodozeniec 1977; van der Watt 1987). Therefore the lubricant mixing time should be 

kept as brief as possible (Bolhuis and Lerk 1981). This over-lubrication effect of 

magnesium stearate is described in more detail in section 2.3.1. 

 

The ordered mixing process was divided into three mechanisms by Bannister and Harnby 

(1983). In the extension mechanism, the fine component de-agglomerates into primary 

particles. Separation of agglomerates can occur only if sufficient forces are applied to the 

powder bed. When mixing continues, de-agglomerated fines bond to carrier particles. 

This effect is called the contacting mechanism. Finally, in the redistribution mechanism, 

exchange of fines among the carrier particles continues until a random distribution is 

achieved. 

 

Dry particle coating is closely related to ordered mixing. Alonso et al. (1989) proposed a 

mechanism for the dry coating process where the guest particles are introduced onto the 

host particles. The process includes several stages (A-G), which are presented in Figure 

1. Initially the aggregates of fines adhere to the host particles (Stage B). As the process 

continues, the host particles keep colliding to each other and transfer fines to non-coated 

host particles (Stage C). This stage of the coating process follows the kinetics of a second-

order reaction. De-agglomeration of the guest particles leads to dispersion and 

rearrangement of the fines over the surface of host particles (Stage D–E). Finally, the 

guest particles partially penetrate the body of the host particles and this surface fusion can 

be termed mechanofusion (Stage F). 
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Figure 1. Dry coating process (adapted from Alonso et al. 1989).  
 

2.2 Mechanofusion 

 

Mechanofusion is a general term for an intensive mechanical dry coating approach 

(Pfeffer et al. 2001). In this process, small guest particles are introduced on the host 

particles and coating is formed by high compression and shear forces. It is also thought 

that heat formation has an effect on the formation of the coating. In theory, 

mechanochemical surface fusion of components occurs as a result of the mechanical force 

acting on the surface of the particles (Yokoyama et al. 1987). With the approach it is 

possible to engineer particulate materials with new physical properties. For example, flow 

properties of cohesive pharmaceutical powders can be improved with mechanofusion 

(Zhou et al. 2010b). Other dry coating methods, such as the hybridizer and the 

magnetically assisted impaction coating system (MAIC), have also been utilised to 

improve powder flowability (Yang et al. 2005).  

 

Mechanofusion as a dry coating method has multiple advantages. It is a solventless 

surface modification method, which makes it an ecological alternative to other coating 

methods, as there are no waste streams and energy consumption is lower as there is no 

need for a drying phase in the manufacturing process (Pfeffer et al. 2001; Bose and 

Bogner 2007). It is also cost efficient, as in some cases the expensive component in the 

formulation is the guest material and only a small amount of it is needed for the coating. 

Mechanofusion has, however, a few disadvantages. Some materials may not withstand 

the high shear forces of the process and excessive size reduction of the host particles may 

occur (Pfeffer et al. 2001). Also, certain materials may not withstand the possible heat 

formation of the process. 
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The mechanofusion device “Angmill” was originally developed as an ultrafine grinding 

system (Yokoyama et al. 1983). Later it was found that the system is suitable for creating 

new materials by mechanofusion (Yokoyama et al. 1987). Traditionally, a mechanofusion 

device consists of a rotary vessel, stationary semi-cylinder inner pieces and a scraper. In 

the process, powder is forced outwards towards the walls of the rotating vessel and 

particles are subjected to intense shearing and compressive forces when they compress 

through the narrow gap between the inner pieces and the vessel wall. Processing 

parameters, such as rotation speed and treatment time, have a significant effect on the 

structure of the coating layers produced (Tanno 1990). 

 

Mechanofusion process can take many forms, but the operating principle with different 

mechanofusion systems remains the same: high shear and compressive forces make the 

host and the guest particles fuse together (Pfeffer et al. 2001). One mechanofusion system, 

AMS-Mini, consists of a stationary vessel and rotating processor module (Zhou et al. 

2010d). With this device, mechanofusion can be carried out with different processor 

modules with different geometrics. One study has compared two rotation processors: 

Nobilta, which has a series of propeller blades and Nanocular, which has two semi-

circular rounded press heads (Zhou et al. 2010d). There were, however, no substantial 

differences in the resulting powder behaviour after dry coating with magnesium stearate 

with the two geometrically different processors. 

 

2.3 Magnesium stearate 

 

Magnesium stearate is a very fine and cohesive white powder, which is greasy to touch 

and has a characteristic odour (Handbook of Pharmaceutical Excipients 2012). It consists 

of magnesium salts of different fatty acids, mainly stearic and palmitic acids and contains 

4 – 5% magnesium (European pharmacopoeia 2014). MgSt is a widely used lubricant in 

tablet and capsule manufacturing at concentrations between 0.25% and 5% (w/w) 

(Handbook of Pharmaceutical Excipients 2012). MgSt is described to be a boundary-type 

lubricant with a lubrication mechanism resulting from the adherence of polar part of the 

lubricant molecule to the oxide-metal surfaces of the instruments (Strickland et al. 1960). 

The resistant lubricant layer reduces the frictional forces between die wall and the 
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pharmaceutical powder and as a consequence, the force required to eject the tablet from 

the die decreases. 

 

Three crystalline forms, tri-, di- and anhydrate, and an amorphous form of MgSt have 

been detected (Handbook of Pharmaceutical Excipients 2012). Physical properties of 

MgSt can vary, because of the different manufacturing methods. MgSt can be produced 

in a reaction between magnesium chloride and sodium stearate in aqueous solutions or in 

a reaction of magnesium oxide, hydroxide or carbonate with stearic acid at elevated 

temperatures. 

 

MgSt is a delicate and rather complex excipient. Batches supplied by different vendors 

rarely have the same physical properties and batch-to-batch variation results in different 

physical properties even within batches supplied by the same vendor (Barra and Somma 

1996). Multiple studies have tried to examine the differences in the lubricant properties 

between commercial MgSt batches and the causes for such differences. For example, 

Ertel and Carstensen (1988) did not find any substantial differences in specific surface 

area, chemical composition or moisture content between three commercial MgSt samples 

that had different lubricant activity. In contrast, in another study the particle size of 

commercial MgSt batches was shown to be related to the differences in the lubricant 

properties (Leinonen et al. 1992; Barra and Somma 1996). In short, the smaller the 

particle size, the better the lubricity. Leinonen et al. (1992) found that larger specific 

surface area of the commercial MgSt correlated with better lubricant properties. 

Dansereau and Peck (1987) also stated that the most important factors that contribute to 

the lubricant properties of MgSt are surface area and particle size. One solution for the 

batch variation is to standardise the mean particle size diameter of MgSt (Barra and 

Somma 1996). 

 

As the commercial samples often have complex chemical composition, pure MgSt has 

also been studied in order to understand the differences in the lubricant properties (Ertel 

and Carstensen 1988; Leinonen et al. 1992). A study by Ertel and Carstensen (1988) 

found that the differences in the lubricant properties of an-, di- and trihydrate correlated 

with the differences in moisture content and crystalline structure of the lubricant. When 
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the mixing time was increased, the lubricant properties were improved with the trihydrate, 

which had the sparsest crystalline morphology or largest crystal long spacing. In contrast, 

prolonged mixing time did not improve the lubricant properties of the dihydrate. These 

results suggest that propensity of MgSts to delaminate is dependent on the spacing 

between the adjacent lamellae and thus some forms of MgSt may have better lubricity 

than others. 

 

In another study pure MgSt was milled in order to decrease the particle size and increase 

the specific surface area (Leinonen et al. 1992). Milled MgSt showed substantially better 

lubricity than un-milled MgSt and thus it was assumed that lubrication properties 

correlated with the particle size distribution and specific surface area of MgSt. Surface 

area of the powder is a critical parameter, which should be taken into account when 

deciding the sufficient concentration of the lubricant in the formulation (Handbook of 

Pharmaceutical Excipients 2012). 

 

2.3.1 Over-lubrication effect 

 

Film formation by MgSt is a well-known problem in the tablet manufacturing. Over-

lubrication is usually caused by too much MgSt in the formulation or too long a blending 

time. It weakens compactibility of powders, decreases crushing strength of tablets and 

increases disintegration time (Shah and Mlodozeniec 1977; Jarosz and Parrott 1984). 

However, compression behaviour and bonding mechanism of the excipient determines 

the extent to which MgSt affects the bonding properties (De Boer et al. 1978). Materials 

that undergo complete plastic deformation are the most sensitive for the magnesium 

stearate effect, whereas fragmenting materials are practically uninfluenced by MgSt. It is 

therefore likely that the concentration of the lubricant is a critical parameter in tablet 

formulations (Jarosz and Parrott 1984). 

 

One theory for the lubricant effect of MgSt is delamination (Shah and Mlodozeniec 1977). 

According to this theory, MgSt deagglomerate and delaminate in the mixing process due 

to the shear forces and the stearate particles adhere on the surface of the other particles in 

the mixture. Particle surface coverage with MgSt increases with mixing time and 
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consequently prolonged mixing time may lead to an over-lubrication effect. This means 

that the extended lubricant film coverage hinders the bonding properties of the particles 

and therefore crushing strength of the tablet decreases (Bolhuis et al. 1975; Shah and 

Mlodozeniec 1977; Lakio et al. 2013). This MgSt film also increases the disintegration 

time and reduces the dissolution rate of soluble components of the tablet (Bolhuis et al. 

1975; Shah and Mlodozeniec 1977; Morasso et al. 1988). The phenomenon is caused by 

hydrophobic nature of the MgSt film that prevents water penetration into the tablets and 

therefore increases disintegration time and dissolution rate (Bolhuis et al. 1975; Sixsmith 

1977b). Blending time is a significant factor: the longer MgSt is blended the more 

extensive and continuous the hydrophobic lubricant film becomes. Morasso et al. (1988) 

observed a decrease in the dissolution rate in in vitro studies when the blending time with 

MgSt was increased. However, the decrease in the dissolution rate had no significant 

influence on the in vivo behaviour of studied tablets. 

 

MgSt can lower the bulk volume of powder mixtures (Shah and Mlodozeniec 1977; 

Dansereau and Peck 1987). When the mixing time is prolonged, MgSt deagglomerates 

and delaminates more efficiently. This in turn leads to a more dense packing arrangement 

and lower bulk volume. High MgSt concentration also decreases the bulk volume because 

the lubricant fills up a greater portion of the free space, decreasing the blend porosity. 

Similarly, small particle size MgSt fills up the free space more efficiently than larger 

particle size MgSt, resulting in more dense packing and lower bulk volume. More recently 

it has been shown that MgSt increases the powder packing efficiency due to reduced 

cohesion between the particles (Zhou et al. 2010). 

 

It has been found that ejection force decreases when the blending time with MgSt is 

prolonged (Shah and Mlodozeniec 1977). This indicates that the lubrication efficiency of 

MgSt increases the more uniform the lubricant film is. However, it has been found that 

short mixing time of less than 2.5 min does not reduce the lubricant efficiency of MgSt 

even though its distribution in the powder mixture would be poor (Ragnarsson et al. 

1979). The effect was explained with the MgSts behaviour as a boundary type lubricant. 

Further, the negative effects on disintegration and tablet strength were also decreased with 

the short mixing time. In order to avoid the over-lubrication effect the concentration of 
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MgSt and the degree of mixing with the lubricant should therefore be kept as low as 

possible. 

 

2.3.2 Determination of the surface coverage of magnesium stearate 

 

There have been numerous attempts, mostly with indirect techniques, to detect lubricant 

films by chemical and physical methods (Bolhuis and Hölzer 1996). One method to 

evaluate surface coverage of MgSt on powders is inverse gas chromatography (IGC) 

(Swaminathan et al. 2006). Usually IGC is used to determine the surface energy of a 

single compound, but it is possible to measure the change in surface energies of powder 

mixtures also. Measurement is possible if the components have different surface energies. 

It has been found that the dispersive energy of microcrystalline cellulose – MgSt blends 

is reduced with increasing MgSt content, as the lubricant covers the high-energy sites on 

the excipient. Surface energy profiles determined by IGC can be used to optimise the 

mechanofusion process and coating of lactose particles with MgSt (Das et al. 2011; Zhou 

et al. 2011b). The MgSt coating was evaluated to be optimal when the flow properties of 

the powder were the greatest. MgSt concentration needed for this was 1 – 2% (w/w) and 

it was found that the polar and total surface energy distributions and Brunauer, Emmett 

and Teller (BET) surface area measurements were the lowest with this concentration (Das 

et al. 2011). Surface energy determination at finite dilution was more informative 

compared to the determination at infinite dilution. At infinite dilution, where the probe 

concentrations are so low that they only interact with the highest energy sites, surface 

energy may not represent the status of the whole surface (Ylä-Mäihäniemi et al. 2008). 

The finite dilution instead involves the interactions with less energetic site and thus gives 

more information. 

