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A NEW ORGANOPHOSPHORUS INSECTICIDES 
REMOVAL PROCESS USING FLY ASH 
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Chemistry Department, University of loannina, Ioannina, GR45110, Greece 

(Revised 10 Octobes 1999; Infinal form I5 March, 2000.) 

Fly ash and soil mixtures with a range of fly ash content from 1 to 100% were used to study adsorp- 
tion and desorption of four organophosphorus insecticides, ethyl parathion, methyl parathion, feni- 
trothion and fenthion, in batch experiments. The object of the study was to develop a treatment 
process using fly ash as sorbent material to isolate/immobilize organic contaminants from aqueous 
solutions. The adsorption isotherms fit the Freundlich equation x/m=K,,C””. The K,, values increase 
with the increase of the fly ash content. The isotherms seem to fit the S type, in mixtures of soil with 
a fly ash content from 0 to 10%. which implies that adsorption becomes easier as the concentration in 
the liquid phase increases. In mixtures of soil with a fly ash content from 25 to 50% the isotherms 
become L type and correspond to a decrease of site availability as the solution concentration 
increases. Finally in mixtures of soil with a fly ash content over 50%. C type adsorption was observed 
which correspond to a constant partition of the insecticides between the bulk solution and the adsorb- 
ent. Mass balance estimations show that the man percent amounts of insecticides for a range of con- 
centration 0.5-15 m d ,  removed by adsorption in the soil sample are 81.56 % for ethyl parathion, 
48.97 % for methyl parathion, 67.06 % for fenitrothion and 86.65 % for fenthion. The adsorption 
increases as the fly ash content increased and reach the 100% in the “pure” fly ash. The adsorbed 
amounts of insecticides in mixtures of soils with >50% fly ash content, are up to 99%. In contrast, the 
amounts of desorption in water decrease as the fly ash content increase. 

The results of this research demonstrate that the fly ash shows a significant capacity for adsorption 
of organophosphorus compounds from aqueous solution and can be used for pesticide removal p m -  
ess. 

Keywonls: Organophosphorus insecticides; adsorption- desorption; fly ash; soil mixtures 

INTRODUCTION 

Organophosphorus compounds are well known as powerful insecticides and 
have been widely used since the use of organochlorine pesticides was prohibited 
pesticides because of concerns over their persistence and bioaccumulation in the 
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environment[’]. Parathion ethyl and parathion methyl two of the studied insecti- 
cides, are used at a rate of >1,100 tones per year in three Mediterranean coun- 
tries, Italy, Greece and SpainL2]. Several oragnophopshorus insecticides as 
azinphos ethyl, azinphos methyl, diazinon, dimethoate, fenitrothion, fenthion, 
malathion, parathion ethyl and parathion methyl were detected in underground 
waters and surface waters in European c~untries[~-’~. In addition, in the surface 
organic microlayer of water bodies, pesticides can cause deleterious effects on 
fish embryos[6], and recent research has been carried out to bioassay the pesti- 
cides present in the surface organic microlayerr’]. Consequently, these com- 
pounds are of great environmental concern. 

Most organophosphorus insecticides are regarded as being non-persistent, but 
several reports have indicated that residues of them are persisting for extent peri- 
ods in organic and surrounding drainage systems[”]. Hydrolysis, 
microbial degradation and photodegradation are the main transformation path- 
ways. Study of interaction between soil clay minerals and pesticides is of great 
interest from two points of view: on one hand from the environmental aspect, 
since adsorption by soil colloids influences most processes determining the evo- 
lution of pesticides in the soil and on the other from the point of view of pest con- 
trol, when pesticides are active in the ground, because effectiveness and 
frequency of application, apart from depending on the tendency of the pesticide 
to degrade, also depend on adsorption. 

