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ABSTRACT

The kinetics of the degradation of dimethoate in an aquatic microcosm ecosystem, and a distilled water control, charged with the
pesticide was studied over a period of 90 days. The concentration of dimethoate was monitored in the distilled water control, as
well as the water phase and sediment phase of the experiment. The loss of the pesticide after a given time period was calculated
and plotted as a function of time. Biphasic linear rates of dimethoate degradation were observed for both the water phase (3.12 and
0.358 ug mL " day ™, respectively) and the sediment phase (108 and 1.03 ug g™ day™, respectively) in the experimental microcosm,
as well as the distilled water control (0.694 and 0.0388 ug mL ~ day™, respectively). The linear rates of degradation in distilled
water are attributed to hydrolysis and photochemical degradation. The biphasic linear rates of degradation in the experimental
microcosm are attributed to microbial degradation of pesticide adsorbed by sediment or colloidal particles, and an enzymatic
kinetics model is presented to account for the observed kinetics. The factors that affect the rates of degradation, possible
dimethoate pollution remediation strategies, and characterization of the different speciation forms in terms of rates of degrada-

tion and apparent adsorption/desorption thermodynamic properties, are discussed.
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1. Introduction

Dimethoate, [O,0-dimethyl S-[2-(methylamino)-2-oxoethyl]
phosphorodithioate, CAS Registry No. 60-51-5], is an organo-
phosphate insecticide marketed under various trade names. It
is a systematic insecticide used for the control of a wide variety
of insect pests (Acari, Aphididae, Aleyrodidae, Coccidae,
Coleoptera, Collembola, Diptera, Lepidoptera, Pseudococcidae
and Thysanoptera) in cereals, citrus, coffee, cotton, grapes,
olives, pastures, beetroot, potatoes, pulses, tea, tobacco and
vegetables. It is also used for the control of flies on animals and
in animal houses.'

Dimethoate is moderately toxic to mammals and is classified as
a possible human carcinogen by the US EPA, based on occur-
rence of tumours in exposed mice.* Like other organophos-
phates, dimethoate is an acetyl cholinesterase inhibitor, and
works primarily as a nerve poison.*" It is slightly toxic to
estuarine and marine invertebrates, highly toxic to freshwater
fish and invertebrates, and very toxic to birds."* In the case
of fish, the effect of exposure to dimethoate is reflected in the
uncoordinated abnormal behaviour of the fish soon after expo-
sure. LC,, values of 1.84, 1.78, 1.68 and 1.61 mg L™ for 24, 48, 72
and 96 hours of exposure to dimethoate were reported for
fingerlings of the common carp, Cypricus carpia, exposed to
the pesticide.” Heavy contamination of aquatic ecosystems
by the pesticide can lead to mass mortality of fish and other
organisms."

* To whom correspondence should be addressed. E-mail: zaranyika @science.uz.ac.zw

Dimethoate has a vapour pressure of 1.1 x 107 Pa at 25 °C." Its
solubility in water at 21 °C is 25 g L™ Reported log values of the
octanol-water partition coefficients are 0.78 and 0.79, respec-
tively.! Dimethoate is lost from the soil through leaching, evapo-
ration and biodegradation. Its half-life in soil ranges from 4
to 16 days.® Dimethoate is relatively stable in aqueous media
from pH 2 to 7.5. It is slowly hydrolyzed in aqueous acidic solu-
tion (pH 3-6), but is rapidly hydrolyzed in alkaline solutions."
Reported half-lives for dimethoate in raw water range from
18 hours to 8 weeks.? It hydrolyzes in plants and animals to
O,0-dimethyl dithiophosphoric acid.

The traditional approach to studying the persistence of pesti-
cides in the environment involves spiking the pesticide into an
appropriate compartment of the environment, followed by
periodic sampling to determine the amount of pesticide remain-
ing in the medium. The concentration of pesticide remaining at
any given time is then plotted as a function of time, to give the
persistence curve. In most cases, the persistence curve resembles
a first-order decay curve. The persistence of pesticides in the
environment is therefore usually expressed in terms of the
half-lives of the pesticides in the environment, on the assump-
tion that the persistence curves conform to pseudo-first-order
kinetics. Half-life persistence data reported for dimethoate in the
literature are highly variable (see Table 1), whereas in true
first-order kinetics, a constant value should be obtained for
the half-life, irrespective of the actual environmental conditions
prevailing.
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Table 1 Persistence data for dimethoate reported in the literature.

