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ABSTRACT

Cryopreservation is a technique used to preserve genetic material at ultra-low
temperatures in cryogenic germplasm banks. In order to enable the cryopreservation of a
seed, it is necessary to study its appropriate freezing temperature and its water content,
because seeds reach maximum physiological quality with high water contents, and they
tolerate drying when they are orthodox seeds, but they may not tolerate cryopreservation.
Therefore, the objective of this study was to analyze the influence of initial water content
(50 to 10% wet basis) on the kinetic behavior of the lima bean seed at the temperature of
-150 °C, in addition to determining changes in its physiological quality (germination and
vigor) when cryopreserved (-150 © C) for 30 days with the variation of initial water
contents (50 to 10% wet basis). For this purpose, changes in lima bean size (length, width,
sphere-equivalent radius and volume, and kinetics of seed
cryopreservation as a function of its water content. The Fourier model and the Cavalcanti-
Mata & Duarte models I and II were used for cryopreservation modeling, in addition to
proposing a new model for cryopreservation kinetics in which water content determines
the kinetic behavior. The conclusion was that the water content of 10% wb should be used
for the lima bean seed cryopreservation since its physiological quality was not affected
by cryopreservation at -150 °C. The model that best represents the experimental data is

cryogenic temperature in which seeds maintain their

physiological quality (Goldfarb et al., 2017).
The lima bean seed reaches its physiological

Cryogenic; Modeling;
Germplasm bank.
and thickness),
Cavalcanti Mata & Duarte Model II.
INTRODUCTION
Seed cryopreservation is a process studied
worldwide to support plant species survival for

indeterminate periods, avoiding genetic erosion. In this
procedure, it is of major importance to define cryogenic
temperatures able to cryofreeze seeds, as well as to
determine an ideal water content for cryopreservation
(Cavalcanti-Mata, 2015). It is necessary to decide how
much water seeds should contain for the cryopreservation
process, because according to the same author, if the water
content is very low, they will abandon flexibility, producing
cracks in their physical structures and causing cell ruptures.
On the other hand, the use of very low temperatures during
freezing, such as cryogenic temperatures (less than -130 °C)
makes it possible for seeds with high water content to have
their ice crystals formed with a structure a thousand times
smaller than that of non-cryogenic freezing (-20°C).
Therefore, the study of cryopreservation is primarily
restricted to the study of adequate water content and the best
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maturity point with water content between 45 and 50% wet
basis (wb), from which it loses viability if not immediately
cryopreserved or dried to a safe water content for its
conservation, and later be cryopreserved (Cavalcanti-Mata,
2015). As the lima bean is an orthodox seed, that is, tolerates
drying for conservation, and may not tolerate it for
cryopreservation, the objective of this study was to analyze
the freezing of lima bean seeds at a cryogenic temperature
of -150 °C for different water contents, ranging from the
maximum physiological quality of 50% wb to 10% wb; with
the purpose of obtaining the best conservation in cryogenic
germplasm bank. In order to achieve this goal, the specific
objectives of this study were: a) to determine the size
(length, width, and thickness), sphere-equivalent radius and
volume of lima bean seeds as a function of water content
(50%, 40%, 30%, 20%, and 10% wb); b) to model freezing
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kinetics using the Fourier Model and Models I and II of
Cavalcanti-Mata & Duarte (2016) as a function of water
content variation, besides proposing a new kinetic behavior
model similar to that of pure water, which occurs when the
lima bean seed has water contents of 50 and 40% wb; ¢) to
determine the change in physiological quality (germination
and vigor) of the lima bean seed when cryopreserved (-150
°C) for 30 days with water contents ranging from 50 to 10%
wet basis.

MATERIAL AND METHODS

This study was carried out in the cryogenic sector of
the Laboratory of Cold Technology, belonging to the
Academic Unit of Food Engineering, Federal University of
Campina Grande (UFCG), Campina Grande-PB, Brazil,
together with the Institute of Technological Education -
IETEC, in Belo Horizonte (MG).

