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_ ABSTRACT "’ S 7
: ' - ‘ &

! . . '
N } i . AR -

o The prxmary objectlve of thxs study was to present a

novel approach for- the thermodynamlc treatment of flu1ds

'produced by. cellular processes. Such flUIdS are normally an
,a?ueous m1xture xn whxch water is the major component In

,éssence, the aim was to’ adapt a thermodynamlc model to the
\‘study of" complex aqueous solutlons 1n,order to predict the

N

- R . .
act1v1ty coe£f1c1ent ~of the= components. Considering the
"complex nature of such solutlons ~this study was focussed on

~(the carbohydrate water systemr R f‘

-The UNIFAC group contrxbutxon method of Fredenslund et

a él, (1975 1977) was, evaluated in terms of its abxl1ty to
‘predlct the actlvxty coeffxcxents of components in a blnary
glucose—water‘ sYstem.-.The model performed poorly ‘when
applled to aqueous glucose solutzons. The values of the

| parameters reported by Gmehl1ng e al (1982) could not

4

represent the banary glucose—water‘ ystem,,The lack of fxt,‘
. Ca '
w1éh the expre1mental data was extremely hlgh' Rev1saon of'

the parameter values for the OH group led to s1gn1f1cant

-

RN 1mprovements 1n the predxct1ons.~ A free volume correctzon

was necessary for watd{'xn the contentrated range..

’

e The model w1th the rev1sed parameter values for the OH

——

ugmmgroup was employed to estlmate the equxllbr1um~propert1es of
";aqueous solutlona of fructOSex common dlsaCCharxdes and

'j m1xtures . of sngars. l*T predlct1ons were reasonably
REES ‘

quant1tat;ve for solutlons oi fructose and mxxtures of




[ N '

b R N

‘sugars. but were unsatisfactory for solutions of sucrose,.

. ; ; "

maltose and lactose. The”ladk;éf‘apdefinéd fUhctédnal'group"”;

for the cyclic 3sugar\ moléqules gappeared“ to 'be a majof

problem. Possible approaches' to .increase the: domain of |

validity of the model were examined. = *. o .
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1. INTRODUCTION

1.1 Complex AqueqQus Solutions

Fluids .processed in food industries ‘are  mostly of
1 ! ] ’ ) " . l§ .

. biological origin producea by cellular processes. .Such

fluids are typically aqueousl ‘mixtures“ of ﬂ‘proteins,

‘carbohydrates minerals lipids, vitamins ‘and traces of

other const1tuents 11ke enzymes fét\y ac1ds, amxno ac1ds,

. peptones, . n1trogeneous bases gases and other volatxle

components. Milk is one such complex fluld produced ‘in "the
mammary tlssue that contaxns on aVerage 87 5% water,”4.8%

carbohydrate, 3;8§M fat - 3. 2% protexn, -0. 7% m1nerals‘ and

‘traces of other minor ingredxentS-(Brunner 1976)A'

The study of complex agueous solut1ons is 1mportant in"
understandzng many processes that take place ‘when' b1ologlcal

compounds combine,. react with ‘each other or change shape in

' an aqueous environment. The-reactivity of a compound with

another is affected by its interaction with water. According
to WOlfenden'(1978), the evolution of bioloéicalﬁcatalysts

was intensely 'influenced by the. solvat1on effects.f The

"

~preferential: extraction of activated. 1ntermed1ates rather
'than the substrates themselves from solvent water 1s needed“

‘for ‘the_ actlon of enzymes~ in substrate transformat1on'

(Wolfenden, 1972 1976) Study of aqueous systems w111 a1dmg
in understandlng the observed a£f1n1t1es of active s1tés and

other b1olog1ca1 receptors for 11gands such as substrates‘

- and 1ntermed1ates. It Vlll,b? of 1nterest_to know. why_these~



- food products is of paramount 1mportance.-‘hfy_

. . . s
" X . L . . ' . . . . bt

ligands have an ahsolute‘tendencyvto leave‘water‘and‘enter‘a
"featureless cavxty ThlS might then lead to 1n£erence about'

the presence of‘, specxfxc attractxve . or repuls1ve,

1nteractxons between these lxgands and the sites at whxch

'theyvare attached (wOlfenden, 1978).

1.2 Need for a Thermodynamxc Treatment
The majorxty of foods are .aqueous m1xtures of which

water is the most_abundant component and its act1v1ty is
. . . . ‘ B

- therefore of " crucial importance as a quallty parameter

.(Choudhury.and Le Maguer, 1985)( It plays a‘vital role in

influencing microbial growth (Gould[ 1985;’Trolier, 1980),

"kinetics ‘of chemical and biochedical reactiong (Labuz&d

1980; Schwimmer, 1980), enzyme activity (Drapron, '1985),
food rheology (Karel, 1975, 1985; Moreyra and Peleg,  1981;

pPeleg, 1985), “foo‘d spoilage (Loncin, et al., 1968) ,

~packagang and. dryxng of foods (Gall, 1983° Roth-. and Loncin;

1985). The. amount and’ act1v1ty of water determlne the state
of aggregatlon= and-‘mobllxty of var1ous .food components
'(Karel ‘ 1985) ' Figure 1.1 shows. the 1nf1uence of the

activity of water on chem1ca1 enzymaalg‘and m1crob1ologzca1

T

e changes,‘overall Stab111ty and mo1sture sorpt1on propertlesx ‘

ﬁof food products (Rockland and leh1, 1980) Thus,‘xt‘is

apparent that the estrmatlon ofmwater act1v1ty 1n a food
.system \wh1ch has a dom1nant role 'i determ1n1ng he

propert1es and performance of a wlde range of manufactured

K

PN

" .t . : S
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.04 0.6 . . |
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- In a modern food process1ng plant complex\ aqueous

' o

mxxtures are converted into varieties of products employxng

i

a chaln of un1t operatlons. Table 1,1 llsts..the type of
N s ‘ \
thermodynamxc data used 1n these operatlons most of which

d
deal w1th the removal of water, ‘the ma;or component,” from
the' food systems Drylng and ‘freezing are two methods
avallable for 1ong term preservatxoq of food xn whxch the

"act1v1ty of water is lowered by evaporatlon (or: sublxmatxon)

bl
’ .

and crystalllsatlon of the major component (water) in the'

food system Evaporat1on xs ‘another un1t operation used
! N : '

, extensxvely in;'the removal of water from. liquid food

mlxtures. The aqueous extract1on of sugar ‘from sugar beets‘J

' and each1ng€5f water soluble 1ngred1ents from ground coffee

"

beans\depend on strong and spec1f1c 1nteractlons between the

soPute\ and thew solvent water. The process selectively

- A
Y

removes one or more components from a complex mlxtdre, In
crystall1zat1on the solutxon conta1n1ng the solute ‘to be

\crystallxzed 1s c0ncentrated and usually cooled unt11 the
\

solute concenpratxon becomes greater than its solub111ty at‘

“that temperatune. Food 1ndustr1es in' general produce large 4

“‘volumes of waste water. Treatment of waste water has become
. 4 - 'l‘ |

acute' ~1in ‘recent years, because of the- 1mposxt1on or
government 'regulations: and an 1ncreased need -for. énergy

. conservatlon. ‘All' these operatzons 'requlre quantztat1ve

'1nformat1on on thermodynam1c propert1es of water and aqueous

mlxtures.:" o '§,"b‘“j o e ’ll.‘

o

' . B . " PO 3 . . ! : '
. N . . . T . : ! : . oot Lo -
. A L . - . . . I . . i .
. . v 1‘ . 4 ' . : . . ' L . \ A
. . . - AN . e 2 i P : v .
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7r‘ﬂconvers1on.

[

- The aqueous 'solubility of various 'oompounds is” still“a

| poorly understood phenomenon 1n spxte of its growing need

apd ‘1mportance-”in food proce551ng, pharmacy ‘and ' other

applied. Ehemical dxscxplxnes.‘ The prediction; of the

.

sOlubiLdtymlimit of components 'in an aqueous solution is a

‘difficulé task.‘The‘eievationzof boiling point ‘and osmotic

pressure and depression of freezingspoint and vapor pressure.

depend on. the number of solute partfcles in the mikture. No

method is’ ava11ab1e for estxmatlng the aqueous solubllxty ‘of

solutes and the colllgat1ve propertles from a cons1deratxon

of' the structure and phy51cal propertxes of the components.

Tn plannlng "the proce551ng . of " biofluid it. is also

| 1mportant to know the behav1our oﬁ the system ‘with"the

nature and compos1t10n of the phases that appear when .one

“cools, heats, or removes water from actual lldu1d foods. The

f1nal compos1t1on of each phase depends on the temperature,
pressure,, the chem1ca1 nature and concentrat1on of ‘the
’ n

'substances in the mixture. Th;s knowledge 1s necessary to‘

‘predlct the true compos1t10n of the food after operatzons

‘such as freezxng,’freeze drylng, evaporatxon, d15t1llat10n'

kN

'hiand membrane separat1on (Le Maguer, 1981) Thls requ1res}‘Q

f1nformat1on on the actlvxty coeff1c1ent of the‘ solut1on';

jcomponents over the compos1t1on and temperature ranges of

LI o ‘ Do -
. /

f“;xnterest.

One 1mportant facet of food eng1neer1ng is concerned‘fl

e
oy

f}w:th d3519" “f{ equ1pment‘,and processes 'féff eff1c1entfﬁ”A'"

A2

[ «\‘1

ffﬁ‘”
N

}of 1arge quantltzes OE raw materlals 1ntoﬁ€"



"

'

" finished products. Suchlan endeavour demands ,quantitative
knowledge of the.properties.jTable 1.1) of raw materials to -

be processed whichﬁ in a food industry,"is usually an -

\ '

agueous mlxture of components produced by an. anxmal or-'a.

plant These bulk raw materxals are rarely in pure form.‘I‘

design work" quantltatxve estimates of partial eqlelbrxum‘

propeqtles are requlred and it 1s frequently necessary to

estlmate these. th%rmodynamlc ‘propertxes from severely

11m1ted experlmental data (Reid et al., 1977)t Volumetrxc,‘

energetlcjor‘transport propertles ere computed‘when.one_is

'

1nterested in the property of the mxxture as .a whole,

'whereas in phase equlllbrlum calculatxons, one must know the

o

4part1al propertles of 1nd1v1dual components that constxtute}

‘ the mixture. The predlctlon of phase equ111br1a relatlons in

[

. L 2

- than pred1ct10n of other propert1es (REId et al: 1977)“

Because ‘of‘ the comp&exxty of aqueous m1xtures and [the

_dlfflculty in’ obta1n1ng reliable exper1mental equxllbrxum

‘data, szmple physxcal models have proved to . be useful for

representlng phase , equ111br1a in a thermodynamlcally“

}con51stent way. Not only do such models prov1de efflczent_{

q7 .

\

'“gu1de11nes“for' est1mat10n 6£‘_other equ111br1um m1xtured

.w ‘tools Qfor dataw reductlon,i but they also provxde sound .

N ¢:v,ﬁ.~’§

process deszgn 1s usually more d1ff1cult and 1ess accurateyﬁr

o p;opert;es such as l1qu1d 11qu1d equzbrla from vapor l1qu1da]f““

equilibria, and“v1ce versa or mult1component vapor l1quxdhf

B equ111br1um from equ111br1um data for b1nary systems.,‘p-.h

)
-



5!

1 3 Objectxves of - thxs Study

The\ thermodynamxc treatment“fof : complex aqueous‘
splut1ons is of interest for ratlonal de51gn and developmentl
“'of ‘food processesr‘ Through a.'systematlc and deeper
understandxng of the propertxes of bxofluads, processes for
- pmanufacture- preservatxon and storage of food products canl~
'Ibe desxgned eff;clently and economlcally The number of -
‘complex flu:ds processed in food lndustrxes Ais large. The
comp051t1on o% such aqueous mlxtures\is ever changlng due-to
their bfologlcaliorlgin. Any factor that affects cellular
processes‘;uill change ”the comp051t10n;'of‘ the mixture
produced“hyravliVing‘cell. It is. thereforelunreasonabl"toy
‘determine“thel effect of ‘such composxtxon varxatlon, of;
varlous components on the thermodynamxc propertles of the
‘_m1xture on a regular ba51s. Further, it requxres apprec1able_u
skill, moneyy experlence and patxence for obta1n1ng good'
7experimental data. It 1s, therefore, an economlc nece551tyf:

to have an eff1c1ent mathemat1cal tool to descr1be ‘the ',

u‘effects of compos1t10n and temperature on the tﬁermodynamlc‘

:propertxes Of‘*HOfIUIdS and to generate phase equ111br1umd;‘

;data;:" T T ',u,"fh o

. '
A .

wThel‘activity coefficientr of? components whxch

thd1rectly related to excess G1bbs f:ee energy, reflects thev

“;fcalculat1on 'T‘f phase ! equ111br1a ‘:andﬁzg‘s su1ted ‘tori'

fappl1catxons l‘_' whzch h behav1our ofcfa' part1Cu1aruf7

Vf*component of the solutxon 1s of speC1al 1nterest, as 1n the“”

'

; . ‘._ DR S i s , ,
" . . [E h .
(I ; v . N N
B
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~ . ) , ,\'.\ 10
v N ' .h “ . ‘ i
dlstrlbutzon of a component between two phaSes or in theﬁ

'chemxcal reactlon of a component 1n-the solutxon (Frledman
1960)‘ Thermodynamlcs relates the effect of pressure on the“
actlvaty coeff1c1ent to the partial molar volume and ‘the’

v /

eﬁfect of temperature to the partlal molar enthalpy (Rexd et

a},, 1977) Actlvxty coefflcxents in' llquxd mxxtures can be.

'.calcqlated from a model whlch ‘expresses the excess Glbbs”

energy of the mlxture as““ functxon of composxtxon and o
l temperature (Abrams and Pransnltz 1§7S).“" ‘ ~ R Lﬁ?
‘7Jr'”;It“;is_ needless to reiterate the importance of pthe
thermodynamxc propertles of blofluxds in englneerlng deslgn
of - equxpment and processes and the.'nece551ty for the
pred1ctlon of the activity coeff1c1ent of each component in'
'»complex“aqueous 'solutxons. Thls ‘study‘ thusc axms“atq

a

contrlbut1ng to“ the area of‘ thermodYnamlc ‘treatment of

) - complex aqueous solutlons through the following ob]ectlves;

st 1 Revxew the present state of our knowledge of -aqueous

solutlon of nonelectrolytes
B ' ‘ I
2. Present a novel approach for the therquynamlc treatment

of complex aqueous solutlons.

'
]

3. Réview 'the : avallable thermodynamxc modelsl for

P multicomponent-solutlons of nonelectrolytes'such‘as,an

SRR aqueous solut1on of carbohydrates. | o ﬁ'j ff,; . ‘h‘y‘/
4,j,Adaptatlon of a su1table model to the study of aqueOUSij”aj
”.solutlons, especzally that of the carbohydrates. Thlss:y"

"lw1ll 1nvolve mod1f1cat1on of parameters 1n such a model,»

to reflect the strong-intermolecular 1nteract1on 1n anFV"‘M
v - “. o o . . L . “~ T . . B o ‘/ l"
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.aqueous environment. . ,

5. Estimation of equilibrium mixture properties of complexn
: . !

>

solgfions using the adapted/modif}ed_mgdel.
6. Prediction of water activity; freezing point, solubility

'

limit' and partial equilibrium properties of an aqueous
. .

mixture. '
7. 'Finallj, to suggest possible extension of this work

based on the experience gained in the present study.

<A v
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2. REVIEW OF LITERATURE

2.1 Water: The Universal Solrent

i

Water is the most abundant compound on *the earth's

surface and forms a vital and necessary component of all

‘living organxsms Life ,Cannot exist, even for a limited

2

period, in the\abSence of water which constitutes 70-90% of
the weight of all living organism (Franks, 1972).

As confirmed by enperimental investigations end guantum
mechanical . calculations, the water molecule can be
represented by an oxygen atom at the center of a reguler
tetrahedron (Fxgure 2.1) which has hydrogen nuclei (protons
deuterons or trltons) at two of its vertlces and "lone pair"”
electrons. in orbitals dxrected towards the other two (Frank,

1974). The X-ray study of liquid water by Morgan and Warren

(1938) indicated essentially the tetrahedral nature of the

~water structure. This- tetrahedral arrangement is possible

only in water. It mimicks the ionic structure of quartz with

one H between every twj oxygen instead of one oxygen between

every two silicons (Bernal and Fowler, 1933).' The mosr
important molecular feature underiying the properties of
liquid and solid  water is its cepacity to ‘form
1ntermolecular hydrogen bonds (Rahman and Stillinger,r1973).

In the liquid state at 0° C each water molecule is hydrogen

'bonded at any glven time with an average of about 3.6 other

“water molecules, whereas in ice (common crysta111ne form ice

1) each water molecule is hydrogen bonded with exactly four

.
o

. 12
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Figure 2.1 Geometric representation .of the'distribution of

nuclei and electron in a water molecule , (Adapted

from: Frank, 1974)."

‘Figgfé 2.2 Pictorid{/h}epresenfation:6f“thelhydfogen'boﬁd as.
| o théaéttQACtion of an H atom . 'from one molgc01é-"£o
a lbne‘ipgir' of another (Adaptedwffgﬁé Fraﬁk,':f 
1974). A | o |

a

D
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nearest neighbours in‘a regularllattice havlng‘an'aVerage_
oxygen~oxygen ddstance of 0.27@? nm. The' oxygen;oxygeﬁ‘
distance in‘liquld water is about 0’29 nm at 15°C and 0;}05
‘nm at 83°C.' The speczflc distribution of - ‘electrons in the
water molecule xs\ respon51ble for strong 1ntermolecular
"attraction “in: they form of hydrogen bonding | hetween‘
neighbouring water‘moleCUles -(Lehninger, 1978).‘The energy‘
levels of the nate¥ molecules ~vary with the  number of
.hydrogen bonds they f&rm (Flgure 2.3). Liquid water consists
of a random hydrogen— onded network uxth frequent straxned
and ,hroken : bonds, that are Continually subjeCt to
~spontaneous restructuring (Stillinger,'l977).'The half‘life
of each hydrogen 'bond 'is only 10" (Lehninger, 1978).
According-to:Rao'(1972) %yclic as well as open dimers and
polymers may be present 1n llquxd water. A large vasiety of
'dxstorted hydrogen bonds w1th a dxstrlbutxon of energ1es may
%m assoc1ated with each of these specxes. The llnear d1mer
hls more stable than thevcycl&c and. blfurcated»struétures of

‘the water dimer.‘However, the latter forms are stable enough -

to contrlbute to water structure. Many models‘ have been

)
v

'proposed for the‘structure of lﬁqu{d water, buchonthas
»been completely ver1f1ed experlm ntally | |

‘ Water has abnormal phy51ca ’ propert1es “when compared
fwithn*other‘ compounds of s1m11ar electronlc structure. A
::molecule of water, like CHq, ‘NH, | nd HF has ten electrons.\
' IVWater : haS~.~the h1ghest ‘VQP“‘ det Waals constant ‘a'

"corresponding to the_greatest interm lecular attractlon,,and
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“the  lowest 'b" correspondxng to_ thet smallest distance

*between molecular centres. The hzgh 1nternal cohesxon of

water 1s :due to the presence of drpoles and the' geometrxcal

hd~p0551bxlrty of f1tt1ng the molecules together (Bowler‘and‘

owler, 1933).
} Water has a hlgh melt1ng poxnt boiling point heat of
vaporxzatxon, heat of fusion and. surface ‘tensxon‘ when

‘compared w1th similar hydrides (H s, NH ) and common. 11qu1ds

: f

"(acetone, methanol etc) The high 1ntermolecular forces‘and :
relatlvely h1gh 1nterna1 cohe51on are responsxble for these

unusual propertles of water (Lehnxnger 1978) Water Hhas

o

'oanomalous phys1cal propertles as a solvent some~of Which.
f

are:’ contractlon upon melting, dens1ty max imum at 3. 98 C

‘ isothermal compre551b111ty minimum, high d1electr1c '

constant hzgh constant ‘volume heat capac1ty and v1sc051ty

reductlon upon pressurlzat1on. Any theory for 11qu1d water

must ratlonallze these observatxons, if not pred1ct them

quant1tat1vely (St1111nger ¢977)‘

The water content of b1ologlcal f1u1ds such as plasma,.j

.fsallva, and gastrlc JUIC85, is between 99 97 5% (Franks,

1972) Its prlmary role '1n blology is as a: solvent andﬁ

constltuent of . 1nter£aces. It has a dom1nant role 1n theg

productlon and maintenance of act1ve‘ forms ot.ibiolog;cal

molecules‘ (Stillinger}‘7“1977).{' ltl.‘promotesl. biologicalr‘
hydrolys1s Cin which, protelns and'~ carbohydrates b'are L

catabol1zed and the anabol1sm of these compounds gzve r1se o

- to the blosynthesxs of water (Franks, 1972)
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.Thed thermodynam1c and transport propertles‘ of water
‘play a keyf‘role in many. b1ochem1cal _and 1ndustrlal'
processes.: Much of the 1ndustr1al product1on would not exxst
wlthout water. Unlxke ogher solvents, water demonstrates a
capabllxty to d1scr1m1nate between varlous solutes ac rding
[

to thelr nature and funct1onal groups (Caban1 and anni,

1979). The hlgh degree of order, caused by hydrogen bond1ng,
.1s the dom1nant feature of 11qu1d water that is respons1ble
lfor its general solut1on propert1es. The.~h1gh degree -of“
polarxty of water along wzth 1ts temperature dependent hxgh
degree of ' order have frustrated any attempt .to use the‘
classxcal solutxon theory ‘forh the treatment of, aqueous
‘ysolutions (Getzen' 1976) . The‘.strikingly unlqﬁe' solution'
propertxes of thls un1versa1 solvent are closely related to

its structure and will be hlghl1ghted 1n the section on
.aqueous solut1ons that follows. o .
‘Z.éMAQueods SOIutions’ .
"A large’ body - information .js ‘avallable ’on the
fpropertxes of aqueous solut1on of electrolytes s1nce most

kveffort 1n the past has been devoted to the study of 1on1c

N solut1ons. Th1s ‘is largely due f”o“’ the fact that an_="'

'”»acceptable theory ex1sted agalnst wh1ch experlmental results

could be tested (Franks et al.,. 1972) The: Debye—Huckel.““.‘

‘}cheory domxnate the study of aqueous electrolyte solut1on"**

xxfffrom around 1920 to near the end of the 1950 s. Th1s theoryfegt

‘Tfitreated 1ons as poxnt charges (later as charged spheres) and'5



took no d1rect account of the solvent other than consxderxng\
it to be a homogeneous d1electr1c Devxatxons from 1deal
behav1our were assumed ‘to be ~ due. only to? long range‘
: electrostatlc forces between 1ons. To 1mprove the predlctlve
power of this model further reflnements were eventually
added to 1nclude ion-ion pairing and 1on hydratlon (W1lh01t

1980)

Recent years have w1tnessed an increased'interest'in,

' the study of aqueous nonelectrolyte solutxons.‘The 1mpetus"'

for‘ this 1nterest ‘has come from ‘the real;zatlon of. ‘the
bqpochemlcal and physchchemlcal 1mportance of water as a-
solvent and 1ts‘ prevalence.‘1nl many 1ndustr1al processes.
rThis renewal of interest 's'mainly due to the ava11ab111ty'
of refined exper1mental methods for the dxrect and 1nd1rect:
-measurements of enthalples, heat capac1t1es and volumetric
propertxes. Although a rlgorous treatment of concentrated:.
“solutlons remalns a' distant goal of solutlon theory (Stokes
and Robznson, 1966) the developments in stat15t1cal
rthermodynamlcs and computer S1mu1at10n have faczl1tated theh
,yanalys1s of’ solute solute and solute solvent 1nteract1ons in
d11ute solut1ons (Franks, 1985) | N | | ,
A full descrlptlon of the propert1es of a solutxon‘uw
, o

wyrequ1res 1nformat1on about three dlfferent 1nteractlons that=:“

-“contrzbute to the total potentlal energy- solvent solvent,

yhsolvent solute. and solute solute interact1ons (Franks,i“'

: 1983) In concentrated solutzon the behav1our of the systemﬂ

f1s very complex and depends not only on the 1nteractxon of‘;yf
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the solute molecules w1th the solvent but also w1th each,

other (Butler, 1937).‘As the concentrat1on of the solute is

i
i

'decreased ‘the ‘ solute~solute xnteractlon becomes ‘less
’ 1mportant and in a dxlute solutxon the measured propertles

“of - the system are d0m1nated by those of the solvent wh1ch~
\makes it"dlff1cult ftollznvestlgate‘ exper1mentally ‘the
‘solyation and Solute—solute 1nteract10n.'The‘concentrationv

dependence-‘of ‘a thermodynamlc property a measuref of
'solute solute effects, whereas the extrapolatlon of the same o
‘property at the. 11m1t of 1nf1n1te dllutlon prov1des ~an
‘est1mate of ‘solute- solvent (solvat1on) 1nteractlons. In an
“electrolyte solutlon the system is’ further compl1cated by
the fact Ithat each, solute ionises into at least_ tuo
‘distinguishahle, species' (Franks, 1983). Although a large
, yolumev ot 1nformat1on has »been }gathered on ‘molecular.'
interaction from experxmental measurements"o,‘ aqueous
”'solutions (ﬁllhoit 1980) most of the avallable 1nformaton‘
“onJ-solute-water 1nteract1ons is based on c1rcumstant1all

[

'exper1menta1 ev1dence or on compar1son of water w1th some“
‘ [ PR .

7t,reference solvent (Franks,x1983) _ |
- . | ;"‘V.zh’,j.~f"\ N
'“2 2 1 Classxflcatxon of Solutes 1n Aqueous Solutlons

when SOIute molecules are 1ntroduced 1nto water, theyfﬁb

7_idmolecu.es, usually referred ‘to as water structure (Franks,;@"

"t¢1977) 1ncrea51ng or decreas1ng the dzstr1but1on of.df'

hydrogen bonds (Desnoyers, 1982) Solvat1on by water may}ﬁ?'

e

:the predomlnantly tetrahedral arrangement of water;ﬁf
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thus be interpreted "as a response of the labile "and
"geometrically : dzverse ‘ random ' fnetwork, to " various -

perturbatlons caused by dlfferent solutes. Solutes may

J

1nduce hydrogen bonds to form ( structure makers ) or“to

Il

; break ( structure breakers ). In add1t1on to these ‘effects |
‘solutes may locally alter the dlstrxbutlon of hydrogen bond””
v‘polygons, or perhaps alter \the freqUency with whxch.
:different‘uportions‘ of the_~random‘ network' 1nterpenetrate )
(Stiilinger,‘1§7§); | T | |

Based .on, the :influence ‘upon -Qaterlsstructure‘ é%éhk“**

(1965) class1f1ed the solutes into four categor1es accordxngy
to. the type of structural 1nteract10n they haVe w1th solvent_

‘water. These are 1on1c, chemzcally inert, hydrogen bondxng“

and polyfunct10nal ‘ ‘i' L ”g

Af‘lonioySoiutes,e
‘,Ionic”‘solutes"zhaf) Cl- etc.), in“fgeneralw produde-ya

.structure'breaking*effect, presumably'by "depolymerization"f'
-:ﬁmieh‘ 1ncreases the flu1d1ty of. llquld water gFrank ‘and
| Eyansfw1945) ThlS strueture breakr\a\effect arlses ‘due. toi”’
”the dzsorder‘ created f an\ 1ntermed1ate reg1on‘ betweenj
“hdprlmary hydrate water, or1ented 1n some radaal pattern about-V
“7'the 1on1c charge,y and the reglon wh;ch Ehe ‘more’ d1stant3‘”

;water 1mposes upon 1tself (Fcank 1965) The water structurey“uu*

'ﬂln th1s 1ntermed1ate reglon 1s broken down, or melted

'hpfdepolymerlsed as compared to pure water (Frank and Evans,.7'

”’751945) Based on. entropY data, rrank and Wen (1957) ass1gned

o

fd-a structure-alter1ng 1nf1uence to a cons1derable number ofﬁ



ions:.Catfons smaller‘orlmore'highly charged than K- are‘net‘
»vstructure formers, and become more strongly S0 1f the -ion is
»smaller ”“and' »more ‘ h1gh1y | charged. S K* is sllghtly'
“structure break1ng on balance,\and thls’tendency 1ncreases

”through Rb‘ and Cs Ff is a structure former, and ‘the other
- - &

\hal1de anions are structure breakers The 1a§ger the ion;

| ulthe igreater ‘ls the structure: breaklng ‘tendency.: NO,f and
~?Clonl are strongly structure breaklng, amd SO. - is less so.
;OH‘"appears to be a structure former In the case of’ small”
T or. multlply charged ions (e.g.,‘ Li*,. F‘;' Mg"); larger
dreg1ons‘ o:‘ near.nelghbour uater lis vimmoblliaed 'whlch‘
produces "marked structure—making; effects on entropju
‘(“Fr‘ank,‘1965). e | | “ "
SI 'Samoilov '(1957) . contradicted _ the ideai ot kusing
hydratlon number to descr1be the hydratlon by 1ons 1n view
of the large d15crepanc1es in the value of hydratlon number'\
- for the same 1on reported by var1ous researchers. The main
o mquantltat1ve measure of 1on hydrat1on in 'solutlon is the.

"change 1n actlvatzon erergy (AE) of the exchange ‘of. the”

o closest water molecules due Ctof‘the‘ 1nflu~nce roff'thef.,.

-

'ﬂ.id1ssolved 1on.-A procedure was developed for comput1ng ‘the

M'ffvalue of AE for 4nd1v1dual 1ons from exper1mental data of-ft;"

fself d1ffus1on 1n water and of the temperature coeff1c1ents~"'/

"of the 1on mob111t1es 1n solu%xons{ It was shown that forW"'

. 'L and Na AE >- 0 and for K’ :C ‘ Cl" AE < 0 In the:~f”

;Vrlatter case the 'water °molecules near the d1ssolved

‘.‘r

became more mob1le than 1n pure water and the phenomenon was”,h,

\,\,,\j"‘*
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described as "negative hydration".

. B. Hydrogen Bondxng Solutes ‘.,

These solutes exert 'comparatlvely less 1nfluence in

modxfyzng water structure, except when specxfxc geometrmcal

effectsr are .1nvolved. Slnce“waterh is predom1nantly ca

)

t'hydrogen bonded network any soluﬁe that forms hydrogen

,hbonds wxll s1mply mlmlck the solvent d1splay1ng fio specxal

‘”effects on water structure. An example of such a solute is

'W;molecule. Flnar et al (1972) observed from NMR studzes of,ﬂf
”,order character15t1c of pure water. It has also been shown

f{jshort llved and no urea self assoc1atlon:exxsts

" NH, wh1ch mlght have a modest role in cluster formatxon\

| (Frank, 1965) An exceptlon "to ‘this general behavxour {is‘

‘urea‘ Whlch known to be,‘a ,marked structure breaker

- ;(Rupley, ‘1964) ' even ‘though‘ its polarxty and hydrogen_

: bondlng capabxllty is,,similar to ‘that‘ of\ water n(Frank,:"

‘1965) . Thls pecul1ar 'behaviour' appeared to arise from‘

geometrlcal effects, the trzangular shape of urea preventxng

»

it from .entering -into the four‘ coord1nated clusters 'of

[

water, ,with“their,‘tetrahedrar' bonding; Rupley‘ (1964)

fpostulated that urea, like‘ anf 1on,“may orxent _the';

1

ne1ghbour1ng water molecules around 1t prevent1ng them from

i

ipart1c1pat1ng in"a hydrogen bonded water‘ cluster' Wthh

:13‘1nduces a reglon of dlsorder abbut the solvated solute

Qaqueous urea 301ut1ons that urea destroys the long range wwf

T'that ‘urea water hydrogen bond1ng 1nteract1ons,pi"

The d1sruptlon o& water structure is, ekpected t°,¥9£i“§ﬁt¢b

x"
“l
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the conformatxon of. water soluble polymers.such as protexns

by alterxng the nature of polymer water 1nteract10ns and. may
' . Ne |

be, responsxble for the denaturatxon of protexns by urea.
since',the ‘paof solubxllty of hydrocarbons ‘in water"is
largely due | to,, the orderlng ofl the solvent‘ 'thef
soluhilizatlon'vofc“hydrocarhonsl by rurea* may manifest a:
"destruction‘oﬁ water‘structure'(Rupley,”1964) |
fiér;Chemically lnert»Solutes l:,o } ‘:‘ll‘ | 5, B
‘ﬂ The thermodynquc propertres of aqueous solutlons‘of

S chemlcally 1nert solutes are 1nfluenced to a great extent by

‘the strxkxngly unique structural features Of‘lquId water.

N
.

These solutes, 11ke others, also d1sp1ay 'water structure
modxfy1ng character1st1cs.w Rare gases, hydrocarbons .andg

K ‘alkyl halldes fall into thls category (Frank 1965) Based

,A

-on experlmental data, Frank and Evans (1945) presented a‘f‘

gu

physzcal p1cture of aqueous solut1ons conta1n1ng chemlcally

1nert solutes. At room temperature a d1ssolved atom of rare

the dlrectlon of greater "crystalllnlty the water bu1lds

[
[

gas or’ non polar: molecule mod1f1es the water structure inw‘

. oh

a m1croscopic 1ceberg around 1t The larger the forezgn atom o

or molecule the greater is the s1ze of the 1ceberg. »heﬁ” s

\". . w

"freez1ng of water by these solutes results in loss of heat

@and entropy beyond what would be expected from the norms

{establ1shed for nonaqueous solut1ons. The heat‘adds on to

(" .'
[



‘in thelr cla551cal ,work structuﬁe\

‘ hydrophoblc bondlng 1n4 prote;ns;‘jTh structura

: . I . '\" ‘ L o ‘\ ‘,, ,‘,‘; , “ 2~4 ;

) . . o T

the loss of entropy. The "melting”.of thesefﬁicebergsfyﬁith?'

"
¢

an increase in temperature can account‘for the high partial
molar heat capac;ty of these gases ‘in water, ‘whichﬁ‘may‘
] J‘ 1

.exceed 251 J/degree mol The magnxtude of thxs effect 15,6

\ I i \ ,

functlon of ‘the sxze of the 1cebergs orlglnally formed and

K v i : /
it ' is greatest “for the rare'fgas ‘Rn.,,The‘ exxstence. of

( ":((‘
ay . )

‘ crystalllne hydrates of rare gases and hydrocarbons supports

Jthe concept of ‘1ceberg formatlon by‘ these solutes. "Théf

! L \.‘ . IR

rormat:on of solld hydrates by these solutes also refleCts
‘ ‘

'
) ' n’ i -.1'

that. the geometrlc; and energetlc relatxons between the',f‘

| .\1

nonpolar solute and the water moleculeSn have no natural
1| ‘.‘ ;‘ .

[ 1

' ‘antagonxsm to complex format1on (Frank and EvanS\ L945)

' A o i ‘," 4.“-- |

most detalled theory of the behav1our of aqueous solutzon of

() " ! ‘v"v : et \h

‘hydrocarbons‘has been glven by Nemethy and SQheHega (1962b)

[ ’ ‘;“4,““,,, K ;
_of waterfwand

) ,‘|-|

\ .
i |' n‘.ﬂ, .' - ,’ ‘I

lshanges

o L ,“ -" ’l ot o l'- .
" '

[
7

" [ .
I‘ ! ’ . DA W AT . qL \,
”

solut1on 1s an 1ncrease 1ce lakeness .Th15\1ncreased
. . /* .

1ce lzkeness results from the effects of the Van dEr Waals

1

‘1ts average value*\1n’

" ¢

i

L;t ‘mo%écule, creatlng

Wl
3

| brought ab0ut by a hydrocarbon molecules 1n a"agueous‘;;*
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‘the,observatiqn.of Butler (1937) tuat the insolubility of
hon—polar solutes'in wgter is an entropy, rathervthan'en
.energy effect. Larger non-polar molecules because of tueir
.stronger veh‘lder Waals force fields around them, are
strqngiy held in eny condensed phaee, including aqueous
solution‘than‘do the.eﬁail onee, a;é consequently prbduce
larger ic®ebergs in water. This tesults in greater loss of
'enttopy and hence poor solubilityt,The plot of SO}ubility
against temperature shows a minimum for mest gases in water.
This was éttributeq to tﬁe fact that these solutes'elter the
‘struéture of‘watef'to an exteht so as to devoid it of most .
of its pecularity as e solveng (Frank and Evans; 1945).
Eley (1939) theerized.that the energy &nd entropy 'of
solutien of‘an*fﬁert gas molecuie in water can be accounted
for . by two cousecutxve processe5° (i) the formation of a

v

~cavity and (ii) the “entry of the gas molecule into the
cavity. Ail‘_inert\ﬁgases_ show a negative temperature
coeff1c1ent ‘of solublllty and the plots of ln(s) against 1/T

are dlstlnctly curved The negative temperature coefflcxent

.....

* i
A
and its rapxd 1ncrease to zero as the temperature isrraised

to 80°C, is to be elucxdated maanly by, the energy and
_entropy~” assoc1ated wzth the cavxty format1on and loss Q‘
translatlonal movement. The pos1t1ve temperature coeff1c1ent
observéa for some gases above 100° C, is to be: accounted for.
by the large energy requ1red to forn| a cav1ty at these

temperatures, wh1ch surpasses the. solute solvent attractxon \

(Eley, 1939).

#
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\

A plausible explanation for the large negative
entropies of solution of the rare gases in water was offered

by Claussen and Polglase (1952) based on the structures of.

fgglnert gas hydrates. The water molecules occupy the corner of

a: polyhedral clathrate and the inert molecules occupy .the
void space inside. The angle formed by any three water
molecules attached by hydrogen bohds 'is close to the
tetrahedral angle found in water molecules in ordinery ice.
These structures are fairly stable witﬁ the central inert
solute molecule preventing it from collapsing into 1liguid
water structure, thus forming a highly ordered state which
accounts for the large neoative entroples of ‘solution. A
positive support for suoh an. explanation was offered by
Klots and Benson (1963) in the study of.the isotopic‘effect
in the solution of oxygen and nitrogen in distilled water.

Although the notion of «clathrate cages is useful in

exblainingoexperimental data, such cages, if or when f&fmed

¥

about non—bolar solute molecules or tesigues, are
WWagmentary or‘transitory and resemble real clethratqs only
by analogy (Frank, 1965). A convxncxng plcture emerges from
all tﬁese studies revea11ng that 'the chemlcally 11nert"

solutes bring about a short range - order1ng of the solvent‘

, water molecules around solute molecules.

D, Polyfunct1onal Solutes
.The 1nteract1ons which predomlnate in solutions of

polyfunct1onal solutes are complex and " difficult to

~ interpret (Ftank 1965). In suclu%g couplex solution each

w
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functional group is able to interact independently  and

" differently with solvent water contributing to the observed

_properties (Franks and England, '1975). 1In the case of
solutions of | molecules possessing polyfunctional. groups
" capable of hydrogen bondxng to the solvent, both hydration
(the direct hydrogen bondxng 1nteract10n) -and long;range
natet-water interactions determine the properties of the
system. H}dration effécts due to solute—solvent 'hxdrogen
bonding‘are‘expected to be highly orientation—specific and
depend sensitiVely on the Stereochemistry of the hydration
51tes. The conformation of the solute might therefore be one
of the key factors influencing such hydration effects
&(Franhs et al.; 1972; Franks et a?., 1973; Franks, (977).
" Such conformation effects“were ~demonstrated to exfst in
sugar solutions in which marked differences were observed in
hydration.behauiour between axial and eguatorial OH groups
(Tait et al. 19?2- Franks et‘al 1973) ;
_ The study of the solutions of amino ac1ds and protexns

-,

though/ complex, is of great pract1¢al and theoretlcal

1am1no group of one . zw1tter10n " can 1nteract w1th .thei
‘negatxvely charged carbonyl group of the second molecule.
~Thxs charge charge 1nteractxon between solvated amxno ac1d
‘molecules as well as the contr1but1on from the perturbatzon
'-of water structure determxnes the behav1our of the system['
'(Wegrzyn et al., 1984) Accord1ng to Kresheck and Ben]am1nf ?

‘(1964) glyc:ne behaves as a structure breaker and ‘higher-

' inte est. 'In amino acid solutlons, the p051t1vely charged‘7
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liphatlc homologs hehave as structure makers. In protein’
solutxon, the polyfunct1onal protexn molecule can interact,
with solvent water hy virtue of various functxonal groups ‘
such as peptlde bonds ionizdable groups: {COO‘ N‘;‘, pOﬂar
groups (OH, SH) and apolar hydrocarbon side chalns (Franks
and England, 1975). in an attempt to lllustrate the naturef
of the complex problem encountered 1n proteln solutlon,
Alagona et al. (1973) undertook the study of formamlde, a
representativeV‘molecule havlng the bxochemxcal peptxde

\\

lxnkage. The presence of carbonyl and amxno groups in thxs

"'molecule suggests a prOPI the possxb111ty of formatlon of

two types of association with water' one 1n whxch the water'
‘molecule acts as a proton donor 'in a hydrogen bond to the.
carbonyl oxygen, the other in whlch the water.acts.as a
‘proton.acceptor’in hydrogen bondingrto the N-H bonds. Based
~on the binding energies'at thelwinima, lt was shovn that
nexther CH hydrogen bondxng, ‘nor n—bonding above the amino.

group appear ‘to correspond to an: apprecxable probabllxty of

hydratxon although a- small ‘attraction for water does exist. .

in these reg1ons. A review'by Pullman and Pullman (1975)-
'prov1des detalled 1nformatlon on hydratxon of blomoleculesf

.and the effect of solvent on the conformatlonal propertles‘5

*fof such molecules. Franks and England (1975) revxewed thefr]

v

role of solvent 1nteract10n 1n prote1n conformatxon andj=

' ;concluded that prote1n conformatlon stab111ty 1sv/closely

N

,f\11nked with the propertles “of the solvent system.

. oy .

AN
4./ '
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2 2 2 Excess Funct1ons and Solut:on‘Behavxor

Accordxng to‘Franksl(1983),‘the s1gn and magn1tude of
v'eXcessufunctions provide a oonvenlent way to classxfy,lxqu1dil
mixtures. The exoess Gibbs'energy change of'mixing,,aeflned.

by o \ T
A Y ‘ B AnE g \ >
AGT = AH - TAS : o

.1s composed of "af enthalpxc and -an entroplc contrlbut1on,
\For mxxture of chemlcally sxm1lar and symmetrlcal molecules
the excess bebs energy is l1kely to be small‘ positive and
symmetr1ca1 about a. mole fractxon of 0 5. Bit the excess"
funct1on dlagrams -can be quxte comp%ﬁx for molecules of
dlsszmxlar 51zes or where there are spec1f1c interactions,[‘
such as hydrogen-bondxng.v Aqueous solutions, the ‘excess
functlon dlagrams of which ‘afé“ even more"complexre fall

roughly 1nto two categorxes, Characterized'by theirelatiye

’ .
f - . . .

