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ABSTRACT

The evolution of dielectric properties of starch-based food pellets with different moisture contents was
measured during microwave expansion to determine the effect of water content on the expansion

dynamics.

Dynamic dielectric measurements were found to be an excellent procedure to in situ monitor and
characterize the different stages in the material transformation of food pellets during microwave

expansion.

Although the maximum bulk expansion of pellets was achieved at a moisture content of approximately
8% (wet basis), comparative analysis showed that a moisture content 10-11% produced the best results
considering the tradeoff between the foaming and expansion temperature. This was due to the high
expansion index and an expansion temperature that was sufficiently lower than the onset temperature for
pellet scorching, which provides an operating window to maximize expansion and minimize the

likelihood of burning.

Dielectric measurements during microwave heating in short on/off cycles prior to pellet expansion

suggested that the water was not as dielectrically bound for high moisture content pellets

Wet basis (wh), cavity perturbation method (CPM), moisture content levels (MC), expansion index (EI)
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1. INTRODUCTION

Third-generation starchy snacks provide a new way to appeal to consumers by offering the possibility to
finish the snack at home from an intermediate pellet form. To create a shelf-stable glassy product, food
pellets are first extruded at low pressure at the die to prevent expansion, and are subsequently dried-down
to the desired moisture content (Riaz, 2006), which is typically 10-13%. This process route allows
storage without refrigeration, which simplifies transport and improves marketability by affording a high
bulk density. The final dried product requires an expansion (puffing) step that can be accomplished by
baking, hot air puffing, immersion frying in oil, or microwave heating (Moraru and Kokini, 2003; Nath et

al., 2007; Osman et al., 2000).

Compared with other heating technologies, microwave expansion of snacks has been reported as more
efficient, faster, and eliminates the need for additional fat (Lee et al., 2000; Moraru and Kokini, 2003).
Nevertheless, pellet expansion in the domestic microwave oven is a more complicated process than
traditional frying and remains a focus of investigation to overcome challenges related to condensation
brought about by the cooler surrounding regions, which can cause clumping after expansion, low and

uneven rates of pellet expansion, and/or burning (van der Sman and Bows, 2017).

Starchy pellets undergo several stages during microwave expansion (Boischot et al., 2003; Moraru and
Kokini, 2003): (I) the absorption of energy increases the temperature of water molecules to produce
superheated steam in the glassy matrix and the material undergoes a state transition from a glassy to a
rubbery state, provided that the temperature exceeds the glass transition temperature (Tg); (II) pellet
expansion occurs when the vapor pressure of the superheated steam is sufficient to overcome the
resistance of the rubber-like matrix; (111) after expansion, if the microwave energy is turned off, the pellet
cools down and reverts to a glassy state; (IV) if, however, the energy is maintained for a long enough

period, the pellet experiences scorching and then burning.

The moisture content of the food product is a critical element during the successive stages of the
microwave process and influences the physical and mechanical properties of the expanded material (van
der Sman and Bows 2017). Consequently, several studies have investigated the effects of moisture

content for the microwave performance of snack pellets and other related materials.

Lee et al. (2000) analyzed the effect of moisture content and gelatinization on the puffing efficiency and

expansion volume of corn-starch pellets, finding an optimal expansion for half-gelatinized starch when
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the pellet moisture content was ~10% wet basis (wb). By studying the microwave expansion of glassy
amylopectin extrudates for five different water activities, Boischot et al. (2003) concluded that a
maximum expansion was achieved with moisture losses in the range 10-12% whb. Similarly, Sjogvist and
Gatenholm (2007) examined the influence of the moisture content in the expansion of high amylopectin
starch extrudates for packaging applications processed by microwave energy, determining that the largest
expansion was attained at moisture levels of 11.2 and 13.4% for extrudates conditioned at a relative

humidity of 33% and 54%, respectively.

An important caveat to the aforementioned studies is that they were conducted using multimode domestic
microwave chambers, which could result in misleading conclusions because of the uneven electric field
configuration that is highly dependent on the chamber configuration, the sample location inside the
chamber and the size of the workload, in addition to limited process control (e.g., inability to measure

power absorbed by the sample).