Seeds were collected in the field with a water content
of 50% wet basis (wb), close to the water content of their
physiological maturity stage (47% wb). Water content was
determined following the Rules for Seed Testing, using an
oven with air circulation at 105 °C + 3 °C for 48 hours
(Brazil, 2012). Whole seed samples containing 100 units for
each water content specified were collected randomly into
the seed mass. Each seed had its orthogonal dimensions
measured using a digital caliper model Mitutoyo, precision
0.01 mm. A Mettler Toledo model MS-TS analytical scales
with a resolution of 4 decimal digits was used for weighing
the samples of 100 seeds for each water content specified
(10, 20, 30, 40, and 50% + 1% wb). Water contents were
determined from the initial water content of 50% =+ 0.1%,
by drying in a desiccator and weighing every 30 minutes
until reaching the weight equivalent to a water content of
40%, when a new quantity of seeds was then separated for
size determination. This sequence was also performed for
the other determinations.

The lima bean seed volume was determined by the
method described by Mohsenin (1980), based on the
measurement of the 3 orthogonal axes of the seeds. The radii
of each axis can be calculated by dividing the measurements
of each of the axes by 2, and seed volume can be obtained
by the following formula:

Viava = % T (% % %) = % n(d, d, ds3) (1)

in which,
d; = diameter in the direction of the X-axis, mm,;
d, = diameter in the direction of the Y-axis, mm,

d; = diameter in the direction of the Z-axis, mm.

The equivalent radius of lima bean seeds could be
determined by calculating the bean volume, considered as if
it had the shape of a sphere, by means of the equation:

The study of freezing kinetics of lima bean seeds at
-150 £+ 1 °C was carried out using a double-stage horizontal
cryogenic freezing unit and the information obtained at each
time interval, starting with 10 sec. Temperatures were
recorded using two 0.2-mm-diameter thermocouples
connected to a two-channel Digi-Sensi recorder.
Temperature records stopped when the thermocouple
located inside the lima bean seed reached temperature
values close to those of the freezing chamber (+ 1 °C). The

data used to obtain the freezing kinetics were the means of
3 replicates.

Mathematical treatment

The mathematical models used to describe the
freezing kinetics of lima bean seeds at the cryogenic
temperature of -150 °C for initial water contents of 50%,
40%, 30%, 20%, and 10% = 0.1% wb were: a) the Fourier
model, using the first term of the series, b) model I and 11,
proposed by Cavalcanti-Mata & Duarte (2016), and c¢)
model III, proposed in this study.

The Fourier model using the 15 term of the series
derives from the general equation of heat transfer:

ar _ 1 0 ) ar)
—_— == —(arc—
at r2 6r( ar (3)

Taking the geometric shape of a sphere, Apaci
proposed the analytical solution of the [eq. (3)] when the
temperature at the center of the sphere is known (Cavalcanti
Mata, 2015).

T-Teo -2 Z%O:l (sen Mnp—My cosMn> exp M-,Zl Fo (4)

Ti—Teo Mp—senMpcos p

Equation (4) can be written more simply by defining the
following terms:

T—Too

e (5)
o (Sen Mp—Mp cosMp

J=237, (m) ©

R (7

m

By substituting these terms and taking into account
the first term of the series in the [eq. (4)], the following
equation is obtained:

RT =] exp (al:[—z%) t (8)

in which

k. is defined by [eq. (9)].

k= o ©)
in which,

RT - temperature ratio, dimensionless;

T - product temperature at time t, °C;

T, - freezing medium temperature, °C;

T; - initial product temperature, °C;

F, - Fourier number, dimensionless;

J - delay factor;

k: — cooling constant;

M, - transcendental root;

a - effective thermal diffusivity, mm?s!;

I'm - bean seed radius, mm,

t - time, s.
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In Model I of Cavalcanti-Mata & Duarte (2016), the
equation proposed is derived from the Fourier model, using
the first term of the series. In this model, the authors state
the existence of a potential correction in time, N, written as
follows:

_ MY N
RT =] exp(arrzn)t (10)
in which,
J', the delay factor, varies between 1.01 and 1.04, and

N is an empirical parameter.