-magnitudes of ;AH‘r and TAS® »(pganks et al., 1973). Thev
dev1atxons from Raoult s law in non- aqueous m1xtures are
R determrned by the s1gn‘of AH i;e. |aH®| > T|as®|. But in
mixtures wherefthe 1nteract1ons between a non- polar group
} and water predomlnate, the 51gn of AG is determlned by as®, f
- T|AS | ]AH |." Such behav1our is manlfested by an
aqueous 'mixture-‘of' alcohols, ‘amznes and etheLS' wh1eh ‘
‘exxhlblt posxtl;e dev1atlons from Raoult s law in sp1te of. o
“large negative heats of m1x1ng | Based on’ the relat1ve -
_magnltudes of excess m1x1ng functzons, aqueous m;ktures of"
f\‘varxous solutes are classif1ed 1nto two major groups as
t;shownv1n.Table¢2,1 (Frank 1965) Table 2 z (Franks, 1983;"



v

magnxtudes

of

'Table 2.1 Classxfxcatlon of aqueous, solutxons based on the
‘excess entropy and enthalpy of

m1x1ng (Adapted from. Franks 1968).

| aH®| '>'r|vAsE|‘l{ |Au"i <"1_?|As?‘|

| Ahides\ _ 'Aléoho}s ’
Carbohydrates Amines
DfmethYlHSUlphbxide. Dioxan (ﬁfv )
Glycerol Jj‘pﬁ; ﬁthjlehe oxide

. Clyéeriées (2)‘h Gly;olé |

HyArogen pefoxide Hexéméthylene‘fet:aminei(?)
ﬁitriles N (Hydtocarbons) : |

’iPplféﬁino*cqmbbundﬁ,‘ ‘ KetoneS*'
‘Eolyh}droxy édhpdunas . Polyoxyethylene derlvatzves
ﬁreal.' S o | thrzdxne bases T :
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Table 2.2 Excess ‘Théfmodynémiq properties aha‘;.phaséT‘

_behaviour in Tagueous éplqgions (Adapted :ffom:

Franks, 1983;,Rowiin$oh and,Swintoﬁ, 1982).

B}

|

Aqueous Excess Functions ~ - Phase behaviour'

of - H Gt

”Solutioné ' mmmmdmmmmmmmsEoemen

Y

Nitriles, . EE S

' Ketones

v~-AIqohols,

-Amines

Sec-, tert- ; -+

- amines, -

. Cyclic ethers,

Urea, Hy0,, . . - . ="

‘ipbiyéis“ >

2, Po1i€th§;s -

+ - Complete miscibility or
" upper critical: demixing

—_l + Uppérﬁcritical demixing;
tending to closed loop

- .+ Closed loop

’e

© - = QCompletely miscible

."9 .
3

'lempiéiéiy'misdibiefupvafn‘

the solubility limit
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Rowlinson‘and Swintonf i982)nsummarizesfthe variouS'tjpes of
behariour‘ obserVed 'in, adueous ‘mixtures.. Cassel. andi;WOod
(]974)‘used excess enthalpy to classxfy solutes into tQO»
groups. If heats of dxlutlon are used to cla551fy solutes as'
structure—maklng or structure break1ng (Frank and Robxnson,
1940i1 Erank“and -Wen,- 1957), then at low‘ concentratlons,
those ‘solutest uhich‘lhave. pOsltive"excess"enthalbies are :
Vstructure—makiné‘ and ones 3 that have ‘negative t‘excess
enthalpies . are structure- breaklng. Based on’ thxs scheme,‘
olyc1ne ‘and &%rea were cla551f1ed ~as structure breakers,
whlle sucrose was classxfled as a structure maker (CaSSel
and WOOd 1974). |
2 3 Water Afflnxty of Non- Electrolytes.‘
Water af£1n1ty can be def1ned as . the attraction of a;,i
"compound‘ or. a - functlonal group for water by noncovalent'

forces. Strlctly speaklng, v1rtually all - molecules <af¢

.attracted to water by d1spersxon forces (WOlfenéen,‘1983)~

In the vapor phase,‘for example, 1solated methane molecules 1‘

. ﬂshow 'modest aff1n1ty for - water' molecules (Ungemach ‘anduzm

Schaefer, 1974) _even at the 1nterface between 11qu1d octane‘.f)

and water a net attract1ve force exlsts (Harkxns and Cheng,;j-

'1921) As stated by WOlfenden (19837 and w°1£endenzet al
(1981) the absolute affln1ty of a compound for an aqueous/r:
h'renv1r6nment can be eValuated by theefollow1ng methods"‘f‘ d
'fa; Determ1n1ng the equ111brlum constant fbr transfer of%f}ﬁ

a compound from the d11ute‘vapor phase_to a veryfjﬁ




L

';dxlute aqueous, SOlUthﬂ 15‘ which each solutei is
h‘surrounded by solvent | | ‘I M
. b.fdMeasurlng the vapor pfeSSure of a compound ‘over
d1lute aqueous solutzons. - | ﬂﬁ
uc; Measurang ‘the solubl}ltgesd‘of ‘a ‘gas :unde:"knowni‘
o pteSsute.'. VoE L o
d.w_Determ1n1ng ‘thed‘concentrat{on‘dofr‘iess 'volatile |

‘fcompounds in the gas, space over solutxons of known

v
LI

‘ concentratlons.,

e. VDeterm1n1ng the concentrat1on"of -highly polar"

“»solutes in measured volumes of 1nert gas bubbled. o

. |

“)p\//» through an aqueous solutlon of known concentratlon.

Based on the relatlve magnltude of the(fff1n1ty fork -

'watery sur:ound1ng, compounds and funct1ona1 groups are‘
' qual1tat1vely clas51£1ed as “hydroph111c and "hydrophoblc
The dlst1nct1ve d1fference 1n thermodynam1c propertles ofh
"these"two types of solutes vis‘ reflected‘ inl‘Table 2.3 )
Y(Franks, 1983) '. | | I . | |
gf:z 3. 1 Hydroph:llc Nature of Organ1c Molecules

A molecule or a funct1onal group 1s con51dered to beij‘

z}?dhydroph111c when 1t demonstrates measurable aff1n1ty forwa.

"‘.}aqueous env1ronment, although all m°1eCUIeS HhQFf:fn‘

,Ihfunct1ona1 group ékhlb:t the same degree of aff1n1ty.‘H1ne7“

o)

":fand Mookerjee (1975) cons1dered the tendency of a molecule;fi"

‘ e

fjffto go from the gas phase to a d1lute aqueous solutxon to be;fff

'“a. measure of 1ts 1ntr1nsxc hydroph111c character.: Th1s;%fr

e



~ Table :2.3;'Comparison' of polar' éhd;'hydfobhobic‘;soldtes
| baﬁeaﬂ“n"the llmlt;ng thermédyhamic‘“eXCess

funct;ons (Adapted from- Franks, 1983) T

,.Excess Functxons S g . ‘A"*Soiutes‘
‘ and Other R  ‘ U e

P:opertles ‘“".‘ Polat A Hydrobhobic*

Free energy ' ' '—f o 3 T SR

”q‘Enthalpy, = . ‘_&_ o + or é 

1
1

: Entropy RN :; TIAS|<|AH| , TlaS|>|aH|

 Heat capacxty‘\x'

L Volume ‘(small)ff R  ‘17“f‘
“Expans1v1ty _f‘ f" 4 ‘ A ST e  };7 5? R

(at low temp )

'

' Compre551b111ty

[
i
:i*ﬁs- E

' Kléf§é‘erfi6n5). 'j(gmalif_“

Sh1ft in TMD Do m e T ey ‘
. \"‘.‘\«'. e L . :“-.‘ e "_‘,.~" L "‘.‘: 1 R . R i
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N

‘structure, and depends, to. a‘large extent on‘the preSence

of polar centres 1n a molecule that are capable of form1ng :
;hydrogen bonds ;w1th solvent 'water (H1ne 'and Mookerjee,'

\'1975) To be hydrophxllc, the attractxve force between the‘

molecule and the water should be strong enough to. overcome
"the self cohes1ve propertles of | water (Wolfendenl 1983)

‘In an attempt to correlate the hydroph111c1ty w1th the
‘Hnumber“oﬁ hydrogen bond formlng centres“in a molecule

Voo

walﬁenden (1983) found that ethyl acetate, ' acetic acid,

acetamlde‘and methyl quanidine (with‘one, two, three and:i™

‘four such groups, respeetlvely) seem to lie’ in the order

f'expected ,on th1s basxs., Acetaldehyde and"acetone ,show7

1dent1cal hydroph111c character -as. ev1denced from the values
fof the1r water to- vapor dxstrlbutzon coeff1c1ent. S1m11ar
r‘hydroph111c1ty exh1b1ted by ketones and esters suggest that
ithe ester brldge oxygen atom confers 11ttle aff1n1ty for

‘lwater.‘ Wolfenden and W1111ams (1983) reported comparable

tr1ethy1phosph1ne ox1de (1n whlch ester oxygens are replaced |

T

*Vijby methylene' groups) is sllghtly more hydroph1l1c 7than

'Hdtrxmethyl phosphate. Wh11e comparlng phosphorlc ac1d w1th

‘“Z arboxyl1c ac1d 1t was also demonstrated that the '=P-o

s

\functlon appears to be cons1derably more hydroph1l1cvthan

..

k;j;the >C-O funct1on.v3_[aj«;ﬂ }”}fﬁmjwfg - f?fﬁﬂ;{;;jg“V"'

’ The hydroph111c nature of a molecule can be altered by

";replacement or substxtut1on of an. atom or a funct1ona1 group

”charaCter‘His better understood inr terms of“mOIecular“”‘

urh,observat1ons for phosphate esters. §IffLW3$ ‘shown .thatmi‘}”

. .». S v : fa PR b A
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by (@nother;‘_ The- hydrophlllc character marg1na11yﬁ

1ncreased by’ replacement of hydrogen by deuterlum on carbonu~'-

LA

;of the carbonyl group in N methylformam;de (wOlfenden and L

.
. e o e oo
. L . L ' [

Klrkmanq‘ 1983) and ﬁ to the carbonyl group u1 acetone,'x
' N 4 \" .

ethyl‘ acetate, and p- nrtroacetanlllde‘ (Kowach and qunn,V

, 1983) | The : waterf‘ affinity of hydrocarbons ‘;éhﬂf‘be

“conslderably enhanced by 1ncrea51ng unsaturatlon, branchxng

‘Land »rlng formatlon (McAuliffe, .1966) . Polar funct}onal‘1

'groups ‘such as OH, COOH and. NH ihcrea5e consgderably the"n‘“

.affinlty of organ1c compounds (Butler, 19370g3Acetam1devr“

more . hydrophllzc than uncharged acetic ”acid ’Wolfendenlh

\

(1978) studled the effect .of N- methylatlon *of acetamlde,‘

whlch 1s expected to reduce 1ts hydroph111c1ty Instead,rx

\

1ncreases ‘the* hydrophllxc nature’ of acetamlde.“However,.‘

1ntroduct10n of a second methyl group sl1ght1y decreases 1ts .

~hydroph111c1ty | Nevertheless,“ after second subst1tut10nu

‘N N d1methyl acetam1de is substantiaily more‘ hydrophiiic “

'than acet1c ac1d 1tself Th1s unusual hydroph111c characterta

of- amldes was expla1ned by Wolfenden (1978) as due to the

?peptlde bond that represents an extreme among uncharged

funct1ona1 gromp 1n the degree to wh1ch 1t is. stablllzed byff

1Y

"solvent Qwagﬁg The‘ great hydroph111c character of ,therk* ,

;3pept1de bond/ﬁé’assoclated malnly w1th the hydrogen bondlng‘g

N\
A

of. the Solvent tO the Carbonyl pxygen atom rather than theuupMV

'ﬁNH group. Slmllar behav1our 1s d1splayed by amines,'thhxffﬁv

f“methylamlne exh1b1t1ng greater hydrophllxc character thaﬁ:f*fJ

ffe1ther ammonla or dzmethylam1ne. It 1s thus apparent that?hi?ﬂ
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max1mum hydrop illCltY 1s dxsplayed by a molecule of amlde

and am1ne that can form two klnds of hydrogen*bonds,.one as

s \

I

“a proton donor and the bther as’ a proton acceptor.

fppm;The free energy of transfer of organxc compounds from '
bhe‘gas\phase to the aqueous'solutlon is approxxmately ant
:ﬁ‘addx h?é ‘Tunctxon,bf*l\ | groups thabﬁ cohstxtute the:
;:Lt compoumds.gthutler‘.év'_ al°\~ 1933 . 1955,;‘ ButleF and‘

o , ]

. n‘

method \EOra pred1ct1on ‘of free energles of transfer of
1'V\organ1c ‘compaunds from gapor to water based on molecular

T structure. ‘q : .

;flﬁ;j‘~H1ne and Mdokerjee (1975) reported the hydroph111c>ty
.‘-“ N \
l«(defaned as water to vapor dlstr1butlon coeff1c1ent at 25 c)
b.‘) .‘.‘\*Q) Y .
e Of 292 organlc compounds based on', molecular structure by’

t

2t

.con81der1ng bond and group contrlbutlons,'and compared them‘

m

w:th e&pgrimentally determ1ned values.‘ Majorv devxat1ons‘

ag1s1ng from d1§tant pola...nteract1ons were observed for'"

——

.\-u

;{ found‘to be leés“hydroph111c compared w;th pyr1d1ne wh1ch;F ’

Ramchandan1 1935) Caban1 and Glannl (1979)‘ proposed a

polyfunct1onai compounds. Alkyl substltuted pyrazlnes were‘ig

3 onta1n only one r1ng n1trogen. Th1s is a reflect10n of the;V3f

Ve

l.;abxlity of pyr1d1ne n1trogen atoms to accept hydrogen bonds-

‘firfrom water. The hydrogen bondlng ablllty of these nltrogen?ﬁl*

jlnltrogen(/decreases by subst1tutlon of electron W1thdraw1ngwl<

fffgroups (Jaft et al.,.1969) For : 3 propanedxbl Bone et all“ |

reported a value for the water to-vapor dlstrlbutlonffV

'{flwh1ch \ ';:ten fold hlgher than exPectEd fr°mﬁ7t‘;'

. e . . [ . I Ve o
- B T S e ! AN Vot

“xﬂatoms,l which depends *onftth”[ electron den51ty ‘ ﬂ;hé}:f
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correlatzons of Hlne and Mookerjee (2§ié)a Thxs dxffeeen ‘JdJU
‘was“attrlbuted ‘to probable weak(‘lntermolecular hydrogfh f'vﬂr
bondxng between v;cznal dxolé* rn the .vapor phase. ‘%heﬁj;ww
,hydroph;llc character of p nitrophenor was found to be much,;‘

e £ I / “ , -.:'

hlgherf than o that predxcted from ; bond /and group
‘contrlbutrons. Unlike pyrrole and cyclopentadxene, 1mrdazole

was found to be extremely hydroph111c (wOlfenden“,et al .t
1981) The hlgh hydrxphillc nature of these compounds was
presumed to be due to .one. polar group act1ng ‘as a proton 8

. donor,{whlle«the other as a proton acceptor. These eﬁfetts

are - expected to strengthen each other electronlcally«, SO .

\ . 1

T‘that hydrogen bonds at one end are stronger than they would

be 1f thOSe at the other end were not present (wOlfenden '” 4}

o
'r»"-“,v , . no .‘ !

1983) : s -f"f N A [ A

Extreme departure from the prlnc1ple of the addltxve
contrlbutlon oﬁ constltuent functlonal groups on hydrophrllc
"character of a compound may occur 1f one of the iﬂpups 1s

“vhxghly polar or 1on1c (Wolfenden, 1983); Hydroph111c1ty of‘

'
LI

‘ NH4 progress1vely decreases wlth 1ncrea51ng methylatxon,fthe '7

. free energy of . hydrat1on .chang1ng by approxlmately 79 5

'yng/mol from ammon1um 1on to trlmethyl amzne (Arnett et al.,

-t
s

f*1972) But thei‘free energ1es of olvat10n ot uncharged
fﬁammonla, methyl wamlne and dlmethyl am:ne are nearly the ﬂﬁ;

T A “

'vsame, and only ;6 kJ/mol more negat1ve than that of

'g‘ftrlmethyl amznp

1(WO1fenden, 1983) Such str1k1ng effects of

‘fo{methylatlon on. solvat o’ of 1ons have also been revealed by
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aliphétrc carboxylic acids‘and by Arnett and Chaﬁla (19f9)
from studxcs on hydratxon of pyrxdxnes and pyrldxnxum ions.
1t appears reasonabie to assume that the alkyl substltuents
may serve ‘as. "sinks" for delocalization of charge and
étabilize.the ionized groﬁp iﬁ the vapor p a§e.vA'Becond
reason for such effect is due to volume or st ric hindranﬁe
for solvation - rhe alkyl substituents being fhe impediment .
'for the access of solvent water to the/ ionized groups

-}

(Kebarle, 1975): A different explanation for this effect was

postulated . by Kauzmann‘ et al.,'“>“962) based on the

~observation of volume change accompan‘ing the ionization: of

a series of normal carboxylic acids in water. This evldence
-~

indicated that the hydrocarbon ‘substituents influence the

*  structure- of water jn the neighbourhood of ‘the ionizing

N

group The departure from the addivity of functional group'
prxncxple atrises from the interactions among the reglons of
water’surroundxng dlff}ent parts of the solute. Thxs
explanat1on of the: behav1our of alkyl substituents also
gaxned support from the study of Lewis and Wolfenden (1973f
,on‘ghe hydration of»al1phgtgc aldehydes.

.-é“‘ | | N | )
2 3.2 Hydrophobxc Nature of Organxc Molecules ‘ .

A molecule or a funct;onal group 1s con51dered to be'

_ hydrophoblc when 1t dlsplays very little or no aff1n1ty for
]
h;' an aqueous envxronment. Hydrophoblc compounds in, general
! g‘:,x-\r

_are apolar in nature and are much. less soluble in water than

1n orgaplc ‘solvents (Frank and Franks, 1968). When a

..‘ * )
IR
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hydrophoblc solute is introduced into water, the water
molecules tend to organxze around the solute and imprison'it

in " a hydrogen bondcd cage similar to clathrate hydrates

(Desnoyers, 1982). A rearrangement of water networks takes

place to accommodate the space-filling hydrophobic entxty,

without the necessxty of breaking bonds (St1llxnger 1977).

This process results in a reduction of the spatial,

orientational "and dynamic degrees of freedom of  the

" neighbouring water molecules leading to‘a’crystal~like state

of water. This effect is known)as “hydrophoblc hydratxon”

The-structural d%ééées in fer by an apolar molecule or‘
residue is reflected in the thermodynamlc excess functions,
ooth'at infinite dilution and at finite concentratlon The

solution properties that are characterlstzc of h¥drophobic‘
. ) ! s

hydration are negative TS®, negative limiting excess partial

-

molar volumes (GE) andé p051t1ve excess partial molar heat
capacities‘ (C;)l A negatxve v2 indicates a net shr1nwage
vhile a positiwe Cp 1mp1)es that the "quasi‘crystalllne
structures” pﬁoduced by the addition of a hydrophoblc solute
are thermally more lablle than pure water. For a homologous
series oth v and C are l1near funct1ons of the number of
CH, gfoups in the solute molecule. Hydrophobxc hydrat1on 15.
accompanled by a reductlon in the dxffusxon rates of the-

‘ 4

structured- water moleeules (Franks, 1983) . o

When two apolar molecules are allowed to 1nteract they

agglomerate ‘and’ share a s:ngle cav1ty with a smaller surface -

C N s .
area than the total attr1butable to two separated cav1t1es,

a

\
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thus easing the entroplc:'diSCOmfort"created in the nater'
'(Stillinger, 1977). This tendency of non-polar compounds to
N“adhere to; each other in water is known as '"hydrophoblc
lnteraction" or "hydrophobic bonding"™ and is "indeed a
.partial reversal‘ of the »'entropically unfavourable
hhydrophobic hydration (Tanford, 1973). fhis behaviour of
. apolar molecules m?éht‘stem from the affinity of hydrophobic
compounds\forﬁeach other, from cohesive properties of water,
or‘froh a;combination of both of these attributes  (Wolfenden
and Lewis, 1976). |
The hydrophobicity of an apolar organxc molecule can be
increased by 1ncreasxng the chaxn 1ength Wolfenden and
Lewis . (1376) reported an approximately five-fold 1ncrease in
the - value of the d1str1butxon coeff1c1ent XK = anmour

,avﬂn/c for each~1ncrement of one methylene group, in

vater)
going up a homologous serles of normal alkanes. This effect
.of 1ncreas1ng chain length- is a reflect1on of an enhanced
tendency "of the paraff1n to be excluded by water. and a
strong 1nfluence of hydrophoblc‘ 1nteract10ns on the
distribution of apolarlsolutes between .water and nonpolar
‘solvents.«The free energy of transfer -is approximately a:
lenear function of the number of carbon atom present and is .
1nsens1t1ve to the nature of the non polar solvent (FrnakS»w—
‘and Evans, 1945) In general ‘it was observed that the treei
Afenergy of transfer corresponds to 3347 3766 J (water ‘;>.

3

hydrocarbon) and 628 J (water -> vapor) for«each increment

.

~of " one _methylene - group in thehlhomologous’ series ' of
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n—elkanes,‘njl—alkenes, njl—chlotoalkanes; n—alty} acetetes;
In-1~aninoalkanes‘and-nvleelcohols (Butler, lf937- McAulefe,
1966'.Hine and Mookerjee; 1975; Wolfenden and Lewxs, 1976) .

The meage? solvent capacity of water for apolar solutes
and the steady’ deccease of aqueous solubility in going up a
homélogous sertes are the most‘d1st1nct features of aqueous
solutions of nonpoier organiC~compound5|(Butier, l§37). Theu
poor aqueous solubllxty of apolar soluteS’was ascribed by
‘Cabani and Gxannz (1979) exclusxvely to entroplc effects,
probably related to the structural changes brought about by
these solutes. The negatxve solutxon entropies observed
such solutions  are ‘in‘ ragreement ‘with ‘'the aboye )
intetpretation (Cleussen and Polglase,‘1952- Franks, ]973)L
It is expected that certain hydrophllxc groups (OH, vNH;,
COOH, etc.) will bestow apprec1able solubility to.
hydrocarbons (Butler:”1937).‘However; Hertz and Radle (1973)
did not‘observe marked difference in the state of hydratibn
of the carbonylAproton in formio acid~and‘thet in tne\methylf
gfoup - )

In an attempt to quantlfy hydrophob1c1ty on a molecularw
basis Nemethy and Scheraga (1962b) presented a thermodynamxc
.treatment' based oh the behav1our of. agueous hydrocarbon
‘solutione; The thermodynah;c parameters were der1ved fromvf
'modelsk developed for .pure ‘water (Nemethy and Scheraga,j
1962a) usxng statlstxcal thermodynamzcs. TheSe vparameters
.were developed to take 1ntQV_account the 1ntermolecular

forees, the restr1ct1on on 1nterna1 bond rotatxon and
. ' - . .
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changes in the water structure. Ben;Naimn(1971)udeveloped a
more fundamental approach for est1mat1ng the strength of the
hydrophob1c 1nteract1on us1ng statzstxcal thermodynamxcs. ln
th1s approach the hydrophoblc interaction was defined .as the
1nd1rect part of the work associated wqth the process of
f brxng;ng <the two - solute part1cles‘.from@ 1nf1n1ty to a
speciffed 'separation. It is ‘hoped that,:thls model wlll
enable one to:galn insiéht‘into‘the‘molecularﬁorioin of the
phenomenon and relating it to partlcular structure of liquid
water. | I'th \“ | . |
| A dxfferent hypothesxs of the hydrophoblc 1nteraction
‘has been proposed by' Frxedman and ershnan (1973)} Tth

approach 1ncorporates in the - 1nteractxon potent1al of two Qﬁ)

‘solute molecules a core repu151on term-and ap attract1on

'.term orxglnatlng from an overlap of the two solute. hydratlon

‘ spheres w1th subsequent partlal relaxatlon of the. hydratlon

' sphere to bulk water. Thls model lends itself to a
. i [ S ' '

comparison ‘with exper1mentally determlned thermodynamic

‘ quant1t1es (Franks et al.; 1976; Clark et al ‘ 1977l

Interact1on between the, apolar sxde cha1n of amlno ac1d
o ‘ A -
ire51dues in proteln play a dom1nant role 1n structure and

fconformatzonalz‘stab1l;ty of protexns '(Kauzmann,- 1959
_Scheraga;°n1961;~‘Franks. and England 1975) f Hydrophobxc
”.taggregation':cah. range: from molec or re51due pa1r
*ﬁanteract1on to m1ce11e or bxlayer membrane format1on. The
‘;attractxve component of the free eneroy of mzcell1zat1on
‘*(arlses ent1rely from . hydrophoblc effects (Tanford 1974).

. .

et

R
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Hfdrophoblc'interaction‘provldes‘a significant contribution
\; for. 'the in vivo stab111ty of bxologlcal macromolecules and
,.ﬁfor self—assembly of‘ blologxcal sxructures, such ;as‘
| membranes, multx subunxt enzyme systems and v1ruses (Franks,
1983)- '
. g A
2.4 Agqueous Solutxons of Carbohydrates .
The carbohydrates in general,. ‘are defiaed ”as the
: ApolyhydrOxy aldehydes, :ketones; alcohols, aclds; ‘their‘
Lsxmple der1vat}ves, and the1r polymers that have polymerxc
linkages of the acetal type (P1gman and“ Horton, 1972)
Sugars are polyhydroxy aldehydes and ketones that conform to
the general formula C, (H,0),, where x equals‘n-or‘n“1.'They
‘are classified accordrng to two schemes: a Chemical and .a
structurefqonStitution classifioation. Aécordihg‘to oheﬁicalh
Tblassification, sugars can 'either-v behwﬂredocing»\\oraj
Lnoﬁ¥reducing | ‘whereas , the ,astruetures—cohstitgtion'
c1a551f1cat10n d1v1des them into ﬁono%t aiF,}.oligo- :and:
‘wpol sacchar1des.v'- The‘.l monosacchar1des are ‘ further:
suhle%ssrf1ed based on numbér of carbon atoms (tetroses,f
~pentoses,m hexoses,' etc.)r anda r1ng bformsQ,(pyranose' ahd““
furanose). The ol1go- ahd"oolySaeEharlées"can eitherr be .

T

homogeneous or heterogeneous (Shallenberger, 1982).@

.2 4. 1 Crystal Structure and Hydrogen Bond;ng ",'?
Carbohydrates ‘are polar molecules that cohere in the

sol1d state by | extens1ve jsystem 1of'-1ntermolecular'j f
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| hhydrogen bond1ng The hardness ‘and hxgh den51ty of sugarhr

4

- 'crystals suggest that the packxng arrangement is d1ctated

t

malnly by the hydrogen bond1ng and van der Waals forces play ;
. a meager role in b1nd1ng the molecules together. In the case
:of‘ glucose, ,ally the: f1ve avallable.'hydrogen atoms per
molecule are involved im: the formatlon of, a complete system

,
of strong hydrogen bonds‘(McDo ald and Beevers, 1950 1952'

“ mFerr1er, 19§Q, 1963; Chu and Jeffrey, 1968; " Brown and Levy,l
1979). Extensive 1ntermolecu ar hydrogen bondlng has alsogf
ibeen reported in"the crystal——;tructu:e of a- D- glucose
monohydrate (Klllean et al . 1962) and B D-fructose (Kanters
,.et al.,‘1977 Takagz and Jeffrey, 1977) deffrey and Mitra .
(1953)' descn1bed in deta1l the. hydrogen bond1ng patterns'

observed 1n pyranose and pyranoszde. Based on the analys1sf

of hydrogen bond lengths by . neutron or x ray d1ffract10n .in

””‘xthe unsubstltuted mono- aud dzsaccharlde crystals, Jeffrey;'

“and’ Lewls (1978) revealed that 70% of the hydrogen bonds 1n
- these crystals are of the dondr“acceptor type. The length of

A z
_,the hydrogen bond from the anomer1c hydroxyl 1s shorter than ‘

li'the mean value for the nonanomer1c hydroxyls (Jeffery and'”w

‘}‘Takagl, 1978) The hydroxyl groups attached to anomer1cjr |

27carbon atoms should he stronger than the average H bondbf"
V?f7donor and weaker than the average H bond acceptor (Tse and_f
"kNewton, 1977) | ' | e

Accord1ng to Jeffrey (19737,3 1ntramolecular hydrogenl*

bonds are rare 1n carbohydrate crystals.\ The geometr1ca1

arrangement of the hydroxyl groups on adjacent carbon atoms .
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.excludes the,p0551b111ty of 1ntramolecular H bond formatxon.

. Whlle the OH--0- dxstance is approprzate,_the OH-—O angle :-

A

~‘wh1ch 3s less thgn 120°'18 unfavourable for 1ntramoleouar~

H bondlng Thls geometrlcal restrlctlon also prevents the

. H- bond formatlon between the r1ng oxygen and a hydroxyl

group vin; the same' molecule. ;Th dlsaccharxdes are the
exceptlons. The 1ntramolecular hydrogen bonds ;between
dy'hydroxyls and’ oxygen of d1fferent monosaccharxde un1ts have ‘
‘ been reported for sucrOSe (Brown and Levy, 19633 Hanson et
lal.; 1973) B- celloblose (Chu and Jeffrey,\1968) a- lactose'..
monohydrate (Frles et al:. 1971), methyl B D ma1t051de (Chu
“‘and Jeffrey, ‘1967) and methyl B D-cellob1051de_ (Ham ,and
ﬁilliams;‘ 1970).¢'No-ulntramolecular H- bonds‘ ‘have . been
. reported ‘iﬁ\“théee triSaccharides“viz.," 1- kestose (Jeffrey'ﬂnl
and‘Park $1972) ,raff;nose pentahydrate (Berman;)197bl’andf'
"planteose dlhydrate (Rohrer, 1972) But such H bonds have
7been reported ‘1n cellotetrose (Poppleton and Mathleson,'
_1968f\ and are often postulated 1n model structures of
upolysafchar1des (Carlstrom,,1962) All é;lysacchar1des have
:i‘amorphOUS reg:ons 1n the SOlld state where molecules or

l

: cha1n segments are in a jumbled or dasorgan1zed arrangement

v:jw1th 1ntermolecular forcesx and 1ntermo;ecu1ar hydrogen

\:bond1ng only part ally sat1sf1ed because of the random f'“
: $ | o

‘ylspatzal arrangement (thstler, 1973)
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. 2 4 2 Solvatxon ‘of. Carbohydrates

Carbohydrates ar polar, ‘hydrophilic," polyhydroxy5

r

molecules capable of 1nteract1ng w1th solvent and w1th each

other through hydrogen bondlng. Such 1nteract10ns are very

ens1t1ve ‘to"the spatlal and orxentational correlatlons

‘between hydrogen bondxng groups in ‘the solvent and the
‘solute (Franks, 1979'~Franks and Pedley, 1983) The spacxngs
‘ ‘and or1entat1ons of the polar xgroup relatxve to the OH

',geometry 1n water determxne to a large extent the ease of

formxng sugar water hydrogen bond when a sugar molecule 1s

1ntroduced 1n the solvent water (Franks, 1983) The study by

”Dunfxeld and Wh1tt1ngton (1977) revealed a strong hydrogen

‘_.bondxng between fthe sugar hydroxyl and adjacent water

molecules 1n the aqueous solutlons. The deta1led NMR and

1nfrared studles of Casu and Reggzanz (1966l‘also.suggest

-'hydrogen bond strength be1ng d1fferent for the varlous OH
y‘groups on dlfferent carbon atoms. In an aqueous solut1on the_

%Uﬁwhydrat1on '1nteract1on competes w1th the hydrogen bond1ng

4}3lspeculate that solute molecules whlch ‘can’. 1nteract w1th the

\‘:;Fsolvent w1thout' major perturbat1ons 'Ln the predom1nantly
',ﬂytetrahedral water o structure are l1kely 1 *,1nteract

.Pphpreferent1ally.‘The hexose sugars/1n thelr pyranose f°rm5

‘fﬂgconst1tute a group of molecules that are s1m1lar,_ both

‘:fiiphy51ca11y and chemzcally' but d1ffer 1n the locat1on of

‘1juexten51ve hydrogen bondxng between glucose and DMSO he:“

o .

?between water molecules.~It therefore seems reasonable to i

fQ_fhyﬁtétlon.;S}tes.f The d1fference*‘ reflected 'QJtheif'd
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dlstrlbutlon of ax1al and equator1al OH groups on carbon:

atoms‘f1-4 (Franks,” 1977) Solvatxon 1nteractxon57 are

determxned by ‘th‘ solvent structure‘ compat1b111ty S In

M‘ |

aqueous sugar solutlons* such compat1b1lxty rs assocxated‘

‘ [ .
w1th the equatorlal OH group wh1ch wxll be more strongly

hydrated than the axial group and therefore any hydratxonf

contr1but1on‘ to ’the; anomer1c' equ111br1um favours thef

v

B- anomer (Kabayama and Patterson, 1958 Ta1t et al 1972

Franks, 1979) The dlstances between equator1al OH groups on‘
pa1rs }of alternate carbon atoms ‘(1 e., 1 '3 and 2 ,4)
pyranose sugars are 1dent1cal .WIth the d1stance of the
second peak 1n the water pair correlat1on functlon, 1mply1ng'f
that the equatorlally subst1tuted sugars can 1nteract with-

water WthA a m1n1mum of perturbatlon (Kabayama et ‘al.

1958) The 1nteract10n of eguatorlal OH groups w1th water,

L

leads to. qu1te spec1f1c and long l1ved hydratlon structure'
v(Franks, 1979). The negat1ve AH for mutarotatlon of sugarsff

(D-xylose,‘ cellobzose,\ D—glucose, lactose‘ monohydrate;‘mfi

maltose monohydrate) reported by Kabayama et al. (1958)

also 1n agreement w1th the not1on of greater hydrat1on for_"f"

equator1al hydroxyl groups than for ax1a1 groups (Kabayamaﬂlfv

and Patterson 1958) Accordlng to Boc1ek and Franks (1979);ﬁf7

: *gthe sterlc compat1b111ty 1s reflected 1n the lower oandrﬂlf

1.5"COn%entratlon 1ndependent actzvat1on energy observed forff?T

‘e Lo A

‘H“B glucose.:;\ .f‘“'-? ﬂj ﬁ;ligjC"”;Le“"fﬁ\&;fﬂxihh'}fﬁl“;r;ﬁi?f

In dllute solut:ons the solute solute”;nteractxons are“]ts

5}effect1vely screened by the hydrat1on spheres that sh1e1df”*;




ffBased on d1e1ectr1c and nuclear magnetlc redaxat1on stud1es

y

‘ hydrated solute molecules progressxvely draw close to each

H

‘other and aat‘ a’ certaxn‘ concentratxon (‘== 35 40% w/w .‘[

D-fructose, D-glucose\ and D-sucrose) the repart;tlon of

»

'et al 1972) However thh increase in concentratlon.the”

’carbohydrates ‘occurs 1 1nd1cat1ng the‘y beg1nn1ng 'og

r\-u.

1tw1st1ng of the glycosxdlc llnkage,>C -0~ Cz{ takes place as

gthe solute molecules draw closer leadxng to the form of the

' ERY

rjmolecule foundruln the crystal ‘w1th . two 1ntramolecular

‘hydrogen bonds (Brown and Levy, 1963' Hanson et al,, 1973)

:

DI The hydratlon ‘1nteract10n 1s ‘a temperature dependent

’process and the average number of water molecules hydrogen

'

At lower temperatures, the 1n£luence of solvent structure f‘”
“‘icompat1b111ty s more. pronounced <and dlfferent sugars

5,1nteract with the solvent 1n spec1f1c ways. However,‘ at

9 . |

\

l 4

[

77galactose and r1bose ex1st as monohydrates in, solut1on.,‘uvp.

I

‘ ?solutxons are known to 1nduce short rangeaorder of water

£

+

: '.h1gher temperatures thls character1st1c behav1our 1s lost.

bpnded to sugar vary w1th the temperature of the solutlon.vr

\,

.\v

| ‘the solute molecules and closely resemble pure water (Franks,ne

”prenucleatlon (Mathlouthi 1981) ‘In‘ .case.. of sucrose,‘la=5'"

e

N

Ny ‘

‘u

"”QﬁﬁTh solute solvent 1nteractlons queous} sugar :

4},1Ta1t et al., (1972) suggested that vat '80'C glucose,vufyﬂ

PR
ks
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[

hcarrled\ out on solpte solvent 1nteractxons iin aqueous_'%

\

:Pfsolut1ons of qarbohydrates. D1fferent technxques that have,

fgnbeen employed 1n the'study of the hydratlon behav1our of:

*{Efcarbohydrates in’ aqueous solutlon.‘qf

.1lfaff1nuty f water and,

Q~carbohydrates ;are 'NMR (Hanvey et al : 1976* Harvey and‘i

hSymons,- 1978- Boc1ek and Franks 1979), nuclear magnetxc

relaxatlon (Suggett et al,, 1976)V‘ d1electrxc relaxation"

‘f(Suggett and Clark 1976) nuclear magnetxc and'dxelectrlc'
“mirelaXatlon (Talt ettélf,v1972° Suggett 1976) " laser Raman

‘a‘spectroscopy (Mathlouthl et al '1980a,"1980b‘ 1980c)

RS

1‘calor1metry (Franks er ‘ al - 1973) pycnometry ~and

“:dllatometry (Garrod and Herrlngton, 1970% The estxmate of

h hydratlon numbersV (deflned ‘aslgthe number‘ of water .

'molecules hydrogen bonded to the sugar) seems. to vary thh‘

“the techn1que of 1nvestlgatfon. For example the hydrat1on'

number of glucose varles from 2 7 (Suggett and Clark 1976)

”‘to 11 (Harvey et al \~1976) and from\5 to 21,(Allen et al

s,

‘df1974) for sucrose.‘The hydratlon humber reported for other

«,\\

l; sugars are 3 9:0 4. for mannose,‘ 2 5 0. 4 f" r1bose .and "1

.o

'5515 0£0 4 f ' maltose (Suggett, ‘ 1916) ;:The hydrat1on

ey " 2.

;j~1nteract10n has a pronounced 1nfluence on conformat10na1 and“

‘:nfanomer1c equ111br1a that exlst 1n sugar solutlons and wxll_ff

N \

fhfbe hlghlzghted 1n the next section dn the conformat1ons of',

s

Lo N e
5 .\,

'*nteract\ w1th water. When a

’hef amorphous regxon in';thelfr'
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,soluble polysaccharxde is 1ntroduced lnto water ‘the watef;

A

molecules‘ quxckly penetrate ”the [amOFPhQUS regxon and";

;hydrates ‘ the avaxlable polymer sites o Segments\"of

'polysacchar1de thus become fully. solvated and move towards“

; solutxon ﬂi by ' k1net1c -actxon,, ‘splxttxng ‘ more

‘A‘

1nterpolysacchar1de bonds and form;ng polysaccharlde waterm

f'bonds; The d:ssolutxon oj 11 polysaccharldes proceedsd

caAl

:through an 1ntermed1ate gel ‘state where‘ moit ‘b‘ thel :

"polysaccharlde cha1ns are fully ﬂ;olvﬁted ‘and solub1lxzed&’\

segments ,are‘.stlll attached ‘toh other

A

‘ |

kwhlle ~a few;
K
!

poleaccharide chalns wh1ch are not yet completely solvated

When \the polysaccharlde molecules ,are fully solub1l12ed e-:'

‘they become completely surrounded by a layer “of partlalliﬁfff

1mmob;l1zed:, yater. molecules." Aqueous : solub1l;ty““orfﬁa'

polysaccharideS' varles dependlng on' theh‘ typei'-oﬁuj‘

~

"1901ysacchar1de chain. nghly branched\ POlYSacchar%des are..J:d

_kvery soluble in water qh1le the 11near homopolysaccharldes?':.

'._are usually 1nsolub1e due to the f1t of . moleques and thelrfﬁf;

.gpreference “for part1a1 crystalllzatlon.' The*‘hydratlon o

.n::behavxour of polysacchar1des can be altered by chemxcal
Wh?mod1f1catlon of the polySacchar1de chamns.-The hydration canh
fn; b 1mproved by prov1d1ng an1on1c groups or ,by plac1ngu“
___subst1tuents on the l1near structure wh1ch reduce the f1t of ‘

one polysaccharlde to another.. g(fﬁr?ﬂi<*




[ . RN \ . L . . } | AV

2. 4. 3 Copformatxonal and Anomerxc Equxlxbrxa “": e

|

In solld state the hexopyranoses can assume one of the‘

3

two cha1r ahd 51x boat conformatrons (Reeves 1951) nThe

' ~

cha;ri. shapem"; thermodynam1cally thé" most stable

B l

onformatlon that the pyrano1d rxng can assume (Hassel and

Ottar, 1947) However,‘ the possxblllty ‘ a boat ‘

~Tf’\conformat10n 1n some of "the 'pyranoses, have been .reported

(Reeves . 1954 ‘_Reeves and Blouln,rv1957) Thenfchaip

“
. o .
5 Vb

'conformatlons of pyranose rlngs are generally observed in C]

and rarely 1n 1C (Reeves,'1950°‘Jefﬁrey, 1973). The furanose

\ S

»rlngs can occur 1n several variatlons of twlstvand envelope
Nl ) /" '1 i

conformatlons (Jeffrey, 1973) 7Ln ’ d1~ '{‘olxgo-' and

polysaccharldes, “the conformatxons 1of, the 'pyranose - or

! \

furanose monomer may( be sllghtly dlstorted (Cbx‘,ét al.,

“b15,1935 Reeves and Bloumr 1957) . - *' ,1~‘ a _' SR

When\a crystalllne carbohydrate molecule is‘diSSolved"
"{in water itm may undergo oneq or ‘more of the. foflowing

N

stereochemlcal transformjgions (Franks 1977): Wy

*
s \'.‘ . e .

