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a b s t r a c t

Some granular activated carbons (GACs) were prepared from cherry stones (CS), an agricultural waste, by
thermal methods following pyrolysis in nitrogen and subsequent activation (with air, carbon dioxide and
steam) or single-step activation in steam. A GAC prepared by activation with carbon dioxide was further
treated with several oxidizing agents (air, air–ozone mixture, nitric acid and hydrogen peroxide). The
non-oxidized GACs produced have surface areas ranged from 508 to 901 m2/g and show a predominantly
micro- and macropores structure. Oxidation treatments, especially with nitric acid and ozone, led to the
fixation of high amounts of acidic surface oxygen complexes (SOCs), thus making the carbon surface more
hydrophilic. Contrary to oxidation with the other agents, the ozone treatment, at the conditions applied
in this work, does not decrease the GAC surface area. Both, the non-oxidized and the oxidized GACs were
used as adsorbent to study the adsorption of Cu(II) from aqueous solution. Adsorption isotherms were
obtained at 25 ◦C and data were well fitted to the Langmuir equation. The results show that the Cu(II)
uptake of the non-oxidized GACs is not great, but similar to that of the commercial grade Filtrasorb 400.
The adsorption capacity for Cu(II) could be greatly enhanced by GAC oxidation, especially with nitric
acid and ozone treatments. The larger adsorption capacity of the oxidized GACs has been attributed to
oxygen functionalities (mainly carboxylic) fixed on the GAC surface, which can remove Cu(II) species

from water by both ion-exchange and surface complexation mechanisms. The ozonated GAC was also
evaluated for the adsorption of Co(II) species from single solute and Cu(II)–Co(II) binary mixture solutions.
The functionalization of GAC by the ozone treatment improved the adsorption of both Cu(II) and Co(II)
regardless of the fact that they were in single solute or binary systems.
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. Introduction

There is great concern about pollution of water by heavy metals.
ome of them are very toxic even at very low concentrations (e.g.,
ercury, cadmium and lead) and have poisoning effects on human

eing. Contrary to biodegradable organic matter, heavy metals are
ot eliminated by natural processes from aquatic ecosystems as
hey are not biodegradable. Therefore, scientists and engineers are
ncouraged to investigate and develop novel cost-effective meth-
ds aimed to remove colloid and dissolved metals from water,

ncluding precipitation, membrane separation, ion exchange, evap-
rative recovery, reductive electrolysis and adsorption technologies
1]. Particularly, adsorption processes using ion-exchange resins,
eolites, clays and activated carbons have proven to be effective
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or achieving high levels of metals removal [2]. Recently, the use
f low-cost activated carbons prepared from agricultural wastes is
eceiving special attention because of the expensiveness of other
onventional adsorbents [3].

Broadly speaking, the performance of the adsorption of metals
pecies from water on activated carbon depends on three types of
actors: properties of the activated carbon itself, as surface area,
ore size distribution, amount of surface oxygen complexes (SOCs)
nd point of zero charge (PZC); properties of metal species as sol-
bility, ion size and ability to interact with SOC of carbon; and
roperties of the solution as pH, ionic strength and presence of
ther solutes that could compete with the target metal species for
he adsorption sites [4]. The adsorption of metal ions onto acti-

ated carbon has been explained based on various mechanisms
uch as electrostatic attraction to the carbon surface, ion-exchange
nd metal surface complexes formation [5–8]. In general, these
echanisms are favoured by a polar carbon surface with low

ZC and high concentration of acidic SOC such as carboxylic and

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pmalvare@unex.es
dx.doi.org/10.1016/j.jhazmat.2008.04.009
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actone-type groups. Surface acidic treatments confer these prop-
rties to activated carbon, thereby enhancing metal uptake. With
his purpose various oxidizing agents have been used, including
itric acid, sulphuric acid, sodium hypochlorite, potassium per-
anganate, hydrogen peroxide, oxygen plasma and ozone [9].

articularly, ozone has been successfully applied to enhance the
dsorption of Hg(II), Cd(II) and Cr(III) species onto a granular acti-
ated carbon (GAC) [10,11]. Ozone seems to be a good choice
or tailoring activated carbons aimed to selectively improve the
dsorption of metal ions while keeping unmodified the pore texture
f the carbon, because, contrary to other oxidizing agents, ozone is
ble to fix a high concentration of acidic SOC on the carbon surface
ithout destroying significantly its porosity [12].

