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ABSTRACT

The objective of this study was to define, from literature data, the most relevant water sorption
isotherm to use in simulation models for cassava root processing. The isotherm should be as
global and generic as possible. Compiling isotherms from the literature showed that the variety
of cassava and the level of processing generally have a negligible or unclear influence on the
sorption behavior. Moreover, no significant hysteresis between adsorption and desorption is
observed. For the purpose of simulation, measuring the sorption properties specific to each batch
of product appears to be irrelevant. Actually, for this purpose, global properties, representing
the average product behavior are preferred to propose equipment pre-design available for a large
range of products. Following the wisdom of crowds theory, it is assumed that the mean value of
sorption measurements with uncertainties on products from various origins from a dataset that
is sufficiently large will represent the behavior of an average product with an accuracy sufficient
for the purpose of simulation. A global, generic model (eq. [1) was obtained by fitting all the
ad- and desorption data reviewed to a temperature-dependent model. A model of the heat of
sorption was deduced from this global model (eq. . Both models are valid in a 25 — 90°C
temperature range and a 0.05 — 0.93 water activity range.
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where X 1is the moisture content (d.b.), Tk the temperature (K), a,, the water activity, L, the heat of

Nomenclature

A, B, C, D, F constant parameters of sorption isotherm models

a, b, ¢, d, e, f, g constant parameters of heat of sorption models

Qo water activity

Ad> adsorption

<De desorption

E mean relative deviation on X between model and experimental data (%)
EStd standard error on a,, between model and experimental data (%)

sorption (J-kg=1), L, the latent heat of vaporization of free water (J - kg=!).
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GAB Guggenheim, Anderson, and De Boer
L, latent heat of vaporization of free water (J - kg~—1)

L, heat of sorption of water in the product (J - kg=!)
M molecular weight (kg - mol~1)

p slope of log(aw) = f(1/Tk) (K)

P pressure (Pa)

qst net heat of sorption (= L, — Ly) (J - kg™!)

R ideal gases constant (J.mol~! - K1)

T temperature (°C')

Tk temperature (K)

X moisture content (d.b.)

Xm monolayer moisture content (d.b.)

Indices and subscript

v vapor
sat at saturation

w free water

P product

C modified Chung-Post model
F Ferro-Fontan model

G GAB model

H Henderson model

MH modified Halsey model
MHe modified Henderson model
O Oswin model

Pe Peleg model

S Smith model

SG simplified GAB model

SMH simplified modified Halsey model

1. Introduction

Cassava is a major crop in humid tropical regions. Its starch-rich roots are processed for human
food, animal feed and industry. Its nutritional value, agronomic yield, ability to grow in poor,
scarcely irrigated soils for long periods of time make it a strategic crop and a staple food for
nearly 500 million people in the tropics (7). Indeed, with 250-103 kcal /ha/ dayﬂ it is considered as
one of the most productive sources of carbohydrates among crops. In comparison, corn produces
200 - 103, rice 176 - 10% and wheat 110 - 10® kcal /ha/day (2). However, cassava roots have one
weakness: their short shelf life of about 48 hours that is responsible for considerable losses and
limits their sale.

Water activity (aq, eq.[3)) is a good indicator of food stability. It indicates the availability to
water react chemically to enable a change in state or the growth of microorganisms. Reducing
the water activity of a product, for example, by drying, is a common way to improve its conser-
vation. Drying is widely used for cassava roots. Currently, in Africa, where 62% of the world’s
cassava-growing area is located (7)), 49% of these roots are processed, mainly into dried flours or
fermented pastes (], [5)). Flours can be fermented, unfermented, gelatinized and stir-fried (e.g.
gari), sun or oven dried. Processing units are generally small with little mechanization and/or
optimization. To increase their processing capacity, they often have to switch from sun drying
to artificial drying. As artificial drying is expensive and energy-intensive, modeling is a good
way to optimize this operation, improving profitability and the ecological impact of the whole

n comparison, a well-nourished adult consumes on average 2.50 - 103 kcal/day



process.

_ P(T)
= Pv,sat(T) (3)

where P, is partial vapor pressure in equilibrium with the humid product and P, s4¢ the saturation vapor
pressure of pure water at the same temperature T .

Water sorption isotherms are required to study cassava root product stability and drying
(6], [7). Depending on the way of sorption these equilibrium data are measured, it can be either
an adsorption or a desorption isotherm. These phenomena are not fully reversible. Several authors
proposed mostly empirical equations to fit these data, thereby enabling their use to predict the
sorption behavior of a product. In a computer program, a robust and invertibleﬂ model that
confirms that a,, = 0 when X = 0 and X — oo when a,, — 1, being temperature-dependent,
would be preferred. The heat of sorption deduced from these isotherms should also be consistent
with the latent heat of vaporization of pure water.

In many cases, for the purpose of simulation, the sorption isotherm of a mixture can be
acceptably predicted with its compound isotherms (& [9). As cassava is mostly composed of
starch (75% d.b. according to CIQUAL online database (10)), and starch is composed of 28% of
amylose and 72% of amylopectin (average from (I17],[72)), it is assumed that sorption isotherms
of starch, especially starches with a high amylopectin content, can be used as a reference for
cassava.

The objective of this study was to define the most accurate, consistent, robust and reliable
water sorption equation to simulate cassava processing. Its use to model several varieties or
cassava-derived products will be discussed. Many sorption isotherms have already been measured
in several cassava varieties and products. Since the model should be as generic and robust as
possible, measurements made on a specific batch are not relevant here. A literature review is
proposed below. Sorption measurements, either as raw data or as sorption models fitted to
measurements, were collected from the literature and compared. Their validity and the influence
of various parameters were used to choose the best model to simulate cassava processing.

2. Review of the literature

2.1. Sorption isotherm measurement methods and models

Most of the measurements compiled here were taken using discontinuous measurement methods.
Most were taken on both cassava root-derived products (I3H28]) and other starches (29H32),
obtained using the static gravimetric method. This well-known method is based on multiple
salt or sulfuric acid solutions controlling air relative humidity. Samples are weighed regularly to
determine the equilibrium moisture content. Chisté et al. (33)) developed another method using
water and silica gel to vary air relative humidity. These authors then modified the method,
beginning by dehydrating the sample with a salt solution (%7]). Although static gravimetric
methods ($3H35)) require little equipment, there are many sources of uncertainty. Indeed, a
large number of salt solutions have to be prepared and the multiple manipulations could render
the temperature and hygrometry conditions less stable. Gibert et al. (27)) proposed low-tech
measurement equipment that, automating the weighing, enabled a reduction in the number of
manipulations, and hence the uncertainties.

In a previous study on various starches, Van den Berg (56)) and Cova (37) used continuous
gravimetric methods with continuous control of air relative humidity, with a McBain balance
and a controlled atmosphere micro-balance, respectively. As the samples are not removed from
their environment and no salt solutions are used, uncertainties are minimized.

