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ABSTRACT
An ana'lys1séof thermal properties of fatty acids and their

b;nary mixtures has shov?ﬁ that they are attractive candxdates for'
latent heat thermal storage in space heating app]ication:s. In this
s;cudy, the method of 'differen_tieil scanning calorimetry was used to
determine the me]iing point, freezing‘point, heat of melting and
heat df crystallization of the fatty acids and-.their binary mix-
tures. These properties are of primé importance .in the‘d‘esiqn of
a latent heat thermal storage system. . -

-

. The melting range of tHe fatty acids (capric, lauric, palmitic

' and stear1c) was observed to be from approx1mate]y 30°C to 65°C.

L

The heat of transition of these acids (me]tmg and crysta]hzatmn)
was observed to'have a range from approximately 153)/g to 183d/g.
The eutectic points were determined for the b)‘narx mixtures

of the fatty acids. The melting points of the eutectics for the

»

binary systems. of capric-lauri.c, lauric-d ‘ mitic, lauric-stearic
and palmitic-stearic acids were observed\to be 18. 2°C, 32. 7°C
34.0°C and 5] 1°C respective]y The correspondmg heats of meTt ng
were found to be 1203/9, 147J/9, 1523/9g and 159J/g respectively.
‘The fatty .acids and their eutectic mixtures were examined
with an X-ray diffractometer and an infrared spectrophotometer to.'
ascertain the po}ymorphi’c forms, crystal strucfures dnd material
purities.. The experimental results indicate that the fatty acids

are present in the C-polymarphic form. RN
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I, INTRODUCTION

*
o

ﬁan's requirement(fon,energy is increasing at a rapid rate
qand, in view of the diminishing supply of the non-renewable sources
such as fossil fuels, alternative supplies will need to be devel-
oped to meet the demand.

Low température heat, particularly in the form of solar energy,
is abundantly available and can be utilized in various domestic and
industrial appligations (i.e., waste heat recovery in plants, space
heating, greenhouse heating, domestic hot water generation, solar
cooling, etc...). ~Widespread us; of solar energy will-depend oﬁ
many factors. The development of a cost-effective 6ompact thermal
energy storage system is one of the most important of these factors.

The phase-change heat storage technique is based on the har-

‘nessing of the latent heat energy whel a substance undergoeé‘melt—
ing and. freezing. There are various organic and.inorganic materials

»

which can be used for Tow temperature heat storage. Normally, these

materia]é é;e classified as paraffins, fatty acids, inorganic salt
hydrates and eutectic compounds. ‘ ) o0
This thesis is confined to the discussion of fatty acids (cap-
ric, lauric, palmitic and stearic) anq tﬁeir binary mixtures. These
acids have melting points from apprpximately 30°C to 70°C and,
therefore, possess a suitable melting range for solar heat storage,
pafticu]ar]y in the space heating application. At the present time,
there are a few suitable materials which are ;vailqble on the.market

!‘ ' l \

rf‘ ~
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that can effectively store solar energy for spfce heating. Several
inorganic salt hydrates have been emp]oyed but these materials have
been‘shown to be generally unsuitable due to the suvercooling
effect and the segreéation of insoluble compounds, -

The supercooling phenomenon is undesiyable because it givesl
rise to instability in crystallization, The 1nor§anic salt hydrates
possess poor nucleating properties which result in supercooling of
the liquid. The supercooling effect can be feduced by several
methods which include (1) the addition of a nucleating agent with
a. similar crystal structure to that of the mother substance, '(2)
mechanical agitation and (3) by using rodgh heat exchanging surt
faces to promote heterogeneous nucleation. Al1l of these approaches
have been used with a limited success. The other limiting factor
of the inorganic salt hydrate is the decompd?ition~of the original
salt hydrate. The decomposition process is irreversible, The salt
hydrate melts incongruently, producing a saturated aqueous phase
and a solid phase containing a lower hydrate of the same salt. Oue
to the specific gravity difference, the solid settles out at the
bottom of the container and does not redissolve by simply increasing
the temperature. ‘
Fatty acids meet the thermodynamic and kinetic criteria for low

temperature latent heat storage. They have melting points in a low

temperature range, possess a high latent heat of fusion per unit mass,

N
have a high density, high specific heat for absorbing sensible heat,

high thermal conductivijty for maintaining low temperature gradients

a
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during charging and discharging the heat storage material (fatty

acid), exhibit sma]]xyo1ume changes during the phase transition

and have little or no supercooling during freezing. The saturated
fatty acids appear to have a good chemical stability and do not de-
compose after hundreds of phase changes.

The objective of this stday is to'detérmine thermal properties
of a selected group of fatty acids and their binary mixtures and
to demonstrate the potenfia] of using these materials for latent
heat thermal storage.,ﬂThe thermal properties which are investig-
ated)here include (1) melting point, (2) freezing point, and (3)
heats of melting and crystallization, In addition, the temperatures
for maximum endothermic heat flow (observed during heating) and
maximum exothermic heat flow (observed during cooling) are mea-
sured. A differential scanning calorimeter (DSC) was used to
generate the therma]I%Bta.

The.therma1 data was, subsequently, useg to construct phase
diagrams of the binary systems of fatty q;ids to evaluate the
freezing and melting characteristics of fhe substances. The phase
behaviour was found to be characterized by the presence of one
eutectic and a region of compound formation. The observations
are in general égreement with the previously published data. The
published data on melting and freezingpoints of pure fatty acids
and their mixtures were to a large extent developed by the classical
capillary tube method. The Titerature data on the heat of fusion
of pure substances were measured by cryoscopic and calorimgtric

methods.




_Little work was done previously inexamining the properties of

ectie—eompounds—of—featty—acids—andthere s v experimental data
available on the heats of melting -and crystallization of these com-

pounds. The heats of melting and crystallization were determined

* with relative ease and reliability by the differential scanning

calorimetry technique. This is in contrast to the classical me-
thods which are laborious di time-consuming. The DSC provides )
a thermbgram on a very,small quantity of sample (approximately
1-10 mg. ), which caﬂ/Le used to evaluate the melting point, freez-
ing point, degree of supercooling, heats of melting and crystall-
ization and specific heat.,

The crystal étructure of the pure fatty acids and their
eutectic compounds was examined by means of X-raydiffraction and
infrared spectroscopy. The experimental data shows that the
pure fatty acids and their mixtures are present in the stable
C-polymorphic.form. This is in agreement with results determined
by previous workers. "

The tgxt of the thesis has been organized to provide a contin-
uity of ideas in a logical sequence. The subject matter is intro-
duced by giving an overview ofjihe general physical and chemical
characteristics of fatty acids with a brief mention of the cost and
availability.' This is fol]owed bx:discussion of the DSC technique,
apparatus, calibration and precision, and definition of technical
terms used in the text. The DSC thermograms are then used in Eon-

structing graphs and in tabulating data to facilitate the discussion

of thermal properties of the fatty acids and their mixtures. A dis-

i apu v i armir——— e+ ey B s
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‘ cussion is later presented on the phase behaviour of a two-component
H

cuet

JYyorec
i

\

and their eutectic compounds is examined with the aid of infrared
and X-ray diffractometric results. The thermal and structural
findings are then used in a general discussion of the theory of

melting and crystallization of fatty acids,

- The thesis ends with concluding remarks and recommendations

for further work, The original thermograms; X-ray and infrared

spectra have been included in the appendix.

-
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11, CLASSIFICATION OF FATTY ACIDS {
%

The term "fatty acid" 1is generally applied to a family of

b

--

organic compounds centaining the carboxyl group. The carboxyl

group can be attached to an alkyl group as illustrated belowas

ERHIPR -
2
H-C -[CFC
l I
H H -\o-H
n .
alkyl group carboxy1l ‘group

>

. S

The fatty acid having the above structure is known as a ‘satur-
ated, ﬁonobasic, aliphatic- acid. The common names and formulas of

- acids which are considered in this thesis and are part of this group

of fatty acids are given below: A

CH3(CH2)8COOH / CH3(CH2)10 ¢OOH GH3(CH2)14 COOH CH3(CH2)16 COOH

capric acid lauric acid palmitic acid stearic acid

The homologous series is characterized by the general formula

of CH3(CH2)2nC00H. The straighf?EnaiQ acids can have an evén.number

of carbon atoms in the chain, in which case the acid is known as n -

" or even-chained. . When the chain contains an odd number of carbon. .

