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The sorption of dissolved organic matter (DOM) depends on its interaction with the soil matrix. In hydromorphic pod-
zols, DOM reacts mainly with aluminium (Al), which is responsible for the formation of the Bh-horizon in the subsoil.
In this work, we investigated whether the retention of DOM in the soil during the podzolization process is selective in
relation to the molecular composition of DOM. A column experiment was conducted to study the selective retention of
sorption and desorption processes under controlled conditions. Materials used in the column experiment were repre-
sentative for Brazilian coastal podzols under tropical rainforest. Materials were collected from this tropical coastal pod-
zol ecosystem, and included soil from E- and Bh-horizons, and DOM from a stream (Stream), peat water (Peat), litter
(Litter) and charred litter (Char). To evaluate selective retention of DOM, both the initial DOM and its leachates were
analyzed by Fourier transform infrared spectra absorption (FTIR) and pyrolysis gas-chromatography/mass spectrom-
etry (Py-GC/MS). The results showed preferential retention of DOM associatedwith biopolymers for soil columnswith
E-horizon material (E), E with Al nitrate (E-n), E with kaolinite (E-k) and E with gibbsite (E-h), except for Char. The
composition of leachates after percolation through B horizon columns was mainly determined by desorption, and
had a relatively large contribution from phenolic and carboxylic groups associated with Al and low molecular weight
aromatic and N-containing pyrolysis products, while products from macromolecular materials such as cellulose were
selectively retained in the columns for all DOM types. DOM from the Stream (taken during the rainy season) resembled
that of desorbed OM from the B columns, reinforcing substantial desorption in thefield aswell. Our results suggest that
sorption and desorption of OM in the hydromorphic Bh-horizon is continuous and that the selectivity of sorption is de-
pendent on DOM source.
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1. Introduction

Dissolved organic matter (DOM) can be retained in the soil through
sorption on mineral surfaces and/or (co)precipitation with metals such
as aluminium (Al) (Guggenberger and Kaiser, 2003; Jansen et al., 2003;
Zhang et al., 2021). The mobility and solubility of DOM in the soil envi-
ronment makes it the most active organic matter (OM) fraction in terms
of its binding properties with metals and minerals (Nierop et al., 2002).
Understanding the DOM-Al binding mechanisms is important in envi-
ronmental biogeochemistry studies, such as transport of contaminants
and the retention and stability of soil OM (SOM) (Kaiser and
Guggenberger, 2000; Kalbitz et al., 2005; Scheel et al., 2007). To predict
the dynamics of DOM in the soil it is essential to know whether some
DOM compounds are preferentially bound to metals and/or mineral sur-
faces (Kalbitz et al., 2005; Scott and Rothstein, 2014). Also, successful
management of environmental problems requires an understanding of
the mechanism behind selectivity in sorption processes such as com-
plexation, ligand exchange, cation bridges, anion/cation exchange,
van der Waals interactions, and hydrophobic bonding (Guggenberger
and Kaiser, 2003; Zhang et al., 2021).

In terrestrial ecosystems, DOM can be derived from plants, litter,
root exudates, microbial metabolites and charcoal, and may be present
at various stages of decomposition (Nebbioso and Piccolo, 2013).
DOM degradation is controlled by environmental factors, intrinsic prop-
erties of the source material, and protection by the mineral phase
(Mikutta et al., 2007; Kiikkilä et al., 2012). Thus, the composition of
DOMmay be highly variable and depends on its history. Because the re-
activity and solubility of DOM are controlled by its molecular composi-
tion (i.e., molecular size, and functional groups; Kothawala et al., 2012),
changes in DOM composition can affect the interaction with metals and
minerals (Boča et al., 2020).

Usually, DOM from litter was used in experiments of binding mecha-
nisms in soils (Zysset and Berggren, 2001; Boča et al., 2020), and it has
been found that aromatic compounds with carboxylic and phenolic func-
tional groups bind preferentially. This is related to the ligand exchange re-
actions of these functional groups that form inner sphere complexes with
clay and metal oxides (Kaiser et al., 1997; Kaiser and Guggenberger,
2000; Guan et al., 2006; Avneri-Katz et al., 2017).

Podzols represent a natural environment in which the interaction be-
tween metals and OM is the key process. Understanding mobilization and
immobilization of DOM in these soils may improve the comprehension of
soil genesis and biogeochemistry (Zysset and Berggren, 2001, Jansen
et al., 2005; Harris and Rischar, 2012; Lopes-Mazzetto et al., 2018a).
DOM from vertical and/or lateral flow may precipitate with Al and/or Fe
in the subsurface where it forms the podzol B-horizon. In poorly drained
podzols, Fe is leached through groundwater flow, and the OM in the B-
horizon exclusively has a DOM source, while in well-drained podzols Fe
can be present (depending on the parent material) and B-horizon OM has
a large contribution from roots as well (De Coninck, 1980; Buurman and
Jongmans, 2005). In tropical coastal areas, poorly drained podzols are
abundant and often have a thick and well-developed B-horizon (Martinez
et al., 2018; Lopes-Mazzetto et al., 2018a). Therefore, poorly drained trop-
ical podzols are natural and unique laboratories to study DOM-Al binding
mechanisms.

