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.ABSTRACT

At‘ present no sorption methodology . is fully
reliable for . the l‘determination of water adsorption
isotnerms in tne low a,, ’range (0-0;1).and also’for the
determination of = water adsorption isotherms} of low.
capacity products (less, ‘than 0. 1%H20/d b. on tne 0 - 0. 5

Ay range. - In  consequence, ~ the suitability ofq a
. volumetric teChnique for the ‘ecise. determination of
water sorption ‘isotherms has been~studied: The VOlumetric
technique is _based on the measurement of volumes,
temperatures 'and pressures for the determination of the
adsorbate uptake -from' thef sample using the perfect gas |
. law. | p' ‘ .
o This . study inclu&esv' the. design,. calibration,
methodology "and applications /of a volumetric sorptionw
apparatus _for .the determination' of water sorption ~
: isotherms of biological materials | v |

~ The - precision - and accuracy of the equipment, :
‘determined throuoh water adsorption“ measurements on
‘ microcrYStalline 'cellulose (reference J material), ré'ﬁ
respectivelly +0 14 and less than #0.1% HZO/d b.. "f
THe application of the method includes the surtacelr

'characterization ' of low‘ moisture capacity materials‘

a e

‘(Biologically ' active immobilized// molecules) 'and thef"

determination of the net isosteric heat of water sorption
‘ 2
8 ) . 5 "‘. '“ ) /»‘,“" . , \\" i {‘.
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- on potato starch in the range 0-0. 1 ay,

The volumetric technique allows the determination

of very low 'levels of adsorption (less than ‘Q.Ify-

the‘ interpretation of

4

sorption data for the characterization of active sorption

Hy0/d.b. (dry basis) | However,

sites requires certain assumptions
\ N !
. The precise determination of adsorption isotherms

of potato etarch at different temperatures in the 0- o 15

ay, was possible with the use of an integral methbd of

adsorption. It was found that the net isosteric heat of

water sorption ot starch ie constant for the primary bound:‘

water. the\ va%ue of 581 kJ/kg water for the net heat ofﬂi'
'sorption is similar to  the values obtained . from
calorimetric studies.\ -
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I. INTRODUCTION

-

Pial
Water is the most abundant component of the

majority of bilological materials and has a dominqnt
- influence. on imany characteristics, especially‘ those
relating to texture. The importance of water is not only
related to its' abundance but more to .Lts state in
biologicai materiAls and the manner in which it interacts
with them. | |
g:cause ‘of a Wworld wide interest in the waker
properties in foods, from both scientists and food
prbcessors; in ' the iatg’ 1960's, Ainternational research
interest groups were founded to study the ﬁatter with
financial support from gng}nments and institutions
(Ha}lstrom, 1985). Since thén, a large amount of work has
been  published and in the field of water sorption,
standard .methodologies and procedures are now wgll
accepted. |
At present, many feliable techniques are available
to. study the  state of water in biologiqal materia;s:
Nuclear Magnetic gesonancg (N.M.R.), ,Ingfa-Red (I.R.)
spectroscopy, . calorimetric and sorption 'techniqueé, the
' lﬁtter‘ ones 'being refered:  as thermodynamic techniques
(Franks, 1978).. |
Water sorption s;udies have both practical aﬁd

theoretical applications. 1In Fbod' Processing, . sorption

Vem
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isotherms Aré used for a number of purposes in the fields
of drying, mixiné,‘}packaging‘ and storage. However, from
the theoretical .standpoint, a sévere limit;tion to the
therm06ynamic interpretation of sorption iSOthefms of
biélogical maFeria18 arises from the fact that most

materials afe, multicomponent and multiphase systems

N ¢

exhibiting nonQequilibrium conditions. This makes
numerica; valu?s of  thdrmodynarnic functions highly
queétignable (Gal, 1983). In addition, no sorption
methodology have been shown to be 'fotally suécessful for
the 'detefminaéion of water sorption isotherms at.low water
activity 1levels; lthét {s at moisture levels at which the
interactions' of wé;grvwith‘the sblid’(primary bound water).
contributes the most to the physical properties of the
maéerial studied. It is now well knoﬁn that the p§ysical
properties of<3‘yater near solid interfaces are very
different from ;hose of bulk water (density, viscosity,
heat capaciﬁ§). "More ‘specifically, vicinal water is
thought. to possess §reater "iée-iike" characteristics near
interfates (Etzler, 1982). | ‘
| "It .is giparent that no single technique is likely
ito provide an exact ,speélfiéatién of the 1location,
dynamics‘ and,vénergetics gf primafy bound wager,fbut a
" careful combination of two or.more experimental approaches
may . give an adequate &escriptiqn of ' the state and
’propertieé pf water.in COmplex~§ystems.‘ :
Using a thermédyhamic ‘approach £o the study of

e



3
water prbperties in  biological materiale (iorption'
measuremenn), we applied 2 volumetric-technique for the
precise determination of water adsorption isotherm in the
low water activity ;ange (0-0.15). This technique has been

. widely used in surface'chemistfy for specific surface area
determina;ions jfrom adsorption 'of inert gas on inorganic
materials (Gregé‘&‘sing, 1967) .

The present work focusses on the suitability 5: the
Fr;dlumetric technique for the ‘determination of water
.sorption isotherms. Two appiications of the method were ‘
.studied: | ) ' ’ =
~ The determination. of sorption isotherms of low
moisture . capacity products and che characterization of

their surface regarding water (active adsorption sites).

4.
|
Kl

o - .The determination of the net i{sosteric heac of.
sorption of starch at low water activity Starch was
chosen due to its abundance in food systems and because it

‘ié representative - of most; of lnt-he powdery-'pi'oducts

" encountered invthe food field.



N
T

£

IX. LITERATURE REVIEW

—_—

- 1. Water and food . : , ‘ s

1.1. Mactoscoﬁic cohsiderations

Moisture is' an important'factor‘controlling certain
‘ . ‘

. ‘ r
properties of foodstuffs (Kapsalis,1975; Multon &

. Biiot,1978) and the nature of its interactions with the

. chemical components present determines‘ the behavior of

that, food in many processing operations and during storage

(Moreyra &-Peleg,1981). o : : 1

Scott (1957) ‘introduced the—concept of water
activity ‘(aé); a,, being an important indicator of the
water availability for the different deteriorative“
reactions of foods. It |is only since the development of
Intermediate Moisture Foods (I M.F.) that the importance
of a, has been emphasized for both food and preservationa
(Troller & Christian 1978) ' | |

For the. food‘ microbiologist the water: activity

gives indications‘ of the amount of water in a food which |

is ‘atailable . for microbial ‘growth. This does not apply
ohly ito Tﬁicroorgahisms that, cauSe tspoilaée but also to
those which are desirable (e.g.. fermented food, cheese
ripening) , Most | microorganisms "ocCuring ~in "food_
proliferate at high a, (over 0. 9), only a few require a'v
low. a, for growth (Leistner & Rodel 1976) -

p——ry '
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. ‘ ,. | . . | : . .
The corfcept of water activity enghles valuable
‘comparisons in terms of‘;alterations between products of
‘ different compOSition and ‘naturei However,i the water
activity is not the only factor inhibiting the microbial
growth in a food; interactions with the PpH, the

témperature and preservatives maﬁ.‘also influence the
& ! ‘

s

phenomenon (Richard-Mollard et al‘1982) ‘
Most of the preservation techniques frequently have .
adverse' effects on the organoleptic characteristics of a
food. Among the parameters which influence the food . ?
‘degradation (temperature, time .of ‘heat Atreatment,‘ pH,?l'

a,), the water activity is . of-.‘impprtance ‘ in,

non—enzymatic browning reactions, the m?Ximum reaction . ..
' velocity occuring in. the intermediate moisture\ range

1 (0.6-0.7 a,) (Fox et al,1983); 1ipid oxidation (Labuza

w)
et Aal,1972) .and the protein denaturation.;En;yme'activity
is also'strongly affected by the watergactivitvm(TrOIler &

Christian, 1978) - |

The operations carried out in the food processing
industry involve heat and moisture tranfers, this is the

‘case in f heating, : cooling, freezing and drying.ﬁ

wpackaging, heat*:and moisture transfers are also important

for the prediction of the storage life (shelf life) ot
h‘food.- with a knowledge of the physical characteristics of
a food product (thermal conductivity, specific heat, bulk

density, N thermal ‘and moisture ) diffusivities, water

| activity) 'and their interdependance through mathematical

o Vel
Al
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‘ 6
modelling y(singh & Lund l984)wone can predict and Optimize

an industrial process

|’> ) { . . l -{ | . A i
I . " ‘ i - ‘ .
. ltzlhicrosCOpic considerations

(water interactions in biological materials)

The affinity of . water - for biological systems is

LY

primarely due ‘to its chemiCal structure.‘ The water

molecule is a- strongly polar molecule. The dissymetry of“

the positive ahd negative chprges in the molecule allows
* the participation of the molecple_in up to four hydrogen

'bonds.
‘ The hydrogen ‘bonds can occur 'between water

A

molecules and, are responsible for molecular aggregates in
liguid and solid water. Water molecules can also interact
 with polar ‘ organic groups such as carboxyl amine,

Y
hydroxyl and somewhat less. aldehyde and ketonic .groups.

- The " major hydrophilic macromolecules‘ forming the

biological ;‘Imaterials . mare“,the ) proteins “and the -

carbohydrates.' Those compounds -are. not all dissolved in

_sites which interact with water in the hydrophilic areas.

| the constituent water of foods but present numerous polag

‘ vThe reversible interaction of water with food .

s solids zis referred as the sorption phenomenon and embraces'-‘

' resorption when water is brought to the solid material .

both terms: desorption when water is removed (drying) andhe

(humidification) Because of hysteris phenomena~between‘

the two sorption ‘directions, this distinction is somehow;u o

ey
. o

f‘i *
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necessary‘ ‘(Van ‘den Berg,l981)l The nature ‘ofl the
interactions‘ between“water andh food includes thsical
adSorption;f capillary‘ condensation and the tormation of
liguid‘ and dsolidl‘solutions.‘ As a resuBt ‘of the\binding,
‘the ‘properties of water in biological materialsQZiffer
from those of pure ‘water, this affects especiélly the

. vapour pressure and thus the water activity. ‘ \‘fj |

| It 1is common to distinguish three orders of binding

‘of water depending on the strengh with which water is

'_,attached to the solid‘material. L | | |

\ , .‘ “f‘“&

ii. 15t 6rderywater;l |

bThis water‘ is strongly bound and corresponds to a
very., low moisture‘ content. The, interactions are .a result
of a surface phenomenon involving hydrogen bonds ‘on polar
sites,v it is . a “localized adsorption" on a rigid. substrate

where water cannot act as a plasticizer (Vangden Berg &

Bruin 1981) The enthalpy of vaporiZation of water in*that

S stat is about 10 to 15% higher than that of. pure water

AR 4

'"£5(§°ekart° & Steinberg,1931) L

. ii 2“d order w&ter et ""xi’, ‘uc‘}f o [Rﬁ_jffY
‘}:Q;L‘ This class of. constituent water‘ is a continuous

transition between the first and third order water (Van riu‘

1
den Berg & Bruin 1981) Additional molecules ot water are

superposed on the ‘original ones and are retained by
R R
hydrogen bonds of lesser‘ energy,‘ other torces such as

.
t



~der walls forces_are,invoiVed.
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S - ‘ “ ’ -
.dipole-dipole . forces, ifonic ' bonds ,(H30+ . or OH ), Van

ard order water

t

The‘ physical ' properties of this‘ water, also

i

referred 'as free water, are 51milar to that of pure water&
with very little excess heat of binding. The water acts -as

a solvent and Raoult's law effects can apply In. addition,“'

-

water X penetrates~ the ‘structure 'of,.the material and

capillary phenomena~}xelvin effects) occur.
2.Definition ofjwatez aotivityw\;

The ~ notion of ' water activity . is based on

;

' thermodynamic principlesu

' Defined - by Lehis ‘(1907), ‘the activity of a

‘component 'is equal to the ratio of its actual fugacity to

‘the fugacity at a standard state under the same conditions‘

\

of temperature and pressure."

o

At ambient temperature,‘ the vapour pressure',of,-

';n,water is low and it behaveS"almost perfectly Hence3"
f‘dtugacities are 'equal to pressures and it is common to K
' define - the water actgvity as the ratio of the partialr:

*3vapour ' pressure : of water' 1n the system Pw. to ‘the

v

r;saturation vapour pressure of pure water P 'under theffi

“same conditions of temperature and pressure.



n

a, = P, / P,* = RE.R.H.7/100 o ‘(2-1Yu;

where E R H. is the Equilibrium Relative Humidity.“ .
Van den Berg (1981) mentions an investigation by
Gal : (personal ‘communication) on the difference between
water’ activity and the commonly used equilibrium relative
| humidity Gal showed that at ~ambient - conditions, this'
difference can be neglected, e.qg. at 50°¢c and total‘
‘pressure of 100 KPa the difference has a maximum of ouz%i.
f(relative)f; and " at 1oo°c and soo KPa it is 1% (relative)f
iat‘most R : ‘ Co e B . ‘
\ For - more detail concernihq‘thermodynamic functions,r
the ‘reader (s referred) to textbooks .on chemical ’andi»
‘ engineering thermodynamics (eag. Smith & van Ness;l975}"‘
Van.Ness & Abott,1982). o o
Coan

' ‘3.Measurement of water activity

(’
Numerous —mzthods and instruments to determine thef”‘w
| water activity of foods have been reviewed (Labuza etffﬁ
15a1 1976, Prior;1979,? Troller 1983), they are based on thef

"colligative properties of; solutions.; freezing point;

lm,depression determination ljon‘ liquids and equilibrium"d‘fu'

l'_relative humidity measurements on liquids and solids.fﬂf

t”f'solutions behave almost ideally.

The freezing point depression fmethod 18 suitable

5.
vfor water activities above 0. 8 (Prior,1979) where aqueous

0
¥

-
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, | The determination‘ of the equilibrium relative

humidity (E.R. H.) valid for both liquids and solids can be

. made"from direct partial ‘vapour ,pressure measureménts"
(Bizot & Muiton,l?78;‘ Troller)l983) .or’ from ~dew point}

'measurements or indireCtly‘ by’sensors whose physical or
electrical characteristics are altered by the relative'

' humidity (Tro{ler 1977, Favetto et al 1985) The graphical‘ff
interpolation of Landrock and Proctor is also used (Multon
et ‘al 1980) and the isopiestic technique using a standard'

‘material (protein, microcrystalline cellulose) as a sensor = .
vhast been successfully used in‘ the high a lrange (0.8 -

- 0.99) (Vos & Labuza 1974, Fett 1973) ‘

' A collaborative study on the calibration of water»
activity measuring instruments_ and devices has been done
"ibyf Stollof / (1978) and more recently Schurer (1985)

; ,compared the precision and. accuracy of ‘sensors for ther
“measurement of air humidity._n =
f,hThev;precision of a piece of equipment or: method

:»represents' the repeatability or the difference between

o replicates in a series of identical measurements, yhereasﬁ_';iv“

.}ythe accuraoy determines the degree of agreement between.'n"‘ﬂ

~fjthe "true" and the measured value."

In studies comparing the performances of differentsf'

fsequipment and techniques some authors (Labuza et al 1976,'wa“'

".-.?'.Bousquet-nicara a’1,1980) found ;hqf siqnificant;’ R

7jdifferences regarding their precision‘ and accuracy. Theffﬂ,f":

pp“choice of a method depends strongly on its range of

v
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’ application, price, . -'and conditions 'of use (vacuum need

calibration frequency;,‘ however, indirect methods are the
most 'commonly ‘ used procedures ‘lin laboratories
(Troller 1983). B,

Coo Although expensive 'electric{ hygrometers are easy‘
to’.use with a short equilibration time (30 minutes) and
'cover a ‘wide range of wager activities (0 02- 0. 99 a, by‘i
changing the sensor) An accuracy of less . than 1% and a

prec1sipn of + 0. to 0. 005 a can be expected Some

\
hygrometers ‘are subject to contamination and require‘
frequent calibration for best accuracy.‘ , |

Th‘,-performance of the isopiestic Vtechnigue‘ is
comparablei to that”"of"the :hygrometric one, it is
inexpensive but lengthy, requiring 24 hours equilibration

, time. The accuracy and repeatability of thelextrapolation°

- technique (about +o o1 ay) is suitable for routine

| 'purposes allowing a water activity determination to within

5 to 10 minutes (Multon et al, 1980) The water aCtivityfb

determination by direct measurement of the water vaporlwc

pressure along with a good temperature control of the?f

sample (better than +o 1°c) can be used as a reference~

method (Bizot ‘& Multon 1978) . This method 18 rapid (20 to»*”‘

,25 minutes), inexpensive and does not require a particularff ,

calibration.; The accuracy,and precision are reportgd te«be'iﬁ

less than 1% and +o 004 aw respectively (Troller 1983)
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4.Water sorption isotherm '
Water‘ content ‘and solute concentration describe

o very little :about the properties of water in food. On the

other = hand, water activity and 'equilibrium relative

humidity are ‘good indicators of the ayailability of the
N “A . N

water l‘to participate . in - reactions (Troller '&

‘christian 1978f When water content ‘and water activity are

graphically related one obtains a water sorp;ion isotherm

‘which indicates the nature of the water binding in the

product studied

4 Most ' biological materials exhibit a sigmoidal
' shaped waterf sorpt;%n’ isotherm ' (fig 1); type‘II in the
B.E.T. classification (from Bru_guer, ?mmet and Teller) .

f(Gregg & sing,1§67)' due to the combination of the threei
8

' types of interactions of water ‘with the substrate, surface
“effect | capillaiy ' condensation‘r,andy” solvent effect
'ti(Raoult's law) Also observed with some materials are the
' type I and type III isotherms (fig 1) |

s

";',-“: The type III isotherm is characterized by its

"yconvexity to the water activity axis. This trend suggests’

}

‘ia tendency for a tetrahedral 'arrangement Aof the water
"lmolecuies to ~occur in the Aadsorbed layer (Gregg &

7'.sing,1967) .‘ Adsorption‘1 forces 'jaref‘ weak..{ At water

'j‘activities oorresponding to the intermediate range (0 6 to‘;<‘

‘*f 0, 8 aw),i the solvent properties ‘of water prevail and a . .

