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METHOD FOR REDUCING ACRYLAMIDE FORMATION
IN THERMALLY PROCESSED FOODS

BACKGROUND OF THE INVENTION

L. Technical Field

The present invention relates to 2 method for reducing the amount of acrylamide in
thermally processed foods. This invention permits the production of foods having
significantly reduced levels of acrylamide. The method relies on _varying the parameters of
various unit operations to manipulate the amount of acrylamide found in the finished product
while also maintaining product quality.

2. Description of Related Art

The chemical acrylamide has long been used in its polymer form in industrial
applications for water treatment, enhanced oil recovery, papermaking, flocculants, thickeners,
ore processing and permanent-press fabrics. Acrylamide precipitates as a white crystalline
solid, is odorless, and is highly soluble in water (2155 g/L at 30° C). Synonyms for
acrylamide include 2-propenamide, ethylene carboxamide, acrylic acid amide, vinyl amide,
and propenoic acid amide. Acrylamide has a molecular mass of 71.08, a melting point of
84.5°C, and a boiling point of 125°C at 25 mmHg.

In very recent times, a wide variety of foods have tested positive for the presence of
acrylamide monomer. Acrylamide has especially been found primarily in carbohydrate food
products that have been heated or processed at high temperatures. Examples of foods that
have tested positive for acrylamide include coffee, cereals, cookies, potato chips, crackers,
french-fried potatoes, breads and rolls, and fried breaded meats. In general, relatively low
contents of acrylamide have been found in heated protein-rich foods, while relatively high
contents of acrylamide have been found in cafbohydrate-rich foods, compared to non-
detectable levels in unheated and boiled foods. Reported levels of acrylamide found in

various similarly processed foods include a range of 330 - 2,300 (ng/kg) in potato chips, a
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range of 300 - 1100 (ug/kg) in french fries, a range 120 - 180 (nug/kg) in corn chips, and
levels ranging from not detectable up to 1400 (ng/kg) in various breakfast cereals.

It is presently believed that acrylamide is formed from the presence of amino acids
and reducing sugars. For example, it is believed that a reaction between free asparagine, an
amino acid commonly found in raw vegetables, and free reducing sugars accounts for the
majority of acrylamide found in fried food products. Asparagine accounts for approximately
40% of the total free amino acids found in raw potatoes, approximately 18% of the total free
amino acids found in high protein rye, and approximately 14% of the total free amino acids
found in wheat.

The formation of acrylamide from amino acids other than asparagine is possible, but it
has not yet been confirmed to any degree of certainty. For example, some acrylamide
formation has been reported from testing glutamine, methionine, cysteine, and aspartic acid
as precursors. These findings are difficult to confirm, however, due to potential asparagine
impurities in stock amino acids. Nonetheless, asparagine has been identified as the amino
acid precursor most responsible for the formation of acrylamide.

Since acrylamide in foods is a recently discovered phenomenon, its exact mechanism
of formation has not been confirmed. However, it is now believed that the most likely route
for acrylamide formation involves a Maillard reaction. The Maillard reaction has long been
recognized in food chemistry as one of the most important chemical reactions in food
processing and can affect flavor, color, and the nutritional value of the food. The Maillard
reaction requires heat, moisture, reducing sugars, and amino acids.

The Maillard reaction involves a series of complex reactions with numerous
intermediates, but can be generally described as involving three steps. The first step of the
Maillard reaction involves the combination of a free amino group (from free amino acids
and/or proteins) with a reducing sugar (such as glucose) to form Amadori or Heyns

rearrangement products. The second step involves degradation of the Amadori or Heyns
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rearrangement products via different alternative routes involving deoxyosones, fission, or
Strecker degradation. A complex series of reactions including dehydration, elimination,
cyclization, fission, and fragmentation result in a pool of flavor intermediates and flavor
compounds. The third step of the Maillard reaction is characterized by the formation of
brown nitrogenous polymers and co-polymers. Using the Maillard reaction as the likely route
for the formation of acrylamide, Figure 1 illustrates a simplification of suspected pathways
for the formation of acrylamide starting with asparagine and glucose.

Acrylamide has not been determined to be detrimental to humans, but its presence in
food products, especially at elevated levels, is undesirable. As noted previously, relatively
higher concentrations of acrylamide are found in food products that have been heated or
thermally processed. The reduction of acrylamide in such food products could be
accomplished by reducing or eliminating the precursor compounds that form acrylamide,
inhibiting the formation of acrylamide during the processing of the food, breaking down or
reacting the acylamide monomer once formed in the food, or removing acrylamide from the
product prior to consumption. Understandably, each food product presents unique challenges
for accomplishing any of the above options. For example, foods that are sliced and cooked as
coherent pieces may not be readily mixed with various additives without physically
destroying the cell structures that give the food products their unique characteristics upon
cooking. Other processing requirements for specific food products may likewise make
acrylamide reduction strategies incompatible or extremely difficult.

By way of example, Figure 2 illustrates well known prior art methods for making
fried potato chips from raw potato stock. The raw potatoes, which contain about 80% or
more water by weight, first proceed to a peeling step 21. After the skins are peeled from the
raw potatoes, the potatoes are then transported to a slicing step 22. The thickness of each
potato slice at the slicing step 22 is dependent on the desired the thickness of the final

product. An example in the prior art involves slicing the potatoes to a thickness of about 0.04
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to about 0.08 inches. These slices are then transported to a washing step 23, wherein the
surface starch on each slice is removed with water. The washed potato slices are then
transported to a cooking step 24. This cooking step 24 typically involves frying the slices in
a continuous fryer at, for example, about 171°C to about 182°C (340-360°F) for
approximately two to three minutes. The cooking step generally reduces the moisture level
of the chip to less than 2% by weight. For example, a typical fried potato chip exits the fryer
with approximately 1-2% moisture by weight. The cooked potato chips are then transported
to a seasoning step 25, where seasonings are applied in a rotation drum. Finally, the seasoned
chips proceed to a packaging step 26. This packaging step 26 usually involves feeding the
seasoned chips to one or more weighers which then direct chips to one or more vertical form,
fill, and seal machines for packaging in a flexible package. Once packaged, the product goes
into distribution and is purchased by a consumer.

Minor adjustments in a number of the potato chip processing steps described above
can result in significant changes in the characteristics of the final product. For example, an
extended residence time of the slices in water at the washing step 23 can result in leaching
compounds from the slices that provide the end product with its potato flavor, color and
texture. Increased residence times or heating temperatures at the cooking step 24 can result
in an increase in the Maillard browning levels in the chip, as well as a lower moisture
content. Ifit is desirable to incorporate ingredients into the potato slices prior to frying, it
may be necessary to establish mechanisms that provide for the absorption of the added
ingredients into the interior portions of the slices without disrupting the cellular structure of
the chip or leaching beneficial compounds from the slice.

By way of another example of heated food products that represent unique challenges
to reducing acrylamide levels in the final products, snacks can also be made as a fabricated
snack. The term “fabricated snack” means a snack food that uses as its starting ingredient

something other than the original and unaltered starchy starting material. For example,
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fabricated snacks include fabricated potato chips that use a dehydrated potato product as a
starting material and corn chips which use a masa flour as its starting material. It is noted
here that the dehydrated potato product can be potato flour, potato flakes, potato granules, or
any other form in which dehydrated potatoes exist. When any of these terms are used in this
application, it is understood that all of these variations are included.

Referring back to Figure 2, a fabricated potato chip does not require the peeling step
21, the slicing step 22, or the washing step 23. Instead, fabricated potato chips start with a
dehydrated potato product such as potato flakes. The dehydrated potato product is mixed
with water and other minor ingredients to form a dough. This dough is then sheeted and cut
before proceeding to a cooking step. The cooking step may involve frying or baking. The
chips then proceed to a seasoning step and a packaging step. The mixing of the potato dough
generally lends itself to the easy addition of other ingredients. Conversely, the addition of
such ingredients to a raw food product, such as potato slices, requires that a mechanism be
found to allow for the penetration of ingredients into the cellular structure of the product.
However, the addition of any ingredients in the mixing step must be done with the
consideration that the ingredients may adversely affect the sheeting characteristics of the
dough as well as the final chip characteristics.

It would be desirable to develop one or more methods of reducing the level of
acrylamide in the end product of heated or thermally processed foods. Ideally, such a process
should substantially reduce or eliminate the acrylamide in the end product without adversely
affecting the quality and characteristics of the end product. Further, the method should be

easy to implement and, preferably, add little or no cost to the overall process.
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SUMMARY OF THE INVENTION

The present invention is a method for reducing the amount of acrylamide in thermally
processed food products. According to one embodiment, the method comprises providing a
continuous feed of peeled and sliced raw potatoes and contacting the continuous feed of raw
potato slices with an aqueous solution at about 60°C (140°F) for about five minutes to reduce
the amount of acrylamide precursor in the raw potato slices. According to another
embodiment, the method comprises providing a continuous feed of peeled and sliced raw
potatoes, par-frying the raw potato slices at about 171°C to about 182°C (340-360°F) until the
moisture content is reduced to about 3-10% moisture by weight, then oven-drying the par-
fried slices at less than about 120°C (250°F) until the moisture content is further reduced to
about 1-2% moisture by weight. According to another embodiment, the method comprises
contacting a continuous feed of raw potato slices with an aqueous solution at about 60°C
(140°F), followed by par-frying the raw contacted potato slices at about 171°C to about
182°C (340-360°F) until the moisture content is reduced to about 3-10% moisture by weight,
then oven-drying the par-fried slices at less than about 120°C (250°F) until the moisture
content is further reduced to about 1-2% moisture by weight. Other embodiments involve
different combinations of various methods for contacting and cooking a continuous feed of
peeled and sliced potatoes as well as the manipulation of various other unit operations. By
manipulating these unit operations, one can avoid creating the conditions most favorable for
acrylamide formation and thereby reduce acrylamide formation in the thermally processed
food product.

