
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/290202194

Degradation	characteristics	of	metribuzin	in	soils
within	the	Nzoia	River	Drainage	Basin,	Kenya

ARTICLE	·	JANUARY	2016

DOI:	10.1080/02772248.2015.1128938

READS

15

3	AUTHORS:

Gershom	Mutua

Masinde	Muliro	University	of	Science	and	Tech…

2	PUBLICATIONS			0	CITATIONS			

SEE	PROFILE

Anastasiah	Ngigi

Multimedia	University	College	of	Kenya

11	PUBLICATIONS			43	CITATIONS			

SEE	PROFILE

Zachary	Getenga

Masinde	Muliro	University	of	Science	and	Tech…

30	PUBLICATIONS			222	CITATIONS			

SEE	PROFILE

Available	from:	Zachary	Getenga

Retrieved	on:	28	March	2016

https://www.researchgate.net/publication/290202194_Degradation_characteristics_of_metribuzin_in_soils_within_the_Nzoia_River_Drainage_Basin_Kenya?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_2
https://www.researchgate.net/publication/290202194_Degradation_characteristics_of_metribuzin_in_soils_within_the_Nzoia_River_Drainage_Basin_Kenya?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_3
https://www.researchgate.net/?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_1
https://www.researchgate.net/profile/Gershom_Mutua2?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Gershom_Mutua2?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Masinde_Muliro_University_of_Science_and_Technology?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Gershom_Mutua2?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Anastasiah_Ngigi?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Anastasiah_Ngigi?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Multimedia_University_College_of_Kenya?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Anastasiah_Ngigi?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_7
https://www.researchgate.net/profile/Zachary_Getenga2?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_4
https://www.researchgate.net/profile/Zachary_Getenga2?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_5
https://www.researchgate.net/institution/Masinde_Muliro_University_of_Science_and_Technology?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_6
https://www.researchgate.net/profile/Zachary_Getenga2?enrichId=rgreq-2a11fbb5-cd5e-4f68-8b35-a80902340eb6&enrichSource=Y292ZXJQYWdlOzI5MDIwMjE5NDtBUzozNDMxMjI2NjkyNjA4MDFAMTQ1ODgxODIyNzE2NA%3D%3D&el=1_x_7


Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=gtec20

Download by: [Chuka University] Date: 05 March 2016, At: 02:24

Toxicological & Environmental Chemistry

ISSN: 0277-2248 (Print) 1029-0486 (Online) Journal homepage: http://www.tandfonline.com/loi/gtec20

Degradation characteristics of metribuzin in soils
within the Nzoia River Drainage Basin, Kenya

Gershom Kyalo Mutua, Anastasiah Njoki Ngigi & Zachary Moranga Getenga

To cite this article: Gershom Kyalo Mutua, Anastasiah Njoki Ngigi & Zachary Moranga Getenga
(2015): Degradation characteristics of metribuzin in soils within the Nzoia River Drainage Basin,
Kenya, Toxicological & Environmental Chemistry

To link to this article:  http://dx.doi.org/10.1080/02772248.2015.1128938

Published online: 31 Dec 2015.

Submit your article to this journal 

Article views: 30

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=gtec20
http://www.tandfonline.com/loi/gtec20
http://dx.doi.org/10.1080/02772248.2015.1128938
http://www.tandfonline.com/action/authorSubmission?journalCode=gtec20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=gtec20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/02772248.2015.1128938
http://www.tandfonline.com/doi/mlt/10.1080/02772248.2015.1128938
http://crossmark.crossref.org/dialog/?doi=10.1080/02772248.2015.1128938&domain=pdf&date_stamp=2015-12-31
http://crossmark.crossref.org/dialog/?doi=10.1080/02772248.2015.1128938&domain=pdf&date_stamp=2015-12-31


Degradation characteristics of metribuzin in soils within the
Nzoia River Drainage Basin, Kenya

