Nuzzo et al. Chem. Biol. Technol. Agric. (2020) 7:6
https://doi.org/10.1186/540538-019-0172-1

® Chemical and Biological
Technologies in Agriculture

RESEARCH Open Access

Infrared spectra of soil organic matter

®

Check for
updates

under a primary vegetation sequence

A.Nuzzo""®, P Buurman?, V. Cozzolino'?, R. Spaccini'? and A. Piccolo'**

Abstract

humus in the soil residues.

Background: We applied Fourier-Transformed Infrared Spectroscopy (FTIR) techniques in combination with selec-
tive humus extractions to investigate in situ the chemical features of organic matter in three soil profiles recently
developed from Dutch sand dunes, under well-documented vegetation sequence and containing a relatively simple
mineral-organic matter system. Water-soluble and alkaline-soluble extracts were also studied to match the changes of

Results: Diffuse Reflectance Infrared Fourier Transform (DRIFT) and transmission spectra differed in resolution and
sensitivity. DRIFT was superior in revealing structural information on the organic matter present in the soil samples
whereas transmission spectra showed higher resolution for the bands of inorganic material at lower spectral frequen-
cies. Differences between H and B horizons were due to the amount of hydrophilic organic acids, partly unsaturated,
that were extracted by alkali. Extractable carboxylic acids and other hydrophilic compounds such as peptides and
carbohydrates were larger in the less developed soils under pine and crowberry than in the more advanced profiles
under beech. Humin residues from both H and B horizons retained unextractable aliphatic components and carbox-
ylic groups involved in strong complexes with minerals, thereby confirming other findings that showed the largely
aliphatic character of the unextractable humic fraction. Accumulation of poorly-soluble organic materials in these
soils occur by protection from biodegradation due both to complexation with soil minerals and to a process by which
apolar humic constituents form a separate hydrophobic phase where no biological activity can take place. Transport
of poorly soluble compounds from H to B horizons, noticed especially in the more developed profiles, may have
occurred through humic aggregates containing hydrophobic phases.

Conclusions: This work shows that the DRIFT technique in combination with soil chemical treatments can be
suitably employed to investigate the changes of organic matter in whole soil samples and represents a valid tool to
investigate the role of organic matter in soil profile development.
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Background

The traditional approach to obtain physical-chemical
information on the structure of soil organic matter is that
of a quantitative extraction from soils [1]. However, crit-
ics against this approach has been growing over the years
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[2-4] because of the uncontrolled perturbation that a
strong extractant such as an alkaline solution may cause
to the structure of organic matter and its interactions
with other soil components.

Few methods allow the study of soil organic matter
without preliminary extraction that may alter its features
to an unknown extent. These are mainly limited to solid-
state > C-NMR and Fourier-Transformed infrared spec-
troscopy (FT) as common transmission spectra by pellet
technique or as DRIFT (Diffuse Reflectance Infrared Fou-
rier Transform). Solid-state 3 C-NMR is not adequate
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for routine studies because of the long acquisition time
required when the whole soil sample is analyzed, its low
band resolution, reduced sensitivity when abundant
iron is present in soil, and the semi-quantitative results.
Conversely, infrared techniques are rapid, require much
less sample, and are very reproducible. Because of these
advantages, infrared spectroscopy has been a traditional
and powerful tool of soil organic matter chemistry even
before the use of advanced FTIR instruments [1].

DRIFT spectroscopy has the same advantages of high
reproducibility and semi-quantitativeness as the pel-
let technique, but it has the additional benefit that sam-
ples can be studied by simply mixing and grinding with
a non-absorbing medium such as KBr. This precludes
the changes in organic matter characteristics that are
induced when humic powders are pressed in KBr pellets
[5]. Though DRIFT applications to soil organic matter
studies are present in the literature either as spectra of
humic substances extracted from soils [6—9] or of humus
directly in soil samples, its direct application is yet to be
generalized to study soil organic matter or soil genesis
and development [10-12].

The objective of this work was to apply infrared tech-
niques to study soil organic matter directly in soil sam-
ples that contain relatively simple mineral-organic
matter systems. Soils of recent development, in which the
organic matter chemistry is clearly linked to that of the
standing vegetation should be ideal for this purpose, and
the DRIFT technique allows the study of such organic
matter without previous extraction. DRIFT measure-
ments of bulk samples were compared with DRIFT and
FTIR measurements of extracted materials, in order to
assess the changes in the organic matter characteristics
brought about by extractions.

Soils, ecosystem, and profile development

The samples selected for this study were taken from soils
under a primary vegetation sequence on Dutch inland
sand dunes. The dunes were active until the mid-1800s,
after which both reforestation and gradual colonisation
by natural vegetation have taken place. The parent mate-
rial is quartz sand with a median size of about 150 pm.
The quartz percentage lies around 95%; admixed miner-
als were mainly feldspars and some opaque minerals. The
clay contents are lower than 2% on a weight basis.

