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ABSTRACT

Dozens of thousands of tons of pesticide waste have been stored since 1950’s. Corrosion of concrete
bunkers and wells where the outdated pesticides are deposited causes the risk of toxic leakage due to
deteriorating conditions of these constructions. Such hazardous spill might be transported by under-
ground waters in the form of so-called underground inflow and subsequently might reach a network
of surface waters. Evaluating the adsorption potential of natural sorbent for pesticide was the main
goal of this research. Adsorption balance was examined in order to analyze the influence of the adsorp-
tion mechanism of isomers HCH molecules on vermicompost. The adsorption of isomers a-HCH,
B-HCH and y-HCH (lindane) isotherms by vermicompost at constant temperature was experimentally
tested. The Freundlich, Langmuir, Temkin, Jovanovic and BET’s adsorption isotherm models describe
experimental data within the acceptable error ranges. The Freundlich, Jovanovic and Temkin models
proved to be more suitable for the experimental data. The isotherms’ form indicates that isomers HCH
is adsorbed as a monolayer, therefore no obstacles occur in order for water and pesticide molecules to

cover the adsorption surface.
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1. Introduction

Pesticides are toxic chemicals used to eradicate numer-
ous pests and diseases. These compounds might be carcino-
genic, teratogenic, embryotoxic and mutagenic. Improperly
stored, unused or expired pesticides become dangerous
waste, which penetrates to the natural environment in an
uncontrolled way, thus posing a threat to all living organ-
isms. Dozens of thousands of tons of pesticide waste have
been stored since 1950’s [1-6]. Corrosion of concrete bun-
kers and wells where the outdated pesticides are deposited
causes the risk of toxic leakage due to deteriorating condi-
tions of these constructions [4,5-8]. Such hazardous spill
might be transported by underground waters in the form of
so-called underground inflow and subsequently might reach
a network of surface waters [3,5]. Evaluating the adsorption

potential of natural sorbent for pesticide was the main goal
of this research. Adsorption balance was examined in order
to analyze the influence of the adsorption mechanism of iso-
mers a-HCH, $-HCH and y-HCH (lindane) molecules on
vermicompost [1,4,5-9].

2. Sorption isotherms

In order to evaluate the maximum volume of absorbent
saturation and to determine the sorption mechanism, six
commonly used isotherm models were used, which describe
experimental data (Table 1), isotherm Langmuir (1918),
Freundlich (1894), BET (1938), Jovanovic (1969) and Temkin
(1963) [10-13].
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Table 1
Characteristic of sorption isotherms [8,11-14]
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Isotherm  Type of relation of physi- ~ Formula Linear formula Formula Method of
cochemical quantities constant estimation
Monolayer
Freundlich Adsorption on _ 1n A= ket Gauss—Newton
9. =Kie, Ing = InK,+ 11
heterogeneous surface ng, = mnKp+ L nk
with monolayer effect;
microporous solids
Langmuir  Adsorption on .  ghe 1gq . A=ac/l+ke Gauss-Newton
homogeneous surface with 4. 1+ be 9. be q a, k
monolayer effect (lateral
interactions and multi-
layer effect may be easily
incorporated)
Temkin Adsorption on RT RT RT A=a+klgc Gauss-Newton
heterogeneous surface ©=—lInkc, ©=—Ink +-——=lInc, 4
A AQ AQ
with monolayer effect
q,=q,+Klgc
Jovanovic  Adsorption of organic ©@=1-exp (_ kc) A=a(l-exp(-kc)  Gauss-Newton
substance from a, k
dilute solutions on
heterogeneous surface
with monolayer effect
(vertical interactions and
multilayer effect may be
easily incorporated)
Multilayer
BET }A:dsorption on f o 1 Ke c 1 N k-1 . A Z ac/(1+c)(1 +kc) Gauss—Newton
omogeneous surface wit 1ol 1s (k—1)c 0.(—-c) gk Tm k a,

multilayer effect

2.1. Freundlich model

Freundlich isotherm is an experimental equation describ-
ing adsorption on heterogenic surfaces (energetically hetero-
geneous) and microporous adsorbents:

q,=K.c (1)

where g_(mg/g) — real adsorption, K, (mg/g) — constant,
expressing maximum adsorption on the sorbent’s surface
and 1/n is a characteristic constant connected with sorption
process intensity. Constants n and K, are determined by
experiment in given temperature.

