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Abstract The purpose of this work was to investigate
the rheological behavior of Spanish honeys under
different conditions (at different temperatures and con-
centrations). All the samples were characterized to
determine their physicochemical (moisture, °Brix, pH,
ash, conductivity, color, total acidity, diastase activity, 5-
hydroxymethylfurfural content, sugar content) and thermal
(glass transition temperature) profiles. The honeys sam-
ples (80.4-82 °Brix) behaved as Newtonian fluid; as
expected, their viscosity increased with the solid content
and decreased with the temperature. Two experimental
viscosity models (Arrhenius and Vogel-Taumman—
Fulcher) were checked using the experimental data to
correlate the influence of temperature on honey viscosity.
A simplified model was proposed to describe the com-
bined effect of the temperatures and concentrations (°Brix)
on the viscosity of Spanish honeys. The dynamic viscosity
and complex viscosity had the same magnitude at 40 °C,
45 °C, and 50 °C for of all the samples and the Cox Merz
rule could be applied at these temperatures.
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Introduction

Honey is a biological product whose characteristics changes
with time. Its chemical composition varies between certain
limits, depending on its floral origin, on the soil and
climate, on the material released, as well as on the
procedure in the extraction and marketing of honey
(Saénz-Lain and Goémez-Ferreras 2000). Honey is a
semiliquid product (water, 15-20% approximately) which
contains a complex mixture of carbohydrates, mainly
glucose and fructose; other sugars are present as traces,
depending on the floral origin. Moreover, organic acids,
lactones, amino acids, minerals, vitamins, enzymes, pollen,
wax, and pigments are present (Fallico et al. 2004). The
viscosity of honey is influenced by temperature and
moisture, as well as the presence of crystals and colloids.
Water content is an essential qualitative factor that affects
not only the viscosity of honey, but also its rheological
properties (Sopade et al. 2004; Lazaridou et al. 2004;
Juszczak and Fortuna 2006; Yanniotis et al. 2006; Kang and
Yoo 2008). The moisture content can vary from year-to-
year, depending on the environmental conditions and the
beekeepers’ handling during the harvest.

Recently, the rheological properties of honey from
different countries have been analyzed: Argentina
(Recondo et al. 2006), Australia (Bhandari et al. 1999;
Mossel et al. 2000; Sopade et al. 2002, 2004), China
(Junzheng and Changying 1998; Chen et al. 2009), Korea
(Yoo 2004; Kang and Yoo 2008), Germany (Samanalieva
and Senge 2009), Greece (Lazaridou et al. 2004, Yanniotis
et al. 2006), India (Kumar and Mandal 2009), Israel
(Cohen and Weihs 2010), Jordan (Abu-Jdayil et al. 2002),
Poland (Juszczak and Fortuna 2006; Witczak et al. 2011),
and Spain (Gomez Diaz et al. 2009). Knowledge of the
flow behavior of concentrated food stuff is useful in
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quality control, calculating energy requirements, process
control, and selection of proper process equipment (Kaya
et al. 2008).

The parameters obtained from oscillatory tests are very
sensitive to chemical and physical changes; therefore, they are
useful for rheological evaluation in dairy systems (Guinee et
al. 2000 Kahyaoglu and Kaya 2003; Villegas and Costell
2007), honey (Yoo 2004), biopolymers (Chronakis et al.
2000; Salinas et al. 2011; Steffolani et al. 2011), etc. The
correlation between steady shear and dynamic shear param-
eters could be observed for food systems. The Cox—Merz
rule is used to predict steady shear viscosity from complex
shear viscosity and vice versa (Steffe 1996).

n = 77|w:y (1)

where, n* is the complex viscosity (Pa's), n is the steady
viscosity (Pas), w is the angular velocity (rad - s ') and 'y is
the shear rate (s ).

The purpose of this study was: to analyze the physicochem-
ical, thermal, and rheological properties of Spanish honeys; to
observe the temperature and concentration dependence on
honey viscosity; to obtain a model using the two parameters
(temperature and soluble solid content); and to evaluate the
application of the Cox—Merz rule in the case of Spanish honeys
and the influence of the temperature on this rule.

Materials and Methods
Materials

The honey varieties used: four monofloral (eucalyptus,
orange, rosemary, and summer savory), one polyfloral, and
one nectar (honeydew) purchased from Spanish market. All
the honey samples were in fluid state.