*7“.u.81mp1e 1 mutarotatlon or  anomerization, .e.g.,
}a glucose «»,p glucose.

v :
oo

.bﬁ” COnformatlonal ; equ111br1a ‘exhibitedh by gﬁf;héra_?‘
| monosaccharxdes, fe*g.; C1 pyfanaée“,e‘.1cr‘pyrahqse;ﬁj

pyranose - furanose. o N ‘LV
'rc;} Rotatlon about the glycos1d1c 11nkage exh1b1ted by3"
Td@fﬁfd or ol1gosacchar1des.‘* ;ﬁ‘[~ ﬂq‘j_hf_n*y]”

In aqueous sugar solut1ons the pyrano1d r1ng may assumeﬁ'ﬁf

| one of the two cha1r forms or the 1ess stable flex1ble skew?ki

. . . . ;
) v T e
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and bogt -forms‘;“'" the ‘furad ring xna);“ be in one of the
. envelope or tw1st Iorms v The chaxn form is known ‘to be
energetxcally more, favourable than the skew and boat: forms
(Angyal 1969) The ma]orxty of D-sugars in aqueous solution -
N‘L‘{snﬁt\ preponderantly in the C1 conformation (Reeves, 1951)
‘Acc%rdlng to Perlxn (1966) the better fit of the pyranose
Vl’nxng 1nto the components (&) of the trxdymxte structure of '
,water partly accounts for the intrinsic stabi}ity of" ts
‘structure‘ ir: a&ueou;‘i“; soluti‘on, 'althoug‘h both (I)', and SIi)
are‘tge favoured forns of the polymerised structure‘of water

(Minton, 1970). - / SN “ ‘
" : ' ‘ . B . “‘[j .‘| .
e ) .
3 N ) ' .
O"o / — ,{ .
r "H/“. HH\“O.Q".‘ .., ) O\"H O..H\o
‘ S eee H H M v
H\ /H‘. \H. oo{"H y /b“H...O\’ - H | A
- 40 ‘ ‘ H . H &
. N K ' . . - L (H) , ) . E

) ‘ Favoured structures of polymerised water
| "“«( .’ ' . o .‘ "";. “
- ! , B ) s N . " ‘w.." ‘\A. ' ! .

g'xhevconfo‘rmation 'of' th\e sug';a’r._.whié};“ is'- m'o'stl eoﬁioatibie,— :
((in ‘termsj of H- bond ”formation) witn”‘thb ‘tetranedral\
arrangement of water molecules 1ncreas1ngly becomes the most, ‘
«jjh favoured form as the tempenature 1s lowered (Franks et al.
gli 1972). The  gqu11xbr§um cgmpos1txon~ ofx an aqueous sugar;

';fsolut1on depends on, »teqperature and s governed by the

ntrxnsxc free energies of var1ous anomers and conﬂormers

(Table 2. 4). An approx1mate calculat1on of the free energ:eS‘

3 LR ..;'.( H

an be done by adding the values of all the non- bonded

\lu\ . -

.
RN e RN
~e T LY e T s '\J' R . e .‘\
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Predomipant conformations and calculated
. " " interagtion energies of D-aldopyranoses in

aqueous solutions (Adapted~£rom} Angyal, 1969).

" ,
Conformations found Calc. Int. Energies
Aldose ' by . o (kJ/mol)
NMR® Calculation C1 1C

a-D-Allose’ C1 , cr 16.32 " 22.38
B-D-Allose C1 (o 12,34 S 25.31
a-D-Altrose c1,1C C1,1C 15.27 16,
B-D-Altrose C1 ‘ c1 ‘o, 14,02 22.38
a-D-Arabinose 1C 1C Y1339 8.58
B-D-Arabinose Cc1,1C 12.13 ° 10.04
a-D-Galactose cr . c1 11.92. ' 26.36
B-D-Galactose (ofl C1 7 10.46. 32.43
a~D-Glucose C1 C1 10.04 C27.41
B-D-Glucose 7 Ci1 . C 8.58 33.47 e
a~D-Gulose cr T 16.74 19.87
B~-D-Gulose - ct,- - . c1 ©12.76 . 22.8
a-D-Iodose . C1,1C ' Ci,1C . 18.2 ° 16 11
B-D-lodose . - C c1. 16.95 .- 22.38
a~D-Lyxose ci,1C c1,1C 8.58 10, 88"
B-D-Lyxose 1 A o 10.46 . 14-,85 "

. a-D-Mannose  C1 o ©10.86 . . 23.22,
B-D-Mannose ,  CI o 12.3¢ ., 32.01
a*D-Ribose c1,1C ~ ~ C1,1C 14.43 14,85

- B-D-Ribose c1,1C '~ ci,ac - 10.46 - 12,977
a-D-Talose o N o 14.85 . -24.69
B-D-Talose S ' cr . 16,74 v . 33.47.

’ a=D-Xylose - C1- .oocr - 8.16 15,06
ﬁ—D=xylose c1 - cr. 7 6:69° .+ 16,32

e From: Lemieux afd Stevens (1966) Rhérum<and_5haw7(1965),‘kj”

g ‘Angyal’ and Pickles’ (1912) L
P Ftom' Angyal 1968 .‘r RE S 2

&
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interact{ons and the anomerfc effect ‘(Angyal, 1968). The
ramomeric effect was explained by Edward (1955) in terms of
the frepulsive {nteraction  between the  equatorial
.carbon~6xygen dipole éﬁa the dipole formed as the resultant
of fhe two carbon-oxygen dipoles in the pyranose ring. The
;nonebOnded interactions are determined by the number of
.axial gfoups, adjacent -equatorial groups, 1,3-diaxial
interactiens, and the anpmeric effect. Althoﬁgh verious
forms of the same molecule coexist in equilibfium; usually
one‘confo;matiéh predominates ;hich determines the physical
properties of the solution. But ghe>chemical reaetfons may
proceed throuéh another conformation. The introduction of a
substituent group or the formation of a glycosidic bend

. . . :
- which changes the anomeric effect may alter the predominant

conformatiop (Angyal, 1969). A
Most ‘sugars exist and react in the-pyraﬁose form. The

conformations ef ‘the aldopyranoses have been 1nvestlgated by
NMR spectroscopy (Rud;um “and, Shaw 1965; Lem1euxo and
;Stevens, 1966; Angyal and P1ckles, 1972). 'rhe cha1r form
favoured by various aldopyranoses appears to be controlled'-
by  the d1§p954t19n of h. bulklest- substituent, the

ﬁ&dfexymeyhyl.gyeup, whloh tends to assume the equator1al'
| posifioﬁ; < Accordangly, « all ‘h'the B- anomers = exist

preponderantly in 61 conformatlon,-as the alternat1ve,‘1c'

conformathn appears to be hlghly destab111zed by th e

«r_syn-diax1a1 1nteractlon between the anomerlc hydroxyl and ’

‘eQX1°1 hydroxymethyl group. Although thls 1nteractxon is’ not”fe7
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‘ found in 1C conformationl‘of rhe a—anomers,‘ most of ‘the
a-anomers adopt the C1 conformation, presumably because of a "
favourable anomeric eﬁfect. The éonformatrons’ o£' the
aldopentopyranoses, which do not have hydroxyl methyl group
at CiS;'are determlned by the dxsposxtlon of the hydroxyl
groups (Angyal, 1969)
| The «:f ratio at equilibrium "varies from sugar to
sugar. Amgyal (1968) used the free energy ‘values of
pYranoses in Table 2.4 to predict their a:B ratio in aqueous -
‘SOlurions. The predicted amd the expérimentally determinedv
ratios togethergwith the celculeted energies of two.anomeric
chair forms of each aldose are listed in Table 2.5. fhe
agreement berween the calculated and vthe‘ experimentally
determined values was found satisfactory in.view of all the.
approximations involved in the -calculation. In case- of.
. furanoses the anomer in which the OH grqup'on C-1 and C-ZZ‘
are trans predomlnates over the cls-1,2 anomer, although the‘:
,a.B rat1o varies from sugar to sugar as can be seen 1n Tablef
42,6 (Angyal 11969). | |

The furanose:pyranose ratio of a sugar at equ111br1um
1s determ1ned by the d1fference between the free energ1es of -
the two r1ng forms. Generally the-flve membered r1ngs are:u
less stable than the 51x~membered ones. Glucose, mannose and
xylose have very l1ttle furanose forms ;fhf equ1l1br1um

-

L m1xture 51nce the pyranose forms have low. free energ1es. But

. S .

3;1n some cases con51derable amount of furanoses have been

4reported 1n equ111br1um. One such sugar is 3 deoxy glucose

o
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Table 2.5 Conformational free.energies and the equilibrium
proportlons of the a-anomer in aqueous solutxons

of D- aldopyranoses (Adapted from: Angyal 1969).

- .L . Free gnérgy (ﬁa/ﬁol)‘ | % a;ﬁyranose°
Aldose - e
o | a-form | B-form Calculatfgdb Found by
' NM_Rd
Allose R TR L 12.3¢ © .~ 18 o 20
Altrose © 14,02 1 14.02 50 n a4
.‘Arabiq§sg 8.6 9.2 60 . .63
~'Galacﬁbsé L1192, 10.46 36 27
Glucose .10;9@1 - 8.58 R 36-71‘ ) 36
_G;fose | 16.11 12.76. - 2f‘l S 22
| Ioéose' | 15.27 . - 16.74 64 .- a6
‘ “Lyxose % _ ~"7;74Q  f‘,1of04‘ » 172 71
Mannose ' - 10,46 = ,.12.34 68 - 67
- RiNese 12,97 ' 92 2050 26
"‘ggf;se'; CCaees | 1e7e . 68 . .58

‘Xylose' .- . 7.95 . _6.69 . 37 - 33

N o c e . . . N
s JaEEEE y 7. - - g

Percentage of the two pyranose forms only SR

,&“?Fr@mjiﬂhsyal 96
’afFFrqﬁé:Lem1eux and Stevens (1966) "Rudrum ‘and .Shaw k1965;,
. , S I
" *Angyal and‘chkles (1972) CRE R L SRS
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A *

'Taple 2.6 vKuilibrium proportions (%) of the‘byranose‘and
" furanose forms of aldoses in aqueous solution at

40°C°.(Adapteq_froﬁf Angyal, 1969). ,@“

< ‘ \ . ' ) - ) : . iy
N Pyrano§e . Furanose

Aldose : ‘ B it D el e e e

D-Allose R 700 "'“5w 7
D-Altrose . . '. 27 a0 20 0 43
D—A;abiﬁsse‘f ‘ ~ 63  ,' 34 B I
D-Iodose e : 51; 37 ST 16
D-Ribése ‘.;.“» %O ’ 56 ..  6 - lé
DiTalose - R 40 ééwi .20 11
 . b-Glyqénd—D-guldhepiose» 10 | H Sp’ ~1. . - -
"f?-ngﬁyfp-érabiﬁohexése 415 525 o o

;ﬁf;*Q3%Deoxy-D;ribohexosebf; 26 .. 46 x 6. "yzéﬂ

FER . . A
L o

‘“bFromi'Lemiéux and Stevens (1§§6),'Aﬁgyalfandfgiéklést;wfk;:;'f' 

ud
E M,
% e
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whiuch ‘in“‘ adueo‘ns ‘solution ‘h,afg?.';ze%*" furanose form 1n
equ111br1um Q(Angyal and {Pi'ckle.s,‘ ‘19‘7‘2"‘). | The most
| unfavourable 1nteract10n‘ in the furanose ring" is the‘one |
between 0-3 a‘nd‘th‘e‘side‘—chain” on C-4, when these'are in Cis
“ tol each’ other.‘ Sugars (w1th the only exception of iodosef
“ which have this’ 1nteract10n do not contaxn detectable amount
-of furanose in the equ111br1um‘m1xture (Angyal 1969)

' Theﬁgconformatmns -of d1-« ol1go— and polysaccharldes
| aﬁ also strongly 1nfluenced by the solvent water (Franks,
‘1977 ‘ 1979° Rees and Thom,' 1977- ths,tler, 1973). In Case ofi
a dlsaccharxde the conformatmn of'the two sugar'uni‘ts
.relatlve to one another is defmed 1n terms of. two d1hedral
,angles ¢ and V. The rotatmn about the glycos1d1c lmkage.’u

‘adds two more degrees of ?reedom that determ;ne the solVent"

compat1b1l1ty of the sugar (Franks, 1977 1979) In aqueou5‘

solutlons of. d1—‘ and - ohgosacchande}s *the conformatlon of“'(ﬂ"

v

‘the glycos1d1t lmk;ge in the crystalllne state 1s often\fut'

:no‘t"“always preferred (Rees and Thom, 1977) Accordlng to -

bl

‘j‘Bock d Lemleux (1982) sucrose shows ac "“strong

\ .
m‘ \“‘.‘
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istructure: ?oiYsaccharides in 501ut;on«may adopt seoondary
'structures such as hel1ces, tertiary structures formed by
;the unxon of double or trxple helxces and even quaternary:
structures from the cross 11nk1ng of tertlary structures
(Whlstler, 1973). L o
| " AR un1£1ed theoret1cal or sem1 theoretxcal treatment of‘
“'{conformatxonal ‘ equlllbria that exlst inil‘carbohxdrate
Lsolutlon is dlfflcult because of . the very smali ‘energy
dffferences.betueen ahomers, onformers and eplmers (Franks,

. o ‘ N
1979') . o ‘ ‘ ) ) "

2. 4 4 Thermodynamxc Studies

Thef macroscoplc thermodynam1c properties“ of the
- Lo ‘ &
' polyfunctmonal carbohydrate solutlons are determ1ned by weakt

1ntermolecu1ar forces whxch are more df%flcult to deal w1th

"both experlmentally '”and theoretzcally ‘than “strong

”;1nteract10ns. therature relatlng to the thermodynam1c study

feof carbohydrate solutlons 1s rather,sparse. The major1ty ofﬂ:ﬂ

“<“the studles that have been carrled out are on collxgatlve'

s>

--‘fpropert:es of sugar solutlons and measurement oﬂ part1alfﬁ¥

NS

’-)molar quantltles. A few therm&i stud1es ‘of sugar solutxons*?i

'u‘are also on record ‘;M‘?“”'. ;] “;t‘x‘f:;§j

anhydrous a-glucose ndﬂgﬁ




n

31nvestzgat10n of the 1nverslon of sucrose Sturtevant (1937)

an the heat of mutarotat1on of p~ glucose (Sturtevant 1941-
Rowe and Parks, 1946) Vallender and Perman (1931) reported‘

the heat of dllutlon of aqueous solut1on of cane sugar. The

“spec1f1c heats of'-glucose glass’ and l1qu1ds have been‘

measured by Parks et al (1928) and Nelson ‘and Newton

(1941) The ‘heats of solutxon of pure a~D glucose crystals

:at 25°C. have been reported by Rowe and Parks (1946) The~

"heats of mutarotatlon of D- glucose, D- xylose,‘ lactose,‘“

" maltose . ‘and celloblose 4 have ‘also‘ been measured

: calorxmetrlcally by Kabayama et al (1958)’ ‘Taylor and

Rowllnson (1955) determlned the heats of solutxon, heats of

dllut1on at 2§°C and yapor pressures from 25 65°C of aqueous

glucose solut1ons. Other thermal 1nvestlgat1ons reported are

;m1xture of water,,sucrose and mannltol at 25 C

_heat of m1x1ng of aqueous solutlons of glucose and sucrose

”‘(Cassel and wOod 1974), excess enthalples‘ jiﬂ ternary o

(Stroth and R

“Schonert, 1977) heat of m1x1ng of aqueous solutlons of

. t:\ -;

d-mannltol (Tasker and Wood 1982a b) freezlng temperatures-fﬁf

*

of aqueous SOlUthD of sugar alcohols (Spltzer,g.et.ualr,,fgg

lm

1984) and sugars (CRC 1983 84),‘_Jfﬂ

Therpartlal molar volumes for:a number of mono-l'dla,i?fi
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ﬁaccount Data on apparent and part1al molal volumes and

\compressxbllltxes of mono- d1- and trxsaccharxdes sugar ,
VA . ) ) '
alcohols‘ and‘ related polyhydroxy compounds are - also

'avallable (Garrod and Herrxngton, 1970 Franks et al {972;l

Hozland and Holvxk,. 1978) .Stroth and Schonert '(1977)"

reported the exce@s)volumes of blnary mlxtures of. water o+

(O
mann1tol and ternary mlxtures of water, sucrose and mannxtol

-

at 25 c.
-The lsopiestlcwumethod has been.jused‘ to,,measure‘the'
-vapor' pressure ‘and osmotlc‘.coeffiCients of some‘ sugare
‘solttlons. Scatchard et al | (T§38)' used- the -1sop1est1c
. method to measure the osmotxc coeffxc1ent of aqueous sucrose
solutlons. Dunnlng et al. (1951) measured the vapor pressure
‘of pure sucrose solutlon at var1ous temperatures (65 95° C)
‘ Stokes and Rob1nson (1966) reported osmotlc coeff1c1ents of
‘d'aqueousf glucose"and‘ sucrose solut1ons 'a 25 C _from‘

1sop1est1c ,measurements. The, act1v1ty coeff1c1ents in;‘

‘aqueous solut1ons of sucrose, mannrtol xylose and maltose

K

ﬁ have also been measured by the 1sopiestuc tvapor pressure "

method (Roblnson and’ Stokes, 1961~ Uedaira and Ueda1ra,

1969) Rob1nson et al‘ 01970) used ;sop1est1c method to

§ N



¢
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'
N r

.data are ava11ab1e (CRC 1983 84). wh;ch can bel used to '

hcompute d1rectly the act1v1ty of water 1n sugar solut1ons.'

. The phase equ111br1a studles on record are 11m1ted to

'~
¢

uternary dxagrams at 30 C for water sugar 1norgan1c salts and

waterfsugar sugar systems (Kelly,d1954a, b;‘c, d; e) bxnary

phase d1agram of D—glucose water between —30 and +&'2-C~"j

|

,(Young, 1957) and of D fructose~water system between —30 and o

+40 °C (Young et al., 1952).

- . R
The study of the thermodynam1c, behavxour of aqueous "

polysaccharlde .solutxons 5is »stlll in its ‘1nfancy Re1d

.

(19791\ rev1ewed " the thermodynamxcs , dfjkjdilute“gand

[

concentrated polysacchar1de‘ solut1ons, ,ion—poiysaccharide.‘

dnteract1ons, gelat1on and sorptlon. Most of gﬁe~solution\

.

‘studles are l1m1ted to an10n1c -polysaccharides,F‘perhaps

‘mbecause of the enhanced solub1lity of such charged polymers.

It 1s ev1dent that l1m1ted progress has been made 1n

"hthe thermodynamlg study of aqueOus carbohydrate solut1ons 1n

h ,w

\

1

'ftsplte of the fact that the 1nteract1ons of carbohydrate :

) fmolecules w1th water, w1th each other, w1thalons and other

MY

*fWTchemlcal compounds 11e at- uth bas1s‘30ﬁJ many natural :"i

’-**phenomena wh1ch are ut111zed 1n somewhat crude ma“ner,"
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2 5 Modelling»‘ﬁ‘Complex Aqueous Solutxons ’

~“ The prihary objectxve of modellxng lxquxd mlxtures xs

".

to develop an eff1c1env mathemat1ca1 tool for predxctlon of f]

y.\,

mmaqtiv1ty cof£1c1entsf oﬁ ‘components'Vin“such.‘m1xtures.

. "_" o g ! / |
‘ ."-,‘,Almugh con*able advances have , been made in: the
. N . l L S .
: : T IA ' ' : R .
t modyhamxc reatment of 11qU1d mlxtures 'a‘~génerar,

un1f1ed appv@ach 1s still a’ dlstant goal of solutlon theory
}Most of the theoretlcal‘work 1n the past ﬁas been on lxqu1du

':;solutlons of nonpolan‘spherxcaL’molecules thh equxvalent‘
f'51ze and shape.“ Prausn1tz et al (1986) 'rev1ewed the‘
E . ;‘& : R

';bsolut1on “theorleé that are useful for and restrlcted to

K ‘.|‘| . : .

particulanltYpes of mlxtures.lMany equatxons relgtxn -he

f"excess G1bb5ﬁenergy (G ), to comp051t10n have been proposed.

A " . ,; " . \.“. . \,\

ﬁ:* Some of the earller expressions for G that have been in usef”

threebf and

XY
‘,

are«;v

four sufflx),,,van Laar

'fFlory Hugglns fﬂ

Redl;ch szter,,ﬁ SCatchard Hlldebrand i

l

ff‘moaels }The51ntrodﬁct1on of the localucompo§1t1on concept bygf




f,more detazled dxscu551on on the G mo els mentxoned above 15

The p1oneer1ng work: of

offered by Prausnztz et al (19&6)
foerottar‘et -a (1959) ‘1n1tiated the group contrxbutlon
1 dtheorfesr,dehe twof‘ models “that vcalculate l‘actlvlty
oefflcxents from structural group tontr1butzons are ASOG
(Derr and‘Deal 1969) and UNIFAC (Fredenslund et al 1975)

“These t:wo methods are sxmllar in pr1nc1ple but dxffer 10

il

‘ﬁdetall. The - UNIFAC model has become very popular 1n recent

years and is belng w1dely appl1ed for phase»equ111br1um and |

~

' 'gothe9>calculat1ons (Rasmussen, 1983) Lo ‘_1l
‘ " L |
B The treatment of aqueous solutxons encountered 1n food

.

A

been maae;to deyelop equat1ons for‘the pred1ct1on of water -

‘ ?
”‘act1v1ty 1n 1solated cases. Money and Born (1951) proposed

f,n r‘

_”anb emp1r1cal equatxon for' sugar solut1ons relatlng the -

‘7equ1l1br1um hum1d1ty value wlth molar concentratlon :An

‘”emplrlcal equatlon, relatlng vapor pressure to temperature,'

;;Vwas also derlved for sucrose solutlon by Dunnlng et al.

i L

"*Norrlsh (1966) proposed an equat1on for the act1v1ty

f water ‘as a functlon “of concentrat1on [inﬂ .

hum1d1ty g1ven

,relatlve ;“atwﬂ

i

‘jsystems is, however, largel unexp ored A few attempts have»
Y-

Apart from the practlcal .use of -




\ e "
v . K Lot

'solution is given‘ by the prodUCt of . the water..aotiuity

2,

l -

o values of the aqueous solutxons of each %ompoﬁent when'unf

"
'

measured at the same molallty as in the qomplex soLd?1bn.‘_hfj“

refxnement of Ross S equatlon was . proposed hy Ferro Fontan
and: Chlg@fe (1981) for predlctxng the water actxvxty of -

nonele!ﬁ!ﬁiyte mxxtures It 1s thus apparent that there 1s,f‘gf

. L

as yet, no satlsfactory model that can predlct thé actxv1ty

coeff1c1ents af all the components of a complex aqueous
solution.‘- p o LT 3 p&n‘ ’.h' f,nxjﬁ
Itw was therefore‘ felt . nece sary to‘ lqpk fOr a.

- : Q .
TN ! : e " ‘.‘u

f thermodynammc model whxch w1ll be 'mogt su1table to the study .

of complex aqueous solutxons enﬁpunted‘d in food systems

,! _“

.. . The adapted model should possess the abe;ty to pred1ct the ~

act1v1ty coeff1c1ents of each of the components and the

. . N -~

'-behav1our7pof 'aqueous ,systems for ‘which ﬂllttle"or no

[

exper1mental data -are avaAlable. The present study ‘is, an.’

:“u atﬁempt to ach1eve these objectlves“ g B AR
.. Ce o i ‘ . ) , LSRR Y ‘ ‘ '

' 4 N ey
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R — 3. SOLUTION MODELLING Vllﬂ‘ﬁ UNIFAC-FV MODEL

- \

\

1

The goal of solution modelling is to predict the

Al

\thermodynamxc properties of mixtures in terms  of

',3 ‘ermOIECular forces and fundamental liquid structure. It

' desxrable to estimate the. equilibrium properties of

N \ 1y
A

ixture from pure component properties. In essence, the
prlmary objectxve of solution modellxng is to estimate the

numerical ‘values of the activity cOefflClents of components

" in a mixgure‘(?rausﬁitz‘et al . 1986) using thermodynamically

consfstent' correlations. The development oﬁ ‘efficient
matﬁematxcal models for liquid mixtures with, good predxctxve
power has been - the subject of numerous studxes. Many models
have been proposed, mosgﬂof which follow phenomenological,
sgmiempirical considerations and entail apprbximations~(Hu
et‘al,, 1984)5 In practice one has to introdwce parameters
in a model, since theory injiEs éresen: state only gives
some indications of the form of a fundamental function and

suggests where to introfluce parameters and their physical

meaning, if amy (Renon, 1978).
3.1 Thermodynamic Framework

3.1.1 Chemical Potential and Fggacitf .

For an open system the Gibbs free. energy (G) is a
function of temperature (T), pressure (P) and the
composition of ﬁhe system (ny,...,n,), i.e.y |

{
i

67
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-

G = G(T,P,n,,...,n,) [3.1]
| N
' . \'\ »
The total differential of the Gibbs free energy is: :
(36 G| [2G
4G = aT] ar + aP]‘ ap + an,] An, + ...
L T.n, T,P,njﬂ
3G -
ia. 5;:] dn, - [3.2])
] T,P,rl]’-k . ,
\
Since, -
(3G 3G - o
[551 = ~§ = ~Entropy and 3P a V = Volume (3.3]
P ny T n, . '
we get
k' - .
2G LT
dG = ~SAT + vdp + In. dn, (3.4]
1=} i T'P'thxy.

The ch?m(:;1 potential (u,) for a component i is

defined as K

[a ] | | - [3.5]

TPn

Then Eq. (3.4) becomes

4

ck . ' - .
aG = —sa)i' + Vap + §~uxdni_ [3.6]

i=t

~ ——

From the definition of internal energf (U), enthalpy (H),
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and Helmhol;iféne;gy (A) it can be shown that :

"

|
!“\

!
L T
du = TdS - PV + » wdn, g (3.7)
\ ) ‘ hel
o N \
aH = TS 4 VAP + ) u,dn, 1389
» 1= - i ’
. l
\ . ‘K
N W ~ ' ‘
da = -SAT -~ P4V + ) wdn, (3.9)

in)

!
/

. |
Therefore, the definition of u, and equations (3.7), (3.8)

- l
and (3.9) lead to

[(3.10]

n
(oY)
jo od

N
Q
>

“__:[aU]
1
oo, ani S,Ving,,

Since thé in'dependelnt variables T ;-md P for the Gibbs free
energy are also arbitrarily: choser; ~as ‘the indepe‘nden‘t
variables in defining partiai molar quan;ities, the'cﬁehical
potential (u ), is the parfial molar Gibbs eriergy (§,) but
;not. the partial molar internal energ"y, ehthalpy or Helmholtz

. energy (Prausnitz et al., 1986)¢

2

t
]

From Euler's theorem we get

- . . ’ ’ o

G ‘=2‘na§i L [3&11]



\

. B \ 9 A . , ’ N
where, g, 1is the partial molar Gibbs freé’.energﬁ‘

component i.-Differentiation of Eq. (3.11) gi%es

>

7dG = g,dn +"ndg, - [3.12]

jat - / . '.f

X
or, dG = E‘Jqdnx + n,du, o [3.13)
Iy . .

N
A

[8)

Equatlons (3.6) and (3.13) 'when cbmbined‘yield the general

bebs Duhem equatlon '

|l ) , i
A .
SAT .~ VAP + ) n,du, = 0 (3.14]
* ! : i=1 , '

-

P

For a pure\%ubStance i, equation (3.14) relates the chemical

differential equation °

1
. ‘
du, = -5 dT + v, dp - " [3.15]

b

-

where, s, is the molar entropy and v, is the molar volume of

component i. Integrating Eq. (3.15) and solving- for u, at

some temperature T and pressure P, ‘we get

s

o L .
B (T,P) = (T, P,.) - j s,dT + J.‘v,dP 3 1e)
; &T," ‘ . ?re( ‘ A

\

. vo4

| potential to “the temperature and pressure by the
. ' i .

The subSCript 'ref' refers to some arbxtrary reference

state. The two xntegrals on the rxght side of Eq (3 16) can

be evaluated from the thermal and volumefr1c data over the

. o ‘“,_ X »-' ',.. .

!
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. temperature nge T,o Jto T and tﬁe‘pregsure range‘P", to P.,

; However, tke chemxcal potentlal /pf the-'system at ‘thex‘
: 2

t
\ ‘ [

reference state ui(TJ”, re}) '; not‘ “kfjown, . Therefore the

1 Ve s [

chemxcal potential at a state of, 1nterest u (T P) can oply
w

be expréssed relative ¥ to ‘fns' value ‘aL the\ arbltrary

referencejstate designated by.Tdf and P"‘. The need for a§
) [ : \ N

reference state aJ{ses from our: 1nab111tx_ to cOmpute an ¢

absolute value of the chemical potentlal whxch complxcateSx

the use of thermodynamlcs in practxcal appllcatLQns
(Prausnitz et al. 1986). = | ' . .If.; lM‘

. - The cﬁemxcal potent1a1 rs an abstract quantlty and~1t~uz‘
ie- ‘difficult to relate it ta the phys1caﬁ world unléss:k
expressed ia)terms of some auxiliary function’ whxch mxght be‘
more easilp\identifed with the physxcal reality. The concept
of fugacity.prOViags such an auxxllary function (Prausnxtz 

et al., 1986). For an ideal gas at oonstant temperature, Eq.‘

(3.15) can be written as

L3

» ' +

; C[omy o
. ) [—ap = Vi‘ [3.]7],
Substituting, the 1ideal-gas equation (v, = _RT/P) "and
ihtegrating at constant temperature we ‘get, - '
l. , . : « v . ‘ \‘ ‘ ‘ "v
: PR R.T"ln—b—. | | ' . [3.18]:
0 ‘v ) ‘.p° o . . ‘ j

wo.

Equatxon (3 18) is valld only for pure, idealj‘gases.-fTo
generalxze 1t for any. system whether solrd 11qu1d or gae,

pure or mxxed,fexdeal or nonxdeal _Lewxs. 1ntroduce% a

T D
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fqnctxon f, called the fugacity (or escaping tendency)f For
} a component undergoxng an isothermal change in %:} system

%q 13 18) takes the form ‘ L ‘ -

4

o]

. .
. v A } ‘ , \

“‘ . . ! . ‘ ' K "' ! ' . . 5
where both u; and £ refers to the standard state and when'

. ‘ . PN
fone is chosen the other is automatlcally fixed. Fugacxty is

é.'"corrected préssure (these,'correctxons are due to

[

nonxdeqlxtxes) whxch for a pure, ideal gas 1s equal to the'4

-

) s . . vy" N N s ) .
, component. Since all systems, pure or m1xed approachithe

" limiting i l—gas -behaviour at very lo pressure, the

p—

definition of f c1ty is completed by the limit ~

[N

“

where y, is‘the—mole fraction qf the domponent i. As s

by Prausnltz et ali. (1986) the xelatzon between chem1cal

in perfoémzng the translatxon from thermodynam1c to phy51cal

»var1ab1es. The trans1t1on from pure thermodynamcs to %he

‘theory of 1ntermolecular forces 1s poss1b1e through ‘the

f_notxon o£ fugac1ty.. Both the chemlcal potentzal and the

‘fugac1ty provxde ‘<the‘ fundamental equat1on “of - phase,thﬁ'

. ¥
' ‘equ1l1brta. For two' phases a and B at equil1br1um we' have

.‘.

) S o . L s o \ Lo O ~‘:"’ T .
o - I e ct ‘
v g [ o ; J e ) f 72
' ) . ' R . . ’” . o oo ! .
' ‘ ' '. ' , ¢ . . ' . : .
\ & : b CoT S :

e s ,Rﬂnff S sl

.pressure (P) and for a component i in .a mixture of 1dealﬂ_

. gases is qual to' the .part1a1 pressure"(y,P) of  that"

potent1a1 (u ) and fugac1ty (f ) is a conceptual 1nstrument j
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. wio= ! ' oL 13.21)
N T \ o ‘ ' .
. fi = ff [3.22]
P Y o "‘ v

Equations - (3.21) and {3.22) are equivaledt_ and from a °
" strictly thermodynamic standpoint, one is notgpreferable to---
the other. But Eq. (3.22) is preferred in cases where one

wishes to applf thermodynamics to:physica£ probleﬁs.

'
\ "

_3 1.2 Actxvxty and Actxvxty Coeff1c1ent
| The act;vlty (a‘).of a component r]is defined as the
ratlo of the fugac1ty -of 1 at some temperature (T), pressure
'(P) and composxt1on (x) to the fugacxty of ‘i in the standard

state, a state which is at the same temperature as that of

the mxxture ‘and at_some arbxtrary condltxon of pressure (p°)

S | t (x°): — B T L
an comp051 1on X - : o ‘ ,
. ;ﬂ-/ ’ ' ‘ §
;, 1 i ) . n
e ,J(TP S L2 P
a(m™~pP,x) = — L3, =
! .' . f?{Trporxo} ’ R

.

As can be seen in'Eq;p(é.23)3the activity of a substance in - . .

' its standard state is unity, a° = 1. From Eq. (3.19) we get,
Ats qrd state Is , 1. From 1 get,
g o f‘.' pf,;;l - ff‘fi": l‘~ju;.e L S
S w =k e RTIng T (3i24)
. - oL o | - i . ‘:" ‘ ’/{ ! . ' : R
s i o L omran it ki patae
“or, w; ®'wl-+ RTlna, & .o/ o 03,251
ALY AR Viﬁ o
L L e S s G
'~ o - o . KRy OBy - ‘, : S ?,"
| : l?r{”fi_?'exp{, RT ] SO L3 263;
; ' Sy R ‘ ‘f, Lo
q g o TR g
o = . I ""_ } R |
- ‘ . . N B N '
- * . 4, T
’ s 5 BT coe
: RV —
/ R
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Equation (3. 252 indicates that the: activity‘ provides\‘a
measure of the dlfferenece between the chemxcal potentlal of
" the substance at the state of/ 1nterest and ‘that at 1t§

standard state."The relatlve‘ fugacxty; or the actavxty

)
l

,therefore gives an ;ndlcat1on of how 'aptivé' a substance 1s

‘relative to 1ts standardrstate (Prausnxtz et al., 1986)_

\

" The act1v1ty coeffxcxent () of a component 1 is

- defined as' the rat1o of the. actxvxty (a ) of to some

convenlent measure of its concentratlon whxch is usually the
/. ‘ ‘ oo e

mole‘fractxon (xx):‘ L ¢ e L )

* A
»

oy = P o ' 3.27]

. : ’, . [

\.

e u

5- ~ N “.0. : "a':i =‘ xin ’ " _ ‘ [3.28] . |

K ! ' [N i ‘ a
(32 N L4

when the composition, is expressed 'in a mole fract1on, the

[~ . o

_'activityf coefficient“is somet imes referred to as the
rational actxvxty coefficient. and when exprgssed in

[

T |
.molalzty, the activ1ty coefficient is. called the)pract1cal

Cactivity" .coef£1c1ent (Klotz and. Rosenberg, 1974) The"

numerlcal value of the act1v1ty coefflsient depends both on

©

tﬁe standard ’state‘ and on. the unlts of express1ngd

' devet
'concentratlon (Hougen et al 1954)

[ o 1

(]

- ! . . »
! - 4

3 1. Q?Solutxons. Ideal Behavxour and Non;deallty

'; A solutxon 1s a homogeneous one phase system, s'o'_lid,,‘::j‘

11qu1d or gaseous,‘ conta1n1ng more than one component

dlspersed on a molecular s,cale., In d11ute solutxons the

. . o y ,,_‘.—- .
_J, . - . .

<
‘»_»‘g‘ e

\
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component present ‘in the l'arges‘t' am'ount is o rd1nar11y‘

referred to as the solvent whxle those components, one or'

more, present‘ in. relatively small amounts are‘ called
M ' -

solutes. But for the\rmodynamlc treatment of a solution 1t is

1mmaterxal to define, components as .solute and solvent

It follows from E.q (3 28) that“ the fugacJ.ty of any

(>

component 1 1in a llqmd solutxon is re‘lated to "its mole

fraction x; by an equation of the form:

[ o -~ 2
,

) ) \ oo \

g 13.29)

' o i . ® .

where 1y, is .the actlvxty c“oeffxcxent of i and f] is the

fugacity of i at some arbxtrary condxtlon of temperature

.

r

(T°), pressure (P) and compos1txon\(x) known as standard

‘state (Prausni’tz,“ 1986).

-
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An ideal solution is one in which all .intermolecular

forces and the'molecular volume of ';'each specie's are the

»

same, and fo? ‘a range of \condltlons the, act1v1ty coeff1c1ent

‘

ly‘ of any component i in Eq (3. 29) 1s exactly equal to

¢

un1ty Smcel the actxv1ty coeff1c1ent and the standard state’,

fugacxty are 1nt1mately related the deflnltlon of solutxon_

1

. ‘1dea11ty : (y, = 1) s complete when the choxce of standard\
"sta‘te is clearly 1nd1cated 'Dwo choxces of . standard states
__ar'e" in use, ‘one leads to. an 1dea1 splutmn in the sense

_Raoult 5 - law wh11e ‘the “other, leads to an 1dea1 solutxon 1n"

'

. ,_'the sense - oﬁ Henryws Law (Prausmtz et al 1986)

In an 1deal solutmn the fugacxty of everrcomponent is.-

proportzonal to some su1tab1e measure of 1ts concentratmnﬁi"

i
) -{.'5
!



“(u5ually the mole fractxonT At constant temperatuee (T) ‘ahd.’ .
pressure (p), the Eugacxty of any component i‘;n‘anfideal

. . . * o . ' . .’“. i .
;5°1Utlif‘ is glven by - - “ B “

Lok B o T e ag e
£, = KX, ﬂ" ‘ L - [3.30]

. , - o
where"Kl is a sproportjonality.‘constant; dependent . on
temperature and pressure but independént of x,. If f5 in Eg.
(3.28) ‘is replaced by:jKx then'y1 =1, andwweﬁgeﬁ ”

M

L C L _ go. L . Lo e, S
) , f‘ = fix‘ ) R ~ . ‘ [3.31] ' )
» e ' . . “. ‘ ‘," Lot

If Eq. (3. 31) holds for the entlre range of concentratxon

‘(x, =0 to xx‘= 1), the solut1on is sa1d to be 1deal in ‘the
} 1

sense of Raoult s Law. It is apparent from the ﬂboUndary

\

condltlon at X, = 1 that the proport1onal1ty constant K for ~
such a solut1on is equal to the fugacxty of the(pure 11qu1d'

N at the ‘solutlon temperature.‘ I'f  the fugéc1t1es 1n~qu.
r \ - ' " ,“

(3 31) are" set equal o the partzal pressure :oflithe

component': ve obtaxn the ideal solut1on ‘law. known . as’
) : , "ff‘"t ' ‘,\ ‘ o .: . ] N

Raault's Law: - o o " o
e ) L . " o LT ) ‘ l‘ . "» ’

TRy=Elx w0 [3.32)

o o Y "

!where P‘ and P are respectlvely the part1a1 and saturat1on”‘~f:'

pressure of component 1 at the solutzon temperature.-

ﬂ{é,“ﬁin}.a 1nf1n1tely d1lute solut1on (xi : 0) zthe’;
}‘prOportxonallty constant K1 1s not equal to the fugac1ty of‘;

L,

L “ﬁ"c.. ‘ / ; L
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‘ pure 11qu1d i and 1f Eq. (3 30) holds//the solutxon 15‘sa1d

‘ to be 1deal in the sense,of Henry s- Law wach states that \3
s \

"“hh"e P{‘and HA afe respect1 ely the part1a1 pressure and
» . 5
"Henry s constant for the component 1 at the temperature of

+ ‘l - . ‘/l‘
. the solutlon. v J;
e N
The strxct deflnxtl on 'oF, an 1deal solutxon requlres
'

vﬂh‘that‘the sol t1on obeys the 1deal law (£

¥ .
A i

K X, ) and that

1

v " ‘t Al

/
‘the formatxon of such a solutlon {\:mrpure components occurs
of

/ ) -
without evqlut1on on/absorptlon* heat and without change

o IR} '

of . volume, The ;94;1 solutxon lawé such as Raoult s and

Henry s .. 'are

e
\\:-1nterchangeable//.compgnentseh'orﬁ'tol Sufflcxently . dilute
" ‘solutzons (Flory, 1970) and are emperlmentally observed to-
‘.'Jbe approached by l1qu1d solut1ons as the components resemble
one anotheﬁ mqre and mé%e closely (Levxne,ﬂ1978) M1xtures

.oﬂachemlcélly stable nonelectrolytes 1n ‘the - 11m1t of very

T

‘“,l%rge dilutlon behave as 1deal d1lute solutlons (Prausnxtz
i . . ) . . o *

TZ}S departure from 1dea11tyAresults from d1fferenﬁ s1ze and

\ :

“f:between unllke molecules., The measure of the degree of

‘;Qcomponents{ The dev1at10n from 1dga11ty can be descrlbed

L

K 3most conven1ent1y by heg?use;;off excess funct1ons “to R

S

nherently s lxmxted »tov ,mixtures | of

' departure 1s glven by the act1v1ty coe£f1c1ent of tHe .

[

L

.

<HLS/ape of the constltuent molecules and from the 1nteract1on |

| ——

‘
‘

.

EU

t”M1§¢ures of real fluldS exh1b1t nohideal behav1our._;

K

b



real fluzds (\{Irledman, 1960) ‘ ®

"o
~
-

‘represent the thermodynam1c propert1es of the mixtures'. of

M‘"

="
[ W
» A A
4
i
‘

3.1g4: Standard States and’. Normalization of Activity

[

Coeffxc1ents
.1',‘ ; s

A

fA.,Choice of Standard State ' —

I

A judicious' selection of standard state is necessary

for successful dpplicdtion of thermodynamics to real systems

—(Prausnitz et al. |1986). The 'ehoiced &5 arbitrary and is

o'

\

dictated ‘by convenaenae »The tcmperature of the standard-

state 1s not "a fxxed reference vaIue and is the same as that

of the system. under r study j The. pressure and‘ the

concentratlon of a component 1n athe standard state‘ are

:Tﬁo'choices“geherallyjusedfare:"

E\Q

conven1ently chosen such that the act1v1ty coeff1c1ent T

assumes values close to unlty. "For ' certain systems,‘ the .

m

l

standard‘ state " of “'a" component cannot  be attained<

experlmentaIAY and ‘therefore ‘repreSents a hypothetxcal

state. For the same componene d1fferent standard sthtes may

" be selectgd for use in’ dszerent {systems (Hougen et al

1954) R

r

Experlence 4n the past has proved the conven1ence of

certa1n cho1ces of st%hdard states whlch have generally been

adopted and are in common use (Hougen et al. 1954 and Klotz

and RoSenberg, 1974)

\v ‘ B
- S )




‘(i) Pure'Substances . : @y . ',‘ . =

a‘c,

~':However, th%'assumptzon of un1t act1v1ty for pure sol1df‘~

Liquids and Solids

‘v

"The pure component gas inwits 1deal state\ahd‘ 1 ‘atm

pressure 1 e.,‘ at  system temperature the gas has -a

*

fugacity of 1vatm.j

]

P

| T S
“-A‘a“‘fo .]

=
LY

T

Since fpr an ‘ideal gas fugacity is numerically equal to
pressure, we get \ ' ‘
, ‘ I

[

(0 (3.34)

a = |fl =P (3.35)

and in mlxtures of gases show1ng xdeal gas behav1or the

L.

part1al pressure

actxvxty of each component»ls numerlcally equal to"'s

Jh pure component gas -at the temperature and pressure

of - the system. In'”thxs .case the -actxvxty of each

4

compo ent becomes equal to 1ts mole fractlon in 1dea1'

solutions.

o

‘A

.l‘

kPure‘ |$ ;quad or- SOlld at, a. pressure of Al a“tm and atr

system temperature..‘Thzs standard state reduces to a

oA

]

.k *

. v
,

Vo

f?component exceeds 1 atm The act1v1ty of a. pure 3011d orwﬁ"

;pure 11qu1d becomes un;ty at a pressure of fJ atm.‘53

'hhypothetical :omém when ‘the vapor ‘pressure of pure,T7f7‘




“(ii) Solutions

a.

