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A B S T R A C T   

The majority of organic P (Porg) in soil is considered to be part of soil organic matter (SOM) associations, but its 
chemical nature is largely ‘unresolved’. In this study, we investigated the Porg composition in different SOM 
fractions of a Gleysol soil using the Humeomics sequential chemical fractionation (SCF) procedure combined 
with nuclear magnetic resonance (NMR) spectroscopy. 

In summary, SCF procedure with subsequent NaOH-EDTA extraction of the soil residue extracted a total of 
1769 mg P/kgsoil compared to 1682 mg P/kgsoil of a single-step NaOH-EDTA extraction. Approximately 38 % of 
the extracted Porg was present in the form of the unresolved Porg pool, which was represented by one or two 
underlying broad signals in the phosphomonoester region of solution 31P NMR spectra. The SCF revealed that 
phosphomonoesters were recovered in each fraction: 47 % of the unresolved phosphomonoesters were associated 
with the SOM fraction released by breaking ester bonds (40 %) and ether bonds (7 %), whereas about 30 % of this 
unresolved Porg pool appeared in the SOM fraction closely associated with the soil mineral phase. Furthermore, 
the extractability of inositol phosphates (IP) was increased from 312 mg P/kgsoil to 534 mg P/kgsoil (factor 1.7) 
using the SCF procedure compared to a single-step NaOH-EDTA extraction. Previous studies have reported the 
presence of IP in molecular size fractions greater than 10 kDa. Our findings on the removal of IP with the 
fractionation of the SOM could explain the presence of IP in these large associations. 

We demonstrate that major pools of Porg are closely associated with SOM structures, comprising a diverse 
array of chemical species and bonding types. These results forward our understanding of Porg stabilisation, P 
transformation, and P cycling in terrestrial ecosystems towards an association point of view.   

1. Introduction 

Phosphorus (P) is an essential component of the energy storing 
compounds, genome of living organisms, biological membranes, etc. 
Organic molecules containing P in soil, i.e. soil organic P (Porg), gener-
ally comprise between 20 % and 80 % of the total P in soil (Anderson, 
1980). Soil Porg exists as P covalently bound to an organic moiety R 
(R–PO3, phosphonates), via an ester linkage (R–O–PO3, phosphomo-
noester), or via two ester linkages (R1–O–PO2–O–R2, phosphodiesters) 
(Condron et al., 2005). In addition, soil Porg can include phosphate 
bound to soil organic matter (SOM) compounds through metal-bridges, 

or condensed forms of P (e.g. polyphosphates) present within microor-
ganisms (George et al., 2018; McLaren et al., 2020). 

The chemical nature of the majority of Porg in soil remains unre-
solved (McLaren et al., 2020). This ‘unresolved’ pool of Porg can be 
accounted for as an underlying broad signal in the phosphomonoester 
region of 31P NMR spectra on soil extracts (McLaren et al., 2015; Reusser 
et al., 2020a). The molecules comprising the unresolved phosphomo-
noesters are of apparent large molecular weight, presumably complex in 
structure, and resistant to enzymatic hydrolysis (He et al., 2006; Jarosch 
et al., 2015; McLaren et al., 2020; McLaren et al., 2015). Furthermore, 
there is increasing evidence this pool contains several components of 
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varying molecular weights rather than a single, large and polymeric 
macromolecule (McLaren et al., 2019). 

The occurrence of unresolved phosphomonoesters in large molecular 
weight factions of alkaline (NaOH) soil extracts suggests a close asso-
ciation with apparently large SOM structures, because by definition, 
humic and fulvic acids are extracted with alkali from soil (Stevenson, 
1994). For example, Ogner (1983) extracted humic acids from four 
Norwegian raw humus types using 0.5 M NaOH. The subsequent solu-
tion 31P NMR spectroscopic analyses revealed a great diversity and 
abundance of phosphomonoesters in large molecular weight material of 
these humic acids. The close association of the unresolved phospho-
monoesters with large structures of the organic matter was also 
hypothesised by Dougherty et al. (2007) and McLaren et al. (2015). 
Dougherty et al. (2007) reported that an underlying broad signal in the 
phosphomonoester region of 31P NMR spectra on soil extracts partially 
resisted an HF treatment whereas phytate was completely removed. 
McLaren et al. (2015) attributed the presence of an underlying broad 
signal in the phosphomonoester region of 31P NMR soil spectra in large 
molecular size material > 10 kDa to the unresolved Porg pool associated 
with large SOM structures. However, knowledge on the associations and 
bonding types of the unresolved phosphomonoesters with the SOM 
structures and mineral phase is very limited. 

Inositol phosphates (IP) are another major pool of Porg in soils. They 
are the predominant pool of P in seeds, and can accumulate in soil due to 
their high sorption affinity to soil constituents (Celi and Barberis, 2007). 
Concentrations of IP vary widely in soil ranging from less than 1 % up to 
more than 80 % of the total pool of Porg in soil (Cosgrove and Irving, 
1980; Harrison, 1987; McDowell and Stewart, 2006; Smernik and 
Dougherty, 2007). The most abundant IP form in soil is myo-IP6, 
commonly known as phytate, followed by the scyllo isomer of IP6 
(Cosgrove and Irving, 1980; Turner et al., 2002). The other two isomers 
of IP (neo- and chiro) are less abundant in soil. Recently, Reusser et al. 
(2020b) reported that the diversity of IPs in soils is much higher than 
previously thought, based on solution 31P NMR spectra of hypobromite 
oxidised soil extracts. Furthermore, the authors provided direct spec-
troscopic evidence for the existence of several lower-order IP species in 
soil extracts. 

Pools of IP are largely considered to be associated with the mineral 
phase of soils, e.g. amorphous aluminium (Al) and iron (Fe) minerals, 
clay minerals, or calcite (Celi and Barberis, 2007; Celi et al., 1999; 
Turner et al., 2002). However, there is supporting evidence that IP can 
be associated with the organic phase of soils (Borie et al., 1989; Hong 
and Yamane, 1980; Moyer and Thomas, 1970). Furthermore, Jørgensen 
et al. (2015) indicated that the association of IP6 with other SOM 
compounds can be important even in soils with high concentrations of 
amorphous Al and Fe minerals. The authors reported that more than half 
of IP6 was associated with other SOM structures in strongly weathered 
Oxisols and one fourth in SOM rich grassland soils. Indeed, despite the 
apparent high abundance of these IP-SOM associations and the possible 
role of IP in the stabilisation of SOM due to its high sorption affinity to 
soil components (Celi and Barberis, 2007; Tipping et al., 2016), the types 
of these associations and the formation mechanisms are largely 
unknown. 

Piccolo (2001) described SOM as an association of small molecules 
forming suprastructures of apparent large molecular size. These small 
molecules (not more than 400–1000 Da) are stabilised within the SOM 
suprastructure by various bonding types, including van der Waals and 
hydrogen bonds (Piccolo, 2001; Piccolo et al., 2019). Nebbioso and 
Piccolo (2011) developed the ‘Humeomics’ sequential chemical frac-
tionation (SCF) procedure to fractionate the SOM using different 
extractants. These extractants are of increasing cleaving strength 
(decreasing base resp. acid dissociation constants), hence progressively 
breaking inter- and intramolecular bonds (e.g. C–O bonds) without 
breaking any C–C bonds (Nebbioso and Piccolo, 2011). In the 
Humeomics SCF procedure, extraction with a dichloromethane/meth-
anol (DCM/MeOH) solution yields the ‘unbound’ SOM fraction, 

