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Abstract. Drying salted meat is the most common method of meat preservation in many developing
countries. In Tunisia, Kaddid, a typical fermented meat product, is traditionally prepared by salting,
spicing and sun drying beef or lamb meat. However, the artisanal process, especially the drying step,
is very time consuming. Local industrials are now interested on a mechanized and controlled drying
process for Kaddid’'s elaboration. Thereafter, a preliminary study of drying characteristic of salted
meat is required.

Experimental drying curves of salted meat by wet and dry salting were performed under different
drying air conditions (three air temperatures: 30, 40 and 50°C, two air velocities: 1.5 and 2.5 m/s, and
at atmosphere humidity). Thereafter, the Characteristic Drying Curve has been established and was
empirically interpreted by a three degree polynomial.

The apparent moisture diffusivity values (D) in salted meat during drying were estimated from Fick’s
second law. Besides, it was found that (D,) values were dependent on initial meat water and salt
contents and on drying air temperature.

Keywords: Beef meat, Kaddid, Salting, Convective drying, Characteristic Drying Curve, Apparent
moisture diffusivity.
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Introd uctio n

Drying products, as a mean of improving preserving and storage, is one of the most widely used
primary methods of food preservation (Doymaz, 2007; Uribe & al., 2010). It is an important
preservation process which reduces water activity through the decrease of water content,
avoiding potential deterioration and contamination during long storage periods. Dry products
can be stored at ambient temperature for months or even years without appreciable loss of
nutrients.

Kaddid, which is a traditional meat product consumed in Tunisia, is salted, spiced and finally
dried under open sunlight. Sun drying has the disadvantages of time consumption,
contamination with dust and insects, and also weather dependence. Hence, local industrials are
now interested on a mechanized and controlled process, allowing them to improve Kaddid’s
production.

Drying is a complex thermal process in which unsteady heat and moisture transfer occur
simultaneously. For engineering purposes, such as calculating industrial driers, it is important to
better understand this complex process. Approaches allowing to correlate or to estimate the
drying behavior of Kaddid include the concept of a characteristic drying curve (Van Meel, 1985).

Moisture diffusivity is a transport property related to product dehydration or rehydration
phenomena. Its accurate prediction can lead to the optimization of the drying process. Many
researchers consider diffusivity as effective in order to report for a representative mean value
during the drying falling rate period and simplify engineering calculations (Perry &Green, 1984;
Hawladar, Uddin, Ho &Teng, 1991).

The objectives of this study were: (i) to determine the drying kinetics of salted beef meat,
obtained under different experimental salting conditions and concentrations and under various
convective drying parameters, in order to establish the Characteristic Drying Curve (CDC), (ii) to
calculate the apparent moisture diffusivity values (D,) in salted meat and (iii) to evaluate the
effect of osmotic salting pretreatment (brining and dry salting) and convective drying conditions
of air temperature (30, 40 and 50 °C) on moisture diffusivity.

Material and methods

Raw material

Fresh beef meat were obtained from the local butchery at approximately 48 h post-mortem. The
beef meat used had 75.88 +1% water content. Meat samples were cut into parallelepipeds with
an approximate size of 5cm x 2 cm x 0.5 cm.

Salting and drying procedures

Two methods of meat salting were run at 20°C: brine salting at different concentrations: 15%,
26.5% (w/w) and dry salting. Meat slabs were brined at a ratio of 1:25 (meat: brine) in order to
minimize the brine dilution during osmotic treatment. Other meat samples were covered by
crystals of salt for dry salting.

After 6 hours of salting when the equilibrium has been reached, the salt contents of meat
samples brined at 15%, 26% and dry salted were 54.11, 68.43 and 71.78 (kg/100kg db)
respectively. Thereafter, salted meat samples are dried in a convective air-dryer. A single slab
is placed on a perforated tray connected to an electronic balance (precision of +0.01 g). A
regular periodic on-line recording of the mass sample is performed during drying experiments.



Drying tests are run at different air temperatures (30, 40 and 50 °C) and air velocity (1.5 and 2.5
m/s) until a constant weight is reached (equilibrium condition).
Characteristic Drying Curve determination

The dimensionless moisture content ratio (MR) and drying rate (f) used to determine the CDC
are as follow (Ceylan & al., 2007; Doymaz, 2007; O"zbek & Dadali, 2007):

MR = X=X (1)
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Where X; is the moisture content at time t, X, is the initial moisture content, and X. is equilibrium
moisture content of sample, (-dX/dt), is the initial drying rate; and (-dX/dt); is the drying rate at
time t.

The equilibrium moisture content X, was predetermined from a previous set of isohalic sorption
isotherms experiences (Bellagha & al., 2005).

Apparent moisture diffusivity determination

In order to study the mass transfer phenomena during drying, Fick’s second law of diffusion has
been widely used to describe the dynamics of the drying process for biological materials
(Mujaffar & Sankat 2005; Ruiz-Lépez & al. 2010).

Water apparent diffusivity determination was based on the following assumptions: the main
mass transfer mechanism is diffusion, the external resistance to mass transfer is negligible
compared to internal resistance, the initial moisture content is uniform throughout the sample,
the diffusivity is constant and not a function of moisture concentration (Crank, 1975).

The solution of Fick’s second law of diffusion for a flat plate submitted to a constant temperature
gives equation (3) (Crank, 1975):
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Where D, is the apparent moisture diffusivity and L is the half-thickness of the slices and ¢ is the
drying time. When applied to solids convective drying, this solution is valid only for the falling
rate period when internal moisture diffusion controls the dehydration rate.

To estimate the water apparent diffusivity, equation 3 was fitted to experimental data. The
goodness of the fit was determined using residual analysis by calculating the Mean Square
Error (MSE).

