JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

5250 J. Agric. Food Chem. 2004, 52, 5250-5257

Nonenzymatic Browning Kinetics of a Carbohydrate-Based
Low-Moisture Food System at Temperatures Applicable to
Spray Drying
SONG M1AO AND YRJIO H. Roos*

Department of Food and Nutritional Sciences, University College Cork, Ireland

Effects of water contents on nonenzymatic browning (NEB) rates of amorphous, carbohydrate-based
food model systems containing L-lysine and b-xylose as reactants were studied at different
temperatures (40, 50, 60, 70, 80, and 90 °C) applicable to spray drying conditions. Water sorption
was determined gravimetrically, and data were modeled using the Brunauer—Emmett—Teller and
Guggenheim—Anderson—deBoer equations. Glass transition, Ty was measured by DSC. NEB was
followed spectrophotometrically. The rate of browning increased with water content and temperature,
but a lower T — T, was needed for browning at decreasing water content. Water content seemed to
affect the activation energy of NEB, and higher water contents decreased the temperature dependence
of the NEB. At higher temperatures, the NEB became less water content dependent and enhanced
browning in spray-drying. The temperature dependence of nonenzymatic browning could also be
modeled using the Williams—Landel—Ferry (WLF) equation, but the WLF constants were dependent
on the water content.
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INTRODUCTION the viscosity of the material decreases dramatically because

Nonenzymatic browning (NEB, Maillard reaction) is one of of thermal or water plasticization. Diffusion-controlled chem-
: ical reactions, including nonenzymatic browning, in low and

the most important chemical reactions in foods. Maillard reaction . . . .
is known to generate flavor compounds, including characteristic |n_terrr_1§d|ate-m0|sture foods are dependent on tran_slatlo_nal
flavors and colors of thermally processed and prepared foodsO“ﬁus'VIty O.f the reactants, and p_resumably, on the viscosity
(1). It also produces high-molecular-weight colored products of the matrix material. Such .reactlons have been suggested to
known as melanoidins, which are responsible for the brown be dependent on the physical state of the syst&f 14,

color and the products of the browning reactions of many foods. 17_20?' ) ) ) )
Nonenzymatic browning affects the nutritional quality and  Studies relating nonenzymatic browning and physical state
toxicological properties of food materials. Both flavor generation have concentrated on the examination of the effects of changes
and browning can be favorable or unfavorat2}, especially in matrix materials on reaction rates. ‘_I'he el_‘fects_ of the glass
in dairy products. The extent of Maillard reaction can be transitionon NEB rates have been studied using different model

optimized through careful manipulation of processing and SyStems over various temperature range$(@1,12,19—-23)
storage conditions (3). Therefore, control of the NEB reaction @nd at a constant temperature at various water contents and water

rate during processing and storage has been given much@ctivities (7,10,19,_22—24). Particular fattention has been paid
attention. to the effects of differenT — T4 conditions (19,21—23) and

In an effort to optimize processing and storage conditions of concomitant physical changes, such as collapse or crystallization
dry and intermediate moisture foods, increasing attention has (& 7;10,11,19) and also the type and concentration of reactants
been paid to understanding effects of physical properties of food (3: 5 12). All these studies have revealed the independent effects
materials on NEB kinetics (4—12). Spray-drying is a typical of glqss transition and macroscoplc.changes in amorphous
dehydration method in food and pharmaceutical industries Materials on the nonenzymatic browning rates.
producing amorphous materials. The physical stability of  Spray-drying is a common method in the dairy industry.
amorphous food materials can be related to glass transitionDuring the spray-drying process, concentrated liquids are
(13—15). Below glass transition, molecules have very slow dehydrated in the form of tiny droplets. The physical state of
mobility and they are fixed in the highly viscous, nonequilib- the material changes from liquid to solid as it passes through