extraction with a 12 % (1.9 M) BF3 in MeOH solution the ‘weakly ester- 
bound’, extraction with a 0.5 M KOH in MeOH solution the ‘strongly 
ester-bound’, and extraction with 47 % (11 M) HI the ‘ether-bound’ 
fraction according to the cleaving strength of the applied extractants 
(Nebbioso and Piccolo, 2011). The residual fraction is assumed to be 
closely associated with the mineral phase. In summary, the unbound 
fraction consists of free molecules and molecules liberated from asso-
ciations held together by weak dispersive forces (Piccolo et al., 2019). 
Subsequently, readily accessible ester linkages are transesterified, giving 
rise to the operationally defined ‘weakly’ ester-bound fraction. In a next 
step, ester linkages are cleaved which were not physically accessible 
during the first transesterification process, resulting in the ‘strongly’ 
ester-bound fraction. In the last step, ether linkages are cleaved, 
resulting in the ether-bound and residual fractions. Drosos et al. (2017) 
applied the SCF procedure to an agricultural sandy loam soil and re-
ported the extraction of 235 % more soil organic C compared to a single- 
step alkaline (0.5 M NaOH + 0.1 M Na4P2O7) extraction. The authors 
found that most C was extracted from the SOM suprastructure by 
breaking the weak (32 %) and strong (16 %) ester linkages. The ether- 
bound fraction was minor, comprising 5 % of total C. The residue 
after the Humeomics SCF contained 39 % of total C. This final residue is 
assumed to consist mostly of SOM bound to the soil mineral matrix via 
two processes (Drosos et al., 2017): 1) adsorption of hydrophobic 
components on aluminosilicate surfaces and 2) complex formation be-
tween iron and oxygen containing hydrophilic groups. 

In this study, we combine the SOM sequential fractionation method 
of Humeomics (Nebbioso and Piccolo, 2011) with solution 31P NMR 
spectroscopy for Porg speciation (Cade-Menun, 2005; McLaren et al., 
2020), in order to provide new insight on the chemical nature and as-
sociations of soil Porg with other SOM structures. The aim of this study 
was to fractionate the SOM suprastructures into smaller components 
with subsequent speciation of Porg compounds within the different 
fractions and the residues. 

We hypothesise that: 1) the Humeomics SCF procedure will extract 
more soil P compared to a single-step NaOH-EDTA extraction due to 
enhanced accessibility of the compounds by the extractants caused by 
stepwise ‘decoating’ of the SOM structures; 2) subsequent fractionation 
of the SOM suprastructure causes a decrease in the pool of unresolved 
phosphomonoesters; and 3) the predominant bonding type for unre-
solved pools of Porg associated with large structures (suprastructures) of 
SOM is via ester linkages. 

2. Materials and methods 

2.1. Soil collection and preparation 

A sample from a Gleysol (WRB, 2014) under pasture was collected in 
2017 from the 0–10 cm layer in Switzerland. Detailed information on 
the location and soil properties can be found in Reusser et al. (2020a). 
The soil sample was sieved (<5 mm), dried for 5 days at 60 ◦C, and then 
ground to powder using a mortar and pestle to pass through a 0.5 mm 
sieve. 

2.2. Humeomics sequential chemical fractionation 

The Humeomics SCF procedure was carried out on three replicates of 
the Gleysol at the Institute of Agricultural Chemistry, University of 
Naples Federico II in Naples. One horizon of one soil (with three repli-
cates) was chosen due to the time-consuming and expensive nature of 
the Humeomics SCF and NMR analyses. The SCF procedure is based on a 
slightly modified version of the method of Nebbioso and Piccolo (2011), 
which is summarised in Fig. 1. If not otherwise stated, extraction of soils 
occurred at room temperature (21 ◦C), centrifugation of extracts was 
carried out at 7500 rpm (8678 g) at 10 ◦C and the supernatant passed 
through a Whatman® no. 41 filter paper. 
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Fig. 1. A summary of the Humeomics sequential chemical fractionation procedure, as modified from Nebbioso and Piccolo (2011), and the different measurements taken on all samples. The term ‘RES’ refers to the dried 
soil residue after the respective extraction step, ‘AQU’ to the aqueous phase, ‘ORG’ to the organic solvent phase, ‘MeOH’ to the methanol phase and ‘PREC’ to the precipitate after centrifugation of the respective extract. 
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2.2.1. Extraction with 0.1 M HCl in H2O 
Carbonates were removed by extracting 300 g of soil with 900 mL of 

a 0.1 M HCl solution for 3 h at 130 rpm. The soil extract was then 
centrifuged for 30 min and the supernatant filtered. A 20 mL aliquot of 
the filtrate was collected and freeze-dried for further analyses (AQU0). 
The soil residue was suspended in 600 mL of H2O, shaken manually, and 
the supernatant discarded following centrifugation for 15 min. The soil 
residue (RES0) was then dried at 40 ◦C for 48 h and freeze-dried. For the 
subsequent Humeomics SCF, three replicates were taken from the 
freeze-dried soil residue (RES0). 

2.2.2. Extraction with DCM/MeOH 
The ORG1 fraction was obtained by extracting 40 g of RES0 with 120 

mL of a DCM 2:1 MeOH (DCM/MeOH) solution (v/v) for 12 h at 130 
rpm. The extracts were then centrifuged for 20 min and the supernatant 
filtered into a round-bottom flask. The extraction procedure was 
repeated but with 60 mL of solution for 1 h. The volume of the combined 
extracts was reduced to about 10 mL by rotary evaporation, and sub-
sequently centrifuged at 12000 rpm (13870 g) for 20 min in order to 
separate the clay minerals (PREC1). The remaining supernatant (ORG1) 
was further rotary evaporated and dried under a N2 gas flow. The soil 
residue (RES1) was then dried at 40 ◦C for 72 h. 

2.2.3. Extraction with 12 % BF3 in MeOH 
In the next step, transesterification was carried out using a 12 % (1.9 

M) BF3 in MeOH solution. In this transesterification reaction, BF3 serves 
as a Lewis acid catalyst. It catalyses the exchange of an organic group of 
an ester with the organic group of an alcohol, i.e. MeOH (McCarthy 
et al., 2020). The transesterification reaction mechanism on the example 
of triglyceride is illustrated in Fig. SI-1 in the supporting information. 

30 g of RES1 was suspended in 40 mL solution of 12 % BF3 in MeOH 
using Teflon tubes, and a constant temperature of 77 ◦C for 16 h using an 
oven. The extraction procedure was repeated twice but with 90 mL and 
40 mL of solution for 12 h and 7 h, respectively. The combined extracts 
were then centrifuged for 20 min and the supernatant filtered into a 
round-bottom flask. The soil residue was suspended sequentially-five 
times in 30 mL of MeOH and shaken manually. Each extract was 
centrifuged for 20 min and the supernatant filtered into the round- 
bottom flask containing the BF3 extract. Furthermore, the soil residue 
was resuspended again twice but in 20 mL of H2O and shaken manually. 
Each extract was centrifuged for 20 min and the supernatant filtered into 
the round-bottom flask containing the BF3 extract. This extract was then 
rotary-evaporated and transferred to a separation funnel, in order to 
obtain an organic phase (ORG2), a MeOH phase (MeOH2) and an 
aqueous phase (AQU2). This procedure involved adding a total of 110 
mL of H2O and 250 mL of chloroform to the separation funnel. The 
ORG2 fraction was dried with anhydrous sodium sulphate, filtered, ro-
tary evaporated, and then dried under a N2 gas flow. Similarly, the 
MeOH2 fraction was dried with anhydrous sodium sulfate following 
centrifugation for 20 min, filtered, rotary evaporated, and then dried 
under a N2 gas flow. The precipitate after centrifugation was combined 
with the soil residue. The AQU2 fraction was filtered and then rotary 
evaporated. Replicates 1 and 2 of AQU2 were dialysed prior to freeze- 
drying by ultrafiltration with a 500 Da cut-off membrane against H2O 
in order to remove ions, which could otherwise interfere with the 
analysis of C using GC–MS (not part of this paper). The water was 
changed twice a day until the electrical conductivity was below 1 µS/ 
cm. Replicate 3 of AQU2 was directly freeze-dried for subsequent 
analysis of total P (Ptot). The soil residue (RES2) was then dried at 40 ◦C 
for 144 h. 

