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Abstract

This paper presents an in-depth look at the use of capillary electrophoretic (CE) techniques for the fingerprinting and
characterization of humic substances and natural organic matter. These materials are highly heterogeneous in structure anc
show all characteristics of mixtures unliked in analytical chemistry. The electrophoretic approach, however, allows the
determination of mobility distributions in different solution conditions, representative of the effective charge and size
distribution status of the components present. A tabulated review covers over 50 references on the subject and highlights the
possibilities and problems encountered in the analysis of such polydisperse materials with CE methods. In a second part of
the article the consequences of experimental and buffer parameters on the behavior of humic materials in CE are presented
0 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction trace metal chemistry6]. Their anthropogenic im-

pacts includes bioavailability7], degradatiorj8] and

Dissolved humic materials (DHMs) are the main
constituents of the natural organic matter (NOM)
pool in surface (fresh and marine waters), ground
and soil pore waters, have colloidal propertid$
and commonly impart a yellowish—brown color to
the water system. The concentration of NOM is
traditionally measured based on the total dissolved
organic carbon (DOC) content of the component
molecules. Despite their different origins, which are
responsible for their main structural characteristics,
the various NOM types all constitute refractory
products of chemical and biological degradation and
condensation reactions of plant or animal residues
and play a crucial role in many biogeochemical

processes. Humic substances (HSs) are complex

heterogeneous and polydisperse mixtures of non-
stoichiometric composition. They can be seen in the
diagenetic scale as a transformation product from
animal and plant debris towards carbon dioxide and
fossil fuel [2]. These reactions include both con-
densation and degradation in constant dynamic
equilibrium. Degradation includes abiotic (photo-
degradation[3], hydrolysis) and biotic (microbial
[4]) pathways. HSs can be generally characterized as
being rich in oxygen-containing functional groups,
notably carboxylic moieties, phenolic and aliphatic
hydroxyl, and carbonyl in ketones and quinones.
They are defined according to function rather than to
structure. Isolation methods (chemical and physical
fractionation procedures) of humic substances from
various environmental matrices are suggested, e.g.,
by the International Humic Substances Society
(IHSS). Compared to the operationally defined fulvic
acids (FAs—soluble in both alkali and acid solu-
tions), the humic acids (HAs—soluble in alkali,
insoluble in acid solutions) are of higher molecular
mass and lower total acidity. HSs affect natural
processes such as soil weathering, buffering and
fertility [5], pH and alkalinity of natural waters, and

transport of organic chemicals, formation of disinfec-
tion by-products during water treatment, and hetero-
trophic production in blackwater ecosystems. Soll,

aguatic and marine HSs are ubiquitous and important

contributors to the global cycles of the elements C,
N, P and S in the bio- and geosphere. Soil humic
substances generally differ from freshwater humic
substances in their elemental and functional group
composifi@h Soil HSs are typically of higher
molecular mass, lower carboxylic and higher phen-
olic content, and exhibit higher ratios of extractable
humic to fulvic adif Freshwater humic sub-
stances contain stronger acidic functions due to the
presence of keto acid and aromatic carboxyl-group
strucfliie$?]. Marine humic substances lack
lignin constituents and are of rather aliphatic and
peptide origin coming from other than vascular

(land) organisms &at3. Colloidal materials

are only defined by their size, being sized between
1 nm andpin, and their stability is largely

dependent on the solution chemistry: ionic strength,
pH, number of particles, gid¢ Despite these

structural differences, major characteristics that af-
fect HS reactivity in environmental compartments
are their size and charge distribution, which in turn
govern their hydrophilic/hydrophobic bdlabice

Capillary electrophoresis (CE) combines the

unique possibility to separate and detect natural
organic matter in aqueous solution within a wide pH

range, i.e., close to environmental conditions, and to

obtain information on their charge density (electro-
phoretic mobility being governed by charge and
size).

The aim of this paper is to give an in-depth
overview of the use of CE in the characterization of
NOM and to look at different possible pitfalls and
artifacts that could come either (i) from the in-

strumental setup or (ii) from separation buffer solu-
tion chemistry.
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2. State-of-the art in CE characterization of
humic substances and natural organic matter

Neihof and Loeb[16] already reported the first
electrophoretic measurements on particulate and
dissolved organic matter from seawater by means of
the microelectrophoresis technique at the beginning
of the 1970s. These early studies reported on the
organic—mineral interactions through changes in
surface charge of the particulate matter in different
water salinity [17]. The method was further de-
veloped and adapted by Hunt@8] to measure the
pH-dependent electrophoretic mobility of sea water
organic coated minerals and the importance of
COOH and OH groups for their binding to different
metal ions.

2.1. Tabulated review on the use of capillary
electrophoresis with humic substances and natural
organic matter

Only a small number of applications of CE for the
characterization of humic substances and natural
organic matter can be found in the literature; most of
the used techniques are capillary zone electropho-
resis (CZE), capillary gel electrophoresis (CGE) and
capillary isoelectric focusing (clEF). Many authors
attempted to use the method to investigate their
samples but avoided its further use due to the
difficulties in interpreting the obtained electropho-
retic patterns. The references found by the end of
2002 are summarized ihable 1,including important
instrument parameters, buffer systems and sample
descriptions.