The vegetation development starts with algae, fol-
lowed by widely-spaced tussocks of the grass Corynepho-
rus canescens. In time, Corynephorus is accompanied
by Spergula morrisonii. Both are succeeded by the moss
Polytrichum piliferum. This vegetation development is
accompanied by the formation of a very thin A horizon.
In the natural sequence, widely spaced scots pine trees
(Pinus silvestris) progressively establish themselves.
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Under their protection, lichens such as Cladonia, and
the mosses Dicranum scoparium and Hypnum cupressi-
forme begin to establish. They are gradually replaced by
the grass Deschampsia flexuosa, which may constitute
the dominant undergrowth for a long period. The soils
develop thin humic A horizons. Deschampsia is replaced
by Ericaceae, such as Vaccinium myrtillus, Empetrum
nigrum and Vaccinium vitis-idaea (accompanied by the
mosses Pleurozium schreberi and Leucobrium glaucum).
Eventually, deciduous trees (Quercus robur, Fagus syl-
vatica) appear in the pine forest and the terminal stage
is represented by the complete dominance of Fagus syl-
vatica (beech). Under planted pine forest, the vegetation
sequence proceeds faster, because of higher litter produc-
tion. Further details on this vegetation sequence may be
found in the reports of Fanta [13] and Prach [14].

After the establishment of pine trees, the soil develop-
ment proceeds in the direction of a podzol. Under pine
and Ericaceae vegetation, the soil profile consists of an
L (litter), an F (fragmentation) and an H (humification)
layer which overlie the mineral soil. The L is usually thin,
except in the case of spontaneously established pine trees
without undergrowth, where it may be several cm thick.
The F horizon can be as thick as 15 c¢cm, and the black,
strongly humified H horizon may reach a thickness of
3 cm. A definite E (eluvial) horizon, about 10 cm thick,
develops under the organic horizons, while below this
horizon humus accumulates in a Bh (illuvial) horizon.
Biological homogenization in the mineral soil is virtu-
ally zero and therefore the accumulated humus in the Bh
horizon must occur by downward transport of either dis-
solved organic matter or particulate material, or by accu-
mulation of organic material from decayed roots.

The described soil system represents a unique devel-
opment sequence from which important information
may be obtained on the organic matter differentiation
depending on vegetation sequence and soil depth. The
soils reported in this paper were from pine forest with
Empetrum undergrowth (profile I), and beech forest with
(profile II) and without (profile III) remnants of Vac-
cinium undergrowth. All these soils have (L)-F-H-E-B
horizon sequences. Table | shows that the H horizon had
invariably the largest percent C in all profiles and that
carbon decreased to much lower values in E and B hori-
zons and was hardly detectable in the C horizon. Table 1
also reveals that percent C of the H-horizon in profile III
was significantly smaller than in profile II, thereby sug-
gesting that the presence of undergrowth vegetation was
much more effective than beech litter per se in forming
this horizon. The larger C content in profile II should be
attributed to less admixture of sand. On the other hand,
the general increase of pH with soil depth indicates that
organic acidic compounds are relevant in the H horizons
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Table 1 C, N, H, C/N and C/H ratios, and pH of different horizons in the soil profiles of this study

Horizon %C %N %H C/N C/H pH (H20) PH(KCI)
Profile |

H 353 112 38 315 9.3 35 2.5

E 0.9 0.02 0.05 45.0 18.0 39 34

B 0.2 0.02 0.04 10.0 50 37 35

C 0.2 0.01 0.03 20.0 6.7 4.2 45
Profile I

H 41.0 142 505 289 8.1 35 2.5

E 0.6 0.02 0.04 30.0 15.0 3.8 34

B 0.5 0.02 0.01 250 50.0 38 3.7

C 0.1 0.01 0.01 10.0 10.0 44 4.7
Profile Il

H 22.1 093 2.81 238 79 37 2.6

E 0.7 0.04 0.04 17.5 17.5 38 34

B 0.8 0.04 0.08 20.0 10.0 37 34

C 02 0.01 0.01 20.0 20.0 43 4.7

and are partially leached down to the lower B horizons.
An investigation on the organic matter features of the H
and B horizons of these three profiles may hence provide
some useful information to explain the process of organic
matter translocation from surface to lower horizons.

Profile descriptions

Soil profiles are described hereafter by using the termi-
nology of Green et al. [15] for organic horizons, and that
of FAO [16] for the mineral soil profile. Soil colours were
described with Munsell [17].

Profile |
Site: top of sand dune, approximately 5 m above
surroundings.

Vegetation: Pinus sylvestris, planted, 90—105 years old;
some small Quercus pubescens.

Undergrowth of Empetrum nigrum (crowberry) on the
site, with minor amounts of the moss

Pleurozium schreberi.

Profile:
Horizon Depth/ Description
thickness
(em)
L 0-2 Consisting of pine needles and fragments of
Empetrum branches
Fl 2 Pine needle fragments and Empetrum frag-
ments, with abundant roots of Empetrum
F2 5 Partly humified material and abundant roots of
Empetrum
FH 3 Few recognizable roots and back remnants,

largely humified material

Horizon Depth/ Description

thickness
(em)

H 1-2 Very dark brown (10YR 2/2) smeary, fully decom-
posed organic material. Sharp transition to the
mineral horizons

E 0-2 Light grey/N7/) sand without roots and with little
organic matter sharp transition to

Bh 2-8 Pale brown (10 YR 6/3) sand with dine roots;
structureless; gradual transition to

Bc 8-15 Light grey (10 YR 7/2) sand without roots, struc-
tureless; gradual transition to:C

C 15+ White (2.5 8/2) sand

Profile Il

Site: top of sand dune. approximately 6 metres above

surroundings.

Vegetation: only Fagus sylvatica (beech) on the site. In
the surroundings Pinus sylvestris. up to 140 years old and
full-grown Quercus robur, sparse Vaccinium m_vrtillus
undergrowth.