ﬂf‘rapid increase in the moisture content is obseryed..

/'

N

'
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Figure = 1 : Three ‘types of’ "'a‘dso‘r‘p't':iori,‘ isotherms for: .’

biological  ‘materials . in the Brunauer, Deming, Deming and®.. - '

- Gregg, and §ing,. 1967). . - . ,

-

~.Teller : (also called BET) Classi:i.catg'oﬁ . ‘(adapted from

P

L B : [ e
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'Pure . crystalline substances are typical of type III

I”ThefhpreSence of hydroxyl groups on these
uill promote  hydrogen bonding with ‘the

of Iweter and one will observe a change fronm

‘,pe‘III to type II isotherm (Gregg & Sing 1967). -

1 The: type nI isotherm behavior is a result of strong

wa;é&-substrate 'interactions The begiﬂning of the plateau

corresponds to - the completion of the monolayer capacity

. . wvhere the water molecules form a- completely filled, single

ieyer on the surface of the solid. Any subsequent addition

.of Weter is a 'resulp of weak interactions with the -
Y, : t“. A
substrate (free;' water) and .one observes a large water

adtivity‘increase.‘

"

. ‘ S
tion.models

The study £ the fundamentalrespect-of the sorption

Pl
(.“

phenomendn,‘ drying and storage processes through sorption '
‘measvgﬁ?énts,_is necessarily carried out w:;;ﬁ;he use of
.Sqrpéion nodels: A R J@ | ’
; Any ' sorption isotherm (sigmoidal Cunye for.most
'producﬁs) couid be ‘fitted using a suitable exponential
tunction with a few logarithms and sufficient parameters
(Van denj Berg & Bruin, 1981) . However, a good model has to
| be a -simple equation with a limited number of meaningful
}parametere accounting | ~for temperature dependence and

hysteresis eﬁfect (Ven den Berg,1981).

—
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Nonel of the actual sorption theories are fully
satisfactory and this 4is due, for the most part, to the
heterogeneity ‘of structure and lcompléxity of biologioal
materials reoarding water, |

~The » first sorption  theories wefeh based" upon

~ adsorption ~Mmeasurements of inert gds on inorganic
materials and accounted for substrates, the surface ofl
which do not change durfrig sorption. It is now well known
that this assumption 1is not Yelid for the adsorption of
water on foods. B |
Chirife & 1Iglesias (1978) and Van den Berg & Bruin

(1981)  published exten51Ve ~reviews of equations for
fitting water sorption isotherms of foods. Van den Berg &
Bruin (1981) found altogether 75 isotherms equetions from
the .literature. Those: models are either empirical,

semi-empirical of theoretical 'and if they fit”neesonebiy

well some specific sorption eata, they only concern a pare

of the water ectivity ;ange;and oannot be applied.to_ell

systems (Iglesias & Chirife,1982). }I | o ““

. One of the most popular sorption,theoriee'is that
of - Brunauer, Emmet ano Teiler (1958) which extended the
Langmuir theory to second and higher molecular layere ot
adsorption. . The Langmuir ~and the B.E.T. theory have been
extensively = reviewed in the: literatu;e | (Gregg &

. \Sing,1967 1982; Labuza, 1968) |

In the Langmuir theory, ‘the surtace of the solid is

seen as an array of identical and independent sorption
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sites (homogeneous‘ surface), each Of which is able to
accomodate one  molecule.of adsorbate only. The process of
adsorption is approached kinetically, the molecules of
adsorbate continuously condensing; and evaporating at the
surface of the solid in a dynamic eqilibrium. The Langmuir
equatiog_ reproduces, £H;' general shape' of the ¢type I
isotherm. | |
In many food rsystems, at the monoiayer capacity.
corresSponding to a low moisture content, the’adsorption is
‘expected to‘lbe of a heterogeneous type. Different water

. molecules will have different energies of binding (Van den

Berg, 1981). Thus heterogeneous models are preferred to fit

water sorption isotherms in the low water activity range.

Synthesizing the work of various authors, Van den Berg &

Bruin 1(1981) give an accurate description of the. lowest

part of the isotherm using the Freundlich equation.

. An heterogeneous surface can be seen as an array of
infinitesimal patches of different ' energy that adsorb
,‘independently (Langmuir approach) The resultant isotherm
correspond to the sum of the Langmuir iSotherms for the
'individual patches, each with its own heat of adsorption.

‘ Brunauer, Emmet and Teller (1938), in applying the
Langmuir theory, assumed that the adsorbed water molecules
'beyond the first .ones had: the properties of bulk liquid.
Like the Langmuir ‘model the B E.T. model is incomplete and

does ‘not account for lateral interactions between adjacent

’adsorbed molecules.
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| “Altnougn criticizedc"the. arslr., model has the
ability to fit all sigmoidal shaped is¢therms up to‘about
a,,=0.35. ’In ~ addition the monolayer' concept is  very

l"useful because of itsh practical relationship with sqme
aspects of :the physical ‘and chemical_ deteriorationlof
dehydrated foods.fIglesias & Chirife,1976). "
A modification’ of the B.E.T. equation, considered
at present . as the best isotherm equation for the
description and interpretation of food isotherms is the
G.A.B. equation (from Guggenheim, Anderson and‘De Boer)
(Van den Berg,1985). The additional constant in‘the model
is a factor correcting the properties of the‘multilayer;
molecules with respect to the bulk\liquid.‘, |
/ | ‘ Bizot (1983) ‘developed a computer program based on
the G.A.B. model” to fit and draw sorption . isotherms‘
automatically from experimental data. The model seems to
fit .any type ' II isotherms and requires a minimum of four_'
H’experimental points‘over the 0.1 - 0.9 a, range.
| Other theories have been developed to describe the

‘sorption phenomenon. They are based: on - different__

approaches including a potential approach using the Gibbs

; equation and a capillary condensation approach using’the.3ir

Kelvin equation. Labuza (1968) reviewed the application of
these theories to the sorption phenomenon in foods. The
capillary condensation approach predicts the shape of the-
isotherm in ite upper part, but beyond that it is not‘
practical. The description of’ idsorption isotherms using-
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the Gibbs approach focusses on the properties ~of the"
adsorbed' film and more specificaliy the surface pressure
' of that film.,This method is particularly interesting for
‘thed‘iower part of thé 'isotherm"to evaluate the site;
.Aoccupation of the adsorbate .on the isoiid.‘HoweVer, it
)

cannot be used for the estimation Jof' the monolayer

\

capacity'(Gregg &'Sing,1967; Labuza,1968) .
A 6 . Experimental determination of1comp1ete water

 sorption isotherms

‘Eor the last few ‘decadés, the need for sorption
data has been recognized in the  food field and some
related areas: and a lét of effort and imagination has been
putv' into developing methods and ‘apparatus for the
determinatiOn of ' water sorption isotherms generall§_
(Gal,1975,1981) and at different' temperatures f‘
(Weisser,1985) “ | ' ‘ | | |

The determination of complete- sorption isotherms
combines water activity measurements and moisture uptake
measurements from the sample. - | .

The methods used - for the determination of complete'

isotherms require a means. .of. maintaining constant water

: vapour pressure 'thus constant relative humidities in the}v&

"»space. _surrounding ‘1theh_‘samp1e,”,during,, the 'sorption'

-measurement. = - o,
A - | e S VT



B 6.1.Relative’humidity controld. Y
6.l.l.§gueous solutions
Unsaturated’ solutions;",saturated' solutions 'and

imixtures ’of"solid hydrates can. give relative humidities
which . are 'Jvery»- little affected by the temperaturey
'(wy1ié;1565)' , |
| Salt ‘slurries have been particularly recommended as’
.an inexpensive easy and accurate way to provide saturated.
‘solutions of known water activity as there is‘ no
meafurement of concentration‘~7'needed 1(foung,l967;
Stollof51978): Saturated salt solutibns -are 'stable and
their water activity; is only slightly affected by the
temperature variatiOns;;rop to 0 3% R.H. /°C depending or?
the salt (Young,1967): | | | .
| Despite. the apparent stability of most salts at a’.
giveni temperature, it appears that all 1aboratories do not
agree on the relatiVe humidity of standard salts. Recently y
. ,Resnik ‘et al (1984) presented ry world survey on the matterfjﬂ
nconcerning five selected salts solutions at 25%,

-Chirife et al (1983) used a theoretical model based on the:f.

'jthermodynamic properties of ielectrolytes, to predict thej,:'

‘water .activity of saturated salt solutions in the’f |

"“intermediate moisture range., An exellent agreement was A

. ‘found with the literature values.xv N ¢ﬁ _]fo

Unsaturated ‘ aqueous solutions like 5.su1£uric,

';tacid-wgter mixtures have the great advantage q; producingﬁ,f:Tfr

“l
2"
7

r
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qinnumerable isotherm points (Labuza,l984) “and have‘long

been considered as the best way to define known relative

' humidities ". '

The thermodynamic properties of - aqueous sulfuric
. acid solutions and hydrates have been correlated from 15
“to"3oo °K (Giauque et. al, 1960)- . More recently, Ruegg

' (1980) developed a computer program for the calculation of

thei water activity of such solutions at different‘.

' temperatures and acid concentrations.

‘_bue “to the hazardous nature of.acid solutions'and

-_the"adsorption of sulfuric acid molecules .onto‘ solid,

V{‘surfacesv reported by Kawasaky & Kanou (1965), this method

is seldom used today.
6.1, 2 Bithermal equilibrium method
Radative humidity is’ controlled by a. source of pure

\mwater. A change in relative pressure is effected simply by

~varying the temperature of the .water. The highest aw”lgl'

. ipressures where the temperature dependence is minimal.‘

.";2“ With the development of dynamic techniques for the.“
-{”determination of water sorption isotherms; special methodsj*='.

‘f}have been described to obtain an air stream of controlledf”“f*‘"'

,"ijmethod in which a dry air stream is passed throuqh purelz

f{water at a controlled temperature.,,'uff_ffy

g

," precision with this method is ‘achieved at low vapourl fialﬁ

'ﬁt-relative humidities. the mixing of two air streams (oneiip“"
“b7dry and one saturated with water vapour) and the bubbling,(-ﬁ-v”
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6.1.3.Two pressure method

'

This method is based on Dalton's law. ‘A eaturated_
'water vapour pPressure 1s produced in a saturator where thej‘

total‘ pressure is . above "the atmospheric pressure.‘ By“

; isothermal ansion of the mixture (air—water vapour) to

"

the fatmospheric 'pressure, the saturated water vapour

pressurej,BEComes unsaturated (Dalton s law) and defines a”

"ﬁnowni relative humidity equal to the ratio of the total

pressures -hefore and after>\E§§ansion.l The range Cof
- relative humidities to be set with this method is limited.

 to the optimum ~over- pressure. attainable in the saturator
Ch

(Multon et al, 1971)

6.2. Methods'
It is, common to classify the methods used for the

determination of sorption isotherms into two groups‘

DL - , ‘w,_ ‘ e "'g Lo

P

i.‘methods involving the study of the solid phase‘

In a humidity controlled atmosphere, the amount‘or*,“
- water adsorbed may be calculated from the variations ofggﬂli

'the weight of the material measured in aA stetic or.‘fs”

Vdiscontinuous way (gravimetric techniques)

e,
. 4 .

"\

ii.; methods involving the 'study é! the gas phasehﬁ,ﬁin

i :surrounding the sample.rm~

The amount of water adsorbed may be calculated from .

':hthe variations of the water vapour pressure in a specitied"a

., l

" v



volume (volumetrio technique)‘ or from ‘a‘knownlmoisture’
content product the‘:water activity can‘be"determined by
"‘measurement )pf the partial pressure of water (manometric‘
,'technique) . or indirectly “by~ rthex mean of' electric
'fu‘hygrometers( (hygrometric‘ techniques) lhe chfbmatographic\
o technique is a case of dynamic adsorption, the water vapor“
‘,carried by an inert gas is passed through the sample, used‘w
as the stationary phase. S " r. |

6.2.1.Gravimetric techniques

A ]

’ ‘m_The-'gravimetric.-techniques, have‘fbeenlextensivelv'
:used‘ for theylést‘few decades and are still uSed todav for
refe r‘ence purposes (Wolf et al 1985) The principle of the‘
1Lgravimetric determination of water sorption is identical'
:for all gravimetric methods. lhe methods are based on the_.

‘determination -of weight changes of samples in equilibriumﬁj

with different relative humidity conditions.v

i Discontinuous techniques ‘
These methods commonly involve conditioning samples{:i

'l;‘in‘f-smell enclosures=f‘at5 different known : relative‘f

“"T;humidities. The weight changes of the samples and moisturee

”fcontent calculations are determined by suitable methods ins”*

‘“”e seperete operetion.‘r ﬁj'ff " o “p.g;:fu,fi‘*.~fﬁf‘*g§/ﬂ4.:i

The oven method (drying of the sample) is the most‘r7-

'aﬁcommon method used to determine the moisture content of efi{f{

}:"?{J ~meterial. The chemical method of karl Fisher is elso used y'VV

[
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addition, ‘solid samples have to’ be ground and a potential

v"
A

bwater loss can occur during the grinding process.

‘hInf ?‘ discontinuous method,‘ the samples"are

generally placed - in.,dessiCators ‘overhlsaturateda»salt

[

solutions or 'sulfuriC‘ acid mixtures‘as'humidity‘control‘

but ' has the" disadvantage of destroying the sample. In'

This - technique has been chosen as.a reference method by :

the. COST project 90 and 90 bis on tHe physical properties‘
of foodstuffs~; (COST. i cooperation in the’ field 'of'.:
sc1entific and technical research in Europe).'betails of.

»the method precautions | and procedural advice are

presented by Spiess & wOlf (1983) and Wolf et al (1985)

The sorption phenomenon is a slow process and” to

. hasten the hygroscopic equilibrium, it is common to work

’ under a vacuum or by circulating the air in the sample

A

;chamber.

. o . f.

ii Continuous techniques.‘t 'f ]g

'5 The variations of the mass ot they sample arevg‘

| ‘icontinuously monitored thus the weighing equipment is ?t=£'

‘ ‘part of the entire experimental set-up.,\

n

uput the emphasis on continuous gravimetric techniques with;vr‘

flthe use’ ‘of electrobalances' (Cahn,' Sartorius).n lthoughjf;"v

In his' review on sorption methodology, Gal (1975)' :

4o

gfexpensive,‘. these j methods B allow ;ithe'qiuSe'gﬂot;_'the o

I

“vifmicrooomputer for data acquisition (Bolliger et al 1972:<;L5*7

Gal 1981, Cortet 1983) Electrobalances also allow the usef,l"‘
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»where humid air isv'circulated ,through the'system.vTo a-

of"very ‘small samples. Usually, different mass ranges’are

available and the mean relatiVe precision of the mass

,measurements for any ranges is 0. 02% S o

!

) The apparatus used ‘Are 'evacuated for a better

' diffusion of the water molecule in the gas phase.

‘ to avoid the . use of expensive features (fittings,

‘pumps,j pressure gauges) inherent to the choice of a vacuum

‘ technique, some laboratories‘ developed dynamic systems

" — . ,
certain extent ,the circulation- of the air enables a

1 ‘sample during the adsorption (exothermic phenomenon)

'
r

suchesystems.

Spring balances are relatively cheap to set up and

**24‘1

. better control of the temperature in the vicinity of thex

vBolliger ‘et ‘al (1972) et Cortet (1983) studied in details,‘l

phave been shown to be very accurate. The variation of the'

_)v‘mass of the sample is measured in terms of a spring'”

.:1%”hf3. it is ditficult to achieve an homogeneous

‘&sample) on the moisture content determination is" reported

i‘i(Weldring et al, 1975) | urj;‘,fw o ‘*;]-

"o

6 2 2.manometric and hygrometric techniques “;Mﬁﬁ

For obtaining complete sorption isotherms with theﬁﬂ:'h

,Qfaid of direct T . indirect vapor pressure measurements,

o)

e

7elongation with the help of a. cathetometer. A maximumif

",deviation of +0 1& (by weight on dry basis for 100 mg ofﬁl

‘f;fsamples with different moisture content must be available._-(

T
Gt
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ddistribution of moisture in a given sample, this method is
" not- usually used for sorption isotherm determinations.

6 2. 3 Chromatographic techniques : -;“‘ ‘ ij.‘

This technique‘ is also. referredu is 'Inverse Gas
Chromatography (I G C. ) becauSe‘ the study is carried out
on the non' volatile or stationnary phase in relathon to -
the' mobile phase which contains water (Gilbert 1984) Whenf'

water is introduced into the carrier stream, its linearf

transport ‘is‘ -retarted by its interactions ‘yith ‘the.

stationnary phase (sample studied).and the mobile phase;
‘thus, vthe‘ interactions and in particular the sorption of
the water .by‘ the stationnary phase can be studied The‘
‘calculation of the adsorption isotherm is derived from the_'
| chromatographic peak shape (Neumann 1976) ‘*‘Mjﬂ‘“ﬁ?