rium, solid-like, glassy statelé, 16). Above glass transition,  the drying chamber. The time for the product changing from
the liquid state to an amorphous solid powder is extremely short,
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the wet bulb temperature during the drying of 95% of the water, dried food model, prepared in 20-mL glass vials, were stored in a
and therefore, thermal changes (e.g., NEB) may be avoided forvacuum desiccator over®s (Sigma Chemical Co.) for a week. After
most powder products. However, further heating of the amor- Storage, the samples were considered “anhydrous”. The dehydrated
phous particles at final stages of dehydration and in a collecting iPlicate samples were subsequently kept at28°C over saturated
chamber can be relatively long and important in controlling the IS\IOIgtI'Og.S of ngrl{ C".ic?gK' Mgﬁlf_\;\};;c%i ¥2(22322,3N3a2'\1%21?.n% s
final quality of the products. Although, in most modern spray- acl (Sigma Chemical Co,) wit OF L 290, 994, A2, DA,

. . okl I ., 65.6, and 76.1%, respectivel®§, 27), until the sample weights leveled
drying operations, powders are removed quickly to allow rapid off, indicating steady-state water contents. The samples were weighed

cooling. However, a given population of particles may experi- 43, 6,9, 11, 21, and 24 h and then at 24-h intervals for RVA.1%.
ence quick drying and exposure to the hot drying air for a For= 54.5% RVP, samples were weighed every hour up to 6 h, then
relatively long time. Hence, the particle temperature may 8, 10, 21, and 24 h and then at 24-h intervals during storage. All vials
increase quickly, which is likely to cause “burning” of spray- were kept closed with caps after the vacuum was released in the
dried particles, affecting the quality of the final products. desiccators prior to weighing. The Brunau&mmett—Teller (BET)
Most of the kinetic data for the nonenzymatic browning (28 29) and GuggenheimAndersor-deBoer (GAB) 29, 30) sorption
reaction at different water contents and temperatures have beersCtherm models were fitted to the water sorption data using linear
determined by use of model food systems such as polyvinylpyr- regression and quadratic analysis, as described by Jouppila and Roos
rolindone (PVP)- and maltodextrin (MD)-based food models. 2

. . Moisture Content Determination. As a result of sorption of water
These food models have different properties from real 1actose- o the environment during sample preparation to the ampules, the

based dairy products. Roos and others (15) quantified the rateyater contents of the samples kept in sealed ampules varied slightly.
of water formation from theTy depression to determine the  Therefore, the water sorption data were used to predict water contents.
kinetics of the NEB reaction at different temperatures. So far, The water activity of samples kept in sealed ampules was measured
there have been only a few studies reporting browning rates in with an AquaLab CX-2 (Decagon Devices, Inc. Pullman, WA) water
dairy powder systems at high temperatures and specific wateractivity meter. Six samples of each material were measured, and the
contents applicable to spray-drying conditions. In the present Water contents were calculated using the GAB isotherm model.
study, a food model with physical properties, such as the glass Differential Scanning Calorimetry. Differential scanning calonm-. .
transition behavior, typical of lactose-based dairy powder etry (DSC, Mettler Toledo 821e) was used to measure glass transition

L temperatures @ for dehydrated and rehumidified samples as described
products was developed. The objective was to relate temperatureDy Lievonen et al.§). Samples (915 mg) were prepared in preweighed

and water content with the extent of browning over a typical pgc ajuminum pans (40L; Mettler Toledo-27331, Switzerland) and
spray drying temperature range and to evaluate the effects ofsiored in open pans for 144 h at room temperature in evacuated

temperature and water content on browning kinetics. desiccators over s and different saturated salt solutions: LiCl,
CHsCOOK, MgCh, K,COs, (Sigma Chemical Co.) with RVP of 11.4,
MATERIALS AND METHODS 23.1, 33.2 and 44.1%, respectively, giving a water activy,of 0.01

Preparation of the Model System.An amorphous food model x RVP at equilibrium (27). RVP of the saturated salt solutions were
consisting of lactose (Sigma Chemical Co., St. Louis, MO) and trehalose cONfirmed with an Aqualab CX-2 (Decagon Devices) water activity

