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Effects of a magnetic field and adjuvant in the
efficacy of cycloxydim and clodinafop-propargyl on

the control of wild oat (Avena fatua)wbm_354 300..306

MOHAMMAD HASSAN RASHED MOHASSEL,* AKBAR ALIVERDI and REZA GHORBANI
Department of Agronomy, Faculty of Agriculture, Ferdowsi University of Mashhad, Mashhad, Iran

The reduction of herbicide applications is a main research priority in recent years. One way to
achieve this goal is by using adjuvants that can increase the efficacy of foliar-applied herbicides
by reducing surface tension. Previous studies have shown that the surface tension of distilled
water decreases under the influence of a magnetic field. In order to compare the effects of a
magnetic field and Frigate in clodinafop-propargyl and cycloxydim in controlling wild oat and
evaluating the surface tension, a dose–response greenhouse experiment was conducted by
using 0, 8, 16, 32, 48, and 64 g ai ha-1 of clodinafop-propargyl and 0, 15, 30, 60, 90, and
120 g ai ha-1 of cycloxydim with Frigate and/or by passing them through a magnetic field.The
magnetic field and Frigate caused a significant reduction in the surface tension of the herbicide
solutions. But, Frigate was more effective in reducing the surface tension of the herbicide
solutions, compared with the magnetic field. The magnetic field and Frigate increased the
efficacy of clodinafop-propargyl and cycloxydim remarkably. Frigate increased the efficacy of
the herbicides more than did the magnetic field.The magnetic field and Frigate collectively
had more of an effect on the herbicides’ efficacy than when they were applied individually.
The magnetic field and Frigate were more effective in increasing the efficacy of clodinafop-
propargyl than that of cycloxydim.
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In the process of spraying solutions on the leaf surface,
the droplets can be retained by the leaves, bounce off
(Jinxia 1996; Kudsk 1997), turn into smaller droplets and
then be retained, or bounce off for further collisions
(Kudsk 1997); thus, the spraying process is complicated.
However, in this process there are some key factors for
retaining droplets including the leaf surface’s morphol-
ogy, velocity of the droplet (consisting of droplet size and
its speed squared), and surface tension of the droplet
(Jinxia 1996).

Adjuvants are materials that are often added to herbicide
formulations or are applied as a tank mix for the purpose

of increasing the efficacy of foliar-applied herbicides
(Bellinder et al. 2003). Decreasing the surface tension is a
significant adjuvant characteristic and can prevent the
bouncing off of droplets after impact and achieve better
plant coverage (Green & Beestman 2007). Furthermore,
adjuvants can prevent the formation of herbicide crys-
tallization on the leaf surface (Kudsk 1997).They cause
the removal of the air film between the droplets and the
leaf surface and, consequently, lower the contact angle
with the leaf surface (Penner 2000). Adjuvants also can
increase the cuticle’s filtration and stomatal penetration
by scratching the cuticle and changing its properties
(Jinxia 1996). Increasing the permeability of the active
ingredient is a tool for reducing herbicide usage (Bell-
inder et al. 2003).

In spite of the advantages, adjuvants are also chemicals.
Although environmental and biological pollution by
herbicides and their risks of application are highly con-
sidered, presently the environmental and biological risks
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of adjuvants are somehow ignored.Adjuvants can impose
special effects on plants and animals and some of them
have the potential to pollute the above-ground and
underground water (Parr 1982). For instance, in the past,
reports indicated that, among non-ionic adjuvants, alkyl
phenol ethoxylates had the highest usage. Recently,
however, due to their low biodegradation potential
(White 1993) and due to the existence of estrogen in
animals and humans, this product has been replaced with
other types of non-ionic adjuvants (Kudsk 1997). Now,
though, methods for the reduction of the surface tension
of spray solutions are being investigated. Cho and Lee
(2005) reported that passing water through a magnetic
field decreased the water surface tension. So far, not
enough data are available on using a magnetic field in
order to decrease the surface tension of spray solutions or
on its application in weed control.

The purposes of this study were to investigate the mag-
netic field effect on the surface tension of herbicide spray
solutions and to compare its efficacy with Frigate in
controlling wild oat.