 

Another method to examine particle coverage with MgSt is energy dispersive X-ray 

(EDX) analysis (Hussain et al. 1988, Seitavuopio et al. 2006). Coverage has also been 

studied with time-of-flight secondary ion mass spectrometry (ToF SIMS) and X-ray 

photoelectron spectroscopy (XPS) (Zhou et al. 2011a; Zhou et al. 2011b; Qu et al. 2014). 

These methods enable both qualitative and quantitative characterizations of the chemical 

properties of MgSt coating. 
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2.4 Microcrystalline cellulose 

 

Microcrystalline cellulose is a widely used excipient in pharmaceutical industry. This 

inactive excipient is most commonly used as a filler or binder in tablet and capsule 

formulations with concentration of 20 – 90% (Handbook of Pharmaceutical Excipients 

2012). Disintegrant and antiadherent properties make it favourable for direct compression 

formulations. 

 

MCC is partly depolymerised cellulose and it occurs as a white powder which has no 

odour or taste (Handbook of Pharmaceutical Excipients 2012). Particles are crystalline 

and they have porous structure. MCC is a hygroscopic material and the moisture content 

varies between different grades. Usually the moisture content is less than 5% (w/w). MCC 

is a chemically and physically stable material and is practically insoluble in water. 

However, it is also highly hydrophilic material and has strong affinity for water 

(Hollenbeck 1978). MCC has a large internal surface area of which at least 95% interacts 

with water. 

 

The starting material in the manufacturing of MCC is a cellulose-containing fibrous plant 

pulp (Handbook of Pharmaceutical Excipients 2012). α-cellulose of the pulp is usually 

hydrolysed with a dilute mineral acid solution and the hydrocellulose obtained after the 

hydrolysis is washed with water, filtered and finally spray-dried. The presented acid 

hydrolysis method is based on work of Battista (Battista 1950).  The physical structure 

and chemical composition of the MCC is highly dependent on the manufacturing method 

and source of the raw material (Landin et al. 1993a). This was examined by studying three 

batches of MCC supplied by the same manufacturer, but manufactured with different 

process and/or from different the type of wood pulp. Differences occurred for example in 

the hemicellulose and lignin contents, the percentage of crystallinity and moisture 

absorption capacity. However, this kind of batch variation had no effect on parameters 

such as compressibility (the ability of powder bed to be reduced in volume under stress) 

or mean yield pressure. In addition to the batch variation, significant differences in crystal 

structure, chemical composition and particle size can be expected to occur among 

corresponding MCC grades supplied by different manufacturers (Landin et al. 1993b). 
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However, the variation may not always cause great differences on the resulting tablet 

qualities (Pesonen and Paronen 1986). For example, two similar MCC grades from 

different manufacturers, Emcocel and Avicel PH105, were studied and found to be rather 

similar in regards of their physical and tableting properties. 

 

MCC can be manufactured from various sources and there has been a great interest in 

finding more ecological alternatives to the traditional ones. The standard raw material for 

the manufacturing has been wood pulp (Landin et al. 1993a). Lately studies have been 

done with faster growing source materials and MCC has been derived successfully from 

for example rice husk, hemp stalk and cornstalk (Azubuike et al. 2012; Virtanen et al. 

2012). 

 

2.4.1 Compaction behaviour of microcrystalline cellulose 

 

David and Augsburger (1977) found that the compaction behaviour of MCC, Avicel 

PH101, was dependent on the compression time. When compression cycle duration was 

increased from 0.09 seconds to 10 seconds the resulting tablets had significantly greater 

tensile strength. A similar effect was found with compressible starch, but not with lactose 

or compressible sugar. When the duration of the maximum compressive force was held 

constant for 20 seconds significantly stronger tablets were produced from all four 

materials, yet MCC and compressible starch formed the stronger tablets. The 

phenomenon was explained with the different deformation behaviour of the materials. 

During the long compression time more inter-particulate bonding is formed with 

materials that deform plastically whereas the compression time of fragmenting material 

does not have that great impact to the tensile strength of the tablets. Compaction 

behaviour of MCC has also been studied by analysing Heckel curves that has 

demonstrated the plastic flow to be the predominant compaction process of MCC 

(McKenna and McCafferty 1982). 

 

Usually, the compaction behaviour is dependent on the particle size of the powder. 

However, it has been found that the tensile strength of MCC tablets is not dependent on 

the particle size of MCC (McKenna and McCafferty 1982). The effect of particle size on 
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tensile strength of the compressed tablets was studied with Avicel PH101, which was 

sieved into three particle size fractions: 0 – 45 µm, 90 – 125 µm and 180 – 250 µm. There 

were no substantial differences in the tensile strength of tablets compressed and Heckel 

curves revealed that the mechanism of deformation was also particle size independent. In 

this study the powders were handled in a relative humidity of 50 – 55% and the moisture 

content of the Avicel PH-101 was 6 – 7% (w/w), which might have had an effect to the 

compaction properties of MCC. Roberts and Rowe (1986) found also that the Heckel 

plots and strain rate sensitivity for three grades of MCC, Avicel PH102, PH101 and 

PH105, were independent on the particle size of the powder. In contrast, it has been shown 

that the specific surface area of cellulose powders is the most important factor that 

contributes to the tablet breaking strength (Pesonen and Paronen 1990). 

 

With relatively low compression forces, extremely strong tablets can be compressed from 

MCC (David and Augsburger 1977; McKenna and McCafferty 1982). A theory for this 

extraordinary compaction behaviour of MCC is that hydrogen bonds are formed during 

compression between the crystallites of the cellulose fibrils (Reier and Shangraw 1966). 

Other factors believed to contribute to the excellent binding properties of MCC are the 

large particle surface area, filamentous structure of the cellulose microcrystals and 

mechanical interlocking of the irregular particles (Bolhuis and Lerk 1973). 

 

Mechanical properties of MCC are dependent on the moisture content of the powder 

(Khan et al. 1981; Khan et al. 1988; Amidon and Houghton 1995). Khan et al. (1981) 

observed that the compressibility of MCC decreases progressively with its moisture 

content. With a formulation that contained 97% of MCC the strongest tablets were 

produced when the moisture content of the formulation was 7.3% and correspondingly 

the weakest tablets were compressed when the moisture content of formulation was 0.6%. 

However, tablets compressed from the powder with highest moisture content capped 

when compressed at 163 MN/m2. Two possible explanations were suggested for this 

phenomenon. Firstly, at higher pressures the condensed moisture could have been 

squeezed out on to the particle surface and it could have reduced inter particle bonding 

and increased elastic recovery. Secondly, the limiting density causing elastic rebound 

could have been exceeded. Nevertheless, with lower moisture contents the compressed 
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tablets were weaker. Significant increase in the tablet strength was seen when the 

moisture content was higher than 2.3%. Amidon and Houghton (1995) found that when 

the moisture content of MCC was below approximately 5% (w/w) mechanical properties 

of compacts were not significantly changed. However, greater moisture content made 

MCC more easily deformed and stronger tablets could be formed. It was proposed that 

water acts as a plasticiser and affects the mechanical properties of MCC. Khan et al. 

(1988) found that the tensile strength of MCC tablets initially increases with moisture 

content, but with moisture levels exceeding 3% a subsequent decrease in tensile strength 

was detected. They suggested that when the moisture content of MCC is more than 3% 

the cross-linking of the hydroxyl groups on cellulose chains is disturbed and thus the 

tensile strength of the compacts is decreased. Optimum amount of water prevents elastic 

recovery by forming bonds through hydrogen bond bridges (Khan et al. 1981). 

 

Density of MCC was also found to be dependent on its moisture content; both tapped and 

poured densities were higher when the moisture content of the powder was low (Amidon 

and Houghton 1995). The powder flow properties also decreased with increasing moisture 

content. Compressibility index, also known as Carr’s index (CI), increases when the 

moisture content is increased above 6%.  Furthermore, moisture content had an effect on 

the disintegration time of tablets prepared from formulation that contained 1% of MgSt 

and 97% of MCC (Khan et al. 1981). When moisture content was above 2.3% tablets 

compressed were significantly stronger and less porous. Thus the disintegration time 

increased and dissolution rate decreased. Degree of crystallinity of MCC can also affect 

its compactability and dissolution rate (Suzuki and Nakagami 1999). It has been found 

that compactability decreases with the degree of crystallinity. Also when the degree of 

crystallinity is low dissolution rate increases. 

 

2.4.2 Flow properties of microcrystalline cellulose 

 

Flow properties of MCC is highly dependent on its grade (Doelker et al. 1995; Sun 2010). 

In general, it could be described that the smaller the particle size, the poorer the flow 

properties. For example Sun (2010) found that CI for Avicel PH102, PH101 and PH105 

was 25.8%, 28.9% and 39.2%, respectively. Similar flowability ranking was also found 
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in the study of Doelker and et al. (1995): Hausner ratio for Avicel PH102, PH101 and 

PH105 was 1.40, 1.57 and 1.77, respectively. These results indicate that the flowability 

of smallest particle size MCC, Avicel PH105, could be described as extremely poor (Carr 

1965). In contrast, Avicel PH102 had the best flow properties of the three MCC grades 

studied. However, its flowability could be described only as poor. 

 

Sun (2010) tableted different Avicel grades with a high speed tablet press in order to find 

a correlation between powder flow properties and manufacturing performance. It was 

found that flow properties of Avicel PH102 were just acceptable for tableting with a 12 

station tablet press, Korsch XL100, when the speed of the press was set at 70 rpm. 

Tableting with Avicel PH101 was possible, but the die filling was extremely inconsistent. 

In contrast, flow properties of Avicel PH105 were so poor that the powder did not flow 

out of the hopper. Based on the results, it was suggested that powders with flow properties 

poorer than the studied Avicel PH102 should be avoided in the formulations for tablet 

manufacturing with a high speed press. 

 

Mechanofusion with MgSt could be a possible solution for improving the flow properties 

of small particle size MCC grades, such as Avicel PH102, and to make them suitable for 

industrial scale manufacturing. Previous attempts to improve the flow properties of MCC 

have, however, concentrated on other techniques. One method to improve the flow 

properties of cohesive and poorly flowing powders has been to coat the particles with 

nano-sized silica (Yang et al. 2005; Chattoraj et al. 2011). In a study of Chattoraj et al. 

(2011) small particle size MCC, Avicel PH105, was nanocoated with 1% (w/w) colloidal 

silica via a comilling approach at 40 comilling cycle. After the nanocoating, the flow 

properties of Avicel PH105 were comparable to those of Avicel PH102. The tabletability 

of Avicel PH105 however decreased after the nanocoating. The negative effect of silica 

coating on tablet strength was explained with the bonding mechanisms: the bonding 

strength between silica and MCC was expected to be lower compared to that between 

MCC particles. But, tablets compressed from nanocoated Avicel PH105 were much 

stronger than those compressed from Avicel PH102. It has also been reported that tablets 

compressed from silicified MCC have higher tensile strength to those compressed from 

plain MCC (Edge et al. 2000). 
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2.4.3 Microcrystalline cellulose and magnesium stearate 

 

MgSt reduces the compressibility of a plastic material much more than it reduces the 

compressibility of a fragmenting material (Salpekar and Augsburger 1974; David and 

Augsburger 1977; De Boer et al. 1978). In a study of Jarosz and Parrott (1984), brittle 

materials were practically unaffected by the lubricant amounts as high as 3%. In contrast, 

tensile strength of tablets compressed from a plastic material decreased when the 

concentration of a lubricant was increased. Radial tensile strength of plain MCC tablets 

was almost 30 kg/cm2, but after mixing MCC with 2% MgSt, tensile strength of the tablets 

dropped to less than 15 kg/cm2. 

 

It has been found that the negative effect of prolonged mixing with MgSt on tablet 

crushing strength and disintegration time is dependent on particle size of MCC (Van Der 

Watt 1987). These findings were done with Avicel PH 102, which was sieved into three 

fractions: 80 – 180, 180 – 250 and 250 – 350 µm. Fractions were mixed with 1% (w/w) 

MgSt for 2 to 128 min in a Turbula mixer at 90 rpm. Crushing strength of the tablets 

decreased with increasing mixing time and decreasing particle size. Furthermore, 

disintegration time increased with increasing mixing time and increasing particle size. It 

was proposed that larger MCC particles cause greater shear forces in the mixer and 

therefore the rate at which ordered mixture and lubricant film are formed is faster. 

 

Multiple studies have described that the disintegration time of MCC tablets increases with 

the increasing MgSt content or increasing mixing time with MgSt (Shah and Mlodozeniec 

1977; van der Watt 1987). In contrast to these studies, Khan et al. (1983) found that 

disintegration time of tablets compressed from a binary mixture of MCC and MgSt 

decreased when the blending time was increased. It was suggested that MgSt does not 

hinder the water penetration into MCC as the porosity and the bonding strength are the 

most important factors affecting the disintegration. Bolhuis and Lerk (1973) also found 

that MCC – MgSt tablets had a shorter disintegration time compared to the plain MCC 

tablets. 
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The magnesium stearate effect on MCC has also been studied with different blending 

scales (Lakio et al. 2013). In the study of Lakio et al. (2013), the crushing strength of the 

compressed tablets was used as a secondary response for the over-lubrication effect and 

Raman mapping was used to detect the lubricant distribution in the tablets. It was found 

that the longer the blending time the greater the decrease in the tablet strength. In addition 

it was noticed that the blending was more efficient in the larger scales; significantly 

greater decrease in the crushing strength of the tablets was found with pilot (10 l) and 

production (80 l) scale blends compared to the laboratory (1 l) scale. 