Coal fly ash, which is produced as a byproduct in power plants, has shown sig- 
nificant adsorption capacity for organic pollutants[’21. Fly ash has been used also 
to improve the physical and chemical characteristics of soils[’31. Apart from its 
use as a fertilizer in soil, fly ash has an increased capability in soil detoxification 
of methyl parathion residuesr141. Adsorption/ desorption of pesticides on organic 
and inorganic soil colloids represent a predominant process in controlling the 
fate of these chemicals in Results of leaching tests of metals from soil 
mixtures with fly ash have shown that as the fly ash content and pH values 
increase, the concentration of Mg, Mn and Fe decreases in the aqueous solutions 
by metal precipitation[’61. The concentration of Ni, Cu and Zn remains at low 
levels and the concentration of Cr increase due to the formation of more soluble 
metal species at high pH values. Fly ash use as fertilizer could be more safe, after 
prewashing o f easily released metals as Cr and Cu in alkaline conditions[16]. 

The purpose of this work is: 1) to quantify sorption properties of selected orga- 
nophosphorus insecticides on soil and fly ash mixtures under batch conditions 
and 2) to study the influence of fly ash on adsorption and desorption of insecti- 
cides by its mixtures with soil. The desorption study was carried out in water and 
acetone in order to estimate the reversibility of the binding process. 
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EXPERIMENTAL 

Soil and fly ash 

A sandy clay loam (SCL) soil sample was collected from a field with no previous 
history of persistent pesticide use from the region of Preveza (Greece). Mechani- 
cal analysis of the soil show that the containing amounts of clay, silt and sand 
were 33.3 %, 24.0 % and 43.7 % respectively. Soil pH was 7.0, organic matter 
0.90% the CaC03 0.63% and the specific surface area of the soil was 
26.2 m2g-'. The fly ash was from the Thermal Station (raw material lignite) of 
the Public Organization of Electricity at Ptolemaida (Greece). Its chemical com- 
position was a variety of oxides such as: Si02 (38.9 %), Fe2O3 (5.18 %), A1203 
(19.5 %), Ti02 (0.32 %), CaO (26.6 %), MgO (2.30 %), SO3 (5.75 %) Na20 
(0.78 %) and K 2 0  (1.13 %). Fly ash and soil were mixed in order to achieve final 
concentrations of fly ash in the range of &loo%. The pH values of SCL soil and 
fly ash mixtures were measured in suspensions with distilled water in a ratio 1: 10 
(w/v). The pH value for the pure soil suspension was 7.75. The pH values for the 
soil suspensions with 5, 10, 25, 50 and 75% fly ash content were 9.36, 10.97, 
11.39, 1 1.68 and 11.70 respectively. At last the pH value for the pure fly ash sus- 
pension reached 1 1  32. 

Chemicals 

The tested insecticides in this study, ethyl parathion, methyl parathion, feni- 
trothion and fenthion were purchased from Riedel-de H d n  (Seelze-Hannover, 
Germany) and used without further purification. The physicochemical properties 
of these insecticides are shown in Table I. Aqueous solutions of each insecticide 
were prepared in 0.01M CaC12 and the final concentrations were 1, 2.5, 5, 10, 
15 mg/l for ethyl parathion, 0.5, 1.2.5.5. 10 mg/l for fenthion, 1,2,4,8, 10 mg/l 
for methyl parathion and fenitrothion. 

TABLE I Physicochemical properties of selected insecticides 

ethyl parathion methyl parathion fenitmthion fenthion 

Molecular weight 29 1 263 277 278 

Solubility in water at 2OoC (mgll) 24 50 30 55 

Log Kowa 3.8 2.9 3.4 4.1 

Log Kocb 4.0 3.1 4.1 3.9 

a. 
b. 
and Wauchop et al.[Ig1. 

