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Abstract Removal of amitrole from water was studied by
adsorption on an activated carbon cloth and by oxidation
with hydrogen peroxide using the same activated carbon
cloth as catalyst. Study variables included the solution pH,
ionic strength, and temperature in the adsorption process
and the solution pH and the surface chemistry of the acti-
vated carbon cloth in the oxidation process. Results showed
that amitrole adsorption on activated carbon cloth was not
adequate to remove amitrole from water due to the high
solubility and low aromaticity of the herbicide, which re-
duced its adsorption on the carbon. A higher amitrole re-
moval rate was obtained with the activated carbon/H,0O;
system. The best results were obtained on basic activated
carbon surfaces at pH 7-10, when hydroxyl radical for-
mation is favored, achieving the removal of 35-45% of
the AMT, compared with 20-25% under the best adsorp-
tion conditions. Importantly, oxygen fixed on the carbon
surface during AMT oxidation must be removed by heat
treatment in order to regenerate the surface basicity of
the carbon before its reutilization in another oxidation cy-
cle.
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1 Introduction

Amitrole (AMT) is a heterocyclic herbicide derived from tri-
azole (3-amino-1,2,4-triazole) that is widely used for weed
control in agriculture and along roadsides and railways. It is
a non-selective herbicide sometimes used in place of other
prohibited herbicides (Oesterreich et al. 1999; Catastini et
al. 2004; Da Pozzo et al. 2005). AMT can be found at rel-
atively high levels in surface water and can contribute to
ground-water contamination via leaching, due to its high
solubility.

Contaminated waters can be adequately treated with acti-
vated carbon filters to reduce herbicides to permitted levels.
Adsorption on activated carbons is one of the most effective
methods to remove this type of hazardous compound from
polluted waters (Radovic et al. 2001). Activated carbons are
generally used in granular or powder form, although acti-
vated carbon fibers and cloths recently emerged as better ad-
sorbents than granular activated carbons, generally showing
much faster adsorption kinetics and adsorption capacity.

However, adsorption on activated carbons can be inad-
equate to remove some organic pollutants from water, and
advanced oxidation processes (AOP) may be a more effec-
tive technology. AOPs are characterized by the production
of OH* radicals, which are powerful (2.8 V) unselective oxi-
dants (Zapata et al. 2009) that can oxidize and mineralize or-
ganic pollutants in water, yielding CO, and other inorganic
compounds. Hydroxyl radicals can be generated from H,O»
by using activated carbon as decomposition catalyst (Bansal
et al. 1988; Kimura and Miyamoto 1994; Khalil et al. 2001;
Oliveira et al. 2004; Georgi and Kopinke 2005; Santos et al.
2009).

The aim of this study was to investigate AMT removal
from water by adsorption on activated carbon cloth and by
oxidation with hydrogen peroxide, using the same activated
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carbon cloth as catalyst. Study variables included the solu-
tion pH, ionic strength and temperature in the adsorption
process and the solution pH and surface chemistry of the
activated carbon cloth in the oxidation process.

2 Experimental

Two activated carbon cloths were used: as-received sample
(ACC) supplied by Kynol Europe; and ACC heat-treated at
1173 K in N; flow for 4 h, designated ACCN. Samples were
cut into 6 mm diameter circles and were characterized by
N, adsorption at 77 K using an Autosorb 1 analyzer from
Quantachrome, after outgassing samples overnight at 383 K
under high vacuum (around 10~% mbar). The BET and DR
equations were applied to these isotherms to determine the
BET surface area, SggT, micropore volume, Wy, and mean
micropore width, L.

Temperature-programmed desorption (TPD) was used to
determine the oxygen content (Otpp) of carbon samples
from the amount of CO and CO; evolved after their heat
treatment in He flow at 1273 K, by means of a model Prisma
mass spectrometer from Pfeiffer. Samples were also charac-
terized by potentiometric titration to determine the variation
of surface charge with solution pH and hence their pH at the
point of zero charge (pHpzc). Surface acidity and basicity
were determined by titration with NaOH and HCI, respec-
tively. All of these methods are described in detail elsewhere
(Moreno-Castilla et al. 2004).

