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ABSTRACT

Presence of moisture influences chemical stability, crystal structure, powder flow, compaction lubricity,
dissolution rate, and polymer film permeability in solid dosage forms and lead to growth of
microorganisms, change in thixotropy in semi-solid dosage forms. Moreover, unit operations obviously
depending on the amount and state of water present are also influenced by it. Therefore, moisture
influences the properties of individual active ingredients and excipients, and it is essential to characterize
the effect of moisture on these individual components. This article lay emphasis on determination of
moisture by various methods and illustrates the changes induced by moisture on several product and

process attributes.
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INTRODUCTION

The term moisture, usually defined as wetness
conferred by an unidentified liquid®, is assumed
here to be due to water. Thus the scope of this
article is the characterization of and consequences
due to relatively small amounts of water
associated with solids of pharmaceutical interest.
Chemical stability, crystal structure, powder flow,
compaction lubricity, dissolution rate, and
polymer film permeability are some properties of
pharmaceutical interest that have been
demonstrated to be influenced by the presence of
moisture. Wet granulation, extrusion,
spheronization, tray drying, freeze drying, spray
drying, fluid bed drying, tableting, and aqueous
film coating are some unit operations that
obviously depend on the amount and state of
water present. Moisture can and does influence
the properties of individual active ingredients and
excipients, and it is essential, as a first step, to
characterize the effect of moisture on these
individual components®.

In the area of moisture in pharmaceutical
products, it is possible to identify three stages in
the scientific and regulatory history. The first
stage dealt more or less exclusively with the
amount of water present in pharmaceuticals, most
of which were products of natural origin, with
regard to issues of potency and commerce. In the
second stage, there was a realization that water

could affect the chemical and physical properties
of drugs and dosage forms. The fact that the water
might exist in different states was exemplified by
partitioning the water into “bound” or *“free”
moisture®>. The third stage came with the
realization that even small amounts of “bound”
moisture could have a dramatic impact on
properties and processes of pharmaceutical
interest®.

COMPENDIAL STANDARDS

The method for moisture determination in USP
24/NF 19° is the best, classical, addressing only
the determination of moisture content®. The USP
offers two methods for the determination of
moisture content in solids: titrimetry (Karl Fisher

titration) and gravimetric (e.g., thermal
gravimetric analysis).
BACKGROUND
CONVENTIONS, DEFINITIONS, AND

TERMINOLOGY

Moisture content is expressed on a dry weight
basis. The sorption isotherm’ is the most widely
used

Expression to quantify a substance’s affinity for
water. It is, as the term implies, a relationship at a
constant temperature.

n = f(x)
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Where n, the number of moles of water sorbed, is
a function of x, the partial pressure of water in the
atmosphere at that temperature.

WHY MEASURING MOISTURE?

Most natural products contain moisture. The water
content per se is seldom of interest. Rather, it
shows whether a product intended for trade and
production has standard properties such as:

— Storability

— Agglomeration in the case of powders

— Microbiological stability

— Flow properties, viscosity

— Dry substance content

— Concentration or purity

— Commercial grade (compliance with quality
agreements)

— Nutritional value of the product

— Legal conformity (statutory regulations
governing food)

In a moisture determination by the physical
separation of water from the solid, it is important
to recognize that free and bound moisture must be
dissociated from the solid by an applied stress,
using

Solid x H,O —* Solid.y H,0 + (x-y) H,0

Where x is the moles of water initially associated
with the solids, Y the moles of water still
associated with the solid, and (x-y) the amount of
water released as a consequence of the stress. The
stresses used differ according to the conditions
(e.g., high temperature, low vapor pressure,
anhydrous solvent systems) °©. Hence, the
moisture contents determined by different
methods may very well be different.

Analytical Methods: -

There is no single analytical method that suffices
in the characterization of moisture associated with
solids. The approach is a judicious combination of
the following techniques.

Thermal Methods

Thermal  gravimetric analysis (TGA) s
undoubtedly the most widely used method of
moisture content determination. TGA determines
mass changes as a function of temperatures
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Fig. 1 Thermal gravimetric analysis of dicalcium
phosphate dihydrate.

