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Confidence Intervals for Modeling
Anthocyanin Retention in Grape
Pomace during Nonisothermal Heating
D.K. MISHRA, K.D. DOLAN, AND L. YANG

ABSTRACT: Degradation of nutraceuticals in low- and intermediate-moisture foods heated at high temperature
(>100 ◦C) is difficult to model because of the nonisothermal condition. Isothermal experiments above 100 ◦C are
difficult to design because they require high pressure and small sample size in sealed containers. Therefore, a non-
isothermal method was developed to estimate the thermal degradation kinetic parameter of nutraceuticals and de-
termine the confidence intervals for the parameters and the predicted Y (concentration). Grape pomace at 42%
moisture content (wb) was heated in sealed 202 × 214 steel cans in a steam retort at 126.7 ◦C for > 30 min. Can cen-
ter temperature was measured by thermocouple and predicted using Comsol software. Thermal conductivity (k) and
specific heat (Cp) were estimated as quadratic functions of temperature using Comsol and nonlinear regression. The
k and Cp functions were then used to predict temperature inside the grape pomace during retorting. Similar heating
experiments were run at different time–temperature treatments from 8 to 25 min for kinetic parameter estimation.
Anthocyanin concentration in the grape pomace was measured using HPLC. Degradation rate constant (k110◦C) and
activation energy (Ea) were estimated using nonlinear regression. The thermophysical properties estimates at 100 ◦C
were k = 0.501 W/m ◦C, Cp = 3600 J/kg and the kinetic parameters were k110◦C = 0.0607/min and Ea = 65.32 kJ/mol.
The 95% confidence intervals for the parameters and the confidence bands and prediction bands for anthocyanin
retention were plotted. These methods are useful for thermal processing design for nutraceutical products.

Keywords: anthocyanins, confidence intervals, grape pomace, kinetic parameters, modeling, nutraceuticals,
prediction interval, thermophysical properties

Introduction

Diet and nutrition are increasingly linked with disease preven-
tion and treatment. Nutraceutical compounds such as an-

thocyanins are food components known for their health promot-
ing, disease preventing, or medicinal properties. Nutraceuticals not
only can act as bright natural colorants (Pazmino-Duran and oth-
ers 2001) but also have potential health benefits, such as antiox-
idant and anti-inflammatory properties (Wang and others 1999).
Anthocyanins have beneficial action against vascular diseases and
contribute toward the reduction of age-related deficits in neuro-
logical impairments (Youdim and others 2002). Grape pomace is a
rich source of anthocyanins. It is the solid part of the fresh grapes,
and consists of skins and the seeds. Grape pomace, a waste product
from the winemaking process, is used for composting or cattle feed
or may end up in landfills.

Many solid foods could be enriched with anthocyanins, such as
extruded foods, baked goods, cereals, and so on. However, antho-
cyanins are unstable at high temperatures. Food processing usually
involves the use of heat and other physical methods, which may
destroy these beneficial compounds. It is therefore important to
study the effect of such processing on the nutritional quality of po-
mace. Developing mathematical models that take into account the
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important process variables (T , pH, time) that influence thermal
degradation of thermosensible compounds will be a useful tool for
process design.

Anthocyanins are sensitive to temperature, especially above
70◦ C (Markakis and others 1957). Anthocyanin obtained from con-
cord grape was processed, and it was found that the pigment loss,
analyzed using spectrophotometry, was 32% at 77 ◦C, 53% at 99
◦C, and 87% at 121 ◦C (Sastry 1953). Thermal degradation of an-
thocyanins was also studied for concord grapes (Calvi and Francis
1978). Degradation of anthocyanins was reported while process-
ing blueberries into juice and concentrate, and it was found that
different classes have varying susceptibility to degradation with
different unit operations (Skrede 2000). The rate of degradation
of anthocyanins is time and temperature dependent. Temperature
dependence of the degradation of anthocyanins has been shown
to follow 1st-order kinetics (Cemeroglu and others 1994; Kirca and
Cemeroglu 2003) and can be modeled using the Arrhenius relation-
ship (Ahmed and others 2004). The degradation kinetics of antho-
cyanins in blood orange juice was studied (Kirca and Cemeroglu
2003), and the activation energies for solid content of 11.2 to 69
◦Brix were found to be 73.2 to 89.5 kJ/mol.

