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ABSTRACT

The physico-chemical properties of various gels were investigated

using rheological and thermal analysis.

The gellants chosen belonged to the two major types of gellants: first,

organic gellants, sometimes called swellable gellants, and second, particulate

gellants. The organic gellants are polyhydroxyethyl cellulose, polyacrylic

acid, and tetrapropylammonium polyacrylate. The particulate gellant is

pyrogenic silicon dioxide with a mean particle size of 0. 015 microns.

Three liquids were chosen because’of their wide use in gels and

because of their characteristic physical properties. The liquids are water,

ethanol, and ethylene glycol.

The Ferranti-Shirley viscometer was chosen as the instrument with

which to perform the rheological analysis. It is a cone and plate rotational

viscometer capable of giving precise measurements of apparent viscosity over

a wide range of rates of shear or shearing stress.

The DuPont 900 Thermal Analyzer was chosen as the instrument with

which to perform the thermal analysis. The basic unit, with attachments, was

used to obtain differential thermal analysis, electrical thermal analysis,

thermogravimetric analysis, and thermomechanical analysis data on the gels.

iii



The experimental data show that the physical and chemical nature of

both the liquid and the gellant are important in determining the physico

chemical properties of a gel. The physical nature (surface area, structure,

etc.) and the chemical reactivity or compatibility of the gellant with the liquid

phase are major considerations when choosing a gellant.

The ability of the liquid phase to solvate and/or adsorb onto the gellant

without chemical reaction has been shown to cause wide variation in the

rheological properties of a gel. The solvation and adsorption of the liquid

phase also effect the mobility of the liquid phase. This change in mobility,

in conjunction with the intermolecular attraction of the liquid phase, deter

mines whether the gel is to remain an amorphous or "glassy" material or to

become a crystalline solid as the temperature decreases.

A correlation is shown between the gels prepared and mixtures of

inorganic oxides normally referred to as glasses.
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Chapter I

INTRODUCTION

Background

Many of the materials used dally have been thickened, suspended, or

emulsified with a wide variety of gellants or a combination of gellant and

wetting agent. These agents impart to the particular liquid system rheological

properties directed to controlling viscosity, pigment suspension, penetration,

color uniformity, brushability, sprayability, improved water resistance,

elimination of syneresis, emulsion stability, modification of consistency,

reduced running, trailing, and misting — to name but a few.

Some of the more common products which have been subjected to the

above mentioned property modifications are pharmaceuticals (for external

and internal use), pigment dispersions as in paints and stains, polishing

compounds, wax polishes, wood fillers, inks, lubricants, cosmetics, coated

fabrics and paper, reinforced plastics, protective coatings, and cements

and adhesives.

All the technical bulletins and the many manufacturers' publications

published by

manufacturers are typical examples; the journal articles referenced are

1

covering each particular gellant contain long bibliographic listings of the

1,2 many publications covering that gellant. Two papers



2

almost totally directed to the practical aspects of the use of these materials

such as toxicity, compatibility, and solubility of the material with various

liquids. Also included are data on the effect of concentration of gellant on

rheological properties are a complex phenomenon with many controlling

factors, some of which are concentration, degree of dispersion, additives,

moisture content, nature of the liquid, nature of the surface, and aging.

Discussions are also included which show the effect of a polar and nonpolar

of the gellant and various liquids but leave unanswered the question as to what

are the forces "bonding" the materials in a gel.

A rheological analysis of a material by definition is directed toward de

termining the properties of the material under flow. Figure 1 gives examples

of the curves obtained when plotting shear rate versus shear stress for the five

of each of the types. Materials which are thixotropic or pseudo-plastic are

of particular importance if it is desired to have a material which will flow

but will be able to keep in suspension a high loading of particulate matter.

The plastic material whose resistance to flow is independent of rate of shear

will not flow well and the dilatant material which has increased resistance to

flow as the rate of shear increases is almost useless in applications where

flow is required. The Newtonian material is usually of such a low viscosity

the various liquids as determined by rheological measurements.
3

Other publications make general statements which state that the

liquid on the rheological properties. These data cover the rheological aspects

main types or classifications of materials. The addendum gives a definition
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that particulate matter will not stay in suspension.

In an effort to understand the "bonding" forces which are present in

gels one needs something more than rheological analysis, and one method

which has received widespread attention in the last years, thermal analysis,

was felt to be a method suitable for this application. Thermal analysis today

has many specialized areas. In general the physical and/or chemical behavior

of a material is studied as a function of time or temperature. One technique,

differential thermal analysis, was first used in 1887 by Le Chatelier in

in analytical chemistry references many of the major modern techniques and

trends in thermal analysis.

It was anticipated that with some of the thermal analysis methods,

available in this laboratory, data could be obtained that would help to elucidate

the chemical and/or physical bonding forces which are present between a

gellant and liquid phase. It was desired to correlate these properties with

the rheological properties of the materials. The thermal analysis methods

available include differential thermal analysis (DTA), thermogravimetric

analysis (TGA), electrical thermal analysis (ETA), and thermomechanical

analysis (TMA) . Indications were that thermal analysis methods would be

equally useful if the adhesive force were ionic, covalent, hydrogen bonding,

surface adsorption, or inclusion of the liquid in the gel structure.

4-9 studying the thermal behavior of clays. C. M. Murphy in review articles
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Problem

The problem was then to choose gellants and liquid phases with which

to study the interactions of the liquid state with the gellant. It was desired

to correlate the rheological properties of the gels as obtained by the Ferranti-

Shirley Viscometer and reported as shear rate versus shear stress with the

bonding forces and nature of the liquid state as determined by thermal

analysis. The information from the thermal analysis was to be obtained by

using DTA, TGA, ETA, and TMA. The results obtained by thermal and

rheological analysis will be presented along with a discussion of their mean

ing and the conclusions which can be made.



Chapter II

THE SYSTEM

Materials

The gellants chosen belonged to the two major types of gellants: first,

organic gellants, sometimes called swellable gellants, and second, particulate

gellants. The organic gellants are polyhydroxyethyl cellulose, polyacrylic

acid, and tetrapropylammonium polyacrylate. The particulate gellant is

pyrogenic silicon dioxide with a mean particle size of 0. 015 microns.

The polyhydroxyethyl cellulose and polyacrylic acid were chosen

because they have been used in preparation of gels which are of particular

interest. The tetrapropylammonium polyacrylate and polyacrylic acid which

neutral polyhydroxyethyl cellulose. In addition the polyacrylate and poly

acrylic acid should be similar except for the effect of the replacement of the

hydrogen of the acid group with the tetrapropylammonium group. Differences

might be noted due to the difference in size of the quarternary ammonium

group as compared to the hydrogen and also due to the variation in acidity of

dioxide as a particulate gellant was chosen to contrast the results obtained

with the organic, swellable materials.

6

should be somewhat ionic in solution were of interest as compared to the more

the two with an "acid" polyacrylic acid to a "basic" polyacrylate. The silicon
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in many gels, its small molecular size, its hydrogen bonding, and its polar

nature; (2) ethanol, because of its wide use, its similarity to water in its

ability to hydrogen bond, and its alkyl group present in the molecule;

(3) ethylene glycol, the third liquid, used as a carrier in various "thickened"

compositions. This material was of interest because of its ability to hydrogen

bond and because of its dihydroxy groups attached to an ethane chain.

The materials used were obtained from the following sources:

Instrumentation

The Dupont 900 Thermal Analyzer (Figure 2) with related attachments

was chosen as the instrument to be used for the thermal analysis of the gels.

The basic unit of the analyzer consists of a recorder, temperature programer-

controller, sample atmosphere unit, recorder control unit, and cell assembly,

cell with quick-cool accessory has a temperature range from -196° C to 500’C.