Gershom Kyalo Mutuaa, Anastasiah Njoki Ngigib and Zachary Moranga Getengac

aDepartment of Pure and Applied Chemistry, Masinde Muliro University of Science and Technology,
5 Kakamega, Kenya; bDepartment of Physical Sciences, Multimedia University of Kenya, Nairobi, Kenya;

cDepartment of Chemistry, Chuka University, Chuka, Kenya

ARTICLE HISTORY
Received 12 May 2015
Accepted 2 December 2015

ABSTRACT
Metribuzin, a triazinone herbicide, is heavily used within the
expansive Nzoia River Drainage Basin in Kenya for the optimization
of sugarcane yields. For field experiments, soils were spiked with
metribuzin and amended with filter mud compost and Tithonia
diversifolia leaves. Soils with history of metribuzin application (48
months) were also spiked with metribuzin but not amended with
the organic materials. Degradation of metribuzin for the three
variants was followed for a period of 102 days. Repeated exposure
of metribuzin to soil and addition of filter mud compost to soil
enhances the degradation of metribuzin with half dissipation times
of 31 and 25 days. In soil amended with Tithonia diversfolia leaves,
the half dissipation time was 32 days while in the control
(unamended non history soil), it was 36 days. Laboratory studies
showed that soil sterilization slowed the degradation of metribuzin,
with a half dissipation time of 154 days. This confirmed that
metribuzin was biochemically degraded in soil by an adapted
community of microbes.

10 KEYWORDS
Filter mud compost;
application history; herbicide;
Tithonia diversifolia leaves;
degradation

15 1. Introduction

The Nzoia River Drainage Basin (NRDB) is an important agricultural zone in Kenya with
its middle region dominated by large-scale sugarcane (Saccharum officinarum) farms
(Wamukoya and Ludeki 2006). The gently sloping terrain, extremely friable volcanic soils
coupled with extensive use of pesticides and heavy rainfall has led to contamination of

20 environmental matrices within and beyond the basin (Tarus et al. 2010; Muendo, Lalah,
and Getenga 2012).

Metribuzin [4-amino-6-(1,1-dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H)-one] is
a selective systemic asymmetrical triazine herbicide that is heavily used within the basin
for both pre- and post-emergence control of weeds in the sugarcane farms. It is listed as a

25 toxic release inventory chemical whose soil half-life ranges between 14 to 60 days (USEPA
2003). Due to its low adsorption coefficient (1.12�1.25 mL g¡1), high water solubility
(1.05 g L¡1, 20 �C) (Selim 2003), and high toxicity, metribuzin poses a great risk to
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humans, terrestrial, and aquatic fauna and flora. In fact, it is more toxic than atrazine, ala-
chlor, and metolachlor (Fairchild, Ruessler, and Carlson 1998). Metribuzin has been

30 detected in soil and water (Pierre-Yves, Charlotte, and Allan 1996; Dores et al. 2008). Its
persistence in soil is positively correlated to low organic matter, high application amounts,
as well as high soil pH (Fuscaldo, Bedmar, and Monterubbianes 1999). Increasing organic
matter content of soil through amendments has been reported to effectively decontami-
nate pesticide-polluted environments by enhancing their degradation (Lalah, Muendo,

35 and Getenga 2009; Mutua, Ngigi, and Getenga 2015). Therefore, this study investigated
the effectiveness of filter mud compost (FM) and Tithonia diversfolia leaves (TD) as
organic amendments in enhancing the field degradation of metribuzin. The two organic
materials are readily available within the basin. Over 24,000 tons of FM is produced annu-
ally within the basin (Jemutai-Kimosop, Orata, and Getenga 2012) since it constitutes

40 about 4% of the total processed sugarcane (Jadhav 2011). TD is an annual weed with very
high vegetative matter turn over. Over 10,000 tons of TD is harvestable within the water-
shed annually (Jemutai-Kimosop, Orata, and Getenga 2012).

Repeated exposure of pesticides to soil has been reported to modify their degradation
(Getenga, Doerfler, and Schroll 2009; Mutua, Ngigi, and Getenga 2015). No information

45 is available on the degradation characteristics of metribuzin as affected by application his-
tories despite its intensive use within the region. Studies within the watershed have con-
centrated on sorption and leaching of metribuzin (Lagat et al. 2011). Therefore, the effect
of repeated application of metribuzin to soil on its degradation was studied. In addition,
laboratory experiments were conducted to establish the contribution of microbes to the

50 degradation of metribuzin in soil. This was done by setting up parallel degradation experi-
ments in non-sterile and sterile soils. Some of the metabolites formed during the degrada-
tion process of metribuzin were identified.

The information obtained on the degradation characteristics of metribuzin under dif-
ferent treatments will play a pivotal role in sustainable environmental management and

55 environmental policy formulation. It will provide a suitable and environmentally friendly
way of disposing TD and FM which are abundant in the region. The findings will also
form a basis for other related studies on microbial degradation and subsequent isolation
of metribuzin degraders.