In the empirical model II recommended by
Cavalcanti-Mata & Duarte (2016), the authors incorporate
two coefficients in the freezing kinetics stating that there is
a change in the curvature of the freezing curve in the kinetic
behavior. In this case, the model proposed is expressed as:

RT = Aexp (%11) tN1 + B exp (f—zj) N2 (11)
in which,
¢, and @,- freezing kinetics constants,

A, B, N; and N, — empirical coefficients of the
freezing equation.

The coefficients of these equations, J, J," and k were
obtained by non-linear regression using the Statistica 8.0
software to determine the effective thermal diffusivity from
egs (5) and (10).

It was possible to obtain the activation energy, Ea,
taking into account the dependence of the effective thermal
diffusivity, a, with the temperature considered by the
modified Arrhenius equation (Horn et al., 2010). However,
since this determination is made for a single temperature,
this activation energy must also be changed as a function of
water content. Thus, the Arrhenius equation was modified
to:

a=4;+ [DO exp (%)]X (12)
in which,

A, — constant of the equation;

D, - constant, m® s’

E, - activation energy, J mol’!;

R - universal gas constant, 8,314 J mol!' K'!;

T - absolute temperature, K,

X - water content,% wet basis.

For seeds with water contents of 50 and 40% wb, in
which water predominates over dry matter and the kinetic
behavior of cryopreservation is similar to that of pure
water, the proposal is a model derived and adapted from
the pharmaceutical equation of a double dose response in

the program for charting and data analysis (Origin 8.0,
2016).

Thus, the model proposed can be written as:

(1-p)
RT = Al + (AZ - Al) [1+1010 P + P ]

g(x1—t) hq 1+1010g(x2—t) hy
13)
in which,

A; = 0and A, = 1,0 or very close to these values.

Non-linear regression analyses were performed by
the Gauss-Newton method for adequacy of the models. In
each model, the coefficient of determination (R?), the
estimated mean error (SE) and the relative mean error (P)
were taken as follows.

3(RTexp;~ RTyre; )?

SE = IR (14)
o0y [T Fe
P = o Li=1 [ RTexpy (15)
in which,
RT,ye, is the temperature ratio predicted by the model;

RT,yp, is the experimental temperature ratio;

n is the number of experiment observations, and

GLR is the number of degrees of freedom of the model.

The values estimated were correlated with the
values of residues for each regression equation. When the
dispersion of these data does not characterize some type of
behavior, the data is said to present a random behavior (A),
and when the data present some type of defined behavior,
that implies in a biased behavior (B).

To obtain the seed germination index before and
after the cryofreezing process (30 days), they were seeded
in plastic trays, using moistened vermiculite with an amount
of water equivalent to 60% of the retention capacity. Trays
were placed in germination chambers with temperature
controlled at 25 °C. Germination tests were conducted
following the Rules for Seed Testing (Brasil, 2009), by
counting the seedlings that emerged on the fifth day (first
count) and ninth day (second count). Germinated plants
were considered those with seedlings of perfect essential
structures, with results expressed in percentages.

The vigor of the lima bean seeds was obtained as a
function of the number of germinated seeds resulting from
the first germination test count (5" day). Results are
expressed in percentages.

The lima bean seeds were placed in desiccators with
a false bottom containing 300 grams of silica gel to establish
the water contents to be studied (50%, 40%, 30%, 20%, and
10% wb). This procedure had the purpose of drying the lima
bean seeds until reaching the water content values desired.
Results were analyzed using a completely randomized
experimental design with 5 x 2 factorial arrangement,
represented by water contents of 10; 20; 30; 40, and 50% in
wb and storage period of 0 and 30 days, using four replicates
of 50 seeds per treatment. The results were submitted to
analysis of variance and the means of the treatments were
compared by the Tukey test at a 5% significance level using
the Assistat software (Santos and Silva & Azevedo, 2016).
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RESULTS AND DISCUSSION

Table 1 shows the variations of length, width,
thickness, volume, and radius of the equivalent sphere of the
lima bean as a function of water content. These data indicate
that the length of the lima bean seed shows a greater
reduction with the decrease in water content than width and
thickness. These differences are also reported by several
authors for different seeds or even for the different varieties
of lima beans (Guimardes et al., 2007, Frazdo et al., 2010;
Oliveira et al., 2011). This larger reduction can be explained
by the longer seed length compared to the other dimensions,

due to the greater path for water diffusion and greater
surface area along the length, allowing the escape of more
water.