MATERIALS AND METHODS

Surface tension studies

The surface tension, g, was determined by using the
capillary tube technique (Equation 1) with four replica-
tions for each value. The capillary tube was purchased
from BioCap Co., Busy, France, but the surface tension
was determined by using the capillary tube technique
and the following formula (Vanhanen et al. 2008):

γ ρ= ⋅ ⋅ ⋅ +( )1
2 3

g r h
r

, (1)

where r is the radius of the capillary (m), h is the capillary
rise (m), g is the acceleration due to gravity (9.8 m s-2),
and r is the liquid density (kg m-3).The temperature of
the laboratory environment during the measurements
was 25 � 2°C. For measurement, a capillary tube with a
1 mm section diameter was selected and the samples
were passed through a magnetic field as much as
required, followed by measurement of the surface
tension, which took place quickly after preparing the
samples. Then, the data were changed to mN m-1. The
magnetic treatment unit that was used was made in the
laboratory by using the modified technique of Cho and
Lee (2005). Mainly, we used a copper tube instead of a
vinyl tube, assuming that a magnetic field passes easier
through metals such as copper. Furthermore, as the lon-
gevity of the magnetized water was short, the surface
tension measurement had to be done immediately.

Plant growth

The seeds of wild oat were collected from plants in the
field near the research greenhouse at Ferdowsi Univer-
sity of Mashhad, Iran.They were dehulled and placed in
11 cm-diameter glass Petri dishes on top of a single layer
of filter paper (no. 1;Whatman International, Maidstone,
UK).Then, 10 mL of 0.2% KNO3 solution were added
to each Petri dish and the seeds were incubated for 48 h
at 4–5°C under dark conditions.The seeds were germi-
nated in an incubator with specific temperature and
relative humidity monitoring (20/10°C, 45/65% relative
humidity, dark/dark) (Andersen 1968). As soon as the
radicles emerged from the seeds, they were planted at a
1 cm depth in 2 L plastic pots filled with a mixture of
clay, loam soil, and sand (1:1:1 v/v/v; Department of
Horticulture,Ferdowsi University of Mashhad, Iran).The
pots were subirrigated every 3 days with tap water. At
the one-leaf stage, the seedlings were thinned from 10
to four per pot and 30 mL of a water-soluble N:P:K
(20:20:20) fertilizer, at a concentration of 3 g of fertilizer
per liter of tap water, were supplied to each pot. The
greenhouse temperature varied from 18–31°C during
the day and 14–21°C at night.

Treatments

The treatments included six concentration levels of 8%
emulcifiable concentrate (EC) clodinafop-propargyl (0,
8, 16, 32, 48, and 64 g ai ha-1) (Tapik 80 EC, 80 g ai L-1

clodinafop-propargyl, EC; Syngenta, Basel, Switzerland)
and six concentration levels of 10% EC cycloxydim
(0, 15, 30, 60, 90, and 120 g ai ha-1) (Focus 10% EC,
100 g ai L-1 cycloxydim; BASF, Limburgerhof,
Germany). Clodinafop-propargyl was prepared with dis-
tilled water, based on 64 g ai ha-1, from which the other
treatment solutions were prepared. Likewise, from
120 g ai ha-1 of cycloxydim, the treatment solutions were
prepared with distilled water and then diluted, with 0.1
% (v/v) Frigate (an 81.2% mixture of ethoxylated long-
chain fatty amines; Ethylan T-T-15, ISK Biosciences
Crop, Mentor, England) and without Frigate, with and
without being passed 10 times through a magnetic field.
The treatment solutions were sprayed quickly after their
preparation. It is noteworthy that, for Frigate, 0.1% (v/v)
was the critical micelle concentration, so this concentra-
tion was used in this experiment. At the four-leaf stage,
the plants were treated by using an overhead trolley
sprayer that was equipped with a flat-fan nozzle (8002
Tee-jet; Spraying Systems Company,Wheaton, IL, USA),
delivering 200 L ha-1 at 200 kPa.The conditions of treat-
ment were almost the same for all the treatments on the
day of the experiments; that is, 25 � 4°C and 45 � 7%
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relative humidity.There were four replicates for both the
treated and control plants, which were harvested 3 weeks
after the application of the treatments, and then the dry
weight of the wild oat foliage was determined.

Magnetic treatment unit

The arrangement of the permanent magnetic field
involved a 300 mm copper tube in which a
21 mm ¥ 1 mm rectangular channel existed for the solu-
tion flow. Two pieces of magnet were placed on either
side of the copper tube to produce the magnetic field.
The arrangement of the permanent magnetic field and
the dimensions of different parts of it are shown in
Fig. 1. As seen in Fig. 1, the same poles of the magnets
were pulled together and fixed.This action brings about
a reinforcement of the magnetic field lines in both direc-
tions (Quinn et al. 1997). As the approaching process of
both magnets reinforces the field strength, the channel
section of the solution flow would be narrowed. In
addition, as the flow of the magnetic field line passes well
through copper metal, copper tubing was used to pass
the solution through the magnetic field.The maximum
strength of the magnetic field was measured to be 0.7 T
(7000 Gauss) by using a magnetometer (Model 1-ST;
AlphaLab, Salt lake city, Utah, USA).