Water content has a profound influence on the dielectric properties of food materials and in the
glass/rubber transition. Accordingly, the measurement of the dielectric properties can provide valuable
information about the water activity and consequently the heating performance of starch pellets during

microwave expansion (Nelson and Datta, 2001).

Studies in the literature have reported dielectric properties values for similar materials as a function of the
moisture content level. For example, Ling et al. (2015) used an open-ended coaxial-line probe to obtain
the (off-line) dielectric properties dependencies of pistachio kernels with regards to radio frequency
energy, temperature and moisture content. They found that the loss factor increased with increasing
temperature and moisture. Bansal et al. (2015) employed a coaxial probe placed at the bottom of a sample
holder to obtain the dielectric properties of corn flour for different moisture contents ranging from 8.8%
to 22.7% wh, which again showed a clear correlation of both parameters. Finally, Kraus et al. (2013) used
a cylindrical cavity and the cavity perturbation method (CPM) to calculate the dielectric properties of
starch-based food materials for different moisture values at room temperature, also reporting a direct

correlation between dielectric properties and the moisture content of the samples.

A better understanding of the mechanisms involved during microwave expansion requires the
development of fast measurement devices that can provide in situ information in the short time period that

the expansion process takes place. This knowledge could be used to improve the palatability and texture
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of snack foods in addition to providing a framework for the development of new products. We recently
described a new procedure capable of measuring, for the first time, the in situ evolution of dielectric
properties and other process-related variables along the different stages of the microwave expansion of
starch-based materials (Gutiérrez et al., 2017). This method enabled us to analyze the dynamics of the
expansion process and its relationship with process parameters such as the expansion time and the

expansion index (EI) during the rapid process of expansion.

The aim of present study was to analyze the effect of the moisture content of starch-based food pellets
during microwave expansion by in situ dynamic measurement of dielectric properties. The findings from
this work may increase our understanding of the kinetics and processing conditions of the expansion

process to further improve the overall properties of these types of snacks finished by microwave heating.

2. MATERIALS AND METHODS

2.1. FOOD PELLETS

An intermediate half-product pellet for commercially available snack foods was used as the test material
(identical to that used in Gutiérrez et al., 2017). During the production process, these pellets (primarily
based on potato flakes) leave the extruder at 35% moisture and are hot air-dried to ~12% moisture in a
humidity-controlled environment in preparation for later finish drying in the commercial production
process. Although not formulated for microwave heating, the pellets show favorable expansion in a
domestic microwave oven. The pellets used in this study were cylindrical in shape and were
approximately 30 mm in length and 3 mm in diameter. When fully expanded, the finished product is

approximately 50-60 mm in length and 6 mm in diameter.

The pellets were conditioned at three different levels of relative humidity in order to achieve three
different moisture content levels (MC) in the range of 8%, 11% and 15% MC. The initial moisture
content of the pellet was calculated by heating 60 g of product in a convection oven (Heraeus WU 6100)

for 72 h and measuring the weight loss. The initial moisture obtained was 10.31% (wb).

For the additional moisture level measurements, fragments of pellets were placed inside a dessicator
containing a saturated solution of potassium acetate (791733 Fluka) and potassium chloride (P9541

Sigma), for six weeks, to allow the pellets to reach a state of equilibrium. The samples were weighed
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before and after this conditioning period and the final moisture content of the samples was obtained from

the difference in weight. The moisture content achieved was 7.91% and 15.67% MC.

Prior to microwave heating, the conditioned pellets were equilibrated to room temperature. The pellets
presented a circular cross-section (~3 mm in diameter) and were cut into small pieces of 10 mm in length

with flat sides, to allow the vertical placement into the reactor.

2.2. EXPERIMENTAL SET-UP

Microwave expansion of one single pellet placed inside a quartz tube was conducted in the dual-mode
microwave cavity as described in Catala-Civera et al. (2015), where simultaneous microwave heating and

dielectric properties measurements are feasible without interference.