(British Sugar Company, UK) (1:1) as matrix materials was prepared. meter. After equilibration, the pans were hermitically sealed. Triplicate
The major constituent of a number of dried dairy-based powders is S&Mples of each material were analyzed. An empty pan was used as a
lactose. The model system had a similar type glass transition behavior'éference. The DSC was calibrated for temperature and heat flow by
as lactose because of the very similar glass transition behavior of the US€ Of indium (mp, 156.6C, AHn, 28.45 J/g)n-pentane (mp;-129.7

two sugars. However, crystallization of component sugars was delayed C AHm, 116.7 J/ig)n-hexane (mp;-94.0°C, AHr, 151.8 J/g), distilled

in this systemL-lysine (Sigma) and-xylose (Sigma) were used as  Water (mp, 0.0°C, AHn, 334.5 J/g), and gallium (mp, 28°€, AH,
nonenzymatic browning reactants, because of their high reacti@y ( 80 J/g). The samples were scanned first over the glass transition range

According to the results of previous studi®s25) and pre-experiments &t 5°C/min, then cooled at 18C/min to at least 30C below the glass
transition, and a second heating scan 4CAmin was run to at least

carried out in the present study, the exact amounts of the reactants, &' = . i
1:1, were adjusted to 5% (w/w) of the total solids. The compositions 30 °C above the glass transition. Samples with various water contents

of the model system were lactose 45%, trehalose 45%, xylose 5%, andV€"€ scanned in hermetically sealed pans. Glass transitions were
lysine 5% (w/w) of the total solids. A 20% (w/w solids) clear solution analyzed using STARhermal analysis software, version 6.0 (Mettler

was prepared from the matrix materials, the reactants, and distilled T0/€do., Switzerland). The glass transition temperatlijewas taken
water. Solutions in 2622 mL aliquots were frozen on Petri dishes from the onset temperature of the glass transition temperature range.
immediately after preparation (24 h a20 °C, followed by 24 h at An average obtained for three replicate samples was taken as the glass
—80°C) and freeze-dried(48 h,p < 0.1 mbar) (Lyovac GT 2; Amsco  lransition temperature. _ _

Finn-Aqua Gmbh, Hiirth, Germany), to produce a completely amor- _ 1he Gordon and Taylor (32) equation (eq 1) was fitted to the
phous glassy state of the food model (13). experimentall data

The freeze-dried materials were ground immediately after freeze-
9 y wng1 + kWZng

drying. Ground powders on Petri dishes were exposed in vacuum — (1)
desiccators to three relative vapor pressures (RVP) of water, as reported E wy + kw,

by Roos and Karell3), to adjust water contents of the materials. Three

saturated salt solutions (LiCl, GAOOK, and MgCJ) (Sigma Chemical where w; and w, are the weight fractions of the solute and water

Co.) were used to achieve RVP values of 11.4, 23.1, and 33.2%, respectively Ty is theT of anhydrous solutely, is the T, of amorphous

respectively (2627). The exposure time was 72 h. Thereafter, aliquots water, andk is a constant. Th&, of —135°C was used for wate3@).

of 1 g of each material were transferred into glass ampules (5-mL gold The value fork was the mean derived from the experimental data on

band ampule, WHEATON, Millville, NJ) and the ampules were stored Tyand water content, as described by Jouppila and Ré)sEquation

in vacuum desiccators over the same respective RVPs for another 241 was applied in the present study for predicting water plasticization

h. Then, ampules were flame-sealed by use of an acetylene flame.of the lactose/trehalose/reactant mixtures, considering that all solid

