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ABSTRACT

The &extraction of vegetable o0il from potato chips using

supercritical <carbon dioxide is examined from a practical

ﬁiewpoint. A factorial design is - used to locate the
variables of primary ihfluence on oil solubility. Emphasis

is @pTdced on locating the optimum operating .regioms. Both
. \ : .
DL

bgtéh- and flow processes are used to stﬁdy the effect of>

pressure and flowrate on oil remo;Ll and recovery. Data ‘'are
wF ) ‘ ! - ,
fitted to the Chrastil equation to facilitate solubility
. : "\‘
prediction ovef‘a‘range,of pressures.

-
>

The survivability and marketabiliﬁy of the chips are
appraised by a qualitative analysis of the final product. A
Chromatograﬁhic analysis 'of nmatural and exdfracted vegetable

0il is performed “ to determine the degree of}] fractionation,

-~

-

if any, tesulting from the process. !




R T

NN

. " ACKNOWLEDGMENTS

The author would 1like to express his sincere thanks to
Doctor B.C.-Y. 1Lu, Professor of Chemical Engineering- at the

University of Octawa, for his wisdom and guidance 1in

overseeing the project from inception to completion. The

"assistance of the technical staff- of the Cigmical‘_

Engineering Department of the University of Ottawa was also
. "l. .
greatly appreciated during the construction cf the

apparatus. Thanks go out to Mr. J. Gasperetti, Mr. D,

Lefebvre, and Mr. A. Bonaldo. ' - ]

L ' /

- iii -



CP

X2:

X3:

X4

2P

NOMENCLATURE

-
-

Probability of Selecting Choice A-
Chrastil Solubility Constant

Chrastil Solubility Constant

Concentration of Solute (g/ml)

Critical Endpoint of Vapour Pressure
Componen; i
Fluid Denéity (g/ml)
Chrastil Solubility gonstant
M;ss of Solute (g) .
Number of Runs
Critical Pressure
Saturation Pressure
Critical Temperature
Partial Molar Volume of Component i
Amalgamafed Solubility Comnstant
Mole Fraction i
Temperature Coded Va&iable
Pressure Coded Variable
Purge Rate Coded Variable
f

Retention Time Coded Variable

Fitted Response (0il Removed, g)

Curve for




s

b ¢ . -
y
R .

TABLE OF CONTENTS ' .
ABSTRAET.(..............K.........:.. .......... P &
 ACKNOWLEDGMENTS e v e venusnnnens P £ 1
NOMENCLATURE,nu;.. ..... e e P, ceeeliv
CHAPTER I: INTRODUCTION..............i......l.;;...:............1
+  Background and TheOTY..veeervevoenanaoansnas e e e vreeaaeah

: -

Phase Behavior®..s.sceuss. .....;.; ....... et e veasll

Applications of Supercritical”Fluid Extraction.............16

CHAPTER II: RESEARCH OBJECTIVES...... e e eeeaaeeae..23
" Carbon Dioxide Solvent Performance.......T.TT..L ....... eeea25
Solubility PrediCtiome.e.eesnessnsns e ce..32
CHAPTER III: APPARATUS AND PROCEDURE...........ovvo .. c e st s e 35
Experimental Desigh..c..eeessoessnns P
Batch Method......... e e e 47
Flow Method.............. C et e e e Y X -
CHAPTER IV: RESULTS AND DISCUSSION.....ievievennas e e e e e e e 49
Least Squares Fitted Model.....; ...... e e i s 49
Effects of Flowrate'and PressSUTE.coevasonso e e e 50
Modelling the Data....... [ S e .59
Qualitative Analysis of Product..... ... u. e r e e e e .65
Chromatographic Analysis of Extracted‘Oil...............,}.67
CHAPTER V: CONCLUSIONS........cccve.. et e e e e s e ea 71
CHAPT?R VI: FURTHER RECOMMENDATIONS........... e e, 74
REFERENCES........ ;... ........ e e e e c e e e P T .76
\ Y -/ o



/
-
1
™ ' '
\ Ay
APPENDICES - :
A) Raw Data.seseoroseasnssonan et et mae e .78
B) Equatién of State for Carbon Dioxide and
K
Computer Program......... B T C i eee e 82

C) Confidence Intervals for Fitted ParametersS. .o vvoeevesea..86

D) Calibration Cﬁrve for Pressurg Transducer........: ...... 88
* v
II ‘\_

13 \\
h
D
: GO %
"-_//
’ o



1)

)

3)
4)
)
6)
7)
8)
9)
10)
11}
12)
1)

14)

15).

16)

17)

- vii -

’ LISTIOf FIGURES
Phase Diagram for a Pure Sgbsténce.....i.,....1........ ...... 7
Effect of Pressure on Density for. Propane......... ceeiassanaaB
'Solubility of Napthalene in Compressed éthylene.. .......... .10
Phase Equilibrium Diagram for a Binary System.......... ce...13
P-T Prbjections for B;qary Fluid gystems...;..... ...... A
Extraction With Supercritical Fluids...... S -
Solubility_df-Vegetable 0il in Carbon Dioxide..... oo .29
Solubility of Soybean Oii in Supercritical CO2 ............ . .31
Schematic of @xperimental 3 - T cvs..39
ExperimentallAppafatus...l.. ....... f e areae e e .. 40
0il Byemoved vs. qu Flowrate..... et e e R P A
‘Percentage 0il ﬁec&vefed V S.. Flowrate....< ...... s aa s e 55
Oii Remgved vs. CO2 PresSSUT e s s rvsecnanacesassss A | -
‘Percentage 0il Recovered VS, PresSSUTE..veoerenerons B v
Densify of CO2 vs. Concentration of Solute................. 64
Chromatographic Analysis of Vegetable Oil........... ceeea e 69
Chromatogrgphic Analysis of Extracted Oil..7 ........ e e s 70



1)
2)
3)
4)
5)
6)

N

Density-Concentration Data at 306.1 K...

LIST OF TABLES

Properties of a Supercritical Fluid.....
Run Order for Factorial Desigm.......
0il Removed-Flowrate Data a; 306.1 K...
0il Recovered-Flowrate Data at 306.1 K.
0il R;movéd-Preséure Data at-306.1 K...

0il Recovered«Pressure Data at 306.1 K

\

- viii -

-}

.45

..51

.54
.57
.60

.63




Chapter I

INTRODUCTION

In recent years th

use of supevrcritical fluids as solvents
© .

has found widening N\applications in industry. The process,

known as supercritica fluid extraction (SFE), is based on

-

the fact - that the oluﬁility of many components in
supercritical fluids may\\be from five to twelve 9rders of
magnitude higher than the{ideal solubility expected from the
vapour pressure of the solutef While the properties of
supercritical fluids, specifically the high temperature and
pressure required for most gases to attain the'supercritical
state, may mnot at first seem conducive to their use as
industrial solvents, their high solvent ﬁower and unusual
physical‘ prbperties make them ideally suitable for a number
of commercial applications. d

It 1is the dual. naturé of the supercritical £luid
(.SCF), which exhibits ©both gas and liquid behavior, that
results in its wusefulness as an extraction medium. Common
supercritical fluids have a density of from thirty to eighty
percent that of mnormal fluids. The physical properties of
supercritical f;uids are summarized in Table 1 and compared
to those of a liquid and gas. The SCF is carbon dioxide near
its critical point.

The ;dvantages of ;upércritical fluids may be clearly

1
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seen from “this table. There 1is less resistance to mass

transfer than in a liquid, whilﬁvyiﬁcosities are generally an

order of magnitude lower. Solubilities #re much higher than.
4

in a gas, and precipitation of dissolved material is
. .

accomplishedf,by‘géﬁggbrease in the solvent density, which méy
be controlléﬁ by manipulation of teﬁperature ox p%eésure.‘The
so%ﬁte is always a2 heavy component.

‘ The major disadvantage of SFE is the high capital cost
of equipment. Most SFE processes are energy-intensive as a’
result of the high temperature and pressure requived, .and
therefore expensive. In addition the scarcity of fundamental
engineering aat@, speci%ically solubility data and phase
diagrams for complex syétems, has hindered progress. Direct
experimental determination of solubility data at high
pressure 7Tequires considerable time and expense, and the
accuracy of most methods of correlation and prediction of
solubility is quéstionable in the srpercritical region.

Whalé the problem of available data in the literature
continues to improve, £he high <capital cost of equipment
remains a drawback. As a tesult research emphasis has been on
sepavations which are difficult to do any';ther way, and
result in products which are expensive enocugh to bear the
burdeﬁ of the additional processing. While this elimipates
Ecommodity chemicals, ip does leave open the field of higher
purity (and necessarily higher priced) products such as drugs

'and speciality polymers, as well as the more expensive food
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Table 1: PROPERTIES OF A SUPERCRITICAL FLUID

DENSITY

\ FLUID VISCOSITY DIFFUSION
! —— e . COEFFIQIENT
’ : g/ml cp £m /g
I
Supercritical fluid 0.7 0.01 0.01
Gas 0.001 0.001 c.1
Liquid 1 - 0.1 0.00001
®
3
=3
3



products such as coffee and snack foods.

The choice of supercritical solvent has perhaps ;he‘
greatest infiuence on the operating costs of the system.
Carbon dioxide is the most common solvent in use today, in
beth industry and the laboraiory. The choice of carbon
dioxide is made on the basis of its attfactive-physical
properties: it is mon-toxic, nqnfzammable, noncorrosive go
steelV‘;;d most plastics, has ; low critical temperature
(31.2° C), and more importantly a relatively low critical
pressure (7.38 MPa, or 1669 psi). Additionally, it is cheap,

readily available, and is the solvent for which the laggest

Body of data Jas been collected.