Results and discussion

Characteristic Drying Curve (CDC)

According to Van Meel (1985) approaches, a single CDC of Kaddid’'s meat has been described
from the experimental drying kinetic carried out for the different operating conditions of salting
and drying (fig. 1).
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Figure 1. Characteristic Drying Curve (CDC) of Kaddid’s meat.

Figure 1 shows a good correlation coefficient (R> = 0.848), despite changes in drying air
temperature and velocity. A polynomial model was found to represent the CDC of salted beef
meat (equation 4):

f=1.512MR*> —-1.203 MR* + 0.631 MR+ 0.055 (4)

Equation (4) is valid for the following operating conditions:
-30°C=<T=<s50°C
- 1.5m/s <airvelocity<2.5m/s
- 90.379/100g db < X < 258.88 g/100g db

Apparent moisture diffusivity

Calculated values of apparent moisture diffusivity during drying in presalted beef are
summarized in Table 1. These values were calculated assuming no change in volume due to
shrinkage during the drying process.

Table 1. Apparent moisture diffusivity of salted beef meat.

Salting procedure Air temperature Moisture content* D, MSE
(°C) (g/100g db) (10" m%/s)

Dry salting 30 108.49 2.19 0.026
40 90.37 1.95 0.012
50 113.24 2.36 0.052

Brine 26.5% 30 153.55 2.06 0.025
40 166.39 2.03 0.032
50 153.23 1.74 0.124

Brine 15% 30 191.27 1.89 0.087
40 22442 212 0.098
50 240.09 3.45 0.013

(*): initial water content at t=0 of the drying process



When applying Eq. (2) for each set of experimental data at different air temperatures and salting
techniques, apparent moisture diffusivity values varied between 1.74 x 10" and 3.45 x 10"
m?%s. The calculated diffusivities are within the general range of 10" and 10 m?/s for drying of
meat products described in the literature: Lyoner type sausages (Markowski & al., 2004),
Brazilian squid, shark fillets (Mujaffar & Sankat, 2005), carp (Jain & Pathare, 2007), beef meat
(Truijillo al., 2007) and Jumbo Squid (Uribe & al., 2010).

As shown in table 1, water diffusivity during the drying process, varies with initial water content.
It decreases when water content decreases. This relationship could be explained by the
obstruction caused by protein and fat, which is known as an effect of tortuosity (Rougier & al,
2007).

At 50°C, apparent moisture diffusivity decreases as the meat salt content increases. Hence, D,
decreases from 3.45 x 107"° m%s for 15% brined meat to 2.36 x 107'° m%s for dry-salted meat
and to 1.74 x 10"° m?/s for 26.5% brined meat. Similar result has been reported by Gou & al,
(2002) when studied the drying of pork muscle, Gluteus medius, salted at different brine
concentrations (0.02, 0.05 and 0.08 kg NaCl/Kg water). Gou & al. (2002) attributed this result to
the effect of salt holding capacity for water molecule. However, this behaviour is different at the
other tested temperature.

Moreover, for 15% brined samples, apparent moisture diffusivity increases with the increase of
drying air temperature. Hence, D, increases from 1.89 x 107° m?/s at 30 °C to 3.45 x 107" m?/s
at 50 °C. Similar results were also raised in other studies (Djandoubi & al., 2008; Toujani & al.,
2010).

Conclusion

The drying behavior of Kaddid beef meat samples may be described, to a significant extent, by
a single Characteristic Drying Curve represented by a three degree polynomial model.

The water diffusivity in Kaddid’s meat has been determined. It depends on moisture content: as
moisture content increases, diffusivity increases, probably due to the opening of pores and
capillaries in the structure of the meat. It has also been observed that diffusivity increases as
temperature increases and salt concentration decreases. It would be of great interest to study
the effect of spices such as garlic and hot red pepper on drying behavior and on water diffusivity
of Kaddid’s meat. At this time, further works are in progress to study this phenomenon.

Nomenclature

t process time h

X Moisture content g water /100g db
D, apparent moisture diffusivity m/s

L Thickness of slabs m
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Abstract. In the cold chain that stretches between harvest, processing, transportation, storage and
consumption, food products are usually handled by a large number of organisations. Amongst the
individuals directly and managerially responsible for the food at various points in the cold chain there
is a wide disparity of knowledge about refrigeration, food preservation, and food quality. This means
that there is a risk that poor decisions, which result in either quality loss or needlessly expensive
operating costs, are made by individuals in critical positions who hold little accurate scientific
knowledge of the consequences of their decisions.

In this paper experiences in educating the workers and managers of cold chain systems in New
Zealand are discussed. It is found that generally the technical details of how refrigeration systems
work are poorly understood by many actors in the cold chain, and that a number of misconceptions
hamper the effective and sustainable implementation of refrigeration in the cold chain. Methods of
clearly and concisely transferring the required information to address and correct these
misconceptions, in a way that all levels of industry can use and understand, are also discussed.

Keywords. Education, cold-chain, New Zealand, common misconceptions.
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Introduction

The cold chain is only as strong as its weakest link and in the long journey from harvest to
processing to distribution to retail to consumer a food product may pass through many different
organisations. This means that many different individuals may be responsible for the product's
handling at different times. This means that unfortunately, no matter how good a job a
distribution centre manager does, for example, mistakes made either earlier in processing or
later in retail will render her good decisions irrelevant (and vice versa, of course).