Statistical analysis

The response of the wild oat foliage dry weight, U, on
dose, z, was evaluated by a logistic four-parameter model
(Streibig et al. 1993):

U
D C

b z ED
Cij

i ij i

= −
+ ( ) − ( )( )[ ]

+
( )1 50exp log log

, (2)

where Uij denotes the dry weight at the jth dose of the
ith herbicide preparation (zij), and D and C denote the
upper and lower asymptote of the dry weight at zero and
infinite doses and were assumed to be similar for all the
treatments within an experiment.The ED50(i) denotes the
required dose of herbicide, i, to reduce the dry weight by
half between the upper and lower limits, D and C, and
parameter bi is proportional to the slopes of the curves
around the ED50(i).

By reparametering equation 2, the ED50 parameter can
be replaced by any ED level (e.g. ED90) that is of more
relevance than the ED50 parameter when comparing
herbicide preparations (Cabanne 2000). The ED90

denotes the required dose of herbicide, i, to reduce the
dry weight by 90% between the upper and lower limits,
D and C (Kudsk & Mathiassen 2007).The logistic dose–
response model was directly fitted to the experimental

Fig. 1. Magnetic treatment unit and
the arrangement of the permanent
magnetic field. A, cross-section; N,
North; S, South.
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data by SlideWrite software (Advanced Graphics Soft-
ware, Carlsbad, CA, USA). Previous studies have shown
that the dose–response curves of a herbicide applied with
and without adjuvant can be considered to be parallel
(Cabanne 2000; Devilliers et al. 2001); that is, the D, C,
and b parameters are similar and Equation 2 can be
reduced to:

U
D C

b R z ED
Cij

i i ij i

= −
+ ( ) − ( )( )[ ]

+
( )1 50exp log log

. (3)

The relative potency parameter, R, is the horizontal
displacement between the two curves. If the relative
potency, R, was significantly different from 1.00, the
addition of an adjuvant, magnetic field, and their com-
bination would have no effect on the responses of
clodinafop-propargyl and cycloxydim. If R was signifi-
cantly smaller or bigger than 1.00, the mixture with the
herbicides that were used in this study and the adjuvant
would be less or more potent than when the herbicides
alone were used.

RESULTS AND DISCUSSION

Surface tension experiments

Surface tension can be defined as the surface energy
required to create a new unit area of a new liquid–air
surface (Cho & Lee 2005), typically given in N m-1.The
influence of the number of passes through the magnetic
field on the surface tension of the distilled water and the
adjuvant, Frigate, is presented in Table 1. The magnetic

field and Frigate caused a significant decrease in the
water surface tension (P < 0.01). However, the cationic
adjuvant, Frigate, was more effective in decreasing the
surface tension, compared to the magnetic field. The
results showed that, by increasing the number of passes
through the magnetic field, the surface tension of the
water and Frigate solution decreased.The surface tension
balance of the Frigate solution occurred much earlier;
after more than two passes, the decrease of surface
tension was not significant. Unlike the Frigate solution,
the surface tension balance of the distilled water hap-
pened after eight passes and it was not significantly
higher with more passes.

Amiri and Dadkhah (2006) reported that the surface
tension of distilled water decreased by 19% during 10
passes with 3850 Gauss strength through a magnetic
field. The surface tension of distilled water after 10
passes through 7000 Gauss strength decreased by
21.3%. Therefore, with an increase of magnetic field
strength, a larger decrease in surface tension was
observed. Holysz et al. (2007) and Sueda et al. (2007)
also concluded that a magnetic field caused a decrease
in the surface tension of distilled water. Amiri and
Dadkhah (2006) also detected that the surface tension
of distilled water gradually increased. Changes in the
surface tension after 1 day were significant but there
was no meaningful change in the surface tension of the
distilled water with time. Cho and Lee (2005) argued
that a magnetic field lead to a decrease in the surface
tension of tap water and hard water and revealed that
the surface tension of hard water was more influenced
by the magnetic field, compared with the tap water,
because of a larger quantity of minerals. Quinn et al.
(1997) stated that passes of water molecules through a
magnetic field decreased the contact angle of the water.
The decrease of the water contact angle also would
result in more molecules in the water volume unit and,
subsequently, the surface tension of the water would
decrease.

