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As substancias hiimicas aguéticas investigadas foram convenciona mente extraidas de amostra
de &gua coletada no Rio Negro — AM, Brasil utilizando-se resina XAD 8. Investigagdes usando
ressonancianuclear magnéticade préton e carbono trezeindicaram apresencade altaaromaticidade
com pouca substituicao, pequena quantidade carbono carboxilico e razéo 1:1 de grupos aliféticos/
arométicos. A razdo das absorbancias E3s0/E4s0, na regido do ultravioleta e do visivel, sugere a
presenca de estruturas alifaticas em proporgoes relativamente grandes. A distribuicdo do peso
molecular das substancias himicas aquaticas foi caracterizada utilizando-se um sistema de ultra
filtrag8o de 5 estagios. O fracionamento indicou que metais trago, original mente complexados com
as substancias himicas, apresentam diferentes distribuigdes.

The aquatic humic substances investigated in this study were conventionally isolated from Rio
Negro waters - Amazonas State/Brazil by means of the collector XAD 8. Molecular spectroscopy
investigations of these humic substances using H-NMR and *3c-NMR indicated the presence of
high aromaticity with few substituents, small amounts of carboxylic carbon, and an aliphatic/aro-
matic ratio of 1:1. The relatively high UV-VIS absorbance E3s0/E450 ratio suggested the presence
of relatively large proportions of aliphatic structures. Moreover, using afive-stage tangential-flow
ultrafiltration (UF) device, the molecular-size distribution of the isolated humic substances was
characterized. The fractionation patterns showed that metal traces remaining in humic substances
after their XAD 8 isolation have different size distributions. For instance, Mn, Cu, Cd and Ni
quantified by ICP-AESwere preferably found in the high molecular-weight fractions (10-100 kDa).
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I ntroduction

The main pool of dissolved organic carbon in tropical
aquatic environments, notably in the best known dark-col-
oured river of the Amazon basin, Rio Negro, is concen-
trated in humic substances (HS). Rio Negro is one of the
major tributaries of the Amazon River. According to Ertel
and co-workers! , the major humic acid flux to the Amazon
River system is from the Rio Negro, which corresponds to
2.5 times the input of Rio Solimdes. Owing to the loss of
cationsduring cyclesof extensive weathering and leaching,
the soilsinthe Amazon Basin aregenerally infertile’. Thus,
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the metal ions are probably leached to the aquatic systems
and complexed by aquatic humic substances (aguatic HS).

Aquatic HS are large organic molecules formed by
micro-biotic degradation of biopolymers and polymerisa-
tion of smaller organic moleculesin the environment®. HS
in natural waters are polyelectrolytes with a generally
irregular structure, and awide range of molecular weights.
The study of metal-humic interactions is often aimed at
predicting the effect of HS on the bioavailability of metal
ionsin the environment*°. Therefore, the characterization
of functional groups by spectroscopic methods aswell asa
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better knowledge of metal-HS interactions in different
molecular-size fractions is important.

Lately, various researchers®® have studied the proper-
ties of aquatic HS. The presence of carboxylic, phenolic
and carbonyl groups gives aquatic HS ahigh capability for
the complexation of metal ions. This chemical behavior
significantly influences the transport, distribution and ac-
cumulation of metalsin aquatic environments'®,

In the present work the different functional groups of
agquatic HSisolated from Rio Negro*2 were investigated by
means of *H-NMR, *C-NMR and UV/VIS spectroscopy.
Moreover, a sequential-stage ultrafiltration procedure
served for the size-classification of the isolated HS. The
distribution of metal contained in the obtained HSfractions
was assessed by |CP-AES. Information about the humifi-
cation degree of the different HS fractions could be ob-
tained by UV-VIS spectrometry.

Experimental

Chemicals and reagents

All reagents used were of high-purity grade unless
otherwise stated. Diluted acid and alkaline solutions nec-
essary for the aquatic HS isolation, were prepared by con-
venient dilution of 30% hydrochloric acid (suprapur,
Merck AG) or sodium hydroxide-monohydrate (suprapur
Merck AG) dissolvedin high-purity water (Milli-Q system,
Millipore). The XAD 8 adsorbent (ServaFeinbiochemica),
required for the isolation of aquatic HS, was previously
purified by successive soaking with 0.5 mol/L HCI, 0.5
mol/L NaOH and methanol (24 h each).

