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A adsorc&o de cobre sobre 6xido de aluminio modificado, em meio aquoso, foi avaliada neste
trabal ho. A modificagéo do Al,O5 foi realizada atraves daadsorgéo de &cido hiimico comercial asua
superficie. A adsorcao do cobre foi governada por fatorestais como pH, teores de matéria orgénica
(particulada e dissolvida) e concentragdo do material sélido. A adsor¢éo do metal aumentou com o
aumento do pH eigua mente com o aumento nos teores de matéria organica nafase particulada. O
coeficiente de parti¢éo (K 4) do cobre diminuiu com o aumento na concentragéo do material solido.
Os valores de K4 foram sempre mais elevados na regigo de pH neutro e decresceram tanto para
regides mais baixas quanto mais el evadas de pH. Também foi observado um decréscimo naadsorgdo
do cobre quando a concentrag&o de matéria organicadissolvidafoi aumentada.

The sorption of copper ions from aqueous solutions onto modified aluminum oxide was
investigated as a function of pH, solids concentration and both particulate and dissolved organic
matter. The aluminum oxide studied was modified by adsorption of humic acid. The pH value,
organic matter content, and solids concentration dominated copper adsorption onto modified auminum
oxide. The adsorption of copper increased with increasing pH. An increase in particulate organic
carbon resulted in an enhanced copper uptake. The partition coefficient (K 5) of copper decreased as
the solids concentration increased. Copper partitioning was maximal in the neutral pH range and
decreased at either low or high pH values. There was also a decrease in copper adsorption with
increasing dissolved organic matter concentration.
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I ntroduction

The partition of metals between the dissolved and
particulate phases is a subject of major interest due to its
influence concerning the fate and effects of metalsin the
aguatic environment. In addition to the free metal ions and
dissolved complexes, metals in natural waters are also
associated with suspended particul ate matter (SPM). SPM
relatesto aggregated materialsincluding biotic and abiotic
components®. In most systems, SPM represents some
combinations of inorganic material such as clays, hydrous
metal oxides, and organic matter, both detrital and living.
Because of adsorption and scavenging nature, SPM isoften
the major transport vector for metals?. Stiff 3 and Windom
et al.# reported that up to 70% of total copper present in
natural water was bound in the particul ate phase.

*e-mail: mtgrassi @quimica.ufpr.br

Processes controlling the partitioning between the solid
and agueous phase have been reviewed by McBride® and
EvansS. Of the three principal mechanisms - precipitation,
ion exchange, and adsorption - the most important in the
present situation is adsorption.

Thereisalargebody of literature reporting metal adsorption
and desorption using soils”9, metal oxides?1011 natural
suspended solids!214, and other solids'®>17. In general, none
of the solid particles utilized could fully represent those
existinginareal water column.

Natural suspended particulate matter has not been
commonly studied due to difficulties in concentrating
solids from surface waterl. Mostly, the suspended solids
concentration in surface water is around 5 to 20 mg L1,
Because of that afairly large sample volume of water needs
to be processed to obtain enough suspended solids to
perform adsorption or desorption experiments. Methodsfor
SPM concentration from natural waters include settling,
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centrifugation, flocculation, membranefiltration, reverse
osmosis, and hollow fiber ultrafiltration®. All of these
suffer from many shortcomings in handling colloidal
materials. Coagulation of small particlesisalso aproblem
due to the fact that there might be a significant changein
the original characteristics of the particles. Horowitz
et al 20 reported several continuous flow-through devices
to processwhole-water sampleson-line. The systemsretain
solids while discharging a clarified effluent. The major
advantageisthefast processing of alarge amount of water
and also negligible amount of metals and organic matter
are carried over, so the concentrated suspension can be
used for subsequent experiments.

It is generally accepted that most particles in organic-
rich aquatic systems are coated with athin film of organic
matter, in particular humic substances?l 22, The role of
natural organic matter (NOM) in governing metal fate in
water environment is evident. The NOM contains both
hydrophilic and hydrophobic sites?3. Preferably, the
hydrophilic substructures of humic substances are attached
to particle surfaces. The partitioning of metal isthen strongly
affected by particulate organic matter?4.25, Natural
suspended solidsusually have a particul ate organic coating,
which aretypically about 2 to 3% of the total solids|oad?®.
These coatings provide to the surface important
characteristics in the exchange of trace metals between
solution and solid phases. The high adsorption dependency
on pH resultsfrom the surface chemistry of organic materials.
Similarly to soil particles, suspended solids in the natural
water a so have pH-dependent surface characteristics, which
will affect its reaction with protons and with certain
functional groups of humic substances®:27.

