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Abstract

A novel magnetic field (MF) apparatus was designed and constructed for honey treatment
to improve honey’s rheological properties. Permanent magnets were mounted on the
outside wall of stainless steel tubes to create MF strengths. The inverted arrangement of
the magnets’ poles gave an alternating MF strength pattern along a tube’s length with the
field strengths up to about 0.39 T. The MF lines of force were characterized using iron
powders, and the MF distribution patterns were analyzed. The MF treatments were
conducted on longan honey by holding the honey samples in the tubes for 2 h at 15°C and
28°C. The effects of the MF were evaluated by examining the pollen’s characteristics and
the honey’s flow behavior. Similar to natural honey, large pollen agglomerates were found
in the control samples and the magnetically treated samples with a low magnetic field
strength at both temperatures. Nevertheless, at higher strengths, there were no
agglomerates but individual pollen grains were observed in the samples. Rheological
analysis showed that all honey samples exhibited Newtonian flow behavior. The flow
consistency indexes of the samples carried out at 28°C were lower than those at 15°C and
were further reduced with increasing MF strengths, as a result causing reduction in the
viscosity of the samples. Therefore, this new MF treatment apparatus could successfully be
used to improve the flow property of honey.
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Introduction

Magnetic field ( MF) treatment is a non-
thermal, physical method and has been used
for microbial deactivation (Hofmann, 1985).
Research on the use of magnetic fields in the
food and related industries has long been
reported (Bermidez-Aguirre et al., 2016). The
magnetic fields can be classified according to
the mode of operation, such as static magnetic
field (SMF) and oscillating magnetic field
(OMF), and according to the fields’ strengths,
such as low intensity (around 10 G) and high
intensity (thousands of G) (Barbosa-Canovas
et al., 2005). A SMF device can be more
advantageous than an OMF one in terms of
construction, operation, and maintenance since
it does not require an additional instrument to
generate pulses. The SMF is generated by
permanent magnets with magnetic lines of
force exiting from the north pole and entering
into the south pole of the magnet to form a
complete loop. The arrangement of the north
and south poles of the magnets along the
magnetic device determines the pattern of the
magnetic field strength. If the north and south
poles are arranged alternately in opposite
directions, the alternating magnetic field is
generated (Hirschbein et al., 1982; Gabrielli
et al., 2001). This type of magnetic field
generated by permanent magnets has been
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successfully applied for wastewater treatments
(Stefusova et al., 2012; Zaidi et al., 2013; Liu
etal., 2016) and improvement of water quality
(Kochmarsky, 1996; Dobersek and Goricanec,
2014; Lipus et al., 2015). In the food industry,
the magnetic field is used for various purposes,
such as a magnetic separator for metal
decontamination of food materials ( Agri-
Industry Development Division, 2018) ,
immobilization of enzymes on magnetic
nanosupport material ( llyina et al., 2016),
separation of food- borne pathogens using
magnetic nanoparticles ( Augustine et al. ,
2016), microbial inactivation ('Yadollahpour
et al., 2014; Bermidez-Aguirre et al., 2016),
and honey treatment (Sakdatorn et al., 2017,
2018) . Amongst them, the uses of the
permanent magnets for metal decontamination
and quality control of foods have been widely
practiced. A magnetic field was shown to
have significant effects on the texture and
rheological properties of honey. The consistency
index and viscosity of honey were decreased
with an increasing magnetic field strength
(Sakdatorn et al., 2017, 2018). It was also
reported that human blood’s viscosity could be
reduced by a magnetic field (Tao and Huang,
2011).

Neodymium magnet

(b)

Design and construction of magnetic field treatment apparatus: (a) design and
construction of sample tube and (b) north-south poles’

inverted arrangement of
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Although it has been reported that the
magnetic field could reduce the viscosity of
fluids (Tao and Xu, 2006; Tao and Huang,
2011), prevent scale formation in water (Baker
and Judd, 1996; Gholizadeh et al., 2005; Lipus
et al., 2015), and improve the rheological
and physicochemical properties of honey
(Sakdatorn et al., 2018, 2017), the underlining
mechanism of the magnetic field was not clear.
Moreover, despite the merits of the operating
and maintenance costs (Gilart et al., 2013), the
applications of permanent magnets in food
processing are still limited due to the lack of a
fundamental understanding of the magnetic
field mechanism and its potential effect on
food materials during processing. Additionally,
appropriate designs of magnetic field systems
for food processing applications are not readily
commercialized. Therefore, this research was
aimed at developing a new magnetic field
apparatus, characterizing the generated
magnetic field, and testing its potential use for
liquid food processing using honey as a food
example.

