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Abstract

This work presents conditions for hexavalent and trivalent chromium removal from aqueous solutions using natural, protonated and thermally
treated Ectodermis of Opuntia. A removal of 77% of Cr(VI) and 99% of Cr(III) can be achieved. The sorbent material is characterized using scanning
electron microscopy, energy dispersive X-ray spectroscopy, infrared spectroscopy, thermogravimetric analysis, before and after the contact with
the chromium containing aqueous media. The results obtained from the characterization techniques indicate that the metal ion remains on the
surface of the sorbent material. The percentage removal is found to depend on the initial chromium concentration and pH. The Cr(VI) and Cr(III)
uptake process is maximum at pH 4, using 0.1 g of sorbent per liter of aqueous solution. The natural Ectodermis of Opuntia showed a chromium
adsorption capacity that was adequately described by the Langmuir adsorption isotherm. Finally, an actual mine drainage sample that contained
Cd, Cr, Cu, Fe Zn, Ni and Pb was tested under optimal conditions for chromium removal and Ectodermis of Opuntia was found to be a suitable
sorbent material. The use of this waste material for the treatment of metal-containing aqueous solutions as well as mine drainage is effective and

economical.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The term “heavy metals” refers to metallic elements hav-
ing a density equal to or greater than 6.0 gcm™>. The most
common heavy metals are cadmium (8.65 gcm ™), chromium
(7.14gem™3), copper (8.95gcm™3), lead (11.34gcm™3),
mercury (13.53gcm_3), nickel (8.91 gcm_3) and zinc
(7.14 gem™3) [1].

Hexavalent chromium Cr(VI) is a major pollutant present in
industrial wastewaters common to the metal and mineral pro-
cessing, as well as plating industries. Cr(VI) is carcinogenic and
mutagenic, as well as being a strong oxidizing agent, which
irritates plant and animal tissues even in small quantities. It dif-
fuses rapidly through soils and aquatic environments, as well
as readily passing through the skin. Cr(VI) species in aqueous
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solutions are Cry072~, CrO42~ and HCrO4 ™, the relative dis-
tribution of which depends on the solution pH and on the Cr(VI)
concentration. However, since these ions do not form insoluble
compounds, it is not feasible to separate them from wastewater
through a direct precipitation method [2].

Adsorption is a physiochemical wastewater treatment pro-
cess, which is gaining prominence as a means of producing high
quality effluents, which are low in metal ion concentrations [3].
The development of inexpensive adsorbents for the treatment
of wastewaters is an important area in environmental sciences
[4-5].

The removal of Cr(VI) from wastewater can be achieved
via sorption-based processes, including synthetic resin [6,7],
activated carbon [8], inorganic sorbent material [9], crab shell
[10], thermally treated biomass of the brown seaweed, ecklonia
sp. [11], polyacrylamide-grafted coconut coir pith [12], ligno-
cellulosic substrate extracted from wheat bran [13], roots of
typha Latifolia [14], eucalyptus bark [15], carrot residue [16]
or the so-called biosorbents derived from dead biomass. Of
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these, biosorbents are considered the cheapest, most abundant
and environmental friendly option [17,18].

This paper examines the sorption of Cr(VI) and Cr(II) from
aqueous solutions and actual mine drainage containing, Cd, Cr,
Cu, Fe, Ni, Pb and Zn. Comparing these reveals the influence of
the pH, analyte concentration and presence of competing ions.
Moreover, in addition to the elemental analysis, we used infrared
spectroscopy, scanning electron microscopy and thermogravi-
metric analysis to characterize the Ectodermis of Opuntia before
and after contact with the metal solution.

2. Materials and methods
2.1. Conditioning of Ectodermis of Opuntia

Natural Ectodermis of Opuntia. The Ectodermis of Opun-
tia was collected from the municipality of Temascalapa in the
northern part of the Estado de México. The raw sample was
washed with distilled water; sun-dried for 7 days, then dehy-
drated at 70 °C for 5 h on a stove. Once the biomass cooled off,
it was crushed, milled and sieved through a No. 20 mesh. There-
after, the material was stored in a desiccator. The resulting dried
biomass was designated as the control biomass in this article.