Cherry stone (CS) is an agricultural waste with desirable prop-
rties to be used as raw material in the manufacture of activated
arbon [13–18]. As part of a continuing work, this research is
ocused on the removal of metals from aqueous solution by adsorp-
ion onto activated carbons prepared from CS. The impact of the
ctivation methods to prepare the activated carbons and the sub-
equent functionalization of the carbons with oxidizing agents (air,
zone, nitric acid and hydrogen peroxide) on the adsorption of
u(II) and Co(II) ions from aqueous solution have been investigated.

. Experimental

.1. Activated carbons

Some GAC samples were prepared in the laboratory from CS. This
tarting material was obtained from the Asociación de Cooperati-
as Valle del Jerte (Extremadura, Spain) one of the Europe’s leading
roducers of kirsch. The as-received CS were air-dried, crushed
nd sieved to particle size 1–2 mm before GAC samples prepara-
ion. GAC samples were obtained by physical activation of CS using
ne-stage and two-stage thermal methods. Accordingly, four types
f GAC were prepared as follows: A3 samples were obtained by
arbonization of CS in nitrogen at 600 ◦C for 2 h followed by acti-
ation in air at 400 ◦C for 3 h; C2 and C3 samples were prepared by
arbonization of CS in nitrogen at 900 ◦C for 2 h and further activa-
ion in CO2 at 850 ◦C for 2 and 3 h, respectively; S3 samples were
btained by carbonization of CS in nitrogen at 900 ◦C for 2 h fol-
owed by activation in steam at 850 ◦C for 3 h; finally, CS3 samples

ere prepared by direct activation of CS in steam at 850 ◦C for 3 h.
Various samples of C2 were further subjected to oxidation using

ir, air–ozone mixture, hydrogen peroxide and nitric acid. Treat-
ents with air and air–ozone mixture (1.5 vol.% O3) were carried

ut in a stainless steel fluidized bed reactor at 300 ◦C for 24 h and
t room temperature for 1 h, respectively. For the nitric acid and
ydrogen peroxide treatments, C2 samples were immersed into a
ask containing 100 mL of an aqueous solution (HNO3 5N or H2O2
N) and stirred under reflux (for nitric acid treatment) or at room
emperature (for hydrogen peroxide treatment) for 10 h. Sample
odes of oxidized GAC samples are as follows: C2-air, C2-O3, C2-
NO3 and C2-H2O2. In addition to the lab-prepared GAC samples,

he commercial grade Filtrasorb 400 (Calgon Corp., USA) was used
or comparative purposes. The as-prepared CS-GAC samples and
he as-received Filtrasorb 400 were washed with boiled distilled
ater, dried and sieved to a particle size range of 1.0–1.6 mm before

haracterization and use in adsorption experiments.
The characterization of porous texture of GAC samples was
ccomplished by adsorption of nitrogen at 77 K (Autosorb-1,
uantachrome) and mercury porosimetry (Autoscan-60, Quan-

achrome). The BET and �-plot methods were used to evaluate the
urface area (SBET and Sext) and micropore volume (Vmi) from N2
dsorption data [19,20]. The mesopore and macropore volumes

u
c
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o
o
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ere deduced from mercury intrusion data. Chemical surface of
AC samples was characterized by analyzing the concentration of
OCs and the PZC by the Boehm and Noh and Schawrz’s methods,
espectively [21,22].

.2. Adsorption isotherms

Standard stock copper and cobalt solutions (100 mg/L) were pre-
ared by dissolving Cu(NO3)2·3H2O and Co(NO3)·6H2O (Panreac,
eagent grade), respectively, into ultrapure water (Millipore Milli-

system) acidified to pH 5 with nitric acid. This pH value was
hosen as it has been reported as optimum for the adsorption of
u(II) and Co(II) ions onto GAC prepared from apricot stones [23].
dsorption isotherms were obtained at 25 ◦C using the bottle point
ethod. GAC samples weighing from 50 to 800 mg were placed in

ottles containing 20 mL of metal stock solution. Each bottle was
gitated by means of an orbital shaker (JP Selecta Unitronic-Orbital)
t 50 rpm for 24 h to allow the GAC sample to adsorb metal species
ntil equilibrium. Thereafter, GAC particles were decanted and liq-
id sample was withdrawn, filtered with 0.45 �m membrane and
he filtrate analyzed for pH and metal concentration. A Radiometer
openhagen pH meter was used for pH measurement and a Var-

an SpectrAA 140 atomic absorption spectrometer for copper and
obalt concentrations. Copper and cobalt atomic absorption stan-
ard solutions (Aldrich AA) were used for calibration purposes. The
mount of adsorbed metal (qe) was deduced from the mass balance
q. (1):

e = (C0 − Ce)V
w

(1)

here C0 and Ce stand for the initial and equilibrium concentrations
f metal in the aqueous solution, V is the solution volume and w is
he weight of the GAC sample.