Although many studies have determined the thermal degrada-
tion kinetics of anthocyanins in solution, very few studies have
investigated anthocyanin degradation in solids. Extrusion of corn
meal (extruder die temperature 130 ◦C) with grape juice concen-
trate and blueberry concentrate showed up to 74% anthocyanin
degradation in the extruded cereal (Camire and others 2002). Ex-
trusion of corn meal with dehydrated fruit powder (blueberry,
cranberry, concord grape, and raspberry) in proportions of 84.3%,
14.3%, 0.4%, and 1.0% (cooking temperature up to 130 ◦C) showed
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up to 90% decrease of anthocyanins for all dehydrated fruits used
except raspberry (Camire and others 2007). Although degrada-
tion of anthocyanins was reported, kinetic parameters were not
estimated.

Estimation of the parameters for an isothermal process, such as
kinetic parameters for anthocyanin degradation in juices and con-
centrates, is mathematically straightforward. Anthocyanins have
been found to follow the 1st-order reaction kinetics (Cemeroglu
and others 1994; Kirca and Cemeroglu 2003) and can be modeled
using the Arrhenius relationship (Ahmed and others 2004):

k = kr e( −Ea
R ( 1

T − 1
Tr

)) (1)

For isothermal processes, taking the logarithm of both sides of
Eq. 1 simplifies the problem. However, thermal processing of solid
foods is not isothermal, but instead shows time-varying tempera-
ture. Therefore, in kinetic modeling for nonisothermal processes,
the exponential term has the time–temperature history as an in-
tegral and hence requires nonlinear regression techniques (Dolan
and others 2007).

The experimental procedure for the kinetics in high moisture
content foods (for example, meats, fruit juice, vegetables, and dairy
products) is well established. The 2-step procedure for kinetics in
these foods includes plotting the logarithm of concentration com-
pared with time at different constant temperatures. The negative of
the slope of this line is the degradation rate constant. Then plot-
ting the logarithm of the degradation rate constant compared with
the reciprocal of temperature will give the activation energy (Ea)
from the slope. However, this method is not suitable for low- and
intermediate-moisture and high-temperature processed foods be-
cause constant temperature cannot be attained. There is lack of
experimental procedure and statistical analysis of kinetic param-
eters for components in low-moisture and high-temperature pro-
cessed foods such as pastries, breads, baked goods, and extruded
snacks.

Some researchers have proposed small samples such as 13.5-
mm-dia test tubes (Dolan and Steffe 1989) with gelatinized starch
solutions and the use of transient heat-transfer theory to predict
the temperature within the sample. van den Hout and others (1999)
used 2-mm-thick containers for isothermal heating of soy flour so
that temperature variation over the thickness could be neglected.

Several nonisothermal methods to estimate kinetic degradation
parameters have been reported. The method of paired equivalent
isothermal exposures (PEIE) was applied to microbial survival data
from retort experiments of canned pea puree (Welt 1997). PEIE was
used to estimate the Arrhenius parameters.

The kinetic model for thiamine destruction in pea puree (Nasri
and others 1993) was developed using nonlinear regression for the
parameter estimation and the jackknife method for the estimation
of the experimental error. However, in their study the confidence
interval of the parameters and the confidence interval for predicted
Y (microbial retention) were not reported.

In summary, no standard method was found in the litera-
ture for the dynamic kinetic parameter estimation of low- and
intermediate-moisture foods. There is a lack of nonlinear regres-
sion techniques for analysis of unsteady-state conduction-heated
foods. In the context of nonisothermal processing, the objective of
this study was to establish an experimental procedure and math-
ematical and statistical analysis to (1) estimate kinetic parameters
for thermal degradation of nutraceuticals, and (2) to provide con-
fidence and prediction bands for the nutrient retention in low-
and intermediate-moisture processed foods, using anthocyanins in
grape pomace as a model nutraceutical.