The result of a TGA of dicalcium phosphate
dihydrate is shown in Fig. 1. The profile
represents the weight loss with increasing
temperature  (1.5°C/min) in an environment
containing a desiccant. The total weight loss is the
difference between the initial weight and the final
constant weight of the dry solid. There are two
regions in the profile, the first beginning at about
90°C and the second at about 170°C.
Thermogravimetric methods are suitable for
practically all thermally stable substances with a
moisture content >0.1%.°

Differential scanning calorimetry (DSC) is a
thermal method that measures the energy change
accompanying a nonadiabatic process. A small
sample of the moist solid contained in a metal
sample container is exposed to a controlled
increase in temperature. Water dissociated from
the sample is swept out of the heating chamber by
a nitrogen stream and the dynamic energy
consumption (mcal/sec) required keeping the
sample at the same temperature as an empty
sample container recorded. When the temperature
is increased at a constant rate, the area under the
DSC curve reflects the energy, in the form of heat,
associated with the phase change.'

The principal advantage of the thermal methods is
convenience; however, these analyses are not
specific for water, and exposure to high
temperature may be an unrealistic stress or alter
the sample. An acceptable determination of
moisture content using a thermal method provides
a result with minimal residual moisture and only
minor alteration of the solid. Thermal methods
can be combined with a specific titration of water
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by bubbling the evolved gas from TGA or DSC
through the titration medium.

Fisher Titration

For over 60 years, the specific titration of water
has used a reagent developed by Karl Fisher,
which consists of iodine, sulphur dioxide, and
pyridine in methanol. In its simplest form, the
Karl Fisher titration is a one-point determination
of moisture content™.

Principle: It is a chemical analysis procedure,
which is based on the oxidation of sulfur dioxide
by iodine in a methanolic hydroxide solution. In
principle, the following chemical reaction takes
place:

H20 + 12 + SO2 + CH30H + 3RN—> [RNH]
SO4CH3 + 2[RNH] |

The titration can be performed volumetrically or
coulometrically. In the volumetric method a Karl
Fischer solution containing iodine is added until
the first trace of excess iodine is present. The
amount of iodine converted is determined from
the burette volume of the iodine-containing Karl
Fischer solution. In the coulometric procedure, the
iodine participating in the reaction is generated
directly in the titration cell by electrochemical
oxidation of iodide until again a trace of unreacted
iodine is detected. Faraday's law can be used to
calculate the amount of iodine generated from the
quantity of electricity required.
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Fig. 2 Normalized KF titration for dicalcium PO,

Application: The Karl Fischer titration is a
moisture determination method specific for water
and is suitable for samples with high moisture
content (titrimetry) and also for those with water
contents in the ppm range (coulometry). It was
originally developed for nonaqueous liquids, but
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is also suitable for solids if these are soluble or if
the water they contain can be removed by heating
in a stream of gas or by extraction.

Advantages: The principal advantage s
specificity for water. It is also a non-thermal
method, which is very sensitive and can be easily
automated.

Disadvantages: The main disadvantage is that the
solid must dissolve in the titration medium to be
sure that the total amount of moisture is released.
If the analysis is carefully designed in such a way
that moisture is extracted from the solid to the
same degree each time, accurate and reproducible
results can be obtained for solids that do not
dissolve.

Spectroscopic Methods

The most useful spectral methods for the
Chacterization of water in solids are Fourier
transform infrared spectroscopy (FTIR), nuclear
magnetic resonance (NMR), and powder X-ray
diffraction (XRD). Although moisture contents
often present values that are close to being
stoichiometric, X-ray confirmation of the differing
crystal structure should be a requisite for
designation as a hydrate'?.
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Fig. 3 Partial X-ray diffraction patterns of ampicillin

samples.

=  The X-ray method is not just useful from
the qualitative perspective. In samples that
contain both anhydrous and hydrate forms,
diagnostic regions of the pattern can be
identified, and the relative areas of peaks
in these regions may be used to establish
the relative amounts of each phase*.