2.2. Comments on major problems in the use of
CE methods to characterize natural organic matter

The difficulties in the interpretations of the ob-
tained signals of humic substances with any ana-
lytical approach come from the high polydispersity
in structure of these materials. Humic substances are
operationally defined and consist of a mixture of
constituents having a wide hydrophobic/hydrophilic
range. They behave as molecules and/or colloids as
a function of their own concentration in the medium
and the solution’s properties (ionic strength, pH)
[75]. All these properties combined make a com-

parison of results difficult and a normalization/stan-

dardization of experimental conditions necessary.
With these problems in mind a few comments can
be made on the approaches found in the literature.

(i) Fingerprinting the humic samples was the main
aim of the listed papers. The methods delivering the
highest number of peaks in the electropherograms
were often considered to be the best. However, many
authors omitted to mention that a number of these
peaks can be system peaks which are only due to the

buffer (for example presence of spikes due to
unfiltered buffer solutions).
(i) It is clear that artifacts caused by buffer
interaction can lead to an increase in the number of
reproducible signals, but the interpretation of these
signals is impossible without a systematic approach.
If the comparison of samples is the goal, these
buffers may even be ideal, but they become a
problem when interpreting the data in relation to the
size and charge of native samples. Possible artifacts
due to interaction with phosphate or borate ions were
already described in an early [&fjeout did not
catch the attention of many authors.
(iii) Promising attempts and systematic ap-
proaches to measure metal-humic interactions with
CE techniques where rapidly abandoned because,
again, of the problems in the interpretation of the
complex electropherograms. These problems, how-
ever, were inevitably nearly always related to the
choice of the separation buffer: for example, borate
ions compete with the same humic binding sites as
metals.

(iv) When trying to correlate the electrophoretic

behavior of humic substances with their structural

characteristics (as, for example, time versus molecu-

lar size), the basic principles of CE were often

ignored; i.e., correlations were often done with time

parameters in different electroosmotic flow (EOF)
conditions.

(v) The use of very specific samples without

including standard materials (i.e., from the IHSS)
makes any comparison between authors even more
difficult.
(vi) Unrealistic buffer systems (pH lower than 3,
zwitterionic or cationic buffers) were used with
humic acids, yielding peaks (system peaks?) that can
either be representative of the sample or of displaced
buffer zones due to the interaction. How can such



Table 1

Exhaustive list of publications dealing with the use of capillary electrophoresis to characterize humic substances

Ref. Instrument Method Detection Capillary Injection time, Buffer Samples Goal of the study
volume
[19] Applied Biosystems CZE UV-Vis Fused-silica, uncoated, 3s Tris—phosphateM0pht 8.3, Peat HS Fingerprinting of peats
270A-HT CGE 400 nm 55 (30 t.d.) cri75 um I.D. PEG 0-50 g/I
[20] Thermo Bioanalysis CZE UV-Vis Fused-silica, uncoated, 30s ldChtanine 60 v, pH 3.2 Soil, compost HAs Fingerprinting
Spectraphoresis 2000 220 nm 43.5 (35.5 t.d.)<ai6 pm I.D.
[21] Bio-Rad BioFocus 3000 CZE UV-Vis Fused-silica, uncoated, 1nl 100 phosphate, pH 8.5, Peat HAs, Fingerprinting R
254 nm 24 (=) cnx25 um 1.D. Normex borate, pH 9.0 size fractioned g
3.
[22] Bio-Rad BioFocus 3000 CZE UV-Vis Fused-silica, uncoated, 1-30 nl BorateppH 9.7, 8.9, 8.15, Peat FAs Fingerprinting =
254 nm ~ (24) e 25 um 1.D. phosphate 50 M, pH 7.1, 3
citrate-HCI 50 M, pH 6.25, 2.3 B
=
[23] Waters Quanta 4000 CZE UV-Vis Fused-silica, uncoated, n.i. Borate 7812pH 8.3 Water FAs, lignin, Evaluation of CZE for fingerprinting “(_.
254 nm 78.5 (71 t.d.) 75 um 1.D. M,-standards ‘E'
[24] Applied Biosystems CZE UV-Vis Fused-silica, uncoated, 2s Tris—phosphateNg0phi 8.3, Soil, behavior of HSs in PEG (EOF, %
270A CGE 360 nm 55 (30 t.d.) cri75 pm 1.D., polyacrylamide Tris—phosphate 28vin compost HSs buffer, pH effects) %]
-
coated, 55 (30 t.d350 um I.D. +PEG 4000, 0-15% (w/v) o
[25] Applied Biosystems CZE UV-Vis Fused-silica, uncoated, 2s Tris—phosphate 100 m Soil, pH, molecular size effects on CE 9
=
270A CGE 360 nm 55 (30 t.d.) ci75 um 1.D., polyacrylamide 50 M, pH 6.3, 10.3, peat HSs Q
coated, 55 (30 t.d350 um 1.D. Tris—phosphate 50 kf §
+PEG 4000, pH 8.3 Q
[26] n.d. CZE UV-Vis Fused-silica, DB-Wax coated, 1s Tris—phosphate 50 pH 8.3, Soil HSs, Size, charge effects in CGE i
CGE 400 nm 55 (30 t.d.) cm100 I.D. +PEG 4000/20 000 size fractioned ég
—~
[27] Applied Biosystems CZE UV-Vis Fused-silica, uncoated, 3s Tris—phosphateMs0ph 8.3 Peat HSs, behavior in CGE of different HSs g
270A-HT CGE 210 nm 55 (30 t.d.) ci75 um 1.D., polyether +PEG/PVA size fractioned HSs and different PEG concentrations@
360 nm coated, 55 (30 t.d.)/100(75 txd00 wm I.D. 'T
N
[28] Applied Biosystems CZE UV-Vis Fused-silica, uncoated, 2s Tris—phosphateMs0pht 8.3 Soil HSs, Behavior in CGE Q
270A-HT CGE 360 nm 55 (30 t.d.) cri’5 um I.D., DB-Wax +PEG size fractioned
coated, 55 (30 t.d375 um 1.D.
[29] Applied Biosystems CZE UV-Vis Fused-silica, uncoated, 3s Tris—phosphate concentration range Soil, peat HSs, behavior of HSs in PEG (EOF,
270A-HT CGE 360 nm 55 (30 t.d.) cai75 um 1.D., polyacrylamide 25-75 M, pH range 6.3-10.3, size fractioned buffer, pH effects)
coated, 55 (30 t.d950 um 1.D., different PEG concentrations
DB-Wax coated, 55 (30 t.d.) cm100 i.d
[30] Dionex CZE UV-Vis Fused-silica, uncoated, 10s Acetatalanine, borate, MES, Tris, CAPS, CHES ~ Water HAs, FAs Attempt in comparison of different
CGE 220 nm 55 (50 t.d.) cm75 um 1.D., polyacrylamide concentration range 5—-20npH 3.17-10.40 electrophoretic methods

