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Abstract

:

Given the water scarcity becoming endemic to a large portion of the globe, arid region irrigation has resorted to the use of treated, partially treated, or even untreated wastewaters. Such waters contain a number of pollutants, including surfactants. Applied to agricultural lands, these surfactants could affect the fate and transport of other chemicals in the soil, particularly pesticides. A field lysimeter study was undertaken to investigate the effect of nonionic surfactant, Brij35, on the in-soil fate and transport of a commonly used herbicide, metribuzin [4-amino-6-tert-butyl-3-(methylthio)-1,2,4-triazin-5(4H)-one]. Nine PVC lysimeters, 1.0 m long × 0.45 m diameter, were packed with a sandy soil to a bulk density of 1.35 mg m−3. Antibiotic-free cattle manure was applied (10 mg ha−1) at the surface of the lysimeters. Metribuzin was then applied to the soil surface of all lysimeters at a rate of 1.00 kg a.i. ha−1. Each of three aqueous Brij35 solutions, 0, 0.5 and 5 mg L−1 (i.e., “good”, “poor” and “very poor” quality irrigation water) were each applied to the lysimeters in triplicate. Analysis for metribuzin residues in samples of both soil and leachate, collected over a 90-day period, showed the surfactant Brij35 to have increased the mobility of metribuzin in soil, indicating that continued use of poor quality water could influence pesticide transport in agricultural soils, and increase the risk of groundwater contamination.
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1. Introduction


Water is a very complex and dynamic resource and although the estimated amount of the available water on the planet is 140 billion km3, only 3% is fresh water [1]. Due to the distribution of fresh water resources around the globe, less than 1% of these resources are available for human use. This, in turn, leads to water shortage problems in many regions of the world, particularly developing countries. Water scarcity combined with poverty is forcing the reuse of untreated or partially-treated wastewater for irrigation in order to cope with the high food demands of growing populations [2]. Consequently, the risk of bacterial infections, roundworms and diarrheal diseases are much greater [3]. A recent survey revealed that the 46 countries, representing 75% of the world’s irrigated land, use polluted water for irrigation [4]. Globally, an estimated 20 million ha of land are irrigated with wastewater, and this area is expected to markedly increase in the next few years [5].



Wastewater, originating from the discharge of municipal and industrial effluents, contains a number of inorganic and organic substances. Among organic contaminants of wastewater and sludge, surfactants are often detected at the highest concentrations [6,7,8]. Non-ionic surfactants concentrations ranging from 102 to 103 mg L−1 have been detected in wastewater [9]. Non-ionic surfactants such as alcohol ethoxylates (AEs), alkylphenol ethoxylates (APE) are used extensively as leather degreasing agents and in other textile industry applications. Consequently, non-ionic surfactants have been identified as major contaminants in untreated wastewater from such industries [10,11]. Owing a non-dissociable hydrophilic group (e.g., alcohol, phenol, ether, ester, or amide), non-ionic surfactantsdo not ionize in water. Although in the wastewater treatment plants, APEs degrade into metabolites such as nonylphenol ethoxylates (NPEs), treatment plants are not adequately efficient to remove the metabolites such as environmentally damaging nonylphenols (NPs) [12,13]. Consequently, nonylphenols (NPs) were detected at high concentrations ranging from 1.8 to 25 g L−1 in two rivers in Switzerland [14]. Further, studies showed that the continuous use of household products containing AEs, contributes to NPE and NP loads in urban sewer waters [13,15].



Certain AEs are now used as an alternative to alkyl polyphenol ethoxylates (APEOs), as they are safer as result of their rapid breakdown to less toxic, less persistent and less estrogenic compounds. Generally, the presence of nonionic surfactants in irrigation water leads to two major concerns: (1) The degradation products of non-ionic surfactants such as nonylohenol ethoxylates (NPEO) and NP act as estrogen mimicking compounds, leading to symptoms like change in sex ratio, decrease in fish population and malformations in some aquatic animals [16]. In terms of the estrogenic effects, a study in US raised a great concern of potable water contamination by NPs which have been detected in some wells. The authors reported that the source of these compounds is the continuous infiltration disposal of wastewater treatment plant effluents [17]. (2) Non-ionic surfactants in the irrigation water may have an impact on the mobility of chemicals in soil and cause contamination of groundwater [18,19,20,21]. Katagi (2008) [22] reported that the downward movement of pesticides in soil was enhanced by the presence of high non-ionic surfactant concentrations in leaching water. However, the effect may depend on the surfactant concentration. Similarly, Tao et al. (2006) [23] indicated that, at low concentrations 0–20 mg L−1, surfactants have the potential to decrease sorption and thus mobilize herbicides such as atrazine. For example, at low concentrations (0.04 g kg−1), non-ionic surfactants decreased the mobility of the herbicide metolachlor in soil; however, at high concentrations (5–50 g kg−1), the mobility increased [24]. A lysimeter study revealed that at a low concentration (12 mg L−1), NP had no effect on the mobility of atrazine, metolachlor and metribuzin in sandy soil [25].