80

may not be valid ‘at times since its activity may be

greatlyﬂﬁaltered‘ by small impurities, by lack of

equilibrium in the crystal structure and by crystal size

A

(Hougen et al. 1994).

For liquids the standard state may also be taken as pure

0

\ ~
liquid at the temperature and pressure of .the system.

" This state becomes -hypothetical at temperatures above

the critical or saturation temperature of the pure

1liquid.

Pure component at the temperature and' pressure of the

solution
';h -

(A ) ,
fx(nd. q.tnte) a f}?\-c". ") : (3.36)
fg ‘
B o T ’ .
a)(std. state) — &, & To =, (3.37]

The activity of a component® in 'any solution of finite
,ova B : N ’ . -
concentration must be less. than unity and 1is equal to

its ‘mole fraction in'an ideal solution (i.e., v, = 1).

In’ a liqu;d solut1on ~the standard state of component may

I

become hypothetical 1f the pure component is not liquid
l ‘n

‘ at the temperature and pre55ure of the sélution. '

' -yu

choose the standard state in ,such a way that the

activity of the component will . reduce to its mole

~

.

Por components of 11m1ted solub111tyy it is desirable to
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fraction in vexy dilute solution where Henry's Law is

applicable. Thus,

’
o

A

l

-~ 1as x, 0 . [3.38]

>

i

This standard state is not the state of infinite
dilution but a h}potheticall liquid state which is
defined by reference to the behaviour of the component
at infinite dilution (Hougen et al. 1954). |

When concentration is expressed in molality scale a
standard state may be chgsen %;ch that the activity of a

component approaches its molality in the limit of

infinite dilution, i.e.,

4
b}

[+

A
ml

~ lasm + 0 | (3.39]
-. This standard state is called "hypothetical onesmolal
solution™ and will have the properties that a one-molal
solution would have if it obeyed‘the limiting Henry's
Law. A component in this sténdard state has a fugacity
that a one-molal solution would have if it obeyed the
limiting law at the temperature and pressure of the

syétem (Klotz and Rosenberg, 1974).

B. Symmetric and Unsymmetric Convention$

Lg‘ follows. from the discussion in the preceeding

sections (3.1.2 and 3.1.3) that for an ideal solufiog
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[3.40])
or, y, = | ’ (3.41]

Since- a solution can be ideal either in the sense of
Raoult's law or in the sense of Henry's Law, the activity
coefficients may be nofmalized‘(i.e., become umity) in two
different ways leading to symmetric and wunsymmetric
conventions of normalization (Prausnitz et al. 1986).
(1) Symmetric Conventfon of Normal|zation |

1f the activity coefficients are defined with reference

to an ideal solution in the. sense of Raoult's Law, we get
y, » 1 as x, » 1 | [3.42]

This no:malizatioq_hold for both solute and solvent and is
.easily extended to hulticompgg§nt solutions.
(11) Unsymmetric Convent fon gﬁ Normal | zat Ion

I1f the activity coefficients are defined with reference

to an ideal dilute golution in the sense of Hgnry's,?aw, we

get
v, * 1 as x, » 1 (solvent) o [3.43]
7; - j as kz + 0 (solute) | - [3.44]
The asterisk (*)> in ‘7; is usea to distinguiéh it ‘form.

‘'symmetrically normalized activity coefficients and in this
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- \ .
case normalizafjion is not same for solute and solvent. The

extension of unsymmetric normalization to multicomponent

~

solutions is not simple and needs more care (Prausnitz et
al. 1986). . ‘ v

Relationship Between the Two Conventions
’ ‘ ' . N

~

In a binary system y, and 7; are defined as

L

S L | ) " (3.45)
¥z x2fpure 2 ! ' . )
. fZ ' -
Y, = ;2ﬁzjr~ | | [3.46]
Y2 H,
i e | © [3.47)
Y2 pure 2 ' : ) .
Since, 1limit 7; = 1 . . ‘ {3.48)
12—0 ) .
: .. Ha A |
S limit vy, =f _ (3.49]
‘ . xp-0 pure 2 !
& —— = limit 7y, - [3.50]
T2 x2~0 ’ . '

By similar .arqument, it can be shown that

—— = limit v} o [3.51]
. 72 . 324.‘ . “ . N

Equations"(3.50)“'and (3;51) 'relates tﬁe‘ two - activityu

,coeff1c1ents, one normallzed by symmetrlc conventxon and the

“other by unsymmetrlc conventlon. The l1m1t ‘on the right sxde



SR ST T - 84

.of éq. (3.50) represents a bhysical‘situation; wherees the
limit'oh‘the right side of Egq. (3.51) -may eorrespond to a .
(hybothetical state, whenever component 2 cannot e*ist‘as a
pure liquid at the temperature of the solutioh, Consequently
Eq. (3.50) is the preferred one and> is more useful.
SlExcess Functxons and Thermodynamxc Modelling : |
The excess functxons are the most convenient Mmeasure of
the extent of dev1at10n of real lxqu1d mixtures from ideal
bahaVior (Klotz and Rosenberg, ‘1974) Most ofv these
functxons are extensive and are thermodynamxc propertxes of
solutions which are in excess of those of an ideal solution
at the same cond1t1on of temperature, pressere\ and
| compoe\txon (Prausnxtz et al . 1986) . ‘
| \ The excess“Gibbs free.energy function @s.deiined by
- G* = = Gactual solution at T,p, x T G(ideax solution at T.P,x) [3.52]

\

Other excess functions. such as excess Helmhblhz energy (Aé),
‘e§cess enthalpy -(H®), excess entropy (s®), ,eicess*intefnal
senergy (U®), and excess . volume '(Vk) can - also be - def1ned
?p;li siﬁilarly. Thermodynamlc relat1ons between these exten51ve
}ga excess functions and the1r part1al derlvatzves are xdent1ca1
to those of the total funct1ons-5 '
v

TSR S . [3.53) -

A = Uf - TSt L 13.58)



H® = U° -~ PV
E ' ! |

o L ‘ [3.56]

o R e ‘ 1

4 r

E @\ f .‘\v
[ G gT] _ %T [(3.57)

%y m T

N aG" £ | S e ey
[ P] . ="‘.V o o [3.58]

. The def1n1txon of partxal molar excess functxons ‘and their

”relatlonshxps wlth total excess functlon .are: analogous to

} y
those used for partial’ molar thermodynamlc propertxes. For
‘ _ v
example, v . ' - | c
,' 4 - "
3 - 3% [3.59)
- \ i T.P.ny,, B
) 3 . : [ ' ‘ .
G = ) agh | ¢ [3.60]

i

where‘§f\is the partial molar_escess“dibbs free eﬁergf.ef
component i. = - M‘ PR : ; N o k[‘;“

Excess funct1ons may be pos1t1ve or. negat1ve and thelr
'51gn 1nd1cates the type of dev1atxon from 1deal behavxor.
For example, a solution 'with a p051t1ve excess G1bbs free
aenergy 1s sa1d to exh1b1t a pos1t1ve dev1at10n from 1dea11ty"”
"and vice versa.(Prausnltz‘et al: 1986)m, o B

f ‘ o N
. ‘ \ @
a,
. ! o
. N s by

A - [N
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The partxal molar excéss GlbbS energy, becéuse‘Of its.

direct relatxonshlp with the act1v1ty coefflclent, is the

‘most useful thermodynamlc functlon 1n solutxon modélllng At

)
constant temperature ‘and pressure, for a component i in

solution, it follows from eq (i;19);

\

q fx(real} oo T ‘
gx(real) - gi(xdcal) = RTl m—— . [3.6]]‘.
. r r. E e
Since, . -

»

L ZE _ = = ‘ L .
9, = Gi(rear) gx,(xde’all : ‘ [3-621

cote om Figeean) o e g
~ gy = RTlpg——=—=—" : ‘ [3.63]
i i{ideal} -

[ .

»

Again, from Eq. (3.%g)vwe get

f:ddeu)l= Kix, : I3-64Jf
. —~ v‘_ ' fi(teol} T '.I ) - ‘ o
S gy o= R’I:_lnT R S [3.’65]

If we set the standard state fugac1ty f ‘equalfto.KiF

[
Eq. (3 23) and Eq (3 28),1ead to '

<f . - !
ay = 7ixi"=’if P o [3.66]

Lt 3 o = ] o S ool
.Substitution of Eq. (3.66) into Eq. (3.65) gives.

e : .
oA L

g vai”v; R IR
gt = RTIn: - U 3.67)
s . R . . ‘ X } . ' . A B ~ B

E-N

ﬁgr'



% g = RTIny, L [3068)

” Again;‘it folloms from Eqg. (3.60),‘

5 s

-

« A

yherey g s the excess molarv 1bbs energy. The temperature

;and pressure derxvatlves of a t1v1tx coeff1c1entggre related

‘ to partxal 'molar . excess ‘en halpy and part1al molar excess
volume respectxvely follows trom equatxons g§.57)‘and

(3. 58) that . for ac mponent i in solut1on SRR -

5lh71] R o
. [ EL U R I 13,70
[} a'.P ;‘p"l RT . )

e &lnyX] | . '

u“[” 3 R - [3.71)
where EE and vi are respectxvely the partxal molar excess.
enthalpy and partlal molar excess volume of component i in

. solutlon. A o ) “ »
gw‘ Equat1ons (3:68) -and (3 69) -refleCt the ”intimate”JQH

"relatﬁonshlp between activity coeff1c1ent S"d excess szbs

_energy and are the most useful equat1ons in thermodynam1c
modellzng of solutlons. It is. thus apparent that one can'ﬁw
/estlmate the tﬁermodynamzc propert1es of a m1xture 1f a‘p

qu1tab1e model 1s avallable fOr the pred1ctxon of act1v1ty

f coefflcxents.u One of the models -for: the predzct1on oi

;fact1v1ty coeffxcxents in. nonelectrolyte solutlons 1s UNIFAC,

"' P

«
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a, deta1}ed descrxptzon of Wthh is presented in the next

> N t

a sectxon.‘

. ; . L - ' ‘. ‘ “
a 3 2. The UNIFAC Model

. The UNIFAC , (UNIQUAC " Punctional  Group Activitf f
‘-,Coeffzcxent) is - a group cqntributjonu'nethod‘ orxgxnally
deﬁeloped by Fredenslund et al. ({975) for the predlctlon of
yl1qu1d phase ~act1v1ty coefflcaent .in a nonelectrolyte,,
,~nonpolymer1c solutxon It is applicable at. low to moderate‘
‘pres ures: and at temperatures between 300 to 425 K (Gmehllng
u.'et al. 1982). In conéept it is sxmxlar to ASOG (Analyt1cal
'Solutxon}iqf Groups) correlatlon proposed by Derr and Deal
‘(1969) and 1s a consequence of the UNIQUAC model developed‘
by Abrams and Prausnltz (1975). . ' |
"It .is one 'of ‘the popular- models ‘for prediction of
act1v1ty coeff1c1ents (Rasmussen, 1983-‘Thomas and Eckert,

‘1984).% Its popular1ty stems from the group contr1but1on‘

approach of the model 'and that in general it nges»“

ﬁreasonably good pred1ct10ns of act1v1ty coefflcfents. Wlth;

"the knowledge of 20- 100 functlonal groups the propertxes of"

thousands of multlcomponent m1xtures can be predlcted (Reld

et‘al,,‘1977) The type of organlc molecules encountered xn'
‘zfluids'ﬂof‘ b1olog1cal orlgln*~appear to‘ be amenable - to

| “‘treatment by the UNIFAC group contrzbutlon mebhod

L ‘ "~ .
R N - ‘,. .
! ¢

¥«,_3 2 1 Fundamental Assumptxons and General Featuresv a ‘
The UNIFAC 11ke any other group contr1bub1on method:is

“ftgbased on two fundamental assumptxons (Re1d et aI 1977)-

PERTIN



a. Adaditivity: the physxcal property of a compound is the

‘sum of the‘ contrlbutlons‘ made by theu‘molecule s

]

constltuent functlonal groups.

~

b. ‘Absence of. envtronmental effect each functional group -

[N

1s assumed to act 1ndependently as an 1nd1v1dual entlty%

and 1ts contribution w1th1n a molecule is not xnfluenced"‘

\

by' any other group Thxs ‘assumptxon ,renders the
group- contrxbutlon models unablewto dxstxnguxsh between
‘ details in :the molecular structure’ as lnf 1somers
(Fredenslund@ and Rasmussen, ‘1985).‘v However,  thi's
‘assumption is seldom valid sinCe” functlonal groups
within a molecule do:xnfluence each other.hl |
In this ‘method the parameters“ characterliing”
‘interaction between functional groupsw.are,robtained \by
“suitable reduction of_“experimentally ‘obtalned’hactlvity
coefficient data in. nonelectrolyte systems, and these
‘parameters are then used for the predlctxon of act1v1ty
Gxoeff1c1ents in other systems wh1ch have not . been studled
experimenzally ‘but conta1n the‘ same functxonal groups
(Fredenslund‘ef al., 1975); | | | ‘ |
32,2 The Model Equatxons,;x‘ . , |
'Y." UNIFAC model ' developed by 'combininé kthe‘
‘solutlon of groups concept and thé} UNIQUAC model foz'f",:‘”“i

lsllquxd phase act1v1ty coeff1c1fnts (Fredenslund et al

1975) The volumgw change —accompanylng 'the‘ m1x1ng gtlpy

‘-fnogelectrolytes is normally small Thls small volume changall*

can have a s1gn1f1cant effect on entropy and enthalpy of

~ -
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mlxxng These bwo effects approxlmately cancel in the excess
lcxbbs energy maklng it 1nsensxt1ve to'volume changes. Thls
allows for the replacement of the éxcess Helmholtz energy\
constant temperature and volume by the excess Gibbs energy
,at.constant temperature and preséure, irer (A )Tv = (G,me,
This substitution‘enables‘the”deuelopment of \a theory‘based
onaGuggenheim's((1952)‘lattice'model of a liQUid (Le‘Maguer,
‘198l).:The extension of‘Guggenheim?sltheory.to mintures of
molecules.'of different s1ze and shape by uszng W1lson s
‘(1964) local composxtlon concept resulted in the development

of the UNIQUAC equatxon (Abrams and Prausn1tz,,1975).

UNIFAC modelrls slm;lar to the UNIQUAC equation; ' the only

 difference is that the liquid mixture'is‘consideredfto‘be

R . . s [ R I P ».‘ h‘ . I N . “, e . . . ‘ ~
~»‘made up of structural groups which ‘add' up to form ~the
'component molecules. The standard state of the components 1n

‘these two models is the’ pure l1qu1d ‘at the _solutlon

N

temperature.

Accordlng to the UNIFAC model the activity . coeff1c1ent

\

of a component whxch reflects the non1dea1 behav1or of a-
. molecule in solutlon can be broken 1nto two 1ndependent

"

o parts,‘ one" assoc1ated w1th ‘the dlfferences 1n molecular
VSiies"'andv the/ other‘ w1th the ‘1nteractzons among theh’
functlonal groups.‘The act1v1ty coefflc1ent of a component 1,
'l‘ 1s ngen by.¢A o E | | - |
Clny, o= lmyy o+ Imyl o 08072

: r(conbini;oriali :“‘1(§eaiduall"“" - .'2;,1,jf O
R . ' '," | '. . ' “ ) » " : )
The combxnatorxal part of the actlvxty coeff1c1ent is ~ hu

derlved from the pure component propertles such as group.lAf

'L" '
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‘volume and area parameters .and’ 1s‘e£actly.8he same”as‘that

"

‘of the UNIQUAC equa!lon-

¢, 6, oo e
1nyS = 1n——+— 1n——+1 -~ =ty x.1. - [3.73)

S 24 g, xlzt YRR (3.73) .

. : . /I

Where, ‘ l ‘ P o . N Ry
‘ DXy j L o \
. . ¢, = == = Component volume fraction
) k i vzj:rjx ; K A g -

_L
ax

S <)
1]
[}

= Component area.fraction

3
3 ‘ A L L l
%(f{,” Q) — (r, ~ 1) e

xllerMole fractlon of component i

z = Coordxnatlon Number, set equal to "0
The pnre .component strgctural parameters r;'and‘\q, are
calculatea [as‘ the Sum‘ of the group Qolgme vand“area.

- parameters:

1]

Component volume . 'parameter

q; E u“ka Component area‘parameterf
Qhere bk’xs the number of groups of type in molecule i. The

‘structural parameters (R and Q,) of the functlonalquoups-

"are obta1ned from the van der Waals group volume (V4) and
surface area (a,,), tgzven by Bond1 (1968) ’ o

. V ! o .' cb X . . | Hv
i = Geoue volume o paramerer .

L Ry

o —_— - Gfod' area afaméteff‘«"
L BT lsxio T OO S RATERTEEL
where Vk‘and A -are respectlvely the van der Waals volume

[
-



B e o , .‘i‘ | L o 92
' 1oy ' ‘ Co C - N ‘ .
and area of group k. 'I'h'e” ‘normalization factdrs 15.17 and \

RPN ,

2. 5x109 are determxned by the voluhe and surface area of a’

CH, unxt in polyethylene (Abrams gnd.P:ausnltzi 1975). The

A ]

values of Rk ,and Qk‘_fofp*variOUS funcﬁionél gfoups
“encoudteréd ibf hooelécﬁroiyte solutions ;are’ llsted. in a

number of publications (Gmehling et a7.f 1982- Herskowxézl
~a”§ﬂ Gottlieb, 1981; Skgold J¢rgensen et al,, 1979 ohd.

Fredenslund et al.. 1977 1975) | B

Tho' residual part of the activity coefficient is a

hfunction of group exterual surface aféé” XQK), ‘group'

fréctioosl (Xx)‘ temperatu?e Q(Tf ‘and group"intefacﬁfoh

parameters ‘(a,,) in pure components: as well as in mixtures.

Lny, is given by: ' A
ay? =z M|1an, - anrl| o [3.74)

The group activity coefficient?is:

‘. o ‘I’km R |
lofy =gt - ln{Z Onbon} - } {,: : ‘,,nm N EN O]
Where, ‘
D Ok R
‘ 0‘ Z x ‘= Area fract1on of group m
S “’J T :u‘,nf”‘ .ao ‘Z~‘ ;"-[‘~”LL o L
N R BRI S S
Ry = f’?ﬁ??g_— Mole fract1on of group mooc A
S ey Teee e S e e o
S N L
s vb\-“f“f' ’v\\' L




\' )

'amn]

\\‘w ?m = exp[-j;‘RT exp‘~

o

) = Group, interaction parameter

'

thenglve listslof group interaction‘parameters’(am)

R
are

' avaxyﬁgle in the publxshed lxterature (Macedo:et af,, 983‘

Gmehlxng et al., . 1982; Herskowitz . and ‘Gottlleb, 1981:‘

Skjol@ Jergensen et al., 1979 and Fredenslund et al,, 1977,
1978) L T

3. 2 3 Free- ~volume Correctxon and Other Modlflcatxons

The UNIFAC model is derlved uslng the twoclxquld theory'

Wthh is’ concerned only wlth he effect "of exchangxng‘

nearest nelghbours and neglects changes in rotational‘and
:v1brat10nal motions whlch molecules experlence upon mxxzng
‘Thls theory ‘does not expl1c1tly take 1nto account changes in

free volume accompanylng the process of mlxlng (Brandan1 and

¢

Prausnltzr‘ 1981- Oxshx, and Prausn;tz, .1978) The local:

A

structure ,which determxnes the equllxbrlum thermodynamlc

propert1es of - 11qu1d m1xtures depends iupon the forces-

‘between molecules and on .their form and volume whlch change

fw1th comp051t1on (Flory, 19&5) A nul
- m1x1ng can not be assumed 51nce t,el free volume of

r'molecule in the pure state 1s d1f£erent from that' in-a

‘Wm1xture Therefore,,‘ equatlon of state‘"contr1butxon or

r

,free-volume effects can not be neglecteé~wh11e deallng wlth”u'

‘Vpolymers an% polyatom1c molecules Jof var1ous sxzes andf

iQSpatxal forms (Maurer and Prauspxtz,\1978) ‘Tfig‘ "

. . l. N . " . . ’ Y
[N s v " PR . "
. LT . . Toh s . AR .
N B A o ol ; ton
. 4 . B . W s

volume change upon-,”
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gaishi'and.brausnipzl(1978) added a correctxon term to
’T‘UNIFAC mode ] to take into account the changes in

*~volume caused by mxxxng in polymer solutions. The

UNI ;‘ model with the free- volume correctlon takes the form:
, kar (R L , . .
}‘?\.' o ’ o . ' e
e A ' ‘ o ' . \
oy, = 1oy 4 1ny]’ . [3.76]
‘ b !
C or, lny 's ln&s + lnyT 4 lhyfv (3.771]

"
P
S

. \ o ‘
The’ free~volume“ term j(lny? ) can be calculated by an

expression developed using the 'equation-of-state' theory of
A N . ! .

.. Flory (19707;and is given by: .

. g3 Sy V!
1n PV 3c‘lh (O“*i D ] - ¢ [{0“ - 13 {1 - ’THL*“}q
)tl i (971“77‘ 1) | Qm 0: ‘
. [3.78])
Where, . |
l“)
RN ';I ‘ v‘x . ' ' Py
ﬁ?ﬁ”ﬁ;;§TT7B;T = Reduced volume of cqmpone:;?%’,
. . . A
‘ , - o
; ‘ - Lvix . ’
0, = T5.77b% ¢ X, = Reduced volume of mlxﬁuFe

'Y

-

v, = Molar volume of component i

x, = Mole fraction of component i

b ='proportionality constant of the order of unity

LY

3c, = Nuhbéf o:heXternal'degrees of f;sfdom per

lmﬁiééﬁle_of component i
Equat;on%(3 77) is known as the UNIFAC-FV model which is

gsun :
A

!

N
. v
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used in our study. of thermodynamic modelling of aqueous
| carbohydrate solUtioné. |

"4 The UNIFAQ; like any other local composition models
does not possess _the ability to give an accurate
representation of the excess Gibbs energy ~and excesé'
enthalpy simultaneously. The model in its original form is
alsa unable to represent vapor-liquid and liquid-liquid
equilibris simultaneously (Fredenslund and Rasmussen, 1985;
Skjold-Jergensrn, 1982, 1980). A fundamental deficiency in
the model is the arbitrary choice of the volume and surface
area.of methylene in polyethylene as the normalizing factors
(Rasmussen, 1983). 1In order to overcome these limitations
and to iﬁprove the predigtive power of the 'UNIFAC model
various modifications have been attempted, and .in most
cases, these are dﬁpi;ical in nature with little 6 no
physical'meaning.'Skjold~J¢;gensen et al. (1982) introduced
a compésition variation of the interaction energies so that
t;e association and solvation effects can be  taken into

.

account. This. modification lead to quantitative

n

representation of the vapor-liquid ‘equilibriﬁm (VLE) data
and semi—quantitative reprgsenéation of binary and ternary
'liquid-liquid equilibrium (LLE) data. The simultaneous
rebresentation of tﬁe YLE and H® ‘was achieve@ by,making the
codrdiﬁation .jnumbe@ ‘2! temperéﬁure dependen;
(Skjéla-J¢rggnsen et al.,-1960)1 Kikic et al. (1980)
modified the combinatorial part of the UNIFAC .by' replacing
r, -with" r?’ in the  Flory-Huggins part’ ?of the S-G"

combindtorial and obtained much improved predictions of

A
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activity coefficients in mixtures of saturated hydrocarbons. "
In an attemét to overcome most of the serious limitations.qf
the original UNIFAC, Fredens%?nd and Rasmussen (1985)
deseloped an advanced, group—contéibution model called
SUPERFAC. This model ,is. based on UNIFAC Qith numerous
cﬂanges to incorporate all the suggested modifications of
 Skjold-Jergensen et al. (1982, 1980) and Kikic et al.
*(1980). In addition, the group—intéraction parameters ana
the associétion and solvation parameters are also cohsidered
témberature dependent . ThiS"model‘ has better predictive
capability for mixtures containing large variation of size
and shape. ‘ . .

The nuherous attempts to improve the flexibility and
predictive pdwer of ‘the"UNIFAC"model by extending its
appiication to a variety of diverSe_systems furnish valuable
insight into special phenomena and areas whe;é experimental

“information is urgently. needed. It is hoped that the
mathematical equations will“gradualiy become mére accurate,

finally leading to an unified general model for solutions.
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4. MODELLING OF AQUEOUS *CARBOHYDRATE SOLUTIONS

Carbohydrates are organxc compounds made up of carbon
" oxygen and hydrogen atoms. In the molecular ~assembly these
elements cons;;tute functdonal groups_yh}ch are amenable to
treatment by the UNIFAC group-contribution mefhodo‘ A
| \Glucose ‘an aldohexose, - is by far ehe most aodndant and .
important, monosacchanide since it 1is the monomer unit lof
many d1~, oligo~ and polysaccharxdes and has a specxal role
in many biologica. processes. Other aldohexoses are isomers
of glucose and have similar ohysicai h andj, chemical
prope:ties: The ketohexoses also have sxmxlar propertles
the 'only difference is that the reduc1ng carbonyl group in
'keto—sngarS'is in the keto.form, whereas in aldo—sugaps it
is‘in the aldehyde‘form dFurther,‘the fUnetional groups“that'
combxne to form a glucose molecule and those that constitute
any other carbohydrate molecule are, with miror varxatzon,
‘al1ke..However, the number ofysuch groops needed to.form‘
different vca;bohydrate molecules may be “diﬁferent..~1£ is
ex?eeted _that the soiution behavior of 'anyn‘aqoeous -
monosaccharide solution will- follow a similar "paeeern as'u
‘that of ‘an .aqueous glucose\ solution. It was ﬁthefefo}éf
' deCfded to 'model the glucose water :System' which‘ shoold'
. prov1de enough 1nformat1on and experxence ‘to model other
hﬂ carbohydrate water' systems. The UNIFAC model proposed by

l

niFredenslund et a]. gi975 ‘1977) was used Jn thls study

97 .



4 1 Experzmental Data on Glucose Water System

The experxmental values of actlvxty coefficients ‘are

lcalculated from free21ng_ p01nt, osmotic. coefficient and

vapor pressure data on .aqueous glucase solutibns.< The
mathematical equations used to treat these data are:
a. Activity coefficient of water ‘from freezing point

measurements (Wall, 1974):

v

Iny, = = | 9.692x107% + 0.455x107%6% & ........ - 1nx,
| - - “ | 14.1]
Where, } |
.8 L Te - T = freezxng po1nt depre551on .
Ty, = act1v1ty coefficient of water

X

mole fractlon of water

The acﬁieity.,coeffioients ‘of water together ‘with the
‘freezing point depression values are shown“io %able' A1,
(Appendix;l).>‘ 4

.‘brﬁ Activity‘coéffioients'of wateerromjosmotic coefficient
. measurements (Stokes and<Robinson,’196§):

~

55.51 S
where,

ki

¢ = osmotlc coeff1c1ent

m = mola%aty o£ the solution

;The act1v1ty coeff1c1ent of water together Wlth the osmotlc,

coeff1c1ents of glucose solut1on at 25°C are presented

‘Table A1 2.

[ 1ny,= [—#‘—’i 1nx, |- (4.2]



c. Actiﬁityg coefficients . of water from  vapor-pressure

measurements (Van den Berg.and Eruin,_1981):

: P, o C .
. “1ny, ='—‘[‘~;*,] - 1lnx, . ‘ (4.3)
_ v : p: | o ‘ ST
vhere, ‘ '
P, = equilibrium vapor pressure of water over the
system at solution temperature.
. P, = Saturation vapor pressure of pure water at

solution temperature.

hThe.activitY coefficients of water at.different‘temperatures
(25 '35, 45, 55 and 65°C) and the corresponding 'vapor

' pressures are presented ip Table A1.3. | o
Ruegg and Blanc (1981) measured the act1v1ty of w’!er
(a, ) dlrectly using an electronic hygrometer ‘and developed
an equatxon by regre551on analy51s for calculation of a, in
glucose solut1ons w1th1n the concentratlon range 1.2-7.2 m

(moles/kg water). The equation is: -

w

‘a, = 1.0062 - 0.02011% . (4.4]

.The calculated values of act1v1ty coeff1c1ent of water (7,)'
using this. equatlon are presented 1n Table A1 4 ‘
d.. Actxvxty.Coe££1c1ents oi Glucose.~ - B}

v The act1v1ty coeff1c1ents of glucose can be obta1nedpf
from the act1V1ty coeff1c1ents oflwater by rearrangement andli;
1ntegrat1on ‘of Glbbs—Duhem equatxon (Klotz and Rosenberg,'

:3;.‘1974)$ At constant temperature and pressure, 1t can be shown'

'Fgfrom Eq. (3. 14) that

.‘/‘_

)
R
! i
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0

' S X . ‘ DU o
: dlny, = - - dlny, - [4.5]
2 B 2‘ ! . . ! * ) ‘ ‘\ ' !
‘hhith]fon integration gives : .
. lm,‘x‘ ' ‘ o
ln'Yz =“— ‘J\' . dln'yl . ’ ' ! [‘4-.6]

Th1s 1ntegrat10n can be performed by expressxng lnyI as a

porynomxal functlon 1n X, of the form.~

Iny, = A2 + BX2 * .u.... . [a.7)
‘ 1 T AXy T BXy | y B ‘ '

BN

“and: 'eva}Xatinq ‘the’ integral | analyt1cally frbm‘ a

‘concentrat1on of 0 to xz. When the osmotic coeff1c1ent data
(-

. of Stokes and Roblnson (1966) for water was used, the best

-

fxt-was optalned with_an equatlon of the following form:

.ffiny;-é'sz +-Bx;,*_C§; + Dx;5-‘Ex: - . [4.8]
'K‘Integratﬁon of equation (4.5) tﬂen gives
1"7 x, x"d{-lnyk}’ o
*dlny J‘g-Ji ——————1—]dx' s
’Iol , Jo gl - dxq ‘_lg
Col I [2A - (2A 3B)x (3B+4c)x Ea

(4c+su)gg:f (5D+6E)x + GEx ’dng [4.9]

Therefore,kthe act1v1ty coeff1c1ent of glucose lnyq 1s given

by. A



"

R o _ . n

3
X

[2A~3é] 2 [3B+4C
' Xq 3 9

 [4C+5D) a
e ]x

'lny; é‘ZAXé -

. SD+6E ‘so e vt T ..
155 % " Exg. . . [3.10]

. N . d -
,The actlvxty coeff1c1ents of glucose obtalned at dlfferent
‘\concentratxons l(xg) usxng the method descrlbed ,above ‘are.

shown in Tables A1 5 A1 6 and A1 7 (Appendlx 1).

Co ; Another method of obta1n1ng the actlvzty coefficient of

glucose 15 by evaluatlng the 1ntegral on the right. sxde of‘

equatxon (4 7) by 'the extrapolatlon method descrxbed by
rKlotz and Rosenberg (1974) |
terx The excess part1a1 molar enthalpxes and entropxes

Theg‘excess partlal molar enthalp1es of glucose and
wat:}

are reported by Taylor and 'Rowlinson (1955) The

‘exceés part1a1 molar entroples are calculated from these '

,deta u51ng the followlng equat1ons- ' | | s

o

" a&ater‘l = RTlana:;{ o : ' | (4.1 1] v
- o .‘E. ‘ — . . ) ‘ ) . ! . ‘. !
a ) . o gglucose 'RTlanlucoae - o R [4.‘ 12] ‘
e _ gE - . ,
. ~Tsvater Evater T Quvater DR - [4.13]
‘ ‘. ‘ , —-Es B ' o g - R - L :
Ch ‘ nglucose ) Bglucose - Qq1ucose g . . 3[_4",'14]

”5{'The excess‘bartialtmolar Gibbsfenergy; enthalp? and.entropy*

?=of water and glucose are presented 1n Table Al 8 and Al 9

respect1ve1y. ,

R p——

[
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4. 2 Modell1ng of Glucose Water System
-7‘j Glucose 'is  a- six-membered’ rlng | compound “that‘
predomxnantly erists ‘in‘ the C1 ‘chair conformatlon dand.
mutarotates to an equ111br1um mxxture of 5 tautomerxc forms
‘ (Flgure ‘4.1) ing‘aqueous solut1on All ‘these ‘tautomers‘
contrlbute to the ‘measured property of glucose solutzon;l
IHowever, as can be‘seen 1n Table 4. 1 the pyranose forms
predomlnate and the relatlve amounts of varxous forms change

\

llttle w1th temperature.,

“‘n4r2w1 Assignment of Functional Groups d |

= The‘functional'groups‘that make up}the‘glucose—water_
mxxture are shown in Flgure 4, 2, The' groupl composition\
together with the1r volume (R,) and.area (Q,) parameters is
:presented in. Table. 4’2} Glucose,,molecules dlsplay
ticlty,'d all the-h‘assigned functional groups."are
"therefore assumed to be of the allphatlc type Slnce UNIFAC
'cannot dlStlﬂgUlSh the structural dlfferences among 1somers,‘
‘the glucose water system is’ assumed to be composed of two
‘components- water and glucose hav1ng the functlonal groups
‘shown‘yin' Table 4.2, - The matrlx ;'f group—lnteractzon
r‘parameters for the constztuent fpnctlonal groups reported by

Gmehllng et al (1982) *s shown 1n Table 4 3

, e
DA U

-

> "4, 2 2 Evaluatxon of the App11cab111ty of the UNIFAC Model
4

PPy

. The act1v1ty coeff1c1ents of water and glucose 1n anp;f
: }aqueous glucose solut1on at 25°C were calculated us1ng\thet

"*,UNIFAC model (Eq., 3 72) and the parameters presented

)
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'.“ HO -O:.H‘

. ‘a;pyrangsé 'Qx.

-a-furanose’ 5 ¢ C
‘ ' . : .., P-luranose

¢ ~

E"‘,i'gu‘re ‘4.1‘-""I"a_\utor‘neri.d[é(jui",lib‘rvi'um ‘that ._exi‘_sts“?'i.n ‘aqtuveous‘ .

d g;ucose solut i“onj‘-:ﬂ(A‘dap't.éd " from: "Sha'llén"bergér, s

es2y.

Gy
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R ‘Tab1e|»4.1 The,eguilibrihm composition of glnéoséﬁtautomers

at different'temperatﬁres;‘

Tautomer - Composition (%) at

.20°c* - o25°Cc® . a3°CC

a—pyrénose;  “ 36:4 ) . 37’vv‘ ‘ o ;37.30

B%pyran?sél' - 63.6 o | | 63 D . ' 62.51

a-furanose . S s f‘. "‘ .~ 0.05.
“B-futanosé T . 57 Co | 0. 14

4
~7

" °From: Isabell and Pigman (1937) T ‘. ..

. °From: Fréﬁks(1979) R - SR

: cFroa;lwil¥iém and«A;lgrﬁand (1977) "
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Table 4.2 The area and volume ‘paramaters of functional |
~groups in ‘a binary solution- of glucose and énd

water.

Funétjqnal . Nuinber .. Volume ' Area
Components  Groups of Groups @ Parameter . Parameter.

b)) ®) (@)

CH ' 1, . 0.6744 0.540
‘Glucose: - CH . . 4 0.4469  0.228
. o . . s 1.0000" " . 1.200
© cHO . . 177 0.9980 0.948 .7

| Water™ T 1 0.9200 ' " f.e00 .

s '
“ '

o Faréﬁe::}¢9alpes from: Gmehling et af,*(19§2)j;‘-?"n,
D o
o
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4
s
!

‘ “Téble 41? uThé,groUpfinteraction'paraméter§ (amg)

1

"Groups ' CH, 1 CH " OH H,0 " CHO

cH, 0.0 . 0.0  986.5 ' 1318.0 '  677.0
CH 0.0 - 0.0 . 986.5  1318.0 677.0 ,: 
OH ‘.156.4M - 156.4 . o;qj‘ -'353.5‘,~ :441;8-“”
HO 309;0 . 300.0 ~229.1 ‘Q\L 0.0 ~257.3

e cHO 505.7  505.7 ~404.8 - _.232.7 .+ 0.0

Parametef‘Qa;ues‘from:;cmehling et al. (1982)

)
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g | . . |
Tables 4.2 and 4.3. In these calculations the standard

states of the two componente were‘respectivelyltaken as pure
water and hypothetical pure liquid glucose at éqiution
t¥mperature. Many eérs 5f calgulations were carried out and
‘f“xn each set a change 1n the group composxtxon of the glucose
molecule was consxdered The three major varlatlons 3n,che
group composition: of a glpcose~molecule that are possihble
include: .- | |
a; 'A molecule of a- or p-glucose is expected te have
’ the;group'composition shown id‘Figure 4.2. Therefore
© thelfirst set of calculation was done with the group
composition sﬁown ianable 4.2-4.3, referred_tO'as

as "Glucose {CHQ}'.in Figures 4.3—4.10.

b. In the second set a vyariation of the functional

@ group was 'tried in order to ‘ascertain whether the , ..

SN

ring oxygen has the eharacteristicé of an‘aldehyée‘

or an ether group. The CHO (aldehyae) group ie‘

.Tables 4.2-4.3 was replaced by a CH-O (ether) grougﬁb

referred to as 'Glucose {CH-0}' in Figures 4.3-4. HO B
c. One of the common crystalllne states of glucose is

its monqhydrate and therefore a molecule of water
. —- (S8

ﬁwas,added to-the‘glucose molecule in the third set,

referred‘ to as 'Glucose Monohydrate” in Figures
L} B

LEN

%4 0. . \
S ‘ . L %1 A
The estxmates of ‘the activity coefficients (y,) and
actiyities~(ai) were compared with the experimental values
N : " . : - W
(obtained. from osmotic coefficient data of Stokes 'and

Robinson, 1966) in Figures 4.3-4.6. 'Tﬁe results of the
Lo iy N . . o ‘
| e

P
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calculation ‘demonégrated poor prediction of thé activity
ccefficients of both the components (Figures 4.3 and 4.4)
when glucose(CHO or CH-0) and water were consfdered as the
molécular species in the solution. The variation of the
logarithm of activity coefficﬁent’(lnyl) with mole fraction
of water (x,) showed opposite trend when compared with the
experimental»vqluesﬂ/This poor prediction of y, is, however,
not reflected in the activity-mole fraction plots (Figures
4.5 énd 4.6) which at least showed the right trend; For
water, tﬁe expefimental and predicted values of theiactivity
coefficient were very close to unity so that the éctivity‘of'
water in dilute solutions numericélly approaches tﬁe values
of the mole fraction of water (x,). However, as the
concentratibn of glucose increases “the di;ergencé between
the experﬁmental and predicted vaiues becomes greater.and
greater (éiguge~‘4.5). But in the case of glucose, the
predictiqn of its activity was poor even in dilute solution
(Figure 4.6). |

The quality of prediction of both activity coefficient
and activity Wér significantly improved when the: molecular
species in solution were changed to-glucose monoh}d;éte and
water (Figures 4.3-4.6). In the dilute region ﬁhe pfedic;ion
of the activity coefficient of water was comparatively
‘better than that of thg‘gluco§gwﬁfigqres 4.3 and 4.4)

The ekéess partial molar entropies ahd enthapies were
predlcted using the combinatorial (C) and resxd&al (R) parts

of the activity coeff1c1ents accordlng to the followxng

equations:
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- Legend
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'-Figuré 4.3

Mole Fraction of Water (x_)
. o € AT '
The experimental ..and predicted. values of the:
activitf -coefficient of water at 25°C..  The,

" experimental values ~ were  obtaihe8 from. the
- osmqtic coefficient data of ‘Stokes and. Robinson

‘v(1966),~The predicted values were generated using ..

-the UNIFAC model (Eq. 3.72) and the values'of the . -

parameters presented in' Tables 4;2f4.3;

~
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Fxgure 4 4 The ‘experimental and»'prédipted values of the

_Mact1v1ty coefficient of glucose"ét"25°c; The

exper1menta1 values were obtained by apply1ng the

 61bbs -Duhen equation to the osmotic - coeffxc:ent K
- data of Stokes, and Robinson (1966). The pred1cted'

values were generat'd using the UNIFAC model (Eq. .

' 3.72) - and the valu s of the parameters presented

"in Tables 4 2-4. 3
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Fxgure 4 5 The experxmental and pred1cted values _of " the

“activity .'of water at 25 C. . The’ exper1mental\'
values were’ obta1ned from the osmotic coeff1c1ent-

":values were generated uszng the UNIFAC model (Eqg.
j3 72)  and the. values of the parameters preSented-_
in Tables 4 2 4.3, - o

data of Stokes and Robxnson (1966).. The pred1cted{7
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F1gure 4.6 The exper1mental and predlcted QaIUes ‘of ‘the
o act1v1ty of sglucose ,EE. 25°C. The experxmental

values: were ob{alned by applying the Glbbs Duhem
equat1on fxo the osmot1c coeff1c1ent data of

. Stokes and Rob1nson (1966) The predlcted valuesU“j'ff
~ were generated\usxng the UNIFAC model (Eq. 3. 72)“‘

~.and the values of the parameters presented

. Tables 4.2-%.3.

A
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. ‘ N ¢ . - E . X N .
"TSuarer = ~ RTINY . : o (4. 15] .
. ~g ‘ Ce S, - . - :
S nglquﬂe = 1RT]‘n'yqlucoe:e ‘ ' [4 . ]6] ‘
ﬁvat_er = RTlnY\m:er ‘ - ( o [4. 17 ]
. ge . ' Re. Ky ' ‘ o | . ! .‘.
EQIUCOSC = RT_lanlucose ‘ , ‘ S Y [4 0‘18]

The exper1mental and the predxcted values are . compared
in Figures 4.7-4.10. In every case (Flgures 4 7+ 4 10) the
predlcted Ts ~X and ﬁ -X relatlonshlp dlsplayed an opp051te‘

‘trendA;when compared with the experlmentally observed -

of

'v behauior.5‘W1th 1ncrease ‘in, glucose concentration the
~pred1cted TS" and R® values for water 1ncreased posxt1vely
“whxle the exper1mental values 1ncreased negatlvely as shown
1n Flgures 4 7 and 4.9. As can be seen in Flgures 4, 8 and‘.
‘4 10 the reverse was found to be true for glucose. -
The part1a1 molar excess G1bbs energy (g, RTlnyi = hgf

“— Ts) 1s a. compos1te functlon of. entha1p1c and entroplc

’»Vcontr1butxons- S1nce lnyx ‘l.- obta1ned by add1ng hthe

fcomblnatorlal (lny,)‘and res1dual (lnyi) parts, these two»

‘contrlbut1ons may cancel each other or balance in’ a way so

'as | leave an apparently ,well behaved lnyi-x' or \a‘—xv”

f[relatlonshlp. Th1s appeared to be the case when glucose j\r,f

Q.monohydrate and water were cons1dered as the molecular o

e

»jspec1es 1n the bxnary solutlon.‘:ZEV

Several other “1structural varlatlons . were alsoﬁ*'

lﬁﬂgflnvestzgated.yln one case the d1mer of glucose (d1glucose)j"‘
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' excess partzal molar entropy of glucose at 25 'C.

data of Taylor and Rowlxnson (1955) Stokes and;j

"“f; generated usxng the‘ comb1nator1al part of the‘

The exper1mental values were . obtalned “from the :i‘

‘, Robxnson: (1966) pred1cted values ‘ Werek\flt‘

UNIFAC model " (Bq. 3% 72) and jthe“'values of he‘l:v*

parameters presented in Tables 4 2 4 3.
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and water were-considered‘as the molecu1ar species in-the

solut1on whlle 1n another case structural constraxnt on the

ot . '
3

accessxblllty of the OH groups was assessed by makxng some
" of these groups unavaxlabe ‘for 1nteractxon wlth other

‘functional groups. It was observed that the predxctxon of

1
§

‘the 'activity» coefflcxent of .components in each case ' was
. ! a
poorer compared to the three major sets of calculatlon shown

'
’

in Fxgures 4 3-4.10. - "¢

One plauslble explanatlon for the faxlure of the UNIFAC

model to pred1ct the behavlour of the glucose water system

1s perhaps the parameters used 1n the calculat1on do not

represent the system well and therefore need mod1f1catxon.
I

Further, con81dering the d1spar1ty in the molecular 51ze and

" . [

nature. of glucose and water molecules, 1t would probably bel

necessary tof 1nclude the free volume effects in the

M 1_9‘]. L

computatxon of the act1v1ty, coeff1c1ents. An attempt 'was_.“'

therefore made to modlfy or reevaluate the: UNIFAC parameters

‘and ‘to add the free volume contrlbutxon to descrlbe the

£
\

bxnary system of - glucose and water.vu

L
L
!