Environment Degradation mechanism Persistence Ref.
Degradation/% Half-life/days

Soil, drought conditions Biological 4 13
Soil, moderate rainfall Biological 2-1/2 13
Soil (i) 60 (after 4 days)

(ii) 80 (after 54 days) 14
Raw water 1.5-56 8
Water at 25 °C Hydrolysis 30 7
Sterile water at pH 5 Hydrolysis 156 7
Sterile water at pH 7 Hydrolysis 68 7
Sterile water at pH 9 Hydrolysis 44 7
Soil, aerobic Microbial 2.2 2
Soil, anaerobic Microbial 22 2

“Microbially mediated hydrolysis.

Major processes leading to the degradation of pesticides in the
environment include hydrolysis, photolysis and microbial
action. In addition, pesticides are known to undergo adsorption
onto colloidal, sediment and soil particles. Models of the persis-
tence of pesticides should ideally take these factors into account,
if they are to have predictive value.” Therefore, it is apparent
that more studies are required to elucidate further the kinetics of
the degradation of pesticides in the aquatic environment.

Zaranyika and co-workers™ " have studied the degradation
kinetics of several pesticides in aquatic microcosm experiments
simulating real environmental variables. Pesticide spiking,
sample collection and analysis were done according to the
conventional approach described above. The loss in the pesti-
cide after a given time period is monitored and the instanta-
neous loss plotted as a function of time. Pesticides studied
include organophosphates (glyphosate, fenamiphos,
chlorpyrifos and pirimiphos-methyl),”'® organochlorines
(endosulfan I and II),"” and the bipyrimidium herbicide,
paraquat.”® In all cases, plots with two linear portions were
obtained for the water and sediment phases of the experiment.
The results were explained in terms of a steady-state enzymatic
kinetics model which takes into account microbial degradation
and adsorption/desorption of the pesticide by colloidal and
sediment particles.

In this paper we report the results of similar semi-field experi-
ments carried out in order to determine whether the degrada-
tion of dimethoate in the aquatic environment can be inter-
preted in terms of the proposed enzymatic kinetics model. The
experiments were conducted with dam water and sediment
contained in plastic drums covered with clear perforated plastic
and exposed to sunlight. The rate of degradation of the pesticide
was monitored in the water as well as in the sediment phases of
the experiment.

2. Experimental

2.1. Equipment

A microprocessor-controlled Perkin Elmer Autosystem gas
chromatograph, equipped with a built-in autosampler, a split/
splitless injector, and a nitrogen phosphorus detector (NPD)
(Perkin Elmer, Norwalk, CT, USA), was used in conjunction with
a BPX-5- 95 % phenyl polydiphenylene-silicone capillary column
30 m X 0.25 mm id, film thickness 0.25 um (SGE Analytical
Science, Melbourne, Australia) to analyze the extracted samples.
Also used were two plastic tanks of capacity 200 L each; 3.7 mL
Pyrex glass sample vials with hollow caps and Teflon-lined septa
(Supelco SA, Switzerland); a Buchi rotary evaporator Model

R-124 (Buchi Labortechnik AG, Switzerland) equipped with a
water bath was used to concentrate the sample extracts to near
dryness, and a Stuart Scientific model SF1 mechanical flask
shaker (Stuart Scientific, Redhill, UK).

2.2. Materials

The following solvents were used: pesticide residue analysis
grade diethyl ether, ethyl acetate, hexane and acetone (Fischer
Scientific, Loughorough, U.K.). Other materials used include
glass wool, Florisil (60-100 mesh, [Fluka Chemie AG, Switzer-
land]); anhydrous sodium sulfate (99.8 % purity, Acros Organics,
New Jersey, USA); Whatman 541 filter paper; double-distilled
water; dam water and sediment collected from Kutsaga Dam on
the Hunyani River near the Tobacco Research Board Kutsaga
Research Station, Harare, Zimbabwe; high-purity nitrogen
carrier gas; dimethoate reference standard (99.5% pure, sup-
plied by Dr. Ehrenstnfer, D86 199, Ausberg, Germany); Rogor
(containing 400 g L™ dimethoate) (supplied by Agricura (Pvt)
Ltd., Zimbabwe).