The cavity was conditioned for the specific application of microwave expansion of pellets as described in
Gutierrez et al. (2017) by installing a venturi-based suction system at the top of the cavity to prevent
water condensation in the quartz tube during expansion. The temperature of the pellet was measured from
the top of the cavity with an infrared thermal camera (Optris Pl 160, Optris, Berlin, Germany). A video
camera (MU9PC-MH, Ximea, Miinster, Germany), placed at the side of the microwave cavity, recorded

the expansion of the pellet for EI calculations.

Figure 1 reproduces the schematic of the experimental setup of the microwave reactor with the pellet

sample inside the quartz tube (Gutiérrez et al., 2017).

The microwave heating operation allowed for providing the desirable level of heating to the pellet from
temperature and microwave power measurements in a close-loop feedback computer-programmed control
system (Gutiérrez et al., 2017). In the experimental set-up, microwave power was applied to obtain a
constant heating rate of 2°C/s for each experiment, which leads to an expansion time of 45-60 s (which is

approximately the time it takes for 50-100 g pellets to begin to expand in a domestic microwave oven).

The venturi device was activated only once the expansion was completed and microwaves were switched
off. This mode of operation was different to that described previously (Gutiérrez et al., 2017) and
minimized the effect of suction on the heating and measurement (temperature and foaming) operations,
since the constant suction may exert a small influence on temperature (cooling of the upper pellet surface)

and volume during expansion.
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In some experiments, samples were also processed in short cycles, where microwaves were applied and
rapidly stopped to ensure that the pellet heated below the expansion temperature. After the short cycle
heating period, the samples were stabilized to room temperature inside the cavity; they were then
removed and weighed. The process was repeated for each sample until the weight variations from two
consecutives heating pulses was negligible. At this state, the subsequent heating pulse duration was

increased for a sufficient time to cause the expansion of the sample.

2.3. DIELECTRIC MEASUREMENTS

Dielectric properties were calculated from in situ resonance measurements of the testing mode in the dual
mode cavity by the CPM. The shift of the resonant frequency of the cavity during microwave heating
defined the changes in the dielectric constant (real part), whereas the variations of Q-factor determined
the loss factor (imaginary part). Since the volume of the sample pellet changes during expansion, CPM
coefficients such as the filling factor and the depolarization factor were calibrated with known samples of

different volume, as described in Gutiérrez et al. (2017).

From comparative analysis of measurements of reference materials with more accurate methods, the
accuracy of dielectric calculations with this procedure was estimated to be around 3% for the dielectric

constant and 5% for the loss factor.

2.4 GLASS TRANSITION DETERMINATION

The determination of the Tg range of the samples at varying moisture contents was performed using
differential scanning calorimetry (DSC 3+; Mettler Toledo, Leicester, UK) and analyzed using STAR SW
15 Software (Mettler Toledo). Samples (9 £ 1.5 mg) were sealed in crimped stainless steel pans and

subjected to a heating ramp of 40 °C/min from 25 to 220 °C.

3. EXPERIMENTAL RESULTS AND DISCUSSION

To investigate the influence of moisture level in the expansion process, pellets with approximate moisture

content of 8%, 11% and 15% were subjected to microwave expansion in the microwave reactor.
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3. 1. TEMPERATURE AND VOLUME (EI) DURING MICROWAVE EXPANSION

Figure 2 shows the surface temperature of three pellets with different moisture content as a function of
processing time in the microwave reactor (heating rate 2°C/s). The El, calculated from the recorded video

signal of the pellet, is also shown to identify the foaming evolution of the samples.

Samples with lower moisture levels required longer times to expand. Accordingly, the time to expand for
the ~8% MC sample was 60 s, whereas it was reduced to 45 s for the 15% MC sample. Moreover, the

15% MC sample showed lower foaming capabilities (EI ~4.7) than the other samples (EI ~7.5).

The differences observed in the time required for expansion had a direct relationship with the expansion

temperatures measured at 119°C, 140°C and 152°C for the 15%, 11% and 8% MC pellets, respectively.

