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ABSTRACT Drying is an influential process in many foodstuff industries. Improvement in 

appearance of dried food translates into re-design and assessment of drying techniques. 
Development of new drying technologies excels by drying kinetics improvement and quality 
preservation of product. Dehydration by pressure drops (DDS) is a recent technology for heat 
sensitive products. However, graying or darkening of the products can be caused during 
dehydration stage. The objective of this project was to identify the evolution of potatoes color during 
the drying by DDS. DDS optimal drying procedure generating less browning in potatoes was also 
estimated. DDS technique was evaluated for the dehydration of potatoes using factorial design 22 
(α = 0.05), with pressure level and frequency of pressure drops as factors. Trials were compared 
with a natural convection drying (NC). CIE standard was adopted for monitoring color changes. 
Color evolution was useful tool to classify dehydrated product by the final quality. Browning was 
higher a low pressure (3.0 bar) and high frequency of pressure drops (12 cycles min-1). 
Nevertheless high drying rate was obtained at high frequency. According with browning index, three 
types of dehydrated potatoes were defined due to color tracking. 

Keywords: Color changes, foodstuff, swell drying, dried potatoes 

 

INTRODUCTION Color and appearance are important parameters to evaluate the quality of any 

food commodity at first. However, drying operation can affect these parameters. Moreover, drying 
can deteriorate also the food nutritive values. For instance, phenolic contents with antioxidant and 
medicinal activities are oxidized during this process (Mishra et al., 2013, Queiroz et al., 
2011 and Saleh et al., 2013).  

Among the studies on the effects of drying in appearance and nutritional value of dried potatoes, 
Iyota et al. (2001) used superheated steam to dehydrate sliced potatoes. They found that dried 
potato surface appeared transparent and glossy compared to hot-air dried potatoes. Transparency 
of potatoes surface appears following gelatinization of starch granules. This behavior was also 
reported by Parada et al. (2012) which claimed that the gelatinization of starch granules allows 
more starch accessibility to digestive enzymes. Because of such effects, generally, conventional 
dryers (tray, tunnel and drum) are not recommended for heat sensitive fruits and vegetables. 
Currently, there are suggested techniques for heat sensitive materials such as Dehydration by 
Succesive Pressure Drops (DDS). Cyclic pressure changes is generated inside of a treatment 
vessel in order to: a) provide more air for the same amount of wet material; b) change the porous 
structure of material to improve the drying kinetics; and c) in some cases (when vacuum is 
established), reduce the water evaporation temperature, allowing the water removal by “self-
evaporation”. 

DDS and Dehydration by Controlled Pressure Drop (DIC) coupled with hot-air drying form the group 
of techniques known as swell drying (Mounir et al., 2012). This name related swelling induced in 
the dehydrated product. 

Certain effects in dried product by DDS have been reported by researchers e.g. nutrient loss 
reduction, least effects on quality (color, shrinkage, texture and rehydration) and faster drying rates 
(Sehrawat et al., 2016). DDS has been evaluated for : heat-sensitive vegetable drying (Mounir et 
al., 2011; Iguedjtal et al., 2008; Louka et al., 2004; Louka and Allaf, 2004), treatment of snacks 
(Yagci and Evci, 2015), essential oil extraction (Amor and Allaf, 2009; Kristiawan et al., 2008a; 
Kristiawan et al., 2008b), reducing anti-nutritional factors in biological materials (Haddad and Allaf, 
2007; Haddad et al., 2007) and treating various starch sources (Bahrani et al., 2012; Maache-
Rezzoug et al., 2008). Most of the studies have been carried out using the DDS reactor from the La 
Rochelle University (Fig. 1). As seen in Fig 2., DDS uses two different pressure values: 

http://www.sciencedirect.com.acces.bibl.ulaval.ca/science/article/pii/S0308814615011334#b0085
http://www.sciencedirect.com.acces.bibl.ulaval.ca/science/article/pii/S0308814615011334#b0105
http://www.sciencedirect.com.acces.bibl.ulaval.ca/science/article/pii/S0308814615011334#b0105
http://www.sciencedirect.com.acces.bibl.ulaval.ca/science/article/pii/S0308814615011334#b0125
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pressurization and vacuum. Generally, studies expressed the drying kinetics in terms of pressure 
values and phases duration.  

