
190 E u r o p e a n  J o u r n a l  o f  H o r t i c u l t u r a l  S c i e n c e

  

Europ. J. Hort. Sci. 80(4), 190–195 | ISSN 1611-4426 print, 1611-4434 online | http://dx.doi.org/10.17660/eJHS.2015/80.4.7 | © ISHS 2015

Effects of freezing on the physical properties and wettability 
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Significance of this study
What is already known on this subject?
• The extraction of highly decomposed peat by freez-

ing temperatures during winter is commonly per-
formed by substrate manufacturers. Except for an 
improvement of agronomic properties, there is no 
information available on the effect of freezing on the 
affinity of peat to water.

What are the new findings? 
• This paper showed that freezing modified physical 

properties of highly decomposed peats by improving 
air capacity and water availability, however, it had no 
effect on wettability.

What is the expected impact on horticulture? 
• Since peats began to show a hydrophobic character  

at water potentials close to those commonly used for 
irrigation scheduling, the end-users have to be care-
ful in order to avoid poor wettability of both unfro-
zen and frozen peat.

  Summary
The influence of freezing on Sphagnum highly 

decomposed peats was estimated from their 
physical properties and their wettability measured 
in relation to the degree of desiccation. The results 
showed that the physical properties of peats were 
drastically affected by freezing, particularly 
improving their water availability and resulting in 
less, and more reversible, shrinkage after air-drying. 
However, contact angles measured for frozen or 
unfrozen peats are very similar. These results seem 
to indicate that the changes in physical properties 
are only due to a change in peat structure during 
freezing and are not a consequence of a change in 
water affinity. Nevertheless, even if freezing does 
not affect the wettability of materials, its influence 
on peat structure contributes to an improvement in 
their hydric properties.

Keywords
contact angle, peat substrate, shrinkage, water 
repellency, water retention

Introduction
It is well known that soil water repellency depends 

largely on organic matter that has acquired a hydrophobic 
character during desiccation. This variable water affinity 
thereby conditions its physical and hydraulic properties 
by inducing rewetting difficulties (Jouany et al., 1992) and 
non-uniform wetting and preferential flow in many soils 
(Ritsema and Dekker, 1996; Bauters et al., 1998; Dekker 
et al., 2000). In horticultural production, this influence 
of organic matter is even more important due to its 
considerable use as a substrate, mostly in the form of peat. 
Just as for soils, the substrate hydrophobicity can provoke 
a difficult, non-uniform and long rewetting (Van Dijk and 
Boekel, 1965; Beardsell and Nichols, 1982; Valat et al., 
1991; Dekker and Ritsema, 1996; Holden and Ward, 1998; 
Michel, 1998; Naasz et al., 2008; Kerloch and Michel, 2015), 
reducing the water transfers from substrate to plant, and 
finally can affect plant yield .

In addition to physical properties, the evaluation 
of wettability therefore represents an important 
characteristic of organic matter used in horticulture. As 
for peats, which constitute the main organic materials 
used as growing media, we have already shown that their 
hydrophilicity and their physical qualities largely decrease 
with their degree of decomposition (Michel et al., 2001). 
Even if weakly decomposed peats acquire a hydrophobic 
character during desiccation, their physical properties are 
only slightly affected by desiccation. On the other hand, 
hydrophobicity is more pronounced for highly decomposed 

peats that show considerable and relatively irreversible 
shrinkage and a low capacity to rewet for water potentials 
below -50 kPa or -100 kPa, as mentioned by Qi (2011) and 
Michel (2015), respectively.

To remedy this, a typical procedure used in substrate 
manufacturing is to extract the highly decomposed peat 
before winter begins and to submit it to freezing during 
winter. Indeed, some authors have already demonstrated 
a decrease in soil water repellence (Ma’shum and Farmer, 
1985) or an improvement of agronomic properties of peats 
after freezing (Van Dijk and Boekel, 1965; Niggemann, 
1971; Verdure, 1981). However, the effects of freezing are 
generally evaluated from the point of view of the physical 
characteristics of soils or substrates (water availability, 
aeration), or by indirect observation of soilless cultures, 
but never estimated from wettability measurements, in 
others words, in terms of the material’s water affinity.

On the basis of these studies, we asked ourselves about 
the effectiveness of freezing on the wettability of peats. 
The objective of this research was to study the physical 
properties of peats with or without freezing, and to show if 
their behaviour differences were not only due to a change 
in the peat structure, but to a change in the wettability of 
the substrate as well. 