Protonated Ectodermis of Opuntia. In order to prepare the
protonated biomass, the control was treated with a 1 M H,SOq4
solution (145 mL/10 g) for 24 h, which replaced the natural mix
of ionic species with protons and sulfates. The acid-treated bio-
material was washed with deionized distilled water several times
and thereafter dried at room temperature for 3 days. The result-
ing biomass was designated as the protonated biomass.

Thermally treated Ectodermis of Opuntia. Control samples
were kept in ovens at 60 and 100 °C for 24 h. Both thermally
treated biomasses were stored in a desiccator. The resulting
biomasses were designated as the thermally treated biomasses.

In this article, the comparison of the efficiencies for Cr(VI)
and Cr(III) removal is presented in Section 3.3. Everywhere else,
the results presented correspond to the control biomass.

2.2. Metal detection in aqueous solution

The colorimetric method was used to measure the concentra-
tions of the chromium species. A solution of 1-5 diphenylcar-
bazide in acid forms a pink complex with Cr(VI), which can
be spectrophotometrically analyzed at 540 nm (Perkin-Elmer
Lamba 25). To estimate the total Cr concentration, Cr(III) was
oxidized to Cr(VI) at high temperature (130°C) by the addi-
tion of excess of potassium permanganate prior to using the 1-5
diphenylcarbazide method. Cr(III) concentration was calculated
as the difference between total Cr and Cr(VI) concentrations
[19]. Since the mine drainage contains Cd, Cr, Cu, Fe, Ni, Pb
and Zn, the methods described in AWWA were used [20].

2.3. Batch experiments
Adsorption studies were carried out by batch technique to

obtain rate and equilibrium data. For these investigations a series
of test tubes containing equal volumes (10 mL in each case) of

adsorbate solutions of varying concentration were employed, at
selected pH (2 or 4). A known amount of adsorbent (0.1 g or
0.05 g) of particle size 20 mesh was then added into each test
tube and agitated intermittently from 5 min to 24 h. Equilibrium
was attained in 1h. Shaking for anytime between 1 and 24 h
gave practically the same uptake. Adsorbate initial concentration
ranged from 50mgL~! to 500 mgL~'. This methodology has
been previously proposed [20a,24].

To optimize the adsorbent concentration for the Cr removal
from the aqueous solution, the adsorption studies were carried
out at two different adsorbent doses. The effect of the pH was
determined by studying the adsorption of metal ions at fixed
concentrations at different pH values (2 and 4). At specific time
intervals, the test solutions were centrifuged to separate the
adsorbent material and the supernatant. The adsorbent material
was dried and characterized using SEM, while the supernatant
was analyzed for aqueous metal concentration using the 1-5
dyphenilcarbacide method. All experiments were conducted in
duplicate.

2.4. Adsorption models

The results obtained by the adsorption experiments were ana-
lyzed by the models of Langmuir and Freundlich. The Langmuir
isotherm model assumes uniform energies of adsorption onto the
surface with no transmigration of adsorbate in the plane of the
surface. The linear form of the Langmuir isotherm is given by
Eq. (1), where ¢, is the amount adsorbed (mgg~!), C. is the
equilibrium concentration of the adsorbate (mgL~"), and Q°
and b are the Langmuir constants related to maximum adsorp-
tion capacity and energy of adsorption, respectively

Ce 1 Ce
P (w) * (g) M

The adsorption data was also analyzed by the Freundlich model.
The logarithmic form of the Freundlich model is given by Eq.
(2), where ¢ is the amount adsorbed (mg g~!), Ce is the equi-
librium concentration of the adsorbate (mgL '), and Kf and n
are Freundlich constants related to the adsorption capacity and
adsorption intensity, respectively [21,22]

logge =log Kr + (1/n)log Ce 2)
2.5. Bromatological analysis

The Ectodermis of Opuntia before and after the contact with
the chromium was analyzed for cellulose, hemicellulose, fiber
content and humidity in accordance with food legislation [23].