Mathematical Model and Simulation

Thermal parameter estimation
A finite element method was used to solve the heat transfer

equations and to predict the center temperature of the can. Fi-
nite element approximates a PDE with finite number of unknown
parameters based on the geometry. Actual dimensions of the can
(radius 0.027 m and height 0.073 m) were used to create the fi-
nite cylinder geometry in CAD provided in Comsol. The retort
time-varying convective boundary condition (approximately 5-min
come-up time, then constant retort temperature [127 ◦C]) with con-
stant h was used on all surfaces. A 2nd-order polynomial was used
to model thermal conductivity and specific heat of grape pomace
as a function of temperature (Kenneth and others 1997), where T
was in centigrade:

k(T) =a + bT + cT 2 (2)

C p(T) = a′ + b′ T + c′ T 2 (3)

Comsol uses the Delaunay algorithm to create mesh elements.
Mesh parameters determine the element size and element distri-
bution. Comsol mesh parameters used in this study were:

Maximum element size scaling factor: this is the scaling factor
for maximum allowed element size.

Element growth rate: determines the maximum growth rate of
element from a region with smaller elements to a region with larger
elements.

Mesh curvature factor: determines the size of an element near
the boundary depending on the curvature of the geometry.

Mesh curvature cutoff: a positive number that prevents
formation of many elements around small curvature of the
geometry.

Moreover, the mesh parameters determine the accuracy of the
result and the computation time. Smaller mesh size might provide
better estimates, but it may increase the computation time signifi-
cantly. Hence, depending on the problem and the geometry, mesh
size can be optimized to reduce the computation time and to get
better estimates of the parameters. The values of maximum ele-
ment size scaling factor, element growth rate, mesh curvature fac-
tor, and mesh curvature cutoff in the present study were 1.5, 1.5,
0.5, 0.02, respectively.

Initial guesses of the 6 parameters (a, b, c, a′, b′, and c′) were fed
into Matlab. The time step was 30 s and cooling temperatures were
calculated until the center temperature of can was below 80 ◦C. Ini-
tial values of k and Cp were computed by Matlab and fed into Com-
sol to predict the center temperature of the can. Sum of squares
(SSQ) of predicted and measured can temperature were minimized
by nonlinear regression (nlinfit in Matlab) to obtain the final esti-
mates of the parameters. Thermal diffusivity was calculated using
the following equation:

α(T) = k(T)
ρC p(T)

(4)

Kinetic parameter estimation
Predicted mass average concentration of anthocyanins was cal-

culated per the following equation:
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(
C̄/

Co

)
pred

= 2
∫∫

e−kr
∫ t

0 e
−Ea

Rg
( 1

T(r,z,t) − 1
Tr

)
dt r drdz (5)

Variables r and z were normalized, so the limits for the r and z
integral were from 0 to 1.

The estimates of the thermophysical properties were used in
Comsol to compute T(r, z, t) for the can dimension based on α(T),
Ti, and T ∞. Due to the symmetry of the can, 9 points in 1/8th of the
can were chosen. Gauss integration was preferred over the trape-
zoidal method for the spatial integral, as Gauss provides more ac-
curacy with minimum number of nodes. Nodes were chosen at 3 r
and 3 z locations, giving the total of 9 points. Therefore, the numer-
ical solution to Eq. 5 was

(
C̄(kr , tn)/

Co

)
pred

∼= 2
3∑

j=1

3∑
i=1

exp
[−kr β

(
ri j , zi j , tn

)]
ri j wi wj (6)

where the time–temperature history, β, is the time integral in Eq. 5.
Because Gauss integration is not convenient when integral lim-
its change, the trapezoidal method (trapz in Matlab) was used for
the integration of the time–temperature history (Dolan and others
2007):

β(r, z, t) ∼=
N−1∑
n=0

�t
2

{
exp

[
−Ea

Rg

(
1

T
(
r, z, tn + 1

) − 1
Tr

)]

+ exp
[−Ea

Rg

(
1

T (r, z, tn)
− 1

Tr

)]} (7)

Sum of squares of errors
Sum of squares was minimized by nonlinear regression to obtain

the estimated values of kr and Ea.