Background .and Theory

" The ?act' that ;ompressed_ gases can dissolve sglids
was first demonstrated by Hanny and Hogarth inm 1879 (1). By
the mid 1950's several researchers suggested supercritical

a .
fluid extraction “as an alternative to conventional
srparation techniques such - as distillation and liquid

§F€22¥hption. Further development in the early seventies led,
to s&percritical carbon dioxide being introduced for use in
food preparation. As a ;esult, for the first time natural

products such as coffee,  tobacco, spices, hops, and cocoa

could be extracted without the need for organic solvents.
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Thé Arthur D. Little process, developed .at M.I.T.,'used
carbon dioxide to "demonstrate the versatility of
supercritical solvents (2). The process could operate in
both bateh and continuous fashion, and was capable of
multiple-step separations of various adsorbate components,
accomplished by manipulafing the temperature. This was
possible Dbecause a supercritica} fluid may be a nonsolveént
for one component at a particular tempefature while
remaining a solvent for all other components.

Today, many proposals for SFE are being submitted by
the petrochemical, pharmaceﬁtical, and food industries. This

is a result of the more stringent standards for drug purity,

as set by the American Food and Drug Administration aund

- -—

Health and Welfare Canadé, as well as attempts to
economical%y brocess lower grade petrochemical feedstocks,
for example natﬁrally polluted fuels, and a shift in procesé
emphasis due to rapidly increa;ing energy costs.

Extraction with supercritical fluids has many
advantages éver boﬁp distillation and conventional solvent

i

extraction. Many fluid extractions may be performed at Toom
temperature, avoiding the danger of thermally decomposing
unstable substances which often occurs during distillation.
piquid extraction c¢an Tequire a crystallization procedure

for separation purposes which may leave residugl solvent in

the extract. In the case of SFE however, extract separation
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involves decreﬁsiﬁg tire déﬁsfé}“ of the sqlvgnt to thg
gaseous phése so that very littie if any oé,the‘solvent is
left in the _prodﬁét. Moreovér; bo th the.selectivity‘anﬁ
sclvent power can be cafefullf controlled through
temperature; pressure, and choicg of 5§lvent. Controlling
the extraction with temperature rTesults in significant

.

energy savings wover such energy-intemsive processes &s
distillation. |

Tﬁe supercritical region of any pure substance ?s
defined by both its criticaﬁ\ﬁemperature and its critical
pressure. On ‘phase diagra&, it may be represented as the
region beyond the termination of the vaporization curve (see
Figure 1). The <ecritical pressure Pc and <critical
temperature Tc represent the highest temperature and
pressure at which a pur; substance can exist in
vapourzquﬁid equilibrium— A phase 1is <considered to be a
vapour if it ¢an be condensed by a reduction of temperature
at constant pressure, and a liquid if it can be Qaporized by
a reduction in pressure at constant temperature. As the
fluid region fits neither of these definitions, a substance
existing in this <region is said to be in the supercritical
phase.

The solubility of a solute in any solvent varies
directly with the densigy of the solvent, as well as more

subtle factors such as the di-electric constant. For a

(
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supercritical fluid, all of these factors may be m;nipulated
thréugh precise control of temperature and pressure.
Increésing the temperature will decreasé the density, while
manipulating the bressure‘allows controi of both density and
the influence of the di-electric canstant.

Figure 2 shows the effécﬁ cf pressure on the density
of propanéLfor‘various isotherms. At very hig% temperaturés,
propane exhibits  near-ideal behavior. TNear or at the

' .
critical t;mperature however, pressure can pe seen to hav; a
marked effect on the density. As the density increases, the
solubility of 1less volatile components in the gas generally
increases. According to the measurements of Hubert and
Vitzthum (3}~ the extraétion rate with supercritical carbon

N
dioxide is at least 2.5 times as high as with the liquid.

.

The influence of temperature on the solvent
properties of the medium can vary. In expe;iments with
napthaiene and énthracene, thnston founa.thgt solubility
decreased with temperature at low pressure, while the
opposite held true at high pressure (4). This would suggest
that the degree of solvation in the fluid phase is more
depeﬁ?ant on the number of solvent molecules surrounding the
solﬁgé (i.e. the density) than the . pressure. Solubility

versus density plots were found to exhibit more regular

behavior than pressure plots. ’

From Figure 2, it is- appaient that high reduced

.
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temperatures result in gﬁs-lik densit::i.ea\z and we may

conclude that gases such as nitrogen and oxygen would make

'
very poor. supercritical solvents at room temperature. In

.

Figure 3, we <can see that increasing the temperature at

.

higher pressures results in an increased solubility of

napthalene in compressed ethylene, while at lower pressures

the temperature is inversely related to the solubility. This
A

is ' the result of competing temperature‘i;fects: tﬁhﬂvapour

préssure of the solute, and the density of the fluid. The

mere dense the fluid, the greater will be itﬁ ability to

S

— \
transport the solute. Density 1is far more sensitive to

temperature in the low pressure region, as was illustrated
s

3

»

i&ﬁ‘wfigure 2. At low pressure, this density decrease
overshadows the vapour pressure effect, leading to a
negative solubility-temperature slope.

At high pressures, however, the vapour pressure
effect dominates. The explanation for this lies in the
fugacity of the soliq solute. As the pressure increases, the

fugacity of the solute increases, This 1leads to a

corresponding increase in the volatility in the gas Rhase.
. ¢

\

Phase Behavior

>

Phase diagrams have proven vital in the study of the

behavior of supercritical mixtures. They represent perhaps

N
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the most complex aspect of SCF studies, for_séecific fluid

mixtures may exhibit very different types of phase behavior.

However, for ' all ©but the most common solvents there is a

lack of 'the necessary data for the construction of a phase

£

diagram. Phase diagrams are crucial for the prediction. and

"understanding of fluid behavior in the supercritical region,

and a great deal ‘of current research in the field is
directed towards abat%ng this deficiency.

Figure & shows the three-dimensional p-T-x surface
and its accompanying P-T projection for the iiquid-gas fhase
equilibria of a binary mixture in the simplest case. The
dotted lines represent the vapour pressure curves of thé
pure components a and b, corresponding to x = 0 and x = 1

respectively. The vapour pressure curves end at the critical

points CPl1L and CP2. Beyond these points, or beyond the curve

» .

connecting the two points shown in the projection, the
mixture is in the. supercritical phase. This curve may
exhibit a maximum oOT mfg?%%m, depending on the interaction
of thé components of the mixture,

At condit@ons beyond this defining curve the
com nengé .of the mixture are miscible in all proportiomns.
Thus, for fluid extraction operating at conditions of

temperature and p&essure beyond this curve, substances can

be dissolved completely inm the supercritical solvent. For

'recovery of the solute, a heterogeneous region of the.

T
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~diagram must be entéred.

Schneider ‘describes a wide variety of phase diagrams
in grgat detail {(5). Few mixtures behave in the ideal
fashion shown in Figure 4. The components may separate into
two liquid phases at low temperatures, necessitating the
addition of . another suxrface to the diagram. As the mutual
miscibility of the compoﬁents decreases, the p;T-x surface
deviates further from the ideal case. As the liquid-liquid
‘immiscibility line shifts to highert temperatures,'it méy
intercept the liquid-vapour critical locus that connects the
pure component <critical properties, és happens with systems
such as carbon ‘dioxide;hexadecane. As the miscibility
Lontinues 'tg decrease, - the phaserboundary may begin at the
critical point of the heavy component, and tﬁe system may
exhibit gas-gas immiscibility.

Phase diagrams are generally classifiéd according to
the appearance of their P-T projections, as shown in Figure
5 (11). The simplest binary fluid systems are class I, which
occd} in mixturesQ of similar components. If there is a
difference in molecular size or pg{arity, a class LI system
may Tesult, where a three-phase 1liquid-liquid-gas (LLG)
coexistence line exists below the vapour préssure curve of
the Llight component. The LLG line terminates at the upper

. !

critical end point (UCEP). More significant differences

between the components results in a class III system, where

) -
L)

RREt
B g
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/

P-T PROJECTIONS FOR BINARY FLUID SYSTEMS
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tﬁc LLG 1line cuts the gas-liquid critical locus into two

\
L

brénches. ‘ . o

._Very large size or polarity d&fferences can result in
.clasg Iv systeﬁs. The LLG ling is now cut by the gas-iiqﬁid
criti;al locus, which «connects a lower critical end point
(LCEP) with the critical point of component 2. A second UCEP -
exists at the end of the lowe£ branch of the LLG line. If
this lower branch is absent, a class V syétem results.

If the UCEP and LCEP are comnnected by the
liquid-liquid «critical locus the system is labeled class VI.
Class VI 'accurs onl; iq certain aqueoﬁs mixtures. A secona
liquid-liquid «c¢ritical locus exists above tne first, i.e. a
region of two immiscible 1liguid phases exists at high

pressures.,

Applications of Supercritical Fluid Extractionm

While the advantages of using a SFE process may seem
attractive, one must be prepared to examine the capital cost
of an industrial scale unit. A STE process is necessarily a
high pressure system, and therefore <costly. Further
disédvantages inhfrent ‘with such a sysfém include potential
safety hazards as a result of high pressure, and the
necessity of storage facilities for the large quantities of

compressad gas that will ©be Trequired for most industrial
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applications.
These disadvantages are . for the most part offset by
the simplicity of the process, however. The major components
of any supercritical process are fluid circulation

COMPTressors and high pressure desorption vessels. The

capitai cost for these items is less than, for example, that

for %/ multiple-hearth furnace or the associated air

pdllution control equipment wused in conventional syétem§
(2). Extradtion | pressures in the range of 80 - 300
atmospheres are usually required to achieve adaquate
densities for good solute transport, and thisgis the range

that has been “most thoroughly investigated. While the

~

occurrence of further dissolution phenomena at higher
pressures should not be excluded, it is doubtful that
economic factors would permit their use. .