It is further noted that the radius of an equivalent
sphere decreases with decreasing water content. This
finding is significant for the freezing process, because as the
seed size becomes different, the freezing constant is also
different and, as a consequence, thermal diffusivity must be
affected. This finding was reported by Cavalcanti Mata et
al. (2012) when studying the kinetics of cryopreservation in
bean seeds.

TABLE 1. Physical characteristics of lima bean seeds according to water content.

Water content, % wet basis

Parameters 20 30 40 50

Length, mm 16.614 16.963 17.766 20.756
Width, mm 11.176 11.506 11.642 13.412
Thickness, mm 5.631 5.999 6.274 6.582

Volume, mm?
Radius of equivalent sphere, mm

521.485 546.363 614.217 679.238 966.319

5.065 5.265 5.446 6.114

Figure 1 shows the variation of experimental data of the cryopreservation kinetics of lima bean seeds at -150 °C for water

contents varying from 50 to 10% wb.
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FIGURE 1. Experimental data of the freezing kinetics of the lima bean seed at -150 °C for water contents of 10, 20, 30, 40, and

50% wb.

The following models were used to represent the
kinetic behavior of the lima bean freezing with water
contents of 10%, 20% and, 30%: the Fourier model with
only the first term of the series, model I by Cavalcanti-Mata
& Duarte, which is a semi-theoretical model, and model II
by Cavalcanti-Mata & Duarte, which is an empirical model.
The models employed are divided into three phases for the
lima bean freezing with water contents of 40% and 50% wb

Phase I is cooling, Phase II is crystallization, and Phase III
is freezing.