SSQ =
n∑

i=1

[(
C̄/

Co

)
obs,i

−
(

C̄/
Co

)
pred,i

]2

(8)

Confidence intervals
To compute asymptotic confidence/predicted intervals, 2 com-

mands in Matlab� were used, which are, for parameters, nlparci
(beta, residuals, Jacobian) for predicted Y value: nlpredci (model,
x, beta, residuals, Jacobian, simultaneousoption, predictionoption)
nlparci (beta, resid, J) returns the 95% asymptotic confidence inter-
val CI on the nonlinear least squares parameter estimates “beta.”
Asymptotic confidence intervals (95%) for the 2 parameters were
calculated using nlparci, and the 95% asymptotic prediction inter-
val was calculated for the predicted Y using nlpredci. Asymptotic
prediction intervals (95%) were calculated by (Montgomery and
others 2006)

prediction widthi =
√

(confidence widthi )2 + (tα/2,n−p ∗ RMSE)2 (9)

For researchers without access to Matlab, all of these confidence
and prediction intervals can be computed in Excel using equations
found in standard statistical texts (Seber 1989).

Standard error and correlation coefficient
Variance–covariance matrix gives the information about the

standard error σ i of parameters (Van Boekel 1996). σ i is the square
root of the corresponding diagonal of the symmetric parameter

cov(a) = (XTX)−1(MSE) =
(

σ 2
kr

σkr Ea

σkr Ea σ 2
Ea

)
(10)

where X is the Jacobian

X =

⎛
⎜⎜⎜⎜⎜⎝

(
∂Y1

∂kr

) (
∂Y1

∂ Ea

)
...

...(
∂Yn

∂kr

) (
∂Yn

∂ Ea

)

⎞
⎟⎟⎟⎟⎟⎠ (11)

The correlation coefficient ρkr Ea = σkr Ea /(σkr σEa ) varies from
–1.0 to 1.0. The parameter estimation process with higher values
of |ρkr Ea | indicates more difficulty in the estimation process.

Materials and Methods

Sealing and retorting of grape pomace
Concord grape pomace was obtained from St. Julian Winery in

Paw Paw (Mich., U.S.A.) and stored at –15 ◦C for lab analysis. Grape
pomace was thawed at room temperature and kept ready to be
filled in cans. Steel cans (radius 0.027 m and height 0.073 m) were
filled with the grape pomace. Density of grape pomace in each
can was approximately 640 kg/m3 at 42% (wb) moisture content
and sealed under vacuum (20 mm Hg) (Dixie Seamer, Athens, Ga.,
U.S.A.). The cans were fitted with needle thermocouples (Ecklund-
Harrison Technologies Inc., Fort Myers, Fla., U.S.A.) at the geomet-
ric center of the can to obtain the center temperature to be used
later for thermophysical properties parameter estimation. Uniform
initial temperature of the product in each can was recorded. These
cans were processed in a rotary steam retort (FMC Steritort Labora-
tory Sterilizer) in triplicates. Retort steam temperature was 126.7 ◦C.
Cans were not rotated and were placed stationary on the bottom of
the retort throughout heating. For thermal parameter estimation,
heating time > 30 min was used for 6 cans with 2 replicates. Pro-
cessing time for kinetic parameter estimation was selected based
on the degradation of the anthocyanins. Three replicates each for
11 times ranging from 8 to 25 min were used for estimating kinetic
parameters. Two thermocouples were fixed in the retort to record
the retort steam temperature during processing. Cans were cooled,
such that the center temperature was not more than 40 ◦C, with wa-
ter at 25 ◦C in retort. The grape pomace from each can was then re-
moved and mixed for 40 s in a mixer/blender (Cuisinart� Mini Prep
plus, East Windsor, N.J., U.S.A.) to achieve uniform sampling (co-
efficient of variance < 10%). The samples were then kept in plastic
bags at –12 ◦C for further analysis.

Extraction of anthocyanins from grape pomace
Grape pomace (15 g) was mixed with solution containing 2 N

HCL (50 mL of methanol + 33 mL of water + 17 mL of 37% HCL),
sonicated for 20 min, and then filtered through the vacuum filter
using Nr 4 Whatman filter paper (Zhang and others 2004). The fil-
trate was extracted in a rotary evaporator at 35 ◦C and the retained
anthocyanins in the flask were diluted with 25 mL of water and kept
for HPLC analysis.

