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Prologue
This compilation testifies to a highly successful and productive international collaboration
between Professor Min Zhang and Professor Arun S. Mujumdar that has lasted over two
decades and continues unabated even today.
Originally the joint effort focused on drying but quickly expanded to include several food
processing operations as well. It is noteworthy that most of the research has potential industry
applications as well.
This compilation is produced in the hope of making the outcomes easily accessible to
academics and industry around the globe. I hope that it will also encourage and inspire more
networking and collaborative effort for the benefit of researchers and societies at large.

Shivanand S. Shirkole
ICT Bhubaneshwar, India
August 31, 2021

Foreword by Professor Min Zhang

Time flies. In the blink of an eye, the collaboration in food drying area between Professor Arun
Mujumdar and my group has continued without interruption for over 19 years. As I take look
back in time for this unique ebook, many pleasant memories and milestones achieved in our
joint journey of international cooperation reappear in my mind. In Feb. 2002, but seems like
yesterday, Professor Mujumdar and his wife Purnima, were invited to visit my team from
Singapore; this was his first visit to Jiangnan University in Wuxi. Since then, Professor
Mujumdar has been conferred by Jiangnan University with the esteemed title of Honorary
Visiting Professor and PhD student co-supervisor. Over the past 19 years, more than 30
PhD/masters students and post-doctoral fellows have completed their research projects under
our co-supervision. We also co-published over 140 research articles in more than 10
international SCI journals as well as 4 book chapters. In addition, he actively participated in
our University-Industry collaborative research and regularly visited our industrial leading
partners such as Haitong Food Group, Luhua Group, Golden Monkey Food Group etc. He
kindly contributed his knowledge and experience on efficient energy saving drying, and
provided invaluable suggestions/ recommendations on solving technical problems in food
drying processes. As a result of our highly efficient collaboration, we had a number of highquality impactful outputs published in peer-reviewed open literature. My food drying team at
Jiangnan University also benefits a lot from this collaboration and we are now positioned at
the frontier of the international food drying as well as processing research.
This is truly a win-win international collaboration. By working with China’s top-level
university in Food Science and Technology, Jiangnan University, Prof. Mujumdar has
contributed jointly with my team to pioneering research of high-quality food drying and
processing, which focuses on the food quality including color, flavor, taste, nutritional value

etc. Through our efficient collaboration and major achievements, he has been awarded several
provincial and national level prestigious awards in China. In 2019, he was named an Overseas
Famous Teacher by the Ministry of Education of China. The achievements of our collaboration
in international cooperation have been widely recognized and are useful for academia as well
as industry. The numerous researchers who obtained their doctoral degrees in our group are
now contributing their expertise to academia and industry.
Prof. Mujumdar is a world-renowned professor and outstanding expert in drying science and
technology. As an older generation senior academic, he is humble and polite, and has a gentle
character. To him, I am a younger academic; I gained tremendous support and selfless help
from him. I receive numerous mail and emails from him regularly every year, and I am always
fortunate to receive his insightful and brilliant original ideas and internationally relevant
information on cutting-edge technologies. However, he is very strict and serious in his
academic research work. He carefully checked almost every word of our co-publications and
reviewed them again and again, if needed. I am really impressed by his attitude of pursuing
excellence.
Professor Mujumdar is not only an academic “machine”, but also a scholar with artistic talent.
He has drawn a number of Chinese watercolors in recent years. His paintings are full of spirit
and express the harmony between man and nature. I was fortunate enough to have received
many of these electronic versions of his painting. I am always lost in wonder when I view these
artworks.
I also express my sincere appreciation to the more than 100 members of my food drying
research team and the numerous collaborative partners from industry who have participated
and are currently active in my research team. Today’s achievements of our group are rightfully
attributed to the continuous contribution of their wisdom, effort, hard work and dedication.
How fortunate that we have chosen to initiate our research cooperation two decades ago! I
sincerely look forward to even more impactful new successes in coming years!
Professor Min Zhang
Jiangnan University, Wuxi, China
August 31, 2021

Foreword by Professor Arun S. Mujumdar

My scientific collaboration with academia in China started in 1984 and has been continuing
without break until now. It expanded to several universities in China over the years.
I always believed in networking and the need for multidisciplinary collaboration to carry out
research particularly in the area of drying science, engineering and technology. When I
established in 1978 the biennial symposium series widely known by the acronym IDS- which
stands for International Drying Symposium - it was clear to me that there wasn’t the necessary
critical mass of researchers in any one country to make it a success. In fact, the first IDS
attracted participants from twenty countries. Later events had attendees from as many as 50
countries showing the global reach of the series. This is true of Drying Technology as well. We
have published articles from about one hundred countries over the years. Currently researchers
from China make the most contribution to the journal.
Although I have actively collaborated and published peer reviewed papers with researchers in
at least twenty countries, in recent decades the output from universities in China has been the
most prolific. Indeed, bulk of this has resulted from a highly productive cooperation with
Professor Min Zhang of Jiangnan University. This collaboration started with focus on drying
of foods but then expanded to diverse themes in food preservation and processing with
significant industrial participation. More recent work has included works on 3D and 4D
printing and intelligent drying. The list of papers included here attests to the diversity of topics
and their industry relevance. Sustainability and food security are issues that are covered where
relevant.
I want to record my sincere appreciation for the opportunity to work jointly with Professor
Zhang’s research group. It has been an important learning experience for me. I also want to

thank him and Jiangnan University for the superb hospitality which made my visits and stays
in Wuxi truly memorable.

Professor Arun S. Mujumdar
McGill University, Canada
August 31, 2021

“If I were a flower… I would be a sunflower. To always follow the sun, turn
my back to darkness, stand proud, tall and straight even with my head full
of seeds.” – Pam Stewart
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2021,

39,

1135,

DOI:

10.1080/07373937.2021.1940534.
[2]

Zhang, L.; Zhang, M.; Mujumdar, A. S., Development of flavor during drying and
applications of edible mushrooms: A review. Drying Technology, 2021, 39, 1685-1703,
DOI: 10.1080/07373937.2021.1875231.
Edible mushrooms are rich in nutrition and have strong aroma as well as delicious umami
taste. The flavor is not only the main indicator for evaluating the quality of edible
mushrooms, but also an important factor influencing consumer preference. Thermal drying
prolongs the shelf life of edible mushrooms, but it also causes modification of the flavorcontaining components so that dried mushrooms show different flavor characteristics from
those of fresh ones. As expected, different drying methods as operating conditions have
important impact on product flavor. This paper discussed the formation pathways of the
numerous flavor-containing compounds in foods; these include Maillard reaction, lipid
oxidation and degradation, protein hydrolysis and Strecker degradation, as well as the main
enzyme activity in aroma synthesis pathway. A comparison is presented of the effects of
different drying conditions on flavor substances. The application prospects and possible
development of more effective drying technology to ensure better retention of flavor in dried
mushrooms so as to provide reference for the further research in production of high quality
dried edible mushrooms. © 2021 Taylor & Francis Group, LLC.

[3]

Zhang, L.; Zhang, M.; Mujumdar, A. S., Terahertz Spectroscopy: A Powerful Technique
for

Food

Drying

Research.

Food

Reviews

International,

2021,

DOI:

10.1080/87559129.2021.1936004.
Due to its major advantages such as broadband capability, coherence, low photon energy,
water absorption characteristics, high penetration ability and fingerprint spectrum, terahertz
time domain spectroscopy (THz-TDS) is being applied extensively in the field of food
science and technology. The application of terahertz is a promising technology for monitor
and detection of chemical components during drying foods. In this paper, a concise overview
of the important features of THz spectrum and imaging are described. In addition, the latest
advances in the application of THz technology to monitor the variation of water content
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during drying along with the possibility for quantitative detection of sugar, protein, amino
acid and foreign-objects are summarized. Also, potential problems and limitations in the
application of terahertz technology are summarized for further development. © 2021 Taylor
& Francis.
[4]

Zhang, L.; Zhang, M.; Mujumdar, A. S., Technological innovations or advancement in
detecting frozen and thawed meat quality: A review. Critical Reviews in Food Science and
Nutrition, 2021, DOI: 10.1080/10408398.2021.1964434.
Frozen storage is one of the main storage methods for meat products. Freezing and thawing
processes are important factors affecting the quality of stored foods. Deterioration of texture,
denaturation of protein, decline of water holding capacity etc. are among the major quality
issues during freezing that must be addressed. A number of advanced technologies are now
available to detect the quality changes that can occur during freezing and/or thawing. This
paper presents an overview of the techniques commonly used for the detection of meat
product quality; these include: advanced microscopy, molecular sensory science and
technology, nuclear magnetic resonance, hyperspectral technology, near infrared
spectroscopy, Raman spectroscopy etc. These direct and indirect measurement techniques
can characterize the quality of meat product from many different angles. The objective of
this review is to provide an in-depth understanding of possible quality changes in meat
products during freezing and thawing cycle so as to improve the quality of frozen and thawed
meat products in industrial practice. © 2021 Taylor & Francis Group, LLC.

[5]

Xu, K.; Zhang, M.; Mujumdar, A. S.; Liu, Y., A novel two-step process to produce highquality basil flavoured chicken powder: Effect of ultrasonication followed by microwave
vacuum and hot air drying. Flavour and Fragrance Journal, 2021, 36, 323-331, DOI:
10.1002/ffj.3644.
The objective of this experimental investigation was to develop a novel two-step process for
production of high-quality chicken powder infused with basil. The first step consists of
ultrasonication of an aqueous chicken pieces mixed with chopped basil leaves to enhance
extraction of basil flavour and also pretreat the chicken microstructure to intensify the drying
kinetics in the second step. The drying was carried out using microwave vacuum followed
by hot air. The results showed that the drying time of chicken was the shortest (110 minutes)
after US 40 minutes. In terms of product quality, the best rehydration (136.18%), the lowest
hygroscopicity (3.84%) and the best colour of basil chicken powder were obtained after US
40 minutes. In the aspect of flavour addition, the content of linalool, estragole and eucalyptol
in the chicken powder treated by US 40 minutes was the highest, and these three compounds
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were the main flavour substances of basil. At the same time, the content of some substances
with bad smell, such as benzaldehyde, was greatly reduced after adding basil flavour. The
overall quality of chicken powder produced by this novel process was found to be superior
to that of commercially available spray-dried chicken powder. © 2020 John Wiley & Sons
Ltd.
[6]

Xu, K.; Zhang, M.; Ju, R.; Mujumdar, A. S.; Liu, Y., Effect of different drying methods
on the characteristics of chicken powder added with basil during storage. Drying
Technology, 2021, 39, 1251-1260, DOI: 10.1080/07373937.2021.1908344.
Basil was used as a source of flavor components and antioxidants to prepare new chicken
powder products to improve flavor and shelf life. Microwave vacuum drying (MVD), radio
frequency drying (RFD), and hot air drying (HAD) were used to compare the product
characteristics and storage. GCMS, electronic nose, and electronic tongue were used to
assess effect of three different drying methods on powder flavor and taste. The results
showed that MVD basil chicken powder had the most abundant flavor. At the same time,
MVD basil chicken powder also had good stability, the lowest hygroscopicity during storage
period, followed by RFD and HAD. This was due to the change of the physical properties
of samples and the secondary structure of protein. In addition, MVD had a convinced
protective result on antioxidant components in basil chicken powder during storage period.
The results showed that MVD had positive effects on maintaining the rich flavor, good
physicochemical properties, and antioxidant activity of basil chicken powder during shelf
life. © 2021 Taylor & Francis Group, LLC.

[7]

Teng, X.; Zhang, M.; Mujumdar, A. S., 4D printing: Recent advances and proposals in
the food sector. Trends in Food Science and Technology, 2021, 110, 349-363, DOI:
10.1016/j.tifs.2021.01.076.
Background: 4D printing technology has attracted extensive attention in academic and
industrial circles since 2013 although commercialization still requires additional research
and development. 4D food printing is an extension of 3D printing, which permits
customization of new food products. Compared with aerospace, automobile, robotics,
biomedicine and materials etc, there are few reviews on 4D food printing. Scope and
approach: This review shows recent advances in 4D printing technology applied to foods.
To adapt current 4D printing technology to foods it is necessary to improve the extrusion
printer and develop the necessary software. Aspects of recombination of different food
materials and reasons of alterations in color, shape, flavor and nutrition via 4D food printing
are discussed critically. The key to the success of 4D food printing and diverse solutions to
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the corresponding problems are outlined and analyzed. Future prospects for 4D food printing
technology are discussed along with research and development needs. Key findings and
conclusions: At present, 4D food printing experiment is mainly based on soy protein isolate,
starch and hydrogels and is realized through material properties, internal structural design
and spatial arrangement of recombined food materials. The stimulation factors responsible
for causing alteration of 3D printed products include pH, water absorption, microwave and
temperature, resulting in deformation, modification of color, flavor and nutritional value. It
is noteworthy that 4D food printing is still at research stage. There are opportunities for
enhancement in the link between internal structure and stimulation, design of the printer,
printing software, printing materials as well as evaluation of the properties of the printed
foods. © 2021 Elsevier Ltd.
[8]

Sun, Y.; Zhang, M.; Mujumdar, A. S.; Yu, D., Pulse-spouted microwave freeze drying of
raspberry: Control of moisture using ANN model aided by LF-NMR. Journal of Food
Engineering, 2021, 292, DOI: 10.1016/j.jfoodeng.2020.110354.
To achieve intelligent control of the drying terminal point in pulse-spouting microwave
freeze drying (PSMFD) of raspberries, low-field nuclear magnetic resonance (LF-NMR)
was used to monitor the moisture status and moisture content changes during drying. As
expected, three states of water were observed: bound water, immobile water and free water
(around 18, 187, and 1304 ). From the T2 spectrum, the bound water content was observed
not to change significantly (p &gt; 0.05), while its proportion gradually increased, and the
contents of non-flowing water and free water decreased significantly (p &lt; 0.05). Statistical
analysis of moisture content at drying end points showed that PSMFD (RSD value 16.21%)
could improve the drying uniformity compared with microwave freeze drying (RSD value
32.87%), magnetic resonance imaging and infrared thermal imaging tests showed that
PSMFD raspberries lose water both inside and outside. The intelligent control models (PLS
and BP-ANN) for the drying end-point were established based on LF-NMR measurements
and the prediction performance was compared. The correlation coefficient R2 of the BPANN model after training was 0.9955 with RMSE 0.0211, which had well fitted and had a
strong approximation ability. © 2020 Elsevier Ltd.

[9]

Sun, Q.; Zhang, M.; Mujumdar, A. S., Evaluation of potential application of artificial
intelligent control aided by LF-NMR in drying of carrot as model material. Drying
Technology, 2021, 39, 1149-1157, DOI: 10.1080/07373937.2020.1743999.
As a new sensing technology for rapid nondestructive detection, low field nuclear magnetic
resonance technology (LF-NMR) is being widely applied in many fields of food science and
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technology. The purpose of this study was to evaluate the potential of the LF-NMR
technique to detect in the endpoint in drying off carrots as a model food material. Taking
relative standard deviation (RSD) as the evaluation index, the research examined the effect
of sample quantity and moisture content (MC) on the precision of detection. The results
showed that adjusting the number of scans (NS) during drying and sample quantity can help
improve the detection performance of LF-NMR. The MC level of 20% was observed to be
the key point for adjustment of the detection parameter while the sample quantity at the
drying endpoint is recommended to be 1.0-1.5g to achieve good precision. © 2020 Taylor
& Francis Group, LLC.
[10]

Shi, H.; Zhang, M.; Mujumdar, A. S.; Xu, J.; Wang, W., Influence of drying methods on
the drying kinetics, bioactive compounds and flavor of solid-state fermented okara.
Drying Technology, 2021, 39, 644-654, DOI: 10.1080/07373937.2019.1702051.
Solid-state fermented Omar’s was dried using microwave vacuum drying (MVD) and
infrared freeze-drying (IFD). Hot air drying (AD) and traditional vacuum freeze-drying (FD)
were used as controls. The effects of different drying methods on the drying kinetics,
physicochemical properties (such as water retention capacity, oil retention capacity,
swelling capacity, solubility, color), bioactive compounds (total phenols, soybean
isoflavones, antioxidant activity) and flavor of solid-state fermented okara were studied. The
results show that compared with AD, MVD required 86.2% less drying time and 62.2%
lower energy while the fermented okara powder produced by MVD had better
physicochemical properties and higher content of bioactive compounds. In terms of
physicochemical and functional properties, IFD was close to FD, but it reduced drying time
by 13.9% and energy consumption by 29.4%. As for flavor, MVD and IFD products were
closer to fresh solid-state fermented okara. © 2019 Taylor & Francis Group, LLC.

[11]

Qiu, L.; Zhang, M.; Mujumdar, A. S.; Chang, L., Effect of edible rose (Rosa rugosa cv.
Plena) flower extract addition on the physicochemical, rheological, functional and
sensory

properties

of

set-type

yogurt.

Food

Bioscience,

2021,

43,

DOI:

10.1016/j.fbio.2021.101249.
Edible rose (Rosa rugosa cv. Plena) flower is known to have health-promoting benefits due
to its content of bioactive substances. In this study, a functional yogurt fortified with Rosa
rugosa cv. Plena extract (RPE) was prepared and its physicochemical, rheological, and
functional properties during storage were determined. In addition, E-nose, E-tongue, sensory
analysis, and microstructure observation of the fortified yogurt samples were carried out on
the first day of storage. Results showed that incorporation of RPE in yogurt increases the
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pH, water holding capacity (WHC), a* and b* values, total phenolic content (TPC),
antioxidant capacity, α-Amylase and α-Glucosidase inhibitions, and proteolytic activity of
yogurts, whereas a decrease occurs in lightness, titratable acidity (TA), and syneresis of
yogurts. RPE also affected the viscoelasticy, flavor, taste, microstructure and sensory
properties of the samples. Furthermore, yogurt containing 0.1% RPE exhibited the highest
sensory scores as well as the best viscoelastic properties and flavor attributes. During
storage, reduction occurs in pH, syneresis, lightness, TPC and DPPH radical scavenging
ability. The values of other attributes of the fortified yogurt improve with extended storage
period. Finally, 0.1% RPE has the potential to develop a functional yogurt with improved
physicochemical, rheological, functional and sensory properties compared to plain yogurt.
© 2021 Elsevier Ltd.
[12]

Luan, C.; Zhang, M.; Mujumdar, A. S.; Liu, Y., Influence of pulse-spouted infrared
freeze drying on nutrition, flavor, and application of horseradish. Drying Technology,
2021, 39, 1165-1175, DOI: 10.1080/07373937.2020.1810698.
Horseradish is a herb with a special pungent flavor. The objective of this research is to
examine the effect of pulse-spouted infrared freeze drying (PSIRFD) on the nutritional
value, flavor and application of horseradish. Several key product quality parameters were
compared with those of samples dried by hot air drying (HAD), infrared-assisted hot-air
drying (IRHAD), and freeze drying (FD). PSIRFD samples displayed similar color to that
of the freeze dried samples. FD sample had higher total phenolics content (TPC; 22.71 mg
GAE/g) as well as ascorbic acid content (4.32 mg/100 g). The content of isothiocyanates
(ITCs) was the highest in PSIRFD samples, accounting for 97.44% of the total volatile
compounds. PSIRFD can not only retain good flavor and taste, but also reduce the drying
time and energy consumption. Horseradish paste made from PSIRFD samples was observed
to possess the best DPPH scavenging ability, mellow taste, and higher viscosity. © 2020
Taylor & Francis Group, LLC.

[13]

Liu, W.; Zhang, M.; Mujumdar, A. S.; Chitrakar, B.; Yu, D., Effects of chitosan coating
on freeze-drying of blueberry enhanced by ultrasound pre-treatment in sodium
bicarbonate medium. International Journal of Biological Macromolecules, 2021, 181,
631-643, DOI: 10.1016/j.ijbiomac.2021.03.172.
Sodium bicarbonate medium ultrasound pre-treatment can enhance the freeze-drying
process of blueberries, but the quality of dried products cannot meet the actual production
needs. To yield higher quality products, chitosan coating was applied in blueberry sodium
bicarbonate medium ultrasound pre-treatment enhanced freeze-drying process. The
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improvement effect of different chitosan coating methodologies on the procedure of
blueberry freeze-drying, enhanced by ultrasound pre-treatment in sodium bicarbonate
medium, was investigated. These include: chitosan solution soaking alone (CH-A), chitosan
medium ultrasound treatment (US-CH), first sodium bicarbonate medium ultrasound
treatment then chitosan solution soaking (US-NaHCO3 + CH) and first sodium bicarbonate
soaking followed by chitosan medium ultrasound treatment (NaHCO3 + US-CH). While the
treatments that presoaking in sodium bicarbonate solution (NaHCO3-A), water medium
ultrasound treatment (US-W) and sodium bicarbonate medium ultrasound treatment (USNaHCO3) were used as the control groups. Results demonstrated that ultrasound treatment
and sodium bicarbonate soaking have positive effect on improving the freeze-drying
characteristics of blueberries, while chitosan coating has a negative effect. Chitosan coating
has a significant effect on strengthening limit effect of blueberry skin on juice overflow and
weakening moisture absorption capacity of dried blueberry. US-NaHCO3 + CH
pretreatment yielded the best results for blueberry freeze-drying. © 2021 Elsevier B.V.
[14]

Jiang, Q.; Zhang, M.; Mujumdar, A. S., Novel evaluation technology for the demand
characteristics of 3D food printing materials: a review. Critical Reviews in Food Science
and Nutrition, 2021, DOI: 10.1080/10408398.2021.1878099.
As a recently developed way of food manufacturing–3D printing–is bringing about a
revolution in the food industry. Rheological and mechanical properties of food material
being printed are the determinants of their printability. Therefore, it is important to analyze
the requirements of different 3D printing technologies on material properties and to evaluate
the performance of the printed materials. In this review, the printing characteristics and
classification of food materials are discussed. The four commonly used 3D printing
techniques e.g. extrusion-based printing, selective sintering printing (SLS), binder jetting,
and inkjet printing, are outlined along with suitable material characteristics required for each
printing technique. Finally, recent technologies for evaluation of 3D printed products
including low field nuclear magnetic resonance (LF-NMR), computer numerical simulation,
applied reference material, morphological identification, and some novel instrumental
analysis techniques are highlighted. © 2021 Taylor & Francis Group, LLC.

