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Figure 3. Scanning adsorption curves of microcryst
cellulose resulting from drying to different water activities.
Isotherm was started in adsorption at 0.2 aw, wetted to 0.90
aw, dried to 0.4 aw, wetted back to 0.90 aw, dried to 0.50 aw,
wetted back to 0.90 aw, dried to 0.60 aw, wetted back to 0.90
aw, and then dried down to 0.10 aw.

For ease of interpretation, isotherms are often
identified by Brunauer classifications (Brunauer,
1945). Most food and pharmaceutical products
fall under type I, Il, or lll. Type | isotherms are
typical of very hygroscopic materials, Type Il
(sigmoidal) isotherms are typical for
intermediate moisture

As can be seen from these examples, an isotherm
is not a single valued function but depends on
the wetting and drying history of the sample. This
phenomenon is called hysteresis.

It is possible to obtain isotherm data which appear
to show hysteresis by failing to allow a sample to
equilibrate at each step or by inducing changes

in the water binding properties of the matrix by
wetting or drying it. It is preferable to treat these
cases separately, and reserve the term hysteresis
for situations where equilibrium is obtained, but
moisture contents of wetted and dried samples
still differ because of their history.

Several plausible hysteresis models exist for
samples wet enough for water to be held in the
matrix by capillary forces. The “ink bottle” model
pictures a pore with a narrow neck and a larger
internal radius. Such a pore would fill when the

water activity corresponding to the energy state of
the larger, internal radius was exceeded, but would
empty only when the water activity dropped below
the energy state of the neck radius. The moisture
content of a drying process would therefore always
be greater than that for a wetting process. Another
model relates to the contact angle of water with
the surface during wetting and drying. At lower
water activities typical of intermediate and low
moisture foods these models appear less relevant,
but the observed hysteresis is similar to that seen
at higher water activity.

Non-Equilibrium

If diffusion of water into (adsorption) or out of
(desorption) a material is slow and sufficient time
is not allowed for complete diffusion, there will be
a large amount of apparent hysteresis that could
be reduced by allowing sample equilibration.

Matrix Changes

Figure 4 shows three different isotherm curves of
spray-dried milk powder with different maximum
water activities and different sorption histories.
The boundary isotherm with a 0.80 a,, maximum
experienced a phase change at 0.43 a,,
indicated by a sharp inflection point in the curve.
The desorption curve for this isotherm appears
to show hysteresis, especially below a water
activity of 0.60. However, an isotherm, run on a
sample wetted to a maximum water activity
below the phase change, exhibits very little
hysteresis. The lack of hysteresis in this isotherm
indicates that the matrix changes that occur at
0.43 a, are completely responsible for the
apparent hysteresis.

Water in a sample is bound to particle surfaces
by various bonding mechanisms. When the
configuration of particle surfaces changes due
to a phase change, binding sites change and the
amount of water which can be bound at a given
energy of water also changes. An isotherm curve
of the phase changed sample does not show
further phase transitions since simply drying the
sample does not return it to an amorphous state.
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content); and R equals 8.314 J mol+1 K-1. The heat
of sorption (AH) is the only unknown and must
be determined empirically by regression analysis.
Plotting In(aw) vs 1/T (K), the slope of the line
is equal to AH /R. Once AH is known, the water
activity at any temperature can be determined
using equation 1.

05

04

03

o2

MOISTURE CONTENT (g/g dry matter)

[eX]

Figure 6. Desorption isotherms of potato slices at various
temperatures (Gorling, 1958).

MEeasuriNG MoISTURE SoRPTION ISOTHERMS

Constructing an isotherm consists of collecting
water activity and moisture content values over
a range of water activities. The range of water
activities used depends on the situation, but
normally is 0.10 a, up to 0.90 a,.

Traditional Desiccator Method

In the traditional isotherm method, each point
on the isotherm is determined by equilibrating
a sample to a known water activity and then
determining its equilibrium moisture content

by weight. Typically, the sample is placed in a
sealed chamber over a saturated salt slurry in
excess. Different water activity levels are achieved
by using different salts. Alternatively, varying
concentrations of acid or glycerol solutions,
mechanical humidifiers, and adjusted mixtures
of wet and dry air can be used. Equilibrium is

reached when the weight of the sample stops
changing. This equilibration process can take
weeks. The temperature must be tightly controlled
during equilibration and steps must be taken to
prevent microbial contamination at water activities
higher than 0.60.

