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Abstract: The adsorption capacities of three low-cost granular active carbons,
used in a water treatment facility for the removal of the triazine herbicides
propazine, prometryn and prometon, was evaluated. Kinetic studies showed
that the three carbon samples used could be suitable in practice for the treat-
ment of moderate contents of the herbicides in contaminated waters. The appa-
rent adsorption rate constants were cal culated. Equilibrium studies showed that
the data fit the Frumkin isotherm. The results show that in the adsorption pro-
cess there are repulsive lateral interactions that depend mainly on the adsorbate
molecules rather than the nature or distribution of the adsorption sites. Such
lateral interactions seem to be established mainly between the isopropy! groups
of adjacent molecules, being of the same order for the three molecules.

Keywords. granular carbon; adsorption; triazine herbicides; herbicide removal;
propazine; prometryn; prometon.

INTRODUCTION

For severa decades, active granular carbon has been used in water treatment
in the filtration units of landfills because of their known adsorbent properties.!
There are several parameters on which the efficiency of the different types of
granular carbon assets depend: the adsorbent properties of the type of carbon
used, grain size and distribution, filter bed depth, treatment applied to the water
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before arriving at the coal filters and finally, but very important, on the concrete
compound (or compounds) to be eliminated from the treated water.2

The adsorbent properties of carbons depend on the type of carbon itself, its
origin (either vegetable, such as coconut, wood or rabble, or mineral, both in mi-
neral form or coke), and on the exact thermal and/or chemical activation. These
properties are standardized according to the adsorption of iodine, of Methylene
Blue or of more specific substances, such as atrazine, toluene or trichloroethy-
lene.3 In addition, the practical performance is determined not only by the gra-
nulometry (mean particle diameter, effective size, coefficient of uniformity and
abrasion) and the depth of the employed filter bed, but also by the purely filtering
capacity.4

The purely adsorbent activity of an activated carbon (granular or as powder)
is related to the presence of “pores’ in its surface, which are responsible of the
adsorptive process. Although active carbon is an amorphous substance and is
essentially apolar, it has surface functional groups (mainly carboxyl-, carbonyl-
and phenol-) that are responsible for the adsorption capacity.®

On the other hand, the main field of activity in water treatment in which the
use of active carbon is increasingly demanded is that of the minimization of
synthetic organic compounds, which are difficult to remove by conventional
treatments, and that appear with increasing frequency in the waters habitually
used for human consumption.

The s-triazine herbicides are continuously accessing the environment due to
their persistence in soils and hydric sediments, caused by their low solubilitiesin
water, and their strong sorption on carbonous materials and clays.6

Wood charcoal was used as an effective low-cost adsorbent for the removal
of contaminants, such as endosulfan,” from waters. Other waste activated carbons
(granular and powder) were studied for the removal of atrazine.8

In a previous paper, the adsorption capacities of three low-cost granular ac-
tive carbons used in a water treatment facility were evaluated for the removal of
simetryn, atriazine herbicide.®

The am of this work was to compare the adsorption capacities of such low-
-cost granular active carbons for the removal of propazine, prometryn and pro-
meton, three triazine herbicides having the same basic chemical structure but
with different substituents, as shown in Fig. 1.

EXPERIMENTAL

In all cases, Merck analytical grade reagents were used with the exception of the triazine
herbicides, which were from Polyscience (HPLC standard quality). All reactants were used
without further purification.

Commercia active carbons used were provided by Aguas de Levante™, Galaquim™
and Kemira™, having the characteristicsgivenin Table .
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R
N~ N
HSC\ Cli T;IC/CHs Fig. 1. Chemical structures of the investi-
Y ~ gated herbicides. Propazine, R = —Cl; prome-
H3C CH3  {ryn, R = —SCH2; prometon, R = ~OCHj.

The analyses were made using a Varian GC 3800 gas chromatograph coupled with an
Autodrive 8200 autosampler. The pH of the samples was adjusted to 6.5 by adding HCI or
NaOH prior to preconcentration using C18 packed cartridges (Supelco 505471). Such cartrid-
ges were connected to a vacuum generator (Supelco 57030-U) equipped with a pump (Milli-
pore XX 55 220 50) and activated by the successive addition of 3 mL hexane, 3 mL ethyl
acetate and 2 mL deionized water. The samples were then slowly passed through the cartrid-
ges. Dry argon was passed during 20 min through the cartridges. The elution was performed
with 2 mL ethyl acetate and 2 mL hexane. The solvent was evaporated from the 4 mL of
eluted samples with dry nitrogen and the residual was dissolved in 500 puL hexane. Then, the
samples were processed in the gas chromatograph. The calibration of the method was made
with standards of the herbicide. When the concentrations of herbicide were very high, the
initial samples were diluted with deionized water to suitable volumes.

