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ABSTRACT

Setting the drying temperature of cassava slices remains up to now a matter of personal decision from authors,
varying from an author to another and for the same author, varying from an experiment to another one. The primary
aim of this manuscript is to introduce a decision-making instrument for determining the optimal temperature setting
during the thin-layer drying process of cassava slices in general, the thin-layer drying process of bitter cassava roots
slices in particular. The thermal conditions for drying should be higher than 37 °C to permit the hydrolysis of
cyanogenic compounds into hydrogen cyanide (HCN) and it should not be higher than 30 °C to favor the elimination
of HCN upon that of water and prevent the denaturation of thermosensitive nutrients in cassava slices. The TRIZ
separation in time method provided a set of three steps for solving that problem. First step, in a preliminary action,
cassava slices were introduced in water set at 37 °C for 6 h. The HCN was produced and a large quantity eliminated
by solubilization. Second step, during that period, a cassava moisture prior compensation was also achieved: cassava
slices uptook additional water, favoring the elimination of the residual HCN at a unique drying temperature, without
any particular care. Third and last step, cassava slices were then dried at 35 °C, 40 °C and 45 °C, values of the
residual HCN content were 7.23 £ 1.30 mg HCN/kg, 6.42 + 2.4 mg HCN/kg and 8.06 + 1.1 mg HCN/kg, respectively.
All those values are less than 10 mg HCN/kg, the maximum admissible value for human consumption, set by the World
Health Organization.
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1. INTRODUCTION

Cassava (Manihot esculenta, Crantz) serves as a primary staple food source for over one billion individuals
globally [1,2]. The nutritional profile of 160 g of fresh cassava includes: 306 calories, 2.27 g of protein, 63.4 g of
carbohydrate, 3.04 g of fiber, 27.2 mg of Ca, 35.2 mg of Mg, 451 mg of K, 29.1 mg of vitamin C, 0.077 mg of
riboflavin and 1.35 mg of niacin [3,4].The freshly harvested cassava roots initiate microbial and physiological
degradation almost instantaneously post-harvest and possess a limited shelf life of merely three days [3,5].

The aim of thin-layer drying of cassava is to preserve its physico-chemical properties for a long period, in order to
ensure food security for humans. Thin-layer drying of cassava is a 3-step process: firstly, hot and dehumidified air is
brought in contact with the product; secondly, the liquid moisture on the product surface is vaporized and finally,
humid air is moved away. Heating cassava samples for liquid moisture vaporization goes along with many
contradicting requirements, as far as temperature is concerned. The influence of the drying temperature on cassava
samples can be described in several ways. High values of drying temperature can cause case hardening of cassava, that
is a situation responsible for the hardening of the outside layer of cassava. The moisture can therefore be trapped on
the inside of the cassava which could eventually lead to mold and spoiled food [3,6]. Another consequence of elevated
drying temperatures is the occurrence of non-enzymatic browning, which constitutes a chemical reaction responsible
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for imparting a brown hue to food substances in the absence of enzymatic activity [7]. As the ambient temperature
increases, a greater quantity of starch or carbohydrates is likely to undergo hydrolysis into sugars; furthermore, upon
thermal processing of these carbohydrates, the resultant sugars undergo Maillard reaction, resulting in browning,
which serves as an indicator of inferior product quality [8,9]. Higher drying temperatures cause the denaturation of
thermosensitive nutrients in cassava. According to reference [10], water-soluble nutrients like Vitamin C, riboflavin
and niacin are thermo-sensitive, and vitamin C begin to denature at temperatures as low as 30 °C, along with exposure
to air oxidation for more than 12 hours. Cassava roots contain cyanogenic glycosides that are responsible for its
toxicity [11].

Cyanogenic glycosides undergo hydrolysis by the endogenous cell wall enzyme linamarase, resulting in the formation
of acetone cyanohydrin, which subsequently decomposes into hydrogen cyanide (HCN) at temperatures exceeding
37°C, as noted by reference [12]. The augmentation of linamarin degradation into volatile byproducts via linamarase
may mitigate the toxicity associated with cassava consumption. The enzymatic activity of linamarase is rapidly
diminished at temperatures surpassing 75 °C [13,14]. Moreover, the perilous temperature range for edibles is
identified as lying between 8 °C and 60 °C, highlighting the environmental factors where food is especially prone to
the increase of disease-causing bacteria, potentially causing health issues when eaten [14,15]. Fresh cassava root is
classified as a high-risk food due to its moisture content, elevated levels of starch or protein, and neutral acidity
[13,15]. Thin-layer drying actors are therefore confronted to the following contradiction: the drying temperature
should be high to end the drying operation rapidly, and it should be low to prevent the premature elimination of water
upon that of HCN and the destruction of thermo-sensitive nutrients. Regardless of the broad spectrum of existing
literature, the selection of a specific value for the drying air temperature displays considerable variation among various
authors; additionally, even within an individual author’s body of work, the values assigned to drying air temperature
can differ notably from one experimental study to another, lacking any definitive or objective standards [1,16,17,18].