[15]

Islam, M.; Zhang, M.; Mujumdar, A. S., Low temperature vacuum frying of edamame
assisted by ultrasound and microwave: Effects on the kinetics of oil and product storage
properties.

Drying

Technology,

2021,

39,

608-619,

DOI:

10.1080/07373937.2019.1700272.
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Ultrasonic microwave-assisted vacuum frying (USMVF) process was investigated to
achieve better process efficiency and shorten the frying time and improve the quality of fried
edamame at lower frying temperature. Kinetics of oil uptake in vacuum frying (VF),
microwave-assisted vacuum frying (MVF) and USMVF samples was investigated. It was
studied applying an empirical kinetic model in order to fit the oil content during frying. The
first order model fitted properly the values of oil uptake during VF, MVF, and USMVF. For
all the studied conditions of the model, the specific rate increased with the application of
microwave and ultrasound and frying temperature, however the equilibrium oil content
decreased with the application of microwave and ultrasound and frying temperature. The
USMVF samples are the least temperature sensitive with an activation energy of 15.92
kJ/mol, while for MVF and VF it was 18.80 kJ/mol and 20.76 kJ/mol. The changes in
moisture content, oil content, water activity, and vitamin C and chlorophyll retention of
USMVF edamame at selected storage temperatures (0, 10, and 25 °C) were studied during
a storage period of 6-months. Vitamin C and chlorophyll content retention was 72% and
80%, at the storage temperature of 10 °C and, 54% and 73% at 25 °C respectively. © 2019
Taylor & Francis Group, LLC.
[16]

Feng, C.; Zhang, M.; Liu, Z.; Mujumdar, A.; Wang, Y.; Chang, L., Effect of drying
method on post-processing stability and quality of 3D printed rose-yam paste. Drying
Technology, 2021, 39, 1196-1204, DOI: 10.1080/07373937.2020.1851708.
The addition of rose pollen to the yam paste for 3D printing could not only meet consumers'
needs for nutrition and health, but also provide a new way to achieve personalized
customization of healthy food. In this work, the rose-yam paste was selected as material, by
comparing the post-treatment shape and color stability, bioactive substance content and
hardness to explore the effect of hot air drying (HD), microwave vacuum drying (MVD) and
freeze drying (FD) on the stability and quality of printed products. FD products illustrated
the best post-processing stability, while HD products were the worst. FD products had a
higher anthocyanin retention rate of 72.45% and a higher total phenol content of 31.33
mg/100g. However, FD products showed the lowest hardness. Although MVD products
showed lower sensory score in appearance and color than FD products, their flavor score
was higher than FD products, and the total sensory score of MVD products was equivalent
to FD products. Moreover, MVD illustrated the highest drying efficiency, and a reduction
of 84% drying time was obtained when compared with FD. Therefore, the combination of
MVD and 3D printing could obtain the best quality products. This study would provide
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useful information on the development of post-processed high value-added 3D printed
products, especially for the bio-active substances. © 2020 Taylor & Francis Group, LLC.
[17]

Fan, H.; Zhang, M.; Mujumdar, A. S.; Liu, Y., Effect of different drying methods
combined with fermentation and enzymolysis on nutritional composition and flavor of
chicken

bone

powder.

Drying

Technology,

2021,

39,

1240-1250,

DOI:

10.1080/07373937.2021.1894440.
Chicken bone powder was dried by using spray drying (SD), hot air drying (AD), freeze
drying (FD), and infrared freeze drying (IFD) in this study. Nutritional composition,
antioxidant property, physical property, energy consumption, and flavor were compared,
respectively. The results demonstrated that IFD powder had the highest content of amino
acid nitrogen (49 mg/100 g). And in terms of polypeptide content, IFD and FD powder
showed no significant difference, were obviously higher than AD and SD powder. As for
antioxidant property, IFD and FD powder had higher DPPH and ·OH scavenging capacity
than AD and SD powder. In addition, IFD powder had the highest L* value (74.59) and SD
powder had the lowest L* value (65.35), which was consistence with the result of
appearance score. Concerning flavor and sensory evaluation, IFD powder showed the
highest umami value (11.85) and acceptability score (52.52) among four drying methods.
Besides, the typical E-nose sensors response values of the IFD powder were closest to those
of the enzymatic hydrolysate before drying and SD powder had the highest response value
in all sensors. Finally on the basis of energy consumption, SD showed the minimum drying
time and energy consumption. © 2021 Taylor & Francis Group, LLC.
[18]

Devi, S.; Zhang, M.; Mujumdar, A. S., Influence of ultrasound and microwave-assisted
vacuum frying on quality parameters of fried product and the stability of frying oil. Drying
Technology, 2021, 39, 655-668, DOI: 10.1080/07373937.2019.1702995.
Vacuum frying (VF), which combines sonication, with microwave heating was used to
evaluate the quality attributes of fried mushroom chips as well as the stability of the frying
oil. Frying was performed at 90 °C, 0.015 MPa, 1000 W microwave power input at two
ultrasound power levels. Mushroom (Agaricus bisporus) chips were fried using four frying
conditions, namely: VF, microwave vacuum frying (MVF), 300 W ultrasound-assisted MVF
(300UMVF), and 600 W ultrasound-assisted MVF (600UMVF). The fried samples were
evaluated in terms of their moisture content, oil content, protein content, bioactive
compounds (total phenolic compound, total flavonoid compound), and color characteristics.
The 600UMVF sample required less processing time to reach at the same final moisture
content. The oil content was also found to be lower in the high-power sonicated sample. The
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contents of protein, total phenolic compound, and total flavonoid compound in the fried
mushroom chips (FMC) were preserved to a greater extent by the ultrasound treatment. All
fried samples displayed natural color; the best result found for the 600UMVF sample.
UMVF was found to delay oil deterioration by enhancing its oxidative stability.
Microstructure observations revealed that the cell structure of the fried sample is preserved
better by the ultrasound treatment. The findings of this work show that sonication-enhanced
frying minimizes the loss of nutrients, bioactive compounds, and preserves the color of the
original sample. © 2019 Taylor & Francis Group, LLC.
[19]

Chen, K.; Zhang, M.; Mujumdar, A. S.; Wang, H., Quinoa protein-gum Arabic complex
coacervates as a novel carrier for eugenol: Preparation, characterization and application
for

minced

pork

preservation.

Food

Hydrocolloids,

2021,

120,

DOI:

10.1016/j.foodhyd.2021.106915.
Minced pork is prone to quality deterioration during storage. To maintain the quality of
minced pork for longer time, eugenol encapsulated multi-core microcapsules were
developed using quinoa protein (QP) and gum Arabic (GA) as wall materials via complex
coacervation. The optimum conditions for the formation of QP-GA coacervates were
determined as pH 4 and a QP-GA mixing ratio of 4:1. The optimally produced eugenol
microcapsules were found to possess multi-core structure with an average particle size of
29.53 μm. Fourier transform infrared (FTIR) analysis further proved existence of
electrostatic interaction between QP and GA, and formation of hydrogen bonds between
eugenol (core material) and coacervates (shell material). After freeze drying, the eugenol
microcapsules were studied on encapsulation yield (EY), encapsulation efficiency (EE),
payload (PL), thermal stability, and release behavior. The results revealed the high EY
(94.27%), EE (88.60%), and PL (60.33%) of eugenol microcapsules, while eugenol showed
good thermal stability and release property after microencapsulation using QP and GA.
Moreover, the eugenol microcapsules were found to be more effective in inhibiting the
increases in pH, total volatile basic nitrogen (TVB-N), and total bacterial counts (TBC) than
free eugenol and prolonged the shelf life of minced pork to 9 days at 4 °C, which suggested
its good application prospect in meat preservation. © 2021 Elsevier Ltd.
[20]

Chen, K.; Zhang, M.; Bhandari, B.; Mujumdar, A. S., Edible flower essential oils: A
review of chemical compositions, bioactivities, safety and applications in food
preservation.

Food

Research

International,

2021,

139,

DOI:

10.1016/j.foodres.2020.109809.
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In the context of consumers’ growing concerns and boycotts of artificial and harmful
chemicals, satisfying the demands for good-quality food products possessing clean and safe
images is a challenge for food industry. Due to natural and avirulent images, various
bioactivities as well as potentials to be used as safer substitutes for chemical preservatives,
flower essential oils (EOs) have aroused increasing interests in the recent past. Many
literatures have verified the biological activities of flower EOs, and have given high value
to the preservative potentials of flower EOs in food systems. In this work, a review is done
on the most recent publications associating the chemical constituents, bioactivities
(antibacterial, antifungal, antioxidant and anti-pest abilities) and safety of flower EOs. The
effects of flower EOs on food flavor are also discussed. Finally, the current combined
preservation applications of flower EOs and other technologies are summarized. © 2020
Elsevier Ltd.
[21]

Chen, F.; Zhang, M.; Mujumdar, A. S.; Guo, C.; Yu, D., Comparative analysis of
composition and hygroscopic properties of infrared freeze-dried blueberries, cranberries
and

raspberries.

Drying

Technology,

2021,

39,

1261-1270,

DOI:

10.1080/07373937.2021.1913418.
The nutrient and antioxidant content in blueberries were significantly higher than
cranberries and raspberries, except crude fiber. Fourier infrared spectroscopy was used to
characterize quantitatively the differences in the composition of the tissues of three berries
viz., blueberries, cranberries, and raspberries. The three berries have 10 characteristic
common peaks in the 400–4000 cm−1 range. The specific differences in three berries were
characterized by comparing the relative absorption intensities and the second derivative
spectra. The results of the comparison of the relative absorption intensity showed that there
were significant differences between the values of three berries at the two peak positions of
A 3406/A 2927 and A 1057/A 2927. Furthermore, thermogravimetric (TG) analysis was
employed to establish for the three berries’ TG% and DTG thermal analysis map. While the
dynamic vapor sorption was used to measure for infrared freeze-dried samples of the berries
the moisture content, the results showed that the adsorption isotherm of berries was III, and
there was a moisture sorption hysteresis. © 2021 Taylor & Francis Group, LLC.
[22]

Chen, C.; Zhang, M.; Mujumdar, A. S.; Phuhongsung, P., Investigation of 4D printing
of lotus root-compound pigment gel: Effect of pH on rapid colour change. Food Research
International, 2021, 148, DOI: 10.1016/j.foodres.2021.110630.
The feasibility was investigated of 4D printing of lotus root gel compounded with a pigment
that responds to pH change and alters colour. The pigment comprised of a combination of
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anthocyanins and lemon yellow; it was used in gel preparation for printing. The flowability
and self-support properties of the lotus root-pigment gel were studied to evaluate its 3D
printing performance. The gel viscosity decreased with the increase of printing temperature
over the range 40, 50, and 60 °C. The gel with a ratio (lotus root powder/compound pigment)
of 0.35 extruded smoothly and maintained high formability at temperatures below 60 °C.
The pH response of compound pigment enabled the printed sample to change colour from
reddish/yellowish to green after spraying with NaHCO3. The a* and b* values decreased
significantly (p &lt; 0.05) after spraying for 1 min. The gel with ratios of 0.30 and 0.35
achieved rapid colour change both superficially and internally. Through several different
model designs (apple, Christmas tree, letters, and Chinese characters), high-quality 4D
printing could be realized without problem. Thus, lotus root gel can be mixed with suitable
pigments in correct proportion for 4D printing at appropriate temperature to ensure good
flowability. © 2021 Elsevier Ltd.
[23]

Wu, X. F.; Zhang, M.; Mujumdar, A. S.; Yang, C. H., Effect of ultrasound-assisted
osmotic dehydration pretreatment on the infrared drying of Pakchoi Stems. Drying
Technology, 2020, 38, 2015-2026, DOI: 10.1080/07373937.2019.1608232.
The effect of ultrasound-assisted osmotic dehydration (UOD) prior to infrared drying (IR)
on the drying time and quality properties of dried Pakchoi stems was studied. Results
suggested that the ultrasound application could significantly increase the mass transfer
during the osmotic process. The UOD pretreated samples showed higher relaxation times of
T23 and lower relative signal intensities of A23 using low-field nuclear magnetic resonance
(LF-NMR) analysis. Moreover, the cell structural damage and mircrochannel formation
caused by the UOD pretreatment resulted in a 25 ∼ 42% reduction in drying time. Although,
the chlorophyl and ascorbic acid contents of IR dried Pakchoi stems with UOD pretreatment
were relatively lower in comparison with those of untreated samples, the color was better
retained and the rehydration ratio was significantly improved by UOD pretreatments. ©
2019 Taylor & Francis Group, LLC.

[24]

Qiu, L.; Zhang, M.; Mujumdar, A. S.; Liu, Y., Recent developments in key processing
techniques for oriental spices/herbs and condiments: a review. Food Reviews
International, 2020, DOI: 10.1080/87559129.2020.1839492.
Oriental spices/herbs and condiments are important components of daily food consumption
in the oriental countries as well as around the world. They have gained more atterention as
preservatives, flavor, and therapeutic agents recently. However, the quality of spices/herbs
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and condiments is closely related to the processing techniques. Therefore, to obtain oriental
spices/herbs and condiments with high-quality, processing techniques should be thoughly
seleted. This article reviews the recent progresses in key processing techniques for oriental
spices/herbs and condiments including, new drying methods, cryogenic grinding, novel
fermentation and sterilization techniques. Moreover, the outlook of using oriental
spices/herbs and condiments and their application in food products is also disscussed. ©
2020 Taylor & Francis.
[25]

Jiang, Q.; Zhang, M.; Mujumdar, A. S., UV induced conversion during drying of
ergosterol to vitamin D in various mushrooms: Effect of different drying conditions.
Trends

in

Food

Science

and

Technology,

2020,

105,

200-210,

DOI:

10.1016/j.tifs.2020.09.011.
Background: Mushrooms are increasingly popular around the world as a nutritional food
which is an excellent source of vitamin D2. Although natural mushrooms often contain very
little vitamin D2 as many are grown in the dark, they are rich in ergosterol, a precursor to
vitamin D2. Ergosterol can be converted to vitamin D2 under ultraviolet radiation. Due to
the high water content of fresh mushroom, its quality deteriorates rapidly after harvest, and
drying is the most commonly used technology to extend the shelf life. The vitamin D2
content of dried mushrooms depends on the drying conditions used. Scope and approach: In
this review, the chemistry of the photo-conversion process of ergosterol to vitamin D2 under
ultraviolet radiation is introduced. The ergosterol and vitamin D contents in different
mushroom varieties are discussed. The effects of several drying methods and the influence
of different drying conditions are reviewed. Key findings and conclusions: Thermal drying
in the presence of UV has been proven to convert ergosterol into vitamin D and enhance the
nutritional content of all types of edible mushrooms. Solar drying, hot air drying, freeze
drying, microwave drying and infrared drying can be used for mushrooms drying under
selected operating conditions. A critical evaluation of published literature demonstrates the
importance of applying appropriate drying methodology to maximize the nutritional value
of various types of edible mushrooms. © 2020 Elsevier Ltd.
[26]

Devi, S.; Zhang, M.; Ju, R.; Mujumdar, A. S., Co-influence of ultrasound and microwave
in vacuum frying on the frying kinetics and nutrient retention properties of mushroom
chips. Drying Technology, 2020, 38, 2102-2113, DOI: 10.1080/07373937.2019.1604542.
The frying kinetics (moisture loss rate and oil uptake rate) of an innovatively designed
ultrasound and microwave-assisted vacuum frying (UMVF) system was investigated and
the possibility of UMVF for reducing the nutrient losses during frying were evaluated in this
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work. The white button mushroom was the tested sample in this study. The chips were fried
into two frying temperatures (80 and 90 °C), three different frying processes, vacuum frying
(VF), microwave vacuum frying (MVF), and UMVF at a fixed vacuum pressure (12 ± 1
kPa). The first-order kinetic model was used for the mass transfer (moisture loss and oil
uptake). Concerning the fitting performances, the logarithmic model and Pedrischi model
showed the best-fitted model for moisture loss rate and for oil uptake respectively.
Combining ultrasound and microwave in VF, the calculated moisture diffusivity rate was
increased from 1.599 × 10−10 to 2.769 × 10−10 m2/s and oil uptake rate was decreased
from 0.0121 to 0.0059 s−1. Total oil content (TOC) of fried mushroom chips (FMC) was
quantified into two segments, surface oil (SO), and structure oil (STO) at a different time
interval during frying. STO had the highest fraction of TOC and results revealed that UMVF
had significantly low level of STO, which means UMVF helped to reduce the oil absorption
during frying. In order to consider the nutrient retention values, UMVF exhibited the highest
nutrition retention values. The exponential spectra of LF-NMR clearly revealed the water–
oil distribution of FMC. © 2019 Taylor & Francis Group, LLC.
[27]

Chen, J.; Zhang, M.; Xu, B.; Sun, J.; Mujumdar, A. S., Artificial intelligence assisted
technologies for controlling the drying of fruits and vegetables using physical fields: A
review. Trends in Food Science and Technology, 2020, 105, 251-260, DOI:
10.1016/j.tifs.2020.08.015.
Background: Artificial intelligence (AI), which is characterized by ability to learn and adapt
continuously, can enhance the fault tolerance and robustness in process control. Application
of high-efficiency physical fields such as microwave, radio frequency, infrared radiation and
ultrasonic fields can result in efficient production of dried fruit and vegetable products with
high quality. Whether the combination of AI technology and efficient physical field can
obtain better dried products of fruits and vegetables, and how AI can be applied in the drying
process of fruit and vegetable, has attracted extensive attention. Scope and approach: The
application of artificial intelligence technology to assist the efficient physical field in the
drying of fruits and vegetables is the development trend of fruit and vegetable drying
industry in the future. This paper aims to provide a concise overview of recent research in
the rapidly emerging area of AI-assisted drying of fruits and vegetables using physical fields
to provide energy for drying process. A selection of AI technologies is introduced such as
sensor technology, computer vision systems as well as a few relevant AI technologies used
in the drying process of fruits or vegetables. Afterwards, it summarizes the application of
artificial intelligence in the physical drying of fruits and vegetables, and how to improve the
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shortcomings of highly efficient physical field drying of fruits and vegetables with AI. Key
findings and conclusions: The application of high efficiency physical field in the drying
process of fruits and vegetables can solve the problems of large energy consumption, uneven
drying, poor sensory evaluation, and large nutrient loss. The drying process and the
corresponding drying model of fruits and vegetables can be detected and controlled online,
and the optimum drying scheme can be determined using artificial intelligence technology.
The most important thing is to make up for the shortcomings of highly efficient physical
field drying of fruits and vegetables. The artificial intelligence technology has a promising
application prospect to assist the efficient physical field drying of fruits and vegetables. ©
2020 Elsevier Ltd.
[28]

Chen, F.; Zhang, M.; Fan, K.; Mujumdar, A. S., Non-thermal Technology and Heating
Technology for Fresh Food Cooking in the Central Kitchen Processing: A Review. Food
Reviews International, 2020, DOI: 10.1080/87559129.2020.1740246.
The central kitchen model has promoted the industrialization of the catering industry. The
quality of central kitchen products is related to processing technology. The new non-thermal
technology and heating technology not only have advantages over traditional technologies
in improving product quality and safety, but also have more precise control over the
processing process and a higher degree of automation. Using non-thermal technology
conditioning before cooking can change the properties of food ingredients, and improve the
quality and safety of cooked food. The new heating technology replaces the traditional
heating method to provide thermal energy for food cooking, and has the advantages of
shortening cooking time, improving quality attributes, improving processing efficiency and
product safety. This article reviews the application and research progress of non-heating and
heating technologies in fresh food processing in the central kitchen. © 2020, © 2020 Taylor
& Francis.

[29]

Sun, Y.; Zhang, M.; Mujumdar, A., Berry Drying: Mechanism, Pretreatment, Drying
Technology, Nutrient Preservation, and Mathematical Models. Food Engineering
Reviews, 2019, 11, 61-77, DOI: 10.1007/s12393-019-9188-3.
Fresh berries containing in bioactive compounds are perishable under natural conditions.
Drying is one of the most effective processing techniques to extending the shelf life of berry
products, and the nutrients and active components of berries can be retained to a great extent.
However, the flavor and texture of the final product considerably correlate with drying
techniques. Therefore, the present reviewed work summarizes the research progress of berry
drying technology by the perspectives of traditional drying technology and innovative
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drying concepts and explores the research situation of convective drying, freeze drying,
vacuum drying, microwave drying and innovative drying technology for berry drying. The
dehydration mechanism, pretreatment methods, and drying technology of various berries
were summarized. And the effects of different drying treatments on nutritional components
of berry drying were presented; application status of mathematical modeling employed in
berry drying was also discussed. Moreover, the research direction and development trend of
berry drying techniques in the future were pointed out, which are aimed at improving the
drying efficiency of berries, preserving the active components of berries to the greatest
extent, and promoting the processing utilization of berries and economic benefits in the
future to provide a reference for further research and utilization of drying technology. ©
2019, Springer Science+Business Media, LLC, part of Springer Nature.
[30]

Sun, Q.; Zhang, M.; Mujumdar, A. S.; Yang, P., Combined LF-NMR and Artificial
Intelligence for Continuous Real-Time Monitoring of Carrot in Microwave Vacuum
Drying. Food and Bioprocess Technology, 2019, 12, 551-562, DOI: 10.1007/s11947-0182231-1.
In this paper, intelligent technology of combined low field NMR (LF-NMR) and back
propagation artificial neural network (BP-ANN) was used to monitor moisture content in
carrot during microwave vacuum drying. The relationship between different drying powers
(200, 300, and 400 W) and NMR signals (A 21 , A 22 , A 23 , and A total ) was investigated.
Results show that as the drying time elapsed, the NMR signals of A total and A 23 decrease
all drying conditions, A 21 and A 22 tend to increase at high moisture content and then
decrease, which is consistent with the state of water while changes during drying. NMR
signals can be used as indicators for online monitoring of moisture and control of the drying
process. With NMR signals as input variables, a BP-ANN model was built optimized by
transfer function, training function, and the number of neurons to model the moisture content
(output). Compared with a linear regression model and multiple linear regression model, the
BP-ANN model with the topology of 4-25-1, transfer function of tansig and purelin, and
training function of trainlm outperformed the fitting performance and accuracy. This shows
that the combined approach of utilizing LF-NMR and BP-ANN has great potential in
intelligent online monitoring and control applications for carrot drying. © 2019, Springer
Science+Business Media, LLC, part of Springer Nature.