4 3 Adaptatzon of the UNIFAC -FV Model to the Glucose-Water“‘
‘:ﬂ'” System | L = | o

il
.~ ot
N

x

P .

N ' T B

~, The results in ’ the”‘ prev1ous sectlon ‘-andupfthe-g;j.

1llustratlons ‘in Flgures 4.7- -4, 10 clearly reveal that ‘the

parameters used 1n the computat1on of both the comblnatorlalV

(lny,)y,and 'thét re51dual (1n7 ) parts ‘fy,fhéf aCtIVItY_N”i‘

coe£f1c1ent are unable to predlct the excess partxal molar

fventropy and enthalpy of the components. Consequently, the

/'_‘u
“ ﬁ ' . . Ax .".“;" L
B Voo
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: _demonstrated by the lower1ng of vapor pressure of water

o 120 -
S

_volume:(R;)‘and‘area(Qh) parameters?of the functional groups’

‘shown in Table 4.2 (ftor COmputatlon of hlnyf) ‘and ‘the

: group 1nteractxon parameters presented in Table 4 3 (for'
: computatlon of lny ) need to be con51dered for modlﬁxcatlon.‘“
Accordxng to Skjold J¢rgensen (1982) the ROM and Qo

‘ 'were artlflcally 1ncreased compared to the values based on

i
van der Waals volume and surface. area ngen by Bondx (1968)

*In order to obtaln better agreement for systems contaxnlng

water and lower alcohols Anderson and Prausnltz (1978) uset

| g 1nstead of q for water and alcohols 1n the computatlon of
“the resxdual part of the UNIQUAC equatlon.vThe optlmum value

fof q (the surface ‘of 1nteract10n) was found to be much’

lower than q (the geometrlcal external‘surface)mused ln_the

}orzgxnal equat1on,‘ suggeStlng that, ‘the intermoleCUlar~

attractibn is domlnated by the, OH group (Prausnltz et al
L1986) Gluﬂose 1s 'a polar molecule conta1n1ng 5 OH grpups

and has hxgh a£f1n1ty f“ an aqueous envxronment as -

-

‘(Taylor and Rowlznson, 1955) Accord1ng to’ Franks (1983) thee,.

behavxor of the hlghly polar compounds is dom:nated by“

thdrogen bond1ng between water and the solute molecules. It‘
htherefore seems reasonable to speculate that the property of;u
btth' glucose water , system : Wlll 1[be' domlnated ‘y‘ﬂftheiﬁwfy
ﬁrcharacter1st1cs of the OH group and 1ts 1nteract10 WIth\

f‘water.‘Further, the values of the three parameters Rk, Qk‘QZ

| upfand ap, for the functlonal groups CHZ, CH CHO and }50 have

been successfully : ut111zed predxct yﬁtheae act1v1ty

coeff1c1ent5‘ ofg components ;‘aw,varlety _of' systems L

[ .
o



| (Fredensmnd et al 1977) - ‘Co‘hseque‘nfly.‘ "an atttempt was
‘ . X

made . to’ estlmate the volume (R ) and area‘(Qk) parameters ofi.

a2

- the OH group and the parameter representxng its'interaction'

Ve

fthh water v1z. aOMHO and aHOOH using the exper;mental datau

‘

'up to‘ the solub111ty lxmxt of glucose In doxng so the

entropxc 'and enthalp1c contrlbut1ons to the excess Grbij

energy were matched 1ndependently w1th the comblnatorxal and’

'res;dual parts of the actxvlty coeff1c1ents. The chem;calw

Jpropertles of glucose " in solutlon (reactlons :thh

Br, + H,0, HNO,, CHNHNHZ, AcO and HCN) _indicate that the

r1ng oxygen‘has the characterlstxcs of an aldehyde (CHO)‘J

\

group Therefore CHO group was chosen to represent the r1ng

oxygen in subsequent calculat1ons.

-~ o “

Glucose is a polyatomlc molecule with ‘a’ anCh bxggerv
"molecular 51ze and dlfferent spatlal form compared thh a':

“molecule of water.f This"' d1551m11ar1ty of molecularA 51zet'

| canno@fbelxgnored and the volume ' change accompanylng the

proéess of mleng. should‘ be accounted for through the

free- volume correctlon. In order to compute the free—volume

A _contr1butlon to, the component s act1v1ty coefflcxent u51ng

‘Eq. (3 78)' the 1nformatlon on molar volumes of both thepu

.

: compopents and the value of the cqnstants b ‘ c,, and <,

”‘should be known. The molar volume of water is avaxlable 1n‘
publ1shed 11terature (CRC k1983 1984),,but the molar volumewfd

”of llqu1d glucose and the value of the constants need to beif

estlmated ;;_u” . o
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‘ : L . :
4.3.1 Estimation of the UN{ﬁAC and Fre&-volume Rarémetets
" The vélues of the UNfFAQ' andlﬁfrée—901ume pa?amete;s
were determined using a Simplex search techﬁiéue described
by. Todpin (1986). It is a derivative free, sequentiél or
d@réct search. method based on weighted léast~square
. mihiﬁiz;t¥on of the objective function. This seqﬁential
searcﬁ procedure deVéioped by Nelder and Mead (1965a, b) is
an‘gftensién of the Simplex method originally introduceq‘by
Spendley et al. (1962). A detailed ;description of the
Simpléx glgéfithm is providéd by Touéin (1986).
"The objective function wused ‘for ~ the least-square

N

fitting is a chi-square (x,) statistic of the form:

b
— o 2
X s ) w‘[yf"‘"f— Y‘:"“‘] ‘ (4.19]
0 i .
‘ 1 E Pred 2
o= zgr[yx""‘wyﬂ" ] : [4.20]
1

where bfiis an unbiased estImate of the ith sample variance

or the :estimate of error in the data point Y;* .

\

' ‘The optimum. values fof the parameters associated with

G

‘the étructu%éa contribution (combinatorial and free-volume).
of thé'molecﬁlq§ to the activihy‘coefficients were estimated
usjng‘ the entfopy ~data ‘of the élucose—watef system.\égﬁé
- objec,ti"ve f‘uhct_ion.»‘-used for these parameters was of ghe
fdrﬁ:m, - | o
e

¢ = b - mare ]t L wan :

O -
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where,

A

(78517 = ~ [RT{Iny + Iny[)7| le.22)

The optimized value of Qg found in this step was used
in the computation of (lny}) for optimization of a,, ,, and
| M2

dy0,00 iR the next step. Sifice. these parameters are

associated with the energy of interaction of the constituent

. , . ! N
structural groups, the optimization was carried out with

enthalpy data on the glucose—water system. The object&ve

function used in‘this case was of the form:
’ ‘ E,Expt : Ry Pred 2 ' | |
X\ = 3 W[ R - RTIn T  [4.23)

The entropy and enthalby data (Tables A1.8 and A1.9) at 25°C
on both water and glucose were used in the eptimization of
the parameters. As can be seen in Table A1.8 and A1:9 the
data ‘for‘ glucose are several times hiéher than thoser for
water. In order to avoid the 1least square preéZdure

anchoring the 'solution to the data set of glucose ‘only, a

weight of 100 was used on the data set for water,

A constralned Slmplex search was carried 'out, for the

v

'parameters Roy Qm“-'b ‘and c2 in  order ;o restrlct these‘

'parameters' to. assume enly positive’ values. .Since' the
,‘group—1nteract1on parameters can assume any value, pos1t1ve

'or negatlve,'an unconstra1ned search was cagrled out- in the

latter. case. It was. observed that the value of Rw‘(f°-97)

determined bylthe least—squareS»procedure was very_clbse“toF

LN
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A

its reported value of 1.0 (Gmehling et al., 1982) whereas
Qo changed drastically. It was therefore felt, that_ the
value of R, be retained to.its original value.of 1.0 and
only Qo which appeared to be a very important ‘and sensitive
- parameter be‘ optimized ‘using-— the entropy 'data. This
speculation appears to be reasonable ln view . of the
observation made by Amderson and Prausnitz (1978) in their
study of systems ‘oontainimg lower aloohols using UNIQUAC
.equation. o | |
The optimized values of the parameters together mith'
the associated -errors are presented in Table,4.4.l0f the .
UNIFAC parameters, Q, was found to be very sensitive, A
small change in Q°H<:hanged‘the prediction, drastically. The
optimum value of Q,, was found ,to be lower vthan that -
" reported by -Gmehling et"al. (1982). This finding is im
agreementlwith Anderson and Prausnitz (1978) who also found

a lower value of g for alcohols. As can be seen in Table

4.4, the error on the paramete'r?aHOOH is significantly high

xnd1cat1ng that the parameter does not play a key role in

predxctxon of the act1V1ty coefficients. o
.As suggested inﬁ published llterature (Oishi"and :
JPrausnitz,'ﬁl$78; Nooon et alﬂ, T§83) the value of the'
constant Cy was.set'equai to 1.0. The values of b and <,
were estxmated us1ng the Slmplex search techn1que, The error
on the parameter c2 1s large and £1tt1ng calculat1ons showed
"that the results were, 1nsen51tive to a change in the valueA

of b and c; in the4w1c1n1ty of 1 0. There@ore the values ofi

all the free volume parameters were set equal to 1.0. This

’ "
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Table 4.4 The estimate§ of the UNIFAC and Free-volume

parameters detetmined' by the .Simplex search

“technique.

»

' UNIFAC PARAMETERS
- Parameter Reported Estimated Standard
- Value® . Value ~ Error
X3 ‘
Qo 1.20 - 1.097 0.008
om0 '353.5 .. -169.6 © 1 3.16
3y,0,0n -229.1 C -6, . 5.92
FREE-VOLUME PARAMETERS
Parameter-  Estimated Standard , Value used in
\ ” C L ' .
: Value "Error Calculation
b 0.97 - . 0.067 1.0 .
c, R Co- 1.0
e, 0.87 . 0.509 1.0
" "Parameter-values from: Gmehling et al. (1982)
K | | /

Tt
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assumption .is in agpeement with Alessi et al. (1982) who
used'a value of 1.1 for ¢, (for solute) in order to estimate
the UNIFAC 'parameters from infinite dilution activity

coefficients.

4.3.2 Eetimaiion of Molar Volune‘oi Liquid‘éluosse
Several ° additive ‘ methode are | available - for the
‘eatimation -of llqu1d molar volume ‘at‘ the normal boiling
l poxnts (Partxngton 1949) A numerxcal value is assxgned to
'each element and certain bond llnkages SO tRat the molarf
volupe - at’ thé normal’ boiling .p01nt ‘isk obtaxned by ‘the
addition of these valueswinfa.manne? shown below. The volume
increment for carbon;-hydroéen and‘oxygen’bublished by Le
. o : Y

Bas'(1915).are:

EN

cm’/mol ‘
" catbon . 14.8 ’ "
Hydrogen , 3.7

' Oxygen: . . » 7.4 - .

RGlucose has 6 carbon atoms,‘12 hydrogen atoms and 6 oxygens

o atoms. The molar volume of 11qu1d glucose at normal b0111ng‘

b

po1nt estlmated by the method of Le Bas is g1ve9 by

vqmo,, = 6x14.8 '+ 12x3.7 + 5x7 4 = 177.67cn’/mol
y Thigv'eStimate of th§meis uaed; as 'the ‘molaf; Vb}““?l‘bff \

“liquid glucose” wlth"the ,asSumoﬁion‘.Ehat' a--change in -



temperature does not affect thxs value of vglucan

\

4. 3 3 Results thh the Revxsed Parameters

The act1v1ty coeffxcxents actxvxties Land excess

. partial molar propertxes (entropy and enthalpy) vere -

predlcted usxng the new parameters and the UNIFAC-FV model'

'(Eq. 3. 77) The results are shown in Flgures 4.11-4.18. For

both water and glucose ‘the lnyi—xx relatxonsh1p displayed~

the correct trend , when compared w1th the experlmentally

‘observed behav1or (Flgures 4,11 and 4;12) However, ‘the

agreement w1th the experlmental values was poor with .a high

, average error (106% for water:and 34% for glucose) over - the

concentratlon (x,) range "of 0.9 to 1.0. As demonstrated in .

i

LFlgures 4. 13 and 4. the model can estlmate the actxvxtxes
of water and glucose Wthh are 1n good agreement w1th the

'experlmental values. The average errors in the est1mates are

S o L A\ ~
0. 3% . for- water and 8% 'for glucose over the entxre5“

concentration (x,) range mentxoned above.. In the case of

"

water, the UNIFAC model w1thout free volume correCtion;‘
prov1des a better estlmate of its'act1v1ty‘ the d1lute,

e ‘reglon, up to a mole fract:on (x, ) of 0 95 (Flgure 4. 13)

oS

‘the glucoSe concentratlon 1ncreases, the free volume effects e

become 1mportant and in thel concentrated regxon Vtheg‘

pred1ct1on of a is better w1th the free volume correction{if

@
HTh1s is also 1nd1cated in- the lny,-x plot (Flgure 4 11)(

But Wfor' glucose,r the‘ f%ee-volume contrxbut1on to thequ

predlctlon, of its. act1v1ty was found to be neglzg1ble.‘

(F1gures 4 12 and 4 14)

. i
a
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‘As can be seen in Fzgures 4, 15 and 4 16 the agreementf
‘ between the experlmental and predlcted values of the excess v
‘partlal molar entroples 1s poor with a hlgh average error
(49% for- water and 22% for glucose) over the concentratlon;
’range'shown although the general shape of the Ts -X curveS"‘

can be. con51dered valxd For - water, ‘the - free volume

"
§

‘correction JS necessary to get the proper behavzor of the‘

[

predxcted Ts ~x curve 1n the concentrated glucose solutlon.

o

It appears the the model w1th the new parameters glve good
“ﬂestlmates of ;excess Ipartlal molar enthalples for. both
d‘glucose and water“kFigures 4, 17 ‘and’ 4. 18) The averagetrﬁ

errors on the est1mates are 3% for water and 2% for glucose

‘over the entire concentrat1on (x ). range "of 0. 9 to,1 0 ltW
thus glves enough ev1dence that the new parameter values,
wh1ch were ‘1ndeed necessary to descrlbe the 1nteractlon
between OH and rgo in “an aqueous env1ronment | 1eadr‘tog
~consxderable 1mprovements in the predlctlons.. , |
The poor pred1ct10n of act1v1ty coeff1c1ents appears.to
arlse from: the model s 1nab111ty to descrlbe accurately the
‘.entrop1c contrlbutlon wh1ch depends on the s1ze and shape of
gthe constltuent molecules.‘ Thzs probably stems from the‘%”
nrjffundamental assumpt1on of the model that the funct1ona1 .
:groups (CHz, CH OH;u etc ) behave 1dent1cally no matter \ ff{

“whlch molecule they come‘ from.i Th1s assumpt1on‘:of the 3f'

;;Qdabsence of 1nf1uence of the ne1ghbor1ng groups 1s seldom y

,f’Vyvalxd and 1s part1cularly so 1n case of polar moIecules. As

‘“l{-'_.'stated by s;<;o1d—J¢rgensen et a; (1932) ‘the UNIFAC model

"-I:’;;based on “"'solutlon of groups concept s1mpl1f1es matter too
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radically. The model has no provision to describe the
'proximity .effects', i.e., the fact that two strongly polar
groups situated on two neighboring carbon atoms will have
different properties than if the groups are spacéd far apaft
(Fredenslund and Rasmussen, 1985). Sugar mpieculés are polar
and in aqueous wolution —the solvation effects contributé
significantly to the coﬁformatiohal'free enérgies of‘tﬁése
molecules. Solvation structures exist in such sblution, the
detailed properties of which are intimately related to the
épatiai and orientational correlations beiwegn hydrogen
bonding sites ?f the solute and solvent molécule;‘(gr;ﬁk,
1983). The.non—iaealiﬁies, according to Skjold-J¢rgensen et

al. (1982), often arise from such specific interactions as

" solvation and association and the mode} in its original form

RS

has no provision to describe such stereospecific effects; 

-Fredenslund and Rasmussen (1985) attempted to account fer

association = and solvation., by introducing empirical
. = '

parameters ('a' for association and 'B' for solvation) in

the model 'SUPERFAC':‘Thisoeffort haé been abandoned in view
of the fact that the asédciétidn barameter<§a' was fohné io
be sysfem-dependent ins€§ad of being a 'pure-groub' p;opérty
and the solvation parameter 'B' was found to yield erratic

prediction of ‘multicomponent phase behavior from parameters

,bésed on bina:y information only. The priméry'reéson of such;

~

failures: is that wthe parameters -are empirical in nature

since, according to Franks (1983), there is no theoretical
approach from whi¢h; the - orientation-specific .or even
orientation-averaged inferactioms might be calculated and

@
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[y

. . @
compared with measured thermodynamic excess functions.

[

~The results of this 'study indicate that the new values

of #the parameters‘haVe led to substantial improvements in

. the predictive power of the UNIFAC-FV model. The model with

the new parameters was applied to estimate the equilibrium

properties of :a number of aqueous carbohydrate systems. The -

general applicability of the model in the computation of the

\

equilibrium properties is evaluated in the next chapter.

'4.#“Ceneral‘Rgmarks ' r,}' . . .

The ,UNIFAC-FV ‘model,, inspite of its . serious

limitations, is able to perform satisfactorily in estimating

the thermodynahiq‘properties of the components in aqueous

glucose solution. The model is, however, far* from being

-

'completeband further refinements are undoubtedly necessary

~in order to improve 'its predictive power by taking into

account the specific interactions such as association and

»

solvation. It is hoped that the develdpménts in molecular

" physics and golution modélling will eventually lead to 'an’

unified and general model for aqueous solution based on

'solution-of-groups’ concept.

\
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5. PREDICTION OF EQUILIBRIUM PROPERTIES

The, UNIFAC-FV model with the revised ‘parameters was

employed to ttest its' power  as a predlctxve tool in

. ' estimating .the equ111br1um propertles of a number of sugar

solutions. The three different systems|stud1ed were:
a. Glucose-water system;' o .

b. "Mannitol-water system. \

c. Aqueous Solutions of fructose and three common
dissacharides found in food systems.

d. Aqueous solutions of mixtures of sugars.

5;1 Application to Glucoseewater System

The group composztlon and the parameter values used in
the computatlon of equ111br1um propert1es of agueous glucose
solutions‘ were those  presented in the prevxous chapter .

(Tables 4.2-4.4) . ¥

s 3 ' ’ v ' ‘ k

5.1.1 The Variation of ,the Activity Coefficient. with
| Temperature' ) B |

"The act1v1ty coeff1c1ent of water and glucose were”
‘.estlmated at two- d1fferent temperatures (25°.and 65°C) andv~
were compared w1th “the experlmental ,yalues 'reported by
'Taylorland Rowiihson (195'5){A The resultsmare illustrated in -
_F1gures 5.1 and 5.2, In both cases (water and glucose) 1tj
.was observed» that the model can predzct ‘the temperature
varlatlon, although the f1t thh the experlmental data was
not satxsfactory. In the lkiht of what has been dlscussed 1h

«

. 13§f
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1
i

fthe‘prewious‘chapter andwillustrated.ln Flgures 4, 16 and“"

o

‘4:17, thxs lack of fxt w1th the experlmental data results
from’the 1nab111ty of the model to descrlbe accurately the
entrop1c‘ contrxbutlon to the act1vity coeff1c1ents. The
yextent of. estlmated temperature var1atxon was. found to. be
szmllar .u :lthat observed exper1mentally ‘The d1vergence'
between the two predlcted curves (at 25° and~65°C)Aincreases‘

w1th n 'increase in q1ucoseu‘concentration."fhis isv ln

agreement w1th the exper1mentally observed behav1or (F1gures'

";S‘I‘and 5 2). It.rs therefore expected that an xmprovement

‘”f;l;water w1ll be lowered, i e.,

. in the estlmatlon of the activity coefflcxent w1ll lead to a

lbetter predlctlon of 1ts temperature vaf1at1on.

[

5.1.2 Predlotion‘of‘Ereezing Points‘ |
The depre851on of the free21ng po1nt of a solvent ‘is a'
dstrong fuhct1on of the 1ntermolecu1ar forces between solute
"-Aand solvent. ‘The fundamental thermodynam1c equat1on that \g-
v‘governs the equ1l1br1um between two phabes (sol1d 1ce and; |

'"l1qu1d water) at .a- part1cular temperature and pressure ts‘

'fg1ven by.' A L o
L e T
kR u; f:\ fugac1ty of pure‘lce,‘ ” -

KRt Eugac1ty of pure 11qu1d water .

]i_When a solute 1s added to the system and 1f 1t dlssolves;";

7i;only 1n the llgUld phase, then the fugac1ty of the solventf



For‘equilibriﬁm'to‘reestablish -

'

\

W

< f°

v
“

a3
rs.21)

A

£ muStvaISO‘decrease.;ThiS““

can be ach1eved by decreasxng the temperature. The fugacxty

of the llqu1d solvent 1s decreased by a. drop in temperature‘

l1qu1d subcooled‘water at the freez1ng temperature. ~

| It follows from equat1on

I R

- where,

,xv

mg}e fractlon of water

as vell 'as by the_ addxtlon L of ‘the, solute (Klotzt and
. Rosenberg, 1974)5'However the equllxbrlum 1s reestablxshed
if v - | E
S afd =ags .o 5.3])
and‘once the‘eguilibrium'is'reacned,‘we‘gét' ’
. ) ‘f: = £u (1n ;olution)‘_ ' [5°‘i‘]‘
¢ S
or, f)'= yvxvf°

¢

11qu1d phase act1v1ty coeff@§1ent of water

'f°‘* standard state fugac1ty of water to whxch y, o

P

refers,

EENE T

)

act1v1ty of water 1s g1ven by.'

) .

The standard state fugac1ty (ﬁ ) 1s the fugac1ty of the pure'

(5 5) that the llqu1d phase o




~a. =: - o R [56] '

The ratlo of the fugac1t1es can‘ be calculated from ' the

: ‘equat1on (Hxldebrand and Scott 1962)

" g ah, T AC, (T = T. ' Ty .
Ints 5‘_ R [,TT *R 7T vw o 1571

aaﬁ‘h‘;Where}' | .
Ah; - heat of tusion of»waterlat‘freezing point‘ei‘
" (3/mol) - e

R "= un1versal gas constant (J/mol K)
‘T, élfreezlng point of water (K) | |
AC; = change of spec1f1c heat upon fu51on (J/mol K)

)

‘ TherefOre,‘the lfquid‘phase activity"oﬁ water-is;given‘hy'

Lo f Ac( Te- T Ty e
y," 'lna ,' R [ T T ] N T T _lelnT L . .' l', . “ [‘:?.8] ‘. ‘

.o

yoo

“‘Aii"the parameters“except ‘them temperature (T) ?Qn;”themfl

Co1ea

rxght hand 51de of equat1on (5 8) are known for water.‘"w'?gﬁ"ﬁ“

The freez1ng po1nts of glucose solutlon at varlousellﬁf’

"14‘* concentrat1ons weredest1mated by an 1terat1ve approach us1ngg~u.”

the IMSL subrout1ne "ZSCNT“ The freezxng ‘p01nt 1s theap_"'

temperature at wh1ch the act1v1ty of water (a ) estlmated by w0

.__._t)—.-ﬁ- -

the UNIFAC FV model converges w;th the a, value determ1nedf‘ﬁ

from equatxon (5 8) Good agreement w1th the experlmentaleﬁ"“"

data (CRC, 1983 1984) was obsenved w1th an average error of~\;j7"
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.. 5. 3

less than 7% over the concentratlon range shown in‘Fjgure

5 1 3 Pred1ctxon of Solubxllty

As stated by Prausnxtz et al (1986), the solubllxty of .

le ahw‘chemlcal substanqe‘f is : trongly . 1nf1uenced voy

1ntermolecular foroes ﬁbetween"solute"and solvent Other
factors ‘also play a  ‘large rolef-inn,determiningu the
SOlUbllltyq: ‘ |

C o The thermodynam1c ‘equation ;of"eQUilibrium for“‘twoh

‘ phases that exxsts at the solub1l1ty 11m1t 1s g1ven by.,“

Y

. ‘f2-“(pur'e solld) = f2 {solute in solutio‘nllv v : . o '[.5' " ]

[ ' . '

. . : . 'v "_‘ -0‘. . e ! I.“',,‘ .
oS \ ‘Ol‘, ‘fZ {pure solid} = szzfz ) ‘ oo .o [5'12]

a oo . s '

‘fsolub111ty (mole fractlon) of the solute 1n“ lh-

N
'

»
Y
]

\ solut1on

llqu1d phase act1v1ty coeff1c1ent of the solute o

-~
N N
n

h
S Ne
ll

Standavd “tate fugac1ty of the solute to wh1ch yz,mf’\

r.refers.x ;; !
o | k , 2 g
-. . From equation (5,12) we det . -

° Ll e f{p\n'e aohd}

LT ixz =
N ‘o . o Yzf

} ;,, '_ e S

?" . L
-

As can be seen 1n equat1on f(s 7),..the solub111ty of a

"f;‘compound not only depends on the act1v1ty coeff1c1ent but ‘

Itlﬁ%rp?fiiﬂh;iL5ﬂ13)f;ﬁ"
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fff{‘ﬁ Fxgure 5 3‘The exper1mental and predlcted values-of thV

‘freezxng temperature : glucose solut1ons. Theif

N ‘experzmental values were obta1ned from the 9C§Ci3

oo .
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;‘also on' the ratio of the two - fugacxtxes (f;ﬁg). Although
the choice’ ofb the standard state 'iS‘ arbxtrary, it fs
fconvenxent to deflne the - standard state fugacxty (f oF as the
) fugac1ty of the pure, subcooled llqu1d at the temperature of .
| the solut1on at some spec1f1ed pressure.‘ ‘

The two fugacxtles (f2 and £3) in, equatxon (5 3) are
'1ndependent :of the nature of“the‘ solvent ,and can be
calculated (by followxng a thermodynam1c cycle) from the o

equatlon 31m11ar to (5 7)(Prausn1tz et al 1986) :

£5. . Ah( [Tt -~ Ty . AC (T, .-\T‘. T,

ln‘?’??‘&n_f Tt )" R |TT,T - In). F5'14].

2
where, . -

Ah, = enthalpy‘of fusion‘of‘theJ501utehat triple point

(J/mol)
R = unxversal gas constant (J/mol K)
T, trlple p01nt temperatures of the solute (K)
: i

']{ ACEl— change 1n spec1f1c heat upon fusxon (J/mol K)

~

'The flrst term on the r1ght hand 31de of equatlon (5 14) 1s
"domlnant-f-the' rema1n1ng two, of oppos1te 's1gn, “have 'aj'u'
'tendency to:. approxlmatery cancel each other, espec1a11y 1£

- the temperat%re (T) of the solutlon ‘1s not far' from the'"

""trlple po1nt (T ). Slnce there is very llttle dlfferencefy“'

‘between the . tr1ple p01nt and the normal melt1ng p01nt forhj

'i,gmost substances, 1t 1s a common pract1ce to substltute thew“'

'anormal meltlng temperature (T ) ‘ dthe tr;ple, po1nt77*

RPN
: B o

& TG B
SRR SR



‘148
temperature (T, ) Therefore, according to Prausnitz'etsélﬁ

Lo (1986) it is sufflcxent in many cases to calculate the

l

“j;;*,fugac1ty catio usxng the follow;ng equakxon- h
T | R | _
’ . ' . . f’a AS T ‘ '
‘ ‘ ' I‘ —2—‘ = - ,-—:—, —“‘-. — \
- , 'z“ln.f; TR JT}, 1 ] ‘[5.1‘5‘]‘
‘where, L ool ' \

As, é”entropy of fusion’of‘the solute (J/mol;K)' .

) L Lo l ' ‘ ’ r" , ‘ AR ‘ .
.. Equation (5.13) then reduces to . " . _ ’
\ ' » ; I ‘ . w
v o L [expr. 250t “1 13 - 'hts 161"l

[ " Ast Tm .
,0r, '8, = exp|- T{—,I'nc 1]] ‘

{5.171
‘ ,If the entropy of fusion (As ), the meltingmtemperatufe and
. & ) '
act1v1ty coeff1c1ent of the‘ solute (72) are known tits
'_solublllty can be estlmated from equatxon (5 16)
. The‘ meltlng temperatures of dlfferent tautomers“ of[

‘glucose are ava1lable in the laterature (CRC 1983) and thef

'act1v1ty coeff1c1ent of glucose (yg) can be calculated us1ng

the UNIFAC FV model° but the entropy of fuszon of glucoseg'

\-utautomers are not avallable 1n the pub11shed l1terature and
. : : R . P
‘therefore need to be est1mated ' ‘“‘[v-‘fy “\-' R w T

R

hv Est1mat1on of the Entropy of Fusxon of Glucose Tautomers 'n@'u

‘2The. entropy f fus1on of glucose tautomers were'-

'“ngVdetermlned u51ng the S1mp1ex search techn1que (Toupzn,”“l‘

- ”rﬂ1986¥} The objectzve functlon used was of the form-




N

. at dlfferent temperatures 'publlshed by Young (1957) were‘

*ﬂx

‘values of the solubllxty 11m1t (x

: group compos1t10n shown “in

9

- U2 R o :
Z [ Enn ~  xPred: o o - {5.18]
x "9 . o . ‘

"Theuﬁpredicted value of . the solublllty - 1limit of ‘glucose

Pred,
g )

equatxon,

! co '
. ! f . A
. , Lo A

o

' The actxvlty of glucose (a ) was obtalned from the. equatlon

2

(5. 17) for a glven value of As, and 79 was calculated usxng

“the UNIFAC FV model The IMSL subroutrne 'ZREAL1' was. used

Expt: ) of glucose tautomers

!

»entropy of fu51on together thh the assocxated errors are

gpresented in Table 5.1, Slnce the melt1ng temperatures of a=

.

‘and 8- glucose dlffers nly by 4 : thexr crystal struttures
@?’ |

standard state i. e.spure, subcooled lxqu1d glucose wath the

‘n

dlfference 1n the entropy of ﬁuS1on (Table 5 1) appears to'

'lapparently arlses £rom mlnor dxfferences '1n the crystal

PR
“a
“ ot

R VY-

was ,obtalned ‘by an _ iterative methodlhusihg the

84 "IXQYQ =0 T ‘1 “~,(5»*9]id

to obtaln- the value ‘of x by. 1terat10n The experamental '

I

used in the optlmxzatxon The estxmated values of” the-

" are’ expected ‘to  be: 51m1lar. ‘Thef den51ty of a-gQucose~

. erystals is 1. 563 g/cm (McDonald and Beevers,: 1950)"and

‘:be due to the d1fferences in the melt1ng temperature wh1ch
"structure of the two 1somers Glucose monohydrate has a much

R

-

F1gure 4 2 Therefore,t!thedfd

‘e

‘.that ,o B—glucose-iis 1 535 g/cm (Ferrler,' 1960) he .

“act1V1ty coeff1c1ents of these two 1somers refer to the same o

’ifh1gher entropy of fu51on comparedaw1th the values for a- or;}g{

e
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8- glucose. Greater dissimilarity in the crystal stFucture of
monohydrate compared to a- or B- isomers of glucose might

'have contrxbuted to this high As, value. Unlike the crystals

‘of a~ and B-glucose which have four molecules per unit cell

(McDonald and-Beevers, 1950, 1952; Ferrier, 1960, 1963; Chu

-

and Jeffrey, 1968; Brown and Levy, 1979), glucose

mohohydrate has two molecules pervéhit cell (Killean et al.,

,1962). The density of | the crystals cis  1.512 g/cmlr The

.difference in crystal structures is also reflected in the
melting temperatures of monohydrate and the two isomers of
glucdse (Table 5.1). The melting temperature of glucose

monohydrate is much lower than thOSe of a- and B- gluc05e It

therefore seems reasonable to ‘obtain’ a ‘hlgher value Aof

entropy of fusion for glucose monohydrate.

The solubility 1limit of the giucose tautomers at .°

3

different temperatlres were then predicted using the
: - . ®

UNIFAC-FV médel,‘eqdationsA(5.17) and (5.19) and estimated

entropies of fusion. The results are presented in Figure'

b}

5.4. The solubility limits of «- and Brglucose ;were

.predicted with an average error of .12% and 10% respectxvely

over the- temperature range shown in Flgure 5 4 whereas, the

average error for glucose monohydrate was close ‘to! 24%."

»

o Further refinement of the model ‘is expected £o lead to

‘better pred1ct1ons of the solublllty llmlt.

'One advantage of having a. su1tablé model ﬁor pred1ctzon

“of the act1v1ty coeff1c1enté is that it prov1des a method
*for the’ estxmat1on of the- entropy of fus1on of . sugar

f' ¥mo1ecu1es, wh1ch are d1f£1cu1t to determ1ne éiﬁé??ﬁéntally

B LR 3 . . . , v
o m\ . o S . . st ¢ ey . .
‘ Lt kR L e S .
P SR . '&u\ﬂ . . £ 0 -
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since these molecules decompose before meltlng This method

will, however, requlre the 1nformat1on on the solubility

1 f )
limit at various temperatures.

B |
5 1.4 Modelling of Solid Glucose - Water System

-

An attempt yas made to estxmate the activity of water
(av). in a bxnary mixture of glucose crxstals and water
" employing the UNIFAC model (Eq. 3.72) and the new parameters
obtained in this study. It is difticUlt to conceive of a
situation -where a model ‘(UNIFAQ),» developed for‘ liquid
mixtures can be applied to a solid;vapor system. As stated 
by Le Maguer (1985) the concept of solution can be extended :
_ to a mixture where water is scarce and the system as a whole
has the appearance 4of solid if suitable assumptxonS'

(discussed below) are made..

Consfdering the ”'group—cohtributionf approachh‘of- the
UNIFAC.aodel it may-hot'present any Major difficulty it-the
group comp051t10n ofithe mixture can be est1mated and- 1f it,
- is assumed that the characterlstlcs of these groups are nbt

[ B —

altered with a change'ln-the state of the molecules.

lA Experxmental Data on 5011d°Glucose - Water System .

The sorpt1on data reported by Smlth et 37 §1981) were _{“

used to calculate - the experzmental value ‘of the water SF.

act1v1ty at dlfferent temperatures (40 45, 55,° 65 andr:-»
.75 C) The follow1ng equation was_ used “to convert the

g;partxal pressure of water‘at dlfferent temperatures to the

'7act1v1ty of water- N
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v 1 . Co |
| : [5.9]
| P, ] . |
. where, - A ' I S
P, = Equilibrium vapor pressure‘of water over the
~ system at solution temperature

-

P2 = Saturation vapor pressure of pure water at

solut1on temperature.‘
. ‘
The calculated values of:the'actiVity‘of water together with
- the reported value ‘of part1a1 pressure of water at dlfferent
temperatures are presented in Table A1l. 1 (Appendlx f). The -
partial pressure values were generated from the sorption
isotherms of glucose at d1fferent temperatures ;using an
A J

electronlc d1g1tzser. o . R . . -W”

B Fundamental Assumptxons and Group Composition
The crystalsrof a-D— and B-D- glucose are made up cﬁ
unlt cells of four molecules held together by  a complex
system of strong hydrogen bonds. All ‘the five: avallable |
hydrogegiatoms per molecule are 1nvolved 1n ‘the format1on of
1ntermolecu1ar hydrogen bonds wh1ch are equally strong in‘
akl d1rect1ons }McDonaId and Beevers, 1950, S 1952; Ferr1er,J‘f
1§60 1963; Chu and Jettrey, 1968; Brown and. Levy, 1979); '
pxctorzal representatmn of the un1t cell is’ pre:sented 1n
,"Tf F1gﬁre 5.5. S1nce all the OH groups are 1nvolved in b1nd1ng
N the nmlecules together, it - 1s resonable to speculate that
'“: such n arrangement in the un1t cells presents a hydrophoblc

has

surface to the water.molecules. ;, . :»fg~,; "ﬂj .

ﬂei follow4ng
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e 1se,
and emp10y1ng the UNIFAC to the blnary m1xture of glucose

crystal: and water:

AR ' ' .

a., The water molecules and the un1t cells of glucose'
“Tcrystal, are con51dered as the components of the
| m1xture.¢; | | | |

b.. The character1st1cs of the functlonal groups are, the

wsame in lxquxd and sol1d states. (

c. The phy51caL process of addlng or remov1ng a. un1t

"cell,;s equxyalent to the 1n§1n1tes;mal mathematxcal
‘increment.‘.‘ ; ‘ ‘ -

~d. All the unit cells mak1ng up the mixture have the

same spec1f1c propertles and therefore the observed

' exten51ve propert1es are 51mp1y proportlonal to the

'number of un1t cells in the mlxture.‘ Coe

Q?e‘ group composxtlon of ,th X blnary ‘ miktureo is % .

Vo

constltutlng ﬂhe un1t cell are cons1dered in the calculatlon

B

vof component G Nolume parameter (runit cen) E But in“'the ‘

-y

'l

part of the\act1v1ty coeffxczent (lny,) only the groups thatd.f

are presen on the surface of the un;t cell wh1ch are ablefff‘

R . ‘4‘

i h;to 1nteract are;, cons1dered fIt Qas found that the number of

X "df!fl.’-iéﬁ.o'up’s Bt
VI T e Ty S
'vffunctlon of temperature and the concentrat1on of water glven

,?by the equatlon':f i

“presented in the Table 5. 2. f All the functional'vgroupsfy,r

‘computat1on of the area parameter (qmutc,n) and the resldual..~~

“ o S
_mﬁ ava1lab1e on the surface of 1nteract10n 1s a.i;
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-3

v

Table 5.2 The functional group‘.éopposition fof - glucose
. o Voo “"

crystal - water mixture. . -

éoﬁponents .'Functionalv Number of' groups (v,) considered
’ a v | . \ l | ' ‘ ' . .
Groups' . in the computation of component's ‘

-~ - - ——— o —— — -

Volume Parameter . Area Parameter

Unit cell: ' CH, e - 4
\of'Glucose{A; ;. CH ”f . 16 16 e o
‘ - ST . o L - B

Crystal,’

| | | CHO 4 0 . ’.J;IJ
water H,0, S 1 e 1
.fT‘;_Temperature‘ﬁn‘K;ﬁ%f=ézfight fraction. of water. -

e L o U e e
: oA cet L e ¢
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LTY
v

£
u

weight‘fractiongof water

3
"

'Temperature in kK . - |
A;\B, C = opt1m1zed constants for the blnary system of
| glucose crystal and water,‘—

The. optxmlzed value of the parameters for OH group ‘.
‘(vzz., Qm“ aOHHZO and’ aHOOH) and the value of the parameters
(R, Q. ap) for other groups presented in Table 4.2 and 4. 3
.were used in th1s computatlon. .The constants ‘A, B and 'S were .
| gdetermlned by the Slmplex search techn1que usxngvthe data in

' Table A1.10. The est1mated value of the parameters together

'.w1th the assoc1ated errors are presented 1n Table 5 3.

,.\>

C. Predxctxon of Water Actfvxty | e e
‘e '. "

The act1v1t1esmof water at d1fferent temperatures (40
;5, 55, 65 and 75 C) were estlmated u51ng the UNIFAC model
~‘(Eg.;3 72) and the rev1sed values of the UNIFAC parameters
‘shown in Table {_4 The number of OH groups (v ) avallable

[y

for 1nteractzon on the surface of the un1t cell of glucose
M

S crystal was estlmated us1ng the equatlon (5 10) and the

'*,constants presented 1n Table 5 3 The est1mated values of

] "ﬁ-the water actlvxty were converted to part1a1 pressure of

fwater u51ng equatlon (5 9) The results presented 1n Fzgure

'"”fs 6 show good agreement w1th exper1menta1 values w1th an

"ﬁfﬁaverage error of less than 7% 0ver the entzre range of

"'ffﬁtemperatur“5”l40 75 C) and concentratzon (H;)ﬁ{of,twater o




N s

Y S ' ) o
‘Table ‘5.3 The estimates of“the constants of the equation
| ‘14.‘25 _\thaty‘,'- determines the .numbe‘r; of OH: \-groups L
' '.'_ . . . . : “ . ) &t " , § . ' ' <
.available  on, the .surface. of the unit cell of
el ~ .glucose crystal at. a .particular teémperature and
e ‘ “'1 yater-dbnéentration, P “»‘” | . ;
Parameter Estimated Standard = .
N S A ""‘ VElue® - f‘ lv ' . “Error o

B, | - : l' .”“‘506;]8‘ :,‘   _“u;‘7]i;é§7’n '"' |  ?

t

T e el T s3a.96) 0 57,365
S fDetfgrq;in‘ed,'by' the Simplex: optimization technique.. . ™%

3 . -
.
.
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‘ concentrgt16n of water (w ) Thxs phenomenon can be COmpared

.

'IV*‘w1th the. openxng Of the Unlt Cells of glucose CrYStal to

formqlnd1v1dual molecules before 1t goes 1nto solutxon. An
T :

L ‘wﬂ, u& . \‘ . : '
A0 mhcrease in ‘temperaturer or, ‘water concentrat ion" 1nduces ‘
,‘“ l“,‘», \‘“m ' ‘ » ’, ) D

£ . b,
':;‘.' N _eamn'g of‘e 1ntermolecu‘lar hydroge,Q bonds thus maklng .
"f'q ‘more OH groups avaxlable for xnteractlon wlth .water. Thxs
Y " 1 A . .
speculatlon ‘1f found true ,. May - prov1de ‘a useful tool to“;

pest“lmatet' water sorptlon 1sotherm at : very low water

.

