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Abstract

Mass spectra of humic acids (HA) from different sampling sites (Antarctica, Brazil, Czech Republic, Mexico and USA) and origin (plant,
soil, peat, and coal derived) were obtained by laser desorption/ionization time of flight mass spectrometry (LDI-TOF MS). Optimisation of
t ns,
r
1 features
a esent in the
m

d in the
m most of the
A rigin.
©

K

1

o
c
n
t
s
S
T
S

S
T

y).
ur-
sid-
tter
an-
een

ic,
ti-
har-
pa-
gs

tal
ead
rty,
ro-

0
d

he experimental conditions are given as the optimal value of the laser energy at∼20–30% higher than the threshold. Under these conditio
eproducible mass spectra of HA samples were obtained. In the mass spectra the majority of the peaks are observed in them/z region
00–1000 Da. Mass spectra fingerprints of HA were analyzed and, in spite of the differences in their origin, a number of common
nd profiles (patterns of peaks) were observed in most of the samples. Very similar structural groups (patterns) of the peaks are pr
/z range 717–918 Da for HA samples of quite different origins, countries or continents.
The tandem LDI-TOF MS and multivariate statistical tools allowed us to extract and elucidate underlying information containe
ass spectra of the HA samples under study. Applying principal components and cluster analysis, it was, e.g. demonstrated that
ntarctica HA samples show distinguishable differences when compared with humic acids from other continents and of different o
2005 Elsevier B.V. All rights reserved.
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. Introduction

From the point of view of the global environment, the soil
rganic matter (SOM) represents an important reservoir of
arbon, playing an important role in the carbon cycle. The
itrogen cycle is also indirectly affected by the humic mat-

er through the biological properties of soil[1]. Humic sub-
tances (HS) are among the most important constituents of
OM and their importance, e.g. in agriculture is well known.
he chemical and physical properties of soil are related to
OM yielding HS, being of great importance not only in
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soil, but also in the plant growth (nutrition and physiolog
There are many applications of HS in industry for various p
poses, however most of this information is patented or con
ered as “industrial secrets”. The idea of using humic ma
for medicinal and pharmaceutical purposes comes from
cient time, i.e. the therapeutic properties of peat have b
known for a long time in Europe[1]. Other important prop-
erties of humic acids (HA), such as antibacterial, antitox
immunomodulatory, anti-inflamatory, anti-arthritic, and an
ulcerogenic have attracted the attention of medical and p
maceutical communities. Nowadays, pharmaceutical com
nies devote much effort to investigating the medicinal dru
that can be obtained from humus matter[2]. HS are also
considered to be quite important for solving environmen
problems. HA are considered to be the most widely-spr
natural complexing ligands in nature. Due to this prope
HS play an important role in removing toxic metals, anth

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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pogenic organic chemicals and other pollutants from water
and soil[3]. The important and critical issues of humic matter,
together with the latest development in the analytical instru-
mentation, explain the renaissance of HS research in recent
years.

HS are widely spread in nature. They are present in soil and
waters. It is estimated that they represent about 40–90% of
the dissolved organic matter in soil and water environments.
HS are formed by the association of substances of animal,
vegetable and microbiological origins and, to a large extent
also from lignin[4]. The major part of the research studying
HS assumes plant residues as the main source of humus. HS
have also been found in the Antarctic continent, where the
humification process under the Antarctic conditions is very
specific and different from other continents. Examples of the
latest results concerning the presence of HA in the Antarctic
environment are given elsewhere[6–9].