The phosphate ester linkage of IP is considered to be quite stable with 

slow chemical hydrolysis in acidic media (Turner et al., 2002). There-
fore, we assume that the transesterification process with BF3 breaks 
mainly weak ester bonds between the SOM and organic molecules 
associated with the phosphate groups of IP, and not the ester bond be-
tween the phosphate groups and the inositol ring itself. 

2.2.4. Extraction with 0.5 M KOH in MeOH 
The soil residue RES2 was further fractionated by extracting 20 g 

with 30 mL of 0.5 M KOH in MeOH, which was stirred under a N2 at-
mosphere and reflux at a constant temperature of 80 ◦C for 2 h. The soil 
residue was suspended sequentially-three times in acidified MeOH (pH 
= 2, using HCl) and shaken manually. Each extract was centrifuged for 
20 min and the supernatant filtered and added to the KOH extract. 
Furthermore, the soil residue was washed again but with a non-acidified 
MeOH solution, and processed as previously described. The combined 
extracts were then centrifuged, filtered, rotary evaporated, and trans-
ferred to a separation funnel, in order to obtain an organic phase 
(ORG3), a MeOH phase (MeOH3) and an aqueous phase (AQU3). This 
involved adding a total of 250 mL of DCM, 20 mL of MeOH, and 80 mL of 
H2O to the separation funnel. The ORG3, MeOH3, and AQU3 fractions 
were processed the same as that previously described. The soil residue 
(RES3) was then dried at 40 ◦C for 48 h. 

2.2.5. Extraction with 47 % HI in H2O 
The last Humeomics SCF fraction was obtained by suspending 15 g of 

RES3 in a 20 mL solution of 47 % (11 M) HI in H2O using Teflon tubes, 
and a constant temperature of 77 ◦C for 48 h using an oven. After 
cooling, the extract was centrifuged for 20 min and filtered into a plastic 
beaker. The soil residue was washed sequentially eleven times with 20 
mL of H2O for 30 min at 130 rpm. Each extract was centrifuged for 20 
min and the supernatant filtered and added to the HI extract. However, 
approximately 200 mg of sodium carbonate was added to the eleventh 
H2O extraction in order to increase the pH of the soil to above 5. Sodium 
carbonate was added stepwise under stirring to the soil extract in the 
plastic beaker until a pH of 7 was reached. The I2 was neutralised with a 
stepwise addition of sodium thiosulfate-pentahydrate) until a colour 
change from reddish brown to grey-brown was observed. Replicates 1 
and 2 of AQU4 were dialysed prior to freeze-drying as previously 
described. Replicate 3 of AQU4 was directly freeze-dried for subsequent 
analysis of Ptot. The soil residue (RES4) was then dried at 40 ◦C for at 
least 72 h. 

2.3. Concentrations of total phosphorus in the untreated soil, in the SCF 
fractions and in the solid residues 

Concentrations of Ptot in soil residues following each extraction step 
(UN, RES0, RES1, RES2, RES3, and RES4) were determined using mi-
crowave acid digestion. Briefly, 200 mg of ground soil was digested in 3 
mL of a 65 % (14.4 M) NO3 solution and 1 mL of a 37 % (12 M) HCl using 
a turboWAVE® MRT microwave digestion system (MILESTONE Srl, 
Sorisole, Italy) at 250 ◦C for 35 min (Fioroto et al., 2017). The digest was 
then made up to volume with H2O and subsequently analysed for P using 
the malachite green method of Ohno and Zibilske (1991). 

Concentrations of Ptot in the rotary evaporated fractions of the SCF 
were measured using the aforementioned microwave acid digestion 
method, except about 100 mg of dried material was digested in 2 mL of a 
65 % NO3 solution. 

The proportion of Ptot extracted by the Humeomics SCF procedure 
(Ptot,H) in mg P/kgsoil to Ptot in the untreated soil (Ptot,UT) in mg P/kgsoil 
was calculated using equation Eq. (1):  

Ptot,H : Ptot,UT (%) =
PORG1 + PORG2 + PORG3 + PAQU0 + PAQU2 + PAQU3 + PAQU4 + PPREC1 + PMeOH2 + PMeOH3

Ptot, UT
*100 (1)   
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where PORG1 to PMeOH3 are the P concentrations (mg P/kgsoil) in the 
respective dried SCF extracts. The concentrations were determined 
using microwave acid digestion with subsequent malachite green mea-
surements of the diluted digests. 

2.4. NaOH-EDTA extractable phosphorus in the untreated soil and in the 
solid residues 

Concentrations of NaOH-EDTA extractable P in the untreated soil 
(UT) and soil residues following each extraction step (RES0, RES1, RES2, 
RES3, and RES4) were measured using the method of Cade-Menun et al. 
(2002). The soil was extracted with 0.25 M NaOH + 0.05 M EDTA at a 
1:10 soil-to-solution ratio for 16 h at 150 rpm. Soil extracts were 
centrifuged for 15 min and filtered prior to analysis of Ptot by ICP-OES, 
and molybdate reactive P (MRP) by the malachite green method of Ohno 
and Zibilske (1991). The difference between Ptot and MRP is MUP, and 
considered to be largely that of organic P. An aliquot of all NaOH-EDTA 
filtrate for Replicate 3 was frozen at − 80 ◦C and then freeze-dried for 
NMR analysis. 

The proportion of Ptot,H to Ptot measured in the NaOH-EDTA extract 
of the untreated soil (Ptot,UT,NE) in mg P/kgsoil was calculated based on 
equation Eq.1, but by replacing Ptot,UT with Ptot,UT,NE. 

2.5. Sample preparation for solution 31P NMR spectroscopy 

Sample preparation of freeze-dried material for solution 31P NMR 
spectroscopy was similar to that reported in Reusser et al. (2020a). 
Briefly, 40 mg (UT, RES1, and RES2) or 80 mg (RES0, RES3, and RES4) 
of freeze-dried material was dissolved in 600 µL of NaOH-EDTA solu-
tion. The solution was then shaken and allowed to rest for at least 2 h, 
and then centrifuged at 10,000 rpm (10621 g) for 15 min. A 500 µL 
aliquot of the supernatant was transferred to a 1.5 mL microcentrifuge 
tube, which was then spiked with a 25 µL aliquot of 0.03 M methyle-
nediphosphonic acid (MDP) standard in D2O, and a 25 µL aliquot of 
sodium deuteroxide (NaOD) at 40 % (w/w) in D2O. The solution was 
then transferred to a 5 mm NMR tube for analysis. 

Sample preparation of the AQU0, AQU2, AQU3, and AQU4 freeze- 
dried materials was similar to that described above, except at a 
different material to solution ratio. The freeze-dried material of AQU0 
was dissolved in 2 mL of NaOH-EDTA, and after centrifugation at 
10,000 rpm (10621 g) for 15 min, a 600 µL aliquot of the supernatant 
was transferred to a 1.5 mL microcentrifuge tube and spiked with 25 µL 
of MDP in D2O and 30 µL of NaOD. The freeze-dried material of AQU2 
still contained moisture due to its high ion content. Briefly, a subsample 
of 40 mL was freeze-dried and dissolved in NaOH-EDTA to make a final 
volume of 12 mL. Several different dilution factors and additions of 
NaOD were tested but resulted in low-quality NMR spectra. Conse-
quently, the concentrated ion solution was removed using ultrafiltration 
with a 1 kDa cut-off at 5000 rpm for 20 min. This resulted in an aliquot 
of 200 µL for the 1 kDa retentate, which was subsequently diluted with 
550 µL of NaOD and centrifuged. A 500 µL aliquot was transferred to a 
1.5 mL microcentrifuge tube and spiked with 25 µL of MDP, which then 
produced a high-quality NMR spectrum. The freeze-dried material of 
AQU3 (80 mg) and AQU4 (120 mg) was dissolved in 600 µL of NaOH- 
EDTA, and after centrifugation, a 500 µL aliquot of the supernatant 
was transferred to a 1.5 mL microcentrifuge tube and spiked with 25 µL 
of MDP and 30 µL of NaOD. All solutions were then transferred to a 5 
mm NMR tube for analysis. 

