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Aquatic humic-type solutes were separated in parallel from the same fresh water source by four different procedures: non-ionic
ethacrylate (DAX-8) and functional cross-linked polyvinylpyrrolidone (PVP) resins, functional diethylaminoethyl cellulose (DEA

angential ultrafiltration completed with a weakly basic anion exchange resin (IRA-67). The similarity–dissimilarity between the q
nd qualities of the different humic samples is discussed, especially in the light of the original dissolved organic matter (DOM). D
ast two decades, a significant progress has occurred in the aquatic humic research due to the so-called hydrophobic–hydrophi
ossessed by certain non-ionic sorbing solids. As a result of many coincidences, it may be justifiable to examine critically the

solation techniques of aquatic humic solutes and to try to update their complicated definitions. For that reason, it is reasonable to
he leading principles of different isolation techniques in Section 1 of this article. The results of the present study strongly su
pplicability of the PVP resin, alone or completed in sequence with a suitable non-ionic sorbing solid, for isolation of aquatic hu
olutes from both quantitative and qualitative points of view. In certain cases, the DEAE cellulose gives a useful alternative for co
orbing solids in the isolation of the bulk of aquatic humic solutes. The base-catalyzed ester hydrolysis of the HM during the chrom
solation of the DOM seems to be relative minor.

2004 Elsevier B.V. All rights reserved.
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. Introduction

The importance of the macromolecular, unidentifiable and
ery complicated heterogenous mixture of natural organic
atter (NOM) in all environmental systems can be consid-
red as a consensus of opinion. These scattered mosaic-like
rganic constituents are most frequently extracted from the
olid NOM with aqueous bases (e.g.[1]). These extracts of
o-called humic substances are further partitioned into func-

∗ Corresponding author. Fax: +358 2 3336700.
E-mail address:juhpeur@utu.fi (J. Peuravuori).

tional humic (HA) and fulvic (FA) acids based on their s
ubilities in aqueous acids and bases. This humic–fulvic
fractionation at strongly acidic conditions (pH≈ 1) is be-
lieved[2] to be useful and meaningful for characterization
separation of humic substances. The nomenclature and
nition of these humic substances are not easy-to-under
and they have features of scientifically hair-splitting[3]. The
common denominator in the humus chemistry is that all
sifications and definitions of humic substances, regardle
the nature of the sample (dissolved or solid), are only op
tional based on the procedure used for their isolation an
ideal system is available that would satisfy each scientis

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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The carbon cycling in aquatic ecosystems is extremely
complicated and the origin of aquatic humic solutes can be
dated back to many complex interacting sources (e.g.[4]).
The formation of aquatic humic solutes occurs as the result
of several processes in the aquatic environment and it is a
dynamic process with no unidirectional vector, as has been
pointed out in the literature (e.g.[5]). In general, the dis-
solved organic matter (DOM) in natural water is classified
[6] roughly into two groups: (i) non-humic solutes, consist-
ing of compounds belonging to the well-known classes of
organic substances such as amino acids, hydrocarbons, car-
bohydrates, fats, waxes, resins, low-molecular acids, etc. and
(ii) very complicated heterogenous humic solutes. These two
groups are not completely, neither physically nor chemically,
distinguishable from each other, because some natural non-
humic solutes, such as carbohydrates, can be an integral part
in the structural composition constructing humic solutes.

Nevertheless, the phrase of aquatic humus is very popular
in water chemistry, this term is as indefinite as that of the
humic substances, and it remains open what is dealt with:
DOM, humic solutes in full without partition or something
else. The use of specific terms of fulvic and humic acids is
based on an assumption that they represent real entities of or-
ganic constituents. On the contrary, the abbreviation of humic
matter (HM) refers to the generic term of all humic solutes
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of the reliable XAD-8 resin (Amberlite®) was ceased some
years ago. It has been reported[13,14] that XAD-8 resin
possibly can be substituted by SupeliteTM DAX-8 resin. The
potential of the DAX-8 resin as a research tool in the hu-
mic sciences has been also tested using several analyses of
structural fine-chemistry[15–17]. Despite some promising
attempts, it seems, however, to be troublesome and uncertain
to substitute the workable XAD-8 resin for a comparable
one. In the light of this problem, it may be justifiable to try to
adopt a more physical definition for humic-type constituents,
not solely based on some fictional hydrophobic–hydrophilic
interactions at certain acidity but more real and distinctive
functionalities.

The leading principle in using non-ionic sorbing solids
is that the method classifies organic solutes in a water
sample at preadjusted acidity (pH≈ 2) into fictional hy-
drophobic and hydrophilic fractions (in fact, to be dissolved,
the original DOM at natural acidities must in reality be
quite hydrophilic anyhow). According to certain preadjusted
hydrophobic–hydrophilic interactions between organic so-
lutes and the non-ionic sorbing solid, the relatively most hy-
drophobic macromolecular organic acids (humic substances
[18]) are retained onto the adsorbent. This primary organic
fraction is most frequently partitioned at strongly acidic con-
ditions (pH≈ 1) into humic- and fulvic-type acids. The back-
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ure. The HM, which may, at best, account for as muc
0% of the DOM, has an essential role in the carbon cyc

he dissolved organic carbon (DOC). The ability of the H
.g. to inactivate various pesticides and other organic

utants via complexation–copolymerization[7], to influence
ransport processes of organic and inorganic pollutants[8],
o lower bio-availability of harmful heavy metals via co
lexation[9], to act as precursors for the formation of sev
utagenic organic chemicals during chlorine treatmen
atural waters[10] in addition to the structural chemistry, e
ecially in the light of its environmental impact (e.g.[11]),
ave led to world-wide interest in research of this nat
rganic material.

The modern humus chemistry has progressed strong
ently, thanks to modern analytical techniques. Howeve
ajor problem in the aquatic humus chemistry is still h

o separate the HM selectively from other organic and i
anic solutes for obtaining a representative sample. Be
f the dilute solutions of the aquatic NOMs, they must be
entrated for further studies. Several techniques, with
dvantages and disadvantages, for concentrating and a
ultaneously for isolating the aquatic HM from the DO
re available[12], including freeze-drying, chemical prec

tation, solvent extraction, reverse osmosis, ultrafiltration
dsorption to solids.

The most frequently applied procedures for simultane
oncentration and fractionation of aquatic humic solutes
ost other dissolved constituents are at present the co

hromatographic methods by non-ionic sorbing solids (
s XAD resins or analogues). Unfortunately, the manufac
e

i-

ground of the multi-stage non-ionic sorbing solid techniq
is thoroughly reported and discussed in the literature[18,19].
It has been underlined[20,21]that the utilization of this tech
nique alone may include certain risks for uncontrolled fr
tionation, reactions and conclusions.

The most peculiar characteristic for different kinds
humic-type constituents is the occurrence of acidic functio
(mainly carboxylic) groups which render them into polyele
trolytes. This quality permits the isolation of practically a
humic-type solutes in one step from water by certain an
exchange resins. The most popular material for this purp
has been the DEAE cellulose (Sigma, [25249-54-1]) wh
is a weak anion exchanger with tertiary amine functio
groups bound to a hydrophilic matrix (OC2H4N(C2H5)2).
The quantities of ionized organic humic solutes isolated w
this procedure have generally been relatively high (ab
80% to nearly 100% of the DOM) in fresh water as compa
to the so-called XAD technique[22–27]. The optimum re-
covery of organic acids of the DOC occurs between pH 4
6, and it is possible to isolate almost all organic acids from
fresh water sample without any pH adjustments. On the o
hand, it has been reported[28] by studying aquatic marine
HM that even the relatively low salinity of, e.g. brackis
water will decrease the retention of acidic solutes, espec
those with lower molecular sizes, onto the DEAE cellulo
The utilization of anion exchangers in the humus chemis
has been discussed more closely in the literature (
[19]).