Figure 3 shows the standard cell with quick cool accessory. High temperature

TPAP — tetrapropylammonium 
polyacrylate

Cab-o-sil M5 — Silicon 
dioxide

Klacel 1043 — polyhydroxyethyl 
cellulose

Carbopol 941 — polyacrylic 
acid

Aerojet-General Corp.
Sacramento, California

Cabot Corporation
Boston, Massachusetts

Hercules Powder Co.
Wilmington, Delaware

B. F. Goodrich Chem. Co. - 
Cleveland, Ohio

The liquid phases chosen were (1) water, because of its universal use

cells are available to extend the range to 1600°C. Heating/cooling rates are

which is attached to the top of the basic unit as seen in Figure 2. The standard
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continuously variable from 1°C to 30° C per minute with program modes of

perature scale (x-axis) of 10’C, 20’C, 50°C, 100°C or 200°C per inch is

available and AT (y-axis) values ofO.l’C, 0.2’C, 0.5°C, l-O’C, 2.0°C,

5. O’C, and 10.0°C per inch are present. The precision of the temperature

atmosphere above the sample can be selected to be a vacuum, inert or of a

controlled composition.

Figure 4 shows the schematic diagram of the 900 Thermal Analyzer

with the standard differential thermal analysis cell. Standard cell sample

blocks are available which use 2mm and 4mm sample tubes in both the

reference and sample. The thermocouples measure the difference in tempera

ture between a sample S and an essentially inert reference R (Figure 4) as

both are heated in a block using a temperature programmer and controller.

The plot profile AT, as a function of T, is an indication of energy gains or

losses in the sample corresponding to chemical or physical changes occurring

at definite temperatures.

The Thermogravimetric Analyzer, an attachment to the basic thermal

analyzer, utilizes the basic instrument console. The Thermogravimetric

material as a function of a linearly increasing temperature. The weight

ranges are 1. 0, 2.0, 5.0, 10.0, 20.0, and 50.0, and 100. 0 milligrams full

metric Analyzer was not used on this problem as the transitions of interest

Analyzer is a semi-micro balance designed to measure weight change of a

scale with a temperature range from ambient to 1200°C. The Thermogravi-

isothermal, heat, hold, off, cool, and cycle between preset limits. A tern-

scale is rated at 0.2°C and the sensitivity of the AT scale at 0.0025°C. The
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were below the temperature range of this attachment.

The Thermomechanical Analyzer, another plug-in module to the

900 Thermal Analyzer, has a temperature range of -196°C to 250°C with a

continuously variable heating rate of from 2°C to 20°C/min. The sensitivity

inches per inch with a linearity

temperature or time and is therefore capable of measuring penetration,

expansion, or contraction under programmed temperature conditions as a

temperature was the desired mode of operation but because of the glassy

nature of the materials, results obtained were in some cases a combination

of expansion and penetration.

The Electrical Thermal Analyzer, a modular attachment to the basic

unit, is used for measuring changes in electrical resistivity of a material as

a function of temperature. A selected voltage of 1. 0, 2.0, 5.0, 10.0, 15.0,

20.0, 30.0, 50.0, 75.0, or 100. 0 volts is applied across two electrodes

immersed in the sample. The resulting current which is in the IO-4- to

10-12-ampere range is amplified and converted to a linear signal for presenta

tion on the y-axis of the basic recorder unit. The reference temperature

500° C. The low conductivity of the gelled materials increased with tempera

ture, as seen by the electrical thermograms.

The Ferranti-Shirley Viscometer (Figure 5) was chosen as the instru

ment with which to obtain the rheological data. It is a cone and plate

of this attachment is 0. 2 x 10-3 to 15 x 10-3

function of time or temperature. With gels the expansion as a function of

of one percent or better. This unit measures displacement as a function of

is recorded on the x-axis. The temperature range of this unit is -196°C to



13

£ g 
CQ 

>
>> 
<D

QQ

9 £ 
1) 

Pk

LO

Q

a



14

rotational viscometer capable of giving precise measurements of apparent

viscosity over a wide range of rates of shear or shearing stress.

In simple (Newtonian) fluids viscosity is defined in absolute units as

the ratio of the force (shearing stress) required to maintain a unit velocity

gradient (rate of shear) in the fluid. The flow behavior of these fluids,

be described by a single measurement.

The majority of fluids, however, are not of this simple type and

exhibit complex flow properties. In many cases the only satisfactory way of

characterizing these materials is by means of flow curves in which apparent

viscosity is plotted against rate of shear or shearing stress or with plots of

rate of shear versus shear stress.

The mathematical analysis of viscosity data from non-Newtonian

fluids, especially those exhibiting thixotropic or pseudo-plastic properties,

is simplified if the material under test is subjected to a uniform rate of

viscometer and can be approached only with co-axial cylinder type

viscometers with small gap widths and large diameter cylinders. A co-axial

cylinder viscometer with a narrow gap is difficult not only to construct but

also to fill and clean. With a fairly wide gap, the generation of heat within

Ferranti-Shirley with its small sample size (less than 0.5 ml) which is

sheared between a stationary flat plate and a slightly conical rotating disc

whose viscosity at constant temperature is independent of rate of shear, can

the fluid has been shown to become a problem at high rates of shear. The

shear. This constant rate of shear cannot be obtained with a capillary
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(Figure 6) has been designed to minimize these disadvantages.

Cone speeds are available which are variable from 0.1 to 1000 revolu-

speeds give a rate of shear which is variable from approximately 1 to 20,000

give uniform acceleration to any preset speed up to 1000 revolutions per

minute. The time to reach maximum speed can also be preset as 10, 20, 40,

particles in suspension. The standard cones can be used successfully with

particles up to 10 microns, but it is recommended that the truncated cones be

used with materials having particles or agglomerates with A size in excess of

5 microns. Using the present bath the temperature range of the equipment

is -25°C to 150°C but could be extended to 300°C with available hood and

trough. This would also allow testing in a controlled atmosphere.

a time of 40 seconds gave smooth curves with a minimum of sample test

60, 120, 240, or 600 seconds. With the gels under study it was found that

duration. Truncated cones are available for use with materials having

sec-1. The gap is accurately and automatically reproducible to within 0. 0001

complete rheogram of the sample under test. The control unit can be set to

inch. The output signal can be recorded on an x-y recorder which gives a

tions per minute and are directly proportional to the rate of shear. These



16

1

<6 
o 

a 
E

Q

E
-o
Gj

Q

Oo

'£
(Z)

§
Q



Chapter III

EXPERIMENTAL WORK

Experimental Techniques

The gels used in these experiments were hand mixed using the tech

cases a predetermined amount of gellant was weighed and placed in a sample

jar. A predetermined amount of liquid was added to formulate the gel of the

desired composition. The amount of mixing depended on the gellant and the

liquid phase, with the objective a homogeneous-appearing gel.

The thermal and rheological analysis began after about 24 hours from

the time of initial mixing. The thermal and rheological analysis continued at

various time intervals as dictated by changes occurring in the sample, time

available for testing, or availability of equipment.

Glass beads were used as the reference in the differential thermal

analysis cell. It was found that the 4mm sample tubes were much easier to

reference samples containing a 3mm or 4mm height of glass beads and the

reference thermocouple. A small part of the gel sample was placed in a dis

posable syringe, and the gel was then injected into the 4mm sample tube

through a number 16 or 18 needle to the desired 3mm or 4mm height. The

17

load in the case of the gels. Therefore, 4mm tubes were used for the

niques outlined below in order to obtain as uniform gels as possible. In all
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sample thermocouple was inserted into the sample.

Figure 2 shows the reference sample tube and thermocouple on the left,

the sample tube and thermocouple on the right, the temperature programmer

controller thermocouple at the rear, and the heater in place in the center of

the heating block. The heating block is in place in the Dewar flask used for

cooling.