2X = f(aw,T) and aw = f(X,T) are both needed



Apart for a few sorption measurements that were published as raw data (79-H27],[38]), all these
authors fitted their measurements with one or more sorption equations. Some equations provided
by the authors did not enable accurate regeneration of the isotherms. In these cases, we extracted
raw data from the figures included in their articles (25} [39)). A compilation of sorption equations
used in the articles we reviewed is presented in table|l} In the literature, the GAB (Guggenheim,
Anderson, and De Boer) model is the most widely used. This may be due to the fact that its
parameters have a physical meaning, such as X,,, the monolayer moisture content, known to
represent a moisture content at which the product is very stable. Unlike the other models, it is
not invertible, meaning it is impossible to express analytically a,, as a function of X. The Peleg
equation has the advantage of fitting a lot of food product sorption isotherms well (/0] but does
not include the expected bounadries and is not temperature dependent. In the end, only Halsey,
Oswin and Henderson equations are invertible and respect the expected boundaries: X = 0 when
ay = 0 and X — oo when a, — 1. Among them, only the modified Halsey -empirical- equation
is temperature dependent, and is therefore probably the most suitable to simulate drying. In our
review at least, it was the only equation that satisfies all our criteria for inclusion in a simulation
model of drying cassava.

Table 1. Sorption isotherm equations for cassava.

Model name Equation X when a,, -0 X when a,, — 1
Modified Halsey (41)) X = (ewp(AMH_BMH.TK))1/cMH 0 00
Y —log(aw)
Chung-Pfost (72)) X = —& ~log(% -log(aw)) —00 finite number
GAB (73H75) X X AG-aw 0 finite number

= U-Bgaw) (1-kawt+Ag B -aw)

Simplified GAB (/6) ay“’ = Agsg - a2, + Bsg - aw + Csg 0 finite number
B
Oswin (47) X =A0- (ﬁ%:) © 0 )
A 1/Cp .

Ferro-Fontan (Z8)) X = <m> 0 finite number
Peleg (49) X =Ap, -aﬁpe + Bpe -aBPe 0 finite number

Smith (50 X = Ags + (Bs - logio(1 — aw)) finite number ()

. _ (=log(l—ay)\'/PH

Henderson (571)) X = ( yr ) 0 ()

Modified Henderson (28) aw =1 — exp(—Aprme ~TI]?MHE . XCIVIHE+D1VIH6‘TK+F1VIH6'T12<) 0 finite number
2.2.  Heat of sorption calculation methods and models

In theory, the heat of sorption can be deduced from sorption isotherms using the Clausius-
Clapeyron equation or directly by calorimetric measurement. However, we found no calorimetric
measurement for cassava in the literature. Two methods based on Clausius-Clapeyron equation
were used in the articles considered in our review, and both strictly require sorption isotherm
equations at several temperatures. The calculated heat of sorption is usually presented either as
a fraction (%) or as the difference (L,(X) — L,) from the latent heat of vaporization of free
water. Both methods can be used indifferently.

2.2.1. Method 1: Heat of sorption over latent heat of vaporization

The Clausius-Clapeyron equation is used to express the latent heat of vaporization of free water
and the heat of sorption using eq. {4} leading to eq. |5 when integrated (Z13]).

1 dP, _ dTx 1 dPy @
Lp Pv R- TK2 Lv Pv,sat




L
log(P,) = L—p -10g( Py sat) + constant (5)
v

where Tk is the temperature (K), L, the cassava heat of sorption (J -kg=1), L, the latent heat of
vaporization of free water (J -kg~'), P, the vapour pressure in the product (Pa), P, st the saturation
vapor pressure (Pa), R the perfect gas constant (J -mol=1 - K~1).

Sorption isotherms measured at several temperatures are used to create a non-parametric
representation of log(P,) against log(P, sqt) at several moisture contents. Each curve has its own
slope, which is the ratio of the heat of sorption (L)) to the latent heat of vaporization (L,) of free
water. Compiling these slopes makes it possible to express them as a function of the moisture
content using empirical eq. [0}

Lp(X)

T =1+a-exp(—b-X) (6)

where a and b are constant —empirical— parameters.
2.2.2. Method 2: Net heat of sorption

The Clausion-Clapeyron equation also makes it possible to express the latent heat of vaporization
of free water (eq.[7) and the heat of sorption (eq. . Subtracted, they lead to eq. @

R d(log(Pv,sat))

S VI €Y% "
_ R d(log(F))
b= N /T, v
R [d(og(5)) R [d(log(aw))
vty b= | s | x| e ©

where qs; s the net heat of sorption and M,, the molar weight of pure water (kg -mol=*).

With sorption isotherms, curves of log(a,,) versus 1/Tk are plotted for several values of X,
showing lines whose slopes p can be expressed as a function of X. Net heat of sorption is deduced

from p(X), like in eq. [12| and then fitted using eq. [11] or eq.



Table

eq. 13

2. Data used for the cassava heat of sorption model (J.kg~1).
With < De the desorption, Ad > the adsorption, a & b coefficients of eq. @ c & d coefficients of eq. and e & f & g coefficients of
Product  Sorption a b ¢ d e f g X range T range Source
Root < De 3.3446  10.9569 - - - - - 0.04 - 0.2 30 - 60°C (77)
Root < De - - 155964  0.836 - - - 0.04 - 0.3092 30 - 60°C (z6)
Root Ad > - - 138743  0.841 - - - 0.04 — 0.3092 30 — 60°C (16)
Gari < De 4.17 30.80 - - - - - 0.04 - 0.2 40 — 70°C Z3)
Mash < De - - 636667 1.4 - - - 0.04 - 0.24 40 - 90°C (22} 139)
Chips < De - - - - 19.821 3.181  35.335 0.05 - 0.4 25 - 60°C (25)
log(qst(X)) = e+ f-log(X) —g- X (12)

where ¢, d, e, f, g are constant —empirical— parameters.

2.2.83.  Parameters of cassava heat of sorption models

As emphasized above, to be able to deduce the heat of sorption with the two methods, sorp-
tion isotherms must be available at several temperatures. With this limitation, in the sorption
isotherms compiled in section [2, the heat of desorption was only estimated from cassava root
(16)), cassava chips (23), cassava mash (22} [39)) and gari (17)) isotherms, and the heat of ad-
sorption from cassava root (74} [76]) and fermented flour (26]) isotherms. Parameters for the
calculation of the heat of sorption with equations [f] and [T1] are presented in table 2] Ajala et al.
(23) and Sanni et al. (26)) did not fit their heat of sorption to an equation. Data to be plotted
were thus extracted from their plot and are discussed in section [3.4]

3. Discussion

3.1. Validity of the isotherms

8.1.1. Measurement uncertainties

Measurements of adsorption and desorption isotherms using the gravimetric salt and acid method
are subject to uncertainties such that deviations of 0.1—0.2 on the a,, are common. Furthermore,
uncertainties on both X and T" may add up. Possible origins of these deviations are:

e the different operators

e the different times left to allow the system to reach equilibrium (generally not mentioned)

e a specific measurement bias at relatively high temperatures: some of the water contained
in the product may evaporate when it is removed from the desiccator for weighing. Thus,
measurements taken between 10 °C and 40 °C are generally more reliable than those taken
at higher temperatures.

