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Abstract

Surface adsorption of metallic elements in aqueous solution by colloidal hydroxides affects the transport of elements in surface water
systems. The study of the adsorption ability and the chemistry of hydroxides is important to the knowledge of the geological area,
effluent and sewage treatments, and environmental management. In areas of ore exploitation, surface waters are subject to
modifications of physicochemical properties: pH, dissolved oxygen, conductivity and alkalinity. A comparative study of the
concentration of major and trace elements in water and sediment samples of the Das Velhas River, Brazil, was conducted using
instrumental neutron activation analysis – INAA, and Inductively coupled plasma with mass spectrometry - ICP-MS. Water samples
were collected and acidified in situ inducing a change in the natural pH, and consequently in the dispersion of metallic elements
associated with Fe hydroxides (colloids) and with the particles in suspension. Results show the differentiated behaviour of the metal
elements because of their chemical forms (cations or anions), solubility degree, Fe and rare earth elements (REEs) concentrations
and pH variations.

Introduction

Surface adsorption of metallic elements in aqueous solution by
colloidal hydroxides is a well-known phenomenon, and it is sus-
pected to be an important process affecting the transport of trace
elements in natural water systems (Benjamin and Leckie, 1981).
The properties of colloid adsorption and the surface chemistry of
hydroxides have been important for geology, analytical chemistry,
water and wastewater treatment, and environmental management.
Surface waters in mining area basins are very sensitive to distur-
bances such as acidification, which is directly linked to the phe-
nomenon of oxidation (Toulhoat and Beaucaire, 1993). The distri-
bution of elements in suspended matter and sediments along the
course of a river, is generally controlled by natural processes: the
relative importance of elemental transport phases, oxidation, pre-
cipitation and sedimentation of mineral species through the vary-
ing physicochemical conditions of the environment (Allen et al.,
1993).

The physicochemical behaviour of many elements can be
modified by changing water pH. Thus, the concentrations of all
transition metal elements are considerably increased in acid waters.

The impurities commonly found in most natural waters in
contact with mineral soils, and rocks in colloidal form are clay,
silica (SiO

2
), ferric oxide (Fe

2
O

3
), aluminum oxide (Al

2
O

3
), and

manganese dioxide (MnO
2
) (Tchbanoglous and Schroeder, 1987).

The Fe colloids, main product of pyrite (FeS
2
) oxidation, have

good adsorption capacities for many transition metals. Conse-
quently, the potential environmental impacts of these colloids have
been carefully studied by Alauxnegrel et al. (1993). Other hydrox-
ides, such as those of aluminium, manganese and silica, can also
adsorb a great number of chemical species (Dzombak and Morel,
1990).

Oxidation-reduction reactions are important in natural sys-
tems, since these reactions may lead to other reactions with
contaminants which may be present. The oxidation of iron (Fe2+) to
(Fe3+) can be represented as follows:

4Fe2++O
2
+4H+ ↔  4Fe3++2H

2
O

Thus, depending on the oxidation-reduction potential, and on the
solution pH , iron may exist either as Fe2+ or as Fe3+. Oxidation of
Fe2+ is very slow below pH 6. At pH 3, half-times for the oxidation
of Fe2+ are around 1 000 d, while in the case of pyrite oxidation, by
Fe3+, half-times of 20 to 1 000 min were observed by Stumm and
Morgan (1981). The ability of iron to be oxidised or reduced in
natural environments markedly affects its geochemical cycle and
the cycles of other aqueous elements. Minear and Keith (1982)
state two rules which govern the fixation and mobilisation of iron
in solutions:

• Oxidising conditions promote the precipitation of iron, reduc-
ing conditions promote the solution

• Acid conditions generally promote the solution of iron, alka-
line conditions promote the precipitation of iron.

Colloidal dispersions have electrical properties which are inti-
mately associated with their ability to adsorb ions in solution,
molecules of the medium, or both. There are many different forces
that determine the stability of colloidal dispersions. The most
important ones are Van der Waals dispersion forces, electrostatic
forces and a diffuse electrical double layer around each colloidal
particle (Ven, 1989, Tchobanoglous and Schroeder, 1987).

