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Abstract The study investigated adsorption, leaching potential, and phytotoxicity of alachlor,

bromacil, and diuron on melon, Molokhia, and wheat in Gaza strip. Plant height was used to esti-

mate growth inhibition (phytotoxicity). Growth inhibition data were regressed versus concentrations

of corresponding herbicide to estimate EC50 value. The lowest EC50 value indicates the highest

phytotoxicity. Adsorption results indicated that alachlor, bromacil and diuron have different shapes.

Leaching potentials indicated that alachlor totally disappeared from the top 5 cm and accumulated

at a deeper depth whereas bromacil and diuron accumulated in the top 8 cm of soil layer with a

decreasing intensity at deeper depth. Phytotoxicity tests showed that diuron has the lowest EC50

values on melon (1.64) and Molokhia (0.15) whereas bromacil has the lowest one on wheat (0.08),

values are in (mg/kg soil). Results of binary mixtures showed that the mixture contained alachlor

and diuron was the most toxic to melon, whereas mixture contained alachlor and bromacil was

the most toxic to Molokhia and wheat. Tertiary mixture (alachlor + bromacil + diuron) was more

toxic on Molokhia than melon and wheat, EC50 values were 3.02, 32.174, and 633.9 TU/kg soil on

Molokhia, melon, and wheat respectively. An interesting outcome of the study is that Molokhia was

the most sensitive plant and binary mixtures showed synergistic phytotoxicity.
� 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of University of Bahrain. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Alachlor, bromacil and diuron are herbicides widely used for
weed control over the world. Alachlor is a chloroacetanilide
herbicide, used to control annual grasses and certain broadleaf

weeds in field corn, soybeans and peanuts. It inhibits protein
synthesis in plant root (Walker and Keith, 1992). Bromacil
belongs to Uracil herbicide used for brush control on
non-cropland areas. It is especially useful against perennial

grasses. Diuron, one of the most commonly used herbicides,
belongs to Urea derivatives that are applied as pre-
emergence and post-emergence to control broadleaf weeds in
a wide variety of annual and perennial broadleaf and grass

weeds (Gooddy et al., 2002). Diuron is relatively persistent
in the environment (with a half-life of over 300 days). Herbi-
cide may enter freshwater ecosystems by different ways and

pose potential risks for several aquatic organisms. Application
of herbicides resulted in contamination of groundwater
(Riparbelli et al., 1996), food samples (El-Nahhal, 2004) and

soil samples (Vryzas et al., 2012). This situation was associated
e crops.
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with health disabilities (Abu Mourad, 2000) and chronic dis-
eases (Safi, 2002). In addition applied herbicides in soil were
adsorbed on clay minerals (Franco et al., 1997), organoclay

complexes (Nir et al., 2000), soil organic matter (Sánchez-
Camazano et al., 2000; Rojas et al., 2013, 2014), and dissolved
organic matter from a biodigester (Dal Bosco et al., 2012).

Moreover, the presence of herbicides as mixtures may cre-
ate synergistic effects that can alter the balance of the ecosys-
tem (Wendt et al., 2004). Farmers from Gaza strip claimed

damaging growth of wheat, melon, and Molokhia plants culti-
vated in soils previously treated with alachlor, bromacil and/or
diuron. Moreover, detailed information about phytotoxicity of
herbicide mixtures to crops are not available elsewhere

whereas in Palestine no reports are found. Accordingly, the
authors designed this study to: (1) characterize the adsorption,
leaching potential and phytotoxicity of alachlor, bromacil and

diuron as individuals, binary and tertiary mixtures to, melon,
Molokhia and wheat to satisfy the needs of the farmers, (2)
characterize the synergistic or antagonistic effects of these

herbicides.

2. Materials and methods

Technical material, purity 99% of alachlor, bromacil and
diuron were purchased from Sigma Chemical Co., Germany.
Their solubility in water is 170.3, 807, and 36.4 mg/l for ala-

chlor, bromacil and diuron respectively. The applied rate of
alachlor or bromacil is 2 kg/ha to control annual grasses and
many broad leaved weeds in many crops, whereas for diuron
it is 0.6 kg/ha for selective control of germinating grass and

broad-leaved weeded in many crops including asparagus, tree
fruit, sugar cane, cotton, alfalfa, cereals, sorghum and peren-
nial grass seed crops, data were collected from Tomlin

(2000). Melon, Molokhia, wheat seeds, and plastic pots were
purchased from a local certified shop for agricultural products
in Gaza.

2.1. Soil collection

Soil samples were collected from the 0 to 30 cm depth of an

agricultural area has the following GPS information (N,
31�330 55.1400; E, 34�280 16.7500). It believed to be free of herbi-
cide application at least 5 years. Soil sample was air-dried,
sieved through 2 mm mesh and storied in plastic bags at labo-

ratory conditions. Soil pH, salinity, organic mater content and
soil texture were analyzed according to the Standard Method.

2.2. Adsorption experiments

The stock solutions of alachlor, bromacil and diuron were pre-
pared by dissolving 30 mg in 1 L distilled water. The adsorp-

tion was measured at room temp (25 ± 2 �C), following the
procedure previously reported (El-Nahhal and Lagaly, 2005).
In this procedure appropriate aliquots of the aqueous stock

solution of each herbicide was diluted with water to 25 mL
and added to 50 mg Gaza soil in 30-mL centrifuge tubes.
The final concentration of soil was 1 g/L. The dispersions were
kept under continuous agitation during 48 h. The supernatant

was separated by centrifugation at 20,000g for 0.5 h. Alachlor
was determined by HPLC as described by Chen et al. (2011), in
this procedure HPLC conditions were a reversed phase C-18
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column was utilized to separate alachlor from other species
using an acetonitrile/water mixture (1:1) containing 0.1 M
phosphate buffer solution at pH 7.0 as the mobile phase.