After making the necessary connections of the standard cell to the

basic unit, liquid nitrogen is introduced into the Dewar flask and the sample

cooled to liquid nitrogen temperatures. In some cases the cooling thermo

grams were recorded in addition to the heating thermograms. In those cases

in which cooling thermograms were not recorded, care was taken to note any

reached at liquid nitrogen temperature (-196°C) the sample was checked

visually to determine the state of the sample. By following the cooling curve

otherwise noted, the sample was heated at 15°C per minute with a AT value

(y-axis) of 5°C per inch. A convenient scale for the T (x-axis) was 20°C per

the particular sample required, to obtain the most desirable thermogram.

The Thermomechanical Analyzer, which relies on a movable core

differential transformer to supply an output proportional to a linear displace

ment of the sample, requires no reference sample. The sample is placed in

exothermic or endothermic peaks which occurred. After equilibrium was

a small open cup and positioned in the bottom of a Dewar sample holder. In

one is able to predict accurately the state of the sample at equilibrium. Unless

inch and was used in most cases. The x-axis was shifted electronically, as
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the case of the gels the sample was cooled before lowering the probe onto the

top of the sample because of the liquid nature of the samples. The probe is

attached to the core of the Linear Voltage Differential Transformer (LVDT)

and has a thermocouple positioned in the head which is in direct contact with

probe is preloaded and vibrated during the run to minimize static friction in

the probe alignment bearings. The position of the core determines the

voltage induced in the two secondary windings which are connected in series

penetration of the sample is recorded on the y-axis. Figure 7 shows the

schematic of this system. The viscous but noncrystalline nature of the gels

allowed penetration with expansion of the probe so that in many cases results

were obtained which were unusable. The results obtained with this attachment

will be discussed later.

The Electrical Thermal Analyzer as received uses two platinum

glass sample tube and the other electrode, a platinum rod which extends

sample is placed in the tube until it partially covers both electrodes and in

running both solid and gel samples that the positioning of the center rod was

very critical and in many cases contact was made with the outer electrode

causing shorting. The shorting occurred both in the initial positioning of the

opposition. Movement of the probe due to expansion, contraction, or

the case of solids tamped to give a uniform packing density. It was found in

almost to the bottom of the sample tube, is positioned in the center. The

electrodes. One electrode, a platinum foil liner, is placed inside the 4mm

the sample and is used to portray sample temperature on the x-axis. The
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rod and in many cases during the run which was probably caused by movement

of the rod due to heating or cooling.

This problem was alleviated by the placement of a ceramic capillary

over the rod and allowing only about 3mm to 4mm of the rod to extend out of

the ceramic coating. This small portion of the rod protruded into the sample.

The selected voltage was applied between the tip of the rod and the foil liner.

Also, it was determined that it was easier to place the sample into the tube

which contained the foil liner before positioning the rod. The small diameter

of the tube and the volume occupied by the rod result in only a very small

remaining volume into which to introduce the sample. Packing which is

required in solid samples or settling in the case of the gels is almost

impossible to accomplish with the rod in position.

The Ferranti-Shirley Viscometer is easy to use and requires a mini

mum of time to obtain a complete rheogram of a material under investigation.

The small sample (less than 0.5 ml) is placed on the plate (Figure 6), which

has a constant temperature liquid circulated through it, and the plate raised

to press the sample between the cone and plate. The gap is maintained auto

matically at an initially set value with an accuracy of better than 0. 0001 inch.

After setting the maximum rate of shear desired (up to 17,300 sec-1) and the

time to accelerate from zero to the maximum rate of shear, the sample is

The curve plotted on the accompanying x-y recorder can beready to run.

used to determine the viscosity at any point on the rheogram by a simple

calculation.
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Brookfield Viscometer is used. Here a 300- to 400-milliliter sample is

brought to the equilibrium temperature and the Brookfield Spindle, also at

that temperature, is introduced. At each of the preset speeds of the instru

ment one must wait for 3 or 4 revolutions to insure that a constant speed has

been reached before obtaining a reading. When a thixotropic material is used,

readings must be obtained as the speed is increased and again as the speed

This is readily seen to be a much more time-consuming method with the

additional requirement of the large sample size.

Thermal Analysis

Table I is a listing of the DTA curves which were run with the

ethylene glycol gels. The analysis of these gels covered the period from

June 1967 to April 1968 during which time 120 runs were recorded. Also

endothermic peak which starts at -18“ C to -20’C results from the melting of

the solid ethylene glycol. Figure 9 is a typical heating curve showing a

material which gives both the exothermic peak at -70°C (corrected

temperature) and the endothermic peak. Figure 10 shows curves obtained

with a material normally exhibiting an exothermic reaction and the same

material which has been made to crystallize at low temperature. The exo-

This procedure can be contrasted with that required when a

is decreased. These values can then be plotted and the rheogram drawn.

heating curve of a material which is crystalline at the low temperatures. The

shown are the peak or peaks obtained on each run. Figure 8 shows a typical
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Table I. Thermal Analysis of Ethylene Glycol Gels

Percent-Gellant* Date

9 August 67 x

22 August 67 x

23 October 67 x

29 December 67 x

x

1-1043 x

1-1043 8 August 67 x

1-1043 slight x

1-1043 x

2-1043 27 June 67 x

x (5 days)2-1043 30 June 67 x

28 July 672-941 x X

2-941 x X

2-941 x X

X2-941 x

31 October 672-941 xX

x (1 day)26 July 673-941 x

3-941 xX

3-941 xX

3-941 xX

3-941 xX

3-941 xX

3-941 xx

14 December 673-941 xX

(crystal)14 December 673-941 x

25 July 674-941 x

4-1043
4-1043
4-1043
4-1043
4-1043

27 July 67

28 July 67

22 August 67

15 April 68

31 July 67

7 August 67

23 August 67

15 April 68

4 August 67

Endotherm 
(-18’0)

Exotherm 
(-70°C)

31 July 67

7 August 67

23 August 67

4 December 67

x (1 day)

Complete name and manufacturer is given on page 7.
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Table I. Thermal Analysis of Ethylene Glycol Gels (Continued)

Percent-Gellant Date

27 July 674-941 xX

4-941 31 July 67 xx

4-941 23 August 67 xX

4-941 31 October 67 xx

24 August 67 x

25 August 67 x

28 August 67 x

1 September 67 x

19 October 67 x

24 August 671-TPAP x

1-TPAP 25 August 67 x

28 August 671-TPAP x

1 September 671-TPAP x

2-TPAP 24 August 67 x

25 August 672-TPAP x

28 August 672-TPAP x

1 September 672-TPAP x

19 October 672-TPAP x

21 December 672-TPAP x

3 January 683-TPAP x

29 January 683-TPAP x

3 January 684-TPAP x

4 January 68.4-TPAP x

8 January 684-TPAP x

29 January 68 trace4-TPAP x

11 January 685-TPAP x

!/2-tpap

!/2-TPAP

‘/2-tpap

*/2-tpap

y2-TPAP

Exotherm 
(-70’C)

Endotherm 
(-18°C)



25

Table I. Thermal Analysis of Ethylene Glycol Gels (Continued)

Percent-Gellant Date

5-TPAP 29 January 68 x

16 April 685-TPAP x

6-TPAP 3 January 68 x

4 January 686-TPAP x X

6-TPAP 8 January 68 x x

(crystal)8 January 686-TPAP x

9 January 686-TPAP xx

11 January 686-TPAP xX

29 January 686-TPAP xx

(crystal)29 January 686-TPAP x

16 April 686-TPAP xX

8 January 688-TPAP xx

29 January 6810-TPAP xx

16 April 6810-TPAP x X

y2-M5 1 January 68 x

8 January 681-M5 x

8 January 682-M5 x

8 January 683-M5 x

16 April 683-M5 x

x (7 days)1 August 674-M5 x

23 August 67 x4-M5 x

23 October 67 x X4-M5

1 December 67 x X4-M5

21 December 674-M5 x X

8 January 684-M5 x x

16 April 68 x4-M5 x

X
X

4-M5
4-M5

25 July 67,
27 July 67

Exotherm 
(-70’C)