 

2.5 Intensive mechanical dry coating with magnesium stearate 

 

Poor flowing cohesive pharmaceutical powders can be problematic in tablet 

manufacturing (Prescott and Barnum 2000). If the powder flows poorly out of the hopper, 

die filling will not be uniform and compressed tablets may have wide weight variation. A 

way to improve the flow is granulation, with the down-side of being a multi-step and time 

consuming approach. In contrast, mechanofusion is a single-step approach that enables 

engineering of particle surface characteristics of pharmaceutical powders (Pfeffer et al. 

2001). Dry coating with MgSt can improve the flow properties, dispersion and 

fluidization of cohesive powders without need for size enlargement (Zhou et al. 2010b; 

Zhou et al. 2010c; Zhou et al. 2011c).  

 

Table 1 summarises the mechanofusion process parameters used in studies where the host 

material was dry coated with MgSt in an AMS-Mini mechanofusion system. Flowability 

and aerosolisation are critical quality parameters in dry powder inhalator (DPI) 

formulations and therefore most of the mechanofusion studies have been performed in 

this particular field (Table 1). There has, however, been interest to expand the application 

to tablet manufacturing and direct compression formulations as well (Qu et al. 2014). 
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Table 1. Summary of dry coating studies with magnesium stearate. 

Study 
 
 

Host 
 
 

Processing parameters   Field/ purpose 
of the study 
 

Blade speed 
(rpm) 

Time 
(min) 

 Batch                 
 size (g) 

MgSt 
%(w/w) 

Qu et al. 2014 IBU 900 (1+) 5 20 0.1, 1, 5 Tableting 

Tay et al. 2012 IMC 5000 (2+) 10 10 0.25, 1, 5 Dissolution 

Zhou et al. 2010a LMH 5000 10 100 1 or 2 Flow, DPI 

Zhou et al. 2010b LMH 5000 (1+) 10 100 1 Flow, DPI 

Zhou et al. 2010c LMH 5000 (1+) 10 100 1 or 2 DPI 
Zhou et al. 2010d 
 

TA, 
SX, SS 

5000 
 

10 
 

10 
 

5 
 

Aerosolisation 
 

Zhou et al. 2011a 
 

LMH 
 

4000 
 

10 
 

15 
 

0.1, 0.5, 
1, 2, 5 

Extent of 
coating 

Zhou et al. 2011b LMH 4000 (1+) 10 100 1 Flowability 
Zhou et al. 2011c 
 

LMH 
 

1000 x 1, 2, 
3, 4, 5 

10 
 

15 
 

1 or 2 
 

Optimisation 
of coating 

  5000 2, 5, 10, 20    
Zhou et al. 2013 SS 5000 (1+) 10 10 0.5, 2, 5, 10 DPI 

Abbreviations: IBU = ibuprofen, IMC = indomethacin, LMH = lactose monohydrate,  
SS = salbutamol sulphate, SX = salmeterol xinafoate, TA= triamcinolone acetonide 

 

Zhou et al. (2010a) studied the effect of intensive mechanical dry coating with MgSt on 

powder flowability of a cohesive lactose monohydrate with median particle size ranging 

from 4 to 29 µm. It was found that the particle size of the host had a great effect on the 

modification of powder flowability. Even though flow properties of all lactose samples 

improved as a results of the dry coating, it was found that the finer particles with median 

particle size less than 20 µm were affected by the inter-particle cohesive forces more than 

the larger particle size powder after the mechanofusion. The greatest improvements in 

flow properties were seen with lactose powders with median particle size greater than 20 

µm. 

 

Dry coating with MgSt was studied also with lactose powders with particle size range 

from approximately 4 to 120 µm (Zhou et al. 2011c). CI and cohesion values for most 

samples were significantly lower after the mechanofusion. The only exception was the 

already free-flowing powder with volume median diameter approximately 120 µm, 

whose flow characteristics did not improve after the mechanofusion. 
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One study has shown that dry coating with MgSt improved the flow properties of a 

cohesive lactose powder much greater than coating with similar amount of colloidal 

silica, which is a glidant (Zhou et al. 2010b). Flow aid properties of silica were proposed 

to be inhibited by variable embedding into the lactose surface. The improvement in the 

flow after mechanofusion with MgSt was explained by substantial decrease in the strength 

of the inter-particle forces. 

 

It has been stated that the particle surface modification is dependent on the amount of the 

coating material and the process parameters such as coating speed and coating time 

duration (Zhou et al. 2011a; Zhou et al. 2011c). The effect of the amount of MgSt as a 

coating material on flow properties of a cohesive lactose monohydrate powder with 

volume median particle size approximately 20 µm was studied by Zhou et al. (2011a). 

The studied MgSt concentrations were 0.1, 0.5, 1, 2, and 5% (w/w) and it was found that 

the flow properties of the mechanofused powder improved up to MgSt concentration of 

1%. Coverage of MgSt was measured with ToF-SIMS and XPS, and with 1% MgSt 

concentration the coating was detected to be approximately complete. Further increase in 

MgSt concentration increased the surface coverage only marginally and the flow 

properties were not significantly different to those of the 1% MgSt batch. According to 

this study, the coating leads to chemical changes on the particle surface that alters powder 

behaviour. Excess MgSt only changes the morphological properties of the powder and 

has no effect to the bulk powder properties. Zhou et al. (2011c) also found that the 

optimisation of the process parameters was an effective approach to improve the flow 

behaviours of a lactose monohydrate powder with volume median particle size 

approximately 20 µm dry coated with 1% (w/w) MgSt. The effect of coating speed was 

studied with processor speeds of 1000, 2000, 3000, 4000 and 5000 rpm and measurable 

improvement of flow properties was observed with the increasing blade speed up to 4000 

rpm. Processing time was thereafter optimised with the highest blade speed and for four 

different time durations: 2, 5, 10 and 20 min. Optimum processing time for improving the 

flow properties was found to be 5 min, as there were no significant differences in the flow 

properties of powders mechanofused with longer processing times. 
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Tay et al. (2012) studied in vitro dissolution of indomethacin powder dry coated with 

MgSt with concentrations of 0.25, 1 and 5% (w/w). After 10 min dissolution the 

concentration of indomethacin mechanofused with 5% MgSt was significantly higher 

than concentration of untreated indomethacin. In contrast, there were no substantial 

differences in dissolution between untreated indomethacin and indomethacin 

mechanofused with 0.25% and 1% MgSt content at this time point. The final 

indomethacin concentration of untreated indomethacin and blends mechanofused with 

0.25% and 1% MgSt content after 60 min dissolution was 60 – 70%. In contrast, 

indomethacin concentration of the mechanofused blend with 5% MgSt content was only 

50%. It was proposed that dry coating holds the indomethacin matrix together and the 

diffusion occurs through the pores in the MgSt coat. It was also assumed that 

indomethacin dissolution with the higher MgSt content was hindered due to collapse of 

the matrix structure. 

 

Dry coating with MgSt has also been utilised in direct compaction formulation (Qu et al. 

2014). This study assessed whether it is possible to utilise mechanofusion to improve 

flowability of a high dose drug that is too cohesive for direct compaction, and whether 

the dry coating hinders bond formation when the powder is compressed. It has been 

speculated previously that dry coating with MgSt may reduce the tensile strength of 

compacts as the strength of inter-particle interaction gets weaker (Zhou et al. 2010b). Qu 

et al. (2014) found this true, as the tablet strength of a fine and cohesive ibuprofen powder 

with D50 value approximately 44 µm mechanofused with 1% (w/w) MgSt was 

significantly lower compared to the similar binary mixture Turbula blended for 30 min 

(Figure 2). This over-lubrication effect was overcome by addition of 

polyvinylpyrrolidone (PVP) as a binder to the formulation with concentration 10% (w/w) 

(Figure 2). Nevertheless, ibuprofen is known as a fragmenting material (Nesic et al. 

1990). Therefore it can be assumed that plastic material is even more sensitive for the 

negative effects of MgSt dry coating. 
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Figure 2. Compactibility of ibuprofen tablets (Qu et al. 2014). 
 

Qu et al. (2014) found that MgSt coating reduced the inter-particle friction, facilitated 

enhanced packing of ibuprofen powder and improved the powder flow substantially. 

Particles mechanofused with 1% MgSt content showed the greatest improvement in 

flowability. In addition to the formation of robust tablets, it was also found that 

mechanofusion with MgSt did not delay the dissolution rate of ibuprofen from direct 

compressed tablets. In contrary, tablets compressed from the mechanofused ibuprofen – 

MgSt blend had shorter dissolution time compared to the tablets compressed from a 

similar, but Turbula mixed binary mixture. It was suggested that the faster dissolution 

rate of the mechanofused powder was caused by the reduced degree of agglomeration in 

the powder as more surface area of the powder was exposed on contact with dissolution 

medium. In addition, the coating layer of MgSt was observed to be only a few nanometres 

thick and it was proposed that such a thin layer would be insufficient to prevent water 

penetration into the compressed tablets. In conclusion, it was suggested that 

mechanofusion has potential to be a novel alternative formulation strategy suitable for 

direct compaction of high dose drugs. 
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2.6 Aims of the study 

 

This study was done in order to determine, whether it is possible to utilise mechanofusion 

to improve flow properties of non-fragmenting powder material without hindering the 

bond formation between the particles under compression. More specifically, the aim was 

to examine the effect of dry coating with MgSt on compactibility and flow properties of 

a plastic material. MCC represented the plastic material and four different commercially 

available particle size grades were included in the study.  Raw materials were studied as 

a reference, and mechanofused powder mixtures were also compared with the 

conventionally blended ones. MCC was also mechanofused without MgSt in order to find 

whether the mechanofusion itself has an effect to the behaviour of MCC. Powder 

properties and the resulting tablet qualities were studied. Results from the study could be 

utilised when designing a direct compaction formulations via mechanofusion. 

 

 

3 MATERIALS AND METHODS 

 

3.1 Materials 

 

The effect of MgSt (code: 2255, Mallinckrodt Specialty Chemicals, St Louis, USA) was 

studied with four MCC powders with different particle sizes. Avicel PH-105 (PH105; 

FMC BioPolymer, Philadelphia, USA) had the smallest average particle size given by the 

supplier: 25 μm. The rest of the powders were from the same supplier: Emcocel 50M, 

Emcocel 90M and Emcocel LP200 (Mendel a Penwest Company, Patterson, USA). These 

materials are referred in this study as E50M, E90M and ELP200, respectively, and the 

average particle sizes of the powders given by the supplier were 65, 100 and 190 μm, 

respectively. 

 

3.2 Conventional blending 

 

Conventional blending was carried out in a tumbling Turbula T2F mixer (Willy A. 

Bachofen AG Maschinenfabrik, Basel, Switzerland) with a speed of 72 rpm and three 

different blending times: 5, 20 and 90 min. Samples were prepared for the mixing by 
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weighting approximately half of the MCC into a glass jar, applying the desired amount 

of MgSt to the jar and then pouring the remaining half of the MCC on top of the MgSt. 

Batch size for all binary blends was approximately 15 g and the jars were roughly half 

full. Turbula mixed blends are presented in Table 2. The column “Mix” describes whether 

the sample is a combination of two 15 g blended batches which were measured to be 

similar in terms of bulk and tapped densities. 

 

Table 2. Conventionally blended samples. 

Sample Material Mix MgSt               

% (w/w) 

Blending 

 Time (min) Speed (rpm) 

5min PH105 

20min PH105 

90minPH105 

5min E50M 

20min E50M 

90min E50M 

5min E90M 

20min E90M 

90min E90M 

5min ELP200 

20min ELP200 

90min ELP200 

PH105 

PH105 

PH105 

E50M 

E50M 

E50M 

E90M 

E90M 

E90M 

ELP200 

ELP200 

ELP200 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

5 

20 

90 

5 

20 

90 

5 

20 

90 

5 

20 

90 

72 

72 

72 

72 

72 

72 

72 

72 

72 

72 

72 

72 

 

3.3 Mechanofusion 

 

Samples for mechanofusion were prepared in the same manner as the samples for the 

conventional blending. To ensure consistent results, the samples were initially Turbula 

premixed for 3 min at 72 rpm prior to mechanofusion. However, with very low MgSt 

content, short processing time and relatively slow blade speed, it was found that the 

Turbula premixing can change the powder compressibility properties. For such cases, 

premixing was done manually by turning the glass jar 10 times upside down. After the 

premixing, the samples were fed into the vessel that was sealed into the mechanofusion 

unit and had the process module attached (Figure 3). 
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Figure 3. On left: mechanofusion unit in working order. On right: Nobilta process module 
in the vessel. 
 