/J
atoms it is known as iso » or odd-chained. The twogiferent groups

of straight-chain acids have different crystalline structures and;
‘therefore, possess different physical properties. The saturated

straight-chain acids are chemically stable along the carbon chain

?

.
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. and their rgactive properties are maiq]y déterminéd by the functional
’ carboxyl group. }
In the straight-chain structure edch carbon atom possesses at
;1eastltwo hydrogen atoms and no carbon atﬁﬁﬂﬁgkbénded to more than

two other carbon &toms. In contrast, ahother group of fatty acids

h

is characterized by doup]e or triple bonds existing between tQF

/
carbon atoms along the chain. This group is known as unsaturated

5

fatty acids of the ethylenic famf]y and the group consists of

three separate series having the composition as shown below:

Co Hopoo 0o (monoethenoic) T
Cn H2n-4 02 (diethenoic)

Cph Hopog 0 (triethenoic)

. Due to the p?esenc of the double bond between the adjacent
carbon atoms along the’c rbon chain, the ursaturated fatty acids
are chemically reactive and general]y lack stability. These acids
have a tendency to react with oxygeh, thus making them unsatis-
facfory candidateg for phase-change materials. ‘The'reaction gene- .-

~rally leads to a branched-chain structure where one carbon atom
o .

é]ong the chain ‘can be bonded to three other carbon atoms. The
double bond between the carbon atoms along the chain can in some
cases alternate with single bonds creating additional groups of

4 fatty a;id families; namely, conjugated and nonconjugated. DoubTe

bonds can also produce different compounds. that have the same for-

~ —_—

\

mula, the concept known as cis and trans isomerism.
- o o2
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[I1, SOURCES AND COST OF FATTY ACIDS:

€
Mz;st of the fatty acids are produced commercially by hydro- -

1ysi; which is a process of splitting the fat. The exceptién.is

tall oil, which'is not a glyceride. The fat is normally charact- ’

erized by a 3-pronged glycerol which is coﬁnetted to the monobasig : j a

Yy
acids. The hydrolysis of a fat to fatty acids (Ref. 1) is illus-

trated below:

R - R ) :
. "l v , K
R-C-~-0-CH H,C -0 - R - COOH ¢
; ' 2 2 ;|
0 / “ ‘ <
* oo . -
R]- C-0- Cl-‘l + 3H20 —> HC - OH . + R] - COOH
0 \.‘.‘ \ P
I v ' |
R2- C-0- CH2 T H2 - OH ‘ R2 - COOH H
Fat (trig]yc'evri[ﬁe) Glycerine 'I-"atty acids v \
The naturally oc'cui*r‘ing mixed glycerides ﬁrovide most of the 1 i
) ‘ : :
. \ industrial sources of fatty dcids. The glycerides are available ;
in abundant quéritities; mostly from animal fat in the form of in- ! I
edibTe tallow and vegetable sources. Table I ‘ljsts the main g
5 sources of fatty. acids. , : ’ ‘ t
TABLE I. Sources of Fatby-Acids (Ref. 2)
SATURATED " COCONUT ~ PALM PALM KERHEL | TALL BEEF : |
ACIDS OIL 0IL 0IL OIL TALLOW : Y
’ _ Caproic 0.5% [ . 0.5% f
Caprylic 8% . 5% . |
. Capric 7% . 5% ‘ ' |
Lauric 48% 50% L 0.1%
¢ Myristic | . 17% 2% 15% R 3% -
Palmitic 9% . | . »42% 7% 7% 29% “ N
Stearic 2% 4?2 .. 2% ) oo 20%
. s — A
,{)
e ’ A :
) y e e ) S S ‘
. et —‘ i ) Ve . fad - g : |

-l - . tween s YN v

<
o b e |



The fatty acids are widely.used in the chemical industry. The

‘main uses of fatty acids are listed in Table II.

- SABLE [1. End-uses of Fatty Acids (Ref. 2)

‘ Fatty Alcohols - ) , 12%
Seaps _ 9%
Emulsion Polymerization 5.5% .
Dimer & Trimer | .. 5.5% ’
Lubricating Grease . - ‘ 5%
\ Specialty Household Cleaners 5%
Plastic Additives a%
| -Eood Addi?ives 4 .,
Cosmetics L ] 49 r
Downstream Acfds ' | 4%
Ore Flotation | <3.5%
Paint & Varnish . 3.5%
) QOther Uses . : _28% -
- ‘ 100%

- The Northikmerican'production of fatty acids«fér_exceeds the
edible and iriedible requiremgnts and enjoys an annual growth rate
of 2 to 3%. %his growth rate is expected to continue for the rest )
of the decade. The prognos}s is that the supb]y of fatty apids will
exceéd the demand for‘many years @o come. Therefore, the fatty acid

industry appears tf be capable ,of accommodating a higher usage for

a4
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. + the 1atenF heat storage technology.

The cost of fatty acids is generally more expensive thaﬁ that
of inorganic salt hydrates and paraffins. Howeyer, with the upsurge
in-demand and the improved manufacturing ecqnomics: the cost of fatty /
‘acids i's expected to decline. Table III shows the current cost of
fatty acids of technical grade in -bulk quantitié%. The prices’are

_on a per kilogram basis prevailing on the Ca dian market. A
The associated latent heats which can be sfgezd per dollar vaiue are
also“included in the table. |

TABLE III.  Prices of@Fatty Acids

’ : LATENT HEAT .
| FATTY ACID PRICE ($/KG) (KJ/$)
’ Capric ‘ $2.05 . 76.6 . _ i
' Lauric " $1.52 107.9 !
Palmitic - $1.41 114.5 ‘ ?
Stearic - s0.97 © : 188.7

A

The cost of material is an important consideration in the sel-

[y

v
B e e 4
N

ection 'of materials for latent heat thermal storage applications.
- The above table illustrates that the latent heat per unit dollar

increases with the carbon chain of the fatty acid. -

v
s . 8
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IV, DEFINITION OF TEMPERATURES AND LATENT HEATS EMPLOYﬁD IN - i
.- DIFFERENTIAL SCANNING CALORIMETERY (DSC) j/’/’/"—_\\\\\_.»———/—

s

An interactive DSC Data Analysis Program (V2.0) was used in
iponjunctfﬁn with the Dupont 1090 Thermal Analyzer Micro Compluter.
This program calculates the temperatures and heats associated with
transitions in materials.

Fig. 1 shows a typical %henmogram.depicting the heating and
cooling cycles of a sample. Fp]iowing'is a list of pqrameters which

are calculated by the 1nteract19e pngram with their corresponding

definitions.

Melting Point: The melting point is definéd as the temperature

of intersection of the base line with the tangent
to the inflection point haviny the greatest rate
of change of heat flow in the geat flow yersus
the temperature curve for a heating cycle.
Freezing Point: The freezing point is generally affected'by'phe -

1
sample behavior since it is not an equilibrium

»

measure. In the abSente of supercooling, the

freezing point is defined as the temperature of.

1ntersectioﬁ of the base line with the tangent

to the inflection point having the greatest rate

) l of change of heat flow in";he heat flow versus - f
the temperature curve for a cooling cycle.
If the sample supefcoo]s and the temperature rises

)
by more than 0.25°C upon crystallization, then the

freezing point is the temperature where the

o

recrystal!izatioq.started. ' " ‘ .
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inflection points, Consequently, the intersection point of: the

- 13 -

In both the melting and freezing points célcu1ations the program
uses the Teast-square fitting method in drawing the tangent line. .
The program examines the region of the curve of 1nterest and moves
along the curve until the inflection point'is located. The tangent
line is then drawn at the inflection point and is projected to

intersect the baseline. To fit the line, the program uses 12.5% of

the total number of points between the start’ and stop 1imits.