Analytical reagent grade AMT was supplied by Sigma-
Aldrich. Its molecular size was determined from the CIF file
deposited in the Cambridge Structural Database. The molec-
ular area and dipolar moment were established by using the
SCF AM1 semi-empirical method of the Gaussian03 pro-
gram (Frisch 2004). The herbicide was also characterized
by potentiometric titrations to determine its speciation dia-
gram as a function of the pH, showing the distribution of
the different forms (neutral, anionic or cationic) of AMT in
aqueous medium at different pH values.

Adsorption isotherms of AMT were obtained by using
0.1 g of carbon and 100 mL of AMT solutions at concen-
trations ranging from 2 to 90 mg/L. Effects of ionic strength
and solution pH on adsorption were investigated by utilizing
different KCI concentrations and adding either HC1 or KOH

Table 1 Surface characteristics of activated carbons

to adjust the pH, except in the case of pH 7, when a phos-
phate buffer composed of monobasic potassium phosphate
and dibasic sodium phosphate was added. Suspensions were
mechanically shaken at the chosen temperature, between
288 and 308 K, until equilibrium was reached. Concentra-
tions were spectrophotometrically determined at 202 nm by
using an UV-V Perkin-Elmer double beam spectrophotome-
ter, model Lambda 19. Lambert-Beer’s law was determined
for each KClI concentration and pH used.

AMT oxidation experiments were carried out using 0.1 L
of a 1.07 mM AMT solution in thermostated flasks at 298 K
shaken at 300 rpm. Oxidation was carried out at pH val-
ues of 3, 7, and 10, which were adjusted by adding HCI or
NaOH and using 0.05 g of carbon and 6 mmol of H,O; (30%
w/w, from Merck). Blank experiments were also carried out
to determine the percentage of AMT adsorbed by the acti-
vated carbon with respect to the total amount of AMT re-
moved from the solution. AMT concentrations were mea-
sured by high-performance liquid chromatography (HPLC)
using an LC-10A model Shimadzu system, with UV/VIS
detector at 202 nm and a Hypersil 50-DS C-18 column of
200 mm x 5.6 mm as stationary phase. The mobile phase
was 70% HPLC grade acetonitrile: 30% ultrapure water at
a flow of 1.1 mL/min. All samples were diluted ten-fold be-
fore their analysis.

AMT mineralization was followed by measurement of
the total organic carbon (TOC), using a TOC-5000A model
Shimadzu analyzer. TOC results are the average of at least
three analyses. Concentrations of nitrate and ammonium
ions in solution were determined with specific Merck Spec-
troquant kits. Methods were based on the formation of
4-nitro-2,5-dimethylphenol for nitrate ions and of an in-
dophenol blue derivative for ammonium ions, determining
these compounds with a double-beam spectrophotometer at
330 and 690 nm, respectively. When necessary, mass-HPLC
and 3C-nuclear magnetic resonance (13 C-NMR) were used
to determine the presence of AMT degradation products.

3 Results and discussion

3.1 Characteristics of the activated carbons and herbicide

Surface characteristics of the activated carbons used are
compiled in Table 1. Heat treatment of ACC at 1173 K in

Sample SBET Wo Lo Acidity Basicity pHpzc CcO CO, OtpD
(mz/ Q) (cm3 /g) (nm) (meq/g) (meq/g) (mmol/g) (mmol/g) (%)

ACC 2128 0.92 1.6 0.20 0.50 8.0 1.10 0.06 1.9

ACCN 1876 0.77 1.8 0.10 0.69 9.0 0.19 0.05 0.5
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inert atmosphere to obtain ACCN produced a decrease in
total oxygen content, Otpp, reducing the surface acidity and
increasing the surface basicity and pHpzc. Therefore, as ex-
pected, the heat treatment of ACC gives rise to a more ba-
sic carbon surface. There was also a decrease in Spgr and
Wo and an increase in Lg as a result of the slight gasifica-
tion produced by the removal of surface oxygen complexes
(SOCs).