Detection was carried out with a UV-detector operated at
210 nm and at a flow rate of 0.1 lL/min. whereas bromacil
and diuron concentrations were determined as in El-Nahhal

and Lagaly (2005). In this procedure the concentration of bro-
macil in the supernatants was determined by Waters 717
HPLC with UV detector (detection wavelength 280 nm). Col-

umn: Nova-Pak C18 (inner diameter 3.9 mm, length 150 mm),
flow rate: 20 lL/min. The mobile phase was methanol/water
50/50 (v/v). For the case of diuron, the same HPLC machine
was used with changes in the detection wavelength to be

254 nm, flow rate: 1 mL/min and the mobile phase was metha-
nol/water 70/30 (v/v).

The experiments were conducted at pH 7.33 ± 0.15.

The adsorbed amount of each herbicide was calculated
from the depletion of the initial and remaining concentrations
(Nir et al., 2000).

2.3. Leaching experiments

Leaching of herbicides in soil was performed using micro-

column techniques with slight modifications of those of El-
Nahhal et al. (2014). In these techniques transparent plastic
columns with 1 cm diameter and 15 cm long were filled with
2 mm mesh sieved sandy soils. Appropriate amount of the field

rate of each herbicide which corresponds to 0.88 mg/kg soil for
alachlor and bromacil, and 0.25 mg/kg soil for diuron was
applied on surface areas of the plastic columns. Each column

was irrigated with 25 ml water operated at 0.33 ml/1 min.
The columns were held standing for 48 h for equilibrium then
closed from the top, laid down and sliced along their length.

One row of test plant (Molokhia) was sown along the columns
and irrigated with 3 ml water after 1 day. Then irrigation con-
tinues every day. Plant height (cm) was taken as the indicator

of herbicide leaching and phytotoxicity indicates the accumu-
lation of herbicide concentration. The experiments were held
in the growth chamber at 25 ± 2 �C and sprinkle irrigation
was performed as needed. Plant height was determined 16 days

after sowing and used as indicators to estimate the herbicide
presence at different soil depths in the column. The percent
of growth inhibition (%GI) (phytotoxicity) at a soil

depth was calculated according to Eq. (1) (El-Nahhal et al.,
2014):

%GI ¼ 100 � ðPc � PtÞ=Pc ð1Þ
where Pc and Pt are the shoot height of the control and the

treated samples at any soil depth.

2.4. Phytotoxicity of single tests

Phytotoxicity of alachlor, bromacil or diuron to wheat, melon,
and Molokhia were determined as growth inhibition. The
tested concentrations of alachlor and bromacil are 0, 0.06,
0.11, 0.22, 0.44, 0.88 and 1.76 mg/kg soil, whereas the tested

concentrations of diuron were: 0.005, 0.01, 0.02; 0.075, 0.1
and 0.15 mg/kg. Following the procedure described by
El-Nahhal et al. (2014), single toxicity tests were carried out

using plastic pots under laboratory conditions. Plant heights
were taken 2 weeks after germination and used to estimate
ng and phytotoxicity of some herbicides as single and mixtures to some crops.
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Figure 1 Adsorption of alachlor, bromacil and diuron in soils

collected from agricultural land. Error bars represents standard

deviations.
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%GI, and EC50 (the concentration required to inhibit 50% of
plant growth), as mentioned above.

2.5. Phytotoxicity of binary mixtures

Alachlor, bromacil and diuron concentrations mentioned
above were mixed together at even portions of solubility

(50% each). Then transferred to one kg soil in a plastic bag,
the soils were mixed thoroughly to insure homogenized distri-
bution of mixtures. Then the soil was transferred to pot exper-

iment for phytotoxicity evaluation as mentioned above. The
following mixtures MX1 = (bromacil + Diuron), MX2 =
(alachlor + bromacil) and MX3 = (Alachlor + Diuron) were

prepared and tested. %GI and EC50, were estimated as
mentioned above.

2.6. Tertiary mixture toxicity

One third of each single concentrations mentioned above of
alachlor, bromacil and diuron were collected and mixed
together to form a concentration of the tertiary mixture of ala-

chlor + bromacil + diuron. Then concentrations were mixed
in soil and used for phytotoxicity test. %GI and EC50 were
estimated as mentioned above. For the binary or tertiary mix-

tures the phytotoxicity of the mixtures were compared using
Toxic units (TUS), which is defined as the concentration of a
chemical in the toxic mixture divided by its single toxic concen-
tration for the end point measured (Ishaque et al., 2006). To

estimate the synergetic and/or antagonistic effects of herbicides
mixtures we calculate mixture toxicity index (MTI) as pro-
posed by Konemann (1981). MTI = 1 � (Log M/Log n),

where M =
P

c/EC50 at 50% effect in the mixture, and
n = total number of compound in the mixture. Accordingly,
phytotoxicity of mixture may be classified as antagonistic

effect if MTI value is 60; partial addition 0 <MTI < 1;
and synergistic effect if the MTIP 1.

2.7. Statistical analysis

All experiments were performed in five replicates and each
experiment was repeated three times during the project.
Averages and standard deviation of the growth inhibition were

calculated and fitted to the regression analysis. The averages of
growth inhibition were compared by Tukey’s test and P-values
were determined to evaluate the differences among treatments.