2.3. Procedure

The procedure followed was described previously." Volumes
of 100 L each of Kutsaga Dam and distilled water were charged
into two separate 200 L tanks and the levels were marked. About
1.93 kg of sediment was added into the tank containing dam
water. Equal amounts (37.25 mL) of Rogor were added to each
of the tanks to give a final concentration of dimethoate of
149.0 ug mL™". The contents were thoroughly mixed. Samples
were taken immediately after the system had settled. The tanks
were covered with transparent perforated polyethylene and left
exposed to sunlight on the roof of the Pesticide Analysis Labora-
tory Building, Kutsaga Research Station. Thereafter, samples of
water and sediment were collected periodically for a period of
90 days, each time compensating for the evaporation that
occurred 24 hours prior to sampling. Water and sediment
samples were taken without disturbing the system. The new
level was marked after each sampling, then the system was
stirred and left to settle. Once collected, all samples were stored
in the freezer in plastic bottles with screw caps until required for
analysis. All the samples were thawed and mixed thoroughly
prior to analysis.

2.4. Extraction, Cleanup and Concentration

Water samples were analyzed by GC-NPD with a BPX-5,
phenyl-polydiphenylene silicon capillary column following
liquid-liquid extraction.”” Water samples were analyzed in
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duplicate. A volume of 100 mL of water samples were extracted
3 times with 50 mL portions of diethyl ether using a separatory
funnel, and collected over anhydrous sodium sulphate. The
combined extracts were concentrated to near dryness using the
rotary evaporator with the water bath maintained at 40 °C, and
then re-dissolved in 2.0 mL acetone for subsequent clean-up
prior to analysis by GC-NPD.

Sediment samples were analyzed following solvent extrac
tion."” Sediment samples were extracted after the excess water in
the sample had been removed by suction from a Buchner funnel
through a Whatman No. 1 filter paper, and then air-dried for
three hours. The moisture content of the suction and air-dried
sediment samples was determined after thoroughly mixing the
sample. About 20 g of accurately weighed dried sediment
sample was placed in a 250 mL flask, and 100 mL of acetone were
added and the flask stoppered. The mixture was then shaken on
the mechanical shaker for 30 min, then filtered through anhy-
drous sodium sulphate. The sample was then quantitatively
transferred to the rotary evaporator maintained at40 °C, and the
crude extract was concentrated to near dryness and then
re-dissolved in 2 mL acetone for subsequent clean-up prior to
GC-NPD analysis.

For clean-up the concentrated extract was transferred to a
chromatographic column plugged with glass wool and contain-
ing 5 g of Florisil and 1 g of anhydrous Na,SO, pre-cleaned by
eluting with 10% diethyl ether in hexane. Care was taken not to
let the column run dry. The column was then eluted twice by
using 100 mL each of 5 % diethyl ether in hexane and 10 %
diethyl ether in hexane. The two fractions were combined
and concentrated to near dryness and then re-dissolved in 2mL
acetone for subsequent GC-NPD analysis.”

2.5. Gas Chromatography

The gas chromatographic conditions employed are given in
Table 2. One microlitre of the concentrated extract was injected
each time. Dimethoate eluted at 1.91 minutes in the GC-NPD
chromatogram, see Fig. 1. Quantification was done by the exter-
nal standard technique. Preliminary studies with the spiked
sediment and lake water samples showed the average extraction
efficiency to be 80 = 1 % and 84 = 2 % when sediment samples
and lake water samples spiked with 20 ng g" and 5 ng g
dimethoate, respectively, were extracted and determined as
described above. Dimethoate was not detected when blank
determinations were done on the sediment and dam water
samples. Figure 2 shows the persistence curves of dimethoate
obtained for distilled water, Kutsaga Dam water and Kutsaga
Dam sediment. The loss in dimethoate after a given time period,
t, in days, i.e. C—C_, was calculated and plotted as a function of
tin Fig. 3. The slopes of the linear portions of the curves in Fig. 3
give the respective rates of degradation, and these are summa-
rized in Table 3.
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Table 2 Gas chromatographic conditions employed.
GC compartment Parameter Setting
Column Initial temperature 195°C

Initial hold time 2.0 min

Final temperature 235°C

Temperature programme 10 °C min™'

Final hold time 9.0 min

N, carrier gas flow rate 5.2 mL min™
Injector Temperature 230°C

Mode Splitless
Detector Type NPD

Temperature 300 °C

Range 1

Auto zero On

Time constant 200
Detector gas flows Air 179.0 mL min™

Hydrogen 44 mL min™

>

15 2 25
Minutes

Figure 1 Typical chromatogram for the sediment sample collected on
day 9 showing the retention time for dimethoate at 1.91 minutes.

