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Abstract: Moisture adsorption Studies was carried out on Soy-mumu, a Nigerian cereal-based food product supplemented
with 0, 10, 15 and 20% Moringa leaf powder at four different temperatures (20°C, 30°C, 40°C and 50°C) using the standard
static gravimetric method. The different blends of Soy-mumu products were subjected to water activities of 0.1 — 0.957 for
each of the four temperatures (20°C, 30°C, 40°C and 50°C) and data obtained were analysed using Oswin, Henderson and
GAB models while thermodynamics of moisture transfer were estimated using Clausius-Clapeyron and kinetic compensation
equations. The moisture adsorption isotherms were sigmoid in shape (type II). The equilibrium moisture content (EMC) of the
Soy-mumu products increased with increase in water activity at constant temperature and were lower as the temperature
increased at constant water activity. The sorptive capacity of Soy-mumu products increased with increasing levels of Moringa
leaf powder supplementation and exhibited higher isotherms. Using the percent root mean square of error (% RMS), Oswin
model gave the best fit for describing the adsorption isotherms of the Soy-mumu products while GAB and Henderson models
fitted poorly (<10% RMS). Monolayer moisture content (Mo) and surface area (So) of adsorption decreased with increase in
temperature. The GAB monolayer moisture contents were higher than BET monolayer moisture contents. The isosteric heat of
sorption generally decreased as the moisture content increased. The maximum isosteric heat (AHst) was 14.1928; 14.19288;
37.0272 and 57.9120kj/mol for samples that were supplemented with 0, 10, 15 and 20% Moringa leaf powder respectively. The
enthalpy-entropy compensation theory is suitable for describing the moisture adsorption phenomenon of the Soy-Mumu
products.
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enhance quality, hence, the need for sorption studies.

A moisture sorption isotherm describes the relationship
between the water activity (a,,) and the equilibrium moisture
content (EMC) of a food product at constant pressure and
temperature. The knowledge and understanding of moisture
sorption isotherms is of great importance in Food Science
and Technology to solve many problems such as the design
of equipment, optimisation of processing, assessing
packaging problems, for modelling moisture changes which
occur during drying, for predicting shelf life stability, for
ingredient mixing predictions etc. [2]. The knowledge of
moisture adsorption isotherms of soy-mumu supplemented
with Moringa leaf powder is therefore needed for various
processing applications.

1. Introduction

Mumu is a Nigerian cereal-based food product processed
from roasted sorghum, millet or maize and consumed
particularly by 7iv people (adults and children). Soy-mumu is
a protein enriched mumu processed by blending cereal with
soybeans. Blending of maize with soybean results to a
product of higher nutritional value in terms of protein but low
in micronutrient content [1]. This may lead to malnutrition
problems. The product has gained a lot of attention among
the over four million 7iv people and therefore, there is need
to supplement it with locally available micronutrient sources,
optimization of its processing and storage requirements to
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Knowledge of the monolayer moisture content (M,) of the
soy-mumu which is regarded as moisture content for
maximum stability of a dehydrated product in addition to
Isosteric heat of sorption which is defined as the total heat of
sorption of water from the material minus the heat of
vaporisation of water [3] are essential for estimating the
drying time and energy requirements for dehydration. Such
information would also be helpful in the design of drying
equipment. For effective packaging of the soy-mumu
products supplemented with Moringa leaf powder, the critical
equilibrium moisture content and relative humidity are
needed and such information can be obtained from moisture
sorption isotherms.

Various mathematical models have been proposed in
literature to describe sorption isotherms [4]. Some were
developed with a theoretical basis to describe adsorption
mechanisms (e. g., GAB and BET) [5] whereas others are
just empirical or a simplification of more elaborate models.
Chirife at al reviewed 23 theoretical and experimental
isotherms equations, and they are used for fitting sorption
isotherms of food products [6]. None of these equations
described accurately the sorption isotherm over the whole
range of relative humidity and for different types of food
materials. Labuza noted that no sorption isotherms model
could fit data over the entire range of relative humidity
because water is associated with food matrix by different
mechanisms in different activity regions [7].