Physical-Chemical Analysis

Moisture content of honey samples were obtained by
measuring the refractive index at 20 °C using a digital
refractometer (3 T Atago Abbe refractometer, Atago Co.,
Tokyo, Japan). The water content and °Brix concentration was
determined based on a Chataway table (Bogdanov 2002). 5-
Hydroxymethylfurfural content (HMF), diastase activity, pH,
ash, total acidity, and electrical conductivity were analyzed in
accordance with the harmonized methods of the European
Honey Commission (Bogdanov 2002). Color was measured
by reflectance spectroscopy using a spectrocolorimeter
Minolta CM-3600d (Osaka, Japan), the samples were placed
in 20 mm thick holders and measured against a black and
white background. Translucency was determined by applying
the Kubelka—Munk theory for multiple scattering to the

reflection spectra (Hutchings 1999). Color coordinates CIEL"
a b were obtained from R, between 400 and 700 nm for
D65 illuminant and from two observer (Talens et al. 2001).
All the tests were performed in duplicate.

Glucose, fructose, and sucrose in honey samples was made
by a HPLC 10ADVP-SHIMADZU, with RI detector, accord-
ing to a method described by Bogdanov (2002). The linear
regression factor of the calibration curves was higher than
0.9982 for all sugars. Sugars were quantified by comparison
of the peak area obtained with those of standard sugars. The
results for each sugar were expressed as gram per 100 g
honey. Values of parameters were expressed as the mean+
standard deviation to a confidence interval for mean of 95%.

Thermal Properties

Glass transition temperature was measured by a differential
scanning calorimeter (Mettler Toledo DSC-1, Mettler
Toledo, USA). The instrument was calibrated with indium.
For the differential scanning calorimeter studies, the honey
samples (10-25 mg in hermetically sealed 40 pl aluminum
pans) were rapidly cooled with liquid nitrogen to —130 °C,
held 10 min before heating to 50 °C at 10 °C/min. The
software, STARe Excellence Software, was used in obtain-
ing the glass transition temperature, which was defined as
the point of inflection of the heat capacity change.

Steady State Rheology

Viscosity measurements were carried out on the honey samples
at different temperatures (25 °C, 30 °C, 35 °C, 40 °C, 45 °C,
and 50 °C), with Haake RheoStress 1 rheometer, equipped
with control thermo bath and a coaxial cylinder system. The
rheological properties of honey can be influenced by the
presence of crystals and air bubbles (Abu-Jdayil et al. 2002;
Bhandari et al. 1999, Mossel et al. 2000). Before being used,
they were warmed up to 55 °C to dissolve any crystals, and
kept in flasks at 30 °C to remove air bubbles that could
interfere in rheological studies.

The shear rate vs. viscosity curve was obtained for shear
rates from 0 to 100 s~ '. The honey sample was allowed to
reach the desired temperature 20 min. Each measurement
was taken in duplicate. Values of parameters were
expressed as the mean+standard deviation to a confidence
interval for mean of 95%.

Dynamic State Rheology

The dynamic rheological properties of honey samples were
obtained with a RheoStress 1 rheometer (Thermo Haake,
Germany) at different temperatures (25 °C, 30 °C, 40 °C,
45 °C, and 50 °C), using a parallel plate system (& 60 mm)
at a gap of 500 wum. A batch of each composition was
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Table 1 Physical-chemical parameters of Spanish honey

Parameter Eucalyptus Honeydew Orange Polyfloral Rosemary Summer savory
Moisture content (/100 g) 17.649+£0.001  16.24°£0.001  17.80°+0.001  17.72°+0.001  17.96°+0.001  17.64+0.001
Brix 80.7°+0.001 82.0%+0.001 80.59+£0.001 80.6°+0.001 80.4°+0.001 80.7°+0.001
pH 3.65°£0.01 4.13*+0.03 3.94°°+0.02 3.789+0.03 3.86%9+0.03 3.97°+0.02
Total acidity (meq - kg ") 27.02°¢£0.72  49.55°+1.21 19.89+0.56 28.25°+0.76  18.859+029  25.79°+0.45
Conductivity (uS - cm™') 624°+0.45 1378%+0.51 183.21+0.42 434.5°+0.70  203.5°+0.70  4169+0.78
HMF (mg'kg™) 13.07°+0.23 14.85%+0.58 12.79°+0.64 10.11°+0.12 9.44°+0.23 3.124+0.05
Diastase activity (ID) 25.61°+0.14 38.23*+0.91 8.819+1.02 25.73°£0.54  9.26+0.79 28.92%+0.42
Ash 0.28%°+0.02 0.92%+0.01 0.137£0.01 0.34°+0.01 0.23°+0.01 0.32%9+0.03
Fructose 35.05°+0.05 36.09°+0.04  33.289+0.12  34.12°+0.21 35.14°+0.16  31.50°+0.46
Glucose 26.56°+£0.04  30.12°+0.07  28.12°£0.09  30.18°+0.28  31.20°£0.19  30.90°+0.9
Sucrose 3.42%+0.02 0° 3.28%+0.01 2.12°+0.12 1.209+£0.04 2.60°+0.06
Fructose+glucose 61.61°+0.13 66.21°+0.04  61.4090.29  64.25*°+0.68  66.347+0.49  62.40°°+1.92
Fructose/glucose ratio 1.32° 1.19° 1.18° 1.13¢ 1.12¢ 1.02°