This method has been found to be rapid and reliable

for ‘the determination of water ‘sorption isotherms on

,s]homogeneous fsolids - (e,g, : sugar j crystals)(Smith Jetmf,‘

'_gal 1981) Studies of dry bakery products (heterogeneousv‘

'Jamaterial) - has been ; recently ' performed (Helen ‘r&W.‘s'

7LGi1bert 1985). they found a reasonable agreement betweenlﬂ,

v“othe sorption isotherms obtained with a conventional method,_"

¢and IGc measurements.. water activity levels down to 0 03

2 L'can be obtained with this method (Smith et a1, 1981)

.;‘i‘

6 2 4 Volumetric techniques
The volumetric technique is an original method in

[ “ . ‘-

\

B T
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which the amount of adsorbate uptake from the sample is

,~;determinedi. through ,'volume temperature ‘and pressure . .

l measurements using the perfect gas/law.i ‘
| The principle .underlying the volumetric technique
| ‘isw as follows. the pressure, volume and temperature of. a‘
quantity of adsorbate is measured and the number of noles
. present calculated.r This materialy\is lthen brought into‘
v'contact‘ with the‘ adsorbent‘ and when‘Constant pressure,l
‘volume and temperature readings show the: system to have
B attained equilibrium, the number of moles present in the
]gas phase‘ is again calculated The difference between ‘the
:number of moles\ present initially and finally represents
; theﬂ adsorbate 'lost' from the gas phase'tOvthe adsorbed
phase.*‘ o | " Id . |
| A study ,of this technique would " be incomplete
‘swithout a mention of the extensive review of Robens (1968)

en volumetric apparatus.

lWThe. ;class f;ofdj volumetric techniques has beeng'

*‘;‘completely ignored in food studies for the last decades as o

there has been no apparent applications (Gal, 1975)

Although, these methods are prefered in surface chemistry M:gdf

,.. RO -

‘";\research for adsorption of gases (e g. Nzr Kr, He) on o

":inorganic materials for porosity and specific surface area,f”“_

(“fﬂdetermination purposes (Young & Crowell 1964, Ross &uf‘

‘}LEOIivier, 1964, Gregg & sing, 1967) Nitrogen is usually .

ijprefered for the determination of specific surfaoe areas"

3p;greater than 5 mz/g of material while Krypton whichb"f;?‘ﬁf

U . ’*{.’ B
‘.Vw o M

[ “i‘."< .
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vapour pressure -is about‘ 3, mm Hg at liquid nitrogen

‘temperature can 'beu used for the determination ot surtace

| areastjas ‘low Vas-‘so‘ cm’ /g with a good precision (Fries,w
‘1959) . The »precision‘ figures given in the 1iterature for _;
‘this‘ method are generally expressed in term ot an error on
fp(the ,surface determination. Precision and accuracy on the
amount of adsorbate uptake are chiefly dependent>on the
pressure ‘.volume and temperature measurements. and vary‘p
‘wich each apparatus (range Iof application,"naturelyof
adsorbate and adsorbent) | | ,
Thel' Volumetric technique ” is ,‘particulariy L
rrecommended' for adsorption studies in the BEf‘relative
fpressure range '(up to 0 35) and in the, limit of precieion .
of . the‘ pressure readings, innumerable relative pressuresi
can be obtained. | e Ce "‘ o ;’1

Volumetric techniques have often been used for thew‘
¥

‘stdeterminatio# of the adsorption isotherms of vapours which

_are condensable. at or near room temperature and below}t-
;atmospheric pressure. However,' numbersu‘of problems, notjif
”encountered . with permanent gases are, met here, the

‘madsorbate has1 to be. located in a liguid fogm in some part:"

of\' the.fvapparatus f andf ,also,[v because of eventual“

,"r~condensation of the adsorbate on some cooler parts ot th?,ifw

’.——s

“system, the"entire apparatus need to be temperature S

fcontrolled. t.;vf;.f.b 5"f 'ciﬁ | o 5‘ 
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D g 7.Practical Applications of water sorption

@% ' measurements
N\ | | B V‘ o

The Aimportance of water sorption isothermsfin the‘
tood field and 'some related areas such as pharmaceutical
Iu is now well accegted. From a practical point- of view, the
1 main field of application of sorption isotherms in food is
in food ‘processing ‘where econonic' considerations are
concerned. However, thei fundamental aspect offthe water
sorption phenomenon and the study of the state of water in
’ biological materials have 'never ceaseo to intrigue
‘scigntists aroundi the worlc (Duckworth,1983).'lTable 1
‘adapted from Gal (1983),‘ summarizes. the theoretical and

LY

practical useslofawater sorption isotherms.

A

;; 7.1 Food processing | ‘ . _ 'm nky,

The drying of foodstuffs is one of the most useov

unit operations 4in the food industry. With'the recent

increase- .of_ the cost of energy and the consEa¢E

preocupation " for best quality prOducts, .emphasis has been g
,‘placed‘ on the optimization of this’ operation. and findingi
ﬂ the so-called "end point" of; the drying process, that is
v the optimum moisture content of the final product for
quality, stability and cost. The knowledge of the sorption
isotherm «is essential to define . the final moisture;bontent
and the corresponding L which will ensure the stability

ot the product. From a theoretical point of viewﬂnif one



TABLE 1

Theoretical *and practiéal use of sorption isotherms
‘(adapted from Gal, 1983)

" "

THERMODYNAMICS

Sorption - desorption enthalpies

/Bound water

STRUCTURE INVESTIGATIONS

Specific surface area
Pore volume / size distribution

Crystallinity
"FOOD PROCESSING

Drying
Mixing :
Packaging

Y ) / A
Storage / air conditionning
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knows the moisture content and the eurface temperature of
a produét,v the 4isotherm will givebthe'correSPOnding aQ
then ‘the .parttal'water vapour pressulé at the surface and
the drying‘curve can be calculated (Daudin, 1983) .

Following , the drying*operation,‘it is important to

know under which condltions the final product has to be

stored to prevent any moisture uptake or loss, thus

preserving“its quality. Laumoro et al (1985) equated the

 moisture transfer properties of dry and semimoist foods

-

from'sorption measurements.
Several .autnors have ‘compiled  water sorption

“isotherms of foodstuffs; - the most recent work is due'to

[}

Y

Iglesias and Chirife (1982).

V‘The knowledge of the influence of‘temperature.on

" water "sorption’ isotherms is- particularly important in-

packaging when Qav_foodstuff is sealed.in an imp eable

material . (constant | -moisture). For“ most biological.

materials, a decrease of the hygros00picity with increased 3

temperatures (Bandyopadhyay et-al,1980)vis,observed. In a

'sealed“package, this will result in an'increese in the

'water activity and eventually a decrease of the shelf life .

.'of. the product. SOme sugars however, present a different
. benavior‘ and ;"become more' - nygrOSOOpic | at - higher
"temoeratures ,end ay,. beceuee oflthexdiesolutfonjof sugar
in water., | o | | | -

,; Mixing Operations are com ractice in the food

cuindustry..\ When severel \jingredi

~

s are mixed, each °’

m
'
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ingredient gains or loses moisture to the other in order

to attain a state-of equilibrium. In food formulation, the

achievement of',a desired leve{ of water activity is

\

generaliy a trial and error process. Lang & Steinberg '

(1980) 'developed a model .for the calculation of moisture
content \of a formulated food system at any given water

activity;\ they = hypothesized that the total moisture

!

)

content is equal . to the weighted average of “the moisture

bound by tach component at a specified aw; Chuang‘&

\
Toledo (1976) and Lang & Steinberg (1981) predicted the,

\

water activity of multicomponent “system of 'known
* composition = l\at a given moisture_ content from water

sorption isotherms of 1ndividual components They found a

\

good agreement between the calculated and experimentally

A
\

‘determined water activity for binary and‘ternary systems;
) ‘ .

however, those calculations assume no interactions between
. SR ‘
the different components.
. Y

\ . .
' 7.2.Structure investigation

The specific ‘~surface” area of - sdlids can be‘
‘evaluated from sorptkpn measurements. This surface area is j

directly proportional to the monolayer capacity of the’

adsorbent.

r

- The determinatio
'\\

nitrogen adsorption give a good image of the. structure of;p

'the -product; this is © nfirmed on starch by the good

A

agreement,'» with thei p otomicrographic determination‘

- of specific surface areas~from .
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(Hellman & Melvin,1950). '

The_‘surface ‘areas calculated‘ﬂfrom water‘sorption
; isothermsi“are always significahtly”lower‘than the nitrogen
uﬁones. thus confirming that the adsorption of water‘is not a
surface condensation |;phenomenon but a '&localized”
adsorption" on polar sites. as defined by Van den Berg &
Bruin (1981) in reference to primary bound water.

' The structure of biological products is strongly
affected by the level of hydration. In'a study on. starch‘
\Bizot et al (1981) ‘showed that the crystallinity of the
starch granule reyealed' by X-ray diffraction patterns is
significantly '.dependent on the water content and iSﬁ
‘modified by the adsorption-desorption state. In addition,

" the specific gravity decreases at higher water content
accountinyg for a swelling effect of the. lattice. »
The majority of biological materials ‘have no rigid
‘pore structure for’ water which renders any structure“
A‘investigation difﬁicult. Howeyer, useful information canyn
“ilbe drawn from vwater_ soéyfi;; isotherms regarding the
u:accessibility of water molécules to’ the substrate. S .
- 7.3. Thermodynamics | |
" The investigation  of pthe thermodynamics ._of.
'iwater?food‘“ interactions through sorption measurements‘t,
o representsl an important approach in understanding the.
feffects of water on foods (Le Maguer,1985) L o

A

wf Because thermodynamic laws are based on truek'

RS
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equilibrium gonditions' which are rarely satisfied in food .,

systems (heterogeneity ‘f of . structure, | hysteresis

phenomenon), some care\ has “to be taken - concerning the

validity . of *some calculated thermodynamic functione from
‘sorption "data(' However, many authors determined the
‘isosteric heat of sorption -using the Clausius Clapeyron

\

'~ equation. The use of the Clausius Clapeyron equation

requires " the determination' of sorption isotherms, at

different temperatures (Weisser 1985)

| The knowledge of the enthalpy ofjsorption gives'

- f
some ' indications on the strength of the binding of wateé

‘molecules “to \the solid, ‘the binding energy being definedl
'~ as  the difference between the heat of adsorption of water
by the solid and the heat of condensation (or evaporation)
of pure water at the same temperature

Soekarto & Steinberg (1981) in an ‘attempt to

determine the binding energy of the three fractions of

]
!

| sorbed water, hypothesized that each fraction of water. is Ff

characterized, by ;am constant \ binding energy They |

caICulated“ the isosteric heat of sorption fbr the primary
“ﬁbound - water’ from the ;\BET constant despite "'he
. recommandations of Iglesias and Chirife (1976) who advised

‘not to ‘use the BET equation for this purpose. The BET

{heats are . systematically lower than the "initial heat" ”,

(4. e.( very low moisture content) as well as the heats

) averaged Iover values of moisture content required for one.,j:

monolayer.‘ The use of the c1ausius-01apeyron equation ie g"f

AT

.
i
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then recommanded ifor'the entire:isothern Howeber ‘at low

'a; leuei-‘(ofo,S),“ there is a lack of . experimental data
in the"literature, - and the temperature depen of the
sorption phenomenon‘ is’ hardly detectable with ;%assicu
. sorption methods. “f‘-;"' @ w.', - '.n“\ l :

: ﬂ ";The; calorinetric“ methcds'(SfﬁatcsAk'a ,iQ?gf”which
'are{‘alternative methodsl'for 'the study ogfthe state ofu
“water in~ biological materia}s are not precise at very low
‘moisture level——1i e. 'small quantities of heat involved)

Hence there" is a need for sorption data at low aw level

(0 0 15), with a good precision and’ accuracy.



CIXX. VOLUMETRIC APPARATUS 'FOR THE DETERNINATION

OF WATER SORPTION ISOTHERMS

The following - chapter will discuss the design and
. calibration ;- of a ,‘volumetric apparatus_ for the
determigatipn of water’ adsorption iSotherms‘on biological

B

materia

1. Introduction and.designqconsiderations‘

!

1 1 Essent1a1 components o
Figure 2 shows a ‘simplified representation of a -
" volumetric.f apparatus for the determinationﬁ of water'
sorption' 1sotherms. It 1ncludes four essential components,

namely,- the &Sample holder, the dosing volume, the water.

\.

‘ vapour pressure saturator ,and' the vapour pressure“‘

measuring dev1ce (manometer) This apparatus ‘can work in
i; both adsorption and desorption and the ddsing device can” .
."bef used respectively fto; ‘admit or remove meaéured"u
1ncrements of water vapour‘from the sample. a e

As mentionned earlier,. the use dT the volumetric-f

technique for the- determination of sorption isotherms of’ffv‘

condensable vapours 3 requires special attention.; Thisj;7‘7

!

concerns. the design of the different components ot thef¥T“

apparatus, ,but also the control of the parameters,'fi”

. I

temperature, volume and pressure used to determine the_fjfj

]
-

S “Hu:ln-
LT
- LN 1 i : o Taa
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“ ’ / f
dosing volume - . .
‘ 2 1 vacuum
——r T
b c
sample holder (VPS) AU
o I ' vapour pressure .| Manometer -
\: . R ffff“'ez 1”i7~‘W5\' saturator Tf”ﬂ-”(u’. e
Figure . Shematic'f rep 'sentation : of a. volumetric fﬂv .
,yadsorption apparatqu foy .

o the determination df water
" adsorption isotherms. ' - | -




- moisture uptake‘-frOm the sample and the corresponding
,equilibrium relative humidity | |

v
1

o v . .

1.2 Temperature requirements
o In amblent conditions; wgter'vapour can condense %pi
any cooler part of the apparatus. Hence the temperature ;f
«‘the entire system needs to be controlled especially the X
dead, space (sample flask volume) as' the sample temperature.“
'is‘ used ‘as the‘ reference ‘for the determination of the :
isotherm.‘ Some apparatus reported in the literature (Gregg'
& Sing,1967) are totally 1mmersed in a bath '“1th a

temperature control better than 40, 05°

'iﬁ‘

‘1.3‘Vacuum‘requirements’"

\

The “determination of water sorption isotherm using

the‘ volumetrtc technique relies on precise measurements of .
‘water‘ vapour‘ pressures. Thus the system needs to be freel
'i otﬂ any volatile compounds which ‘would interfere in thev'

' calculatidh :of the amount of moisture adsorbed and thej

"ﬂFEQU111brium relative humidity. A good initial vacuum 1§sfl

'*”_ then‘ required and as the water supply is’ located in liquid;ﬂ;7

form in some part of the apparatus, special attention has‘.‘j

5to be paid to the removal of dissolved air. At low vapourf{

Tpressure, a verym'small proportion of dissolved air may‘&f;

.xiegive rise to a large partial pressure of air in the vapourikiq

'siphase.‘ Hence, the water to be used is generally pure andﬁff;

i“ﬁdegassed by repeated distillation in vacuum. In additiOnﬂ?is




te dissolved ‘air-‘and‘ otherﬁ volatile matter present in the

manometriC‘.fluid‘ must_ be”;pumped out of the instrument L
before use.' ‘A vacuum7 of '1x1073 torr or lower is
"generally sufficient for such equipments.

4
LI

1 4 Volume requirements

| ln estimating ’ftheg sources ,of errorilin‘ thep
volumetric technique,: two~ points should be emphasized.“
‘first the errors in the measure of the quantities of waterj
,adsorbed are cummulative,_and second the amount of water‘
- remaining in the dead space becomes more important as the“
,pressure increases. For ‘these reasons, special care in the
determinationv of the dosing volume and the dead. space
volume is ‘required for %est accuracy and precision. In
"this connection " the recommendations of Ross & Olivierw
l'<(1964) apply,. they showed that the reference volume, used :

for the determination, of. the dosing volume, should havef“'

nearly .thé, same ?size as the dosing volume VD.“ln‘;;sﬂ

I addition, the dead space volume (sample flask volume V. )'v”

t‘must be kept as small as. possible,‘consistent with the use f}‘

~.‘of tubes wide enough to permit a’ reasonable fate of ifh

:pumping. | j5i~;;f;,}7frfj iw ;"5_ l_f'VNFT\‘
l 5 Pressure requirements ; Ve |
| The determination of water adsorption isotherms at .

fwgroom temperature in the low a range (0-0 35) requiresﬁuﬂ“

'easurements of pressures often less than 10 mm*;,go



Hg. ‘Hence a- mercury manometer is not suitable for good :

precision and it is‘ recommended to substitut@ an oil of
low vapour pressure for~mercury.vThe advantage derived is‘:
due- not only to the lower density of th; fluid which‘
confers a- magnification of about 15, but also to its lower
' surface tension and ldw contact angle against glass which
increase .the ‘inherent precision ‘of' readings of * . the
,meniscus“(Ross & Oliv1er,l‘1964). Some oil manometer are‘ﬁ
~capable‘~'of ‘a sen51tivity of 1x10 73 Torr. (Gregg &
\sing)1§67)ﬂ‘ Because the density of the oil varies: with the
temperature)‘ a-‘ correlation of the ‘oil density with»'
‘temperature has to be determined; L o ?‘

-

“r ‘ . . s N
<

Since' the amount adsorbed represents the difference

o between the ‘amount admitted to the dead space (sample

flask volume) -and ’thei‘ amount remaining there atf'

equilibrium, it can be evaluated with confidence, only if7,ﬁ

?,these;ltwo ‘quantities (measured pressures) are of unlike{
‘magnitude: The most favorable situation is then obtained

- under conditions« where virtually all the gas admitted isjf”

‘adsorbed (e g at low relative pressure) and the amount':(‘:

"not 'adsorbed is _either negligeable or represents a. minors“

“‘correction term (Young & Crowell 1962) In most cases,i"

V(,with biological : materials,‘ as the relative pressure

'f?)increaQES,l the adsorption isotherm flattens out (type Ipr;‘

r’”~isotherm) and the addition of further increments of water‘ﬁi”i

.jﬂadoes not contribute\ﬁp an increase of the amount adsorbed.-‘ﬁf
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In consequence, the amount unadsorbed becomes commensurate‘
with the total amount of gas. admitted For these reasons,u"

',this:‘ method is much less sensitive at intermediate
’

~relative. pressures, especially with adsorbents having low’

surface/volume ratiOS‘ (low specific surfaces, less than 5
SR . B \

m /g of material) r}‘, L ff

. \ . .

Following f these ‘ recommendations a volumetric

apparatus for the determination of" water adsorption‘

'
v

‘Visotherms‘ has' been designed.' The‘ final version of the ‘

apparatus presented in’ figure '3 is the achievement of a .