The effect of the number of passes through the magnetic
field on the surface tension of the clodinafop-propargyl
and cycloxydim solutions is presented in Table 2. On the
whole, the magnetic field and Frigate significantly (P <
0.01) decreased the surface tension of the clodinafop-
propargyl and cycloxydim solutions. But, the Frigate
adjuvant caused a greater decrease in the surface tension
of the clodinafop-propargyl and cycloxydim solutions.
Furthermore, the magnetic field and Frigate were more
effective in decreasing the surface tension of the cycloxy-
dim solution, compared to the clodinafop-propargyl
solution.

Table 1. Influence of the number of passes through a
magnetic field on the surface tension of distilled water
and the Frigate adjuvant

No. of passes through
the magnetic field

Surface tension
(mN m-1) � SD

Distilled
water

Frigate
(0.1% v/v)

0 72.45 � 0.10 42.37 � 0.16
1 63.88 � 0.29 40.34 � 0.17
2 61.26 � 0.25 38.45 � 0.12
4 58.10 � 0.19 37.64 � 0.26
8 57.76 � 0.22 37.45 � 028

10 57.01 � 0.36 37.02 � 0.24
20 57.09 � 0.71 36.94 � 028
LSD0.01 0.9653

All measurements were carried out at 25 � 2°C.
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Phytotoxicity experiments

The results of our studies showed that the ED50 and ED90

values of clodinafop-propargyl and cycloxydim, in the
presence of the Frigate adjuvant and magnetic field,were
considerably lower than those for the single applications
of the herbicides. In addition, the magnetic field and
frigate collectively had more effect at the decrease of the
ED50 and ED90 values than when they applied individu-
ally (see Fig. 2a,b and Table 3).The non-linear regression
analysis of the dose–response also demonstrated these
results. It was suggested that the relative potency of
clodinafop-propargyl and cycloxydim, in the presence of
a magnetic field, Frigate, and a magnetic field plus
Frigate, was considerably higher than 1, which indicates
an increase of the herbicides’ efficacy (Table 3).

The relative potency values of clodinafop-propargyl in
the presence of a magnetic field, Frigate, and a magnetic
field plus Frigate, in comparison to the application of
clodinafop-propargyl alone, were 1.27, 1.43, and 1.50,
respectively.These values for cycloxydim with the same
treatments were 1.26, 1.40, and 1.48, respectively
(Table 3). Obviously, a further decrease of surface tension
in the herbicide droplets resulted in a greater retention of
the droplet on the leaf surface (Anderson &Van-Haaren
1989). However, based on our results, even though the
magnetic field and Frigate showed a more effective
decrease of the surface tension of cycloxydim, compared
with clodinafop-propargyl, the efficacy of clodinafop-
propargyl in the presence of the magnetic field and
Frigate was higher than that of cycloxydim. This result
indicates that other factors are effective in the herbicides’

Table 2. Influence of the number of passes through a magnetic field on the surface tension of clodinafop-propargyl
and cycloxydim with and without the Frigate adjuvant

No. of passes through
the magnetic field

Surface tension (mN m-1) � SD

Clodinafop-propargyl† Cycloxydim‡

Distilled water Frigate (0.1% v/v) Distilled water Frigate (0.1% v/v)

0 57.21 � 0.22 41.08 � 0.28 59.66 � 0.13 40.44 � 0.24
1 53.24 � 0.66 38.58 � 1.96 52.99 � 0.89 38.08 � 0.52
2 52.72 � 0.21 37.34 � 0.92 51.77 � 0.30 36.59 � 0.24
4 50.61 � 0.30 36.71 � 0.66 51.60 � 0.23 35.21 � 0.82
8 48.85 � 0.41 36.66 � 0.79 50.05 � 0.22 35.54 � 0.23

10 48.70 � 0.29 36.45 � 0.63 49.87 � 0.34 35.10 � 0.22
20 48.68 � 0.37 36.44 � 0.65 49.75 � 0.31 35.08 � 0.24
LSD0.01 1.416 1.121

† 64 g ai clodinafop-propargyl per 200 L of distilled water; ‡ 120 g ai cycloxydim per 200 L of distilled water.

