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Colloidal silicon dioxide (CSD) has been shown to be a potential extrusion-
spheronization aid. A surfactant solution is, however, necessary to be incorporated in
formulation as a binding liquid. The effects of surfactant on pellet formation have
not been reported. The objectives of this study were to investigate the effect of
surfactant, polyoxyl 40 hydrogenated castor oil (HCO-40), concentrations in the
formulation of fumed hydrophilic silicon dioxide pellets. The formulations were
composed of CSD to HCO-40 solution at a ratio of 1 to 2 by weight. Properties of
materials, such as surface tension and viscosity of binding liquids, liquid uptake and
binding ability of CSD as well as rheology of wet masses were characterized and
information obtained was used to explain behavior of pellet formation. The results
showed that rounded pellets and reproducibility of yield in target size (0.71 - 1.4
mm) were obtained from the formulation containing 2.5% w/w surfactant. The lower
surfactant concentrations gave bigger pellets or agglomeration, while the higher
surfactant concentrations produced rod shaped pellets. This could be explained
that interaction between water-silanol groups was significant in the wet mass with
the low concentrations of surfactant, evidenced by an increase in desorption
temperature. At the high concentrations of surfactant, this interaction was reduced
leading to more solid structure caused by interaction of silanol-silanol groups as
observed in viscoelastic properties and extrusion forces. The balance between these

interactions would induce an appropriate deformability of wet masses.
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CHAPTER |
INTRODUCTIONS

Quality attributes of pharmaceutical product can be influenced by input
materials attributes and process parameters. Pellets prepared by extrusion-
spheronization always require appropriate properties of wet mass which can be
obtained by using extrusion-spheronization aid. Microcrystalline cellulose (MCQ) is
the most favorable extrusion-spheronization aid but some drawbacks of this material
have been found e.g. MCC pellet may not disintegrate [1], may give incomplete drug
release [2] and is incompatible with ranitidine [3]. Many materials have been
investigated for MCC replacement. A key of success in findings is often involved with
role of water in the wet mass.

Recently, the material which has been proved to be an extrusion-spheronization
aid is colloidal silicon dioxide (CSD) with addition of surfactant solution in the
formulation instead of water as binding liquid [4].

CSD is an inorganic material which is used as a ¢lidant in tablet formulations [5,
6]. It is also be used as thickening agent in suspensions [5] or emulsion stabilizer [7].
Because of high surface area of CSD, it can be used as an adsorbent [8-11]. CSD as
an extrusion-spheronization aid can produce acceptable pellets with water soluble
and water insoluble excipients [4]. It is postulated that CSD can overcome the
drawbacks of MCC. CSD pellets have been shown to disintegrate rapidly and provide
completely drug release [4]. However, how CSD can form pellets and the role
surfactant solution in the formulation has not been investigated. It is possible that
mechanism of pellet formation may be different from other materials

CSD surface contains the silanol groups which can react with other materials via
hydrogen bond, also siloxanes which can react with other materials via hydrophobic

interaction. Water and surfactant in the wet mass could therefore interact with CSD



surface through these interactions which may be investicated by thermogravimetric
analysis [12, 13] and the atomic force microscope [14]. The existing interaction in the
wet masses may influence their properties such as viscoelastic properties and may
help in explanation pellet formation.

In addition, the properties of water retention can be measured by using
centrifugal force. The water that cannot be retained would be squeezed out [15-17].
Deformation behavior is investigated by several types of rheometer. The rheological
properties give useful information about formulation which can produce pellet with
desired properties [18-20].

Understanding of input materials for pellet formulation is necessary for
controlling their properties in order to produce pellets of consistent quality. This
may be also useful to understand the behavior of the pelletization process.
Therefore, the objectives of the present study were (1) to evaluate the effect of
concentrations of the surfactant, polyoxyl 40 hydrogenated castor oil (HCO-40), on
CSD pellet formation by extrusion-spheronization; (2) to investigate the role of HCO-
40 in the formulation of pellets. The characteristics of a fume hydrophilic silicon
dioxide (Aerosil® 200) used as extrusion-spheronization aid, HCO-40 solution and their

mixtures were studied. The potential interaction in the mixture was explored.



CHAPTER Il
LITERATURE REVIEW

1. Pelletization by extrusion-spheronization

Pharmaceutical pellets are spherical particles with 0.5 — 2.0 mm diameter having
high density and narrow in size distribution. Pellets are applied in multiple unit solid
formulations by compression into tablets or filling into capsules. Dose dumping and
local irritation could be avoided for modified released dosage forms [21]. Large scale
of pellets production in pharmaceutical relies on two major pelletization processes
i.e. drug layering and extrusion-spheronization. Drug layering process produces
pellets by spraying drug and binding solution on non-pareils. Extrusion-spheonization
process produces pellets by mechanical force in two pieces of equipment, extruder
and spheronizer. The latter technique requires an appropriate formulation and/or a
specific extrusion-spheronization aid in order to obtain pellets with desired
properties.

2. Extrusion-spheronization aid

Wet mass used in extrusion-spheronization process should contain some specific
properties. In extrusion process, wet mass must be forced through a narrow cross-
section of the die. So, it required self-lubricating property that was often obtained
from squeezed out binding liquid [22-24]. The binding liquid lubricates the die wall
in order to reduce friction but the liquid should be absorbed back to the wet mass.
Under the extrusion force, it was possible that poor formulations (i.e. unsuitable
extrusion aid) would lead to liquid migration. In this case, the liquid content in the
extrudate is inconsistent, influencing ability to form pellets during spheronization.
Variation in extrudate may fail in spheronization or result in wide size distribution of

pellets [24].



During spheronization, extrudates or particles are subjected to centrifugal force
from which liquid may migrate to the surface of particles. The too wet surface
would induce agglomeration of the particles.

For this reason, formulation of pellets must possess self-lubrication and water
retention properties. In addition, it should have plasticity properties so that the wet
mass can be deformed to be cylindrical extrudate, which subsequently be deformed
to spherical particles.

Microcrystalline cellulose (MCC) is the most common extrusion-spheronization
aid because it has the essential properties. Water is often used as binding liquid and
help to modify plasticity. MCC could behave like a sponge [25, 26].  Binding liquid
in MCC wet mass could be squeezed out to lubricate the die wall and reabsorbed
back after passing through the die. It was also explained by crystallite gel model
that particles of MCC were in colloidal size. These particles were linked together by
the hydrogen bond and hence trapped some water in the gel network. The gel
network might be destructed by force e.g. extrusion force. MCC particles without gel
structure might be easily deformed by applying shear force and plastic deformation
was obtained. The network could be deformed more easily with increasing water in
the gel network [27].

Some drawbacks of using MCC in pellet formulation have been reported. MCC
pellets may not disintegrate [1]. MCC may adsorb some drug resulting in incomplete
drug release [2]. Using organic solvent with MCC may cause high porous and friable
pellets [28]. Some drug i.e. ranitidine, was degraded quickly when formulating
pellets with MCC [3].

Accordingly, alternate extrusion-spheronization aids have been investigated.
These include polysaccharides, synthetic polymers, wax like substances and silicon
dioxide. Powdered cellulose which was found to have low binding properties than

other celluloses, so it needed sodium carboxymethylcellulose (SCMC) in the



formulations [29]. In addition, poor water retention property of powdered cellulose
allowed high water migration during extrusion process resulting in wide size
distribution of pellets [30]. Low range of water could be applied as binding liquid
with powdered cellulose that made difficult to formulation [29-31].

Hydroxypropyl methylcellulose (HPMC) and hydroxyethylcellulose (HEC) could
be used as extrusion-spheronization aid when hydroxylpropylcellulose (HPC) in
isopropyl alcohol was used as binding liquid. HPMC pellets had better size
distribution and shape than HEC pellets [32, 33].

Chitosan required a diluted acid solution as a binding liquid. The formulation
could load only small amount of drug [34]. K-carrageenan produced pellets with
acceptable shape factor but rough surface [2, 17, 35-37]. Pectin and its derivatives
needed Ca”" ion for crosslinking when they were used as extrusion-spheronization
aid. The formulation gave wide size distribution and rod shape pellets [38, 39].

Fine grade of crospovidone was also investigated and it could produce pellets of
narrow size distribution and acceptable aspect ratio [40]. Glyceryl monostearate was
also reported the possibility to form pellets with required small amount of water in
the formulation [41]. Recently, colloidal silicon dioxide (CSD) had been investigated
as extrusion-spheronization aid which could produce acceptable pellets with narrow
size distribution [4]. The formulation was successful when 5% Cremophor® ELP
solution was used as binding liquid.

3. Silicon dioxide

Silicon dioxide can be classified based on method of preparation as the
following:
(1) Precipitated silicon dioxide (Precipitated silica)

Precipitated silicon dioxide is produced by wet process [42]. Sodium silicate is
mixed with sulfuric acid from which silicon dioxide will precipitate. Precipitated

silicon dioxide will be ground into micrometer size. Silanol groups are found as



functional groups in precipitated silicon dioxide with higher quantity than in the fume
silicon dioxide. However, more impurity may be found in precipitated silicon dioxide.
Precipitated silicon dioxide used in pharmaceutical formulations such as Syloid® 244
[43].

(2) Fume silicon dioxide (Fume silica, pyrogenic silica)

Fume silicon dioxide can be prepared from silicon tetrachloride that is sprayed
through the flame. After that, fume of silicon dioxide, having size in nanometer
range, is obtained [44]. The surface area of particle is very high. Because of silanol
groups exist on the silicon dioxide surface, nanoparticles of fume silicon dioxide
aggregate or agglomerate by hydrogen bond and form bigger size. Fume silicon
dioxide used in pharmaceutical manufacturing are commercial available such as
Aerosil®, Cab—O—siL® and Wacker®.

In addition, silicon dioxide can be classified based on porosity. perosil” is the
non-porous fume silicon dioxide. It has true density of 2.2 g/cm3 and specific surface

® was 1.8-2.16 SIOH/nm"

L®

area of 200+25 mz/g [44]. Silanol group density of Aerosi
measured using lithium alanate method [45]. Surface area of Aerosil  primary
particle calculated from average primary particle size (12 nm) [44]

A compacted grade of Aerosil®, Aeroperl® is mesoporous and macro porous
silicon dioxide. Aeroperl® is produced from fume silicon dioxide by compaction in
order to reduce dust in the process. Moreover, more porous structure make
l®

Aeroperl  showing better adsorption property than the Aerosil” [46]. The other

mesoporous silicon dioxide is Syloid® FP silica that have network of mesopore.
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Figure 1 Surface chemistry of Aerosil® 200 (CSD) modified from Zhuravlev , 2000

[47], the Q value was from 295i NMR characterization

The character of silicon dioxide can be both hydrophilic and hydrophobic.
Hydrophilic silicon dioxide surface contains hydroxyl group called silanol groups as
shown in Figure 1. Silanol group can interact with water via hydrogen bond that
makes silicon dioxide hydrophilic. Hydrophilic silicon dioxide improved wettability of
drug particle [48]. Moisture content of hydrophilic grade was increased with relative
humidity but hydrophobic grade was not affected by the humidity [6, 49].

Hydrophobic silicon dioxide is made by modification of silanol groups on
hydrophilic silicon dioxide. Alkyl groups or other hydrophobic groups are used for
silanol substitution [6]. Absence of the silanol group, the modified silanol group
cannot interact with the water via hydrogen bond then the surface is hydrophobic.
One grade of hydrophobic silicon dioxide, Aerosil” R974, showed an increase in
contact angle of water from 0 to 143 degree, while contact angle of water on
hydrophilic silicon dioxide (Aerosil” 200, Aerosil” 50) is zero [50]. Hydrophobic silicon
dioxide may not be agglomerated because of low inter-molecular interaction from

silanol on their surface.

4. Applications of silicon dioxide

Silicon dioxide is applied to pharmaceutical formulations. In tablet formulation,

silicon dioxide has been used as a glidant to improve flowability of material. With



small particle size and high specific surface area of fume silicon dioxide, silicon
dioxide can be adsorbed on the granule surface. Van de Waal force decreases by
increasing distance between granules. Therefore, granules can flow freely without
attraction from others [51]. Hydrophobic silicon dioxide was the better glidant than
the hydrophilic one [6]. Hydrophilic type may adsorb water from environment and
loss of glidant properties but hydrophobic type cannot interact with water. Both
types of silicon dioxide, however, may decrease tablet hardness. Decreasing of
tablet hardness was less found for hydrophilic silicon dioxide because it can adsorb
some moisture on its surface. The moisture acts as the plasticizer that increases
compressibility of the silicon dioxide [50].

Large surface area of fume silicon dioxide is also beneficial for using silicon
dioxide as carrier. Aerosil’ 200 was used as a carrier of self-micro emulsion drug
delivery system (SMEDDS). It could change the liquid formulation to solid
formulation without changing emulsion droplet size. Adsorbed with Aerosil® 200
made the formulation increasing the dissolved drug and in-vivo pharmacokinetic
parameters [8].

Fume silicon dioxide has polar groups and non-polar area on their surface. |t
makes silicon dioxide behaving like surfactant. Both hydrophilic and hydrophobic
silicon dioxides were used as the surfactant in solid-lipid nanoparticles (SLN) [52].
Aerosil” R972, a hydrophobic grade fume silicon dioxide could be incorporated in the
oil phase of the SLN because of their hydrophobic surface [52]. Particle of fume
silicon dioxide can also be used as emulsion stabilizer. Silicon dioxide particles were
adsorbed on the oil droplet to protect the droplet from coalescence. Using of
Aerosil® 200 grade which was compatible with water and oil gave benefit to this
function [7].

As silicon dioxide is a good glidant, co-process of silicon dioxide and other

excipients may improve gliding property of the material. Silicified microcrystalline



cellulose composed of 2% colloidal silicon dioxide and MCC showed the superior
compressibility and flowability [5]. Co-precipitation is another method for improving
the properties of materials. Silicon dioxide dispersed in water was mixed with starch
which was swelled in alkaline solution. Precipitated rice starch was obtained after
pH adjusted and dried of that suspension. Precipitated rice starch aided flow and
compact properties of tablet formulation [53]. Rice starch and colloidal silicon
dioxide were also co-spray dried. Friction force between spray-dried particles was
reduced and flowability was improved [54].

Silicon dioxide with or without lactose or magnesium carbonate were mixed with
non-ionic surfactant, Cremophor® ELP. The mixture could be extruded with a screen
extruder and formed pellets in a spheronizer [4]. Silicon dioxide is a potential
extrusion-spheronization aid and it was proved to give more uniform pellets when
extrusion was carried out using long die extruder [55]. The pellets of silicon dioxide

quickly disintegrated and showed rapid release.

5. Surfactant

Surfactant is a surface active agent that can reduce the surface tension of liquid.
It contains amphiphilic properties because it consists of hydrophilic and hydrophobic
regions. Therefore it can be dispersed in both water and oil. Surfactant is wildly
used in many industries such as paint, petrochemicals and pharmaceuticals. In
pharmaceutical applications, surfactants are wildly used because it can improve
wetting property of the material. The surfactant in tablet formulation increases
wettability of hydrophobic drug and hence increases dissolution via micellar
solubilization. Other uses of surfactant can be found in emulsions which contain
water soluble phase and oil soluble phase. The role of surfactant in emulsion is to
decrease the surface tension of water and stabilize the oil droplet.

The surfactant which contains head and tail structure can form into micelles.