The aim of this study was to test whether retention of DOM in the
soil is selective. To this end, the interaction of several DOM-types
with different materials was tested under controlled conditions in a
column experiment. We compared the composition of DOM before
and after percolation through soil columns. DOM composition was an-
alyzed by functional groups (FTIR) and molecular structure (Py-GC/
MS). Our hypotheses are: i) the interaction of DOM with Al species in
the columns is selective, and ii) retention of DOM without the addition
of Al also occurs and is not selective. Additionally, it was tested
whether DOM precipitated in a podzol B-horizon could be released
by percolation with DOM solutions or water, and whether such a re-
lease was also selective.
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2. Material and methods

2.1. Sampling, and characteristics of column materials and DOM

The materials used in the column experiment were from podzol E- and
B-horizons collected on the barrier island of Ilha Comprida (State of São
Paulo, Brazil). The area formed by sandy coastal sediments is part of a
Restinga ecosystem. Restinga is composed of tropical rainforest vegetation
that is adapted to oligotrophic sandy soils, and is typically composed of
trees of several sizes, palms, grasses, bromeliads, and shrubs (Leão and
Dominguez, 2000). The sampled tropical coastal podzol, located in the
south cliff (Ponta da Trincheira 23 J 0206148 W 7226166 S; SI_Fig. 1)
was classified as an Ortstenic Albic Podzol (Arenic, Hyperspodic). The sam-
pled podzol is hydromorphic, indicated by the flat and abrupt transition be-
tween the E- and B-horizon, very thick B-horizon and absence of Fe in the
podzol B-horizon (Bh) (Buurman and Jongmans, 2005). Material from the
E- and B-horizon was collected at depths of 100–150 cm and 180–320
cm, respectively. The E-horizon had 0.13% of total organic carbon (TOC),
0.01% of Al extracted by sodium pyrophosphate (Na4P2O7.10H2O;
0.1 mol L−1) at pH = 10, and 1.3% clay. The Bh-horizon had an average
of 0.75% of TOC, 0.06% of Al extracted by sodium pyrophosphate, and
2% clay (Martinez et al., 2018).

Four different DOM solutions were used: 1) from a little stream near a
rainfall station (Stream), 2) peat water (Peat), 3) a solution of litter (Litter),
and 4) a solution of charred litter (Char). These DOM types are selected to
represent the most diverse DOM sources that may infiltrate with percolat-
ing water and/or via lateral (groundwater) flow into the soils from the
study area (SI_Fig. 1). The (charred) litter solutions were prepared in the
laboratory. Both the stream and peat are located in the Restinga forest.
Water from the stream was sampled in the wet season in February 2018
(23 J 0206269W 7226113 S) and water from the peat was sampled during
the dry season (September 2018; 23 J 02078706 W 7226956 S). The char
and litter samples were collected from burnt and unburnt spots in the sur-
roundings of the podzol profile, and were dried for 2–3 days at 40 °C, and
ground (<2 mm) to prepare DOM solutions. For DOM from litter and
charred material, 100 g of each material was added to 1 L of deionized
water and shaken for 24 h at 180 rpm, centrifuged, and passed through a
0.7 μm glass fiber membrane (Refaey et al., 2014). Aqueous samples from
both streams were filtered through a 0.7 μm glass fiber membrane and
stored at 4 °C. All DOM solutions were brought to a DOC concentration
and pH similar to that of Stream (54mg L−1, pH=4), to allow comparison
of the different DOM types at similar conditions. Additionally, a double
DOC concentration for the char was used (117 mg L−1). Because the B-
horizon naturally contains SOM, distilled water was used as a reference
for desorption in the columns with B-horizon material.

2.2. Experimental design

An overview of columns and percolating solutions is given in SI_Table 1
and Fig. 1. PVC pipes with a diameter of 5 cm and a height of 35 cm were
filled with soil material to a height of 30 cm. PVC caps with a plastic hose
fixed to a central hole were attached to the bottom of the columns. A
layer of fiberglass filter was placed inside of each column to avoid material
loss and clogging of the collector hoses. All the columns were placed on a
wooden support in an upright position (Fig. 1). The B-horizon material
was dried at 40 °C for 48 h. All E-horizon material were calcined at 900
°C for 4 h to remove OM (Sutherland, 1998). The chosen Al sources were
kaolinite (Al2Si2O5(OH)4), gibbsite (Al(OH)3), and Al nitrate (Al(NO3)
3.9H2O). The E-horizon material contained very low amounts of TOC, Al,
and clay.

The columns with E-horizon material without added Al source were
used as a reference for retention of DOM in the column (E). To measure
the effect of clay, columns were filled with a mixture of E-horizon material
with 1% kaolinite (E-k). Kaolinite is a common clay mineral in tropical
coastal podzols (Gomes et al., 2007). The kaolinite has a particle-size distri-
bution of 20.5% clay, 52.8% silt and 26.7% sand, 0.18% TOC, dried at 105



Fig. 1. Schematic overview of the column experiment, and illustration of the column materials used.
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°C). Similar to E-k, 1% of gibbsite was used for the columns filled with a
mixture of E-horizon material and gibbsite (E-h). To measure the effect of
readily available Al3+ and optimize precipitation (Martin and Reeve,
1961; Jansen et al., 2003), columns of E-horizon material were also satu-
rated with a solution of 3.4 10−3 mol L−1 Al nitrate (E-n).

For E-k and E-h columns, the amount of 1% (w/w) of kaolinite or
gibbsite was mixed thoroughly with the E-horizon material before being
inserted into the column. Then, deionized water (approximately 15% of
its maximum saturation point) was added to all samples to make them
more friable and homogeneous. The samples were packed into the column
in layers of 100 cm3, making light compactions to each one. This procedure
aimed to reduce the differences between the experimental plots, ensuring
more regular soil density in the columns and avoiding bypass flow
(Pavinato et al., 2018). After this process, all columns were saturated
with distilled water until 70% of the field capacity, which was 227 and
262 mL for E- and B-horizon material, respectively) to regulate the water
flux.

