
Introduction

The environmental impact of persistent plastic wastes
from disposable materials is growing more acute world
wide. Approximately 1 million metric tons of plastics
waste were discarded in 1992, and this figure is ex-
pected to reach 1.54 million metric tons by 2004 [1]. Al-
ternate disposal methods are insufficient. Incineration
can generate toxic air pollution, and satisfactory landfill
sites are limited. Since petroleum resources are finite
and are becoming limited, the cost of petroleum-based
plastics is steadily increasing, and most countries must
import these resources. Hence, there is a need to focus
attention on renewable resources for manufacturing bio-
degradable plastic raw materials [2, 3].

Abundant plant-based proteins are available from
renewable resources and agriculture processing by-
products, such as soybean proteins from oil processing
and gluten proteins from corn or wheat-starch produc-
tion. For example, soybean contains about 40% pro-
tein, and the United States produces about 52% of the
total world soybean crops. Utilizing these protein
by-products for the manufacture of biodegradable res-
ins will help alleviate the environmental problems and
add value to agricultural by-products [1].

Soy proteins have commonly been used for food
and animal feed for many years. However, soy protein
is a new biopolymer for biodegradable resins. Soy pro-
tein polymers are macromolecules that contain a num-
ber of amino acids at the side chains. Major protein
components include 2S, 7S, 11S and 15S fractions,
classified by their ultra-centrifugal sedimentation rates.

The 7S fraction makes up approximately one third
of the total soybean proteins, and its main component
is 7S globulin. The 11S fraction is roughly 50% of soy-
bean proteins, and contains a single component called
11S globulin [4]. Physiochemical properties of 7S and
11S globulin have been extensively studied in food ap-
plications [5–11].

Soy protein possesses many side reactive groups
such as –NH2, –OH and –SH which are susceptible to
cross-linking reactions, in addition to naturally existing
disulfide cross-links. Cross-linking leads to the forma-
tion of larger aggregates accompanied by an increase in
molecular mass, reduction of solubility and reduced
elasticity [12]. Investigations by several authors have
shown that unmodified soy proteins were highly hydro-
philic and plastics made from them are water sensitive
resulting in poor mechanical properties [13, 14]. Alde-
hydes such as formaldehyde, furfuraldehyde and gly-
oxal could be used as cross-linkers to modify the proper-
ties of soy protein for better processable material and in-
dustrial applications.

In the present research programme, formaldehyde
has been used as a cross-linking agent to modify
soy-protein concentrate for better commercial value.
The degradation behaviour of the cross-linked soy-pro-
tein concentrate has been monitored by TG analysis. A
novel LOTUS package computerized method devel-
oped by us has been used for evaluating the kinetic pa-
rameters using several kinetic equations. The values of
the energy of activation have been determined using
this method and the degradation steps have been ex-
plained on the basis of these parameters.
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Experimental

Materials

Soy protein concentrate with protein content about
70% was obtained from Archor Daniels, Midland
[Decatur, IL, USA] as gift sample, and was used for
the reaction. Formaldehyde [GR] obtained from Ger-
many [Merck], was used for cross-linking reaction.

Preparation of cross linked soy protein concentrate

Soy protein concentrate was mixed with distilled water
at a ratio of 1:10. The slurry was continuously stirred
with a mechanical stirrer and then formaldehyde was
added drop wise (0.5, 1, 2.5, 5 and 7.5 mass/mass%)
dry base of soy concentrate]. The mixture was allowed
to stand for 18 to 24 h. The pH was then adjusted to 4.5
by adding acetic, propionic, citric and adipic acid,
while the mixture was continuously stirred. The slurry
was centrifuged to remove excess water (Sorvall
Superspeed RC2-B; 4541 g, 10 min) and the precipi-
tated residue was dried 24 h in a convection oven at
50°C. The dried modified soy concentrate (SC) was
then milled (Cyclone Sample Mill, UDY Corporation,
Fort Collins, CO) to pass through a 35 mesh sieve.