Operating costs, as well, are often less than for
traditional techniques, specifically in regard to energy

requirements. When the tompres{}on ratio for recycling the

]

soclvent is not too high the energy requiremenp is
significantly reduced from® the conventional method of
evaporating the soivent. Vaporizing aﬁd'condensing fluids
near the critical point requites lLittle energy as the heat

of vaporizationm at this point nears zero.

{

In general, extraction! .with supercritical fluids
e

offers two major advantages over liquids:. the solutes are

o
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generally rmuch more soluble, and there is a wider range of

opéﬁﬁtiﬁg temperatures. Additiomally, the abi{ity to vary
the solvent power of the medium as desired within certain
ranges without #aving to change , the composition o¢f the
%olvent, as would be requifed with traditioﬁal solveﬁt

extraction, offers a further adyantége. This manipylation is

-

achieved through the use of temperature and pressure as

process parameters .

-

As Figures 2 and 3 demonstrate, the solubility 'of a
supercritical solvent is highly dependent upon temperature
and prEBsure, and a change as small as 20° C can result in a

change of solubility in exgess of one order of magnitude.

The selective manipulatign of temperature and pressure can
b

achieve specific dissolution or separatiomn effects at
relatively low cost. This suggests a number of basic
separation schemes, all of which take advantage of this

capability, as shown in Figure 6 (3).

The first of these methods .is shown in.diagram A,
This system uses pressure to manipulate the solvent power of
the supercritical gas. The basic components of the system
are two pressure vessels; one containiung the loaded organic
bhasg and the other t%e separation chamber, a cémpressor and
an expansion valve. In the extraction step, the soluble

components of the mixture are dissolved by the supercritical

gas. The charged homogeneous phase, essentially a solution,
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PRESSURE

A

(C) SCF EXTRACTION WITH ACTIVATED CARBON

Figure 6: EXTRACTION USING SUPERCRITICAL FLUIDS
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is then decompeosed as it passes through the expansion valve
into the separation chamber. Here the density of the solvent
decrgages, and the extract drops out of thf€ fluid phase. The

extract 1is removed and the gas is recompressed and returned

[y

to the extraction stage,.

A very similar proéess uses temperature to manipulate
the SJIQent instead of pressure {(diagram B). Here the
solvent temperature is raised to increase its solubility
befﬁre it Lis'.fed into the separation wvessel, -and then
reduced oncé the solutiom has been obtained, with the same
results. The advantage here is a constant pressure system,
with a minimum of recompression work required.

A third wvariation of the ﬁrocess is shown in diagram
C of Figure 6. Here both pressure and temperature are kept
constant, witP the solute being removed with the help of
acti&ated carbon or a similar absorbant. This process is
generally used when it is the carrier (i.é. bulk) substance,
not the solute, that is required (e.g. tobacco or coffee).

Extraction with supercritical fluids has been applied
to a number of chemical processes, aﬁong them deasphalting
petroleum stock, the regeneration of spent activated carbon,
and coffee decaffeination. Modar 1Inc. (6) has completed a
protétype unit fhat-uses supercritical water 'to wet-oxidize

up to 75,000 gallons per day of hazarddus organic wastes.

Many organics normally water-insoluble become highly socluble
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in the supercritical pﬁase. The water also acts ho reform
some complex organic péllutants, Qnd many hetercatoms (such
as halogens, phqsphorus; \sulfur, and metals) are
precipitated as sélts. The .unit has a capacity of 500,000
gal/day of water, and reports an efficiency of 99.99%, even
for such problem chemicals as o}ganic chleorides, sulfides,
and phosphates. Operating costs for the system are reported
to be less than for <conventional techniques such as
high-temperature incineration, since the process requires mno
fuel.

Industrially pre-engineered wunits for such uses as

removing organics from wastewater and extracting oils from

L

natural products are already on the market. The system
offered by Superpressure Inc. of Silver Springs, Md.- (7),

can .employ a number of solvepts{ carbon dioxide, water,

oxygen, ethylene, propane and propylene.

For food processing applications, carbon dioxide is
still the most commonly used solvént. Hag AG (8) in West
Gexmany has developed a process which uses supercritical
carbon dioxide to extract caffeine from green coffee beans.

The method is a variation of the single-cyele technique
;
illustrated in diagram C of Figure 5. Presocaked coffee beansﬁx\

with an 1initial c¢caffeine content between 0.7 - 3% are fed

into a pressure vessel charged with carbon dioxide at 3200

psi, where the caffeine diffuses out of the beans into the
. ¢
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supercritical solvent. The solvent is con;inuoﬁsly rgcycled
. to a-washing tower where the caffeine is removed with water.
After ten houqﬁ the carbon dioxide is essentially cleansed
of caffeine. The caffeine content of the beans is reduced to
as low as 0.02%, well below the requiréd value of 0.08%, and
bure caffeine 1is —recovered as an additionél product of the
process.

Current applications of SFE are not limited to small
scale pilog;gl;nﬁ operations, and the potential for future
applications is vast and includes the extraction and
purification of drugs, and coal liquefaction. Iq the final
analysis however, the <choice of separation medium must be
made ‘on the basis of economics. The pressure and temperature
at which the separation is accomplished are key contributors
to the capital cost of any system. Actual separation

!
pressures ~-for SCF extractioné\ which range from 500 psi to
over 3000, depend on the application. An economic tradeoff
exists between total Tecovery of the.solute3'achieved by
completely depressurizing the supercritical solvent, and the
cost of répressurizing the solvent for a second pass. If the
costs for such a. system are mnot prohibitive, then the
process industry is in a  positionm to‘ make wuse of the
advantages offered by a supercritical fluid extraction

technique.
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Chapter 1II

RESEARCH OBJECTIVES

The potential for fod&‘processing using SFE has been
the subject of growing attention in the literature. The
attractive properties of supercritical carbon dioxide as a
solvent have led to a number of proposals for food
processing using <carbon dioxide as a solyent. The growing

[
consumer demand for low-calorie foods has led to a search

for low fat food products, and as a result interest in the

food industry for products with reduced oil content has been

high. Experiments wutilizing supercritical carbon dioxide to
extract oil from peanuts, in the hopes of arriving at an
inexpensives ﬁethod of simultaneously producing a low calorie
snack food and a high purity peanut oil, have had only
limited success.

The higher ©porosity and surface/volume ratio of
potato chips, however, suggests a greater suitability for
SFE. The primary goal of this work was to determine the
practicality of extracting vegetable o0ils from potato chips
using supercritical carbon ~ dioxide, and to find the
conditions for which such removal ‘was optimized. The
research was conducted with ehpha;is on both minimizing

LN

operating costs and maximizing oil recovery. To this end a
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factorial design was used in the initial study to find the
‘variables of primary interest, and the effect of the majo;
process. variables, primarily pressure and flowrate, were
studied in detail. A two-level factorial design involves
selecting two values for each of the process variables and
conducting expefiments at each of those levels, in a‘precise
crder, im an attempt fo find a linear equation that models
the'process.

Of chief interest was the question of pr#cticality.
In order for the extraction process to be deemed succesdful,
it was necessary for the end result to be a marketable
product, i.e. the chip must physically survive the
extraction process, rTetain the texture and flavour desired,
and be of sufficient o0il Teduction to wérrant the cost.
Experience with coffee extfaction has indicated.that the
ﬁrocess will result in an increase in cosﬁ of approximately
121, or roughly $0706 per bag of chips. Traditional ligquid
solvents have proven inadequate for the task, especially
when the choice of solvent must be limited to those which
exhibit no toxic properties.

The effects of four major process variables were
studied, notably temperature,“ pressure, reteﬁtion time in
the c¢ell, and CO2 flowraée, in an attempt to optimize

both total oil 7temoved and .oil recdvery. Where possible,

attempts were made to model the data to facilitate
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solubility predictions beyond the range studied. The cost of
the developed érocedure wodld be primarily influenced by the
operating pressure .and, to  a lesser extent, the degree of
oil -recovi;y{’/zhd these wvariables were worthy of special

y H ’ T
attention. o :

\

Catrbon Dioxide Solvent Performance

0f all supercrit%cal saolvents, carbon dioxide is the
most wef} studied. - It has been . found to be completely
miscible with low molecﬁlar weight hydrocarbon and
oxygenated organics, and is therefore a good solvent for
organic oils. In<addition, its mutuél solubility with water
is low. While data in the literature concerning actual
vegetable o0il solubilities is scant, the propefties of
002 wogld seem to make it ideal for the proposed work.

Carbon dioxide is particularly attractive for use in

food products. It is routinely encountered in_ the food
industry -- for example, it is wused in avtificially
carbonated soft drinks. It is regarded as an "inert gas',

even in the supercritical state, and does not react in any

-
I

way with food «constituents (3). The preferred temperature

-

range for extraction with iiiiji\fEOXide is from 33 - 80°c,
and the(Fh%ﬁ

refore it poses no danger of thermally damaging food

products. While most researchers are confident that carbon
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dioxide 1is  physiologically wunproblematic, tests have been

conducted to chgck for residual traces of-the‘soivent in
fqbds processed. using superc:ipi;al techniques. Zosel (8)
uséé radiocactive CO2 in experimental stpdies of coffee

decaffeination and found no radiocactivity in the producg

coffee.

