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Dissolved organic matter and water-extractable organic matter influence soil biological activity, affect the
transport of metals and organic pollutants, and contribute to mineral weathering and podzolisation. An
important part of soil organic matter (SOM) are humic substances (HS), the major sinks of organic carbon
on Earth, found everywhere including Antarctica. HS and humic acids are isolated from soils using various
extraction agents and isolated products are often characterised by mass spectrometry. In this work, detailed
study of laser desorption ionisation of SOM and of humic acids directly from soils was performed. The
micro-extraction procedure was optimised and the most suitable method was found to be direct ionisation
of SOM from a soil after addition of a diluted NaOH solution. In this way, in situ release of adsorbed and
bound SOM from soils is achieved and direct analysis by laser desorption ionisation time-of-flight mass
spectrometry is possible without any tedious extraction procedure. The developed methodology enables
fast screening of soil organic matter to obtain fingerprints and thus to follow the differences between soils
from various environments. The developed procedure was applied to soil samples from several continents,
including Antarctica, and to volcanic soils from the Canary Islands.

Keywords: soil; laser desorption ionisation; mass spectrometry; soil organic matter; fingerprints

1. Introduction

There is growing interest in and demand from both the civilian and military communities [1-3]
for rapid field analysis of organic and inorganic compounds in the environment and especially
in soil. This growing interest is also reflected in the forensic sciences, because soil represents an
important ‘form’ of trace evidence [4].

Soil is a complex mixture in which soil organic matter (SOM) and water-extractable organic
matter (WEOM) influence biological activity, affect the transport of metals and organic pollu-
tants, and contribute to mineral weathering and podzolisation, although accounting for only a
small proportion of the total organic matter in the soil [5-7]. SOM represents < 5% of the soil’s
composition, and organic matter is usually located in the interior of soil aggregates [8]. Among
SOM constituents, humic substances (HS) play an important role in geochemical and chemical
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processes, such as the transport and binding of inorganic and organic compounds [9]. SOM also
influences C, N and other major element cycles in different ecosystems [10], not forgetting its
importance in soil fertility. Because of this, maintaining SOM is an objective of many sustainable
crop-production systems.

Soil analysis presents several problems, because soil is not a well-defined matrix and can change
dramatically in terms of composition, structure and homogeneity, while, for example, the complex
profile of the SOM itself must be considered. However, analytical instrumentation, in particular,
mass spectrometry for the chemical characterisation of inorganic and organic parts of the soils
has undergone important improvements.

Before chemical analysis of SOM or soil humic acids is carried out, the extraction of organic
matter is usually performed. In the case of SOM, this may be viewed as consisting of non-
humic and humic components [11]. For humic components, the standard extraction procedure
is that described by the International Humic Substances Society (IHSS; http://www.ihss.com),
although there are several other extraction procedures described in the literature [12-14]. In any
case, extractions represent long-term and tedious procedures, which in the case of a high number
of samples results in significant costs in terms of time, effort and money.

Chemical soil characterisation is done using different analytical technologies. In the case of
SOM, different techniques such as elemental analysis, size-exclusion chromatography, nuclear
magnetic resonance spectroscopy, Vibrational spectroscopy, differential scanning calorimetry,
pyrolysis and related techniques, capillary electrophoresis, mass spectrometry techniques, fluo-
rescence spectroscopy, field flow fractionation and microscopy techniques have proven useful for
studying HS at the molecular level and for the characterisation of HS [11,15-20].

