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Abstract: The dynamometer method of determining particle size distribution was developed several
years ago. The principles of sample preparation for this method are based on those used in other
sedimentation methods. With improvements in these procedures, an investigation of the effect on
obtained particle size distribution results by removing organic matter using hydrogen peroxide was
proposed. For this purpose, the particle size distributions were determined in 50 soil samples with
varying organic matter content, before and after organic matter removal. A comparative analysis of
the results, including calculation of the Euclidean distance, was performed on both groups. It was
found that differences in the particle size distributions of the soils after the application of hydrogen
peroxide were difficult to predict, and irregular in both magnitude and direction. However, in light
soils, the process of organic matter removal caused an increase in the clay fraction at the expense of
the silt fraction, which decreased. In soils with a higher initial clay fraction, there were decreases in
the clay and sand fractions, while the silt fraction increased.

Keywords: particle size distribution; dynamometer method; grain size analysis; soil organic matter

1. Introduction

The particle size distribution is the most important property of soil. Over the past
100 years, several different sedimentation methods have been developed to determine soil
particle size distributions [1,2]. These methods include the pipette, hydrometer, Atterberg
and photo-sedimentation methods, and the sedimentation balance and centrifugation. The
first two are the most commonly used, with the pipette method being considered to be the
reference technique [3–5]. Sedimentation methods use the Stokes equation, which describes
the dependence of the falling velocity of a spherical body on its diameter and density
in relation to the dynamic viscosity and density of the fluid it is falling through [6–8].
The direct use of Stokes equation in the natural sciences requires certain assumptions to be
made that do not fully represent the actual process of particle sedimentation. The Stokes
equation concerns the settling of particles in a fluid that fulfil the following conditions:
the falling particle has a perfectly spherical shape; the particle falls with uniform motion;
the particle is smooth and inelastic; the Reynolds number is <2; the falling particle is not in
contact with other particles; and the particle falls in a vessel with a diameter many times
the diameter of the particle [9–12]. When using the Stokes equation in the pipette and
hydrometer methods, it is assumed that the soil particle fulfils the assumptions described
above. Furthermore, at the beginning of any sedimentation experiment, the soil sample
suspension is completely homogenised (i.e., all particles are evenly distributed throughout
the medium they are suspended in). In addition, it is only possible to determine fractions
consisting of particles of measurable size using the pipette and hydrometer methods.
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The upper limit is a diameter of 0.1–0.3 mm, as particles with a larger diameter fall off too
quickly [13–15]. The smallest diameter of the determinable particles is 0.002 mm, below
which free fall is significantly affected by Brownian motion [13,16]. It is also assumed that
there is no return flow phenomenon affecting the settling velocity of soil particles [17].

Soil does not only consist of mineral grains, which are the subject of the above consid-
erations on the determination of particle size distributions. Soil also contains soil organic
matter (SOM), carbonates, salts, and other organic and inorganic compounds. Therefore,
the determination of particle size distributions using sedimentation methods requires the
appropriate preparation of the soil samples. For each method, there is a different sample
preparation procedure; however, practically each method includes the removal of SOM.
This is due to two facts. Firstly, it has a specific density of 1.0–1.5 g·cm−3, which signifi-
cantly differs from the density of the mineral fractions. Secondly, the organic matter causes
soil particles to stick together in microaggregates, making full dispersion of the soil sample
impossible [18].

Hydrogen peroxide is the most common chemical used to remove SOM, and must be
added in appropriate amounts [9,19–21]. Then, excess hydrogen peroxide is removed from
the sample by heating until no CO2 is released or a much lighter coloured suspension is
obtained. Heating the sample also allows the organic matter to decompose more intensively.
The process of removing organic matter is time-consuming, thus significantly increasing
the sample preparation time. The addition of hydrogen peroxide also strongly influences
the properties of the tested soil. Inorganic substances are decomposed and new minerals
are formed. It increases the content of Al2O3 and Fe2O3, and affects the particle size
distribution of the soil [22–24].

