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Abslract 

To better understand compensation of the Maillard reaction asso디ated with glucose-lysine solutions, enthalpy
elltropy ∞mpensation was examined using the published data. Compensation was obseπed for the formation of 
Amadori ∞mpounds (monofructosyllysine (MFL); d퍼uαosyllysine (DFL)) and bro빼 pigment (pG) in a glu
cose-lysine solution at different pH values (4, 5, 6, 7, and 8) at 90, 100, and 110"C. The data were analyzed us
ing the transition state theory. Compensation existed with 외1 isokinetic temperature (T~) values being greater 
th an the harmonic temperature σ .... ) values, indicating an enthalpy controlled reaction. These results imply that 
true compensation in Maillard browning reaαion may 0αur at constant temperature as a function of pH. Two 
compensation relationships were developed. First, as pH inαeased with constant temperature, activation enthalpy 
(AH후) and entropy (,1S*) values decreased. Se∞nd， as temperature increased at constant pH, !l.S" íncreased. 
These responses may explain how ,iH* and !l.S' are involved in changing the functionality of proteins as pH 
changes at constant tempeature and a<; temperatures change at constant pH, respectively. This ∞mpensation 

phenomena may be of considerable importance in the control of Maillard reactions in food processes. 
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Introduction 

Chemical reactions play important roles in thε 

quality of many food products. πle Maillard brown

ing reaction is one of the most important rεactions 

in food and involves the formation of a protein

sugar c:omplex. This reaction can produce both des

irable and undesirable changes. In some foods, the 

reaction imparts the desired brown color associated 

with an acceptable appearance. 까le formation of 

the protein-sugar complex also reduces quality by 

reducing protein availability and leading to undes

irable flavor development. Because there are posi

tive and negative effects, it is important for thε 

food technologist to understand the reaction and 
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how it affects food quality. 

Browning reactions are best studied by measur

ing the kinetics of the reaction under carefully con

trolled conditions. πlÍs helps quantify the factors 

that affect the reaction and may suggest a potential 

means for control. 
Labuza (198이 reviewed the concepts of enthalpy

entropy compensation in food reactions. This ef

fect, known as the isokinetic relationship, has been 

obseπed for a structurally related sεries of com

pounds undergoing a defined chemical reaction. ηris 

effect ∞nsists of ζnthalpy and entropy changes 

which compensate each other to produce minor 

changes in the free energy of the process. Enthal

py-entropy compensation has been obseπεd in sys

tems involving organic chemistry, protein/enzyme/ 

water reactions, microbial death, and food deterio

ration. Labuza (1980) reported that prεrεquisites 
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for applying the concept to food systems include 
data collected at a constant pH and aw (water ac
tivity) as a function of temperature, and data at a 
constant temperature as a function of pH or aw. 

Research into the application of enthalpy-entropy 
compensation as it applies to other kinetic obsεr

vations within food systems could prove beneficial 
by providing a better kinetic understanding leading 
to useful system design and control tools. Lumry 
and Erying (1954) s맹gested that compensation is a 
property 0 1' the proteins in the system and that such 
compensation is of m매or physiological importance 
in the stability of proteins. Also, enthalpy-entropy 
compensation analysis can lead to usεful predictions 
of reaction rates and activation energies (E,) from 
sever때 conditions and could thus explain the change 
in Ea with a change in pH or aw without the need 
to postulatε a change in mechanism (Labuza, 1980). 

Though much research has been done on this 
phenomena with respect to small chεmical molec
ules and protein denaturation, insufficient data is 
present to εxamine for compensation as it relatεs 

to occurrellces 디Jmmon to food science. Therefore, 

in an effort to better understand compensation to 
Maillard reaction of glucosε-lysine sollltions, enthal
py-entropy compensation was εxamined. 

Materials and Methods 

Data of Kinetic Parameters 
Using data from the work of Lee et al. (1984) , 

the reaction rate constant (k) and E, associated with 
the effects of temperaturε and pH on glllcose-lysine 
solutions werε estimated. They measured the extent 
of interaction by obseπing thε change in the con
centration of solutions over time, as a function of 
various pH values (4, 5, 6, 7, and 8) and tem
perature (90, 100, and 110"C). They reported on the 
kinetics 0 1' the formation of Amadori compollnds 
(monofructosyl lysine (MFL); difructosyl lysine 
(DFL) and browning pigments (PG) with respect 
to temperature and pH. 