Profile:

Horizon Depth/thickness Description

L 5cm Freshly fallen beech leaves with some pine
needles

Fl 4.cm Fragmented beech leaves brown (10 YR
5/3)

F2 Tcm Dark greyish brown (10 YR 4/3) more
decomposed leaves

H 1-5¢cm Very dark brown (10 YR 2/2) humified

material, no roots, sharp. Transition to
mineral profile
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Horizon Depth/thickness Description

A 0-2cm Irregular, black (10 YR 2/1) organic-rich
sand with common fine beech roots.
Sharp transition to E horizon

E 2-8/11cm Grey (10 YR 5/1) sand with locally thin
bands of H-material, common fine
beech roots. Wavy but sharp transition
to Bh

Bh 8/11-13/22 Yellowish brown (I0 YR 5/4) humus sand,
structureless. Few fine roots. Diffuse
boundary to C

C 224cm White sand

Profile lll

Site: Foot of 8 m high sand dune.
Vegetation: Exclusively beech of unknown age (Fagus

sylvatica), no undergrowth.
Profile:

Depth/
thickness
(cm)

Horizon Description

L 2-3
F 3

Freshly fallen beech leaves

Fragmented leaves, fruits
and twigs. Root mat with
abrupt transition to:

Dark greyish brown (10 YR
4/2) strongly humificd litter
with remnants of twigs

Intermittent, black (10 YR 2/1)
humified material Some
admixed sand, few roots.
Abrupt transition to:

Light grey to grey (10 YR 7/1-
5/1) sand with few roots.
Slightly mottled appear-
ance. Sharp and irregular
boundary to

Dark brown (10 YR 4/3)
humus sand. Few medium
roots. Clear and wavy
transition to:

Pale yellow (2.5 7/4) sand
with few medium iron
mottles (10 YR 6/6) and
inclusions of C material.
Slightly darker in rooted
parts. Gradual transition to

FH 1

Bh 2-7

BC 5-10

White sand, few roots. rem-
nants of stratification

C 15/18+4

Materials and methods

Humus extracts

Water-extract: Field moist samples were shaken with dis-
tilled water (solid:solution ratio of 1:4) during 16-20 h.
The solution was decanted and centrifuged for 1 h at
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8500g. The residue was shaken again with water (1:2),
decanted, and the solution centrifuged. The two solutions
were then combined, filtered over an 0.45 pm filter, and
freeze-dried. The yield was 0.1-0.5% of the total organic
matter content

Alkali-extract: Field moist samples were shaken with
0.5 M NaOH (solid:solution ratio of 1:20) for 24 h under
nitrogen. The solution was decanted and centrifuged for
1 hour at 8500g. The residue was shaken with distilled
water for 2 h. After decanting and centrifuging, both
solutions were combined and filtered over a 0.45 pm fil-
ter. The filtered solution was dialysed against distilled
water and freeze dried. Yields were 45-55% and 85-90%
of original soil organic matter for the H and B horizons,
respectively.

Humin residue

The soil residue after alkaline extraction was decanted to
remove sand particles. Thereafter the non-sand fraction
was washed various times with distilled water and centri-
fuged until the supernatant had a pH of 7-8. The residue
was then freeze dried. The residue constituted 45—-55%,
and 10-15% of original soil organic matter for the H and
B horizons, respectively.

Analyses

Elemental carbon, hydrogen and nitrogen of the whole
soil samples, of humus extracts and of humin soil resi-
dues were obtained by a Fyson elemental analyzer,
whereas their ash content was evaluated by differential
thermal gravimetry.

Infrared spectroscopy

Transmission spectroscopy (FTIR): 1 mg of sample was
mixed with 300 mg of KBr and ground in a Whig-1-Bug
agate micromill. After vacuum suction for 15 min, the
fine mixed powder was pressed into a pellet under a pres-
sure of 10 tons/cm? for 15 min. The pellet was dried out
overnight at 60 °C to reduce interferences from water
bands [5], and the relative spectrum was obtained by a
Perkin-Elmer 1720X FTIR spectrometer. Resolution was
set at 2 cm™!, while the gain was kept at 1. Fifty scans
were run for each pellet and 10-20 for the background
spectrum.

DRIFT: 15 mg of sample were mixed with 200 mg of
KBr and ground in the Whig-1-Bug agate micromill. The
samples were placed in a Perkin-Elmer Diffuse Reflec-
tance accessory allocated in the instrument’s compart-
ment where a dessiccant (P,0;) ensured a water-free
atmosphere. After maximization of the reflected energy,
spectra were measured by the FTIR spectrometer. Gain
was set at 8 and the resolution was 4 cm™%. 200 scans
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were accumulated for each sample and 50 for the inter-
ferogram of background correction. Reflectance spectra
were transformed to Kubelka-Munk (KM) units by the
instrument’s software.

Results and discussion

Characteristics of samples

The elemental C and N composition, and the ash con-
tent of whole soil samples, of the relative water- and
alkali-extracts, and of the humin residue left in the soils
are shown in Table 2. A general increase in C content
is observed in all profiles when passing from the whole
soil sample (total soil) to the water- and alkali-extracts. C
content in the humin residue after NaOH extraction was
larger than in the original soil sample before extraction.
This is due to the carbon concentration enhancement
that occurred during alkali extraction because of the easy
decanting of sand and most of the silt (about 99% of the
soils’ mineral matter) (see “Materials and methods” sec-
tion). The ash content of the final humin sample consists
mainly of fine silt and clay.

