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A B S T R A C T

In microwave-assisted processes, solid-state microwave technology enables control of the electromagnetic field,
which can be used for process intensification. This work investigates the impact of real-time frequency adjust-
ment on microwave-assisted freeze-drying (MFD). Frequency-based control concepts were applied in experi-
ments with tylose gel as a food model product in a laboratory-scale plant. By applying energy-efficient resonant
frequencies based on feedback related to product state, the drying time was reduced by 24.2% compared to
conventional freeze-drying (CFD) due to increases in energy efficiency. Comparable temperature profiles, re-
sidual moistures, and ascorbic acid retentions to CFD were achieved. However, structural degradation occurred
with MFD in up to 10.4% of the samples. The degradation could be counteracted by more refined frequency and
power application. In summary, this work demonstrates the high potential of frequency-based control for MFD
process intensification.

1. Introduction

In process engineering, microwaves represent an alternative
approach to energy supply, which can be used for process intensifica-
tion. Contrary to convection, conduction, and thermal radiation in
conventional thermal processing, the generation of heat via microwaves
results from the interaction of the processed materials with an electro-
magnetic field (Thostenson and Chou, 1999). The respective dielectric
properties characterize these interactions. Microwave application is
associated with several advantages, such as selective heating, volu-
metric heating, and reduced process times (Clark and Sutton, 1996). In
the context of food process engineering, the use of microwaves has been
investigated for a variety of processes, such as freeze-drying (FD)
(Ambros et al., 2018; Sickert et al., 2023b), vacuum drying (Drouzas
et al., 1999; Dumpler and Moraru, 2023), heating (Kalinke et al., 2023;
Taghian Dinani et al., 2021; Yang et al., 2022a), frying (Zhou et al.,
2022), and defrosting (Yang and Chen, 2022).

In recent years, solid-state generators (SSGs) have emerged in the
context of process engineering. Literature reports their use for the gen-
eration of microwaves in various microwave-assisted processes (Bianchi
et al., 2017; Härdter et al., 2023; Hasegawa et al., 2017; Kalinke et al.,
2023; Miyakawa et al., 2021; Tang et al., 2018; Tsubaki et al., 2020;
Yang et al., 2023; Zhou et al., 2023). Unlike conventionally used

magnetrons, SSGs allow precise control of the electromagnetic field by
modulating the microwave power, microwave frequency, and phase
shift between SSGs (Atuonwu and Tassou, 2018). The additional degrees
of freedom in controlling the electromagnetic field can be used to
optimize processes (Sickert et al., 2023a). Adjusting the frequency
proved to be particularly promising in this context. Applying frequency
sweeps enhanced heating uniformity in microwave-assisted heating
processes (Antonio and Deam, 2005; Yang et al., 2019). More elaborate
schemes of targeted frequency control, informed by preliminary exper-
iments, resulted in enhanced energy efficiency (Kalinke et al., 2023;
Yang et al., 2022a,b) and temperature homogeneity (Kalinke et al.,
2023; Taghian Dinani et al., 2021; Yang et al., 2022a,b). High energy
efficiency was achieved by applying individually energy-efficient fre-
quencies and the excitation of multiple frequencies increased tempera-
ture homogeneity. In some studies, the frequencies were intentionally
selected based on the corresponding heating pattern so that hot and cold
spots would compensate each other during processing (Yang et al.,
2022a,b). A trade-off between energy efficiency and temperature ho-
mogeneity was found when modulating the electromagnetic field
(Bianchi et al., 2017; Yang et al., 2022a). Only one of the two parameters
could be maximized. Some authors suggest control concepts to achieve a
high performance regarding both parameters (Kalinke et al., 2023; Yang
et al., 2022a). All of these control concepts for frequency are determined
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before the start of the experiment. Therefore, the applied frequencies are
not affected by any real-time feedback related to the product state.

The mentioned control concepts are limited in their applicability to
processes where the product state undergoes significant changes over
time, arising from the substantial effort required to base control con-
cepts for these processes solely on prior experiments. The changes in
product state occur mandatorily in microwave-assisted processes where
phase transitions are an explicit goal, such as drying, defrosting, or
pyrolysis. In these processes, a shift of frequencies with a local maximum
in energy efficiency, so-called resonant frequencies (RFs), over process
time was observed in monomodal cavities (Miyakawa et al., 2021;
Tsubaki et al., 2020). These shifts were associated with changes in
product state, presumably correlated with changing dielectric proper-
ties. Simulation-based preliminary work on microwave-assisted
freeze-drying (MFD) in a multimodal cavity showed that multiple RFs
shifted to higher frequencies (Sickert et al., 2023b). It is considered
possible to increase both energy efficiency and power input homoge-
neity in MFD by applying multiple RFs, as it has been shown for
microwave-assisted heating. The shifts in RFs, however, pose a chal-
lenge to their application throughout MFD, as frequency adjustment is
required as a function of the product state. As far as the authors know,
there has been no study of process control using frequency adjustment of
RFs during the thermodynamically complex process of MFD based on
real-time feedback related to product state. The approach would allow
for targeted frequency adaption despite the substantial changes in
product state. This extends the applicability of the approach to various
processes and products without requiring excessive prior experiments.

