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Tangential-Flow Ultrafiltration and ICP OES
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O fracionamento por tamanho molecular da matéria orginica natural (MON) de amostras de
agua do Parque Nacional Serra de Itabaiana (Brasil) foi utilizado para caracterizacdo temporal da
complexagdo de fons metdlicos. Um sistema de ultrafiltragdo em cinco estagios foi usado para separar
a MON em seis fracoes (F1: > 100; F2: 100-50; F3: 50-30; F4: 30-10; F5: 10-5; F6: < 5 kDa). A
distribuicdo obtida, inicialmente para amostra in natura, mostrou que metais (Al, Ba, Cr, Cu, Fe,
Mn, Ni, Pb e Sr) foram complexados, preferencialmente, pela fragdo F1, a qual continha maior
concentracdo de carbono organico dissolvido (COD). A seguinte ordem decrescente de distribuicio
de carbono foi obtida: F1 >> F3 > F2 =F4 > F6 > F5. As fra¢oes F2 e F5 foram as mais humificadas
e F6 a menos humificada. Ap6s 30 dias com adi¢do de elevadas concentracdes de metais nas amostras
filtradas novas distribui¢des de COD e metais foram observadas. Maior COD ainda foi encontrado na
F1 com teores de carbono decrescendo na seguinte ordem: F1 > F2 > F3 > F4 > F5 > F6. Os metais
apresentaram distribuicdes similares e homogéneas em todas as fragdes. Valores de log K foram
similares para as amostras in natura e para aquelas de 30 dias apds a adigdo dos metais (7,1 ¢ 7,0; 6,6 €
6,9;e7,2e7,0 paraAl, Cue Fe-MON, respectivamente), indicando uma nova condicio de equilibrio
na distribui¢do dos metais apds 30 dias. As espécies formadas entre MON e os metais adicionados
mostraram um modelo de distribuicio que mudou em fungdo do tempo de complexagao, indicando
uma transformacao dos sitios de ligagdo da MON, sugerindo que o efeito coletivo das fragdes € mais
importante que as propriedades individuais e confirmando que as fragdes mais humificadas exercem
grande influéncia na complexagio de metais em ambientes aquaticos.

Molecular size fractionation of the natural organic matter (NOM) in water samples from the
Serra de Itabaiana National Park (Brazil) was used to characterize the temporal behavior of metal
ion complexation. A special five-stage tangential-flow ultrafiltration device was used to separate
NOM in six size fractions (F1: > 100; F2: 100-50; F3: 50-30; F4: 30-10; F5: 10-5; F6: < 5 kDa).
The distribution patterns obtained for one in natura sample showed that metals (Al, Ba, Cr, Cu,
Fe, Mn, Ni, Pb and Sr) were preferentially complexed by the F1 fraction, which contained higher
concentration of dissolved organic carbon (DOC). The following decreasing order of carbon
distribution in the different fractions was obtained: F1 >> F3 > F2 = F4 > F6 > F5. Fractions F2 and
F5 were the most humified, and F6 the least. New distributions of DOC and metals were observed
after 30 days when high concentrations of metals were added to filtered samples. Highest DOC was
still found in F1, with carbon contents decreasing in the following order: F1 > F2 > F3 > F4 > F5 >
F6. The studied metals presented similar and homogeneous distributions in all fractions. Values of
log K were similar for samples in natura and 30 days after addition of metals (7.1 and 7.0, 6.6 and
6.9, and 7.2 and 7.0 for Al, Cu and Fe-NOM, respectively), indicating a new dynamic equilibrium in
the metals distribution after 30 days. The species formed between NOM and spiked metals showed
distribution patterns that changed as a function of complexation time, indicating a transformation of
the NOM binding sites, suggesting that the collective effect of the fractions is more important than
individual site properties, and confirming that the most humified fractions exert a large influence on
the complexation of metals in aquatic environments.
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Introduction

Various metal species having either natural or anthropic
origins are present in the aquatic environment. These
metals do not exist in isolation, because natural waters
contain a variety of substances, inorganic or organic,
capable of forming complexes with dissolved metal
ions, and during the complexation process a natural
competition occurs between different metals for available
binding sites, which can modify the metal balance.' The
distribution of metals among various ligands (i.e., metal
speciation) also governs bioavailability, which is related
to the free metal concentration rather than to the total
dissolved metal concentration. This is important, because
the deleterious effects of metal toxicity can be mitigated
by complexation of the metal with inorganic or organic
ligands. Metal speciation may also affect the mobility of
metals in aquatic environments, and thus the exposure of
organisms to metals.’