Dynamic Vapor Sorption

The traditional method has been automated by
instruments programmed to automatically change
the water activity of a sample in a dynamic,
stepwise progression. These instruments, often
referred to as controlled atmosphere balances,
utilize the Dynamic Vapor Sorption (DVS) method.
The instrument holds the sample at one water
activity level until the sample weight stops
changing, measures the water content by weight,
and then dynamically moves to the next water
activity. Instrument temperature is held constant.
Water activity levels are usually controlled by
mixing dry and wet air.

Automatic isotherm generators are much faster
and less labor intensive than traditional desiccator
methods. They also make it possible to conduct
sorption kinetic studies. However, like traditional
dessicator methods, DVS instruments equilibrate
the sample to a known water activity level. Since
true equilibration between the sample and the
vapor source requires an infinitely long period

of time, they measure apparent equilibrium at
the point when the change in sample weight is
negligibly small. Increasing the tolerable weight
change can speed up the isotherm process

but calls into question the validity of the water
activity values.

Dynamic Dewpoint Isotherm Method

The Dynamic Dewpoint Isotherm (DDI)

method directly measures water activity while
gravimetrically tracking weight, so there is no
dependence on equilibration to known water
activity levels to determine water activity.
Adsorption occurs as saturated wet air is passed
over the sample. Desorption is accomplished as
desiccated air is passed over the sample. After

5. Gorling, P. 1958. Fundmentals aspects
of the dehydration of foodstuffs. p. 42-53.
Fundamentals Aspects of the Dehydration
of Foodstuffs. Society of Chemcial
Industry, London.

6. Shrestha, A.K., T. Howes, B.P. Adhikari, and
B.R. Bhandari. 2007. Water sorption and glass
transition properties of spray dried lactose
hydrolysed skim milk powder. LWT - Food
Science and Technology 40:1593-1600.

7. Xin Yu. 2007. Investigation of moisture sorption
properties of food materials using saturated
salt solution and humidity generating
techniques. Ph.D. thesis, University of lllinois at
Urbana-Champaign.

Printed in USA
©2011-2012 Decagon Devices, Inc.
13947-04

509-332-5601

www.aqualab.com

support@aqualab.com

509-332-5601

www.aqualab.com

support@aqualab.com



wodqejenbe@iioddns

wod qejenbe:mmm

1095-2€€-609

wod'qeenbegiioddns

wod qejenbe'mmm

109G-2€€-609

8/3 10 SpIj0S OOT /3 Ul 24N1SIOW 3} SI W 3JaYM

("0 0%y + ™ 9y — 1) (™0 9y — 1)
,\:\B UQV\CQ&&

(€) =w gy9
:@aJnjesadwal ays st (M)

1 pue (Y |ow/r ¥TE'8) 1uLISU0d seg ay1 S| Y ‘sjow
/[ ul A318ud uonoeIslU| 89RLINS BYL S| 5O dI9UM

Ld

m@ .
:AQ pa1e|nojes
S| 0 JUBISUOD 9Y] "SHUN dBWEeS 8yl ul anjea
Jahejouow ay} SI °w pue e AJIARoe Ja)em e spljos
8/3 10 sp1j0s QOT/3 Ul 8INSIoW 3Y1 SI W dI8YM

dra =9

© [(1=2)" +1)("» — 1)

2% ™

=w 134

IMOJ9Qq UMOYS aJe suoljenba [gpow

ay] "swJaylos| xajdwod Juiziisroeieyd e gyo ayl
uey} Janeg uaAe aq 03 uaroid sey (900Z ‘uopuo))
10{d 1yQ 8y1 Jo uoneldepe ue si yaiym (d1a)
|eiwouA|od 807 8|gnoQ 8y} paj||ed jopow |eouidws
MBU Y "JUSIU09 ain)siow Jakejouow uipinoid