Sample preparation of the ORG1, ORG2, and ORG3 freeze-dried 
materials was similar to that described above, except 750 µL of 
deuterated chloroform (CDCl3) was used as the dissolving agent. After 
centrifugation, a 500 µL aliquot was transferred to a 1.5 mL micro-
centrifuge tube and spiked with 25 µL of a 0.03 M triphenylphosphate 
(TPP) in CDCl3. All solutions were then transferred to a 5 mm NMR tube 
for analysis. 

2.6. Solution 31P NMR spectroscopy and processing of spectra 

Solution 31P NMR analyses were carried in order to determine the P 
composition of the extracts and soil residues after each fractionation 
step. The 31P NMR analyses were conducted at the NMR facility of the 
Laboratory of Inorganic Chemistry (Hönggerberg, ETH Zürich). All 
samples were analysed using a Bruker Avance III HD 500 MHz NMR 
spectrometer equipped with a 5 mm liquid-state Prodigy™ CryoProbe 
(Bruker Corporation; Billerica, MA). The 31P frequency was set to 202.5 
MHz with inverse gated broadband proton decoupling and 90◦ pulses 
(duration of 12 µs). The longitudinal relaxation time (T1) of each sample 
was assessed in advance by an inversion recovery experiment. Detailed 
description of this experiment can be found in Reusser et al. (2020a). 
Recycle delays were then calculated by multiplying the longest T1 value 
of the inversion recovery experiment times by 5 in order to achieve a full 
recovery (99.33 %) of point magnetisation (Claridge, 2016). This 
resulted in recycle delays ranging from 5 to 35 s for the NaOH-EDTA 
extracts and 5 to 14 s for the CDCl3 extracts. An average of 4096 scans 
for each NMR spectrum was acquired for the NaOH-EDTA and CDCl3 
extracts. 

Solution 31P NMR spectra were Fourier transformed, phase cor-
rected, and baseline adjusted using the TopSpin® software of Bruker 
(Version 4.1.0, Bruker Corporation; Billerica, MA). Line broadening was 
set to 0.6 Hz for all spectra. Quantification of NMR signal involved 
comparing the integral region of the added P standard (MDP or TPP) of 
known P concentration, with all other NMR signals which are directly 
relative to each other. Integral regions included: 1) phosphonates (δ 19.9 
to 13.3 ppm), 2) the combined orthophosphate and phosphomonoester 
region (δ 6.2 to 2.9 ppm), 3) phosphodiesters (δ 2.8 to − 2.0 ppm), 4) 
pyrophosphate (δ − 4.8 to − 5.5 ppm) and 4) polyphosphates (δ − 17.1 to 
− 20.6 ppm). Spectral deconvolution fitting was applied to the ortho-
phosphate and phosphomonoester region due to overlapping NMR sig-
nals in this region, as described in Reusser et al. (2020a). Peak 
assignments were based on spiking the extracts with standard solutions 
of the respective Porg compound and comparing the chemical shift with 
reported values of known compounds (Cade-Menun, 2015; Doolette 
et al., 2009; Reusser et al., 2020b). 

The proportion of a specific P compound removed by the Humeomics 
SCF from the soil residue (Premoved) was assessed using equation Eq. (2): 

Premoved (%) =
P conc. RESx − P conc. RESx+1

P conc. RESx
*100 (2)  

where ‘P conc. RESx’ is the concentration of the respective P compound 
(mg P/kgsoil) determined by NMR in the NaOH-EDTA extract of the soil 
residue before the Humeomics SCF extraction step (RESx), and ‘P conc. 
RESx+1’ is the concentration of the respective P compound (mg P/kgsoil) 
in the soil residue after the Humeomics SCF extraction step (RESx+1). 

2.7. Concentrations of total carbon and total nitrogen in the untreated soil 
and in the solid residues 

Concentrations of total C and total N in the soil residues following 
each extraction step (RES0, RES1, RES2, RES3, and RES4) were deter-
mined using dry combustion (vario PYRO cube®, Elementar Analy-
sesysteme GmbH). About 5 mg of soil was weighed into tin foil capsules, 
which were then placed into the C and N analyser and subsequently 
combusted at 950 ◦C. 

2.8. Solid-state CPMAS 13C NMR spectroscopy 

All solid-state cross polarisation magic angle spinning (CPMAS) 13C 
NMR analyses were carried out at the Interdepartmental Research 
Centre on NMR for the Environment, Agro-food and New Materials 
(CERMANU) of the University of Naples Federico II in Portici, Italy. All 
samples were analysed using a Bruker Avance 300 MHz wide-bore NMR 
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spectrometer equipped with a CPMAS probe. Soil was packed into a 4 
mm Zirconia rotor fitted with Kel-F end-caps, which was spun at 13000 
Hz. The 13C frequency was set to 75.47 MHz and spectra were obtained 
using a ramped-amplitude CP pulse sequence, in which the 1H spin lock 
power was varied linearly during the contact time (Mazzei and Piccolo, 
2015). Each NMR spectrum was acquired using a 1 ms contact time, a 
recycle delay of 2 s, and an average of 32,000 scans. 

Solid-state 13C NMR spectra were Fourier transformed, phase cor-
rected, and baseline adjusted using the TopSpin® software of Bruker 
(Version 4.1.0, Bruker Corporation; Billerica, MA). Line broadening was 
set to 200 Hz for all spectra. Integral regions were measured and peak 
assignments were carried out according to Stevenson (1994) and Spac-
cini et al. (2006). This included: 1) 0–50 ppm, alkyl-C (e.g. alkanes and 
fatty acids); 2) 50–85 ppm, C–O and C–N in ethers, esters, carbohy-
drates and amines (e.g. amino acid-peptide- and protein-C); 3) 85–105 
ppm, aliphatic C–O (carbohydrates); 4) 105–160 ppm, aromatic C with 
phenolic C between 150–160 ppm, and; 5) 160–200 ppm carbonyl-C. 
Integral regions 1) and 4) are considered to represent mostly hydro-
phobic compounds, whereas those of 2), 3), and 5) are considered 
mostly to comprise of hydrophilic compounds (Spaccini et al., 2006). 
Furthermore, the alkyl-C region of 1) can also be referred to the aliphatic 
region, whereas regions 2) and 3) are also known as the O-alkyl region 
(Simpson and Simpson, 2017). 

2.9. Statistical analyses and graphics 

After the HCl extraction, the soil sample was divided into three 
replicates. The further SCF extraction steps were carried out on each 
replicate independently. The UT soil and RES0 were divided into three 
analytical replicates for the analyses. For the other soil residues RES1- 
RES4, the calculations of the averages and standard deviations are 
based on the ‘true’ replicates of the SCF. Solid-state CPMAS 13C NMR, 
solution 31P NMR spectroscopy and Ptot measurements of the dried SCF 
extracts were only carried out on one SCF replicate (replicate 3). 

Calculations of replicate averages, standard deviations and correla-
tion coefficients were carried out using Microsoft® Excel 2016. One-way 
ANOVA with subsequent multi-comparison of mean values were pro-
cessed in MATLAB R2017a (©The MathWorks, Inc.). The multi- 
comparison of means calculation was based on the Tukey’s honestly 
significant difference procedure using the Studentised range distribution 
(Hochberg and Tamhane, 1987; Milliken and Johnson, 2009). All 
graphics of solution 31P NMR spectra were created in MATLAB R2017a. 
All solution 31P NMR spectra were normalised to the peak maximum of 
the MDP peak. All other graphics, including solid-state 13C NMR spectra, 
were created in Microsoft® Excel 2016. 

