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Abstract: This paper presents the results of intermittent-
convective drying of green pepper (Capsicum L.). The aim of
the studies was to analyze the effectiveness of stepwise changing
air temperature (two ranges) and its influence on drying kinetics,
energy consumption and selected quality factors such as: total
color change, water activity and retention of vitamin C. It has
been shown that intermittent hot air drying carried out at vari-
able air temperature reduces the unfavorable effects of convective
drying revealed by stationary drying, and improves all the ana-
lyzed quality indicators of the bioproducts. It was proved that
drying in non-stationary conditions contributes to shorter dry-
ing time and better preservation of color and vitamin C content,
without excessive energy expenditure.

1. Introduction

Convective drying, also called hot air drying is mostly refers to material dehydration to
obtain certain physical properties of dried products. This drying method is very time
and energy consuming, and also has negative effects on product quality (Strumiłło,
1983; Kneule, 1970).

Still, convective drying has many advantages that justify its wide use in food
industry. It is one of the basic food processing methods that extends the shelf life
of bioproducts such as vegetables and fruits. It is a relatively cheap drying method
with a well-known theoretical basis (Pabis, 1982). In this kind of drying, proper
selection of the process conditions, a suitable selection of drying agent parameters
(e.g. temperature, humidity, flow velocity), as well as a rational heat dosage are
very important. All these factors affect the drying kinetics and the final quality of
biomaterials. Strong shrinkage and damage due to drying induced stresses, color and
flavor change, and the reduction of nutritional value are the most frequent problems
related to hot air drying (Jayaraman, 2006; Bonazzi, 2011).
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One of the methods to minimize the negative effects of hot air drying is intermit-
tent drying, which uses different drying conditions in the course of drying. A cyclic
heat supply reduces moisture gradients inside the dried body, resulting first of all in
higher quality of dried products and greater process efficiency. As it was proved by
many researchers, the stepwise changing drying parameters improve also the heat and
mass transfer, reduce the time required to achieve the desired moisture content, and
thereby minimize energy consumption (Cihan, 2007; Chua, 2003; Ho, 2002).

In general, there are two main aspects of drying from the point of view of drying
effectiveness. The first one is the product quality, and the second one is the energy
utilization. In the case of biomaterials the most important quality factors are the
color, water activity and the nutrient content. In practice, dried products are ex-
pected to maintain a natural color, appetizing appearance and aromas of the dried
vegetables and fruits. Most of the factors determining the quality and stability of
foods are related to water activity. Water activity is a quality indicator that deter-
mines the stability and microbiological safety of food products. It is a measure of free
water content in the material. Fundamentally, the development of microorganisms is
inhibited by keeping the water activity value below 0.6.

The vitamin content in dried bioproducts strictly depends on drying methodology
and pretreatments. Vitamin C is the most heat labile of all vitamins, and moreover
its degradation affects the color change. Thus, higher loss of vitamin C increases
quality deterioration of dried products (Sikorski, 2007; Chen, 2009).

The objective of this work was to evaluate the effectiveness of
convective-intermittent drying of green pepper (Capsicum L.), primarily in terms
of biomaterial quality. Green pepper was selected as a representative, heat-sensitive
vegetable of high vitamin C content.

2. Materials and methods

The experimental studies were performed on samples of green pepper (Capsicum L.)
with an initial water content of about 0.93 kg−1wb. For this purpose, fresh green
pepper from a local market (imported from Spain) was selected, washed and cut into
thin strips of approximately 8 cm long and 0.3 cm thick. The samples were subjected
to convective air drying (single layer) at constant air temperature of 70 and 50 ◦C, and
at a stepwise changing air temperature (intermittent conditions) to the final moisture
content of about 0.01 – 0.015 kg−1wb. Tab. 1 presents the drying conditions and
modes used in the experiments.