This work investigates the effects of real-time frequency adjustment
on the MFD process and selected product properties. The applied
frequency-based control concepts are based on feedback related to the
product state. The results are compared to conventional freeze-drying
(CFD) as a benchmark. The experiments are conducted in a
laboratory-scale dryer with tylose gel acting as a food model product. In
MFD, microwave control is implemented using algorithms that adjust
the microwave frequency based on product state. While focussing on
control concepts with frequency adjustment during drying, control
concepts with constant frequencies are also investigated as benchmarks.
Targeted frequency adjustment is expected to increase energy efficiency
throughout MFD, as shown for microwave-assisted heating. The result-
ing higher dissipated power may lead to an increase in product tem-
perature and drying rate. Regarding product properties, there should be
no discernible effect on residual moisture, provided that the termination
criteria are selected appropriately for complete drying. Higher product
temperature could lead to a decrease in thermally unstable compounds.
Higher dissipated microwave power above a threshold is expected to
cause more macroscopic impairment of the product, as observed in
previous work for the initial stage of MFD (Sickert et al., 2023a).

2. Materials and methods

2.1. Model product

Tylose gel cuboids with ascorbic acid (AA) as a tracer substance
served as a food model product. The sample preparation was identical to
the procedure described in a previous paper (Sickert et al., 2023b). In
brief, tylose gel composed of 76.23 wt% demineralized water, 23.77 wt
% tylose MH1000 (Kremer Pigmente, Aichstetten, Germany), and 1.00
wt% L-(+)-AA (Carl Roth, Karlsruhe, Germany) was produced. Then,
cuboids of tylose gel were molded in dimensions of around 25 mm × 25
mm× 10 mmwith a weight of 12.50± 0.05 g each and frozen at − 30 ◦C
for a minimum of 14 h.

2.2. Freeze-drying system

Fig. 1 shows a schematic view of the laboratory-scale FD system and
a depiction of the process chamber. The stainless steel process chamber
had inner dimensions of 612 mm × 400 mm × 300 mm. A custom-made
cold trap (UCCT, Vienna, Austria) and a NEO D 65 vacuum pump
(Leybold, Cologne, Germany) were connected in series to the process
chamber. The cold trap temperature and the chamber pressure were set
to − 60 ◦C and 0.5 mbar in all experiments. An HY2020 SSG (TRUMPF,
Freiburg, Germany) was connected via a coaxial cable to a waveguide
port centrally embedded in the top of the process chamber. The SSG
could generate microwaves of up to 600 W in power and frequencies
from 2400 MHz to 2500 MHz at intervals of 0.01 MHz. Based on qual-
itatively validated electromagnetic simulations, we inferred a relatively
uniform distribution of the power associated with the dissipation of the
electromagnetic field among the tylose samples, particularly when
multiple frequencies are applied (Sickert et al., 2023b). For CFD, a
custom-built modular heat exchanger was placed in the process chamber
as a product support. An AC200 thermostat (Thermo Fisher Scientific,
Henningsdorf, Germany) could be set to − 5 ◦C to 70 ◦C to regulate shelf
temperature. The sensors used were a CMR363 capacitive pressure
sensor (Pfeiffer, Aβlar, Germany), three FOS-TG fiber optic temperature
sensors (Rugged Monitoring, Quebec, Canada), and a PW4MC3/2 kg
load cell (Hottinger Brüel & Kjaer, Darmstadt, Germany). Moreover, the
internal sensors of the SSG for forward power and reflected power were
used. The PW4MC3/2 kg load cell was connected to a product support
made of polyether ether ketone, which was placed centrally at the
bottom of the process chamber and could be used for MFD only. Scripts
in Matlab 2020b (MathWorks, Natick, USA) were used to store the
recorded process parameters and control the power and frequency of the
microwaves throughout drying.

Calibration was performed for all sensors. FOS-TG sensors under-
went three-point calibrations using a Pt-25 platinum resistance

Fig. 1. (a) Schematic representation of the laboratory-scale MFD setup. m – load cell, P – sensor microwave power, p – capacitive pressure sensor, ϑi – fiber optic
temperature sensors. (b) Process chamber with no peripheral devices connected.
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thermometer MKT25 (Rosemount, Shakopee, USA). The PW4MC3/2 kg
load cell was calibrated using calibration weights, covering product
weights up to 300 g. The SSG and the CMR363 pressure sensor were
acquired in a calibrated state during the construction of the system.

2.3. Process characterization

Process characterization of MFD was conducted to determine the
initial RFs. RFs are defined here as the frequencies with a local
maximum in energy efficiency. Twenty-four frozen cuboids of tylose gel
were placed centrally on the product support with a spacing of 5 mm, as
depicted in Fig. 2. Fiber optic temperature sensors were positioned
centrally in samples 4, 6, and 10, in which holes were drilled during
sample preparation. Subsequently, the process chamber was sealed
airtight and the valve to the vacuum pump was opened. The application
of microwaves started 10 min after the vacuum application. A frequency
sweep in the range of 2400 MHz to 2500 MHz was performed with an
interval of 0.1 MHz and the minimally feasible set forward power of 50
W. From the reflected power Pr and forward power Pf monitored by the
SSG, the energy efficiency η was calculated by η = 1 − Pr/ Pf . The results
of an exemplary frequency sweep are shown on the left in Fig. 3. All
process characterizations were repeated three times. The final RFs were
calculated as the arithmetic means of the three RFs obtained.