Log Kow, data of partition coefficients n-octanol-water from Noble (1993)[17! 
Log Koc, data of sorption coefficient normalized to organic carbon content from Jury at al.[lS1 
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Experimental procedures 

The batch sorption experiments were carried out in 15 ml polypropylene centri- 
fuge tubes where l g  of fly ash mixtures with soil and 10 ml of the above insecti- 
cides solutions were added. The centrifuge tubes were capped and shaken in a 
wrist-action shaker for 24 h at 20°C. Preliminary kinetic experiments had dem- 
onstrated that adsorption equilibrium was reached within 24 h. At the end of the 
equilibrium period, samples were centrifuged at 6000 g for 15 min and 5ml of 
the supernatant recovered with a pipette for determination of insecticide equilib- 
rium concentration and pH. lOml of 0.01 M CaC12 were added to the remaining 
soil, the centrifuge tube was capped and shaken for a further 3 h. Preliminary 
kinetic experiments had demonstrated that desorption equilibrium was reached 
within 3 h. After centrifugation the supernatant was taken for determination of 
insecticide desorption equilibrium concentration. A second desorption step was 
carried out using 5 ml of acetone and shaking for 30 min. 

All the aqueous phases extracted 2 times with 2.5 ml n-hexane for 1 min with a 
vortex and the n-hexane extracts were transferred into another test tube with a 
few crystals of anhydrous Na2SO4 The acetone extracts after drying with anhy- 
drous Na2S04 were ready for the chromatographic analysis. 1.5 pl of the n-hex- 
ane and acetone extracts was injected into a Shimadzu 14A gas chromatograph 
equipped with a flame thermionic detector. The column used was a SPB-5 capil- 
lary, 30m x 0.32mm id contained 5% diphenyl-95% dimethylsiloxan (Supelco) 
and was programmed from 190°C (2 min) to 210°C (10 min) at S"C/min and to 
270°C at 20"C/min. The injector temperature was 220°C and detector at 250°C. 
Helium was the carrier and make up gas. The detector gases were hydrogen and 
air, and their flow rates were regulated according to results given through the 
simplex optimization of the analytical variables, in this instance air and hydrogen 
flow rates in the detector. The ion source of p1?> was an alkali metallic salt 
(Rb2S04) bonded to a 0.2 mm spiral of platinum wire. Triplicate samples were 
measured for each initial concentration. 

RESULTS AND DISCUSSION 

Adsorption isotherms 

The adsorption isotherms of insecticides, ethyl parathion, methyl parathion, feni- 
trothion and fenthion for the soil mixtures with fly ash are shown in Figures 1-4. 
The equilibrium adsorption data could be described by the Freundlich sorption 
isotherm: 

x/m = K~C:/" 
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FIGURE 1 Adsorption of ethyl parathion on mixtures of fly ash with soil 

where x/m is the adsorbed amount (pg g-'), C,is equilibrium concentration 
(mg 1-') and Kf is the adsorption constant that represents the degree or strength 
of adsorption. The high correlation coefficient (R2 > 0.9) show that the Freund- 
lich isotherm model fits the experimental data reasonably well (Table II). The 
exponent l/n takes in account non linearity in the adsorption isotherm. When n 
ranged near unit, adsorption would be linearly proportional to the equilibrium 
solution concentration and thus, a distribution coefficient (&) would more 
appropriate to use[2o1. In Table II are presented the constants (Kf and n) along 
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with correlation coefficients from the logarithmic form of the Freundlich equa- 
tion, for fit of the isotherms to the adsorption data. 

TABLE II Freiindlich constants K, ( d g ) ,  n values and relative correlation Coefficients for the 
adsorption of organophosphorus insecticides in mixtures of soil with fly ash 

ethyl parathion methyl parathion 

KI n Rz Kl  n Rz 
Fly ash (6) 

0 44.0 1.29 0.90 8.6 0.85 0.88 

5 46.7 1.41 0.92 19.8 1.11 0.97 

10 52.5 1.48 0.89 31.2 0.94 0.99 

25 103 1.64 0.94 256 1 .OO 0.95 

50 253 2.01 0.91 1939 1.32 0.99 

75 1072 1.41 0.98 180954 0.74 0.96 

100 176310 0.67 0.96 n.c n .c n.c 

fenitmthion fenthion 
Fly ash (%) 

KI n Rz Kl  n Rz 

0 21.5 1.30 0.91 88.7 0.81 0.97 

5 29.6 1.43 0.84 93.0 0.97 0.95 

10 42.3 1.16 0.99 139 0.81 0.97 

25 103 1.68 0.93 299 1.10 0.95 

50 1329 1.32 0.88 485 1.49 0.99 

15 8903 1.18 0.74 20698 0.76 0.99 

100 n.c n.c n.c n.c n.c n.c 

n.c.= no calculated due to the total adsorption of insecticides on adsorbent material. 