Intensive mechanical dry coating was carried out in AMS-Mini mechanofusion system 

(Hosokawa Micron Corporation, Osaka, Japan) with Nobilta process module (Figure 3). 

The Nobilta system was inserted to a stationary cylindrical vessel, which was attached to 

the mechanofusion unit. As the Nobilta module rotates in the vessel its four angled 

propeller blades keep the powder in constant motion forcing it outwards towards the inner 

walls of the vessel. Consequently, the powder is subjected for severe shear and 

compressive stresses as it travels through the 1 mm wide gap between the blades and the 

vessel wall. 

 

The speed of the blade was ramped to the set value for 15 or 30 seconds and was kept 

constant for specific times according to Table 3. Cold water was kept flowing through the 

casing jacket to avoid processor heating. The temperature probe was, however, out of 

order and therefore the exact temperature during the process could not be recorded. 

Mechanofusion was carried out in different rotation speeds, time periods and MgSt 

concentrations in order to evaluate the effect of dry coating process on the powder 

properties. The method was to find processing conditions which would result in an 

improved powder flow and robust tablets. Pre-studies were conducted with high 

mechanofusion parameters, and additional studies were continued with E50M and 

PH105. Mechanofused blends are presented in Table 3. The column “Mix” describes 

whether the sample is a combination of two mechanofused batches which were combined 

after their bulk and tapped densities were measured to be similar. 
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Table 3. Mechanofused samples. 

Sample Material Mix MgSt     

% (w/w) 

Pre-

mixing 

Mechanofusion 

 Time (min) Speed (rpm) Ramping 

MF1 PH105 

MF1 E50M 

MF1 E90M 

MF1 ELP200 

MF2 E50M 

MF3 E50M 

MF4 E50M 

MF5 E50M 

MF6 E50M 

MF7 E50M 

MF8 E50M 

MF9 E50M 

MF10 E50M 

MF11 E50M 

MF2 PH105 

MF3 PH105 

MF4 PH105 

PH105 

E50M 

E90M 

ELP200 

E50M 

E50M 

E50M 

E50M 

E50M 

E50M 

E50M 

E50M 

E50M 

E50M 

PH105 

PH105 

PH105 

No

Yes 

Yes 

Yes 
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Three 15 g batches of PH105 and E50M without MgSt were mechanofused in order to 

examine whether the mechanofusion process itself affects the powder properties of MCC.  

Processing parameters were chosen based on the results gained from additional studies 

with E50M and PH105. The mechanofused samples are presented in Table 4.  

 

Table 4. Mechanofused samples without magnesium stearate. 

Sample Material Mechanofusion 

Time (min) Speed (rpm) Ramping 

MFa E50M E50M 2 500  15 sec 

MFb E50M E50M 2 1000 15 sec  

MFc E50M 

MFa PH105 

MFb PH105 

MFc PH105 

E50M 

PH105 

PH105 

PH105 

2 

2 

2 

2 

3000 

500 

1000 

3000 

30 sec 

15 sec 

30 sec 

30 sec 
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3.4 Characterisation of the materials 

 

3.4.1 Particle size analysis 

 

Particle size distributions and D10, D50 and D90 values of the powders were measured 

using a laser scattering particle analyser (Mastersizer 2000, Malvern Instruments Ltd., 

Worcestershire, UK) attached with a dry module. Inlet air pressure used was 0.2 bars and 

feed rate was adjusted so that the laser obstruction during the measurements was between 

2.5% and 3.5%. Ball bearings were placed in the sieve tray of the dispersion unit in order 

to minimise the possibility of powder aggregation. Three runs were performed for each 

sample. 

 

3.4.2 Morphology 

 

Morphology of the samples was examined with a scanning electron microscope (SEM) 

(Phantom and Quanta FEG 250, FEI Company, Hillsboro, USA). Double-sided carbon 

tape was attached to the sample holder and the sample was poured onto the adhesive 

surface. Excess powder was tapped and in some cases blown away gently with a manual 

air pump. Samples examined with Phantom were sputter coated with a thin gold layer 

with Emitech K550X sputter coater (Quorum Techologies Ltd., Kent, UK) that operated 

at 25 mA. The other samples were sputter coated with platinum layer with Quorum Q 

150TS sputter coater (FEI Company, Hillsboro, USA) that operated at 30 mA. 

 

3.4.3 Bulk and tapped density 

 

In order to evaluate the powder flow behaviour, bulk density (ρb) and tapped density (ρt) 

were measured. Approximately 10 g of the sample was poured into a 50 ml measuring 

cylinder through a funnel and powders highest and lowest levels were read from the scale. 

The average of these two values was recorded as the bulk volume and thereafter ρb was 

calculated by dividing the mass of the sample in the cylinder with the powders bulk 

volume. The cylinder was then attached to an automatic tapper (Autotap AT-2, 

Quantachrome Instruments, Boynton Beach, USA) and first tapped for 500 times and then 
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750 times with tapping speed of 260 taps/min and 3.18 mm vertical travel. Because the 

difference of the volume between 500 and 750 taps was less than 2 ml, ρt was determined 

after the total of 1250 taps by dividing the mass of the sample in the cylinder with the 

tapped volume, which was read from the scale. Each sample was measured in triplicates. 

 

3.4.4 Powder flow 

 

To understand the powder flow properties CI was calculated using the measured density 

values of the powder samples with equation: 

 

CI =100 ×
�����

��
 .   (1)  

 

Compressibility gives an indirect measure of ability of a powder to form tablets and it can 

be described as powders decrease in volume under pressure (Leuenberger 1982). It is an 

important flow characteristic: the more compressible the material is the less flowable it 

will be and vice versa (Carr 1965). 

 

Flow rate of powders was measured with FlowPro (Intelligent Pharmaceutics Oy, Turku, 

Finland). The method is developed especially for cohesive powders and only 1 to 2 g of 

sample is required for each measurement (Seppälä et al. 2010). Approximately 1 g of a 

sample was weighted onto a weighing paper and poured into cylinder shaped cuvette, 

which was then placed to a specific holder in the measurement chamber of the FlowPro. 

During a test run the holder moved vertically and the powder flowed onto the inbuilt scale 

throughout the orifice in the bottom of the cuvette. Flow rate of the sample was calculated 

by FlowPro software as milligrams per second. Flow rate of each sample was determined 

as an average of five measurements. 

 

3.4.5 Moisture content 

 

Karl Fischer titration is a quantitative and selective method to detect water content in 

powder samples. It is based upon a reaction between water, sulphur dioxide, iodine and a 

base in an anhydrous medium, most commonly methanol: 
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H	O + I	 +  SO	 +  3RN → �RNH�SO�CH� + 2�RNH�I.  

 

Constant current is maintained between the instruments indicator electrodes and the 

addition of titrant causes a decrease in voltage. In volumetric titration water content can 

be determined from the consumption of titrant at the equivalence point when the voltage 

drops to zero. 

 

Volumetric Karl Fischer titration was performed for selected samples in order to study 

whether there were differences in their moisture content. Titration was carried out with 

800 Dosino unit, 907 Titrando unit and 803 Ti Stand (Metrohm USA Inc., Riverview, 

USA). HYDRANAL Composite-5 (Sigma-Aldrich, St. Louis, USA) was used as a titrant 

and HYDRANAL Methanol Rapid (Sigma-Aldrich, St. Louis, USA) as a working 

medium. Mass of the samples was between 356.7 and 431.9 mg. All measurements were 

done in triplicates. 

 

3.5 Tablet compression 

 

Tablets were compressed with an instrumented benchtop tablet press (Gamlen Tablet 

Press, Gamlen Tableting Ltd., Nottingham, UK) using round flat 6-mm punches and 500 

kg load cell. Surfaces of the tablet holder that were not going to be in contact with the 

powder were lubricated with 5% (w/w) MgSt – acetone suspension to reduce the friction 

between the metal parts. All tablets were compressed with a punch speed of 60 mm/min. 

For each tablet the die was manually filled with the sample and tapped prior the 

compression to ensure uniformity of powder packaging. 

 

3.6 Tablet characteristics 

 

The most common method to measure mechanical strength of a tablet is a diametrical 

compression test, in which the crushing strength of a tablet is measured as the force 

required to fracture a tablet across its diameter. However, the crushing strength of a tablet 

is comparable only between the tablets with similar shape and size. More comparable data 

can be derived by calculating the tensile fracture strength. In this equation the tablet 
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dimensions are taken into account, enabling comparison between tablets with different 

shapes and sizes. Tensile strength (σ) for a cylinder shaped tablets was calculated using 

equation (Fell and Newton 1970): 

 

� =
	�

���
 ,   (2)  

  

where � is the fracture force,   is the punch diameter and ! is the tablet thickness. Tensile 

strength of the tablets was determined as an average of three measurements. The 

estimated compression loads used were 500, 400, 300, 200, 100 and 50 kg. Target weight 

of the tablets was 100 mg and for the lowest compression load 70 mg. Dimensions of the 

resulting tablets were measured with a digital calliper right after the compression. 

Crushing strength of the tablets was measured with diametral hardness tester (model 6D, 

Dr. Schleuniger Pharmatron, USA).  

 

Tensile strength and compression pressure comparison curves were done in order to 

evaluate the differences in the powder compactibility which is the ability of a powder to 

form a compact of a certain mechanical strength (Leuenberger 1982). Compactibility is 

usually defined in terms of tablet strength as a function of applied compression stress. 

Compression pressures ("#) were calculated using equation:  

 

"# =
�

$
 ,   (3)  

 

where � is the force and % is the area of the punch tip. 

 

Ejection force is the force needed to push the tablet out of the die and it is decreased when 

the formulation and manufacturing equipment are well-lubricated. In order to evaluate 

the lubricant efficiency ejection stresses (&') were calculated with equation (Dey 2012): 

 

 &' =
(

���
 ,    (4)  

 

where F is the ejection force, D is the punch diameter and t is the tablet thickness. 
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Disintegration testing was performed in accordance with European Pharmacopoeia with 

six tablets (European Pharmacopoeia 2014). The aim was to study disintegration of 

tablets with the crushing strength of approximately 100 N. Compression load needed to 

form such tablets was adjusted with examining the crushing strength of three tablets prior 

to compressing the tablets for disintegration studies. Disintegration testing was performed 

with basket method (Electrolab ED-2L, Electrolab India Ptv. Ltd., Mumbai, India). 

Purified distilled water was used as immersion fluid at temperature of 37 ± 2ºC. Tablets 

were placed in glass tubes of the basket and a disc was added to each tube. The basket 

was then lowered and raised in the immersion fluid with a frequency rate of 30 cycles per 

minute and with the stroke height of 55 mm until the tablets were disintegrated 

completely. Disintegration of the tablets was controlled visually and disintegration time 

was recorded with a separate timer. 

 

3.7 Data analysis 

 

Testing for statistical significance was performed using Excel 2013 (Microsoft Corp., 

Redmond, USA). Student’s t-test (two-tailed distribution, two-sample unequal variance) 

at 95% confidence level was applied to compare the differences found in between the 

mechanofused samples, Turbula mixed blends and raw materials. 

 

 

4 RESULTS AND DISCUSSION 

 

4.1 Raw materials, Turbula blends and first mechanofusion batches 

 

Raw materials, Turbula blended binary mixtures and the first mechanofusion batches 

were studied first for their particle size and morphology, flow characteristics and 

compression behaviour. 
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4.1.1 Particle size distributions 

 

D10, D50 and D90 values were obtained from the particle size analysis. Particle size 

analysis showed that the median (D50) values of the most raw materials were slightly 

higher than the average particle sizes given by the supplier (Table 5). D50 values for 

E50M, E90M and ELP200 were 78, 144 and 226 μm, respectively. The difference in the 

results presented here and the ones given by the supplier was probably due to the different 

measurement methods: the supplier gave the particle size on a sieve particle sizing and 

here the particle size analysis was carried out with laser diffraction. The disadvantage of 

the particle size measurement with laser diffraction is that the particles are modelled as 

spheres. MCC is a fibrous-like material and calculating the diameter of the particles might 

give higher particle size values than other methods such a sieve analysis. Previously 

Doelker et al. (1995) have described the similar difficulties in comparing the particle size 

fractions of MCC obtained by different measurement methods. Nevertheless, D50 value 

of PH105 was approximately the same as the one given by the supplier: 23 μm. It was 

also found that the larger the particle size the wider the particle size distribution (Figure 

4). 

 

Table 5. D10, D50 and D90 values for raw materials, conventional blends and first 
mechanofusion batches. 