Glass transition temperature Ty (°C)  —45.24°+0.31  —40.52°4£0.21  —46.05"+0.09  —47.4°+0.18  —47.78°:0.34  —45.80+0.24

prepared and at least two measurements were performed on
each batch, using a fresh sample for each measurement.
After loading the sample, a waiting period of 5 min was
used to allow the sample to recover itself and to reach the
desired temperature. In order to determine the linear visco-
elastic region, stress sweeps were run at 1 Hz first. Then, the
frequency sweeps were performed over the range w=0.628—
62.8 rad/s at 1 Pa stress. The 1 Pa stress was in the linear
viscoelastic region. A Rheowin Job software (v. 2.93, Haake)
was used to obtain the experimental data and to calculate the
n'". Each measurement was taken in duplicate. Values of
parameters were expressed as the mean=+standard deviation
to a confidence interval for mean of 95%.

Statistical Analysis

In order to establish statistical differences between the
means of the physicochemical, thermal, and rheological

a
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parameters, one-factor analysis of variance, with least
significant difference at significance level 0.05 calculated
by Fisher’s test was applied using the Statgraphics Plus 5.1.
The variables were weighted with the inverse of the
standard deviation of all objects in order to compensate
for the different scales of the variables.

Results and Discussion

Table 1 shows the result of the characterization of honeys
according to their physicochemical composition. The refrac-
tive index, resulting from the digital refractometer, was
obtained, and then using the Chataway table the value of
moisture and *Brix concentration was calculated (Bogdanov
2002). All honeys tested met the threshold requirement of
moisture content required by the Codex Alimentarius (max.
20%) (Codex Alimentarius 2001), with mean values ranging
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Fig. 1 Color spaces (a - a*-b* and b - a*-L*) showing position of Spanish honeys
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between 16.24% and 17.96%. As expected, the lowest water
content was registered by the honeydew sample (Gomez
Diaz et al. 2005).

The highest value of pH was observed for honeydew and
the lowest for eucalyptus honey. The acidic nature of honey
is attributed to the presence of organic acids and the
variation in acidity among different honey types may be a
result of the variation in these constituents (Nanda et al.
2003). The pH values of Spanish honeys were in the same
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range as those reported in the case of Algerian honeys
(Ouchemoukh et al. 2007), Indian honeys (Ahmed et al.
2007), and Turkish honeys (Kaya et al. 2008).

The lowest total acidity and diastase activity levels were
registered in rosemary and orange honeys, considerably
lower than those obtained in honeydew, polyfloral, euca-
lyptus, and summer savory. Previous studies show that
orange honey has the lowest acidity and conductivity levels
among floral honeys (Corbella and Cozzolino 2006; Terrab

164
LTI LI T T T I TET;
124
104

N [Pa-s]

LN TN Y Ty Y TN TYT]

8

6

4R E A AR A B EE EEEE

o BB
BHHHHEHA AR E

0+ T T T T |

0 20 40 60 80 100

7
oFHE R R AR A E AR AR AR AT

54

7 4

é3ﬁiiiﬁiiﬁiiiﬁﬁiﬁﬁﬁiiiiii
ZEQEE§EEEEEEQEEEQ§EEEEEE
BELEE TR EEY R T TS
Eﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%
0 40 60 80 100

v s

BB R RERRE

:iiiiiiiiiiiiiiiiiiiiiii

n [Pa-s]
[3%) w B W (=)}

BN A AR AN A REEEEERE
(B E O H R B B R E b
CELEEELELELEEEEEE R L

0 . . . . .
0 20 40 60 80 100
yIs1

Fig. 2 Steady state rheology of Spanish honeys: a eucalyptus, b honeydew, ¢ orange, d polyfloral, e rosemary, f summer savory. Diamond 25 °C,
square 30 °C, triangle 35 °C,multiplication symbol40 °C, cyrillic small letter zhe 45°C, and circle 50 °C
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et al. 2003a; Serrano et al. 2004). The results for the
polyfloral honeys were in the intermediate range, which is
logical, given that they derive from a variety of different
nectars (Corbella and Cozzolino 2006). In this study, the
conductivity ranged between 183.2 and 1,378 pS-cm™'; the
highest value being registered for the honeydew sample, as
in other papers (Escriche et al. 2009).
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The wide variability of honey composition is also
reflected by the ash content. This parameter which is
generally used to classify honey (floral, mixed, or honey-
dew honey), is mainly determined by soil and climatic
characteristics, with values between 0.13% and 0.92%. The
honeydew sample had higher ash content than the unifloral
and polyfloral samples (Codex Alimentarius 1993).