 

Figure 1. DDS reactor schema: 1. Treatment vessel equipped with heating jacket, 2. Vacuum 

chamber equipped with cooler jacket, 3. Regulation valve for pressure drop (Mounir et al., 2012). 

 

Figure 2. Pressure variation in DDS.  

The value of pressures can produce a positive effect on the material. For example, increasing 
temperature, because of increase of pressure, can denature polyphenol oxidase (PPO), which 
oxidizes phenolic in the presence of oxygen on the dried potato surface (Severini et al, 2003). PPO 
is a copper containing enzyme, which catalyzes the hydroxylation of mono-phenols in the o-position 
adjacent to an existing –OH group. As a result, o-diphenols and o-quinones are generated which 
further undergo non-enzymatic polymerization leading to the formation of brown/dark melanin 
pigments. 

Chemical changes affect the physical appearance of the final product. One way to measure 
appearance changes is monitoring the color changes of product surface using the Lab color space 
(CIELAB standard) and quantitate changes in color.  

For this research, two browning indexes were used: color change (ΔE) associated with the change 
in the three coordinates (L, a and b) calculated by Eq. 1, and brightness ratio (BR) describing the 
brightness reduction calculated by Eq. 2. 
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Where Li, ai and bi are the CIE standard three color values, and L0, a0, and b0 are the reference 
measurements.  Li indicates lightness from 0 (black) to 100 (white). Positives and negatives values 
in ai represent red and green color, respectively; whereas positives and negatives values in bi 
represent yellow and blue, respectively. ΔE was necessary to determine which treatments were 
causing undesirable and more noticeable color changes. The greater color change, the greater the 
ΔE value.  

L
LiBR

0

    (2) 

Where BR or brightness ratio represents the relation between the brightness at time i (Li) and initial 
brightness (L0) value. BR is a dimensionless index from 0 (high brightness reduction) to 1 (low 
brightness reduction). BR was implemented because raw materials was potato with flesh white, and 
retain its white color during drying was important. In other words, the objective was to obtain values 
close to 1 which means retention of initial whiteness.  

Briefly, DDS is an emerging technique characterized as (a) high-rate drying, (b) suitable for drying 
of heat-sensitive materials, and (c) drying technique with low material shrinkage. Nevertheless, the 
effect on dried food appearance needs to be reviewed before industry adopts this technique. 

The aim of this work was to identify the evolution of color during the drying of potatoes by DDS. To 
do so, pressure (P) and frequency of pressure drops (FPD) was took into account as factors 
affecting the drying kinetics and the final appearance of dried material. This study also aimed to 
estimate DDS optimal drying procedure generating less browning in potatoes and smooth evolution 
of color i.e. high values of BR and small values of ΔE. 

 

MATERIAL AND METHODS 

DDS prototype A laboratory scale experimental setup was used adopting the pressure vessel of 

340 mL from a combustion oxygen bomb. Pressure level was generated by a 2 HP compressor 
(18.9 L Mastercraft Maximum – Toronto, ON, Canada), and the vacuum level was generated by the 
compressor suction. Likewise, the duration of each phase was regulated by the opening and 
closing of solenoid valves (Omega SV6003 – Laval, QC, Canada).  

 

Data and experimental design The DDS technique was evaluated for the dehydration of 

potatoes using a factorial design 22 (α = 0.05). Pressure level of DDS pressurization phase and 
frequency of pressure drops were the factors. Cycles were repeated for 180 minutes test duration. 
Room conditions were maintained approximately at T = 23 °C and RH = 20%. Trials were 
compared to a natural convection drying (NC). Table 1 shows the different experimental tests 
carried out in triplicate under the different DDS conditions employed in the present study. The 
analysis of results was carried out with help of the environment and programming language R (R 
Development Core Team). 
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Table 1.          Specifications of five experimental drying runs evaluated 

ID 
treatment  

Pressure P  
(relative, bar) 

Frequency of pressure drops, FPD  
(number of drops per minute) 

HP-HF 3.6 12 
HP-LF 3.6 6 
LP-HF 3.0 12 
LP-LF 3.0 6 

NC Natural convection (T = 23 °C and RH = 20%) 

HP: High pressure level, LP: Low pressure level, HF: Pressure drops at high frequency, LF: 
Pressure drops at low frequency  

 

Raw material and moisture measurement Russet Burbank potato was used as raw material. 