The adsorption of organophosphorus insecticides described by S, L and C 
shaped isotherms. In SCL soil and until 10% content of fly ash S shaped iso- 
therms are observed, that means adsorption becomes easier as the concentration 
in the liquid phase increases. Otherwise S type isotherms signify that the solid 
has a higher affinity for the solvent than for the solute at low concentrations. Lit- 
erature shows that S isotherms are often observed with clays and generally soils 
with low organic matter content as the SCL[21-23]. S curves are transformed to L 
curves for the soil mixtures with 25-50 % fly ash content and C curves for the fly 
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FIGURE 2 Adsorption of methyl parathion on mixtures of fly ash with soil 

ash content over 50 %, showing a variation of adsorption mechanism from soil to 
fly ash. The-Si-0-Si-bonds of the clay minerals in soil and fly ash are hydropho- 
bic in nature and thus, potential sites for the sorption of non-polar com- 
p o u n d ~ [ ~ ~ ~ ~ ~ ] .  The variation of the adsorption isotherm for the mixtures up to 
50% of fly ash content is probably due to the residual carbon content of fly ash 
which plays a significant role during the adsorption process as it is reported else- 
where[261. Except for organic carbon and silica or alumina, the other major 
chemical constituents of fly ash did not correrate clearly with the adsorption 
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FIGURE 3 Adsorption of fenitrothion on mixtures of fly ash with soil 

The mechanism of sorption of insecticides, for a fly ash mixture with soil from 
0 to 1076, behaved in a manner that is consistent with concept of solute partition- 
ing which is presumed to be analogous to the partitioning between octanol and 
water. The qw values (Table I) of the insecticides indicate that the amount 
adsorbed from water for a given equilibrium concentration should increase in the 
order methyl parathion c fenitrothion c ethyl parathion c fenthion. The pH val- 
ues of soils mixture suspensions were between 7.75 and 11.82. The hydrolysis 
rate of organophosphorus insecticides increase with pH valuesr2s3o1. The 
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hydrolysis constant rates (k) increase from 0.0095 to 0.0252 for ethyl parathion, 
from 0.0139 to 0.0565 for methyl parathion, from 0.0147 to 0.0588 for fenthion 
and from 0.0176 to 0.0646 for fenitrothion as the pH values increase from 6.95 to 

The percentage amount of insecticides hydrolyzed at sorption experimen- 
tal conditions for 24 hours was 4 and 5 % for ethyl parathion, 3 and 4 % for 
methyl parathion, 8 and 10 % for fenitrothion and 8 and 14% for fenthion at pH 
value 6.95 and 10 respectively[311. 

on the fly ash content was found for all sorbed 
mixtures as elsewhererl6I. The relationship between Kd values for organophos- 
phorus insecticides and fly ash content in mixtures with soil is exponential, with 
high correlation coefficients. The corresponding equations for each insecticide 
along with correlation coefficients are represented in Table 111. The K, values 
increase with the increase of fly ash content. 

A strong dependency of 

TABLE III Partition coefficient & dependency of fly ash content (8F.A) 

ethyl parathion K d -  - 21-25 ,O.OW%F.A) R2=0.86 

methyl parathion & = 8.84 e0.126(4bF.A) R’d.98 

fenitrothion & = 18.75 e0.082(+F.A) R 2 d . 9 9  

fenthion &, = 63.73 e0.w9bF,A) R2=0.88 

where (8F.A) = Percentage of fly ash content in mixtures with soil. 