2.2. Langmuir model

Langmuir isotherm is basic adsorption isotherm.
According to Langmuir isotherm, the adsorbate might pro-
duce on the surface of the adsorbent a so-called monolayer of
particles interacting with adsorption spots (“vertical” inter-
action), but not interacting (or slightly interacting) among

themselves (“horizontal” interaction). The adsorbate particles
present in the liquid phase hit the surface — the probability
of their adsorption increases with available free surface. The
adsorbed particles are characterized by certain desorption
probability. Both types of probabilities depend on temperature
and the amount of adsorption energy. Together with pressure,
the frequency of particles hitting the surface grows, and
together with the number of adsorbed particles, the available
surface decreases. The equation assumes that it is impossible
to form a multilayer, adsorption energy is constant (energeti-
cally uniform, thus heterogeneous surface), side interactions
are disregarded. Langmuir isotherm equation is presented as:

ke (2)
"1+ke

9. = 4

where g, (mg/g) — real adsorption in the state of sorptic
balance, ¢ (mg/L) — concentration of pesticide in the solution
in the state of balance, g, (mg/g) maximum adsorption on
the sorbent’s surface, k constant connected with adsorption
energy.
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2.3. Jovanovic model

Jovanovic model preserves the assumptions contained in
the Langmuir model, while enabling additional vertical inter-
actions which result in multilayer sorption effect. Jovanovic
equation might function as local isotherm equation, in gen-
eral, integral equation describing adsorption on heteroge-
neous surface. Jovanovic isotherm can be presented as:

q,=q,, (1 -exp(-kc)) 3)

where g (mg/g) is the amount of adsorbent adsorbed on the
surface of adsorbent in balance, ¢ (mg/L) is the concentra-
tion of adsorbent in water solution in balance, g, (mg/g) is
the maximum volume of multilayer adsorption, k constant
connected with adsorption energy.

2.4. Temkin model

The model is an experimental, two-parameter equation of
adsorption isotherm on a heterogeneous solid. The isotherm
is connected with constant, endless (unlimited by minimal or
maximal energy) decomposition of adsorption spots energy.
Temkin isotherm equation [3] assumes that the adsorption
heat of all the particles in a layer decreases in a linear way
due to the interaction between the adsorbent and the adsor-
bate, while adsorption is characterized by equal distribution
of bond energy. Temkin model can be presented as follows:

® = (RT/AQ) In ke (4)

where ® = g/q - surface covering (q — adsorption size, g, —
adsorption size in monolayer), R is universal gas constant
(kJ/mol K), T temperature (K), AQ = (-AH) change in adsorp-
tion energy (kJ/mol), k Temkin balance constant.

2.5. BET model

Particles often form a multilayer network; thus, the
Langmuir model loses its validity. In 1938 Stephan Brunauer,
Paul Emmett and Edward Teller developed the model,
taking into consideration additional interaction between
particles. Langmuir isotherm has a better application for
chemisorption, whereas BET isotherm for physiosorption
on a non-microporous surface. Langmuir isotherm can be
presented as:

Fig. 1. Compost prism with Eisenia fetida.

A=ac/(1+c)(1+kc) (5)

where A (mg/g) is the amount of pesticides adsorbed on
the adsorbent’s surface in balance, ¢ (mg/L) is the pesticide
concentrations in water solutions in balance, a (mg/g) is the
maximum volume of multilayer adsorption, k is the constant
connected with adsorption energy.

3. Methods
3.1. Sorbate

On the basis of literature data and own studies,
chloro-organic pesticides that most often occur in drinking
water near graveyards at the highest concentration were
selected as representative sorbate [1-5]. Individual pure active
substance isomers a-HCH, p-HCH and y-HCH (lindane)
were applied. Technical grade y-HCH of 99.8% + 0.2% purity,
a-HCH of 99.8% + 0.3% purity and 3-HCH of 99.8% + 0.2%
purity obtained from Institute of Industrial Organic Chemistry
Analytical Department in Poland were used as sorbate. A
sample solution of pesticide has been prepared by dissolving
1 g of pesticide in 10 mL of methanol and then diluted to 1 L
with doubly distilled deionized water. The concentrations of
prepared solutions were applied: 10 mg pesticide per litre.

3.2. Sorbent

As sorbent, the vermicompost made from municipal
sewage sludge after aerobic stabilization was applied. The
characteristics of the compost are given in Table 2 and Figs. 1
and 2. The used waste products comply with the requirements
of the ordinance of the Minister of the Environment
concerning agricultural usage of municipal sewage sludge.