Pesticide contamination of water bodies has generated a great deal of concern. Generally, it results from diffuse (non-point) sources such as runoff and leaching from agricultural lands. Triazinones herbicides, such as metribuzin (4-amino-6-tert-butyl-4,5-dihydro-3-methyltio-1,2,4-triazin-5-one), are used worldwide to control broadleaf weeds in crops such as potatoes (Solanum tuberosum L.), soybeans [Glycine max (L.) Merr.] and other vegetable crops. Highly water soluble (1050 mg L−1) and having a low adsorption coefficient (Koc = 60), metribuzin shows moderate persistence in soil. Consequently, it may have the potential to leach into the soil profile and thus contaminate groundwater. Further, metribuzin was detected at the highest concentration of 25 μg L−1 in Lack Erie tributaries [26] and found to be the most frequently detected herbicide with a maximum concentration of 0.351 μg L−1 in 20 samples from drinking water wells in Brazil [27]. The half-life of metribuzin in soils ranges from 11 to 46 days in lab and field experiments; however, it was reported to be as long as 60–90 days under winter conditions in Manitoba [28]. In terms of the toxicity to aquatic plants, Fairchild et al. (1998) [29] stated that compared to atrazine, metolachlor and alachlor, metribuzin exhibits the highest level of toxicity. Similarly, metribuzin is highly toxic to freshwater macrophytes and algae under laboratory conditions (at EC50 = 31 μg L−1) [30]. Recently, Plhalova et al. (2012) [31] investigated the effect of metribuzin in surface water on fish and found that the lowest observed effect concentration (LOEC) is 33 mg L−1.



Studies have shown that metribuzin dissipation is primarily dependent upon degradation by soil microorganisms [32,33,34]. Non-ionic surfactants are commonly used in herbicide formulations to enhance the herbicide penetration through the plant cuticle and thus increase its efficiency by reducing the loss of applied herbicide [35]. Since irrigation with wastewater can introduce large amounts of surfactants to soil, this could enhance the mobility of pesticides, such as metribuzin in soil water systems, by increasing their water solubility. To the best of the authors’ knowledge, no study has investigated the fate and transport of metribuzin in the presence of rich surfactant irrigation water under field conditions and the potential contamination of ground water. Therefore, the aim of this study was to investigate the effect of the presence of the non-ionic surfactant Brij35 in irrigation wastewater at concentration above CMC on the downward movement of metribuzin in the soil profile and leachate.




2. Material and Methods


2.1. Chemicals and Reagents


A pure standard (Pestanal®) and formulation (Sencor 75) of metribuzin; trifluralin, used as an internal standard; the non-ionic surfactant Brij 35 [Polyoxyethylene lauryl ether (C2H4O)23–C12H25OH] with critical micelle concentration (CMC) = 74 mg L−1; and HPLC-grade methanol and acetonitrile were obtained from Sigma-Aldrich. Mobile phase chemicals were purchased from Fisher Scientific. Double–deionized water (Milli-Q, Millipore, Molsheim, France) was used in the preparation of standard solutions and mobile phase solutions.




2.2. Soil Characteristics


Belonging to the St. Amble complex, the sandy soil used was obtained from a field in the Macdonald Campus of McGill University, Ste-Anne-De-Bellevue, Quebec. Physical and chemical properties of soil are given in Table 1.
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Table 1. Physical and chemical characteristics of soil.
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Soil Type

	
Sand (%)

	
Silt (%)

	
pH

	
Bulk Density (Mg m−3)

	
Organic Matter (%)

	
CEC (cmol kg−1)

	
Hydraulic Conductivity (cm Day−1)






	
Sandy

	
92.2

	
4.3

	
5.5

	
1.350

	
2.97

	
4.9

	
1.67 (* SD = 0.45)








* SD denotes standard deviation.








2.3. Sorption Study


Sorption of metribuzin onto soil in the presence of the non-ionic surfactant Brij 35 was investigated through a soil equilibrium technique. Triplicate soil samples (1 g) were equilibrated with an aqueous solution (10 mL) of metribuzin at concentrations of (2.5, 5.0, 7.5 and 12.5 μg mL−1) in factorial combination with Brij 35 concentrations of 0, 0.5 and 5 g L−1. All solutions contained 0.01 M CaCl2 to mimic the ionic strength of groundwater [36]. The soil slurry was placed in a 50 mL centrifuge tube, and placed on a reciprocal shaker, operating at 200 rpm, for 24 h. The slurry was centrifuged at 2683 g for 20 min. Extraction and analysis of metribuzin proceeded, as described above. The proportion of metribuzin adsorbed was calculated by taking the difference between the amount initially present in solution and the amount remaining in solution, after equilibrium with the soil.