The objective of this paper is to work out a decision-making tool that can help users to fix the value of the air
temperature in thin-layer drying of cassava roots.

2. MATERIALS AND METHODS
2.1. Materials

A newly harvested cassava tuber was procured at the municipal marketplace of Ngaoundéré (7°19° N and
13°33’E) (Cameroon). A universal oven U, model size 750, from the MEMMERT Heating and Drying Ovens
Company was used as dryer. Temperature measurement ranges from 0 °C to 95 °C with a precision of + 0.2. A 2-digit
precision balance, HEMA Elektronish AAM, was used to measure the mass of the samples in the range of 0.00 to
2000.00 g. The precision of measurement of that balance is £ 0.1. A manual stainless-steel dicer of the Genius Nicer-
Dicer Plus TM was used to cut the cassava root in elements of 1 mm thick. A digital vernier caliper was used to
measure the thickness of cassava slicers, its measuring range varies from 0 to 200 mm with a precision of £ 0.05 mm.
A Chrono-Thermo-Hygrometer-speedometer HAISHI Quartz KD 3610 was employed to quantitatively assess the
drying duration, ambient air temperature, relative humidity of the air, and air velocity in a systematic manner. The
measurement of the relative humidity was done with a precision of + 2 %. Measurement of the air velocity was done
with a precision of + 0.05.

2.2. Methods
2.2.1.Composition of a TRIZ technical system

TRIZ represents the Russian acronym for Teorija Reshenija Izobretateliskih Zadatch, which is rendered in
English as the Theory of Inventive Problem Solving (TIPS). Developed by Genrich Altshuller, a distinguished
engineer and inventor from the former USSR, TRIZ serves as a comprehensive toolkit for engineering problem
resolution, spanning the years 1946 to 1998. This methodology effectively consolidates historical solutions and
achievements to illustrate a systematic approach for addressing prospective challenges. TRIZ defines a technical
system as a set of three elements E;, E,, Es. E; is called ‘tool” or ‘active’ object. E; is called ‘product’ or ‘passive’
object and Ej; is called ‘facilitator’ or ‘witness’. In a technical system, E; interacts with E, in order to change its
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physical state or its chemical composition or its shape. The interaction between E, and E; is called ‘Useful function’.
In some cases, the interaction takes place between E; and E, without Es, the technical system is called a “Vepole’, but
if E;, E; and E3 and present, the technical system is called ‘TRIAD’ [19,20].

2.2.2.Formulation of a physical contradiction

A physical contradiction arises within a technical system when: "an element E1, E2, or E3 is required to
possess characteristic 'A' to execute a beneficial function AND simultaneously, this same element must exhibit
characteristic 'non-A' to comply with prevailing constraints and specifications." The ideal final result consists to have
characteristic “A” where and when necessary and characteristic “non-A”, where and when necessary [19,21].

2.2.3.Solving a physical contradiction
There are 4 separation methods for solving physical contradictions:

e Separation in Space: one solution in one place, the opposite solution at another.

e Separation in Time: one solution at one time, the opposite solution at another.

e Separation on Condition:; opposite solution at the same time at the same place; one solution for one element, the
opposite for another.

o Separation in System levels: separate by scale (switch to sub-system or switch to super-system) or switch to inverse
system or switch to another system.

The full description of those separation methods is given by reference [19].

2.2.4.Assessment of the moisture content in cassava

In order to determine both the initial and final moisture content in cassava, three samples were positioned in
an oven programmed to a temperature of 105 °C for 24 hours. The masses of the samples were recorded prior to their
insertion into the oven and subsequently 24 hours later. The calculation of the initial moisture content of the cassava
samples, expressed on a dry basis, was performed utilizing equation (1);

M;—Mg
= @

Xiap =

Where
Xi a: the initial moisture level of a sample, on a dry basis.
M; (kg): Sample initial mass.

Mg (kg): Sample dried mass.

2.2.5.Assessment of the HCN concentration within the cassava root.

Three slices of cassava were used immediately after slicing in order to measure the root's initial HCN content.
After soaking 12 cassava slices in one liter of water for 6 hours, 9 slices were used to dry and then three slices were
used to measure HCN. Following the drying process, each of the 9 cassava slices was used to measure HCN. In
accordance with reference [22], the HCN content of cassava slices was determined.