Infrared analysis of water associated with
solid centers on an assessment of the
3
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degree to which the environment
influences  the stretching frequency
associated with the —OH group. The —OH
stretching mode for free water in the
gaseous state has a characteristic energy of
3655 cm™. The frequency of this stretching
is lowered when water is condensed and/or
bound. Ice has a characteristic —OH
stretching frequency of 3400 cm™. By
comparison of the FTIR spectra for the
anhydrous form with those of the sample
with water, the —OH bands for water can
be identified. The distinctive, sharp peak
for crystalline water is shown multiple
bands may be seen in the spectrum.

= Solid state NMR is a method that promises
to increase the understanding of the state
of water in solids and its specific influence
on the chemicals of interest.

Influence of Moisture on Product and/or
Process Attributes

In an earlier section, the potential for a water-
soluble substance to deliquesce was discussed.
The emphasis here is on less obvious effects of
moisture on solid dosage forms, and three
associated areas that link to information presented
earlier in this article are discussed: 1) moisture
induced changes in the state of solid, 2) the effect
of moisture on the performance of excipients in
the manufacture of compressed tablets, and 3) the
chemical stability of bioactive agents alone and in
combination with excipients.'* *°

Moisture-Induced Changes

The moisture can have a dramatic effect on the
physical character of a substance has been
demonstrated recently by Carstensen and Van
Scoik’®.  Amorphous sucrose spheres were
prepared by Lyophilization characteristically
produces a highly porous, amorphous solid cake.
Its moisture content increases considerably in the
first few days of the study. However, the moisture
absorbed by the porous amorphous sucrose phase
eventually caused a collapse of the structure and a
commensurate reduction in moisture content.
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Fig. 4 Moisture uptake by amorphous sucrose at 23°C at
33% RH.

This example is consistent with the increase
emphasis being placed on changes in state of the
solid as a result of sorption. An early
thermodynamic treatment to address this problem
was presented by Copeland and Young in 19617
These authors considered a change in the number
of moles of adsorbent as the addition or removal
of particles with the same specific surface area,
and, therefore, presented a basis for treating
thermodynamic properties of powder systems as
continuous functions.

The need to address changes in adsorbent is
discussed by Zografi’. He observes that water
absorbed in to the bulk structure of a solid can act
as a plasticizer and depress the glass transition
temperature. At temperatures above the glass
transition point, the mobility of molecules or
segments of molecules in the system increases”.
The change from the “glassy state” to the
“rubbery state” can account for a number of
physical chemical processes of pharmaceutical
interest, including the collapse and subsequent
crystallization of lyophilized cakes, direct
compaction properties, powder caking,
permeability of coatings and packaging materials,
and solid state chemical stability®. Recognition of
this fact has been the single greatest recent

advance in establishing a framework for
understanding and predicting the impact of
moisture.
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Effect of Moisture on Excipients and Tablet
Manufacture

The bulk properties of cellulose are generally
influenced by adsorbed moisture. The effect of the
change in  bulk solid properties for
microcrystalline cellulose has been demonstrated
by a tableting operation in a very simplistic
manner'®'®. Dry microcrystalline cellulose (%MC
= 0.07) was compared with material with a
moisture content above the associated with
completion of the monolayer (%MC = 5.1). A
thermodynamic picture of the character of water
in these samples can be based on the adsorbate
thermodynamic properties: AH > 3.5 kcal/mole
(14.65 kJ/mole), AG > 2.3 kcal/mole (9.6
kJ/mole), AS < 4.12 entropy units (e.u.) per mole
with the dry solid, and AH= 1.5 kcal/mole (6.27
kJ/mole), AG = 0.53 kcal/mole (2.21 kJ/mole),
AS = 3.35 e.u./mole for moisture at the 5.1 %
level, or 1.5 times monolayer capacity.
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Fig. 5 Compression force vs. hardness plots for
microcrystalline cellulose tablets with 0.07 and 5.1% MC.