Other peculiar characteristics of humic-type organic c
stituents are their relatively high content of phenolic fun
tional groups, in addition to those of acidic groups, and
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abundance of aromatic CC moieties. These properties per-
mit the utilization of the cross-linked PVP for the fraction-
ation of the DOM into humic-type constituents and other
organic residues (primarily comprising carbohydrates, pro-
teins, amino acids and uronic acids) under acidic conditions
(pH ≈ 2). Although PVP in its insoluble form has been used
in several fields of research, including also the HM beginning
in 1968[29], its utilization in the humus chemistry is lesser-
known. However, this does not prove the unsuitability of
PVP resins for the isolation–fractionation of the HM[30–35].
The PVP procedure is similar to that of non-ionic sorbing
solids, concerning the acidity of the original water, which
must first be acidified to about pH 2. The PVP resin forms
strong hydrogen bonds with phenolic, hydroxyl and carboxyl
groups of the DOM (e.g.[33]), while non-ionic macroporous
copolymers classify at a given preadjusted acidity organic
humic solutes in a water sample according to their relative
hydrophobic–hydrophilic interactions between the surface of
the sorbent bed.

Tangential-flow membrane-ultrafiltration provides a
method for concentrating the original DOM according to
its molecular size. In addition, this procedure (continuous
operation) will minimize (e.g.[36,37]), as recently verified
[38–40], a number of problems connected (e.g.[41–43]) with
the bath operation (dead-ended) even though a slight foul-
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ence samples. Principal basic analyses (molecular size dis-
tribution, elemental organic analyses, UV–vis and Fourier-
transform infrared (FT-IR) characteristics) were performed
to illustrate the general ability of different sorbing solids in
isolating humic constituents in comparison with the original
DOM.

2. Experimental

2.1. Origin and isolation of samples

A natural fresh water sample was collected from Lake
Savoj̈arvi (SSS) situated in a marshy region in the south-
western part of Finland, in autumn 2002. Lake Savojärvi
has very brown water (colour as cobalt–platinum units about
150 mg Pt l−1; DOC 20 mg C l−1; conductivity at 25◦C,
about 6 mS m−1 and pH 5.8)[39]. The SSS-water sam-
ple (about 150 l) was collected 1 m below the surface into
glass containers. The original water sample was at first pre-
filtrated (0.2�m, Nuclepore polycarbonate filter cartridge,
no. 611101) directly after sampling and, thereafter, stored
in hermetic containers in the dark at 4◦C during the analy-
sis and isolation procedures. The International Humic Sub-
stances Society reference samples of Nordic aquatic fulvic
acid (No. FA, code IR105F) and humic acid (No. HA, code
I que
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ng of the membranes cannot be avoided (e.g.[44]), and
arge volumes of water can be easily processed for obta
ram quantities of DOM concentrates with different mo
lar sizes, e.g. for freeze-drying.

Molecular weight-size distributions are essential p
rties for estimating physical and chemical characteri
f dissolved humic-type organic constituents. The mos

ensively used technique for this purpose is apparentl
igh-performance size-exclusion chromatography (HPS
y UV-detection. In all, the UV–vis spectroscopy has its o

unction in the study of aquatic organic solutes, e.g.
54 nm is the most commonly utilized wavelength for m

toring water quality changes, but the absorptivity of sma
olecular size fractions at this wavelength is somewha
uced. In summary, determining molecular sizes of D
y different HPSEC applications is not a simple task a
orted and reviewed previously (e.g.[39,45]). Worth of con
idering in this context, is the view stressed in literature
chromatographic column of the TSK G3000SW-type

0 mmol sodium acetate buffer at pH 7 as the eluent is the
ystem being able to separate efficiently different molec
ize fractions of the aquatic very heterogenous NOM[46–48].

In the present study, three different sorbing solids (nam
AX, PVP and DEAE) and tangential ultrafiltration (U
kDa of nominal molecular size, NMW, cutoff), follow
ith XAD-8/2 (65/35 (w/w)), weakly basic anion (IRA-6
nd strongly acidic cation (Dowex 50W x-8) exchange re
ere applied for isolation–fractionation of humic-type
anic solutes from the same lake water sample. Several h

solates separated previously by XAD-8 and DEAE re
rom different fresh water sources were utilized as re
R105H) were isolated by the conventional XAD-8 techni
n summer 1986 from the runoff water (colour about 200
t l−1 and DOC 20 mg C l−1) of a Norwegian mire (symbo
8 and R9 inTable 1, respectively). The reference sam
1–R7 were isolated in 1994 from Lake Savojärvi (SS,[26])
y an enlarged XAD technique, XAD-8→ cation exchange

weakly basic anion exchanger, and in 1989, by the con
ional XAD-8 technique from Lake Mekkojärvi (M3, [38]),
lso a highly coloured lake (colour about 200 mg Pt l−1 and
OC about 22 mg C l−1, [39]).
The different analytical procedures applied in this st

or isolation and fractionation of the DOM are shown
cheme 1. A part of the prefiltrated original SSS-water
as first directly concentrated with a rotary evaporator t
nd then dialysed (from about 1.3 mS cm−1 to 70�S cm−1,
0◦C) with Spectra/Por 6 dialyse tube (1 kDa of NMW c
ff) against distilled water and finally freeze-dried (fract
[Orig.Wat.] ), in order to obtain a point of reference for co
arisons.

The chromatographic isolation methods of HMs
AX-8 resin and DEAE cellulose inScheme 1have bee

horoughly reported previously[15–19,26,27]. The organ
onstituents not eluted from the DAX-8 resin with b
so-called[18] hydrophobic neutrals being relatively t
ydrophobic to be eluted with base) were eluted
ethanol and labelled as [MeOH] (fraction C[MeOH]). It is

otable that the alkaline extracts of the primary HM sol
hydrophobic humic substances) eluted from the DA
fraction B[HM] ) and DEAE (fraction D[HM] ) sorbents wer
ot, in the present study, further divided at strongly ac
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Scheme 1. Analytical procedures for classification of the DOM into different humic-type fractions. For symbols of samples, seeTable 1.
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Table 1
Major elemental organic analyses and some compositional characteristics for the different humic-type isolates obtained by several isolation proceduresa

Methodb Symbolb Sampleb Ash (%) M̄n M̄w/M̄n ∈c E2/E3
d Elemental analysis (%) Atomic ratios Average molecular formula: CvHwNxOySz

C H N S O H/C O/C N/C S/C Cv Hw Nx
e Oy Sz

e φtotal
f Ar.