Percent balances of adsorption and desorption 

The calculation of percent balances of insecticides adsorbed in 10 ml aquatic sus- 
pensions and desorbed with 10 ml water and 5 ml acetone, for five different con- 
centrations was based on the following equations: 

[Initial amount] = [Free amount] + [Adsorbed amount]. 

The adsorbed amount could be analyzed as follows: 

[Adsorbed amount] =[Desorbed amount with water] 
+ [Desorbed amount with acetone] 

+[Decomposed or bound residues]. 

The decomposed or the bound residues amount is calculated from the differ- 
ence between adsorbed amount and the sum of the desorbed with water and ace- 
tone amounts. The hydrolyzed amount of insecticides is smaller and included in 
decomposed and/or bound residues of studied compounds. The mean percent 
balances for the adsorbed and desorbed amounts of insecticides, for five different 
concentrations at the range of 0.5-15 mgA, from the soils with different fly ash 
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120 
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FIGURE 4 Adsorption of fenthion on mixtures of fly ash with soil 

0 

content are summarized in Table IV. In this table, out of the parentheses, are 
listed the amounts in regard to the initial concentration, and inside the parenthe- 
ses are listed the amounts in regard to the adsorbed amount. As we have already 
concluded from the partition coefficient &, the adsorption increases as the fly 
ash content increase. The mean percent amounts of insecticides for a range of 
concentration 0.5-1 5 mg/l, removed by adsorption in the soil sample are 8 1.6 5% 
for ethyl parathion, 49.0 % for methyl parathion, 67.1 % for fenitrothion and 
86.6 % for fenthion. The adsorption increases as the fly ash content increased 
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and reach the 100% in the “pure” fly ash. The desorbed amounts with 10 ml 
water for all the tested insecticides decreased, as the fly ash content increase. The 
percent amounts in soil ranged from 11.0 % for ethyl parathion, 13.2 % for 
methyl parathion, 11.2 % for fenitrothion and 10.9 % for fenthion to 0.03 %, 
0.02 %, 0.00 % and 0.01 % in fly ash respectively. The desorption with 5 ml ace- 
tone increase in general with the increase of fly ash content until a value which 
reaches a plateau and no more desorption can exist. The analogous percentages 
of insecticides vary in order, fenitrothioncmethyl parathion<ethyl parathioncfen- 
thion, from 16.7%, 18.7 %, 23.7 % and 30.2 % to 49.3 %, 40.2 %, 52.7 % and 
54.7 % respectively. Finally, the insecticide amounts defined as decomposed or 
permanent adsorbed were in relative high levels for all tested compounds, 59.8 % 
for methyl parathion, 50.7 % for fenitrothion, 47.2 % for ethyl parathion and 
45.3 % for fenthion, in the sample of “pure” fly ash (Table IV). 

TABLE rV Adsorbed, desorbed with water and acetone and decomposed or permanently adsorbed 
amounts of insecticides, from aqueous solutions, by soil mixtures with fly ash 

Fly ash % 8 Desorbed % Desorbed 8 Decomposed 
f 46) Adsorbed in water in acetone or bound residues 

Ethyl parathion 

0 81.6 11.0 (13.8) 23.7 (29.7) 46.8 (56.4) 

5 82.8 9.07 (11.3) 33.8 (41.1) 39.9 (47.6) 

10 84.8 7.49 (9.07) 39.5 (46.7) 37.8 (44.2) 

25 94.1 2.19 (2.36) 50.7 (53.8) 41.2 (43.8) 

50 99.1 0.70 (0.71) 55.2 (55.7) 43.2 (43.6) 

75 99.6 0.23 (0.23) 53.7 (53.8) 45.8 (45.9) 

100 100.0 0.03 (0.03) 52.7 (52.7) 47.2 (47.2) 

Methyl parathion 

49.0 13.2 (27.6) 18.7 (40.6) 17.1 (31.8) 0 

5 65.9 11.2 (16.9) 30.4 (46.7) 24.2 (36.4) 

10 75.5 7.56 (10.0) 36.0 (48.0) 31.9 (41.9) 

25 96.2 1.54 (1.60) 47.6 (49.5) 47.1 (48.9) 

