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PREFACE 

 
This e-book is an edited and reviewed collection of selected keynote papers 

addressed in the 1st and 2nd International Symposia on Processing and Drying of 
Foods, Vegetables and Fruits (ISPDFVF) held in Kuala Lumpur, Malaysia from 11th – 
12th April 2011 and 18th – 19th June 2012, respectively. The symposiums were jointly 
organized between The University of Nottingham, Malaysia Campus and The 
Transport Process Research (TPR) Group of Prof. A.S. Mujumdar then located at the 
National University of Singapore and now at the Hong Kong University of Science & 
Technology. This symposium was initiated based on an idea initiated by Prof. Arun S. 
Mujumdar who is known globally as the Drying Guru within the research community. 
The first Symposium was also possible thanks to the tangible support provided by 
Drying Technology- An International Journal of which Prof. Mujumdar has been the 
Editor-in-Chief since 1988. 

 
Food processing has always been a major research area worldwide in various 

disciplines of science and engineering. It is an important part of the nexus of water, 
food and energy which are intricately interlinked and which will become increasingly 
important as shortages in all of these commodities will pose security issues in the 
future thanks to climate change. As a forum to discuss advancement in food 
processing technology, the ISPDFVF symposia also served as a platform to 
assemble academics, scientists, engineers, industrial experts and graduate students 
from various countries in the region to exchange and share their knowledge, ideas 
and findings in all aspects of food, vegetables and fruits processing, including drying 
and dehydration technologies. 

 
In this e-book, which can be freely downloaded and translated into different 

languages to enhance access,  several topics are discussed on various key aspects 
of food processing, i.e. baking, drying, role of food antioxidants, food quality, physical 
and chemical analyses, and new processing techniques. The opening chapter in this 
e-book is a special paper presented by Prof. Arun S. Mujumdar entitled “On 
Academia-Industry Interaction: Perspectives on What It Takes to Succeed in R&D”. 
This paper addresses the main issues of R&D carried out by academia and problems 
associated with transferring the research findings to industrial practice. As industrial 
processing necessarily implies need to include industry personnel in relevant R&D 
projects, it is important to find ways of enhancing academia-industry interaction. 

 
Here, we would like to express our sincere appreciation to the contributing 

authors for their support and commitment in making this e-book published and 
available freely on-line to anyone anywhere in the world by visiting 
http://www.arunmujumdar.com/. We also would like to take this opportunity to thank 
the members of the International Advisory Committee and Local Organizing 
Committee, for successfully organizing the two Symposia and we hope this series will 
continue and succeed in future as well since the need for advances in this area will 
not diminish; in fact they will increase as the global population increases and the 
earth’s limited ability to provide resources require greater effort in coming decades. 



Finally, we would like to welcome proposals to write or edit useful e-books of 
global interest as part of the free e-book project initiated by Prof. Mujumdar. A 
number of books are already available at the e-books link of the above URL. More 
will become available in the near future. We hope readers of this series will contribute 
to this unique professional service whose impact cannot be valued as it is indeed 
invaluable. 
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1.1   INTRODUCTION  

Innovation is the key to economic well being of societies around the world. 
Globalization has made it even more of an imperative due to increased 
intense competition in every sphere of activity. Wealth creation is linked 
directly to productive professions such as engineering, and technology. These 
professions have sciences and mathematics at their foundation. These are 
precisely the areas that are increasingly shunned by younger generations 
especially in the developed world as some of the other professions which can 
be classified as wealth sharing ones seem to be more attractive financially. 
This is one of the many stumbling blocks to rapid development of innovative 
technologies. However, in this paper we will address the issue of R&D carried 
out by academia and problems associated with the transfer of research results 
to industrial practice. Also, academia needs to justify their existence by 
showing that there is a positive rate of return on taxpayers’ investments in 
academic research. Indeed, in most countries even industrial R&D is partially 
funded by taxpayers through grants or tax credits. So, we should start by 
looking at justification for academic research itself. The most prevalent model 
of “academic research by academics for academics”- which I labelled the 
“closed loop” approach- as non-sustainable in engineering disciplines. 
Academics following through other academics’ research results in an endless 
closed loop without benefiting industrial applications along the way will soon 
find that such research will not get funded at some stage. Engineering 
research output must be evaluated in terms of its impact on engineering 
practice rather than the current method of evaluating impact factors and 
citation counts.  
 

One of the most significant innovations that was responsible for making 
the USA an industrial powerhouse was indeed the development of industrial 
R&D laboratories in the last century. During the second quarter of the 20th 
century a number of pharmaceutical R&D laboratories were established in the 
vicinity of research-intensive universities not unlike the more recent case of 
the Silicon Valley in California. There is evidence to suggest that the growth of 
the pharmaceutical industry in the USA in this period is strongly linked to 
relevant research intensity and to some extent geographic proximity to the 
location of the research centres. Academic research influenced industrial 
activity and vice versa. Academic research was also influenced by local 
industrial needs for technology and highly skilled manpower to conduct 
innovative R&D. In fact it is said that the discipline of chemical engineering 
emerged out of the needs and feedback from chemical and petrochemical 
industries. So the linkages between academia and industry in the USA have 
been strong and have led to major economic growth.  
 

The point I want to make is that academic research is not- or more 
correctly, should not be- of just “academic” interest. Although the academic 
approach is traditionally fundamental it can support applied research needs of 
industry and help accelerate innovation. Mansfield (1991) in a highly cited 
classic study has examined quantitatively how academic research has 
contributed to innovation and industrial utilization of academic research 
results. He studied a random sample of 76 American companies in seven 
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manufacturing industries which accounted for about a third of total industrial 
sales in 1985. Although dated, I believe the general outcomes are probably 
about the same now as they were over two decades ago. I have not come 
across a more recent study along these lines which clearly demonstrates that 
academic research as in fact triggered industrial innovation which is critically 
important for the economic well-being of a nation. One striking conclusion of 
this extensive study is that about 10 percent of the products and a similar 
percentage of new processes developed in the pharmaceutical, metal and 
information processing industries had their origin in academic research. On 
average the industrial development saved about seven years of induction time 
by not having had to do the ground work that was done by academia at no 
cost to the industry involved. While industrial R&D centres could have done 
the basic work as well, it is not certain if the long period of gestation and the 
resulting elevation in risk and cost would have actually led to real R&D. A 
good example cited by Mansfield (1991) is the well-known fact that the 
academic research by Professors Kipping and Staudinger provided the 
fundamentals of organosilicon chemistry which triggered the development of 
industrial silicones. Thus academic research can provide knowledge that is 
essential but not sufficient to innovate a new product or process. Thus 
industrial R&D is essential to follow up on ideas, new analytical tools or 
modeling techniques originally developed in academia.  
 

Most importantly Mansfield’s study leads to valuable conclusion regarding 
the social rate of return from academic research. Without going into the details 
of the methodology used, he estimates that, between years 1975-78, the rate 
of return on academic research investment is well above 20%. Such data are 
not easily available for other years but it is unlikely they vary much with 
industrial sector and geographic location. This is a conservative estimate for it 
neglects numerous benefits resulting from the conduct of research in 
academia. It is obvious that economies that support academic research and 
have policies that encourage industrial R&D will do well with a well-oiled 
innovation engine.  
 

To sum, support of academic research is not a luxury but a necessity in a 
highly competitive global economy that is driven by innovation. Certainly the 
North American and other western economies have succeeded economically 
through a thriving research culture in their academic institutions which then 
diffused into the industrial R&D laboratories as well. Bell Laboratories is well 
known for the high calibre of basic research that emerged from their ivory 
towers which eventually made AT&T such a success. The R&D model they 
used several decades ago is, however, not suited to today’s globalized and 
strongly market-driven economies where monopolies cannot exist for long. 
Patent laws do provide innovative companies a transient period of “monopoly’ 
during which to recoup R&D expenses and make profits without facing 
completion in the marketplace. Whether this is a good model for promoting 
innovation is a matter for scholarly discussion by itself. Certainly there are 
good reasons to believe that the extended patent awarded to James Watt for 
his steam engine delayed the Industrial Revolution by about thirty years. 
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1.2   ON ACADEMIA-INDUSTRY INTERACTION PROBLEMS AND SOME   
SOLUTIONS 

 
While in an ideal world of engineering research all researchers in 

academia will have industry partners, this is far from reality all over the world. 
There are good reasons for this. The objectives of conducting academic 
research are to contribute to the existing knowledge base and to mentor 
research talent that can carry out innovative R&D in their future career. It is 
not profit-oriented. Unlike industrial R&D which must be driven by profit-
making, academic research often tends to be loss-making in the short term. 
The latter is profitable to societies in general over the long haul but it is hard to 
quantify the intangible but substantial benefits it accrues to nations. Academic 
research tends to move at a slower pace as it if carried out with inexperienced 
research interns; they learn the art and science of conducting research and 
just as they master the needed skills and start being productive, academic 
institutions give them a diploma and they move away from the academic 
environment. Thus the times scales of interest to industry are different from 
those relevant to academia. This makes industry-academia R&D collaboration 
asynchronous. If and when the two can be synchronized the results tend to be 
synergistic. This is hard to achieve but attempts should be made develop 
close working relationships through tangible support by industry of academic 
research. 
 

Industry can of course have interest in taking a stake only if they see 
return on their investment via innovative solutions to real problems- current 
and potential. Excellent solution to a non-problem does not help their bottom-
line nor do any number of so-called high impact-factor journal papers! It is 
therefore recommended that faculty members become familiar with industrial 
practice by spending some time in industry (maybe spend a sabbatical year) 
and becoming fully aware of operational issues where they can make a 
definitive contribution. It is a good idea also to define research themes in 
consultation with senior industry personnel who can appreciate the limitations 
and advantages of academic research. A non-expert from industry can in fact 
do more harm than good to a well formulated academic research problem by 
failing to appreciate the intricacies, complexities and risks involved in good 
research. 
 

Effective R&D requires high quality talent as well as vision and foresight. 
Management is equally important. Rabbit starts and stops of R&D projects 
following closely on the heels of economic indicators only results in failed or 
incomplete projects. Research managers and grantors need to have a good 
basic understanding of the technical area as well as the vagaries of R&D 
which differ from day-today administrative tasks. Before a major R&D project 
can start it is necessary to see that adequate funding is set aside including 
some extra for contingencies. 
 

Risk is the sole of research. If your projects do not fail now and then 
maybe you are not doing real research or you are setting the bar too low. 
Unexpected problems will come up if the project is truly innovative and 
challenging. Research management should help lubricate the wheels of 
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research wagon and not place obstacles in its path as often happens in 
practice. Credit must be given where it is due and not hijacked from those who 
actually accomplish it. This is unethical and also a deterrent to true innovation 
if merit is not adequately recognized. 
 

There is a myth amongst academics that academic research is cheaper; 
indeed according to many senior industrial R&D managers this is not so. The 
high cost of academic overheads coupled with the fact that academic 
manpower is also undergoing training and extensive coursework unrelated to 
the research at hand, makes academic research slower and hence more 
expensive. Industry is concerned about losing IP rights and also the 
opportunity costs of delays which may cause them enter the market later than 
a competitor. Although few institutions have ever made substantial gains 
selling their research results, IP sharing has become a major issue that is 
hampering industry-academia cooperation. 
 

My personal experience in working with industrial R&D projects mainly in 
the USA during 1989-2000 has been a highlight of my academic career. 
Indeed, the time and effort devoted to this activity did not result in any journal 
papers. Had I only focused on my academic job maybe I would have a 
hundred additional papers but little true impact on engineering practice. It was 
a pleasure to have succeeded in applying basic engineering knowledge to 
solve relatively small to very major industrial problems mainly but not 
exclusively in the drying field. A number of generic research projects I 
mentored evolved out of this experience. Indeed, it made it possible to come 
up with some innovative drying concepts ranging from two dimensional 
spouted beds to intermittent drying to rotating spouted beds to superheated 
steam dryer for newsprint and tissue. Although many industries in many parts 
of the globe are using results in my publications to design industrial equipment 
more efficiently to save energy and get high quality product, this is not 
reflected in my citation reports. Yet, this is the real impact of engineering 
research. Without direct industry contact and interaction this would not have 
been possible. Academics need to develop the ability to “tune in” to industrial 
wavelength to be able to work effectively in a team with diverse objectives, 
abilities, interests and capabilities. From my experience in many countries I 
can say that only a small fraction of faculty members are able to work 
effectively with industry; in not too distant future granting agencies will 
question merit of engineering research that no industry can utilize. 
 
1.3   NEW GLOBAL CHALLENGES TO R&D 

Recent survey results published by the esteemed R&D Magazine in 2011 
about the forecast for Global R&D Funding and the survey of researchers in 
several countries yield optimistic picture. As noted in one of my earlier 
editorials published in Drying Technology journal (Mujumdar 2011a, 2011b) 
R&D is the engine for economic growth when coupled with higher education 
and a sustainable R&D policy that is locally appropriate but based on global 
consideration. In general all signs point towards increased R&D funding and 
better support of academia as the economic conditions improve. 
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Survey of researchers in the US as well as outside the US, interestingly 
enough, convey the same sentiments regarding the most critical challenges 
they perceive. At the top of their concerns are: limited budget, limited time to 
accomplish R&D, competition, shortage of skilled talent, intellectual property 
rights etc. Surprisingly, effects of globalization, outsourcing, inflation, energy 
costs etc are not rated highly on the list of challenges. 
 

Some of the other issues that come out of this extensive survey are the fact 
that the march of globalization continues relentlessly as a result of the 
narrowing of the so-called "scientific gap" between the high GDP and lower 
GDP nations. It is noteworthy that growth rate of publications in scientific 
literature as well as patents is much higher in emerging economies than in the 
advanced economies. The rate of scientific publications in specific areas is 
reported to be higher in emerging economies than in the developed ones. As 
noted in my earlier editorial on this theme we have already noted the unique 
position China holds in both R&D and advanced education. 
 

One of the trends that started several decades ago has seen some 
acceleration. This is the enhanced degree of collaboration in advanced 
education particularly in science and engineering. Many institutions in 
advanced nations are establishing campuses in emerging countries or 
collaborating actively with local institutions. Many large corporations are 
establishing R&D centres in several emerging economies where the markets 
may be even larger and certainly growing faster than in their home countries. 
Thus, R&D sites are migrating to where the major markets are. This trend is 
assisted by the lower costs of R&D and availability of suitable manpower at 
significantly lower cost. This has resulted in what is popularly termed "reverse 
innovation". Products are developed, tested and marketed in emerging 
nations and then successfully introduced in their home country. Another 
evolving trend is that of resorting to "open innovation". The “Not-Invented-
Syndrome" has largely been abandoned even by some of the largest 
multinationals. These are important trends that one needs to recognize when 
working on a nations R&D policy. For major companies often a collaborator 
can turn into a powerful competitor as the world "flattens". There is therefore 
the need to be constantly looking for innovative solutions to maintain market 
share. Most Fortune 500 companies are already benefitting from Open 
Innovation and crowd-sourcing concepts. 
 

Technology transfer from academia to industry is a complex process. 
Academics are generally not well versed in the intricacies of business, 
economics, law, finance, marketing, patenting processes etc. Often they are 
surprised at lack of industry interest in their innovative work or new designs. 
The risk involved in bringing new processes and products to marketplace is 
typically high. If the innovations are radical preferred by academics- the risk is 
also high and most conservative industries will shy away from such 
innovations. This is true in the drying field where the capital investment 
required is high e.g. papermaking. Even if the eventual economic return on 
investment can be very high, most companies will not go ahead with the risk 
involved. Academics work with lab scale tests and mathematical models- both 
of marginal interest to industry. Academics must try to do scale-up and also 
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present techno-economic analysis if they wish to have industry to show 
interest in their work. Due to lower risk and much lower capital investments 
required, industry is likely to prefer evolutionary or incremental innovations. 
Such innovations in the drying field tend to be simply intelligent combinations 
of mature, well-tested conventional drying technologies. Some are of market-
pull variety while others maybe of technology-push type. 
 

The fact that industry participation in international drying conferences is 
very low reflects the fact that industry is unable to benefit from the numerous 
innovations academics report at such meetings. Their presentations tend to 
address other academics while drying technologies are primarily of industry 
and not academic interest. Special effort is needed to meet industry needs in 
the organization of such conferences which can be great platforms for open 
innovation for proactive industrial R&D. 
 

Now that the world is “flat” thanks to ready access to knowledge via the 
internet emerging economies have a level playing field with the developed 
nations as far as creativity and innovation is concerned. Innovation is now 
driven by talent; greater the availability of a talent pool greater is the potential 
for innovation in a globalized world. Increasingly developing nations are able 
to compete with developed nations even in high end R&D- not only in 
manufacturing with lower labor costs or in detailed engineering design which 
requires an army of well-trained engineers. Outsourcing is benefiting first 
world populations in terms of improved standard of living but it is also helping 
developing economies to build their expertise in manufacturing and design. If 
all design and manufacturing is outsourced there is a risk that the companies 
that outsource most of their manufacturing or design requirements will 
eventually lose their capability in these areas. There is some evidence this 
already happening. 
 
1.4   ABOUT R&D IN DRYING 

As for drying R&D, the time scale of development is necessarily rather 
long, so the pressure to innovate is not as severe as in telecommunications, 
biotechnology or computer technology. Nevertheless the need to improve 
performance and reduce carbon footprint will become increasingly pressing. 
As one of the most energy intensive technologies, it will come under scrutiny 
sooner than later and may result in legislative requirements to enhance 
energy performance of drying systems by publishing the energy consumption 
and carbon footprint as is required in many countries for household 
appliances like refrigerators, dishwashers and cloth dryers. I hope that dryer 
vendors will take the initiative and improve their equipment through sustained 
R&D before any legislative action. Academic researchers can help by 
proposing innovative and cost-effective solutions to dryer design and 
operation. Industry academia interaction in drying will therefore become 
increasingly important. Standardized mandatory reporting of energy 
performance of industrial dryers, not unlike what is now required in most parts 
of the world for residential appliances and automobiles, will be needed in the 
future when energy supplies become tighter and more expensive. This is an 
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area academics can make a valuable contribution as they do not have conflict 
of interest in writing the rules and standards. 
 
1.5  ROLE OF INDUSTRY-ACADEMIA INTERACTION IN DRYING  

The high level of interest in drying R&D, particularly in the academic 
institutions around the globe, is evident from the series of successful 
conferences devoted to drying that were held in 2009-2011. It is heartening for 
me to note this continuing intense activity even after three decades since the 
first major conference, the biennial International Drying Symposium (IDS) 
series was launched in Montreal in 1978. By the nature of R&D, especially in 
highly specialized area like drying technology, the half-life of any field is rather 
short as new areas emerge and take up the limited human and financial 
resources. Despite the fast emergence of bio-nano-info areas, drying R&D 
has remained an active area in most parts of the world with notable 
exceptions, which prove the rule. Of course, the half-life by definition is finite 
and unless we redirect the effort, while remaining within the drying technology, 
there is potential for a decline in the global level of activity. 
 

I have repeatedly noted the need for greater industry participation in drying 
R&D even if carried out fully in academia. Drying is a multi-disciplinary applied 
area, which can thrive only as industry introduces new ideas that emerge from 
academic R&D. In fact, drying R&D can be justified only on the basis of 
advantages to industrial practice. Improved energy efficiency, reduced 
environmental impact resulting from reduced carbon or ecological footprint of 
novel dryers, enhanced product quality, safer operation, etc. are among the 
advantages drying R&D can offer to industry and indeed to the society at 
large. 
 

Often there is disconnection between industrial R&D and academic 
research. They arise from the different time scales of the two processes and 
also the basic approach and objectives. While industry is rightfully interested 
in faster turnaround (shorter time scale) motivated by the need to make a 
profit, academia are charged with the task of educating a researcher and 
producing knowledge without the profit motive. While the industry is interested 
in R&D to enhance products and processes, academics must focus on 
generating knowledge (know-why as opposed to knowhow) and on training 
highly skilled manpower for R&D. This makes active cooperation between 
universities and industry difficult, but with careful appreciation of the needs of 
each party it is possible to develop a win-win strategy. Industry must 
recognize the limitations of academic research but also recognize that such 
research is ultimately beneficial for industry both in terms of the new 
knowledge generated but also in terms of capable researchers that they can 
employ. A tangible contribution to academic R&D should be considered as an 
investment rather than an expense. 
 

As pointed out by an industry colleague of mine, although academic 
research is typically not driven by the profit motive, recent developments in 
the higher education sector has seen dramatic change since the well-known 
Bayh-Dole act of the 1980’s which encouraged universities in the USA to seek 
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ownership of IP created as a by-product of their research activities. This can 
be considered academic research driven by a profit motive-traditionally the 
realm of industry. The focus on owning IP (often at the expense of effort 
needed to generate results worthy of IP) can be detrimental in the long run by 
discouraging interaction with and tangible support of industry. When academic 
research becomes business, industry participation is reduced and not 
enhanced due to increased costs of overheads and legal formalities involved. 
Clearly this is non-productive. A proper cost-benefit analysis of the current 
state with regard to IP-focused R&D is not quantified yet, as far as I know. 
Informal interactions between academia and industry at technical conferences 
and through journal/book publication thus become especially valuable as a 
bridge between academics and industry. Even developing countries are now 
focusing attention on IP and how they can “make money” on their R&D effort. 
Time alone will show if this policy will trigger innovation or suppress it. 
 

Another stumbling block faced by academics is the need to publish in high 
impact journals and seek high number of citations to enhance chances of 
securing research grants as well as promotion/tenure even at non-research 
intensive universities. While for engineers and applied scientists this is not a 
good measure of true impact of their research, they are forced to deviate from 
true engineering research to areas that are in vogue which attract more 
citations and funding. This widens the gap between industrial needs and 
academic requirements. Until a good quantitative measure can be found to 
evaluate impact of engineering research, this state of affairs is likely to 
continue and even spread globally. 
 

As for the key R&D area that should remain in focus around the world it is 
obvious that the nexus of food, energy and water- all inexorably associated 
with drying- is an obvious prediction. Energy conservation and enhancement 
of thermal efficiency of all dehydration operations with both incremental and 
radical innovations are also very important but rather neglected areas of R&D 
and design. If performance guarantees regarding energy consumption per unit 
of water removed as well as the associated carbon footprint are enforced by 
law for drying hardware, I am sure we will see a step jump in both figures in 
the marketplace since this can be achieved today even without major 
breakthroughs. 
 

Use of renewable energy sources for drying, particularly in the agro-sector 
must be encouraged. Today the effort is sporadic and half-hearted. A global 
scale project by networks of excellence combining the widely dispersed 
expertise and scattered experience around the world in this area need to be 
properly consolidated for the common good. Drying systems using solar, 
thermal, photovoltaic, wind energy as well as sources such as geothermal and 
tidal energy should be examined systematically including thermal and 
electrical storage systems to take care of the inherently intermittent nature of 
these energy sources. A global scale effort is needed to ensure large scale 
impact. Greenhouse gas emissions and climate change will also be alleviated 
if the application is on a global scale. 
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1.6   CONCLUDING REMARKS 

This chapter attempts to consolidate the author’s views on R&D in general 
and the need as well as challenges involved in developing industry-academia 
collaboration in R&D. Some ideas are presented on how R&D can be made 
more effective and efficient. The need for engineering research in universities 
to be relevant and sustainable is pointed out along with the role of good 
management practice to make the R&D process run smoother. Since 
academic research effort is no longer competitive economically, the 
advantages for industry must accrue in terms of innovative solutions and 
unique expertise that academics can bring to the table. Without the latter there 
is no strong reason for industry to develop collaboration and make tangible 
contribution to academia. 
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2.1 INTRODUCTION  
 
Freeze drying is a widespread dehydration technique to obtain high quality 

dried products (Liapis, 2006). However, due to its complexity, high fixed and 
operating costs ( Liapis, 1996), the uses are usually restricted to delicate heat-
sensitive materials of high value. Among ways tested to reduce the cost of 
freeze-drying are: avoiding the need for a condenser for the sublimated vapor, 
enhance contact between the heat and mass transfer phases, and operate 
the process at near-atmospheric pressures. Therefore, efforts have been 
under way by a number of investigators on an atmospheric freeze drying 
system. Meryman (1959), first reported the potential for atmospheric freeze-
drying i.e. without vacuum.  Stawczyk et al. (2005) investigated the freeze 
drying kinetics and the product quality of apple cubes in a fully automated 
heat pump assisted drying system. Their results showed that the 
characteristics of rehydration kinetics and hygroscopic properties of the 
product similar to those obtained by vacuum freeze-drying. These findings 
agreed with the work of Strommen et al. (2005), Alves Filho et al. (2006) and 
Clauseen et al. (2007), which carried usingfluidized bed and tunnel dryer 
coupled with  heat pump. Donsi et al. (2000), reported that the drying time for 
atmospheric freeze drying is indeed an order of magnitude longer than the 
vacuum process.  