3. Results and discussion

3.1. Adsorption results

The relationships between peak area and low concentrations

(0–6 ppm) of alachlor, bromacil and diuron in the standard
curve were linear in all cases with values of regression coeffi-
cient (R2) in the range of 0.975–0.995, indicating a strong pos-

itive association. Accordingly the method was valid for
determination of herbicide concentrations. In addition, results
of blank sample of adsorption experiments indicated no
changes in the initial concentration of alachlor, bromacil and

diuron in the glass tube. Adsorption of alachlor, bromacil
and diuron in Gaza soils are shown in Fig. 1. It is obvious that
Please cite this article in press as: El-Nahhal, Y., Hamdona, N. Adsorption, leachin
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the adsorbed amounts of alachlor, bromacil and diuron

increased nearly linearly at a low concentration whereas at a
high concentration, only diuron had a curvature shape. This
indicates different mode of interaction between herbicide and
soil. However, the linearity of the curve suggests a high affinity

of soil samples for alachlor, bromacil and diuron adsorption.
Moreover, at the curvature section, the herbicides are
adsorbed as bilayers. It appears that the adsorbed amount/

added amount ratio is reduced as the added concentration
increased. The explanation of these results is that soil has a
hydrophilic nature due to the presence of high fractions of
g and phytotoxicity of some herbicides as single and mixtures to some crops.
6), http://dx.doi.org/10.1016/j.jaubas.2016.01.001
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sand (72.5%), silt (17.%) and clay (10) and herbicides have a
hydrophobic nature, KOW log P are 3.09, 1.88, and 2.85 for
alachlor, bromacil and diuron (Tomlin, 2000). Moreover, soil

pH was 7.33, Electric Conductivity 2.36 mS/cm, total organic
matter content 0.57% and total organic carbon was 0.33%.
Under this condition herbicide molecules tend to interact

together through hydrogen bonding and form a larger mole-
cule. Similar explanation was given to the adsorption of
organic cations to clay (Lagaly, 2001). Under low organic mat-

ter content in soil as in our case (0.57%) small amount of ala-
chlor was adsorbed in soil due to the hydrophobic nature of
alachlor and hydrophilic nature of soil. Our results agree with
Rojas et al. (2013, 2014) who investigated the adsorption

potential of several pesticides including alachlor on different
soils with different organic matter and revealed that adsorp-
tion coefficient values increased with an increase in organic

matter (OM) content of soil. Moreover, Dal Bosco et al.
(2012) emphasized the influence of total and dissolved organic
matter from a biodigester and a treatment lagoon of swine

wastewater in the adsorption and desorption of alachlor. In
the same context, Wang et al. (2015) revealed that the sorption
behavior of diuron on Biochar (Enhanced Biochar, Hog

Waste, Turkey Litter, Walnut Shell and Wood Feedstock)
and an agricultural soil was well described by the Freundlich
model (R(2) = 0.93–0.97) and the adsorbed amount was lower
in soil than in the Biochar as in our case.

According to Giles et al. (1960), isotherms of alachlor and
bromacil can be classified L whereas adsorption of diuron can
be classified as C types. Fitting the data in Fig. 1 to a linear

regression equation shows high values of R2 = 0.9699 for ala-
chlor, 0.9643 for bromacil and 0.9864 for diuron indicating a
positive association. It has been shown that soil organic matter

plays a main role in adsorption of organic pesticides, which
was proved in the study of Tang et al. (2009). Moreover, Liu
et al. (2010) found the adsorption of diuron on soils were

rather high at low pH values and decreased with the increasing
pH values of the suspension. At our case the soil pH was rather
high (soil pH = 7.33 ± 0.15) accordingly low adsorbed
amount of diuron was observed. Further supports for our

results come from Abadsa (2012), who found low adsorbed
amounts of diuron and linuron in clayey soils in Gaza.

3.2. Leaching potential

Leaching depth of alachlor, bromacil and diuron in Gaza soils
are shown in Table 1. It can be seen that alachlor leached out

from the top 5 cm of soil and accumulated at deeper layers
Table 1 Leaching potential of herbicides in soil. Positive

symbols ‘‘++” and ‘‘+” indicate strong and weak phytotox-

icity respectively, whereas negative symbol ‘‘�” indicates

normal growth of test plant (Molokhia).

Soil depth (cm) Leaching depth

Alachlor Bromacil Diuron

0–5 � ++ ++

6–8 ++ + +

9–10 + � �
11–15 � � �
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(6–10). Moreover, bioassay results indicated stronger phyto-
toxicity at layer of 6–8 cm more than 9–10 cm normal plant
growth was observed. Our results agree with Vryzas et al.

(2012), who investigated the leaching potential of alachlor
under filed condition and found that alachlor was leached to
160 cm depth within 18 h following 40 mm irrigation at a con-

centration equal to 211 lg/L.
In addition, leaching depth of bromacil and diuron is nearly

similar. Both herbicides accumulated in the top 0–8 cm with

stronger phytotoxicity at the top soil layer (0–5 cm). Further-
more our leaching results on diuron agree with those of
Imache et al. (2012) who found considerable leaching of
diuron in sandy soil following elution at 124.5 mm. More sup-

port to our results comes from Fernández-Bayo et al. (2015)
who investigated the leaching potential of diuron in sandy soils
and soil amended by two winery vermicomposts and found the

leached amounts of diuron were 75% and 53% in sandy loam
and a silty-clay loam soil respectively, whereas in the
vermicomposts-amended columns, the leaching of diuron was

reduced 2–3-fold. Our leaching potential with bromacil agrees
with that of Kim et al. (2007) who also emphasized the influ-
ence of water irrigation and carbon content of soil on the

transport of bromacil in soil column.
A comparison of leaching potential of the three herbicides

one can categorize alachlor as a mobile herbicide whereas bro-
macil and diuron are not. These differences in the leaching

behavior can be explained by the fact that alachlor has nearly
higher solubility in water (173.31 mg/l, at pH 7 and 20 �C)
than diuron (36.4 mg/l, at 25 �C) (Tomlin, 2000). In contrast

bromacil has a higher solubility (806 mg/l, at pH 5 and
25 �C) than alachlor but the leaching potential is similar to
diuron. This is probably due to the fact that bromacil has a

high pKa value (9.27). This enables bromacil to be ionized in
soil solution (soil pH 7.33) and be adsorbed into the clay or
organic matter fractions in soils. Moreover, one can realized

that part of the threshold concentration of the three herbicides
can be accumulated together in the soil depth 6–8 cm if the
herbicides applied in the same time or in a sequence mode.
Accordingly, the molecules of the herbicides may react

together and form a larger size molecule that may enhance
the phytotoxicity.