Material D10 (μm) D50 (μm) D90 (μm) 

MgSt 5.6 (0.0) 13.2 (0.0) 25.0 (0.0) 
 

   

PH105 9.5 (0.0) 23.1 (0.0) 50.1 (0.0) 

5min PH105 9.4 (0.0) 22.9 (0.0) 49.8 (0.0) 

MF1 PH105 10.3 (0.0) 24.3 (0.0) 51.8 (0.1) 
 

   

E50M 27.7 (0.1) 78.0 (0.2) 170.7 (0.6) 

5min E50M 26.5 (0.0) 77.4 (0.1) 171.7 (0.2) 

MF1 E50M 25.5 (0.3) 66.0 (0.4) 139.8 (1.0) 
    

E90M 45.6 (0.3) 144.1 (1.2) 279.4 (1.9) 

5min E90M 44.2 (1.1) 146.3 (3.7) 283.0 (4.9) 

MF1 E90M 17.5 (0.3) 87.6 (0.7) 204.1 (0.6) 
    

ELP200 81.5 (1.1) 226.2 (2.5) 470.8 (6.9) 

5min ELP200 89.0 (10.8) 235.5 (20.1) 475.6 (36.2) 

MF1 ELP200 14.1 (0.4) 107.4 (7.1) 315.3 (70.3) 

Represented data are mean values (n=3). Standard deviations are given in parentheses. 
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Figure 4. Particle size distribution of the raw materials in a logarithmic scale (n=3). 
 

It has been stated that the energy of the mechanofusion process is sufficient to break up 

agglomerates and may cause some degree of particle size reduction (Morton 2008). There 

has, however, been studies where it has been shown that mechanofusion does not 

substantially change the particle size of the lactose with median diameter from 

approximately 4 to 120 µm or 145 µm (Kumon et al. 2006; Zhou et al. 2011c). The 

particle size distribution of large particle size MCCs was, however, decreased greatly 

after the mechanofusion with high blade speed and long processing time (Table 5 and 

Figure 5). With both E90M and ELP200 the amount of fine particles increased after the 

mechanofusion process as the D10 value decreased considerably. Similar but less 

dramatic decrease was also seen in the D50 and D90 values, which indicated that the 

MCC particles may have split into smaller pieces during the mechanofusion process. In 

contrast to the large particle size powders the particle size distributions of MF1 PH105 

and MF1 E50M did not change considerably. Only the D50 and D90 values of MF1 E50M 

were decreased slightly. This indicated that the small particle size MCCs were less 

sensitive to the high shear forces of the mechanofusion process. The effect was probably 

caused by the differences in the microstructure of MCC particles. 
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Figure 5. Particle size distribution of a) Avicel PH-105, b) Emcocel 50M, c) Emcocel 
90M and d) Emcocel LP200 raw material, 5 min Turbula blends and first mechanofusion 
batches (n=3). 
 

4.1.2 Morphology 

 

MgSt had a very small particle size and the particles were plate-like and flaky in SEM 

micrographs (Table 5 and Figure 6). SEM micrographs also showed that all MCC raw 

materials looked rather similar: particles were porous, fibre-like and multidimensional 

(Figures 7a, 8a, 9a and 10a). However, MCC grades were easy to identify due to the great 

differences in the size of the particles. 
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Figure 6. Scanning electron micrographs of magnesium stearate at magnification of 500x, 
2000x and 5000x from left to right. 
 

Turbula mixing did not seem to change the morphology of MCC particles, but identifying 

MgSt flakes reliably from SEM micrographs of MCC – MgSt blends was challenging 

(Figures 7b, 8b, 9b and 10b). Similar difficulties has been encountered also in previous 

studies with similar MCC – MgSt blends (Shah and Mlodozeniec 1977). However, in 

Figure 10b MgSt flakes can be clearly detected on top of ELP200 particle. In contrast, 

MgSt particles could not be identified on the mechanofused powders in SEM micrographs 

(Figures 7c, 8c, 9c and 10c). This would indicate that the mechanofusion process with 

these parameters was a more effective dry coating method. However, in a study of Shah 

and Mlodozeniec (1977) MgSt particles were not detected on top of lactose particles in 

SEM micrographs after a long 100 min mixing in a twinshell V-shape mixer. Authors 

suggested that during the initial mixing time MgSt adsorbs on the surface of the lactose 

particles, but there was no speculation about the mechanism of the absorption. MgSt 

coating on the particles could be identified with other methods, such as IGC, EDX, ToF 

SIMS or XPS as described in section 2.3.2. However, these methods were not included 

in the study because of the limitation of time and resources. 
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Figure 7. Scanning electron micrographs of Avicel PH-105 a) raw material, b) 5 min 
Turbula blend and c) fist mechanofusion batch at magnification of 500x, 2000x and 5000x 
from left to right. 
 

Little or no change was detected in the morphology of PH105 raw material and 

mechanofused blend (Figures 7a and 7c). However, after the mechanofusion the surfaces 

of large particle size MCCs looked rounder and smoother compared to the raw material 

(Figures 8c, 9c and 10c). Similar effect was seen in studies where lactose monohydrate 

was mechanofused: particles became rounder after the mechanofusion (Kumon et al. 

2006; Zhou et al. 2010b). The physical change in the particle shape is probably caused by 

the plastic deformation of the particles as stated by Morton (2008). In the studies of Zhou 

et al. (2011a) and Qu et al. (2014) mechanofusion with relatively high MgSt 

concentration, 5% (w/w), was found to make the host particle surfaces look rougher in 

b) 

a) 

c) 
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SEM micrographs. It was proposed that the surface roughness was caused by the 

overlapping layers of excess MgSt flakes (Zhou et al. 2011a). 

 

  

  

   
Figure 8. Scanning electron micrographs of Emcocel 50M a) raw material, b) 5 min 
Turbula blend and c) first mechanofusion batch at magnification of 500x, 2000x and 
5000x from left to right. 
 
 
 
 
 

a) 

b) 

c) 
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Figure 9. Scanning electron micrographs of Emcocel 90M a) raw material, b) 5 min 
Turbula blend and c) first mechanofusion batch at magnification of 500x, 2000x and 
5000x from left to right. 
 

SEM micrographs of the mechanofused E90M and ELP200 supported the finding that 

large MCC particles break down in the mechanofusion process (Figures 9 and 10). 

Particles of the mechanofused samples were finer and smaller compared to the untreated 

samples. This effect was probably caused by the high shear forces of the mechanofusion 

process. In contrast, there were no visible differences in the particle sizes of E50M or 

PH105 raw materials and mechanofused samples. This finding, along with the particle 

size analysis, suggested that smaller particle size MCC grades could withstand the high 

shear forces better than the larger ones. 

b) 

a) 

c) 
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Figure 10. Scanning electron micrographs of Emcocel LP200 a) raw material, b) 5 min 
Turbula blend and c) first mechanofusion batch at magnification of 500x, 2000x and 
5000x from left to right. 
 

4.1.3 Densities 

 

Bulk and tapped densities are presented in Figures 11 and 12. There were no substantial 

differences in bulk densities of the raw materials (Figure 11). Tapped densities, however, 

decreased with increasing particle size (Figure 12). In contrast, Doelker et al. (1995) and 

Lahdenpää et al. (1996) found in their studies that both bulk and tapped densities of 

Avicel grades PH-101, PH-102 and PH-200 increased with increasing particle size. The 

effect was explained with the particle shape and size as the irregular rod-shaped particles 

a) 

b) 

c) 
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had lower density and the granular large particles had higher density (Lahdenpää et al. 

1996). However, results presented here would suggest the opposite dependence between 

particle size and tapped density of MCC. 

 

 

Figure 11. Bulk densities of the MCC raw materials, Turbula blends and the first 
mechanofusion batches. Error bars represent standard deviations (n=3). 
 

 

Figure 12. Tapped densities of the MCC raw materials, Turbula blends and the first 
mechanofusion batches. Error bars represent standard deviations (n=3). 
 

Density values of E90M were approximately the same as measured by Steele et al. (2004). 

Celik and Okutgen (1993) also measured similar bulk density for E90M, but in contrast 

tapped density was lower: only 0.35 g/cm3. Tapped density of Emcocel 90M measured 

by Ar Rashid et al. (1998) was the same as presented here, even though bulk density was 

measured to be as high as 0.34 g/cm3. In addition, Radish et al. (1998) measured density 

values for Emcocel 50M that differed from the results presented in this study: bulk density 

was 0.31 g/cm3, whereas tapped density was only 0.38 g/cm3. PH105 had the highest 
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tapped density of all MCC grades, which was in accordance with Doelker et al. (1995). 

However, tapped density of Avicel PH105 measured by Doelker et al. (1995) was 

approximately 0.55 g/cm3, which was substantially higher than the value measured in this 

study. The differences in the density values reflects the difficulty of getting consistent 

data out of powder densities as well as the effect of possible batch variations. 

 

As expected, bulk and tapped volume of the Turbula mixed blends decreased with mixing 

time: the longer the blending time was, the higher ρb and ρt were. Compared to the raw 

material ρb of 90 min Turbula blends of PH105, E50M, E90M and ELP200 increased 

16.5%, 26.0%, 34.3% and 24.1%, respectively and ρt increased 18.7%, 16.3%, 16.6% and 

14.8%, respectively (Figures 11 and 12). This was in accordance with the previous studies 

with similar MCC – MgSt binary blends where the apparent bulk volume was seen to 

decrease with blending time (Shah and Mlodozeniec 1977).  

 

The highest bulk and tapped densities were, however, measured after the mechanofusion. 

Compared to the raw material, ρb of the first mechanofused MgSt blends of PH105, 

E50M, E90M and ELP200 increased 61.2%, 87.3%, 69.1% and 91.8%, respectively and 

ρt increased 45.2%, 51.9%, 73.5% and 108.7%, respectively (Figures 11 and 12). The 

results suggested that mechanofusion with MgSt had a great effect on the density values 

of MCC, with the median particle size ranging from 23 μm to 226 μm. In a study of Zhou 

et al. (2010a) mechanofusion also increased the density values of lactose – MgSt 

mixtures. Nonetheless, only limited increase was noticed with lactose samples with 

median particle size of 60 μm and 120 µm. 

 

4.1.4 Flow properties 

 

Powder flow is considered to be good when CI is less than 15% and poor when CI is more 

than 25% (Carr 1965). Flow properties of MCC seemed to be dependent on the particle 

size as the biggest particle size MCC had the best flow properties and smallest one had 

the poorest flow properties (Figure 13). Results were in line with the findings of Doelker 

et al. (1995) and Lahdenpää et al. (1996). In addition, when the flow properties of the raw 

materials were compared to the results of the study of Sun (2010), only ELP200 seemed 
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to have appropriate flow properties for tableting in industrial scale with a high speed tablet 

press as its CI was less than 25.8%. 

 

 

Figure 13. Compressibility index of MCC raw materials, Turbula blends and the first 
mechanofusion blends. Error bars represent standard deviations (n=3). Scale of 
flowability on right (Carr 1965). 
 

With the Turbula blends of E90M and ELP200 it was seen that the flow properties 

improved with increasing blending time (Figure 13). In contrast, flow properties of 

PH105 Turbula blends improved only slightly after mixing for 5 and 20 min. However, 

the differences were not statistically significant (p-value >0.05). In addition, only the 

longest blending time was seen to improve the flow properties of E50M as its CI 

decreased from 35.8% to 30.5%, and the difference was statistically significant (p-value 

0.005). 

 

When compared to the raw material, the greatest decrease of CI was seen with the 

mechanofused E50M – MgSt blend (Figure 13). CI of MF1 E50M was 20.9% and its 

flowability could be categorised as fair, whereas CI of E50M was 35.8% which indicated 

that the flowability of the raw material was very poor. Mechanofusion improved also the 

flow properties of the smallest particle size MCC, but only from extremely poor to very 

poor. Initially CI of the PH105 was 43.1% and after mechanofusion CI was decreased to 

36.5%, and the difference was statistically significant (p-value 0.02). 

 

In contrast to the substantially improved flow properties of the small particle size MCCs 

with median diameter of 23 and 78 µm, flowability of E90M and ELP200 blends 
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decreased after the mechanofusion when compared to the raw materials and conventional 

blends (Figure 13). The difference between average CI values of raw material and 

mechanofused sample was, however, statistically significant only with ELP200 which p-

value was 0.04, whereas p-value of E90M was 0.24. The relationship between the particle 

size and powder flow properties are well known, and therefore the decrease of flowability 

was in line with the finding that the mechanofusion made the large MCC particles fall 

apart into smaller pieces. 

 

Flow rate of the powders was measured also with FlowPro. Materials can be determined 

as freely flowing when the flow rate is more than 100 mg/s (Seppälä et al. 2010). When 

the flow rate is between 10 and 100 mg/s material is intermediately flowing and when the 

low rate is less than 10 mg/s material is poorly flowing. The results were generally in 

agreement with CI values (Table 6). Flow rate of the mechanofused PH105 was 

approximately 1.3 times higher than flow rate of the raw material. Moreover, flow rate of 

the mechanofused E50M was almost two times higher than the flow rate of E50M. The 

differences were statistically highly significant (p-value <0.001). In comparison, the flow 

rate of first mechanofused E90M and ELP200 blends decreased greatly, and the changes 

were also statistically significant (p-values <0.01). 
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Table 6. Flow rate of first mechanofusion batches and reference materials measured using 
FlowPro. 