Part of the HS are the humic acids, which are supposed
to be high molecular weight supramolecules, including poly-
meric aromatic structures with heterogeneous monomers and
heterogeneous kinds of linkages formed by random events.
HA present an enigma in that their structure still remains un-
known. That is in spite of the fact that a considerable amount
of information concerning their behaviour, chemical compo-
sition and properties has been gathered over the past years
[5]. Lignin has also been included in these studies. Consid-
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ical noise (i.e. contaminants), which represent a kind of
rather complex HA fingerprint. This structural information
can be used for the characterisation of HA, but the in-
formation from the spectra is not straightforward. Chemo-
metrics methods have proved to be useful for the extrac-
tion and managing of such underlying and relevant infor-
mation contained in the spectroscopic data[21–23] and,
in the last decade, the use of multivariate techniques has
been extended to the field of HS studies. Several papers de-
scribe the application of principal component analysis (PCA)
and/or factor analysis (FA) to reveal underlying differences
in HA, using the solid-state cross-polarisation/magic-angle
spinning (CPMAS)13C NMR spectroscopy[24], pyrolysis-
field ionization mass spectrometry (Py-FIMS)[24], gas
chromatography–mass spectrometry (GC–MS)[25], ther-
mogravimetry/fourier transform infrared spectroscopy (TG-
FTIR) [26], capillary electrophoresis (CE)[27], vapour pres-
sure osmometry[28–30], etc. However, the use of chemo-
metrics for the investigation and characterisation of HA mass
spectra obtained by MALDI-TOF MS and LDI-TOF MS has
not been applied, as far as we know.

The aim of this work is to study the possibilities and lim-
itations of LDI-TOF MS to characterise HA from various
countries or continents (Antarctica, Brazil, Czech Republic,
Mexico and USA), including samples from the International
Humic Substances Society (IHSS) and of different origin
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rable effort has been made in research into the struc
haracterisation of HS. The presence of some compo
uch as sugars, polyphenols, aminoacids, among othe
een confirmed in the HA structure and/or as HA constitu

1]. Practically all available analytical techniques and m
ds have been applied in the attempts to explain or, at

o elucidate the composition and structure of these hi
omplex natural products. However, in spite of great eff
y different research groups, their complete structure sti
ains unknown.
Determination of the HA structure represents a quite c

lex “problem”. Recently, a number of various soft ionizat
ass spectrometric techniques, like the electrospray io

ion (ESI)[10,11]or the matrix assisted laser desorption i
zation time of flight mass spectrometry (MALDI-TOF M
nd lately laser desorption ionization time of flight mass s

rometry (LDI-TOF MS) are being applied more and m
o the characterisation of HS[4,8,12–17]. Application o
ALDI-TOF MS or LDI-TOF MS to characterise HA give

omplex mass spectra[8,9,12]. In the case of LDI-TOF MS
here is a danger of fragmentation which needs to be avo
hile MALDI-TOF MS also has limited use, not only due

ragmentation of HA, but also because of the formatio
ggregates or clusters. Formation of clusters in MALDI
een reported by Remmler et al.[18], Haberhauer et al.[19]
nd Pacheco and Havel[20]. Therefore, for both technique
areful optimisation of the parameters affecting measure
s necessary.

Mass spectra not only contain many structurally sig
cant peaks, but also a number of peaks related to c
s

hrough their mass spectra fingerprints. We have used
or simplicity, because ESI leads mostly to multiple char
ons while LDI gives single charged ions, and also bec
ell reproducible results are obtained[4,9,12,15,17,31,32
lso, the possibility of multivariate statistical methods to

ract information contained in the HA mass spectra wil
tudied.

. Experimental data and methods

.1. Chemicals and reagents

All reagents were of analytical grade purity. Sodium
roxide was from Merck (Darmstadt, Germany); lignin al
as purchased from Aldrich (Milwaukee, USA). De-ioniz
ater used to prepare all solutions was double distilled

he quartz apparatus by Heraeus Quartzschmelze (H
ermany).

.2. Humic acids

Chemapex HA standard was a gift from Chemapex s
Chomutov, Czech Republic). Soil HA called Cananeia
indorama were from Brazil (Sao Paulo, Brazil)[33], Pea
A denominated “Thurfa” was from Brazil (Sao Pau
razil) [34] and Leonardite was from Mexico (Gru
ioqúımico Mexicano, Mexico)[35]. The plant HA from
tem, leaf and root of water hyacinth were isolated by G
our and Davis[36]. HA from the Antarctic soil sample
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Fig. 1. Geographical location of sampling site in relation to King George
Island and to the Antarctica. Codes for sampling sites: (1) Ant-1; (2) Ant-2;
(3) Ant-3; (4) Ant-4; (5) Ant-5; (9) Ant-9; (100) Ant-100; (200) Ant-200;
(moraine) Ant-m.

were extracted by Gajdošov́a et al. [8] from the Antarctic
soil in Crepin Point (King George Island, South Shetland,
Antarctica). The procedure is described in detail elsewhere
[8]. Fig. 1shows the sampling location in Antarctica.