Cation and anion adsorption in hydroxides is highly dependent
on pH. Cation adsorption increases strongly, from  zero to 100%
with increasing pH in the range of 5 to 7.5, while anion adsorption
is more important at low pH since it decreases slowly with increas-
ing pH (Dzombak and Morel, 1990, Allen et al., 1993). These
phenomena are shown in Fig. 1.
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Examples of some elements in cation and anion forms present
in aquatic environments at high concentrations of Fe

2
O

3
 (Dzombak

and Morel, 1990), are shown as follows:

• Cations: Ba2+, Sr2+, Ca2+, Mg2+, Ag+, Pb+, Hg2+, Cd2+, Zn2+, Co2+,
Cu2+, Ni2+, UO

2
2+, Sn2+

• Anions: SO
4
2-, SO

3
2-, SeO

4
2-, SeO

3
2-, SiO

3
2-, S

2
O

3
2-, CrO

4
2-,

WO
4
2-, MoO

4
2-, SbO(OH)4-, CNO-, CNS-, CN-, F-.

Metallic oxides can be associated to very fine particles - their
colloids have a spherical shape, 1.5 to 3.5 nm in diameter in general.
An ultracentrifugation, ultrafiltration, dialysis or gel filtration
chromatography process is necessary for the separation of these
colloids in natural water samples (Dzombak and Morel, 1990,
Mora and Harrison, 1983).

A study on rare earth elements (REEs) demonstrated the
processes of interaction of solid particles. REEs do not suffer
significant changes in their chemical properties  in relation to the
increase of their atomic numbers (Dirk K., 1992). This author
observed that in regions rich in Fe and Mn deposits, significant
REE concentrations are found. An example of adsorption and pH
variations of  La, Eu and Yb in the hydroxides is shown in Fig. 2.
These elements behave similarly to cations, i.e. the percentage of
adsorption increases with increasing pH.

Instrumental neutron activation analysis (INAA) and induc-
tively coupled plasma with mass spectrometry  (ICP-MS) were
used as analysis methods in this research. The comparison of these
two analytical methods used in the control of Brazilian river water
pollution is further detailed by Veado et al. (1997a,b), and Pinte et
al. (1998).

The river waters in the particular region of Brazil known as the

“Iron Quadrangle” are subject to perturbation of pH, induced by
sulphide minerals, such as pyrite, pyrrhotite and arsenopyrite
affected by mining wastes and gold mines (Figueiredo et al., 1999).

The objective of the present work was to study the water
acidification phenomenon of the Das Velhas River and the water
and sediment interactions of several elements analysed. Due to the
adsorption phenomenon, the concentrations of Fe and REEs were
associated with water and sediment samples collected in each
sample site. The behaviour of major and trace elements in different
cation and anion forms at low pH, was observed.

Study area and sampling sites

The Das Velhas River flows through the “Iron Quadrangle” region,
an area approximately 7 000 km2 in extent, and situated in the
central part of Minas Gerais State, near the capital, Belo Horizonte,
and other cities such as Ouro Preto, Itabirito and Nova Lima. It is
distinct from other regional mining areas in its economic, geologic
and social aspects. Its Fe ore reserves are about 20 bn. t (Quaresma,
1999, Nassif, 1999) and is served by the Das Velhas and Paraopeba
basins. These basins are geologically rich in Fe, Au, Mn ores,
dolomite, precious and semi-precious stones (COMIG, 1994).

Figure 3 shows the location of the Das Velhas River in Brazil
and the sampling sites of this study. These sites have been num-
bered S1, S2, S4 , S5 and S7 for those on the Das Velhas River, and
S3 and S6 for two of its tributaries, the Itabira and the Água Suja
Rivers. The Itabira River receives a large and direct volume of Fe
mining wastes at S3, and the Água Suja River receives the wastes
of an old Au mine and the contribution of an abandoned As deposit
at S6.