While gaseous carbon dioxide is ineffective asra
"solvent for liquids ahd ‘solids of aﬁy kind, at high
temperatures and pressures the solubility of ovganic
compounds in it greatly increases. Altheugh carbon dioxide
is mot a umniversal splvénth under any conditions, it is
highly selective. It is ;His selectivity .whicﬁ makes it
ideal as an easily contr;lled extraction medium. The
following are the gemeral conclusions about the solubilities

of liquid COZ’ compiled from the literature (3,4,8,23):
ot

v

P

5

i) Low—to—mgdiqm molecular weight ‘nygenated
organic compounds are Isoluble, including alcohols, esters,
aldehydes, ethe;s and ketones;

ii} Most low-molecular weight mnon-polar organic
compounds are soluble, such as alkanes, alkenes, and other
hydrocarbons, including gasoline;

iii) Very low molecular weight polar organic
compounds are soluble, suéh as carboxylic acids;

s >
iv) Solubility; of a compound is decreased by the

«




presence of polar groups such as /hydroxyl, carboxyl, or
nitrogenous groups;
v) Salts, fatty acids and their glycerides all
.have low solubility; o
vi) The solubility of water is low: ¢.1% at 20°C;
lvii) Alkaloids are insoluble in liquid COZ’ but
some are séluble in the supercritical phase;

viii) Inorgzanic and fruit acids are insoluble, as are

chlorophfllh sugars, amino acids, and carotenoids.

h JThe low solubility of water and salts is reassuring, for it.
indicates that substantial changes in the taste and texturé

~J of -the chips should be prevented' during the extraction
process. The bulk portion of the chip, composed mainly of
-carbohydrates, should remain insoluble inlcarbon dioxide and
should not be entrained by the process.

While the oil may be considered essentially tasteless
when it ‘'is introduced during the frying stage of chip
production, this should mnot be considered ﬁhe case in the
firal product.' To what degree the oil may be removed from
the chip before it begins to suffer in terms of taste and
,texture must also be resolved. -

The degree of oil removal from the chip necessary for
a significant reduction in the calorie content is not high.

—

The average potato chip <containms from 35 to 37% oil by
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weight -(%9), but it is this component that accounts for .the
majority of the calories in the final prcduct. %ypital
vegetdbi; 0il caloric value is approximately 9.3 cal/granm,
while that for ”the remainder of the chip is less than half
this value, &.1 cal/gram (10). Thus, a treduction in ‘Etal
'chip weight of approximately 337 will résﬁlt in a droﬁ in

total caloric value of over 50%. While the demands of taste

and desirability for the final product may place limits om

“the total amount of 0il which may be extracted from the

chip, the potential for substantial reductions in the total
calorig content of the final product exists.

The <choice of operating region for the experiments is
an important &qe, £Jr nﬁ&rowing the rtange of temperatur; and

) /
pressfre which needed +to be investigated resulted in a

substantial savings in time and expense. In order to locate

T

those regions most suitableIiprﬁipvestigating the solubility

of .o0ils and similar subsftances in supercritical carbon

dioxide reported in the literature were stﬁdiéd.

Filippi (12) extracted vegetable oil from several
types' of 0oil seeds using carbon dioa}de, and his results are
shown in Figure 7. At a temperature ggbfw the critical point
(20°C), solubility increases until a Argssure of the order
of 300 atm and then remains fairly constant. Solubility
values for this isotherm are in the range of 0.2 to 1.0 per

'8
cent by wejght. For the 55°C isotherm the solubflity Tises
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Figure 7: SOLUBILITY OF VEGETABLE OIL IN CARBON DIOXLDE
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much more rapidly, and this trend continues throughout the

range shown. The high-pfessure solubility values are greater

than those shown for the lower temperature, but the
@ , o
solubility values below 300 atm are lower than the

corresponding levels at 20°C. Thus, there is an inversion of

the ,solubility-temperature relationsﬁip with pressure. The -

solubilty range for the high temperature isotherm is from

0.02 to 3.0 per cent.

v

This plot serves to show the complexity of the P-T-x

response surface for oil solubility in supercritical carbon

dioxide. The two curves in the figure may be considered as.

two P-x pgojections of a phase diagram; the region between

the two isotherms (i.e. the behavior of the surface between
o

20° and 55°C, when carbon dioxide crosées the critical
point) temains wunknown. An added complication arises when

. ;
vegetable o0il is treated, not as a pseudo-pure component as

it is here, but as a complex &hxture of many fats of unknown
composition and distribution. Such a mixture requires an

n-dimensional phase diagram, where n represents one greater

g )
than the number of <compomnents. Since vegetable oil can

v

consist of hundreds of compongnts, and changes in
composition seasonally as sources fluctuate, such a

treatmernt would rTequire an inordinate amount of data and

must be considered unrealistic. ™

More recently (243, studies have been made of
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extractions of "pure component” oil (i.e. an oil derived
from a single source). One such plot is shown in Figure 8,

the solubility of soybean oil in supercritical carbon

dioxide. Here the response surface exhibits more negular

behavior,. and the P-x projections display increasing

solubility with increasing temperature.  The choice of
o

suitable operating regions for extraction is more obvious

from this plot, N

Both Figures .7 and 8, however, share the disadvantage

L}

of 1inadequate ©pressure range. The lowest point on the grapH

in Figure 8 is more than twice the operating pressure of the

coffee treatmem&\xpreviously discussed. Unless oil recovery
N .

wefe to prove very high, the cost of operating in this
region’ would' be prohibitive, Dboth inv tsrms cf capital
investment and rebompressing -the solven;. Neither Figure 7

nor 8 shows the solubility of o0il in the region nea

critical point. While extrapolation of the <curves would

L)

indicate that solubilities would be low in this'¥egion,

experien?e has shown that behavior at the critical ;;3nt is

very difficut to prediet in this.manner. Since oeration

near the critiéal point would result in the lowest operating
.

cost for the procegs, this region is worthy of

investigation.

-

-,
v

the
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Solubility Prediction

4

The major stumbling block in the development of
shpercritical fluid technology as a viable alternative to
conventional extraction t;chniqdes has been the substantial
absence of datﬁ. While numerous applications for SFE
processes have been proposed, data for all but the most

-

common systems is sorely lacking. The bulk of present

research is aimed at qualitatively and quantitatively
describing solubilities, with the hope o0of using this
information to define a theoretical  model of the

supercritical state. dltimatelf,_“wiph ~the help of such a
quel and the construction of phasé diagrams for more
complex systems, such Tesearch sh?uld .result in reliabie
predictions for the solubility of a soiute in =
supercritical phase.

For the time Dbeing, attempts to describe these
solubilities are <c¢onstrained to two approaches: the use of
an Expression directly relating the coﬂcentration of solute
to a solubility parameter or density of the extraction
fluid, and the u;e of an wequation of state. The nore
traditional approach is the wuse of an equation of state.
However, im thé supercritical region these equations often

fall short of the required accuracy. Foer a binary or

multi-component system, ‘this inaccuracy is compounded by
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empirical mixing rules.

In order to evaluate the dissolving powér cf a
supercritical gas, it 1is necessari to depermine its phase
equilibria with the solute. However, in-scmelcases even this
is not sufficient; as in the <case of some vegetable
products, since the way in which the substance to “be
extracted is bound to the vegetable matrix has a
considerable influence. The extraction of nicotine from raw
tobacco is one such case: whereas some of the nicotine may
be easily removed by extraction, somé remains in the tobacco
as é complex salt with chlorogenic and citric acids, and is
more difficult to remove. There are many parameters to bde
considered béfore a process 1is designed, and while the
behavioﬁf of less complex systems may be predicted withlsome

) ¢
confidence, there is no substitute for actual data.

In the absence of sufficient data or a phase diagram,
solubilities must be predicted. The solubility of a solute
in a supercritical solvent is most commonly detérmined from
fundamental tnermodynamic .relationships by equating the
fugacity of the solid and £1luid phases. In the supercritical
region it is <common practice to extrapolate the fugacity

: 4
coefficient to thg liquid phase, and the activity
coefficient to the @gaseous phase. However, this method of

fugacity <calculation requires the integral of Vi dP. Given

the scarcity of partial molar data in the supercritical
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region, particularly as a .funption of pressure, thg more
conventional ;pproach is to treat the fluid as a compressed
gas ana approximate the fiuid—phase fugacity from volumetric
p%opertiec. The evaluation of the solid-phase fugacity is
usually dome by the method of Erausnitz {13). Making the
assumptions that the solid is pure, incompressible, and has
a vapouf fugacity <coefficient of unity at T and Psat,
the equilibrium mole fraction of a solute dissolved in the
fluid phasg can be evaluated. At moderate pressures, the
fugacity coefficient- can be calculated wusing the virial
equation of state, as reliable values of second virial
coefficients are available. Higher order coefficients are
more difficult to obtain however, and empiricel equations of
state such as the Redlich-Kwong (14) are required for higﬁer
pressu?esi )

Since we are interested in a multi-component systemn,
mixing rules wiil”be required for the calculatiomns. Vaﬁ der
Waals one-£fluid model (15),

a = E;:%: y

i¥5%1;

b = Z: y.b )

] 3173

and the rules of Prausnitz f(16) are commonly used. As with

any simplified model, however, the results generated do not



. . . — 36
always match experimental daﬁé as well as could be hoped.