The more advanced development of profiles II and III
under beech forest with respect to profile I under pine
forest, is reflected by the enhanced humification of the
horizons in the former profiles. Each residue and humus
extract of both H and B horizons of profile I revealed a
smaller organic carbon content than that of the compa-
rable horizon of profiles II and III. The presence of more
biologically stable humus in profiles II and III, as com-
pared to profile I, is confirmed by the decreasing trend
shown by the C/N (ratio of the carbon mass to the nitro-
gen mass) values of each horizon’s fraction when passing
from the latter to the former profiles, except for total soil
and humin of B-horizon, probably because of the differ-
ent quality of soil organic matter [18].

Comparison of DRIFT and transmission spectra

We obtained both DRIFT and Transmission (FTIR)
spectra of the whole soil samples (Total) and of the soil
residues (Humin) after NaOH extractions for both H
and B horizons of the three profiles. Differences between
DRIFT and FTIR spectra were consistent in the three
profiles. As for profile II, FTIR (Fig. 1) and DRIFT (Fig. 2)
spectra for both Total and Humin samples of H-horizon
and for the Humin residue of B-horizon are reported.

In the 3700-3000 cm ™! interval, DRIFT spectra (Fig. 2)
appear more resolved than the FTIR spectra (Fig. 1).
Some resolved absorption bands can be identified in
DRIFT spectra, whereas FTIR spectra did not show
more than a broad strong band centered near 3450 cm ™.
This difference may be due to the less sensitivity to
water absorption of DRIFT in respect to FTIR. In the
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latter technique, although the KBr pellets had been dried
overnight at 60 °C [5], the interference due to the O-H
stretchings of water molecules may still mask the bands
that are, instead, visible in DRIFT spectra. Another possi-
ble explanation is that DRIFT samples were not subjected
to the high pressure used to make pellets for Transmis-
sion analysis, and, being DRIFT a reflectance measure-
ment, a large resolution was possible for this technique
[12].

At smaller wave numbers (3000-2500 ¢cm™'), DRIFT
spectra of all profiles showed an increase in the ali-
phatic region (C—H stretchings of CH, groups at 2920
and 2850 cm™!) when going from H-Total to H-Humin
samples (Fig. 2). This band’s enhancement indicates that
compounds rich in aliphatic carbon were not removed
by the NaOH extraction. As expected, the alkaline treat-
ment must hence selectively extract hydrophilic humus
components which are more soluble in aqueous alkaline
solutions rather than hydrophobic aliphatic constituents.
The stability of aliphatic groups in the soil organic matter
structures versus alkaline extractions is confirmed by the
intense aliphatic bands that are still present in the DRIFT
spectrum of B-Humin (Fig. 2). FTIR spectra (Fig. 1) show
the same trend for the aliphatic bands, although the eval-
uation of changes is complicated by the phase alteration
of the spectrum due to the different light scattering above
3500 cm™! observed for H-Total and H-Humin.

In DRIFT spectra, the absorption around 2600-
2500 cm ™%, that is commonly attributed to the hydrogen-
bonded COOH dimers [6, 19], decreased consistently
from H-Total to H-Humin (Fig. 2), thereby indicating
either a dissociation of carboxyl groups at the pH of the
residue (between pH 7 and 8) and/or their removal from
the soil samples. In FTIR spectra, instead, the variable
quality of pellets induced a variable light scattering in the
higher frequencies and prevented the recognition of such
a change. This difference emphasizes the more reproduc-
ible quality of DRIFT spectra as compared to those of
pellets. Moreover, DRIFT spectra appear more sensitive
than FTIR in the region between 2500 and 1900 cm ™.
Various absorption bands, which are attributable to
quartz and silicate harmonic reflections (overtones as
by [20]), were visible in this interval by DRIFT but were
unclear by FTIR.

Similar features are shown by DRIFT and FTIR spectra
in the 1800-1700 cm™! region, where the broad absorp-
tion between 1730 and 1700 cm™! was distinctly reduced
after NaOH extraction when passing from H-Total
to H-Humin. Only a sharp peak at about 1720 cm™*
(1733 cm™! for FTIR) remained visible in the H-humin
residue. The reduction of the C=0O stretching band of
humic carboxyl functions which absorb between 1705
and 1720 cm™! [19] was mostly due to the dissociation
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Table 2 Percent of ash, C, N, and C/N ratio, of humic extracts and soil residues
Profile Horizon Sample Ash C N C/N
I H Total soil® 379 353 1.12 315
H Water-extract? 74 453 1.92 236
H Alkali-extract* 49 504 1.55 325
H Humind 1.7 49.0 1.00 49.0
B Total soil 99.2 0.2 0.02 10.0
B Alkali-extract 11.5 415 1.63 255
B Humin 70.2 1.1 0.32 34.7
Il H Total soil 223 41.0 142 289
H Water-extract 7.0 44.6 2.15 20.7
H Alkali-extract 54 51.7 1.95 26.5
H Humin 129 49.0 132 371
B Total-soil 99.0 0.5 0.02 25.0
B Alkali-extract 125 414 1.67 24.8
B Humin 679 164 0.52 315
Il H Total-soil 58.5 221 0.93 238
H Water-extract 93 443 245 184
H Alkali-extract 47 51.6 2.38 21.7
H Humin 16.0 495 1.60 309
B Total soil 984 0.8 0.04 20.0
B Alkali-extract 10.2 439 2.18 20.1
B Humin 714 19.7 0.56 352
@ Whole soil sample
b Water-extract from the soil sample
¢ Alkali-extract from the soil sample
94 Soil residue (Humin) after alkali extraction
1082
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FREQUENCY, cm™!
Fig. 1. FTIR spectra of soil samples from the H and B horizons of
profile II. H-Total = whole soil sample; H-Humin = soil residue after
alkaline extraction; B-Humin = soil residue after alkaline extraction.
Vertical scale indicates absorbance. Spectra normalized to equal
vertical scale

of COOH groups and produced a concomitant unmask-
ing of other absorptions at about1730-1720 cm ™. These
bands may be attributed to carbonyl groups in conjugated