Materials and methods

The samples for this study were collected in January 1995. The
water samples were collected near the river bank at a depth of 15
cm, and conditioned in 125 m� bottles (Nalgene). The sterile bottles
were washed 3 times with river water before sampling (Batley and
Gardner, 1977). The samples were acidified afterwards in situ with
5 drops of high purity nitric acid, (Norma-tom-60% (Prolabo),
producing a pH change from  6.7 to 7.6, to about 2.

The sediment samples were collected together with water
sampling on the surface layer of the river bank, and stored in
20 m� polystyrene flasks (Sterilin). After collection, all samples

Figure 1
Adsorption vs. pH variations of cation and anion in hydroxides

(Dzombak and Morel, 1990)

Figure 2
Adsorption vs. pH variation of La, Eu and Yb in hydroxides

(Dirk, 1992)
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were stored at a temperature of 4oC for about 2 weeks before being
analysed in France.

The elements Sc, Cr, Fe , Co, Zn, Zr, Sb, Cs, Hf, Ta, Au, La, Ce,
Sm, Eu, Tb, Yb and Lu were analyzed by the INAA method and the
elements Li, B, Mg, Al, Ca, Ti, V, Ni, Cu, As, Rb, Sr, Y, Nb, Mo,
Ag, Cd, Sn, Ba, W, Tl, Pb, Th, U, Pr, Nd, Gd, Dy, Ho, Er, Tm were
analysed by ICP-MS, because it had already been demonstrated to
be the most reliable method for studies of these elements in this
particularly Fe-ore-rich region (Veado, 1997b).

Instrumental neutron activation analysis (INAA)

The samples were irradiated for 17 h at a neutron flux of 1.4 x 1014

n·cm2·s-1 in an OSIRIS nuclear reactor, Laboratoire Pierre Süe –
Comissariat à l’Energie Atomique, Saclay, France. The gamma
rays subsequently emitted were counted for 8 h, after a decay time
of 10 and 20 d, with a 100 cm3 coaxial high-purity germanium
(HPGe) detector coupled to a 4096 pulse height analyser (Revel,
1999). The computational K0 method was used to determine the
concentration of the elements studied (Piccot et al., 1997, De Corte
et al., 1986).

Inductively coupled plasma spectrometry (ICP-MS)

Measurements were carried out using the multi-element modes. An
analytical program was established for both calibration and routine
analysis. This program uses a series of automated operations to
align the optics, select the analytical wavelength for the peaks and
position the source at the entrance slit, in order to optimise the
signal. The analytical wavelengths selected were the characteristic
lines of the elements, which are free of spectral interference. This
eliminates the need for corrections of the concentration level of
interest. ICP-MS used in this study was a PQ 2-Plasma Quad with
a Meinhard ultrasonic nebuliser. Data acquisition was controlled
using PQ VISION software. Measurements were taken in dupli-
cate, using the following operational conditions:

• ICP-MS power: 1.35 KW
• Coolant argon flow: 14 �/min
• Nebuliser argon flow: 0.8 �/min
• Auxiliary argon flow: 0.8 �/min
• Sample uptake rate: 0.6 to 1 m�/min.

The instrument was calibrated with standard solutions prepared
from 10 ppb multi-elementary and 1 000 ppb Ca solutions. Blanks
were also used in order to achieve an accuracy of 2 to 3% (Jarvis
et al., 1992).

Results and discussion

Sulphide minerals, including pyrite, pyrrhotite and arsenopyrite
occur in the mining area and alluvium downstream of the Das
Velhas River. The elevated metal concentrations of this river water
will probably be maintained for some time due to oxidation of
pyrite and other sulphides. The rising river pH will probably cause
precipitation of Fe hydroxide and thus has a positive effect on water
quality, but this action may destabilizs some of contaminant metal-
bearing minerals, releasing metals to the aqueous system. This may
occur during periods of high rainfall or flooding. Water samples
were collected with acidification in situ inducing a change in the
natural pH, and consequently the dispersion of the metallic ele-
ments associated with the Fe hydroxides (colloids) and with the
particles in suspension.