The hot air drying tests were carried out in the laboratory chamber dryer SML42/
250/M Zalmed (Poland) modified to drying in intermittent conditions (Kowalski,
2013). A stepwise changing air temperature was realized by using the cooler
EVS060BED ECO Refrigerazione (Italy) and the controller Moeller Easy 512-AC-RC
(Germany). The air temperature (AT) and the air relative humidity in the cham-
ber were measured with the temperature and humidity sensor DO9861T Delta OHM
(Italy), with accuracy of 0.1 ◦C and 0.01 %.The sample temperature (ST) was mea-
sured through the thermocouple K CENTER 309 (Taiwan). Weight loss of the samples
was recorded by the electronic balance WPS 2100/CRadwag (Poland), with accuracy
of 0.01 g. The initial water content of green pepper was determined with the moisture
analyser XM120 Precisa (Switzerland).
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Tab. 1. Drying programs.

Number
of sample

Drying
conditions [◦C]

Drying mode
[min]

Average drying
time [min]

1 stationary 70 - 188 ± 5

2 intermittent 70 5 on-30 off 134 ± 4

3 intermittent 70 10 on-30 off 140 ± 9

4 stationary 50 - 242 ± 8

5 intermittent 50 5 on-30 off 196 ± 3

6 Intermittent 50 10 on-30 off 215 ± 10

The whole experimental set up, except the computer and the thermocouple K, was
connected to the electric current through the power network analyser EntesMPR53S
(Turkey). With the use of the analyser the total energy consumption in kWh was
measured every minute during the drying processes. Each experimental drying test
was realized in duplicate. After drying the samples were weighed and assessed quali-
tatively.

The quality of the biomaterial was based on the total color change, water activity
change and also on the retention of vitamin C. Color assessment was realized through
evaluation of the color difference (∆E ) with the colorimeter CR-400 Konica Minolta
(Japan). The color of green pepper samples was indicated by CIELab color scale L*,
a*, b*, where L* is lightness, a* is the color parameter in the space from red to green,
and b* represents the color space from yellow to blue. ∆E was calculated according
to the following formula:

∆E =

√
(∆L∗)

2
+ (∆a∗)

2
+ (∆b∗)

2 (1)

Water activity (aw) was measured with the converter of temperature and humidity
with the function of water activity measurement, model 650/0628.0024 Testo (Ger-
many), with accuracy of 0.001.

The content of vitamin C in green pepper was determined using the Tillman’s
method based on the titration of the analyzed sample with a
2,6-dichlorophenolindophenol standard solution in an acid environment (Tillmans,
1932). This method is used to indicate vitamin C in the form of L-ascorbic acid.
Each determination test was realized in triplicate.

3. Results and discussion

First, the hot air drying tests at stable air temperature of 70 ◦C were carried out.
At the beginning of the process a relatively high drying rate was observed, so the
dehydration of green pepper samples occurred fairly rapidly. The second series of
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Fig. 1. The drying curves and the temperature profiles: a) hot air drying at 70 ◦C;
b) hot air drying at 50 ◦C.

the experiments was also carried out at stationary conditions, but at a lower air
temperature of 50 ◦C.

At a higher temperature of the drying agent, and due to a non-uniform distribution
of moisture in pepper tissue, an excessive shrinkage and loss of quality of the dried
biomaterial occurred. Fig. 1 presents an example of drying curves (DC) and the
sample temperature plots (ST) for drying at different constant air temperatures (AT).
As it follows from the graphs, drying of green pepper proceeded mainly in the constant
drying rate period (CDRP) that can be seen in both the drying curves (DC) and the
sample temperature curves (ST).

The samples achieved the final moisture content of about 0.01 – 0.015 kg−1wb after
188 and 242 min on average, for drying tests performed at 70 and 50 ◦C, respectively.
However, due to relatively high initial moisture content of about 12.65 kg−1db, in
both cases the longest drying times were obtained.

In the second drying test the exposure to increased air temperature shortened
the overall drying time by about 1 hour, improving the economy, but unfortunately
affecting the important quality characteristics of green pepper such as color and nu-
trient content negatively (Fig. 3 and Fig. 5). Therefore, in the next step the effort was
made to find a drying mode that improves the quality of dried biomaterial and also
the drying kinetics. The drying curves obtained in these tests served for arranging
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the schedules for intermittent drying.
In the second stage of the studies the drying tests in intermittent conditions were

investigated. The purpose of intermittency is to level moisture distribution in dried
products during tempering periods (no heat supply), and thus, to improve the effi-
ciency of the drying process and the product quality.