The shape and dimensions of AMT are depicted in Fig. 1.
Its molecular area is 0.39 nm2/molecule (Fontecha-Cédmara
et al. 2007), and this molecule is completely accessible to
the microporosity (0 < 2 nm) of the carbons used. The AMT
speciation diagram (Fontecha-Cdmara et al. 2007) indicates
that it exists as neutral species (AMT) at pHs of 6-8, as pro-
tonated species (AMTHT) at pH < 6, and as deprotonated
species (AMT ™) at pHs 8-13.

3.2 Amitrole adsorption

AMT adsorption isotherms at 298 K on ACC are depicted
in Fig. 2. Results of application of the Langmuir equation
to these isotherms at different pHs are displayed in Table 2,
which additionally includes the correlation coefficient, RZ,
of the Langmuir plots. This table also shows that AMT sol-
ubility markedly decreases with a rise in the pH; this re-
duction was pronounced between pH 5 and 7 and remained
practically constant between pH 7 and 11. According to
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Fig. 1 Molecular dimensions of amitrole

Fig. 2 Adsorption isotherms of amitrole on ACC at different pHs:
(O)pH3, @) pHS, (&) pH 7, (O) pH I

the AMT speciation diagram (Fontecha-Cdmara et al. 2007)
AMT molecules are predominantly protonated (about 95%
as AMTH™) at pH 3. The rise in pH increases the percent-
age of uncharged AMT molecules, finding 100 and 90% as
AMT at pHs 7 and 9, respectively. Hence, the rise in pH
increases the AMT hydrophobicity due to a decrease in the
heat of hydration of the AMT molecules (Lopez-Ramoén et
al. 2010).

X, increased when the pH rose from 3 to 7, especially
from 5 to 7, remaining virtually unchanged from pH 7
to 9. Variations in X, can be explained by hydrophobic
and electrostatic interactions. Thus, the decrease in solu-
bility increases hydrophobic interactions between the AMT
molecules and the hydrophobic parts of the adsorbent. In
addition, AMT molecules are 95% and 30% protonated
as AMTH™ at pH 3 and 5, respectively, whereas the car-
bon surface is also positively charged, since the pHpzc of
ACC is 8. In this situation, repulsive adsorbent-adsorbate
and adsorbate-adsorbate electrostatic interactions predomi-
nate, reducing AMT adsorption on the carbon surface. Con-
versely, the neutral form of the AMT molecule predominates
at pH 7 and 9, with a disappearance of the electrostatic re-
pulsions that negatively affect the adsorption.

The surface area of ACC covered by AMT, calculated
from the X,, values and molecular size of AMT, was 7%
at pH 7-9. This is a very low value in comparison to other
herbicides (Fontecha-Camara et al. 2007; Pastrana-Martinez
et al. 2009). Hence, despite the small molecular dimensions
of AMT, which make it accessible to the microporosity of
the adsorbent, it is not extensively adsorbed, mainly due to
its high water solubility. In addition, the aromaticity of the
AMT cycle is much lower than that of other pollutants with
a benzene cycle, markedly reducing the dispersion interac-
tions between electrons of the pentagonal AMT cycle and &
electrons of the carbon graphene layers.

The BX,, value is a measurement of AMT-carbon inter-
actions and increased with higher pH, with a much steeper
increase between pH 5 and 7. This is related to a marked
decrease in amitrole solubility, most notably from pH 5 to 7,
which enhances hydrophobic AMT-carbon interactions.

