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Abstract. In this paper a machine that performed the soil sterilization has been
designed. The soil is cut and put in a loading hopper and downloaded in a rotat-
ing cylinder placed on the machine. The fins located inside the rotating cylinder
performed the crushing and the mixing of the soil. Each soil particle through the
temperature field ranged between 290–1900°C for 3–5min and a preset output soil
temperature of 130–140° C is reached and discharged downward. It maintained
the process temperature long enough, to allow the elimination of the infesting
organisms located in the considered soil.
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1 Introduction

The soil thermal sterilization [1–3] consists of temperature increasing of each soil particle
up to a determined value [4, 5], for a sufficient time to reduce the bacterial load [6].
It has been observed by different authors [7, 8], that the decrement of the cells of a
microorganism, it follows a kinetics of the first order,

dN

dt
= −kxN (1)

where N is the number of cells present and the constant k (constant of extinction) it
depends from the type of microorganism and temperature [9]. It is defined Thermal
Death Time (TDT), the necessary time to kill a determined number of microorganisms
at a specific temperature, and it is time range corresponding to 12 times the time of
decimal reduction:

TDT = 12× D (2)

where D is the time of decimal reduction or the time required to destroy the 90% of
the microorganisms [10–13]. In Table 1, temperature-time conditions necessary for the
eradicating in 10 min of some vegetable pathogens are reported [14, 15]. One of the
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problems encountered during the soil thermal disinfestation is due to the fact that the
soil is a bad heat conductor.[16, 17]. Indeed, the need arises to obtain that every single
particle of soil reaches the sterilization temperature, avoiding thermal gradients in the
soil to be sterilized [18]. Addressed in such sense, a soil sterilizing machine has been
set up [19].

Table 1. Temperature-time conditions for the eradicating of some vegetable pathogens (in
10 min).

Pathogens Temperature Reference

Sclerotiniasclerotiorum 60° C [15]

Sclerotiumcepivorum 50° C [15]

Verticilliumdahliae 55° C [15]

Fusariumoxysporumf.sp.lycopersici 60° C [15]

Fusariumoxysporumf.sp.lactucae 60° C [15]

Pythium ultimum 60° C [15]

Erwiniaamylovora 55° C [15]

Elateridi 50° C [15]

2 Materials and Methods

It has been designed and realized a prototype of soil sterilizing machine (Figs. 1 and
2). It is constituted from: a system to cut, remove and carriage the soil, in continuous
way, toward the hopper of the rotating oven; a rotating oven installed on a self-propelled
structure (or hauled) with a downloading system of the sterilized soil [20, 21].

Fig. 1. Scheme of the soil sterilizing machine

During the operative phase a portion of cut soil is submitted to a crushing and remix-
ing action that happens inside the rotating cylinder (rotating oven), provided of special
inside ribs [22, 23]. Insofar the soil final temperature depends on the crossing speed of
the rotating oven [24–26]. The soil-treated downloading system has been modeled by
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Fig. 2. Scheme of the soil sterilizing machine

numerical code Solid Works 2011 [27]. To evaluate and to optimize the soil permanence
times in the cylinder and the cylinder slope, thermodynamic numerical simulations have
been performed by the code ABAQUS 6 [28]. Experimental tests have been performed
by using the considered machine, [29] with two different typologies of soils:

• type A (sand 83%, silt 2%, clay 15%) with moisture values of 17, 18, 18.4 and 21.5%;
• type B (sand 42%, silt 23%, clay 35%) with moisture values of 17, 18, 19 and 21%.

The values of thermal conductibility and thermal capacity for the two soil typologies
are: type A: thermal conductibility 0.8W/mK and thermal capacity 1.4MJ/m3K; type B:
thermal conductibility 1 W/mK and thermal capacity 1.5 MJ/m3K. Further, the cooling
curve for the two soil typologies considered has been evaluated, starting from an initial
temperature of 121° C [30]. A soil mass contained in a volume of a cube with a side of
40 cm has been considered [31]. Such soil volume has been arranged on trays on which
a soil layer of 0.5 cm has been formed, so that to avoid, at the most, the thermal gradients
inside the soil layer and to obtain a soil temperature the more possible uniform [32].
Such trays have been put in heater and heated up to a temperature uniform of 121° C.
Such heated soil has been put, then, in the cube with a side of 40 cm and inside it, 3
thermocouples have been located: the first one at a depth of 2 cm, the second at 2 cm
from the bottom (depth 38 cm), and the third at a depth of 20 cm. The environmental
temperature was of about 20° C. The test has been repeated 3 times for both the soil
typologies, detecting a maximum difference lower than 5% [33, 34]. The cooling curve
of the 1° thermocouple has been considered, (it cools more quickly in comparison to the
others) and therefore the mean values of the temperatures detected by the 1° thermocou-
ples during the cooling of the considered soils have been reported [35]. To evaluate the
effectiveness of the sterilizing action of the considered machine, comparison between
not-treated and treated soils have been performed, by mean the analysis of the microbi-
ological and chemical effects on the micro-fauna, due to the treatment performed [36].
The soil samples used for the analyses, have been obtained by a protocol, for which for
the considered area, 3 sub-samples at three different depths (10 cm 20 cm, 30 cm) have
been withdrawn, and 3 samples with volume of 0.5 dm3 have been obtained [37].