FREQUENCY, cm=!
Fig. 2 DRIFT spectra of soil samples from the H and B horizons of
profile Il. H-Total = whole soil sample; H-Humin = soil residue after
alkaline extraction; B-Humin =soil residue after alkaline extraction.
Vertical scale in Kubelka—Munk units. Spectra normalized to equal
vertical scale

or heterocyclic moieties which are reported to absorb at
slightly higher frequencies than those of carboxyl groups
[19, 21, 22].



Nuzzo et al. Chem. Biol. Technol. Agric. (2020) 7:6

DRIFT and FTIR spectra diverged in the 1700-
1550 cm™! region. DRIFT spectra (Fig. 2) showed a dis-
tinct decrease of the 1620~1635 cm ™! band when passing
from H-Total to H-Humin, with a parallel increase of the
1600-1520 and 1450-1350 cm ™! regions. These changes
can be explained with both the formation of sodium salts
of acidic functions due to the NaOH treatment and the
loss of organic material during the extraction. In fact,
the absorption in the region around 1630 cm™ is com-
monly attributed to double bond stretching in conju-
gated or non-conjugated unsaturated compounds [6-8,
21, 22] and the decrease of such band seems then to sug-
gest that soil lost some unsaturated compounds. If this
observation is combined with the noticed decrease of
carboxyl groups at around 1710 cm ™, it can be inferred
that the material passed in the alkaline extract was rich
in organic acids containing unsaturated or phenyl groups.
By the same reasoning, the formation of carboxylate
groups from unextracted carboxyls is responsible, in the
H-Humin residue, for enhanced absorptions in the 1600—
1520 cm™! region (carboxylate asymmetric stretching)
and around 1400 cm ™' (carboxylate symmetric stretch-
ing). In fact, the increase of carboxylate groups due to the
alkaline treatment of soil may be the cause of the slight
enhancement of the 1375 cm ™! band (carboxylate sym-
metric stretching) that was also visible in the DRIFT
spectrum of H-Humin. These changes are less evident in
FTIR spectra (Fig. 1), except for the absorption increases
in the 1580-1551 cm™! interval and at around 1400 cm ™%,
which are also attributable to carboxylate bands. In both
FTIR and DRIFT spectra, the B-Humin samples did not
provide many details in this region but appear to behave
similarly to the H-Total samples.

Both Figs. 1 and 2 showed a decrease of the 1515-
1510 cm ™! region when going from H-Total to H-Humin.
There is a large consensus in attributing this absorption
to the Amide-II bands of peptides and proteins [6, 8, 12,
21, 22]. The reduction of this band hence indicates that
the most hydrophilic proteinaceous material must have
been transferred into the extracting alkaline solution.
The Amide-II band was hardly visible in the B-Humin
spectra of both FTIR and DRIFT, thereby suggesting
either a probable much lower content of proteinaceous
material in this horizon or, but less likely, a more efficient
solubilization of this fraction into the alkaline extractant.

Some absorptions in the 1500-1350 cm™! interval
may be attributed to the deformations of CH, and CH,
groups [21]. This region appears much more resolved in
DRIFT spectra where some distinct bands showed an
increase when passing from H-Total to H-Humin sam-
ples. This relates well with the enhanced bands of ali-
phatic groups observed at 2920 and 2850 cm ™. Although
a similar trend may be guessed from the FTIR spectra,
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the evaluation was complicated by the variable light scat-
tering due to different pellets formation.

The loss of carboxyl groups when passing from H-Total
to H-Humin, that was observed in the 1720-1710 cm™*
region, was confirmed by the clear decrease of the DRIFT
absorption at around 1235 cm™. In fact, this region is
attributed to the C-O stretching vibrations of carboxyl
groups [1, 21]. A decrease of this absorption region was
also visible in the FTIR spectra, though less clearly than
in DRIFT, because of the nearby strong absorption due to
the Si—O stretching vibration that was centered at about
1070 cm™. This latter absorption, that covered the entire
1200-950 cm™! region, was sensibly less broad in DRIFT
spectra, thereby leaving uncovered bands which, instead,
remained masked in FTIR spectra. An example was the
much higher DRIFT resolution of the absorption band
around 910-900 cm™!, that may be attributed to either
aromatic or olephinic C—H out-of-plane deformations [1,
21]. The region below 900 cm™! was rather different by
the two IR techniques, being slightly better resolved in
FTIR for bands attributable to quartz and silicates (800,
780, 695, 470, and 430 cm ™).

Humus changes in horizons and profiles

The DRIFT spectra of the whole soil (H-Total), and of the
residues after treatments (H-Humin, B-Humin) from the
three profiles, I, II, and III (Figs. 3, 2, and 4, respectively)
can be used to follow the changes of humus properties
through the horizons and between profiles. DRIFT spec-
tra are used for comparison since they have been found
to be superior in both resolution and sensitivity to the
pellet FTIR technique.

