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Abstract

Moisture sorption and desorption isotherms of standard and silicified microcrystalline cellulose (MCC and SMCC) were determined
using an automatic multi-sample gravimetric analyzer, and compared by fitting different kinetic models, including the excess surface
work model (ESW), the BET and GAB model, Young and Nelson model and recently developed parallel exponential kinetics (PEK)
model. It was found that silicification affects the moisture sorption and desorption properties of SMCC mainly at high relative humidity
(above 50% and 70%, respectively). In general, the differences in the moisture sorption and desorption properties of MCC and SMCC can
be elucidated by the different kinetic models. Particularly the PEK model shows that hysteresis is related primarily to a fast sorption
process, which corresponds to bound water, and secondarily to a slow process, which corresponds to sorption of free water and that
SMCC acquires more water than MCC at RH higher than 50% by the slow (secondary) sorption process. A possible mechanism for this
process is presumably the hydrolysis of SiO, particles and formation of silanol groups that act as a water reservoir, preventing the accu-
mulation of more water in the polymer matrix and thus may be protecting the structure of SMCC from undergoing irreversible structural

changes that would impair its performance as an excipient.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Microcrystalline cellulose (MCC) is by far the most
widely used direct compression and wet granulation phar-
maceutical excipient, but several limitations to its function-
ality have been pointed out, such as poor flow and packing,
great dependence of disintegration on the compression
load, excessive mechanical strength of tablets, high sensitiv-
ity on lubricant and moisture content, and deterioration of
compression properties after wet granulation [1]. Most of
the aforementioned formulation problems are related to
the interactions of MCC with water. Specifically, the sensi-
tivity of MCC to wet granulation is related to an abrupt
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increase in granule density upon drying, attributed to the
formation of new H-bonds between hydroxyl groups previ-
ously occupied by water molecules, a process known as
“hornification” in the wood-pulp industry [2]. Further-
more, it has been shown that even small batch-to-batch
variations in residual water content can have a significant
effect on MCC compression properties [3].

In an attempt to overcome the limitations in MCC func-
tionality, a product known as silicified-MCC (SMCC) was
marketed [4]. Comparative studies have failed to identify
any bulk chemical change in the amorphous or crystalline
regions of MCC due to the silicification process [5], or
any difference in the enthalpy of water sorption [6], and
the improved performance of the silicified-MCC was pre-
sumably attributed to the surface modification of the
MCC particles. Particularly, the resistance of SMCC to
the effects of wet granulation indicates differences in the
mechanism of water sorption and desorption and further
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evidence for the existence of differences in the hydration
process between standard and silicified MCC was the sig-
nificantly higher disintegration time of SMCC compacts
compared to that of corresponding MCC compacts after
storage at different % RH environments [7]. It was found
that at high relative humidity (72% RH) the incorporated
SiO, reduces the energy of interparticle bonding and the
interparticle separation, resulting in more extended disinte-
gration times due to reduced uptake of water into the tab-
lets and to the probable reduction of water available for the
deployment of the microcrystalline cellulose activity as
disintegrant.

The effects of moisture sorption on the solid state prop-
erties of excipients have been recently discussed [8], and
particularly the interactions of various celluloses with
water, and the relations with crystallinity, have been inves-
tigated [9]. Different methods have been utilized, and it has
been established that water is sorbed almost exclusively by
the amorphous regions of MCC. Moreover, gravimetric
determination of dynamic moisture sorption followed by
theoretical BET isotherm analyses [10,11] as well as exper-
imental dielectric response measurements [12], suggested
the attachment of a single water molecule per anhydroglu-
cose unit, while differential scanning calorimetry (DSC)
studies revealed a value of 3.4 non-freezing bound water
molecules per anhydroglucose unit [13,14]. The fractional
number could be resulting from the association of a water
molecule with two adjacent anhydroglucose units, or from
the dependence of water H-bonding patterns on the confor-
mation of the cellobiose dimer [13]. However, until now the
mechanism by which the presence of colloidal SiO, parti-
cles on the surface of silicified MCC affects its interactions
with water is not fully understood. Therefore, in the pres-
ent study, elucidation of the effects of silicification on the
water sorption and desorption process is attempted by
employing a sensitive automatic multi-sample gravimetric
sorption analyzer and comparing for MCC and SMCC
the fitting parameters and constants involved in different
kinetic models. The kinetic models selected are those com-
monly applied for pharmaceutical materials and a newly
developed parallel exponential kinetics (PEK) model [15].
The last assumes two parallel independent first order pro-
cesses, a fast and a slow one, taking place simultancously
to describe moisture sorption and desorption by two differ-
ent mechanisms related to sites with different accessibility
and affinity to water molecules.