The tail is the hydrocarbon part of surfactant that can miscible with the oil.  The
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head was the polar part of surfactant that shows the hydrophilic property. However
the head of the surfactant can be divided into 4 groups based on their charge.
Cationic and anionic surfactants comprise positive charge and negative charge
functional group, respectively. Amphoteric surfactants contain both positive and
negative charge functional groups. Nonionic surfactants contain only polar group
without any charge.

The surfactant can be used as an emulsifier because of their amphiphilic
properties. The polar group or ionic charge dissolves in aqueous phase while the
hydrocarbon chain dissolves in the oil phase. Hence, the surfactant can be adsorbed
around the oil droplet and prevents oil droplet from coalescence.

The surfactant reduces surface tension of liquid leading to reduction of contact
angle between solid-liquid interface. The solid surface can be easily wet by aid of
the surfactant. Types of surfactant for wetting effect are important for hydrophobic
drug. Charged surfactant may form ion pair with the ionic drug and show lower
diffusion and dissolution. Nonionic surfactant may increase dissolution without ion
pair forming [56]. Concentration of surfactant used as wetting agent should be lower
than critical micelle concentration. The concentration that higher than critical
micelle concentration shows an effect in improved solubility via micellar
solubilization [57]. Allaboun et al. found that the ratio of total solubility/intrinsic
solubility of benzocaine was increased when sodium lauryl sulfate was added in the
solution medium [58]. Cationic and anionic surfactants in the dissolution medium
showed superior solubility enhancement but nonionic surfactant showed a little
improvement [59, 60]. Moreover, Alkhamis et al. found that dissolution of gliclazide
was increased with chain length of the cationic surfactant but it was decreased when
chain length of anionic surfactant was increasing [59].

Alternatively, solid dispersion in which the surfactant is used as a carrier is a

technique for solubility improvement. The solid dispersion can be prepared in by
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means of melting [61, 62] and freeze drying method [63]. The surfactant such as
poloxamer interacted with the active drug via hydrogen bond can stabilize drug in
the amorphous form [62]. Sometime, surfactant used in solid dispersion may not
help increaseing the dissolution. Mah et al. found that Tween® 80 or poloxamer 407
in ternary solid dispersion with indomethacin and polymer decreased the dissolution
[57].

In pellet formulation, a surfactant may be added to increase drug dissolution via
micellar solubilization.  Podczeck et al. found that single surfactant at the
concentration of 25% in binding liquid increased the drug dissolution more than the
mixed surfactant [64]. However, the surfactant may reduce the dissolution by
obstructing the pore of the pellets. Levis and Deasy used co-processed MCC with
sodium lauryl sulfate in extrusion-spheronization and found that pellets showed low
dissolution. It was possible that low dissolution was due to the amount of surfactant
being lower than critical micelle concentration then enhancing solubility by micellar
solubilization did not happen [65].

The surfactant may also aid the extrusion process via lubrication. Podczeck et
al. found that pellet formulation which contained low water content in the wet mass
resulted in forced flow curve in extrusion profile. Using of the small amount of the
surfactant changed the extrusion profile to a steadier curve. Nevertheless, the
increased surfactant concentration in the binding liquid may increase the extrusion
force because of increased viscosity of that liquid [64]. Podczeck et al. also found
that incorporation of surfactant provided rounder pellets [66]. Nevertheless, Newton
et al. showed that the wet mass containing 92% of surfactant in the binding liquid
could be extruded; while, the wet mass with mono-di glyceride over than 46% in the

binding liquid could not be extruded [67].
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In addition, the surfactant has been found in the pellets as a component as self-
emulsifying (SE) system [68, 69]. The formulation of pellets containing surfactant was
extensively studied.

Newton et al. found that the extrusion force was increased when content of SE
system in the binding liquid was increased [70]. The SE system made the pellets of
lower strength and more friable because it reduced interparticular bonding of MCC
[69]. Crushing load of pellets was reduced with oil/surfactant ratio so that the pellet
was deformed easily [68]. Nikolakakis et al. found that the size of pellets produced
with the SE system containing a surfactant of high hydrophilicity was small because
the pellets were shrunk during drying process [69]. In addition, high hydrophilicity or
high HLB surfactant required more water in extrusion-spheronization process [68, 69].

Capillary rheometer was used in evaluating the wet mass which contained non-
ionic surfactants. Podczeck et at., found that wet masses of MCC and surfactant
used in pellet formulation showed non-Newtonian flow. They showed shear thinning
property by power law index values that lower than 1.0 [64]. Similarly, the SE
system that was consisted of mono-di glyceride and polysorbate surfactant in wet
mass showed non-Newtonian flow of wet mass. Newton et al. found that increasing
of SE system in the wet mass may change shear resistance and increase elasticity of
wet mass. Moreover, the increased concentration of SE system in binding liquid
changed the rheology of binding liquid from Newtonian to non-Newtonian flow.
However, it did not change the flow behavior of the wet mass. The researchers
concluded that rheological properties of the wet mass resulted from interaction
between MCC and the binding liquid; and the viscosity of binding liquid was not
related with the wet mass rheology [71].

6. Characterization of wet mass for extrusion-spheronization

In extrusion-spheronization process, round pellets with narrow size distribution

are desired. The wet mass for extrusion-spheronization should possess the ability of
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water retention, self-lubrication and plastic deformation. Characterization of wet
mass may give information about feasibility of the process. Pellet properties may
also be predictable or controlled by understanding the properties of wet mass.
Many tools are proposed here for wet mass characterization.

6.1. Extrusion profile
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Figure 2 Extrusion profile consisting of 3 stages, compression stage (A), steady

state flow stage (B) and forced flow stage (C)

Extrusion force measured versus piston displacement of ram extruder is present
in the form of an extrusion profile. Harrison et al. demonstrated that the extrusion
profile comprised 3 stages, as shown in Figure 2. During stage A or compression
stage, wet mass was packed before flow through the die orifice. In this stage, the
void space in the wet mass was eliminated and apparent density of the wet mass in
the barrel was increased. After the compression stage, the wet mass was flown
through the die. The extrusion force remained constant as shown in a steady state
flow stage (B). The last stage (C) was a forced flow stage in which the piston

approached to the die and the extrusion force was increased [72].
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In the steady state flow stage, different of final and initial force less than 5% was
acceptable and the large difference showed the water movement in the extrusion
[64]. Podczeck et al. found 5 patterns of the flow which occurred during extrusion of
wet mass containing non-ionic surfactants [66]. The forced flow pattern was found in
formulation with low water content.  The surfactant amount over 80% in
formulations gave the initial peaks in the extrusion profile [66]. Irregular profile of
extrusion from non-uniform content of water in extrusion was due to water
movement [22, 24].

Water movement in extrusion was cause by formulation [24, 73, 74] and setting
of the instrument [18, 24, 75]. Formulation consisted of particles which were
different in size and shape altered the behavior of water movement. Milling of
acetyl salicylic acid in the extrusion prevented water from migration because of
arrangement of small particle size [76]. A high extrusion rate also reduced water
movement because water has not enough time to move, and hence the surface of
extrudate was uniform because water content in the extrudate was consistent [18].
With high extrusion rate, the fracture of the extrudate may also be found [18, 75].
Although, an increase in die length of the ram extruder resulted in increased steady
state extrusion force, the die length did not influence water migration in extrusion
process [18].

6.2. Water retention property

Optimum water content in wet mass and extrudate is important for production
pellets. Loss of water from the wet mass and extrudate may be due to evaporation
or squeezing out by force. Water retention in the wet mass can be evaluated by
various techniques.

Direct measurement
Water retention in the extrudate can be directly measured during extrusion by

collecting extrudate at time intervals and determining its water content. The
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inconsistent water content in the extrudate suggested water movement occurring in
the process. The wet mass with water retention ability should be extruded with a
constant force. It was found that loss of water in the extrudate caused an increase
in the extrusion force [24].

Thermal analysis

Fielden et al. used thermogravimetric analysis (TGA) to evaluate the MCC wet
mass. They found that detected water content was close to the added water. With
lactose in formulation, the median temperature of water loss increased about 10°C
in extrudate sample. The result suggested only little water was absorbed by MCC as
structured water [26].

Moreover, TGA can be applied to gain information about adsorption of materials
on substrate. The works have been carried out by many researchers. Wang and
Wunder determined the content of water and octadecyl trichlorosilane which were
adsorbed on silica by using TGA [77]. Kinetic of material desorption was also
investicated with aid of TGA [78-80]. Maretto et al. determined regenerating
temperature of mesoporous silica alumina after adsorbed hydrocarbon waste by TGA
[78]. Increasing thermal stability of organobentonite may be detected by TGA.
Desorption temperature was increased via co-adsorption of anionic and non-ionic
surfactant on the bentonite which was useful for pentachlorophenol elimination [79].
Capillary force increased desorption temperature of ibuprofen which was adsorbed in
the pore of upsalite. It raised the desorption temperature that was recorded by the
TGA [80].

Centrifugation

Centrifugal force was applied for determination of squeezed out water that
cannot be retained in the wet mass. Thommes and Kleinebudde applied the
amount of left water in the wet mass after centrifugation which was adsorbed by one

unit of material weight to indicate water retention volume (WRV) [17]. In addition,
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Tomer and Newton and Tomer et al. used a ratio of water in the wet mass before
and after centrifugation to determine the moisture retention capacity (MRC) [15, 16].
Non-extruded wet mass had low WRV. But, highly plastic deformation was found in
hish WRV wet mass [17]. As same as WRV, poor extrudablity of wet mass had low
MRC [16].
Enslin apparatus

Rate and content of water uptake or penetration can be measured by Enslin
apparatus [81-83]. Packed particles absorbed water by two mechanisms i.e. swell
and capillary rise.  Wettability in term of contact angle could be tested with non-
swell material and calculated from water penetration rate. It has been reported that
rate and content of water uptake in pasta powder depended on their particle size
[81]. Decreasing rate and content of water uptake may show the porosity decreasing
by compression forces [83]. This informed that uniform packed of material was
required when Enslin apparatus was used. Moreover, penetration rate and
wettability could indicate behavior of liquid on solid surface. Micelle aggregation
made the penetration rate change due to polarity of micelle [84]. Chemical
structure of ingredient in liquid also affected the rate of penetration [85].
6.3. Deformability of wet mass

Deformability of wet mass and extrudate is essential character for extrusion-
spheronization. The wet mass must be pushed through die hole with increasing its
density. Extrudate must be broken to smaller pieces and rounded into spherical
pellets. Deformability may be evaluated by determining some parameters e.g. yield
point, viscoelasticity or required torque during mixing process.

Yield point informs plastic deformation and can be determined using penetration
tool. Pelletization process required not too low yield point of wet mass to deform
into pellets. The low yield point indicated too plastic deformation leading to

uncontrollable agglomeration [17].
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Viscoelastic properties inform flow and deformability of wet mass in the process.
Control stress rheometer was often used in viscoelastic evaluation. Suitable wet
mass that produced round pellets may show constant storage modulus or constant
loss modulus with increase binding liquid content [20]. Wet mass used in extrusion-
spheronization processes was dominated by elastic modulus [18, 20].

Torque required during mixing was related with some physical properties of
pellets. For example, the maximum torque had some relations with density and
friability of pellets, but could not be related to shape and size with this torque value
[86]. Alvarez et al. found that wet masses from different grade of MCC gave same
torque values by measured from mixer torque rheometer. However, these wet
masses could not produce pellets which had same size and shape [87].

Capillary rheometer informs flow of wet mass used in extrusion-spheronization.
Because of high shear rate from this instrument, rheology from capillary rheometer
may be close to real extrusion process. Power model gave power index value to
inform Newtonian like flow behavior. Otherwise, Herschel-Bulkley model may inform
the yield value of wet mass [18].

To evaluate deformability of wet mass, using of single technique may not
differentiate wet mass characteristics. Data from more than one technique may be
used to understand about quality attributes of the wet mass that can form pellets
by extrusion-spheronization.

6.4. Self-lubrication

Lubrication is necessary when wet mass has to flow through small die holes.
Sufficient lubrication reduces extrusion pressure. Increasing binding liquid content
may decrease extrusion pressure but it may not produce a good quality pellets.
Some extrusion-spheronization aid which contains self-lubrication property is
therefore needed. Self-lubrication may be complicated to measure and direct

measurement has not been found yet. The extrudate with smooth surface may be
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because lubrication layer existed [75]. However, water content in the formulation or
extrusion rate may possibly produce extrudate surface smooth.
6.5. Other characterization

Other characteristics of wet mass which are not described above such as
interaction between excipients in the wet mass may also be related to pellet
formation and quality of pellets.  Several techniques may be used to study the
behavior of excipients in pellet formation.

Atomic force microscope (AFM)

A contact mode AFM can be used to measure surface topology of substrate
from which image of materials and friction between AFM tip and the surface can be
explored. This function is beneficial to investigation of aggregated or adsorbed
structure on the surface. The contact mode AFM can also measure force at the
distance that the tip jumps in or pulls off. The force-distance curve shows repulsive
or attractive force between the tip and sample. The attractive force exists when the
tip jumps in to contact to the substrate. It shows attractive force before the tip
contact to the substrate that causes the tip to deflect. After that, the force that
pulls the AFM tip when its leaves the substrate is adhesion force. Characteristic of
adsorption layer can be determined from the force distance curve.

McNamee et al. reported that friction on surface measured by contact mode
AFM was decreased when the surfactant, sodium dodecyl sulfate, was present. It
may be because the negative charge of anionic surfactant increased repulsive force
[88].

Laderitz and Klitzing found that increased concentration of cationic surfactant,
hexadecyltrimethylammonium bromide (CTAB), which was adsorbed on silica
particle, changed the attractive force to repulsive force. It may be resulted from

micelle arrangement on the particle [89]. In their experiment, the colloidal probe
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was attached with other substrates. Therefore, the benefit of this application was
determination of inter-particular force.

Another function of the AFM is a tapping mode. The tapping tip oscillates over
but do not touch a measured substrate. This mode also provide surface topology
like the contact mode, but the phase image provides better contrast [90]. This
tapping mode could show the effect of adsorption by phase angle. Surface topology
of micelle [10] and characteristics of surfactant aggregates [91, 92] could be observed
by the tapping mode AFM. In addition, direction of phase shift possibly informs the
stiffness of material. The positive phase shift was found in greater stiffness material
[93]. Positive phase shift was found on glycerin droplet more than that found on
graphite [94]. Different in sharpness of the tip could also give an opposite phase shift
on the same samples [95].  Therefore, it may be complicated to distinguish the
mechanical properties of material by using only the phase shift result.

Infrared spectroscopy (IR)

Infrared spectroscopy is used for functional group characterization. Moreover,
the interaction between chemical compounds may be detected. CSD has silanol
group (Si-OH) on the surface which can be detected by IR.

Basically, surface silanols are divided into 3 types. Isolated single silanol and
geminal silanol are silanol groups that are not interacted with the other groups.
Vicinal silanols are the silanol group which is interacted with another silanol group by
hydrogen bonding.  The surface silanol groups can interact with other silanol or
other functional groups of water or other molecules by hydrogen bonding from
which the molecules are adsorbed on CSD surface.

Silanol peak intensity which was detected by IR may be decreased with
increasing storage time. IR spectra of the samples treated under vacuum showed
silanol peak more clearly [77]. Van Roosmalen and Mol showed that only one peak

positioning at 3748 cm’ after vacuum treatment of silicon dioxide powder (Cab-o-sil®
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and Aerosil®) [96]. Subsequently, they found OH stretching of both isolated and
germinal silanols at 3749 and 3742 cm71, respectively in the IR spectra of silica gel
surface [97]. Tripp and Hair also found a sharp peak of isolated and germinal silanol
in the IR spectra of fume silica (Aerosil® 380) at 3747 cm | [98]. Wang and Wunder
demonstrated that the IR spectra of silicon dioxide showed broad peak around 3400
~ 3500 cm  due to physically adsorbed water; the peak of hydrogen bonded silanol
group shown at 3520 e’ was overlapped with this broad peak [77].