2.6. Fourier transform infrared analysis (FTIR)

Infrared spectra of the biomass were obtained using a Fourier
transform infrared spectrometer (FTIR Nicollet AVATAR 360).
For the FTIR study, 30 mg of finely ground biomass was encap-
sulated in 300 mg of KBr (Sigma) in order to prepare translucent
sample disks.
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2.7. Scanning electron microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS)

After the metal-biomass contact experiments, the samples
were characterized by SEM. The samples mounted directly onto
metal studs were analyzed in a JEOL JSM-5900 LV microscope
to obtain information regarding the surface morphology. The
secondary electron images of the material depict approximate
sizes in the range of a few microns. A DX-4 analyser was cou-
pled to the microscope to perform the energy dispersive X-ray
spectroscopy, which offers in situ elemental analysis.

2.8. Thermal analysis (TGA)

The thermogravimetric analysis was carried out using a
TA instruments TGA 51 thermogravimetric analyser, which
was operated in a nitrogen atmosphere at a heating rate of
10°Cmin~! from 25 to 600 °C.

3. Results
3.1. Kinetic studies

Preliminary studies on the rate of removal of Cr(VI) and
Cr(III) by the control Ectodermis of Opuntia indicated the sorp-
tion process to be quite rapid. The amount of Ectodermis of
Opuntia is related to the amount of chromium removed. With
50mg, about 55% of the adsorption capacity for Cr(VI) was
attained within the first hour of contact, and 77% for Cr(III).
When 100 mg is used, the maximum Cr(IIT) and Cr(VI) removal
occurs. The initial rapid adsorption gives way to a very slow
approach to equilibrium, and saturation is reached beyond 1h
(Fig. 1).

It is also evident from Fig. 1 that at low concentration
(50 mg L=1) 99% of Cr(III) is removed. It was also found that at
fixed concentration the rate of removal of Cr(VI) and Cr(III)
increases with an increase in the amount of biomass. Thus,
100 mg of biomass has been used in all subsequent studies.
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Fig. 1. Hexavalent and trivalent chromium removal from aqueous solution as a
function of time. The chromium concentration (Cr(VI) or Cr(III)) in the aqueous
solution was 50 mg L', the amount of the control biomass is indicated in the
figure for each case, the pH of the solution was 4 and the temperature 18 £+ 1 °C.

The above observations can be explained on the basis of the
following two consecutive steps, which may be involved in the
adsorption of metal ions by an adsorbent: (a) transport of the ion
from the bulk solution to the external surface of the adsorbent,
and (b) adsorption of the metal ions on the exterior surface of the
adsorbent [24]. Further discussion is provided in Section 3.6.

3.2. pH dependence of chromium removal

The pH of the aqueous solution is an important controlling
parameter in the heavy metal adsorption processes. Its role on
the chromium binding was studied by varying the initial concen-
tration of nitric acid in the solution; we use the control biomass
to do this test. Fig. 2 shows the removal of Cr mainly depends
on the proton concentration. The lower the proton concentration,
the higher the efficiency of the Cr removal. In the case of Cr(VI),
this effect has been explained by: a surface exchange reaction
between chromate and hydroxyl ions, which favors chromate
adsorption in acidic media, and by the reduction process of hex-
avalent to trivalent chromium, which requires a large amount
of proton. At pH values below 4, the concentration of soluble
trivalent chromium increases when pH decreases, which can
be attributed to an increasing competition between protons and
trivalent chromium toward surface sites. The effect of pH on
the uptake of Cr(VI) and Cr(III) is shown in Fig. 2. This figure
shows a greater sorption at pH 4, compared to that at pH 2. The
increase in the removal could be related to the surface charges
that are strongly dependent on the pH of the solution [25,26].

