AN EVALUATION OF RHEOLOGICAL PARAMETERS FOR A MODEL
SHEAR-THINNING SYSTEM WITH APPLICATION TO THE

DIFFUSION OF HYDROCORTISONE
by

v
FRANCES PATRICIA HAUGEN

B.Sc. (Pharm), University of British Columbia, 1969

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

y

in the ﬁaculty
of
Pharmaceutical Sciences

Division.of Pharmaceutics

We accept this thesis as conforming to the

required standard

THE UNIVERSITY OF BRITISH COLUMBIA

December, 1974



In presenting this thesis in partial fulfilment of the requirements for
an advanced degree at the University of British Columbia, | agree that
the Library shall make it freely available for reference and study.

| further agree that permission for extensive copying of this thesis
for scholarly purposes may be granted by the Head of my Department or
by his representatives, It is understood that copying or publication
of this thesis for financiél gain shall not be allowed without my

written pemission.

Depa rtment Of \ \'\W“’*‘—‘M S Caantac

The University of British Columbia
Vancouver 8, Canada

Date” \ Dan b |9
/



ABSTRACT

Many pharmaceutical systems exhibit shear-thinning flow
properties but the expression of these properties in terms of meaningful
rheological parameters remains a problem. To be useful, the parameters
must be rheometer-independent and either describe the fluid under
application, processing and storage conditions, or specify tﬁe fluid
structure and disposition of the molecules at negligible shear rates.
Interlinked with this problem is thé correct seélection of rheological
parameters and systems for applied studies, i.e. the determination of
rheological effects on drug diffusion.

The components of the model shear-thinning system, the
nonionic cellulose polymer, hydroxyethylcellulose (HEC, Natrosol 250G),
and the nonionic surfactant, polyoxyethylene (4) dodecyl ether (Brij 30),
were characterized. physicochemically. The addition of Brij 30 .to HEC
dispersions provided a reliable means of obtaining a series of systems
showing predictable increments in shear-thinning behaviour at each HEC
concentration,

Over a 5 year period, the rheological reproducibility and
stability of aqueous HEC dispersions were determined and compared with
corresponding data for 2% methylcellulose (MC, 1500 cP) dispersions. For
similar consistencies, HEC and MC dispersions showed comparable
reproducibility and stability. The power-law consistency index was
observed to be related to both storage time and polymer concentratiom.

Two methods of shear stress calibration were examined for the
Rotovisko. The determination of a shear stress calibration constant for
each shear rate provided a significant improvement for non-Newtonian
shear-thinning fluids over the manufacturer's calibration method when

both methods were compared with corresponding data generated with the
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cone-plate Weissenberg rheogoniometer.

The limitations of shear rate equations and two Couette
rheometers, Haake Rotoviéko and Brookfield Synchro-lectric (with SC-4
spindles), to accurately represent shear stress—shear rate parameters
were examined. The Krieger-Maron and the Mooney shear rate equations
were found to yield the widest range of rheometer~independeht results for
the Rotovisko and Brookfield rheometers, respectively, when separately
compared with similar data obtained with the rheogoniometer.

Viscometric properties of polyoxyethylene (4) dodecyl ether
in HEC dispersions were evaluated over a concentration range of 2.0--
3.5% HEC and O - 16% Brij 30. Three rheological models: the modified
Shangraw structure equation, the Steiger-Trippi-Ory equation and the
power—law model were.fitted to the data and found to describe‘accurately
the flow behaviour of the dispersions at 30.0°C between shear rates of
8.5 - 685 s—l. Variation of model parameters with surfactantlcéncentration
wés computed for each HEC dispersion. A shear-sensitive interaction
between the surfactant and the cellulose polymer was noted.

To determine the disposition of HEC in solU&ion and the nature
of the viscous interaction noted for the HEC - Brij 30 systems, low shear
rate and dynamic measurements were made. From storage ‘and loss moduli,
dynamic viscosities and loss tangents, HEC was determined to be a
molecule with intermediate flexibility and the HEC - Brij 30 systems

were composed of a loose three dimensional network.

The effect of increased limiting viscosity at low shear rates
was measured on the diffusion of hydrocortisone through nylon membrane

and human autopsy epidermis. The absence of drug-vehicle interactions
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was demonstrated and the similarity in the results for the two membranes
indicated that the observed decrease in steady state flux was due to the
alteration of vehicle viscosity. The solubility, partition coefficient

and diffusion coefficients were measured for hydrocortisone.

—
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INTRODUCTION

}Rheology,lthe stﬁdy of the deformation of materials,
.including flow (Reinér and Scott Blair, 1967) has intrigued such early
philoéophers and poets as Heracléitqé (500 BC), Aristotle (384 -~ 322 BC)
and Lucretius (96 - 55 BC) but it was not until the 16th Century that
the potter Palissy (1510 - 15895 began to write specifically on the
science of the flow of matter (Durant, 1939; Durant and Durant, 1961;
Scott Blair, 1938). Major advancements were made in the 17th Century
by Hooke (1635 -2 1703) and Newton (1647 - 1727). While applying spiral
springs to the balance wheei of watches, ;Hooke observed the action of
springs,‘uﬁt tensio sic vis',»now known as Hooke's law (Durant and Dufant,
1963). Newton, in 1676, defiﬁed viscosity for simple or Newtonian liquids,
stating thaf the ratio of stress td rate of shear_ié constant (S;ottlBléir,
1969). Rheological equations, Based upon experimentation, to describe the
rate of flow in relation to fluid viscosity appeared first in the 19th -
Century, beginning with the Hagen-Poiseuille capillary work (Scott Blair,
1972). The desire for variable sheér rates led to the design of the

i

Couette rotational viscometer in_1890 (&én Wazer et al., 1963). The
discovery of non-Newtonian flbw propertigs soon followeq and Wo. Ostwald
proposed thatfflow processes consisted of a number of_stages as shown in
Figure l.(Scott Blair, 1969; Reiner,ll960). Rheology as a formal branch
of science was established'with the foundation éf the Sociéﬁy of Rheology
at the Washington Conference in 1929 (Scott Blair,'l969; 19725. Today,‘ |
rheology has wide and varied applications, ranéing from studies of metal

creep and concrete flow to food texture, blood vessel elasticity, the-
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. consistency of pharmaceuticals and the flow of the earth's mantle

(Scott Blair, 1972; Barry, 1970; Post and Griggs, 1973).

As a result of the myriad applications of rheology, many
devices havevbeen conétructed aﬁd ﬁumerous‘matﬁgmaticai models have been
derivéd for the determination and expression of rheologééal behaviour
(Skelland, 1967; wvan Wazer éé_gl., 1963; Oka, l960§ Sherman, 1970).
In steady shear.rheometry, thé conQéfsion bf instrumental readings for
non-Newtonian systems into absolute units of mass; length.and time is
still a major problem for the.oldest and most commonly used Couette
geometry (Krieger, 1968). . In‘non—theofetical literature, a reluctance

and an uncertainty persists to the expression of non-Newtonian flow

behaviour in terms of rheological model parameters.

Over a ﬁeriod of»thirty yeérs, dynamic ‘measuring techniques
have been developed to examine'fluids at shear rates which do'ﬁo;
sigﬁificantly_élter fluid structufe. ;Much work. is currenﬁl& being done

"in the area of polymer molecular ﬁodgling based on measurements of visco-
elastic behaviour but éxperimeﬁtal results are still somewhat sparse

" (Ferry, 1970).

Recently, pharmaceutical investigétors have ‘attempted to
correlate vehicle rheology witﬁ drug bioavailability (Ashlby.and Levy,
11973; Braun and Parrott,.1972; Khristov, 1969; Khristov et al., 1969
and 1970; Dévis, 1973). Davis (1973) has noted a tendency to use
complex systems where rheological factors cannot be separated from.

drug-vehicle interactions.’



STATEMENT OF PROBLEM

A model shear-thinning system with a wide range of
pharmaceutically-interesting consistencies has been characterized
both physicochemically ana rheologically and then used to examine:

.a) the limitations of two Couette rheometers and shear rate equations
to yield rheometer~independent.results,

b) the equivalence of the modified Shangraw, the Steiger-Trippi-
Ory and the power-law models to represent non-Newtonian flow
properties,

c) the molecular disposftion of the polymer and fluid structure based
on dynamic and léwwshear rate measurements, and

d) the influence of limiting viscosity at low shear rates on vehicle
diffusion of hydrocortisone.

Specifically, the problem and thesis has been divided into

three sections.

SECTION I. A MODEL SHEAR-THINNING SYSTEM WITH RHEOLOGICAL

FLEXIBILITY: MATERIAL SELECTION AND CHARACTERIZATION

Because of the variability in materials due to commercial
synthetic processes, the selected cellulose polymer and nonionic
surfactant have been characterized. Weight-average molecular weight
and moisture content of the powder as well as densities and apparent
molar volumes of aqueous dispersions have been measured for hydroxy-
ethylcellulose (HEC, Natrosol 250G); For polyoxyethylene (4) dodecyl
ether (Brij 30), number-average molecular weight, critical miéelle

concentration, infrared spectrum and the identity of the major gas



chromatographically visible components using mass spectrometry have

been determined.

-

SECTION II. RHECMETRIC STUDIES OF A MODEL SHEAR—THINNING SYSTEM

The rheometric studies are divided into two: studies of

practicalwimportanée, and studies of a fundamental nature.

A. Steady Shear Studies of Practical Importance answering the
following questions: o |

1. What is the.rheological reproducibility and staﬁility of
aquéoUs hyéroxyeihylcellulose dispersions as comfared with
the standard 2% w/w methylcellulose dispersion?

2, What are tﬁe limitations of two popular Couette rheometefs,
the Eaaké Rotovisko and Brookfield Sypchro—lectric, to
represent shear~thinning data? The ;;suits_from the.two
Couétte ;iscoﬁeters are compared with cone-plate rgsults in

‘which the shgar rate. is more accurately knowni

3. Can sﬁear-thinning behaviou?Ibe represented adequately by the

parameters'of flow models thereby, facilitating total rheogram

comparisons and formulation with predicted consistency?

B.i Rheometric Studies of a Fundamental Nature: Low Shear and Dynamic

Measurements answering the'following questions:

1. Is-there a limiting viscosity region at low shear rates for the

hydroxyethylcellulose and’hydroxyethylcellulose—polyoxyethylene‘

(4) dodecyl ether systems?
2. What is the polymer disposition of hydroxyethylcellulose.in

solution?
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3. What is the_natﬁre of the shear-sensitive viscous interaction
observed for the hydroxyethylcellulose-polyoxyethylene (4)

dodecyl ether-water systems?

SECTION III. LIMITING VISCOSITY AT LOW SHEAR RATES AND HYDROCORTISONE

DIFFUSION

This section endéavburs to apply the results of .the 1ow=shear_
rate determinations in Section II to study the effect of viscosity on
4 diffusion in ‘the presence of artificial and biological membranes. The
following'questions were posed:
1. What is the lipophilic-h&drophilic characteerf hydrocortisohe?
2. Does hydrocortisone (HC) bind with HEC in aqueous solution?
3. To what extent does thevlimiting viscosity at low shear rates of
‘& a non-Newtonian ﬁehicle influence the rate of diffﬁsion of HC in

the presence of artificial and biological membranes?



SECTION I. A MODEL SHEAR-THINNING SYSTEM WITH RHEOLOGICAL FLEXIBILITY:

MATERIAL SELECTION AND CHARACTERIZATION
A. HYDROXYETHYLCELLULOSE
INTRODUCTION AND SELECTION

HydroiyethylcelluloseA(HEC) is a nonionic watér—soluble
cellulose ether‘dérived from thevreaction of the three hydroxyl groups
(2-, 3- and 6-positions) of the anhydroglucose unit of the cellulose
" molecule (Figure 2). The etherification of cellulose usually consists of
the preparétion of‘alkali cellulosé.by the interaction of cellulose with
dilute sodium hydroxide'éolgtion followed by thHe reaction of the alkali

cellulose with the etherifying.reagent at an elevated temperature L.

—d Cell.(OH)2 0 CH2 CHR OH @y

Cell.(OH)3 + RCI&\-/CH2
0

?he'etherifying agent, ethylene oxide, reacts initially at the hydroxyls
in the cellulose chain and secondly, at previously substituted hydroxyls-
forming a polymerized side chain (Brown, 1961)., The water solubility of
the crystalline regions.of cellulose is increased through thg.addition of
hydrophilic substitutents which act as spacers reducing the configurational
regularity of the parent cellulose molecule. Hydroxyethyl substitutents
impart a higher degree of water-solubility than is the case with methyl

substitutents (Desmaris and Esser, 1966).

HEC has an optimum molar substitution of 2.5 which renders the
aqueous dispersions more stable to addition of salts, changes in pH

(Hercules Inc., 1969) and enzymic degradation (Desmaris and Esser, 1966).
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0f the three, carboxymethyl-, methyl- and hydroxyethyl-cellulose, Brownell

and Purves (1957) have shown that HEC is likely to be the most uniformly
substituted beilulose. Uniform substitution aids in producing clear

dispersions (Desmaris and Esser, 1966).

Because of the industriallimportance of HEC, extensive studies
haveAbeen done on the physical-chemical properties of fractioﬁated samples.
Studies done on very dilute sqlutions to estimate the unperturbed
dimensions of HEC have found thé molecule to behave as an extended chain
in water (Brown, 1961; Brown 53_213, 1963; wBrowﬁ aﬁd Henley, 1964 and
1967). Increased chain flexibility in water Wés noticed with increased
temperature (Brown et al., 1963). The striking dependence of intrinsic
viscosity on the nature of the sélvent akd the display of large negative
temperature coefficients unique to céllulose derivatives (Flory et al.,
1958) has been.noted also for HEC by Brown (1961). Recently, Klug et al...
(1973) have eétimafed 6 mole % 6f unsubstituted anhydroglucose units in 4

HEC (Natrosol. 250G) using enzyﬁé hydrolysis,

" Dilute solutions of high viscosity HEC (Natrosol 250H) have been
used in fheological stﬁdies of engineering interest involving thé following:
flow of high polymer solutions’pést éphgres (Turian, 1967) and in tubes
(Meter and Bird, 1964), viscoelastic modeling (Spriggs, 1965), normal
stress measurements (Denn;anq~Roisman, 1969; Meister and Biggs, 1969) and
drag reduction (Hoyt, 1971 and 1972) but few rheological studies have been
done with Natrosol Zédb. Cramer (1968) has used dilute solutions of this
polymer in modelingdétﬁdies with engineerihg applications. The effects of

thermal exposure on the viscosity-stability of NaErosol 250G and 250H
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solutions at -concentrations of pharmaceutical interest were studied by

Powell et al. (1966).

Although HEC is used in the manufacture.of cosmetics and
pharmaceuticals, only meagre information concerning the rheological
properties of Natrosol 250G is availéble in the literature. For this
reason, plus the apparent stability'and ability to form eleéant

dispersions, HEC was the polymer selected for study.

EXPERIMENTAL -

-1, Molecular Weight and-Moisture.Conteht

Brown (1961) has demonstrated the polydisperse nature of HEC,
therefore, the polymer used in the present study was characterized through.
the determination of molecular weight and moisture content to facilitate

further studies.

The determihatioﬁ of.the.weight—average molecular weight (Mw)
of HEC was the most direct metﬁod Af obfainiﬁg polymer size information.
The presence of a single‘approximately symmetrical peak for more than an
hour on a preliminary ultracentrifugation run ihdicated that the HEC solute
in a 1% w/w aqueous dispersion was‘homogeneous in the ultracentrifuge
(Figﬁre 3). As a result, the determination of Mw for the celluloée polymer
was pursued.using an ultracentrifugation technique (Chervenka, 1969)

involving sedimentation velocity and synthetic boundary runs.

The preliminary sedimentation velocity run with HEC indicated
that the standard 1.0% w/w concentration normally employed in ultracentri-

fugation studies was unsatisfactory due to the slow movement of the



FIGURE 3.

Photographs of the HEC peak taken at 1.5 and 2.5 hours during

the sedimentation velocity run

11
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mehieces,vfherefere, a 0.25% w/w'dispersion was analyzed. The general

run preeedure;fer preparative ultraeentrifuges tBeekman, 1968) was used.
The sample 1oading‘end operation of the schlieren opticallaccessory was
carried out in the prescribed manner (Beckman, 1969) During the sedi-
mentatioe'veloc1ty run (59,000 rpm, 25 C), photographs were taken at 90
"150 180 211 and 270 min, A photographlc enlarger was used to obtaln
peak height and magnificatibn factor information. .The:resultant dare from
the‘sedimentatioﬁ velocity determination (Table I) were'anelyzed usiﬁgtthe o
common linear least squares fitting routihe in a prqgrammable calculator

to obtain the Svedberg constant, éobs (s),

. 1 dr _ '
Sobs 2 dt > o (2)\
Qr . .

where r is the radiall distance (cm) from the centre of rotation to the
meﬁiscus, 2, the angular velocity (rad s_l) and t is time (s) (Chervenka,

1969).

\

The diffusion coefficient was obtained from the_syqthetic
boundary run., Initially, a sherp boundary was formed in the cell and then
the diffusion coefficient was determined from the spreading of the
boundary w1th respect to time at a lower velecity'(4000 rpm). A second
calculator program analyzed the. peak helght and area data (Table II) to
compute the diffusion coeffleient, DObs (.cm2 s_l),

2 i

| | '_ ‘ (3)

where Ailis the area under the schlieren peak (cmZ), t, time (s) and dc/dr

is the concentration gradient represented by the maximum height of the
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schlieren peak (cm).

A temperature~controlled, tared specific gravity bottle
(25 % 0.5°C, Appendix II) was used to obtain the solution density,
d (g cm—é), required for the calculation of the apparent partial

. - 3 -1
specific volume, v, (ecm™ g ™),

100 _ (100 - n)
d y

— Y o . ‘
VaPP ,_ n ’ ' )

where do was the density of the solvent and E_Was the percent (w/v) of

solute (Dayhoff et al., 1952).

l'The Svedberg'cpnstant.and-the diffusion coefficient were
corrected to standard conditioné fhrough femperaturé-controlled viscosity
and density determinationsfﬁpr 0.25% w/w HEC (25.0 % 0.5°C, Appendix II).
Following ASTM.procedureé for transparent liquids (ASTM, 1968), temperature~
controiled, calibrated capilléry viscometers (25.0 % O,SOC) were used to

obtain the solution viscosity to correct S bs and Dobs' The corrected

Svedbérg constant (320 W’ s) was calculated from Equation (5) (Chervenka,
. . ’ .

1969), .
. _ "t }| sol ; B vap§k§20,w
$20,w ~ Sobs |7 n 1 -v d )
’ , 20 W app T,sol
where np was the viscosity of water at the temperature of the centrifuge

run (poise), Nyo? the viscosity of water at 20°¢ (poise) (Weast, 1973).

nsol”the viscosity of the sample solution at known temperature, T, (poise),

h , ‘the viscosity of water at T (poise) (Weast;51973),id , the density

W . 20,w
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of water at 20°C (g cm—3, Weast,' 1973) and d was the density of the
T,sol

. . -3
solution at the temperature of the centrifuge run (g.cm.”),  The corrected

diffusion coefficient, D,, (cm2

W

s_l), was calculated from Equation (6),
LYW , '

. 293,21 jAn.. | n . ’
b J0 T sol. :
D = p__ f—— [ |=2h 6)
20,w obs W T \n%o; N nw

where T was the temperature of the centrifuge run (Ko)._ The weight~

average molecular weight .was calculated from Equation (7),

W = v - W

where R was the gas constant (8.314'X'107 ergs.deg—l mole—l), and

d was the density of the 0.25% w/w.HEC dispersion at 20°C.
20,s0l ' » / : _

Using the general procedure for the Cenco Moisture Balance
(Central Scientific Co., 1963), the moisture content of the HEC powder

was determined at several time intervals.

2. Density and Apparent Molar Volume of Aqueous Dispersions

Density-temperature relationships were determined and apparent
volumes were calculated for the HEC dispersions as supplementary infor-'
mation for polymer characterization and ancillary information required

for Section III.

The density of aqueous dispersions of HEC (1.0, 2.0 and 3.0%
w/w), prepared according to the general procedure (Appendix I) excluding =
the preservatives, was determined at 15, 20, 30, 35 and 40°C. Two

specific gravity bottleS«(SO‘ml) containing thermometers plus six standard
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specific gravity bottles (50 ml) wefe cleaned-with.chromic acid, rinsed
with distilled water and acetone aﬁd then dried to constant Weight (0.2 mg).
The bottles were calibrated ét~each"température using boiled distilléd
water., Three detérminations were made and then averaged. Following
calibration, the specific gravity béftleé weré filled.with the teéf

liquid using a syringe, immersed in.a water bath (Blue M fitted with
appropriate trayé) and equilibrated for 2-3 h. The expérimental
temperature was averaged.from the two bottles cbntaining ﬁhermometers.
Prior to weighing, the cgpillary heigﬁts &efé adjusted with-the test
liquid equilibrated to tﬁé same tempéraﬁﬁre, wiped carefullé.and q;ickly
weighed on an analytical balance 0.1 mg). Beforé’éhanging the test .3
liquid; the bottles were cleaned and dried tolthe origingl constant
'weight; The density of the test dispersion at temperafure.I) dT’ was
calculated from o

W

d., = | ' (8)
T W_7d ) B | B | . |

where WT was the weight (g) of the test 1i§uid at temperature, T, WW, the

weight of distilled water at temperaturé, T and dw was the density (g cm—3)

of water at the same temperature (Kell, 1967). The apparent molar volume

(va . cm3mole-15 of the poiymer was calculated from

. 1000 (/"dT_dW\' 9)
v o . ) B
apPP dy &y Jr,p

where M was the weight-average molecular weight in this instance, dT,‘the
density of the aqueous polymer solution (g/ml) and é;was the'concentration

of solute (moles/1) (Bauer and Lewin, 1959).
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RESULTS AND DISCUSSION

1. CharacterizatidnAData for Hydroxyethylcellulose

' Using the common linear least squares fitting roﬁtine, the
Svedberg constant, Sobs 1.81 x lO_13 s, was obtained from the sedimen-
tation velocity data for the 0.25%>w/w HEC dispersion (Table I). The

diffusion coefficient, D = 1,88 xle_7 szs_l, was obtainéd from the

8bs
synthetic boundary determination (Table II). After applying the
viscbsity correction obtained from capillary measurements, the corrected
Svedberg constant,'szo'w; was 11.4 x_lO_13 s and the corrected diffusion
7 2 -1

LA :
coefficient, D , was 11.6 x lQ_ ‘cm s . The apparent partial

P20,u :
specific volume for O.ZSX.W/W ﬁEC was 0.721 cm3 g—l; the average density .
at 25.0 * 0.5°C was 0.9978 g"cm_-3 and the average viscosity at.25.0 + 0;590
was 0.0632 poise. Using (7)"5 weight-average molecular weight of 8.6 x 104
was calculated. This molecular weight iﬁdicated the presence of 314

repeating units with monomeric molecular weight, 272, of the idealized

structure of HEC with molar substitution 2.5 (Figﬁre 2).

Using membrane osmometry, Powell et al.((1966) deterﬁined'the
number-average molecular weight of HEC to-be 4.73 x 104 (25°C, Natrosol
ZSOG).‘ Although ;hese authors maingained.a good correlatioﬁ existed between
the molecular weight éveragesvderi;éd from viscosity and osmotic_pressuré
techniques, they neglected to present a éorresponding viscositynmolecular
welght value. According to'the ﬁgﬁufaéturer (Hercgleé'lné.), thé approximate
molecular weight.is 8.0 x lO4 (Pqﬁéll et al., 1966) whicﬁ ié iﬁ agreement
with the ﬁi result obtained in the present study.. The_lbwer.thén,égpectqu

- Mn of Powell et al. (1966) is probably a result of the permeatioh of low



Table I

Sedimentation velocity data for a'0.25% w/w HEC dispersion

Time Peak Height o Magnification Factor
(min.) “(cm) ) . Measurement '
o (cm)
90 © 5,65 . 17.20
150 7.35 - 17.15
180 8.30. . : 17.21
211 9.13 - - 17.25

270 10.85 17.15

Svedberg Constant, Sobs = 1.81 x 10"13 s



18

Table II

Synthetic boundary data for a 0.25% W/ﬁ HEC dispersion

N

Time Peak Area ' Peak Height .. Magnification Factor
(min.) _(CmZ) : (cm) R Measurement
(em)

10 8.65 _ 6.75 _,_ 22.6

20 8.75 o 6.30 l 22.6

30 8.69 | 5.75 22.3

40 . 8.28 o  5.55 22.5

50 . 8.56 5.20 22.2

60 | 8.51 4.90 | 22,5

89 8.52 4.40 _ 22.3
120 '8.94 4.06 22,2
150 8.35 C Taes | 22,6
180" 9.33 | 3765 - 22.5

D. = 1.88 x 1077 cn?/s

obs
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molecular weight materials through the osmometer membrane because the
HEC polymer was used as received from the manufacturer. Mn cannot be
determined accurately using unpurified polymers containing reactién
products because precision measurements of osmotic pressure are only
possible with samples from which all substances which show memﬁfane

permeability have been removed (Vink, 1971).

The moisture content was found to be 6 * 1% w/w when checked
periodically over a 3 year period using a moisture balance. This result
for moisture content is in agreement with the 6% by weight estimate of
the manufacturer for the equilibrium moisture content if the powder was

kept at 50% relative humidity, 73°F (Hercules Inc., 1969).

2. Density- and Apparent Molar VQlume-Temperatﬁre Relationships for

Aqueous Dispersions

.The values for densi?y'with respéct to changing temperature are
presented in Table III for the HEC dispersions. A relatively constant
increase in density of 0.0027 g cm—3 (x 0.9001 CL95%) was noticeable for
each i.O% w/w increase in HEC concentration over the 15-40°C temperature
range. The addition of the first 1.0% w/w HEC to water resulted in an

initial density change of 0.0032 ¢ cm_3 (+ 0.0002 CL,.,,) at each test

957

temperature.

Equation (10) describes the relationship between temperature
(OK) and the density of the HEC dispersions and water over the temperature

range examined (Figure 4).

d = Ae | ' (10)



Density and apparent molar volume of aqueous HEC dispersions"

Table.III'

at 15, 20, 30, 35 and 40°C

- 20

Tezperature HEC Density (:»CLQS%) n vaép (104)
(c £ 0.2 ‘.(%w/w)_ ’ (g/ml) (cm3mole—l)_:
15.0 0.0 0.9991%
- 1.0 1.0023  0.0001 6.08
2.0 1.0052  0.0002 5.98
3.0 1.0079  0.0000 5.85
20.0 0.0 0.9982%
1.0 1.0014  0.0003 ' 6.09
2.0 1.0042  0.0001 8 6.03
3.0 1.0070  0.0001 7 5.86
30.0 0.0 0.9957%
1.0 0.9990  0.0002 6 6.15
2,0 1.0016 ' 0.0002 6.09
3.0 1.0044  0.0001 6 5.79
35.0 0.0 0.9941%
1.0 0.9975 = 0.0004 6 6.16
2.0 ©0.9999  0.0001 8 6.12
3.0 1.0027.  0.0001 5.67
40.0 0.0 - 0,9922% 4
1.0 0.9953  0.0001 6.16
2.0 0.9981  0.0001 6.12
3.0 5.98

" 1.0009

©0.0001

2 (Rell, 1967)
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In this rglationship,ﬂé&vms required to have units of g cm—43 and B,
units of deg—l. An excellent fit of the equation to the data was

found (Table IV).

The tabular valueé for B were ﬁumerically similar to the
coefficient of expan§ion for water ét roém temperatufe 3 x 10_4 deg’l,
Bauer and Lewin, 1959). Why thé thermai éxpansion coefficient, which
is a-fﬁnction of Femperatufe itself; can Bé described by a simple
exponential equation is not clear at this time. The apparent correspond-
ence between B and thé thermal_éxpansion coefficient for water may have

" been the result of the narrow temperature range/(15—40°C) and the low

polymer concentration used in this experiment.