Thermogravimetric analysis

Thermal degradation pattern of the biopolymers were
studied using thermogravimetric analyzer (TGA7,
Perkin Elmer, Norwalk, CT) in air and scan tempera-
ture range was from room temperature to 800°C at
3°C min–1 increment. The thermal degradation data of
the cross-linked soy-protein are furnished in Table 1.

Results and discussion

The foundation for the calculation of kinetic data from
a TG curve is based on the formal kinetic Eq. (1).
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where x is the amount of sample undergoing reaction, n
is the order of reaction and k is the specific rate con-
stant. The temperature dependence of k is expressed by
the Arrhenius equation

k A� �e E / RT (2)

where A is the pre-exponential factor, E is the activa-
tion energy and R is the universal gas constant. As dis-
cussed by Šesták [15], the relationship x to mass loss
w, is represented by the following equation.
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where m0 is the initial mass of the sample and W� is
the maximum loss. By integration of the left hand side
of Eq. (3) from m0 to x and by integration of the right
hand side from zero to W, the following equation is
obtained.
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By substituting Eqs (2) and (4) into Eq. (1) and
by differentiating the logarithmic form, an expression
is obtained. This differential method is used by Free-
man and Carroll [16].

Integral methods use the integrated form of Eq. (1)
after the substitution of Eqs (3) and (4).
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where � rate of heating and E, R, T have the usual
meaning. The right hand side of the above equation can
be solved by various methods and the final solution to
the equation is an infinite series of which the first two
terms are of interest. The methods are used by Doyle
[17] and Coats and Redfern [18].

In the approximate methods, the right side of
equation [5] is solved by an approximation using the
temperature, Ti corresponding to the maximum rate of
decomposition. This method is used by Horowitz and
Metzger [19].

Of these three mathematical approaches, the inte-
gral method proposed by Coats and Redfern is exten-
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Table 1 Thermal decomposition data of cross-linked SPC with 5% formaldehyde

Sample Medium
Mass loss/% at various temperatures

100°C 200°C 300°C 400°C 500°C 600°C 700°C

SN6 propionic acid 2 3 23 51 61 73 90

SN9 citric acid 2 4 23 52 61 72 85

SN10 acetic acid 2 4 23 52 61 74 90

SN11 adipic acid 4 8 26 55 64 76 90



sively used in the estimation of kinetic parameters of
thermal reactions. The final form of Coats and Redfern
equation is
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For all practical purposes, 2RT/E<< I and hence
can be neglected. Thus the Eq. (6) reduces to the fol-
lowing
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where � is the fractional loss of the sample at temperature
T and g(�� is a function of � and governs the type of
mechanism that the reaction follows. A plot of
ln[g(�)/T2] vs. 1/T should result in a straight line with a
slope of –E/R and intercept of ln(AR/�E). Thus the acti-
vation energy (E) and pre-exponential factor (A) can be
determined from the slope and intercept, respectively.

The entropy of activation (�S*) can be estimated
using the following Eq. (8).
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which on rearranging gives
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where h – Planck’s constant, k – Boltzmann’s
constant and Ti – decomposition's peak temperature
from TG curve.

All probable forms of g(�) used for identification
of the reaction mechanism [21] has been evaluated as
per Jeyanthi [22], Jurka et al. [23] and Abd Alla et al.
[24]. However unless a statistical approach is used, it is
difficult to identify the most suitable reaction mecha-
nism for a given thermal reaction. Equation (7) is of the
form Y=Ax+B. Hence for a single TG curve, one can use
all the g(�) functions [20] and the one which has the
best linearity would be considered as the most probable
mechanism. The correlation coefficient R2, error in esti-
mation of intercept and slope, Sb are used to test the lin-
earity. The nearer R 2 approaches unity and the smaller
error in estimation of intercept and slope, Sb the better is
the linearity.

In the present investigation, a program has been
developed using Macros to calculate these kinetic
parameters from the non-isothermal TG curves. After
feeding the values of a corresponding temperature
and number of data points, the program calculates
lng(�)/T2, 1/T, slope, intercept, R2 and error values for
all the thirty reaction mechanisms [22] and prepares
corresponding charts.