Analysis of Enthalpy-entropy Compensation 
The transition state theory was utilized to inves

tigate wht:ther enthalpy-entropy compensation in 
Lee’S ζxperiments occurred. The linear relationship 

between enthalpy (Y-axis) and entropy (X-axis) im
plies the existence of a unique temperature called 
the isokinetic temperature (T ~). At this temperature, 
the rate k values for all reactions of the series have 
the same value. The slope of the plot of entropy 
(，1.S추) versus enthalpy (따I") yields Tß• The activat

ed thermodynamic parameters, ,1.H;- , ，1.S추， free en
ergy (，1.G수)， and the harmonic mean of the tempε

ratures σ삐) (Labuza, 1980) for the reaction, werε 
calculated from the the following kinetic relat
ionships: 

k"=kNh/(RT) (1 ) 

,1.G'"=H'" -T,1.S* =-RTlnk土 (2) 

,1.H"=E,-RT (3) 

，1.S추=(，1.H추-，1.G'")π (4) 

Thm=n!L(1π) (5) 

whεrε， 

h=Planks constant=6.6 x 10끼 erg . sεc 
N=Avogadro Number (6.02x 1(f-' moleαJles/mole) 

R=Universal gas constant=8.314 J/moleoK 

Results and Discussion 

The k and E, values with respect to pH and tem
perature are shown in Table 1 for MPL, DFL and 
PG as reported by Lee et al. (1984). The reaction 
of the glucose-Iysine solution was shown to have 
pseudo-first order kinetics under conditions of ex
cess glucose. 

From Table 1, the rate of browning increased 
with increasing pH and temperature (Thm). In gen
eral, the rate or extent of browning increases with 
incrεasing pH and temperature during processing 
or storage of foods (Warmbier et al. , 1976). πey 

also noted that the browning ratε is significantly in
fluenced by thε moisture content and the concent
ration of reducing sugars and free amino groups 
from proteins which are thε primary reactants. 

Rεgressions for ，1.H추 vεrsus ð.S' for each of the 
pH conditions noted in Table 1 for the formation 
of MFL, DFL and PG werε madε at 90, 100 and 
11 ooc. T values and the respectivε correlation coef
ficients (R 2) arε shown on Figurεs 1 to 3. 

For most data sets, correlation coefficients were 



Table 1. E하ct of pH and temperature on the dissociation constant a때 aαivation energy in browning reactions 
(Es삐mated from figures in Lee et al., (1984)) 

Tern야rature MFL') 

'C (K) (Thrn) 

pH4 
90(363) 

1대)(373) 

110(383) 

pH5 
90(363) 

1이)(373) 

110(383) 

pH6 
90(363) 
l(씨(373) 

110(383) 

pH7 
90 (363) 

100 (373) 
110 (383) 

pH8 
90(363) 0.2깨o 

H씨(373) 0.340 
110(383) 0.500 

')MFL is a rnonofructosyl Iysine. 
'DFLi’‘ a difructosyl Iysine. 
‘’PG is .1 browning pigrnents. 
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PG') DFL2
) 

Ea (kJ/rnol) 

75.3 
75.3 
75 .3 

k (/rnin) 

0.011 
0.051 
0.220 

Ea (kJ/rnol) k (lrnin) Ea (kJ/rnol) 

35.6 
35.6 
35.6 

k (lrnin) 