This is not a new problem, but as the industry attempts to move toward "sustainable practice"
many more decisions will be taken which balance final product quality against energy use in the
cold chain. It is easy to lower the energy use of a distribution centre by switching off the
refrigeration system, but this will usually destroy the product quality! In practice there are, of
course, subtler balances between quality and energy use and it is therefore timely to look at
what basis workers in the cold chain might use to make energy saving decisions and some
common myths that are encountered.

The New Zealand Context

The cold chain is important to New Zealand (NZ), not just for domestic consumption, but
because a significant proportion of NZ produce is shipped refrigerated to overseas markets.
Meat (mostly chilled or frozen) contributed about 14% of New Zealand's export trade in 2006,
dairy products (some refrigerated) about 19%, fruit and vegetables (many refrigerated to some
extent) about 5%, and fish (mostly refrigerated) about 4% (% by $ value; Statistics New
Zealand, 2007).

The authors of this paper have worked for a number of years teaching workshops and providing
consultancy concerning refrigeration and other aspects of the cold chain for various horticultural
and food processing industries in New Zealand, and our colleagues have worked in this area for
even longer. In our experience many of the same problems recur from industry to industry and
from year to year.

What is the Education Level of Those Who Work in the NZ Cold Chain?

Table 1 indicates the numeracy and literacy levels reportedly held by New Zealand (NZ)
workers in the industries that participate in the cold chain, in a 2006 survey (Satherley, Lawes,
and Sok, 2009). Workers in the industries involved in the cold chain have (on average) lower
numeracy levels and (apart from Transport, Storage, and Communication) also have lower
literacy levels than the wider NZ workforce. The high literacy levels in the Transport, Storage,
and Communication category (and the higher numeracy levels in this category, in comparison
with the other "cold chain" industries) may be due to the count of highly educated IT and
electronics workers in the communications industry.

Another survey (albeit in 1996) indicated that, by industry, the proportion of NZ workers who
participated in education or training in the previous twelve months was: Agriculture, 21.7%;
Manufacturing, 32.7%; Wholesale and Retail Trade (inc. Hospitality), 44%; Transport, Storage,
and Communication, 36.8% (Cook, 1997). For all NZ industries the proportion of workers who
participated in education, in the previous twelve months, was 42.5% (Cook 1997). The high
training participation in Wholesale and Retail Trade workers may be due to the high rate of staff
turnover in this industry and legislative requirements; for example, for hospitality workers
involved in food service to hold food handling certification.



Table 1. Numeracy and Literacy Levels in Selected New Zealand Industries. Based on a 2006 survey
(Satherley, Lawes, and Sok, 2009).

Numeracy’ Literacy”
Industry Low High Low High
Level Level Level Level
Agriculture 61% 39% 55% 45%
Manufacture 56% 44% 50% 50%
Wholesale and Retail Trade (inc. hospitality) 55% 45% 49% 51%
Transport, Storage, Communication 51% 49% 37% 63%
All Industries®  46% 54% 40% 60%

' Low Numeracy Level encompasses the ability to perform simple one or two step calculations. High
Numeracy Level also includes algebraic manipulation, complex calculations, and the use of abstract
mathematical ideas.

% Low Literacy Level encompasses the ability to read and search simple documents. High Literacy Level
extends this to the reading of long, complex documents and the reading of documents that require
specialist knowledge.

® All workers in NZ. Other categories include Construction, Finance & Real Estate, and Health &
Education. The industry categories used are the ISIC (International Standard Industrial Classification of
all economic activities).

These labour force surveys seem to indicate that, in NZ, of the workers participating within the
cold chain less than 50% have a high level of numeracy skills and barely 50% have a high level
of literacy skills. This is poorer than the general NZ workforce. In addition, a low proportion of
the workers participating in the cold chain are engaged in on-going education. This is clearly a
problem for the industry, as it may hamper the capability of workers to make informed and
timely decisions about how to best maintain product quality within the cold chain.

Despite small differences, NZ literacy and numeracy levels in industry are unlikely to be very
dissimilar from other developed nations. Indeed, similar surveys indicate that, over the whole
population, NZ literacy and numeracy levels are very similar to Australia, slightly better than the
USA, and slightly worse than Canada (particularly in literacy) (Satherley, Lawes, and Sok,
2008).

Three Myths Encountered in the Cold Chain

Three myths that are commonly encountered in the cold chain are discussed below. It should be
emphasised that the reality behind these myths can be readily understandable by workers in the
cold chain, once they have been explained. These myths are not encountered due to a lack of
intelligence on behalf of workers. However, perhaps due to inadequate training or merely due to
insufficient opportunity or motivation to consider operating procedures these myths are
common.

Design Conditions are Operating Conditions

Refrigeration systems are typically designed to perform with high cooling loads in extreme (hot)
ambient conditions for the locality. For example, ASHRAE recommends various design
conditions based on the local extreme 1%, 2.5%, or 5% ambient conditions, depending on the
application (ASHRAE, 2009). Such design conditions usually result in a high compressor
discharge pressure, in order to maintain a high condensation temperature (for example, 10°C
above ambient) which is needed to achieve the required heat rejection. This means that during
non-extreme ambient conditions (that is, during the remaining 99%, 97.5%, or 95% of operation)



there is an opportunity to operate with a lower compressor discharge, and therefore save
operating energy. Despite this, many facilities always operate at the high compressor discharge
pressures required for the extreme ambient condition (typically by controlling the effective
condenser capacity by cycling the condenser fans).