The sorption coefficient was calculated as follows:
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(1)




where Cs is the amount of metribuzin sorbed (μg g−1), Caq is the solution concentration in μg mL−1, and Kd is the sorption coefficient (mL g−1).



Organic carbon normalized coefficient values for metribuzin in the absence of surfactant and in the presence of surfactant were obtained as follows:
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(2)




where foc is the organic carbon fraction of the soil (0.0297 g g−1 for the soil used), and Koc is the partition coefficient of the contaminant in the organic fraction of the soil (mL g−1).




2.4. Experimental Set Up


The field experiment investigating metribuzin transport in a sandy agricultural soil was conducted in nine outdoor PVC lysimeters set up at the Macdonald Campus of McGill University, Ste-Anne-De-Bellevue, Quebec. The lysimeters were irrigated with three different levels of surfactants and applied in each lysimeter using the completely random design. The lysimeters were (0.45 m O.D. × 1 m long), sealed at the bottom to 0.6 m × 0.6 m PVC sheets. Each was packed in layers with a sandy soil and adjusted to a bulk density of 1.35 mg m−3. A 0.05 m diameter drainage pipe was installed at the bottom of each lysimeter. Four, 10 mm diameter, soil sampling holes were made in each lysimeter at depths of 0.1, 0.3 and 0.6 m the soil surface (Figure 1). The lysimeters were sheltered to prevent entry of natural precipitation.
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Figure 1. Schematic design of the lysimeter. 
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2.4.1. Application of Tested Compounds


Cattle manure was collected from an organic farm in Ham-Sud, Québec, at the end of June 2009. Before the start of the experiment, all lysimeters were irrigated, bringing them to saturation. The drainage pipe at the bottom of each lysimeter was left open throughout the study. The next day (Day 0), with the lysimeter’s soil at field capacity, homogenized manure (10 mg ha−1) was applied to the surface of all lysimeters and manually mixed into the top 30 mm of soil [37]. Metribuzin was then sprayed on to each lysimeter’s soil surface (1 July 2009) at the locally recommended rate for potatoes (1 kg a.i. ha−1). Twelve liters (70 mm) of irrigation water, containing one of three different concentrations of Brij35 (0, 0.5 or 5.0 g L−1) was applied on day 0, day 21, day 42, day 63, according to recommended irrigation practices for potatoes. Each treatment was replicated three times. While these surfactant concentrations may appear to be high, they are well within concentrations found in wastewater and industrial wastewater. Indeed, concentrations of up to 10 g L−1 have been used to study the effect of surfactants on atrazine movement in soils [38].




2.4.2. Soil and Leachate Sampling


Soil samples were collected at the surface as well as 0.1, 0.3 and 0.6 m beneath it, through 4 sampling ports in the side of the lysimeters. Soil samples were collected on 8 occasions: 0, 1, 5, 11, 22, 43, 60 and 90 days after the application of manure. For each surfactant concentration, three replicate soil samples (3 lysimeters) were taken at each of the four depths, and samples from a common treatment × depth were combined in a composite sample (~15 g). Subsamples of about 5 g were taken from each composite sample, and their moisture content was determined. The remaining portions of the samples were stored in sealed bags in the freezer at −4 °C until extraction. Leachate samples (1 L) were collected as a subsample of a total of approximately 9–11 L of leachate, collected at the outlet at the bottom of each lysimeter, following each of the four irrigation events (Figure 1). The subsamples were then transported to the lab and immediately extracted to prevent any chance of metribuzin degradation.





2.5. Mass Balance Calculations


At each sampling date, total herbicide mass, recovered from each lysimeter, was calculated as the sum of herbicide recovered in soil samples across all depths of the soil profile. Adding the herbicide mass in the leachate to that in the soil would total the initial herbicide mass applied, minus any losses (unrecovered metribuzin ) due to degradation or volatilization (Equation (3)) [39].





 [image: Applsci 03 00469 i003]



(3)




where, (3) MTRinit: Total metribuzin (mg) initially applied; MTRlost: Metribuzin lost through degradation, volatilization, etc. (mg); ρ: Soil bulk density, (g cm−3); C(x−y)θ(x−y)h(x−y): Metribuzin concentration and soil moisture content, respectively, in soil layer h ranging from depth x to depth y (mg g−1); Cleach: Metribuzin concentration in leachate (mg L−1); Vleach: Volume of leachate; 1590.4: Soil layer surface area,  [image: Applsci 03 00469 i004], where D = 45 cm.



In order to calculate the mass of metribuzin recovered in the soil layer samples, the following equation was used for this purpose:


Mass of MTR = [C(m)] × ρ × a × h



(4)




where C, laboratory reported analytical metribuzin concentration in soil samples (mg g−1); m, moisture content of soil samples (mass water/mass dry soil mg g−1); ρ, soil bulk density (g cm−3); a, area of lysimeter (m2) and h, sampling depth of soil layers (cm).