Anthocyanin measurement
Anthocyanins were extracted, and the values were measured in

the laboratory using the HPLC method. C̄ , observed mass-average
concentration of anthocyanins in each can, was measured. Ob-
served retention was computed as (C̄/Co)obs. C̄ was computed as
the total area under the peaks for all anthocyanidins.

Separation of anthocyanins and polyphenolics. Extracted
anthocyanin solution (1 mL) was mixed with 0.25 mL of 12.1 N
HCL and 0.25 mL of water (Skrede 2000) in a screw-cap test tube
and heated for 30 min in a boiling water bath. The hydrolysate was
cooled in an ice bath and then centrifuged at 2500 rpm for 10 min.

Vol. 73, Nr. 1, 2008—JOURNAL OF FOOD SCIENCE E11
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Figure 1 --- HPLC
chromatogram for the raw
grape pomace. Peak
identification 1, delphinidin;
2, cyanidin; 3, petunidin; 4,
peonidin; 5, malvidin.

Figure 2 --- HPLC
chromatogram for the
retorted grape pomace at
126.6 ◦C for 14 min. Peak
identification 1, delphinidin;
2, cyanidin; 3, petunidin; 4,
peonidin; 5, malvidin.

The centrifuged hydrolysate was applied to C–18 Sep-Pak cartridge
which was previously activated with 5 mL ethyl acetate, 5 mL acid-
ified (0.01% HCl) methanol, and 5 mL acidified (0.01% HCL) wa-
ter, respectively. The absorbed sample in the cartridge was then
washed with 5 mL of acidified (0.01% HCL) water. Polyphenolics
were eluted using ethyl acetate (5 mL). Anthocyanins were recov-
ered from the cartridge using acidified (0.01% HCL) methanol, and
the resulting solution was evaporated to near dryness in a Heidolph
Laborota 4002 rotary evaporator at 35 ◦C. The final concentrate was
taken up in 1 mL of acidified methanol.

HPLC system. Waters Breeze software 3.30 (Waters Corp., Mil-
ford, Mass., U.S.A.) was used along with Waters 2487 dual wave-
length absorption detector, 1525 binary HPLC pump, and a 717 plus
autosampler. The samples were filtered through 25 mm nylon 0.2
μm filters and injected through the autosampler, and peaks were
identified according to their absorbances at 520 nm.

Anthocyanidin separation. Anthocyanidins were separated
using Agilent Eclipse XDB C-18 column (5 μm) 4.6 × 250 mm
i.d. Solvent A was 100% acetonitrile, and Solvent B was a mix-
ture of 1% phosphoric acid, 10% acetic acid, and 5% acetonitrile
(v:v:v) in water. Linear gradient from 0% to 30% A was used for
30 min.

Results

The HPLC chromatograms for raw grape pomace and for grape
pomace retorted 14 min at 126.6 ◦C are shown in Figure 1

and 2, respectively. The separation was very clear, and individ-
ual anthocyanidins were identified well. The degradation of the
anthocyanins can be seen in Figure 2; the peaks in the chro-
matogram are lower for the retorted grape pomace than for the
raw grape pomace. The anthocyanin content of the raw grape po-
mace was C̄0 = 104.7 mg/mL based on the standard anthocyanin
(Pelargonidin).

Table 1 shows the anthocyanin retention ratios for the 42
samples.

Thermal parameter estimation
Figure 3 shows the observed temperature versus the pre-

dicted temperature (Comsol). The root mean square error was
1.35 ◦C.

Table 1 --- Heating time and measured anthocyanin reten-
tion for grape pomace at 42% (wb) moisture content at
126.7 ◦C retort temperature for 33 heated cans.