' ... concentration 1f the crystal structure and' the ‘group‘

\;‘ gomposation of,the solid.under.1pvestlgatlon,arejkﬁowni
- 5 2 Applxcatxon to Mannitol-Water System ;d't‘im »', |
o | The UNIFAC FV ‘model w1th the rev1sed parameter values
ﬁpu# for the OH group‘was evaluated 1n terms of,1ts pred1tt1ve

‘, B \
' .

- '~vpower. to est1mate 'the}‘equ111br1um propertles  9£ the'
mann1tol water system. " The . funct1onal group composxtlon ofv

the b1nary m1xture 1s presented 1n Table 5 4 The values of
the group volume (R ) area (Qk) and 1nteractlon parametersf

8 used 1n the calculat1on were those reported by Gmeh11ng et@h'

alnes of er amiﬁo‘and

. ,.n

(1982) ? except the rev1sedj¢

etk . \',,, KRR AL X

~"I‘é(‘,‘o,,\cletermmecl 1n”th1s study'iThe”molar volume of mann1tolﬁ

to L

'“;ﬂwas est1maty‘. 51ng the Le Bas add1t1ve method 'The;values{'"
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Tabld 5;4‘ The fuhqtional gréup>‘coﬁpositioﬁ of the binary
R  systg@ of_ménﬁitCi‘énd vafep,toéetber'Qiﬁh‘cheif‘

s R vblﬁme .and' area . pé;ameﬁers i§Paraméter7 vaiﬁes
ﬁr6m:uémehling.et él!,‘198?)f ‘fjﬁ ‘

L

. , 4
Y ' . '
. . . \ "‘-‘

'CH,OH

f o o HO%H “ A
. . HCON - =

R L CH,OH.  ~~ - . S

D—Mannit61°‘

N

“." ©  Functional : Number“l } ;Voiume "~ - Arga .
' Components - Groups  of Groups  Parameter  ‘Parameter

Y (X R S (),

o.aea 0.228
,}“1¥0Q6pt; {'h‘1£0?7\J7;?r;;}

e 00t

o ols2000

ted R

dapted trom Lehninger (1978), ' -~
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a . . . (. “
N

oo values reported by Robinson and’ Stokes 19&1) Ehe reSult of
the: predlctxon ’is 1llustrated 1n Fxgure S 7. mhe model

N . ' i
provldes good estimates of a, thh an average error of 0; 2%
over the concentration range.shown in Fxgure 5.7.‘ o

. @ 0 X ) . . ! ' ! W

. ' Co ' - oy . ”‘ ' . I S
5 2. 2 Predlctxon of Freezxng Point ‘

Yy . ‘ L e

E

The freez1ng poxnts of aqueOus mannxtol solutxons were

estxmated usxng the procedure elaborated in sectlon 5 2;

[

‘ The result of the pred1ct10n 1llustrated in Fxgure 5 8 shows

good agreement w1th the . experxmental data (CRCS 1983 1984) il
- o
The average error over the concentratlon and temperature‘

i

.‘7» ranges studled (Flgure 5.8) wagadess than 9% . | REERR e
' TR S . ".’:, o ' S L™

- v, 05.3 Appllcatxon ,to Aqueous Solutxons ‘otx.Fructoseltandfﬁ

S staccharxdes : ‘ : ;;.4 X

9“*,- In an attempt to! evaluate the general appl;cabxllty to

fyh fQ carbohydrate systems the UNIFAC FV model wlth the revzsed

parameter for the OH group was employed to estlmate t'e

l

equ111br1um propertles of the aqueous soluf1ons o£ fructose "

Lo . "'4»‘*.

-oand ‘three dlsaacharides (sucrose,' maltose and lactOSe)

y 2t

«ﬂffcommonly found 1n food systems. The group composltlon of the

’”ié‘.ﬂ‘sugar molecules are presented rn Tables 5. 5 5 8 The values

Pt N ]

B ot”‘the. group :volume (R ), F‘area (Q,)“ and 1nteqact1on o
AEUPIRRET R | A N ‘
: »parameters used 1n the calculat1on were those reported by

¥ -

lV:;Gmehllng et alq:;:dh'
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Figure 5.7 The expefimental and predicted values of the
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osmotic coéificiént data of Robinson and Stokes.

(1981).
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Table 5. S The functxonal grou composxtlon of

A

n66

the binary

&} system of fructose a#d water togethex with their

.volume and ,area parameters (Parameter _values

N

from: Gmehling et al., 1982)

_——

*Structure adapted from Morrison and Boyd (1976).

fDetermined in this study

Al

»'\
OH H
B-Fructose" ;
Functional Number - Volume Area
Components Groups . of Groups Parameter Parameter
(v,) (R,) (Q,)
) l4
, CH, ‘ 1 0.6744 0.540
Fructose _  CH .3 . 0.4869 0.228
OH a 5 1.0000 1.097°
CH.CO 1 1.4457 1.180
' A
Water H,0 \ 1 0.9200 1.400
» d ‘
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‘Table 5.6 The funct $onal groﬁp'composition of the binary
system of sucrose .and water sygether with their
volume and area parameters (Parameter values

from: Gmehling et al., 1982)

_ Functional Number %Plumeu Area
'Components . Groups of Groups ° Parameter Parameter
\ (v,) (R,) (Q,)
4
. CH, 2 0.6744 0.540
CH 6 0.4469 0.228
Sucrose  OH 8 1.0000 1.097°
CH,cO° = 1 1.4457  1.180
CHO 2 0.9980 - 0.948
(or CH-0) - (2) (0.6908)  (0.468)
Water -~ H,0 . o, 10.9200  1.400
a ' : : : ‘ ‘ ~ :
Structure 'adapted from Morrison and Boyd (1976). -

°Determined in this study =~ = -\
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Table ‘5.7 The functlonal group composxtxon of the bxnary

. system of maltose and water together with thexr

from: Gmehling et al., 1982)

/' area and "volume parameters (Paraneter 'valués
: A~ o

' |
A §
~Maltose s
Functional Number “ , Volume 2 Areé
Components Groups of Groups Parameter quametér
(v,) (R (Q,)
T '  CH5 2 0.6744 0.540
cH 7 0.4469 0.228
Maltose +OH . 8 . 1.0000 1.097" .
CHO' ER . .0.9980 0.948" 7
(or CH-0) (3) . (o 6908) (0.468)
@ N ' .
water . H0 . 1 0.9200 1.400

.8 Structure adapted from Morrison- and Boyd (1976)

N

Detetm1ned in th1s study

» ' . . ‘ A Y
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N 0

Table 5.8 The. functlonal group composition of tne blnary

\
system of lactose and water together wxgh the1r

" area and volume parameters (Parameter values

~

"frdm:‘Gmehlrng et al., 1982) '

S S S
N Lo " \
o ol o
‘ S CHOH H o
e H; P
| " Functional Numper '+ Volume Area
_ Cemponente | Grouﬁe :' ofIGroups~§§Parameter Parameser,
o TR (v) = (R (@) -
+" B o .
. CH, . 2 0.6744 0.540
. cHo 7 0.4469 0.228
'gfLaéebserf‘on‘ . 8 " 1.00000 _  1.097°
| | o~ - 3 :” ©.0.9980  0.948
o flor CH OL,;»’ (3). (0;6998) ‘(0.468)
water - rgo S 't. I o.ézod»ﬁt" . 1.400°
. Structure adapted from Morrlson and Boyd (1976)
. Determxned 1n thxs study - A":' . e e L
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parameters used were those shown in Table 4.4 (Chapter 4).

5.3.1 Prediction of Watér' Activity

‘ ' A £ - : .

The activity of water (a,) in aqueous solutions of
Eructose, sucrose, maltose and lactose was"predlcted and

»

compared w1th the publlshed exper1mental values (Stokes and
Robxnson, \1966, Riuegg and Blanc, m1981; Miracco et al.,
]éBl). ' The results' of the prediction ‘are illustrated in
Figures 5:9—5.12. The . model provides a good estimate of a,
in the dxlute solution of fructose (F1gure 5. 9) “but with an
increase in concentrat1on ‘the departure from the
ekperjmental'values becomes larger‘and larger. In the case
of sucrose, “the agreement with the experimental values was
not satisfactory (Figure 5.10) even in 'the dilute reglon.

The prediction of water activity was poor for both maltose

and-lactose-solutions (?igures 5.}& and, 5.12). The results

;seem to 1nd1cate a deficiency .in the flexibility of the

. group contribution model. The funct1onal groups whzch add

together "~ to form the sugar molecules may not,‘ be _

-~

representat1ve since these molecules 'exist in 5- or
6-membered r1ng conformatxons in solutzon and the group#

selected to represent these molecules were of the open chaln

‘Tallphattc type.,For example,‘the aldehyde (CHO) group was

‘selected ﬁo 1nclude one’ CH group and thefr1ng oxygen between

two carbon atoms 1n the glucose molecule. As can be seen in

" AFlgure 4 7 fChapter 4), a: CH 0 CH group may "be a better

;ch01ce to represent the r1ng oxygen between the two carbon‘

PN

atoms. In case of fructose, the CﬂiCO group was conszderedfw'
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// Fxgure 5. 12 The
vact1v1ty of ‘water in lactose solutlon& at

"The:

.

P d
-~

ty of Water (a,) -

Activi

0.99

I . . Legend

- & Experimental

Predicted

. 0.99°
Mole Fraction of Water (x, )

'experxmental and predxcted values of the

- 25°C.

(1981)'

experxmental values vere. generated from the
plot o£/  water. act1v1ty‘. aga1nst lactose
'.vconcentratzon reported by eracco et al

using an electron1c d1g1t1ser.‘”~
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“tol repre)sen't 'a\ 'CH, groin, one .carbonf atom | and the ‘:ringl
| oxygen between two carbon atoms, The’ co group in CH CO/CHO'
is a keto group w1th a double bond between carbon (c) and
oxygen (O). Sugars in the open ohaxn form, contaln a CO grOup
with double bond between C and o. But in solutlon open .chain
forms -are found in traces (Table 4.1) and ,therefore‘ the -
solutxon propertles are d1ctated by the ring ‘form.,of the
sugar molecules.._The.,model can‘ describe the behaviour ofwéﬁ
‘aqueous .mannléol. {(a six membered open chain cohpoundf
‘solut;ons.trThis 1nd§cates ‘that ‘the model s failure“to

'6

estlmate ‘the equxlxbr1um propertles ‘of fructose and three

\

other ‘d1sacchar1des is primarily due to»unavallabilxty of
functxonal groups ‘to descrxbe ‘the ring compounds. ‘It yls
therefore expected that defxnxng two new groups v1z.‘CH O CH
‘and C- O CH to depict ‘the’ r1ng oxygen between twp carbon
atoms in aldoses and ketoses respect1vely wxll 1mproveuthe~

pred1ct1Ve power of the model. o | i f ~

5 3 2 Predxct:on of Freezxng P01nt “ o

The freezxng p01nts of binary. sugar (fructose, sucrose,"

maltose and lactose) solutlons were predlcted u31ng the
SRR+ S
procedure elaborated in sectlon 5 1. 2 F1gure 5.13 1nd1cates

‘ 'good agreement w1th exper1mental data for fructose solutlons '

1n the concentrat1on range stud1ed However,,the predlctlon]”

.3~‘was not satlsfactory for the dlsaccharlde solut1ons (Flgures ;

vl R
e e .

“,5 14 5 16) Several varxatlons 1n the group comp051t10n of .
”Fthe dzsaccha 1de moBécules were 1nvestlgated In one case>~'

the alde'_yde group (CHO) was replaced by an ether group s
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(CH-0) while in another case a mixture of CHO and CH-O was
considered. None of these group compositions could improve

1

the prediction of freezing temperatures of  aqueous ¥
disaccharid; solutions. ' As elaborated in the previous
section, the definition of the new éroup CH-O0-CH will also
describe the glycosidic linkagé through an oxygen atom
between two méqosaccharide units of thé‘dlsacch;rides and is

expected to improve the predictions.

5.4 Appiication to Mixtures of Sugars
In order  to test the performance of  the model in
multicomponent systems, the actibity of water was estimated
in mixtures of sugars feSembling the composition of honey.
The freezing curves of orange and apple juices wére also
determined. These {fruit juices were assumed to be an aqueous
fe of sugar molecules that are no:mélly present in
these juices. A small amount of soluble solids made up of
components other than the sugars considered in this
calculation Stuay was neglected. The group composition of
the constituent moleéules used—imr the calculafion were those
‘presented in Tables 5.5-5.8. | |
5.4.1 fredittion of Water Activity :
| The activity of wate;' in édlutiohs of a mixture of
sugafs resemhling the composition of ﬁoney' wés_‘predicted
using the UNIFAC-FV model. The compositions of the solutions
’withAvatious‘proportions of- the 5ugarsvpfesent are'shoiﬁ‘fn'
Tablei5.9.‘The.pstim5ted values of the activity of water at

\
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Table 5.9 The composition of aqueous solutions containing
mixture of sugars resembling the typical sugar

.make~up of honey (Adapted From: Ruegg -and Blanc, .

1981).
Total ‘ . Propoftioh of sugars (% w/w)
SOlid  mmmmmmmmmmm e e —
(TS) " Glucose Fructose Sucrose ' ' Maltose

(% w/w)-  (40% of TS) (48% of TS) ;(2x of TS) (10% of TS)

72.0 . 28.80 .  34.560 1.440 © 7.20
73.9 .29.56 .  35.472 1.478 7.39
75.9 30.36 . 36.432 -. 1.518 S 7.59
78.0 -~ 31.20  37.440  1.560 7.80
79.8 31,92 38.304 1.596 .. 7.98
81.9 . 32.76 39.312 1.638 8.19
8.0 33.60 40.320 - 1.680. _  8.40.
85.8  34.32 | 41.)84‘ e 8.58

87.9 - 35.16 42,192 +1.758 8.79
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25°C were compared with theﬁexperimental values reported by

Riegg and Blanc (1981). The‘results in'Figure 5.17 show. a

moderately good fit with an average ecror Ofdiees than 20% -

over the concentration range studied, Any-provefnent’ if the

estimation of the activity coefficients of the components

.will make the predictions better. : ~’;-

&

~ . . . . .-

.5.8. 2 Prediction of Freezing Curves

The freezing curves of orange " and apple juices were
predlcted us1ng the procedure described in Sectlon 5.

The,cohposition of the juices with different pnoportlons of

sugars is presented in Table 5.10. The predictedlfreezing

curves were compared with the exper1mental data reported by

Heiss and Schach1nger (1949). As can‘be seen in figure 5.18,

the fit with experimental data for- orange ju1ce is very good

,up to a -concentration of 30% (w/w) solid.. The dxvergence'

from the' experimental ‘'values in the higher concentration

¢

range appears to arise from a hlgh amount of sucrose presenb

in the orange. Ju1ce (Table 5. 10) ‘This is most llkely the

case in ‘view of the fallure of the model to accurately

predlct the act1v1ty of water (F1gure 5 10) and. freez1ng'
"poznt depre551on (F1gure 5. 14) in blnary sucrose solutxons.
. Also, as shbwn in Table 5.10, the components in the orange
-~ juice (ihf 1 3% of soluble ‘solid) not 1nc1udedv in the

‘calculat1on nght have contrlbuted to th1s 1ack of f1t

[

'the higher range of concentrat1on ‘Howeyer, for apple Ju1ce,.

~.an excellent f1t was obtalned w1th an average error of less’

by s an oL

' than 9% over the concentratxon rénge shown in F1gure 5. 19. )

[
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"~ Table 5.10 The amount of major sugars in orange.and apple
. " “ & "

juices (Notter et al.,1959; Watt and Mer"ril‘l,‘

1963).
‘Type of  Total Dissolved Proportions of major sugars
Fruit’ - s mmkann- A S AP S
o Juice Solids Sugars --GiucoSe .Fructose Sucrose |
(% w/w) (% w/w) A% w/w) (% -w/w) (% w/w)
_orapge 1.7 ° 10.4 23.9 21.2 54.8
. Vapple ' 12.2 2.0 4.8  62.4 22.7
4.“ v.-
e g

a

|
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using an electronic digi;isér; :
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5.5 General Comments | ‘ ‘ o ' J.

The estimations of the ‘equilibrium properties of 'a

number of aqueous carbohydrate solut1ons 1ndlcate that the
&

model ‘has the capablllty of pred1ct1ng these propert1es.'

VThere is room for further reflnement of the model’ to 1mprove

effort is needed to generate experlmental data on a varxety

its flex1b111ty and pred1ct1ve power.,To do thlS -a greater‘

‘of aqueous carbohydrate " systems. These will facxlltate

'<"‘.‘.N‘-t o

- . . . Y
accurate estimation of the parameter values of the model.

+



”u‘glucose,

Lot 4
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* 6. SUMMARY AND CONCLUSIONS

The‘ results of }this 'study ‘provided’ valuable ana
interesting jintormation‘ on the ‘modelling of" carbohydrate.
solutions. fThe UNIFhC group contrxbutlon“ method of
Fredenslund efval (3975 1977)<m1th the parameter values
keported by Gmehlxng et al (1982) gave erratxc results when
applled to the glucose -water system. Many*combxnatxons ofl
funct10nal group composxtlons for glucose were . evaluated Ini
"all cases predxctxons 'were found to be unsat1sfactory and
none of the comblnatlons could represent the experzmantal
]data. An 1nspect1on of the glucose molecule 1nd1cates that
its .solutxon propertles w1ll be domxnated by the ,fxve
hydroxyl (OH) groups whlch have strong afflnlty for- aqueous
envxronments. Published " 11terature (Anderson and Prausnxtz,‘
1978; Skjold J¢rgensen, 1982°' Prausn1tz et al 1986)
1nd1cated that - the parameter values for the OH' group were
‘unable " to ‘represent the behav1or of aqueous systems
containing. molecules- w1th OH ' group. fhis pr;Epted a

'“reevaluatlon of the volume (R ) and- area (Q,) ‘para ters ‘of .

‘the OH group and the parameter descr1b1ng 1ts 1ntefaetibn5%‘

~w1th water.' The revxsed parameters led ‘to subStantfaI&
‘1mprovements 1n the pred1ct10ns of act1v1ty coeff1c1ents of
1water; and: glucose in b;nary‘ systems.,.A'-free volume
' correctlon was neceSSary fornlwater_,ln the concentrated

frange. Th1s correctlon _was,f however,. 1ns1gn1f1cant for

.

188 e
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. To extend the valxdlty d% the“model ’with3 rééisea
parameters (for the OH group), the equxlxbr1um propert1es of
aqueous solutlons of fructose and common d15acchar1des were
predlcted The model was also extended to systems contaxnlng
mixtures of sugars. The properties of" aqueous solutxons of
'fructose and mlxtures of sugars were pred;cted w1th lxm;ted.
success.. The model @na general performed poorly in
lvdxsaccharxde water systems. Thxs could p0551b1y have been‘
‘ czrcumvented to an extent by 1nclud1ng experlmental data on
. a varzety of aqueous carbohydrate systems Experxmental data‘
on sugar solutlons are not plentlful which 11m1t such an
pendeavorr lt 1s felt that the fundamental assumptlon of the
L 1ndependence ‘of ‘the functlonal groups ,from those in the
surround1ng d\mzl;eu iSf” most 1nappropr1ate ‘in.> aqueoUS'
solutions.otbcarbohydrates;pAnother dlfflculty‘arises £rom
‘the lack of defxned Cycllc groups to represent the molecules
of . sugar.‘Sugar molecules are polar and in solut1on exist in-
5- or,G—membered'rlnguconformatlons. AS'stated;by Thomas and .-

~ Eckert (1984); UNI?A6~ is .incapablleof lhandling" polar'

es‘hith a-c§CIlc backbone. The choice of the aldehyde

veto (CH,CO) group to descr1be the rlng oxygen‘

Ethere ore seems 1nappropr1ate. A natural extenszon of th1s”

.wo‘k would be to defxne new functxonal groups to descr1bep.

._the,‘r1ng oxygen and est1mate ‘theg new .values"off the‘”'

|

ff_parameters. Future work should also exam1ne whether the r1ng“c

-ﬂoxygen 1n the monosaccharlde and the glycos1d1c oxygen whxch;

W

-,lmks two monosaccharzdes have thEe same character1st1cs.'

&fThxs w111 requlre extens1ve exper1mental data, wh;ch ‘are'
. o . “‘ ' ‘ . 1‘ ““ “ “ . A ";' b . s ) | o

]




‘advent of hlgh speed computers,kmathematlcal complexzty is:“

‘ complex aqueous solutxons.lﬂ

Cw
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scarce on aqueous solutlons of carbohydrates. Therefore more
eﬁﬁ@rts are needed 1n obtaxnxng experzmentai data on such
systemsr"‘: | L ‘ - o

| 4501vat10n of sugars 1n aqueous solutxon xs a well knbwn
phe&g\enon. It s desxrable that the model should. havg

provxsxon’to descrxbe such phenomena. Attempts with‘limited

éyccess are presently bexng made to account for phenomena“

such as. solvation and assoc1at10n.

that despxte many llmltatlons 'in the group contrxbutxon‘

'

method,‘ UNIFAC “can be adapted to 'aqueous solutxons of -

carbohydrates. Further work is undbubtedly necgssary to

increase the domain- of its validity. 'Defining ~new group§3'

should lead to significént improvements 1n the. predxctlve

power of the model. Further reflnements to 1nc1ude proxlmxty

and-other intermoiecular effects«&s 6»51rab1er ThlS mlght

lead to'more complex mathematxcal expre551ohs But.w1th the

'-no 1ongerh an obstacle. It - is hoped that ‘the future wxll

“witness 'more progress- in. molecular phy51cs ‘and solut1on

-

modelllng leading to a, un1f1ed and general treatment of

'
e

-
R

[N

\aflt; is’ reasonable to conclude from the present study,“
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1. APPENDIX 1 : EXPERIMENTAL DATA

Table A1l.1 Tﬁe freezing point data on‘_aqueoué Vgluéose
~solution together with the caiéulated aégivity
cégfficients - of Watéf  (Adépted' from: CRC,

1983-1984). - -

Anhjdroﬁs - ' Mblev. : Freeidng | Logarithm Activity
‘Glucose Fraction - Poifit -  of Activity‘Coefficient
(% w/w) of Watef Depression Goeﬁficienp. df Water
B x) (6 =TT ey, vy,
' b
0.5 0.9995 0.047 ° °4.684E-5 . 1.00005
1.0 0.9990 0.107 -2.752E-5 . 0.99997
1.5 0.9985 ' 0.158 _ -<0.979E-5  0.99999
2.0 0.9980 ~ . 0.214 - ~-3.560E-5  0.99996
2.5 10.9974 0.270  -5.641E-5  0.99994
3.0 0.9969 . 0.323  -4.306E-5  0.99996
3.5 0.9964 ~ 0.377 . -3.425B-5  0.99997 .
4.0 0.9959  0.433 ~ -3.960E-5 0.99996
4.5 0.9953 . 0.490  -4.935B-5  0.99995
5.0 0.9948 . 0.549  =-7.310E-5  0.99993
5.5 0.9942  .0.608  -9.140E-5 . 0.99991
‘6.0 . .0.9937 D0.668 . ~-1.138E-4  0.99987
6.5 . 0.9931 U728 -1.404E-4  0.99986
7.0 0.9925 " . ° 0.790  -1.612E-4  0.99984
©7.5 . 0.9920 ~  0.851  -1.762B-4  0.99982 '
8.0 0.9914 0.913 = -1.950E-4  0,98981 -
212
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1

Activity

Anﬁyéf;)ﬂs: o Mole Freezing Loga‘ri.t‘hm
Glucose Fraction Point “-of Activity Coefficient
(% w/wW) of Water = Depression Co‘e‘f'f‘ici‘eht ’ '6f"Watler 4
) | (x,) - (e =:T09,T) lny, - T
' 8.5 0;9908 0.975"  \-2.078E€i 0.99979
9.0 0.9902 1.038  -2.242E-4  0.99978
9.5 0.9896 1.102 = -2.442E-4 ~ 0.99976
10.0 0.9890 1.167 ~2.676E-4 0.99973
11,0 0.9878 1.303 -3.534B-4  0.99966
12.0 - 10.9865" ‘.1.443 24.518E-4 0.99955
13.0 0.9853 .~ 1.586  -5.521E-4  0.99945
14.0 0.9840 1,731 -6.439E-4 . 0.99936
15.0 0.9827 "1.880 ~7.455E-4__  0.99925
16.0 0.9813 2.033  -B.560E-4 . 0.99914
17.0 . 0.9799 2.190 - ~9.744E-4  0.99903
18.0 - '0.9785 2.353  <1.1198-3 - 0.99888
1900 0.9771° 2.521  -1.2798-3  0.99872
. 20,00~ 0.9756 2.696. -1.4738-3 . 0.99853
22.0,  0.9726  3.073°  -2.016E-3 _ 0.99799
28.0 . 0:9694 . 3.480  -2.698E-3 - 0.99731
26.0  0.9661 3.900 ©  -3.342E-3° ' 0.99666
28,0 . 0.9626 4.337.  -3.976E-3 . 0.99603
D' 30.0 © .. 0.9589 - 4.794 “4.613E-3 = 0.99540
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Table Al1.2 The osmotxc coeffchent data on, aqueous glucose
solutlon together with' the calculated actxvzt?
coefflcxents of water (Adapted from. Stokes and

y Robxnson 1966)

) Molality of. f ‘Mqle“ | ‘Osmotic‘<i Logarithm Actxvxty
| Anhydteus i Fract%ﬁp ' Ceefficient of Act1v1tyvCoeff1cxent
~Glucose . of Water (o) ‘Coeff1c1ent . of Water
C(m) (x,) .. 1y, -
1.0 0.9823  1.020 - ~5.206E-4  0.99948
2.0 0,9652 = 1.050 ‘—2{43$E~3 . 0.99757
3.0 . ' 0.9487 1,079 -5.679E- 3 .0.99434
4.0 . 0.9328  .1.105 ~1.004E-2. 0.99001
5.0 0.9174 - 1.128  -1.536E-2  0.98476
6.0 . .0.9025 1,149 -2,156E-2  0.97867
7.0 . 0. 8880 1,166 -2.827E-2 - 0.97212
7.5 0.8810 ° 1.173 . -3.176E-2 © ~0.96874 '
. - o TR T
. .
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se

£, “solutxon togethe: w1th the calculated act1v1ty‘
coefficients of vater (Adapted from: Taylor and
Rowlxnson,v1955). .{ﬁ_
Temperature .  Mole Vapor Logarlthm ‘ Activity
o (“C) Fréction , PressureVr of Actxvxty Coeff1c1ent

 fof-Water‘ (mm Hg) Coefflcxent of Wafer
oo (x,) 1ny, oo
“ 0.9882 25.476 0 1.367B-5  1.00001
0.9492 22.563 6.120E-4 . 1.00061
s 0.9239 21.727  -1.013E-2  0.98992
0.9066.  21.151  -1.809E-2  0.98207
25 0.9050 . 21.117  -1.794E-2  0.98222
| 0.8909 20.668  -2.373E-2 . 0.97655 .
0.8696 19.943.  -3.523E-2  0.96538
0.8402 . 19.002  -4.918E-2  0.95201
. 0.8050 17.7517-. ~7.448E*2 - 0.92823
0.9239 - 38.666  -7.716E-3 .. 0.99231 .
. . 0.9239 38.590  -9.683E-3  0.99036
o b;9049f 37.508°  -1.745E-2 - 0. 98270;,"'
©.'35 . 0.8907 (36 781 ﬁ2;1ddéézt 0.97912
07 0.8788 . " 36.097 | -2.642E-2 . 0.97393
©0.8695 . . 35.484 ' -3.291B-2_ 0.96763. .
 0.8395 m‘ g33;é19 ,_‘fs;i79E52f; 0.94953
) ,-.0.8046 ' -  31.585 -‘;47;r74s+2, ‘ 0. 93078
R e |
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' Table 'A1.3. Contd.

,Témperatiure. Mole ‘ Vapor Logarithm Activity
- (°C). Fraction PfeSéure of Activity Coefficient

VR . ‘ ‘of‘Wapér” (mm Hg) Coefficient  of Water
. . | (xv) o . ‘ B » 11'17,,' ‘ ' 7,

.9237 - 65.86 . ~8.099E-3
.9237 - ., 65.80 . ~9.010E-3 .99103
.9047 ' 63.95 ' ~1.674E-3 198339

0.99193.

0

C0

.8905  62.74  --2.003E-3  0.98017
0

0

0

45
| .8692 . 60.59  -3.067E-3 . 0.96978
8397 . 57.80  ~4.330E-3 .95763
8041 © 5411 -6.595E-3  0.93618 .

Id

0 0.0 o o o"o

.9237 108.15 -8.136E-3  0.99190
| .9045 105,18  -1.498E-2 . 0.98513
55 .8904  102.97 - -2.050E-2 . 0.97971
.8690 " . . 100.12  -~2.424E-2  0.97605
.8394 . 95.24 -3.956E-2  0.96122 .
.8038 © 89.19 -6.185E-2 0.94002

0.9237 - 172.06 ~  ~6.781E-3 - - 0:99324
| 0.9047 - '167.69  -1.172E-2  0.98835.
65 ° . 0.8902  163.98.  -1.794B-2  0.98222
. 0.8687  159.45  -2,150E-2 = 0.97873
© 0.8389 - 151157 " °=3.728B-2 0.96341
| 6.8031 . 142.34 . ;<5.650E-2 .- 0.94507




Pable. A1.4 The aCtivity‘-cdefficienqS‘ of water ffbm:»the
‘ wétet“actiyity data mea5ured’ with electronic
hYgrometé:s '(Adapted_'ffdm: Riegg angd ﬁlahc,

-1981)

'Molality . . .Mole ., Water Logarlthm Actxvxty
(moles .Fraction"‘:Actjvisy of Actxvxty Coefflcxent
\ bér kg  of Water w(é,)" .- Coefficient -~ of wa§er

ofwater) o (x) . iy

-
»
wn

0.9737 . 0.9740 . 3.558E-4  1.00036
. 0.9652 0. 9540‘ © -1.289E-3 _ 0.99871

N -

0.9569 . 0. 9539‘ ~3.117E-3 0799689
0.9487.  0.9438 = -5.132E-3 0.99488 -
0.9407 " 0.9338 i7153é3—3 M 6.96269“
0.9328 . 0.9238  -9.721E-3  0.99033

T 0.9174. 0.9037 21.507E-2. - 0.98505

0.9098  0.8936 . -1.8038-2  0.98213

| foisozsz':‘ﬂ‘o 8835.;'* <2, 118E- 2' . 0. 97904 ;~"
. 0.8952 . o, 8735 jf‘—z 453E-2 \Dmb?577f '
©0.8880 . .0.¢ 8634 . ~2.808E-2 _ 0. 97231f

L

’ ) - * . .
LU O v o O v o »u o

1
TN e e W oW
* ~ » .

0.9250 - . 0.9137 . -1.230B-2 ' 0.98778 ~
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‘ Table AJuS 'TbelactiVEty coefficient§ of gl@cosé calculated‘
from tbé activit¥1coefficiénts‘df‘water‘ﬁsihg  1:
Gibbs~buhém equation ‘and osmotjé éoeffjcient

jdaté at 25°C. fhe ihfegrafiéﬁ was, befformed

ahdiY?ica11y by expréssing iny;"as éléolynémial'

function;in x;. o .

'“'Mole ' ‘Logarithm’ 'Logaritﬁm.' o Activityj

Fréction» | ;’pf-Activify , oE‘Aétiﬁiﬁy ‘CoéffiéiEnt

" of Glucose U Coefﬁicieht . 'Coefficient ¥ of Glucose -
(x4) R of ﬁéﬁér ~ of Glpcosé‘ . 7;

lny, lny,

‘.‘0,017? ‘~4;770E—4 ~ 0.0526 1.0580
0.0212 ‘78.OOiE—4w“ . %.0660 ‘].0682-
0.0246 C . -1.166E-3 "‘0.079§  : 1.0832
B 0.0280 -1.576E-3 . 0.0941° ~  1.0986
©0.0314 . -2.029B-3 0.1085 " 1.1146
0{0348 o ‘-?;SZSE;3 - ;6.1230 o 1.1309 .
";,d,oééf‘* o —3;057?—3 . ,?0.1376 ; 1.1475
| d;Q4f4lﬂg’ .53;6522—3 ©o.1s21 11643
| 000847 . -4.281E°3 Cv.1666- . 1.1813
0.0480 . -4.9568-3  0.18100 EERCIT
0.0513 - ..”:951675E—3.",: 0.1953 ” J;2156 .
0.0545.  ©  -6.440E-3 1‘ 'o.éd94‘_J1f‘__ 1,2329

o
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Table A1.5 Contd..

4
i

N

of Glucose

.Mole"

Fraction

Logarithm

of Activity

Coefficient

Logarithm
of Activity

Coefficient

Activity
Coefficient

of Glucose

0.0830

(x4) of Waﬁer‘ ,ofIGiucoée y;
lny, lny;‘

0.0577 * ~7,250E-3 0.2234 1.2503

. 0.0609 '~8.106E~3 0.2372 1.2677

0.0641 ~9.008E-3 0.2509 . 1.2852

0,6622 -9.956E-3 - 0.2645 1.3027
'0.070% ~1.095E-2 0.2778 1.3203"

00734 ~1.1998-2 0.2911 1.3379

‘0l07sé 5- <1.308E-2 0.3042 1.3556

| 0.0796 - -1.422E-2 0.3272 1.3733

0.0826 —1&54bs-2 0.3301 &, 1.3911

0.0857 -1.664E-2 0.3429 1.4090
0.0887 -1.792E-2 0.3555 1.4269

0.0916 -1.925E-2 0.3680 1.8448
~1.986E-2 0.3736 %, 4529 .
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The activityhcoefficients of glucose calculated
from the activity coefficients. of water using
Gibbs~Duhem equation and Qapor pressure data at
different temperatures. The integration was
performed analytically by expressing lny, as a
polynomiﬂl functi?n in xg.

Temperature Mole " Logarjthm Logarithm Xctivity
(°C) ! Fraction /of Activity of Activity Coefficient
of Glucose Coefficient Coefficient of- Glucose
(xg) of Water of Glucose y;
. . . 1ny, - 1n7;'
 0.0118 . -2.725E-4  0.0459 1.0470
0.0508 ~5.051E-3 0.1938 1.2139
0.0761 ~1.134E-2 10.2866 Y 1 33s
| 0.0834 ~1.707E-2 0.3485 o 1.5176“
25°C 0.0950 - ~1.766E-2 0.3542  ~ 1.4250
0:1091 . -2.330E-2 0.4038 1.4975
0.1304 ~3.328E-2 0.4772 1.6115
0.1598 ~4,998E-2 0.5755 1.7781
0.1950 -7.442E-2 . 0.6889 .1.9915
. 0.0761 -1.060E-2 ° = 0.2680 1.3074
0.0951 ~1.656E-2 0.3316. - 1.3932
| 0.1093  -2.187E-2 °.°0.3783 _ - 1.4598
35°C 0.1212  -2.689E-2" - 0.4168 1.5172
0.1305  —~3.118E-2  0.4466 .  1.5630
0.1605 ° -4.716E-2  0.5405 1.7168

1 0.1954  -6.989E-2  0.645%  1.9069

.

"



221

~Table A1.6 Contd.

.
Temperature Mole Logarithm  Logatithm Aétivity
(°c) - Fraction of Activity of Activity Coefficient
! . of Glucose wCoeffiéient Coekf%cient of Glucase
(xg) of Water = of Glucose v,
| lny, 1ny,
0.0763 ~9.853E-3  0.2484 1.2820
‘ $0.0953 ~1.537E~2 0.3072 ,  1.3596
as°c 0~.1095 - -2.029E-2  0.3503 .  1.4196
0.1308  -2.896E-2 0.4138 - 1.5125
0.1603 ~4.349E-2  0.4991 1.6472
0.1959 ~6.495E-2  0.5981 © 1.8187
0.0763 -8.954E~3 _ 0.2258 1.2533
0.0955 ~1.403E-2 0.2798 1.3228
0.1096 . -1.848E-2  0.3187 - 1.3753
55°C 0.1310 -2.640E-2  .0.3766 . 1.4573
0.1606  -3.967E-2  0.4544 °  1.5752
0.1962, ~5.921E<2-  0.5444 1.7235.
© 0.0763  -8.003E-3 ' 0.2018 1.2236
0.0953 -1.249E-2 ° 0.2495 1.2834
- 0.1098  -1.657E-2 _ 0.2853 1.3302 .
65°C - '0.1313° " --2.370E-2°  :0.3373° - 1.4011 .
] i 0.1611 = -3.568E-2-  0.4072 1.5027 -

0.1969  -5.329E-2  0.4880 - =  1.6291 -

¢ - .

hAY
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Table A1.7 Tﬁe activity coefficients of glucoge calculated
from the'actiyity céefficients 9{ wateF“QSihg
lGibbs—Duhem equation and .water"acfivity da£a
meaéurgd at 25°C using ‘eleétronic. hygromeﬁeg.
The integraﬁioh was performed anal}tically by
expressing lny,‘as a polynomial function in xg .’
Mole Logariﬁhh‘ , Logarifhm | Activityl
Ffaction  ~of Activity of Activity - “Qbefficient
of Glucose  Coefficient Coeffici;nt of Glucose
| (xg); of Water of Glucose ‘ 7;
| lny, ) v  lﬁ7;
0.0431___ -3.1178-3  0.0105- 1.0106
0.0513  -5.132E-3 ‘0'0526, © 1.0540
0.05935 -7.332E-3 Q.09 © 1.0954
0.0672 -9.721E-3 Co.1261 1.1344
" 0.0750 1.2308-2  0.1587 - 1.1720
0.0826 Sy.507B-2 . 0.1%04  1.2097
oy of09oé“‘ ~1.803E-2 o gl2221 . 1.2487
’“9;0975f» -2;1183—2" .. 0.2539. . 1.2890°
0.1048 -2.453E-2 022854' (ﬂr 11,3291
0.1120 - .. * -2.808E-2 - 0.3113 - 1.3652
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Table A1.8 The partlal excess molar propertles of water in

aqueous glucose solut:on at . 25 C (Adapted from

Taylor and Rowlinson, 1955; ankes~and Roblnson[

1966) .

Mole . H Logarithm §fue‘;‘ Efat”  TSeaer
Fraction’ oszctivity *.(J/mol) l (J4mol) " ,'.kJ/moi).-
of Water 'Coéfficiéﬁt | o

(x,) 107, °

0.9823 ~5.469E-4 1.4 - -5.7. -4.3
© 0.9788 = -B.267B-4 -2,0 . -8.0° . -6.0
0.9754  '-1.161E-3 2.9 -10.7 . -7.8 |
0.9720 ‘<;;547E-3 -3.8 S o-13.7 9.9
0.9686  -1.986E-3 ' -4.9 L7000 -1z
0.9652 .. -2.475E-3- 6.1 - -20.6 -14.5
;o.9si9_ -3.014E-3 f'.-7;5 - -u.s -17.0
- 0.9585 —3.6Q1E43l' -8.9  -28.6 .  415.53_
© 0.9553 -4.2358-3  -10.5  -32.9 .. -72.4
0.9520° -4.916E-3 . -12.2 . x‘ -37.4 | ‘}25.3?
0;94671' -5, 643&—3_‘ S -is.0 0 ce2.2 0 -28.2
10,9455 -6.414E- 3. -1s9 47 -31.2°
0.9¢23  -7.228B-3  -17.9 =521 | <342
‘-0L9391" N —a.oass-f f; -20.0 ©  -57.3 - -37,31;i‘
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Mole Logarithm =~ §f~“" ﬁf%m & CH
‘Fraction of Ac‘t:ivi‘ty (J/mol) ‘('J/vmé‘l‘)“i (J/mol)
of Water. Coé'ffiicqient.

‘;(x\v') S lnyv |

0.9359  -8.984E-3  -22.3 -62.7 ~40.4

0.9328  -9.923E-3 2006 -68.1 ~43.5
0.9297 -1.090E-2  -27.0 .  -~73.6 -16.6
0.9266  ~1.192B-2 “29.5 . ~79.2-  -49.7

0.9235 -1.298B-2 - -32.2 ~84.9 -52.8

0.9204 }1ﬁ407é—é . <38.9 . ~99.7 -55.8

0.9174 - -1.5208-2  -37.7 ~96.5 -58.8

0.9143 ~1.637E-2  ~40.6 - -102.3 -61.8
0.9113 -1.7576-2 ©  -43.5 -108.2 -64.6

0.5084 w41,880E§2 | -46.6 ~114.1 - -67.5
0.9070 - -~1.937E-2  -48.0 ~116.7 ' -68.7
B
3



225

Table A1.9 Thé partial ekcessimdlar propebties|of‘glucose~
in aqueous solution "at 25°C.'(Adapted . from:
Taklor and Rowlinson, 1955; and Stokes and

‘ RObinsbn; J966)f“

Mole  Logarithm 8l Boicose  Togieoss
Fraction of Activity (3/mo}) - (J/mol)  (3/mol)
of Glucosel\Coefficieﬁt | s ' ' o
Cx) lny,
0.0177 0.0529 ~  130.4 °  699.8 569.4
0.0212  0.0664. 163.6 827.7. 664.1
0.0246 ‘Alo.oeoq . .198.1 - 950.8 - 752.7
- 0.0280 10.0948 233:3 . . 1069.0 . 835.8
. 0.0314 0.10%4 . 268.9 -'1182.4 : "913.4
0.0348 L1241 3049 ¢ 1290.8 . 9859
0;03615 0.1389 341.1 1394.4 | 1053.3
0.0418 ,0;1538. . 337§.o'f o 1493.2]__;__’1{1§,1 .
. 0:0447 u_~‘0;1585 o 413;0 : "“1587,3f , 1174.4‘
R.0480 0.1832 448.7 .“{677{53'f,r 1228.4
0.0513 T 0.1978 484.1. 17627 1278.6 .
0.0545 0.2122 ' 519.1°  ./1Bas.4  1325.4
SRS ST S
‘ v .@‘l B
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' Table A1.9 Contd. -

. Mole  Logarithm - 35l Bucose " Tohtucone
F;actibn‘ of Activity (J/mol)- (3/mol) ‘ (J/mo]l.,)‘ K
o.‘f Glu“cosei Cdef,ficier%nt R ) e B
Cxy) Iy
‘.,

g S _ o
0.0577 10,2265 | 553.8 1922.6 1368.9
0.0609 - 0.2407- -  588.0 i997.6 . .1409.8
0.06a1 0;2548;,; . 621.9 o 2069.9  1447;9‘

- 0.0672 -~ 0.2687| - 655.6 ©  2139.7". 1484. 1
0.0703 0.2825  688.6 - 2207.6 1519.0
0.0734 0.2962 721.6 . 22741 1552.5
0.0765 ~  0.3097  754.0 2339.7 1585.6
0.0796  0.3232  786.3  2404.8 1618.5
p.oezs_:, 1 0.3365  818.2 . 2469.9 1651.7
0.0857 0.3498 850.0 ~  2535.8 1685.8

'0.0887 ..  0.3629. . 881.2 2602.9 ‘;‘H521,5 |
0.0916 . 0.3759 . 912.2 . - 2671.7  -1759.5
 ;0,09302i_*‘,o.3q17 02601 2703.4 - . 17773
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10 The sorptxon data 'on solid glucose and ‘water .

