


The global chocolate industry, valued at over $129 billion, is a dynamic and influential sector recognized not only
for its economic impact but also for its cultural significance and continuous innovation. From artisanal craft
producers to multinational confectionery giants, chocolate manufacturing encompasses a wide array of processes,
ingredients, and product formats. As consumer demand rises for premium quality, clean-label formulations,
reduced sugar content, and longer shelf life, manufacturers face growing pressure to optimize every aspect of
production. Among the many factors affecting chocolate quality, water activity plays a crucial role in ensuring
product stability, safety, and sensory appeal, particularly in complex formulations that include inclusions, fillings,
or layered structures.

Chocolate comes in many types and is often mixed with other ingredients to create unique confections. Chocolate
is derived from the chocolate liquor of cacao beans and is rich in flavanols which act as natural preservatives (1).
The chocolate itself can be categorized based on the form and level of Cocoa powder

Cocoa Powder — ground from roasted cacao beans with not additional additives, the powder has a bitter
flavor and extended shelf-life of up to 3 years.

Baking Chocolate — pure solid chocolate liquor with no added sugar or milk with a shelf-life of about 2 years.
Dark Chocolate — sweetened chocolate with varying but high levels of cacao. The higher the level of cacao,
the more bitter the flavor and the longer the shelf-life.

Milk Chocolate — contains about 10% chocolate liquor plus milk and sugar with a shelf-life of about a year
depending on the form.

White Chocolate — Does not contain any chocolate solids, just cocoa butter combined with milk and sugar
resulting in a shorter shelf-life at around 6 months.

Chocolate with Infused Liquor — chocolate that is mixed with different types of liquors to give distinct flavors.
Shelf-life of this product is typically short at around 2 months or less.

Water Activity Basics

Water activity is defined as the energy status of water in a system and is rooted in the fundamental laws of
thermodynamics through Gibb's free energy equation. It represents the relative chemical potential energy of
water as dictated by the surface, colligative, and capillary interactions in a matrix. As water interacts with other
molecules through various interactions, a portion of the energy held in the bonds of the water molecule is
transferred to the interaction, thereby lowering the energy of the water molecule itself. The more interactions
provided to water by the product ingredients, the lower the energy of water will become. This lowering of the
energy of water also reduces its capability to escape into the vapor phase causing a reduction in vapor pressure.
A water activity of 0.50 indicates that the water in the product has 50% of the energy that pure water would have
at the same temperature. The lower the water activity, the less the water in the system behaves like pure water.
Notice that the definition provided here never mentions the term ‘free water’ as this term is often mistakenly
used to define water activity but has no scientific meaning.

Water Activity Measurement

For chocolate products, water activity is measured by equilibrating the liquid phase water in the sample with
the vapor phase water in the headspace of a closed chamber and measuring the Equilibrium Relative Humidity
(ERH) in the headspace using a sensor. The equilibrium relative humidity (water activity) can be determined
using a resistive electrolytic sensor, a chilled mirror sensor, a tunable diode laser, or a capacitive hygroscopic
polymer sensor. Instruments from Novasina, like the Labmaster NEO, utilize a resistive electrolytic sensor to
determine the ERH. Changes in ERH are tracked by changes in the electrical resistance of the electrolyte sensor.

Chocolate confections typically do not contain volatiles — except in certain liquor-based formulations — so volatile
filters are generally not required during water activity testing. However, a key challenge in measuring the water
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activity of chocolate products is the extended test time. Due to their high fat content, chocolate confections
require longer equilibration periods, as the movement of high-energy water molecules into the vapor phase
occurs more slowly. Taking readings before true equilibrium is reached, can result in inaccurate measurements,
potentially compromising product safety and quality.

Equilibrium in water activity instrumentation is usually determined by the rate of change in water activity reaching
a predefined threshold. The stricter this threshold, the greater the confidence in capturing the true water activity
value, but this also increases the test duration. Some instruments attempt to shorten test times by using a less
stringent default end-of-test setting, which may not be adjustable by the user. Novasina prioritizes the integrity
of water activity testing and therefore allows users to set their preferred level of stringency for the end-of-test
criteria. Users also have the option to follow the ISO 18787 standard method for water activity testing, ensuring
consistency and reliability in their measurements (https:/www.iso.org/standard/63379.html).

To demonstrate the potential differences resulting from various end-of-test (stability) settings, Novasina scientists
conducted water activity tests on a range of products using both the less stringent Fast Stability setting and the
more stringent Slow Stability setting on the Novasina LabMaster NEO (see Table 1). The Fast setting is designed
to deliver quicker results by requiring that consecutive water activity readings differ by no more than 0.001 a , for
2 minutes. In contrast, the Slow setting ensures a more robust equilibrium by requiring the same level of stability
over a 6-minute period.