 
Usage of alumina as an adsorbent can increase the drying rate at the 

initial stage of drying as reported by Osei Boeh (1985),  An investigation was 
carried out by Matteo et al. (2003), on freeze-drying operation at atmospheric 
pressure utilizing a fluidized bed dryer mixed with adsorbent particles. They 
illustrated that heat and mass transfer coefficients in atmospheric freeze 
drying are higher than those of vacuum freeze drying. Bussmann et al. (2003), 
invented a method and an apparatus for drying products using a regenerative 
adsorbent, which claimed technique to save energy. An experimental study 
and process feasibility of a freeze drying process using a fluidized bed dryer 
couple with adsorbent at atmospheric pressure was demonstrated by Wolff 
and Gibert (1990). They estimated the cooling and heating energy 
requirements and showed that the energy cost is lower by 38% and 34% for 
cooling and heating, respectively than that needed for vacuum freeze drying.  
A review of atmospheric freeze drying has recently been carried out by 
Claussen et al. (2006) the reader is referred to this reference for a detailed 
overview.  
 

Despite the promises of low energy consumption and better quality 
product, certain problems still exist in the atmospheric freeze drying process, 
limited to practical implementation. Furthermore, atmospheric freeze drying is 
controlled by internal resistance heat and mass transfer due to lower vapor 
diffusivity at atmospheric pressure which makes it a longer drying process. 
Conventional atmospheric freeze dryers utilize a bulky system of mechanical 
heat pump to lower temperature and a fluidized bed dryer, which is not seem 
economical from the energy point of view. It is therefore necessary its find 
means of further enhancing the drying rates in AFD. To overcome the above 
mentioned drawback author (Rahman, 2008) carried out an experimental 
study of an AFD system incorporating a vortex tube (Crocker, 2003) couple 
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with multimode heat input in a fixed bed dryer in his previous work. It was 
reported that vortex tube can be used as a suitable alternatives to achieve the 
desired condition of carrier gas inside the drying chamber, although its 
application is limited to laboratory scale. In addition, it was demonstrated that 
two stage multimode heats input contribute to enhance the drying rate along 
with good product quality. However, drying rate is still comparably lower than 
traditional VFD system. Therefore, it is necessary to pay more attention of 
enhancing the drying rates in AFD. 
 

The vibro-fluidized bed offers lower power needs, attrition rates and 
elutriations rates than gas-fluidized beds (Regelio, 2000). Furthermore, it 
improves the fluidization quality of irregular and cohesive materials (Alvarez, 
2005). In addition to enhancing the dehydration rate of AFD by improving the 
external mass transfer co-efficient, mixing of frozen product with an adsorbent 
in a vibro-fluidized bed is an attractive technique. This technique presents 
important advantages as the adsorbent particles play a dual role as a transfer 
agent both for heat and mass transfer ]. However, the drawback of the 
process lies in the difficulty in separation of the freeze-dried product from the 
adsorbent at the end of the operation. In practice, these difficulties can be 
overcome either by using an adsorbent, which is compatible with human body 
or by incorporating any suitable mechanism to separate the absorbent from 
dried product. More over in all investigation only cold and dehumidified air was 
used in one drying chamber. Hot air stream were thrown into the atmosphere. 
Therefore, extra energy was needed from external source at the later stage of 
drying process which seems not economical in terms of economical point of 
view. Therefore, the aim of this work is to carry out an investigation of the 
proposed alternative in this experiment using a vibro-fluidized bed with 
adsorbent and multimode heat input under atmospheric pressure coupled with 
a vortex  tube cooler. Investigation also extended for the full utilization of 
potential of the vortex tube by using both the hot and cold air emitted by the 
vortex tube. Hence, the proposed system can be used as a two in one hybrid 
drying system. Comparison with existing the AFD method and traditional 
freeze drying method is also carried out to study the viability of the proposed 
system. Finally, a two-layer moving boundary model is developed to simulate 
the drying kinetics and temperature scenario of thin slab product.  
 
2.2 EXPERIMENTAL APPARATUS 

 
Finally, A new atmospheric freeze drying system was designed and 

fabricated as shown in Fig. 1.  It consists of a vibrator with variable amplitude 
(1-5 mm) and frequency (1-25 Hz), a screw compressor, vortex tube cooler, 
vortex noise muffler, ceramic radiation heater, conduction plate, an insulated 
dryer vessel, freezer and insulated exhaust outlet. The dryer was constructed 
of a horizontally oriented drum, made of acrylic and insulated with Armoflex. 
Two O-rings of different diameter were used with flange type fittings on one 
side of the dryer to seal it properly. There was a 3mm gap on the other end 
between the dryer and the flange. Exit air from the drying chamber passed 
through this area. Vibration was introduced to the drying chamber by using a 
vibrator with variable frequency and amplitude was placed directly under the 
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drying chamber. A controller was used to measure the amplitude and 
frequency values of vibration-parameter.  

 
A vortex tube cooler (Model 3240, EXAIR Corporation) with 706 Kcal/hr 

refrigeration capacity and 40SCFM was used to supply subzero temperature 
air to the dryer. Vortex tube is a device for producing hot and cold air when 
compressed air flows tangentially into the vortex chamber through the inlet 
nozzles (Crocker, 2003). A pressure regulator was used to control and 
measure the air pressure at the inlet of the vortex tube. A tray made of 
aluminum was used to place the sample. Products received heat by 
conduction or by radiation. A silicon rubber heater was attached to the bottom 
of the tray for the heating plate to provide conduction heat input. To permit the 
simultaneous application of counter flow subzero and hot air carrier gas for 
the maximum use of energy as well as to make it a new hybrid drying system; 
one more drying chamber is incorporated into the system as shown in Fig 2. 
To accomplish radioactive heating, a quartz irradiation heater was fixed above 
the tray. External PID controllers (Model HT-400, Hot Temp) were used to 
control the temperature of the heater. T-type copper-constantan 
thermocouples (Omega, USA) were used to measure the 
temperature.Thermocouples were inserted in the middle of the product to 
measure the local temperature of the product. Temperatures were recorded 
using a data logger (Hewlett Packard 34970A, USA). Weight of the product 
was measured with an analytical balance (Model B-320C, Explorer OHAUS, 
USA) to accuracy of +0.0001 gm. The system component specifications are 
listed in Table 1. Drying experiments were also carried out in a laboratory 
freeze dryer (Heto Lyolab 3000) for comparison with the new AFD system. 
The condenser coil was maintained at a temperature of -56°C for vacuum 
freeze drying. Samples were taken out every thirty minutes for weight 
measurement.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Schematic layout of the atmospheric freeze drying system 
using vibrating bed dryer. 
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Figure 2 Schematic layout of a two chamber hybrid atmospheric 
freeze drying system 

 
A new hybrid two in one drying system was designed and fabricated as 

shown in Fig 2. The drying chambers were made of a steel frame and acrylic 
sheets were used to cover the frame.The acrylic sheets were attached to the 
frame with strong double-sided tape to prevent any air from leaking. Both 
drying chambers were identical. The chambers were insulated with armoflex 
insulation. The doors of the chambers were attached using hinges and a gap 
of 5 mm was left between the door and the chamber for the air to exit from. A 
wire mesh tray made of stainless steel was placed inside the both the 
chambers, approximately 300 mm from the door. This tray was used to hold 
the samples during the experiments. A vortex tube (model 3215, Exair 
Corporation, Ohio) was used to supply the required temperatures inside the 
drying chambers. A vortex tube is a device that has the ability to separate 
high-pressure flow into two lower pressure flows of different temperatures i.e. 
hot and cold air (Rahman, 2007).One side emits cold air and the other side 
exits hot air at the same time. A screw valve (shown in Figure1) is attached to 
the hot exhaust which can be used to control the temperature and the air 
fraction of the cold and hot air that exits at the exhausts. A regular pressure 
gaugewas used to measure the pressure at the inlet of the vortex tube. The 
pressure was controlled with a valve attached at the exhaust of the 
compressed air supply line. The pressure was kept constant at 5 bar 
throughout this study. To supply clean air (oil and moisture free) to the vortex 
tube, two air filters (Koganei air filter F300 and Mist -filter MF300, Japan) were 
attached to the compressed air line.K-type copper-constantan thermocouples 
were used to measure the temperature of the air inside the drying chambers. 
Five thermocouples were inserted atdifferent locations in both the drying 
chambers. Temperatures were recorded using a data logger (Hewlett Packard 
34970A, Lumberton, NJ).Throughout the course of the experiments, the 
weight of the product was measured using an analytical balance (Mettler 
Toledo MS303S / 01 Portable Digital Lab Balance Scale), which had an 
accuracy of ±0.001 gm. A laboratory scale vacuum freeze dryer (Model Chryst 
Alpha 1-2 LDplus freeze dryer) was used to conduct VFD experimentsto 
compare with the results obtained using the designed system. The 
temperature of the condensation coil was maintained at -56oC and vacuum 



Rahman, S.M.A. - Study of an integrated atmospheric freeze drying and hot air drying system using a 
vortex chiller 

  

19 
 

was maintained inside the chamber at 0.0235 mbar. Samples were taken out 
after every 30 minutes for weight measurements.  

 
2.3 EXPERIMENTAL PROCEDURE 
 

Potato and carrot were used as model drying materials. They were 
washed, peeled and cut into 2 mm cubes. The weight of sample used in this 
experiment was about 1.3 gm. To avoid enzymatic browning, the slices were 
immersed in a 5% sodium bicarbonate solution at a temperature of 96± 2oC, 
for about five minutes and carefully wiped using a tissue paper, before start 
each drying test. Weight was taken to measure the loss of moisture due to 
blanching. Samples were then placed for about 18 hours in a freezer on a wire 
mesh tray at a temperature of -22°C.  The product temperature was found to 
be about -20°C. Weight of samples was taken again before placing them 
inside the drying chamber. Four heat input schemes were compared 
experimentally: case1-pure convection, case2-two-stage convection, case3-
radiation-coupled convection and case4-radiation-conduction-coupled with 
convection. Silica gel beads were used as adsorbent. This material shows 
good characteristics of adsorbent even at low air humidity with its adsorption 
heat. Gel particles with an average diameter of 3.0 mm and an adsorbent-to-
product mass ratio of 1:1 were used. Experiments were conducted using both 
frozen and unfrozen adsorbent. Prior to start of the experiment, the 
temperature of the chamber was kept below the freezing point of the samples 
to prevent any melting which can damage to the structure of the product. 
Samples were then mixed with the adsorbent particles and placed on a wire 
mesh tray seated on the hot plate. At a regular interval of 2 hours during 
drying, product samples were separated from adsorbent and taking out for 
weight measurement. Experiments were carried out with and without changing 
of new adsorbent after 2 hours interval. Experiment with a new adsorbent 
charge at regular intervals (2 hours) is denoted as adsorbent refreshing. Time 
required to measure the weight of samples at different stages of drying was 
about 45 seconds. Condensation of water was measured gravimetrically and 
found to be negligible during this interval. In our previous work on the AFD 
process [15] using vortex tube coupled with multimode heat input, a two-stage 
drying process at -11°C and -6°C coupled with conduction, convection and 
radiation heat input, was found to be best drying condition. This was used in 
all investigations in this work. The experimental uncertainty for moisture 
content was within ±0.029%. he reproducibility of the experiment was within 
±5%. Table 1.shows the schedule of experiments performed in this work. At 
the end of each experiment, the dried samples were then placed in an oven at 
105oC for 24 hours to measure the bone-dry weight.  
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2.4   QUALITY ANALYSIS 
 
2.4.1 Rehydration 

 
The following procedure was adopted to test the rehydration property of 

the dried samples. Dried samples were rehydrated in 300ml boiling water for 
an interval of 1 to 2minutes. The ratio of sample to water was 1:50 (w/w), the 
liquid is stationary. It was then taken out from the water and dried with a tissue 
paper to remove surface moisture. Samples were then weighed to determine 
the gain in mass. Rehydration ratio was used to investigate the rehydration 
quality, which is defined as a ratio of the weight of rehydrated samples to the 
weight of the dry material.  

 
2.4.2 Color 

 
A Minolta spectral magic spectrophotometer (Model CM-3500d) was used 

to determine the colour change due to drying. The following difference formula 
from CIELAB was used to quantify change of color.  
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Where L, a, b, and c denote the reference color and L*, a*, b* and c* denote 
the target color. The smaller the value of ∆E*ab, closer the color of the dried 
product is to its original color. 
 

SEM tests were performed using a JSM5600 SEM to visualize the internal 
structure of the dried products.  
 
2.5   THE MATHEMATICAL MODEL 

 
A mathematical model is used based on solution of the governing 

conservation equations of energy and mass for drying of different shapes of 
products subject to appropriate boundary and initial conditions. A schematic 
representation of the physical model of a food product is shown in Fig. 3.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Physical model of atmospheric freeze drying  
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where f-interface; s-surface; Q-heat transfer; m-mass transfer; Ta-temperature 
gradient; Pva-partial pressure gradient; ps- partial pressure of water vapor 
around the product surface; pva- partial pressure of water in the drying 
chamber.  
 
Using a one-dimensional model, the ice interface (f) recedes to the centre line 
as heat of sublimation (Q) flows from the surface (s) to the interface due to a 
temperature gradient (Ta) represented by the dotted line curve. 
Simultaneously, water vapor flows through the dry layer in response to the 
water vapor pressure (Pva) gradient indicated by the firm line curve.  

 
The following mechanisms are considered in the model: convective heat 
transfer from the carrier gas to the surface of the solid mass; radiant heat 
transfer from the IR radiation heater to the solid’s surfaces; conductive heat 
transfer within the solid mass. 
 
Assumptions: 
• One dimensional heat and mass transfer, normal to the large surfaces. 
• There is equilibrium between ice and water vapor at the interface. 
• Supplied energy is used to remove only ice at the sublimation front. 
• The frozen region is considered to have homogeneous and uniform thermal 
conductivity, density and specific heat. 
• The shape of the product remains constant during the drying period 
considered. Shrinkage and deformation are neglected. 

 
2.5.1 Governing Equations 

The conservation equation of energy for dry layer is: 

ρp CP 
t
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The conservation equation of water vapor inside the dry layer is: 
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Where, Lv<x<L 
The boundary conditions for heat and mass transfer 
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Where effective temperature and heat transfer co-efficient of the atmospheric 
air are:  
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))(( 22
srsrr TTTTh ++= εs         (6) 

Analytical solutions of equation (1) and (2) subject to boundary condition 
equation (3) and (4) are given by  (Jaakko and Impola, 1995) as: 
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where 
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The vaporization temperature is obtained as: 
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                    (9) 

The moisture mass fraction at the receding front is given by the following 
expression 
 

ds

vd
gv hm

ZK
YY

/1
)]1(exp[

)1(1
 ′′+

−−
−−=                 (10) 

 
The evaporation rate can be solved 
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Readers are referred to Oosthuizen and Naylor (1999) for the 

thermodynamic and transport properties of air-water system and Sablani et al 
(2000), and Saravacos and Maroulis (2001) for the physical properties of 
different food products. The thermo physical and transport properties of the 
carrier gas and potato are referred to Rahman and Mujumdar (2008). 

 
A MATLAB computer code was written to solve the above set of equations 

along with the relevant boundary conditions. The solution procedure was 
initiated with a guess of the initial evaporation temperature. Iterations were 
continued until it matches with the calculated value through satisfying the pre-
set condition. Subsequently, mass fluxes, locations of evaporation front, 
temperature and moisture distribution inside the dry layer were calculated.  
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2.6   RESULTS & DISCUSSION 
 
A vortex tube used in this experimental setup lowered the drying air 

temperature from the ambient temperature to about -15°C within 10 minutes, 
at an operating inlet pressure of compressed air of about 6 into a tube at high 
velocity produces a vortex which bar as shown in Fig 4. However, the cool air 
temperature decreased rapidly and remained constant at -26°C after about 4 
minutes. Injection of   compressed air at room temperature circumferentially 
spins annularly along the tube inner wall as it moves axially down the tube. 
Part of this air is adiabatically expanded inward to the center, according to the 
published explanation of the flow (Crocker 2003). The decrease in pressure 
during expansion causes a decrease in temperature, which provides a cooler 
central column of air directed out of one end of the tube. Following the vortex 
tube, air passed through a muffler to reduce noise and expanded suddenly 
into the drying chamber. As a result the temperature of the air rises somewhat 
inside the drying chamber. Inlet pressure of 4.4 bars was set at elapsed time 
of 14min, which results in an instantaneous change in air temperature of the 
cold stream to about –16oC while the chamber air temperature reached about 
-11°C.  

 
  

 
 

 
 
 
 
 
 
 
 

Figure 4  Variation of temperature distribution inside drying chamber at 
constant and variable pressures at the inlet of the vortex tube 

 

 

 

 

 
 
 
 
 
 
 
 

Figure 5 Variation of product and drying air temperature with time 
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Variation of the air temperature in the drying chamber under two stage 
heat input scheme is shown in Fig. 5. At first stage, nearly an equal 
temperature was obtained (-11oC) at an operating pressure of 4.4 bar without 
supplying any additional heat input. In second stage, an increase and stable 
air temperature was obtained of about -6°C at the same operating pressure by 
adding radiation and conduction heat sources. This figure also shows the local 
temperature variation within the product with time. A temperature difference of 
about 3oC was observed between the product and carrier gas during drying. 
For drying  temperature of -11oC  and -6°C, the product temperature of potato 
was about -14oC and –9oC, respectively, which are well below  the freezing  
temperature of the samples. This ensures frozen integrity of the potato 
samples during drying - an essential requirement for sublimation and 
maintenance of quality.  

 
Plots of the dimensionless moisture content with drying time for potato for 

the four heat input schemes are shown in Fig. 6. It is observed that after 4 
hours of drying time, the drying rate gradually dropped under the constant 
heat input scheme at -11oC. It is likely that supply of energy for the 
sublimation of evaporation front is not enough due to lower intensity drying 
condition at this stage. Moreover, as drying progresses the evaporation front 
recedes deeper into the product and the highly porous structure decreases 
the thermal conductivity of the product. As a result the evaporation front does 
not receive enough heat to sustain a higher drying rate. The change in 
gradient of moisture content after 4 hours suggests that the drying air 
temperature should be elevated at this time to enhance the moisture removal 
gradient. This phenomenon is used in the two-stage process using multimode 
heat input. This showed enhanced drying rate. Final dimensionless moisture 
contents for Case2, Case3 and Case4 were 0.0775, 0.0491, and 0.03, 
respectively. Case4 showed better drying performance than case2 and case3. 
Thus, as expected a higher process temperature provides sufficient energy to 
the product surface due to increased heat transfer inside the drying chamber. 
It is worthwhile to note that radiation heats the product superficially without 
heating the surrounding and penetrates gradually with time into the product 
(Ratti and Mujumdar, 1995). Conduction heat from the bottom of the product 
also provides energy for the sublimation front as drying progresses. Note that 
the increased heat transfer must be achieved without melting in the product.  
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Figure 6 Variation of dimensionless moisture content with time 
 
 
 

 
Figure 7 Effect of different vibrating factor on dimensionless moisture 

content with time 
Fig. 7. shows variation of the dimensionless moisture content with time for 
different vibration factors ( Γ ). It can be seen from figure that the drying rate 
increases with increase of Γ. The final dimensionless moisture content after 8 
hours of drying, for the vibration factors of 3.5, 4.8, and 6.4 were about 0.17, 
0.09, and 0.06, respectively. Higher Γ (6.4) in the bed improves homogeneity 
of the bed. As a result, higher Γ provides better mixing between particles 
along with increase surface area for drying. 
 

Comparison of freeze drying kinetics with and without vibration, using 
adsorbent, adsorbent refreshing and without adsorbent for potato cubes  in a 
vibrated bed dryer are shown in Fig 5. Γ of 6.4 was used in all these cases as 
it showed better drying performance (Fig 3). A remarkable improvement in 
freeze drying kinetics was observed with the adsorbent. To reach the same 
final dimensionless moisture content of 0.06, it took 6 and 8 hours of drying 
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time for the cases of adsorbent and no adsorbent, respectively. It is likely that 
heat and mass transfer in vibro-fluidized bed and any exchange surface which 
touches with frozen product under sublimation are excellent compared to 
those obtained with only between a product and carrier gas. The adsorbent 
used should be preferably of small granular size and hence a high adsorptive 
capacity for water vapours. During drying good contact between the surface of 
adsorbent and the frozen product exists, due to better mixing by adopting a 
suitable vibration factor 6.4 (Fig 5). This phenomenon further increases the 
difference in exchange potential between the interfaces and surface of the 
freeze-dried product, which is the driving force to improve internal mass 
transfer co-efficient. As a result, rate of diffusion of water vapor formed by 
sublimation through the dry layer increases, reach to the surface of the 
product and finally are captured by the adsorbent.  
 

 
 

Figure 8 Variation of dimensionless moisture content with time for 
different drying condition 

Fig. 8 also shows the effect of adsorbent refreshing on dehydration rate. 
Only a minor improvement in drying rate was observed with adsorbent 
refreshing. Refreshing of adsorbent particle at regular intervals helps it 
unsaturated, which in turn maintains a constant driving force for migration of 
moisture through the dry layer to the surface of the product and hence 
increases the drying rate. In this study less quantity of frozen product was 
used with same adsorbent-product weight ratio. That is why adsorbent without 
refreshing also remains unsaturated during the whole drying process and 
showed a comparable drying performance with adsorbent refreshing. 
However, adsorbent refreshing technique may yet be effective for large 
amount of product mixing with less amount of adsorbent. 

2.6.1 Comparison between Different Methods 
 
Plots of comparison of freeze drying kinetics between a vibro-fluidized bed 

dryer, a fixed bed dryer and a vacuum freeze dryer to investigate the viability 
of the proposed novel AFD drying system are shown in Fig 9. It was found 
that adsorbent refreshing coupled action increased the drying performance 
significantly in comparison with that of the fixed bed dryer for the same 
material.  
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Figure 9 Comparison of different drying method on  dimensionless 
moisture content with time 

 
Final dimensionless moisture content of 0.05 was obtained after 3, and 5.5 

hours of drying time for VFD and AFD with vibro-fluidized bed couple with 
adsorbent refreshing, respectively. However, it took 8 hours of drying time to 
reach the moisture content of about 0.13 for the AFD with fixed bed. Result 
shows that for vibro-fluidized bed dryer with adsorbent in AFD take an 
additional 2.5 hours compared with VFD to achieve the same final moisture 
content. To investigate the viability of the proposed AFD system (Vibro-
fluidized bed dryer with multimode heat input and adsorbent), a comparison 
was made between the proposed AFD process with similar sets of data 
available in the literature for the other types of drying i.e. of AFD using heat 
pump assisted fluidized bed dryer with convection heat input; this is shown in 
Fig 10. Comparison was carried out under the drying conditions for the two-
stage process at -80C and 200C. Cubic shape (5mm) of cod fish product was 
used for this comparison. It can be seen from Figure that the proposed system 
displays better drying performance than published system. The final 
dimensionless moisture content for the heat pump-assisted fluidized bed dryer 
after 8 hours of drying time of about 0.38. However, for vibro-fluidized bed 
dryer with multimode heat input and vibro-fluidized bed dryer with multimode 
heat input and adsorbent of about 0.19 and 0.16, respectively, for the same 
drying time. Supply of required amount of energy for sublimation through 
multimode heat input plays an important role in achieving this improvement. 
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Figure 10 Variation of dimensionless moisture content with time 

 

Variation of rehydration ratio with time for several cases is shown in Fig 
11. A minor improvement in rehydration quality was observed for vibro-
fluidized bed without adsorbent coupled with the fixed bed dryer. However, 
mixing with adsorbent in a vibro-fluidized bed dryer showed higher rehydration 
ratio than without adsorbent and using a fixed bed. Rehydration ratios for 
vibro-fluidized bed with adsorbent, without adsorbent and fixed bed dryer were 
approximately equal to 4.2, 4.5 and 6.5 after 4 minutes. Higher rehydration 
quality illustrates an existence of better porous structure in the dried product. 
Therefore, in terms of quality, product mixed with adsorbent in vibro-fluidized 
dryer shows good results. Adsorbent increases the driving force for the 
migration of moisture by absorbing it form the surface of the product during 
contact; this in terns increases the partial pressure difference between the 
sublimation layer and product surface. As a result a fully dried product of good 
porous structure was obtained after 6 hours of drying time (Fig 12). The dried 
product of porous structure absorb water readily during rehydration  and 
shows higher rehydration quality. However, for the case of fixed bad and 
vibration without adsorbent we obtained a partially dried product at the same 
drying time, it also had poor rehydration quality. This result also shows that 
gentle vibration gives minimal damage to the internal structure of the product.  

