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INTRODUCTION

Rheological properties of  honey are of  particular inter-
est to beekeepers and  honey industrials because they affect 
handling, processing, storage, quality [Kayacier &  Kara-
man, 2008], and even honey consumption [Cohen & Weihs, 
2010]. The  rheological properties of honey, as well as many 
other physical properties, depend on several factors, including 
the composition and temperature of the honey, with water con-
tent being one of  the most important ones. Generally, honey 
viscosity decreases with the  increase in water content [Bhan-
dari et al., 1999a; Cohen & Weihs, 2010; Gómez-Díaz et al., 
2006; Lazaridou et al., 2004; Mossel et al., 2003; Tavakolipour 
& Ashtari, 2010]. Furthermore, this parameter also infl uences 
honey quality and its storage time [Abu-Jdayil et al., 2002]. 

With regard to consistency, honey may be fl uid, thick or 
partially or fully crystallized. As the market favors the  sale 
of  liquid honey [Kabbani et al., 2011], some types of  treat-
ment are necessary to keep honey in this state, such as fi ltra-
tion and heating. Heating is applied for several reasons, for 
example, to facilitate honey handling and packaging, retard 
the  phenomenon of  granulation and  destroy microorgan-
isms that may be present and  adversely affect honey qual-
ity. Furthermore, heating might infl uence honey viscosity as 
stated by Kędzierska-Matysek et al. [2016], who observed that 
the dynamic viscosity of rape honey decreased substantially 
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with an increase in temperature, being the effect of tempera-
ture more pronounced for temperatures up to 30°C. 

Several studies have been performed on the  rheological 
characteristics of  honeys from different countries, such as 
Australia [Bhandari et al., 1999b], Jordania [Al-Malah et al., 
2001], Israel [Weihs, 2008], Poland [Witczak et  al., 2011], 
and  Persia [Tavakolipour & Ashtari, 2010], among others. 
Regarding the fl ow properties of honey, dynamic rheological 
measurements revealed that the loss modulus (G’’) predomi-
nated over the storage modulus (G’) [Boussaid et al., 2015; 
Lazaridou et al., 2004; Oh & Yoo, 2011; Smanalieva & Senge, 
2009; Sopade et al., 2004; Witczak et al., 2011; Yoo, 2004], 
confi rming the viscous nature of honey and also indicating 
that honey seems to be similar to a liquid-like solution.

Beyond the countries mentioned above, Portugal is also an 
important honey producer, with beekeeping being an impor-
tant income-generating activity in  the  rural communities lo-
cated in the northeast of Portugal. However, to the best of our 
knowledge, no rheological studies on Portuguese honeys have 
been performed until now and the temperature effect on their 
rheological behavior is also unknown. Moreover, honey is gen-
erally used in  the preparation of culinary dishes (e.g. sweets 
and candies) in several countries, which involves its treatment 
at high temperatures. In  spite of  this, the present study in-
tended to obtain valuable data on the effect of temperature on 
the rheological behavior of Portuguese honeys, including their 
temperature-viscosity relationship. Moreover, when compared 
to other published studies on honey rheology, a broader tem-
perature range (30, 50, 70 and 95°C) was applied.
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cosity was well described by the  BT
A

eK 0  equation. Nevertheless, good regression coeffi cients were also obtained when fi tting the experimental data to 
the Arrhenius model, showing the rosemary honey to be less temperature sensitive. The results obtained in this study are of great interest to beekeepers 
and industrials that handle and prepare eatable honey-based products because they will be better informed about the best type of honey to use.
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MATERIAL AND METHODS

Material
In  this study, three different types of  honey were ana-

lyzed. Two of  them, heather and  rosemary honeys, were 
of  biological origin, from the  Montesinho Natural Park. 
This Natural Park is located in Bragança district and is one 
of  the  largest protected areas in Portugal. The  third honey 
was a polyfl ower honey from a beekeeper of Morais site. This 
village also belongs to Bragança district but it is not located 
in  the Montesinho Natural Park. Morais site is  a Natura 
2000 Site (PTCON0023) and is an area of very high geologi-
cal and botanical interest. This site has in  its core the Mo-
rais Ophiolite Complex that is one of the most representative 
areas of  ultramafi c rocks, and  the  largest continuous unit 
of serpentine soils in Portugal. No study on the rheological 
behavior of Portuguese honeys and  in particular those pro-
duced in  the Montesinho Natural Park and Morais village 
has been performed so far. 

The three types of honey studied in the present work were 
collected in  distinct apiaries in  2011. At each apiary, three 
different samples were collected, with approx. 1 kg/sample. 
After their acquisition, the honey samples were immediately 
transported to the  laboratory, where they were kept at room 
temperature (around 20°C) in the dark. 