Table 1shows a survey of the average water activity and test times (minutes) of common chocolate confection products when tested

on a LabMaster NEO at Novasina using the less stringent Fast Stability setting and more the stringent Slow Stability setting.

Fast Stability Setting Slow Stability Setting

Test Time Test Time a  Difference

Chocolate Syrup Zero Sugar 0.937 19 0.955 160 -0.018
Chocolate Syrup 0.827 17 0.832 165 -0.005
Sugar Free Chocolate Mints 0.742 18 0.732 120 0.010
Chocolate with Caramel Filling Candy Bar | 0.664 25 0.656 480 0.008
Chocolate, Carmel, and Nougat Candy Bar | 0.562 10 0.547 240 0.014
Chocolate and Peanut Butter Candy Bar 0.494 1l 0.497 150 -0.004
Chocolate Hazelnut Spread 0.483 48 0.393 90 0.091
Special Dark Chocolate Candy Bar 0.436 25 0.409 210 0.027
Chocolate Hardy Candy Shell 0.397 19 0.396 90 0.001
Chocolate Hardy Candy Shell Crushed 0.373 5 0.367 165 0.007
Milk Chocolate Ball 0.373 29 0.363 135 0.010
Chocolate with Peanuts Candy Bar 0.372 13 0.343 60 0.030
White Chocolate Ball 0.356 46 0.332 165 0.025
Milk Chocolate Bar 0.348 20 0.330 150 0.018
90% Cocoa Dark Chocolate Bar 0.343 7 0.327 150 0.016
72% Cacao Dark Chocolate Bar 0.317 32 0.301 105 0.016
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Fast Stability Setting Slow Stability Setting

Test Time Test Time a  Difference
Crisp Rice Chocolate Bar 0.311 61 0.288 120 0.023
Dark Chocolate with Sea Salt bar 0.310 32 0.284 188 0.026
85% Cocoa Dark Chocolate Bar 0.307 32 0.307 340 0.000
Chocolate Fudge Shell Topping 0.245 35 0.226 120 0.019

While the Fast setting can significantly reduce test time, it may come at the expense of accuracy. If the results
obtained using the Fast setting differ from those using the Slow setting by less than 0.01 a , it is generally
acceptable to use the Fast setting to expedite testing. However, for critical applications where precision is
paramount, the Slow setting provides greater confidence in capturing the true water activity value.

Using a less stringent end-of-test setting should never be done without first evaluating the potential difference
in results, something only possible if the instrument allows users to adjust these settings. Novasina recommends
that when beginning water activity testing for a new product, users should first run the test using the Fast
Stability setting. Then, without opening the lid, leave the sample in the instrument for up to an hour. During this
time, the LabMaster NEO continues to update the water activity reading in real time, while also displaying the
value obtained using the Fast setting. This allows users to assess whether the difference is significant enough to
warrant switching to a more stringent stability setting.

As shown in Table 1, some chocolate products such as chocolate syrup exhibited minimal differences in average
water activity (less than 0.01a ) between the Fast and Slow settings, despite the longer test time required by the
Slow setting. However, other products, like chocolate hazelnut spread, showed a much larger difference of 0.09
a,. These results demonstrate how a QA lab can determine which products are suitable for faster testing and
which require longer equilibration times to ensure accurate measurements.

Water Activity and Microbial Growth

Microbial safety is a primary concern for all food products. Proper processing is essential to reduce microbial
load and prevent the proliferation of harmful microorganisms. Water activity plays a critical role in controlling
microbial growth, as it directly affects an organism'’s ability to reproduce. When a microorganism encounters an
environment with lower water activity than its internal level, it experiences osmotic stress — losing water to the
environment as it moves toward a lower energy state (2). This water loss reduces turgor pressure and slows down
metabolic activity.

To continue reproducing, the microorganism must lower its internal water activity below that of its surroundings,
allowing water to re-enter the cell. It attempts this by concentrating solutes internally. The effectiveness of this
strategy varies by organism, meaning each has a unigue minimum water activity threshold below which it
cannot grow (2,3). Table 2 lists the lower water activity limits for growth of commmon spoilage organisms.

According to Table 2, most chocolate confections listed in Table 1 have water activity levels below the minimum
required for microbial growth. Therefore, microbial spoilage is unlikely to be the primary factor limiting shelf life.
However, it is important to note that some pathogenic bacteria — most notably Salmonella — can survive for
extended periods in low water activity environments like chocolate confections by forming spores (4). As a result,
low water activity should never be considered a kill or sterilization step. If chocolate is later used as an ingredient
in a product with a higher water activity matrix, dormant Salmonella cells may resume growth and pose a health risk.
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Table 2. Water activity lower limits for growth for common spoilage organisms.