 
 

Figure 11 Variation of dimensionless moisture content with time 
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Figure 12A Microscopic picture of cross section (x 40  500μm) of dried 
potato under VFD 

 

 
 

Figure 12B Microscopic picture of cross section (x 40  500μm) of dried 
potato under AFD without vibration 

 

 
 

Figure 12C Microscopic picture of cross section (x 40  500μm) of dried 
potato under AFD with vibro-fluidized bed dryer with coating 

 
 



Rahman, S.M.A. - Study of an integrated atmospheric freeze drying and hot air drying system using a 
vortex chiller 

30 
 

 
Figure 12D Microscopic picture of cross section (x 40  500μm) of dried 

potato under  AFD with vibro-fluidized bed dryer without coating. 
 

Fig 12A to 12D show scanning electron microscope (SEM) images of the 
profile section of the potato samples subjected to VFD, AFD without vibration 
and AFD with vibro-fluidized bed and adsorbent, respectively. Figure shows 
that the AFD product yields very similar structure to the VFD sample. A minor 
damage of internal structure was found for AFD with vibro-fluidized bed which 
causes a less porous structure inside the product. Due to vibration, the 
product touches the bed as well as the adsorbent causing these phenomena. 
However, apparently a comparable porous structure was found for VFD and 
the proposed system. Usually all types of foods and vegetable products need 
to perform a coating operation prior to a SEM test. Therefore it is essential to 
carry out an investigation of the effect of coating itself on internal structure of 
the product. Figures 12C and 12D show a comparison of the internal structure 
between SEM images with coating and without coating of the product. It was 
observed that the product without coating shows more porous structure than 
the product with coating. The Product was placed in a vacuum chamber for 
about 1.5 -2 minutes and mild heating was employed during coating which 
causes the observed minor damage to the internal structure of the product. 
However, the internal structure was clearly more visible when the usual 
coating was applied. Therefore, neglecting the minor damage of the internal 
structure of the product, coating of the test specimens was used during the 
SEM tests. 

 
Table 1 Change in color for potato sample 

 
 
 
 
 

Potato L a b c 
Original 42.58 -0.25 10.15 10.15 
AFD: -11C & -6C  
( Rad & Cond) 53.49 -2.39 9.2 9.51 
Vibrated AFD:  
Feq-20hz; A-3mm 71.2 -3.01 15.22 16.01 
VFD 74.87 -1.83 10.9 11.06 
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Table 2 Change in color before and after drying 

 
For dried foods, color is an important parameter to consider. Table 2. 

shows the measured changes in color after drying. Overall color difference 
(∆E) for AFD couple with vibro-fluidized bed dryer and adsorbent, AFD with 
fixed bed and VFD are found to be 29.19, 11.16 and 32.34, respectively. 
Results illustrate that for the case of VFD and AFD with vibro-fluidized bed 
with adsorbent showed brighter color of the dried potato cubes. The value of L 
was found even higher than the original product for the above two case is as 
shown in Table 1. However, for AFD with fixed bed a lower value of L (less 
brightness) was noted in finally dried product. 
 
2.6.2 Integrated Atmospheric Freeze Drying System 

 
Fig. 13 shows the variation of temperature distribution inside the both hot 

and cold air drying chamber during drying condition at 4 bar inlet pressure.. It 
can be observed that the temperature distribution inside the hot air and the 
cold air drying chamber remains nearly constant throughout the 6 hours of 
experimental run. The cold air temperature ranges from -8oC to -10oC while 
the hot air temperature varies between 70oC-73oC. Results indicate that the 
proposed system can be used as an atmospheric freeze dryer and a hot air 
convective dryer at the same time.  

 
Figure 13 Temperature distribution in the hot and cold air drying 

chambers at a particular screw valve setting 

Potato ∆L ∆a ∆b ∆c ∆E*ab 
AFD: -11C & -6C  
( Rad & Cond) -10.91 2.14 0.95 0.64 11.158 
Vibrated AFD:  
Feq-20hz; A-3mm -28.62 2.76 -5.07 -5.86 29.196 
VFD -32.29 1.58 -0.75 -0.91 32.337 
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Figure 14 Temperature distribution in the hot and cold air drying 

chambers at various screw valve settings 
 
Variation of temperature distribution inside the hot and cold drying 

chamber at various screw bulb setting is as shown in Fig. 14. A good 
response of variation of temperature at different opening of screw in both 
chambers is observed.  
 
2.6.3 Comparison between Simulation and Experimental Results 
 

 
Figure 15 Variation of measured and predicted dimensionless moisture 

content with time for disc shaped ( 16mm x 1mm) potato sample 
 

Variation of the moisture content with drying time under pure convection  
at –11oC and –6oC for potato samples  are shown in Fig. 15. As expected a 
higher drying rate was found at higher drying temperature due to supply of 
required amount of energy. Final dimensionless moisture content of the 
experiment and the model-predicted results at –11oC and –6oC were about 
0.402 & 0.36 and 0.136 & 0.12 after eight hours of drying time. Good 
agreement between experiment and simulation results was found for both 
shapes of products. Physical properties analysis on the experimental dried 
products (Rahman et. al. 2007) for the proposed AFD system under this 
condition showed that a sublimation process from ice to vapor occurred during 
drying; there was no melting of ice taking place in the material. Therefore, the 
porous structure and thereby non-shrinkable dried product due to absence of 
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condensation inside the frozen product was observed ; this is a key 
assumption of the model.  

 

 
Figure 16 Variation of dimensionless moisture content with time for 

disc shaped ( 16 mm x 1mm) potato sample 
 
Fig. 16. shows the freeze drying kinetics with time for disc-shaped potato 

samples for case-2 and case-3. In the first-stage, the drying process was 
carried out for up to four hours at –11oC for both cases by convection, and 
then stepped up at –6oC for the next four hours by convection heat input for 
the case-2 and radiation for case-3. In this experiment, a higher drying rate 
was observed after four hours of drying in which drying temperature was 
stepped up to –6oC from –11oC. High intensity drying conditions play an 
important role in enhancing the sublimation rate i.e.higher drying rate. 
Multimode heat input (case-3) shows further improvement in drying rate due 
to the additional contribution of radiation heat input (Ratti and Mujumdar, 
1995). These phenomena are also captured well in the predicted results. Final 
dimensionless moisture content for both experiment and simulation results for 
case-2 and case-3 after eight hours of drying time were about 0.077 & 0.049 
and 0.058 & 0.0134, respectively. Slight under-prediction was observed in the 
predicted results just after four hours of drying for case-3. This is probably due 
to minor condensation in the evaporation layer during sublimation because of 
high intensity drying conditions at the beginning of second stage drying. 

 
Variation of product thickness of disc-shaped potato samples on the 

freeze-drying kinetics for case-3 is shown in Fig. 17. Final dimensionless 
moisture content from experimental results were obtained about 0.07, 0.42, 
0.61,0.68 for 1, 2, 3 and 4 mm product thickness, respectively, after 8 hours of 
drying and the predicted results were about 0.047, 0.49, 0.68, 0.74, 
respectively. A good match was found between the experiment and simulation 
for all sample thicknesses in terms of the final moisture content; the drying 
curves also show similar behaviors. Fig. 16. also shows that the drying rate 
decreases with increase of product thickness. Increase of sample thickness 
implies increase of dry layer thickness and increase in the water vapor 
diffusion path which decreases the rate of migration of sublimated vapor from 
inside to the surface of the product. Therefore, it can be argued that sample 
thickness is one of the key parameters in AFD processing. This result agrees 
with the previous work of Matteo et al. (2003) and Wolf and Gibert (1990). 
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Figure 17 Variation of dimensionless moisture content  with time for disc 
shaped (16mm x 1mm) potato sample for different thickness 

 
2.7   CONCLUSION 

An experimental and comparative study was carried out to investigate the 
drying kinetics as well as quality analysis on an AFD system using a Vibro-
fluidized bed with adsorbent and multimode heat input. Experimental results 
illustrate that proposed system presents a significant improvement in terms of 
freeze drying kinetics compared to the existing commercial AFD systems 
using heat-pump assisted fluidized bed with convection heat input. Analysis of 
product quality illustrated that the proposed system compares well with VFD 
and AFD with fixed bed in terms of rehydration, color and internal structure of 
the dried product. Results reveal that SEM tests without coating show better 
porous structure; on the other hand coating helps obtain clear visualization of 
the internal structure with minor damage. Results also showed good 
agreement between simulation and experimental results. Finally, a new two-
in-one hybrid or integrated drying system has been proposed. Results show 
that the integrated concept makes the system very energy efficient and cost 
effective. Therefore, the proposed hybrid drying system can be very attractive 
alternatives compare to the existing atmospheric freeze drying system as well 
as vacuum freeze drying.    

 
2.8   NOMENCLATURE 

f         frequency, Hz 
A        amplitude, mm 
T temperature of product at time t 
L target color in CIELAB 
a target color in CIELAB 
b target color in CIELAB 
c target color in CIELAB 

abE *∆  color difference 
C    cgm heat capacity flux [Wm-2 K-1] 
m  mass flux rate [ kg m –2 s-1] 
cg :    specific heat of moist air [J kg-1K-1] 
Kp  thermal conductivity of product [Wm-1 K-1] 



Rahman, S.M.A. - Study of an integrated atmospheric freeze drying and hot air drying system using a 
vortex chiller 

  

35 
 

Kc  heat transfer parameter [-] 
Kd  mass transfer parameter [-] 
Dp  diffusivity of product [m2s-1] 
Dg  diffusivity of gas [m2s-1] 
hc   convective heat transfer co-efficient [Wm-2 K- 
 
hr   radiation heat transfer co-efficient [Wm-2 K-1] 
he   effective heat transfer co-efficient [Wm-2 K-1] 
hd   mass transfer co-efficient [m –2 s-1] 
Cp specific heat of product 
lv    heat of vaporization [ J kg –1] 
L   half thickness of product [m] 
Lv   distance of vaporization front from center of the product [m] 
R    radius of the disc shape product [m] 
Sh  Sherwood number [-] 
T  temperature [K] 
Tv  evaporation front temperature [K] 
Te moist air temperature [K] 
Ts  product surface temperature [K] 
Tr  radiation temperature [K] 
t   time [s] 
Y  moisture mass fraction [-] 
Yg  moisture mass fraction of gas [-] 
Ys  moisture mass fraction of product surface [-] 
Yv moisture mass fraction of evaporation front [-] 
x distance from surface to the center of the product [m] 
z  x/L, dimensionless distance inside the particle [-] 
Zv Lv/L, dimensionless distance at the evaporation front from the surface 

[-] 
f   interface [-] 
s   surface  [-] 
Q heat transfer [W] 
m mass transfer [kg/m2s] 
Ta temperature gradient [K] 
Pva  partial pressure gradient [Pa] 
ps    partial pressure of water vapor around the product surface [Pa] 
pva  partial pressure of water in the drying chamber [Pa] 
ε   particle surface emmisivity [-] 
σ    Stefan-Blotzmann’s constant, 5.67 x 10-8 [W/m2K4] 
ρp  density of dry product [kg m-3] 
ρg  density of moist air [kg m-3] 
 
Latin Greek letters  
Γ          Vibrating factor 
ω         Angular frequency 
 
Subscripts 
ab color of CIELAB 
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3.1  INTRODUCTION 
 
Mushrooms are divided into edible mushroom, medicinal mushroom, 

psychedelic mushroom, and toxic mushroom. Among these, medicinal 
mushrooms are of key interest in many regions of the world as they contain 
bio-active ingredients which possess a multitude of therapeutic properties. 
Shiitake mushroom, Maitake mushroom, Agaricus and Ganoderma are some 
examples of medicinal mushrooms that contains important bioactive 
compounds. 

 
In Chinese community, Ganoderma lucidum (G. lucidum) is one of the 

renowned Chinese medicinal mushrooms. It has long been used as folk 
medicine for longevity and vitality. It has varnished dark red fruiting bodies 
with circular and kidney shaped cap. G. lucidum contains various types of 
bioactive ingredients such as polysaccharides, triterpenoids and organic 
germanium either in fruit body, mycelia or basidiospores (Shiao et al, 1994; 
Chen et al., 2000; Cui et al., 2006; Wang et al., 2006; Gao et al., 2007; Lai 
and Yang, 2007). These active ingredients are used as remedy to treat more 
than 20 different illnesses which include hypertension, asthma, bronchitis, 
cardiovascular problems and anorexia (Teow, 1997). Furthermore, this 
medicinal mushroom is also used as folk medicine to augment good health, as 
summarized in Table 1. Since G. lucidum contains bioactive ingredients which 
are beneficial to human health, its fruiting bodies are either used for wine 
making, ground into fine powder for incorporation into beverages, or subject to 
large scale extraction where the extract is then spray dried and subsequently 
made into capsules and pharmaceutical products. On the other hand, sliced 
G. lucidum is normally brewed as tea by decoction. 
 
Table 1 List of active ingredients available in G.lucidum and its functions 
in human’s health. 
 

Bioactive ingredient Functions in human’s health Reference 
Water soluble elements  
(i) Polysaccharides  
    (The cleanser) 

• Strengthen the natural 
healing ability of the body, reduced 
blood sugar levels and assists 
pancreas functions, help to cleanse 
toxic deposits from the body 
(detoxification), strengthen cell 
membrane, increase the oxygen 
carrying capacity of red blood cells. 

• Anti-tumor, anti-cancer, 
anti-inflammatory and immuno-
modulating activities.  

Lim, 2005; Mau et 
al., 2005; Peng et 
al., 2005; Hsieh et 
al., 2006; Paterson, 
2006 

(ii) Organic Germanium  
     (The Balancer)  
 
 

• Increase the oxygen 
content in the body, regulate the 
balance of electrical charges in the 
body, remove abnormal electrical 
charges found around abscess 
cells.  

• Anti-carcinogenicity agent. 
 

Lim, 2005; Chen et 
al., 2000 
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Organic soluble elements: 
(i) Nucleosides and 
Nucleobases (The regulator) 

 
 
 
 
 

• Lower cholesterol level in 
the blood and the amount of free fat, 
lower the level of blood lipid and 
stabilize red cell membrane, lower 
the level of platelets agglutination 
and enhance thrombolysis, improve 
the function of cortex of the adrenal 
glands to maintain endocrine 
balance, regulate the metabolism 
for a youthful and energetic feeling. 

• Anti-oxidant, anti-HIV, 
inhibiting platelet aggregation 
effects. 

Lim, 2005; Gao et 
al., 2007; Chen et 
al., 2012 

(ii) Triterpenoids 
     (The builder) 

• Balance pH of the blood, 
enhance digestive system, prevent 
allergy caused by antigens, reduce 
cholesterol and neutral fat in the 
body, active the nucleus of body 
cells. 

• Anti-HIV-1 (ganoderic acids 
A, B, H, C1), anti-histamine 
(ganoderic acids C2, D), anti-
nociceptive (ganoderic acids A, B), 
anti-cholesterol (ganoderic acids B, 
C2) and exhibit inhibitory activity of 
angiotensin converting enzyme 
(ganoderic acids K, F, S) 

Lim, 2005; Kohda et 
al., 1985; Morigiwa 
et al., 1986; 
Komoda et al., 
1989; Koyama et 
al., 1997; El-
Mekkawy et al., 
1998; Min et al., 
1998 

Volatile element:  
(i) Ganoderic essence  
    (The regenerator) 

• Assist in the treatment of 
skin diseases, beautification of skin, 
external application on skin 
diseases, mouth ulcers and external 
wounds, rejuvenates the body 
tissue. 

Lim, 2005. 

 
3.2 PRODUCTION OF G. IUCIDUM 

 
Besides G. lucidum, G. tsugae, G. applanatum, and G.philipii are closely 

related species. These medicinal mushrooms grow as parasite on a wide 
variety of aged trees in both tropical and temperate geographical regions 
including North and South America, Africa, Europe and Asia. To date, 
Ganoderma is very scarce in nature, mostly due to the contaminated 
environmental conditions and deforestation activities. Hence, this medicinal 
mushroom is now commercially cultivated to increase its production as well as 
to improve the quality of fruiting bodies. Cultivation of fruit bodies by 
conventional methods is carried out on natural wood logs and sawdust 
substrates in sterilized bags, bottles and trays whereas non-conventional 
cultivation method involves the cultivation of G. lucidum mycelia in bioreactor 
or growing the fruit bodies using organic method, such as lignocellulosic 
agrowastes (Boh et al., 2007; Perumal 2009). 

 
Currently, G. lucidum is artificially cultivated using sterilized bags, pots or 

bottles in polyhouses or environmentally-controlled cropping rooms (Tewari, 
2005). The production of G.lucidum fruit bodies is simplified in Figure 1. 
During substrate preparation, sawdust and wheat grain are usually mixed at a 
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ratio of 8:2 and is wetted to 65% moisture. The substrate is then added with 
Calcium Carbonate to achieve a pH of 5.5. The mixed substrate is 
consequently filled in polypropylene bags, plugging the mouth with cotton and 
capped with plastic ring. The bags are sterilized in steamer or autoclaved to 
ensure free of contamination. After cooling, inoculation of high quality 
basidiospores/mycelia to the sterilized bag is conducted in sterilized room and 
incubation is done at 28oC to 35oC in a dark, high carbon dioxide (about 1500 
ppm) closed room for about 60-70 days. In the meantime, watering is 
conducted at least 3 times per day to maintain the proper conditions (95% 
RH) for fruiting or pinning. The room humidity is reduced to 80% RH and fresh 
air is introduced when the pins have grown up. When the cap is fully formed, 
the humidity is further reduced to 60% at room temperature of 25oC for cap 
thickening, reddening and maturation of fruit bodies. Full maturity of fruit 
bodies are indicated by vanished dark red color cap with spores shed on the 
top of the cap (Figure 2 (a) and (b)). Matured fruit bodies are harvested and 
dried for storage and marketing purpose. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 Flowchart of G.lucidum production 

 

 
 

Figure 2 (a) Artificial cultivated G. lucidum (GanofarmSdn. Bhd., 
Malaysia), (b) Matured fruit bodies and (c) G. lucidum slices 

 
 
 

 

Substrate preparation: 
Sawdust + Wheat grain 
+ Calcium Carbonate 
 

Bagging of 
substrate and 
capping of bags 

Sterilization of bags 

Inoculation of 
basidiospores / 
mycelia 

Incubation Watering Maturation 

Harvesting Drying Marketing 

(a) (b) (c) 
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3.3 BIOCHEMICAL ANALYSIS OF G. LUCIDUM 
 
Matured fruiting bodies of G. lucidum usually contain 50.3% d.b 

polysaccharides, 19.1% d.b carbohydrate, 18.5% protein, 10.2% d.b metals, 
1.8% d.b triterpenes and 0.05% organic germanium (Perumal, 2009). The 
typical assay of the fruiting bodies of G. lucidum is illustrated in Figure 3. 
However, the quality of the G. lucidum depends strongly on the contents of its 
bioactive ingredients which could be varied according to the growing 
conditions, method of cultivation, stage of maturity and different parts of the 
plant (e.g stalk, mycelia and fruiting body). The bioactive ingredients are 
polysaccharides, ganoderic acids (triterpenes acids), nucleosides / 
nucleobases and organic germanium (Chen et al., 2000; Cui et al., 2006; 
Wang et al., 2006; Gao et al., 2007).  

 
Figure 3 Proximate composition of biochemical ingredientsin the 

fruiting bodies of G. lucidum (Perumal, 2009). 
 
To date, the main bioactive ingredients which have been most thoroughly 

investigated are ganoderic acids and polysaccharides. Ganoderic acids and 
polysaccharides are the most important components of G. lucidum which have 
been used for various medical purposes (Boh et al., 2007). These two major 
bioactive ingredients in the fruiting body are found to be medically active with 
several therapeutic effects for the treatment of diseases. However, adverse 
effect of these thermolabile active ingredients towards heat treatment process 
(e.g. drying) has become the main problem to produce good quality of dried 
G.lucidumin in the ganoderma processing industry. 

 
 

 

Polysaccharides

Carbohydrate

Protein

Metals

Triterpenoids

Organic germanium

0.503 g/g DM

0.191 g/g DM

0.185 g/g DM

0.102 g/g DM

0.018 g/g DM 0.489 mg/g DM

Basis: 1 gram of dry material, DM.
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3.4 HEAT SENSITIVE BIOACTIVE INGREDIENTS OF G. LUCIDUM: 
GANODERIC ACIDS AND POLYSACCHARIDES 

 
Among the bioactive ingredients available in G. lucidum, ganoderic acids 

which belong to the triterpenes acids are volatile active ingredients which can 
easily loss through volatilization and degradation by the activity of 
decomposition enzyme during heat treatment (Cui et al., 2006).Cui et al., 
(2006) investigated the effect of heat treatment on triterpenesacids (ganoderic 
acids) of G. lucidum crude extract and found that most of the triterpenes acids 
were preserved in the dried crude extract when processed at the minimum 
heat treatment time and low temperature. Short heat treatment time mitigates 
enzyme decomposition of triterpenes whereas heat treatment at low 
temperature could minimize the volatilization of triterpenes.  

 
On the other hand, polysaccharides tend to be hydrolysed during heat 

treatment process (Fennema, 1996). Fungal polysaccharides could be 
hydrolyzed in high moisture conditions in the presence of hydrolytic enzymes 
(glycosidases such as β-amylases) and mild acid conditions (Cui et al., 2006). 
As a result, polysaccharides are reduced to simple monosaccharides such as 
glucose (Militz, 1993; Brooker 1997; Tseng et al., 2005). Generally, hydrolysis 
of polysaccharides could be affected by heat treatment duration, temperatures 
and water content of the material (Cui et al., 2006; Kallander and Landel 
2007). Cui et al., (2006) reported that long heat treatment duration promotes 
the hydrolysis of polysaccharides, as the activity of hydrolytic enzymes could 
not be totally stopped although it was conducted at a low temperature. 
However, it is also reported polysaccharides could be denatured when 
exposed to heat at elevated temperature, ranging from 60oC to 80oC, and 
exhibited maximum stability at temperature of 70oC (Chang et al., 2006). 

 
For the drying of G. lucidum fruit bodies and slices, Chin (2011) reported 

that 50oC is the ideal heating temperature to minimize the loss of the crude 
ganoderic acids and water-soluble polysaccharides, either through 
volatilization (for ganoderic acids), denaturation/structural modification (for 
water soluble polysaccharides) or enzymatic decomposition. Figure 4 shows 
the profile of heat treatment effect on both ganoderic acids and water-soluble 
polysaccharides inG. lucidum fruit bodies and slices. Research findings 
related to the effect of heat treatment on polysaccharides and ganoderic acids 
of G. lucidum are summarized in Table 2.  

 
 
 
 
 
 
 
 
 
     
  
 



Chin, S.K., Law, C.L. - Processing of medicinal mushroom: Ganoderma lucidum (G. lucidum) 

46 
 

Table 2 Research findings on the effect of heat treatment on 
polysaccharides and ganoderic acids. 
 
Active Ingredient Degradation 

factors 
Findings Reference 

Polysaccharides Heating 
temperature 

De-naturation of polysaccharides 
was found at heating temperature 
higher than60oC.  

Simal et al., 2000; 
Femenia et al., 
2003; Chin, 2011 

Maximum stability of 
polysaccharides was found at 
heating temperature of 70oC. 

Chang et al., 2006 

Heating 
duration 

Long heat treatment duration at low 
heating temperature (e.g. 40oC) 
promotes the hydrolysis of 
polysaccharides. 

Cui et al., 2006; 
Chin, 2011. 

Enzymatic 
reaction 

Polysaccharides tend to be 
hydrolyzed by hydrolytic enzymes 
(e.g. β-amylases) in mild acid 
condition. 