. Results and discussion

.1. Porous and chemical properties of GAC samples

Some textural and chemical surface properties of the GAC sam-
les used in this work are summarized in Table 1. As it is apparent
rom the data of the CS carbons, the texture and chemical surface of
he samples strongly depend on the method of activation and the
urther oxidation treatment. The air-activated GAC (A3 sample) had
he lowest surface area and pore volume. The activation with CO2
ssentially developed the carbon micro- and macropore structure
s the volume of mesopores of the samples C2 and C3 remained
ather low (<0.1 cm3/g). With this activating agent, the increase in
he activation time from 2 (C2 sample) to 3 h (C3 sample) resulted
n the build-up of porosity over the whole range of pore size. The
AC sample prepared by carbonization of CS followed by activa-

ion of the resulting char in steam for 3 h (S3 sample) produced a
ell-developed porosity with almost equal surface area and vol-
me of micropores and mesopores than commercial GAC Filtrasorb
00. The sample obtained by direct pyrolysis of CS in steam for 3 h
CS3 sample) showed textural properties in-between the C3 and S3
amples.

All the oxidative treatments performed on the C2 sample led
o decreases of the BET surface area and the micropore volume
hile the external surface area and the volumes of large pores

meso- and macropores) were increased, taking the respective val-

es of the precursor C2 as the base for comparison. These effects
an be most likely due to pore widening (micropore destruction)
nd/or micropore blockage by the formation of SOCs [12,24]. It was
bserved that the extent of changes in textural properties depended
n the type of oxidation treatment. Thus, the effect of the nitric acid
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Fig. 2. Adsorption isotherms of Cu(II) on various GACs. Symbols: (�) Filtrasorb 400;
(�) A3; (©) C2; (�) C3; (�) S3; (♦) CS3. Lines: Langmuir model.

Table 2
Langmuir isotherm parameters for the adsorption of Cu(II) onto the GAC samples
used in this work

GAC qm (mg/g) KL (L/mg) R2

Filtrasorb 400 7.25 ± 0.19 0.16 ± 0.02 0.981
A3 4.13 ± 0.06 0.14 ± 0.01 0.993
C2 5.17 ± 0.19 0.17 ± 0.03 0.978
C3 7.04 ± 0.23 0.12 ± 0.02 0.979
S3 6.51 ± 0.18 0.13 ± 0.02 0.987
CS3 5.44 ± 0.15 0.18 ± 0.03 0.979
C2-air 16.50 ± 1.09 0.06 ± 0.01 0.970
C
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ig. 1. Distribution of acidic SOC on various GAC samples. Effect of oxidizing agents.

reatment was more severe than the others, the surface area and
icropore volume decreasing markedly. Contrary, the ozonation

arely affected the textural properties of the non-oxidized C2 sam-
le. A small development of the mesoporosity is the only relevant
hange produced by ozone from the textural point of view. Owing
o the molecular size and geometry of the ozone molecule as well
s its high reactivity with carbon, the ozonation process was most
ikely controlled by diffusion into pores [25]. Hence, ozonation was
o be produced mainly on mesopores leaving the GAC micropore
tructure unaltered.

Concerning chemical surface properties, all the oxidative treat-
ents resulted in the fixation of acidic SOCs and the removal of

asic SOCs. As a result, PZC of the oxidized samples came down well
elow the value corresponding to the precursor C2. From Table 1 it

s observed that, at the conditions applied in this work, the nitric
cid and ozone treatments produced changes in the surface chem-
stry of the C2 sample greater than oxidations with air and hydrogen
eroxide. Fig. 1 shows the distribution of individual acidic SOCs (i.e.,
arboxylic, lactone, hydroxyl and carbonyl) on the oxidized GACs.
rom this figure it is seen that the samples treated with nitric acid
nd ozone had higher amounts of the strongest acidic functionali-
ies (i.e., carboxylic) than the samples oxidized with air and H2O2,
hich had predominance of hydroxyl and carbonyl groups.