Isolation of aquatic humic substances by XAD 8 resin

The HS under study were isolated from a sample col-
lected from Rio Negro - Amazon State/Brazil - near the
confluence of the Taruma Mirim River (Fig. 1). For this
purpose, 50 L of surface water were field filtered through
0.45 pm cellulose-based membranes and acidified with
concentrated HCI to pH 2.0. Afterwards, the HS from the
acidified sample were conventionally isolated on the XAD
8 collector following the recommendations of Malcom®®.
After elution with 0.1 mol/L NaOH, the obtained concen-
trate (3.0 mg/mL DOC equivaent to 6.0 mg/mL HS) was
neutralized to pH 7.0 with 0.1 HCI solution, stored in high
density polyethylene containers and maintained at 4 °C.
The determination of dissolved organic carbon (DOC)
contained in the water sample and in the HS concentrate
was carried out by catalytic combustion in an oxygen
stream and subsequent IR detection by Analyser Schi-
madzu TOC 2000".

Complexation

The complexing capacity of the aquatic HS under study
was determined by a copper(l1) selective electrode (WTW
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Cu 500). For this purpose, 2.0 mg HS dissolved in 100 mL
of 0.1 mol/L NaNOs3 solution (pH 5.0) was successively
loaded with Cu(ll) ions and the increase of the electrode
potential referring to the added Cu(ll) was recorded. The
assessment of the Cu(l1) complexation capacity (CC) was
carried out according to Buffle’ and Soares et. al .28 yield-
ing a CC of 2.8 mmol Cu(ll) per g DOC of HS.

Fractionation of the aquatic humic substances by
multistage ultrafiltration (UF)

The aguatic HS under study were on-line fractionated
by means of aspecial tangential-flow multistage ultrafiltra-
tion unit developed by Burba and co-workers'32°, It con-
sists of a cascade of up to 5 UF stages made of high-purity
acrylic polymer attached by two bolts and nuts. The UF
stages are equipped with appropriate 25 mm diameter UF
membranes (Pall-Filtron Omega), leading to the separation
of the following molecular-size fractions: F1, > 100; F»,
50-100; F3, 10-50; F4, 5-10; Fs, 1-5and Fe < 1 kDalton. The
tangential-low UF processing was performed by a five-
channel peristaltic pump. Accordingly, the aguatic HS
solution (10 mL 1.0 mg/L HS, pH 6.0) was pumped (initial
pressure, 2.5 bar) through the cascade of membranes lead-
ing to a flow rate of 1.5 to 2 mL/h (tangentia flow, 2-3
mL/min).

UV/VISand ICP-AES

UV/VIS spectra of aguatic-HS and their ultrafiltrated
fractions were registered in the 225-600 nm range with a
two beam Varian Cary 1/3 spectrometer. The metalsbound
to the fractions (F1 to Fs) were determined by ICP-AES,
using for this purpose, a Thermo Jarrel Ash - CID-DUO
Spectrometer, according to the experimental conditions
givenin Table 1.

NMR spectrometry

The 'H-NMR spectrum of the D20 dissolved aguatic
HS sample, referred to acetonitrile, was measured at 400
MHz using a JEOL GX 400 NM R spectrometer according
to the following experimental conditions. acquisition time:
1.59 s, total time: 11 min; sweep width: 5160 Hz; number

Table 1. Operating parameters for the ICP-AES determinations.

Operating parameters

Incident power 1.5kW
PlasmaAir flow-rate 15 L/min
Nebulizer Air flow-rate 1.2 L/min
Auxiliary Air flow-rate 0.5L/min
Sample flow-rate 24 mL/min

Andlytical lines Cd 396.8 {066}, Cu 327.4
{079}, Ni 221.6 {117}, Co 228.6

{114}, Mn 257.6 { 100} nm
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of scans: 256; resolution: 8k. The *C-NMR spectrum of
250 mg HS dissolved in 3.0 mL DO (pH 8.5) referred to
acetonitrile, was measured at 100 MHz with a JEOL GX
400 NMR spectrometer according to the following experi-
mental conditions. acquisition time: 0.34 s; total time: 62
h; sweep width: 48078 Hz; resolution: 16 k.