(%)g

F.D. A[Orig.Wat.] SSSconcentrate 2.6 2750 4.20 331 4.75 51.1 6.4 2.3 1.7 38.4 1.494 0.564 0.038 0.013 117 175 4 66 1 12 22
DAX-8 B[HM] SSSisolate 3.1 2630 3.70 325 4.77 53.1 4.7 1.7 0.8 39.7 1.064 0.561 0.028 0.005 116 124 3 65 1.6 22 22
DAX-8 C[MeOH] SSSisolate 3.4 760 8.23 145 6.20 56.2 6.9 1.6 0.7 34.7 1.455 0.463 0.025 0.004 36 52 1.1 16 6.5 15 11
DAX-8 Beffluent SSSeffluent 950 4.01 182 5.85 13
DEAE D[HM] SSSisolate 1.9 2740 4.43 329 4.74 53.1 4.3 1.0 0.9 40.8 0.954 0.577 0.017 0.006 121 116 2 70 1.4 24 22
DEAE Deffluent SSSeffluent 370 3.81 35 6.88 5
PVP E[HM] SSSisolate 3.1 2570 3.36 320 4.83 52.1 4.7 1.2 1.3 40.6 1.076 0.585 0.020 0.009 112 120 2 65 1 21 21
PVP Eeffluent SSSeffluent 1260 2.62 220 5.56 16
PVP F[XAD] SSSisolate(XAD8/2) 2.3 1350 4.52 227 5.51 55.4 5.4 1.7 1.1 36.4 1.171 0.494 0.026 0.007 62 73 2 31 2.2 20 16
PVP Feffluent SSSeffluent(XAD8/2) 930 3.22 175 5.88 13
PVP G[IRA] SSSisolate(IRA−67) 3.8 560 3.71 105 6.44 37.4 2.9 1.7 1.4 56.7 0.915 1.138 0.039 0.014 17 16 1.5 20 4.1 19 9
PVP Geffluent SSSeffluent(IRA−67) 320 3.42 30 6.86 5
UF H[HM] SSSconcentrate 2.2 2860 4.04 336 4.69 51.7 5.8 2.4 1.6 38.5 1.337 0.559 0.040 0.012 123 165 5 69 1 15 22
UF Hfiltrate SSSfiltrate 970 2.30 182 5.85 13
UF I[IRA] SSSisolate(IRA−67) 3.7 660 3.05 126 6.26 36.0 2.7 1.8 1.2 58.4 0.888 1.219 0.042 0.012 20 18 1.2 24 4.2 19 10
UF J[Dow] SSSisolate(Dowex) 3.6 770 8.04 152 6.15 44.5 6.4 4.6 2.7 41.9 1.703 0.706 0.088 0.023 29 49 3 20 1.5 8 12
UF Ieffluent SSSeffluent(IRA−67) 320 3.71 21 6.90 4
DEAE R1[HM] SS.[DEAE] 2.2 2840 2.43 354 4.79 53.9 4.2 1.0 0.7 40.2 0.920 0.560 0.016 0.005 127 117 2 71 1.6 25 23
XAD-8 R2[HM] SS.FA 2.4 2232 2.61 332 4.58 54.9 4.4 0.7 0.7 39.5 0.944 0.540 0.010 0.004 102 96 1 55 2.2 25 22
XAD-8 R3[HM] SS.HA 3.1 4451 4.98 407 3.51 55.9 4.2 1.7 0.9 37.3 0.890 0.501 0.026 0.006 207 185 5 104 1 27 26
XAD-8 R4[MeOH] SS.[MeOH] 3.9 654 4.72 152 6.18 56.3 6.7 1.4 1.1 34.6 1.413 0.462 0.021 0.007 31 43 1.5 14 4.5 16 12
XAD-8 R5[IRA] SS.[IRA] 2.1 660 4.99 246 6.41 45.0 1.9 0.4 0.5 52.2 0.505 0.870 0.008 0.004 25 13 5.1 22 10.8 30 11
XAD-8 R6[HM] M3.FA 3.8 4475 2.37 356
XAD-8 R7[HM] M3.HA 5.8 6508 5.28 452
XAD-8 R8[HM] No.FA 1.3 4750 1.56 410
XAD-8 R9[HM] No.HA 2.2 6204 3.77 466

a Elemental composition is given on ash- and moisture-free basis.
b Different [-HM] fractions obtained from the SSS-water were not divided

reference samples; for other symbols, seeScheme 1.
c ∈, molar absorptivity at 280 nm (1 mol−1 cm−1 of OC).
d E2/E3, quotient of absorbances at 250 and 365 nm.
e The decimal numbers in italics indicate frequency of occurrence, i.e. o
f φtotal, estimated total amount of unsaturation in mmol g−1.
g Ar. (%), estimated aromaticity.
2
24.33 56.9 4.3 0.6 1.0 37.2 0.901 0.490 0.009 0.007 212 191 2 104 1 26 23

3.70 59.0 4.6 1.2 1.1 34.1 0.925 0.435 0.018 0.007 320 296 6 139 2 27 29
4.08 53.1 4.6 0.8 0.8 40.7 1.032 0.575 0.013 0.005 210 217 3 121 1 22 26
3.47 54.6 4.5 1.0 0.9 39.0 0.988 0.536 0.016 0.006 282 279 5 151 2 24 30

into so-called humic- (HA) and fulvic- (FA) acid subfractions, thus representing their combined mixtures; F.D., freeze-drying; R1–9,

ne per stated number of molecules with a given molecular weight.
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conditions into functional HA- and FA-type fractions. The
amounts of the original SSS-water used for the DAX-8
and DEAE procedures were 10.0 and 44.9 l, respectively.
All cation exchanged concentrates B[HM] (1.00 l), C[MeOH]
(0.25 l) and D[HM] (1.50 l) were finally freeze-dried.

As shown inScheme 1, the PVP (Sigma [25249-54-1])
resin was first washed with distilled water, dilute NaOH, 10%
HCl, distilled water until free of Cl−, acetone, distilled water,
and thereafter, suspended in 0.01 M HCl (pH 2). Pretreated
slurry of PVP resin (160 g dry weight) was placed in a glass
bottle (10 l) and the original SSS-water samples (7–9 l per an
isolation cycle, in all, 45.0 l), acidified (HCl) to pH 2, were
added and the mixture was stirred for 16 h (batch method).
The suspension was filtered and the resin slurry washed with
distilled water before eluting (0.1 M NaOH) the retained
humic-type organics (fraction E[HM] ). The combined acidic
(pH 2) filtrates (Eeffluent, in all, 40.0 l) were further treated by
the bath method, first with XAD-8/2 resin (fraction F[XAD] )
and next with IRA-67 anion exchanger (fraction G[IRA] )
for obtaining the rest of humic-type macromolecular or-
ganic acids. All cation exchanged concentrates E[HM] (4.43 l),
F[XAD] (0.21 l) and G[IRA] (0.60 l) were finally freeze-
dried.

The UF procedure inScheme 1was carried out using a
tangential-flow membrane-filtration system (4 GPM Pelli-
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organic analyses on ash- and moisture-free basis for the dif-
ferent humic isolates.

The number- (̄Mn) and weight-averaged (̄Mw) molecular
weights before freeze-drying the different HM-type concen-
trates (diluted about 10-fold with the sodium acetate eluent
solution) were determined by HPSEC using a silica-based
TSK G3000SW column (7.5 mm× 300 mm with a 7.5 mm
× 75 mm precolumn) and 10 mmol sodium acetate solution
(pH was adjusted to 7.0 with acetic acid) as an eluent at 20◦C
[39,46–48]. The flow rate of the eluent was 0.80 ml min−1

and the injection volume, 80�l. The pumping system was an
L-6200A Intelligent Pump (Merck Hitachi) and the eluted so-
lute was detected at 254 nm (L-4250 UV–vis Detector, Merck
Hitachi). The void (Vo, 6.67 ml) and total permeation (Vo +
Vi , 15.98 ml) volumes were determined using Blue Dextran
2000 and acetone, respectively; the total volume (Vt) of the
gel bed was 16.57 ml. Elution parameters were calculated as
a distribution coefficient[39]: k′

D = (Ve − Vo)/((Vo + Vi ) −
Vo), whereVe, elution volume of the solute. Averaged̄Mn

andM̄w values for the heterogenous humic mixtures were
calculated by the equations:̄Mn = 
ni /
ni /MWi andM̄w =

niMWi/
ni , whereni is the number/weight (in this case,
relative response at 254 nm) of a solute i with the molec-
ular weight MWi. Distribution of MWi values for sample
solutes, at some eluted volumei, were estimated by the cal-
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con Cassete System by Millipore). The original SSS-w
sample (51.16 l) was concentrated (concentration de
20; the consistency of the molecular size distribution
that of original water was verified by HPSEC during
concentration process) by a membrane of 1 kDa NMW (
code: PCAC, cellulosic material by Millipore). The dialys
(from about 290 to 85�S cm−1) UF concentrate H[HM]
(1.00 l) was freeze-dried for obtaining solid HM/DO
for analyses. The UF filtrate (Hfiltrate, 46.65 l) was furthe
acidified (HCl) to pH 2 and treated with weakly basic an
exchanger (IRA-67) followed with cation exchanger
characterizing the nature of remained humic-type so
with NMW of ≤1 kDa. The basic extract from the IRA-
resin was cation exchanged for obtaining the actual m
molecular organic acids/humic-type constituents of sm
molecular sizes (fraction I[IRA] ). Onto the cation exchang
retained various organic constituents (fraction J[Dow]) were
eluted with NaOH solution. The basic extract of the frac
J[Dow] was neutralized to pH 7 with HCl and the salt (Na
formed was removed by dialysis. The purified con
trates I[IRA] (0.76 l) and J[Dow] (0.87 l) were finally freeze
dried.