Because the 5-mL glass ampule has a small headspace, we presumecbmponents contributing to the observed glass transition were miscible

that during present NEB study the moisture contents of the samples inand formed a single phas@4). Because serious browning occurred at

the ampules maintained constant, and more importantly, we presumedhigh temperatures above 10@, water produced in the reaction

a homogeneous vapor pressure with the samples during experimentplasticized the samplesl%). Hence, no reliable glass transition
Sorption Isotherms. Sorption isotherms for the food model were  temperatureTg) could be measured for the anhydrous lactose/trehalose/

determined gravimetrically. Triplicate sampleElog of the freeze- reactant system. We assumed that the low concentration of reactants
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Figure 1. Calculation of the BET and GAB isotherm parameters, with
the experimental sorption data using linear regression and quadratic

analysis.

only slightly affected thdy, and we used th§; of the lactose/trehalose
system as thdy for the anhydrous lactose/trehalose/reactant system.
When the Gordon and Taylor equation was used, the glass transition
temperaturesTy, of the model samples with different water contents
could be predicted.
Nonenzymatic Browning. The flame-sealed ampules were stored
at 10°C intervals at six temperatures over the range of90 °C,
which was considered applicable to droplet and particle temperatures
at spray-drying conditions. Duplicate samples were removed-a65
min intervals, depending on storage temperature, and subsequently
stored at-80 °C, to avoid further browning before analysis. The extent
of browning was determined spectrophotometrically (Perkin-Elmer

Lambda 2 UV—Vis spectrometer; Morwalk, CT). The optical density 11

(OD), which is used to detect products of early stages of browning
(35) and is considered to result from the formation of furfural
compounds (3637), was measured at 280 and 420 nm for yellow and
brown pigments, respectivel\8g). Samples were dissolved with 40
mL of distilled water and diluted when necessary, to obtain reliable water than lactose monohydrate or anhydrous crystals do. In
absorbance readings. NEB was modeled as a zero-order reaction, ashe mix of lactose and trehalose, the crystallization of the
often reported in the literature (5). Rate constarits,their 95%
confidence limits, and coefficients of determinati®®)(were calculated
by use of a linear regression analysis, as recommended by La@@)za (
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Figure 2. Sorption isotherm of (A) lactose and (B) lactose/trehalose/
reactant- (L/T/R) based food model, with xylose and lysine (5% of solid,
) as reactants, and the relationship between glass transition temperature
(Tg), water content, and water activity for the model system.

after crystallization, the dihydrate trehalose crystals hold more

component sugars was significantly delayed. First, the model
system sorbed more water (13.1, 19.3, and 25.3 g/100 g of dry

RESULTS AND DISCUSSION

solids) than pure lactose (9.9, 11.3, and 13.2 g/100 g of dry
solids) before showing the loss of sorbed water at RVP of 54.5,
65.6, and 76.1%. Second, the loss of sorbed water in model

Water Sorption. The model system was very hygroscopic.
Both the BET and GAB isotherms could be used to model the
experimental dataKigure 1). Experimental water sorption
values, as a function of water activity at 28, for the food
model are given irFigure 2B. The BET and GAB monolayer
values at 25°C were 6.8 and 4.0 g of #/100 g of solids,
respectively. Compared to that of lactose, as showriguore
2A, the model system had similar sorption properties. Parameterssealed in the DSC pans and exposed to the highest temperature
for the BET and GAB isotherms for freeze-dried food model for the longest time period, glass transition for the sample was
system and lactose are givenTiable 1. Sorbed water contents
of the model food system (3.3, 5.0, 7.0, and 10.2 g/100 g dry remaining in the samples. The delayed crystallization of the
solids) were very close to that of pure lactose (2.8, 5.0, 6.6, component sugars in our present study was in agreement with
and 9.7 g/100 g dry solids) when the model was exposed to the results of Arvanitoyannis and Blanshad@) and Biliaderis
RVP of 11.4, 23.1, 33.2, and 44.1%. At higher RVPs from 54.5 et al. (43).
to 76.1%, both the model system and lactose showed increasing Because the GAB model is generally accepted to model water
sorption of water, followed by a decrease in sorbed water sorption of foods, and it is applicable over a widg range
content, as a result of sugar crystallizati®1,40, 41). As
shown inFigure 2, when samples were exposed to R¥P
54.5%, sorbed water contents were very low. This was becausewater contents for the model samples with known water activity.
as a result of crystallization component, component sugars
released sorbed wate34). Compared to the water contents of perature of the food model decreased with increasing water
lactose at RVP> 54.4% (Figure 2A), the water contents of
the model system (Figure 2B) were higher. Our model system by water (4, 29). The decrease was similar to that of other
contained trehalose, which may form dihydrate crystals, and biological materials 14). The glass transition behavior of the

