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Introduction
Carob tree (Ceratonia siliqua L.) is a plant belonging to 

the Fabaceae family (1). It is a perennial leguminous ever-
green tree native to the coastal regions of the Mediterra-
nean basin and southwest Asia, and is considered to be an 
important component of vegetation for economic and en-
vironmental reasons (2). In spite of the historical fact that 
the value of carob tree was recognized by the ancient 
Greeks and the Arabs, carob has been neglected in both 

cultural practices and research and development. It has 
been spread recently to other Mediterranean-like regions 
such as California, Arizona, Mexico, Chile and Argentina 
by Spaniards, to parts of Australia by Mediterranean emi-
grants and to South Africa and India by the English. Even 
nowadays, carob pods and juice have a very important 
role in the diet of Mediterranean countries (3,4). During 
the 1990s, world production of carobs was estimated to 
about 310 000 t/year produced at some 200 000 ha with 
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Carob tree (Ceratonia siliqua L.) is a perennial leguminous evergreen tree native to the 
coastal regions of the Mediterranean basin and is considered to be an important compo-
nent of vegetation for economic and environmental reasons. Two constituents of the pod, 
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ments and the modelling showed that carob seeds had the highest drying rate, followed by 
pod parts and the whole, intact carob fruit. Texture studies showed that the maximum 
compression force depended on the area of the carob fruit on which compression tests 
were performed. The seeds showed the highest compression force, followed by the stem 
zone, the tip and the centre of the fruit. Diff erences in drying behaviour and texture of 
carob pods can successfully be interpreted by the micromorphology of the carob pods and 
seeds. Determining the drying rate, maximum compressive force and micromorphological 
traits is of great importance for further carob processing (e.g. milling, sieving, carob bean 
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very variable yields depending on cultivar, region and 
farming practice (5).

Carob pods consist of two major parts: the pulp (80–
90 %, by mass) and the seeds (10–20 %, by mass) (6). Both 
pulp and seeds can be used as feed or in food production 
in the form of fl our (ground pods), or as locust bean gum 
(stabilizer, thickener) obtained from the endosperm of the 
carob seeds. It can also be used as a stabilizer or thickener 
in pharmaceutical and cosmetic industries (5,7). Aft er 
harvesting, carob pods are brought to a processing plant 
where they are dried to around 8 % moisture to avoid rot-
ting. Pods are then kibbled to separate pulp and seeds 
and ground depending on their fi nal usage. In order to 
properly design the mechanization and the equipment for 
carob processing, physical and mechanical properties of 
carob are of great importance.

Mathematical modelling is oft en used to get an insight 
into process parameters that are very important in process 
design (8). Furthermore, it off ers the possibility to mini-
mize expenses for long-lasting studies that consume a lot 
of chemicals, energy, time, etc. In the case of carob, it is a 
well-known fact that pods are usually dried before their 
distribution to the market. The aim of this study is to short-
en the drying time with the use of mathematical modelling 
to determine the most important drying parameters and 
the behaviour of the carob material during drying.

Furthermore, carob seeds are used in carob bean gum 
production (thickening agent). During production of lo-
cust bean gum, seeds are dehusked by treating the ker-
nels with diluted sulfuric acid or with thermal mechani-
cal treatment. Therefore, the aim is also to study the 
behaviour of the seeds in the drying process. Overall, the 
study aims to determine the diff erence in the behaviour 
of carob pods, pod sections and seeds during drying. Fur-
thermore, textural properties, which play a signifi cant 
role in carob processing, are also assessed. Diff erences in 
drying behaviour and texture will then be explained by 
micromorphologic characteristics of carob. Understand-
ing these properties is of great importance in carob pro-
duction and processing industry and can shorten or ease 
further steps (e.g. milling, sieving) in the industrial envi-
ronment.