Materials and Method

Honey Sample

A commercial longan honey sample was
purchased from Patthanakit Bee Farm Ltd.,
Part. in Chiang Mai Province, Thailand. The
honey was harvested during the normal
flowering season of longan (February to May
2016).

Materials and Construction of Magnetic
Field Apparatus

The experimental apparatus for the
magnetic field (MF) treatment was composed
of tubes with 10 sets of magnets (Figure 1(a)).
The tubes were non-magnetized, commercial
grade 316 stainless steel with dimensions of
10x20x200 mm. The thickness of the tubes
was 1 mm. There were 4 MF treatments using
different numbers of the neodymium
permanent magnets of about equal magnetic
fields mounted outside the tubes. Equal
numbers of magnet sets were affixed to
opposite sides of the tubes, i.e. 1:1, 2:2, 3:3,

and 4:4 representing 1, 2, 3, and 4 magnets on
each side, respectively. Correspondingly, they
were designated as MF11, MF22, MF33, and
MF44. The north and south poles of each
magnet set were inversely fixed on the
opposite sides, and inversely arranged with
those of the neighboring sets (Figure 1(b)).
Each set of the magnets was aligned and
equally placed at 8 mm apart by using non-
magnetized aluminum spacers between the
magnet sets. A tube without a magnet
attachment was used as the control sample.

The MF11, MF22, MF33, and MF44
sample treatment tubes were affixed with the
total numbers of 20, 40, 60, and 80 permanent
magnets, respectively, in order to generate
4 different levels of the magnetic field
strength. From a preliminary study, the
minimum number of 20 magnets (MF11) was
selected to cause noticeable changes in the
honey’ s properties, whereas the maximum
number of 80 magnets (MF44) was used since
using 20 more magnets could generate only a
small increase in the magnetic field strength
inside the sample treatment tubes.
Characterization of Magnetic Field
Distribution using Iron Powders

Iron powders ( Intereducation Supplies
Co., Ltd., Bangkok, Thailand) with a particle
size range of 20-200 pum were used to
characterize the magnetic field. A paper sheet
(120 g/m? density) was placed on the magnetic
apparatus. Then, the iron powders were gently
sprinkled on the paper. The powders were
drawn toward the magnetic poles according to
the flux intensity of the magnetic field. The
directions of the magnetic field lines of force
were observed. A magnetograph was taken,
and the magnetic field lines of force were
drawn according to the flow directions of the
iron powders under the influence of the
magnetic field.

Measurement of Magnetic Field Strengths
of the Experimental Setups

The magnetic field strengths of the
experimental apparatus were measured using
an AlphalLab High-Stability DC Gaussmeter
(Model GM-2 with ST universal probe,
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AlphaLab Inc., Salt Lake City, Utah, USA).
The measurements were carried out in the
cross-sectional areas of the tube at positions
a to i along the tube’s length, which was
divided into layers 1 to 17 (Figure 2). The
schematic diagram of the magnetic field
strength distribution was constructed using the
values measured at the center of the MF tube
(position e).

Application Test of Magnetic Field on
Improvement of Honey Properties

The longan honey samples were
subjected to 4 different magnetic fields (MF11,
MF22, MF33, and MF44) and carried out at
2 controlled temperatures (15+2°C and 28+2°C).
The 2 temperatures were the average
temperatures during the winter and summer
seasons, respectively, in the northern part of
Thailand ( Thai Meteorological Department,
2015) where majority of the types of Thai
honey are cultivated and processed. The
15+2°C condition was set in a refrigeration
chamber, whereas the 28+2°C condition was
obtained in an air- conditioned room. The
magnetic exposure time of 2 hours was applied
to all treatments. An adequate time for
magnetic field exposure is required to cause
a significant reduction in viscosity ( Sakdatorn
et al., 2018). The samples without magnetic
exposure and held at each temperature for