Results and Discussion

The origin and other information related to the studied
aquatic humic substances are summarized in Tables 2, 3
and Fig. 1.

NMR studies

'H-NMR was used to estimate the relative contents of
aromatic and aliphatic protonsin the aquatic HS. Figure 2
shows the 'H-NMR spectrum with signals attributed to
aliphatic protons (0 - 4.5 ppm), and aromatic and heteroaro-
matic hydrocarbons (6 - 8 ppm) (Table 4). The peaksfrom
1.6 to 3.0 ppm can be explained by the presence of the
methyl and methylene groups which are a or attached to
el ectronegative groups, e.g., carboxyl group or an aromatic
ring. Protons on carbons bonded to O or N heteroatoms
were characterized by peaks between 3.3 - 4.5 ppm. The
sharp peak which appears at 4.9 ppm can be attributed to
thetracesof H2O inthe D20 and the peaksat 5 - 6 ppm may

Table 2. Complementary information related to the humic substances
from Rio Negro (February, 1997).

Qrigin Rio Negro (at TarumaMirim)
pH 6.5
Conductivity 58 uS em'?
Temperature 27°C

DOC 12 mgC/L

Complexation capacity 2.8 mmol Cu(ll)/g DOC

Table 3. Concentration of the trace metas in water and in the humic
substances isolated from Rio Negro (n = 4).

Metals Concentration
Water® [ug/L]  Isolated HS? [ug/g]
Cu 73 53+0.3
Co <9 84+06
Ni 28 8.0+05
cd <9 45+0.2
Mn 49 422

8Total metalsin the 0.45 um membrane filtered original sample.
b After isolation by the XAD 8 resin procedure.
¢ Below the detection limit of ICP-AES.
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Figure 1. Rio Negro and the sampling location site.

a b

9 6 PPM 3 0
Figure 2. H-NMR spectrum of the studied humic substances isolated
from the Rio Negro. Chemical shifts (ppm) referred to acetonitrile.
a) XAD 8 acrylesther peak.
b) Water.
c) Acetonitrile.

be due to the acrylester groups extracted from the XAD 8
resin.

13C-NMRisawell suited technique for the examina-
tion of complex organic structures such as those present
in soil and waters?®. Although NMR does not allow
assessment of the complete structure of the compounds,
it does provide a measure of the average distribution of
the various types of carbons. The direct measurements
of the carboxyl, aromatic and aliphatic carbon contents
can often be made by peak integration of their specific
regions.
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Table 4. Peak assignments for the H-NMR spectrum of the studied
humic substances from Rio Negro and their integrated areas (%).

J. Braz. Chem. Soc.

Tableb. Peak assignmentsfor the Be.NMR spectraof the studied humic
substances from Rio Negro and their integrated areas (%).

(ppm) Assignments Integration % (ppm) Assignments Integration %
0-1.6 C-CHh(n=2;3) 28 65-0 Paraffin 33
1.6-3.0 (0)-CO-CHn 25 100-65 Hydroxy!, Ether 17
Aliphatic protons 165-100 Olefinic, Aromatic 35
attached C atom a
to abenzene fing 190-165 Carboxyl 12
3345 O-CHn 13 230-190 Ketone 3
N-, CHn
(n : 1 2) tuents, small amount of carboxylic carbon (12%) and 1:1
5.5-9.0 Olefinic and 34 (aiphatic : aromatic) ratio.
Aromatic

Figure 3 shows the 3C-NMR spectrum of aquatic-HS.
Peaks can be attributed to the presence of the same groups
present in the *H-NMR spectrum, i.e., aliphatic (0 - 60
ppm), aromatic carbons, carbonyl (100 - 160 ppm) and
carboxyl groups (160 - 180 ppm). Similar trends were
observed in the *C-NMR spectrum of HS samples from
Como Creek?!, with comparable aiphatic and aromatic
contributions.