se yons guiueaw |eoIsAyd |eonaloay) aaey os|e
SJUBIOIJO09 S} "aZuel AUAIOR J91eM BI13UD Y}
SS0J0B SWIaY10S] ZuiZ1ia10e]eyd 1o} |njasn 1soul
8y} se pajdadoe Ajopim si [9pow gy aul “e 0G'0
0} dn ajqeordde Ajuo si [apow 139 9y} 9ouIS "139
pue gyo ay} aJe s|apow pasn AJuowwod 3sow
QY1 ‘s|apow wiaylosi pasodoid /g oJe 219y}
9[IYM "sjulod erep wiaylos! usamiaq arejodiaiul
0} UOIIN|0SaJ B1ep MO| UHM SPOYIdW WIBYIoS!
Buisn uaym Alessadau os|e ale Aay] "spooy ul
J91eM JO SUOIIOUNY OlWBUAPOWIBY) 8)en|eAd 0}
pasn aJe pue AJIAINOR J91eM UDAIZ B 1e JuUslu0d
aJnisiow ay} 1o1paid 0} A1essadau aJe s|ppow
9say] ‘ainjesall| Y3 ul pasedwod pue pasodoid
U998 dARY S[SPOW WIBYLOS! JUBIBLIP |BISASS

ST300[\] WYIALOS|

‘sa|dwes guisnyip

MO|S 01Ul uoneseuad ainisiow 810w Mo||e

0} 9} MO} J1e AIp JO 1M 8y} BULIOMO| pue
‘agldwes ayy uipulid ‘azis ajdwes ayl 3ulonpal Aq
panaiyoe aq Aew SwIaYloSs| Jay3o0 0} Juswoaige
Janeg "sisala1sAy jualedde Jo s|aAs| Jay3iy ul
gunnsea. ‘spoylaw Jayio guisn payoniisuod

SswiJaylos! ueyl uondiosap gulinp sjusu09
alnisiow Jaygiy pue uondiospe 3uunp SUs8U0D
21N1SIoW Jamo| aAeY Aew poylaw |gg ayy suisn
padojanap sajdwes Jo sadAl 8say} J0) SWIBYI0S|

g|dwes ayy Aq pagJiosqge Ajo1o|dwod aq 03 swil
pey jou sey ainisiow ay) ‘Alljeal u| ‘sisAjeue
Aanoe Jayem 3uunp aoedspeay ayl ul wnqinbs
Joden Jo soueleadde ay) aAI8 01 y3noua mols

aq Aew ajdwes ay3 JO 1IN0 pue 0lul BINISIOW JO
uoisnyip 819|dwod pue mojs si ajdwes ayy ygnoayy
JUBWSAOW 9JNISIOW ‘Sd1eJ UOISNIP MO|S YUM
sa|dwes 104 “4anamoH ‘(2 8in314) Spoyldsw Jaylo

0} 9|qesedw o9 aq ||Im s1onpold Jo sadAy} 8soy) 1oy
1@ wod swiaylosi pue pides s| sjdwes ajoym
oY1 ojul Jodea Jayem Ag uonesipuad ‘uoisnpip
Joden 1se) yum sajdwes Ajje1oadss ‘sadA) ajdwes
1SOW 104 "S}99M 8¢ URD SaWiI} uoijeiql|inba alaym
spoyiaw |euonipeJl Ajje10adss ‘spoylaw WIaylosi
JBY30 uisn pa1eald swiaylos! 03 |ad Aq Swiaylos!
aledwod 01 8uif} uaym swa|qoid Juasaid

ued poylaw |QQ dY1 JO ainjeu dWeUAp ay |

"(2002) NA UIX woyy usxe) spoyjaw Jayio
|Ie 1o} ejep ‘Bunsa) asnoy-ul saoineg uobeoaq woly eyep |aa)
(x) 1aa pue (v) z uswnisul SAQ ‘(#) | Juswinisul SAQ ‘()
1120 uoneiqiinb3 Ajwixoid ‘() s)jes pajeinies y)im s1o}eddisap
Buisn usym swisyjos! Bupyiom yoseys uio) wsg /2 ainbi4

AAnoY Jsjem
13 60 80 Lo 90 S0 7o €0 0 1o 0

e

x&% =

s :

Pl ”
0z

o

o

(a'p%) eyuod aimsion

[:14

*WJBYI0SI 8yl unJ 0}
papaau aie ueddISap pue Jayem AjuQ "swulod eiep
4O JAquinu paydjewun ue aonpold 01 9|qe os|e sI 3|
*AoeJndoe Zuldl1Io.S INOYUM JS)ISEe) S| poylaw Siyl
‘AUAIOR Jo1EM UMOUY e 0] uoneiqiinba Joj liem 0}
aAey 10U Sa0p ajdwes ay) 99UIS "1YFIom ay) pue
AuAnoe Jayem ayy Sulinseaw Apoaldip Aq uayel si
s$$9904d uondios ayy Jo Joysdeus e pue paddois

