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Studies on removal of metribuzin, bromacil, 2,4-d and atrazine
from water by adsorption on high area carbon cloth
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Abstract

The removal of pesticides such as metribuzin, bromacil, 2,4-d and atrazine from aqueous solutions was studied by adsorption on high
area carbon cloth. The adsorption process was followed by in situ UV-spectrophotometric technique in a specially designed adsorption cell.
Spectroscopic data of the pesticides were determined in separate experiments. The extent of adsorption was quantified by calculating the
amount of adsorbate adsorbed per unit area of the carbon cloth and the percentage coverage at the carbon-cloth surface. The order of extent
of adsorption of the pesticides studied was found as metribuzin< 2,4-d < bromacil< atrazine. The adsorption process was found to follow
a first-order kinetics and the rate constants were determined. The competitive adsorption of pesticides was also examined by carrying out the
adsorption process from a solution of equimolar mixture of bromacil and metribuzin.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The contamination of surface and ground water by pesti-
cides is an important problem that the scientists are dealing
with over the years. Many of the studies toward the solution
of this problem involve determination of adsorptive behav-
ior of pesticides on various adsorbents such as kerolite,
Al-pillared clay, bentonite, lignin, quartz, calcite, kaolin-
ite and �-alumina [1–5]. Activated carbon materials have
a special place among the adsorbents, as they are known
to be capable of adsorbing various organic compounds
for a long time. The number of studies on adsorption of
pesticides on carbon materials from aqueous solution has
increased in recent years. Pelekani and Snoeyink[6] re-
ported the adsorption of atrazine on activated carbon fibers,
Yang et al.[7] studied the phenoxyacid herbicide adsorp-
tion on granular activated carbon, Hu et al.[8] examined
the adsorptive characteristics of inorganic aromatic pesti-
cides on powdered activated carbon and Hoda and Ayranci
[9] studied adsorption kinetics of bentazon and propanil
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at the carbon felt. More attractive carbon materials are
now available with large specific areas on the order of
2000–2500 m2 g−1. Felts or cloth are preferable as they
have good mechanical and structural integrity and are thus
more suitable then materials based on powders. At high
area porous materials such as carbon cloth or carbon felt,
the diffusion limitation to adsorption is minimized since the
material behaves as quasi-three-dimensional[10]. Another
advantage of high-area carbon material as adsorbent is its
functionality for accumulation of larger amount of impuri-
ties with the possibility of subsequent desorption into a ves-
sel of smaller volume where some other localized, possibly
chemical destructive process can be applied. This provides
a procedure for regeneration of the active surface. Recently,
the use of high-area carbon-cloth electrodes has been in-
vestigated for adsorption and electrosorption behavior of
various adsorbates such as inorganic S-containing anions
[11], ethylxanthate and thiocyanate[12], phenol, phenox-
ide and chlorophenols[13] and some aromatic heterocyclic
compounds[14] in relation to waste-water purification.

Most of the adsorption studies from aqueous solutions
involve the measurement of concentration of the adsorbate
as a function of time, amount of adsorbent, and/or tem-
perature. Therefore the concentrations of adsorbate should
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be followed by a suitable, practical, fast responding and
preferably non-destructive in situ method. In this respect,
optical absorbance measurements provide a convenient way
for molecules absorbing in UV–vis region. In situ measure-
ments also allow the study of kinetics of the adsorption
process. Such a method was originally proposed by Conway
et al. [15] and successfully applied to adsorption studies in
our previous studies[9–14].

The purpose of the present work is to examine the adsorp-
tion behavior of some pesticides such as metribuzin, bro-
macil, 2,4-d and atrazine on high area carbon cloth by in
situ UV spectroscopy. This method was selected to follow
the adsorption since the four pesticides are capable of ab-
sorbing UV light. Conversely, the UV light absorbability is
one of the reasons for selecting the pesticides studied. Other
main reasons for the selection of the four pesticides are the
sufficient solubility in water to follow their adsorption by
the proposed method and the necessity to remove from wa-
ter due to their toxicity.

2. Materials and methods

2.1. Materials

The carbon cloth used in the present work was ob-
tained from Spectra Corp. (MA, USA) coded as Spec-
tracarb 2225, having a specific area of 2500 m2 g−1. The
pesticides metribuzin (4-amino-6-tert-butyl-4,5-dihydro-3-
methyltio-1,2,4-triazin-5-one), bromacil (5-bromo-3-sec-
butyl-6-methyluracil), 2,4-d (2,4-dichlorophenoxyacetic
acid) and atrazine (2-cloro-4-ethylamino-6-isopropylamine-
s-triazine) were obtained from Riedel-de Häen (Germany).
Deionized water was used in adsorption experiments.