H-Humin residues appear to have fewer unsaturated
aliphatic components than the H-Total samples, as
illustrated by the marked decrease in H-Humin sam-
ples of the 31003000 cm ™ region, which is commonly
attributed to C—H stretching vibrations in aromatic or
olephinic double bonds [5, 12, 21-23]. Moreover, this
modification varies with soil profile, the decrease of
the 3100-3000 cm™! region being in the order: profile
I> profile III > profile II. These changes are accompa-
nied by a significant increase of the bands of the ali-
phatic groups at 2922 and 2553 cm™! in the H-Humin
residue in all profiles, indicating that, as noted above
for profile II, hydrophilic constituents of organic matter
are selectively removed during the alkaline treatment
of these soil samples. The intense absorption bands
of aliphatic components at 2922 and 2853 cm™ in all
profiles may confirm other findings on the presence of
aliphatic biopolymers such as cutan [24, 25] or suberan
[26] in soil horizons.

Another varying feature among profiles is the flat-
tening of the absorption around 2600-2500 cm™' due
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to hydrogen-bonded dimers of carboxyl groups, that is
noticeable in all three profiles when passing from H-Total
to H-Humin samples. However, this change, as for the
decrease of the 3100-3000 cm ™" region, appeared slightly
more evident in the spectra of profile I, suggesting that
carboxyl groups were susceptible to a larger transforma-
tion with the alkaline treatment of this soil (Fig. 3).

The changes of the 1800-1350 cm™! region in the resi-
dues following alkaline extraction are similar, for all three
profiles, to those described above for profile II (Fig. 2).
The solubilization of unsaturated carboxylic acids with
soil treatment, as suggested for profile II, may also be an
explanation for the changes occurring during extraction
of profiles I and III (Figs. 3 and 4), based on the concomi-
tant decrease of the two absorption bands at 1630 cm™!
(double bonds stretching in unsaturated compounds) and
at around 1710-1720 cm™! (C=O stretching of carboxyl
groups).

However, slight variations are visible in spectra of dif-
ferent profiles when H-Total samples were transformed
in H-Humin by alkaline extraction. The 1710-1720 cm™*
absorption remained much more visible in profile I
(Fig. 3) followed, in the order, by profile II (Fig. 2) and III
(Fig. 4), only a small shoulder being noticeable in the lat-
ter (Fig. 4). The decrease of the 1710—-1720 cm ™" interval
induced by the alkaline extraction was in the order: pro-
file III> profile II>profile I. Another marked difference
among profiles is the different unmasking of an absorp-
tion at higher wavenumbers (1730 cm ™) in the H-Humin
residues caused by the decrease of the C=0O stretching
band of COOH groups. This absorption band, that can
be attributed to C=0O stretching of carbonyl groups in
compounds less soluble in aqueous alkaline solution
(see discussion in previous section), was rather sharp for
profile I (Fig. 3). The fact that this band was less intense
and shifted to 1720 cm ™ for profile II (Fig. 2) and just a
shoulder at 1735 cm™! in profile III (Fig. 4), is indicative
of the variable chemical composition and arrangement
of organic matter in the three profiles and its different
resistance to solubilization in alkali.

Moreover, the band at around 1630 cm™, attributed
above to double bond stretchings in conjugated or non-
conjugated unsaturated compounds, did not behave
similarly in all profiles when passing from H-Total to
H-Humin. The decrease of this absorption was slightly
more evident in profile II, than in profiles I and III,
thereby suggesting that there may be a different content
of unsaturated compounds in the H-horizon of the pro-
files and/or a different solubility of these compounds in
aqueous alkaline solutions. A consequence of this find-
ing is that variable amounts of such unsaturated mate-
rial may then be translocated downward in the different
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profiles according to the composition of humus accumu-
lated in the H-horizon.

Concomitant to the reduction of the 1630 cm™! band,
the absorption around 1600-1580 cm™' due to asym-
metric C=0 stretching of carboxylate groups created by
the alkali treatment is not equally visible in all profiles.
This absorption was centered at 1580 cm™! in profile I,
at 1595 cm™! in profile II and at 1600 cm ™! in profile IIL
These observations suggest that profile I contains in the
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H horizon carboxyl groups which are more freely disso-
ciable than those in profiles I and III, and, thus, the asso-
ciated asymmetric carboxylate band can be centered at
lower frequencies than for profiles II and III.

These findings indicate that profile I under pine for-
est was richer in carbonyl groups than the profiles under
beech forest, the one with no undergrowth vegetation
(profile III) being the poorest of all. However, another
possibility may be that compounds containing carboxyl
and/or carbonyl groups may have been already leached
down partially (profile II) or substantially (profile III) to
lower horizons. This latter explanation seems to be sub-
stantiated by the B-Humin spectra of different profiles.
Profile I, which has the most visible band at 1730 cm™ in
the H-Humin sample did not show any absorption at this
frequency for B-humin (Fig. 3), whereas profiles II and
III which showed progressively lower intensities for the
same band in the H-Humin spectra, exhibited an increas-
ingly visible residual absorption at around 1730 cm™"! for
the B-Humin samples (Figs. 2 and 4, respectively). Due
to the small organic matter content, other differences
among profiles are less evident for the B-Humin samples.
Nevertheless, the intense bands at 2920 and 2850 c¢cm™*
for profile III indicate that the extraction with alkali left
more highly aliphatic material in the B-Humin residues
of this profile than in the other two profiles and that the
1630 cm™! band (C=C stretching in olephinic or aro-
matic compounds) was rather prominent, thus suggest-
ing a strong contribution of unsaturated compounds.