Other methods that use the sedimentation process are currently under development
that minimise the disadvantages of the methods developed so far [25,26]. In particular, there
is a focus on automating the entire process and minimising human involvement [27–29].
One of the automated sedimentation methods is the dynamometer method, developed
several years ago by the authors. The dynamometer method is based on the measurement
of changes in the apparent weight of a float immersed in a sediment soil suspension.
The apparent weight of the float is measured using a dynamometer, and a cumulative
particle size distribution curve is calculated using the Stokes formula. The advantages of
the method are strong compliance with the results of the reference sedimentation method,
the ability to analyse multiple fractions, recording results in digital form, and shortening
the analysis time in relation to other sedimentation methods. Still a disadvantage of the
method is the need for manual sample preparation, as in other sedimentation methods.
A detailed description of the method is provided in Kaszubkiewicz et al. [30,31] and
Papuga et al. [32]. The developed method requires checking the influence of organic matter
removal on the obtained results of particle size distribution. Consequently, the authors
attempted to determine the extent to which the organic matter removal process affects the
results obtained using the dynamometer method. Moreover, it was checked whether the
dynamometer method differed from the other sedimentation methods in this respect, and
whether the amount of organic matter in soil samples significantly affects the results of the
analysis of particle size distribution using the dynamometer method.

2. Materials and Methods

The 50 samples used in this study were taken from the surface horizon (0–30 cm
depth) of agriculturally cultivated soils in the Lower Silesian area (Poland). The soils varied
in particle size distribution and soil organic carbon (SOC) content. The samples were
air-dried, crushed in mortar, and sifted through a 2 mm sieve. Analyses of the following
parameters that influence the sedimentation of soil particles were performed: the SOC
content (measured by gas chromatography); the calcium carbonate content (analysed using
the volumetric method and a Scheibler apparatus); and the pH in 1:1 soil:water mixture by
weight of one part to one part distilled water (by potentiometric pH meter).
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The particle size distribution in the samples was then determined using the dynamome-
ter method, with and without SOM removal. The soil suspension was prepared according
to the dynamometer method described in Kaszubkiewicz et.al. [31]. An aliquot of 60 g
of the sieved soil were weighed and transferred to a glass beaker, to which 25 cm3 of
dispersant (sodium hexametaphosphate) and 700 cm3 of distilled water were added (for
samples with the organic matter removed, a weight of >60 g was used, in proportion to
the SOC content of each soil sample, in order to obtain 60 g of dry soil after organic matter
removal). The contents of the beaker were stirred in a laboratory stirrer for 15 min, and
then transferred to a measuring cylinder with a capacity of 1000 cm3. The suspension
was filled to a volume of 1000 cm3 with distilled water, which was at ambient laboratory
temperature. Measurements were taken at a depth of 120 mm. The particle size distribution
of the soil samples was determined using the dynamometer method with an automatic
sample changer. A detailed description of the method is presented in Kaszubkiewicz
et al. [31]. The fractions with equivalent diameters of <0.063, <0.05 and <0.002 mm were
measured. The granulometric groups were determined according to the US Department of
Agriculture’s classification [33].

The results were verified by comparing the <0.063 fraction content obtained by the
dynamometer method with the results obtained by the sieve method. The 2.0–0.063 mm
fraction was determined by wet sieving over a sieve with a mesh diameter of 0.063 mm.
After rinsing, the soil residue on the sieve was dried, weighed and then the <0.063 mm
fraction was calculated (the weight of the dried soil remaining on the sieve was subtracted
from the individual weight of soil sample). Comparisons were made for all samples, both
those with and without organic matter.

The organic matter was removed according to a procedure reported in the literature,
appropriately modified to accommodate the soil weights used (which were heavier than
those used in other sedimentation methods) [3,10,34]. To the air-dried soil, 50 mL of distilled
water was added, and then 50 mL of 30% hydrogen peroxide. After 24 h, another 50 mL of
hydrogen peroxide was added. Then, after another 24 h, the samples were transferred to a
heating plate where they were heated to 90 ◦C until the remaining hydrogen peroxide was
completely removed (i.e., until there were no gas bubbles in the suspension).