[31]

Sun, Q.; Zhang, M.; Mujumdar, A. S., Recent developments of artificial intelligence in
drying of fresh food: A review. Critical Reviews in Food Science and Nutrition, 2019, 59,
2258-2275, DOI: 10.1080/10408398.2018.1446900.
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Intellectualization is an important direction of drying development and artificial intelligence
(AI) technologies have been widely used to solve problems of nonlinear function
approximation, pattern detection, data interpretation, optimization, simulation, diagnosis,
control, data sorting, clustering, and noise reduction in different food drying technologies
due to the advantages of self-learning ability, adaptive ability, strong fault tolerance and
high degree robustness to map the nonlinear structures of arbitrarily complex and dynamic
phenomena. This article presents a comprehensive review on intelligent drying technologies
and their applications. The paper starts with the introduction of basic theoretical knowledge
of ANN, fuzzy logic and expert system. Then, we summarize the AI application of
modeling, predicting, and optimization of heat and mass transfer, thermodynamic
performance parameters, and quality indicators as well as physiochemical properties of dried
products in artificial biomimetic technology (electronic nose, computer vision) and different
conventional drying technologies. Furthermore, opportunities and limitations of AI
technique in drying are also outlined to provide more ideas for researchers in this area. ©
2018, © 2018 Taylor & Francis Group, LLC.
[32]

Roknul Azam, S. M.; Zhang, M.; Law, C. L.; Mujumdar, A. S., Effects of drying methods
on quality attributes of peach (Prunus persica) leather. Drying Technology, 2019, 37, 341351, DOI: 10.1080/07373937.2018.1454942.
In this article, the effect of four drying techniques namely hot air drying (AD), infrared
drying (IRD), hot air-assisted radio frequency drying (RFD), and microwave-assisted hot
air drying (MWD) on quality attributes of dried peach (Prunus persica) leather (PL) was
investigated. Drying tests were conducted at 70°C, air velocity of 1.0 m/s and at fixed power
level of 4 W/g for RFD, IRD, and MWD. Moisture distribution, texture, rehydration ratio,
color, and microstructure of PL were investigated. The results showed that the samples dried
by MWD had the shortest drying time (180 min) followed by IRD (210 min), RFD (210
min) and AD (300 min). Study on microstructure and flavor analysis reveals that IRD gave
the best results. Sensory tests using electronic tongue and electronic nose that evaluate the
odor and taste profiles of dried PL indicates that IRD produced the best quality among the
four drying techniques. © 2018, © 2018 Taylor & Francis.

[33]

Li, K.; Zhang, M.; Mujumdar, A. S.; Chitrakar, B., Recent developments in physical fieldbased drying techniques for fruits and vegetables. Drying Technology, 2019, 37, 19541973, DOI: 10.1080/07373937.2018.1546733.
Modern physical field technologies mainly include microwave, radio frequency, infrared
radiation, ultrasound, pulsed electric field, and so on. Nowadays, the application of physical
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field technology on conventional drying is one of the recent strategies to solve some
problems in traditional drying. In this article, physical field-based drying techniques refer to
hybrid drying methods consisting of the conventional heating combined with different
physical field technologies, in which physical field technologies provide various heat
sources differ from conventional ones. A review is presented of recent five-year literature
in the development of selected physical field-based drying technologies (microwave, radio
frequency, infrared radiation, and ultrasound) for fruits and vegetables. As shown by
examples from the literature, these physical field-based drying techniques provide faster
drying kinetics and better thermal efficiency and obtain dried products of improved quality
(e.g. color, aroma, texture, and nutrition retention) relative to conventional hot air drying.
The combination of these techniques and conventional hot air drying showed enhanced costeffectiveness as well. Furthermore, recommendations are made for further research and
development needs and opportunities in this area. © 2019, © 2019 Taylor & Francis Group,
LLC.
[34]

Khaing Hnin, K.; Zhang, M.; Mujumdar, A. S.; Zhu, Y., Emerging food drying
technologies with energy-saving characteristics: A review. Drying Technology, 2019, 37,
1465-1480, DOI: 10.1080/07373937.2018.1510417.
Drying is one of the most vital preservation techniques used in the food industry. It demands
different levels of energy to produce commercially high-quality-dried food products. Novel
drying technologies minimize deterioration of the food ingredients and produce novel
products for consumers. In recent years, there have been many developments in the
technology connected with the industrial drying of foods. Recent research has shown that
novel food drying technologies could be utilized to improve the efficiency of drying by
lowering the energy consumption and also to enhance the product quality. This article
reviews selected energy- saving techniques in drying and discusses some novel combined
drying technologies. These include solar-assisted, infrared-assisted, microwave-assisted and
similar hybrid drying methods for food drying. Recommendations are also made for future
research and development. © 2018, © 2018 Taylor & Francis Group, LLC.

[35]

Guo, C.; Mujumdar, A. S.; Zhang, M., New Development in Radio Frequency Heating
for Fresh Food Processing: a Review. Food Engineering Reviews, 2019, 11, 29-43, DOI:
10.1007/s12393-018-9184-z.
Fresh foods, such as vegetables, fruits, and aquatic products, have high water activity and
are highly heat-sensitive. Thermal processing of fresh foods is often employed to extend
shelf-life without chemical treatment in order to avoid any chemical residues in the
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preserved food. Radio frequency (RF) heating is one of the most promising heating methods
applicable to fresh foods due to rapid heating, low cost, deep thermal penetration, and
possibility of better quality control. This paper reviews the recent literature on applications
of RF heating in fresh food processing, including cooking, microorganism reduction,
disinfestation, thawing, and blanching. The heating efficiency and product quality of
aforementioned applications were further discussed. Moreover, recommendations were
made for future research on RF to effectively achieve enhanced thermal processing and
reliable scale-up. The present study provides some useful information for the use of RF
heating in industry and the future study of RF application in fresh food processing. © 2019,
Springer Science+Business Media, LLC, part of Springer Nature.
[36]

Fan, K.; Zhang, M.; Mujumdar, A. S., Recent developments in high efficient freezedrying of fruits and vegetables assisted by microwave: A review. Critical Reviews in Food
Science and Nutrition, 2019, 59, 1357-1366, DOI: 10.1080/10408398.2017.1420624.
Microwave heating has been applied in the drying of high-value solids as it affords a number
of advantages, including shorter drying time and better product quality. Freeze-drying at
cryogenic temperature and extremely low pressure provides the advantage of high product
quality, but at very high capital and operating costs due partly to very long drying time.
Freeze-drying coupled with a microwave heat source speeds up the drying rate and yields
good quality products provided the operating unit is designed and operated to achieve the
potential for an absence of hot spot developments. This review is a survey of recent
developments in the modeling and experimental results on microwave-assisted freezedrying (MFD) over the past decade. Owing to the high costs involved, so far all applications
are limited to small-scale operations for the drying of high-value foods such as fruits and
vegetables. In order to promote industrial-scale applications for a broader range of products
further research and development efforts are needed to offset the current limitations of the
process. The needs and opportunities for future research and developments are outlined. ©
2017, © 2017 Taylor & Francis Group, LLC.

[37]

Cao, X.; Zhang, M.; Mujumdar, A. S.; Zhong, Q., Evaluation of quality properties and
water mobility in vacuum microwave-dried carrot slices using pulse-spouted bed with hot
air. Drying Technology, 2019, 37, 1087-1096, DOI: 10.1080/07373937.2018.1484758.
Fried carrot slices feature high fat content to impair people healthy. To resolve this issue,
microwave hot air-assisted pulse-spouted vacuum drying (MHAPSVD) has been designed
using microwave vacuum dry on pulse-spouted bed with hot-air steam. Dying
characteristics, moisture mobility and qualities of carrot slices had been confirmed after
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dying using 915 MHz microwave generator. Experiment was carried out at 3 W/g, 90 °C air
stream, 0.08 MPa vacuum pressure and 2 s pulse interval for drying time of 10–80 min. The
quality properties of color, odor, rehydration ratios, shrinkage ratios as well as tastes in 70
min drying are found to be suitable for a snack food. High moisture stability of carrot slices
was achieved after 50 min. Free water decreased dramatically from start to 20 min and bound
water declined sharply from 20 to 50 min. MHAPSVD could be a high efficient and quality
drying technology for crisp product. © 2018, © 2018 Taylor & Francis Group, LLC.
[38]

Cao, X.; Zhang, M.; Mujumdar, A. S.; Wang, Z., Effect of microwave freeze-drying on
microbial inactivation, antioxidant substance and flavor quality of Ashitaba leaves
(Angelica keiskei Koidzumi). Drying Technology, 2019, 37, 793-800, DOI:
10.1080/07373937.2018.1463245.
To decrease microbial quantity and conserve antioxidant substances of Ashitaba leaves,
microwave freeze-drying was conducted at 1, 1.5, and 2 W/g in pilot scale. After drying,
microbial inactivation and quality parameters of color, chlorophylls, flavonoids, moisture
content, and flavor of dried Ashitaba leaves were evaluated. After drying, the highest
contents of chlorophylls and flavonoids maintained 14.62 g/kg and 15.75 mg/g, respectively;
microbial colonies decreased by about 2-log; various tastes of dried sample were improved.
It could be a suitable dehydration in processing of Ashitaba leaves. © 2018, © 2018 Taylor
& Francis.

[39]

Cao, X.; Zhang, M.; Chitrakar, B.; Mujumdar, A. S.; Zhong, Q.; Wang, Z.; Wang, L.,
Radiofrequency heating for powder pasteurization of barley grass: antioxidant
substances, sensory quality, microbial load and energy consumption. Journal of the
Science of Food and Agriculture, 2019, 99, 4460-4467, DOI: 10.1002/jsfa.9683.
BACKGROUND: Young barley grass powder contains abundant nutrition and its
antioxidant substances are severely impaired by radiation (60Co) sterilization. To overcome
product quality degradation, radiofrequency pasteurization was conducted using pilot-scale
radiofrequency equipment (27 MHz, 6 kW) with electrode gaps of 12, 14 and 16 cm, while
hot-air (80 °C) pasteurization was used for comparison. RESULTS: Assessment suggested
that uneven radiofrequency heating was improved for the 14 cm electrode gap. With an
increase of electrode gap, microbial inactivation needs more energy consumption. A
minimum energy consumption of 970 J g−1 was required for 1 log-reduction of colonies.
Radiofrequency pasteurization retained better antioxidant substances, lightness (L*), green
color (a*) and odors in barley grass powder, compared with hot-air sterilization. Contents
of flavonoid and chlorophyll were 5.82 and 4.87 g kg−1 respectively, using the 14 cm
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electrode gap. Additionally, radiofrequency pasteurization led to an improvement in
sourness, bitterness and umami tastes. CONCLUSIONS: Radiofrequency pasteurization
would be a superior alternative for the pasteurization of barley grass powder. © 2019 Society
of Chemical Industry. © 2019 Society of Chemical Industry.
[40]

Yang, F.; Zhang, M.; Mujumdar, A. S.; Zhong, Q.; Wang, Z., Enhancing drying
efficiency and product quality using advanced pretreatments and analytical tools—An
overview.

Drying

Technology,

2018,

36,

1824-1838,

DOI:

10.1080/07373937.2018.1431658.
Dry food has the advantages of a convenient storage, long shelf life, and so on, which is
widely consumed at present. And there is increased awareness of quality attributes of
dehydrated foods such as color, texture, flavor, and nutrient content. In this article, we
review several potential pretreatment technologies and analytical tools developed in recent
years, which can be used to improve drying efficiency and rapid nondestructive detection.
High-pressure processing and ultrasonic treatment can disinfect the wet feedstock before
drying. Smart drying with online nondestructive testing using advanced analytical tools such
as electronic nose, NMR spectra can help improve product quality in food drying. Each
technique has its advantages in the field of food drying. Cost-effectiveness of these modern
analytical tools will likely improve with more widespread utilization in industrial practice.
© 2018, © 2018 Taylor & Francis.
[41]

Su, Y.; Zhang, M.; Adhikari, B.; Mujumdar, A. S.; Zhang, W., Improving the energy
efficiency and the quality of fried products using a novel vacuum frying assisted by
combined ultrasound and microwave technology. Innovative Food Science and Emerging
Technologies, 2018, 50, 148-159, DOI: 10.1016/j.ifset.2018.10.011.
The effectiveness of hybrid frying based on vacuum frying with application of ultrasound
(USVF) and combined ultrasound and microwave (USMVF) enhancement was presented in
this study. The ultrasound revealed significantly the “vibration effect” and the combination
of ultrasound and microwave had a synergistic effect on the energy efficiency and quality
attributes of vacuum fried potato chips, shortening the frying time by 36.4%–54.5% and
improving the effective moisture diffusivity by 60.5%–144.5% with the ultrasound power
levels ranged 300 W–600 W. The USMVF process was found to consume about 34.9%–
48.3% less energy compared to that in VF. The oil uptake of vacuum fried potato chips was
reduced by 27.4%–32.3%, the texture (crispness) and the color was greatly improved, and
the volume shrinkage and water activity were diminished by the combination of ultrasound
and microwave. The moisture loss kinetics and quality parameters were also improved
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markedly when higher ultrasound power was used. The SEM revealed a more porous
microstructure in USMVF samples. The vacuum frying technology that combines both
ultrasound and microwave found to be much more effective technology in terms of energy
efficiency and product quality. Industrial relevance: In recent years, the fruit-vegetable crisp
produced by vacuum frying (VF) has been widely concerned due to natural color, superior
sensory and nutritional quality. However, there are certain defects in the application of VF
technology, such as backward heating method, low efficiency especially with lowtemperature frying, relatively high oil uptake in products and the quality attributes of fried
products need to be improved. One of the recommended methods to overcome the limitation
of low-temperature dehydration is to utilize the synergistic effect of different energy, which
providing the energy by a combination of several mechanisms, such as vacuum frying with
microwave radiation, or with ultrasounds, which leads to a significant improvement in
energy efficiency and quality attributes of fried fruits and vegetables. Focused on these
problems, this research investigated the effects of low-frequency ultrasound and the
synergistic effect of ultrasound and microwave on the efficiency and quality of vacuum
frying with potato chips as experimental material. The effect of variable hybrid drying
conditions was analyzed with different power levels of ultrasound. The application of
ultrasound showed improve the moisture loss rate and quality attributes of vacuum fried
products as a non-thermal technology. The combination of ultrasound and microwave in
vacuum frying system achieved better energy efficiency, lower oil uptake, crispier, better
shaped and colored products compared to the VF produced samples. The storage stability
and safety of vacuum fried products also improved by the combined ultrasound and
microwave. Thereby, the experimental results will contribute to the development of modern
vacuum frying technologies of fruits and vegetables, which reduced the oil uptake and
retained their high quality, with reduced process time and lower power consumption at much
lower frying temperature. © 2018 Elsevier Ltd.
[42]

Jin, W.; Mujumdar, A. S.; Zhang, M.; Shi, W., Novel Drying Techniques for Spices and
Herbs: a Review. Food Engineering Reviews, 2018, 10, 34-45, DOI: 10.1007/s12393-0179165-7.
Spices and herbs are important parts of human daily food consumption and play an essential
role in seasoning and/or preserving food, curing illness, and enhancing cosmetics. Proper
processing is necessary because the fresh produce has high moisture content and often high
load of microorganisms. Dehydration is the most common method used to lower moisture
content and hence the water activity to a safe limit which prolongs shelf life. However,
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consumers’ demand on processed products with most of the original characteristics of the
fresh plants has increased. Consequently, drying must be executed carefully in the interest
of retaining the taste, aroma, color, appearance, as well as nutritional value of the plants to
maximum possible extent. In addition to quality considerations, drying efficiency is another
key aspect for evaluating drying performance. This article reviews recent developments in
the production of high dried spices and herbs. It attempts to detail the relative merits of
selected recently developed drying techniques with focus on solar-assisted and microwaveassisted hybrid drying techniques which offer high-quality drying with excellent efficiency.
Outlook for future research trends and challenges for dehydration of spices and herbs is also
discussed. © 2017, Springer Science+Business Media, LLC.
[43]

Feng, Y.; Zhang, M.; Fan, K.; Mujumdar, A. S., Effects of drying methods on quality of
fermented plant extract powder. Drying Technology, 2018, 36, 1913-1919, DOI:
10.1080/07373937.2018.1461649.
Fermented plant extract (FPE) is a kind of plant functional food fermented by various
microorganisms to make a beverage or other physical forms. To provide technical support
for the industrial production of fermented plant extract powder, the quality characteristics
of fermented plant extract powder prepared by hot air-drying, spray drying, vacuum
microwave drying, and freeze-drying are compared for an FPE product. The effects of
maltodextrin, soluble starch, and β-cyclodextrin as a drying agent on drying effect were
studied. Results show that spray-dried FPE powder has the highest bulk density, the smallest
average particle size, while the FPE powder produced by freeze-drying has the best color
and flavor, the highest content of key components including total sugar, soluble protein,
vitamin C, total polyphenol content, and highest antioxidant capacity. © 2018, © 2018
Taylor & Francis.

[44]

Cao, X.; Zhang, M.; Mujumdar, A. S.; Zhong, Q.; Wang, Z., Effects of ultrasonic
pretreatments on quality, energy consumption and sterilization of barley grass in freeze
drying.

Ultrasonics

Sonochemistry,

2018,

40,

333-340,

DOI:

10.1016/j.ultsonch.2017.06.014.
Barley grass is a plant resource for rehabilitation therapy. Its processing requires retaining
nutrition well for rehabilitation cure of consumers. To meet the aim as well as low energy
consumption and microbiological safety of products, ultrasonic treatments (UT) were
applied to bathing materials at different power levels (10, 30, 45, 60 W/L) for 10 mins. After
treatments, the bathed barley grass (100 g) was freeze-dried under vacuum −0.09 MPa with
fixed power of 2 W/g. Parameters of color, microbial colony, energy consumption, glass
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transition temperature, moisture content, water activity, taste substances, contents of
flavonoid and chlorophyll were determined after drying. In contrast with no treatment case,
UT (45 W/L) decreased drying time by 14% and decreased energy consumption by 19%;
UT (60 W/L) decreased total microbial colonies by 33%. Also, UT (30 W/L) yielded
contents of flavonoid (9.2/kg) and chlorophyll (10.5 g/kg) of dried sample; UT power
(10 W/L) yielded the highest L∗(51.5) and the lowest a∗(−9.3) value. Simultaneously, UT
leads to a higher glass transition temperature (Tg), lower water activity and produces less
sourness and bitterness of dried products. Ultra-sonication is an alternative to improve
quality, flavor and energy consumption of barley grass in freeze drying. © 2017 Elsevier
B.V.
[45]

Cao, X.; Zhang, M.; Mujumdar, A. S.; Zhong, Q.; Wang, Z., Effect of microwave freeze
drying on quality and energy supply in drying of barley grass. Journal of the Science of
Food and Agriculture, 2018, 98, 1599-1605, DOI: 10.1002/jsfa.8634.
BACKGROUND: Young barley grass leaves are well-known for containing the antioxidant
substances flavonoid and chlorophyll. However, low product quality and energy efficiency
exist with respect to the dehydration of barley grass leaves. To improve energy supply and
the quality of barley grass, microwave heating instead of contact heat was applied for the
freeze drying of barley grass at a pilot scale at 1, 1.5 and 2 W g–1, respectively; After drying,
energy supply and quality parameters of color, moisture content, chlorophyll, flavonoids,
odors of dried barley grass were determined to evaluate the feasibility of the study.
RESULTS: Microwave freeze drying (MFD) allowed a low energy supply and high contents
of chlorophyll and flavonoids. A lightness value of 60.0, a green value of –11.5 and an
energy supply of 0.61 kW h–1 g–1 were observed in 1.5 W g–1 MFD; whereas drying time
(7 h) decreased by 42% compared to contact heating. Maximum content of flavonoid and
chlorophyll was 11.7 and 12.8 g kg–1 barley grass. Microwave heating leads to an odor
change larger than that for contact heating observed for the freeze drying of barley grass.
CONCLUSION: MFD retains chlorophyll and flavonoids, as well as colors and odors of
samples, and also decreases energy consumption in the freeze drying of barley grass. © 2017
Society of Chemical Industry. © 2017 Society of Chemical Industry.