2.2. Chemical, chromatographic and spectroscopic
analyses

The determination of the moisture and ash contents o
freeze-dried HMs as well as their elemental composi
(carbon, hydrogen, nitrogen and sulphur; the content of
gen was taken as a difference from 100%) has been disc
previously[15]. Table 1shows the results of the elemen
,

d

ibration equation presented previously[39] for this HPSEC
column system. The maximum absorbance-scale for
SEC chromatogram inFig. 1 is the same, thus making th
results more comparable with each other. Relative UV254-
absorbances{(UV abs at 254 nm/OC in the original solutio
mg l−1) × 100}were calculated for the chromatograms,
respective of the fact that the real OC concentration of
eluted sample was not exactly known but the injection v
umes were constant, in order to bring the samples into
same line. The quotient̄Mw/M̄n is a coarse estimate for th
degree of polydispersity of the mixture (the value 1 is giv
for homogenous polymers). The previous results obtaine
different aromatic acids implied that the charge exclusion
fect of the applied HPSEC system is quite insignificant,
the charged aquatic humic solutes have a fair chance to
meate into the stationary phase pores while using a 10 m
sodium acetate, at pH 7.0, as the eluent[39].

The UV–vis spectrophotometric analyses for the diff
ent HM-type concentrates (diluted about 10-fold with
sodium acetate eluent solution) were performed on a d
beam Spectrometer Lamda 12 (Perkin-Elmer) for the ca
lation of theE2/E3-ratio (absorbances at 250 and 365 n
and∈ (molar absorptivity at 280 nm, l mol−1 cm−1 of OC).
Samples were placed in a 1 cm quartz window cuvette
scanned (60 nm min−1; data interval, 0.20 nm) from 670 t
200 nm. The previously isolated reference samples have
also dissolved in corresponding sodium acetate eluent s
tion.

Fourier-transform infrared (FT-IR) spectra for differe
solid samples inFig. 2 were collected in the transmissio
mode using a Galaxy 6030 FT-IR spectrophotometer (M
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Fig. 1. Molecular size distributions for the organic solutes in the original water sample and different fractions obtained by several separation procedures. TSK
G3000SW, 7.5 mm× 300 mm with a 7.5 mm× 75 mm guard column; 10 mmol sodium acetate; pH 7.0; 20◦C; sample loop, 80�l; flow rate, 0.80 ml min−1;
Vo = 6.67;Vo + Vi = 15.98 andVt = 16.57 ml. Some chromatograms are enlarged 2- to 500-fold for better visualizing. For symbols of samples, seeTable 1.

son Instruments) equipped with a DTGS detector. The orig-
inal spectral bandwidth was 4 cm−1. About 1.5 mg of the
freeze-dried sample (desiccator dried) and 200 mg of KBr
powder (dried in an oven at 100◦C) were ground together
and hydraulically pressed into a small pellet (−13 mm in di-

ameter,−0.5 mm thick). The pelletized KBr samples were
further dried overnight in a desiccator prior to analysis to
minimize interferences from absorbed water. All samples
were measured at a constant temperature (20◦C). The in-
tensities of the recorded FT-IR spectra were standardized
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Fig. 2. FT-IR spectra in the zone 1900–400 cm−1 for the original water
sample and different humic-type fractions obtained by several separation
procedures. The numbers of the regrouped spectra point to the clusters in
Fig. 4. For symbols of samples, seeTable 1.

against the OM contents of the samples to reduce their
weighing differences and ash contents for obtaining more
semi-quantitative spectra. Although the FT-IR spectra were
scanned between 4000 and 400 cm−1, Fig. 2 shows only
the region 1900–400 cm−1 where the major differences were
observed. The transmittance-scale for each spectrum is the
same thus making the results more comparable with each
other.

3. Results and discussion

3.1. Effects of different isolation methods on the
quantities of humic-type organic solutes, molecular size
distributions of separated mixtures

Scheme 1sums up the efficiency of a given isolation
method (percent of the original DOM) in dividing original
organic solutes into different specific subfractions. Likewise,
Fig. 1 illustrates the molecular size distributions of obtained
mixtures in relation to their quantities. The applied HPSEC
system separated the heterogenous mixture of the original
SSS-water sample into eight different molecular size groups,
i.e. humps of the chromatogram at the elution volumes of
about 7.1, 9.6, 9.8, 10.2, 10.8, 11.9, 13.3 and 16.3 ml corre-
sponding to molecular sizes of about 115300, 11200, 9300,
6400, 3660, 1300, 360 and <100 Da, respectively. The exclu-
sion volume of the last hump at 16.3 ml was clearly greater
than the total permeation volume (Vo + Vi , 15.98 ml) in-
dicating that some interactions occur between these small-
molecular size constituents and the gel matrix.

3.1.1. DAX-8 procedure
The ability of the non-ionic DAX-8 resin (inScheme 1)
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uitable non-ionic sorbing solids into a so-called “transph
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16] demonstrated that the substitute DAX-8 resin can
est, isolate about 20% more hydrophobic HM-type org
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ther isolation techniques.

Fig. 1indicates that the molecular size distribution of
erent humic-type constituents in fraction B[HM] resemble
losely to that of the original SSS-water. This single HPS
nalysis verifies the previous statement, obtained[27,40]
y complicated fine-structural analyses, that HM-t
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the more hydrophobic C[MeOH] fraction and transphilic
effluent (Beffluent) are rather similar to those of the original
SSS-water and the fraction B[HM] . Most noteworthy is the
continuous existence of the relatively high-molecular size
constituents at the elution volumes of 9.8 and 10.8 ml. The
loss of these constituents during the conventional single
isolation procedures is a notable drawback because previous
studies[49,50]prove that the organic constituents belonging
to this, so-called non-humic, category contain qualitatively
the same principal building blocks and the most powerful
discriminating factor appears to be their relative content.

3.1.2. DEAE procedure
Scheme 1proves the high retaining capacity of the

DEAE cellulose for HM-type organic macromolecular acids
(about 17% more HM, fraction D[HM] , was obtained than
with the DAX-8 procedure) analogously to previous stud-
ies [15,16,26]. It has been recently verified[11,26,27], by
fine-structural analyses, that the integrated whole of macro-
molecular organic acids isolated by the DEAE technique re-
sembles both quantitatively and qualitatively very closely to
an average combination of the four different acidic fractions
obtained by the multi-stage DAX–XAD procedure, i.e. so-
called: (1) hydrophobic FA- and (2) HA-type acids, (3) hy-
drophobic neutral solutes ([MeOH]) and (4) hydrophilic acids
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magnitude (19–23% of the original DOM) than in the case
of the DEAE procedure. The DAX–XAD technique (in this
case, XAD-8/2 resin) was able to isolate a significant part (ca.
52%) of organic solutes from the Eeffluent as HM-type con-
stituents (fraction F[XAD] ). The weakly basic IRA-67 anion
exchanger further retained from the Feffluent very effectively
(ca. 89%) certain kinds of macromolecular HM-type acids
(fraction G[IRA] , which corresponds, according to the XAD
terminology, to a so-called transphilic fraction). The final
content of organic solutes in the last Geffluent was compara-
tively low (ca. 1% of the original DOM).

Fig. 1confirms that PVP is a workable resin for retaining
HM-type constituents, which are found in the original wa-
ter. Three elution humps of the fraction E[HM] positioned at
about 9.8, 10.2 and 10.8 ml and two humps at 11.3 and 13.0 ml
(2300 and 470 Da, respectively). However, the distinct high-
molecular size hump at the elution volume of about 7.1 ml
(115,300 Da), which was visible in the chromatogram of the
original SSS-water, was now missing. Likewise, the molecu-
lar size distribution was narrower for the fraction E[HM] than
that obtained for the original SSS-water (cf.̄Mn andM̄w/M̄n

values of A[Orig.Wat.] in Table 1) speaking for the fact that
certain compositional rearrangements take place during the
isolation procedure. The chromatogram of the Eeffluent con-
tained almost the same elution humps, yet with somewhat
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he DEAE cellulose is somewhat more difficult than in
ase of DAX-8 resin or its homologues.

Fig. 1 proves that the same fingerprint information
hown in the chromatogram of the original SSS-wate
artly retained in that of the fraction D[HM] ; namely, two
umps at the elution volumes of about 9.8 and 10.8 ml
ne more slightly after 11.9 ml (at 12.2 ml, equal to 990 D

n contrast, the maximum elution of organic solutes app
ow, as early as, at about 8.7 ml (equal to 26,000 Da).
iscrepancy shows that certain rearrangements take
mong the macromolecular constituents during the isol
rocedure. However, the averaged̄Mn andM̄w/M̄n values in
able 1speak for that these compositional changes are

n reality, so drastic as compared to the situation pred
ating in the original water. On the other hand, the effl
f the DEAE column (Deffluent) was mainly composed of o
anic constituents with relative small molecular sizes, a
7% of organics were eluted after 12.2 ml contributing to
enefits of the DEAE technique.

