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Abstract. Carrot is one of the most important root vegetables rich in
bioactive compounds such as carotenoids and dietary fibres, with appre-
ciable levels of several other functional components and having significant
health-promoting properties. Therefore, it is cultivated on a large scale
throughout the world. The by-product (pomace) resulted during carrot
juice production is used mainly as animal feed although it contains many
valuable components and could therefore be used profitably in the food
industry, too. Carrot pomace needs to be preserved by drying as oth-
erwise it deteriorates rapidly. In our research, we studied the infrared
drying kinetics of carrot pomace at various temperatures, the obtained
data being very important in the drying practice.

1 Introduction

Carrots (Daucus carota L.) are grown and consumed in large quantities world-
wide, this being also the case of our region as it is the second most consumed
vegetable after potato (Bogdan, 2017). Carrot roots are traditionally used in
salads and soups and could be commercially converted into nutritionally rich
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processed products such as juice, concentrate, dried powder, canned products,
etc. (Sharma et al., 2012; Barzee et al., 2019). Carrot juice and its blends are
the most popular non-alcoholic beverages, and a steady increase in carrot juice
consumption has been reported from various countries (Sharma et al., 2012).

Unfortunately, the yield associated with carrot juice production is quite low,
wherefore up to 50% of the raw material remains as pomace, which is generally
disposed of as feed or manure (Surbhi et al., 2018).

Carrot has high levels of α- and β-carotene (Kumar et al., 2012), which
are precursors of vitamin A for the human organism, the latter being essen-
tial for vision. Carrot is also rich in fibres, having many beneficial effects on
children’s and adults’ health (Alam et al., 2013; Surbhi et al., 2018). The ben-
efits of carrots cannot be overestimated, especially when it comes to food and
baby food.

Carrot pomace containing high amount of β-carotene could be profitably
used for the supplementation of products such as cake, bread, biscuits, and
extruded products and the preparation of several types of functional
products (Kumar et al., 2010; Gayas et al., 2012; Sharma et al., 2012;
Ahmad et al., 2016).

In Romania, the area cultivated with carrot is over 8,000 ha (according to
Eurostat) with an average of 198,939 tons of carrot being grown between 2014
and 2016 (MADR, 2017). In recent years, consumers’ demand for natural fruit
and vegetable juices has increased, and as a result more and more businesses
have started to process fruit and vegetable juices. At the same time, carrot
residue is being produced in increasing quantities, and the further processing
of this may bring economic benefits.

Since carrot pomace is perishable as it contains about 85% (wet basis) mois-
ture (Upadhyay et al., 2008; Kumar et al., 2012), its shelf life could be increased
by drying or dehydration for further use (Alam et al., 2013) – for example,
to make extrudate, flavoured breads or cakes. Fresh carrot pomace – when
properly dried, packed, and stored – stays available for later use in fibre-rich
products (Alam et al., 2013; Sahni & Shere, 2018).

Drying of materials having high moisture content is a complicated process,
involving simultaneous heat and mass transfer (Kumar et al., 2012; Ahmed,
2018).

The most conventional dying method is the convective hot air drying (Sarkar
& Sharma, 2011). Upadhyay et al. (2008) already reported results referring to
the hot air oven drying of carrot pomace, the moisture content, ascorbic acid,
β-carotene, crude fibre and ash content of the analysed samples (Upadhyay et
al., 2008).
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In order to improve the drying efficiency and product quality, some other
techniques, such as microwave, infrared, etc., have been combined with the
hot air drying of vegetables (Ly & Zhang, 2017). The infrared (IR) radiation
heating technology is a new environment-friendly heating technology with its
intrinsic advantages such as high heat transfer and drying rate, uniform tem-
perature distribution, nutrient loss reduction, and significant energy saving
(Krishnamurthy et al., 2008; Riadh et al., 2015). Further development and
application of IR-related processing technology and equipment will contribute
to achieving sustainable agricultural and food processing and obtaining high-
quality, high-value, and healthy vegetable food products (Wu et al., 2017; Ly
& Zhang, 2017).