Figures 4 to 10 present the results in graph form on a logarith-
mic scale. The adsorption of colloids is associated with Fe and
REEs, therefore the tendency curves shown in the graphs were
calculated taking into consideration their corresponding concen-
trations.

The analysis of the tendency curves raised the following
important considerations:

• The elements placed above the tendency curve are associated
with sediment samples and conversely, the ones below are
associated with water samples.

• The elements Al, REEs, transition metals and U are generally
placed near the tendency curve. This  can be associated with the
liberation of these dissolved elements after the pH change from
7 to 2, in the acidification process.

• The more the tendency curve rises above the abscissa axis, the
lower the concentration of metallic elements in the river
waters, as shown by Fig. 4 (S1) and Fig. 5 (S2) for the Das
Velhas River, and by Fig. 9 (S6) for the Água Suja River. On
the other hand, the more the tendency curve goes down in
relation to the abscissa axis, the higher the  concentrations of
metallic element cations in river water adsorbed by Fe hydrox-

Figure 3
Location of study area and sample sites on the

Das Velhas River and two tributaries
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Figure 4
Tendency curve

of water and
sediment

interactions to
major and trace
elements  - S1
(Das Velhas

River)

Figure 5
Tendency curve

of water and
sediment

interactions to
major and trace
elements  - S2
(Das Velhas

River)

ides, as shown by Fig. 6 (S3) for the Itabira River, and Fig. 7
(S4), Fig. 8 (S5) and Fig. 10 (S7) for the Das Velhas River.

• The elements Nb, Ta, Ti, Hf, Zr, and Th, very insoluble, are
always located above the tendency curve. These elements are
not associated with Fe hydroxides.

• The alkaline and alkaline earth elements, Rb, Mg, Ca, Sr and
Ba, are always placed below the tendency curve, which ex-
plains their solubility properties.

• The elements W, Mo, As, Cr and Sb, normally present in anion
forms, occur in smaller concentrations in water samples of the
Das Velhas River. However, in Fig. 9 (S6), As and Sb are
present in abnormally high concentrations in water samples of
the Água Suja River, which explains why these elements are
placed below the tendency curve. As and Sb are toxic elements
in natural water, according to Förstner and Wittmann (1981).

The high level of pollution here is clear and is probably due to
an old As waste deposit situated a few kilometers upstream of
S6.

• Au is always placed above the tendency curve in the Das Velhas
River (S1, S2, S4, S5, S7) and Itabira  River (S3) sampling sites,
but in Agua Suja River (S6), Au is present in a very high
concentration in water samples and it is placed below the
tendency curve. This is due to the intensive exploitation of gold
by the Mina de Morro Velho company.

Conclusion

The present  study of multi-elementary analyses using  the INAA
and ICP-MS methods for water and sediment samples of the Das
Velhas River, Brazil, clearly shows the differentiation of the
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 (S4 - Das Velhas River)
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Figure 6
Tendency

curve of water
and sediment
interactions to

major and trace
elements -
(S3)-Itabira

River

Figure 7
Tendency

curve of water
and sediment
interactions to

major and trace
elements - S4
(Das Velhas

River)

behaviour of major and trace elements due to Fe concentration in
water at pH 2 .

The Das Velhas River waters in the study area are  subject  to
perturbation  of pH, induced by sulphide minerals, such as pyrite,
pyrrhotite and arsenopyrite affected by mining wastes and gold
mines. It is clear that water acidification produces a liberation
phenomenon of elements associated with Fe hydroxides (colloids),
such as Al, transition metal elements and U.

Adsorption of metallic elements by colloids is an important
phenomenon in the study of the Das Velhas River. Fe can precipi-
tate from these waters, forming oxide mineral phases. At low pH
(about 2) these are totally liberated, consequently increasing their
concentrations in solution.

Water and sediment process interactions in the aquatic envi-
ronment are correlated with the variation of water pH and Fe

concentration. In this work, results indicate that Fe colloids indeed
influence the occurrence and transport of metals as well as the
concentration of metals dissolved in water and the concentration in
the sediments of  rivers affected by mining.