Although some articles provide information on model uncertainties none provide data on the
measurement uncertainties. Consequently, the figures presented hereafter may include error bars,
as taken from respective articles and listed in tables [f| and [6]

3.1.2.  Comparison of cassava and starch isotherms

The starch curves in figure [1| are surprisingly very dispersed for an almost pure constituent. The
span of moisture content values is quite constant from a,, = 0.2 to a,, = 0.6. Below and above
these values, the range of values is narrower, as expected near a,, = 0 and a,, = 1. Discrepancies
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Figure 1. Starch adsorption (Ad>: full triangles) and desorption (<De: empty triangles) isotherms at 25 — 30°C.

between sources can be partly explained by measurement uncertainties (see section and
differences in the starch composition or structure due to the use of different extraction processes
and botanical origin (52]). What is more, no significant hysteresis is visible between adsorption
and desorption starch isotherms. Its influence may be weaker than measurement uncertainties,
botanical origin or extraction processes.

The Cova et al. (37)) isotherm on cassava starch can be considered as a reference since, unlike
the other authors, the measurement made by Cova et al. (37) is continuous and automated.
Hence there cannot be a single inaccurate point: either the measured isotherm is entirely valid
or entirely false. As this isotherm is in the same range of values as the ones measured by other
authors, we consider it as a valid and accurate reference at 25°C both for ad- and de-sorption,
as hysteresis is negligible (see previous and next section).

To check the validity of cassava isotherms while ensuring readability, figure 2| presents cassava
desorption isotherms at 25 — 30°C (14H16) [24], 127, (33],(34]) and three starch sorption isotherms:
the extremum (29, [36]) and the one of native cassava starch (37)), as explained above. Cassava
desorption isotherms are intermediate between powder with high amylopectin content (29) and
wheat starch (56]) isotherms. Except tapioca flour (33) and fermented flour (27]) isotherms,
cassava isotherms remain within a consistent range of values if the measurement uncertainties
presented in section [2.1] are taken into consideration. The same observation applies to cassava
adsorption isotherms (76H78l, 20 (211, [27], [33], [3]], [38)).

At higher temperatures, starch isotherms are available only for highly amylopectin powder
(29) and corn starch (32]). Powder with high amylopectin content (29)) was found to have the
lowest moisture content at all water activity values. On the contrary, at 30°C, the corn starch
isotherm (52)), is the average of the other starch isotherms and similar to the native cassava
starch isotherm (57)) for a,, < 0.6. For this reason, the corn starch isotherm (32)) seems to be
a good reference for a wide range of temperatures. As a matter of fact, at higher temperatures,
cassava isotherms closely resemble corn starch isotherms (32)) and are higher than those of highly
amyloptectin powder (29) (data not shown).

All the above observations are consistent with the characterisctics of type-II isotherms, re-
flecting similar material structure that is either non-porous or macro-porous. Thus, since the
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Figure 2. Cassava desorption (<De) isotherms at 25 — 30°C and reference sorption isotherms for starch.

cassava sorption isotherms we reviewed are consistent with starch isotherms, they are considered
valid, whereas the validity of tapioca flour (33)) and fermented flour (27]) isotherms is question-
able, as they are not fully consistent with the measurements reported by the other authors.

3.2. Hysteresis between adsorption and desorption

Hysteresis is often observed between the adsorption and desorption of water in a product. This
phenomena is generally explained by the nature of bonds between water and the product. It
can be partially explained because capillary filling of micropores is often easier than emptying.
Moreover, during adsorption, the structure of the starch can change, in which case desorption
would not follow the same path (53). In fact, adsorption and desorption phenomena depend on
the initial degree of crystallinity of the product (54)).

Figure 3| groups adsorption and desorption isotherms of cassava roots and derived products at
40°C. The curves are remarkably similar, except for two fermented flour isotherms (2], [26]),that
are located slightly below the others and are less curved. Fermented flour isotherms in Hawa et
al. (24) were considered as not consistent with the isotherms of the other cassava products at
30°C presented in section 3.1l The same kind of discrepancy was observed between the isotherms
presented in Sanni et al. (26]) and reported by the other authors mentioned in section The
reason for these discrepancies is not clear but seems to be less due to hysteresis than to the origin
of the product or to the validity of the measurement, as the seven other ad- and de-sorption
isotherms plotted here are similar. While the maximum deviation for starchy food occurs around
ayp = 0.7 (57)), above a,, = 0.65, the seven similar isotherms are in the range of prediction error
of the model fitted by Aviara et al. (74]). For lower a,,; only the one measured by Cahyanti et
al. (I7) is located at a short distance from the others, all of which are located close together.
Thus, no significant difference between adsorption and desorption can be highlighted. The same
observation applies when cassava product isotherms at 30°C and 60°C are compiled.

The existence of hysteresis between adsorption and desorption is not questionable and most
authors have observed this phenomenon (76], [33] [57]). Nevertheless, when we compare isotherms
from different works, 4.e. obtained using different techniques and different materials, beyond
measurement or model uncertainties, the poor reproducibility and the different origins of the
products mask the less noticeable hysteresis. In other words, hysteresis is not numerically sig-
nificant compared to the discrepancies between authors. Likewise, Roman et al. (9]) considered
hysteresis to be negligible in their model predicting food sorption isotherms.
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Figure 3. Comparison of adsorption (Ad>) and desorption (<De) isotherms of cassava products at 40°C.

3.3. Effect of temperature

Temperature affects the phase equilibrium of water and, more generally, the capacity of a sub-
stance to trap moisture in the air (57)), called hygroscopicity, which is well represented by
sorption isotherms. At constant water activity, the moisture content of most cassava products
(roots, flour, gari, mash, fermented or unfermented) decreases with an increase in temperature
(13H18, 12227126, (28], (39, [55), [56]), in agreement with the behavior generally observed in food
products (57]). Conversely, different behavior representative of low-molecular-weight food con-
stituents (57]), was observed by two authors (79, [20)) on gari. Zakhia et al. (20]) observed that,
for a,, greater than 0.5 — 0.7, an increase in temperature led to an increase in the equilibrium
moisture content. At constant water activity, Adeteju et al. (19) measured an increase in gari
moisture content between 40°C and 50°C but a decrease between 50°C and 55°C, which could
be explained by gari different forms of processing, including grating, fermentation and partial
gelatinization, that damage the cells. According to (20), thanks to the plasticizing effect of wa-
ter, free spaces are created within gari matrix thereby increasing the water sorption capacity.
Contradictory conclusions were drawn by (73, [22] [39)), possibly due to differences in process-
ing procedures not identified in the articles concerned. Comparing different sources and their
own measurements, Gevaudan et al. (22 [39)), reported that the effect of gelatinization on the
sorption process of cassava is very weak. Depending on the preparation, the composition of gari
and measurement uncertainties, different authors reported gelatinization to either increase or
decrease product hygroscopicity.