3.3. Sorption procedure

Studies under static conditions were performed in accor-
dance to methodology applied in Belgium, Germany, France,
Italy, England, the USA, Poland and other [1-9,12-18]. Sorbent
after prior degassing, cleansing with distilled water and dry-
ing was crushed with a mortar and dried using an electric drier

Fig. 2. Scanning
vermicompost.

electron microscope (SEM) photos of
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in the temperature of 150°C for 3 h until it became solid mass.
From such material test portions were prepared with the mass
of 0.001, 0.002, 0.005, 0.01, 0.025 g for each 100 mL of solution.
Representative sorbent samples were added to conical flasks
containing pesticide solution with 10 mg/L concentration. The
flasks were shaken on a vortex mixer with a constant vibra-
tion amplitude for 24 h, then they were left for 24 h in order
to obtain full sorption balance. After that time, the samples
underwent double filtration using soft tissue drains. The first
and last portions of the filtrate were discarded. Then, pollut-
ant concentration in the filtrate was denoted, according to the
accepted method. Sorption process analysis was conducted on
the basis of the obtained results (using STATISTICA software).
Freundlich, Langmuir, BET, Temkin and Jovanovic isotherms
were estimated as non-linear models with the method of the
smallest squares with the use of Gauss-Newton algorithm.

3.4. Analytical procedure

a-HCH, B-HCH and y-HCH concentrations were deter-
mined in collected samples in accordance with obligatory
methodology using gas chromatograph AGILENT equipped
with ECD and NPD detector. The injector temperature was
210°C and the flow rate of helium was 1.0 mL/min. The col-
umn DB (35 m length, 0.32 mm i.d., 0.5 mm film thickness)
temperature was set at 120°C for 2 min and increased at a rate
of 13°C/min to 190°C. The temperature was finally increased
to 295°C and maintained isothermally for 20 min [19-22].

In order to maintain credibility of the results, validation
based on the SANTE/11945/2015 transmitter was conducted.
During the validation process, the following parameters
were determined: linearity, recovery, precision, limit of detec-
tion (LOD), limit of quantification (LOQ), matrix effect (ME)
and uncertainty (U). The applied method ensured satisfying
recovery (R) for all isomers within 92%—-99% range. Precision
calculated as relative standard deviation (RSD) was below
22%. For the majority of compounds, the ME did not have
a substantial impact on decreasing or increasing the signals
and was within -13% and 12% range. In the analyzed concen-
tration range, a satisfactory linearity of the R?>0.999 correla-
tion coefficient method was obtained. LOQ was determined

Table 2
Vermicompost’s characteristic

Properties of compost

Manurial (mg/kg, )

Ca Mg Nog N-NH,* Pog C

20.2 42 8.1 0.2 6.1 2658 22
Metal (mg/kg, )

Pb Cu Cd Cr Ni Zn Hg
53.4 67.1 8.3 316.3 8.5 1,231 12
Permissible standard

500 800 10 500 100 2,500 5
Other (%)

pH Hydration Dry mass Organic matter
5.88 46.0 54.0 54.0

at 0.1 pg/L, whereas LOD was established at 0.03 pg/L. The
extended uncertainty of measurements was on average
between 8% and 22%.

4. Results and discussion

The obtained research results are presented in Fig. 3
and Table 3. The sorption process was also described with
Freundlich, Langmuir, BET, Temkin and Jovanovic equations:

Freundlich A = kc'" (6)
Langmuir A =a,_kc/1 + kc 7)
BET A =ac/(1+c)(1 +kc) (8)
Temkin A=a+kIgc )

Jovanovic A = a(1 — exp(-kc)) (10)
Following curves were achieved A, =420.3c*? for compost
at correlation coefficient of R =0.91; A, = 3,150.6 ¢/1 - 1057.4c
at correlation coefficient of R = 0.55 and A, = 5,300.2c/(1 + c)
(1 -4.8c) at correlation coefficient of R =0.76 and A, =286.0 +
74.6 Igc at R=0.88, and A;=230.1 (1 - exp(-64c)) at R = 0.82.
The constants in mathematical models were determined
with the smallest squares method with the use of statistical
package STATISTICA; afterwards, the error range within
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Fig. 3. Comparison of model’s isotherms of pesticide (isomers
HCH) on vermicompost: Fr - Freundlich, L - Langmuir,
T — Temkin, | — Jovanovich, BET — BET.

Table 3
Coefficients of the adsorption isotherms (level of confidence
95%, o =0.05)

Isotherm a b R

Freundlich 420.3 0.3 0.91
Langmuir 3,150.6 -1,057.4 0.55
Temkin 286.0 74.6 0.88
BET 5,300.2 4.8 0.76

Jovanovic 230.1 64.0 0.82
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these constants was established. The values of constant
parameters, as well as correlation coefficient R of individual
adsorbents are presented in Table 3. The calculated correla-
tion coefficients have values from 0.55 to 0.91, so matching
the applied models to sorption process description is var-
ied. Isomers HCH sorption process on vermicompost is best
described by Freundlich, Temkin and Jovanovic isotherm
(R=0.82-0.91). It points to a conclusion that vermicompost
is characterized by heterogeneous surface and during sorp-
tion there are reactions occurring not only in the monolayer
[1,2,13,23,24].