‘design evolution which was, found the most‘suitableﬁforq

it
\

:later applications.
L 2. Equipment description

Figure ‘3 illustrates the experimental set-up used' —

'f"in this study.,j-ﬂy g JRY

The glass portion of. the apparatus was built at thelr

?1University of Alberta (Glass Shop, Technical Services)

)

The manometer (M) is made from 3 mm inner diameter~"

i\ﬁthick wall glass tubing and is connected to the vacuqm»‘"“‘

line,i water vapour pressure saturator 1VPS), dosing flask s:‘l

(D):' sample fl&SR (S)f and a Pirani vacuum gauge (PG) 69»*“
trom EDWARDS (EDWARDS Vacuum Components Ltd., England)

All the stopcocks used are high vacuum proof manufactured.“f

The <entire. equipment is enclosed in a thermallyfi_*f‘

-~
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inenlated | 'thermostatic ‘enclosure. The hermostatic
condition ‘is maintained oy an external cryobath NESLAB LT

(NESLAB instruments Inc., N H., U S.A. ) connected to a

fan- exchanger assembly in the chamber. The temper;}ures of
the enclosure and the sample are constantly monitored by
type T . (copper~ constantan) thermocouples hooked to a
digital datalogger FLUKE" 2240 'B (FLUKE MFG. Co. Inc.,
U. S A ). The, temperature is controlled at + 0. 2°C in the
enclosureV"while . the. sample temperature, separately
regtlated by .an external bath THERMOMIX 1480 (BRAUNL
Melsnngen NAG, W. . Germany) is controlled at better than +
0.1°%. ‘ '
E In normal operation,.the entire system is evacuated
and.h.a‘ lx:LO':‘3 torr " vacuum . is | achieved using a
mechanical diffugion' comblnation pump WELCH 1392 (WELCH
Scientific}r Illinois, U.S.A.). The ultimate vacuum is
‘ monitored‘by the Pirani Qacuum gauge (PG): |

IRl

All the connections and stopcocks on. the equipment

were assembled .and greased with Dow Cornlng high vacuunm

1

grease (Dow Corning corp , USA). e
N

" Apiezon B oil. (APIEZON products Ltd.,. Lohdon,

Englend), a low densxty and low vapour pressure oil was
s : -
used as the manometric fluid. N

Pure degassed water was used in the vapour—pressure

!

- saturator (VPS). the temperature‘ being controlled by an

external cryobath FRIGAPLUS (B.BRAUN Mesungen AG, W. .

“Germany). . ' .
ST o o C - ST v

A . . - A B
ST T . T
- ! . h - ' ) N ) . . LI €

e 2
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This apparatus can' work in both adsorption and
desorption and the entlre set—up has been designed to work..
a4t temperatures other‘than room temperature ranging from 4
to 40°. . |
Despite the .fact that an~increase in tneunumber of
connections“and valves ma; Cause more leaks to occur ih~
%he evacuated system, the apparatus has been voluntarily
'broken' in dlfﬁprent secS!ons for more flexibility In ’
addition, the dosing volume can—be interchangeable for a//,
smaller . or bigger ,‘size flask; this  can ‘have some
applications vhen studying samples of different moisture
capacities kvariation of the amount of water admitted to

the sample) and also in desorption, for a better control

0of the amount of water removed..

3. Principle of openntion

The folloving. (typical experimentai : procedure
concerns a  case of adsorptdon isotherm determination used‘_-
in this study: ‘

After the sample has been oven dried in-‘the Bample
holder (s), it ds weighed. (dry mass Mo), mounted on thé -
apparatus and evacuated to + lxlo =3 torr.

‘dWhen. starting an experiment _the whole system'
'(figure 2) is evacuated and stopcock ~4‘ is ’closed.rA‘

typical procedure for an adsorption isotherm determination

( -
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is as follows:

LY \

i. . StOpCOCkS‘. ,. 4 and 5 are cloeed. The pressure

reading on the manometer (M) is 0 cm of oil

ii. eﬁopcock 4 is opened, the temperature of the
water in the vapour pressure saturator (VPS) defines a
water vapour pressure (Po) read on the, manometer (M).
Stopcock 4. is icpen closed. The amount of water (ng) in
the dosing‘ flaSR volume ;VDj'is determinedbusing the gas
law - W

1i4. Stopcock> 5 is opened. This results in a
pressure' drop due to the .increase in volume from Vp to
‘VD+VS (Vs = sample flask volume). At. thaf- time, the
sample adsoros 'water resulting in.an additional pressure
drop.‘- When - the pressure is stable (P read on the
manometer (M)),: rhe sample is in equilibrium withlthe

Y

surroundings.

- The moisture uptake.is determined from the pressure,
drop using the gas law, The equilibrium vapour pressure

Py defines the equilibrium relative humidity ‘for . the

-

corresponding moisture uptake.,
For‘ the determination. of 'supsequent points,
- stopcock 5 is closed‘ (the' residual preseure- in Vg is

®

Pi) and the procedure is repeated again beginning at

‘step ii
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4. Calibration procedure
The volumetric technique is based on the ideal gas
law; hence temperatures pressures and=volumes must be
- determined with great care to achieve good accuracy on the-
moisture - and water activity caléulations. In addition, the
initial | dry mass of the  sample must‘.oe accurately
determined.} | | |
~ The determinationiof a‘single point on thenisotherm'
.using the volumetric technique is directly related to the‘

'y
folloWing experimental constraints

- sample size and adsorptive properties.
- size of the dosing volume (VD) E .

- the initial vapour pressure in - the saturator
(VPS) . | | |
Hence, if the dosing‘volume‘is fixed, only the sample size
and the water vapour ‘pressure in the saturator can be
varied. ,‘Accordinoly, 'the~vdetermination' of ' the’ firstzﬁ'
_desired i-point oni " the . adsorption' isotherm (ay and
moisture levels)' is a trial and error process for an

1

unknown sample.

“a.1 Volume determination ‘ L o
'The-‘ dosing volume (VD) " has been determined
volumetrically using ca reference volume and water vapour

as. the working ‘gas. The reference volume, as well as the
. .
»'.“sample flask valume (Vs) were; determined‘by‘the'methodé

. v
¢ . ' 1



‘manometer tubing Kogo7oeicm?),

- . _ o a B 2 L B - 46
of fiiling the unknown .volume with a 1liquid of known
density and weighing. Water was  used for this
determination . | i

4

The dead space (sample‘flask volume)‘was determined

at 40, 01% ‘(18 39 +0.02 ' cmd) while the dosing volume was

.

determined at + 0. 2% (295 42 +0. qa cm ) (Appendix 1).

: The variation of .the dosing volume due‘to the 0il
diSplacement in .the U manometer has been included in thev
determination 'jog the dosing,, volume. . All further
calculations‘ take in- considerationy the volume variation

equal to Py.8 /2 where P; is the equilibrium aWapour
, i-®c : -4 |

pressure- and Sc: the cross sectional area of the

«

' 4.2 Pressure . measurements

'

The accuracy of the pressure measurements relies

.only on the cathetometer readings.

‘*with a level.'

"{cathetomete;;\is +O 02 cm of oil .

The' characteristics‘ of the cathetometer are the

,‘following.h“" - [

- span 0 - s0 em T ‘;‘ = S
- 1 division =1 mn ’ |

- l division on vernier =0.lmm. - .

. The manometer and the lens were 1eve11ed regularly'

. A )
‘Y .
e . \

5 ,eh Under these experimental conditions, the absolute.‘;

B

&

"error on the pressure measurements ,(zm-readings on_the-

‘.
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The ,equilibrium vapour pressure measured Qor each

, point of the isotherm is used for the calculation of the ‘

water actiVity or equilibrium relative humidity (ERH)
a, (i) =Py / P*, (T) = % ERH / 100 (3.1)

—
. .

‘Where P; is 'the equilibrium vapour pressure at point 1.

and‘ P* is the,nsaturation water vapour pressure at the

reference tfmperature (T).

The saturation water vapour" pressure is determinedt

‘at ‘the temperature of the sample at equilibrium using the

correlation of Lowe & Ficke (1974) (appendix 2) This
saturation vapour ‘pressure is expressed in pascals, hence,
xfor the determination of aw(i), the equilibrium pressure

P

oil manometer as a function of” the temperature is used. \i%;_‘
 The density of_ the oil , has' been determined‘

.pichnometrically ‘at '.different, temperatures -in‘ the

I

‘ temperature range '4_‘- 40°C. The linear correlation of

gthe oil density as a. function ‘of temperature is: -

et

[)6il(q/cm3) =5-5<683'19’4r(°c) +0.8865 m;(;.z)~

Ty
Mty

-

with an absolute error on the oil density decreasing from,!;vf'

+0. 0535 g/cm at 4°c to +o 0415 cm3 at 4o°c.
fithaed 4 |

e

i ‘must be expressed in pascals and the density of the‘",“,
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4.3 Calculations

with full knowledge of the characteristics of the
system and the precision at. which each of. the parameters
is‘ controlled a FORTRAN 77 program has been written for
the calculation ; of the , moisturef uptake‘ ~and the -
'icorresponding-; Q from‘-the experimental data (pressure

and temperature readings)

A listing of“the progran . with detailed explanationStl
is presented in appendix 3.
4
4.4 Test adsorption-on micrchystalline cellulose
. U In order . to test the accuracy and precision of the
apparatus, a water adsorption isotherm Was performed on'

-ymicrocrystalline *cellulose (MCC) The Mcc was. recently ‘

adopted " as the refefence - material for; equipment .

' calibration purposes within the COST project 90 and 90 bis.

(Wolf et al 1984)

4.4, 1 Material, preparation and method )
The . Mcc used for this study is the Avicel pH 101

‘>from FMC (FMC corporation,»Philadelphia, QSA)

Approximately 400 mg of dry MCC were used andiﬂi' o

f;.accurately Weighed on an analytical balance with 4 decimal I 1';L7

-

‘f;hplaces precision (+0 0001 g) '*w'f« sl |
pTheu: experimental procedure outlined in this chapter-~.
.‘(section 3) was followed. ,.f L e e

The sample was dried at 100°C for 3 hours (Spiess”*“"




"Wol ,1983) in the sample flask éooiea over phosphdrus
‘ (5 hours),‘and weighed to determine theiinitial"'
dry mass Mg | | | : ; S

. The sa le flask was then mounted on. the apparatus
.and“ evacuated' tw 1x10 -3 torr ‘at 50°c (degassing of the‘i
sample) The ads‘rption isotherm determination was

'performed at 259 +0. 1

Three“determinati using ' the gsame product Vere

performed 'ﬁat ~ the sam . temperature (eXperimental,

‘replications) ‘ o Wl R | |
‘ ‘The water adsorption isotlerm of McC Avicel pH 101"
taken from lef et al(l984)(COST 9 project) was used asp

the reference isotherm for comparison pu poses.
. ‘ . AN

B 4 2 Equilibrium moisture content criteria

The equilibrium ‘criteria mfor each point of the‘

49 -

,isotherm was chosen with reference to Spiess & Wolfurn

(1983) They studied the kinetics of water adsorption .on

Mcc for different thicknesses of the material layer and

“7vdifferent absolute pressures in the sorption container._ﬂ

'They u concluded that -~ the equilibration 3 times 'Qare"

K

drastically reduced at low pressure (less than 130 mbar -3”

"”jl 3x104 Pa) In 'addition, under atmospheric conditions,f

\after 48 hours of exposure time, the sorption process isﬁg“J”"

' “1;essentially completed if the material thickness does noti:f

'Vﬁexceed 4 mm :f,’i}H‘ ;'f : ';.fwf[f '[gV*fﬁt’ff“_,-ﬂ:y-;;; g:'

.~‘

In this apparatus, the sample flask offers a largei"“
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surface of fexposure (about 5 cmé% and the thic'knessof
the‘ material 'does"not exceed l mm. The equipment worksr
under high vacuum dhd the‘ only pressure present is the
‘ water vapour pressure which “is ., much 1ower éhan 1 3xlp4 -
Pa;‘ 'At- 40°C, ‘ thev saturator ‘ water vapour pressw:e is:
7377.22 Pa.; o L | P
A kinetic ‘studvivon Méé‘atfésdc was.conducted;'The‘
'psample was‘ brought,vfrom 1anjmoisture oontent“ ofiié.sooi
<%Héo/d:bl (a,=0.443) to a moisture contént of + (5.379
u%nzo}a b. (a ;or497)‘:(Figuref"4); It;‘cann'be,iseen,thaty
/after 45 minutes, ‘90% of ‘thé :adsorption‘is‘COmpleted'
Above 95% adsorption, the inset plot (Figure 4) confirmsv:
that the‘ adsorption kinetic is exponential in nature. It‘
is then possible from this plot to estimate a minimum time;.
required to reach an acceptable state of equilibrium. S
o ‘ The5599% levéI'of adsorption is achieved after aboutj‘
i 35 hours. Experimentally, the last 1% of water adsorption ”:fti“&i

correspond to a l mm oil water vapour pressure drop over*{

24 hours (hence about o 04 mm oil/hour) ﬂ,‘fuﬁi,,: BN ;pghf,

With respeCt tO : these results, the equilibriumv‘, o :
i criteria was set at a point when' no’ pressure variation isﬁfi

observed over a 5 hours period time in the limit Of”ﬁV

PrGCision of the pressure reading (o 2 mm oil) The final'i:‘“"J

Ty -

*f;estimated equilibrium state for each point is then"(w7*7‘*
‘f expected to lie between 98 to 99% level of adsorption. Itfsp,gif‘”

*f'has to be noted that the correction of the moistureh”;f”
5 o |

content for a 100%' level of adsorption has not beenwf"
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MCC Avicel PH 101 of 25 o S
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- 'considered. '
4‘4 3 Results and Discussion

‘ The. water adsorption isotherms of MCC are presented‘
in Figure 5 along with the COST isotherm The experimental‘
data ‘and the‘ .COST - data are presented in Appendices 4 and‘
}.The éood‘ agreement.'oflxthe‘ experimental:isotherm
with- the :.COST isotherm‘y walidates ~ the “calibration

”procedure.b Howeyer, we ‘can see‘ that - the experimental

fisotherm»‘is slightly shifted at higher .water act1v1ty :

levels; .. this. can. be. 'attributed te. théjgethee itself and -

thef fact that the‘ errors »on the ‘calculated m01sture'
\‘content are cumulative.‘ In addition, the. equilibrium“
'condition was considered to be achieved at’ 98 to 99% level

‘of vadsorption without correctionsy this may have caused an

| PR

r”increase ‘of the . error propagation- on “the calculated
moisture contents.‘7
: x | T

4 4 3 1 Accuracy ﬁ: Q”;wvr;Q5pﬂ»V'

‘*\Y

In order to test the accuracy of the equipment all ‘r,[I

”fthe experimental data (three runs combined) have beenlﬁv'ﬁy

“fjcompared to the corresponding data of the COST isotherm.f-,

’ffThe ‘coST - isotherm was fitted using the GAB model (fromf'ﬂn

L

’”YGuggenheim, Anderson and De Boer)(Van den Berg,1981.;*4“7*r

frtBizot 1983);




- Water Sor‘p;ﬁo‘n'" Isotherm g

' MCC Avicel PH 101 at 25°C.
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8 Figure 5: Water adsorption isotherm of McC at’ 25°C

Experimental’ data: - ‘®. RUN :#1; Q mm #2, A RUN #3 +COST |

data fitted with the GAB model
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X / Xp = C.k.a, / (1-a,).(l-k.a,+C.k:d,) (3.3) ‘

. where' a, = water‘activity . L
‘JCys GAB constant Y exp [(Hl“Hm) / R. T]

"Hl‘é t?tal heat of. sorption of the first layer in '

primary sites

heat of condensation of pure water "“.

o]
ll

‘ Hﬁ‘é total heat of sorption Qf the multilayer

"r which differs from the heat of condensation of

pure water

+

factor correcting properties of the multilayerv

x
II

| molecules relative to the bulk liquid

(k=k'exp(ﬁm—e)/n'r) (3. 4)

r

= water content on.a dry basis

»

‘xm"== monolayer water content on a dry basis

. I , \ :
‘The coefficients C, k and xm of the GAB’ equation’

'forfrtxcc' at 25°c are given by Wolf et: al (i984%v°'“
'T_ﬂxm=4 064 %Hzo/d b., c=8. 776, k=0 .1 '}.‘”-'W‘» j FRaa

The overall experimental data and the correspondingwj“

;estimated moisture contentS' from the experimental awﬁgufv

uw,using the GAB model and the given constants (C K and Xmii.
“ for MCC) are presented in Table 2. The experimental values}\
ﬁf'below 0. la have been voluntarily discarded as’ the GAB?Qx
ufimodel has been fitted to the -cost data (starting atq‘

"y

- 0. 11‘w) . Théf maximum absolute ; deviation ;6fyhjtﬁé L
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TABLE . 2 . R S

v

Water adsorption Qata for MCC .at 25°C
(combined data - appendix 3. ) L

Comparison of bxperimental moisture contents
to estimated ones from the experimental "
using the G.A.B. model ‘and the given constants
(C k Xm) for MCC (appendix 4)..

Ay X o S

du0125‘ " 0.725 . 0.324. . 0.402
©0.0319 . 1175 0 0.756 .. 0.419 .
0.0487. 1.399 .- | 1.078 » 0.321
0.1014" 2.000 - "1.883, 0 0.117 ;¢
0.1143 . ' 2.176 ' 2.047 00 .0:129 .., ..
0.1402. . 2.402 | 20351 . 0,051 o
.0.1585 ' .2.525 . ' 2.548 J0000023 0
'0.20 2,' 2.989 . . 0. R e
. 0.2139 7' 2,975 7 . .3.089. ., | 0.114 R
- 0.2639, 3.358 - . ,3.532" . 0.174 e
0.2881 . 3.638 3.737 . 0.099 -
- 0.3066 ' 3:686 '3.894 ' .0.208. -
7043307 4.006 - ' 4.095 .. . 0.089. "
. 0.3464° - 4.052 . 'a.228 . 0.176 AT
'0.3530 . © ' 4:156 . . 4.283 ' 0.127 .. .

N
»
Te]
[+
\O
[
o
i
~)
o
»
Qo
N
®

ot 0.4081 ' 4.570 . . 4.729° 0.159

\3054 - 04.507 0 T4.731 . 0.224 |
/0,492 . ... 4.894 5,122 . 0.228 g
 '0.4526. © <:4.898, * 5.153 - 0.255. . .
.0.4590° ' 5,092 5,212 7 . 01120 .
. 0.5040 © " '5.350 . 5.643 0.293 .

'L 0.5848. - 5.743° ' 6.062 . 0.319.