For the experiment 2 L of DOM solution was used, except for the Stream
(0.5 L; SI_Table 1). Theflowwas controlled using surgical needleswith a di-
ameter of 0.45 mm, adapted to an average flow rate of 20 mL h−1 (Refaey
et al., 2014), and resulting in a total reaction time of four to five days. The
leachates after passing through the column were collected in pots of 500
mL. All treatments were carried out in triplicate resulting in a total of 63
columns (SI_Table 1). Original DOM solutions (DOM_in) and leachates
(DOM_out) were freeze-dried and homogenized with an agate mortar, re-
sulting in 68 DOM samples for analyses.
2.3. FTIR analyses

The infrared absorption FTIR spectra of homogenized DOM samples
were obtained by a Bruker model Vertex 70 FT-IR at Embrapa
Instrumentação (São Carlos – Brazil). Analyses were carried-out in trip-
licate, in a standard region range from 4000 to 400 cm−1 with a 4
cm−1 resolution and 32 scans per sample. The spectra were obtained
from homogenized samples on KBr pellets (IR spectroscopic Degree,
Sigma Aldrich) (Capriel et al., 1995; Celi et al., 1997; Ellerbrock and
Kaiser, 2005). The proportion for KBr and freeze-dried DOM material
was 1:400 and for column materials 1:200 and the mixtures were
pressed into pellets. Baseline correction of the spectra was done using
Multiplicative Scattering Correction. Infrared bands were assigned ac-
cording to the main organic bands and their corresponding inorganic
functional groups presented in SI_Table 2 and organic functional
groups in SI_Table 3.
3

2.4. Py-GC/MS

Pyrolysis was performed at the Department of Soil Science from
ESALQ/USP (Piracicaba, Brazil) using a single shot PY-3030S pyrolyzer
(Frontier Laboratories, Fukushima, Japan) coupled to a GCMS-QP2010
(Shimadzu, Kyoto, Japan). The pyrolysis temperature was set at 600 °C
(±0.1 °C). Helium was used as carrier gas at a constant flow of 34.5 mL
min−1. The injection temperature of the GC (split 1:20) and the GC/MS in-
terface were set at 320 °C. The GC oven was heated from 50 to 320 °C (held
10 min) at 7 °C min−1. The GC instrument was equipped with an
UltraAlloy-5column, length 30 m, thickness 0.25 mm, diameter 0.25 μm.
The MS was scanning in the range of m/z 45–600. Pyrolysis products
were identified using the NIST ‘14 mass spectral library.

The 123 dominant pyrolysis products for the chromatograms of each
DOM type were identified and quantified for all samples. Quantification
was based on the peak area of characteristic fragment ions (m/z) for each
product (Table 1). The relative proportion of each product was expressed
as a percentage of the total peak area quantified (set at 100%). Quantified
products were grouped according to chemical similarity and their source
into: lignin phenols, phenols, benzenes, polycyclic aromatic hydrocarbons
(PAHs), benzofurans, n-alkanes, n-alkenes, carbohydrates, and
triterpenoids (Table 1). The char samples showed a large peak of
dimethylsulfide (m/z 48 and 64); with an abundance of >50% it was ex-
cluded from the quantification to better compare their composition with
the other DOM types. The results of DOM leachates from E-n columns
were not quantified because the pyrograms were of poor quality, probably
due to interactions between OM and Al and/or nitrate during the pyrolysis
process.
2.5. Statistical analysis

Principal component analysis (PCA) was applied separately for FTIR
and pyrolysis data, using all DOM_in and DOM_out samples. PCA analy-
sis was used as a statistic tool to reduce dimensions and to identify the
reasons for differences among DOM-types and column materials
through the quantitative behavior of selected FTIR bands and pyrolysis
products. PCA statistical analysis was performed using the prcomp func-
tion of R software (Core Team, 2015). Prior to the PCA of pyrolysis re-
sults some products were grouped to a single variable using their sum.
This grouping was done for products that were highly correlated and
in addition have a similar chemical structure. This reduced the number
of pyrolysis products to 60 variables. Products that were grouped in-
cluded 5 guaiacyl lignins (G), 5 syringyl lignins (S), 22 n-alkanes



Table 1
Quantified pyrolysis products and their characteristic fragment ions used for quantificationa.