The values of coefficients of the lima bean freezing
curve expressed by the equations proposed in this study,
considering the variation of the seed radius, which is
considered as an equivalent sphere, are show for the Fourier
model using the first term of the series in Table 2, in Table
3 for Model I by Cavalcanti-Mata & Duarte, and in Table 4
for model II by Cavalcanti-Mata & Duarte.
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TABLE 2. Parameters of the freezing kinetics of lima bean seeds at -150 °C for the Fourier model using the 1* term of the series.
Fourier Model (1st term of the series). Dry matter dominance in kinetics.
X J Mia m T M M2 * R? SE P(%)  Residue
%wb r2 mm mm 1 1 mm?/s o
10 1.01 0.01779 4.983 24.83  0.3347 0.11202 3.9433  90.05 0.09325 35.29 B
20 1.01 0.01175  5.065 25.65 0.3347 0.11202 2.6905 94.14  0.07606 22.52 B
30 1.01 0.00986  5.265 27.72  0.3347 0.11202 24399  95.09  0.06955 18.56 B
Fourier Model (1st term of the series). Water dominance in kinetics.
M? 2
Tiq 12 m Tm M, M? * R2 SE P(%)
2 mm mm mm?/s
0.992429  0.020837 5.446 29.65 4.0323  16.259443 0.038  98.61 0.007112 0.61 B
M? 2
Jeris 12 fm fm M, M2 “ R2 SE P(%)
40 2 mm mm mm?/s
0.839225 0.00198 5.446  29.65 - - - 97.41 0.0046410 0.49 R
Mia Tm T 2 a 2
Jfieez 2 M1 M]_ 2 R SE P(%)
r2 mm mm mm?/s
0.820172 0.00732 5.446  29.65 4.1127 16.91 0.0129  99.66 0.013507 10.00 R
M?a 2
Jiiq L "m "m M, M? “ R? SE P(%)
r2 mm mm mm?/s
0.981002 0.005637 6.114 37.38 4.0377 16.30302 0.0129  92.19  0.0055514 0.48 B
M?a 2
Jeris L 'm "m M, M? “ R2 SE P(%)
50 4 mm mm mm?/s
0.844514 0.000729  6.114 37.38 - - - 92.06  0.0043542 0.46 B
Mia Tm T 2 a 2
Jfieez 2 M1 M]_ 2 R SE P(%)
r2 mm mm mm?/s
1.118195  0.00588 6.114 3738 1.0607  1.12508  0.1956 98.90  0.02825  17.41 B
X*= Water content; Jiiq = liquid phase; Jeris = crystallization phase; Jreez = freezing phase; B = Biased; R = Random.
TABLE 3. Parameters of lima bean freezing kinetics -150 °C for Model I by Cavalcanti-Mata & Duarte.
Cavalcanti-Mata & Duarte Model 1. Dry matter dominance in Kinetics.
X* Mlza "m r‘nZ‘L 2 a 2 (1)
wb J r2 mm mm?2 Ml Ml mm?/s R SE P(%) Residue
10 1.01  0.08532 4.983 24.83 0.3347 0.11202 18.9117 99.14 0.02774 10.24 B
20 1.01  0.0525 5.065 25.65 0.3347 0.11202 12.0213 99.00 0.03311 12.82 B
30 1.01 0.04121 5.265 27.72 0.3347 0.11202 10.1976 99.10 0.03017 10.61 B
Modelo I Cavalcanti- Mata & Duarte. Dominio da 4gua na cinética.
M?a 2
Tiig L "m Tin M, M? “ R? SE  P(%)
2 mm mm mm?/s
1.0097 0.04763 5.446 29.65 0.3111 0.09678 14.597 96.87 0.0125 1.07 B
Mlza T 1.2 2 a
Jeris m m M1 M]_ 2 R? SE P(%)
40 r2 mm mm mm?/s
0.4947 0.76137 5.446 29.65 - - - 91.96 0.00893 0.79 B
Mia 2
Ttreer L m Tm M, M2 * R2  SE  P(%)
r2 mm mm mm?/s
0.7775 0.00389 5.446 29.65 4.132 17.0767 0.0068 99.78 0.01044  8.58 R
Mia 2
Tiig L Tm "m M, m? * R2 SE  P(%)
r2 mm mm mm?/s
0.9972 0.0110 6.114 37.38 4.03 16.241 0.0254 98.86 0.00549 0.44 B
Mlza T .2 2 a
Jeris m m M1 M1 2 R2 SE P(%)
50 r2 mm mm mm?/s
0.6373 0.52421 6.114 37.38 - - - 93.81 0.00445 0.36 B
Mia 7, 2 2 @
Jireer S m m M, M? s R2 SE  P(%)
2 mm mm mm-/s
1.0761 0.00571 6.114 37.38 0.858 0.73616 0.2905 98.83 0.02834 18.07 B

X*= Water content; Jiiq = liquid phase; Jeris = crystallization phase; Jreez = freezing phase; B = Biased; R = Random.
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Tables 2 and 3 show the values of the freezing
kinetic parameters of lima bean seeds frozen at -150 C.
Thermal diffusivity is observed to decrease with increasing
seed water content for the lima bean seed with water content
between 10% and 30% wb This behavior stems from the
concentration of water inside the seed, as water requires
more energy for freezing than the product dry matter.
The Fourier model and model 1 by Cavalcanti Mata &
Duarte also show that there is a decrease in thermal
diffusivity when the product water content increases, for

water contents of 40% and 50% wb in the first phase of the
process. However, an inverse behavior is observed in the
third stage, as there is an increase in thermal diffusivity with
the increase in water content from 40% to 50% wb This
finding can be explained by the difference in the seed
kinetic behavior with these different water contents, and the
water crystallization phase is verified to be better defined
for a water content of 50% wb than for a water content of
40% wb

TABLE 4. Parameters of lima bean seeds freezing kinetics at -150 °C for Model II by Cavalcanti-Mata & Duarte.