Material RH (%) Flow rate (mg/s) SD Change to raw material P-value 

PH105 43 6.0 0.8 - - 
5min PH105 44 8.1 0.9 33% 0.006 

20min PH105 39 8.1 1.1 34% 0.011 

90min PH105 39 8.5 0.4 41% 0.001 

MF1 PH105 41 13.8 1.8 128% 0.000 
      

E50M 43 17.8 0.8 - - 

5min E50M 42 16.7 2.7 -7% 0.390 

20min E50M 42 17.2 1.7 -4% 0.482 

90min E50M 42 19.9 1.7 12% 0.049 

MF1 E50M 42 51.5 6.8 189% 0.000 
      

E90M 46 52.2 10.9 - - 

MF1 E90M 42 29.4 4.7 -44% 0.007 
      

ELP200 47 64.3 17.7 - - 

MF1 ELP200 42 25.0 4.4 -61% 0.006 

Represented data are mean values (n=5). SD is standard deviation. 

 

Seppälä et al. (2010) found that the flow rate of Avicel PH-101 and PH-102 mixed with 

0.5% MgSt content increased slightly when the blending time was increased from 2 min 

to 16 min. In addition, the larger particle size powder was seen to be more sensitive for 

the effect of the lubricant. Even though the increase was not statistically significant, it 

gave insight into the physical phenomenon that arise from the formation of a lubricant 

film that enhanced the flow properties. This phenomenon should have been seen more 

clearly in this study as the lubricant content and mixing speed were higher and the mixing 

time was longer. The effect of mixing time on the flow rate was studied with PH105 and 

E50M (Table 6). However, only PH105 Turbula blends showed significant improvement 

in the flowability compared to the raw material: the longer the blending time, the higher 

the flow rate. In contrast, significant improvement in the flow rate of E50M blends was 

seen only with the blend mixed for 90 min. 

 

It has been stated previously that mechanofusion with MgSt can improve the flow 

properties of a lactose powder with a median particle size of 20 μm from cohesive to free-

flowing (Zhou et al. 2010b). In the study of Zhou et al. (2010b), CI of the raw material 

was 50% and after mechanofusion with 1% (w/w) MgSt content CI decreased to 29%. 
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Consequently, CI of the mechanofused blend was 42% lower than CI value of the raw 

material. Mechanofusion did not seem to be that effective with similar particle size MCC 

in this study as only limited improvement in the flow was observed with PH105; after 

mechanofusion with MgSt, CI of PH105 decreased 15.3% and flow rate increased 128%. 

In contrast, CI of mechanofused E50M was 41.6% lower than CI of E50M and flow rate 

increased 189%. In the study of Zhou and et al. (2010b) the blade speed was 5000 rpm, 

which was substantially higher than the one used in this study and therefore increasing 

the blade speed could have improved the flow properties of PH105. Nevertheless, the 

finding that the flow properties of MCC improved substantially more with E50M than 

with PH105 was opposite to the study in which the greatest improvement in the flow 

properties of lactose was seen with the cohesive lactose powders (Zhou et al. 2011c). This 

effect could be due to the differences in the morphology and microstructure of the 

particles. 

 

4.1.5 Tablet compression and tablet properties 

 

Tensile strength of the compressed tablets are presented in Figures 14, 15, 16 and 17. 

With the highest compaction load the fracture force of tablets compressed from E50M, 

E90M and ELP200 was, on average, 249, 268 and 266 N, respectively. Compaction loads 

used were, on average, 532, 546 and 548 kg, respectively. Even though there was no 

substantial differences in the compactibility between these three MCC powders the 

strongest tablets were compressed from E90M with compaction loads higher than 100 kg, 

whereas the weakest tablets were formed with E50M. In contrast, compactibility of 

PH105 was found to be superior compared to the three other MCCs studied. There was a 

significant difference between tensile strength of tablets compressed with PH105 and 

other MCC raw materials. With the highest compaction load, which was 542 kg on 

average, the fracture force of the PH105 compacts was 387 N on average. In conclusion, 

these results were not in agreement with the findings of McKenna and McCafferty (1982) 

who stated that compaction properties of MCC is independent on the particle size of 

MCC. However, it has been shown previously that PH105 has much higher compactibility 

compared to other grades of MCC (Doelker et al. 1995). 
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Figure 14. Compactibility of Avicel PH-105 tablets. Error bars represent standard 
deviation (n=3). 
 

 

Figure 15. Compactibility of Emcocel 50M tablets. Error bars represent standard 
deviation (n=3). 
 

 

Figure 16. Compactibility of Emcocel 90M tablets. Error bars represent standard 
deviation (n=3). 
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Figure 17. Compactibility of Emcocel LP200 tablets. Error bars represent standard 
deviation (n=3). 
 

The over-lubrication effect was clearly seen with the Turbula blends of all MCC grades: 

the longer the blending time was, the weaker the compressed tablets were (Figures 14, 

15, 16 and 17). The effect was greater with MgSt blends of E90M and EP200 than with 

MgSt blends of PH105 and E50M. The results obtained were in accordance with the ones 

gained with MCC powders Turbula mixed for 5 min at 25 rpm and with 0.5% MgSt 

content (Doelker et al. 1995). In the study of Doelker et al. (1995) it was noticed that the 

strength of the tablets compacted with Avicel PH-105 was practically unaffected by the 

lubricant after 5 min mixing time and even though the mixing time was prolonged to 15 

min. Most sensitive materials to the negative effects of MgSt were MCC grades with the 

largest particle size, likewise in this study.  

 

It has been proposed that the lubricant sensitivity of material is a complex function of 

materials surface area and consolidation mechanism combined with the distribution and 

quantity of the lubricant (Vromans 1988). Powder with small particle size has larger 

surface area compared to larger particle size powders. With the same MgSt content the 

particle surfaces of finer powder might not be covered with lubricant so extensively and 

therefore the inter-particular bonding is not distracted in same extent. Another interesting 

finding was that the significance of the magnesium stearate effect increased with 

increasing compression pressure. 
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Mechanofusion with blade speed of 3000 rpm and 10 min time duration decreased the 

compactibility of all MCCs with 1% (w/w) MgSt content greatly (Figures 14, 15, 16 and 

17). With the highest compaction load the strongest tablets were formed with MF1 E90M. 

However, the highest fracture force of these tablets was only 33 N on average which was 

significantly lower than the fracture force of the tablets compressed after the 90 min 

conventional blending. Such a dramatic decrease in the compactibility after 

mechanofusion was most likely caused by the sensitivity of MCC to the negative effects 

of MgSt. It has been proposed previously that the mechanofusion with MgSt may reduce 

the tensile strength of tablets because of the reduction of the strength of inter-particle 

interactions (Zhou et al. 2010b). The findings with the first mechanofusion batches along 

with the results of Qu et al. (2014) confirmed the proposal. However, Qu et al. (2014) dry 

coated ibuprofen with MgSt and the decrease in the tablet strength was not as dramatic as 

seen with MCC in this study. Ibuprofen is a mainly fragmenting material and it is 

therefore less sensitive to the negative effects of MgSt. In addition, the mechanofusion 

parameters used in the dry coating of ibuprofen were not as intensive as used in this study 

with the first mechanofusion batches. Therefore, additional studies were performed with 

PH105 and E50M to find, whether it is possible to improve the strength of tablets by 

lowering the process parameters of mechanofusion. 

 

4.2 Additional mechanofusion studies with Emcocel 50M and Avicel PH-105 

 

As there were no substantial differences between compactibility of the three largest 

particle size raw materials and the particles of E90M and ELP200 were seen to fall apart 

during the mechanofusion, the study was continued with only the smallest particle size 

MCCs: PH105 and E50M. The aim was to adjust the mechanofusion process so that the 

compactibility of PH105 and E50M samples would not be substantially reduced, but the 

flow properties would still be improved. The method was to decrease mechanofusion 

process time, speed of the blade and concentration of MgSt. 
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4.2.1 Emcocel 50M 

 

Adjustment of the mechanofusion process was first performed with E50M, because the 

greatest improvement of the flow compared to the raw material was seen with the first 

mechanofused E50M – MgSt blend. Details of the mechanofused batches are presented 

in Table 3 and shortly in Table 7.  

 

Firstly, MgSt content was reduced to half for the batch MF2 E50M while process 

parameters were kept the same as in the first mechanofusion batch. However, decreasing 

the lubricant content did not increase the tensile strength of the compacts (Table 7). For 

the next batches the MgSt content was therefore raised back to the 1% concentration while 

the processing time was decreased to 5 min in the batch MF3 E50M, and thereafter to 2 

min in the batch MF4 E50M. Although the processing time was decreased from 10 min 

as low as 2 min, again no significant increase was seen in the tablet strength (p-value 

0.47). It was impractical to decrease the processing time any further and so the next step 

was to decrease the speed of the blade. Moderate but significant increase in the tablet 

strength was seen with the next batches MF5 E50M and MF6 E50M, in which the paddle 

speeds were decreased from 3000 rpm to 1000 rpm and 500 rpm, respectively (Table 7).  

 

Table 7. Crushing strength of tablets compressed with the highest compaction load from 
mechanofused Emcocel 50M batches. 

Sample MgSt %(w/w) Mechanofusion  Crushing strength (N) 

  Time (min) Speed (rpm)  

MF2 E50M 

MF3 E50M 

MF4 E50M 

MF5 E50M 

MF6 E50M 

MF7 E50M 

MF8 E50M 

MF9 E50M 

MF10 E50M 

MF11 E50M 

0.5 

1 

1 

1 

1 

0.5 

0.05 

0.05 

0.1 

0.5 

10 

5 

2 

2 

2 

2 

2 

2 

2 

2 

3000 

3000 

3000 

1000 

500 

1000 

500 

500 

500 

500 

22 (3) 

15 (2) 

19 (1) 

41 (2) 

66 (2) 

41 (1) 

178 (1) 

189 (2) 

144 (4) 

73 (1) 

Represented data are mean values (n=3). Standard deviations are given in parentheses. 
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For batch MF7 E50M, the lubricant content was cut in half but the process parameters 

were kept the same as in MF5 E50M, which was the first batch to show increase in the 

tablet strength. As there was no significant difference in the strength of the tablets 

compressed from the batches MF5 E50M and MF7 E50M, the next batch MF8 E50M 

was mechanofused with the lowest practical MgSt concentration, blade speed and 

processing time in order to find the lower extreme of the dry coating process. With this 

batch the tensile strength of the compacts was significantly higher than the tensile strength 

of tablets compressed after 20 min Turbula mixing. At this point, it was also noticed that 

premixing with Turbula could change the compactibility of the mechanofused powder as 

the tablets compressed from manually premixed batch MF9 E50M were slightly stronger 

than the compacts made from MF8 E50M, which was Turbula premixed for 3 min (Table 

7). However, the difference was significant only between the tablets compressed with 500 

and 200 kg compaction loads (p-value <0.05). Turbula premixing probably expedites the 

distribution of MgSt onto the host particles and therefore with a short mechanofusion 

processing time premixing with Turbula might enhance formation of the dry coating.    

 

MF6 E50M and especially MF9 E50M had substantially improved compactibility 

compared to the first mechanofusion batch (Figure 18). MF6 E50M and MF9 E50M were 

both mechanofused with the blade speed of 500 rpm for 2 min, and with MgSt content of 

1% and 0.05%, respectively. Batches MF10 E50M and MF11 E50M were produced in 

order to find how MgSt content between the two extremities would affect the powder 

properties. As it was assumed, the strength of the tablets settled in between the values of 

batches MF6 E50M and MF9 E50M (Table 7 and Figure 18). When MgSt content was 

decreased from 1% to 0.5% compactibility improved slightly but significantly with all 

compaction loads studied (p-value <0.05). In contrast, tablets compressed from batch with 

0.1% MgSt content were stronger than the tablets compressed after 90 min Turbula 

mixing and the difference between the tablets compressed with the highest compaction 

load was statistically highly significant (p-value 0.001). Based on these results, it was 

clear that the mechanofusion process is a highly efficient way to spread MgSt over MCC 

particles, as the negative effect of the lubricant on the compaction properties of MCC was 

seen even with a very low 0.05% MgSt content and fairly low processing time and blade 

speed. 
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Figure 18. Compactibility of mechanofused Emcocel 50M tablets. Error bars represent 
standard deviation (n=3). 
 

The four batches, MF6 E50M, MF9 E50M, MF10 E50M and MF11 E50M, were further 

studied for their flow properties. Flow properties of these E50M – MgSt blends 

mechanofused for 2 min at 500 rpm were improved compared to the raw material (Table 

8 and Figure 19). With the lowest MgSt content flow rate increased 11% and the flow 

rate was approximately the same as the flow rate of the 90 min conventional blend. Flow 

properties of MF6 E50M and MF11 E50M were approximately two times higher when 

compared to E50M. CI values showed similar, but not as substantial improvements in the 

flow properties (Figure 19). Flow properties of MF6 E50M, which had the highest MgSt 

content, could be described as poor. In comparison, flowability of the first mechanofused 

batch, MF1 E50M, was categorised as fair. 