The *H-NMR and **C-NMR spectra indicate that the
quantity of aliphatic carbons seemsto begreater or, at least,
of the same magnitude of the aromatic carbons. The *H-
NMR spectrum integration shows that aquatic HS exhibit
34% of aromatic and 28% of aliphatic hydrogens. The
1B3C-NMR spectrum shows 35% aromatic and 33% ali-
phatic carbons(Table5). Itisworth noting that theseresults
show the presence of high aromaticity with few substi-

a

MM

! I ——
200 150 PPM 100 50 0

Figure3. BeNm R spectrum of the studied Rio Negro humic substances.
Chemical shifts (ppm) referred to acetonitrile.

a) Acetonitrile.

b) Blanks of acrylester dissolved from XAD 8.

Ultrafiltration studies

Figure 4 shows the molecular-size distribution of stud-
ied Rio Negro HSin the ultrafiltration fractions from 1 to
Fe. The loss in the recovery balance, about 7%, might be
attributed to the adsorption onto the inner surface of the UF
device®®. Most of the mass of thisHSis concentrated in the
middle fraction F3 (10-50 kDa, 31.5%) and in the F
fraction (50-100 kDa, 23.3%) showing a relatively high
molecular-weight.

Gaffney et al.?? reports that DOC distribution for the
Volo Bog water is concentrated in the size ranges of 30-3
kDa and < 3 kDa. However, a DOC profile for a water
sample collected at Saganashkee Slough, with higher nu-
trient content than the bog, showed the humic material
concentrated at the 0.45 to 0.1 um and < 3 kDa fractions.
It is worth noting that the distribution patterns of different
HS containing samples can be compared only if the sepa-
ration is carried out under the same conditions.

The analysis of these fractions demonstrates that acid-
inert metal traces till retained in this HS after its XAD 8
isolation from the acidified water sample (pH 2.0) have
different distributions in the obtained HS, as shown in
Figure5. The content of Co tracesin the different fractions
seemsto be similar except for the F4 fraction, that contains
about 30% of the total HS bound Co. Such distribution

35+
30 +
25 +
20 +
15+

101+

e
e
% e
I
0

Fy F>

HS distribution / %

Figure4. Molecular distribution pattern of the studied Rio Negro humic
substances obtained after afive-stage on line ultrafiltration (conditions: 1
mg/mL HS, pH 6.0, F1, > 100; F2, 50-100; F3, 10-50; F4, 5-10; F5, 1-5;
Fe, < 1 kDalton).
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Figure5. Digtribution traces of Mn, Co, Ni, Cu, Cd contained in XAD 8
isolated Rio Negro humic substances (conditions: 1.0 mg/mL HS; pH 6.0,
fractionation asin Fig. 4).

indicates that there are no specific sites in the different
fractions of HS related to the acid-inert Co. However,
acid-inert Mn, Cu and Cd werein general preferably bound
by molecules of relatively high molecular-weight (F, and
F3; 10-100kDa). The Ni tracesof thisisolated HS presented
similar distribution patterns in the high-molecular weight
fractions, F1 to F4. Using anatural bog water sample and a
similar fractionation procedure, Burba and co-workers®®
showed that original Mn is preferably complexed by low
molecular-weight ( < 1 kDa) HS fractions. Gaffney et al.??
demonstrated that the organic fraction of 0.1 um and 100
kDa contained an appreciable manganese content.
Rottmann and Heumann?® applied a HPLC system on line
coupled with ICP-M Sfor the heavy metals study of differ-
ent fractions of dissolved organic matter. For Cu, the major
amount was complexed with the high molecular-weight
fractions. Moreover, the same metal ions aso showed
different fingerprints for samples of different origins.