2.4. Drying procedure

For MFD, the starting procedure and the placement of samples were
identical to the process characterization described in Section 2.3. The
application of microwaves marked the start of the process time. The
process specifications set for all experiments were a forward power of
50 W and an activation ratio of 0.5. The latter describes the time ratio
the SSG was active when applying each frequency for 10 s. When mul-
tiple frequencies were used, the frequencies were applied in a loop in
ascending order. The following frequency-based control concepts were
investigated.

- Single Constant Frequency (1CF) – constant frequency of 2420 MHz,
- Six Equidistant Frequencies (6EF) – six constant frequencies from
2400 MHz to 2500 MHz in an interval of 20 MHz,

- Six Minimum Resonant Frequencies (6RFmin) – six RFs displaying the
lowest energy efficiencies, purposefully adjusted during MFD, and

- Six Maximum Resonant Frequencies (6RFmax) – six RFs displaying
the highest energy efficiencies, purposefully adjusted during MFD.

The primary focus of the investigations was on the control concepts
6RFmin and 6RFmax, which implemented real-time modulation of the
microwave frequency based on the product state. Previous electromag-
netic simulations have demonstrated the potential benefits of similar
control concepts based on applying multiple RFs (Sickert et al., 2023b).
The remaining control concepts, 1CF and 6EF, maintained constant
frequencies throughout the drying process, allowing comparisons with
benchmark processes. Specifically, 6EF was selected for its equivalence
in the number of applied frequencies to 6RFmin and 6RFmax, while 1CF
represents the most straightforward application of microwave fre-
quency. Furthermore, the substantial difference in energy efficiency
between 6RFmin and 6RFmax enabled the assessment of the impact on
energy efficiency or dissipated power within the control concepts
employing real-time frequency modulation. MFD was terminated when
the drying rate ṁ was less than 0.25 g/h, calculated over 1 h.

The specifications for CFD were established in preliminary experi-
ments using the criteria of complete and fast drying without compro-
mising product quality. The thermostat temperature was initially set to
− 5 ◦C as the minimally viable temperature to prevent the melting of the
samples due to contact with the hot shelf. The samples were placed
centrally on the heat exchanger with the sample and temperature sensor
positions shown in Fig. 2. Following a vacuum application for 10 min,
the thermostat was set to 70 ◦C, indicating the start of the process time.
When all temperature sensors reached a temperature difference of less
than 2 K/h over 20 min, the process was extended by 20% of the current
process duration before termination. All drying experiments were con-
ducted at least in duplicate.

2.5. Control algorithm frequency

The applied frequency-based control concepts can be subdivided into
control concepts with constant frequencies, 1CF and 6EF, and concepts
with frequency adjustment throughout drying, 6RFmin and 6RFmax. An
approach to real-time frequency adjustment was developed for 6RFmin
and 6RFmax to enable the frequent update of RFs throughout drying in a
time-saving manner. The concept is based on the shift of RFs to higher
frequencies during MFD (Sickert et al., 2023b) and is depicted sche-
matically in Fig. 3. The initial RFs, as determined in process character-
ization, were provided as inputs to the control algorithm. At the
beginning of the process, the frequency range around all RFs was
screened locally for maximum energy efficiency. The range was − 0.5
MHz to +0.5 MHz around each RF at an interval of 0.1 MHz. The fre-
quencies of maximum energy efficiency were stored as the new RFs.
Subsequently, the most recent RFs were selected for the drying process.
The six RFs with the lowest energy efficiency were applied for the
control concept 6RFmin, while the six RFs with the highest energy effi-
ciency were used for 6RFmax. Every 20 min, the screening and applica-
tion of updated RFs were repeated analogously to the beginning of the
process.

2.6. Sample analysis

2.6.1. Structure
An X-ray microscope Xradia 520 Versa (Carl Zeiss, Oberkochen,

Germany) was employed to visualize the sample structure in μ-CT. De-
tails on the microscope, the schematic experimental setup, and the
principles of μ-CT can be found in the literature (Straube et al., 2021).
Exemplary specimens of intact and impaired samples were placed on the
sample holder. For image capture, the imaging mode was set to to-
mography, the optical magnification to 0.4, the exposure time to 1 s, and
the binning to 1. The source settings for voltage and power were 80 kV
and 2 W, respectively.