Cavalcanti-Mata & Duarte Model II. Dry matter dominance in kinetics.

X * P1 P2 P A
(Yowh) Aliq % N, r2, Biig % N, R? SE (%) Residue
10 0.59476 0.00926 0.99949 24.83 0.40524 0.32228 0.46436  99.70 0.02750 9,76 B
20 0.30955 0.00022 1.62527 25.65 0.69045 0.10878 0.58386  99.83 0.01389 7,01 R
30 -0.46390 0.04312 4.02x10°1°  27.72 1.46347 0.04840 0.53200  99.89 0.01098 4,53 R
Cavalcanti-Mata & Duarte Model II. Water dominance in Kinetics.
P1 P2 P
Alig % N, r2, Biiq % N, R? SE (%)
0.58093 0.08671 1.00108 29.65 0.418749  0.055439  0.78201  99.78 0.00424 0,27 R
P1 P2 P
. -— 2 . - 2
40 Acris rlzn Nl Tm Beris r%m Nz R SE (%)
0.27399  0.979026 0.09515 29.65 -0.10158 1.08866 0.0879 92.46 0.0106 0,77 B
91 2 2 2 P
Afreez rlzu Nl Tm Bcong rlzn Nz R SE (%)
0.72343 0.00287 1.15972 29.65 0.04453 0.000278 1.98666  99.81 0.01035 1,91 B
P1 P2 P
Alig % N, r2, Biiq % N, R? SE (%)
0.3995 0.005014 1.2659 37.38 0.600138 0.02387 0.4683 99.10 0.00477 0,41 B
. L} 2 . 2 2 P
50 Acris rlzn Nl Tm Beris r%m Nz R SE (%)
0.0655 0.54815 0.0257 37.38 0.45778 0.73031 0.14548 94.08 0.004194 0,34 B
. L2 2 2 2 P
Afreez r12n Nl Tm Beong rgn Nz R SE (%)
1.53071 4.49816 0.32395 37.38 -2.4584 11.95193  0.74817  99.03 0.02537 14,8 B

X*= Water content; B = Biased; R = Random.

Table 4 shows Model II by Cavalcanti-Mata &
Duarte, which is an empirical model. The objective of this
equation is to better express the experimental data of the
lima bean seed freezing process. The empirical model II by
Cavalcanti-Mata & Duarte is observed to fit better to the
experimental data, since the coefficients of determination
for water contents varying from 10% to 50% wb are greater
than 99%, and relative errors less than 10%. As this model
is empirical, it does not allow to determine the thermal
diffusivity of the lima bean seed freezing kinetics and,
rather, the freezing constants (¢, ¢ ¢,). It should be noted
that the statements reported here are true for water contents
of 40 and 50% wb during the cooling and freezing phases,
which are characteristic of the freezing kinetics,
disregarding the crystallization phase, in which all the
energy "spent" in the process is in theory used to form the
water crystals inside the lima bean seed. In conclusion, the
coefficients of determination for model II are considered
very good, indicating that the experimental and calculated
data express the lima bean freezing phenomenon
adequately. According to Mohapatra & Rao (2005) cited by
Goneli et al., (2014), there is a good fit to the model only if
the relative mean error (P) is less than 10%. Thus, the

Fourier model using the first term of the series expresses the
freezing kinetics, with some limitation. However, since only
the first term in the series was used in this equation, it is
assumed that the coefficient of determination can be
improved as the number of terms in the series increases.
Nevertheless, the coefficients of determination are observed
to be higher in model II by Cavalcanti-Mata & Duarte,
indicating that this model can be used and, therefore, it is
not necessary to increase the number of Fourier series terms.

Several authors, among them Amaral et al. (2010)
and Feitosa et al. (2017) have studied the freezing kinetics
and the effective thermal diffusivity as a function of seed
cryogenic freezing, respectively of chickpeas and lima
beans, and have concluded that effective thermal diffusivity
increases with decreasing temperature. However, thermal
diffusivity can also be influenced by seed water content and
composition.