The apparent molar volume of the HEC dispersions was calculated

- from (9) (Table III). At each temperé;ure, the apparent molar volume
decreased as the HEC concentration iﬁcreased over the 15-40°C range. The
ZEER appeared to increase with ingréased temperature for only the 1 and

2% w/w HEC dispersions. The fluctuations in v, with respect to increasing
temperature noticed for the 3% HEC dispefsion may have occurred because the

density difference, (dT—dW), in Equation (9) could not be determined with

sufficient accuracy using the experimental method.

Using the method outlined‘by‘Yalkowsky and Zografii (1972),
which was based on the early work of Traube published- in 1899 and the later
work of Mukerjee (1961), the partiél molal volume of HEC was calculated to
be 10.3 x lO4 cm3 mole—l. The partial molal volume (V) and -the apparent

molar volume (Vapp) were of the same order of magnitude. The partial molal



Table IV

Density-temperature relationship, d = A e_BT, for aqueous HEC

dispersions T
HEC Concentration A | B . r2
(% w/w) - (g cm—3) (deé:‘10@4)
0.0 1,09 2.7 ' 0.986
1.0 1.09 2.7, © 0.978
2.0 - 1,10 2.8 © 0,990

3.0 1.10 2.8 0.988
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volume was numerically larger as predicted by

where n' and n represent the number of moles of solute ‘and solvent

24

(11

respectively. According to theofy, v_ shOuld:cohvéfgé'With:V at..
S appp ST :

infinite dilution (Béuer and Lewin, 1959),

A
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B. POLYOXYETHYLENE (4) DODECYL ETHER
INTRODUCTION

Polyoxyethylene (4) dodecyl ether (Brij 30) may be represented

by the chemical formula,
CH, (CH,);; O (CH, CH, 0), H,

with formula molecular weight, 362.55.  The actual surfactant may

contain a mixture of repeating ether linkages and unreacted alcohol.

Poiyoxyethylene alcohols are.preﬁared‘éommerciaily by the
base-catalyzed addition of.ethylene oxide to alcohol (Satkowski et al.,
1967; Equation 12 5. |

ROH + n Hzc<:—:gg§2 —> RO (CH, CH, 0) H .(12)A
0
For commercial purposes, the primary alcohols afe prepared from natural
sources by the reduction of fatty esters.with an alcohol and anhalkali
metal or from synthetic éourcés by “the Oxo éﬁd Zieglér‘processes |

(Satkowski_gg_gl., 1967).‘ A mixture of alcohols results from either source.

Although nonionic surfactants are recognized to be'heterogeneous
systems (Schick, 1967), several workers have used estimates of molecular
weight to indicate surfactant polydispérsity (Rhodes, 1967; Bloér,gg.éi.,
1970). Kalish et al. (1972) have used gaé chromatography to demonstrate
the coﬁplexity of a quaterﬁary ammoﬁium polyoxypropylene alcohol surfactant.
and nuclear magnetic resonance to identify 3 of the 24 peaksvof fhe

'aminopolyether acetate derivative. Gas chromatographic analysis of nonionic
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surfactants following acid cleayage of ether linkages'has been done by
. Tsuji and Konishi (1974). These authors initially removed the numerous
ethyleﬁe oxide component peaks oflseve;al polyoxyethylehe alkyl ethérs,
polyoxyethylene alkyl ﬁhenol ethers,'poiyoxyethylene éikyl amine; and
polyoxyethylene alkyl thioéthérs prior to gas chromatography.. The
chromatography conditions chosen Aid éof give good resolutipn of  the
‘higher boiling components. Faveretfo g;_él. (1972) have -proposed thin-
layer chromatography followed by spot_densitoﬁetry for the determination

of nonionic polyoxyethylene surfactanté in polluted water.

A ;ising interest has been taken in straight chain polyoxyethy-
lene alcohol surfactants becauséfof their favoufable biodegradable v
properties (Satkowski et al., 1967) buf probleﬁs still exist .in the
methods” for component analysis.v A éas=cﬁfomatograph - mass spectrometer
has been used in the present'study;to separate and identify the major
components of Erij 30. The gonVéntional number-average molecular weight
and critical micelle concentration were determined also for comparative

purposes.
EXPERIMENTAL

1, Surfactant Selection

To devise a system with increased rheological flexibility, a
number of nonionic surfactants were. screened for their ability to thicken

HEC dispersions.

Surfactants were added to a 2% w/w HEC dispersion in volume

ratios of 1l:4, 1:3, 1:2 or 1l:1 and combined. The nonionic surfactants:
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which were in'solid form were melted prior to addition. The results of
the combinations were evaluated subjectively, immediately and after 2

and 7 days (Table V).

2. Molecular Weight, Critical Micelle Concentration and Infrared

SEectrum

.The number-average molecular weight.was determined using non-

. aqueous.vapdur pressure osmometry (Hewlétt Eackard; 1968). The osmometer
was calibrated at 37,00 i;O.OlOC using.a series of benzil solutions
(2.112, 4,223, 8.445 ;ﬂa 16.890_g/iiin»bénzene). Thé calibration factor,
K, was obtaiﬁed as the least squares intercept of benzil at 'zero concen-

tration from the relatiohship

L = aC+K - (13)

where V is the average bfidge outpuf méasured in milli&olts, C, the '
concentration (g/l) an&.g,is'the slope. The least squares fit of the

average bridge output per coﬂéentration of the Brij 30 soiuﬁiéns (4.857,
9,713, 19.425 and 38.850 g/l in benzene) was egtrapolated to zero

concentration and the molecular weight, MW, was calculated from

K

. —
\(E”)"
=% 0

MW = (14)

A molecular weight was estimated also from the integrated nuclear

magnetic resonance spectrum of Brij.30 in ch c1 (Figure 8).
3

Direct probe mass spectrometry étltwo probe temperatures (68

and 120°C) was used to examine Brij 30 for the presence of components
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with .a higher degree of ether substitution than represented by the

manufacturer's formula.

The infrared spectrum of Brij 30 was obtained using a thin

liquid film technique (Figure 9) (Coutts, 1969). 1

The critical micelle concenfration (cmc) of'ﬁ:ij 30 was deter-
mined using surface ténsion measu;ements. ‘A séries éf aqueous ﬁrij 30
solutions were made (0.4, 0.2, 6.04, 0;02,’0.004,»0J062 and 0.001% w/w)
and the>surface tension measuréd.using the Wilhelmy.plate method at-
22 + 1% (Federai Pécific Eléctric-CQ., 1968).' Five determinations were
made. The cmc was calCulate& from the intéréection'of the twﬁ.portions
of the surface tensién versus Brij 30:c6ncentration (ZAW/W)‘graph

¢

(Figure 10).

~ 3. Component Analysis

';-Bfij 36 (10 pug/ul in abséluté methanol) waévgas chromatographed
in the teﬁperature programming mode (Ti = llOOC, Tf = ZSQ?C,'dT/dt =
60C/min,.Separator Teﬁperaturel= 2?50C, Iﬁlet Temperature = ZBOOC) and mass
spectra;wefe recorded (Scan = 500 mass uﬂits at 50 mass units/s, chart
speed = 4.8 in/s) for the principal.components. Since temperature program-—
ming waé used and a definite drop in gas flow rate was discerned, the gas.
flow was measured at convenient‘intervals during each sample'run. A plet
‘of‘gas flow rate versué témperature.révéaled a linear relationship over
the temperature interval used (Figure 5). By noting the temperatures at
which the major peaks were eluted, the correct flow rate for that temperature ..
could be obtained graphically. These Valueslwere then used to calcuiate the

‘retention volume (Vr) for the major peaks from'
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v = F-t L (15)

where FC is the temperature-corrected flow rate (ml/min) and t. is the

retention time (min) determined from the leading edge of the solvent peak

(Table VII). Peak resolution, R, 5, was determined from
—_2

o 2(tr2 - trl)
1,2 o1\ W2\
1.669 'B-"— +! h—‘
o A1 \hy

where trl and t ., are the retention times for peaks 1 and 2 respectively,

R (16)

and Wbl and sz are the widths of the respective peaks at half-heights

..h1 and h, (Schupp, 1968).

‘To remove the possibility that the numerous peaks present in
the spectruﬁkwere due to impurities or thermal degradation products, a
solution of Brij 30 SP (10 u/ul in absoluﬁe methanol) andva sample of
boiled (200°C) tecﬁnicai Brij 30 (10 pg/ul in absolute methanol) were-
chromatogfaphed'under identical conditions and examined for differences

in the number of peaks. | . ~

In 6rder to ideﬁtify thé dodecanol contaminant proposed
pféviously (Nakagéwa gg_gl;, 1961),‘a solution of a homoiogoﬁs series of
alébhols (octanol, decanol, dodecanol, tetradecanol, hexadecanol and
octadecanbl, each presentvat approximately 1.0 ug/ul in absolute methanol
Appendix I).was'gas chr6matogréphed in the temperature progfamming mode
under conditions identical to those uséd %or*Brij 30. The gas inW‘rates
were measured at appfopriate iﬁtefvals while eacﬁ sample was run. The

témperatufes at which the alcohol peaks eluted were used to obtain the

—
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respective flow rates (Figure 6) for retention volume‘célculations. The-
.solption of homologous aicohols and the Brij 30 solution in-3 séparate
volume ratios (1:2, 1:3, 1:4 alcohol solution:Brij 30 solufion) were
combined, chromatographed“and examined for a single symmetrical peak at
the predicted dodecanol reténtion time. - The retention times and volumes
were calculated for the major peaks of the coﬁbined suffactant'— alcohol
series sample (TablevVIII). The percent of do&ecahol coﬁté@iﬁétion'of..
the'éurfactant was.also estimated. Dodecanol (1.0 ug/ul in absolute
methanol) was chromatographe&'in theltemperature programming mode under
the conditions used for Brij 30, the mass séectrﬁm traced and compared

to the mass spectrum of the predicted C-12 alcohol contaminant-.of Brij 30.

A mass spectrum was recorded for each of the major gas
chromatograph peaks of Brij 30. Moleécular formulas were proposed and

fragment maps developed for each of the major components,

RESULTS AND DISCUSSION

1. Surfactant Selection

ity

Brij 30 was seleéted from among ten nonionic surfactants found
to synergistically increase the apparent viscosity of a 2.0% w/w HEC
dispersion and which therefore %ére relatively stable (Table V). This
surfactant was chosen because it had the lqwést degree of ethylene oxide
‘pqumerization thereby facilitating component identification with gas

liquid chromatography - mass spectrometry.

Atlas Chemical Industries Inc. (1965) has indicated several of

their nonionic surfactants exhibit atypical thickening behaviour on
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Table V
The subjective viscosity and stability of nonionic surfactants in combination with a

2% w/w HEC dispersion

Surfactant Composition' j . HLB State? Volumeb' Viscosityc Stabilityé‘
: ' Ratio
Arlatone Te‘ Polyoxyethylene polyol 9.0 L 1:2 I Y
fatty acid ester '
- Brij 30f polyoxyethylene (4). 9.7 L 1:4 I Y
dodecyl ether '
Brij 76f POE (10) stearyl ether 12.4 S . 1:4 T Y
Brij sgf POE (20) cetyl ether 15.7 S 1:3 I Gel
Brij 96 POE (10) oleyl ether 12.4 L 1:3 I Yy
Atlas G—1086f POE sorbitol hexaoleate 10:2 L 1:3 I Y
.Myrjv45g POE (8) mnnbsteargte 11.1 U 1:3 I Gel,
Rénex 36t | POEv(6) tridecyl gthef ‘11:4 L 1:3 I Y
Tween 65§f POE sorbitéﬁ'ffiStearate 10:5 S (1;3 I '§éolid
Twéen éSé- POE (20) éqrbitan tri— 110 L 1:3 I Y
- oleate : '
Arlacelf60£ ,vsofBitan monosteérate. 4.7 S 1:3 -NSC Y
“Arlacel 83f sorbitan sééquiolea;e - 3.0 L. :1:3 NSC Y

Continued .

£e



Table V contd.

Arlacel Cf
Brij 72%
BEig 92F

Atlas G-1425T
Atlas G-17348
Renex 20f

Renex 30f
Span 80f
Tween 60°
Tween 80°

f
Arlacel 20
Arlacel 85f

Atmos 300f

Atmul 84f

Brij 35°

sorbitan sesquioleate 3.7 L
POE (2) stearyl ether 4.9 S
POE (2) oleyl ether 4.9 L
POE sorbitol lanolin 8.0 U
derivative

POE sorbitol beeswax 9.0 S
derivative

POE esters of mixed - 13.8 L
fatty and resin acids

POE (12) tridecyl ether 14.5 L
sorbitan monooleate 4.3 L
POE sorbitan monostearate 14.9 U
POE sorbitan monocoleate 15.0 L
sorbitan monolaurate 8.6 L
sorbitan trioleate 1.8 L
mono- & diglycerides of 2.8 L
fat-forming fatty acids

mono—- & diglycerides 2.8 S
from the glycerolysis

of edible fats

POE (23) dodecyl ether 16.9 S

NsC
NSC
NSC ..
NSC
NSC

NSC

NSC
NSC
NsC

NSC

Continued .

7e



Table V contd.

Brij 52f
© Brij 56°
Brij 92f

Atlas G—1441e
Atlas G-1471°

Atlas G-2162°

Atlas G—2859f

My£j.528e
-My;j-53e
Span SSf,
Tween 20° -

Tween 40% -

" Tween 61°

POE (2) cetyl ether

* POE (10) cetyl ether

POE (2) oleyl ether

POE (40) sorbitol

‘lanolin derivative

POE (75) sorbitol
lanolin derivative

POE oxypropylene
monostearate

POE sorbitol -4,
5—oleate

| POE (40) stearate

POE (50) stearate

sorbitan trioleate

- 5.3

12.9
4.9

14.0
16.0
16.0

3.7

16.9
17.9

1:8

POE sorbitan monolaurate 16.7

POE (20) sorbitan mono- 15.6

palmitate

POE (4) sorbitan-

‘monostearate

‘9.6

L

Continued

Ge
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 Table V contd.

L= iiquid, S = solid, U ; unctuous

volume gf:surfactant:volume of ZZJW/W HEC

I = increase, NSC = no significant change, D = dgcrease
after 7 days, Y =.yes, N = no

Atlas Chemical Industries, 1967b

Griffin, 1965

Schick, 1967

9¢



37
dilution with‘aqueous medig,' Only opé of thg agentslcontainedvin
Table V, Brij 58, is included in the Atlas'lisﬁ; The remainder of the
surface active agents listed by Atléé did not show appreciable thickeﬁing
properties in the present study, frobably because a 30—50%.10ﬁer coﬁcen—'
tration of the agent W;sbuséd.. The.addition of;HEc; and pdssibly'other
cellulose polymers, to tﬁg aqueous thicles used for dilutiéﬁ has the
potential for a synergistic incteése in viscosity with lowé; surfactant
concentration. HEC addition to diluting SOIQtions Haé'a pbtential

three—fold<advanfage:«

4) - expansion of the number of non-irritating surfactants (Atlas .
Chemical Industries Inc., 1967a) which may be used for twin-bottle
formulations, viz., hair dyes,

B). - reduced incidence of skin irritation because a significén;ly lower

concentration of'the'surfactant is necessary, and

&)1 reduced manufacturing costs.

2. Characterization Data for Polyoxyethylene (4) Dodecyi Ether

Using common linear reéxession methods, a number-average
molecular weight, EE = 380, was obtained for the surfactant dissolved in
benzene using non—aqueOUS‘ﬁapour pressure oémometry and a bénzil
standard (Table VI and Figure 7). Considering the flatness of the line
and the magnitﬁde of the coefficienté on the y-axis a coefficient of
determination of 0.8533 represented a good'fit; Because vapour pressure
osmometry is a measurement of colliéafive properties and deviates from

the theoretical to the same extent as the solution behaviour departs from

the ideal, a molecular weight was estimated also with nuclear magnetic



Table VI
Vapour pressure osmometer data for Brij 30 and benzil

standard dissolved in benzéne

Benzil® . Brij 30
Concentration  Average Bridgeb Concentration 'Average‘BridgeCV
Output o ' " Output .
(g/1). ' (mV) (g/1) - (mV)
2.112 179.5° 4,857 . 229.5
4,223 345.0 | - 9713 430.0
8.445 . 674.5° 19.425 . 831.5
16.890 . 1301.0 38.850 1586.0
& Linear regression results: Benzil, slope = -0.483, interdept =

84.72, r® = 0.8964; Brij 30, slope = -0.166, intercept = 46.82,
2

r~ = 0.8533,
number of replicates = 4
¢ number of replicates = 3
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resonance. The integrated nuclear magnetic resonance spectrum yielded
383 for the molecular weight (Figure 8) which was in excellent agreement

with the colligative properties result.

Because the“molecﬁlar weight‘estimatg for the éurfactant was

' greaterlthan the formula molecular weight, the presence af.polyethers
with a higher‘degree of gubstitutiqn tﬁan indicated by the manufacturef's
formula was suspected. Direct probe mass spectrometry was used to
explore this possibility and consequenf examination of the SPectra
revealedvthevpresence of a strong peak at 407 which was.the P % 1 peak

for polyoxyethylene (5) dodecyi ether,

CH3 (cH CH O(CH CH O)

2)10

and a smaller P + 1 peak at 451,

CH3 (cH CH O(CH CH 0)6

2)10
polyoxyethylene (6) dodecyl ether. . This pair of peaks represented a
degree of ether substitution of +1 and +2 higher than the manufacturer's
formula for Brij 30,

CH2 0(CH2 CH2 0)4 H

CHy (CHz) 10

The inffared spectrum of Brij 30 (Figure 9) revealed represent-
ative bands for alcoholic stretching at 3450 cm_l (Shriner gg_gl;, 1956),
asymmetrical stretching (vas CH2) of methylene groups of saturated hydro;
éarbons at 2925 cm-l, symmeffical stretching (vé CHZ)Aof methylene groups
of saturated hydrocarbons at 2850'cm?1, and asymmetrical C—OfC stretching '
of ethers at'1120 cm—l. A‘smaller peak for a methflene scissoring band

(GS CHZ) occurred at the characteristic 1465 cm'_-l position. Methyleﬁe
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FIGURE 8. Nuclear magnetic resonance spectrum of Brij 30 in CD Cl3

at 31°C. Sweep width, 1000 Hz; sweep time, 250 sec;

frequency response, 20 Hz.
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wagging and twisting vibration peaks at 1300 and 1250 cm_1 were-
‘typically smaller than the scissoring band at 1465 cm_l. The methylene
rocking vibration (p CH2) band in Wﬁich all qﬁ the mathylene groups
rock in phase appeared at 725 cm_;. The position -of this in phase
rOcking vibration is characteristic for.straight chain hydrocarbons of

seven or more carbon atoms (Silverstein and Bassler, 1967).

The infrared bands of Brij 30 were identical to those for
polyoxyethylene (5) dodecyl ether synthesized and examined by Hummel
(1962). This similarity arose because the only difference between the

compounds,was the degree of polymerization.

A critical micellevconcentration of 1.42 x 10—4 moles/l
(22 * 1 C) (Mn== 380) was calculated for Brij 30 (Flgure 10).  The cmc
has been determined on the unpurified surfactant in thlS study merely as.
an identification parameter for fqture‘work. The result is predictably“”
highér than the commonly'reported lateratare,value, 0.40 x 1074 moles/1
(25°¢c) (Mukerjea_and Mysels, '1971) which was obtained usiné molaaularly;

T

distilled ethylene oxide condensates (Schick, 1962). ﬁ_'

3. Polymerization Products Identified

A complex pattern of peaks typlcal of polyether surfactants
(Kallsh et al., 1972) was obtalned from the gas chromatogram of Brij 30
but a def1n1te repetitive nature in the peak patterns waaﬂnotlceable
(Figure 11). With increasing retantioh time, eaah set of peaks may
reflect an increment in the humber of ethylene oxide units. 'The retention

times and volumes for the major peaks of Brij 30 are given in Table VII.
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Table VII -
Retention time, retention volume and degree of resolution for

the major components of Brij 30

Peak Program t . T v R
~ r r 1,2
Temperature 3 i
- (oc) (min.) (em™)
A 146 5.5 . 130.2
B 165 8.9 199.3
7 ' 24,
C 169 : 9.6 211.8
D 191 13.0 271,5 ‘
. e 18/
E 196 14.1 289.1
P 215 17.1 333, 1
o | ‘ 6.
G 220 _ 17.9 ' 3444
H 237 20.6 379.5
' 3 -

I 243 ' 21,5 - 388.6
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The degree of resolution, (16), is presented also for successive
peaks. Resolution of the successive major peaks was good using
temperature programming with a 3% SE 30 on Varapdrt‘80/100 mesh 6 ft.

X 2 mm i;d. stainless steal column (Table VII).

A commercially available better grade of Brij 30 yielded the
same number of major peaks when gas chromatographed under identical -~

conditions (10 ug/ul in absolute methanol, T, = 110%, T, = 250°¢,

i £

dT/dt = 6°C/min.). The only difference between the spectra was the
absence of three small peaks indicated by the '—» Vvin Figure 11. The
presence or absence of the second and third peaksiwas inconclusive with
respect to the better grade of Brij 30 because of the tailing and poor
resolution of these small peaks in both spectra. There was no difference
in the number of peaks or the reiative peak sizes when the specfra for
the heated and non-heated samples of technical Brij 30 (10 ug/ul in

absolute methanol) were compared.

The retention times and volumes for the solution of a homologous
series of straight chain alcohols which_was gas chrématographed under
conditions identical tolthose used for.Brij 30 are given in Table VIII
(Figure 12). This solution when combined with the teéhnical Brij 30
solution in three separate volume:rafios (1:2, 1:3,_1{4, alcohol solution:
Brij 30 solution) and chromatogréphed yielded a single intense symmetrical
peak for theAdodecanol portion of the.solution of alcohols and peak A of
Brij 30 (Figure 13). For comparisoﬁ, the retention times and volumes for
‘the technical Brij 30 solution, the.solutién of the series of homologous

" alcohols and the Brij 30 - alcohol series combination are shown in



: Table VIII
Retention times and volumes for Brij 30, the homologous series of alcohols and the Brij 30 -

alcohol series combination

Peak PrBrogram Brij 302 (D . Homologous Alcoholsb (ID) Combination (I) + (II)C
Temperature. v
(°c) e Ve t, Ve ' te vy
(min’) f
@Iy lem)  (min.)  (emd) (min.) (e )
octanol 117 - - 1.0 26.8 1.1 28.0
Decanol 122 - - - 2.7 68.3 2.8 68.3
Dodecanol + 146 . 5.5 - 130.2 5,5  129,9 . 5.6 . 128.8
A - Brij 30 N ~
165 | .
Tetradecanol + 165 8.9 199.3 9.0 197.4 9.0 193.7
B - Brij 30 189 SE ‘ :
C - Brij 30 169 9.6 . 211.8 - - R I 204.9
Hexadecanol 186 - - 12,4 254.6 ° 12,5 . 250.0
D - Brij 30 191 13.0 271.5 - - - 4
E - Brij 30 196 14,1 289.1 - - . l4,2 - 275.3
Octadecanol 207 - . . 15,5 298.3 . . 15.6 = 294.3
a ' ’ b . - c
Figure 11 - - Figure 12 ' Figure 13

i

poor peak resolution prevents accurate retention time determination (Figure 12)

8%
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Octanol
Decanol

w

v Dodecanol

Z

O

o

v

o T d

@ etradecanol Hexadecanol

Octadecanol
S— )

TIME —p

FIGURE 12, Temperature programmed gas chromatogram of the homologous

series of alcohols. T = 110°C, T, = 220%¢, dr/dt = 6°C/min



Dodecanol +
Brij 30 Peak A
Octanol
w
;; Tetradecanol «+
ij 30 k. B
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o
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c Hexadecanol
Octade canol
TIME —>
FIGURE 13, Temperature programmed gas chromatogram of a 1:3 volume ratio of the

homologous alcohols solution and Brij 30, T = llOoC, T, = ZSOOC,

dt/dt = 6°C/min

f
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Table VIII, The retention fimes-ana volumes for the dodecanol
fraction of theﬂhomologous alcohol serieé and peak A of Brij 30
‘solution were in good agreemenf and feliably indicated fhat peak A of
Bfij 30 was dodecanol. Peak A of the surfactant was estimated to

represent.a 6% w/w dodecanol contamination.

When gas liquid chromatograph& was a relatively new technique,
Nakagawa et al. (1961) found an 8.9% concentration of dodecanol
contaminant in Brij 30. The isothermal conditions and column chosen by
these authors resulted in a poorly resolved peak, therefore, the 6% w/w
value obtained in the present study is probably a better estiméte oth

the dodecanol content.

The mass spectrum of component peak A of Brij 30 (Figure 11)
was identicél in fragment pattern and peak ratios to the spectrum for
dodecanol, the suspected‘contaminant (Figﬁre 14). Because dodecanol was
a long chain alcohol (C > 6), the parénéwbeak, P = 186, was.character-
istically absent from the spectrum and the cleavage péttern resembled
that of theccorresponding olefin having clusters bf peaks at inter&als

of 14 mass units. .In these clustefs, the Cn H (97, 83, 69, 55) and

2n-1
the Cn H2n (140, 126, 112, 98, 84, 70, 56) peaks were more intense than
the Cn H2n+l peaks (141, 127, 113, 99, 85, 71, 57). A simplified mass.
spectral fragment pattern fbr peak A of Brij 30 and dodecanol is shown in

Fragment Map 1.

.TheAmass spectrum of-Brij 30 peak C (Figures 11 énd 15) was
dominated by the‘repetitive loss of methylene groups. The Cn H2n+l peaks

were intense at m/e, 141 and 169, which revealed the presence of the
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FIGURE 14, Mass spectra of dodecariol and Brij 30 - peak A
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Mass Spectral Fragment Map 1

Principal fragments of Brij 30 - peak A and dodecanol

CH3 (CH2)11 OH M = 186  parent not discernible

~H,0
’ ) +
oy (oHy) CHZ-] n/e = 169
— cm, (cw.) -CH. +  m/e = 140
3 2’8 ~72 m/e =,
b— cm, (cm)y, cu ]t /e = 126
| 3 V207 42" mre =
I (CH ) el "~ mfe = 112
3 276 z.l mre = 5
L — cm, (cu.), en =cu, |+ Je = 97
3 274 OH T M m/e =
— cn, cn), cu=cu |t /e = 83
3 V203 T T 2‘\ me ==

_ t— fragments showing successive losses of CH2
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FIGURE 15, Mass spectrum of Brij 30 - peak C
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complete

o+
CH3 (CHZ)IO CHZ]

fragment in this component. Evidence for the pfesence of oxygen
containing fragments was obtained from the peak, m/e = 199, which

represented
cH, (CH,),, o cH, |*F
3 2711 21
and the peak at m/e = 75,

[CH O CH, CH, OH,

The combined BriJ 30 - alcohol series chrqmatogram‘(Figure 13)  indicated
that the molecular weight of this component should be between 214
(tetradecanol) and 242 (hexadecanol) therefore, the plausible parent for

Brij 30 - C was

' CH3 (CHZ)ll‘O (CH2>¢H2:O)1 H,

polyoxyethylene (1) dodecyl ether with molecular weight, 230. The mass

spectral fragment pattern for this component is presented in Map 2.

The mass spectrum 6f Brij 30 - peak E (Figures 1l‘and 16)
showed the same repetitive loss of mefhylene groups as appeared with peak
- C. Because the spectrum for compoﬁent E is very-complex, the methylene
, cleavagé pattern has been omitted from Figure 16 so as to clarify the
more interesting oxygen—containinglfragments; Similar peaks for oxygen-
contéining fragments were present at m/e 199 and 75 as were pfééent for

component C. New oxygen-containing peaks were also present at m/e = 243,



Mass Spectral Fragment Map 2

Principal fragments of_pfij 30 - peak C, poiyoxyethylene (1) dodecyl ether

CH3 (CHZ)10 CH2 0 sz QHZ OH M f 230 pageqt not discernible
/e = 199 CH, (CH,) 0 CH, pu— 7 CH, 0 CH, CH, OH /e = 75
mre = 3 V2’11 g-}‘ | | [.42 2 "2 mre =
m/e = 169 CH3 (CHZ)IO_CHZ] —— —_— ‘—CH2 CH2 OH . m/e = 45
. ) + "
see Map 1 - _ — [CH2 OH L - 'm/e = 31

9¢
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0 CH, CH, O CHZ.]’“L,

CHy (CHy)p, o CHy

m/e = 89,

+..
g [sz CH2 0 CH2 CH2 OH,

and m/e-= 119,

T I_'CH2 O CH, CH, O CH, CH, OH.
Peaks at m/e 45, 59, 73, 87, and 101 were indicative of successive
methylene cleavages from a C H2 0 fragment (Figure 16). The combined
Brij 30 - - homologous alcohol series chromatogram (Figure 13) indicated

that the molecular weight of this component should be approx1mately 242 -

270, Polyoxyethylene (2) dodecyl ether,

CH3 (cH O_((‘.'GH2 CH2 O)2 H

2)11
with a molecular Weight of 274 éppeared to fit the mass spectral fragment
and gas chromatographic criteria. The mass .spectral ftagment pattern is

shown in Map 3.