The toxicity of river waters is mostly related to the presence of
the metals in the aqueous phase. Understanding the processes
controlling metal behavior in natural waters is critical to any
meaningful assessment of the impact and remediation of acid mine
drainage problems.

Acknowledgements

This paper has been supported by  CNPq (Ministério da Ciência e
Tecnologia do Brasil), FAPEMIG (Fundação de Amparo à Pesquisa
do Estado de Minas Gerais - Brazil) and CNRS (Centre National de
la Recherche Scientifique, France).



ISSN 0378-4738 = Water SA Vol. 26 No. 2 April 2000260 Available on website http://www.wrc.org.za

References

ALAUXNEGREL G, BEAUCAIRE C, MICHARD G, TOULHOAT P
and OUZOUNIAN G (1993) Trace-metal behavior in natural granitic
waters. J. of Contaminant Hydrol. 13 309-325.

ALLEN HE, PERDUE EM and BROWN DS (eds.) (1993) Metals in
Groundwater. Lewis Publishers. Chelsea.

BATLEY GE and GARDNER D (1977) Sampling and storage of natural
waters for trace metals analyses. Water Res. 11 745-756.

BENJAMIN MM and LECKIE JO (1981) Multiple-site adsorption of Cd,
Cu, Zn, and Pb on amorphous iron oxyhydroxide. J. of Colloid and
Interface Sc. 79  209-221.

COMIG (Companhia Mineradora do Estado de Minas Gerais) (1994) Mapa
de Reservas Minerais do Estado de Minas Gerais. Governo do Estado
de Minas Gerais (in Portuguese).

DE CORTE F, SIMONITS A, DE WISPELAERE A and HOSTE J (1986)
Accuracy and applicability of K0 – standardization method. 7th Int.
Conf. M.T.A.A.. 1., 581-597.

DIRK K (1992) Thermodynamic and Kinetic Studies on the Interaction of
Earth Elements With Metal Oxides. Thesis,  Univ. of Hawaii.

DZOMBAK DA and MOREL FMM (1990) Surface Complexation Mod-
elling. Hydrous Ferric Oxide. Willey, New York.

FIGUEIREDO BR, BORBA RP, MATSCHULLAT J and RAWLINS B
(1999) Geologic-environmental modelling of mesothermal gold de-
posits in the irons quadrangle, Brazil. Proc. of the Int. Symp. Environ.
Geochem. in Tropical Countries. Nova Friburgo, Oct. 86-87.

FÖRSTNER U and WITTIMANN GTW (1981) Metal Pollution in the
Aquatic Environment. Springer-Verlag, Berlin.

JARVIS KE, GRAY AL and HOUK RS (1992) Handbook of Inductively
Coupled Plasma Mass Spectrometry. Blackie & Son Ltd. London.

(S5 - Das Velhas River)

Li

Co

As

Pb

ScNb

Mo

Sb Hf Dy

U

Th

Er

Yb

Ta Eu

Tm

Tb

Ho

Lu

Tl

Cd

Y

Gd

Sm
Pr

W
Sn

Cs

Cu

V
N

Cr

ZrRb

Sr

Ti

Au

0.01

0.1

1

10

100

1000

10000

100000

1000000

0.001 0.01 0.1 1 10

Log of element concentrations in water sample

Lo
g 

of
 s

ed
im

en
t c

on
ce

nt
ra

tio
ns

 in
 s

ed
im

en
t s

am
pl

es
,

µg
/g

 (S6 - Agua Suja  River)

Li

CoPb

Sc

Nd

La

Nb

Mo

Sb
Hf

Dy
U

Th

ErYb

Ta Eu

Tm

Tb
Ho

Lu

Tl

Cd

Y

Gd

Sm

PrW

Sn

Cs

Ce

Cu
V

Ni

Cr

Zr Ba
Zn

Rb

Sr

Ti

Au

0.01

0.1

1

10

100

1000

10000

100000

1000000

0.001 0.01 0.1 1 10 100

Log of element concentrations in water sample

Lo
g 

of
 s

ed
im

en
t c

on
ce

nt
ra

tio
ns

 in
 s

ed
im

en
t s

am
pl

es
,

µg
/g

Figure 8
Tendency curve

of water and
sediment

interactions to
major and trace
elements  - S5
(Das Velhas

River)