The half-life t½ of metribuzin was calculated as follows:


 [image: Applsci 03 00469 i005]



(5)







Then Equation (6) is used in order to calculate k:


C = C0 e−kt



(6)




where C, the metribuzin concentration at time (t); C0, the initial metribuzin concentration and k is the metribuzin degradation rate constant.




2.6. Analytical Methods


2.6.1. Leachate Sample Extraction


Each 1 L subsample was filtered through 90 mm filter paper, followed by filtration through a 45 mm filter (Advantec, Dublin, CA, USA), to remove coarse and fine suspended matter, prior to extraction. Metribuzin-binding MCX cartridges (Oasis Co., Ltd., Milford, MA, USA) were used in solid phase extraction (SPE). Prior to this extraction, trifluralin was added to each of the filtered samples as an internal standard. Preconditioning of each cartridge began by passing 5 mL of water through each cartridge twice, then 5 mL of 50:50 water:methanol (v/v), followed by 100% methanol, all at a flow rate of 10 mL min−1. The sample filtrate was then passed through the cartridges then washed twice with 5 mL of water, to elute the metribuzin and trifluralin. Collected in a test tube, the 10 mL of eluate was evaporated under a N2 stream, residue redissolved in 1 mL of acetonitrile, then passed through 0.22 μm syringe driven filter (Millex-GV, Billerica, MA, USA) ,and filtered solution transferred to a vial for HPLC analysis.




2.6.2. Soil Sample Extraction


In a 50 mL centrifuge tube, to each soil sample (10 g FW), 20 mL of ACS methanol was added, along with trifluralin as an internal standard, and the slurry was votexed for 30 s. The tube was then placed in an ultrasonic bath for 15 min, and then centrifuged at 2683 g for 20 min. The supernatant was decanted and the extraction procedure was repeated twice more. The combined supernatants were passed through a 45 mm filter paper, and then evaporated under a N2 stream. Samples were redissolved in 1 mL of acetonitrile and passed through 0.22 μm syringe driven filter prior to HPLC analysis.




2.6.3. Analysis


The soil samples and leachate were analyzed by HPLC, equipped with diode array detection (DAD) and an Eclipse plus C18 column (4.6 × 150 mm; Agilent, Santa Clara, CA, USA). The mobile phase was acetonitrile and water, run as a gradient; 50:50 acetonitrile:water (v/v) for 9 min then change to 10:90 acetonitrile:water (v/v) for 8 min. The flow rate was 1 mL min−1 and the detection wavelengths were 238 nm and 254 nm for metribuzin and trifluralin, respectively. The extraction efficiency found to be 93% (representing 3 replicates from each concentration) and the detection limit of this method for the tested compound (metribuzin) was 10 ng g−1.





2.7. Data Analysis


A statistical model using repeated measures over time and depth was employed to determine if the metribuzin concentrations differed between treatments, over time and over depth. Data was analysed with PROC MIXED in SAS v. 9.2 [40].





3. Results and Discussion


3.1. Sorption


Among many factors affecting the transport of chemicals in soil, sorption plays an important role; therefore, sorption experiments in the presence and absence of Brij35 were carried out. Results revealed that the amount of metribuzin sorbed was higher in the absence of Brij35; however, it decreased in the presence of Brij35 at concentrations above CMC. The sorption isotherms of metribuzin in tap water and Brij35 solutions at concentrations of 0.5 and 5 g L−1 (Figure 2) all showed a good fit (R2 ≥ 0.97) with Equation (1). The Kd value for metribuzin shows the highest 1.80 in the absence of the surfactant; however, it decreases significantly to (0.93 and 1.38) in the presence of Brij35 at 0.5 and 5 g L−1, respectively (Table 2). This indicates that the presence of micelles may enhance the release of sorbed metribuzin into the solution. Furthermore, a study by Sun et al. (1995) [41] revealed that non-ionic surfactants at concentration above CMC, decreased the sorption coefficient Kd of hydrophobic organic compounds (HOCs). Similarly, Chappell et al. (2005) [42] indicated that Brij35 at concentration above CMC competes with atrazine for sorption sites in soil leading to a significant decrease in atrazine sorption. Furthermore, the presence of surfactants enhanced the solubility of Trichloroethylene (TEC) and therefore, higher desorption rate of TEC in the aqueous medium has been observed [43].
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Figure 2. Metribuzin isotherms in the absence and presence of the non-ionic surfactant Brij35. 






Figure 2. Metribuzin isotherms in the absence and presence of the non-ionic surfactant Brij35.



