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Mathematical modeling allows a shift away from expensive and time consuming migration analysis. The
primary aim of this study was to compare two alternative expressions, Fick’s law and Fokker-Planck’s
law, and gain insight of the diffusive flux migration profiles of lead (Pb) from polyethylene bags (of 30 p)
to Matooke at distances of 0 to 1.5, 1.6 to 3.0 and 3.1 to 4.5 cm, was measured at cooking times of 1, 2
and 3 h under three holding temperatures of 65, 90 and 100°C. The tendency of Fick’s law and Fokker-
Planck’s law to over predict the actual Pb migration was checked using the migration estimation model.
In general, it was noted that lead flux is higher at 100°C for cooking time of 3 h and also, the predicted
Pb concentration is less than the measured Pb concentration, indicating that the migrant estimation
model is not overestimating the Pb migration. Herein, the study makes three conclusions. First, the
performance of both the Fickian model and Fokker- Planckian model is comparable under the
conditions investigated. Second, high temperature and long exposure time combinations are
synonymous with higher lead concentration migration when compared to low temperature and long
exposure time scenarios. Third, lead concentrations are higher at surfaces in contact with the black
polyethylene bags and lower at the centroid of the food. Future works should focus on model validation
to test model robustness.
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INTRODUCTION

The most common food in central Uganda are green
bananas (plantain) commonly known as Matooke. The
word Matooke encompasses cooked and uncooked
green bananas. For cooked Matooke, the green bananas
are peeled, wrapped in banana leaves, boiled and then
reduced to puree. In the central region of Uganda,
Matooke is the area’s main delicacy especially when
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served with ground nut sauce. In the rural areas of
Uganda, in most of the poor households, breakfast is
comprised of hot black tea, usually without sugar, and
Matooke leftovers from the previous night's supper. This
shows how important Matooke is to the livelihood of
people in central Uganda. But, as mentioned by Kigozi et
al. (2010), other materials, such as black polyethylene
bags are slowly replacing banana leaves during cooking.

However, packaging of food must be seen as
something more than simply an alternative for traditional
materials. The advances in the development of polymers,
for example, non-permeable barrier films, allows the
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marketing of complete shelf-stable meals which are pre-
cooked and only require heating, often in retail
packaging. In Uganda, polyethylene bags revolutionized
food service industry (Kigozi et al., 2010). Polyethylene
bags are used to pack foods in (super) markets, wrap
foods during cooking, preserve foods after cooking and
store food remains after a meal, mainly because of their
high thermo-seal ability and barrier properties to water,
as it was referred by Kanetkar et al. (2007). Despite all
these advantages, it is important to ensure that
technological developments do not introduce unexpected
problems. A number of studies (for example, Gosselin
and Mondy, 1989) have suggested that polythene
materials contain a wide range of potential migrants, like
the residues from the polymerization processes,
degradation compounds and additives, including lead and
cadmium. Lead poses a possibility of bioaccumulation in
man even when exposed to low concentrations
continuously (Agboola et al., 2005).

Controlling transfer of contaminants from polyethylene
bags into foods (referred to, henceforth, as migration) is
then necessary for consumer protection. But, analysis of
the contaminant migration can be very expensive,
requires technical analytical abilites and is time
consuming, because of the low concentrations of the
migrated substances found in the foodstuff and the
complexity of the food matrix. In spite of the large amount
of literature available (for example, Saner et al., 1992;
Borodinsky 1993; Baner et al., 1994), it only covers a
fraction of the potential migrants and therefore, migration
tests for every different condition must be carried out.

Mathematical modeling is a potential alternative for
evaluating the migration of contaminants from polymeric
materials, although, the physico-chemical principles and
mathematical modeling of migration have been known for
a long time (Crank, 1975; Borodinsky, 1993; Baner et al.,
1994), the use of models to estimate lead (Pb) migration
from polyethylene bags during cooking has not yet been
reported. The primary aim of this study was to compare
two alternative expressions, Fick’s law and Fokker-
Planck’s law, and understand the diffusive flux migration
profiles of lead (Pb) from polyethylene bags to Matooke
at distances of 0 to 1.5, 1.6 to 3.0 and 3.1 to 4.5 cm, and
cooking times of 1, 2 and 3 h, under three holding
temperatures of 65, 90 and 100°C. The tendency of
Fick's law and Fokker-Planck’s law to over predict the
actual Pb migration was checked using the migration
estimation model.

