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Abstract

Surfaceadsorption of metallic elementsinagueoussol ution by colloidal hydroxidesaffectsthetransport of elementsinsurfacewater
systems. The study of the adsorption ability and the chemistry of hydroxidesisimportant 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 akalinity. A comparative study of the
concentration of major and trace elementsin water and sediment samples of the Das Velhas River, Brazil, was conducted using
instrumental neutron activationanalysis—INAA, and I nductively coupled plasmawith massspectrometry - |CP-M S. 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 Fehydroxides(colloids) and with the particlesin suspension. Results show the differenti ated behaviour of themetal
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
colloida 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
hydroxideshave beenimportant 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). Thedistri-
bution of elements in suspended matter and sediments along the
course of ariver, isgenerally 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
transitionmetal elementsareconsiderably increasedinacidwaters.

The impurities commonly found in most natural waters in
contact with mineral soils, and rocks in colloidal form are clay,
silica (SI0,), ferric oxide (Fe,0,), aluminum oxide (Al,O,), and
manganese dioxide (MnO,) (Tchbanoglous and Schroeder, 1987).

The Fe colloids, main product of pyrite (FeS,) oxidation, have
good adsorption capacities for many transition metals. Conse-
quently, thepotential environmental impactsof thesecolloidshave
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).
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Oxidation-reduction reactions are important in natural sys-
tems, since these reactions may lead to other reactions with
contaminantswhich may be present. Theoxidation of iron (Fe**) to
(Fe*) can be represented as follows:

4F€+O,+4H" o 4Fe+2H,0

Thus, depending on the oxidation-reduction potential, and on the
solution pH , iron may exist either as Fe** or as Fe**. Oxidation of
Fe* isvery slow below pH 6. At pH 3, half-timesfor the oxidation
of Fe** arearound 1 000 d, whilein the case of pyrite oxidation, by
Fe**, haf-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 agueous 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,
mol ecules of the medium, or both. There aremany 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 adsorptionin hydroxidesishighly dependent
on pH. Cation adsorption increases strongly, from zero to 100%
withincreasing pH intherange of 5to 7.5, while anion adsorption
ismoreimportant at low pH sinceit decreasesslowly withincreas-
ing pH (Dzombak and Morel, 1990, Allen et al., 1993). These
phenomena are shown in Fig. 1.
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Figure 1
Adsorption vs. pH variations of cation and anion in hydroxides
(Dzombak and Morel, 1990)

Examples of some elementsin cation and anion forms present
inaguatic environmentsat high concentrationsof Fe,O, (Dzombak
and Morel, 1990), are shown as follows:

e Cations: Ba**, Sr?*, Ca?*, Mg#, Agt, Pb*, Hg*, Cd?*, Zn*, Co?,
CU2+, Ni2+, Uozz+1 Snz+

* Anions: SO/2, SO%, Se0, Se02, SI02, S,02, Croz?,
WO/, MoO,?, SbO(OH)*, CNO', CNS, CN', F.

Metallic oxides can be associated to very fine particles - their
colloidshaveaspherical shape, 1.5t03.5nmindiameteringeneral.
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,
Moraand Harrison, 1983).

A study on rare earth elements (REEs) demonstrated the
processes of interaction of solid particles. REES do not suffer
significant changesin 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
variationsof La, Euand Ybinthe hydroxidesisshownin 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 asanalysis methodsin thisresearch. The comparison of these
two analytical methods used in the control of Brazilian river water
pollutionisfurther detailed by Veado et al. (1997a,b), and Pinte et
al. (1998).

Theriver watersin the particular region of Brazil known asthe

256 ISSN 0378-4738 = Water SA Vol. 26 No. 2 April 2000

[
=
-

2 7 La
g &0
-y
_g 1 Eu
i 60
-]
Eu 4
40 -
] Th
@ 4
“ T T T T T
4 6 8 10
pH
Figure 2
Adsorption vs. pH variation of La, Eu and Yb in hydroxides
(Dirk, 1992)

“Iron Quadrangle” are subject to perturbation of pH, induced by
sulphide minerals, such as pyrite, pyrrhotite and arsenopyrite
affected by miningwastesand gold mines(Figueiredoetal., 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 elementsanalysed. Duetothe
adsorption phenomenon, the concentrations of Fe and REEswere
associated with water and sediment samples collected in each
samplesite. The behaviour of major and traceelementsin different
cation and anion forms at low pH, was observed.

Study area and sampling sites

TheDasVedhasRiver flowsthroughthe” Iron Quadrangl €’ region,
an area approximately 7 000 km? in extent, and situated in the
central part of MinasGerais State, near thecapital, BeloHorizonte,
and other cities such as Ouro Preto, Itabirito and NovaLima. Itis
distinct from other regional mining areasinitseconomic, geologic
and social aspects. ItsFeorereservesareabout 20 bn. t (Quaresma,
1999, Nassif, 1999) and isserved by the DasV elhasand Paraopeba
basins. These basins are geologically rich in Fe, Au, Mn ores,
dolomite, precious and semi-precious stones (COMIG, 1994).