2.6.2. Residual moisture
The weights of the samples after dryingmFD were determined using a

balance type 1518 (Sartorius, Göttingen, Germany). Following FD, the

Fig. 2. Placement of samples on product support for MFD. Samples equipped
with fiber optic temperature sensors are marked in red and samples for deter-
mination of ascorbic acid content are marked in yellow. The samples in the
bottom row are adjacent to the front door of the process chamber. The samples
were placed centrally on the heat exchanger in the same arrangement for CFD.
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samples were cut in half and examined for macroscopic structural
impairment. Samples 16, 22, and 24 were set aside for later determi-
nation of AA retention. The remaining samples were placed in a T6060
drying oven (Heraeus, Hanau, Germany) at 105 ◦C for at least 24 h.
Subsequently, the samples were weighed using an LS 220A SCS precision
balance (Precisa, Dietikon, Switzerland). The respective weight was
used as the dry massmdry to calculate the dry basis residual moisture Xres
with Xres =

(
mMFD − mdry

)
/mdry.

2.6.3. Ascorbic acid retention
Analysis of AA retention was performed according to Ballentine

(1941). For this purpose, samples 16, 22, and 24 were ground using a
coffee grinder M 55 (Petra Deutschland, Ense, Germany) and then
classified with a sieve into particles smaller than 1 mm. A Precisa LS
220A SCS precision balance was used to weigh a sample mass corre-
sponding to 0.013 g AA in the undried state. The weighed sample was
mixed with 50 mL of double-distilled water and stirred for 30 min at 200
rpm using a PC-420D magnetic stirrer (Corning, Corning, USA). The
resulting suspension was homogenized with an ULTRA-TURRAX T 25
(IKA-Werke, Staufen im Breisgau, Germany) using an S 25 N - 18 G
dispersing tool (IKA-Werke, Staufen im Breisgau, Germany) at 5000 rpm
for 2 min. Subsequently, 2 mL of a 1 wt% starch solution (Carl Roth,
Karlsruhe, Germany), 2 mL of a 2-M potassium iodide solution (Carl
Roth, Karlsruhe, Germany), and 6 mL of 1-M sulfuric acid were added.
The mixture was stirred at 280 rpm with a magnetic stirrer, while a
0.001-M potassium iodate solution (Carl Roth, Karlsruhe, Germany) was
titrated dropwise until the equivalence point was reached. This was
reflected by a color change of the liquid to red-violet. The titration
volume was converted into the corresponding mass mAA and retention
mAA/mAA,0 of AA using the equation mAA = 3VIO−

3
cIO−

3
M̃AA. Here, VIO−

3

and cIO−
3
are the volume and molar concentration of the iodate solution,

while M̃AA is the molar mass of AA. The initial mass of AA mAA,0 was
calculated from the mass of the weighed sample and the composition of
the tylose gel. Since the potassium iodide solution is sensitive to light, it
had to be prepared immediately before the experiment and then shiel-
ded from light. The determination was done in triplicate for each
sample.

3. Results and discussion

3.1. Influence of frequency control on MFD

3.1.1. Energy
Targeted frequency application in microwave-assisted heating

increased energy efficiency, resulting in a higher average product tem-
perature (Kalinke et al., 2023). For the initial stage of MFD, targeted
frequency application was linked to increased energy efficiency (Sickert
et al., 2023a). Fig. 4a shows the energy efficiency as a function of time to
evaluate the transferability of these results to complete MFD. In all ex-
periments, energy efficiency tended to decrease during drying. Applying
6RFmax and 6RFmin yielded the highest energy efficiencies throughout
drying, averaging 64.63% and 43.62%, respectively. The 6EF and 1CF
control concepts followed in descending order with 40.12% and
37.49%, respectively. Targeted application of frequencies by real-time
adjustment throughout MFD with 6RFmax led to an absolute increase
in energy efficiency of 24.51% compared to 6EF. With 6EF, the same
number of frequencies was applied but kept constant throughout drying.

Periodic jumps in energy efficiency occurred for the control concepts
with frequency adjustment, 6RFmin and 6RFmax. The jumps occurred at
intervals of 20 min, immediately after the search for RFs. While rela-
tively small jumps are probably caused by slight frequency adjustments,
more pronounced jumps are related to applying a modified set of RFs.
The latter occurred when local maxima in energy efficiency were lost or
redetected around previously applied RFs. The replacement of previ-
ously applied RFs with different RFs of notably higher or lower energy
efficiency presumably led to the more pronounced jumps in energy
efficiency.

Fig. 4b shows the average energy efficiency as a function of dry basis
moisture to emphasize the dependence of energy efficiency on product
state. Using 6RFmax generally resulted in the highest energy efficiency
throughout MFD, particularly at a moisture content of less than 2.5 g/g.
On the other hand, the overall energy efficiency reached by 6RFmin was
similar to those of control concepts without frequency adjustment.

A comparison of 6RFmax and 6RFmin shows that RF application can
adjust the energy efficiency over a wide range throughout the drying
process. This is particularly advantageous at low moisture content to-
wards the end of drying. At this stage, energy efficiency is lowest when
constant frequencies are used in 1CF and 6EF. The particularly low
energy efficiency is probably due to the low dielectric properties of the
dried tylose gel compared to the frozen state (Sickert et al., 2023b). The

Fig. 3. Flowchart of frequency adjustment during MFD experiments in the context of process characterization.
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flexible solid-state technology may be used in further fine-tuning to
adjust the energy efficiency between the values of 6RFmin and 6RFmax
intentionally using different combinations of RFs. For example, using
the highest possible number of RFs may result in a highly uniform drying
process. Further increases in energy efficiency are also possible by
higher weighting of highly energy-efficient RFs via a more prolonged
activation of these frequencies.