2. Materials and methods

60 2.1. Reagents and materials

Analytical standards of metribuzin (99.0%) (CAS RN 21087-64-9), deaminometribuzin
(DA) (97.5%) (CAS RN 35045-02-4), and deaminodiketometribuzin (DADK) (98.0%)
(CAS RN 52236-30-3) were supplied by Dr. Ehrenstorfer GmbH (Augsburg, Germany).
Standard stock solutions at concentrations of 100 mg L¡1 in acetonitrile were prepared

65 and working solutions were prepared by appropriate dilution of the stock solutions. Poly-
vinyl chloride (PVC) pipes, reagents, chemicals, and consumables were purchased from
local reputable suppliers. All the reagents and chemicals were used without further
purification.

FM and TD were obtained from the nuclear estate of the Nzoia Sugar Company within
70 the expansive NRDB. Their elemental composition was determined; FM had 11.7% C,

2 G. K. MUTUA ET AL.
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2.6% N, 0.05% P, 0.11% K, and 0.4% Fe, TD contained 24.2% C, 2.94% N, 0.08% P,
0.09% K, and 0.3% Fe. Coarse and plant materials were removed from FM. TD materials
were air-dried and chopped into small pieces. Both FM and TD were sieved (2 mm) in
preparation for soil amendment.

75 2.2. Field degradation studies

Field degradation studies were conducted in sugarcane farms within the Nzoia Sugar
Company nuclear estate where metribuzin is heavily used for pre- and post-emergency
control of weeds. Experiments were conducted using PVC pipes of 45 cm length and an
internal diameter of 6 cm which accommodated 844.6 § 72.5 g (n D 3) of dry soil (Lalah,

80 Muendo, and Getenga 2009). Background concentrations of metribuzin, DA, and DADK
in soil were established before the experiments were conducted.

Four experiments were set for the study on FM, TD, application history, and control
(unamended non history). The study on the effect of FM and TD was conducted in a field
without prior application history of metribuzin (0� 340 3100 N and 34� 400 1800 E). The soils

85 were sandy loam with 0.14% § 0.01% N, 2.73% § 0.17% C, 12.40% § 0.05% P, and
1.30% § 0.03% K. The fields were well prepared ready for planting by deep digging and
removing all weeds and stones. The prepared fields were left to stabilize for two weeks.
FM and TD were applied at the practiced field application rates of 30 and 5 tons per hect-
are, respectively. This translated to 8.48 g per pipe (1.004 £ 104 mg kg¡1 of soil) of FM

90 and 1.44 g per pipe (1.71 £ 103 mg kg¡1 of soil) of TD. PVC pipes, one meter apart, were
driven into the soil with about 4 cm length left protruding above the surface to prevent
loss due to surface run-off. The pipes were then spiked with metribuzin at the field appli-
cation rate of 1.64 kg of active ingredient per hectare giving an equivalent concentration
of 42 mg kg¡1 per pipe.

95 The study on the effect of application history was conducted on a cultivated field (0�

310 4400 N and 34� 410 3900 E) with a prior application history of 48 months whose residual
concentrations of metribuzin, DA, and DADK were below detection limit. The soils were
sandy loam with 0.13% § 0.02% N, 2.70% § 0.24% C, 12.38% § 0.06% P, and 1.30% §
0.06% K. Metribuzin was applied as described above. The control experiment for both

100 studies was conducted on unamended soil without metribuzin application history. All
experiments for the different treatments in triplicates lasted for 102 days. Each treatment
had a total of 21 pipes. Immediately after setting up the experiment, samples were col-
lected, and further sampling was done on the 1st, 7th, 21st, 35th, 63rd, and 102nd day.
For each sampling time, the soils in the whole pipe (45 cm, in triplicate) were taken to

105 obtain a representative sample. The dry weight of soil sample in each pipe (n D 3) was
844.6 § 72.5 g.

During the study period, the weather was monitored. The average relative humidity
and evaporation rate were 49.5% § 14.6% and 6.1 § 1.4 mm day¡1, respectively. The
mean air temperature and soil temperature to a depth of 30 cm below the earth’s surface

110 were 21.2 § 1.0 �C and 26.6 § 1.1 �C, respectively. The average dew point temperature
was 11.5§ 4.0 �C. Rainfall of 250.7 and 63.8 mm was recorded during the first and second
months of the study. In the last month, a total of 2.6 mm of rainfall was recorded. A mean
daily wind run of 119 § 29 km day¡1 and sunshine of 7.2 § 1.4 hours day¡1 was
recorded.