Table 2 Results of application of the Langmuir equation to adsorption
isotherms of AMT on ACC at 298 K and at different pHs

pH X, R? BX,, Solubility 6 AMT emoved®
(mg/g) Lg (gL (%) (%)

3 20 0.940 045 1600 3 9

5 30 0.970 0.58 1000 4 12

7 sl 0.988 127 280 7 21

9 53 0.980 1.74 279 7 24

4Percentage of AMT removed from a solution with an initial concen-
tration of 90 mg/L
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Table 3 Results of application of the Langmuir equation to adsorption
isotherms of AMT on ACC at 298 K, pH 7 and different KCI1 concen-
trations

[KCI] Xm R? BXon 0 AMTadsorbed”
(mol/L) (mg/g) L/g) (%) (%)

0.00 51 0.927 1.27 7 21

0.01 60 0.930 1.38 8 25

0.05 68 0.921 1.43 9 26

2Percentage of AMT removed from a solution with an initial concen-
tration of 90 mg/L

Table 4 Results of application of the Langmuir equation to adsorp-
tion isotherms of amitrole (AMT) at different temperatures on ACC at
pH =7 and at 0.01 M KCI concentration

T Xn R? BX,, Solubility AH AS

(K) (mg/g) (L/g) (g/L) (kJ/mol) (J/mol K)
288 64 0950 1.52 210

298 60 0.930 1.38 280 —754+04 143+12
308 48 0950 1.24 357

A study was also performed on the effect of ionic strength
on AMT adsorption on ACC at pH 7 and 298 K. Ta-
ble 3 displays the results of applying the Langmuir equa-
tion (and R?) to the adsorption isotherms obtained, showing
an increase in X, with greater ionic strength of the solu-
tion. Hence, since amitrole is neutral at pH 7, an increase
in KCI concentration could reduce the solubility of AMT,
which would enhance AMT-adsorbent hydrophobic interac-
tions. BX,, values also increased with higher KCI concen-
trations, and the surface area of ACC covered by amitrole
at a concentration of 0.05 M KCI was 9%, again a very low
value.

The last column of Tables 2 and 3 show the percentages
of AMT removed by adsorption from a solution with an ini-
tial AMT concentration of 90 mg/L. The highest percent-
ages, which depended on the pH and ionic strength, were
only 20-25%, which is a very low percentage removal.

AMT adsorption on ACC at pH 7 and between 288
and 308 K was exothermic, as evidenced by the decrease
in X;, (Table 4) at higher adsorption temperatures within
this range. This is due to the increased solubility (Table 4)
and vibrational energy of adsorbed molecules with higher
temperature. Hence, more adsorbed molecules have suffi-
cient energy to overcome the attractive interactions and des-
orb back into solution (Cooney 1998).

Van’t Hoff equation (1) was used to obtain the enthalpy,
AH, and entropy, AS, of the adsorption process.

LnK = —AH/RT + AS/R 1
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Fig.3 Application of Van’t Hoff equation to AMT adsorption on ACC
between 288 and 308 K and at pH 7

The value of K is defined as
K=vy,X/y;C 2)

where y, and y; are the activity coefficients of the adsor-
bate on the adsorbent and in solution, respectively, and X is
the amount adsorbed at equilibrium concentration C. When
C approaches zero, the activity coefficients approach unity,
and K can therefore be obtained by extrapolating C to zero
(Aksu and Kabasakal 2004; Chingombe et al. 2006). Thus,
K is the inverse of the intercept (B X,,) value of the plot of
C/X against X, which is the linearized form of the Lang-
muir equation. The plot of Ln 1/BX,, against 1/T is de-
picted in Fig. 3, and the adsorption enthalpy and entropy
data are compiled in Table 4.

In conclusion, AMT adsorption on activated carbon is
very low, and this technology is not sufficiently effective
to remove this herbicide from aqueous solutions. Conse-
quently, a study was then performed on the removal of AMT
by oxidation with hydroxyl radicals generated by activated
carbon/H>O» systems.

3.3 AMT removal by activated carbon/H,O» systems

The activated carbons ACC and ACCN were used to study
AMT removal by the activated carbon/H>O; system. ACCN
was used immediately after its preparation to avoid reoxida-
tion from prolonged contact with the atmosphere. In these
systems, removal of the herbicide can occur by both adsorp-
tion and oxidation.