The results were used to determine the magnitude of the differences between the
different fractions of samples subjected to SOM removal and those in which the organic
matter was retained. For this purpose, a reduced main axis (RMA) analysis is suggested,
instead of simple regression when both variables (in this study, the two variables are
the contents of a specific fraction in samples with and without SOM) are affected by
measurement errors [35,36]. The regression line is determined in such a way that the
sum of the areas of right-angled triangles formed between the measurement points and
the line (triangle sum of squares (TSS)) is the smallest. Changes in all three fractions
(<0.063, <0.05, and <0.002 mm) were also analysed by determining the Euclidean distance
between points. Points are the contents of each fraction measured in samples with and
without SOM [37]. The distribution of the Euclidean distances, and the selected statistical
parameters that characterised them, were determined (mean, median, range, and Pearson
correlation coefficient).

3. Results
3.1. pH, Carbonates and Soil Organic Matter Content

The pH values of the analysed samples ranged from 3.4 to 7.2. Only three samples
were classed as strongly acidic and six as acidic. The remaining samples were slightly
acid (21) and neutral (20). Classification determined according to the US Department of
Agriculture’s classification [33]. The calcium carbonate content in the investigated soils
ranged from 0 to 3.8%. In 24 samples, the calcium carbonate content was below detection
level (i.e., less than 0.1%). Moreover, a calcium carbonate content in the range of 0.1 to 1%
was found in 19 samples. For the remaining seven samples, this value exceeded 1%. The
mean calcium carbonate content for all samples was 0.4%, with the median being only 0.1%.
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Based on the results, it was found that there was no need to remove the calcium carbonate
before proceeding with analysis of the particle size distribution. The samples differed in
their SOC contents, which ranged from 0.88 to 4.5%. Eighteen samples were from soils
containing up to 1.4% organic carbon. The organic carbon content in 21 samples ranged
from 1.5 to 2.4%. The remaining 11 samples contained more than 2.4% organic carbon. The
mean SOC content was 1.9% and the median was 1.6%. Details of these properties are
included in Table 1.

Table 1. pH, soil organic carbon (SOC) and calcium carbonate content of the investigated soils.

No.
Sample pH SOC

(%)
CaCO3

(%)
No.

Sample pH SOC
(%)

CaCO3
(%)

1 5.7 4.5 0.0 26 7.0 0.9 0.5
2 6.7 2.8 1.6 27 6.3 3.3 0.2
3 6.6 3.6 0.1 28 4.2 1.6 0.0
4 6.7 3.2 1.7 29 6.6 1.4 0.0
5 7.0 3.1 0.2 30 6.7 1.1 0.2
6 6.3 1.5 0.0 31 6.3 1.5 3.8
7 7.2 1.2 1.2 32 5.6 2.2 0.0
8 6.8 1.7 0.6 33 6.2 0.9 0.0
9 6.2 2.1 0.3 34 4.6 1.6 0.0
10 5.9 1.8 0.1 35 4.5 1.1 0.0
11 6.6 1.9 0.3 36 5.9 1.6 0.0
12 6.2 2.5 0.0 37 7.0 1.4 0.5
13 3.6 1.1 0.0 38 6.6 1.2 0.2
14 5.5 1.0 0.0 39 6.8 2.3 0.4
15 6.7 1.7 0.0 40 4.4 1.7 0.2
16 6.0 2.1 0.0 41 6.0 0.9 0.0
17 6.1 1.5 0.0 42 6.6 1.9 0.0
18 6.4 1.2 0.0 43 6.4 1.4 0.3
19 5.8 1.3 0.0 44 6.7 2.3 1.2
20 6.4 1.4 0.0 45 6.7 2.4 0.2
21 5.4 1.5 0.0 46 5.5 1.5 0.0
22 6.0 1.2 0.2 47 6.2 2.6 0.0
23 6.4 1.2 0.2 48 7.0 2.5 1.9
24 6.3 1.3 0.7 49 7.1 3.5 1.9
25 5.5 1.8 0.0 50 6.9 2.9 0.4