The ionization of an amphoteric metal oxide can be
represented by two protolysis reactions?8.29;

=S-OH; <« =S-OH+H" @)
and
=S-OH - =S-0" +H" 2

The corresponding stability constants are

_[=S-OH]{H"}
Kcond.,al - [E S— OH;] (3)
and
_[=S-O0|{H"}
Kcond.,az - W (4)

where brackets, [ ], indicate concentration in mol L1 and
the braces, { }, indicate the activity of the enclosed

Partition of Cooper Between Dissolved 517

chemical species. The corresponding intrinsic constants
are products of conditional stability constants and an

eectrostatic factor, expéll% E ,whereeistheeectroncharge,

W, is the surface potential, k is the Boltzman constant,
and T is the absolute temperature3C. The fraction of
positive, neutral and negative surface groups can be
predicted for any given pH value using similar calculations
asfor adiprotic acid. At pH lower than pH_ - (zero point
of charge), =S-O is the main species and the surface is
negatively charged. A comprehensive adsorption model
must account for the increase binding at increasing pH31.
Inthe natural water pH range, =S-OH is predominant and it
can be used to represent particle species. Copper adsorption
on such particles can be expressed as follows?2:

=S-OH+Cu® - =S-OCu’ +H’ ©)

Proton release associated with adsorption of a copper
ionispotentially aconstraint onthetype of surface species
postul ated33. Fu et al.17 demonstrated that the binding of
cadmium ions and protons on oxic sediments was
indistinguishable from their binding to humic materials.
Partially, this is because humic acids are important in
coating clay minerals34.

Millward and Moore3® conducted pH edge experiments
using iron oxyhydroxide as a model solid. The results
showed that copper adsorption was salinity independent
and adsorption increased rapidly from pH 5to pH 8. Tien
and Huang36, and Tijero et al.37 studied metal association
with wastewater parti culates and used Langmuir adsorption
isotherms to model the metal behavior by considering
effects of surface functional groups. Their results show
that adsorption isotherm is linear at small metal loading.
Mcllroy et al .38 studied the adsorption of copper and zinc
using river water particlesfrom the FHint River, in Michigan
(U.S.A.). Thetwo metal s exhibited sharp adsorption edges
at pH valuesof 4to5.5for Cuand 6to 7 for Zn. They also
obtained alinear partition behavior for copper up to soluble
concentrations of 350 pg L™1.

The magnitude of the partition coefficient dependson
the characteristics of the adsorption and adsorbing solids.
It depends on the pH of the media, the functional groups
on the solid surface and complexation in the solution.
Miiller and Sigg3® studied the partition of zincand lead in
a Swiss river. They determined conditional stability
constants and binding capacities. Field measurements and
calculated distribution coefficients showed good
agreement for both Zn and Ph. The main components
controlling the adsorption to the particles were found to
bethe organic matter, aswell asiron and manganese oxides.
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Grassi et al.13 investigated the sorption of copper by
natural suspended particles collected from the Delaware
River (U.S.A.). The adsorption increased with increasing
pH, until pH 9. Anincrease of Cu adsorption proportional
to particulate matter concentration was also observed.
Similar resultswere obtained by Shi et al.14. Theseauthors
used suspended particulate matter collected from three
different rivers located in Delaware (U.S.A.). They
developed a model, based on copper adsorption onto
particles and complexation with dissol ved organic matter,
to access copper partition coefficients. The model
adequately described the system and it was based on easily
measurablewater quality parameterssuch aspH, alkalinity,
dissolved and particul ate organic matter.

Delos et al.40 obtained a general equation to predict
the partition coefficient in freshwater systems, which shows
the dependence of K on the concentration of particles.
This dependence has also been reported for marine and
estuarine environments?1. Those simple relationships are
thought to be conservative or biased in their estimation?2.
Kyis, infact, related to solution composition and sorption
characteristics of the particle surface.