The kinetic parameters such as A, E and ‘fre-
quency factors’ are calculated for all the synthesized
products and the data are presented in Table 2.

TG data analysis

The data on temperature and percent mass loss have
been subjected to differentiation to fix the actual num-
ber of stages involved in the process. Percentage mass
loss was differentiated with respect to temperature and
each time change in the sign of slope observed, it is
presumed that there is a change in chemical reaction.

Model considered

The data has been analyzed to study the best fit model
among the 30 models [22]. For fixing the best fit
model, linear regression analysis has been carried out
on all the models; the model that has R2 closest to one
has been chosen as the best fit model. When R2 is
identical for any of the two or more models, error in
estimation of slope and constant were taken into
consideration and the model that has least error in
estimation of slope and constant, has been chosen to
be the best fit.

Discussion

The thermal curve of the formaldehyde modified soy
protein concentrate could be dissected into five steps
(Figs 1–4). In case of sample SN6, the first break takes
place around 237°C having mass loss about 5%, the sec-
ond break takes place around 382°C having mass loss of
about 48%, the third break takes place around 563°C
having mass loss about 69% and the fourth break takes
place around 710°C having mass loss of about 91%.
This can be explained by considering the structure of
soy-protein. It is well known [3] that the three dimen-
sional structure of soy-protein is governed by its pri-
mary structure i.e. the sequence of amino acids. Two
kinds of covalent bonds mainly found in proteins are:
one is the peptide bond between the amino acid residues
and the other is the disulfide bond. The other non-cova-
lent bonds present in protein are electrostatic and hydro-
phobic interactions and the hydrogen bonding [25].

The first break around 237°C is attributed to the
elimination of water and the dissociation of the quater-
nary structure of proteins. Further it is well known [3]
that beyond 100°C the protein denatures their subunits
and promotes the formation of protein aggregates via
electrostatic, hydrophobic and disulfide interchange
bonding mechanisms. This has been recently substanti-
ated by Kilara and Sharkasi [26]. It is generally ac-
cepted that hydrophobic and disulfide bonding is in-
volved and responsible for protein-protein aggregation
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caused by heating to temperature above 100°C. Further
during this period the electrostatic and hydrogen bond-
ing is also affected. The second break between 243
to 382°C is mainly due to the cleavage of the covalent
bonding between the peptide bonds of amino acid resi-
dues. During this period 60% of phenyl-alanine and
tryptophan residues and 80% of tyrosine residue are
burnt. Further heating also causes three simultaneous
reactions in the structure of soy protein. First, the dis-
sociation of 7S and 11S protein subunits; second, the
unfolding of the subunit secondary structure and third,
the re-association of denatured subunits via disulfide,

hydrophobic, electrostatic and other important bonding
forces. The third break between 388 to 583°C is proba-
bly due to cleavage of S–S, O–N and O–O linkages of
the protein molecule. The fourth break between
589–710°C is attributed to complete decomposition of
protein molecule forming various gases like CO, CO2,
NH3, H2S and other gases. Beyond 710°C only the char
residue remains.

It is observed in sample SN6 that the initial step fol-
lowed P1 mechanism while all other samples followed
B1 (Prout Tompkins law) mechanism. It is also ob-
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Table 2 The forms of g(�) used for kinetic parameters calculation

Function group Mechanism g(�)

Accelerated �–t curve Power law

P4 �

P1 �1/4

P2 �1/3

P3 �1/2

P5 �2/3

S-shaped �–t curve Exponential law –ln�

Avrami–Erofeev law

A1.5 [–ln(1–�)]2/3

A2 [–ln(1–�)]1/2

A3 [–ln(1–�)]1/3

A4 [–ln(1–�)]1/4

Prout–Tompkins law

B1 [–ln(1–�)]2

B2 [–ln(1–�)]3

B3 [–ln(1–�)]4

Phase boundary reaction in contracting area R1 [1–(1–�)1/2]

Phase boundary reaction in contracting volume R2 [1–(1–�)1/3]