[46]

Cao, X.; Zhang, M.; Mujumdar, A. S.; Zhong, Q.; Wang, Z., Effect of nano-scale powder
processing on physicochemical and nutritional properties of barley grass. Powder
Technology, 2018, 336, 161-167, DOI: 10.1016/j.powtec.2018.05.054.
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To enhance solubility and dispersibility of nutritional elements of barley grass for
rehabilitation therapy, high-energy ball-milling was conducted to obtain nano-scale powder
of barley grass. Ball-millings were performed at a temperature of &lt;10 °C for 2, 4, 6, and
8 h respectively without N2 protection, while an additional ball-milling process was added
for 8 h with N2 protection at the same temperature. After these ball-millings, properties of
color, flavonoid, chlorophyll, flow ability, particle size, density, dietary fiber and hydration
of barley grass powder were measured. As nano-scale powder of barley grass was obtained
after 8 h, contents of flavonoid and chlorophyll without N2 protection were 3.21 g/kg and
14.23 g/kg, respectively; that with N2 protection were 5.34 g/kg and 19.64 g/kg. From start
to 6 h, contents of flavonoid and chlorophyll, flowability and hydration decreased; yet bulk
density and tapped density increased. Soluble dietary fiber content of nano-scale powder
was elevated at 164 g/kg and TDF of nano-scale powder was 290 g/kg. Reverse trend of
flowabilty and hydration occurred in nano-scale powder; and lightness and colors
maintained well. Nano-scale barley grass powder manifests a fascinating performance of
quality, hydration and nutritional properties. Ball-milling is a processing to make barley
grass easy digestion for human body. © 2018 Elsevier B.V.
[47]

Cao, X.; Zhang, M.; Mujumdar, A. S.; Zhong, Q.; Wang, Z., Measurement of water
mobility and distribution in vacuum microwave-dried barley grass using Low-FieldNMR. Drying Technology, 2018, 36, 1892-1899, DOI: 10.1080/07373937.2018.1449753.
Water mobility is an indicator of product quality of dried barley grass. To investigate the
water mobility and distribution of dried barley grass, microwave vacuum drying (MVD)
was conducted at different powers (100, 200, and 300 W) until water content of dried
product reached 3% (w.b). Water profile was measured by Low-field nuclear magnetic
resonance (LF-NMR), including free water, surface water (molecular attraction), and
immobilized water (attraction of polar clusters). Drying time at 100, 200, and 300 W
presented about 90, 70, and 50 min, respectively. Changes of free water and immobilized
water and surface water were affected differently by variant microwave power. After drying
for 50 min, the mobility of water is reduced greatly and proportion of surface water
predominated. Transverse relaxation time for free water and immobilized water decreased
significantly (P ≤ 0.05) from start and then leveled off. Predomination of surface water and
immobilized water assures the safety and quality of products of dried barley grass. Lowfield nuclear magnetic resonance (LF-NMR) is outstanding to measure the water state of
barley grass during MVD. © 2018, © 2018 Taylor & Francis.
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[48]

Azam, S. M. R.; Zhang, M.; Mujumdar, A. S.; Yang, C., Study on 3D printing of orange
concentrate and material characteristics. Journal of Food Process Engineering, 2018, 41,
DOI: 10.1111/jfpe.12689.
Three-dimensional (3D) food printing is a promising technology that attracted the attention
of both academia and industry since it is considered as a major paradigm shift in the
fabrication of intricate and personalized food design with the choices of altering the
nutritional profile. In this study, 3D printing (3DP) properties of orange leather (OL) were
characterized and simultaneously comparative assessment was carried out while making it
from orange concentrate (OC) by adding varying proportions (15, 20, 25, and 30%) of wheat
starch (WS). Rheological data suggest that steam cooking of OC–WS mixture for 16 ± 0.5
min exhibit shear-thinning behavior, which is essential for extrusion-type 3DP of food
mixtures. A variation of 5% WS with OC significantly increase the yield stress (τ0) and
viscosity (n). Nuclear magnetic resonance (NMR) study revealed that the maximum amount
of partially immobilized water was converted to bound water and developed the highest
mechanical strength but poor extrudability for 30% WS containing sample. Texture profile
analysis suggests that the 20% WS containing samples provide the best mastication
properties among the four samples. To optimize the printing conditions and test the
reproducibility of OL 3DP process effects of nozzle diameter (dn), nozzle tip-print bed
height (hc), extrusion rate (vd), and nozzle moving speed (vn) were tested experimentally.
It was found that, at dn = 1.5 mm, hc = 1.54 ± 0.02 mm, vd = 245 mm3/s, and vn = 35 mm/s
the printed objects remain consistent, achieve the best resolution and maximum fidelity.
Practical applications: The 3D food printing process has a great potential to improve the
quality and utility of the food and food products. The 3DP of fruit concentrates combined
with healthy additives, bioactive compounds could be a novel attractive way for fabricating
food to serve people with special requirements, as a snack item or cold dish before main
meal. This study suggests that, food mixtures with similar rheological, moisture, and textural
properties at similar printing conditions could be used as supply material, that is, the “ink”
for an extrusion-type 3D food printer. © 2018 Wiley Periodicals, Inc.

[49]

Zhang, M.; Chen, H.; Mujumdar, A. S.; Tang, J.; Miao, S.; Wang, Y., Recent
developments in high-quality drying of vegetables, fruits, and aquatic products. Critical
Reviews

in

Food

Science

and

Nutrition,

2017,

57,

1239-1255,

DOI:

10.1080/10408398.2014.979280.
Fresh foods like vegetables, fruits, and aquatic products have high water activity and they
are highly heat-sensitive and easily degradable. Dehydration is one of the most common
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methods used to improve food shelf-life. However, drying methods used for food
dehydration must not only be efficient and economic but also yield high-quality products
based on flavor, nutrients, color, rehydration, uniformity, appearance, and texture. This
paper reviews some new drying technologies developed for dehydration of vegetables,
fruits, and aquatic products. These include: infrared drying, microwave drying, radio
frequency drying, electrohydrodynamic drying, etc., as well as hybrid drying methods
combining two or more different drying techniques. A comprehensive review of recent
developments in high-quality drying of vegetables, fruits and aquatic products is presented
and recommendations are made for future research. © 2017 Taylor & Francis Group, LLC.
[50]

Xu, J. C.; Zhang, M.; Mujumdar, A. S.; Adhikari, B., Recent developments in smart
freezing technology applied to fresh foods. Critical Reviews in Food Science and
Nutrition, 2017, 57, 2835-2843, DOI: 10.1080/10408398.2015.1074158.
Due to the increased awareness of consumers in sensorial and nutritional quality of frozen
foods, the freezing technology has to seek new and innovative technologies for better
retaining the fresh like quality of foods. In this article, we review the recent developments
in smart freezing technology applied to fresh foods. The application of these intelligent
technologies and the associated underpinning concepts have greatly improved the quality of
frozen foods and the freezing efficiency. These technologies are able to automatically collect
the information in-line during freezing and help control the freezing process better. Smart
freezing technology includes new and intelligent technologies and concepts applied to the
pretreatment of the frozen product, freezing processes, cold chain logistics as well as
warehouse management. These technologies enable real-time monitoring of quality during
the freezing process and help improve product quality and freezing efficiency. We also
provide a brief overview of several sensing technologies used to achieve automatic control
of individual steps of freezing process. These sensing technologies include computer vision,
electronic nose, electronic tongue, digital simulation, confocal laser, near infrared
spectroscopy, nuclear magnetic resonance technology and ultrasound. Understanding of the
mechanism of these new technologies will be helpful for applying them to improve the
quality of frozen foods. © 2017 Taylor & Francis Group, LLC.

[51]

Wang, Y.; Mujumdar, A. S.; Zhang, M., Microwave-assisted pulsed fluidized and spouted
bed drying, in Intermittent and Nonstationary Drying Technologies: Principles and
Applications. 2017, CRC Press. p. 139-162.
Fluidized and spouted bed dryers have been studied extensively in the literature and have
also found numerous industrial applications to dry particulate materials in continuous as
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well as batch models. More recently, pulsing of the spouting air has been studied to enhance
hydrodynamic mixing of the particles yielding better heat and mass transfer between the gas
and the particles. In most instances, the heat transfer is by pure convection between the gas
and particles. Addition of conduction heating enhances both the drying rate and the energy
efficiency of the dryers. Another option is supplement heating by generating microwave
field within the drying chamber. Volumetric heating of the wet particles enhances the drying
rate without excessive heating of the particles, which can also improve product quality with
lower energy consumption and smaller carbon footprint. © 2017 by Taylor & Francis Group,
LLC.
[52]

Su, Y.; Zhang, M.; Mujumdar, A. S., Smart drying technology for vegetable products, in
Handbook of Drying of Vegetables and Vegetable Products. 2017, CRC Press. p. 117-134.
Smart drying technology utilizes sensors to detect and monitor online various quality
parameters of the material to proactively control and detect errors or deciencies in dryer
operation. It incorporates equipment, technologies, resources, and practices to save energy
and promote environmental sustainability, and thus control the dryer operating conditions
to make high-value products.1-3 The monitored quality parameters generally include
moisture content, color, shape, taste, and avor and the conditions within the dryer such as
pressure, velocity, temperature, and humidity to control the performance of the drying
system. Consequently, smart drying technology includes not only dryers but also smart
sensors, translators, and smart control systems to monitor the operating conditions and to
improve drying product quality as well as to enhance the energy efciency. Fresh food can
be successfully manufactured into high-quality products through smart drying technology,
which contains three parts: manufacturing process dryer, the probe, and online analysis. The
probe monitors the drying process and sends messages for online analysis, which in turn
controls the drying process according to the information received. The smart drying
technology needs to be designed based on the knowledge of the specication of product being
dried, such as local drying conditions and the quality parameters of the product after drying.
Then the product quality is assured with optimal energy consumption and minimal
environmental impact. It is also worth mentioning that the quality of foodstuff should be
examined during the whole process and not only at the end point. Therefore, all unit
operations need to be monitored and controlled during the entire process using appropriate
instruments to assure the quality of the end products.4 Drying is a complex, dynamic,
nonlinear, uncertain, and often unpredictable operation because of simultaneous heat and
mass transfer, potential for several physical transformations such as shrinkage, pufng,
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transformation, case-hardening, as well as potential for chemical and biochemical
reactions.5 This complexity becomes more severe in the process of food drying because of
product heterogeneity, anisotropicity, and nonuniformity of drying conditions.6 In recent
years, with the rapid development of drying science and technology and designing of new
equipment, the drying industry is making huge progress. However, the present drying
technology has some disadvantages, such as limited application of smart automation, high
energy and fuel consumption, etc. With the emergence of computer science in the early
1980s, computer-aided design was incorporated in many areas of science and engineering
and in industrial drying.7,8 About two decades ago, Professor Mujumdar1-3 proposed the
development of smart or intelligent dryers to make industrial drying more efcient and costeffective. Because drying is a highly energy-intensive operation, which affects the quality
of dried product decisively and also has an adverse effect on the environment through
greenhouse gas emissions, it is necessary to make this a sustainable operation by utilizing
the latest technologies including advanced computer hardware and software for reliable
process control. With the recent advances in mathematical modeling of dryers and
sophisticated sensors for real-time measurement of variables of interest in automatic control
of dryers and robust control strategies, it is now feasible to design and operate smart dryers.
© 2017 by Taylor & Francis Group, LLC.
[53]

Feng, Y.; Zhang, M.; Mujumdar, A. S.; Gao, Z., Recent research process of fermented
plant extract: A review. Trends in Food Science and Technology, 2017, 65, 40-48, DOI:
10.1016/j.tifs.2017.04.006.
Background Fermented plant extract (FPE) is a plant functional food which originates from
Japan. FPEs use various plants as materials, and they are fermented by various
microorganisms to make a beverage or other physical forms. With plenty of nutrients and
active substance, FPE provides many health benefits. Scope and approach In this review,
we present a brief summary of the recent research progresses in traditional and modern FPE
products, including microorganisms used, manufacturing technology, bioactive substances
and health benefits. Key findings and conclusions FPE has many benefits to human, not only
to health but also to industry, and other aspects. The development prospects of FPE products
has great potential. © 2017 Elsevier Ltd.

[54]

Fan, K.; Zhang, M.; Mujumdar, A. S., Application of airborne ultrasound in the
convective drying of fruits and vegetables: A review. Ultrasonics Sonochemistry, 2017,
39, 47-57, DOI: 10.1016/j.ultsonch.2017.04.001.
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The application of airborne ultrasound is a promising technology in the drying of foods,
particularly to fruits and vegetables. In this paper, designs of dryers using ultrasound to
combine the convective drying process are described. The main factors affecting the drying
kinetics with the ultrasound application are discussed. The results show that the ultrasound
application accelerated the drying kinetics. Ultrasound application during the convective
drying of fruits and vegetables shorten the drying time. Ultrasound application can produce
an increase of the effective moisture diffusivity and the mass transfer coefficient. The
influence of ultrasound on physical and chemical parameters evaluating the product quality
is reviewed. Ultrasound application can decrease the total color change, reveal a low water
activity and reduce the loss of some nutrient elements. Meanwhile, ultrasound application
can also better preserve the microstructure of fruits and vegetables in comparison to
convective drying. © 2017 Elsevier B.V.
[55]

Cao, X.; Zhang, M.; Qian, H.; Mujumdar, A. S.; Wang, Z., Physicochemical and
nutraceutical properties of barley grass powder microencapsulated by spray drying.
Drying Technology, 2017, 35, 1358-1367, DOI: 10.1080/07373937.2017.1332074.
Barley grass (Triticum aestivum L.) is popular, commonly known as a nutritional
supplement in China. To obtain the highest chlorophyll and flavonoid content as well as
other physicochemical characteristics, spray drying from barley grass juice was carried out
for two different maltodextrin concentrations (10 and 20%, dried basis) and four different
inlet air temperatures (140, 150, 160, and 170°C). After drying, color, water activity, odor,
taste, density, particle size, glass transition temperature, and chlorophyll and flavonoid
contents of the dried product were measured. Highest contents of flavonoid (5.66 mg/kg)
and chlorophyll (7.29 mg/kg) were obtained under 150°C inlet air temperature, 10%
maltodextrin concentration, at a feed flow rate of 1.8 L/h for the drying. Corresponding
particle size was 19.58–13.33 µm. The glass transition temperature (Tg) increased with the
increasing of maltodextrin concentration; and two max Tg of powder obtained from 10 and
20% maltodextrin concentration were 74.4 and 77.4°C, respectively. Retention of taste and
flavor were highest with 20% maltodextrin. High inlet air temperature was contributed to
the large discrepancy of odor and taste substances. The best color (lightness L* = 64.44 and
greenness b* = −11.53) was obtained at 150°C inlet air temperature and 10% maltodextrin
concentration. Both maltodextrin concentrations resulted in poor flowability of the dried
product (CI ≤ 32.51). © 2017 Taylor & Francis.
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[56]

Cao, X.; Zhang, M.; Qian, H.; Mujumdar, A. S., Drying based on temperature-detectionassisted control in microwave-assisted pulse-spouted vacuum drying. Journal of the
Science of Food and Agriculture, 2017, 97, 2307-2315, DOI: 10.1002/jsfa.8040.
BACKGROUND: An online temperature-detection-assisted control system of microwaveassisted pulse-spouted vacuum drying was newly developed. By using this system,
temperature control can be automatically and continuously adjusted based on the detection
of drying temperature and preset temperature. Various strategies for constant temperature
control, linear temperature control and three-step temperature control were applied to drying
carrot cubes. Drying kinetics and the quality of various temperature-controlled strategies
online are evaluated for the new drying technology as well as its suitability as an alternative
drying method. RESULTS: Drying time in 70 °C mode 1 had the shortest drying time and
lowest energy consumption in all modes. A suitable colour, highest re-hydration ratio and
fracture-hardness, and longest drying time occurred in 30-40-50 °C mode 3. The number of
hot spots was reduced in 40-50-60 °C mode 3. Acceptable carrot snacks were obtained in
50-60-70 °C mode 3 and 70 °C mode 2. All temperature curves showed that the actual
temperatures followed the preset temperatures appropriately. CONCLUSIONS: With this
system, a linear temperature-controlled strategy and a three-step temperature-controlled
strategy can improve product quality and heating non-uniformity compared to constant
temperature control, but need greater energy consumption and longer drying time. A
temperature-detection-assisted control system was developed for providing various drying
strategies as a suitable alternative in making a snack product. © 2016 Society of Chemical
Industry. © 2016 Society of Chemical Industry.

[57]

Cao, X.; Zhang, M.; Fang, Z.; Mujumdar, A. S.; Jiang, H.; Qian, H.; Ai, H., Drying
kinetics and product quality of green soybean under different microwave drying methods.
Drying Technology, 2017, 35, 240-248, DOI: 10.1080/07373937.2016.1170698.
The objective of this study was to investigate the effect of different microwave drying
techniques on the drying kinetics and product quality of dried green soybean. Experiments
were conducted using microwave vacuum drying (MVD), pulse-spouted vacuum
microwave drying (PSMVD), pulse-spouted microwave drying (PSMD), and microwave
freeze drying (MFD). Parameters of apparent density, color, processing temperature,
expansion ratio, rehydration ratio, texture, and microstructure of the dried products were
determined. The results showed that the MFD green soybean had a small change on bright
color, compared with the fresh samples, but the drying time was the longest among the four
methods. The bright color value of PSMVD/PSMD/MVD, respectively, was 79.77, 71.43,
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and 55.45, and drying time of them was slightly different. The PSMVD/PSMD showed
advantages over MVD by improving the product quality. © 2017 Taylor & Francis.
[58]

Jiang, H.; Zhang, M.; Mujumdar, A. S.; Lim, R. X., Drying uniformity analysis of pulsespouted microwave–freeze drying of banana cubes. Drying Technology, 2016, 34, 539546, DOI: 10.1080/07373937.2015.1061000.
This article reports the investigation of the drying uniformity of a new drying technique
called pulse-spouted microwave–freeze drying. A computer vision technique and
mathematical statistics were used to evaluate the drying uniformity. The results show that
low microwave power results in prolonged drying time (the drying time of 1 W/g was 6 h,
which was longer than that for 2 and 3 W/g), whereas spouting time and the time interval
show less influence on the drying time. Analysis from infrared camera photos reveals that
lower microwave power, longer spouting interval, and longer spouting time could improve
the temperature distribution. Sample 4 (power: 2 W/g, time: 3 s, interval: 300 s) had the best
temperature distribution uniformity. © 2016, Copyright © Taylor & Francis Group, LLC.

[59]

Jiang, H.; Zhang, M.; Fang, Z.; Mujumdar, A. S.; Xu, B., Effect of different dielectric
drying methods on the physic-chemical properties of a starch-water model system. Food
Hydrocolloids, 2016, 52, 192-200, DOI: 10.1016/j.foodhyd.2015.06.021.
To investigate the structure and morphological characteristics of potato starch-water model
starch system dried under dielectric field of different wave length (included 27, 915 and
2450MHz). The ratio of amylose/amylopectin content, molecular mass (Mw), degree of
crystallinity and surface morphology were determined. The results indicated that the starch
crystalline changed from type A to type B, and the crystallinity increased upon the dielectric
drying. The Mw of dried starch was ranged from 1.532×107 to 2.059×107 and the ratio of
higher degree of polymerization (>150) varied from 20.57% to 6.87% (27MHz), 0%
(915MHz) and 0% (2450MHz). These Mw and degree of polymerization variations resulted
in the lower viscosity but higher pasting temperature of the dried starch. However, the dried
starch was still able to gelatinize and this was observed under the SEM imagines. The
dielectric properties and drying dynamic of dried starch showed the interaction with the
dielectric frequency. © 2015 Elsevier Ltd.

[60]

Zhang, M.; Chen, H.; Mujumdar, A. S.; Zhong, Q.; Sun, J., Recent Developments in
High-Quality Drying with Energy-Saving Characteristic for Fresh Foods. Drying
Technology, 2015, 33, 1590-1600, DOI: 10.1080/07373937.2015.1012267.
Combined drying technique can merge the advantages of various drying methods and
minimize the limitations of single drying methods, which have the potential to develop an
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efficient and economical, and high-quality modular dryer for perishable fresh foods. This
article reviews evaluation of food high-quality drying and examples of energy-saving
techniques in drying technology, then focuses on some novel combined drying technologies
with energy-saving characteristics recently developed for dehydration of fresh foods, which
include infrared-, microwave-, and radio frequency–related combined drying techniques.
Recommendations are also made for future research and development. © 2015, Copyright
© Taylor & Francis Group, LLC.
[61]

Su, Y.; Zhang, M.; Mujumdar, A. S., Recent Developments in Smart Drying Technology.
Drying Technology, 2015, 33, 260-276, DOI: 10.1080/07373937.2014.985382.
With advances in computer, control, and sensing technologies, it is now possible to design
smart dryers for certain products. In this article, a generalized definition of smart (or
intelligent) drying technology is proposed and discussed. Recent developments in smart
drying technology for fresh foods are reviewed. Such technology can be cost-effective in
detecting and monitoring various food quality parameters which vary with time of the drying
process, thus controlling the conditions of drying and producing high-quality products.
Some important categories of smart drying technology are listed and discussed; these
include biomimetic systems, computer vision technology, microwave dielectric
spectroscopy, near infrared reflectance (NIR) spectroscopy, magnetic resonance imaging
(MRI), ultrasonic techniques, electrostatic sensor technology, and control systems for the
drying environment. Several applications of these smart drying technologies are analyzed.
Key factors leading to the success of smart drying technologies are discussed.
Developments, challenges, and applications that represent a major step toward the
development of drying technology are presented. Copyright © Taylor & Francis Group,
LLC.