Sample Heating Retention of
number time (min) anthocyanins

1 0 1.117
2 0 0.855
3 0 0.855
4 0 0.883
5 0 1.029
6 0 0.984
7 0 1.007
8 0 1.110
9 0 1.159

10 8 0.837
11 8 0.733
12 8 0.804
13 10 0.688
14 10 0.684
15 10 0.686
16 12 0.698
17 12 0.744
18 12 0.714
19 14 0.565
20 14 0.515
21 14 0.409
22 15 0.498
23 15 0.507
24 15 0.599
25 16 0.341
26 16 0.285
27 16 0.433
28 17 0.301
29 17 0.309
30 17 0.305
31 19 0.212
32 19 0.241
33 19 0.227
34 21 0.234
35 21 0.188
36 21 0.249
37 23 0.218
38 23 0.222
39 23 0.213
40 25 0.170
41 25 0.155
42 25 0.145
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For 42% moisture (wb) grape pomace, the thermal conductivity
(k) and specific heat (Cp) were estimated as given in Table 2. For
example, the values calculated at 100 ◦C are k = 0.501 W/m ◦C,
Cp = 3600 J/kg ◦C, and thermal diffusivity = 2.007 × 10–7

m2/s.

Kinetic parameter estimation
The kinetic parameters for the anthocyanin degradation ob-

tained from the nonlinear regression technique are shown in
Table 3.

Figure 4 shows the 95% asymptotic confidence band and 95%
prediction band for mass average retention of anthocyanins. The
correlation coefficient is –0.12. The confidence band (CB) is the re-
gion where 95% of the regression lines are expected to be, so it is
not uncommon for large numbers of data observations to fall out-
side this region. The prediction band (PB) is the region where 95%
of the data are expected to be. If more data were collected, we ex-
pect that approximately 5% of all the data would fall outside the PB.

The RMSE (root mean square error) = 0.084 is approximately 9%
of the total scale of 1.0 (Figure 4), showing a good fit. The CI for Ea
is proportionally larger than the CI for k110◦C (Table 3), but the size
of the CB and PB for nutrient retention is reasonably small (Figure
4). Processors would be more interested in the PB of the retention
than CI of the parameters. For example, using the lower bound of
the PB in Figure 4, one can predict that only 2.5% of 1 lot of cans
heated for 10 min at 126.7 ◦C will have retention ≤ 50%, while the
remaining 97.5% of cans will have retention > 50%.

Residual plots were also plotted to check for the absence of
trends or correlations between the parameters. The residuals are
scattered around the center (Figure 5) and show a nearly normal

Table 2 --- Thermal property parameters for quadratic model for grape pomace at 42% (wb) moisture content.

Parameter 1st Parameter 2nd parameter 3rd parameter RMSE of temperature

k (thermal conductivity, W/m ◦C) Eq. 2 a = 0.32717 b = 0.00174 c = −3.786e-008 1.35 ◦C
Cp (specific heat, J/kg ◦C) Eq. 3 a′ = 2865.2 b′ = −0.9434 c ′ = 0.08316

Table 3 --- Degradation kinetic parameters for anthocyanin degradation in grape pomace at 42% (wb) moisture
content.

Nr of Parameter Standard ρkr Ea Correlation coefficient 95% asymptotic
Parameter data estimates error (ref. temperature) confidence interval RMSE (C̄/Co)

k 110◦C 42 0.0606/min 0.003 –0.12 (0.055, 0.067) 0.084
Ea 65.32 kJ/g mol 16.15 Tr = 110 ◦C (32.7, 97.9)

Figure 3 --- Example plot of observed
and predicted center temperature
profiles from Comsol (triplicate runs)
in canned grape pomace.

distribution. This plot confirms a good fit of the Arrhenius model
to the degradation of anthocyanins in grape pomace.

The activation energy for the anthocyanin degradation obtained
from this study is comparable to the values for anthocyanin degra-
dation in solution found in the literature. Other researchers re-
ported that the activation energy ranged from 25.0 kJ/g-mol to 85
kJ/g-mol, and the rate of reaction (k0) ranged from 5.62 × 1010 to
3.64 × 1025/min (St. S. Tanchev 1974; Cemeroglu and others 1994;
Ahmed and others 2004). The value of rate of reaction, k0, found in
this study was 4.9 × 107/min. As expected, the degradation rate k0

in the intermediate-moisture food was lower than the k0 in liquids.
Kinetic parameters for the anthocyanin degradation obtained