Organic ligands occur in various forms, including
natural organic matter (NOM), a classification that includes
all organic substances in a reservoir or natural ecosystem
(other than living organisms and compounds of man-made
origin). Special attention has been focused on the effects of
complexation on processes by which metals are removed
from aqueous solutions and which could influence the
residence times and concentrations of free dissolved metals,
hence directly affecting bioavailability (or biologically
available metals) in aquatic environments. Natural OM
presents a polyelectrolyte structure, with a large number
of polyfunctional groups that are ionized in solution, and
different binding sites including carboxylic and phenolic
groups, or combinations of these groups.?

According to Buffle et al.,* complexation sites of natural
complexants exert a buffering action over many orders of
magnitude of log[M], which is essential for maintenance
of life in natural systems.

Research concerning the interactions of NOM and
metals is therefore vital in order to be able to understand
and predict metal binding under different circumstances,
and can contribute significantly to knowledge of chemical
speciation.! NOM—metal species, and their thermodynamic
stability, have been assessed using a variety of techniques.
An advantage of the ultrafiltration (UF) method is its ability
to combine fractionation, according to molecular mass of
the ligand, with sensitive techniques used to determine
the total amount of metal in the filtrate (such as atomic
absorption or emission spectrometry).’

Ultrafiltration systems employing tangential flow
(TF) enable relatively rapid filtration, due to reduced
pore obstruction since the material accumulated on the
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membrane surface is removed by the strong cross flow.°
According to Burba et al.,” UF is one of the few separation
methods that do not require either an additional separation
medium or additional reagents.

Use of membranes having different cut-offs (5-100 kDa)
can provide better information on chemical reactions in
freshwater systems involving metals and NOM molecules
of different sizes, information about complexation in the
environment following inputs of metals, as well as the
influence of time on the transformation of NOM-metal
compounds formed after varying periods, since time is an
important parameter influencing the reactivity of metals
with organic matter. Some studies have suggested that
recently-complexed metal ions are preferentially linked
with easily accessible functional groups in the organic
molecules, with reaction time determining structural
changes in NOM molecules and variations in the contents of
dissolved organic carbon (DOC) and metals in the various
molecular size fractions.” !

Information is therefore needed to improve
understanding of the dynamics of natural aquatic systems
containing elevated DOC contents, and here we use the
example of the Serra de Itabaiana National Park watershed
(Brazil). This environmentally protected region contains
the headwaters of rivers that are important both from the
perspective of water supplies for human consumption, and
for irrigation projects affecting around 100,000 inhabitants
of an arid region of Sergipe State in northeast Brazil.

The distributions of Al, Ba, Cr, Cu, Fe, Mn, Ni, Pb
and Sr were characterized in different molecular size
fractions, using NOM from water samples obtained from
the Serra de Itabaiana, by applying the tangential-flow
ultrafiltration (TF-UF) technique. Important information
was also obtained concerning thermodynamic properties
that dominate metal complexation by natural ligands, with
temporally resolved fractionation used to evaluate the
influence of this process on the availability and speciation
of metals under the experimental conditions of the study.

Experimental
Sampling and characterization of the in natura sample

Organic-rich water (20 L) was collected from the
Cachoeira do Cip6 stream in the Serra de Itabaiana (Brazil).
DOC was determined after filtration through a 0.45 um
filter, using catalytic combustion in an oxygen atmosphere
(Shimadzu TOC-5000 analyzer). According to Thurman,"
DOC is the organic carbon that passes through a 0.45 um
pore size filter, and is the most important parameter used in
the study of organic carbon. DOC quantifies the chemically
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reactive fraction, and gives the mass of organic carbon
dissolved in a water sample. Most of the DOC (both simple
and complexed organic molecules) is smaller than the
colloidal range of 1 nm to 0.45 um.