Figure 1, shows a typical profile for such a facility. The discharge pressure is controlled to a
design condition of 1000 kPa (gauge), and the flatness of the profile (Figure 1, A) suggests that
there is considerable opportunity to lower the discharge pressure. In this example, the facility is
using NH3 as a refrigerant and the compressor has a nominal capacity of around 2000 kW of
cooling. The evaporative condenser has 15 kW of fans that can be simply controlled as either
on or off. If the ambient wet bulb was sufficiently low to give an opportunity to decrease the
discharge pressure to 900 kPa (gauge) (which in this case corresponds to a wet bulb
temperature of 15°C and a saturated condensation temperature of 25°C; not unreasonable for
the location), then the fan power increases from an average of 11.5 kW at 1000 kPa (gauge) to
an average of 15 kW at 900 kPa (gauge) (Figure 1, B). However, at the same time the
compressor power decreases from 258 kW at 1000 kPa (gauge) to 230 kW at 900 kPa (gauge).
This is a net saving of 25 kW (about 9%; Figure 1, C). The crucial point is that, although to
achieve a lower discharge pressure more condenser fan power is required, this is normally
counter-balanced by a larger saving in compressor motor power.
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Figure 1. [A]: Discharge pressure for an ammonia (NH3, R717) refrigeration plant controlled to 1000 kPa
(gauge). This is equivalent to a saturated condensation temperature of 28°C. [B]: Average evaporative
condenser fan power (kW) required to maintain a particular discharge pressure. The cooling duty is
constant at about 2000 kW. The evaporative condenser fans are simple on/off control. The extreme left
represents the fans running 100% of the time, the extreme right represents the fans running only 62% of
the time. In this case, the ambient wet bulb temperature is 15°C. A discharge pressure of 900 kPa
(gauge) is equivalent to a saturated condensation temperature of 25°C. [C]: Combined compressor and
evaporative condenser fan power requirement (kW) for the same conditions as [B].

There are really two myths in this situation. One is that operating the facility under stable design
conditions is always desirable. The other is that saving condenser fan energy does not have a
cost in terms of compressor motor use. These myths have little effect on the stored product, but
make the operation of the refrigeration system needlessly expensive. Sometimes other
constraints, for example a pressure drop requirement over the expansion valve, are proposed
as justifications for not lowering the discharge pressure away from the design conditions.
However, such difficulties can often be overcome by simple, cheap component modifications,



and the facility should have been designed to both operate adequately at extreme conditions
and to operate efficiently at normal conditions.

Using Warm Locations for Temperature Control

If a product is intended to be only chilled, then freezing can cause substantial quality
degradation. Freezing can have two main detrimental effects: as water is removed as ice, the
remaining compounds are effectively concentrated, which can sometimes increase the rate of
undesirable reactions; and, as ice occupies a greater volume than liquid water, ice crystals can
pierce and damage cell structures (Fennema, 1996), resulting in substantial and irreversible
textual changes. Freezing problems are well known; however, horticultural product is
occasionally accidentally frozen, and sometimes (if the product is then thawed) this is not readily
identified until the product reaches the consumer in a poor state.

Accidental product freezing can occur as a consequence of the way that the air temperature in a
cool store is monitored for control. Many cool stores monitor the air temperature as a control
variable, and there are several options for the physical location of the sensor. One strategy is to
monitor the cold air temperature as it leaves the evaporator. Another strategy is to monitor the
air temperature at critical locations in the cool store, such as within product stacks. A third
strategy is to monitor the warm air temperature which is about to move over the evaporator
surfaces. The problem with the last two strategies is that the coldest temperature in the cool
store is the air temperature leaving the evaporator. If another air temperature is used for control,
then there is a danger that the air temperature leaving the evaporator will drop below the
product's freezing point and consequently, at least some product will freeze.

This mistake is particularly easy to make because the strategy for products which must not thaw
is the opposite. When a product must not thaw, the warmest temperature in the cool store
should be monitored and controlled. When a product must not freeze, the coldest temperature in
the store should be monitored and controlled. This difference is something that the operators of
stores which shift between frozen and chilled product must be made aware of. This difference
must also be considered when cool stores are re-purposed N for example, when a cool store
designed to store frozen meat is re-purposed to store chilled horticultural product.

High Air Flow Rate is Always Required

When product is being pulled down from a high temperature, say 20iC, to a cold storage
temperature, say 4iC, then high air flow rate is usually beneficial. This is because most of the
heat is usually transferred via convection and the convective heat transfer coefficient is strongly
dependent on the air velocity, as is well known (ASHRAE, 2009). So, in a typical cool store,
when product is being pulled down to temperature, a high air flow rate will result in a quick pull
down time, which is usually beneficial.

However, when the product reaches storage temperature, the air flow rate requirement in the
store changes. In this storage mode, all that is required is to remove the heat entering the
refrigerated environment (through the doors and walls). This is a much smaller cooling
requirement than during pull down and if a large amount of fan energy is used to excessively
move air through the refrigerated environment, then the fan energy itself becomes a significant
proportion of the heat that must be removed from the refrigerated environment. Unnecessary air
movement is being created, which costs energy, and the cooling duty is being needlessly
increased.

Figure 2, illustrates the typical distribution of heat loads into a refrigerated storage facility. The
evaporator fans represent about 17% of the heat load. However, through the use of either two



speed fans or through the use of variable speed drives on the evaporator fans sufficient air flow
can be produced when the product is at storage temperature, with a much lower fan energy. For
example, Koca and Hellickson (1993) found that in an apple controlled atmosphere storage
facility the fans could be completely turned off for 65% of the time with no significant impact on
apple quality, but up to 55% energy savings.
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Figure 2. Typical relative size of heat loads in a refrigerated facility storing horticultural product. Note that
there is no fruit cooling load, as the fruit is already at the storage temperature.

This myth seems to result from confusion as to whether a facility is acting to store product that is
already at temperature, or to pull the product temperature down to storage temperature.
Operators should be very clear about what task they are trying to achieve with the cool store.
Many industries use different facilities for storage and product pull-down, and difficulties also
occur when a facility is re-purposed without sufficient thought.

