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A B S T R A C T

The evaluation of the impact of food processing on the nutrients and health benefits of vegetables and fruits is of high practical importance. In this short literature
overview the refractance window drying (RWD) technology, a novel contact drying technique, was compared with other drying techniques as the freeze drying
technique to stabilize fruits and vegetables. The antioxidant capacity, phenolic or polyphenol content and carotenoids are important published quality properties. The
RWD technology as mild drying process showed various opportunities to maintain the product quality and the nutrient content as well as their biological activity to a
high degree.

1. Current status of refractance drying technology

Drying of foods is one of the most ancient and important physical
food preservation/stabilization methods (Moses, Norton,
Alagusundaram, & Tiwari, 2014). It is especially used for commodities
that are considered to be highly perishable like for example fruit and
vegetables and other products with a high moisture content (> 80%)
(Orsat, Changrue, & Raghavan, 2006). The main advantages of drying
are extended product shelf life and out-of-season availability, reduced
packaging, storage, handling and transportation costs (Moses et al.,
2014). The main disadvantage related to drying processes is that it
concerns an energy-intensive process accounting for roughly 12–20% of
the energy need in the manufacturing industry (Raghavan et al., 2005).
Another concern is product quality defined in terms of nutritional,
functional and sensorial aspects. In traditional drying methods such as
freeze drying and spray drying the often long drying times and/or high
product temperatures can negatively affect the quality of the product
(Nindo & Tang, 2007). The need for improving drying techniques in
terms of preserving the quality of the end product and improving en-
ergy-use has resulted in significant technological advancement in food
drying techniques (pretreatment, techniques and equipment and
quality) (Dev & Raghavan, 2012; Moses et al., 2014; Mujumdar &
Huang, 2007).

A novel drying technique that is used to convert different liquid and
semi-liquid food products (slurries) into powders, flakes or dried sheets,
and that has the potential to meet the requirements mentioned above, is
the RWD technique (Fig. 1). Thermal energy from hot water (30–95 °C)
is conveyed to the material deposited as a thin film on a plastic con-
veyor belt. The water from the product evaporates and is removed by an

exhaust system above the belt. After the product has passed a cold
water bath, it is scraped off the conveyor.

The main advantages related to this novel technique are that cross-
contamination is avoided as the heat transfer medium does not come
into direct contact with the product itself, the low-cost drying due to
operation under atmospheric pressure and comparatively lower tem-
peratures, and the fact that simultaneous evaporative cooling and
convective heat transfer allows bioactive preparations to be produced
at temperatures as low as 30 °C (Clarke, 2004; Moses et al., 2014; Nindo
& Tang, 2007). The technology is characterized by short drying times
(3–6min) and relatively low product temperatures during drying
(30–70 °C) and thus allows better retention of colour, vitamins and anti-
oxidants. In addition it is characterized by higher thermal efficiencies
and better cost economics (Baeghbali, Niakousari, & Farahnaky, 2016;
Moses et al., 2014; Nindo & Tang, 2007; Tang & Yang, 2004). Dis-
advantages are the low capacity of the system as well as the incon-
veniency in handling powders with high sugar content (stickiness)
(Moses et al., 2014). Examples of applications in recent years are the
commercial production of nutritional supplements, herbals (Aloë vera),
dehydrated fruit and vegetables, scrambled egg mixes and avocado
powders (Abonyi et al., 2002; Nayak, Berrios, Powers, Tang, & Ji, 2011;
Ochoa-Martínez, Quintero, Ayala, & Ortiz, 2012).

For high quality food products, generally freeze drying (FD) is ap-
plied as it contributes to maintaining product functionality and quality.
In FD most of the moisture in a product is first frozen and then sub-
limated (Liu, Zhao, & Feng, 2008). However, compared to FD, the RW
drying time is shorter, the energy consumption is less than half and the
cost of the RWD equipment is lower (Nindo & Tang, 2007). Baeghbali
et al. (2016) have measured that the energy efficiency of the RW dryer
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was 3-fold and 40-fold higher compared to the spray drying (SD) and
the FD system, respectively.

Freeze drying can only be executed in batch systems resulting in
lower throughputs than continuous systems (Clarke, 2004).