The complexation capacity (CC) was determined
according to the method proposed by Romio et al.,’ for
the Cu(Il) ion. Molecular absorption spectrophotometric
measurements (Thermo Genesys 10, place) were made in
the UV-Vis region at 254 and 436 nm.

Determination of metals

The metal ions (AI**, Ba*>*,Cr**, Cu?**, Fe’*, Mn*",
Ni**, Pb* and Sr**) were determined using atomic
emission spectroscopy in an argon plasma (Varian ICP
OES, Mulgrave, Australia), following the instrument
manufacturer’s recommendations. Acid synthetic standard
solutions (0.1% v/v HNO,) were diluted, and working
solutions with a final pH of 2.0 were used for calibration
of the ICP OES.

NOM fractionation using TF-UF, and the influence of time

Different fractions were obtained using a TF-UF system
(Vivascience Model Vivaflow 200, place) equipped with
polyethersulfone (PES) membrane filters of different sizes
(100, 50, 30, 10 and 5 kDa). After filtration through a
0.45 pm membrane, the samples (1000 mL) were spiked
with AI**, Ba*, Cr**, Cu*, Fe**, Mn?*, Ni**, Pb** and Sr*, in
appropriate volumes to obtain final concentrations of 3.0,
20,7.0,9.0,7.0,7.0,8.0,32.0 and 13.0 mg L', respectively,
and allowed to equilibrate for 1, 15 and 30 days. The spiked
samples were then pumped through the TF-UF system, and
the filtrates, containing metals in six different fractions (F1: >
100; F2: 100-50; F3: 50-30; F4: 30-10; F5: 10-5; F6: <5 kDa)
were analyzed by ICP OES. The in natura water sample was
also fractionated and analyzed adopting the same procedure,
after filtration through a 0.45 um membrane.

The total concentration of added metals should not
exceed the complexation capacity (CC). To ensure this,
the value of 1.50 mmol g' Cu(Il) DOC measured for
the water sample studied was used as a reference. This
parameter (CC) was chosen because the binding sites
of natural complexants serve to maintain complexation
buffering, but this capacity is limited. Hence, the values
of the concentrations of the nine metal species to be added
were determined as CC/9, giving a value of 0.16 mmol for
each metal, which was subsequently converted to absolute
mass values (mg). The maximum amount of metal added
did not exceed the amount measured (as mg) in the in
natura sample. The concentration of each added metal
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was therefore controlled using a value smaller than the
difference between CC and the in natura concentration. The
sum of the concentrations of metals could not exceed the
CC of the water, so that their competition and distribution
better reflected behavior in the water sample.

Results and Discussion

A low pH (3.76), and elevated DOC content
(22.5 mg C L"), as well as the A, (0.954) and specific
absorbance (4.24 L mg™' m™) values, were all indicative of
high humification of the in natura sample. Table 1 shows
the DOC composition, and absorbances at 254 and 436 nm
of the NOM fractions. The ratios of the absorbances at 254
and 436 nm for the different fractions showed that F5 and
F2 were the most humified (smaller ratios), with values
of 1.47 and 2.42, respectively. Values for the remaining
fractions were 9.90 (F1), 14.2 (F3), 18.2 (F4) and 27.0
(F6). The following increasing order of humification was
obtained: F6 < F4,F3 < F1 < F2 < F5. These results are
corroborated by those obtained by Aratjo et al.,'”> who
also estimated the extent of humification using A /A,
ratios. According to Frimmel ef al.,"* absorbance (A) in
the UV and visible ranges is an important property of
NOM. Moreover, the UV-Visible spectra are featureless
and contain no discrete absorption bands, because of the
overlap of the broad absorption bands of the chromophores.
The spectral absorption also depends on the pH value. The
lower the pH, the lower the specific absorbance, reflecting
the acid-base forms of the chromophores within the
molecules. Thus, normalization of absorbance on the mass
concentration of DOC can be very useful, for both original
aqueous samples and isolated fractions. Specific absorbance
(A,5,/DOC) values near or higher than 4.0 are indicative
of high humification, and suggestive of an organic matter
characterized by a high density of double bonds or the
significant presence of aromatic groups. Here, fraction F1
showed the highest DOC percentage, and contained over
50% of the C of the NOM (Table 1).