Conclusions

As the cold chain increasingly moves towards sustainable practice there is a need to astutely
balance the retention of food quality with energy use in the storage facility. Three common
myths which either limit the opportunity to save energy or risk product quality have been
identified, which seem to arise because of a lack of clarity as to the intended function of the
refrigerated facility, and a lack of awareness that the function of the facility makes a difference
to its operation. It is likely that the relatively poor levels of education and specialist training
within the industry contribute to these misunderstandings.
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Abstract . Drying is one of the most important methods for industrial food processing since moisture
content is an extremely relevant parameter of foodstuffs with respect to product taste and spoilage
time. Nowadays, fluidized bed drying technology is widely employed in the food industry. Comparing
to other drying methods, fluidized beds generate high efficient thermal conditions. Therefore, the
determination of the end-point of the drying process is very important in practice. Various end-point
criteria for drying have been used. One of the direct methods is the on-line measurement of the
granule moisture, however, reliable, accurate and low-cost moisture sensors are still lacking.

In the current study, drying kinetics of cornstarch granules was investigated in a fluidized bed dryer.
The drying experiments were performed at different temperatures of the inlet drying air and granule
sizes. Five drying empirical models were evaluated and fitted to the experimental moisture data. The
fitted models were evaluated using the determination coefficient, root mean square error and chi-
square. Among the five models, four of them were found to be suitable for describing the drying
behavior of cornstarch granules. Therefore, it is possible for them to be applied to estimate the drying
end-point of cornstarch granules as well as to design and scale up of the drying process for the
similar products.

Keywords. fluidized bed, modeling, drying kinetics, temperature, moisture content, end-point of
drying
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Introduction

Drying is an important process for reducing the moisture content of the biomaterials to protect
them from deterioration and contamination during long storage period (Srinivasakannan, &
Balasubranian, 2009), and producing some solid form foodstuffs. Nowadays, there are many
methods of drying, such as solar drying, freeze drying, hot air drying, spray drying, vacuum
drying, etc. Fluidized bed drying technology is widely employed by the food, pharmaceutical,
fertilizers, and many other chemical industries (Portoghese, Berruti, & Briens, 2008). Comparing
to other drying methods, fluidized beds can generate high efficient thermal conditions due to the
rapid mixing established by fluidization (Wormsbecker, Pugsley, & Tanfara, 2009). It is obvious
that an exact end-point determination of the drying process is of major importance to ensure the
quality of the products (Buschmuller, Wiedey, Doscher, Dressler, & Breitkreutz, 2008). However,
the reliable, accurate and economical moisture content sensors for fluidized solids are lacking.
Therefore, several mathematical models have been proposed to describe the drying behavior of
products (Meziane, 2011).

The objective of this study was to investigate the effect of drying air temperature and the size of
granule on the drying kinetics of cornstarch granules in a fluidized bed dryer, and to fit the
experimental moisture data to five popular mathematical models available in the literature.

Materials and methods

Granule sample of cornstarch

The cornstarch powder was purchased from Shandong Heng Ren Company. A JC-50 extrusion
granulator (Kexu Ltd., Chongqging, China) was used for preparing the wet granule. Three groups
(A, B, and C) of granules with different sizes are shown in Figure 1. They had an average initial
moisture content of 44 =1% (wb). About 0.4 kg fixed size granules were used for each batch of
drying experiment.

Figure 1. Photo of the three group granules of cornstarch (the minimum scale value is 1mm).

Drying procedure

Figure 2 illustrates the schematic diagram of the experiments. The drying processes were
conducted by DBL-1 fluidized bed dryer (Kexu Ltd., Chongqing, China) with 0.105 m internal
diameter opening at the bottom of the conical fluidized chamber. The distributor plate was a
perforated plate consisting of 546 holes of 2.5 mm. The fluidized bed system allowed for control
of both inlet air temperature and superficial air velocity. Air from the blower was measured using



an anemometer (testo 425, Germany) before being heated and fed to the fluidization chamber.
The drying experiments were performed at different temperatures of the inlet air (50°C, 60°C and
70°C) and granule sizes of the sample, using a fixed air velocity of 3.56 m/s. The progression of
the drying process was followed by weighting the sample collected with a sample taker by a
digital moisture analyzer balance (Sartorius MA35, Germany). The experiments were repeated
times for reproducibility.

Figure 2. Schematic diagram of the experiments (a. Extrusion granulator, b. Vibrating screen, c.
Fluidized bed dryer, d. Moisture analyzer).

Mathematical modeling

The time evolution of the drying rate of a material is strongly influenced by the characteristics of
the material and the conditions of fluidization, and is a key parameter for the design of a drying
process and the prediction of the drying end-point. Because of the increasing requirements over
the last decades for both product quality and production rate, mathematical modeling has been
widely used for the analysis of drying processes, and a number of more or less complex
empirical or theoretical models are available (Debaste, Halloin, Bossart, & Haut, 2008). Drying
of solids is generally understood to follow two distinct drying zones known as the constant rate
period and falling rate period demarcated with critical moisture content (Srinivasakannan, &
Balasubranian, 2008).

Table 1. Mathematical models applied to drying curves.

No. Model name Model

1 Newton MR = exp(-kt)

2 Henderson and Pabis MR = a exp(-kt)

3 Logarithmic MR = a exp(-kt) + b
4 Wang and Singh MR =1 + at + bt

5 Modified Page MR=exp[(-kt)"]

Complex theoretical models that serve the purpose of improving the fundamental understanding
of drying kinetics are widely based on Fick@ diffusion equation (Zielinska, & Markowski, 2010;



Srinivasakannan, & Balasubranian, 2009; Souraki, Ghaffari, & Bayat, 2010 accepted). However,
these models only consider single particles while ignoring the quantum of material in the bed.