The difficulty im predicting vapour-liquid equilibria for
' o*

. BYTIR

the supercritical reglion may mnot be a result of the
inadequacy of the equations of state themselves, but rather

the use of &empirical constants in the equations that’were

!

]

obtained from data collected in the subcritichl region.
Solubility data have been successfully coxrelated on a
log-log plo of concentration vs. solvent density. This

suggests thAt solubility may be related to densitfﬁaccording
1

to a power aw, and that specific chemical forces in the

fluid phase are at work. Robin. and Vodar studied the
solubility of phenenthrene in compressed gases (17), and

proposed the following equation to model their results:

Log m = A + Bd. - (2.1)
™~
where m represents the mass of the solute in g/cubic cm of
the compressed gas, d is the gas density, and A and B are
coastants. "This equation was developed wusing a virial
equation of state limited to the second virial caefficient.
Stahl et al. (18) propdsed the following equation, Vélid for

a wide wvariety of substances over a pressure range of 80 to

2000 atm,

In ¢c = m 1In d + k

el "(Z.ZD
R _ :

™, .
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where c is the concentration of a solute in the
supercritical fluid and k is a constant. Both the constant k

and the factor m vary with tﬁe properties of the solute.

From the associatiom Jlaws and the entroples of the

components, Chrastil (i9) derived

c = dk exp (a/T + b) (2.3)

where ¢ 1s concentration of solute in g/L of fluid; d also

.has units of g/L; and a, b and k are solubility constants.

Rearranging equation 2.3 gives

ln & = k—l ln ¢ - (a/T + b)) (2.4)

This relatiomship was found to bé linear up to relatively
high solute concentrations, from 100 to 200 g/L. Adachi and
Lu (20)-Lmodified the Chrastil equation to improve 1its
capability of ' data representation by considering the
quantity k to be density dependent. In an overall evaluation
of several equatioﬁs of state, they found the Chrastil
equation to give a better representation of solubility 5ata
from the ' literature. It was this equation which was chosen

to model our data.

i
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APPARATUS AND PROCEDURE

This section outlines the experimental aspects cf the
research, including the design, planning_and execution of
the data collection. Two different techniquaes were used
during the first two stages of experimentation: a bateh (ot
sﬁatic) method was utilized while the‘ru;s outlined Byrthe
factqrial ngsign were conducted, and a flow method was used
in the léeco;d stage of experimentation. 'Stages one and two
were rTequired to find the variables of primary interest and
study the effectsi of the imbortant process variables iﬁ
detail, Tespectively. The Vthird and . final stage of data
collection was caﬁcerned %ith a qualitative analysis of the

survivability and marketability of the final product, podtato

chips. of reduced oil content.

A schematic of the basic apparatus is shown 1imn Figure

9, and a more detailed cutaway of the equilibrium and

expansion cells is given in Figure 10. The apparatus was:

simple in both design and operation, involving only two
cells and a single avenue of flow for the supercritical
solvent. A detailed description of the apparatus follows,
with letter codes for the equipment as given in Figure g.
Ctmpréssed carbon dioxide gas at a pressure of

approximately 800 psi is supplied from a cylinder (a)

38
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Figure 9: SCHEMATIC OF SYSTEM DESIGN

A: Gas Cylinder; B: Booster Pump; C: Purge to
Atmosphere; D: Pressure ‘Transducer; :

/
/

Equilibrium Cell; F: Expansion Valve;

Expansion Cell; H: Comstant Temperature Bath;

I: Thermometer; J: Temperature Probe;

Heater; L: Temperature Controller;
Test Meter.
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Figure 10: EXPERIMENTAL APPARATUS
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equipped with a dip-tube. Gas pressure is intensified-to the
desired lével through the use of the booster pump (B). The

. . ¥
pump is a Futurecraft model 96970 automatic ©pressure
intensifier. It  comsists of two cxlinders 3fnnected by a

- {‘-—, - /-.- “-\\
differential area piston. Compressed gas isﬂsupplied through

o

a hand loading pressure Tregulator to ”&ﬂe large_diameter
cylinder. The resulting piston movement_compresses the gas
to the small diameter cylinder. When the piston reaches the
limit of’its stroke, the gas in the large c}linder is vented
and the cycle is‘repeated. Qutlet pressure is approximately
teq times the supply pressure, ﬂto a ﬁa*imum of 5000 psi
(34.2 MPa).

Compressed gas in the ' supercritical state passes
through a'two-way valve }o the equilibriﬁm cell kE). A purge
valve leading to thé armosphere is located on this line (C),
as well as the pressurelt¥anduc%ﬂJ(D) used to indicate the
pressure within - the cell. ThéQ\preséure ‘transducer is a
Sonotek Model SA, accurate to~; 0.05% Csee Appendix D for
calibration curve). The ‘valves are Autoc%ave Engineers SW
series non-regulating‘ valves with 11,000 psig (76 MPa)
maximum allowable pressure. |

The eqz}librium cell is a stainless steel cylinder of
18 cm height and 305 ml internal volume, pressure tested to
4000 psi (28 MPa). It <contains a precautionary filter, a

teflon gasket, and a porous nylon jacket retaining the

oil-laden chips, as well as a plastic envelope containing an
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absorbent sponge- under | the. chips. Flow‘ out -of the
eqidlibrium cell is contfolfed bv en expansion valve (%).
Sollute-laden carbon dioxide flows through t{e valve into the
expansion cell. {(G), where \tﬁe ﬁressure is reduced to a
“maximum of 30 bsi Four spo@ges aesorb the dischﬁ&ged solute.
The expansiomn cell has a height of 54 cm aqé interior volume
‘of 3800 ml. It is stainess steel, pressure- tested to 100
psi, and equipped with a pressure gauge.

Both experimental cells are encased in a constant

iy

temperature water bath (H), continuocusly mixed by a\tqiztant

speed imPEIler. Temperature in the bath is controlleé' ¥y. an

exterior Bayley instrument precision temEerature controller,?
v

model 250 (L), connected to a temperature pnxﬁ\\(J) and

/submersible heater (K). Thgﬂ temperature in the bath is
controlled to within + 0.05 KQ and 1is monitored ty a
high-precision eercury thermometer (I) to the nearest 0.05
K. . |

Flow .from the expansi&n cell leads to & Precision

Instruments wet test meter (M), and then is.purged to the

atmosphere. Atmosp%eric pressure at the time of the run is
measured with a mercury Dbarometer. Tebing conneckting the
system components ie.dage of stainless steel, with a 1/8 in.
(3.¥75 mm) outer diameter, except for the 1/4 in. {6.35 mm)
tubing joining the expansion cell.

The materials wused in this work are market grade

-

potato chips and carbon dioxide. Potato chips were obtained

A
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from Hostess Food Products, supplied with a single lot
_numbey to guarantee ~consistency of manufacture. The carbomn
‘dioxide is obtaingd from Air Products, with a minimﬂﬂ\purity
of 99.9ﬁQl Acetone is wused as a «cleansing agent, and is
supplied f;om Canlab with a purity exceedihg 99.9%.

The compressibiliﬁy factor of pure carbon dioxide is
required: for the «calculation 'of' solvent density. This is
cbtained from the high .precision egquations of state
developed by IUPAC (21,22). Appendix B summa?izes “the
equation and gives a FORTRAN program ﬂéed fér the
calculation of the compressibility factor. The balance used
fof gll weight me;surements was a .Mettlerh.ﬂodel HZO;

accurate to + 0.00002 g ' .

L]

Ekperimental Design

In the first stage @f experimentation a twofLevel
fractional factorial design was wused to find the primary
variables of interest from the four variables selected as
possibly significant., Experiments- were. conducted ovef a
narrow Tange of~pressure and temperature, where the slope of
the response function cBuld be approximdted as lineér; The

-

defining relation chosen was:

I = X1X2ZX3X4



“ ' | - v ‘ 44

-

which Ied to the alias structure:
X12 = X34; X13 = X24&; X144 = X23

The coded variables ﬁere:
'

HIGH (1) LOoW (-1)
TEMPERATURE (X1) 38.0°C 33.0°C
PRESSURE (X2) 1120 psi, 1070 psi
PURGE RATE (X3) FAST SLOW

RETENTION TIME (X4) 8 HOURS 24 HOURS

r

The ? runs were randomized and organized according to tﬁe
structure shown ig Table 2. Replicates were- done to Pptain
an estimate of the sample variance. Am analysis of é least
squares fit of the data would indicate those variables which

influenced the total oil removal to the greatest extent, as

> )
N\Jyell as ascertaining the existence of any interaction terms

between the process variables.

,

In the secondwstage of experimentation the variables

of chief influence to the cost of the process, pressure'ahd

-

flowrate, as well as the variable of primary importance éo
oil removal (as indicated by the least squaré% fit),
retention time, were studied in detail. The Tresponses
observed uefe 0il removal and oil' recovery, factors of

considerable importance im the evaluation of practicality.




Table 2: RUN ORDER FOR FACTORIAL DESIGN

TEMPERATURE PRESSURE PURGE RETENTION RUN#

RATE TIME
-1 -1 -1 -1 3,9
1 -1 -1 i 4
-1 1 -1 1 1,6
. 1 1 -1 -1 © 10,11

-1 -1 i 1 8
1 -1 1 -1 5
-1 1 1 -1 7
1 17 1 1 2

' ..
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The  results were fitted to a model in an attempt to
facilitate prediction of +the Tresponses beyond the ranges
studied, and were furth;r used to locate the optimum
operating region, i.e. that region for whfch oil remqval and
recovery were optimized, and for which’recompression costs
were not prohibitive.