For example, the washing step of a typical potato-chip-making process can be
manipulated to comprise a contacting step where the potato slices are contacted with an
aqueous solution. The contact time and temperature can be increased and manipulated, and
one or more ingredients can be added to the aqueous solution. The cooking step can be

manipulated by dividing it into a higher-temperature first heating step and a lower-
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temperature second heating step. The higher-temperature first heating step can comprise
atmospheric frying, vacuum frying, pressure frying, microwave-assisted frying, or baking,
and other means known in the art. The second heating step can comprise vacuum frying, low
temperature oven drying, vacuum oven drying, or any method of cooking that maintains
cooking temperatures required by the second heating step. Other methods for manipulating
the contacting and cooking unit operations to reduce acrylamide formation are possible.

The above, as well as additional features and advantages of the invention will become

apparent in the following written detailed description.
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BRIEF DESCRIPTION OF THE DRAWINGS

The novel features believed characteristic of the invention are set forth in the
appended claims. The invention itself, however, as well as a preferred mode of use, further
objectives and advantages thereof, will be best understood by reference to the following
detailed description of illustrative embodiments when read in conjunction with the
accompanying drawings, wherein:

Figure 1 is a schematic of suspected chemical pathways for acrylamide formation;

Figure 2 is a schematic of prior art potato chip processing steps;

Figure 3 is a graph showing, on the y-axis in parts per billion (“ppb”), acrylamide
concentrations of potato test samples that were fried after contacting in various ways
described along the x-axis, as well as the final moisture content by weight;

Figure 4 is a graph comparing the original results from Figure 3 with the Figure 3
results after normalization to a moisture content of 1.32% by weight;

Figure 5 is a graph showing the relationship between acrylamide concentration and
final fried product moisture wherein the acrylamide concentration in ppb is on the y-axis, and
the moisture content in weight percent is on the x-axis;

Figure 6 is a graph showing the relationship between acfylamide concentration and
final baked product moisture wherein the acrylamide concentration in ppb is on the y-axis,
and the moisture content in weight percent is on the x-axis;

Figure 7a is a graph showing the acrylamide concentrations in potato test samples
that were par-fried and then oven-dried at about 120°C (250°F) after various methods of
contacting, wherein acrylamide concentrations are shown on the y-axis in ppb, and the
various contact methods are described on the x-axis;

Figure 7b is a graph showing the last six data points of Figure 7a on a narrower

acrylamide concentration scale;
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Figure 8 is a graph showing the data from Figure 7a after normalizing the par-fry
data to a moisture level of 3.13% by weight and normalizing the oven-dry data to a moisture
level of 1.25% by weight;

Figure 9 is a graph showing on the y-axis in ppb: 1) the acrylamide levels of potato
test samples that were contacted in the various ways shown on the x-axis, then par-fried at
about 178°C (353°F), and 2) the acrylamide levels of those same potato test samples after
oven-drying at about 176°C (350°F), normalized to a moisture level of 0.76% by weight;

Figure 10 is a chart showing the operating conditions and results of an experiment in
which a control sample of potato slices was atmospheric fried to 1.4% moisture by weight,
and a test sample was atmospheric fried to 2.5% moisture by weight, then oven-dried to 1.4%
moisture by weight;

Figure 11 is a chart showing the operating conditions and results of several
experiments in which a control sample of potato slices was atmospheric fried to about 0.8%
moisture by weight, and four test samples were atmospheric par-fried to about 3-10%
moisture by weight, then low-temperature vacuum fried to below 1% moisture by weight; and

Figure 12 is a chart showing the operating conditions and results of seven
experiments in which four test samples were atmospheric fried in oil with initial temperatures
ranging from about 165 to about 180°C (329-356°F) for about 3-4 minutes, and three test
samples were low-temperature vacuum fried for about 4-10 minutes at temperatures ranging

from about 100 to about 140°C (212-284°F) and pressures ranging from 50-100 millibars.
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DETAILED DESCRIPTION OF THE INVENTION

The formation of acrylamide in thermally processed foods requires a source of carbon
and a source of nitrogen. It is hypothesized that carbon is provided by a carbohydrate source
and nitrogen is provided by a protein source or amino acid source. Many plant-derived food
ingredients such as rice, wheat, corn, barley, soy, potato and oats contain asparagine and are
primarily carbohydrates having minor amino acid components. Typically, such food
ingredients have a small amino acid pool, which contains other amino acids in addition to
asparagine.

By “thermally processed” is meant food or food ingredients wherein components of
the food, such as a mixture of food ingredients, are heated at temperatures of at least 80°C.
Preferably, the thermal processing of the food or food ingredients takes place at temperatures
between about 100°C and about 205°C. The food ingredient may be separately processed at
elevated temperature prior to the formation of the final food product. An example of a
thermally processed food ingredient is potato flakes, which is formed from raw potatoes in a
process that exposes the potato to temperatures as high as 170°C. Examples of other
thermally processed food ingredients include processed oats, par-boiled and dried rice,
cooked soy products, corn masa, roasted coffee beans and roasted cacao beans.
Alternatively, raw food ingredients can be used in the preparation of the final food product
wherein the production of the final food product includes a thermal heating step. One
example of raw material processing wherein the final food product results from a thermal
heating step is the manufacture of potato chips from raw potato slices by the step of frying at
a temperature of from about 100°C to about 205°C or the production of french fries fried at
similar temperatures.

In accordance with the present invention, however, a significant formation of
acrylamide has been found to occur when the amino acid asparagine is heated in the presence

of a reducing sugar. Heating other amino acids such as lysine and alanine in the presence of

10



10

15

20

25

WO 2004/075656 PCT/US2004/003414

a reducing sugar such as glucose does not lead to the formation of acrylamide. But,
surprisingly, the addition of other amino acids to the asparagine-sugar mixture can increase or
decrease the amount of acrylamide formed.

Having established the rapid formation of acrylamide when asparagine is heated in the
presence of a reducing sugar, a reduction of acrylamide in thermally processed foods can be
achieved by inactivating the asparagine. By “inactivating” is meant removing asparagine
from the food or rendering asparagine non-reactive along the acrylamide formation route by
means of conversion or binding to another chemical that interferes with the formation of
acrylamide from asparagine.

Investigations into the effects of the various unit operations or processing steps on the
formation of acrylamide in finished food products have lead to interesting results. These
results demonstrate an ability to modify one or more unit operations in any given prior art
process for making a food product so that the resulting cooked food product has a reduced
concentration of acrylamide. By “reduced concentration of acrylamide” is meant a
concentration of acrylamide that is lower than the concentration that would have formed
during an unmodified prior art process for cooking the particular food product in question.

% ¢

The terms “reduced concentration of acrylamide,” “reduced acrylamide concentration,” and
“reduced acrylamide level” are all used interchangeably in this application. For the purpose
of this application, “unit operations” means a definable segment of an overall method for
producing a food product. For example, referring to Figure 2, each one of the potato chip
processing steps (the peeling step 21, the slicing step 22, the washing step 23, the cooking
step 24, the seasoning step 25, and the packaging step 26) is considered a separate unit
operation with regard to the overall process of producing a potato chip food product.

A first example of the manipulation of a unit operation involves the washing step 23

(illustrated in Figure 2) of potato chips produced by slicing raw potato stock. The prior art

method of washing slices involves rinsing the chips with water at room temperature. The

11
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average residence time of each chip in this water rinse in the prior art is typically less than
about 60 seconds, depending on the equipment used.

Figure 3 illustrates how the chip washing unit operation can be manipulated such that
acrylamide levels in the finished chip product can be adjusted. According to the present
invention, the washing step 23 can be manipulated to comprise a contacting step, where a
continuous feed of potato slices is contacted with an aqueous solution for residence times and
at temperatures that differ from those used in the prior art washing step. Figure 3 is a chart
showing on the left (from the viewer’s perspective) vertical or y~ axis, the amount of
acrylamide (“AA”) in parts per billion (“ppb”) found in the finished potato chip product. The
right vertical or y- axis of the graph in Figure 3 shows the percent moisture by weight in the
finished chip product. The acrylamide level is charted on the graph by the vertical bars,
while the percent moisture level is charted by the line plot. The horizontal or x- axis of the
chart shown in Figure 3 lists various processing parameter changes made to the washing unit
operations of a potato chip manufacturing process. The cooking time and temperature were
identical for all product runs reflected in Figure 3. Specifically, each sample was fried at
about 178°C (353°F) for about 120-140 seconds. Consequently, the moisture levels of the
end product tended to vary.