According to the information given by Moraru and Kokini (2003), maximum expansion occurs at a
temperature in the approximate range of the Tg and 100°C and above. The work of van der Sman and
Bows (2017) described the desired optimal state for expansion to be the point at which the boiling line
crosses the glass transition line; however, DSC analysis of the pellets with varying moisture levels
showed that as the moisture content increased the Tg tended to be closer to 100°C. The reduction of the
Tg resulted in a reduction in the time to develop sufficient superheated steam (and pressure) to drive good

expansion, leading to the potential of under expansion of pellets (van der Sman and Broeze, 2013).

Table | describes the measured Tg temperature ranges, which are inversely related to the moisture content

of the pellet, and are in concordance with the different temperatures observed during expansion.

Other parameters during the four stages of the process were measured and are shown in Table I. To
measure the density before expansion and at other stages, microwave energy was switched off and the

sample was weighed outside of the apparatus once it had stabilized at room temperature.

Sample 8%mc Sample 11%mc Sample 15%mc
Before microwaves mc(%) 7.91+0.15 10.31+£0.15 15.67 £0.15
density (gr/mm3) 1.056 +0.007 1.119 +0.006 1.168 + 0.006
Tg (°C) (Onset) 155.6 108 84
Tg (°C) (Mid-point) 164.8 112 108

Tg (°C) (End set) 182 128.3 122
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Stage | mc(%) 7.53+0.15 9.85+0.15 1479+ 0.15
(Before Expansion) density (gr/mm3) 1.051 £ 0.007 1.113 £0.007 1.155 + 0.006
Expansion Tsurf (°C) 152.2+3.1 140.13+2.8 119.6 £2.1
Time to Expand(s) 58.9+25 53.9+23 456+1.1
Stage |1 El 8.03+0.39 7.33+0.35 4.72+0.32
(After Expansion) Expansion Time (s) 315+27 32.7+3.0 324+26
mc(%) (Time=90s) 2.15+0.22 3.39+0.32 6.17 £ 0.46
mc lost (%) 5.76 +£0.37 6.92 + 0.47 9.50+0.61
density (gr/mm3) 0.160 £ 0.004 0.170 £ 0.003 0.226 £ 0.005
Stage Il & IV mc(%) (Time=105s) 142 +0.18 2.25+0.24 4,23 +£0.37
density (gr/mm3) 0.158 £ 0.004 0.167 £ 0.003 0.223 £ 0.005
Burning Tsurf (°C) 177.17 +6.51 175.47 +5.19 171.98 +4.32
Burning Time (s) 100+5.2 115+5.8 130+ 6.6

Table I. Critical factors measured during microwave treatment of food pellets.

The observation of expansion temperatures in the experiments described above differs slightly from the
measured temperatures in Gutiérrez et al. (2017) due to the different application of the venturi suction
system, as explained previously. An expansion temperature for the 11% MC sample was measured here
as 140°C, whereas a sample with the same moisture level was measured as 115°C in Gutiérrez et al.
(2017). Furthermore, the final expansion volumes obtained were greater than those from our previous
study because the sample was not forcibly cooled by the action of the venturi device during treatment. In
addition, the Tg found for the sample of 8% MC was higher than the Tsurf measured before expansion.
This difference may be connected to fact that the surface temperature measured was cooler than the

temperature in the centre of the pellet.

3. 2. DIELECTRIC PROPERTIES DURING MICROWAVE EXPANSION

Dielectric properties of pellets during expansion were calculated from in situ measurement of cavity
resonance parameters by the CPM according to the procedure described in the previous section and

reported in Gutiérrez et al. (2017).

Figure 3 shows the dielectric constant and loss factor of the measured food pellets with approximate
mositure content of 8%, 11% and 15%. The EI values have also been included in the figure to identify the

different stages of the expansion process in each sample.
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Because water content is related to dielectric properties (Meda et al., 2005; Venkatesh & Raghavan,
2004), the initial measured values were influenced by the moisture levels of the material in each sample.
For the different moisture levels studied, the initial dielectric properties varied from 4.65-j0.5 (8% MC) to

7.35-j2.2 (15% MC).