coated, 50 (45 t.d.) cw75 pm
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Table 1. Continued
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Ref. Instrument Method Detection Capillary Injection time, Buffer Samples Goal of the study
volume
[65] Beckman PACE 2050 CZE UV-Vis Fused-silica, uncoated, n.i. Acetate 190 phf 5.3 soil HAs, FAs Soil humic photodegradation studies—CE
57 (50 t.d.) cnx75 um I.D. as additional analytical tool
[66] Beckman PACE CZE UV-Vis Fused-silica, uncoated, 5/10 s Borate 0-10pH 9.1 IHSS water HAs, Influence of borate buffers
2050/5000 254 nm 57 (50 t.d.) cr¥5 um .D. soil HAs
[67] Beckman PACE 2050 ACE UV-Vis 280 nm Fused-silica, uncoated, 5/10 s Carbonat&525nmv, soil HAs, FAs Analysis of the photodegradation of
LIF ex 325 nm, 57 (50 t.d.) cx75 um I.D. pH 9.2, HSs as micellar phase fluoroquinoloneswith HSs, ACE binding stu
em 420 nm
[68] Beckman PACE 2050, CZE UV-Vis Fused-silica, uncoated, 5/10 s AcetateNs0pii 4.95, IHSS standards Analysis of synthetic HSs for
Bio-Rad BioFocus 3000 254 nm 57 (50 t.d.) &m5 um I.D. borate 40 v, pH 9.3, soil water HAs FAs environment/medicine applications
carbonate 50 M, pH 9.3 soil HAs, FAs,
synthetic HAs, HSs
[69] Beckman PACE 2050 CZE UV-Vis Fused-silica, uncoated, 5/10 s AcetateNs0pid 5.05, IHSS standards Mobility distribution of synthetic/natural
254 nm 57 (50 t.d.) cta75 pm 1.D. carbonate 50 M, pH 9.03/11.4 (soil, peat, water HSs, polyelectrolytes
water NOM), soil HSs
[70] Beckman PACE 2100, CZE UV-Vis Fused-silica, uncoated, 5/10 s AcetateMs0pid 5.1, NOM isolates Characterization of nordic lake NOM
Bio-Rad BioFocus 3000 IEF 254 nm 57 (50 t.d.) &6 um I.D. borate 40 v, pH 9.0, (Professor Gjessing) pH effects, Stoke’s radii
scan 200-360 nm carbonate 23mpH 9.3, 11.4
[71] Beckman PACE 2100, CZE ESI-MS Fused-silica, uncoated, 2-30s Ammonium acetald, 20Hb.1, IHSS standards, and soil, Relation between HS structure and
Bio-Rad BioFocus 3000 CGE UV-Vis 80 (20 t.d.) &5 um I.D. ammonium carbonate 10V water, marine samples. .. CZE behavior, molecular and colloidal
ACE LIF pH 9.3, pH 114 behavior of HSs and NOM
[72] Waters Quanta 4000 CZE UV-Vis Fused-silica, uncoated, n.i. Acetate pH 4/6, Fluka HAs, Interaction with metals
254 nm 60 (52 t.d.) cra75 pm 1.D. borate pH 8 river water
[73] Microchip CE Micro CZE LIF quartz glass, 24 mm 2s Tris—CHES 108!,npH 8.8 Water HAs, FAs, Fingerprinting of river water DOCs;
water DOCs developmentof microchip CE device
[74] Beckman PACE 2100 CZE UV-Vis Fused-silica, uncoated, n.i. Borate MO pi 8.37 Soil FAs Photodegradation studies of soil FAs,
254 nm 57 (50t.d.) cou75 wm I.D.