Endotherm
(-18*0)
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Table I. Thermal Analysis of Ethylene Glycol Gels (Continued)

Percent-Gellant Date

25 July 675-M5 x

26 July 675-M5 x

x (3 days)28 July 675-M5 x

1 August 675-M5 x X

9 August 675-M5 xX

23 August 675-M5 xX

23 October 675-M5 xX

26 July 679-M5 x

x (2 days)28 July 679-M5 x

1 September 679-M5 xx

9 August 67 x9-M5 x

23 August 67 x9-M5 x

23 October 67 x X9-M5

x8 August 672-1043 x

23 August 67 x2-1043 x

2-1043 x19 October 67 x

19 December 67 x2-1043 x

X16 April 67 x2-1043
slight (1 day) x26 July 673-1043

x31 July 67 x3-1043
xX3-1043
xX3-1043

x (noncryst.)21 December 67 x3-1043
(cryst.)21 December 67 x3-1043
(1 day)25 July 67 x4-1043

x (3days)27 July 67 x4-1043

8 August 67

19 October 67

Exotherm 
(-70’C)

Endotherm 
(-18°C)
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Table I. Thermal Analysis of Ethylene Clycol Gels (Concluded)

Percent-Gellant Date

4-1043 31 July 67 x x

4-1043 22 August 67 x X

18 October 67 x X

9 August 67 x

22 August 67 x

3 November 67 x

29 December 67 x

16 April 67 x

4 August 67 x

1-941 8 August 67 x

x (19 days)1-941 22 August 67 x

3 November 671-941 xx

16 April 671-941 x x

slight (1 day)27 July 672-941 x

thermic and endothermic peaks always appear in the same regions when using

ethylene glycol as the liquid phase and using any of the four previously men

tioned gellants.

The concentration of gellant necessary to inhibit the crystallization on

peak is seen to appear after a time delay from the initial mixing. The period

of time necessary generally seems to decrease as the concentration of gellant

This trend is seen in Table I for all four gellants.is increased.

Table II is a listing of the DTA curves and peaks obtained with various

ethanol gels. The endothermic peaks starting at -118°C (corrected tempera

ture) correspond to the melting of the alcohol and the exothermic peaks at

4-1043

‘/2-941

>/2-941

’/2-941

’/2-941

y2-941

1-941

Exotherm 
(-70’C)

Endotherm 
(-18°C)

cooling varied from gellant to gellant as seen from Table I. The exothermic
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-133"’C (corrected temperature) to the crystallization of the alcohol In the

gel. Thirty-three DTA curves are recorded for the ethanol system covering

a period from August 1967 to April 1968.

Table II. Thermal Analysis of Ethanol Gels

Per c ent- Gellant* Date

19 April 68 x x

22 April 68 x x

25 August 672-1043

28 August 672-1043

1 September 672-1043

19 October 672-1043

19 December 672-1043

17 April 682-1043

27 December 674-1043

17 April 684-1043

19 April 68 xx

22 April 68 xX

28 August 672-941

19 October 672-941

19 December 672-941

2-941

4-941

18 April 684-941

19 April 68 xx

22 April 68 xx

25 August 672-TPAP

Complete name and manufacturer are given on page 7.

'/2-941

>/2-941

!/2-tpap

‘/2-TPAP

72-1043

‘/j-1043

17 April 68

28 December 67

Endotherm 
(-118-C)

Exotherm 
(-133°C)
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Table II. Thermal Analysis of Ethanol Gels (Concluded)

Percent-Gellant Date

2-TPAP 19 October 67

2-TPAP 19 December 67

2-TPAP 17 April 68

4-TPAP 27 December 67

x x

22 April 68 x x

2-M5 22 December 67 x x

19 April 682-M5 x x

22 December 674-M5 x x

27 December 674-M5 x x

19 April 684-M5 x x

Table II shows that with the particulate gellants (SiO2) in ethanol every

run gave both the exothermic and endothermic peaks regardless of gellant

Figure 11 shows a typical curve for an ethanol — SiO2 gel.concentration.

The production of both peaks is in contrast to the DTA curves obtained with the

swellable gellants. The exothermic and endothermic peaks were obtained with

half percent. At these concentrations the gellant imparted very little viscosity

to the alcohol. With 2 and 4 percent concentrations of gellant where strong

exotherms were obtained using the ethylene glycol gels, the ethanol-organic

gellant gels showed no exotherm or endotherm, and these materials could not

17 April 68

19 April 68

Exotherm
(-133’C)

Endotherm 
(-118’C)

4-TPAP

72-M5
*/2-M5

the swellable gellants in ethanol only at the very low concentration of one-

be made to crystallize as with the ethylene glycol gels. Figure 12 is an
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example of the curves obtained with the higher concentration of organic

gellant in ethanol.

tained water as the liquid phase. These tests were made during the period of

December 1967 through April 1968. It is easily seen from Table in that in no

case did the water gels show an exothermic peak during heating. The exo

therm caused by the crystallization always occurred on cooling even in the

Figure 13 shows a cooling and heatingcase of gels with 50 percent gellant.

The gels containing 50 percent gellant werecurve of a typical water gel.

almost impossible to load into the sample tubes, so gels containing higher

concentration of gellant were not prepared.

Table III. Thermal Analysis of Water Gels

ExothermPercent-Gellant* Date

14 December 672-1043 x

15 December 672-1043 x

18 December 672-1043 x

20 December 674-1043 x

2 January 686-1043 x

16 April 686-1043 x

19 April 6820-1043 x

22 April 6820-1043 x

23 April 6850-1043 x

15 December 672-941 x

18 December 672-941 x

* Complete name and manufacturer are given on page 7.

Endotherm 
(0°C)

Table III lists the results of the DTA analysis of 30 samples which con-
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Table in. Thermal Analysis of Water Gels (Concluded)

Percent-Gellant Date Exotherm

4-941 20 December 67 x

6-941 2 January 68 x

6-941 16 April 68 x

20-941 19 April 68 x

50-941 23 April 68 x

2-TPAP 15 December 67 x

2-TPAP 18 December 67 x

4-TPAP 20 December 67 x

2 January 686-TPAP x

16 April 686-TPAP x

19 April 6820-TPAP x

22 April 6820-TPAP x

23 April 6850-TPAP x

15 December 672-M5 x

20 December 674-M5 x

2 January 68 x6-M5

16 April 686-M5 x

19 April 6820-M5 x

23 April 68 x50-M5

Table IV lists various materials which were added to ethylene glycol,

ethanol, and water. These materials all have a large surface area and impart

The results obtainedthese materials could not be considered as gellants.

with the materials in ethylene glycol are similar to those with sufficient

gellant to produce both the exothermic and endothermic peaks.

Endotherm 
(0°C)

to the particular liquid phases indicated little or no viscosity. Therefore,
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Table IV. Surface Effect

Compound- Liquid Exotherm Endotherm

x x

X X

X X

X X

X X

X X

X X

X X

X X

Sawdust-alcohol

Starch-alcohol

Alumina-water x

Sawdust-water x

Starch-water x

Three materials were tested with both ethanol and water. These

materials are alumina, a particulate material and two materials of organic

base, sawdust and starch. The alumina-ethanol sample acted similar to the

particulate gellant (SiO2) in ethanol, in that it gave both the exothermic and

endothermic peaks (Figure 11). The two organic materials in ethanol also

acted as did the organic gellants in ethanol and produced heating curves which

The heating curves of the alumina, sawdust,contained no peaks (Figure 12).

and starch with water showed only the endothermic peak which is due to the

melting of water. This again is similar to the results obtained with the water

system and all four gellants.