Temperature-induced variations in hygroscopicity are weak in starch (29} [32]), which we
consider as a reference, as well as in native cassava mash (22] [37), cassava grates (13)), cassava
chips (23, [28)), fermented cassava flour (17, [24] 126)) and gari (13} [19) 20 [56])). Conversely, few
works report a strong influence of temperature on the hygroscopicity of cassava flour (78]) and
cassava roots (7], [76)). These conclusions can be questioned. For instance, the results reported
for cassava flour from (78)) do not match those reported for similar products: cassava grates
(Z5) or fermented cassava flour (17, 24, [26]). Similarly, results for whole cassava roots (74}, [16))
surprisingly differ from those of native cassava mash (22 [39). Moreover, the temperature-



induced difference between the isotherms measured by Koua et al. (16]) increased with a,,
which is doubtful since the isotherms of the same product generally converge when a,, — 1.
Secondly, the isotherm measured at 60°C is also doubtful, since it is far from the one measured
at 45°C and shows no asymptote for a,, = 1. Further, the high temperature influence observed
by Aviara and Ajibola (77]) needs to be be confirmed either by other measurements or by re-
interpreting the calculated heat of desorption. Overall, the data from the reviewed literature is
not robust enough to make a conclusion on the effect of temperature. From the measurements
of Koua et al. (16]) and Aviara and Ajibola (77)), it seems that the sorption behavior of cassava
roots would be strongly influenced by temperature while that of processed cassava would not.
However, these sorption data are doubtful because they lead to unrealistic values of heat of
desorption.

3.4. Physical consistency of estimated heat of sorption

Heats of sorption have been deduced from sorption isotherms by several authors using methods
detailed in section [2:2] In figure [d] no significant difference between heat of adsorption and des-
orption can be identified. As discussed in relation to the significance of hysteresis, the difference
between heats of adsorption and desorption is significant for a given author (76)) but becomes
insignificant when different authors are compared.

<De chips (25))
<De chips (23)
<De root (14)

<De root (16)

Ad> root (16))

<De gari (13)

Ad> SD fermented flour (26))
Ad> CD fermented flour (26)
Ad> RD fermented flour (26))
<De mash (22 [39)

- Free water at 50°C

Heat of (de)sorption (M J.kg™!)

Moisture content (d.b.)

Figure 4. Heat of adsorption (Ad>) and desorption (<De) for cassava products. With SD, CD, RD respectively sun
dried, cabinet dried, and rotary dried fermented flour.

On average, for the range of moisture content considered here, the net heat of sorption of
food products gs+ = L, — L, represents 10 — 20% of the total heat of desorption L, (57)), which
is often neglected in drying simulators in which only the latent heat of vaporization of pure
water is considered. Table [3| and Figure [4] show that the heat of desorption deduced by Aviara
et al. (74)), Ajala et al. (23) and Salgado et al. (23)), which has never been reported elsewhere
in drying, are way too high to be physically consistent. Similarly, the heat of sorption calculated
by Koua et al. (16)) is also significantly higher than the latent heat of vaporization of free water
at X = 0.3, for instance. At this moisture content, at 30°C — 60°C, water activity is close to
one, i.e. 0.8 — 0.9, and one would expect desorption heat to be closer to the latent heat of
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vaporization of free water. For Koua et al. (16)) and Aviara et al. (74]), these differences may be
related to the influence of high temperature on sorption isotherms, which was only observed by
these two authors. It should be noted that calculating the heat of sorption involves numerical
derivation of the measured temperature, thereby amplifying errors, and possibly leading to
physical inconsistencies. In contrast to works by (77}, [Z6]), it also reinforces the hypothesis that
temperature has a weak influence on sorption isotherms. In other words, all cassava products may
have their sorption isotherms modeled by a weak temperature influenced model. Furthermore, the
net heat of sorption reported by Salgado et al. (25) and Sanni et al. (26]) surprisingly decreases
below a certain moisture content. It is physically questionable, as it is usually considered that
the lower the moisture content of a product, the stronger the bonds between the water and the
solid and, hence, the greater the energy required to extract, i.e. desorb, the water. Therefore,
the physical consistency of these isotherms (25, [25] [26]) are questionable. What is more, Ajala
et al. (23) measured sorption isotherms at high temperatures, where measurement uncertainties
are greater (see section . Physically more consistent heats of sorption were found by Fasina
et al. (13)) and Gevaudan et al. (22],[39)), 20% higher or less than the latent heat of vaporization
of free water and very close to free water enthalpy at high equilibrium moisture content.

Table 3. Importance of net heat of sorption of cassava products.

Product Sorption  Mean LpL;pLU Xm LPL;I)LU at X, Source
Chips < De 37% 0.0663 4% 25)
Chips < De 36% 0.1°¢ 61% 23)
Root < De 36% 0.0663 @ 63% )
Root Ad > 24% 0.0506 P 42% (T6)
Root < De 23% 0.0551 P 42% (T0)
Rotary dried fermented flour Ad > 24% 0.067 © 26% (26))
Sun dried fermented flour Ad > 23% 0.067 © 22% (26)
Cabinet dried fermented flour Ad > 22% 0.067 © 24% (26)
Gari < De 17% 0.0633 # 37% z3)

Mash < De 7% 0.0731 ® 16% (22, [39)

a Average X, of all the GAB models reviewed here (see table @)
bThe average X, of all those proposed by these authors at different temperatures.

¢ Considering all the GAB models reviewed here, the X value closest to the average X, at which the net heat
of sorption was calculated by the authors.

In most drying simulations, the moisture content at the surface of the product decreases
drastically to converge towards equilibrium moisture content. Table [3| compares the importance
of the net heat of sorption versus the global heat of sorption of free water at X,,,. The table shows
that, except for Gevaudan et al. (22],[39)), the net heat of sorption is not negligible at low moisture
content. At even lower moisture content, the heat of desorption increases, and is consequently
no longer negligible even for Gevaudan et al. (22, [59)). Indeed, (i) the equation to which the heat
of desorption is fitted must have an asymptote at X = 0 and (ii) no measurement is currently
available at or under X,, where uncertainties are high. Such high values for desorption heat at
low moisture content have a poor physical basis and should be avoided in a drying model.

3.5. Product dependence

Intuitively, the fact that cassava is processed or not is expected to influence its sorption isotherms.
For a simple comparison, two groups of sorption isotherms were selected: one representing prod-
ucts containing whole —intact— cells and another containing partially de-structured cells. As
shown in figure [5| apart from the fermented flour isotherms measured by two authors (27], [26]),
the groups representing the two "processing levels" are completely mixed. The discrepancy be-
tween these two fermented flour isotherms and isotherms provided by other authors was already
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highlighted in sections 3.1} [3:2] and [3.4] What is more, the discrepancy between these fermented
flour isotherms and the other isotherms plotted in figure [5] does not seem to be linked to the
level of processing. Indeed, a fermented flour isotherm measured by another author (3%)) is more
similar to the five other isotherms plotted here. Moreover, the extruded cassava isotherm (27)),
which is the isotherm of the most highly processed product, is similar to cassava root isotherms
(74),[16)). As a first —counter intuitive— conclusion, the influence of the structure of cassava cells,
e.g. the level of processing is negligible.