According to Shattar et al. [25], the equilibrium data were
simulated by the nonlinear Langmuir, Freundlich, Temkin and
Redlich—Peterson isotherm models. The adsorption behavior
was well interpreted by the Langmuir isotherm model, with
a monolayer adsorption capacity for ametryn of 207.71 mg/g.
According to Choumane and Benguella [26], the adsorption
isotherm data follows the Langmuir equation in which the
parameters were calculated. According to Mohammad et al.
[8], the experimental isotherms data were analyzed using the
Freundlich, Temkin, Dubinin—Radushkevich isotherms equa-
tions. The best experimental data were obtained for low-cost
adsorbents by the Freundlich isotherm model with high cor-
relation coefficients (R = 0.97).

Fig. 3 shows adsorption isotherms of the examined pesti-
cides on the applied sorbent as function of adsorbed by mass
unit sorbent (compost) adsorbate (HCH) (x/m) from equilib-
rium concentration of adsorbate in water solution (c,). A group
of isotherms according to Giles classification: L was obtained
[12,13]. The L shape of the adsorption isotherms indicates that
no strong competition occurs between solvent and the adsor-
bate to occupy the adsorbent surface sites. In this case, the
longitudinal axes of the adsorbed molecules are parallel to the
adsorbent surface (molecules adsorbed flat on the surface).
From Fig. 3, the values of experimental maximum adsorp-
tion capacity (g, experimental) for the chloro-organic com-
pound HCH on vermicompost is about 240 mg/g. According
to Shattar et al. [25], the adsorption behavior was well inter-
preted by the Langmuir isotherm model, with a monolayer
adsorption capacity for ametryn of 207.71 mg/g.

According to Hamdaoui and Nafrechoux [13] the HCH
molecules bind to the adsorbent through only one group-
ing and the adsorption becomes progressively easier as the
absorbed quantity increases. Thus, the first fixed molecules
facilitate the adsorption of the following molecules because
of the lateral attraction. The shape of these isotherms indi-
cates that the isomers a-HCH, -HCH and y-HCH (lindane)
are adsorbed as a monolayer and that there is no strong
competition between the pesticide molecules and water to
occupy the adsorption surface sites. In this case, the longi-
tudinal axes of the adsorbed molecules are parallel to the
adsorbent surface. This type of isotherm is relative to micro-
porous adsorbents with a diameter lower than 25 A, the
adsorbent being saturated at the moment of the monolayer
replenishment [1,2,4,13]. There would be weak interactions
therefore on these adsorbent surfaces because the number of
layers cannot increase freely.

Freundlich equation presents the most information.
Knowledge of 1/n parameter value in the Freundlich equa-
tion allows to assess the adsorption intensity of particular
substance in water phase on sorbate, whereas the value of

constant k determines the sorption value with equilibrium
concentration in the solution. Higher value of k coefficient
relates to bigger sorption capacity. In the conducted research,
k indicator value of 420.3 was obtained, which confirms ver-
micompost’s usefulness in applying it as sorption screen for
removing chloro-organic pesticides around a pesticide waste
site. 1/n constant in Freundlich equation is isotherm direc-
tional coefficient, equal to tangent of angle slope of a line in
a logarithmic coordinate system. Due to this, the higher 1/n
value, the more intensive sorption process [13,15,27,28].

The parameters of Temkin model as well as the correlation
coefficients are given in Table 3. The higher values of the coef-
ficient of correlation show a good linearity whatever the max-
imum adsorption capacity used for the calculation of surface
coverage. The variation of adsorption energy, AQ = (-AH),
is positive for the examined isomers a-HCH, g-HCH and
v-HCH (lindane), which indicates that the adsorption reaction
is exothermic. In order to seek a regularity for the observed
changes between the variations of adsorption energy of the
tested chloro-organic compounds, it seems that the chloro-
group has a negative increment (exothermic effect) [28].

5. Conclusions

On the basis of the conducted experiment, it was con-
cluded that:

1. Vermicompost can be used for HCH pesticide sorption
from water solutions.

2. HCH sorption process on vermicompost is best described
by Freundlich (R = 0.91) isotherm, which proves the sor-
bent heterogeneous surface. Reactions occur in mono-
layer during sorption.

3. On the basis of sorption equations, isotherm group L was
obtained according to Giles classification.
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