2. Materials and methods
2.1. Materials

Avicel® PH 101, NF/EP Lot: 6950C (FMC Internation-
al, Little Island, Cork, Ireland), the first MCC product
introduced in the market, and Prosolv® 50, Lot:
P5S0010, (Penwest Pharmaceuticals Co., Nastola, Finland)
were selected as standard and silicified-MCC, respectively.
The <63 um size fraction was separated by sieving and

used, to minimize the effects of possible differences in the
intraparticle porosity and therefore in moisture sorption
and desorption. Crystallinity of both MCC and silicified-
MCC was determined by employing PXRD analysis.

2.2. Methods

2.2.1. Dynamic moisture sorption and desorption

An automatic multi-sample moisture sorption analyzer
SPS11 (Projekt-Messtechnik, D-Ulm) was used, equipped
with a specially designed climatic chamber, an analytical
balance with a resolution of 10 ug (AB135-S, Mettler Tole-
do Inc.) and a sample changer. The instrument allows a
continuous monitoring of the mass changes of 11 samples,
which are exposed to the same atmospheric conditions. The
samples are sequentially weighed and the humidity is kept
constant until all of the samples meet a preset equilibrium
condition. Three samples of approximately 1.0 g of each
excipient were pre-equilibrated over a saturated K,CO;
solution (43% RH) before they were uniformly spread in
aluminum sample dishes of 5 cm diameter and placed in
the moisture sorption analyzer. The measuring cycle was
started at 43% relative humidity (RH %) followed by an
equilibration step at 0% RH. Then the moisture sorp-
tion—desorption cycle was started at 25.0 + 0.1 °C, increas-
ing the relative humidity by 5% RH intervals. The variation
of the humidity values was less than 40.5% and the mass
change of the samples was recorded every 8 min. The equi-
librium condition was set to <0.01% total mass change
within 40 min and when it was fulfilled the relative humid-
ity was automatically increased by 5% RH until 95% RH
and then decreased down to 0% RH following the same
stepwise manner.

Gravimetric moisture sorption/desorption analysis pro-
vides only the relative mass change as function of RH.
The mass change (in %) is usually calculated on the basis
of the lowest mass at the driest condition (close to 0%).
However, strongly bound water that cannot be removed
at this condition may be still present in the polymer and
in order to calculate the absolute water content of the sam-
ple as a function of RH the absolute water content of the
sample at any RH must be determined. In this study, an
appropriate correction was performed on the basis of the
absolute moisture content determined by thermo-gravimet-
ric analysis (TGA) on three extra samples stored over a sat-
urated K,COj; solution (43% RH, desiccator 25 °C). The
level of 43% RH was chosen as storage condition before
the measurement as well as starting and end condition of
the moisture sorption experiment. This conditioning, close
to the average atmospheric RH in the laboratory, guaran-
tees uniform starting conditions for all samples and no or
minor change in the water content during handling of the
samples before or after the sorption/desorption
measurements.

The automatic multi-sample analyzer is able to provide
information only for the relative weight change of the
sample. However, strongly bound water may be present
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in the polymer matrix that cannot be removed by drying at
0% RH and 25 °C temperature in the analyzer (actual RH
in climatic chamber, 0.2%). Such water was determined
comparing data of the multi-sample moisture sorption
analyzer and TGA determination of moisture content.

2.2.2. TGA determination of the water content

About 5mg of material was subjected to isothermal
TGA, at 105 °C for 180 min, using a Perkin-Elmer TGA-
7 system (Perkin-Elmer, Norwalk, CT, USA) interfaced
to a computer running the Pyris 2.0 software. The experi-
ments were repeated in triplicate. TGA was applied
because it resulted in better reproducible absolute water
content values than Karl-Fischer titration.