The isotherms measured by three authors (23], [27],[26]) look slightly different from the others.
This discrepancy was mentioned in each preceding section but could not be clearly explained.
It is neither due to hysteresis, nor to the level of processing. As the heats of sorption calculated
using the Sanni et al. (26) and Ajala et al. (23]) isotherms were physically inconsistent, these
isotherms are questionable. Likewise, the discrepancy between the fermented flour isotherm (27))
and the other authors’ isotherms may be due to a property that could not be investigated in the
present study: the composition, i.e. the variety or the maturity of the root.

The figures in previous sections, with the exception of three authors (23] [27], [26]), as dis-
cussed above, suggest that the influence of the level of processing on sorption phenomena is
weaker than the influence of the methods of measurement, model uncertainties or other pa-
rameters on which we could not discriminate the measurements as they are not mentioned in
the reviewed articles. These unexplored parameters could be the origin, variety, maturity of
the roots or environmental factors afecting their growth and characteristics. Furthermore, the
discrepancies observed between cassava sorption isotherms of different varieties, processed dif-
ferently, measured by different authors, as plotted in figure [2| are smaller than the discrepancy
between the starch sorption isotherms measured by several authors.

Possibly due to partial gelatinization or stir-frying in vegetable oil, above a certain water
activity and/or temperature, the hygroscopic behavior of Gari may differ from that of other cas-
sava products, as reported in only two works (7.9, [20)) (see section. In any case, the difference
is small and is not clearly explained by these authors. Consequently, until specific complemen-
tary work is undertaken, modeling gari sorption exactly like any other cassava products should
be acceptable.

3.6. A generic water sorption model for cassava products

As discussed in previous sections, neither significant hysteresis between adsorption and desorp-
tion, nor a clear influence of the level of processing was found. The influence of the raw cassava
origin, ¢.e variety, maturity, growing techniques and environment, could not be really discussed
as it is generally not specified in the articles. In fact, it is difficult to study the influence of
roots origin, as it depends on a lot of uncontrolled environmental factors. Nonetheless, most of
the measurements collected in this study, measured on products from various origins, present
consistent and similar trends and values. Therefore, in the absence of additional data, neglecting
the effect of the raw product origin is acceptable for the purpose of simulation. Thus, a robust
sorption model for cassava products simulation could be deduced by fitting a selection of the
data compiled here to the modified Halsey equation. All data were included, except the isotherms
measured by three authors (23] [24] [26]), for the reasons given in section By freeing itself
from the measurement uncertainties specific to each author and from unclear or unexplained
variabilities which then offset each other, we believe this model best represents the average be-
havior of cassava products during adsorption and desorption. This approach is similar to those
based on the wisdom of crowds used in other fields (58] [29)). As an illustration, the diagnosis
of a group of medical students often proves to be better than that of an experienced specialist,
as their individual mistakes offset each other’s (58] [59). Likewise, assuming that the dataset is
large enough, the mean value of measurements with uncertainties on products from various ori-
gins should be close to the physical reality being measured on a representative, average product,
using a method free of uncertainties.

A fit with all the 3 parameters (Anarpr, Barm, Carrr) was first calculated, see table 4l The
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Figure 5. Desorption and adsorption isotherms of cassava products with whole (solid lines) and partially destructured
cells (dotted lines) at 30°C. With SD, CD, RD fermented flour respectively sun dried, cabinet dried and rotary dried.

large uncertainty (e.g. 36%) on parameter Ay and its weak influence favored a second fit with
Aprp = 0 denoted "simplified modified Halsey" (eq. . The uncertainties on Bjsp parameter
also notably reduced from 8% down to 2%. Indeed, figure |§| shows that the model with two
parameters is equally accurate.

X = <€$P(—BSMH : TK)>1/CSMH (13)

—log(ay)

where X is the moisture content (d.b.), a,, the water activity, Tx the temperature (K), Bsyg and
Csnpm are empirical coefficients.

This generic isotherm model is in the same range as the cassava starch sorption isotherm
measured by Cova et al. (37) (see figure[6)) we used as a reference for this study (see section [3.1]).
This tends to confirm both the validity of this model and the first assumption of this article:
the sorption isotherm of a mixture can be acceptably predicted with its compound isotherms
(&) for the purpose of simulation. Thus, raw and processed cassava sorption phenomena can be
modeled by sorption isotherms of powder with high amylopectin content, itself well modeled by
the model proposed here. After checking, this assumption could be extrapolated to other starchy
roots, such as yam, sweet potato or taro.

Table 4. Parameters of a generic model of the cassava sorption isotherm.

Model A B C Qw T (°C)  Residues
Modified Halsey 1.15075 £ 0.4175 0.0182291 + 0.001391 1.8693 + 0.04182 0.05-0.93 25-90 0.473329
Stmplified modified Halsey 0 0.0145172 £ 0.0002362  1.86838 £0.04204 0.05-0.93 25-90 0.473913

Heat of sorption (eq. [14) was deduced from this simplified modified Halsey model following
the method explained in section[2.2] As the isotherm model, it should be valid both for adsorption
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Figure 6. Generic ad- and desorption isotherms of cassava products (obtained by fitting measurements made by 17
authors).

and desorption. It is on average 18% higher than the latent heat of vaporization of free water
and really close to it at high water activity (see fig. . Thus, this heat and isotherm of sorption
can be considered as physically consistent (see section [2.2]).

L,=62111-10>. X867 1 1, (14)

where X is the moisture content (d.b.), L, the cassava heat of sorption (J -kg='), L, the latent heat of
vaporization of free water (J - kg=1).

At X = 0.111 (i.e. 10% w.b.), i.e. the cassava flour standard in Nigeria (60)), this heat of
sorption is 14% higher than the latent heat of vaporization of free water. On one hand, this
observation confirms that it is better not to neglect the heat of sorption. On the other hand,
available sorption measurements at moisture contents below 5% d.b. are rare and involve high
measurement uncertainties thus making estimates of heat of sorption less reliable than the well-
known latent heat of vaporization of pure water. It is thus advisable to consider L, constant at
moisture contents lower than the lowest moisture content at which sorption was measured.

4. Conclusion

The objective of the study was to define the best sorption isotherm to be used for simulations
of cassava processing, particularly drying. Many ad- and de- sorption isotherms measured by
different authors on various cassava products (roots of different origin, level of processing, etc.)
at several temperatures, are available in the literature. We first compiled and compared these
sorption isotherms and found no clear or significant influence of the hysteresis between adsorption
and desorption, nor of the level of processing nor of the origin of the product. For the purpose of
simulation, we thus considered it was appropriate to use a generic, global model for all cassava
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Figure 7. Generic heat of sorption of cassava products compared to the latent heat of vaporization of free water

products. What is more, according to the wisdom of crowds theory, a mean measurement based
on a sufficiently large dataset can be considered an accurate approximation of the physical
reality.