TOXICOLOGICAL & ENVIRONMENTAL CHEMISTRY 3
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115 2.3. Laboratory degradation studies

The study was conducted using soil with a metribuzin application history of 48 months.
The residual levels of metribuzin, DA, and DADK in this soil was below detection limit.
Soil samples were obtained from the upper layer (0�10 cm) using soil auger. The mois-
ture content was gravimetrically determined by heating 1 g of the soil at an oven tempera-

120 ture of 105 8C for 24 hours. The experiments were conducted using 250 mL conical flasks
(18 in total) into which aliquots of 3.5 g of dry soil were added. Then, metribuzin dis-
solved in acetonitrile was added drop-wise at the field application rate of 1.64 kg ha¡1

(42 mg kg¡1). The conical flasks were then placed in a fume hood for 24 hours for the sol-
vent to evaporate. The moisture content of the samples was restored to 60% (gravimetric

125 water content of soil at 100% of water holding capacity) of the water holding capacity by
addition of deionized water. Additional aliquots of 46.5 g of dry soil equivalent were then
added to each flask, homogenized and compressed to a volume of 38.5 mL (Getenga,
Doerfler, and Schroll 2009). All the flasks were then loosely covered with perforated alu-
minum foils and the moisture content maintained at 60% throughout the study period. A

130 sterile set (18 flasks) was used as a control; microbial inhibition was achieved by addition
of 1% (w/v) of sodium azide to the soil samples (Rastegarzadeh, Nelson, and Ririe 2006).
The pesticide was applied as described above. All experiments were conducted in triplicate
at room temperature and monitored for 102 days. Sampling was done immediately after
setting the experiment and on 1st, 7th, 35th, 63rd, and 102nd day.

135 2.4. Extraction and analysis

After sampling, soil in the whole pipe (in triplicate) was taken to the laboratory, air dried
in the shade and homogenized. Then, soil sub-samples of 50.0 g (in triplicate) were trans-
ferred to single-layer cellulose thimbles and extracted by Soxhlet method using 150.0 mL
methanol for 5 hours, a slight modification of the method by Johnson and Pepperman

140 (1995). The extracts were concentrated to about 2.0 mL at reduced pressure using a rotary
evaporator (N-1000 model, Eyela, Tokyo, Japan) and then diluted with 250 mL of deion-
ized water. Clean-up was done by solid-phase extraction (SPE). The SPE cartridges (Strata
C-18 E 55 mm, 70 A, 1000 mg 6m L¡1, Kobian, Nairobi, Kenya) were mounted on a 24-
position vacuum operated SPE manifold set (Phenomenex, Cheshire, United Kingdom)

145 and pre-conditioned with 10.0 mL methanol and 10.0 mL deionized water. The extracts
were then loaded immediately and analytes eluted with 4.0 mL methanol. A high-perfor-
mance liquid chromatograph (HPLC) (Prominence LC-20AT, Shimadzu, Kyoto, Japan)
with an ultra-violet detector (Prominence, SPD-20A, Shimadzu), degasser (DGU-20A
prominence, Shimadzu), and C18-column (250 £ 4.6 mm, 5 micron, 130 A, Phenomenex)

150 was used for the analysis of metribuzin and its metabolites. Detection wavelength was
254 nm. The mobile phase consisted of methanol and 0.05 mol L¡1 acetic acid (62:38,
v/v) at a flow rate of 0.5 mL min¡1 (Pavel et al. 1999). A 10 mL syringe (Hamilton, Bona-
duz, Switzerland) was used for sample injection. The limits of detection based on a noise
signal ratio of 1:3 and limits of quantification based on a ratio of 1:10 for both metribuzin

155 and DADK were 0.01 § 0.00 and 0.04 § 0.02 mg L¡1, respectively, for DA 0.01 § 0.00
and 0.05 § 0.02 mg L¡1.