from extrusion of grape pomace with wheat flour in the ratio 1:3
(Lai 2003) were comparable with the parameters estimated in this
study. The activation energy was 76.0 kJ/g-mol (Lai 2003) com-
pared with 65.32 kJ/g-mol in the present study, and the rate of re-
action (k80) was 0.049/min (Lai 2003) compared with 0.011/min in
the present study (converted from Table 3 using Eq. 1). Lai (2003)
heated her samples at atmospheric pressure up to 140 ◦C, allow-
ing the moisture content to decrease during heating, and then cor-
rected the data. In the present study, heating occurred at constant
pressure and constant moisture. The reasonable agreement of the
estimates between 2 studies that were conducted with different
methods is a strong indication that the estimates are close to the
true values.

Plot of sum of squares
The 3D surface plots of the sum of squares (Figure 6) provide in-

formation about the nature of standard error and confidence inter-
vals and the relative ease of convergence of the nonlinear regres-
sion routine. Figure 6 shows that the surface is shallower along the

Vol. 73, Nr. 1, 2008—JOURNAL OF FOOD SCIENCE E13
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Figure 4 --- Mass average retention of
anthocyanins in grape pomace
heated in 202 × 214 cans at retort
temperature of 126.7 ◦C.

Figure 5 --- Residual plot of the mass
average retention of anthocyanins
for cans heated at retort
temperature of 126.7 ◦C.

Figure 6 --- 3-D surface plot of sum of
squares (SS).

E-axis than along the k110◦C axis, causing the standard errors and
confidence intervals for E to be proportionately larger than that
for k110◦C, consistent with the CI results in Table 2. Better conver-
gence can be obtained if the curve shows steeper change along the
E-axis.

Conclusions

The method described in this study will be useful in deter-
mining the change in nutraceutical concentration for non-

isothermal processes in low-/intermediate-moisture food during
high-temperature processing, which can be a valuable tool for the
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various food industries engaged in making functional foods. This
article presents 3 novel results:

1. Using both Comsol (finite-element) and Matlab (nonlinear
regression) for nonlinear regression.

2. This method is more powerful because it uses k and Cp
as functions of temperature and takes into account the varying
boundary condition during the lag time.

3. It gives CB and PB for nutrient retention, as well as the CI for
the parameters.

For the processors, the sizes of CB and PB for nutrient retention
are more important than the size of CI of the parameters. The pa-
rameter estimation is the intermediate step to obtain the nutrient
retention CB and PB.

Nomenclature
α = thermal diffusivity, m2/s
ρ = density, kg/m3

σ = standard error
ρ = correlation coefficient
a, b, and c = thermal conductivity parameters (Eq. 2)
a′, b′ and c′ = specific heat parameters (Eq. 3)
C̄ = mass-average anthocyanins concentration within a can
C o = initial mass-average anthocyanin concentration
C p = Specific heat, J/kg ◦C
CB = confidence band
CI = confidence interval
E a = activation energy, J/g-mol
H = convective heat transfer coefficient, W/m2K
k = thermal conductivity, W/m K
kr = degradation rate constant at reference temperature Tr per min
N = number of points for the trapezoidal rule
n = number of data
p = number of parameters
PB = prediction band
r = dimensionless radius
Rg = gas constant (J/g-mol K)
R = container radius, m
RMSE = root mean square error, g/g or ◦C
T = temperature (K)
Ti = initial temperature, K
Tr = reference temperature = 383 K
w = Gauss weights
Y = mass average retention of anthocyanins, fractional g/g.

z = dimensionless axial position, where z = 0 is at the half-height
point of the can

References
Ahmed J, Shivhare US, Raghavan GSV. 2004. Thermal degradation kinetics of antho-

cyanin and visual colour of plum puree. Eur Food Res Technol 218(6):525–8.
Alexandra Pazmino-Duran E, Monica Giusti M, Wrolstad RE, Gloria MBA. 2001.

Anthocyanins from Oxalis triangularis as potential food colorants. Food Chem
75(2):211–6.

Calvi JP, Francis FJ. 1978. Stability of concord grape (v. labrusca) anthocyanins in
model systems. J Food Sci 43(5):1448–56.