Microorganism ,, limi Microorganism

Clostridium botulinum E 0.97 Penicillum expansum 0.83
Pseudomonas fluorescens 0.97 Penicillum islandicum 0.83
Escherichia coli 0.95 Debarymoces hansenii 0.83
Clostridium perfringens 0.95 Aspergillus fumigatus 0.82
Salmonella spp. 0.95 Penicillum cyclopium 0.81
Clostridium botulinum A B 094 Saccharomyces bailii 0.8
Vibrio parahaemoliticus 0.94 Penicillum martensii 0.79
Bacillus cereus 0.93 Aspergillus niger 0.77
Rhizopus nigricans 0.93 Aspergillus ochraceous 0.77
Listeria monocytogenes 0.92 Aspergillus restrictus 0.75
Bacillus subtilis 0.91 Aspergillus candidus 0.75
Staphylococcus aureus (anaerobic) 0.9 Eurotium chevalieri 0.71
Saccharomyces cerevisiae 0.9 Eurotium amstelodami 0.7
Candida 0.88 Zygosaccharomyces rouxii 0.62
Staphylococcus aureus (aerobic) 0.86 Monascus bisporus 0.61

Microbial Concerns for Chocolate Syrups

While the hard chocolate confections listed in Table 1 have water activity levels below the growth limits for
microorganisms, the chocolate syrup products exhibit significantly higher water activity. Both syrups exceed
the growth threshold for molds and could support mold growth if left exposed to airborne spores. Notably, the
zero-sugar syrup has a much higher water activity than the syrup containing sugar. The sugar-based syrup
has a water activity of 0.827 a,, which is below the growth limits for all pathogenic bacteria and is considered
shelf stable. In contrast, the zero-sugar syrup has a water activity of 0.937 a , exceeding the growth limits for
both Staphylococcus and Listeria. According to the FDA Food Code, a product with this level of water activity
can only be considered shelf stable if its pH is below 5.6 (see Figure 1).

This increase in water activity highlights the challenges faced by formulators when developing healthier alter-
natives. While reducing sugar content offers health benefits, it can also compromise product safety. Sugar
acts as a natural humectant, controlling water activity by providing multiple water-binding sites that lower
the energy of water in the product. Replacing sugar with alternative sweeteners, each with different chemical
properties, reduces the number of water-binding sites. Unless total moisture is also reduced, which is often
impractical in products like syrups due to viscosity requirements, water activity will increase. If this change
in water activity is not properly documented and adjustments are not made to maintain product safety, the
reformulated product could pose a health risk. Therefore, water activity must always be monitored during
formulation, especially when removing polar ingredients such as sugar or salt.
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Table 3. An adaptation of Table A from the definition of
Time/Temperature Control for Food Safety in the FDA 2017 Food Code.

Table A. Interaction of pH and a  for control of spores in food heattreated to destroy vegetative cells and
subsequently packaged.

pH Values
a, Values
4.6or less >4.6-5.6
0.92 or less Non-PHF*non-TCS** Non-PHF/non-TCS Non-PHF/non-TCS
>0.92-0.95 Non-PHF/non-TCS Non-PHF/non-TCS PAF*
>0.95 Non-PHF/non-TCS PA PA

*  PHF means ,Potentially Hazardous Feed"
** TCS means ,Time/Temperature Control for Safety Food*
*** PA means ,Product Assessment Required*

Water Activity and Chocolate Flavor
Flavor is one of the most important quality attributes Figure 1. The general relationship between water
of chocolate confections. Consumers expect a flavor activity and rate of lipid oxidation.

profile that is consistent with the product type, and Lipid Oxidation Rate Diagram

any deviation can make the product undesirable,
effectively ending its shelf life. The naturally low water
activity of most chocolate confections contributes to
their long shelf life by slowing down chemical reac-
tions that could alter flavor. However, oxidation of fats
remains a key concern, as it can lead to the develop-
ment of off-flavors associated with rancidity.

Relative Reaction Rate

Water activity influences the rate of lipid oxidation in
chocolate products. Unlike most food reactions, lipid
oxidation increases at both low and high water activity

levels, as illustrated in Figure 2. This means there is an 00 01 02 03 04 05 06 07 08 09 10
optimal water activity range, known as the monolayer Water Activity

value, where the rate of oxidation is minimized. For

most chocolate products, this value is around 0.35 a , which aligns with the water activity levels of many pro-
ducts listed in Table 1. To ensure flavor stability and extend shelf life, chocolate products should be processed to
achieve this ideal water activity range. Incorporating water activity testing into the quality assurance protocols of
chocolate manufacturers is essential for maintaining product integrity and consumer satisfaction.