C H and

The intense methylene cleavage pattern (C H2n 1s n Hon

C 2 +l) “characteristic for fragments llghter in mass than m/e 169,

(CH,) 1 CHZ] ™.
has been omitted from Figure 17 iﬁ order to clarify the nﬁmerous oxygen-
containing fragments of Erij 30 - peak G (Figure 11). As,noted for peak E,
oxygen—containing fragments'representing successive methylene fragﬁentations
from a C.n HZn 0 bacgbone were vieible also at m/e = 45, 59, 73,.87 and lOl
for this component. Only one new oxygenacdntaining peak was apparent at
' m/e--= 133_(Figure 17), to whieh the following molecular formula may be

assigned,



Mass Spectral Fragment Map 3

Principal fragments of Brij 30 - peak E, polyoxyethylene (2)ﬁdodecyl ether

m/e

m/e

n/e

m/e

m/e

CHy (CHZ)ll 0 (CH2 CH, 0)2 H M = 274  parent not discernible
' + + -
= 243 - CH; (CH,);, O CH, CH, O cuz'l - — [cn2 (0 CH, CH)), OH  m/e = 119
\ N . _ o
= 229 CH, (CH,),, O CH, CH, o] —_ o l-cn2 CH, O CH, CH, OH m/e = 89
= 199 CHy (CH,),, O cH,| ™ e | —*Tlcu o0cu cu om m/e = 75
3 /11 2 12 2 "2 :
= 185 CH, (CH,) ‘o]+ —*lcn. cu. om /e = 45
- 3 V2’11 B 2 2 7 me =
s
=169 CH, (CH,),. cH,|* L *[cu, on m/e = 31
3 ‘2710 “M2 : - 2 =
see Map 1

6S
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FIGURE 17. Mass spectrum of Brij 30 - peak G. CH3 (CHZ)lOT’ fragment pattern omitted
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I—CHZ CH, (O CH, CH,), OH.

No new peaks with masses greater than 243 were presént therefore,
combining the fragment, m/e = 133, with the compatible m/e = 185

fragment revealed, polyoxyethylene (3) dodecyl ether,

CH3 (CH 0 (CH2 CH2 0)3 H,

2)11
with formula molecular weight, 318.° The mass speétral fragment

pattern for this component is shown in Map 4.

Brij 3d peak - I showed an increased amount of tailing
(Figure 11) therefore, the mass spectrum may be contaminated but if the
pattern emerging is one of increasing ether substitution then this

componenf“should have molecular formula,
CH, (CHZ)L1 0 (CH, CH, 0), H,
M = 362. Again, because of the complexity of the spectﬁum, the

repetitive methylene cleavage pattern of fragments lighter in mass than

m/e 169,
CH, (CH.),. CH ]+
3 2710 72 ’
has been omitted from Figure 18 for clarity. A series of new oxygen

containing peaks were present at m/e =.163, 177, 193, 257 and 273

(Figure 18). . The mass spectral fragment pattern is shown in Map 5.

Because of poor peak resolution due to the upper»tempefature_
limitations of the column, the mass spectra for the gas chromatograph
peaks which indicated the possible presence of polyoxyethylene‘(n) dodecyl

ether substitutions, n = 5 and 6, were not pursued further.



Mass Spectral Fragment Map &

Principal fragments of Brij 30 - peak G, polyoxyéthylene (3) dodecyl ether

m/e

m/e

m/e

m/e

m/e

m/e

243

229

213

199

185

169

CHy (CHy)

0 CH, CH, O CH

CHy (CHy)yy 2 CHy

CH3 (CHZ)ll 0 CH2

CH3 (CHZ)ll

+
CHy (CH,);; O cnz]
+
G, (CHp),, o]
+

cH, (CH) 4 cné]

see Map 1

+
0 CH2 CHZ-I B

0 (CH2 CH2 0)3 H - M= 318 parent not discernible

17
2

o, 0]+ ——|

CH2)2 OH m/e 133

+
— [bHZ CH2 (0 CH2

— *_[CH2 (0 CH, CH,), OH m/e = 119

L see Map 3

¢9
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Principal fragments of Brij 30 - peak I, polyoxyethylene (4) dodecyl ether

Mass Spectral Fragment Map 5

m/e = 273

CH3 (CH

2)11

CH3 (CH2)11 0 (CE2 CH2 _0)4 H

o+
(o CHZ CH2)2 0] e

see Map 4

— (0 cH

2

2

+
— i'CH2 (0 cH

__* l—caz (0 CH

- gee Map 3

M = 362

2

2

— CH CH2 (0 cH

cH

+ [ _
— '[CHZ CH2 (o' cH

CH

parent not discernible

?CHZ)L OH

2
23

2

22

CH2)3 OH

OH

CH2)2 OH

OH

m/e

m/e

m/e

m/e

I

193

177

163

133

119

79
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Brij.30 peak B (Figure 11) had the same reéentibn time and a
similar retention volume as tetradecanol (Table VIII). When the combined
alcohol —bBrij 30 mixture was chromatographed for identification of the :
dodecanol peak, a 31ngle symmetrlcal peak was obtalned also for tetra-
decanol and BriJ 30 peak B (Flgure 13) Examlnatlon of thé mass spécﬁra
for peak B and for tetradecanol‘revealed similarities in fragmentation
of the two components (Figure 19 and Fragment Map 6). Ffom thé_simi—r
larities in retention time and volume, as well as mass spectral fraément
pattern, plus a éingle symmetrical gas -chromatographic peék being
obtained for bbth tetradecanol.and the Brij 30 peak B; it was conclﬁded
that the BriJ peak was composed of tetradecanol. The-tetradecanol

content of Brij 30 was estlmated to be 1.0% w/w. .

Tsuji and Konishi (1974) analyzed the hydrophobic portions of
commercial samples of polyoxyethylene dodecyl ether and demonstréted the

presence of ClO’ C,, and C., Oxo and Ziegler alcohols, They found 0.5,

12 14 ;
97.0 and 2.5% of the'respective~alpohols in polyéxyethyléne dodecyl ether
after acidicvcleavage of the ether linkages. The numbers they quote do |
not separate the free alcohol contaminants from the polymerization
products of thése alcoho;s. 'Thg-l.OZ w/w contamination of Brij 30 by free

tetradecanol found in the present study is pfobably therefore a good

estimate.,,

The mass Specﬁrum of Brij 30 peak D (Figure 11) closely
resembled thefépectrum for peak C (Figure 15) except for the presence of’

two extra peaks at m/e = 197,

oL
cH, (CH,),,CH, |,
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FIGURE 19.. Mass spectra of tetradecanol and Brij 30 - peak B



Mass Spectral Fragment Map 6

Principal fragments of Brij 30 - peak B and tetradecanol

CH3 (CHZ)13 OH M= 214 parent not discernible
- H,0
+
— CH, (CH) |, cnz] m/e = 197
L CH, (CH.) cn]+ Je = 169
3 2710 “M2 m/e =

——— see Map 1

67
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and at m/e = 227,

+ .
CH3 (CH2)13 0 CHZ] .

Another oxygen-containing fragment was present at m/e 75 and had

previously been noted for péék C (Figure 15). The combined ﬁrij 30>—
homologous alcohol series chromatogram (Figure 13) indicatedlfhat the
molecular weight of this componént should be between 242 (hexadecanol)
and 270 (octadecanol) therefore, the plausible parent for Brij 30 - D

was

CH3 (CH2)13 0 (CH2 CHZKO)1 H,
polyoxyethylene (1) tetradecyl cther with-a molecular weight of 258.
The mass spectral fragment pattern for this component is presented in

Map 7.

‘Tetradecanol, a second alcohol contaminant,'appeared to have
polymerized with ethylene oxide in a manner.analagous.to dodecénol
because the mass spectra of Brij 30 peaks F and H (Figuré 11) through

the combination of compatiblé fragments revealed the following plausible

parents, -
CH3 (CH2)13 0 (CH2 CH2 0)2 H,

(M = 302) polyoxyethylene (2) tetradecyl ether and,
CHy (CHy);4 O (CH, CH, 0), H,

(M = 346) polyoxyethylene (3) tetradecyl ether, respectively. The mass
spectral fragment patterns for these two components are shown in Maps

8 and 9, respectively.



< Mass Spectral Fragment Map 7

Principal fragments of Brij 30 - peak D, polyoxyethylene (1) tetradecyl ether

CH3 (CH2)12 CH2 0] CH2 CH2 OH M = 258 parent not discernible
+ o+ -
m/e = 227  CHy (CH,),, O guz.l — I~ [CH2 O CH, CH, OH m/e = 75
n/e = 197 CH, (CH,),. CH 1* N R {cn CH, OH " mfe = 45
3 (CHy)1p ) - ; 2“2
. v _
see Map 6 — — (CH 0):1 : “m/e = 31

2

69



Mass Spectral Fragment Map 8

Principal fragments. of Brij 30 - peak F, polyoxyethyleme (2) tetradecyl ether

m/e

m/e

m/e

m/e

271

241

227

197

CH3 (CHZ).13 0 (CH2 CH2 0)2 H M = 302 parent not discernible
CH, (cH,),. (O CH cn)*ocn]""—— —+|—‘c'n‘(ocn CH,). OH ‘m/e=119
3 2713 ‘Y. ¥ M/ 2 ) 2 “727/2
CH. (CH.).. O CH CH1++—— . Map 3
3 Y2713 2 “M2 : see Hap
+
CHy (CH,), 4 O CHZ] .
CH. (CH.) CH.|+
3 2712 “*™2
see Map 6

0L



Mass Spectral Frégment Map 9

Principal fragments of Brij.30 - peak H, polyoxyethylene (3) tetradecyl ether

a

, CH3 (CHZ)13 (0 CH2 CH2)3 OH M = 346 parent not discernible
m/e = 271 CH, (CH,),, O CH, CH, 0 Ci,| ¥ - —-—+|—(ocu CH,), OH m/e = 149
. 3 (CHy) 4 o CHy O CH,y . 2 CHy)4
m/e = 241 CH, (CH,).. O CH CH-|+——— —+|-CH CH, (O CH, CH,). OH " m/e = 133
3 (CHy)yg 2 ¢y —. 2 CHy 2 Cly)y
. . |
see Map 8 — — {-CH2 (o CH, CHZ)2 OH m/e = 119
—— gee Map 3

1L
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In summary, Brij 30 is a mixture of polyoxyethylene (n)

"dodecyl ethers,

~CHy (CH,),, O (CH, CH, 0)_H,

where n = 1, 2, 3 and 4 plus dodecanol 6% w/w. It is predicted that

the ether substitutions of n = 5 and 6 are also present. - Brij 30 also

contains 1% tetradecanol and polyoxyethylene (n) tetradecyl ethers,
GH3 (CH2)13 0 (CH2 CH2 0)n H,

where n = 1, 2 and 3. It is predicted that an ether substitution of

n = 4 is also present in the tetradecyl series.

The polyoxyethylene- alkyl ether surfactants are basically
unstable undef mass spectrometric'conditions, 5reaking immediately into
2 or more segmenfs._ Depending upon the chain length, the‘pbint of
initial cleavage may occur at one or more positions (Table‘IX), The
cleavage of the C - C bénd ne;t to thé,axygen atom:with a stable P - 31‘
fragment, typical of primary alcohols, occurred wi;h-polyoxyethylene (n).
alkyl ethers where n = 1 aﬁd 2. With higher degrees of éthér substitution,
the-P - 31 fragment was not visiblé‘and the cleavageé became character-

istic of monomeric aliphatic ethers, C - C bond next to an oxygen atom

and C - 0 bond cleavage (Table IX;. Silverstein and Bassler, 1967).

The parent peaks were characteristically absent from the mass
spectra of dodecanol and tetradecanol. The highest molecular weight

fragment observed, corresponded to the dehydration of a P + 1 molecule.

Fragments corresponding to successive CH2 or CHZ;EECH2

dominated the spectra of both these alcohols (Figures 14 and 19).

fragmentations



Table IX

Some positions of initial fragmentation of polyoxyethylene (n) dodecyl and tetradecyl ethers

a .
POE® (1) alkyl ether ' CH3 (QHZ)x CH2 0 CH2 CH2 OH

x = 10 or 12 », : T T T T

POE (2) alkyl ether CH3 (CHZ)x CH2 0 CH2 CHZ 0 CH2 CH2 OH

x = 10 or 12 ) o T T T T T T T

POE (3) alkyl ether CH3 (CHZ)X CHZTO ‘TCHZ TCHZTOTCHZ &CHZ 0 CH2 CH2 OH

x = 10 or 12 :

POE (4) alkyl ether : CH3 (CHZ)x CH2 O CH, CH, O CH CH, O CH, CH, O CH, CH, OH

2 2 2 2 2 72 2 72

o | S e T B

a polyoxyethylene

£l
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In conclusion, the results of the present study have

revéaled that average molecular weight determinations fér surfactants
are of‘limited value because an é#perimentally determi;ed Mn (380)
which is relatively close to the theoretical molecular weighf (362) is
not_indicativé of a monodi§perse system, Beéause the commercial
synthetic process, etherificaﬁion by reaction of alcohol and ethylene
oxide (Equation (11); Satkowski et al., 1967), may give rise to many |
polymerization products, there is no £éason to suppose that the polyoxy-
ethylene alkyl ether surfactant in this study»is unique. The hydrophobic
intermediates, obtained from'naturél o£ synthetic sources and used
commercially, are also not monodisperse (Satkowski et al., 1967).
Therefore,vit is suggesfed that micellar thermedynamic studies involving
these surfactants should be doﬁe with a molecularly-distilled fraction
where the purity and identity of the éomponent is assured or with

mixtures of known composition.

Without eétablishing.célibfation curves for the individual
compoﬁents,‘Kalish et al. (1972) have proposed integrated gas chéomato—'
graph péak areas to descriBe the ﬁoiecﬁfar weight distribution.qf the
surfactant derivatives theyAstudied.. This pfocedure is in error
because thg response of the detector is not a constant fqr all gas :
chromatographically visible componénts but it ié a function of the
composition of each component. For this reason plus the difficulty'of
isolating pure components, thg aétual moleéular weight.disirisution

’

‘ for Brij 30 has not been pursued further.

With the advent of gas liquid éhromatographic - mass spectro-

metric methods, it is theoretically possible to identify the components



of commercial surfactants but this.approach, at present, is limited
to surfactants with a low‘aegree of substitution., 1In fhe>present
study of a polyoxyethylene (n) alkyl ether surfactant, the upper
temperéture limits of SE 30 columns and the degree bf resolution of
the large number of polymerization erducts of two or more alcohols

presented restrictions to a complete analysis of Brij 30.

75 .
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SECTION II.  RHEQMETRIC STUDIES OF A MODEL SHEAR-THINNING SYSTEM

Pharmaceutical lotions, thin creams and suspensions commonly
exhibit shear-thinning flow pfoperties therefore, a model system with a
wide range of consistencies has been used to represent these fluids for

the rheometric studies.

The three rheometers employed in the present study were: the
ﬂaaké Rotovisko (Gebruder-Haake,‘l9§9a), reputedly the most versatile
concentric-cylinder viscometer (van Wazerjgg_gi., 1963); the Brookfield
Synch;o—lectric (Brookfield Engineering Laboratories, Inc., 1971), the
most economical and widely used rheometer and thg_Weiséenberg rheogonio-
meter (Sangamo Controls Ltd., 1970), a cone-plate instrumentAcapable of

steady and dynamic shear measurements. Instrument descriptions are given

by van Wazer et al. (1963).
A. STEADY SHEAR STUDIES OF PRACTICAL IMPORTANCE

Many rotational viscometers have been desigﬁed (van'Wazef et al.,
1963) but few of these are used widély for pharmaceutical measurements.
0f these, ‘the qommonly'used Couettelrheométersvhave not been evaluated
sfatistically to show their limitafioﬁs to accurétely represent  flow curves
of shear-thinning systems over“a pharmaceutically important range of
consistencies. Inherent in‘this evaluétion is thé‘exémination of shear -
rate calculation methods. and iﬁstrument‘calibratioﬁ techniques. The
'expressiqn of 'shear-thinning properfiés in terms of‘flow model_parameters
and’ the usefulness of these parametefs as .an aid to consistenéy formulation

also requires attention. This section of the present study therefore
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attempts to examine the above aspects for a model shear~thinning

system with a wide range of consistencies.

For economic reasons, the rheological reproducibility and
stability of HEC dispersions have also been determined and then compared

with the commonly used 2% MC dispersion.
LITERATURE SURVEY

1. Shear Stress/Shear Rate Determination in Rotational Viscometry

a) Coaxial Cylinder GeomefryA

The coaxial cylinder or Couette rheometer consists of a

cylindrical cup of radius Rd and a shorter cylindrical spindle of

radius Rb,' Either the cup or thé spindle may rotate (Figure 20,
van Wazer et al., 1963; Scott Blair, 1969). The matetial‘to be
measured is sheared between two cylinders, one of which is rotated at

a constant speed while the other 1s attached to a torsion wire or other

device for determining the torque (Scott Blair, 1969).

When laminar flow exists or IM = 0, the shear stress (o,

dyne cm-z) may be represented by

o = M2 . (17)
27r"h

where M is the moment of the forces acting on the cylindrical surface
with area, 2nrh, at point r (Figure 20), If r is taken at the‘rotating
surface'Equation (17)vis valid for non-Newtonian as well as Newtonian

fluids (Krieger and Marom, 1951).



FIGURE 20.

—R, —¥
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Laminar flow of an inelastic fluid in the gap between two concentric cylinders.

A. the outer cylinder rotates with angular velocity © and the inner one is

stationary. B. the inner cylinder rotates with angular velocityi!l and the outer

one is stationary (adapted from Lielmezs and Runikis, 1967)

8L
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For this geometry, the derivation of fundamental equations
' relating shear rate to viscosity for Newtonian fluids is based on the:

following  seven assumptions (vah'Wazer et al., 1963).

i. The liquid is incompressible.

-

ii, TheAliquid motion is laminér. s
iii. No motion exists between the.fluid and the cylindricéi surfaceg. |
iv. The liquid motion is two aimensionai.

v. The liquid motidn is steady.

vi. ‘The system is isothermal.

vii. The fluid velocity is only a functiop.of radius.

Since the design of the original Couette viscometer in 1890, -
Newtonian flow assumptions hgve béen‘used for the derivation»of shéar
rate‘equations by‘some manufacturers (Gebruder Haake, 1969b; Fryklof, ‘;
1961). The equations are predominantly derived from the well knowﬁ
Mafgulesﬁequation,

M 11 -
= - _ |, , (18)
" (ZHThQ)(R.bZ R 2) o ~ '

[of

which arose from the basic relation between shear stress and rate of

shear in Newtonian fluids,

c = n(rég%) , (19)

wherg dQ/dr is the réte of rotatibn at point r (Reiner, 1960). In the
Margulés equation, n is the Newtbnian viscosity (poise),‘M, the moment
of force (dyne cm), h, the cyiindér'length (em), 9, the aﬁgular velocity
at the rotating surface (fadvs*l). Equation (18) may be sepérated into

shear stress (17) (where r = Rb) and shear rate (#, s_l),
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Yo= 20— . 2 (20)

Together (17) and (20) form the familiar.Newtdnian shear stress-shear

rate calibration equations for coaxial cylinder rheometers{'"':

"The problem of developing an exact shear rate solution for
non-Newtonian fluids sheared within the .coaxial gap stems from the
absence of a set relationship'between shear stress and shear rate

for these fluids (van Wazer et al., 1963).

Krieger and co—wqfkefs (Krieger and Maron,-1951, 1952 and .
'19545 vaieger and Elrod,_1953;>bMar6n énd;Krieger, 1960;: Krieger,
1968 and 1969) have worked repeétedl&von the'sﬁear réte ﬁroblemAfér
non—Newtoniéﬁ fluids sheared Within the gap of a coaxial rheometef.
The aﬁplicability of tﬁeir équations to inner cylinder. rotating

“instruments has been shown by Lielmezs and Runikis (1967).

From Mooney, it was known that the general expression for

angular velocity, (21),,could‘be_differentiated to give (22) (Krieger,

1968) . _ |
A =0 . .
8=z f@E o ¢3D
oy o

The Euler-Maclaurin formula was used to expand this difference equation
(Krieger and Elrod, 1953). The dominant term of the final form of the

resultant shear rate equation,'
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200 Rcz_/n- O 2/n :(2 ' Rc) L

v o= = —— {1+ —— (- =, (23)
0 Rc2/n~; 2/n (2/n)2 - . Y

Bp nR

was identical to the power-law approximation for shear rate (Krieger,

1968) where n was the power-law flow behaviour index.

The correction term in (23) is almost always within 17 of
, - | o :
the true'rate of shear (Krieger, 1969) therefore, shear rate may be.

calculated using

9 | 6)

<

]
N
~
s .
N
~
o]

» xSy,
according to Krieger (1968). -Shear rate approximation using the first
term of (23) is valid even for.extreméAcases oflhon—pOWer—law fluids
~and large radius ratios (Krieger,.l969). In (24), the liduid velocity

as a function of radius is modified by .the flow behaviour index to

account for the ﬁon—NeWtonian character of the fluid.

A finite bob rotating in a cup of infinite radius often
approximates the measﬁringicqnditidns in the Brookfield Synchro-lectric
viscbmeter, Krieger and Maron (1952) proposed a general solution

involving graphical differentiétion and the relation,

. g | |
Y= 2 dino ° ' o ' . (23)

Later, Krieger (1968) indicated that thesshear rate for non-Newtonian

fluids sheared within an infinite gap may be represented by

(26)

2
I
Bl
ke

which is the 1imiting case of (24). From geometric'consideratiohs,



L

82

Mooney and Ewart.(1934) derived shear stress and viscosity relationships’

for their coni-cylindrical viscometer which may be applicable to the -
Brookfield SC-4 spindles. Shear stress and shear rate may be- computed

from

g = kS _ ' ' (27)
2 2 : .
. Rc B Rb . : .
§ = g5 8 | _ - @8
R+ R .

where k is a shear stress calibration constant obtained from Newtonian

oils+and S is the meter reading.,
b) Cone-Plate Geometry

Unlike the coaxial-cylinder viscometer, an exact relationship.
between shear rate and shear stress exists for the cone-plate rheometer

" if two important assumptions.are made (Walters, 1968):

“i. the effect of fluid inertia is nggligible

ii. the angle between the cone and plate is less than 4°,

This relation is expressed as-

3Me - ‘ '
no= = - : (29)
2mr™Q ‘ ' : ’ v
where § is the cone angle in radians and r is the conekradius{
Fredfickson (1964) has evaluated the percent difference in shear stress
between the cone and plate for séveral'cone'angles. These differences

were 0.49, 0.12, 0.03 and 0.008% for cone angles, 4, 2, 1 and"%o,‘

respectiveély. For small cone angles, the assumption that shear stress,
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and hence shear rate, are uniform throughout the fluid sample
independent of radial poéition, is valid (Fredrickson, 1964; Walters,
11968). Shear rate is calculated.from ‘

¢ _ f -
¥ 5

. N : (30)
The»relétionship between the measured torque and shear stress is given
by

3M

¢ = . N (31)
2m:3 ' :

2. Errors in Rotational Viscometry

End—effects, slip and'Weissénberg effects comprise the major
sources of error in;viscometfic~measurements performed with a Couette
rheometer but tﬁéy may be eithef méfﬂématically corrected or minimized
by design. End—effects are readily.corrected by'subétituting an
éffective spindle length f&r the actual physical length in (17) (Lihdsley
and Fischer, 1947). These effects ﬁay assume greater‘impoftance with

“non-Newtonian fluids and require an‘end correction fpr each sample at
each 'shear Eaté (Sherman, 1970).‘ Eﬁd—effects are‘minimized by &esigning
coni-cylindrical spindles (Brodkfiéi& éC—4 spindles) and open-ended
spindles (Ferranti Psrtable'and Hé;ke‘Rotovisko MV spindles) (van Wazer
et al,, 1963; Highgate and Whorlow, 1969). Slip may be mathemati;ally o
corrected (Skelland, 1967). Throuéh the design of ribbed_or roughened
cylinder surfaces slip may be miﬁimized in dispersed syétems (Sﬂerman,
1970). ngssenberg effects are'minimized either by repacking the gap or
by the presence of a flﬁid cover bqt neither isrsétisfactory (van Wazer

3

et al., 1963).
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Secondary flows due to fluid inertia, non—ﬁniform shear rate
within the gap and sample evaporétion comprise the m;jor souréesbof
error in cdne-plate detérminations. Secondary flows are minimal at
sﬁe;f rates less. than 2800 é—l (Skellénd; 1967; Wil%iams,-1965), thét
presence of non—pniform shear is minimized by small cone aﬁgles
(Fredrickson, 1964; Walters, 1968) and sample evaporation is reduced
by a thin coating of low viscosity oil on.the exposed fluid surface

(Boger. and Murthy,.196§).

Viscous heating is another source of error in rotational
viscometry. The maximum temperature rise for coaxial instruments was

estimated from
2

"a"b

BT = g -t L 32)

«

where Qo~is a low angular veiocity, QM is the maximum angulér velocity
and A;is'the thermal conductivity of the fluid (Fredrickson, 1964). For
the cone-plate, an estimate of maximum temperature rise as a result of

viscous heating may be calculated. from
3MQM6
8T 7 Temr S | 33)
as derived by Bird and Turian (1962). Using the thermal'condﬁctivit&
value for water (Weast, 1973), ‘the maximum change in temperature due to
viscous heating, in the presentiétudy, was 0.2° -and 0.6°C for the Couette

and qoﬁe-plate rheometers, respectively.
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3. Flow Model Selection

The expression of shear-thinning flow properties in terms
of flow model -parameters would facilitate total rheogram comparisons
and thereby aid in prodﬁct developmént and quality control. Hence, three
models; the modified Shangraw structﬁre equaﬁion; the Steiger-Trippi-Ory

model and the power-law equation, were selected for evaluation,

Yakatan and Araujo (1968) proposed that the Shangraw structure
equation (Shangraw et al., 1961) can be modified to a three parameter

model .for ‘the shear—thinning flow region,
o = ay+ b( - e—cY). ' - (34)
a, b and ¢ are empirical parameters describing the system. They used an

analogue.computer‘to simulate the rheograms of carboxymethylcellulose

mucilages.

The second model,

- v 3 ' ’ .

y = a'c” +c'o, . (35)
~ was.proposed by Steiger-Trippi and Ory (1961) for shear-thinning pharma-

ceutical systems. a'

is the liquéfaction factor and c' is the reciprocal
of the limiting viscosity at low shear rates. Originally, Eisenschitz
(1933) had used this eﬁuatioﬁ fo.describe the rheology of concentration
celiulee-dispe;sioné.‘ Kassam and Mattha (1970a, b, c, d; 1971a, b) have

used (35) in their work with guaran, methylhydroxyethylcellulose and

polyvinylpyrrolidone dispersions.