»

It is apparent from the thermograms that the tangent lines

‘drawn’ by the computer are skewed and are not true tangents at the _

.

computer—drawn'tangent and the base 1ine.dogs not represént the true
transition temperature point. To gorrect this anomaly, the tangents’
at the inflection points were drawn by 1ongh§nd and these points were
then used in compilingthe data., The fitting of the tangent line is
dependent on the data scanning rate, heating or cooling rates and
the mass of thé'samp]e. The computer program does no£ appear to be 1//
suffic{ent1y résponsive to these variables.

When several peaks are present on the thermogram, the tangent is
drawn at thé peak which has the greatest rate of change of heat flow.

v

Heat of Me]ting and Crystallization ‘ .

w Thé'heats of melting and crystalliz2\tion are calculated from calori-

mgtric_measurements of heat flux which are based on the following

t 3

formula: : '

f(T)
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B | ; 6
where: AH = enth%ipy . . ) %
'ln = sample mass "~
v A b = heat flux ° )
t= time -
'; f(T) = temperature dependeht heat transport function
S ca]ibrat{on constant of DSC cell
*

The ca]?bqation const ; K, is dependent on tempgrature in“a
- non-1inear way. The calibration const§np is 1jnearizéd electronic- .
ally to a temperature-independent sﬁraightﬁ1ine by the thermal °4
analyzer system. . ‘ -
The heat is calculated as the-integral of the signal over time . .
from.thg start to stoﬁ points. The limit points are indicated on
the thermogram by vertical tick marks which are connected by a straight
dashed line. The calculated area represents- the heat of transition and
= is reported in J/g. J ‘- 5

t

Temperature for Maximum Endothermic Heat Flow

0 . This parameter is defined as the temperature of the point that'ié

,Jocated furthest from the baseline in a heating cycle.

Temperature for Maximum Exothermic Heat Flow , .

This parameter is’ défined as the temperature of the point that is

1océped furthest from the baseline in a tooling cycle.

- e
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v. DIFFERENTIAL SCANNING CALORIMETRY TECHNIQUE AND APPARATUS

<

The pure fatty acids and their binary mixturés were investig-
ated with a Differential Scanning Calarimeter (Dsc). ‘Thermograms
of each sample were recorded on a Dupont Model 1090 thermal analyzer
equipped with a 910 DSC cell. The cell Fonta ins‘ a constantan (ther-
moelectric) disk as a primary heat transfer element that conducts |
heat to sample and reference pans 'posit-:ioned on the raised portions
of the disk. Temperatures of the sample and reference pans aare
measured by the chromel-constantan area fh‘ermocbfxp]es. The differ-
ential heat flo.w is calculated using a known sample weigh't. The
cell design is iH-ustrated in Fig. 2. To provide cooling to
subambient temperatures, a cooling accesso;*y was improvised and is
illustrated in Fig. 3.

The instrument was ca\l—ilt;;a\“t;éd .using 2Q mg of Indium and a
héating rate of 10°C/min as recommendeci‘by‘ the instrument manufac-
turer. The observed melting point was 156.6°C with a heat of
fusion of 29.1 J/g. This is in ag'reerpent with the established va]ues‘l‘k

set by the manufacturer. Furthermore, another calibration was per-

formed with Naphtalene (CIOHS" pure crystal, Fisher,rgagent_grade
with a melting range of 80-8'1°C).‘ A sample of 2..144 mg of

Naphtalene was héated .at 2°C/min and the observed melting point was
80.0°C. The sample and reference pans used in all the experiménts' .
were made of aluminum and weighed approximately 13 mg. During the

experinents the pans were open (there was no need to hermetically

seal the pans, as the substances which were measured are considered
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wn-vo]atﬂé)\. _The samples were weighed after the experiments and no

weight loss was observed. The accuracy of the balancg was + 0.005 mg.

The precision of the instrument was determined by performing
sevéra] melting and freezing runs on palmitic acid. The results are
given in Table A-1 of the appendik. Table IV give‘s the mean and
standard deviation of the observed parameters for melting point, temp-
erature for maximum endothermic heat flow, heat of melting, free;ing
hoint, temperature for maximum exothermic heat flow and heat of

crystallization

' STANDARD
PARAMETER » MEAN DEVIATION
Melting +
Point (°C) 59.Q - 0.6
Temperature for
max. endothermic +
heat flow (°C) 61.5 ] - 0
Heat of + “
Melting (J/g) 175 -1
Freezing +
Point (°C) 58.1 - 0.3
Temperature for
max. exothermic +
heat flow (°C) 57.6 -» 0.7
Heat of Cryé%alnu, +
lization (J/g) 173 . - 3

TABLE IV, Calculated means and standard deviations of measurements
done on palmitic acid ( The results were obtained from
4 runs at a data scanning rate of 0.4 seconds per noint
as listed in table A-1 of the appendix ). :

-

The instrument manufacturer c]aims that the 910 DSC cell constant

is linear to within ¥ 0.3%, the enthalpy coefficient of variation is

) less than b 1% and the temperature'has a repeatability of 1°C.

A

o

-»
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The experimental results indicate that.the temperature meas-
urements agree with the manufacturer's claim; however, the standard
deviation of the enthalpy (heaf of crystallization) is 1.7% and, there-
fare, slightly higher than the level claimed by the manufacturer. ‘

. An optimal heating rate for the experimentswas determined by
usin-g a sample with a composition of 30 mole % capric: 70 mole %

lauric at a data scanning rate of 0.4 seconds/point. The sample

,was subjected to heating rates from 1°C/min to 15°C/min to ascertain

the ine]ting point depéndence on the heating rate. The results a}'e

" tabulated in Table V and plotted in Fig. 4, The thermograms appear

in Fig. T-1 to T-5 of the appendix. ~

Heating Rate Melting Point
(°C/min)® (°C)

21.0 <

21.0
21.0
21.2
21.5

— N
O OITN =

TABLE V. Melting point dependence on heating rate for-a 30 mole. %
capric: 70 mole % Tauric mixture.

An optimal heating and cooling rate of 2°C/min and a data scan-
ning rate of 0.4 seconds per pointwere selected for-all the experi-

ments.
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VI.  PHASE BEHAVIOR AND THERMAL PROPERTIES OF
BINARY SYSTEMS OF FATTY ACIDS

Binary s§stems of even straight-chain fatty acids of capric-

lauric, lauric-palmitic, 1;uric—stearic and palmitic-étea?ic.were
investigated. '

The fatty acids used in the experiments were of reagent grade
quality, in a flake form and obtained from commercial sources. The

RN

suppliers of the fatty acids and the melting points are Tisted in

" Table Vi

-~

The fatty acids were mixed in a solid {state in 10 molar ratios
from 0 to 100% in multiples of 10% of the low to high molecular weight
component. Additional molar ratios were prepared around the eutectic -

point toclearly establish the thérmal data in this region. Subse-

t

' quently, the samples were melted in an oven before being used on the

DSC. .

oot

Fig. 5 illustrates the freezing behaViour Qi a two-component
system of even straight-chain fatty acids. The binary systems of
+fatty acids form a single eutectic and a region with an incongruently

melting solid-state compound.

af

The incongruent compound transforms during melting into two

" phases; i.e., a higher melting solid phase and a liquid phase in_é

region containing an excess of the Tow molecular wé;ght'tomponent.

The crystallization process of the system can be explained with
the aid of the phase diagram in Fig. 5. .which has been developed from
freezing point relations (re?. 38 and 39). The 1iquidﬂso1ﬁtions, which

.

on cooling, reach, the curve line "a u" or "e b" give rise to solids

© Ag and'BS respectively changing the 1iquid composition. '

.
.

v

N
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Liquid solutions, which on caoling, reach line "a e" give rise to
. .
o a solid which is a compound containing an equimolér amount. of the

two components. Crystallization of the liquid solution occurs dir-

ect]y‘at thereutectic point with no change of compositién.
For even straight-chain fatty acids which differ in chain
’ ' length by two carbon atoms (cap}ic-lauric, palmitic-stearic
. systems) the eutectic occurs at apprbximately 73 mole % of the lower-

melting component.