SI MoJIe ‘AlIAIO. Ja1em Ul 83ueyd GTO'0 e Alysnos

'pIoXQ “o1nas|3 uondiosisAiyd
AQ suoneulw.a1ap Alsolod pue eale aoeunNg
("pa) uopuoy g’ ul "'GZT-16 "d J0id 1Yo

3y} pulyaq sali0ay] '900C "g°f ‘Uopuo]

“MIOA MON
‘90u910s Jagunds "soisAydolg |eluswuolIAug

"866T "UBWION'S'T pue “S'D ‘|laqdwe) "¢

‘N ‘Uojusoulid
‘ssald A1ISISAIAUN UOJUBDULId "SI0dBA pue
sasex) Jo uondiospy 8yl "'SyET 'S Yeneunig ‘g

‘NI ‘Ined 1S ‘sisiway |eala) Jo

UOI1eI00SSY UBdLIBWY "9SN pue Juswainsesw

wJaylos| Jo syoadse |eonoeld :uondios
2INISION "000C "eznge] d'L Pue “N711eg T
ISI7 99ud19)0Y

Me GLg°( Je asoons auljejshio
ay} jo sousossnbiap pue Me ggz 0 Je asolons snoydiowe
ayy Aq uoiyisuel) aseyd e Bumoys asolons (=) snoydiowe pue
(¢) auelsiio 1o} D,GZ 18 SUUAI0ST ToNdIos dIMSIONy /] 23]

(odrd) Annoy sstem
90 vo z0 0

e ee a4 ws #akbier nessbsssssadsraryy o [ 0

Capwluaues amson

‘Aligejold pue

‘Allenb ‘A1ajes aziwixew jeyy syonpoid ale spiemal
ay] "a|qissod Ajsnoinaid jou sAem ul syonpoud

pooy J9auIZUd pue [apouwl 01 9]q1ssod U ayew
swJay10s! uondios ainisiow uonnjosal ygiy asay |
'SH99M JO pealsul sAep 01 sawil 181 ulonpal
a|lym uolnjosal A1essadau ayl ansiyoe 01 a|gissod
1 9ew |gd Se yons spoylow Mo ‘awl} 1S}
wJay3os| guisealoul Aj|ea1selp INOYUM UoIIN|josal
elep ysiy ansiyoe 01 a|ge 3ulaq uo spuadap
Buusauidus pooy ul SWIdY1os! Jo Aoedlyd syl
10npoud 118y} JO suoie|al ainisiow ayl azAjeue 0}

3uOAuUE 10J 8]qISS0d )l 9pew sey uollelusWwnsuUl
ujepow pue s1onpoid Ul SUOIIR|aJ 8IN1SIOW 10}
ulidan|q e se aAJaS SWJaY10s! uodJos ainISIoN

NOISNTONOD

o|dwes ay} Jo uonoadsul |ensia gulinbal

INOYUM UORN|0SBI YBIY JO SWIBYIOS! YUM PayiRUSp!
AlIsea S| ‘|eo11JaA 0} |BIUOZIIOY WOJ) DAIND WIBYIOS]
2y} ul uonoajul dieys e Aq pajuasaldal ‘yuiod
290Ud9saNnbIdp By ‘pPappe aJe uoneIpAy Jo siolem
3|IUM |BII1J9A 0} SB3UBYD DAIND By} pue payoeal

s| Ju10d 90Ud9SaNbIdP Sy |IIUN UV dINjSIoW
*'SA ALIAIOE JB)em Ul sagueyd a3Je| UUM WJaylos!
1e)4 AJIBA B sey |elisiew aulje1sAi) "wiaylos! |aq e
UuMm 3|qISIA Al4es|d ‘uonisuely aseyd e saogiapun
ueyl pue Ajjeniul 91dodsoJ3Ay aiow yonw si
|ealew snoydiowy “(2T 24ndi4) onpoud e ul yoes
10 |9A8] Y1 IN0ge UonewIoul apircid pue |elsyew
aul||e1sAI0 pue snoydiowe usamiaq SaoudIdLIP
aleJisn||l 0s|e ued wiayjos| uondios ainisiow ay|