Solid-state nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) technique has been used for in
chemical structure characterization. Similar to IR technique, the solid state NMR can
differentiate the silanol groups in to 3 types. 'H-7’Si CP/MAS NMR spectra showed
peaks of isolate single silanol and vicinal silanol at -100 ppm (Q3) and that of
geminal silanol was found at -90 ppm (Q2). Bulk silicon dioxide or silicon dioxide on
which the hydrogen atom in the silanol group has been substituted by silicon atom
were found at -110 ppm in the 'H-"’Si CP/MAS NMR spectra; and this was called as
bulk siloxane silicon [99]. The hydrogen atom in the silanol groups was also
detected by "H HR MAS NMR. It showed chemical shift around 3 ppm that indicated
adsorbed water and surface silanol group [100].

Small angle X-ray scattering (SAXS)

Nanostructure of materials and interaction with a substrate can be revealed by
SAXS technique. Scattering pattern i.e. scattering intensity versus scattering vector (q)
of X-ray on the detector is dependent on crystallized or repeated structure of
materials.

Size and dimensionality of particle is obtained by using model independence i.e.
Guinier plot and Porod’s law plot. The Guinier plot is plotting of intensity in log
scale against qz. Then, radius of gyration (R,) is obtained from the Guinier plot in low

grange. The R, value is valid when the calculated R, value multiplied with the
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maximum q in fitting is lower than 1.0 [101]. The Ry value can inform the size of
nanostructure. For spherical structure, radius of the structure can be calculated by
Equation 1 [102].
R=R,/(3/5)"” Equation 1

Where, R, is the radius of gyration from Guinier plot; R is the radius of the
structure

For cylindrical shape, the cross section radius (R.) can be calculated by Equation
2 [102].

1/2

R=R,(2) Equation 2

Where, R, is the cross-sectional radius of gyration; R. is the cross section radius

For flat particle, the thickness radius of gyration (Rg) which is correlated with the
thickness of particle (T) can be calculated by Equation 3 [102].
T= Ry(12)1/2 Equation 3
Where, Ry is the thickness radius of gyration; T is the thickness of particle
The slope from intensity scattering suggests dimensionality of the sample
structure. The x-ray scattering intensity (1) is related to particle number according to
the inverse of the power law state in Equation 4.
I:B/qdm Equation 4
Where, | is the scattering intensity; B is the constant; q is the scattering vector;
dm is the particle dimension or mass fractal dimension
This equation is valid for sample with 1 and 2 dimensions. The value of dm is 1
and 2 for the system that contains 1 and 2 dimension samples, respectively. The
value of dm is between 2 and 3 for the non-smooth planar system [102]. In 3D
system (dm=3), there are surface fractal dimension (ds) in Equation 5.
1=B/q""“=8/q"" Equation 5
For smooth particles, ds value is 2 and for non-smooth particles the ds value is

2 - 3[102].



22

Another model independence informs dimensionality of the sample structure.
The slope in high g range of the plot between intensity versus g in log-log scale is
determined and the value is justified as the dimensionality of particles based on

Porod’s law as shown Table 1.

Table 1 Slope value from Porod’s law

Slope Dimensionality of particles
-1 1-dimensional system (line)
-2 2-dimensional system (plane)
-2to -3 non-smooth 2-dimensional system (non-smooth

planar system)
-3to -4 non-smooth 3-dimensional system (clusters of
nanoparticles with non-smooth surface)
-4 Smooth surface 3-dimensional system (well dilute

dispersed nanoparticles)

Particle size and size polydispersity of silica nanoparticles were evaluated using
SAXS [103-105]. Sarkar et al. compared particle size obtained from SAXS and SEM
image which estimated the size from surface area. The result from two evaluation
technique was not much different [103]. Bharti et al. measured size of lysine
adsorbed silica particle and found that Guinier intensity was not different when
increased temperatures [104]. Balmer et al. characterized core-shell structure of
surfactant-silica nanoparticle and found that SAXS technique was suitable for
samples contained high electron density contrast like surfactant and silica particle.
Low polydispersity of particle size is another factor that increases advantage of SAXS

[105]. Brambilla et al. using Porod’s plot to evaluate hybrid silica morphology. It
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was found that structure of silica changed from sphere to lamellar when increasing

of octadecylsilane [106]



CHAPTER IlI
MATERIALS AND METHODS

1. Materials

1.1.Colloidal silicon dioxide (CSD, hydrophilic fume silica, Aerosit® 200, true
density of 2.2 ¢/mlL, specific surface area approximately 200 mz/g , Batch No.
153011014, 3152051414, 153050314, 154090714, Evonik Industries, Rheinfelden,
Germany)

1.2.Microcrystalline cellulose (MCC, Avicel® PH101, Lot No. C1110059, FMC
Corporation, Philadelphia, Pennsylvania, USA)

1.3.Polyoxyl 40 hydrogenated castor oil (HCO-40, KolLiphor® RH40, Lot No.
32177616K0, 1427547510, BASF, Lampertheim, Germany)

1.4.Hexane of reagent plus grade (Lot No. OA4G2A, Honeywell Burdick &
Jacksonw, Gyeonggi-do, Korea).
2. Equipment

2.1. Atomic force microscope (Model SPA 400, Seiko Instrument Inc., Chiba,
Japan) with scanning probe microscope (SPM) probe (Model SHOCON, AppNano,
Mountain View, California, USA) and force modulation probe (Model Etalon HA HR,
NT-MDT, Moscow, Russia) and Nanonavi software version 5.0 (Sl Nanotechnology,
Inc., Chiba, Japan)

2.2. Balance with 0.01 mg resolution (Model XP205, Mettler Toledo, Greifensee,
Zurich, Switzerland)

2.3. Balance with 1 mg resolution (Model ML303, Mettler Toledo, Greifensee,
Zurich, Switzerland)

2.4. Balance with 10 mg resolution (Model PB3002, Mettler Toledo, Greifensee,

Zurich, Switzerland)
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2.5. Gas (helium) pycnometer (Model Ultrapycnometer 1000, Quantachrome,
Boynton Beach, Florida, USA)

2.6. Hot air oven (Capacity 100 kg, Charatchai Machinery, Limited Partnership,
Bangkok, Thailand)

2.7. Infrared spectrometer (Model Nicolet iS10, Thermo Scientific Instrument,
Waltham, Massachusetts, USA) with Omnic software version 8.2.0.387 (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA)

2.8. Planetary mixer (Model AR400, Erweka, Heusenstamm, Germany)

2.9. Plate-plate rotational rheometer (Model Gemini 200HR™™ Rotonetic' "
Drive2, Malvern-Bohlin Instruments, Malvern, Worcestershire, UK) with Bohlin
software version R6.51.0.3 (Malvern-Bohlin Instruments, Malvern, Worcestershire, UK)
and water bath temperature controller (Julabo F12-ED, Julabo GmbH, Seelbach,
Germany)

2.10. Small Angle X-ray Scattering (SAXS) (Beam line 1.3W (Small/ Wide Angle X-
ray Scattering) with SAXSIT software version 3.69 (Synchrotron Light Research
Institute, Nakhon Ratchasima, Thailand)

2.11. Scanning electron microscope (Model 6610LV, Jeol, Tokyo, Japan)

2.12. Sieve shaker (Model O: FT-200M, Filtra, Barcelona, Spain)

2.13. Solid state nuclear magnetic resonance spectrometer (Model Ascend
400WB, Bruker, Bruker Corporation, Billerica, Massachusetts, USA) with Bruker Topspin
software version 3.2 (Bruker Corporation, Billerica, Massachusetts, USA)

2.14. Spheronizer (Model $320, Aeromatic Fielder, Eastleigh, Hampshire, England)

2.15. Stereo microscope (Model SMZ 745T, Nikon Corporation, Tokyo, Japan) with
NIS element basic research software version 3.2002.710.0 (Nikon Corporation, Tokyo,
Japan)

2.16. Tensiometer, (Model DCAT 11EC, Data Physics Corporation, Filderstadt,

Germany) with SCAT software version 2.8.1.77 (Data Physics Corporation, Filderstadt,
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Germany) and water bath temperature controller (Thermo Neslab, Thermo Electron,
Newington, Connecticut, USA)

2.17. Texture analyzer (Model TA-XT plus, Stable Micro Systems, Godalming,
Surrey, UK) with Exponent software version 6.1.8.0 (Stable Micro Systems, Godalming,
Surrey, UK)

2.18. Thermo gravimetric analyzer (Model TGA/SDTA851e, Mettler Toledo,
Greifensee, Zurich, Switzerland) with STARe software version 13.00 (Mettler Toledo,
Greifensee, ZUrich, Switzerland)

2.19. Universal testing machine (Model LR50K Plus, Lloyd Instrument, Bognor
Regis, West Sussex, UK) with Nexygen Plus software version 3.0 (Lloyd Instrument,
Bognor Regis, West Sussex, UK)

2.20. Viscometer (Model DV I+, Brookfield Engineering Laboratories, Inc.,
Middleboro, Massachusetts, USA) with water bath temperature controller (Thermo
Neslab, Thermo Electron, Newington, Connecticut, USA)

2.21. Liquid pycnometer (witeg liquid pycnometer, 10.220 mL, witeg Labortechnik
GmbH, Wertheim, Germany).

3. Methods
3.1. Characterization of input materials

Input materials, i.e. CSD, HCO-40 solutions and dispersions/ wet masses of CSD

with HCO-40 solutions were characterized.

3.1.1. Binding liquid characterization

Surface tension of binding liquids

Surface tension of binding liquids used in pellet formation was measured by
tensiometer (Model DCAT 11EC, Data Physics Corporation, Filderstadt, Germany)
operated with SCAT software version 2.8.1.77 (Data Physics Corporation, Filderstadt,
Germany) using 10 x 19.9 x 0.2 mm’ Wilhelmy plate (Data Physics Corporation,

Filderstadt, Germany). An amount (50 g) of the liquid sample (as tabulated in Table
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2) was filled in a sample cup. Temperature of the binding liquids was controlled at
25° C by water bath temperature controller (Thermo Neslab, Thermo Electron,
Newington, Connecticut, USA). The motor speed was 1.00 mm/s. Liquid surface
detection was set at 8.00 mg and immersion depth was set at 3.00 mm after surface
detection. Data was recorded at rate 5 points per second. Measurement was ended
when the standard deviation of the last 30 points was not larger than 0.030 mN/m.
The Wilhelmy plate was burned with flame from alcohol burner after each test.
Each binding liquid, the measurement was repeated three times and average was

reported.

Table 2 Composition of binding liquids

Concentrations of binding

No. HCO-40 (g) Water ()
liquid (% w/w)

1 0.3 299.7 0.1
2 1.5 298.5 0.5
3 3 297 1
a4 4.5 2955 1.5
5 6 294 2
6 7.5 292.5 2.5
7 9 291 3
8 15 285 5
9 22.5 277.5 7.5
10 30 270 10
11 37.5 262.5 12.5

Viscosity of binding liquids
Viscosity of binding liquids as shown in Table 2 was measured by viscometer

(Model DV I+, Brookfield Engineering Laboratories, Inc., Middleboro, Massachusetts,
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USA). An amount (20 ¢) of binding liquid was filled in a sample chamber assembled
water flow jacket (Model Brookfield UL adaptor, Brookfield Engineering Laboratories,
Inc., Middleboro, Massachusetts, USA). With this chamber, viscosity as low as 1 mPas
could be measured. Testing speed was selected to 100 rpm for required torque (10-
100%) [107]. Temperature was controlled at 25° C by water bath temperature
controller (Thermo Neslab, Thermo Electron, Newington, Connecticut, USA) that
connected to UL adaptor via water flow jacket. For each liquid, the viscosity was
measured three times.

Density of binding liquids

Density of binding liquids was measured by witeg liquid pycnometer which is
10.220 mL in volume (witeg Labortechnik GmbH, Wertheim, Germany). Density of
binding liquid was measured in duplicate.

Micelle formation and characterization

In this study, Small Angle X-ray Scattering (SAXS) technique was used to
determine size and shape of micelles formed in the binding liquid. In addition, it was
used to investigate behavior of micelle when CSD was present in the binding liquid
as 1% suspension, wet mass containing weight ratio of CSD to binding liquid at 1: 2
and dried CSD pellets made from the wet mass.

The study was carried out by setting distances between sample and the
detector at 960 mm and 4800 mm. The actual distance was calibrated with sodium
behenate and styrene ethylene butylene styrene (SEBS) to be 963.77 mm and 4833.8
mm, respectively. The calibrated values were used in calculating valid range of
scattering vector q (g-range) by SAXSIT software.

The calculated g-range of this experiment was 0.09 — 4.10 nmfl, allowing the
particle in the size range of 1.53 — 70.10 nm to be measured. The X-ray radiation
was obtained from synchrotron light source at beam line 1.3W (Small/ Wide Angle X-

ray Scattering, Synchrotron Light Research Institute, Nakhon Ratchasima, Thailand).
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The X-ray at 9.5 keV passed through the sample and scattered. Scattering patterns
were collected by charge-coupled device detector (Model Rayonix SX165, Rayonix,
LLC, Evanston, IlWlinois, USA) with an 18 mm beam stopper.

Each liquid sample, i.e. solution and suspension, was filled in a liquid cell holder
using 100 pL micropipette. DI water and the empty liquid cell were used as a blank
and reference, respectively. For the wet mass, a small amount of sample was
attached to the Kapton tape and placed in the sample holder. For dried pellets, the
samples were ground and attached to the Kapton tape before placing in the sample
holder. The Kapton tape was used as a blank for the wet mass and pellet samples.

Scattering patterns were processed by SAXSIT software version 3.69 (Synchrotron
Light Research Institute, Nakhon Ratchasima, Thailand). Micelle shape (based on
dimensional structure) and size could be determined by using of SAXSIT software.

To determine particle shape, the scattering intensity () was plotted against g
values in In-ln scale. The intensity data at a fixed calculated g-range from 0.7 to 1.4
were used for calculation of slope which indicates dimensionality of structures,
stated in Table 1, (Chapter II).

In addition, scattering intensity was plotted against q2 in Wn-linear scale (i.e.
Guinier plot) by SAXSIT software. The Guinier fitting was carried out using a range of
data starting from the lowest calculated g value to obtain the value of radius of
gyration (Ry). The valid R, was determined when the fitted R, multiplied by
maximum g value used in the fitting was not more than 1.0. The valid R, value was
then used to calculate the micelle size (geometrical radius of the spherical particle,
R) via Equation 1 as the following:

R=R/(3/5)"”
where, R, was the radius of gyration from Guinier plot; R was the geometrical

radius of the particle.


https://en.wikipedia.org/wiki/Charge-coupled_device
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Interaction between HCO-40 and CSD surface

Interaction between HCO-40 and CSD surface was investigated by atomic force
microscopic (AFM) method. The AFM experiment gave information about topological
image, friction image, force-distance profile, and phase image.

CSD particles were attached onto a 10 x 10 mm glass slide using acrylic polymer.
The slide was then placed in an AFM liquid cell. Binding liquids as shown in Table 2
and water were used as the medium in this experiment. The medium was dropped
into the liquid cell by using micropipette. The AFM was controlled via Nanonavi
software version 5.0 (SIl Nanotechnology, Inc., Chiba, Japan).