Figure 2. Magnetic field strength measurement
positions a-i across the cross-section
areas along the sample tube layers
1-20

2 h were used as the control samples. Figure 3
shows the experimental setup for the control
and magnetic field treatment of the longan
honey. Immediately after the treatments, the
samples were subjected to pollen analysis,
flow properties analysis, and color measurement.
Details of the measurements are as follows:

Pollen Analysis

Pollen analysis was done using the
method of Belay et al. (2017) with adjustments
in an addition of distilled water to the honey
and the centrifugation time. Ten grams of
honey sample were weighed into a centrifugal
test tube (50 ml), and 20 ml of distilled water
was added. The sample was gently mixed to
completely dissolve the honey. The sample
was then centrifuged at 4500 rpm for 20 min.
The supernatant was drained, and 5 ml distilled
water was added to the tube to disperse the
sediment content. The dispersed liquid was
dropped onto a glass slide with a glass cover
and viewed under a light microscope (CHK-2-
F- GS, Olympus Optical Co., Ltd., Tokyo,
Japan) at 100x magnification. Images of the
pollen were taken using a digital camera
(Panasonic BSI CMOS sensor, 13 megapixels,
1/3.06-inch, pixel size of 1.12 um, Panasonic
Corp., Osaka, Japan) attached to the eye piece
of the microscope.

Polyvinyl Chloride Film

Magnct Scts

Honey

} Sample Tube

Stand

Control Treatment

(a) (b)

MT* Trcatment

Figure 3. Experimental setup: (a) Control
sample treatment and (b) magnetic
field sample treatment
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Flow  Property and  Viscosity Experimental Design and Data
Measurements Analysis

Shear stresses were measured at different
shear rates using a viscometer (model DV-I1+,
AMETEK Brookfield, Middleboro, MA,
USA) with the attachment of a small sample
cell and spindle number 29 (S29). Plots of the
shear stress vs shear rate were constructed to
determine the type of flow behavior (Sahin and
Sumnu, 2006; Bakier, 2017). The Herschel-
Bulkley equation ( Equation 1) was used to fit
the shear stress and shear rate data to obtain the
consistency index (K). The viscosities at the
highest shear rates (at shear rates of 1.25 s*
and 3.75 s* for the samples treated at 15+2°C
and 28+2°C, respectively) were also recorded.
The data between the K value (obtained from
the shear stress vs shear rate plots) and
viscosity at the maximum torque were plotted.

T =Ky"+ 1 @

where 7t is the shear stress (Pa), y is the shear
rate (s'), n is the flow behavior index (n = 1
for Newtonian fluids, n>1 for dilatant fluids,
n<1 for pseudoplastic fluids), K is the flow
consistency index (Pa s"), and z, is the yield
stress (Pa) which is the minimum stress to
generate flow (Sahin and Sumnu, 2006).

The experiment on the MF treatment of
the honey was conducted using a complete
randomized design with 3 replicates. Mean
values and standard deviations (SD) of the
measured values were computed. Data related
to the flow (shear stress vs shear rate) were
presented as the mean values without SD bars
due to their very small magnitudes as
compared with the mean values.

Results and Discussion

The magnetic field apparatus was designed,
constructed, and tested for its application for
improvement of the flow properties of longan
honey. The directions of the magnetic field
lines of force, magnetic field strength,
magnetic field distribution patterns, and
effects of the magnetic field treatment on the
pollen characteristics and flow properties of
longan honey are reported in this article.

Characteristics of Magnetic Field Lines
Figure 3 shows the magnetic field lines of

force generated by the MF apparatus, as

observed from the top-view of the sample tube.

Figure 4.

Magnetic field lines of force measured at 0.39 T: (&) observation from the top view of a

sample tube, (b) schematic drawing where dotted lines help visualize the magnetic lines
of force, and (c) observation from the side view of the sample tube with partial
superimposed dotted lines to help visualize the magnetic lines of force
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Figure 4(a) shows that iron powder particles
aligned themselves according to the attraction
force of the magnetic lines. The magnetic lines
of force moved between the north and south
poles of the magnet pieces. The magnetic lines
of force exist in 3 dimensions but only 2
dimensions are observed in the magnetograph.
Between the magnet facets directly mounted
on the opposite sides of the sample tube, the
straight-line alignment of the iron powders was
observed. The field lines in the central area
between the magnets were denser than those in
the surrounding areas (Figure 4(b)). Moreover,
the density of the magnetic field lines
decreased with increasing the distance from
the poles. Outside the sample tube, the curved
magnetic field lines between the north and
south poles with fewer densities were
observed. Therefore, stronger magnetic fields
were expected inside the sample tube.