;o 5519 . ffSQQ#?.gi"*. 6.139 .. 0.150

Cay = water, activity B S R
"% = moisture content. (8H,0/d.b.).. SRR

'fj_ﬂX“,é reference’ moisture content (%H O/d b )

- absolute deviation from reference ey

oo ,
f .
L
.\ , FE \
L : -
B ;
. i
r, . AN
” X
i . N ;
o,
'\“ ' U
s ah o . .
.
' , R o +
. ' o
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experimental moisfure content from the estimated ones is
0.32 %H,0/d.b. | <

An acceptable estimate of the accuracy of the equipment

A\

over the water. activity range concerned (0.1 to 0.55 a,) -

. is to calculate ‘'the bercentage root mean standard

deviation (%RMSD) defined as (Bizot,1983):
[ . Y

“ N .
SRMSD = [ Y ((Xj-X) / X)2 / N . 100 (3.5)
i- ' :

b , ‘ .
wﬁereixi é-exberimental moisture'content

N '

Xr(;)_n.eStimated moisture content (reference)

N = number of experimeng

»

.l points

For the~given set of data (20 experimental points):
(RMSD = 4.08 . It can be noted that, Because of a

,systematic. error on the determination of xi, the real

,value of %RMSD is probably smaller.

.,"

-

4.4.3.2 Pracision -

The overall precision of the equipment has been

o estimated ~in terms of the reproducibility of the

experimental data. . S
The experimental data of the three MCC runs have

;constrained '7te : pass through zero. Tﬁls. pblynomial

‘;regression was adjusted using the three set of data from.

the plot. X/aw versus a& C ’ o

¢

i

[

been?5 fitted- by . a tourth order polynomial equation ]

,l"
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The best fit equation along with the predicted moisture

contents (replicates) at fixed water activities are '
'presented ' in Table 3. We can see that for RUN #3 because-
-the number of experimental points is reduced to 4, the
standard‘ deviations of the coefficients are not relevant,'
h the polynomial passes exactly by the given points

For each a, the calculated standard . deviation of

W’

"\

the moisture content replicates is considered as .an
acceptable estimate of the precision of the equipment The
_standard deviation varies from 0.03 to 0.19% Hzo/dry

_'solid in the a,, range 0:11 - 0.55; the mean standard
, .

"'deviationfbeing 0.14% Hgo/dry solid.‘ ) ﬂ N

s

'
%

5. Conclusions

[
4

—_

It can be seen ‘that the volumetric technjique'is
mSuitable for ' the .determination' of' water sorption
isothermsl The ekperiﬁ%ntal results presented in‘appendix
4 illustrate the possibility of the method to achieve’ very |

‘low level of water activity (as low as 0. Ol) with a good

‘Jrelative error decreasing at higher a, from about 4% to

less than 1% at o 5 aw.» |

It is clear that the absolute probab e error on the
moisture content is cummulative when using a \unique sampleo
' for the isotherm determinafﬁon. However, the relative :
.error ‘remainsﬁxlow (less than 0.1%) on the range O- 0 5 a, .

for JthC. 'The - number of experimental points to be

R B e
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TABLE 3

Water adsorption data for Mcc'at 2§QL
‘Best fit polynomials for the three sets of of data

(appendix 4) and predicted moisture content at fixed
aw in the range O. 11 - 0.53 aw

SR S R i S R SR M S . S S | G, e M ST S G — . — A o — - — — — — —— ] T — — — —— —— o — —— o~ - =
‘

General equation

X = bg.a, + bl.aw2 + bz.aw3 + b3.aw4 '
RUN  #1 b, = 45.76 + 2.17 ‘
‘ bl = -326.78 + 41.10
b, = 1048.48 + 198.74
b3 ='-1105.70 + 270.81
correlation coefficient = 0.995
" RUN #2 b, = 35.37 + 1.44
by = -180.01 + 19.02
b, = 442.76 + 68.69
by = -358.62 + 71.55
correlation coeffiCient = 0.990
' RUN #3 b, = 25.24 + 4.32x107° . :
by = -74.96 + 4.85x1075 - , o
b, = 133.64 + 1.53x10°4
o by = -81.65 + 1.45x107%
. correlation coefficient = ]
COST data .. . . . >
a, X X X X3 X s-
-

‘g (see appendix 5)
;~ missing data

’ §'- mean moisture (%Hzo/d b. )
X = (in)/N :
X
S

- standard deviation

N 2
(Y (xi - X)2/N-1)
b
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determihed - is then a limiﬁing factor for best accuracy and
preéision; it is’ suggesﬁed, ;;‘ not exceed 5 to 10
expérimental,poiﬁts'ih‘éﬂe cové?age.of a given‘aw range:

‘The ‘aﬁsolutel probabié-‘errofw figures are in‘éood
agreement with.,the values proposed by~ Gal (1981) for
'researcﬂ and rouﬁine sorptién eéuipﬁents ‘(régpectively
16.001 ag andwﬂio.01%' HZO/de. 'and'*10LOl ‘éw‘and +0.1%
H,0/d.b.) . | R |

The overalllérecision and accuracy of the aéparaﬁﬁs

‘ *réspectively +0.14% HZO/d.b; and 4.08% On thé a,, range
0-0.5 are . similar td ‘the valués~ found -with. other .

ﬂtechniqUes (e.g. gravimetric techniques).

L o A
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APPLICATION OF THE VOLUMETRIC TECHNIQUE

" As part of this work, the volumetric technique 'was
’ ¢
: applied to two areas where a reliable sorpticm,methodology

is lacking

i. Determination of water sorption isotherms of low
moisture capacity materials (less ‘than '0.2% ;moisture

uptake (on dry basis) on the a, range (0 - 0.5).
\ \ ' . ‘ N

N

3,

1. ' Estimation of the heat of water binding of

biological materials in the low a, range (0 - 0. 15)

',1.‘Determination offthe'surface properties of
- biologically active’immobilized molecules from

. water sorption measurements.

fhe Evolumetric technique is particularly suitablevi
'for the determination of water sorption isotherms of low
“ moisture capacity products. The major advantage of the .i
.technique’ over gravimetric methods is the possibility of
: using a relatively small . amount of sample without loosing.,.
”‘the precision on the calculated moisture content. | 1
| Because the amount of moisture.“uptake is small'“;
(less than 0. l% HZO/d b.,f most gravimetric techniques if

cos
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'faii"due to a 1ack of precision on the mass measurements,
‘unless a‘ great amount of sample is used (which is not -
possible with analytical balances and microbalances)

An" other alternative wquid‘ be . the use or"a
chromatographic technique (Inverse gas' chromatograth}u‘
I.G.C.)  ‘where the sample is used as -the stationnary phase.‘
Aithough applied successfully for the determination of low
levels of water ‘adsorption on sucrose and glucose (Smith”
fet ‘ai, 1981), IGC’ requires an expensive setting-up (gas
-chromatographf and a relatively important amount of sample
is needed'to £ill the chromatographic column. Inladdition,
. the method,requires the analysis or several sample for the\
vdetermination‘of'a'single isotherml(integrai:méthod)a{

C SR

1.1, Experimentai

| .i.1.1-. ﬁater‘iai ] o | L

* The samples «wé.re - prepared , byj‘ CHEMBIOMED
.‘Ltd.(Edmonton; Alberta, CANADA) and stored over phosphorus_.‘
‘penitoxide (ons) in_'an evacuated dessicator prior~ toﬂl

. useq i "
. . __:.a——- .

o ”;(AFour different ‘ samples were provided.v.°a}w~;

e chromatographic support (diatomite 'support, Chromosorb

i-PR from Johns Manville products corp.,N Y ) and three
.different materials resulting ) from\ three Tsuccessive
'surface "f» treatments jcf thef;' diatomite"‘ support

;(immobilization of the biologically active molecules).

"
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Chromosorb P ‘(or pink Chromosorb) ’is‘ made from ‘
diatomite (also called diatomaceous earth) which has been
: 'crushed{ ublended then calcined,'or burned above 9009C.
lDiatomite 'is composed sof%‘the~ skeletons ‘of'”diatoms,
'sincleecelled algaei The skeletonsf“consistfprimarily;of
hydrated microamorphouS‘ silica»and some minor.impurities,
mainly metallic. oxides;lDiatomite has a nitrogen_specific 1

surface '"area ~of ' approximately 20 mz/g. During the

o calcination of the material ‘the diatomite particles fuse

o and a portion of the microamorphouS)silica is converted to

“crystalline form, cristobalite.rMuch of ‘the fine structure"
_‘is then destroyed dropping the surface area of the
starting material from approximately 20 - mz/g te 3 to 5:

/Jz/g f ‘Also - during the" calcination, ‘the mineral;

impurities present in the diatomite form complex oxides orsbi

| silicates.; The- oxide iron’ is’ thought to impart the -
'characteristic pink colour (Ottenstein,,1966). R

Diatomite supports are siliceous’ material with .

: about 10% m}neral impurities.‘ It is well established inr~"

’wthe 1iterature that the surface of siliceous materials is-
ycovered with the silanol (si-OH) and siloxane (-si-o-si ),
‘;‘groups.v The’ surface of the diatomite support can' then be_u’

ferepresented as-f !;ffff‘;",;“fgl,".Vi-'.'Gfl P

S si - o - Si - o - si‘-»‘""

(surface)

R

[
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The presence ‘of mineral impurities 'give‘ the‘
diatomite al heterogeneous- rather than a homogeneous

' "surface usually found in pure silica.-ﬂence the surface

properties of the chromosorb P are expected to differylw
uslightly from those of silica._ o ! o

' The' preparation se\\ence of the different products
along with their molecular‘ structure is presented inj
Figure 6. "and table 4 A more detailed description of the i‘
preparation of s1milar immunoadsorbents can be foung, in
the literature (Boullanger et al '1978) Table 5 presentsi
some Jof ~'thel‘ phxsical 1vproperties of the differentn'
amaterials;] “The density f,measurements . were performed

V

‘pichnometrically uSing hexane.

1.1.2. Method -

Approrimately ‘1g“of sample was weighed accuratelyf
Con - an analytical balance (+0 0001 g), loaded in the sample:

jflask dried (9o minutes at 130°C) (Ottenstein 1966),'

@

- ;cooled over P2°5 (2 hours),ﬁ weighed again (dry mass)ds_i

? -

"‘3and mounted on the apparatus. Cahe entire apparatus was‘ff‘

ththen evacuated to -+1x10 =3 ‘Torr and’ the- sample"heated;'l
Tovernight at 50°C (degassing) ‘rd’"fval,]iv'l;;iuv i i
No leaks were detected in the equipment over a 15‘5‘
't-hours period time.;bﬂfmlg” ‘y | f'; ‘;f “} R ';‘
| The determination of the water adsorption isotherm”ffﬂ

";Z'was performed following the experimental procedure outline}gfﬁ7

RN N
e ..
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L . , “
‘ ‘ | ‘
Chromosorb P -« . ‘ : o . :“‘ ;
(Product CP) L L
ST ' HO-Si0-St C .

c;x,-ca, o
1 }mz-(cnz-), Si-O-CHz-CH, ‘ ' s
) CHy-CH, | '
_ ‘ Cﬂ’}“ o 4-‘3:.'i‘;'ijethbxy'siiylprop'y],uin;
Sylilaminated . yy (o) esio-diosi . - AR S
| ' ©CHyCHy '

£t + ' . o ‘
T ' Trisaccharide o .
LIS ctty .
~ ¥ W 9 !.{ 0 ‘ Fo)
-0-(CHy- ).c-N-(-caz-),-Si-o-sms: ‘ :
o b) . ,
CH,-(':HZ -+
Ac20/ueon H0
r \ Y £ Acetic anhyd::.lde
. ‘ 0 H’ " C“Jfg?‘zé "'in methanol - .
‘ CHy-C-R<CHy )y Si-0-§10:5i |
. CHy=CH, * ‘
+ CpoHg0c(NOY¢  cellulose nitrate .
! '9 . -;

Figure 6 Chemical stmctures and chemical react:.on

_sequences for the preparation of products CP, sc, SA: and
‘_‘.!,BSA. s T RE .




 Table 4 - .. .

'

Incorporation ‘rates of the coated materials for
products SC, sA and BSA' o
' ' R oo
"'("‘ r-

. 8¢C Incorporation of 3. triethoxysilylpropylamine.
.SC I = 4. 45 PmoleS/g support |

SC III ll Pmoles/g support =

”SA Incorporation of 3. trlethoxysilylpropylamine.
(5 to. 10 Fmoles/g support) 3

TfIncorporatlon of blood group trisaccharide.

1

SA I;: 0. 43 Pmoles/g support

o SAII § 0. 44 pmoles/g support

‘ o SR P Lo
_ BSA ncorporation of 3. trlethoxysilylpropylamine. r R
(5 to 10 pmoles/g support) - e
“-Incorporation of blood group trisaccharide-‘
BSA I LA L
B 1 Pmole/g support‘H_‘c_u o Tl
~BSA II ) R T
. Nitrocellulose coating- ui ;:#'”fﬂ i ﬁ*'wiw

y(2 37x10 ) ml/g support) T
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 TABLE 5 |
.

T Physical properties and constants for the .
‘different products CP, SC, SA and BSA.

;trﬁe o ”;particuie : apparent surface ‘average
density - = size ' . area v ' . surface
. (g/cm?) (mesh range) (m /g) e : area

'2.42 + 0.28 100/120 ' ' 0.017/0.021  (0.019)

2.39 % 0.25 100/120; 7 o.01740.021, (0.019)

’2l4131vq,26 ©100/120 ' o \0.917/0,631;':‘ (o.ol9j
ssh ERA T :
f'2.17'16222::[36/60 : J\'e"‘oﬂoos/oi01l .. (0.008) .

R c R . IR B . \ .

,]}Specific ‘Jsﬁrface area of. CP . (BET"determinatioh‘“fromf-
‘:nitrogen adsorption) 4 64 m?.“ o ‘

,'LPorosity determination from Mercury Porosimetry Technique-
‘ ﬂf[hMost probable pore radius. 2. 55 o
‘.[JAverage pore“radius : 28 95 nm ,

‘5ﬂﬁ¢1Size relationshipf*i‘;F*'.“ ff"7 l‘ f“‘
,aﬁgmesh ‘w“qmicronsﬂrf“ TR R

.
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chapter (section 3). and using the calculation program

Vo
’

(Appendix 2).

4

For a 'ybetter‘. knowledge of = the. surface -
' characteristics .. of the 'diatomite .support, a nitrogen:

adsorption was performed for the determination. of the‘

specific surface‘t area.. In addition,. a pore‘ size

distribution‘ estimation , was conducted using"the mercury '

¢

porosimetry'& technique (Gregg & Sing,1967) "+ 'Both

: determinationv ‘were done‘ in the ‘chemical engineering‘

!

department of the University L . RS

.To obtain. relevant data on the monolayer capacity

‘and the ‘specific surface area regarding the adsorbate, we"‘

used the BET equation.

'f\X/xm (a/(l-a)) (cB/ucB—l) a+t1)) .2y

K T ‘ IR B ‘ o

: lwnere‘a‘s'activity of the adsorbate ‘

“ “7¢B'=VBET constant = K exp(QRSt/R T) w: (4 2)
,..related to the net isosteric heat‘of sorption
' ,thst for . the first adsorbed layer

:*j:
]

TA.<:per gram of dry solid)

f,’x‘txﬁgs monolayer adsorbate capacity (same units as X)

S . o ‘ ',“
PR " H ’

The BET constants CB' and xm were estimated from
a’ weighed non-linear least squares' procedure on the
.experimental data using a BMDP non-linear \regression

. . # L. " . ' . . ' . .
. . : . . . . . e ' N h . [T
‘. ORI LT . o O Wy ) o

4 .

.'fequilibrium adsorbate uptake (moleé(:; adsorbate . .
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program: (BMDPbﬁka),l983) and ‘equation’ 4.1. Toupin et al'

'

p(l983). compared this‘ procedure- with' the' ‘usual methods'

using the linearized forms of equation 4.1; they concluded
that ‘the 'non-linear least squares' procedure was the most'
reliable technique and that this approach should be used

o (h prefage\P\ to ected linear relations.

.The specific surface area exposed to the adsorbate‘

'was determined using the relation.

S o R T
S = X.m.“N.A4 o ‘ ‘ o S T, | I (‘4:‘3) ‘
| where 8 = SpeCi'fic surface area (mz‘/g')\f" L - ’

-{.onolayer adsorbate capacity gumoles/g)

\

g N = avogadro number = 6. 023x1023 molecules/mole .

A= adsorbate molecular cross sectional area (m )

A
1
.

If we' assume the apparent molecular cross sectional
3:.area of a water molecule to be AH20 ‘= 10 6x10 20

'j(Labuza 1968),‘equation 4. 3—reduces to.

SHzom 6.38ax10T2 Xy o 4l

T A L RN S ot et
' for nitrogen Ay, = 16x1072° n? (Gregg & Sing,1967)

SN2 m9.634x17iy . B RN 1) R
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‘l.zg Results and Discussion Lo

l.z.l.‘Nitrogen adsorption isctherm

’The ‘nitrogen adsorption isotherm on chromo orb P

* (product - cp)‘ (Figure 7). is of a type ITT in the BET

,classification (Gregg ‘ & sing,1967) The ‘isotherm' is

:,characferized by its _convexity to the relative pressure

‘axis ,and  is typical ~ of 'a’.non specific adsorption
'(condensation phenomenon) Ii. h ﬂul |

“The specific surface, area_ (SNZ) of CP determined

~ S LI
. o

from the ‘experimental isotherm using the BET method is,

'
'

.4‘64 ‘mz/g of material and is well in accordance with the |
specific‘.surface iarea given by ‘the’ manufacturer (seé
m?/g);f Gregg< & Sing (1967) analyzed the. walidity of the'
?ET' procedure for the determination of specific shrface
areas from type 111 isotherme, they concluded that the BET
fanalysis appeaned ‘to 'be 'correct within zofior hetter.
"'However, despite ﬁ?his lack .of precision and beingvunaware
"uof any better :existing methdﬁ the calculated specific
surface area of CP from nitrogen adsorption was used as a
reference for this study - |

Since the total surface area and pore volume of

g:theﬁ; catalyst are small the pore size distribution\

“.aanalysis is not fully reliable.‘However, the most probable ‘

;‘rpore radius is 2 55 nm (25 5 A), the average pore radius o
; ubeing 28 95 ‘nm. (289.5 A) va;\ _Q‘.ﬂ_f ;f o f“~y
"', The apparent surface area Sa of the diatomite L

oo
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“inside of thé‘part%Sle.

a

mn
support CP calculated from the particule diameter (D in
m), the den31ty (about /)=2400kg/m ) ang\vthe equation

(4.6):

(
Y

Sa = 0.006/D.0) | o ,. ‘ ;(4;6)

k is abdut'0.0lQ m2 per gram of material.