Figure 1 shows the initial distributions of DOC and
complexed metals in the different fractions. The F1 fraction
contained the greatest amount of DOC, and F5 the least.
Carbon contents of the different fractions decreased in the
order: F1 >>F3 >F2 =F4 >F6 > F5. There was preferential
binding of metals in F1 (the highest DOC fraction).

For all fractions, there was no significant change in the
carbon distribution after 24 h (Figure 2), compared with the
initial distribution, and fractionation of spiked samples only
showed alterations for some metals. Iron and Cu showed
preferential binding in F1, which accounted for about 90
and 80% of the total of these metals, respectively.
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Table 1. Dissolved organic carbon contents, and absorbances at 254 and 436 nm

101

Fraction DOC DOC Ay, A A /A A,/ DOC
(kDa) (mg L) (%, m/m) (L mg' m)
F1 (> 100) 80.10 52.76 0.416 0.042 9.90 0.78
F2 (100-50) 12.81 10.97 0.588 0.243 2.42 4.59
F3 (50-30) 8.44 12.23 0.583 0.041 14.22 1.21
F4 (30-10) 9.69 10.84 0.364 0.020 18.20 0.58
F5 (10-5) 5.57 5.14 0.210 0.142 1.47 3.77
F6 (<5) 5.10 8.06 0.054 0.002 27.00 0.82
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Figure 1. Initial distributions (%) of DOC and complexed metals in the
different NOM size fractions.

)
o
15}

100 + n 4

©
S

L
©
S

80 -

<

L
~
=]

[1DOC
—u—Al
—o—Cr
—4a—Fe
—v—_Cu
—e—Mn
—<—Ni
—»—Ba
—o—S8r
—*—Pb

*

60 -

o

L

g
Percentages of Metals

2o

NN

Percentages of DOC

20 +

18

&
F2 F3 F4 F5 F6
Fractions

Figure 2. Distributions (%) of DOC and complexed metals in the different
NOM size fractions after 1 day.

Figure 3 presents the distributions after 15 days. F1 shows
a decrease of DOC compared with the earlier distributions,
but still contains the highest proportion (around 35%). For
the most humified fractions, there was no change in the
DOC content of F2 (ca. 12%), however that of F5 (ca.17%)
increased by more than 300% compared to the in natura
sample, and by 150% compared to the 24 h sample. The
distribution of the metals was nearly uniform in all fractions.

New distributions of DOC were observed after 30
days (Figure 4). Fraction F1 retained the highest DOC,
with carbon contents decreasing in the following order:
F1 > F2 > F3 > F4 > F5 > F6. There was a substantial
increase (250%) in the DOC of F2, one of the most

Figure 3. Distributions (%) of DOC and complexed metals in the different
NOM size fractions after 15 days.

humified fractions, relative to the contents of the in natura,
24 h and 15 day samples. The metals showed similar
and homogeneous distributions in all fractions, close to
those observed after 15 days, probably indicative of an
establishment of equilibrium. These results differ from
those obtained by Sargentini et al.,' where a change was
observed 24 h after addition of five metals (Ni, Cu, Zn, Cd
and Pb), with a return to a distribution similar to that of
the in natura sample after 10 days. Conditions were not
identical, with the earlier study being of shorter duration,
the NOM (denoted aquatic humic substances) extracted
using XAD-8 resin, and the water sample obtained from
the Rio Negro in the northern Amazon basin (Brazil).
Nonetheless, there are similarities in the findings of both
studies, with evidence for the occurrence of intra/inter-
rearrangements of NOM binding sites, and a homogeneous
trend of metal distributions in all size fractions.’

In order to explore the possible degradation of NOM,
the water sample was placed under agitation for 30 days,
after which ultrafiltration was performed and the carbon
content measured after 1, 15 and 30 days. Table 2 shows
the variation of the percentage of carbon, as a function
of time, with t0 representing the in natura sample. The
values obtained show that spontaneous degradation of the
organic matter did not occur, and that the variations in DOC
percentages observed in the binding time experiments were
a result of NOM intra/inter-rearrangements.
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Figure 4. Distributions (%) of DOC and complexed metals in the different
NOM size fractions after 30 days.