The well-known power-law or Ostwald-de Waele equation,
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—— | | (36)

(Reiner, 1960; Scott Blair, 1970) has been widely used to describe
the shear-thinning behaviour of non-Newtonian systems (Bird, 19653
Cramer, 1968; Tung et al., 1971). ‘'m is known as the consistenéy index .

and n, as the flow behaviour index (Skelland, 1967).
EXPERIMENTAL

1. Rheometers and Methods

Haake Rotovisko, Model RV1 (van Wazer et al., 1963). An MVI

spindle with a gap width of O.él mmiﬁaé used over a range of shear rates
from 8.5 -~ 1370 s—l. The sample téméeéature was maintained by a thermo-
sﬁated water jacket surrounding the ﬁeasuring heaa. Each sample was
subjected tb_a stepw{se shear rate iﬁcrease and then a‘decrease with
the éhear stress signal either being read diréctly from the meter or

traced onto a strip chart. The manufacturer's equations, used to obtain

shear stress and shear ratenfespectiVely, were as follows
g = AS : &Y
and

¥ = Blu o . (38)

S was the meter reading, U, the gear setting and A and B were

calibration constants. A incorporated a correction for end-effects.

Brockfield Synchro—lectrié (van Wazer Eg;gl,,.lQGS). The
SC-4 coni-cylindrical spindle series Was used over a shear ;éte range
of 0.37 - 20 s_l. The sample temperature (25.0 + 0.5°C) in the SC-4

cup was controlled by a circulating water bath. Fach sample was subjected
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to a stepwise shear rate increase and thgn a decrease with the shear
stress signal being read directly from the meter., At each shear rate,
one minute was allowed for speedleduilib@ation followéd by threg
consecutive readings taken at 30 second intervals. Calibration constants
were obtained for the spindles using oil viscosity standards (Cannon
~ Instrument Co., Appendix I) as suggeéted by the manufacturerv(Brookfield
Engineering Laboratories Inc., 1971). Shear stress and shear rate were
calculated from (39) and (26), respeétively, where A' is a shear stress

calibration constant.

c = A'S R (39)

The geometrical shape of the spindles was accounted for

through the shear stress calibration constant, A', obtained from
. . - _ \

’

Newtonian oils and the relation

. |
A' = oo, : A (40)

where n was the Newtonian viscosity (poise) of an oil at a constant
temperature. The influence of .the conical ends of the cylindrical

spindle was included in the effective length,fh*},
h#% = hé + Ah, ' o ’ . (41)

where hO was the length .of the cylindrical portidn (cm) and‘éh; the

extended'length due to the sﬁbmerged;surface'area of the spindle ends.

Weissenberg Rheogoniometer (van Wazer et al., 1963). Several
platen diameters,15.0, 7.5 and 10.0 cm, with varying cone angles, 2.0,
1.0, 0.5, 0.25 deg, were used in combination with selectedftopéidn bars

to accommodate several decades of- shear rate. In each instance,. the
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cone was mounted on the top and the plate on the bottom. The sample
temperature was maintained by an air bath surrounding the meaéuring
head and .a thermocouplemmounted in the upper platen recorded the sample
temperature, Sample symmetry was checked prior to subjection to a step-
wise shear rate ingrease and theﬁ a decrease in forward and reverse
directioﬂs with the shearsstress signal recorded on a strip chart:

The manufacturer's equations (Sangamo Controls Lta., 1971)

-

were used to calculate shear rate,

. _ 1804
. Y = o, ’ . v ‘ (42)
and shear stress,
34K
o = —5F. ©(43)

2 was the angular rotation of the platen (rad sfl), a, the cone angle.
(deg),.AT, the movement of the toréion head transducer (ym), r, thev

lplaten radius (cm) andi&& was the torsion bar constant (dyne cm pm—l).

2, Rheological Properties,. Reproducibility and Stability of

Hydroxyethylcellulose and Methylcellulose Dispersions

Ten replicate dispersions éf HEC were prepared at concentrations
of 1.5, 2.0, 2.5, 3.0 and 3.5% w/ﬁ7foi}owing the generdl procedure outlined
in Aﬁpendix I. After aging 0.13, 1 and 5 years at room temperature,
rheograms for each dispersion were obtained ﬁsing the Haake Rotovisko
viscémetér (?‘= 8.5 - 1370 sec—l); The shear stress signal was.read
directly from the meter, ‘All tests were made at a sample temperature
of 30.0 * 0.5°C. Célibration constants were obtained for the épindle/

cup combination using oil viscosity standards (Cannon Instrument Co.) as
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suggested by the manufacturer (Gebruder Haake, 1969a). 'A.fresh sample
was used for each viscometric measurement. Between rheometric deter-
minations, all sample containers were sealed with paréffin and stored
at room temperature in the absence of light. For comparison, a set of
ten replicate 27 w/w methjléellulose (MC, 1500 cP) dispersions wasz |

treated in a similar manner. -

The data were put on punch cards to facilitate calculations
and statistical analyses using an IBM 360/67 computer. Shear stress

and shear rate were calculated using (57) and (38) respectively.

The rheograms were comﬁare& for preparation-:reproducibility
using a logarithmic transform of'the power-law modei (36) in a
co-variance program (Appéndix 111, Progrém 1) to test for differences
in slope (flow behaviour indeg) and level (cqnsistenéy index) (Snedecor,
1965). At each polymer concentration, confidence limits (95%) and
coefficients of variation, CV (44), were calculated for the power-law
parameters at measuring times,‘0{13, 1 and 5 years (Tables X and XI).

cv = 32« 1007 (44)

X
SD was the standard deviation'and:ziwas the average power-law flow

behaviour. index or consistency index.

To acquire stabilify inférmation, the apparent.viscosityvof
the HEC and MC polymers W;S examined with respect to tiﬁe (Figures 25
to.27). The-powér—law consistency index was taken as a dependent variable
to calqulaﬁeAlinear, qua&;atics logarithmic and Hyperbolic'functions with

respect to time. These functions were then compared for accuracy of fit
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to the data ( 47 , Figure 24).

3. Rheological Properties of Hydrokyethylcellulose - Polyoxyethylene

(4) Dodecyl Ether Systems

Four replicate dispersions of HEC were prepared at concen-
trations of 2.0, 2.5, 3.0 and 3.5% w/w féllowing the general procedure
outlined in Appendix I. After aging fér 1 day, flowqcur#es for each
of the four replicate HEC disperéioné‘at each éoncentration were measured
with the Haake Rotovisko viscometer. The tﬁree dispersions with the
closest rheograms were selected for'further evaluation. At each of the
HEC concentrations, triplicate sets of Brij 30 - HEC dispersions were
méde containing 0.0, 4.0, 8.0, 12,0 and 16.0% w/w of the surfacfant

(Appendix I).

Rheological properties of the ﬁEC - Brij 30 systems were
determined with a Rotovisko after i and 7 days storage. All tests were
made at a sample temperaturé of 36.0 t 0.590 over a shear rate range of
8.5 - 685 s_l. Shear rate and shear stress were calculated from (38)

and (37), respectively.

4, - Comparison of Rotovisko Shear Stress Calibration Methods.

The manufacturer suggestévthaf two shear stress calibration
constants,'é_(37), are sufficient fbr the ten shear rates associated
with the two  dynamometer settingé of the Rotovisko. Becaﬁse this
procedure ignores the possibility of.cﬁanged flow&effeqts at high shear
rates, an attempt has been made to examine whether a single value for

the shear stress factor is adequate for all ten shear rates associated
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with each dynamometer setting or whether there should be a shear stress

constant for each shear rate,

A series of Newtonian oils (Appendix T) was measured under
constant temperature conditions and a shear stress constant was calculated

from
A= X (45)

for each of the ten gear setting associated with the two ranges of
dynamometer sensitivity (Table XII). The manufacturer's method was also
used to evalﬁate the shear stress calibrqtion constant (Gebruder Haake,
1969a}; Table XII). A selection of shear-thinning fluids with.a power—
law flow behaviour index range of 0.48 to 0.69 was then measured and the
shear stress results calculated using both the proposed method and the

manufacturer's method.

To determine which calibration method yielded the best
representation of the shear stresé;shear rate'parameters, the data
calculated with both methods weréiseparately compared with shear stress-
shear rate data obtéined for the same dispersions using the Weissenberg

rheogoniometer (Appendix III, Program 1; . Table XIII).

5, - Evaluation of Non-Newtonian Rheograms Derived from Two Different

Types of Rheometers

The choice of viscometers for the rheological evaluation of
pharmaceuticals poses an interesting problem because comparisons among
instruments of different geometry are lacking for a range of non-

Newtonian fluids. Constant shear throughout the sample is theoretically -
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possible with the cone-plate viscéméter (Fredrickson, 1964) howéver,
the commonly used instruments have a Couette geometry in which the
sheer rate varies across the sample gap. The Haake:Rotovisko is a
versatile Couette instrument with ﬁell defined geometry and minimal
end-effects therefore, a comparison of this instrument with the cone-
plate‘Weissenberg rheogoniometer ﬁoﬁld be valuable. Also a Couette
attachment with temperature contfol is currently available for the
Brookfield Synchro-lectric viscoﬁeter. ‘The -evaluation of this
instrument would have practical siénificance because it has the
potentiél of providing the manufaéturef with a Couette rheometer at

nominal cost.

Dispersions of 2.0 and 2.5% w/w HEC were prepared following
the general procedure outlined in Appendlx I and aged for 1 day. Sets
of Brij 30 in HEC dispersions were made containing 0.0, 4.0, 8.0, 12.0
and 16.0% w/w of the surfactant in bqth of the HEC dispersionsconcen-
trations (Appendix I). Rheologiéal properties of the HEC - Brij 30
systems were determined after 1 day oflstoragé using the Haake»Rotoviéké
(y = 8.5 - 685 s-l,‘c calculéted usiﬁg théiprpposed calib;ation ﬁethod
Section II. 4.), the Brookfield (SC-4 ~ 27 and 29 spindles,vy = 0.4 -

20 s_l)'and the Weissenberg rhéogéniéméter (platen diameter = 7.5 cm,
angle = 0.98420, y = 0.11 —'690's—1);instfuments. Thé sémple temperature
was‘25,0 1_0.500.‘ The.Rotovisko‘énd rﬁeogoniometer shear stress signals

were recorded. An undisturbed sample was used for each viscometric

measurement and all tests were done in triplicate.

Briefly, several methpds for shear rate calculation were

'selected for the Rotovisko and Brookfield rheometers. The rheograms
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obtained using the selected cdlculation methods were compared
separately with data generated with the Weissenberg rheogoniometer

(Appendix III, Program 1).

In detail, two separate éhéar rate equations were used with
data ffom the Rbfovisko and Brookfield rheomeﬁers. The first eqﬁation,
designated as the calibration equation was (20). Thg second shear rate
equation éﬁaluated for both rheomefers'was a theoretical equation
proposed by Krieger and Maron (Kriegef, 1968)((24). An additional pair
of shear rate equations were examinéd with the Broékfiéld data., The
first of these was the Mooney and Ewart equation, (28), for coni-
cylindrical spindles and the second'wés the Kfieger infinite gap equation,
(26). 1In all instances, shear stress was calculated from (17) except

for the Mooney and Ewart equation where (27) was used.

The manufacturer's method was used for shear rate-shear stress
determination with the data generated using the rheogoniometer in steady

shear (Equations 42 and 43 , rg;pectively)..

Prior to pooling the daﬁé'fof the instrument cbmpaﬁ%sons, a
preliminary screen of the triplicaté data sets for each rheoméger~was
perforﬁed to reject any members of the sets which differed at.P < 0.01.
The pooled shear rate and shear stress values calculated by the methods
being tested for the Rotovisko and Brookfield instruments Wére‘fead
directly into the co-variance program for comparison with the rheogonib—

meter results (Appendix III, Program 1; Tables XVI and XIX).
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6. Evaluation of Rheological Models for Shear-Thinning Systems

Brij 30 in HEC dispersions were prepared and measured as
described previously in Section II. 3. The data were put on punch
cards to facilitate calculations and statistical analysis by computer.
Shear stress and shear rate were.calculatea from (37) and (38),

respectively,

A non-linear leas; squéres’fitting routine was then applied
to obtain the beét fit to the data by fhe modified Shangraw, the
Steiger-Trippi-Ory and the power—law:models, (34), (35) and (36),
respectively»(Appendix III, Program 2). Calculations were made in
double ﬁrecisipn and the iterative ﬁfocedures were continued until
successive estimates of the parameters.differed by less than 0.0001.
Thé program printed the model paraméters along with the root mean
square total error of estimate for each. The parameters were also
punched on cards to facilitate piotfing and furthervprogramming. A
file containing the actual and fiftéd éhear stress-shear rate values
was created and used to calcﬁiate coefficients of determination for each

rheological model.

‘As a test of.dispersion stébility, flow curves obtained after
1 and 7 days storage were compare&‘fér'eacﬁ HEC - Brij 30 combination.
(Appgndix III, Program l)f When the pairs of flow curﬁes diffefed
éignificantly (P < 0.01), the 7 déy values were discarded from the follow-
ing analysis to determine the efféct.of varying HEC and Brij 30 concen-
trations on the flow model parameters. For each HEC concentration, thg

parameters a, b, ¢, a'

» €', m and n were taken as dependent variables and
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the Brij 30 concentration as the independent variable to calculate
linear, quadratic, logarithmic and hypérbolic functions. The highest
coefficient of determination denoted the best fit (Figures 33 to 39

and Equations 52 to 58 ).

Dispersions containing }§% W/w Brij 30 in distilled water
were also prepared and measured uﬁder identical conditions tb‘those
used for the Brij 30 - HEC systems.. At each shear.rate, tﬁe increase
in apparent viscosity, I due to‘the combination of Brij 30 - HEC -
water was calculated f?gg— |

Moy N1 = (na2 + na3) : (46)

where N,y was the viscosity of the Brij 30 - HEC - water system,

néz, the viscosity of the HEC -~ water dispersion andinaj, the viscosity

of the Brij 30 - water system,
RESULTS AND DISCUSSION

1. Rheological Properties, Reproducibility and Stability of

Hydroxyethylcellulose and Methylcellulose Dispersions

a) . Rheological Properties

?he~HEC dispersions exhibited shear-thinning flow properties
within the concentration range of 1.5 - 3.5% w/w when ﬁeasufed with the
Rotovisko. Figure 21 presents a7typical rheogram for each‘HEC concen-~
tration. At a constant shear rate, 5 distinct shift to higher shear

stress is noticeable for each 0.5% w/w increment in polymer concentration.
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FIGURE 21, Rheograms for aqueous HEC dispersions (age = 0.13 yr) .
measured with the Rotovisko rheometer (¥ = 8.5 ~ 1370 s“l,

T = 30,0 * 0,5°C)
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With each addition of‘HEC, a substantial increase in the apparent
viscosity is revealed by the increased slope of the rheograms at low
shear rates. Variation in shear stress with changing polymer concen-
tration (age = 0.13 years) is shown in Figure 22 for a selecﬁed range

of shear rates.

The shear-thinning flow properties of a.typical 2.0% w/w MC
(1500 cps) dispersion are compared with those for HEC 3.0 and 3.5% w/w

in Figure 23. From their rheograms, 2.0% w/w MC and 3.0% w/w HEC

’
4

exhibited identical flow.propertiesvat shear rates less than 100 secfl.
Above 100;secfl, 2.0%-MC was more viscous than 3.0% HEC (250G) bﬁt less
viscous than 3.5% w/w HEC. The rHeological properties exhibited by MC.

and HEC were a function of both polymer grade and concentration.
b) Reproducibility

The reproduciﬁility offrheological properties from batch to
batch is an industrial concern because of consumer requirementé for a
consisten; product. A statisficai gstimation of preparation and storage
effects on rheological reproduéibility through examination of flowiﬂ

curves 'is lacking in the literature for HEC and MC.

The variability in sample preparation was examined for the 1.5,
2.0; 2.5, 3.0 and 3.5% w/w HEC and 2;0% w/w MC dispersions and summarized
in Table X. A comparison of the.replicate flow curves (Appendiﬁ I1I,
Program 1) resulted in 1/10 of thé 1;5%,'1/10 of the 2.0%, 0/10 of the
2.5%, 0/10 of the 3.0% and 0/10 of the 3.5% w/w HEC dispersions being

significantly different (P < 0.05) in power-law flow behaviour'index or
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consistency index (36). At the same probability level, none of the ten
2.0% w/w MC dispersions was significantly different. For the dispersions
that were not significantly different, the power-law parameters, m and n,

were averaged and CL and CV were calculated to indicate the reproduc-

95%
ibility of rheological properties with repetitive sample preparation
(Table X). The small range in the confidence limit intervals, 2.0 - 5.2%
for m and 0.6 - 1.6% for n , shows that the reported sample

avg avg’ .
preparation method and HEC polymer were sufficiently reliable rheologically

to be used as the basis for a system to examine shear rate equations,

rheometers and flow models for shear—thinning systems,

The effect of aging onthe rﬁeological reproducibilify of HEC
and MC dispersions is summarized iﬁ Table XI. At HEC dispersion ége of 1
year, tﬁe range in the confidence limit.intervals about the mean consis-
tency index was 2.4 - 5.1% and the corresponding range for the mean flow
behaviour index was 0.8 — 177%. These ranges in the confidence limit
intervals were the same és found for the dispersions at age, 0.13 years,
'.Afféf 5 years of storage, a 4.1 - 14;6% range in the confidence limit
intervals about the mean consistency index and a corresponding range of
0.6 - 1.7% for the mean flow behaviour index was noted for thé HEC
dispersions. The confidence limit intgrval for the 2% w/w MC dispersions
remained at 57 of the mean consistency,index over the 5 year ﬁeriod
whereas, the size of the corresponding confidence intervél»for the flow

behaviour index appeared to decrease slightly with increasiﬁg storage

time (Tables X and XI)._



Table X

Rheological reproducibility data for HEC and MC dispersions after 0.13 yr. storagea

b
Average Power-law Parameters, m and n

concentration
(% w/w) m CL, ., cv n CL, . cv
959% o 95% @
1.5 HECS 2.4606 0.0807 4.3 0.7631 0.0053 0.9
2.0 HecC 6.7507 0.3501 6.7 0.7051 0.0076 1.4
2.5 HECY 14.9798  0.3212 2.8 0.6474 0.0037 0.8
3.0 uec® 29,9016 0.6016 2.6 0.5980 0.0042 0.9
3.5 mEc? 52,6414 2.5670 6.3 0.5478 0.0085 2.0
2.0 mc? 23,1781 1.1316 6.4 0.6520 0.0098 2.0

a

(o)

‘T = 30.0 & 0.5°C,

Rotovisko rheometer equipped with the MVI spindle/cup combination

.c = mi?.(Equation 36 )

€9 replicates

d 10 replicates

- 10T



Table XI

Rheological reproducibility data for HEC and MC dispersions after 1 and 5 years storagea

Time Concentration Average Power-law Parame.ters,b m and .n
(vears) (% W/W)‘ m. m :CLQEZ“ CL95% n CL95%
1 1.5 HEC . 2.3214 0.0947 0.7693 0.0090
2.0 HEC 5.6380 0:4575 0.7335 .~ 0.0127
2.5 ©  HEC 13.1684 0.5663 - - 0.6729 0.0052 -
3.0 HEC 28.3076 0.6878 0.6157 0.0095
3.5 HEC - 50.0584 2.5667 | 10,5810 © 0.0083
2.0 MC 121.8539 - 0.8399 0.6708 0.0066
5 1.5 HEC  2.2086 0.1346 0.7439 '0.0130
2.0 HEC 4.3958 0.1791 . 0.7492 0.0047
2.5 HEC 8.8610 1.2982 0.7269 0.0148 -
3.0 HEC 19.0388 1.7432 0.6848 0.0099
3.5 . HEC | 33.8490 ©3.0685 10,6561 00071
2.0 Mc o 12.4315 0.7727 10,7599 0.0054
a Tmeas. = 30,0 ; 0.5°C, RotoviskoHRheometer equipped with aq'MVI épindle/cupvcoﬁbiﬁétion
b

g = mfn (Equation 36 )

c01
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c) Stability

A pqumer included in the formulation of a.fluid product to
enhance vehicle viscosity must be:stable during its shelf life. No
stability information at 25°C has been published for HEC therefore, thé
effegt of Storage time on the apparent viscosity of aqueous dispersions

has been determined over a 8.5 - 1370 s_l shear rate range.

Except for the 2.0% HEC.diépersions, the power-law consistency
and flow behaviour indices alteré& ﬁinimally over the first year of
storage (Tables X and XI). Within this time period, it is improbable
that the measured decrease in polymer vehicle viscosity would be detected
subjectively. A distinct decrease in the consistency.index was observed
af;erlS years of dispersion storage (Tables X and XI; Figure 24). A
mathematical examination of the change in consistency index with respect

to time revealed that a linear function,
m = Kl _-Ll (t)., . ) (47) '
described the relationship best for the 2.0, 2.5, 3.0 and 3.5% w/w HEC

and 2,07 w/w MC dispersions. K and L, were empirical equation parameters.

1 1

None of the functions tested described the relationship well for the 1.5%

wjw HEC dispersion. L1 which described the change in consistency index

with respect to time was- also closely related to HEC concentration as

follows

L, = 0.01 (HEC)4'94;"

) 48)

rz = 0,9670. For the 2.0 .- 3.5% w/w dispersions, the consistency index

was related to both time and HEC’polymer>concentration as described by
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m o= K - 0.01 .(t) (HEC)4'94' (49)

where t is time in years.

The apparent viscosity.of the HEC dispersions increased from
day 1 to day 47 (Figures 25 and 265; Whether 'a further increase in
viscosity occurred after day 47 is not known. The increase in apparent
viscoéity was shear sensitive and decfeased in magnitude as the shear
rate increased. At shear rates greater than 15%vs_l, the increase was
not noticeable. The magnitude of‘the-increase appeared to be a function

of polymer concentration.

At shear rates over 25 s_l, the'appérent viscosity of the 2.0%
w/w MC (1500 cP) dispersions appeare&'to increase slightly when
remeasured after aging 1 year (Figure 27). Pfeviously, a 10 to 157
increase in the viscosity of a medium érade of MC after a year of storage
had been noted by Davies énd Rowson (1958). Why the apparent viscosity
of the MC dispersions did not appeaf to increase at shear rates below

25 s_1 in the present study is not known at this time.

Cellulose is a linear; crystalline high molecular-weight polymer
insoluble- in wate; even though there are three hydrophilic hydroxyl
groups per anhydroglucose_unit. The high degree of crystallinity (60 - 70%)
prevents sufficient cellulosg hydrokyl—water interaction necessary for
'hydration. Substitutents such as methyl and hydroxyethyl grbups ?ﬁncyion
‘as’ spacers, reducing the configurational regPlarity aﬁd crystéllinity.
Therefdre, the type, size, amoﬁnt andldistriﬁﬁtion of_the:substitu;ent will
significantly affect the degree of'solub&lity in Qater (Désmarais and,

Esser, 1966). It follows tﬁerefore, that bulky hydrophilic hydroxyethyl
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substitutents would impart a greéter degree of water-solubility to
the cellulose molecule than methyl éubstitutents. The observed shorter
time required for the increase-in thé‘apparent‘viscosity of HEC as
compared with that for MC wquld appéar to be related to the degree of

hydrophilic character and spacer efficiency of this substitutent.

The exact reason for thé decrease in viscosity of the HEC
and MC dispersions‘over the 5 yé;f st;rage period is not known at this
time. Marriott and John (1973) have related the decrease in viscosity
of MC dispersions on storage in the absencé of microbial contamination
to polymer dehydration.  This would explain a poftion of the observed

HEC viscosity decrease in this sfudy.A

2. Rheological Features of Hydroxyethylcellulose - Polyoxyethylene

(4) Dodecyil Ether Systems
@

"

HEC exhibited shear—thinniﬁg flow properties within the
concentration range of 2.0 - 3.5% w/w. With 0.5% w/w increments in HEC
concentration in the absénce éf Brij 30, the flow curves shifted to
higher shear stresses at eachlshear raﬁe (Figure 28); Each flow curve
wés fitted to the pooled'data.(SI in total) from the tests of the

dispersiohs prepared in triplicate.

With the addition of 4.0% w/w Brij 30, a distinct shift of
the rheograms to higher shear.streéses occurred showing an increase in

n, for all HEC concentrations (Figure 28). For 2:5% w/w HEC plus

increasing concentrations of Brij 30, there was a pronounced shift in

the flow curves to higher shear stress with successive additions of the
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surfactant (Figure 29). Also, the increase in the non-Newtonian
character with increasing Brij“30bconcentrations was discernible as an

increase in the slope of the flow curve at low shear rates.

The addition of Brij 30,.5 nonionic surfactant, to the HEC
dispersions provided a reliable means bf obtaining a series of systems'
showing predictable incrementé.ip‘shear—thinning properties at each
polymer concentration. Simply stéted, the surfactant gave rheological
flexibility to the HEC dispersions without changing the type of flow

properties exhibited in steady shear.

3. An Improved Rotovisko Shear Stress Calibration Method

Although the shear stress constant (A) detgrmined for_each
shear rate fluctuated Vith increésing‘shear rate, a trend waé apparent.
with respeét to the two dynamometer settings (Table XII). The A
values’appear to increase and then to decrease with increasing shear

rates.

Because thé shear stréss.éonétant is calculated from Equation-
(45) where the viscosity of the Newtoﬁian 0il and the shear rate are both
constant, the trend noticed must be the result of.greater or lesser
changes in S, thé:scale reading., A higher scale reading and, therefore, a
lower shear stress constant~reflec£ an increased resistance of the oil to
flow at thatvshear rate. This inc;eased resistance may be due to increased
end-effects. It should be noted that the manufacturer recommends the

determination of shear stress constants at the mid-shear rate region where

the oils were found to exhibit less resistance to flow (Table XII).
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Table XII
Shear stress calibration data for the Rotovisko rheometer

fitted with an MVl spindle

Shear Rate : A?
(s 50° " at 5007 a
8.46 3.09 7 29.00 2
16.91 3.12 - .5 29.52 s
25,37 . 3.06 5 30.08 7
50,74 3.12 9 ©30.61 7
76,11 3.14 10 130,30 8
152,22 3.18 10 30.51 6
228.33 3.16 7 29.19 3
456.67 - 3.16 2 29.77 10
685.00 3.14 2 29.89 -9
1370.00 3.13¢ - 29.52 6
Manufacturer's 3.08 o 30;78
Method :
a

o = AS (Equation 37)
dynamometer setting .
¢ number of replicates

average of the above values
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Shear stress was calculated using both qalibratibn methods.i
and. the results compared to corresponding sets of data generated with
the Weissenbérg rheogoniometer o#erlg similar range of shear rates.
The resulté from the proposed method were not significantly different
(P > 0.05) in power-law flow behaviour index (n) and consistency index
(m), (36), for thesshearOthinning fluids with n 3 0.55 (Table XIII).

A further increase in non-Newtonian character (n < 0.55) resulted in
the Rotovisko data calculated using the proposed method deﬁiating from
those of the cone=-plate Weissenbérg rheogoniometer. Using the
manufacturerYs method for calcuiétion, all the fluids tested were

significantly different (P < 0.05) in n or m.

From the noted improvement in the Rotovisko shear stress-
shearbrate<data correspondence to similar Qata-from the ngSsenberg
rheogoniometer, é shear stress éalibration constant should be determined
for each Rotovisko shear rate for non—NeWtoniaﬁ shear—thinniqg fluids
with.powér—law parameters, m évél;s.and n > 0,55, Shear'st;e§s'caiibration
using'New;onian oiis may be inadéquate'or Weissenberg effécES.may be
signifiéaﬁt for the fluidé with a highér deg%ee of non-Newtonian shear-

thinningicharacter (n < 0.55).

4., Limitations of the Couette Rheometers in Shear Stress/Shear Rate

Determination of Non-Newtonian Shear-Thinning Systems

A uniform shear rate within the sample was obtained using
the cone-plate, Weissehberg rheogoniometer, because of the following
imposed conditions: .

i) the highest shear rate (1095 s_l) employed was considerably less



Table XIII
Comparison of the two Rotovisko shear stress calibration methods to data generated using the

Weissenberg rheogoniometer

Rheogoniometer Rotovisko (Calibration Methods) - Rheogoniometer
: Comparison
Consistency Flow Behaviour Proposed Method Manufacturer's Method be Df
index index .
. m n m n m n
a a
m n :
L ‘C . d
12.0 0.69 : N N N S 1/138 1/139
22,0 0.62 N N S S 1/127 1/128
41,5 0.55 N N s S 1/165 1/166
56.9 0.52 S S s S - 1/170 1/171
84,6 0.48 4 S S S 8 21/172 1/173
a w0 . -1
o = my (Equation 36 ; shear rate range, 10.9 - 690, s )
degrees of freedom
N = not significantly different at P > 0.05
d S =

significantly different at P< 0.05

ST1
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 than the shear rate region (2800 s_l) requiring inertial
corrections (Skelland, 1967; Williams, 1965),
id) cone angles g 2° were used,-and
iid) the maximum sample temperature rise due to viscous heating was

° (33).