Several blank runs were performed before the study was
undertaken. The first was to determine the stability of the
AMT solution at the pHs studied. '3C-NMR spectra and
mass-HPLC results showed that AMT was the only prod-
uct in solution at pH 3 and 7, while ~20% of 5-hydroxy
amitrole, 5-HAMT, was also detected at pH 10.

Figure 4 depicts the 13C-NMR spectra of AMT solutions
at the pH values studied. AMT signals appear at pH 3 and
7. In the case of the last pH the signals are shifted to a
higher field due to AMT is as neutral molecule. AMT sig-
nals are again shifted to a higher field (150.2 and 162.2 ppm)
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at pH 10, due to its partial dissociation, and signals of 5-
HAMT (155.5 and 169.3 ppm) can also be seen.

Studies were also undertaken on the ability of H,O; to
oxidize AMT in the absence of activated carbon, finding that
AMT degradation was below 2% at pHs 3, 7, and 10 and
remained constant throughout all experiments (10 h).

Figure 5 depicts AMT removal with the ACCN/H,0,
system at pH 7, as an example, and AMT removal by adsorp-
tion on ACCN. Table 5 displays the results obtained from
these curves after 10 h. In all cases, TOC emoved 1S similar to
the sum of AMTegraded and AMTagsorbed, indicating that all
AMTgegraded Was completely mineralized. AMT oxidation is
higher in the presence of activated carbons than in their ab-
sence because they act as catalysts of HyO» decomposition,
producing hydroxyl radicals (Kimura and Miyamoto 1994;
Khalil et al. 2001; Oliveira et al. 2004; Georgi and Kopinke
2005; Santos et al. 2009).

143.9

F155.8

pH3

146.9

?— 158.3

pH7

T TR TR T ST RTP T InIv ] e ks el PRI PRETRYP T o) Aol andiionh

150.2
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130 125

Fig. 4 13C NMR spectra of AMT solutions (D, O solvent) at different
pHs

TOCremoved 18 higher with greater solution pH and sur-
face basicity of the activated carbon cloth because of an in-
crease in both oxidized and adsorbed AMT. Thus, the in-
crease in solution pH enhances H»O, decomposition (Khalil
et al. 2001) and reduces AMT solubility, with the former fa-
voring AMT oxidation and the latter AMT adsorption.

In addition, carbon surface basic sites promote H,O»
decomposition into hydroxyl and perhydroxyl radicals,
thereby enhancing the oxidation of organic compounds in
aqueous media (Kimura and Miyamoto 1994; Khalil et al.
2001; Oliveira et al. 2004; Georgi and Kopinke 2005; San-
tos et al. 2009). These surface basic sites may be delocalized
m-electrons from the graphene layers (C—), which transfer
electrons according to the mechanism given by reactions (3)
and (4) proposed by (Kimura and Miyamoto 1994), similar
to the Fenton reaction and Haber-Weisz mechanism.

C-n +H,0, - C-7* + OH™ + OH"® 3)
C-rt +H,0, —» C-7 +HOS + HY 4)

The only AMT degradation products found in solution
after 10 h of treatment were nitrate and virtually negligi-
ble concentrations of ammonium ions. The experimental

1.0

08 OOoooo O O
' -I-.

t (h)

Fig. 5 Adsorption and degradation kinetics of amitrole with ACCN
at 25°C. V. =0.1 L, Ceapon = 0.5 g/L, Cn,0, = 60 mM,
Camt = 1.07 mM, pH = 7. (O) without H,O; (by adsorption); (H)
with HyO,

Table 5 AMT removal at 25 °C with activated carbon/H,0O, systems after 10 h reaction and at different pHs. V = 0.1 L, Ccarpon = 0.5 g/L,

Ch,0, = 60 mM, Camr = 1.07 mM

Sample pH TOCremoval AMTdegraded AMT,dsorbed NO3_ (exp) NO; (theor) NHI (exp)
(%) (%) (%) (mM) (mM) (mM)