Figure 4(c) shows the magnetograph of
the magnetic apparatus examined from the side
view of the sample tube. The magnetic lines of
force and field strengths were observed from
the alignment and density of the iron powders.
The stronger attraction force was observed
when more magnets were used (Figure 5). This
was shown by the amount of iron powders
being attracted to the magnet poles and the
effective distance from the magnets. The

MF11 (0.18T)

by

Distance (cm)
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Distance (cm)
(a)

MF33.(0.34 T)

Distance (cm)

0 5 10 15 20 25 30 35 40 45
Distance (cm)
(©)

higher number of magnets showed larger
effective areas outside the tubes. Additionally,
when compared with the non-magnetic areas,
more attraction of iron powders was present
across the tube in the magnetic areas. The
magnetic field lines moved from the north to
south poles with high field line densities
present at the origins of the magnetic fields and
between the opposite facets of the magnets.
Due to the inverted north to south poles
arrangement of the magnets, there were
magnetic field lines connected between the
paired magnet sets. These distributions
resembling magnetic fields on the magnet sets
along the sample tube could be observed.
Nevertheless, the areas between the magnet
sets revealed very low magnetic fields.

Magnetic Field Distribution Patterns

and Strength Distribution

Measurements of the magnetic field
strengths across the cross- section areas
( positions a-i in Figure 2) along the tube
revealed that large magnetic field strengths
were observed at the central facets of the
magnets - positions b and h on the layers 3, 7,
11, and so on. On the same layers, the strengths
decreased when measured toward both sides of
the magnets - positions a and ¢ and positions g
and i. The strengths decreased further when

MF22 (0.29T)

Distance (cm)

0 5 10 15 20 25 30 35 40 45
Distance (cm)
(b)

MF44 (0.39T)

Distance (cm)

15 20 25 30 35 40 45
Distance (cm)
(d)

0
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Figure 5. Effective area of magnetic fields at different magnetic field strengths on tubes: (a) MF11
0.18 T, (b) MF22 0.29 T, (c) MF33 0.34 T, and (d) MF44 0.39 T
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measured at the center of the tube or the
midpoint between the central facets of the
magnets, position e, and decreased even more
toward the sides at positions d and f. At the
magnets’ edges, as shown on the layers 2, 4, 6,
8, and so on, the magnetic field distributions
across the cross-section areas were similar, but
their field strengths were less than those
measured at the central facets of the magnets.
Farther away from the magnets, the
distributions across the cross-section areas on
layers 1, 5, 9, 13, and so on were still in a
similar manner, but their field strengths were
reduced much further.

The magnetic field strength distributions
along the tubes of all the MF treatments were
similar but different in magnitudes. The
distributions from the center positions
obtained from all sample tubes are displayed in
Figure 6. As represented from other positions
across the cross-section area, the distribution
obtained from the center position of a tube
exhibits an alternating MF strength pattern
along the tube’ s length. The maximum
magnetic field strengths in both positive and
negative values depending on the field
directions are located at the central positions of
the magnets, i.e., layers 3, 7, 11, and so on.
From these positions, the field strengths are
approaching zero at the midpoints between the