3. Results and Discussion

A heavy green algal growth developed in the dam water plus
sediment experiment after 6 days. The algal growth disappeared
after 64 days. No algal growth was observed in the distilled
water control. Material balance calculations, shown in Table 4,
show that of the 14.9 g of dimethoate charged into the experi-
mental microcosm, 2.71 g (18.2 %) was adsorbed by the sedi-
ment, while 12.03 g (80.7%) remained in the water phase of the
experiment, and the balance of 0.16 g (1.07 %) are presumed to
be adsorbed onto the walls of the container. In the distilled water
control, 15.23 g (102.2 %) were detected in the water phase,
suggesting minimal adsorption by the walls of the plastic tank.

3.1. Rates of Degradation in Distilled Water

Figure 2(a) shows that the losses due to degradation were
81.6 % and 6.4 %, respectively in the lake-water-plus-sediment
experiment and distilled water control after 90 days. These data

Table 3 Rates of degradation (ug g day™) of the different speciation forms of dimethoate in the sediment and water phases of the river-water-

and-sediment experiment.

Phase Speciation form*® Rate/ug g™ day™ Persistence/days Total pesticide/g®

Water D, 312 25 7.80
D(C,), 0.358 >90 (118) 424

Sediment D(S), 108 9 1.87
D(C), 1.03 >90 (422) 0.84

#Speciation form: D; = free pesticide in solution; D(C;),, = colloidal particle adsorbed pesticide in solution; D(S), = sediment particle adsorbed pesticide; D(C),, = colloidal

particle adsorbed pesticide in sediment pore water.
b Mass of phase = 100 000 g (water phase) and 1930 g (sediment phase).
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Table 4 Material balance calculations: initial and final distribution of dimethoate in the microcosm.
Phase Initial analysis/ug g™ Total pesticide/g Final analysis/ug g™ Total pesticide/g
Dam water and sediment experiment
Water 120.3 12.03 20.08 2.08
Sediment 1404 271 362 0.699
Container * 0.16 0.16
Deg. loss® 12.0
Total 14.9 14.9
Distilled water control
Water 152.3 15.23 142.6 14.26
Container * -
Deg. loss® 0.97
Total 15.2 15.2
@ Adsorbed to walls of the container; no change assumed during period of the experiment.
b Loss due to degradation.
160 t /days
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Figure 2 Dimgthoate persistence in distilled water and Kutsaga Dam 0 20 40 g 60 20 100
water (a), and in Kutsaga Dam sediment (b). 0 .

L i 3
suggest that chemical degradation and photodegradation are -2000 y=-1.0282x-970.92
minor routes for the degradation of dimethoate in the aquatic T 000 R:=(0:6402
environment. Figure 3(a) shows that degradation of dimethoate £ “
in distilled water proceeds via an initial fast rate of 0.694 ug mL ™! S 6000 -
day™ during the first 9 days, followed by a slower rate of s
0.0388 ug mL " day™ for the rest of the study period. 8000 () v rn

These rates are only 22 % and 1.2 % of the rate of degradation 10000 et
of 3.12 ug mL ' observed for the water phase of the microcosm
experiment in Fig. 3(b). We attribute the initial fast rate in F12000

distilled water to hydrolysis, which we assume proceeds via an
activated transition state complex, DM-H,O, according to the
steps in Table 5. It can be shown that:

dP _( ki,
dt \k_ +k,

J[D]‘ =k;[D], @

where k; is the apparent hydrolysis constant, and [D]; is the
concentration of dimethoate in the system at time t.

Figure 3 Dimethoate degradation rates in (a) distilled water, (b) Kutsaga
Dam water and (c) Kutsaga Dam sediment.

As hydrolysis involves molecules of the solvent, it is expected
to be activation energy controlled rather than diffusion con-
trolled. Hence, in the absence of an external source of energy, the
rate of hydrolysis is expected to be very slow, consistent with the
value of 0.694 ug mL™ day™ observed during the first 9 days.
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Table 5 Steps in the hydrolysis of dimethoate (D).

Step Reaction Rate
constant
1 D+ H,0-»D-HO" k, Formation of activated complex
2 D-H,0' - D + H,0 k, Reverse reaction
3  (D-H,O)'-»P k, Hydrolysis (P = products).

Dimethoate has been reported to be relatively stable in water
under acidic conditions, while it hydrolyzes rapidly under alka-
line conditions to methylamine, thioglycolic acid and thiophos-
phate.” The fact that the hydrolysis of dimethoate in the distilled
water control ceases after 9 days is probably due to the develop-
ment of acidic conditions as a result of the accumulation of acidic
hydrolysis products, as well as absorption of carbon dioxide
from the atmosphere. The subsequent slow rate of degradation
in distilled water is attributed to photochemical degradation.
Photochemical degradation can be represented by the steps
shown in Table 6. It can be shown that:

k,k,

dP ’
E | p|=k[D 2
dt [k@ +k(,+k,7J[ b=k @

Table 6 Steps in the photolysis of dimethoate (D).