Codea Pyrolysis product m/z MW Retention time

B1 Benzene 78 78 2.105
B2 Toluene 91, 92 92 2.792
B3–B5 C2 Benzenes 91, 106 106 3.942–4.425
B6–B7 C3 Benzenes 105, 120 120 6.208–6.775
B8–B9 C4 Benzenes 119, 134 134 6.792–8.042
B10 Benzoic acid 77, 105 122 10.617
B11 Benzenedicarboxylic acid 76, 104 166 13.283
B12 C3 (1,2-propadienyl)benzene 143, 158 158 13.800
B13–B14 Unidentified benzene compounds 173, 188 188 15.976–16.933
PA1 Naphthalene 128 128 10.142
PA2–PA3 C1 Naphthalenes 141, 142 142 12.408–12.700
PA4–PA5 C3 Naphthalenes 155, 170 170 17.250–17.692
PA6 Biphenyl 154 154 13.95
PA7 Fluorene 165, 166 166 17.683
PA8 Phenanthrene 178 178 20.333
PA9 Anthracene 178 178 21.033
PA10–PA13 C4 Naphthalenes 169, 184 184 17.975–20.183
PA14–PA16 C1 9H-fluorenes 165, 180 180 19.554–19.783
PA17 C1 Naphthalenol 158, 159 159 19.000
PA18 Unidentified PAH 171, 186 186 15.125
PA19 Dimethyl-1-naphthol 157, 172 172 20.3415
PA20 Unidentified PAH 183, 198 198 20.933
Bf1 Benzofuran 89, 118 118 6.317
Bf2 C1 Benzofuran 131, 132 132 8.558
Bf3 C2 Benzofuran 145, 146 146 10.792
Bf4 Dibenzofuran 139, 168 168 16.55
In1 Indene 115, 116 116 7.233
In2 2,3-Dihydro-1H-inden-1-one 104, 132 132 12.100
N1 Pyrrole 67 67 2.650
N2 Pyridine 52, 79 79 2.658
N3–N4 C1 Pyridine 66, 93 93 3.375–4.058
N5–N6 C1 Pyrrole 80, 81 81 3.675–3.775
N7 Benzonitrile 76, 103 103 6.2165
N8–N9 C1 Benzoxazoles 133 133 11.0875–12.025
N10 Aminocaproic acid 56, 85 131 11.975
N11 Benzene acetonitrile 90, 117 117 12.567
N12 Unidentified N-containing compound 66, 93 12.683
N13 Unidentified N-containing compound 76, 147 16.025
N14 Diketodipyrrole 93, 186 186 19.858
G1 Guaiacol 109, 124 124 8.142
G2 4-Vinylguaicol 135, 150 150 12.708
G3 4-Acetylguaiacol 151, 166 166 16.025
G4 4-Propan-2-(one)guaiacol 137, 180 180 16.767
G5 Guaiacyl compound 123, 151 151 17.733
S1 Syringol 139, 154 154 13.425
S2 4-Vinylsyringol 165, 180 180 17.300
S3 4-Acetylsyringol 181, 196 196 20.133
S4 4-Propan-2-(one)syringol 167, 210 210 20.692
S5 Syringyl compound 153, 181 181 21.483
Ph1 Phenol 66, 94 94 6.571
Ps1 2-Methylfuran 53, 82 82 3.617
Ps2 2-Methyl-2-cyclopenten-1-one 53, 67 67 4.683
Ps3 2-Acetylfuran 95, 110 110 4.708
Ps4 5-Methyl-2-furaldehyde 109, 110 110 5.667
Ps5 Levoglucosan 60, 73 162 17.642
Ttp1–Ttp2 Unidentified triterpene 191, 231 34.425–35.758
Ttp3 Unidentified triterpene 376 35.625
Ttp4 Unidentified triterpene 215, 344 35.700
Ttp5 Unidentified triterpene 367, 396 36.175
Ttp6 Unidentified triterpene 177, 191 36.233
Ttp7 Unidentified triterpene 191, 205 37.692
Ttp8 Unidentified triterpene 57, 316 40.750
Unk1 Unidentified compound 58, 86 10.867
Unk2 Unidentified compound 112, 157 26.058
Al1-Al3 Aliphatic compounds 55, 71 2.958–3.625
9–31 n-Alkanes (C9–31) 57, 71 4.483–36.033
9:1–28:1 n-Alkenes (C9–28) 55, 69 4.358–33.125

a Al, Aliphatic; B, Benzene; Bf, Benzofuran; In, Indene; G, Guaiacyl lignin phenols; S, Syringyl lignin phenol; N, N-containing compound; PA, PAH; Ph, Phenol; Ps, Car-
bohydrate; Ttp, triterpene; Unk, Unidentified compound.
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(C:0), 19 n-alkenes (C:1), and several groups of isomers (B3–5, B6–7,
B8–9, B13–14, PA2–3, PA4–5, PA10–13, PA14–16, N3–4, N5–6, N8–9,
Ttp1–2; Table 1).
4

The selection of FTIR variables is based on the spectra of both column
and DOM materials. Peak overlapping with both inorganic and organic
bands complicates a quantitative evaluation of the DOM FTIR data.



Fig. 2. FTIR spectra from the starting materials of (a) DOM and (b) column materials used in the column experiment, and (c–f) average FTIR spectra of leachates of the
different DOM types for each column type (n = 3). For the Stream E-h is used instead of E-k.
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Quantitative evaluation of organic bands that overlap with inorganic bands
cannot be considered for leachates from that column type. To enable inter-
pretation of bands that show overlapping with other organic bands they are
5

expressed as ratios. Detail on the selection of FTIR parameters is provided in
Section 3.1.3, based on the results of column materials, initial DOM solu-
tions, and leachates.
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3. Results and discussion

3.1. FTIR

3.1.1. Absorption bands of column materials
All column materials were analyzed with FTIR and inorganic bands are

presented in Fig. 2b and SI_Table 2. Bands that correspond to silica were
present in all column materials (1081, 790, 690, and 465 cm−1, and the
two minor shoulders at 1169 and 550 cm−1). This is in line with the dom-
inant presence of quartz grains in these podzol horizons (Lopes-Mazzetto
et al., 2018b). The samples from E- and B-horizons presented very similar
spectra, which clearly demonstrates the need for SOM purification prior
to analysis with FTIR. Bands in the 3700–3600 cm−1 region and at 912
and 534 cm−1 occurred only in the kaolin sample. These bands correspond
to OH stretching and deformation of inner surface hydroxyl groups, and Al-
O-Si and SiO deformation, respectively, being indicative of kaolinite
(Vaculíková et al., 2011).

The broad bands at the regions of 3450 and 600 cm−1 and aminor band
at 1650 cm−1 were found in Al(OH)3. The broad bands are associated with
OH vibrations and stretching vibrations of AlO, respectively; and the minor
band is associated to OH bending of sorbed water (Du et al., 2009). The
broad bands at 3450 and 1630 cm−1 and the sharp bands at 1384 and
830 cm−1 were also found in the Al(NO3)3 spectra; they are associated
with OH groups of water (broad bands) and nitrate asymmetric stretch
and out-of-plane bend (sharp bands) (Choe et al., 2010).

3.1.2. Composition of the initial DOM solutions
The interpretation of organic absorption bands is given in SI_Table 3.

Spectra of the initial DOM solutions are given in Fig. 2a. Bands 3415,
1618, 1220, 1140, and 1081 cm−1 were present in all DOM types. The
broad hydroxyl band at 3415 cm−1 may reflect carboxyl and hydroxyl
groups, and is commonly found in SOM and litter (Stevenson and Goh,
1971; Soong et al., 2014). Because the 3415 cm−1 band may also reflect
water, it is not further discussed (Ellerbrock and Kaiser, 2005).