In mass spectrometry, different soft-ionisation techniques have been used to characterise SOM
[11,16,17,21]. Among them, matrix-assisted laser desorption ionisation time of flight mass spec-
trometry (MALDI-TOF MS) and laser desorption ionisation time of flight mass spectrometry
(LDI-TOF MS) allow the ionisation of molecules without promoting decomposition [17,22—
25]. Recently, LDI-TOF MS fingerprints and multivariate analysis were used to characterise
HA from different sampling sites (Antarctica, Brazil, Czech Republic, Mexico and the USA)
and of different origin (plant, soil, peat and coal derived) [17,26,27]. The combination of MS
and multivariate analytical tools allows us to extract and elucidate underlying information con-
tained in the mass spectra of the humic acid (HA) samples, characterising them according to
their origin. With a reasonable input of resources, LDI-TOF MS has the potential to generate
extensive data based on HA in soil which may then be used for site-specific characterisation of
soils, pollution and/or forensic purposes. Technologies such microprobe laser desorption/laser
ionisation mass spectrometry (uL? MS) [28], laser desorption laser photo ionisation time-
of-flight mass spectrometry (L?TOF MS) [29] and laser desorption laser mass spectrometry [30]
have been applied, for example, to determine and quantify aromatic pollutants in soils sam-
ples. However, to our knowledge, there are no citations in the literature concerning the direct
analysis of soils by LDI-TOF MS. In this work, we investigate the possibility of using direct
LDI-TOF MS, without isolating HA by extraction, for sensitive and rapid screening analysis to
characterise SOM.

2. Materialsand methods

2.1. Origin of soil samplesand sampling sites

Canarian soil surface samples were collected at pine and laurel forests in Tenerife, in typical
ecosystems of the Canary Islands. The sampling was carried out in a bare soil plot in the first 5 cm,
at 10 randomly distributed sampling points. At each point, soil samples were collected manually,



11: 52 15 January 2011

Downl oaded At:

Chemistry and Ecology 169

mixed and air-dried at room temperature. The Canarian Archipelago has a volcanic origin. Soils
in Tenerife (Canary Islands) are classified as leptosols, vertisols and andosols, and the textures
range from sand to loamy sand (IUSS Working Group WRB 2006). Although andosol soils have
a high organic carbon content, in general, the soils of the Canary Islands are characterised by a
low organic content, this being one of the main limitations for soil quality.

HA from Antarctic samples were extracted from soil sampled at Crepin Point (King George
Island, South Shetland, Antarctica). The Antarctic soil samples were mainly of a sandy gravel-
gravely sand character. The procedure is described in detail elsewhere [24,26].

Garden soil, collected from an average garden (Brno, Czech Republic), was also analysed.

HA standards from the IHSS were Soil (15102), Peat (1R103H) and Leonardite (1S104H)
(http://www.ihss.gatech.edu/).

2.2. Sample preparation

Soil samples of different origin from the Canary Islands (Spain), Antarctica or the Czech Republic
were ground in a glass mortar into a fine powder. Approximately 5 mg of powered soil sample was
placed in a micro vial and mixed with 100 L of diluted 0.1 M sodium hydroxide as the extractant
and ultrasonicated for ~ 10 min in an ultrasonic bath at room temperature.

HAs were extracted from the soil samples under study according to the procedure described
by Gajdo3ova et al. [24].

2.3. Apparatus

The mass spectrometric experiments were carried out using an AXIMA CFR (Kratos Analytical,
Manchester, UK) MALDI-TOF MS instrument equipped with a nitrogen laser emitting on 337 nm
from Laser Science Inc. (Franklin, MA, USA). External calibration with sodium, potassium
and bradykinine ions was used in the positive mode. Each mass spectrum was accumulated
from spectra obtained from at least 200-500 laser shots. Mass spectra were measured in various
modes depending on the analysed sample (linear positive, linear negative or reflectron negative
modes), but generally, the spectra obtained with more signals were those measured in the linear
positive mode.

2.3.1. Sample preparation method

One microlitre of either soil suspension or standard HA was deposited onto a sample plate and dried
at room temperature before the analysis. One microlitre of matrix solution (in acetonitrile/0.1%
aqueous TFA, 1:1) was added to 1 L of the soil-extractant suspension, pippetted onto a target
plate and dried at laboratory temperature in a stream of air, and then introduced into the AXIMA
CFR. The mass spectra were measured after the pressure had fallen below 10~ Pa.