63

The hump in the f}eezing curve, representing .
the component formation region, occurs at about 50 to 73 mole % of

E4

the Yower-melting component. These ‘curve characteristics confirm

earlier investigétions bv Francis ét al (Ref 3), Shuette et ah

(Ref. 4-8), Smith (Ref. 9), Kulka et al (Ref.”10) and Grondal et al
(Ref. 11). C -
\ : : Table VII shows the obserwved eutectics of the binary systems’
‘ { \ ’ of fatty acids. The eutectic for the capric-lauric system (C 107 12)
| was found to havg a composition‘bf 73 mole % capric: 27 mp]e %
Tauric on both the melting and fréezing curves. Thé meTting and
freezing points of the euteé;ic aré 18.2°C and 16.6°C respe&tive{y.
The freezing point is slightly 1owe§'than the melting point due to
the effect ofﬂfupercoo1ing. Kulka and Sandin (Ref. 10) found the 1
éufectic of tﬁe ClO-C12 system to be 19.6°C at a composition of 72.5
mole % capric 27.5 mole % lauric using the capillary tube method. The
small difference in the melting point can be ascribed to thé impuri-

ties found in the reagent grade substgnces. Kulka and Sandin used

high]y purified acids which. were repeatedly recrystallized from acetone.
The data for the me1t1ng and freezing points, latent heats of

trans1t10n and temperatures for maximum exothermic and endothermic
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heat flow for the. C10 C12 binary system have been plotted jﬁ Fig. 6
to Fig. 11. ‘ K )

- .
< . -
- LSl N
L

TABLE VII. Observed eutectics of binary systems of " fatty ac1ds
(Taken from phase d1agrams)

] LAURIC- - |LAURIC- LAURIC- PALMITIC-
- PARAMETER ~ | CAPRIC | PALMITIC STEARIC STEARIC
SYSTEM SYSTEM SYSTEM SYSTEM \
Melting Point | 18.2 p 32.7 S 34.0 51.1 @
(°C) 73C/2/L 80L/20P 85L/15S 72.5P/27.58
! Temperature | 20.8 @ 35.6 @ 36.7 o 53.8 @
. for max. 73C/27L 80L/20P 85L/15S 72.5P/27.55
; endothermic . . .
5 flow (°C) ‘
Heat of 120 ® “wre | 1520 159 g °
Melting 72.5C/27.54 80L/20P {a  86L/14S 71P/29S ‘
(3/9) 4
S Freezing 16,60  |30.3¢ 31.3 ¢ 50.8@
| Point (°C) 73C/27L 80L/20P 86L/14S - 72.5P/27.55
_ Temperature | 16.2 @ 29.10 | 30.8¢0 4917 @
, for max. 72.50/27 .51 80Ly20pP 86L/14S 72.5P/27.5S
‘ : exothermic \ / .
4 heat flow . ' 1 '
(°c) . v
Heat of 113 @ 149 @ 155 @ ‘o161 @
Crystal- 72.5C/27.54 73 L/21p 861/14S 72.5P/27.55
lization (J/g)
The profiles of the curyes for the temperature for maximum
’ o /
exothermic heat flow, heaf of melting and heat of crystallization
S ‘ resemble :the profile of the curve for freezing points.

This is in agreement with the freezing curve profile developed
‘by Kulka and Sandin. Howev%ff the profiles of the curves for
melting points and maximum endothermic Keat flow points differ in

shape from the freezing curve. This occurs in the concentration

o




—— %

- e . < ) R r

-2 -

e

range of about 0-40 mé]e % capric acid and to a lesser degree in
the céagbund fofhation region of about 40-73 mole %‘dapr!z acid.
In this cohcentration range, the me]tiﬁg points and the maximum
endothermiclheat flow poinfs are lower than their co;respondinb
freezing and maximuh exothermic heqf flow points, Thds difference
in temperature can be explained in terms of the existence of mul-
tiple peaks on the thermograms and the method by wﬁﬁch these \
parameters are calculated. ., |
In the DSC calculation, the melting point is located at the
peak which possesses the greatest rate change of heat flow. When a
mixture contains two‘éomponents, Several peaks are present on the
thermogram and the me1t1ng po1nt and the ma;1mum endotherm1c heat -
flow po1n¥ can be located at d1fferent peaks depending on-the concen-
tration of the two components. The sh1ft1ng of the melting point and
‘ the maximum heat flow point between the peaks can result in marked
differences in these parametersf For example, for the mixture con-
taining 10 mole % capric: 90 mole % lauric the melting point and the
maximum endothermic heat flow poipt are 35.7°C and 40.1°C respectively
and both are located on the second peak of the thermogram. However,
for the next hlgher m1xture conta1n1ng 20 mo]e % capric: 80 mole %
lauric the me]tlng po1nt is 20.9°C, having shwfted to the first
peak and  the maximum endothermic heat flow point is 27.0°C contin-
uing to‘remain oﬁ the second Beak. Furthermore, ‘going to the next
~ higher conééntrafion of 30 mole % capric: 70 mole % lauric, the
.me1ting point and the maximum endothermic Beat flow point of the
mixture are 20.4°C and 22.3°C respectively, both of which are found

" - - ’ ) {
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X o g s - nor [P e e bt v AN i . 20 i =




- 27 - “
\
on the first peak. As can be seen, the shifting between peaks can
- 4
produce marked temperature differences in adjacent mixtures having

different concentrations of the two components. This is also illus-

trated by the curves of thé;é parameters which show that when shift%ng

“occurs between the peaks, the pQints genera]]} do not fall directly

on the curve. The significance of the peaks is discussed in a

later section titied "Discussion of Thermograms«of,Binary Mixtures

t
s

of Fatty Acids".

o

The eutectic composition for the palmitic-stearic (Ciﬁ'cl8)

system was found to have a concentration of 72.5 mole % palmitic:

27.5 mole % stearic.. The melting and freezingpoints at this c6b—

tentrationhare 51.1°C,and;49.7°c respectively. Francis et al

(Ref. 3) have studigd the C16'C18 system and found éhe same compoJra—ﬁ
sition of the eutectic point havihg a freezing point of 54.5°C,
Another stuay of theQCIB"CIB system was done by Shriner ét al

(Ref. 12) who also found the eutectic to have the same composition

with a’freezing point of 53.6°C. Therefore, the eutectic location

appears to be in agreement with the published data. The small

difference in the freezing point temperature found by the various

‘workers can be attributed to the presence of reagent impurities ‘

which can produce a freezing point'depression. "The C16'C18 binary
system, similar to the Cm-C12 system which differs in chain

length py two carbon atoms, contains a hump in the freezing curve

in the_;ame concentration range of 50-73 mole % palmitic acid
demarcating the compound formation region. Thedata for the freezing

and cooling parameters of the C16_C18 system‘is represented graph-



[T

S
jcally in Fig. 12 to Fig. 17.

.For even straight-chain fatty acids which differ by mo;e than
two carbon atoms in the chain length such asu1aur1c-pa]mitic
(Clz-Clﬁ) and lauric-stearic (EIZ_CIB) systems, the eutectic
location is shifted to a higher molar coﬁcent(ation of the lower-
molecular weight component. Also, the compound farmation region
is displaced to a concentration range containing a higher mglar .
concentration of the 1ower-m91ecu1ar weight component.

For the Clz—C16 binary,system,'the eutectic occurs at a
concentration of 80 mole % lauric: 20 mole%palmitic. The melting
and freezing points at this concentration are 32.7°C and 30.3°C
respectively. This is in agreement with the results obtained by
Waentig and Pescheck (Ref. 13) and Efremov et al (Ref. 13) who
observed fhe eutectic at 80 mole % lauric: 20 mole % palmitic and
77.5 mole % lauric: 22.5 mole % palmitic respectiQe]y. Tpe corres-(v///
ponding freezing points were 35.5°C and 31°C respectively. The
small difference in freezing temperatures which were determined by
the different workers.can be explained by the degree of impurities

found in the reagent materials. The results of the thermal experi-

_ments for the C12—C16 binary system are depicted graphically in

Fig. 18 to Fig. 23. ’

For the C12—C18 binary system, the melting point of the eutectic
was fdund to be 34°C, having a concentration of 85 mole ¥ lauric: 15
mole % stearic. The freezing point of the eutectic was found to be
31.3°C at a concentration of 86 mole % lauric: 14 mole % stearic.