Step Reaction Rate
constant
1 D + hv - D* k, Light absorption
2 D*->D+ hy k_q) Radiative relaxation
3 D*+M->D+ M’ k, collisional relaxation
4 D*->P k, Photolysis (P = products).

M = quencher molecule.

Equations 1 and 2 are in effect pseudo-first-order rate laws, in
which [D], = [D], — A[D] = concentration of dimethoate at any
time t in days, [D], is the initial concentration, and A[D] is the
change in the concentration at any given time t. When [D] >>
A[D], Egs. 1 and 2 reduce to

dpP

= ki (D1, =k 3)
and

dpP , »

E = kﬁ[D]f’ = kn 4

Both are constant, consistent with the constant linear rates
degradation of 0.694 ug mL™" day™ and 0.0388 ug mL™ day™
obtained for the initial fast and subsequent slow rates of degra-
dation in distilled water as discussed above. In Eq. 2, k, is the
apparent rate constant for photochemical degradation of
dimethoate in distilled water. From Table 4, [D], ysea watery = 15-28
100 L; and from Fig. 3A, k,[D], = 0.0388 ug mL™" day™, hence
k, = 2.95 x 107 s™'. Similarly for hydrolysis, k,[D], =
0.694 pg mL™ day™, hence k;, = 5.27 x 10® s™. For the photo-
lysis reaction

-1 -1
A[D] _(0.0388 ) pg mL Eiay —255%10~ ! )
(D], 15.23 mg L™

Similarly, for the hydrolysis reaction

-1 -1
A[D]Z(O.6937j mgmL™day™ | oo ©
[p], (1523 mg L™

Hence the assumption that [D], >> A[D], is justified in both
cases.

3.2. Rates of Degradation in the Water and Sediment Phases
of Microcosm Experiment

From Fig. 3, it is apparent that the rates of degradation of
dimethoate, both in water and sediment phases of the experi-
ment, consist of an initially fast rate of degradation, followed by
a slower rate. The rapid degradation in the water phase lasted
for about 25 days. In the sediment phase, the rapid degradation
lasted for about 9 days. The slower rate of degradation lasted up
to the end of the experiment period in both phases. In addition,
both the fast and the slower rates of degradation of dimethoate
in the water phase, as well as the sediment phase, of the experi-
ment are linear, pointing to steady-state kinetics, and hence
microbial degradation, whereby the observed rates correspond
to the plateau in the Michaelis-Menten curve.” Microbial
degradation is consistent with the heavy green algal growth
observed between day 6 and day 64 in the dam water plus
sediment experiment. Linear rates for biodegradation were
reported previously for glyphosate, endosulfan I, endosulfan II,
fenamiphos, pirimiphos-methyl, chlorpyrifos and para-
quat.”"** Asindicated in Table 3, the fastlinear rate and the slow
linear rate of degradation in the water phase of the experiment,
are attributed to degradation of free and colloidal particle
adsorbed dimethoate, respectively.”"”* The existence of free
and particle bound insecticide in water samples was previously
demonstrated by Lee and Skemitt using immunoanalysis.”

As noted in the Experimental section, 149.0 pg mL™
dimethoate was charged into the experimental tank at the start
of the experiment. This is equal to a total of 14.9 g dimethoate
charged into the system. Table 4 shows that the total dimethoate
detected by the experiment after 90 days amounts to 13.14 g.
Thus, after 90 days only 1.76 g dimethoate remained in the
experimental tank, mostly as colloidal particle adsorbed,
partly in the water phase and partly in the sediment phase of the
experiment.

The fast degradation speciation form in the sediment with a
degradation rate of 107.9 ug g™ day ™, is attributed to dimethoate
dissolved in pore water in the sediment. Considering the
volume of the water phase and the mass of the sediment phase
in the experimental set-up, data in Table 3 suggest that
dimethoate is more soluble in pore water than in the bulk of the
water phase above the sediment, which is unlikely. A plausible
explanation for the apparent greater solubility of dimethoate in
sediment pore water is that the dissolution of dimethoate in the
pore water is enhanced by the existence of surface adsorption
equilibria involving sediment particles, so that as degradation of
free dimethoate in the pore water proceeds, the equilibrium
shifts in favour of free dimethoate, thus:

FS-D = }s+D (7

where |S = surface adsorption site on sediment particle, and
D = dimethoate molecule. As such surface complexes are essen-
tially 1:1 (or monolayer) complexes, desorption is very fast, and
the rate of degradation will be limited by the rate of microbial
degradation of the free pesticide molecules in the pore water.