4 G. K. MUTUA ET AL.
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Before sample analysis, standard solutions were run to check column performance,
peak height, and resolution. With each set of samples to be analyzed, a solvent blank
and a standard mixture were run in sequence for peak identification. Standard cali-

160 bration curves were used for pesticide residue quantification. Linearity of the ultra-
violet detector used was assessed by plotting a curve of peak areas against concentra-
tion (0�25 mg L¡1). Linearity was observed for all the three compounds with R2 D
0.9987 (metribuzin), R2 D 0.9992 (DA), and R2 D 0.9987 (DADK). Recovery studies
and relative standard deviations (RSD) done on soil free of the analytes were used to

165 evaluate the precision and accuracy of the extraction method adopted (Huertas-P�erez
et al. 2006). Soil samples were fortified with standard solutions at two different con-
centration levels (0.5 and 1 mg L¡1). Four replicates were prepared at each concen-
tration level, extracted and analyzed as described above. High-percentage recoveries
and low RSD values were obtained indicating a good accuracy and precision of the

170 method adopted. Recoveries were 85.0 § 7.9 for metribuzin, 87.0 § 2.4 for DA, and
88.5% § 2.2% for DADK. RSD values were 5.9% § 2.0% for metribuzin, 5.0% §
0.1% for DA, and 8.1% § 1.9% for DADK.

The decrease of concentrations of methanol extractable metribuzin and concentrations
of metabolites formed was analyzed, not the degradation by analyzing the production of

175 CO2. Despite this, we assume that the disappeared metribuzin portion was degraded, and
referred this part as “degraded metribuzin.” Degradation curves for metribuzin in the dif-
ferent treatments were fitted in first-order degradation kinetics (Ct D Co e

¡kt). Statistical
treatment of degradation data obtained was done using SPSS 17.0 version software. Signif-
icance of differences in degradation of metribuzin under the various treatments was done

180 using paired t-test at 95% confidence level.

3. Results and discussion

3.1. Degradation of metribuzin in soils amended with FM and TD

The disappearance of metribuzin in soils amended with FM and TD were compared with
unamended (control) soil (Figure 1(a)).

185 Soil concentrations of metribuzin in the three treatments showed an initial rapid der-
ease up to the 21st day followed by a slower rate reaching a plateau on the 63rd day. The
decreased rate of degradation over time could be due to adsorption of metribuzin hence
slowing the degradation processes. The plateau indicates lack of extractability or bioavail-
ability of metribuzin residues to microbes (Getenga, Madadi, and Wandiga 2004).

190 From Figure 1(a), degradation of metribuzin was fastest in the FM-amended soil and
slowest in the unamended soil. At the end of the experiment, metribuzin residue levels
were 4.0% § 1.5% in the FM-amended, 9.2% § 1.3% in TD-amended, and 10.0% §
1.5% of applied amount in the unamended soil. The degradation half-life values were
25 days (k D 28 mg kg¡1 day¡1, R2 D 0.89) in soil amended with FM, 32 days (k D 22 mg

195 kg¡1 day¡1, R2 D 0.88) in soil amended with TD and 36 days (k D 19 mg kg¡1 day¡1,
R2 D 0.92) in the control. The results obtained in this study are comparable to those
obtained by Lechon et al. (1997) in which field half-life values of between 16 and 52 days
were reported. Amending soil with FM significantly enhanced (r D 0.014) the field degra-
dation of metribuzin. In addition, degradation of metribuzin in the two organic

TOXICOLOGICAL & ENVIRONMENTAL CHEMISTRY 5
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200 amendments were significantly different (r D 0.022). However, the degradation of metri-
buzin in TD-amended and unamended soil were not significantly different (r ˃ 0.05).
The higher degradation rates of metribuzin observed in FM- and TD-amended soils com-
pared to the unamended is as a result of increased nutrients in soil. Addition of organic
matter to soil increases the rate of degradation by stimulating microbial growth and activ-

205 ities (Getenga, Madadi, and Wandiga 2004). Improved organic content promotes the
activities of soil enzymes leading to improved microbial populations (Tejada et al. 2010).
It may also be as a result of upset of carbon�nitrogen ratio of the soil leading to the use
of metribuzin to regain the optimal nutrient balance (Lalah, Muendo, and Getenga 2009).
Soils from the study site had a nitrogen content of 0.14%, and a C/N ratio of 20. There-

210 fore, addition of FM and TD with nitrogen content of 2.6% and 2.9%, respectively,
decreased the carbon�nitrogen ratio (� 5 and � 8 for FM and TD, respectively) creating
a scarcity in soil carbon. Thus, soil microbes utilized metribuzin as a carbon and energy
source resulting in observed enhanced degradation (L�opez-Pi~neiro et al. 2011).