0.6
Therefore, the shear stress/shear rate data obtained with this
instrument were considered accurate and were used to evaluate the

‘ accuracy and limitations of the two Couette rheometers and several

shear rate equations for a series of shear~thinning systems.
a) Haake Rotovisko - Weissenberg rheogoniometer comparison

Measured with the Rotovisko over a 8.5 - 685 s—l shear rate
range, the HEC - Bfij 30 systeﬁs spanned a 0.76 - 0.4§ range in flow
behaviour ‘index, n, (Table XV) andsshowed shear-thinning flow properties
(Figure 28). As an indication of disbersion variability, a range has
been presented for each of the powef—law parameters (Table XIV). The
pbwer—law model parameters for data generated with‘the rheogoniometer

which overlap the shear rate range of the Rotovisko are given in Table XV.

The'power—law'flow behaQiour indices for both the Rotovisko
caliﬁration and Krieger-Maron shear rate calculatioﬁ methods
(Equations 220anénaﬁ}24 ) corresponded well with those for the rheogonio-
meter for n > 0.55 (Tableé XIV and XVI),_ The-congistency index, m, was
more sensitive to rheological chanées and revealed a slight difgerence

between the two shear rate calculation methods when they were separately

compared with data from the rheogoniometer (TaBle XVI).



Power—law’ parameters for HEC - Brij 30 systems measured with

3

Table XIV

the Haake Rotovisko at 25°¢

Dispersion Composition

Calibration Equationb

Krigger-Maron EquationC

(% w/w)

HEC Brij 30 n R m ¥ R n R m R
2.0 0.0 0.757  0.002 4.85 06088 : 0,757 0.002  4.80 0.08
2.0 4.0 0.678 0.006  10.35 0.3925 0.678 0.006  10.21 0742
2.0 8.0 0.584 0.020  21.31 2.17:170.598 0.004  20.92 = 1.05
2.0 12.0 0.515  0.004  42.42 1.53  0.515 0.004 41.48  1.49
2.0 16.0 10.453° 0,010  73.26 7.50 - 0.453 0.010 71.48 7.24
2.5 0.0 0.703 0.002  11.07 0.15  0.703 0.002 10,93 0.14
2.5 4.0 0.616 0.001  22.51 0.41  0.616 0.001 22,15 0.41
2.5 8.0 0.544  0.008 41,61 1.47 - 0.544 0.008 - 40,85 1.43
2.5 12.0 0.470 0.007  76.07 2.92  0.470 0.007  74.34 3.42
2.5 16.0 0.409 0.008  125.79 5.80  0.409 0.008 122.45 5.60

gs = m%p (Equation 36)

b .

Equation 20

¢ Equation 24, Re/Rb = 1.04

d Range, 3 replicates

LT



Table XV

Power-law’ parameters for the HEC - Brij 30 systems measured with the Weissenberg rheogonio-

meter at 25°C

Dispersion Composition

Shear Rate Range Overlap

(% w/w) Rotoviskob Brookfield

HEC ‘Brij 30 n® m n m Shear Rate Range (s_l)
2.0 0.0 0.758 4.85 d d 0 7 10085
2.0 4.0 0.678 9.89 0.872 5.90 0.7 - 10.95
2.0 8.0 0.599 20,09 0.715 14,45 0.4 - 17.3
2.0 12.0 0.544 33.19 0.620 27.61-  0.7'- 27.5
2,0 16.0 0.490 55.59
2.5 0.0 0.691 11.97 0.922 6.4 0.7 - 10.95
2.5 4.0 0.622 21.98 0.807 13.30 0.3 - 17.3
2.5 8.0 0.546 © 41,50 0.689 28,64 0.4 - 17.3
2.5 12.0 0.521 56,88 0.563 53.33 0.6 - 10.95
2.5 16.0 10.477 84.53

85 = mﬁ? (Equation 36)

b - 10.95 -690 st

¢ from pooled Weissenberg rheogoniometer data

system viscosity too low to be measured accurately at-these shear rates with the chosen
instrumental conditions

811



Table XVI
Comparison of two shear rate calculation equations for the Rotovisko with results from the

Weissenberg rheogoniometer for shear-thinning systems

Dispersion Composition Significance
(% w/w) Calibration Method Krieger-Maron Method be

HEC Brij 30 - m n m : (m)
2.0 0.0 N¢ N N N 1/116
2.0 4.0 N S N N 1/136
2.0 8.0 N S N N 1/151
2.0 12.0 S S S S . 1/182
2.0 16.0 S - S S S 1/180
2.5 0.0 N N N N 1/139
2.5 4.0 N N N N 1/128
2.5 8.0 N N N N 1/166
2.5 12.0 S S S S 1/135
2,5 16.0 S S S S 1/173

a T
o = my (Equation 36)

b degrees of freedom for m, Df for n is one less, i.e. 1/115 instead of 1/116°

©N.= not significantly different (P.> 0.05); S = significantly different (P < 0.05)

611
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The Krieger-Maron method for;shear rate calculation, (24),
for the Rotovisko was more reliable and gave .a better indication of the
true shear rate for shear—thin;iné fluids with a flow behaviour index,
n » 0.55, than the calibration method, (20) (Table XVI). Both methods
failed to represent Couette shear rate adequately for fluids with
n < 0.55 measured with the Rotovisko rﬂeometer (Re/Rb = l.04).v Re-
examination of Tables XIV and XV shoﬁed that the Rotovisko Values-for
m and n were markedly higher and 1owér, respectively, than those for the.
rheogoniometer for HEC dispersidns coﬁtaining 12 .and 167 Brij 30. The
changed power-law parameters for these coﬁcentrations of Brij indicated
that the Rotovisko was sensing a higher degree of non-Newtonian character

than was actually present. This phenomenon could be due to two reasons:

#4) the use of Newtonian oils to obtain calibration constants for each
shear rate 1s no longer adequate or
ii) true laminar flow no longer exists within the sample gap because of

Weissenberg effects.

b) Brookfield Synchro-lectric - Weissenberg rheogoniometer .

comparison

Measured with the Brookfield rheometer over a shear rate range
of 0.4 to 20.0 sfl, the HEC - Brij 30 systems spanned a 0.95 - 0.52-.
range in flow behaviour index, n (Tables XVII and XVIII). A range has
been given for the power-law parameteré describing the data from the
four shear fate calculation methods, Equations (20), (24), (26) and (28).
The power-law parameters for the rheogoniometer for the shear rate range

corresponding to that of the Brookfield are given in Table XV.



Table XVII
Power-law" parameters for the HEC - Brij 30 systems measured with the Brookfield rheometer at

.25°C. cCalibration and Krieger-Maron shear rate equations.

Dispersion Composition Radius Calibration Equationb Krieger-Maron EquationC
(% w/w) Ratio n’ X Rd mwmw ;%R n o R m _}k R
HEC Brij 30 Rc/Rb ’ o ' '
2.0 0.0 1.64 - 0.954 0.001 2.68 L0oe5 0,951 0.002 2,68 0.05
2.0 4.0 1.64  0.827- 03040 6.80 0.07 0.822 0.001 6.40  0.07
2.0 - 8.0 2.50 0,682 0.020 17.17 0.81 0.682 0,020 14,19 - 0.55
2.0 | 12.0 2.50 0,553 0.040 43,17 5.25 0.553 0.040 33.55 2,91
2.5 0.0 . 1.64 - 0.932  0.001 6.40  0.21 0.926 0.001 6.22  0.20
2.5 4.0 2,50 - 0.804 0.005 14.54 0.50 ~0.801 0.003 12.86 0.44
2.5 8.0 2,50 0.672 0.010 32.16  1.51 0.672 0.010 26346 1.15 -
2.5 12.0° 2.50 0.523 0.005 72,61 0.34 0,523 0.005 55.72 ‘0.16
25 = nf" (Equation 36)

b Equation 20
¢ Equation 24
Range, 3 replicates

€2 replicates

121



Table XVIII

Power-law® parameters for the HEC - Brij 30 systems measured with the Brookfield rheometer at

25°¢. Krieger and Mooney shear rate eduations.
Dispersion Composition  Radius Krieger Equationb 'Mooney Equationc
. (% w/w) Ratio 0 N Rd o i R a i "R m R

HEC Brij 30 Re/Rb
2.0 0.0 1.64 0.951 0.002 2.68 0.01 0.951 0.002 4,12 0.14
2.0 4.0 1.64 0.822 0.002 6.43 -  0.13  0.822 0.002 8.68 70.16
2.0 8.0 2.50 0,682 0.016 14,43 2.11 0.682 0.016 14,89 1.04
2.0 12.0 2,50 0.553 0.039 33.80 5.49 0,554 0.039 34.27 5.53°
2.5 0.0 1.64 0.926  0.002  6.22  0.40 0.926 0.002 9.30 0.56
2.5 ' 4.0 2,50 0.801 0.004 13.05 0.89 0.801 0.004 14,01 0.97
2,5 - 8.0 2.50 0.672 0.011 26.91 2.33- 0.672 0.011 27.70 2.3l
2.5 12.0° 2,50 0.523 0.005 55.86 0.22 0.523 Q,OOS 56.63 0.24

2 oo = m%n (Equation 36)

b

Equation 26

¢ Equation 28

3 replicates

a .
2 replicates

44!
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Examination of Tables XVIII and XIX showed that the Brookfield
results calculated using the Mooney shear rate equation, (28), were not
significantly different (P > 0.01) from those ggnerated with the rheo-
goniometer for ;.power-law flow behaviour index greater than or equal.to
0.81. TFor the Krieger-Maron and the calibration equatipns‘(;Qé and 20‘,
respectively), flow behaviour indices éreater than or equal to 0.87 and
0.92, respectively, are required for data correspondence with the rheo-
goniometer (Tables XVII and XIX). ‘The shear rate results calculated
’using the Kriégervequation for an infinite gap, (26), were not significant-
ly different (P > 0.01) from those of the.rheogoniometer for only the
most non-Newtonian dispersion measured (Table XIX). This result waé
expected because the coaxial. geometry, Rc/Rb = 2,50, may behave as an

infinite gap with high viscosity shear-thinning fluids at the low shear

rate range of the Brookfield.

It is distinctly possible that the degree of Brookfield -
rheogoniometer data correspondence could have been improved by generating
a shear stress calibration constant for each shear rate as was done.with

the Rotovisko (Tables XII and XIII).

At this point, the accuracy of the fheogoniometer shear stress/
shear rate data may be emphasized. A semilogarithmic equation described
the relationship between thefpowér;iaw consistency and flow behaviour
indices for the HEC ~ Brij 50 dispersions measured with the rheogoniometer

over a 10,95 - 690 s_l'range in shear rate (Figure 30, Equation 50 ).

logm = K '+>L

9 n (50)

2



_ Table XIX
Comparison of several shear rate equations for the Brookfield Syﬁchro—lectric with results from

the Weissenberg rheogoniometer for shear-thinning systems

Dispersion Composition ' Significance
(% w/w) Calibration Krieger-Maron Mooney Krieger - be

HEC Brij 30 n? m n m - n m n m
2.0 4.0 N s N N N N M S 1/73
2.0 ‘ 8.0 s s s s s s s s 1/126
2.0 12.0 s s s s s s s s 1/130
2.5 0.0 N N N N NN N . N s 1/80
2.5 4,0 N S N S N N N s 1/95
2.5 8.0 N S - N S N S N S 1/129
2.5 ' 12.0 N S N S 'S N N N 1/49

a5 = m%n (Equation 36)

b degrees of freedom for m, Df for n is one less, i.e. 1/72 instead of 1/73

© N = not significantly different (P > 0.01); S = significantly different (P < 0.01)

A
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FIGURE 30.
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Consistency index ~.flow behaviour index relationship for
the HEC - Brij 30 systems measured with the rheogoniometer

at 25°C over a 10.95 - 690 s—1 range in shear rate:
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K2 and L2 were equation parameters. The m.and n values obtained from

Fhe Rotovisko rheometer deviatéd from the linear relationship noted for
the rheogoniometer at n < 0.55 and showed a greater degree'of non-
Newtonian character than was ascertained with the cone-plate instrument
(Tables XIV and XV). .Figuré 31 shows a similar relationship between m
and n for the HEC - Brij 30 systems measured with the rhepéoniometer
over a low shear rate range (y, = 0.3 -;;7;5 s_l). The E_énd n values
generated with the Brookfield showed minimal correspondence fo those
obtained with the rheogoniométer in this region (Tébles Xv, XVII and

XVIII). In a linear power-law region described by
log 6 = logm+n log ¥, _ (51)

a linear relationship between m and n as shown by (50) and Figures 30
and 31 provided additional evidence that the rheogoniometer measurements

are correct for the range of ‘shear-thinning fluids measured.

With an increase in the concentration of HEC, the consistency

index changed by a constant amount for each system but the slope, L2,

(50) which may reflect or describe the interaction between the Brij 30 -
HEC components did not change.' If the interaction between the HEC -
Brij 30 - water components had changed with an increasebin HEC concen--
tration in the linear log o - log Y region then the slope of (50) wouid

also have changed.

5. Rheological Models for Shear-Thinning Systems

The modified Shangraw, Steiger-Trippi Ory and power-law models

accurately fitted the flow data for the HEC - Brij 30 dispersions as
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FIGURE 31.- Cohsistency index - flow behaviour index relationship for
the HEC - Brij 30 systems measured with the rheogoniometer

at 25°C over a 0.3 - 17. s—1 range in shear rate
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indicated by respective average coefficients of determination of 0.989,
0.990 and 0.993 (Equations 34 , 35 and 36 )l A t-test of the three
, séts of r2 values showed no significénf difference among the means
(P > 0.05). Thus, all three models fitted the data equally well for

the dispersions studied.

At most concentrations of HEC, the power-law fitted the data
best at low shear rates whereas the Steiger-Trippi-Ory model fitted the
data more accurately at higher shear rates (Figure 32). The modified -

Shangraw equation appeared to oscillate around the experimental data.

Functions that suitably described the variation of flow

parameters with Brij 30 concentration (B) were:

Modified Shangraw model

a= K3‘+ L3 B (52)

b =K, +1L, B2 - (53)
4 4 ~

c =K; + L log B _ (54)

Steiger~-Trippi~Ory model

a' = Ky + Lg log B ‘ - (55) .

c' =K, + L7‘1og B ' (56)
Power-law model

m = Rg + Lg log B . (57)

n = Ky + Ly log B (58)

where K and.L are regression constants and coefficients, respectively.

The functional relationship chosen in each instance had coefficients of
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FIGURE 32. Flow behaviour of 2.5% HEC dispersions. containing 167
Brij 30. The modified Shangraw, Steiger-Trippi-Ory and

power-law models are shown fitted to the data
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determination with the highest mégnitude and frequency.

The modified Shaﬁgraw:;trucfure equatidn parameters,.g) b and
c, were‘dependent upon both .HEC and Brij 30 concentration (Figures 33,
34 and 35). With 2.0% w/w HEC and incfeasing Brij 30 levels, the values
for the parameter a increased in a linear fashion. Increasing'HEC
concentrations resulfed in an upward shift of_the‘curve while the slopes
remained approximately constaﬁt. Theré was an exception-to the above
generalizationlwith 3.5% w/w HEC and Brij.30 concentrations over_8.0%ﬁw/w
for which the parameter appeared to plateau and then decrease., Values Qf
b increased in a curvilinear mannér with increasing Brij 30 and showed -
upward .shifts of the curves'for iﬁcreasing HEC concentrations. Parameter
E_vafied as .the logarithm of dispersion composition (Figufe 35). AéheSe
valges wére not as sensitive to changes in HEC concentration as ﬁere

those for a and b. On the other hand, ¢ was'more sensitive to increasing

surfactant concentrations. Deviations of b and ¢ from the selepted

-

functional relationshipsﬁKEquatiohs 52 , 53 and 54 ) were noted for
3.5% w/w HEC containing'over 8.0% Brij 30. Curves in Figures 33, 34 and
35 for 3.5% HEC are truncated at 8.0% Brij 30 because the function does

not apply at higher surfactant concentrations.

-

The Steiger-Trippi-Ory parameters, il

-and c', decreased in a“
logarithmic manner with increased Brij 30 and HEC concentrations (Figﬁres
36 and 37). The sensitivity to aiferations in HEC concen;ration decreased.
exﬁonentially with increasing cellulose polymer concentrétion. At 2.07
w/w HEC, a large decrease in'the'values of the two parémeters was notice-

able with increasing surfactant concentration, whereas at 3.5% HEC little

change was discernible, Deviations of these ﬁarameters from the fitted
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FIGURE 33. ' Variation of the modified Shangraw parameter, a, with

HEC and Brij 30 concentration
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FIGURE 34. Variation of the modified Shangraw parameter, b,
with HEC and Brij 30 concentration



133

3.5°/oHEC

L 1 : }

0 | 4 8 12 16
~ Buij 30 (%)

FIGURE 35. Variation of the modified Shangraw parameter, c, with

HEC and Brij 30 concentration
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Brij 30 (%)

FIGURE 36. Variation of the Steiger-Trippi-Ory model parameter,

~'a', with HEC and Brij 30 concentration
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Brij 30 (°/o)

FIGURE 37. Variation of the Steiger-Trippi-Ory model parameter,

~¢', with HEC and Brij 30 concentration
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functions at higher polymer and surfactant concentrations are
relatively small in comparison with those of the other two rheological

models..

The power-law parameters were sensitive to both surfactant
and cellulose polymer concentrations (Figures 38 and 39). The consistency
indgx, m, increased as a curvilinear function of polymer and surfactant

concentrations. Curves for the flow behaviour index, n, showed a

H

decrease with increasipg‘HEC and Brij 30, i.e., the dispersions became
more shear-thinning as the two solute species increased in concentration
(Figure 39). Deviations of parameter values from the selected

functions (Equations 57 and 58 ) were evident for 3.5% HEC dispersions
containing over 8.07 Brij 30. These discrepancies may arise frém
concentration-dependent interacti;ns among the dispersion components or
from significant Weissenberg'gffects occurring during rheometric

measurement in a co-axial viscometer.

Although the equations évaluated were empiricai models, use of
flow model parameters to describe rheoérams in the shear-thinning flow
region and determination of paramétef—viscosity inducing agent(s)
concentration relationships can éid in.formulating with deéired consistency
and flow properties. Construction of figures, such as 38 apd 39 for the
powerjlaw médel in the shear—thiﬁning flow region, would enable rapid
detetmination of the effect of alterations in processing conditions or
formulation components. The areas of.acceptable consistency and flow

characteristics as obtained from rheometric measurements of panel-

selected formulations may also be blocked in and used as an adjuvant to
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FIGURE 38. Variation of the power-law model parameter, m, with HEC

and Brij 30 concentration
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quality control and storage information.

The magnitude of apparent viscosity reflected an inter-
action between the components of the HEC - Brij - water system at
low shear rates (Figure 40). A possible explanatién for this increase
in apparent viscosity was an interaction of HEC molecules with Brij 30
micelles (cmc = 0.0055% w/w, Figure 10) to form large bulky aggregates.
The postulated aggregate was thought to be shear-sensitive as indicated
by a very large decrease in apparent viscosity with initial increments
of shear rate (Table XX). This form of shear-sensitive, viscosity-
increasing interaction with Brij 30 additions at low shear rates was
noted for all HEC concentrations tested. This interaction will be

disdcussed further in Section II. B. 3.
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FIGURE 40.  Apparent viscosity of 2.5%7 HEC dispersions containing
0, 4, 8, 12 and 167 Brij 30. The power-law model is

shown
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Table XX
Viscous interaction at low shear rates in a 2.5% HEC dispersioh

1

containing 16% Brij 30

Apparent viscositya (Poise) :

Shear 2.57 HEC

rate

(sec™hy . . : . ; .

: 16.0% Brij 30 2.SAfHEC 16.0% Brij 30

8.5 32.79 610 4.69 22,00
16.9 21.65 4.98 3.52 13.15
25.4 16.97 4,43 2.97 9.57
50.7 11.20 3.62. 2.23 5.35
76.1 8.78 3.21 1.88 " 3.69
152.2 5.79 2.62 1.41 1.06
228.3 454 2.33° 1.19 ©o1.02
456.7 3.00 1.90 - 0.89 0.21

 685.0 2.35 CL.69 0.76 -  -0.10

8 Calculated from the power-law fitted to the data

b _ _ -
Mas = Na1 (na‘2 + 1.4, qua;lon 46
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B. TRHEOMETRIC STUDIES OF A FUNDAMENTAL NATURE: LOW SHEAR AND

DYNAMIC MEASUREMENTS

Cellulose derivatives havé been noted to have unique
.properties in Wafer exhibiting>higher‘intrinsié viscosities and lower
sedimentation coefficients thah‘other polymers with the‘samé molecular
weight (Flofy et al., 1958). Thé'intfinsic viscosity in water shows a
strong solvent dependence and inﬁariably displays large negative
temperature coefficients (Flory'gE!§l¢,.l958; Brown and Henley, 1964
and 1967). Brown-and Henley'(1967>:«in studying the unperturbed
dimensions of cellulosé derivatives, have.statei_th;; HEC is considerably
more extended in a good solvént such aé Yater. kThe'determination of
viécoelastic properties in conjunction with low shear rate measurements
should confirm these findings céncerniﬁg the deposition of HEC in
aqueous media. The nature of a sheér-sensitive HEC - Brij 30.- water

interaction noted previously (Section II. A. 5), may be clarified also

through low shear rate and dynamic measurements.
INTRODUCTION

1. Limiting Viscosity at Low Shear Rates

Shear-thinning fluids theoretically‘have two Newtonian
regions, one at very low shear rates and the second at very high shear
rates (van Wazer et al., 1963; Scott Blair, 1969). Between these two
regions, the fluid shear-~thins or the Viscosity is no longer constant

but rather is a function of shear rate (Figure 1).

The limiting viscosity at low shear rates is an extremely
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important parameter in characterizing the properties of systems with a
structure which is unaffected by external influences (Dreval et al.,
1973). The Newtonian viscosity in this shear rate region is sensitive

to changes in polymer molecular weight distribution and molecular

structure, polymer concentration and [goodness" of the solvent.
polym 58

Mendelson et al. (1970) examined the melt rheological
properties of linear and branched polyethylenes-at low shear rates.
The degree of polymer branching was found to lower the characteristic
shear rate required for the onset of the lower Newtonian region
(Figure 1). 'The magnitﬁde of the Newtonian viscosity of a branched
polyethyleﬁe in this low shear region was observed to be greater than i

that for a linear molecule of the same molecular volume.

The zero-shear viscosity - concentration dependence for a
series of polymers of different chain flexibilities in various solvents
was examined by Dreval et al. (1973). Their results showed that the
parameters characteriéing the individual macromolecular chain, viz., the
dimenéions of the polymer coil and the rheological effectiveness of
solvent-polymer interactions, were significant in determining the viscosity
of polymer solutions from very dilute to highly concentrated. The nature
of the solvent was observed to affect the magnitude of the limiting
viscosity at low shear rates of concentrated polymer solutions in a
manner dependent upon the flexibility of the polymer chains (Tager and
Dreval, 1970). It was shown that the nature of the solvent had a
greater effect on the viscosity of polar polymer solutions Qith very

strong specific interactions than on the viscosity of nohzpolat:'selutions.
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2. Viscoelastic Moduli

Although-it is well recognized that the addition of small
amounts of polymer to a solvent may increase the viscosity, it is less
well known that dilute polymer solutions may also possess elastic
properties (Ferry, 1973). The determination of the elastic and viscous
components of such a polymer solution comprises an estimate of the eﬁéfgy
stored and lost as the result of sﬁdrt range deformations. The
characteristic shapes of the viscdelastic functions can be associated

qualitatively with different types. of molecular responses (Ferry, 1970).

The Storage Modulus This modulus is a measure of the energy stored and

recovered per cycle in simple linear éinusoidal shear deformation. The
storage modulus (G'(w), dyne cm—z):is defined as the sfress in phase with
the strain divided by the strain (Ferry, 1970) therefore, as the phase
angle approaches 900, only negligible energy is recovered and fhe fluid

is predominantly viscous.

The Loss Modulﬁs The loss.modulus (G"(w),‘dyne cm_z) is a meaéufe of

the energy dissipated as heat perAéycle and is defined as the étress out

of phase with the strain divided by the strain in sinusoidal shear
deformation (Ferry, 1970). As_thé phase ahgle appréaches 0° only negligible
energy is lost as heat and the material is predominantly elastig in

nature.

The Loss. Tangent This viscoelastic function is a dimensionless ratio and
is a measure of the energy lost to the energy stored in a cyclic

deformation,
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tan ¢ = G"/G'. (59)
The loss tangent is of considerable practical interest (Ferry;f1970).
Davis (1971a) has referred to the loss .tangent as a consistency

spectrum and has indicated its potential usefulness to follow rheo-

logical changes in formulation, quality control and storage stability.

Dynamic Viscosity Dynamic viscosity (n', poise) is the real part of

complex viscosity and describes the dissipative effects of alternating
stress,

1" . : .
R | (60)
- This parameter is useful in discussing uncrOSSvlinkedvpolyﬁers because
at low frequencies, ﬂl approaches tﬁé steady shear viscosity. The value
the dynamic shear - steady shear correspondence éssumgs.for uncross-—
linked polymers at low frequendies and shear rates is a functibn.of

temperature, molecular weight .and polymer concentration (Ferry, 1970).

3. Dynamic Testing

The complex rheologicai properties of pharmaceutical'sem;solids
may be elucidated by dynamic tesﬁing wﬁere the method'bf test does not
significantly alter tﬁe fluid strﬁﬁtﬁré (Barry, 1971). .Davis (196%a,
1969b, 1971a and,197lb> used creep response and oscillatory testing
(destructive and non-destfuctive) for ointment bases and creams and has
interpreted the observed rheological Behaviour with mechanical models.

In the 1969 papers, Davis clearly showed the limitations of steady shear
.viscometry to detect the limiting viscosity at low shear rates of

pharmaceutical semisolids. A comparison of long time creep and short
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time non-destructive oscillatory testing was made for pharmaceutical
‘gemisolids in the 1971 papers. -Davis proposed a log G"/G' (loss
tangent) versus log w plot or qonsistency spectrum for the character-

ization of these materials., Destructive oscillatory'testing was proposed

as a means of assessing consumer acceptance of topical preparations.

Although not a new idea, the problem of correlating sensory
assessment with rheological measurement (reviewed by Scott Blair; 19695,
has remained unsolved. Barry and co;wofkers (Barry and Grace, 1971 and
1972; Barry and Meyer, 1973) have stuaied the rheqlogical assessment of
texture profile and of sensor&vtésfing of spreadability.. They, like
éthers, have used ranking methods'to:évaluate subjective seﬁsory éséess—
ment, a procedure which does not separate viscosity, elasticity and
ductility. In addition, they have coﬁbined continuous shear and visco-
elastic measurements to construct master curves of the rﬁgological
conditions operative during spreadingQ Th;Tmaster curves showing the
acceptable rangés of viscosi£y for topical application were different for
lipophilic and hydrophilic gels as well as for the O/W emulsion stuQied
(Barry and Me&er, 1973),"The master.curvé ;oncept, when later used to
evaluate the consumer acceptability of a topical vehicle, appeaféd to

cofrelate,with subjective-assessment conclusions (Barry, 1973).

Barry and Eccleston (Bar:y‘and Eccleston, 1973a and l973b;
Eccleston et al., 1973) have studied‘the linear viscoelastié behaviour of
o/w emulsions stabilized with mixed emuléifiers of'the self-bodying type.
They héﬁe correlated increased viscoelastic functions (G' and ﬂi} with the

formation of emulsion networks resulting from intreased concentration and

chain length of the mixed emulsifier."Th;sé’authors‘have used
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oscillatory and creep testing over a wide frequency range as the

basis for the conclusion of network formation.
EXPERIMENTAL

1. Low Shear Rate Studies of Hydréxyethylcellulose and Hydroxyethyl-

cellulose - Polyoxyethylene (4) Dodecyl Ether Systems

Low shear rate measurements were performed because polymer
information about the disposition and interaction of macromolecules can
be acquired from these measurements in conjunction with dynamic

determinations.