Determination of pH, moisture and ash contents
pH was directly determined in honey, using a portable pH 

meter Jenway 370 (United Kingdom), previously calibrated 
with buffer solutions of pH 7.01 and 4.01, in a similar way as 
reported by Cohen & Weihs [2010]. Moisture and ash con-
tents of all honeys were calculated from the weight loss at 
105±2ºC and 450±2ºC until constant weight, respectively. 
All measurements were done in triplicate.

Rheological measurements
To study the  effect of  temperature on honey rheologi-

cal behavior, 10 mL of  honey was placed in  the  container 
of  the  viscometer and  heated at 30, 50, 70  and  95°C.  For 
each honey, the temperature profi les for reaching these tem-
peratures were determined. After 5 min of  stabilization at 
the endpoint temperature, the  shear stresses and viscosities 
were measured at fi xed time intervals at different shear rates. 
The curves of loading and unloading were also assessed in or-
der to verify a non-time dependent fl ow behavior. To measure 
the  rheological properties of  honey samples, a  rotational, 
concentric cylinder viscometer (Visco Star plus, Fungilab, 
Spain), equipped with a temperature controller (Electro-Temp 
Fungilab), and the TL6 and TL7 spindles were used, with di-
ameters equal to 1.18 and 0.94 cm, respectively. The data ac-
quisition was performed by  the software “Data Logger vCli 
1.01”. The  accuracy of  the  viscometer was tested with two 
Newtonian fl uids, namely, glycerin and  a  vegetable oil. All 
measurements were done in triplicate.

Data analysis
As a  non-time dependent fl ow behavior was observed, 

the experimental data were fi rstly described by the Herschel-
-Bulkley model:

σ=σOHB + K ×
.

γ n (1)

where: σ is the shear stress (Pa), σOHB is the yield stress (Pa), 
K  is  the  consistency coeffi cient (Pa.secn), γ· is  the  shear rate 
(1/sec) and n is the fl ow behavior index (dimensionless). These 
rheological parameters were estimated by means of the MAT-
LAB software, which also determined the  95% confi dence 
bounds of  the  rheological parameters and  the  goodness 
of the fi ts by the sum of squares due to error (SSE), R-square, 
adjusted R-square and the root mean squared error (RMSE).

Afterwards, the Ostwald-De Waele power law was also 
applied to the data:
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where: k is  the  consistency coeffi cient (Pa.secn) and  n is 
the fl ow index (dimensionless). If a fl uid is a Newtonian fl uid, 
the fl ow index is equal to 1.0. If it  is a pseudoplastic fl uid, n 
is less than 1, and if it is a dilatant fl uid, n will be higher than 1. 

The effect of temperature on honey apparent viscosity was 
analyzed by the Arrhenius relationship (3) and by the empiri-
cal equation (4), namely:

RT
Ea

eK ×= 0η  (3)

BT
A

eK −×= 0η
 

(4)

where: η is the viscosity (Pa·s), K0 is a pre-exponent constant 
(Pa·s), Ea is  the activation energy (J/mol), R is  the universal 
gas constant (8.314 J/(mol·K)) and T is the absolute tempera-
ture (K). A and B are empirical constants and were estimated 
by the MATLAB software. The activation energy was obtained 
through Eq. (3) by plotting ln (η) versus (1/T). Furthermore, 
the SPSS Statistical software, v. 18.0 (SPSS Inc., Chicago, 
IL, USA) was used for the  statistical treatment of moisture 
and ash data. Analysis of variance (ANOVA) was carried out 
to determine if there were signifi cant differences (p<0.05) be-
tween samples. Additionally, post hoc analysis was performed, 
namely the Tukey’s honestly signifi cant difference test.

RESULTS AND DISCUSSION

Honeys characterization
pH, moisture and  ash contents of  the  honeys studied 

in  the present work are presented in Table 1. The pH values 
varied from 3.85 (polyfl ower honey) to 4.55 (heather honey), 
indicating that these three Portuguese honeys were acidic. These 
values were similar to those reported for Indian (3.8  to 5.0) 
[Ahmed et al., 2007], Turkish (3.67 to 4.57) [Kayacier &Kara-
man, 2008], German (3.61  to 4.65) [Smanalieva &  Senge, 
2009], and Israeli honeys (3.92 to 4.17) [Cohen & Weihs, 2010]. 