By way of comparison to the results shown in Figure 3, the prior art washing step
described above, using chip-stock potatoes sliced to a thickness of .05 inches and fried at
about 178°C (353°F) for about 120-140 seconds, results in a finished product having an
acrylamide level of about 300-500 ppb ( which can be higher depending on glucose content
and other potato stock variable ) and a final moisture level by weight of about 1.4%. This
prior art result is quite similar to the first data point 31 found on the chart shown in Figure 3,
which represents the base data point and involves a washing step with a water residence time
for the potato slices of two to three minutes. Maintaining all other parameters in the overall

processing of the potato chip, this minor change in the washing unit operations results in no

12
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noticeable change in the acrylamide level (approximately 330 ppb) or the moisture level of
the finished product (approximately 1.35%), as compared to a product finished according to
the prior art washing step.

The next data point 32 shown on the graph in Figure 3 reflects a change in the
washing step that comprises contacting the potato slices with water as the aqueous solution,
increasing the contact time of the aqueous solution with the potato slices to ten minutes, and
increasing the temperature of the aqueous solution from ambient or room temperature to
about 38°C (100°F). This adjustment resulted in a decrease of the acrylamide in the finished
product to approximately 210 ppb and a reduction in the moisture level of the finished
product to less than 1% by weight. Interestingly, the third data point 33 reflects that
increasing the aqueous solution (again, water) temperature to about 54°C (130°F) with an
average contact time of five minutes did not result in appreciable reduction in acrylamide
levels in the finished product. By contrast, the fourth data point 34 demonstrates an
appreciable reduction in acrylamide levels in the final product (below 100 ppb) when the
washing unit operation involves a contacting step providing one minute contact time with an
aqueous solution comprising water at a temperature of about 82°C (180°F). However, the
moisture level of the end-product chip was nearly 1.8%. The fifth data point 35 reflects that
using a 1% L-Cysteine solution as the aqueous solution, at ambient temperatures for fifteen
minutes, reduces the acrylamide level in the final product to less than 250 ppb.

In the graph illustrated in Figure 4, the experiment results shown in Figure 3 (the
first of each pair of vertical bars) are normalized to depict the acrylamide levels that could be
expected if the test samples were fried to the same standardized moisture level (the second of
each pair of vertical bars). By assuming that the percent change in acrylamide level is
inversely proportional to the percent change in the moisture level when moisture levels are
low, the results of the test data shown in Figure 3 can be normalized by multiplying the

actual acrylamide levels by the percent change in the moisture levels required to reach the
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final moisture level of the base/standard sample. Normalizing the experiment data to the
same moisture level allows one to more accurately compare the relative effectiveness of each
contacting method at reducing acrylamide formation.

Referring back to Figure 4, the vertical or y- axis is again labeled in ppb of
acrylamide found in the finished product. The horizontal or x- axis is labeled to show the
parameters of each data point. In Figure 4, each data point shows a pair of vertical bars, the
bars on the left of a pair are imported from Figure 3 while the bars on the right of a pair
reflect the expected results of the same contacting process parameters if the final product
were fried to a uniform or standardized moisture level of 1.32%.

Once again, the first data point 41 is the base sample involving a two to three minute
water wash at ambient temperature. The second data point 42 involves the contacting step
according to the present invention, where the potato slices are contacted with an aqueous
solution comprising water at a temperature of about 38°C (100°F) for a ten minute contact
time. The left-hand bar again reflects that such contacting followed by frying at
approximately 178°C (353°F) for about 120-130 seconds will result in just over 200 ppb
acrylamide in the finished product and a finished product having a moisture level of less than
1%. However, the right-hand bar demonstrates that if a chip thus contacted were fried to a
standardized moisture level of 1.32%, the projected acrylamide level would drop to
approximately 150 ppb.

A similar desirable result occurs with regard to the third data point 43, while the
fourth data point 44 reflects that the reduction of the moisture level of the finished product
slightly raises the acrylamide level found. Interestingly, the last data point 45 reflects
significant acrylamide reduction when an aqueous solution comprising 1% L-Cysteine and a
fifteen-minute contact time is used. Furthermore, a particularly low acrylamide level is
projected for a final chip moisture level of 1.32% by weight. It is also interesting to note that

the projected acrylamide level for potato slices contacted with 1% L-Cysteine for a fifteen-
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minute contact time is nearly the same as the projected level for slices contacted with an
aqueous solution comprising water for ten minutes at about 38°C (100°F).

According to other embodiments, contacting the potato slices with an aqueous
solution further comprises removing one or more acrylamide precursors, such as asparagine
or reducing sugars, from the raw potato slices by leaching such acrylamide precursors out of
the raw potato slices with a potato extract or a leaching stream. Leaching of components in
the potato slices by the potato extract or the leaching stream occurs for those components for
which a concentration gradient exists between the potato slices and the potato extract or the
leaching stream. The leaching may be accomplished selectively by a potato extract solution
that is deficient in the acrylamide precursor to be removed, but has concentration levels of
other soluble matter that are at or near equilibrium with the corresponding concentration
levels in the potato slices. The leaching may also be accomplished non-selectively by a
leaching stream such as pure water. An example of selective leaching involves making the
potato extract deficient in asparagine, and then contacting the raw potato slices with the
asparagine-deficient potato extract to leach asparagine out of the raw potato slices.
According to one embodiment, the potato extract deficient in one or more acrylamide
precursors contacts the raw potato slices in a counter-current fashion, which may lead to
more effective leaching than a parallel flow. In another embodiment, the leaching is further
enhanced by ultrasonically vibrating the potato extract while it is in contact with the potato
slices. If desired, the potato extract or the leaching stream can be treated to remove the
leached acrylamide precursors so that the potato extract or the leaching stream can be
recycled for continuous use in the leaching of more potato slices.

One point that must be kept in mind when reviewing the effects of manipulating
various parameters of unit operations, such as those effects shown in Figures 3 and 4, is that
all of these adjustments will have some collateral effect on the quality and characteristics of

the final product. Consequently, any adjustments made in any of the unit operations must be
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carefully selected in order to arrive at the product exhibiting the desired final characteristics.
These characteristics include color, flavor, mouth-feel, density, smell, and the shelf-life
aspects of the finished product.

Figure 5 focuses on another aspect of unit operations and shows the effect of
decreasing moisture level in the chip during the cooking stage. Referring back to Figure 2,
the cooking step 24 is a unit operation that typically involves cooking sliced potato chips in a
continuous oil fryer at high temperatures. Returning to Figure 5, the graph thereon reflects
on the horizontal or x- axis the moisture level of the final chip product. The vertical or y-
axis is again labeled in ppb of acrylamide (“AA”) found in the final product. A number of
data points are then plotted showing a percent moisture versus the acrylamide level of the
final chip. Two different frying temperatures were used with diamond symbols representing
chips fried at about 178°C (353°F) while square symbols are used to represent data points for
chips fried at about 149°C (300°F). The line plots 51, 52 are curve-fitted to the data points in
order to establish a trend. The curve-fitted line plots 51, 52 follow the general equation: y=c¢
x °, where “y” represents the acrylamide level, “c” is a constant, “x” is the moisture level, and
“b” is the exponent of “x.” The first line plot 51 relates to the 149°C (300°F) frying
temperature data points. The second line 52 relates to the data points plotted for the 178°C
(353°F) frying temperature. As can be seen in Figure 5, acrylamide levels remain very low
at chip moisture levels above about 3% moisture by weight regardless of frying temperature.

Whereas Figure 5 shows the relationship between acrylamide levels and moisture
content in fried potato slices, Figure 6 depicts the same relationship in baked potato chip
products made from a dry mix. The vertical axis of the graph in Figure 6 shows acrylamide
concentrations, while the horizontal axis shows moisture levels by weight. While the
acrylamide concentrations tend to be higher in baked potato chip products than in fried potato
slices, Figures 5 and 6 both show that the acrylamide concentrations remain fairly low in

cooking potato products until the moisture level falls below about 3%.
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What is made apparent by Figures 5 and 6 is that acrylamide levels in potato chips
cooked in a typical fryer increase rather dramatically once the moisture level falls below 3%
moisture by weight, at which point it seems there is not enough moisture left to keep the
product temperature below an acrylamide formation temperature. For example, Figure 5
illustrates that the level of acrylamide found in the final product is relatively low when the
moisture level of the chip during the cooking unit operation is 3% by weight or greater,
regardless of the exposure to high-temperature cooking environments. Figures 5 and 6
demonstrate that moisture level is a useful additional parameter in a unit operation that can be
adjusted for the reduction of acrylamide formation in the final product.