3.3. Phytotoxicity of single herbicide tests

Phytotoxicity of alachlor, bromacil and diuron on melon,
Molokhia and wheat are shown in Fig. 2. The presented results

clearly demonstrate that% growth inhibition on melon, Molo-
khia and wheat increased linearly as the concentration of ala-
chlor, bromacil or diuron increased in the soil up to 0.5 mg/kg
soil. A steady state increase of growth inhibition was observed

in all cases above 0.5 mg/kg. However, % growth inhibition
did not exceed 50% in melon and wheat, whereas it did in
Molokhia. The explanation of these results is that at low con-

centrations, the herbicides are available in soil solution for
plant uptake accordingly considerable growth inhibition of
the tested plant was observed. At a high concentration (above

0.5 mg/kg soil) the herbicide tends to distribute in soil or may
leach down the root zone, consequently a reduction of growth
inhibition may be observed. This suggestion is supported by

the leaching results (Table 1) and recent work (El-Nahhal
et al., 2014). Our results agree with those of Liu et al. (2013)
ng and phytotoxicity of some herbicides as single and mixtures to some crops.
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http://dx.doi.org/10.1016/j.jaubas.2016.01.001


Figure 2 Single toxicity test of herbicides on melon, Molokhia

and wheat. Effect measured as growth inhibition (%). Error bars

represent standard deviations.
Figure 3 Phytotoxicity of binary mixtures of herbicides to

melon, Molokhia and wheat. Error bars represent standard

deviations.
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who found that wheat and some winter annual weeds in China
were resistant to several acetolactate synthase (ALS) inhibi-

tors. Moreover, alachlor may undergo biodegradation in soil
systems due to the growth of cyanobacteria. Moreover, to
compare the phytotoxicity of the three herbicides the EC50

value of each herbicide was calculated from the corresponding
log scale of growth inhibition data presented in Fig. 2. It can
be seen that Diuron has the lowest EC50 value (1.64 mg/kg)

on melon, the most phytotoxic one, whereas alachlor has a
value of 11.37 mg/kg which is nearly 7 times higher than
Please cite this article in press as: El-Nahhal, Y., Hamdona, N. Adsorption, leachin
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diuron and 2.4 time higher than bromacil. These results indi-
cated that alachlor is the safest herbicide among the tested
compounds on the tested crops. These variations are probably

due to the different mode of action of the tested herbicides
since each of them represents a different chemical class, besides
the fact that growth patterns of the test plants are also differ-
ent. For the case of Molokhia, it appears that bromacil has the
g and phytotoxicity of some herbicides as single and mixtures to some crops.
6), http://dx.doi.org/10.1016/j.jaubas.2016.01.001

http://dx.doi.org/10.1016/j.jaubas.2016.01.001


Table 2 Phytotoxicity parameters of alachlor, bromacil and diuron and their mixtures on melon, Molokhia and wheat.

Herbicide/ Mixture Melon Molokhia Wheat

EC50 Eq. R2 MTI EC50 Eq. R2 MTI EC50 Eq. R2 MTI

Alachlor 11.37 Y= 0.3X+ 1.5 0.96 na 0.11 Y= 0.5X+ 2.1 0.92 na 3.91 Y= 0.43X+ 1.29 0.95 na

Bromacil 4.77 Y= 0.4X+ 1.5 0.99 na 0.08 Y= 0.6X+ 2.4 0.94 na 3.08 Y= 0.33X+ 1.54 0.95 na

Diuron 1.64 Y= 0.7X+ 1.6 0.95 na 0.24 Y= 0.3X+ 1.9 0.947 na 1.83 Y= 0.34X+ 1.61 0.96 na

Al + Di *8.92 Y= 21.1X+ 30 0.97 �6.3 0.72 Y= 31.3 + 54.5 0.975 �6.16 0.98 Y= 43.1X+ 50.3 0.96 �3.12

Al + Br *83.51 Y= 14.8X+ 22 0.93 �9.57 1.35 Y= 25.5X + 47 0.894 �7.08 38.1 Y= 17X+ 23.2 0.964 �8.43

Br + Di *28.52 Y= 18.2X+ 24 0.97 �8.02 0.73 Y= 37X+ 55 0.973 �6.2 925.4 Y= 10.8X+ 18 0.902 �13.04

