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Abstract

Two different approaches for analysis of organic compounds composition in 
hot water extracts from accelerated solvent extraction (ASE) of water repellent soils 
were assessed.. Dominant compounds were aromatic acids, short chain dicarboxy-
lic acids (C4-C9), sugars, short chain fatty acids (C8-C18), and esters of stearic and 
palmitic acids.  Polar compounds (mainly sugars) were adsorbed on applying SPE 
clean-up procedure, while esters were highly abundant. In addition to the removal 
of polar compounds, hydrophobic esters and hydrocarbons (alkanes and alkenes < 
C20) were extracted through desorption of complex colloids stabilized as micelles in 
dissolved organic carbon. Water repellency was completely eliminated by hot water 
under high pressure. The molecular composition of HWSC can play a critical role 
in stabilization and destabilization of soil organic matter, particle wettability and C 
dynamics in soils. 
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INTRODUCTION 

In the short term soil hydrophobicity (water repellency, WR) can lead to en-
hanced carbon sequestration, reduced microbial activity and respectively soil organ-
ic matter (SOM) decomposition. These benefits are, however outweighed in longer 
term by reduced plant productivity and photosynthesis. HWSC is positively cor-
related with soil aggregation, soil microbial biomass, microbial nitrogen, mineraliz-
able N, total carbohydrates and total C (Ghani et al., 2003). Water soluble organic 
matter (WSOM) is dominated by sugars, aromatics and N-containing compounds 
indicating origin from soil microbial biomass, root exudates and lysates (Kalbitz et 
al., 2003; Nkhili et al., 2012). Soil water repellency is associated with the formation 
of coatings of hydrophobic compounds of aliphatic and aromatic nature on soil sur-
faces and/or the presence of interstitial particulate organic matter. It has been shown 
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that not only lipophilic and amphiphilic but also polar compounds such as phenolics, 
short-chain diacids, and saccharides play an important role in soil WR development 
and the stabilization of hydrophobic interactions (Atanassova, Doerr, 2010). 

To our knowledge few studies to date (Atanassova et al., 2014) have been 
concerned with the molecular composition of solvent soluble fractions of hot aque-
ous extracts of water repellent soils obtained under conditions of accelerated solvent 
extraction method (ASE) and using GC/MS method. ASE has been recently used for 
analysis of a number of polar and non-polar organic compounds, including PAHs 
(Kronholm et al., 2003). According to Schwesig et al. (2013), the optimal tempera-
ture for ASE for getting the best yield of chemically unaltered soil organic matter is 
between 100 and 1500C. 

Here we report on two different approaches for assessing the molecular com-
position of hot water extracts in sandy water repellent soils with the aim to unravel 
the chemical drivers of soil water repellency. 

MATERIALS AND METHODS

Soil samples with different levels of soil WR were taken from sandy water re-
pellent soils under Eucalypts (Australia) and under dune herbs and grass vegetation 
(UK) (Doerr et al., 2005; Atanassova, Doerr, 2010, Table 1).  Soils were subjected 
to ASE with water as a solvent. Soils after extraction were dried and tested for water 
repellency levels (Doerr et al., 2002). Hot water ASE extraction led to elimination 
of soil water repellency (Table 1). Soil water extracts (<1.3 µ) were lyophilized and 
subjected to fractionation in dichloromethane (DCM), DCM/iso-propanol and meth-
anol on quartz sand (SiO2) and on SPE cartridge Bakerbond silica (Fisher) in order 
to improve GC/MS identification, allowing for the very polar compounds (sugars) to 
be adsorbed by the solid phase. Silylation was performed to improve the detection 
of more polar compounds. Sample preparation and measurement were carried out 
similarly to our previous methodology (Atanassova, Doerr, 2010). 

Table 1 
Main properties of the experimental soils

Soil 
code and
texture

Fecd
%

SSA
m².g-1

TOC
before
HWE
wt %

TOC
after
HWE
wt %

pH

WDPTa

before
HWE

(s)

WDPTa

after
HWE

(s)
GPa sand 0.07 0.32 3.9 3.5 4.5 993 < 5 
NTa sand 0.16 0.41 3.4 3.1 3.6 287 < 5  
UKa sand 0.19 0.42 1.3 1.2 7.5 205 < 5

a data from (Atanassova, Doerr, 2010; Doerr et al., 2002; Atanassova et al., 2014)
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RESULTS AND DISCUSSION

The compounds with higher relative intensity in the total ion chromatograms 
(TIC)  from SiO2 clean-up procedure were phenolic acids, aldehydes, short chain di-
carboxylic acids, saccharides, glycosides and other polar compounds with complex 
nature (Fig. 1). Aromatics were represented by benzoic, hydroxy-, dihydroxyben-
zoic, methoxyhydroxybenzoic acids, sugars and azelaic (C9 dioic acid) (Fig. 1, 3, 4) 
and were most abundant in the extracts on applying the SiO2 clean-up, allowing for 
the more polar compounds to be detected by GC/MS and were les abundant in the 
extracts when applying SPE clean-up cartridge. 

Aromatic acids originate from depolimerisation of lignin, phenol oxidation 
(Young, Frazer, 1987) or from lignocellulose-degradation products in which carbo-
hydrates are bound to phenolic structures (Guggenberger, Zech, 1994). Sugars were 
detected at high abundance in more polar dichloromethane/iso-propanol fraction in 
the soils studied (>65% of TIC traces) when SiO2(s) clean-up procedure was applied, 
but were lacking when SPE clean-up was applied (Fig. 3). Pentoses (C5), e.g. xylose 
and arabinose are important constituents of plants, while hexoses, e.g. mannose, 
ramnose and galactose are considered to be products of microbial synthesis (Clapp 
et al., 2005). The ratio C6/C5 (mannose + galactose)/(xylose + arabinose) which is 
a criterion for sugar origin is >2 and shows microbial sources (Atanassova et al., 
2014). Soil carbohydrates were shown to play a critical role in the manifestation of 
soil water repellency (Atanassova, Doerr, 2010). 