.1.3. PVP procedure
Scheme 1demonstrates that the ability of the PVP re

o retain HM-type solutes at pH 2 (fraction E[HM] ), even by
simple batch technique, was particularly effective co

ponding to the results of Chen et al.[34,35]. The conten
f organic solutes in the Eeffluent was of the same order
mproved resolution power, which were also obtained fo
raction E[HM] (namely at 10.2, 10.8, 11.3 and 13.0 ml, o
he elution hump for the largest molecular size at 9.8 ml
bsent). This outcome is apparently a result of the slig
ifferent retaining capacity of the PVP resin. The frac
[XAD] contained the three elution humps at 10.2, 10.8
1.3 ml also characteristic for the E[HM] and Eeffluentfractions
owever, the relative proportion of the elution hump at ab
0.2 ml was significantly higher, compared with the situa

n the original Eeffluentfraction, and the small elution hump
bout 9.6 ml, specific for the original DOM, was now visi

n the fraction F[XAD] , in addition to the molecular size of t
atest elution hump being slightly increased from about
o 620 Da (13.0 versus 12.7 ml). The Feffluentcontained agai
he same four molecular size fractions (namely those at
0.8, 11.3 and 12.7 ml) which were specific for the pre

ng F[XAD] fraction but the molecular size distribution w
ow narrower (cf.Table 1). On the other hand, the fine str

ure of the chromatogram for the G[IRA] fraction was fully
ifferent, only a small shoulder was visible at about 10.

ndicating a possible similarity with the previous Feffluent.
he dissimilarity may be caused by the aggregation de
f these small-molecular size organic macromolecular

ype acids being too high for the complete penetration
he gel matrix. The remaining Geffluent fraction was split into
everal scattered elution humps with small molecular s
he intensive elution humps at about 16.3 ml and especia
8.3 ml (total volume of the gel bed (Vt) was ca. 16.6 ml) ind
ate strong interactions with the gel matrix. The sequen
he six HPSEC chromatograms given for the enlarged
pplication demonstrates that the isolation of HM-type
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ganic solutes is not a straightforward and very simple task,
especially since after a certain separation phase the remain-
ing organic constituents seem to attain again a certain com-
positional equilibrium state resembling those of the previous
fractions in the isolation flow chart. Similar re-configuration
of humic solutes after separation has been postulated earlier
[39,51].

3.1.4. UF procedure
Scheme 1shows that the 20-fold concentrate using a mem-

brane of 1 kDa cutoff includes about 97% organic solutes of
the original DOM with molecular size greater than the applied
NMW value (fraction H[HM] ). The cutoff range of the applied
tangential UF membrane was in accordance with the HPSEC
results (cf.Table 1) and previous findings[39]. The ability of
the weakly basic IRA-67 resin to retain small-molecular size
constituents (organic acids, etc.) from the Hfiltrate was very
effective (ca. 91% of the remaining organic solutes were re-
moved from the parent solution). Cation exchanger retained
about 21% of miscellaneous organic constituents from the
basic extract of the IRA-67 resin (fraction J[Dow]; amines,
amino acids, peptides, etc.), and the rest (ca. 70%) consisted
of certain kinds of macromolecular HM-type acids (frac-
tion I[IRA] ). The content of organic constituents in the final
Ieffluentwas negligible and thus it represents practically mere
water.
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3.2. Spectroscopic behaviours of organic solutes during
different isolation procedure

Each isolation procedure inScheme 1divided the original
DOM into a specific main fraction and an effluent-filtrate,
which was further divided into several subfractions. The
different fractions of each isolation procedure, weighted with
their relative contents, were computationally combined for
estimating how well the sum functions of these individual
pieces correspond to the molecular size distribution of
the original state of the DOM, and what was the effect
of the isolation procedure on the absorbance-abilities of
chromophores at 254 nm. The combined chromatograms
correlated surprisingly well, in the case of DAX-8, DEAE
and PVP procedures, with that obtained for the original
water sample (r= 0.943± 0.001,P0.95), and the decrease
in the total chromatogram area was only 8± 1% which
was, considering experimental errors, almost insignificant.
This recalculation indicates that the absorbance-ability of
different chromophores remains reversible in the different
chemical treatments and each isolation method gives, to a
certain degree, a representative candidate for the HM model,
especially in the light of the molecular size distribution.

3.3. Differentiation of solid isolates obtained by applied
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Fig. 1 proves that a controlled concentration of the o
nal water sample does not increase the relative conte
mall-molecular size constituents, as stated[52] previously
ut the fingerprint information of the chromatogram H[HM]
as totally identical with that obtained for the original SS
ater (cf.M̄n andM̄w/M̄n values of A[Orig.Wat.] in Table 1)
he chromatogram of the Hfiltrate possessed three new e

ion humps at about 10.5, 11.3 and 12.8 ml (4850, 2300
70 Da, respectively), which significantly differed from
orresponding candidates obtained for the previous H[HM]
ample, one minor hump at 16.3 ml (<100 Da) being c
on with the previous head samples and a new very mar
ne at about 17.8 ml (≪100 Da) indicating possibly sl

nteractions with the gel matrix. This outcome speaks fo
endency, occurring after removing of the DOM, that the
aining organic solutes take readily a new re-configura

.e. find a new equilibrium state. The molecular size di
ution of organic constituents in the fraction I[IRA] was quite
ifferent from that obtained for the previous parent sol

n the Hfiltrate. In accordance with this outcome, the mol
lar size distribution of the J[Dow] fraction, obtained durin

he purification procedure of the fraction I[IRA] by a cation
xchanger, had nothing in common with those obtaine
he whole isolation flow chart. On the other hand, as a
uliarity, the molecular size distribution of the final Ieffluent
raction resembled very closely to the parent Hfiltrate fraction.
his irregularity illustrates that certain kinds of organic c
tituents of the original heterogenous DOM do not beha
efinite entities but after they are removed from their orig
quilibrium state they form new aggregates.
rocedures

In addition to experimental results inTable 1, some value
ere derived by certain theoretical or experimental equat
olar absorptivities (∈, l mol−1 cm−1 of OC) were measure
t 280 nm. A good correlation was observed, by mean
quations presented[39] previously, between∈, total aro-
aticity (Ar. (%)) andM̄n values being also consistent w

he results of Chin et al.[53]. It has been stated[54] that the
bsorbance of humic waters at 365 nm will increase relat
ore with increasing molecular size than that at 250 nm
ermitting an estimate (E2/E3-ratio) for the relative degree
umification. The correlation obtained in the present s
etween the quotientE2/E3 and∈ was acceptable (r= 0.89,
0.95) demonstrating that when theE2/E3-ratio increased, th
stimated Ar. (%) and̄Mn values decreased. The total amo
f unsaturation (φtotal) in mmol g−1 was calculated, for bett
escribing the nature of different isolated fractions, by m
f the method presented in[55] specially for the comple
ixture of humic solutes:φtotal = Ctotal + Ntotal/2 − Htotal/2
1000/M̄n, where Ctotal, Ntotal and Htotal are the conten

f carbon, nitrogen and hydrogen in mol g−1 andM̄n is the
umber-averaged molecular size. It is notable thatφtotal is

he sum of carboxyl (φCOOH), carbonyl (φC O, a pi-bond)
romatic (φAr ) and aliphatic (φal, cycloalkyl groups) unsa
rations and unsaturation due to alkenes, esters, amide
φxs). The differentφtotal values obtained in the present stu
or HM-type isolates were in good accordance with thos
orted[11,27,40]previously for various HM-type mixture
he average molecular formulas for different solid isolate
able 1were calculated, by means of unprocessed num
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averagedM̄n values estimated by HPSEC, for better visual-
izing the composition of a sample. The use of more reliable
M̄n values, obtained by vapor–pressure osmometry (VPO),
as a standard for comparison is a common practice in humus
chemistry. The relationship between thēMn values obtained
by the VPO and the applied HPSEC was[39]: M̄nVPO =
591.249 + 0.049× M̄nHPSEC+ 7.531E−6 × M̄

2
n, (r2 = 0.984,

n= 19,P0.95), which was also previously adopted[11,27,40]
for calculating structural characteristics per an average humic
molecule.