Cui et al., 2006;   

Moisture 
content of 
sample 

High moisture content intensifies the 
degree of polysaccharides 
hydrolysis especially at low heating 
temperature (e.g. 40oC)  

Chang et al., 2006; 
Choong et al., 
2007; Cui et al., 
2006; Kallander 
and Landel 2007; 
Chin, 2011. 

Crude ganoderic 
acids 

Heating 
temperature 

Low heating temperature could 
retain most of the ganoderic acids. 
Heating at elevated temperature 
(temperature higher than 60oC) 
promotes the loss of ganoderic acids 
through volatilization. 

Cui et al., 2006; 
Chin, 2011 

Heating 
duration 

Long heat treatment period at low 
heating temperature (e.g. 40oC) 
stimulates the degradation of 
ganoderic acids through enzyme 
decomposition. 

Cui et al., 2006; 
Chin, 2011 

Enzymatic 
reaction 

Ganoderic acids tend to be 
degraded by enzyme decomposition 
at 35oC – 40oC. 

Chin, 2011 

Volatilization Ganoderic acids are easily volatile at 
high heating temperature and long 
heating duration. 

Cui et al., 2006 
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Figure 4 Retention of crude ganoderic acids and water-soluble 
polysaccharides content in dehydrated G. lucidum fruit bodies (a – b) 
and slices (c - d) (Chin, 2011) 

 
3.5 DRYING OF G. IUCIDUM 

 
Similar to most of the medicinal plants, matured fruit body of G. lucidum is 

harvested and dried either in its original form or in the form of slices for 
storage and marketing purpose. Most operators in Ganoderma processing 
industry apply sun drying or hot air drying to remove the excess water from 
the fruiting bodies and slices until a sufficiently low level of moisture (e.g. 4% 
wet basis) is obtained (Chung et al., 2006). Although sun drying is an 
economical method, it is weather dependent and tends to produce relatively 
low quality products due to long drying time. Contamination and losses 
caused by insects and fungi may occur as well (Yahya et al., 2001). On the 
other hand, hot air drying method is typically operated at high drying 
temperature to increase the drying rate and shorten the drying duration but 
drying at elevated temperature generally promotes the deterioration of heat-
sensitive bioactive ingredients in G. lucidum such as ganoderic acids and 
water soluble polysaccharides (Chin et al., 2009; Chin, 2011). If hot air drying 
is conducted at low drying temperature, longer drying time is required, which 
contributes to the reduction in triterpenes and water-soluble polysaccharides 
through enzymatic decomposition and hydrolysis process, respectively (Cui et 
al., 2006; Chin, 2011). The drawbacks of the heat effect to the ganoderic 
acids and water-soluble polysaccharides content of G. lucidum lead to a 
significant problem to the Ganoderma processing industry as drying (which 
involves heat treatment) is one of the most important postharvest processes 
of G. lucidum. Hence, a drying method to reduce the moisture content of 
fruiting body at low drying temperature and short total drying time is needed to 
retain the crude ganoderic acids and water-soluble polysaccharides content 
when drying process is applied. 
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The discovery of vacuum drying, microwave drying and heat pump drying 
has broadened the options of dryer selection for drying of medicinal 
mushrooms (Law et al., 2008). However, not all of these drying methods are 
suitable to apply for the drying of G. lucidum, as the quality of Ganoderma 
dried by these methods shall take into consideration. Research findings 
related to drying of G. lucidum are given in Table 3. Apart from freeze drying , 
most of the studies reported in the literature revealed that only single bioactive 
ingredient in the dried G. lucidum is preserved during single-stage drying such 
as oven drying, heat pump drying and vacuum drying. By combining single-
stage drying, both ganoderic acids and water-soluble polysaccharides were 
preserved optimally in the dried G.lucidum fruit bodies, slices and crude 
extractas the total drying time has been reduced prominently compared to 
single-stage drying method (Cui et al. 2006; Chin. 2011). 

 
Table 3 Findings related to drying of G. lucidum 
Form Drying method  Findings Reference 
Fruit 
bodies 

 

Oven drying Drying at low temperature (50oC) with air 
circulation could retain higher amount of crude 
ganoderic acids. 

Chin et al, 2009. 
 

Freeze drying Freeze drying for 18 hours at primary drying 
condition (-40oC, 0.12 mbar) could retain most 
of the ganoderic acids and water-soluble 
polysaccharides in dried fruit bodies as 
compared to the longer drying period which 
involved secondary drying. 

Chin et al., 2011; 
Chin, 2011. 

Continuous / 
intermittentheat pump 
drying (HPD) 

Continuous HPD preserved higher amount 
of water soluble polysaccharides with shorter 
total drying time required as compared to 
intermittent HPD.However, intermittent HPD 
with lower intermittency reduced the color 
change of the dried product.  

Chin and Law, 
2010. 

Oven drying (OD), 
vacuum drying (VD), 
heat pump drying (HPD) 

HPD at 40.6oC could retain relatively high 
content of crude ganoderic acids but lower 
retention of water‐soluble polysaccharides as 
compared to vacuum dried product which 
conducted at 50oC, 50 mbar. However, VD of 
fruit bodies required about 78% longer drying 
time as compared to heat pump drying 
method. OD of fruit bodies remain the lowest 
amount of both active ingredients as compared 
other dried products. 

Chin et al., 2011; 
Chin, 2011. 

Two-stage drying: 
Vacuum drying  
followed by heat pump 
drying 

Two-stage drying reduced the overall drying 
time up to 60.98% as compared to continuous 
vacuum drying of fruit bodies. Optimal 
retention of crude ganoderic acids and water-
soluble polysaccharides was found in dried 
fruit bodies subjected to 18-hour vacuum 
drying followed by 5-hour heat pump drying. 

Chin, 2011. 

Slices Oven drying Drying of Ganoderma slices at 60oC produced 
better quality of basidiospores as compared to 
drying temperature of 50oC and 70oC. 

Chin et al, 2008. 

Optimal retention of ganoderic acids and 
water-soluble polysaccharides was found in 
the slices dried at temperature of 62.8oC, air 
circulation of 1.66 ms-1 and 0.1 cm of slice 
thickness. 

Chin and Law, 
2012. 

Freeze drying Highest amount of crude ganoderic acids and Chin et al., 2011; 
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water-soluble polysaccharides could be found 
in slices dried for 6 hours at  

-40oC, 0.12 mbar. 

Chin, 2011. 

Oven drying (OD), 
vacuum drying (VD), 
heat pump drying (HPD) 

Heat pump dried slices at 28.4oC retained 
significantly higher amount of ganoderic acids 
as compared to hot air and vacuum dried 
product. However, water-soluble 
polysaccharides content in heat pump dried 
slices was found to be 13% lower than those 
dried by oven at 50oC and vacuum drying 
method (50oC, 50 mbar). There is no 
significant difference in terms of total drying 
time for drying of Ganoderma slices using 
different drying methods. 

Chin, 2011. 

Two-stage drying: Heat 
pump drying followed by 
oven drying 

Two-stage drying reduced 33.3% of total 
drying time required by continuous heat pump 
drying process. Ganoderma slices subjected to 
10-minute heat pump drying followed by 50-
minute oven drying retained the highest 
ganoderic acids content and relatively high 
amount of water-soluble polysaccharides as 
compared to other drying conditions. 

Chin, 2011. 

Crude 
extract 

Vacuum drying, freeze 
drying, combined 
microwave – vacuum 
and vacuum drying 

Combined microwave – vacuum and vacuum 
drying resulted in 90% shorter drying time than 
the conventional drying methods with high 
retention of total water soluble polysaccharides 
and triterpenes. 

Cui et al., 2006. 

Hot air drying, vacuum 
drying, freeze drying 

The effect of drying methods on the rheological 
properties and chemical compositions of 
polysaccharides did not differ significantly 
except for Uronic acid. 

Lai and Yang 
2007. 

 
3.5.1 Two-stage Drying of G. lucidum 
 

Two-stage drying method is normally applied to reduce the total drying 
duration by improving the drying kinetics (e.g. enhance the overall rate of 
drying) of the drying materials as compared to single-stage drying method. 
This drying method can be conducted by altering the drying conditions of the 
single-stage drying or the application of two drying methods in sequence, 
along the drying process. By doing this, it is believed the drying method can 
combine the advantages of each stage of drying to enhance the drying 
efficiency and the preservation of bioactive ingredients in the drying materials 
which single-stage drying process cannot achieve (Kudra and Mujumdar, 
2002).Two-stage drying method is usually applied for drying heat-sensitive 
materials. A number of researchers have recommended two-stage drying 
concept for the drying of vegetables, sea products, fruits, medicinal plant 
extracts and other agricultural products to save the total drying time and 
improve the physical, as well as the biochemical quality of dried products (Cui 
et al., 2003; Namsanguan et al., 2004; Cui et al., 2006; Hu et al., 2006; 
Thakur and Gupta 2006; Xu et al.; 2006; Borompichaichartkul et al., 2009; 
Somjai et al., 2009; Jittanit et al., 2010; Figiel, 2010). 

 
For drying of G. lucidum, Chin, (2011) applied single-stage drying methods 

for the drying of fruit bodies and slices but results showed that single-stage 
drying methods could only maximize the retention of crude ganoderic acids or 
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water-soluble polysaccharides for the drying of G. lucidum fruiting body and 
slices, but not both. Hence, two-stage drying method was proposed as an 
alternative drying strategy in order to maximize the retention of both crude 
ganoderic acids and water-soluble polysaccharides in the fruit bodies and 
slices. Based on the findings in Table 3, the proposed single-stage drying 
methods which applied for the two-stage drying of G.lucidum fruit bodies and 
slices are given in Table 4. 

 
Table 4 Two-stage drying method for the drying of G. lucidum fruit 
bodies and slices 
Form Bioactive Ingredients Single-stage 

drying  
Drying 
Condition 

 Two-stage 
drying  

Fruit 
bodies 

Ganoderic acids Heat pump 
drying 

T: 40.6oC 
RH: 16.2% 
V: 3.53 ms-1 

 

Vacuum drying 
– heat pump 
drying     

Water-soluble 
polysaccharides 

Vacuum drying T: 50oC 
P: 50 mbar 

 

      
Slices Ganoderic acids Heat pump 

drying 
T: 28.4oC 
RH: 28.6% 
V: 1.44 ms-1 

 

Heat pump 
drying – Oven 
drying 

    
Water-soluble 
polysaccharides 

Oven drying T: 62.8oC 
RH: 6.53% 
V: 1.66 ms-1 
(Optimized 
drying 
condition) 

 

 
According to the findings, two-stage drying enhanced the drying rate of G. 

lucidum fruit bodies and slices prominently. The combination of 18-hour 
vacuum drying followed by 5-hour heat pump drying of fruit bodies retained up 
to 97.9% of water-soluble polysaccharides and the ganoderic acids content is 
4.16% more than the freeze dried products. This is due to inactivation of 
ganoderic acids and polysaccharides decomposition enzymes in high vacuum 
condition during vacuum drying for 18 hours at the initial stage, when the 
fruiting bodies contain high amount of moisture content (Imshenetsky et al., 
1970). During the second stage drying, 5 hours of heat pump drying reduces 
the total drying time required which in turn mitigates the hydrolysis of 
polysaccharides. For the drying of slices, 10-minute heat pump drying 
followed by 50-minute oven drying (at optimized drying condition) preserved 
both active ingredients maximally. High rate of moisture removal during mild 
temperature heat pump drying at the initial stage reduces the rate of 
volatilization and enzymatic decomposition of ganoderic acid whereas at the 
later stage, oven drying at elevated temperature further enhances the drying 
rate of the slices and greatly reduces the hydrolysis degree of 
polysaccharides. Cui et al., (2006) reported the similar findings as relatively 
high retention of both triterpenes and water-soluble polysaccharides (up to 
89.29% and 91.53% retention respectively) was found in G. lucidum extract 
dried by microwave-vacuum followed by vacuum drying, as compared to 
those in fresh concentrated extract and single stage dried extract. 
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Apparently, two-stage drying method allows rapid drying which in turn 
minimizes the loss of heat sensitive bioactive ingredients in G.lucidum (in this 
case, ganoderic acids and water-soluble polysaccharides). Hence, the 
findings revealed that multiple-stage drying is a potential drying method to 
produce good quality of dried medicinal mushrooms, especially in terms of the 
retention of valuable active ingredients. 

 
3.6 CLOSING REMARKS 

 
This chapter provides a capsule review of the production and processing 

of G. lucidum in industry. Drying is an essential process of G. lucidum upon 
harvesting. Nevertheless, in most cases, it could be the most energy-hungry 
unit operation of the whole Ganoderma processing system. In addition, it is 
indeed difficult to produce high quality dried G. lucidum in the current industry 
as the essential bioactive ingredients are heat sensitive. Hence, two-stage 
drying technique was recommended for the drying of G.lucidum as this 
technique was found to improve the drying performance, at the same time 
retained higher amount of bioactive ingredients in the dried products as 
compared to single-stage drying technique. However, besides product quality, 
energy and cost analysis for two-stage drying of G. lucidum should be carried 
out as they are equally important when a viable economic venture is 
considered. The findings could be useful for the investigation of alternative 
ways to reduce the operation cost of ganoderma drying while retain the quality 
of the dried products. To date, single-stage drying could still be a favourable 
method in the Ganoderma processing industry if only single bioactive 
ingredient is of interest. 
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4.1  INTRODUCTION 
 
Drying is a significant step on food and food additive processing. The 

position of drying becomes more and more strategic due to the change of life 
style of modern people who prefer to find high quality dry products closing to 
the fresh or natural condition. The high quality powdered products such as 
soup, sauces, milk, coffee, and dried yeast are preferred due to its handy, 
high purity, and long storage life.  An example is milk powder that can be 
stored for a period longer than a year instead of some weeks and for which 
the transportation volume is 8-10 times reduced (Birchal et al, 2005; Djaeni, 
2008) 

 
In  industries, a large part of energy is spent for drying.  For example, in 

food processing and pharmaceutical, it is about 10-20% of the total energy 
usage. In the wood and pulp, the consumption is higher that can round 30%. 
Event, at postharvest treatment, the drying takes up to 70% of total energy 
required (Djaeni, 2008).   

 
At present, several drying methods are used, from traditional to modern 

processing: e.g. direct sun, convective, microwave and infra-red, ultra sound, 
centrifuge, freeze, and vacuum drying. The various designs are also applied 
referring to the wet product characteristic, i.e.; fluidised bed dryer for grain or 
powder, spray dryer for getting dry powder from liquid, rotary dryer for grains, 
and tray dryer for higher size material such as cacoa and vegetables. The 
various designs are objected to get higher efficiency as well as product 
quality. At high temperature drying, energy efficiency can reach 60%. 
Whereas, at freeze dryer, the efficiency is below 30% (Djaeni, 2008). 

 
Until now, the drying technology is often not efficient in terms of energy 

consumption and has a high environmental impact due to combustion of fossil 
fuel or wood as energy source (Kudra and Mujumdar, 2002). The sources of 
fossil fuel are limited, the price of energy increases, the world wide industrial 
energy usage rises, and increase of greenhouse gas emission becomes a 
global issue due to climate change; the need for a sustainable industrial 
development with low capital and running cost especially for energy becomes 
more and more important. In this context the development of efficient drying 
methods with low energy consumption is an important issue for research in 
drying technology (Djaeni, 2008).  

 
Higher operational temperature can be an option for increasing energy 

efficiency and speeding up drying time. However, the product quality will 
degrade especially for food, and pharmacetutical. Air dehumidification is 
potential for improving driving force for low or medium temperature that can 
be suitable for heat sensitive product (Djaeni et al, 2007; Djaeni et al, 2009).   

 
This paper discusses the potential of adsorption dryer with zeolite efficient 

low or medium temperature dryer. The results involving the conceptual 
design, and experimental work for carrageenan dan corn are evaluated. 
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4.2  ADSORPTION DRYER WITH ZEOLITE 
 
Air dehumidification by adsorbents has potential to enhance the drying 

efficiency (Alikhan et al, 1992; Revilla et al, 2006; Ratti, 2001; Djaeni et al, 
2009). With this method, the air is dehumidified by adsorbing vapor while the 
air temperature increases due to the release of the adsorption heat (see Fig. 
1). As a result, the dryer inlet air contains more sensible heat for drying which 
improves the driving force for drying as well as total energy efficiency.  

 

 
 

Figure 1 A schematic diagram of an adsorption dryer with air 
dehumidified by an adsorbent (Djaeni, 2008) 

 
The application of adsorption dryer has been widely investigated for many 

purposes (Alikhan et al, 1992; Revila et al, 2006; Ratti, 2001; Djaeni et al, 
2009). Research in immersion drying of wheat with a range of adsorbing 
materials (synthetic zeolite, natural clay, pillared aluminum clay, and sand) 
showed that the zeolite has the highest moisture uptake capacity from the 
product (Revilla et al, 2006). By taking into account the energy for standard 
regeneration of adsorbents, energy savings compared to a conventional dryer 
are estimated to be around 10-15%. In an alternative approach, the 
adsorption dryer with zeolite is combined with heat recovery. The benefit of 
this system is that the energy in the exhaust of the regeneration unit is nearly 
fully recovered and can be used for other operations (Djaeni et al, 2007).  

 
The advance modification such as multistage system  is required to 

explore the potential of adsorption dryer with zeolite in which enhances the 
energy efficiency, as presented in Fig. 2 and Fig. 3 (Djaeni, 2008). The main 
benefit is that the energy content of the exhaust air is reused several times.  
Moreover, the released adsorption heat is utilized to heat the air for drying in 
the succeeding stages. As a consequence, product drying hardly requires 
heat supply. The regeneration of spent zeolite from the adsorbers requires 
heat supply, but with heat recovery the net energy input can be kept low 
(Djaeni et al, 2007). 
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Figure 2 Multistage adsorption dryer with zeolite (Djaeni, 2008) 
 
Fig. 3 presents the psychometric chart analysis for single and multistage 

adsorption dryer with zeolite. At same evaporation duty, the single stage 
requires higher temperature (from point 0 until 1’) or more air flow rate.  The 
higher temperature can deal with product quality. While, the higher air 
capacity needs bigger size of equipment and higher power compressor. With 
multistage system, the product and air can contact intesively, and the 
evaporation duty is distributed in each stage. In addition, the exhaust heat 
from previous stage can be directly recovered in the next stage. Hence, lower 
air temperature (from 0 to 1, 2 to 3, and 4 to 5) or air flow is required 

 

 
 

Figure 3 Psychometric analysis for single and multi stage adsorption 
dryer with zeolite (Djaeni, 2008) 

 
Performance evaluation in term of energy efficiency has been done for 

single and multistage dryer in comparison with conventional dryer. The results 
indicated that the energy efficiency of adsorption dryer is higher than that of 
conventional dryer (see Table 1). Even one stage adsorption dryer with zeolite 
can compete with 4 stage conventional dryer in term of energy efficiency 
(Djaeni et al, 2007).  
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Table 1 Performance of multistage zeolite dryer with energy recovery 
(Djaeni et al, 2007) 

Options 
 Number of stages 

Energy efficiency (%) 

Conventional dryer 
1 60 
4 70 

Adsorption Dryer 
Single stage 1 72[12]* 

Cross-current 

2 81[12]* 

3 83 
4 84 

Co-current 

2 78 
3 82 
4 82 

Counter-current 

2 80 
3 88 
4 90 

*Note: the process has been proved by experimental work using imitated 
product 

 
Based on Table 1, extending the number of stage increases the efficiency. 

However, the difference between a three and four stage system is not 
significant anymore. For co-current system, the input air and product streams 
go in the same direction through the system. The driving force decreases 
along the stages in which reduces energy efficiency. In contrast, for counter-
current dryer, the air and product flows are in the opposite direction in which 
has the ability to use the air from last stage to preheat fresh product. So, the 
efficiency with heat recovery becomes higher close to 90% (Djaeni et al, 2007, 
Djaeni et al, 2008). 

 
4.3 APPLICATION AND RESULTS 
 
4.3.1 Case study on Drying Carrageenan 
 

Carrageenan, a sulfated polysaccharide isolated from red seaweed, 
Euchema cottoni, is an important material in food industry and 
pharmaceutical. The material having high affinity of water is used as stabilizer, 
edible coating, and thickener for dairy, food, and pharmaceutical products 
(Voragen, 2002; Anonymous, 2009).   

 
Retaining quality is important  in carrageenan drying. Like in all food 

product a long residence time at high temperatures has a negative effect on 
the product quality (Thommesa et al, 2007, Falshaw et al, 2001). To reduce 
loss of quality it is proposed to dry with dehumidified air with zeolite (see Fig. 
4).  

 
The work was performed in a tray dryer equipped with a unit for air 

dehumidification with zeolite (see Fig. 4). Ambient air at flow rate 1.5 
m3/minute and relative humidity (RH) around 80% and 29-33°C passed the 
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adsorber column (suppose A) which contains the activated natural zeolite (1.5 
kg/column, particle size 2 mm). About 70-80% of water in air is removed, and 
the air temperature increases 5-10°C due to the adsorption heat. The dry air 
was heated to the drying temperature (suppose 60oC) and was fed to the 
dryer for evaporating water from carrageeanan with initial water content of 
82%, 2 mm thickness, and 6x6 cm cross sectional size per piece. When the 
zeolite approaches saturation the adsorption function was switched to column 
B and zeolite in column A was regenerated at 200°C. Water content in 
carrageenan, air temperature, humidity and velocity, were measured every 15 
minutes. The product quality indicators whiteness and gel strength were 
analyzed after drying with a brightness and color meter 68-50 (TMI, USA) and 
texture analyzer type TA1 (LLOYD Material Testing, UK). The process was 
repeated from different dryer temperature. 

 

 
Fig. 4. Air dehumidified by zeolite for carrageenan drying 

 
Experimental differences between drying with and without air 

dehumidification at 40 and 60°C are given in Fig. 5. The results show that the 
drying time for  both temperatures is faster than that of the drying without 
zeolite. However, after operational time more than 120 minute, the effect is 
not significant anymore since the water content in carrageenan close to the 
equilibrium.  

 
When the temperature higher than 100oC, the effect of dehumidified air is 

also not significant. This because, the equilibrium moisture in carrageenan is 
slighty change, only. Hence, the driving force of water transport from surface 
of carrageenan to the air does not improve.  
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Figure 5 Drying with and without zeolite at 40 oC and 60oC 
 
On the other hand, the carrageenan quality declines drastically at higher 

temperature, as indicated in product whiteness and gel strength (see Table 2). 
At temperature higher 80oC, polysacharide starts to decompose forming 
caramel. As a result, the colour becomes brown, and gel strength of product is 
lower. Then, this condition is not recommended. 
 
Table 2 Quality of carrageenan at different operational temperature 

Temperature 
oC 

Whiteness Gel strength gr.cm-2 

40 53 116,0 
60 50 105,1 
80 44 98,8 

100 40 87,5 
120 36 63,0 

 
4.3.2. Mixed Adsorption Drying for Corn 
 

This design is a bit unique, since the corn as a product and zeolite was 
mixed in certain composition and placed in a column. The mixture was 
fluidized by air at different temperature. Air will evaporate water from the 
product, while the vapor will be adsorbed by zeolite.  Hence, the de-sorption 
(drying) and adsorption take place simultaneously (see Fig. 6). The 
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advantages, is the driving force for drying can be kept high until zeolite 
saturated by water  (Djaeni, et al 2011). For initial test, the zeolite 3A from 
Zeochem, Switzerland and natural zeolite activated by KOH were used and 
compared with drying without adsorbent. 