As intermittent drying is associated with a modification of the drying conditions, it
was decided, based on the previous experience, that short-lived cooling cycles should
be applied (Kowalski, 2013). The results obtained for drying tests in constant condi-
tions showed that the weight loss was approximately reduced by 50 %, after 60 min
and 80 min of the drying processes carried out at 70 and 50 ◦C. Therefore, periodical
changes of air temperature were applied after 1 hour in the case of drying tests at 70
◦C, and after 80 min for drying tests at 50 ◦C, before the material reached critical
moisture content.

Two modes of stepwise air temperature changing were tested, namely: with 5 min
heating and 30 min cooling cycles (mode 5 on – 30 off), and also with 10 min heating
and 30 min cooling (mode 10 on – 30 off). In Fig. 2 the drying curves (DC) obtained
for drying with different stepwise changing air temperatures of 70 and 50 ◦C (5 on –
30 off) are shown.

During intermittent drying the air temperature ranged between 56 – 72 ◦C, and
between 45 – 54 ◦C on average, for drying tests carried out at 70 ◦C and 50 ◦C,
respectively. The dried green pepper samples achieved the final moisture content
after about 134 min and 196 min (Tab. 1). In the case of drying test carried out at
70 ◦C, the shortest drying time was observed. As it can be seen in Fig. 2, periodical
changes of air temperature provided a rather safe drying temperature, especially for
the intermittent drying test carried out at 50 ◦C. Both, a higher number of cooling
cycles and lower air temperature caused the lengthening of the total drying time by
about 1 hour. However, it protected against excessive overheating and retained the
quality of the dried biomaterial (Fig. 3 and Fig. 5).

In the next step of the experiment the effect of mode with 10 min cooling and 30
min heating cycles on drying kinetics and the material quality was examined. In this
case the drying curves of the samples and also the temperature curves were slightly
different. The overall drying time of green pepper samples was 140 and 215 min on
average, thus, the biomaterials reached the final moisture content from about 6 to
20 min later, compared with those obtained for the tests presented in Fig. 2. As it
follows from the results, the longer cooling cycles lengthened the drying time, but its
influence on the material quality was insignificant.

3.1. Quality evaluation

In order to assess the changes in green pepper quality before and after the drying
processes the total color change (∆E ), water activity (aw), and also the content of
vitamin C were measured. For this purpose several randomly chosen fresh/dried
samples were grounded in a mill IKA-Werke (Germany) to obtain a homogeneous
material. The results of total color change for green pepper samples are presented in
Fig. 3.

The samples dried purely convectively at stable air temperatures of 70 ◦C and
50 ◦C were characterized by significant discoloration, i.e. the highest values in color
difference (∆E ), i.e. 8.42 ± 1.16 and 5.18 ± 1.00, so the biomaterials dried in stable
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Fig. 2. The drying curves and the temperature profiles: a) hot air intermittent drying
at 70 ◦C (5 on – 30 off; b) hot air intermittent drying at 50 ◦C (5 on – 30 off).

Fig. 3. Colorimetric data of green pepper samples (st., it. – stationary, intermittent
conditions).
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Fig. 4. Water activity data of green pepper samples (st., it. – stationary, intermittent
conditions).

conditions were of poor quality. High temperature of the drying agent and a long
heating caused a decrease in the lightness parameter L* and a*, and a slight increase
in the parameter b*. Thus, the samples dried in constant drying conditions darkened.
However, the total color change in the case of green peppers after drying at stable air
temperature of 50 ◦C, was definitely smaller than at 70 ◦C.

The values of ∆E for the samples dried in intermittent conditions are lower, com-
pared with those dried at constant air temperature. As it follows from Fig. 3, period-
ical cooling cycles prevented overheating, and thereby decomposition of natural dyes
in green pepper. Furthermore, the drying mode with 5 min cooling and 30 min heat-
ing resulted in better color preservation. The data obtained after applying mode (10
on – 30 off) were also acceptable. However, the best quality materials, as far as color
is concerned, were obtained after application of stepwise changing air temperature of
50 ◦C (5 on – 30 off), i.e. ∆E was 3.53 ± 0.28 on average.