3. Results 

3.1. Carbon 

3.1.1. Concentrations of total carbon in Humeomics residues 
The removal of carbonates with 0.1 M HCl caused a significant 

decrease in total soil C (Ctot) of 24 g C/kgsoil (15 % of 159 g C/kgsoil in 
the UT soil) (Table 1, Fig. SI-2). Following this, the Humeomics SCF 
procedure extracted on average 64 g C/kgsoil, corresponding to 40 % of 
Ctot in the UT soil. The majority of Ctot (58 g C/kgsoil) was removed by 
the BF3 in MeOH extraction. No significant differences in Ctot were found 
between RES0 and RES1 (DCM/MeOH extraction) and between RES2 
and RES3 (0.5 M KOH in MeOH extraction). There was a significant 
increase in Ctot of 10 g C/kgsoil from RES3 to RES4, following the 47 % HI 
in H2O extraction step and subsequent neutralisation of soil acidity using 
sodium carbonate. Approximately 200 mg sodium carbonate were 
added to 20 g of soil in this neutralisation step, which calculates to an 
input of 1.2 g C/kgsoil to RES 4. 

3.1.2. Chemical nature of carbon in soil Humeomics residues 
The chemical nature of C in the UT soil and soil residues following 

each step of the SCF procedure was assessed by solid-state CPMAS 13C 
NMR spectroscopy (Fig. 2). There was no difference in the chemical 
nature of C in the UT soil and the soil residue following 0.1 M HCl 
treatment (RES0). However, NMR signals in the alkyl-C region slightly 
decreased following the DCM/MeOH treatment (RES1) compared to 
RES0. Most notably, there was a large decrease of NMR signals in the 
alkyl-C region and the region representing C–O and C–N bonds in 
ethers, esters, carbohydrates and amines following the 12 % BF3 in 
MeOH treatment (RES2) compared to RES1. The 12 % BF3 in MeOH 
treatment also revealed the presence of a peak (δ 50–60 ppm), which 
was assigned to N-alkyl and methoxyl-C (Stevenson, 1994). Further-
more, the 12 % BF3 in MeOH treatment also removed some carbonyl-C 
(region 5) and aliphatic C–O (region 3), and N-alkyl, methoxyl-C and 
aliphatic C–O (region 2). The 0.5 M KOH in MeOH treatment resulted in 
a large decrease of NMR signals in the aliphatic C–O and N-alkyl, 
methoxyl C and aliphatic C–O regions of RES3 compared to RES2. The 
chemical nature of C in RES4 was largely hydrophobic alkyl-C (region 1) 
and aromatic C (region 4) following 47 % HI in H2O. 

[Suggested location Fig. 2]. 

3.2. Phosphorus 

3.2.1. Concentrations of total phosphorus in Humeomics extracts 
The Humeomics SCF procedure extracted a total of 1158 mg P/kgsoil 

Table 1 
Concentrations of total P (Ptot) as measured by HNO3-HCl microwave digestion; Ptot, organic P (Porg) and inorganic P (Pinorg) in 0.25 M NaOH + 0.05 M EDTA extracts; 
total C (Ctot) and total N (Ntot) as measured by combustion. Standard deviations of n = 3 replicates are shown in brackets, with the solely analytical replicates marked 
with an asterisk.  

Measure UT RES0 RES1 RES2 RES3 RES4 

Ptot digestion 
(mg P/kgsoil) 

1796(43) 
* 

1579(28) 
* 

1561 
(33) 

995 
(105) 

934 
(40) 

437 
(60) 

Ptot NaOH-EDTA extract (mg P/kgsoil) 1682 
- 

1518 
- 

1555 
(44) 

648 
(35) 

661 
(80) 

621 
(14) 

Porg NaOH-EDTA extract (mg P/kgsoil) 972 
- 

829 
- 

865 
(50) 

450 
(24) 

450 
(53) 

462 
(5) 

Pinorg NaOH-EDTA extract (mg P/kgsoil) 709 
- 

689 
- 

690 
(10) 

199 
(19) 

211 
(28) 

160 
(9) 

Ctot (g C/kgsoil) 159(0.4) 
* 

134(0.9) 
* 

131 
(0.6) 

73 
(3.9) 

70 
(1.6) 

80 
(0.9) 

Ntot (g N/kgsoil) 11(0.1) 
* 

9(0.1) 
* 

10 
(0.1) 

5 
(0.4) 

5 
(0.1) 

3 
(0.2) 

Ctot: Ntot 14 15 13 15 14 27 
Ctot: Porg 163 162 149 172 151 175  
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(Table SI-1 in the supporting information, sum of Ptot measured in the 
digests of the dried extracts), which accounted for 64 % of Ptot in the 
Gleysol, as determined by microwave acid digestion (Table 1). Con-
centrations of Ptot in each of the Humeomics extracts were low, except 
for the 47 % HI in H2O extract (AQU4), which was 1040 mg P/kgsoil and 
comprised 90 % of extractable P by Humeomics (Table SI-1 in the sup-
porting information). Negligible concentrations of P were present in the 
organic phases of Humeomics extracts. 

3.2.2. Chemical nature of phosphorus in Humeomics extracts 
Solution 31P NMR spectroscopy revealed that the majority of P in 

Humeomics extracts occurred as orthophosphate in the aqueous phases 
of the 12 % BF3 in MeOH (AQU2) and 47 % HI in H2O (AQU4) extracts 

(Table SI-1 and Fig. SI-3), which comprised more than 90 % of 
extractable P by Humeomics. In general, phosphomonoesters were the 
dominant pool of organic P in Humeomics extracts, particularly in the 
aqueous phases of 0.5 M HCl (AQU0) and 47 % HI in H2O (AQU4) ex-
tracts, albeit at low concentrations (<5 mg P/kgsoil). Several sharp (and 
broad) unidentified signals were present in the phosphomonoester re-
gion across all aqueous phases. 

3.2.3. Concentrations of phosphorus pools in Humeomics residues 
In total, 1359 mg P/kgsoil of Ptot in soil was removed by the SCF 

procedure, resulting in 76 % of Ptot in UT (1796 mg P/kgsoil, Table 1). 
Most P was extracted by the 12 % BF3 solution, leading to a decrease of 
the Ptot concentrations in the soil residues of 566 mg P/kgsoil (36 % of 

Fig. 2. Solid-state 13C cross polarisation magic angle spinning (CPMAS) NMR spectra on the untreated soil (UT) and the soil residues (RES0, RES1, RES2, RES3, and 
RES4) after each step of the Humeomics sequential chemical fractionation procedure. Chemical shift ranges of different C species are separated by dotted lines and 
labelled with numbers: alkyl-C (1), C–O and C–N in ethers, esters, carbohydrates and amines (2), aliphatic C–O as in carbohydrates (3), aromatic C (4) and carbonyl 
C (5). 
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Ptot in RES1). Another significant pool of P (on average 497 mg P/kgsoil) 
was removed by the 47 % HI extraction. In contrast, the other Humeo-
mics extraction steps did not decrease the Ptot contents in the soil resi-
dues in a significant amount except for the HCl extractable P (Fig. SI-5). 
The remaining soil residue RES4 contained 437 mg P/kgsoil (Table 1), 
corresponding to 24 % of Ptot in UT. 

Similar to the Ptot results, the 12 % BF3 extraction led to a significant 
decrease of the NaOH-EDTA extractable P pool of 907 mg P/kgsoil (58 % 
of Ptot NaOH-EDTA in RES1, Table 1, Fig. SI-6). This decrease was more 
pronounced for Pinorg, with a reduction of 71 % (on average 491 mg P/ 
kgsoil), compared to Porg, with a reduction of 48 % (on average 415 
mg P/kgsoil). Consequently, the proportion of Porg to total NaOH-EDTA 
extractable P increased from 58 % in UT to 74 % in RES4 after the 
Humeomics sequential extraction method. In addition, slightly more 
Porg was extracted in RES4 compared to RES3. The final soil residue 
RES4 contained on average 621 mg P/kgsoil NaOH-EDTA extractable Ptot 

(Table 1, replicate 3: 611 mg P/kgsoil NaOH-EDTA extractable Ptot). 
Not all of Ptot removed in the Humeomics residues was recovered in 

the extracts. This was mostly the case for the 12 % BF3 extraction, where 
the NaOH-EDTA extractable Ptot in the soil residues decreased by 907 
mg P/kgsoil, but only 99 mg P/kgsoil were measured by microwave 
digestion in the respective dried extracts combined. 