“B}Ep WUBY)os! ay) 0} Juswazlibe
poob smoys (m) (L00Z “|B 18 BUISAIYS) WO USHE} Blep
61 -diysuoneal 1esul poob e Buimoys (+) Japmod Hiw paup
Aeids 1o} ainjeladwa) wiayjost ‘sa AjAoe Jajepn "glL ainbiq

fanovy 181ep0
g0 g0 svo o €0 £0

. . . 0
» o+ g
0z 3
o¢ m_
or m
L] o
05 o
£966°0 = 09 8
185 6L + X2 Lzb =4 s
08
08 o

06

‘AUAROe Jolem Aue e ainjesadwal uolisues

sse|(3 ay3 11pa.d 03 9|qIssod 1 seyew os|e
AlAROER Ja1em pue ainjesadwal WIdYloSI Usamlaq
diysuonelal seaul| ay] “sishjeue 9Sag yum wayy
SuluIwWIL}ap 0} JUB|RAINDS S| SISAjeue WJBYI0S!
guisn suonisueJ) aseyd L0110 uluIWIS1ap 1y}
S81eIpul SIUL (9T 24nB14) €1EP SUI UM ||oM
9943k SaNIANOE Ja1eM 1UdJIBIp 18 (00T “|e 18
By1salys) wouy sanjea 1 pue diysuoneal jeaul
poo3 e sonIg Jopmod y|iw paup Aeids Joy Alanoe
J81em |eonId pue ainjesadwal wiaylos! gulyden

910N uonediddy

Gl
vNOVY

9]0N uonediddy

Gl
YNOVY



UA
\./_. B

Application Note

UA
>_| B

Application Note

solids, k, is a constant in the range of 0.70to 1
and c is a constant in the range of 1 to 2000. In
addition, m, is the monolayer moisture content in
the same units as m and a,, is the water activity at
moisture m:

DLP m = byx® + bax? + b1x = bo (4)

Where m is the moisture in g/100 solids or
g/g solids, y = In[-In(a.)] and by - bs are
empirical constants.

Uses For MoiSTURE SORPTION ISOTHERMS

Moisture sorption isotherms are an important
tool when formulating food to achieve specific
qualities and attributes (Bell and Labuza, 2000).
Despite their value, traditional isotherms have
been limited by their low resolution. The high-
resolution DDI method has opened up new and
powerful possibilities. High resolution isotherms
can reveal phase transition points—water activities
at which products cake and clump, deliquesce,
or go through glass transition. They can also

be very helpful in making shelf life calculations,
developing mixing models, modeling temperature
abuse, determining the integrity of a protective
coating or layer, determining monolayer values,
and making accurate packaging calculations.

Drying and Wetting Curve

For a manufacturer drying a product, the sorption
isotherm can be used to assist in process control
by determining drying rates and optimal endpoints.

The isotherm will also show whether a product
exhibits hysteresis and what impact that will have
on water activity after drying to a given moisture
content. In a hysteretic sample the moisture
content will be higher at a given water activity

for desorption than adsorption. The practical
impact of hysteresis is that a moisture content
that is safe when drying a sample because it
corresponds to a safe water activity (0.6 a, or
below) may not be safe during adsorption because
it corresponds to a higher water activity level.
(above 0.70 ay,) (Figure 8).

?
. —
- I-.--
g7 P D
- [osne =™ &
£6 S veted i
Es w-.l..-..-.‘l -t
-’
ol g ¥
mu hﬁw.n-. - s "
R
m 2
1
0
L] 0.2 04 06 0.8 1
Water Activity

Figure 8. A working isotherm (+) superimposed over a full
isotherm curve (m) indicating that the working isotherm scans
between the adsorption and desorption curves of the full
isotherm. Also shown are the water activities associated with
7% moisture depending on whether the product has been
wetted or dried. The isotherm is for wood pulp
One of the practical impacts of hysteresis occurs
when a product is dried to a safe water activity
level and then exposed to humid conditions
during storage. The impact of these events can
be predicted. A working isotherm represents the
drying and wetting characteristics of a product
from its native state and is a scanning curve that
connects the adsorption and desorption curves.
It most correctly describes the changes
experienced by a product when it wets or dries
from its native state.