Unfortunately, the moisture level in a finished potato chip should ideally be below
about 2%, and preferably between about 1.3 and 1.4%. Anything higher than 2%, and even
higher than 1.4% can lead to staling and microbial spoilage issues in the packaged product, as
well as organoleptic consequences, for example, taste, texture, etc. However, changes in
color, taste, and consistency of the final product can be adjusted by various means. In
addition, it may be possible to counter the consequences of finishing the food product with a
higher moisture content by adjusting various factors in the pre-packaging step, such as
extending fryer hoods, covering conveyors to the packaging machine, dehumidification of the
plant environment, and various factors in the packaging, such as packaging materials, films,
bags and seals. Thus, according to another embodiment of the disclosed method for reducing
acrylamide formation in thermally processed foods, a further unit operation comprises
finishing the food product as it emerges from its final cooking step at a moisture content, for
example, at about 1.4% by weight, about 1.6% by weight, about 1.8% by weight and about
2% by weight, or at any % moisture weight between 1.4% and 2%.

However, it is important to note that other potato products have been known to form
significant amounts of acrylamide even at relatively high moisture content. For example,

french fries, which typically leave a fryer with over 15% moisture by weight, have been
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shown to develop significant amounts of acrylamide during cooking. This suggests that
acrylamide formation depends on the temperature (particularly the surface temperature) of a
cooking product rather than overall moisture content. In fact, studies have shown that
acrylamide does not form in significant amounts until the necessary reactants are exposed to
temperatures of about 250°F / 120°C. It thus appears that a potato product containing
acrylamide precursor compounds will not form significant amounts of acrylamide until, upon
cooking, the product temperature, which may differ significantly from the cooking medium’s
temperature, rises above about 120°C (250°F). Nevertheless, the moisture content of such
product can be a good indication of whether the product temperature has risen above a
formation temperature for acrylamide.

It has been theorized by those of ordinary skill in the art that moisture in the product
helps keep the internal product temperature below the acrylamide formation temperature,
even while in a relatively high-temperature environment. When most of the moisture is
removed, however, high-temperature surroundings can cause the product temperature to rise
above the acrylamide formation temperature. It is important to keep in mind, though, that not
all portions of a cooking product share the same internal temperature. French fries, for
example, can be fairly thick when compared to potato slices and thus tend to have a larger
moisture gradient between the inner and outer portions of the product. Consequently, it is
possible for a french fry being cooked to have a fairly high surface temperature even though
its interior moisture content is high. In contrast, a potato slice is thinner and tends to have
more consistent moisture levels throughout the slice during cooking. Thus, at least for thin
products such as potato slices or fabricated potato pieces, moisture level can still be a good
gauge of its internal temperature. This also holds true for non-potato products made from
corn, barley, wheat, rye, rice, oats, millet, and other starch-based grains. Furthermore,
continuous cooking equipment can be designed with different temperature stages that

progressively decrease from higher to lower temperatures as the moisture content of the
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cooking product decreases. This enables moisture to be removed rapidly without allowing
the product temperature to rise above the acrylamide formation temperature.

Consequently, one element of this invention involves dividing the cooking unit
operation (the fourth unit operation 24 shown in Figure 2) into at least two separate heating
steps. A first heating step occurs at elevated temperatures to reduce the moisture level to
some point near but above 3% by weight. The product is then finished to the desired
moisture level of about 1-2% by weight, but preferably about 1.4% by weight, with a lower-
temperature cooking step having a temperature below about 120°C (250°F). However, the
process modifications described herein are not limited to prior art processes for cooking
potato slices such as the one disclosed in Figure 2. These modifications are also applicable
in processes for making fabricated products derived from potato, corn, wheat, rye, rice, oats,
millet, and other starch-based grains. For example, these process modifications can be used
to reduce acrylamide formation in fabricated potato and corn products, cereals, cookies,
crackers, hard pretzels, and breads, to name a few. Note that the terms “modified cooking
step” and “modified cooking unit operation” are meant to include not only Figure 2’s prior
art method for cooking potato slices but also prior art methods for preparing other food
products in which it is desirable to reduce acrylamide formation. In addition, the term
“potato-based pieces” is meant to include both raw potato slices and fabricated potato pieces
derived from potato starch or dough.

Each heating step can be accomplished using various heating methods. For example,
the first heating step can comprise atmospheric frying, vacuum frying, microwave-assisted
frying, or baking. The first heating step, however, can alternatively comprise any other
method for cooking the product and lowering its moisture level with primary consideration
given to production efficiencies such as residence time, energy costs, equipment capital costs
and available floor space. When the first heating step involves frying the product, the first

heating step is often called “par-frying,” as such frying only partially cooks the product until
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its moisture content is lowered to some point near but above 3% by weight. The second
heating step can comprise vacuum frying, low temperature oven drying, vacuum oven drying,
or any method of cooking that maintains cooking temperatures required by the second
heating step. However, other methods can also be used to reduce moisture content while
avoiding the low-moisture/high-temperature conditions most favorable to acrylamide
formation as long as the product temperature remains below the acrylamide formation
temperature of about 120°C (250°F). The second heating step is often called “finish-frying”
or “finish-drying,” as the moisture content is further reduced to the final desired level.

By modifying the washing step 23 and/or the cooking step 24 of the process for '
making potato chips shown in Figure 2, acrylamide levels in the final product can be reduced
significantly without adversely affecting product quality and final characteristics. In one
preferred embodiment, a potato-chip-making process using fresh chipping potatoes combines
traditional peeling, slicing, and washing steps with a modified cooking unit operation
involving par-frying at about 165 to about 182°C (330-360°F) for about 1-3 minutes,
followed by oven-drying below about 120°C (250°F) until the chip moisture level is reduced
to about 1.4% by weight. In tests using this preferred embodiment, acrylamide levels below
130 ppb are achieved. This preferred embodiment achieves a balance between a high level of
acrylamide reduction with an acceptable change in product quality associated with the
necessary process modifications. However, other embodiments are possible. Figures 7a, 7b,
and 8 show various examples of combinations of washing modifications comprising
contacting with an aqueous solution and cooking modifications that reduce final acrylamide
levels from those levels resulting from the prior art methods. For example, a final acrylamide
level of more than 300 ppb is reduced to less than 100 ppb. Although Figures 7a, 7b, and 8
involve embodiments for processing raw potato slices, the modified washing methods used in
those embodiments can also apply to other types of raw foods in which acrylamide reduction

is desirable, such as sweet potatoes, yams, and plantains. Likewise, the cooking
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modifications used in those embodiments can also apply to other fried food products such as
fried tortillas, fried plantains, fried sweet potatoes, and fried yams.

Figure 7a depicts the resulting acrylamide levels of potato chips made from
combining several different embodiments of a modified washing step comprising contacting
with one particular embodiment of a modified cooking step. The modified cooking step of
Figure 7a comprises partially frying (“par frying”) potato slices at about 178°C (353°F) for
approximately one to three minutes in a first heating step, then oven-drying the po;cato slices
at about 120°C (250°F) until the moisture content is reduced to approximately 1.3% by
weight in a second heating step. The advantage of par-frying followed by oven-drying is that
the low-moisture/high-temperature conditions most favorable to acrylamide formation can be
avoided while still producing final products that are organoleptically similar to traditionally
fried products. However, extensive oven-drying can give the product a dry-mouth feel and
may cause product scorching that is difficult to mask.

The vertical or y- axis of the graph in Figure 7a shows acrylamide concentrations in
ppb, while the horizontal or x- axis is labeled to show the parameters of each embodiment of
the modified washing step comprising contacting the potato slices with an aqueous solution.
Each data point shows a pair of vertical bars: the left bar represents acrylamide
concentrations after contacting and par-frying while the right bar represents acrylamide
concentrations after oven-drying. Reading left to right, the first data point 71 of Figure 7a,
like that of Figures 3 and 4, is a base sample involving a two to three minute water wash at
ambient temperature, after which the sample is then atmospherically fried to roughly 1.3%
moisture by weight. The second data point 72 is like the first except the sample is fried to
about 1.0% moisture. Note that the first and second samples 71, 72 developed about 320 ppb
and 630 ppb of acrylamide, respectively. The third data point 73 involves the same two to
three minute ambient water wash, but the sample is then par fried to slightly above 3%

moisture and oven-dried to about 1.3% moisture. The left and right bars show that the
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sample exited the par-frying step with a relatively low acrylamide concentration of about 65
ppb and gained less than 15 ppb in the oven-drying step. The fourth data point 74 involves
an aqueous solution comprising water contacting the potato slices for a five minute contact
time at about 60°C (140°F), followed by the par-frying and oven-drying steps of the modified
cooking unit operation. This five-minute, 60°C (140°F) contact combined with the par-frying
and oven-drying steps resulted in an even lower final acrylamide concentration of less than
40 ppb.

The samples contacted with calcium chloride solutions 75, 76, 77 all produced
acrylamide levels higher than that produced by the sample 74 contacted with pure water for
five minutes at about 60°C (140°F). However, the final acrylamide levels of all such samples
were still below 80 ppb, which is significantly lower than the 320 ppb in the base sample.

The last data point 78 involves a 15-minute contact with an aqueous solution
comprising 1% L-cysteine. Interestingly, of the several contacting methods shown in Figure
7a, this contacting method produced the lowest concentration of acrylamide. This contacting
method, however, also required the longest contact time of the various methods shown in
Figure 7a. Although using 1% L-cysteine 78 as the aqueous solution for contacting resulted
in the lowest level of acrylamide in the final product, other factors must be considered, such
as the effect of such a long contact time on product quality, as well as the expense of
increasing contact time.