3.3. Adsorption isotherms

To determine the mechanistic parameters associated with
Cr(VI) and Cr(IIl) adsorption, the results of the experiments
were analyzed according to the Langmuir and Freundlich mod-
els. The adsorption isotherm studies are of fundamental impor-
tance in determining the adsorption capacity of Cr(VI) and
Cr(III) onto the biomasses. Table 1 shows the absorption param-
eters for all the biomasses. The values of Q° and the 7 using the
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Fig. 2. Sorption of Cr(VI) and Cr(II) in time at pH 2 and 4. The concentration
of the aqueous solution was 50mgL~! in each case. The amount of control
biomass used was 100 mg.
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Table 1

Langmuir and Freundlich constants for the removal of Cr(VI) and Cr(III)

Pollutant-biomass/ Langmuir Freundlich

parameters Qmege) 2 Kpmggh) P

Cr(VI)-control 6.22 0971 1.27 0.957

Cr(III)-control 11.72 0.920 2.69 0.823

Cr(VI)-protonated 3.47 0991 2.79 0.982

Cr(IIT)-protonated 13.12 0.792  1.492 0.901

Cr(VI)-thermally treated 291 0.716  0.448 0.632
(60°C)

Cr(II)-thermally treated 15.38 0.772  1.01 0.923
(60°C)

Cr(VI)-thermally treated 2.38 0.951 1.06 0.443
(100°C)

Cr(III)-thermally treated 10.64 0.547 1.12 0.706
(100°C)

Langmuir model are higher for the control biomass with Cr(VI)
and Cr(II). On the other hand, the protonated, thermally treated
(60 and 100 °C) for Cr(VI) the best correlation are obtained using
the Langmuir model, however, Cr(III) shows better correlation
values with the Freundlich model using biomass protonated,
thermally treated (60 and 100 °C). The variation in the fitted
values using the Langmuir and Freundlich models have been
also been found in recent reports which indicate that Cr(VI) can
be described by the Freundlich isotherm, however, the Lang-
muir values fit well to experimental results only for a limited
range of concentrations. The authors conclude that these phe-

nomena can be due to the heterogeneity of the adsorbent material
[12,30].

3.4. Bromatological analysis

A bromatological test provides information regarding the
fiber and moisture content, as well as the nature of food. In these
cases, we look for the principal components of the Ectodermis
of Opuntia, namely the amount of cellulose and hemicellulose.
These components contain functional groups such as carbonyl,
methyl, and hydroxyl groups that interact with the metal ions
present in aqueous solutions as shown in the IR characterization.
The components of the control material are shown in Table 2. The
cellulose amount decreased after the Cr(Ill) sorption because
the sorption takes place in an acid medium. As explained by
Nevell, “the glycosidic linkage in cellulose is susceptible to acid-
catalyzed hydrolysis. The mechanism of the reaction comprises
three stages: rapid protonation of the glycosidic oxygen atom,
slow transfer of the positive charge with consequent formation
of a carbonium ion and fission of the glycosidic bond, and attack

Table 2
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Fig. 3. FTIR spectra of the control biomass (A) after and (B) before the contact
with a 50 mg L~ chromium (III) solution, at pH 4.

on the carbonium ion by water to give the free sugar residue and
to re-form the hydroxinum ion” [27].

3.5. Infrared spectroscopy analysis

Fig. 3, show the FTIR spectra of the control biomass. These
spectra display a number of absorption peaks, indicating the
complex nature of the examined biomass.

Table 3 shows the infrared absorption frequencies of each
peak and the corresponding functional group. The broad absorp-
tion peak around 3428cm™! is indicative of the presence
of the —OH groups of cellulose. The strong absorption peak
at 2850cm™! is assigned to —CH stretching, and those at
1623 cm~! to C=0 stretching and C=0 chelate stretching of
carboxyl groups. The absorption peak at 1414 cm™! is assigned
to the symmetric bending of the CH3. The bands at 1317
and 1050 cm™! are indications of carbohydrate units [28-30].
Although slight changes in the absorption peak frequencies can

Bromatological analysis of the control biomass before and after the contact with a 100 mg L~ Cr(III) aqueous solution, the pH of the solution was 4.0

Material % Cellulose % Hemicellulose % Lignin % Humidity
Ectodermis of Opuntia before the Cr-contact 28.2 14.4 14.5 7.22
Ectodermis of Opuntia after the Cr-contact 23.8 12.3 13.82 7.14




850

Table 3
Functional groups of the Ectodermis of Opuntia and the corresponding Infrared
absorption frequencies

Frequency (cm™!) Assignment

3428 Hydroxyl group

2850 C-H stretching

1623 C=0O0 stretching of COOH
1414 Symmetric bending of CH3
1317 Carbohydrate groups

1050 Carbohydrate groups

be observed in Fig. 3B, it was difficult to interpret how these
shifts were related with Cr biosorption. However, the position of
the peaks indicates that after the biosorption process the biomass
contains the same functional groups.