This agrees with the eutectic composition of 82.5 mole % lauric:

e s
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!

12.5 mole % stearic having a freezing point.of 36.5°C. The slight

difference in the eutectic composition and freezing points are due

to impyrities in the reagént materials. The thermal data for the

) ch"CIS binary systemis shown graphicallyin Fig. 24 to Fig. 29.

Cv

The results of all the DSC runs on C 12"

are tabulated in the appendix tables A-2, A-3, A-4 and

c c

107%12> 16 ©127C18

and C,_~G

16”718
A-5 respectively. Thermograms of the samples, T-6 to T-81, also
appeSr in the appendix.
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=~ VII. THERMAL PROPERTIES' OF FATTY ACIDS ;

. Melting Points -

_ The melting points of capr1c¢ lauric, palmitic and s@earic
acids were observed to be gB.D ! 0.4°C, 42.2 t_0;1°C, 59.0 % 0.6°E
and 65.6 T o.rec respectively. The observed means and standard devi-
ations of thé«me]ting points and other parameters are listed in Table
VIII.The melting points of capric and lauric acids-are abégp 1°C ‘
jower than the published values (Ref. 13) and those of palmitic’
and stearic acids are about 4°C lower. The generally accepted
melting range of these acids ig shown in Table VI. However, the
observed melting points were close to the points fo&nﬂ by Berchiesi
(Ref. 14) which were 30.5°C, 42.8°C, 61.4°C and 66.2°C for capric;
Yauric, palmitic and stearic acids respectively. The discrepancy
in the results appears to be due to the degree of impurities found
in the reagent‘grade substances. Also, in the DSC calculations the
ﬁe]ting point is taken at the inflection point of the curve which
has the greatest rate of change of heat flow.‘ The tangent drawn at
the inflection point and projected to the base line can produce
a value of the melting pgint which may differ from the value deter-
mined by other‘methods. ?In addition, in the DSC method the heating
rate and mass of sample affect the melting point. The relationship
between the melting pointvand the chain ]énggh {number of carboﬁ

atoms in the acid) is shown in Fig. 30. From the figure, it can be

seen that the melting point increases directly with the chain length.
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Freezing Points

The freezing points of capric, lauric, palmitic and “stearic
acids were observed to be 28.7 + 0.3°C, 40.7 + 0.1°C, 58.1 + 0.3°C
and 64.5 i.Q.2°C respectjvely. The freezing points are $lightly
lower than the melting points. In contrast éo the melting point, ’
the freezing point is not an equilibrium measure and the super-
cooling effett is an important factor. Also, the cooling rate.and
ﬁ%ss of sample can affect the freezing point. Kulka et al (Ref. 10)
found the freezing point of pure capric acid to be 31.2°C. Efremov -
et al (Ref. 13) observed freezing points §ﬁ’lau}1c, palmitic and
stearic acids at 42.7°C, 59.2°C and 67.7°C respectively.

The discrepancy between the literature and experimental values
is due to the presencelof impurit1e§ in the reagents. Also, the . =
Titerature values are based on the capillary tube method which has
a lower error (ma;. 0.05°C) in reproduction of the freezing point

(Ref. 10 and 12). 1In addition, the capiﬁ@ary tube method requires

'_a larger sample weight than the DSC method and, therefore, the

supercooling effect is smaller in the capillary tube method.
The freezing point dependence on the carbon cﬁqin length in the
acid is illustrated in Fig. 30. The profile of the freezing curve

is similar to the melting curve.

Temperatures for Maximum Endothermic and Exothermic Heat Flows

The temperatures for maximum endothermic and exothermic heat
flows when plotted against the number of carbon atoms in the acid

show a close resemblance to the melting and freezing .curves.
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.This 4s illustrated in Fig. 30. These points are highly depen-

of the appendix.

Heats of Melting and Crystallizatjon

The observed heats of melting for capric, lauric, palmitic

and stearic .acids are 157 + 6 J/g,164 + 4 9/g, 175 + 1 J/q and

183 + 3 J/g respectively. The corresponding heats of cr&gtalliq

‘dent on the Heating and cooling rates as shown in Fig. T-1 to T-5

‘
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zation. 153 + 7 J/g, 162 +7 J/a, 173.3 + 3 J/g .and 182 + 2

J/g respectively. The heats of melting and crystallization appear

to be essentially the same. These transition heats have been plotted

versus the number of carbon atoms in the acid chain in Fig. 31. The.
resulting curve shows that the heats of melting and crystallization
increase with an ascending number of carbon atoms.

The observed heats of melting of the pure acids are slightly -~
lower than the pub]ishgd data (Ref. 13 and 15). However, Berchiesi

et al (Ref. 14) found the heat of melting to be 8.2, 12.3, and 13.8

' Kcal/mole for lauric, palmitic and stearic acids respectively. This

compares to 7.8, 10.7 and‘12.4 Kcal/mole for lauric, palmitic and
stearic acids obtained in the DSC results after ap}]ying a conversion
factor. The discrepancy in the observed values appears to be due to -
the degree of impurities found in the reagent substances and.differ-

ent measurement techniques,

Entropy of Melting

The entropy of melting of the pure fatty acids is shpwn in Table
VIII. The relationship of the entropy with the number of carbon
atoms in the acid chain is illustrated graphically in Fig. 32. The ‘
entropy of melting of the fatty acids has the same order of magni-
tude far this particular homologous series but tends to increase wjth
an ascending number of carbon atoms in the acid chain. .

The entropies of melting were calculated with the use of the

following equation:

\ - - ——— - . - . - o e
g - ot e . — - ) -
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where: A S = entropy of melting in J/g - °
/
A Hm = heat of melting in J/g
Tm.p. = melting point temperdture in °K (°C + 273.15) -

- Internal Energy Change of Melting

= The change in internal energy during melting can be calculated

\)

using the enthalpy function at constant pressure.

A H= AE + PAV

& where: A H = heat absorbed by the system (heat of melting)
in J/g } }
= change in internal energy of the system in J/g

pressure at which me]éing occurs in N/M?

o
1

"

l

| At
I

\ ,
; AV =molar volume change between the liquid and solid
in cm®/g-mole

Rearranging the above equation and introducing the terms for the

| molar volume of liquid and solid, the equation becomes

AE= AH - P (Vg - Vs) . .

where: Vo = molar volume of liquid in cm3/g-mole ,

‘ Vs

molar volume of solid in cm3®/g-mole

Using capric acid as an example with the following data:

Vi = 192.4 cm3/g-mole (Ref. 16)
Vs = 170.2 cn®/g-mole  (Ref. 16)
- P =1 atmosphere
AH = 157 J/g|orsﬂ<!0 N[ 22 7_cn~ lg h.,aa, ][
AE =157 yg - [t ara)["—Fzm J[S mele [m,uj oer?
= 157 - 0.013J/g = 156.987 yg
P * ’
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The above calculation illustrates that very little work is
expended when the fatty acid undergoes melting and the internal
energy change is essentially the same.as the heat of melting.
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. XITI. CRYSTAL STRUCTURE OF FATTY ACIDS AND THEIR BINARY SYSTEMS

'Knowledge of the crystal structure of fatty acids and their
solid solutions is essential in the understanding of the phase
behaviour and polymorphism,

Extensive work has been done to determine the crysta]]og?aphic
structure of pure fatty acids and their binary systems using the' \
X-ray powder and single crystal techniques (Ref. i7; 18, 19 Bnd,ZQ).