Figure 7b shows the last six data points 73, 74, 75, 76, 77, 78 of Figure 7a on a
graph with a narrower acrylamide concentration scale.

In Figure 8, the results shown in Figure 7b have been normalized to depict the
acrylamide levels that could be expected if the test samples were fried to a moisture level
slightly above 3% by weight and then oven-dried at about 120°C (250°F) to a standardized
moisture level of about 1.3% by weight. The acrylamide levels are normalized in the same

manner described above with respect to Figure 4. When comparing the results 83, 84, 88
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shown in Figure 8 with those of similar experiments 41, 43, 45 shown in Figure 4, one can
see that dividing the cooking unit operation into a first high-temperature heating step and a
second lower-temperature heating step significantly reduces acrylamide levels. Whereas
Figure 4 shows that frying in a traditional manner to a standardized 1.32% moisture level by
weight should result in acrylamide concentrations ranging from slightly above 100 ppb to
over 400 ppb, Figure 8 shows that par-frying and oven-drying to the same standardized
moisture level should result in significantly lower acrylamide concentrations under 100 ppb.
The cumulative benefit of combining both a modified washing unit operation comprising a
contacting step with a modified cooking unit operation is particularly apparent when
comparing the 54°C (130°F)/5min contact data point 43 of Figure 4 and the 60°C
(140°F)/5minute contact data point 84 of Figure 8 with the base data point 41 of Figure 4.
As discussed above with respect to Figure 4, increasing the contacting time from 2-3 minutes
to 5 minutes and increasing the contacting temperature from ambient to about 54°C (130°F)
causes the acrylamide level in the final product to decrease from about 330 ppb to
approximately 230 ppb. The second data point 84 of Figure 8 shows that the final
acrylamide level can be further reduced to less than 40 ppb when a similar 5-minute, 60°C
(140°F) contacting step is followed by a modified cooking unit operation involving par-frying
and oven-drying.

Figure 9 shows the dramatic increase in final acrylamide concentrations that results
from using an oven-drying temperature above about 120°C (250°F). In Figure 9, the test
samples were contacted and then par-fried in the same manner as in Figure 7b, but the
samples were then oven-dried at about 176°C (350°F) rather than about 120°C (250°F). The
final acrylamide concentrations of the test samples were then normalized to show the
expected acrylamide levels upon reaching 0.76% by weight (which is the final moisture
content that was reached in the base-point/standard two-to-three minute water wash shown as

the first data point). Comparing the second data point 74 of Figure 7b with the second data
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point 94 of Figure 9, for example, increasing the oven-drying temperature from about 120°C
(250°F) to about 176°C (350°F) increased the acrylamide concentration from slightly below
40 ppb to approximately 270 ppb. This oven-drying temperature increase similarly caused
the acrylamide concentrations of the other test samples to dramatically increase from below
100 ppb to over 500 ppb. Another test sample (not shown) was washed to remove surface
starch, par-fried at about 176°C (350°F) to a moisture content of between about 3-5% by
weight, and then dried in a commercial Wenger oven at about 132°C (270°F) to a final
moisture content of about 1.3% by weight, resulting in an acrylamide level of about 270 ppb.
The results 93, 94, 95, 96, 97, 98 shown in Figure 9, as well as the results from the test
sample oven-dried at about 132°C (270°F), thus illustrate the advantages of keeping the
cooking and/or drying temperature of the product less than or equal to about 120°C (250°F)
when the moisture content falls below approximately 3% by weight. This principle applies
not only to raw potato slices but also to other raw foods, such as yams and plantains, and
fabricated products derived from potato, corn, barley, wheat, rye, rice, oats, millet, and other
starch-based grains.

Figure 10 charts the results and operating conditions of yet another embodiment in
which potato slices were washed, par-fried, and then oven-dried. A control sample 101 was
processed in a manner similar to that described with respect to the base samples 71, 72 shown
in Figure 7a. After about a 20-30 second ambient-temperature water wash, followed by
briefly contacting the potato slices with a dilute (3 — 5%) solution of sodium chloride for a
few seconds, a control sample 101 of 1.45 mm thick slices of peeled Hermes chipping
potatoes was par-fried in oil having an initial temperature of about 179°C (354°F) for
approximately three minutes to 1.4% moisture by weight. The control sample 101 had an
acrylamide concentration of 640 ppb, similar to the 630 ppb produced in the second base
sample 72 shown in Figure 7a. The test sample 102 was similarly washed and contacted like

the control sample 101. Using a large commercial fryer, the test sample 102 was then par-
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fried in oil having an initial temperature of about 174°C (345°F) for about three minutes until
the moisture content decreased to 2.5% by weight. The par-fried test sample 102 was then
finish-dried for about six minutes using an oven at about 110°C (230°F) until the moisture
level decreased to 1.4% by weight. Cooking in this manner produced product with a reduced
acrylamide concentration of 160 ppb, which is roughly 25% of the acrylamide concentration
of the control sample 101.

In yet another set of tests (not shown) similar to those shown in Figure 10, potato
slices underwent a standard wash procedure, were par-fried to about 3-5% moisture by
weight, and then oven-dried to less than about 2% moisture by weight. A control sample was
washed and then fried at about 179°C (354°F) to a finished moisture content of about 1.3%
by weight, resulting in an acrylamide level of 380 ppb. However, par-frying test samples at
about 179°C (354°F) to a moisture content of between about 3 to about 5% resulted in
acrylamide levels of approximately 64 ppb. The par-fried product was then dried in a
commercial Wenger oven at various temperatures. It was shown that drying the par-fried
slices at about 115°C (240°F) to a final moisture content of about 1.3% moisture by weight in
a Wenger oven resulted in acrylamide levels of 125 ppb. Interestingly, drying the par-fried
slices at about 100°C (212°F) and under atmospheric or slightly less than atmospheric
pressure (13.6 to 14.6 psia), even for extended periods of time (even as long as 10-15
minutes), did not increase the acrylamide levels. This embodiment demonstrates that potato
slices can be par-fried at about 179°C (354°F) to a moisture content of between 3-5% and
then oven-dried at about 100°C (212°F) under atmospheric or slightly below atmospheric
pressure without increasing the acrylamide levels beyond what is formed in the par-frying
operation, To further reduce the concentration of acrylamide formed in the cooked product,
potato slices can be removed from the par-fry step with moisture levels as high as 10% by
weight, but removing the product too soon can affect the final texture of the product. Note,

however, that this method is not limited to raw potato slices and can be applied to other fried
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food products such as fried tortillas, fried plantains, fried sweet potatoes, and fried yams.

The advantage of par-frying and then oven-drying at about 100°C (212°F) is that the cooking
unit operation alone can be modified to significantly reduce acrylamide formation from above
300 ppb to less than about 70 ppb; the standard peeling, slicing, and washing steps need not
be modified.

In the set of embodiments involving par-frying followed by oven-drying, it is also
possible to conduct the oven-drying under vacuum in order to enhance moisture removal. By
oven-drying under vacuum, less time is required to dry the product to the desired final
moisture content. Although it has been shown that oven-drying at or near 100°C (212°F)
does not cause any measurable increase in acrylamide levels, oven-drying at that temperature
takes a relatively long time to dry the product. Thus, vacuum oven-drying helps decrease the
amount of time it takes for product to dry. It also helps decrease the amount of time the
product is exposed to acrylamide-forming temperatures, should higher oven-drying
temperatures be used.

While Figures 7a, 7b, 8, and 10 depicted test results from combining one particular
embodiment of a modified cooking unit operation with several different embodiments of a
modified washing unit operation comprising a contacting step, other embodiments and
combinations are possible. For example, the various different contacting steps shown in
those figures can instead be followed by a different modified cooking unit operation.
Alternatively, an improved method for reducing acrylamide formation can simply utilize a
modified cooking unit operation without modifying any of the other unit operations. In
another set of embodiments of the invention, the second of the two heating steps of a
modified cooking unit operation comprises vacuum finish-frying rather than atmospheric
frying. By finish-frying under vacuum, the partially fried or cooked product emerging from
the first heating step can continue to be fried, but at a temperature too low to form significant

amounts of acrylamide. According to one embodiment, the vacuum pressure should be such
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that frying occurs below about 120°C)(250°F). Such vacuum finish-frying can also be
applied to other fried food products such as those derived from potato, corn masa, barley,
wheat, rice, oats, millet, and other starch-based grains.