3.3. Proposed Microbial Degradation Kinetics Model

The degradation trends above are similar to those that have
been reported for glyphosate, endosulfan I and endosulfan II,
fenamiphos, pirimiphos-methyl and chlorpyrifos.”*"* In terms of
the speciation forms discussed above, data in Table 3 suggest
that the degradation of dimethoate occurs according to the steps
shown in Table 7.
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Table 7 Microbial degradation of dimethoate, D, in the aquatic environment: Proposed kinetics model.

Step*® Water phase Sediment phase
Reaction® Rate constant Reaction® Rate constant

1(a) D+M-=D, K, D+M-=D, K,
D,>D+M K, D,>D+M K,
2 D, + E - DE K, D, + E - DE K,
DE D, + E K, DE > D, + E K,
DE-P +E K, DE-P +E K,
1(b) D + nC, - D(C,), K, D + mC, - D(C)),. K,
D(C,), = D + nC, K, D(C), - D + mC, K,
1(0) D + 25> D(S), K,
D(S), > D + 28 K,

Step 1(a) = Binding by microorganism; 2 = Binding and degradation by enzyme; 1(b) = Adsorption by colloidal particles; 1(c) = Adsorption by sediment particles.
D = dimethoate; M = microorganism; DE = dimethoate-enzyme complex; E = enzyme; P = products; subscript B = ‘microbial-bound’; C; = colloidal particle, type 1;

DC = dimethoate-colloidal particle complex; S = sediment particle.

3.3.1. Dimethoate Dissolved Fraction in the Water Phase and
Sediment Pore Water

From Steps 1(a) and 2 (in Table 7), assuming [E] >> [D;], hence
[E]=1; k, >k, i.e.[DE] = 0,and [D] is in large excess of [M], i.e.
[D] = 1, it can be shown that:

dP k, ke,

= = 23 M

dt (k_l +k, ][k_z +k, (M1 ®)
dP k , ’

E:kE[k,l -ll-kz ][M]W =kp[Mly =k, ®

where ki is the apparent linear rate of microbial degradation
of the free pesticide in solution in the water phase of the experi-
ment, assuming [M]w is constant. Similarly for microbial degra-
dation of dimethoate in solution in sediment pore water, we
have:

dP k, k,k,

—= | 22 M],

" (k,l+k2j[k,2+k3[ 1o (10)
and

dpP k ’ ,

Ezkb‘(/{,] -il-kz j[M]s =k [M]s = ki, an

where ki, is the apparent linear rate of microbial degradation of
the free pesticide in solution in the sediment pore water,
assuming [M]s is constant.

3.3.2. Colloidal Particle Adsorbed Fraction in Water Phase and
Sediment Pore Water

From Steps 1(b) and 2, assuming [D] >> [D;], k, > k,,i.e. [DE]=
0,[D(C,),]isinlarge excess of [M],i.e.[D(C,),] = 1,and [C,]is con-
stant and in large excess, it can be shown that:

Q _ ky i ki [M] (12)
dt \k+ky, \k,+k |\ k, v

dp k_ ,

T kE(w)[k—:J[M Ty =keion[M 1y =kl (13)

where kcjw) = rate constant for enzymatic degradation of colloi-
dal particle adsorbed dimethoate in the water phase, and k¢ gy,
is the linear rate of degradation of colloidal particle adsorbed
dimethoate obtained experimentally. This occurs when [M]w is
constant in Eq. 13.

Similarly, for colloidal particle adsorbed pesticide in the sedi-
ment:

dap _[__k koky [k (M1, (14)
dt ko +ky, Nk, +ky | k,
dpP k_ ’
; = kE(m[ki“j[M]s = k(‘l(S)[M]S = kCl(S) (15)
4
where kcis) = rate constant for enzymatic degradation of

colloidal particle adsorbed dimethoate in the sediment phase,
and k¢ s, is the linear rate of degradation of colloidal particle ad-
sorbed dimethoate in the sediment obtained experimentally.
This occurs when [M]s is constant in Eq. (15).