Hydroxyethylcellulose,disperéions weré'preﬁared at concentra-
tidns.of 1, 2, 3 and 4% w/w following the general procedure outlined in
Appendix I. TFlow curves were‘measufed at 23.0 + 0.5°%¢C using the
Weissenberg rheoébniometer in-the‘steady shear mode. 'Several aecades-of~w
shear rate were covéfed with special'aftention given to the low shéar

l). The shear.stress signal was recorded. The

rate region (Y < 1.0 s
equilibrium shear stress signal at each'shear rate'wéééﬁaken as the true

reading. .Calculations were done using Equations (42) and (43).

The procedure was repeatéd with Brij 30 (8, 12 and 167 w/w)
in HEC dispersions (2, 3 and 4% w/w) to obtain information about a shear

sensitive. interaction noted with these dispersions in Section II. A. 5.

2, Viscoelastic Studies: Rheometer and Methods

Viscoelastic behaviour was studied using the Weissenberg

. rheogoniometer in small amplitude oscillatory shear (van Wazer et al.,
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1963). The sample was subjected to a sinusoidal strain with both the
input strain and the resultant stress signals recorded simultaneously.
The dynamic response was measured in terms of an amplitude ratio (Sm/Im)

and the displacement.of the two curve traces (4).

Using two different platen éombinations (both the.radius and
angle were changed), the linear viscoelastic region was determined
initially at a fixed frequency through variation of thelstrain wave
‘amplitude. An amplitude was selécted.in the linear viscoelastic region
and then dynamié measurements wege made prbgressing from low to high
oscillatofy frequencies. The strain énd stress siné waves were traged
by a potentiometric strip chart recorder at lowffrequencies and an
oscillograph at high frequencies. The wave amplitudes and displacements
we%e measured as suggested by the manufacturer (Sangamo Controls Ltd.,

1971).

Dynamic shear storage (G', dyne cm—z) and loss (G"; dyne cm_z)
moduli were computed using the maﬁufécturer's equafions (Equations 60

and 61 , respectively, Sangamo Controls Ltd., 1971).

2160 o Sm .
leusk_KT . cos 6 (61)
d Im

¢ =

2160 o Sm - .
3 "KT"‘ — sin¢ - (62)
d Im :

6
Q
I}

Sm was the maximum movement of the torsion head transducer (ym), Im,
the maximum movement of the worm-shaft measured by the oscillation input
transducer (um), d, the platen diaﬁéfér (ecm) and g_wés'the phase

difference between the recorded strain and stress waves (deg). Dynamic
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viscosity (poise) was determined from the loss modulus,

Gll
v = =
© 2nf ' (63)

where f was the frequency of oscillation (Hz) and 2nf was the radian

frequency (w, s—l).

3. Viscoelastic Features of Hydroxyethylcellulose and Hydroxyethyl-

cellulose - Polyoxyethylene (4) Dodecyl Ether Systems

' Aqueous dispersions of HEC were prepafed at concentrations of
1.0, 2.0, 3.0 and 4.0% w/w following the general procedure (Appendix I).
A second set of 2.0, 3.0 and 4;02 w/w HEC dispersions were preéared and
allowed to age one day. After aging, Brij 30 (8.0, 12,0 and 16.0% w/w)
was added to each of the three HEC dispersions (Appendix I). All

dispersions were measuréd using the oscillatofy mode of the rheogoniometer.

For the HEC dispersions, the linear viscoelastic region was

determined at a constant frequency using the following conditions:

1 and 2% w/w HEC platen diameters, 7.5 and 10.0 cm; cone angles,
0.9842 and 0.2522 deg; torsion bar constant 94 dyne

cm um

3 and 4% w/w HEC platen diameters, 5.0 and 7.5 cm; cone angles,
2.0242 and 0.9842 deg; torsion bar constants 94 and

875 dyne.cm um—l.

The linear viscoelastic region was determined for only the most.non-

Newtonian of the Brij 30 in HEC dispersions (4.0% HEC + 16.07% Brij 30).
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Significant conditions in the frequency curve generation fbr each of
the dispersions using the rheogonioﬁetér are given in Table XXI, The
storage and loss moduli, dynamic viscosity and loss tang;ht Were.
calculated and examined over the frequepcy interval for bo?h se;s of

dispersions (Equations 61, 62, 63 and 59).

RESULTS AND DISCUSSION

1. Flow Characteristics of Hydroxyethylcellulose and Hydroxyethyl-

cellulose - Polyoxyethylene (4) Dodecyl Ether Systems at Low

'Shear Rates

A theoretical Newtoniaﬁ fléﬁ region at low shear rates
(Figure 1) was detected for eéchyéf éhe‘l, 2, 3 and 4% w/w HEC
dispersions (Figure.4l). The shearvra;es at which Newtonién flow
initially occurred appeared to decrease with increasing polymer
concentration., For example, this region initially began at 75 s_1
for the 1% dispersion and at 0.18 s—l for the 4% HEC dispersion (Figure

41). The limiting viscosity at low shear rates (no) was found to be’

a logarithmic function of HEC concentration (% w/w),
log no; = log KlO + Llo‘logC(HEC) : | (64)

whete K., and L, . are regression constants and coefficients,

10 10

respectively (Figure 42).
- The discussion of the disposition of HEC polymers in aqueous
solution will follow the viscoelastic studies (Section II. B. 2.). The

detection of a Newtonian region for the HEC dispersions yields systems



Table XXI

Significant instrumental'conditioﬁs-in?HEC - Brij 30 dispersion frequency curve generation

Dispersion Composition ‘Platen " Torsion Bar Constant Maximum Frequency Range
(% w/w) d a KT Strain
HEC Brij 30 (cm) (deg) (dyne cmfm—l) (um) (dz)
1.0 0.0 10.0  0.2522 94 | 2.6 0.38 - 7.54
2.0 0.0 10.0 0.2522 94 1.9 0.06 - 3.77;
2.0 0.0 7.5 0.9842 94 ' : _l 0.5 0.06 - 3.77
2.0 ‘ 8.0 7.5 ‘029842 94 0.3 0.06 - 3,77
2.0 12.0 7.5 0.9842 94 0.3 0.04 - 2,99
2.0 16.0 7.5 -0.9842 875 0.3 - 0.06 - 3,77
3.0 - 0.0 7.5  0.9842 94 ‘ 0.4 0.04 - 4.75
3.0 _ 8.0 7.5 '0.9842 875 0.3 0.05 - 3,77
3.0 : 12.0 7.5 _0.9842 - 875 0.3 0.075,— 3.77
3.0 16,0 7.5  0.9842 875 0.3 00.04 - 2,99
4.0 0.0 7.5 0.9842 94 0.4 0.04 - 5,96
4.0 8.0 7.5 0.9842 875 0.3 0.05 - 3.77
4.0 . 12.0 7.5 0.9842 875 , 0.3 . 0.04 - 3.77
~ 2.99

4.0 16.0 7.5 10,9842 985 - 0.3 - 0.04

161
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with predictable viscosity at zero shear rates for the investigation

of viscosity effects on the diffusion of hydrocortisone (Section III).

Steady shear measurement of the 2, 3 and 4% HEC dispersions
containing Brij 30 (8, 12 and 16%5 did not revedl a Newtonian region
at low shear rates (Figure 43). These dispersions exhibited shea}—
thinning flow properties over 4 to 5 decadesvin shear\ra£e. At -low
shear rates, the flow properties showed a marked dependence on surfactant

-

concentration whereas, at high shear rates the HEC -~ Brij 30 rheograms

‘appeared to converge with the HEC flow curve reflecting minimal

surfactant contribution (Figure 43).

It was not conclusively'determined whether or nof a
Newtonian region existed at lo% shear rates because these fluids still
showed shear~thinning flow propefties at the shear stress signal
sensitivity-limits of the rheogoniometer. These measurements will be .

discussed further under Section II. B. 3.

2. Viscoelastic Properties of Hydroxyethylcellulose Dispersions

The storage moduli for fhe HEC diséersions formed a slightly
curvilinear relationship with ;adian frequency (Figure 44). Witﬁ an
increase in w there was a pron&uhced increase in the storage modulus
at each of the cellulose polymer.éoncentrationé. A substantial
increase in the storage modulus at each radian frequency was evident

also with an increase in cellulose concentration.

The HEC dispersion loss moduli were typical of a viscoelastic

liquid at low frequencies (Figure 45). G'" was directly proportional to
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the radian frequency as described by Equation (65) for a simple

Newtonian liquid.

G" = nw (65)

The calculatéd values of n' in this flow frequency region were 0.31,
3.5, 18 and 57 poise for the 1, 2, 3 and 4% w/w HEC dispersions,
respectively. These values agreed well with the correspondiﬁg n,

values (0.4, 3.5, 17 and 60 poise) obtained from steady shear measure-

ments at low shear rates (Section II. B. 1., Figure 41).

The shape of the storage and loss moduli (Figures 44 and
45)uwere characteristic of a dilute polymer solution in which the
viscoelasticity was a relatively minor perturbation of the Newtonian
behaviour of the solvent (Ferry, 1970). The relationship of the storage
moduli to the loss moduli (Figure 46) resembled the springy wormlike
model of Harris and Hearst (Hearst et al., 1966). This molecular model
represented a degree of stiffness between the perfectly flexible bead-
spring model and the rigid rod model of Kirkwood and Auer (Ferry, 19765.
This result was in agreement with Brown's conclusions from intrinsic
viscosity studies that the HEC molecule ﬁéé’considerably more extended or
less flexible in a good solvent such as water (Brown, 1961; Brown and
Henley, 1967). These workers cited specific effects of the solvent on
the chain rather than conventional short range polymer-solvent inter-
actions to be the cause of decreased flexibility. Flory et al. (1958)
reached a similar conclusion in their intrinsic viscosity studies on
cellulose derivatives. Solvents, particularly water, were visualized to
interact with cellulose chains go as to restrict rotation about the ether

linkages thereby decreasing molecular flexibility.
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Dynamic viscosity or the real component of complex viscosity
was another means of describing the dissipative effects of alternating
stress. From Figure 47, it was evident that dynamic viscosity approached
the steady shear apﬁarént viscosity of the HEC dispersion at low shear
rates. The agreement between the n' and_,no values at low frequencies
aﬁd shear rates was indicative of an uncr;;;—linked polymer (Figure 47).
The similarity in the two types of viscosity in this region implied that
the dynamic viscosity values were also related logarithmically to the
HEC polymer concentrations as depicted by Figure 42. The small
differences (011 poise) observed between n' and no.for the 1% HEC

dispersion, were condidered negligible.

L4

The viscoelastic properties of the aqueous HEC dispersions
'Kl, 2, 3 and 4% w/w) were a relatively minor pertﬁrbation of the
Newtonian fluid properties of the solvent. The HEC molecules were
found to be uncross-linked and to have intermediate stiffness as

described by the Harris and Hearét'springy wormlike model.

3. Viscoelastic Features of Hydroxyethylcellulose - Polyoxyethylene

(4) Dodecyl Ether Systems

The storage moduli for the most non-Newtonian HEC - Brij 30
systems are shown in Figure 48. With the addition of 8% Brij 30 to
the cellulose polymer dispersion,tthe storage moduli increased
dramatically to higher values at corresponding radian frequencies. The
pronounced shift plus a flattening of the curves at radian frequencies
less than 0.5 s_1 indicated the presence of an increased elastic

component. This elastic component disappeared at higher frequencies
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because the HEC and HEC - Brij 30 storage moduli assumed similar
shapes and appeared to approach each other. Similar changes in visco-
elastic properties were noted when Brij 30 (8, 12 and 16%) was added

to the 2.0 and 3.0% w/w HEC dispersions.

At low fadian frequencies, the loss moduli of the 4% HEC -
Brij 30 dispersions were not lénger directly proportional to the radian
frequency as described by Equation (65) (Figure 49). This proportion-
ality region, characteristic of viscoelastic liquids and evident for
the HEC dispersions without Brij 30 (Figure 45), now theoretically
would occur at lower frequencies than were measured. The flattening of
the HEC - Brij 30 loss moduli curves showed the presence of an increased

elastic component due to the additfon of Brij 30.

At the low frequencies.and shear rates measured, the dynamic
and steady shéar viscositiés still coincided for 4% HEC + 87 Brij 30
and 32 HEC + 12% Brij 30. This correspondence indicated that the systems
were not cross-linked. There was a progressive divergence in the dynamic
and steady shear results for 3%‘HEC + 16% Brij 30, 4% HEC + 12 and 16%
Brij 30 over the same frequency and‘shéar rate range (Figure 50). The
large divergénce noted for 4% HEC + 167 Brij 30 may be due in part to
experimental errors. It is expected that the two viscosity parameters of
the 3% HEC + 16% Brij 30 and the 47 HEC + 12% Brij 30 systems
would also converge at lowef frequencies and shear rates than were
measured. This prediction was made because the general shape of the
storage and loss moduli parameters was similar to uncross-linked

viscoelastic polymers (Ferry, 1970).
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The loss tangent or consistency spectrum (Davis, 1971la) was.
also examined for the HEC and HEC - Brij 30 systems (Figure 51). The
logarithmic tan ¢ - radian frequency relationship for the 4% HEC -

Brij 30 dispersions coincided‘fof all three Brij 30 concentrations
therefore, the energy lost and stored for each cycle of deformation can
be assumed to be independent of tﬁé surfactant concentration after the
first addition. Comparison of the loss tangent curves for 4% HEC and 4%
HEC + Brij 30 revealed pronounced elastic behaviour in the presence of
Brij at‘radian‘frequencies.less than 0.3 s—;. Increasing the HEC
concentration from 3 to 4% w/w in the presence of the surfaqtant caused

a radian-frequency-sensitive increase in the loss tangent (Figure 51). -

Examination of the loss tangent over a range of frequencies is
of interest because it has the potential of providing information on the
destructive, non-destructive or viscosity-inducing effects of various

formulation additives upbn macroscopic rheological properties.

The introduqtion ofva pronounced elastic component, evident
at low radian frequencies, inté'thé HEC dispersions when Brij 30 was
added indicated that the hydfate& HEC molecules were interacting with
Brij 30 or its micelles (cmc.é 0;0b55% w/w) to form a loose three-
dimensional network. The pfésence of a loosely honded network rather

than cross-linking would explain the shear-sensitive viscous interaction

observed in Section II. A. 5.
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SECTION ITI. LIMITING VISCOSITY AT LOW SHEAR RATES AND HYDROCORTISONE

DIFFUSION
INTRODUCTION

Davis (1971) noted a scarcity of data relating rheological
properties to drug bioavailability. Khristov‘(l969) observed a strbng
correlation between the rheological parameters of a complex ointment
base and the rate of liberation of incorporated drugs. Relationships
between decreasing viscosity and an increase in drug release rate were
also &escribed for complex calcium soap-liquid paraffin-hydroxypropyl-
methylcellufose-water and polyethylene glycol-hydroxypropylmethylcellulose—

water systems (Khristov et al., 1969 and 1970) Linear relationships,
log n, = 0.22 (%PPE) + 0.23, (66)

were observed between the release of salicylic acid and the reciprocal

of apparent viscosity for a Plastibase system containing varying amounts
of polyethylene (PPE) (Davis and Khanderia, l972);( The plastibase system
did not exhibit a limiting Newtonian viscosity region at low shear rates

therefore, the viscosity at the shear rates of diffusion is not known.

Generally, experimental diffusion studies involving membranes
ignore the role of vehicle viscosity at very low shear rates even though
the study may be examining the effect of surfactants on drug diffusion
(Short and Rhodes, 1972). Therefore,.a portion of the present work has
attempted to identify the effect of a change in limiting vehicle viscosity
at low shear rates on the diffusion of hydrocortisone (HC) through

artificial and biological membranes.
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EXPERIMENTAL

1, Determination of Solubility and Partition Coefficient for

Hydrocortisone

‘The solubility of hydfocortisone at 25.0 * 0.5°C was determined
using an equilibrium solubility technique, An excess of hydrocortisone.
waé.tumbled mechanically with 100 ﬁi of distilled water (pH = 6.5) in a
water bath. Samples were Withdrawn.at i, 3 and -4 days, filtgfed'through
a 0.22 ym Millipore filter and diluted appropriately for analyéis at
249 nm. FFrom the absorbance, éhé:csncentration of steroid iﬁ solution
was calculated using Beer's law (Pernarowski, 1969). The abgorptivity
valueswas obtained from the regréssion slopé of the standard curve for

HC in distilled water (Figure 52). Triplicate samples were done.

Preliminary experiments had shown that HC reached distribution
equilibrium in the two phase octanoi/water system within five days.
. Therefore, duplicate HC sampies bf 10 ml (20.4 mg/50 ml in water saturated
octanol) were tumbled with 20 ml of distilled water (pH’Q 6.5) for 5 days
in ambenbgiagéabgttméé; Aftéf fiVe‘days, the octanol and aqueous phases
were allowed to séparate, sampleé were withdrawn from both 1ayers and
centrifuged (l.h) to remove .any sﬁspended droplets of the alternate phase
(Leo et al., 1971). Absorbance’éf the aqueous samples at 249 nm was read
directly. Octanol samples were &ilutedr(l:SO) for analysis at 245 nm;:;
(The standard curve is éhown_in Figure 53).) Partitioniacoefficients were

calculated from the ratio of octanol to aqueous concentration of HC.

A second series of partition samples was done to explore the

accuracy of analyzing the aqueous layer only thereby determining the
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amount of drug in the octanol layer indirectly. Triplicate-samples of
two separate volume ratios (10 and“iS ml) of HC in water saturafed
octanol (44 mg/100 ml) were tumbled with 50 ml of deionized-distilled
water (pH = 6.5) for five days in amber glass bottles. The aqueous.
layer was separated, removed, centrifuged and analyzed directly at

249 nm. Theramount dnsithe_octanolélayerlwasacalctlatedcihdirectly,
A = A -A ‘ s - (87)

where Ao wag the amount of steroid in the octanol layer (ugfmiAt,Lthe

total amount of HC in the system and AW was the amount of HC in the

aqueous layer. The partition coefficients obtained from the direct and

indirect methods were compared.

2. The Interaction of Hydrocortisone with Hydroxyethylcellulose

To isolate the effects of viscosity on diffusion from possible
retardation of molecular movement due to extensive HC - HEC binding,
interaction studies were done using an equilibrium dialysis technique

(Kazmi, 1971).
a) Membrahe Preparation and.Selection

Three artificial membranes commonly used in equilibrium dialysis

studies were prepared in the following manner.

Cellophane dialyzer tubing was. -soaked in distilled water, cut flat and
then washed with several changes of distilled water.

Nylon membrane was soaked (24 h) and washed with»se&eral changes of

distilled water.

Dimethylpolysiloxane membrane was washed thoroughly with a soap solution,
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washed with several changes. of diétilled water and soaked in distilled
water (24 h).

All membranes were pressed between absorbent paper to remove excess

moisture.. .

The prepared cellophane membrane was placed between the

compartments of a two chambered dialysis cell (Appendix II). Ten ml

of a 0.25% w/w HEC solution (no preservatives) was pipetted into one
compartm;nt:of.two cells and 10 mi'of distilled water was pipetted into
the other compartment. The celié were tumbled in a water bath (23.0 * .
0.5°C) and after 24 h, equal volumes of the solutions were pipetted from
both sides of each cell. QThe-éamples were diluted (1:4) for analysis at
206 nm (Biank = distilled water). The absorptivity value was obtained
from the regression slope of the standard curve for HEC in distilled.

water (Figure 54).

The prepared nylon meﬁbrane’ﬁas placed between the compartments
of a pair of dialysisvcells. Teﬁ mi of distilled water was addedlto one
compartment of each cell. Ten ml of a 82.2 mcg/ml HC solution was added to

-the second compartment of one cell and 10 ml of a 25.4 mcg/mi HC in 0;25%'
w/w HEC solution (no preservatives) was added to the secondlce;l.' The
cells were tumbled in-a wate;.bath (25.0 = O,SOC) and at intervals (44, 68, .
135, 183h), equal volumes of thé solutions were pipetted from both sides of
4each cell. The absorbance was notgd at-249 nm for the HC speciéé (blank =
distilled water and 0.25% w/w HEC in distilled Water respectively). This

procedure was repeated with dimethylpolysiloxane membrane.
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b) Binding of Hydrocortisone with Nylon Membrane

Hydrocortisone solutions of varying concentration were made in
distilled water. Twenty ml of HC solution was pipetted into one compart-
" ment of the dialysis cell and 20 ml of distilled water was pipetted into
the other comﬁartment. Three glass beads were added to each compartment
to ensure continuous stirring dﬁfing dialysis. The cells were tumbled
inaa water bath (23.0 * 0.50C5 fof 4 days. Aliquots were taken from both
éomﬁartments énd, after properfdilution, the HC concentrations were
determined using UV spectrophotometry. The percentage recovery was

calculated to estimate membrane binding.

¢) Interaction of Hydrocortisone with Hydroxyethylcellulose

Hydrocortisone solutions of various concentrations were prepared
aseptically in 0:.25% w/w HEC (Stock solutions: 200.6 ug/ml HE in 0.25%
w/w HEC and 0.25% w/w HEC). The HEC dispersions weré not preserved.
Twenty ml of tﬁe HC in HEC]solufion‘was pipetted into one compartment of
a tﬁo—chambered dialysis cell (rinsed with 70% EtOH and sterile distilled
water) and 20 ml of steriie distilled water was placed in’ the second
chamber. The cells were tumbled in‘a water bath (23.0 i_O.SOC) until the
conqentration of HC in the-recebtor chamber was the same én two
consecutive days (35 days). Aliquots were withdrawn from the receptor
compartment, diluted appropriétely with distilled water for énalysis at
249 nm., Nylon membrane was used in this étudy and was prepared as

praviouslyrdescribed
previously described.
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3. Hydrocortisone - Hydroxyethylcellulose,Diffﬁsion'Studies in the

Presence of a Membrane

Two membranes were used in this study, nylon membraﬁe (pre-
pared as previously described, Section III. 2.) and human éutopsy
epidermis (prepared as describéd by Scheupleiﬁ, 1965). The integrity.
of the skin samples was determinedvby measuring the electrical resistance

after it was mounted in the diffusion cell (Table XXII).

The prepared membfanes were sandwiched betweeﬁ the Teflon
discs of the diffusion cell (Aﬁéendix I1) andvclamped tightly in place
atop tﬁe groﬁnd glass surface of the receptor chamber. 8 ml of 0.9% w/v
sodium chloride solution was pipetted into the lower chamPer. The cells
were carefully inverted to &isﬁei ény air bubbles below the skin surface.
0.3 g of the test dispersion (giﬁﬂug/ml HC in 1% w/ﬁ HEC'or 11+ ug/ml HC
in 4% w/w HEC oriO}S pyg/ml HC in distilled water) was added to the donor
chamber and 0.1 ml of tritiatea ﬁC.solution (2.17 x 108 dmp/ml) was layered
on to the surface of the upper reservoir. Samples were occluded with a
grease-edged cover slip and the side arm stoppered to pre?ent e&aporation
(T = 23 * lOC). 0.5 ml samples were withdrawn at convenieht time iﬁtervals
and added to 14 ml of Bray's séintillation cocktail and counted in the
Nuclear Chicago Isocap 300 using the tritium program for low quench samples
as supplied by the manufacturer. The amount Qf HC pxesent'in the sample
was calculated using a channels ratio technique in conjunction with a
quench correction curve (Figure 55). The receptor volume was renewed by

the addition of 0.5 ml of normal saline. Diffusion curves were constructed

for all samples and the rate of penetration (Js, ug cm—2 h—l) was

'
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calculated fromvthe steady slope of the cumulative diffusion - time

plot (Figure 56). Diffusion constants (D, cm2 h_l)'were computed from

Js = K_m_%_C_S - (68)

where Km was the membrane-vehicle partition coefficient, Cs, concentration
difference of solute across the membrane, § was the membrane thickness

(cm)., Km-was assumed to be 5 (Scheuplien and Blank, 1971).

To check the identity of the radioactively labelled diffusing
species, samples of receptor fluid were subjected to thin layer
chromatography in two solvent systems (chloroform/absolute ethanol

(90:10) and chloroform/acetone/acetic acid (10:851). At least 80% of

£
value forl'cold' HC : 0.63 - 0.72 for chloroform/absolute ethanol and

the radioactivity was recovered from an area corresponding to the R

0.75 - 0.79 for chloroform/acetone/acetic acid. Although some tritium
exchange may occur during the period of the diffusion process, the

radioactive compound penetrating the membranes was primarily HC.
RESULTS AND DISCUSSION

1. . Hydrocortisone Solubility and Partition Coefficient

«

In the present work, 301 ug/ml (* 5 SD) was obtained for-the
aqueous solubility of HC at 25.0 % 0.5°C. This result was in excellent
agreement with the 302 ug/ml result of Shqrt'ggigl, (1972):and also falls
within the limits of 285 ug/ml kiIIO% cv) found by Kabasakalian (1966).
Macek et -al. (1952) obtained a soluBility value of 280 ug[ml for HC from
shaking aﬁ excess of HC oﬁe hour prior to analysis. This is the commonly

quoted value but it is improbable that HC can achieve equilibrium
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solubility within one hour.

An éverage partition coefficient of 33.65 was determined from
measurement of the HC concentration in both.the aqueous and octanol
layers and 33.Zé p 0.60 CL95% from the indirect method (Equation 67).
These values agreed well with each other therefore, it was sufficient
to determined the octanol concentration inddrectly. The experimental
results were also in excellent agreement with Flynn's partition
coefficient in diethyl ether (Flynn, 1971) which had been converted by

Leo et al.(1971) to a corresponding -octanol value of 33.88.

2. ‘Hydrocortisone - Hydroxyethylcellulose Interactions

Cellophane membrane ‘was rejected as a suitable dialysis
membrane for studying the interaction of HC with HEC because the 0.25%
w/w HEC dispersion showed 907 .equilibration on both sides of the dialysis
cell within 24th. Although dimethylpolysiloxane membrane (DMPS) did not
permit the transfer of HEC, it was rejected also because of the extremely
slow passage rate of HC. The passage rate of HC through nylon membrane
was better than through DMPS and also nylon membrane did not allow the

transfer of HEC.

HC did not bind with nylon membrane. Within the errors of the
experimental technique and analytical emthod, HC did not interact with
HEC therefore, this was a good system to study the effects of viscosity

upon the diffusion of HC.
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3. Influence of Limiting Viscosity at Low Shear Rates on the Diffusion

of Hydrocortisone in Hydroxyethylcellulose Dispersions

The following factors permit the identification of vehicle

viscosity_effects on the release or diffusion rate of HC:

a) HC and HEC are both nonionic solutes

b) HC does not bind with nylon membrane (Section III. 2)

¢) HC and HEC do not interact (Section III. 2)

d) the HCCconcentration gradieﬁtbis constant

e) two different types of membranés are used

f) the vehicles are aqueous solqtionsvof»uncross—linked_polymers
(Section II. B, 2) and have a known viscosity at the shear rates of

diffusion (Section II. B. 1).

. An increase in the limiting viscosity at low shear rates from
0.4 to 60 poise (Section II. B..l) resulted in a 227 decrease in the
steady state penétration rate of HC (JS) through artificial.nylon membrane
and a corresponding 197 decrease in the passage rate.through human autopsy
epidermis at 23 1°%¢ (Table XXII). The similarity in the results using
two membranes indicated that the decrease in JS was due to the increase

in vehicle viscosity.