2.2. Treatment of the carbon cloth

The carbon-cloth material was found[11] to provide spon-
taneously a small but significant quantity of ions into the
conductivity water used, probably due to its complex struc-
ture originating from its somewhat unknown proprietary
preparation procedure. A deionization cleaning procedure
was therefore applied, as described previously[11] to avoid
desorption of ions during the adsorption measurements.

In this procedure, a carbon-cloth sample was placed in
a flow-through washing cup and eluted with 5 L of warm
(60◦C) conductivity water in a kind of batch operation for
2 days with N2 bubbling in order to avoid possible ad-
sorption of CO2 that might have been dissolved in water.
The out-flow water from each batch was tested conducto-
metrically for completeness of the washing procedure. The
washed carbon-cloth modules were then dried under vac-
uum at 120◦C and kept in a desiccator for further use. The
carbon cloth was cut to desired dimensions (about 0.5 cm×
1.5 cm), weighed accurately and attached to a short Pt wire
for introduction into the adsorption cell.

Fig. 1. Diagram of the adsorption cell.

2.3. Adsorption cell

A special cell was designed to carry out the adsorption
studies and simultaneously to make in situ concentration
measurements by means of UV absorption spectrophotome-
try. The cell (Fig. 1) was V-shaped with one arm containing
the carbon cloth attached to a short Pt wire and the other arm
containing a thin tube through which N2 gas was passed for
the purposes of mixing and eliminating any dissolved CO2.
The two arms were connected to a glass joint leading to a
vacuum pump at the upper part of the V-shaped cell in or-
der to provide the opportunity for initial outgassing of the
carbon adsorbent, and the cell and solution. A quartz spec-
trophotometer cuvette was sealed to bottom of the adsorp-
tion cell.

2.4. Optical absorbance measurements

A Shimadzu 160A UV–vis spectrophotometer was used
for optical absorbance measurements. The absorbance mea-
surements were conducted in situ during the study of the
adsorption process as follows. A piece of carbon cloth ac-
curately weighed and pre-wetted for more than a day, was
attached to the Pt wire sealed to the tip of a glass tubing and
placed in one arm of the adsorption cell described above.
In all experiments, the size and weight of the carbon cloth
was kept as constant as possible (about 18.0± 0.1 mg). Its
weight was accurately measured and recorded each time for
calculation of fractional coverage,θ, by the adsorbate or the
amount of adsorption per unit area of the carbon cloth. The
idea of using pre-wetted carbon cloth originates from our
previous findings that pre-wetting enhances the adsorption
process[11,12].
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The whole cell including the carbon cloth was first evac-
uated to remove all air in the pores of the carbon cloth. A
known volume of water was introduced to the cell from a
burette fitted to one of the arms of the cell by a glass joint.
Further evacuation was applied after adding the water to en-
sure that all air in the pores had been removed and water
had attained access to the whole carbon surface. The vac-
uum was then released and the burette removed.

The sliding door of the sample compartment of the spec-
trophotometer was left half-open and the quartz cuvette fixed
at the bottom of the adsorption cell (which now contained
the carbon cloth and water) was inserted into the front sam-
ple compartment. A Teflon tube connected to the tip of a
thin N2-bubling tube was lowered down the UV cell to a
level just above the light path to provide effective mixing.

Finally, a calculated volume of relatively concentrated so-
lution of individual adsorbates was accurately added from
the arm of the adsorption cell containing the N2-bubling tube
using a micrometer burette. Then, quickly, an opaque cur-
tain was spread above the sample compartment of the spec-
trophotometer, over the cell, to prevent interference from
external light.

The program for monitoring the absorbance at the specific
wavelength of maximum absorbance pre-determined by tak-
ing the whole spectrum of each pesticide was then run on
the built-in microcomputer of the spectrophotometer. Ab-
sorbance data was recorded in programmed time intervals
of 1 min over a period of 125 min.

Absorbance data were converted into concentration data
using calibration relations pre-determined at the wavelength
of interest for each pesticide.

Adsorption study was repeated on duplicate or triplicate
samples of carbon-cloth pieces. The absorbance values
were reproducible within 2% for duplicate or triplicate
samples.