’

In comparison with the nitrogen surface area
(Sy2), it can  be seen that the diatomite support is

porous with about 99.6% of its active  surface on the

1.ém2. Water adsorption isotherm
?he partial water adsorption isotherm (up to 0.5

w)"of the materials cP, sc, sa and. BSA at 25°C are

presented in «figure 8 to 11 (the experimental data are
presented in. $ppendix’ 6). With the exdeption of the .

9o
support cp, the two isotherms determ or each sample

are not replicates, the - samples coming from different -

v
!

*aotivity corresponds toa-fan A exact measure ‘of the@r

: svery Lo “to.. the" thirg: o, decimal (£0.001) . The BE‘I‘ "

'
batches of the same preparation.

It, can be seen that due to the low level of water

v

adsorbed "thé relative error on,the moisture content-is .

.

high and -cummulates, ranging from about 2% to- more than

_10% in the o- -0.5 a, range.i However,ubecause the waterh

o R "

equilibrium pressure, the absolute probableaerror remains

A
,0)
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Water Sorpﬁon Isotherm

Product’CP at 25°C"
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Water Sorption Isotherm

Productk SC at 25°C
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Water adporption isotherm of product SA at‘ S
+calculated propable \-’ e
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~f analysis (estimation of xm and CB) for each isotheZi “
is presented in Table 6. The experimental data out of the‘fy
. range O. 1-0. 35 aj were discarded. for , the BET analysis:
I.'becausei‘of ;the non suitability of .the method‘outsideithisiﬂ
B fa& range. : juf. - ib‘ IR . L
y‘ The‘ water adsorption isotherm_‘of-:CP (FigurelB)
.compared to the .nitrogen one,~ corresponds to a'draStic~
,change in the adsorbent-adsorbate interactions The waterl
sorption isothﬁrm is reminiscent of a type II isotherm in
ithe BET classification. o o |
’ . The predominent active centers for water adsorptioni‘s‘
on silicas type materials are the surface hydroxyl groups 3
(OH). It has' been clearly demonstrated in the literatureh',
(Klier et al 1973, Naono et al 1980) that the water_aiif

'molecule‘ is- initially hydrogen bonded to one hydroxyl

. group

'ffmolﬁc les acceptors 'of the ”hydrogbn bond._ Naono et al




.TABLE 6
' ‘ }
" BET analysis from water adsorption isotherms data of
products CP, SC, SA, BSA at 25 c (Appendix 6)
' Monolayer = . BET .
. capacity '*  constant - - v
o oles . , C " :
e e };nf --_-{-g.‘.).__‘.‘.-___‘-‘..4......‘.‘-_9..‘ ---------
cP -
: 53.85 + 3.26 9.25 + 2.19
. /50.42 + 1.53 | 8.86 + 1.13
SC I  45.53 # 2,38 . 10.69 + 2.55
. 8C TII 40 46 + 2.13 © . 9.68 + 2.15
SA I  33.23+ 0.66 . 12.88 % 1.46 - &
- 8A IT  34.18 .+ 1.04 29.99 + 9.22 :
) . * . . ' LN ) - '.‘1,:
BSA e R
BSA T 74. 86{& 2,37 7.36 + .0.83 _
BSA.II 69.69 % 2.75. 16.03: + 4.28
.{ ‘ ‘ . . Lt '
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was considered. | |
' The ‘monolayer capacity of CP is about 52 Pmoles ofA/
 water per gfaﬁ'of material (dry basis) which correspond to .
3;3‘\-m2‘ of .a monolayer of water molecules at most,
Considering the‘.size of the pores. in the. material the‘
‘ entire surface (SNZ) of cP is accessible to water.
However,‘ the surface coveragek by water represents only.
”'..about 70_ \% . of that entire surfacef An acceptabie‘if
representation ‘of the CP _surface, would 'show patches of
dhydroxyl groups (active centers)-water complexes.‘Klier et '
'al (1973) showed that the water monolayer does not exhaust
’all surface OH groups ‘available for adsorption, and the :
uBET monolayer corresponds to an occupation of about 50% of

‘e’

”:the syranols available.i The water molecules tend to form
‘chusters ,long hefore all adsorption centers are occupied.?im
‘QlPerrett & Purnelg,(1962) found that there may be two gypes 'h:
iof active sites for adsorption on the Chromosorb surface o
'dﬁ(low# and high-activity sites) The high-activity site was _;‘

Tifound to cover _3 per cent of the surface. In their study

dfron quantitative :elations between infrared spectra and the'“f“

f3¢concentrations ~°;5 water and surface OH groups on silica




R .

moisture uptake (about ‘—6 5 Pmoles H,0/g for 'SCI and.

-ll 5 pmoles/g for SCIII)

B 1

| If ‘the ‘amine incorporation occurs, only on the

actiye OH groups,“we can‘ see that the reduction of the f

’l

- water“‘adsorption 'correspond | about ’ exactly to‘ this

/1ncorporation. 'The 1ncorporation of the aminopropyl group

\_.-

'~increase the hydrophobicity of product sc probably due- tof“

‘the methyl groups. e

coa

The‘ incorporation of the blood group trisacoharide o

- to produce product SA fOIIOWs an. incorporation of 5 to 10
W o

,pmoles NHz/g,e‘ only ,‘o;4j pmole 'of trisaccharide is .

addition of aCetic anhydride. The trisaccharide is of a.,'(

branched type (length 17 18 A and apparent molecular

' incorporated,»-the remaining NH2 groups *are blocked byp*

~cross sectional area about 70 Az) The trisaccharide is:f

Lattached to. a long hydrocarbon chain, hydrophobic in{@*

7fis expected to swing over the surface of the supportpjr

'Yfiknature,' but very flexible Hence the trisaccharide complexwéff
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“i On‘i nitrogen\‘specific‘ surface area. basis, the

v

»

23 to 50 per Cent of active sites) is: ;K“p"‘." »

'.'\(52/0 50 to sz/o 23 }moles on) /464" =22.4 to 48.7

e

xn* Pmoles OH / m

. . The apparent molecular cross ’sectionnai area of ‘the
- ahe © .

N
L4

oA

trisaccharide .bis 70 ‘Azf' corresponding ‘,to7 a_ 2.4

'anoles/m coverage.

'f'We can ‘se that 1 ‘Pmole of trisaccharide could'

<

;cover, about 9 5, to 20 6 Pmoles of surface OH groups/m

‘(about 15 . OH ‘Fmoles/m f average)f From these OH groups,'

LA}

- nqnly 23 to 50 per cent are active adsorption sites, hence

‘_surface density of the hydroﬂyl qroups (100% considering

'v,3 5 ‘to 7.5 Pmole/m (16 to 34 8 ‘pmbles/g) v If we‘.x”‘

’:uconsider these OH groups to be blocked that way to waterl

:f;pdsorption,‘ the level of hydration for one gram of product

“*sa should equal-lf-“

A,




e . - v
\ i . . . ! . , 1
' . ) '

v QE ‘Can‘_ see that  the ‘experimental level“of
=fiA”JadsQrpt§on '(34 ‘Pmoles‘ HZO/g) lies in the range of water

e,

";adsorptionvnoalculated, hence confirming our hypothesis. In

“i" " addition,’ the ‘trisaccharide . is "mobile' . and  the

I‘“ ."A'I“ ' . . [ . N i

@;wv',experimental level of adsorption shouﬂd‘correspond to an

R Y o ) . ' R

Loy S A e \

Ly av ra e ue., o oo ‘ r P

¢ & .
r ~ ."| fﬂ‘ ' B .|‘:‘ ‘ ,I h 'I.‘. 3 “’ I ;\__~: ' "\I " ‘ . “‘ .'."
Ay 'i‘ 4 The‘ prdﬁuct BSA unlike the products CP 'SC ‘and SA -

s constituted of big%er mesh size particules (30 60 mesh“”

3N

‘ instead of 100 =120 m sh) This difference affects the o

.of ' BSA’ but does' not‘ affect -

-apparent surface . ar

B "‘d ' '
‘siqnificantly the othef physical characteristics (true

N ; .
‘ density, porosity, Specific surface area) - Che product BSA
SRRty 4o
‘_is\ equivalent to product SA but with a coating of
A" - ' K¢ »
‘ nitrocellulose., The nitrocellulose is a straight 1-4“

ﬂmgicellobiosej? chain.“ The -No3 groups ‘are most probably

T,attached to the carbons 2 and 6 The nitrocellulose comes;‘ i
7\; from a collodion solution made of 4g of pyroxylin (chieflx%ﬂf

nitrocellulpse) in ;100 ml of a mixture of alcoh&l and;ff’

ether (MERCK index 1983) The_ solution exposed/in thinQ;Qi
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nitrocellulospﬁ*in ‘solution with BSA Soluble in organic

solvents, ‘thev nitrocellulose is thought to be very

hydrophobic. When in contact with BSA in solution, it is

‘poesible to picture* each active hydroxyl group excluded

from the coating action~ and still available for water

adsorption. However)“only the difference/in the amount of

trisaccharide incorporated could provoke anuincrease in

the adsorption capacity Compared with product SA there.

. risg a. difference of only 0.6 Pmoles of, trisaccharide\“

3

incorporated, this cannot account for a double adsorption‘

/Lapacity of product BSA.

e e

4
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2. Net isosteric heat of water sorption on potato
etarch at’ low vater activigy (o,p 25) ‘:; )
, : ‘ ‘ a N T
| ' : wq* AT ' &
L Starch is the form of carbohydrate reserve invf o
rlgzly all green' plants, it~is the major carbohydrate in'f
"'food for ‘man’ and moreoven o An’ isolated forms, it haé. ’
'numerous applications. Generally, ‘native and modifiedh
starches ‘ are‘ ~applied’ ékton improve physical “and‘
physico—chemical properties= of food products, such las P
viscosity, gelation, surfaces,' freeze thay stability and“4"‘
‘strengh . Further‘ applications *are as glue,‘ carriers,ﬁ;af‘ﬂ

binder, filler, emulsifier, moisture buffer and shaping N
powder etc. Because starch is very common and widely used
and water is ubiquitous, studies on water inperactions in o

biological materials have been chiefly conducted on starch ;,;é‘

products.““

\ v "n

The net isosteric heat of sorption* is a us'

quantity because it yields inﬁormations on the enerqe
‘fbf£TWater' sorption processeS- in biologicel materials and
T N AT

v their interpretation.l.,:,3‘.i”\'.ﬁ,;bCQ;

. )

”ff* ‘ﬁ*‘?ﬁOf‘ methods - are | usually

_./v‘

applicationh ef the Claus\us-Clapeyron"equat&on on %the'




Sorpgion process:"SorptiQF calorimetry is‘coﬁsidered 21;l
“the’ mB;t‘accuraté m@thod f&r‘the‘detérmination‘;E-h;ats of
sorptiom However, the method looses its~pr;cisioh at low
moisture content becausé Lf‘ log quantities of heat
involved (Simatos et a1,1975;. '

Thé determination of the net heat of sorption from
sorption ;;otherm; is generally limited to the a, range
0-05-0.80 . as no sorption methods‘{are‘fully reliable at
either very high and very. low water a;tivity levels.

“ In the present study, water adsorption isotherms of
starch in the low a, range (0-0.15) using the volumetric
tecynique have been determined. The Clausius-Clapeyron

equation was used for the determination of the net
N .

isosteric heat of water sorption from the sorption data.

i

’

. 2.1. Thermodynamlcs
The isosﬁiric heat of sorption Q5% is a
differential mola . quantity derived from the temperature

dependence of the isotherm:

Oue/O1/myyy = -0t/ L (4.1

providéd‘the ameunt of wéter,sorhed“is'held constant.

For pure water, the Clausius-Clapeyron eqﬁation‘is:

Oweo/ba/m) = -tr (4.2)
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\

where L is the latent heat of vaporization of pure water.

\ "

, - oy \
SubStracting equations 4.2 from 4.1 gives:
\

™

N (4.3)

Orn(B/P5) /6(1/T) ) x = Qu5Y/R i

»

[

whé:e P/P, is ‘the water activity, QnSt the net

isosteric heat of sorption (Qns‘t “‘L'QSt)-

The 'detefmination of the net isosterid heat of
sorption using the Clausius-Clapeyron equatiéﬁ requlres
the determination of water sorption isothe}ms at different
temperaglures. ‘

The net isosteric heat of sorption, at any moisture
X, may \be calculated froh equatioA 4.3 by plotting the

’

sorption isostere as 1lna, versus 1/T and determining the

“8lopé, ’whiqg equals QHSt/R. The * application of this

method assumes that QnSt . is " invariant with

. temperature.

The net {isosteric heat of sorption may also be
calculated directly from the derivation of equation 4.4

used ‘to fit the isotherms dataf‘( all temperatures

~c6mbined).

. ) “ R | ’ ‘ /
l1n(a,/X) = by + by.X + bz.x? L : (4.4)<Zfé?

M
=

¢

where by, b; and’' b, are constants linearly related-
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to the»&h rse of the- temperature: -

%‘ ~ ‘
By =5’ 4 bgl/T x (4.5)
L. . ‘
' " . K .
Py =by + by /T ; (4.6)
b, = by, 4 b, /T / (4.7)

.

|
~

combining equations 4.5, 4.%, 4.7 and 4.4 gives:

In(a,/X) = by + by"/T + by X + b ".x/T
| Q + by X2 4 by x%/T T (a.8)
' . ' v
R ' U " : ' LA
The coefficients by, b, , bl ' by,
bzf, bz" . can  be estimated ,by a multiple. linear
» n ' 1 ‘ ‘,
least sqgares' procedu;s uﬁing the/experimental data. .

The derivation in %/T of equation 4.8 gives:

~
-

' - " , " : n 2
é%naw (b + b, fx + by .X%).d(1/T) (4.9)

hence from equation 4.3::

1

0,5t = R.(b," + b;".X + b,".x%)  (4.10)
‘ This procedure  seems more reliable since fhe
determination 1is performed nuﬁerically'and no assumption

. 1s made concerningf. the variation of Q@ st with
) L . ¥n

temperature..

,
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the~ calculation program (Appendix 2). The temperature of
;the sample and the chamber was then decreased to lower

temperatures (25.5 and 6.5°C) at constant volume

" (VptVg) - At each’ temperature, the equilibrium moisture -

content was achieved in accordance with the equilibrium
critéria defined chapter 3 (subsection 4, 4 2.). ™

As' the hygroscogicity of most bilological material
increases with decreasing temperatures,‘ it is _more
probabie that adsorption‘ on the sample will result when

changing the’ temperature from a high to a low level.

Because of ‘an important sorption/desorption hysteremis

cycle observed ‘on starch products (Bizot et al 1981), a

sample temperature change from/ the cold to the initial
temperature setting (39.5°C) would cause a desorption
process to’occur; therefore, only'one sample'was used at a
~time and no sample was brought back to the initial
temperature (39. 5°C) for an other run.

' Practically, when cﬁanging the temperature of the

N
sample and surroundings from T1 to T2 (Tl > T2), the

’

kinetics of the sorption process may follow different;;i

pathways:

X

Figqure 12: Ditt.tﬁnt ‘pathways for the sorption process;
‘temperature change® from a high to a low level

.
$o
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2.2. Experimental ' - . ‘
)

2- 2- ln Material ‘ " ‘Ijﬁ
The material used for this study is native potato

starch granule. Potato starch is a complex.: substance

constituted (99.5%): of ~ chains of‘ l-h 1Ihred

D-glucopyranose units, either 1inear (23% amylose) or
\\

'~ branched (amylopectine) with about one 1~ q\bond per 20-26
monomere units.. The chains are arranged in a radial and ,
concentric symetry architectire having the shape of an

ellipsoid of revolution. the granule.,The average diameter
of the potato starch granule is 40 um; ‘ | ‘\ .

- The present starch granule ;lso called "green" was '
’ provided as is;' it was originally extracted im.solution,

decanted, washed, ‘'sieved and fluidized bed dried at a .,

y
i kY

moderate temperature (50°C) up to a moisture content of *

8% (dry matter) (Bizot et al,1981). The starch was stored .
f N ’,‘ )
in a sealed container prior to use. ’

» o~

» 2.1.2. Method . ' o - ' N

The experimental isotherms: were determined at the .
three temperatures; 39.5, Ad 6.5 + 0. 1°c using an
integral procedure. o o 7 . ' n

Each point of the isotherm is a result of water
adsorption on individual samples. Each sample was brought .
to a given moisture content at 39.5 % 0. 1°c using the

experimental procedure outline chapter 3 (section 3) and
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r_ggse 1: the,‘pisture content x of the sample stays‘

¢constant and aw-«decreases until it crosses the isotherm

‘at‘ T2. Then ads?rption. oocurs to reach the final

]

\ equiliq;ium moisture conten;.
case 2: a, stays constant and t&e moisture '

I3

content X of the sample increases to cross the isotherm at

} TZQ Then desorption occurs to reach the final equilibrium
moisture content. . . . .
f i

'Experimentally, = both - a, and X vary as the

VA
)
\

.temperature decreases and a descriptipn of the real
- pheénomenon would be an_ intermediate situation betweenbcaseau*qa
‘?v. ‘.‘

‘l and case 2 (idealized case 3). This phenoménon cannot.beﬂ;

\

analysed. g&rough the volumetric ‘technique as ;tne:\
~ calculated ‘moisture content is a functioh of tne@préssure. j 
However, the specific heatsvand mass differences beSween\Eov.

then gas phase and the sample should_favor”case 1 where T

adsorption only occurs. CL \ ' s

A ,
o . . P, L
- .

‘Approximately 300 mg of potato starch were used a*nd1r

‘accurately weighed on4'an ' analytical balance with.four . .
decimal places precision (0. 00019) .The sample, loaded in R

the sample flask was oven dried at 130°C for 90 minutes N
}$ li-“,

(Bizot et al 1981y* ' cooled over ons, weighed again,‘f
(dry mass) and mounted on the apparatus. The - entire

apparatus was then evacuated at 1x10 -3 Torr at 50°c '"3
f egassing).‘ The working temperature was then set at 39. 5 ‘ '
¢ 0. 1°c tog start the run.