In  relation to moisture content, this is an important pa-
rameter that determines honey quality since it infl uences some 
honey characteristics, such as viscosity, weight, preservation, 
fl avor, palatability, and crystallization. According to the Por-
tuguese Law [Law-Decree No. 214/2003 of 18th September], 
the maximum moisture content for honey is  20%; however, 
for the  heather honey a moisture content of  23% is  allow-
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able. When comparing these values with those determined 
in the present study, it was observed that only the polyfl ower 
honey had a moisture content within the specifi ed value. Due 
to the high moisture contents determined in heather and rose-
mary honeys, our results indicate that these honeys can under-
go changes (e.g. undesirable fermentations) more quickly than 
polyfl ower honey, and these changes deteriorate their quality.

The ash content is directly related with the minerals content. 
The heather honey had the highest ash content (0.52%). On 
the other hand, the polyfl ower and rosemary honeys were those 
with the lowest ash levels (0.093 and 0.17%, respectively) and so 
the  lowest mineral concentration. The  range of  ash content 
determined in  the present work was similar to those reported 
to Turkish (from 0.11 to 0.52%) [Kayacier & Karaman, 2008] 
and Tunisian (from 0.06–0.58%) [Boussaid et al., 2015] honeys.

Honey rheological behavior 
Before determining the  rheological behavior, the  heat-

ing profi les of the three honeys were determined (Figure 1). 

At each temperature, all honeys showed a similar heating pro-
fi le. As expected, the lowest periods of time required to reach 
the heating temperature were obtained at the lowest heating 
temperatures (30 and 50ºC, respectively). However, the heat-
ing of the three honeys was very fast, even when high tempera-
tures were applied. Furthermore, the polyfl ower honey with 
the  lowest moisture content did not show a different heat-
ing profi le when compared with the other two honeys. These 
results were different to those reported by Abu-Jdayil et al. 
[2002] for Jordan honeys who stated the longest time to reach 
the endpoint heating temperature for the honey with the low-
est moisture content.

In relation to the rheological behavior, the shear stresses as 
function of shear rates at 30 (A), 50 (B), 70 (C) and 95 (D)°C 
for the three honeys studied in the present work are represent-

TABLE 1. pH value, moisture and ash contents in Portugese honeys.

Honey pH Moisture 
content (%)

Ash 
content (%)

Heather 
(Montesinho Natural Park) 4.55 24.0±0.2a 0.52±0.02a

Rosemary 
(Montesinho Natural Park) 4.31 21.7±0.2b 0.17±0.02b

Polyfl ower 
(Morais Village) 3.85 16.5±1.6c 0.093±0.002c

Data are presented as mean ± standard deviations (n=18). Values with 
the same letter in the same column are not statistically different (p>0.05).
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FIGURE 2. Shear stress as a function of shear rate at 30 (A), 50 (B), 70 (C), and 95°C (D) of Portugese heather, rosemary and polyfl ower honeys.



220 Rheological Behavior of Honeys

ed in Figure 2. Almost all studied honeys showed Newtonian 
fl ow because linear relationships were observed between shear 
stress and shear rate, passing the lines through the y-axis ori-
gin. Furthermore, no dependence of the fl ow over time was de-
tected because the loading and unloading curves overlapped. 
This meant that no thixotropy was observed. The lowest slopes 
of  the  lines were always detected for the  rosemary honey at 
almost all temperatures (with exception at 95°C), suggesting 
a honey with lower viscosity than the others. 

The  Herschel-Bulkley model was applied to the  data, 
being the  rheological parameters indicated in  Table  2. As 
the yield stresses (parameter that indicates when the mate-
rial behavior changes from elastic to viscous) determined 
in  the present work were low (less than 8.5 Pa and all 95% 
confi dence intervals included the zero number), it  indicated 
an insignifi cant effect of microparticles (crystals) in  honey 
[Smanalieva &  Senge, 2009]. Moreover, the  negative val-
ues of  the  yield stresses indicate modelling error because 

TABLE 2. Herschel-Bulkley model parameters determined for Portuguese honeys heated at different temperatures.