[image: Applsci 03 00469 g002]







[image: Table] 





Table 2. Distribution coefficient Kd, R2 and Koc values for metribuzin sorption in the presence of the nonionic surfactant Brij35.
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Concentration of Brij35 (g L−1)

	
Kd

	
R2

	
Koc






	
0

	
1.8

	
0.97

	
60.61




	
0.5

	
0.93

	
0.95

	
31.31




	
5

	
1.38

	
0.99

	
46.46









As a result of increasing the concentration of Brij35 from 0.5 to 5 g L−1, Kd values increased from 0.93 to 1.38. This slight increase could be explained by the fact that at higher concentrations, non-ionic surfactant sorbed strongly to the soil and formed bilayers and since metribuzin has an affinity to partition with the hydrophilic head of Brij35, presumably via hydrogen bonding. This may lead to enhance metribuzin partitioning into the surfactant which is already sorbed to soil [44,45]. Therefore, increasing the Kd values at the highest Brij35 concentration of 5 g L−1 was observed. Furthermore, Nilufar (2005) [25] stated that the sorption coefficient of metribuzin (Kd) was 41% lower in the presence of the nonionic surfactant degradation product nonylephenol (NP) below CMC, confirming the desorption potential of NP for metribuzin.



The aqueous concentration of metribuzin increased once CMC is exceeded. This enhances micelles to form in the solution and compete with the sorbed surfactant for metribuzin. The more micelles present in the aqueous phase, the more metribuzin partitioning into the micelles within the solution, resulting in greater amount released from sorbed metribuzin. The present results are in agreement with the findings of [41,46]. Also, our results are in good match with Genari et al. (2009) [47] who indicated that the interaction between the surfactant and soil led to a competition with pesticides for adsorption sites, therefore a decline in pesticides adsorption was observed.



The distribution coefficient Koc, normalized to the corresponding soil organic carbon fraction foc and calculated from Equation (2), is found to follow the same trend as Kd values. Fundamentally, Koc values have been used as an indicator of the leaching potential of herbicides such as atrazine and metribuzin [48]. In fact the Koc value of 60.61 for metribuzin in the absence of Brij35 has been documented in the literature [49,50,51]. Obviously, the calculated Koc values show a higher leaching potential for metribuzin in the presence of Brij35 (31.31–45.46) compared to the value of 60.61 in the absence of Brij35. This highlights the potential of non-ionic surfactants to enhance the desorption of metribuzin, either by solubilization or partitioning into the surfactant’s micellar core.




3.2. Mass Balance


The mass balance for metribuzin is presented in Table 2. For all irrigation treatments, metribuzin concentrations were found to be below the detection limit by day 90. In both the water and surfactant-irrigated treatments, the total amount of metribuzin detectable in the system (soil + leachate), declined from an initial (applied) level of about 20 mg to less than 3 mg after 63 days and four irrigations. The relative amount of metribuzin in the two lower soil depth layers (15–45 and 45–70 cm) to that in the upper layers (0–5 and 5–15 cm) was at least 2-fold greater in the presence of surfactants from Day 5 onwards, suggesting that a greater quantity of metribuzin leached downwards in the presence (vs. absence) of the surfactant. This will be further addressed in the discussion of metribuzin residue concentrations in the soil which follows.
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Table 3. Amounts of metribuzin (mg) in different soil profile depth ranges, cumulated in leachate, and overall, over a 63 day period. Soil samplings on days 0, 1, 15, 22, 30, and 60 at depths of 2, 10, 30 and 60 cm depths, as well as and irrigations followed by leachate sampling on Days 1, 21, 42, 63. (—, metribuzin was below detection levels).
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Day

	
Irrigation Solution Soil Profile Depth Range (cm)/Leachate/Total




	
Tap water

	

	
Brij35 at 0.5 g L−1

	

	
Brij35 at 5 g L−1




	
0–5

	
5–15

	
15–45

	
45–70

	
Leach cumul

	
Total

	

	
0–5

	
5–15

	
15–45

	
45–70

	
Leach cumul

	
Total

	

	
0-5

	
5-15

	
15-45

	
45-70

	
Leach cumul

	
Total






	
0

	
19.25

	
—Irrigation I—

	
0

	
19.25

	

	
19.85

	
—Irrigation I—

	
0

	
19.85

	

	
20.06

	
—Irrigation I—

	
0

	
20.06




	
1

	
9.62

	
8.90

	
—

	
—

	
0.09

	
18.61

	

	
10.30

	
2.13

	
5.72

	
—

	
0.34

	
18.49

	

	
8.49

	
2.75

	
6.65

	
—

	
0.65

	
18.54




	
5

	
5.05

	
3.08

	
0.94

	
—

	
0.09

	
9.16

	

	
4.91

	
1.79

	
2.55

	
—

	
0.34

	
9.59

	

	
2.82

	
2.26

	
3.52

	
—

	
0.65

	
9.25




	
15

	
2.59

	
1.05

	
1.95

	
—

	
0.09

	
5.68

	

	
1.88

	
0.11

	
4.93

	
1.99

	
0.34

	
9.25

	

	
1.54

	
0.33

	
2.44

	
3.29

	
0.65

	
8.25




	
21

	
——Irrigation II——

	
0.17

	
5.76

	

	
——Irrigation II——

	
0.80

	
9.71

	