Topological and friction graphics CSD particles attached on the glass slide in the
area of 1 x 1 umz were studied by AFM Model SPA 400 (Seiko Instrument Inc., Chiba,
Japan) with contact mode using scanning probe microscope (SPM) probe (Model
SHOCON, AppNano, Mountain View, California, USA) made up of silicon (Si). The
topological graphics show surface of CSD particle and friction graphic show friction of
the CSD surface that the SPM probe was dragged through.

To obtain a force-distance profile, the experiment was performed by pressing
the SPM probe on the observed CSD particle surface. The probe was moved from
the starting position downward to particles in distance of 210 nm. Then, the SPM
probe was moved backward to the starting position. An adhesion (pull-off) force
which was the force that pulled the SPM probe back from the CSD surface was
measured. For each sample, the force-distance profile was measured for 20 points
on the CSD surface.

The phase image was observed by tapping mode of AFM. The samples were
prepared as above described. The experiment was performed in the area of 5 x 5
/Jm2 on CSD attached sglass slide in the liquid cell using force modulation probe
(Model Etalon, NT-MDT, Moscow, Russia) made up of silicon (Si). Topological and

phase graphics were obtained. Phase shift on CSD particle or CSD cluster was
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observed by comparing their phase angle with the phase angle on acrylic surface.
The observed phase shift for all binding liquid concentrations was compared.

3.1.2. CSD characterization

Liquid uptake ability of CSD

Liquid penetration or uptake rate can be evaluated by capillary method. In this
study, the liquid penetration rate of binding liquids, as shown in Table 2, into CSD
was measured using modified Enslin apparatus [82, 108]. The apparatus was set up
with a glass funnel with 60 mm diameter connecting with 5 mL pipette as shown in
Figure 3. A weighing balance with 1 mg resolution (Model ML303, Mettler Toledo,
Greifensee, Zurich, Switzerland) was used for determination of liquid weight decrease
on the pipette side. Liquid penetration rate of water and binding liquids into MCC, a
common extrusion-spheronization aid was also measured for comparison,
respectively.

First, liquid levels in both sides were equally adjusted before the test. Then,
CSD about 0.6 ¢ was manually packed into a plastic tube having a number of 1 mm
pores and laid with No.1 filter paper (Whatman International, Limited., Maidstone,
England) to avoid silica particle from leakage. Due to aggregation of CSD, CSD was
passing through a sieve No.20 before packed. The filled tube was gently tapped
against the table for 5 times before placing on the funnel. After that, the liquid in
the pipette was allowed to flow and penetrate into pack CSD in the tube. The
weight decrease was measured every 1 s by the weighing balance and data was sent
to a computer connected via RS-232 port. The data points included in the slope
calculation varied between 8-125 points depending on liquid penetration rate. The
fast penetration gave a low number of data points in this experiment i.e. penetration
of hexane or the experiments of MCC. This should be noted that the calculated
slope was obtained from the profile where the linearity was observed with R*>0.98.

The end of this experiment was considered when constant weight was observed or
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the water in the pipette was exhausted. The experiment was repeated 8 times for
each liquid sample.

A liquid penetration rate was the weight decrease of liquid determined on the
pipette side per unit time. Presumably, the weight decrease was due to that the

liquid was adsorbed by CSD. The slope of the plot between square of weight

Cp’o, cos¢
n

decrease against time was calculated as the value of according to

modified Washburn equation (Equation 6).

Figure 3 Schematic diagram of Enslin apparatus modified from Caprez et al. [82]
and Ferrari et al. [108]: 1) Perforated tube, 2) Funnel, 3) Supporting screen, 4) Liquid
reservoir, 5) Balance (d=0.001 g), 6) Pipette, 7) Computer, 8, 9, 10) Valve , 11) Silicone

tube, and 12) RS-232-Serial cable

From the modified Washburn equation, contact angle between liquid and solid
could be calculated. Hexane (0.31 mPas of viscosity [109], 0.6594 ¢/mL of density

[109] and 18.43 mN/m of surface tension [110]) is considered as the liquid which can
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completely wet the substrate [111, 112]. Hence phi (g ) is zero and cos phi is 1.
Therefore C, material constant could be calculated [111]. Contact angle between
liquid and solid samples could be calculated.

Cp’c, cos ¢
n
Where m mass of liquid uptake (g)

m? = ( )t Equation 6

P density of liquid (g/cm3)

C material constant (cm’)
O, liquid surface tension (mN/m)
& contact angle (degree)

n liquid viscosity (mPa:-s, mNs/m°)
t contact time (s)
Liquid binding ability of CSD
Desorption of water and surfactant from wet mass was studied via thermo
gravimetric analysis. Accurately weighed amount of 30 mg of wet mass containing 1:
2 of CSD: binding liquids, which shown in Table 2, was placed in the 40 pL alumina
crucible. Then, it was heated from 50 to 600° C with 10° C/min heating rate using
thermo gravimetric analyzer (Model TGA/SDTASSle, Mettler Toledo, Greifensee,
Zurich, Switzerland) with STARe software version 13.00 (Mettler Toledo, Greifensee,
ZUrich, Switzerland). Nitrogen gas was flushed at 40 mL/min during experiment. The
thermograms were normalized before doing first derivatization because the sample
weight was not constant. Maximum rates of weight decrease were identified.
Temperature at the maximum weight decrease rate is justified as desorption
temperature (Tgesorp) [78, 113, 114].
In addition, the experiment was carried out for MCC wet mass containing 1: 1.2
of MCC: binding liquids as shown in Table 2, 1: 2 of CSD: water, 2.2 mg untreated CSD

powder and 10 mg HCO-40.
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The experiments were performed in triplicate. If Tgesorp Was shifted, it may
indicate interaction between silicon dioxide and other molecules [13, 114, 115];
between surfactant and substrate [79] .

3.1.3. Wet mass characterization

Rheology of wet mass

It has been reported that there was some relation between MCC wet mass
rheology and pelletization by extrusion-spheronization [18, 20]. In the present study,
CSD wet mass for pellet preparation could not be tested using the plate-plate
rheometer because sample was broken and slipped in preliminary test. With this
limitation, instead of wet mass, CSD pastes prepared by dispersion of CSD in HCO-40
solutions were used. Solid content of the CSD paste was maximized at 15% w/w.
The compositions of the paste are shown in Table 3. Rheology was tested with the
plate-plate rotational rheometer (Model Gemini 200HR™™™  Rotonetic' Drive2,
Malvern—-Bohlin Instruments, Malvern, Worcestershire, UK). This rheometer was
controlled by Bohlin software version R6.51.0.3 (Malvern-Bohlin Instruments,
Malvern, Worcestershire, UK).

A 25 mm serrated plate-plate (Malvern-Bohlin Instruments, Malvern,
Worcestershire, UK) was used in viscoelastic measurements to prevent sample from
slippery. The paste of approximately 2 g was placed on the lower plate. After that,
the upper plate was moved downward until the distance between the plates was 2
mm. The excess paste was trimmed out. During the experiment, temperature was
controlled at 25°C by water bath temperature controller (Julabo F12-ED, Julabo
GmbH, Seelbach, Germany). All samples were equilibrated on the plate at 25 °C for

2 min before testing was started.
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Table 3 CSD pastes rheological studied

Dispersing liquid Stock solution (12.5%
Water q.s. (g) CSD (g)
concentration (% w/w) w/w HCO-40), g

Water 0 50 8.8

0.1 0.4 50 8.8

0.5 2 50 8.8

1 4 50 8.8

1.5 6 50 8.8

2 8 50 8.8

2.5 10 50 8.8

3 12 50 8.8

5 20 50 8.8

7.5 30 50 8.8

10 40 50 8.8

12.5 50 NA 8.8

The dispersing liquid was prepared by dilution of stock solution i.e. 12.5% w/w
HCO-40 to the desired concentration. The CSD powder was mixed with 50 ¢ of
dispersing liquid using mortar and pestle for about 2 min. Then, the paste was
packed in the airtight glass containers before the test.

To evaluate strength of paste structure, amplitude sweep was tested with
deformation range from 0.01% to 100% strain. The test was repeated three times for
each sample. An appropriate stress for frequency sweep test was selected from the
amplitude sweep test. Relatively low range of stress in linear viscoelastic range (LVR)
or linear storage modulus (G’) was considered for selection of stress value.

Frequency sweep test was performed with selected stress value. The totals of

41 points of frequency sweep from 0.1 to 100 rad/s range were recorded. Storage or
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elastic modulus (G’), and loss or viscous modulus (G’’) at each shear rate were
obtained. Complex modulus and damping factor were calculated simultaneously,
via Equation 7 and Equation 8, respectively, with the G’ and G’” value. An impact of
change in viscoelastic properties of the paste due to varied HCO-40 concentrations
were discussed in regarded to processability.
G*=G+G" Equation 7
Damping factor=G”/G’ Equation 8
3.2. Pellet preparation and characterization

3.2.1. Pellet formulations

For each formulation, 150 ¢ of colloidal silicon dioxide (CSD) was used as an
extrusion-spheronization aid. Binding liquids were polyoxyl 40 hydrogenated castor
oil (HCO-40) solutions in deionized (DI) water with varied concentrations as shown in
Table 4. An amount of the binding liquid was two times the CSD weight in the
formulations.

3.2.2. Pellet preparation

Pellets were prepared by extrusion-spheronization process. HCO-40 and water
were weighed and mixed in a 500 mL beaker in order to prepare the binding liquid.
CSD and the binding liquid were mixed in a planetary mixer (Model AR400, Erweka,
Heusenstamm, Germany) for 20 min. During the first 10 min, mixing was performed
at 6 rpm speed. After that, mixing speed was increased to 30 rpm for further 10 min.

The process was stopped and scratched with the spatula, if need.
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Table 4 Pellet formulations studied

Formulation  Concentration of HCO-40 in
CSD (9)  Binding liquid (g)

No. binding liquid (% w/w)

1 0.1 150 300
2 0.5 150 300
3 1 150 300
4 1.5 150 300
5 2 150 300
6 2.5 150 300
7 3 150 300
8 5 150 300
9 7.5 150 300
10 10 150 300
11 12.5 150 300

Extrusion

Wet mass was extruded using ram extruder. The wet mass about 55 ¢ was
manually packed into a 25.4 mm internal diameter and 200 mm height barrel
assembled with a 1 mm diameter and 4 mm length die. A piston was forced to
move downward in the barrel by a crosshead of a universal testing machine (Model
LR50K plus, Lloyd Instrument, Bognor Regis, West Sussex, UK) with Nexygen plus
software version 3.0 (Lloyd Instrument, Bognor Regis, West Sussex, UK). The moving
speed for contact the wet mass was 100 mm/min. Then the extrusion force was
begun to record, after 5 N of preload was detected. Extrusion process was
performed at a piston speed of 200 mm/min. Extrusion forces as force-displacement
profiles were recorded via computer which was connected to the 50 kN load cell of
the universal testing machine. The piston displacement was set at 150 mm with

about 155 mm height of packed wet mass in the barrel. After extrusion, about 5 mm
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of plug remained. From the force-displacement profile, each extrusion force was
calculated by average force data from peak to the end of the extrusion process. For
each batch, 8 extrusions were carried out. An average of extrusion force data from
24 extrusions for 3 batches was reported.
Spheronization

About 380-400 ¢ of extrudate was collected and placed onto a 320 mm radial
cut plate spheronizer (Model $320, Aeromatic Fielder, Eastleigh, Hampshire, England).
Spheronization was operated at 225 rpm for 10 min. Then, pellets were dried in a
hot air oven (Capacity 100 kg, Charatchai Machinery, Limited Partnership, Bangkok,
Thailand) at 50° C for 12 hours. Experiments were repeated in triplicate. Pellets
were kept in polyethylene bag before further characterization.

3.2.3. Pellet characterizations

Pellet size and size distribution evaluation

Size and size distribution of dried pellets were analyzed using sieve method.
The experiment was carried out using 80 g of pellets placed on a sieve set with 2
progression i.e. 0.35, 0.50, 0.71, 1.0, 1.4, 2.0 mm (mesh No. 45, 35, 25, 18, 14, 10).
The sieve set was shaken on a sieve shaker (Model O: FT-200M, Filtra, Barcelona,
Spain) for 10 min. Percent under size was calculated and plotted on probability-log
scale against the sieve size. Geometric mean and standard deviation were
determined and reported for pellet size and size distribution, respectively.
Geometric standard deviation was calculated from pellet size at 16% of probability
scale.
Pellet yield

Pellet yield was obtained from two consecutive sieves i.e. sieve No. 18 and 25.
The pellet size range 0.71-1.4 mm was included in yield calculation, each batch. The

weight of pellets in two main consecutive sieve size was also reported.
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Pellet shape

<

Figure 4 Maximum Feret diameter of particle (A) and Feret diameter at 90 degree

to the maximum Feret diameter (B)

Images of 500 pellets from the modal size range of each batch were projected
by stereo microscope (Model SMZ 745T, Nikon Corporation, Tokyo, Japan). The
maximum of value of Feret diameter (maximum Feret diameter) and the length that
projected 90 degree across the maximum Feret diameter (Feret diameter at 90
degree) were measured by using NIS element basic research software version 3.2
(Nikon Corporation, Tokyo, Japan). Aspect ratio was calculated by dividing maximum
Feret diameter by Feret diameter at 90 degree according to equation 9.

Aspect ratio = Maximum Feret diameter (A)/ Feret diameter at 90 degree (B)
Equation 9
Pellet morphology

Image of pellets in modal size was captured by stereo microscope (Model SMZ
745T, Nikon Corporation, Tokyo, Japan) with magnification of 0.67x.

Morphology of pellet samples in the size range of 0.71 - 1.0 mm were
investigated using scanning electron microscopy (Model 6610LV, Jeol, Tokyo, Japan).
Surface morphology of pellets was investigated at 70x and 20000x; and their cross-
section were observed at 20000x. Prior to investigation, the samples were fixed on
brass stub using the carbon paste then sent for gold sputter coating. For additional

information, CSD was also observed at 20000x.
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Pellet mechanical strength

Pellet mechanical strength was tested by texture analyzer (Model TA-XT plus,
Stable Micro Systems, Godalming, Surrey, UK) using 5 kg load cell. This equipment
was operated using Exponent software version 6.1.8.0 (Stable Micro Systems,
Godalming, Surrey, UK). For each batch, 30 pellet samples in the size range of 0.71 -
1.0 mm were investigated. The 6 mm cylindrical stainless steel plunger (P/6 probe,
Stable Micro Systems, Godalming, Surrey, UK) was moved down with a speed of 0.10
mm/s. The trigger force for detecting pellets was set to 0.1 g. After pellet detection,
the diameter of tested pellet was recorded as strain height. Then, the plunger was
moved down for a certain distance, i.e. 10% strain of the pellet. After that, the
plunger was returned to the starting position. Force-time profiles were recorded
after pellet detection until plunger was returned to the starting position. The
fracture force of pellet was determined based on the first peak with peak threshold
which was set to 1 g. The pellet tensile strength (O ) was calculated by Exponent
software using equation 10 [116] in which the pellet size was taken into account.
The mechanical strength of 30 pellets per batch was then averaged.