3 Results and Discussion

By theperformed thermodynamic analysis, it has beenpossible to obtain the temperatures
distribution inside the rotating oven considering 30 turns perminute; slope of 15° (Fig. 3)
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[38, 39]. The soil quantity treated has been of 0.030 m3/s. In the operative conditions,
the soil crossed the whole cylinder in 3–4 s around, and the final temperature of the
considered soil has been of around 80° C. The flame escapes from a burner with circular
section, with diameter of 150mm, and the length of the flame, in the operative conditions
considered, it is of around 500 mm and that the flame has a geometric shape similar to
half-ellipsoid, with smaller diameter of 150 mm and greater diameter of 1000 mm [40].

Fig. 3. Temperatures distributions inside rotating oven obtained by numerical simulation

Therefore, it has been reported the curve detected by the thermocouple n. 1 (Fig. 4)
[41].

Fig. 4. Mean cooling curve of the considered soils

The tests were repeated three time and the maximum error value detected was less
than 5%, and it was reported with error bar in Fig. 4. These data show us as, considering
a determined pathogen, whose TDT is 60° C for 10 min, to perform the total eradicating
of it, from the considered soil, it is necessary to heat the soil up to temperature of around
80° C, in this way the considered soil has for 10 min, the temperature greater than 60°
C. In fact, according to the soil cooling curve calculated, after about 10 min the soil will
reach the temperature of 60° C, fully satisfying the conditions of temperature-time for
the eradicating of the pathogen reported in Table 1, from the considered soil [42, 43].
During the experimental tests performed, all the examined soils had an initial temperature
around the 20° C, and they have been heated up to the temperature of around 80° C,
with an increase of temperature of around 60° C [44]. The considered soils, with initial
moisture ranged between 17 and 21%, after the treatment, they have made to notice
a loss of the 3–4% of water. [45]. At the soil moisture is added the quantity of water
present in the fuel and also that, during the process of combustion is formed [46]. In
the table are reported the operative parameters values detected before and after the soil
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treatment, for the soil types considered [47]. Every experimental test has been repeated
three times. The maximum difference among the obtained results was lower than 5%,
for which in the following Table 2 the mean values obtained have been reported.

Table 2. Experimental results obtained by soil sterilizing tests

T Soil
type

Ti °C Tf °C �T °C Ui % Uf % �U %

1 A 20,0 80,0 60,0 18,0 14,7 3,3

2 A 22,0 81,0 59,0 18,4 15,9 2,5

3 A 19,0 79,0 60,0 21,5 19,0 2,5

4 A 21,0 82,0 61,0 17,0 14,0 3,0

5 B 21,0 82,0 61,0 21,0 18,0 3,0

6 B 20,0 80,0 60,0 21,0 17,0 4,0

7 B 22,0 81,0 59,0 18,0 15,0 3,0

8 B 19,0 79,0 60,0 19,0 15,0 4,0

Tinitial = initial temperature of the soil; Tfinal = outlet soil temperature (at the output
of the rotating cylinder); ΔT = (Tfinal − Tinitial); Ui = initial soil moisture percentage
(moisture mass content in the soil/ total mass*100) (kg/kg); Uf = final soil moisture
percentage (at the output of the rotating cylinder). A T-statistic with a probability of
95% was performed on each group of samples, and has led to detect, in the soil treated,
a decrement of the total microbial load until zero or at few unities has been obtained
[48] (Table 3).

Table 3. T-statistic with a probability of 95% for A and B Tests

�T(°C) �U = Ui-Uf(%)

Experiment A 60,0 ± 1,3 2, 8 ± 0, 6

Experiment B 60,0 ± 1,3 3,5 ± 0, 9

Besides the heating and the loss of water in the test’s conditions performed, they have
not involved meaningful transformations in the structure of the mineral, in the fraction
of the clay [49–51].

4 Conclusions

A soil sterilizing machine has been set up with a working capacity of 360 m2/h. It has
been verified the effectiveness of the treatment of soil sterilization [52]. Besides with
such machine, the time necessary to perform the soil sterilizing, is reduced in way that,
it does not fear comparisons with other chemical methods traditionally used [53, 54].
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21. Jovanovic Dolecek, G., Karabegović, I.: Green technology approach to comb-based decima-
tors design. Lect. Notes Netw. Syst. 128, 469–477 (2020). https://doi.org/10.1007/978-3-030-
46817-0_54

22. Formato, G., Romano, R., Formato, A., Sorvari, J., Koiranen, T., Pellegrino, A., Villecco, F.:
Fluid–structure interaction modeling applied to peristaltic pump flow simulations. Machines
7, Article no. 3, p. 50 (2019)

23. Iriti, M., Scarafoni, A., Pierce, S., Castorina, G., Vitalini, S.: Soil application of effective
microorganisms (EM)maintains leaf photosynthetic efficiency, increases seed yield and qual-
ity traits of bean (Phaseolus vulgaris L.) plants grown on different substrates. Int. J. Mol. Sci.
20, Article no. 9, p. 2327 (2019)