Therefore, second, we fitted all valid sorption data we compiled to a temperature dependent
model and propose a global, generic, sorption isotherm model. A heat of sorption model was
deduced from this isotherm model. Both models are valid in a 25 — 90°C temperature range and
a 0.05 — 0.93 water activity range.

Furthermore, cassava being mainly composed of starch, the global model proposed here was
compared to a starch sorption isotherm considered as reliable. The model could well represent
starch sorption behavior. Firstly, this tends to confirm the assumption that the sorption behavior
of a product can be predicted by the sorption behavior of its components. Secondly, it opens the
way for using this model for other starchy products. Finally, the approach proposed here, i.e.
fitting literature data to an equation to obtain a global, generic model, could also be applied to
other product characteristics.

Funding

The research conducted in preparation for this study was undertaken as part of, and funded by,
the CGIAR Research Program on Roots, Tubers and Bananas (RTB) and supported by CGIAR
Trust Fund contributors (https://www.cgiar.org/funders/) and French Agricultural Research
Centre for International Development (CIRAD), Montpellier, France.

References

(1) Hillocks, R.J.; Thresh, J.; Bellotti, A. Cassava: biology, production and utilization; CAB Interna-
tional, 2002.

(2) Okigbo, B.N. Food and Nutrition Policy: Nutritional implications of projects giving high priority
to the production of staples of low nutritive quality: The Case for Cassava (Manihot esculenta,
Crantz) in the Humid Tropics of West Africa, Food and Nutrition Bulletin 1980, 2 (4), 1-12.

(3) FAOSTAT. Accessed: 2021-04-28, http://www.fao.org/faostat/en/7#data/QC.

(4) Cock, J. Cassava, new potential for a neglected crop; IADS development-oriented literature series;
Westview Press: Boulder ; London, 1985.

15


https://www.cgiar.org/funders/
http://www.fao.org/faostat/en/?#data/QC

()

(29)

Westby, A. Cassava utilization, storage and small-scale processing. In Cassava: biology, production
and utilization (1), 2002; pp 281-300.

Chavez-Mendez, C.M.; M.A., S.C.; K.N., W.K.; M.A., G.A. Fitting cassava drying kinetic with a
high order equation, Drying Technology 1998, 16 (1-2), 323-331.

Chapuis, A.; Precoppe, M.; Méot, J.M.; Sriroth, K.; Tran, T. Pneumatic drying of cassava starch:
Numerical analysis and guidelines for the design of efficient small-scale dryers, Drying Technology
2017, 35 (4), 393-408.

Iglesias, H.A.; Chirife, J.; Fontan, C.F. Temperature dependence of water sorption isotherms of
some foods, Journal of Food Science 1986, 51 (3), 551-553.

Roman, A.D.; y Lara, E.H.; Salgado-Cervantes, M.A.; Garcia-Alvarado, M.A. Food Sorption
Isotherms Prediction Using the Ross Equation, Drying Technology 2004, 22 (8), 1829-1843.
Ciqual French food composition table. Accessed: 2021-04-28, https://ciqual.anses.fr/#/
aliments/54031/cassava-or-manioc-roots-raw.

Magziya-Dixon, B.; Adebowale, A.; Onabanjo, O.; Dixon, A. Effect of variety and drying methods
on physico-chemical properties of high quality cassava flour from yellow cassava roots, In African
crop science conference proceedings, Uganda, 2005; Vol. 7, pp 635-641.

Aryee, F.; Oduro, I.; Ellis, W.; Afuakwa, J. The physicochemical properties of flour samples from
the roots of 31 varieties of cassava, Food Control 2006, 17 (11), 916-922.

Fasina, O.; Ajibola, O.; Tyler, R. Thermodynamics of moisture in winged bean seed and gari,
Journal of Food Process Engineering 1999, 22 (6), 405-418.

Aviara, N.; Ajibola, O. Thermodynamics of moisture sorption in melon seed and cassava, Journal
of Food Engineering 2002, 55 (2), 107-113.

Mesias, I.C.P.; Tan, J.D. Moisture Characteristics of Dried Cassava (Manihot esculenta Crantz)
Grates, Journal of Society € Technology 2015, 5, 152-161.

Koua, B.K.; Koffi, P.M.E.; Gbaha, P.; Toure, S. Thermodynamic analysis of sorption isotherms of
cassava (Manihot esculenta), Journal of Food Science and Technology 2014, 51 (9), 1711-1723.
http://link.springer.com/10.1007/s13197-012-0687-y.

Cahyanti, M.; Alfiah, M.; Hartini, S. Sorption Isotherm Modelling Of Fermented Cassava Flour by
Red Yeast Rice, In IOP Conference Series: Materials Science and Engineering, IOP Publishing,
Indonesia, 2018; Vol. 349, p 4.

Ayala-Aponte, A.A. Propiedades termodinamicas de humedad de sorcion en harina de yuca, DYNA,
Journal of the facultad de Minas 2016, 83 (197), 138-144.

Adeteju, O.; Olayinka, Y.; Ayodele, L. Moisture sorption characteristics of garri produced using a
mechanical dryer, European Journal of Engineering and Technology 2016, 4 (4), 59-67.

Zakhia, N.; Chuzel, G.; Griffon, D. Gari, a traditional cassava semolina in West Africa: Its Stability
and Shelf life and the role of Water. In ; Centro Internacional de Agricultura Tropical (CIAT): Cali,
Colombia, 1996; pp 176-183.

Doporto, M.C.; Dini, C.; Mugridge, A.; Vina, S.Z.; Garcia, M.A. Physicochemical, thermal and
sorption properties of nutritionally differentiated flours and starches, Journal of Food Engineering
2012, 113 (4), 569-576.

Gevaudan, A.; Chuzel, G.; Didier, S.; Andrieu, J. Physical properties of cassava mash, International
Journal of Food Science €& Technology 1989, 2/ (6), 637-645.

Ajala, A.; Ngoddy, P.; Olajide, J. Sorption isotherms and their fitted equations for dried chips
of cassava roots (Manihot Esculenta Crantz; Tme-7 variety) and the resulting isosteric heats of
sorption, Food Research 2020, 4 (3), 703-711. https://www.myfoodresearch.com/uploads/8/4/
8/5/84855864/_19__fr-2019-340_ajala.pdf.

Hawa, L.C.; Ubaidillah, U.; Damayanti, R.; Hendrawan, Y. Moisture sorption isotherms of modified
cassava flour during drying and storage, Heat and Mass Transfer 2020, 56 (8), 2389-2396.
Salgado Cervantes, M.; Garcia Alvarado, M.; Waliszewski, K.; Kubiak. Modeling of water activity
and enthalpy of water sorption in cassava chips, Drying Technology 1994, 12 (7), 1743-1752.
Sanni, L.O.; Kolawole, A.G.; Akingbala, J.O.; Kuye, A. Effect of drying methods on moisture
sorption isotherms of fufu at three temperatures, Drying Technology 1999, 17 (1-2), 286-295.
Gibert, O.; Méot, J.M.; Marouzé, C.; Brouat, J. Low-Cost Device for Constructing Sorption
Isotherms, Drying Technology 2006, 24 (12), 1697-1704.