CE one analytical tool

ITP=Isotachophoresis; ACEaffinity capillary electrophoresis; DABdiode array detection; t.éto detector; PEG poly(ethylene glycol); PVA:=poly(vinyl alcohol);
CAPS=3-cyclohexylamino-1-propanesulfonic acid; CHES (N-cyclohexylamino)ethanesulfonic acid; BESI|,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid; AMPSO

N-(1,1-Dimethyl-2-hydroxyethyl)-3-amino-2-hydroxypropansulfonic acid; P\f@lyvinylpyrrolidone; CD=cyclodextrine; DOG=dissolved organic carbon.
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drastic chemical conditions be used to obtain struc-
tural information (such as charge states, size, aggre-

compounds, structural information can be derived
directly from the electropherograms in mobility scale

gation, gel formation and phase transitions) that are [71].

characteristic of HSs in non-complexing environ-
mental conditions?

One can see the complexity of the problem when
taking into account that the analytical tool used for
the “characterization” of undefined heterogeneous

Mobility scaling always includes (i) the use of an
internal standard (usuatiyhydroxybenzoic acid—
phb, or an EOF markag), 13, (ii) the baseline
correctiéig.( 10, (iii) the scale transformation

from migration time to effective mobility and (iv) the

materials is functionally complex itself and still

under development.

0.0050 4 "
25 mM carbonate buffer

pH9.3

(p-hydroxybenzoic acid)

J int \Id
0.0040 50/57 cm column

3. Interpreting the humic humps
0.0030 A
Humic substances, extracted as mixtures from soil
according to their solubility in acids and bases and
from surface waters according to their affinity to
XAD-8 resins, are considered as relatively high-
molecular-mass polyelectrolytes containing aromatic,
aliphatic and heterocyclic subunits. The degree of
ionization of their phenolic and carboxylic groups is
governed by the CE buffer pH. In CE, fulvic acids
exhibit a consistent and characteristic set of sharp
peaks (phenolic acids), extending from a humic
“hump” [37]. The average electrophoretic mobility
(AEM) of these humps depends on humic structure,
experimental conditions and buffer composition
[76,77]. Humic acids give only the “hump” (some-
times multiple humps). Examples of electrophero-
grams and their interpretation will be shown below.

0.0020 4

0.0010 A v Raw data

0.0000 T T T |
0 5 10 15
Time [min]

(a)

0.0040 4

0.0030 A

0.0020 4

0.0010 4

baseline correction

0.0000 T T T s u
0 5 10 15 20 25 30
. . - time [min]

3.1. A question of data representation.: the mobility (b)

scale
0.0040

The plot of UV-absorbance versus effective 3
mobility () shows the Gaussian-like distribution """ [ \
around an AEM. This representation of the primary
electrophoretic data in thg,,; domain is a useful
visualization of effective mobility because it takes /
into account the changes in electroosmotic flow that 00010 J \
can occur from one measurement to the other
(dependent on buffer chemistry—pH, ionic strength, 0 -007)5 ~o.‘m -o.rlns -o.loz -(x(l):s vov’o_“\ 'vu,(l)zs
type of buffer)[69]. An electropherogram in this new mobility [em?/Vmin]
scale can be considered as a frequency distribution of ©
individual molecules (or “molecular associates” in _ ) _ _
these experimental conditions) having a given effec- Fig. 1. _(a) Raw data of SRNOM with an internal star]dard for thls

separation buffer. (b) Time-scaled data after baseline correction.

tive electrophoretic mobility. From the relation be- (c) converted mobility scale data using phb as internal mobility
tween mobility with charge and size using model standard.