3.2.4. Chemical nature of phosphorus in soil Humeomics residues 
The chemical nature of P in the UT soil and soil residues following 

each step of the Humeomics SCF procedure was assessed by solution 31P 
NMR spectroscopy on NaOH-EDTA extracts (Fig. 3). The whole spectra 
of UT and RES4 as well as a detailed peak assignment in the combined 
phosphomonoester and orthophosphate region can be found in Figs. SI- 
7. SI-8 and SI-9 in the supporting information. 

In general, most P was detected in the combined ortho-P + phos-
phomonoester region, followed by phosphodiesters and pyrophosphates 

Fig. 3. Solution 31P NMR spectra (500 MHz) of the orthophosphate and phosphomonoester region on 0.25 M NaOH + 0.05 M EDTA Humeomics soil residues 
extracts. Signal intensities were normalised to the MDP peak intensity. The vertical axes were increased for improved visibility of spectral features, as indicated by a 
factor. The asterisk marks the four individual peaks of myo-IP6, the ‘+’ the peak of scyllo-IP6, the ‘●’ the orthophosphate peak and the symbol ‘◊’ the two peaks of α- 
and β-glycerophosphate. 
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(Table 2). Phosphonates and polyphosphates were only measured in 
trace amounts. The phosphomonoester region comprised of three main 
spectral features, including a dominant ortho-P peak, two to three un-
derlying broad signals, and on average 31 sharp peaks. The 0.5 M KOH 
in MeOH extraction resulted in an increase of detectable sharp peaks in 
the phosphomonoester region of the soil residues, i.e. from 24 sharp 
peaks in RES2 to 39 resp. 40 in RES3 resp. RES4. The distribution of 
specific P compounds along the Humeomics fractions are presented in 
the following sections in more detail. 

Untreated soil 
The majority of P in UT was present in the form of orthophosphate 

(642 mg P/kgsoil, 46 % of Ptot NMR), inositol phosphates (312 mg P/ 
kgsoil, 22 % of Ptot NMR) and one underlying broad signal in the phos-
phomonoester region representing the unresolved Porg pool (272 mg P/ 
kgsoil, 19 % of Ptot NMR). The remaining 13 % of Ptot as measured by 
NMR included forms of phosphodiesters, other phosphomonoesters, 
pyrophosphates, polyphosphates and phosphonates. 

The most abundant form of IP was the myo-isomer of IP6 (51 % of 
total IP). Two inositol pentakisphosphates myo-(1,2,4,5,6)-IP5 and 
scyllo-IP5 were also detected. 

0.1 M HCl in H2O extraction 
The extraction with 0.1 M HCl did not cause a considerable change of 

the P composition in the NMR spectrum on the soil residue RES0. 
However, regarding concentrations, 9 mg P/kgsoil (3 %) of the unre-
solved Porg pool and 83 mg P/kgsoil (27 %) of the total IP pool were 
apparently removed by the 0.1 M HCl extraction. 

DCM/MeOH extraction 
Similar to the previous extraction step, the organic solvent extraction 

did not cause a considerable change in P composition, except that 52 
mg P/kgsoil (20 %) of the unresolved Porg pool was removed. Because of 
this reduction, the remaining unresolved Porg pool was represented by 
two underlying broad signals in the phosphomonoester region of RES 1. 
In contrast to this pool, the organic solvent extraction resulted in a 
higher NaOH-EDTA extractability of IP and phosphodiesters in RES1. 

% BF3 in MeOH extraction 
The 12 % BF3 extraction did not only remove most of P from the soil, 

but also markedly changed the molecular composition of the remaining 
P pool in the residue RES2. Compared to RES1, 424 mg P/kgsoil (71 %) of 
orthophosphate, 73 mg P/kgsoil (35 %) of the unresolved Porg pool, 240 

mg P/kgsoil (87 %) of IP, and 52 mg P/kgsoil (80 %) of phosphodiesters 
were removed by the 12 % BF3 extractant. Furthermore, pyrophosphates 
were completely removed. 

This extraction step gave rise to a sharp peak at δ 4.79 ppm, which 
was attributed to glucose-6-phosphate based on spiking the AQU3 
extract with a standard solution. Contrasting to all other P compounds, 
the concentration of glucose-6-phosphate increased markedly (4-times) 
in the NaOH-EDTA extract of RES2 compared to RES1. 

0.5 M KOH in MeOH extraction 
The subsequent 0.5 M KOH extraction caused again a decrease of 36 

mg P/kgsoil (26 %) of the unresolved Porg pool represented by one un-
derlying broad signal in the phosphomonoester region of RES3. How-
ever, the extraction did not much affect myo-IP6 but decreased the scyllo- 
IP6 concentration by 8 mg P/kgsoil (40 %) compared to RES2. This 
decrease was in line with the reappearance of myo-(1,2,4,5,6)-IP5 and a 
major increase of scyllo-IP5 by 6 mg P/kgsoil (250 %) in the NaOH-EDTA 
extract of RES3. 

47 % HI in H2O extraction and residual fraction 
Only 83 mg P/kgsoil (31 %) of the unresolved Porg pool represented 

by underlying broad signals in solution 31P NMR spectra was left in the 
residual soil RES4 of the Humeomics SCF procedure compared to UT. 
This unresolved Porg pool was represented by two underlying broad 
signals in the phosphomonoester region of the NMR extract on the re-
sidual fraction. 

The last Humeomics extraction step caused a large increase of the 
NaOH-EDTA extractable IP pool. All four isomers of IP6 were again 
detected in the last residue. In summary, an additional pool of 172 mg P/ 
kgsoil IP could be extracted compared to RES3, with the total IP pool in 
RES4 comprising 45 % of Ptot analysed by NMR. The dominance of IP in 
the residual soil after the Humeomics SCF can also be seen in the NMR 
spectra of RES4 in Fig. 3. A plethora of sharp peaks in the phospho-
monoester region were detected (40), half of them were assigned to 
different IP isomers and conformations. It was possible to distinguish the 
peaks of the 2-equatorial-4-axial and 4-equatorial-2-axial conformation 
of D-chiro-IP6 as well as the ones of the 2-equatorial-4-axial and 4-equa-
torial-2-axial conformations of neo-IP6 (Figure SI-9). All increases in the 
NaOH-EDTA extractable IP add up to 223 mg P/kgsoil. Therefore, at least 
71 % more IP could be extracted by Humeomics compared to a single- 
step NaOH-EDTA extraction (UT). 

Phosphodiesters were almost completely removed following the 
Humeomics SCF. Two pools of phosphodiesters can be distinguished: 
one extracted with 12 % BF3 (52 mg P/kgsoil) and one extracted with 47 
% HI (12 mg P/kgsoil). 

4. Discussion 

4.1. Carbon content and speciation in different SOM fractions 

About half of the C present in the soil was removed by the Humeo-
mics SCF procedure. Similar to our findings, Drosos et al. (2017) found 
that the organo- and hydrosoluble fractions of the 12 % BF3 trans-
esterification process contained most of the extracted C of an agricul-
tural sandy loam soil classified as Typic Ustifluvent (Piccolo, 2012). The 
authors reported intense O-alkyl signals and high abundance of fatty 
acids and sugars with minor amounts of phenolic acids, imines, esters, 
dicarboxylic acids and hydroxyacids in the ORG2 fraction. Equally to 
ORG2, the AQU2 fraction of their study showed intense signals in the O- 
alkyl region indicating an abundance of hydroxyl- and methoxyl-rich 
molecules and minor amounts of alkyl-C and aromatic-C (Drosos et al., 
2017). The 13C CPMAS NMR results on the soil residues of this study 
indicate that mostly O-alkyl rich compounds as carbohydrates but also 
alkyl-C rich compounds were extracted by cleavage of weak ester bonds. 
Furthermore, methoxyl-C compounds appear to be less abundant in the 
ORG2 + AQU2 fraction compared to the results of Drosos et al. (2017) 
because of their enrichment in RES2. 