Figure 11 charts the results and operating conditions of several examples of a
modified cooking unit operation involving par-frying followed by vacuum finish-frying. In
the control 110 and test samples 111, 112, 113, 114, Hermes variety of chipping potatoes
were peeled, sliced to about 1.35 mm thickness, and subjected to a standard 20-to-30-second
ambient-temperature water wash. After washing, the control sample 110 was fried at
atmospheric pressure in oil having an initial temperature of about 177°C (351°F) for about
2.5 minutes to a moisture level of 0.83% by weight, producing an acrylamide concentration
of 370 ppb. In Tests 1-4, all of the test samples 111, 112, 113, 114 were atmospheric par-
fried at about 177°C (351°F) and vacuum finish-fried at about 120°C (248°F) and 100
millibars, but each was par-fried and vacuum finish-fried for different lengths of time. In
Test 1 111, 220 ppb of acrylamide were found in the test sample after washing, atmospheric
par-frying for about 100 seconds to 3% moisture by weight, and vacuum finish-frying for 44
seconds to about 0.7% moisture by weight. The results of Tests 2-4 112, 113, 114 show that
acrylamide levels in the final product dramatically decrease when par-frying is stopped, and
vacuum finish-drying is commenced, before the moisture content decreases to 3% by weight.
Tests 2-4 112, 113, 114 all produced final acrylamide concentrations below 50 ppb. In Test 4
114, an acrylamide level of only 13 ppb was achieved by par-frying to 10% moisture by
weight, then vacuum-frying to about 1% moisture by weight. As can be seen from the data,
partially frying slices to higher moisture content before they are low-temperature vacuum
finish-fried dramatically lowers final acrylamide concentrations. This method can also be
used to reduce the final acrylamide concentrations in other fried products such as fried
tortillas, fried plantains, fried sweet potatoes, and fried yams. The advantages of vacuum

finish-frying after par-frying to about 3-10% moisture by weight are that the final stages of
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cooking can be completed at low temperatures without affecting product texture, and its
effectiveness at reducing acrylamide formation can eliminate the need for a modified washing
step comprising contacting the product with an aqueous solution. However, vacuum finish-
frying also allows for the final stages of cooking to be completed at temperatures higher than
those that can be used when not frying under a vacuum, while still providing a reduced
acrylamide concentration in the finished product. It is noted that the vacuum finish-fried
product had a lighter color than the control sample, and transferring cooking product from the
par-frying operation to the vacuum finish-frying unit at higher moisture levels may impart a
bland flavor to the product. It should be kept in mind that the capital cost of vacuum finish-
frying equipment may be greater than that of oven-drying equipment.

Similarly, vacuum par-frying can be used in the first of the two heating steps of a
modified cooking unit operation. As an example, one embodiment of a modified cooking
unit operation involves vacuum par-frying to a moisture content near but above the threshold
moisture level of 3-4% by weight, then oven-drying at no greater than about 120°C (250°F)
to completion. By par-frying under vacuum, the product can be fried at lower temperature,
thus producing less acrylamide. Furthermore, oven-drying at or below about 120°C (250°F)
ensures that little to no additional acrylamide is formed during the oven-drying stage. The
advantage of using vacuum par-frying in the first of the two heating steps, particularly when
doing so below about 120°C (250°F) and even below about 140°C (284°F) when under
vacuum, is that little to no acrylamide will be formed in the first step, whereas par-frying
generally produces at least some level of acrylamide. However, vacuum-frying in the first
heating step may create product with different finished characteristics.

For baked product lines, which can involve fabricated snacks or products such as
cereals, cookies, crackers, hard pretzels, and bread, another embodiment of the invention
comprises a modified cooking unit operation with a higher-temperature first baking step and

a lower-temperature second baking step. In the cooking unit operation of this embodiment,
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the product is first baked at higher temperature (above about 120°C (250°F)) until its
moisture content is reduced to about 4% to about 10% by weight. The product is then oven-
dried (finish-dried or baked) at a temperature no greater than about 120°C (250°F) until the
desired moisture level, typically about 1% to about 3% by weight, is attained. For example, a
convection oven can be used in the higher-temperature first heating step to reduce product
moisture content to about 10% by weight. The oven may be divided into four heating zones
in which the temperature is highest in the first zone and gradually decreases through the
remaining three zones. A downdraft, single zone, convection oven may be used in the lower-
temperature second heating step to complete the cooking process. Other types of ovens,
however, can be used for the two heating steps of this embodiment. Also, the lower-
temperature second heating step of this particular embodiment, like that of the embodiments
involving par-frying followed by oven-drying, can be performed at about 100°C (212°F) and
slightly below atmospheric pressure so that little to no additional acrylamide is formed after
the higher-temperature first heating step.

In tests using one example embodiment that involved a higher-temperature first
baking step and a lower-temperature second baking step, fabricated potato pieces were first
baked at a temperature above about 120°C (250°F) until the moisture levels decreased to
approximately 10% by weight. The pieces were then finish-dried at about 110°C ( 230°F) for
about 10 minutes until the moisture content decreased to about 1.7-2.2% by weight. Final
acrylamide levels of about 100-200 ppb were reported. However, when several samples of
partially-baked pieces were finish-dried at about 120°C (250°F) to about 1.6% moisture by
weight, acrylamide levels of between 470 and 750 ppb were reported. Furthermore,
substantially higher acrylamide levels of between 460 and 1900 ppb were produced when
samples of partially-baked slices were finish-fried at about 132°C (270°F) to about 1.6-2.2%
moisture by weight. These results reemphasize the importance of keeping the cooking or

drying temperature of a cooking product at or below about 120°C (250°F) during the final
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stages of cooking. This principle applies not only to the cooking of fabricated potato pieces
but also to other fabricated products derived from potato, corn, barley, wheat, rye, rice, oats,
millet, and other starch-based grains. This principle also applies to the cooking of raw foods
such as yams and plantains.

In another embodiment of the invention, rather than dividing the modified cooking
unit operation into a higher-temperature first heating step and a lower-temperature second
heating step, the modified cooking unit operation instead comprises vacuum frying for the
entire cooking process. Figure 12 charts the results and operating conditions of several
examples of such an embodiment. In Tests 1-4 121, 122, 123, 124, various control groups of
peeled, sliced, 1.45 mm thick Hermes chipping potatoes were washed in ambient-temperature
water for about 30 seconds, then processed through a standard continuous fryer. The fryer
inlet oil temperature was varied within the range of about 165 to about 180°C (329-356°),
and the control samples were fried for about 3-4 minutes, resulting in acrylamide levels over
300 ppb. In contrast, the test samples in Tests 5-7 125, 126, 127 all produced acrylamide
concentrations below 60 ppb after low-temperature vacuum frying for about 4 to about 10
minutes at temperatures ranging from about 100 to about 140°C (212-284°F) and pressures
ranging from about 50 to about 100 millibars. As can be seen from the data, vacuum frying
at reduced temperatures dramatically reduces the amount of acrylamide formed.
Furthermore, little to no acrylamide is formed when the product is vacuum-fried below a
temperature of about 120°C (250°F) throughout the entire cooking process. Tests 6 and 7
126, 127, for instance, show that vacuum frying under about 120°C (250°F) and at a pressure
of no greater than 100 millibars results in virtually undetectable levels (less than 5 ppb) of
acrylamide. The advantage of frying under about 120°C (250°F) is that little to no
acrylamide is formed, whereas high-temperature par-frying causes at least some acrylamide
to form. However, temperatures greater than about 120°C (250°F) can be used when vacuum

frying or vacuum finish-frying is employed, while still achieving a reduced acrylamide
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concentration in the finished product. For example, in test 5 125, vacuum frying at 140°C
(284°F) produced a product with an acrylamide content of about 53 ppb. Given this result, it
seems likely that vacuum finish frying or vacuum frying alone could produce products having
less than about 100 ppb acrylamide at temperatures up to 143°C (290°F). It should be kept in
mind, however, that vacuum frying throughout the entire cooking process may significantly
alter product texture, appearance, and flavor.

For baked product lines, which can involve fabricated snacks, cereals and other starch
or dough-based products as explained above, the modified cooking unit operation can
alternatively comprise low-temperature baking for the entire cooking process. Low-
temperature baking can be performed at or below about 120°C (250°F) so that little to no
acrylamide is formed. However, lower-temperature baking may create lighter-colored
products, while higher-temperature baking may create darker-colored products. Thus, the
applicability of low-temperature baking depends in part on the desired color characteristics of
the final product.

This invention contemplates combining the teachings herein with regard to various
unit operation manipulations in order to achieve a desired acrylamide level in the end product
along with the desired end-product characteristics. The combinations used depend on the
starting product and the desired end product and can be adjusted by one skilled in the art
pursuant to the teachings herein. The effect of pH on acrylamide formation is another factor
that may be considered and combined with the teachings herein.

It should be understood that changes in the characteristics of the final product, such as
changes in color, taste, and consistency can be adjusted by various means. For example,
color characteristics in potato chips can be adjusted by controlling the amount of sugars in the
starting product. Some flavor characteristics can be changed by the addition of various
flavoring agents to the end product. The physical texture of the product can be adjusted by,

for example, the addition of leavening agents or various emulsifiers.
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While the invention has been particularly shown and described with reference to one
or more embodiments, it will be understood by those skilled in the art that various approaches
to the reduction of acrylamide in thermally processed foods may be made without departing
from the spirit and scope of this invention. For example, while the process has been disclosed
herein with regard to potato products, the process can also be used in processing of food
products made from corn, barley, wheat, rye, rice, oats, millet, and other starch-based grains.
In addition to potato chips, the invention can be used in making corn chips and other types of
snack chips, as well as in cereals, cookies, crackers, hard pretzels, breads and rolls, and the
breading for breaded meats. In each of these foods, the present invention’s method for
manipulating one or more unit operations can be combined with other strategies for the
reduction of acrylamide to produce an acceptable acrylamide level without adversely

affecting the taste, color, odor, or other characteristics of an individual food.
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CLAIMS:

We claim:

1.