Materials and Methods

Materials
Carob (Ceratonia siliqua L.) pods were obtained from a 

local manufacturer from the island of Drvenik Mali, 

Croatia. Population of carob trees on the island of Drve-
nik Mali belongs to the ‘Komiža’ carob ecotype, which is 
the most frequent carob ecotype spread on Croatian is-
lands. To determine the morphological characteristics of 
carob pods and seeds before experiment, a sample of 120 
carob pods was randomly selected from the lot. Measure-
ments of their dimensions were carried out with a digital 
calliper (Mitutoyo, Kawasaki, Japan), and their mass was 
determined by a digital analytical balance (Mett ler To-
ledo, Greifensee, Switzerland) with two decimal places 
(5). The geometric mean diameter (dg) and sphericity (φ) 
of carob seeds were calculated using the following equa-
tions (2,9):
  /1/

  /2/

where l is length, b is width and δ is thickness in mm.
Also, carob seed volume (V) and surface area (A) 

were calculated using the following equations (2,10):

  /3/

  /4/

where
  /5/

Morphological characteristics of raw carob material 
(pods and seeds, N=120) used in this study are shown in 
Table 1.

Drying experiment
Prior to drying, carob pod samples were prepared in 

the following manner: one carob pod was left  intact, while 
the other was cut to obtain pod sections of approx. 2–3 
cm. Seeds were removed and also subjected to drying. 
Samples were weighed, placed in Petri dishes and dried 
on the top rack of the convection oven (Inkolab, Zagreb, 
Croatia) at 60 °C for 6 h, to assure the collection of enough 
experimental data for mathematical modelling. Oven dry-
er was equipped with a hot air circulation blower at air 
fl ow of 200 m3/h, in order to ensure a uniform tempera-
ture gradient throughout the total volume of the drying 
chamber (60 L). An air exhaust was located on the top of 
the dryer to ensure migration of moisture outside the dry-
ing chamber. Relative humidity of the air inside the dry-
ing chamber was in the range from 20 to 25 %. In order to 
reduce the duration of drying, a higher temperature (60 
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Table 1. Characterization of morphological characteristics of carob (Ceratonia siliqua) pods and seeds used in the experiment (N=120)

Pod

l/mm b/mm δ/mm m/g N
176.50±0.15 26.56±0.12 7.57±0.08 28.99±0.40 10.98±0.17

Seeds

l/mm b/mm δ/mm m/g dg/mm φ V/mm³ A/mm²

8.58±0.06 6.76±0.06 3.88±0.06 0.18±0.01 5.97 0.695±0.70 83.87* 98.30*

Results are expressed as mean value±standard deviation; *B=5.12 mm
l=length, b=width, δ=thickness, m=mass, dg=geometric mean diameter of seeds, φ=sphericity, B=coeffi  cient used in volume (V) and 
surface area (A) calculations
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°C) was used than in most carob drying procedures (40 
°C). Samples were collected in the interval of 30 min and 
weighed to obtain necessary data for further modelling. 
Initial moisture content was determined by drying at 105 
°C for 4 h, according to the standard AOAC method (11), 
while for equilibrium moisture content the sample was 
left  to dry at the same temperature until no change in 
moisture was observed. Data retrieved from the experi-
ments were further used for mathematical modelling.

Mathematical modelling
The moisture ratio during the drying experiments 

was calculated using the following equation:

  /6/

where MR is the dimensionless moisture ratio, w is the 
moisture content measured at time t, w0 is the initial mois-
ture content and we is the equilibrium moisture content 
on dry mass basis.

Experimental drying data were then fi tt ed to 11 dif-
ferent drying models shown in Table 2.

Non-linear regression was used to estimate the dry-
ing rate constants and coeffi  cients. The suitability of a 
model was estimated and compared by coeffi  cient of de-
termination (R2), mean percentage error (MPE) and root 
mean squared error (RMSE) (17), calculated according to 
the following equations:

  /7/

  /8/

where MRex,i is the i-th experimental dimensionless mois-
ture ratio, MRpred,i is the i-th predicted moisture ratio and 
N is the number of measurements.

Furthermore, drying rates were calculated from the 
drying data by estimating the change in the moisture con-
tent that occurred in each consecutive time interval (19). 
Drying rate was expressed in g of water per g of dry mat-
ter per min.

Model fi tt ing, probability and error calculations were 
performed using STATISTICA v. 10.0 (StatSoft , Tulsa, OK, 
USA) and Excel (Microsoft , Redmond, WA, USA) soft -
ware.