A flow process was wused for this phage of the
experiment, and the apparatus was slightly mﬁdified to
facilitate the change in procedure and to implement
improvements suggested- by the results of the first stage of
data <collection. The advantages aﬂd disaanntages of the two
techniques, Dboth in terms of cost and effect on the response
variaﬁles, were compared in the final analysis.

The fast stage of experimentatién was concerned with
the effect of the process on the marketability of® the chips.
The taste and texture of the extracted chips were compared
qualitatively to untreated chips in a double-blind taste
test. To facilitate analysis of the results the test was
conducted over two sepérate days, and an estimate of the
reliability of the testing mﬁpcedure was obtained by
comparing the responses of those individuals who took the
test on both days. A chromatographic analysis was performed
on both the wunextracted and fecovered oil to determine if

fractionation of the o0il occurred durimg the extraction

stage.
4
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Batch Method

{

Approximately 35 grams of ©potato chips are packed
into a porous mnylon and weighed uéing the gravimetric
balance. The plastic envelope. and absorbent sponge are
weighgd' and placed in the equilibrium <cell. Four sponge
wafers are similarly weighed and placed in the expansign
cell. The <cells are sealed and connected to the apparatus.
The water bath is flooded with water at approximately Toom
temperature and allowed to come to equIi™brium at the design
temperature,

The system 1is throughly purged of air. The purge _
valves (C) and expansion valve (F) are sealed, and the
system pressure 1is slowly 1increased to the desired véluf.
When the retention time has elapsed,.the cylinfer is closed
and the expansion wvalve opened, allowing the solute-laden
éarbon dioxide-to flow into the expansion cell and then vent
to the atmosphere, Total carbon digoxide fl;w is measured by
the wet test méter. Atmospheric pressure and total purge
time are recorded.

The nylon container, chips, plastic envelope, and
sponges are weighed, and the total o0il rTemoval and oil
recovery are calculated. 611 recovery consists of two

categfries: oil recovered in the expansion cell, and oil

trapped in the mnylon and absorbent sponge within the
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equilibrium <cell. The apparatus 1is' disassembled and the .

major components are washed with acetone and the process

-

repeated.

Flow Method S . )

For the flow method, one significant change was made

in the apparatus: the plastic envelope and sponge within the

‘+

expansion cell were removed in aﬁ attempt to improve the oil
recovery in the expansion cell. The-start-up procedure for
the exp;%iment is identgcaf to -that outlined above, with the
exception that at the énd‘ of the retention time the
expansion .valve (F) 1is open;a cnly slightly to allow the
desired gsl;w) flowrate, and the cylinder is left open to
allow the booster pump to maiﬁtain- the pressure in the
equilibrium <cell'at the desired level. Preésure fluctuations
within the system as a result of the flowrate are kept below
27 by manually adjusting the expansion Qalve. ~When the
flowrate has stabilized, the _précess is permitted to rum
until exactly 10.2 cub{c feet (289 L) + 0.05 cubic feet
(1.42 L) of carboh dioxide have bteen purged to the
atmosphere. The expansion wvalve is closed and the system
allowed ten minutes to stabilize..The cylinder is closed and

the system purged as abovey 0Cil removal and recovery are

calculated, and the process repeated.

-«
¥ e




Chapter 1V

RESULTS AND DISCUSSION

~'The results of stages omne and two of the experiment are
sﬁmmarized ih‘ Tables 3 to 7 and plotted in Figures 11 to 135
(discussed below). Raw data is listed in Appendix A. The
results of the final stage of experimentatiop, the
qualitAtive and chromatographic analysis of theyproduct, are
also rteviewed.

Il

Least Squares Fitted Model

A least squares fit of jhe data collected during

stage one yielded the following mbdel (neglecting third and

higher order interaction terms):

¢ = 2.296 + 0.221X1 - 0.076X2 + 0.039X3 + 0.707X4

+ 0.148X12 - 0.041X13 + 0.172X14 (4.1)
, .

with a sum of squares of residuals of 5.456. Y is the fitted
response, 0il removed (grams), and X12, X13, and X14 -rte the

confounded interaction terms. A reduced model is arrived at

=

by an analysis of sample variance. From the sample variance
N

" we may compose a 95% cénfidence interval for the parameters

— “ i
.

-
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and eliminate those for which such an interval includes zero

(see Appendix C). Our reduced model is thus
Y = 2.296 + 0.221X1 + 0.707X4 o (4.2)
From this model we may conclude that the wvariables of

primary influence on the total oil removal are retention

time and, to a lesser extent, temperature. Over the range

studied pressure and purge rTate were concluded to have a:

negligible effect on the oil removal.

Effects of Flowrate and Pressure

!

[}

Stage two of the study was concerned with an
investigation of thé effects of pressure and flowrate on the
0il removal and recovery. The variables were studiéd over a
rangé- far more extensive than would have béen feasible for
the factorial design. The fes;lts of the first stage of the
éxperiment were used in the planning of experiments for the
flow stage. Since the modellindicated thét intgraction.terms
betygen the f;ur major .variables were negligible, an
analysis of a single-variable conducted at constant levels
of the remaining va;iables was congidered a valid method of

investigation. Since the model indicated that oil removal

was <chiefly dependent on tetention time in the cell, flow:

experiments were <carried out at two levels of retention
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Table 3: OIL REMOVED vs. (202 FLOWRATE at 306.1 K

The data given in.this Table is piotted in Figure 11

,///’

FLOW RATE 0IL REMOVED RETENTION TIME RUN# -
ftsfmin .8 hrs
0.172 + 0.006 1.947 + 0.023 22 : 23
0.118  0.007 ©1.953  0.023 22, 24
0.257  0.008 0.958 0.011 3.5 25.
0.382 0.009 ©0.953  0.013 3.5 ’ 26
0.052 0.001 . 2.663 0.032 . 22 27
0.061  0.002 1.206  0.017 3.5. 28
0;292 0.009% | 2.236  0.031 22 29
0.136 0.003 13153 0.023 22 30"
0.153  0.005 . o.sis 0.009 3.5 i1
0.168 0.004 0.966 0.013 3.5 32
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time: 3.5 and 22 hours. -

' The effect of flowrate on oil removal is plotted in
Figure 11, with data given in Table 3. The expected form of
this éraph das a linear plot of negative slope, since the
amount of o0il dissolved and removed by the fiowing solvent
could be expected to be largely dependent on the carbon
dioxide residénce time in the cell. However, the parabolic
shape o% both curves would serve to inﬁicate that physé&ai
enttainment of ghe 0il occurs with flowrates in exces;(ofA
approximately 0.15 cubic feet fger "minute, resulting im a
corresponding' increasé in  total oil removal. This
entrainment most likely takes the form of the physical
movement of ¢il trapped in the nylonm or along the cell‘wall.
as a result of frictiomal forces.

'An analysis of the percentage oil recovered cutside
the «cell "supports the entrainment hypothesis. The physical
entrainment ‘of oils by the supercfitical solvent at high
flowrates would lead to both a decreased o0il recovery within
the equilibrium <¢ell and an increased recovéry ‘in  the
expansion «cell. The high'retention times within both cells
permitted by low— flowrates would have a similar effect,
resulting in a curve exhibiting a minimum at moderate
flowrate. Figure 12, a plot of percentage cil recovered

outside of the cell Versus carbon _dioxide flowrate,

demonstrates just such behavior.



PERCENTAGE OIL RECOVERED vs. CO

R The "data given in this Table is pldtted in Figure 12

Table 4:

2

FLOWRATE at 306.1 K

f{;W RATE

OIL RECOVERED RETENTION TIME RUN#

ft3/min % ﬂ&wﬁﬂ”ﬁE%‘ )
0.172 + 0.006 45.9 + 3.9 22 23
"0.118  0.007 41.0 3.3 22 24
0.257  0.008 10.0 0.8 3.5 25
0.382  0.009 14.3 1.1 3.5 ! 26
0.052  0.001 53.1 4.2 22 27
0.061  0.002 29.4 2.4 3.5 28
0.292  0.009 55.2 4.4 22 29
0.136  0.003 35.5 2.8 22 30
0.153  0.005 13.0 0.9 3.5 31
0.168  0.004 6.1 0.5 3.5 32
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The effect of fétentipﬁ time is clearly dispiayed by
the difference 1in thg two curves in Figure 11. As suggested
by’ the reduced model, the retention time has a significant
influence on the total oil removal from thé ;hipsf This
would suggest that equilibrium within the cell has not been
éstablished at the lower retention tiﬁe of 3.5 hours, nor at
the static-étage lower Dboundary retention time of 8 hours.
1f we assume that eqﬁilibrium is established at the higher
X4 value of 22 hours, then the range of possible values for
the time required to reach equilibrium lies between 8 and 22
hours. Values obtained from the literature <for the time
required to reach equilibrium for <comparable processes,
using supercriticai carbon dioxide as the solvent, fell in
‘the range of 5 - 6 hour§'(8).
While the higher level. of retention clearly leads to
both img}qved 0oil removal and recovery, the advantages of a
twenty-two hour retention time seem questionable, since
roughiy one-half the o0il removal can be achieved with

one-sixth the required retention. A two- or three-pass cycle

[}

with a' 3.5 hour retention time could achieve roughly
identical 0cil removal im under half the time of the
twenty-two hour -period. The ideal choice of retention time

will of course be dictated by the more practical constraints
of industry.