For each test, about 30 g of potato were shaped to dices of 20 x 10 x 5 mm. The weight of samples 
was recorded every 30 minutes in order to follow and determine the drying rate (DR) (Eq. 3). The 
DR was constant during each test. That’s why it was determined for each treatment as the slope of 
the obtained drying curves. Samples were weighed using a digital weighing electronic scale 
(Mettler PM2000 – Columbus, OH, USA). At the end of the DDS treatment, an oven dryer 
(Carbolite LHT 6/120 – Hope Valley, UK) was used to obtain the dry weight of each post-
dehydrated sample over 24 h at 60 °C and calculate their moisture (dry basis) by Eq. 4. 

𝐷𝑅 =
𝑀𝑡=180−𝑀𝑡=0

3
  (3) 

Where, DR is drying rate (g water/ g dry matter-h) Mt=180 and Mt=0 is the initial and final sample 
moisture respectively (decimal, dry basis).  

P
PP

dry

dryi

iM


     (4) 

Where Mi is the moisture for instant i, Pi is the weight of the wet sample for instant i, and Pdry is the 
weight of the dried sample.  

 

Sample color change measurement Every 30 minutes of drying time, a photograph of the 

samples were recorded using a 3 megapixel camera. Samples were placed on a white surface in 
order to uniformly illuminate the samples. Appearance change was expressed by ΔE and BR. This 
allowed recording the deterioration of quality caused by oxidation. The images were processed by a 
computer program designed in Visual Basic language for this test and based on the CIE 
(Comission Internationale de l’Eclairage) standard.  

 

RESULTS  

Drying kinetics Averaged drying rate for each treatment is summarized in Table 2. During the 

180 min tests, all drying rates were constants. Initial moisture of the samples was similar for all the 
drying conditions (p > 0.05). This guaranteed that the initial moisture was not a factor influencing 
the drying kinetics. No significant difference between treatments with the same FPD was obtained. 
In other words, drying rate was not influenced by established pressure level.  
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Table 2.          Average values obtained from drying kinetics for each treatment. 

ID Treatment 
IWC 

(g water/ g dry matter) 

DR 

(g water/ g dry matter-h) 

FWC 

(g water/ g dry matter) 

NC 3.77 0.245 3.039 

HP-HF 3.81 0.508a 2.285b 

HP-LF 3.98 0.289b 3.116a 

LP-HF 3.64 0.560a 1.964b 

LP-LF 4.08 0.302b 3.173a 

DR: Drying rate; FWC: Final water content. Different superscripts by column mean significantly 
different values among treatments (p < 0.05). 

Greater FPD allowed a greater amount of air passed through the treatment chamber. That is why 
all DDS treatments had a higher DR than NC. For NC, drying time to obtain the same reduction of 
moisture could be double compared with DDS treatments at high FPD. This concurred with 
Maache-Rezzoug et al. (2001) which showed that a short processing time (short cycle duration) 
increased the drying kinetics.  

 Color evolution Consistent brightness changes were observed for all the drying conditions (Fig. 

3). However, HP-HF and LP-LF had less browning or brightness change (higher final BR values) 
than HP-LF and LP-HF (Table 3). No appreciable difference was determinate between final BR 
value of NC, HP-HF and LP-LF. By treatment HP-HF, this could be due to the high temperature 
generated by high pressure. Regarding treatment LP-LF, low frequency and low pressure drop 
(consequently small amount of air and oxygen) through the treatment chamber generated a minor 
change color. These conditions (High temperature or low availability of oxygen for oxidation) 
slowed enzymatic and non-enzymatic reactions. Krishnan et al., 2010 claimed that the color of 
dried potato is indicative of the phenols level retaining into the product. In their research, they got 
non-discolored flour from potato by a process compound of peeling, drying, cured by soaking, 
powdered and sieved, and they affirm the drying of the root is likely the phase that most of the PPO 
may get inactivated. 