UV spectrometric studies

A number of investigators have reported a strong cor-
relation between the structure of HSand their ability to bind
organic and inorganic pollutants. In recent spectroscopic
studies a significant correlation was observed between
molar absorptivity (€), total aromaticity, and the molecular
weightsof HS. The percent of aromatic carbon, determined
by NMR, was correlated with UV-absorbance measure-
ments?*. It was suggested that the UV-absorbance can be
used to provide a rapid and quantitative estimate of the
aromatic nature of the dissolved HS. In essence, an average
molar absorptivity (€), based on the whole sample, was
used to determine the concentration of material passing
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through the detector®. It could be demonstrated that this
spectroscopic property of the HS vary with their molecular
weight. The high molecular weight fractions of HS have a
larger average €, while the low molecular HS weight frac-
tions, showed a smaller average molar absorptivity.

According to Chen and co-workers?, the magnitude of
theabsorbanceratio E4/Eg (absorbances at 400 and 600 nm)
depends on the humification degree (decomposition of
organic matter) and the molecular weight of HS molecules.
This quotient iswidely used in soil science as an indicator
for humification. However, Peuravuori?’ has found no re-
| ationship between the aromaticity and the absorbanceratio
E4/Es, in limnologycal studies. Instead, the correlation be-
tween the E,/E; ratio (absorbances at 250 and 365 nm) and
the molar absorptivity (€) at 280 nm was quite moderate (r?
= 0.81). The authors suggested that the relationship be-
tween the aromaticity and the E2/E3 ratio for humic mate-
rials could be obtained according to

aromaticity = 52.509 - 6.780 E/E3 (1)

Thisimpliesthat when the quotient Eo/Ez increases, the
aromaticity and the molecular size of the aquatic humic
solutes decreases. Chen et al.%, also observed a good
correlation between aromaticity of HS and € at 280 nm:

aromaticity = 0.05 & + 6.74; r? = 0.90 2

aswell asagood correl ation between molecular weight and
€

My = 3.99 € + 490; r> = 0.97 (3

Although the E,/E3 ratios appear to be more appropiate
to limnologycal studies, the Esso/Easp ratios (absorbances
at 350 and 450 nm) were chosen dueto the high absorbance
values presented by the F1, F2 and Fs fractions at 250 nm.
Taking into account such discussion, Table 6 shows the
Easo/Esso ratios observed to the the Rio Negro HSfractions
obtained by multistage UF. Accordingly, a low Ezso/Esso
ratio value of the (e.g. Fi-F2) might be indicative of a
relatively high degree condensation of aromatic humic

Table 6. On-line ultrafiltration of the isolated Rio Negro humic sub-
stances: molecular-size distribution and absorbance ratio of
E3s0nm E450nm

Fraction Amount (%) Essonm/E450nm
Origina sample 100 6.33
F1 (> 100 kDa) 9.3 4,04
F2 (50-100 kDa) 233 5.44
F3 (10-50 kDa) 315 6.57
F4 (5-10 kDa) 10.9 7.35
Fs (1-5 kDa) 6.3 7.43
Fe (< 1kDa) 12.1 14.7
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substructures. Moreover, the increase of the Ezso/Esso ratio
may be related to a continuous decrease of the molecular
weight from fractions F3 to Fs. However thisbehavior, can
also be associated with the presence of relatively larger
proportions of aliphatic structures.

Conclusions

From this multimethodological study of HS isolated
from Rio Negro water the following conclusions can be
drawn. The molecular spectroscopy investigations (*H-
NMR, ¥C-NMR and UV/Vis) indicated the presence of
high aromaticity with little substitution and small amount
of carboxylic carbon in the studied HS. The absorbance
ratio Easo/Easo suggests the presence of relatively large
proportions of aliphatic structures. Molecular size frac-
tionation of theHS after itsacidic XAD8isolationfrom Rio
Negro water revealed that the trace metals have different
size distributions. Generally, the acid-inert traces of Mn,
Cu, Cd and Ni were preferably bound to the molecular-
weight fractions of > 10 kDa.

Summarizing, a multimethod approach consisting of
powerful fractionation, molecular and atomic spectrometry
methods is required to characterize aquatic HS and their
complex metal interactions in tropical aguatic environ-
ments, (e.g. Rio Negro).
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