 

Table 8. Flow rate of the 2 min 500 rpm mechanofusion batches of Emcocel 50M 
measured using FlowPro. 

Material RH (%) Flow rate (mg/s) SD Change to raw material P-value 

E50M 43 17.8 0.8 - - 

MF6 E50M 46 51.0 8.1 186% 0.001 

MF11 E50M 46 53.0 6.0 198% 0.000 

MF10 E50M 46 28.1 1.3 58% 0.000 
MF9 E50M 46 19.8 1.2 11% 0.016 

Represented data are mean values (n=5). SD is standard deviation. 
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Figure 19. Compressibility index of the 2 min 500 rpm mechanofusion batches of 
Emcocel 50M with different MgSt concentrations. Error bars represent standard 
deviations (n=3). Scale of flowability on right (Carr 1965). 
 

In conclusion, it was possible to improve the flow properties of MCC, with a median 

particle size of 78 µm, via dry coating with MgSt. However, dramatic decrease in the 

compactibility was observed after the mechanofusion process. The trend in this case 

seemed to be that the greater the amount of MgSt on the surfaces of MCC particles, the 

better the flow properties of a powder and the weaker the compressed tablets. 

 

4.2.2 Avicel PH-105 

 

Adjustment of the mechanofusion process of PH105 was started keeping in mind the 

results gained with E50M. However, it was soon noticed that the behaviour of these two 

MCC grades was quite different. For MF2 PH105 the blade speed was lowered from 3000 

rpm to 500 rpm and processing time was decreased from 10 min to 2 min (Table 3). 

Surprisingly, the compressed tablets were stronger than the tablets compressed from 90 

min Turbula mixed blend (Figure 20). In comparison, tablets compressed after the 

identical mechanofusion process of E50M were much weaker (Figure 18). Different 

outcomes after the identical mechanofusion processes indicated that the finer MCC was 

not as sensitive for MgSt effect as the larger particle size MCC. Similar results were 

obtained after the conventional mixing and the rational explanation for the non-sensibility 

of the finer powder for the negative effects of lubricant would be larger surface area of 

PH105. However, the surface areas of PH105 and E50M were not examined in this study.  

 

0

5

10

15

20

25

30

35

40

C
o

m
p

re
ss

ib
il

it
y
 I

n
d

ex
 (

%
)

E50M MF11 E50M MF6 E50M MF10 E50M MF9 E50M

Extremely poor

Very poor

Poor

Passable

Fair

Good

Excellent



51 
 

 

Figure 20. Compactibility Avicel PH-105 tablets. Error bars represent standard deviation 
(n=3). 
 

The flow properties of MF2 PH105 did not improve greatly compared to the raw material: 

flow rate increased only 41% and no significant difference was found between CI values 

(Table 9 and Figure 21). To improve the flow, the blade speed was increased to 1000 rpm. 

Tablets compressed from MF3 PH105 were much weaker when compared to tablets 

compressed from MF2 PH105 and the flow properties were only slightly better as the 

flow rate was 54% higher than the flow rate of  the raw material (Table 9 and Figure 20). 

In order to produce stronger tablets, MgSt content was cut in half for the batch MF4 

PH105. As a result the strength of the compacts did increase, but the tablets were still 

much weaker than the tablets compressed from 90 min Turbula blend. Flow properties 

were approximately the same as with MF3 PH105. In conclusion, it was difficult to 

improve the flow properties of PH105 via mechanofusion with MgSt without 

compromising the compaction properties. Flow properties of the fine MCC powder could 

have been improved with higher MgSt content, but this option was not studied further as 

the compactibility was seen to decrease greatly even with the 1% MgSt content. 
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Table 9. Flow rate of the 2 min 500 rpm mechanofusion batches of Avicel PH-105 
measured using FlowPro. 

Material RH (%) Flow rate (mg/s) SD Change to raw material P-value 

PH105 43 6.0 0.8 - - 

MF2 PH105 44 8.5 1.5 41% 0.017 

MF3 PH105 40 9.3 0.6 54% 0.000 

MF4 PH105 43 9.2 0.7 53% 0.000 

Represented data are mean values (n=5). SD is standard deviation. 

 

 

Figure 21. Compressibility index of the 2 min 500 rpm mechanofusion batches of Avicel 
PH-105 with different MgSt concentrations. Error bars represent standard deviations 
(n=3). Scale of flowability on right (Carr 1965). 
 

4.2.3 Disintegration studies 

 

Penetration of water into MCC tablets is extremely fast and the disintegration has been 

attributed to the penetration of water into the tablet matrix via capillary pores and the 

following breaking of the hydrogen bonds (Reier and Shangraw 1966). However, 

hydrophobic lubricant hinders water penetration into the tablets and slows down the 

disintegration process (Shah and Mlodozeniec 1977). Therefore disintegration time gives 

a secondary response to the magnesium stearate effect. Hydrophobic lubricant also retards 

the dissolution rate as the effective drug-solvent interfacial area is reduced by the 

lubricant film (Levy and Gumtow 1963). In order to evaluate the effect of MgSt on the 

disintegration time of mechanofused and Turbula mixed powders disintegration test was 

performed with 100 mg tablets whose crushing strength was approximately 100 N. 
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All tablets compressed from E50M samples disintegrated completely quickly in less than 

2 min (Figure 22). Plain E50M tablets had the shortest disintegration time and tablets 

made from the mechanofused batch with 0.05% MgSt content disintegrated almost as 

quickly as the plain E50M tablets. However, the difference between the disintegration 

times was statistically highly significant (p-value 0.001). Other samples had slightly 

higher disintegration time, but there were no significant differences between the Turbula 

mixed samples or mechanofusion batch with 0.1% MgSt content. In contrast, tablets 

compressed from mechanofusion batch with 0.5% MgSt content had significantly higher 

disintegration time when compared to the other samples. 

 

  

Figure 22. Disintegration time of the Emcocel 50M raw material, Turbula blends and 
selected mechanofusion batches. Error bars represent standard deviations (n=6). 
 

Compared to E50M, PH105 had considerably longer disintegration time. Three out of six 

100 mg tablets, with crushing strength of approximately 100 N, did not disintegrate 

completely in 45 min and thus disintegration studies for PH105 samples were performed 

with 70 mg tablets. Even though the mass of the tablets was decreased, disintegration 

time of the raw material was almost 6 min on average. In addition, disintegration time of 

all Turbula blends and three mechanofusion batches, MF2 PH1052, MF4 PH105 and MF3 

PH105, was prolonged greatly. With all Turbula blends and MF2 PH105 four tablets out 

of six disintegrated completely in less than 45 min. In comparison only one tablet of MF4 

PH105 and MF3 PH105 disintegrated in this time. Avicel PH-105 compacts have also 

been reported to be non-disintegrating in a previous study of Sixsmith (1977a). As 

Lahdenpää et al. (1997) described, slower disintegration of small particle size MCC 

grades may be explained with the porosity and hydrogen bonds of the compacts and their 
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disappearing. Small particles pack more densely and have larger bonding area with 

relatively small interparticular pores. 

 

In the literature, crushing strength of tablets is used as secondary response for the 

magnesium stearate effect more often than disintegration time of the tablets (Bolhuis et 

al. 1975; David and Augsburger 1977; Shah and Mlodozeniec 1977; Jarosz and Parrott 

1984). This might be due to the contradictory data gained from the disintegration studies 

as mentioned in section 2.4.3. 

 

4.2.4 Ejection stress of the tablets 

 

Relationship between the ejection stress of compressed tablets and the compression 

pressure are shown in Figures 23 and 24. It is known that MgSt decreases the force needed 

to remove the tablet from the die, and that the decrease is greater when the blending time 

of the powder with lubricant is prolonged (Shah and Mlodozenic 1977). In this study the 

ejection stress of the tablets compressed from the raw materials was substantially higher 

than the ejection stress of the tablets compressed from powder mixtures with MgSt. The 

effect was more significant with E50M. However, no substantial differences were seen in 

the efficiency of the lubricant between mechanofused and conventionally blended MCC 

– MgSt mixtures.  

 

 

Figure 23. Ejection stress of tablets compressed from Emcocel 50M raw material, Turbula 
blends and selected mechanofusion batches as a function of compression pressure (n=3). 
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Figure 24. Ejection stress of tablets compressed from Avicel PH105 raw material, Turbula 
blends and selected mechanofusion batches as a function of compression pressure (n=3). 
 

4.3 Effect of mechanofusion on plain microcrystalline cellulose powders 

 

Mechanofusion changed the properties of the MCC – MgSt blends greatly and therefore 

three batches of plain PH105 and plain E50M with different blade speeds were 

mechanofused in order to determine, whether mechanofusion itself changes properties of 

MCC powders. Experiments with plain lactose have previously shown, that 

mechanofusion can change powder properties (Kumon et al. 2006, Zhou 2010b). Zhou et 

al. (2010b) stated, that the limited improvement in the powder flow properties of 

mechanofused powders without additives was caused by the modifications in the particle 

shape. However, there seem to be no studies on the effect of mechanofusion without 

additives on the compressibility of powder material. 

 

Short two min processing time was chosen based on the results gained from the previous 

studies with E50M and PH105. Instead of decreasing the tablet strength of E50M, 

mechanofusion increased it substantially (Figure 25). The higher the paddle speed was, 

the stronger the compressed tablets were. Difference between untreated material and 

samples mechanofused with 1000 and 3000 rpm were significant (p-value <0.01) with all 

compaction loads used excluding the smallest compaction load (p-value >0.05). In 

contrast, difference between raw material and the sample mechanofused with the smallest 

blade speed was significant (p-value <0.01) only with the two highest compaction loads. 
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Figure 25. Compactibility of tablets compressed from mechanofused plain Emcocel 50M 
and Avicel PH-105. Error bars represent standard deviations (n=3). 
 

Similar improvement in the compressibility after mechanofusion was not seen with 

PH105, as there were no substantial differences in the tablet strength between the raw 

material and the mechanofused samples (Figure 24). There were no significant 

differences between untreated material and the sample mechanofused with 1000 rpm (p-

value >0.05). Significant differences were, however, found between raw material and 

MFa PH105 with compaction loads of 400 and 100 kg (p-values 0.03 and 0.02, 

respectively), and between raw material and MFc PH105 with compaction loads of 300, 

100 and 50 kg (p-values 0.01, 0.04 and 0.05, respectively). 

 

One hypothesis for the increased compressibility of E50M was that the high shear forces 

of mechanofusion process changed the particle size, morphology or microstructure of the 

particles. If the particle surfaces were rougher, more hydrogen bonds could be formed 

between the particles and also the mechanical interlocking could be stronger. This effect 

was not observed with the finer MCC. Smaller particles possibly withstood the shear 

forces better and thus the compactibility of PH105 was not affected by mechanofusion 

process. 

 

Particle size distributions of the mechanofused raw materials can be seen on Table 10. 

There were small variances between the samples, but a substantial decrease in D50 and 

D90 values were seen only with MFc E50M, which also had the highest compactibility. 

Smaller particles have larger surface area and thus the decrease in the particle size could 
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have improved the bonding properties of this sample. However, particle size distribution 

does not give insights why MFa E50M and MFb E50M formed stronger compacts than 

the raw material. 

 

Table 10. Particle size distribution of mechanofused plain Emcocel 50M and Avicel PH-
105. 

Material Mechanofusion  D10 (μm) D50 (μm) D90 (μm) 

Time (min)        Speed (rpm)   

E50M - - 27.7 (0.1) 78.0 (0.2) 170.7 (0.6) 

MFa E50M 2 500 28.5 (0.1) 78.4 (0.2) 170.9 (1.2) 

MFb E50M 2 1000 28.6 (0.1) 77.9 (0.3) 169.1 (0.9) 

MFc E50M 2 3000 23.5 (0.0) 61.9 (0.2) 131.9 (0.4) 
      

PH105 - - 9.5 (0.0) 23.1 (0.0) 50.1 (0.0) 

MFa PH105 2 500 9.5 (0.2) 23.6 (0.9) 55.3 (9.7) 

MFb PH105 2 1000 9.3 (0.1) 23.2 (0.2) 51.3 (1.8) 

MFc PH105  2 3000 9.3 (0.0) 22.9 (0.1) 49.7 (0.7) 

Represented data are mean values (n=3). SD is standard deviation. 
 

Even though there were no substantial differences between the particle sizes of E50M, 

MFa E50M and MFb E50M, mechanofusion might have changed the surface area of the 

powders. Similar effect was previously noticed with lactose monohydrate samples that 

were mechanofused with MgSt and without any additives (Kumon et al. 2006). In order 

to evaluate the changes in surface area of MCC caused by mechanofusion, BET 

measurements should be performed in the future studies. 