The short chain dicarboxylic acids, e.g. azelaic acid are suspected to originate 
from microbial metabolism (Naafs, Van Bergen, 2002). Palmitic (C16) and stearic 

Fig. 1. Gas chromatogram of hot water soluble extracts obtained from (a) NT soil, DCM frac-
tion, SiO2 clean-up. 1.  Phosphate; 2. 3-hydroxybenzoic acid; 3. Sugar acid; 4. Sugar (pentose); 5. 
3-methoxy-4-hydroxybenzoic acid; 6. azelaic acid; 7. 3,4-dihydroxybenzoic acid; 8. glycoside; 9. 

sugar (pentose); 10. 3,4,5-trihydroxybenzoic acid.
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Fig. 2. Relative distribution of alkane/alkene pairs (m/z  55 and 57) in DCM fractions of NT (a) and 
UK (b) soils following SPE clean-up, and (c) quantitative distribution on a TOC basis.

Fig. 2a. 

Fig. 2b. 

Fig. 2c. 
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Fig. 3. Gas chromatogram of hot water soluble extracts (DCM/IPA fraction) from NT soil (a) SPE 
clean-up. 1. 6-hydroxydhexanoic acid; 2. 4-hydroxyphenylethanol; 3. 4-OH benzoic acid; 4. octane-
dioic acid; 5. 3-methoxy-4-hydroxybenzoic acid; 6. azelaic acid; 7. 2-hydroxy-1-hydroxymethyleth-
ylpalmitate; 8. 2,3-dihydroxypropylpalmitate; 9. 2-hydroxy-1-hydroxymethylethyl stearate; 10. 2, 

3-dihydroxypropylstearate 

Fig. 4.  Gas chromatogram of hot water soluble extract (methanol fraction) of NT Eucalypt soil, SPE 
clean-up. IS = internal standard; c = contaminant; 1. sugar acid; 2. p-OH-phenyl-dihydroxyethane; 3. 
3, 4-dihydroxybenzoic acid; 4. 2,3-dihydroxypropylpalmitate; 5. 2-hydroxy-1-hydroxymethylethyl-

stearate; 6. 2,3-dihydroxypropylstearate. 

acid (C18) were highly abundant on applying both procedures (SIO2 clean up and 
SPE). Long chain esters of stearic and palmitic acids were detected in the extracts on 
applying both clean-up procedures, but were very abundant in the more polar DCM/
IPA fraction and the methanol fraction with the SPE clean-up (Fig. 3, 4). Especially 
dominant were 2, 3-dihydroxypropyl palmitate and 2, 3-dihydroxypropyl stearate 
(Atanassova et al, 2014, Fig. 3). 

Highly abundant were also C14, palmitic (C16) and stearic acid (C18). Surpris-
ingly, hydrocarbons (<C20) such as homologous series of n-alkanes and n-alkenes 
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were detected in the extracts of DCM solvent (Fig. 2a, b, c). These low molecular 
weight (LMW) hydrocarbons are suspected to be part of aliphatic biopolymers pres-
ent as colloids in the dissolved organic carbon. Branched isomers were also detected 
along the straight chain homologues. 

Hydrocarbons are sparingly soluble in water. Their presence in water extracts, 
as well as the presence of long chain esters might be explained through solubilization 
of colloidal matter stabilized as micelle-like formations (<1.3µ) or their associations 
with hydrophilic compounds. Alkane/alkene pairs were also detected as pyrolysis 
products in Py-GC/MS traces of water soluble organic carbon by Nierop, Buurnman 
(1998). Quantitative analysis revealed dominance of C20 and C18 alkane/alkene pairs. 
The even number of alkanes present implies microbial sources.

CONCLUSIONS

 Climate change-induced higher temperatures and water scarcity may increase 
the negative outcomes of soil water repellency such as a long-term reduction of soil 
water availability and plant productivity. In this study we analyze the molecular 
structure of hot water soluble carbon (HWSC) which represents the bio-available 
carbon fraction by making use of GC/MS analysis and two experimental approach-
es for separation of fractions of different polarity.  We suspect that the complete 
elimination of WR by hot water was due to extraction of hot water soluble com-
pounds such as aromatic acids, short chain dicarboxylic acids, sugars, glycosides, 
short chain fatty acids (<C18), hydrophobic compounds such as esters of stearic and 
palmitic acids, and alkanes desorbed in micelle-like structures in colloidal dissolved 
organic carbon.  The alkane/alkene pairs and branched hydrocarbons were only de-
tected in the DCM extracts on applying the SPE clean-up procedure allowing for 
the most polar compounds, sugars to be adsorbed by the SPE sorbent. The molecu-
lar composition of hot water soluble extracts can influence in long- and short-term 
C mineralization and C fluxes in soil in response to climate warming-induced soil 
hydrophobicity. The low molecular weight compounds identified in the extracts are 
susceptible to rapid turnover thus contributing substantially to the total CO2 efflux 
from the soil. The results obtained can further enhance our knowledge on chemical 
causes of hydrophobicity and methods of its amelioration in forest eucalypt and pine 
soils, which are often prone to water repellency, especially under global climate 
change involving droughts and forest fires.
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