Water Activity and Chocolate Bloom

In addition to flavor, texture and appearance are critical quality attributes for chocolate confections. Consumers
expect an appealing visual presentation and, even more importantly, a specific mouthfeel. Dark chocolate is
typically associated with a crisp snap and firmer texture, while milk chocolate is expected to deliver a smooth,
creamy mouthfeel.

The most commmon degradative reaction affecting both appearance and texture is chocolate bloom, which can
occur as either sugar bloom or fat bloom. Water activity is most closely linked to sugar bloom, which happens
when the surface water activity of chocolate increases due to exposure to high humidity and then returns to
its original level. At elevated water activity, sugars dissolve into solution and later recrystallize on the surface
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as the water activity drops. This results in a white, dusty coating of sugar crystals, giving the chocolate a rough
texture and negatively impacting its visual appeal. It also alters the melting behavior during consumption,
interfering with the expected creamy mouthfeel.

To prevent sugar bloom, chocolate products must be processed to their ideal water activity, as determined
through water activity testing. Additionally, it is essential to maintain consistent storage conditions to prevent
fluctuations in water activity that could trigger bloom formation.

Water Activity and Moisture Migration

Chocolate confections often consist of chocolate solids combined with other components such as nougat, peanut
butter, nuts, or fruit. These combinations enhance consumer appeal by offering varied textures and flavors beyond
plain chocolate. However, the stability of multi-component products depends on preventing moisture migration
between layers, which can lead to undesirable textural changes or worse, compromise microbial safety.

While a chocolate coating can act as a natural moisture barrier due to its high fat content, changes in the water
activity of the chocolate itself can affect its protective properties and overall quality. The most effective strategy
for preventing moisture migration is to formulate all components to have the same final water activity. Moisture
moves from areas of higher water activity (higher energy) to lower water activity, not based on moisture content.
This is a critical distinction: water activity, not moisture concentration, drives migration.

For example, in the chocolate and peanut butter bar shown in Table 1, the water activity of the chocolate was
measured at 0.455 a , and the peanut butter at 0.450 a . These nearly identical values indicate that the product
is well-balanced and unlikely to experience moisture migration over time, contributing to its long-term stability.

Role of Packaging

As outlined in the previous sections, maximizing the shelf life of chocolate products depends on three key steps:
manufacturing to the ideal water activity range, verifying this through water activity release specifications and
QA testing, and preventing changes in water activity due to moisture migration or exposure to varying storage
conditions. While moisture migration was addressed earlier, the primary defense against water activity changes
from environmental exposure is packaging.

Packaging serves as a moisture barrier, protecting chocolate products from gaining or losing moisture when
the surrounding humidity differs from the product’'s water activity. The effectiveness of packaging materials is
typically measured by their Water Vapor Transmission Rate (WVTR), the lower the WVTR, the better the moisture
barrier. A high WVTR allows water to move more freely through the packaging, potentially altering the product’s
water activity and compromising quality.

Choosing the right packaging material involves balancing performance and cost. While materials with lower
WVTR values offer better protection, they also tend to be more expensive. Selecting packaging with a WVTR
lower than necessary can lead to unnecessary costs and reduced profitability. The goal is to identify the optimal
packaging — one that is cost-effective while still maintaining product stability under expected storage conditions.

It is possible to predict the ideal packaging for a product using knowledge of its water activity, moisture sorption

characteristics, and mathematical modeling. While the detailed steps for this modeling are beyond the scope of
this whitepaper, Novasina offers support and guidance for manufacturers interested in implementing this approach.

novasina. 7 APPLICATION NOTE



Conclusion

The key to maximizing the shelf life of chocolate products is to identify and maintain the ideal water activity
range, the level at which texture, flavor, appearance, and mouthfeel are optimized. It is the responsibility of
researchers and formulators to determine this ideal range through experimentation and water activity testing,
especially when developing healthier alternatives that may alter water activity-controlling ingredients. Once
established, this ideal water activity becomes a release specification, and routine QA testing ensures that each
batch meets the target. Finally, maintaining the product's water activity during transport and storage is essential.
This is achieved by selecting optimal packaging materials that act as effective moisture barriers, preventing
changes due to environmental humidity or moisture migration. By controlling water activity throughout
formulation, production, and distribution, manufacturers can ensure product quality, safety, and extended shelf
life. Novasina can provide both knowledge about the application of water activity in chocolate confections and
provide the superior instrument performance needed to maintain product quality and safety.
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