 

a.  
 

b.  
Figure 6 Mixed-adsorption dryer with zeolite (a. process transport, b. 

operational system) 

 
Results indicated that zeolites have given positve effect on drying time as 

well as corn quality. Fig. 7 presents the drying corn with and without zeolite at 
operational temperature 40oC. Based the figure, the driving force for drying 
improves significantly until water in corn reach 0,15 kg water/kg dry corn.  
Then, the drying time can be shorter. Here, it also indicated that the synthetic 
zeolite is still superior than that of natural zeolite activated by KOH. 
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Figure 7 Comparison of drying with and without zeolite at operational 
drying temperature 40oC 

 
Meanwhile, the corn quality measured in protein content does not degrade 

during the process at various zeolite composition in mixture. This research 
can be a basic consideration for drying corn. However, further research is still 
required in the aspect of amino acid, corn oil,  and energy efficiency 
 
Table 3 Proximate protein at different operational drying temperature 
and percentage of zeolite in mixture 

Zeolite  Temperature (
o
C)  Zeolite %   protein %  

Without 
Zeolite  

40  0  8,70  
50  0  8,60 

Zeolite 3A  

40  
25  8,70 
50  8,80  
75  8,60  

50  
25  8,40  
50  8,50  
75  8,60  

Natural 
Zeolite  

40  
25  8,80  
50  8,60  
75  8,80  

50  
25  8,40  
50  8,60  
75  8,60  
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4.4  CONCLUSION 
 

The works confirm that the adsorption dryer with zeolite is potential for 
heat sensitive food product in term of product quality and energy efficiency. 
However, the high energy for regeneration still becomes a next problem to be 
overcome. Combining with energy recovery system makes the adsorption 
drying be more interesting. Until now, the realistic pilot process for more and 
more food products are needed to ensure the reliability of process. In addition, 
the comprehensive feasibility study involving important factors such as 
investment, total running cost, and added value of high quality product, also 
must be done before industrial application. 
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5.1 INTRODUCTION 
 
Drying is a process of dehumidification in which moisture is removed from 

a solid using thermal energy. Drying involves a mechanism of combined heat 
and mass transfer and, in most cases, leads to a change of properties of 
products. Also, drying is considered an energy-intensive process, as it 
requires a supply of latent heat to the material to evaporator the moisture. In 
the design of a drying system, product quality, economic viability and 
environmental concerns should be taken into consideration. 

 
Applications of drying can be found in a variety of industries, especially the 

lumber, agricultural and food processing sectors. Drying technologies went 
through a significant development to achieve best products. However, if taking 
all the three considerations mentioned earlier into account, It is generally 
agreed that heat pump drying is one of the most promising technologies for 
the retention of quality, appearance and nutrients. Heat pump dryers consume 
60-80% lower energy than other dryers operating at the same temperature 
(Strømmen et al., 2002). It has been used in wood kilns to dehumidify air and 
control lumber quality (Rosen, 1995) for a long time. Heat pumps have in use 
in Finland, Norway and Canada for drying of wood and fish (Strømmen and 
Kramer, 1994). 

 
The current trend in drying relates to the development of improved drying 

process for heat sensitive food and biological material. In many agricultural 
countries, food products are dried to improve shelf-life, reduce packaging 
costs, lower shipping weights, enhance appearance, retain original flavor and 
maintain nutritional value (Sokhansanj and Jayas, 1987). It can be attributed 
to the loss of moisture content after drying, which results in increasing the 
concentration of nutrients in the remaining mass. Proteins, fats and 
carbohydrates are present in larger amounts per unit weight in dried food than 
in their fresh counterpart. 

 
Rossi et al. (1992) found that onion slices dried by heat pump dryer (HPD) 

led to an energy saving of the order of 30% with a better product quality. 
Replacing normal air in closed HPD with an inert gas, O’Neill et al. (1998) 
noted that dried apple cubes resulted in porous products, leading to quick 
rehydration. Perera (2001) reported that dried apples show excellent color, 
retention of vitamin C and the overall quality of the dried product. Halawder at 
al. (2006) found improvement not only in color but also rehydration ability of 
dried products. From the results of these research, modified air heat pump 
drying (MAHPD) shows great potential in this area of drying. 

 
In order to provide a better understanding and a clear insight, both the 

drying kinetics and quality of different food materials dried under different inert 
environment, extensive studies were conducted and some of the results are 
included here. The results of quality tests are also compared with those of 
freeze drying and vacuum drying samples. 
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5.2 THE SYSTEM 
 

Figure 1 shows the schematic diagram of a heat pump dryer. The system 
enables to conduct experiments using different drying medium e.g. air, 
nitrogen and carbon dioxide to find the impact of drying medium on quality 
and nutrients of the products. The drying medium operates in a closed loop. In 
order to conduct experiments under modified atmosphere to prevent 
browning, shrinkage and degradation of nutritional quality, the air is replaced 
by Nitrogen or CO2. When experiments are conducted under modified 
atmospheric condition, the drying chamber is evacuated and filled with an 
inert gas. The pressure is restored to atmospheric condition to prevent 
leakage of inert gas. The material is supported on a tray fitted with a load cell 
to monitor weight loss continuously. The drying medium absorbs heat from the 
condenser and supply it to the drying materials to remove moisture. The water 
vapour is condensed and removed at the evaporator and the process 
continues. Several food products: apple, guava, papaya and potatoes were 
selected for the study to evaluate response when subjected to different drying 
conditions. Here, the results of drying guava and papaya are included for 
discussion purposes. 
 

 

Food Tray
and

Loadcell

Blower

Drying
Chamber

Vacuum Pump Frlter
Dryer

External 
Condenser

Compressor
Liquid Receiver

Expansion Valve Diaphragm Valve B

Diaphragm Valve A

 
Figure 1 Modified atmosphere heat pump dryer (Hawlader et al. 2006). 

The velocity of the drying medium was decided in advance and fixed at a 
constant value. Temperature inside the dryer and relative humidity were 
measured continuously. The weight of the sample was measure continuously 
using a load cell. All the data were collected to a data logger and 
subsequently downloaded to a computer for analyses. A typical run under 
stable condition would give a relative humidity of 10%, air velocity of 0.7 m/s 
and temperature of about 45oC. 

Samples were also dried in a freeze dryer and vacuum dryer to compare 
the quality and nutrients. For freeze drying, the samples were placed in a 
freezer at temperature -20oC for 24 hours before the experiment was carried 
out. The moisture was frozen into solid ice during the period and a freeze 
dryer was used to conduct the experiment. The pressure inside the dryer was 
below 4.6 mm/Hg and an average temperature of about 10oC. For vacuum 
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drying, the drying was performed at 0.15 bar and a temperature of about 
45oC. 

 
5.2.1 Preparation of Sample 
 

The quality of the food and freshness are attributes considered carefully 
for the selection of the sample. Malaysian Papaya and Thai Guava were used 
in the experiments. The materials cut into 10mm x10mm x10mm cubes and 
immediately immersed in water to prevent contact with oxygen and at the 
same time dilute the phenolic compound to avoid quick oxidation before 
drying. 

 
5.2.2 Instruments 

 
The Scanning Electron Microscope (SEM) was used to find the surface 

porosity of the dried food samples. SEM captured detailed 3D images at much 
higher magnifications. 

A Minolta CM-3500d Spectrophotometer was used to measure different 
colors, such as, the lightness (L), redness (a), yellowness (b). From each 
batch of food material, five samples were selected, each with six faces. 

 A Texture Analyser, TA.XT2, was used to evaluate hardness of samples. 
It provided repeatable and accurate results. The pre-prepared programme test 
includes Texture Profile Analyses, Adhesiveness and Sine oscillation. 
 
5.3 DRYING KINETICS 
 

In general, a drying rate curve includes a constant drying rate followed by 
a falling rate region (Mujumdar and Menson 1995). When diffusion along x-
axis is considered and neglect effects of temperature and total pressure 
gradient, Fick’s second law of unsteady state diffusion can describe the 
transport of water during drying process: 
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Considering the sample as a flat plate of thickness L drying on both sides, 
following solution exists in the absence of external resistance (Hawlader and 
Khin, 2008): 





 −−

−
=

−

−
= ∑

∞

=
2

22

1
22

0

)12(exp
)12(

18)(
L
Dtn

nMM
MtM

MR
neq

eq π
π

      (2) 

under the given boundary conditions: 
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where M(t) is the moisture content of food materials at time t, Mo is the initial 
moisture content at t = 0 and M eq is the equilibrium moisture content. 
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The higher order term in equation (2) can be neglected for long drying time 
and the equation can be simplified to the following form: 

)()8ln()
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ln()ln( 2
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−=
−

−
=       (4) 

The shrinkage of the materials has not been taken into account during 
drying process by many researchers. Considering the first term of the series, 
as expressed in equation (4), the diffusivity parameter can be evaluated by 
linear regression.   
 

Experiments revealed that both the drying kinetics and quality of dried 
products improved significantly when normal air drying was replaced with inert 
gas in a heat pump dryer.  

 
Effects of Inert Gas 
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(a) Drying of Papaya 
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(b)-Drying of Guava 

 
Figure 1  Effect of inert gas on HPD drying (a) 

Papaya (b) Guava (Hawlader et al.,2006) 
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Figure 2 shows the dimensionless mass as a function of drying time for 
papaya and guava. Papaya appears to be less sensitive to the drying medium 
as much as loss of water vapor is concerned. In the case of guava, the 
influence of drying medium is quite significant.  

 
In Figure 3, the experimental values of Ln(MR) were plotted against t/L2. 

The slope of the curve is a measure of the effective diffusivity and the 
variation approximately follows a straight line, as shown in Figure 3(a). This 
amounts to saying that the drying of guava took place in one falling rate 
period, an indication that the liquid diffusion is the main driving force 
controlling the drying process. 
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Figure 3 Plot of ln(MR) vs t/L2 (a) Guava (b) Papaya 

 
This is slightly different for papaya, Figure 3(b), where the discrete points 

tilt a bit at x value of about 2.5 indicating the beginning of a second falling rate 
period. This difference may be attributed to different micro-structure of 
materials. During drying, it was observed that papaya cubes formed a hard 
shell but for drying of guava no such phenomenon was observed. The hard 
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shell is likely to block the moisture transfer to drying medium leading to a 
slower mass transfer rate. 

 
Table 1 Diffusivity of Guava and Papaya in MAHPD 

Material Drying Medium Effective Diffusivity ( )/10 210 sm×  
Guava Normal Air 

Nitrogen 
Carbon Dioxide 

        6.09 
      10.55   
        8.79                                  

Papaya Normal Air 
Nitrogen 
Carbon Dioxide 

        6.61 
        7.69 
        7.53 

 
As shown in Table 1, drying under N2 medium gave the highest effective 

diffusivity value followed by CO2. When compared with normal air drying, N2 
shows about 73% increase, while the CO2 increased the diffusivity by 60% for 
Guava. The changes appear to be product specific. For Papaya, the increase 
in diffusivity was 16% and 13%, when dried using N2 and CO2, respectively.  

 
Hawlader et al. (2006) also found that N2-dried ginger had the highest 

effective diffusivity, followed by CO2–dried ginger while normal air-dried 
ginger got the lowest diffusivity. This could be attributed to the properties of 
the drying fluid e.g. N2 has higher specific heat (cp=1.04 kJ/kg.K), which 
enables it to release more energy compared to air for the same temperature 
change supporting more evaporation of vapour. The specific heat of CO2 is 
0.85 kJ/kg.K, which is lower than normal air (1.00 kJ/kg.K) but the density of 
CO2 (1.788 kg/m3) is much higher than air (1.177 kg/m3) so that for a 
particular volume under identical condition, the mass of CO2 will be much 
higher than normal air and contribute to a larger heat transfer. 

 
5.4 COLOR OF DRYING PRODUCTS 

 
Thermal drying of food products very often leads to a change of original 

color particularly fruits and vegetables which contain significant amount of 
water, carbohydrate, protein and fractions of lipids. These constituents are 
easily modified in high temperature drying and lead to a degradation of the 
quality of products (Sokhansanj and Jayas, 1987). For each cube, the 
lightness (L*), redness (a*) and yellowness (b*) were captured for five 
randomly selected samples of each batch of sample. The total color change 
DE* is calculated  and compared, which is defined as 

 
DE*=[ΔL2+Δa2 +Δb2]0.5          (5) 
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Figure 4 Total color change: (i) Guava (ii) Papaya 

 
Figure 4 shows total color change of guava and papaya when subjected to 

five different drying methods. It is seen from Figure 4(i) and (ii) that inert gas 
has a smaller color change compared to normal air. Langdon (1987) found 
that enzymic browning requires four different components: oxygen, enzyme, 
copper and substrate. Hence, reduction in oxygen content in the drying 
chamber leads to an improvement of color. These results are consistent with 
what Hawlader et al. (2004) found earlier. For guava, the nitrogen dried 
products performed even better than vacuum dried products. The freeze 
drying products show the smallest change but, for papaya,   freeze dried 
products show the largest change. It could possibly be attributed to the fact 
that freeze drying increases the lightness (L*) too much for papaya which is 
dark color fruit while guava is consider light color. 
 
5.5 POROSITY OF DRYING MATERIALS 

 
The density and porosity are considered important physical properties 

characterizing the quality of dry food product. There are a number of density 
definitions of practical interest (Rahman, 1995). In this paper, bulk density is 
the ratio between the current weight of the sample and its overall volume 
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(kg/m3); particle density is defined as the current mass divided by the particle 
volume, without considering the volume occupied by the pores. The porosity is 
defined as the ratio between volume of pores and total volume of product 
(Lewis, 1987): 
 
Porosity = 1- (bulk density/particle density)     (6) 

 
Table 2 shows the results for guava and papaya. Nitrogen and CO2 show 

better porosity compared to air drying. Similar trend was observed for papaya. 
 

Table 2 The density and porosity of guava and papaya (Hawlader et 
al.,2005) 

 
It can be seen from the SEM pictures that pores of freeze dried papaya, 

Figure 4(a), is much larger than that of normal air dried one, Figure 4(b). The 
dark area represents open pores on the surface. It was observed that MAHPD 
dried products were more porous than normal air dried ones. 
 

 

 
 

(a) 
 

Material Drying  
Methods 

Bulk  
Density 

Particle   
Density 

Porosity 
(%) 

Guava Air 
Nitrogen 
CO2 
Vacuum 
Freeze 

0.9953 
0.9414  
0.8801 
0.7589 
0.3543 

1.1832  
1.2121 
1.2392 
1.0914 
0.5400 

15.88 
22.33 
28.98 
30.46 
34.39  

Papaya Air 
Nitrogen 
CO2 
Vacuum 
Freeze 

1.0460 
0.7259 
0.6915 
0.6254 
0.1098 

1.5583 
1.2715 
1.2613 
1.2593 
0.1631 

32.88 
42.91 
45.18 
48.19 
32.69 
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(b) 

Figure 4 SEM of dried papaya: (a) freeze drying (b) normal air drying 
 

5.6 NUTRIENTS 
 

In general, fresh fruits are rich in vitamins and minerals, considered 
important nutrients for human body. Due to its perishable characteristics, it is 
desired to be stored over a long time with minimum loss of nutrients. As 
shown in Table 3, compared to other drying methods, freeze drying shows the 
highest  retention of vitamin C for both papaya and guava. Carbon dioxide 
and nitrogen shows better retention than normal air. As shown in Table 3, the 
retention of vitamin depends to a great extent on the nature of food materials 
(Jayaraman and das Gupta, 1995). In normal air drying, the reduction in 
vitamin C content can be attributed to a process of oxidation due to the 
presence of large volume of oxygen. 
 
Table 3 Retention of vitamin C in dried product (in % ) (Hawlader et al., 
2006) 

Materials Drying Methods 
Air       CO2      N2     Freeze    Vacuum 

Papaya 
Guava 

75          82       80         88           86 
25          41       39         63            58 

 
5.7 REHYDRATION 
 

Krokida (2005) found that rehydration capability of a dried product 
depends to a great extent on the porosity of the materials. Normally, a porous 
material will rehydrate faster than a non-porous one. During the experiment, 
the rehydration rate and capacity of guava and papaya were investigated at 
temperatures of 40oC, 60oC and 80oC.  Figure 5 shows the rehydration of 
papaya dried using nitrogen as the drying medium. Higher temperature leads 
to a faster rehydration, as shown in Figure 5.  As shown in Figure 6, the 
complete rehydration depends on the drying process rather than temperature 
(Hawlader et al., 2006). 
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Figure 5 Rehydration of N2-dried papaya 
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Figure 6 Rehydration of papaya dried under different environment. 

 
5.8 CONCLUSION 

 
MAHPD improved drying kinetics and nutritional properties of food 

materials significantly. The use of inert gas as the drying medium reduced 
oxidation significantly and enabled retention of food quality. Experiments 
revealed a better physical appearance, faster rehydration and improved 
retention of nutrients. For papaya, the retention of vitamin C is comparable to 
freeze drying e.g. drying with CO2 leads to retention 82% compared to drying 
with N2 where retention is 80% and these values are comparable to freeze 
drying, 88%. MAHPD can deliver acceptable product quality at a relatively low 
cost and shows great potential in the area of drying heat sensitive food 
products or materials. 
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6.1 INTRODUCTION 
 

Food is a unique material in that its physical and chemical properties play 
an important role for determining quality by consumers. Fresh food contains 
high moisture content especially raw produce. High moisture content in fresh 
produce promotes food deterioration by many means such as chemical, 
biochemical, physical and, most importantly, microbiological deteriorations. 
The way to reduce these deteriorations and prolong the shelf-life of food is to 
reduce moisture content or water activity to a safe level where deteriorated 
activity is slow or inn an inactive state. Therefore drying is a common method 
to reduce moisture content in food and also water activity.  

 
There are many ways of drying, and each process has both advantages 

and disadvantages. For example, conventional hot air drying by sun drying or 
tray dryer, tunnel dryer, fluidized bed dryer, spray dryer or solar dryer. These 
dryers can dry food materials that are in forms of powder, fibre, moulded food, 
semi-solid food, liquid and grain. However, hot air dryers consume a lot of 
energy and result in loss of nutritional values of food materials since food 
materials would be heated during drying. Therefore, reduction of atmospheric 
pressure to decrease boiling point of water is an alternative option to dry heat 
sensitive materials and maintain their quality. Drying methods that that fail in 
this category are well known to be vacuum drying and freeze drying.  

 
Some produce that undergoes drying in large amounts such as grain and 

nut is generally dried by low temperature drying, for example drying of paddy 
by using sun drying or in-store dryer. For high value nuts such as macadamia 
nut, the preferred drying method is in-store dryer at 40 – 60 °C to prevent 
oxidation of fat and rancidity. 

 
However, single stage drying has limitations and drawbacks. Freeze drying 

can maintain nutritional, chemical and physical quality of food materials. But at 
the same time, its drying period is long and high energy and investment cost 
is required. For microwave drying, it can accelerate the drying rate and time 
but non-uniformity of microwave generation can result in burnt spots. 
Therefore, hybrid drying may become an option for improving quality of dried 
food materials. 

 
6.2 HYBRID DRYING TECHNOLOGY 
 

Kudra and Mujumdar (2009) give the general concept of hybrid drying 
technology as it includes drying techniques that use multiple modes of heat 
transfer as well as those that use two or more stages of dryers of the same or 
different type. A wide range of successful new drying technologies fall into this 
category since they are based on intelligent combinations of well known 
conventional know-how. Hybrid drying process can be divided into three 
categories; (1) combined modes of heat transfer (2) multistage dryers (3) 
multiprocessing dryers. 

 
The use of combined or hybrid drying has the ability to combine 

advantages of drying techniques involved in the process. Combination of 
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different drying processes usually offers unique advantages that single drying 
process cannot achieve. For example, innovative combination of superheated 
steam drying and heat pump drying has been proven to improve the quality of 
dried shrimp significantly (Namsaguan et al., 2004). Devahastin (2012) 
reported the success of using low pressure superheated steam drying 
(LPSSD) for drying fruit and vegetable. LPSSD is able to preserve quality of 
the product compared to product from conventional hot air dryer. For 
macadamia nut drying, Silva et al. (2005) attempted to apply microwave to 
assist hot air drying. In this case, hot air drying was used to dry fresh 
macadamia nut down to 10% (w.b.); microwave apparatus was then used to 
dry the nut further until the moisture content was down to 1.5% (w.b.). The 
combined technique was faster, requiring only 4.5-5.5 hours to dry 
macadamia. Borompichaichartkul et al. (2009) found that a suitable drying 
condition for macadamia nut-in-shell are the use of heat pump drying at 40 °C 
to decrease the moisture content to 11.1% (d.b.); this should be followed by 
second-stage hot air drying at 50 °C until the moisture content was reduced 
down to 1–2% (d.b.). Combined heat pump and hot air drying shows benefit of 
time saving and natural quality preservation of macadamia nut.  

 
Therefore, hybrid drying technology is a good option for drying food 

materials. For food materials, physical and chemical properties are very 
important for determination of sensory characteristics of food products.  
 
6.3 PHYSICAL PROPERTY  

 
6.3.1 Texture  

 
Physical properties of food during drying process are referred to 

mechanical, thermal electrical, and optical properties. Drying can change the 
structure or create new food structure. The changes of structure of food are 
related to food texture such as toughness, crispness, brittleness and 
hardness. Shrinkage is a phenomenon which is expected when drying of food 
materials such as fruits and vegetables. Hardening is associated with 
shrinkage, or is a result of shrinkage, and is also well known where the dried 
foods are generally perceived to be harder to chew compared with their 
original states before drying. Case hardening often happens during drying. It 
is known to correspond to the lowest water contents that are achieved first at 
the surfaces exposed to the drying medium, such as in normal hot air drying 
or solar drying. The degree of case hardening process at the initial stages of 
drying is due to different drying conditions and the kind of compounds 
involved determined the types and the extent of shrinkage. 

 
Devahastin et al. (2004) compared dried carrot quality from low pressure 

superheated steam drying (LPSSD) and vacuum drying at different pressure 
and temperature. They found that drying under LPSSD can maintain the 
shape and create more porous structure, resulting in crispness and higher 
rehydration ratio than vacuum dried carrot sample. This is because water 
vapour generated inside in sample during LPSSD is more than vacuum 
drying. Vacuum dried carrot sample has rigid dense layer at the surface 
instead. 
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In a study of Therdthai and Zhou (2009) reported about internal structure 
changes of mint (Mentha cordifolia Opiz ex Fresen) leaves during microwave 
vacuum. They found more porous structure occurred in mints leave dried 
under microwave vacuum drying more than conventional single stage hot air 
drying. The porous structure is occurred by fast evaporation of water vapour 
generated by microwave heating. This porous structure also increases the 
rehydration ratio of dried mints leave sample Microwave power and pressure 
also have impact on size and amount of porous structure in mints leave. 

 
In Thailand there is extensive research on paddy drying and outcomes of 

this research have contributed significant benefits to Thai rice industries. One 
of the achievements from the research is applying high temperature drying 
process with fluidization technique combined with ambient air drying (two-
stage drying) to reduce paddy’s moisture content down to a safe storage level 
of 14% (w.b). High temperature drying has been introduced to the rice 
industry in Thailand in order to solve the problem of post-harvest handling of 
wet paddy (Soponronnarit, 1996). 

 
The advantages of this technique are significantly enhancing head rice 

yield and time saving. A study considering the effects of the combination of 
high temperature fluidised bed drying and tempering found that at 150 °C and 
30 minutes tempering can enhance the head rice yield of rice (Soponronnarit 
et al., 1999). It was also suggested that drying at 150 °C followed by at least 
25 minute tempering time before subsequent drying of paddy can increase the 
head rice yield of rice with whiteness being within an acceptable range 
(Poomsa-ad et al., 2002). It was found that using fluidization with superheated 
steam at 150 °C can increase head rice yield more than using hot air at 150°C 
as heating medium (Rordprapat et al., 2005). Head rice yield of rice is 
associated with the strength of rice kernel that can withstand the breakage 
during milling. 

 
Drying paddy at high temperature for short period of time is promoting 

partial gelatinisation and/or melting of starch granules at the surface and 
inside the rice kernel. In the second stage of paddy drying, rice kernel is 
tempered at exit grain temperature for 30 – 45 min to create uniform gradient 
of moisture content. Then paddy is dried under ambient air circulation until 
moisture content is reduced to the safe level of storage. During ambient drying 
the temperature of the grain is decreased thus starchy fluid inside the grain 
become hard but tough. In this way, the grain kernel is strong and can 
withstand breakage during milling. Consequently, head rice yield is increased 
when employ this two-stage fluidised bed combined with tempering and 
ambient air drying. Figure 1 shows the changes of internal structure of rice 
after subjected to high temperature drying from Borompichaichartkul et al. 
(2007). 

 
The physical changes of rice granule which is occurred as the result of 

partial gelatinization and /or melting of starch granules during two-stage high 
temperature fluidised bed drying lead to specific characteristics of cooked rice 
that is similar to aged rice. Therefore, two-stage drying by high temperature 
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drying process with fluidization technique combined with ambient air drying 
can be used for accelerating process of rice aging. 

 

 
 

Figure 1 SEM x3000 cross section of rice kernel from (a) control (b) 
drying at 150°C 

 
6.4 CHEMICAL PROPERTIES 
 
6.4.1 Nutritional quality 

 
As hybrid drying technologies create various micro-structural modifications 

ranging from creating more porous structure to produce highly-crisp food 
products. This modified microstructure can enhance the release of nutrient 
from the food matrix and hence increased bioaccessibility and extractability of 
the nutrient to humans. 