.2. Cu(II) uptake on non-oxidized activated carbons
The adsorption isotherms of Cu(II) ions from aqueous solution
n A3, C2, C3, S3, CS3 and Filtrasorb 400 samples are shown in
ig. 2. The adsorption data were analyzed according to the Langmuir

r
t
i
o

able 1
ome properties of the GAC samples used in this work

AC SBET (m2/g) Sext (m2/g) Vmi (cm3/g) Vme (cm3/g)

iltrasorb 400 866 122 0.351 0.166
3 508 30 0.231 0.038
2 604 35 0.299 0.055
3 731 62 0.347 0.075
3 901 122 0.383 0.134
S3 771 87 0.336 0.113
2-air 469 37 0.207 0.062
2-O3 603 46 0.278 0.073
2-HNO3 399 50 0.166 0.097
2-H2O2 591 50 0.261 0.084
2-O3 22.21 ± 1.11 0.51 ± 0.09 0.965
2-HNO3 28.12 ± 1.02 0.40 ± 0.04 0.988
2-H2O2 14.79 ± 1.01 0.12 ± 0.03 0.944

sotherm given in the following Eq. (2).

e = qmKLCe

1 + KLCe
(2)

The parameters of the model, qm and KL, which are related to the
dsorption capacity and the adsorption affinity, respectively, and
he coefficient of determination, R2, are summarized in Table 2 as
etermined from the regression analysis of experimental data. The
orrelation of data (R2 > 0.97) suggests that the Langmuir isotherm
rovides a good model equation to describe the Cu(II) adsorption
quilibrium for over the concentration range studied. Comparing

esults of Fig. 2 with data from the literature one can conclude that
he non-oxidized GACs prepared by physical activation of CS exhib-
ted a capacity to adsorb Cu(II) ions noticeably lower than those of
ther materials such as ion-exchange resins and oxidized activated

Vma (cm3/g) Acidic SOC (�equiv./g) Basic SOC (�equiv./g) PZC

0.319 207 540 8.9
0.285 171 158 5.7
0.341 138 385 8.8
0.406 156 420 9.1
0.473 92 369 9.8
0.438 106 225 8.9
0.343 224 344 6.7
0.356 662 302 4.3
0.353 866 175 3.5
0.354 300 327 5.3
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ig. 3. Aqueous equilibrium pH after contact between aqueous solution (pH 5) and
AC samples in the presence (open symbols) and absence (solid symbols) of Cu(II)

ons. Symbols: (�), (�) A3; (�), (©) C2; (�), (�) C3; (�), (�) S3.

arbons [7,26]. Nevertheless, their Cu(II) uptake capacity was close
o that of the worldwide used Filtrasorb 400 and also to those of
ther activated carbons prepared from agricultural wastes. Thus,
or example, Ferro-Garcı́a et al. reported qm values of 8.3, 9.2 and
.2 mg/g for the adsorption of copper on GAC samples prepared
rom almond shells, olive stones and peach stones, respectively [27].
he calculated affinity constants, KL, are also in the range of those
eported for the adsorption of copper on other non-functionalized
ctivated carbons [27–29]. Comparing the adsorption capacity of
he GAC samples prepared from CS, the following order can be
stablished: C3 > CS3 ≈ S3 ≈ C2 > A3. The lowest sorption capacity
f the A3 sample, despite of its higher acidity, was likely due to its
ower surface area and less developed micro- and mesoporosity. It
s interesting to note that all non-oxidized GAC samples had PZC
bove the actual adsorption pH (i.e., pH 5). Thus, at the adsorption
onditions the carbon surface was charged positively and repul-
ion forces between [Cu(H2O)6]2+ ions (i.e., the predominant Cu(II)
pecies at pH 5 according to the speciation diagram [30]) and
he carbon surface was expected to prevent adsorption. However,
dsorption might occur through interactions between electrons �
f the basal planes of the carbon and Cu(II) ions, according to reac-
ions (3) and (4) [11]:

C� + H2O � −C� − H+ + OH− (3)