Theaim of thiswork wasto investigate the adsorption
of copper on modified aluminum oxide. Thismodification
was achieved by adsorbing humic acid on the surface of
Al,O5. The modificationisimportant because the organic
coating on particles can be manipulated easily. The
adsorption was investigated as a function of pH, solids
concentration and particul ate and dissolved organic matter.
Aluminum oxide was used due to its importance as an
aguatic sorbent. Moreover, its use overcomes some
experimental difficulties associated with experiments
using natural suspended particles, which may represent an
assemblage of components with different properties,
including different surface groups.

Although copper is an essential trace element, it can
betoxic to the aquatic biota at moderate levels. Themain
sources of copper to surface water are the industrial and
domestic wastes, mining, and mineral leaching.

Materialsand M ethods

Analyses

A Perkin Elmer 5000 atomic absorption spectrometer
coupled with agraphite furnace accessory was used for copper
determinations. A hollow-cathode lamp was used, operating
at 15 mA current with an analysis wavelength of 324.8 nm
without background correction. A spectral bandpass of 0.7
nmwas salected. Thepyrolysisand atomization temperatures
were 1200 °C and 2300 °C, respectively.
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Dissolved organic carbon (DOC) was andlyzed using a
Beckman 915-B TOC andyzer. Theparticul ate organic carbon
wasdetermined using aCHN analyzer (EuropaScientific).

Analysisof dissolved copper in the solution phase was
performed after a syringe filtration through a 0.45 pm
Nuclepore membranefilter. The amount of adsorbed copper
was calculated as the difference between the amount
initially added and the remaining in sol ution after 24 hours
of shaking. Shi et al.43 conducted metal recovery tests
both for dissolved and particul ate copper and the results
of the mass balance study indicated negligible copper
adsorption to the container wall.

Adsorption of Humic Acid on Aluminum Oxide

A commercial humic acid (sodium salt, Aldrich
Chemical) was used to modify the aluminum oxide (Alfa
Aesar, gamma, 99.5%) in order to achieve different levels
of particul ate organic matter. The adsorption of humic acid
(HA) was conducted at pH 6.0, which was adjusted using
0.1 mol L1 HNO,, with an aluminum oxide concentration
of 5,0 g L1 A 2.0g L1 humic acid stock solution was
prepared and used to achieve humic acid concentrations
of 400 mg L1 and 800 mg L 1. The adsorption experiments
were performed at room temperature (25 + 1 °C), and the
bottles were shaken for 24 h on aLab-Line Orbit Shaker
with aspeed of 100 strokes min-1. The percent humic acid
adsorbed was calculated by the difference between the
initial and the final humic acid concentrations which was
based on the dissolved organic carbon (DOC) concentration
in each sample. The ratio DOC/HA, determined
experimentally, is 30.70 + 2.50 %, showing a constant
behavior during all experiments.

The suspended modified aluminum oxidewasair dried
inside a laminar flow hood, for 24 h. After that, it was
stored at room temperature (25 + 1 °C), in the dark, for a
period no longer than aweek.

Adsorption of Copper on Aluminum Oxide

Copper adsorption experiments were performed using
abatch method. Copper nitrate salt, Cu(NO;),, (Aldrich
Chemical) was used to make a standard solution for
adsorption and pH edge experiments. A 100 mg L1 copper
standard solution was prepared for the addition of copper
to the suspensions. Since the pH of the copper solution
was between 5.5 and 6.0, the standard solution was prepared
immediately before useto preclude significant metal loss
to the container walls. A proper amount of copper was
added into 100 mL bottles containing the suspension and
the ionic strength was adjusted to 0.01 mol L1 using
NaNO,. For pH edge experiments, the pH in each bottle
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wasthen adjusted in the range of 3.0 and 10.0 using either
0.1mol Lt NaOH or 0.1 mol L"LHNO,. After preparation,
sampleswere shakenfor 24 hoursat 25 + 1 °C with aspeed
of 100 strokes min'L,

For the experiments of copper adsorption at different
initial Cu(Il) concentrations, HA-coated aluminum oxide
levels were fixed at 200 mg L-1. The pH of 6.0 and ionic
strength of 0.01 mol L-X NaNO3 were initially adjusted.
Therange of copper added wasfrom zero to amaximum of
5.0 mg L1, depending on particulate organic carbon
content on Al,O4

Effect of dissolved organic matter on copper partitioning
was performed using 3.54% HA-coated Al,O3. The humic
acid was added at concentrations of 10, 20, 40, 60, 80, and
100 mg HA L-1. The solids concentration was 200 mg L1
The pH wasfixed at 6.0 and ionic strength was maintained
at 0.01mol L-1 NaNO;.