b
14 A
e *T* 4, 53 % 4 405535 *
10
2 8
=3 = 8 & & s 8 g amwuswsn
= 6
4
&« M A W oy o W o ar A
*2************
M W W K W e S e
O
0.1 1 10 100
w [rad/s]
d
6.
IR REREEESEEEX:
4.
I
& EEEx sz Eddfe
=
2
Ilt_szzzaszzx i
FE O M 3 M M M o 3 X X X X
e W Se M N SR M W S e e e 32
r 0 T "
0.1 1 10 100
w [rad/s]
f
4
IS-IIIIZIZ:O"'!
4.
é %-Illl..i.:l]l
‘=
2
W eeezxre==xx
L R L T T - =i o
r 0 T "
0.1 1 10 100
w [rad/s]

Fig. 3 Dynamic state rheology of Spanish honeys: a eucalyptus, b honeydew, ¢ orange, d polyfloral, e rosemary, f summer savory. Diamond 25 °C,
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In this study, HMF content, which is widely
recognized as an indicator of freshness, was always
lower than 14.85 mg/kg. This parameter in honey is
related to its quality and heating processing but has not
been related to the origin of sample (Anklam 1998).
These low values demonstrate that honey was quite fresh
and had not been subjected too much heat treatment
(Bogdanov 2002. This finding is corroborated with the
fact that diastase activity was high in all the honeys
analyzed, especially in polyfloral and honeydew ones. The
diastase activity results were well over eight, the minimum
level established by the European Commission Directive
relating to honey (2001).

To characterize the honey samples in terms of color, they
were plotted in their corresponding positions on the a’-b"
and a’-L”" color spaces (Fig. la—b). On the a™-b~ color
space, the nearer a honey is to the origin, the less purity of
color it has, and the further away it from the origin it is, the
greater its purity is. The honeys with the greatest purity of
color were the orange, rosemary, and summer savory ones;
the honeydew honey, followed by the polyfloral honey and
eucalyptus, exhibiting the least purity of color. Rosemary,
orange, and summer savory honeys in particular, had the
greatest yellow component (highest b~ values), and poly-
floral honey had the greatest red component (the highest a’
value). Figure 1b shows that rosemary, summer savory and
orange honeys were clearer (higher L" value) than the other
varieties. Honeydew did not show only the less purity of
color of all the honeys analyzed but it also showed to be the
darkest one (lowest L value). The color values obtained
were within the expected ranges for each of the honeys
studied. The most color values reported in the literature
generally correspond to measurements made by the
Pfund scale (mm; Corbella and Cozzolino 2006;
Persano-Oddo et al. 1995). Although only a few studies
had used CIELAB (L", a", b") to measure color in nectar
and honeydew honey (Terrab et al. 2003a, b; Lazaridou et
al. 2004; Soria et al. 2004; Escriche et al. 2009), their
results were similar to this study.

Sugars represent the main components of any type of
honey. Reducing sugars (invert sugar), mainly fructose and
glucose, are the major constituents of honey (Kucuk et al.
2007). The actual proportion of fructose to glucose, in any
particular honey, depends largely on the source of the
nectar (Anklam 1998).The total content of glucose and
fructose was over 60 g/100 g of honey in accordance with
the 2001/110/CE Directive. The highest concentration was
registered in the case of rosemary, followed by the
honeydew sample. The fructose/glucose ratio was calculat-
ed for all samples. This ratio gives information about the
crystallization state of honey, when fructose is higher than
glucose honey is fluid. In all the cases, this ratio was higher
than 1 (Table 1), which was confirmed by the crystalliza-

tion state of the mentioned honey sample; all the honeys
were in liquid state. Regarding the sugars profile, invert
sugar (fructose and glucose) represented the largest portion
of honey composition but small quantities of sucrose was
also present; the highest content of sucrose was registered
in the case of the eucalyptus sample. The values of invert
sugar showed normal levels similar to those reported in the
case of Algerian honeys (Ouchemoukh et al. 2007),
Argentinian honeys (Baroni et al. 2009), Moroccan honeys

Table 2 Apparent 1} for Spanish honeys as a function of concentration
(C, °Brix) and temperature (T)

Honey Temperature [°C] Viscosity [Pa‘s] R?
Eucalyptus 25 6.356+0.30 0.9998
30 3.662+0.25 0.9998
35 2.099+0.19 0.9998
40 1.258+0.13 0.9998
45 0.784+0.09 0.9998
50 0.509+0.05 0.9998
Honeydew 25 13.970+0.60 0.9998
30 7.195+0.50 0.9998
35 3.855+0.30 0.9998
40 2.237+0.20 0.9998
45 1.362+0.11 0.9998
50 0.867+0.07 0.9998
Orange 25 5.708+0.28 0.9998
30 3.345+0.23 0.9998
35 1.948+0.18 0.9998
40 1.171+0.14 0.9998
45 0.735+0.08 0.9998
50 0.479+0.04 0.9998
Polyfloral 25 6.054+0.29 0.9998
30 3.459+0.24 0.9998
35 1.976+0.19 0.9998
40 1.185+0.16 0.9998
45 0.738+0.10 0.9998
50 0.478+0.05 0.9998
Rosemary 25 5.558+0.27 0.9998
30 3.222+0.22 0.9998
35 1.870+0.16 0.9998
40 1.125+0.12 0.9998
45 0.706+0.09 0.9998
50 0.462+0.04 0.9998
Summer savory 25 6.280+0.30 0.9998
30 3.480+0.24 0.9998
35 2.100+0.18 0.9998
40 1.258+0.14 0.9998
45 0.788+0.11 0.9998
50 0.519+0.05 0.9998
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Table 3 Viscosity of honeys from other countries as a function of

moisture content and temperature (T)