 
LPSSD enhances crispness of fruit and vegetable products and lead to 

minimise consumption of fried product. Thus it can reduce the fat intake to the 
consumers.  

 
Suvarnakuta et al. (2005) experimentally studied the effect of LPSSD, 

vacuum and hot air drying method on the drying and degradation kinetics of β-
carotene in carrot. It was found that LPSSD and vacuum drying led to less 
degradation of β-carotene in carrot than in the case of hot air drying. This is 
due to the oxygen-free environment of LPSSD. 

 
Rumruaytum et al. (2012) studied the effect of drying time under 

superheated steam fluidised bed drying (170 °C) on antioxidant activity of 
Thai native rice. They found that increasing of drying time led to increasing of 
antioxidant activity of Thai native rice. During drying, heat can stimulate 
Maillard reaction and yield products that are antioxidant. In addition 
superheated steam drying has advantages over hot air drying such as no 
oxidation reactions e.g. enzymatic browning, lipid oxidation or degradation of 
vitamins since amount of oxygen is very low.  

 
Two-stage high temperature fluidisation drying of rice can promote the 

formation of amylose-lipid complex inside rice kernel and this complex 
decreases glycemic index (GI) and resistant to digestion. This is benefit to 
people who control blood sugar balance in (Jaisut et al., 2008). 

(a) 
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Pattanayindee et al. (2009) found that the drying treatments can affect 

differently the quality of macadamia nuts. Drying with heat pump dryer (HD) 
combined with tunnel dryer (TD) can reduce decomposition of fatty acids vs. 
HA drying. This affects particularly, the oleic and palmitoleic acids, which are 
claimed to prevent cardiovascular disease. The decomposition of fatty acids 
contributes to increase of total aldehydes, total alcohols and total 
hydrocarbons as results of lipid oxidation and hydrolytic rancidity. The 
concentration of aldehydes, total alcohol and hydrocarbon after hot air drying 
were higher than after heat pump dryer combined with tunnel drying. 

 
In the study of Pattannayindee et al. (2009) the fatty acids C16:1 and 

C18:1 decreased significantly (p≤0.05) after HA drying. Generally, the 
decomposition of fatty acid was the result of auto-oxidation and hydrolytic 
rancidity. Oxidative rancidity might be initiated by the presence of oxygen 
which reacts adjacent to the double bond positions of unsaturated fatty acids. 
The results show that the decrease of fatty acid content involved the 
unsaturated fatty acids such as C16:1 and C18:1. The latter decreased 
significantly (p≤0.05) in macadamia nuts after HA drying. Similarly the content 
of C16:1 decreased after HP+TD drying seen in Figure 2 and 3. However, the 
content of oleic acid C18:1 was not significantly different (p>0.05) from that in 
the raw macadamia nuts after drying with HP+TD drying. These results 
indicate that the longer exposure to oxygen during HA drying (17 days) 
influenced the decomposition of unsaturated fatty acid via lipid oxidation, 
especially C16:1 and C18:1, which generally resulted in an overall higher 
content of fatty acids in macadamia oil. 
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Figure 2 Content of palmitoleic acid (C16:1) during different stages of 

processing and drying 
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Figure 3 Content of oleic acid (C18:1) during different stages of 

processing and drying 
 
In the study of Borompichaichartkul et al. (2010) the results indicated that 

using 40 °C in the first stage drying followed by 50 °C in the second stage and 
both stages were using nitrogen as heating medium could maintain the nut’s 
lipid and volatile qualities as peroxide value was lowest. Peroxide value is the 
most commonly used parameter to measure the extent of oxidation in oils.  

 
 

Table 1 Peroxide value of dried macadamia nut from different drying 
conditions 

Drying conditions Peroxide value 
(meq O2/kg oil) 

Before drying 0.22 e ± 0.040 
40A-50A 0.80 c ± 0.082  
40A-60A 1.53 ab ± 0.222  
40A-50N 1.56 a ± 0.444  
40A-60N 1.75 a ± 0.206  
40N-50A 1.62 a ± 0.543  
40N-60A 1.69 a ± 0.172  
40N-50N 0.38 d ± 0.050  
40N-60N 1.15 bc ± 0.208  

Mean separation within columns based on probability of significant difference (p ≤0.05). 
 
For product that contains high lipid and fat content, drying temperature and 

drying atmosphere are important parameters to consider for selecting or 
design the drying system. 
 
6.4.2 Colour  
 

Food colour is the first attribute that consumers recognise food products. It 
affects the perception of the goodness or badness of food product.   
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Borompichaichartkul et al. (2010) found that multistage heat pump drying 
under modified atmosphere (N2) showed benefit of natural quality 
preservation of the macadamia nuts, the changes of colour is very much 
dependent on temperature during drying, they occurred at a slow rate during 
heat pump drying. Using 40°C in the first stage drying under nitrogen followed 
by 60°C under air in the second stage drying could maintain the nut’s qualities 
and had the lowest energy consumption.  

 
For colour evaluation of macadamia nut in study of Borompichaichartkul, et 

al. (2010), colour evaluation of macadamia kernels in both external and 
internal area of nuts compared with fresh nut prior to drying, indicating that 
heat pump drying at 40-60 °C was very gentle process (Table 2). It did not 
alter the whiteness of internal side of the kernels as L* remained high and was 
not significantly different after treatment. However, external side was darker 
than internal side. Although, the impact of drying medium and temperature on 
external colour was small, the best condition was using nitrogen in the first 
stage at 40 °C. For second stage of drying, increasing of temperature has 
slightly impact on increasing intensity of browning of both external and internal 
colour changes.  

 
Table 2. External and internal colour of macadamia kernels from 
different drying conditions 

Treatment 
Colour   L* a* b* 

External 
L* a* b* 

Before 
drying 71.22a±3.41 2.75b±1.21 22.59b±0.34 
40A-50A 63.30b±6.80 -0.22cd±1.94 22.54b±0.42 
40A-60A 65.16ab±5.70 -0.44cd±2.11 23.13b±2.89 
40A-50N 66.68ab±1.46 0.87c±0.83 27.06a±0.70 
40A-60N 66.64ab±1.80 -1.38de±0.82 23.28b±0.82 
40N-50A 70.45a±2.43 -3.47e±0.75 18.92c±0.88 
40N-60A 65.86ab±3.15 -2.01de±1.83 21.37bc±2.38 
40N-50N 68.04ab±1.12 -1.61de±1.23 21.51b±0.80 
40N-60N 56.93c±5.09 3.90a±1.87 23.56b±2.65 

  
Internal 

 L* (ns) a* (ns) b* 
Before 

Drying 71.91±2.56 -0.97±1.45 16.56d±1.28 
40A-50A 71.65±3.62 -1.07±2.59 23.04bc±1.90 
40A-60A 72.34±2.05 -0.80±1.03 23.70abc±0.76 
40A-50N 78.11±1.92 -0.53±0.05 26.43ab±0.74 
40A-60N 76.67±0.75 -4.04±0.61 20.90c±1.14 
40N-50A 72.48±2.71 -1.12±1.37 21.43c±3.59 
40N-60A 71.36±7.62 -2.04±2.73 20.20c±3.48 
40N-50N 75.03±1.48 -2.26±1.19 22.16c±4.06 
40N-60N 69.79±3.96 0.59±2.83 26.89a±2.28 

Mean separation within columns based on probability of significant difference (p ≤0.05). 
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Therdthai and Zhou (2009) observed that colour of dried mints leave from 
microwave vacuum drying is brighter and fresher more than hot air dried mints 
leave. They also reported that the rate of darkening of mints leave colour is 
dependent on drying temperature, time and amount of oxygen in the drying 
system. 

 
Hybrid drying system that is airless type can preserve the colour of food 

materials better than normal hot air drying. This is due to lack of oxygen in the 
drying chamber. Therefore, the colour changes are more dependent on drying 
temperature.  
 
6.4.3 Flavour and Aroma 

 
Flavour and aroma is an important attribute of food characteristics. They 

create the appetizing quality and attraction for consumers. Flavour and aroma 
of food are volatile compounds that most of them derived from lipid. Lipid 
degradation is also one of the most common sources of off-flavours in food 
products that can occur during processing. The lipid degradation basically can 
be classified into two routes namely auto-oxidation and enzymatically induced 
degradation (Nijssen, 1991). Therefore, to select the suitable drying process 
of food materials that contain specific flavour and aroma, monitoring the 
changes of lipid and volatile compounds in each stage of process is very 
important. 

 
For high lipid content nut such as macadamia nut, volatile components of 

macadamia nuts play an important role in the flavour quality characteristic of 
the nut. Flavours in nuts and nut products have been widely researched and 
reveal a vast array of volatile compounds, largely depending on whether the 
nuts are raw or roasted. In raw kernels, these volatiles are a result of natural 
processes such as enzymatic reactions and/or lipid oxidation. Roasted nuts 
contain compounds such as pyrazines and pyridines, which are characteristic 
products resulting from temperature sensitive reactions such as Maillard 
reaction (Waltking and Goetz, 1983). Pino et al. (2009) studied volatile 
compounds in raw macadamia nuts which are grown in Cuba and found that 
there are more than hundred compounds which are mainly terpenes.  

 
In the study of effect of hybrid drying on volatile compounds of macadamia 

nut, Pattanayindee et al. (2009) found that the volatile compounds such as 
aldehydes (especially hexanal), alcohols, hydrocarbons increased during 
processing and storage. Moreover, the aldehyde content, total alcohols and 
total hydrocarbons in samples dried with HA were higher than in samples 
dried with HP combined with TD. The decomposition of fatty acids, especially 
oleic acid (C18:1) in macadamia oil after drying was accompanied by the 
increase of volatile compounds which were derived from oleic hydroperoxide 
such as 2-undecenal, decanal, nonanal, 2-decenal and octanal. The 
decomposition of fatty acids during HA drying was more pronounced than 
during HP+TD drying. Therefore, it can be seen that the increases of 
aldehydes, total alcohols and hydrocarbon content after HA drying were 
higher than after HP+TD drying.  
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In addition, the dimethyl disulfide and pyridine were found in every stage of 
processing and storage. These compounds can be found in thermal 
degradation from the processing such as during roasting via Maillard reaction 
(Crain and Tang, 1975). According to Arctander (1969) dimethyl sulfide is 
characterised by a strong, sweet burnt onion or cabbage odour which is 
described as repulsive at high concentrations. Pyrazines are generally found 
in other nuts such as in roasted peanuts where these compounds are thought 
to arise from the thermal interaction of sugars and amino acids (Mason et al., 
1966). 

 
Yousif et al. (1999) studied effect of drying methods on volatile compounds 

of basil (Ocimum basilicum L.). They found that key volatile compounds in 
basil are linalool and methylchavicol. Microwave vacuum drying can maintain 
amount of key volatile compounds more than hot air drying since there is less 
oxygen in microwave vacuum drying than hot air drying. In addition, amount of 
linalool and methylchavicol in dried basil is more than fresh basil because of 
formation of linalool from linalyl acetate during thermal reaction.  

 
Barbieri et al. (2004) compared the effect of hot air drying (40 – 60 °C) and 

LPSSD (at a temperature of 50 °C and pressure around 5 kPa) on retention of 
some volatile compounds in basil (Ocimum basilicum). It was found that the 
origin aroma profiles were kept almost constant in case of basil dried by 
LPSSD. On the other hand, air-dried basil has significant variations in the 
relative proportions of aroma compounds. 

 
Physical and chemical changes during hybrid drying technology lead to 

advantages over single stage drying including improving quality of food 
product in terms of reduction of case hardening, shrinkage colour and 
nutritional preservation. The drying time is often shorter therefore energy 
consumption is saved.  

 
However, it is very important to select suitable hybrid drying technology for 

specific food material. There are key points to consider selecting a hybrid 
drying technology.  

• Food components such as vitamin, lipid, nutrients and volatile 
compounds that are influenced by drying temperature and time 

• Thermal deterioration of food such as browning, rancidity, case 
hardening and shrinkage 

• Drying rate and time 
• Quality of food product after rehydration 

 
6.5 CONCLUSION 

 
Changes of food products in terms of physical and chemical properties can 

occur during drying process. Such changes can lead to desired and undesired 
characteristics of food product. Using hybrid drying technologies can have 
impact on the physical and chemical properties of food products. Important 
points to select hybrid drying technology for particular product are food 
components, main deterioration of such food, drying rate and time and quality 
of food after rehydration.  
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7.1 INTRODUCTION 
 
Baking is a complex process that brings about a series of physical, 

chemical and biochemical changes in a product such as volume expansion, 
evaporation of water, formation of a porous structure, denaturation of protein, 
gelatinization of starch, crust formation and browning reaction. These changes 
are essentially the result of simultaneous heat and mass transfer (SHMT) 
within the products. During the baking, in the dough, heat and water transport 
occurs mainly through the combination of conduction to the dough, convection 
from the surrounding hot air, radiation from the oven walls to the product 
surfaces, as well as evaporation of water and condensing steam in the gas 
cells of the dough.  

 
The workhorse of the baking industry is oven, which was made of clay-

brick in starting. There were not many changes in oven as baking was 
considered an art. The baking ovens did not change much before 
commercialization of baking during industrialization in 20th century. The 
improvements were in the form of insulated metal cabinets as construction 
material over traditional clay and bricks. Next stage of improvement in the 
oven technology might be us of fan circulate hot air, which facilitated even 
temperature as well as efficient heat transfer during baking. Thus, ovens could 
be divided into two classes. First, conduction oven (heat is transferred by 
contact with hot surface); second, convection oven (heat is transferred by 
circulating hot air).  

 
Different ovens are available based on non-conventional technologies are 

Jet Impingement oven, microwave oven and electric resistance oven. Jet 
impingement oven is a type of convection oven where high velocity jets of hot 
air are directed over entire product surface to be baked. It is efficient due to 
higher rate of heat transfer and moisture removal the leading to reduced 
baking time and increased throughput of plant. Several authors have 
investigated heat and mass transfer phenomena to evaluate the baking 
process. Implications of the modified heating technique were reported to be 
improved quality perception of finished product as well as increase in shelf-life 
and nutritional advantages. One limitation is that quick crust and color 
development might lead to under-baked center in case of large size product 
(pan bread). In this chapter, first a quick review on air impingement system 
and baking process is down and then advantages and limitations of air 
impingement baking of flat bread is presented. 

 
7.2 AIR IMPINGEMENT SYSTEMS 

 
Air impingement systems have been used in various industrial processes 

such as textile and paper drying, electronic cooling and glass quenching. 
More recently, these systems are gaining new applications in industrial food 
processing (Li and Walker, 1996; Walker, 1989; Henke, 1984). Air 
impingement systems have been used in food processing operations such as 
drying and baking (Mujumdar, 2007; Banooni et al., 2008a; Banooni et al., 
2008b; Banooni et al., 2009) . Considerable reduction in process times and 
increased improvement in product quality can be obtained using this 
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technique (Wahlby and Skjoldebrand, 2000). A point of concern when using 
air impingement systems is the variation of heat transfer coefficient on the 
surface of a product. This may cause undesirable variation in certain quality 
attributes. Previous studies have indicated that air impingement systems can 
result in localized hot and cold spots on the surface of a food (Sarkar and 
Singh, 2004). There are also equipment design issues related to air exhaust 
and flow entrapment in impingement systems. Polat et al. (1989) categorized 
the flow patterns from impinging jets into three characteristic regions: free jet 
region, impingement or stagnation flow region and wall jet region. In addition 
the free jet region can be classified into three sub-regions: the potential core 
region, developing flow region, and developed flow region (Fig. 1).  

 

 
Figure 1 Fluid flow under impinging jets (Polat et al., 1989) 

 
The potential core region is the part of the flow where there is no vorticity. 

However, the nozzle edges, and free shear between jet and the stagnant air 
surrounding the jet, cause a mixing boundary layer (developing flow region) in 
the periphery of the jet. This results in the decay and end of the potential core 
due to the introduction of vorticity. Once the potential core decays, the flow 
develops as a turbulent jet. The rate of energy dissipation and the length of 
the potential core are largely dependent on the shape and configuration of the 
nozzle (Jambunathan et al., 1992). The presence of the impingement surface 
significantly changes the flow pattern under the jet at about 0.25H away from 
the surface, where H is the distance between nozzle exit and surface on 
which the jet impinges (Gutmark et al., 1978). The impingement results in a 
stagnation point of zero velocity (in axial and radial direction) and high heat 
transfer between the flow and the surface. From the stagnation point, the 
velocity increases in the radial direction, this region is called the radial flow 
region (Fig. 1). The surface of the impingement plate bounds the flow resulting 
in the formation of a boundary layer. Heat and mass transfer between the 
product and the flow occurs in the stagnation region and the wall bounded 
zone. The radial flow zone eventually develops into a recirculation region if the 
flow is confined. Common nozzle configurations used in impingement devices 
are arrays of slot rectangular or circular nozzles. Individual jets coming out 
from the nozzles, can be considered axisymetrical for most practical 
applications. To compare different types of jets, it is a common practice to use 
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equivalent dimension (D) of the jets. The equivalent dimension of a circular jet 
is the diameter of the jet. Jets emerging from slot nozzles, of length-to width 
ratio (b/w) of greater than 10 can be assumed as infinitely long and D is 
approximated as twice the width of the jet (2w). The nozzle dimensions are 
rendered dimensionless by their L/D ratio where L is the depth of the nozzle. 
While distances from the stagnation point (z) are characterized by the z/D 
ratio. The distance of the jet from the impinging plate is characterized by the 
H/D ratio of the jet. Single jets owing to the high rate of heat transfer at 
stagnation, are not suitable for most food applications. As a result, arrays of 
impinging jets are used in most of the present applications in food industry, 
such as ovens and freezers. But even under the arrays of jets there is 
significant variation of heat transfer. Heat transfer rates and their variation 
also depend on L/D ratio, H/D ratio, roughness of the surface and the 
existence of potential core and onset of vorticities.  

 
7.3 BAKING PROCESS 

 
Bakery industry has seen a revolution over the past 150 years. The small 

artisan bakeries, which were present in every village, made way for high 
technological bakery industry. Industrial mono-production took over from the 
high variety bakeries as bread could be produced in a more efficient way. 
Productivity became the key of success. Different baking technologies were 
developed to respond better to new market demands. New materials and 
ingredients were introduced in bread composition while research generated a 
constant and impressive progress in bread making. Continuous improvement 
in baking technology is worth investigating primarily for better quality product, 
development of nutritionally superior product and economic consideration. 
Bakery products differ from other products in that they are leavened or raised 
to yield baked goods of low density. It is a yeast-raised product. Leavening is 
done by CO2 produced from yeast fermentation. Leavening is produced only if 
the gas trapped in a system that will hold it and expand along with it. 
Therefore much of baking technology is the engineering of food structures 
through formation of correct dough and batter to trap leavening gases and the 
fixing of these structures by the application of heat.  

 
Bakery products are produced mainly according to three methods. First 

method is the straight dough method where mixing of ingredients is performed 
in one step. According to manufacturer’s choice and available equipment, 
ingredients of the dough may differ. Sponge and dough method is the second 
one where mixing of ingredients is performed in two steps. Leavening agent is 
prepared during the first step. 

 
Yeast and certain quantity of water and flour are mixed together. The 

mixture is left to develop for few hours and afterwards it is mixed with the rest 
of the ingredients. Chorleywood method is the third method where all the 
ingredients are mixed in an ultrahigh mixer for few minutes. Proper 
investigation into these three methods may reveal more information like 
optimum bread quality, energy utilization efficiency, volume expansion etc. 
With the introduction of automation in bakery industry the first fermentation 
step, the bulk proof was reduced or even excluded during the mechanization 
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of the bakery. Dried sourdoughs were also used from specialized companies 
to start the baking process. Currently this process has given way to cooling 
the dough to -2°C the day before and automatic warming of the dough on the 
day of baking. By the end of the 1990s improver technology was introduced 
for the production of preproofed frozen dough. Here the prefermented frozen 
dough is fermented prior to freezing. 

 
Freezer to oven, ready to bake and freezer to bake are marketing 

concepts which are fitting well with this technology. The quality of the product 
is not compromised. However, the price of the product has increased. As 
fresh bread has short shelf life and a number of chemical and physical 
changes commonly known as staling occurs, techniques like freezing of 
dough etc. to improve the preservation of bakery products has been analysed. 
Bread making procedure from frozen dough involves the following steps like 
dough preparation, freezing, thawing and baking. Effect of freezing and 
thawing on bread quality can be studied objectively to develop relationships 
between temperatures, durations of holding and shelf life after baking.  

 
In the baking process, Products temperature rise including at the top and 

bottom surfaces and the crumb are important. Crust color is fully developed 
when its temperature reaches 150°C (Shi et al., 2004).  Also, the extent of 
starch gelatinization is 0.98 as the internal temperature reaches 95°C 
(Sommier et al., 2004). The crumb temperature of 100°C is often considered a 
standard for completion of baking by most researchers (Moriera, 2001). Bread 
temperature rise shows two distinct stages. In the first stage (preheating 
period), the temperature rises very rapidly. In the second stage, a slow 
temperature rise can be seen. This reduction is due to water evaporation. 
According to Hasatani et al. (1992), the crust begins to form when the 
preheating period ends.  

 
During the fermentation of the dough the temperature distribution in the 

loaf is fairly constant. The surface temperature of the loaf rises quickly during 
baking. The high temperature on the surface leads to heat transfer into the 
loaf. The water in the pores inside the loaf contributes to the transfer of heat 
through the material. This occurs due to the evaporation of the water at the 
warm end of a pore and by condensation of the water at the cold end, known 
as the heat pipe effect or the Watt principle. This causes a temperature 
gradient inside the loaf. The partial water vapor pressure is directly related to 
the temperature, and a vapour pressure gradient is built up from the surface to 
the centre of the loaf. On the surface there is no plateau whereas behind the 
crust, in the crumb of the loaf, the temperature remains at the plateau. 

 
Thorvaldsson and Janestad (1999) showed that the water content in the 

centre decreases when the loaf is placed in the oven, until the temperature 
reaches approximately 70 ± 5°C. There is then a change in the measured 
water content, which begins to increase. The water content in the centre of the 
loaf rises during the baking process. The water moves towards the centre by 
the evaporation of water vapor near the surface, where the temperature is 
high, and condensation closer to the centre, where the temperature is lower. 
There is a change in the measured water content when the temperature 
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reaches 70± 5ºC. This implies that the chemical changes that cause the 
bread to change from dough to crumb and open up the pore structure occur 
just prior to this temperature interval. The transport towards the centre starts 
when the temperature has reached 70± 5°C and stops when the temperature 
reaches 100ºC and there is no temperature gradient left. The coldest region 
occurs just below the geometrical centre and the water vapor moves towards 
that region. 

 
7.4 IMPINGEMENT BAKING OF BREAD 

 
The air jet impingement oven used is electrically heated with a belt width of 

72 cm, while the total active length is 1m. The air jets are directed onto the 
product from above and below through ‘‘fingers’’ facing sets of plates 
perforated with jet holes or nozzles, each 1.2 cm in diameter. There are four 
top and four bottom fingers within the baking zone, or 8 fingers in total in the 
oven. Each finger is 16 cm wide and reaches across the entire width of the 
conveyor. They have five rows wich three rows of 14 holes and two rows of 13 
(total 68 holes per finger), also arranged in a staggered pattern. The top 
fingers are available in different heights. The jet holes are punched in the form 
of dimpled nozzles, the design of which helps increase the effective air 
velocity and reduce the friction loss between the finger and the air. The air 
propelled by the centrifugal fan enters the baking chamber by passing through 
holes in both the top and bottom fingers and is recycled by passing between 
the fingers back into the fan inlet. Each top and bottom fingers has a damper 
to control the air flow rate. A schematic of the impingement oven designed is 
shown in Fig. 2.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2 Schematic of bread baking in an Impingement Oven 
 
In impingement baking of bread, the bread temperature rise shows two 

distinct stages like the behavior noted by Hasatani et al. (1992). In the first 
stage (preheating period), the temperature rises very rapidly and the rate 
becomes faster as the jet velocity is increased. In the second stage, a slow 
temperature rise can be noted from the measured data. This reduction is due 
to water evaporation. According to Hasatani et al. (1992) , the crust begins to 
form when the preheating period ends. In our experiments, top surface 
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temperature also was greater than 100ºC after first stage as a result of crust 
formation. 