3.2. Particle Size Distribution with and without Soil Organic Matter Removal

Based on determinations of particle size distribution in samples without the SOM
removed, the following granulometric groups were distinguished: sandy loam, 18 samples;
silt loam, 10; loamy sand, 12; loam, 8; sand, 1; and clay loam, 1. After SOM removal, the
classes were: sandy loam, 22 samples; silt loam, 14; loamy sand, 7; loam, 6; and sand, 1.
There was no tendency towards a change in category in any particular direction after SOM
removal. For example, a sample containing SOM, classed as a clay loam, met the guidelines
for loam after removal of the SOM. In four cases, samples that were identified as loam
changed the category to silt loam after SOM removal. In five samples, the category changed
from loamy sand to sandy loam after removal of the SOM. The classes for each sample are
shown in Table 2.
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Table 2. Granulometric groups of the investigated soils with SOM and after SOM removal.

No.
Sample

Granulometric
Group with SOM

Granulometric Group
without SOM

No.
Sample

Granulometric
Group with SOM

Granulometric Group
without SOM

13 Sand Loamy Sand 29 Sandy Loam Sandy Loam
20 Loamy Sand Loamy Sand 30 Sandy Loam Sandy Loam
23 Loamy Sand Loamy Sand 35 Sandy Loam Sandy Loam
32 Loamy Sand Loamy Sand 36 Sandy Loam Sandy Loam
33 Loamy Sand Loamy Sand 37 Sandy Loam Sandy Loam
38 Loamy Sand Loamy Sand 42 Sandy Loam Loam
40 Loamy Sand Loamy Sand 3 Loam Loam
27 Loamy Sand Sandy Loam 4 Loam Loam
28 Loamy Sand Sandy Loam 25 Loam Loam
39 Loamy Sand Sandy Loam 50 Loam Loam
41 Loamy Sand Sandy Loam 5 Loam Silt Loam
15 Loamy Sand Sandy Loam 8 Loam Silt Loam
34 Loamy Sand Sand 9 Loam Silt Loam
1 Sandy Loam Sandy Loam 31 Loam Silt Loam
6 Sandy Loam Sandy Loam 7 Silt Loam Silt Loam
10 Sandy Loam Sandy Loam 17 Silt Loam Silt Loam
11 Sandy Loam Sandy Loam 18 Silt Loam Silt Loam
12 Sandy Loam Sandy Loam 43 Silt Loam Silt Loam
14 Sandy Loam Sandy Loam 44 Silt Loam Silt Loam
16 Sandy Loam Sandy Loam 45 Silt Loam Silt Loam
19 Sandy Loam Sandy Loam 46 Silt Loam Silt Loam
21 Sandy Loam Sandy Loam 47 Silt Loam Silt Loam
22 Sandy Loam Sandy Loam 48 Silt Loam Silt Loam
24 Sandy Loam Sandy Loam 49 Silt Loam Silt Loam
26 Sandy Loam Sandy Loam 2 Clay Loam Loam

The clay fraction (<0.002 mm) in all the samples with SOM ranged from 0.8 to 27.3%,
the mean content being 11.1%, and the median 9.4%. After SOM removal, the range in clay
content was from 4.6 to 24.3%, while the mean content (11.6%) changed minimally, and the
median increased to 11.4%.

For the silt (0.05–0.002 mm) and sand (2–0.05 mm) fractions, the range was much
greater. The silt fraction in all the samples with SOM ranged from 2.1 to 63.2%, the mean
content being 31.7%, and the median 28.9%. After SOM removal, the range in silt con-
tent was from 5.3% to 65.0%, while the mean silt content (33.5%) was almost identical.
The median increased to 30.7%.

The sand fraction in all the samples with SOM ranged from 22.0 to 89.5%, the mean
content being 57.2%, and the median 58.1%. After SOM removal, the range in sand
content was from 18.9 to 89.2%, while the mean content (54.8%) decreased, and the median
decreased to 57.7%. The three fractions in the different samples are shown in Table 3.
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Table 3. Content of the three fractions in the samples with SOM, and after SOM removal.