magnet sets, i.e., layers 5, 9, 13, and so on. This
observation was also confirmed by magnetic
line densities, as shown in Figure 3. Because
the north and south poles of the magnets were
arranged alternately in opposite directions, an
alternating magnetic field was created along
the length of the MF tube (Hirschbein et al.,
1982). A similar magnetic field distribution
pattern was reported by Gabrielli et al. (2001)
for water treatment in a pipe equipped with
magnets with an inverted pole arrangement
in which the inverted arrangement generated
a stronger magnetic field and had a stronger
influence on the properties of the sample as
compared with a non-inverted pole arrangement.
Lipus et al. (2015) also reported a similar
magnetic field distribution using 0. 16 T
magnetic devices for water-scale prevention.
Using the magnetic field strength
measurements at all central facets of the
magnets (positions b and h in Figure 2), the
average magnetic field strengths in the tubes of
MF11, MF22, MF33, and MF44 were
17894251 G (0.18 T), 28814251 G (0.29 T),
34444520 G (0.34 T), and 39414377 G (0.39
T), respectively. In this study, the field
strengths generated by the magnetic apparatus
were higher than those reported by Sakdatorn
et al. (2017) for honey treatment, Gabrielli
etal. (2001), Gilartet al. (2013), and Alkhazan
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area along the sample tube: MF11, MF22, MF33, and MF44
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and Saddiq (2010) for water treatments. The
effectiveness of magnetic applications does
not only depend on the MF strength but also on
the magnetic gradient or the magnetic flux
concentration, which changes frequently along
the magnetic device (Oshitani et al., 1999).
The combination of a magnetic gradient and
a magnetic field of alternating strength is more
effective than a static magnetic field ( Zaidi
etal., 2014). Hence, such magnetic fields can
be applied in the food industry to improve
physicochemical properties while preserving
nutritional benefits and natural functions due
to their non- thermal effects on the food
materials (Sakdatorn et al., 2018). However,
a much stronger magnetic field could induce
an effect in a short time. For example,
a magnetic field of 1.3 T for 1 min was applied
to reduce blood viscosity (Tao and Huang,
2011).

Effects of Magnetic Field on Pollen

Particles

The characteristics of the pollen in the
honey samples after the magnetic field
treatments were compared with those in the
control samples (Figure 7). It was found
that large pollen agglomerates were found in
the control samples, whereas smaller
agglomerates were observed in the MF11
samples. The agglomerates were not found in
the MF22, MF33, and MF44 samples;

however, individual pollen particles were
observed. In the MF44 samples, some
fragments of broken grains of pollen in
addition to the individual pollen particles were
found. These results were observed for the
samples treated at 15°C (CL) and 28°C (RT).
It might suggest that the magnetic gradient and
strong alternating MF strengths could break
down the pollen agglomerates. The mechanism
of pollen deagglomeration could be due to the
presence of the Lorentz force causing the
opposite ionic charges to move in opposite
directions (Gholizadeh et al., 2005) and hence
decrease the adhesion of the pollen particles.
Moreover, a magnetic field could increase the
surface energy of small particles and might
prevent them from agglomeration (El Hafidi
and El Hafidi, 2017). As a result, smaller
particles could exhibit less flow resistance than
the larger particles did and cause a reduction of
the consistency index (K) (Rao and Tattiyakul,
1999). This result could also be supported
by the mechanism of magnetic dissolution
enhancement (Baker and Judd, 1996).
Therefore, the influences of magnetic fields on
flow-related properties, e.g., shear stress and
viscosity of the samples, were expected.

Improvement of Honey’s Rheological

Property

The plots between the shear stress and
shear rate of all the samples show a linear

Control MF11

MEF22

RT

CL

H Individu

Figure 7. Pollen particles and distribution after magnetic treatments (MF11, MF22, MF33, and
MF44) at 28°C (RT) and 15°C (CL) as compared with the control samples
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relationship (Figure 8(a-b)). The Herschel-
Bulkley model was fitted to the experimental
data, and the flow consistency index (K) and
flow behavior index (n) could be obtained for
every sample. The flow behavior indexes for
all samples were found to be 1 (n = 1) with the
linear correlation coefficients (R?) above 0.999
(data not shown), and 0 was 0 since the plot
started at the origin for all the samples. These
linear relationships indicated that the flow
behavior of the honey belonged to the
Newtonian type, in which the increase in shear
stress is proportional to the increase in shear
rate with the flow behavior index of 1 (Sahin
and Sumnu, 2006). Other types of honey were
also found to be Newtonian fluids (Cohen and
Weihs, 2010; Travni¢ek et al., 2012; Belay
etal., 2017). However, some honey types were
reported as being non-Newtonian when
measured at high shear rates up to 500 s*
(Boussaid et al., 2015).