2.2.6.Drying procedure

Three values of the air temperature were used in three different experiments. For a specific drying air
temperature, three cassava slices were set to dry at 1 m/s for air velocity, 10 % for air relative humidity, the air flow
was made parallel to cassava sample surface. The moisture content at that moment was determined using equation (2),
which involved measuring the mass of each cassava slice every 30 min. and averaging the 3 masses.

Xgp(£) = HOMe )
d
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The variable Xy, (t) refers to the moisture percentage of the sample measured on a dry basis at a particular time t; M(t)
(kg) denotes the mass of the sample at that time, and My (kg) indicates the sample's dry mass. The corresponding
value is employed to ascertain the final moisture content in accordance with equation (3) when the mass of the sample
reaches a state of equilibrium.

Mf(tp)—M
X ap(tr) = %ﬂd (3)

Where
tr (S): end of drying time.
Xt gp: final moisture content of a cassava sample, dry basis.
Ms (kg): the final mass of a cassava sample.
Mg (kg): the dry mass of a cassava sample.

For time values greater than t;, the oven is set to 105 °C for 24 h, the mass of the dried sample is used for modeling the
drying kinetic. The moisture content of cassava samples, wet basis, were calculated according to equation (4):

M(t)-M
Xwp(t) = Td (4)

Where
Xwp (1): the humidity level of a sample at time (t), expressed on a wet basis.
M(t) (kg): the mass of the sample at time (t).
M; (kg): the initial mass of the sample.

Mg (kg): the dry mass of the sample.

3. RESULTS AND DISCUSSION
3.1. The TRIZ technical systems

The drying process brings together many technical systems. A cassava slice can be considered as a technical
super-system, containing a lot of technical systems bound together. A cassava technical system (CTS) is composed by
an elementary quantity of water (E,), an elementary quantity of HCN (E,), and an elementary portion of solid cassava
(E»)). In that cassava technical system, the elementary quantity of water (E;) has dissolved the elementary quantity of
HCN (E;) without need of a ‘facilitator’ or a ‘witness’, that is a TRIZ Vepole. The same elementary quantity of water
(E,) is also upholding the elementary portion of solid cassava (E,:) by means of physical forces, without need of any
‘facilitator’ or ‘witness’, which is another TRIZ Vepole.

Once the drying operation is on, many technical systems can be observed in the form of TRIAD. The technical super-
system is a TRIAD, composed of the dryer as facilitator (E;), the drying air as active object (E;) and the batch of
cassava to dry as passive object (E,). In that technical super-system, the dryer (Es) helps the drying air (E;) to heat the
cassava batch (E,). That technical super-system is composed by a lot of drying technical systems. A drying technical
system (DTS) is also a TRIAD, composed by an elementary quantity of drying air (E;), a cassava technical system
(E2) and the dryer (E3). The elementary quantity of drying air (E,) is the volume or mass of the drying air necessary
for heating an elementary quantity of moisture (E,) on an elementary portion of solid cassava. The dryer (Ez) provides
an elementary volume of the drying room for hosting a cassava technical system (E,). In a drying technical system, the
elementary quantity of the drying air (E;) heats an elementary quantity of liquid moisture (E,), composed of water and
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HCN, inside the drying room (Ez) to accomplish three functions: vaporizing the moisture, up taking moisture vapor
and moving it away.

3.2. The statement of the physical contradiction

The useful function in thin film drying of cassava samples is the elimination of HCN and the elimination of water in a
technical drying system. In that technical system, the drying air is the component that needed two opposite values as
far as its temperature is concerned. The physical contradiction is stated as follows: the drying temperature should be
high to provide enough heat for the vaporization of liquid water and liquid HCN from cassava surface and the drying
temperature should not be high to favorize the elimination of HCN upon the elimination of water.

3.3. The physical contradiction solution set

According to reference [12], HCN is produced by the hydrolysis of linamarin by the linamarase, at 37 °C, in the
presence of water. The value of 37 °C is therefore considered as reference for drying temperature. Drying temperatures
higher than 37 °C should be preferred in order to shorten the drying time. Unfortunately, temperatures above 72 °C
lead to the denaturation of linamarase [12,23]. Reference [24] found that, from a heat consumption point of view, the
elimination of HCN is more cost effective in the presence of water than in its absence. The solution to the physical
contradiction above is stated as follows: “Set the drying temperature around 37 °C by upper values to promote the
production and the elimination of HCN first, set it to higher values to promote the elimination of water then”.