3.6. Cr sorption mechanism

The surface sorbent properties determine the sorption mech-
anisms. The most commonly reported mechanisms for metal
ion sorption are ion exchange, electrostatic interaction, chela-
tion, precipitation and complexation. However, for anions, elec-
trostatic interaction plays an important role in allowing the
approach of the ions to the sorbent surfaces [31]. To under-
stand the Cr(VI) sorption mechanism is important to consider
the Cr(VI) speciation in the actual aqueous solution, in this study
HCrO4~ and Cr,O72~ anions account for about 80 and 20%,
respectively. At pH 4, the sorbent surface is positively charged
due to protonation, while the sorbate, dichromate ion, exists
mostly as an anion leading to the electrostatic attraction between
sorbent and sorbate. Fig. 4 shows the possible way this interac-
tion occurs. Similar results have been reported recently [32].

In the case of Cr(IIl), at pH values below 4, the main specie
is Cr* [2]. As presented in the infrared spectroscopy analy-
sis section, there is a broad absorption peak around 3428 cm™!

CH,OH
0
OH H
\ S
OH
CH,OH
0
OH + Cr,0,2 + HCro™*
OH
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CH,0"

CH,0"

0 o

Fig.5. Scheme of the possible Cr(IIl) interaction with the cellulose of the control
biomass.

indicating of the presence of the —OH groups of cellulose. This
functional group is responsible for Cr(III) sorption, a schematic
representation of the phenomena is shown in Fig. 5. This result
agrees with recent research, which indicates that metal binding
is due to the interaction with the vicinal hydroxyl groups [33].
Another mechanism that is implicated in the removal of
Cr(VI) under acidic conditions is the reduction of Cr(VI) to
Cr(II). This implies that there is proton consumption in the
Cr(VI) reduction. Recent research indicates that the participa-
tion of protons in the reduction can be explained as: (a) protons
can be released from, or bound to, various functional groups of
the biomass depending on the solution pH, and (b) protons are
consumed during the reduction of Cr(VI) according to reactions

CH,OH,
O

OH

OH

CH,OH,*  HCrO,;-
o

OH

Fig. 4. Scheme of the possible Cr(VI) interaction with the cellulose of the control biomass.
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(3) and (4) [19,29]:
HCrO4~ +7HT + 3¢~ < Cr*t +4H,0 (3)
Cr07% + 14H' + 66~ < 2Cr*t +7H,0 4)

In order to investigate the contribution of each mechanisms
for Cr(VI) removal from aqueous solution, future research
should use a larger working volume in order to measure pH
changes during the contact tests or maintain a constant pH using
a buffer or additions of NaOH or H>SOj4 solutions during the
metal biosorption.

3.7. Scanning electron microscopy (SEM)

The scanning electron micrographs (Fig. 6) clearly reveal the
surface texture and porosity of the sample. These micrographs
give clues to the sorption process. In Fig. 6a, the surface of the
biomass is a continuous structure with features around 100 pwm,
while in Fig. 6b, new shiny, bulky, spherical particles containing
chromium have formed. This result agrees with the adsorption
model described by Langmuir as previously discussed above.
The presence of Cr over the surface of the control biomass was
confirmed by EDX analysis, as shown in Fig. 7.

LOP LA aE
P8

RPCLCRG&B

“$5s

Fig. 6. Scanning electron microphotographs of the control biomass (a) before
and (b) after the contact with a Cr(III) aqueous solution. The pH of the aqueous
media was 4, the amount of Ectodermis of Opuntia was 100 mg and the contact
time was 1 h.
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Fig. 7. Elemental composition of the control biomass (a) before and (b) after
the contact with a Cr(III) aqueous solution. The pH of the aqueous media was
4, the amount of Ectodermis of Opuntia was 100 mg and the contact time was
Lh.