system was observed after 300, 56, and 32 h of storage, and in
pure lactose after 11, 4, and 3 h of storage at RVP of 54.5,
65.6, and 76.1%. These results showed that in the selected model
system, crystallization of component sugars was delayed. This
was an important requirement for the study of the NEB kinetics
in amorphous or at least partially amorphous models at different
temperatures. In fact, when the humidified model samples were

still observed, which confirmed that amorphous material was

(29, 30), it was used to predict water contents at various
browning conditions; the GAB model was used to calculate the

Glass Transition Temperature. The glass transition tem-

content (Figure 2), which was typical of materials plasticized
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Table 1. Modeling Constants and Monolayer Value, my, for the GAB and BET Isotherms in Freeze-Dried Food Model System and Freeze-Dried
Lactose
BET Model
ay range? nb b c K Mn R'2d
freeze-dried model 0.114-0.441 4 0.1158 0.0294 4.9388 6.89 0.967
freeze-dried lactose 0.114-0.441 4 0.1123 0.0358 4.1369 6.75 0.9502
GAB Model
ay range? nP a B y C K’ M R2¢
freeze-dried model 0.114-0.441 4 -0.3331 0.2097 0.0151 1.4393 11.6488 3.95 0.9860
freeze-dried lactose 0.114-0.441 4 -0.2972 0.1407 0.0288 1.3872 7.5439 4.05 0.9988

2 a, range of experimental sorption data. ® Number of experimental data points. ¢ R? for the quadratic regression (as/m) = aw?+ Baw + . 9 R'2 for the linear regression

(aw/m (1 - ay)) = bay

+C.

Table 2. Glass Transition Temperatures of the Freeze-Dried Model

System, Lactose, and Lactose/Trehalose Mixtures Stored for 144 h at 450 | A _':"ng
Various Relative Vapor Pressure (RVP) at Room Temperature 400 - &--70°C
(22-23 °C) _ e
£ 350 :
RVP glass transition temperature (deg C) g 300
salt (% of water) freeze-dried LIT/R  freeze-dried L/IT  freeze-dried L -
% 50 R=0.9771
LiCl 114 59.74 +0.12 59.78 + 0.25 56.61 +0.42 o 200
CH3COOK 231 36.88 +0.19 39.51+0.04 4242 +0.32 o
MgCly 33.2 28.82 +0.25 3048+0.15 2841021 o 150
K2COs 441 9.61+0.09 1167+033 1124044 100 s
Mg(NO3) 54.5 0.17+0.36 1.56 +0.38 i
, et ——*" R=09716
Table 3. Water Activity, Predicted Water Content, and Corresponding o L ZUTime _— 30 40 50
Predicted Glass Transition Temperature of the Food Model System 90
water content, water content, b0 B
predicted by predicted by 70
water activity? GAB model BET model predicted TP .
(Awx SD) (9/100 g solid) (9/100 g solid) (deg C) £ 0
0.146 + 0.006 3.78 3.69 55.0 g 50
0.279 +0.008 5.85 6.27 34.8 =
0.330 £0.012 6.86 7.27 26.4 _; 40
8
aEach value is an average of six samples. ° Ty was predicted by the Gordon -
and Taylor equation.
10
lactose/trehalose/reactant model system was similar to that of =
lactose and the lactose/trehalose mixturake 2), although
. 0 5 10 15 20 25 30 35 40 45
the food model had slightly loweTy values at the same water T