Camire ME, Chaovanalikit A, Dougherty MP, Briggs J. 2002. Blueberry and grape an-
thocyanins as breakfast cereal colorants. J Food Sci 67(1):438–41.

Camire ME, Dougherty MP, Briggs JL. 2007. Functionality of fruit powders in extruded
corn breakfast cereals. Food Chem 101(2):765–70.

Cemeroglu B, Velioglu S, Isik S. 1994. Degradation kinetics of anthocyanins in sour
cherry juice and concentrate. J Food Sci 59(6):1216–8.

Dolan KD, Steffe JF. 1989. Back extrusion and simulation of viscosity development
during starch gelatinization. J Food Proc Eng 11(2):79–101.

Dolan KD, Yang L, Trampel CP. 2007. Nonlinear regression technique to estimate ki-
netic parameters and confidence intervals in unsteady-state conduction-heated
foods. J Food Eng 80(2):581–93.

Kenneth J, Valentas RPS, Enrique R. 1997. Handbook of food engineering practice.
Boca Raton, Fla.: CRC Press.

Kirca A, Cemeroglu B. 2003. Degradation kinetics of anthocyanins in blood orange
juice and concentrate. Food Chem 81(4):583–7.

Lai KPK. 2003. Modeling thermal and mechanical degradation of anthocyanins in ex-
trusion processing. M.S. Thesis, Dept of Biosystems and Agricultural Engineering,
East Lansing: Michigan State Univ.

Markakis P, Livingston GE, Fellers CR. 1957. Quantitative aspects of strawberry pig-
ment degradation. J Food Sci 22(2):117–30.

Montgomery DP, Peck EA, Vining GG. 2006. Introduction to linear regression analysis.
4th ed, Hoboken, N.J.: John Wiley & Sons Inc.

Nasri H, Simpson R, Bouzas J, Torres JA. 1993. Unsteady-state method to determine ki-
netic parameters for heat inactivation of quality factors: conduction-heated foods.
J Food Eng 19(3):291–301.

Rob van den Hout GMKvtR. 1999. Modelling of the inactivation kinetics of the trypsin
inhibitors in soy flour. J Sci Food Agric 79(1):63–70.

Sastry l, Tischer RG. 1952. Behavior of the anthocyanin pigments in concord grapes
during heat processing and storage. Food Technol 6:82.

Seber GAF, Wild CJ, NY. 1989. Nonlinear regression. New York: John Wiley & Sons.
Skrede GWR, Durst RW. 2000. Changes in anthocyanins and polyphenolics during

juice processing of highbush blueberries (Vaccinium corymbosum L.). J Food Sci
65(2):357–64.

St S Tanchev NY. 1974. Kinetics of thermal degradation of the anthocyanins
delphinidin-3-rutinoside and malvidin-3-glucoside. Food/Nahrung 18(8):747–
52.

van Boekel MAJS. (1996). Statistical aspects of kinetic modeling for food science prob-
lems. J Food Sci 61(3):477–89.

Wang H, Nair MG, Strasburg GM, Chang YC, Booren AM, Gray JI, DeWitt DL. 1999. An-
tioxidant and antiinflammatory activities of anthocyanins and their aglycon, cyani-
din, from tart cherries. J Nat Prod 62(2):294–6.

Welt BA, Teixeira AA, Balaban MO, Smerage GH, Hintinlang DE, Smittle BJ. 1997.
Kinetic parameter estimation in conduction heating foods subjected to dynamic
thermal treatments. J Food Sci 62(3):529–34, 538.

Youdim KA, McDonald J, Kalt W, Joseph JA. 2002. Potential role of dietary flavonoids in
reducing microvascular endothelium vulnerability to oxidative and inflammatory
insults. J Nutr Biochem 13(5):282–8.

Zhang Z, Kou X, Fugal K, McLaughlin J. 2004. Comparison of HPLC methods for de-
termination of anthocyanins and anthocyanidins in bilberry extracts. J Agric Food
Chem 52(4):688–91.

Vol. 73, Nr. 1, 2008—JOURNAL OF FOOD SCIENCE E15