3. Results

3.1. Micro-extraction of soil organic matter

Fast micro-extraction of the organic matter from the soil was studied using various extraction
agents, starting from pure water, using aqueous solutions of ammonium or sodium hydroxide. For
the extraction, different concentrations (0.001, 0.05, 0.1 and 1 M) of the extractants were mixed
with ~ 5mg of fine-powdered soil sample (Supplementary Figure S1 — available online only).



11: 52 15 January 2011

Downl oaded At:

170 E.M. Pefia-Méndez et al.

3.2. Mass spectra measurements

The LDI-TOF MS measurement procedure was optimised in linear and/or reflectron positive
or negative modes, respectively. Measurements in the negative mode yielded rather low-quality
mass spectra; therefore in the remainder of this article, only results from positive ion modes
are shown.

TOF mass spectra using LDI of the different soil-extractant suspensions show most of the
signals corresponding to organic matter in the m/z range between 100 and 1000. It was
shown that in the LDI mode only single-charged positive ions are observed. Comparison
between the LDI mass spectra obtained for soil + water, soil + ammonium hydroxide (1 M)
and soil + sodium hydroxide (1M) are shown in Figure 1(A, B). Labelled peaks in the
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Figure 1. LDI-TOF MS obtained for Antarctic soil after addition of different extraction agents in the range of ‘fulvic
acids’ 100-500 m /z. (A) Soil + water, (B) soil + 1 M ammonium hydroxide, (C) soil + 1 M sodium hydroxide.
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Figure 2. LDI-TOF MS obtained for Antarctic soil after addition of different extraction agents in the range of ‘humic
acids’ 500-1000 m/z. (A) Soil 4 water, (B) soil + 1 M ammonium hydroxide, (C) soil + 1 M sodium hydroxide.
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m/z region from 100 to 500 (Figure 1(A)) and 500 to 1000 Da (Figure 1(B)) are observed
with relatively high intensities. Some inorganic species were also identified at m/z 26.98
(Al*), 30.06 (SiH7), 23 (Na*), 30 (K™), 45.98 (SiH,O™) and 103.95 (Al,O3H;). Comparison
between the mass spectra of HA extracted from the Antarctic soil (Figure 2(A)) and those
obtained using water, ammonium hydroxide and sodium hydroxide, shows a high coincidence
between the mass spectra of HA and that obtained for the suspension of soil + sodium
hydroxide (1 M).

The optimised extraction method using aqueous 1 M NaOH solution as the extractant was
applied to the LDI-TOF MS screening analysis of Antarctic soil. Figure 2(A, B) shows the mass
spectra measured in the linear positive mode for HA extracted using the IHSS procedure and the
soil-NaOH suspension, respectively. LDI-TOF MS analysis of the soil-NaOH suspension yield
in most intensive spectra in the m/z region 100-500, in comparison with mass spectra obtained
for HA. Moreover, it may be noticed that mass spectra obtained for HA show more intensive
peaks between m /z 400 and 500. Mass spectra in the m/z range 500-1000 show no significant
differences between spectra obtained for the soil-NaOH suspension and Antarctic HA isolated
using the IHSS standard procedure. Peaks at the same [M+H]* m/z values were observed in
mass spectra at: 128.9, 164.8, 164.9, 184.7, 189.9, 251.0, 255.6, 309.5, 310.1, 360.1, 362.4,
717.1,718.3, 742.6, 745.1, 757.1, 759.2, 783.7, 785.1, 798.8, 799.0, 813.0, 813.3, 827.0, 826.4,
840.3, 841.0, 853.0, 854.1, 867.4, 881.3, 907.0, 911.0, 925.0 and 926.4. Surprisingly, even if a
rather high concentration of NaOH was used, no substantial effect of sodium ions on the shape
of the mass spectra was observed.