As described in Gutiérrez et al. (2017), microwave irradiation triggered a progressive increase in the
dielectric constant and loss factor with processing time due to the temperature increase (stage 1), and a
rapid drop in both values during expansion (stage Il). After expansion, the dielectric properties, in
particular the loss factor, decreased slightly when the pellet returned to a glassy state, but were dependent
on the moisture retained in the matrix (Figure 3). As stated earlier, continual microwave irradiation would
lead to additional heating that causes drying or even burning (stage 1V), and dielectric properties could

exhibit different characteristics.

During stage I, although the heating rate was identical for all the experiments, the rate of increase in the
dielectric constant was faster in those samples with a higher moisture content, which confirms the

findings reported in Lewicky (2004).

The first stages can be clearly appreciated in Figure 3 for samples of 8% and 11% MC. In this context, the
sudden drop of the dielectric constant during stage Il was a clear indication of an explosive expansion
caused by high—pressure superheated steam, leading to high foaming in the pellet (El ~8 for the 8% MC
sample and EI ~7.5 for the 11% MC sample). By contrast, the 15% MC sample showed a progressive
slowing of the rate before expansion. This could be attributed to a combination of effects due to an
excessive softening caused by the lower Tg temperature of the pellet, which is unable to tolerate the
steam pressure that is developed during microwave expansion, leading to reduced foaming (El ~4.7).
Also, the material reached the rubber-like state before the superheated steam had sufficient energy to
induce the expansion, and the pores of the pellet were filled with unbounded water due to an excess of

moisture content; therefore, there was a transient situation before expansion.

This effect also influenced the dielectric properties after expansion (stage Il1), with higher values for
those samples with more water remaining inside the matrix: 6.17% for the 15% MC sample and 2.15%

for the 8% MC sample (see Table I).

In all cases, the evolution of dielectric properties of a specific starch-based pellet formulation as a

function of moisture content showed a direct dependence on Tg, since it has a direct influence on the
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rubbery state of the matrix and thus in the final pressure that the superheated steam needs to exceed

before expansion can occur (Kusunose et al., 1999).

3. 3. DIELECTRIC PROPERTIES DURING PULSED MICROWAVE EXPANSION CYCLES

To analyze the influence of water activity on dielectric properties, and to further understand the expansion
properties represented in Figure 3 (especially those corresponding to 15% MC), the samples were
processed in short cycles prior to expansion, as described in section 2.2. Figure 4 shows the loss factor

under pulsed heating cycles as a function of the processing time for each sample.

Each heating cycle progressively increased the temperature of the sample at a heating rate of 2°C/s to
reach approximately 110°C, and therefore the loss factor showed a progressive increase to this
temperature. After the heating cycle ceased, the venturi device was activated to remove the expelled water
and the loss factor slowly decrease when the sample cooled to room temperature. The markers shown in
Fig. 4 represent the moisture content calculated from the sample weight after the stabilization of the

measured loss factor for each heating cycle.

The 15% MC sample experienced considerably higher drying than the other samples with this procedure
(from 15.77% to 12.99%). This fast process of moisture reduction of the sample before expansion
indicated that the water in this sample was unlikely associated with the pellet bulk, and it seems more
probable that it was filling the porous of the matrix, as discussed in the previous section with respect to

this moisture level.

The remaining samples experienced slight moisture losses and were allowed to expand for a few more
cycles. The final moisture content before expansion was 7.57% and 9.77% for the samples with an initial

moisture content of 7.88% and 10.34%, respectively.