 
There is a relatively large temperature difference between the top, bottom 

and middle bread layer temperatures. This difference decreases as the jet 
velocity increases especially in the first stage. Beyond jet temperature of 
200ºC, the temperature gradient in the bread becomes more pronounced in 
the second stage as shown in Fig. 3.  

 
The sample baking time in a conventional oven with 200ºC air temperature 

is about 10 minutes which is about two times of the baking time in our 
impingement oven at the same temperature, Fig. 4. At a high jet velocity, the 
crumb temperature rises very fast and even exceeds 100ºC before the baking 
process is completed. This causes additional water evaporation from the 
crumb and there is not enough time for some of the rate processes in baking 
such as gluten formation, starch gelatinization and protein denaturizing. 
Therefore, it is necessary to maintain the jet temperature below 200ºC at high 
jet velocities as can be concluded from Fig. 4. The appropriate jet temperature 
range in impingement oven for baking of this kind of bread is between175 to 
200ºC. This assures a constant crumb temperature of 100ºC is available for 
having a proper baking process.  

 
On the other hand, working in the above temperature range does not 

provide a good condition to complete the browning reactions needed to 
achieve the desired color. As shown in Fig. 3, the top surface temperature can 
not reach 150ºC which is necessary for complete browning. From 175 to 
200ºC the top surface temperature was in the range 115 to 130ºC in about 5 
minutes of baking time. Therefore we need to compromise between complete 
baking and a good browning condition in an impingement oven for thin bread 
baking. In this study the surface color was used as a controlling parameter for 
browning process rather than the top surface temperature of bread.  

 
Figure 3 Top surface temperature variation at 175,200 and 225 C0 of jet 

temperatures and high jet velocity (Vj=10 m/s) 
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Figure 4 Crumb temperature variation at 175,200 and 225 C0 of jet 

temperatures and high jet velocity (Vj=10 m/s) 
 
 
The bread weight loss or water content change is an important parameter 

in the baking process. For bread producers, minimum weight loss is desirable. 
The bread tends to ferment faster at higher water content and conversely, low 
water content downgrades bread quality. The appropriate moisture content 
level for different types of breads is different for each but a range of 30 to 35 
percent (ratio of bread water mass to total mass) is known as appropriate one 
for samples used in this study. 

 
Figure 5 The effects of different jet temperatures on bread water 

content at high jet velocity (Vj=10m/s) 
 
In all our experiments, the bread volume change showed two distinctly 

different behaviors. A linear change in volume occurs until the bread being 
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baked reaches its maximum volume and then a slight drop off with time. This 
phenomenon can be explained by noting the formation of bubbles of mainly 
carbon dioxide produced by fermentation and water vapor. These bubbles 
expand with increase of temperature. As the baking process starts and the 
temperature of the dough increases, the bubble pressure exceeds the 
ambient air pressure resulting in volume expansion. After a while, the volume 
expansion of the dough stops which can be explained by the structure 
hardening due to starch gelatinization. In addition, the bubbles begin to break 
as they reach a critical pressure which reduces the expansion rate and then, 
in the final stage of baking, this causes volume contraction. Another factor 
which restricts the bread volume expansion is the formation of the rigid 
surface (crust) of the bread which becomes thicker as baking continues. 

The influences of jet temperature and velocity are very different. Fig. 6 
depicts the effect of jet temperature on bread puffing for a jet velocity of 10 
m/s. As is obvious, there are two different stages of baking as time 
progresses. In the first phase, a sharp rise occurs at all three temperatures up 
to different maximum values of volume change. This maximum is greater for 
150ºC and became smaller as the jet temperature increases. In the second 
phase, after the maximum value of volume is reached, the bread volume 
drops to almost a constant value as baking proceeds.  

All limiting and influential factors, such as yeast gas production, crust 
formation, gelatinization and rate of evaporation, are related to jet temperature 
and velocity and heat transfer rate to the bread. 

 
Figure 6 Relative volume at 150, 200 and 250ºC of jet temperature and 

at high jet velocity (Vj=10m/s) 
 
Main result from our experiments is that the maximum volume is reached 

about the same time under the diverse conditions examined. From this, if the 
baking time is set at about 5 minutes, the baked bread volume will reach its 
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maximum value. The maximum relative volume for the high jet velocity of 10 
m/s at 150, 200 and 250ºC was 76.1, 60.3 and 50.1 percent, respectively.  

Bread color is an important characteristic of baked products, contributing 
to consumer preference. In bread crust, the higher temperature and lower 
water content activate non-enzymatic browning reactions including Maillard 
reactions and caramelization [18].  In bread baking, crust browning reactions 
occur at temperature exceeding 110ºC and are completed when the 
temperature reaches 150ºC. Besides colour, surface luminosity must also be 
considered in bread baking. At low temperatures (150ºC), because of the low 
surface temperature, there is little progression of the browning reactions in the 
first 5 minutes of baking. According to Fig.7 by increasing the surface 
temperature with time, color variation increases.  

 
 

Figure 7 The effects of different jet temperature on bread surface 
colour at high jet velocity (Vj=10 m/s) 

 
At high jet temperatures (Tj >200ºC) uneven baking appears as dark 

points directly under nozzles jet (dark surface obtained when 30≥∆E ). Setting 
Tj<200ºC can assure even baking condition. Because of temperature 
uniformity in impingement oven, only localized uneven condition caused by 
temperature beyond than 200ºC, for this jet temperature effect was negligible. 
Figure 8 shows non-uniform bread surface color (dark point) under two jet 
rows. The variation in surface color is the consequence of the heat transfer 
distribution on the bread surface. 

 
 
 
 
 
 
 
 
 

 
Figure 8 Uneven baking under rows of jets 
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8.1 INTRODUCTION 
 

Malaysia is one of the largest cocoa processing countries in the world.  In 
2010, 302,366 tonnes of cocoa beans were processed by about 10 cocoa 
processing factories around the country.  In the same year, the total exports of 
cocoa products and chocolate amount to RM 3.916 billion.  However the 
scenario on the production side is not so bright.  In 2010, the cocoa planted 
areas are 20,070 hectares and the cocoa beans production is only 15,654 
tonnes.  This disparity had forced Malaysia to resort to cocoa beans 
importation for supply of cocoa beans processing.   

 
Cacao beans were recently acclaimed as ‘Super Fruit’, similar to acai, 

blueberries, cranberries and pomegranate, based on its antioxidant activity, 
total polyphenol content and total flavanols content (Crozier et al., 2011).  
Cocoa beans are the seeds of the fruit of the Theobroma cacao tree.  It has 
been used in ancient times by the local population of South America as a 
drink which have medicinal, ceremonial and culinary functions (Colombo et 
al., 2012). Cocoa beans were also used as currency and only the nobility can 
indulge in drinking cocoa.  Polyphenols in cocoa beans and cocoa products 
are mostly responsible for the astringent sensation and they also contribute to 
the bitter taste along with alkaloid, some amino acids, peptides and pyrazines. 
Cocoa flavanol have gain a lot of interest due to reports on its health benefits.  

 
8.2 WHAT IS POLYPHENOLS 

 
Polyphenol are a group of compound normally occurring in fruits and 

vegetables.  Polyphenols are secondary metabolites involved in diverse 
processes such as growth, lignifications, pigmentation, pollination and 
resistance against pathogens, predators and environmental stresses (Fraga, 
2010).  More than 8000 phenolic structures are known and dietary 
polyphenols represent the main source of antioxidants for humans use.  
 
8.2.1 Flavonoid and non-flavonoid polyphenols  

 
Flavonoid-have a common C6-C3-C6 structure consisting of two aromatic 

rings (A and B) linked through a three carbon chain, usually organized as an 
oxygenated heterocycle (ring C). The polyphenolic compounds found in cocoa 
is mainly of the flavanols, a sub-class of flavonoid.  Cocoa flavanols consist of 
monomeric ((-)-epicatechin and (+)-catechin), dimeric (the most common in 
cocoa are B2 and B5, both made up of two units of epicatechin with differing 
linkages) or polymeric combinations of these monomers (Fig. 2). For the 
polymers, chains of up to and over 10 units have been identified in cocoa.  
These polymers are also known as procyanidins (Bernaert et al., 2012). Some 
other polyphenols such as anthocyanins, flavonols (quercetins) and flavones 
(apigenins, luteolin) have been identified in the seed as well in smaller 
quantities. 
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Figure 1  Major flavanols found in Theobroma cacao 

 
 
8.3 HEALTH BENEFITS OF COCOA 

 
Dietary flavanols show promising potential for reducing cardiovascular 

disease risk via improvement in vascular function.  Evidence from several 
meta-analyses on the relation between cocoa or chocolate and blood 
pressure (BP) indicate a BP-lowering effect. Chocolate and cocoa 
consumption also increase flow-mediated dilation (FMD), a biomarker of 
endothelial function.  Daily consumption of dark chocolate has been shown to 
increase FMD by 4.0% acutely and by 1.4% chronically.  Besides effect on 
healthy individuals, combination of cocoa flavanol and isoflavones were 
reported to improve biomarker of cardiovascular risk in post-menopausal type-
2 diabetes patients (Curtis et al., 2012). 

 
Other beneficial effects which have been ascribed to cocoa flavanol intake 

are related to platelet function, blood cholesterol levels, insulin action and 
inflammation. Besides the cardioprotective effect, the outcomes from human 
studies indicate action from cocoa on both cerebral blood flow and cognitive 
performance, and also on skin health. 

 
Various potential mechanisms may work to explain the health benefit of 

cocoa polyphenols. These mechanisms include non-specific action based on 
the chemical features common to most polyphenols i.e. the presence of a 
phenol group to scavenge free radicals and specific mechanism based on 
particular structural and conformational characteristics of select polyphenols 
and the biological target, e.g. protein or defined membrane domain. (Fraga et 
al., 2010) 

 
 
 
 

http://www.ajcn.org/content/76/5/1106/F1.large.jpg
http://www.ajcn.org/content/76/5/1106/F1.large.jpg�
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8.4 FACTORS AFFECTING POLYPHENOL CONTENT IN COCOA BEANS 
AND COCOA PRODUCTS 

 
The levels of polyphenol in cocoa beans are not consistent and are 

affected greatly by the type of processing affected on the cocoa beans.  
These factors include genotype, ripeness of fruit, and mostly processing such 
as fermentation, drying, alkalizing and roasting. Camu et al. (2008) reported 
varying polyphenol concentration between mid-crop and main crop cocoa and 
also between different fermentation heaps.  Mid crop cocoa indicate lower 
concentration (4.10 to 4.83% by wt/wt) compared to main crop (13.07 to 
16.11% by wt/wt). 
 
8.4.1 Genotype  

 
A study on fat free dry mass of fresh cocoa seeds of Criollo, Forastero and 

Trinitario origin found large variation in the total polyphenol (6.93 to 17.96 
mg/kg), cyaniding 3-O-α-L-arabinoside (0-7,737 mg/kg), cyaniding 3-O-β-
galactoside (0-4,234 mg/kg), caffeic acid aspartate (0-6546 mg/kg) and (+)-
catechin (0-2,254 mg/kg) showed large variation in the fat free dry mass.  
Criollo seeds contain few or no anthocyanins.  However, these substances 
occur in significantly larger amounts in most of the Forastero and Trinitario 
samples.  Criollo seeds contain significantly larger amounts of caffeic acid 
aspartate compared to other cocoa types. (Elwers et al., 2009). 

 
8.4.2 Ripeness of cocoa pods  

 
Hurst et al. (2011) showed that unripe cocoa seeds have lower level of (-)-

epicatechin but the (+)-catechin level was almost similar.  Their data showed 
that in unripe cocoa seeds, there were 9.77 mg/g (-)-epicatechin and 0.57 
mg/g of (+)-catechin.  Meanwhile in the ripe cocoa seeds, 13.35mg/g (-)-
epicatechin and 0.58 mg/g (+)-catechin. 

 
However Payne et al (2010) reported that unripe cocoa seeds have higher 

level of (-)-epicatechin and (+)-catechin compared to ripe cocoa beans.  The 
found that the unripe cocoa seed contains 16.0 mg/g (-)-epicatechin and 0.46 
mg/g (+)- catechin while the ripe cocoa seeds contains 12.8 mg/g (-)-
epicatechin and 0.39 mg/g (+)-catechin.  The authors speculate that ripening 
process of the cocoa beans causes loss in epicatechin due to biological 
oxidation and or polymerization of monomers to procyanidins. 

 
8.4.3 Processing  

 
Processing both in cocoa fields such as fermentation and drying and also 

in the cocoa factories such as alkalizing and roasting also affects the level of 
polyphenols in cocoa beans and subsequently the products made from them 
such as the cocoa liquor, cocoa powder and chocolate.  Besides affecting the 
level of the polyphenols, these processing also change the stereochemistry of 
the polyphenols.  Hurst et al. (2011) showed that these processing reduce the 
naturally occurring (-)-epicatechin and (+)-catechin but also produces (-)-



Suzannah, S., Hii, C.L., Maznah, I. - Cocoa polyphenol 

116 
 

catechin which is found to be the most abundant catechin in alkalized or 
Dutched processed cocoa powder. 

  
Fermentation reduces polyphenol content more than 50% when compared 

to the level found in ripe unprocessed raw cocoa (no fermentation and 
freezedried) (Hurst et al., 2011).  The reduction is due to oxidation by 
polyphenol oxidase or by polyphenol ‘bleeding’ out of seeds (Kim and 
Keeney, 1984 and Payne et al., 2010).  During fermentation and subsequent 
drying, (-)-epicatechin decreased 92% (2,613 mg/kg), (+)-catechin decreased 
99% (7.2 mg/kg) and 33% caffeic acid aspartate remains (1,220 mg/kg) 
(Elwers et al, 2009). 

 
Drying of cocoa beans is necessary to prevent deterioration of the bean 

quality due to mould growth.  Normally cocoa beans are dried after 
fermentation using sunlight or some form of heat using gas or fuel or wood.  A 
study on drying of unfermented cocoa beans showed that drying using 
sunlight and oven have negligible effect on the level of epicatechin (Table 1). 

 
Table 1  (-)-epicatechin and (+)-catechin content in unfermented 

cocoa beans under different drying conditions 
Sample (-)-epicatechin 

(mg/g) 
(+)-catechin 
(mg/g) 

Freeze-dried ripe cocoa 
beans, n=3, (mc<5%) 
 

12.8±0.06  0.46±0.01 

Sun dried, n=13 12.4±4.05 0.46±0.17 
 
Laboratory dried, n=3, 6-
8h, 70⁰C, mc<5%) 

 
12.0±0.00 

 
0.35±0.01 

Ref.  Payne et al. (2010) 
 
Hii et al, 2009 had compared the level of total polyphenol, (-)-epicatechin 

and (+)-catechin in fermented cocoa beans which had undergone different 
drying (Table 2).   

 
Table 2 Total polyphenol, catechin and epicatechin contents of dried 

fermented cocoa samples 
Drying method Total polyphenols 

(mg/g) 
(-)-Epicatechin 
(mg/g) 

(+)-catechin 
(mg/g) 

Sun drying 61.81±2.43 4.08±0.04 0.00±0.00 
Oven (60⁰C) 77.20±13.30 5.69±0.33 0.15±0.21 
Oven (70⁰C) 82.68±3.42 7.76±2.11 0.08±0.11 
Oven (80⁰C) 71.42±0.48 3.06±1.13 0.35±0.02 
Freeze drying 88.45±0.07 8.08±5.32 0.18±0.05 
Ref.  Hii et al.(2009) 
 
 
 
 
 



Suzannah, S., Hii, C.L., Maznah, I. - Cocoa polyphenol 
 

 

117 
 

Freeze drying showed the highest content of total polyphenol and (-)-
epicatechin.  Sun drying showed the lowest level of total polyphenol and (+)-
catechin.  This may be due to the longer drying time because of the low drying 
temperature which also fluctuated according to the ambient conditions.  Oven 
drying at the three different drying temperature did not indicate any significant 
difference in total polyphenol, (-)-epicatechin and (+)-catechin.  The authors 
speculate that this may be due to the high temperatures used.  The 
polyphenol oxidase enzyme has an optimum pH and temperature of 6.0 and 
35.5⁰C respectively, but it is rapidly destroyed at 70-75⁰C. 
 

Alkalization process was initially performed to manufacture cocoa powder 
which will not agglomerate and sink to the bottom when added to milk or water 
based drink.  Nowadays alkalization is mainly applied to modify the flavour 
and colour of cocoa powder.  Alkalization treatment resulted in 60% loss of 
total flavonoid content (alkalized cocoa powder compared to natural cocoa 
powder).  Among flavanols, (-)-epicatechin presented a larger decline (67%) 
than (+)-catechin (38%), probably because of its epimerization into (-)-
catechin, a less bioavailable form of catechin.  The di-, tri- and tetrameric 
procyanidin also showed a decline.  The flavonols such as quercetin (60%) 
showed highest loss whereas quercetrin-3-glucuronide, quercetin-3-
arabinoside and isoquercetin showed similar decrease (58, 62 and 62% 
respectively) (Andreas-Lacueva et al., 2008).  In general, these changes were 
attributed to the oxidation of phenolic compounds under basic pH condition, 
leading to brown pigments that are polymerized to different degrees.  O-
quinones formed during the fermentation process underwent further reactions 
which are responsible for the browning developed during alkalization. 

 
Roasting is a critical step in cocoa processing.  Roasting will develop 

cocoa and chocolate flavor which is not available in raw cocoa beans.  
Roasting temperature can reach up to 120⁰C.  Roasting caused epicatechin 
content of unfermented beans to drop 82% when roasted to a terminal 
temperature of 120⁰C and in medium fermented cocoa beans up to 18%  
epicatechin are lost.  Although catechin content is low throughout processing, 
their levels rose by 640-696% in beans as a result of roasting (Payne et al., 
2010).  The increase in catechin is due to the production of (-)-catechin (Hurst 
et al, 2011).  It was shown that the level of (+)-catechin reduces as a result of 
roasting but (-)-catechin was produced through the epimerization of (-)-
epicatechin and contribute to the overall increase of catechin level.  The 
amount and form of catechin probably have dietary significance for consumers 
of cocoa and chocolate because the bioavailability of epicatechin and 
catechin in mammalian system is (-)-epicatechin>(+)-catechin>(-)-catechin 
(Donovan et al., 2006).  Fig 2 shows a summary of epicatechin and catechin 
content after various processing.  The epicatechin/catechin ratio is useful to 
indicate how much processing a material gone through.  This ratio show that 
initially the ratio of epicatechin/catechin in unroasted bean was 31.8 but as 
beans were exposed to heating as high as 120⁰C, the epicatechin/catechin 
ratio drop to 1.22 (Payne et al, 2010) 
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Figure 2 Summary of epicatechin (blue) and catechin(red) in cocoa 
beans and cocoa powder (A) and epicatechin to catechin ratio (B).  
(Payne et al., 2010) 

 
 

8.5 POLYPHENOL ABSORPTION AND METABOLISM/BIOAVAILABILITY 
 
Flavanols and procyanidins are relatively stable in stomach acid and 

during gastric transit.  During digestion and transfer across the small intestine, 
and in the liver, flavanols are rapidly metabolized in phase I and phase II 
biotransformations to various o-sulfated, O-glucuronidated and O-methylated 
forms.  Natsume et al. (2004) reported that glucuronidation or methylation on 
the O-dihydroxy (catechol) structure in the B ring will reduce the scavenging 
activity of the flavanol or its metabolites.   

 
Most dietary polyphenols are quickly eliminated in both bile and urine after 

ingestion.  In human, a post-prandial peak is observed 1-2 h after ingestion of 
various flavonols and flavanols but is longer for isoflavones and other 
polyphenols which are only absorbed after partial degradation by the colon 
microflora.  Most flavonoids absorbed in the small intestines, the plasma 
concentration then rapidly decreases (elimination half-life period of 1-2 h).  
Repeated ingestion of the polyphenols over time is necessary to maintain a 
high concentration in plasma. 

 
When cocoa beverage containing equal amounts of epicatechin and 

catechin, epicatechin was the predominant plasma flavanol absorbed while 
plasma catechin level was only 3% of the plasma epicatechin concentration 
(Holt, et al., 2002).   Holt et al., also reported significant increase in dimer B2 
at 0.5, 2 and 6h relative to baseline (16±5, 41±4, and 15±2 nmol/L, 
respectively).  However dimer B5 were not detected in the plasma.   
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Many researchers have shown that proanthocyanidins are virtually not 

absorbed in the gut.  Ottaviano et al. (2012) reported that only monomers are 
absorbed while dimers up to decamers are not absorbed.  These compounds 
(dimers up to decamers) were also not metabolized by the intestinal flora to 
contribute to the catechin/epicatechin pool as suggested before.  However 
these procyanidins break down into other compounds known as gamma-
velerolactones which might not contribute to the short term effects, they may 
contribute to a long term effect. 
 
8.6 CONCLUSION 

 
Cocoa polyphenol has been shown to provide health benefits to human in 

many aspects.  However, processing greatly affect the level and composition 
of the polyphenols in cocoa products.  Cocoa polyphenol was also shown to 
have low bioavailability in human gastrointestinal tract.  So the challenge is 
how to conserve the cocoa polyphenol and improve the bioavailability of 
cocoa polyphenol to obtain the maximum benefit from these compounds. 
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9.1 INTRODUCTION  

The quality of Malaysian cocoa beans is still inferior as compared to those 
from the West African origin, i.e. Ghana, especially in terms of flavour quality 
(Duncan, 1991; Hii and Law, 2007). Malaysian cocoa beans are discounted in 
the cocoa terminal market owing to quality related issues. In the past, studies 
on the effect of drying on bean quality were mostly conducted using 
conventional hot air dryers and sun drying (Duncan et al., 1989; Jinap et al., 
1994; Hii et al., 2006). None of the studies attempt to apply advance drying 
technology to improve the quality of Malaysian cocoa beans. 

 
Various studies have reported the use of heat pump dryer (HPD) in drying 

food and crop products (Perera and Rahman, 1997; Hawlader et al., 2006; 
Colak and Hepbasli, 2009). Studies have concluded that HPD gives better 
product quality with lesser energy consumption as compared to hot air drying 
(Perera and Rahman, 1997). 
 

The aims of the studies were to dry cocoa beans using a laboratory heat 
pump dryer and investigate its effect on the drying kinetics and product 
quality. The hypothesis is that the mild air conditions used in the heat pump 
dryer (low temperature and RH) is able to further develop the cocoa flavour 
and reduce the sourness of the dried product as compared to hot air dried 
beans. 
 
9.2 DRYING PROCEDURES AND QUALITY EVALUATION 

9.2.1 Sample preparation and drying 
 

Fresh cocoa beans (25 kg) were supplied by Malaysian Cocoa Board 
(Jengka, Pahang) and fermented in wooden box (0.3 m × 0.3 m × 0.3 m) for 
five days. The beans were turned every 48 hours to ensure uniformity within 
the fermenting mass. The heat pump dryer was fabricated and supplied locally 
by I-Lab Sdn. Bhd (Selangor, Malaysia). Figure 1 shows the schematic 
diagram of the dryer and the specifications of various parts. It consists of a 
heat pump system (dotted lines) and drying chambers where meshed trays 
can be inserted to support the product. Drying air flows in perpendicular 
direction to the product. A heater is installed before the drying chamber to 
further increase the drying air temperature. Overall built-up dimension of the 
dryer measured 0.23 m × 0.1 m × 0.2 m (length × width × height) with drying 
chamber measured 0.33 m × 0.33 m × 0.98 m. 