Materials and methods

Sampling of peats
The aim of this study is to determine the influence of 

freezing on the physical properties of highly decomposed 
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peats. To do this, two frozen and unfrozen samples of peats 
were extracted in a German peatland, at the same profile 
depth , in order to have similar botanical compositions 
and degrees of decomposition  [classified as H8 on the 
Von Post (1922) scale]. However, and in conformity to 
extraction processes classically defined by industry for 
highly decomposed peats, one of them was extracted in 
autumn and subjected to freezing on the surface of the 
peatland during winter , whereas the other was extracted 
at the same depth from the peatland after winter. The two 
samples were therefore taken at the beginning of spring 
and then conserved in a wet state in a cold room (relative 
humidity = 98%, temperature = 4°C), until the experiments 
could take place.

Physical properties
Water retention curves were established on disturbed 

but not crushed samples, according to the method 
described by De Boodt et al. (1974). Cylindrical samples (V 
= 200 cm3) were saturated with water over 48 hours and 
then subjected to a desiccation from -1 kPa to -100 MPa.  
The samples were then rewetted for one week, after which 
they were subjected to a second desiccation.

Because of the bulk density variations and the ability of 
peats to shrink or swell in relation to their water content, 
the change in the total pore volume for each water potential 
was followed in terms of either the void ratio (e), that is, the 
ratio of the volume of voids (Vv) to the volume of solid (Vs), 
and by the water ratio (ϑ) , which is the ratio of the volume 
of water in the pore space (Vw) to the volume of solids (Vs). 
The volume of solids (Vs) was determined from the mass 
of the solid and its density estimated by the pycnometer 
method, using petroleum spirit (Galvin, 1976), whereas the 
void ratio (Vv) was calculated by subtracting the volume of 
solid (Vs) from the total volume  (Vt), which was measured 
manually with a calliper rule.

Supplementary parameters were defined on the basis 
of these values in order to describe the effects of the first 
desiccation cycle on the physical properties of the two 
samples. They correspond to the ability to shrink during 
desiccation (IS) and to the irreversible losses in water (IW) 
and total volumes (IV) after desiccation. These parameters 
can be calculated by using the following equations:
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where eX(Y) and X(Y) represent the void and water ratios, respectively, at water potential x, for the y-desiccation 
cycles. 

Their horticultural qualities were also estimated from these experiments, in terms of air capacity and easily 
available water defined in the EN 13041 standardisation procedure (2000) from the respective differences 
between the total porosity and volumetric water content at -1 kPa, and between volumetric water contents at -1 
kPa and at -10 kPa. 
 
Wettability	measurements	

Wettability was assessed by contact angle measurements at the solid/liquid interface which provides a 
qualitative measurement of the water repellency, as opposed to qualitative tests frequently used such as the water 

where eX(Y) and ΘX (Y) represent the void and water ratios, 
respectively, at water potential x, for the y-desiccation 
cycles.

Their horticultural qualities were also estimated from 
these experiments, in terms of air capacity and easily 
available water defined in the EN 13041 standardisation 
procedure (2000) from the respective differences between 
the total porosity and volumetric water content at -1 kPa, and 
between volumetric water contents at -1 kPa and at -10 kPa .

Wettability measurements
Wettability was assessed by contact angle 

measurements at the solid/liquid interface which provides 
a qualitative measurement of the water repellency, as 
opposed to qualitative tests frequently used such as the 
water drop penetration time (Letey, 1969; McGhie and 
Posner, 1980; Brandyk et al., 2000; Dekker and Ritsema, 
2000) or the molarity of an ethanol droplet (King, 1981; de 
Jonge et al., 1999). The assessment of the wettability related 
to the water content required the use of two methods of 
contact angle measurements (Michel et al., 2001):
1. Droplet method. The direct measurement of the 
contact angle of a drop of water on a material (Figure 1) 
using an optical goniometer – also called droplet method 
– was used to estimate the wettability of materials at high 
degrees of desiccation. This method is, however, limited 
by the necessity of having a smooth, planar, homogenous 
and isotropic surface (Oliver et al., 1980; Busscher et al., 
1984), which can generally only be used to measure tablets 
coming from highly compacted materials (Valat et al., 
1991). For this reason, this method could only be applied to 
slightly wetted or air-dried materials because the wetting 
of tablets led to a high heterogeneity and rugosity of the 
surface, and then to an inability to measure contact angles 
at higher water contents.
2. Capillary rise method. Using this second technique 
described in detail by Michel et al. (2001) and based on the 
capillary rise principle, contact angles could be determined 
on non-compacted materials and wettability could then 
be assessed for materials prepared at various water 
potentials.

This method consisted of following the capillary 
rise on a column of materials with different liquids by 
using the Krüss Processor Tensiometer K12® which is 
linked to a computer. Material prepared at various water 

Figure 1. Contact angle on a solid surface according to 
Young (1805).
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potentials was initially placed in a glass tube with a porous 
glass base. The tube was attached to the micro-balance, 
then automatically placed in contact with a receptacle 
containing the liquid (Figure 2). The speed of capillary 
rise, translated by the increase in weight of the sample, is 
measured in relation to time by the computer.