As a result, a considerab]e}amount of data has been ogtained about |
the packing of. the Hydrocarbon chains, orientation of the carboxyiﬁ
group anq>p01ymorphism, |

The X-ray powder patterns of the compounds reveal the exist-
ence of two group-spacings. These group spacings are i]]u;trated”
in Fig. 33. The first group is referred to as a long spacﬁng and
the second group consists of two short spacings. The long spacing
increases proportionally with the numﬁer of CH2 groups in a given .
homologous series. The two short spacings have approximately the
same value for a particular homologous series and are associated o ‘
with the manner of“packing of the hydr?carbon ch;ins‘

X-ray diffractometric results have shown the existence of

‘«

three polymorphic forms for the even straight chain fatty acids

(Ref. 35). These forms are known as A, é ;nd C modifications

with the long spacing diminishing in that order. The C form is the
most stable modification (Ref. 35). When the A and B.modifications"
are heated to 10-15°C\be10w their melting point, the two’modifi- \
cations transform irreversibly to the C modification with Tittte x

& v B
heat of transition (Ref. 22). Consequently, the C polymorph of the ‘ -
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+
acid is always obtained from a melt and the acids exhibit the property

- ;

- 6f monotropy.

e

R rm

i

.cuies to thé unit cell. " In this arrangement, the ends of the
. .

molecules are found at the corners and in”the centre of the para-

has a monoclinic prismatic structure with four mole- -
~ I

11elopipeq§ Shearer (Ref. 23) found that the fatty acids crystallize

/j with two molecules between successive layers. The active groups

. \‘I ,‘
‘ COOH of the molecules are located in the centre and the inactive groups
! ¢
CH, at the corners of the prism. . / j
Miler (Ref. 29) showed that the carbon atoms in the chain are
\ - ‘// ‘
' arranééd in a Zig753? pattern and éEf Joined to'égch other at a
N . .
" tetrahedral angle. Subsequent experimental work by Piper (Ref. 25)
and other workers have found th$ angle to be 116°. The distance
: e ﬂ
between the adjacent farbon atoms was found to be 2.6A (Ref. 25). @
The 1atiig§ dimensions of theyclform of the fatty acids are.given
in Table Ik. . ,
-
. Angle
v| Short Spacing| Short Spacing | Long Spacing| of .
i Name=a~— a (h) b:(A) - ¢ (A) Tilt '8 | Ref.
. © » ‘
Caprig " 29.7 . 26
Lauric 9.524 4,965 35.39 129°13'| 27
Palmitic 9.41 5.0 + 45.9 129'10% 27
' Stearig 4 9.357 4.956 50.76 ' 128'14'| 27
TABLE'{X. Crystal lattice dimensiomy of fatty acids .
o 1 The unit cell” dimensipns vary slightly with chain lenéth and, g

‘therefore, the series is not strictly homokpg s. The cross section

]

]

/

molecules aré bécked closer together in the longer chain acid.

.. Qf the unit be11‘dqcreases with a longer chaig’indicating that the
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Fig 34 shows a diagrammatic representétion of the unit cell of

- & [
stearic acid,

~

$
The crystal structures of binary mixtures of fatty acids are

02

well documented in the work of Frede et al (Ref. 28) and Baun (Ref%
26). “ ‘

Frede et al- examined different mixtures of the palmitic-stearic
sys£§mgby means of X-ray and electron diffraction and found that the.
érysta] form occurring in all concentrations conforms to the C-form
of the pure compounds. In the concentration range of 95-60 mole i
of ffearic acid, the shorter palmi;ic acid molecules are incorpor-
ated into the crystal lattice of stearic acid without affecting the
long spacing, ¢, of the unit cell. In the concentration range of
50 to 20 mole % of stearic acid, the crystal strucfure is character-
jzeé by constahcy of nearly all lattice parameters. The long spacing
is approximately the arithmetic_mean of the spacings of the pure
gomponents. Frede et al depict the mixed crystal form in terms of
double molecules, which can be formed from two s%earic acid mofe¢u1es,
two palmitic acid molecules and one st;aric and ofie paimitic acid .
molecule. Within the concentration range of 0-10 mole % stearic acidy
the 16lger stearic acid4no1eéu1es can be incorporated into the crystal
laféice of the palmitic acid. The unit cell of the palmitic acidlis
slightly affected by a decrease in the'ang1e of tfH:F, by 1-2° and an
enlargement of the disfance between the qeighbouring atoms,

Saguchi and Asada (Ref. 18) determined unit crystal cell dimen-
§1ons_of binary systems of Clz-c16 and C16-—C18 by means of Xjray
diffraction. The systems were classified 'into three groups: .

"y -~ ”. -~

mﬁv
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" Fig. 34. Diagrammatic representation of.the unit cell of a
. stearic acid crystal (Ref, 37). - ° ‘
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1. A solid solution in which the lower-chain acid is dissolved by .
the higher-chain acid.

2. An‘équimo1ar compound compoged from the ;wo,components con-
taiping one qf the components in sma]]heXCess. .

3. A solid solution in which the.highqr-chain aFid is dissolved
by the .lower-chain acid. ‘ . ’ -~ ﬁ
The stability of the crystal lattice is affected by the Uiffer-

ence between the number of carbon atoms iniihe‘fatty‘acid molecules.

As the difference rises, the stability of the lower acid in the higher

acid increases, whereas the stébi]ity of the higher acid in the lower

acid decreases (Ref. 18). |
Baun (Ref. 26) has examined the binary system of Clo-cl2 by X-ray

éiffraétion. His results of mixed crystal formation are in general

agreement with the other workers.
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IX. ANALYSIS OF FATTY ACIDS AND THEIR EUTECTICS
WITH AN X-RAY DIFFRACTOMETER '
/ An X-ray diffragtometgr (manufactured by Picker) equipped with
a Chromium tube (manufactured by Macklett) was used to obtain the
X-ray patterns. Measurements were made of pure fattylacids and
their eutectics (except for capric-lauric eutectic, whiéh is liquid
1} at ambient temperature). The samples were melted in an oven and )

later crystallized before being used on the instrument. Subsequently,
the saﬁ;les were ground on a watchglasswith a pestle to obtain a
fine homogeneoui powder. The material was then pressed ina thin
iayer on a strip of glass to obtain sufficient adhesion, D;e fo
* the waxy nature of the compound, the saép]es easily a’“;red to the
glass strip.
The X-ray patterns were recorded in a; angular range of 6 to
50° at an angular velocity of 1°/min. A strip chart recorder was
used to record the diffraction pattern.
" A1l pure acids and tggir mixtufés were found to be present in
.the C-form having a monoclinic crysta% lattice. This form is
characterized by short sppcings at 29;19.4°, 29=21.5; and 20=24°.
This is in agreement with the results found by:?rede et al (Ref.
28) efiept for the angle éf 29=19.45, which Frede et al found to

_be 20.2°. | x N
' N

The long spacings were found to be located at 28=11.5° for cap- .

ric acid, 26=9.7° for lauric acid, 28=7.4° for palmitic acid and
20=6.6° for stearic acid. The values for palmitic and stearic acids

are in agreement with the results of_Frede et al.

. ) .
/ . /
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The intensity of the long spacings essentially disappear in the
binary mixtures of acids. The X-ray patterns conform to the resutts
obtained by Frede et al, Van (Ref. 29) and Malta et al (Réf. 30).

The diffractometric results indjcate that during crystallization
of a binary mixture of fatt‘& acids, the mixture does not decompose
-into the pure acid components (Ref. 28).

The scattering of X-rays depends on the concentration of elec-
trons in a given area (Ref. 41). The terminal methyl groups in the
fatty acids contain a low electron densit,y due to the high concen-
tration of hydrogen and, therefore, the methyl plane has a lower
scattering power than the main body of the cryéta] . In contrast,
the presence of a carboxyl group givesrise to planes of higher scat-
terin power than the main body of the crystal. With double mole-

“cules, the strongly diffracting and the weakly diffracting/planes
a;*e §eparated by the same distance. This {s illustrated in Fig. 35.