 

Figure 3. Evolution of brightness ratio of DDS runs during the drying time. HP: High pressure, LP: 

Low pressure, HF: High frequency, LF: Low frequency, NC: Natural convection. 
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Table 3.          Average values obtained from brightness ratio and color change for each treatment. 

ID Treatment 
Final BR 

(dimensionless) 

Total ΔE 

(dimensionless) 

NC 0.674 21.47 

HP-HF 0.661a 23.07a 

HP-LF 0.567ab 43.70a 

LP-HF 0.413b 39.42a 

LP-LF 0.660a 22.28a 

BR: Brightness relation; ΔE: Color change.  Different superscripts by column mean significantly 
different values among treatments (p < 0.05). 

Likewise, an effect of the interaction between P and FPD was observed on E. While for low FPD, 
browning increased proportionally a P, for high FPD the effect was opposite (Fig. 4). For high FPD, 
greater amount of air passed through the treatment chamber. It means a greater flow of oxygen in 
contact with the product, then, greater amount of substrate for product oxidation. This is an 
explanation of why LP-HF gets most browning. Nevertheless, P has a positive effect and most 
important at high FPD values. 

 

Figure 4. Average value of total ΔE for each DDS treatment. P: Pressure, FPD: Frequency of 

pressure drops. 

 

Briefly, HP-HF not only allowed faster drying, at the same time less browning was obtained. This 
could be produced by heating the air inside the drying chamber due to pressurization, increasing 
the potential of air for drying and denaturing of PPO. 

DDS process optimization as function of the drying rate and the browning Finally, two 

response surfaces were determined in order to optimize the DDS process as function of the drying 
rate and the browning based on brightness ratio (BR). The greater FPD (from 6 to 12), the longer 
reduction of moisture. This observation was agreed with the results of Chou et al. (2006) and 
Maache-Rezzoug et al. (2002). Chou et al. (2006) claimed that high frequency of pressure drops 
induces greater “tunneling” effect on the internal structure of bio-samples. Nevertheless, as it 
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mentioned above, the longer reduction of moisture can be also influenced by the shorter cycle’s 
duration caused more amount of air passing through the treatment vessel. 

Combining this result with the BR model, DDS at high frequency and P>3.4 bar is suggested (Fig.5) 
to keep about 60% of the initial whiteness of the potatoes. This result should be compared with the 
effects of compounds formed at browning reactions. For example, in the case of animal feed, 
compounds formed at early stages of browning reactions, are toxic to rumen microbes (Kyuma et 
al., 1991). 

  

Figure 5. Response surfaces obtained for drying kinetics and appearance change. Blue: BR, Black: 

DR. Pressures above 3.4 bar are suggested. The details of the models obtained are found in 

Appendix A. 

 

CONCLUSIONS AND RECOMMENDATIONS The evolution of color during the drying by DDS 

was performed. Color tracking is a useful tool to know the quality and appearance of the dried 
product. According with BR, three types of dehydrated potatoes were defined due to color tracking. 

The use of high frequencies can improve the drying rate. In order to reduce undesirable effects on 
the final appearance of dehydrated potatoes, pressures > 3.4 bars are suggested. If the goal is to 
get potatoes without browning, a prior blanching treatment is suggested. Knowing the drying 
kinetics for longer duration will be necessary. It must be taken into account that drying essays were 
executed only for 90 min.  
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APPENDIX A 

Generated model for DDS drying. P: Pressure (relative, in bar); FPD: Frequency of pressure drops 
(number of drops per minute) 

 

Table Appendix A.          Generated model from DDS test 

Response variable Generated model R2 

DR = 3.08 - 0.724P - 0.326FPD  + 0.095P*FPD 0.51 

FWC =-290.81 + 98.65P + 34.33FPD - 10.49P*FPD 0.46 

BR =-0.0904 + 0.0446P + 0.0756FPD - 0.0109P*FPD 0.83 

ΔE = 6.5496 - 0.7228P  - 0.5157FPD + 0.1048P*FPD 0.77 

 