The contact angle was determined from Washburn’s 
equation (1921) which defines the flow of a liquid through 
a capillary:
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where m is the mass of the adsorbed liquid (g), ρ is the 
density of the liquid (g cm-3), and c corresponds to an 
empirical constant of the porosity and tortuosity of 
capillaries, which depends on particle size and the degree 
of packing.

The water/material contact angle could be calculated 
once the parameter c was assessed by using a liquid with 
a very low surface tension (i.e., hexane) which completely 
wets the sample (q= 0).

The methodological limitations of this technique were 
already presented by Michel et al. (2001). One of them is 
particularly important. Indeed, the capillary rise method 
does not permit the measurement of angles greater 
than 90° and, hence, the measurement of the degree of 

hydrophobicity. That is why contact angles were measured 
on tablets by the droplet method for air-dried materials, in 
particular, to provide complementary information on the 
degree of hydrophobicity.

Preparation of samples for wettability measurements
The samples were air-dried, then crushed and sieved 

at 500 µm to obtain a relatively homogenous material. 
The powders were then rewetted by mechanical agitation 
in water at a 2/1 ratio per volume of water/peat, then 
equilibrated at different matric potentials by centrifugation 
for -32 kPa and -100 kPa, and by air-drying for -100 MPa. The 
samples were reduced to powder by lightly crushing with a 
pestle and were used for capillary rise measurements.

However, because of the impossibility to assess contact 
angles greater than 90° by capillary rise, air-dried powders 
(-100 MPa) were then compacted under 75 MPa with a 
hydraulic press to obtain tablets which were used for 
direct contact angle measurements by the droplet method, 
using a Krüss G1® optical goniometer. 

Contact angle measurements coming from capillary 
rise method and by the droplet method were performed on 
6 and more than 12 replicates per sample, respectively.

Results

Main physico-chemical characteristics of peats
The main characteristics  of peats are given in Table 1. 

Before discussing these results, it should be recalled that 
the samples were collected at various times but at the same 
level in the peatland in order to have similar botanical 
compositions and degrees of decomposition .

The C/N ratio, the pyrophosphate index  (Kaila, 1956; 
Morita, 1976) and the cation exchange capacity (expressed 
in mass) seem to confirm that the two peat samples 
present a similar degree of decomposition. Furthermore, 
the other physico-chemical characteristics (pH, electric 
conductivity, exchangeable cations and saturation ratio 
of the CEC) are not very modified even if the peats were 
extracted at various periods.
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On the contrary, the effect of freezing could be 
clearly demonstrated from values of bulk density and, 
consequently, from different variables expressed in volume 
such as the CEC expressed in volume (meq L-1). Results 
showed that freezing contributes to a decrease of the 
bulk density, which is in agreement with the bibliography 
(Van Dijk and Boekel, 1965), and can be explained by the 
bursting of the peat structure under the effect of freezing, 
thus allowing a change and a reorganisation of pore size 
distribution.

Peat fibre contents, which confirmed their high 
degree of decomposition (Farnham, 1979), showed large 
differences , but we questioned the relevance of these 
results. Indeed, some authors (Levesque et al., 1977) have 
already observed that the main constraint of this method 
comes from the varying degree of particle dispersion which 
is lower for highly decomposed peats (more compacted 
peats) than for slightly decomposed peats. In our case, 
we have clearly shown that the compact structure of both 
of the peat samples (coming directly from the peatland, 
without sieving) lends itself to a difficult and incomplete 
dispersion of the samples, especially for the unfrozen peat.

Physical properties of peats
The total volume and water retention evolution of 

peats during desiccation cycles showed widely different 
behaviours (Figure 3).

The comparison between void ratios indicates that 
freezing contributes to a general increase of the total volume 
(see also the decrease in bulk density, Table 1). However, 
they present a similar evolution during desiccation with 
considerable and relatively constant shrinkage which is 
less for frozen peat (IS=32.8%) than for unfrozen peat 
(IS=53.3%) (Table 2). The evolution of water volumes varies 
greatly. On the one hand, unfrozen peat presents a constant 
decrease of the water ratio  during desiccation which is 
equivalent to its decrease in void ratio, i.e., in total volume. 
On the other hand, the decrease in water volume  of frozen 
peat is high until -100 kPa, which implies an increase of air 
content, then becomes weaker from this water potential. 
The peats can then be differentiated by their ability to 
retain water at higher water potentials. Indeed, they 
present similar water ratios  when the water potential is 
above -100 kPa, but the frozen peats present a higher water 
retention below -100 kPa.