The objectives of this work were; to obtain adsorption
isotherms at four temperatures (20°, 30°, 40° and 50°C) for
Soy-mumu supplemented with Moringa leaf powder, to
determine the effect of temperature, water activity and
Moringa leaf powder supplementation on the sorption
isotherms of the soy-mumu products, determine the goodness
of fit of GAB, Henderson and Oswin sorption models to the
experimental data and calculate the isosteric heat of sorption
of the soy-mumu products.

2. Materials and methods
2.1. Sources of Raw Materials

White Maize (Zea mays) and light yellow variety of
soybeans (Glycinemax) were purchased from North Bank
Market, Makurdi. Matured Moringa oleifera leaves were
obtained from Moringa trees on University of Agriculture,
Makurdi farms.

2.2. Sample Preparation

2.2.1. Preparation of Roasted Maize Flour

Roasted maize flour was prepared according to the method
described by [1] with slight modification (without
fermentation of the grains). Maize grains were sorted and
winnowed to remove grain stalk, sticks and remaining cob
parts. The grains were further subjected to visual screening to
remove foreign particles such as stones. This was followed
by washing with water to remove dust, soil particles and any
over floats. Damaged, diseased or discoloured grains as well

as immature or sprouted grains were discarded. Cleaned
maize grains were cooked in two times water (1:2 w/v) for
45min, allowed to cool and drained of excess water for
15min. prepared maize grains were oven roasted at 150°C for
60min. The roasted grains were kept under silica gel to avoid
moisture absorption until when required for milling and
mixing for formulation of blends. A hammer mill was used to
mill the roasted grains and a sieve of 0.5mm was attached to
collect the milled product.

2.2.2. Preparation of Roasted Soybean Flour

Soybeans for supplementation were prepared by the
methods described by [1]. Dry whole soy- beans were soaked
overnight in tap water solution of 0.5% NaHCOj; (1:3 w/v)
after sorting and washing. After soaking, the beans were
dehulled, tied loosely in bags of fine muslin and blanched at
100°C for 30 minutes in fresh tap water solution of 0.5%
NaHCO; (1:3 bean: solution ratio). The blanched beans were
drained and further rinsed with tap water and held for lhour
in order to allow for moisture equilibration within the beans.
This was followed by drying at 60 °C for 6 hours in
accordance with the method described by [1] for the
production of roasted soybeans. Dry roasting was achieved
by use of air-oven instead of coffee roasters as reported by
[1]. The soy beans were browned at 150°C for 30 minutes.
The roasted soybeans were cooled and stored under silica gel
in a desicator (to avoid moisture absorption) until when
required for milling and mixing. A hammer mill was used to
mill the roasted soy-beans and a sieve of 0.5mm was attached
to collect the milled product.

2.2.3. Moringa Leaf Powder Preparation

The Moringa Leaf powder was prepared according to the
methods described by [8]. About 1 kg of Matured and fresh
Moringa leaves were plucked from the Moringa tree.
Diseased and damaged leaves were discarded manually just
after collection of the fresh leaves. Collected leaves were
washed in trough using clean potable water to remove dirt.
Washed leaves were soaked in 1% Saline solution (Sodium
Chloride) for 5 minutes to remove microbes and finally
rinsed in clean potable water. The washed leaves were
drained of excess water by spreading them on perforated
trays for 15 minutes before taking them for drying. The
washed and drained Moringa leaves were dried by spreading
them on sterile clean net mesh in a well- ventilated room (at
an ambient temperature of 30°C) for a drying period of 16
days with frequent turning with hand to ensure uniform
drying. Crushing of the dried Moringa leaves was carried out
using mortar and pestle and sieved using 0.5mm sieve screen.
The sieved powder was then packaged in air-tight plastic
containers and stored at ambient temperature (30°C) until
when needed for blending.

2.3. Formulation of Blends

Four different blends, A, B, C and D were formulated
using different ratios: sample A was comprising 85% roasted
maize flour, 15% roasted soy-bean flour and 0% Moringa
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leaf powder which served as the control, sample B
comprising 75% roasted maize flour, 15% roasted soy-bean
flour and 10% Moringa leaf powder; sample C comprising
70% roasted maize flour, 15% soy-bean flour and 15%
Moringa leaf powder and sample D comprising 65% roasted
maize flour, 15% roasted soy-bean flour and 20% Moringa
leaf powder.