Compared to the average energy efficiency of 43.6% of MFD with
6RFmin, the process with 6EF reached a similar value of 40.1%. This
corresponds to a relative deviation of 8.7%. Process duration varied
between 16.32 h for the 6RFmin process and 18.97 h for the 6EF process,
corresponding to a deviation of 14.0% (see Section 3.1.3). This
discrepancy can be explained partly by varying forward powers at
different frequencies since multiplying forward power by energy effi-
ciency gives the dissipated power. Literature shows the correlation of
the dissipated power with the heating power in microwave-assisted
heating (Wang et al., 2015) and with the drying kinetics in MFD
(Sickert et al., 2023a). Unfortunately, the SSG used delivered a
frequency-dependent forward power, contributing to different power
dissipation in the experiments. Fig. 5 shows the dissipated power
nominated to the sample weight at the start of MFD in dependence on

process time. The differences in the relative positions among the ex-
periments between Figs. 5 and 4a can be attributed to variations in
forward power during the experiments. Aside from energy efficiency,
forward power is the sole parameter influencing dissipated power (see
Section 2.3).

To further investigate the interactions among microwave parame-
ters, Table 1 lists the average specific forward power, average energy
efficiency, and average specific dissipated power for all experiments.
Both specific dissipated power and energy efficiency vary for the control
concepts. The specific forward power is comparable between 1CF and
6EF and between 6RFmin and 6RFmax. Consequently, the difference in
forward power must be considered when analyzing the impact on the
process, especially when comparing the two groups of adjusted and non-
adjusted control concepts. For instance, the different process durations
of 6RFmin and 6EF at similar energy efficiency are caused by differences
in the forward power. Despite these limitations, the apparent difference
in energy efficiency between 6RFmax and the remaining control concepts
reveals that microwave frequency influences the conversion of electro-
magnetic energy into heat, thereby affecting the drying process.

3.1.2. Sample temperature
Higher dissipated microwave power is expected to lead to increased

temperatures of the samples. Fig. 6 shows the temperature of sample 6 in
the corner of the arrangement (see Fig. 2) as a function of process time.
Sample 6 was chosen, as this sample reached the highest temperature of
samples 4, 6, and 10, as depicted in Fig. A1 in the Appendix. The pre-
sumable cause is thermal radiation from the walls of the process
chamber, as was indicated in previous work (Sickert et al., 2023a). Only
one experiment of each process is shown for the sake of clarity. Fig. A2 in
the Appendix shows the reproducibility of the temperature curves. The
samples in CFD showed the most considerable deviations among
experimental repetitions, presumably due to the varying contact area
between the slightly uneven samples and the heat exchanger. The

Fig. 4. (a) Energy efficiency as a function of process time for the applied control concepts in MFD. (b) Energy efficiency as a function of dry basis moisture. The
energy efficiency of the frequency loops in 6EF, 6RFmin, and 6RFmax was calculated as the average of the individual frequencies.

Fig. 5. Dissipated power standardized to the sample mass at the start of MFD as
a function of process time for the applied control concepts in MFD. The specific
dissipated power of the frequency loops in 6EF, 6RFmin, and 6RFmax was
calculated as the average of the individual frequencies.

Table 1
Average values of the microwave-related process parameters of all MFD exper-
iments. The parameters were averaged over all frequencies and the entire pro-
cess time.

Control
Concept

Average Specific
Forward Power
Pf ,s,proc/W/g

Average Energy
Efficiency ηproc/%

Average Specific
Dissipated Power
Pd,s,proc/W/g

1CF 0.135; 0.137; 0.143 37.1; 37.6; 37.7 0.050; 0.052; 0.054
6EF 0.126; 0.133; 0.140 39.6; 40.8; 40.1 0.052; 0.057; 0.059
6RFmin 0.173; 0.188 43.3; 44.0 0.073; 0.079
6RFmax 0.181; 0.180 64.9; 64.3 0.112; 0.109

T. Kaysan et al.
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temperature curves are typical for MFD (Ambros et al., 2018; Härdter
et al., 2023). The temperature initially increases relatively quickly as
soon as microwave power is applied. A phase of slowly increasing
temperature follows due to the energy required to supply the latent
enthalpy of sublimation. After that, the rate of temperature change in-
creases, as the decreasing sublimation requires less energy before the
dry samples reach an equilibrium temperature. In this state, the dissi-
pated microwave power and heat losses due to thermal radiation and
conduction are approximately equivalent.

Periodic temperature jumps were observed when the frequencies
were adjusted in 6RFmin or 6RFmax, mirroring the observed jumps in
energy efficiency. Therefore, the increase in energy efficiency led to a
higher power loss inside the samples – the power was not just dissipated
elsewhere, e.g., in the coaxial cable or as wall losses.