2.2.3. PXRD analysis and determination of crystallinity

The powder X-ray diffraction (PXRD) experiments were
conducted using a Siemens D-5000 diffractometer (Siemens
AG, Karlsruhe, Germany) equipped with a theta/theta
goniometer, a CuK, radiation source, a Goebel mirror
(Bruker AXS, Karlsruhe, Germany), a 0.15° soller slit col-
limator and a scintillation counter. The patterns were
recorded at a tube voltage of 40kV and a current of
35mA, at a scan rate of 0.005° 26/s in the angular range
of 2-40° 20. The crystallinity index (CI) was calculated
by the peak intensity method [16] using the formula:

Iy — 1,
Cl =220 “am (1)
I500
where I is the intensity of the 200 reflection at 22.6° 26,
and I, is the baseline intensity at 18.7° 26.

2.2.4. Isotherms comparison and model fitting

2.2.4.1. Analysis of hysteresis. Sorption/desorption hystere-
sis may provide information about structural changes due
to the interaction with water and was quantified at each
equilibration step using both the adsorption—desorption
ratio [10] and the degree of hysteresis [17], according to the
equation:

Mdcs

e G

Degree of hysteresis(%) = 100 x ( i

where M., is the equilibrium water content during desorp-
tion and My, is the corresponding equilibrium water con-
tent during the sorption phase (Yow/w).

2.2.4.2. Excess surface work (ESW) model. According to
Adolphs and Setzer [18-20], ESW is defined the product
of the adsorbed amount and the change in chemical poten-
tial, which is then plotted versus the adsorbed amount. The
ESW yields a minimum that coincides with the monolayer
capacity. The ESW can be calculated from the equation:

D = wygs At = wagRT In (a,,) (3)
where @ is the ESW, w,q, 1s the number of sorbed mole-

cules, Au is the change in the chemical potential, R is the
gas constant, 7 is the absolute temperature and a,, is the

water activity (equal to RH for temperature up to 50 °C).
The linearized form of the ESW model was used in the
present study for the calculation of the onset potential
Ay, or driving force for the water sorption and monolayer
water wy,, as described by Adolphs and Setzer from plots of
In |Au| versus wygs [20]:

In|Ap| = —twads + In Ay 4)

where wy, is the amount of monolayer water, and Ay, is the
onset potential. Ay equals the product RT In(a,,) and for
powdered materials, where capillary condensation may oc-
cur, the ESW model yields a second minimum in the In |Ay|
Versus wygs curve, which consists of two linear parts with
different slopes that can be estimated by fitting a different
linear regression in each linear part.

2.2.4.3. BET and GAB model. The original and the extend-
ed Brunauer-Emet-Teller (BET) equation according to the
modifications of Guggenheim, Anderson and de Boer,
known as the GAB equation [21], was fitted to the moisture
sorption isotherms:

e {ckwna,} (5)

(1 — ka,)(1 — ka,, + cka,,)

where w is the weight of sorbed water per gram of solid, wy,
is the weight of water in the form of a monolayer, a,, is the
water activity, and ¢ and k are parameters related to the
enthalpy of sorption, given by the equations:

k = Byexp {%} (6)
RUELA .

where B; and D are constants, H} is the heat of condensation
of water, H; is the heat of sorption of water sorbed in the
monolayer, H,, is the heat of sorption of water in multilayers
built up on that monolayer, R is the ideal gas constant, and T’
is the absolute temperature. When k = 1, Eq. (2) corresponds
to the BET model, and is applicable to the relative humidity
range from 0 to ~40%. The GAB model has more general
applicability over a wider water activity range, and its
parameters are considered to be more accurate [22].