Interestingly, the Gleysol did not contain significant amounts of 

Table 2 
Concentrations (mg P/kgsoil) of phosphonates, orthophosphate (ortho-P), the 
sum of all inositol phosphates (inositol-P) with a detailed list of all identified IP 
isomers below, α- and β-glycerophosphate (glycerol-P), broad peaks, other 
phosphomonoester (P-monoester), phosphodiester (P-diester), pyrophosphates 
(pyro-P), polyphosphates (poly-P) and total P (Ptot) measured in solution 31P 
NMR spectra of 0.25 M NaOH + 0.05 M EDTA soil residues of the Humeomics 
fractionation procedure. Quantification was based on spectral integration, 
deconvolution fitting and the relative proportion to the peak of the added MDP 
standard of known concentration.  

P-class UT RES0 RES1 RES2 RES3 RES4 

Phosphonates 2 3 2 2 2 1 
Ortho-P 642 630 597 173 164 100 
Total Inositol-P 312 229 275 35 40 212 

myo-IP6 159 119 139 11 10 93 
scyllo-IP6 70 58 57 20 12 54 
neo-IP6 38 31 27 0 0 13 
D-chiro-IP6 26 10 37 0 0 15 
myo-(1,2,4,5,6)-IP5 12 8 8 0 9 22 
scyllo-IP5 7 5 7 4 10 14 

Glycero-P 33 35 20 19 21 0 
Broad peaks 272 263 211 138 102 83 
Glucose-6-P 4 4 5 20 21 0 
Other P-monoester 39 32 48 26 38 76 
P-diester 49 51 65 13 13 1 
Pyro-P 43 37 38 0 1 0 
Poly-P 4 0 0 0 0 0 
Ptot NMR 1400 1283 1262 427 402 473  
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unbound C. Our results indicate that most organic molecules present in 
the Gleysol of this study are either part of a larger association/bound to 
the mineral phase or are rapidly biodegraded/incorporated when un-
bound. Furthermore, strong ester bonds and ether bonds appear to be 
rather irrelevant for the assembling of organic molecules in the SOM 
suprastructure of our soil. These results are in agreement with Nebbioso 
and Piccolo (2011), who found that only 0.9 % of the original humic acid 
weight was extracted with the strongly-bound fraction. The organo-
soluble and hydrosoluble molecules after methanolic hydrolysis 
(strongly-bound ester fraction) accounted for 2.4 % of total SOM solu-
bilised by Humeomics (Drosos et al., 2017). An explanation for the 
negligible effect of the KOH in MeOH extraction could be that the 
released OH-ions react with the soil buffer system, e.g. exchangeable 
Al3+ (Blume et al., 2009), before reacting with the SOM, hence reducing 
the catalysis capacity for the methanolic hydrolysis. The pH of the 
Gleysol soil sample used in this study was 5.0, measured in H2O (Reusser 
et al., 2020a). 

The soil residue after the Humeomics procedure still contained 80 
g C/kgsoil C. However, there was a slight increase in Ctot from RES3 to 
RES4, possibly due to the addition of sodium carbonate to the soil res-
idue in order to increase the pH or due to residues of MeOH. Drosos et al. 
(2017) reported that 37.4 % of total soil organic C was left in the residue 
after the Humeomics fractionation procedure (corresponding to RES3). 
The SOM in this pool is assumed to be closely associated to the soil 
mineral matrix and consist of alkyl structures (Drosos et al., 2017; 
Spaccini et al., 2006). These hydrophobic components are thought to be 
of great importance in the stabilisation of SOM due to the entropy driven 
repulsion and hence separation from the watery soil solution (Spaccini 
et al., 2006) and adsorption to aluminosilicate surfaces (Drosos et al., 
2017; Kleber et al., 2007). The general increase of the relative amount of 
alkyl-C during biodegradation as part of the ‘persistent’ SOM is well 
known (Kögel-Knabner, 1997; Simpson and Simpson, 2017). Kögel- 
Knabner et al. (1992) found an accumulation of rigid alkyl-C moieties in 
forest SOM but attributed it to an increase in cross-linking during the 
humification process. Hence, our findings on the dominance of hydro-
phobic alkyl-C and aromatic-C in the non-extracted SOM pool agree well 
with previous studies on the ‘persistent’ SOM pool. 

4.2. Extractability of P using the Humeomics SCF procedure of SOM 

Overall, the Humeomics sequential fractionation procedure with 
subsequent NaOH-EDTA extraction of the final soil residue recovered 
similar amounts of Ptot when compared to a single-step NaOH-EDTA 
extraction of the UT soil. 

Analysis of the different extracts and residues revealed that 66 % of 
Ptot was extracted using the 12 %BF3 in MeOH solution, which is 
attributed to the fraction associated with the SOM suprastructure 
through weak ester bonds (Nebbioso and Piccolo, 2011). However, not 
all of the extracted P was recovered in the extracts, most likely due to 
losses in the preparation process of the extracts for total microwave 
digestion. Especially AQU2 was difficult to freeze-dry and quantitatively 
measure due to the high ion content. Only removal of the < 1 kDa 
fraction allowed for solution 31P NMR spectroscopic analysis, which 
revealed that 279 mg P/kgsoil was present in the AQU2 extract. There-
fore, we assume that concentrations of Ptot especially in the AQU2 
extract are underestimated and quantitative evaluation of the extract-
ability of P compounds using Humeomics should rather be based on the 
differences in the soil residues in this study. 

Interestingly, more Ptot could be extracted from the final residue 
RES4 with NaOH-EDTA compared to the acid digestion. This would 
indicate that the remaining P compounds in RES4, which are assumed to 
be closely associated with the soil mineral phase, appear to be more 
prone to the alkaline oxidation and hydrolysis with NaOH compared to 
the harsh acidic hydrolysis of the digestion. However, this needs to be 
tested on different soil samples. 

4.3. Extraction of phosphorus species with SOM fractions 

The findings of this study suggest that not only the total content of P 
associated with SOM varies between SOM pools but also the composition 
of P. So far, most studies on soil C to P ratios focus on total Porg con-
centrations and do not investigate the Porg composition (Goh and Wil-
liams, 1982; John et al., 1965; Neptune et al., 1975; Stevenson, 1986). 
The average C:Porg ratio in this study was 162 and therefore in range of 
SOM ratios reported by various studies (Goh and Williams, 1982; Ste-
venson, 1986; Tipping et al., 2016). Our findings further reveal that the 
SOM structure is enriched in various Porg compounds such as IP, the 
unresolved Porg pool, other phosphomonoesters and phosphodiesters, 
whereas the SOM pool associated with the mineral phase is clearly 
enriched in IP compared to other P compounds. 

4.3.1. Unresolved Porg pool 
Our results provide further evidence that the unresolved Porg pool is 

not comprised of a single, large polymeric structure with C–C bonds and 
phosphate as functional groups as previously hypothesised (McLaren 
et al., 2015). In this study, subsequent cleavage of the SOM associations 
without breaking any C–C bonds led to a decrease of the unresolved Porg 
pool. The associations of the unresolved phosphomonoesters with other 
organic molecules of the SOM would result in the apparent high mo-
lecular size reported by Jarosch et al. (2015); McLaren et al. (2015) and 
McLaren et al. (2019). The phosphate containing molecules causing the 
broad signals are mostly associated with the SOM through weak and 
strong ester linkages (40 %) as defined by Nebbioso and Piccolo (2011). 
This close association with the SOM structure could result in the 
described resistance of the unresolved Porg pool to enzymatic hydrolysis 
(Jarosch et al., 2015) and chemical stability (Reusser et al., 2020b), 
because the accessibility is limited due to the hydrophobic nature and 
complex structure of these associations, possibly hindering microbial 
attack (Schmidt et al., 2011). 