There is an increasing demand for alternative, fast, mild, energy
efficient and continuous drying methods from food companies and the
RWD technology (developed by MCD technologies Inc., Tacoma,
Washington, USA) meets this demand. Another request from food
companies are stabilization methods for their by-products to avoid
spoilage and to increase the valorization potential. Kips (2017) has
studied some stabilization processes as a spiral filter press for horti-
cultural byproducts and has published a case study of tomato.

This restricted literature review shows some opportunities of this
novel RWD technology to stabilize agri-food products in comparison
with other drying techniques such as freeze drying.

2. Refractance drying maintain food nutritional value and quality

2.1. Antioxidant capacity

Fresh fruit and vegetables as well as other types of foods (wine, fruit
juices, grains) are rich in antioxidants that protect cells against the
detrimental effect of reactive oxygen species (ROS). The measurement
of the antioxidant activity is a common practice for the determination
of the potential inhibition or scavenging capacity of foods against ROS.
Bernaert (2013) concluded that leek samples subjected to three drying
methods, air-drying (AD), freeze drying (FD) and RW drying, retained
almost the same antioxidant (AO) capacity, with the exception of the
higher oxygen radical absorbance capacity value of AD green leaves
and the antiradical activity against 2,2-diphenyl-1-picrylhydrazyl ra-
dical of the AD shaft (Bernaert, 2013). The AO activity in reconstituted
pomegranate juice after RW drying was similar to the FD sample and
significantly higher than the spray-dried (SD) product (Baeghbali et al.,
2016). Coloured (mainly purple) potatoes (Solanum tuberosum L.) could
provide an excellent source of AO-rich (from polyphenols, carotenoids
and ascorbic acid) ingredient for the production of nutritionally en-
hanced food products. Dehydration by FD, drum drying (DD) and RW
drying of coloured potatoes after blanching to prepare potato flakes
showed no significant losses in total AO capacity (Nayak et al., 2011).
Kaspar et al. (2012) has published that drying of coloured flesh potatoes
generally decreased antioxidants, with FD and RWD retaining the
highest concentration of bioactive compounds. Nindo et al. (2003) has
obtained the highest retention of total AO activity after combined mi-
crowave and spouted bed drying of asparagus. RW drying and FD sig-
nificantly enhanced this AO capacity compared with using heated air.
Pavan (2010) has published that FD proved to be superior and showed
best retention of the AO capacity of açai fruit (high antioxidant

properties). RWD exhibited an AO capacity value higher than that of
the AD powders. From the studies cited above it is clear that RWD is an
interesting technology to produce powders with high AO capacity.

2.2. Phenolic content

Plants produce a wide variety of secondary metabolites known as
phenolic compounds or polyphenols that possess various biological
functions in plants, including attractants, for pollinators, plant pig-
mentation, antioxidants, and protection against UV light. As mentioned
above, the phenolic compounds are of relevance in the human diet as
anti-oxidants scavenging ROS. AD of leek samples (Bernaert, 2013)
resulted in the highest total phenolic content compared to FD, while FD
and RW-dried samples exhibited equal amounts of polyphenols. The AD
leek samples were obviously rich in kaempferol 3-O-glucoside,
kaempferol, quercetin 3-O-glucoside and kaempferol 4′-methylether,
while isorhamnetin was more abundant in the FD samples. AD resulted
in high losses of S-alk (en)yl-L-cysteine sulfoxides compared to FD. RW
drying was the best drying technique to retain methiin. RW-dried po-
megranate juice had a higher content of total phenolic compounds than
SD samples (Baeghbali et al., 2016). Total phenolics were higher in
purple potato flesh compared with those from red, yellow and white
potato cultivars (Nayak et al., 2011). Peeled purple potatoes were
blanched and dehydrated by FD, DD and RWD drying to prepare potato
flakes and the results showed no significant losses in total phenolic
content in flakes in all studied drying methods. Kaspar et al. (2012) also
obtained comparable results concluding that the drying process of co-
loured flesh potatoes generally did not influence total phenolics. In
conclusion it is thus fair to state that RWD has limited or no impact on
the phenolic content.