(The differential entropy goes through a
maximum near the level where a monolayer is
completed, and the large difference in free energy
between the two states can be accounted for
primarily in terms of the bonding of the water to
the solid.)?
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Fig. 6 Hardness vs. compression pressure for compressible
sugar with different moisture contents.
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In each case, preconditioned material was placed
in the hopper of an instrumented tablet machine
and the performance of these two materials was
compared at constant machine settings. The
sample with 5.1% MC produced tablet that
weighed slightly less (an effect on flow and bulk
density), and as a result was exposed to lower
compression  force. However, the moist
microcrystalline cellulose resulted in harder
tablets, even though it had been exposed to lower
compression force. The loci of points on the
compression force versus hardness profile for the
tablets indicate a different fundamental behavior
for the two materials.

In a similar, yet more extensive study, the
compaction of compressible sugar was examined
for materials preconditioned at different relative
humidity. The hardness versus compression
profiles for these samples show a group of lines
whose slope appear to be a function of moisture
content. This relationship is also demonstrated in
Fig.7, where slope is used as a compressibility
index is a linear function of moisture content;
samples with “desorbed” moisture did not differ
from those with adsorbed moisture.?
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Fig. 7 Compressibility of compressible sugar as a
function of moisture content.

Chemical Stability of Bioactive Agents

Despite recent advances in understanding the
influence of moisture on the physical state of the
solid, it is perhaps the effect of sorbed moisture on
the chemical stability of moisture sensitive drugs
that is most important, particularly because many
new bioactive agents are expensive moisture-
sensitive proteins.

The examination of water associated with proteins
and polymers is relevant to the pharmaceutical
scientist dealing with the formulation and
processing of small drug molecules as well
because many excipients used belong in this large-
molecule category.’®
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Hageman?® has presented a review of protein
stability from the pharmaceutical perspective. He
ascribes the effect of water content and activity on
the solid-state stability of proteins to

= Changes in dynamic activity.

= Changes in conformational stability.

= Participation of water as a reactant or

inhibitor, and
= Participation of water as a medium for
mobilization of reactants.

Using an analysis of the hydration data of
lysozyme and other proteins, Hageman describes
critical ranges of hydration based on certain
properties of bound water. Below monolayer
capacity, these physical properties of water do not
change significantly, and this water has very little
mobility. Between 6% and 25% water, the
properties of bound water change dramatically,
above 25% water, the properties of bound water
are similar to bulk water.
In Fig. 8, Hageman classifies the role of moisture
in bimolecular reactions into three cases. The
increases in reaction rate are attributed to a change
in state of the water associated with the solid as
reflected by a lower effective viscosity. In case I,
there is a continual increase in reaction rate with
increasing water content above the monolayer.
When all the reactant has been solubilized and
further water dilutes the medium then Case Il
results. If the dilution is extensive, or if water is a
product inhibitor of decomposition, a rate
reduction can be observed (Case Ill). Case IlI
behaviour is an example of the effect of moisture
on the progress of the Malliard reaction for the
glucose-containing formulations of a-N-acetyl-L-
lysine, poly-L-lysine, insulin, casein, and plasma
proteins?>. The fact that there can be a maximum
degradation rate at humidity other than 100% RH
is observed in other situations as well.

t

Reaction Rate

% Relative Humidity

Fig. 8 Effect of sorbed water on the reaction rates of
bimolecular reactions in the solid state.
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The presence of excipients in a formulation can
influence product stability. The conceptually
appealing strategy of including a “moisture
scavenger” in a formulation is based on this. In
glucose-containing systems, it was demonstrated
that liquid and solid humectants can influence the
mobility of water in the system. The location of
the maximum rate of reaction was found to vary
from 40% to 80% RH, depending on the additives.
The addition of liquids such as glycerol or
propylene glycol lowered the mobilization point
and facilitated the reaction at lower humidities.
The addition of the solid humectant sorbitol
reduced the reaction rate dramatically by
decreasing free water for mobilization of
reactants.

Summary

Real progress has been made in the last 10 years,
providing pharmaceutical scientists with a solid
basis for understanding the interaction of water
with solids of pharmaceutical interest. Much of
this progress has been the consequence of a
paradigm shift: the model of the solid as an inert
substrate is almost never valid. Further
characterization of the state of water in solid-
water systems may ultimately provide a basis for
the design of stable formulations and permit the
establishment of performance-based specifications
for pharmaceutical excipients.
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