The 1618 cm−1 band from the 1640–1600 cm−1 region may represent
the carboxylate anion (i.e., deprotonated carboxylic groups: COO−)
(Stevenson and Goh, 1971; Ellerbrock and Kaiser, 2005). The phenolic
band at 1220 cm−1 is mainly found in lignin moieties (Kaiser et al., 1997;
Phinichka and Kaenthong, 2017). The presence of carboxylates (1618
cm−1) and phenols (1220 cm−1) in all DOM spectra is in accordance
with the common occurrence of these functional groups in many SOM frac-
tions, and may have a source from plants and microorganisms (Ma et al.,
2001).

The 1140 cm−1 band can be attributed to aromatic CH and may indi-
cate hydrophobic compounds (Oren and Chefetz, 2012) or plane deforma-
tion from guaiacyl units present in lignin molecules (Chen et al., 2015). The
1081 cm−1C-O stretch band is common in polysaccharides and may indi-
cate fresh plant residues in DOM (Soong et al., 2014). Its presence in
DOM from char suggests that the carbonization process was incomplete.

The 1718 cm−1 band appears exclusively in DOM from the Stream and
Litter. It may reflect protonated carboxylic groups or ketones, and can indi-
cate the presence of weak acids that remain protonated (thus not bound to
Al; González-Pérez et al., 2008). Bands that reflect aliphatic structures
(2918–2850 cm−1) appeared in greater evidence in Peat. The band at
1400 cm−1 was particularly expressed in Peat DOM, and may originate
from aliphatic structures (Dick et al., 2003) or fromAl complexed to carbox-
ylate (Stevenson and Goh, 1971; Guan et al., 2006).

3.1.3. FTIR bands in leachates and trends in selective sorption
The FTIR spectra of leachates are presented for each column material

(Fig. 2c–f). The nitrate band (1384 cm−1) appeared in all spectra of leach-
ates from the E-n columns (Fig. 2d). Spectra from E-h leachates showed
bands at 1000, 835, and 700 cm−1 that are typical of AlO stretch (AlO4)
(Du et al., 2009). The minor kaolinite bands at 3550 and 3466 cm−1 that
were present in both field-DOM samples (Stream and Peat) disappeared
in spectra from the leachates, which indicates retention of this compound
6

in the columns. These bands related to inorganic materials will not be con-
sidered further. The bands related to aliphatic CH (2950 and 2870 cm−1)
were ignored, because of theirminor height and their location on the shoul-
der of the large broad peak in the 3450 cm−1 region (Fig. 2a). These ali-
phatic bands were present in the original DOM solution from Peat but did
not appear in spectra from the leachates, suggesting retention of alkyl-C
groups independently of column material. Retention of aliphatic C in the
columns agrees with Ussiri and Johnson (2004) who found that hydropho-
bic fractions have higher alkyl-C and aromatic-C content, which was associ-
ated with relatively high MW and caused a lower solubility of DOM.

To explore the selectivity of DOM sorption, a PCA analysis was applied
to selected FTIR bands. This selection is based on the presence of organic
bands in both initial solutions and leachates and their potential interference
with other bands, organic or inorganic. The selected organic bands are
those at 1081, 1140, 1220, 1400, 1618 and 1718 cm−1. From these, the
1081 cm−1 band is expressed as percentage of their sum. To correct for
overlapping bands the 1140, 1220, 1400 and 1618 cm−1 bands are evalu-
ated relative to the 1081 cm−1 band (i.e. 1140/1081, 1220/1081, 1400/
1081, 1618/1081) (Ellerbrock and Kaiser, 2005), while the 1718 cm−1

will be expressed relative to the 1618 cm−1 (i.e. 1718/1618). The 1400
cm−1 band is not evaluated for leachates fromE-n and E-h columns because
its intensity is influenced by inorganic bands from Al(OH)3 and nitrate
(1384 cm−1) (Fig. 2b,d,e). Therefore, the 1400 cm−1 band is excluded
from PCA, and evaluated by comparing the average of leachates to the ini-
tial solution of corresponding DOM types (SI_Fig. 2d). In the following dis-
cussion, these six bands refer to these relative intensities.

Component 1 (Dim1) and component 2 (Dim2) together explained
75.4% of the variance of the samples (Fig. 3a). Dim1 shows positive load-
ings for the 1081 cm−1 band and negative loadings for phenolic groups
(1220 cm−1) and carboxylates (1618 cm−1). The 1400 cm−1 band, that re-
flects carboxylic groups complexed to Al and is not included in PCA, posi-
tively correlates to 1618/1081 (r2 = 0.92, data not shown). Dim1 thus
separates carbohydrates (O-H; positive loadings) from phenolic and (com-
plexed) carboxylic groups (negative loadings). Dim2 separates carboxylic
acids and/or ketones (1718 cm−1, positive loading) from hydrophobic aro-
matic compounds (1140 cm−1, negative loading). The interpretation ob-
tained from the loadings is supported by the grouping of samples in the
scores (Fig. 3a). Dim1 separates Water and Stream with generally negative
scores from Char, Peat and Litter with mostly positive scores, while Dim2
separates Char (negative) from Litter (positive). This suggests that Dim1 re-
flects soluble Al-DOM complexes, clearly indicated by the high negative
scores of the Water leachates from the B columns (see also SI_Fig. 2), and
that Al is mostly complexed to carboxylic and phenolic groups. While
DOM from Litter, Peat and Char contains more intact OM rich in carbohy-
drates that is less soluble. Furthermore, Dim2 reflects that Char is addition-
ally characterized by hydrophobic aromatic compounds, while Litter has a
larger contribution from carboxylic acids (relative to the deprotonated
COO−), and Peat generally shows an intermediate composition between
Char and Litter.