Eff ective diff usivity coeffi  cient
In the drying period in which the drying rate is fall-

ing, internal resistance governs the mass transfer. Fick’s 
law can be used to calculate the eff ective drying coeffi  -
cients (17). Experimental drying data in terms of ln(MR) 
were plott ed in correlation with drying time. Linear slope 
is defi ned according to Akgun and Doymaz (20) as fol-
lows:
  /9/

where Deff  represents the eff ective diff usivity coeffi  cient 
(m2/s) and L is half the thickness of the pod, pod parts and 
seeds (m) used in the experiment.

Texture measurements
Texture measurements were done using TA.HDPlus 

Texture Analyser (Stable Micro Systems, Godal ming, UK) 
equipped with a 750-kg load cell. As specifi c parts of the 
tested samples had moderately uniform surface, fl at bot-
tom stainless steel cylinder probe with a 20-mm radius 
(P/40; Stable Micro Systems) was used. Modifi ed single- 
-point compression test during single cycle was used for 
analysis. Pre-test and test speed were set to 0.5 mm/s. Us-
ing only single-cycle measurements, post-test speed was 
set to 100 mm/s. Maximum compression depth was set at 
2.0 mm for instrument and probe safety, with target mode 
set at 60 % strain, as higher strains were shown to be too 
destructive for precise analysis. To ensure timely start of 
measuring of mechanical properties, trigger force was set 
to 3.0 g. Changes in compression force (in N) during 
measurement were recorded. Before measurements, all 
samples were tempered at room temperature of (25±0.5) 
°C. Because of the morphological diff erences in the carob 
pod structure, three zones were selected for measure-
ments, as shown in Fig. 1. Seeds were compressed along 
the horizontal axis. All measurements were repeated fi ve 
times and the results were expressed as mean value± 
standard deviation.

Micromorphological studies
Micrographic analysis was performed using a binoc-

ular magnifi er Carl Zeiss Stemi 2000-C at 2× magnifi ca-
tion and a binocular microscope Carl Zeiss Axiolab with 
normal and phase contrast (Ph2) objective (Carl Zeiss Mi-
croscopy, Jena, Germany) at 4 and 40× magnifi cations.

Samples were prepared with a scalpel, making the 
cross-sections of three diff erent zones of the carob pods – 
near the tip of the pod, at the centre and near the base 
(stem), which were the same areas used in texture analy-
sis shown in Fig. 1. Microphotographs of cross-sections of 
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Table 2. Models used for experimental data fi tt ing

No. Model name Equation Reference

  1 Newton MR=e–kt (12,13)

  2 Henderson and Pabis MR=a·e–kt (14,15)

  3 Logarithmic MR=a·e–kt+c

  4 Two-term MR=a·e–kt+b·e–k0·t (12,15)

  5 Two term exponential MR=a·e–kt+(1–a)·e–kat (16)

  6 Page MR=e–ktN (12,15–17)

  7 Overhults MR=e–(kt)N (12)

  8 Modifi ed Page MR=a·e–ktN (12,15)

  9 Midilli-Kucuk MR=a·e–ktN+bt (17)

10 Wang and Singh MR=1+at+bt2 (15)

11 Polynomial MR=at2+bt+c (18)

MR=moisture ratio, a, b, c and N=empirical constants used in the 
drying models, t=time (min), k=drying rate (min-1)
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the carob seed were also recorded. All the microphoto-
graphs were taken with Dino-Eye eyepiece camera, driv-
en by DinoCapture v. 2.0 soft ware (AnMo Electronics 
Corporation, Hsinchu, Taiwan).

Results and Discussion

Drying of carob pods and seeds
The initial moisture content on dry mass basis of car-

ob pods was 0.0535 g/g, of pod parts 0.0648 g/g and seeds 
0.0730 g/g. These data showed that the sum of the initial 
moisture contents of the pulp and the seeds, as the con-
stituents of the pod, exceeded the total moisture content 
of the whole, intact carob pod. Similar results were ob-
tained previously by Avallone et al. (21). The reason for 
this lies in the structure of the carob pod, which contains 
an outer leathery layer (tunica), which, when intact, pre-
vents moisture migration outside of the pod, making it 
ideal for cultivation and survival in warm and dry Medi-
terranean regions (5).

Drying curves of the carob pod, pod parts and seeds 
at 60 °C, visualized as a comparison between experimen-
tal and model-predicted data, are shown in Fig. 2.

Drying curves in Fig. 2 are presented as a depen-
dence of a dimensionless moisture ratio to drying time. 