The dissipated power, standardized to the mass of the samples at the
start of MFD and averaged over the respective experiments, increases in
the order of 1CF, 6EF, 6RFmin, and 6RFmax and amounts to 0.052 W/g,
0.056 W/g, 0.076 W/g, and 0.111 W/g, respectively. Following expec-
tations, higher specific power dissipation correlated with higher product
temperature throughout MFD, as shown in Fig. 6. The maximum sample
temperatures of all MFD experiments were 23.7 ◦C, 29.0 ◦C, 33.6 ◦C, and
43.8 ◦C for 1CF, 6EF, 6RFmin, and 6RFmax, respectively. Hence,
maximum temperature is also correlated with specific dissipated power.
However, the maximum temperature occurred in the final phase of MFD
in all experiments. Therefore, it is expected only to be influenced by the
power dissipation at this stage. The maximum temperature for CFD was
44.0 ◦C, slightly higher than the 43.8 ◦C for MFD with 6RFmax. Thus,
heat-sensitive products can be treated with both CFD and MFD due to a
similar temperature stress. Final drying at lower temperatures becomes
feasible when the specific dissipated power is reduced at this stage, as
evidenced by the behavior observed with the other MFD control
concepts.

3.1.3. Drying kinetics
An increase in power dissipation is expected to result in higher

drying rates during MFD, as observed for its initial stage (Sickert et al.,
2023a). The assumption underlying this dependence is that the process
is at least partly limited by heat transfer. Fig. 7 illustrates the drying rate
normalized to the dry mass of the samples over time. All kinetics show
the highest drying rate in the initial stages, followed by a decline over

process time. This drying kinetics behavior is qualitatively consistent
with the MFD of banana slices (Jiang et al., 2013) and lactic acid bac-
teria (Ambros et al., 2018).

As expected, 6RFmax shows the highest drying rates, as it is the
process with the highest average specific dissipated power (see Table 1).
The dotted lines in Fig. 7 indicate the process duration at which MFD
and CFD termination criteria were met. Completion of CFD took 15.41 h
on average. The only MFD process with a shorter duration was 6RFmax at
11.68 h. 1CF, 6EF, and 6RFmin resulted in longer durations of 24.47 h,
18.97 h, and 16.32 h, respectively. Consequently, 6RFmax reduced pro-
cess time by 24.2% compared to CFD and 38.4% compared to 6EF,
where the same number of frequencies was applied but kept constant
throughout drying. Thus, MFD was successfully intensified via fre-
quency modulation to reach drying times below the benchmark process
of CFD.

The periodic jumps in drying rate for 6RFmax and 6RFmin indicate
that the increased energy efficiency with each frequency adjustment
directly translated into an increase in mass transfer. The relationship
between energy efficiency, product temperature, and drying rate based
on the reoccurring fluctuations of all three parameters with frequency
adjustment every 20 min is apparent. In the literature, higher sample
temperatures in MFD can also be associated with a higher drying rate
(Ambros et al., 2018).

3.2. Influence of frequency control on product properties

3.2.1. Structure
Previous work on partial MFD revealed structural impairments in

some samples (Sickert et al., 2023a). Complete MFD in this work led to
the same effect in several samples. Fig. 8a shows tomographic images of
exemplary samples with and without structural impairment. In the
following, these are referred to as intact and puffed. The term puffed in
this context refers to the inner structure of the samples. The sample
volume is not influenced by puffing. The intact sample shows the typical
lamellar structure of a freeze-dried product, as detected in carrots
(Siebert et al., 2020). The same lamellar structure is visible in the outer
layer of the puffed sample. In contrast, the interior of the puffed sample
is characterized by relatively large pores with optically dense structures
in between, typical of puffed products, e.g., puffed rice (Gulati and

Fig. 6. Temperature of sample 6 as a function of process time for MFD and CFD
experiments. One experiment is shown for each process. The solid lines mark
the temperatures measured inside the samples. The dash-dotted line marks the
thermostat temperature in CFD.

Fig. 7. Drying rate standardized to the dry mass of the samples as a function of
the process time of MFD for the applied frequency-based control concepts.
Dashed lines mark the average duration of the drying process for MFD and CFD,
while solid lines in the corresponding colors show the respective dry-
ing kinetics.

T. Kaysan et al.



Journal of Food Engineering 383 (2024) 112221

7

Datta, 2016). Fig. 8b displays a 3D segment of the puffed sample,
illustrating the structural variances within the sample.

The puffed structure is probably caused by the melting of frozen
water in individual samples due to high dissipated microwave power
during MFD. The emergence of liquid water leads to even higher dissi-
pated power in the samples since it has relatively high dielectric prop-
erties compared to ice. This effect is reflected by the jump in energy
efficiency during one MFD experiment with 1CF at a moisture content of
about 2.5 g/g, possibly due to a melted sample (see Fig. 4b). Accord-
ingly, the drying rate in this experiment increased (see Fig. 7) and
puffing with 1CF occurred only in this experiment. The resulting in-
crease in vapor pressure inside the sample probably caused the forma-
tion of the large pores. The same principle of sudden evaporation and
expansion of water inside the material is used in explosion puffing
drying, which results in a similar structure (Zou et al., 2013). In the
present work, the freeze-dried outer layer was too rigid to be affected by
the pressure gradient. Consequently, the volume was not increased.
Only the structure of the inner thawed layer was affected before the
vapor could escape and drying progressed.