The second important indicator in the quality assessment was the evaluation of
water activity change, because the aw affects many factors that determine product
stability, e.g., the development of microflora. Water activity of green pepper was
measured before and after drying (3 hours before the end of drying). For this purpose
a few randomly selected samples were placed in the converter chamber until the
equilibrium was reached. The values from the water activity measurement are shown
in Fig. 4.

Generally, a microbiologically safe biomaterial is characterized by the water activ-
ity of less than 0.6 (Adams, 1999; Sikorski, 2007). A reduction in aw due to drying
minimizes the loss of food quality caused by microbial activity. As it can be seen in
Fig. 4, average water activity value for all the fresh green peppers was approximately
0.972 ± 0.005. Dehydration by drying caused its reduction up to 0.330, on average.
The lowest water activity change was observed for the samples dried in intermittent
conditions (70 ◦C) with the mode (5 on – 30 off), i.e., 0.288 ± 0.045. However, all the
dried biomaterials had the aw values below 0.6. Therefore, it was found that many
harmful biochemical reactions responsible, e.g. for rot and mould growth were slowed
down.

A very important aspect of the biomaterial quality is the content of nutrients.
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Fig. 5. Retention of vitamin C in dried green pepper samples (st., it. – stationary,
intermittent conditions).

Tab. 2. Comparison of energy consumption for drying in different conditions.

Number of sample Drying mode [min] Average energy consumption [kWh]

1 – 0.4

2 5 on – 30 off 0.4

3 10 on – 30 off 0.5

4 – 0.3

5 5 on – 30 off 0.4

6 10 on – 30 off 0.5

Drying processes cause a significant loss of natural and pro-health dyes and vitamins.
However, a modification of drying parameters can contribute to preservation of those
valuable ingredients. The retained content of vitamin C in dried green pepper has
been presented in percentage (Fig. 5), with a reference to the initial content in raw
biomaterial.

In the case of intermittent drying at a lower air temperature, and in spite of longer
drying times, compared to those at 70 ◦C, the dried biomaterial retained more of this
valuable ingredient. Furthermore, there was no a significant difference between drying
modes of (5 on – 30 off) and (10 on – 30 off).

The last analyzed quality aspect of intermittent drying was the energy consump-
tion. The total energy utilization for drying tests of green pepper is given in Tab. 2.

As it follows from Tab. 2, the lowest energy consumption was observed for the
drying test carried out at constant drying conditions at 50 ◦C (sample 4), amounting
to 0.3 kWh. But the highest energy utilization was obtained for drying tests performed
in intermittent conditions with mode (10 on – 30 off), both at 70 ◦C and 50 ◦C,
namely 0.5 kWh (sample 3 and 6). The increase of energy consumption in intermittent
conditions is strictly related with the changes of air temperature in the drying chamber
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(cooling). The longer cooling cycles (relaxation) were used or the greater number of
cycles was applied, the more energy was consumed in intermittent drying. In the case
of drying tests carried out at a lower air temperature, the electric energy expenditure
increased gradually. However, for drying process with mode (5 on – 30 off) at 70
◦C (sample 2), the energy consumption was the same, compared to drying tests in
constant conditions at the same air temperature (sample 1).

4. Conclusions

It was proved that convective-intermittent drying of green pepper efficiently minimizes
the negative effects of hot air drying. As it follows from the results presented in this
paper, drying with stepwise changing air temperature improves the drying kinetics
(overall drying time) as well as the bioproduct quality. This drying method based on
periodical changes of the air parameters reduces total drying time by about 1 hour,
as well as the color change maximum by 32 – 48 % (depending on air temperature),
and preserves the content of vitamin C up to 88 %, on average. Besides, it provides
a longer shelf life of the dried vegetables due to decrease in water activity.

In addition, it was noted that with properly programmed changes of air parame-
ters the combination of convective-intermittent drying does not require much greater
demand for energy. Thus, the studies presented in this paper clearly showed that ap-
plication of intermittent drying conditions for biomaterials is relevant, as it enhances
the process efficiency.
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