Al + Br + Di *11061 Y= 8.8X+ 14.5 0.93 �6.96 1.93 Y= 21.2X+ 443 0.77 �1.33 9 Y= 20X+ 30.9 0.93 �0.49

na = not applicable.
* Values are in TU/kg soil.
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lowest EC50 value (0.08 mg/kg) indicating the most phytotoxic
one and diuron has the highest EC50 value (0.24 mg/kg) indi-

cating less phytotoxicity. Alachlor has nearly a half value of
EC50 of diuron. Regardless of EC50 variations the three herbi-
cides are still very toxic to Molokhia since the tested concen-

trations are far below the applied rate. For the case of
wheat, the EC50 values have the same trend of that of melon.
Diuron is the most toxic one to wheat, (EC50 = 1.83 mg/kg

soil) and Alachlor is the safest one (EC50 3.91 mg/kg soil).
Regression equations and R2 values are supporting our discus-
sion. However, one can realize that EC50 values on Molokhia
are the smallest among all indicating sensitivity to the tested

herbicides. The sensitivity of Molokhia plant may come from
the fact that it has a shorter period of growth than melon or
wheat, accordingly it may not be able to develop resistant

genotype for herbicides. Moreover, Awad (2012) found that
Molokhia seeds are sensitive test plants to diuron and ace-
tochlor herbicides in soil and can be used as a good soil pollu-

tion indicator. In addition, Abadsa (2012) revealed that diuron
was highly adsorbed in soil profile accordingly it was available
for plant uptake during the growth season, therefore more
phototoxic effect on the test plant was observed. In addition,

Safi et al. (2014) reported that diuron was more resistant to
biodegradation in soil and water systems, accordingly it was
very toxic to the test plants. Furthermore, the regression values

(R2) of the linear relationships of all tested compounds ranged
from 0.909 to 0.993, indicating strong positive associations
between % growth inhibition (y) and herbicide concentration

(x) in all cases of single toxicity tests. These results agree with
those of Chen et al. (2003) who found a similar trend for other
cases. Moreover, the variation of EC50 values of the tested

compounds may also be explained by two factors; the first fac-
tor is the value of KOW log P of each herbicide which is 3.09,
1.88, and 2.85 for alachlor, bromacil and diuron respectively,
and adsorption results (Fig. 1).

Statistical analysis showed no significant difference of ala-
chlor and diuron on Molokhia and wheat (p = 0.09–0.1),
whereas the effects on wheat are significantly different p-value

less than 0.01. Furthermore alachlor and bromacil have a
similar effect on wheat (p = 0.13), whereas the effects on
Molokhia and melon were significantly different (p= 0.01).

3.4. Phytotoxicity binary mixtures

Phytotoxicity of binary mixtures is shown in Fig. 3. It is clearly

demonstrated by the increased growth inhibition as the con-
centration of the herbicide mixture increased. The toxicity tests
Please cite this article in press as: El-Nahhal, Y., Hamdona, N. Adsorption, leachi
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have similar trend but different magnitude of plant response. It
can be seen that binary mixture that contained diuron as in

MX1 (alachlor + diuron) has the lowest EC50 value on melon
indicating the most toxic one (EC50 = 8.92 TU/kg soil) fol-
lowed by MX2, (bromacil + diuron) mixture (EC50 = 28.52 -

mg/kg soil) whereas MX3 (alachlor + bromacil), the safest
one among the mixtures (EC50 = 83.51 TU/kg soil). These
results indicate that mixing diuron with alachlor or bromacil

generate a high toxicity which can be referred to partial syner-
gistic effect whereas mixing bromacil with alachlor produced a
high value of (EC50 (83.51 TU/kg soil) which can be referred to
the antagonistic effect. For the case on Molokhia, mixing

diuron with alachlor or bromacil, nearly similar phytotoxicity
was observed, (EC50 = 0.72 TU/kg soil) whereas mixture con-
tained alachlor and bromacil provided less phytotoxicity

(EC50 = 1.35 TU/kg soil).
The antagonistic effects in these experiments can be

explained by the fact that herbicide molecules in the mixture

tests tend to interact to each other through hydrophobic
interactions or p–p interactions (Nir et al., 2000) and may form
a larger organic molecule that react with soil organic matter
or clay mineral and form an organoclay complex that

can strongly adsorb the herbicide molecules and slowly release
them in soil environment accordingly less phytotoxic effect was
observed. This explanation agrees with that of El-Nahhal and

Safi (2004) who found that organic molecules dissolved with
each other, formed a larger molecule that reacted with clay
menial surfaces to produce organoclay complex able to

maintain the slow release of the herbicide for the complex
accordingly more toxic effect was observed.

For the case of wheat the trend is not similar, mixing diuron

with alachlor produced a partially synergistic effect
(EC50 = 0.98 TU/kg soil) whereas mixing diuron with bro-
macil produced an antagonistic effect (EC50 = 925.4 TU/kg
soil). In contrast to the above cases mixing bromacil with ala-

chlor produced (EC50 = 38.1 TU/kg soil) partial synergistic
effects. Our results agree with Kerkez (2013) who found diuron
and its mixtures were very toxic to cyanobacteria.

Moreover, the EC50 values of the binary mixtures on wheat
(Table 2) clearly demonstrated that mixture containing ala-
chlor was the most toxic one and has the lowest TU, whereas

mixture not containing alachlor had the highest EC50, indicat-
ing that alachlor is responsible for the toxicity of mixture
against wheat. Furthermore, the phytotoxic effects of binary

mixture can be visualized in Fig. 4. There were obvious grad-
ual decreases in plant length as the concentrations of the tested
herbicide mixtures increased in soil.
ng and phytotoxicity of some herbicides as single and mixtures to some crops.
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Alachlor  on Molokhia
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B  
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Bromacil + Diuron on Melon

Alachlor + Diuron on wheat 

Alachlor +Diuron  on Molokhia

Figure 4 Visual rating of herbicide toxicity on the tested plants

as single, binary and tertiary mixtures on melon, wheat and

Molokhia, C0, C1–C6 represents the control sample and the tested

concentrations respectively. A, B and C represent tertiary mixtures

in melon, wheat and Molokhia respectively.

Figure 5 Phytotoxicity of tertiary mixtures on melon, Molokhia

and wheat. Error bars represent standard deviations.
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Statistical analysis showed significant differences on melon
(p< 0.01) whereas no significant differences were detected on

Molokhia and wheat (p> 0.05).