Table 1 shows that although some variation occurred,
e.g. between the elemental compositions of different actual
HM-type isolates, the parameters were fairly similar with
each other. Likewise, the discriminating power between the
hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ra-
tios (van Kravelens diagram[56], whose application is still
under intensive studies[57]) is not very easy to realize. For
better extracting the small differences among the nineteen dif-
ferent isolates and to find a possible similarity–dissimilarity
between samples, the original data was slightly manipu-
lated. The multi-dimensional dataset ofTable 1was examined
closer with a statistical–graphical principal components anal-
ysis (PCA). The fundamental idea of the PCA is to reduce
the numerous variables and to seek for linear combinations
of those variables explaining most of the variability. Accord-
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variances. From this, eigenvectors and eigenvalues have been
extracted.

Fig. 3 shows the biplot (scatterplot) of the six variables
for the different samples (19 cases) isolated and processed
with different techniques and chemical treatments (level of
statement, 86% for the first two PC). The six arrowhead lines
intersecting at (0,0) represent the weights of the variables.
The direction and length of each vector (variable) are pro-
portional to its contribution to the principal components, and
the angle between any two is inversely proportional to the cor-
relation between them. According to the statistical–graphical
analysis ofFig. 3, the actual HM-type isolates (B[HM] , D[HM] ,
E[HM] , R1[HM] and R2[HM] ) formed a compact cluster I, re-
gardless of the applied isolation procedure. In other words,
the averaged values of the studied parameters for these sam-
ples were almost similar. The original DOM (A[Orig.Wat.] ) and
its UF concentrate (H[HM] ) formed, as expected, also a com-
pact cluster II quite close to that of I (the only significant
discriminating factor between clusters I and II was the H/C-
ratio). The so-called hydrophobic neutral isolate C[MeOH] and
its reference R4[MeOH] fell into cluster III, and the strongest
discriminating parameters in respect of their HM homologues
(cluster I) wereM̄n, ∈ andE2/E3. The same three structural
parameters discriminated also the HA-type R3[HM] sample
from its FA-type R2[HM] counterpart and the HA-type R7[HM]
a
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a e FA-
t ted
f
R
m me-
t
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ngly, PCA (eigenanalysis) and subsequent inspection o
igenvector plots is one of the first and foremost proced

hat can be done when tackling a multi-dimensional dat
he credit of multivariate methods is that a huge amou
ata can be presented in a graphical form, which woul
ery hard to do using tables of numbers or univariate st
ics. For the PCA, from the dataset ofTable 1, a 19 ×6 matrix
19 objects (samples) and 6 variables:M̄n, ∈, H/C, O/C, N/C
ndE2/E3) was generated for calculating variances and

ig. 3. Graphical two-dimensional perspective of projections (biplot) of
f the different humic-type isolates obtained by several procedures. F
basic structural variables on the first two principal components for the d
bols of samples and variables, seeTable 1.

nd R9[HM] samples from their FA-type R6[HM] and R8[HM]
ounterparts (respectively). The environmental impact
lso revealed clearest by these three parameters, i.e. th

ype R6[HM] and R8[HM] samples became clearly separa
rom their R2[HM] homologue, and the HA-type R7[HM] and
9[HM] samples were positioned far from their R3[M] ho-
ologue. The discriminating effect of these three para

ers prevailed also for the F[XAD] sample, i.e. theE2/E3-ratio
as slightly greater and̄Mn as well∈ values smaller tha
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those obtained for the corresponding main D[HM] fraction.
The O/C-ratio was exceptionally high for G[IRA] , I[IRA] and
R5[IRA] samples resulting, together with other parameters, in
their positioning far from other samples. The divergence of
R5[IRA] from G[IRA] and I[IRA] is due to their different iso-
lation procedures. The special J[Dow] sample formed its own
group, far from other samples, particularly owing to very
high N/C- and H/C-ratios, in addition to other parameters.
The statistical–graphical analysis ofFig. 3confirms that the
molecular size distribution and certain simple spectroscopic
properties are very powerful discriminating parameters be-
tween different natural organic isolates.

3.4. FT-IR analysis

Infrared spectroscopy has been widely used for gross char-
acterization of humic-type constituents and can provide valu-
able information on the structural and functional properties
of NOMs, e.g. oxygen-containing functional groups, occur-
rence of protein and carbohydrate moieties and relative pro-
portions of aromatic versus aliphatic moieties. However, the
unambiguous assignments of different spectral bands are not
possible for humic-type very heterogenous organic material.

All spectra inFig. 2are characterized by a number of ab-
sorption bands, exhibiting variable relative intensities, typical
o
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dure on the structural compositions of separated fractions di-
rectly from their multidimensional functionalities. The only
IR spectrum which definitely differed from other was ob-
tained for the special J[Dow] faction which is, according to the
XAD nomenclature, equal to the so-called hydrophilic bases.
The broad absorbance bands positioned at 1633, 1395, 1100
and 802 cm−1 speak for the high contents of carbohydrates
and peptides in this fraction, in addition to small amounts of
aromatics. The functionality of this J[Dow] fraction was sur-
prisingly similar to the IR spectrum reported earlier for an
analogous hydrophilic base-fraction[18]. The coarse struc-
tural similarity–dissimilarity, in the light of applied isolation
procedures, of the other fourteen IR spectra ofFig. 2 was
proved inFig. 4using the statistical–graphical analysis.

Fig. 4 proves the power of the PCA in solving compli-
cated problems. For the PCA, from the IR dataset, a 14×
300 matrix (14 objects (samples) and 300 variables, intensi-
ties of IR spectra between 1900 and 400 cm−1; bandwidth,
5 cm−1) was generated for calculating variances and covari-
ances. From this, eigenvectors and eigenvalues have been
extracted.Fig. 4 shows the three-dimensional scatterplot of
projections (referred also to scores) of the multi-dimensional
IR dataset on the first three principal components (arbitrary
units). The overall level of the statement of the structural func-
tionalities was 95% on the first three PCs. The discriminating
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f humic-type materials[32,34,58–61]:

A band around 1724 cm−1, typically associated to the CO
stretching of carbonyl functions, particularly aldehyd
ketones and carboxyl groups (COOH);
The range of 1650–1600 cm−1, C O stretch (amide
aromatic C C, hydrogen bonded CO, double bon
conjugated with carbonyl and COO− vibrations, COO−
symmetrical stretch;
A discrete small band at about 1510 cm−1, possible as
cribed to C C stretching of aromatic rings (lignin indic
tor), to conjugated CN systems and amino functionalitie
A broad band around 1400 cm−1 describing severa
functionalities, aliphatic CH, CC H3, C H stretching o
methyl groups, CH bending, O H deformation and CO
stretching of phenolic groups, COO− antisymmetrica
stretch, salts of COOH;
Near 1224 cm−1, C O stretching and OH deformation o
COOH groups, aromatic and ester linkage CO, phenolic
C OH;
Around 1054 cm−1, C C, C OH, C O C typical of
glucosidic linkages, Si–O impurities, especially CO
stretches of carbohydrates and peptides;
A small band at 840 cm−1, aromatic C H vibrations;
For low-energy vibrations a broad band at about 600 cm−1,
specific for inorganic and organometallic compounds.

.4.1. Differentiation of samples according to FT-IR
nalysis

Fig. 2verifies that it is practically impossible to draw d
nite conclusions about the influence of the isolation pr
ffect of the PC1 between different samples/isolation pr
ures was very high (level of the statement was near 76

he total variance). The most effective on the PC1 were
ultiple functionalities between 1760 and 1350 cm−1 and

wo more specific functionalities centred on near 1224
054 cm−1. The most effective remaining unexplained s
ific variations between the samples on the PC2 were
unctionalities arising from the intensities around 1700, 1
nd 1200 cm−1 and from a distinct intensity centred on n
054 cm−1. The remaining unexplained variation betw
ertain samples on the PC3 was quite specific attached

ig. 4. Graphical three-dimensional perspective of projections of the
idimensional FT-IR dataset (in the zone, 1900–400 cm−1) on the first thre
rincipal components for the distribution of the different humic-type

ates obtained by several isolation procedures. For symbols of sampl
able 1.
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single functionalities centred on near 1724, 1630, 1383, 1224
and 1554 cm−1.