0.080 
0.163 
0.360 

41.8 
41.8 
41.8 

(l.O60 
0.130 
0.270 

48.1 
48.1 
48.1 

(1.030 
0.065 
0.150 

33 .5 
33 .5 
33 .5 

0.1 60 
0.290 
0.430 

30.1 
30.1 
30.1 

0.120 
0.180 
0.310 

34.3 
34.3 
34.3 

0.042 
0.085 
0.165 

25.9 
25.9 
25.9 

21.3 

21.3 

21.3 

0.180 
0.220 
0.340 

26.4 

26.4 

26.4 

0.0’75 
0.120 
0.175 

23.8 
23.8 
23.8 

0.175 
0.300 
0.450 

0.1 90 
0.320 
0.470 

12.6 
12.6 
12.6 

0.250 
0.310 
0.400 

23.0 
23.0 
23 ‘o 

higher than for the range suggested by Lumry and 

Rajender (1970). They rεported that the existence 

of a similar pattem of compensation over a wide 

rangε of protein reactions in processes involving 

solutes. 까ley suggested that this compensation is 

due to the participation of liquid water in the pro

teín reactions. However, Labuza (1980) noted that 

found to be at or near one. Krug et al. (1976) not

ed that, if experimental error is high, the harmonic 

temperature (Thm) is approximately equal to Tß and 

true compensation does not exist. In all cases of 

this study, no Tß values are equal to Thrn • The com

pensation plots demonstrated similar πends for each 

produ다. All Tp for MFL, DFL, and PG are much 
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Fig. 2. Enthalpy and entropy compensation of difruc
tosyl Iysine products (DFL). Temperatures given are 
Tbm• 
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Fig. 1. Enthalpy and entropy compensation of mono
fructosyl Iysine products (MFL). Ternperatures given 
are T .. ,. 
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Fig. 3. Enthalpy and entropy compen앓tion of brown. 
ing pigment (PG). Temperatures given are Thm. 

higher Tp values are found for higher test tεm 

perature It might be explained that a few ice.like 

clusters are possible in high temperatures. 

Conclusions 

From the Fig. 1 to 3. two points are evident. First, 
there is a relationship between pH of forrnation 

and enthalpy and entropy of activation. With incre. 

ased pH, Mf'" and LlS추 values decreased. Thε same 

trend existed for ascorbic acid (Labuza, 1980). 

The effect of high pH on Mai1lard browning is sig

nificant (Whisler and Daniel, 1985). Under high 

pH conditions, the Maillard reaction is activated. 

Thε compensation plots could be attributed to help 

to yield a general mechanism, i.e. changing char

ges on the protein may lead to a change in the 

Maillard rcaction. The meaning of lower LlH추 and 

LlS'" valu잉 may be duε to the breaking of fewεr 

bonds during thε dissociation, or the making of 

more bonds during forrnation, of thε activated com

plex. With high pH levεls ， the bonds between pro

tein (lysine) and sugar (glucose) arε more easily 

forrned, i.e. glycosylamine forrnation is more high

lv activated. 

Second, as Thm increased Tp decreased. Acconj.. 

ing to Leftler (1955) when Tp > Thm the reaction is 

enthalpy c‘mtrolled and when Tp < Thm the reaction 

is entropy controlled. By Leffler’s definition, all re
actions are enthalpy controlled. However, using a 

formula (as for Tß-Thm ) , thε relative effectivenεss of 

Table 2. Isokine히c temperatures and correlaüon coef. 
&뾰nts for compt맺aöon 1M뻐avior in browning rea<펴ons 

T'emperature MFL') DFL') PO') 

℃ (K) R치 T R져 Tp R2) Tp 

90(363) 0 ,983 426.24 0.998 412.39 1때 428.53 
100(373) 0.988 423.81 1.000 423.81 1.000 407.29 
110(383) 0 ,999 408.19 1.000 408.19 1.000 394.46 

l)MFL is a monofructosyl lysine 
'DFL is a difruα:osyllysine. 
'1>0 is a browning pigments. 

enthalpy controlled may be listed as: 90oC> 100oC> 

11 ooc. The order will be decreased the enthalpy 

controlled. 

These two points may bε considεrable impor

tance in understanding changes in functionality of 

protein and/or sugar as a function of pH and tem. 

peratur，ε ， and may help control the Mai1lard reac

tion in food processes. For example, if reactions 

are enthalpy controlled and/or low LlH추 and LlS후 

values in a food system result, control of the Marl

lard reaction may bε possible by altering the tem

perature and pH conditions. 
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