0=1.6F/TTD" Equation 10
o = tensile strength (MPa)

= fracture force (N)
D = pellet diameter (strain height, mm)
Pellet true density
True density of pellets was determined with samples in the modal size range of
the third batch depending on the formulation. The pellets about 3-5 ¢ were placed
in the oven at 100" C until constant weight was obtained. The pellets true density
was evaluated by gas (helium) pycnometer (Model Ultrapycnometer 1000,

Quantachrome, Boynton Beach, Florida, USA).
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3.3. Interaction between CSD and surfactant in pellets

3.3.1. Infrared spectroscopy

Pellets were ground using a porcelain mortar and pestle. A small amount of
ground pellets was mixed with potassium bromide (KBr). The mixture was pressed
into a disc by hydraulic pressing machine at 8 ton force. A compressed disc was
placed in sample holder and investigated by infrared spectrometer (Model Nicolet
i510, Thermo Scientific Instrument, Waltham, Massachusetts, USA) with Omnic
software version 8.2.0.387 (Thermo Fisher Scientific Inc., Waltham, Massachusetts,
USA). After background collection, 32 scans of infrared spectra of each sample were
collected with 4 cm ™ resolution. Each sample was investigated in triplicate. CSD as
received and CSD which was mixed with water and dried in oven at 50°C for 2 h, and
HCO-40 were used as references.

3.3.2. Solid state nuclear magnetic resonance spectroscopy

Pellets were ground by porcelain mortar. Ground pellets were investigated using
solid state nuclear magnetic resonance spectroscopy (Model Ascend 400WB, Bruker
Corporation, Billerica, Massachusetts, USA) operated via Bruker Topspin software
version 3.2 (Bruker Corporation, Billerica, Massachusetts, USA). Pellets from all
formulations were subjected to the proton magic angle spinning NMR ('H MAS NMR)
and silicon cross-polarization magic angle spinning NMR (’Si CP MAS NMR) via solid
state nuclear magnetic resonance spectroscopy. CSD as received and CSD which was
mixed with water and dried in oven at 50°C for 2 h, were used as references.

For 'H MAS NMR, magic angle spinning technique was used with a transmitting
frequency of 400 MHz. A sample was placed in 4 mm zirconia rotor with Kel-F cap.
A chemical shift was calibrated using adamantane amount of 1.87 ppm. The
experiment was performed with a spinning rate of 10000 Hz.

29

For ~Si CP MAS NMR, the experiment was performed with cross

polarization/magic angle spinning technique at a transmitting frequency 79.5 MHz. A
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sample was placed in 7 mm zirconia rotor with Kel-F cap. An amount of dimethyl-5-
silapentane sulfonate of 1.87 ppm was used in chemical shift calibration. A spinning

rate was set at 5000 Hz with 4000 us of contact time



CHAPTER IV
RESULTS AND DISCUSSIONS

1. Characterization of input materials

Input materials i.e. HCO-40 solutions, CSD and dispersions or wet masses were
characterized in order to understand and identify attributes of materials that were
critical to formation of CSD pellets by extrusion-spheronization.
1.1. Binding liquid characterizations

The viscosities, surface tension and density of solution are shown in Table 5.
Viscosities of the solutions were slightly increased with increasing HCO-40
concentrations. However, their surface tension was rather constant because the
concentration of HCO-40 solutions used in this experiment was higher than its
measured critical micelle concentration of 0.036% w/w and reported value of

0.039% [5].
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Table 5 Surface tension, viscosity and density of HCO-40 solutions

HCO-40 Surface
Viscosity, mPas Density (¢/mL),
Concentration tension, mN/m

Mean (SD), n=3 n=2

(% w/w) Mean (SD), n=3
water 72.587 (0.046) 1.98 (0.02) 0.996
0.1 44.177 (0.115) 2.04 (0.01) 0.996
0.5 42.884 (0.116) 2.04 (0.01) 0.996
1 43.064 (0.031) 2.09 (0.01) 0.997
1.5 42.878 (0.058) 2.12(0.02) 0.997
2 42.936 (0.035) 2.18 (0.02) 0.998
2.5 42.882 (0.006) 2.21(0.02) 0.998
3 42.789 (0.057) 2.23(0.01) 0.998
5 42.693 (0.007) 2.43(0.02) 1.000
7.5 42.548 (0.050) 2.54(0.02) 1.003
10 42.434 (0.026) 2.71(0.01) 1.005
12.5 42.063 (0.054) 2.75 (0.00) 1.007

Small-angle X-ray scattering (SAXS) patterns are shown in Figure 5-Figure 8. The
scattering pattern of solution samples showed oscillation with low intensity. The
oscillating characters depend on particle size and size distribution. The profiles of
0.5 - 125% w/w HCO-40 solutions showed similar pattern of poly-disperse
nanoparticles, while there was no characteristic scattering pattern for 0.1% w/w.

For suspensions, wet masses and dried pellets, the oscillating character was not
found, perhaps because the g-range i.e. the sample to detector distance was not
suitable for the particle size of the measured systems which contained CSD particle.
In addition, very wide size distribution of particles in the measured system could

smear the scattering profile [102].
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Figure 5 SAXS patterns of the HCO-40 solution of varied concentrations
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Figure 6 SAXS patterns of suspensions of 1% w/w CSD in the HCO-40 solution of

varied concentrations
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Figure 7 SAXS patterns of wet mass prepared from CSD and the HCO-40 solution

of varied concentrations
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Table 6 Dimensionality of particles from according to Porod’s law

HCO-40 Slope from Porod’s law
concentration Suspension Wet mass Dried
Solution
(% w/w) (1% CSD) (33% CSD) pellets
0.1 -5.2 -3.9 -3.9 -4.1
0.5 -3.4 -4.1 -3.9 -4.1
1 -4.1 -4.1 -3.9 -4.1
1.5 -4.4 -4.1 -4.0 -4.1
2 -4.2 -1.3 -4.0 -4.1
2.5 -4.3 -1 -3.9 -4.1
3 -4.3 -1.6 -3.9 -4.2
5 -4.3 -2.9 -4.0 -4.3
7.5 -4.3 -2.5 -4.0 -4.4
10 -4.5 -2.3 -4.0 -4.5

12.5 -4.1 -2.7 -4.1 -4.4
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Table 7 Radius of gyration (Ry) and geometrical radius (R) of the particle in HCO-

40 solutions

HCO-40 Concentration (% R, from Guinier Geometrical radius of

W/W) fit (nm), n=1 micelles (micelles size, nm)
0.1 NA NA
0.5 59 7.6
1 5.0 6.5
1.5 53 6.9
2 59 7.6
2.5 6.4 8.3
3 4.8 6.2
5 4.6 59
7.5 3.9 5.1
10 4.0 5.1
125 5.0 6.5

NA: none of valid Re

The slope of the plot between (n (I) versus n (g) for g value of 0.7 — 1.4 nm’"
was varied for solution (-3.4 to -5.2), suspensions (-1.3 to -4.1), wet masses (-3.8 to -
4.0) and dried pellets (-4.0 to -4.4), shown in Table 6. This indicated that for the
solutions containing 1.0 — 12.5% w/w HCO-40, the structure of particles were smooth
surface nanoparticles of micelles while in the solution containing 0.5% w/w HCO-40,
the particles were in clusters with non-smooth surface. At the very low
concentration, the slope could not be explained by Porod’s law.

When there was CSD particles in the samples i.e. suspensions in HCO-40 solution
of low concentration, wet masses and dried pellets, the slope was around -4

suggesting the smooth surface nanoparticles in the samples. It could be resulted
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from dimensionality of CSD particles having colloidal size (7 — 16 nm [5]), rather than
the dimensionality of micelles which scattered with low intensity. For the
suspensions with 2.0% w/w and higher HCO-40, the slope varying around -1 to -3
might be explained by complex structures present in the samples. It was likely that
the structures in these samples were in 1-dimensional (line) or 2-dimensional (planar)
system. The oscillating pattern observed in the solution samples containing micelles
was markedly observed for the suspension with 12.5% w/w HCO-40, shown in Figure
6.

Brambilla et al. reported a slope as a coefficient value which showed in the form
of positive value to indicate the hybrid silica structure. The coefficient value of 1 to
2 indicated fern-like structure and that of 2 to 3 indicated rough surface structure of
silica. The coefficient value of 4 showed dense and uniformed particles [106].
Therefore, CSD particles in suspension which were dispersed at 2.0% w/w and higher
concentration may be arranged their structure similar to what has been described
earlier.

The micelle size in term of geometrical radius of the spherical particle, R,
determined in the solution samples was in the nanometer-size of 5.0 - 8.2 nm, as
shown in Table 7, and wide size distribution, regardless of HCO-40 concentration.

Generally, it was unclear from SAXS data that whether or not the dimensionality
and the size of micelles with or without CSD in the systems would affect the
formation of CSD pellets by varying concentration of HCO-40.

Interaction between HCO-40 and CSD surface

Image of CSD surface on glass slide in the HCO-40 solutions obtained from
contact mode and tapping mode, are shown in Figure 9 and Figure 12, respectively.

The image of CSD clusters from contact mode (Figure 9) and tapping mode
(Figure 12) AFM were not different whether they were in the water or in the HCO-40

solutions. Surface roughness was observed in all samples.



50

The image area and resolution was limited by roughness of the sample’s surface.
The CSD powders appeared to form clusters on the glass slide. In contact mode
AFM topology, the lighter colored area was a CSD cluster. The varied color present
on the contact mode AFM-friction image indicated different friction. In tapping mode

AFM-phase image, the darker color was the CSD cluster.



51

[1m]
[m]

B D

-~

©

o

©

o

E E

=

o

o

o

o

72539 [mv] 568.51

X Y

Figure 9 Contact mode AFM-topological images of CSD surface: 2-dimention (A),
3-dimension (B) in water; 2-dimention (C), 3-dimention (D) in 2.5% w/w HCO-40
solution and friction image in water (X); friction image in 2.5% w/w HCO-40 solution
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Figure 10 Force-distance profile obtained from contact mode AFM, during
approach (solid line) and retraction (dot), in liquid media which were water (black)
and HCO-40 solutions at concentration 0.1% w/w (red), 2.5% w/w (green), 12.5% w/w

(light blue)



Table 8 Force measured in AFM force-distance experiments

Attractive (Snap-in) Adhesive (pull-off)

HCO-40 concentration force, pN Mean (SD), force, pN Mean (SD),

(% w/w) n=20 n=20
water -6.19 (4.07) -36.75 (15.72)
0.1 -1.27 (1.15) -8.50 (13.11)
0.5 -1.24.(0.86) -5.32 (4.36)
1 -1.34 (0.97) -1.27(1.41)
1.5 -1.80 (0.85) -2.88 (2.34)
2 -1.37 (0.93) -1.98 (2.52)
25 -1.36 (1.23) -1.59 (3.33)
3 -2.23 (1.26) -1.63 (1.63)
5 -2.06 (1.28) -2.53 (2.16)
7.5 -0.43 (0.50) -4.97 (3.10)
10 -0.53 (0.44) -1.17 (1.72)

12.5 -0.67 (0.80) -0.88 (1.73)
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Figure 11 Force measured in AFM force-distance experiments, attractive force
(©), adhesive force (O)

The force-displacement profile (Figure 10) resulted from the AFM tip during
approach to (jump-in) the CSD surface and retraction (pull-off) in the liquid medium.
When the tip was deflected on the surface, the measured force was called attractive
force or jump-in force. The tip remained moving upon predetermined distance.
After that, the probe was pulled-off. The force that required for separating the tip
from substrate was called adhesive force or pull-off force. The measured force, as
shown in Table 8, is in negative value due to its direction.

High attractive and adhesive forces were observed in water. In addition, the
adhesive force was higher than jump-in force and it had approximately 30 — 40 nm
longer length of separation in water. The jump-in and pull-off force were markedly
decreased with the presence of HCO-40 in the media. It was possible due to

accumulation of HCO-40 on the CSD surface.
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The tapping mode AFM-phase image, as shown in Figure 12, was of CSD cluster
in water and 2.5% w/w HCO-40 solution. In the image, positive phase shift is the
darker contrast with higher phase angle (z value). The analysis of phase image is
demonstrated in Figure 13. The AZ value showed phase difference between CSD
surface and acrylic polymer surface. It was observed that phase angle on CSD was
higher than on acrylic surface. However, the variation was not systematically related
to HCO-40 concentrations. This because micelles of HCO-40 randomly aggregate on

the CSD surface or stay in the bulk solution. From this result, the tapping mode AFM

phase image could not differentiate the effect of the HCO-40 concentrations.

64.857 [deg]

62.781 80.131 [deg] 80.170

Figure 12 Tapping mode AFM-phase image of CSD sample in water (A) and 2.5%

w/w HCO-40 solution (B)
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Figure 13 Tapping mode AFM-phase analysis of CSD sample in water (A) and

2.5% w/w HCO-40 solution (B)
1.2. CSD characterization

Liquid penetration properties of CSD
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Figure 14 Weight on pipette side while liquid penetration was progressed by CSD

with 2.5% HCO-40 solution; the measurement was repeated eight times
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Figure 15 Weight on pipette side while liquid penetration was progressed by MCC

with 2.5% HCO-40 solution; the measurement was repeated eight times

Weight decrease on pipette side was detected immediately after placing the
tube on the screen in funnel (after small peak in Figure 14).

Generally, liquid weight on the pipette side was decreased as a function of time,
indicating the liquid could penetrate into the packed beds. Relationship between
weight decrease and time was not linear. The penetration rate (¢/s) was decreased
when great amount of liquid was filled in the CSD bed. The linear relationship for
square of mass (mZ) of liquid uptake and time was found as shown in Figure 16. The
slope and hence contact angle could be calculated according to modified Washburn

equation (Equation 6).
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Figure 16 A profile of liquid uptake (m") against time for 2.5% HCO-40 with CSD
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Figure 17 A profile of liquid uptake (m) against time for 2.5% HCO-40 with MCC
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The liquid penetration ability and contact angle are shown in Table 9. Variation
of the amount of liquid penetration and contact angle was high because CSD is a
fluffy material which was difficult for packing into the tube resulting in inconsistent
packed CSD bed and voids in the bed. Therefore, the liquid could not continuously
penetrate through these voids and the penetration was delayed.

Example penetration profiles from MCC are shown in Figure 15 and Figure 17.

They indicated that penetration rate from MCC was much faster than from CSD.

Table 9 Liquid uptake rate and contact angle of CSD and MCC

HCO-40 Liquid uptake rate (gz/s), mean (SD)  Contact angle (°), mean (SD)

Concentration

(%w/w) CSD, n=8 MCC, n=8 CSD, n=8 MCC, n=8

0 0.085 (0.017) 2.422 (0.234) 75.4 (2.9) 0.0 (0.0)

0.1 0.077 (0.008) 1.893 (0.143) 67.2 (2.6) 0.0 (0.0)

0.5 0.104 (0.006) 1.669 (0.111) 57.7 (2.3) 0.0 (0.0)

1 0.145 (0.013) 1.429 (0.109) 39.8 (5.9) 0.0 (0.0)

1.5 0.109 (0.012) 1.597 (0.065) 54.0 (4.8) 0.0 (0.0)

2 0.134 (0.030) 1.583 (0.093) 40.5 (14.5) 0.0 (0.0)

2.5 0.133(0.019) 1.606 (0.068) 41.4 (10.2) 0.0 (0.0)

3 0.154 (0.014) 1.344 (0.065) 28.8 (9.4) 0.0 (0.0)

5 0.090 (0.012) 1.210 (0.092) 56.5 (5.3) 0.0 (0.0)

7.5 0.085 (0.015) 0.876 (0.057) 56.7 (6.8) 0.0 (0.0)

10 0.060 (0.009) 0.720 (0.066) 65.8 (4.0) 3.1(7.1)

12.5 0.036 (0.010) 0.519 (0.021) 75.7 (4.0) 36.1(3.2)
Hexane 0.240 (0.080) 1.071 (0.142) 0 (as reference)

Uptake rate of water into CSD was 0.085 gz/s which was lower than that of the

HCO-40 solution at concentrations ranging from 0.5 — 3% w/w, but higher than that
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of HCO-40 solution at concentrations of 10 and 12.5% w/w. HCO-40 as a surfactant
reduced surface tension of the water as shown in Table 5. The reduction of surface
tension resulted in an increased liquid uptake. However, at the high concentrations
of HCO-40 above 5% w/w, the uptake rate began to reduce probably because an

increase in viscosity and density of the liquid as shown Table 5.
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Figure 18 Adhesive force versus contact angle of the liquid on CSD surface

The calculated contact angles agreed with liquid uptake ability. The lower the
contact angle or better wettability, the higher rate of penetration. Changes in
contact angle of the binding liquid on the CSD surface resulted from the interaction
between the liquid and CSD surface (Figure 18). The contact force based on
adhesive force value measured by contact mode AFM indicated that the force was
reduced by addition of HCO-40. The contact force approached to zero with 1% w/w
HCO-40 and higher concentrations. A slisht change in contact force at the

concentration higher than 1% w/w HCO-40 could induce lower contact angle (up to
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3% w/w HCO-40) and raise contact at higher concentrations. The adhesive force was
reduced because HCO-40 molecules were adsorbed on to the surface of CSD.