A method for reducing acrylamide formation in thermally processed foods, said

method comprising the steps of:

a) providing a food having a moisture level prior to cooking of at least 4% by

weight;

b) cooking said food to form a cooked food with a reduced concentration of
acrylamide and a moisture level of less than 3% by weight, wherein said cooking
comprises heating at a temperature below about 120°C while the moisture level of

said food is less than about 3% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim
1 wherein said cooking of step b) further comprises first heating at a temperature

above about 120°C while the moisture level is at least about 3% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim
2 wherein said heating at a temperature above about 120°C comprises par-frying at

ambient pressure.

The method for reducing acrylamide formation in thermally processed foods of Claim
3 wherein said par-frying comprises frying in a plurality of stages in which the

temperature decreases from one stage to the subsequent stage.
The method for reducing acrylamide formation in thermally processed foods of Claim

2 wherein said heating at a temperature above about 120°C comprises par-frying

under a vacuun.
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10.

11.

12.

The method for reducing acrylamide formation in thermally processed foods of Claim

2 wherein said heating at a temperature above about 120°C comprises baking.

The method for reducing acrylamide formation in thermally processed foods of Claim
2 wherein said heating at a temperature above about 120°C comprises par-frying at

ambient pressure and microwaving.

The method for reducing acrylamide formation in thermally processed foods of Claim
2 wherein said heating at a temperature above about 120°C comprises baking and

microwaving.

The method for reducing acrylamide formation in thermally processed foods of Claim
1 wherein said heating at a temperature below about 120°C comprises frying under a

vacuumi.

The method for reducing acrylamide formation in thermally processed foods of Claim

1 wherein said heating at a temperature below about 120°C comprises oven-drying.

The method for reducing acrylamide formation in thermally processed foods of Claim
10 wherein said oven-drying is performed in a plurality of stages, each of which heats

at a successively lower temperature.
The method for reducing acrylamide formation in thermally processed foods of Claim

1 wherein said cooking of step b) further comprises frying below about 120°C under a

vacuum.
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13.

14.

15.

16.

17.

18.

19.

The method for reducing acrylamide formation in thermally processed foods of Claim

1 wherein said cooking of step b)r further comprises baking below about 120°C.

The method for reducing acrylamide formation in thermally processed foods of Claim

1 wherein step a) further comprises contacting said food with an aqueous solution.

The method for reducing acrylamide formation in thermally processed foods of Claim

14 wherein said contacting is performed using water at an ambient temperature.

The method for reducing acrylamide formation in thermally processed foods of Claim
14 wherein said contacting is performed using water at a temperature above ambient

temperature.

The method for reducing acrylamide formation in thermally processed foods of Claim
14 wherein said contacting is performed using an aqueous solution of calcium

chloride.

The method for reducing acrylamide formation in thermally processed foods of Claim

14 wherein said contacting is performed using an aqueous solution of L-cysteine.
The method for reducing acrylamide formation in thermally processed foods of Claim

14 wherein said contacting comprises leaching at least one acrylamide precursor out

of said food.
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20.

21.

22.

23.

24,

25.

26.

The method for reducing acrylamide formation in thermally processed foods of Claim
19 further comprising leaching at least one acrylamide precursor out of said food with

an extract that is deficient in the acrylamide precursor being leached.

The method for reducing acrylamide formation in thermally processed foods of Claim
1 wherein said cooking of step b) further comprises finishing said food at a moisture

content at about 1.4% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim
21 wherein said cooking of step b) further comprises finishing said food at a moisture

content between about 1.4% by weight and 1.6% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim
21 wherein said cooking of step b) further comprises finishing said food at a moisture

content between about 1.6% by weight and 1.8% by weight.
The method for reducing acrylamide formation in thermally processed foods of Claim
21 wherein said cooking of step b) further comprises finishing said food at a moisture

content between about 1.8% by weight and 2% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim

1 wherein said food comprises a potato product.

The method for reducing acrylamide formation in thermally processed foods of Claim

1 wherein said food comprises a plurality of potato slices.
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27.

28.

29.

30.

31.

32.

33.

The method for reducing acrylamide formation in thermally processed foods of Claim

1 wherein said food comprises a com product.

The method for reducing acrylamide formation in thermally processed foods of Claim

1 wherein said food comprises a masa dough.

A thermally processed food produced by the method of Claim 1.

The thermally processed food of Claim 29 wherein said thermally processed food

comprises a potato-based product.

The thermally processed food of Claim 29 wherein said thermally processed food

comprises a potato chip.

The thermally processed food of Claim 29 wherein said thermally processed food

comprises a corn-based product.

The thermally processed food of Claim 29 wherein said thermally processed food

comprises a corn chip.

37



10

WO 2004/075656 PCT/US2004/003414

34.

35.

36.

37.

38.

A method for reducing acrylamide formation in thermally processed foods, said

method comprising the steps of:

a) providing a plurality of raw potato slices having an initial moisture level prior
to cooking of at least 4% by weight;

b) par-frying said raw potato slices in cooking oil having a temperature above
about 120°C until said raw potato slices have a par-fried moisture level
ranging from about 3% by weight to about 10% by weight, thereby forming a
plurality of par-fried potato slices; and

c) cooking said par-fried potato slices at less than about 120°C until said par-
fried potato slices have a final moisture level ranging from about 1% by
weight to about 2% by weight, thereby forming a plurality of potato chips

having a reduced acrylamide concentration.

The method for reducing acrylamide formation in thermally processed foods of Claim

34 wherein step c) further comprises cooking at less than about 115°C.

The method for reducing acrylamide formation in thermally processed foods of Claim

34 wherein step c¢) further comprises cooking at less than about 110°C.

The method for reducing acrylamide formation in thermally processed foods of Claim

34 wherein step c) further comprises cooking at less than about 104°C.

The method for reducing acrylamide formation in thermally processed foods of Claim

34 wherein step c) further comprises cooking at about 100°C.
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39.

40.

41.

42.

43.

44,

45.

46.

The method for reducing acrylamide formation in thermally processed foods of Claim

34 wherein said reduced acrylamide concentration is less than 200 ppb.

The method for reducing acrylamide formation in thermally processed foods of Claim

34 wherein said reduced acrylamide concentration is less than 130 ppb.

The method for reducing acrylamide formation in thermally processed foods of Claim
34 wherein said par-frying of step b) comprises frying in a plurality of stages in which

the temperature decreases from one stage to the subsequent stage.

The method for reducing acrylamide formation in thermally processed foods of Claim
34 wherein said cooking of step c) is performed in a plurality of stages, each of which

heats at a successively lower temperature.

The method for reducing acrylamide formation in thermally processed foods of Claim

34 wherein said cooking of step ¢) comprises oven-drying.

The method for reducing acrylamide formation in thermally processed foods of Claim

34 wherein said cooking of step ¢) comprises vacuum frying.
The method for reducing acrylamide formation in thermally processed foods of Claim
34 wherein step a) further comprises contacting said raw potato slices with an

aqueous solution.

The method for reducing acrylamide formation in thermally processed foods of Claim

45 wherein said contacting is performed using water at an ambient temperature.
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47.

48.

49.

50.

51.

52.

The method for reducing acrylamide formation in thermally processed foods of Claim
45 wherein said contacting is performed using water at a temperature above ambient

temperature.

The method for reducing acrylamide formation in thermally processed foods of Claim
45 wherein said contacting is performed using an aqueous solution of calcium

chloride.

The method for reducing acrylamide formation in thermally processed foods of Claim

45 wherein said contacting is performed using an aqueous solution of L-cysteine.

The method for reducing acrylamide formation in thermally processed foods of Claim
45 wherein said contacting comprises leaching at least one acrylamide precursor out

of said raw potato slices.

The method for reducing acrylamide formation in thermally processed foods of Claim
50 further comprising leaching at least one acrylamide precursor out of said raw

potato slices with a potato extract that is deficient in the acrylamide precursor being

leached.

The method for reducing acrylamide formation in thermally processed foods of Claim
34 wherein cooking of step c) further comprises finishing said potato chips at a

moisture content at about 1.4% by weight.
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53.

54.

55.

56.

The method for reducing acrylamide formation in thermally processed foods of Claim
34 wherein said cooking of step c) further comprises finishing said potato chips at a

moisture content between about 1.4% by weight and 1.6% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim
34 wherein said cooking of step c) further comprises finishing said potato chips at a
moisture content between about 1.6% by weight and 1.8% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim
34 wherein said cooking of step ¢) further comprises finishing said potato chips ata

moisture content between about 1.8% by weight and 2% by weight.

A thermally processed food produced by the method of Claim 34.
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57.

58.

59.

60.

61.