3.8. Thermal analyses (TGA)

Fig. 8 shows the thermogravimetric behavior of the Ectoder-
mis of Opuntia. The maximum weight loss due to degradation
is 60%. By 250 °C all of the moisture is gone and the change in
the thermogravimetric slope indicates significant material loss.
Once the temperature reaches 450 °C, the amount of material
remains constant indicating the inorganic fraction of the Ecto-
dermis of Opuntia. This analysis provides information regarding
the mass reduction of the material with temperature. From the
environmental point of view, once the metal ions are sequestered
from the aqueous solution a significant reduction of the sorbent
mass can be achieved, if the sorbent containing the metal ions is

120
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80 RN

60 1 R
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40 Teee L ———— )

201

0 100 200 300 400 500 600 700
Temperature [°C]

Fig. 8. Thermal behavior of the Ectodermis of Opuntia containg Cr(III).
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Table 4
Metal removal of mine drainage using the control Ectodermis of Opuntia

Pollutant Initial concentration (mg L") Final concentration (mgL™")
Cd 1.14 BDL
Cr 2.86 BDL
Cu 0.19 BDL
Fe 679.16 36.53
Zn 76.2 19.28
Ni 1.06 BDL
Pb 0.5 BDL

BDL: Below detectable limit.

heated. This could result in a reduction in the by-products and
disposal cost of the wastewater treatment. As recently stated,
the removal of toxic substances from wastewater using low-cost
alternatives to activated carbon is an important area in environ-
mental sciences [23].

3.9. Mine drainage sorption experiments

To test the applicability of the sorption process, actual mine
drainage samples containing Cd, Cr, Cu, Fe Zn, Ni and Pb were
evaluated. Control adsorbent was added to these samples and the
change in metal ion content was measured. The pH of the solu-
tion was 4, the contact time was 1 h and the amount of control
adsorbent was 100 mg. The results of the removal of the metal
ions from the solution are shown in Table 4. All of the metal
ions were detected in the original mine drainage by means of
atomic absorption spectroscopy. The biomass adsorbent effec-
tively sequestered all of the metals in the mine samples.

4. Conclusions

Ectodermis of Opuntia is a sorbent material capable of
removing Cr(VI) and Cr(IIT) from aqueous solutions. The nat-
urally occurring control biosorbent removes Cr(VI) and Cr(III)
from aqueous solutions in a greater amount than the treated
biomass. The equilibrium of the metal ion sorption is reached
within 1h. The sorption capacity at pH 4 is higher than at
pH 2. The bromatologycal analysis indicates the presence of
cellulose and hemicellulose in the biomass, while infrared spec-
troscopy identifies the functional groups. Experimental sorption
data adequately correlated with the Langmuir model. SEM anal-
ysis indicates that the chromium sorption takes place on the
surface of the control biomass. EDX analysis confirms the metal
presence in the sorbent material after contact with the solutions.
The thermogravimetric analysis indicates that at a temperature
of 400 °C there is a large mass consolidation.

These results demonstrate the great potential of plant bioma-
terial residues, as low-cost heavy metal adsorbents. The heavy
metal removal technique using such biomaterials would be an
effective method for the economic treatment of wastewater.

Acknowledgements

The authors wish to acknowledge the support given by
CONACYT and The Universidad Autonoma del Estado de Mex-

ico, specially the Facultad de Quimica (Project 2054/2005).
H. Barrera gratefully acknowledges the support given by the
CONACYT Masters Scholarship.

References

[1] J. Wright, Heavy Metals and Pollution of the Lithosphere., Taylor and
Francis Group, Routledge, New York, 2003 (First published).

[2] C. Barrera-Diaz, M. Palomar-Pardavé, M. Romero-Romo, S. Martinez,
Chemical and electrochemical considerations on the removal process of
hexavalent chromium from aqueous media, J. Appl. Electrochem. 33
(2003) 61-71.

[3] K.K.H. Choy, J.F. Porter, G. McKay, Single multicomponent equilib-
rium studies for the adsorption of acidic dyes on carbon from effluents,
Langmuir 20 (2004) 9646-9656.