Three diff erent curves for three diff erent carob samples 
prepared in a diff erent manner are visible. In the whole 
carob pod, moisture ratio dropped from the initial value 
of 1 to 0.46, which represented the smallest diff erence in 
moisture ratio aft er 360 min of drying in comparison with 
pod parts and seed. Moisture ratio of pod parts decreased 
to 0.45 aft er 360 min of drying, while the carob seeds 
showed the highest decrease in moisture ratio – from ini-
tial 1 to the fi nal 0.07. Based on these drying curves, it was 
clear that intact carob pod lost moisture at a smaller rate 
than sliced pod parts and seeds. It was also visible that 
the moisture content decreased continuously with drying 
time, which is a characteristic of thin samples (17).

Mathematical modelling of experimental drying data
In order to calculate the drying rate of the samples 

and confi rm the observations from the drying curves, ex-
perimental data were fi tt ed to 11 diff erent mathematical 
models. The appropriate model for description of carob 
drying was then selected based on R2, MPE and RMSE 
values. Results are shown in Table 3.

Based on the R2 values in Table 2, drying models ex-
hibited good fi t to experimental data. The lowest fi t was 
obtained for the Newton model (R2=0.9697) and the best 
for the empirical Midilli-Kucuk model (R2=0.9999). Mean 
percentage error (MPE) for carob fruit drying ranged 
from 0.1712 % for Midilli-Kucuk to 4.8882 % for the New-
ton model. According to the literature data, MPE lower 
than 10 % is considered appropriate for experimental 
data modelling (16,22). Values obtained by mathematical 
modelling for carob pod drying were lower than 10 % for 
all models. Root mean squared error (RMSE) was the low-
est for three models: logarithmic, Midilli-Kucuk and poly-
nomial. However, based on the combination of the values 
of all three statistical parameters, Midilli-Kucuk model 
was chosen as the most suitable one. Values of the Midilli-
-Kucuk model obtained for carob pods were a=1.0001, 
k=0.0166 s–1, N=0.6156 and b=–0.0002, as shown in Table 2.

Fig. 1. Compression zones selected for texture measurements of 
carob pod
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Fig. 2. Drying curves of carob seeds, pod parts and whole carob pod. Data are shown as comparison between experimentally ob-
served and the data predicted by the model. MR=moisture ratio
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The Midilli-Kucuk model was also chosen as the most 
appropriate for modelling of the drying of carob pod parts, 
due to the highest R2 value (0.9999). Values estimated for 
Midilli-Kucuk model for pod part drying were a=1.0000, 
k=0.0210 min–1, N=0.5879 and b= –0.0002. The lowest fi t was 
detected for the Wang and Singh model. This model ex-
hibited high mean percentage error (MPE=34.1673 %), mak-
ing it unsuitable for further consideration.

Most of the estimated drying models proved to be in-
adequate for carob seed drying, due to high MPE. Two- 
-term exponential, Overhults and the Midilli-Kucuk were 
the only three models that had MPE lower than 10 %. In 
this case, the Midilli-Kucuk model was the most suitable 
due to the highest R2 value (R2=0.9990) and the lowest 
MPE (3.8202 %) and RMSE (0.0000). Parameters estimated 
for this model were a=0.9999, k=0.1162 min–1, N=0.4877 and 
b=–0.0002.

In direct comparison of the estimated parameters for 
whole pods, pod parts and seeds, diff erences were visible 
between k and N values. The highest drying rate (k/min–1) 
was detected of carob seeds, followed by carob pulp and 
carob pods, which was in accordance with the obtained 
drying curves. Due to a higher drying rate of seeds and 
pod parts, sum of the initial moisture content of seeds 
and pod parts appeared to be higher than that of the 
whole, intact pod, for which a lower drying rate was de-
tected.

Based on the model selected as the most appropriate 
for carob drying, drying rates were calculated from the 
drying data by estimating the change in moisture content 
which occurred in each consecutive time interval.