2.3. Anthocyanins

Anthocyanins represent another family of secondary metabolites,
common bioactives present in most berries, that possess antioxidant
capacities in vivo. Baeghbali et al. (2016) published that the total an-
thocyanins content in the reconstituted pomegranate juice after RW
drying was similar to the FD sample and significantly higher than the
SD product. RW-dried pomegranate juice had higher total anthocyanins
content than FD and SD samples. Celli, Khattab, Ghanem and Brooks
(2016) determined the anthocyanin retention of haskap powder pre-
pared by RW drying. The RW-dried powder, consisting of 98% haskap
berries, retained approximately 93–94% of anthocyanins from the ori-
ginal frozen fruits. Three anthocyanins were identified in frozen berries
and RW-dried powder: cyanidin 3-glucoside, cyanidin 3-rutinoside and
peonidin 3-glucoside. Surprisingly, cyanidin 3-rutinoside exhibited the
lowest retention. Nayak et al. (2011) measured a higher total

Fig. 1. Schematic diagram of the refractance window drying unit (Moses et al., 2014, adapted from; Nindo, Feng, Shen, Tang, & Kang, 2003).
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anthocyanins content in purple potato flesh compared with those from
red, yellow and white potato cultivars. However, 45, 41 and 23% losses
in total anthocyanins content were observed in purple potato flakes
after FD, DD and RW drying, respectively. FD proved to be superior and
showed best retention of the anthocyanins of the açai fruit (Pavan,
2010). RWD also exhibited a good retention of anthocyanin content
similar to that of FD fruit samples. In summary the mild character of the
RWD process contributes to maximal retention of anthocyanins in the
powders produced.

2.4. Carotenoids and ascorbic acid

Carotenoids and ascorbic acid are two other groups of molecules
with relevant antioxidant capacity. Topuz, Dincer, Özdemir, Feng and
Kushad (2011) focused in their drying experiments on carotenoids and
capsaicinoids of paprika. The influence of RW drying on various com-
pounds was investigated compared to FD, oven drying (OD) and natural
convective drying (NCD) methods. The content of the carotenoids stu-
died and the capsaicinoid analogues was significantly decreased by the
RWD, FD and OD techniques. The carotenoids and capsaicinoids losses
in the FD, OD and RWD processes may be caused by the catalytic ac-
tivity of enzymes in the puree. Considering that the drying temperature
of OD and RWD were considerably high, the higher capsaicinoids losses
in these processes may also be caused by removing the water from the
puree. Carotene losses for RWD carrot puree were 8,7% (total car-
otene), 7,4% (α-carotene) and 9,9% (β-carotene) and a slightly higher
than the losses in FD which were respectively 4; 2,4 and 5,4% (Abonyi
et al., 2002).

Abonyi et al. (2002) obtained an ascorbic acid retention in straw-
berry puree comparable in FD (93%) and RWD (94%) samples. For
asparagus, the highest amount of ascorbic acid was retained after RW
drying (drying of puree samples) followed by FD and the other drying
methods, tray drying, spouted bed drying, combined microwave and
spouted bed drying. All these latter drying techniques make use of
sliced blanched asparagus (Nindo, Sun, Wang, Tang, & Powers, 2003b).
In conclusion carotenoids and capsaicinoids seem to be a bit more
vulnerable to degradation in RWD, while this is not the case for ascorbic
acid.

2.5. Organoleptic qualities

Colour, aroma, taste are importanct quality parameters for powders
used as food ingredient. Several researchers described the RWD tech-
nology as a gentle drying technique able to maintain the original colour
and aroma of fresh food products as much as possible. Abonyi et al.
(2002) reported that the colour of RWD carrot purees was comparable
to fresh puree. RW drying caused less colour changes in the sample in
comparison with SD. The colour retention for RWD and FD strawberry
purees was comparable and RWD had limited impact on the overall
perception of aroma in strawberries. Baeghbali et al. (2016) have
published that the colour of reconstituted pomegranate juice after RW
drying was similar to the FD sample and much better than the SD
product. As for different nutritional quality attributes discussed above,
the RWD technology has limited impact on the sensorial parameters of
the powders produced with it.

3. Conclusions and future directions

This literature overview shows that the RWD system is a mild drying
technique that retains a high level of bioactive compounds in food

products. The RW drying technology has promising food quality and
nutrient retention abilities. In addition, the RWD is an drying system
with an energy efficiency comparable to spray drying and considerably
higher than freeze drying. The possibilities for implementation of this
promising relatively new drying technique need to be further explored
for different food commodities in the food industry. More specifically
the functionality of the obtained powders needs to be studied in com-
parison with those obtained using other drying techniques. Matrix
pretreatment in order to increase drying efficiency (energy use,
throughput, quality) is another field of interest. Finally the design of
process development making use of excess heat available in different
industrial sectors, including the food industry, is a final topic of interest.
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