No. Sample Sand Content
(%)

Silt Content
(%)

Clay Content
(%)

Sand Content
(%)

Silt Content
(%)

Clay Content
(%)

Samples with SOM Samples after SOM Removal

1 52.5 29.3 18.2 53.1 31.2 15.7
2 35.8 36.9 27.3 31.7 44.0 24.3
3 43.0 38.3 18.7 36.1 48.2 15.7
4 46.0 37.2 16.8 35.4 41.8 22.8
5 36.0 45.6 18.4 31.5 53.1 15.4
6 61.0 27.1 11.9 59.7 30.1 10.2
7 22.0 59.2 18.8 19.0 65.0 16.0
8 40.0 46.4 13.6 36.9 50.1 13.0
9 35.0 49.2 15.8 30.8 54.4 14.8

10 62.0 25.7 12.3 63.7 26.5 9.8
11 56.0 29.5 14.5 61.0 24.8 14.2
12 73.5 12.8 13.7 64.9 26.6 8.5
13 89.5 2.1 8.4 85.9 8.3 5.8
14 59.5 24.7 15.8 55.5 31.2 13.3
15 78.7 13.2 8.1 76.4 16.0 7.6
16 67.5 24.1 8.4 67.3 26.5 6.2
17 24.4 63.2 12.4 21.7 63.8 14.5
18 34.6 51.4 14.0 34.3 51.2 14.5
19 63.2 26.9 9.9 60.2 28.3 11.5
20 82.4 10.6 7.0 81.7 12.1 6.2
21 65.8 28.5 5.7 66.2 25.9 7.9
22 67.9 25.1 7.0 68.1 25.8 6.1
23 79.7 12.5 7.8 82.6 10.4 7.0
24 71.1 20.7 8.2 67.9 25.0 7.1
25 51.4 40.3 8.3 48.0 42.5 9.5
26 73.5 14.4 12.1 73.4 18.6 8.0
27 84.6 9.0 6.4 79.6 9.0 11.4
28 79.9 11.3 8.8 75.4 10.0 14.6
29 56.6 35.7 7.7 53.4 39.2 7.4
30 53.7 32.6 13.7 55.7 32.9 11.4
31 43.5 48.1 8.4 36.0 58.4 5.6
32 79.9 13.4 6.7 85.0 9.7 5.3
33 79.1 14.3 6.6 83.6 10.2 6.2
34 84.3 8.7 7.0 89.2 5.3 5.5
35 73.9 21.7 4.4 71.9 17.9 10.2
36 55.5 42.2 2.3 53.9 36.7 9.4
37 70.9 25.4 3.7 66.7 28.7 4.6
38 84.9 14.3 0.8 83.5 11.9 4.6
39 76.2 21.3 2.5 77.3 15.0 7.7
40 84.4 14.6 1.0 82.2 11.5 6.3
41 80.3 12.1 7.6 80.3 8.3 11.4
42 51.5 42.0 6.5 47.1 39.3 13.6
43 40.2 51.0 8.8 37.2 50.1 12.7
44 37.0 52.7 10.3 29.7 53.0 17.3
45 26.7 57.7 15.6 18.9 58.4 22.7
46 26.3 56.7 17.0 20.3 63.8 15.9
47 25.9 54.5 19.6 27.3 53.8 18.9
48 27.2 50.4 22.4 20.5 59.4 20.1
49 31.5 52.1 16.4 20.5 63.4 16.1
50 35.8 47.1 17.1 32.9 49.4 17.7

3.3. Differences in the Particle Size Distributions in Samples with and without SOM

Of the 50 samples tested, the granulometric categories of 13 samples after SOM
removal were changed. In 11 of these, there was a decrease in sand content after SOM
removal. Only in one sample was there an increase in the sand fraction, with a simultaneous



Agriculture 2022, 12, 226 7 of 14

decrease in the silt and clay fractions. In one sample, the sand fraction increased, whilst the
clay fraction also increased. These re-categorised samples were characterised by at least
one fraction being close to the category limit for a particular granulometric group.