Commercial HA: Fluka HA was from Fluka (Buchs,
Switzerland) and Aldrich HA was purchased from
Sigma–Aldrich (Steinheim, Germany). The standard HA
from the International Humic Substances Society (IHSS)
were Soil (1S102), Peat (1R103H), and Leonardite (1S104H)
HA standards.

A review of the elemental composition and analysis of HA
studied in this work is shown inTable 1.

2.2.1. Granularity and chemical constitution of the
Antarctic soil related to the HA sampling site

Soil composition might also play its role in the specifics
of the Antarctic humification process. Therefore, the soils re-
lated to various sampling sites of the Antarctica HA were also
characterised in detail in order to follow any eventual differ-
ences due to the soil composition[37]. Grain size analysis
was also made by sieving dry sediments. The Antarctic soil
samples contain mainly sandy gravel—gravely sand charac-
ter.

The chemical constitution of the clastic material was made
by the primacy of Na2O > K2O and Na2O + K2O < CaO. The
studied clastic material is similar to the volcanic rock of the
andesite and basalt type.

Analysis of the volcanic material of soil samples also al-
lows us to classify the source rocks. Position of the anal-
ysed soil samples in the diagram TAS corresponds to basaltic
andesite (soil samples Ant-1, Ant-2, Ant-3 and Ant-9) and
tholeiitic basalts (sample Ant-4, Ant-5).

2.2.2. Procedure of humic acid dissolution
Stock solutions of HA were prepared by weighing a given

amount of the humic acid sample, dissolving it in a small
volume of 0.1 M NaOH and diluting to a concentration of
0.036 M NaOH using double-distilled water. All HA working
solutions (1 mg ml−1) were analysed a minimum of 10 days
after preparation because it was found that, after this time,
HA yield better and reproducible mass spectra patterns[38].
Most probably, this is due to a slow process of disaggregation
of the humic acids supramolecular structures after they are
dissolved, as has already been observed before[9,13,38].

2.3. Apparatus

The total content of carbon, nitrogen and hydrogen was
determined on the Perkin-Elmer 2400 CHNS/O analyzer and
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he ash content was obtained by burning a certain amou
A in an oven at 900◦C for 6 h.
All measurements of the mass spectra were carried o

he AXIMA CFR (Kratos Analytical, Manchester, UK) ma
pectrometer, equipped with a nitrogen laser with a w
ength of 337 nm operated in the linear and positive ion m
he energy of the laser was changed in the range 0–8
tive units. External calibration was used. Proof that we
recise calibration is supported by the fact that some o
/z values of the peaks that we are reporting here were
bserved in other papers and the values are confirme
different laboratory[17], where it is mentioned that the

esults were in good agreement with our previous resul
The volume of 1�l of sample solution (1 mg ml−1 HA)

as pipetted onto a sample plate and dried at room tem
ure before the analysis. Mass spectra were measured in
us modes depending on the analysed sample (linear po

inear negative or reflectron negative modes), but gene
he spectra obtained with the most signals were those
n the linear positive mode. The protocol of the Internatio
umic Substances Society (IHSS) extraction procedure
sed in this work. Because of the high sodium content in
olutions, cationization is observed during mass spectrom
nalysis and most of the ions are adducts with Na+ [14]. Thus,
nder such conditions, the ionization leads to cationiza
nd positive spectra are more intensive. Spectra obser
egative mode do not contain sodium adducts and there
nder our conditions, were less intensive and so they
ot used. Higher intensity of spectra was also observe
ugo and Bottaro[17]. The fact that for LDI, predominant
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Table 1
Review of elemental analysis and ash content concerning HA studied

Humic acid Abbreviation Type C (%) H (%) N (%) O (%) C/N H/C Ash (%) Reference

Steam (water hyacinth) ps Plant 48.15 2.25 5.12 – 10.97 0.56 <1.00 This work
Leaf (water hyacinth) pl Plant 49.60 3.20 9.46 – 6.13 0.77 <1.00 This work
Root (water hyacinth) pr Plant 45.31 2.69 5.13 – 10.43 0.70 <1.00 This work
Soil IHSS standard sS Soil 58.13 3.68 4.14 34.08 16.37 0.76 0.88 www.ihss.gatech.edu
Pindorama sP Soil 51.26 4.82 4.95 38.97 12.08 1.13 8.76 Sao Paulo University,