Figure 5 shows the loss factor time evolution of the three samples during expansion in the last heating
cycle. As shown, the pellet sample with an initial moisture content of 15.77% (now 12.99% MC) showed
a behavior similar to that of the 11% MC sample represented in Figure 3, with an EI higher than 7, in
contrast to the previous EI that was lower than 5. The reduction of moisture content caused an increase in
the Tg of the pellet and therefore an increase in required temperature of the superheated steam to
overcome the molecular bonding and expand the pellet. The progressive slowing of the dielectric

properties rate before expansion shown in Figure 3 for this moisture content was also absent.
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Conversely, the sample of 7.57% MC had an El lower than that of the other samples, which was probably
due to the reduced moisture available to be transformed into vapor during the heating cycle, limiting the

amount/force (pressure) of the superheated steam before expansion.

3. 4. DIELECTRIC PROPERTIES DURING BURNING

If microwave heating continues after expansion, the temperature of the pellet will increase progressively
until it reaches a point where the pellet may scorch and burn as a result of the low moisture content and

the proximity to the carbonation point of starches (Moraru and Kokini, 2003).

Indeed, the risk of burning is a common problem of microwave heating, whereas conventional heating
occurs at a much slower (and more controllable) rate (van der Sman and Bows, 2017). Consequently, the

burning process can be viewed as a quality challenge for the microwave expansion process.

We therefore evaluated burning of the pellet formulations (stage 1V) by extending the microwave heating

for several seconds after expansion.

Figure 6 shows the dielectric loss factor of several 11% MC samples after extending the microwave

application from 20 s to 100 s from when expansion commenced (time axis in Figure 6 from 85 to 165).

As described in the previous section, a high percentage of moisture was released during expansion (6—
11% depending upon the initial moisture content). Although the loss factor quickly decreased during
microwave expansion, the final value remained dependent on the final volume and moisture content still
present in the sample. For 11% MC pellets, an average moisture content of 3.37% was measured after
expansion (see Table I). Despite the continuous increase of pellet temperature, the loss factor decreased
slightly, which could be attributed to drying of the remaining moisture in the samples (van der Sman and
Bows, 2017). However, the decrease in the loss factor was followed by a plateau (and a slight change in
the slope) if the heating continued for longer periods, which could be attributed to certain difficulties to
maintain the moisture loss and to the beginning of burning. Finally, a sudden drop in the loss factor
occurred when microwave energy was ceased and the venturi device was activated, which removed the

released water and increased the cooling rate.

To verify the correlation between the burning process and the loss factor, the treated samples from the

extended range (20-100 s in periods of 5 s) were sliced open and examined. Figure 7 represents the slices
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corresponding to 20 s periods. Samples corresponding to 115 s of heating showed the first signs of
burning. As illustrated in Figure 7, burning was a gradual process starting from the center, which is
consistent with the findings of Moraru and Kokini (2003) and the well-known inverse heating profile of
microwaves. The moisture content of the material dropped below 2% for the 11% MC pellet, which does
not fit with the hypothesis of Moraru and Kokini (2003), who proposed that the burning process starts

when all the moisture content is eliminated from the pellet.

Burning of the samples appeared to correlate quite well with the change in the trend of loss factor after
expansion. This trend, which was distinguished by a change in the slope after expansion, was better
shown by the first derivative of the loss factor (right axis in Fig. 6). The data indicated that the first
derivative values were close to zero after 115 s of microwave processing, which associated well with the

first evidence of burning.

The same procedure of extending the processing time after expansion and calculating the derivative of the
loss factor was applied to the other pellet samples with different moisture contents, and the results are
represented in Figure 8. Similar to the findings of the experimental trial shown in Figure 6, the first signs
of burning in the samples were observed when the derivative value approached zero. Positive derivative

values indicated not only burning signals but also the complete destruction of the inner part of the pellet.

Those samples with higher moisture contents presented a higher burning resistance, even though they
were the first to expand. By contrast, the samples with the lower moisture content started to burn
approximately 10 s after reaching their full expansion. The burning temperature varied from 171°C to

177°C for samples of 15% MC and 8% MC, respectively.

Similar to that observed in the preceding experiments, the time evolution of dielectric properties during or
after expansion was proven to be an effective method to monitor the different stages of the expansion

process, in this case the initiation or beginning and duration of the burning process.