In general, the moisture content of the materials does not refer only to wa-
ter, but it includes all substances (i.e. fats, oils, alcohol, solvents, etc.) that
evaporate when the sample is heated. In carrot pomace used for the experi-
ments, moisture content could be assumed as being mainly water since carrot
contains a minimal amount of fats (0.2–0.3 g/100 g) (Chen & Mujumdar, 2008;
Butt & Sultan, 2011; Surbhi et al., 2018), and samples have undergone only
physical operations. The conventional drying chamber method for moisture
content analysis (Molnár, 2015) requires a longer measuring period, while the
sample is heated from the outside to the inside by a hot air current so as to
remove the moisture convectively. In contrast, the moisture content determi-
nation by thermogravimetric method (as used by the Kern moisture meter) is
associated with sample warming from the inside to the outside since the radia-
tion applied penetrates mainly the sample in order to be transformed inside of
it into heat energy (Anonymus, 2010). The thermogravimetric method follows
the same principle as a conventional method, i.e. measuring the weight of the
sample before and after heating and determining the moisture content from
the weight difference. Due to the automatic operation, without manipulation
and cooling of the probes, this method requires a shorter measuring time.

The purpose of this study is to characterize the infrared drying of carrot
pomace at different temperatures and to compare drying kinetics for future
practical use. Temperature values have been selected taking into account the
recommendations of several studies (Sharma et al., 2012; Alam et al., 2013)
to preserve the quality of all valuable components of carrot pomace.
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2 Materials and methods

For the research, industrial carrot juice production by-product (carrot pomace)
was used. After harvesting, the carrot was transported to the company’s
warehouse. After being washed with tap water, it was grinded (approximately
3–5 mm in size, pieces of different shapes) and pressed by a belt filter press
(Voran EBP650). The resulting carrot pomace was frozen until the laboratory
experiments were performed.

For laboratory drying measurements, a KERN MLB MB 10 moisture bal-
ance with 400 W mercury vapour lamp and digital scale with three decimal
places was used. Pomace drying was studied at five different temperatures,
i.e. 50, 55, 60, 65, and 70 ◦C. For each measurement, 5 g of carrot pomace was
used (more precisely, between 5.004 and 5.012 g) and spread evenly on the
70.85 cm2 surface sample plate (dplate = 95 mm). Weight data was recorded
every 2 minutes until a constant weight was reached. The collected data was
processed with Microsoft Excel and Statistica 8.0 (StatSoft, Inc.) programs.

Mathematical modelling

The following mathematical models were used to characterize the drying
rate and to calculate the drying constants (Barbosa-Cánovas & Vega-Mercado,
1996; Szép et al., 2017):

- the moisture content (wet basis) of carrot pomace at time τ :

wi =
mi −medp

mi
,
kg moisture

kg wet basis
, (1)

where: mi – the sample weight at time τ , g; medp – the final weight of the
sample (when no further moisture removal was recorded at a particular drying
temperature), g;

- the moisture content (dry basis) of carrot pomace at time τ :

Wi =
mi −medp

mi
,
kg moisture

kg dry basis
, (2)

- drying rate:

rdrying = −∆w

∆τ
=
wi+1 − wi

τi+1 − τi
min−1 or s−1; (3)

- drying time:

τ =
m

S · k

(
w1 − wcr

wcr − weq
+ ln

wcr − weq

wf − weq

)
, s, (4)
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where: m – the mass of the wet material subjected to drying, g; S – transfer
surface, m2; w1, wf , wcr, weq – the initial, final, critical, and equilibrium
(corresponding to ambient conditions) moisture content, kg moisture/kg wet
basis; k – rate constant, kg/(m2·s).