The distribution of samples in the scores figures is highlighted sepa-
rately for the different column materials using arrows that connect
DOM_in with leachates of the corresponding DOM (Fig. 3b-e). Leachates
of B and E-h columns (and to a lesser extent also E-n) all show negative
scores on Dim1, except for some Char samples (Fig. 3c-e). This indicates
that B, E-n and E-h leachates, in particular B leachates after Water addition
(Fig. 3e), containmore phenolic and (complexed) carboxylic groups. This is
in agreement with the presence of reactive dissociated carboxylic groups in
B-horizons, related to the accumulation of organometallic complexes in
these horizons (González-Pérez et al., 2005), andwith desorption of carbox-
ylate products from the B-horizon (Jansen et al., 2004). Desorption of Al-
DOM complexes from B-horizons explains the slightly negative scores of
DOM_in from the Stream, considering that the Stream is sampled in the
rainy season. During the rainy season precipitation causes lateral ground-
water flow on top of the B-horizon in the catchment area of the stream
(SI_Fig. 1). The negative scores of E-h and E-n leachates on Dim1 relates
to a relatively larger portion of carboxylic complexes that remain soluble



Fig. 3. Biplot with loadings and scores (a), and scores displayed individually for each column type (b-e) of Dim1 and Dim2 from PCA applied to selected FTIR spectral data.
Symbols are colored according to DOM-type. The arrows connect DOM_in with its corresponding leachates.
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compared to E columns with only solid or no Al (E-k and E; Jansen et al.,
2003). Within the E columns the shifts on Dim1 were in the sequence E <
E-k < E-n < E-h, which reflects an increase of soluble Al-DOM complexes
in the leachates (Scheel et al., 2008). The relatively large and similar shifts
on Dim1 for the B columns (except Char) and their directions towards the B
Water leachates suggests that compositional changes in the B are largely
due to desorption, and that this desorption is selective for phenolic and
7

carboxylic groups. A slight shifts towards the positive side of Dim1 for
some DOM types occurred in E and E-k columns, in particular Stream
(Fig. 3b,c). This may reflect immobilization of the complexes due to satura-
tion of DOM compounds with Al, which agrees with the fact that Stream al-
ready contained DOM-Al complexes.

All DOM types show a change towards negative scores on Dim2 from
DOM_in to corresponding leachates reflecting retention of compounds
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with ketones and/or carboxylic functional groups. The generally larger
change towards the negative side of Dim2 suggests a larger effect of co-
precipiation, i.e. retention without association to Al.

From all DOM types, Char samples showed the smallest change on Dim1
between initial solution and leachates in all columns, in particular Char-100
that showed virtually no change on both Dim1 and Dim2 (except for E-n).
This suggests a relatively low capacity in both binding to Al and desorption.
This low reactivity may be due to the relatively “fresh” char that composed
the field samples, with characteristic decarboxylation and decarbonylation
at high temperatures during the carbonization process, while the aromatic
rings remain intact, which reduces organic reactive groups (Banik et al.,
2018) and thus Al binding potential. In addition, it may reflect retention
due to co-precipitation enhanced by the aromatic and hydrophobic proper-
ties of Char.

3.2. Py-GC/MS

3.2.1. Composition of the initial DOM solutions
Differences betweenDOM types in the abundance of groups of pyrolysis

products generally agreed with their source (Table 2). There was a larger
lignin contribution in DOM from Litter (8.2%) compared to other sources
(0.0 to 1.1%). If plant material is the main source of DOM, this suggests a
selective loss of lignin during its transport to the streams. This relative
loss could be due to decomposition, (de)sorption, or an increasing contribu-
tion from microbial sources. Indeed, carbohydrates (13.3%) and N-
containing compounds (10.8%) both have a relatively large contribution
in DOM from Litter compared to other DOM types (0.3–8.4% and
6.7–10.2% for carbohydrates and N compounds, respectively), suggesting
a predominant source from plant proteins, and/or plant-associated micro-
organism present in the litter (Kiikkilä et al., 2012). A higher relative abun-
dance of N-containing compounds and carbohydrates is in agreement with
the association of a hydrophilic fraction in DOM from Litter (Zang et al.,
2021).

Polar compounds had clearly large contributions to DOM from the
Stream, including benzofurans (6.2% compared to 1.7–3.2% in other
DOM types), phenols (29% compared to 13.7–15.5%), and N-containing
compounds (10.2%), reflecting the aqueous solubility of their source mole-
cules (i.e. before pyrolysis; Schellekens et al., 2017).

The contribution from n-alkanes and n-alkeneswas largest in DOM from
Peat, together accounting for 23.7%, while for other DOM types this varied
between 0.9 and 7.2%. These aliphatic pyrolysis products may be derived
from leaf waxes and plant biopolymers such as cutan and suberan
(Tegelaar et al., 1995) and are abundant in tropical peat (Schellekens
et al., 2014). The relatively large contribution from aliphatic products in
DOM from Peat is thus logically related to its source from peat water.

Benzenes was the dominant group in all DOM-types, and its contribu-
tion increases in the following sequence Litter< Peat< Stream<Char. Ben-
zenes havemany potential sources upon pyrolysis (e.g. lignin, charcoal, and
proteins) their summed percentage may thus not be representative for
Table 2
Relative abundance of groups of pyrolysis products (%TIC) of DOM_in for each
DOM type.