	
——Irrigation II——

	
1.27

	
8.87




	
22

	
1.32

	
0.21

	
1.36

	
—

	
0.17

	
3.06

	

	
0.78

	
—

	
1.60

	
1.72

	
0.80

	
4.90

	

	
0.95

	
—

	
0.91

	
1.09

	
1.27

	
4.22




	
30

	
0.85

	
—

	
—

	
—

	
0.17

	
1.02

	

	
0.62

	
—

	
0.82

	
0.56

	
0.80

	
2.80

	

	
0.22

	
—

	
1.20

	
1.08

	
1.27

	
3.77




	
42

	
——Irrigation III——

	
0.25

	
1.10

	

	
——Irrigation III——

	
1.33

	
3.33

	

	
——Irrigation III——

	
1.55

	
4.05




	
60

	
0.12

	
—

	
—

	
—

	
0.25

	
0.37

	

	
0.09

	
—

	
—

	
0.93

	
1.33

	
2.35

	

	
0.07

	
—

	
—

	
0.17

	
1.55

	
1.79




	
63

	
——Irrigation IV——

	
0.25

	
0.37

	

	
——Irrigation IV——

	
1.54

	
2.56

	

	
——Irrigation IV——

	
1.55

	
1.79









From 15 days onward, the total amount of measured metribuzin was higher in the treatments of surfactant compared to the tap water (Table 3). After 60 days, the total residual metribuzin was 4 and 6 fold greater in the 5 and 0.5 g L−1 treatments, respectively, than in the tap water treatment. The percentage of unrecovered metribuzin (Figure 3) was similar for all three irrigation types up to 5 days; however, later values were smaller in the presence of surfactant. As a result, greater recoveries have been measured in the presence of the non-ionic surfactant Brij35 compared to tap water treatment. Despite the fact that metribuzin is mobile in soil, previous studies detected no amount of metribuzin in leachate from lysimeters packed with sandy soil and irrigated with tap water [25,52]. However, in the present study, 0.34% of the applied metribuzin was recovered in the leachate of lysimeters irrigated with tap water, and 1.86% and 2.04%, respectively, for the 0.5 and 5.0 g L−1 surfactant treatments.
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Figure 3. Metribuzin lost percentage in the season in the absence and presence of surfactant. 
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Degradation of pesticides has been extensively studied and revealed the fact that some factors other than leaching, can significantly affect the breakdown of metribuzin in soil and water. These factors could be sorption, microbial degradation and photolysis [53]. In general, several studies have indicated that the microbial activity plays a major role in the degradation process of metribuzin in soil [54,55]. More specifically, soil microorganisms have the ability to transform metribuzin to its metabolites; desaminometribuzin (DA), desaminodiketometribuzin (DADK), and diketometribuzin (DK) [56]. In sewage effluents, In the case of non-ionic surfactants, they are subject to biodegradation and produce intermediates which are generally less water soluble such as polyethylene glycols (PEG) and carboxylic aerobic metabolites i.e., carboxylated PEGs [57].



In terms of the amount of unrecovered metribuzin in soil, results showed that in the presence of surfactant, the amount of unrecovered metribuzin was less than the one in the tap water treatment indicating that the non-ionic surfactant could have influenced metribuzin degradation in soil. As indicated in (Figure 3) the presence of surfactant reduced the loss of metribuzin. This may be explained by the findings of Laha and Luthy (1992) [58] that showed a decrease in phenanthrene degradation in the presence of non-ionic surfactants above CMC compared to those below CMC. They assumed that micelles can hold the pesticide from transporting to bacterial cells resulting in an inhibition of bactaerial mineralization of the pesticide. Similarly, comparing to Brij30 and Triton X-100, Brij35 reduced the bioavailability of phenanthrene as a result of the deficient interaction between the hydrophilic moiety of Brij35 (long polyethoxy chain) and bacterial cell membrane [59]. This assumption has been confirmed by Allen et al. (1999) [60] who found that cell disruption of microbes is the main cause of inhibition of PAHs degradation, in the presence of nonionic surfactant, Triton X-100.