2.2.4.4. Young and Nelson model. The Young and Nelson
equations [23,24], which distinguish between tightly bound
monolayer, normally condensed externally adsorbed mois-
ture and internally absorbed water, were also fitted to the
sorption—desorption isotherms by a combination of multi-
ple regression and nonlinear iteration procedure [25]:

RH

HZRH—&-(I—RH)E ®)
¥ = RH0 9)
7 ERH E* _E—(E-1)RH
b= f—E—rat g™ E
— (E+1)In(1 — RH) (10)
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M;=A4(0+ p) + By (11)
My = A(0 + B) + BORH .« (12)

where 0 is the fraction of surface covered by a monomolec-
ular layer, s is the fraction of surface covered by a layer of
water two or more molecules thick, f is the total amount of
adsorbed moisture in a multilayer, M and My are the
moisture contents during sorption and desorption, respec-
tively, and RH and RH,,,, are the relative humidity and
the maximum relative humidity, respectively. A, B, and E
are parameters characteristic of the material, given by the
relations:

E = exp [—(q; — qL)kT] (13)
PV m
A= 14
v, "
pwVﬂ
B= 1
v, 1

where, ¢; is the heat of adsorption of water bound to the
surface, ¢ is the heat of normal condensation, k is the
Boltzmann constant, and 7 the temperature, V,, and
V, are the volumes of the adsorbed and absorbed mois-
ture, respectively, py is the density of water and W/ is
the mass of dry material. The product A0 gives the
amount of monolayer moisture, 4 (6 + f3) is the external-
ly adsorbed moisture and By is the amount of absorbed
moisture during the sorption phase. The goodness of fit
was evaluated on the basis of the average percent devia-
tion [26] and the correlation coefficient, calculated as
follows:

ESS
R=\/1- e (16)

where ESS is the sum of squares of the deviation of the ob-
served from the predicted by the model values, and EMS is
the sum of squares of the deviation of the observed values
from their mean [25].

2.2.4.5. Parallel exponential kinetics (PEK) model. The
PEK model [15] is an empirical one whose applicability
has been demonstrated in different cellulosic textile materi-
als [17]. Besides an excellent fit to the experimental data, it
provides a set of easily interpretable, physically meaningful
parameters. It assumes two parallel independent first order
processes taking place simultaneously to describe vapor
sorption and desorption by two different mechanisms or
components (fast and slow) related to sites with different
accessibility and affinity to water molecules. Particularly,
it provides insight into the time scales (rates) and the mass
changes (extents) of the individual components. Experi-
mental moisture content is simulated as a function of time
separately at each equilibration step using Egs. (17) and
(18):

My =My (1 —e ™) + My (1 —e77) (17)
M, =M. (1-e") ~0.6321M (18)

where M, and M_, are the mass change at time ¢ and at
equilibrium state, and 7 is a characteristic time to obtain
approximately 63% of M,. Subscripts 1 and 2 indicate a
fast and a slow kinetic process, corresponding to sites with
high and low affinity with water, respectively. The fast and
slow water affinity sites are presumably related to different
types of amorphous regions, external or internal surfaces,
voids or crystallites, and direct binding of water on hydrox-
yl groups or indirect binding on top of directly bound
water [27]. Direct sorption onto the external surfaces and
amorphous regions should be fast, while indirect sorption
should be slower, since it is energetically less favorable.
PEK parameters M., and M., were calculated for each
equilibration step.

The JMP-IN v. 5.1 (SAS Institute Inc.) nonlinear regres-
sion routine was used for model fitting and evaluation of
the goodness of fit. Particularly for the Young and Nelson
model, a combination of nonlinear iteration and multiple
regression was used, as described in [24,25]. An arbitrarily
chosen value of E was used to calculate 0, y, and f3, and
those values were substituted into Egs. (11) and (12) in
order to obtain theoretical values of M, and M, at various
RH levels. Subsequently, the correlation coefficient, R,
between experimental and theoretical moisture content
was calculated by Eq. (16). This process was repeated until
the value of £ maximizing R and minimizing the percent
deviation between theoretical and experimental moisture
contents was found, and the corresponding 4 and B values
were calculated by multiple linear regression using Egs.
(11) and (12), with the help of an MS Excel spreadsheet.