Table 1
The spectral and calibration data for the pesticides studied

Pesticide Structure λ (nm) ε (a.u. cm−1 M−1) Regression coefficient

Atrazine 223 (λmax) 37,932 0.9998

2,4-d 229 (λmax) 8,426 0.9995

Metribuzin 213 (λmax) 10,191 0.9998
277 5,748 0.9999
293 (λmax) 8,147 0.9999

Bromacil 210 (λmax) 9,709 0.9981
277 (λmax) 7,192 0.9970
293 3,752 0.9977

3. Results and discussion

3.1. Absorption characteristics and calibration data for
the pesticides

The observed wavelengths of maximum absorption (λmax)
for the pesticides studied are given inTable 1. Separate cali-
bration experiments were run to determine the required mo-
lar absorptivities (ε) according to the Lambert–Beer law us-
ing aqueous solutions of pure pesticides. Absorbance versus
concentration data for each compound were treated by lin-
ear regression analysis. All the spectral calibration data for
the pesticides studied are included inTable 1.

3.2. Adsorption behavior of individual pesticides

In order to make a comparative study for the adsorption
of individual pesticides; the initial pesticide concentration
and the weight of carbon cloth used were kept almost the
same in the adsorption experiments on each pesticide. The
changes in pesticide concentration with time during the ad-
sorption at the pre-wetted carbon cloth are shown inFig. 2
collectively for all the pesticides studied. On the overall,
there is about a 10-fold decrease in the pesticide concentra-
tion in the aqueous solution upon adsorption onto the carbon
cloth over 125 min. This observation is important in rela-
tion to water treatment for removal of impurities. The ad-
sorption seems to start with the same rate for all four pesti-
cides. However, a clear distinction can be seen in the extent
of adsorption when the plateau is approached in the con-
centration versus time plot at about 125 min of adsorption.
The increasing order of the extent of adsorption at this point
is metribuzin< 2,4-d < bromacil < atrazine. The differ-
ences in the extent of adsorption of pesticides at 125 min are
small but significant. These small differences should origi-
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Fig. 2. Adsorption behaviors of (a) metribuzin (b) 2,4-d (c) bromacil,
and (d) atrazine on the carbon cloth from aqueous solutions having an
initial concentration of 4.69× 10−5 M. The carbon cloth used in each
adsorption experiment was 18.0± 0.1 mg.

nate from structural effects of the adsorbates. However, it is
difficult to analyze these structural effects since the struc-
tures of the pesticides (Table 1) are not closely related. Two
of them, 2,4-d and atrazine have aromatic rings with quite
different substituents. Metribuzin and bromacil also have a
ring structure but again with different substituents. A more
quantitative comparison can be made in the extent of adsorp-
tion of these compounds by introducing two related terms,
the amount of adsorbate adsorbed per unit area of the car-
bon cloth,M, given byEq. (1)and the percent coverage at
the carbon-cloth surface,θ, given byEq. (2);

M = (c0 − ct)V

2500m
(1)

θ = [(c0 − ct)VNA100]

(4 × 10192500m)
(2)

Table 2
M and θ values defined byEqs. (1) and (2)at 125 min of adsorption, first-order rate constants and the regression coefficients for the adsorption of the
pesticides studied

Pesticides c0 (mol L−1) M (10−5 mol per meter
square carbon cloth)

θ k (min−1) Regression coefficient

Metribuzin 4.69× 10−5 1.76 0.026 0.015 0.9995
2,4-d 4.69 × 10−5 1.81 0.027 0.016 0.9900
Bromacil 4.69× 10−5 1.91 0.029 0.020 0.9983
Atrazine 4.69× 10−5 1.98 0.030 0.024 0.9995
Metribuzin (in equimolar

mixture with bromacil)
1.44 × 10−5 4.41 0.66

Bromacil (in equimolar
mixture with metribuzin)

1.44 × 10−5 5.88 0.088

wherec0 and ct are the concentrations of the solutions at
the beginning and at a specific time during the adsorption
process, respectively.V is the volume of the solution,m
the weight of the carbon-cloth module andNA Avogadro’s
number. The calculations are based on the known specific
surface area of 2500 m2 g−1 for the carbon cloth provided
by the manufacturer, corresponding to an approximate value
of 4 × 1019 carbon sites per square meter of the surface
determined by the atomic radius of carbon but dependent
on the actually unknown geometry of surface carbon-atom
packing.

The M and θ values calculated at 125 min of adsorp-
tion are given inTable 2 for the pesticides studied. The
above mentioned order of increasing extent of adsorp-
tion from metribuzin to atrazine can clearly be seen from
M and θ values. It is important to note that the spe-
cific surface area of carbon cloth is so large that only a
very small percentage is covered even after 125 min of
adsorption.