Table 2. Dissolved organic carbon contents (%) in different fractions as
a function of complexation time (0, 1, 15 and 30 days)

Fraction t0 tl t15 t30
Fl 52.8 53.1 52.9 52.6
F2 10.8 10.1 11.1 10.5
F3 12.2 12.0 12.4 12.1
F4 10.8 11.0 10.9 10.9
F5 5.14 6.15 6.00 5.30
F6 8.06 7.69 6.74 8.60

Table 3 shows the values of the conditional stability
constants (K) of the metal-NOM complexes (where the
metal is Al, Cu or Fe), determined considering the first five
fractions at times O (in natura sample) and 30 days after
addition of the metals. The pH was maintained constant at
5.0. The model used for the calculation was as suggested
by Nifant’eva et al.,'* where the complexation reaction is
described as follows:

M+L ML,
K = M-L]
"ML
K= ZKiai

(L]

[M-L,] = concentration of complex retained on stage i of
the UF system. This is achieved by determining the metal
concentration in each return; [M] = concentration of free
metal, which passed through all five UF stages. This
corresponds to the concentration of metal in fraction F6;
[L,] = concentration of ligand calculated from 50% of the
DOC for each UF stage.

The results (Table 3) show that, for all metals, the
highest K values were obtained for the highest molecular
weight fractions. Similar results were obtained by

J. Braz. Chem. Soc.

Nifant’eva ef al.'* Conditional stability constant values for
Cu-HS, obtained using different analytical methods can
be found in the literature.’ The equilibrium quotients are
constants, and comparable only if measured at constant pH.
At pH 5.0, the main groups (~COOH) are ionized and
to enable comparison with other work it was necessary
to select a specific pH value. According to Tipping,* the
binding of metal cations is strongly affected by pH, firstly
due to the competition between protons and metal cations
for organic matter binding sites (low pH), and secondly
because of cation hydrolysis (high pH). At pH values
higher than 6.0, the species [Al(OH),]* and [AI(OH),]" are
assumed not to bind, while Cr(IIT) tends to precipitate (as
Cr(OH),) under the same conditions.'’

According to Nifant’eva et al.,'*at pH 5.0 and 6.0,
log K values for Zn** and Cu* are in the range 4.5-5.4, in
agreement with conditional stability constants determined
using different analytical techniques. The values are close
to those obtained in the present work.

Table 3. Conditional stability constants of Al, Cu and Fe complexes with
different NOM fractions, and overall stability constant for samples in
natura and 30 days after spiking with metals

. in natura After 30 days
Metal Fraction
log K, log K log K, log K

Al Fl 7.5 7.7

F2 7.5 7.4

F3 7.2 7.1 7.2 7.0

F4 6.6 6.7

F5 4.6 6.6
Cu Fl1 6.9 7.5

F2 6.8 73

F3 6.7 6.6 7.1 6.9

F4 6.2 6.6

F5 5.9 6.5
Fe F1 7.6 7.7

F2 7.5 74

F3 7.2 72 72 7.0

F4 7.0 6.6

F5 5.7 6.6

For the in natura sample and that obtained 30 days
after metal addition, the log K values are similar for Al,
Cu and Fe-NOM (7.1 and 7.0, 6.6 and 6.9, and 7.2 and
7.0, respectively), confirming that equilibrium was attained
in the metal distribution after 30 days. It is important to
emphasize the contribution of the most humified fractions,
especially F5 where log K, increased from 4.6 to 6.6 for
Al, from 5.9 to 6.5 for Cu, and from 5.7 to 6.6 for Fe.
These increments significantly influenced the final value of
log K. According to Buffle et al.,* the buffering behavior of
natural heterogeneous complexants plays an important role
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in controlling free metal ion concentrations. This suggests
that the overall effect of organic fractions of differing
molecular size is more important than individual site
properties, and indicates that the most humified fractions
exert a large influence on the complexation of metals
in the aquatic environment, and therefore on transport
processes, accumulation and bioavailability of metals in
natural waters.

Conclusions

Under the conditions employed in this work, use of
a five-stage tangential-flow ultrafiltration device showed
that the distribution patterns of metals and NOM fractions
changed as a function of kinetics (time) and thermodynamic
properties. There was strong evidence for the participation
of humified fractions in controlling metal concentrations, as
well as the distribution and speciation of metals in aquatic
environments.
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