A good match between the experimental data and the
calculated data is observed through the coefficients of
determination when comparing model I by Cavalcanti-Mata
& Duarte to the Fourier model using the first term of the
series, which makes it possible to find the effective thermal
diffusivity of the lima bean freezing. The importance of
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obtaining the effective thermal diffusivity refers to the need
to calculate the heat transfer of products, to determine the
apparent thermal conductivity as a function of freezing
speed, to design industrial equipment and to promote the
simulation of freezing processes (Incropera & DeWitt,
1996; Silva et al., 2015).

The freezing kinetics of lima bean with water
contents of 40% and 50% wb has a behavior similar to that
of pure water. Thus, three phases are identified during the
lima bean seed freezing with water contents of 40% and
50% wb: cooling, crystallization, and freezing. The
characteristics of this freezing kinetics do not allow the
application of the Fourier model that expresses the behavior
as a whole. Therefore, a new model (Equation 14) was

proposed to represent the kinetic behavior for water
contents of 40 and 50% wb

Table 5 shows the freezing kinetic parameters of the
lima bean seed at -150 °C. In the model proposed, it is
possible to analyze thermal diffusivity at two points
identified as h; and h, for 40% and 50% wb Based on this
model, the higher the product water content, the greater its
thermal diffusivity. In this case, for the water content of
40% wb, h; = 0.03676 and h, = 0.0031. For the water
content of 50% wb, h; = 0.07038 and h,= 0.00547. The
relative mean error is other important data for this model,
with a value of 0.05103 for the water the content of 40% wb
and 0.165% for the water content of 50% wb.

TABLE 5. Parameters of the freezing kinetics of lima bean seeds at -150 °C for water contents of 40 and 50% wb — Model Proposed.

Model proposed — Cavalcanti Mata & Duarte

X *

%wb Ay A, log X, log X, hy h, R? P Residue
40 —-0.02703 1.88261 129.555 —19.745 —0.03676 —0.0031 99.36  0.05103 Biased
50 0.02193 1.05358 8.73514 256.106 —0.07038 —0.00547 99.85 0.16512 Biased

X*= Water contente.

The comparison of the thermal diffusivity found in
the different models (Table 6) shows that the values are in
the same order of magnitude when comparing the Fourier
model using the first term of the series with the model
proposed for the lima bean seed with water content of 40%
wb This can also be observed for the cooling period of the
lima bean seed with water content of 50% wb However, for
the portion of the curve corresponding to the lima bean

freezing, the thermal diffusivity value is smaller in the order
of two-digit magnitude. Therefore, the possible conclusion
is that the alternative model proposed can be applied to the
water content of 40% w.b for the freezing of bean seeds at -
150°C, but the application is not advisable to express the
freezing kinetics in the third stage of the process for the
water content of 50% wb.

TABLE 6. Effective thermal diffusivity of the different models studied for the freezing of lima bean seeds with water contents

of 40 and 50% wb, at a temperature of -150 °C.

X * Phases Fourier Model Model Proposed
% wb 1% term of the series @ mm?/s a mm?*/s
40 % Cooling 0.038 0.0368
(1)
Freezing 0.0129 0.0031
Mean 0.0135
. Cooling 0.0129 0.07038
0% Freezing 0.1956 0.00547
Mean 0.1879

According to Cavalcanti-Mata et al. (2012), the
activation energy within chemical kinetics is the minimum
energy required for a chemical reaction to occur. Fig. 2 and
3 show, respectively, the effective thermal diffusivity
obtained from the Fourier model for the first term of the
series, and the model I by Cavalcanti-Mata & Duarte for the
temperature of -150°C (123 K), with water content ranging
from 10% to 50% wet basis. Due to this aspect, the modified
Arrhenius equation was used (Equation 12). This equation
results in the value of the activation energy of lima bean

freezing kinetics of 5,355 kJ mol™! for the Fourier model
using the first term of the series, and of 4,42 kJ mol~! for
the model I by Cavalcanti-Mata & Duarte.