3.3. Kinetics of adsorption

The adsorption data of the four pesticides over 125 min
were treated according to first-order kinetics. Excellent lin-
ear lines obtained for lnc versus time plots as indicated by re-
gression coefficients which were very close to one (Table 2)
support the assumption of first-order kinetics for the adsorp-
tion process. The rate constants and the corresponding re-
gression coefficients are included inTable 2. The rate con-
stants for the adsorption of pesticides follow the order ob-
served for the extent of adsorption at 125 min of adsorption
as discussed earlier.

As noted previously[14], adsorption of an organic solute
from solution at a carbon or metal interface requires desorp-
tion of solvent molecules initially present at the surface. The
adsorption process is therefore a substitutional one. Hence,
the kinetics of the adsorption will be determined, in part,
by the kinetics or activation energy for desorption of sol-
vent water initially present. This, in turn, will be influenced
by the two-dimensional density of functional groups on the
carbon surface and thus hydrophilicity or hydrophobicity of
that surface.
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Fig. 3. Adsorption behavior of an equimolar mixture of (a) metribuzin
and (b) bromacil on carbon cloth. Initial concentration of each component
in the mixture was 1.44× 10−5 M and the carbon cloth used for the
adsorption was 18.0 mg.

3.4. Examination of competitive adsorption

In order to examine the competitive adsorption of pes-
ticides, adsorption from an equimolar mixture of bromacil
and metribuzin on the carbon cloth was studied. During
this study, simultaneous concentration determination was
achieved spectrophotometrically by recording the total ab-
sorbances at two wavelengths, 277 and 293 nm, the former
being the absorption maximum of bromacil and latter being
the absorption maximum of metribuzin (Table 1). The total
absorbance at 277 nm,A277(total), can be given by

A277(total) = ε277(metribuzin)c(metribuzin)

+ ε277(bromacil)c(bromacil) (3)

and at 293 nmA293(total), can be given by

A293(total) = ε293(metribuzin)c(metribuzin)

+ ε293(bromacil)c(bromacil) (4)

whereε is the molar absorptivity of the pesticide indicated in
parenthesis at the wavelength indicated as a superscript and
c is the concentration of the pesticide indicated in parenthe-
sis. Since 1 cm spectrophotometer cuvette was used in the
measurements, the light pathlength does not appear in the
above equations.ε values determined from calibration ex-
periments with the individual pesticides are given inTable 1.
Simultaneous solutions ofEqs. (3) and (4)give concentra-
tions of metribuzin and bromacil in the mixture.

The results of the adsorption from equimolar mixture of
bromacil and metribuzin are presented inFig. 3. The gen-
eral adsorption behaviors of both components in the mixture
resemble the behaviors they show when they were alone in

the solution as presented inFig. 2. TheM andθ values de-
fined byEqs. (1) and (2)calculated at 125 min of adsorption
for each component in the mixture are given inTable 2. The
strikingly higherM values for the adsorption of metribuzin
and bromacil from the mixture than those for the adsorp-
tion of each component from their individual solutions result
from the higher initial concentrations used in the adsorption
experiment of the mixture. However, the effect of presence
of a second pesticide in the solution on the extent of adsorp-
tion of each pesticide can be examined by comparing the
ratio of M values of bromacil to metribuzin for adsorptions
from solutions of each pesticides when they were alone and
from solutions of equimolar mixture of the two pesticides.
This ratio is 1.08 for the former and 1.33 for the latter case.
This shows that the greater extent of adsorption of bromacil
than metribuzin from individual solutions increases by about
30% when the adsorption is carried out from a solution of
equimolar mixture. The preferential adsorption of bromacil
probably retards the adsorption of metribuzin in the same
mixture to a certain extent. Since the adsorptions of the
two pesticides are found to be somewhat affected from each
other, first-order kinetics was not applied for the adsorption
of each component in the mixture.

4. Conclusion

The adsorption of pesticides at the carbon cloth could be
followed by in situ UV-spectroscopy. It was found that car-
bon cloth having large specific area is a good adsorbent for
the removal of pesticides from aqueous solutions. Approxi-
mately 10-fold decrease in pesticide concentration of aque-
ous solution was achieved under experimental conditions
described earlier. The order of the extent of the adsorption
of four pesticides studied was found as metribuzin< 2,4-d
< bromacil < atrazine. The adsorption of pesticides was
found to follow a first-order kinetics.
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