These results indicate that different type and amount of
organic acids are deposited in the H horizons depending
on vegetation, plant tissue decomposition and microbial
activity. During profile development, the more water-sol-
uble unsaturated acids are eluviated in lower B horizons,
whereas the less soluble long-chain aliphatic acids or
keto-acids progressively accumulate in the upper H hori-
zons of the more developed profiles. However, our results
also suggest that the more advanced the profile develop-
ment, the larger was the accumulation of poorly water-
soluble organic matter in the B horizons. This is inferred
by the increase of the shoulder at 1735-1720 cm™*
(attributed to ketones in conjugated and/or heterocyclic
compounds) in humin residues of the B-horizon when
going from the less developed profile under pine forest to
the more advanced soil profile under beech forest. More-
over, the B-humin appears richer in saturated (2920—
2850 cm™! region) and unsaturated (1630 cm™! region)
organic material in profile III (Fig. 4) under beech trees
than in profile I (Fig. 3) under pine trees.

The presence of poorly soluble material in the lower
horizons of these young soil profiles suggests that they
must have been translocated in forms that are not readily
available for biological degradation. These findings seem
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to be consistent with the supramolecular association
model of humic molecules in solution [27, 28], whereby
even poorly polar organic compounds may be mobilized
in the soil solution provided that they are associated to
the hydrophobic domains of humic aggregates. When the
physical-chemical conditions of the solution vary, such
as the polarity of the medium, the size of the micropo-
res or the nature of the solid phase, the humic association
may then loose its stability and some of its poorly soluble
components may be deposited on the mineral surfaces.
Varadachari et al. [29] have shown that the less polar the
humic material, the larger is its adsorption on montmo-
rillonite. Accumulation of such apolar organic matter in
soils may be fostered by periodic drying cycles by which
the less soluble compounds are adsorbed by soil mineral
particles thereby forming a separate solid hydrophobic
phase. Other less polar compounds may then sorb on
these phases and be progressively protected from biotic
degradation that can occur only in the aqueous soil solu-
tion [30, 31].

The lower content of carboxyl groups in the H-Humin
residues was also the reason for the decrease in all pro-
files of the absorption around 1225-1235 cm™! due to
C-0 stretching in COOH groups. Such a decrease made
more visible the band at about 1270 cm™!, that may be
assigned to aliphatic skeletal vibrations [19, 21, 32]. The
absorption at 1160 cm ™! may be also attributed to skeletal
vibrations [21, 22]. The intensity of the 1270 cm™* band
in the H-Humin spectra is comparable to that in H-Total
spectra for all profiles, except for a relatively enhanced
sharpness due to the decrease of the 1225-1235 cm™!
region. The 1270 cm™! absorption must then represent
aliphatic groups that are less susceptible to extraction by
the hydrophilic alkaline solutions and are still retained
in the H-Humin soil residues in all profiles. Farmer and
Morrison [33] attributed this band (together with those
at around 1510, 1460 and 1420 cm™) to lignins and
lignin features remaining in soil organic matter. Very
similar band assignments to lignin were reported else-
where [34, 35]. Since these bands are more visible in the
H-total and H-Humin spectra of profiles I and II than
in profile III, their attribution to lignin appears consist-
ent with the more humified character of the H-horizon
of profile III where lignin transformation into humus is
more advanced.

The various indications of this study that the alkaline
extraction cannot entirely remove the aliphatic compo-
nents of soil organic matter is in agreement with other
findings that showed that humin, the unextractable frac-
tion of soil humus, contains a large amount of aliphatic
compounds such as long-chain fatty acids, long-chain alco-
hols, alkanes, and aliphatic biopolymers (cutin, suberin,
cutan, suberan) [18, 36]. Moreover, the persistence in soil
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of a humin fraction of mainly aliphatic character substan-
tiates a process of soil organic matter accumulation based
on the poor water solubility of the organic compounds in
soils, such as phenols and fatty acids [28].

In the 1100-1000 cm™' region of all profiles, the
DRIFT spectra of B-humin revealed two distinct absorp-
tions, centered at 1100 cm™! and 1035 cm™!, which can
be attributed to Si—O stretching of silicate materials.
Conversely, the spectra of H-total and H-humin sam-
ples showed neither a strong absorption in this region
nor the sharp peak at 1100 cm™! because of the smaller
ash content of these samples. However, an absorption at
1060 cm™! gained visibility after alkali treatment of soils,
because silicate content became relatively larger and,
possibly because carbohydrate material (C—O stretch-
ing at around 1050-1030 cm™*) was lost during alkaline
extraction. This behavior was particularly evident in the
spectra of profile I1I (Fig. 4).