A method for reducing acrylamide formation in thermally processed foods, said

method comprising the steps of:

a) providing a plurality of potato-based pieces having an initial moisture level
prior to cooking of at least 4% by weight;

b) baking said potato-based pieces at a temperature above about 120°C until said
potato-based pieces have an intermediate moisture level ranging from 4% by
weight to 10% by weight, thereby forming a plurality of partially baked
pieces; and

] oven-drying said partially baked pieces at less than about 120°C until said
partially baked pieces have a final moisture level ranging from about 1% by
weight to about 3% by weight, thereby forming a plurality of potato chips

having a reduced acrylamide concentration.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein step c) further comprises oven-drying at less than about 115°C.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein step c) further comprises oven-drying at less than about 110°C.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein step c¢) further comprises oven-drying at less than about 104°C.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein step c) further comprises oven-drying at about 100°C.
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62.

63.

64.

65.

66.

67.

68.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein said reduced acrylamide concentration is less than 200 ppb.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein said reduced acrylamide concentration is less than 130 ppb.

The method for reducing acrylamide formation in thermally processed foods of Claim
57 wherein said oven-drying of step c) is performed at slightly less than ambient

pressure.

The method for reducing acrylamide formation in thermally processed foods of Claim
57 wherein said baking of step b) is performed in a plurality of stages in which the

temperature decreases from one stage to the subsequent stage.

The method for reducing acrylamide formation in thermally processed foods of Claim
57 wherein said oven-drying of step c) is performed in a plurality of stages, each of

which heats at a successively lower temperature.

The method for reducing acrylamide formation in thermally processed foods of Claim
57 wherein said plurality of potato-based pieces comprises a plurality of fabricated

potato-based products.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein said plurality of potato-based pieces comprises a plurality of raw potato

pieces.
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69.

70.

71.

72.

73.

74.

75.

The method for reducing acrylamide formation in thermally processed foods of Claim
68 wherein step a) further comprises contacting said plurality of raw potato pieces

with an aqueous solution.

The method for reducing acrylamide formation in thermally processed foods of Claim

69 wherein said contacting is performed using water at an ambient temperature.

The method for reducing acrylamide formation in thermally processed foods of Claim
69 wherein said contacting is performed using water at a temperature above ambient

temperature.

The method for reducing acrylamide formation in thermally processed foods of Claim
69 wherein said contacting is performed using an aqueous solution of calcium

chloride.

The method for reducing acrylamide formation in thermally processed foods of Claim

69 wherein said contacting is performed using an aqueous solution of L-cysteine.

The method for reducing acrylamide formation in thermally processed foods of Claim
69 wherein said contacting comprises leaching at least one acrylamide precursor out

of said raw potato pieces.

The method for reducing acrylamide formation in thermally processed foods of Claim
74 further comprising leaching at least one acrylamide precursor out of said raw
potato pieces with a potato extract that is deficient in the acrylamide precursor being

leached.
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76.

71.

78.

79.

80.

The method for reducing acrylamide formation in thermally processed foods of Claim
57 wherein said oven-drying of step c) further comprises finishing said potato chips at

a moisture content at about 1.4% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim
57 wherein said oven-drying of step c) further comprises finishing said potato chips at

a moisture content between about 1.4% by weight and 1.6% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein said oven-drying of step c) further comprises finishing said potato chips at

a moisture content between about 1.6% by weight and 1.8% by weight.

The method for reducing acrylamide formation in thermally processed foods of Claim

57 wherein said oven-drying of step c¢) further comprises finishing said potato chips at

a moisture content between about 1.8% by weight and 2% by weight.

A thermally processed food produced by the method of Claim 57.
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81.

82.

83.

84,

A method for reducing acrylamide formation in thermally processed foods, said

method comprising the steps of:

a) providing a plurality of potato-based pieces having an initial moisture level prior
to cooking of at least 4% by weight;

b) vacuum frying said potato-based pieces at a pressure low enough to fry said
potato-based pieces in cooking oil having a temperature below about 120°C until
said potato-based pieces have a final moisture level of less than 2% by weight,
thereby forming a plurality of cooked potato chips having a reduced acrylamide

concentration.

The method for reducing acrylamide formation in thermally processed foods of Claim
81 wherein said step b) further comprises a first par-frying step and a second finish-
frying step, said first par-frying step comprises par-frying said potato-based pieces,

and said second finish-frying step comprises said vacuum frying.

The method for reducing acrylamide formation in thermally processed foods of Claim
82 wherein said par-frying is performed in a plurality of stages in which the

temperature decreases from one stage to the subsequent stage.

The method for reducing acrylamide formation in thermally processed foods of Claim

81 wherein said vacuum frying is performed in a plurality of stages, each of which

heats at a successively lower temperature.
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835.

86.

87.

38.

89.

90.

91.

The method for reducing acrylamide formation in thermally processed foods of Claim
81 wherein said plurality of potato-based pieces comprises a plurality of fabricated

potato-based products.

The method for reducing acrylamide formation in thermally processed foods of Claim
81 wherein said plurality of potato-based pieces comprises a plurality of raw potato

pieces.

The method for reducing acrylamide formation in thermally processed foods of Claim
86 wherein step a) further comprises contacting said raw potato pieces with an

aqueous solution.

The method for reducing acrylamide formation in thermally processed foods of Claim

87 wherein said contacting is performed using water at an ambient temperature.

The method for reducing acrylamide formation in thermally processed foods of Claim
87 wherein said contacting is performed using water at a temperature above ambient

temperature.
The method for reducing acrylamide formation in thermally processed foods of Claim
87 wherein said contacting is performed using an aqueous solution of calcium

chloride.

The method for reducing acrylamide formation in thermally processed foods of Claim

87 wherein said contacting is performed using an aqueous solution of L-cysteine.
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92.

93.

94,

9s.

96.

97.

The method for reducing acrylamide formation in thermally processed foods of Claim
87 wherein said contacting comprises leaching at least one acrylamide precursor out

of said raw potato pieces.

The method for reducing acrylamide formation in thermally processed foods of Claim
92 further comprising leaching at least one acrylamide precursor out of said raw
potato pieces with a potato extract that is deficient in the acrylamide precursor being

leached.

The method for reducing acrylamide formation in thermally processed foods of Claim

81 wherein said reduced acrylamide concentration is less than 200 ppb.

The method for reducing acrylamide formation in thermally processed foods of Claim

81 wherein said reduced acrylamide concentration is less than 100 ppb.

The method for reducing acrylamide formation in thermally processed foods of Claim

81 wherein said reduced acrylamide concentration is less than 50 ppb.

A thermally processed food produced by the method of Claim 81.
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98. A method for reducing acrylamide formation in thermally processed foods,
said method comprising the steps of:
a) providing a food having a moisture level prior to cooking of at least 4%
by weight;
b) vacuum frying said food to form a cooked food with a reduced
concentration of acrylamide and a moisture level of less than 3% by weight,
wherein said vacuum frying is at a temperature below about 140°C while the

moisture level of said food is less than about 3% by weight.
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99.

A method for reducing acrylamide formation in thermally processed foods,
said method comprising the steps of:

a) providing a plurality of raw potato slices having an initial moisture
level prior to cooking of at least 4% by weight;

b) par-frying said raw potato slices in cooking oil having a temperature
above about 120°C until said raw potato slices have a par-fried moisture
level ranging from about 3% by weight to about 10% by weight, thereby
forming a plurality of par-fried potato slices; and

c) vacuum frying said par-fried potato slices at less than about 140°C until
said par-fried potato slices have a final moisture level ranging from about
1% by weight to about 2% by weight, thereby forming a plurality of potato

chips having a reduced acrylamide concentration.
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100.

A method for reducing acrylamide formation in thermally processed

foods, said method comprising the steps of:

a) providing a plurality of potato-based pieces having an initial moisture
level prior to cooking of at least 4% by weight;

b) vacuum frying said potato-based pieces at a pressure low enough to fry
said potato-based pieces in cooking oil having a temperature below about
140°C until said potato-based pieces have a final moisture level of less

than 2% by weight, thereby forming a plurality of cooked potato chips

having a reduced acrylamide concentration.
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FIG. 10 1/01 1/02
PARAMETER CONTROL | TEST
FRYER INLET OIL
TEMPERATURE, C 179 174
FRYER SLICE DWELL
TIME, SEC 190 190
FRYER EXIT OIL
TEMPERTURE, C 154 149
SLICE MOISTURE AT iy ’s
FRYER EXIT, WT % : :
FINISH DRYER AR
TEMPERATURE, C NOTUSED | 110
PAR FRIED SLICE DWELL
TIME IN FINISH DRYER, sSe¢ | NOTUSED | 360
FINISHED DRIED CHIP MOISTURE NOT iy
AT DRYER EXIT, WT % APPLICABLE | 1
FINISHED CHIP AA LEVEL, PPB 640 160
FIG. 12
INITIAL OIL FRYING FRYING | FINISHED CHIP | FINISHED
TEST | TEMPERATURE, | PRESSURE, | TIME, | MOISTURE, | CHIP AA,
c MBAR SEC WT % PPB
191 1 180 ATMOSPHERIC | 185 1.28 470
199 2 175 ATMOSPHERIC | 205 1.59 350
103 3 170 ATMOSPHERIC | 215 16 610
194 4 165 ATMOSPHERIC | 240 157 350
105 5 140 100 240 16 53
1261 6 120 100 300 1.8 <5
1971 7 100 50 600 1.6 <5
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