The effect of SOM removal on the different fractions showed that the mean sand
fraction in the different samples decreased as a result of the SOM removal process by
−2.41 percentage points (pps) (minimum −11.0 pps, maximum 5.1 pps). At the same time,
the mean silt fraction increased by 1.86 pps (minimum −6.3 pps, maximum 13.8 pps), and
the mean clay fraction increased by 0.56 pps (minimum −5.2 pps, maximum 7.1 pps). How-
ever, when considering the changes relative to the initial fraction (in samples with SOM)
for each sample, the relative changes were much greater for the clay fraction. The mean
difference in the clay fraction of different samples was as high as 36.5% (minimum −38.0%,
maximum 530.0%). This is due to the fact that the finest fraction was the least abundant, so
every 1 pp difference translated into a large relative difference. For the silt fraction, this
value was 9.6% (minimum −39.0%, maximum 295.0%). Such a large maximum difference
occurred in sample 13, which contained only 2.1% silt in the variant with SOM. For sand,
this value was −6.3% (minimum −34.9%, maximum 8.9%). The average sand and silt
fractions were much more abundant than the clay fractions.

The change (value after SOM removal—value before SOM removal) in the sand
fraction as a result of SOM removal was positively correlated with its initial content and
negatively correlated with the initial contents of silt and clay. These correlations were
statistically significant at p < 0.05. The change in silt content was, in turn, negatively
correlated with the initial sand content and positively correlated with the initial silt and
clay contents. These correlations were statistically significant at p < 0.05. For the change
in silt content and initial clay content, the correlation coefficient was 0.6029 and the linear
regression equation had the form y = 0.4860x − 3.5305 (increasing trend). Furthermore,
the change in clay content due to SOM removal was negatively correlated with initial
clay content. These correlations were statistically significant at p < 0.05. The correlation
coefficient for these two quantities was 0.4717, and the linear regression equation had
the form y = −0.2778x + 3.6368 (decreasing trend). Thus, in light soils (sandy, containing
<10% clay fraction), the process of SOM removal caused an increase in the clay fraction at
the same time as a decrease in the silt fraction. On the other hand, in soils with a higher
initial clay fraction (medium and heavy soils, containing >10% clay), the SOM removal
process caused a decrease in the clay and sandy fractions, while the silt fraction increased
(Figure 1). A correlation between changes in the three fractions as a result of SOM removal
and the initial SOC content of the soil samples was also tested. It was found that there was
a negative, statistically significant correlation for the sand fraction (r = –0.3718, p = 0.008)
and a positive correlation for the silt fraction (r = 0.3171, p = 0.025).
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Figure 1. Difference in the silt (A) and clay (B) fractions between samples with SOM and after SOM
removal relative to the clay fraction in the different soils.

The Euclidean distance was used to provide an overall assessment of the influence
of the SOM removal process on the results of the dynamometer method. In this study,
the distance was between points in a three-dimensional space describing the particle
size distribution through three parameters (the sand, silt, and clay fractions). The points
represented the differences between these fractions in samples with and without SOM.
The Euclidean distance thus calculated for the 50 samples ranged from 0.6 to 17.1%, with a
mean value of 6.6% and a standard deviation of 3.6%. The Euclidean distance between the
means of the different fractions calculated before and after SOM removal was also deter-
mined, and found to be 3.1%, with the ratio of the two values being 2.13 (2.13 = 6.6%/3.1%).
Thus, it can be concluded that, while the individual sample results sometimes changed
significantly during the SOM removal process, the change in the means of the different
fractions was much smaller. In other words, the changes in the different fractions were
irregular and did not show an overall trend. The Euclidean distance was found to be corre-
lated with the organic matter content of the samples. These correlations were statistically
significant (r = 0.3998 and p = 0.004) (Figure 2).
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Figure 2. Euclidean distance between the points representing particle size distribution with SOM
and after SOM removal, relative to initial soil organic carbon content.