Figure 3 showsthe location of the Das Velhas River in Brazil
and the sampling sites of this study. These sites have been num-
bered S1, S2, S4, S5and S7 for thoseonthe DasVelhasRiver, and
S3 and S6 for two of itstributaries, the Itabira and the Agua Suja
Rivers. The ItabiraRiver receives alarge and direct volume of Fe
mining wastes at S3, and the Agua Suja River receives the wastes
of an old Aumineand the contribution of an abandoned Asdeposit
a 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 conditionedin 125 m¢ bottles(Nalgene). Thesterilebottles
werewashed 3 timeswith river water before sampling (Batley and
Gardner, 1977). The sampleswereacidified afterwardsin situwith
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
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Figure 3
Location of study area and sample sites on the
Das Velhas River and two tributaries

were stored at atemperature of 4°C for about 2 weeks beforebeing
analysed in France.

TheelementsSc, Cr, Fe, Co, Zn, Zr, Sb, Cs, Hf, Ta, Au, La, Ce,
Sm, Eu, Tb, Yband Luwereanalyzed by theINAA method and the
elementsLi, 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, Tmwere
analysed by ICP-M S, becauseit had already been demonstrated to
be the most reliable method for studies of these elementsin this
particularly Fe-ore-rich region (\VVeado, 1997b).

Instrumental neutron activation analysis (INAA)

The sampleswereirradiated for 17 h at aneutron flux of 1.4 x 10
n-cm?-st in an OSRIS nuclear reactor, Laboratoire Pierre Slie —
Comissariat a I'Energie Atomique, Saclay, France. The gamma
rays subsequently emitted were counted for 8 h, after adecay time
of 10 and 20 d, with a 100 cm® coaxia high-purity germanium
(HPGe) detector coupled to a 4096 pulse height analyser (Revel,
1999). The computational KO method was used to determine the
concentration of theelementsstudied (Piccot et al ., 1997, DeCorte
et a., 1986).

Available on website http://www.wr c.org.za

Inductively coupled plasma spectrometry (ICP-MS)

M easurementswerecarried out using themulti-element modes. An
analytical programwasestablished for both calibrationand routine
analysis. This program uses a series of automated operations to
alignthe optics, select the analytical wavel ength for the peaks and
position the source at the entrance dlit, in order to optimise the
signal. Theanalytical wavelengths selected werethe characteristic
lines of the elements, which are free of spectral interference. This
eliminates the need for corrections of the concentration level of
interest. ICP-M S used in this study was a PQ 2-Plasma Quad with
aMeinhard ultrasonic nebuliser. Data acquisition was controlled
using PQ VISION software. Measurements were taken in dupli-
cate, using the following operational conditions:

e |ICP-MS power: 1.35 KW

¢ Coolant argon flow: 14 ¢/min

¢ Nebuliser argon flow: 0.8 ¢/min

¢ Auxiliary argon flow: 0.8 ¢/min

e 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 Casolutions. Blanks
were also used in order to achieve an accuracy of 2 to 3% (Jarvis
etal., 1992).

Results and discussion

Sulphide minerals, including pyrite, pyrrhotite and arsenopyrite
occur in the mining area and alluvium downstream of the Das
VelhasRiver. Theelevated metal concentrationsof thisriver water
will probably be maintained for some time due to oxidation of
pyriteand other sulphides. Therising river pH will probably cause
precipitation of Fehydroxideand thushasapositiveeffect onwater
quality, but thisaction may destabilizs someof contaminant metal -
bearing mineral s, rel easing metal sto theagueoussystem. Thismay
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.

Figures4to 10 present the resultsin graph form on alogarith-
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.

¢ TheeementsAl, REEs, transition metalsand U are generally
placed near thetendency curve. This can beassociated withthe
liberation of thesedissolved el ementsafter thepH changefrom
7 to 2, in the acidification process.

« Themorethetendency curverisesabovethe abscissaaxis, 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 Agua SujaRiver. On
the other hand, the more the tendency curve goes down in
relation to the abscissa axis, the higher the concentrations of
metallic element cationsinriver water adsorbed by Fe hydrox-
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ides, as shown by Fig. 6 (S3) for the Itabira River, and Fig. 7
($4), 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 akaline and alkaline earth elements, Rb, Mg, Ca, Sr and
Ba, are aways placed below the tendency curve, which ex-
plainstheir solubility properties.

TheelementsW, Mo, As, Cr and S, normally presentin anion
forms, occur in smaller concentrationsin water samples of the
Das Velhas River. However, in Fig. 9 (S6), As and Sb are
present in abnormally high concentrationsin water samples of
the Agua Suja River, which explains why these elements are
placed below thetendency curve. Asand Sh aretoxic elements
in natural water, according to Forstner and Wittmann (1981).
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Thehigh level of pollution hereisclear and is probably dueto
an old Aswaste deposit situated afew kilometers upstream of
S6.

* Auisalwaysplaced abovethetendency curveintheDasVelhas
River (S1, S2, $4, Sb, 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. Thisisduetotheintensiveexploitation of gold
by the Mina de Morro Velho company.

Conclusion
The present study of multi-elementary analysesusing the INAA

and ICP-M S methods for water and sediment samples of the Das
Velhas River, Brazil, clearly shows the differentiation of the
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behaviour of major and trace elements due to Fe concentration in
water at pH 2.

The Das Velhas River watersin the study areaare 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 el ementsassociated with Fehydroxides(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

Available on website http://www.wr c.org.za

concentration. Inthiswork, resultsindicate that Fe colloidsindeed
influence the occurrence and transport of metals as well as the
concentration of metal sdissolved inwater and theconcentrationin
the sediments of rivers affected by mining.

Thetoxicity of river watersismostly 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 theimpact and remediation of acid mine
drainage problems.
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