3.5. Tertiary mixtures

Phytotoxicity of tertiary mixtures (Fig. 5) clearly demonstrated
that mixtures containing alachlor and diuron were very toxic
to wheat and Molokhia and less toxic to melon. These results
suggest that melon either tolerant plant or can metabolize the

herbicide to less toxic metabolites. Furthermore mixing the 3
herbicides evenly may enhance the interaction of the molecules
to form a large size molecule that can penetrate the plant root

and damage the cells. Comparing the EC50 values (Table 2)
one can realize that the value in Molokhia (1.93 TU/kg) is
the lowest among all, the value in wheat is 9 TU/kg soil and

the value in melon is the highest among all and reaches to
11060.65 TU/kg soil. Calculating MTI (Table 2) showed nega-
tive values of binary and tertiary mixtures, indicating antago-

nistic effects according to Konemann (1981). However,
comparing the MTI values in melon showed extreme negative
values comparing with those of Molokhia or wheat. Further-
more, it may be possible to consider MTI values of mixtures

that are close to zero as partially synergistic effects. Accord-
ingly, the tertiary mixture (Al + Br + Di) on Molokhia and
wheat that have MTI values equal to �1.33 and �0.49 and

binary mixture (Al + Di) in wheat has a value equal to
�3.12 are in the synergistic effects. Moreover, the mixtures
that have MTI values less than �3.22 can be categorized as

antagonistic mixtures. These results agree with the data pre-
sented in Figs. 3 and 4. In addition, it can be suggested that
a mixture has synergistic effect if the EC50 value of single tox-

icity in mg/l is larger than value in the mixture. In the way
around a mixture has EC50 value of the single toxicity test
mg/l lower that value in the mixture can be regarded as antag-
onistic effect. It may be suggested that antagonistic effect of

herbicides emerge from physiological bases and interaction
g and phytotoxicity of some herbicides as single and mixtures to some crops.
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between the mixture and test plan. This argument can be sup-
ported by the result of Ferreira et al. (1995) who revealed the
physiological basis of antagonism among herbicide and plants.

3.6. Effects of herbicides on soil cyanobacteria

Our study revealed that diuron has toxic effect on cyanobacte-

ria isolated from soil (data not shown). These results also agree
with Kerkez (2013) who revealed that diuron was also very
toxic to cyanobacteria isolated from waste water treatment

plants and blue green algae. Moreover, Safi et al. (2014) found
partial degradation of diluted solutions of diuron treated with
raw cyanobacterial mats collected from Wadi Gaza. In addi-

tion, El-Nahhal et al. (2013) found fast and rapid degradation
of acetochlor (alachlor isomer) in water and soil systems.
These results indicate the verity of herbicides’ effect on the
eco-systems.
4. Conclusion

Adsorption and leaching potentials of bromacil and diuron in

Gaza soil are quite similar whereas those of alachlor are not.
The single toxicity test indicated that Molokhia was the most
sensitive plant. EC50 value of single tests clearly demonstrates

that diuron is more toxic than alachlor and bromacil. Binary
mixture test indicted the highest toxicity of mixtures contained
diuron. Phytotoxicity on melon and wheat follows this

sequence: diuron > bromacil > alachlor whereas, on Molo-
khia follows this sequence bromacil > alachlor > diuron.
Sensitivity of plants to tertiary mixtures follows the sequence:
Molokhia > wheat > melon. Antagonistic effects were shown

in all mixtures due to the negative values of MTI but mixtures
having values close to zero were rated as partially synergistic.
It may be recommended that a combination of herbicides

application should avoid diuron from mixture. It can be con-
cluded that the presence of herbicides in soil as mixtures may
be toxic to the plant in the next growth season. Moreover,

the study provides answers to the farmers and explains the
leaching behavior and its effects on the crop.
Conflict of interest

There is no conflict of interest.
Acknowledgment

Dr. Y. El-Nahhal acknowledges Alexander von Humboldt
Stiftung Foundation Fellowship Grant No IV-PAL/1104842
STP, Germany. Special thanks go to Prof Dr. G.lagaly at Kiel

University, Germany.
References

Abadsa, M., 2012. Adsorption and Leaching Potential of Diuron and

Linuron in Gaza Soil Master thesis. The Islamic University-Gaza.

Abu Mourad, A.T., 2000. Hematological biomarkers of exposure in

pesticide workers in Gaza Strip M.S. thesis. Al-Quds University,

Palestine.

Awad, Y., 2012. Biodegradation of Herbicides by Cyanobaterial mats

In Gaza Soils M.Sc. thesis. Al-Azhar University Gaza.
Please cite this article in press as: El-Nahhal, Y., Hamdona, N. Adsorption, leachi
Journal of the Association of Arab Universities for Basic and Applied Sciences (201
Chen, Z., Min, H., Wu, W.X., Chen, M., Zhang, F., Zhao, J., 2003.

Effects of pesticide-contamination on population size and denitri-

fication activity of denitrifying bacteria in paddy soils. Chin. J.

Appl. Ecol. 14, 1765–1769.

Chen, C.Z., Yan, C.T., Kumar, P.V., Huang, J.W., Jen, J.F., 2011.

Determination of alachlor and its metabolite 2,6-diethylaniline in

microbial culture medium using online microdialysis enriched-

sampling coupled to high-performance liquid chromatography. J.

Agric. Food Chem. 59, 8078–8085. http://dx.doi.org/10.1021/

jf201129j.

Dal Bosco, T.C., Sampaio, S.C., Coelho, S.R., Cosmann, N.J.,

Smanhotto, A., 2012. Effects of the organic matter from swine

wastewater on the adsorption and desorption of alachlor in soil. J.