[4] K. Wagner, S. Schulz, Adsorption of phenol, chlorophenols and dihy-
droxybenzenes onto unfunctionalized polymeric resins at temperatures
from 294. 14 to 318.15K, J. Chem. Eng. Data 46 (2001) 322-
330.

[5] A.K. Jain, V.K. Gupta, S. Jain, Suhas, Removal of chlorophenols using
industrial wastes, Environ. Sci. Technol. 38 (2004) 1195-1200.

[6] A.K. Sengupta, D. Clifford, Chromate ion exchange mechanism for cool-
ing water, Ing. Eng. Chem. Fundam. 25 (2) (1986) 249-258.

[7] E. Urefia-Nunez, P. Diaz-Jimenez, C. Barrera-Diaz, M. Romero-Romo,
M. Palomar-Pardave, Gamma radiation-induced polymerization of Fe(II)
and Fe(III) methacrylates for Cr(VI) removal from wastewater, Rad.
Phys. Chem. 68 (2003) 819-825.

[8] M. Pérez-Candela, J.M. Martin-Martinez, R. Torregrosa-Macia,
Chromium (VI) removal with activated carbons, Water Res. 29 (1995)
2174-2180.

[9] M. Lehmann, A.l. Zouboulis, K.A. Matis, Removal of metal ions from
dilute aqueous solutions: a comparative study of inorganic sorbent mate-
rials, Chemosphere 39 (1999) 881-892.

[10] HK. An, B.Y. Park, D.S. Kim, Crab shell for the removal of heavy
metal from aqueous solution, Water Res. 35 (15) (2001) 3551-3556.

[11] D. Park, Y. Yun, H.Y. Cho, J.M. Park, Chromium biosorption by ther-
mally treated biomass of the brown seaweed, Ecklonia sp., Ind. Eng.
Chem. Res. 43 (2004) 8226-8232.

[12] M.R. Unnithan, V.P. Vinod, T.S. Anirudhan, Synthesis characteriza-
tion, and application as a chromium (VI) adsorbent of amine-modified
polyacrylamide-grafted coconut coir pith, Ind. End. Chem. Res. 43
(2004) 2247-2255.

[13] L. Dupont, E. Guillon, Removal of hexavalent chromium with a ligno-
cellulosic substrate extracted from wheat bran, Environ. Sci. Technol.
37 (2003) 4235-4241.

[14] C. Barrera-Diaz, A. Colin-Cruz, F. Urefia-Nufiez, M. Romero-Romo,
M. Palomar-Pardavé, Cr(VI) removal from wastewater using low cost
sorbent materials: roots of typha latifolia and ashes, Environ. Technol.
25 (2004) 907-917.

[15] D. Kratochvil, P. Pimentel, B. Volesky, Removal of trivalent and hexava-
lent chromium by seaweed biosorbent, Environ. Sci. Technol. 32 (1998)
2693-2698.

[16] V. Sarin, K.K. Pant, Removal of chromium from industrial waste by
using eucalyptus bark, Bioresource Technol. 97 (2006) 15-20.

[17] B. Nasernejad, T. Esslam Zadeh, B. Bonakdar Pour, M. Esmaail Bygi, A.
Zamani, Comparison for biosorption modeling by heavy metals Cr(IlI),
Cu(Il), Zn(Il) adsorption from wastewater by carrot residues, Process
Biochem. 40 (2005) 1319-1322.

[18] L.K. Cabatingan, R.C. Agapay, J.L.L. Rakels, M. Ottens, L.A.M. van
der Wielen, Potential of biosorption for the recovery of chromate in
industrial wastewaters, Ind. Eng. Chem. Res. 40 (10) (2001) 2302-2309.

[19] D. Park, Y. Yun, J.M. Park, Reduction of hexavalent chromium with
the brown seaweed Ecklonia biomass, Environ. Sci. Technol. 38 (2004)
4860-4864.