2.4. Determination of Adsorption Isotherms

Equilibrium Moisture Contents (EMCs) were determined
using the standard static gravimetric method as described by
[3]. Sulphuric acid solutions of 10%, 20%, 30%, 40%, 50%
and 60% were used to provide water activities ranging from
0.08 - 0.957 as described by [9]. About 200ml of each acid
solution was introduced into 500mL airtight plastic
containers. In each plastic container, wire gauze was forced
into place over the sulphuric acid solution to form support for
the samples.

Duplicate samples (0.5g each) of dried product were
weighed in crown corks and placed on the wire gauze above
the solution for adsorption. The containers were covered
tightly and placed in the incubator at selected temperatures of
20°C, 30°C, 40°C and 50°C. Small glass bottles (bijle
bottles) containing toluene were placed in the containers to
prevent mould growth at relative humidity above 50% [10].

The samples were removed and weighed every 2 days
using electronic balance (ADAM AAA 1601) until difference
between consecutive readings were <0.5% of sample weight.

The total time for removal and putting back in the airtight
containers was about 2-5 minutes as recommended by the
cooperative project cost 90 [11].

The equilibrium moisture contents were determined
according to [12] by material balance from the initial
moisture content (9.340, 9.400, 9.760 and 10.400 for sample
A, B, C and D respectively).

2.5. Moisture Sorption Models

The equilibrium moisture data were fitted using the BET,
GAB, Henderson and Oswin models. These models were
chosen for their versatility, relatively simple mathematical
computations and their reported fits for starchy foods and
vegetables [3]. Monolayer moisture contents were evaluated
using the BET (a,, up to 0.5) and GAB (a,, up to 0.9) models.

The Brunauer-Emmett-Teller (BET) equation is the most
important popular due to its thermodynamic base [13]. It fits
experimental sorption data in the range of water activities of
approximately 0.05-0.45 [14].

The model is presented in the form:

ay _ 1 (C-1ay

o+ S (M

(1—ay)M M, MoC

Where,

M = equilibrium moisture content (gH,0/100g solids),

M, = monolayer moisture content (gH,0/100g solid),

C = a constant related to heat of sorption for monolayer
adsorption and

a,, = water activity

The Guggenhein-Anderson-De Boer (GAB) model is a
three parameter equation derived independently by [15], [16],
[17] based on the BET theory. The GAB isotherm was used
to fit sorption isotherm up to water activities of 0.9 in many
cases [14]. The GAB equation has been applied successfully
to various foods and has been recommended by the European
project cost 90 on physical properties of foods [2]. The
model is mathematically expressed as:

MoGka,,
(1-ka,,)(1~ka,, +Gka,)

2

Where G and k are constants related to the energies of
interaction between the first and distant sorbed molecules at
individual sorption sites. The constant G and k are
temperature dependent and are represented in Arrhenius type
relationship as follows:

G = G' exp [(Hm — Hn)/RT] (3)
K = k' exp [(Hy — Hn)/RT] 4)

Where G', k' = entropic accommodation factors;

Hm = molar sorption enthalpy of the monolayer,

Hn = molar sorption enthalpy of the multilayer on top of
the monolayer,

H; = molar sorption enthalpy of the bulk liquid;

T = absolute temperature; and

R = universal gas constant

The Henderson equation is one of the earliest models
describing the effect of temperature on moisture sorption
isotherms [18]

The Henderson equation is expressed as follows:

In (1-a,) = - ATM® 5)

Where A and B are constants, T = temperature (°k)

Oswin [19] developed an empirical sorption isotherm
model equation based on Pearson’s expansion for sigmoid
curves applied to type II isotherms.

The Oswin equation is given as:

B
M= A[—} ©)

1- a,

Where M = equilibrium moisture content,

A and B are constants

a,, = water activity.

The Oswin equation has been found to be a good fit model
for the sorption of various food products and gave the best fit
for non-proteinous, starchy and starchy related foods [20, 21]

2.6. Sorption Data Analysis

From the data generated, equilibrium moisture content
versus water activities for each temperature was plotted. The
acquired sorption data were analyzed using BET, GAB,
Henderson and Oswin models. The parameters of BET,
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Henderson and Oswin were obtained by least square linear
regression from their respective equations. GAB parameters
were obtained using Least Square non-linear regression using
water analyzer series version 97.2 software.