In the current research, five simplified empirical drying models (Meziane, 2011) given in Table 1
was used to describe the drying kinetics of cornstarch granules.

Results and discussion

Analysis of drying curves

The kinetics of cornstarch dried in fluidized bed at different drying air temperatures and granule
sizes are shown in Figure 3. The drying curves indicated a higher rate of water removal at the
early stage due to the higher initial moisture content on the surface. After that, the diffusion of
moisture from the inside to the surface of solids became the limiting factor for moisture transfer.
As it is seen from Figure 3, the drying air temperature has a relative significant effect on the
drying kinetics of cornstarch. The higher the temperature was applied, the quicker the water
removal was carried out and the lower moisture content was obtained. However, the size of
granule had little effect on the drying rate (see Figure 4).
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Figure 3. Dimensionless moisture content versus drying time of three different size cornstarch
granules at different temperatures.
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Mathematical modeling of drying curves

The moisture content data obtained from the drying experiments were fitted to the five
mathematical models listed in Table 1. The coefficient of determination (R?) is one of the
primary criteria to evaluating the goodness of the fitted models. In addition, root mean square
error (RMSE) and chi-square ( x ) are used to determine suitability of the fitting as well. The
higher the R? and the lower the RMSE and x 2 values, the better agreement was between
experiments and models. It can be seen from Table 2 that the models match the experimental
data well except the Wang and Singh model, and even better as the granule size increased.
Therefore, the four models of the five could be applied to estimate the drying end-point of
cornstarch granules as well as to design and scale up of the drying process for the similar
products.

Table 2. Statistical results of the five mathematical models at different drying conditions.

Group Name of Granule

Model TCC) A B c
R2 RMSE 12" 102 R2 RMSE  12"102 R2 RMSE  12"102
50 097504 0.05603 0.314 098511 0.04247 0.18 0.99459 0.02484 0.0062
Newton 60 098548 0.04151 0.172 098963 0.03511 0.123 099292 0.02818 0.0079
70 09767 0.05515 0.304 0.99668 0.01893 0.0036 098219 0.0417 0.174
50 097917 0.05429 0.295 0.98745 0.04137 0.171 0.99485 0.0257  0.0066
';fg‘;,zr;‘;” 60 0.98665 0.04221 0.178 0.99052 0.03561 0.127 0.99298 0.02977 0.0089
70 0098057 0.05341 0.285 0.99671 0.02001 0.0040 098394 0.04199 0.176
50 09796 0.05744 0.33 098801 0.04322 0.187 0.99536 0.02609 0.0068
Logarithmic 60  0.98729 0.04404 0.194 0.99069 0.03773 0.142 0.99378 0.02995 0.0090
70 0098074 0.05685 0.323 0.99795 0.01686 0.0028 098786 0.03903 0.152
50 095413 0.08057 0.649 095318 0.07989 0.638 094851 0.08128 0.661
gﬁgﬁa”d 60  0.88411 0.12437 1.547 093113 0.09598 0.921 0.87732 0.12443 1.548
70 086124 0.14274 2.037 071362 0.18662 3.483 0.60454 0.20839 4.343
- 50 0098474 0.04015 0.161 098841 0.03372 0.114 099291 02493  0.0062
'\P":gg'ed 60 098506 0.03546 0.126 0.99025 0.02955 0.0087 09876  0.03044 0.0093
70 0099397 0.02399 0.0058 0.99221 0.02087 0.0044 — — —
Conclusions

In a fluidized bed dryer, the drying behavior of cornstarch granules of three different size groups
was studied at inlet air temperatures ranging from 50 to 70°C. The drying rate was increased
obviously with the increase of drying temperature. However, the granule size had little effect on
the drying rate. The drying curves were fitted to five mathematical drying models, where four of
them were found to be suitable for describing the drying kinetics of cornstarch granules in these
experimental conditions. Thus, it is possible to apply these models to predict the drying end-
point in similar drying processes.



Nomenclature

a, b, k, n coefficients in models MR moisture ratio (dimensionless)
T drying temperature (C) R? coefficient of determination

t drying time (min) RMSE  root mean square error

x 2 chi-square
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Abstract. The aim of this work is to investigate the effect of microwave dehydration (100, 180, 300,
450, 600 W) on the drying kinetics and on the physico-chemical (shrinkage, total phenols, color) and
functional properties (water and oil retention capacities) of three citrus peel cultivars (thompson
navel; mandarin and lemon). The fresh citrus peel of thompson navel, mandarin and lemon are
characterized by high moisture (3.140 £0.159; 3.798 +0.070 and 3.010 +0.143 g water/g DM) and
fiber (41.644 + 1.891; 27.894 + 2.358 and 39.135 +1.250 g/100g DM) contents. As excepected,
whatever the citrus cultivar, the microwave power level has a significant effect on drying time of the
citrus peel (drying time ranges from 51.5 + 2.828 min to 79 + 0.707 min at 100 W and from 8.75
0.353 min to 12 £ 0.707 min at 600 W). Shrinkage of volume does not depend on the peel cultivar
and on the microwave drying level but on the quantity of evaporated moisture. It is about 55.485 +
2.259 %, 63.814 £ 9.012 % and 54.973 + 2.446 % for thompson navel, mandarin and lemon peels
respectively. Microwave drying induces a significant increase of the water retention capacities of the
three citrus peels. Microwave powers lower than 450 W were in favour of the best water retention
capacities. In fact, maximal water retention capacity was obtained at 450 W for lemon peels (8.152 +
0.29 g/g DM), at 180 W for thompson navel peels (8.303 £ 0.119 g/g DM) and at 100 W for mandarin
peels (6.149 + 0.292 g water /g DM). Microwave drying decreases significantly the oil retention
capacities of all citrus peels and the total phenolic contents of mandarin and lemon peels. The
maximal peel phenolic contents were preserved for microwave power superior to 450 W (450 W for
lemon and at 600 W for mandarin).