Patist et al. [117] proposed that micellization was not static i.e. they were
dynamically disintegrating and reforming. There are also surfactant monomers in the
bulk solution. The disintegrated surfactant molecules and/ or surfactant monomers
in the bulk could interact with CSD surface through hydrophobic interaction between
hydrocarbon chain and hydrophobic siloxane group which led to exposure of
hydrophilic groups i.e. polyoxyethylene group to outer surface of CSD. This assisted
in penetration of water by interaction with polar group of surfactant. At the high
concentration, because the micelles were stable, the free HCO-40 molecules were
less available on the surface of CSD. Therefore, slow penetration rate was obtained.

The results of contact angle between HCO-40 solution and MCC surface were
zero due to that the HCO-40 solution wetted the MCC bed, better than hexane
which was used as a reference, and readily to penetrate into the MCC bed. The high
penetration ability of water into MCC bed can be explained by hydrophilicity of MCC
which contained hydroxyl groups. This allowed MCC could be wetted easily. In
HCO-40 solution, hydration of MCC might be interfered with the hydrocarbon chain

of the surfactant.
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Liquid binding ability of CSD

% of initial weight
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Figure 19 Normalized thermogram in the range of 50-600°C of untreated HCO-40
(blue) and the CSD wet mass made with water (black), HCO-40 solution at

concentration 0.1% w/w (red), 2.5% w/w (green) and 12.5% w/w (light blue)
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Figure 20 First derivative thermogram in the range of 50-600°C of untreated HCO-
40 (blue) and the CSD wet mass made with water (black), HCO-40 solution at

concentration 0.1% w/w (red), 2.5% w/w (green) and 12.5% w/w (light blue)
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Table 10 Desorption temperature (Tgeorp) Of water and HCO-40 from wet mass

Ccsb MCC
HCO-40

HCO-40 degradation
Concentration  Tyeso, Water (° C) Tgesorp Water (° Q)

temperature (° C)

(% w/w) Mean (SD), n=3 Mean (SD) , n=3
Mean (SD) , n=3

water 131.3(1.9) NA 110.7 (7.4)
0.1 130.4 (1.9)* 399.0 (78.6)** 109.4 (1.4)
0.5 121.2 (5.0) 361.9 (2.2) 109.0 (2.5)
1 121.7 (2.5) 376.6 (16.7) 113.4 (2.9)
1.5 118.4 (1.3) 382.7 (6.3) 113.8 (4.2)
2 117.3 (3.4) 388.5 (3.5) 116.0 (4.4)
2.5 119.7 (5.1) 401.5 (4.8) 108.3 (2.5)
3 115.4 (3.7) 402.8 (4.2) 111.5(9.8)

5 114.3 (2.6) 414.3 (7.6) 107.8 (1.5)
7.5 116.3 (4.3) 408.4 (0.8) 112.3(2.9)
10 115.7 (4.7) 406.7 (1.9) 111.4 (1.5)
12.5 116.8 (1.7) 406.5 (0.4) 109.9 (2.2)

*n=4; **n=6; NA: Not applicable

Desorption temperature (Tgeson) Was determined from 1" derivation of the
normalized TGA thermogram i.e. the rate of weight loss. The temperature which
showed the maximum rate of weight loss for wet masses was considered as the
temperature that the molecule was desorbed from substrates, (Tgesorm)-

For CSD wet mass, the Tyeon Of water molecule was shifted to lower
temperature. It was 131.3° C when binding liquid was only water, while shifted to
116.8° C when binding liquid was 12.5% w/w HCO-40. This indicated change in

interaction between water molecule and silicon dioxide. Water molecules could
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hydrate hydrophilic CSD by interacting with silanol group via hydrogen bond. HCO-40
molecules having long hydrocarbon chain that were adhered on to CSD surface
might disturb the interaction.

In addition, two minima were observed in the first derivative profiles of CSD wet
mass using water and 0.1% w/w HCO-40. The behavior of water desorption was
therefore different from other concentrations. The first minima occurring at lower
temperature could be due to desorption of bulk water. It appeared at 114.6+3.9° C
and 115.2+3° C for the wet mass made with water and 0.1% w/w HCO-40,
respectively. The second minima occurring at a higher temperature resulted from
desorption of bound water. The second minima were shown at 131.3+1.9° C for wet
mass made with water. For wet mass made with 0.1% w/w HCO-40, only 4 from 6
experiments were found the second minima at 130.4+1.9° C. The single minima
found at higher concentrations of the binding liquid might be caused by bulk or
weakly bound water due to a decrease in interaction.

Bulk water and bound water was reported by Wang and Wunder [77] who found
the bulk water was present in a greater quantity than the bound water in Aerosil”
OX50 and Aerosil” 380. They also found that the isolated silanol group was less
active to water therefore water formed hydrogen bond with vicinal silanol and
geminal silanol. Using of TGA for defining the type of water was also reported from
Piotr Staszczuk [12, 13].

The water desorption behavior as observed for CSD wet mass was not similar to
the behavior of MCC wet masses (Appendix Figure II-3 and Figure II-4). Fielden et al.
reported that water in the MCC wet mass was mainly free water. Therefore, the first
derivative profile for MCC wet mass which showed only one minima was loss of the
bulk water [26]. The mechanism or model of water retention for CSD and MCC wet

mass could be different.
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Degradation temperature of HCO-40 was about 300° C [118] which was close to
the onset of weight loss in the thermogram under this experiment. A maximum rate
of weight loss for HCO-40 was determined at 419.8° C. However, desorption
temperatures of HCO-40 in CSD wet mass could not be identified. With the presence
of water, the maximum rate of weight loss occurred at lower temperatures than the
degradation temperature of HCO-40. Therefore, water in the binding liquid could
induce degradation of HCO-40 to occur at the lower temperature; and CSD could not
stabilize HCO-40.

1.3. Wet mass characterization
Rheology of wet mass
Amplitude sweep was performed in order to find the appropriate stress for use

in frequency sweep in rheology study of the paste.
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Figure 21 Amplitude sweep (strain sweep) test results of CSD paste using

dispersing liquid: water (-), HCO-40 at 0.1% w/w (O), 2.5% w/w (A), 12.5% w/w (O)
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Figure 22 Amplitude sweep (stress sweep) test results of CSD paste using

dispersing liquid: water (-), HCO-40 at 0.1% w/w (O), 2.5% w/w (A), 12.5% w/w (O)

From Figure 21 and Figure 22, amplitude sweep showed viscoelastic property
from 0.01 — 100% of strain and 0.5 — 5800 Pa of stress. Generally, after Linear
viscoelastic range (LVR), G’ (storage or elastic modulus) was decreased while strain or
stress was increased. This meant structure of paste was collapsed. The LVR of the
paste made with water, as shown in Figure 22, was selected for determining stress
value used in the frequency sweep test. The LVR range of the paste with water was
about 0.5-350 Pa; and the LVR range of the paste made with HCO-40 solution was up
to 5800 Pa. The optimum stress value for the frequency sweep test was therefore

200 Pa because this value was in the LVR ranges of all pastes.
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Figure 23 G’ (solid line) and G” (dash line) from frequency sweep at 0.1-100 rad/s
when the dispersing liquid was water (-), HCO-40 at 0.1% w/w (O), 2.5% w/w (A),

12.5% w/w (O)

The result of frequency sweep test showed that G’ (elastic modulus or solid
behavior) was higher than G” (viscous modulus or liquid behavior) over the
frequency range studied (Figure 23). This indicated that solid behavior dominated
consistency of the paste. No transition of G’ across G” was observed. The G’ values
were almost constant through frequency range. In addition, frequency sweeps of G’
was parallel to each other. The constant G’ value signified frequency independent
of the samples although, it showed an increase in G’. The increased G’ with
increasing frequency indicating frequency dependent was insignificant here.

The frequency independence has been found in the dispersion of hydrophobic
fume silica (Aerosit® R805) in polar solvent, polyethylene glycol 300, indicating

formation of floccules and stable colloid gel [119]. It was also found in the mixture
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of hydrophilic fume silica and the less polar solvent, modified polyethylene glycol
300 having hydroxyl group substituted by methyl group [120].

In addition, Raghaven et al. reported that when hydrophilic fume silica (Aerosil®
200) was dispersed in polyethylene glycol 300, which is a polar solvent, the G’ was
dominated by G” [119]. This indicated behavior of non-floccules dispersion and
presence of the interaction between hydrophilic fume silica and polyethylene glycol
300. Moreover, Raghavan et al. also proved that viscoelastic property of this system
was due to hydrogen bond, not the Van de Waals force. Hydrogen bond between
silanol group on Aerosil® 200 and hydroxyl group of solvent may make the solvation
layer [120].

According to the work reported by Raghaven et al. [119, 120], in the present
systems, water molecules should hydrate hydrophilic CSD and form hydrogen
bonding between hydroxyl groups of water with silanol group of CSD, resulting in
behavior of viscous (G”). With the surfactant, HCO-40 molecule should modify
polarity of medium and reduce hydration effect. Behavior of the solid (G’) should be
more significant due to interaction between silanol-silanol groups.

However, in the water system studied, the result showed that G” was dominated
by G’ which was not consistent with the work reported by Raghaven [119, 120]. It
may be because solid content of this experiment was 15% w/w of CSD. High CSD
content made silanol group density in the system increased. Then viscoelastic from
paste made with CSD and water showed G’ dominated due to high solid content
[121]. However, the paste made with only water showed the lowest G’, indicating
less solid behavior than the paste made with HCO-40 solutions.

In this experiment, G’ was increased with the HCO-40 concentration until the
concentration of HCO-40 reached 5% w/w. Then, the G’ decreased after HCO-40
concentration over 5% w/w may be due to that floccules of CSD particles were

disturbed by rich HCO-40 molecules. It could be that long hydrocarbon tail of HCO-
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40 may reduce interaction between CSD particles. This strength of the paste was
therefore reduced.

The possibility of surfactant aggregated on the CSD surface may also found in
rheology studied. With the surfactant, HCO-40 molecules were possibly adsorbed on
to CSD surface through interaction between hydrocarbon chain and siloxane group.
This led to that the outer surface was more hydrophilic and readily to be hydrated
with water molecules. Therefore, at the high HCO-40 concentration G’ in both
amplitude and frequency sweep experiment was reduced.

A little frequency dependent property which was shown in CSD pastes was also
found in the MCC wet mass. Majidi et al,, reported that using Avicel PH102 as
extrusion-spheronization aid also showed that G’ dominated over G” for the studied
wet mass with little frequency dependent in frequency sweep experiment [18].

The G’ value, which was the dominating properties, of one point of shear rate
was used to represent viscoelastic properties for further discussion. The G’ value at
an angular frequency of 3.1 rad/s, which was in the middle of frequency sweep, was

selected (Figure 24).
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Figure 24 G’ (¢0) and G” (O) from CSD paste presented against various

concentrations of HCO-40. Data obtained from 3.1 rad/s shear rate.

Viscoelastic properties at the frequency of 3.1 rad/s is shown in Figure 24. All
paste showed G’ dominated over loss modulus (G”) by 100 times. G* (Complex
modulus) which was calculated by vector addition of G* and G”, revealed the similar
magnitude as G’. G* which was the vector quantity containing magnitude and
direction that was not commonly used in determining properties of wet masses.

G’ for the paste which made with 0.1% w/w HCO-40 was suddenly increased,
comparing with that of the paste made with DI water. G’ value for the paste made
with HCO-40 concentrations of 1 - 5% w/w was almost constant. MacRitchie
reported that MCC wet mass could produce acceptable pellets when G” or G” value

was not much varied with increased water content [20].
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Figure 25 Damping factor from CSD paste presented with various concentration

of HCO-40. Data obtained from 3.1 rad/s of shear rate.

Damping factor was the ratio of G” and G’. In Figure 25, low values of damping
factor, less than 1, were found. This confirmed dominating elastic properties (G’) of
these pastes. The paste contained 2.5 and 3% HCO-40 solution showed low
damping factor. The damping factor values were not much different for the pastes
that contained 7.5% w/w HCO-40 solution or lower as shown in Figure 25. The HCO-
40 concentrations of 10 and 12.5% w/w in the paste had relatively higher in damping
factor.

Decreasing in G’ and increasing in G” observed for 10% and 12.5% w/w HCO-40
containing paste was also found in the work reported by Ryo et al. In their work,
when the amount of a polymer in dispersing medium was increased, there were
more free non-adsorbed polymer chains resulting in weakly aggregated silica

particles. Therefore, G’ was decreased and G” was increased [121]. In this work, it
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was possible that the relatively higher proportion of HCO-40 molecules and lower

solid content in the paste led to weakly formed CSD aggregated.
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Figure 26 Complex viscosity of paste from frequency sweep at 0.1-100 rad/s
which the dispersing liquid was water (-), HCO-40 at 0.1% w/w (O), 2.5% w/w (A),

12.5% w/w (O)

Figure 26 showed decreasing in complex viscosity with increasing ansular
frequency or shear rate. It meant that paste used in this experiment exhibited the
shear thinning properties. The result was consistent with the rheology of MCC wet
mass reported by MacRitchie et al. [20] and Majidi et al. [18]. Due to shear thinning
properties, the wet mass of CSD was less viscous during extrusion with high rate

through the die.
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2. Pellet formulations studied

Extrusion
14 -
12 -

\E/ 10

()

Y 8

O

S 6

3

£ 4
2

O T T 1
0 50 100 150

Piston displacement (mm)

Figure 27 Force-displacement profiles (n=8) of the second batch containing 0.1%

HCO-40 in the binding liquid
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Figure 28 Force-displacement profiles (n=8) of the second batch containing 2.5%

HCO-40 in the binding liquid
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In extrusion process, extrusion force was measured while piston was moved
downward in order to extrude the wet mass in the barrel. The force measurement
was present as force-displacement profiles as shown in Figure 27 to Figure 30.

The decreased extrusion force could be due to reduction in friction between
sliding surface. Initially, the wet mass was forced from wide cross section area of the
barrel into small cross section area of the die. The force was high at this stage. After
extrusion began, there was a film of CSD wet mass on the wall of barrel and die.
This film might help to lubricate the subsequent extrusion.