The results of the X-ray spectra are shown in Fig.) S-1 to
Fig. S-9 in the appendix. The vertical lines whichiappear on the
spectra denote the location of the short and long spacings. fhese
Hnés were drawn skewed rather than vertical as a result of a

'misah'gned §tr1p chart paper caused by a fault on the 4-‘r"ay diffrac-
tometer recorder. The actual peak readings on the.spectra were .

taken directly from the angle indicator on the diffractometer.
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X. INFRARED SPECTRA OF FATTY ACIDS AND THEIR EUTECTICS

The%\acids used for the experiments were obtained from

commercial sources as given in Table VI. The samples were prepared

by mixing about 10 mg of_the compounds with about 1000 mg of p))tas-

sfum bromide in a mortar dish. Subsequently, the mixtures were

"ground with a pestle to a fine homogeneous powder. The powder was

then placed in a die which was subjected to a forceiof 10 metric
tons to produce a potassium bromide disk. The oLﬂy sample which
remained in a liquid form consisted of 74 mole % capric: 26 mole %
lauric. Consequently, the IR analysis on this sample was performed
by placing a capillary film of the samp'le‘between two potassium
bromide disks. A Beckman spectrophotometer, Model IR 4240, was
used to measure the IR $pectra over a range of 4000 to 400 cm'].
The IR spectra of the pure fatty acids and their binary mix-
tures are shown in Fig. I-1 and 1I-2 in the appendix. Compé;ison of
the spectra of the pure acids with standard published spectra (Ref.
31) show that the acids are present in the C-polymorphic form.
This 1is particularly app%rent at a wave number of about 930 cm'l.
where the 0-H oﬁtaof-plane deformation occurs and no two {rystal
forms have the same absor'ption. This is consistent with the X-ray

ﬁif’fr‘action results.

The IR sE)ectra of the even straight-chain fatty acids in crys-

. talline form show a series of bands 6f uniform spacing in the region

1

of 1300 to 1180 cm '. This is due to inte?*aci:jon of r.cycking and/or

twi:%tiné vibrations of the CH, groups. The number of bands increases
: - ’ -

',wit'h the chain 1e.hg.th' of the molecule and the number of carhon

-

,
. .
. .

‘.
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atoms can be calculated by mu]‘tip]ying the number of bands’ fora -
particular compound by a factor of 2. The spectra of the fatty
acids in the 1300 to 1180 c;r;'] region show 5 bands for capric
acid, 6 bands for lauric acld, 8 bands for palmitic acid and 9
l;ands for stearic acid.

Table X shows the band positjons for fatty acids and their
binary mixtures. ;Kﬁe bands were designated in a numerical order )
with decreasing wavelengths. The locations of the functional
groups are in agreement with published data. , .

- It is noteworthy that for the binary ﬁﬁxtures the region of
1300 to 1180 em™) s significantly altered -from the one for pure
fatty acids. The vibrations of the CH2 gl(‘Ol'JpS are markedly differ-,
ent indicating a diff;rent :)rder of motecular packing in-the

crystal lattice.

a
- - s
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THEORY OF MELTING AND CRYSTALLIZATION OF FATTY ACIDS

The melting process is a funct1:on of the structure of the
crystalline state and can be visugh’zed as the structural break-
down of the crystal lattices. In the crysta“l']i;e soﬂd the mole-
cules are arranged in a regular and symmetrical way. The process
of melting causes the highly ordered arrangement to break down to
a more random arrangement which normally characterizes a liquid.

The measure of the ra"ndomness of the molecular disorder of
the system is expressed by a change of entropy which accqﬁ;anies
a phase change in a material. The change of entropy of fatty\
acids increases during melting as illustrated in Fig. 32.

The melting proceeds at a temperature level at which the
thermal energy of the molécu]es is sufficiently high to overcome
the crystalline forces holding the molecules together in the
crystal Tattice. First, the surface molecules acquire sufficient
vibration energy to escape the lattice. Also, oﬁ a smaller scale,
interior molecules can rupture the crystal lattice when.sufficie;'ct
vibratiolng’]‘ energy is acquired. When the fatty acids undergo’
melting, the heat of melting is essentially conve;'ted to the
internal energy of the molecules with 1ittle work done by the
system during 'the phase.~change process, This is illustrated by

the calculation of internal energy change shown on pg. 61. The.
3

heat of melting depends on the molecular weight and tends to

increase with an increase in the carbon chain ]enggh of the

acid as shown -in Fig. 31.

e, -
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The intermolecular férces holding the molecules fogether in
the crystal lattice can be viewed as composed of two types of
forces; namely, the dipole-dipole interaction due to the presence
of the polar OH group and the Van der Waals forces (Ref. 16). The
latter forces are small , momentary polarizations of part of one
molecule by part of another near-by molecule.

The monocarboxylic acid molecules are polar and are normally®

Sociated liquids due to the presence of the hydrbgen bond.

called as
These wolecules are dimerized in & liquid phase and held together

by two \hydrogen bonds as shown below.

AN .
R —C C—R
0—H--07

i

~The hyd;'ogen bond has a strength of about 5Kcal/mole (Ref. 40)

.and 1s the main factor fér the hjgger than expected melting and

boiling points of the fatty acids. The melting points of the acids
depend on polarity and molecular weight. For a particular homo-
logous series, the melting points increase with an 'inc;ease in the
molecular weight as illustrated in Fig. 30. The polarity of. the /
acid molecules imposes on them an arrangement which givés the
greatest attractive forces between molecules. Thjs is counter-
balanced by the kinetic energy of the molecules.
Crystal]ization is the reverse of mel'ting and occurs wﬁen a - ¢

nunber of molecules at a Tow energy level are grouped together to
i

. form a nucleus. Supercooling, a metastable state, can proceed in

the absence of a nucleus on which the cryéta] growth is depéndent.
The acids are suseptible to the supercooling phonemenon as showp in

Fig. T-6 and T-8 in the appendix.
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XII.

DISCUSSION OF THERMOGRAMS OF BINARY MIXTURES OF FATTY ACIDS
L]

;

The analysis of multiple peaks on thermograms of binary mix-

tures of fatty aciés can provide useful information about phase
transitions and the possible structure of molecular crystals.

: The nature of the peaks can be examined in terms of the solid
solutions that can be formed by the two components. Analysis of the
melting and freezing curves shows that an additional compound is
formed at the hump in the curve. Therefore, the binary mixture of
fatty écids can be considered to contain three types of solid solu-
tions. These solutions have been reported by Saguchi and Asada
(Ref: 18) and can be described as (1) solid solution of the sﬁorter-
chain fatty acid in the longer-chain fatty acid (2) equimolar com-
pound of the two components containing one of‘them in small excess
(3) solid solution with sﬁal] amount of“the longer-chain acid dis-

solved in the shorter-chain acid.

Binary mixtures of even straight-chain acids contain up to four

discernible peaks on the thermograms depending on the concentration . o

df the two components. The pure even straight-chain acids and their

eutectic compounds are characterized by a single, sharp and/we]l- -

definéd'peak. The number of peaks appearing on the thermograms T

for the binary systems of capric-lauric, lauric-palmitic, lauric-

stearic and pa]mitic-stea}ic acids have been plotted in Fig. 36. ,
Fig. 36 shows that the regionlcontaining up to fourlééaké is

rich in the high-molecular weight component:. The X-ray diffracto-

]

metric results clearly show that the\crystal Tattice in this concen- . \
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’ ticQ structures Type 1, Type 2, Type 3 and Type i. ~Fig. 437 showgﬂthat
. T

tration region has the ce]]Adimensions of the high-molecular weight
component. Taking gke examp1§ of the palmitic-stearic system for tbg
purpose of discussion, i# can<b§ seen that in the region which is rith

"in the hﬁgh—mo]ecu]ar weight component, stearic acid in this instance,

N '

the crystal lattice ﬁh§ﬁ conform to the stearic acid cell dimensions
(Ref. 28). . ‘

The possible crystal lattice arrangement® that can conform to the'
stearic acid cell dimensions are showa in fig.‘37 and consist of lat-

3

the acids crystllize in double-chain length molecules. The crystal

lattices possess different stabilities (Ref. 18 and 28) which require

different energy formation levels. When the crystal ?ﬁttice absorbs .
Ey A !

sufficient thermal egergy to disorder the molecular arrangement jn the
lattice, the crystal lattice is egpected to ruptufe. ThigltJbe of
breakdown can be associated with'the‘appearancé of the peak on the
thermogram. Therefore, the four peaks on the thermogram can be ex-
plained in terms of rupture of the fogr types of crystal Tattices:
In the compound formation region, Fiél 36 shows ‘that up to two A
‘peaks can appear on the thermograms: In this concentration range, all
the crystal 1attices“must confofm to a‘cell diménsion cor;esponding to
the arithmetic mean of the Qimensions of the pure components (Ref. 28)..
[U§ing again the example of.balmitic-stearic system, the possible
{crysta1'1atfice that can satisfy tﬁis‘conétraint is grysta] lattice
type V. Since this compound #s of the incongruent type, it transforms

re

during melting to crystal type IV which is associated with the second

peak. - ' : } ,

& poa )

In the region containing an excess of the lower-molecular, weight

Y - ] . . {
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' Fig. 37. Possible crystal lattice arrangementsjof pinary mixtures
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' l‘\compoﬁent, i.e. between the eutectic‘-point and 100% 1ow-mo'1ecu1ar
v;eight component, ‘Fig. 36 shows :cha'toup to fwo peaks are present
on‘the.thefmogra(ns. For the. p.almitic-steari-c system Frede egr_al
(Ref. 28) found that up to a concentration of 10 molé % palmitic:

90 mo]e % stearic, the longer steamc(&md molecules can Ibe ;\ncorp- ‘
orated in the crystal lattice of the palmitic acid molecule. In

this concentration range, the two possible crystal lattices arek. x
types VI and VII in Fig. 37.