[62]

Liu, P.; Mujumdar, A. S.; Zhang, M.; Jiang, H., Comparison of Three Blanching
Treatments on the Color and Anthocyanin Level of the Microwave-Assisted Spouted Bed
Drying of Purple Flesh Sweet Potato. Drying Technology, 2015, 33, 66-71, DOI:
10.1080/07373937.2014.936558.
Browning and a serious drop in anthocyanin level occur during microwave-assisted spouted
bed drying (MWSB) of purple-flesh sweet potato (PFSP) cubes. Blanching pretreatment
inhibits browning and also affects the drying behavior. Effects of microwave blanching
(MWB), hot water blanching (HWB), and steam blanching (SB) were examined
experimentally. The results showed that MWB leads to rapid peroxidase (POD) degradation,
reduces the drying time, and yields highest anthocyanin level after MWSB drying. However,
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the color of the dried product was not as bright and purple as those obtained by HWB and
SB treatments. Microwave blanching can improve the MWSB drying process to maintain
the anthocyanin level in dried products while reducing the drying time. © 2015, Taylor &
Francis Group, LLC.
[63]

Gao, Y.; Zhang, M.; Wang, Y.; Mujumdar, A. S.; Chen, W., Textural and sensory
properties of herring (Clupea harengus) cubes in Chinese-type paste as affected by
prefrying methods. Journal of Aquatic Food Product Technology, 2015, 24, 179-190,
DOI: 10.1080/10498850.2013.767297.
The aim of this study was to determine the textural and sensory properties of herring (Clupea
harengus) cubes prefried by deep frying (DF), mild frying (MF), and vacuum frying (VF) in
Chinese-type pastes stored for 25 days at 13-15°C. Three groups of fish cubes in every
Chinese-type paste were compared for texture, physical, and sensory properties by carrying
out texture profile analysis (TPA), moisture content, color, and sensory analyses; and two
types of Chinese-type pastes were investigated, oily Paste (A) and light Paste (B). The
results showed that L∗ of fish cubes decreased significantly (p < 0.05), and a∗ and b∗
increased significantly (p < 0.05) in two kinds of Chinese-type pastes. Fish cubes prefried
by DF and MF had higher sensory scores in Chinese-type Paste A, while those prefried by
DF and VF had higher sensory scores in Chinese-type Paste B. © Copyright 2015 Taylor &
Francis Group, LLC.

[64]

Wang, Y.; Zhang, M.; Mujumdar, A. S.; Chen, H., Drying and Quality Characteristics of
Shredded Squid in an Infrared-Assisted Convective Dryer. Drying Technology, 2014, 32,
1828-1839, DOI: 10.1080/07373937.2014.952379.
Drying is one of the most common methods for processing and preserving squids. A novel
forced convective dryer based on infrared heating was developed with an online temperature
control. By setting the drying medium temperature of 50°C, we studied the effects of
infrared wavelength and air velocity on drying characteristics of the shredded squid and
qualities of dried squid products. We also compared it with the conventional hot-air drying
(HAD) and advanced microwave vacuum drying (MVD). The infrared heating rate increase
was faster than that of HAD. The heating and drying at the wavelength of 2.5–3.0 µm were
more effective than those at the infrared wavelength of 5.0–6.0 µm. Specific energy
consumption linearly increased with the air velocity. Microstructure observation showed
that the infrared-dried rehydrated sample displayed a muscle fiber structure similar to the
fresh sample. The infrared-dried squids had less drying shrinkage, brighter color, and better
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rehydration capacity than HAD products. Their sensory qualities were better than HAD and
MVD products. Above all, infrared drying with wavelength of 2.5–3.0 µm and air velocity
of 0.5 m/s was suggested as the best drying condition for squids in this study. © 2014,
Copyright Taylor & Francis Group, LLC.
[65]

Wang, Y.; Zhang, M.; Mujumdar, A. S., Microwave-Assisted Drying of Foods Equipment, Process and Product Quality, in Modern Drying Technology. 2014, Wiley
Blackwell. p. 279-315.

[66]

Wang, H.; Zhang, M.; Mujumdar, A. S., Comparison of Three New Drying Methods for
Drying Characteristics and Quality of Shiitake Mushroom (Lentinus edodes). Drying
Technology, 2014, 32, 1791-1802, DOI: 10.1080/07373937.2014.947426.
This articles provides results of an experimental investigation of three hybrid drying
technologies on the drying characteristics and key quality parameters of shiitake mushroom
(Lentinus edodes). The drying techniques tested at the laboratory scale are mid-infraredassisted convection drying (MIRCD), hot air coupled with radio frequency drying
(HCRFD), and hot air coupled with microwave drying (HCMD). For comparison, the
standard drying technique using hot air was also tested. The quality parameters include
texture, color, rehydration rate, shrinkage, nutrient retention, microstructure, etc. These four
drying tests were conducted at fixed air temperature (60°C), and the power level for
HCRFD, MIRCD, and HCMD was fixed at 4 W/g. The results showed that hot air coupled
with microwave drying gave the shortest drying time, and mid-infrared-assisted convection
and hot air coupled with radio frequency drying showed better color attributes and nutrient
retention. Under the conditions tested, mid-infrared-assisted convection drying yielded
minimal shrinkage (maximal rehydration) and lower hardness upon rehydration. The
uniform honeycomb network and less collapsed structure of MIRCD samples can be used
to explain these better quality characteristics. © 2014, Copyright Taylor & Francis Group,
LLC.

[67]

Roknul, A. S. M.; Zhang, M.; Mujumdar, A. S.; Wang, Y., A Comparative Study of Four
Drying Methods on Drying Time and Quality Characteristics of Stem Lettuce Slices
(Lactuca

sativa

L.).

Drying

Technology,

2014,

32,

657-666,

DOI:

10.1080/07373937.2013.850435.
This article presents experimental results and analysis of four drying methods, viz. hot air
drying (AD), hot air-assisted radio frequency drying (ARFD), infrared drying (IRD), and
microwave-assisted hot air drying (MAD), on color, microstructure, density, rehydration
capacity, and texture after rehydration of stem lettuce slices (Lactuca sativa L.). The drying
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time required for these drying protocols was also compared. These four drying tests were
conducted at fixed air temperature (60°C) and velocity (1 m/s), as well as identical sample
load (300 g), bed depth (20 mm), and the power level for ARFD, IRD, and MAD, which
was fixed at 4 W/g. The results showed that the drying time required for stem lettuce slices
using ARFD was the shortest (120 min), followed by MAD (140 min) and IRD (180 min);
AD required the longest time (360 min). Notably, ARFD yielded uniform drying and the
quality of the dried samples using ARFD was also the best among these four drying methods.
© 2014 Copyright Taylor & Francis Group, LLC.
[68]

Qi, L. L.; Zhang, M.; Mujumdar, A. S.; Meng, X. Y.; Chen, H. Z., Comparison of Drying
Characteristics and Quality of Shiitake Mushrooms (Lentinus edodes) Using Different
Drying

Methods.

Drying

Technology,

2014,

32,

1751-1761,

DOI:

10.1080/07373937.2014.929588.
The objective of this study was to compare the drying characteristics and the quality of dried
Shiitake mushroom (Lentinus edodes) cubes obtained by hot-air drying (HAD),
intermediate-infrared drying (IIRD), and vacuum microwave spouted-bed drying (VMSD).
Several quality parameters of products, including color, texture, and rehydration capacity,
were investigated. Compared to IIRD and VMSD, HAD turn out to be the most undesirable
method due to its longer drying time and poor product quality. With similar rehydration
capacity, the color of the VMSD product was closest to the original material. In terms of
texture, total sugar content, and sensory evaluation, the VMSD product has the best quality.
© 2014, Copyright Taylor & Francis Group, LLC.
[69]

Mothibe, K. J.; Zhang, M.; Mujumdar, A. S.; Wang, Y. C.; Cheng, X., Effects of
Ultrasound and Microwave Pretreatments of Apple Before Spouted Bed Drying on Rate
of Dehydration and Physical Properties. Drying Technology, 2014, 32, 1848-1856, DOI:
10.1080/07373937.2014.952381.
Pretreatments of fruits before drying have been proposed as alternative way to improve the
quality of dried fruits and reduce drying time. In the present study, the effects of different
pretreatments (ultrasound and microwave) on apple cubes prior to spouted bed drying were
investigated. Ultrasound pretreatment resulted in a great loss of sugars (25.7% for 15 min)
compared to microwave pretreatment, where little rise in sugar content was observed (1.6%
at 300 W). Ultrasound pretreatment improved the drying rate more than microwave
pretreatment. Nevertheless, microwave-pretreated dried apples were harder and had lower
water activity than ultrasound-pretreated ones. Low-frequency nuclear magnetic resonance
(LF-NMR) analysis was used to study the water state and revealed that all pretreatments
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promoted redistribution of water among apple cell compartments and showed that most of
the water lost was from the vacuoles. If dried low-calorie fruits are required then ultrasound
pretreatment would be preferred. © 2014, Copyright Taylor & Francis Group, LLC.
[70]

Mothibe, K. J.; Wang, C. Y.; Mujumdar, A. S.; Zhang, M., Microwave-Assisted PulseSpouted Vacuum Drying of Apple Cubes. Drying Technology, 2014, 32, 1762-1768, DOI:
10.1080/07373937.2014.934830.
Microwave-assisted pulse-spouted vacuum drying (MPSVD) of apple cubes was examined
in a laboratory-scale apparatus. Aside from the drying time, structural and textural properties
of the dried cube were measured. Results are compared with alternative drying techniques
developed earlier in our laboratory. These include microwave-spouted bed drying (MSBD),
microwave vacuum drying (MVD), and conventional vacuum drying (VD). Comparison is
made in terms of the key quality parameters, viz. color, texture, apparent density,
rehydration property, and sensory evaluation. Over the range of operating conditions tested,
MPSVD apple cubes had the best color and significantly highest sensory evaluation score.
© 2014, Copyright Taylor & Francis Group, LLC.

[71]

Lu, Y.; Zhang, M.; Liu, H.; Mujumdar, A. S.; Sun, J.; Zheng, D., Optimization of Potato
Cube Drying in a Microwave-Assisted Pulsed Spouted Bed. Drying Technology, 2014, 32,
960-968, DOI: 10.1080/07373937.2013.877024.
The drying homogeneity of the microwave-pulsed spouted bed drying (MPSBD) method
was studied via preparing tubers granules by MPSBD under different predefined conditions.
The effects of three parameters (microwave power, moisture content transition point, and
loading) on the homogeneity of prepared tubers granules were studied. Based on response
surface analysis results, it was concluded that the optimum conditions for tuber granules
prepared by MPSBD method is 1.10 W/g microwave power, 80% moisture content
transition point, and 90 g material loading. It was proven that the experimental result from
the predicted optimal condition agreed with the model-predicted results, which evidenced
the accuracy of the response surface analysis. Furthermore, the brighter color and higher
rehydration capacity of samples prepared by MPSBD indicates that MPSBD is a promising
method that can be applied in the food dehydration industry. © 2014 Copyright Taylor &
Francis Group, LLC.

[72]

Liu, P.; Zhang, M.; Mujumdar, A. S., Purple-Fleshed Sweet Potato Cubes Drying in a
Microwave-Assisted Spouted Bed Dryer. Drying Technology, 2014, 32, 1865-1871, DOI:
10.1080/07373937.2014.953174.
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Purple-fleshed sweet potatos (PFSP) were loaded into a laboratory-scale, microwaveassisted spouted bed with a coating of sodium alginate (SA) of 0, 0.2%, 0.4%, 0.8% (w/w)
for both steam-blanching pretreated and fresh-cut raw samples. The drying curves,
rehydration ratio, and maximum penetrating forces were studied for final products; color
changes and anthocyanin level were also taken into consideration. It was concluded that
coating processing forms barriers to moisture content, which changes the dielectric
properties of PFSP cubes and shortens the drying time; however, coating PFSP cubes with
SA did not lead to a porous microstructure in the final products. The final hardness was high
and rehydration ratio was low. Steam-blanching was helpful for color and anthocyanin-level
retention compared with raw samples. In sum, microwave-assisted spouted bed (MWSB)
drying of PFSP cubes is not an ideal processing method, even with coating treatment, but
blanching is an approach to obtain products with high anthocyanin level and fine purple
color. © 2014, Copyright Taylor & Francis Group, LLC.
[73]

Li, R.; Huang, L.; Zhang, M.; Mujumdar, A. S.; Wang, Y. C., Freeze Drying of Apple
Slices with and without Application of Microwaves. Drying Technology, 2014, 32, 17691776, DOI: 10.1080/07373937.2014.934831.
In this study, Fuji apple slices were dehydrated using freeze drying (FD) combined with
microwave assisted with vacuum drying (VMD). The optimal parameter for the diversion
point of moisture content from FD to VMD process was at the moisture level of 21%, and
for VMD the optimal parameter for vacuum pressure was at 9.15 kPa and microwave power
density was at a level of 3.18 w/g. The results show that the two-step technique can
significantly reduce total FD time required by up to 40%, while the nutritional value of the
dried apple chips remained unchanged compared to FD used alone. © 2014, Copyright
Taylor & Francis Group, LLC.

[74]

Jiang, H.; Zhang, M.; Mujumdar, A. S.; Lim, R. X., Changes of microwave
structure/dielectric properties during microwave freeze-drying process banana chips.
International Journal of Food Science and Technology, 2014, 49, 1142-1148, DOI:
10.1111/ijfs.12410.
This experimental study investigated the trend of structure and dielectric properties during
microwave freeze-drying process banana chips. The mass of banana samples was 160 g, the
microwave power set as 2 W g-1 and the highest drying temperature set as 55 °C. The whole
drying process can be finished within 6 h. A network analyser and light microscope were
used to determine the dielectric properties and structure. The dielectric properties, ε′ (from
20.80 to 1.20) and ε′′ (from 7.74 to 0.15), and the size of cell get smaller as the drying
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process continues, especially during the 3-4 h drying, which is the end of primary drying
stage and the beginning of secondary drying stage. The trend of dielectric properties and
microstructure of samples during drying can be an exact indication of drying stage of MFD.
© 2014 Institute of Food Science and Technology.
[75]

Jiang, H.; Zhang, M.; Mujumdar, A. S.; Lim, R. X., Comparison of drying characteristic
and uniformity of banana cubes dried by pulse-spouted microwave vacuum drying, freeze
drying and microwave freeze drying. Journal of the Science of Food and Agriculture,
2014, 94, 1827-1834, DOI: 10.1002/jsfa.6501.
BACKGROUND: To overcome the flaws of high energy consumption of freeze drying (FD)
and the non-uniform drying of microwave freeze drying (MFD), pulse-spouted microwave
vacuum drying (PSMVD) was developed. RESULTS: The results showed that the drying
time can be dramatically shortened if microwave was used as the heating source. In this
experiment, both MFD and PSMVD could shorten drying time by 50% as compared to the
FD process. Depending on the heating method, MFD and PSMVD dried banana cubes
showed trends of expansion while FD dried samples demonstrated trends of shrinkage.
Shrinkage also brought intensive structure and highest fracturability of all three samples
dried by different methods. The residual ascorbic acid content of PSMVD dried samples can
be as high as in FD dried samples, which were superior to MFD dried samples.
CONCLUSION: The tests confirmed that PSMVD could bring about better drying
uniformity than MFD. Besides, compared with traditional MFD, PSMVD can provide better
extrinsic feature, and can bring about improved nutritional features because of the higher
residual ascorbic acid content. © 2013 Society of Chemical Industry.

[76]

Chen, F.; Zhang, M.; Mujumdar, A. S.; Jiang, H.; Wang, L., Production of Crispy
Granules of Fish: A Comparative Study of Alternate Drying Techniques. Drying
Technology, 2014, 32, 1512-1521, DOI: 10.1080/07373937.2014.903410.
Three alternate dying methods-vacuum drying (VD), vacuum microwave drying (VMD),
and pulse-spouted vacuum-microwave drying (PSVMD)-were examined experimentally for
their potential as an industrial scale technology to produce granules of fish. Drying kinetics
as well as key quality parameters such as expansion ratio, texture, color, sensory
characteristics, and microstructure of crispy granules produced by these drying techniques
were examined. Results showed that the drying time is reduced with an increase in
microwave power level and with reduced pressure as expected. The quality of the granules
is affected by the drying method and the operating parameters employed. Granules obtained
using PSVMD at a microwave power density of 6.0 W/g displayed optimal quality required
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for the commercial product accepted by consumers. © 2014 Copyright Taylor & Francis
Group, LLC.
[77]

Zeng, Q. R.; Zhang, M.; Adhikari, B. P.; Mujumdar, A. S., Effect of Drying Processes on
the Functional Properties of Collagen Peptides Produced from Chicken Skin. Drying
Technology, 2013, 31, 1653-1660, DOI: 10.1080/07373937.2013.790826.
Collagen peptide powders were produced by drying the peptides solution. The molecular
weight distribution and amino acid composition of the peptides were determined and the
effects of freeze-drying, spray-drying, and hot-air-drying methods on the functional
properties were investigated. The collagen peptides had a molecular weight distribution of
180-5000 Da and high content of glycine, arginine, proline, and hydroxyproline but low
content of cysteine and methionine. Freeze drying is found to be the best method to have
superior functional properties. Spray drying can still be preferred if lower cost and higher
production throughput are required. © 2013 Copyright Taylor and Francis Group, LLC.

[78]

Yan, W. Q.; Zhang, M.; Huang, L. L.; Mujumdar, A. S.; Tang, J., Influence of microwave
drying method on the characteristics of the sweet potato dices. Journal of Food Processing
and Preservation, 2013, 37, 662-669, DOI: 10.1111/j.1745-4549.2012.00707.x.
Three different drying methods, microwave-spouted bed drying (MSBD), microwavevacuum drying (MVD) and hot air drying (AD), were used to dry diced sweet potato. The
drying characteristics and product quality are discussed in terms of the drying kinetics,
rehydration ratio, expansion ratio, breaking force (crispness), product color and retention of
β-carotene. As expected, the drying rates in MSBD and MVD were much faster than that
obtained in hot AD; the largest drying rate was obtained in MSBD with 2.5W/g microwave
(MW) power level. The products dried using MSBD and MVD displayed good puffing:
rehydration ratios were about 2.0 after 18min, expansion ratio was close to 1.0, and the
breaking force below 600g. The color of MSBD product was uniform as well. Retention of
β-carotene was about 80% in MSBD and MVD but only 40% in AD product compared with
that present in the fresh produce. PRACTICAL APPLICATIONS: MSBD can be used to
produce dried sweet potato dices with good expansion ratio, low breaking force, high
rehydration ratio and better color, compared with MVD and AD. Furthermore, MSBD
overcomes the uneven characteristics observed when only MW drying is applied. MSBD
could be regarded as a potentially new drying technology for production of high-quality
snack foods in the form of puffed sweet potato dices. © 2012 Wiley Periodicals, Inc.

[79]

Wang, Y.; Zhang, M.; Mujumdar, A. S.; Mothibe, K. J.; Roknul Azam, S. M., Study of
Drying Uniformity in Pulsed Spouted Microwave-Vacuum Drying of Stem Lettuce Slices
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with Regard to Product Quality. Drying Technology, 2013, 31, 91-101, DOI:
10.1080/07373937.2012.721431.
Drying uniformity, shrinkage, rehydration, and textural properties were measured to
evaluate the quality of pulsed spouted microwave-vacuum-dried stem lettuce slices. Drying
was carried out in a 5-cm (od) vacuum drying chamber at 7-10 kPa and microwave power
level of 2.4 Wg-1. Pulsed spouted microwave-vacuum-dried products were found to be more
uniform compared to those obtained in a conventional rotating turntable microwave-vacuum
dryer. The pulsed spouted mode also resulted in dried stem lettuce slices with low
discoloration and high rehydration capacity as well as high hardness after rehydration. The
total drying time required for pulsed spouted bed microwave-vacuum-dried products was
approximately 60 min, reduced by 50% compared to conventional rotating turntable
microwave-dried ones. © 2013 Copyright Taylor and Francis Group, LLC.
[80]

Wang, Y.; Zhang, M.; Mujumdar, A. S.; Mothibe, K. J., Quality Changes of Dehydrated
Restructured Fish Product from Silver Carp (Hypophthalmichthys molitrix) as Affected
by Drying Methods. Food and Bioprocess Technology, 2013, 6, 1664-1680, DOI:
10.1007/s11947-012-0812-y.
Restructured fish slices from silver carp (Hypophthalmichthys molitrix) were dried using
air drying (AD), freeze drying (FD), and vacuum drying (VD) (4 mm thickness) and
microwave-vacuum drying (MVD) (2, 4, 6, and 8 mm thickness). Quality attributes of the
dried products were compared in terms of their rehydrated characteristics, change in
dimensions, color, texture, sensory values before and after rehydration, and change in
volatile compounds. AD, FD, and VD resulted in the different levels of shrinkage while
MVD caused some expansion in diameter and thickness in the 4-, 6-, and 8-mm-thickness
samples. Rehydration caused significant swelling in AD, FD, and VD products (p < 0.05)
but insignificant change in MVD products (p > 0.05). Drying methods significantly affected
the color and texture of both dried and rehydrated products (p < 0.05), but slice thickness
had no significant effect on the color in MVD products (p > 0.05). MVD products rehydrated
faster and had higher rehydration ratio as well as lower water hold capacity, hardness,
springiness, cohesiveness, and chewiness than others. In sensory evaluation, MVD products
alone exhibited acceptable crispness and favorable odor. The rehydrated dried products were
acceptable by the sensory panelists and were preferred in the order: FD, VD, AD, MVD.
Gas chromatography-mass spectrometry revealed that drying significantly decreased the nalkanals and 1-octen-3-ol content (p < 0.05) and produced new aldehydes including 2methyl-propanal, 3-methyl-butanal, and furfural in MVD products. This study demonstrated
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that drying restructured fish meat can be potentially used to develop the new dried fish
products using optimal drying conditions. © 2012 Springer Science+Business Media, LLC.
[81]

Wang, Y.; Zhang, M.; Mujumdar, A. S.; Mothibe, K. J., Microwave-Assisted PulseSpouted Bed Freeze-Drying of Stem Lettuce Slices-Effect on Product Quality. Food and
Bioprocess Technology, 2013, 6, 3530-3543, DOI: 10.1007/s11947-012-1017-0.
Drying uniformity, microstructure, apparent density, rehydration, and texture properties
were measured to evaluate the quality of stem lettuce slices dried in a pulse-spouted bed
microwave freeze dryer. Drying was carried out in a 5-cm (o.d.) vacuum chamber at 80 ± 5
Pa, mean microwave power level of 3.2 W g-1 and pulse-spouting time interval of 10 min.
Results show that microwave freeze-dried products in the pulse-spouted mode dried more
uniformly as compared to those dried in steady spouted bed mode. Pulse-spouted bed mode
also resulted in dried stem lettuce slices with lower discoloration, more uniform and compact
microstructure, higher rehydration capacity (RC) as well as greater hardness after
rehydration over shorter drying time relative to those obtained in a steady spouting
condition. © 2012 Springer Science+Business Media New York.