Garcia-Alvarado, M.A.; Herman-Lara, E. Mathematical Simulation of Batch Convective Drying
of Food with Sorption Isotherms Calculated by Ross Equation, Drying Technology 2004, 22 (9),
2051-2064.

Al-Muhtaseb, A.H.; McMinn, W.A.M.; Magee, T.R.A. Water sorption isotherms of starch powders.

16


https://ciqual.anses.fr/#/aliments/54031/cassava-or-manioc-roots-raw
https://ciqual.anses.fr/#/aliments/54031/cassava-or-manioc-roots-raw
http://link.springer.com/10.1007/s13197-012-0687-y
https://www.myfoodresearch.com/uploads/8/4/8/5/84855864/_19__fr-2019-340_ajala.pdf
https://www.myfoodresearch.com/uploads/8/4/8/5/84855864/_19__fr-2019-340_ajala.pdf

Part 1: mathematical description of experimental data, Journal of Food Engineering 2004, 61 (3),
297-307.

Hellman, N.N.; Melvin, E.H. Surface Area of Starch and its Role in Water Sorption, Journal of the
American Chemical Society 1950, 72 (11), 5186-5188.

Perdomo, J.; Cova, A.; Sandoval, A.; Garcia, L.; Laredo, E.; Miiller, A. Glass transition temperatures
and water sorption isotherms of cassava starch, Carbohydrate Polymers 2009, 76 (2), 305-313.
Peng, G.; Chen, X.; Wu, W.; Jiang, X. Modeling of water sorption isotherm for corn starch, Journal
of Food Engineering 2007, 80 (2), 562-567.

Chisté, R.C.; Silva, P.A.; Lopes, A.S.; da Silva Pena, R. Sorption isotherms of tapioca flour: Hy-
groscopic behaviour of tapioca flour, International Journal of Food Science € Technology 2012,
47 (4), 870-874.

Chisté, R.C.; Cardoso, J.M.; Silva, D.A.d.; Pena, R.d.S. Hygroscopic behaviour of cassava flour
from dry and water groups, Ciéncia Rural 2015, 45, 1515-1521.

Wolf, W.; Spiess, W.E.L.; Jung, G. Standardization of Isotherm Measurements (Cost-Project 90
and 90 BIS). In Properties of Water in Foods; Simatos, D., Multon, J.L., Eds.; Springer Netherlands:
Dordrecht, 1985; pp 661-679.

Van den Berg, C. Vapour sorption equilibria and other water-starch interactions: a physico-chemical
approach. Ph.D. Thesis, Wageningen, 1981.

Cova, A.; Sandoval, A.J.; Balsamo, V.; Miiller, A.J. The effect of hydrophobic modifications on the
adsorption isotherms of cassava starch, Carbohydrate Polymers 2010, 81 (3), 660-667.

Shittu, T.A.; Alimi, B.A.; Wahab, B.; Sanni, 1..O.; Abass, A.B. Cassava Flour and Starch: Process-
ing Technology and Utilization. In Tropical Roots and Tubers; John Wiley & Sons, Ltd: Chichester,
UK, 2016; pp 415-450.

Gevaudan, A. Etude du séchage par contact de milieux granulaires agités - Application & ’opération
de cuisson-séchage de la pulpe de manioc. Ph.D. Thesis, INSA Lyon, 1989.

Lewicki, P. A three parameter equation for food moisture sorption isotherms, Journal of Food
Process Engineering 1998, 21 (2), 127-144.

Halsey, G. Physical adsorption on non-uniform surfaces, The Journal of chemical physics 1948,
16 (10), 931-937. Publisher: American Institute of Physics.

Pfost, H.; Maurer, S.; Chung, D.; Milliken, G.A. Summarizing and reporting equilibrium moisture
data for grains, ASAFE 1976, 76, 3520.

Guggenheim, E.A. Applications of statistical mechanics, Clarendon Press 1966, 211.

Anderson, R.B. Modifications of the Brunauer, Emmett and Teller equation, Journal of the Amer-
ican Chemical Society 1946, 68 (4), 686—691.

De Boer, J. The Dynamical Character of Adsorption; Oxford Clarendon Press, 1953.

Bizot, H. Using the’GAB’model to construct sorption isotherms. In Physical properties of foods;
Applied Science Publishers, 1983; pp 43-54.

Oswin, C.R. The kinetics of package life. III. The isotherm, Journal of the Society of Chemical
Industry 1946, 65 (12), 419-421.

Fontan, C.F.; Chirife, J.; Sancho, E.; Iglesias, H. Analysis of a model for water sorption phenomena
in foods, Journal of Food Science 1982, 47 (5), 1590-1594.

Peleg, M. Assessment of a semi-empirical four parameter general model for sigmoid moisture sorp-
tion isotherms 1, Journal of Food Process Engineering 1993, 16 (1), 21-37.

Smith, S.E. The sorption of water vapor by high polymers, Journal of the American Chemical
Society 1947, 69 (3), 646-651.

Henderson, S. A basic concept of equilibrium moisture, Agricultural engineering 1952, 33, 29-32.
Singh, N.; Singh, J.; Kaur, L.; Singh Sodhi, N.; Singh Gill, B. Morphological, thermal and rheological
properties of starches from different botanical sources, Food Chemistry 2003, 81 (2), 219-231.
Mathlouthi, M. Courbes de sorption de vapeur d’eau des sucres et des poudres alimentaires; Centre
d’Etudes et de Documentation du sucre, Paris, France, 1999.

Al-Muhtaseb, A.H.; McMinn, W.A.M.; Magee, T.R.A. Moisture Sorption Isotherm Characteristics
of Food Products: A Review, Food and Bioproducts Processing 2002, 80 (2), 118-128.
Ayala-Aponte, A.A. Adsorption isotherms and isosteric heat estimation in cassava flour, Biotec-
nologia en el Sector Agropecuario y Agroindustrial 2011, 9 (1), 88-96.

Ajibola, O. Desorption isotherms of gari from 40°C to 70°C, Journal of Agricultural Engineering
Research 1986, 35 (3), 207-210.

Chirife, J.; Iglesias, H.A.; Boquet, R. Some characteristics of the heat of water vapour sorption in
dried foodstuffs, International Journal of Food Science & Technology 2007, 12 (6), 605-613.

17



(58) Moussaid, M. Fouloscopie. Ce que la foule dit de nous; HumenSciences, 2019.

(59) Surowiecki, J. The Wisdom of Crowds; Anchor, 2005.

(60) Sanni, L.; Maziya-Dixon, B.; Akanya, J.; Okoro, C.; Alaya, Y.; Egwuonwu, C.; Okechukwu, R.;
Ezedinma, C.; Akoroda, M.; Lemchi, J. Standards for cassava products and guidelines for export;
International Institute of Tropical Agriculture : Standards Organization of Nigeria: Ibadan, 2005.