.
a [e]

N , A similar analogy can be extended to the discussion pf thermo-

-

grams of other binary mixtures of fatty acids., “
The analysis of the multiple peaks on the ther’%ogréms'can also be

considered from the standpeint of the possible influences of impur-

N ‘ities present in the starting materials. However, due t;) the very

Tow concentration\of the impurities, it is possible that these effects

y | ~dre superimposed on the sharper peaks wh'l‘ch are asso(;iated with the

/ first-order transitions of materials. ’

[ 4
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XIII. CONCLUDING REMARKS

-

. Th‘% melting poin‘t, freezing point, heat of melting and heat
o of crystaalﬁzati’ov?‘of capric, lauric, palmitic arlwd stearic a.c1:ds and
their. binary mixtures have been deter‘:mined by’ the'Differenti'al
Scanning Calorimetry mett:od. The melting points of capric, lauric,

palmitic and stearic acids were observed to be 30.0 + 0.4°C,

Al

42.2 + 0.1°C, 59.0 + 0.6°C and 65.6 + 0.1°C respectively. The -

corresponding freezing points of the fatty acids v'v'ere found to be

28.7 + 0.3°C, 40.7 + 0.1°C, 58.1 + 0.3°C and 64.'; + 0.2°C‘respec-
. tively. “The cbs:erved heats of melting og capric, lauric, §a1mitic
and stearic acids were 157 + 6 J/g, 164 + 4 J/g, 175 + 1 J/g and \’_
183 + 3 J/g. The corresponding’ heats of cryé’taﬂization were ,

153 + J/g, 162 + 7 J/g, 173.3 + 3 J/g and 182 + 2 J/g respectively.

)

Thﬂé eutectic ploints were determined for binary mixtures of

' )

canric—laurip acids, I]ax‘xric-palmitic acids, 1aur1c—stear{c acids
and pi]mitic-stearic ac‘ids. The edfectic Enixture; ;Nere examined
by Differential Scanning Calorimétry to ascertain the thermal pro-
) perties of melting point, freezing point, heat of me\lting ~amd heat
o% crystallization. The eutectic compgsit"ions of the ‘binary systems
were found to be 73 mole % capric: 27 mole % lauric, 80 mole %
. lauric: 20 mole % palmitic, 85 mole % lauric: 15 mole % stearic and '
73 mole % pa]mih:c: 27 mole % stearic. ‘The corresponding melting
péints of thereutectics were olbser:ved to be 18.2°C, 32.7°C, 34.0°C.

and 51.1°C respectively. The corresponding freezing points were

observed to be 16.6°C, 30.3°C, 31.3°C and 50.8°C respectively.
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The h%ats of melting of the eutectic compos1t10ns of b1nary
systems of capric- laum‘c acids,lauric- pa1m1t1c ac1ds, lauric-
stearic acids and palmitic-stearic acids, Tauric-stearic acids_
and pa]m;'tic—stea‘ric acids were found to be 120 J/g, 147 J/q,
152 J/g and 1.59 J/g respectiveb;. The corresponding .héast'of
crystaﬂi\i\ation of the eutectics were found to be 113 J/g, 149 J/g
155 J/g ana 161 J/g respectively.

The pure fatty acids and their eutectic mixtures were exam-

ined with an X-ray diffractometer and an infrared spectrophotometer

to establish the polymorphic form and crystal  structure. The

]

thermal energy storage system. "

B L e Mt el for b o b

experimental results show that the acids are present in the stable ‘* M '
C - polymorphic form and process’)a manoch'm'c crystal structure /’M {
The thermal propert1es of the fatty ac1ds and, their eutect1cs -T.‘"g‘\‘i ’
appear to be propitwus for space heat1;g a'pphcations Howéver,,- «‘gt\i@
,uﬁhzatwn of these materials for space heating and other apph— @“&\“ Uiy
‘cations depends on the deve]opmént of an efficient and economc o Tiﬂﬁt’gﬁe 'L

1
i
v -L_
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XIV.  RECOMMENDATIONS FOR FURTHER WORK

Utilization of fatty’acic[is for latent heat thermal storage
Applications will depend to a large extent on an efficient and
econfnmic design of the thermal storage system. |

Saturated fatty acids possess a good chemical stability but,
nonet\heless, long-‘term stability ought to be vérified by thermal-.
'cych'ng (repeated melting and freezing ‘of the material) to ensure
the required longevity of the’ system.

The fatty acids possessing different ‘grades of purity (such
as resea.r'ch, reagent and technical grades) can be sugjécted to A
the thermal cycling technique and the constancy of the thermal v

parameters ought to be verified over a long period of time. If ‘\

the chem1cal stabihty of the technical grade material is found

-

comparable to the research grade material then the former should

. be selected due to a lower cost.

The supercoolir;g effect is'an important phenomenon and’
fur'ther work is requiMed to characterize the 1iqdid behavior at
the freezing point. Severaf cooling rates can be used on samples
baving different purity levels andl the relation between the cooh’ng'
rate and’ supercoohng be thys determined. For. this purpose the
cooling accessory. for the DSC cell should bhe fitted w1th a flow-
meter to accurately measure the flow of the cooling gas. )
The compatibility of fatty acids with conventdonal materi‘a]s

of . construction is another area which requires further investigation.

The evaluation of the material compatibility factor should have a
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two-fold ob;jective; namely, it should be considered from a corrosion
point of view and the possible contamination ET\Fhe fatty acid.
Leached impurities from the container can combine with the fatty
acids produciing objectionable effects such as chemical decomp-
osition. The decompgsition, in turn, can affect the thermal prop-
erties of the acids as ;vell as produce toi(ic or poisonous by-
products. Some data has been published on the corrosion rates
of fatty acids on conventional materials of construction (Ref. 1,
32, and 34). The materials which have a good corrosion resistance
to fatty acids include aluminum, 304 stainless steel, fiberglass
reinforced epoxy and polyester resin.

In the building construction industry, the flammability cri-
terion is a crucial factor in the selection of materials. The wide-
spread use .qf fatty acids will depend on how well these materials
can meet the industry standards and municipal by-laws. The use of
fire-retardant additives ought to be explored. To contai'n small
fires, carbon dioxide gas, carbon tetrachloride and finely powdered
sodium bicarbonate have been found effective. However, for large
fires the use of foam is required.

The design and construction of' heat exchangers requires further’
analysis. The geometry factor of the container must account for
volume changes which occur during the phase transitions. Also, the
factor of air-tightness should be examined to prevent water vapour
and impurities from ehtering the system. d

The experimental results on the binary mixtures of fatty acids

indicate the formation of an incongruently melting compound.
v
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Further work is required to determine the compound suitability

for the thermal storage system.:
Finally, tﬁe total package désign of the thermahl storage

system must be cost-effectiveto favourably compete J}ith alter-
nate energy 'systems. Therefore, the leco‘nomi'cs and de/sign of the

system will depend. on how well all the relevant parameters are

optimized to meet the user criteria.
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