3. Results and discussion
3.1. Moisture sorption and desorption isotherms

The water content determined by isothermal TGA for
samples equilibrated at 43% RH was found to be similar
for both polymers (5.3% for MCC and 5.2% for SMCC),
but larger than that obtained by using the automatic mul-
ti-sample moisture sorption analyzer (4.4% for MCC and
4.3% for SMCC). This indicates that the dry starting mate-
rial contains a ~1% amount of strongly bound water that
cannot be removed by equilibration at the driest condition
in the climatic chamber of the multi-sample analyzer.
Therefore, the relative mass changes obtained from the
moisture sorption analysis were corrected taking into
account the water content determined by TGA (43%
RH), in order to reflect the absolute moisture content. Fur-
thermore, the similarity between MCC and SMCC in the
amount of this strongly bound water at about 0% RH is
an indication that the SiO, particles on the surface of
SMCC do not contribute in any relatively strong interac-
tion with water, otherwise this amount would be remark-
ably different for SMCC.

In Fig. 1(a) plots of the percent mass change and
the recorded relative humidity vs time are presented for
the whole sorption—desorption cycle, and in Fig. 1(b) the
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Fig. 1. (a) Plots of percent (%w/w) mass change (SMCC: solid line, MCC: dashed line) and percent relative humidity (dotted line) versus time, and (b)
sorption and desorption isotherms of SMCC (full symbols), and MCC (empty symbols) after correction for the absolute water content determined by

TGA (n=3, SD <0.1).

corrected sorption/desorption isotherms of MCC and
SMCC are shown. For both MCC and SMCC the sorption
isotherms have a characteristic type 11 shape, exhibiting a
significant upswing at RH higher than 80%, which may
originate from the water liquefaction due to capillary con-
densation into pores [28]. Furthermore, the shapes and
positions of the isotherms are almost identical up to 50%
RH, but above this limit, the sorption branch of SMCC
starts to deviate progressively, as SMCC takes up more
water than MCC. As far as the desorption branches are
concerned they show similarity for a wider RH range
(below 70%).

The difference between MCC and SMCC in the sorption
process could be attributed to the presence of extra adsorp-
tion sites in the surface of SMCC, due to the silicification
process (treatment with colloidal SiO, particles). However,
these adsorption sites do not participate in the sorption
process at RH lower than 50%, but they seem to be grad-
ually ““activated” above that limit. This can be explained
by the fact that water molecules require fairly high
amounts of energy to diffuse into amorphous silica, partic-
ularly through pentamer and hexamer rings. The energy
barrier may be even higher when Si atoms are bridged
together through oxygen atoms in a polymer network, as
is the case of colloidal silicon dioxide, and can reach
140 kJ/mol of hydroxyl group formed [29]. The lowest
energy interaction of water with SiO, is the formation of
geminal and single silanol groups [30]. This means that,
while at the lower relative humidity range very little or
no water is adsorbed on — or absorbed into — the SiO, par-
ticles, at higher relative humidity, SiO, can react with water
to form silanol groups that act as extra adsorption sites.
Therefore, the SiO, particles keep taking up water after
all high affinity sites of cellulose have been occupied, and
this is reflected in the higher water content that SMCC

acquires at the high relative humidity range. Thus, it is rea-
sonable to assume that SiO, particles act as water reservoir
at high RH environments, preventing the arrival of water
in the polymer matrix and protecting the structure of
SMCC from undergoing irreversible changes that would
impair its performance.

3.2. Hysteresis

Data of hysteresis expressed either as sorption/desorp-
tion ratio or degree of hysteresis, in Table 1, follow similar
pattern of gradual decrease or increase to a minimum or

Table 1
Hysteresis data expressed as sorption/desorption ratio and as degree of
hysteresis

Relative humidity (%) Sorption/ Degree of
desorption ratio hysteresis (%)
MCC SMCC MCC SMCC
5 0.86 0.83 15.8 20.6
10 0.86 0.84 16.7 19.3
15 0.86 0.84 16.6 18.5
20 0.85 0.84 17.5 18.8
25 0.86 0.85 16.8 18.3
30 0.84 0.83 18.4 19.8
35 0.84 0.83 18.7 20.5
40 0.83 0.82 20.6 21.9
45 0.81 0.80 233 243
50 0.79 0.79 26.4 26.6
55 0.78 0.79 28.5 26.9
60 0.77 0.79 29.3 26.4
65 0.78 0.79 28.8 25.8
70 0.79 0.80 27.3 24.7
75 0.79 0.80 26.6 25.6
80 0.81 0.81 23.9 239
85 0.82 0.82 21.8 22.6
90 0.87 0.86 14.5 15.9
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maximum, respectively, at 60% RH for MCC and 50-65 or
55% RH for SMCC. There are characteristic differences
between the two polymers, not only in the position of max-
imum hysteresis, but also in the magnitude. SMCC shows
larger hysteresis than MCC at RH levels lower than 50%,
while within the range of 55-75% RH, the order is reversed.
At RH above 75%, very small difference in the degree of
hysteresis is found.