)

The effect of increasing vehicle viscosity on the diffusiék"of
HC through an artificial nylon membrane is shown in Figure 56. The
decrease in slope with an iﬁcrease in vehicle viscosity indicated that the
flux-br the amount of drug transferred per unit time at steady state haﬁ'

decreased. With human autopsy epidermis for a membrane, the cumulative



Table XXI

I

Comparison of vehicle viscosity effects on the diffusion of HC through nylon membrane and

human autopsy epidermis

Vehicle Viscosity J % Range (') - r2 Electrical D
: ' s Resistance
-2 -1 v 2 -1
(P) (ugem “h ™)  (h) (ohms) (cm”™ sec )
nylon water 0.01 0.320 0.020% 7.7  0.984 - -
1% HEC 0.40 0.258  0.001 6.3  0.998 - -
4% HEC 60. 0.200 0.020 7.0 0.994 - -
human autopsy water - 0.01 0.059 26. 0.995 90,000 1.4 x 1071
epidermis T T - -7 11
1% HEC 0.40 0.037 30. 0.997 110,000 1.0 x 10~
4% HEC 60. 10.030 28, 0.994 90,000 0.8 x 10 1t

22 replicates
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diffusion curves were in the same order as noted for the nylon membrane

(Figure 57).

The lag times remained unaffected by the increase in viscosity
but were influenced by the nature of the membrane. The lag time for the
diffusion of HC through the epidermis was four times longer than that for
the nylon membrane. Also, the HC flux, Js’ through nylon membrane was
approximately six times faster than through epidermis (Table XXII). Since
the thickness of both membranes was comparable, these two results may be
due to differences in the polarity of the membranes. The octanol/water
partition coefficient (Section III. 1) and the Km (Equation 68) showed that
the relatively polar HC molecule was not sufficiently lipid soluble to

penetrate the epidermis rapidly (Scheupleingand Blank, 1971) but should

show an increased penetration through the more hydrophilic nylon membrane.

The diffusion coefficient for HC dissolved in water and pene-
trating hyman epidermis as calculated from Equation (68) was 100 times

greater (Table XXII) than the corresponding literature vadues, 3 x 10-13

cm2 s“l noted by Scheuplein and Blank (1971), 0.68 x 10_13 cm2 s_1 calculated

from partition data by Lien and Tong (1973) and 4.8 x-lO_13 cm2 s_1
determined by Yotsuyangi and Higuchi (1972). The experimental temperatufes

for the above were not stated. The ﬂigher value determined in this study

was explained by one, or a combination of, the following:

i. a higher concentration gradient (Scheuplein and Ross, 1974), or,
ii. insufficiently intact epidermal sheets, or,

iii. aahhigher experimental temperature.
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Cumulative diffusion of HC through human autopsy epidermis
from a 11 ug/ml solution in 1.0 and 4.0% w/w HEC

dispersions.and distilled water




185
Although the calculated diffusion coefficient was significantly
higher, this does not invalidate the results because relative changes

rather than absolute changes were examined.

A portion of the noted deérease in steady state flux with
increasing vehicle viscosity may be explaiﬁed ﬁy an eétimated 1;8%
decrease in apparent molar volume &ith an increase in HEC concentration
from 1.0 to 4.0% w/w (Section I, A. 2). This decrease in apparent malar
volume is indicative of a correspén&ing decrease in free volume ér the
number of available positions for ﬁhe diffﬁsing molecule in the fluid.
The amount of free voluﬁe is a factor in the diffuéiop process whether
the mechanism of diffusioﬁ involves a potential gpergy barrier (Eyring,

1936) or thermal motion (Alder.énd HildeBrand, 1973).

It is expected thaf'éhé magnitude of the viscosity effects
on HC diffusion noted in the presence of a membrane which is‘rate limiting
to the transport process would be largér in the absence of such a membrane.
Theoretical studies in#olving determination of the influence of vehicles
components ofi drug diffusion should separate drug—component.absorption
or adsorption effects from any increase in vehicle Viscosity due to the

addition of the component, i.e. a surfactant.
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SECTION IV.- SUMMARY AND CONCLUSIONS
A. RHEOMETRIC STUDIES OF A MODEL SHEAR-THINNING SYSTEM

1. Material Characterization

Because of the variability in materials due to commercial
synthetic»pracesses, HEC and Brij 30 were‘pharacterized physico-
chemically. The Mw of the ﬁEC sample (Natrosol 2506) was 86,000.'
-Between 15 - 4OOC, the density-temperature relationship.for 1 - 3%

3

HEC dispersions was described adequately by Equatidn (10),

‘where B was numerically similar to the thermal expansion coefficient
of water. The apparent molar volumes of these dispersions decreased

with increasing cellulose concentration.

Tha Mn of Brij 30 waa.determined to be 380 from vapour pressure
measurements and 383 from'nuclear.ﬁagnetic resonance determinations. The
critical micelle concentration was 1.42 x 10—4 moles/1l (Mn = 380,

23 % 1°C). The surfactant was well resblved,using gas liquid chromato-
graphy and fhe major aolymerization products identified were

i; dodecanol 6%

ii. polyoxyethylene (n) dodecyl ether, where n = 1, 2,‘3 and 4

iii, tetradecanol 1%

iv. pblyoxyethylene (n) tetradecyl ether, where n = 1, 2 and 3.
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2, Steady Shear Studies of Practical Importance

These studies were concerned with the rheolbgicél properties
of HEC and HEC - Brij 30 systenis, the determination of rheometer~
independent shear rate-shear stress parameters and the equivalence of

theological models.
a) Reproducibility and Stability of HEC and MC Dispersions

_For similar consistenéies, the preparafionvof HEC and MC
dispersions was equally reproduciﬁlé rheologically. The decrease in
apparent viscoéity on proloﬁgéd storage was comparable. Both HEC and MC
dispersions exhibited increases in apparent viscosity during the initial
storage period. The time required for the maximum increase Was ascribed
to the spacer efficiency of the substitutent or the degree of hydrophilic
character of the substitutent. The power-law consistency index was:
related to both storage time and HEC concentration (Equation 49).

m = K -0.01¢t uEC)* %,

b) HEC -~ Brij 30, A System with Rheological Flexibility

The addition of Brij.30, a nonionic sdrfactant, to the HEC
dispersions provided a reliable means of obtaining a series of systems
shoWing prédictable increments in shéar—thiﬁning>behaviour at each polymer
concentration. Simply stated, the suffactant gave rheological flexibility
to the HEC dispersions without_changipg the type of stéady shear flow

propertieép(y.=-8,5.~ 685 ST}).
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¢) An Improved Rotovisko Shear Stress Calibration Method

The manufacturer's method and a method involving the
determination of shear stress calibration constants for each shear rate-
were compared for a series.of shear-thinning fluids. The latter method
allowed determination of rheometer-independent shear stress and shear

rate parameters .to a significant .degree of non-Newtonian character.

d) Limitations of Couette Rheometers in Shear Stress/Shear Rate

Determination of non-Newtonian Shear-Thinning Systems

The determination of a shear stress caliBration constant for
each Rotovisko shear rate ylelded shear rate-shear stress parameters
which were rheometer-independent for shear-thinning fluids with power-law
parameters n > 0.55 and m < 41.5. The Krieger-Maron shear rate equation
(24) was more reliable than the calibration equation (20) for this

rheometer.

The results were rheometer independent for the Brookfield fitted
with the SC-4 spindles when n > 0.81 and m < 14.0. The Mooney shear
stress and shear rate equations (Equations 27 and 28) were the most
reliable. The non-Newtonian region for shear rate-shear stress rheometer-
independent results may be extended by the determination of shear stress

calibration constants for each shear rate.
e) Flow Models for Shear-Thinning Systems

The modified Shangraw, Steiger-Trippi-Ory and power-law models
were not significantly different and all accurately fit the shear-thinning
gsystems measured:(y = 8.5 - 685 s—l). For a constant concentration,

parameters of the flow models varied with the surfactant concentration. The
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modified Shangraw parameters a and b followed linear and squared functions
of Brij 30 concentration respectively, whereas the Shangraw parameter c,
the Steiger-Trippi-Ory parameters a' and c' and the power-law parameters
m and n varied as the logarithm of Brij 30 content. These curves may be
used to obtain the flow parameters for HEC - Brij 30 dispersions of

composition within the range used in this experiment.

3. Rheometric Studies of a Fundaméntal Nature: Low Shear and Dynamic

Measurements

a) Low Shear Rate Studies

The 1 - 4% w/w HEC dispersions exhibited a theoretical
limiting viscosity at low shear rates. This viscosity was a function of

polymer concentration (Equation 64),

logn = log K;g + L4 log (HEC).

The Brij 30 in HEC dispersions did not show a limiting viscosity region

over the shear rate range measured.
b) Molecular Disposition of HEC

The storage and loss moduli, dynamic viscosity and loss
tangent were computed froﬁ dynamic measurements for the 1 - 47 Q/w
HEC dispersions. The loss moduli. were directly propo%tional to radian
frequency as described by Equation (65). The shape of the storage and
loss moduli plots were characteristic of a dilute polyﬁer solution in
which the viscoelasticity was a relatively minor perturbation of the
Newtonian behaviour of the solvent. The convergence of the dynamic
and steady.shear viscosities at low radian frequencies and shear rates

showed the absence of cross-linking.
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In aqueous solution, HEC resembles the springy-wormlike
model of Harris and Hearst. This model represents a degree of stiffness
between the perfectly flexible bead-spring model and the rigid-rod

model of Kirkwood and Auer.
¢) Viscoelastic Features of HEC — Brij 30 Dispersions

The storage and loss moduli, dynamic viscosity and loss
tangent were computed for the 0 - 16% Brij 30 in 2 - 4% w/w HEC
dispersion. At low frequencies, the storage and loss moduli for
the HEC — Brij 30 systems were not as sensitive to changes in radian
frequency as were the HEC dispersions. This decrease in sensitivity
revealed the presence of a pronounced elastic component with the
addition of Brij 30 to the HEC dispersions. The general shape of the
storage and loss moduli curves were similar to uncross—linked
polymers. The dynamic and steady shear viscosities showed increased
divergence with the three most non-Newtonian dispersions but it was
expected that these parameters would converge at lower frequencies

and shear rates than were measured in this study.
B. EFFECT OF LIMITING VISCOSITY AT LOW SHEAR RATES ON HC DIFFUSION

The aqueous solubility and octanol/water partition
coefficient of hydrocortisone were determined to be 30% ug/ml
(25.0 ¥ 0.5°C) and 33.65, respectively. HC did not bind with HEC
within the limitations of the equilibrium dialysis technique and UV.

analytical method.

In the absence of drug-vehiclé interactions, and increase in
the limiting viscosity at low shear rates of an uncross-—linked nonionic
polymer from 014 to 60 poise resulted in a 227 decrease in the steady

state flux of HC through artificial nylon membrane and a corresponding
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19% decrease in the passage rate through human autopsy epidermis at

23 t 1°c. The similarity in the results using the two membranes

indicated that the observed decrease in JS was due to the alteration

of vehicle viscosity.
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CONCLUSIONS

The region of nﬁéometer—independent she;r rate-shear stress results
for a range of shear—-thinning fluids was less for the Brookfield
Synchro-lectric (SC-4 spindles) than for the Haake Rotovisko

(MV1 spindle). This result for the Brookfield may be improved
through the determination of a shear stress constant at each shear

rate.

The use of flow model parameters to describe a non-Newtonian flow

curve and the construction of parameter - viscosity inducing agent(s)
concentrétions graphs was advocated to facilitate product development,
literature comparisons, quality control measurements and consumer

acceptability assessments through objective measurements.

Dynamic and low shear rate parameters provided a method of determining
molecular disposition and fluid structure. HEC was observed to be a
molecule with intermediate flexibility in aqueous solution and HEC -
Brij 30 systems has a pronounced elastic component at low frequencies
which was indicative of a loose three=dimensional shear-sensitive

structure.

In the absence of drug-vehicle interactions, increased limiting
vehicle viscosity at low shear rates of an uncross-linked nonionic
polymer decreased the steady state flux of hydrocortisone by similar

amounts through nylon membrane an human autopsy epidermis.
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APPENDIX I
MATERTIALS

NATROSOL 250G, hydroxyethylcellulose (lot # 22201, Hercules
Incorporafed,.Wilimington, Delaware).

METHYLCELLULOSE, 1500 cps‘(lot # 17316, British 6}ug Houses, -
Toronto, Ontario). |

BRIJ 30, polyoxyethylene (4) dodecyl ether, technical grade
(lotv# 5165B, I.C.I. America Inc., Wilimington, Delaware).

BRIJ 30 SP, polyoxyethylene (4) dodecyl ether, pharmaceutical

. grade -(lot # 7078B, I.C.I. America Inc., Wilimington, Delaware).

METHYL p-HYDROXYBENZOATE, reagent grade (lot # 38809, British

Drug Houses, Laboratory Chemicals Division, Poole, England).

n-PROPYL p-HYDROXYBENZOATE, reagent grade (lot # 2692%i British

Drug Houses).

HYDROCORTISONE, 118, 17a, 2l-trihydroxy-4-pregnene-3, 20-dione,
micronized free alcohol (1of # 45909, British Drug Houses, Toronto, .
Ontario).

CORTISOL (1, 2 - 3H) 5.5 mCi/mg, 98 + % pure radiochemically,
supplied in benzene/ethanol (9:1 v/v) sealed under vacuum (The
Radiochemical Centre, Amersham, Bucks, England).

A portion of the newiy opened, tritiﬁm labelled cortisol was
chromatographed on activated silica gel using two solvent systems:
chloroform/absolute ethanol (90?10 v/v) and chloroform/acefone/acetic
acid (12:8:1 v/v) to check for radioactive degradation or reaction

products. Two of the developed strips from each solvent system were
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sectioned and counted (Dioxane scintillation‘solvent, Comish -and

and Juhlin, 1969). Also a strip from each solvent system was auto-

radiographed.

Although some tailing was apparent in both sdlvent systems YFigurés

58 and 59), the Rf values for the labelled HC were comparéble to

those for 'cold' HC: 0.6} - 0.72 for chloroform/absolute ethanol

and 0.75 - 0.79 for chloroform/acetone/ acetic acid.

POPOP, 1,4-bis P—(S—phenyloxazolylﬂ -benzene (Sigma Chemical

Company, 3500 de Kalb Street, St. Louis, Missouri).:

PPO, 2,5-diphenyloxazole (Sigma Chemical Company).

NAPHTHALENE, scintillation grade (Kent Laboratories, i292.Franklin

Street, Vancouver, British Célumbia).

GAS CHROMATOGRAPHY STANDARDS

a) Octan-l-ol, specially puré (lot # 1345810, British Drug Houses

- Chemicals Ltd.ﬁiPoole, England).

b) Decan-l-o0l, specially pure (lét # 1218340, British Drug Houses
Chemiicals Ltd.).

c). Dodecan-l-ol, specially pure (lot # 1197800, British Drug Houses-
Chemicals Ltd.). ‘

d) Tetradecan-l-ol, Baker grade (iot # 1-8238, J.T. Baker Chemical
Co., Philliﬁsburg, New Jersey).

e) Hexadecan-1-ol, reagent grade (lot. B2A, Eastman Kodak Co.,
Rochester, New York). ’

f) Octadecan-l-ol, specially pure (lot # 1062770, British Drug Houses

Chemicals Ltd.).
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cpm (153)

Origin

FIGURE 58. Thin layer chromatogram of (1, 2 3H) Cortisol.

Solvent system, chloroform/absolute ethanol (90:10'v/v)

Solvent
Fron}
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cpm (10°)

FIGURE 59.

¥
Origin : Solvent
Front

3
Thin layer chromatogram of (1, 2’3H) Cortisol.

Solvent system, chloroform/acetone/acetic acid (12:8:1 v/v)
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MEMBRANES FOR EQUILIBRIUM DIALYSIS STUDIES
a) Fisher cellophane membrane (1 47/64 in. flat width; Dialyzer
tubing, Fisher Scientific Co., Fair Lawh, New Jersey)f 
b) Nylon membrane (0.0005 in. thick, Capran 77, Allied Chemical

Corp., Morristown, New Jersey).

" ¢) Dimethylpolysiloxane membrane (0.005 in. thick, Silastic

Sheeting, non-reinforced, 500-1, Dow Corning Corp., Medical
Products Division, Midland, Michigan).

VISCOSITY STANDARDS

Newtonian oils used in rheometer calibration are listed in Table XXIII,'

(Cannon Instrument Co., Boalsburg, Pennsylvania).

_ Table XXIII #

Viscosity Standards Used in Rheometer Calibration

oil ) temp _ viscosity
Jdesignation ° (OC) . (Pgise)
S - 20 | 20.0 0.410
S = 200 o 25.0 3.936
S - 200 - 37.78 1.747
S - 60 20,0 : 1.467
S - 60 25.0 1.059
S - 600 . 20.0 20.66

S - 600 25.0 13.50




15,

198
GENERAL PROCEDURE FOR THE PREPARATION OF HYDROXYETHYLCELLULOSE

AND METHYLCELLULOSE DISPERSIONS

Four hundred and fifty ml 6f diétilled water (65 - 70°C) preserved -

with methyl and propylparahydroxybenzoates (Hoover, 1970) were trans-
ferred to a Waring blendor.  The weighed HEC was added slowly into
the vortex with the blendor on low spée& and agitated for a total time
that depended upon the concentration of ﬁEC (Table XXIVj. The
dispersion was quantitativeiy transferred to a 1000 ml tared beaker
and brought to 500 g totél weight witﬁ 70°¢ preserved water, It was
then placed in an ice bath and stirred until it cooled to below 20°¢.
The cold dispersion was refrigerated (3 °c) for 2 - 4 h prior to

bottling. This procedure yielded clear,_stable dispersions.

Table XXIV

Blending time for HEC and MC dispersions

Concentration ' Time Blended
(% w/w) (sec)
1.0 105
1.5 120
2.0 ' 135
2.5 150
3.0 - 165
3.5 . . 180

4.0 195
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GENERAL PROCEDURE FOR TBE PREPARATION OF BRIJ 30 IN HYDROXYETHYL-

CELLULOSE DISPERSIONS | -

HEC dispersions were prepared as described under item 15 and aged

for 1 day. Using a balance with a sensitivity of 10 mg, the

Brij 30 and HEC dispersions were weighed, cbmbined and mixed until
homogeneous. The resulting 70 or. 120 g samples were bottled in

amber glass ointment jars because the effect of light on the

dispersions was unknown.
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SOLVENTS AND REAGENTS

Octan~l-ol (Fisher Scientific Company, Fair Lawn, New Jersey).
p-Dioxane, scintillation quélity (Mallinckrodt Chemical Works,
St. Louis, Missouri).

Dioxane scintillation solvent (Bfay's Solution, Bray, 1960):
Naphthalene...sesseesessssessasssansssa60.0 gm
PPOuseeceoasascsasnssoncsssssccscnsensssd 0 gm
POPOP....,.......,..;.;.,;.,............0,2 gm
Methanol (absolﬁte)......,;..,.,.,....100,0 mi
Ethylene Glycol......,.;Q;..ﬂ,.,..;,..;ZO.Q‘ml
p-Dioxane..seseseseccessassceess.qs 1000.0 ml

Dioxane scintillation solvent (Comish and Juhlin, 1969):

PPO.cvvvse cesesesesssenernan cesssansenae 7.0 gm
POPOP. e evvnnsvunsecnsnessseseesnenessssa0.3 gm
Naphthalene...o.veeeeseessosseseessesseal00.0 gm
p—Dioxane.........,;......,......qs .1000.0 ml

solvent for the (1, 2 3H) cortisbl thin layer chromatography
studies.
Receptor sblution for the diffusion cells:
Methyl p-hydroxybenzoate.......;..,;,...0.18 % wiv
n-Propyl p-hydroxybenzoate......eeseee..0.02 % w/v
vSodium Chloride.svessceessnnesssoneseses0.90 72 w/v
Distilled Water...eeee. '....;}.....qs .100.0 7% w/v
Thin Layer Chromatography solvents

a) ChloroformMeceessesecsscsssscosssosssesad0

200
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Ethanol (absolute)..c.eeeeecosececessall
b) Chloroform................;...Q.......12~
Acetoﬁe.....;..........,...............8
Acetic Acidiseseececescossccnsnsnsenanal
Saturated preserved water
A&carBoy of distilled water was heated to 80°C and the weighed ’
preservatives (methyl p-hydroxybenzoate (0.26% w/v) and n-propyl
p-hydroxybenzoate (0.04 % w/v)) were added gradually while stirring.
The stirring and heating were continued until all the preservative
had melted. The preserved watef was then allowea to codl.
The excess parabens formed a hard white cake on the bottom leaving
the solution clear. As the water was withdrawn, it was.filtered
thfough eight layers of cotton gauze., All fittings used 6n'the carboy ~
were glass to decrease the possibility of microbial growth. The
preserved water was diluted 1 iﬁ 2 prior to use.
Water saturated octanol and octanol éaturated watet were prepared
by gently shaking water and‘octanol in a 1 litre separatory'funnel,
The two phases were séparated after standing 24 h.
Ethylene Glycol, analytical réagent (Mallinckrodt Chemical Works).
Solution of a Homologous Sefi;s of Alcohols for Gas Chromatography
0CEAN=1=0l.seeeeeeeeeasocensonnsesasss0.0467 g
Deéan—l—ol,...............,....f....;,0.0497_g
Dodecan-1-0l.ecessssesstoncsasesseaess0.0495 g
Tetradecan-1-0l.ceeeeeeesesssssaaseeas0.0531 g
Hexadecan—l—ol..;..;...;......;...,...0.0504 g
VOctadecan—l—ol...,;..,...,a...;....,..0.0470 g

Methanol (absolute) gS..eeeeeeececcoeasss30.0 ml
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APPENDIX II

APPARATUS

’ Aﬁalytical Equipment

BECKMAN DB-GT SPECTROPHOTOMETER and 10 inch linear recorder equipped
with 1P28A photomultiplier, deuterium and tungsten sources

(Beckman Instruments, Inc., Fullerton, California).

BECKMAN IR-10 SPECTROPHOTOMETER recording spectra linear in wave

- number in the 4000 - 300 gm_l range (Beckman‘Instfuments Inc.,

Fullerton,  California).

'BECKMAN PREPARATIVE ULTRACENTRIFUGE, Model L2-65B, equipped with the

Schlieren optics attachmeqt (Spinco Diyisioh, Beckman Instruments Inc.,
Palo Alto, California).

CENTRIFUGE, Model SVB, (International Equipment Co., Boston, Massa-
chusetts) for separation 6f lipid droplets suspended in the aqueous
layer during the octanol/water ﬁaftition coefficient detérmination.
NUCLEAR CHICAGO ISOCAP/300, ambient temperature, automatic programming

liquid scintillation counter with 133Ba}external standard (Nuclear

Chicago, Des Plaines, Illinois).

ROSANO SURFACE TENSIOMETER, Roller Smith Precision Balances (Federal
Pacific Electric Co., Newark, New Jersey).‘ 

SKIN DIFFUSION'CELt degigned'by Coldman et al. (1969) and ﬁsed for the
viscosity - steroid diffusionv;tqdies.

SPECIFIC GRAVITY BOTTLES, 50 ml adjusted at 20°C, # 10655-50 and with
thermometer, # 10669-50 (CENC&, Central Scientific Co. of Canada Ltd.,

Mississauga, Ontario).
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. TWO CHAMBERED PLEXIGLASS DIALYSIS CELLS, as described by Patel and

Foss (1964), for the steroid - polymer binding determinationm.

THIN LAYER CHROMATOGRAPHY was done using the Eastman Chromagram
Developing Apparatus with sheets # 6061 and # 6060 which were
activated at 100°C for 20 min. immediately prior to spotting and
developing (Eastman Kodak Co., Rochester, NeW’Yérk).

VAPOUR PRESSURE OSMOMETER, Model 302B equipped with variable
temperature controller (18575A) (Hewlett Packard, Avondale,
Pennsylvania).

VARIAN GAS CHROMATOGRAPH/MASS SPECTROMETER SYSTEM, MAT 111, 70 ev,
equipped 3% SE 30 on Varaport 80/100 mesh 6 ft. k 2 mm i.d. stainless
steel column, electron ionization”detector and Kompensograph and
Oscillofil L recorders (Varian MAT, 28 Bremen 10, Postfach, Germany).
VARIAN NUCLEAR MAGNETIC RESONANCE SPECTROMETER, Model HA 100, high
resolution, 100 Megahertz instrument (Varian Associates, Palo Alto,

California).

Balances

CENCO MOISTURE BALANCE, # 26675, for the determination of the moisture
content of hydroxyethylcellulose (Central Scientific Co., Chicago;
Illinois).

METTLER TOP LOADING, Model P(K) 1200, in the preparation of the
cellulose and hydroxyethylcellulose - surfactant dispersions (Mettler
Instruments AG, Zurich, Switzerland). |

SARTORIUS, Model 2743, analytical Balance (Sartorius Werke AG,

Gottingen, Germany).
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Constant Temperature Baths

CANNON, Model M1, circulating water bath for the capillary visco-
meteré (Cannon Instrument Co., Boalsburg, Pennsylvania).

HAAKE, Model FE; circulating water bath for the Brpokfield rheometer
smallmsample adaptor (Gepfuder Haake K.G., Berlin, Germany).

HAAKE, Model E-51, cirqplating water pump for temperature controlled
soluBi;ity and partition coefficient measurements (Gebruder Haake
K.G};?Bérlin, Germany).

MAGNI—WHIRLR constant temperature bath for density measurements
(Blue M Eleqtric Co., Blue.islahd;Hlllinoié).

ULTRA-KRYOMAT, Model‘TK—30D;‘ciréulating water bath for the
Weissenberg rheogoniometer and the Haake Rotovisko rheometer (Lauda

Instruments, Westbury, New Jersey).

Mixing Equipment

POWER STIR, Model 58, stirrer for thé preparation of préservéd water
(Eberbach Corp., Ann Arbor, Michigan).
WARING BLENDORR, Model PB-5, in the preparation of the cellulose

dispersions (Waring Products Corp., New York, New York).

Recorders

MOSELEY AUTOGRAF, Model 7100A, two channel, 10 inch strip chart
recorder for tracing the Haake Rotovisko shear ;tress signal
(F.L.hMééeley Co., Pasadena, California). |

RECORDING OSCILLOGRAPH, Model 5-127, for recording the Weissenberg .

rheogoniometer oscillatory output (Bell & Howell Ltd., Consolidated



205

Electrodynamics, Basingstoke, England).
RIKEN, Model SP-H3, 10 inch strip .chart recorder for the Weissenberg
rheogoniometer steady shear traces (Riken Design Co, Ltd., Tokyo,

Japan).