MATERIALS AND METHODS

Matooke preparation and sampling for lead analysis

A solution of 0.1 M of the sodium hydroxide was prepared by

dissolving sodium hydroxide pellets in water. This solution was
used together with 95% ethanol to sterilize all the equipment and
apparatus used for this study. De-mineralized water was used to
prepare all solutions. Green banana fingers (Matooke) used in this
study were randomly collected from the market in Kampala
(Uganda). Ten (10) Matooke fingers were wrapped in two (2) black
polyethylene bags to prevent heat loss as it is done in the field
conditions. Nine (9) samples were prepared (each with ten Matooke
fingers), and placed in three (3) well-stirred thermo-stated water
bath (Grant instruments, Cambridge England), each pre-set at
temperatures of 65, 90 and 100°C. For a given water bath, samples
were placed in, at the same time. Sampling was done with a period
of 15 min. After 1 h of cooking, samples were taken out from the
respective water bath, pressed gently and drawn. Sampling was
carried out using a manual stainless steel device, 3 cm internal
diameter, 9 cm long with a square metallic handle to allow easier
sampling of hot Matooke. The purpose of fabricating this device
was due to the need of taking samples at specific distances to
profile lead migration. Samples were taken at along distances of 0
to 1.5, 1.6 t0 3.0 and 3.1 to 4.5 cm from the surface in contact with
the black polyethylene bag. The samples were dried in the oven for
24 h before analysing for lead using an Atomic Absorption
spectrophotometer (BrandTech, UK).

Estimation of migration

Only a brief overview of the migration estimation method is given
here as it has already been treated by Baner et al. (1995). A
primary assumption is that migration of polymers into food is
controlled by the diffusion of the migrant in the material (p). This
leads to the simplified expression, Equation (1), for concentration,
Cr. (mg kg™), of the migrant in the food (F) at time t:

x _ A 1
Cri=C' =g, PP 0D e M

Where: C's,; is the estimated concentration; pp is the density (g cm
%) of the material (p); D*p is the estimated diffusion coefficient of the
migrant in P (cm?s™); Cp,o is the initial concentration of a potential

migratable substance in the polymer (p) (mg kg”) and A s the

MF
package surface area, A (cm?), to food ratio; Mg = V. pr ( g) with Ve
as the volume of the food in cm®; pr = is the density of the food
(gem’®).

The density of the polymer varies between 0.9 and 1.4 g cm™ for
most common food contact polymers. The initial concentration of a
potential migratable substance in the polymer (P), Cp,o (mg kg™") , is
known either from the manufacturing process of the material or has
been determined by suitable compositional analysis. The actual
diffusion coefficient D, is usually not known and must be either
estimated or measured, which is time consuming and expensive.
The estimation of the diffusion coefficient D*p can be achieved
using the empirical correlation given by Equation (2) (Piringer,
1994).

D,<D*p=10*exp(A, —a.M,—bT™") )

Where: A, is a coefficient which accounts for the effect of the
polymer on diffusivity; M, is the substance’s relative molecular
weight; T is the temperature (K); aand b are correlation constants



Banadda et al. 315

Table 1. Means of estimated and measured lead concentrations at varying distances for a cooking time of 1 h.

Migration distance Estimated Measured lead concentration
cgnsidered (cm) Temperature (°C) lead concentration (mg I'") (mg ™)

65 1.74E-07 0.100

0-1.5 90 5.93E-04 0.300

100 1.84E-02 0.300

65 1.74E-09 0.000

1.6-3.0 90 5.93E-06 0.100

100 1.84E-04 0.200

65 1.74E-09 0.000

3.1-4.5 90 5.93E-06 0.000

100 1.84E-04 0.000

for molecular weight and temperature effects on diffusion.

According to Baner et al. (1996), the A, value for Low Density
Polyethylene (LDPE) is equal to 9 and the values of the coefficients
aand b are 0.01 and 10450, respectively.

Model selection and modelling approach

Diffusion is a macroscopic process that reflects underlying random
motion at a microscopic level. The modeling of particle diffusion is
based on Fickian Equation (3):

F(x,t)z—D(x)M (3)
dx

Where: n(x, t) is the particle density; I'(x, ) is the particle flux
through the point x; D is the diffusion coefficient for Fick’s law; D
was computed as D*p, dependent on temperature as shown in
Equation (2).

To arrange the experimentally observed data for fluxes with theory,
often ad hoc convective terms (that is, V (x) - n) or drifts are added
to the particle flux, which in many cases are difficult to justify
physically (Van Milligen et al., 2005). However, the utilization of
these drifts and their physical interpretation can be perfectly
justified from a theoretical standpoint without such additional terms.
Indeed, it has long been known (although widely ignored) that the
diffusion is subject to a spatial heterogeneity and satisfies the so-
called Fokker—Planck diffusivity law as depicted in Equation (4):

_ADn(x,0) @

T(x,1) = -

Where D is computed D*p as depicted in Equation (2).

RESULTS AND DISCUSSION
Estimation of migration

Here we aim at checking for condition highlighted in
Equation (1). Table 1 summarizes the means of

estimated and measured lead concentrations that
migrated at depth of 0 to 1.5, 1.6 to0 3.0 and 3.1 to 4.5 cm,
under 65, 90 and 100°C after 1 h of cooking. Three (3)
replicates were used at for each holding method.