50 99.8 0.17 (0.17) 41.6 (41.7) 58.1 (58.2) 

75 100.0 0.08 (0.08) 39.9 (39.9) 60.0 (60.0) 

100 100.0 0.02 (0.02) 40.2 (40.2) 59.8 (59.8) 
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Fly ash % % Desorbed % Desorbed % Decomposed 
(%) Ahorbed in water in acetone or bound residues 

Fenitmthion 

0 67.1 11.2 (17.1) 16.7 (25.4) 39.2 (57.5) 

5 74.5 10.2 (14.1) 29.0 (38.8) 35.3 (47.1) 

10 81.6 6.49 (8.00) 52.1 (63.7) 23.0 (28.3) 

25 95.0 1.29 (1.38) 45.4 (47.9) 48.3 (50.8) 

50 99.7 0.21 (0.21) 54.4 (50.8) 45.1 (37.1) 

75 100.0 0.02 (0.02) 49.6 (49.6) 50.3 (50.4) 

100 100.0 0.00 (0.00) 49.3 (49.3) 50.7 (50.7) 

Fenthion 

0 86.6 10.9 (12.6) 30.2 (35.0) 45.5 (52.3) 

5 89.7 7.05 (7.94) 42.6 (47.8) 40.1 (44.3) 

10 90.3 5.19 (5.73) 39.7 (44.1) 45.5 (50.2) 

25 97.4 1.77 (1.82) 55.0 (56.5) 40.6 (41 -7) 

50 99.5 0.49 (0.50) 49.3 (48.7) 50.6 (50.8) 

75 99.9 0.13 (0.13) 47.3 (47.3) 52.5 (52.6) 

100 100.0 0.01 (0.01) 54.7 (54.7) 45.3 (45.3) 

'Out of the parentheses are the amounts in regard to the initial concentration and inside the paren- 
theses are the amounts in regard to the adsorbed amount. 

As it is already stated the desorption with water decreases with the fly ash con- 
tent. Contrary, the desorption with acetone increase with the fly ash showing a 
most reversible way of binding. Organic solvents such as methanol, acetone and 
acetonitrile have been used to break bonds that water may not breakr321. Ace- 
tone-desorbable insecticide may be desorbable with water, however, only after a 
much longer time period. 

These results show that fly ash could be used for organophorphorus insecti- 
cides adsorption as additative in acidic agricultural soils in order to decrease their 
leaching and persistence to surface and underground waters. According to the 
above conclusions, in the natural environment, soils with high fly ash content are 
expected to immobilize the insecticides, preventing their movement to water 
table. In contrast, in soils with very low fly ash content, insecticides are likely to 
be detected in deeper soil layers. Fly ash use as fertilizer could be more safe, 
after prewashing of easily realeased metals as Cr and Cu in alkaline condi- 
tions[l61. 
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CONCLUSIONS 

Fly ash, a raw material from thermal stations influence strongly the adsorption of 
the studied organophosphorus insecticides in mixtures with soil systems. The 
results of the present batch experiments show that the soil mixtures with fly ash 
from 25 to 100 % by weight, gave an adsorption capacity which allows the total 
removal of insecticides from aqueous solutions. The alterations of isotherms as 
the fly ash content increases may be due to the high initial concentrations of the 
insecticides used. Mass balance estimations show that the adsorbed amounts of 
insecticides by soil mixtures with 100 % fly ash content, reach almost 100 % for 
all the tested compounds. The adsorption coefficient Kd show an exponential 
relation to the fly ash percent with sufficient correlation coefficients (R2) that 
indicates the diversity of the mixtures substrate and the different adsorption 
mechanisms. According to the above results in the natural environment, soils 
with high fly ash content are expected to immobilize these insecticides, prevent- 
ing their movement to the water table. In contrast, in soils with very low fly ash 
content the insecticides are likely to be detected in deeper soil layers. Finally, the 
results demonstrate that fly ash could be used as sorbent material to iso- 
latehmmobilise organic contaminants. 
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