0.0020

0.0000
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deletion of the internal standard peakid. 19. The mobility can have enormous effects on the elec-
sign of the mobility scale is negative for anions and tropherogram shape and the resulting interpretations
positive for cations; to avoid confusion speaking of when the samples are mixtures. This is illustrated in
high mobility always implies the absolute value of Fig. 2, with the example of Bouzule pseudogley soil
the mobility. fulvic acid (FA2) dissolved in 100 kh sodium

dodecyl sulfonate (SDS) and separated in a 248 m
3.2. Consequences of the mobility scale carbonate and 100 kh SDS buffer at pH 9.2. The

data acquisition is in the time scale (between 5 and

Utilizing the mobility scale reveals tremendous 10 data points/s). When converting to mobility scale
effects on the qualitative and quantitative interpreta- (mobilitytime), the electropherogram’s shape is
tion possibilities of the data when analysing single “compressed” and is significantly changed. More
components[78,79]. Changing the time scale to data points describe peaks in the high mobility
0.014
1

0.012 [ |

aa1g Sample: Bouzule FA2 in 100 mM SDS,
Buffer: 25 mM carbonate buffer pH 9.2

+ 100 mM SDS

0.008 -

0.006
EOF

3
0.004 - l
0.002 A 2 M j\
0.000 A T T T a
30 40 50

T
0 10 20 30
time [min]

0.014

0.012 ]

0.01 f

0.008
identical data points as in (a)
0.006

0.004

0.002

0 f T T T T T '
0 -0.005  -001 -0.015 -0.02 -0.025 -0.03 -0.035 -0.04 -0.045
mobility [cm?*/Vinin]

Fig. 2. Effects of scale transformation on electropherogram shape. The squared marks correspond to the same signal regions in time scale
and in mobility scale between peaks 1, 2 and 3.
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region than near the EOF (as a consequence, the
good description of analytes migrating near the EOF

single molecular peaks (molecular behavior) as com-
pared to the humic hump (colloidal behavior)

should be done with a high data acquisition rate). [62,84]. Studies are still in progress for the structural

The mobility scale is a representation of the mobility
distribution in the sample and the time scale is
overestimating the contribution of high mobility

components. The same area in time and in mobility
scale is illustrated with the boxes in the elec-
tropherograms. SDS in the sample and in the buffer

identification of these ionized hydroxycarboxylates
with CE—electrospray ionization (ES[y81S

Fig. 3 shows a typical example of two ultrafiltra-

tion fractions from a white water Amazon river site
(Duke). The average mobility at 3 different pH are
not significantly different when comparing the high

significantly interacts with the fulvic acids that show
individual sharp peaks out of the hump. This SDS
buffer is typical for micellar electrokinetic chroma-
tography (MEKC), and the distribution along the
mobility axis is not only a function of the charge-to-
size ratio, but additionally of the hydrophobicity of
the sample. In this case, however, interpretation is
difficult because system peaks corresponding to
different concentration zones may additionally be
present. This may be an indication that many com-
ponents in the sample are associated to others
through weak bonds (Hwr, metal bridges) and that
these bonds can interact and compete with the SDS T
micelles.

Fulvic acids generally show higher polydispersity
(wider peaks) than humic acids. Several separated T
sharp peaks, corresponding to lower-molecular-mass |
compounds, were often found in the fulvic acid
fractions and rarely in the humic acid mixtures.
Some of the sharp peaks rising out of the humps |
were identified as phenolic acids such as syringic (a),
vanillic (b) and p-hydroxybenzoic (c) acids by
spiking the fulvic samples and comparing the UV
spectra[80]. The presence of such low-molecular- 7
mass acids in the humic mixture was previously
demonstrated with" H-nuclear magnetic resonance |
(NMR) spectroscopy81] and recently with capillary |
electrochromatography combined with two-dimen-
sional NMR technique$82]. These phenolic acids
could have been released in solution by partial 1
hydrolysis of the fulvic acid core or/and coextracted
from the natural soil matrix; they ultimately result
from the oxidation of lignin structures (soft or hard
wood origins) and are found in different amounts
characteristic of the vegetation of the studied soils
[83]. This low-molecular-mass fraction, which can
account for up to 30% of the dissolved organic
carbon of the FA mixture (less than 5 to 10% in
humic acids), can be nicely separated with CZE into

>10000) and low (1006<10000) molecular

mass leachates, and in both sample single peaks

corresponding to low-molecular-mass substances are
present. The fraction (&8000 000) additionally

shows a more pronoudaeiole-hump and a shoul-

der in the low mobility area present at pH 9.3 and
11.4 due to low-molecular-mass phenolic substances
(not ionized at pH 5). This example also reveals that
signals in the low mobility area are not necessary of

white, Ducke Leachate
(1000-10 000 MW)

i

-0.005 0.0 -0.0358

-0.015
mobility [cm*Vmin]

002 -0.025 -0.03

white, Ducke Leachate
(=10 000 MW)

0015 002
mobility [cm*Vmin]

-0.025 -0.03 -0.0358

0 -0.005 -0.01

Fig. 3. CZE of ultra-filtrated dissolved organic matter obtained
from the Amazon basin (Dr. A. Aufdencampe/Professor J.
Hedges, University of Washington, USA). (The peak maxima of
the mobility distribution from left to right correspond to separation
buffer at pH 5, pH 9.3, pH 11.4).
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high molecular mass, as has been expressed a fewd. What experimental parameter can influence
times in the literature on CE of HSs. Only a mass- the shape of the electropherograms?

selective detector (mass spectrometer) makes the
differentiation of the charge and mass distributions
within the polydisperse humic mixtures possible