Brazil
Cananeia sC Soil 53.75 3.58 2.54 40.13 24.68 0.80 2.26 Sao Paulo University,

Brazil
Garden soil sCZ Soil – – – – – – 60.00 This work
Leonardite IHSS standard cdLst Coal 63.81 3.70 1.23 31.27 60.50 0.69 2.58 www.ihss.gatech.edu
Leonardite HA (Mexico) cdL Coal – – – – – – – [32]
Aldrich CdA Coal 39.03 4.43 0.68 – 11.60 1.45 – Sigma–Aldrich
Fluka cdF Coal 49.01 4.37 0.71 – 80.50 1.06 – Sigma–Aldrich
Chemapex HA standard cdC Coal 50.25 4.90 1.23 47.60 1.16 7.30 Chemapex
Peat IHSS standard P Peat 56.37 3.82 3.69 37.34 24.40 0.81 1.12 www.ihss.gatech.edu
Peat (Thurfa) Ptf Peat 53.26 3.30 1.98 41.46 – 0.74 6.00 Sao Paulo University,

Brazil
Lignin (Norway spruce) L 47.57 4.97 1.25 Sigma–Aldrich

Antarctica sampling site
1 Ant-1 Soil 43.99 3.76 5.29 9.70 1.02 – This work
2 Ant-2 Soil 43.51 2.44 6.54 – 7.76 0.67 – This work
3 Ant-3 Soil 33.87 2.18 5.55 – 7.12 0.77 68.86 This work
4 Ant-4 Soil 37.48 1.04 5.64 – 7.75 0.33 – This work
5 Ant-5 Soil – – – – – – – This work
9 Ant-9 Soil – – – – – – – This work
Ant 100 m Ant-100 Soil 17.00 2.60 2.00 – 9.82 1.81 76.30 [8]
Ant 200 m Ant-200 Soil – – – – – – – This work
Moraine Ant-m Soil 4.60 2.40 0.60 – 8.33 6.37 47.00 [8]

(–) Non available.

positive ions are formed has previously been described by
[9,12–14]. Positive spectra were also observed and analysed
by Kujawinski et al.[14,39].

2.4. Multivariate data analysis

The data analysis was performed on a Pentium-based IBM
compatible personal computer. STATISTICA V.6 (STAT soft
Inc., USA) and MATLAB® were used. The data set for all
humic acid samples is anm × p matrix of m samples where
each row corresponds to the relative intensities obtained for
certain selectedm/z values and the intensity values are the
features. The total number of rows corresponds to the total
number of samples. The intensity of the column (at selected
m/z values) was accepted for PCA analysis only if the in-
tensity of the peak was observed at higher than noise for at
least three or more samples. Otherwise such a column was
rejected.

PCA summarises all the variations in matrixM into a few
new variables called principal components. The method is
based on the decomposition of the data set matrix,M. The
decomposition of the matrix is:

M = SL + E

whereS are the scores and represent trends down the columns
of M, andL are the loadings and represent trends across the
r ses

such as the ones studied here, where the rows ofM contain
mass spectra of different HA, the scores provide information
on trends in the tendency of grouping, whilst the loadings
correspond to trends in them/z values. Data pre-processing
is often applied in chemometrics, especially when it is nec-
essary to eliminate differences (variability) related either to
variables and/or samples. In this work, each of the three dif-
ferent HA mass spectra were recorded under the same ex-
perimental conditions and in the same mode. Before the data
pre-processing, the average of these three mass spectra was
calculated and the intensities of the peaks were ranged be-
tween 0 and 100. The average value keeps the underlying
natural information and variability[40]. When different HA
fingerprints are compared using chemometrics tools, each
mass-to-charge value is considered to be an independent vari-
able. Then it is important that there are no shifts of the peaks.
In order to avoid shifts of the peaks, precise calibration must
be done. According to the profiles of the mass spectra of the
HA samples described before, them/z values in the range of
120–1000 have been considered for the multivariate analysis
(Table 2).