contents. This was probably due to additional plasticization of

the lactose/trehalose mixture by xylose and lysine. The experi- rigure 3. Optical density of lactoseltrehalose/reactant food model (water
mental glass transition temperatur&g,of the food model over  content: 6.86 g water/100 g of dry solids) at (A) 280 nm and (B) 420 nm
the a, range of 0—0.441 were successfully predicted by eq 1 against time at different temperatures. Regression lines with coefficients
(Figure 2B). The constank, for the model system and lactose  of determination (R?) are also shown. Error bars represent standard
was 7.3+ 0.7 and 7.7+ 0.8, respectively, which was close to  geviation (n = 3).
the value (6.7) reported by Jouppila and Ro®%)(for freeze-
dried lactose. From the experimental water activity data for the density, indicating the NEB followed apparent zero-order
food model exposed to different RVP environments, glass kinetics. It should be mentioned that before we started the NEB
transition temperatures and water contents were predicted, asexperiment, all samples in the ampules were kept at room
shown inTable 3. The predictedy of the food model at 0.38, temperature and there was a lag period before the samples
was 26.4°C, which was very close to the experimental value reached the experimental temperatures, especially when the low
(28 °C) at 0.3323. temperatures were used. Time, however, was recorded from the
NEB. The rate of the nonenzymatic browning reaction at the exposure of samples to experimental temperatures. Slopes of
three different water contents of the model systems increasedthe linear regression lines for all samples were used as rate
with increasing temperature. The rate obtained from increasing constants (k). The coefficients of determination of the reaction
optical density at 280 nm was higher than that at 420 nm, and rate constantsR?) varied from 0.9425 to 0.9990. Representative
it was typical of that of food models with low and intermediate examples of OD against time are showririgure 3. The kinetic
water contents44). Plots of optical density against storage time data in the present study were slightly different from those
showed an initial induction lag period for all samples at different reported by Lievonen and co-worke (L2) for maltodextrin-
temperatures. This was followed by a linear increase in optical and polyvinylpyrrolindone-based food models. They found that
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Figure 4. Effect of water content and (A) temperature or (B) temperature difference (T—Tg) on browning rate constants of the lactose/trehalose/reactant
model. Rate constants at 280 nm and 420 nm are shown. Error bars represent the 95% confidence limits

the OD first increased linearly but leveled at a plateau as the increased significantly at 15—3 above thél,. This agreed

reaction proceeded. with the results of Karmas et all9) and Lievonen et al.8(
Nonenzymatic browning rates at all selected temperatures12). They reported that an increase of nonenzymatic browning
increased as the water content of the model incredSigdine rate of intermediate-moisture systems was detected at a range

4A). At the low-temperature range close to glass transition, the of 10—40°C above theTy.

difference of the rate constants due to different water contents At spray-drying conditions, the temperature of the dry particle
became smaller; the NEB rate seemed to be less water contenin the final dehydration stage may be higher than°@0 At
dependent. As the reaction rates were plotted as a function ofthat stage, the water contents of the particles are rapidly
the temperature differende— Ty (Figure 4B), the rate constant ~ decreasing, which results in the increasd gfMuch attention
significantly increased with increasing — Ty, as has been  should be paid to prevention or control of the browning at the
reported earlier§, 9, 19,22, 24). The models having the lowest final stages of drying. Especially at the later stages of spray
water contents at all temperatures had the highest reaction ratalrying, the final moisture content of a dairy product may be
dependence of — Tg. In agreement with previous studie3; ( higher than 4%, and if lactose is tfig domain component, it
19, 21) of browning data for vegetables and food models, our can be assumed that tie— Ty of the product may be higher
results showed that the increase in browning rate as a functionthan 40°C. Hence, browning may become critical for quality
of T — Ty was different at each water content and water activity, changes resulting from drying.