Cotton-glycol

Alumina-glycol

Sawdust-glycol

Mannital-glycol

Firebrick-glycol

Diatomaceous earth-glycol

Alumina-alcohol

Starch-glycol

Juguar-glyeol
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An attempt was made to use the Thermomechanical Analyzer as a tool

exothermic peak on heating. Figure 14 is an example of a curve which was

obtained with an ethylene glycol-SiO2 gel. A change of slope is noticed in the

-70° C region which corresponds to the exothermic peak. Numerous other

attempts were made with various samples to obtain usable data, as shown in

Figure 14, without success. The amophous nature of the gel samples allowed

penetration of the sample by the probe while the sample was heating, resulting

results which were obtained can only add evidence to more reliable data

obtained by other methods.

Figure 15 shows a typical electrical thermogram obtained when a gel

sample undergoes an exothermic change and then an endothermic one.

Figure 15 also shows the DTA curve obtained on the same sample. In some

cases the ETA curves show less discontinuity than the example given because

conductance change is typical of the examples given in the instructions for

phase changes and the slow and then more rapid change of conductivity typical

of melting. The ETA therefore lends more evidence to the overall analysis

of the gels.

Rheological Analysis

A listing of the samples of ethylene glycol gel which were subjected to

rheological analysis is contained in Table V. A calculated viscosity is given

to help in elucidating exactly what was occurring in the samples which gave an

of the nature of the gel which was formed. This type of discontinuity or small

in a displacement which is a combination of expansion and penetration. The
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and 17,500 oec'at 1750 sec for many of the samples. In some cases, such

became so cohesive that is was impossible to obtain these values. The viscosity

of the ethylene glycol gels with the organic gellant generally increased with

time before leveling off at a fairly stable value. The particulate gellant

seemed to mix more quickly and form a gel which was fairly stable with time.

ethylene glycol gels.

Table V. ’ Rheological Analysis of Ethylene Glycol Gels

Percent-Gellant* Date

4622 August 67

263 November 67 60

10622 August 671-1043
401113 November 671-1043

481261 December 671-1043

230 6827 July 672-1043
0923531 July 672-1043

283 8022 August 672-1043

2703 November 672-1043

2901 December 672-1043

66026 July 673-1043
74027 July 673-1043
63522 August 673-1043

y2-1043

‘/2-1043

Viscosity 25°C 
at 1750 sec-1

Centipoise

Viscosity 25°C 
at 17,500 sec-1

Centipoise

During the period from July 1967 to January 1968, 63 rheograms were run on

as with the 1043 gellant, at the higher concentrations of gellant the material

* Complete name and manufacturer are given on page 7.



43

Table V. Rheological Analysis of Ethylene Glycol Gels (Continued)

Percent-Gellant Date

3-1043 3 November 67 738

4-1043 25 July 67 825

4-1043 31 July 67 1100

4-1043 3 November 67 1530

22 August 67 51

513 November 67 86

43631 December 67

9722 August 671-941

1543 November 671-941

841491 December 671-941

28027 July 672-941

30072231 July 672-941
1885573 November 672-941
2236501 December 672-941
350143626 July 673-941
550170027 July 673-941
700172031 July 673-941

13003 November 673-941
600176025 July 674-941
700270031 July 674-941

274022 August 674-941
21503 November 674-941

85y2-TPAP 2203 November 67

1404083 November 671-TPAP
25410603 November 672-TPAP
25410601 December 672-TPAP

‘/2-941 

y2-941 

y2-941

Viscosity 25"C 
at 1750 sec-1
Centipoise

Viscosity 25dC 
at 17,500 sec-1 

Centipoise
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Table V. Rheological Analysis of Ethylene Glycol Gels (Concluded)

Percent-Gellant Date

3-TPAP 3 January 68 1388 350

3-TPAP 4 January 68 1262 322

3-TPAP 29 January 68 1200 316

4-TPAP 3 January 68 2272 500

49822084-TPAP 4 January 68

48621004-TPAP 29 January 68

60026505-TPAP 29 January 68

67031506-TPAP 3 January 68

70032806-TPAP 4 January 68

630290029 January 686-TPAP

900420029 January 6810-TPAP

274325 July 674-M5

395931 July 674-M5
396322 August 674-M5
38633 November 674-M5
327826 July 675-M5
5210231 July 675-M5
5210222 August 675-M5
53943 November 675-M5

12243026 July 679-M5
12442527 July 679-M5
12242431 July 679-M5
12342422 August 679-M5

973533 November 679-M5

Viscosity 25“ C 
at 1750 sec-1

Centipoise

Viscosity 25“ C 
at 17,500 sec-1 

Centipoise
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Table VI lists the eighteen ethanol gels on which rheograms were

obtained. The ethanol gels mixed quickly to form a gel whose viscosity

remained constant with time. This occurred with all four gellants and not

with just the particulate materials as was the case with the ethylene glycol

gels.

Table VI. Rheological Analysis of Ethanol Gels

Per c ent- Gellant* Date

’/2-1043 22 April 68 16.5

241332-1043 3 November 67

261 December 67 1652-1043

2413319 December 672-1043

22028 December 674-1043

y2-941 4.522 April 68

223 November 67 562-941

22561 December 672-941
215019 December 672-941

17678528 December 674-941

y2-TPAP 3.022 April 68
24473 November 672-TPAP

351021 December 672-TPAP
244719 December 672-TPAP

12953428 December 674-TPAP

*/2-M5 1.522 April 68

2228 December 672-M5
73728 December 674-M5

Viscosity 25° C 
1750 sec-1
Centipoise

Viscosity 25’C 
17,500 sec-1 
Centipoise

* Complete name and manufacturer are given on page 7.
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The water gels listed In Table VII were run on the Ferranti-Shirley

viscometer during the period December 1967 through April 1968 with the results

indicated. These gels as with the ethanol gels formed quickly and remained

constant without the viscosity change noted with the ethylene glycol gels.

Figure 16 shows a typical rheogram obtained with the gels.

Table VII. Rheological Analysis of Water Gels

Percent-Gellant* Date

14 December 67 130 242-1043

2418 December 67 1292-1043

510 5920 December 674-1043
817226-1043 3 January 68
3913314 December 672-941

3913318 December 672-941

10340820 December 674-941
2459803 January 686-941
13151814 December 672-TPAP
13151818 December 672-TPAP
19585020 December 674-TPAP

27511003 January 686-TPAP
24.514 December 672-M5
24.518 December 672-M5

9 320 December 674-M5
3103 January 686-M5

Viscosity 25° C 
1750 sec-1 
Centipoise

Viscosity 25° C 
17,500 sec-1 
Centipoise

* Complete name and manufacturer are given on page 7.
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Table VII. Rehological Analysis of Water Gels (Concluded)

Percent-Gellant Date

20-1043

20-941

20-TPAP

20-M5

50-1043

50-941

50-TPAP

50-M5

X-Ray Analysis

The data obtained from the thermal analysis (DTA, TMA, and ETA)

all indicated that in the ethanol and ethylene glycol gels there was a phase

transition at about -133°C and -70°C, respectively. X-ray analysis was chosen

to show if two different crystalline phases existed, one on each side of the

It was found that X-ray instruments to analyze materials at theseexotherm.

In fact, the only one found in this area was atlow temperatures were rare.

the Army Missile Command, Redstone Arsenal.