1-Dimensional diffusion D1 �2

2-Dimensional diffusion D2 (1–��ln(1–�)+�

3-Dimensional diffusion; Jander equation D3 [1–(1–�)1/3]2

3-Dimensional diffusion; Ginstling–Brounshtein
equation

D4 [1–2/3�]–(1–�)2/3

Chemical reaction of first order F1 –ln(1–�)

Chemical reaction of second order F2 1/(1–�)

Chemical reaction of third order F3 1/(1–�)2

H1 [1–(1–�)1/4]

H2 (1–�)1/2

H3 [�1–�)1/3–1]2

H4 [1–�1–�)1/3]1/2

H5 [1–�1–�)1/2]1/2

H6 1–(1–�)2

H7 1–(1–�)3

H8 1–(1–�)4
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served the final step in sample SN10 followed H1 mech-
anism while other samples followed H3 mechanism.

A cursory glance at Table 3 regarding the values
of activation energy for various steps of degradation is
very interesting. The degradation as depicted in the
thermal curve takes place in five steps. The values of
the activation energy in case of all the four samples in
the first step is very low indicating very fast degrada-

tion process. Subsequently the activation energy in-
creases from the second step through the fourth step
and becomes very high at the fifth step of the degrada-
tion indicating that this degradation becomes slower
and slower and in the last step it is the slowest. This
mechanism of degradation of the cross-linked soy-pro-
tein concentrate agrees well with the predicted
mechanism.

Table 3 Kinetic parameters of the cross-linked soy protein concentrate with formaldehyde

Steps
Temperature range

Model R-squared Slope Intercept E/kJ mol–1 Frequency
factorStart End

SN6 1 73.12 236.75 P1 0.95871 –525.126 6.399 9.618 9.64E+02

SN6 2 242.74 381.71 B1 0.98324 –1767.995 8.506 32.382 2.67E+04

SN6 3 387.72 582.87 B1 0.97577 –1783.108 8.058 32.659 1.72E+04

SN6 4 588.86 709.65 B1 0.97152 –3836.597 10.032 70.270 2.66E+05

SN6 5 715.42 730.02 H3 0.99335 –16834.250 174.541 308.332 3.26E+78

SN9 1 70.30 236.85 B1 0.96343 –661.162 6.781 12.110 1.78E+03

SN9 2 242.85 393.62 B1 0.98060 –1741.770 8.441 31.902 2.46E+04

SN9 3 399.63 619.18 B1 0.97642 –1731.102 7.944 31.706 1.49E+04

SN9 4 625.06 734.31 B1 0.96621 –4285.984 10.397 78.501 4.29E+05

SN9 5 740.16 762.90 H3 0.98766 –13966.783 141.814 255.812 1.66E+64

SN10 1 68.60 238.41 B1 0.96158 –664.265 6.774 12.167 1.77E+03

SN10 2 244.40 383.08 B1 0.98181 –1808.592 8.562 33.126 2.89E+04

SN10 3 389.09 497.39 B1 0.98158 –2435.821 9.070 44.614 6.46E+04

SN10 4 503.47 552.09 B1 0.98353 –5365.119 12.452 98.266 4.19E+06

SN10 5 558.08 676.04 B1 0.96534 –3516.106 9.785 64.400 1.91E+05

SN10 6 681.93 707.97 H1 0.99594 –51727.449 58.614 947.427 4.51E+27

SN11 1 57.63 236.91 B1 0.96226 –684.875 6.862 12.544 2.00E+03

SN11 2 242.92 393.99 B1 0.98078 –1725.304 8.412 31.600 2.37E+04

SN11 3 399.99 593.42 B1 0.97490 –1824.270 8.087 33.413 1.81E+04

SN11 4 599.39 710.74 B1 0.96494 –3978.091 10.167 72.862 3.16E+05

SN11 5 716.62 747.85 H3 0.99471 –131216.515 13.618 240.333 5.57E+61

Fig. 1 TG curve and derivative curve for sample-SN6 Fig. 2 TG curve and derivative curve for sample-SN9
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