Resultsand Discussion

Adsorption of humic acid onto aluminum oxide

There are anumber of literature reportsindicating that
natural particles possess organic coatings?14445 The
organic coating will affect metal binding behavior with
suspended particles?6:47,

Figure 1 shows the significant pH influence on the
humic acid adsorption onto al uminum oxide. Accordingly,
the humic acid adsorption was preferred at low pH values.
The pHp- for dluminum oxideis7.4. Therefore, aluminum
oxide surfaces are positively charged at low pH (<7.4),
enhancing the formation of surface complexeswith humic
acid. The pH dependent adsorption of humic acid onto
Al, O isconsistent with an ion exchange mechanism?:4°,

Figure 2 shows the humic acid adsorption isotherm
onto Al,O5 at pH 6.0 with constant ionic strength of 0.01
mol L-1 NaNO,. The Langmuir equation was used to fit
experimental data. The maximum adsorption of humic acid
was 6.07 g per 100 g of Al,O,. Previousreportsindicated
that humic acid adsorption on kaolinite and aluminum
oxide occurred on some specific parts of the available
surface®051, Therefore, it may be postulated that humic
acid molecules accupy either the“ surfaces’ or the” edges’
of the Al,O4 particles. Under more acidic conditionsthan
pH 6.0, humic acid adsorption on aluminum oxide will
increase. Either alarge part of the surface is covered or
aggregation of molecules may happen®2. The percent of
humic acid, calculated interms of total humic acid initially
present in the solution phase, decreased as the ratio of
humic acid to aluminum oxide increased. This indicates
that an increase of humic acid concentration in the solution,
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at aconstant pH of 6.0, will not enhance the degree of HA
coating on aluminum oxide particles. When the dissolved
organic carbon concentration in the solution phaseis higher
than 200 mg L1, theincreasein humic acid adsorption on
aluminum oxide becomes negligible.
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Figure 1. Adsorption of Aldrich humic acid onto aluminum oxide as
a function of the pH (Al,0O5 concentration: 5 g L1, humic acid
concentrations: 400 mg L1 (circle) and 800 mg L' (square). | =
0.01 mol L1 NaNOg and T = 25 + 1 °C).
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Figure 2. Isotherm for Aldrich humic acid adsorption on aluminum
oxide (Al O concentration: 5000 mg L1, pH = 6.0, | = 0.01 mol L1
NaNO;, and T = 25 £ 1 °C).

Copper adsorption isotherms

Copper partitioning between dissolved and suspended
particulate matter is important because metal distribution
in the aquatic environment is related to its effect on fate,
bioavailability, and reactivity. Metal interactions between
particul ates and dissolved components play avery important
role in the regulation of dissolved, as well as bioavailable
metal concentrations. Adsorption or sorptionisthefirst step
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intheultimateremoval of trace metalsfrom the hydrological
cycle with the ultimate sink being the estuary sediments.
Changes in environmental parameters such as pH, solids
concentration or the discharge of complexing agents affect
metal adsorption and desorption processes®3.

Copper adsorption isotherms for pure and modified
aluminum oxide are shownin Figure 3. Thelower curvein
this figure represents the copper adsorption isotherm for
pure aluminum oxide, where no humic acid coating was
present. Copper adsorption increased with increasing
amounts of the humic acid coating on the aluminum oxide.
The maximum adsorption density and conditional
adsorption constants can be obtained by non-linear
regression using Equation 6.

_ MoaKiulCUu™]
Mo T [H*]1+KS,,[Cu?'] ©)

where

I, is the copper adsorption density, ug mg? of total
suspended solids, TSS;

I" max 1S the maximum copper adsorption density, pg mgL;
and

KSy/n 1S the conditional adsorption constant between
copper ion and solids.
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Figure 3. Copper adsorption isotherms for pure aluminum oxide
and the humic acid modified aluminum oxide (Humic acid
concentrations: 0.0% (closed circles), 1.4% (open squares), 3.5%
(closed squares), and 6.0% (open triangles) TSS = 200 mg L1, pH
6.0, 1 = 0.01 mol L1 NaNOg, and T = 25 + 1 °C).