Moisture Content Prediction

An additional function of the isotherm is moisture
content prediction. Since both water activity

and moisture content are needed in certain
situations, it is advantageous to measure both
simultaneously. In addition, moisture content
measurements can be inaccurate, time-consuming
and require expensive instrumentation. As an
alternative to moisture content measurement
methods, the sorption isotherm can be used

to determine moisture content based on water
activity, usually with better repeatability than
actually running a moisture content analysis and
in much less time. This requires determination

of a product’s isotherm, characterization of the
isotherm by a model or equation, and then
loading that model into a specialized water
activity instrument (see Decagon’s AqualLab
Series 4TE DUO).

see that the water activity is 0.42 after 10 days, so
10.8 days seems reasonable.

Finally, assume we did a test with these same
materials and conditions, but with a different
package (but same surface area), and want to
know the conductance of this new packaging
material. Assume that we observe a water activity
increase from 0.1 to 0.32 over a 20 day period
when the package is placed in a environmental
chamber at a humidity of 0.9 and a temperature
of 40°C. The saturation vapor pressure of water
at 40°Cis 7.4 kPa (Campbell and Norman, 1998).
The time constant is:

t 20
T = =

ha—awys 0.9-0.32
- FAE\PSV - _EA 0.9-0.1 v

To compute vapor conductance we use eq. 13:

= 62.2days

~ap.M - 0.026(g/g) x 100(kPa) x 10(g)

gy = = “257!
T e AT TA(kPa)x 10-3(m2) x 5.4 x 105(s)

=6.5x10"4gm

This new package material, under the conditions
of the illustration above, would increase shelf
life by giving a time constant of 154 days rather
than 10.

Phase Changes and Critical Water Activities

When high resolution isotherms are available,
such as those produced using the DDI method,
the shape of the isotherm can provide information
about critical water activities and phase
transitions. Sharp inflection points in the isotherm
indicate phase transitions (equivalent to a glass
transition) and can provide information about
critical water activities for maintaining textural
properties and preventing caking and clumping
(Figure 14). The exact inflection point in the
curve, and hence the critical water activity, can

be determined using second derivative curve
smoothing strategies. Keep in mind that if data
resolution of the isotherm is low, these inflection
points cannot be identified. If the water activity of
a product moves above the critical water activity
for phase transition, the stability of the product will

decrease as time dependent processes such as
caking and crystallization speed up significantly.

20

5 d
pos—————

Moisture Content (% d.b.)
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Water Activity (P/Po)

Figure 14. Moisture sorption isotherm for spray dried milk
powder at 25°C showing a phase change occurring at a critical
water activity of 0.43.

Increasing temperature will cause the critical
water activity to go down and can also result in
loss of stability with no change in water activity.
Determining phase transitions using isotherms is
similar to determining glass transition temperature
(Tg) with Differential Scanning Calorimetry (DSC),
except instead of holding water activity constant
and scanning temperature, the isotherm analysis
holds temperature constant and scans water
activity (Figure 15). Consequently, the temperature
of the isotherm when the critical water activity is
determined should be similar to the Tg determined
using DSC analysis for a sample at the critical
water activity.

High

Rubbery State

Constant Yomc or a
Scan Temperature

I'emperature

Constant T
Scan a,,

I
v State 0 Critical %MC or a

Low

Low %Moisture Content or a, High
Figure 15. Diagram showing strategies used to determine
glassy to rubbery phase transitions in amorphous material. The
DSC strategy holds moisture or water activity constant and
scans temperature while the isotherm strategy holds
temperature constant and scans water activity (Figure courtesy
of Shelly Schmidt).
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Figure 11. Working moisture sorption isotherms for icing (¢),
creme filling (m), and cake (A). The line at 0.70 aw represents
the natural water activity of the product. Arrows indicate the
direction water will move if cake and icing at water activities
less than 0.70 aw are mixed with creme filling at a water
activity greater than 0.70 aw.

Dry Ingredient Mixing

It is possible, using the isotherms of the
components, to determine the final water activity
of a mixture of ingredients without actually making
the product. This works best by transforming the
isotherm to a chi plot (chi being -In[-In(a.)]) as
shown in Fig. 12. The isotherm can then generally
be fit by one or more straight lines. Figure 12 has
some of the data from Fig. 11 for the snack cake
ingredients. The x axis now is the chi variable.

The y axis is the wet basis moisture content. The
conversion from dry basis to wet basis is:

m

K s

(6)
Where w is mass of water divided by total product
(water plus dry) mass, and m is mass of water
divided by dry mass.