Fig. 4 demonstrates that the PCA divides the different
samples according to their IR functionalities into distinct
clusters. The greatest dissimilarity appears between the clus-
ter 1 (samples A[Orig.Wat] and H[HM] ) and cluster 2 (samples
D[HM] , E[HM] , R1[HM] , G[IRA] and I[IRA] ). In view of the to-
tal reliability (95%, including the PC3), the structural func-
tionality of the samples D[HM] , E[HM] and R1[HM] is quite
similar but totally different from that obtained for the spe-
cial samples G[IRA] and I[IRA] . This is in agreement with the
situation inFig. 3 (cluster I). On the other hand, the struc-
tural similarity–dissimilarity inFig. 4among the three actual
HM-type isolates and the samples A[Orig.Wat] and H[HM] is
clearly different from that obtained by means of elemental
analyses and other simple parameters inFig. 3. This is a nat-
ural result of the chemical, even relative mild, treatment of
the original DOM.Figs. 3 and 4verify also that it is pos-
sible to isolate by the same procedure from the same fresh
water sampling source reasonably similar HM-type isolates
(D[HM] versus R1[HM] ) and that the seasonal variation is quite
marginal. The variation of the many functionalities dominat-
ing the PC1 was quite minor between the samples positioned
in the clusters 3 and 4, and certain specific functionalities typ-
ifying the PC2 were the most significant difference between
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3.4.2. Possible ester hydrolyses during isolation by
FT-IR analysis

The FT-IR technique has been intensive adapted for
determining the carboxylic acid content of humic-type
constituents and analogues[62–64]. Nevertheless the car-
boxylate groups generate different absorption bands within
a large frequency region and also other functional groups
will absorb at the same wavelengths (overlapping), the main
interest is directed to spectral ranges at about 1580–1630 and
1710–1730 cm−1 generally assigned to the carboxylate anion
( COO−1) and protonatedCOOH groups, respectively. It is
noteworthy that traces of carboxylate bands are present in all
FT-IR spectra of humic-type constituents, even those at pH≈
2, indicating the presence of very strongly acidic groups—as
also remarked by Cabaniss[64]. Maurice et al. have recently
reported[65] that a small shoulder being comprised in the
absorption band of the protonatedCOOH groups, at higher
frequency with a maximum near 1770 cm−1, corresponds
to the ester carbonyl groups (COOR). The separation of
this hardly visible small shoulder (cf.Fig. 2) as a distinct
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hese samples. The samples R6[HM] and R8[HM] , representin
o-called FA-type fractions of the XAD-8 technique, form
heir own cluster 3, thus indicating similar uniformity as t
btained inFig. 3. On the other hand, the sample F[XAD] ,
epresenting a specific fraction separated by the XAD
esin, also positioned in cluster 3 unlike inFig. 3 where its
ost important discriminating factor was the molecular
istribution. This is a quite sensible result because the i

ion mechanism of the XAD resins (or analogues) is base
ertain functionalities of the DOM prevailing in the pre
usted conditions. The variation among the R6[HM] , R8[HM]
nd F[XAD] samples was practically attached to certain
le minor functionalities dominating the PC3. The HA-ty
amples R7[HM] and R9[HM] also formed their own cluster
hus being consistent with the results inFig. 3. The sampl
[HM] , representing a total amount (HA + FA) of so-cal
ydrophobic humic substances isolated by the DAX-8 re

ormed its own group quite close to the combined clu
(FA-type isolates). The structural similarity of the B[HM]

ample with these FA-type isolates is in agreement with
n Fig. 3(B[HM] versus R2[HM] ), with the environmental im
act on the quality of structural composition as well as w

he previous results[15–17]. The sample C[MeOH], which, ac-
ording to the XAD nomenclature, represents the so-c
ery hydrophobic fraction, also formed a separate cluste
ithout any close relationship to other clusters or sam
n the other hand, the IR spectrum of the C[MeOH] sample

esembles, excepting certain minor functionalities, those
ained for FA- or HA-type isolates, or their primary mixtu
eparated by XAD-8 or DAX-8 resins. This is quite evid
ince it has been previously verified[49,50]that the differen
bsorption band from the spectral profile is not an easy
equiring different kind of data manipulation, e.g. lin
aussian/Lorentzian band shapes and/or special multi-
ethod for baseline correction[66,67]. All chromatographi

solation techniques contain the basic extraction (pH≈ 13)
f the organic matter retained onto the sorbing solid
ermitting a possibility for potential base-catalyzed e
ydrolyses of the HM[65,68,69].

Table 2proves that the loss of ester groups (COOR)
n concentrating (20-fold) the original water by the tang
ial UF technique (1 kDa of NMW cutoff) was quite min
A[Orig.Wat.] versus H[HM] ). The I[IRA] fraction obtained from
filtrate (cf. Scheme 1) contained still a significant amo
f COOR groups (ca. 2% of original), and it was po
le to find even some traces from the J[Dow] fraction after

he two-fold base extraction of OM indicating the relativ
ermanent nature of someCOOR groups. It was possib

o obtain about 70% of the originalCOOR content by th
AX-8 technique (B[HM] + C[MeOH]) and 72% by the DEAE

echnique (D[HM] ) thus speaking for the fact that the eff
f the acidic pretreatment of the original water on the e
ydrolysis is practically negligible. The PAP technique al
eparated from the original SSS-water about 81% of the
nal COOR content and its enlarged application (E[HM] +
[BAD] + G[IRA] ) as much as about 92%. The above m
alance estimation expresses that the base-catalyzed
ydrolysis of the DOM is not as disadvantageous facto

he chromatographic isolation of the HM as speculated
65,68,69]).

Table 2also indicates that only about 3% of carbox
roups of the DOM were in their protonated form in the o
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Table 2
Selected FT-IR data for different isolated humic-type samplesa

Sampleb Method COOR
(cm−1)c

COOH
(cm−1)c

COO−1

(cm−1)c
COOR

(rel. area)d
COOH

(rel. area1)d
−COO−1

(rel. area2)d
COOR

(percent of
A[Orig.Wat.] )

COOH
(percent of

rel. areas
1 and 2)

A[Orig.Wat.] F.D. 1770 1715 1585 237.2 33.3 1189.8 100.0 2.7
H[HM] UF 1770 1715 1585 229.9 29.9 1179.1 96.9 2.5
I[IRA] UF 1770 1725 1630 4.3 21.3 5.5 1.8 79.6
J[Dow] UF 1770 1735 1630 0.1 0.3 11.0 0.02 3.0
B[HM] DAX-8 1780 1720 1615 163.1 358.5 214.9 68.8 62.5
C[MeOH] DAX-8 1780 1720 1620 3.1 9.1 18.2 1.3 33.3
D[HM] DEAE 1785 1710 1605 170.0 408.4 126.7 71.7 76.3
E[HM] PVP 1780 1725 1625 191.4 721.7 108.8 80.7 86.9
F[XAD] PVP 1775 1715 1620 19.1 99.7 73.9 8.1 57.5
G[IRA] PVP 1770 1725 1630 7.4 98.6 29.1 3.1 77.2

a For symbols of samples, seeTable 1.
b All isolates were separated in parallel from the same SSS-water.
c Maximum frequency of the absorption band.
d Relative areas of estimated distinct absorption bands are standardized proportional to their quantities in the original DOM.

inal acidity (pH 5.8) of the water. This outcome is in line with
the heterogeneity of different acid constants (pKa) of HM re-
ported in the literature (e.g.[26,70,71]). All chromatographic
HM isolates were finally treated by strongly acidic cation ex-
changer before freeze-drying for protonating theCOO−1

groups. Despite that the frequency range between 1580 and
1630 cm−1 does not merely represent the absorption of car-
boxylic groups, it is well justifiable to attribute, at least, a
small part to remaining carboxylate anions.