(−C� − H+) + Cu2+ � (−C�)2 − Cu2+ + 2H+ (4)

ig. 3 shows the solution pHs after adsorption of copper onto dif-
erent amounts of four non-oxidized GAC samples (A3, C2, C3 and
3). Results from blank experiments (i.e., with GAC and without
opper) are also presented. In the absence of copper, the aqueous
H increased due to the release of OH− ions according to reaction
3). Final equilibrium pH depended on the amount of GAC sam-
le and on its basicity. Thus, it can be seen that equilibrium pHs
ere noticeably higher for the C2, C3 and S3 samples (PZC > 8.5)

han for the A3 sample (PZC = 5.7). In the presence of Cu(II) ions,
he exchange reaction (4) takes place and protons are released to
he solution, thus neutralizing OH− ions from reaction (3). Accord-

ngly, small changes of pH were observed in experiments in the
resence of cooper. Nevertheless, it should be mentioned that small

ncreases of pH in experiments with the C2 and C3 samples led to
he appearance of turbidity in the aqueous solution likely due to
he precipitation of copper hydroxide.

i
C
t
C
t

ig. 4. Adsorption isotherms of Cu(II) on C2 and oxidized GAC samples. Symbols:
�) C2; (�) C2-air; (©) C2-O3; (�) C2-HNO3; (�) C2-H2O2. Lines: Langmuir model.

.3. Cu(II) uptake on oxidized activated carbons

The effect of oxidation treatments of the C2 sample on Cu(II)
ptake is shown in Fig. 4. Both, experimental isotherms and the
redictions of the Langmuir model are plotted on the figure. It is
pparent that all the applied treatments enhanced the adsorption
ehaviour of the C2 sample, despite the observed decrease in the
urface area after some of the oxidation treatments (see Table 1).
articularly, when the oxidation was carried out with ozone and
itric acid the uptake of Cu(II) ions was strongly increased. This fact

s also reflected by the parameters of Langmuir equation shown in
able 2. Thus, the maximum sorption capacity, qm, of C2-O3 and C2-
NO3 samples is about 4 and 6 times higher, respectively, than that
f the non-oxidized precursor C2. The affinity constant, KL, was also
hreefolded after the ozone treatment and more than twofolded
fter the treatment with nitric acid, suggesting a strong affinity
f both oxidized carbons toward Cu(II) ions. The air and hydrogen
eroxide treatments also gave rise to increases of qm but decreases
f KL with respect to the corresponding values of the unmodified
2 sample.

The enhancement of adsorption as a result of the oxidative treat-
ents can be mainly attributed to the fixation of large amounts of

cidic surface oxygen groups on the carbon surface. These groups
ake the GAC surface more acidic, thus lowering the PZC. In Table 1,

t can be seen that the C2-O3 and C2-HNO3 samples have PZC < 5.
t this condition, [Cu(H2O)6]2+ ions were likely attracted from the
olution to the GAC surface by electrostatic forces. Moreover, acidic
xygen complexes might behave as ion-exchange sites retaining
Cu(H2O)6]2+ species and releasing protons to the aqueous solution
nd as ligands, giving rise to the formation of metal–ligand surface
omplexes [5–8]. Fig. 5 illustrates how the overall amount of acidic
OCs was positively correlated to the copper uptake capacity of the
sed GACs (R2 = 0.93).

To gain understanding on the mechanism of Cu(II) adsorption
nto the oxidized GACs, the pH was measured for liquid samples
ollected at adsorption equilibrium. In Fig. 6 it can be observed
hat, for all the oxidized GACs, the equilibrium pH decreased with
ncreasing GAC loading. This decrease was greater for C2-O3 and

2-HNO3 samples than for C2-air and C2-H2O2 samples, suggesting
hat the change of pH was related to the Cu(II) uptake: the higher the
u(II) uptake, the higher the pH drop. Eq. (5) was applied to estimate
he net amount of protons released to the aqueous solution per
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ig. 5. Relationship between copper uptake and concentration of acidic SOC of GAC.
ymbols: � oxidized GACs; (�) non-oxidized GACs.

ass of GAC sample used:

H+ = (10−pHe − 10−pH0 )V
w

(5)

here pH0 and pHe are the measures of pH of the initial aqueous
olution (typically pH 5) and after reaching equilibrium, respec-
ively. Fig. 7 shows the plot of the amount of protons released from
he GAC against the copper uptake for the four oxidized GACs. The
ata in the 0–0.15 mmol/g qe range corresponding to C2-O3 and
2-HNO3 samples are close to the solid line (slope = 2), which is
onsistent with an ion-exchange mechanism (i.e., two hydrogen
ons are released from the GAC to the solution by each adsorbed
u(II) ion). However, data do not follow the ion-exchange guideline
or uptakes higher than 0.15 mmol/g but the ratio of hydrogen ions
isplaced to the amount of Cu(II) ions adsorbed (i.e., �H