3.3. Effect of Nonionic Surfactant Brij35 on Metribuzin Residues in Soil


The repeated measures analysis showed the effect of treatment (surfactant concentration), depth and time, as well as their single and multiple interactions were all significant (p ≤ 0.05). Mean metribuzin concentrations in soil over a 90-day period for the soil surface and at 0.1, 0.3 and 0.6 m soil depths are illustrated in Figure 4, Figure 5, Figure 6, Figure 7. As expected, the metribuzin concentration was highest at the soil surface and dropped significantly as sampling depth increased. At the soil surface, the concentration decreased as the degradation rate increased with time. The concentrations right after the first application on day 1 were 968.68, 1036.34 and 854.93 μg kg−1 in the treatments with tap water, Brij35 0.5 g L−1 and Brij35 5 g L−1, respectively. Metribuzin levels declined over time and reached 12.37 μg kg−1 in the topsoil on day 60 for the tap water treatment, whereas for Brij35 0.5 g L−1 and Brij35 5 g L−1, concentrations were lower at 9.82 and 7.29 μg kg−1, respectively. By day 90, metribuzin concentration in the topsoil was below the detection limit for all irrigation treatments. However, a considerable amount of metribuzin leached to the next depths in the treatments with surfactants. This result for the tap water treatment concurs with the findings of several studies [61,62,63,64,65]. They reported that metribuzin concentrations declined in topsoil immediately after application. A number of studies suggest that a significant portion of this decline can be attributed to the presence of soil microorganisms, which play a significant role in the breakdown of metribuzin in soil [66,67]. For all treatments, metribuzin degradation is shown to follow the first order kinetic [68,69]. Typically, a rapid initial dissipation is followed by a gradual decline in the degradation rate and eventually a relatively slow long term breakdown. The half-life of metribuzin under the experiment conditions is calculated. In the tap water treatment, the half- life of metribuzin was 8.89 days; however, it decreased to 8.35 and 7.96 days in the treatment of surfactant at 0.5 and 5.0 g L−1, respectively. This is consistent with the reported half -life by Webster and Reimer (1979) [28].



At the 0.1 m depth, initial metribuzin concentrations in the tap water treatment were higher than those in either of the Brij35 treatments. For all treatments, metribuzin levels decreased over time; however, in the tap water treatment, metribuzin was detectable through day 22, whereas in the Brij35 treatments it only remained detectable through day 15. This disappearance of metribuzin could be attributed to its movement to lower depths and to the microbial degradation. Metribuzin breakdown varies according to soil layers [69] due to the differences in their microbial populations. Indeed, Bouchard et al. (1982) and Danial et al. (2002) [62,70] observed that metribuzin degradation is decreased by depth. Likewise, Fan (2010) [52] conducted a lysimeter study and observed that a considerable amount of surface-applied metribuzin had migrated through a sandy soil to a depth greater than 0.1 m within the first 7 days, and then decreased gradually afterwards. Similarly, results from a study investigating the mobility of metribuzin under free drainage conditions, revealed that a significant portion of surface-applied metribuzin was detected below a 0.1 m soil depth, six days after application [71].
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Figure 4. Metribuzin concentrations at the surface. 
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Figure 5. Metribuzin concentrations at 0.1 m depth. 






Figure 5. Metribuzin concentrations at 0.1 m depth.



[image: Applsci 03 00469 g005]







[image: Applsci 03 00469 g006 1024] 





Figure 6. Metribuzin concentrations at 0.3 m depth. 
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Figure 7. Metribuzin concentrations at 0.6 m depth. 
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At the 0.3 m depth, the effect of surfactant treatments contrasted with the 0.1 m depth, since metribuzin concentrations were higher in the presence of surfactant compared to the tap water (Figure 6). This indicates that Brij35 influenced the downward movement of metribuzin. Given that metribuzin is a non-ionic compound, belonging to the weakly basic triazines, its sorption to soil is dependent on the amount of organic matter, clay content and pH. It was reported that metribuzin showed a great potential for leaching in soil [51,70]. At the 0.6 m depth, low concentrations of metribuzin (33.46–2.87 μg kg−1) were detected from day 15 to day 60, in the Brij35 treatments, but remained below detection limits for the tap water treatment. This highlights the role of surfactants in enhancing metribuzin mobility in the soil profile (Figure 7). The decrease in metribuzin concentrations over time and depth was reflected by the significant effects (p ≤ 0.05) of treatment, depth, time and their interactions. Results for tap water concurred with the results of columns studies conducted by Bedmar et al. (2004) and Maqueda et al. (2009) [51,67]. They indicated the absence of metribuzin in soil samples from soil depths exceeding 0.30 m. Moreover, as the solubility of the herbicide increased, its ability to compete with organic surfaces decreased. This accounts for why, in certain conditions, the migration of metribuzin downward through the soil profile was improved [72].



Generally, surfactants play an important role in enhancing the mobility of pesticides and this fact has been confirmed by Muller et al. (2007) and Zhang et al. (2011) [43,73]. Our study also showed a greater downward movement of metribuzin through a sandy soil in the presence (vs. absence) of the non-ionic surfactant Brij35. Generally, surfactants can increase the solubility of pesticides through their solubilization in the micelles, which formed above the critical micelle concentration (CMC) of the surfactant. Depending on this concentration, pesticide properties, the degree and the location of solubilization into the micelle, surfactant effects can vary. Since metribuzin is a polar herbicide, it is expected to be solubilized by the surfactant once CMC is exceeded. Furthermore, depending on their hydrophilicity, non-ionic surfactants have the ability to solubilize polar compounds [74]. This hydrophilicity is known to be governed by the number of the ethylene oxide groups (EO) in the surfactant molecule, i.e., the greater the number of EO groups, the more hydrophilic the surfactant [75]. Since Brij35 has twenty-three EO groups, it is expected to exhibit a high capacity to solubilise polar compounds, such as metribuzin in the environment.