The forced flow stages were not commonly found for all formulations. In this
study, the piston displacement was fixed after detection of preloading force. From
the profile, the last 10 mm of displacement showed constant force due to reaction
of the die plate. Liquid migration did not occur in the extrusion, and uniform
extrudates were produced. They have smooth surface and brittle.

The higher surfactant concentration gave higher extrusion force and more
variation as shown in Figure 31. Linearity was observed when plotted against HCO-40
concentration in log scale as shown in Figure 32.

This agreed with the work reported by Podczeck [64]. Podczeck et al. reported
that the higher surfactant content in the Avicel PH101 wet mass caused higher
extrusion force. The extrusion force may increase by effect of viscosity from non-
ionic surfactant in the binding liquid [64]. In this study, the extrusion force was also
increased with increased viscosity of binding liquid.

However, the rheology properties of the CSD paste indicated that G’ (solid
behavior) was increased with up to 1% w/w HCO-40, and almost constant with 1 -
5% w/w HCO-40; then it was decreased with 7.5 = 12.5% HCO-40. The behavior of
increasing high extrusion force of wet mass with increased concentrations of
surfactant could not be directly related to rheological properties. The wet mass

contained more solid content than the studied paste. Therefore, in the wet mass,
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the interaction between silanol-silanol group of CSD could strengthen CSD aggregates
and dominate the structure of wet mass for the whole range of binding liquid
concentration studied.

It was also possible that the higher extrusion force measured for the wet mass
with the higher HCO-40 concentrations was caused by less amount of water in the
wet mass available for lubricating the die.

The performance of extrusion process and the extrudate with smooth surface
obtained in this study may be due to long die i.e. length to radius ratio was 4 and

small particle size of CSD.
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Figure 31 Average extrusion force of CSD wet mass with concentration of HCO-40

in linear scale.
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Figure 32 Average extrusion force of CSD wet mass with concentration of HCO-40
in log scale.
Pellet morphology

The appearance of pellets in modal size of the 3 patch is shown in Figure 33.
It showed that pellets produced with low concentration of HCO-40 had greater size;

and pellets produced with high concentration of HCO-40 had rod shape.
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Figure 33 Pellets at magnification of 0.67x observed by stereo microscope;
pellets made with varied HCO-40 concentrations: 1.5% w/w (A), 2% w/w (B), 2.5%

w/w (C), 3% w/w (D), 5% w/w (E), 7.5% w/w (F), 10% w/w (G) and 12.5% w/w (H)
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Figure 34 Untreated CSD at magnification of 20000x
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Figure 35 SEM image of pellets at magnification of 70x; pellet made with varied

HCO-40 concentrations: 1.5% w/w (A), 2% w/w (B), 2.5% w/w (C), 3% w/w (D), 5%

w/w (E), 7.5% w/w (F), 10% w/w (G) and 12.5% w/w (H)
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Figure 36 SEM image of cross-section of pellets at magnification of 20000x; pellet
made with varied HCO-40 concentrations: 1.5% w/w (A), 2% w/w (B), 2.5% w/w (C),

3% w/w (D), 5% w/w (E), 7.5% w/w (F), 10% w/w (G) and 12.5% w/w (H)
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Figure 37 SEM image of surface of pellets at magnification of 20000x; pellet
made with varied HCO-40 concentrations: 1.5% w/w (A), 2% w/w (B), 2.5% w/w (C),

3% w/w (D), 5% w/w (E), 7.5% w/w (F), 10% w/w (G) and 12.5% w/w (H)
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Table 12 Modal size of pellets

Modal size 2nd size
HCO-40 Yield
Formulation Batch Weight Weight
concentration Size Size two sieve
No. No. retained retained
(% w/w) (mm) (mm) (%)
(%) (%)

1 . . . . .
a4 1.5 2 1.4-2.0 56.5 1.0-1.4 14.4 70.9
3 1.4-2.0 68.9 1.0-1.4 12.0 80.9
1 1.0-1.4 50.7 1.4-2.0 44.4 95.1
5 2 2 1.0-14 81.7 1.4-2.0 12.8 94.5
3 1.0-1.4 76.6 1.4-2.0 10.5 87.2
1 1.0-14 89.2 0.71-1.0 6.8 96.0
6 2.5 2 0.71-1.0 a7.9 1.0-1.4 41.5 89.4
3 1.0-1.4 80.9 0.71-1.0 16.1 97.0
1 1.0-1.4 85.4 0.71-1.0 13.0 98.4
7 3 2 0.71-1.0 67.7 0.50-0.71 24.1 91.8
5] 1.0-1.4 7.1 0.71-1.0 21.6 98.7
1 0.71-1.0 84.0 1.0-1.4 9.6 93.7
8 5 2 0.50-0.71 78.2 0.71-1.0 19.3 97.5
3 1.0-1.4 58.5 0.71-1.0 35.7 94.3
1 0.71-1.0 68.3 0.50-0.71 28.3 96.5
9 7.5 2 0.50-0.71 73.4 0.71-1.0 24.9 98.3
3 0.71-1.0 60.4 1.0-1.4 238 84.1
1 0.50-0.71 61.9 0.71-1.0 32.9 94.8
10 10 2 0.50-0.71 65.0 0.71-1.0 27.0 92.1
3 1.0-1.4 44.6 0.71-1.0 40.6 85.1
1 0.71-1.0 45.8 0.50-0.71 435 89.3
11 125 2 0.50-0.71 37.1 0.71-1.0 26.0 63.0

3 1.0-1.4 39.6 0.71-1.0 247 64.3
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Pellets morphology observed by SEM showed similar cross-section and surface
(Figure 35-Figure 37). Pellet surface was rough (Figure 35). The cross-section show
dense agglomeration of CSD in pellets (Figure 36), comparing with untreated CSD
powder (Figure 34).

In this studied, the wet mass prepared with water was able to be extruded by
long die-ram extruder but it failed to form pellet during spheronization. In general, it
was found that the wet masses containing 2.0 - 3.0% w/w HCO-40, which were
extruded with the force between 7.61 — 7.81 kN, could produce pellets with desired
properties.

For the wet mass with 0.1% HCO-40, it could be extruded. However,
uncontrollable agglomeration of the extrudates occurred and the mass adhered to
the wall and plate during spheronization. Uniform large pellets (> 2mm) were
obtained with the formulation containing 0.5 - 1.5% w/w HCO-40. Size of
pharmaceutical pellets are usually in the range of 0.5 - 2.0 mm [21]. The pellets
made from 2% w/w to 12.5% w/w HCO-40 were in this size range. The geometric
mean of the pellet size was decreased with increased HCO-40 concentrations.

Size distribution according to the value of standard deviation was not much
varied. Narrow size distribution was observed for the pellets made from 5% - 10%
HCO-40 which had rod shape.

Yield of pellets in each batch calculated from pellets in size range 0.71 - 1.4
mm. Pellets made with 2.5% w/w HCO-40 gave the highest yield with reproducibility
i.e. low variation between batches.

Spherical pellets should have the aspect ratio less than 1.2 [17, 35-37].
According to this criterion, the pellets made with 1.5 - 3% w/w HCO-40 were
spherical. The aspect ratio was increased but geometric mean was decreased with
extrusion forces, depending on the HCO-40 concentrations. It was possible that

higher extrusion force produced denser extrudate which was difficult to deform to
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round pellets. In addition, these wet mass contained relatively low water content
which may be insufficient for deformation of pellets. At the high concentration,
there appeared to be more rod shape pellets, as shown in Figure 33.

Overall results indicated that the most desired properties of pellets, in term of
yield, size and shape, could be obtained from the formulation containing 2.5% w/w
HCO-40. Podczeck et al, reported that content and type of surfactant may not
influence the MCC pellet shape [66]. Addition of surfactant in the MCC formulation
could produce pellets with shape factor value more than 0.6 indicating acceptable

shape of pellets.
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Figure 38 Aspect ratio of CSD pellets plotted against G’

The shape of pellets might be related to G’ (solid behavior) of the formulation.
The aspect ratio was reduced with an increase in G’, as shown in Figure 38. The
round pellets with the aspect ratio less than 1.2 obtained from the wet mass

containing 1.5 - 3.0% w/w HCO-40 and having G’ value of 209 - 239 kPa. In addition,
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these values were considerably constant in the range of plateau found in Figure 24.
The result agreed with reported work for MCC pellets which suggested that
acceptable properties of MCC pellets were obtained with G’ or G” value was not
very much changed while water content was increased [20].

True density, true density of pellets made from 0.5 to 12.5% w/w was decreased
from 1.94 to 1.78 ¢/mL, respectively. Density of CSD and HCO-40 was 2.2 [44] and
1.03 ¢/mL [118], respectively, Basically, wet mass was denser after compression
during extrusion process. In this study, the true density was not affected by
extrusion force which was increased with the HCO-40 concentration. The reduction
of true density was dependent on HCO-40 content in the formulation, as it could be
seen in the SEM image, Figure 36 and Figure 37, which high concentration of HCO-40
filled in the space between CSD particles.

Mechanical strength of pellets in this experiment showed high variation. The
highest value of mechanical strength was of the pellets made with 10% w/w HCO-40
which showed 0.332 MPa of mechanical strength. AWl CSD pellets in this study
possessed low mechanical strength. Mechanical strength of CSD pellets showed in
lower value than 0.5 MPa which was sufficient for further process [17]. However,
Podczeck proposed that addition of drugs and other fillers may improve the pellet
strength [4]

Overall the results indicated that interaction between silanol-silanol groups of
CSD in the wet mass was attributed to pellet formulation. However, this should be
modified with the presence of HCO-40 at the optimum level which was adsorbed
onto CSD surface.

Addition of HCO-40 in water can change the interaction between water and CSD
surface, leading to aggregation between CSD particles. Characterization of input

materials suggested that rheological properties of the wet mass were important
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attributes for pellet formation. The effect of rheology here was also influence by
solid content of the system studied.
3. Chemical characteristics of CSD and surfactant in pellets

3.1. Infrared spectroscopy

o] OR
-

m
~o ) OR
o \/V\/\/W
OR
Figure 39 Chemical structure of Kolliphor® RH40 (HCO-40) where l+m+n = 40 -

45, R = H of polyethylene glycol residue, modified from Reintjes, 2011 [122]

On the surface of CSD, there are silanol groups i.e. isolated silanol, geminal
silanol and vicinal or bridge silanol as shown in Figure 1, are hydrophilic parts. The
siloxane group which is also present on the surface is a hydrophobic area of CSD.
The chemical structure of HCO-40 is shown in Figure 39. It is a hydrophilic surfactant

which HLB value is 14 - 16 [5].
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Figure 40 FT-IR spectrum of untreated CSD

The FT-IR spectrum of CSD showed a broad peak at 3447.1, 1110.0, 807.6 and
4702 cm’ as shown in Figure 40. The FT-IR spectra of pellet samples also showed
broad peaks at the same positions. The board peak at around 3400-3500 e’ is the
peak of OH stretching, indicating the presence of water and hydrogen bonded silanol
group according to Wang and Wunder [77].

In addition, Wang and Morrow found that there may be little peaks of hydrogen
bonded silanol group at 3550 and 3650 cm’ and the shoulder of the peak at 3720
cm’ [123]. However, these characters were not found in the present study.

The peaks at 807.6 and 1110.0 cm’ found in the FT-IR spectrum of CSD are
character Si-O-Si stretching which has been reported around 800 and 1100 cm—l,
respectively [124, 125]. The peak at 470.2 cmf1 may be Si-O-Si bending which has
been reported at 450 ' [125]. Although KBr used in this experiment was dried
before used, the noise from adsorbed water and carbon dioxide was shown around

1650 and 3700 cm .
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Table 13 Show peak position for FT-IR spectrometer from pellets (n = 3)

Peak position

Formulation HCO-40
Si-O-Si -CH, -OH

No. concentration

stretching stretching stretching
(% w/w)

(Mean (SD)) (Mean (SD))  (Mean (SD))
1 0.1 1106.9 (0.2) - 3446.9 (0.3)
2 0.5 1107.2 (0.3) - 3447.4 (0.4)
3 1 1107.5(0.2) - 3447.2 (0.1)
4 1.5 1107.5(0.1) - 3447.1 (0.2)
5 2 1107.2 (0.2) - 3447.0 (0.4)
6 2.5 1107.1 (0.1) - 3447.1 (0.1)
7 3 1106.6 (0.3) - 3447.3(0.2)
8 5 1106.6 (0.1) 2926.3*%* 3447.4 (0.0)
9 7.5 1103.6 (0.2) 2927.1(0.3) 3447.0 (0.2)
10 10 1103.6 (0.1) 29269 (0.1) 3447.3(0.2)
11 12.5 1103.3(0.2) 2927.1(0.0) 3447.4(0.3)
Untreated CSD 1110.0 (0.8) - 3447.1 (0.1)
CSD (processed with water)  1107.3 (0.3) - 3447.3 (0.1)
HCO-40 - 2924.6 (0.3) 3447.3(0.2)

* CSD powder mixed with water and dried in oven at 50°C for 2 h.

*n=2

The characteristic peaks of isolated single silanol and geminal silanol groups
which should be located around 3747 cm were not found in the FT-IR spectra of
CSD and pellets. These peaks were reported by Tripp and Hair for Aerosil” 380 after

storage under vacuum condition at high temperature [98].



92

In all samples, the characteristic peak for OH stretching was not shifted i.e.
3446.9 — 3447.4 cmfl, comparing the FT-IR spectrum of untreated CSD and that of the
pellet samples. This indicated that interaction of adsorbed water and silanol group
was not affected by addition of HCO-40. The characteristic peaks of Si-O-Si bending
and stretching around 470 and 800 cm’ were also not influenced.

The FT-IR spectra showed that the peak shift was found for Si-O-Si stretching.
However, Si-O-Si stretching at 1110 e was shifted from 1110.0 cm™ for CSD to
11033 cm’* for pellets made with 12.5% w/w HCO-40.

Perry et al. suggested that the shifting of Si-O-Si stretching was found with
thermal treatment. The peak was shifted to higher wavenumbers due to changing in

bond length and/ or bond angle by higher temperature [126].
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Figure 41 FT-IR spectrum of HCO-40
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Figure 42 FT-IR spectrum of pellets made with 12.5% w/w HCO-40 solution

The FT-IR spectrum of HCO-40 showed a sharp peak at 1106.8 and 2924.6 cm’
as shown in Figure 41. The peaks at 1106.8 may be due to the C-O stretching [127]
from polyoxyl part of HCO-40 and the peak at 2924.6 cm’ may be due to C-H
stretching of CH5 in the alkyl chain which was reported at 2952 cm’' by Erkelens and
Liefkens [128].

The peak of C-H stretching was found only in the FT-IR spectra of pellets made
with HCO-40 concentration at 5% w/w and higher. It was shifted from 2924.6 cm’
for HCO-40 to 2927.1 cm ' for the pellets made with 12.5% w/w HCO-40 (Figure 42).
This indicated that the hydrophobic interaction between HCO-40 and CSD occurred
in pellets through adsorption of hydrophobic chain of HCO-40 on CSD surface. The
evidence of interaction between surfactant molecules was found in the AFM result
where the presence of HCO-40 molecules could reduce adhesion force on the CSD
surface. The adsorption of long hydrocarbon chain on the surface of silica was

shown by shifting in the band of CH; stretching, which was about 5 cm’ higher
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wavenumbers than that of the pure compound, was also reported by Erkelens and
Liefkens. [128].
3.2. Solid state nuclear magnetic resonance spectroscopy

Solid state 'H MAS NMR
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Figure 43 'H MAS NMR spectrum of untreated CSD

'H MAS NMR of untreated CSD showed a peak at 3.52 ppm and a little peak at
1.95 ppm (Figure 43). These peaks could be hydrogen bonded silanol and isolated
silanol group, respectively.