(61) Aguerre, R.J.; Viollaz, P.E.; Suérez, C. A fractal isotherm for multilayer adsorption in foods, Journal
of Food Engineering 1996, 30 (1), 227-238.

Appendix: Parameters from cassava and starch sorption isotherm models

Table 5. Data for sorption isotherm models of starches (NCS = Native Cassava Starch; NWS = Native Wheat Starch; ACS
= Amorphous Cassava Starch; HAP = Highly Amylopectin Powder; CS = Corn Starch).

Product Sorption T (°C) Coefficients a, range E (%) Source
Smith model Ag Bg - -
ACS Ad > 30 0.34 -0.219 - - 0.08 - 0.98 4.73 51)
GAB model Xm Ag Bg -
NCS Ad > 25 0.068 13.07 0.81 - 0.000 — 0.936 5.6 37)
NCS Ad > 25 0.101 23.5 0.71 - 0.08 - 0.93 2.2 (501 [61)
NWS < De 25 0.1288 21.1 0.584 - 0.045 — 0.89 - ([36)
Ferro Fontan model Ap Br Cpg =
HAP < De 30 0.034 1.1 1.15 - 0.0059 — 2.88 29)
0.9808
HAP < De 45 0.045 1.15 1.04 - 0.0077 — 3.41 29)
0.9812
HAP < De 60 0.045 1.16 0.962 - 0.0103 — 4.53 29)
0.9818
Peleg model Ape Bp, Cpe Dpe.
(N} < De 30 0.1682  0.1563 9.7839 0.6722 0.0059 — 4.8581 32)
0.9808
CS < De 45 0.1697  0.1478  11.5091 0.7333 0.0077 — 5.3209 32)
0.9812
(N} < De 60 0.1666  0.1419  11.7917  0.7504 0.0103 — 6.6539 32)
0.9818
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Table 6. Data for sorption isotherm models of cassava products. With RD, CD and SN respectively rotary,

standard error.

cabinet and sun dried fermented flour;

*

Product Sorption T (°C) Coefficients aw range E (%) Source
GAB model Xm Ag Bg
tapioca flour Ad > 25 0.0512 8.33 0.9 - - 0.22 - 0.92 1.9 (33)
unfermented flour Ad > 25 0.09 12.86 0.79 - - 0.07 - 0.93 5.7 32)
fermented flour Ad > 25 0.0722 44.17 0.87 - - 0.07 - 0.93 5.1 37)
flour Ad > 25 0.0731 34.96 0.8919 - - 0.12-0.90 5.1541 (18)
flour Ad > 35 0.0632 30.39 0.8677 - - 0.12-0.90 3.1647 {138
roots Ad > 30 0.0616 12.9004 0.8939 - - 0.1-0.9 0.035 ({16
roots Ad > 45 0.0536 10.9047 0.8731 - - 0.1-09 0.018 ({16)
roots Ad > 60 0.0366 5.6697 0.7498 - - 0.1-0.9 0.008 (16)
fermented flour Ad > 30 0.0556 5.2641 0.8835 - - 0.1 -0.9 - (Vked)
fermented flour Ad > 40 0.0553 4.6685 0.9117 - - 0.1-0.9 - (0ked)
fermented flour Ad > 40 0.07352 0.601 0.070 - - 0.05-0.84  4.088 27)
fermented flour Ad > 50 0.02544 0.087 0.749 - - 0.05-0.84 10.510 22)
extruded Ad > 30 0.06092 21.954 0.973 - - 0.1-0.9 - 27
tapioca flour < De 25 0.0732 2.58 0.84 - - 0.22 - 0.92 7.1 ([33)
flour < De 25 0.09 12.86 0.79 - - 0.08 - 0.93 6.9 37)
fermented flour < De 25 0.0722 44.17 0.87 - - 0.08 — 0.93 6.7 3%)
roots < De 30 0.0696 11.9016 0.89 - - 0.1-0.9 0.034 (16)
roots < De 45 0.0536 10.9047  0.8731 - - 0.1-0.9 0.028 (Z6)
roots < De 60 0.0421 4.68 0.7379 - - 0.1-0.9 0.009 (Z6)
fermented flour < De 40 0.11644 0.683 0.076 - - 0.05 - 0.84 5.085 27)
fermented flour < De 50 0.02360 0.105 0.793 - - 0.05-0.84 10.593 22)
extruded < De 30 0.06410 60.882 0.974 - - 0.1-0.9 - 27
Oswin model Ao Bo
chips Ad > 53 10.1 0.181 - - - 0.1-0.8 - 23)
chips Ad > 60 9.86 1.28 - - - 0.1 -0.8 - 23)
chips Ad > 70 9.505 0.131 - - - 0.1-0.8 - 23)
chips Ad > 80 9.148 0.135 - - - 0.1-0.8 - 23)
chips Ad > 86 8.917 0.140 - - - 0.1-0.8 - 23)
fermented flour Ad > 27 0.075 0.390 - - - 0.05 - 0.84 6.011 27)
grates < De 30 0.110676 0.41373 - - - 0.05 - 0.80 - (15)
grates < De 40 0.105563 0.46305 - - - 0.05 — 0.80 - ({13
grates < De 50 0.0865496 0.58102 - - - 0.05 - 0.80 - ({13)
chips < De 53 10.61 0.130 - - - 0.1 -0.8 - 23)
chips < De 60 10.27 0.129 - - - 0.1-0.8 - 23)
chips < De 70 9.846 0.121 - - - 0.1-0.8 - 23)
chips < De 80 9.562 0.122 - - - 0.1-0.8 - 23)
chips < De 86 9.236 0.127 - - - 0.1-0.8 - 23)
fermented flour < De 27 0.079 0.405 - - - 0.05-0.84 10.311 27)
Modified Halsey model Ayvm Byva Crm
roots < De 30 - 60 18.53 0.045 2.007 - - 0.07 - 0.90 10.8* (7%
gari < De 40 - 70 10.07 0.01902 1.958 - - 0.11 - 0.80 - ({13)
Simplified GAB model Asc Bsa Csa

mash < De 40 -0.105 0.119E 0.0103 - - 0.1-0.9 - (22, (39)

mash < De 60 -0.135 0.146 0.0114 - - 0.1-0.9 - (22, 139)

mash < De 75 -0.110 0.121 0.0193 - - 0.1-0.9 - (221 (39)

mash < De 90 -0.127 0.132 0.0244 - - 0.1-0.9 - (221 139)

Modified Henderson model AN He Barrie CrHe Dyrie ErHe
chips < De 60 — 65 exp(-44.8) 8.66 -6.41 0.049  —6.7-107° - - 238))
Modified Chung-Pfost model Ac B Cc

RD fermented flour Ad > 25 — 45 482.15 -266.28  0.38643 - - 0.11 — 0.96 3.3 (26)
CD fermented flour Ad > 25 — 45 417.37 -269.25  0.39728 - - 0.11 - 0.96 4.487 (26)
SD fermented flour Ad > 25 — 45 412.50 -265.26 0.3914 — — 0.11 — 0.96 3.905 (26)
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