3.4. Fractions <0.063 mm Obtained by the Dynamometer and Sieve Methods

To control the quality of the results of the particle size analysis using the dynamometer
method, a comparison was made between data from the <0.063 mm fraction determined
by dynamometer and those of the same fraction determined by wet sieving. For samples
with SOM, the fraction determined using both methods correlated at r = 0.9954, and the
trend line for their mutual relation had the form y = 0.9324x + 1.8313 (where x is the <0.063
fraction measured by wet sieving, and y is the same fraction measured by dynamometer.
A similar correlation was occurred for the two methods after SOM removal, with r = 0.9938
and the trend line being y = 0.9512x + 1.1197 (Figure 3).

Using this regression model [35,36], for the samples with SOM, the equation y =
0.9367x + 1.6203 was obtained (determinations as above), and the TSS value was 111.6.
The average for one measurement was 2.232. For the samples after SOM removal, the
regression line determined by the RMA method was described by the equation y = 0.9571x
− 1.4117, and the TSS value was 158.7. The average TSS for one measurement was 3.175.
In both cases, agreement between the sieve and dynamometer determinations was high,
with similar values, and only slightly affected by the SOM removal process.
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4. Discussion

When considering SOM, in terms of its influence on the results of the sedimentary
analysis of particle size distribution, it is important to note that it occurs in particulate
organic matter (POM) and mineral-associated organic matter (MAOM) forms. Additionally,
dissolved organic matter is present, but its proportion is small in relation to total organic
matter [38]. MAOM and POM differ in density and particle size. MAOM is associated
with silt and clay fractions and its particles are smaller than 0.057 mm. POM is composed
of organic matter particles with sizes in the range 0.0057–2.0 mm and is not bound in
microaggregates [39–41]. These differ in their properties, including in their influence on the
results of particle size analysis by sedimentation methods [42]. The different properties of
these fractions strongly complicate the effect of SOM removal on the results of soil particle
size distribution using sedimentation methods. The authors consider that the changes in
the different fractions resulting from SOM removal were caused by two factors.

The first factor is the mineralisation of organic matter with the removal of its decom-
position products. In the measurement process of samples containing SOM, its particles
were determined as mineral grains. Their lower density value caused the organic particles
and organic-mineral complexes to fall with velocities lower than their equivalent diameters
would suggest. Therefore, they were interpreted as small particles, while in reality, they
are particles with larger diameters. The results of the tests only partially confirmed this
observation because, although the average sum of the <0.063 mm fractions measured by
dynamometer method and the >0.063 mm fractions measured by sieving was higher for
samples with SOM (98.51%) than for those after SOM removal (96.33%), both indicated
numbers below 100%.

The Stokes [43] equation shows that particles with densities ρs1 and ρs2 have equal
falling velocities when their diameters, D1 and D2, satisfy the equation:

D1

D2
=

√
(ρs2 − ρw)

(ρs1 − ρw)
(1)

where ρw is the water density.
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Therefore, SOM particles with diameters slightly larger than 0.063 mm are shown
as <0.063 mm in the sedimentation analysis and simultaneously as >0.063 mm in the
sieve analysis. As a result, the sum of the <0.063 mm fraction measured by sedimentation
dynamometer and the >0.063 mm fraction measured by sieve analysis should be greater
than 100%. However, this is not confirmed by the results obtained. Two explanations are
possible. The first is that SOM particles are generally smaller in diameter than 0.063 mm,
so they would appear only once during the analysis. This is consistent with data from
the literature. Barthès et al. [44] reported that SOM particle diameters are mostly smaller
than 0.02 mm. A second explanation is that the dynamometer method underestimated the
fractions. It is highly likely that both effects might occur simultaneously, and the absence
of SOM particles with dimensions not much larger than 0.063 mm.