Caillerie et al. reported that the chemical shift around 3 - 7 ppm indicated
hydrogen bonding between silanol groups on pyrogenic silica and water. The peak
was shifted to upper value when the silica was exposed to relatively high humidity
[129]. In addition, it was possible that the chemical shift was hydrogen linking silanol
groups as reported by Deleplanque et al. who found this chemical shift at 3.1 ppm

for 'H MAS NMR spectra of Aerosil® 380 [130].
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Table 14 Peak position for 'H MAS NMR of CSD pellets

Peak position (ppm)

HCO-40
Formulation
concentration H of
No. (% w/w) H-bonding isolated -CH,- -CH;
silanol

1 0.1 4.03 - 1.64 1.28
2 0.5 3.57 - 1.07 0.71
3 1 3.91 - 1.62 1.33
4 1.5 4.20 - 1.66 1.29
5 2 4.04 - 1.63 1.30
6 2.5 4.13 - 1.64 1.29
7 3 3¥52 - 1.16 0.70
8 5 4.05 - 1.68 1.28
9 7.5 4.07 - 1.69 1.27
10 10 4.03 - 1.72 1.32
11 12.5 3.57 - 1.18 0.77

Untreated CSD 3.52 1.95 - -

CSD (process with water) 3.89 - - -

The little peak observed at 1.95 ppm was supported by the 'H MAS NMR spectra
of Aerosil® 380 which showed the peak of isolated silanol group at 1.85 ppm [130].

The 'H MAS NMR spectra CSD processed with water showed only peak at 3.89
ppm of hydrogen bonding between silanol group and water or silanol groups. The
disappearing of the peak at 1.95 ppm of isolated silanol group was because it was
accessible by water during the process.

Similarly, the broad peaks at 3.52 — 4.13 ppm were also found for the 'H MAS

NMR spectra of all pellet samples (appendix Figure VI-1-Figure VI-2) with absence of
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the peak at 1.95 ppm. This could be due to the addition of water in the formulation
of pellets which introduced the conversion of isolated silanol group to hydrogen
bonded silanol groups.

When there was the surfactant, there appeared to be chemical shifts at 0.77 —
1.33 ppm and at 1.07 - 1.72 ppm in the 'H MAS NMR spectra of pellets. These peaks
corresponded to the amount of surfactant in the pellets. The characteristic peaks
may be explained by -CH; and -CH,- on the hydrocarbon chain of HCO-40. Rub et
al. found that the chemical shift of -CHj; in 'H NMR spectra of TX-100 surfactant
located at 0.549 and 1.124 ppm; and that of -CH,- showed a peak at 1.495 ppm [131,
132]. Saveyn et al., also found that the chemical shift of -CH; group and —CH,- in 'H

NMR spectra of Tween 20 showed peak at 1 and 1.2 ppm, respectively [133].

PW-1H

3.89

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure 44 'H MAS NMR spectrum of CSD processed with water
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Figure 45 'H MAS NMR spectrum of CSD pellets made with 2.5% w/w HCO-40
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Solid state CP MAS *Si NMR

Table 15 Peak position for Si CP MAS NMR of CSD pellets

Formulation HCO-40
Peak position (ppm)

concentration (%

No.

w/w) Q2 Q3 Q4

1 0.1 -94.06 -102.54 -
2 0.5 -95.35 -105.17 -111.06
3 1 -94.30 -103.01 -110.92
4 1.5 -93.71 -102.59 -113.07
5 2 -92.54 -102.27 -109.38
6 2.5 -95.06 -102.98 -115.22
7 3 -96.78 -104.86 -111.36
8 5 -93.71 -103.28 -112.76
9 7.5 -94.40 -102.95 -112.99
10 10 -94.59 -102.98 -111.53
11 12.5 -96.01 -103.76 -113.42
Untreated CSD -91.90 -98.45 -112.18
CSD (process with water) -92.70 -102.38 -112.11

It has been reported by Tuel el at. that Si CP MAS NMR could separate silanol
groups into 3 species. The geminal silanol specie containing 2 silanol groups
connected to one silicon atom showed a chemical shift at -90 ppm (Q2). Isolated
silanol groups and vicinal silanol groups which are hydrogen bonded silanols were
present at -100 ppm (Q3). Silicon dioxide of which the silanol group was lost
showed chemical shift at -110 ppm (Q4) [134]. While in the experiment by Humbert,
it was found that isolated silanol groups and vicinal silanol groups showed the

chemical shift at -96 ppm [135].
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In this study, it was found that ZSi CP MAS NMR spectra of untreated CSD
showed chemical shift at -91.90, -98.45 and -112.18 ppm (Figure 46). These
chemical shifts were due to the presence of geminal silanols, isolated silanols or

vicinal silanols and surface siloxanes, respectively.

5102-298i

-91.90
-98.45
-112.18

ppm

Figure 46 Si CP MAS NMR spectrum of untreated CSD
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Figure 47 S cP MAS NMR spectrum of CSD processed with water

The “’Si CP MAS NMR spectra shows a slight change in the chemical shift of CSD
processed with water to -92.70 and -102.38 ppm for geminal silanol groups and
isolated silanol groups and/or hydrogen bonded silanol groups, respectively.
Therefore these species might be sensitive to presence of water.

When there was HCO-40 in the pellets, there were inconsistent chemical shifts
for geminal silanol groups, isolated silanol groups or vicinal silanols, and siloxanes as
shown in Table 15. The chemical shift around -110 ppm was clearly seen as a
shoulder of the broad peak in the pellets made HCO-40 which was shown in the
spectra (Figure 48, appendix Figure VI-3-Figure VI-4). These might be occurrence of

siloxanes.
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Figure 48 ~'Si CP MAS NMR spectrum of CSD pellets made with 2.5% w/w HCO-40

The results from AFM, FT-IR and solid state NMR spectroscopy showed that there
was the interaction between CSD and HCO-40.

AFM technique suggested that HCO-40 reduced the contact angle between
water and CSD by change in adhesion force. However, AFM result could not indicate
adsorption of HCO-40 molecules on surface of CSD. Liquid penetration study using
Enslin apparatus indicated that HCO-40 molecules could be aggregated on the CSD
surface and help in liquid penetration particularly at the low HCO-40 concentrations.
Upon drying, the FT-IR spectroscopy results informed that CSD and HCO-40 in the
pellets may interact via weak interaction, like Van de Waals force. This interaction
was from hydrocarbon chain of HCO-40 and hydrophobic area of CSD. This was also
consistent with both 'H MAS NMR and *’Si CP MAS NMR experiment. However, this
weak interaction found in the CSD pellets may not be related to ability of pellet

formation.
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The formation of pellets could be involved with hydrogen bonding between
silanol-silanol groups which allowed CSD particles to form clusters. The clusters
required an appropriate elastic property for pellet formation as suggested by
rheological study.

In addition, interaction between water and silanol group as indicated by TGA
results may play an important role in the extrusion-spheronization of CSD. The
interaction between water and CSD surface should be optimal so that the interaction
between CSD and CSD particles could dominate the system.

The interaction between water and silanol groups may be modified by addition
of HCO-40. HCO-40 molecules could reduce hydration effect and limit the
interaction between silanol group from CSD and water via hydrogen bonding. Then
the properties of wet mass and extrudate could be adjusted by adjusting content of

the HCO-40.



CHAPTER V
CONCLUSIONS

In this study, the effect of a surfactant, polyoxyl 40 hydrogenated castor oil
(HCO-40), on the formation of silicon dioxide (CSD) pellets was investigated. The
conclusions could be drawn as the following:

The CSD pellets could be formed with CSD to binding liquid ratio at 1: 2. The
ability to form pellets was dependent on binding liquid concentrations. Too low
concentrations caused uncontrollable agglomeration and too high concentrations
resulted in rod shape pellets. The appropriate concentration of binding liquid that
formed pellets with rounded shape and narrow size distribution was 2.5 — 3% w/w.
The role of binding liquid concentrations was found to be due to change in
interaction between water and CSD surface which could be influenced by addition of
HCO-40.

In addition, the ability to form pellets was dependent on proportion of solid
content to water. The higher solid content was likely to form strong clusters of CSD
particles through interaction between silanols which were hard to deform to be
spherical particles. The rheological properties may suggest the optimum proportion
of solid content to water that could form pellets with the desired property.

Overall results suggested that CSD pellet formation could be achieved by
adjusting the amount of CSD, water and HCO-40. It is noted that CSD grade used in
this study was fumed hydrophilic silicon dioxide on which its surface contains silanol
species and siloxanes.

Further study should be carried out with other surfactants with varied HLB values

and with additional fillers.
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Appendix I: Radius of gyration

Table I-1 Radius of gyration (R,) from SAXS

HCO-40 R, from Guinier fit (nm), n=1
concentration Sample
(% w/w) Solution  Suspension  Wet mass Pellet
DI water NA 15.4* NA NA
0.1 12.6% 15.4% 16.9% 13.7%
0.5 59 15.6% 14.4% 13.8%
1 5.0 15.6% 14.2% 14.0%
1.5 53 15.7% 14.2% 13.9%
2 5.9 15.6% 13.8% 14.1*
25 6.4 15.6% 14.1* 14.2%
3 4.8 15.6% 14.1* 14.3%
5 4.6 15.6% 14.5% 14.3%
7.5 39 15.6% 14.5% 14.6%
10 4.0 15.5% 16.1% 14.8%
12.5 5.0 15.5% 15.2% 15.8%

* Data invalid due to Ry multiplied by maximum g-value was more than 1, fitted

with 5 minimum g value; NA, no data.
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Table II-1 Degradation temperature of MCC in wet mass

HCO-40 Concentration

MCC degradation (°C)

(% w/w)

DI water 348.5 (0.9)
0.1 347.7 (0.4)
0.5 347.7 (1.5)

1 349.4 (1.0)
1.5 350.6 (0.3)
2 352.4 (1.1)
2.5 353.4 (1.1)
3 354.0 (0.9)
5 358.9 (0.6)
7.5 363.0 (0.5)
10 366.5 (0.5)
12.5 370.2 (0.7)
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Appendix lll: Rheological data
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Figure Ill-1 Amplitude sweep (strain sweep) test results of CSD paste using
dispersing liquid: water (‘), HCO-40 at 0.1% (M), 0.5% (A), 1% (X), 1.5% (9[%),
2% (®), 2.5% (1), 3% (X), 5% (), 7.5% (¥), 10% (W), 12.5% w/w (A)
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Figure 1lI-2 Amplitude sweep (stress sweep) test results of CSD paste using
dispersing liquid: water (@), HCO-40 at 0.1% (M), 0.5% (A), 1% (X), 1.5% (>£),
2% (@), 2.5% (), 3% (X), 5% (), 7.5% (), 10% (W), 12.5% w/w (A)
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Figure IlI-3 G’ from frequency sweep at 0.1-100 rad/s when the dispersing liquid:

water (@), HCO-40 at 0.1% (M), 0.5% (A), 1% (X), 1.5% (55), 2% (®), 2.5% (-

), 3% (X)), 5% (), 7.5% (€), 10% (W), 12.5% w/w (A )
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Figure lll-4 G” from frequency sweep at 0.1-100 rad/s when the dispersing liquid:

water (@), HCO-40 at 0.1% (M), 0.5% (A), 1% (X), 1.5% (55), 2% (®), 2.5% (-

), 3% (X)), 5% (), 7.5% (), 10% (m), 12.5% w/w (A )
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Figure IlI-5 Complex viscosity from frequency sweep at 0.1-100 rad/s when the
dispersing liquid: water (‘), HCO-40 at 0.1% (M), 0.5% (A), 1% (X), 1.5% (),
2% (®), 2.5% (1), 3% (X), 5% (), 7.5% (¥), 10% (M), 12.5% w/w (A )
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Appendix IV: Pellet morphology

Figure IV-1 Pellets from 1" batch at magnification of 0.67x observed by stereo
microscope; pellets made with varied HCO-40 concentrations: 1.5% w/w (A), 2% w/w
(B), 2.5% w/w (C), 3% w/w (D), 5% w/w (E), 7.5% w/w (F), 10% w/w (G) and 12.5%
w/w (H)
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Figure IV-2 Pellets from 2™ batch at magnification of 0.67x observed by stereo
microscope; pellets made with varied HCO-40 concentrations: 1.5% w/w (A), 2% w/w
(B), 2.5% w/w (C), 3% w/w (D), 5% w/w (E), 7.5% w/w (F), 10% w/w (G) and 12.5%
w/w (H)
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Figure V-1 FT-IR spectrum of dried spheronized CSD made with 0.1% w/w HCO-

40 solution
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Figure V-2 FT-IR spectrum of pellets made with 0.5% w/w HCO-40 solution
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Figure V-3 FT-IR spectrum of pellets made with 1% w/w HCO-40 solution
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Figure V-4 FT-IR spectrum of pellets made with 1.5% w/w HCO-40 solution
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Figure V-5 FT-IR spectrum of pellets made with 2% w/w HCO-40 solution
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Figure V-6 FT-IR spectrum of pellets made with 2.5% w/w HCO-40 solution
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Figure V-7 FT-IR spectrum of pellets made with 3% w/w HCO-40 solution
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Figure V-8 FT-IR spectrum of pellets made with 5% w/w HCO-40 solution
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Figure V-9 FT-IR spectrum of pellets made with 7.5% w/w HCO-40 solution
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Figure V-10 FT-IR spectrum of pellets made with 10% w/w HCO-40 solution




136

%Transmittance

751Dl water (mixture)
704
651
60-
551
50‘2
45*5
40‘i
351
30!
251

20}

4000  3s0 3000 2500 2000 1500

Wavenumbers (cm-1)

| 1107.07

000

809.85

500

470.51

Figure V-11 FT-IR spectrum of CSD processed with water
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Appendix VI: Solid-state Nuclear magnetic resonance spectra
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Figure VI-1 "H MAS NMR spectra of untreated CSD (a), CSD processed with water (b),
dried spheronized CSD made with 0.1% w/w HCO-40 (c), CSD pellets made with HCO-
40 solution at concentration 0.5% w/w (d), 1% w/w (e), 1.5% w/w (f), 2% w/w (g)
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Figure VI-2 'H MAS NMR spectra of untreated CSD (a), CSD pellets made with HCO-40
solution at concentration 2.5% w/w (b), 3% w/w (c), 5% w/w (d), 7.5% w/w (e), 10%

w/w (f), 12.5% w/w (g)



139

-102.27 | g
-92.54 -109.38 e
-102.59 o
-93.71 -113.07 f L.
-103.01
-94.30 -110.92 e
105.17 al
105 g

-95.35 -111.06 [
-102.54 i

-102.38 [}
-92.70 -112.11 b I
-98.45
-91.90 |
-112.18 a |,
-slo I I I I -1::o I I I I -1|10 I I I I[ppm]

Figure VI-3 Si CP MAS NMR spectra of untreated CSD (a), CSD processed with water
(b), dried spheronized CSD made with 0.1% w/w HCO-40 (c), CSD pellets made with
HCO-40 solution at concentration 0.5% w/w (d), 1% w/w (e), 1.5% w/w (f), 2% w/w

(9)
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Figure VI-4 “Si CP MAS NMR spectra of untreated CSD (a), CSD pellets made with
HCO-40 solution at concentration 2.5% w/w (b), 3% w/w (c), 5% w/w (d), 7.5% w/w
(e), 10% w/w (), 12.5% w/w (g)
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