The ratios of puffed samples from CFD and MFD are shown in
Table 2. There was no puffing in CFD, whereas puffing occurred in at
least one MFD experiment for each control concept. Drying with 6RFmax
resulted in the highest average puffed sample ratio of 10.4%, with
puffing occurring in every experiment. The results are consistent with
the proposed mechanism for puffing, as 6RFmax also exhibits the highest
average dissipated specific power (see Table 1). The puffing of the
samples was reduced when RFs with lower energy efficiency were
applied in 6RFmin. Puffingmay also be reduced by varying the weights of
individual frequencies applied or reducing the microwave power.
However, these measures are likely to involve trade-offs regarding
process performance.

3.2.2. Residual moisture
If similar air humidity is assumed, all samples should have similar

residual moisture content after drying. Fig. 9 provides an overview of
the dry basis residual moisture for the individual samples from all FD
processes. The residual moisture of all samples is below 0.020 g/g except
for one sample from 6EF, in which moisture is 0.029 g/g. The residual

moisture ranges without statistical outlieres are relatively similar for all
processes, ranging from 0.005 g/g to 0.012 g/g with 6RFmax up to 0.004
g/g to 0.018 g/g with 1CF. The overlaps in the ranges of all processes
indicate similar product stabilities for samples processed with CFD and
MFD. The obtained values of residual moisture are comparable to those
in the literature. These are dry basis residual moistures for CFD of
strawberries of minimally 0.00 g/g to 0.01 g/g (Shishehgarha et al.,
2002), around 0.05 g/g for MFD of apple chips (Huang et al., 2011),
approximately 0.005 g/g to 0.025 g/g for MFD of various pharmaceu-
tical model formulations (Härdter et al., 2023), and the targeted value of
0.048 g/g for starter cultures (Ambros et al., 2018).

Even though there are no notable differences in residual moisture
among the control concepts, there seem to be deviations between the
experiments for individual control concepts. These deviations are
particularly apparent for 1CF, where the residual moistures of two ex-
periments are clustered around 0.013 g/g and the residual moistures of
the third experiment are clustered around 0.005 g/g. The accumulations
might be caused by air humidity fluctuations or puffing in the experi-
ment with lower residual moisture. However, the residual moisture of
puffed samples did not systematically deviate from the values of intact
samples, as observed in the samples from 6RFmax. Only one puffed
sample at 6EF shows a much higher residual moisture than its intact
counterparts.

Fig. 8. (a) Tomographic images of dried tylose gel samples in the intact and puffed state. (b) Segment from the 3D reconstruction of a puffed tylose gel sample.

Table 2
Ratio and average ratio of puffed samples of all FD experiments. One occurrence
of puffing in 24 samples corresponds to a puffed sample ratio of approximately
4.2%.

Process CFD MFD
1CF

MFD
6EF

MFD
6RFmin

MFD
6RFmax

Puffed Sample Ratio
y/%

0.0;
0.0; 0.0

0.0; 8.3;
0.0

0.0; 4.2;
0.0

8.3; 4.2 12.5; 8.3

Average Puffed
Sample Ratio y/%

0.0 2.8 1.4 4.2 10.4

Fig. 9. Dry basis residual moisture of samples from CFD and MFD with the
applied control concepts. The samples of each experiment within the various
processes are shown in a different shade of gray.
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3.2.3. Ascorbic acid retention
Higher product temperature could decrease AA content, as AA is a

typical heat-sensitive nutrient (Saguy et al., 1978). Fig. 10 depicts the
AA retention in samples 16, 22, and 24 of all drying processes. All AA
retentions of MFD are in the range of 86.4% to 99.3%, with most values
lying above 90%. CFD shows an AA retention of 88.1% to 94.8%. The
ranges of the MFD processes overlap with the CFD range. The only
exception is the control concept 1CF, which shows a higher retention of
96.0% to 98.1%. Thus, all MFD processes exhibit high AA retention,
comparable to or higher than the retention with CFD. The scattering of
AA retention seems to be higher in the individual experimental setups of
MFD and CFD than among them. The expected correlation of lower AA
retention with higher product temperature was not observed. The
detected AA retentions are in a range similar to the values in the liter-
ature. AA retentions of approximately 65% to 85% were observed for
CFD and MFD of foamed raspberry puree with different formulations at
microwave power levels from 1.0 W/g to 2.0 W/g at 0.1 mbar and 30 ◦C
maximum product temperature (Ozcelik et al., 2019). Unblanched po-
tato slices dried at 1.0 mbar showed AA retentions of about 92.5% for
CFD at a shelf temperature of 55 ◦C and 94.4% for MFD with a micro-
wave power of 1.6 W/g (Wang et al., 2010). In contrast, CFD with a
maximum product temperature of 55 ◦C had a notably higher AA
retention of 80.3% than the 43.7% observed for MFD with 2 W/g, both
at 1.0 mbar (Jiang et al., 2014). These results indicate local overheating
during MFD, as observed for foamed raspberry puree at 2 W/g micro-
wave power (Ozcelik et al., 2019).