Viscometers

BROOKFIELD SYNCHRO-LECTRIC, Model LVT, powered by a general electric
synchronous induction type motor. The instrument was equipped with
a water-jacketed small sample gaaptor and the.SS-4 spindle series
(D.W. Bfookfield Ltd., Codksville, Mississauga; 6ntario).
CANNON-FENSKE ROUIINE VISCOMETER FOR TRANSPARENT LIQUIDS, Size 50,
capillary viscometers calibrated at four temperatures (ASTM,-1968a
andﬂl968b) (Cannon Instrument Co., Boalsburg, Pennsylvania):

HAAKE ROTOVISKO, Model M1, powered by a synchronous- electric motor
operating at 3000 rpm (Gebrﬁderlﬁaake K.G., Be;lin, Germany).
WEISSENBERG RHEOGONIOMETER,IModel R-18, equipped with steady and
dynami; shear facilities?and an(air bath for sample temperature
control (Sangamo Contfois Ltd., North Bersted, Bognor Regils, Sussex,

England).
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APPENDIX TIII

COMPUTER PROGRAMS
1. General Co-~variance Program

2. Modified Shangraw, Steiger-Trippi-Ory and Power-law Model

Program
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(" FORTRAN IV 5 CCMPILER MBIN 09-06-73 09:26:51 PAGE 0001 ,
]
0001 CALL PLOTS b
0002 DIUBLE PRECTS ION sx,SY,sxv,sxx.sxxcOR.svvc0°,sxyc0R,svv.Al,al,cr
0023 DOUSLE PRECISIGN XBAR,YBAR A, B,REDZ ¢+ BPQs RPDZyREPZ, GOA, GOB,GOC »GOE
0094 DIUSLE SPECISION RESZ.GOFGOGGOH,G0T 460 ,G0K,GOL,GOM,GON
0035 DIMENSICN X(200),Y(200) sA1(2)sBI(21,CI1(2)sN{2}RESSI2),REDS(2], )
: 1DFRS(2) yAAME(10),TL200) ,¥B(2), YE(2) yXBI2) \XE(21,YS5(2),YT(2)
0025 YSA11=10407
€007 v$12123,77
2093 YTli)=1¢
0009 YI(2)29,7
0710 NL=2
2011 aNL = NL
. _#x% INSEQRT FCRMAT CARD AND NP=NUMBEK OF PAIRS OF DATA TESTED #x%
0012 1 ENRUAT(FS 42 F5e4)
0013 NP=40
0014 2 FORMAT(//1Xe13,10A%)
2015 3 EORVAT (13 ,1044)
2016 D P8 KK=1,NP
0017 WRITE(6,11)
0013 11 FOR®AT(1H1)
2013 Ma=1
0029 D) 100 J=1,NL
0021 READ(593,END=89) N(J1s (NAME{1]31=1,10)
2022 PRINT 2, (N(J} 4 (NAME(I)41=1,10})
2223 BRN=M{g)
3024 NT=NASN(J1-1
2025 NID=J
0026 SX = 0.9
0027 SY = 0.0
0023 SXY = 0.0
0023 SXX-= 040
0030 SXXCOR = 0.0
2031 SYYCOR = Ce0
00z 2 SYY = 0,0 .
0033 PO Z0 1=NA,NT
0024 REAC(5,1) Y(I1,X(1)
0035 SX_= SX_+ X{I) :
D036 SY = SY + Y{I)
0037 SXY = SXY + X{I) # Y(I)
0038 SXX_ = SXX_+ X(I) # x(I) o
0039 20 SYY = SYY ¥+ Y(I) % Y(I)
2040 X3A% = SX / RN
0041 YEAS = SY / BN ‘.
2042 SXYCOR = SXY - (SX # §Y1 7 EN
0043 DI 30 1=NA,NT
2344 SXXCN2 = SXXCOR + (X({I)-XBAR)#%2 .
2045 33 SYYCRR = SYWCOR & (Y(TI-VEARI*=Z
2046 B = SXYCDR / SXXCOR
00a 7 A = YPAR - B % XBAR 5
3748 R EXYENRFNSOR T SXXCORFSYVCOR )
2049 SEY=DSNRT ((SYYCOR-RASXYCOR Y/ (RN=241 )
0950 DF=aN-1, N
0051 REDS(J) =C*SXYCOR
0052 RESS(J)1=SYYCOR-REDS(J) ~
0053 DFR5(J)=FN=24 0 .
0054 PRINT 424 (NIN A 3By SEY, R DF )
_ 0055 42 FORMAT 71Xy Al 14X, A=ty F1245, 10Xy '8 14 F12,5, 10Xy 'SEY="1F10a4,10%," :
N 1= 4 FB.4,10X,'DF=",F56,0) )



AN Lo

= FORTRAN IV 5 CCMPILER MAIN 09-06-73 09:26:51 PAGE 0002 h!
0056 AT(J) = SXXCOR
0087 BI(J) "= SXYCOR
0053 CI(J) = SYYCOR
- Qase NZ=MT
0UbD DN 10R I=NA,NZ
2151 123 T =X(1)
00572 NiA=NA+)
0063 NNZ=NZ-1 !
0054 DY 109 I=ANAyNZ !
0045 IE{T({MNA)4LE,T(I)) GO TO 109 i
3356 TSUP=T(NA) :
. 0367 TI(NAY=T(1) i
- 9D6A . e TLENETEMR e
00529 103 ConTINue - T T T T
0070 N0 119 I=NNA,NNZ :
0971 LF{T(NZ).GELTLI)) GO TO 110
0072 TEMP=T (N2)
0073 TINZ)=TLI) !
0074 TLE)I=TEMP |
2075 117 CIONTINYE i
0975 X2 (Jr=T(NA) !
0077 XELI)=TINZ) i
0073 Y3{J)=A+3%XBLY)
0372 YE( J)=A+3%XELD)
0239 CALL SYMBOL(e5,YS(J) sel%sJs00,=1)
2031 CALL SYMBIL(leyYT{J)solé,NAME,Dq,40)
2032 NA=NT+1 ‘
0033 190 CONTINUE
: C SIMREG SOR PCOLED DATA
003% SX=0e
0035 !
0035 , i
coe? !
0083 SXY=0.
hREE] SXXCOR=0,
0099 SYYCOR=0.
0091 SXYCOR=0,
QJ92 NT = NT ST T e T e e e
0093 . DN 123 1=1,NT
0934 SX=3X+X (1Y i
0095 SY=sY+Y (1) |
00325 SXX=SKX+X (T )% i
0097 SYY=SYY4Y{T)%%2 |
03€3 129 SXYISXY+X(11xY(T1Y T S T T T
0099 X3AR=SX/ANT !
01090 YRAR=SY/RNT !
101 SXYCOR=SXY—-({SX*SY)/RNT :
0192 D) 132 1=1,NT !
0103 SXXCOR=SXXCORH(X(I)=XBAR)**2 X !
0194 130 SYYENR=SYYCOR(Y(T)-YBAR¥®Z T T T : - T T mmmmemm e :
3105 BTAW=SXYCCR/SXXCOR |
0106 A=YBAZ-BTAW*XBAR :
0107 3=8TAW i
2109 R=SXYCNR/DSQR TISXXCORXSYYCOR) |
2123 NG ART LUSYYCOR-BTAWXSXYCOR) JIRNT=2400 o - S )
119 NT-1, ’ ) - . T o
0111 4coz 3= CXYCOR !
0112 RESZ=SYYCAR-RENZ J

t

i
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FORTRAN IV G COMPILER MAIN 09-06-73 09:26:51 PAGE 0003
0112 DFRZ=RANT=2,0
o114 PRINT 42, (A,B,SEY,R,DF)
115, 43 FORMAT(///12X,*SIMREG FOR POOLED DATA'//9X,'A=',F20.5,10X,'R=",F20
A 1a3//+10%Xs *SEY="3F20e%,10Xy 'R=",FBe4s10Xy'DF=",F600)
- 0116 WRITE(6,507) 3
o117 500  FORMAT(///,30X,'COVARIANCE ANALYSIS')
0113 APN=(31 (1Y +B81.(2))/LA1L1)4A102)])
2119 RPDZ=BPC*(BI(1I+BI(2))
01290 REPZ=CI(11+CI(21-RPD2
2121 G0E=NFRS(1I4NDFRS(2)
n122 DFP7=30E+1e0
2123 GIA=(RESS(L)I+RESS{2))/GOE
0124 __BG08=RFEPZ=RESS(LI-RESSL2)
0125 GAC=GIB/GCA
0126 WRITE(5,610) i
2127 610 EARMAT(// 420X+ ' TEST_FOR HOMOGENEITY OF RESIDUAL VARIANCES®) !
0122 SNL=RZSS(1)/DFRS(1)
0129 G14= R"S(Z)/DFRS(Z)
0132 GON=GCL/GCH
131 WRITE( 6, SaO)DFQS(L),DFRS(Z)yGCV
0132 WRITE( 6,550}
0123 €50  FORMAT(//,20%X,*'TEST FOR SLOPES*)
0134 WRITE(6,550) GOE,GOC
0115 559 RUAT (30X, 'F 11/ F5400 % = ' 4F15.3)
0136 570)
0137 573 FORMAT(/7,20%X ¢ TEST FOR LEVELS")
0133 50F=RE DZ/OrPZ
2i39 2
0140 GNH= cwc/ccp
0141 WRITE(45,560) DFPZ,GOH
d142 WIITEL4,580)
2143 533  FORMAT(//,20X,'OVERALL TEST*)
0144 DFOT=D2FRZ-GOE
9145 G0I=RESZ-RESS(1)I-RESS(2)
0146 63J=G1/DFNT
0147 G0K=GCJ/GCA
0143 WRITE({64530)DF0T,GOE,GOK
0140 590 FORMAT (30X 'F,'4F540,'/',F5.0," = *,F1543)
2159 CALL SCALE(X,NT,104 s XMIN,DXy 1)
0151 CALL SCALE(Y,NT,10e ,YMIN,DY, 1)
o182 on 12 1=1,2
Q153 BLI1=(X3(1)=-XMIN) /DX
0154 =(I)=(‘<E(1)-x INY /DX
0155 YE (1) =(YR{I)I-YMIN) /DY
015% YE(I)={YE(1}=-YMIN) /DY
157 12 CONTIMUE
0153 CALL AXIS{Oes00+7HY VALUE,7+100490s YMIN,DY)
0159 CALL AXIS{0e+00y7HX VALUE;=7+104+0s s XMIN,DX)
2160 NZ=M{1)
2151 D0 13 I=1,N7
0142 13 CALL SYMBOL(X(I)sY(1)400751406y-1)
0162 A=NZ+] .
Nhae D7 14 T=NANT
0165 14 CALL SYMIBLIXII) Y (1140074290641} {
0165 CALL OLGTIXB(1),YB(1),+3)
Ns7 CALL PLAT(XELL),YE(1),42)
0162 CALL PLETUXB(2),YB(2),+3)
N 0169 CALL PLOT(XE(2),YE({2),+2})

607"
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{ FORTRAN [V 6 CIM2[LER MAIN 09-06-73 09:26:51 PAGE 0004 \. .
. o ]
0170 CALL PLOT(1563504y-3) g
0171 €8 CONTINUE !
0172 83 PRINT 11 3
Q173 CALL 2LCTND ;
(. 0174 cg STP Y
3175 END :
TOTAL MEXORY REAVYIREMENTS Q01R6C BYTES i
COMDILE TIME = a9 SECONDS :
%
N i
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62SEPT/T2

ROTOVISK KRIEG YA#8Z

A= 1. 31895 = 0«59809 SEY= C.0228 R= ({1,9985 . DF 61.
4
i

40SEPT/72 RHEOGLN HEC 2,0+BRTJ 8% YA

A= le 30452 B= 0.59861 SEY= C.0132 R= (49992 DF 39.

}
SIMREG FIR POULED DATA
A= 1. 30827 8= ¢.59811
SEY= Ce0196 R=" (.9988 0F= 101,

COVARIANCE ANALYSIS

TEST FOR HOMOGENEITY OF RESIDUAL VARIANCES
Fye 60/ 38e = 20918

TEST FOR SLOPES

FeI7 98. = T 003

TEST FOR CEVELS
Fel/ G9. = le252

JVERALL TEST
Fy 2./ 98. = Ceb21

11T
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4 FORTRAN IV G COMPILER MATN 08-31-71 17:46:58 PAGE 0001 )
0001 DIMENSION X{60),Y(60),YF(60),Wi60),E1(3),E2(3},P(3),MD(3),NAME(9)
€002 DIMENSION YSH(60),YPLI60)YSTL60),YTLEC) oV(60),2(60)
0003 EXTERNAL AUX
\ 0004 EXTERNAL AUXPL
( 0005 EXTERNAL AUXST
€006 DATA NI +WI,EP/20,0.0,0.0001/
0007 1 FORMAT (13,944) e
0c08 2 FORMAT(1H1,1X49A4//)
0009 3 FORMAT{ 32X, 2F7. 2} :
0010 4 FORMAT (//7X, *SHEAR STRESS SHEAR RATE '/19X, *ACTUAL FITTED'/)
0011 5 FORMATI//1X,*ROGT MEAN SQUARE ERROR OF ESTIMATE IN PARAMETERS'/)
co12 6 FORMAT({1X,3G15.5)
0013 7 FORMATU//TX,"SHEAR RATE  SHEAR STRESS'/19X, *ACTUAL FITTED'/)
0014 8 FORMAT(1X,12,3X,3F10.2) '
0015 9 FORMAT (1M1}
0016 11 FORMAT(/1X,*'SHANGRAW MODEL PARAMETERS')
6017 12 FORMAT( /1%, TPOWER LAW WUDEL PARAMETERS')
cols 13 FORMAT (//9X, "SHEAR RATE', 13X, 'SHEAR STRESS VALUES!/6X,'ACTUAL ST
1GR~TRPI ACTUAL SHANGRAW POWER LAW'/)
0019 14 FORMAT{1X,12,2F10.2,3F12.2) :
0020- 15 FORMAT{/1X, *STEIGER-TRIPP] PARAMETERS ")
0021 22 FORMAT(5F12.2)
6022 D0 200 NDK=1,10
€023 1C0  READ(5,1) N,NAME
0024 PRINT 24 (NAME)
6025 D0 10 I=1,N_ :
0026 READ(54+3) Y(IV,XU(I) ;
0027 10 COMTINUE ‘ i
0028 PRINT L1 i
c SHANGRAW MODEL SECT ION
0029 M=3 i
0030 P(1)=.05 ;
0031 PL2)=760.
0032 P(31=.01
G033 CALL DPLOF(X, Y, YFs Ny ELs EZyP+NZsNy My NIy ND,EP,AUX)
0034 SHA=P (1)
€035 SHB=P(2)
¢036 SHC=P(3)
037 PRINT 5
oc3e PRINT 6,{E2(1),1=1,M)
0036 PRINT 7 =
0040 ‘DO 20 T=1,N W
£nsl PRINT 8y (I,X{I).Y(1),YFII)) _ W
0042 20 YSH{T)=YF (1)
c POWER LAW MODEL SECTION
0043 M=2
0044 32 PRINT 2, (NAME]
0045 : PRINT 12
0046 DO 70 I=1,N | R
0047 VI =ALNGIX(1)) ]
0648 70 Z{1)=AL0GIY(I)) D
0049 P{1)=5. . >
0C50 Pl2y=.5 )
£o51 CALL DPLOF(V,Z,YFyW,EL1,E2,P2HZyNyMyNI yND2EPyAUXPL)
0052 IF(ND.€Q.0) GO TO 31
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( FORTRAN IV G COMPILER MATIN 08-31-71 17:46:58 PAGE 0002 R
0053 PLM=P(1)
co54 PLN=P(2)
0055 PRINT 5 )
\_ 0056 PRINT 6,(E2{1), I=1,M) J
4 0057 PRINT 7 )
0058 D0 30 I=1,N
0059 YF(I)=P{1)eX (1)%2P(2) R i
0060 PRINT 8,(I,XIT),Y{I),YF(I))
0061 30 YPLLT)I=YF (I}
0062 31 CONTINUE .
C STEIGER-TRIPPI MODEL SECTION
0063 D0 50 I=1,N
0064 TEMP=X{T) . .
0065 X{1I=Y(1}
0066 50 Y(1)=TEMP )
0067 PRINT 2, (NAME)
0068 PRINT 15
069 P(1)=3.E-6
0070 P(2)=1. ] N L
0071 CALL DPLQF(X,Y YFyW,E1,E24PyWZ yNsMsNT ND+EPAUXST)
co72 STA=P (1}
0073 STC=P(2) 5
0074 PRINT 5
075 PRINT 6, ({E2(1)41=1,M)}
0076 PRINT 4
0077 00 60 I=1,N
co78 PRINT 8,(I,X(I),Y{I),YFII}}
0079 YSTUI)=YF({I)
cose 60  CONTINUE
cosl PRINT 2, (NAME) )
c082 PRINT 13 N L
0083 DO 40 -1=1,N
o084 ) WRITE{8,22) Y{I),YSTUI),X{I),YSHIT),YPLIL)
€035 40 PRINT 14, (1, YD}, YSTOI},XUI),YSHIT) ,YPL(ID} .
0086 TENDFILE 8 :
0087 17 FORMATI/1Xg'A =" ,G16.64'8 ="3516.6+'C =",616.5/)
0088 18 FORMAT(/1X, *M =1,G16.65'N =%,616.6/)
0089 19 FORMAT(/1X,"A =',Gl6.6,'C =',616.67)
G090 PRINT 11
091 PRIMT 17,(SHA+SHB,SHC}
0092 PRINT 12 _ ;
0093 PRINT 18, (PLM,PLN)
€094 PRINT 15 .
0095 PRINT 19,(STA,STC)
0096 PUNCH 21, {NAME, SHA, SHB, SHC s NAME,PLM,PLN,STA,STC)
0097 21 FORMAT(SA%4,3E11.5/9A4,4E11.5)
G698 PRINT 9
0099 200  CONT INVE
0100 111 SToP 3
0101 END ;
TOTAL MEMORY REQUIREMENTS 001546 BYTES . E?
COMPILE TIME = 4.3 SECONDS |
S




A Tom KA DO 1D VAR iR

4 FORTRAN IV G COMPILER T AUX 08-31-71 17:47:20 PAGE COO1 7
0001 FUNCTION AUXIP,D,X,L)
0002 DIMENS ION P(3),D(3)
0003 ECX=EXP{-P(3)%X)
9 0004 D(1)=X . )
4 0005 D(2)=1.-ECX
0006 D(3)=P(2) *X*ECX
0007 AUX=P{1)*X4+P(2)#D(2) .
ooos RETURN
€009 END

COMPILE TIME =

TCTAL MEMORY REQUIREMENTS 0001C0O BYTES

C.4 SECCNDS

54
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( FDORTRAN IV G COMPILER AUXST 08-31-71 17547221 PAGE 0001 : )
0001 FUNCTTION AUXST(P DX yL)
0002 DIMENSION P{234D(2)
, 0003 D{1)=X#*3
C 0004 D(2)=X J
e 0005 AUXST=P (1)# (X##3) +P (2% X N
0006 PETURN -
0007 END
TOTAL MEMORY REQUIREMENTS 00018C BYTES
COMPILE TIME = 0.3 SECONDS

exid
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r FORTRAN 1V G COMPILER | ~ AUXPL 08-31-71 17:47:20 )
0001 FUNCTION AUXPL(P,D,V,t)
0002 DIMENSICN P(2),01(2)
. 0003 DIE1)I=1./7P(1)
\_ 0004 ne21=v
( 0005 AUXPL=ALOG(P{L)1+P(Z )%V
nco6 RETURN
0co7 END S
TOTAL MEMORY REQUIREMENTS COC19E BYTES
COMPILE TIME 0.3 SECONDS
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4 SERIES A 2.0% 4 BRIJ 30 4.0% W
SHANGRAW MODEL PARAMETERS
\ : : Y,
4 )
INTERMEDIATE ESTIMATES OF PARAMETERS, SUM OF SQUARES
0.500C0E-01 760.00 0.10000E-01 0.18424E 07 .
n.70706 253.95 0.10169E-01 13227,
0.7C843 253.20 0. 10559E-01 13009.
0.71170 251.38 0.10686E-01 13004.
0. 71251 25C.76 0.10729€=-01 13004,
€.71318 250.55 0.10743€-01 13003,
0.71331 250.48 0.10748E-01 13002,
0.71335 250,46 0.10749E-01 13003. -
0.71336 250.45 0.107506-01 13003,
FINAL ESTIMATES OF PARAMETERS : NO OF ITERATIONS=
C.71337 250.45 0.10750E-01 i
. N 1
SUM OF SQUARES 12003.
i {
ROOT MEAN SQUARE ERROR OF ESTIMATE IN PARAMETERS
0.36264E-01 18.794 0.115823E-02
SHEAR RATE SHEAR STRESS
ACTUAL FITTED
1 8.46 43.93 27.81
2 16.91 70.28 53.69
3 25.37 94.28 77.88
A SC.74 149.36 141. 49
s 76.11 191.97 194.23
6 152.22 298.89 310.27
7 228.33 424,45 391. 81
8 456 .67 617.50 574437
9 685.00 747,50 738.94 -
1o 456,67 611.00 .  514.37
11 228.33 418.60 391,81
12 152.22 289.98 310.27 L 3
13 T6.11 186.30 194.23
14 50,74 142.56 141.49
15 25.37 89.10 77.88 :
16 16.91 66.03 53.69
17 8.46 42.31 27.81
18 8,46 43.74 27.81
19 16.91 70,66 53.69 o
20 25.37 4,77 77.88 [
21 50.74 149.36 141.49 1o
22 7611 190.35 194.23 :
23 152.22 295.65 310.27 |
24 228.33 388.C5 391. 81 P
25 456 .67 566.75 514.37
256 635.00 703.62 738.94 !
\ 27 456,67 568,75 574. 37 y
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SERIES A 2.0% + BRIJ 30 4.0%

POWER LAW MONEL PA

RAMETERS

\
>
INTERMEDIATE ESTIMATES OF PARAMETERS, SUM OF SQUARES
5,0000 0.50000 105.64 .
8.7441 0.65928 1.9333
10.404 0.65929 0.10759
10.571 0.65929 0. 54502E-01
10.572 0.65929 0-94502E-01
10.572 0.65929 0.94501€-01
FINAL ESTIMATES OF PARAMETERS ) NO NF ITERATIONS=
10.572 0.65929

SUM OF SQUARES

0.94501E-01

ROCT MEAN SQUARE ERROR OF ESTIMATE IN PARAMETERS

0.21414 0.45190E~02
SHEAP RATE SHEAR STRESS
ACTUAL FITTED |
1 8.46 42.93 43.21
2 16.91 70.28 68.21
3 25.37 94.28 89.13 .
4 50.74 149.36 140.76
5 76.11 191.97 183.89
6 152.22 298.89 290.42
7 226.33  424.45 379.43
8 456.67 &17.50 599.24
9 . 685.00  747.50 782.87 )
10 456,67  611.00 599.24
11 228.33 418,60 379,43
12 152.22 289.58 290.42
13 To.11 186.30 183.89
14 50.74 142,56 140,76
15 25.37 89.10 89.13 .
16 16.91 65.03 68.21
17 8.46 42,31 43.21
18 8.46 43.74 43,21
19 16. 91 70. 66 68.21
20 25.37 94,77 89.13
21 50.74 149.36 140,76 e .
22 76.11 190.35 183.89
23 152.22 295.65 290,42
24 228.33 388.05 379.43 . ‘ .
25 “56.67 568. 15 599.24
26 685.00 703.62 782.87
27 © 456,67 568,75 599.24
28 228.33 371.80 379,43
29 152.22 286.74 290.42
. 30 76.11 184.68 183.89

0¢gc
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(' 31 50.74 140,94 140.76 h
32 25.37 85.86 89.13
33 16.91 66. 81 68421
34 8.46 41.73 "43.21
35 8.46 40.56 43,21
\ 36 16.91 64. 80 68.21 )
( 37 25.37 88,29 89.13 R
38 50.7% 144.99 140.76
39 76.11 187.92 183.89
40 152.22 293.22 290.42
41 228.33 363,90 379.43
42 456,67 585.00 599.24
43 685.00 724.15 782.87
44 456.67 574.92 599.24
45 228.33 381.88 379.43
46 . 152.22 288.36 290.42
47 76.11 184.68 183.89
48 50,74 140.94 140,76
49 25.37 86.67 89.13
50 16.91 £5.19 68,21
51 8.46 40.31 43,21
i
]
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(- SERIES A 2.0% + BRIJ 30 4.0% )
1
STEIGER-TRIPPI PARAMETERS ,
\, - J
( - R
INTERMEDIATE ESTIMATES OF PARAMETERS, SUM OF SOUARES |
0.300CCE-N5 1.0000 0.88696E 07 ;
0.10233E-05 0.40905 : 14876, '
0.10232F-05 0.40907 14876. '
FINAL ESTIMATES OF PARAMETERS ND OF ITERATIONS= 3
0.10232€-05 0.40907
SUM OF SQUARES 14876.
ROOT MEAN SQUARE ERROR OF ESTIMATE IN PARAMETERS
0.43342E-07 0.15636E-01
SHEAR STRESS SHEAR RATE .
ACTUAL FITTED
1 42.93 8.46 17.64
2 70.28 16.91 ©  29.10
3 S4.28 25.37 39.42
4 149.36 50. 74 64.51
5 191.97 76.11. 85.77
6 298.89 152.22  149.59 -
7 424.45 228.33  251.87
8 617.50 456.67 493.53
9 747.50 685.00 733.15
10 611.60 455,67 483,34
11 418.6) 228.33 246.29
12 289.98 152.22 143.57 i
13 186.30 76.11 - 82.83
14 142 .56 50.74 61.28
1s 89.10 25.37 37,17
16 66.03  16.91 27.31
17 42.31 8.46 17.39
18 43,74 8.46 17.98 e
19 70.66 16.91 29.27
20 94477 25.37 39.64
21 149, 36 50. 74 64.51
22 190.35 7611 84.92
23 295.65, 152.22 147.38 .
24 388.05 228433 218.53 ... . X
25 568,75 456.67 420.91 ;
26 7C3.62 . 685.00 644,27 :
27 ‘568,75 456,67 420.91 :
28 371.80 228.33 204,68
29 286.74 152.22 141.42
30 184.68 76.11 8l.99
31 140.94 50.74 60.52
32 85.86 25.37 35.77
\ 33 66.81 16,91 27. 64
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34 41,73 8.45 17.14

35 40,56 8.46 16.66

36 64 .80 16.91 26.79

37 88.29 25.37 36.82

38 144,99 50,74 62.43
\_ 39 187.92 76.11 83.66 )
( 40 293.22 152.22 145.74 3

41 393,90 228.33 223.67

42 585 .00 456467 444,16

43 124,75 685, 00 686.00

44 574.92 456.67 429.63

45 381.83 228.33 213.20

46 288.36 162. 22 142.49

47 184 .68 76011 81.99

48 160.94 50.74 60452

49 86.67 25.37 36.12

50 65.19 16.91 26.95

51 40.31 8.46 16.56
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27.81

4 SERIES A 2.0% 4 BRIJ 30 4.0%
\_ SHEAR RATE SHEAR STRESS VALUES Y,
( ACTUAL STGR-TRPI ACTUAL _ SHANGRAW POWER LAW ™
1 8. 46 17. 64 42,93 , 27.81 43,21
2 16.91 29.10 70.28 53,69 68. 21
3 25.37 39.42 94,28 77.88 89.13
3 S0.74 €4.51 149.36 141.49 14C.76
B 76.11 85.77 191.97 194,23 183.89
6 152.22 149.59 268.89 310.27 250.42
T 228.33 251.87 424,45 391. 81 379.43
8-  456.67  493.53 617.50 574437 599,24
9 685400 733.15 747,50 738.94 782.87
10 456,67 483.34 611.C0 574.37 599, 24
11 228.33 246.29 418.60 391.81 379. 43
12 152.22 143.57 289.98 310.27 290,42
13 76411 82.83 186.30 194423 183. 89
14 50,74 61.28 142.56 T 141,49 140,76
15 25.37 37.17 89.10 77.88 89.13
16 16.91 27.21 66.03 53.69 ©68.21
17 8. 46 17.39 42,31 27.81 43,21
18 8.46 17.98 43,74 27.81 43.21
19 16.91 29.27 70.66 53.69 68.21
20 25.37 39, 64 94,77 77.88 89.13
21 50.74 €4.51 149,36 141.49 140. 76
22 76.11 84.92 190.35 194,23 183,89
23 152.22 147.38 295.65 310.27 290,47
24 228.33 218.53 228.05 391. 81 1379, 43
25 456,67 420,91, S68.75 574,37 599,24
26 685.00 644.27 703,62 738. 94 782.87
27 456,67 420.91 568.75 574437 599.24
28 22833 204.68 371.80 391,81 379.43
29 152.22 141.42 2€6. 14 310.27 290.42
30 76.11 81.99 164.68 194.23 183,89
31 50,74 60.52 14C. 94 141 .49 14C. 76
32 25.37 35,77 85.86 77.88 89.13
33 16.91 27.64 66481 53,69 68.21
34 8. 46 17.14 41.73 27.81 43.21
35 B.46 16.66 40.56 27.81 43,21
36 16.61 26,79 64.80 §2.69 68.21
37 25.37 36.82 88.29 77.88 89.13
38 . 50.74 62.43 144.99 141.49 140,76
39 76.11 83.66 187.92 194.23- 183.89
40 152.22 145.74 293.22 210.27 290.42
%1 228.33 223+61 393,90 367.81 379.43 !
42 456.67 444,16 585.00 874 .37 - 599.24 i
43 685.00 686400 724,75 738.94 782.87 i
44 456,67 429.63 T 874,92 574,37 599,24
45 228.33 213.20 381.88 391.81 379.43
46 152.22 142449 288.36 310.27 290. 42
47 76.11 81.99 184.68 194.23 183.89
48 50.74 60.52 140.94 141.49 140.76 .
49 25.37 36.12 86.67 77.88 89.13
50 16,91 26.95 65419 53.69 £8.21 o
51 8.46 16.56 40,31 43,21 o
Y
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