[82]

Wang, Y.; Zhang, M.; Mujumdar, A. S., Effect of cassava starch gel, fish gel and mixed
gels and thermal treatment on structure development and various quality parameters in
microwave vacuum-dried gel slices. Food Hydrocolloids, 2013, 33, 26-37, DOI:
10.1016/j.foodhyd.2013.02.005.
Three types of gels including tapioca starch gel, fish gel and mixed gels of both (cassava
starch: fish = 1:1) were prepared under different thermal conditions. Slices (4 mm thick)
derived from these the gels were dehydrated to a final moisture content of 7% in a
microwave vacuum dryer. The micro/macro structure and selected quality parameters of the
dried gel chips were measured e.g. shape, relative volume, bulk density, texture, color,
sensory and microstructure. The measured gel characteristics were analyzed and related to
structure development and selected quality attributes. Both fish and mixed gel chips
expanded in both diameter and thickness while the starch gel chips shrank in diameter, but
expanded in thickness; the former two represented a continuous cross-section composed of
a cellular structure and expanded uniformly in thickness while the latter developed an open
cross-section and the center expanded more than the edge region, indicative of a disc and
pillow shape, respectively. The higher severity of thermal treatment favored greater
expansion and reduced hardness and bulk density, and increased crispness in the mixed gel
chips; they developed a smooth and fine surface and pore wall but decreased lightness and
whiteness due to starch gelatinization in the starch and mixed gel chips. Only the partial
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dried mixed gel chips are acceptable to the panelists. A homogenous co-gel in the mixed gel
contributed to the higher uniform expansion and cellular structure. These findings will help
developing the restructured microwave vacuum-dried product by blending the starch with
the fish. © 2013 Elsevier Ltd.
[83]

Wang, Y.; Zhang, M.; Adhikari, B.; Mujumdar, A. S.; Zhou, B., The Application of
Ultrasound Pretreatment and Pulse-Spouted Bed Microwave Freeze Drying to Produce
Desalted Duck Egg White Powders. Drying Technology, 2013, 31, 1826-1836, DOI:
10.1080/07373937.2013.829851.
Fresh duck egg white (FDEW) powders and desalted duck egg white (DDEW) powders
were produced by using a novel pulse-spouted bed microwave freeze dryer and a
conventional freeze dryer. The desalting process of the salted egg white was carried out in
the presence or absence of ultrasound pretreatment. The drying time, microstructure,
apparent density, color, and functional properties (gelling, foaming, and emulsifying) of
FDEW and DDEW powders obtained from both the pulse-spouted bed microwave freezedrying (PSMFD) and a conventional freeze-drying (CFD) were studied in order to evaluate
the physicochemical and functional properties of these powders. The results show that
PSMFD produced FDEW powders with better color appeal (higher L* and lower b*), lower
apparent density, as well as shorter drying time compared to the FDEW powders produced
by the CFD. FDEW powders produced from PSMFD produced more transparent gels,
emulsions with higher foam stability, and higher emulsifying activity index compared to the
FDEW powders obtained from CFD. Regarding the powders obtained from DDEW by using
PSMFD, the ultrasound pretreatment during the desalting process produced DDEW powders
with higher gel strength, higher foaming capacity, higher foam stability, higher emulsion
stability index, as well as shorter drying time compared to the DDEW powders in which
ultrasound treatment was not carried out during the desalting process in the upstream. ©
2013 Copyright Taylor and Francis Group, LLC.

[84]

Wang, L.; Zhang, M.; Mujumdar, A. S.; Wang, Y.; Zhu, C., Restructured crispy fish cubes
containing Salicornia bigelovii Torr. developed with microwave vacuum drying. Journal
of

Aquatic

Food

Product

Technology,

2013,

22,

226-240,

DOI:

10.1080/10498850.2011.641672.
Restructured crispy fish cubes containing Salicornia bigelovii Torr. (S. bigelovii) were
developed using microwave vacuum drying. A series of drying experiments and
optimization experiments were conducted to optimize the process conditions of microwave
vacuum drying. The quality parameters of fish cubes such as crispness, expansion ratio, and
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sensory score were measured. The optimal expansion ratio and crispness were decided on
the basis of optimization experiments by response surface analysis. The results showed that
the optimum microwave vacuum conditions were: initial moisture content of surimi was
controlled at 60.5% (wet basis, w.b.) and microwave heating for 20 min at the vacuum
pressure of 0.090 MPa and microwave power of 11 W/g. The final product had a uniform
shape, homogenous texture, pleasant color, and delicious flavor. © 2013 Copyright Taylor
and Francis Group, LLC.
[85]

Wan, J.; Zhang, M.; Wang, Y.; Mujumdar, A. S.; Yong-Jun, W., Drying kinetics and
quality characteristics of slightly salted grass carp fillets by hot air drying and vacuum
microwave drying. Journal of Aquatic Food Product Technology, 2013, 22, 595-604,
DOI: 10.1080/10498850.2012.677969.
Salted grass carp fillets were dried by hot air drying (HD, at 35 and 45°C) and vacuum
microwave drying (VMD, at 1, 4, and 7 W/g) to a final moisture content. Compared with
hot air drying, the vacuum microwave drying greatly reduced drying time. The rehydration
rate constant of salted grass carp fillets dried by microwave vacuum drying at 7-W/g
microwave intensity was significantly higher than that of the hot air drying at 35 and 45°C.
Compared with hot air drying, the vacuum microwave dried samples had a higher crude fat
content (dry basis). The lightness of the samples dried by vacuum microwave drying was
higher, and the yellowness was lower than those dried by hot air drying. The drying methods
had no significant effect on the hardness and springiness. © 2013 Copyright Taylor and
Francis Group, LLC.

[86]

Tang, W. L.; Zhang, M.; Adhikari, B.; Mujumdar, A. S., Effects of Preparation and
Drying Methods on the Antioxidant Activity of Enzymatically Hydrolyzed Porcine
Placenta

Hydrolysates.

Drying

Technology,

2013,

31,

1600-1610,

DOI:

10.1080/07373937.2013.808660.
Porcine placenta was hydrolyzed using papain and trypsin in a combined formulation. An
orthogonal experimental design (L9(3)4) was applied in order to obtain porcine placenta
hydrolysates (PPH) having the best antioxidant activities. The PPH was dried using vacuum
drying (VD), spray drying (SD), and freeze drying (FD) and the effects of these drying
methods on the antioxidative activity and solubility were investigated. The DPPH
scavenging activity of these PPH reached 44.45 ± 0.46% and the molecular weight of
83.39% of these PPH peptides was below 3000Da. The proportion of highly antioxidative
amino acid residues in these PPH reached 60.14%. The VD-PPH showed the lowest
antioxidantive activities (DPPH, superoxide and hydroxyl radical scavenging activities, and
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lecithin liposome antioxidant activity) and the lowest solubility. The FD-PPH exhibited the
highest antioxidative properties and the highest solubility. Both the antioxidative properties
and the solubility of SD-PPH remained in between those of FD-PPH and VD-PPH. Spray
drying can be a method of choice to produce PPH powders due to its higher throughput. ©
2013 Copyright Taylor and Francis Group, LLC.
[87]

Jiang, H.; Zhang, M.; Mujumdar, A. S.; Lim, R. X., Analysis of Temperature Distribution
and SEM Images of Microwave Freeze Drying Banana Chips. Food and Bioprocess
Technology, 2013, 6, 1144-1152, DOI: 10.1007/s11947-012-0801-1.
Compared with freeze drying (FD), microwave freeze drying (MFD) using microwave as
the heating source can accelerate the drying rate of bananas. This paper presents the results
of an experimental study of temperature distribution during the process of MFD banana
chips. The results show that the temperature distribution is uniform during the sublimation
drying stage, but not at the start of the desorption stage of drying; this phase is prone to
generate hot spots, which are brought about by the localized melting of ice crystals not
removed in the sublimation stage and the absorption of excess microwave by sorbed water.
Comparison of scanning electron microscope micrographs of FD and MFD samples shows
that the major dissimilarity between the two samples is in their pore sizes. © 2012 Springer
Science+Business Media, LLC.

[88]

Jiang, H.; Zhang, M.; Liu, Y.; Mujumdar, A. S.; Liu, H., The energy consumption and
color analysis of freeze/microwave freeze banana chips. Food and Bioproducts
Processing, 2013, 91, 464-472, DOI: 10.1016/j.fbp.2013.04.004.
This study investigated the energy consumption of preparing banana chips by freeze drying
(FD) and microwave freeze drying (MFD) methods. The results in this study showed that
the energy consumption for 400 g fresh banana (about 95 g dried samples) by FD process
and MFD process are about 35.73 × 10 6 J (9.92 kW h) and 21.76 × 106 J (6.57 kW h),
respectively. Compared to the traditional FD process, MFD can save up to 35.7% energy
and 40% drying time. Increasing the heating power in the secondary drying stage of MFD
process had been confirmed to result in decrease in both the energy consumption and drying
time. After increasing the microwave power in the secondary drying stage from 1.0 W/g to
1.5 W/g in MFD process, total energy consumption is about 18.12 × 106 J (5.56 kW h) and
drying time can be reduced from 360 min to 270 min. The sensory evaluation of produced
banana chips at different drying conditions (1.0 W/g, 1.5 W/g and 2.0 W/g) revealed that
the sensory properties are acceptable by the customers except the 2 W/g microwave power
dried product. Thus, the method that increased the heating powder in the secondary drying
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stage of the MFD process could potentially be an effective method to reduce the energy
consumption without seriously sacrificing the color of the end product. © 2013 The
Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
[89]

Wang, Y.; Zhang, M.; Mujumdar, A. S.; Mothibe, K. J.; Roknul Azam, S. M., Effect of
blanching on microwave freeze drying of stem lettuce cubes in a circular conduit drying
chamber.

Journal

of

Food

Engineering,

2012,

113,

177-185,

DOI:

10.1016/j.jfoodeng.2012.06.007.
Effects of boiling water and microwave blanching methods on the dielectric properties,
electrical conductivity as well as microstructure of stem lettuce cubes (as a model for plant
tissue) were studied. The study also focused on how different blanching methods affect
microwave freeze-drying (MFD) in a circular conduit drying chamber and conventional
freeze drying (FD) of stem lettuce cubes. Results showed that the electrical conductivity of
samples blanched by microwave was two times higher than that of boiling water blanched
ones and five times higher than that of unblanched samples. Apart from that, dielectric
constant (′) and loss factor (″) of the stem lettuce cubes decreased significantly after freezing.
MFD duration of microwave blanched samples was approximately 4.5 h, reduced by 30%
compared to boiling water blanched ones. MFD process in a circular conduit yielded
products of high quality compared to that in a tray. © 2012 Elsevier Ltd. All rights reserved.
[90]

Wang, Y.; Zhang, M.; Mujumdar, A. S.; Mothibe, K. J., Experimental Investigation and
Mechanism Analysis on Microwave Freeze Drying of Stem Lettuce Cubes in a Circular
Conduit. Drying Technology, 2012, 30, 1377-1386, DOI: 10.1080/07373937.2012.667470.
Stem lettuces are an important vegetable due to its nutritional characteristics. Stem lettuce
was used as the model in this investigation. The ice-melting and freezing point temperature
as well as distribution and migration of unfrozen water in stem lettuce cubes during the
microwave freeze drying (MFD) step were studied using differential scanning calorimetry
(DSC) and low-field pulsed nuclear magnetic resonance (LF-NMR). MFD of stem lettuce
cubes was carried out in three circular conduits with different diameters (40, 55, and 70 mm)
at a microwave frequency of 2,450 MHz. The total drying time for MFD was almost the
same for all circular conduits; that is, approximately 4.5 h. This was less than the 7.0 h
required for conventional radiation freeze drying (FD) in a 40-mm-diameter circular conduit
and far less than the 20 h required for FD in a flat slab model. The microwave energy
supplied and specimen temperature profiles during MFD were strongly influenced by the
tissues, unfreezable water content, moisture distribution, and ionic characteristics of the
samples. It was also found that the MFD process involving the conduits can be divided into
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three steps based on the amount and distribution of unfrozen water in the frozen samples
and how heat is supplied in order to prevent corona discharge. © 2012 Copyright Taylor and
Francis Group, LLC.
[91]

Wang, Y.; Zhang, M.; Mujumdar, A. S., Influence of green banana flour substitution for
cassava starch on the nutrition, color, texture and sensory quality in two types of snacks.
LWT - Food Science and Technology, 2012, 47, 175-182, DOI: 10.1016/j.lwt.2011.12.011.
Green banana flour (GBF), as a functional ingredient, was used to partially substitute
cassava starch in two types of snacks, viz. fish cracker (FC) and cassava cracker (CC). It is
observed that use of GBF increased the nutritional value including enhancement of dietary
fiber, essential minerals, polyphenol content, antioxidant capacity and decreased oil content
to varying degrees depending on the substitution level in these two crackers. However, its
use compromised the textural properties in terms of the linear expansion ratio, crispness,
bulk density, porosity and color. Sensory evaluation showed that the products with not more
than 40 g substitution level by GBF from 100 g cassava starch in CC and not more than 15
g in FC were acceptable by the panelists. © 2011 Elsevier Ltd.

[92]

Liu, P.; Zhang, M.; Mujumdar, A. S., Comparison of three microwave-assisted drying
methods on the physiochemical, nutritional and sensory qualities of re-structured purplefleshed sweet potato granules. International Journal of Food Science and Technology,
2012, 47, 141-147, DOI: 10.1111/j.1365-2621.2011.02819.x.
Purple-fleshed sweet potato (PFSP) with high anthocyanin level was attractive to health
concern. Three drying methods, namely microwave-assisted freeze-drying (MWFD),
microwave-assisted vacuum drying (MWVD) and microwave-assisted spouted bed drying
(MWSBD), were compared in the drying of PFSP granules. Product's texture, colour,
anthocyanin level and energy consumption were investigated. Drying periods varied among
drying methods. MWSBD needed the least time to finish the drying process. Different
drying methods had a significant effect (P<0.05) on texture and anthocyanin level.
Maximum penetration force of MWSBD treated sample was lowest (14.99N). Anthocyanin
level of MWSBD products was not as high as that of MWFD products, but colour and
appearance were fine. MWFD products owned good crispness through sensory evaluation.
Energy consumption of MWFD was about two times higher than that of MWVD. Final
results indicated that MWSBD may be an alternative way to MWFD with measurements to
maintain the anthocyanin level. © 2011 The Authors. International Journal of Food Science
and Technology © 2011 Institute of Food Science and Technology.
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[93]

Huang, L. L.; Zhang, M.; Wang, L. P.; Mujumdar, A. S.; Sun, D. F., Influence of
combination drying methods on composition, texture, aroma and microstructure of apple
slices.

LWT

-

Food

Science

and

Technology,

2012,

47,

183-188,

DOI:

10.1016/j.lwt.2011.12.009.
Apple slices dried by two combination drying methods and by freeze-drying (FD) were
evaluated for their composition and analyzed for texture, aroma and microstructure. FD and
followed by microwave vacuum drying (FD + MWVD) yielded dried samples of higher
reducing sugars, total pectin and lower total phenols comparing to FD samples. On the other
hand, MWVD + FD samples had lower sugars, total phenols and total pectin than FD +
MWVD samples. On the whole, aroma retention in FD + MWVD samples is better than
MWVD + FD products and worse than FD samples. Moreover, the crispness of FD +
MWVD samples was higher than MWVD + FD samples and the hardness of FD + MWVD
samples was lower than MWVD + FD samples. Microwave application had a significant
effect on total phenols, pectin and aroma. In addition, longer time high temperature at
desorption drying stage and short time higher temperature at MWVD stage during FD +
MWVD process resulted in lower reducing sugars and worse aroma retention, respectively.
Faster drying rate in MWVD process induced worse cell structure. © 2011 Elsevier Ltd.
[94]

Zhang, F.; Zhang, M.; Mujumdar, A. S., Drying characteristics and quality of
restructured wild cabbage chips processed using different drying methods. Drying
Technology, 2011, 29, 682-688, DOI: 10.1080/07373937.2010.525729.
The drying characteristics of restructured wild cabbage chips dried using microwave
vacuum (MVD), hot air (AD), and microwave freeze drying (MFD) were compared. Some
of the key quality parameters of restructured wild cabbage chips such as fracturability and
color and sensory characteristics were measured. Results showed that the drying time was
reduced with the increase of microwave power (MVD/MFD) and in the case of air drying
by the temperature (AD). Drying time was the shortest in the MVD process. Optimal quality
of dried chips was obtained with the MFD process at a microwave power level 2.0 W/g. ©
2011 Taylor & Francis Group, LLC.

[95]

Wang, Y.; Zhang, M.; Mujumdar, A. S., Trends in processing technologies for dried
aquatic

products.

Drying

Technology,

2011,

29,

382-394,

DOI:

10.1080/07373937.2011.551624.
Fresh aquatic products are rich in nutritional compounds and are an important source of
good protein for humans. Dehydration processing technologies of aquatic products used in
practice are a mix of old and new technologies. With the rapid development of drying
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technologies and steadily increasing living standards, drying processing techniques as well
as types of products produced have changed fundamentally. Two broad types of dried
aquatic products are commercially available on a large scale: traditional products and snack
foods. In this article, the development of dried aquatic product processing technologies will
be expounded along with an overview of the necessary quality attributes and control
strategies to produce high-quality dried products of aquatic origin. © 2011 Taylor & Francis
Group, LLC.
[96]

Wang, Y.; Zhang, M.; Mujumdar, A. S., Convective drying kinetics and physical
properties of silver carp (Hypophthalmichthys molitrix) fillets. Journal of Aquatic Food
Product Technology, 2011, 20, 361-378, DOI: 10.1080/10498850.2011.575536.
The aim of this work was to investigate drying kinetics of silver carp fillets at the
temperatures of 40, 50, 60, and 70°C for two air velocities (0.5 and 1.5 m/s) and to evaluate
the effect of drying temperature on the physical properties of the products. From regression
analysis of the experimental data, a Two-term model was found to adequately predict the
drying process at all conditions tested. Effective moisture diffusivities (Deff) ranged
between 2.47 × 10 -10 m2/s and 5.98 × 10 -10m2/s and increased with temperature and air
velocity. Rehydration ratio, hardness, and springiness were significantly affected by drying
temperature. Color parameters, except b*, showed no dependence on temperature.
Copyright © Taylor &amp; Francis Group, LLC.

[97]

Wang, R.; Zhang, M.; Mujumdar, A. S.; Jiang, H., Effect of salt and sucrose content on
dielectric properties and microwave freeze drying behavior of re-structured potato slices.
Journal of Food Engineering, 2011, 106, 290-297, DOI: 10.1016/j.jfoodeng.2011.05.015.
Potato puree was used to prepare re-structured potato slices. The effect of salt and sucrose
content on microwave freeze drying (MFD) and the variation of the dielectric properties of
the potato slices were studied. Results showed that the dielectric constant (′) and loss factor
(″) of the potato purees decreased significantly after freezing. Both salt and sucrose addition
increased ′ and ″ of the samples at low temperatures (-25 to -5 °C). The salt content had
greater influence relative to sucrose content on dielectric properties of the samples. Sucrose
addition shows insignificant influence on dielectric properties of the thawing samples; while
for the salted samples, ′ decreased gradually with increasing salt content and ″ increased
significantly with increasing salt content and temperature. MFD drying rate was significant
higher after adding salt and sugar. © 2011 Elsevier Ltd. All rights reserved.
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[98]

Ren, A. Q.; Zhang, M.; Mujumdar, A. S., Effect of water activity and glass transition on
critical preservation conditions of dried squids. International Agrophysics, 2011, 25, 205209.
Desorption isotherms of dried squids were obtained at different temperatures. Several
models were tested to describe the experimental desorption data. TheGABequation gave the
best fit over the whole range of water activity and temperature. The glass transition
temperature of dried squids was measured using differential scanning calorimetry. The
Gordon-Taylor equation was used to model glass transition temperature and moisture
content relationship. At a given storage temperature of heat pumpdried squid, the critical
water activity/water content can be obtained using the GAB and Gordon-Taylor equations.
© 2011 Institute of Agrophysics, Polish Academy of Sciences.

[99]

Nahimana, H.; Zhang, M.; Mujumdar, A. S.; Ding, Z., Mass transfer modeling and
shrinkage consideration during osmotic dehydration of fruits and vegetables. Food
Reviews International, 2011, 27, 331-356, DOI: 10.1080/87559129.2010.518298.
During osmotic dehydration of fruits and vegetables, as water and/or other substances are
removed from the material, shrinkage follows depending on the extent of net mass loss.
Mass transfer is usually predicted through modeling. However, common models developed
for osmotic dehydration of fruits and vegetables make assumptions that often deviate far
from reality, including large heterogeneity, variability and complexity in properties of fruits
and vegetables. This generates some skepticism about such models and minimizes their
potential industrial reliability. This paper reviews osmotic dehydration of fruits and
vegetables through a basic approach, provides a critical view on modeling and points out
the factors that affect shrinkage and mass transfer based on an extensive evaluation of
pertinent literature. © Taylor & Francis Group, LLC.