Honey Temperature
(ºC)

Yield
stress (σ0HB)

(Pa)

Consistency
coeffi cient (K)

(Pa·secn)

Flow
behavior

index (n) (-)
R-square

Heather

30 -0.64
(-6.04, 4.75)

112
(106, 117)

0.988 
(0.936, 1.04) 1.00

50 -4.51
(-24.29, -15.26)

14.0
(4.49, 23.5)

0.898
(0.690, 1.11) 0.997

70 0.60
(-7.31, 8.50)

2.10
(0.90, 3.3)

1.00
(0.877, 1.13) 1.00

95 8.42
(-0.38, 17.22)

0.05
(-0.13, 0.23)

1.68
(0.786, 2.56) 0.990

Rosemary

30 -2.22
(-10.37, 5.93)

63.9
(55.1, 72.7)

0.950
(0.860, 1.04) 0.998

50 1.1
(-1.54, 3.74)

5.84
(4.86, 6.81)

1.00
(0.952, 1.05) 1.00

70 -1.08
(-3.53, 1.37)

1.75
(1.33, 2.17)

0.962
(0.910, 1.01) 1.00

95 0.13
(-9.25, 9.52)

1.89
(-0.08, 3.87)

0.852
(0.631, 1.07) 1.00

Polyfl ower

30 4.32
(-64.4, 73.0)

136
(60, 211)

1.15
(0.432, 1.88) 0.976

50 1.09
(-1.06, 3.24)

9.40
(8.50, 10.3)

1.01
(0.978, 1.04) 1.00

70 3.32
(-13.37, 20.02)

1.38
(-0.64, 3.41)

1.09
(0.762, 1.42) 0.998

95 -0.67
(-21.08, 19.74)

1.04
(-2.56, 4.63)

0.921
(0.175, 1.667) 0.997

The values inside the parenthesis correspond to the coeffi cients with 95% confi dence bounds.

TABLE 3. Power Law model parameters determined for Portuguese honeys heated at different temperatures and 95% confi dence interval for the slope.

Sample Temperature (ºC) Ln τ = n ln γ + ln K 95% Confi dence interval for the slope

Heather

30 Ln τ = 0.996 ln γ + 4.71 (r=1.00) 0.986 to 1.00

50 Ln τ = 0.963 ln γ + 2.44 (r= 0.996) 0.895 to 1.03

70 Ln τ = 0.992 ln γ + 0.790 (r= 1.00) 0.962 to 1.02

95 Ln τ = 1.042 ln γ – 0.354 (r= 0.985) 0.893 to 1.19

Rosemary

30 Ln τ = 0.986 ln γ + 4.113 (r= 0.999) 0.958 to 1.014

50 Ln τ = 0.977 ln γ + 1.843 (r= 1.00) 0.965 to 0.989

70 Ln τ = 1.058 ln γ + 0.206 (r= 0.991) 0.978 to 1.139

95 Ln τ = 0.849 ln γ + 0.653 (r= 1.00) 0.821 to 0.876

Polyfl ower

30 Ln τ = 1.105 ln γ + 4.94 (r= 0.978) 0.939 to 1.27

50 Ln τ = 0.991 ln γ + 2.30 (r= 1.00) 0.984 to 0.998

70 Ln τ = 1.048 ln γ + 0.547 (r= 0.998) 1.006 to 1.090

95 Ln τ = 1.038 ln γ – 0.406 (r= 0.989) 0.930 to 1.145
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it is physically impossible. Generally, the fl ow behavior index 
and yield stress were always around 1.0 and 0.0, respectively, 
suggesting a Newtonian fl ow. These results were confi rmed 
by Ostwald-de Waele power law (Table 3). High linear corre-
lation coeffi cients were obtained (0.978 to 1.00) and all slopes 
were around 1.0, indicating a Newtonian fl ow. Only the rose-
mary honey at 95ºC showed a slope lower than 1, indicating 
a slight shear thinning fl ow behavior; however, this behavior 
might be due to some experimental errors (instrumental drift).

The viscosity values obtained for the  three honeys stud-
ied at 30, 50, 70 and 95ºC remained constant with the shear 
rate most of the time, corroborating the Newtonian fl ow be-
havior (Table 4). A similar rheological behavior has also been 
reported for Chinese honeys subjected to a temperature range 
from 10 to 30ºC [Junzheng & Changying, 1998], Australian 
honeys treated at 4  to 30ºC [Bhandari et al., 1999a] and at 
subzero temperatures [Sopade et al., 2004], Jordan honeys 
treated at 40 to 94ºC [Abu-Jdayil et al., 2002], non-irradiated 
and gamma irradiated Brazilian honeys [Sabato, 2004], Greek 
honeys subjected to heat treatment from 20 to 60ºC [Lazari-
dou et al., 2004], Polish honeys heat-treated from 10 to 40ºC 
[Juszczak &  Fortuna, 2006], Turkish honey samples from 
10 to 40ºC [Kayacier & Karaman, 2008], Mexican honeys up 
to the 12th storage week [Mora-Escobedo et al., 2006], Israeli 
fl oral honeys from 5 to 40ºC [Cohen & Weihs, 2010; Weihs, 
2008], two Persian honeys from 10  to 30ºC [Tavakolipour 
& Ashtari, 2010], and a Spanish rosemary honey from 40 to 
60ºC [Kabbani et al., 2011]. On the other hand, Gómez-Díaz 
et al. [2006] observed pseudoplastic behavior in Galician hon-
eys treated at 25ºC, as well as Smanalieva & Senge [2009], 
Wit czak et al. [2011] and Boussaid et al. [2015] who also re-
ported non-Newtonian behavior for unifl oral German hon-
eys (10 to 50ºC), Polish heather honeys (10 to 40ºC) and six 
Tunisian honeys (20ºC), respectively. Nevertheless the Portu-
guese honeys analyzed did not show such a behavior. 