Honey Moisture Temperature Viscosity
content [%] [°C] [Pa's]

Australia

Tea tree 17.4 2 131.5
7 59.3
11 28.7
16 14.6
21 7.8
30 2.7
40 1.1

Yapunyah 15.8 2 410.7
7 153.3
11 70.7
16 222
21 11.3
30 33
40 1.9

Bloodwood 16.7 2 296.1
7 126.9
11 55.4
16 26.8
21 13.5
30 43
40 1.6

China

Acacia 29.0 10 0.70
15 0.48
20 0.33
25 0.26
30 0.16

Rape 19.8 10 19.55
15 10.99
20 6.30
25 3.68
30 2.18

Chinese astralagalus 21.5 10 6.63
15 4.27
20 2.97
25 1.86
30 1.25

Greece

Pine 17 25 20.7
30 11.4
35 6.4
40 3.6
45 2.2

Cotton 15 25 23.4
30 12.1
35 6.7
40 3.7
45 22

@ Springer

Table 3 (continued)

Honey Moisture Temperature Viscosity
content [%] [°C] [Pa‘s]
Thymus 16.4 25 16.930
30 8.772
35 4.839
40 2.683
45 1.600
Israel
Citrus 15.8 5 558.3
10 204.8
15 82.9
20 36.2
25 18.9
30 10.5
35 8.2
Wildflower 16.5 5 227.1
10 105.2
15 51.5
20 36.2
25 14.5
30 8.6
35 5.0
Field flower-based light 18.0 5 139.2
10 50.4
15 25.8
20 15.6
25 8.1
30 4.7
35 42
Poland
Acacia 17.3 10 126.9
15 56.1
20 28.3
25 133
30 6.9
35 3.8
40 23
Linden 15.4 10 233.6
15 98.1
20 43.8
25 214
30 10.7
35 6.0
40 34
Nectar-honeydew 14.7 10 252.6
15 102.5
20 45.7
25 21.5
30 11.1
35 6.0
40 35
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(Terrab et al. 2003b), and Romanian honeys (Marghitas et
al. 2009).

The glass transition temperature () is shown in Table 1;
it is commonly related to a relaxation effect whose
amplitude depends on the thermal history of the samples.
In the case of Spanish honeys, the glass transition
temperature ranged from —47.78 °C to —40.52 °C.

A significantly higher glass transition temperature
(—40.52 °C) was exhibited by the honey sample
obtained from nectar source (honeydew) which is
attributed to a lower moisture content. Generally,
honeys with high moisture content exhibited low T, in
line with the plasticization effect of water, which is related
to the ability of the water molecules to weaken hydrogen
bonds, dipole—dipole, and intra- and inter-macromolecular
interactions (Mossel et al. 2000). The 7, values generally
increase with increasing molecular weight. The major sugars
present in honey are fructose and glucose (Ouchemoukh et
al. 2007) which contribute to the glass transition of
honey samples. The sugar ratio depends on the floral
source and environmental conditions therefore influence
honey T,. In addition, T, varies widely for a specific food
as it depends on many factors such as sample preparation
and size, heating/cooling rate, sample holding time,
moisture content, etc.

The values of glass transition temperature were in the
same range with the ones reported in the case of
Australian honeys (Sopade et al. 2002), Argentinean
honeys (Recondo et al. 2006), and Indian honeys (Ahmed
et al. 2007.

In Figs. 2 and 3, the steady and dynamic state rheology
behavior of Spanish honey is shown. The " is independent
on frequency while the 1 is independent on shear rate, both
exhibiting a Newtonian plateau. The Newtonian behavior of
honey has been observed by many authors during in recent
years (Yoo 2004; Juszczak and Fortuna 2006; Yanniotis et
al. 2006; Goémez Diaz et al. 2009; Kumar and Mandal
2009; Cohen and Weihs 2010). In Table 2, the steady state

the apparent viscosity and the shear rate and complex
viscosity and frequency, respectively, were generally
constant functions. The viscosities did not change much
(the coefficient of variation <10%) with increasing shear
rate (Fig. 2) but they substantially decreased as the
temperature increased (Table 2). This was expected as
honey is Newtonian liquid and highly sensitive to temper-
atures (Assil et al. 1991; Bhandari et al. 1999; Junzheng
and Changying 1998; Mossel et al. 2000; White 1975,
1978). Honey with high moisture content is generally less
viscous, which complies with the studies published on the
ability of water to dilute food systems (Steffe 1996). As
temperature increases, the average speed of the molecules
in honey increases and the amount of the time they spend
“in contact” with their nearest neighbors decreases; thus, as
temperature increases, the average intermolecular forces
decrease and consequently the viscosity decreases (Patil
and Muskan 2009).