It was shown that the MF treatments
influenced the flow behaviors of the honey
samples at both 28°C and 15°C, as shown in
Figure 8(a-b), respectively. It was found that
the flow consistency indexes (K) were
decreased with an increasing magnetic field
strength and temperature as a result of
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reducing the slopes between the shear stress
and shear rate. Reductions in the consistency
indexes with increasing magnetic field
strengths at the low temperature (15°C) were
larger than those at the high temperature
(28°C). Since the flow behaviors of the honey
samples were Newtonian, the consistency
index was equivalent to the apparent viscosity.
An increasing consistency index is closely
correlated to the increasing viscosity of the
sample at the final shear rate. Figure 8(c, d)
shows the relationship between the consistency
index and final viscosity of the honey samples
after MF treatments with different magnetic
field strengths. Decreases in honey viscosity,
as affected by magnetic fields, were also
reported by Sakdatorn et al. (2017, 2018).
A similar effect of the magnetic field on other
liquids, such as human blood, was also shown
by Tao and Huang (2011). Similar effects of
the temperature on viscosity reduction were
reported by Travnicek et al. (2012) and Saxena
et al. (2014). At a constant temperature, the
higher magnetic field strengths induced greater
reductions in the consistency indexes, and
hence viscosity reductions. The flow
improvement of the honey samples could be
closely related to the breaking down of the
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Figure 8. Flow behavior of honey samples after magnetic treatments at (a) 28°C (RT) and (b) 15°C
(CL), and relationships between viscosity and consistency index (K) of honey samples
after maanetic treatments at (c) 28°C (RT) and (d) 15°C (CL)
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pollen agglomerates into smaller, individual
particles, as shown in Figure 7. Pollen
agglomerate was not found in the samples after
being treated with higher magnetic field
strengths. Since the smaller particles could
easily align themselves with the direction of
the shear, they exerted less resistance to flow
as compared with the larger particles (Rao and
Tattiyakul, 1999).

Moreover, reduction in the resistance to
flow could be due to decreasing friction
between water molecules (Al-Mahasneh et al.,
2014) in the honey. The stronger magnetic
field strength could result in a greater reduction
in water molecular friction (Sakdatorn et al.,
2018). This was caused by weakening of the
thermal motion of water in the magnetic field
that could lead to stronger hydrogen bonding
of a water molecule (Wang et al., 2018). Hence,
the intermolecular friction of a water molecule
could be reduced. The reduction in the flow
consistency index and viscosity that could allow
better flow dynamics, and the consequent ease
of handling, pumping, and packaging, in
addition to energy saving, could be achieved in
honey processing.

From the results of the pollen analysis
and rheological analysis, it can be suggested
that the magnetic field strength of 0.39 T could
be successfully applied for improvement of
honey flow properties for pretreatment and
packaging purposes since smaller pollen
particles and low viscosity were observed. At
this magnetic field strength, the honey’ s
viscosity could be reduced by 50% and 20% at
15°C and 28°C, respectively. The lower final
viscosity obtained from the magnetic field
treatment allowed ease of flow and easy
handling of honey through the processing and
packaging steps. The use of higher magnetic
field strengths would increase the cost of the
equipment, while it did not show a significant
reduction in viscosity.

Conclusions

A novel non-thermal magnetic field apparatus
was constructed to provide MF strengths
ranging from 0.18 T to 0.39 T. The inverted

arrangement of the magnets’ north to south
poles provided alternating MF strengths. In the
magnetic areas of the apparatus, a high density
of linear lines was observed. The strong
magnetic field distribution along the sample
tube with 10 magnet sets mounted at equal
spacing could give a uniform effect on the
sample during treatment. The MF apparatus
was used to treat longan honey samples at low
and ambient temperatures. The longan honey
samples showed Newtonian behavior.
Temperature and MF strength did not
influence the Newtonian behavior. However,
increasing the temperature to 28°C and the MF
strength could reduce the consistency index
(K) and viscosity of the samples. This might
be related to the breakdown of the pollen
agglomerates by the magnetic fields.
Additionally, it was believed that reductions in
the shear stress and viscosity were due to less
water molecular friction after the weakening of
the molecular motion under the influence of
the magnetic fields. As a result, the honey had
improved flowability and had advantages in
terms of transportation and processing.
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