Characteristics of humus extracts
Supporting evidence for the described changes of soil
organic matter composition following alkaline extraction
can be obtained from the DRIFT spectra of the humic
material extracted with NaOH from both the H and B
horizons of the three profiles. As an example, the spectra
of alkali extracts from the two horizons of profile II are
shown in Fig. 5. The H-NaOH spectrum revealed a strong
band in the aliphatic region centered at 2925 cm™), a
broad absorption at around 2600 cm™! for the H-bonded
COOH dimers, a notable shoulder at 1708 cm™! for the
COOH stretching, and an absorbing region at 1225 cm™*
for the C-O stretching in carboxyl groups. Such IR
absorptions confirm that soluble carboxylic acids of dif-
ferent aliphatic content were separated from the organic
matter of the H horizon. Moreover, other soluble com-
pounds containing hydrophilic groups such a peptide
(the Amide II band at 1515 cm™"), alcohols (1142 and
1075 cm™?), and carbohydrates (1045 cm™!) seem to
compose the alkali-extractable matter of the H horizon.
The extract from the B horizon revealed a different
composition, thus reflecting the differences in organic
matter composition between the H and the lower B
horizons in the profile. The overall appearance of the
B-NaOH spectrum (Fig. 5) suggests a lower content of
aliphatic groups (only a shoulder at around 2925 cm™?),
and a reduced absorption for the CH, (deformation at
1450 and 1460 cm™?), for COOH functions (less absorp-
tion at about 2600, 1708 and 1225 cm™), and for highly
soluble compounds such as peptides, alcohols, and car-
bohydrates. Conversely, a large presence of carboxylate
groups was apparent (the large absorptions centered
at 1610 and 1400 cm™?), deriving, most probably, from
low molecular weight carboxylic acids. Alkali solutions
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thus extracted from the highly mineral B horizon only
the most hydrophilic components of soil organic mat-
ter, while the hydrophobic matter such as long-chain
fatty acids, aromatic compounds, and biopolymers, are
retained in the B-Humin residue.

The same differences among H- and B-NaOH extracts
were also evident from their FTIR spectra shown in
Fig. 6, where the spectrum of the water extract from the
H horizon is also reported. This spectrum revealed that
water extracts contained weakly acidic carboxyl groups
(1720 and 1224 cm™') which are still protonated at the
pH of around 5.6 of the distilled water used to extract
this soluble humic fractions. However, some dissociated
carboxyl groups of more acidic carboxylic acids should be
also present, as it is inferred by the carboxylate absorp-
tions at around 1600 and 1400 cm™!. A comparison with
a '*C-Cross-polarization magic-angle spinning nuclear
magnetic resonance (*C-CPMAS NMR) spectrum of the
same sample (not shown) suggested that the very sharp
and intense band may be assigned to the C-O stretch-
ing of a specific phenolic structure. To our knowledge,
no such a clear assignment of this absorption in humic
extracts was previously reported in the literature.

The H-Water spectrum also shows that some ali-
phatic material was hydrosoluble but still containing CH,
groups (absorptions at 2820 and 2852 cm™') and some
unsaturated compounds. The latter are inferred from the
strong absorption centered at 1633 cm™!, that is a fre-
quency commonly assigned to double bond stretching
vibrations (see above discussion). The same region in the
B-NaOH spectrum was more intense and shifted to lower
frequencies (1614 cm™'), thereby suggesting that was due
more to asymmetric stretching of carboxylate groups
rather than to unsaturated material. Such interpretation
is supported by the lack of absorption for COOH groups
at around 1720-1700 cm ™, that indicates that the acids
present in the extracts are in the dissociated form.

Conclusions
In this infrared study of soil residues and humus extracts
from recently-developed sandy soils, DRIFT spectros-
copy was shown to be superior to FTIR spectroscopy
in evaluating in situ the changes in soil organic matter
composition. DRIFT offered a better resolution in most
of the spectral regions above 900 cm™!. The organic
matter present in the B horizons of these recent soils
appeared to be accumulated through transport of soluble
organic matter from the overlying H horizons. DRIFT
spectra of treated and untreated soil samples are able to
show that there were considerable differences in organic
matter composition between the H and B horizons.

The main difference among horizons consists in the
larger content of hydrophilic organic acids in the H
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horizon extractable in aqueous alkaline solution, in com-
parison to B horizons. Part of the extracts was composed
of unsaturated material. The humin soil residues remain-
ing after the alkali treatment are then selectively enriched
with aliphatic components, unextractable ketones, and
carboxylic acids involved in physically protected com-
plexes with minerals. These differences are observed
in all profiles. In fact, the organic fractions of profiles
II and III (both under beech) showed fewer carboxylic
groups than those of profile I (under pine and crowberry
undergrowth).

In B horizons, most of the carboxylate groups are disso-
ciated or complexed with clay or metal ions. Since strong
Al-O and Fe-O absorption bands were not encountered
in the spectra, it seems likely that the organic matter was
principally bound to the little silicate clay present in these
sandy soils. The resolved bands in the silicate region of
the spectra indicate that crystalline clays rather than
allophane-like material were present in the samples (allo-
phane bands were also absent below 400 cm ™). H-hori-
zon water extracts showed much stronger absorption
bands in the quartz and silicate region than did NaOH
extracts from H and B horizons. This result was unex-
pected, because of the very low clay content of the soils.
The atmospheric deposition of dust particles may be an
explanation for this observation.

Infrared spectra of the organic matter left in the soil
residues after NaOH extraction confirm previous litera-
ture findings that humin is composed to a large extent of
hydrophobic aliphatic material and carboxylic functions
strongly bound to minerals. This result can be explained

by both a humus-clay complexation mechanism through
polyvalent cation bridging and a process of hydrophobic
deposition, whereby the less polar components of organic
matter are driven away from water and, hence, from the
degrading biological activity by the adsorption on the
soil mineral particles. The segregation of poorly-soluble
organic compounds into the hydrophobic domains of
humus associations may explain their downward trans-
port and their presence in the B-horizons of all profiles.
Finally, this work revealed that the use of the DRIFT
technique on total soil samples can become a useful tool,
in terms of rapidity, cost, and easiness of instrument han-
dling, in studies of soil organic matter dynamics in situ
without the need of a preliminary extraction. In particu-
lar, DRIFT spectroscopy in combination with a system-
atic use of selective extractants may become a very useful
tool to support the elucidation of the role played by dif-
ferent humus fractions on soil genetic development.
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