From Table 1, it can be noted that after 1h of cooking
time, under 65, 90 and 100°C, lead (Pb) migration was
highest at the surface (0 to 1.5 cm), close to the black
polyethylene bags and lowest towards the centroid of the
food (3.1 to 4.5 cm). The estimated lead concentration
via Fickian model was underfitting for measured Pb
concentrations for distances of 0 to 1.5 cm and overfitting
at distances of 3.1 to 4.5 cm as per the condition in
Equation (1). Plank Fokker model was also checked for
overfitting and underfitting. The results (not shown) were
comparable to Fickian model. The conclusion drawn at
this point is that both Fickian model and Fokker Plankian
model are most likely to under fit Pb concentration at
distance of 0 to 1.5 cm and over fit at distances of 3.1 to
4.5 cm. Hereafter, no further testing of the Fickian and
Plank-Fokker models for overfitting or underfitting was
performed. It is worth noting that after 1 h of cooking, the
measured lead migration was highest at 100°C for all the
distances considered. Hereafter, the focus shifted to 3 h
of cooking. Further experiments with 3 h of cooking were
conducted, under 65, 90 and 100°C. Table 2 summarizes
the means of measured lead concentrations, at depths of
0to1.5cm, 1.6 to 3.0 cm and 3.1 to 4.5 cm, under 65, 90
and 100°C, after 3 h of cooking. Three (3) replicates were
used for each holding method.

As it happened for 1 h cooking (Table 1), results for 3 h
of cooking time (Table 2) indicate that Ilead
concentrations decreased from the surface in contact
with polyethylene bags to the centroid of the food. This
observation is interesting from a consumer point of view
because the Matooke is normally scooped from the
surface and served hot. Matooke is normally kept on the
cooking stove as long as necessary (sometimes for 12 h)
to keep it hot or warm. Basically, it is best served and
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Table 2. Means of measured lead concentrations at varying distances and cooking time of 3 h.

Migration distance (cm)

Temperature (°C) Measured lead concentration (mg I"")

65
0-1.5 90
100

65
1.6-3.0 90
100

65
3.1-4.5 90
100

0.200
0.400
1.800

0.150
0.270
0.370

0.000
0.150
0.150

Table 3. Means of modeled lead fluxes at varying distances and cooking time period of 3 h.

Migration distance (cm)  Temperature ('C)

Fickian Lead flux (mg mS™'L™)

Fokker Planckian lead flux (mg mS™ L™

65
0-1.5 90
100

65
1.6-3.0 90
100

65
3.1-4.5 90
100

2.8384 0.5442
6.5965 1.0884
2.8760 4.8960
2.1288 0.4082
4.4527 0.7347
0.5912 1.0064
0.0000 0.0000
2.4737 0.4082
0.2397 0.4080

consumed when hot or warm. Our study results suggest
that at high cooking temperature-time combinations, the
first scoop carries the highest concentration of lead than
the second and so on. Figure 1 indicates the lead (Pb)
concentration (mg L) profiles as a function of depth
(cm), under 65, 90 and 100°C.

Our study results suggest that, for high temperatures
and long exposure time combinations (for example, 90
and/or 100°C for 3 h), higher quantities of Pb migrate into
the food as compared to low temperatures and long
exposure time combinations (for example, 65°C for 3 h).
This trend is in accordance with previous findings by
Kigozi et al. (2010).

Estimation of lead flux based on Fick’s law and
Fokker-Planck’s law

Table 3 summarizes the means of modeled (Fick’s law
and Fokker-Planck’s law) lead fluxes for distances of 1.5,
3.0 and 4.5 cm, under 65, 90 and 100°C, after 3 h of
cooking. Three replicates were used for each holding
temperature.

Lead (Pb) flux profiles modelled by Fick’'s law and
Fokker-Planck’s law are presented in Figure 2. In Figure
1, the measured lead concentration decreases sharply at
high temperature and long exposure time combinations
indicating that the infinitely small (d) lead concentration
values are smaller as compared to the low temperature
long exposure time case. In a longer time and higher
temperature, equilibrium is established faster in the
higher temperature /high time combination scenario. This
is due to the higher inflow of lead per unit time. A
comparison of the two models show that, models Fickian
and Fokker-Planck, perform the same under
circumstances investigated in this work.

Conclusions

In general, the investigated Fickian and Fokker-Planckian
models showed a satisfactory agreement in predicting Pb
flux profiles. The Fickian and Fokker Planckian laws
show similar trends after 3 h of cooking, that is, with
values for lead fluxes decreasing as depth increases from
0 to 4.5 cm. Interestingly, under a cooking temperature of
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Figure 1. Lead concentration profiles at a maximum depth of 3.1 to 4.5 cm in cooked Matooke for 3 h at (a) 65°C (b) 90°C and (c) 100°C.
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Figure 2. Lead flux profiles at a maximum depth of 3.1 to 4.5 cm in cooked for 3 h Matooke at (a)

65°C (b) 90°C and (c) 100°C.

100°C, flux prediction is the same for both models. It has
also been noted that lead (Pb) concentrations decreased
from the surface in contact with polyethylene bags to the
centroid of the food. Our study suggests that high
temperature and long exposure time combinations are
synonymous with high lead concentration migration as
compared to low temperature and long exposure time
scenarios and lead concentrations are highest at
surfaces in contact with the black polyethylene bags and
lowest at the centroid of the food. Future works should
focus on model validation to test identified model
robustness.
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