4.1. Local sample concentrations in the capillary
due to injection and separation conditions

[85]. For a given sample load, the local concentration of
nl/min pH 11.5
2000 - pH 9.3
——30 kV
pHS
—— 25 kV
1500 +
—=—20 kV
20727
o ——15kV
= /
500 - EEE!
100/107 cm —— > —
O T T T T 1
2 4 6 8 10 12
pH
@

End concentration in the column
ng/pL

160.0 T
140.0 +
120.0 +
100.0 +
80.0 +
60.0 +

10 sec

40.0 +
20.0 T 1 gec

0.0 t
0 10 20 30 40 50 60 70 80 90 100

colummn length to detector [cm]

(b)

Fig. 4. (a) Dependence of the buffer flow velocity on experimental parameters; (b) average concentration of HSs in the capillary at the
detector for different injection times and buffer pH (consequently different EOF), starting with a 2 mg/ml sample.
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the sample in the capillary during the separation capillary loaded with separation buffer and the
process is a function of its initial concentration and sample. Separation efficiency, endoosmotic flow, and
of the dilution during separation. The last effect is thus analysis time are dependent on the voltage and
directly related to the volume of buffer that passes the capillary length (field strength in V/cm). This is
the detector during the time of measurement and is illustrated by the two figures ahead. The flow in the
thus proportional to the EOF, the applied voltage and capillary (due to the pH-dependent EOF) is depen-
the capillary length. dent on the field strength and thus on the capillary
\Voltages from a few kV up to a maximum of lengths (27 to 107 cm) and the voltage (15 to 30
30 kV can be applied to the electrodes across the kV); flow velocities between 200 nl/min and

eany

(a)
0.010 - 0.025
0009 F—— 90/97 em, 2 mg/mL —— 90/97 cm, 2 mg/mL
0008 + —— 90/97 cm, 1mg/mL 0020 | —— 70/77 cm,2 mg/mL
0.007 | —— 90/97 em,05 mg/mL 50/57 cm, 2 mg/mL
0.006 | —— 90/97 cm, 025 mg/mL 0.018 1 30/37 cm, 2 mgimL
0.005 F —— 90/97 cm, 0.1 mg/mL
0.004 t 0.010 t
0.003 t
0.002 t 0.005
0.001
0.000 c T u 0.000 T f
0 -0005 -0.01 -0.015 -002 -0.025 -0.03 -0.035 0005 0015 _0.025
mobility [cm*/Vmin] mobility [em?*/Vmin]

(b)

Fig. 5. (a) Linear relation between the signal intensity and the injected sample amount (sample concentration and column length effect);
electropherogram by varying (b) sample concentration and (c) column length. Local concentration changes in the capillary have no effect on
the mobility distribution.
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2 pl/min can be obtained in the pH range from 5 to A linear response of the integrated peak signals
11.5 (ig. 49. relative to concentration was found for all investi-
When injecting a mixture of substances polydis- gated capillary lenglgs 9. For identical sample
perse in charge and/or in size (such as NOM), the concentrations, the short capillary showed the high-
obtained signals show a distribution in the effective est integration signals (shorter analysis time and thus
mobility. The corresponding time window is depen- higher local sample concentration). In all measure-
dent on the column length and the applied voltage. ments illustrat&dginsb—cthe mobility distribu-
The velocity of the buffer will govern the residence tion was not significantly different, showing that the
time and thus the dilution of the sample during its local sample concentration in the capillary did not
passage in the capillary towards the detedtdg. 4b affect the mobility distribution. Some authof34]
illustrates this dilution effect using the flows from interpreted changes in the electrophoretic patterns as
Fig. 4a as a function of pH, column voltage and oligomerization/aggregation of humic substances,
injection time; the average end concentration in the comparing electropherograms in the time scale with-
column is given for a start solution of 2 mg/ml and a out taking into account the drastic changes in
capillary of 75um 1.D. migration time due to the change in EOF. This
Although sample concentration needs to be high shows that lot of care has to be taken when interpret-
enough to get an interpretable signal, the dilution ing CE data to avoid misinterpretation of elec-
effect in this setup leads to an average concentration tropherograms.

in the capillary of around 20 mg/I (dilution 100)

with a 57 cm (50 cm effective length) column and

5 s injection (0.5 p.s.i.; 1 p.ss#6894.76 Pa). Be- 5. Causes of artifact peaks
cause the signal distribution is Gaussian, local con-

centrations of over double the concentrations shown The presence of sharp peaks in the high mobility
in Fig. 4b can be reached. region is dependent on separation conditions (volt-

Due to the contribution of the sample to the local age, column length, buffer velocity—ionic strength).
ionic strength, zones of different concentration could To investigate these secondary effects, a buffer
behave in the capillary as zones of different ionic system (carbonate buffers) was chosen where only
strength with consequently different field strengths little or no interactions between buffer constituents
that influence the ion mobility (higher ion mobility and sample are to be expected.