Figure 1. (a) Degradation of metribuzin under field conditions in soil with two organic amendments
and in unamended soil. (b) Formation of methanol extractable metabolites under field conditions in
soil with two organic amendments and in unamended soil.
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The higher degradation rate observed in the FM-amended soil compared to the TD-
215 amended soil may have been due to the fact that the added FM was already decomposing

and therefore easily released nutrients to soil. In addition, a small amount of TD (1.71 £
103 mg kg¡1 of soil) was used compared to FM (1.004 £ 104 mg kg¡1 of soil), therefore
the nutrients supplied by TD were less compared to that supplied by FM. Accordingly, a
slower degradation rate was realized as degradation is positively correlated to the amount

220 of organic matter applied (Getenga, Madadi, and Wandiga 2004). This implies that,
increasing the amount of TD applied to soil would significantly enhance the degradation
of metribuzin.

The rate of degradation was slowest in the unamended soil because there was no stimu-
lation of microbial activities. This is because of inadequate decomposable organic matter

225 in study soil, making metribuzin recalcitrant in soil for a long time.
The enhanced degradation reported corroborates with other studies in which addition

of organic matter increased degradation of metribuzin (Khoury, Camille, and Kawar
2006). Soils amended with composited and field-aged olive mill waste recorded higher
rates than unamended soil (L�opez-Pi~neiro et al. 2013) as well as those amended with com-

230 post (Getenga, Madadi, and Wandiga 2004).
The study shows that addition of both FM and TD enhanced metribuzin degradation

in soils. Therefore, this strategy can be effectively used in cleaning polluted environment
by utilizing and enhancing the activities of indigenous microbes.

3.1.1. Metabolites formation in soils amended with organic materials
235 Metabolites DA and DADK were observed in the three treatments and quantified over the

study period of 102 days as expressed in Figure 1(b).
The concentration of metabolite DA was highest in the FM-amended soil recording a

value of 30.0% § 2.6% on the 35th which decreased to 9.9% § 2.9% at the102nd day. In
the TD-amended soil and the control, the highest concentrations of metabolite DA were

240 observed on the 21st day which were 24.8% § 3.5% and 16.7% § 3.1%, respectively. At
the close of the experiment, the levels were 4.2% § 1.8% and 7.6% § 3.0% in the TD-
amended and control, respectively. The concentration of DADK obtained in the FM-
amended soil reached a maximum value of 25.0% § 2.4% on the 63rd day. The highest
concentration of DADK in the TD-amended soil was 27.6% § 2.2% on the 35th day

245 which reduced to 21.4% § 3.4% on the 102nd day while the control had a maximum
value of 19.4% § 2.3% on the 35th day. Metabolite, DADK was very stable in both FM-
amended and unamended soils.

From the results, amending soil with organic materials favours the degradation of met-
ribuzin and the subsequent formation of metabolites. FM favored significantly (r D

250 0.019) the deamination of metribuzin resulting in high amounts of DA compared to soil
amended with TD and the control. The enhanced formation of metabolite DA is consis-
tent with the enhanced degradation of metribuzin in FM-amended soil compared to the
TD-amended soil and the control. FM was already decomposing and therefore easily
released nutrients to soil leading to enhanced degradation of metribuzin.

255 The levels of DADK in both FM- and TD-amended soils were not significantly differ-
ent throughout the experiment; however, its levels in the two treatments were higher com-
pared to the control. This indicates that, addition of organic materials promotes both
deamination and oxidative desulfuration of metribuzin.
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3.2. Degradation of metribuzin in soils with previous application of metribuzin

260 Degradation curves of metribuzin in soils with and without prior metribuzin application
history is shown in Figure 2(a). The residue levels in soil with application history were
45.0% § 0.9% on the 7th day reducing to 6.0% § 1.2% of the applied amount on the
102nd day. On the other hand, the levels in the soil without metribuzin application history
were 54.0% § 2.0% on the 7th day and decreased to 10.0% § 1.5% of the applied amount

265 at the close of the experiment.
Pair-wise multiple comparisons showed that metribuzin degradation in soil with prior

application history was significantly different (r D 0.021) from that in soil without appli-
cation history. This may be due to the presence of native adapted microbes that have
developed resistance to the toxicity of metribuzin as a result of continuous exposure of

270 metribuzin to soil. It can also be due to the emergence of opportunistic microbes which
utilize metribuzin as carbon and energy source making them to multiply significantly
(Tamilselvan et al. 2014). A fast degradation rate of metribuzin was noted in soil with
prior application history during the first 21 days of the experiment compared to that in
soils without application history. The half-life of metribuzin in soil with application