Figure 9
Tendency curve

of water and
sediment

interactions to
major and trace
elements - S6
(Affluent, Água

Suja River)



ISSN 0378-4738 = Water SA Vol. 26 No. 2 April 2000 261Available on website http://www.wrc.org.za

MERIAN E (1991) Metals and Their Compounds in the Environment.
VCH, Weinheim.

MINEAR RA and KEITH LH (1982) Water Analysis. Vol. 1: Inorganic
Species, Part 1. Academic Press, New York.

MORA SJ and HARRISON RM (1983) The use of physical separation
techniques in trace metal speciation studies. Water Res. 17 723-733.

NASSIF MA (1999) Perfil da Economia Mineral do Estado de Minas
Gerais. Secretaria de Estado de Minas e Energia. Belo Horizonte (in
Portuguese).

PICCOT D, DESCHAMPS C, DELMAS R and REVEL G (1997) K0 -
Labsue: A quasi non-dependent data format package for K0-quantifi-
cation. J. Radioanal. Nucl. Chem. 214 263-269.

PINTE G, VEADO MARV, OLIVEIRA AH, KHALIS M, AYRAULT S
and REVEL G (1998) Comparison of neutron activation and ICP-MS
used for river water pollution control. Hydrobiol. 373-374 61-73.

QUARESMA LF (1999) Sumário Mineral. Ministério de Minas e Energia.
Brasília. 19  52 (in Portuguese).

REVEL G (1999) Analyse par activation. Techniques de L’Ingenieur.
P 2565. 1-21 (in French).

 (S7 - Das Velhas River)

Au

Ti

SrRb

Zn

Zr
Cr

Ni
V

Cu

Ce

CsSn

W

Pr

Sm
Gd

Y

Cd

Tl
Lu

Ho
Tb

Tm

Eu

Ta
Yb

Er
Th U DyHf

Sb

Mo

Nb
La

NdSc

Pb

As

Co

Li

0.01

0.1

1

10

100

1000

10000

100000

1000000

0.001 0.01 0.1 1 10 100

Log of element concentrations in water samp

Lo
g

 o
f s

ed
im

en
t c

on
ce

nt
ra

tio
ns

 in
 s

ed
im

en
t s

am
pl

es
,

µg
/g

STUMM W and MORGAN J (1981) Aquatic Chemistry. An Introdution
Emphasizing Chemical Equilibria in Natural Waters. John Wiley &
Sons, New York.

TCHOBANOGLOUS G and SCHROEDER ED (1987) Water Quality
Characteristics, Modelling, Modification. Addison-Wesley, Menlo
Park, California.

TOULHOAT P and BEAUCAIRE C (1993) Geochemistry of waters linked
to the cigar lake uranium deposit. Can. J. of Earth Sci. 30 754-763 (in
French).

VAN DE VEN T G M (1989) Colloidal Hydrodynamics. Academic Press,
London.

VEADO MARV, PINTE G, DE OLIVEIRA AH and REVEL G (1997a)
Application of INAA and ICP-MS by studying river pollution in the
state of Minas Gerais. J. Radioanal. Nucl. Chem. 217 101-106.

VEADO MARV (1997b) Application de l’Analyse par Activation
Neutronique et de la Spectrométrie de Masse Associée à un Plasma
d’argon pour l’identification et le dosage des éléments métalliques
apportés par les rejets miniers dans la rivière DAS VELHAS - Brésil.
Ph.D. Thesis, Université de Paris XI - Orsay, 154 pp (in French).

Figure 10
Tendency

curve of water
and sediment
interactions to

major and
trace

elements - S7
(Das Velhas

River)



ISSN 0378-4738 = Water SA Vol. 26 No. 2 April 2000262 Available on website http://www.wrc.org.za