Hysteresis at high relative humidities, typically higher
than 75%, is usually attributed to pore-effects (“ink bottle”
pores), while that at lower relative humidity, to swelling
due to specific interactions of water sorbed in the bulk,
and according to novel approaches hysteresis is considered
as the result of adsorption metastability rather than of
desorption [31,32]. The lower hysteresis of SMCC in the
RH range of 55-75% may be an indication of weaker spe-
cific interactions of its hydrophilic sites with water, and
consequently, smaller structural changes due to polymer
swelling. Therefore, the operation of silanol groups as
additional adsorption sites at high RH range that is evident
from the isotherms, Fig. 1(b), seems to offer some ‘““protec-
tion” against irreversible structural reorganization of the
MCC chains (‘“hornification”), as reflected by the lower
hysteresis.

3.3. Kinetic model fitting

In Table 2 the fitting parameters and constants for the
BET, GAB, Young and Nelson, and PEK model are listed.
From the corresponding correlation coefficients (R?, R, and
Ridj) it can be seen that all models (Except the Young and
Nelson model) fit the experimental data reasonably well.
Regarding the Young and Nelson model, the percent devi-
ation values, Table 2, show a hardly acceptable fit, as the
limit is considered to be the value of 5% [26].

The ESW model predicts equal monolayer water values,
W, for both polymers, unlike BET monolayer parameters.
The ESW model presumes the existence of two energetical-
ly distinct sorption processes, one equivalent with BET
monolayer adsorption, that could reflect the association
of water with high affinity adsorption sites (e.g., anhydro-
glucose hydroxyl groups) and a second process that could
be interpreted as the sorption of water molecules after all
high affinity sites have been occupied, e.g., in pores or by
natural condensation. However, for the second sorption
process, which takes place at the higher RH range, the
ESW model predicts correctly a slightly higher water
amount for SMCC, in agreement with the experimental
findings.

The BET model predicts lower monolayer water values
(wm) than the GAB model and higher energy parameters
(¢), which is in agreement with Timmermann [22]. The
energy parameters of both BET and GAB models are
slightly higher for MCC than for SMCC, indicating that
the driving force for water sorption is higher. The wy,
parameters indicate that MCC acquires a slightly lower
amount of water according to the BET model but a slightly

Table 2
Fitting coefficients and parameters for different kinetic models
Model Parameters MCC SMCC
ESW 4t process R? 0.999 0.999
A,y (kKJ/mol) 829.5 825.1
wm (Yo W/w) 2.70 2.69
ESWand process R? 0.998 0.999
Ay (kKJ/mol) 324.7 337.5
wa (Y w/w) 4.31 4.68
BET R 0.996 0.997
¢ 10.35 10.05
Wi (Yow/w) 2.08 2.63
GAB R 0.995 0.995
¢ 8.16 8.00
k 0.82 0.84
Wi (Yo w/w) 3.26 3.21
Young & Nelson R 0.986 0.988
E 0.187 0.215
A 0.032 0.034
B 0.012 0.012
% Deviation
Sorption 6.0 8.4
Desorption 6.4 5.0
PEK model Sorption
Ridj 0.999 + 0.0007 0.999 + 0.0008
SE 0.0056 4+ 0.0067  0.0041 £+ 0.0029
Mean |Am| 0.0148 +0.0321  0.0118 +0.0136
Desorption
Ridj 0.997 + 0.005 0.996 + 0.008
SE 0.0054 +0.0034  0.0072 £+ 0.0079
Mean |Am| 0.0051 +0.0158  0.0057 +0.0115

Coefficient of determination (R?), monolayer water capacity (wy), and
energy parameters (c, k, and Ay,), for the BET, GAB, and ESW models.
Material characteristic parameters (E, 4, and B) and average % deviation,
for the Young and Nelson model.