4. Discussion

LDI-TOF MS was applied for the analysis of HA extracted from several soils of different origin
(plant, garden, soil and coal derived) and precedence [23-25,31]. The soil sample was mixed
with a small volume of 1 M NaOH, and the suspension was analysed by LDI-TOF MS. Detailed
LDI-TOF MS was performed and selected results are shown in Figure 3(A)-(D). LDI-TOF MS
measurement parameters were optimised according to soil origin. The mass spectra show coinci-
dence in the presence of some peaks at various m /z values for very different samples [25,26,32].
Such coincidence was also observed here for direct laser ablation of soil, i.e. LDI of soil organic
matter (cf. Figure 1). Instead of the presence of common peaks, the figures show the differences
in the mass spectra fingerprints for volcanic, pine forest, laurel forest and garden soils. Peaks
at almost the same [M+H]"m/z values were observed in the mass spectra of all humic acids,
where 284.4, 310.3, 311.3, 326.3, 354.3, 370.3, 376.3, 409.2, 549.4, 605.4, 773.5, 787.5, 799.5,
813.5, 827.5, 841.6 and 855.6 Da are almost always present. The peaks with the highest intensity
appeared in the m/z range 275-400 Da. There is a high degree of similarity between the mass
spectra of different HA and the intensities of the individual peaks vary only a little. It was found
that the m/z region 500-1000 is representative of the characterisation of the analysed soils. It
can be noted that mass spectra in the range 700 < m/z < 900 obtained for the soil suspension
with NaOH display similar fingerprints even if the resolution was lower, as present in the spectra
of HA extracted from soil using the IHSS procedure (Figure 4 and Supplementary Figure S2
— available online only). Studying the isotopic patterns of all the peaks, it is evident that the
charge of the ions observed equals one. This means that all m/z values are showing the real
molecular mass of the organic matter analysed. This finding agrees well with the results of Gaj-
do3ova et al. [26,32] and Pefia-Méndez et al. [17] for different HA. Moreover, Mugo and Bottaro
[25] also described the presence of some of these peaks (with low m /z values) in their study of
fulvic acids.
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5. Conclusions

It was found that a micro-extraction of soil humic acid with diluted sodium hydroxide and without
any isolation of SOM gives reliable and characteristic mass spectra fingerprints for SOM.

Characteristic mass spectra fingerprints enable us to classify soils and detect specific compounds
corresponding to their origin.

The methodology can be used for forensic purposes or for the fast characterisation of soil
samples. Direct LDI combined with TOF MS provides information for the characterisation and
differentiation of soils through their organic matter mass spectra fingerprint. The methodology
described here has small sample requirements and minimum sample pre-processing. The approach
developed enables high throughput analysis and characterisation through mass spectra fingerprints
of soils of different origins and precedence.
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Figure 4. Examples of LDI-TOF MS obtained for the analysis of soil of different origin after addition of sodium
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11: 52 15 January 2011

Downl oaded At:

174 E.M. Pefia-Méndez et al.

Acknowledgements

Support from Ministry of Education, Youth and Sports of the Czech Republic (Projects MSM 0021622411 and LC 06035)
and Academy of Sciences of the Czech Republic (Project KAN 101630651) are greatly acknowledged. E.M. Pefia-Méndez
thanks to the Direccion General de Universidades of the Canarian Government (Spain) for the financial support. English
usage was kindly revised by Mr Philip G. Watson.

References

[1] T. Gorecki and J. Pawliszyn, Field-portable solid-phase microextraction/fast GC system for trace analysis, Field
Anal. Chem. Technol. 1 (1997), pp. 277-284.

[2] L.G. Hook, G.L. Kimm, T. Hall, and P.A. Smith, Solid-phase microextraction (SPME) for rapid field sampling and
analysis by gas chromatography-mass spectrometry (GC-MS), Trends Anal. Chem. 21 (2002), pp. 534-543.

[3] R. Linker, I. Shmulevich, A. Kenny, and A. Shaviv, Soil identification and chemometrics for direct determination of
nitrate in soils using FTIR-ATR mid-infrared spectroscopy, Chemosphere 61 (2005), pp. 652-658.

[4] N.C. Thanasoulias, E.T. Piliouris, M.-S.E. Kotti, and N.P. Evmidiris, Application of multivariate chemometricsin
forensic soil discrimination based on the UV-Ms spectrum of the acid fraction of humus, Forensic Sci. Int. 130
(2002), pp. 73-82.