The ethylene glycol gels were chosen as the subject for this investiga-

The first was that the -140° C required on the ethanoltion for two reasons.

gels was on the border of the temperature range of the low temperature range

of the low temperature attachment, and second, the ethanol gels showed very

little, if any, separation of the exotherm and endotherm (Figure 11), while

All 20 and 50 percent gels 

were very cohesive and gave 

inconsistent results

Viscosity 25° C 
1750 sec-1
Centipoise

Viscosity 25° C 
17,500 sec-1 
Centipoise
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the ethylene glycol gels showed approximately 50’C separation of the exotherm

and endotherm (Figure 9), and the -80’C required to be on the low temperature

side of the exotherm was easily obtainable.

ethylene glycol-organic gellant material which showed no exotherm (low

material when cooled to -80’C gave little or no crystalline pattern but on

warming to -40’C (after exotherm) gave a crystalline pattern similar to the

first sample. This same sample when cooled to -80’C and made to crystallize,

produced the same X-ray pattern at both -80’C and -40°C. It was assumed

that similar behavior would be noted in other ethylene glycol samples and that

an analogy could be used when discussing gels with similar behavior but with

a different liquid phase.

an ethylene glycol gel was chosen which showed the exothermic peak. This

The X-ray analysis was run on several samples. The first was an

gellant concentration). The X-ray curves were run at-80’C and-40’C. Next,



Chapter IV

DISCUSSION OF RESULTS

Experimental Results

The experimental data obtained with the ethylene glycol gels can be

shown to follow certain trends. The first trend which is noticed is that at low

The cooling curve in each case gives an exotherm and the sample is found to be

crystalline on visual inspection at liquid nitrogen temperature. Table I shows

the concentration of gellant necessary to obtain the exotherm on heating in the

case of each of the four gellants.

The samples which contain sufficient gellant to produce an exotherm on

heating all produce a thermogram similar to that of Figure 9. Inspection of

these samples at liquid nitrogen temperature shows that these materials are

but which has been forced to crystallize. The crystalline material shows only

a small exothermic peak as compared to the same sample in the amorphous

state.

Table I also shows that a time delay or induction period is necessary

tion of gellant is increased the induction period generally is decreased. Table V,
50

concentrations of gellant, both with the swellable and particulate gellant, no

before an exothermic peak is observed. It is also noted that as the concentra-

exotherm is obtained on heating. Figure 8 is an example of a typical curve.

amorphous. Figure 10 is a comparison of a sample which is normally amorphous
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which is the rheological analysis of the samples, shows that during this

induction period the viscosity of these materials is increasing and then leveling

off. The solvation of the gellant, with swelling in the organic materials and the

building of a more rigid gel structure, is usually given as the reason for this

increase in viscosity.

A comparison of gels with the same concentration of gellant shows a

wide variation in viscosity with the four gellants. This can be accounted for by

considering the amount of solvation of the gellant because of its chemical nature

and the structure which the gellant produces. In the case of the organic mate

rials, the polyacrylic acid gellant shows less viscosity because of greater

solvation when compared to the tetrapropylammonium polyacrylate gellant

with a large tetrapropylammonium group. The quarternary ammonium group

cannot hydrogen bond or "ionize" the ethylene glycol as can the polyacrylic acid

so a more rigid gel is formed with a higher viscosity.

The particulate gellant (SiO2) solvates to a degree because of the

surface hydroxy groups present and is capable of adsorbing some of the liquid

phase, but the particulate gellant does not crosslink as do the swellable

gellants; it flocculates into a network structure causing the increase in

viscosity. The flocculation produces a less rigid structure than the crosslinked

polymers.

The X-ray analysis of the glycol gels confirms the visual observation

that higher concentration gels produce an amorphous material at liquid nitrogen

temperature by showing little or no crystalline structure with these materials.

The same sample which was made to crystallize produces a definite crystalline
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pattern which Is the same at temperatures on both sides of the exothermic

both sides of the exotherm and that the exotherm is not due to a change of

crystalline form. The crystalline pattern on the gel materials is the same as

that obtained with pure ethylene glycol so this indicates that the gel does not

cause the ethylene glycol to crystallize in a different form.

Table IV lists various large surface area materials which, when mixed

with ethylene glycol, gave an amorphous material at liquid nitrogen temperature

which showed both the exothermic and endothermic peaks on heating. These

mixtures showed very little, if any, increase in viscosity on mixing. These

materials then did not undergo solvation as did the gellants. The adsorption of

the ethylene glycol on the surface and the subsequent alignment of the ethylene

glycol by intermolecular action (hydrogen bonding) allows these mixtures to

be cooled to liquid nitrogen temperature without crystallization. The surface

adsorption and intermolecular attractions combine to reduce the mobility of the

ethylene glycol to such an extent that a supercooled or "glassy" state exists at

low temperatures. A comparison of these materials with glasses will be made

later.

The ethanol gels prepared gave the results listed in Table II. These

results at first glance seem to be different from those obtained with the

ethylene glycol. The swellable gellants and ethanol combine to give both the

exothermic and endothermic peaks at only the very low gellant concentrations.

At concentrations of 2 and 4 percent, where the ethylene glycol gels were

mixed with the gellants to produce both exothermic and endothermic peaks,

peak. This shows that the same crystalline form exists at temperatures on
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the ethanol gels produce an amorphous material without any peaks.

The rheological analysis of the ethanol gels (Table VI) shows that the

viscosities obtained with these materials are much lower than those obtained

with a comparable ethylene glycol gel (Table V). This reduced viscosity Indi

cates that the ethanol solvates the gellants and/or is adsorbed on the surface to

such an extent that the gel structure produced with the ethanol is much less

than with the ethylene glycol gels.

The gels made with ethanol and particulate gellant (SiO2) show exo

thermic and endothermic peaks in all gels prepared (Table VI). The ethanol

is adsorbed and solvates the high surface area SiO2 and has enough hydrogen

bonding so that one is able to cool the material in an amorphous form even at

low gellant concentrations.

The ethanol solvates or "dissolves" and is adsorbed by the swellable

gellants to such an extent at the higher concentration of gellant that one is

not able to crystallize these materials and a thermogram, as shown in

Figure 12, is produced.

The water gels, as did the ethanol gels, mixed rapidly to produce

homogeneous gels with a minimum of stirring. The rheological analysis on the

given viscosity almost immediately and remained constant (Tables VI and VII).

The thermal analysis of the water gels yields only the endothermic peak

almost impossible to load those containing the 50 percent due to the viscosity

water and ethanol gels shows that the viscosity of these materials reached a

on heating (Table HI). This was found to be true with gellant concentrations

up to 50 percent. Higher concentrations of gellants were not used as it was
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and cohesiveness of these materials.

The ability of water to act as a solvent and to adsorb onto a surface is

well known. It is logical to think that if at the higher concentrations of gellants,

with ethanol, the solvation and adsorption became so great as to produce an

amorphous material having no exothermic or endothermic peaks (Figure 12),

that water might produce the same results. The differences between ethanol

and water which allows water to form as a crystal while allowing the ethanol

to remain in an amorphous state are the small molecular size and high associa

tion of the water molecules.

The dielectric constant is used in many cases to infer the solvating

ability of a solvent. A comparison of the dielectric constants of water,

methanol, ethanol, and ethylene glycol shows that the values decrease, with

numerical values of 79, 37, 33, and 24, respectively. These values, as with

all dielectric constant values, are a bulk dielectric constant and do not show a

local dielectric constant in the vicinity of the solute. This difference can lead

to erroneous conclusions when inferring the solvating ability of a material, as

it would in these cases.

shifts in solutions as an empirical measure of the "solvating power" of a

band produced by the interaction of various solvents with materials such as

l-ethyl-4-carbomethoxypyridinium iodine. A shift to lower wavelengths is

detected in the better solvating solvents. The positions of the bands (fre

quencies) are used to calculate a transition energy referred to as the z value.

solvent. These papers discuss the use of the position of the charge-transfer

Kosower et al. 10, 11 discuss the use of data obtained from spectral
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The shift to lower wavelengths occurs as the solvent molecules align their

dipole moments for maximum interaction with the ground state, thereby

lowering the energy of the ground state by solvation. The dipole moment of

the solvent molecules will then be perpendicular to the dipole moment of the

excited state, requiring a higher energy to produce the excited state. The

lowering of the ground state energy and the raising of the excited state energy

increase the energy of the transition, causing a shifting of spectra to shorter

wavelengths (higher frequencies).