in lower-ionic-strength regions). These could in some

extreme cases (too low buffer ionic strength, short 5.1. Possible pitfalls caused by interactions with
capillary) lead to field distortions and system peak buffer constituents

formations (signals due to relative accumulation or

depletion of ions within the mobility distribution HSs are well known to interact with organic and
zone). Such phenomena were also observed in free inorganic components and many studies have con-
flow electrophoresis (FFE) experimer&s]. firmed the relations between active humic binding
sites and their specific reactivity toward selected
4.2. |s the mobility distribution a function of the chemicals[87,88]. Affinity capillary electrophoresis
local sample concentration? is actually used to study analyte—ligand interactions
between all types of components. This is done by
To induce different local concentrations in the systematically increasing the concentration of the
capillary, we tested different capillary lengths (from ligand in the CE background buffer and injecting the
37 to 97 cm) loaded with different sample con- analyte as sample—it looks like an ordinary CE
centrations (from 0.1 to 2 mg/ml). The injection separation, only that the mobility of the analyte is a
times were chosen to always load the capillary with weighted function of the mobility of the free and
60 nl of sample. The use of a short 27 cm column bound analyte. Different 1:1 interaction models or
caused peak distortions and was not included in the partitioning models can then be applied to extract

comparison. interaction information from series of electrophero-
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grams. We have used this method repeatedly to
analyze the binding to HSs of cationgtriiazines
[89], zwitterionic fluoroquinolones[90], anionic
phenoxy acids of neutral hydrophobic polyaromatic
hydrocarbons, and meta91]. Detailed understand-
ing of the interaction ofs-triiazines with SDS
micelles could also be followed that wd92]. The
method allows the measurement of fast exchange
interactions. The combination of many different
analytes in one run makes a rapid investigation of
different ligands possible and allows a quantitative
structure—activity relation (QSAR) approaf9s].

Fig. 6 illustrates these ACE principles taking as
example the interaction of pyrene with a selected
humic acid: the mobility of the complex is the
average mobility of the humic acid, and by using a
partitioning model the logK,. (binding constant
normalized to organic carbon content) obtained is
4.11, that is in the range of literature valy@g,95].
This illustrates also the phenomenon of solubility
enhancemen{96] that lead to the membrane or

micellar concepts of humic substances presented by

Wershaw[97,98].

Due to the nature of the humic samples (polydis-
perse, heterogeneous, reactive), possible interfer-
ences with the buffer constituents are highly prob-
able and can only be minimized, but hardly fully
avoided. Due to the anionic structure characteristics
of the HSs it becomes clear that any type of cationic
buffer will be able to interact with some fractions of
the HSs to some extent! This is also true for other

kg / L humic acid (Scheyern)

0 0.0002 0.0004 0.0006 0.0008 0.001

0

-0.00005 1
N

L ﬂ /J ACE calculated

N
Log K, =4.11

-0.0001  *

-0.00015

-0.0002

M [em?IVs]

-0.00025
-0.0003

average mobility of the humic acid
-0-0003386 cm?/Vs

-0.00035

-0.0004 -

Fig. 6. Affinity capillary electrophoresis study of the binding of
pyrene to natural organic matter (Scheyern, brown soil humic
acid); pyrene was detected with laser-induced fluorescence (LIF,
Aoy 325 Nm).
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zwitterionic, so called “good buffers” [Tris, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), MOBS (4N-Morpholino)butanesulfonic

acid), etc.], that are chemically similar to the am-

photeric ampholytes used in isoelectric focusing

(IEF). The latter were shown to interact strongly
with HSs[77,84].

These complexing buffers may be used to finger-

print MObut no structural interpretation should be

made. The influence of tetrahydroxyborate ions on

the electrophoretic mobility of humic acids was

already proposed in 19987] and systematically

evaluated by CE in following styé&s$0]. De-

pending on the molarity of borate ions in the
separation buffer, the humic acids exhibit elec-

tropherograms with sharp peaks consistently extend-
ing from a “humic hump”. Variations in the migra-

tion times of these peaks depend on the concen-
tration of borate ions in the separation buffer. The

complexation of borate ions and humic acid fractions
was also analyzed With B- &nd H-NMR spec-
troscopy as well as UV spectrophotometry in solu-
tions of the same composition as the CE separation
buffers. Supplementary studies with model com-
pounds (flavonoids, phenolic and sugd®%icids)
indicate reaction mechanisms that include the forma-
tion of bidentate esters (monocomplexes) as well as
spiranes (tetradentate esters or dicomplexes) within
the humic substructure.

It was thus shown that special attention must be

given to the interpretation of CE electropherograms
while fingerprinting humic substances with borate
buffers since observed peaks do not necessarily
indicate distinct humic components but may be
artifacts (that can also be used for fingerprinting
purposes) caused by the interaction of the buffer ions
with the humic substances.