[20] (a) V.K. Gupta, M. Gupta, D. Sharma, Process development for the ren-
oval of lead and chromium from aqueous solutions using red mud—an
aluminum industry waste, Water Res. 35 (2001) 1125-1134;



H. Barrera et al. / Journal of Hazardous Materials B136 (2006) 846-853 853

(b) L.S. Clesceri, A.E. Greenberg, A.D. Eaton, Standard Methods for the
Examination of Water and Wastewater, 20th ed., American Public Health
Association, American Water Work Association and Water Environment
Federation, Washington, DC, 1998, p. 366.

[21] V.K. Gupta, Suhas, I. Ali, V.K. Saini, Removal of rhodamine B, Fast
Green and methylene blue from wastewater using red mud, and alu-
minum industry waste, Ind. Eng. Chem. Res. 43 (2004) 1740-1747.

[22] K.P. Singh, D. Mohan, S. Sinha, G.S. Tondon, D. Gosh, Color removal
from wastewater using low-cost activated carbon derived from agricul-
tural waste material, Ind. Eng. Chem. Res. 42 (2003) 1965-1976.

[23] Diario Oficial de la Federacién, Alimentos- Determinacion de fibra cruda
en alimentos- método de prueba, 19/08/2003 NMX-F-613-NORMEX-
2003.

[24] VK. Gupta, S. Sharma, Removal of zinc from aqueous solutions using
baggase fly ash—a low cost adsorbent, Ind. Eng. Chem. Res. 42 (2003)
6619-6624.

[25] V.K. Gupta, D. Mohan, S. Sharma, Removal of lead from wastewa-
ter using Bagasse fly ash—a sugar industry waste material, Sep. Sci.
Technol. 33 (1998) 1331-1343.

[26] G. Cimino, A. Passerini, G. Toscano, Removal of toxic cations and
Cr(VI) from aqueous solution by hazelnut shell, Water Res. 34 (11)
(2000) 2955-2962.

[27] T.P. Nevell, S.H. Zeronian, Cellulose Chemistry and Its Applications,
Ellis Horwood Limited Publishers, 1985.

[28] D. Mohan, K.P. Singh, V.K. Singh, Removal of hexavalent chromium
from aqueous solution using low-cost activated carbons derived from
agricultural waste materials and activated carbon fabric cloth, Ind. Eng.
Chem. Res. 44 (2005) 1027-1042.

[29] Y.S. Yun, D. Park, J.M. Park, B. Volesky, Biosorption of trivalent
chromium on the brown seaweed biomass, Environ. Sci. Technol. 35
(2001) 4353-4358.

[30] M. Minamisawa, H. Minamisawa, S. Yoshida, N. Takai, Adsorption
behavior of heavy metals on biomaterials, J. Agric. Food Chem. 52
(2004) 5606-5611.

[31] S. Deng, Y.P. Peng Ting, Polyethylenimine-modified fungal biomass
as a high-capacity biosorbent for Cr(VI) anions: sorption capacity
and uptake mechanisms, Environ. Sci. Technol. 39 (2005) 8490-
8496.

[32] V.M. Boduu, K. Abburi, J.L. Talbott, E.D. Smith, Removal of hexavalent
chromium from wastewater using new composite chitosan biosorbent,
Environ. Sci. Technol. 37 (2003) 4449-4456.

[33] M.E. Romero-Gonzalez, C.J. Williams, PH.E. Gardiner, Study of the
mechanisms of cadmium biosorption by dealginated seaweed waste,
Environ. Sci. Technol. 35 (2001) 3025-3030.



	Removal of chromium and toxic ions present in mine drainage by Ectodermis of Opuntia
	Introduction
	Materials and methods
	Conditioning of Ectodermis of Opuntia
	Metal detection in aqueous solution
	Batch experiments
	Adsorption models
	Bromatological analysis
	Fourier transform infrared analysis (FTIR)
	Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
	Thermal analysis (TGA)

	Results
	Kinetic studies
	pH dependence of chromium removal
	Adsorption isotherms
	Bromatological analysis
	Infrared spectroscopy analysis
	Cr sorption mechanism
	Scanning electron microscopy (SEM)
	Thermal analyses (TGA)
	Mine drainage sorption experiments

	Conclusions
	Acknowledgements
	References