The effect of pressure on oil removal is plotted in




Table 5: OLL REMOVED vs. COé PRESSURE at 306.1 K

-

The data given in this Table is plotted im Figure 13

PRESSURE : O0IL REMOVED " RUN#
p.s.1 g
1118 + 16 0.966 + 0.013 32
1274 18 1.053 0.013 33
1416 22 - 1.251 _ 0.024 34
1576 25 , 1-332  0.018 35
1724 25 1.331  0.019 36
2017 28 1.485 0.019 37
1883 27 1.423  0.018 38
2173 31 : 1.675 0.019 39
e .
o AN ‘
/-—’
a3
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Figure _13,'from the data %iven in Table 5. As expectéd, this
plet exhibited very nea%ly linear Béhavior with g.strong
positive slope over the range studied., During this stageﬂof'
e%perimentation, the flowrate was kept constant .at a value
of 0.158' cubic feet per minute. Valve deterioration and”
'replacement introduced a8 degree of variahce in the actual
flowrate (standard deviation = 0.023), but the choice of
target flo;rate was made in the regionm of the graph where
vafigtibns in flowrate would éroduce the least effect omn oil
removal.

A plot .Of the cil recovery versus pressure is given
in JFigure 14 with complied data in Table 645 this plot as
ﬁell serves to reveal the “advantages of a high operating
préssure. Over the range plotted (800 psi), the oil recovery
increased by a factor of approximately four. Since the rate

.c,‘?__ * _ .
of increase <can «clearly mnot be expected to continue over
100%, we may assume that the upper portion of {ﬁ@sgiife

(2100+ psi) approaches the maximum level of oil recovery,.

Modelling the Data .

The <choice of " the Chrastil equation as the fitted

-

model lead to the very simple model form:

¢

lInd =%k ~ (lnc - a/T - b) (4.3)



PERCENTAGE OIL

Table 6:

RECOVERED vs.

Co

2

PRESSURE at 306.1 K

The data given iﬁ this Table is plotted in Figure 14

PRESSURE OIL RECOVERED RUN#

P % .
1274 + 18 16.4 + 1. 33
1416 22 24.1 1. 34
1576 25 28.6 2. 35
1724 25 42.5 3. 36
2017 28 52.4 4, 37
2173 31 60.3 4, 39

A
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Data from Table 7 were fitted to this model. Since these
data were obtained at a constant level 6f temperature, the
terms involving temperature <could - be amalgamated ‘into a

siﬁgle variable W:
Ind = 1/k(ln c) + W/k (&4.4)

A simple linear fit ofs the data was sufficient to obtain the

sslope, 1/k, and the value of W. To obtain values for the
: -

parameters a and b, it was necessary to include runs from

the factorial design which were conducted at the'higher

*

level of temperature, 38.0°C. The data used from stage one
. o
of the experiment were those runs for which T = 38.Q°C and
retehtion time was low (& hours). The purge rate was ignored
as having no influence. on the response (as suggested by the
least squares reduced model). Points vere available for two
levels of pressure, and the curve connecting these points
was éompared with the curve above to obtain a and b. Runs
used from stage one of the data collection were #8, and #16
and #17 (replicates). The data and fitted Tresponse are
presented in Table 7 and plotted in Figure 15. The final

v

version of the model was:

I'n d = (1/0.501)(ln ¢ - (-41,300/T + 129.2)) (4.5)

ey




Table 7:

&

CO2 DEN%ITY vs. SOLUTE CONCENTRATION DATA at 306.1 K

The data given in this Table is plotted im Figure 15

DENSITY SOLUTE CONCENTRATION RUN#
g/ml g/ml (x 105)
0.4744 + 0.0135 \ 90 + 3 _ 32
0.6896  0.0197 161 5 33
0.7319  0.0209 176 7 34
0.7622 0.0218 199 8 35
0.7834  0.0224 205 8 36
0.8151  0.0233 236 9 37
0.8019  0.0230 2219 38
0.8283  0.0237 273 11 | 39
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which yielded ‘a sum of squares of residuals of 0.2326,

1
Qualitative Analysis of Product’

/

In order to determine if the removal of a significant

portion of the oil resultgd in a noticeable difference in
the taste of the chip, or if the procéss interfered with the
product’'s flavour in ?ﬁy way, a double-blind taste test was
conducted. Unlabelled samples of both untreated and treated
chips  with 22% o0il removed were provided, and participants
were instructed to chose the prodﬁct they felt had the best
taste. The test was c¢onducted over two days and folurteen
people were asked to repeat the test. The results (not

including replicates) are tabulated below:'

TREATED ~  UNTREATED NO PREFERENCE
DAY 1 12 12 \ 7
DAY 2 9 4 5

- 21 16 12

(SAMPLE SIZE = 49)
0f those with a preference, 57% chose the treated chips as
having a better taste. To find if this quantity 1is
statistically meaningful, a significance test was conducted

on the data. For a test with greater than two possible
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mutually exclusive "outcomes, the probability of an outcomé

is ;alculated from a multinomial distribution:
7

x2

P(X1,X2,X3) = Nt (A

X1
1)
X1t X2! X3!

)X3

(A (A (4.6)

2) 3

where: N = NUMBER OF. RUNS
Xi = NUMBER CHOOSING BRAND i

Ai = PROBABILITY OF SELECTING i

A

I1f we choose as the null hypothesis the supposition that
there 1is no difference between the treated and untreated
chips (i.e. A1=A2=A3) then:

P(21,16,12) or better = 9.1% (4.7)

That is, 4t is more than 90% unlikely that a result this
favouraﬁle would result from the test if we accept the fact
that there is no difference in the‘taste of the chips.

Before this result can be accepted with confidence it
is necessary that the reliability of the data be tested,
i.,e. it was rTequired that the ability of the testers to
actually dete;mine a difference in taste be evaluated. The

reliability of the data was determined,by an analysis of the

response of those who took the test on both dayé. 0f the 14
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people who refeated. the test, .only three made the same
'sele%tion on -~ both hays..With this.degree of variancé in the'
data the resulgs cannot be considered significant and we
must accept tﬁe null hypothesis: that there is no noticéablq

difference in the taste and texture of the treated chips.

Chromatographic Analysis of Extracted 0il

While the product of the extraction process may he
coﬁsidered indistinguishabl; from the untreated produét from
-a wmarketing standpoint, tﬂe question of potential changes in
the nutritional value of the chip remains. While we may be
confident that the bulk portion of the <chip feﬁains

unchanged by the ©process, the compositien of the oil

remaining in the <chip canunot be assumed identical to the

-

original composition without testing. To compare the
original oil composition with the extracted, a
chromatographic analysis of each was performed. The

chromatograph wused was a Hewlet-Packard High pressure liquid
chromatograph with a methyl column, model number 5830A.* The
solvent used was benzene. |

Chromatographic ©plots of the original and extracted
0il are given in Figures 16 and 17, respectively. An
analysis of these. plots reveals that the two samples are

nearly identical; that 1is there is almost no difference in
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composition between thé ‘'vegetable o0il in the ghip and the
cil whiﬁh is‘ex;racged.

The =tresults of the qualilitative anafysis of the
final product are reassuring, for they indicate #ith some
confidence tha; there 1is no significant difference between
untreated ghips and those which have had as much as 22% of
their oil removed. The results of the chromatographic
analysis complete the requirements fof a rounded analysis of

the treated product.



69

R

Figure 15: CHRQMATOGRAPHIC ANALYSIS OF

Y

VEGETABLE OIL

A

S

v



START
— ST 70 -
- 148
S
T.8S
: == 2. %B '
AT T -
; = ML
. = 168.89 ERREE

Figure 16: CHROMATOGRAPHIC ANALYSIS OF EXTRACTED OIL



o : ‘ Chapter V

"CONCLUSTIONS

In this work the ‘practicality of the use of supercritical
carbon dioxide to extract vegetable oils from potato chips

has been examined. The success of such an extractive process

N (B K .
is dependent wupor the ability to produce a marketable

Y
product with a significant oil reduction, with capital and

' ‘9‘ opeéﬂbing costs that are mnot prohibitive. This success’
¢ - .
"hinges upon the location of the optimum operating region.

0f- the two techniques studied, only the flow method -
‘

, .
offered the advantage of high oil recovery outside the cell.

WVhile the 'static method provided high oil removai, the
) * ’ " . " 5 doa ",

;o : ° ‘ 9 :
problem of .o0il retention within the equilibrium.cell proved

detrimental. The flow method resulted " in more comnsistent

& ‘ . » o '-\-\-\_/ .
results  and was chosen for the investigation of the

pressure-solubility relationship. The elimination of the

absorbent sponge within the equilibrium cell led to a higher

oil recovery rTate outside the cell.