Environ. Sci. Health B 47, 485–494. http://dx.doi.org/10.1080/

03601234.2012.665338.

El-Nahhal, Y., 2004. Contamination and safety status of plant food in

Arab countries. J. Appl. Sci. 4, 411–417.

El-Nahhal, Y., Lagaly, G., 2005. Salt effects on the adsorption of a

pesticide on modified bentonite. Colloid Polym. Sci. 283, 968–974.

El-Nahhal, Y., Safi, J., 2004. Adsorption behavior of phenanthrene on

organoclays under different salinity levels. J. Colloid Interface Sci.

269, 265–273.

El-Nahhal, Y., Awad, Y., Safi, J., 2013. Bioremediation of acetochlor

in soil and water systems by cyanobacterial Mat. Int. J. Geosci. 4,

880–890.

El-Nahhal, Y., Abadsa, Mohamed, Affifi, Samir, 2014. Leaching

potential of diuron and linuron in Gaza soils. Am. J. Plant Sci. 5,

4040–4049. http://dx.doi.org/10.4236/ajps.2014.526422.

Fernández-Bayo, J.D., Nogales, R., Romero, E., 2015. Winery

vermicomposts to control the leaching of diuron, imidacloprid

and their metabolites: role of dissolved organic carbon content. J.

Environ. Sci. Health B 50, 190–200. http://dx.doi.org/10.1080/

03601234.2015.982423.

Ferreira, K.L., Burton, J.D., Coble, H.D., 1995. Physiological basis of

antagonism of fluazifop-P by DPX-PE350. Weed Sci. 43, 184–191.

Franco, I., Vischetti, C., Baca, M.T., De Nobili, M., Mondini, C.,

Leita, L., 1997. Adsorption of linuron and metamitron on soil and

peats at two different decomposition stages. Soil Sediment Contam.

6, 307–315.

Giles, C.H., Mac Ewan, T.H., Nakhwa, S.N., Smith, D.A., 1960.

System of classification of solution adsorption isotherms, and its

use in diagnosis of adsorption mechanisms and in measurement of

specific surface areas of solids. J. Chem. Soc., 3973–3993

Gooddy, D.C., Chilton, P.J., Harrison, I., 2002. A field study to assess

the degradation and transport of diuron and its metabolites in a

calcareous soil. Sci. Total Environ. 297, 67–83.

Imache, A.E., Dousset, S., Satrallah, A., Dahchour, A., 2012. Effects

of sewage sludge amendments on pesticide sorption and leaching

through undisturbed mediterranean soils. J. Environ. Sci. Health B

47, 161–167. http://dx.doi.org/10.1080/03601234.2012.632260.

Ishaque, B.A., Jonson, L., Gerald, T., Boucaaud, O., Gkoh, J.,

Tchounwou, B.P., 2006. Assessment of individual and combined

toxicities of four non essential metals (As, Cd, Hg and Pb) in the

micro toxic assay. Int. J. Environ. Res. Public Health 3, 118–120.

Kerkez, S., 2013. Potential toxicity of the Herbicides: Diuron, Diquat,

Terbutryn and their Mixtures To Cyanobacterial Mats, Wadi

Gaza, Palestine Master thesis. The Islamic University-Gaza.

Kim, S.B., On, H.S., Kim, D.J., Jury, W.A., Wang, Z., 2007.

Determination of bromacil transport as a function of water and

carbon content in soils. J. Environ. Sci. Health B 42, 529–537.

Konemann, H., 1981. Fish toxicity tests with mixtures of more than

two chemicals: a proposal for a quantitative approach and

experimental results. Toxicology 9, 229–238.

Lagaly, G., 2001. Introduction: pesticide-clay interactions and formu-

lations. Appl. Clay Sci. 18, 205–209.

Liu, Y., Xu, Z., Wu, X., Gui, W., Zhu, G., 2010. Adsorption and

desorption behavior of herbicide diuron on various Chinese

cultivated soils. J. Hazard. Mater. 178, 462–468.
ng and phytotoxicity of some herbicides as single and mixtures to some crops.
6), http://dx.doi.org/10.1016/j.jaubas.2016.01.001

http://refhub.elsevier.com/S1815-3852(16)00009-2/h0005
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0005
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0010
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0010
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0010
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0015
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0015
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0020
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0020
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0020
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0020
http://dx.doi.org/10.1021/jf201129j
http://dx.doi.org/10.1021/jf201129j
http://dx.doi.org/10.1080/03601234.2012.665338
http://dx.doi.org/10.1080/03601234.2012.665338
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0035
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0035
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0040
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0040
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0045
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0045
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0045
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0050
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0050
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0050
http://dx.doi.org/10.4236/ajps.2014.526422
http://dx.doi.org/10.1080/03601234.2015.982423
http://dx.doi.org/10.1080/03601234.2015.982423
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0065
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0065
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0070
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0070
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0070
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0070
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0075
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0075
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0075
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0075
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0080
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0080
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0080
http://dx.doi.org/10.1080/03601234.2012.632260
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0090
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0090
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0090
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0090
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0095
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0095
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0095
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0100
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0100
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0100
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0105
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0105
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0105
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0110
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0110
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0115
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0115
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0115
http://dx.doi.org/10.1016/j.jaubas.2016.01.001


Adsorption, leaching and phytotoxicity of herbicides 9
Liu, W., Bi, Y., Li, L., Yuan, G., Du, L., Wang, J., 2013. Target-site

basis for resistance to acetolactate synthase inhibitor in water

chickweed (Myosoton aquaticum L.). Pestic. Biochem. Physiol. 107,

50–54. http://dx.doi.org/10.1016/j.pestbp.2013.05.003.