Keywords. Citrus peels, microwave drying, total phenols, functionnal properties, shrinkage.
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Introduction

Tunisia is well known for its important production of citrus fruits (308000 tons in 2009/2010)
(GIFruit, 2010). It is well established that citrus and citrus products are a rich source of vitamins,
minerals and dietary fibers that are essential for normal growth and development and overall
nutritional well-being. Likewise, during citrus juice processing, a considerable quantity of wastes
or by-products is generated. The majority of the processing wastes is thrown out, and
consequently pollutes the environment. Therefore, citrus-processing industries have been
searching for applications for these by-products (Kim, Lee, Lee, & Kim, 2004). The dehydrated
citrus peel could be suggested in food formulation application such as beverages, pastry and
bakery products. The dehydration processes such as air drying and microwave drying could be
used for reducing moisture content and moisture activities of citrus peels. The aims of this work
were (1) to determine the physicochemical composition of three citrus peel cultivars (lemon,
mandarin and thompson navel); (2) to study microwave drying characteristics at a power level
ranging from 100 to 600 W of these citrus peel cultivars and (3) to evaluate the effect of
microwave treatment on shrinkage, water and oil retention capacities and total phenol content of
the three citrus peel cultivars.

Material and methods
1. Material Fresh citrus fruits (I"#$%&' &"()(&'&* thompson navel; "#$%&' +",-(tv. lunari; !"#$%8&'
$)#".%+/#kv. tangerine) were picked in Beni Khalled (Nabeul, Tunisia) in an advanced stage of ripeness
(Mature- citrus). Harvest was achieved in February 2010. The whole fruits were stored for 2 — 4 days at 4
°C until processing.
2. Global chemical composition Moisture, protein, fat, and ashes were determined
according to AOAC (1995). Sugar content was determined according to DNS method (Miller,
1959) and the dietary fiber fractions were determined following Englyst et al. (1992).
3. Microwave drying Fresh citrus peels were cut as cubes of which surfaces areas are equal to 1 cm?
before processing. A programmable domestic microwave oven (type Samsung, TDS, M1714), was used
for the drying experiments. The drying was performed according to a preset power (100, 180, 300, 450
and 600 W). The continuous weighting of the peels (every 30 second) allowed determining the drying
kinetics. The microwave power level was applied until the weight of the samples reduced to a level
corresponding to moisture content of about X;= 0.10 kg water/kg DM. The choice of this criterion is
joined to the microbiological stability of the product.
Product weight, initial moisture content (X,) and dry matter content of the citrus peels were used
to calculate the moisture content obtained at any drying time (X;) and the corresponding
dimensionless moisture content (X) (Eq. (1)). The moisture removal rate, R; (Eq. (2)), and the
drying time were retained in order to estimate the efficiency of the dehydration process.

X=2% g0 R; = (dx) Eq. (2)

Xo—Xs g ' dt /; 9

4. Shrinkage Determination of shrinkage of each citrus peel cube was achieved by using an
electronic digital slide gauge of 10 mm accuracy. Shrinkage of volume (VS) of citrus peels cube
was calculated according to eq.(3)

VS (%) =

Where V;and V;are the volume of the citrus peel cube before and after microwave drying
respectively.

ViV

Vi

X100 Eq.(3)

5. Functional properties Functional properties were measured for all fresh and dried citrus
peels at different microwave power levels. Water retention capacity (WRC) and oil retention
capacity (ORC) were determined according to Garau et al. (2007).



6. Total phenols Total phenols content of the fresh and dried citrus peel extracts was
measured using the colorimetric Folin-Ciocalteu method (Singleton and Rossi, 1965).

7. Statistical analysis  All physicochemical measurements were triplicate. Analyses were made by
using SPSS® version 17.0 (Statistical Package for Social Science). For all statistical analysis, the level of
significance is fixed at 95%.

Results and discussion

1. Global chemical compositio n Moisture is the major component of the fresh citrus peels. The
moisture content is about 75.823 + 0.938 %, 79.157 + 0.302 % and 75.041 * 0.883 % for thompson,
mandarin and lemon peels respectively. Table 1 shows that mandarin had the highest amount of total
sugar (18.276 + 0.784 g/100g DM), protein (8.559 +0.533 g/100g DM) and fat (2.975 + 0.593 g/100 g
DM) content. Thompson and lemon peels presented relatively important amounts of total dietary fiber
compared to mandarin peels. The total dietary fiber obtained in thompson and lemon peels are higher
than the value reported by Gorinstein et al. (2001) for orange peels (13.9 + 1.3 g/100g DM) and for
lemon peels (14.0 + 1.3 g/100g DM). Lemon peels had higher ashes content than did thompson and
mandarin peels. The differences between amounts of total sugar, protein and total dietary fiber contents
could be attributed to the variability between cultivars.