Group Stream Litter Peat Char-50 Char-100

Benzenes 40.1 30.7 33.5 43.3 51.9
PAHs 7.00 5.02 12.6 16.3 19.3
Indenes 1.52 0.92 2.02 2.02 1.60
Benzofurans 6.19 1.66 2.42 3.23 2.51
N-compounds 10.2 10.8 6.65 9.34 7.11
Lignin phenols 1.09 8.15 0.00 0.07 0.00
Phenols 29.0 15.6 15.2 13.7 15.5
Carbohydrates 2.12 13.3 0.30 8.39 1.30
Triterpenes 0.06 0.07 2.44 0.23 0.31
Unidentified 0.00 4.84 0.13 0.00 0.00
Aliphatics 0.22 1.75 1.00 1.62 0.26
n-Alkanes 0.68 4.11 15.9 0.98 0.50
n-Alkenes 1.86 3.11 7.77 0.83 0.35
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sources or sorption processes in a variable sample set. DOM from Char in-
cludes the soluble products of the carbonization process of plant biomass,
and indeed shows a larger contribution from PAHs (16.3 to 19.3%). Al-
though PAHs may be a result of cyclization reactions during the pyrolysis
process (Saiz-Jiménez, 1994), a large contribution is indicative for black
carbon (Kaal et al., 2008).). In the Stream, PAHs (7.0%) may have a source
from (partially degraded) burnt materials indicating the mobility of these
compounds in the environment (Kim et al., 2004; Jaffé et al., 2013; Kaal
et al., 2016).

3.2.2. DOM composition in leachates and trends in selective molecular sorption
A PCA was performed to identify possible selective retention of organic

compounds in the columns. The loadings (variables) and scores (samples)
of the first two components are plotted in Figs. 4–5. Scores and loadings
of the remaining components are given in SI_Tables 4 and 6. Loadings of
PyDim1 (18.5% explained variance) indicate that products associated
with charredmaterial have positive loadings, in particular thosewith larger
MW, including PAHs (PA10–20), and benzenes (B6–14) except benzenes
with an acid functional group (B10–11). Products with high negative load-
ings on PyDim1, on the other hand, include low MW benzenes and N-
containing products (N1–7, B1–2) (Fig. 4). This suggests that PyDim1 sep-
arates the products according to molecular size and aromaticity. PyDim2
(16.5%) shows positive loadings for products derived from biopolymers
of plants (n-alkanes, n-alkenes, triterpenes, and lignin phenols) and mi-
crobes (N-containing compounds), and benzenes with alkyl side-chains
(B3–9). Products with high negative loadings include aromatics with oxy-
genated or nitrogenated functional groups such as dibenzofuran (Bf4),
benzonitrile (N7), benzoic acid (B10), and phenol (Ph1), or aromatics with-
out alkyl side-chains such as benzene (B1), naphthalene (PA1) and fluorene
(PA7). This suggests that PyDim2 separates products from more intact OM
(positive loadings) vs. those derived from more processed OM (negative
loadings).

The scores show a clear clustering according to DOM type in the
PyDim1–2 projection (Fig. 5a). Samples from Peat and Char show positive
scores on PyDim1, and are separated by PyDim2 with positive scores for
Peat and negative ones for Char (with exception of the B leachates from
Peat that have negative scores on PyDim1). Samples from Stream and Litter
have negative scores on PyDim1, from which Litter samples have positive
scores on PyDim2 and Stream samples negative scores. TheWater leachates
from the B columns have highest negative scores on PyDim1 and slightly
negative scores on PyDim2. This division according to DOM type confirms
the interpretation of the components obtained from the loadings. First, a
larger contribution from plant- and microbial biopolymers in DOM from
Litter and Peat (positive on PyDim2) is conform to their source. Their sep-
aration by PyDim1 reflects that Litter is richer in lignin-cellulose, indicated
by lignin products (G and S) and levoglucosan (Ps5) that is indicative for
cellulose (Pouwels et al., 1989). In tropical peat lignin is rapidly
decomposed (Schellekens et al., 2014), which explains the relatively larger
contribution from aliphatic and aromatic compounds in the Peat DOM. The
negative scores on both components of Stream samples reflect that the
stream contains more processed DOM, which was also indicated by the
FTIR results by the presence of carboxylic functional groups, and is due to
its natural riverine source.

The positive scores on PyDim1 of Peat and Char suggests that both con-
tain DOM with relatively larger molecular size with relatively abundant
PAHs. Comparing both DOM types, the Peat is more aliphatic as indicated
by the positive loadings of aliphatic products (C:0, C:1, Al1–3) and the
alkyl side-chains on the PAHs and benzenes. The grouping of the B leach-
ates negative on PyDim1 with the highest negative scores for the Water
samples agrees with the fact that the source of SOM from hydromorphic
Bh-horizons is mainly from processed DOM instead of in-situ deposited
root material (Bardy et al., 2008; Lopes-Mazzetto et al., 2018a), and with
a more proteinaceous DOM desorbed from B columns (Merdy et al.,
2021). A larger homogeneity of the Stream samples is indicated by the
more compact clustering compared to other DOM types. This is also valid
for the B leachates (in particular Water) compared to leachates from



Fig. 4. Loadings for the PyDim1–PyDim2 projection from PCA applied to the Py-GC/MS data.
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other columns, and may reflect a loss of molecular diversity during degra-
dation of riverine DOM (O’Connor et al., 2012).

The sorption in the different column materials is indicated by arrows
that connect DOM_in with its corresponding leachates (Fig. 5b–d). All
DOM types show a converging trend towards theWater leachates (negative
scores on PyDim1, neutral scores on PyDim2) after passing through the B
columns (Fig. 5d). An explanation is that mainly desorption determined
the composition of B leachates, with aminor role for the initial composition
of DOM. The converging shift towards the Water leachates for all DOM
types also reflects a relative retention of pyrolysis products frommacromo-
lecular structures (lignin, cellulose, black carbon) in the B columns, and is
consistent with the fact that sorption of hydrophobic compounds causes
the displacement of indigenous and hydrophilic substances (Kaiser et al.,
1996).