Adjusted coefficient of determination (R,2dj =R —(1-RY)x [(k—1)/

a
(n — k)], accounting for the different number of observations, n, obtained

at different RH levels; & is the number of parameters), standard error of fit
(SE), and difference between experimental and calculated by the model
amount of sorbed water (|Am|), for the PEK model (mean 4 SD).

higher according to the GAB model than SMCC in the pre-
sumed state of a monomolecular layer (water associated
with high affinity adsorption sites).

Considering the energy parameters of the ESW model,
the driving force for water sorption (Au,1) is slightly higher
for MCC, in agreement with the values of the BET-GAB
models, and the assumed less tight binding of silanol with
water may facilitate the mobility of water which results in
lower Au,; for SMCC. Furthermore, for the second sorp-
tion process of both SMCC and MCC, Apu, is about
one-third in magnitude compared to that of the first sorp-
tion process. This supports the view that the second process
can be interpreted as indirect sorption of water by an ener-
getically less demanding mechanism.

The estimated monolayer, externally, and internally
absorbed moisture component isotherms according to the
Young and Nelson model, Fig. 2, show that adsorption
of a monolayer water is almost complete at about 50%
RH for both polymers, having a type I shape (Langmuir
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Relative moisture content (% w/w)

Relative Humidity (%)

Fig. 2. Monolayer (A), externally adsorbed (M), and internal (@) moisture
component isotherms of SMCC (full symbols) and MCC (empty symbols),
according to the Young and Nelson model.

isotherm), while the external moisture component isotherm
has a type II shape and its contribution to the total amount
of sorbed moisture increases with increasing RH. Finally,
the “internal” moisture component increases linearly with
the environmental relative humidity, but its overall contri-
bution is generally small. Regarding the monolayer water,
only negligible differences between MCC and SMCC are
predicted, while the amount of “internal’” moisture is equal
for MCC and SMCC. But the most striking difference lies
in the predicted amounts of “external” moisture, where
SMCC shows clearly a higher capacity, with the difference
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increasing with the RH level. This is a clear indication of
water sorption on silanol groups, which obviously is not
behaving like monolayer because it is less tightly bound.

Regarding the characteristic times (dotted lines in Fig. 3)
for the components (fast and slow) of the sorption and
desorption process, which are inversely related to the pro-
cess rate, their plots vs the RH show that: (a) The rate of
fast sorption (full symbols) decreases at high RH (85—
95%), while the rate of fast desorption (full symbols)
remains constant (very high) up to 90% RH. (b) The rate
of slow sorption (empty symbols) increases very slightly
as RH is increased at low RH (0-10%) but only for
MCC, while at high RH (80-95%) it decreases remarkably.
(c) The rate of slow desorption (empty symbols) decreases
remarkably as RH is increased at low RH (0-10%) but
remains constant (relatively low) for all the other regions
of RH, as expected.

The absence of a remarkable change in the rate of both
fast and slow sorption up to 80% RH and the subsequent
decrease is in agreement with the finding that for MCC
the enthalpy of sorption is constant (—58 4 5 kJ/mol) up
to 80% RH, but above 80% it is decreased to 44 + 5 kJ/
mol (liquefaction enthalpy), as more freezing (normal or
free) water starts to be absorbed [13]. Therefore, it is rea-
sonable to interpret the “fast” sorption process mainly as
the sorption of both types of bound water (non-freezing
and freezing).

Regarding data of the mass change parameter in PEK
model (solid lines in Fig. 3), it is seen that more water is
both sorbed and desorbed by the fast sorption process (full
symbols) at all RH levels, except the region above 70% RH
regarding the sorption process for SMCC, as well as the
region 75-85% regarding the sorption process of MCC.
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Fig. 3. Characteristic times (dotted lines) and mass parameters (solid lines) for the fast (full symbols) and slow (empty symbols) component of sorption
and desorption process, derived on the basis of PEK model for MCC and SMCC.
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Fig. 4. Fast (solid lines) and slow (dashed lines) components of sorption (full symbols) and desorption (empty symbols) process for SMCC (a) and MCC

(b), according to the PEK model.