4. Conclusions

It is evident that no ideal system is available for isolating
pure hypothetical humic substances from a water sample, and
during each isolation procedure based on a chemically as-
sisted sorption–desorption technique, certain changes in the
structural composition of the DOM take place, as shown in
this study and also verified[11] previously. Most important
is that researchers choosing between different isolation pro-
cedures do consider the purpose of the isolation, i.e. whether
humic fraction is desirable, as it has also been emphasized
[65]. According to this study, the following conclusions can
be drawn:

• The DEAE cellulose serves as a practicable choice for fresh
bing
the
ignif-
tes

what

• mic-
ially
P
ally
nce

with a non-ionic sorbing solid about 90% of the DOM was
retained. The critical disadvantage of the PVP procedure
is that the original acidity of the water sample must be
adjusted to the pH 2 for protonating the acidic functional
groups of the DOM.

• The mass balance estimation of ester carbonyl carbons
speaks for the fact that the base-catalyzed ester hydrol-
ysis of the DOM, possibly taking place during the chro-
matographic isolation phases of the HM, is not as critical
disadvantage as speculated.

• To better characterize the different isolated humic-type
samples in relation to applied isolation procedures more
sensitive analyses (e.g.1H and 13C NMR and thermal
degradation) are in progress.

Acknowledgements

The authors wish to thank Dr. Martti Dahlqvist (Labo-
ratory of Organic Chemistry, University of Turku) for his
valuable assistance in FT-IR analyses.

References

[1] F.J. Stevenson, Humus chemistry: genesis, composition, reactions,

ces,
s.),
, Iso-

f hu-
.L.

iment
, NY,

their
water studies. The overwhelming advantage of this sor
solid is that any adjustments of the original acidity of
water are not needed, and it is possible to isolate a s
icant amount (about 75–80% of DOM) of organic solu
as humic matter. A minor disadvantage is the some
tedious back-elution of the adsorbed organic solutes.
The PVP resin seems to be very useful in isolating hu
type constituents from the fresh water sample, espec
in relation to their original form. The ability of the PV
resin to retain organic humic solutes was exception
high (≥80% of DOM), and when connected in seque
Wiley, NY, 1982.
[2] R.L. Malcolm, Geochemistry of stream fulvic and humic substan

in: G.R. Aiken, D.M. McKnight, R.L. Wershaw, P. MacCarthy (Ed
Humic Substances in Soil, Sediment and Water: Geochemistry
lation and Characterization, Wiley, NY, 1985, pp. 181–209.

[3] R.L. Malcolm, Anal. Chim. Acta 232 (1990) 19.
[4] C. Steinberg, U. Muenster, Geochemistry and ecological role o

mic substances in lakewater, in: G.R. Aiken, D.M. McKnight, R
Wershaw, P. MacCarthy (Eds.), Humic Substances in Soil, Sed
and Water: Geochemistry, Isolation and Characterization, Wiley
1985, pp. 105–145.

[5] F.H. Frimmel, R.F. Christman (Eds.), Humic Substances and
Role in the Environment, Wiley, NY, 1988, p. 271.



422 J. Peuravuori et al. / Talanta 65 (2005) 408–422

[6] E.M. Thurman, Organic Geochemistry of Natural Waters, Martinus
Nijhoff/W. Junk Publisher, Dordrecht, 1985.

[7] J.-M. Bollag, Environ. Sci. Technol. 26 (1992) 1876.
[8] D. Klotz, D. Lazik, Isot. Environ. Health Stud. 31 (1995) 61.
[9] M. Wolf, G. Teichmann, E. Hoque, W. Szymczak, W. Schimmack,

Fresenius J. Anal. Chem. 363 (1999) 596.
[10] V.-A. Långvik, B. Holmbom, Water Res. 28 (1994) 553.
[11] J. Peuravuori, Anal. Chim. Acta 429 (2001) 75.
[12] G.R. Aiken, Isolation and concentration techniques for aquatic hu-

mic substances, in: G.R. Aiken, D.M. McKnight, R.L. Wershaw, P.
MacCarthy (Eds.), Humic Substances in Soil, Sediment and Water:
Geochemistry, Isolation and Characterization, Wiley, NY, 1985, pp.
363–385.

[13] J.J. Farnworth, IHSS Newslett. 12 (1994) 2.
[14] J.J. Farnworth, IHSS Newslett. 13 (1995) 8.
[15] J. Peuravuori, P. Ingman, K. Pihlaja, R. Koivikko, Talanta 55 (2001)

733.
[16] J. Peuravuori, R. Koivikko, K. Pihlaja, Water Res. 36 (2002) 4552.
[17] J. Peuravuori, T. Lehtonen, K. Pihlaja, Anal. Chim. Acta 471 (2002)

219.
[18] J.A. Leenheer, Environ. Sci. Technol. 15 (1981) 578.
[19] J. Peuravuori, K. Pihlaja, Humic substances in water, in: L.M.L.

Nollet (Ed.), Handbook of Water Analysis, Marcell Dekker Inc.,
NY, 2000, pp. 387–408.

[20] F.H. Frimmel, Characterization of organic acids in freshwater: a cur-
rent status and limitations, in: E.M. Perdue, E.T. Gjessing (Eds.),
Organic Acids in Aquatic Ecosystems, Wiley, NY, 1990, pp. 5–23.

[21] M.S. Shuman, Carboxyl acidity of aquatic organic matter: possible
systematic errors introduced by XAD extraction, in: E.M. Perdue,
E.T. Gjessing (Eds.), Organic Acids in Aquatic Ecosystems, Wiley,

[
[ 410.
[ l

[ 443.
[ .
[
[
[ s. 6

[
[ 509

[ .
[
[ re 48

[ 639.
[ ep-

[ . 1

[38] J. Peuravuori, K. Pihlaja, Environ. Int. 23 (1997) 441.
[39] J. Peuravuori, K. Pihlaja, Anal. Chim. Acta 337 (1997) 133.
[40] J. Peuravuori, K. Pihlaja, Anal. Chim. Acta 364 (1998) 203.
[41] J. Buffle, P. Deladoey, W. Haerdi, Anal. Chim. Acta 101 (1978) 339.
[42] G.R. Aiken, R.L. Malcolm, Geochim. Cosmochim. Acta 51 (1987)

2177.
[43] K.J. Howe, M.M. Clark, Environ. Sci. Technol. 36 (2002) 3571.
[44] S. Lee, Y. Shim, S. Kim, J. Sohn, S.K. Yim, J. Cho, Water Sci.

Technol.: Water Suppl. 2 (2002) 151.
[45] E. Hoque, M. Wolf, G. Teichmann, E. Peller, W. Schimmack, G.

Buckau, J. Chromatogr. A 1017 (2003) 97.
[46] T. Vartiainen, A. Liimatainen, P. Kauranen, Sci. Total Environ. 62

(1987) 75.
[47] T.K. Nissinen, I.T. Miettinen, P.J. Martikainen, T. Vartiainen, Chemo-

sphere 45 (2001) 865.
[48] T. Myllykangas, T.K. Nissinen, P. Rantakokko, P.J. Martikainen, T.

Vartiainen, Water Res. 36 (2002) 3045.
[49] J. Peuravuori, N. Paaso, K. Pihlaja, Anal. Chim. Acta 39 (1999) 331.
[50] T. Lehtonen, J. Peuravuori, K. Pihlaja, Anal. Chim. Acta 424 (2000)

91.
[51] P.J. Shaw, R. Jones, H. De Haan, Environ. Technol. 15 (1994) 765.
[52] J. Aho, O. Lehto, Arch. Hydrobiol. 101 (1984) 21.
[53] Y.-P. Chin, G.R. Aiken, E. O’Loughlin, Environ. Sci. Technol. 28

(1994) 1853.
[54] H. De Haan, G. Werlemark, T. De Boer, Plant Soil 75 (1983) 63.
[55] E.M. Perdue, Geochim. Cosmochim. Acta 48 (1984) 1435.
[56] S.A. Visser, Environ. Sci. Technol. 17 (1983) 412.
[57] S. Kim, R.W. Kramer, P.G. Hatcher, Anal. Chem. 75 (2003) 5336.
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