In E, E-k and E-h columns the direction of the change is similar within
each DOM type, but among the DOM types variation in this direction exists.
For Char the direction of the change on PyDim1 after passing through E and
E-k columns is similar to that of the B columns, indicating preferential re-
tention of condensed aromatic structures. The similarity between column
materials suggests that sorption without Al interaction is the main process
causing retention of Char, and agrees with the lower contribution of reac-
tive functional groups in Char as indicated by FTIR (Section 3.1.3).

For DOM types other than Char, DOM_in showed more negative scores
on PyDim1 than corresponding leachates, except for E leachates from the
Stream (equal scores). This reflects retention of material associated to low
MW products in E and E-k columns. This interpretation is in line with the
increasing length of the arrows in the sequence Stream<Litter<Peat,
which is the same sequence as found for the clusters according to DOM
type from negative to positive scores on PyDim1.

Amore detailed comparison of the treatments shows that E-k/E-h leach-
ates (Fig. 5c) consistently have more positive scores on PyDim1 than corre-
sponding E leachates (Fig. 5b), which suggests that the selectivity of
sorption due to binding with kaolin/ gibbsite is stronger.

For the Char samples the direction from DOM_in to leachates towards
the negative side of PyDim1 suggests selective retention of polyaromatic
macromolecules, such as was found for the B columns. This may indicate
that also in E and E-k columns retention of DOM fromChar occurredmainly
without Al interaction. Sorption of Char thus had an opposed effect com-
pared to sorption due to binding with Al in this experiment, which can be
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explained by the larger molecular size of recently produced charcoal, and
contrarily the decrease in size that generally goes together with more proc-
essed OM. The other DOM types, however, showed an opposing direction
on PyDim1 and diverging trend in E and E-k/E-h columns.

The diverging trend in E/Ek/Eh columns from the upper left corner to-
wards negative scores on PyDim2 and positive scores on PyDim1 thus sug-
gests that, while the preferential sorption in terms of functional groups was
mostly similar for DOM types, the molecules that preferentially bind to Al
differed between DOM types. This is mainly due to a varying contribution
from N-containing compounds, with a low contribution in the Stream (no
change on PyDim1), a more prominent role in the Peat (large shift on
PyDim1) and moderate contribution in Litter. A prominent role for n-
alkanes and n-alkenes was evident for all DOM types, since these com-
pounds had high positive loadings on PyDim2 and negative loadings on
PyDim1 (Fig. 4). A prominent role of N-compounds and aliphatics in soil
OM binding properties is frequently reported for clay minerals (Lichtfouse
et al., 1998; Grasset et al., 2009; Justi et al., 2018; Possinger et al., 2020;
Yang et al., 2020). The opposing direction of the arrows for B columns
and E-k/E-h columns on PyDim1 suggest that desorption and sorption in-
volved the same molecules.

3.3. Selectivity of DOM sorption in the podzolization process

Our experiment indicates that during the percolation of DOM the soil
behaves as a chromatographic column in which selective retention occurs
(Kaiser and Guggenberger, 2000), but that this is not conform to a generic
pattern and dependent on both DOM composition and the Al species in the
soil. Both FTIR and Py-GC/MS indicated that DOM-Al interaction caused se-
lective retention of DOM from biopolymers by a loss of cellulose
(levoglucosan, 1081 cm−1), cutin and suberin (aliphatic compounds,
2870 and 2950 cm−1), lignin products and N-containing compounds in
leachates from E, E-k and E-h columns. Precipitation without Al on the
other hand was mainly associated to DOM from Char, and to a lesser extent
Peat, and caused selective retention of aromatic hydrophobic material. The
fact that precipitation was the dominant process for Char- and Peat-DOM,
and the larger effect of binding with Al for Stream- and Litter-DOM agrees
with the findings of Hagedorn et al. (2015), who found litter as the primary
source of carbon that cheluviates in the soil and gives rise to the Bh-horizon
of podzols. However, Char-DOM is hardly comparable to black carbon



Fig. 5. Scores for the PyDim1–PyDim2 projection from PCA applied to the Py-GC/MS data, for all columns (a) and displayed individually for each column type (b-d). The
arrows connect DOM_in with its corresponding leachates.
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found in soil and streams from the field because it has not had enough time
to form functional groups. Therefore, the importance of pyrogenic DOM in
the formation of podzols (Hockaday et al., 2007; Eckmeier et al., 2010) can-
not be judged. The composition of leachates after percolating through B col-
umns resembled that of B SOM, independently of DOM type. This, together
with the similarities between B Water leachates and the DOM from the
Stream, reflects that desorption dominated in our experimental setting.
These results suggests that in the tropical rainfall season the desorbed Bh
OM would migrate from the soil and reach rivers or the ocean (Fritsch
et al., 2009; Pérez et al., 2011), and demonstrates the importance of desorp-
tion of DOM from the podzol B-horizon in the Tropical Coastal Podzol area.

4. Conclusions

In the column experiment with E- and Bh-horizonmaterial and DOM so-
lutions representative for a Tropical Coastal Podzol environment, the mo-
lecular composition of DOM leachates was determined with FTIR and Py-
GC/MS. The classical theory that DOM with carboxylic and phenolic
10
functional groups preferentially binds to Al was confirmed by FTIR. Both
FTIR and Py-CG/MS results suggested that retention of DOM was selective
for hydrophobic macromolecular material. Independently of DOM compo-
sition, desorption from the B occurred, and this desorbed DOM was rich in
low MW aromatic and N-containing products, rich in phenolic and carbox-
ylic groups whether or not complexed to Al. The results from this column
experiment suggest that DOM sorption with Al is selective but retention
by non-polar forces was predominant. Furthermore, our results indicate
that the amount and composition of SOM in Bh-horizons of this Tropical
Coastal Podzol area are dynamic, and dependent on the input material,
i.e. the composition of DOM. This dynamic character of sorption processes
may have implications for 14-C dating of Bh-horizons, carbon sequestration
in podzols, and the mobility of metals in the environment.
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