A_‘
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12}3’Resu1ts andaDiscuqsionT '
The water adSOrption isotherms for potato starch at

'39.5, 25.5° and 5°C are shown in Figure 3. The—"'

~

-

experimental data are presented in Appendix 7

' It can be. .seen that although very close in’value,

_the oalculated 'moisture contents are signiticantly

\bdifferent. Because the» slopes of the isotherms aré very
steep at low water activity (type II isotherm), the
separation of isotherms obtained at different temperatures

requires‘ precise determin!!ipn of moisture content and
:?water activities.J It 'is clear that the use tof" the
-

f‘\ volumetrie_ technique"for the determination of adsorption‘“

P . Vo

k.~~isotherm in the low a"range achieves this goal ff,‘~5:”
lﬁ:;lly Equation 4 8 ‘Was, "used to fit the experlmental qata:

;ﬁ The Nexpression or ln(avfxgw.enahles not onry the direct ‘ﬁa
coe &determination of .the. net ’isosteric heat .of; sorption but‘

{&. ;isékﬂ ensures -‘the”\ treatment- of experimental . data;‘:fl

.;i,extrapolated,to“zerd isotherm intercept Efﬁd,,aw-O) | 5F‘ ?¥§¥
g “:‘?f‘s%%@@ f'."*“*‘:““’ o

?f{ﬁulﬁiple' linear procedure "’dn the

experimentalixdata 'cauop(b» 1983) (correlation-coezticlent_'

>“ 0 98)?w«Eaéh coe;ficient vdetermined“through the‘least {ﬁﬂ.

e ey by e 0
€y e ., .t
. ' .""\‘?ﬂ-r"

:‘?;SQParesf'~prpcedure’ywas tested.against&a zerb‘ﬁarud'ﬁy the
Y.. 'k'”x .o o N “ I .; I \.*_,;' D ‘
Bt&stitic&lf student “test (t-test) Only the digntficant o
R ,"u',‘ o + ""I , 4' "‘.“f‘"':'
,; coefticiehts@wWere ;retained Ior .the eXpressionL of the f“,i
R TR RER ;
va i ") B .‘: ’
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Leg
(o)
1

o
-0
f

-1257 + 139. LA
b, '= 0.54 + 0.04

by ‘= -0.031 + 0.005 '

In(a,/X) = -1.39 ~ 1257/T + 0.54.X -  {4.9)

[ . . 4“..‘-. .'I.' . ' , "
0.031.x2 "."

The . net visosteric heat‘ of sorption is directiy

determined from - the‘ Clausius-Clapeyron equation 4.3 and

the derivative in l/T ot equation 4. 9 Hence:

i, .
e

Q,5% = R. 1257 = 10462' 'J/mole H,0
. t ' I ‘ B
Qnst'7= 581 + 64 kJ/kg H,0 ',

ey

./ We can see ‘that"for the moisture content range

A

: considered ‘(below the nonolayer coverage, about 10%'
HZO/d b. for fnative starch)(Wolf et ‘al 1984), the net
"isosteric ‘heat of sorption is constant THIB result is
,‘confirmed by studies of Nara (1979) and Van den/ﬁergl
‘(1975) who observed /a nconstant net heat of sorption
‘between 2 and 10% .moisture( content corresponding to an H;
-'homogeneous ; process v of adsorption (constant heat . of
adsorption) ' However,' Van den Berg (1981) derived the :
.enthalpy »of sorption from megsured heats of immersion and

. b's- _.“v{:‘ .
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found thatﬁ for ' the first 2% oﬁ wate;_adéorbed} thE'net‘

3

rt isosteric ,of“sorption' foils exponentially.-Although tne‘l
bresent experimental 'data* covef‘:partiaily‘this‘noisthreb
range, it was not possible to revéél‘this phenomenon.
| It is ciear, nQWever that the megnitude‘of the net
isosterié heqtlof quorptionv(saliz + 64.2 kJ/kqdwater) np
‘to tne' mOnolayer coverage‘ is in good agreement with
‘_alread¥ published values (Naxa 1979; Van den Berg,1981,uLek
Maguer,1985) ; respeo;ively 638, 650 and 650 kJ/kg water. =
" The determination of the  net isosteric heat of
$orptionv from precise eorption' meaéurements using the
volumetnicf tgohnique should then be considered as a
"veiuabie eltetnetivev to calorimetric techniques. However,,
'some. experimentalb‘work is still needed to investigate the
very low portion of the isotherm (m01sture content of less |

.
\

than 2% HZO/d b.). ,
v . . | » ‘
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V. CONCLUSIONS AND SUGGESTIONS- FOR FUTURE WORK

) R s A’

l - . :
1. tonclusions. /”.‘

/
/

\uitabili¢9 of the volumetric technique for the
R determination of wat er adsorption isotherms was studied
‘ for biological materdals , 'va | .

‘ ) ‘The- wate;//adsorption isothermi‘determination ~6f

fMicrocrystalline/ Cellulosef (M é C.; reference material)

andq the good agreement of these .data with published values

;‘confirms ‘.the/. suitability “of‘. the method  for = the

; ~_determination< oflkwater adsorption’ isotherms with good

accuracy and precision. HOWever, because the - -errors on the

falculated moisture contents are cumulative throughout the

isothern determination, the volumetric technique is more

suitabie for studies at the ‘iow Aw range (0 - 0.5) and
a ?'wit?/a 1imited number of experimental points (5 to 10)

The volumetric technique has been shown to be very

.reliable for the“ determination of water adsorption

isotherm of low . moisture capacity products.' Levels of
wpter adsorption ‘of less than o 1%/d b \bn the 0-0. .5 aw
range ‘have been successfully measured. However, the use ofJ
ithese sorption data for the characterisation of active
;adsorption sites on biological materials is insufticient .
.r'and a’ combination of the method with other techniques
(NMR IR spectroscopy) should produce a real understanding



o does not constitute a limiting factor.

1
e

o ‘ ‘ 95
_of the(éorption process for the primary‘bound'water. ‘
‘ Within the limit of précision of the pressure
: readings : innumerable' water activity levels‘ can be

[

“obtained with the volumetric technique and the temperature
The use‘iof an’ integral,adsorption method for‘tne'
‘determinationn .of ‘ adsorption ‘ isotherms Aﬁ different
‘temperatures constitutes a new approacnito the separation
‘of isotherms at 1ow ay and renders‘the determination‘of
»’the“net isosteric of sorption possible for the primary
”. bound water using the Clausius—Clapeyron equation.‘

2. Suggestions for future work

il

L]

L Although 'thei’apparatus and the methodology are at
"present well established some future work is definitely
needed in the design of ideal fully automatized equipment.
'This includes: " |
| = the installation of‘reliaBle and‘precise pressure
r,sensors to measure different ranges . of pressure on. the
it sample and the dosing flask. The replacement of the 011
»,manometer would ensure a fixed dosing volume. In addicion,

,the constant monitoring of the pressure (difficult with

'the oil manometer) would permit the study of adsorption .
fkinetics. S
llzYThe.?installatiOn\ofhign'vacuum_prOOf electronic ;:

L ——
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valves 'would allow gxe use oOf a microcomputer to control

‘ ‘the entlre sorptxon isotherm determination.A

Thxs volumetric technique has been tested on only a

few materials.. A' systematic detemination of adsorption g

.. isotherms on ‘other materials would probably hasten the
recognition of‘tho volumetric as a valuable alternati&é
%% study the Qgtér'. relations 4n ‘biological materidls.
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APPENDIX 1.

Experimental volume;determinationi‘
. ‘ ‘ ; |

‘ The\"dosing volume Yb was determlned.‘using a
referenCe'-flask o£-similar 'sizew mounted on the sample
flask‘socket. | ‘,
. The reference - flask voluméb vV, was ‘determlned
gravimetrlcally using  water ath' 23°C (density—997 ‘

‘kg/m ) and was found to be 207.78 + 0. 02 cm3. . 5“
The‘ volumetric determination of the dosing volume :
was conducted has follows:

- Water. vapour at different pressures was produced by

the saturator (VPS)

i.t‘The=.entire apparatus being evacuated at 1 10‘3
';Torr, stopcocks 2 and S were closed (figure 3)
-'ii,f For a given temperature of th water in the

saturator, the ‘vapour pressure Py "in vol me.VD is,readf

e o

uon,the manometer. . ‘
T \ili | Stopcock 4 ~is’ then closed ‘and 5 opened. Thls |
results to- a. pressure drop Pl due to the. volume :'
'expension from Vb to VD+V | | -
. . ~, - ‘?‘ B | '}" |
The number of moles of water being unchanged in sthe

~ wclosed system, it follows the relation‘
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Py (Vot(Po-So/2)) /R.Ty. = pl(vD+v§+(pl.sc/2))/R.T; | (A.1)

where \P;.SC/Z ~ and Py-8./2 ~are ‘fhe ‘cof;eétion  terms
for‘fhe oii disp15cemeht‘in the ménométer. S
T, = workiﬁg tempefatureJ(?K? S
“R = gasjqonstant‘(8.32 j}ﬁole.K)
S. = cross sectioﬁdl area of the manométef tubihg
' (0.0706 cm?) . o -

. It follows the expression of Vp:

Vp = (Vo (P1.55/2) =(Po?.55/2:P1)) (P1/ (Po~P;)) O (A2)
. , " .
The volume K V[, was estimated from the stastitical

.mean‘pf the: 15 foilowing'expérimental points& -

289.@5 .“293.15f
q‘295.§é' ©300.23 -
‘ ‘299;14“ 2é§.851
x;Qb.bs, - 295.60

| 206.13. 290.02 .  .3
“3‘292.32j  299.15 .
297.05 :  294.17 |

.293.56
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Vp = 295.42 cn? 56, = 0.98 cn’
where
‘ N T \ : ,

‘ [ N - - o
Syp =\/ (L Gog~vp)iw-nyp L et

~
-

' ! N N , \ ‘ i ‘ . .
The 50% confidence interval for the volume Vp is then;
Uy =.295.42 + t.5, = 295.42 + 0.68 cm>
'p = 2 .Sy = s .

'.tl4,0.5 = 0.691 "’\



APPENDIX 2.

Convenient formulation for determining the
. saturation vapour pressure over water
‘ ) (Lowe & Ficke;1974)
é ) ) I" . ) '
®sat™ (39*T (23T (ax+T(a3+T(a4+T(a5+agT)))))) - 100

qesat/qT=(bQ+T(bl+T(b2+T(53+T(b4+T(bsfb6T))))))ﬁlOO

’
”

with T(°C) and esat‘in'Pa.

110

(A1)

Lon (A.vz) -

” ao=?.1o§jg9?61 B b0=4f$35099984x10‘?
a1=$.45651852;x10‘1 bl=2.859002636x10“2
a2=1;428945805x10f?"' b,=7.938054040x10 4
a3;2.650648471xio’4 b3éi.215215065x10;5

‘Wa4=3.6?1240396x10;6 | bg=1.036561403x10"7 '
'ag=2ldz4oao94sx10'3 s b5;3.§3242i8i0x10‘1°
 a6é5:136820929xi0-ll‘ - b6=}7;096244§64xio'13

| RN B

'~ Range Qf'validityér-éooc,to +50°%c .
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| ' APPENDIX 3. '
\X‘Q “ N
Basic routine for moisture content and water activity
calculations from experimental measurements

% Basiq :outine

I‘ ;-' i
A%

“, . - ! t

‘i. Amount of water (noles Ng) admitted over the sample

at t=0:
No=p0.vb/R1T0 | - (A 3.1)
‘ oy ’
where P, is the pressure read and Vp the dosing flask
. volume. el

. '
N . "

A ’

VUii.~Amount of'woter (moles Nl) remaining over the

sample at gquillbrium T

Pl.(vD+vS;/R.T0 ‘ ’ " (A 3.2)

where Pl is the equilibrium'?pkessure read ﬂand Vg is

the sample flask volume

”
13
” .

‘iéﬁ%“‘ ! | . | | .i?ﬁ?
iii. Amount of oater (moles'Nl) adsorbed by'Qme sample
| (first point of the isotherm) _f
N1=NO-P1.(VD+VS)/R.TO (a3.3)

iv. For the second point of the isotherm, the amount

of Water (moles N,) adsorbed is.A

N, - Nj %'Ng + [P.Vg/R.Tg) - (P,.(Vg+Vp)/R.Tg) (A 3.4)

' “ P
a
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W g .
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" Ny = 2.Ng - (P1.Vp/R.Tg) ~ (Py.(VgtVp)/R.Tg) (A 3.5)

v. For i points, the amount of water (moles Ny) .
adsorbed by the sample is:

The moisture content Xj (%H,0/d.b.) 4s calculated from

Nj and the dry mass (M;) of the sample:
\ .

X = ((Ni.la)/mojxloo’ ‘ (A 3.7)

The water activity a, is calculated from the equilibrium
. N .
vapour pressure ‘Pi and the saturation water. vapour

pressure P*w at the reference temperature To:

a, = Pi/P", . (T,) (A 3.8)

Error calculations

v

The errors on the water activity and the moisture
content are ' the aﬁsolute~probable errors calculated from
the uncertainty at the 50 per cent confidence level

(+0.68) on the temperature and pressurelread;ngs.'
L]

f

: ' : ‘ : 1
It can be seen, from equation A 3.4 that the error on‘th%f
A,calcuiatedm ‘moisture COntent propagates because the

calculated number of moles of wétef adsorbed Ny for the[‘



113

ith point of the isotherm is function of the  amount

adsprbed Ny, _y for the 1-1%1 point.

Hence:

ANy = aNg_3 + ANy + A(Pg_q-Vg/R.Tg) +
It appears that. a ‘limitation "on the number of isotherm
points in a given a, rgnge is recommended.

Any expression of a number of moles N is determined

from the perfect gas law equation:

P.V = N.R.T : (A 3.10) °
N = P.V/R.T (A 3.11)
/
Then
& , . \
aN/N = 4P/P + AV/V + aT/T | < (A 3.12)

-

‘As an example; for a given isothernm determination at

Ll

'25%  (298°K) (P,* = 37.01 cm oil), the relative
. : w : ’ -

error on the volumes and temperatures are constant.

It

' AT/T = 0.068/298 = 0.00023 , |

[

© av/v

1

0.68/295.42 = 0.002

¥
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If the water vapour pressures to be measured range from

. 0.37 to 18.51 cm of oil (corresponding to the a,, range
0.01 -~ 0.5), we can see that at low pressures, the
brecision on the pressure readings (+0.02cm oil) is the
limiting factor ‘('AP/P‘,=n;OS4) for good precision on the

‘ calculated. number of moles of water while at high pressure .

( AP/P‘= 0.001) the 1im1ting factor is the precision on the

\

volume determlnatlon.

.Calculation program

The following program,"uritten in FORTRAN 77 , uses this

basic routine and calculates the probable absolute error

on the moisture content ‘and water actlvlty
- .
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qp.no.-A-n‘..nn.oq‘Op.-\nnqgnﬂnﬂmqqnanAD!lAnDAQAAQA.‘.ﬂQAAAQAAAAp-qp

february 1986
program EC, 1S08,S ‘ ,

Etienne CORTET ‘ }
Food science departiment 4
The University of Alberta

Edmonton ~ Alberta

"Calculatjon program for the determtnatton of water sorption

iso(herm using a volumetnic technique,

The program 1ncludes 4 subroutines:

SUBROUT INE lNPUT i READ THE DATA FILE

SUBROUTINE MOIST : CALCULATE, FOR EACH POINT,

UPTAKE X (X¥H20/D.B,)

SUBROUTINE WATACT : CALCULATE, FOR EACH POINT, THE WATER

SUBROUTINE PSAT

ACTIVITY (AW)

ATESTHE EQUILIBRIUM SAMPLE' TEMPERATURE.

USING THE CORRELATION OF LOWE & FICKE (1974)

'

THE INPUT FILE 1S FORMATTED

THE MOISTURE

: CALCULATE THE SATURATION VAPOUR PRESSURE .-

.
ca

-
-

m

IR

.8 8 5 2 3 9 3 b 2 3>

..-...-..c".............‘...-..........n..‘..‘.q-n....p....‘..-p-

main program

Declaration statements \

HO
H1
KO,
NPOI
N1,

NFIX,

P1,
R

10,
12,

X, D

IMPLICIT LOGICAL°1 (a- Z)

K1

MO, dMO

NT

NO. DNO

Aw, dAw ; water activity & error ' P

:.vapor pressure (cm oil) in VD (t=0}
;. vapor pressure {cm ofl) in VD+VS (equvlibriuml

t

emperatures {kelvin) at t=0 &§ equilibrium

: dry sample mass & error
: number of experimental points
: moles of water in VD § error{t=0)

DNt :
: moles of water .in VS (equilibrium) & error
ONFIX : moles of water adsorbed 8 error '
¢ saturation vapor pressure at T2 & error

: vapor pressure from HO & error(Pa)

N2, D%2

PS. DPS
PO, aPO
DP1
PRODT -

RTEMP

T1,
DT

X

moles of water in VD*VS (equilibrium) & error

vapor pressure from Hi & error(Pa)

T product name
I gas constant

": reference - tenperature(celcrus)
DT :
': reference temperatured ercor

VD,VS,0VD,DVS ¢ dosing volume, sample volume 8 errors

temperatures at t= 0 & equilabrtum 8 error

: moisture (XH20/0.B.) & error

RO.VDROV:

density of the manometer oil= f(Tl) § error
<

- -~

INTEGER NPOINT, I 4

REAL 10(50) TI(SOD; T2(50)



REAL MO, HO(50). H1{50).

PO(50},

REAL Aw(SO) DAV(SO) (50} DK(SO)

INTEGER RTEMP

CHARACTER 20 DATE, PRODT

caul lNPUI(DAIE PRODT NPOINT M

CaLL MOIST(NPOINT MO, HO

CALL VATACI(NPOINI P1 DPI 72 A

. Create the output file

WRITE(6,) DATE
WRITE(6,=) PRODT
WRITE(6,%) ' Temperature:

JRTEMP .