The second factor is the effect of the SOM removal process on the mineral particles
associated with organic matter. SOM particles are found in soil in a form associated with
different granulometric fractions which affects the interpretation of their equivalent di-
ameters in sedimentation measurements [45]. Some SOM (especially that which is less
than 6 years of age) may be responsible for the ability of soil particles and aggregates
to stick together [46]. The simple peptisation process does not significantly affect their
stability. The process of SOM oxidation using H2O2 can break it down, causing the mineral
particles (actually aggregates) to break down into smaller fragments, thus changing the
sedimentation velocity of the associated mineral particles [47]. Organic-mineral complexes
containing MAOM have a lower average density than mineral soil particles. Mineralisation
of their organic fraction causes an increase in density, and thus an increase in sedimentation
velocity in aqueous suspension. Such particles can therefore be interpreted in the sedimen-
tation analysis as being larger than they originally were, despite the loss of some mass. The
results of the sedimentation analysis may also have been influenced by the heating of the
suspension and the contact time with the aqueous peptiser solution, which was longer than
in the samples from which SOM was not removed. The preparation of the samples may
not have disintegrated all the aggregates, which disintegrated later in the organic matter
removal process. Moreover, the interpretation of results may be hindered by the shape of
clay grains, which may significantly deviate from the spherical shape (which is one of the
conditions for the application of the Stokes equation). Despite the existence of a modified
Stokes equation [12], the currently used algorithms of the dynamometer method do not
contain equations correcting the deviation of clay particles from the spherical shape.

Removal of the SOM therefore resulted in a relative increase in the mineral fractions
and a decrease in the content of grains with dimensions corresponding to the diameters
of substitute grains of POM and MAOM. The results of these processes are complex,
depending not only on the SOM content, but also on the diameters of its substitute grains,
their association with different mineral fractions, and the particle size distribution of the
mineral fractions. Obviously, this effect should have had a decreasing significance as the
initial SOM content decreased. Beuselinck et al. [48] found that the process of SOC removal
from samples containing <1% SOC (SOC equivalent to 1.7% SOM) did not significantly
affect the results of their study; the results of the present study at least partly support that
finding. In samples containing up to 0.9% SOC, the application of hydrogen peroxide did
not affect the results of the particle size distribution analysis. An even higher value was
reported by Jensen et al. [49], who concluded that the organic carbon limit above which
organic matter should be removed was 2%. They also found that, above this content, there
was a large increase in the underestimation of the silt and clay fractions in samples that the
organic matter had not been removed from. Similar conclusions were reached by Hereter
et al. [50]. SOM should be removed if the SOM content is greater than 2% and the sample has
a <0.002 mm fraction greater than 25%. Such sample properties result in an underestimation
of the clay fraction in samples that have not been pre-treated. However, our results did
not confirm this observation. On the other hand, Zimmermann and Horn [24] reported
significant differences in the different fractions in their study, with the removal of SOM
causing an increase in the clay fraction and a decrease in the silt and sand fractions.
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5. Conclusions

Changes in the particle size distribution of soils due to the removal of SOM using
30% hydrogen peroxide were irregular in both magnitude and direction. Only in light
soils (containing an initial <10% clay fraction) was it found that the SOM removal process
caused an increase in the clay fraction and a decrease in the silt fraction. In soils with a
higher initial clay fraction (>10%), the SOM removal process caused a decrease in the clay
and sand fractions, with a simultaneous increase in the silt fraction.

It was observed that there was a negative, statistically significant correlation between
the initial SOM content and the change in the sand fraction, and a positive correlation
between the initial SOM content and the change in the silt fraction. This suggests that the
SOM particles in the soil had diameters smaller than 0.063 mm in most cases.

The mechanisms responsible for changes in the particle size distributions resulting
from the removal of SOM are complex, with their orientation resulting from the SOM
content and properties, and the nature of the links between SOM and the soil mineral
fraction. Potentially important influences on the results may include the breakdown of
microaggregates bound by young SOM, a change in the average density of mineral organic
particles in the mineralisation of their organic parts, or a relative increase in some soil
fractions. All this indicates that, in soils with different origins, compositions and content
of different types of organic matter, the effect of SOM removal may be difficult to predict.
Therefore, there was no rationale for removing SOM in samples containing less than 2%
SOM. The effect of organic matter removal on the results obtained by the dynamometer
method is consistent with that presented in work on other sedimentation methods.
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