Principal component analysis was applied to reduce the
dimensionality of the data and as a display technique of the
underlying structure of the data. PCA calculations were car-
ried out on the correlation matrix. The cluster analysis was
performed using the Euclidean distance and the Ward’s link-
a
ows of M, and E represents the residual errors. In ca
 ge method available in the STATISTICA software.
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Table 2
Review of selected peaks in them/z region between 700 and 900

m/z [M + H]+ Soil IHSS
standard

Ant 100 m Chemapex
standard

Peat IHSS
standard

717 + + + +
733 + + − +
745 + + + +
758 + + + +
773 + + + +
785 + + + +
799 + + + −
801 − − − +
813 − + + +
815 + − − −
827 + + + −
829 − − − +
841 + + + +
853 − + − −
855 + − + +
867 + + − −
870 + − + +
881 + + + +
901 − − + −
907 + + − +
918 − − + −
(+) Present; (−) not present.

3. Results and discussion

3.1. TOF mass spectrometry

First of all, we have focused on the study of the condi-
tions required to reach reproducible mass spectra. The use
of several matrices (MALDI) and also the LDI mode were
examined. In spite of the fact that Mugo and Bottaro[17]
recently succeeded in ionising fulvic acids (FA), again we
have found in HA that all the common matrices (sinap-
inic, dithranol,�-cyano-4-hydroxycinnamic, gentisic, 2-(4-
hydroxyphenylazo)-benzoic (HABA) and, ferulic acids, etc.)
are not suitable. These matrices form aggregates themselves
(e.g. ferulic acid) or form aggregates with the HA.

Therefore, we have again turned to the LDI mode as al-
ready described[9] and used in several works[12,32]. In this
work, various parameters, such as laser power, mode, con-
centration and age of the HA solutions were studied in detail.

3.1.1. Optimisation of LDI experiments
During LDI-TOF MS analysis, there are several crucial

factors, such as laser energy, concentration and age of humic
acid solutions. The most important thing was to find the op-
timal energy of the laser. At low energy levels of the laser,
no ionization of HA was observed. When a certain value of
l . It is
i
u r
s rity
o ng a
m r than
t roup

of peaks withm/z values∼m/z 800 Da were formed. At a
much higher energy of the laser (almost twice of the optimal
value), the spectra were destroyed. Many fragments with low
m/z values were observed and the high resolution of the spe-
cific group of peaks atm/z 800 Da was lost as well.

To conclude: by applying the laser energy only slightly
higher (∼20%) than the threshold value, reproducible mass
spectra are obtained. The optimal energy is∼50–60 (arbitrary
units; maximum is 180). We also studied the effect of the
HA concentrations and it was found that, at quite low HA
concentrations (less than 0.1 mg ml−1), it was hard to reach
ionization and get reproducible mass spectra. The optimal
concentration was 0.5–1 mg ml−1.

In total, 24 samples of HA, including those of lignin, were
analysed. The procedure for the analysis is given in Sections
2.2 and 2.3above.Fig. 2A–D shows the complete mass spec-
tra obtained for different HA samples. Labelled peaks in the
mass spectra (Fig. 2A–D) are those observed with relatively
high intensities. The mass spectra apparently show no signif-
icant differences between plant, soil, peat, and coal derived
HA. Most of the peaks are observed in them/z region ranging
between 120 and 1000 Da. This region seems to be represen-
tative for the majority of the HA samples and it is the same
as that observed by Gajdošov́a et al. for other HA samples
[8]. It can be observed from the mass spectra that in them/z
range between 717 and 918, similar structural groups (pat-
t gain
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a

mass
s ily
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[ the
p e of
H

ith
o Da
s
b es of
s em-
p e
c sible
H od-
e cal
f were
s ounds
w 3A).
W und
a :
C
C
C

aser energy (threshold) was used, the ionization started
nteresting to note that mostly compounds with lowm/z val-
es were observed in the mass spectra (m/z69–400 Da) at o
lightly higher than the threshold energy, while the majo
f these peaks were the same for all studied HA. Duri
oderate increase of the laser energy (∼10–20% highe

he threshold) no fragmentation was observed, but a g
erns) of the peaks are observed (Fig. 2A–D). We are a
roving here that the HA components are of relatively
olecular weight. These results are in agreement with t
lready published[9].