In Table 3, the influence of temperature and moisture
content on the viscosity of honey from Australia (Sopade
et al. 2002), China (Junzheng and Changying 1998),
Greece (Yanniotis et al. 2006), Israel (Cohen and Weihs
2010), and Poland (Juszczak and Fortuna 2006) is
presented. The combined influence of temperature and
moisture content on viscosity was the same as that
reported in the presented study for Spanish honeys, the
viscosity decreases with increasing moisture content and
temperature.

Effect of Temperature

The flow behavior of the Spanish honeys was further
described by the Arrhenius, and Vogel-Taumman—Fulcher
(VTF) models:

— Arrhenius model (Eq. 2)

viscosity of Spanish honeys as a function of moisture 7 =1, exp|— —= (2)
. . . RT

content and temperature is shown. The relationship between
Table 4 Arrhenius and VTF model parameters
Honey Arrhenius VTF

Mo -107"5 (mPa-s) E, [kJ/mol] R’ Nw 10° (mPa's) B (K) R?
Eucalyptus 7.104+0.2 85.66°+0.20 0.9999 5,721%+25 1,604°+1.6 0.9988
Honeydew 1.54°£0.1 91.35*+0.25 0.9977 1,954"+15 1,954%+2.0 0.9988
Orange 9.33°+0.3 84.66°£0.20 0.9994 5,677°+24 1,595%£1.1 0.9988
Polyfloral 7.45°+0.2 85.37°+0.18 0.9994 4,549°+20 1,623%+1.4 0.9999
Rosemary 10.00°+0.3 84.07°+0.15 0.9999 5,189°£30 1,600°9+1.3 0.9999
Summer savory 7.40°+0.2 84.47°+0.16 0.9988 4,689%+16 1,625°+1.4 0.9999
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Table 5 Effect of soluble solids

(C, °Brix) on the viscosity of T (°C) Power law model 1 = i, C*" Exponential model n = 1, - exp(b,C)

Spanish honey at different

temperatures (T) M1 (mPa-s) b R M2 (Pas) by" (“Brix™") R
25 2:107°! 48.04+0.31 0.9977 1-107%° 0.591+0.020 0.9966
30 810°% 41.78+0.28 0.9922 310718 0.514+0.018 0.9933
35 11077 37.37+0.26 0.9977 2:107'° 0.460+0.015 0.9977
40 1:107%8 35.47+0.24 0.9977 6-1071¢ 0.436+0.014 0.9977
45 2:107% 33.92+0.22 0.9965 2:1071 0.417+0.012 0.9965
50 41079 32.5940.19 0.9944 41071 0.401+0.010 0.9944

where, 1 is a constant, R is the gas constant [kJ -mol "K',
and E, activation energy (is an energy barrier to flowing)
[kJ-mol '], and T absolute temperature [K].

—  VTF model (Eq. 3)

nznoc-exp[TfTo] (3)

where, 1., is the viscosity at 7=o and T is the absolute
temperature at which the relaxation time relevant to
molecular displacements becomes infinite. The value T,
was fixed at 184 K, which was estimated from data reported
by Parker and Ring (1995) for aqueous sugar systems of
similar concentration, and B was calculated using nonlinear
regression.

The activation energies (£,) values (Table 4), calcu-
lated by the Arrhenius model ranged between 84.07 and
91.35 kJ/mol, and the higher they were, the more viscous
the honey was. Similar values were reported for Argenti-
nean honeys (Recondo et al. 2006), Greek honeys
(Yanniotis et al. 2006), Jordanian honeys (Zaitoun, et al.
2001), and Polish honeys (Juszczak and Fortuna 2006).
These values were considerably lower than those estab-
lished for Australian honeys (Bhandari et al. 1999, Sopade
et al. 2002). The latter result was probably due to the fact
that the authors cited performed measurements at lower
temperatures (2 °C, 4 °C, and 7 °C). As suggested by
Mossel et al. (2000), in the Arrhenius equation, lower
temperature measurement results in higher deviations from
the experimental data. The activation energy respected the
moisture content percentage, so the highest one was
achieved by honeydew and the smallest one by rosemary.
The material constant (pre-exponential factor in the
Arrhenius equation), according to Al-Malah et al. (2001)
and Zaitoun et al. (2001), represents viscosity at a
temperature approaching infinity. The higher the values
of these constants were, the higher the viscosity of the
samples was; these values were in the same range with the
ones reported in the case of Israeli honeys (Cohen and
Weihs 2010

@ Springer

The viscosity vs. temperature relation was also
described using the Vogel-Taumman—Fulcher model.
The parameters of that model, determined by nonlinear
regression, are shown in Table 4. The value of constant B
was in the same order (1,600-1,954 K) as reported for
viscosity at different temperature of Argentinean honeys
(Recondo et al. 2006), sucrose (Parker and Ring 1995),
fructose and glucose (Ollet and Parker 1995, and crystal-
lization kinetics of lactose and lactose—trehalose systems
(Mazzobre et al 2001).