The goodness of fit of the different models used were
evaluated using percentage root mean square of error
(%RMS) between the experimental (M,y) and predicted
(M) moisture content as described by [22, 23] using the
equations:

Mobs
N

%RMS = |¥ <w> x 100 (7)

Where %RMS = percentage root mean quare of error,

M,s = observed (experimental) moisture content,

M, = estimated (predicted) moisture content,

N = number of experimental data.

The BET monolayer values (Branauer et al.,1938)were
calculated from the regression equation of the BET plot using
the moisture sorption data up to 0.5 a,, and GAB monolayer
moisture values were calculated from the data in the a,, range
0f 0.1 t0 0.9.

3. Results and discussion
3.1. Moisture Adsorption Isotherms

The adsorption isotherms of soy-mumu products
supplemented with Moringa leaf powder at 20, 30, 40 and
50 °C are shown in figure 1. The moisture adsorption
isotherms were sigmoid in shape and conformed to type II
classification which is typical of most food materials[24].
The type II isotherm is divided into three different parts; the
first part (a, = 0-0.22) is the monolayer region in which the
water is bounded by hydrophilic water ion and is the most
strongly adsorbed immobile and depends on the chemical
composition of the products.

The second region (a,, = 0.22-0.73) is the linear portion
and represents the water held by the material in the matrix.

The third is the concave shape (a, = 0.73-1.0) and
represents the least strongly bound water and the most
mobile and is called bulk phase water [25, 26]. Figure 1
showed that at constant temperature, equilibrium moisture
content increased with increase in water activity and
decreased with increasing temperature at constant water
activity. This can be explained by the higher active state of
water molecules at higher temperatures thereby decreasing
the attractive forces between them [4].

3.2. Effect of Temperature on Moisture Adsorption
Isotherms of Soy-Mumu Supplemented with Moringa
Leaf Powder

The effect of temperature on moisture adsorption
isotherms of soy-mumu are presented in figure 1. The EMCs
decreased with increasing temperature at constant water
activity, thus isotherms were lower at higher temperatures.
This can be explained by the higher active state of water

molecules at higher temperatures thereby decreasing the
attractive forces between them [4]. It can also be observed
that at any given moisture content there was a consistent shift
of equilibrium relative humidity to higher values with
increase in temperature. This implies that at any given RH,
Moringa-Soy-mumu products become less hygroscopic with
increase in temperature. This means that in the storage of the
products in an atmosphere of constant RH, the products can
absorb more moisture at lower temperature than higher
temperatures.

The water activity shift of food isotherms at constant
moisture content with respect to temperature changes has
been shown to be directly related to the rates of food
deteriorative reactions [27-28]

Similar trends were observed for Tacca Inolucrata tuber
products by [3].

3.3. Effect of Moringa Leaf Powder Supplementation

Products with higher levels of Moringa leaf powder
showed higher MSIs indicating higher EMCs. This
observation indicates that the blending of soy-mumu with
Moringa leaf powder could have affected the sorptive
capacities of the powder (flour). This implies that the change
in composition has effect on the moisture sorption isotherms
as documented by [29].
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Fig. 1. Moisture adsorption isotherms of soy-mumu products at 20°C, 30°C,
40°C and 50°C.

KEY: A =85% Roasted maize flour: 15%Roasted Soy-bean flour:
0%Moringa leaf powder, B =75%Roasted maize flour: 15%Roasted Soy-
bean flour: 10% Moringa leaf powder, C =70% roasted Maize flour:
15%Roasted Soy-bean flour: 15%Moringa leaf powder and D=65%Roasted
Maize flour: 15%Roasted Soy-bean flour: 20% Moringa leaf powder.

3.4. Goodness of Fit of the Sorption Models

The goodness of fit of the various Soy-Mumu products was
determined using the Root Mean Square of error (%RMS).

A good fit of an isotherm is assumed when the %RMS values
is less than 10%.

The % RMS of the various models and their goodness of fit is
presented in Table 1. The three models yielded
different %RMS. Oswin best described the product with 10%
Moringa leaf powder (sample B) 15% (sample C) and 20%
(sample D) Moringa leaf powder supplementation. The result
of this study therefore agrees with [3], who suggested that

Oswin model might be better for non-proteineous materials
and best for starchy and starchy related foods. From Table 1,
the values of %RMS for GAB and Henderson were far above
10% and so considered poor fit.