Even if the behaviours of peats remained similar 
during two desiccation cycles, the degradation of physical 
properties after the first desiccation was greater for 
unfrozen peat than for frozen peat. Unfrozen peat 
presented a poor ability to rewet (IW=36.6%) and to swell 
(IC=27.0%) after air drying, whereas frozen peat preserved 
a better ability to rewet (IW=31.2%) and displayed a more 

pseudoelastic behaviour (IC=15.7%). The freezing of peat 
minimises shrinkage and makes it more reversible.

As for their horticultural qualities (Table 2), results 
obtained indicated that the freezing of peat leads to 
large increases in water availability and air capacity 
(Van Dijk and Boekel, 1965; Verdure, 1981). As we said 
before, this behaviour can be explained by the change in 
pore size distribution of peats  due to freezing. Freezing 
is accompanied by an increase in coarser porosity 
(corresponding to water potentials above -10 kPa), which 
implies higher water retention and air capacity . This can 
be explained by the non-bursting of the unfrozen peat 

Table 1. Main characteristics of peat samples (means of n=5 standard deviations in brackets).

Bulk 
density
g cm-3

Fibre 
content

% a

pH
Electric 

conductivity
mS cm-1

Organic 
matter
g kg-1

CEC Pyro- 
phosphate 

index
C/N

meq kg-1 meq L-1

Unfrozen peat 0.136
(<0.01)

37.7
(2.0)

3.8
(<0.1)

0.15
(<0.02)

979
(0.5) 134 182.0

(7.1)
23.3
(0.6)

55.1
(1.0)

Frozen peat 0.097
(<0.01)

45.8
(2.3)

3.7
(<0.1)

0.16
(<0.02)

975
(0.2) 138 138.0

(7.6)
23.2
(0.6)

50.9
(1.0)

a Standard deviation not determined.
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Figure 3. Void (e=VV/VS) and water (ϑ =VW/VS) ratios 
during two desiccation cycles of frozen and unfrozen 
peats at varying degrees of decomposition. (means of  n=5, 
continuous line: 1st desiccation, dotted line: 2nd desiccation).
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structure, i.e., its high particle aggregation as suggested 
by its lower void ratios and/or its higher bulk density 
compared to the frozen peat.

Wettability measurements
The desiccation of highly decomposed peats from 

-32 kPa to -100 MPa results in an increase of the contact 
angle which leads to a change from a hydrophilic (q< 90°) 
to a hydrophobic character (q> 90°) during desiccation 
(Table 3). These results agree with our preceding studies 
on the wettability of more or less decomposed peats 
during their desiccation (Michel et al., 2001) and also 
with those obtained by different authors by the Water 
Drop Penetration Test (Brandyk et al., 2000) or by contact 
angle measurements on air-dried materials (Valat et al., 
1991; Holden, 1998). Generally speaking, results obtained 
confirm the variable water repellency of organic materials 
in relation to their water content.

However, with or without freezing, the results showed 
that the contact angles measured are not significantly 
different  between both of the samples, regardless of the 
water potential. Freezing therefore does not seem to affect 
the wettability of highly decomposed peat. At first glance, 
these observations seem to contradict those observed in 
the bibliography which indicates an improvement of the 
rewetting time and rewetting capacity after freezing. In 
fact, they provide a new information about the surface 
properties of these organic materials by indicating that the 
effect of freezing is not due to a change in wettability but, 
instead, to a reorganisation of the peat structure.

Discussion and conclusion
General data obtained on frozen and unfrozen peats 

(C/N ratio, CEC, pyrophosphate index, etc.) suggested 
that both of the samples present a similar degree of 
decomposition. However, their physical properties are very 
different. The freezing of peat is accompanied by a decrease 
in bulk density, less and more reversible shrinkage during 
desiccation and a better ability to rewet. Freezing also 
leads to a change in agronomic characteristics, especially 
in water availability, which considerably increases after 
freezing.

Even if considerable modifications of the physical 
behaviour of peats were revealed, their wettability does not 
seem to be significantly affected by freezing. Regardless 
of the water potential, contact angles measured for peats 
with or without freezing were actually very similar and 
both of the peats became hydrophobic during desiccation 
at a water potential of around -100 kPa .

From these observations, we concluded that freezing 
affected the physical properties of the highly decomposed 
peats, without modifying their hydrophilicity or hydro-
phobicity. The change in the physical properties of peats 
after freezing is therefore not due to a change in wettability.

Nevertheless, even if the wettability of peats with or 
without freezing is similar, the modifications of the physical 
properties of peats after freezing, expressed in terms of 
poral volume and water retention, lead to an increase in 
rewetting capacity.

The effect of freezing is therefore advantageous for 
highly decomposed peats, not in terms of wettability 
improvement but as a result of the reorganisation of the 
peat structure which improves their physical qualities. 
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