TABLE |. Characteristics of the studied active carbons

Material AC1 AC2 AC3
ateri Coconut Vegetable Mineral
Superficia area, m? g1 1000 950 900
lodine index, mg g1 1000 900 950
Methylene Blue index, mg g1 260 265 255
Atrazine adsorption (1 ugL™), mg gt 40 35 30
Toluene adsorption (1 mg L™), mg g2 100 110 90
Trichloroethylene adsorption (50 pg L™), mg gt 20 25 25
Abrasion minimum coefficient 75 75 70
Effective size, mm 09-11 0911 09-11
Particle mean diameter, mm 14 14 1.35
Uniformity coefficient 14 13 14

For kinetic studies, glass bottles (Schott Duran GL45) of 100 mL capacity were used. A
suitable adsorbent dose and 75 mL of solution of simetryn were introduced into such bottles
and placed in a thermostated linear bath shaker (from Ovan model Ovantherm 100). Samples
of 1 mL were taken at intervals of 15 min. The filtrates of such samples were stored in the
dark at 4 °C and analyzed for the residual herbicide concentration as described above. Blank
samples consisting of the same solutions but without the herbicide were treated in the same
manner.

The equilibrium studies were performed at constant temperature using the data obtained
in the previous kinetic study. The same type of samples were placed on the shaker and agi-
tated for a period of 36 h, which was found in the kinetic experiment to be sufficient for
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equilibrium to be attained. The filtrates of the samples were stored in the dark at 4 °C and
analyzed for residual herbicide concentration. Blank samples consisting of the same solutions
but without the herbicide were treated in the same manner.

RESULTS AND DISCUSSION

Typica decreasing curves of the residual herbicide concentration with time
were obtained for the three studied samples of carbon. The kinetics of herbicides
adsorption by one of the assayed activated carbonsis given in Fig. 2 as an exam-
ple. It can be seen that the equilibrium was attained faster for propazine than for
the other two herbicides. In all cases, around a 75 % was removed after 3 h and
the maximum removal was reached after 8-12 h, being around 80 %. The exten-
sion of the experiments to 36 h showed that a very dight increase in the removal
was obtained, although on some occasions, a very sight decrease in the removal
was observed. Since the industrial filters have residence times of 1.5 to 2 h, the
use of two filtration units mounted in series (or even using only one unit) could
be suitable in the practice for the treatment of moderate contents of herbicide in
contaminated waters, this being the case for the three studied carbon samples as
well asfor the three investigated herbicides.
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Fig. 2. Adsorption kinetics on carbon AC3 as the residual herbicide concentration vs. time at
25 °C. Initial herbicide concentration, 4 mg mL-L,

Though 12 h seem enough to reach equilibrium conditions, the equilibrium
study was performed, as stated above, for 36 h.

Adsorption kinetics can be attributed to the occupation of the available ad-
sorbent sites by the adsorbate molecules. Although the adsorption process could
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be complex due to the non-equivalence of the adsorption sites arising from the
pore and particle size distributions and differences in the chemical affinities, a
simple model can be assumed to compare the adsorption kinetics of the herbi-
cides onto the samples. At infinite time, it could be supposed that al the available
sites had been occupied and the number of available sites must be proportional to
the difference between the initial and the residual concentrations of adsorbent. If
a second-order adsorption kinetics is assumed (first-order in both the adsorbate
and the sites of adsorption), it is easy to show that the following equation is ful-
filled:

Tl %y
c Co—Co
where ¢g, ¢ and ¢, are the initial and residual herbicide concentration at the
instant and at infinite time, respectively, and k is the apparent rate constant.
Plots corresponding to the studied three carbons are shown in Fig. 3. Ascan
be seen, the plots are linear, indicating that the above equation can be considered
as a good approximation for the adsorption process.

In

0 o Propazine
o  Prometryn
o A Prometon
Sl ]
£
-1
] o A
N \
=)
'3 ] v T v ] v ) v ) v 1
0 1 2 3 4 5
t/h

Fig. 3. Plots corresponding to the kinetic model; Carbon AC2.

The apparent rate constants for the three carbons used are given in Table II.
As can be seen, although the AC1 carbon leads in all cases to the maximum re-
moval, the other carbons reached equilibrium more rapidly. In general, the AC3
carbon approached equilibrium with an apparent rate constant similar to that of
AC2 but giving a maximum removal similar to that of AC1. In addition, the ad-
sorption of propazine occurred faster than the adsorptions of the two other com-
pounds and equilibrium was reached at c.a. 45 min, 1 h prior that for propazine.
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TABLE Il. Apparent rate constants (k/ mg g1 h'1) for the adsorption processes

Sample Propazine Prometryn Prometon
AC1 0.66 0.47 0.46
AC2 0.78 0.63 0.61
AC3 0.76 0.59 0.56

The adsorption of the herbicides onto granular active carbons from solutions
in distilled water does not fit the Langmuir isotherm. Nevertheless, it fit well
with the Freundlich isotherm, as is shown by the fact that the plotsof Inq vs. Inc
were linear (g being the amount of adsorbed herbicide). This isotherm is useful
for practical work with the herbicide-adsorbent system.