4. CONCLUSIONS

Here, we measured the dielectric properties evolution of potato starch-based snack food pellets to
investigate the effect of moisture content during the different stages of microwave expansion, including
the burning process. Dynamic dielectric measurements proved to be an excellent probe to monitor in situ

the different stages during the process of microwave expansion. We confirmed that the pellet glass
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transition temperature was a determining parameter in the dielectric measurements and expansion kinetics
because of its direct relationship with the moisture content, as it determines the rubbery state of the matrix
and is the driving force that induces pellet expansion. Complementary dielectric measurements during
microwave heating at short cycles prior to pellet expansion aided in further understanding the water
activity in the pellets, particularly for samples with higher moisture content. These findings showed that
for samples with high moisture content, the water was unlikely to be associated with the pellet bulk and

more likely it was filling the porous of the pellet

In contrast to previous results reported in the literature, our experimental findings showed a maximum
expansion bulk volume in pellets with a moisture content ~8%. Because of the high Tg value, there is an
extensive build-up of vapor pressure at this moisture level, which occurs before the matrix enters the
rubber-like state and expands. However, the high expansion temperature (~150°C) required for this
moisture content level is too close to the burning temperature of this potato starch based pellet, and
therefore the risk of burning is high if microwave heating is not ceased quickly after expansion. In
domestic microwave ovens, individual pellets within a larger serving size will have different times to full
expansion due to non-uniformity of the electric field over heating time. Conversely, samples of 15% MC
expanded at lower temperatures and the pellets were unable to withstand the steam pressure, causing

reduced foaming.

From our comparative analysis, pellet samples of 10-11% MC produced the best results. This finding is
consistent with that of Moraru and Kokini (2003); nevertheless, our interpretation differs from that of
these authors. Considering the tradeoff between the foaming and expansion temperature, samples of 10—
11% MC produced the optimum results due to the good El and an expansion temperature that was
sufficiently lower than the onset temperature of pellet scorching (for this particular potato-based pellet),
which provides an operating window to maximize pellet expansion and minimize pellet scorching in

domestic microwave ovens.
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Fig. 1. Schematic view of the dual-mode cylindrical microwave cavity. Thermal camera located at the top
access of the cavity. Video camera located at the lateral access of the cavity
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Fig. 2. Temperature and expansion index (EI) of three pellet samples with different moisture content,
Error bars of £0.3°C for the temperature measurements have not been added for clanty.
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Fig. 3. Dielectric constant (a) and loss factor (b) of pellet samples at different moisture levels during
microwave expansion.
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Fig. 4. Measured loss factor of pellets under pulsed heating cycles as a function of the processing time.
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Fig. 5. Loss factor of pellet samples during microwave expansion at different moisture levels after
pulsed microwave cycles.
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Fig 6. Loss factor of several 11% MC samples after extending the microwave application from
20 s to 80 s from expansion.
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Figure 8. Loss factor first derivative for the different moisture content pellets as a function of the
processing time extending the microwave application after expansion - note that the x-axis is different to

that in Figure 6
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Figure Captions

Fig. 1. Schematic view of the dual-mode cylindrical microwave cavity. Thermal camera located at the top

access of the cavity. Video camera located at the lateral access of the cavity

Fig. 2. Temperature and expansion index (EI) of three pellet samples with different moisture content. Error

bars of £0.3°C for the temperature measurements have not been added for clarity.

Fig. 3. Dielectric constant (a) and loss factor (b) of pellet samples at different moisture levels during

microwave expansion.
Fig. 4. Measured loss factor of pellets under pulsed heating cycles as a function of the processing time.

Fig. 5. Loss factor of pellet samples during microwave expansion at different moisture levels after pulsed

microwave cycles.

Fig 6. Loss factor of several 11% MC samples after extending the microwave application from 20 s to 80 s

from expansion.

Fig. 7. Images of 11% MC pellets after extending the microwave application from 20 s to 100 s from

expansion.

Figure 8. Loss factor first derivative for the different moisture content pellets as a function of the processing

time extending the microwave application after expansion- note that the x-axis is different to that in Figure 6