3.3.1.Inventive principle 15: Dynamization

Dynamization is the process of transforming a static drying condition set into a dynamic one. A drying process
can be described as a dynamic problem that first requires a certain value of drying temperature to eliminate HCN and
then a different drying temperature to eliminate water and shorten the drying process.

3.3.2.Inventive principle 34: Discarding and recovering

Since the vaporization of HCN goes along with the vaporization of water, we can decompose a drying
operation into 2 periods. In the first period, a drying step is divided into a discarding sub-step during which HCN and
water are eliminated; and a recovering one, during which the water is recovered and introduced to the drying room
again. In the second period, there is no more HCN in the cassava, only water is eliminated; the recovering sub-step no
longer exists.

3.3.3.Inventive principle 10: preliminary action

A preliminary action to the drying operation consists to introduce cassava slices into a large quantity of water,
heated at 37 °C or above. The production of HCN is therefore ensured and an important quantity eliminated by
solubilization as suggested by reference [4]. The selective elimination of the remaining HCN and the water is done by
monitoring adequately the drying temperature in time.

3.3.4.Inventive principle 11: prior compensation

Since the elimination of HCN by vaporization goes along with the premature elimination of water, it becomes
necessary to humidify a cassava slice by anticipation, increasing its water content by the quantity of water that will be
lost during the removal of HCN. That is considered as a cassava slice water content prior compensation. The
advantage of this solution is the possibility to conduct the drying operation at a high and single value for the
temperature. This inventive principle is used in this work, as a consequence of inventive principle 10.

3.4. The physical characteristics of cassava samples

Table 1 presents the masses and the thicknesses of all the cassava samples for each drying temperature. Mean values
of the initial masses M; (kg) of cassava samples were found to be 32.7, 35.7 and 34 for T=35 °C, T=40 °C and T =45
°C, respectively. In the same way, the mean values of the thicknesses e (*10” m) of cassava samples were found to be
0.94, 0.88 and 0.88 for T= 35 °C, T=40 °C and T = 45 °C, respectively.
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Table 1: physical characteristics of cassava samples

T=35°C T=40°C T=45°C
M;(10° | e(10® | M;(10% | e(10°m)  M;(10° | e (10°m)
kg) m) kg) kg)

Sample 1 36 95 35 0.86 31 0.87

Sample 2 33 89 33 0.94 34 0.99

Sample 3 29 98 39 0.84 37 0.79

Mean value 32.7 94 35.7 0.88 34 0.88

3.5. The HCN content of the cassava root

The initial HCN content was 86.28 + 1.5 mg HCN/kg. According to reference [25], the concentration of HCN
in the cassava root used in this work is more than 50 mg HCN/kg fresh cassava root; this root is believed to come
from a bitter variety of cassava. Previous work found different values for the HCN content in cassava roots: 114 mg
HCN/Kkg [26], 1090 mg HCN/kg [12], values between 104 and 1040 mg HCN/kg [25]. TRIZ Inventive Principle 10
was used to generate and eliminate a significant amount of HCN as a preliminary measure. The HCN content of
cassava samples after six hours in water was 29.14 + 0.8 mg HCN/kg. Although 66.22% of the initial HCN content in
the root was removed by solubilization, the residual value was still more than 10 mg HCN/Kkg, the acceptable limit set
by reference [27].

3.6 Cassava samples initial moisture content

The average of cassava root initial moisture content, wet basis, were found to be 62.33 + 3.13 %, 65.59 = 1.92
% and 65.69 + 3.35 % for T=35 °C, T=40 °C and T =45 °C, respectively. We obtain its values greater than 50 %, the
variety of cassava used in this work should be considered as a high moisture content food-crop [28,29]. Many other
research work found different values previously, ranging from 59 % to 70 % [25]. The mean values of the initial
moisture content of the cassava root, dry basis, were found to be 1.67 + 0.22, 1.91 £ 0.17 and 1.93 £ 0.28 for T= 35
°C, T=40 °C and T = 45 °C respectively. Similar values were found previously in the literature [30,31].