Table 1: Comparison of the global chemical composition of different citrus peels

(): g/g DM :;®: g/100g DM)
Citrus fruit Moisture " Sugar® Protein® Fiber® Fat® Ashes®
Mandarin (Citrus reticulata)
. 3.798 £ 0.070 18.276 £ 0.784 8.559 + 0.533 27.894 £2.358 2.975+0.593 3.966 £ 0.012
cv tangerine
Thompson (Citrus sinensis)
3.140 £ 0.159 15.006 £ 0.019 1.797 £ 0.672 41.644 £1.891 1.667 +0.960 3.456+0.178
cv Thompson navel
Lemon (Citrus limon) cv
3.010+0.143 14.892 £ 0.610 5.872+1.170 39.135 £ 1.250 0.489 +0.157 4.683 +0.278

lunari

2. Microwave drying kinetics of the thompson, mandarin and lemon peels

2. 1. Effect of the microwave power level

Drying rate curves showed a fast increase at the beginning of the process due to microwave
sample heating and a subsequent decrease of the drying rate. The influence of microwave
power level was observed in practically the entire range of moisture content. Nevertheless, at a
higher power level, the initial rates are more greatly enhanced (Figure 1).

0.008 *600W
0600w (32)
X 450w 206 | m450W
: ¢ e A300W
A300w o * .
180W
Bk @ 0.004 - o L ><‘
0100w B . . ..ll X [ ] 100 W
¢ l.. e ad n“‘AA A
0,002 - J-". ot duatt ‘W”“ W:
X "
e R okt WS
L - 0 - T T T
0 2000 4000 6000 0 0.2 04 0.6 0,8 1
Time(s) X



0,01 *600W
0600w . ¢
. =450 W
(bl) X450w 0.008 1 (b2) . ¢ A300W
A300w 0006 | e o w®UE | |x1m0w
- ’ . ML *100W
0100w 0.004 - El tay A
.o [ | l‘ R ‘A“A ‘AA‘AA
P
0.002
i sQW‘W*“ {‘W )
R . : o W . : :
0 2000 4000 6000 0 0.2 04 06 08 1
Time (s) X
0.008
Bl «600W
X450w 0006 | (02) . e ndsow
A300w ’ . e | [az00w
>
1eow & 0.004 - 0. ’ " ot & %iﬁztz
0100w . " x
gt d
0.002 0‘ " oL LW . ayhanst “‘.
| A 3
e % Xoox s
gx»()&xx,“;% ¥ “\“H ,mu‘?“‘t :05&)%
0 2000 4000 6000 0 ' T T '
) 0 0.2 04y 06 08 1
Time(s)

Figure 1. Variation of reduced moisture content versus drying time (al; bl; c1) and variation of
drying rate versus reduced moisture content (a2 ; b2 ; c2) for thompson (a), mandarin (b) and
lemon (c) peels obtained at 100, 180, 300, 450 and 600 W (X: reduced moisture content; R:
drying rate)

2. 2. Variations of the drying kinetics according to the citrus cultivars

Figure 2 shows that mandarin peels needed a shorter drying time followed by lemon and
thompson peels. Mandarin peels are less thick than lemon and thompson peels. The shorter
drying time of mandarin peels is due to the cracked structure of its albedo which makes easier
the vaporization of water.
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Figure 2. Influence of citrus variety on the variation of the drying rate during microwave
drying at 600 W (X: reduced moisture content; R: drying rate)

3. Effect of microwave drying on shrinkage

Figure 3 shows that shrinkage of volume is about 55.48 + 2.25 %; 63.81 = 9.01 % and 54.97 +
2.44 % for thompson navel, mandarin and lemon peels respectively. Shrinkage of the dried
citrus peels is mainly due to the amount of evaporated water.
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Figure 3. Influence of microwave power levels on volume shrinkage (VS) of
thompson, mandarin and lemon peels

4. Effect of microwave treatment on functional properties

As it can be seen in Figure 4 (a), microwave drying increases significantly WRC of dried citrus
peels. Maximal WRC was obtained at 450 W for lemon peels (8.152 + 0.29 g water /g DM), at
180 W for thompson peels (8.303 + 0.119 g water /g DM) and at 100 W for mandarin peels
(6.149 £ 0.292 g water /g DM). Microwave drying decreases significantly the ORC (figure 4 (b))
of thompson peels, mandarin and lemon peels. ORC is of the order of 1.8; 1.9 and 2.2 g oil / g
DM for the lemon, mandarin and thompson peels respectively.
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Figure 4. Effect of microwave power levels on water retention capacity (WRC) (a) and on oll
retention capacity (ORC) (b) of the thompson, mandarin and lemon peels (F: fresh samples)

5. Effect of microwave treatment on total phenolic conten t

Figure 5 shows that drying at higher microwave power level (450 and 600 W) and during short
drying times preserves the maximal total phenolic content for lemon and mandarin peels.
Compared to fresh peels, total phenolic content contained in dried thompson peels increases at
high microwave power level (450 and 600 W).These results are in agreement with Xu et al.
(2007), who found that microwave heat treatment can liberate the bound phenolic compounds in
citrus peels and increase the amount of free phenolic compounds in the product.
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Figure 5. Effect of microwave power levels on total phenolic content of the thompson,
mandarin and lemon peels (F: fresh samples).

Conclusion

The results of this study suggested that fresh and dried thompson, mandarin and lemon peels
could be used as suitable sources of dietary fiber and sugar. Study of the microwave drying
kinetics of citrus peels showed that processing time depends on the applied microwave drying
power and mandarin peels needed a shorter drying time. Drying at low microwave power level
(100 — 300 W) of thompson, mandarin and lemon citrus peels gives the maximal WRC and
preserves the initial total phenol content of thompson peels. The characteristics found in
thompson, mandarin and lemon citrus peels suggest many potential applications in the
development of foods reduced in calories and rich in dietary fiber containing a high amount of
associated bioactive compounds (breakfast cereals, dairy products, pastry and bakery
products).
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