+/qe ration)
alls down to about 0.6 and 0.8 for C2-O3 and C2-HNO3 samples,
espectively, suggesting an adsorption mechanism other than ion-

xchange. In this sense, it has been reported that the adsorption via
ormation of copper surface complexes usually yields less than two
ydrogen ions per each adsorbed Cu(II) ion, the protonation level
f the GAC surface and the type of surface functional groups deter-

ig. 6. Aqueous equilibrium pH after Cu(II) adsorption onto oxidized GACs. Symbols:
�) C2-air; (©) C2-O3; (�) C2-HNO3; (�) C2-H2O2.
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ining the particular value of the ratio �H
+/qe [8,31]. The behaviour

f C2-air and C2-H2O2 samples is also in agreement with a sur-
ace complexation mechanism rather than with an ion-exchange

echanism as the ratio �H
+/qe was as low as 0.3–0.4. The role of

OCs in the Cu(II) adsorption process might explain results of Fig. 7.
s shown in Fig. 1, C2-O3 and C2-HNO3 samples contained high
mounts of carboxylic groups. At pH 5 some of these weakly acidic
roups were likely in their protonated forms and could undergo ion-
xchange reactions and thereafter form inner surface complexes
ith Cu (II) ions:

(−COOH) + Cu2+ � (−COO)2Cu + 2H+ (6)

rom results of Fig. 7 it can be deduced that equilibrium (6) is
he prevailing adsorption mechanism on C2-O3 and C2-HNO3 sam-
les at low copper loading (i.e., qe < 0.15 mmol/g). At higher copper

oading non-protonated carboxylic groups and other acidic SOCs
e.g., hydroxyl groups) could also bind Cu(II) ions by surface com-
lexation, releasing less than one hydrogen ion by each Cu(II) ion
dsorbed [31]. C2-air and C2-H2O2 samples have low concentration
f carboxylic groups and therefore the contribution of reaction (6)
o the overall Cu(II) adsorption is though to be rather low. In these
amples, copper adsorption is likely to occur mainly through the
ormation of surface complexes with the participation of hydroxyl
roups.

.4. Comparison between the Cu(II) and Co(II) uptakes on
zonated activated carbon

In the previous section, it has been shown that the treatment of a
AC with ozone improved its sorption capacity for Cu(II). To further

nvestigate whether this effect was also observed on the adsorp-
ion of other divalent metal, adsorption isotherms of Co(II) from
ingle-solute system and Co(II)–Cu(II) mixture onto C2 and C2-O3
AC samples were obtained. Results are shown in Fig. 8 together
ith curve fits according to the Langmuir model, whose parame-

ers are listed in Table 3. Note that data of Cu(II) adsorption from
ingle solute solution presented in the previous sections are also
eproduced in Fig. 8 and Table 3 for the sake of comparison. From

ig. 8 it is apparent that the ozone treatment of the C2 sample
reatly improved the uptake capacity of this GAC for both Cu(II)
nd Co(II) regardless whether they were in single solute or binary
ixture aqueous solution. Thus, for example, the maximum capac-

ty of Co(II) adsorption (i.e., qm) increased by 3.2 and 4 times upon

ig. 7. Amount of hydrogen ions displaced with the amount of Cu(II) ions adsorbed
nto oxidized GACs. Symbols: (�) C2-air; (©) C2-O3; (�) C2-HNO3; (�) C2-H2O2.
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ig. 8. Adsorption isotherms of Cu(II) and Co(II) on C2 and C2-O3 samples. Symbols:
�), (�) C2, Cu(II); (�), (�) C2, Co(II); (�), (�) C2-O3, Cu(II); (�), (©) C2-O3, Co(II).
pen symbols correspond to single solute isotherms and solid symbols correspond

o competitive isotherms. Lines: Langmuir model.

2 ozonation as deduced from single and binary system isotherms,
espectively.