3.7 The influence of drying temperature

The final values of samples of moisture content of samples were found to be 12.62 = 2.70 %, 10.44 +2.23 and 10.77 +
2.04 % for T=35°C, T =40 °C and T = 45 °C, respectively. All those values ranged from 8 % to 15 %, used as
reference for the conservation of dried cassava at ambient temperature [4,29,31]. HCN has a boiling point of 25.8 °C
[32], which made it reasonable in this study to select higher drying temperatures of T = 35 °C, 40 °C, and 45 °C to
assess the effect of temperature on the removal of HCN. Values of the final HCN content of cassava samples were
found to be 7.23 + 1.30 mg HCN/kg, 6.42 + 2.4 mg HCN/kg and 8.06 £ 1.1 mg HCN/kg of fresh cassava root for T =
35°C, T=40°Cand T =45 °C, respectively. All those values are less than 10 mg HCN/kg, the maximum admissible
value set by reference [27] for human consumption. The drying operation ended after 2 h 30 min., 2 h.and 1 h 10 min.
for T=35°C, T =40 °C and T = 45 °C respectively. Cassava roots rote 48 h after harvesting [28]. All the drying
times recorded in this work were far below 48 h, the 3 drying operations were therefore successful. Elevating the
drying temperature to 40 °C, increasing it from 35 °C by 5 °C, is advisable. It helped shorten the drying time by 30
minutes, while increasing it from 40 °C to 45 °C helped shorten the drying time by 50 minutes. All the drying times
were less than 12 h, the vitamin C, niacin and riboflavin are not destroyed during the drying operation [10,14].
Reference [33] conducted an experiment in 2020, where they dehydrated cassava chips with dimensions (3 cm x 2 cm
x 1 cm) and (0.8 cm x 0.6 cm x 0.4 cm) at 60 degrees Celsius for 18 h and 14 h respectively. The findings revealed
that the cyanide content in the dried chips was well within the safe upper limit, and the chip size did not influence the
appearance or the product's quality. Unfortunately, the study failed to disclose the initial and final hydrogen cyanide
content of the cassava samples. By the way, although it is well known that all varieties of cassava contain cyanogenic
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compounds and therefore can produce hydrogen cyanide, many drying works reported in the literature did not care
about its elimination [28].

3.8 Drying kinetics

Figure 1 presents the drying kinetics of cassava samples for T= 35 °C, T= 40 °C and T= 45 °C; relative
humidity of 10 %, air velocity of 1 m/s; and parallel air flow. A drying kinetic was obtained for a specific value of dry
air temperature which represent cassava samples moisture ratio versus time.

Time (s}

Figure 1 : Drying kinetics for V =1 m/s; Rh =10 %; parallel air flow

We obtain two parts of drying kinetics: in the first one, the moisture ratio of each sample decreased with time, while in
the second part, it remained constant.

3.9 Mathematical modeling of drying curves

The drying data obtained for different values of temperature were fitted by Newton model and Wangh and
Singh model. The models were evaluated using R?, root mean square error (RMSE) and reduced chi-square (12
metrics. The ability of a theoretical model to describe the drying behavior of cassava samples for different values of
temperature was based on the highest value of R?, the lowest value of [1? and the lowest value of RMSE. The values of
the coefficient of determination, denoted as R2, were observed to be: 0.9979; 0.9982; and 0.9951 for the Newton
model, while the Wangh and Singh model yielded values of 0.9935; 0.9950; and 0.9970 corresponding to the drying
temperatures of 35 °C, 45 °C, and 45 °C, respectively. All values obtained are above 0.9, which means a good
correlation between experimental and theoretical data for all three temperature values. Similar results on the
coefficient of determination have been reported in the literature for various food products with different temperatures
and different air velocities [34,35,36,37]. Values of chi-square (12) were: 1.75*10-2; 1.36*10-2 and 1.26*10-2 for the
Newton model and 5.5*10-3; 4.8*10-3 and 1.7*10-3 for Wangh and Singh model at drying temperature of 35°C, 40°C
and 45°C respectively. The chi-square values ([_2) obtained using the Wangh & Singh model were ten times lower
than the values obtained using the Newton model, showing better agreement with the experimental results. The chi-
square values (112) determined by reference [36] when drying pretreated cassava chips ranged from 8.94*107 to
13.33*10°°. They were better than those obtained with the Newton model, but the Wangh and Singh model gave the
best results. The values of RMSE were: 11.84*10% 10.08*107 and 8.69*107 for the Newton model and 6.63*10-2;
6.01*102 and 3.19*102 for the Wangh and Singh model. At lower values, the Wangh and Singh model fitted the
experimental results better.

4. CONCLUSION

The TRIZ separation in time method was used to work out an effective way of choosing the value of the air
temperature in thin-layer drying process of cassava roots slices from bitter varieties. By so doing, it became possible
to eliminate the cyanogenic compounds that make cassava toxic and unpalatable and to preserve thermo-sensible
substances like vitamin C, niacin and riboflavin. The effective elimination of the hydrogen cyanide was done in two
steps. In a preliminary action the hydrogen cyanide was eliminated by solubilization in water. In a second step, it was
eliminated by vaporization during drying. Values of the residual hydrogen cyanide in cassava slices were less than 10
mg HCN/kg, the maximum admissible value set by reference [27] for human consumption.
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