[5] F.J. Stevenson, Humus Chemistry — Genesis, Composition, Reactions, Wiley Interscience, New York, 1982.

[6] D. Fetsch, A.M. Albrecht-Gary, E.M. Pefia-Méndez, and J. Havel, Capillary zone electrophoresis of humic acids,
Scripta Fac. Sci. (1997), pp. 27-37.

[7] E.M. Pefia-Méndez, J. Havel, and J. Patotka, Humic substances—compounds of still unknown structure: applications
in agriculture, industry, environment, and biomedicine, J. Appl. Biomed. 3 (2005), pp. 13-24.

[8] M.O.Goebel,J. Bachmann, S.K.Woche, and W.R. Fischer, Soil wettability, aggregate stability, and thedecomposition
of soil organic matter, Geoderma 128 (2005), pp. 80-93.

[9] M.L. Pacheco, E.M. Pefia-Méndez, and J. Havel, Supramolecular interactions of humic acids with organic and
inorganic xenobiotics studied by capillary electrophoresis, Chemosphere 51 (2003), pp. 95-108.

[10] D.A.N. Usiri and Ch.E. Johnson, Characterization of organic matter in northern hardwood forest soil by 13C NMR
spectroscopy and chemical methods, Geoderma 111 (2003), pp. 123-149.

[11] P. Piccolo, P. Conte, E. Trivellone, B. van Lagen, and P. Buurman, Reduced heterogeneity of a lignite humic acid by
preparative HPSEC following interaction with an organic acid. Characterization of size-separates by Pyr-GC-MS
and TH-NMR spectroscopy, Environ. Sci. Technol. 36 (2002), pp. 76-84.

[12] K.H. Tan, ed., Chemical composition of humic matter, in Humic Matter in Soil and the Environment. Principles and
Controversies, Marcel and Dekker, New York, 2003, pp. 87-116.

[13] K.H. Tan, Humic Matter in Soil and the Environment Principlesand Controversies, Marcel Dekker, New York, 2003,
pp. 127-168.

[14] K.G.J. Nierop, P.F. van Bergen, P. Buurman, and B. van Lagen, NaOH and Nay P> O7 extractable organic matter in
two allophonic vol canic ash soils of the Azores Islands — a pyrolysis GC/MS study, Geoderma 1 (2005), pp. 36-51.

[15] T.Pfeifer, U. Klaus, R. Hoffmann, and M. Spiteller, Characterisation of humic substances using atmospheric pressure
chemical ionisation and el ectrospray ionisation mass spectrometry combined with size-exclusion chromatography,
J. Chromatogr. A 926 (2001), pp. 151-159.

[16] E.B. Kujawinski, M.A. Freitas, X. Zang, P.G. Hatcher, K.B. Green-Church, and R.B. Jones, The application of
electrospray ionization mass spectrometry (ES MS) to the structural characterization of natural organic matter,
Org. Geochem. 33 (2002), pp. 171-180.

[17] E.M.Pefia-Méndez, J. Havel, and J. Patotka, Humic substances—compounds of still unknown structure: applications
in agriculture, industry, environment, and biomedicine, J. Appl. Biomed. 3 (2005), pp. 13-24.

[18] S. McDonald, A.G. Bishop, P.D. Prenzler, and K.N Robards, Analytical chemistry of freshwater humic substances,
Anal. Chim. Acta 527 (2004), pp. 105-124.

[19] P.B.Koch, M. Witt, R. Engbrodt, T. Dittmar, and G. Kattner, Molecular formulae of marineand terrigenousdissol ved
organic matter detected by electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry,
Geochim. Cosmochim. Acta 69 (2005), pp. 3299-3308.

[20] M.L. Pacheco and J. Havel, Capillary zone electrophoresis of humic acids from the American continent,
Electrophoresis 23 (2002), pp. 268-277.