Table 3. Estimated ED50 and ED90 doses and the relative potency of clodinafop-propargyl alone, cycloxydim alone, or
in the presence of an adjuvant and magnetic field

Treatment ED90 � SD (g ai ha-1) ED50 � SD (g ai ha-1) Relative potency

Clodinafop-propargyl alone 43.62 � 1.78 19.45 � 1.66 1.00
Clodinafop-propargyl + magnetic field 37.75 � 1.80 15.24 � 1.86 1.27 � 0.28
Clodinafop-propargyl + Frigate 33.23 � 1.36 13.54 � 1.41 1.43 � 0.22
Clodinafop propargyl + magnetic field + Frigate 30.84 � 1.00 13.00 � 1.05 1.50 � 0.31
Cycloxydim alone 72.61 � 2.03 30.54 � 2.02 1.00
Cycloxydim + magnetic field 51.17 � 1.70 24.33 � 1.73 1.26 � 0.39
Cycloxydim + Frigate 42.4 1 � 1.15 21.77 � 1.16 1.40 � 0.22
Cycloxydim + magnetic field + Frigate 38.38 � 1.66 20.66 � 1.60 1.48 � 0.21

Frigate was added at 0.1% (v/v).The maximum strength of the magnetic field force was 0.7 T and the solutions passed 10 times through the
magnetic field.
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efficacy. However, as the Frigate adjuvant is more effec-
tive than the magnetic field in decreasing the surface
tension of the herbicide solutions, we may conclude that
it is the main reason for the higher efficacy of the
herbicides. There is an idea that a decrease of surface
tension produces smaller droplets and, as a low level of
energy exists in smaller droplets, the retention of a her-
bicide by the leaf surface improves (Penner 2000).With
greater retention of impacting droplets and with more
herbicide deposition on the leaf, the efficacy of a herbi-
cide would be improved.

The increasing efficacy of clodinafop-propargyl and
cycloxydim after passing through the magnetic field is
related to a number of possible reasons. The magnetic

field reduces the surface tension of the herbicides which,
in turn, retain more droplets on the leaf and lower the
contact angle of the droplets with the leaf surface, by
which stomatal and cuticular penetration would be
increased (Jinxia 1996;Penner 2000).Feng and Bo (2008)
also reported that, under the influence of a magnetic
field, the contact angle of distilled water droplets with a
silica gel surface decreased. Under the influence of a
magnetic field, polar molecules, such as water, would be
polarized.The magnet North (N) pole was negative and
the magnet South (S) pole was positive.The polarizing of
the water molecules resulted in the stretching out of the
water, in such a way that the positively charged side of
the water molecules was attracted by the N pole and
the negatively charged side of the water molecules was
attracted by the S pole of the magnet.This phenomenon
resulted in the water-polarized molecules orienting regu-
larly.Thus,more molecules will exist in a specific volume
of water (Quinn et al. 1997).Toledo et al. (2008) achieved
the same results. Quinn et al. (1997) also stated that the
adjustment of a polar and a non-polar molecule results in
arranging the molecules in the same direction.Hence,we
conclude that, under the influence of a magnetic field,
more herbicide molecules will exist.Thus, with the same
volume of herbicide droplets, the magnetized droplets of
a herbicide, compared with the unmagnetized droplets of
a herbicide, contain more herbicide molecules. Conse-
quently, there is more herbicide contact with the target
and a subsequent increase in the efficacy of the herbicide.

As an unsubstantiated assumption, another possible
reason is that, under the influence of a magnetic field,
molecules will be polarized and the polarized molecules
by the side of the non-namesake pole will approach
each other. Based on this assumption, by passing one
molecule through the cuticle of the leaf surface, this
passed molecule can absorb another molecule by its
approaching unsimilar polarity’s side and, subsequently,
by the existence of a suction force between them,
another molecule can pass through the waxy cuticle.
Consequently, this process will facilitate the penetration
of the herbicide. The results of this study showed that,
although the Frigate adjuvant, compared with the mag-
netic field, could increase the efficacy of clodinafop-
propargyl and cycloxydim, this difference was not
remarkable.The magnetic field approach can be a novel
and effective technology for the purposes of environ-
mental health, the maintenance of agricultural biodiver-
sity, and a decrease in the herbicide consumption rate,
which is placed as one of the first priorities of research.
Therefore, based on this study, the magnetic field
approach, in comparison with Frigate, is the healthier
and more appropriate approach.
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Fig. 2. Dose–response curves of the shoot dry weight of
wild oat on (a) cycloxydim, and (b) clodinafop-propargyl
alone (�), clodinafop-propargyl or cycloxydim plus a mag-
netic field (�), Frigate adjuvant (�), and a magnetic field
plus Frigate (�). The data points of each treatment were
averaged over four plants per pot.
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