In other words, the slow process of moisture sorption clear-
ly predominates only for the case of SMCC at high relative
humidity. This again may be attributed to the hydrolysis of
SiO, and formation of silanol groups operating as new
hydrophilic sites on the surface of SMCC. Since the forma-
tion of silanol groups demands energy, it probably pro-
ceeds slowly and is modelled by the “slow” component
of the PEK model. This can also be shown by the recon-
structed fast and slow sorption—desorption component iso-
therms, Figs. 4(a) and (b).

The plots in Figs. 4(a) and (b) are obtained by adding
the amount of water sorbed (or desorbed) at each RH level
to that already sorbed (or desorbed) at previous RH levels
and therefore represent the cumulative sorption—desorp-
tion by the two processes separately. They show that the
fast sorption component (solid lines and full symbols)
retains the type II shape of the experimental sorption iso-
therm, while the slow sorption components (dashed lines
and full symbols) have a nearly type III shape (Flory-
Huggins isotherm). This further supports the interpretation
of the slow sorption as a non-specific process. To test this
assumption, using the determined values of crystallinity
index (0.83 £ 0.05 and 0.84 + 0.05 for SMCC and MCC,
respectively) and calculating the number of water mole-
cules per anhydroglucose unit sorbed by the fast process,
we obtain values of 4.2-4.4. Taking into account that the
method applied in this study tends to overestimate crystal-
linity [33], these values are reasonably close to the experi-
mental bound water value of 3.4, reported by
Hatakeyama [14].

From Figs. 4(a) and (b) it is also seen that hysteresis is
higher in the fast components than that in the slow. This
is in agreement with the view that hysteresis is caused by
structural changes due to the disruption of the hydrogen
bonding network of the polymer by the interaction with
water molecules, and to a lesser extent when water mole-
cules are incorporated into the polymer matrix in a mix-
ing-like manner. Furthermore, for both polymers, the
slow components of processes in Figs. 4(a) and (b) show

that more water is sorbed than desorbed by the slow pro-
cesses. This “‘extra water”” should be interpreted as “water
that is stored at newly generated sites” according to Kohler
et al. [15], and for MCC, the amount of this “extra’ water
is small (about 0.8%), but in the case of SMCC it is about
2%. Therefore, for MCC the fast component isotherms
form an almost closed loop, while for SMCC obviously
much more “extra” water needs to be added to the fast
sorption component in order to close the loop. This means
that primarily for SMCC and secondarily for MCC, some
water that is sorbed by the slow process is actually des-
orbed by the fast process.

The explanation of “extra” water should be related to
structural changes, and particularly for MCC, to confor-
mational changes of cellulose chains that expose previously
inaccessible high affinity (fast) sorption sites [9]. For
SMCC, the high amount of ‘“extra” water cannot be
explained solely by the conformational changes of cellu-
lose. A possible explanation may be that adsorption of
water on SiO, particles initially takes place by diffusion,
not involving specific interactions (slow process), but fol-
lowing the formation of silanol groups, water is associated
by hydrogen bonds. Therefore, desorption of water from
silanol groups takes place by the fast process, indicative
of specific interactions between water and solid. In other
words, SiO, particles may act as a water sink at high rela-
tive humidity, preventing more water to interact with cellu-
lose chains and thus protecting its structure from changes
that may be irreversible. This behaviour might be the key
to SMCC’s improved functionality as wet granulation
excipient [34].

4. Conclusions

On the basis of the kinetic models, in general, the differ-
ences in the moisture sorption and desorption properties of
MCC and SMCC can be elucidated. Particularly the PEK
model shows that hysteresis is related primarily to the fast
sorption process, which corresponds to bound water, and
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secondarily to the slow process, which corresponds to sorp-
tion of free water and that SMCC acquires more water
than MCC at RH higher than 50% by the slow (secondary)
sorption process. A possible mechanism for this process
may be the hydrolysis of SiO, particles and formation of
silanol groups that act as a water reservoir, preventing
the accumulation of more water in the polymer matrix
and thus protecting the structure of SMCC from undergo-
ing irreversible structural changes that would impair its
performance as an excipient.
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