[21] E.B.Kujawinski, Electrospray ionization Fourier transformion cyclotron resonance mass spectrometry (ES FT-ICR
MS): characterization of complex environmental mixtures, Environ. Forensics 3 (2002), pp. 207-216.

[22] J. Havel, D. Fetsch, E.M. Pefia-Méndez, P. Lubal, and J. Havli§, Recent developments in humic acid characteriza-
tion. acidobasic and complexation properties, separation and reliable fingerprints by capillary electrophoresis and
MALDI-TOF mass spectrometry, in 9th International Meeting of the IHSS, Adelaide 1998, R.S. Swift and K.M.
Spark, eds., Understanding and Managing Organic Matter in Soils, Sediments, and Waters, International Humic
Substances Society, Hyde Park Press, Atlanta, GA, 2001, pp. 77-82.

[23] L. Pokorna, D. Gajdo3ova, and J. Havel, Characterization of humic acids by capillary zone electrophoresis and
matrix-assisted laser desorption ionisation time of flight mass spectrometry, in Understanding Humic Substances:
Advanced Methods, Properties and Applications, E.A. Ghabbour and G. Davies, eds., Royal Society of Chemistry,
Cambridge, 1999, pp. 107-119.



11: 52 15 January 2011

Downl oaded At:

Chemistry and Ecology 175

[24] D. GajdoSova, L. Pokorn4, and J. Havel, Mass spectrometry and capillary electrophoresis analysis of coal-derived
humic acids produced from oxyhumolite. A comparative study, in Humic Substances Ver satile Components of Plants,
Soil and Water, G. Davies and E.A. Ghabbour, eds., Royal Society of Chemistry, Cambridge, 2000, pp. 133-149.

[25] S.M. Mugo and C.S. Bottaro, Characterization of humic substances by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry, Rapid Commun. Mass Spectrom. 18 (2004), pp. 2375-2382.

[26] D. GajdoSova, L. Pokorna, K. Léska, P. ProSek, and J. Havel, Are there humic acids in Antarctica? in Humic
Substances Structures, Models and Functions G. Davies and E.A. Ghabbour, eds., Royal Society of Chemistry,
Cambridge, 2001, pp. 121-131.

[27] E.M. Pefia-Méndez, D. Gajdosov4, K. Novotn4, P. Prosek, and J. Havel, Mass spectrometry of humic substances of
different origin including those from Antarctica. A comparison study, Talanta 67 (2005), pp. 880-890.

[28] J.S. Guillete, R.G. Luthy, S.J. Clemett, and R.N. Zare, Direct observation of polycyclic aromatic hydrocarbons on
geosorbents at the subparticle scale, Environ. Sci. Technol. 33 (1999), pp. 1185-1192.

[29] M.J. Dale, A.C. Jones, S.J.T. Pollard, P.R.R. Langidge-Smith, and A.G. Rowley, Application of two-step laser mass
spectrometry to the analysis of polynuclear aromatic hydrocarbonsin contaminated soils, Environ. Sci. Technol. 27
(1993), pp. 1693-1695.

[30] C.Weickhardt, K. Tonnies, and D. Globig, Detection and quantification of aromatic contaminantsin water and soil
samples by means of laser desorption laser mass spectrometry, Anal. Chem. 74 (2002), pp. 4861-4867.

[31] M.L. Pacheco and J. Havel, Mass spectroscopic and capillary electrophoresis studies of humic acids interactions
with various compounds and xenobiotics, in Humic Substances: Molecular Details and Applicationsin Land and
Water Conservation, E.A. Ghabbour and G. Davies, eds., Taylor and Francis, New York, 2005, pp. 79-98.

[32] D.GajdoSova, K. Novotnd, P. Prosek, and J. Havel, Separation and characterization of humic acidsfromAntarctica by
capillary electrophoresis and matrix-assisted laser desor ption i onization time-of-flight mass spectrometry. Inclusion
complexes of humic acids with cyclodextrins, J. Chromatogr. A 1014 (2003), pp. 117-127.