The activation energy values obtained are close to
those found by Cavalcanti-Mata et al. (2012) for the frozen
beans at -25°C, -50°C, -170°C, and -196°C, which was
3,95 kJ mol™! when the authors used the Fourier model
using the first term of series, and of 2,85 kJ mol™! when
they used the model I by Cavalcanti-Mata & Duarte.
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FIGURE 2. Effective thermal diffusivity obtained from the Fourier Model for the 1% term.
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FIGURE 3. Effective thermal diffusivity obtained from Cavalcanti-Mata & Duarte Model I

Physiological quality of the lima bean seed

Table 7 shows the percentages of germination and vigor of the lima bean seed determined before and after
cryopreservation at -150 °C.
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TABLE 7. Germination and vigor of lima bean seeds before cryopreservation and after 30 days of cryopreservation at -150 °C.

GERMINATION (%) VIGOR (%)
Water content
(% wh) Before 30 days after Before cryopreservation 30 days after

cryopreservation cryopreservation cryopreservation

10 98.5 Aa 98.5 Aa 87.5 Aa 87.5 Aa

20 98.5 Aa 99.0 Aa 87.5 Aa 86.0 Bb

30 98.5 Aa 98.0 Ab 87.5 Aa 85.0 Cc

40 98.5 Aa 97.0 Be 87.5 Aa 83.0 Bd

50 98.5 Aa 96.5 Be 87.5 Aa 73.5 Be
SMDline:0.56 SMDcolumn:O.53 SMDline:0.63 SMDcolumn:0.72

* Means followed by the same upper-case letters in the row and lower-case letters in the column do not differ at the 5% probability level by

the Tukey test. SMD = Significant Minimum Difference.

Table 7 shows that the lima bean seeds with water
contents of 10% and 20% wb show no significant changes
in germination, however seed vigor is altered from a water
content of 20% wb. This finding, even with storage of lima
beans at cryogenic temperatures (-150°C), confirms the
statements made by Marcos Filho (2005) and accepted by
Advincula et al. (2016), that the higher the seed water
content (lima beans), the lower the percentage of seed
germination and vigor. Based on the data in table 7, it can
be stated that the cryogenic temperature affected the lima
bean seeds with water content above 10% wb in some way.
Therefore, the conclusion is that the lima bean seeds should
be cryopreserved with this water content so that
physiological quality (germination and vigor) is not
affected. However, in his work with cryopreservation
Lefchak (2016) states that neither rapid freezing nor slow
freezing was efficient for maintaining the physiological
quality of A. angustifolia and A. uniflora seeds. This can be
explained by the fact that not all seeds tolerate conservation
by cold and, in a deeper analysis, are characterized as
intermediate seeds (Goldfarb et al., 2017). Nevertheless,
Faria et al. (2016) found that seeds of Physalis angulata can
be stored in the long term without losing germinative
potential through cryopreservation.

CONCLUSIONS

This study focused on the influence of the water
content of lima bean, which ranged from 50 to 10% wb, on
the kinetic behavior of its seeds at a cryogenic temperature
of —150 °C. The conclusion was that the seeds of lima bean
at a water content of 10% wb, after being cryostored at -150
°C for 30 days, was the one that maintained its physiological
quality (germination and vigor) and, therefore, should be
indicated for cryopreservation.

Another conclusion is that when the lima bean seed
was treated as a sphere, its radius ranged from 4.983mm to
6.184mm depending on its water content in the range of
10% to 50% wb, and when these data were applied to the
models that define the kinetic behavior of cryopreservation
at -150 °C, they indicated that model I by Cavalcanti-Mata
& Duarte was the one that best fit the experimental data, and
that model I by Cavalcanti-Mata & Duarte allows to
determine the variation of thermal diffusivity as a function
of water content (0.2793 to 18.91 mm?2.s™1), obtaining an
activation energy of 4,42 kJ mol™2.
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