[100] Nahimana, H.; Mujumdar, A. S.; Zhang, M., Drying and radial shrinkage characteristics
and changes in color and shape of carrot tissues (Daucus Carota L) during air drying.
African Journal of Biotechnology, 2011, 10, 15327-15345, DOI: 10.5897/AJB11.576.
Drying and radial shrinkage characteristics and changes in color and shape of carrots tissues
during air drying were studied. Slices dimensions were obtained by computer vision and the
color was quantified by chroma, hue, whitening index and total carotenoids contents. The
drying time became shorter of 1 h when temperature increased from 60 to 80°C, but sample
scorching was observed at 80°C. Blanching pretreatment accelerated the drying process as
a result of tissue softening. Two empirical models fitted very well to drying data (R2 ≥
0.99525) and five among reported shrinkage models highly fitted to the data with R 2 ≥
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0.99752. A new simple model, the Nahimana et al. model gave excellent fit to shrinkage
data (0.99525 ≤ R 2 ≤ 0.99981) and was then proposed as an additional shrinkage model.
Blanched samples underwent higher radial shrinkage compared to non-blanched; the highest
radial shrinkage was 63.49 ± 4.73%. The cortex tissue of fresh and dried carrot samples
showed better color than the core due to its higher chroma and lower whitening index. Total
carotenoids were also higher in cortex and ranged from 15.80 ± 0.02 to 2.27 ± 0.00 mg/100g
sample. Samples' color and main shape descriptors underwent significant changes during
drying. © 2011 Academic Journals.
[101] Li, X.; Zhang, M.; Duan, X.; Mujumdar, A. S., Effect of nano-silver coating on microbial
control of microwave-freeze combined dried sea cucumber. International Agrophysics,
2011, 25, 181-186.
To develop a new microbial control method for microwave-freeze dried sea cucumber,
nano-silver coating is tested as a potential technique. According to the experimental results,
a 0.3 mg l-1 nano-silver coating can control over 99% of Bacillus subtilis in the process of
microwave-freeze drying. To ensure a total microbial control effect, the nano-silver coating
technique was combined with the microwave-freeze drying process. Nano-silver coating
treatment was found to be effective in lowering the microorganism count and had no
significant effect on drying efficiency. © 2011 Institute of Agrophysics, Polish Academy of
Sciences.
[102] Jiang, H.; Zhang, M.; Mujumdar, A. S.; Lim, R. X., Comparison of the effect of
microwave freeze drying and microwave vacuum drying upon the process and quality
characteristics of potato/banana re-structured chips. International Journal of Food
Science and Technology, 2011, 46, 570-576, DOI: 10.1111/j.1365-2621.2010.02523.x.
This study investigated the drying characteristics of microwave freeze-drying
(MFD)/microwave vacuum drying (MVD) of banana/potato restructured chips of varying
proportion and microwave power. The results showed the MFD drying time had a maximum
one-hour time difference between the samples treated with 2Wg-1 and 3Wg-1 microwave
power; and the higher potato content samples have about 30min predominance than low
potato content samples in drying time and the total drying time of MVD samples was less
than 60min. For the rehydration ratio, MFD samples were far superior to the MVD samples.
The MFD samples had more than 4.5 rehydration ratio. The data of the colour difference
metre showed that 3Wg-1 microwave power would make samples slightly charred. The
biggest differences between the MFD and MVD chips lie in their texture and shape; the
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hardness of MVD samples was 30.86N, thrice higher than MFD samples. © 2011 The
Authors. International Journal of Food Science and Technology.
[103] Huang, L. L.; Zhang, M.; Yan, W. Q.; Mujumdar, A. S.; Sun, D. F., Rehydration
characteristics of freeze-dried strawberry pieces as affected by whey protein edible
coatings. International Journal of Food Science and Technology, 2011, 46, 671-677,
DOI: 10.1111/j.1365-2621.2010.02495.x.
This paper is about the use of whey protein isolate (WPI) edible coatings to improve the
rehydration behaviour of freeze-dried (FD) strawberry pieces. First, the optimal ratio sample
mass/volume of coating solution was optimised by determining the rehydration ratio, bulk
density and nutritional quality of the samples. Coating time is also determined in coated
samples by light microscopy. Second, the effect of changing the pH and the variation in
temperature-time to denaturate WPI on rehydration characteristics was also evaluated. The
rehydration ratio of strawberry pieces decreased with increasing the denaturation
temperature and denaturation time, while it increased with increasing pH of the coating
solution. Third, according to the rehydration curves, coating was not a single layer but small
pieces attached to strawberry pieces. The soluble protein contents in water after rehydration
confirm this conclusion. © 2011 The Authors. International Journal of Food Science and
Technology © 2011 Institute of Food Science and Technology.
[104] Huang, L. L.; Zhang, M.; Mujumdar, A. S.; Lim, R. X., Comparison of four drying
methods for re-structured mixed potato with apple chips. Journal of Food Engineering,
2011, 103, 279-284, DOI: 10.1016/j.jfoodeng.2010.10.025.
The effects of microwave-freeze drying (MFD), freeze drying (FD), microwave vacuum
drying (MVD) and vacuum drying (VD) on texture, color, rehydration, sensory,
microstructure and other quality parameters of re-structured chips made by blending apple
with potato were studied. MFD chips had the best quality and these products were preferred
by consumers. The drying time for MFD was lower than that for FD. The drying time for
MVD was the shortest and the energy consumption was also the lowest. Microwave drying
not only reduces the drying time but also improves the quality of dried products. Both MFD
and MVD techniques are found to be suitable for production of re-structured chips of
varying grades. © 2010 Elsevier Ltd. All rights reserved.
[105] Yan, W. Q.; Zhang, M.; Huang, L. L.; Tang, J.; Mujumdar, A. S.; Sun, J. C., Studies on
different combined microwave drying of carrot pieces. International Journal of Food
Science and Technology, 2010, 45, 2141-2148, DOI: 10.1111/j.1365-2621.2010.02380.x.
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Three different combined microwave (MW) drying methods were compared, namely
microwave-assisted vacuum drying (MWVD), microwave-assisted freeze drying (MWFD),
microwave-enhanced spouted bed drying (MWSD), in terms of drying rate, drying
uniformity, product colour, rehydration ratio, retention of β-carotene and vitamin C, and
energy consumption. The drying rate of MWVD and MWSD were much faster than that of
MWFD. The largest drying rate was obtained in MWSD with 3.5 W g-1. In general, the
colour of MWSD products was very uniform. Rehydration ratio of MWFD carrot pieces was
almost the same as the freeze-dried (FD) products and better than MWVD and MWSD
products. In addition, the highest retention of carotene and vitamin C was observed in
MWFD carrot pieces. No significant differences were observed in carotene and vitamin C
between MWVD and MWSD products. However, the energy consumption in MWFD was
the highest. © 2010 The Authors. International Journal of Food Science and Technology ©
2010 Institute of Food Science and Technology.
[106] Yan, W.; Zhang, M.; Huang, L. L.; Tang, J.; Mujumdar, A. S.; Sun, J. C., Study of the
optimisation of puffing characteristics of potato cubes by spouted bed drying enhanced
with microwave. Journal of the Science of Food and Agriculture, 2010, 90, 1300-1307,
DOI: 10.1002/jsfa.3940.
Background: In commercial deep-fat frying of potato chips, the oil content of the final
products ranges from 35 to 45 g 100 g-1 (wet basis). High-temperature frying may cause the
formation of acrylamide, making the products unhealthy to the consumer. The aim of this
research was to explore a new method, spouted bed microwave drying, to produce healthier
puffed snack potato cubes as possible alternatives to oil-fried potato chips. The influence of
drying conditions of the spouted bed microwave drying on puffing characteristics of potato
cubes were studied and compared with the direct microwave and hot air drying method.
Results: Tandem combination drying of microwave-enhanced spouted bed drying (MWSB)
could achieve a good expansion ratio, breaking force and rehydration ratio. The puffing
characteristics of potato cubes were significantly affected (P &lt; 0.05) by moisture content
before starting microwave power in spouted bed microwave drying, by microwave (MW)
power, and by the original size of potato cubes. Conclusion: The optimum processing
parameters were the moisture content at the start of microwave power (60%), the size of
potato cubes (10-12 mm), and microwave power (2-2.5 W g-1) © 2010 Society of Chemical
Industry.
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[107] Wu, G. C.; Zhang, M.; Mujumdar, A. S.; Wang, R., Effect of calcium ion and microwave
power on structural and quality changes in drying of apple slices. Drying Technology,
2010, 28, 517-522, DOI: 10.1080/07373931003618667.
Effects of impregnated calcium ion and microwave (MW) power on texture, rehydration,
shrinkage, color, and other selected indexes of freeze-dried apple slices were investigated.
Apple slices were dried by freeze drying and microwave freeze drying (MFD) separately.
Vacuum impregnated (VI) and non-vacuum-impregnated apple slices were dried at various
microwave power levels. Non-vacuum-impregnated apple slices were found to preserve
their mechanical structure better than the VI-treated ones. Microwave application resulted
in decreased protopectin fraction as well as total pectin content. As microwave power varied
from 1.2 to 2.0 W/g, the total pectin content decreased from 0.810 to 0.521 (expressed as g
galac-turonic acid/100 g fresh sample). The effect of microwave power in decreasing the
drying time was significant. The color of MFD apple slices varied to a minor extent with
MW power level over the range of parameters studied. © 2010 Taylor & Francis Group,
LLC.
[108] Wang, R.; Zhang, M.; Mujumdar, A. S., Effect of food ingredient on microwave freeze
drying of instant vegetable soup. LWT - Food Science and Technology, 2010, 43, 11441150, DOI: 10.1016/j.lwt.2010.03.007.
The objective of this work was to study the effect of three different food ingredients viz.
NaCl content (1e15 g/100 gwater), sucrose content (5e25 g/100 gwater) and sodium
glutamate content (0.5e10 g/100 g water) on microwave freeze drying (MFD) of instant
vegetable soup. Response surface methodology (RSM) was employed to optimize their
addition levels in instant vegetable soup for MFD. Finally, a comparison of MFD for instant
vegetable soup with and without added ingredients was carried out. The results showed that
NaCl content and sucrose content had significant influence on drying time and sensory
quality, hile sodium glutamate content had insignificant effect. The optimum ingredients of
the instant vegetable soup for MFD were: NaCl content of 3.2e5.3 g/100 g water, sucrose
content of 2e6.8 g/100 g water and sodium glutamate content of below 4.5 g/100 g water.
Comparing with MFD vegetable soup without ingredients, condiments addition could
increase drying rate and shorten drying time. © 2010 Elsevier Ltd.
[109] Wang, R.; Zhang, M.; Mujumdar, A. S., Effect of osmotic dehydration on microwave
freeze-drying characteristics and quality of potato chips. Drying Technology, 2010, 28,
798-806, DOI: 10.1080/07373937.2010.482700.
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In this study, the effects of osmotic pretreatment on microwave freeze-drying (MFD)
characteristics and quality of potato chips were studied. Potato slices were pretreated by
immersion in salt solution (5, 10, 15% w/w) or sucrose solution (30, 40, 50% w/w) at 20°C
for 6 h prior to MFD. Results showed that osmotic pretreatment significantly improved the
MFD drying rate compared with MFD of fresh samples under the same operating conditions.
However, there is an optimal level of osmotic dehydration beyond which it has an adverse
effect on product quality. Osmotic pretreatment with salt concentration below 5% and/or
sucrose concentration below 30% prior to MFD drying resulted in dried products of good
quality with shorter total drying times relative to MFD of untreated samples. © 2010 Taylor
& Francis Group, LLC.
[110] Wang, R.; Zhang, M.; Mujumdar, A. S., Effects of vacuum and microwave freeze drying
on microstructure and quality of potato slices. Journal of Food Engineering, 2010, 101,
131-139, DOI: 10.1016/j.jfoodeng.2010.05.021.
Potato slices immersed in 0.5% CaCl2 solution for 10 min were examined using light
microscopy for their microstructure in frozen state before drying, during the sublimation
drying stage, in the desorption drying stage and in the final dried form. Additionally, the
final dried product was also tested for vitamin C content, color, starch content, texture and
sugar content. Experiments were carried out using conventional vacuum freeze dryer as well
as a microwave freeze dryer. Results for both unblanched and blanched potato tissues,
crystal growth during sublimation drying stage was observed to cause structural damage to
the cell walls. Blanched tissue suffered more damage during the freezing process.
Interestingly, microwave freeze drying yielded product similar in quality to that obtained in
vacuum freeze drying with conductive heating. © 2010 Elsevier Ltd. All rights reserved.
[111] Jiang, H.; Zhang, M.; Mujumdar, A. S., Physico-chemical changes during different
stages of MFD/FD banana chips. Journal of Food Engineering, 2010, 101, 140-145,
DOI: 10.1016/j.jfoodeng.2010.06.002.
Microwave freeze drying (MFD) normally contains three stages, i.e., pre-freeze stage,
primary drying stage and secondary drying stage, just as in conventional freeze drying. This
research examines the variations of structure, starch content, reducing sugar content, color
change as well as expansion ratio during these stages of microwave freeze drying banana
chips. Results show that biggest changes are found at the primary drying stage in the banana
slices' starch content, reduced sugar content, their structure and their changed colors while
the biggest change of expansion ratio occurs at the secondary drying stage. Similar results
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can also be obtained for FD samples. Thus it is concluded that the primary stage can do most
damage to the banana chips. © 2010 Elsevier Ltd. All rights reserved.
[112] Jiang, H.; Zhang, M.; Mujumdar, A. S., Microwave freeze-drying characteristics of
banana

crisps.

Drying

Technology,

2010,

28,

1377-1384,

DOI:

10.1080/07373937.2010.482702.
This experimental study investigated the drying characteristics of microwave freeze drying
(MFD) of banana slices of varying maturity. Results show that the drying time was shortened
with increase of both microwave power and degree of maturity of the banana. In terms of
the quality parameters such as hardness, fracturability, color, and rehydration ratio, high
maturity samples with high sugar content displayed better performance. The best sensory
scores were obtained for medium maturity bananas processed using 2.0 W/g microwave
power. © 2010 Taylor & Francis Group, LLC.
[113] Gong, Z.; Zhang, M.; Bhandari, B.; Mujumdar, A. S.; Jin-Cai, S., Rheological properties
of cabbage pulp. International Journal of Food Properties, 2010, 13, 1066-1073, DOI:
10.1080/10942910902954551.
The rheological behavior of cabbage pulp was determined using a computer controlled
rotational rheometer at a temperature range of 20, 30, 40, and 50C. The flow behavior of
pulp was pseudoplastic and fitted well to the Casson model. In all the cases, the effect of
soluble solids on apparent viscosity was more pronounced than the effect of temperature.
The combined effect of temperature and soluble solid content on viscosity was also given.
The activation energy value of 3-6Brix cabbage puree varied from 7 to 12.6 kJ/mol when
shear rate increased from 1 to 10 s-1. The exponential model developed had an excellent fit
(r2 0.87) and would be useful for the engineering applications. Copyright © 2010 Taylor &
Francis Group, LLC.
[114] Gong, Z.; Gao, L.; An, J.; Zhang, M.; Mujumdar, A. S.; Sun, J., Effects of predrying and
vacuum impregnation with Nano-calcium carbonate solution on strawberries, carrots,
corn,

and

blueberries.

Drying

Technology,

2010,

28,

36-41,

DOI:

10.1080/07373930903423913.
Predrying followed by vacuum impregnation using a solution of nanosized calcium
carbonate was carried out for several products such as strawberries, blueberries, carrots, and
corn. This process improved impregnation mass of the functional substance in the products
tested. Though products like butter candy taste sweet, due to their high content of sugar and
fat they face high consumer resistance. The objective of this study is to produce snack foods
using fruits and vegetables that not only have sweet taste but that have the best retention of
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the original color, shape, and aroma of the fresh fruit or vegetable while retaining their
vitamin, dietary fiber, and trace element contents. © 2010 Taylor & Francis Group, LLC.
[115] Duan, X.; Zhang, M.; Mujumdar, S.; Wang, R., Trends in microwave-assisted freeze
drying

of

foods.

Drying

Technology,

2010,

28,

444-453,

DOI:

10.1080/07373931003609666.
Microwave-assisted freeze drying (MFD) can be accomplished in two distinct ways: freeze
drying assisted concurrently with microwave application (MFD-1) and freeze drying and
assisted microwave/vacuum microwave drying in two consecutive separate drying stages
(MFD-2). MFD is a rapid dehydration technique that can be applied to certain foods,
particularly to seafoods, solid soup, and fruits and vegetables. MFD involves much less
drying time and energy consumption than conventional freeze-drying methods. Currently,
this technology has been successfully used to dry many food materials and has potential in
the food industry. Increasing concerns over product quality, energy savings, and production
costs have motivated researchers and the industry to adopt MFD technologies. The
advantages of MFD include shorter drying time, energy savings, improved product quality,
and flexibility in producing a wide variety of dried products. However, current applications
are limited to small categories of foods due to high startup costs and relatively complex
technology compared to conventional freeze drying. This article presents a concise review
of recent progress in MFD R&D and makes recommendations for future research to bridge
the gap between laboratory research and industrial applications. © 2010 Taylor & Francis
Group.
[116] Duan, X.; Zhang, M.; Mujumdar, A. S.; Wang, S., Microwave freeze drying of sea
cucumber (Stichopus japonicus). Journal of Food Engineering, 2010, 96, 491-497, DOI:
10.1016/j.jfoodeng.2009.08.031.
Freeze drying (FD) yields the best quality of dried sea cucumber but at the cost of long
drying time and also the overall cost. Air drying (AD) gives an unacceptably poor quality
product. To achieve faster drying along with a high quality product a microwave freeze
drying (MFD) technique was developed to dry sea cucumbers. The relationship between
corona discharge and microwave power at various pressures and initial moisture content
conditions was studied to avoid the possibility of corona discharge during MFD. According
to the drying characteristics of MFD, a control strategy for the MFD process was also
developed. MFD reduced the drying time by about half of conventional FD process and
provided a similar good product quality. © 2009 Elsevier Ltd. All rights reserved.
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[117] Duan, X.; Zhang, M.; Mujumdar, A. S.; Huang, L. L.; Wang, H., A novel dielectric drying
method of sea cucumber. International Journal of Food Science and Technology, 2010,
45, 2538-2545, DOI: 10.1111/j.1365-2621.2010.02419.x.
The sea cucumber autolyses readily so it must be dehydrated for preservation. Traditional
drying methods of sea cucumber need very long time and have adverse effect on quality.
Hence, a novel microwave freeze drying technique was developed to dry sea cucumber.
Because microwave heating is a function of dielectric properties of the material in
microwave field, dielectric properties of sea cucumber were determined. As expected, the
dielectric loss factor of sea cucumbers was very low in frozen state, and several
pretreatments (nanoscale calcium carbonate impregnation and vacuum impregnation, salt
impregnation, etc.) were analysed to improve the dielectric properties of sea cucumber.
Vacuum impregnation with nanoscale calcium carbonate combined with microwave freeze
drying was found to be an efficient drying method for sea cucumber by anova (P < 0.01).
Compared with microwave freeze drying method without any treatments, this drying method
could reduce the drying time by up to two hours. © 2010 The Authors. International Journal
of Food Science and Technology © 2010 Institute of Food Science and Technology.
[118] Xu, H. S.; Zhang, M.; Duan, X.; Mujumdar, A.; Sun, J., Effect of power ultrasound
pretreatment on edamame prior to freeze drying. Drying Technology, 2009, 27, 186-193,
DOI: 10.1080/07373930802603342.
Immersion freezing with the aid of power ultrasound prior to freeze drying of edamame was
investigated. The effect of power ultrasound on the freezing rate was influenced by
ultrasonic power, exposure time to ultrasound field, and the pulse duration of the ultrasound
that was applied. The higher the ultrasound power and the longer the exposure time, the
stronger the ultrasonication effect on edamame was. However, the ultrasound power,
ultrasound intermittency, and exposure time need to be chosen with consideration of the
thermal effect of ultrasound. Response surface methodology (RSM) was adopted for
optimization. The hardness and the water-holding capacity of edamame after thawing were
6050 g and 92%, respectively, when 58-W ultrasound power was applied for 0.7 min, 50%
pulsed at the coolant temperature of - 20°C.
[119] Wang, R.; Zhang, M.; Mujumdar, A. S.; Sun, J. C., Microwave freeze-drying
characteristics and sensory quality of instant vegetable soup. Drying Technology, 2009,
27, 962-968, DOI: 10.1080/07373930902902040.
Instant vegetable soup mix was dehydrated in a microwave freeze dryer to study the drying
characteristics and sensory properties of the dried product. The mix was dried at different
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microwave power levels, material thicknesses, and material loads. As expected, microwave
power significantly influenced the total drying time and sensory quality of the final product.
The total drying time increased with the increase of material thickness and load. A material
layer that is too thin causes the product quality to deteriorate © 2009 Taylor & Francis
Group, LLC.
[120] Song, X. J.; Zhang, M.; Mujumdar, A. S.; Fan, L., Drying characteristics and kinetics of
vacuum microwave-dried potato slices. Drying Technology, 2009, 27, 969-974, DOI:
10.1080/07373930902902099.
Vacuum microwave dehydration characteristics and drying kinetics of potato slices were
evaluated using a laboratory-scale dryer. The test materials were placed on a rotating tray to
allow uniform exposure to the microwave field. The effect of drying conditions on the drying
characteristics was investigated. As expected, higher drying rates were obtained with higher
microwave power and lower vacuum levels. The effect of vacuum pressure on drying rate
was not as significant as that of microwave power. The Henderson & Pabis model provided
better simulation of the drying curves for potato slices. Empirical models are presented for
the drying rate constant as a function of the microwave power and vacuum pressure for
potato slices under the range of operating conditions tested. © 2009 Taylor & Francis Group,
LLC.
[121] Huang, L. l.; Zhang, M.; Yan, W. q.; Mujumdar, A. S.; Sun, D. f., Effect of coating on
post-drying of freeze-dried strawberry pieces. Journal of Food Engineering, 2009, 92,
107-111, DOI: 10.1016/j.jfoodeng.2008.10.031.
Although the color, flavor and taste of freeze-dried (FD) strawberries pieces are very good,
texture collapse after rehydration limits the application of FD strawberry pieces in liquid
carriers. In this work, the effects of coating the freeze-dried pieces and the drying method
after coating are investigated. The best formula for the coating solution is found to be: whey
protein 10%, glycerol 3%, lactose 10%. Color of strawberry pieces can be protected to some
extent by adding Na+ and β-Cyclodextrin (β-CD) in the coating solution. The best
proportions of Na+ and β-CD were 3 mg/ml and 0.5 mg/ml, respectively. Coated freezedried pieces of strawberry were dried in a spouted bed. The rehydration characteristics of
the coated strawberry pieces were found to be influenced by the coating time as well as the
drying conditions used. © 2008 Elsevier Ltd. All rights reserved.
[122] Huang, L. L.; Zhang, M.; Mujumdar, A. S.; Sun, D. F.; Tan, G. W.; Tang, S., Studies on
decreasing energy consumption for a freeze-drying process of apple slices. Drying
Technology, 2009, 27, 938-946, DOI: 10.1080/07373930902901844.
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The shape, color, flavor, and rehydration capacity of freeze-dried (FD) products are all better
than other dried products. However, the energy consumption during FD is very high, which
limits the application of this drying method for common materials. In this article, microwave
vacuum drying (MWVD) was applied before or after FD to decrease the energy consumption
during FD. Moreover, energy consumption was divided into two parts: valid and invalid
energy consumption. Apple slices were used as an example to calculate the saving
percentage of invalid energy consumption by comparing combination drying with FD.
Apple slices freeze dried for 8.28h first and then dried by MWVD have the best appearance,
with a savings of 39.20% in invalid energy consumption. But apple slices freeze dried for
6h first followed by MWVD have the highest savings of invalid energy consumption,
54.02%, while still maintaining an acceptable appearance. © 2009 Taylor & Francis Group,
LLC.
[123] Huang, L.; Zhang, M.; Mujumdar, A.; Zhang, C.; Lu, D.; Sun, J., Studies on controlling
surface accumulation of glucose on dehydrated cabbage. Drying Technology, 2008, 26,
931-935, DOI: 10.1080/07373930802142762.
Dehydrated cabbage pretreated with glucose before drying can easily become covered with
a thin white film of glucose during storage due to glucose transfer from the inside to the
surface. Lactose and high-maltose syrup were added as partial substitutes for glucose in the
process of the pretreatment using glucose before drying. In both conditions, good results
were obtained concerning extending the period needed for glucose accumulation on the
surface of the dried product, particularly in the presence of high-maltose syrup. In this work,
effects of blanching time and ambient relative humidity during storage on glucose
accumulation were also studied. The results show that dehydrated cabbage blanched for 90s
and stored in a low-humidity environment displays reduced glucose accumulation on the
surface of the products and extends the accumulation time without reducing glucose content
from 12 days to 28 days.
[124] Gong, Z.; Zhang, M.; Mujumdar, A.; Sun, J., Spray drying and agglomeration of instant
bayberry

powder.