Figure 2. (a) Degradation of metribuzin under field conditions in soil with and without metribuzin
application history. (b) Formation of methanol extractable metabolites under field conditions in soil
with and without metribuzin application history.
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275 history was 31 days (k D 23 mg kg¡1 day¡1, R2 D 0.89). In the control treatment, the half-
life was 36 days (k D 19 mg kg¡1 day¡1, R2 D 0.92). Other studies have also reported
enhanced degradation of metribuzin as a result of long history application of metribuzin
to soil (James and Rahman 2010) hence reduced efficacy of metribuzin to control weeds.
Enhanced degradation of other triazine herbicides in soil with prior pesticide application

280 history or its analog has been reported. For example, enhanced degradation of atrazine
has been reported in soils with prior application history of atrazine, ametryn, and propa-
zine (Krutz et al. 2008; Getenga, Doerfler, and Schroll 2009).

Enhanced degradation of the herbicide in soil may lead to reduced efficacy to control
weeds when used as a post emergence herbicide and some weeds becoming resistant to

285 metribuzin. However, it is a natural way of detoxifying contaminated environment.

3.2.1. Metabolites in soils with and without application history
Figure 2(b) shows the concentrations of metabolite DA and DADK in soils with and with-
out prior application history of metribuzin. By the end of the experiment, in soil with
prior application history of metribuzin, DA had degraded by more than 72% of its highest

290 concentration while in soil without application history, 54% of DA had degraded. This
implies that, in addition to the presence of metribuzin-degraders in the soil with pesticide
application history, there also existed microbes that degraded DA. On the 21st day, the
levels of DA were maximum in both treatments with concentrations of 29.6% § 2.7%
and 16.6% § 3.0% in soils with and without application history of metribuzin, respec-

295 tively. However, from the 63rd day, the concentrations were not different for the two var-
iants. There was a significant difference (r D 0.004) in the levels of metabolite DADK in
soil for the two treatments. On the 102nd day, DADK residues were 24.6% § 3.2% and
12.4% § 2.7% in soils with prior history and those without history, respectively. The
enhanced levels of DADK in soil with application history implies that repeated exposure

300 of soil to metribuzin favored the degradation of metribuzin and DA. However, the persis-
tence of DADK was not affected by the application history of metribuzin.

3.3. Laboratory degradation studies of metribuzin

Figure 3(a) shows degradation characteristics of metribuzin in sterile and non-sterile
soil with previous exposure of metribuzin. The moisture content (§SD) of the soil

305 used in this study was 17.2% § 0.1%. The concentration of metribuzin residues in
both sterile and non-sterile soils decreased over time. On the 35th day, the level of
metribuzin residues in the non-sterile set was 33.3% § 3.3% of the applied amount
and decreased further to 13.0% § 2.4% on the 63rd day. In the sterile set, the con-
centration of metribuzin residues were 71.9% § 3.8% and 63.0% § 4.3% of the

310 applied amount on the 35th and 63rd day, respectively. At the close the experiment,
93.6% of the applied metribuzin had degraded in the non-sterile set while the per-
centage degradation in the sterile set was 41.4%.

Metribuzin was more rapidly degraded (r D 0.027) in non-sterile soil compared to the
sterile set recording a DT50 value of 32 days (k D 21.7 mg kg¡1 day¡1, R2 D 0.96). This

315 DT50 value compares closely to that obtained by other studies. Lechon et al. (1997)
reported laboratory half-life range of between 19 and 106 days at 25 8C depending on
moisture content. At an average temperature of 28 8C, the laboratory half-life ranged
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between 26 and 36 days (Perceval et al. 2006). The half-life of metribuzin in the sterile soil
was 154 days (k D 4.5 mg kg¡1 day¡1, R2 D 0.84), about five times longer than in the non-

320 sterile soil. The difference in degradation rates show that soil microbial activities play a
key role in the degradation process of metribuzin. Since the soil had been previously
applied with metribuzin, there appears to have developed microbes that are able to
degrade metribuzin. The degradation of metribuzin in the sterilized soil is attributable to
chemical degradation.