ACC 3 11 5 4 0.11 0.10 0.01
7 17 8 12 0.18 0.17 0.01
10 30 13(2)" 9(3) 0.29 0.31 0.02
ACCN 3 14 8 10 0.16 0.19 0.01
7 34 16 18 0.31 0.34 0.01
10 45 20(3) 15(6) 0.42 0.43 0.02

“Values in parentheses refer to 5-HAMT
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Table 6 Results obtained from TPD experiments of fresh and used
ACC and ACCN at pHs 7 and 10

Sample CcO CO, CO/ O
(mmol/g) (mmol/g) CO, (mmol/g) (mmol/g)

Ofixed

Fresh ACC 1.10 0.06 18.3 1.22 -
Used ACC at pH 7 1.41 1.15 1.2 3.71 2.49
Used ACCatpH 10 1.34 1.37 1.0 4.08 2.86
Fresh ACCN 0.19 0.05 3.8 0.29 -

Used ACCN atpH7 2.57 0.59
Used ACCN at pH 10 2.56 0.95

4.3 375 3.46
2.7 4.46 4.17

amount of nitrate ions, NO3 (exp), was similar to the the-
oretical amount, NO; (theor), which was obtained by as-
suming that only two nitrogen atoms per oxidized amitrole
molecule are converted to nitrate ions. The agreement be-
tween these values indicates that the rest of N is mainly con-
verted to gaseous nitrogen compounds such as N, which
can be formed (Da Pozzo et al. 2005) from the two proxi-
mate N atoms in the pentagonal AMT cycle (see Fig. 1).

Oxygen is also fixed on the carbon surface during AMT
oxidation as shown in Table 6 for oxidation reactions at pH 7
and 10, with higher amounts of fixed O, Ofxeq, at pH 10 than
at pH 7 and with higher amounts on ACCN than on ACC at
both pHs. This is because HyO, decomposition is more fa-
vored at pH 10 and there are fewer SOC in the basic fresh
ACCN versus fresh ACC samples. The percentage of oxy-
gen fixed on the carbon surface was a very small percentage
of the total available oxygen from H,O», ranging from 1 to
2% according to the pH and surface basicity.

The percentage of oxygen consumed in the degradation
or mineralization of AMT could also be calculated. Thus, if
each degraded AMT molecule (CoH4Ny) yields two carbon
dioxide and two water molecules and two nitrate ions, the
percentage of oxygen used in AMT degradation was 2-5%
according to the pH and surface basicity. Hence, more oxy-
gen was used in the AMT degradation than in the SOC for-
mation on the carbon.

AMT removal was more effective with the activated
carbon/H>O; system than with adsorption. The best results
were obtained on basic activated carbon surfaces at pH 7-10,
conditions favorable to hydroxyl radical formation, achiev-
ing 35-45% AMT removal (versus 20-25% by adsorption).
Importantly, the oxygen fixed on the carbon surface during
AMT oxidation must be removed by heat treatment in or-
der to regenerate the surface basicity of the carbon before its
reutilization in another oxidation cycle.

4 Conclusions

AMT adsorption was exothermic and increased at higher pH
values between 3 and 9, which is explained by changes in
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hydrophobic and electrostatic interactions. Despite the small
molecular dimensions of AMT, it was not widely adsorbed
due to its high solubility in water. Furthermore, the aro-
maticity of the AMT cycle is much lower than that of other
pollutants with a benzenic cycle, implying very low disper-
sion interactions between electrons of the pentagonal AMT
cycle and & electrons of the carbon graphene layers. Con-
sequently, carbon adsorption cannot effectively remove this
herbicide from aqueous solutions. AMT removal by oxida-
tion with carbon/H,O;-generated hydroxyl radicals proved
to be more effective. The best results were obtained on basic
activated carbon surfaces at pH 7—-10, when hydroxyl radical
formation is favored, achieving AMT removal of 35-45%
compared with 20-25% by adsorption. Oxygen fixed on the
carbon surface during AMT oxidation must be removed by
heat treatment to regenerate the surface basicity of the car-
bon before its reutilization in another oxydation cycle.
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