In addition, if it is assumed that at the tested concentrations the maximum
adsorption was not reached (which seems logical because the maximum concen-
tration of the herbicide samples is limited by the low solubility of these sub-
stances in water), the fitting with the Frumkin isotherm is good. Hence, using the
data obtained at the lowest concentrations, the values of qmax, K and a/gmax can
be estimated from the intercept and the dope of the plot of In (g/c) vs. g, respect-
tively, as shown in Fig. 4. Thus, gmax Was obtained using the higher concentra-
tions and the estimated parameters, and fitting the experimental data to the Frum-

kin eguation.
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Fig. 4. Plot of the linearized Frumkin isotherm for AC1 carbon.

The results show that in the adsorption process there are repulsive lateral
interactions, because the exponential parameters of the isotherm are negative.
The results obtained for the three carbons and the three herbicides investigated
aregivenin Tablelll.
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Table I11. Isotherm parameters; q — adsorbed herbicide (mg g1), K — adsorption constant,
a — adsorption parameter, gma — Maximum specific adsorption capacity (mg-g1); Freundlich:
g = Kca; Frumkin: (of(Gmax — 0))eXp(—2a0/0max) = KC

Herbicide Sampl € KFreundl ich Arreundlich KFrumki n Arrumkin Omax
Propazine AC1 10.21 0.31 122.2 -3.13 27.15
AC2 9.32 0.39 109.7 -3.27 25.62
AC3 9.12 0.37 115.3 -3.37 25.05
Prometryn ACl 9.87 0.30 121.9 -3.09 26.32
AC2 8.66 0.38 108.9 -3.21 23.92
AC3 8.82 0.36 1141 -3.34 24.75
Prometon ACl 9.82 0.30 120.9 -3.09 26.02
AC2 8.63 0.37 108.6 -3.20 2351
AC3 8.79 0.35 112.3 -3.31 24.58

As can be seen, the cal culated maximum specific adsorption capacity was si-
milar for the three investigated carbons, although it was sightly higher for AC1.
On the other hand, the repulsive lateral interactions arising from the exponential
parameter of the Frumkin isotherm are very similar for the three samples. This
indicates that these repulsive latera interactions depend mainly of the adsorbate
molecules rather than the nature or distribution of the adsorption sites. Moreover,
such lateral interactions are very similar for the three herbicides. This could
easily be explained if it is assumed that the adsorption of the three compounds
occurs with the triazine ring parallel to the carbon surface, as is the case on
mercury €lectrodes.10-12 Hence, the main lateral interactions must be established
mainly between the isopropyl groups of adjacent molecules, and these interac-
tions must be of the same order for the three molecules.
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HcrimTuBad je aacOpIIMOHN KaanuTeT TPU KOMEPIHjalHa TpaHyJIlCcaHa aKTUBHA yriba. OHI
cy xopuutheHt y TpeTMaHy BOJa 3a yKJIamkambe TPHA3UHCKUX XepOUIN/Ia, IPONa3uHa, MPOMETPUHA
U mnpomeToHa. KuHeTHuYKka HCIUTHBama Cy IOKasajga Ja TPH yNoTpeOJbeHa y30pKa aKTUBHUX
yrjbeBa MOTYy OWTH KOPHCHH y INPaKCH 3a TPETMaH BOJa Ca yMEPEHHM cajipxajeM XepOuiuna.
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WzpauyHnare cy kKoHcTaHTe Op3uHe aacopruuje. JJoOujeHn pesynraTu cy y carmacHocTu ca dpywm-
KHHOBOM H30TepMOM. Pe3ynTatu mokasyjy Aa TOKOM afcOpHIHje MOCToje 0a00jHe O0YHEe WHTEp-
aKluje Koje 3HATHO BHIIE 3aBHCE OJl KapaKTEPUCTHKa ajcopdaTa, a Mame O] paclojeie U TUra
aKTHBHUX MecTa Ha ancopbency. Takpa 6ouHa MHTEpaKiMja ce OCTBapyje yriaBHOM usMmely u30-
NPONMJI IPyHa CyCEAHUX MOJIEKyJIa KOjU Cy MCTOM IOJIOXKAjy KOJ| CBa TP UCITUTUBAHA XepOHUIU/A.

(Mpumsbeno 7. mapta 2009)
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