 

SEM micrographs of mechanofused E50M (Figure 26) and PH105 (Figure 27) did not 

show any dramatic changes in the surface of MCC compared to the raw materials (Figures 

7a and 8a). Visual evaluation would, however, suggest that especially with E50M the 

mechanofused particles were rounder and had softer-looking edges when compared to the 

raw material (Figures 8a and 26c). Similar change was also seen with the first 

mechanofusion batch of E50M (Figure 8c). In future the possible changes in the 

microstructure of MCC particles after mechanofusion could be studied with for example 

Raman mapping. 
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Figure 26. Scanning electron micrographs of a) MFa E50M, b) MFb E50M and c) MFc 
E50M at magnification of 500x, 2000x and 5000x from left to right. 
 
  

b) 

a) 

c) 
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Figure 27. Scanning electron micrographs of a) MFa PH105, b) MFb PH105 and c) MFc 
PH105 at magnification of 500x, 2000x and 5000x from left to right. 
 

4.3.1 Moisture content 

 

Moisture content of the mechanofused powders was determined by Karl Fischer titration 

and small, but significant differences were seen between untreated and mechanofused 

E50M samples after equilibration in approximately 40% RH (Table 11). All 

mechanofused E50M samples had increased water content when compared to the raw 

material; the higher the paddle speed during the mechanofusion process, the greater the 

moisture content of the sample. This finding suggests that mechanofusion might have 

changed the hygroscopicity of MCC with median particle size 78 μm, which consequently 

improved the compaction properties. 

b) 

a) 

c) 
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Table 11. Water content of raw and mechanofused plain Emcocel 50M and Avicel PH-
105 determined by Karl Fischer titration. 

Sample 

 

Water content 

in 40% RH (%(w/w)) 

SD 

 

Increase compared 

to the raw material 

P-value 

E50M 6.6 0.0 - - 

MFa E50M 6.7 0.0 2.4% 0.01 

MFb E50M 6.9 0.1 4.7% 0.01 

MFc E50M  6.9 0.1 5.5% 0.01 
     

PH105 6.5 0.0 - - 

MFb PH105  6.3 0.2 -4.3% 0.08 

MFc PH105  6.3 0.1 -3.7% 0.04 

Represented data are mean values (n=3). SD is standard deviation. 

 

Mechanofused PH105 processed with blade speeds of 1000 and 3000 rpm had lower 

moisture content than the plain PH105 (Table 10). However, the difference was 

significant only with the highest blade speed. Also, the tablets compacted from the 

mechanofused samples were slightly weaker compared to the tablets compressed from 

the raw material. Lower moisture content could be the reason for the small variety seen 

between the compaction properties of plain PH105 and the mechanofused batches, and 

one explanation for the decreased moisture content of the powders was the powder 

heating during the processing and therefore not reaching the equilibration at 40% RH. 

 

4.3.2 Flow properties 

 

The flow properties of the mechanofused samples were also studied. Flow properties of 

mechanofused E50M increased only moderately and the greatest improvement was seen 

with the batch mechanofused with the highest blade speed (Figure 28 and Table 12). 

Interesting finding was that the flow rate of mechanofused plain PH105 decreased with 

the increasing blade speed. CI values of PH105 were, however, inconsistent with the 

FlowPro measurements as CI values suggested that flowability of PH105 was slightly 

improved with the mechanofused batches. 
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Figure 28. Compressibility index of mechanofused plain Emcocel 50M and Avicel PH-
105. Error bars represent standard deviations (n=3). Scale of flowability on right (Carr 
1965). 
 

Table 12. Flow rate of mechanofused plain Emcocel 50M and Avicel PH-105 measured 
using FlowPro. 

Material RH (%) Flow rate (mg/s) SD Change to raw material P-value 

E50M 43 17.8 0.8 - - 

MFa E50M 46 17.6 1.0 -1% 0.71 

MFb E50M 46 19.4 1.0 9% 0.03 

MFc E50M 46 20.4 1.1 14% 0.00 
      

PH105 43 6.0 0.8 - - 

MFa PH105  43 5.7 0.4 -5% 0.47 

MFb PH105  43 4.3 0.5 -29% 0.00 

MFc PH105  43 3.3 0.5 -45% 0.00 

Represented data are mean values (n=5). SD is standard deviation. 

 

4.4 Sources of error 

 

During this study the powders were stored in ambient conditions and they were not 

stabilised in any specific conditions before the experiments. This might have had an effect 

to the powder behaviour as MCC is known to be hygroscopic material and moisture 

content has an effect to its mechanical properties (Hollenbeck 1978, Amidon and 

Houghton 1995). Density measurements, measurements with FlowPro and tablet 

compressions were all, however, performed at 44 ± 5% RH and 22.8 ± 1.5 ºC temperature 

in this study. Therefore Karl Fischer titration was performed for the two of the smallest 
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particle size MCCs to find out whether there is a difference in the moisture content of the 

samples in RH range from 40% to 50%. 

 

Airtight containers were used as a humidity chambers and RH was maintained with 

saturated salt solutions. At 25˚C equilibrium RH of saturated K2(CO3)2 solution is 

reported to be approximately 43% and equilibrium RH of saturated Mg(NO3)2 solution is 

approximately 53% (Greenspan 1977). Chambers were stored in room temperature, and 

therefore there might be small variations in RH. Small amount of each sample was 

weighted into a plastic container and the containers were kept uncapped in the humidity 

chambers for at least 48 hours in order to reach equilibrium moisture content. This time 

duration was chosen as the adsorption and desorption of water has been shown to occur 

relatively fast with MCC (Hollenbeck 1978). Humidity and temperature logger placed 

into the humidity chambers showed that RHs before the measurements in K2(CO3)2 and 

Mg(NO3)2 chambers were around 42 – 43% and 52 – 53%, respectively. It can be assumed 

that the samples were equilibrated in approximately 40 – 41% and 50 – 51% RHs, because 

the logger used in the humidity chambers showed 2% higher humidity values in ambient 

conditions when compared to the logger that was used to determine RH of the 

environment during the tablet compressions. 

 

Moisture contents of the samples determined by Karl Fischer titration are shown in Table 

13. There was a small but significant difference in the water content of the samples 

between the two storing conditions: water content of the raw material was higher when 

RH was increased. Moisture content of PH105 increased 11.3% whereas the increase with 

E50M was only 3.5%. Karl Fisher titration as method has also its limitation when 

determining the water content in MCC powders as MCC is practically insoluble in most 

organic solvents and all moisture may not be detected in the titration from the suspension. 

 

Table 13. Water content of Emcocel 50M and Avicel PH-105, as determined by Karl 
Fischer titration. 

Sample Water content 
in 40% RH (%(w/w)) 

Water content 
in 50% RH (%(w/w)) 

Increase P-value 

E50M 6.6 (0.0) 6.8 (0.1) 3.5% 0.014 
PH105 6.5 (0.0) 7.3 (0.1) 11.3% 0.003 

Represented data are mean values (n=3). SD is standard deviation. 
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Thereafter, tablets were compressed with different compaction loads in order to determine 

whether the moisture content had an effect to the compressibility of the two raw materials 

(Figure 29). The effect of the moisture content was opposite to the assumption that with 

the higher moisture content compressed tablets would be stronger (Khan et al. 1981, 

Amidon and Houghton 1995). With both of the materials significantly stronger tablets 

were compressed from the powder with lower moisture content. The difference between 

the tablets compressed from powders with different moisture contents was significant (p-

value <0.05), with the exception of the lowest compaction level of E50M (p-value 0.58). 

The effect of the moisture content on tensile strength of the plain MCC tablets should be 

studied in more detail in the future to find an explanation for the phenomenon seen in this 

study. 

 

 

Figure 29. Compactibility of Emcocel 50M and Avicel PH-105 tablets compressed from 
powders stored in different humidity conditions. Error bars represent standard deviations 
(n=3). 
 

MCC tablets can absorb moisture, which decreases the tablet strength due to the 

disruption of the hydrogen bonding (Khan et al. 1981). Hence, the tablet characteristic 

studies were performed immediately after the tablet compression. The only exception was 

the disintegration tests that were performed within hours after the tablet compressions. 

However, the relative humidity was under 48% during all the disintegration studies and 

thus moisture absorption of the tablets was not seen to have major effect to the results. 

 

Air humidity conditions can also affect the flow rate measurements as stated by Seppälä 

et al. (2010). It was found that even a 1% change in RH can affect the flow characteristics 
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of Avicel PH-105. The phenomenon follows a linear correlation: the higher the relative 

humidity, the lower the flow rate. Relative humidity values during measurements with 

FlowPro are presented Tables 6, 8 and 11. As there were small variations in RH values, 

the results can be affected by the humidity. 

 

Limitation of this study was that the powders were not stabilised in a known humidity 

prior the studies. Moisture content of the powder should have been taken into higher 

consideration and it should be kept in mind in all tableting studies as the tablet strength 

is usually dependent on the moisture content of the formulation. However, the differences 

in the moisture content were minor within the humidity range in which all the studies 

were performed. But, the moisture content of MCC powders did not affect the tensile 

strength of the tablets as it was assumed (Figure 29). Therefore it was challenging to make 

definitive conclusions of the effect of relative humidity on the powder compactibility. 

Another limitation of the study was the number of measurements performed in tableting 

experiments, as statistical power of experiments is weaker when only few measurements 

are performed. 

 

 

5 CONCLUSIONS 

 

The effect of dry coating with MgSt on a plastic material were studied. In addition to the 

mechanofused blends, raw materials and conventional blends with different blending 

times were studied. 

 

Results obtained from the conventionally blended MCC – MgSt mixtures were in line 

with the findings of previous studies: prolonged mixing time with MgSt seemed to 

decrease the tablet strength, with the effect being greater with larger particle sizes of the 

studied MCC. Moreover, disintegration time of the tablets increased with the addition of 

MgSt, but no considerable differences were found in the disintegration time of the 

mixtures with different blending times. It was observed that with similar compaction 

loads the smallest particle size (D50 23 µm) MCC formed significantly stronger tablets 
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compared to raw materials with larger particle size. There were, however, no substantial 

differences in the strength of tablets compressed from the larger particle size MCCs. 

 

Four MCC grades with median particle sizes ranging from 23 µm to 226 µm were initially 

mechanofused with 1% MgSt concentration and intensive processing parameters. It was 

observed that mechanofusion with long processing time and high blade speed was not 

practical with large particle size MCCs, as large particles did not withstand the high shear 

and compression forces of the process and therefore broke into smaller pieces. Flow 

properties of the two largest MCCs were impaired after mechanofusion due to decrease 

in particle size. Due to this practical limitation, mechanofusion studies proceeded only 

with the two smallest particle size MCCs: Emcocel 50M and Avicel PH-105. 

 

Mechanofusion without MgSt improved the compaction properties of MCC with median 

particle size of 78 µm: the higher the blade speed, the stronger the compacts formed. This 

phenomenon could be explained with the increased moisture content of the mechanofused 

material and the possible changes in the surface morphology of the particles. In contrast, 

mechanofusion had no substantial effect on the smaller particle size MCC. It is likely that 

the smaller particles withstood shear forces better than the larger particles and thus the 

compactibility of Avicel PH-105 was not significantly affected by the mechanofusion 

process. 

 

It was found in the study that dry coating with MgSt impaired the compaction properties 

of MCC dramatically. The process was found effective as there were no substantial 

differences between the flow and compaction properties when processing time was 

decreased from 10 min to 2 min with blade speed of 3000 rpm and 1% MgSt 

concentration. Of the studied materials, Avicel PH-105 (D50 23 µm) was not as sensitive 

to the effect of dry coating as Emcocel 50M (D50 78 µm). With the same processing 

parameters, including MgSt concentration, tablets compressed from the smaller particle 

size MCC were considerably stronger than the ones compressed from the larger particle 

size powder. This was likely due to the larger surface area of the smaller MCC powder: 

a thin lubricant layer might be less likely to hinder the inter-particle bonding. The surface 

area of the powders were not, however, examined in this study to confirm this. Overall, 
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it was noted that the better powder flow properties were the more difficult it was to 

compress the powder into a strong compact. Mechanofused powders with improved flow 

properties had to be compressed with greater forces in order to produce strong tablets. 

Disintegration time of the tablets with similar fracture forces also increased when the 

powder flow properties were improved.  

 

In conclusion, the flow properties of MCC with particle size range from 23 µm to 78 µm 

could be improved by dry coating with MgSt. However, plastic material was sensitive for 

the magnesium stearate effect; dry coating with MgSt decreased the compactibility 

properties of MCC dramatically. It would have been interesting to increase the 

compression load and examine, whether tablets compressed from the mechanofused 

powders would have been stronger. In future studies SEM-EDX or other method should 

be applied to detect the MgSt distribution in the mechanofused samples. 

 

Lubrication is a key process in the pharmaceutical industry. It affects the performance of 

the formulation and has an impact on the lifecycle of the manufacturing instruments. An 

important aspect in tablet manufacturing is also the flow of the powder. Mechanofusion 

as a dry coating method could be applied in the formulation of solids to simplify the 

process, as both flow and lubrication could be optimised in one process step. Future 

studies related to direct compaction formulations dry coated with MgSt via 

mechanofusion should, however, concentrate on fragmenting materials, which are known 

to be less sensitive for the magnesium stearate effect. 
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