According to the data presented in Fig. 3, the drying 
rate decreased with a decrease in moisture content. High-
er drying rates correspond to the beginning of the drying 
process, when more moisture was still present in the sam-

Table 3. Estimated values of coeffi  cient of determination (R2), mean percentage error (MPE) and root mean squared error (RMSE)

Sample Model name Estimated value R2 MPE/% RMSE

Carob pod

Newton
Henderson and Pabis
Logarithmic
Two-term
Two-term exponential
Page
Overhults
Modifi ed Page
Midilli-Kucuk
Wang and Singh
Polynomial

k=0.0024
a=0.9353; k=0.0021
a=0.5962; k=0.0050; c=0.3777
a=0.8974; k=0.0019; b=0.1026; k0=14.0000
a=0.1079; k= 0.0179
k=0.0126; N=0.6977
k=0.0019; N=0.6977
a=0.9974; k=0.0122; N=0.7025
a=1.0001; k=0.0166; N=0.6156; b=-0.0002
a=-0.0028; b=4·10-6

a=3·10-6; b=-0.0002; c=0.9580

0.9697
0.9876
0.9964
0.9984
0.9937
0.9997
0.9997
0.9997
0.9999
0.9880
0.9935

4.8882
2.7188
1.6047
1.0681
1.9928
0.4525
0.4525
0.4539
0.1712
2.9679
2.0799

0.0416
0.0017
0.0000
0.0004
0.0221
0.0008
0.0008
0.0001
0.0000
0.0225
0.0000

Pod parts

Newton
Henderson and Pabis
Logarithmic
Two-term
Two-term exponential
Page
Overhults
Modifi ed Page
Midilli-Kucuk
Wang and Singh
Polynomial

k=0.0025
a=0.9255; k=0.0022
a=0.5842; k=0.0055; c=0.3859
a=0.8814; k=0.0019; b=0.1186; k0=18.0000
a=0.1106; k=0.0185
k=0.0155; N=0.6670
k=0.0019; N=0.6670
a=0.9971; k=0.0150; N=0.6720
a=1.0000; k=0.0210; N=0.5789; b=-0.0002
a=-0.0076; b=0.0002
a=3·10-6; b=-0.0025; c=0.9509

0.9610
0.9840
0.9950
0.9980
0.9900
0.9970
0.9997
0.9997
0.9999
0.8060
0.9915

5.6750
3.1289
1.8392
1.1227
2.7062
0.4980
0.4980
0.4988
0.0902

34.1673
2.3686

0.0467
0.0020
0.0000
0.0005
0.0217
0.0009
0.0009
0.0001
0.0000
0.5107
0.0000

Carob seed

Newton
Henderson and Pabis
Logarithmic
Two-term
Two-term exponential
Page
Overhults
Modifi ed Page
Midilli-Kucuk
Wang and Singh
Polynomial

k=0.0108
a=0.8671; k=0.0090
a=0.8304; k=0.0161; c=0.1211
a=0.6183; k=0.0062; b=0.3817; k0=15.0000
a=0.2254; k=0.0378
k=0.0100; N=05650
k=0.0132; N=0.5645
a=0.8671; k=0.0029; N=3.1617
a=0.9999; k=0.1162; N=0.4877; b=-0.0002
a=-0.0073; b=1.4·10-5

a=9·10-6; b=-0.0052; c=0.8010

0.9620
0.9470
0.9470
0.9850
0.9980
0.9750
0.9980
0.9620
0.9990
0.8890
0.9430

36.3996
26.3954
36.3948
19.1390
5.4908

24.3126
6.1095

26.3809
3.8202

43.6321
26.8412

0.0486
0.0549
0.0485
0.0000
0.0043
0.0249
0.0034
0.0547
0.0000
0.1069
0.0000

a, b, c and N=empirical constants used in drying models, k and k0=drying rates at time t and t=0, respectively (min-1)
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ple. Similar drying curves were also detected for bay lau-
rel drying process (17). This can be explained in two 
ways. First, by evaporation of water from the surface of 
the pod, which is less likely since the protective layer con-
tains very litt le water. Second, it has been implicated (19) 
that the accelerated drying rates can be att ributed to inter-
nal heat generation, which is a much more plausible ex-
planation, based on the structure of the carob pod. Fur-
thermore, a rise in the drying rate is not as emphasized 
for the pod parts and seeds as for the whole pod, which 
contributes to the latt er explanation. Overall, the drying 
rate of all the tested samples appears to be slow.