The adsorption increases with increasing copper
concentration and the system tends to reach saturation
with additional copper increments. The maximum copper
adsorption density for pure aluminum oxide is 4.96 ug
mg of aluminum oxide and that for the 6% HA-coated
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aluminum oxideis 18.2 ug mgt of Al,O,. Clearly, it shows
that copper adsorption increaseswith an increase of humic
acid coating onto aluminum oxide.

pH edge experiments for copper adsorption

The influence of the pH on the adsorption of copper
onto Al,O5 ispresented in Figure 4. Aluminum oxidewith
3.54% humic acid coating was used to perform pH edge
experiments. The solids concentration was 200 mg L1
andthe pH covered therangefrom 3 to 10. Thisfigureshows
apH edgeplot including modified Al,O5 suspended in ultra-
purewater and Al ,O5 suspendedina20 mg HA L-1solution.
For both cases, at low pH, almost all the copper remainsin
solution. For the pH edge conducted using the ultra-pure
water, the percent of copper adsorption increased as pH
changed from low to high values until pH 9. The percent
of copper adsorption exhibits a slight decrease when pH
was further increased.
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Figure 4. Adsorption of copper on 3.54% humic acid-coated
aluminum oxide (performed in ultra-pure water (squares) and in
ultra-pure water with addition of 20 mg HA L1 (circles). TSS = 200
mg L1, I = 0.01 mol L' NaNOg, and T = 25 + 1 °C).

ThepH isone of the most important factors controlling
the adsorption of ametal onto suspended particles. Asthe
pH increases, it is usually expected that the adsorption
alsoincreases. When the pH isreduced, surface charge of
the particles becomesincreasingly positive®* and because
of the competition of the hydrogen ions for the binding
sites, metal stend to desorb at low pH values. Consequently,
the metal adsorption is unfavorable at this pH region.

A small decrease in copper adsorption was observedin
thisstudy at pH higher than 9. This behavior may be dueto
the formation of soluble copper-carbonate and copper-
hydroxide complexes®®, and the dissolution of organic
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matter from the suspended particlesresulting in anincrease
in metal complexation. Instead of copper attachment to
particle surface, itisalso possibleto form small precipitates
with sizeslessthan 0.45 mm. Those colloidal materialsmay
remain in solution, and areincluded as part of the dissolved
component. Elliot and Huang® showed similar dips for
copper adsorption onto al uminum oxide when amino acids
were present. Grass et al.13 and Shi et al.14 also describe
the same type of behavior for copper adsorption in
experiments using natural riverine suspended particles.

For the pH edge experiments conducted using the 20
mg HA L1 solution, the copper adsorptionincreasedinthe
low pH region, reaching a maximum at pH of 5, and
decreased asthe pH wasfurther increased. Davies™ reported
anincrease of DOC adsorption onto an oxide surface at low
pH. Thus, it is postul ated that part of the added humic acid
may be adsorbed onto aluminum oxide at low pH, resulting
in an increased copper partitioning. The adsorption of the
humic acidisunlikely to occur at high pH values. Therefore,
additional humic acid, as opposed to the previous case, will
enhance copper complexation in the dissolved phase. Asa
result, the degree of copper adsorption on modified
aluminum oxide will be low. This demonstrates that
partitioning of copper onto solids was unfavorable when
humic acid in the solution phase was increased.