From the analysis of the mass spectra and from the
pectra modeling (Fig. 3A and B) concerning the fam
f peaks aroundm/z 830 Da, it is obvious that there a
t least 10–12 families of peaks with the difference m
imilar to the one of 14 Da. Similar patterns with∆ = 14
ere observed for many other HA samples of another o

8,9,13,14,20]. Such difference can be associated with
resence of aliphatic carboxylic groups in the structur
A and/or with a different length of alkyl(CH2) , multiple
(CH2)n (e.g. waxes), etc. This finding is in agreement w
ne published elsewhere[9,7]. Peaks separated by 1–2
pacing (c.f. an example of magnification atFig. 3A) can
e associated with ring structures and different degre
aturation. Based on the experimental results, possible
irical formulas of, e.g. [M+ H]+ peakm/z 813.41 Da wer
alculated and the simulation of mass spectra for pos
A constituents was performed (Fig. 3B) via computer m
ling using the AXIMA Kratos software. Several empiri

ormulas constituted by carbon, oxygen and hydrogen
uggested and theoretical mass spectra of such comp
ere compared to those observed experimentally (Fig.
e have found that the empirical formula of the compo

t m/z ∼813.41 Da (in tolerancem/z = 0.05 Da) could be
32H61O23

+, C33H65O22
+, C342H69O21

+, C36H61O20
+,

37H65O19
+, C38H69O18

+, C40H61O17
+, C41H65O16

+,
43H57O15

+, C44H61O14
+, C45H65O13

+, C47H57O12
+,
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C48H61O11
+, C49H65O10

+, C50H53O10
+, C51H57O9

+,
C52H61O8

+, C54H53O7
+, C32H61O23

+, C55H57O6
+

C56H61O5
+, C58H53O4

+, C59H57O3
+, C61H49O2

+,
C62H53O+, C32H61O23

+, C63H57
+ (in total 25 possible

formulas and another 22 including sodium). However, there
are many other possible formulas and isomeric forms which
it is not possible to distinguish because of the instrument’s
capabilities. In order to distinguish between them, a higher
resolution and further research is needed. In addition, a
group of the peaks (cf.Fig. 3A and B) aroundm/z [M + H]+

813.4 Da cannot correspond to a single compound but
must mean overlapping of at least five compounds with a
similar structure (Fig. 3B). However, there is another model
which can also explain this group of peaks (aroundm/z
813.4 Da) with the samem/z tolerance. For example, such
a model is the overlap of the peaks concerning the mixture
of ions: C42H62O14Na+, C42H63O14Na+, C42H64O14Na+,

C42H60O14Na+, C42H59O14Na+. Such Na+ adducts were
also suggested by Kujawinski et al.[14]. However, from
the achieved resolution it is not possible to distinguish
between C42H62O14Na+ and C45H65O13

+, etc. The total
number of possible compounds in the group between
m/z 745.4 and 881.4 Da can be up to 2820 (12× 5× 47).
This phenomenon (family of the peaks at∼800 Da) was
observed for all of the HA samples (soil, peat, coal derived)
independent of the country or continent. It means that all
these very different HA most probably contain the same
compounds.

Peaks at the same [M+ H]+ m/z values were observed in
the mass spectra of all humic acids, such as 129.0, 145.03,
164.92, 198.98, 360.19, 413.01, 501.19, 557.23, 799.09,
813.09, 827.03, 853.03, and 881.07. Some of these peaks
were observed in quite different HA, especially the peak at
m/z 360.19. All these peaks (according to them/z differences

F
ig. 2. Examples of LDI-TOF mass spectra obtained for different HA. (A) Soil
 IHSS standard; (B) Ant 100 m; (C) Chemapex standard; (D) Peat IHSS standard.
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Fig. 2. (Continued).

in 13C isotopic patterns) show that the ions have the charge
equal to +1, so them/z values correspond to the real molecu-
lar weight. It is interesting to note that some of the peaks with
m/z [M + H]+ 165, 327, 368, 360, 494, 495, 522 and 551 Da
observed in the mass spectra of the HA samples studied in
this work were described by Mugo and Bottaro as fulvic acids
constituents[17]. This finding is also in agreement with the
observation of Conte and Piccolo[41] showing disaggrega-
tion in GPC columns under different conditions. Thus, fulvic
acids are very similar to HA and are probably partly con-
stituents of HA.