Concerning honey heating, for all cases it was found that 
the viscosity decreased with temperature (Table 4). Rosemary 
honey was the one that always presented the  lowest viscos-
ity at 30, 50 and 70°C. Nevertheless, this honey did not have 
the  highest moisture content. Generally, honeys with high 
moisture contents present low viscosities [Witczak et  al., 
2011] due to the plasticizing effect of water. Thus, the present 
results indicated that other components affect honey viscos-
ity. Regarding the polyfl ower honey, its behavior was more 
similar to the heather honey than to the rosemary honey. 

Arrhenius equation is commonly used to describe the vis-
cosity-temperature relationship for honey. The  parameters 
of this equation describing the viscosity-temperature relation-
ship were determined by linear regression (ln viscosity = f(1/T)) 
and are indicated in Figure 3. Linear correlation coeffi cients 
between 0.946 and 0.986 were obtained. The values of activa-
tion energy (Ea) were equal to 71.2, 57.7 and 74.5 kJ/mol for 
the  heather, rosemary and  polyfl ower honeys, respectively. 
This parameter refl ects the sensitivity of viscosity to tempera-
ture changes [Juszczak & Fortuna, 2006; Lazaridou et  al., 
2004], showing that the rosemary honey was the least sensi-
tive (lowest Ea value) among the three studied honeys. The ac-
tivation energies determined in the present work were similar 
to those reported by Lazaridou et al. [2004] for Greek hon-
eys (69.1 to 93.75 kJ/mol), Kayacier & Karaman [2008] for 
Turkish honeys (63.4 to 78.5 kJ/mol), and Gómez-Díaz et al. 
[2009] (83.8 to 96.3 kJ/mol) and Kabbani et al. [2011] (64 kJ/

TABLE 5. BT
A

eK 0  model parameters determined for the three ana-
lyzed Portuguese honeys.

Honey K0 (mPa·s) A B R-square

Heather 0.0838
(-1.62, 1.79)

961
(-2808, 4731)

222
(43; 401) 1.000

Rosemary 4.47
(-105.9; 114.8)

304
(-2344; 2951)

261
(37; 485) 0.9999

Polyfl ower 0.534
(-4.65; 5.72)

577
(-739;1893)

246
(171; 322) 1.000

The values inside the parenthesis correspond to the coeffi cients with 95% 
confi dence bounds.

TABLE  4. Viscosities (mPa·s) of  the  analyzed heather, polyfl ower 
and rosemary honeys.

Honey Temperature (ºC) Viscosity (mPa·s)

Heather

30 11085±50

50 1088±68

70 216±4

95 78±7

Rosemary 

30 6120±202

50 603± 13

70 145±8

95 115±9

Polyfl ower

30 13678±1435

50 975±9

70 198±9

95 74±4

Data are presented as mean ± standard deviations (n=18).
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FIGURE 3. Arrhenius model determined for Portugese heather, rosemary 
and polyfl ower honeys.
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mol) for Spanish honeys. Nevertheless, as a slight curvature 
was observed in  the data, the Equation (4) was applied to 
the viscosity values, being high coeffi cients of determination 
(R2) obtained (Table 5), varying between 0.9999 and 1.000. 
These results showed that the model expressed by Equation 
(4) gave a better fi t than the Arrhenius equation.

CONCLUSIONS

Over the  temperature range from 30  to 95ºC, the Por-
tuguese heather, rosemary and  polyfl ower honeys analyzed 
in the present work exhibited the Newtonian behavior. Heating 
caused a  reduction in viscosity; however, heather and poly-
fl ower honeys seemed to be more sensitive to temperature 

than rosemary honey. Furthermore, the equation BT
A

eK 0  de-
scribed successfully the temperature dependence of viscosity. 
Thus, the present study has a signifi cant practical importance 
because it gives valuable information to beekeepers and  in-
dustrials that handle and prepare eatable honey-based prod-
ucts subjected to heat treatment. 
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