Eff ective diff usivity coeffi  cients of carob pods, parts and 
seeds

Eff ective diff usivity coeffi  cients calculated from the 
slope of ln(MR) vs. drying time were: 1.627·10–9 m2/s for 
seeds, 2.226·10–10 m2/s for whole pods and 2.322·10–10 m2/s 
for sliced pod parts. Based on these values, moisture dif-
fusion from all of the samples is very slow. Seeds are 
more prone to moisture migration than pod parts and 
pods. These values can be compared to diff usion coeffi  -
cients calculated for corn (23) and garlic slices (24).

Texture of carob fruit and seeds
Based on morphological analysis, carob pods are 

sickle shaped, 10–20 cm long, 2–4 cm wide and contain 
10–15 oval shaped seeds (25). These numbers vary signifi -
cantly depending on the variety, climate conditions and 
genetic resources (26). Length and width of the fruit, 
number and distribution of the seeds in the pod and the 
location of the testing area on the pod all aff ect the results 
of carob texture and compression analysis (1). Three dif-
ferent compression testing zones were selected on carob 
pods in this research (Fig. 1): near the tip of the fruit (area 
1), at the centre (area 2) and near the stem (area 3). Maxi-
mum compression forces of the seeds were also deter-
mined. Results are shown in Table 4.

As shown in Table 4, maximum compression force of 
carob fruit ranged from 13.5 to 30.1 N. Also, these values 
varied according to the position on the fruit where the 
test was performed. The highest compression force was 
obtained in area 3, followed by area 1 and area 2. Based 
on morphological assessment, these diff erences could be 
explained by an uneven distribution of the seeds in the 
centre, tip and near the stem, and the diff erences in the 
thickness of the carob fruit in these positions. Further-
more, they will also be explained by micrographic images 
in the following section. Maximum compression force of 
the seeds was higher than of carob fruit. Seeds are known 
to be very hard due to the presence of the top coat (2), 
which serves for seed protection. Some researchers have 
also considered the cracking force of the seeds, and con-
cluded that it depends on the position of the seed during 
testing (loading on vertical or horizontal axis or thick-
ness), and is the highest on vertical axis (27).

Micromorphological traits of carob pods and seeds
Fig. 4a shows a cross-section of the carob fruit, with 

visible tissue layers. The upper, dark coloured layer is the 
tunica or the envelope of the pod, with the mechanical tis-
sue and pulp below. Tunica cells were further studied in 
Fig. 4b, showing a cross-section taken at about 4 mm dis-
tance from the stem. The top part represents a monolayer 
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Fig. 3. Drying rates of carob pods, pod parts and seeds. MR=moisture ratio, k=drying rate

Table 4. Maximum compression forces (Fmax) of carob fruit and 
seeds

Sample Fmax/N

Carob pod (whole)
Area 1
Area 2
Area 3

21.7±1.7
13.5±1.1
30.1±2.8

Carob seed 3092.1±430.2

Results are expressed as mean value±standard deviation
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epidermis followed by mesoderm layer containing me-
chanical cells with thickened cell walls. Inside the meso-
derm, dead cells (sclerenchyma) were also present. At the 
bott om of the mechanical tissue, the main nerve is visible 
with collenchyma cells surrounding it. Considering the 
structures of mechanical tissue, it was obvious that this 
layer served as a protector of the inner parts of the pod, 
which caused an increase of force required to compress 
such a tissue, and which was in accordance with the high-

est compression force detected in this zone (zone 3) dur-
ing texture analysis. Cross-section through the carob pod 
tip is shown in Fig. 4c. It was visible that there were no 
nerves present in this area and that the layer of mechani-
cal tissue was much thinner, which was the reason why 
lower compression force was detected in this zone (area 
1), than in the stem part (area 3). Mechanical tissue 
present in the tunica was further studied at a greater 
magnifi cation with the phase contrast objective (Fig. 4d). 