A smaller proportion of the unresolved phosphomonoesters (un-
bound fraction) appear to be free or part of associations held together 
only by weak dispersive forces (22 %). Another part (30 %) is still 
present in the SOM pool associated with the soil mineral phase. It is not 
known whether this remaining unresolved Porg pool exhibits a polymeric 
structure or not. Drosos et al. (2017) reported that the SOM fraction 
associated with the mineral phase consisted of mostly oxygen and ni-
trogen heterocyclic compounds, benzoic acids, and esters. Drosos et al. 
(2017) proposed that in this fraction, alkyl apolar components assemble 
by hydrophobic dispersive forces into larger size aggregates. These 
findings would suggest that the unresolved pool of Porg is not of a 
macropolymeric structure. 

McLaren et al. (2019) and Reusser et al. (2020b) found based on 
transverse relaxation experiments that the underlying broad peaks in the 
phosphomonoester region were not caused by a series of IP species due 
to differences in their transverse relaxation times. This study provides 
further evidence that the broad peaks represent several components of 
unresolved phosphomonoesters, as the extractability trend of these 
compounds by subsequent extraction of the SOM structure was different 
compared to the extractability trend of the IP and other phosphomo-
noesters of known chemical nature. 

4.3.2. Inositol phosphates 
Two major pools of IP have been identified: the first pool being 

closely associated with the SOM and the second pool with the soil 
mineral phase. The association of IP with the SOM suprastructure would 
explain the occurrence of IP in high molecular weight organic com-
pounds (Borie et al., 1989; Moyer and Thomas, 1970; Veinot and 
Thomas, 1972). 

The extractability of IP could be markedly enhanced using the 
Humeomics SCF with results indicating that only 58 % of the total IP 
pool in soil can be extracted using a single-step NaOH-EDTA extraction. 
Furthermore, we assume that many sharp peaks in the 
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phosphomonoester region of RES4 could be attributed to unknown IP 
based on a hypobromite oxidation study on the same soil (Reusser et al., 
2020b), resulting in an even higher total IP pool in the investigated soil. 
Previous studies on quantitative analysis of IP using NMR were mostly 
based on a single alkaline extraction step (McLaren et al., 2019; Reusser 
et al., 2020a; Turner et al., 2003; Turner and Richardson, 2004). 

The enhanced extractability of IP could be due to the sequential 
‘decoating’ of the SOM suprastructure by the SCF and the resulting 
enhanced accessibility of P compounds for the NaOH-EDTA extractant. 
Especially hydrophobic compounds separating the SOM suprastructure 
from the soil solution were removed by the DCM/MeOH extraction 
(Nebbioso et al., 2015; Spaccini et al., 2006), possibly leading to better 
extractability of incorporated P by the aqueous NaOH-EDTA solution. 
However, these findings need to be verified in further studies using 
different soil types. 

Drosos et al. (2017) suggested that stabilisation of the SOM pool 
associated with the mineral phase should also be attributed to complex 
formation between oxygen-containing hydrophilic groups and iron 
minerals. The phosphate groups of IP would fulfil these requirements 
and serve as important bonding molecules between the soil mineral 
phase and SOM. Furthermore, IP are well known for their adsorption 
affinity to minerals and organic matter (Cosgrove and Irving, 1980; 
Ognalaga et al., 1994). Hence, the high abundance of IP in the final 
residue could be due to IP released from the soil mineral phase through 
acidic hydrolysis of oxides by HI. 

Tipping et al. (2016) reported that according to their mixing-model P 
contributes 3 % to the total mass of ‘nutrient rich’ SOM, which describes 
the SOM fraction stabilised by sorption to the mineral phase. Frossard 
et al. (2016) as well as Tipping et al. (2016) proposed that specific 
molecules such as myo-IP6 are possibly selectively incorporated into this 
SOM pool because of their strong sorption capacity. Our findings on the 
final residue after the Humeomics SCF are in agreement with the sug-
gestion of Tipping et al. (2016) that myo-IP6 is the most prevalent form 
in the SOM fraction associated with the mineral phase. 

The significant reduction of IP in the transesterification process with 
BF3 is assumed to result mainly from breaking weak ester bonds between 
the SOM and organic molecules associated with the phosphate groups. 
However, no IP has been recovered in the AQU2 fraction. Therefore, we 
suggest to test the effect of the BF3 catalysed transesterification on pure 
IP standards as well as on soils containing a known concentration of IP. 

4.3.3. Other P species 
Glycerophosphates are hydrolysis products of phospholipids e.g. 

phosphatidylcholine (Doolette et al., 2009) as part of cell membranes 
(Strickland, 1973). Therefore, we can assume that the original phos-
pholipids in the investigated soil were either unbound, part of the mi-
crobial biomass or completely liberated by breaking the ether bonds of 
the SOM structure through acidic hydrolysis. The removal of phospho-
lipids in the unbound fraction appears to be coupled with the removal of 
alkyl-C as in fatty acids (Stevenson, 1994). However, the observed 
removal of phospholipids in the last residue was not coupled with a 
decrease in alkyl-C. 

Further research is needed to investigate the formation and trans-
formation processes of these P-SOM associations in soils of diverse SOM 
and Porg composition. Furthermore, the effects of the Humeomics SCF 
steps on standard Porg compounds should be tested in order to rule out 
any extraction artefacts. Especially the transesterification process cata-
lysed by BF3 needs further investigation. The large amount of ortho-
phosphate with the concomitant absence of Porg compounds in AQU2 
could indicate that the Porg compounds themselves were transesterified, 
i.e. the bond between the phosphate group and the organic molecule 
being broken. The proportion of Porg compounds destroyed by the BF3 
extraction needs to be evaluated in order to assess the proportion of Porg 
actually liberated from the SOM suprastructure. 

5. Conclusions 

The combination of the Humeomics SOM fractionation procedure 
with solution 31P NMR spectroscopy revealed that the most abundant 
form of Porg in the soil, the unresolved phosphomonoester pool, is 
closely associated with the SOM suprastructure. The decrease of the 
unresolved phosphomonoesters with subsequent fractionation of the 
SOM structure advances our understanding of its chemical nature away 
from the macropolymeric theory and more towards an association point 
of view. Our study provides new insight on the chemical nature of the 
unresolved phosphomonoesters and how they are associated within the 
SOM structure. Furthermore, our findings indicate that especially the 
pool of IP in soil is underestimated using a single-step NaOH-EDTA 
extraction for soil Porg determination. These relatively stable Porg com-
pounds dominated the residual fraction of the Humeomics SOM frac-
tionation procedure, which represents SOM associated with the mineral 
phase. 

Soil Porg compounds are an intrinsic part of SOM. Hence, further 
studies on soil Porg should include state of the art research on SOM. We 
made an attempt in this study by combining the Humeomics SOM 
fractionation procedure with solution 31P NMR spectroscopy. However, 
we were only able to investigate one soil due to the laborious extraction 
and analysis procedures. Reducing complexity by e.g. removing the KOH 
in MeOH extraction is necessary in order to test the method on a variety 
of soils with diverse Porg compositions. 
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Tamburini, F., Traoré, O.Y.A., 2016. Soil properties and not inputs control carbon: 
nitrogen:phosphorus ratios in cropped soils in the long term. Soil 2 (1), 83–99. 

George, T.S., Giles, C.D., Menezes-Blackburn, D., Condron, L.M., Gama-Rodrigues, A.C., 
Jaisi, D., Lang, F., Neal, A.L., Stutter, M.I., Almeida, D.S., Bol, R., Cabugao, K.G., 
Celi, L., Cotner, J.B., Feng, G., Goll, D.S., Hallama, M., Krueger, J., Plassard, C., 
Rosling, A., Darch, T., Fraser, T., Giesler, R., Richardson, A.E., Tamburini, F., 
Shand, C.A., Lumsdon, D.G., Zhang, H., Blackwell, M.S.A., Wearing, C., Mezeli, M. 
M., Almås, Å.R., Audette, Y., Bertrand, I., Beyhaut, E., Boitt, G., Bradshaw, N., 
Brearley, C.A., Bruulsema, T.W., Ciais, P., Cozzolino, V., Duran, P.C., Mora, M.L., de 
Menezes, A.B., Dodd, R.J., Dunfield, K., Engl, C., Frazão, J.J., Garland, G., González 
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