3.3.3. Sediment Particle Adsorbed Fraction in Sediment Phase

From Steps 1(c) and 2, assuming [D] >> [D,], k, > k,, i.e. [DE]
=0, [D(S),] isin large excess of [M], i.e. [D(S),] = 1, and [S] is con-
stant and in large excess, it can be shown that:

dl: ky 4]{2]{3 k;5 [M]
dt ko +ky, Nk, +ky \ ks

dp k
— =k |
dr E“”[ ks

16)

j[M]S =ky[M ] =kg a7

where ks = rate constant for enzymatic degradation of sediment
particle adsorbed dimethoate in the sediment phase, and kj is
the corresponding linear rate of degradation of sediment
particle adsorbed pesticide when [M]s is constant.

3.3.4. Overall Rate of Degradation of Dimethoate in the Water Phase
and in the Sediment Phase

From Table 3, the overall rate of degradation in the water phase
of the experiment is given by

dP , , ,

E = (kh[D](1)+ (kP[D]o)+kE[M](W) + kc, [M](W) (18)
or

dP ” N ,

E:(kh)+(kp)+k5uw +kq(w; (19)

whereas the overall rate of degradation in the sediment phase of
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the experiment is given by

dP ,
Z = kl-_'[M](S) + (ks[M](.s))"' kC,(S)[M](S)

or

aP _, Y
E = kE(S) + (ks)+ kclm

InEgs. 18,19,20 and 21k, [D],, k [D],, k; and k;, are bracketed to
signify that these steps are not observed in the aquatic micro-
cosm experiment because the rate of microbial degradation is
faster than the rate of hydrolysis and the rate of photochemical
degradation, while k;[M]; and k5[M], are bracketed to signify
that this step is not observed in the aquatic microcosm experi-
ment because the rate of desorption of the sediment particle ad-
sorbed pesticide s faster than the rate of microbial degradation.

(20)

@n

3.4. Possible Dimethoate Pollution Remediation Strategies

Equations 8, 10, 12, 14 and 16 define the factors that affect the
rate of degradation of dimethoate in the aquatic environment.
Any remediation measures for the abatement of dimethoate
pollution of aquatic ecosystems must be designed to (a) maxi-
mize k,, k,, k;, k ,, k ;and the density of microorganisms capable
of degrading the pesticide, and (b) minimize k, and k,, the rate
constants for the adsorption of the pesticide by colloidal particles
in the ecosystem. The rate constants k;, k, and k, can be maxi-
mized by proper selection of the microorganism(s). Under such
conditions, k, > k ,and k, > k ,, and assuming C, and S are in
large excess, Eqs. 12, 14 and 16 reduce to:

, k., 1
K¢, may = kl[fJ[M v = kl[FJ[M % (22)
, k. 1
K=k S M = k| — M
e [ ) J[ Is [ KJ[ 8 23)
and
, k., 1
ke, many = ki (TJ[M Is =k [FJ[M ]5 24)
5 5

where K, and K; are the equilibrium constants for Step 1b and
Step 1crespectively in Table 7. Several attempts have been made
to find the optimum pH and temperature conditions and the
best microorganisms for the bioremediation of aquatic systems
polluted by dimethoate.*”* Equations 22 to 24 suggest that even
after ki, ko, ks and [M] have been maximized, the rate of
desorption of the pesticide can still be rate-limiting. The need to
understand more fully the pesticide adsorption/desorption
processes cannot therefore be over-emphasized.

3.5. Adsorption/Desorption by Colloidal Particles: Apparent
Thermodynamic Properties

Assuming [M],, and [M], are constant in Egs. 8, 10, 12 and 14,
we can equate Eqs. 8, 10, 12 and 14 to the linear rates of degrada-
tion represented by these equations, i.e. Egs. 8,10, 12 and 14 are
equal to 3.12, 108, 0.358 and 1.03 ug g™ day™, respectively. The
adsorption/desorption equilibrium constants for the adsorption
of dimethoate by colloidal particles in the water phase and sedi-
ment phase, (k/k,),, and (k/k,), can be obtained by dividing
Eq. 12 and Eq. 14 by Eq. 8 and Eq. 10, respectively. The values
obtained are shown in Table 8. The free energy of activation for

adsorption, AG,,,,, can be calculated from the relationship:”**
—RTInK,, =AG,, (25)

Values of AG, , calculated for the dimethoate/colloidal-particle
adsorption complexes in Table 3 are shown in Table 8. From

Table 8 Adsorption/desorption of dimethoate by colloidal particles:
apparent adsorption equilibrium constant (K,,,) and apparent adsorp-
tion free energy (AG,g,).