suggesting a strong dependence of the reaction rate on water Temperature Dependence.The nonenzymatic browning
and temperature. Increasing water contents may increase localeaction has often been considered to follow zero-order kinetics,
Ty differences, moisture migration, plasticization, and reaction and the temperature dependence has been modeled with the
rate. In Figure 4A at constant temperature, the effect of water Arrhenius equation (45, 8, 21, 45, 46). The temperature
on the rate was not very large, but the rate increased slightly asdependence of NEB in the food model system was analyzed
water content increased. However, as shown in Figure 4B atusing the Arrhenius relationship)( According to the Arrhenius
constantT — Ty, there was a large dependence of the rate on equation, a linear relationship exists betweek &md 1/T. The
water content, and the highest rate was observed for the lowerrate of NEB in food models with different water contents could
water content. Temperature at a constéint Tg was much be modeled using Arrhenius equation, as showfigure 5.
higher for systems with lower water content. While a small The Arrhenius plots agreed well with the data reported by
increase in the water content may increase browning, a smallKarmas et al. 19) and Lievonen et al.1@). Because most of
increase in temperature will result in a higher increase in the experimental temperatures were aboveT§eo break in
browning. In the present study, most experimental temperaturesthe vicinity of the glass transition temperature could be observed.
were above th&j. It seems that there was at each water content Only the model with 3.78 g of water/100 g of solids had a glass
a critical T — Ty value (Figure 4B) above which the rate transition of 55.0°C, and the in present study, nonenzymatic
increased rapidly. At lower temperatures, the rate was low and browning could still be observed at 40 and &), although the
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6" Table 4. WLF Coefficients of the Model Food System at 280 nm

4 water content
20mm (g water/100 Tg as ref temp Trer as ref temp

2 § . \/EFl’l"ﬁ:;;“:’ml g solid) Tg T Ci Cz R? Ci G R?
4200m T 3.78 550 60 81 873 09995 53 49.6 1.0000

A Ea=1558 £ 121kJjmol 5.85 348 50 97 1493 09876 43 566 0.9928
; o099 6.86 264 40 166 2291 09891 80 954 0.9998

g 2
- universal constants and the calculated constants for prediction
e, purposes at 20—30C above the glass transition temperature.
0 I O, Lievonen et al. {2) confirmed that a better fit was found when
e 00 ot R =09983 system-dependent constants were calculated instead of using
- the universal constants. In the present study, the WLF constants
C; and C, were calculated by use of the linear forms of eq 2
-10 L L L n L y
0.00270 0.00275 0.00280 0.00285 0.00290 0.00295 0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 and eq 3
UT (/K)
Figure 5. Arrhenius plots for NEB in freeze-dried lactose/trehalose models kre 1
with different water contents as determined from optical density at 280 T— T T C ()
1( ref) 1
and 420 nm.
-1 _ !
rate constant became very small. The results indicated that [ ] 1, (3)
nonenzymatic browning may occur in highly viscous glassy e (T Ty G