The conversion to wet basis moisture content
makes the mixture calculations more convenient.
The wet basis moisture content of a mixture is:

W= diw; (7)

Where ¢, is the mass fraction of component i
(the wet mass of the component divided by the
total mass of the mixture) and w; is the wet basis
moisture content of the component.

Within the range of water activity for which the chi
plot is a straight line the isotherm is described by:

w=ax+p 8)

Where o and [ are the slope and intercept of the
chi plot.

As long as water is not gained or lost by the
mixture, equation 7 gives the average moisture
content at the time of mixing and also after
equilibration has occurred among components. At
equilibration, the water activity, and therefore the
chi value of all components is equal, so egs. 7 and
8 can be combined to find that chi value:

W= bifs
X > iy
Where the average moisture content is computed
from the initial values and eq. 7. Once the chi
value is known eq. 8 can be used to find the final
moisture contents of the individual constituents.

9)

y=982x+6.36
R?=099

15
“ y=04714x + 11,667
R?= 09666

i.ll.}‘o??vbb\o
5
y=287x+268
R?=093

Molsture Content (%wb)

0 0.5 1 15 2
An(4n(aw))

Figure 12. Chi plot of isotherm data for snack cake
components showing linear fits to data.

Table 1 shows values of a and B from Fig. 12 for
the snack cake components. To illustrate how
these values can be used, assume we want to
know the water activity of a mixture of 60% cake,
20% creme filling, and 20% chocolate icing. The
starting moisture contents and their corresponding
water activities are shown in the table. Using eq. 7
we compute that the average moisture content for
the mix is 12.8%. Using eq. 9 we compute the

Ingredient o B Avm *Initial | Initial | *Final Ave mc | Final chi | Final a,,
%m.c aw__ | %m.c 12.8 0.93 0.67
Icing 2.87 2.68 0.2 7 0.80 5.4
Creme 0.47 11.67 0.2 12 0.61 12.1
Cake 9.82 6.36 0.6 15 0.66 15.5

Table 1. Values needed for snack cake inredients mixing problem.

*Moisture content is wet basis

final chi value to be 0.93, giving a final water
activity of

ayy, = exp[—exp(—x)] = exp|—exp(—0.93)] = 0.67

Using eq. 8 and the o and 3 values for the
components, we can now compute the final
moisture contents of the components, as shown
in the last column of the table. It may appear
counterintuitive that the moisture content of both
the créme and cake increased, while the moisture
content of the icing decreased, in spite of the fact
the icing was initially at a much lower moisture
content that the créme and cake This should
underline the concept that it is water activity,

not moisture content that equilibrates between
components.

Three final comments should be made with
respect to calculating water activity of mixtures.
First, we have used a linear approximation to the
chi plot for the isotherm. That works well in most
situations where water activity is not changing
over a broad range, and gives nice, closed form
equations for computing water activity. There is no
problem, however, with using the full DLP isotherm
equation to do these calculations. The equations
are just messier and the solutions harder to
obtain. The second point is that hysteresis could
be an issue with these calculations unless you
use the correct isotherm. Since some components
are increasing in moisture content and some
decreasing, a working isotherm is probably

the best approximation. Finally, all of these
calculations assume that the isotherm equation
does not change with wetting or drying. If one of
the ingredients undergoes a phase change during
equilibration, its isotherm equation will change.

Obviously the method would have problems if this
were not taken into account.

Shelf Life Determination

Sorption isotherms are valuable for shelf life
prediction. They can be used to determine a
food’s monolayer moisture content and the
corresponding water activity, which represents
its most stable state. The monolayer value is
determined by modeling isotherm data using the
GAB or BET equations. It is usually the moisture
content around 0.2-0.3 aw. An increase in water
activity of 0.1 above the monolayer value will
result in a decrease of shelf life by two to three
times (Bell and Labuza, 2000).

Packaging Calculations

A product’s isotherm can also be used to
determine package requirements depending

on the products sensitivity to moisture and the
type of conditions it may be exposed to (Bell and
Labuza, 2000). If we assume the product and the
environment are at the same temperature, and
that the permeability of the package is low
enough so that changes in water activity are
uniform over the entire product inside the
package, then the water activity of the product
can be predicted from:

Ay = hg — (hg — awo)exp(—t/T)  (10)

Where h, is the humidity of the air, a, is the initial
water activity of the sample, t is the time in the
package, and the time constant, , is given by
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