Regarding the degradation pathway, AA can react reversibly with
oxygen to dehydroascorbic acid, which degrades irreversibly to 2,3-
diketogulonic acid, followed by further degradation (Szultka et al.,
2014). An investigation of the effect of oxygen concentration on the
degradation kinetics of AA in malate buffer revealed no influence at
temperatures of 50 ◦C and 60 ◦C (Gómez Ruiz et al., 2018). At tem-
peratures of 70 ◦C to 90 ◦C, however, higher degradation rates were
detected with increasing oxygen concentration. These results underline
the product-friendly nature of all FD processes investigated with a
product temperature below 44.0 ◦C (compare Section 3.1.2) and the
exclusion of oxygen at 0.5 mbar.

3.3. Limitations and future work

The forward power of the SSG was, unfortunately, frequency-
dependent. As a result, the forward power could not be kept constant

among the control concepts. The variations in forward power were
corrected by considering the dissipated power. In future experiments,
the forward power should be controlled precisely via a feedback control
based on the power emitted to enable direct comparison of all experi-
ments. An additional limitation is the application of different termina-
tion criteria for MFD and CFD. While the termination criterion of MFD is
based on the weight of the samples, CFD is terminated when all samples
have reached their temperature plateau. The solution would be to apply
the same termination criterion to both processes, e.g., by means of a
comparative pressure measurement (Patel et al., 2010). Note that the
temperature measured inside the samples is not the sublimation tem-
perature because a dried layer forms between the fiber optic tempera-
ture sensor and the sublimation front during MFD. To evaluate the
temperature stresses in more detail, the literature suggests combining
the use of marker substances with thermal imaging (Kalinke and Kulo-
zik, 2023).

Regarding product analysis, it must be noted that handling the hy-
groscopic samples at varying humidity could have influenced the re-
sidual moisture. Additionally, the equivalence points for AA retention
were detected by visual perception rather than by more precise auto-
mated methods and the experimental procedure lasted several hours,
which may have caused degradation of AA during the measurements.

Process control strategies based on the control concepts investigated
should be transferred to industry-relevant products in future work. The
most promising control strategy seems to be the application of RFs with
real-time adjustment. In preliminary MFD experiments with potatoes,
puffing did not occur under process conditions similar to those in this
work. These results suggest that tylose gel might be especially prone to
puffing due to the rigid outer layer formed during MFD. Moreover, the
investigated control concepts could be refined to shorten the process
time or prevent puffing. This might be achieved by using more elaborate
algorithms, such as genetic algorithms, or the combination with addi-
tional sensor data, like a frequency control based on the recorded
product temperature or weight. Future work could also involve incor-
porating multiple SSGs in the MFD system, enabling the investigation of
microwave application with phase shift or simultaneous use of multiple
frequencies. Scaling up MFD is another interesting line of work to
investigate its competitiveness with CFD and tackle a major challenge to
its industrial application. Additionally, hybrid freeze-drying, where
energy input from microwaves is combined with conventional heat
transfer, could be explored experimentally. This combination could lead
to synergistic effects between rapid microwave heating and compensa-
tory thermal heat transfer that cools the samples when their temperature
rises above the shelf temperature. Lastly, the underlying control stra-
tegies could be transferred to other microwave-assisted processes like
heating or defrosting.

4. Conclusions

The present work demonstrates the advantages of frequency
adjustment during drying for MFD based on feedback related to product
state. The application of multiple energy-efficient RFs in the 6RFmax
control concept resulted in an average energy efficiency of the conver-
sion of electromagnetic energy into heat of 64.63%, which was an in-
crease by an absolute value of 24.51% compared to the application of
constant frequencies with 6EF. The highest temperature recorded
among all MFD experiments, at 43.8 ◦C, was comparable to the
maximum temperature of 44.0 ◦C in CFD. The specific forward power in
the MFD experiments was frequency-dependent. Therefore, it varied
among the control concepts. Nevertheless, the maximum energy effi-
ciency for 6RFmax corresponded to the highest average specific dissi-
pated power and, consequently, to the highest drying rate. These process
conditions caused a process duration of 11.68 h for MFD with 6RFmax, a
reduction of 24.2% compared to CFD and 38.4% compared to MFD with
6EF. The effects of frequency adjustment on energy efficiency, product
temperature, and drying rate were reflected by fluctuations of the

Fig. 10. Ascorbic acid retention of samples 16, 22, and 24 from the conducted
experiments in MFD and CFD. The samples of each experiment within the
various processes are shown in a different shade of gray.

T. Kaysan et al.



Journal of Food Engineering 383 (2024) 112221

9

parameters when RFs were adjusted every 20 min.
Similar residual moisture contents and AA retentions compared to

CFD were obtained with all MFD control concepts. The product prop-
erties fell within the typical range observed for FD of food products, with
dry basis residual moisture ranging from 0.002 g/g to 0.029 g/g and AA
retention ranging from 86.4% to 99.3%. Structural impairment due to
puffing was observed for MFD with all control concepts and affected up
to 10.4% of the samples. The number of puffed samples could be reduced
by applying frequencies with lower energy efficiency or reducing mi-
crowave power. In contrast, no puffing occurred during CFD.
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