1 9.9990E-05
- 1.0399m-04

'2.0570E+03 -
'fz oe74s+03 .

2.74928-01. 1
2. 78983-01;

~ Table Al.
o together with "the  calculated - valueg: of the
”ﬁ . activity of water (Adapted from: Smxt‘ et al., "
» 1981) o - S
Temperature | rWeight | ‘Partial Activity“
( C) 'Fractionz, ' Pregshre ‘ of watefi
of Water of Water (ay)
Cx) * (Pa) :
7.9999E-06 1.1146E+02 : ~ '1.4897E-02
' 1.2000E-05 . 2.63846E+02 '  3.5211E-02. .
1.6000E-05(  3.9519E+02  5.2817E-02 . =
2.0000E-05 ~ 5.1678E+02 ' 6.9068E-02"
. 2.3999E-05 - 6.3838E+02 '8.5320E-02
~2.7999E-05 7.4984E+02 - 1.0022E-0). -
© 3,19998-05°  B.7144E+02 1.1647EJ6¢\”
3.5999E-05 = 9.7277E+02 1.3001E-01
,3.9998E_o§f-' 1.0842E+03 1.4491E-01 .
. 4.3998E-05 -~ .1.1856E+03 1.5845E-01
" 4.7998E-05 . 1.2666E+03,  1.6928E-01
L  5.1997E-05 1.3274E+03 . 1.7741E-01
40°C '5.5997E-05 ' 1.3984E+03 1.8689E-01
' ' '5.9996E-05.  1.4794E+03 . . 1.9772E-01
' 6.3996E-05 = 1.5402E403 . 2.0585E-01
. 6.7995E-08 - " 1.6111E¥03 .. = 2.1533E-01
1. 19953-05ﬂf - 1.6821E+03 . 2.2481E-01
) . 7.5994E-05 ' 1.7429E+03 = 2.3294E-01
- 7.9994E-05 ' 1.8037E+03 2.4106E-01
' 8.3993E-05 ' 1.8543E+03. - .. 2.4783E-01
. 8. 7992E- ~05° . 1.9151E+03 ' . 2.5596E-01
Y ' 9.1992E-05"  1.9658E+03 2. 62733-017’
'Y\§“ 9.5991E-05 ' ' "2.0063E+03 | 2.6815E-01




o 228

‘Table 4.15 Contd.

, ‘WeigHt
Fraction

‘Partial ~ . Activity

Pressure |

‘Témperature‘l
(°c). . of Water
- lof Water . of Water (ay)

(x,)

(Pa)

NN AT e B B W W W N NN o e

-0000E-5

.1999E-5

.9998E-5
.3998E-5
.7998E~5

.5997E-5
.9996E-5
.3996E-5
.7995E-5

.9999E-6
.2000E5"
.6000E-5

.3999E-5 -
.7999E-5 .

.5999E-5

. 1997E-5 -

. 1995E-5
. 7.59948-5
| 7.9994E-5.
'8,3993E-5"

9.9303E+02

1.1349E+03

2.6346E+02
' 4.2559E+02
- 5.7758E+02
7.1944E+02
" 8.5117E+402 "

1.2362E+03

1.3578E403 -
1.4693E+03
1.5706E+03
" 1.6618E+03

1.7530E+03

1.8239E+03"
1. 9050E+03
'1.9861E+03
2,0671E+03 .-
. 2.1279E+03
'2.1786E+03
2;2293E+03

2.7103E-02
4.3782E-02

'5.9418E-02
7.4012E-02
 8.7564E-02
1.0216E-01 |
1.1675E~01
1.2718E-01.
"1.3969E-01
1.5115E-01 .
'~ 1.6158E-01
1.7096E-0

1.8034E-01

1.8764E-01

1.9598E-01

2.0432E-01
2.1266E-01 "
. 2.1891E-01

2.2412E-01

 2.2933E-01 1

o 8.7992E-5 ~ 2.2698E+03 . 2:3350E-01. .
- ' 9.1992EX5 ' 2.3103E+03  2.3767E-01
. 9.5991E-5 . 2.3509E+03 . . 2.4184E-01-
o . 9.9990E-5 . . . 2.3711E+03 . = 2.4393E-01 .
R  1.0399E-4 - - 2.3B13E+03 | 2.4497E-01 ..

~
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'f Teﬁperatﬂre
(°c)

| ~Weight

Fraction
‘of Water

()

Partial
Pressure

"~ of Water

(Pa)

~ Activity
- of Water:

(a‘,) B

55°C

" 7.9999E-06 |
. 1.2000E-05

1.6000E~05

- 2.0000E-05
' -2.3999E-05 .
2.7999E-05
. 3% 1999E-05

~ 3,5999E-05 .
3.9998E-05
' 4.3998E-05"

4.7998E-05

' 5.1997E-05

5.5997EAQ§\

'5.9996E-05

6.3996E-05

" 6.7995E-05 -

. 7.1995E-05

' .7..5994E-05

7.9994E-05 .

' 8.3993E-05

.. 8.7992E-05. .-

9, 1992E-05

.'9.5991E-05. |

. .9.9990E-05 = .
. 1.0399E-04

4.6612E+02
6.5864E+02

8.9170E+02

 1.1146E403
1.3376E+03
1.57068+03
1.7834E+03

1.9962E+03

2.1887E+03

2.3711E+03

2.5434E+03
. 2.7055E+03

2.8676E+03

3.0095E+03
'3.1311E403
3,2324E+03
3.3338E+03
©3.4351E+03
- '3.5466E+03
~ 3.6073E+03" -
'3.68B4E+03
- 3.7391E+03 -
'3:7796E+03
 3.8201E+03 .
©3.8505E+03 .

2
4
5
6
8
9
1
1
1
1
‘I )
1
1
1

.9806E-02
.3767§ng2

.8848E-01

1.9609E-01
© 2.0244E-01
2.0878E-01
2.1513E-01
'2:2211E-01
2.2592E-01
2.30998-01

2.3417B-01

© 2.3671E-01
. 2.3924E-01.
2.4115E-01

9192E~02
1249E-02
5845E-02

8363E-02
1J69Ef01' ‘
2502E-0 1
1.3707E-01
.4850E-01 .
.5928E-01
.6944E-01
.7959E-01

PR
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- Table 4.15 Contd;

. Temperature.

(sc) -

Weight
Fraction

of Water

o (x)

Partial
Pressure

gpé)\

W

‘ of’Wéter v

 Activity

of Water
(a,)

. 65°C

W VNN OO R LW WNNRN e o N

.3999E-05
.7999E-05

.9998E-05
.3998E-05

.5997E-05

" 9.9990B-05

' 1.0399E-04 -

.9999E~-06.
.2000E-05 .
!6000E~05
.0000E-05 ",

A !

.1999E-05 -,
.5999E~05

.7998E-05 -
J1997E-05 -

.9996E-05
.3996E-05
.7995E-05
. 1995E-05
.5994E-05
.9994E-05
.3993E-05" .
. 8.7992E-05 .
. 9,1992E-05
'9:5991E~05

5.8771E+02 . - -
8.7144E+02

. 1.1957E+03
"

1

.5503E+03

3.1919E+03

4.2052E+03

4.3876E4+03
4.5599E+03
4.7118E+03
' 4.8638E+D3
5.0057E+03 -
' 5.1374E+03 .
5.4718E+03
| 5.3705E+03 .
.+ '5.4820E+03
© . '5.6T37E+03

.8847E+03
'2.2090E+03
 2.4725E+03
2.7258E+03
. 2.9588E+03

3.3946E+03
3.5972E+03
'3.8201E%03
4.0127E+03

2
3
4
6
- 7.4311E-02
9
1
1
1
1

.3172E-02 -
.4359E-02
.7143E-02
. 1127E-02

.7095E-02
.7483E-02
.0747E-01
. 1666E-01

'1.2585E-01
.3384E-01

1.4183E-01

' 1.5062E-01
1.5821E-01

.6580E-01
.7299E-01

1.

1
1.7978E-01

1

.8578E-01

©1.9177E-01
 1.9736E-01
. 2,0256E-01 -
 2.1574E-01
2.1175B-01

2.1614E-01

| 2.21338-01 .
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. Table 4.

231+

15 Contd. |
| Température  4‘Weight Panfjal Activity
(°c) Fraction . Pressure. of Water
o of Water lof Water (a;)
(x,) ',(“P‘a%
7.9999E~06 . . 6.9918E+02 1.7885E~02
1.2000EZ05 1.0842E+03' 2.7735E-02
1.6000E-05""  1,4794E+03 3.7843E-02
' 2.0000E~05 1.8645E+03" 4.7693E-02
2.3999E-05 '2.269BE+03 . 5.8061E-02"
.2.7999E-05 2.6548E+03 6.7911E-02
3.1999E-05.°  3.0500E+03 ~  7.8020E-02:"
' 3.5999E-05.  3.4250E+03 ©  8.7610E-02
3.9998E-05 3.8303E403 9.7978E-02
4.3998E-05 " 4.1647E+03 1.0653E-01
4.7998E-05  4.4889E+03 1.1483E-01
o '5.1997E-05 4.8030E+03 . - 1.2286E-01
- 75°C '5.5997E-05 = 5.1374E+03 * ' 1.3142E-01
5.9996E-05 5.4110E+03 1.3841E-01
6.3996E-05  5.6745E+03 . 1.4515B-01
6.7995E-05 . 75 9379E+03 " - 1.5189E-01.
7.1995E-05 6 2014E+03#, 1.5863E~01, .
7.5994E-05 6.4041E+03 1, 6382E 01"
| 7.9998E-05  6.6168E+03 .  1.6926E-01
8.3993E-05 ' ' 6.79928+03 '-. 1.7392E-01
| .8.9992E-05 6. 9816E+03- 1: ;7859E-0.1 -
9. 1992E 05 " . 7.3059E+03" '1.8688E-01
' 9.5991B-05 . ' 7.1944E+03 . 1 B403E-01
, . 9,9990E-05. 7. 2654E+03THJ 1.85858-01
: - .1.0399E-04. 7. 26543+03\h

1:8585E-01"

L
»



c R , Lo
/C .Declare ‘,realf' and . mtq‘qer : vhtiableé Co
IR RBAL'B 'at90, 90); RK(SO). QK(90) T(90)} . "c(90), WmM(90),
i 1:Xe(90,90)) CRNU(90,90), GLUNEV(200, 90).’Ac7v11(zoo.90),
: ‘xnrzgzn uu(9o 90), NGC(90,90), 'NPG(90), 'NSG(90). WC. NG,
L ® Nxcssw. ucounr, 1COUNT, . NRQ, - NCOMP, NSYSTM o
Jc Declate common vanahles Do, IR ‘ '
- cohnoa/ n?! /vu..c,_ B, oo .
R ““ COHHON/ DU1 /NC, NG U L e e :
, Lo CYeL

‘e

;
9.1 UFACFV SN e
‘ i o ‘

/

aqtiv1ty oﬁ{‘components in ‘a multlcomponent mixture.

S

9. APPENDIX 2': COMPUTER PROGRAMS

'

.

aqueOus solutions,’ water is con51dered as component one

detall llstlhg of the program is given: below-'

i \ i .
. b '
i n

' L - ' A e

. c‘qoouqoooio.‘qoaoo.ooouocooopo-oo‘ooooocooooooo..cono‘ooooo»dqooo‘ooo
. " : ! Hi

n,nnnhnnn‘n‘n nANAONOADANDON0O

c. L . " " | ,
. . ) o
. PROGRAM - ; UFACFV (xr« DOUBLE PRECISION)
: ummc WiTH FREE VOLUME conm:cmon ‘ ‘ .

an’ aqueous solutlon ‘of blological origxn

.‘PURPOSE‘ : ’ro calcu.&ane estxma:es ol acnvity o, components 1in

. METHOD ‘ ; Combines ‘the Solution of - Functxonal Groups concep;
with' a model for, activity coe:“cxenta ‘based on én
“extensjion’ of the Quast-~ Chemical :heory of liguid
: )

PR

mixtuces (UNIQUAC) and free volume theory
NOTES "t The vénable‘a ‘are described in the subroutine
o where they are used Lo .
't "Uses concen:ration in mole traction untt and
¢« -temperature in degree keé"“‘l' '

KEY REFERENCES
(1) Fredcnslund A, ,Jones;R. LA,Prausnipz J M MCHE ‘J.
. ,1086(1975), ‘}., : iy
(2) Abrams,D.S.,Prausnitz,D.M. ,AICHE J 2, l16(1975).~

".{3) Sskxjold- Jorgensen,S; ,Kolbe,B.,Gmehling, «Jb. ,Ramussen, '

P.,1.E.CiProc.Des.Dev.,18(4),714(1979). ' =

' -{4). Gmehling,J. Rasmussen P. Fredenolund AL E. C. Proc.,

Des Dev.,zl(l) Hs (1982)

' PROGRAMED .BX i Gdur _Choudhur‘y'

&t : . B b

C.l‘...‘..“‘...00‘.‘....0..‘9‘..‘0.‘.0‘...0‘0‘...‘..(’.00“....00 ,

NT,

Thxs program cglculates the actlvxty coeffxcxent or

FOE

A



4
COMMON/ DU2 /RE, Qk, NRQ
COMMON/ DU3 -/NU
COMMON/ DU4 /NGC, NPG, NSG
COMMON/ DUS /XC
COMMON/ DU6 /A, T
COMMON/ DU? /NSYSTM, IT, NT, NKCSET, MCOUNT
COMMON/ DUB /CRNU : .
e [N
C A 7\/‘ —_ N
C Call. DDATA, and DUFV to obtain the UNIFAC AND FREE-VOLUME
¢ contributijons to the activity coetficient of the tomponents.
“C
N ]
CALL DDATA - -
CALL DUFV (GLUNFV)
sToP

oo , )
END . o e

C9000000000000000008000000000000000000000008 "3000000‘.0000.‘000.

-

.
Subroutine :' DDATA o

. 3
FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFEFEFFFFFFFFFFFF

. i

SUMMARY OF DATA FILES

' RN NI

1=RKQK  { NRQ, R apd Q" values/ot groups

2= AMN ' 1 Group in({erac:i)p

3=FVDATA H NCW, B,
components, .

42GCODE : NC, NG, and Group code numbers

SaNEW . : Total .no. of each group in a component

6aNEWCR { Total no. of each group in & component
used tor computation of molecular area ‘
parameter eand group fractions

‘7xTMOLEF ' : Temperdture, no. ol mole fraction sets
and mole fractions of various components’

8=GCV Lo Group code vectors

FFF!‘F?F!TI'Fl‘!'l‘?FF!TFFF‘!‘FFFFF‘EP‘F.!‘FFFFFF?!FYFFFFFFFFFFFFFFF -

2

N 0N 0N n0N.0000000

MM Mmoo oMoy oy

N . ’ ' [y

-

O..‘0.....00“..‘.‘..!‘..0.0..’.....‘..‘.‘....0’..‘..0...0.0..0..‘

a . ‘ /

AnnNDNnnNonNnoonnoNnDn

>

SUBROUTINE DDATA

t '

N o0
a
n
~
-
o
-
-
o
=
o
”
<
o
-
64
o -
o
—
o
- ]

NRQ - = Total no. of groups for which ‘R’ and 'Q' are knowvn
RK © = -Gréup volume parameter B :
QK .= Group area parameter
A(M,N) = Group {nteraction parameter
B = Proportionality constant: used in the calculation of
" redyced volume | '

&n = Constant used -in the expression of externa)l degrees of

: fre‘odojml in free-volume computation .

Purpose : Reads "the input data from the folloving files:

233
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M
NC
NG

Molar ‘voluhie of the components
Total no. of components c .
Total no. of groups : . - L4 ' .



O N O OO0 000NN

nNnoo noon

‘0 NNnoo la3s)

0NN o0

NGC
NU
T
NPG
NSG

NXCSET = Total nqe of component mole (raction se(E to be computed

XC
1S

NCOMP

a Number of component
NSYSTM - = Number of systems
rd
REAL®8 * A(90,90), RK{(90), QK{(90), T(90), B, C(90), vmM(90),
& XC(90,90),- CRNU(90,90)
INTEGER NU(90,90), NGC{90,90), NPG(90), NSG(90), NC, NG,
& ' NT, 1T, NXCSET, MCOUNT, [COUNT, NRQ, NCOMP, NSYSTM

a

a Group code numbers

= No, of a particular type of group in & component
=~ Temperature of the solutjon in degrees kelvin

» Code po, of primary groups

= Code no. of secondary groups

=~ Mole fraction of each component

- Jndea‘bl do~loops for no, ofl sets of mole fractions

“

COMMON/ DF)' /VM, C, B

COMMON/ DUl /NC, NG

COMMON/* DU2 /RK, QK, NRQ .
COMMON/ DU3 /NU

COMMON/ DU4& /NGC, NPG, NSG

COMMON/ DUS /XC

COMMON/ DU6 /A, T ‘

COMMON/ DU? /NSYSTM,. IT, NT, NXCSET, MCOUNT
COMMON/ DU8 /CRNU -

»

Statement that allovs format~free reading and writing of

both real and 1integer dJata,

Read

from

Read

LOGICAL &1 FREE(1)/*e'/

volume and surface area parameters for various groups
the tile - "RkQK".

READ(1,FREE) NRQ

. pO 10 1 = 1, NRQ

READ{ 1,FREE) RK(I1), QK(I)
CONTINUE

a(m,n) values from the file ‘Anj'.

READ(2,FREE) ({A(M,N), N « 1, 43), M = 1, 43)

Read :number of comggnehts. the constants B, C(i), and molar
volimes of the compofients from the file *FVDATA'.

20- CONTINUE <~

READ(3.FREE) NCOMP, B
DO 20 J = 1, NCOMP
READ(3, FREB) C(J), 'VM(J)

a

READ(4,FREE) . NSYSTM

Set Do-loop ‘to read “the input “data for. all the component in

the solution - i . v . .

234.
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0O 000N o0

N N NN

n o N n

Read

PO 70 IN = 1, NSYSTM

no. Yot components and total po.\ of functional groups 1in

the solution from the ({ile °'GCODE’

Read
each
each

30

Read

tractions of ~components from the f(ile “TMOLEF®,

READ(4 ,FREE) NC, NG »
i

the code npo. (serial no,) of each group in-the solutjon for
of the component and the no.{hev many) of such group tor
component from the tiles "GCODE" and "NEW" respectxvexy
DO 30 J = 1, NC
pO 30 | = 1, NG
Rsm(,a,rnza)‘ NGC(1,J)
READ{S,FREE} NU(I,J) ) .
_ « READ(6,FREE) CRNU(1,J)
CONTINUE '

temperature, total no. of mole fractoion sets and the mole

READ{7,FREE) NT
READ(7,FREE) (T(IT), IT=1,NT)

[}

C

40
50
60

READ(7,FREE) NXCSET
MCOUNT  =. 0 ‘
DO 60 L = 1, NT . : \ ,
DO 50 IS = 1, NXCSET ' '
MCOUNT = MCOUNT + 1
DO.40 J = 1, NC
READ (7.FREE) XC(MCOUNT,J) 5
*  CONTINUE '
. CONTINUE
CONTINUE

»

Read’ prxmaiy and secondary group code nos. from the file °GCV'

READ(8,FREE) (NSG(I),1 = 1}, NG) \
READ(8,FREB) (NPG{1},1 = 1, NG) ,

70 CONTINUE

RETURN . o .
END

C.0..0...........‘0‘.."..........“O‘......O‘...Ol.‘.....‘....‘...

(o]

»

000 no o

¢

' -~ . . .
C Variables and their dimension for the combinatorial part of

. CO...‘.......0.‘...‘.0.............O.‘...‘..b.‘...“..‘............
) .
A o '

-

Subroutine : DUFV

_ Purpose . : Computes. the UNIFAC and FREE-VOLUME contribution

to the activity coefficients of the components
in aqueous solution: :

-

SUBROUTINE DUFV (GLUNFV)

C the activity coefficient

-~

235
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N 0o N0

N NN o

n N

N

n.

0o Nn0o0n

s

: ' ' o o
REAL#8  RR(90), QK(90), RC(90), QC(90), RG(90,90), QG(90,90),
CL(90), xC(90,90),. THETAC(90), PHIC(90), CLOGC(90),

2 crNU(90,90) .

o

variables and their dimension for the residual part ot the
activity coefficient

&
¢

13

~ REALe8

Variables and their dimension for the free-volume contribution

'

>

)

REAL®8 - ‘AP(90,90), XGM(90,90), XM(90), SUMXP{90), SUMXM,
SUMQXP(90), A{(90,90), SHY(90,90), SUMQXM, T(90),
SUMTSP(90,30) ' ‘

REALe8  SUMTSM(90), TEMPP(90), TSPP1(90,90), TSPP(S90,90},
TSPM(90), THETAP(90,90), THETAM(90), THETAT, PHIT, XL

.

GLOGP(90,90), GLOGM(90), DIFLOG(90,90), RLOGC(90)

[

to the activity coe(“i:lerpt of the components

REAL®8 B,

C{(90), VvM(90), LNGFV(200)

Varjables and their dimensions for the total activity coetficient

Global integer variables and their dimensions

&

REAL®8  CLGAMA{90), 'GLNO(90), GLUNFV(200,90), ACTVTY(200,90)

f

INTEGER NRQ., NGC(90,90), NU(90Q,90), NPG(90), NSG(‘90), NXCSET,

NSY

Common varxables

STM, NT, 1T, MCOUNT, ICOUNT
1 2

COMMON /DF)/ VM, C, B : ‘ .

COMMON/ DU
COMMON/ DU2
COMMON/ DU3

COMMON/ DU&:

COMMON/ DUS

" COMMON/ DU6

COMMON/ -DU7
COMMON/ DUB

/NC, NG ) 3
/RK, QK, NRQ

/NU : C

/NGC, NPG, NSG

/XC

/A, T ‘

/NSYSTM. 1IT. NT., NXCSET. MCOUNT - -

JCRNU - " ‘

Do-loop to calculate the actgvi‘ty coetficient of all . ‘the
A

ICOUNT =—0—— - : o

components in the solution

Do 200 1 = 1, NSYSTM . | .
MCOUNT = 0 .

DO 190 IT = ), NPT ——

‘DO 180 IS = 1, NXCSET ‘\/ -

&

MCOUNT = MCOUNT -+ 1

CALL DRQLC

'CALL DTPH1
CALL ' DCOMB’

&

(RK, QK, RG, QG, NGC, RC, QC, CL, SUMXP,l SUMXM,

THETAT, PHIT, XL, CRNU, MCOUNT)
(RC, QC. THETAT, PHIT, THETAC, PHIC, MCOUNT)
(RC, QC, PHIT, THETAT, CL, xx‘, . CLOGC)

236



CALL DGFRP  (SUMKP, SUMXM, QG, XP, XGM, SUMQXP, CRNU, MCOUNT)
_ CALL DGFRM  {(NSG, XGM, XM, QK, SUAQXM)

CALL DAFP (QG, XP, SUMQXP, THEIAP)
{
) CALL DAFM (NSG, QKX, . XM, SUMQX't, THETAM)
' CALL DINPAR (NPG, IT, A, T, SHY ' : =

CALL DTSHYP (NPG, THETAB, SHY, TIMPP, SUMTSP)

CALL DTSHYM (NPG, NSG, SHY, THETAM, SUMTSM)

CALL DSSUMP. (NPG, THETAP,' SHY, .SUMTSP, TSPP),  TSPP)

CALL DSSUMM (NPG, NSG, THETAM, SHY, SUMTSM, TSPM) ' . R
CALL DGLNP  (QG, SUMTSP, TSPP, GLOGP) ‘ ' "

CALL DGLNM  (QK, NSG, SUMTSM, TSPM, GLOGM)

CALL 'DDLNM  (NSG, GLOGP, GLOGM, DIFLOG)

CALL DRES ~ (NSG;- CRNU, DIFLOG, RLOGC)

CALL DFREEV (MCOUNT, RC, LNGFV)

c .
C Check tor the activity coefficient at infinite dilution when
C mole traction.of water = 1.0D0. '
c N
IF (XC{MCOUNT,1) .NE. 1.0D0) GO °To 130 ‘
Do 120 .9 = 3, N , : N
h " . GLNO(J) = CLOGC(J) + RLOGC(J) + LNGEV(J) SR . b\k
120 CONTINUE ‘ ' ' - ' '
GO TO 180 o ‘ ' s
130 CLGAMA(1) = CLOGC(1) * RLOGC(1) + LNGFV(1)
DO 160 K = 2, KC o } :
CLGAMA(K) = ' (CLOGC(K) + RLOGC(K) + .LNGFV(K)) ~ GLNO(K) °
1140, CONTINUE' ' ‘ : o
DO 170 L = 1, NC o o
GLUNFV(MCOUNT,L) « CLGAMA(L)  ° ' :
170 CONTINUE 3 o . o
. CALL 'ACVTY (GLUNFV, ACTVTY) L .
cv N oo ¢ . ) " o v . '
180 CONTINUE . " . . '
190 CONTINDE ) . Co ,
c . : ' S , ' )
200 CONTINUE _ . e S
RETURN ‘ , e Co N )
. END . Lo o
v‘C........1.‘“‘.\’....'..“...“...‘.......‘..'.’.Q".‘...'QQOb".“.‘. N )
¢ i : . o '
c Subroutine. : DRQLC e
c- . . “\‘ .' , s . . ’ E o
c Purpose . : Computes 'r','q’ and ‘1' values of the - .
T S componefnts R, ) : o
C.....;,.......‘“........‘...‘.ﬂ.q......‘..'.ﬂ“‘..‘...i.‘.‘..'.tl.“‘..... .
' ' SUBROUTINE DRQLC (RK, QK. RG, QG, NGC, RC, QC, CL.. SUMXP,
& . SUNXM, THETAT, . PHIT, (XL, . CRNU, MCOUNT)
€ iiueeeierreienes..DESCRIPTION OF VARIABLES......iveeoeieeeoons.
;€ RC . .= Compohent area parsmeter - . .
eoQeT = Componént volume ‘parameter L L

&
[

. - Ty , . . -
. N . . . . . e



LR

- Q

c cL
Cy, SUMxp = Sum of NU values for all. the groups 4in & Component
C in pure state -for calculation of '‘group trlncu‘on" in
pure compounds ' ' ‘ .
C  SUMXM = Same as abOve inp mixture
. G- THETAT = Sum of the product of °QC' and *XC' of cémponent.a
c for calculation of component area’ fractions .
C PHIT , = Sum ol‘ﬂ&thg product .of °RC’ and ‘'xC' ot ‘components
C for calculation of component volume [ractions ) .
C XL 4= Sum of the pgoduct of °XC' and 'l' values of compone’ntﬁ
C CRNU = variable used in calculation of molecular area
C 'parameter and group [ractions
'REAL#8 RK(90), QK(90), RC(90), QC{90), CL(90), RG(90,90),
s QG(90,90), SUMXP(90), XC(90,90), SUMXM, THETAT,
& PHIT, XL, .CRNU(90,90) ‘ ,
INTEGER  NGC(90,90), NU(90,90), NC, NG, MCOUNT
c " o ‘
COMMON/ DU /NC, NG
. COMMON/ DU3 /NU )
COMMON/ DUS /XC
¢
C INITIALIZE .
c d .
' THETAT = 0.0D0
PHIT = 0.0D0
AL = 0.0D0 »
c X . \
SUMXM = 0.0DO , ‘
DO 70 J = 1, NC P pd
RC(J) = 0.0DO T
QC{J) = 0.0DO0
SUMXR(J) = 0.0DO : . \
DO 60 1 = 1, NG* ‘
IF(NGC(I,J} .NE. 0) GO TO ‘50 !
RG(1,J) = 0.0DO
QG(1,J) = 0.0D0" o 7
6 TO 60 S
50 N3 = NGC(1,J)
’ RG(1,J) = RK(N3) ' . .
QG(1,J) = QK(N3) . . N
RC(J) "= RC(J) + RG(1,J)eNU(I,J). .
. QC(J) = QG{J) '+ ~QG(1,3)¢CRNU(I,J) - :
' SUMXP(J) = .SUMXP(J) + CRNU(1,3)  — _ )
60  CONTINUE T ' '
" CL(J) = 5.0#(RC(I)-QC(I))-(RC(I)-1)
THETAT = THETAT ~ QC(J)#XC(MCOUNT,J) =
PHIT .= PHIT » RC(J)eXC{MCOUNT,J)
XL = XL + CL(J)eXC(MCOUNT,J) ~ * - .
. SUMXM = SUMXM ' +. SUMXP(J)eXC(MCOURT)J) -
70 CONTINDE * C g

'
. 3

= ‘1' value of a component

'RETURN S R
END L '

f

238
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' C....0‘.......‘.....0‘0.!.““."‘.0....‘...‘0“.‘..1.0,‘...0‘...‘.
.

5

Cc . A .
c Subroutine : DTPHI - Lo . v
C. . . S
c P'urpoael. ot 'Comphtea CTHETA' and ‘PHI' values for each ' '
c h component of the solution
C I ) B N .
C‘;‘.‘.‘.‘ﬁ.“..'.‘....‘.“‘.‘.‘...“..,.’.."ﬂ.“‘.‘f‘f.".“..... .
C o P v . " \ : . . o v ) )
| SUBROUTINE DTPHI, (RC, QC, THETAT, PHIT, THETAC, PHIC, MCOUNT)
¢ R o - .
€ o iieriiiisreers, HESCRIPTION OF VARIABLES.......sssvanensines
G THATAC (= Area fr4ction of a component
c PHI‘(; ,3- Volume ffraction of a cémponenc
REALe*S €(90), QC{(90), THETAC(90), PHIC(90), XC(90,90),
o _ 'n{m'm‘ PHIT - . . ’ -
INTEGER - NU(90,9Q), NC, NG, MCOUNT , : o .
C — Y "\ ) B ., . N '
COMMON/ DU1 /NC, NG -
COMMON/ DU3' /NU
" tomMON/ DUS /xC & ‘
c Lo B . .
~DO-86-J = 1, NC .
_ THETAC(J) = (QC(J)¢XC(MCOUNT,J))/THETAT .
o _ PHIC{J) = {RC(J)®XC(MCOUNT,J)}/PHIT
80 ~ CONTINUE S oo :
RETURN ‘ _' o ‘ _
. END . .‘ . " a N A B f . \ o
’ C‘Q...‘.....‘;.".......‘....".0“{.;.‘...‘....O.’.‘f.........;’..‘ . ) .
. C " .Subroutine : DCOMB .
X c N . N _. ' . ‘ ‘ ‘." “ ‘_» . Lo . R
¢’ _Purpose 1 Computes 'gombinqcor'ial' in: gamma of each cemponent . B
c lin the solution . . - o
C . oL k o ST, ,
. c‘.9""".";“‘"""“.‘“"“"“"-"“‘“‘"“"‘””"“"“"-°‘“"‘ “!
.. ", SUBROUTINE .DCOMB (RT, . QC; PHIT, THETAT, CL, XL, CLOGC) '«
€ ivevedeiidiiiee....DESCRIPTION OF VARIABLES..).........0........ -
-c ] o . f ’ ‘. . ‘ N . o . . ) . . _ s i
€ CLOGC .= Combinatorial ln gamma of components, b
.,c D ! : ]

I 'REAL®8, -RC(90), QC(90), CL{90), ‘CLOGC(90), PHIT, THETAT, XL . . -

g REALSS  FAC1, FAC2 :
"INTEGER ", NC, NG L , v
‘c B . P [ I" '»‘ yn'\ 3 B B ' : ’.‘ ! “4,. ) ) ‘. » : ! " 0 ‘: N " -
L., " COMMON/ DU /NC, NG . . . . .o -
g ,'.‘. DO:‘SQ J"-"‘, ‘NC :
U mact e RC(IM/EHIT
. FAC2 = QC(J)/THETAT
v . ‘ 1



B L)

\ CLOGC(J) = DLOG(FAC1) 5. OOQC(J)'DLOG(FACZ/FACI)*CL(J) FAC1$XL. R
e wm'rs(nJas), CLOGC(J) | - o,
'C 88, FORMAT(' ‘', D16.7) o T
_ 90 CONTINUE - - o o Co
RUE RETURN o L

" END o
C“...“.......‘Q...‘..“..“..‘..“.“.‘.‘.,..‘.l...‘v“.‘...“...‘..“. i "“
¢ Subroutine’ : DGFRP L I ‘
IC o ‘ ‘ - A ‘ " L \‘ ‘ L i . "' " ‘ R ' .
C Purpose :‘Compbtes gréup -fractions in qli the' compo':'lent's‘
c. « ' in ,pure state . - Lo
[ ' L ‘
c‘.“..“““‘.‘....‘.......‘....‘...‘.“‘.“......“.‘.‘...“...““
SUBROUTINE DGFRP (SUMXP,. SUMXM, QG, XP, XGM, SUMQXP, CRNU,
B ' o s MCOUNT)‘,. ‘ ‘
(o ...,.'..‘.,.'..'.....Dsscmp'l‘xou or VARIABLES ...... B
c o o )
"C . xp = Group fraction 'in pure cpmponent§ o) . - i /
. € XGM = Iptermedtate variable in-computation of group traction .
c ' in mixture B : ) : ’
c SUMQxP-“ .Sum.of the’ product ot 'Q° and "XP° in pure compound . .
¢ ‘ _
) REAL¢§ XC(90,90), SUMXP(90), SUMXM, QG(90,90), XP(90,90),
R XGM(80,90), SUMQXP(90), CRNU(90,90) S o

‘ INTEGER ~ NU(90,90),.NC, ' NG, MCOUNT ' " B '

€ o S -
COMMON/ 'DUI /HC, NG . . S S
COMMON/ DU3 /NU. ' L : ; ‘
COMMON/ DUS /X0 S Co S
DO 110 J = 1, NC oo
.. sumgxP(J) = 0.0D0 R O ‘ g ‘
., DO.100 T = 1, NG .’ N .
" e xe(1,J)’s CRNO(I J)/SUMXP(J) R
© . %GM(1,J) "= (XC(MCOUNT,J)eCRNU(I, .J))/smum ERREA
100" " SUMQEP(J) = SUMQXP(J) + (XP(1,J)eQG(I,0)) - ' *.
" 110 . CONTINUE. . T SR
¢ . o LBETURN- I R T
: END. I : AR ‘
é..\.‘.”‘..‘.4.“““."“!‘..“’....‘..“‘....‘v.v.........v.."..‘......“.;...Q : \.“0
c Subroutine : DGFRM . e . , )
T, - \." . - s . ‘ . . . , .‘ . . :
c " Purﬁo‘sé, : Coinput“ea 'qr‘oup fractions in the mixture - -
X CQ..‘..‘.“..“..‘.......‘.........“.............‘.“‘............
C' Ll ', . . L oY .‘ . A N . .
' v's'uanpu'rmz ncm "(NsG, xcn. ™, QK. sunoxu) '
co PR AR .
¢ -.'..'.."..,..,..........nsscaxp'non OF VARIABLES. (ﬁ ‘
cxy = Gtoup Ir_at_:t’ion in l'li'iture’, : e ‘
C SUMQEM = Sum of fhe product of Q' and ‘IM' in mixture



' < , , o ot . . o , . o .
L o . ¢ ‘ L o - ‘ S R
- REAL8  XGM(90,90), XM(90), .QK(90), SUMQXM
‘ INTEGER NSG{90). NC, NG .

'
'

COMMON/ DU? /NC,. NG
‘c“ N l ' i P ',v
SUMQXM = 0.0DO '
‘Do 130 1 % 1, NG . ‘ T
LK = 'NSG(I) , Lo '
XM(1) « 0.0D0 . L _
' - po. 1203 = ¥, NC e L
120~ amMC1), = XM(1) 4 XGM(T,J) | .- o L ‘ »
. 1& (NSG(1) .EQ. 0), GO ‘TO 130 ‘
SUMQXM = SUMOXM + (QK(K)exM(1}) =~ .. AP ‘ ' o
130.  CONTINUE S . . o ‘ o
—_ RETURN’ | ‘ L ‘ - <
' . END’ ‘ '
cooo\ooooioooootoacoocoi.ooooatotoooocociooiooo.;ooooo;ooicoooooooo

Subroutine :' DAFP ‘ o . ' o L

‘Purpose : Computes area fraction of a particular group in . . e
o a compound in pure state t : ‘ '

'

0 o0 o0nnon

COO...........00‘...00‘.....‘...‘.0.."....‘.“"“‘,‘.“‘....."". ! . R ~

 SUBROUTINE  DAFR (QG, XP, SUMQXP, THETAP) : ’
' C\v v c s " ¢ )
C +itiiirereaiais....DESCRIPTION OF. VARIABLES.:.......... e S

C THETAP = Area fraction of & particular.group in.a compound in- L
c ‘- pure. state ' o Co » S : R .

'

REALSE® * QG(390,90), 'XP(90,90), SuMoxp(90); THETAP(90,90) ., .7,
. . INTEGER NC, NG ' Lo T A -
¢ SRR ' ' o

’

_COMMON/ DUV /NC, NG. B P T T
"C ' S t ”.« ""‘ - ,'4 ’, '.‘-‘ ’ ‘4“ | B
SC.Cealculate "THETA™ .wvalues for all the .groups' in pure Tompounds' . ¥ o

e po ‘1}0'”3 = 1,“NC. A N
_ DO 140 I = 1, NG . o S e
ST THETAR(IA) = (QG(1,3)eXP(1,3))/SUMQXP(I) ..

140 CONTINUE ‘ R
COCRETURNGT LT oo T SRR |
- END s R . B T S

° ' v
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.
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e )

i

e w++ivsyDESCRIPTION OF VARIABLES. .. ..y niruens.s

. "

Subroutine . DAFM , e '
- . . ‘; n_‘ . ' ’ v
Purpose = .: Computes a
‘ . - mixture

"

SUBROUTINE - DAFM  (NSG, QK, XM, SUMQXM, THETAM) "

'
o

THETAM = Area fraction of a  particular group 1n mixture

. , . \
REAL®8S QK(90), XM(90), SUMQXM, THETAM(90) °
INTEGER ' NSG(90),. NC, NG ‘ ‘

. COMMON/ DUY. /NC, NG '

| . .
Vo

" Calculate TTHETA" vé;ues for all the groups‘m the mixture

DO 150 I = 1, .NG
IF (NSG(1) .EQ. 0)'GO 'TO 150 ¢
L' = NSG(1) . _. e C

THETAM(I) = (QK(L)#XM(1))/SUMQXM 2

150 CONTINUE - = . '

COsesssenseesseseensasssssssssees

Lo - . . '
C‘."Q“0..O.’.‘.‘..Q.“..“...O‘QO..

- .. Subroutine .: DINPAR

RETURN S L

o B

)

e

Purpose - : Computes group, interaction parameter for
C all possible “interactions in the mixture

'

", SUBROUTINE DINPAR' (NPG, IT, A, T, :SHY)

Y

wateiiaiiie .. ). .DESCRIPTION OF  VARIABLES..............'c...

= Group . interaction paraméter .., .

. '
3

“REALSS  .A(30,90), 'SHY(30,90), T(90) .

- REAL®8  DEXP . AR, .