Drying

Technology,

2008,

26,

116-121,

DOI:

10.1080/07373930701781751.
Optimum technology of spray-dried bayberry powder was studied using D-optimal
experimental design. The operating conditions were varied within the following ranges: inlet
air temperature 140-160°C, outlet air temperature 65-85°C, maltodextrin DE values 12 and
19, and feed concentrations of 7-17°B. The spray-dried bayberry powder was analyzed for
moisture content and color. Moisture content of spray-dried powder was determined mainly
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by the inlet and outlet air temperatures, DE value, and the feed concentration. The inlet and
outlet temperature had important effects on powder color. Finally, instant bayberry powder
for beverages was produced by agglomeration of the spray-dried product.
[125] Duan, X.; Zhang, M.; Li, X.; Mujumdar, A. S., Microwave freeze drying of sea cucumber
coated with nanoscale silver. Drying Technology, 2008, 26, 413-419, DOI:
10.1080/07373930801929136.
To develop an improved dehydration method for sea cucumber, microwave freeze drying
was tested as a potential method. According to our experimental results, microwave freeze
drying can reduce drying time to about half of the traditional vacuum freeze-drying process.
To ensure a high degree of sterilization, a novel nanoscale silver coating technique was
combined with microwave freeze drying. Microwave freeze drying combined with
nanoscale silver coating treatment leads to a much lower microorganism number with no
significant effect on drying efficiency and sensory quality.
[126] Duan, X.; Zhang, M.; Li, X.; Mujumdar, A., Ultrasonically enhanced osmotic
pretreatment of sea cucumber prior to microwave freeze drying. Drying Technology, 2008,
26, 420-426, DOI: 10.1080/07373930801929201.
A new pretreatment method involving use of ultrasound prior to microwave freeze drying
of sea cucumber was examined experimentally. It was observed that ultrasound-assisted
osmotic pretreatment can reduce by about 2 h the time needed for microwave freeze drying.
An optimization study using response surface analysis was carried out to determine the
optimal operating parameters to minimize drying time while maximizing quality.
[127] Song, X. J.; Zhang, M.; Mujumdar, A. S., Optimization of vacuum microwave predrying
and vacuum frying conditions to produce fried potato chips. Drying Technology, 2007,
25, 2027-2034, DOI: 10.1080/07373930701728638.
The effects of vacuum microwave predrying and vacuum frying conditions on the quality of
vacuum-fried potato chips were studied. Both the moisture content and oil content of potato
chips decreased with increasing vacuum microwave predrying time. During vacuum frying,
the moisture content of potato chips decreased with increasing frying temperature and time,
while the oil content increased. Statistical analysis with response surface regression showed
that the moisture content, oil content, and breaking force of potato chips were significantly
(P < 0.05) correlated with vacuum microwave predrying time, frying temperature, and frying
time. Based on surface responses and contour plots, optimum conditions were vacuum
microwave predrying time of 8-9 min, vacuum frying temperature of 108-110°C, and
vacuum frying time of 20-21 min.
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[128] Song, X. J.; Zhang, M.; Mujumdar, A. S., Effect of vacuum-microwave predrying on
quality of vacuum-fried potato chips. Drying Technology, 2007, 25, 2021-2026, DOI:
10.1080/07373930701728703.
The effects of vacuum microwave predrying on the quality of vacuum-fried potato chips
were studied. The results showed that vacuum microwave predrying had a significant effect
on moisture and oil contents, as well as color parameters and structure of potato chips.
Vacuum microwave predrying significantly decreased the oil and moisture contents of
vacuum-fried potato chips. The rates of both mass transfer phenomena (water loss and oil
uptake) that take place during the vacuum frying of potato chips decrease due to the vacuum
microwave predrying. The vacuum microwave predrying had a negative effect on color of
potato chips, which decreases the L value of potato chips and increases Hunter a and b
values. Breaking force of fried potato chips is also significantly (P < 0.05) affected by the
drying pretreatment, which decreases the breaking force at the beginning of predrying and
then increases with vacuum microwave predrying time.
[129] Liu-Ping, F.; Zhang, M.; Mujumdar, A. S., Storage stability of carrot chips. Drying
Technology, 2007, 25, 1537-1543, DOI: 10.1080/07373930701539654.
Water activity combined with the glass transition temperature can be used to predict the
shelf life of foods. Water sorption isotherms and glass transition as a function of moisture
content were determined for carrot chips after vacuum frying. The GAB model was fitted to
the measured sorption data while the Gordon Taylor equation was used to model the water
plasticization effect. The critical moisture content and the critical water activity at which the
glass transition occurs were obtained at selected storage temperatures. The changes in
moisture content, fat content, water activity, breaking force, β-carotene content, ascorbic
acid, and acid value of vacuum-fried carrot chip at selected storage temperatures (0, 10,
25°C) during a 6-month storage period were investigated. The estimated shelf life of carrot
chip, defined by the degradation time of the acid value at different storage conditions, was
determined.
[130] Hu, Q. G.; Zhang, M.; Mujumdar, A. S.; Xiao, G. N.; Sun, J. C., Performance evaluation
of vacuum microwave drying of edamame in deep-bed drying. Drying Technology, 2007,
25, 731-736, DOI: 10.1080/07373930701291199.
The experiments of vacuum-microwave (VMW) drying on edamames in a deep bed was
investigated and compared in terms of drying rate, final moisture content, and quality of
dried products among the different heights of edamame in a deep bed. The results have
shown that there was a moisture gradient from the top to the bottom of the bed during the
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vacuum-microwave drying processing, and the greater depth of the bed, the larger the
moisture gradient of the bed. Therefore, it can affect the uniformity and the quality of dried
products.
[131] Duan, X.; Zhang, M.; Mujumdar, A. S., Studies on the microwave freeze drying technique
and sterilization characteristics of cabbage. Drying Technology, 2007, 25, 1725-1731,
DOI: 10.1080/07373930701591044.
The vacuum freeze-drying (FD) technique used in the food industry can yield a high-quality
product, but it is very expensive and requires a long processing time. Besides, the quantity
of microorganisms in FD products can often exceed the required standard. As a result, it will
be important to develop a new freeze-drying technique. In this article, cabbage was used as
a model material, and the microwave field was used as a heat source to supply sublimation
heat so that the drying time was shortened greatly. The effect of the microwave sterilization
during the drying process was evaluated. Effects of the pressure, thickness of material being
dried, and the input microwave power on such indices as drying time and the microorganism
number were studied. Compared with the method of ordinary freeze drying, microwave
freeze drying (MFD) can greatly reduce the drying time and has a notable sterilization effect.
[132] Duan, X.; Zhang, M.; Mujumdar, A. S., Study on a combination drying technique of sea
cucumber. Drying Technology, 2007, 25, 2011-2019, DOI: 10.1080/07373930701728497.
To develop a highly efficient drying technique for sea cucumber, the effects of different
drying methods on the drying procedure and product quality were investigated. FD could
lead to the best quality but took the longest time, and AD product quality was too poor.
VMD was introduced to combine with FD to get acceptable quality and reduce drying time.
In order to get optimal technique parameters, an RSA experiment was carried out. The
optimal technique parameters of combination drying of FD-VMD were 45% conversion
point, 20-30 kPa chamber pressure, and 350-450 W microwave power. Compared with
Freeze Drying (FD), Air Drying (AD)-Vacuum Microwave Drying (VMD) could reduce the
drying time to half and maintain good product quality.
[133] Cao, H.; Zhang, M.; Mujumdar, A. S.; Xiao, G. N.; Sun, J. C., Study on reduction of
water activity and storage stability for dehydrated brassica parachinensis with
intermediate

moisture.

Drying

Technology,

2007,

25,

669-674,

DOI:

10.1080/07373930701285969.
Selection of the agents for reducing water activity (aw) of Brassica parachinensis with
intermediate moisture contents (23.01% w.b.) and the storage stability at 4, 20, and 37°C
using different packaging methods were studied. The aw-lowering agent for the dehydrated
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Brassica parachinensis with intermediate moisture was optimized: 8% glucose, 4% lactose,
2% sodium chloride, and 7.5% maltodextrin. Storage experiments showed that vacuum
packaging or storage in darkness can reduce the loss of ascorbic acid and chlorophyll and
delay the browning process. The overall quality of dehydrated Brassica parachinensis with
intermediate moisture stored at 4° was better than at 20 and 37°C. Microbial analysis showed
that an aw value of 0.69-0.70 was safe for dehydrated Brassica parachinensis with
intermediate moisture.
[134] Zhang, M.; Tang, J.; Mujumdar, A. S.; Wang, S., Trends in microwave-related drying of
fruits and vegetables. Trends in Food Science and Technology, 2006, 17, 524-534, DOI:
10.1016/j.tifs.2006.04.011.
Microwave (MW)-related (MW-assisted or MW-enhanced) combination drying is a rapid
dehydration technique that can be applied to specific foods, particularly to fruits and
vegetables. Increasing concerns over product quality and production costs have motivated
the researchers to investigate and the industry to adopt combination drying technologies.
The advantages of MW-related combination drying include the following: shorter drying
time, improved product quality, and flexibility in producing a wide variety of dried products.
But current applications are limited to small categories of fruits and vegetables due to high
start-up costs and relatively complicated technology as compared to conventional
convection drying. MW-related combination drying takes advantages of conventional
drying methods and microwave heating, leading to better processes than MW drying alone.
This paper presents a comprehensive review of recent progresses in MW-related combined
drying research and recommendations for future research to bridge the gap between
laboratory research and industrial applications. © 2006 Elsevier Ltd. All rights reserved.
[135] Xu, Y.; Zhang, M.; Mujumdar, A.; Duan, X.; Jin-cai, S., A two-stage vacuum freeze and
convective air drying method for strawberries. Drying Technology, 2006, 24, 1019-1023,
DOI: 10.1080/07373930600776209.
Strawberries were dehydrated in a two-stage combination drying consisting of vacuum
freeze drying (FD) followed by hot air drying (AD), and in a two-stage hybrid method
involving FD and finish AD(FAD) to obtain dehydrated strawberries of high quality at
reduced cost. Energy consumption and physicochemical properties of the FAD product were
compared with single-stage AD and single-stage FD. The quality parameters of the products
were also analyzed. It was found that the quality of combined FAD-dried products
approximated that of single-stage FD. Hence, the proposed two-stage combination drying
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method is recommended for dehydration of strawberries to obtain a high-quality product at
lower cost when compared with vacuum freeze drying alone.
[136] Hu, Q. g.; Zhang, M.; Mujumdar, A. S.; Xiao, G. n.; Jin-cai, S., Drying of edamames by
hot air and vacuum microwave combination. Journal of Food Engineering, 2006, 77,
977-982, DOI: 10.1016/j.jfoodeng.2005.08.025.
The characteristics of hot air and vacuum microwave drying were compared using edamame
as the raw material, and an optimized combination drying process was then established
thereof so as to achieve increased drying rate and enhanced product quality. Edamame was
subjected to 70 °C hot air drying for 20 min, and then microwave dried at power intensity
9.33 W/g for 15 min under -95 kPa (gauge pressure). The optimized combination drying
process exhibited significantly shortened drying time as compared with conventional hot air
drying, and greatly decreased mass loads on the vacuum microwave dryer. © 2005 Elsevier
Ltd. All rights reserved.
[137] Fan, L. P.; Zhang, M.; Mujumdar, A. S., Effect of various pretreatments on the quality
of vacuum-fried carrot chips. Drying Technology, 2006, 24, 1481-1486, DOI:
10.1080/07373930600952826.
Carrot slices were subjected to the following four different pretreatments prior to vacuum
frying: (1) blanching, (2) blanching and air drying, (3) blanching and osmotic dehydration,
(4) blanching, osmotic dehydration, followed by freezing. The effects of these pretreatments
on the physicochemical properties and fat distribution in vacuum-fried carrot chips were
also investigated. There were significant differences in the total yield, amounts of carotenes,
vitamin C, and the color values of carrot chips following different pretreatments (P < 0.05).
Pretreatment significantly affected the water content, fat content, and water activity of carrot
chips (P < 0.05), while there were no significant differences in the breaking force of carrot
chips treated with different pretreatments (P > 0.05). Spearman correlation analysis showed
a high positive correlation between the fat content of carrot chips and the initial water
content of carrot slices. The fat distribution pattern depended on the initial water content and
the structure of the material left by water evaporation.
[138] Cao, H.; Zhang, M.; Mujumdar, A. S.; Du, W. H.; Sun, J. C., Optimization of osmotic
dehydration

of

kiwifruit.

Drying

Technology,

2006,

24,

89-94,

DOI:

10.1080/07373930500538741.
Mass transfer rates were quantitatively investigated during osmotic dehydration of kiwifruit
slices using response surface methodology with the sucrose concentration (20-80%, w/w),
temperature of sucrose solution (15-75°C), osmotic time (60-420 min), and slice thickness
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(2-10 mm) as the independent process variables. Quadratic regression equations are obtained
to describe the effects of independent process variables on the water loss (WL), sucrose gain
(SG), and ascorbic acid loss (AAL). It was found that all factors had significant effect on
the WL during osmotic dehydration of kiwifruit. Effects of temperature, time, and slice
thickness were more pronounced on SG than the effect of concentration of sucrose solution.
The osmotic solution temperature was the most significant factor affecting the AAL,
followed by slice thickness and duration of treatment. The optimal conditions for osmotic
dehydration were: 60% sucrose concentration, 30-40°C osmotic temperature, 150 min
osmotic time, and 8 mm slice thickness. Copyright © 2006 Taylor & Francis Group, LLC.
[139] Xu, Y.; Zhang, M.; Tu, D.; Sun, J.; Zhou, L.; Mujumdar, A. S., A two-stage convective
air and vacuum freeze-drying technique for bamboo shoots. International Journal of
Food

Science

and

Technology,

2005,

40,

589-595,

DOI:

10.1111/j.1365-

2621.2005.00956.x.
To obtain dehydrated bamboo shoot slices of high quality, a two-stage hybrid method of
drying was tested to see if it could be cost-effective. While freeze-drying provides the best
quality bamboo shoot it is a very expensive process. In this study, the drying techniques (a)
hot airflow drying followed by vacuum freeze drying and (b) the reverse of the process (a)
were examined. The quality of bamboo shoots dried by process (b) was found to be
approximately equal to that of freeze-dried bamboo shoots but at a significantly lower cost.
This paper reports results comparing the two processes in terms of energy consumption and
the physico-chemical properties of the dried bamboo. © 2005 Institute of Food Science end
Technology Trust Fund.
[140] Fan, L. P.; Zhang, M.; Mujumdar, A. S., Vacuum frying of carrot chips. Drying
Technology, 2005, 23, 645-656, DOI: 10.1081/DRT-200054159.
Vacuum frying is an alternative method to produce high quality vegetable or fruit chips. The
effect of frying temperature and vacuum degree on moisture content, oil content, color, and
texture of fried carrot chips were investigated. During the early stage of vacuum frying, the
rate of moisture removal and oil absorption increased with increasing frying oil temperature
and degree of vacuum. Statistical analysis of the color data showed that there were no
significant differences (P > 0.05) in lightness (L), redness (a), and yellowness (b) of carrot
chips as a function of vacuum degree and temperature. The breaking force of carrot chips
decreased with increasing frying temperature and vacuum degree. The statistical analysis
also showed that there were no significant differences (P > 0.05) in the breaking force as a
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function of temperature, but the breaking force was significantly (P < 0.05) affected by the
vacuum degree. Copyright © 2005 Taylor & Francis, Inc.
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Section 4

List of Co-supervised Postdocs and PhDs by Prof. Arun S.
Mujumdar at Jiangnan University, Wuxi
1. Dr Gongnian Xiao, Current position: Professor in Zhejiang University of Science and
Technology, Co-supervised Postdoc in the area of vacuum frying of vegetables during 20042006.
2. Dr Min Huang, Current position: Professor in Jiangnan University, Co-supervised Postdoc in
the area of Non-destructive measurement for food drying during 2010-2012.
3. Dr Guangyuan Jin, Current position: A Professor in Jiangnan University, Co-supervised
Postdoc in the area of CFD for food drying process during 2012-2014.
4. Dr Weiqiao Lv, Current position: A Professor in China Agricultural University, Co-supervised
Postdoc in the area of food smart drying during 2015-2017.
5. Dr Liuping Fan, Current position: Professor in Jiangnan University, Co-supervised PhD in the
area of vacuum frying of vegetables during 2002-2005.
6. Dr Yanyang Xu, Current position: A Professor in Jilin University, Co-supervised PhD in the
area of food combined drying during 2002-2005.
7. Dr Qingguo Hu, Current position: Professor in Hefei University, Co-supervised PhD in the area
of food combined drying during 2003-2006.
8. Dr Hui Cao, Current position: A Professor in Yangzhou University, Co-supervised PhD in the
area of high moisture dehydrated foods during 2003-2006.
9. Dr Haizhen Mo, Current position: Professor in Shanxi University of Science and Technology,
Co-supervised PhD in the area of functional foods enriched with selenium during 20042007.
10. Dr Xianju Song, Current position: A Professor in Taizhou University, Co-supervised PhD in
the area of vacuum frying of vegetables during 2005-2008.
11. Dr Zhiqing Gong, Current position: A. Professor in Shandong Academy of Agriculture
Science, Co-supervised PhD in the area of drying of solid beverage during 2004-2008.
12. Dr Xu Duan, Current position: Professor in Henan University of Technology, Co-supervised
PhD in the area of food combined drying during 2006-2009.
13. Dr Rui Wang, Current position: Senior Scientist in Haitian Group Co., Co-supervised PhD in
the area of food combined drying during 2007-2010.
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14. Dr Luelue Huang, Current position: A Professor in Shenzhen Polytechnic Institute, Cosupervised PhD in the area of food combined drying during 2008-2011.
15. Dr Weiqiang Yan, Current position: A Professor in Shanghai Academy of Agriculture Science,
Co-supervised PhD in the area of food combined drying during 2007-2011.
16. Dr Hilaire Nahimana, Current position: A Professor in Brody University, Co-supervised PhD
in the area of food combined drying during 2007-2011.
17. Dr Yuchuan Wang, Current position: A Professor in Jiangnan University, Co-supervised PhD
in the area of food combined drying during 2010-2013.
18. Dr Yingqiang Wang, Current position: Professor in Longdong University, Co-supervised PhD
in the area of food combined drying during 2010-2013.
19. Dr Hao Jiang, Current position: A Professor in Northwest Agriculture & Forestry
University,Co-supervised PhD in the area of food combined drying during 2011-2014.
20. Dr Xiaohuang Cao, Current position: A Professor in Guilin Normal University, Co-supervised
PhD in the area of food combined drying during 2014-2017.
21. Dr S M Roknul Azam, Tazu, Current position: Postdoc in Jiangsu University, Co-supervised
PhD in the area of food 3D Printing during 2015-2018.
22. Dr Ya Su, Current position: Lecturer in Nanjing Normal University, Co-supervised PhD in the
area of vacuum frying of vegetables during 2015-2018.
23. Dr Linlin Li, Current position: Lecturer in Henan University of Technology, Co-supervised
PhD in the area of food combined drying during 2015-2019.
24. Dr Xiaofei Wu, Current position: Postdoc in Chinese Academy of Sciences, Co-supervised
PhD in the area of food combined drying during 2015-2019.
25. Dr Shoma Devi, Current position: Postdoc in Zhejiang Agriculture & Forestry University, Cosupervised PhD in the area of vacuum frying of vegetables during 2015-2019.
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