The z values found, using this technique, are 94. 6, 85. 1, 83. 6 and

79. 6 for water, ethylene glycol, methanol, and ethanol, respectively. The z

values show that ethylene glycol, ethanol, and methanol are much better

solvating agents than the dielectric constants indicate.

Eight samples of methanol gels were prepared and subjected to thermal

analysis. These gels behaved similar to the water gels resulting in crystalliz

ation of the gels on cooling in all cases (Figure 13). The high solvating

ability of water and methanol and adsorption of these materials to the gellant

surface is overcome by the mobility of these substances due to the small

molecular size and the high intermolecular attraction (hydrogen bonding)

resulting in crystallization of the gel on cooling.

The solvating ability of ethylene glycol and adsorption on the gellant

surface, in conjunction with the decreased mobility of the liquid because of the

molecular size, is sufficient to overcome the high intermolecular bonding of

the molecules (bp 197“C), allowing a glassy material to be formed at liquid

nitrogen temperatures. On heating, sufficient energy is available at the
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The ethanol gels form an amorphous material at liquid nitrogen

temperatures, as do the ethylene glycol gels. The increase in the alkyl portion

of ethanol, as compared to methanol and water, decreases the intermolecular

attraction while increasing the molecular size to such an extent that only at low

gellant concentrations is the available energy, due to heating, sufficient to

allow crystallization to occur.

The electrical thermograms which were obtained with the gels lend

additional evidence, to that collected by visual observation, X-ray analysis,

of a discontinuity of the electrical thermograms (Figure 15) can be made

with the exotherm resulting from the crystallization of an amorphous sample.

This discontinuity is typical of one obtained with a phase change in a standard

sample.

with the electrical thermal analysis, yield results typical of those obtained with

standard samples when a phase change has occurred. In this case a change of

slope is noted (Figure 14) at the transition temperature denoting a difference

in the expansion rate of the two different phases.

Comparison to Glass

Throughout the previous discussion the terms "amorphous" and "glassy"

have been used to describe the nature of various gels. This immediately

suggests that a correlation of the phenomena observed with the gels might be

The thermograms obtained with the thermomechanical analyzer, as

and thermal analysis, as to the reason for the exothermic peaks. A correlation

bonding surfaces (to be discussed later) that crystallization is able to occur.
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made with at least some of those noted in other "glassy" materials.

The term "glass," in its scientific meaning, is a substance or material

formed by cooling from the normal state, which has shown no discontinuous

change (such as crystallization or separation into more than one phase)

at any temperature, but has become more or less rigid through a progressive

increase in viscosity. This definition covers the common mixtures of

inorganic oxides usually called glass, as well as materials such as organic

on glass

technology have been chosen and the information contained in these will be

used as a basis for the following discussion which will point out similarities

between the gels under study and the properties of glass.

Figure 17 can be used to understand the relation between the glassy,

normal solid and liquid states for a substance which can exist in all three

with temperature. It is seen that as the temperature is decreased through the

temperature.

It should be realized that a supercooled liquid is in internal thermo-

The free energy of the liquid is said to

lie in a free energy "trough" with the free energy of the crystalline solid at a

freezing point (Tf) , the material may either freeze into the crystalline solid, 

with discontinuous change in volume, or become a supercooled liquid below this

Many books, articles, and patents have been published throughout the

12-14 years on the subject of glass research. Several monographs

states. Here, the volume, a chosen physical property is plotted as it varies

"plastics, " and the amorphous forms of elements such as selenium.

dynamic equilibrium; that is, its structure has lower free energy than any

12 immediately neighboring structure.
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dower level. This type of metastable state can persist In nature almost

indefinitely with a typical example being diamond, which is metastable to graph

ite at ordinary temperature and pressure. If, however, with a supercooled

crystal nuclei appear, the system Is not in Internal

equilibrium and crystallization will spread through the sample.

Figure 18 gives a schematic two-dimensional representation of a crystal

(a) and a glass (b). It can be seen that the crystalline material Is represented

by a symmetrical pattern and the glass by a nonsymmetrical pattern. The

shaded areas in the case of the vitreous state represent so-called network

modifiers typical of the inorganic oxides used to reduce the crystallization of

glass. In the case of gels, these shaded areas could be thought of as the gellant

made a classical study of crystallization in supercooled

liquids including inorganic glasses. Figure 19 is a plot of some of the informa

nuclei are provided by seeding or other means. Below this region the

crystallization process is controlled by two factors: the rate of nuclei formation

and crystal growth. Materials which increase rapidly in viscosity when cooled

are much more likely to produce glasses as high viscosity hinders the atomic

rearrangements and diffusion processes necessary for nucleation and crystal

growth.

liquid a stable crystal or

tion reported. He showed that below the melting temperature (T^) , there exists

a temperature interval (T^ to T) referred to as the metastable zone in which 

nuclei do not form at a detectable rate. Crystals can grow in this region if

or high surface area materials which were used to inhibit the crystallization.

™ 14Tammann
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in the general introduction discusses various aspects of glass.

Some of the more pertinent descriptions can be summarized as follows: In

decreasing the temperature of liquid glass, a point is reached where the

crystalline state is thermodynamically more stable. Crystallization would

require a total regrouping of the particles, which implies a partial destruction

of the existing bond and reconstruction of new bonds. For glasses, the

temperature at which this thermodynamic driving force is present is such that

the mobility of the particles is too low for rearrangement to occur and the

vitreous state is reached. Various organic materials can occur in the

vitreous state where it is probable that hydrogen bonds play an important part

in the formation.

It seems logical that some of the above- discussion could be applied to

the gels under study. It must be remembered that in glass there is a

"homogeneous" mixture of inorganic oxides while in the gels we have the liquid

and solid gellant combined to form a "homogeneous" mix without indication

of a chemical reaction.

The "homogeneous" gel, after solvation and adsorption of the liquid

onto the gel structure, presents a liquid phase with reduced mobility. As the

temperature is reduced, as with glass, a point is reached where the crystalline

state of the liquid is lower than that of the liquid in the amorphous gel. As

with the glass, crystallization would require total regrouping of the particles

with the destruction of the bonds due to adsorption and solvation. The mobility

of the molecules, in some gels, is such that an amorphous material is formed,

and cooling to liquid nitrogen temperatures produces a stable amorphous gel.

~ , 15Stevels
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The mobility of the water and methanol in all the gels prepared, even

to 50 percent gellant in the case of water, could not reduce the mobility of

these liquids so that an amorphous or glassy material could be formed. The

small molecular size and intense hydrogen bonding associated with these

liquids is presented as the reason for the crystallization. These materials

previously have been shown to have high solvating ability.

The reduced mobility of ethylene glycol and ethanol due to solvation

and adsorption allowed gels made with these materials to remain in the

amorphous or glassy state as they were cooled to liquid nitrogen temperatures.

The ethanol gels with low concentration of organic gellant and at all

concentrations of particulate gellant produced an exotherm on heating which

corresponds to a devitrification or crystallization starting at approximately

-118°C (Table II). The higher concentrations of organic gellants in ethanol

exotherm or endotherm (Figure 12). Ethanol has reduced,hydrogen bonding

with its solvating ability and adsorption combine to produce a gel which is

not subjected to crystallization on heating.