Table 1. Goodness of Fit of soy-mumu products to the sorption Models.

Sample Equation %RMS

20°C 30°C  40°C  50°C  MEAN
GAB 25.07 27.13  24.11 2220 24.628
HENDERSON  13.98 19.36 1628 15.12 16.145
OSWIN 8.22 11.30  11.87 9.10 10.123
GAB 22.62 2138 2196 22.00 21.99
HENDERSON  11.50 8.65 10.35 1130 1045
OSWIN 6.11 3.97 6.10 8.11 6.073
GAB 22.30 26.27 28.62 24.72 25478
HENDERSON  7.77 1539 19.03 14.81 14.250
OSWIN 4.29 8.58 11.87  8.70 8.360
GAB 22.16 24.15 29.00 22.55 24.465
HENDERSON  8.11 1423 21.82 1031 13.618
OSWIN 4.02 6.64 12.56  3.29 6.628

KEY: %RMS = percent root mean square of error

A =85% Roasted maize flour: 15%Roasted Soy-bean flour: 0%Moringa leaf
powder, B=75% Roasted maize flour: 15%Roasted Soy-bean flour: 10%
Moringa leaf powder, C=70% roasted Maize flour: 15%Roasted Soy-bean
flour: 15%Moringa leaf powder and D=65% Roasted Maize flour:
15%Roasted Soy-bean flour: 20% Moringa leaf powder

3.5. Monolayer Moisture Content

The BET and GAB models were used to estimate the
monolayer moisture contents as shown in Table 2. The BET
equation gave lower monolayer moisture contents values than
those obtained from GAB model. It was observed that in both
BET and GAB models, monolayer moisture contents decreased
with increase in temperature for all the soy-mumu products
except for sample A at 50°C (BET model) and sample D at 40°C
(for GAB model). The general trend of decrease in M, with
increase in temperature has been reported by several workers
[24] and [3] The decrease in monolayer moisture content as
observed in the study for soy-mumu products may be due to a
reduction in the total number of active sites for water binding as
a result of physical and chemical changes in the product induced
by temperature [23]. It could also be that with increase in
temperature the water molecules got activated because of
increase in their energy level thereby causing them to become
less stable and to break away from the water binding sites of the
food material thus resulting to decrease in the monolayer
moisture contents.

Table 2. GAB and BET Monolayer Moisture contents.

Temperature (°C)

17
=
=l

=
=
(]

GAB My, (gH,0/100gsolids) BET M, (gH,0/100gsolids)

20 A
B
C
D
30 A
B
C
D
40 A
B

7.0542 5.2577
8.7881 6.6344
10.0537 7.7281
12.5888 8.7009
4.8402 4.1702
7.9357 5.6900
6.0687 4.6957
7.3895 5.6071
5.7950 3.6887
7.3977 5.1391
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Temperature (°C) Sample GAB My, (gH,0/100gsolids) BET Mo, (gH,0/100gsolids)
C 5.2731 4.0410
D 6.0588 3.9211
50 A 4.4757 3.4563
B 6.6574 4.2844
C 5.3679 3.9739
D 5.9658 4.5280

KEY: A =85% Roasted maize flour: 15%Roasted Soy-bean flour: 0%Moringa leaf powder, B =75%Roasted maize flour: 15%Roasted Soy-bean flour: 10%
Moringa leaf powder, C =70% roasted Maize flour: 15%Roasted Soy-bean flour: 15%Moringa leaf powder and D=65%Roasted Maize flour: 15%Roasted
Soy-bean flour: 20% Moringa leaf powder, M, = monolayer moisture content(gH,0O/100g solids)

3.6. Net Isosteric Heats

The net isosteric heat of sorption (Table 3) obtained in the
moisture range of 6.0-20.0g H,0/100g solids for the
adsorption process, decreased rapidly with increasing
moisture, passed through maxima and gradually decreased to
a heat of water condensation with increasing moisture except
for sample B with 10 percent Moringa leaf powder which did
not follow the trend strictly.

Hossain [13] also reported decrease in isosteric heat with
amount of water sorbed, can be qualitatively explained
considering the fact that initially, sorption occurred on the

most active available sites giving rise to greatest energy
interaction.