Because of the high similarity of the mass spectra, where
the intensities of the individual peaks only varied a little, we
tried to apply chemometrics in an attempt to extract the under-
lying information contained in the spectra. Also, multivariate
data analysis was applied to follow the tendencies in the mass
spectra patterns with the aim of recognising changes in the

grouping and eventually to distinguish between different HA
samples.

3.2. Principal component analysis and cluster analysis
of HA fingerprints

One of the best techniques to elucidate differences in hu-
mic acid structural analysis (functional detection groups) is
NMR as recently reviewed by Conte et al.[42]. The differ-
ence in this work is that we are using relative peak intensities
for selectedm/z values (where the distribution is different
for different HA samples and thus reflecting similarities and
dissimilarities) to perform principal component analysis.

Under the current instrument capabilities and resolution
achieved, pattern recognition can be applied and, with the
use of PCA, the information can be extracted to highlight
similarities or non-similarities in the mass spectra of HA.
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Fig. 3. (A) Amplification of LDI-TOF MS mass spectra∼830m/z for soil
IHSS standard HA measured after 7 days of preparation; (B) model of
mass spectra concerning the peak 813.14 presents in the range∼830m/z
[M + H]+ values. Overlapping of C45H63O13

+, C45H64O13
+, C45H65O13

+,
C45H66O13

+, and C45H67O13
+ ions is assumed (resolution 1500).

The use of PCA at even lower resolution is justified in the
literature, e.g.[43,44].

PCA is an unsupervised pattern recognition technique that
represents then-dimensional data set in a smaller number of
dimensions. Moreover, the PCA method allows the study of
data sets where the number of features (variables) is greater
than the number of samples and the variables are highly corre-
lated. Generally, the results from PCA are shown as loadings
and scores plots. The problem of PCA analysis of HA is to
ascribe loadings, on PC1, PC2 and the other PCs, to the struc-
tural information that influence most of them/z peaks. This
is quite difficult because of the lack of information concern-
ing the structure of HA. Since the eigenvalue is proportional
to the percentage of variance captured by each eigenvector,
each principal component accounts for a certain percentage
of the variability. The first ten principal components (PCs)
with eigenvalues greater or equal to 1 describe 90% of the
cumulative variance,Fig. 4A, where the PCs are shown in de-
creasing order of their eigenvalues. The scores plot for LDI
mass spectra of HA projected on the first three PCs, shows
the relationship between the HA mass spectra in the data set,
Fig. 4B. The PCs represent new variables that keep all the
information about the data set. This means that the number
of variables required to explain the variance of the data has

Fig. 4. (A) Eigenvalues and distribution of variance (%) on the PCs; (B)
the scores plot for LDI-TOF mass spectra of HA projected on the first three
principal components.

been greatly reduced. This allows observation of trends in the
grouping of the HA samples which can define the structure
of the data set. According to the PCA theory, the samples that
have similar scores on all PCs are either identical or similar
or, simply, indistinguishable. Distance is used as a measure
of similarity. Those samples similar to each other in all prin-
cipal components keep the same information. To simplify
and improve the information, the scores plot was projected
on PC1–PC2 and PC2–PC3 planes (Fig. 5A and B). Projec-
tions of the mass spectra on the first two PCs (PC1–PC2)
allowed a rough separation of the HA studied by their origin.
Nevertheless, the main group of samples is distributed along
the PC1 where HA from Antarctica (Ant-1, Ant-2, Ant-5,
Ant-9, Ant-100, Ant-200, Ant-m) are all well distinguish-
able from the other samples along PC2. However, one sam-
ple from Antarctica (Ant-3) looks to be quite different from
the others from the same sampling place. Coal derived HA
(cdC, cdA and cdF) are not grouped by the origin of HA. In
Fig. 5A, peat HA (P) and coal derived Leonardite HA stan-
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Fig. 5. Scores plot of H samples projected on (A) PC1–PC2, (B) PC2–PC3.
(�) Soil HA; (�) coal derived HA; (�) Antartica HA; (*) Peat HA; (�)
lignin.

dard (cdLst) are localised in the plane PC1 versus PC2 and
coal derived HA Fluka (cdF) on PC1 versus PC2 plane. These
samples do not follow the trend of the other HA, and may
possibly be considered as outliers.Fig. 5B confirms the pre-
vious results and proves the category as outliers for cdLst and
Ant-3.