A series of batch experiments were conducted, and
the dissolved organic carbon was determined, using the
same conditions as those for the experiments shown in
Figure 4. The DOC values as a function of the pH are
shown in Figure 5. DOC increases with increased pH.
The amount of DOC desorbed, in the case of Al,O,
suspended in the ultra-pure water, is solely from HA-
coated Al, O, particles. Asthe DOC increases, there must
be an equivalent decrease of particulate organic carbon
on Al,O4 particlesto maintain a mass balance for humic
acid. The DOC desorbed from Al,O particles in ultra-
pure water is less than about 1.2 mg L1 when the pH is
below 7. In the other casg, i.e., Al,Og suspended in 20
mg HA L1 solution, thefinal DOC concentration will be
the result of the initial DOC concentration plus the
amount of carbon desorbed from Al, O3 particles, which
occurswhen the solution pH is high. However, additional
dissolved organic matter adsorbs onto Al,O5 particles
when the solution pH is low. In this case, the DOC
concentration will be the result of initial DOC
concentration minus the amount of carbon adsorbed onto
aluminum oxide particles. Consequently, copper
adsorption in the low pH region will be higher as shown
in Figure 4. The degree of copper adsorption ishigher for
the addition of 20 mg HA L1, and lower for the ultra-
purewater.
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Figure 5. Dissolved organic carbon (DOC) from 3.54% HA-coated
auminum oxide as a function of the pH (Conditions are those shown
in Fig. 4).

Influence of solids concentration on copper adsorption

Aluminum oxidewith humic acid coating of 3.54% and
0.263% was used to study the effect of solids on copper
partitioning. Figures 6(a) and 6(b) show these results. The
general pattern for these results is that the partition
coefficient decreased asthe solidsin the systemsincreased.
Thisfunctional relationship of the partition coefficient with
total solids concentration has been discussed by many
investigators'2-14.56_ This may be explained by changing
inadsorption surface areaon particles per massof suspended
solids. The pH effect in Figure 6(a) is consistent with the
observationsfrom pH edge experiments. Copper partitioning
will bethehighest at neutral pH and it decreasesat pH 6.0 or
pH 8.0. However, the results in Figure 6(b) show that the
partition coefficient increased aspH increased. For thislow
humic acid coating, most of the particleswill exhibit metal
oxide properties. Dzomback and Morel32 concluded that
adsorption of metalsincreased from low to 100% within a
very narrow pH range, usually 1to 2 pH units. Inthesimple
oxide/water system, where organic matter is absent, metal
adsorption alwaysincreasesaspH increases.

Influence of dissolved organic carbon on copper adsorption

The effect of dissolved organic matter on copper
partitioning was performed using 3.54% HA-coated Al ,Os.
The copper partition coefficient is shown in Figure 7.
Asdissolved organic carbon concentration increases, alarge
portion of metal was complexed with DOC, resulting in a
decrease in the amount of particulate copper. However, a
portion of added humic acid may be attached onto aluminum
oxide surface at the experimental pH of 6.5. Thiswill reduce
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Figure 6. Copper partition coefficient (Ky) for modified aluminum
oxide concentration from 50 to 450 mg L'l_ (a8 Humic acid coating:
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Figure 7. Copper partition coefficient (Ky) for 3.54% HA-coated

auminum oxide determined at different DOC concentrations (TSS =
200 mg L1, pH = 6.0. | = 0.01 mol L' NaNOg, and T = 25 + 1 °C).
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the degree of solution metal complexation. The difference
between the added humic acid and that remaining in solution
after equilibriumis5mg C L1 at the highest dose of 100 mg
L-L. Therefore, anincreasein particul ate organic carbon due
to addition of humic acid is small. The metal complexation
in the solution phase is predominant®”.

Conclusions

Copper adsorption onto HA-coated aluminum oxide,
used as an aquatic model phase, is strongly influenced by
pH, solids concentration, and organic matter content. When
pH is low, copper adsorption is insignificant due to
hydrogen ion competition for adsorption sites. In the case
of high pH values (above 9), copper adsorption decreases
because of the formation of soluble metal carbonate and
hydroxides or metal organic complexes. The copper
adsorption can strongly be correlated to the content of
adsorbed organic carbon. Anincrease of adsorbed organic
carbon enhancesthe copper uptake and vice-versa. Copper
partitioning is maximal at the neutral pH region and
decreases at both low and high pH values. The fate of
copper in natural waters depends on such partitioning
characteristicsin the solid-solution system. A high degree
of metal adsorption occurs when the pH isnearly neutral,
the particulate organic matter is high, and the
concentration of solidsiselevated. Under these conditions
minor fractions of metalswill be avail ableto aquatic biota.

Understanding of copper binding formsin the water
environment is crucial to the quality and management
of water and wastewater, especially for there-evaluation
of Water Quality Criteriafor the metalsin natural water
so that they are neither over nor under protective for
aguatic organisms.
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