Effect of Concentration

The highest values of viscosity were registered by the
honeydew sample, lower for eucalyptus and summer
savory, and the lowest for the rosemary honey. Table 2
shows the values of the viscosity at the temperatures
studied, which were calculated using the Newtonian fluid
formula. In all the cases, the coefficient of regression (R?)
exceeded 0.99. Honeydew exhibited the highest viscosity
whereas rosemary the lowest one. The results confirm the
previous research data concerning the dependence of
honey viscosity on water content (Al-Malah et al. 2001;
Mossel et al. 2000, Sopade et al. 2002; Zaitoun et al.
2001). The increase in viscosity of honey with soluble
solid content (C, Brix) can be described by power law
and exponential models (Rao et al. 1984; Ibarz et al.
1987).

n=mncC" (4)

n = m, exp(h,C) (5)

Table 6 Influence of the total soluble solids (C, °Brix) on the
activation energy (E,, kJ/mol) of flow

Model AP B R?
E, = A4,CB (2+0.19)-10°° 4.009+0.5 0.9333
E, = Ay exp(B,C) 1.582+0.2 0.049:£0.006 0.9388

*i=1,2
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Table 7 Combined effect of )
concentration (C, °Brix) and Model i D; E, [kJ/mol] R
temperature (T, K) on viscosity
(n, Pas) n=n(D1C + E,/RT) 1.93-107" 0.134+0.03 73.317+8.9 0.8221
‘s 4 n = n4CP exp(E,/RT) 434101 10.410+0.70 82.773+12.9 0.7331
i=3,
where, My, M2, b;, and b, are constants, and C is the In order to calculate the model constants, the viscosity
concentration in ’Brix. data were fitted to Eqs.4 and 5 by nonlinear regression. The
a b
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Fig. 4 Application of Cox—Merz rule for the Spanish honeys at different
temperature a eucalyptus, b honeydew, ¢ orange, d polyfloral, e
rosemary, f summer savory. Cross 25 °C, rhombus 30 °C, triangle

v [s1]=w [rad/s]

35 °C, square 45 °C, circle 50 °C, blue color apparent viscosity 1, red
color complex viscosity 1"
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Table 8 « shift factor evolution

with the temperature for T (°C)  Eucalyptus Honeydew Orange Polyfloral Rosemary Summer savory
Spanish honey

25 1.200+£0.02  1.250+0.02  1.220+0.02  1.190+0.02  1.240+0.01 1.240+0.02

30 1.100+0.01 1.100+0.01 1.150+0.02  1.110+0.01 1.190+0.01 1.130+0.02

40 1.001+0.01 1.001+0.02  1.001+£0.02  1.011+0.01 1.006+0.01 1.036+0.02

45 1.001+0.02  1.001+0.01 1.001+0.03  1.001+£0.02  1.001+0.01 1.001+0.01

50 1.000+0.01 1.000+0.02  1.000+0.01 1.000+0.01 1.000+0.02  1.000+0.01

resulting values of the constants are presented in Table 5.
The R? are fairly similar, so the two models are suitable for
describing the effect of the soluble solids of the Spanish
honeys.

At a given temperature, the activation energy for flow
depends on the soluble solid content which can be
described by several models (Giner et al. 1996). We used
two models, similar to Eqs.6 and 7.

E,=4,C% (6)

E, = A2 exp(B,C) (7)

where A4,, A, By, and B, are constants. The £, values and
their respective concentrations were fitted to Eqgs. 4 and 5
by nonlinear regression to determine the model parame-
ters. The calculated parameters for these models are
given in Table 6. Based on R?, we observed that the
exponential model was marginally better than the power
law model in describing the dependency of £, on soluble
solid content.

Combined Effect of Temperature and Concentration

For practical applications, it is useful to obtain an equation
describing the combined effect of temperature and concen-
tration on honey viscosity (Ibarz et al. 1992). The following
models were investigated (Egs. 8 and 9):

n=mnyexp(D,C + E,/RT) (8)

n = 1n4C” exp(E,/RT) 9)

The viscosity, concentration, and temperature data were
fitted to these models by the nonlinear regression and the

values of the model constants were determined. The values
of these constants are summarized in Table 7. It can be
observed that both models showed similar activation energy
as in the case of clarified cherry juice and grape pekmez,
both displaying Newtonian behavior (Ibarz et al. 1992,
Kaya et al. 2008.