'

P1{50},

WRITE(6,1} ‘AW . * DAW’ 'x(xﬂzo/o B.)',

1 FORMAT(//T4 A T1S A, T24
00 100 I=1,NPOINT

WRITE(6,2) AV(I) DAw(T), K(l) OX(1)’
Tl3 F7.5.T25,F8,4,137,F8.4)

2 FORMAT(T2 F7.5
100 CONTINUE

)

. END

LA,739,4)

E}

' 'DK'

DP1(50),

0.RTEMP,HO,H1.70.T1,12)
H1, ro 11 12.%, Dx PO.P1 DP\)
W oaw;

116

‘......‘-....‘...o.‘t..o-...q.......‘.-..-‘0....-0......q-.....-‘-'

SUBROUIINE XNPUT(DATE PRODT NPOINT MO, RTEMP,HO,H1, TO T, T2)

INTEGER NPOINT;],MAKPT.RTEMP
REAL TO(SO). T1(50), T2(50})

REAL HO(S0), H1(50). MO

CHARACTER 20 OATE ‘PRODT

MAXPT= 50

READ(5.1) DATE

READ(5,1) PRODT
1 FORMAT(A20). =

READ(S,3) NPOINT
3. FORMAT{ 12}

IF (NPOINT.GT. MAXPT) THEN

. WRITE(6,4) ‘ERROR lN INPUT DATA

4 . ' FORMAT(T2.4,12)
5TOP
ENDIF

READIS.S) MO
5 FORMAT (F5.4) -

. READ(S, splnrsmp
6 roamar«;z» -

DO 160 l 1 NPOINT ‘

‘NPOINT IS:

READ(5.7) HO(L),TOCIY H1(1), Tl(l) 1201}

7 FORMAT(FS 2,14x, Fa. 1,
100 conrxnue .

RETURN
END

1X,F5.21X,F4 1, 1X,F4. 1)

o

/

* NPOINT
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122
123
124

125

126
127
128

129

130
131
132

133

134
135
136
137

138 .
. 139
140

141

142

143

144
145

146
147

148
149,

150

151

152

153
154

155
156
157
158

158
160 -

161
162

+ 163 .
164

165

166

167

. 168
169

170

‘.;:‘75

STy

172

173

174

176
177

178

R
180

1 :

-o-‘...o.-..‘q--..-n..--p‘..n.-.‘....q‘...oq“..--.q-.pa.-...--..-\l

SUBROUTlNE MOlST(NPOlNI MO,HO M1, T0,T1,T2,X,0X,P0O,P1,0P1)

‘INTEGER NPOINT, 1

REAL
REAL
REAL
REAL
REAL
DATA
.DATA
 DATA

T0(50). T1(50). T2(50). KO(50), Ki(50) ‘
HO(50). H1(50). PO(S0), P1(50) ’

MO, NO, N1, N2, NFIX, DNO, DN1, DN2, DNFIX, X(50). DX{5!
'DMO . DT .0P1{S0) . DPO(50) .R RO(SO) DRO(SO) MVI(SO) Mvz(so)
VD. VS, OVD, DVS.DMV .

VD.VS/ 295, 42¢- 06, 18.39€:06/ ,

OVD.DVS/ 2, 10E-06, 0.010€-06/" ‘

OMO , or R/ 1.0E- 04,_1 0E-01, 8,32/ ‘

00 100 l-l NPOINT

. (ewperatures tnansformed in kelvins
KO{1)=T0{(1)+273, 16 : \

K

’

e

1=t 1(1)+27

'+ density of oil = f(Tl? and error

RO(1)=(-5.683396-04=T1(1)+8,865235E-01)=1_0E+03

* fFor each
© and error

‘ DO 200 1=

: DNO
DNO=

ORO(1}=(2, I72697E 5/5. 68339E 4)+(0, I/TI(I))
DRO(l)=(DRO(l)°(*5 68339€-4+T1(1))+5.0927236-5)~1.0€+03
¢ calculation of P in Pascals and error
PO{I)=HO{1)=0.0129.81+RO{1
PI(!):HI(I)‘O 01+9.81+RO(1
, DPQ(I)=(2 (HO(I)*DRO(I)/RO(!))'PO(I)
o DP1(1)={2€-2, Hl(l)*DRO(Il/RO(I))'PI(I)
* volume correctfons' 1n the. manometer and error
MVD(I)zHO(I) 3.534€-8
MVS(]):= Hl(l) 3.534€-8
DMV 0.02E-2+3.534E-8
100 CONTINUE
. Vartables lnltlaliSation A2 \
. ‘ : i ‘ '
NFIX=0 l
DNFIX=0 E
N2=0 . !
DN2=0 . ' ol

point.‘amount of ﬁafgr admitted at t=0

1 POINT
PoO{
(DPO(

. N

l)e
l)/PO(l)‘DVD/VD*DT/KO(l))OPO(I)'VD/(KO(ID'R)
(DPO(I)/

. Amount of water remalning in the gas phase at equil!brlum f

and error

DN!
ON1.
DN1=

= (P1(1)

VS*MVS(I)))/(KI(I)'R) .o

(I)*DVD/VD*DT/K!(I))‘Pl(l)'VD/(KI(I)‘R)
V/PT(I)+DVS/VS+DT/K1(1))=P1(1)*VS/(K1(]
PI(I)*DMV/MVS(I)+DT/KI(I))'PI(I)'MVS(I)

-(VD+
= (DP1(L1)/P1
= ON1+(DP1(] )
DN1+(DP1(1)/ /
(Kl(l)'R’

(VOoMVD(1) )/ (KOLT oR) o
PO(I)*DMV/MVD(I)+DT/K0(I))-P0(I)*MVD(I)/(KO(Il R

LI

B oo



181 - Amount of wqier adsorbed and error

182

183 NFIX =‘NFIK NO~ N2-~-N}
184, i DNFIA = DNFIX+DNO+ DN2 DN1

185 ’ ‘

186 ~-Am0un( of wa\errremaining in \he sanp!e flash at, equilibrium
187 and error

188 ‘ . \

189 N2 2 (P1{1)*VS)/(K1({1)~R) '

:go . ON2 = (DPI{1)/P1(1}+DVS/VS~ DI/KIHH Pl(l) VS/(m(U R)

1 ;

132 oisture conten( calculation (%H20/d b.) and ecror

193 ( : :

194, K{I}) = ((Nle~18)/M0)‘100

:gg DX(1) =((ONFIK/NFXKP'iDMO/MO))‘Kil)

197 200 CONTINUE

198 -
199 ‘/ RETURN

200 "END . R

201 e i o

202 ..Q.‘-....‘..Qq‘..--‘-‘.....“.‘.‘..‘.....‘.-...‘Q‘........“.‘....
203 SUBROUT INE VATACT(NPOINT P1,0P].72.AW.DAW) ‘
204

205 '

206 INTEGER NPOINT

28; REAL AW{50),PS(50),0AW(50),D0P1{50}, Pf(SO) T2(50) DPSiSO)

2 \ )

209 DO 100 I=1, NPOQINT v o "

210 CALL PSAI(TZ, 1. PS. OPS) - a

211 AWH)=PI(I)/P(H :

2 DAW(1) = (DP1(]1) /PI(1)+DPS{L)/PS{1})~aW(])

2 100 CONTINUE : ‘

214

215 RETURN . .

216 END.

217 .

2‘8 .--..‘--.‘.t-.........“..O‘....‘.....l..“......“...‘.....‘......
219 SUBROUTLNE PSAT(T2,1,PS,DPS) ‘ ’ f'

220 :
221 . Convenient formulat\on for the saturation vapor pressure over
222 * water (Lowe and Ficke, 1974) .

223 = The saturation vapor pressure ‘is conputed at' T2 isanple . :
224 - fenperature) at equillbr\um . o
225 ‘ ‘ ‘ - ‘, o
226 . INTEGER I

227 "REAL T2¢50), DT/ 1/, PS(30) DPS(30)

228 REAL a0,A1, A2 ‘a3, A4 JAS, A6 o ‘

229 REAL B0,B1,82,B3,B4, 85,86

230 ‘DATA A0,A1,A2,A3,A4 .45, AG/G 10779996 a. 436518526-!

231 RS TN 42894580£ -2, 2 65064847€-4.3. 03124039£ -6,

232 .. ' 2.03408094E-8.6. 13682092€ - Il/

233 " DATa B0,B1,B2.83, B4.85,86/4.43809998E-1, 2 85700264E 2

234 .. 7. 93805404E -4,1.21521506€-5, 1. 03656|4OE 7.

235 o 3. S324218|E IO -7: 090244804£ 13/ .

236 , - : . S
237 f,PS(lL H (AO'T2(I)t#ﬁ1¢T2iI)'(A2°T2(l)'iA30T2(l)‘ ﬁ40T2(1)3i Co
238 . , AS*T2(I)‘A6))))))‘100 s ‘
23

240 DPS(I) DT*(BOOTZ(I!*(BI¢T2(Il'(B2‘T2(I)'(B3°T2(Il (BA*T?(I)'(

, .24y T 85¢T2(H'BB)) ) )-1 ‘ "‘

243" L NN 00

243 RETURN. . - .

244 ~ END AR

End of - fi)e‘
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Water adsorption isotherm data on Mcc at 25°

(Experimental data - 3 runs)

e e e e SPUVIR A
a, aay, X aX
RUN #1 0.0319 . 0.0008  1.175 ' 0.002
' 0.1143 ~ ¢ 0.0013 © 2.176 0.006
.0.2062 . 0.0019 - 2.989 0.011
0.2881 '  0.0025 - .. 3.638 ~°  0.017
"'0.3530 | 0.0029 . 4.156 0.024
+0.4051 | 0.0033 . 4.570 - 0.033
0.4492 - 0.0036. 4.894. . ' 0.042
. . i ’ o ’ ‘ ‘ .
RUN #2 0.0125 ~° | 0.0006 ~  0.725 ' - 0.001
0.0487 © 0.0009 1.399 0.003
0.1014 1 0.0012° - 2.000 . - 0.005
‘ 0.1585 °  0.0016 ©'2.525 . . 0.007
0.2139 0.0020 . 2.975 . ~0.011
0.2639 - 0.0023 3.358 . 0.015
0.3066 0.0026 - . 3.686 0.019
0.3464 0.0029 - 4,052, 0.024
0.4054 0.0033 ' 4.507 0.029
0.4526 ©©  0.0036 © 4.898° " 0.035
- 0.5040 0.0039 © 5.350 . '0.042
0.5448 . 0.0042 . 5.743 0.049
- 0.5847  0.0045 6.084 '0.057
RUN #3 0.1402 \1;o 0015’ . 2.402°  0.009 .
. 043307 . - 0,0028  4.006 = 0.024
0.4590 0.0036 © 5.092 © . 0.043
R 5519 70,0042 + 5.989  ."., 0.065

‘water activity o R
calculated absolute probable error on a
moisture content (¥H,0/d4.b.)

calculated absolute probable error on X
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Water adsorption isotherm data for MCC at 25°C

—— o —— — i o — — —

(G A.B. constantS""xm

Repeatability and reproducibility values from a
collaborative study

(Wolf et al,1984)

—_—————— e ———— e T TS Sy S

X WL (s) B (r) (R)

. N - — /7 TSR TR [ - e — ot —— — -~ e -
2.02 ‘0,25 / 0.13 0.72 '
3.19 0.21 / 0.11 0.63
4.06 0.25 / 0.11 0.73
5. 04 0.19 0.14 0.54

' 5.82 0.27 0.22 0.79
6.48 0.21 0.07 0.61
8.21 0.20 ,0.22 0.57
8.83 0.31 0.21 0.89

10.95 0.29 0.19 0.85

0.88

water act1v1ty

mean water content (%HZO/d b. )
standard deviation

repeatability
reproducibility

(as defined by .
1984)

WOlf &al,

-4 064, C = 8 776; k = 0 772 )




APPENDIX 6.

’

Water adsorption isotherm data for products

- CP, SC, SA and BSA at 25°c
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. a, Lay, X - AX -
CP
RUN #1 0.0664 0.0046" 0.0334 0.0009
0.1229 0.0080 | 0.0608. 0.0022
0.1925 0.0122 0.0747 0.0039
' 0.2272 ,f,»rq.0143 0.0839 0.0057
+ 0.2522 0.0158 0.0909 0.0077
0.2924° 0.0182 - 0.0997 0.0099
0.3470 1 0.0215 - 0.1159 0.0124 -
0.3884 0.0240 0.1234, 0.0151
| 0.4162 0.0257 | 0.1291 - 0.0180
RUN #2 0.0282 0.0009 0.0286 0.0012
~ 0.0924 0.0013 - 0.0523 0.0027
0.1478° 0.0017 ° 0.0689 0.0044
, 0.2442 0.0023 0.1008 0.0083
0.3168 ' 0.0027 0.1139 0.0106
0. 4044 0.0032 0.1297. 0.0131
sCc I o:ozoo, . d.ooos 0.0193 0.0008
- .0.0474 '0.0008 ‘0.Q0309 0.0018
.0.0756 0.0010 0.0422 - 0.0028
- .0.1065 0.0012 . 0.0517 0.0040
10,1611 - 0.0015 .  0.0635 ... 0.0053
- 0.2071 " 0.0018 0.0726 . .. 0.0068 .
0.2370' ': '0.0020 ' 0.0868 ° - 0.0083 ..
"~ 0.2589 ©0.0021 . ' 0.0899 . 0.0100
) -0.2888 0.0023 | 0.0939 '0.0117 -
S0 0.3293¢, 0.0025° . 0.1005 . 0.0135.
TR 4146‘ 0.0030 0. 1104 .,o 0155
.sc,III‘g;o 0024x ' '0.0006. 0. 0052" 0. 0009
.. -0.0168. 0.0007 .~ 0,0179 0.0021
. 10,0632 '0,0010 ,0.0334° . . 70.0034 .
o o 0'1246‘ - 0.0013 0.0470 0.0047
I "0.1938 . . ' 0.0017 0. 0617_ - 0.0061 - -
0402344 .2 0+0020 " -: 0.0724 . © .0.0075 .
S 00,2570, .0.0025 "0.0869 0.0104 o
ﬁ[- .. 0.3755 | . ‘;0;0023 ©.0.0938 0.0120 -
¥ x’,‘o 4691 . 0.0034 - 0. 1037.“' - 0.0136. ‘
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Ca, Aay, X AX
T T ) 0 o 0 0 8 8 0 o o e e o i o o - o o
.SA I 0.0300 0.0007 0.0187 0.0010
: 0.0755 0.0010 . 0.0327 0.6022
0.1134 0.0012 0.0412 0.0035
0.1723 0.0016: 0.0515 0.0051
0.2102 0.0018 0.0593 0.0068
02592 ' 0.0021 0.0671 ' 0.0087.
0.3155 0.0024 0.0756 0.0108
0.3680 0.0027 0.0825 0.0131
0.4174 - 0.0030 ,0.0903 0.0155
SA II = 0.0183 . 0.0007 0.0173" 10..0009
©0.0517 0.0009 0.0334 . 0.0022
- 0.0849 0.0011 10,0435 0.0035
. 0.1382 0.0014. 0.,0569 0.0048
0.1720 0.0016 0.0656" 0.0062
0.2276 0.0019 . 0.0715 '0,0076
0.2555 0.0021 0.0767 +0.0090 ’
0.3276 0.0026 0.0847 0.0105
0.3930 ' 0..0029 0.1012 10.0136 .
0.4540." 10.0032 0.1096 0.0153" &
BSA I 0.0187 0.0009" 0.0264 0.0009 .
0.0532 0.0011 - 0.0507 10.0019 .../
0.0990 0.0014 - 0.0676 0.00307. .4
0.1390 0.0016 0.0858" 0.0043 .
10.1954 0.0019 0.1088 1 0.0057
+0.2662 0.0024 0.1300 0.0072"
0.3428, - 0.0029 0.1642 . 0.0089
0.4261 - .0.0034 10.2008 0.0109.
BSA II: 0.0060 .0.0006 +0.0213 .1 0.0008..
s 0.0404. 0.0009 0.0526 . 0.0019
0.0965 0.0012 0.0780 . 0.0031
0.1518 0.0015 0.1134 . 0.0043
0.2215-, . 1 0.0019 = 0.1360 ' 0.0055 .
0.3134 . 0.0024 : ' 0.1632 0.0069 ©
0.3672. ... '~ 0.0027 .0.1757, " '0.0083 "
\
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APPENDIX 7.
Water adsorption isotherm. data for native potato '
starch at three t:emper:atures , :
_‘.9_—!——_\—‘P;"\—-'_‘—'——-'-F!—-——!—\-q—_—!_'———r'._—-jq ———————— o o o o A o -
‘a,, aa,, X aX
Temperature a
39.5°C  0.0096 - 0.0003 1.1444 0.0017
©0.0123° . 0.0003 1.2899 0.0019
' 0,0237 ' 0.0004 ° 1.8225 0.0028
0.0427 . ' 0.0005 2.6641 0.0064
0.0609 0.0006 3.1511 0.0073
. 0.0729 1 0.0007 - 3.5554 0.0080
0.1321. 0.0011 4.6785 0.0153 ..
0.1902 0.0015 5.7665 0.0251
0.2694 0.0020 7.3979 0.0492
25.5% o.oo76 , o.oqos '1.1814 1 0.0016
7 1 0.0092 0.0006 1.3373 0.0016
0.0193 . 0.0006 1.9134 0.0022
0.0378 0.0008 ., 2.8006" 0,0055
- 0.0556 0.0009 * = 3.3519 - 0.0059
, ~ 0.0677 0.0010 * + 3.7873" . 6.0063 -
f © 0.1842 '0.0014 5.0519 0.0125
A 0.2035" 1 0.0019 6.2744 © 0.0212
0.2939° 0.0025" . 8.0975 .0.0437
‘d----_—;q--_-___;-;1r_----___;; ................ S P S
6.5°C' ' 0.0055 . 0.0019, 1.2082 0.0016
o - 0.0064 - 0.0019 1.3698 0.0016
0.0144 * = 0.0019 $1.9741 ¢ 0.0021
©70.0297 ©  0.0021 © 2.8881" 0.0051
0.0445 .- . 0.0021 3.4801 - 0.0052
©0.0541° ' '0.0022  3.9387. - 0.0055. .
- 0.1198 0.0027 .5.3206 - 0.0107 .
¢ 10,2002 ¢ .. 0.0033 ©  6.6512  0.0186
©0.2948. . .. 0.0039 .  8.6115. . 0 0400

v
.t