Nir, S., Undabeytia, T., Yaron, D., El-Nahhal, Y., Polubesova, T.,

Serban, S., Rytwo, G., Lagaly, G., Rubin, B., 2000. Optimization

of adsorption of hydrophobic herbicides on montmorillonite

preadsorbed by monovalent organic cations: interaction between

phenyl rings. Environ. Sci. Technol. 34, 1269–1274.

Riparbelli, C., Scalvini, C., Bersani, M., Auteri, D., Azimonti, G.,

Maroni. M., Salamana, M., 1996. Groundwater contamination

from herbicides in the region of Lombardy – Italy. Period 1986–

1993. The environmental fate of xenobiotics. In: Proceedings of the

10th Symposium Pesticide Chemistry, Castelnuovo Fogliani, Pia-

cenza, Italy, pp. 559–566.

Rojas, R., Morillo, J., Usero, J., Delgado-Moreno, L., Gan, J., 2013.

Enhancing soil sorption capacity of an agricultural soil by addition

of three different organic wastes. Sci. Total Environ. 458–460, 614–

623. http://dx.doi.org/10.1016/j.scitotenv.2013.04.032.

Rojas, R., Vanderlinden, E., Morillo, J., Usero, J., El Bakouri, H.,

2014. Characterization of sorption processes for the development

of low-cost pesticide decontamination techniques. Sci. Total

Environ. 488–489, 124–135. http://dx.doi.org/10.1016/j.

scitotenv.2014.04.079.

Safi, J.M., 2002. Association between chronic exposure to pesticides

and recorded cases of human malignancy in Gaza strip (1990–

1999). Sci. Total Environ. 284, 75–84.
Please cite this article in press as: El-Nahhal, Y., Hamdona, N. Adsorption, leachin
Journal of the Association of Arab Universities for Basic and Applied Sciences (201
Safi, J., Awad, Y., El-Nahhal, Y., 2014. Bioremediation of diuron in

soil and by cyanobacterial Mat. Am. J. Plant Sci. 5, 1081–1089.

Sánchez-Camazano, M., Sánchez-Martı́n, M.J., Delgado-Pascual, R.,

2000. Adsorption and mobility of linuron in soils as influenced by

soil properties, organic amendments, and surfactants. J. Agric.

Food Chem. 48, 3018–3026.

Tang, Z.W., Zhang, W., Chen, Y.M., 2009. Adsorption and desorp-

tion characteristics of monosulfuron in Chinese soils. J. Hazard.

Mater. 166, 1351–1356.

Tomlin, C.D., 2000. The Pesticides Manual, twelfth ed. Britich crop

protection council.

Vryzas, Z., Papadakis, E.N., Papadopoulou-Mourkidou, E., 2012.

Leaching of Br�, metolachlor, alachlor, atrazine, deethylatrazine

and deisopropylatrazine in clayey vadoze zone: a field scale

experiment in north–east Greece. Water Res. 46, 1979–1989.

http://dx.doi.org/10.1016/j.watres.2012.01.021.

Walker, Mary M., Keith, Lawrence H., 1992. EPA’s Pesticide Fact

Sheet Database. Lewis Publishers, Chelsea, MI.

Wang, D., Mukome, F.N., Yan, D., Wang, H., Scow, K.M., Parikh, S.

J., 2015. Phenylurea herbicide sorption to biochars and agricultural

soil. J. Environ. Sci. Health B 50, 544–551. http://dx.doi.org/

10.1080/03601234.2015.1028830.

Wendt, R.L., Van den Brink, P.J., Crum, S.J.H., Woin, P., 2004. The

effective of pisticides mixture on aquatic ecosystems differing in

trophic status: responses of the macrophite Myriophyllum spicatum

and periphytic algal community. Ecotoxicol. Environ. Saf. 57, 383–

398.
g and phytotoxicity of some herbicides as single and mixtures to some crops.
6), http://dx.doi.org/10.1016/j.jaubas.2016.01.001

http://dx.doi.org/10.1016/j.pestbp.2013.05.003
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0125
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0125
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0125
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0125
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0125
http://dx.doi.org/10.1016/j.scitotenv.2013.04.032
http://dx.doi.org/10.1016/j.scitotenv.2014.04.079
http://dx.doi.org/10.1016/j.scitotenv.2014.04.079
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0145
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0145
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0145
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0150
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0150
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0160
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0160
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0160
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0160
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0165
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0165
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0165
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0170
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0170
http://dx.doi.org/10.1016/j.watres.2012.01.021
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0180
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0180
http://dx.doi.org/10.1080/03601234.2015.1028830
http://dx.doi.org/10.1080/03601234.2015.1028830
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0190
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0190
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0190
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0190
http://refhub.elsevier.com/S1815-3852(16)00009-2/h0190
http://dx.doi.org/10.1016/j.jaubas.2016.01.001

	Adsorption, leaching and phytotoxicity of some herbicides as single and mixtures to some crops
	1 Introduction
	2 Materials and methods
	2.1 Soil collection
	2.2 Adsorption experiments
	2.3 Leaching experiments
	2.4 Phytotoxicity of single tests
	2.5 Phytotoxicity of binary mixtures
	2.6 Tertiary mixture toxicity
	2.7 Statistical analysis

	3 Results and discussion
	3.1 Adsorption results
	3.2 Leaching potential
	3.3 Phytotoxicity of single herbicide tests
	3.4 Phytotoxicity binary mixtures
	3.5 Tertiary mixtures
	3.6 Effects of herbicides on soil cyanobacteria

	4 Conclusion
	Conflict of interest
	Acknowledgment
	References