materials. In agreement with the results reported by Karmas et
al. (19), Schebor et al.4{), and Lievonen and Roo9)( wherekeer, kg, andk are reaction rate constants at reference
however, a macroscopi cannot be considered as an absolute temperaturder, glass transition temperatufg, and observation
threshold of food stability48). Rotational mobility, aging of ~ temperaturd, respectively, as suggested by Nelson and Labuza
the glassy material, and diffusion through pores or defects of (46). The experimental temperature closest to the predicted glass
the glasses may explain the occurrence of chemical reactionstransition temperature was chosen as the reference temperature,
in the glassy state (47) as well as local heterogeneities in waterand the reaction rate at glass transition temperatyrewas
and reactant distribution, which are extremely likely in food derived using the Arrhenius equation. A plot ofdwersus IT
systems. gave thek, andE, value in the Arrhenius equation. Then, from
The activation energy of the NEB reaction was calculated the predictedT,, the k; was obtained. The system-specific
for each model. The activation energies of different model constants are given iiable 4. These WLF constants differed
systems varied from 117.8 to 183.6 kJ/mol, and they were from the “universal”’ constants. The temperature dependence of
typical of the NEB reactionq, 49). As shown inFigure 5, the nonenzymatic browning of the model systems with different
when the water content in the food model varied from 3.8 to water contents could be modeled by use of the WLF equation
6.9 g of water/100 g of dry solids, the activation energy changed (Figure 6). The WLF equation gave a good fit over the ex-
from 155.8 to 117.8 kJ/mol. The water content seemed to affect perimental temperature and water content ranges, but the
the activation energy of NEB, which was probably because of calculated constants and the suitability of the WLF model varied
a higher amount of water changed the physical state of the modelsignificantly even at minor water content differences. This result
and affected the diffusion rate and solute mobility in the system gave further evidence against the use of the universal WLF
(50, 51), thus lowering the NEB activation energy. From the constants and agreed with the results of Lievonen el 2). (n
Arrhenius plot in Figure 5, we could also observe that higher a previous study, Nelson and LabuZ®) found that the WLF
water contents seemed to decrease the temperature dependeneguation could be fitted to browning data, found for a
of NEB rate. At the higher temperatures, the NEB rate increased, carbohydrate model system by Karmas et al. (19) abigvét
but the difference of the Ik between different water content may be assumed that the rate constant for a diffusion-controlled
models became smaller. This suggested that at the highreaction may follow WLF kinetics abovg,, provided that the
temperatures the NEB rates were high and became less watereaction would occur with a significantly higher rate at the same
content dependent. This should be considered in adjusting sprayiemperature in a nondiffusion-controlled situati@6)( Probably,
drying conditions at later stages of the process. the NEB reaction in the lactose/trehalose/reactant system was
Above Ty, increasing diffusion may be related to decreasing diffusion-controlled. Although structural changes in the present
viscosity, and instead of using the Arrhenius type temperature study, such as collapse, may have affected the browning rate,
dependence of reaction rate, the Willianisandel-Ferry equa- as was pointed out by Karmas et al9), such changes are
tion (WLF) (52) has been suggested as an alternative model torelated to viscosity, which in amorphous materials may be
describe the temperature dependence of viscosity-controlledassumed to follow the WLF-type temperature dependence. Thus,

chemical reactions above the glass transitib®, (4, 19, 46, the temperature dependence of the apparent NEB rate was in
53). Many authors have fitted the WLF equation to NEB data agreement with the WLF kinetics.

(8, 12,15, 19, 22,53). Williams et al. $2) reported universal In conclusion, the NEB browning kinetics in the present study
values for the constantS; = —17.44 andC, = 51.6. These were obtained for a freeze-dried food model system at water

values were also applied to describe the temperature dependenceontents and temperatures applicable to spray-drying conditions.
of viscosity of sugar solutions (54) and time to crystallization The rates of browning in the food model were sensitive to water

of amorphous sugars aboVg(21). Peleg%5) discussed several  content and temperature and followed WLF kinetics, but the

problems associated with the use of the universal constants inWLF constants were dependent on the water content. At

the WLF equation. He found disagreement between the use oftemperatures abovi, the Arrhenius model was applicable and
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Figure 6. WLF plot of the NEB rate constant, k, as a function of the
temperature difference between the sample temperature and the Ty of
the model system at different water contents for freeze-dried L/T/R model
system. The Ty of the system was predicted by use of a Gordon and
Taylor equation and GAB model. The rate constant, kg, at Ty was derived

by

use of the Arrhenius relationship. The inset figure shows the relation

using another reference temperature, Ts, and an experimental value for
the rate constant ks at Ts.

linearity was observed. Water content seemed to affect the
activation energy of NEB, and higher water contents decreased
the temperature-dependence of NEB. At lower temperatures (18

close toTgy, the NEB rate was low and more water content

dependent. The results can be used to control NEB by water
content and temperature, for example, in dehydration such as (19)

spray drying applications. To evaluate the NEB kinetics in real

spray-drying conditions, however, future studies are necessary
to compare the browning kinetics of the freeze-dried model and (20)

a spray-dried model.
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