" INTEGER ~ NPG(90), " IT, NC, NG . '
COMMOR/ DUY /NC,. NG ‘
O 170" 3.« 1, NG AR

i (Ni:c(a)'.ihg. 0)‘_(;6 ;rof1'7b,‘
NP m NBGLI) e

Do 160: 1 = 1, NG .. LT

1r (NPG(D) .EQ.: 0)° GO TO. 160 -

¢

.

t

CO6000080008080408008¢0000008 00000800000 00¢00000000005800000000000000

réa fraction of a ‘particular group in

9900000086800 00000000000080000

. ' toa ' .o »
...‘..‘t.?..‘.".‘.‘....0...‘...’.

s



o - o ' 243
. s . ' .
. MP = NPG(I) ‘ - ' ’ o . ' 2
' _SHY{MP,NP) = DEXP(-(A(MP,NP)/T(IT))) '
160  CONTINUE ' L ‘ ' ho , ~
170 CONTINUE = o . o
RETURN ', - - ’ S
Y BND Ce ' ‘
couooofoi.poocoooonuoaooo\ooo‘onoo“"oooooifco.oopdo?ooo'.oovoo‘ooo'ooco
c . .o . et L . ' B
c Su'br,éutlne ; DTSHYP R . S
c burpoae H Cbmputea‘ sum’ of tpe ‘products ot *THETA® and SHY'
c values for ‘various qfoups,‘ fﬂn. pure compounds ‘
C‘.....‘.‘.......‘.‘0...‘..‘..‘.“Q‘......‘......““...‘.“...“‘.0
B SUBROUTINE - DTSHYP (NPG. THETAP, SHY, TEMPP, SUMTSP) . ' :
€ ver i Mmeerenriai . .DESORIPTION OF VARTABLES....%:ursonuseress. . ‘
N - o Co
C.TEMPP = Intermediate variable in the, computation of SUMTSP
C SUMTSP = Sum of thé products of 'THETA' and 'SH\".,valuqa in pure
‘¢ ‘compound‘s ‘ : ) ] T ‘ o
\ REAL®S . TH;TAP('90,90). smr(90,90), ‘TEMPP(90), SUMTSP(90,90)
INTEGER ° ‘NPG(90), NC,. NG C
c o "
COMMON/ DU' /NC,. NG . ‘ B ' ‘
DO 210 K' = 1, NC - L '
DO 20073 = 1, NG . . .
, NP e RPG(J) . » ‘
EE _IF(THETAP(J,K) :NE. 0.0D0) GO TO 180 '
: SUM‘PSP(J K) = 0.0D0 ‘ A , ‘
‘ , GOITO 200 . . .t E B} B i . : ;
‘180 TEMPP(J) = 0.0D0 .. . o . S
.- . DO 1901 = tNG .\" N : N . "
o CooMP = NPG(I) - T " : s
‘ .. TF(THETAP(I,K) .BQ. 0.0D0) GO TO 190
b TEMPRPAI) TBMPP(J) + THBTAP(I K)#SHY(MP, NP)f. ,
-",190. CONTINUE , - - N . IR IR
SUMTSP(J, x) - 'rmpp(a) BRI o o
200 CONTINUE ' ‘
‘ 210 "CONTINUE - L
o ' “"xas'runn S T Lo N
o . -END RS . ‘ CL
‘_c;éioddootoiob.boo§o'o'dgdiyn‘@ongobnnin"o,‘n.ou“o'-of“ouutucqoonnqq o
‘ C ""vakod':"i’nev):“n'rsmﬂ L A TSI TR :
: ‘C ‘. " Purpose ' ‘ 'Cﬁnputes ‘sui\‘ ‘of the 'products 'ot 'THBTA' ari‘d‘ 'SHY'" a
¢l i valuea tor various groups in’ nuture " S
C < ;‘_‘1. o ‘ . o o ‘ ‘:\ - o |
Hsiinn_o&rms‘;'p'rsuxn (Npc';,1j‘h'sc, sm.‘ THETAM, spm'g:n_) TR o
- . o




N
-

C o cvnuraesneninraiss s DESCRIPTION OF VARKABLES....!ei.oivuvsrneeanes
C SUMTSM = Sum of the products of °THETA' & '“SH‘!‘ values ip mixture, .
REALS8 THETAM(90), SHY(90,90), SUMTSM(90) | ‘//."" ‘\\
. INTEGER NPG(90), NSG{90), NC, . NG: ‘
: COMMON/ DU} /NC, NG .
pO 230 J = i, NG v . : Lo Con
IF (NPG(J) .EQ. 0) GO' TO 230 ‘
, NP = NPG{J). L
: NS & NSG(J) ‘ A S '
© . SUMTSM(NS) ‘= '0.0DO R
‘ PO 220 I = 1, NG " ‘
IF (NPG(1) .EQ. 0) GO TO 220 N » ‘
' MP = WNPG(1) o ) . ‘ "
, MS = NSG(I) I
‘ SUMTSM(NS) = SUMTSM(NS) + THETAM(I)eSHY{MP, NP) . N
220 ' CONTINUE L : ‘ '
230 'CONTINUE l .
‘ RETURN v
' END T J . ' \
‘c‘ocoo;oooooooof.oogooaooooooouooouoocuooqoqon'ooooo'ooo‘uo‘oonocuo
C S .
[o ‘ ‘Subrou‘ti‘ne : DSSumMp
C . » . ‘ . .
C Purpose ’.—'--'\ Comgutes second sum. to. be used in ‘the computa'tio‘n
C ! of ln gemma of g‘roupa’ in pure compounds
. C.'O‘Q‘.“00““‘.‘\\&.‘.“.‘..‘.b“.O.....‘1....’....‘!““Q‘.‘QO‘(..‘.“{.'
c. AN I ‘ : D
‘ SUBROUTINE DSSUMP {NPG, ‘THETA‘P, SHY, SUMTSP, TSPPI, TSPP)
c ' o ‘ ' ) . U
€ .......luiv...!....DESCRIPTION OF ' VARIABLES....... eeaaaes
C TSPP1 = Intermediate variable in the Comﬁuta‘tion ot TSPP -
'C‘_ TSPP - Second sum to’ be used 'in the cqmputanon ot In gamma I
iC of groups in pure compounda . . : L
‘e ,,.I . ‘ : ‘ , - LN ) , ‘ . : . B
- REAL®S ‘anTAP(?O;SO), SHY(90,90), TSPP1(90). SUMTSP(90, 90N,
S e TSPP(90,90) L R
. o iNTzGBR' Ngé(so). ‘NG, NG ' o ‘ :
¢ a , o IR ; . ‘
. comon/ DUT /NG, NG .. e :
o 0 270 K }-'l,"NC.’ ‘ ‘ R
Q. DO. 260 J = 1, NG’
K NP = NPG(J) . - o
CIF(THETAP(J,K) .NE. 0.0D0) GO TO 240 . DS
“TSPP(J'K') . 070D0° T )t
: co'rozso S T
240 TSPP1(J) "% 0.0D0 . . o I
Do 250 .1 = 1, NG . Lo o
 IF(THETAPf:.K) .EQ..0.0D0) G0 TO-2680 . o e



‘ ' ) 245
—-7SPPI{J) = TSPP1{J) + (THETAP(I,K)eSHX(NP,MP))/SUMTSP(I,K) ‘
250° CONTINUE N . A
TSPP(J,K) = TSPP1{J) . | \ LY . o o L
"' 260 CONTINUE ' ‘ » .
270 CONTINUE '
RETURN " ' o '
S enb, o o
,c..‘.......‘."‘.‘““.‘.‘ﬁ‘.Ql‘..‘."‘I.“,.‘.l‘.““““‘v‘..‘..‘.bi‘....O
C i ! ‘ ‘i
c . Subroutipe : DSSUMM i ‘ T ‘ L Co )
c R ‘ o ‘
C purpose : Computes' secopd sum to be used jin the comput'anén
c . | . "of ln gamma of groups in mixture ' . '
(o Y o ’ L ; -
cooooooooo:oooo:’oocoqoo'o,oooqo‘ciuooooou‘ucoooooooco‘oc‘o.ooooo.oa'o'oq‘u o ‘ .
¢ - ' ‘%‘ v . .'" - . , . o ‘ |
SUBROUTINE DSSUMM (NPG, - NSG, THETAM, SHY, SUMTSM, TSPM) ‘ )
¢ P : * . ‘ Co :
€ viriibereiil i ... .DESCRIPTION OF VARIABLES.....riorerasionrnr.
o " . R ‘ ) ' . ' ' L L ' .
C TSPM. =~ Secdnd sum to be used |n the computation of }n gamma
o qtilgroupq‘_ in mixture ‘ S v . o
c l , : ‘ —
REALYS THETAM(90), SHY(90,90), SUMTSM(90), TSPM('90) ' R
» INTEGER  NPG(90), NSG(90), NC, NG ‘
0" COMMON/ DUV /NC, NG L o . L )
‘DO 290 J = ), NG co ‘ "
IF (NPG(J) .EQ. 0] GO TO 290 . =~ ' o ,
NP = NPG(J) 7 o o . CL o
NS = NSG(J) o Lo B o
. ‘TSPM(NS) = 0.0DO0 . ‘ o : ER
DO, 280 I = 1, NG
\ ‘IF (NPG(1) .EQ. 0) GO TO 280
MP = NPG(1) ‘
'MS'. =, NSG(I) I ‘
 TSPM(NS) = 'TSPM(NS) '+ (THETAM(1) ¢SHY (NP, MP) )/ SUMTSM(MS)
280 conrinue T e, L
290 CONTINUE . S R PTTE SE S R .
S RETURN- - T et T oy : .
‘u‘ .‘v o END ‘. o . '
c.o'3'0'0iioo".,uoqunugoguuooinououuun'cytoooiooo.oooooopoooq '
.c . Subroutiné, i DGLNP - - ' . s . b‘ T
c . Purpose : Computes 1ln gamma ofj,qtb‘ups in pure: cdmpoﬁndg ' I
: coo‘o"oo_oop:‘oo'uo“oo"oopou‘nvn_oo'ayuqo,gro'n"ovopo'onu“o;c'o'unuinu‘uo L
. +' +." SUBROUTINE 'DGLNP (QG, SUMTSP, TSPP, GLOGP) & . .= '~ o
UCLiliiiiiiaaedaess DESCRIPTION OF VARIABLES........iiusesiaeiony © 1
C 'GLOGP = . Ln. _'gam’i“q! groups in pure “compounds ' S R ’
s .“'i_ , ; - ' ..



REAL®8 QG(90,90) , SUMTSP(90,90) ,TSPP(90,90),8LO0GP({90,90).
REALe8.  DLOG - . R - |
_ INTEGER  NC} ~NG ™ .
' COMAON/ DUI /NG, NG
c i a ' ' + .
S po: 310 J = 1, NC o ' N, S
PO 310 1 . 1, NG AR R S
IF(SUMTSP(J,J) .NE, 0,0D0) GO TO 300 B RN
GLOGP(1,J) = 0,0D0 AR ) A L
Go 70 310 , . . f " . v
200 GLOGP{1,3) = QG{[,J)*(1,0D0-DLOG(SUMTSP(],J))~TSPP(,J)) ' _ o e ’
310 CONTINUE : . - . P
RETURN. ‘ co . o o : ; s
END Co : . t ‘ ' D o
C‘.‘..“““0“‘.“‘.OO,‘.“.‘_‘.Q“‘O...ﬂ“‘.‘...0.“\..0.‘..“.‘...
¢ . ‘L ‘
C ‘ Subrougine 3 DGLNM ‘ ' ‘<
S c - ‘ , DI \ . Do !
c ’ Purpose ;. Computes An ‘gamma  of gfoups .‘in mixture .
e ‘ AR
C‘.‘.‘"..,...‘l“...“.‘.‘.‘...“‘..“‘.“.“‘..';,l‘..".“..“\“. v !
' C ) ) . | . ' \ ' ' ’ ! } i
) SUBROUTINE DGLNM (QK,  NSG, SUMTSM, .TseM, GLogM) \ . - S |
C o hinasursasennyes .DESCRIPTION OF VARIABLES. ... ... cvssyonisiye, ‘
C GLOGM ' = Ln gamma of groups in mixture B : \‘, A ' ‘ .
C‘ '. e . e v " ‘ ‘ . ) [ \\ } ‘. ' '
'REAL®8  QK(90), SUMTSM(90),  TSPM(90), GLOGM(90), DL(\)Q' o ‘*‘
‘  INTEGER' °  NSG(90),€MC, NG . ‘
" COMMON/  DU1 /NC, NG L ' o
DO 320 1 &"M,eNG . . . o P
~ 1F (n§6(1) .EQ: 0) Go TO 320 . . ° C R
NS e WSG(D) = ' o
" GLOGM(NS) =’ QK(NS)®(1.0D0~DLOG(SUMTSM(NS))~TSPHM(NS)) L.
320 CONTINUE ° . - . R R S
RETURN - - -, . " . o o '
g ' , S R
' C.“..‘..“....0.“...“'.._..‘..f““.‘i!‘....“.".“.‘..“;.;.O‘;O....‘..... . .
C . Subroutine. : ‘DDLNM. .. R ST I
o c. . Purpossé . ‘:"Cquputes",dxtterenéq between 1n gamma of groups S § o
c o © 'in mizxture and in pure state S'" Lo Co . LT
} 'c'n‘nn‘u"no_ooﬁounoundoob,goq'cao;;oo‘iiuu‘uuu quogi;oqooa ‘ "‘ noe
o SUBROUTINE' DDLNM (NSG, GLOGP, GLOGM, DIFLOG) .
o€ eseeediiiiaiaan oo DESCRIPTION OF VARIABLES............ sl .
' C DIFLOG = :(1n fatina of grp. in mixture) ~' (In gamma \grp. inipure. AR
. - : Sl e - . o, e : . R P .
: ' ! - Y/\ ' '; ' '
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4
. ) \ o
. A ! o
C . - ! ‘ compound) .
¢ ) N ’ n R
. REALe®8 . GLOGP(90,90), 'GLOGM(90), D1FLOG(90,90)
' INTEGER  NSG(90), NC, NG ‘
, , COMMON/ ‘E'lUl /Né, NG . I
AP - ‘ . ,
[ S ‘ / ‘ .
7 pot 330 J - 1, NC
v . b0 330 1 - 1, NG -
' 'IF (NSG(I) .EQ. 0} GO TO 330 *
ns ool | 7 ’ . . :
© . DIFLOG(NS, Ji - GLOGM{NS) - GLOGP(1,3)
330 commz) .’1‘ . : . : .
$ ReETURN B ‘ ‘
~ END . ’ o f
C,’..Q‘....‘.....‘.... .‘..0‘........‘..‘....‘.;";..“‘.‘.‘*...‘...'..‘. an
c Subrout{ae j: DﬁES . |
. .
c Puipoae t Compuéeu resi1dupl 1n g‘amma of components in
[ 1lnA mutur'e ' ,
¢ . . | | .
C"‘."\...........“.\‘.‘0.“...‘."‘.‘.....‘.......‘.Q‘.....“...‘... ‘
c. o ) ‘ o
,'SUBRO}JTINE DRES (NSG, C{inu. DIFLOG, RLOGC) '
¢ ' ' N ¥ e
€ tiiiiiiiiiiei.;....DESCRIPTION OF VARIABLES........l...e...... -
c S .. L '
C RLOGC = "Rea{lduhl “1n gamma ot "compone’nta in mizture ,
c . o o ' , - )
REALe8  CRNU(90,90), DIFLOG(90,30), 'RLOGC(30) '
INTEGER N6G(90), NU(90,90), NG, NG - v v
T L o
o COMMON/ DU1 /NC, NG ¢ - . . . ,
. ., COMMON/ DY3 /NU. - - C o o .
c TR : . " ‘ Ca ST
. Do 350 g =1, NC )
: 'f RLOGC(J)" = 0.0D0 DR ‘ X
‘DO 360 T = ¥, MBS - e e
NS . NSG(I) |« o
Ixr(cmm(x 2J) .2Q. 0,090) Go' T 380 .
RLOGC(J) = JRLOGC(J) + CRNU(1,J)¢DIFLOG(NS,J) ' ‘
340" CONTINUE: - - v o k ‘ )
(350 CONTINUE , g . & | & o
PETORN ;-; Ve .
END T . S Vo
. coiu"i“udp’ntoou"uuo"o_ut‘.’"n_o_o’oout'tuuo’g‘noo‘uuuoo‘i
'\ Subroutine DFREEV . R . R .
DI . . o y . & ’,“E EN
. -k,ggquue R Coa;;uten lreeﬂio‘lune contribution to the activity .
o ' coet(imenn ot.. :o:nponen:s in. mixture

C‘Q..‘00...O...0..'0......“0..‘.........0.0.’Q......‘.O".OO..O‘..

~ . T : I . w
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SUBROUTINE DFREEV {MCOUNT, RC, LNGFV)

. . - ,
Wiatetiaiiaaaises DESCRIPTION OF VAR]ABLES,....

s Proportionality constant

~ Constant related to the external

for each component

\

VM ~ Molar volume of the. comphents
VMX, - lnterlmedlnte variable used in the
RCX reduced volume of the miature

VR = Reduéed volume of the components
VRM = Redyced volume of the mixture
Fi1,F2, = lntermediate variable used in the
F3,F4 In gamma (free-volume)

LNGFV ~ Free~volume actjvity coeffliceint

peclare real and integer variables and theic dimension

—

D S A

]

degree of [(reedom

calculation ot the

calculation of the

FEREN

. -
REALe8 B, C{90), RC{90), W¥M(90),-XxC{90,90)"
. LNGFV(90)

'REAL®8 P, F1, F2, F3, F4, 'DL
A ]
REAL®S VMX, RCX, VR(90), Vy/
' ~
T~
INTEGER NC, NG, MCOUNT

-~
t ——

Declare common variables 3
N
COMMON/ DU1 /NC, NG
COMMON/ DUS /XC
COMMON /DF1/ VM, 'C, B
{

N

Expdnent "P” ‘to be used in the calculavion of 1n gamma (FV)

P = .1.0D0 / 3.0D0

-

Initialize and set do-loops for the number of comporﬁ:hta

, VMX = 0.0D0
" .
RCX = 0.0D0",
. DO, 400 J = 1, NC

S

Cotipute reduced volume’of the components

N

CWR(J) = VM(I) / (15.17D0 ¢ B e RC{J)),

VMX = VMX { (VM(J) ® EC(MCOUNT,J))» *
JRCX = RCX # (RC(J) ¢ XC{MCOUNT,J))

. .

400 CONTINUE . 4 .. .

.

-

LY . |

‘Compute the ;,;_e'au'c’ed volume of. the ﬁiitqre

Lot
LN

/
oy

vRM\= vMx 7 115.37 ¢'B + RCX)

.

PN
Y s . ar

-

H

{ . .
’ ‘ § | . M v
Compute 1n g&{ma (rv) for. solvent and solutes

¢

£y

e Lot T
¢ DLOG((VR(K)®#p-1.0D0) / (VRMsep-1.0D0))

(.. AR ]

-
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RETURN N
END ' b
(_‘.0.00.Q“....‘l..."..‘...‘.‘..."0....0.00.0‘)“.0‘..“..‘0‘.‘..‘0
C .
C Subroutine 3§ ACVTY
o ' ‘
C Purpose : To compute estimates of activity ol components
c in an aqueous solution of biological origin
C
C‘...‘.0..‘00’.0.0‘.9‘..0.‘..‘..00..‘U‘OOO““O‘OOOOOO..;.OOOOOOCIOOO
c . L R
SUBROUTINE ACVTY (GLUNFV, ACTVTY)
C .
C Declare teal and integer variables
c ‘ .
REAL®S cnunrv(200,99)7’3)MMA<200,90), ACTVTY(200,90),
s XC(90,90) .
"INTEGER . MCOUNT, NC, NG S
c - ' ' <§ oo
N - \
C Declare common varjiables L
o : /
COMMON/ DU! /NC, NG
COMMON/ DUS /XC . ) E '
COMMON/» DU7 /NSYSTM, IT, NJ, NXCSET, | MCOUNT ’
C 'Do-loop to compute thg activity cpetficient and activity ovet
C the composition. range and for—the- temperatures provided
c ;. o A '

D0 500 g = 1, NC o . T
GAMMA(MCOUNT,J) = DEXP(GLUNFV(MCOUNT, )
ACTVTY{MCOUNT,J) = GAMMA(MCOUNT,J) ¢ ‘XC{MCOUNT,J)

500  CONTINUE . N T
e RETURN . R R -
. /END- o .

"
F2 = (VR(K) 7 .VRM)} -~ 1,0D0
F3 = 1.0D0 / (1.0D0 ~ (1.0D0 / (VR{(K)eeP}))
F& = C{(K) e (F2 ¢ F3) '
LNGFV(K) . = Fl -~ F4

450  CONTINUE

249
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9.1.1 Input Data for the Program UFACFV |, , '
The data given herg are for binary glucpse;waterﬂ

system. .o ‘

FILE NO. & NAME

} 'm RKQK rrmnmemm-n The group volume and area parameters as reported
by' Gmehling et al. (1982)
bl .

FILE NO, & NAME

2 = AMN r-=~-~ -~~~ The group-interaction parameters as reported by'g

_Gmehling et al. (1982)

FILE NO., & NAME DATA VARIABLES _ COMPONENTS .

3 = FVDATA : v,
N 2,1.0D0 --~NCOMP, B’
A 1,0D0,18.015D0 -~~C{1)}, vM{1]} 1 = water.
1.000,177.6D0 - ---C{2}, VM(2) 2 = Glucose

~ . ’

FILE NO, & NAME D’ATA * VAR]ABLES COMPONENTS

4 a GCODE' :
L il NSISTM .
2 5  mmmmmmee- NC, NG - -' -
D NGC(1,1) '
0 4 mmmma-o--NGC(2,1)
0

.

15 ~mm--i---NGC{3,2) '3 = 2 = Glucose
.0 S -=r-r---®NGC(4,2)
. 21 V-»f‘éla-—--NGC(s,é) : -\, L .
E o e R IR N .oe -

.
v

FILE NO. . & NAME ia's DATA " VARIABLES COMPONENTS =

§ = NEW o .
‘ ‘ e TR IR D I ' . .’
---------- NU(2,1). -

....... ~--NU(3,1) "3 = 1 = water s

.
~Oons -0 -00O0
)
1
)
]
'
)
)
1
|
1)
z
o
N
-
-
.
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FILE NO. & NAME . DATA ‘ . VARIABLES COMPONENTS ,
"6 = NEWCR , ‘ ' ‘
0,000 mmAmm e CRNU(t,1) .
' 0.0D0 | mmammm=-~CRNU(2,1) )
0!0D0  ~mm~mam--CRNUC3L1) . J = 1 = water ‘
1.0D0 PN CRNU(4, 1) , .
0.0D0  ~-mm- —~-~CRNU(5,1) '
o 1,000 ' ~==~~~=--CRNU(1,2)
" 4,000 g CRNU(2,2) ’ .
§.000 ' ' mmmmmmea- CRNU(3,2) 5 cose ‘
' 0.0D0 " mmmmm-s--CRNU(4,29
1,000 | ~==~=-~~-CRNU(5,%) ™
FILE NO. ‘& NAME ' DATA o VARIABLES . COMPONENTS,
. 12
7 « TMOLEF \
. NT
qmmmeT .
. S==--NXCSET .
‘ E ~mismxC(1, 1) n
~ .0000p00D+00  ~~~~~ XC(1,2) .
. 9.9904182D-01  ~---- xc(2, 1) ’
9.98/7735D0-04  ----- xc(2,2) , J = ) = water |
" 9.9482074D-01 ~---- XC(3,1) J = 2 a Glucose
. . 5.1792617D-03 = ~—--- xc(3,2)
-~ 9.8912857D-01  ----- xc(ae,1)
1.0871435p-02 ——-w.—:xc(c,z) : ,
9.8284332D-01 © -=---XC(5,1)

-/N\’ . 1.7156680D-02 ~---- xc(5,2)

f -

N N 0 ‘e ' ' <
FILE NO. . & NAME DATA _ VARIABLES .
L -0 .
8 = GCV - . o S :
: . 2,3,19,17,21  “empmemmen- NSG(I)
LT 1145.7,10 0 smmmmm-toeNRGL) :
\ | T "
o ’ . N \ a ? \ - ! ’ b
- ! ‘_ ¢ : '
- + ’ - \.\ * " v
' ;
' o o
\
N Y 5 T ‘ ) R
: ? * .. .
‘ . . . o
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9.2 FREEZE S~ C
This' .program ~computes _the fr.eezing, temperature of

'aqueou‘Skmixtu.res. A .detlailed désclription o.f the'vpr'ogram is

given beiow: | |

N .
)
C‘...“.“‘....".‘...“..“.....‘.....,.“..“‘.Q‘.‘“..‘Q‘..““.‘J

PROGR»AM : FREEZE : )

' . N , " KL

-

_nnn.nhn‘nhn‘nnnhnnnp.nnnnnn‘nnnnn_nnnn‘nnnnnnnnnnn

PURPOSE : To compute freezing point of solutions for a ‘ ' "\ 4,.r N
. given composition. ' “ : o Y .
METHOD : This. program cofiputes ‘the 'FREEZING .TEMPERATURE ' G5
of a-solution solution by using the  “UNIFAC-FV"
IMSL’ subroutine "ZSCNT™.

- .

i

In UNIFAC-FV the activity of the components is
calculated by computinq the activity coefficients
in non-electrolyte qud mixtures uaing mole -~ . ,
"fractions of components,.and then mulnplyxng . w7 )
activity coetficient with .the mole fractions. EE '

P ' '

:. v In "ZSCNT" the treezing temperature for 4 pur‘ncular P .
vater activfty is found out by solving~ the non-linear :
-equation which relates” the Av to freezing fempttu‘tui'e
by the following equation :. b ) :
: . / .

Kl

o,

in{Aw) = 523.7251.0/1‘) 4+ '4.5821n(T) - 27.64) .

The ‘r\oota of this eduation; is found by an. iterative
. approach and compared with the starting temperature. .
{t -the. tvd do not match the calculation is repeated R :
,vxth the new temperature obtaxned by ‘the ! iterauve . ) S T
ai"lf’roach R . B ' '

-

. TO RUN i . Use the téilqving ,:‘u’n' Hle' T o Cel

.l SR BROU:B‘IG Ta2S I;RKQK 2-AMN .3sFREEV C-GCODB S A e . ,

: - S-Nzw '6=NEWCR - 7-'m0t,gr - 8=GCV 11=GC- OUT1 | '. 72-6(:-001‘2 L . o

f-ii. , PAR=GC-FREEZ: o+oxnsnupnxa oo ST
SBNDFILB : o . : S

R A

e

. . ! RN S oL

.
pEY

P

7phocaAu:n,ai,:; cour.Choudhu:y~-f‘ 5

....‘O.‘00.0.‘.“..0“..'.0‘..........‘0“00....‘..."..U.....Q.O A |

oo .
B RN

-

Detlare real and mteger varxablea

.o -

. "'nznia-f:-j_ﬂ-_nmsq). QR(50), | A(30, 9055, 7(90). B, CA90),. WM(80) -
B ‘ctuqrv(zoo,yb), ACTVT!(ZOO 90) Coen
"< INTEGER . NRQ . ' <

.o . e Lo et

BRI



. . R .
L - - 253
. \
C .
C Declare common varisbles
c ' \
' COMMON/ DF1 /VM, .C, B
COMMON/ DFR /TEST =~ = ‘ o : S
COMMON/ DU2 /RK, QK, NRQ t . o )
| COMMON/ - DU6 /A, T o , . o S
¢ o . L

C CAll DDATA, and ‘DUFV. to obtain the UNIFAC AND FREE-VOLUME
C contribution to the activity coefficient of the components.

- C ‘ C o ST . o
F CALL DDATA ‘ _ ' ‘ ‘
| CALL DUFV . (GLUNEV)
. sToP o ' C B
. exd - o C e
C...‘Q......Q......“.‘.....‘........"..‘...‘......‘...“.0.},...“ ‘; '
c ‘ - '
c Subroutine‘ 1 'DDATA"’
c : , o o . .
c Same : as 'deac:‘ibed in UFACFV ’
c- : C
C..‘.....“..‘....‘“‘Q‘“‘.'.....0...l...‘..0..‘.0..‘...‘..........
c 3
, : : ) - &
c Subroutine : DUFV @ , - ‘ ' S v ‘
c . . ¢ ) 18N ‘-. 0 - :‘ ' . _" ) he
- c . Purpose t+ Computes the UNIFAC and ?};Ez VOLUMI-: ‘contribution . - ‘ R
¢ R to the activity coetncxen:s ot the, components o
' c in aquoous solution - I I L . ,
d :c ‘ .t ‘ ' s - ‘ ~N iy ' ‘ ’ ct .
C"“.."’.“.l..‘.‘.‘\.“....O.....C.‘C....“‘O.‘....O.‘....‘..‘O.
c L = o
\ » SUBROUT.I NE DUFV (GLUNFV ) . } ,
c .- -;v : . ” . : R B AP
. € \uriables and their dimension tor the conibina;oria; part of . i T L
c the ncuvity coe!!lcient 'fv . . o RS o - R ;e
c e »au,-a nx(so), QK(30),, RC(90), Qeis0), RG(90, 90) q'c(sa.s_o)f; Do
e - cn(sa), .xc(so 90}, 'THETAC(90),” pmc(so) _qnocc(eo), P . ,
Lo cmmwoq.so) ‘ T L NP S
DI P B S A P e
g € Varnbles and ‘thedr- dimenaion tot the residual part ot the - U Ny
 : K ac&\yity coetticiené T U O AU DT T T
SR nm.a_a‘ xp(so 90), xcn(so 90). 'XM(90), sunxp‘(so).'fsmxs.'],_ S

-suuaxp(so), A(SO 90). SHY(90, 90). sunoxu, 7(90).
'sum-sp(so 90) i '7'

THSTAT. pnxrﬁ;"
nLocc(90

RN ( TH!TAP(SO 90), ! rnzran(so),
-knx.’ts GLOGP(90.90 ‘Gr.ocu(so), D n.os(so 90).

C(90). _



. C

c

¢ b
(o} Statement thar. enables tormat treg
C‘ . ' , ’

ni_\_fiqvl__ (NSG, oK, XM,

‘ '¢5Ln'i

‘ REAL®*8  CLGAMA(90), ‘cr.no("so'), GLUNFV(200,90), ACTVTY(200, 30)
C variables and..cheir_ dimension tor freezing point computation .
-C ‘ ‘ ) V‘ ' ’ L .
" REAL®8 . X(1), PAR{(1), TEST, PCDEV, DABS' '
C Global intelger‘ vanabb and their dimensions ) 7 v
; : INTEGER NRQ, NGC(90,90), NU(90,90), NPG(90), NSG(90}, NXCSET,
' s NSYSTM, | NT, - IT, 1S, MCOUNT, ICOUNT, LCOUNT
C - ’\ . . .
"¢ Common variables ¢ -
c . . . \ - .
. ~ COMMON/ DF1 /VM, C, B
COMMON/ BFR /TEST
COMMON/ DU1 /NC, NG "
- COMMON/ DU2 /RK, QK, NRQ'
' COMMON/ DU3 /NU ‘
COMMON/ DU4 /NGC, NPS, NSG- '
COMMON/ DUS /XC ‘ ‘
) COMMON/ DU6 /A, T , . ‘
i COMMON/. DU7 /NSYSTM, NT, NXCSET, MCOUNT-
o cgmony nua‘/can‘u ,

‘reading - of data

' LOGICAL #1 ms‘s(r)/'o‘/ A ‘4
. ‘ ."' ": ] !
(o R : o ) \
c Do-loop to calculate acnvity coetucient ‘for all 'the
c component.s- inl the solution L
c- . : e ) . .
‘ a :
- '1counT = -0 .
& .. .p0’100 1:.a 1, NSYSTM. \ . :
~ .7 MOOUNT -_Q ’ : P
-+, LCOUNT = 0 ‘
- "Do 90 IT Cwt ‘.}N'l‘ , K » ‘ '\ . !
DO 80 ‘1§ = .1, NECSET R’ Coe
", 'MCOUNT .= MCOUNT + .1 ' e AT .
. cAUL DRQLC ' (RK; QK. RG, Q6. :NGC.'RC. QC, GL, SUMXP, SUMXM, .
Cow -0 .0 THETAT, PRIT, XL, CRNU, MCQUNT) - »ﬁ
© CALL DTPHI. - (RC,’ QC, THETAT, PHIT, THETAC, ﬁlC‘. ucouwr)
.. cALL DCOMB'. (RC, QC, PHIT, THETAT,” CL, XL, »c:.occ) : :
.- CALL .DGFRP - (SumMxp, "Stmxii, -ioc, X, ‘XGM, suuoxp, cmm. ntpun-r,)
'~ CALL DGERM * (NSG, XGM, XM, QK. sunom) o
CALL -DAFP . - (QG, XP, -SUMQXP, THETAP) '

\:
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: .
L . v < [
L " ) i

'CALL DTSHYP . (NPG, 'rna'r[\?", SHY, TEMPP, SUMTSP)
.o | CALL DTSHYM (NRG, NSG, SHY, THETAM, SUMTSM) L .
CALL DSSUMP (NPG, THETAP, SHY, SUMTSP, TSPP1, TSPP) - R
. CALL ' DSSUMM (NPG, . NSG, THETAM, SHY, .SUMTSM, TSP‘)&) L o ‘ ‘ S
CALL DGLNP  (QG, SUMTSP, TSPP, GLOGP) ' . ‘ 2
- _CALL DGLNM  (QK,: NSG, SUMTSM, TSPM, GLOGM) ~ . = S
Co CALL DDLNM  (NSG, GLOGP,” GLOGM, DIFLOG) ‘ :
* CALL DRES ' .(NSG, CRNU, DIFLOG, RLOGC) L
CALL DFREEV (MCOUNT, RC, LNGFV) ‘ S . C ' S
¢ ‘ L ' N ‘ ) . - ' . . L
C Check for the activity coefficient at infinite dilution when o S L
C "t ! ‘ ) ' o o ’ . ' ' . i
IF (XC(MCOUNT,2) .NE. 0.0D0) GO TO 30 ‘ Co '
DO 20 J =2, NC ;

.. C mole traction of a component 0.0D0 " . .

, GLNO(J) = CLOGC(J) + RLOGC(J) + LNGFV(J) \ L .
20 CONTINUE D T ‘ '
.Go TO 80 . . , , L A ' ‘ Y
c ‘ ' :

30 CLGAMA(1) = CLOGC(1) + RLOGC(1). + LNGFV(1) - .. ' ;

DO 40. K = 2, NC  ° v ‘ ‘ ‘ ‘
N e CLGAMA(K) =  (CLOGC(K) + RLOGC(K) ,+ LNGFV(K)) -~ GLNO(K) - SN
40 CONTINUE ~ . [ ‘ . ‘ s ' ‘

!

DO 60.L = 1f NC : o B ‘ Vo

GLUNFV(MCOUNT,L) « CLGAMA(L) o ] - _.
60 CONTINUE w | Lo v ,
' CALL ACVPY (GLUNFV, ACTVTY) . ‘ . -
x(1) = T(IT) Tt o . - '
PAR(1) = ACTVTY(1S,1)' o D S
WRITE(11,5) X(1), PAR(1) ST S ‘ g
‘ 5  FORMAT("'®, '2D16:7) .’ L S
... . 'CALL TEMP(X.PAR). . R .
e : ‘ o o ‘ R , P
| G TEST FOR CONVERGENCE . L e L
‘PCDEV' = DABS((T(IT) = X(1)) / TUITY) . . .. .. : o A
1F. (PCDEV .LT. TEST) 60-T0 20 . . . . . o
v o “.“T‘(.ITI) = x(1)’ . o ‘ . . . . g coe -f_: PR '\:.‘
REURERE T . 15 - ) WICHY (S} RN T e R e R

S WRITE(12,75)18, XC(18,1), X(1)°) ; SR T | o
75 FORMAT(9X, 13, ‘2X, °'X-H20 = ' ,F9.5,4X,'FREEZING PT. =",F9.5) . . ' " . .

Y

T Te0icONTINUE o Th oo e .
0,700 CONTINUE .° " - *o st oi R
e | | "

EN
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\ ' ' ‘ K o } ' I
c.‘..‘."..“.......‘......“‘.!?.‘.“'\.“.‘......‘..l‘“.....“.Q‘.‘. D
. ‘e o coL o } . ‘ \
e ' Subroutine’s j 'DRQLC ~~n=r== to ~ra-~a-- DFREEV ' ' ‘
oc ‘Same ' : as described in UFACFV :
\ ‘C . A . . . ‘ " ’
c.qoootoooooo.oro'toaoo.‘ooooo‘o'ooo'oodi;ocoooqof’ooocqooogoaloooopoo'cao.‘p B “‘ o .
'C Subroutine'’: "TEMP . R , : v e '
! c ‘ . ‘ ' ‘ L ' "
C _ Purpose : To compute the";reezivng“ tempe‘ra"cure ‘of a , ' -
c' S : solution with: known’ composinon vhose water ' R
' C \‘. activity has been calculn:ed by using ) “ '
c 5 : UNIFAC-FV model,. ', e o 3
Lo ' L B , (
C Method . :  This_ prc;cedure usés the (MSL' subroutine "ZSCNT" .
. c to find  the roots dﬁ a non*“near cquation by v
e C iterative approach.’ o .
' - c‘..“.‘“‘.“.‘O“.‘.‘.“...“.‘.‘....‘.‘...“.“‘....‘.".....‘. ‘, “ i
- e ) : ‘ ‘ ;l . ‘
SUBROUTINE TEMP(X, PAR) ‘ o T A
- C " . ‘ ' B i ! o ' . |v
INTEGER ~ N, ITMAX, IER ‘ .
'REAL*8  wK(22), X(1), PAR(1), FNORM ‘ - o : 3
. EXTERNAL FCN : ‘_" L ~
1 N = 1 ' ‘ ! " ) !
" NS1G e 'S . Lo .
"ITMAX = 20 o : ‘ ! ‘ _ ‘
CWRITE(11,5) ‘X{1), PAR(1) , S : ‘ .
“ 5 FORMAT(' !, 2D16.7) . O e I
o CALL zscm‘(rcu, NSIG, N, ITMAX. PAR, ‘X, FNORM, WK, IER) & .. .
. U wRITE(12,10) X(1) oo R v '
‘ 10 - FORMAT('' *, 12X, F13.5) - v . " Lo v
. RETURN . e T o
L UENDL. . e R T R TR
L suaaou-rmz FCN(X, °F, N, iPAR) S P S A I
L 0 Reawes x(1), (DL PARCDL DLOS et = T
Lo e E() e 928 72000 (1.0D0/X(1)) % 4. sszno-ux.oc(xm) -7 21 64100 L
R T m.oc(mnfl)) ST A T P I S
. thURN L . o | o R ’-‘gk . l " . ) ‘ \‘-‘ ,“v' _"l‘ ‘j‘h " o .
-END ., . ; _v-9 .o ) ) ".‘ . . . : { e s I \ .




.9". 3  sy\'ivxk"rr

A , '

&“hil's_-'p‘rograﬂ'l ’ /calculétes  the 'so'lubi*lity S limit

.

'components' ‘in‘ mxxt*ures. ‘.A. detailed description

'

I

prog:am is given. below' A

' f

'C....-.‘.q.‘.0.0.0.‘.‘..‘.‘..‘.......““....‘0".‘00‘..‘..‘.“."!‘l.

C Lo o o . N

C  PROGRAM : SLIMIT ' \

c 'PU}!POSE To compute solubility ot varous solutes at a .
C ' given temperature using “the UNIFAC-FV nodel

e ' - : =)
C M‘BTH‘OD‘ +—This gram comp\ités “the, solubnity ot various .

c - ' solutes wnxmp—rv‘" ‘model . co ‘
€, > . o ' e [_ n L

C In UNIFAC FV 1 the’ activny of the componéncs is '

¢ calculated by computing the ‘activity coetticients

C in non- electrolyte liquiad mlxtures using’ mole g

c: trnonona of componenta, and then multiplying '.‘k '

C J activlty coet“cient ’vich the mole tractions:
. C‘ . ’ N ' -
c 0 "rhis sctivity is then compar‘ed with the activity. '
#C ch\nput.ed by uamg the tollvxng equatlon : : 4
o . A C : . ' o

c in(A)s = -(m:x.'ras: / RT) o (-m "‘-r) '

€. PROGRAMED BY : Gour . Choudhury' '

[og . : ""." . ,{*“"

C...‘.............‘...OOOO....0..\0000“0‘..O...O...‘..‘.".‘..‘0."

c . e - . , S o - =

c ,pecla"re'.' re‘Q‘ll" g'n'd .‘infégei ‘ vari‘ablén B S -

c ‘ - L R ' .-.‘ N ! o ."-“:’.‘, \ ‘i i “’.‘ " ,’ S

‘cé-,-.-‘—.‘-+-~-~‘--.'—-'-- UNIFAC-FV varsablea—--———---"F‘—-—'-'-‘----c s
vt - U REALSE . 'AL90,90),. RK(90).,, QK(90), ™90}, . ‘c(so) Cvm(s0), .

& 00 xc(90,90), . CRNU(90,90),. -DSOL(200).

T RS uxcsxr.:,ncoum 'coum-. NRQ, . NCOMP,"

“INTEGER ' NU(30,90), ' NGC(90,90), NPG(90). I NSG(30), ‘,.‘ﬁc:.‘_ NG,
Neowpp i1

of

the




, ‘ O ' »‘y_ . o R 258
" ' Y i ‘
N COMMON/ pU6 SAs T Lo L . ) ',
: . COMMON/ pu7 /NCOMPD, 1T, NT, NXCSET, MCOUNT ‘ o '
L ‘ COMMON/' Due /CRNU R ‘ : ‘ -
Lo Ry . L : i .
VV‘:"‘(II c ' “ ) ' ' ,\ : !
Yo S e ’rhxs statement permx:s tdrmatjfree reading of 'input data Yo !
. o "‘ FREE(1/*YY L S
) C. ' ' L . [ . . S
ot : , ) e »~ h v ' ' S . .
: , @ Call DDATA to read the input ‘data and read other data ' related 'jo ‘ o .

y, - C subrozttne 'ZREALI" .
c ,
|CALL DDATA ~* i R NN ‘ ‘ — e
: . C . K . s ’ ' : '
..+ . Do 100" IT = jl,

. _ INDEX. l=" 1.000 - 1

. C . MCOUNT’ L IR TR I

Epsp, ETA. A(1), T, - DELTAS

" READ (9, FREE) EPS(,J
lTMA)(

‘ ,‘.;ﬁaw READ (9, FREE) NS1

: C 5 ) J | , . ' ! '
o - " GALL" ZREAL) (F. ePs, EPS2, ETA, NSIG, N, X, ITMAX, xsﬂ‘)'\ o -
7' DSOL{IT) = X(1). : oL : '& Y ‘ s

« . WRITE(11,10) 'r(x'r), DSOL( IT)", ™, DELTAS, x(t), ;'m o A
‘ 10 'FORMAT(' ", 5(3x, F10. 5), 3x,~ 13) . o -
100 'continue - ‘ ' .
L . srop o ) ) i ’
‘END . S LT o . k' o
o € =mnm-ms-=d----n Extérnal function F{(X) ~~m-r-omo-e- ~mmmC : 3 \ g
‘.‘:'.’ . . 'REAL », 'FUNCTION F(X) . L : o
Lo C Decl‘vate“ Re‘al‘, . 'lr_lteger “and Common variyblg\a‘ “ . ‘ : o . S '
‘ c~——--(-"'—”'4~—‘-—-'-'~--» UNIFAC-FV Variubles*-'*-"L";-‘---°--;—C T
‘ ‘ \"‘R'a},u.‘q'a: ©A(90,90), &K(90), QK(90), . T(90). B, c(so),' weso), Lo T
o “XC(90,90), CRNU(90,90), Gwnrv(zoo 90) <, el Lt

NU(90, 90)," NGC(90;90), NPG(30),. NSG(90>.‘ NC, NG, T T

e aves Nxcsz'r\ ncoum', o ;:oup'r, nnq, | NCOMP, NCOMPD _ - " v oot e

g : Func,'rron Varlablee-- -=in- - )

c . - M DBL’]'AS ATHBOR. Gmm(zoo 90) '

xm'scnn., mnax, x'rw D T C
,_:.\ o ,counon/ DF} /v’ial c,"‘a L EEREE SR
L COMMON/ | DS1. /T, DBB’i‘AS‘. x‘m‘mxﬂ o L ,
r . 'COMMON/ DU /Nc,; NGL L i ' ' v
" 'COMMON/ . DU2: /RK, QK, P .

N 0+ COMMON/ 'DU3 /NO Com R

" COMMON/.. nus /xc RN 5

"_‘comou/ UG /A T L T
: comon/ nm /n¢0upn P, NT, | NXCSET, MCOUNT -



o : , .
. ' ' ,259 .
" N
.o ) ! w \
« MCOUNT = IT' . ‘
7200 CALL DUFV : (GLUNFW) , Lo
) : S o o ) N '
, "GAMMA( IT,2) % DEXP(GLUNFV(IT,2)) - | o to
'ATHEOR = DEXP(~(DELTAS/(1,987D0 ¢ T(IT))} * (TM ~ T{(1T))) L
'WRITE(12,30) 'DELTAS, T(IT), TM, ATHEOR ‘ t R
30 ‘FORHA’I‘('A ', 5K, 3(3x,F10.2), 3x, F10,5). . ‘
. F @ ATHEOR -~. (X ¢ GAMMA{IT,2)) . '+ = * : ' - ;
INDEX = O ‘ : . o
RETURN .~ . . o o : , ’
. rgNp ' ‘ ’ ' e e an 3
Coooo‘otoao.ooooooooonbooat‘o500'0’oo'onoon'onoooqo,qoo‘pqcoooo'oocoooo.baoo . ) . '
c Subcoutines : DDATA, DUFV and DRQLC ~~to--DFREEV - o ot .
c ‘ K Co . \ ‘ ; S o T
[ X ) . ‘\‘ . e ) ) \ N .
T Same' i As' described in URACFV, ) o . o - PR R
©o¢ . . Note ' " i’ Changes_ should be made in iDU!f‘V so as o e o ‘; -
: I !‘q e . ‘' calculate the' activity .toefficients of IREIN ' ‘ ‘
' K ot . B : LY . \ , .
c ) ) the components in symmetric convention. -« = R X
o ‘ oA ! : ‘ L : C ' :
A:lq ' oo f .
",1,‘(‘;‘,00uaoooobooooooooooob90ooo-oooocqooootooo.loo’ooooqoooooo‘.ootoo‘ooo‘p , "
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