Fig. 4. Cross-sections of carob pods and seeds: a) cross-section of the centre of carob pod, taken by a binocular magnifi er Carl Zeiss at 2× 
magnifi cation, b) cross-section through the tunica of the carob pod taken near the stem with completely visible main nerve and me-
chanical tissue (Carl Zeiss Axiolab microscope, 4× magnifi cation), c) cross-section of the tip of the carob pod (Carl Zeiss Axiolab micro-
scope, 4× magnifi cation), d) mechanical tissue cells of sclerenchyma with very strong and wide cell walls (Carl Zeiss Axiolab micro-
scope, phase contrast objective at 40× magnifi cation), e) parenchymal tissue of the carob pod (Carl Zeiss Axiolab microscope, phase 
contrast objective at 40× magnifi cation), f) mechanical tissue and parenchyma of pulp located in the central/inner zone of carob pod 
(Carl Zeiss Axiolab microscope, 4× magnifi cation), and g) cross-section of the carob seed (binocular magnifi er Carl Zeiss, 4× magnifi cation)
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These cells had wide and hardened cell walls, which act 
as a barrier for moisture migration outside the carob fruit. 
The moisture migration through hardened, wide cell 
walls was diffi  cult, resulting in the lowest drying rate of 
whole, intact carob pod. Parenchyma cells of the carob 
pod pulp were larger than the mechanical cells and had 
thinner cell walls, as shown in Fig. 4e. The cross-section of 
the central part of carob pod is shown in Fig. 4f. The me-
chanical layer which forms the mesoderm was thinner 
and the mechanical cells were larger. A seam which was 
once part of the ovary in the carpel is also visible. This 
was the part with the lowest mechanical strength and the 
zone in which the lowest compression forces were detect-
ed in texture analysis (area 2). Seed cross-section is shown 
in Fig. 4g. The outer envelope of the seed, seen in the top 
of the image, consisted of a monolayer epidermis. Then 
followed a layer of linea lucida tissue, and a layer of hol-
low cells, called Malpighian cells, oriented around an im-
aginary vertical line. Two more layers of the mechanical 
tissue of osteosclereids and mesotesta, and fi nally paren-
chymatous cells of endosperm are visible (directed to the 
centre of microphotograph) (28,29). This cavity was the 
cause of the highest drying rate of the seeds. Namely, it is 
obvious in Fig. 4g that the layers of seed coat are the thin-
nest around the micropillar cavity. On the other hand, the 
coat layers further from the seed become thicker. Accord-
ing to the results of our microscopic studies of carob seed 
structure, it is possible that the water evaporates from en-
dosperm through micropillar cavity, and also through the 
undiff erentiated layers of Malpighian cells and linea luc-
ida out of the carob seed. This is more likely than evapora-
tion through the thicker layers of seed coat (seed testa), 
primarily considering the structure of mesotesta, which 
belongs exclusively to mechanical tissue with very hard 
cell walls. Such microstructure of carob seeds also causes 
very high mechanical resistance. On the other hand, con-
sidering the morphology and anatomy of carob pods 
(Figs. 4a, b and f), the continuous layer of mechanical tis-
sue primarily represented by sclerenchyma is clearly visi-
ble, with sporadic nests of collenchyma around the ves-
sels of carob pod (Fig. 4b). Thus, evaporation of water 
certainly takes place through the xylem of the carob pod 
vessels, more likely than directly through the layer of me-
chanical pod tissue. This can be explained with the struc-
ture of mechanical tissue of the pods. Fig. 4d shows that 
there is no intercellular space between the cells of scleren-
chyma and, moreover, the cell walls are very thick in 
comparison with cell lumen. However, the thickness of 
mechanical tissue layer is not equal at the pedicel and at 
the end of carob pod, which completely corresponds to 
the diff erences in mechanical resistance, measured in dif-
ferent locations on carob pod.

Conclusions
Carob pods were studied in order to determine their 

drying characteristics, texture and micromorphological 
traits. During drying, moisture content of whole pods, 
pod parts and seeds decreased constantly with drying 
time, exhibiting a behaviour characteristic for thin sam-
ples. Mathematical modelling of the data obtained by the 
drying experiments defi ned the Midilli-Kucuk empirical 

model as the most suitable for description of the drying 
process. Based on the values obtained from the mathe-
matical models, the highest drying rate was detected in 
carob seeds (k=0.1162 min–1), followed by parts of carob 
pods (k=0.0210 min–1) and carob pods (k=0.0166 min–1). 
The seeds exhibited the highest compression force, fol-
lowed by the stem zone, the tip and the centre of the fruit. 
Drying experiment results, as well as the texture study re-
sults, can all be explained by the diff erences in micro-
structures of given parts of the carob pod.
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