Taking into account the statistical R2, shown in Table 7,
it could be concluded that the best fit corresponds to Eq. 8.
Therefore, for the interval of concentrations (C, °Brix) and
temperatures (7) studied, the following equation (Eq. 10)
was proposed to evaluate the n of Spanish honeys:

n=1.9-10""7exp(0.134C + 8818.5/T) (10)

Cox—Merz Rule

Cox—Merz rule (1958) states that the complex shear
viscosity becomes nearly equal to the steady shear viscosity
when angular velocity is equal to shear rate (Eq. 1). This
rule was studied for many polymers, solutions, and
complex food systems (Da Silva and Raol992; Tiziani
and Vodovotz 2005; Ahmed, Ramaswamy and Sashidhar
2007; Yasar et al. 2009; Fissore et al. 2009; Augusto et al.
2011), but not for Newtonian honey. The relationship
between dynamic n* and the 1 data at frequency range of
0.62-62.83 rad/s and shear rate of 0.62-62.83 s ' were
studied for the Spanish honeys (Fig. 4). The comparison
was carried out at 25 °C, 30 °C, 40 °C, 45 °C, and 50 °C.
The results of the application of Cox—Merz rule for honey
samples (orange, rosemary, summer savory, eucalyptus,
polyfloral, and honeydew) are shown in Fig. 3a—f. None of
the honeys samples obeyed the Cox—Merz rule at 25 °C and
30 °C; at this temperature, it was observed that the
magnitude of the n* values were lower than those of the
1 values at angular velocities or shear rates. In the case of

Table 9 « and (3 parameters of

Spanish honey Parameter  Eucalyptus ~ Honeydew Orange Polyfloral Rosemary Summer savory
K 0.879+£0.01  1.1204£0.04  1.009+0.03  0.920+£0.02  0.965+0.01 0.998+0.01
0.961+£0.02  0.876+0.02  0.880+0.02  0.946+£0.02  0.891+0.01 0.888+0.01
R 0.9947 0.9958 0.9991 0.9977 0.9985 0.9974
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non-Newtonian fluid when the data set of n* vs. 1 are
parallel the deviation is probably adjusted using shift factor
(a; Tiziani and Vodovotz 2005; Eq. 11):

(11)

In the Newtonian fluid case, the data set of n* vs. n are
parallel and parallel with the frequency and shear rate and
the data set could be adjusted with the vertical o (Eq. 12):

(12)

The shift factor (Table 8) decreased with the increasing
in temperature in all the honeys samples. Considering the
magnitude of o shift factor and moisture content correlation
between these two parameters could not be made.

At40°C, 45 °C, and 50 °C, the Cox Merz rule is obeyed by
all the honey samples (orange, rosemary, eucalyptus, poly-
floral, honeydew, and summer savory), « shift factor is closed
to 1 (1.001-1.036). The gap between the magnitudes of n*
and n values in the case of the honey samples at 25 °C
and 30 °C could be explained by the structure decay
due to effect of stress deformation applied to the system
by dynamic or steady shear (Chamberlain and Rao
1999).

Another relationship (Eq. 13) which is able to effectively
relate steady shear and dynamic rheological properties was
proposed by Bistanzy and Kokini (1983)):

n (aw) = n(7)

a-n'(w)=n()

*

n =«

(13)

where, k and S are empirical constants determined from
experimental data. In Table 9, the k and (3 constants for
Spanish honeys are presented; their magnitude is not
correlated with the moisture content. The values of the
two parameters are closed to the ones reported in the case
of stick margarine, peanut butter, and marshmallow fluff
(Kokini 1992).

Conclusion

The types of honey analyzed in this paper comply with the
Codex Alimentarius Standards and CE directives with
respect to their physicochemical composition. The honey-
dew sample exhibited a maximum soluble solid content,
higher pH, conductivity, diastase activity, and total acidity,
lower glass transition temperature, the least purity of color
and was the darkest one. Spanish honeys are Newtonian,
and the honey viscosity was affected by the soluble solid
content and temperature complying with the literature. The
effects of soluble solid content and temperature on viscosity
were described by power law and exponential models. A
model was developed to describe the temperature and
soluble solid content on the Spanish honeys viscosity,

irrespective of their origin, which is a suitable tool for
predicting the rheological behavior of honeys according to
its temperature and concentration for the industrial process.
Steady shear viscosity and complex viscosity of the Spanish
honeys fits a modified Cox Merz rule for the Newtonian
fluid with the introduction of a vertical shift factor. The
modified Cox Merz rule could be applied for all the honeys
at 40 °C, 45 °C, and 50 °C; the steady shear viscosity and
complex viscosity could be predicted from each other.
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