The ethylene glycol gels with low gellant concentration of gellant

crystallize on cooling as do the water and methanol gels due to intermolecular

attraction (Table I). The ethylene glycol gels with sufficient concentration of

any of the four gellants (Table I) form amorphous compositions which produce

the exothermic and subsequent endothermic peaks on heating. The higher

as compared to water or methanol.| This reduced hydrogen bonding along

(Table II) resulted in gels which did not crystallize, thereby, producing no
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intermolecurar attraction of the ethylene glycol as compared to ethanol acta

stable crystalline form.

Certain inorganic glasses have been found which devitrify on heating.

Devitrification in these cases almost always starts at the surface or in the

region of foreign particles (dust, gas bubbles, etc.), where heterogeneites

act as sights for nucleation. Glasses where foreign particles have been exclud

ed show crystallization inward from the surface possibly due to heterogeneites

resulting from composition differences obtained on heating and cooling.

The gels, because of the structure contributed by the gellant, have

available sights for nucleation distributed throughout. Heating of the gels adds

heat energy to the system which can be conducted through the liquid rapidly.

As the heat transfer rate of the gellant is less than that of the liquid, an inter

facial boundry layer is formed with a temperature gradient. Continued heating

of the gel causes the temperature gradient to increase until sufficient energy is

available at the boundry to break any liquid-gellant bonds allowing nucleation to

phase of the gel. This type of mechanism, which fits the experimental results,

employed statistical mechanics to derive

expressions for I, the rate of homogeneous nucleation in glass. These have

the form:

as the necessary driving force in the formation of the more thermodynamically

t a /-AF*\
1 = Aexp

is therefore proposed to explain what is occurring in the gels.

„ • i 16,17Various workers

occur. Once started, crystallization can spread rapidly through the liquid
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where A is a constant, AF* Is the maximum free energy of activation for the

formation of a stable nucleus, T is absolute temperature and k is the

Boltzmann constant.

The above expression neglected the effects of the diffusion rate in a

viscous liquid. The activation energy for this diffusion In many cases constl-

I = Aexp

where Q is the activation energy for diffusion of molecules across the phase

boundry.

These equations approximate the experimental observations and serve

to provide a qualitative explanation of the reactions in glass. Similar equations,

with the proper values, might be used to explain the experimental results

that a preexisting surface tended to reduce AF* so that in gels this value might

be reduced in magnitude, because of the gellant surface, to such an extent that

it would be negligible in comparison to Q.

-(AF*+Q) 
kT

obtained with gels if and when these values are obtained. It was suggested

tutes a major barrier to nucleation. Therefore, a more general equation for

18the rate of nucleation was proposed.



Chapter V

SUMMARY AND CONCLUSIONS

The physico-chemical properties of gels can be successfully determined

using rheological and thermal analysis as the tools with which to study the

physical and/or chemical interactions between the gellant and the liquid phase.

The Ferranti-Shirley Viscometer (Figure 5) proved tp be a fast and

reliable instrument with which to determine the rheological properties of the

gels. By use of this instrument, the analysis could be completed with a mini

mum amount of sample. The DuPont 900 Thermal Analyzer (Figure 2) con

taining the basic DTA unit was used for the major portion of the thermal

analysis. The ETA and TMA, both plug-in modules to the basic unit, were used

to provide supplementary data to complete that obtained by X-ray, rheological,

and differential thermal analysis.

The experimental data show that the physical and chemical nature of

both the liquid and the gellant are important in determining the physico-chemi

cal properties of the gel. Gellants belonging to the two major types of

gellants — first, the organic gellants sometimes called swellable gellants,

and second, the particulate gellants — were used. The organic gellants are

polyhydroxyethyl cellulose, polyacrylic acid, and tetrapropylammonium poly

acrylate, and the particulate gellant is pyrogenic silicon dioxide with a mean

particle size of 0. 015 microns. Water, ethanol, and ethylene glycol were
66
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chosen as the Equid phases because of their wide

cal properties.

Analysis of the data on the gels shows that the ability of the Equid

Eon causes wide variation in the rheological and physical properties of the

half percent gellant) to such an extent that a gel is formed which is amorphous

from -196°C to 80°C (Figure 12). Water and methanol gels crystallize at the

freezing point of the liquid phase even though the solvating ability of both is

greater than that of ethanol. This is due to the greater intermolecular attrac

tion and smaller molecular size of these liquids which result in greater mobility

for these molecules.

Ethylene glycol, when mixed with low concentrations of any of the four

gellants (Table I) , crystallizes on cooling as did the water and methanol gels.

At higher concentrations of gellant (Table I) gels are formed which are amor

phous at -196°C (liquid nitrogen temperature). These gels when heated

crystallize with a vigorous exotherm at -70’C (Figure 9). The high inter

molecular attraction between these molecules is great enough to overcome the

decreased mobility of the molecules caused by solvation and adsorption of the

ethylene glycol onto the gellant. The relative thermal conductivities of the

liquid phase and the gellant produce a thermal gradient allowing a buildup of

energy at this interface sufficient to initiate this crystallization.

The extensive research on the physical properties of glass has proved

to be a source of information with which to compare the data obtained on the

use and characteristic physi-

gels. Ethanol solvates and/or adsorbs onto the organic gellants (over one-

phase to solvate and/or adsorb onto a particular gellant without chemical reac-
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gels. The amorphous gels and glass both could be described as supercooled

liquids in internal thermodynamic equilibrium with lower free energy than

any immediately neighboring structure but in a metastable state of higher

energy than its crystalline solid.

A schematic two-dimensional representation of a crystal and a glass

which represent so-called network-modifiers typical of the inorganic oxides

used to reduce crystallization of glass. In the case of gels, these shaded areas

could be thought of as gellant or high surface area materials which are used

to inhibit crystallization.

It should be remembered that glass is a "homogeneous" mixture of

inorganic oxides while the gels have a liquid phase and a solid gellant combined

to produce a "homogeneous" mix, without indication of a chemical reaction in

in the region of foreign particles. The gels due to the structure of the gellant

have available sights "built in" to the system in which devitrification probably

starts.

The two phases present in gels have widely varying thermal conducti-

uniform heat transfer throughout. Differences such as those just discussed

make necessary experimental verification of the many equations which are used

to describe glasses before they could be used for gels.

In summary, the experimental data show that the physical and chemical

nature of both the liquid phase and the gellant are important in determining the

vities as compared to the more "homogeneous" glasses which would have a more

are given in Figure 18. The vitreous or glassy state contains shaded areas

our cases. Devitrification of glasses has been shown to start at the surface or
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physico-chemical properties of a gel. The ability of the liquid phase to

solvate and/or adsorb onto the gellant results in decreased mobility of the

Equid. This, in conjunction with the intermolecular attraction of the liquid,

produces a gel which is either amorphous or which will change phases. The

physical nature (surface area, structure, etc.) as well as the chemical nature

or reactivity of the gellant is also important.

Thermal and rheological analysis can be used to determine how to choose

a gellant and liquid phase to meet the requirements of a desired gel.
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Addendum

DEFINITIONS

Rheological

Thixotropic

Plastic

Dilatant

Newtonian

72

The resistance to flow of Newtonian systems is independent 
of rate of shear and time. Examples include mineral oil, 
distilled water and low concentration solutions.

The resistance to flow increases with rate of shear due to 
increased friction between internal particles. Examples 
of this type of material are, pastes, ceramics and color 
pigments.

Beyond a given rate of shear, permanent physical deforma
tion will result and resistance to flow will be independent 
of rate of shear. Examples of such materials are grease, 
putty and molding clay.

The resistance to flow of thixotropic materials decrease 
with time and/or with increased rate of shear. Examples 
of such fluids are cosmetics, paints and inks.

The science relating to or dealing with the deformation 
and flow of matter

Pseudo-plastic - The resistance to flow of pseudo-plastic materials decreases 
with increasing rate of shear, but stabilizes at compara
tively high rates of shear. Pseudo-plastic materials include 
water based systems, chocolates, butter and resins.