As for lignin (L), the average sample of lignin is localised
in the plane PC1 versus PC2, near the group of samples con-
stituted by most of the plant, soil and peat HA. On the other
hand, lignin is not close to the groups of HA from Antarc-
tica. This is very significant and the finding is in agreement
with the fact that there are no lignin containing plants in
Antarctica (with the exception of two rare species of flow-
ering plants, namely hair grassDeschampsia antarctica and
pearlwortColobanthus quitensis, which are, however, very
rare). If plant residues are considered to be the main source
of humus, the most chemically resistant lignin part of the plant
becomes the matrix for programming the chemical and struc-
tural features of raising the humic substances. This structure
yields different alterations with aging over a geological time
scale, different botanical taxons and alteration to the soil sedi-
ment[11,40]. With respect to the Antarctica samples, Wilson
et al.[3] and Beyer et al.[4] have already suggested formation
of HS without lignin precursors from plants, and our findings
confirm this.

There was also an attempt, taking into account the chem-
i DI-
T nt in
t those
p

Fig. 6. Cluster analysis dendrogram for LDI-TOF mass spectra of HA sam-
ples.

3.3. Cluster analysis

Results obtained from CA were then plotted as a dendro-
gram inFig. 6. In the dendrogram, two clusters, A and B,
are formed. The first one (A) includes lignin, peat HA, coal
derived Fluka HA, coal derived Leonardite HA standard, Soil
HA standard, coal derived Chemapex HA, Ant-1, Ant-2, and
Ant-3. The second one includes all the other HA samples
and is divided into two subgroups, C and D. Subgroup C in-
cludes most of the samples from Antarctica (Ant-4, Ant-5,
Ant-9, Ant-100, Ant-200, and Ant-m). Subgroup D includes
most of the samples which belong to the categories of soil
HA (Brazilian Cananeia HA, and Pindorama HA), Brazil-
ian peat, and plant derived HA (water hyacinth leaves, roots
and stems). This association of HA extracted from plant with
those extracted from soils and peat may be related by the fact
that plants containing HA are considered to be the sources
for soil origin through composting[36].

4. Conclusions

LDI-TOF MS proved to be a suitable ionization technique
to obtain reproducible and characteristic mass spectra of HA.
It was found that the mass spectra of humic acids present
s ven
H that
t clude
t ass
s l
t
p nti-
n ilar
s

s in
s that
cal composition of HA samples, to apply PCA to the L
OF mass spectra information. However, no improveme

he PCA results has been achieved in comparison with
reviously described above.
imilar patterns for all the studied HA. This means that e
A of different origin have the same structural units or

hey contain the same components. We can also con
hat LDI-TOF MS under optimised conditions produces m
pectra where several of the lowm/z values are identica
o those observed by MALDI and ESI[41,45]. It was also
roved that many constituents of HA from different co
ents and of various origins are of the same or quite sim
tructure.

However, we have to realise that not all compound
uch complicated mixtures (as HA) can be ionized or also
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ionisation of some of them can be depressed by the presence
of other compounds.

By applying multivariate techniques (PCA, CA) it was
found that these methods are useful for obtaining information
out of the mass spectra recorded in the LDI-TOF MS mode for
the different HA studied, and that the HA samples were classi-
fied. In this way, by applying chemometrics, the differences
between the samples can be elucidated. It was also found
that, e.g. the Antarctica HA mass spectra fingerprints differ
to some extent from the others. This finding is in agreement
with different humification processes in the arctic conditions
and also confirms that most of the present-day Antarctica
humic substances studied from sampling sites might mostly
come from lichens and lower plants. This is also in agree-
ment with the mineralogical analysis of soils showing that
the sediments are rather young.
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