 
About 700 g of fermented beans were spread thinly in one layer on 

meshed surface (0.3 m × 0.3 m). Air temperature and humidity were 
monitored using a data logger (Rotronic, HW3, USA) and air flow was 
measured using a digital anemometer (Airflow, LCA 30VT, UK). Bean 
temperature was measured by using a T-type thermocouple attached to a 
data logger (Hoboware, USA). The moisture content of the beans was 
determined hourly with reference to the dry solid weight. Trials were carried 
out to study the effect of drying under constant and stepwise drying profiles in 
the heat pump dryer (Table 1). 
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Figure 1 Schematic layout of the heatpump dryer 
 

 
Table 1   Operating conditions used in the heat pump dryer 

Treatment Label Vair (ms-1) Tair (°C) RHair 
(%) 

Duration of drying  

      
Hot air  HA6 4.6  56 14.6 Until EMC# 
      
Heat 
pump  

HP5 4.6 28.2 26.7 Until EMC 

 HP6 4.6 40.4 18.1 Until EMC 
      
Step down  HAP6 4.6 54.9 

43.9 
16.2 
15.5 

First 6 hours 
Until EMC 

      
Step up  AHPA6 4.6 30.7* 

43.6 
56.9 

60.8 
15.1 
14.6 

24 hours 
24 hours 
Until EMC 

      
*Drying using ambient air, #EMC = equilibrium moisture content 
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9.2.2 Quality attributes 

 
The pH measurement was carried out by homogenising 5 g of ground nibs 

in 45 ml hot distilled water. The mixture was filtered with Whatman No.4 filter 
paper and cooled to 20-25°C. The resulting filtrate was measured for pH using 
a pH meter (Schott Instruments, D-55122, Germany) which had been 
calibrated with buffers at pH 4 and 7. This measurement was performed in 
triplicates (Jinap et al., 1994). 
 

For cut test, three hundred pieces of dried cocoa beans were cut 
lengthwise through the middle using a penknife. Both halves of each bean 
were visually examined in full daylight for colour attributes such as slaty 
(grey), purple, partly purple/brown and brown. Percentage count of brown and 
partly purple/brown were used for the cut test score (Equation 1). 
 

Cut test score = 10x%brown + 5x% partly purple/brown   (1) 
 

In the preparation for sensory evaluation, 200 g of dried cocoa beans 
were peeled manually and the nibs were roasted in an air ventilated oven 
(Memmert, Germany) at 140°C for 35 minutes. Upon roasting, the cool nibs 
were ground in a mortar and pestle mill (Pascal Engineering, UK) for 3 hours 
to obtain the cocoa liquor. Sensory evaluations were conducted by five trained 
panellists and Ghanaian cocoa beans were used as the reference sample. 
Sun dried samples were obtained from previous experiment. The flavour 
attributes evaluated were cocoa flavour, bitterness, astringency, sourness and 
mouldiness with descriptive scale ranging from 1 to 10 and compared with 
commercial cocoa sample from Indonesia and Malaysia. 
 

The experiments were conducted as completely randomized single factor 
experiment in 3 replicates. The experimental data were analysed by using 
oneway ANOVA and mean comparison using Duncan’s Multiple Range Test 
at 95% confidence level. The statistical software used was SAS for Window 
(Version 9.1, SAS Institute, USA). 
 
9.3 DRYING KINETICS AND PRODUCT QUALITY 

9.3.1 Drying kinetics 
 
In all cases, it can be seen that moisture ratios fell exponentially with time 

in Figure 2. Figure 3 shows the bean temperature recorded during drying. All 
the recorded temperatures are well below the limit (T < 60°C) detrimental to 
bean quality (Mc. Donald et al., 1981). Trials conducted at constant air 
temperatures showed that drying time to reach equilibrium moisture content 
was the shortest for HA6 as compared to HP6 and HP5. Treatment HP5 
showed gentle drop in moisture ratios which was due to the much lower drying 
temperature used. Drying times to reach equilibrium moisture content were 26 
hours, 52 hours and 72 hours for treatment HA6, HP6 and HP5, respectively. 
Generally, fast drying in short duration such as that obtained from HA6 is not 
recommended as sufficient time must be given for the oxidation process to 
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occur inside the beans to ensure a fully brown interior (Mc. Donald et al., 
1981). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Plot of moisture ratio versus drying time 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Plot of product temperature versus drying time 
 

Drying times to reach equilibrium moisture content were 34 hours and 50 
hours, respectively, for treatment HAP6 and AHPA6. It can be seen that the 
limiting factor to drying contributed mostly from the early drying stage when 
the moisture content is still high (30 – 106 % d.b.) within the bean and also at 
the skin surface. Drying can be accelerated at this stage by using higher 
temperature but there should be a compromise such that enzymatic reaction 
that contributes to flavour development is carried out below the safe limit of 
60°C. At the lower moisture content region, temperature has less significant 
effect on drying rate due to the lower drying force between the interior 
moisture content and that at the surface. This explains the reason why by 
using a stepping up profile improvement in drying rate was not observed. 
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Figure 4 shows that drying rate was the highest for the higher temperature 

treatments as compared to the lower temperature treatments. In all cases, 
except for treatment AHPA6, only falling rates were observed throughout the 
drying duration. In treatment AHPA6, initial transient and constant rate periods 
were observed in the early stage of drying. This was due to the low drying 
temperature used (ambient air condition) which has lesser degree of 
evaporation. The surface moisture remained saturated for a longer period of 
time (about 3 hours) in the initial phase of drying and only surface evaporation 
took place during this period. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Plot of drying rates versus moisture content 
 
9.3.2 Product quality 
 

Results showed that pH was the lowest for sample HA6 dried using hot air 
and significantly different (p< 0.05) from sample AHPA6 and HP5 among the 
heat pump dried samples (Figure 5). Samples AHPA6 and HP5 were found 
significantly not different (p > 0.05) from the Ghanaian (GHA) and sun dried 
samples. This shows that low drying temperature enables the diffusion and 
evaporation of greater amount of acids from the beans. Samples HA6, HAP6 
and HP6 tend to be grouped at lower pH region which could be due to the 
higher temperatures used as compared to samples HP5 and AHPA6. Drying 
rates were among the highest as shown previously especially at the early 
stage of drying and coupled with the shorter drying time the residual amount 
of acids retained in the dried beans were higher. There is also an increasing 
trend for the pH values as lower drying temperature is used as demonstrated 
in sample HP5, HP6 and HA6. The high pH values in the Sabah (SAB) and 
Indonesian (IND) beans could be attributed to insufficient fermentation. 
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Figure 5 pH profiles of cocoa nibs 
 
Figure 6 shows the cut test score results of the various dried samples 

ranging from 333 to 950. Commercial Malaysian beans (MAL) tend to score at 
the lowest. High cut test score usually indicates better browning of the cocoa 
nibs during processing. Results showed that cut test scores from sample 
AHAP6 and HP6 are significantly higher (p < 0.05) than the Ghanaian sample 
(GHA) while sample HAP6 and HP5 showed no significant different with the 
Ghanaian sample (p >0.05). This showed that all the heat pump dried 
samples were comparable and better than the Ghanaian sample in terms of 
browning. The higher degree of browning in sample AHPA6 could be due to 
better oxidation of the bean interior during drying (Mc. Donald et al., 1981). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Cut test score 
 

Table 2 shows the flavour intensity of the major attributes responsible in 
governing the flavour of the cocoa liquor. In terms of cocoa flavour, no 
significant difference (p > 0.05) was found between the Ghanaian cocoa 
sample and the heat pump dried samples (AHPA6, HAP6, HP6 and HP5). All 
the heat pump dried samples were found tend to score higher as compared to 
the hot air dried sample (HA6) as perceived by the panellists. Sample AHPA6 
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scored the highest among all cocoa samples and significantly better (p < 0.05) 
than the commercial Malaysian bean. The use of a stepping up drying profile 
allowed drying to proceed at a much slower rate as compared to the hot air 
drying. The gradual evaporation of moisture from 40 % to 20% is crucial to 
ensure sufficient access of gaseous oxygen to the cotyledon surface and to 
facilitate oxidation (Mc. Donald et al., 1981). The slower drying rate allows 
flavour to be developed further throughout a longer period during drying.  

 
Results showed that sample AHPA6 had the lowest sourness score 

among the heat pump dried samples and was significantly lower (p < 0.05) 
than the hot air dried samples (HA6). The heat pump dried samples were 
found not significantly different (p > 0.05) from the Ghanaian and sun dried 
samples. Acceptable acidity level can be achieved by using heat pump drying 
as the mild drying condition allows gradual diffusion of the volatile acids along 
with the moisture that subsequently evaporate to the surrounding. There was 
a tendency for the sensory panellists to rate AHPA6 lower than other heat 
pump dried samples and just slightly higher than the Ghanaian beans. Results 
from the sensory evaluation showed no significant differences among the heat 
pump dried samples and the Ghanaian beans (p > 0.05). However, sample  

 
Table 2 Flavour scores from the sensory evaluation 

Treatment Cocoa Sourness Astringency Bitterness Mouldiness 
HA6 4.2ab 4.1a 4.1ab 4.0bc 

Not detected 

HP6 4.4ab 3.6ab 4.0ab 4.0bc 

HP5 5.0ab 3.5ab 4.4ab 4.8ab 

HAP6 5.4a 3.0abc 3.8ab 3.5bc 

AHPA6 5.5a 2.6bc 3.4ab 3.6bc 

Sun 4.9ab 2.8abc 3.8ab 3.0c 

Ghana 5.4a 2.4bc 3.3b 2.9c 

Malaysia 3.8b 2.0c 4.5a 5.3a 

Indonesia 2.3c 2.7bc 4.1ab 2.9c 

*Means having a common letter within the same column are not significantly different at 5% level 

AHPA6 tends to score the lowest among all the experimental treatments 
and better than the Malaysian and hot air samples (HA6). This lower score, 
coupled with the low level of sourness, contributed to the higher cocoa flavour 
as shown previously. Sample HP5 tends to show higher degree of astringency 
which could be due to the retention of greater amount of polyphenols as heat 
pump drying is known able to preserve bioactive compounds during drying 
(Perera and Rahman, 1997). Diffusion of alkaloids out of the beans (about 
30%) during fermentation could reduce the bitterness flavour but the 
remaining amount is not affected by drying. Nevertheless, bitterness is a 
desirable flavour when present in a reasonable limit.  

 
All the heat pump dried samples, except for HP5, showed no significant 

different (p > 0.05) as compared to the Ghanaian standard and significantly 
better (p < 0.05) than the Malaysian commercial sample for bitterness 
attribute. The high intensity of bitterness and astringency could mask the 
cocoa flavour and resulted in lower perceivable cocoa flavour in the Malaysian 
commercial sample as shown previously. 
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9.4 CONCLUSION 

Cocoa beans were successfully dried using a heat pump dryer. Quality 
was found better in terms of acidity (pH) with higher degree of browning for 
beans obtained from the step up drying profile (AHPA6). Sensory evaluation 
showed that heat pump drying could produce good quality cocoa beans as 
compared to the Ghanaian sample. The step up drying profile was the best 
among all treatments and able to produce cocoa beans with high cocoa 
flavour, low in sourness and without excessive astringency and bitterness 
flavours as perceived by the sensory panels. 
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10.1 INTRODUCTION 

Cocoa (Theobroma cacao L.) is grown mainly in West Africa, Central and 
South America and Asia. Almost 68% of world production comes from African 
countries, where Côte d’Ivoire is the world’s leading producer (Figure 1). 
Although cocoa is largely produced in Africa, Latin America and South East 
Asia, it is mostly processed and consumed in industrialized countries i.e. in 
USA and Europe (ICCO, 2011). In general, cocoa processing starts from the 
farm where harvesting and processing are carried out to produce the dried 
beans. The dried beans are then further processed into various semi-finished 
products such as cocoa liquor, butter and powder. Ultimately, these semi-
finished products are used in the manufacturing of chocolates and other 
confectioneries (Wood and Lass, 1995).  

 
 
 
 
 
 
 
 
 
 

 
Figure 1 World production of cocoa beans 

 
10.2 HARVESTING 

Cocoa tree takes up to 4 years to mature before it begins to bear fruits. 
The pods containing the cocoa beans grow from the cocoa trees trunk and 
branches (Figure 2a). Cocoa can be classified into the Criollo, Forastero and 
Trinitario types but most of the bulk cocoa produced and used is from the 
Forastero type (Beckett, 1994). In general, there are two main harvesting 
seasons throughout the year. The harvesting process is very labour extensive 
involving the removal of ripe pods from the trees, pod splitting and extracting 
the wet beans from the broken pods. The fresh beans have thick white 
mucilaginous pulps that cover the seed (Figure 2b). The white mucilaginous 
pulps can be processed into cocoa pulp juice but it is somehow not widely 
consumed and commercialized. 
 
 
 
 
 
 
 
 
 

 
Figure 2 Matured cocoa tree and fresh beans 

 

a. Cocoa tree 
 

b. Fresh beans 

http://www.google.com.my/url?sa=i&rct=j&q=cocoa+tree+malaysia&source=images&cd=&cad=rja&docid=jEMDA0jKqapvIM&tbnid=1hX72NRVOVvBwM:&ved=0CAUQjRw&url=http://euroasiamercantile.com/about.html&ei=6KzjUf3QK4n5rQfH84CoDw&psig=AFQjCNG0k4FndzAdpIneX2xwdAOApBTmMA&ust=1373961742860904
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10.3 PRIMARY PROCESSING 

10.3.1 Fermentation  
 
Upon splitting the cocoa pods, the beans are exposed to the surrounding, 

which makes them inoculated with various microorganisms i.e. yeasts and 
bacteria. The microbes thrive on the sugars available from the fresh pulps and 
carry forward the fermentation process. The fermentation process occurs 
mainly in two stages. The first stage involves the degradation of the outer 
pulps layer and the second stage is that of the inner cotyledons. In the first 
three days of fermentation the outer pulps undergo anaerobic fermentation 
converting the available sugars to lactic/acetic acids and ethanol. At the 
aerobic stage i.e. after pulp decomposition and mixing, the activity of the 
acetic acid bacteria starts to become dominant and lead to the formation of 
acetic acid outside the bean (Figure 3).  

 

 
 

Figure 3 The external fermentation process 
 
The acid formation and heat produced from fermentation ultimately leads 

to the death of the beans which trigger the internal fermentation process. Heat 
evolved from these biochemical reactions can raise the bean temperature to 
as high as 60°C in a typical 5-day fermentation routine. Enzymatic browning is 
one of the most important reactions that occur in the inner cotyledons and this 
reaction continues in the subsequent drying process. Table 1 show the 
principal enzymes that are active during this period.  

 
Table 1 Principle enzymes active during fermentation 
Enzyme Substrate Products pH T(°C) 
Invertase Sucrose Glucose and 

fructose 
 

4 - 5.25 37-52 

Glycosidases Glycosides 
and cyanidin 

Cyaniding and 
sugars 
 

3.8 - 4.5 45 

Proteinases Proteins Peptides and 
amino acids 
 

5.5 47 

Polyphenol 
oxidases 

Polyphenols 
(epicatechin) 

O-quinones and 
o-diquinones 

6 31.5 – 34.5 

Source: Lopez and Dimick (1981) 



Hii, C.L., Menon, A.S. Cocoa processing 

135 
 

There are several methods of fermentation practiced by the farmers. The 
heap (Figure 4a) and wooden box (Figure 4b) methods are the two most 
commonly used routines. The heap method involves piling up the extracted 
cocoa beans in heaps on the ground which are covered by a canopy of 
plantain leaves, the heaps are allowed to ferment for 5-6 days. This technique 
of fermentation is used by African farmers i.e. in Ghana and is known to 
produce better flavoured cocoa (Jinap, 1994). The box method is performed 
by storing the cocoa beans in either shallow boxes (< 1 ft depth) or deep box. 
The shallow box method uniformly ferments the beans and is reported to be 
less acidic (Shamsudin et al, 1978) while the deep box tends to produce 
acidic beans due to uneven fermentation and lack of aeration. Intermittent 
mixing/turning at every 48 hr interval is recommended during fermentation to 
improve aeration in order to have a more uniform fermenting mass. Other 
methods of fermentation such as by using plastic bags, gunny sacks and 
buckets had been investigated by Hii and Tukimon (2002).  
 
 
 
 
 
 
 
 
 
 
 

Figure 4 The heap and wooden box fermentation methods 
 
10.3.2 Drying 

 
The cocoa beans need to be dried immediately after fermentation with aim 

to stop the process from continuing and to develop the flavour/colour via the 
browning reaction. A schematic representation of the browning reaction during 
drying is shown in Figure 5 (Kyi et al., 2005).  
 

QuinoneoOxygenPolyphenol 1k −→+  
 

WaterMelaninneHydroquinoQuinoneo 2k +→+−  
 

Figure 5 The browning reaction during cocoa drying 
 
Browning reaction is an important process that occurs during the later stage of 
internal fermentation and continues until the end of drying. The enzymes 
polyphenol oxidase normally deactivates at about 70-75°C during drying (Mc 
Donald et al., 1981). The drying process is terminated when the moisture 
content within the cocoa bean reaches below 7% (wet basis). This helps in the 
safe storage of the dried beans as microbial activity is prevented at this 
moisture level. In the browning reaction, initially epicathecin (a type of 
polyphenol) is oxidized into o-quinones while anthocyanins is hydrolysed into 

a. Heap 
 

b. Box method 
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precursors of the browning process. Subsequently condensation reaction of 
quinones with amino acids occurs followed by polymerization of condensation 
products. The final product is the brown pigments (melanin) which is 
responsible for the typical brown colour of the cocoa cotyledons (nibs). It was 
found that the higher the relative humidity and temperature of the drying air, 
the faster the browning reactions during drying (Kyi et al., 2005).   
 

The main methods of cocoa drying maybe classified into both natural and 
artificial method (Mc Donald et al., 1981). In the natural methods only direct 
sunlight and wind energy are used as the main drying force for drying (Figure 
6). This method is favoured by small scale farmers due to the smaller bean 
quantity harvested.  
 
 
 
 
 
 
 
 
 
 
 

Figure 6 Natural drying methods 
 
Artificial methods include using natural or forced convection hot air dryers 
(Figure 7) but these methods are known to produce smoky beans due to poor 
furnace/heat exchanger design and maintenance. The natural convection 
types are preferred by small/medium holdings as they are cheaper to 
construct and able to dry comparatively lower quantities. Artificial drying 
methods are mostly used by large estates or plantations which normally dried 
in bulk quantities. Solar cocoa dryers are not widely used but have been 
investigated by several researchers (Hollywood et al., 1986; Kamaruddin et 
al., 2001; Hii et al., 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Artificial drying methods 

a. Sun drying b. On cement floor 

 

a. Rotary c. Flatbed 

b. Circular 
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10.3.3 Dried product quality 
 
In general, a well-dried batch of good quality cocoa beans should have the 
following characteristics (Mc Donald et al., 1981; Anon, 2006): 

• Crisp and plump beans with shell neither broken nor fragile 
• Overall bean colour appears reddish brown 
• Free from germination 
• Free from insect infestation 
• Nice cocoa aroma 
• Mould free 
• Uniform bean shapes 

Several processing parameters during fermentation and drying are known to 
affect the final dried bean quality as described in Table 2. 
 
Table 2 Factors affecting the quality of dried cocoa beans 
Factor Implication on quality 
Diseased beans High fatty acids in dried beans 
Young beans Under fermentation 
Shallow bean mass 
(fermentation) 

Insufficient heat, under fermentation,  
weak in flavour 

Thick bean mass Uneven fermentation, sour beans 
Short fermentation period Beans will taste highly astringent, bitter and sour 
Over fermentation Weak in flavour, hammy beans 
Insufficient mixing Inadequate aeration, sour beans 
Fast drying High retention of volatile acids, sour beans, 

wrinkled beans, case hardened beans 
Prolonged drying Mouldy beans with putrid odour 
Smoke leakage Smoky beans, weak in flavour 

 
10.4 SECONDARY PROCESSING 

In secondary processing, the cocoa beans are subject to various 
treatments as shown in Figure 8. Initially, the beans are sieved and graded 
into various categories of sizes by a vibrating sieving machine. The beans are 
also cleaned from foreign debris by air and the stones/metals pieces are 
removed in a separate machine. The cleaned beans are then pre-heated 
inside a heat pre-treatment machine where the beans are subject to thermal 
shock by hot air, steam or infrared radiation for 1-2 minutes with bean surface 
temperature at about 115°C. Moisture content (m.c.) reduces by about 2% at 
the outlet of the equipment but should not fall below 3.5% m.c. to prevent 
roasting at this stage. The thermal shock results in water vapour accumulate 
on the cocoa cotyledon surface and this expands the shell without the 
moisture content of the cotyledons being substantially reduced. The aim of the 
thermal pre-treatment process is to ease the separation of shell from the nibs 
(cotyledon fragments) in the subsequent winnowing and breaking process 
(Beckett, 1994).  
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Figure 8 Secondary processing of cocoa beans 
  

Once the nibs are collected after winnowing and breaking, alkalization 
takes place where the nibs are mixed with alkali solution i.e. potash at known 
concentration inside an alkalizer. The alkalizer functions as a high pressure 
reactor where chemical changes take place to modify the colour of the cocoa 
nibs due to the neutralization process with the acids in cocoa nibs (Beckett, 
1994). Once alkalization is completed, the nibs are loaded into a roaster 
where this is a key process for aroma development to take place. The main 
benefit of alkalization is the production of various colour ranges of cocoa 
powders from light natural brown, reddish brown to dark brown colours. 

 
Roasting can be carried out either for the whole cocoa beans or nibs 

(cotyledons fragments) but majority of the current practice employs nibs 
roasting. Roasting temperature typically ranges from 110 – 220°C (Beckett, 
1994), depending on the roasting recipe based on bean origins. Unwanted 
volatiles are also removed during the roasting process. The most important 
reaction during this stage is the non-enzymatic browning or normally known 
as the Maillard reaction which involves the reducing sugars and amino acids. 
Moisture content typically fall below 2% (w.b.) after roasting which is desirable 
for the grinding process. Grinding machines i.e. ball mill, hammer mill, blade 
mill are used to convert the roasted nibs in cocoa liquor. Upon grinding, the 
first semi-finished product is produced namely the cocoa liquor which is used 
in chocolate making. 
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 In order to produce cocoa butter and cocoa powder, the liquor need to 
be processed using a cocoa butter press (hydraulic pressure 300-550 bar). 
The composition of cocoa butter inside the cotyledon, which is converted into 
liquor, is typically at about 55%. Apart from cocoa butter, cocoa cake is also 
produced which is subsequently pulverized to produce cocoa powder. 
Depending on the pressing cycle, the final cocoa powder can have fat content 
ranging from 10-20%. Normally, low fat cocoa powder (10%) is favoured by 
the food industry (Beckett, 1994). 
 
10.5 CHOCOLATE PROCESSING 
 

Most of the semi-finished products produced from secondary processing 
form the main ingredients used in chocolate processing. Figure 9 shows the 
key steps in a typical processing plant. 
 

 
 

Figure 9 Main steps in chocolate processing 
 

In general, there are 3 types of chocolate recipes based on cocoa 
butter namely the milk, dark and white chocolates. Table 3 shows the main 
ingredients used in these recipes (Anon, 1997). 
 

Table 3 Main ingredients used in chocolate recipes 
 Milk chocolate Dark chocolate White chocolate 

In
gr

ed
ie

nt
s  

Cocoa liquor 
Sugar 
Milk powder 
Cocoa butter 

 
Cocoa liquor 
Sugar 
Cocoa butter 

 
Sugar 
Milk powder 
Cocoa butter 

 
Mixing of chocolate ingredients is usually carried out inside a mixing drum 
equipped with blades, disperser and homogenizer. Upon mixing, the 
chocolate paste will be refined to smaller particle size (< 20 µm) by a five-roll 
refiner (Beckett, 1994). It is very important to achieve this scale of fineness as 
this would eventually affect the flavour release and mouth feel of the finished 
chocolates. Upon refining, the chocolate particles (in flakes form) will be 
mixed inside a batch conching machine with the main purpose to further 
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develop the flavour which involves high shear and high temperature mixing. At 
the end of conching, the chocolate is stored in tanks and ready to be used. 
 

The chocolate needs to be tempered before it can be made into finished 
products like pralines, enrobed bars and moulded bars. This is done via 
tempering by subjecting the liquid chocolate under a cooling (crystallization) 
procedure in order to develop the right/stable cocoa butter crystal i.e. β type 
(Table 4). This is important especially for stability during storage to avoid the 
formation of fat bloom. In addition to that it also gives the typical gloss and 
snap of chocolates.  

 
Table 4 Types of cocoa butter crystals  
Type Melting range (°C) Stability 
γ Up to 16.9 Unstable 
α Up to 23.8 Unstable 
β1 15 – 29.4 Semi-stable 
β2 Not available Not available 
β 20 - 35 Stable 

Source: Beckett (1994) 
 
10.6 CONCLUDING REMARKS 

Processing plays a vital role in determining the end product quality of cocoa 
beans. Each processing step counts toward the formation of cocoa flavour 
and a single quality defect can be damaging to the end product quality. 
Chocolate continues to be appreciated by everyone due to its unique flavour 
that can only be offered from cocoa beans. 
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