3.4. Effect of Non-Ionic Surfactant Brij35 on Metribuzin in Leachate


The leachate samples were analyzed to quantify the amount of metribuzin leaching to shallow ground water. Metribuzin concentrations in the leachate of both Brij35 treatments, ranging from 67.22 to 23.02 for Brij35 at 0.5 g L−1, and 84.80 μg L−1 to below the detection limit for Brij35 at 5 g L−1 (Figure 8). The levels of metribuzin in the leachate were significantly greater at the treatment of Brij35 at 5.0 g L−1 than Brij35 at 0.5 g L−1 after the first two irrigation events. Metribuzin concentrations reached a maximum at the third application (17.19 μg L−1) in the tap water leachate samples. This observation can be explained by the fact that metribuzin adsorption in sandy soil is reversible and thus residues might escape to lower layers in the soil profile [67]. Likewise, since sandy soil possess a low CEC and large pore spaces, high leaching potential for herbicides may be observed [76]. However, in a lysimeter study, no metribuzin concentrations were detected in the leachate from a sandy soil after irrigation with either tap water or a non-ionic surfactant metabolite, NP (12 mg L−1) [25].
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Figure 8. Metribuzin concentrations in Leachate. 
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In the case of surfactant treatments, the amount of metribuzin moved from the surface to the leachate in the treatment of Brij35 at 5 g L−1 was 84.80 μg L−1 after the second irrigation event. This amount exceeded the acceptable level for metribuzin in drinking water (80 μg L−1), according to Canadian guidelines [77]. Generally, above the CMC, the lipophilic end (alkyl chain) of the surfactant molecule aggregate together inside the micelle, with the hydrophilic end point towards the aqueous phase on the exterior [78]. Thus, micelles enhance the solubility of low polarity organic compounds by partitioning them into the hydrophobic micelle core. Since metribuzin is a polar herbicide, it is expected to be attracted by the polar head of the surfactant by hydrogen bonding. Partitioning of pesticides with surfactants is well documented in the literature [46,79,80]. More specifically, polar compounds, such as pesticides, are solubilized in the neighborhood of stern layer of the surfactant [22]. Additionally, non-ionic alcohol ethoxylates (AE) are found to enhance the downward movement of pesticides when applied at high (vs. low) concentrations to soil columns [18].



Typically, sorption of herbicides onto soil surfaces occurs when the polar components in soil interact with the polar functional groups of the herbicide and since metribuzin has an amide group, interaction with polar sites may occur. However, if water is present, metribuzin tends to interact with water molecules via hydrogen bonding and form hydrophilic complexes, which in turn, facilitate the leaching process. This may explain the relationship between its solubility and leaching potential [81]. Since surfactants can interact with soil, it may compete with metribuzin for available binding sites in soil. This can lead to enhance the free downward movement of metribuzin in soil profile. Recently, Undabeytia et al. (2011) [82] confirmed the role of polar groups (amide) in metribuzin in the formation of water bridges via hydrogen bonding with the hydrophilic head of the non-toxic surfactant phosphatidylcholine in clay formulations. Therefore, in the presence of a non-ionic surfactant, such as Brij35at concentrations above its CMC, metribuzin would be captured by micelles, with its polar groups oriented toward the polar head (EO) of the micelles, which would exhibit a strong hydrophilic interaction via hydrogen bonding or dipole-dipole effects. In the present study, results of the lysimeter experiment are explained by the findings of the sorption study. This conclusion confirms the role of non-ionic surfactant Brij35 in decreasing the sorption coefficient of metribuzin and hence promoting its release from soil. Therefore, additional research should be carried out to better understand the effect of chemical compounds when they coexist as mixtures in the environment.





4. Conclusions


Understanding the mobility of metribuzin within soil-water-surfactant systems is an important step in evaluating the risk resulting from irrigation with wastewater. The present study showed the presence of non-ionic surfactant (Brij35) in concentrations higher than its CMC, increased the downward movement of metribuzin in the soil profile, presumably due to the solubilization power of micelles in the soil-water system when Brij35 was present at 0.5 or 5 g L−1 or the competition between the surfactant and metribuzin for soil binding sites. Additionally, metribuzin concentrations in the leachate were higher (about 5 times) in the presence of Brij35 compared to the tap water. In spite of the fact that metribuzin is water soluble, other lysimeter studies have shown metribuzin to rarely move below 30 cm depth in the soil profile. The present study indicates that the presence of a non-ionic surfactant in irrigation water increased the mobility of metribuzin in soil and led to its presence in leachate samples at a depth of 1 m below the soil. Therefore, the continuous use of wastewater containing non-ionic surfactants at concentrations exceeding their CMC can be expected to increase the possibility of pesticides being detected in leachate, eventually reaching ground water, and thus potentially contaminating water resources.
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