To avoid system peaks due to different ionic
strengths distributions within the capillary, extreme
situations should be excluded. We systematically
tried to keep the ionic strength of the buffers at
25 mM, and always tried to measure with voltages
between 20 and 30 kV [capillary of 57 cm (50 cm
effective lengthx75 um 1.D.]. Only acetate and
carbonate buffers were used, which were in these
terms non-interacting with the sample. In these
conditions system peaks were limited. In contrast to
many studies stating that small acids (i.e., acetic
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acid) are able to disrupt supramolecular complexes analyzing liposome preparations wifthGO¥ &nd
of humic substanceld 00—104],we were never able was expected to come from peculiar electric pro-
to observe such a phenomenon. Because of possible cesses occurring at the boundary of the initial sample
surface interactionfl05] and colloidal properties of zone and the background electrolyte. Because humic
NOM [106], it is strongly believed that many substances and NOM are anionic in nature, they can
artifacts can additionally lead to biased results in contribute to the local ionic strength distribution in
high-performance size-exclusion chromatography the capillary during their separation. This can cause
(HPSEC) when system parameters are not properly field strength gradients within the capillary that can
checked and interpretgd07,108]. cause moving zones or unwanted zone concentration
(staking) effects. Using free flow electrophoresis it
5.2. Possible operational pitfalls caused by was shown that within the humic hump pH differ-
experimental setup ences of up to 0.5 pH units can ocd&6].
We systematically changed separation parameters
Sharp system peaks need to be differentiated from and looked at the effects on the presence and
signals caused by the interaction with buffer com- evolution of such system peaks. The chosen sample
ponents. Very often both types of signals can be was the Suwannee River NOM (SRNOM) at a
superimposed on the samples’ own electrophoretic concentration of 1 mg/ml analyzed in a 57 cm (50
pattern. Peak distortion was already observed when cm effective length) capillary column.

Separation: 10 mM carbonate buffer, pH 9.1

7.8 min

Inlet capillary pH 8.0

10 mM carbonate buffer,
pH 9.1

12.2 min
[
20 mM carbonate buffer,
Inlet capillary pH 9.5 ‘N——J"—/\\J
[ T T e it e L

pH 9.1
Inlet capillary pH 10

18.4 min

30 mM carbonate buffer,
pH9.1 -—

40 mM carbonate buffer, 20.6 min

pH 9.1

Inlet capillary pH 10.5 f
WWM

b 0005 001 -0015  -D02 0025 -003 0035 004 0 -0.005 -0.01 -0.015 002 0025 003 0036 004
mobility [em*Vmin] mobility [cm*!¥min]

s

(a) (b)

Fig. 7. (a) lonic strength and (b) pH effects on peak compression.
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5.2.1. lonic strength staking effects (the same effect is used for con-

It was observed that lower buffer ionic strength centration of charged analytes between buffer zones).
favors peak formation. The signals show a sharp
asymmetrical front coming from the high mobility 55> et pH effects

side (high migration timesFig. 7a.The lower the During the separation, ion depletion leads to a pH
molarity of the buffer, the more the zone is focused jcrease in the inlet reservoir and an acidification of
and the higher the formed peak becomes. The field \he oylet reservoir. The higher the buffer molarity,
strength is higher in low molarity buffers and so is o higher is its buffer capacity and the corre-
the corresponding ion velocity. When these fast sponding measurements can be done for a longer
moving ions are approaching sample zones of higher 4i\a pefore pH changes become significant.

local ionic strength and lower field strength (such as v simulated that effect in the inlet vial. We filled

in the humic hump), they are slowed down and show he capillary with the same 10 vh carbonate buffer
but changed the pH at the inlet electrode before
starting the separatiorFig. 78. Higher pH in the
inlet vial favors stronger peak formation. This con-
firms also the ionic strength effects: a higher molari-
= ty buffer is less affected by changes in pH during the
\ separation process (higher buffering effect) and thus
contributes in lesser extent to these zone effects.

,‘_
21.7T min

S5kV

!

5.2.3. \oltage effects

Changing the separation voltage also showed
systematic peak sharpening effectSig; 8). The
lower the voltage, the more these effects take place.
For the same buffer, longer separation time favor
staking (with longer separation times the buffering
action of the buffer in the inlet vial is decreasing).

10 kV

6.5 min | 10.6 min

15 kV

6. Conclusion

CE is a versatile and powerful tool with a high
separation efficiency and selectivity when analyzing
mixtures of low-molecular-mass components. Many

papers were published on the subject over the last
3 : years but unfortunately they often only give a limited
: image on the real possibilities of CE in the field of

HSs. On the stony road to consistent results, not only
the complexity, heterogeneity and polydispersity of
humic substances may limit straightforward conclu-
not present sions, but also many artifacts can result from the

chosen separation buffer chemistry or from hidden
0KV J\ instrumental constraints. We believe that CE and
B bE BB GbiE e oGbk  bes i capillary electrochromatography approaches contrib-
ute to a better understanding of the solution behavior

of HSs, especially when additionally combined (of-
Fig. 8. Effect of voltage on NOM electropherograms. fline or online) with powerful spectrometric and

20kV

,_L |
5.5 min

5.8 min

25kV

Kk\/\\

mobility [emd Vmin]
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Spectroscopic techniques such as multidimensional [21] C. Ciavatta, M. Govi, L. Sitti, C. Gessa, Commun. Soil Sci.

NMR [82] and mass spectrometfy1,85].
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