325 Singh, Raunaq, and Singh (2013) showed that there was no degradation of metribuzin
in sterilized soil samples implying that the degradation of metribuzin is microbial in
nature. Metribuzin is reported to be degraded by soil fungi Botrytis cinerea, Sordaria
superba and Absidia fusca (Bordjiba et al. 2001), white-rot fungus P. chrysosporium
(BKM-F-1767) (Castillo and Torstensson 2007), Burkholderia cepacia bacterial strains

330 (Madhuban et al. 2011), Pseudomonas aeruginosa, Staphylococcus aureus (Tamilselvan
et al. 2014), and Bacillus sp. N1 (Zhang et al. 2014). Likewise, streptomycetes utilize metri-
buzin as a nitrogen source (Mohamed et al. 2012).

Figure 3. (a) Laboratory degradation of metribuzin in a soil material after application of metribuzin and
incubated in vitro after sterilization with sodium azide and in non-sterilized soil. (b). Development of
methanol extractable metabolites in a soil material after application of metribuzin and incubated in
vitro after sterilization with sodium azide and in non-sterilized soil.
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3.3.1. Metabolites in both sterile and non-sterile soils
The concentrations of DA and DADK were higher in the non-sterile soil (Figure 3(b)). In

335 the non-sterile soil, the levels of DA were 25.5% § 3.8% and 9.1% § 3.2% on the 35th
and 102nd day, respectively, while in the sterile set, the levels of DA were 8.3% § 3.6%
and 6.0% § 2.4%, respectively. The concentrations of metabolite DADK were 31.1% §
2.5% and 26.5% § 3.3% on the 63rd and 102nd day, respectively, for the non-sterile soils.
Whereas in the sterile set, the levels of DADK were 11.2 § 2.9% on the 35th day and

340 reduced to 9.3% § 2.7% on the 102nd day.
The higher concentrations of metabolite, DA observed in non-sterile soil indicates that

the degradation rate of metribuzin in non-sterile soil was higher compared to sterile soil.
It further confirms that the degradation of metribuzin is mainly through microbial activi-
ties as opposed to abiotic processes. Degradation of DA in the two sets was also observed.

345 In the sterile soil, DA reduced by 46.9% of its highest value of 11.1% § 2.9% while in the
non-sterile soil it decreased by 58.8% of its highest concentration of 25.5% § 3.8%. This
difference may be attributed to biotic degradation in the non-sterile soil.

In this study, three metabolites of metribuzin were observed throughout the study period
of 102 days for all the different treatments. Two of them were positively identified as

350 DADK and DA with retention time of 15.1 and 21.1 min, respectively. The peak of the par-
ent metribuzin appeared at 18.5 min while unidentified metabolite appeared at 24.3 min.

In Figure 4, the degradation pathway of metribuzin is shown. Metabolite DA is formed
through the deamination of metribuzin (Rasche et al. 1998; Khoury, Camille, and Kawar
2006) as a result of microbial and photochemical processes (Rasche et al. 1998). On the

355 other hand, metabolite DADK is a product of reductive deamination of metribuzin. Met-
ribuzin undergoes two different pathways to yield DADK. One route involves the deami-
nation of metribuzin to form DA which then undegoes oxidative desulfuration to
produce DADK. The other pathway involves oxidative desulfuration of metribuzin
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Figure 4. Degradation pathways of metribuzin (Huertas-P�erez et al. 2006).
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yielding diketometribuzin (DK) which then undergoes deamination (Henriksen, Svens-
360 mark, and Juhler 2002). In this study, oxidative desulfuration of DA may have greatly

contributed to the observed concentrations of DADK. This is because the soil had been
freshly cultivated and therefore well aerated (Khoury et al. 2003). Both DA and DADK
are polar than the parent metribuzin, therefore they poses more risk to water contamina-
tion than metribuzin. Total degradation of metribuzin is reported to occur through

365 DADK (Henriksen, Svensmark, and Juhler 2002; Khoury et al. 2003). Thus, the detection
of DADK implies possible complete mineralization of metribuzin in these soils. However,
this would need to be investigated.

4. Conclusion

The study established that field degradation of metribuzin can be enhanced by addition of
370 FM compost and Tithonia diversifolia leaves thus reducing its concentration in soil and

water within the NRDB and beyond. It was also established that prolonged use of metri-
buzin for weed control leads to enhanced degradation due to the development of adapted
native microbes. Sterilization of soil significantly decreased the degradation of metribuzin
proving that microbial degradation contributes greatly in the degradation of metribuzin.

375 The study recommends that the effects of varying amounts of FM and TD be investigated
and the isolation of microbes responsible for the degradation of metribuzin be carried out.
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