As these sites became occupied, sorption occurred on the
less active site resulting to lower heats of sorption [23].
Water sorption in foods is such a complex phenomenon; the
main water sorption constituents of foods are various
polymers such as proteins, starch, cellulose, hemicellulose,
chitin etc. The different polar groups of the polymers provide
energetically different preferential sites for water. Besides as
a polymer sorbs water, it undergoes changes in constitution,
dimensions and properties [3].

Table 3. Regression Parameters for Clausius — Clapeyron Equation.

Sample Regression Parameters  Moisture Content (g H,0/100g solids)
6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0

N 4 4 4 4 4 4 4 4

A R? 0.9503 0.9461 0.9404 0.9359 0.9320 0.9290 0.9266 0.9246
A 4.0204 4.0870 4.1980 43110 4.4220 4.5234 4.6182 4.7046
B -1707.1 -1610.2 -1559.6 -1528 -1507.6 -1492.5 -1481.4 -1472.4
AS’° 0.0334 0.0340 0.0349 0.0358 0.0368 0.0376 0.0384 0.0391
AHg 14.192 13.387 2.9665 12.703 12.534 12.408 12.316 12.241

B R’ 0.3280 0.9613 0.9756 0.9733 0.8617 0.8658 0.9651 0.9634
A -1.2780 1.2554 2.4637 3.1966 4.9417 3.8720 4.3913 4.6371
B -228.7 -844.3 -1110.2 -1257.2 -1718.5 -1345.2 -1466.2 -1503.1
AS° -0.0106 0.0104 0.0205 0.0266 0.0411 0.0322 0.0365 0.0386
AHg 1.9014 7.0195 9.2302 10.452 14.288 11.184 12.190 12.496

C R’ 0.7324 0.7677 0.7845 0.7990 0.8076 0.8141 0.8191 0.8232
A 12.460 8.4082 7.0666 6.4410 6.0938 5.8873 5.7593 5.6757
B -4453.6 -3040.8 -2523.6 -2254.2 -2086 -1971.4 -1888.3 -1824.3
AS° 0.1036 0.0699 0.0588 0.0536 0.0507 0.0489 0.0479 0.0472
AHg 37.027 25.281 20.981 18.741 17.343 16.390 15.699 15.167

D R’ 0.6424 0.6877 0.7560 0.8092 0.8504 0.8818 0.9058 0.9242
A 20.411 17.528 12.114 10.098 9.0515 8.4213 8.0099 7.7248
B -6965.6 -5932.2 -4134.5 -3429 -3042.1 -2795.3 -2623.9 -2497.2
AS° 0.1697 0.1457 0.1007 0.0840 0.0753 0.0700 0.0666 0.0642
AHg 57.912 49.320 34.374 28.508 25.292 23.240 21.815 20.761

KEY: A =85% Roasted maize flour: 15%Roasted Soy-bean flour: 0%Moringa leaf powder, B =75%Roasted maize flour: 15%Roasted Soy-bean flour: 10%
Moringa leaf powder, C =70% roasted Maize flour: 15%Roasted Soy-bean flour: 15%Moringa leaf powder and D=65%Roasted Maize flour: 15%Roasted
Soy-bean flour: 20% Moringa leaf powder, N= number of experimental data, R*= coefficient of determination, AH = net isosteric heat of adsorption (KJ/mol),

AS = entropy of adsorption (KJ/mol).

4. Conclusion

(1) The moisture adsorption Isotherms of the Soy-mumu
products was sigmoid in shape, conforming to type II
isotherm pattern which is typical of most food materials
with equilibrium moisture contents decreasing with

increasing temperatures at constant water activity and
increasing with increase in water activity at constant
temperature.

(2) Monolayer moisture contents determined from BET and
GAB models and surface area of adsorption determined
from the BET model were found to decrease with
increasing temperatures.
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(3) Using the percent root mean square of error (%RMS).
Oswin model gave the best fit for describing the
adsorption isotherms of the Soy-mumu products while
GAB and Henderson models fitted poorly.

(4) Sorptive capacity of Soy-Mumu products increased with
increasing  levels of Moringa leaf  powder
supplementation.

(5) The enthalpy-entropy compensation theory is suitable for
describing the moisture adsorption phenomenon of the
Soy-Mumu products.

(6) The heats of sorption decreased with increase in moisture
content.
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