Adsorption complex Ky AG, . /] mol™
D(C,), 8.71 46 300
D(C,),, 105 99 500

the negative free energy of activation for adsorption, AG,, in
Table 8, it is apparent that the adsorption of dimethoate to type
C, colloidal particles is thermodynamically favourable (negative
AG).

The entropy of activation, a measure of the difference in the
disorderedness or randomness of the activated complex and the
reactants, is given by:”

AG* =AH® —-TAS* (26)

For adsorption processes, the entropy of activation is a
measure of the disorderness of the adsorption complex and reac-
tants. As adsorption necessarily results in reduced disorder, the
AS,,, for adsorption is necessarily negative. The negative values
obtained for AG_,, in Table 8 can only be interpreted to mean that
AH' is negative and numerically greater than TAS'. In other
words, the adsorption of dimethoate by colloidal particles is
exothermic and is enthalpy-driven.*?* According to Atkins, for
physisorption, AH,, is rarely more negative than about —25 kJ
mol™, whereas for chemisorption, AH, is usually more nega-
tive, and sometimes much more negative, than —40 kj mol™. This
leads us to conclude that the adsorption of dimethoate by colloi-
dal particles both in the water phase and sediment phase,
involves chemisorption, since AH = AG.

The values of AG' in Table 8 suggest that the adsorption of
dimethoate to type C, colloidal particles in the sedimentinvolves
a greater decrease in free energy than adsorption to colloidal
particles of the same type in the water phase. The greater
decrease in free energy when dimethoate adsorbs to colloidal
particles in the sediment may be due to multiple colloidal parti-
cles adsorbed to a single dimethoate molecule as a result of the
increased concentration of colloidal particles in the sediment, i.e.
m greater than nin D(C,), and D(C)),,. Assuming AS = 0 (i.e. equi-
librium conditions), and that the value of —46.3 kj mol™ for AH'
in the water phase corresponds to a single adsorption bond, i.e.
n = 1, then the value of —99.5 kj mol™ for AH' in the sediment
pore water phase corresponds to two adsorption bonds, i.e. m =
2. That is, the colloidal particle adsorption complexes have the
structure D-C in the water phase, and C-D-C in the sediment
phase. If we assume that microbial organisms will only bind free
pesticide molecules,* then we should expect a slower degrada-
tion rate for colloidal-particle-dimethoate adsorption complexin
the sediment phase.

3.6 Applicability of the Enzymatic Kinetics Model to other
Pesticides

The pesticides that have so far been studied using the linear
rate model approach include organophosphates (glyphosate,
fenamiphos, chlorpyrifos and pirimiphos-methyl),”*'® organo-
chlorines (endosulfan I and II),” and the bipyrimidium herbi-
cide, paraquat.” In all cases studied, biphasic linear degradation
rates were observed for the water phase of the microcosm exper-
iment. Biphasic linear degradation rates were also observed for
the sediment phase, except for glyphosate for which a mono-
phasiclinear degradation rate was observed. From the pesticides
studied so far, it appears that linear rates of degradation can
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always be expected, provided the assumptions made in arriving
at the enzymatic kinetics model above, are met. These are (a) the
molecular number density (or concentration) of the pesticide is
in excess of the microbial number density of the micro-
organism(s) capable of binding and metabolizing the pesticide,
and (b) the microbial number density is constant.”” Microcosm
experiments can be designed so that these assumptions are met.
However, under real environmental conditions, assumption
(b) is likely to be influenced by environmental factors such as
availability of nutrients, pH and temperature. Sudden changes
in these factors can lead to significant changes in microbial
counts, and hence degradation rates. As long as linear rates are
observed the kinetics model as presented in Table 7 will be appli-
cable. Whether monophasic, biphasic or tri-phasic, etc., linear
rates are observed, steps 1(c), 1(d), etc., can be removed or added
as required. Poly-phasic linear rates can be expected where ad-
sorption occurs on two or more different types of colloidal
and/or sediment particles.

4. Conclusions

From the foregoing discussion, we conclude that dimethoate
exists in solution as well as in three adsorption speciation forms
in the aquatic environment. The adsorption forms consist of (a) a
sediment particle physisorbed form, which is highly labile, and
in equilibrium with dimethoate in solution in the sediment
phase pore water; and (b) a slow degradation colloidal particle
chemisorbed form, found in the water phase as well as the sedi-
ment phase. The degradation of all speciation forms proceeds via
linear rates, and is primarily due to microbial decomposition.
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