24. Villecco, F., Aquino, R.P., Calabrò, V., Corrente, M.I., d’Amore, M., Grasso, A., Naddeo, V.:
Fuzzy-assisted ultrafiltration of whey by-products recovery, Euro-Mediterranean J. Environ.
Integr. 5, Article no. 1 (2020). https://doi.org/10.1007/s41207-019-0138-5

25. Pappalardo, C.M., Guida, D.: On the dynamics and control of under actuated nonholonomic
mechanical systems and applications to mobile robots. Arch. Appl. Mech. 89(4), 669–698
(2019)

26. Pappalardo, C.M.: A natural absolute coordinate formulation for the kinematic and dynamic
analysis of rigid multibody systems. Nonlinear Dyn. 81(4), 1841–1869 (2015). https://doi.
org/10.1007/s11071-015-2111-4

27. Celenta, G., De Simone, M.C.: Retrofitting techniques for agricultural machines. Lect. Notes
Netw. Syst. 128 LNNS, pp. 388–396 (2020)

28. Margotta,M., De Simone,M.C.: Supercritical fluid extraction of lycopene and omega-3. Lect.
Notes Netw. Syst. 128, LNNS, pp. 750–758 (2020)

29. Pappalardo, C.M., Guida, D.: Forward and inverse dynamics of a unicycle-like mobile robot.
Machines. 7(1), Article no. 5 (2019)

30. De Simone, M.C., Guida, D.: Identification and control of a unmanned ground vehicle by
using arduino. UPB Sci. Bull. Ser. D Mech. Eng. 80(1), 141–154 (2018)

31. Formato, A., Ianniello, D., Pellegrino, A., Villecco, F.: Vibration-based experimental identi-
fication of the elastic moduli using plate specimens of the olive tree. Machines 7(2), Article
no. 46 (2019). https://doi.org/10.3390/machines7020046

32. Capone, G., D’Agostino, V., Valle, S.D., Guida, D.: Stick-slip instabilityanalysis. Meccanica
27(2), 111–118 (1992)

33. Fan, Y.-C., Wen, C.-Y.: A virtual reality soldier simulator with body area networks for team
training. Sensors (Switzerland), 19(3), Article no. 451 (2019)

34. Liguori, A., Armentani, E., Bertocco, A., Formato, A., Pellegrino, A., Villecco, F.: Noise
reduction in spur gear systems. Entropy 22, 1306 (2020)

35. Sun, X., Liu, H., Song, W., Villecco, F.: Modeling of eddy current welding of rail: three-
dimensional simulation. Entropy 22, 947 (2020)

36. Villecco, F., Aquino, R.P., Calabrò, V., Corrente, M.I., Grasso, A., Naddeo, V.: Fuzzy-
assisted ultrafiltration of wastewater from milk industries. In: Naddeo, V., Balakrishnan, M.,
Choo, KH., (eds.) Frontiers in Water-Energy-Nexus—Nature-Based. Advances in Science,
Technology and Innovation (IEREK Interdisciplinary Series for Sustainable Development),
pp. 239–242. Springer, Cham, Swiss (2020)

37. Pappalardo, C.M., Guida, D.: A comparative study of the principal methods for the analytical
formulation and the numerical solution of the equations of motion of rigid multibody systems.
Arch. Appl. Mech. 88, 2153–2177 (2018). https://doi.org/10.1007/s00419-018-1441-3



A Novel Device for Soil Sterilizing in Sustainable Agriculture 865

38. De Simone, M.C., Rivera, Z.B., Guida, D.: Obstacle avoidance system for unmanned ground
vehicles by using ultrasonic sensors. Machines 6(2), Article no. 18 (2018). https://doi.org/10.
3390/machines6020018

39. Park, H.W., Yoon, W.B.: Computational fluid dynamics (CFD) modelling and application for
sterilization of foods: a review. Processes 6(6), 62 (2018). https://doi.org/10.5545/sv-jme.201
1.013

40. Salvati, L., d’Amore, M., Fiorentino, A., Pellegrino, A., Sena, P., Villecco, F.: On-road detec-
tion of driver fatigue and drowsiness during medium-distance journeys. Entropy. 23(2), 135
(2021)

41. Guida, D.: Dry friction influence onmechanical system dynamics. Lecture Notes in Networks
and Systems. (in press)

42. Naviglio, D., Formato, A., Scaglione, G., Montesano, D., Pellegrino, A., Villecco, F., Gallo,
M.: Study of the grape cryo-maceration process at different temperatures. Foods 7(7), Article
no. 107 (2018). https://doi.org/10.3390/foods7070107

43. Capone, G., D’Agostino, V., Guida, D.: A finite length plain journal bearing theory. J. Tribol.
116(3), 648–653 (1994)

44. Sakudo, A., Yagyu, Y., Onodera, T.: Disinfection and sterilization using plasma technology:
fundamentals and future perspectives for biological applications. Int. J. Mol. Sci. 20, Article
no. 5216 (2019)
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