In Fig. 8, it was also observed that copper was favourably
dsorbed on the C2-O3 sample over cobalt while on the C2 sam-
le the adsorption capacity of both metals was quite similar. Both
angmuir parameters, qm and KL, are noticeably higher for the
dsorption of copper than for the adsorption of cobalt suggesting
ot only greater adsorption capacity but also a stronger affinity
f the ozonated GAC for Cu(II) species. Strelko and Malik reached
imilar results with the GAC Filtrasorb 400 treated with nitric acid
7]. They attributed the greater adsorption of Cu(II) to the higher
tability of the copper surface complexes in comparison with the
obalt surface complexes. This argument agrees with the proposed
echanism for the metal adsorption through surface complexation.
Another interesting result from Fig. 8 and Table 3 is that simul-

aneous adsorption of Cu(II) and Co(II) species lowered the uptake
f these individual metals, indicating that there was competitive
dsorption between Cu(II) and Co(II) species for the GAC active
ites. Compared to its adsorption in single solute system, the max-
mum Cu(II) uptake on C2 and C2-O3 was decreased by 30% and
0%, respectively. Similarly, the maximum uptake of Co(II) was
educed by 30% and 25%, respectively. These results indicate that
he suppression of adsorption of individual metal species because

f competition was somewhat higher with the non-oxidized GAC
han with the ozonated one. Despite competitive adsorption, the
otal amount of metal species adsorbed from the binary mixture
as higher than Cu(II) adsorption or Co(II) adsorption from single-

olute systems.

able 3
angmuir isotherm parameters for the adsorption of Cu(II) and Co(II) from single-
olute and a binary mixture aqueous solutions

AC Solution/metal qm (�mol/g) KL (L/mmol) R2

2 Single solute/Cu(II) 86.80 ± 3.29 8.88 ± 1.66 0.978
Single solute/Co(II) 84.72 ± 2.12 5.58 ± 0.64 0.991
Binary mixture/Cu(II) 52.79 ± 2.80 10.94 ± 3.60 0.937
Binary mixture/Co(II) 51.38 ± 3.84 4.80 ± 0.18 0.963

2-
3

Single solute/Cu(II) 347.05 ± 17.81 34.46 ± 6.77 0.965
Single solute/Co(II) 273.62 ± 16.92 4.52 ± 0.79 0.977
Binary mixture/Cu(II) 301.76 ± 5.34 16.20 ± 1.29 0.994
Binary mixture/Co(II) 203.79 ± 8.59 3.86 ± 0.58 0.986

R
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. Conclusions

The results of this study show that CS can be used as raw material
o produce GACs that can be applied in water and wastewater treat-

ent for the adsorption of metal species. GACs were prepared by
onventional physical activation using different activating agents
air, carbon dioxide and steam). They showed reasonably high sur-
ace areas (508–901 m2/g) but low capacity to adsorb Cu(II) species
4–7 mg/g). The basic character and/or the low mesopore volume
f these GACs might be major reasons of the low Cu(II) uptake
apacity. Oxidation of a CS-prepared GACs with different agents
air, ozone, nitric acid and hydrogen peroxide) yielded acidic SOCs
hat made the carbon surface more hydrophilic, thereby improving
he adsorption capacity for Cu(II) up to about 15–28 mg/g. Oxida-
ions with ozone and nitric acid led to the fixation of high amounts
f carboxylic groups, whereas treatments with air and hydrogen
eroxide gave mainly hydroxyl and carbonyl groups. The treatment
ith ozone, at the conditions applied in this work, did not change

ppreciably the surface area and micropore volume of the precur-
or GAC, whereas the treatments with air and nitric acid decreased
urface area by 22% and 34%, respectively. Because of the high reac-
ivity of ozone with activated carbons, it is though that SOCs were
xed on the mesopore structure leaving the non-polar surface of
icropores practically unaffected. Therefore, effective bifunctional
ACs (micropore surface able to adsorb small non-polar organic
olecules and hydrophilic external surface with SOCs able to bind
etal species) to be used in water treatment could be obtained by

unctionalization of GAC with ozone.
The results of this work show the improved ability of a GAC

reated with ozone to adsorb Cu(II) and Co(II) species from single-
olute and binary mixture aqueous solutions. Ozone treatment was
ound to be more effective than air and hydrogen peroxide treat-

ents and similar effective that the treatment of the GAC with nitric
cid in order to enhance its Cu(II) uptake capacity. Adsorption of
u(II) species onto highly oxidized GACs (ozone and nitric acid) pro-
eeded through an ion-exchange mechanism at low metal loading
nd by surface complexation at high metal loading. Further work
s to be made to extend these results to systems with other metals
nd organic compounds.
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