3 Results and discussions

Infrared drying of the carrot pomace was carried out at five different tem-
peratures (i.e. 50–70 ◦C with 5 ◦C steps) in three successive runs. The data
collected for each series is shown in Fig. 1a. There was no significant difference
in the data values, so the standard deviation is not plotted.

(a)  

(b)  

 

Figure 1: Measured weights (a) and drying curves (b) as functions of drying
time and temperature
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Drying time decreased from 250 min to 120 min as temperature rose; the
higher temperature favoured the faster removal of moisture. The same obser-
vation was made by Upadhyay et al. (2008), but drying time was much longer
(decreased from 7.5 to 5 hours) due to the different drying method used (Upad-
hyay et al., 2008). As for the initial moisture content of the carrot pomace
samples (calculated with equation (1)), there is no such difference between
the two experiments. In our case, the average initial moisture content of the
samples was 87.25 ± 0.37% (wet basis), while before the hot air convective
drying it was 85.62% (wet basis) (Upadhyay et al., 2008).

Drying curves (moisture content versus time) recorded at different temper-
atures are shown in Fig. 1b. The trend of the drying curves is typical for
vegetables and is similar to other agricultural products reported as the mois-
ture ratio decreased exponentially (Ahmed, 2018).

The drying curves are useful to plot the change in drying rate (eq. (3)) as
function of moisture content, too (Fig. 2).

 

Figure 2: Drying rate changes as function of moisture content at different
temperatures

As we can see from the curves, there are two different drying periods: the
first, the so-called constant drying rate period, and the descending rate dry-
ing period. The value of moisture corresponding to the point of inflection is
described in the literature as critical moisture content (wcr). By the end of
the second period, the moisture in the sample will run out, i.e. it will reach
the equilibrium moisture (weq) level. In order to express the value of the dry-
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ing rate constant (k) from the drying time equation (eq. (4)), these values
must first be determined using the drying curves (Fig. 2 ). These values are
summarized in Table 1. It has to be noted that during the experiments, the
carrot pomace was carefully distributed evenly over the sample plate of the
balance; therefore, the value of the drying surface was initially equal with the
plate surface, numerically: S = 0.00708 m2. Despite the varying shrinkage of
the carrot pomace during the measurements, it was not taken into account in
our calculations. The calculated rate constant values from equation (4) are
listed in Table 1.

Table 1: Calculated parameters of infrared drying at various temperatures

Drying Drying time, Moisture content, kg/kg wb Rate constant,
temperature, τ k,

◦C min s w1 wcr weq wf 10−3 kg/(m2·s)
50 250 15,000 0.8663 0.185 0.02 0.004 0.306
55 210 12,600 0.8775 0.186 0.02 0.005 0.368
60 166 9,960 0.8709 0.181 0.02 0.006 0.478
65 148 8,880 0.8749 0.195 0.02 0.002 0.489
70 120 7,200 0.8730 0.231 0.02 0.008 0.579

In the studied drying temperature interval, the rate constant variation is
linear in function of temperature. As the value of coefficient of determination
is close to 1 (R2 = 0.9627), this suggests that the equation (5) is appropriate
for drying rate constant estimation at various drying temperatures:

k = 1.33 · 10−5 · T − 0, 0004 (5)

4 Conclusions

Based on the study, we concluded that the carrot pomace drying with infrared
radiation method would be a better choice compared to hot air convective
drying due to significantly shorter drying time. The calculated rate constants
of infrared drying at various temperatures could serve as a good starting point
for industrial research and developments that need to be carried out to scale
up this drying method. Dried carrot pomace can be easily grinded to powder
and can be incorporated in bakery products as a cheap source of dietary fibres.
Furthermore, this processing alternative represents a good opportunity for the
vegetable juice manufacturing industry for efficient waste management and
additional profit.
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II. Művelettan [Transport phenomena and unit operations II. Unit op-
erations]. Cermi, Iaşi, (2017) 315–352.
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