The results of the.firxst stage of investigation were
I .

useful in the design. and impleméntation of the second stagé
of 'datar collection. The period 'of time requifed te reach
» ~ -
LN

equilibrium within the cell is unexpécted and not adequatel

exblained: A method of mixing or otherwise agitating th

T U | ' ' e -

® “J} - i jn‘l - [4 \\“-._
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cell <contents <could 1lessen this period. The demonstrated

dépg&ﬂﬁrcy of solubility ?ﬁ temperature is in good agreemeﬁt

with the literature. T

The fitted Chrastil equation provides hfuseful tool

.

for estimating the solubility of vegetable oils ‘in

decrease the flowrate. A moderate flowrate may prove a

supercritical cartbon dibxide, but should not be applied over
a wide rTange of'temperatures. A.seriestof is&therms similar
to /Figure' 13 over a suitable range. of temperatures would
prove - useful for. a more accurate  estimation :of the

solubility parameters a and b, '

/ The choice of optimum flowrgte is simplifieq through
gﬁé use of Figures 11 and 12, but care.must‘ge taken to
éelect a floyrate which permits a rapid oil removal. While
total oil. removal is mAXiﬁized as flowrate is reduced, ﬁhe
t%me required .fo remove thF o0il is greatly increased as“we
necegsary choice for anlindu5£rial procegs. '

An excellent survivab}lity and marketability of the
product <chips can be cla&med with some confidence gsﬁa
resilt .°f the gqualitative and chromateographic analyses. No

physical comgacting or degormation of any kind was noted as

a result of the process. Sufficient oil removal to arrive at
AN

a < :
substantial alorie reduction in the final product can be
a ’F. K )
achieved withbut loss in product peal.
1 1
1 .
. s
Major sources of error iib&ﬁthe experiments include
. , - ‘ . ' )
¥
s ;- <
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fluctuations in atmospheric pressure over the duration of
the flow experiments, ;nd the resu;L of physically handling
of products oprior .to and during weighing. When neceésary
gloves were used, but this did not prevent oil loss to walls
of the cell or abso?piion by spoages ané the nylon jacket.
The volatility"of the qil at thé experimental temperature
was not high, but samples for weighing were exposed to the
atmosphere for the.minimum possible period.

In an overall analysis, the data collected during the
three . stages of exper;mentation indicate that the.:emovai
and recovery of vegetable oil  from potato <chips wusing
5upercriticﬁl carbon dioxide | is a po;entially viable
process. “ As a late stage 1in the manufaﬁturing process i£
offers the dual advantages of pgoviding re;yclable cil and a
diet product. While the choice of optimum operating region,
with respect to flowrate, pregsure and temperature, will
ultimateiy, depénd ot an economic analysis,. the regiomns

suggested by this work would appear to show the most

promise.



Chapter VI

FURTHER RECOMMENDATIONS

The work conducted in characterizing the optimum bperating
region for the process has been far from comprehensive. The

task of .process optimization is <complex and "vast, and

—_—

remains incompleté until on-line production testing is

accomplished. The - recommendations below are suggestions for

future research based on the experimental work.

| / |
.1 A quantitative analysis of the effect oﬁ
témperature on solubility. The least squares fitted
model suggests that substantial increases in-oil
!
solubility could be achieved through rélatively
inexpensive manipulation of process temperature.
2} An ana;ysis of the time r%quired for the syséem
to attain equilibrium, and the effects of agitation

and/or mixing.

i

n‘ )
3) The =effect of solvent entrainers on the oil

solubility. Recent work with such co-solvents

v " /

v

s .
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(entrainers) as water has demonstrated énhanced
solubilities in the supercritical state for cgrtgin
solutes; the possibility ;f increased olil
solubility with such an entfﬁined solvent is worthy

of investigation.

»
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APPENDIX A

fy

RAW DATA

The solubility measurements made in this work ére given'in
this appendix. The data are organized into three separate
‘tables. Table A lists data for the eleven wums used in the
factorial design; Table B gives raw data for the ten
constant pressure rtuns used in Figures 11 and 12; and Table
C 1lists the eight constant temperature rumns used En the
compilation of Figures 13 to 13. Data are gi;en in the units
in which tﬁey ‘were originally recorded. OQil recovery 1is

given in terms of o0il recovered outside the cell only for

Tables B and C.



‘Table A: RAW DATA FOR RUNS 1 - 11

TEMP PRES ATMOS. PURGE RETEN. TOTAL OIL 0IL RUN#

PRES RATE TIME COZ REMOVED ©TRECOVERED
°C psi mm Hg min hrs £e3 g g
33.0 1122 757.2 11.42 24 3.98 2.692 2.243 1
38.1 1119 756.8. 6.76 24 3.89 3.465 2.683 2
33.1 1070 753.9 10.33 8 3.92 1.565 1.553 ‘3
38.1 1072 758.4 10.07 24 3.43 3.327 ; 2.593 Q.
38.0 1072 747.4 0.83 8 3.80 1.564 1:&10 5
33.0 1120 766.4 10.04 24 3.86 1.923 1.757 6
33.0 _1120 760.3 1.07 8 3.60 1.395 1.390 7
33.0 .1573 758.7 0.92 24 . 3.38 2.912 1.910 8
53.0 1071 757.9 8§.18 ‘8 2.91 1.80¢6 1.863 9
38.0 1i22 753.7 | 8.25 8 2.92 1.578 1.701 10

38.0 1120 758.8 . 10.48 8 2.48 1.850 1.749 11

i9



" Table B: RAW DATA FOR RUNS 23 -~ 32

TEMP PRES ATMOS. FLOW RETEN. TOTAL ‘OLL 0oIL RUN#
PRES RATF TIME CO2 REMOVED RECOVERED
°C psi mm Hg ft3/min hrs ft3 g | g
33.1 1120 767.1 0.172 22 10.29 1.947 .760 23
33.0 1139 759.0 0.118 22 16.29 1.953 .626 24
33.0 1130 754.6 0.257 3.5 10.26 0.958 .100 25
33.1 1127 757.8 0.382 3.5 10.31 0,953 .146 - 2§
33.1. 1120 760.8 0.052 22 10.25 2.663 .030 27
33.0 1120 767.6 0.061 3.5 10.31 1.206 313 28
33.0 1122 751.90 .0.292 22 10.23 .2.236 .030 25
33.0 1119 762.7 0.156 22 10:2Q 1.753 .465 30
33.0 1120 752.12 0153 3.5 10.28 0.813 104 31
33.0 1118 763.6 0.168 3.5 10.23 0.966 .057 32

80




Table C: RAW DATA FOR RUNS 33 - 39
-~
" TEMP PRES ATMOS. FLOW RETEN. TOTAL  OIL OIL RUN#
PRES RATE TIME CO, REMOVED RECOVERED
°C psi‘ mm Hg ft3/min hrs ft:3 g g
33.1 1274 764.8 0.123 3.5 10.24 .053 . 165 33
-
33.0 1416 764.2  0.135 3.5 10.37~ .251 .285 34
33.0 1576 755.7 0.180 3.5 10.23 .332 .348 35
33.0 1724 755.8 - 0.146 3.5 10.23 .331 .557 36
33.0 2017 759.3 0.197 3.5 10.25 .485 .773 37
33.0 1883 765.6 0.174 3.5 10.24 .423 .703 38
33.0 2173 753.2  0.158 3.5 10.26 .675 .006 39
81



o

82
APPENDIX B
EQUATION OF STATE FOR CARBON DIOXIDE AND COMPUTER PROGRAM
L] N ! * s
- - __\ °|‘
4 .

A high precision equation of state has been developed to
accurately predict the compressibility -factor, .and thus the

A 1

density, of carbon dioxide over a wide range of temperaturés by

IUPAC (21). This appendix gives this equation and the listing of a

\~.

computer program written for its use.

The IUPAC equation for carbon dioxide is
o PR iy i B.1
Z =1 +ZZbij(;/Tr 1)°(p.-1) | (B.1)

where e is the reduced density and Tr is the wmeduced temperature.
. ¥

The <critical density and ‘temperature of carbon dioxide are

0.01063 mol/cm and 304.2 K, respectively. The values for the

coefficients bij are given in the computer program.

4

o+
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APPENDIX C

CONFIDENCE INTERVALS FOR THE FITTED PARAMETERS
Using the replicat®s provided by the factorial design we may
determine a 957 confidence interval for each of the fitted
parameters in the response function (see page 49). Those
parameters for ‘which such an' interval includes the value
zero may be dropped. from the equation; resulting in a
reduced model. |

The replicates provided'by the factorial design are

I
n

RUNS # 3&9: Y 1.5647, 1.8060 (Y, 1.6854) (C.1)

1.7&40) (C.2)

i
1

L RUNS # 10&11: Y 1.5770, 1.8504 (Y2

RUNS # 1&6: Y

I
I

1.9229, 2.6922 (Y, = 2.3076) (C.3)

A

If we assume the variance does nét change over the range of

the experimegt, we may esgimate the sample Qarihnce 52 as
2 - 2
s = 1 (Y, - Y) (C.4)
- i .
n-1 = -
= 0.0604 b
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This estimate hps n-1 = 5 degrees of freedom. We may arrive
at a 95% confidence interval for the B's (parameters) with

the use of the t-table and the following equation:
{ _ .

k ' - ' 1/2

Bt oty ,(-0604/11)

=3 + 2.571(.0741)

(C.5)

i
7o}

+ 0.190

3
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APPENDIX D . ‘ !

CALIBRATION CURVE FQR PRESSURE TRANSDUCER

-

-

This appendix containslthg_caliﬁfatibn curve for the Somotek
SA pressure. transducer, serial number 13429.»Tﬁe transducer
was calibrated on October ‘4, 1985, u;ing pfecisian weights.
Two curves are provided im- the calibratggn blot
(?igﬁre A); one is used while reading down, i;e. as the
pressure  decreases, and £he other is used while reéding up,
or as the ‘pré:sure is increasing. The correétive terms
provided by thgge plots are added to the transducer reading .

’ :
to give the actual pressure.

[
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