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The growing interest in amorphous silica (ASi) within the fields of soil science and
ecology underscores the necessity for a reliable protocol to estimate ASi contents in
soil. Alkaline wet chemical extraction methods are commonly employed for silicon
(Si) extraction fromoperationally defined (x-ray) amorphous Si phases or short-range
ordered mineral phases in soils and marine sediments. In our study we conducted a
comparative analysis of four alkaline extraction methods (1% sodium carbonate,
0.5 M sodium carbonate, 0.2 M sodium hydroxide, and 0.1 M Tiron), assessing their
extraction selectivity as well as effectiveness using soils artificially enriched with
varying, defined amounts of ASi. While extraction effectiveness was evaluated by
determining the recovery rate of initially added ASi, extraction selectivity was
determined by measuring aluminum (Al) and iron (Fe) concentrations as
indicators of the dissolution of non-target mineral phases. Microwave plasma
atom emission spectrometry was used to analyze Al, Fe, and Si concentrations in
the extracts. Our results indicate that extraction with 0.2 M sodium hydroxide yields
thebest outcomes in termsof both extraction effectiveness and selectivity. Thismore
recent extraction technique is conducted at the most alkaline pH (13.3) of all four
methods tested, but at ambient temperature (21°C) decreasing the dissolution of
non-target mineral phases. Though, no wet-chemical extraction used on
heterogeneous samples like soil is precisely selective, and thus able to quantify
the target analyte only. Hence, data obtained by such procedures still need to be
interpreted with caution considering all their limitations.
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Introduction

Growing evidence suggests that silicon (Si) plays a vital role in maintaining plant health
and soil functions under pressure, which has spurred significant research into Si
biogeochemistry (reviewed in Schaller et al., 2021; Katz et al., 2021). Silicon has a
variety of functions in plant biology including the defense against biotic and abiotic
stresses (Puppe et al., 2023a; de Tombeur et al., 2023). In addition, amorphous silica (ASi)
amendment can increase soils’ water holding capacity and plant available water, hence may
play a more important role in soil water relation than currently recognized (Schaller et al.,
2020; Zarebanadkouki et al., 2022).
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Despite Si is the second most abundant element of the earth
crust, soil Si availability for organisms (e.g., plants, sponges, or
protists) is limited as they can take up Si only in the form of
monomeric silicic acid (H4SiO4; Katz et al., 2021; Schaller et al.,
2021). Soil solid phases of Si comprise crystalline forms like quartz
and its polymorphs, feldspar, mica, olivine, pyroxene, and secondary
clay minerals like illite, smectite and kaolinite, as well as short-range
ordered phases (e.g., allophane, imogolite, opal-CT) and (x-ray)
amorphous phases. Amorphous Si can be either of biogenic (bASi,
e.g., phytoliths, testate amoeba shells, sponge spicules) or
minerogenic (silica included in pedogenic oxides or precipitated
onto other soil constituents in acidic soil environments) origin
(Veerhoff and Brümmer, 1993; Sauer et al., 2006; Puppe, 2020).

The ultimate source of silicic acid for plant uptake is the
weathering of the parent material comprising the solid phases
named above. Once taken up by plants silicic acid condensates
forming bASi in the form of phytogenic silica. Plant availability of Si
depends on its concentration in solution which is driven by site
conditions (e.g., soil pH, mineral composition, solubility of primary
and secondary mineral phases) and management practices (e.g.,
straw recycling; Klotzbücher et al., 2018; 2020; Puppe et al., 2021).
The solubility of solid mineral phases increases with decreasing
crystallinity (crystalline < short-range ordered < (x-ray)
amorphous) of these compounds which impacts the ability to
provide dissolved Si (Cornelis and Delvaux, 2016). Hence, short-
ranged ordered Al/Si phases and (x-ray) amorphous Si phases
represent an important source of plant available Si (Schaller
et al., 2021; Cornu et al., 2022).

However, due to intensified land use these Si sources
substantially declined in agricultural soils, which is mainly caused
by the removal of Si-rich biomass by harvest, especially of Si
accumulating cereal crops (Struyf et al., 2010; Puppe et al., 2021).
In agricultural soil-plant systems a quantification of the ASi pool is
crucial for the estimation of the potential Si availability for plants. A
poor soil Si status may be mitigated by Si fertilization or a change in
management practice, e.g., by straw recycling (Puppe et al., 2021;
Barão, 2022). High silicic acid concentrations in soil solution may
lead to a precipitation as ASi, and may reduce translocation of
potentially toxic metal cations like copper and cadmium (Stein et al.,
2020; Stein et al., 2021; Puppe et al., 2023a). Furthermore, ASi
addition was found to increase phosphorus availability as shown for
fen peats as well as arctic and paddy soils (Schaller et al., 2019; 2022;
Hömberg et al., 2020).

Research of the last decades provided different alkaline wet-
chemical extraction methods to extract Si from operationally
defined (x-ray) amorphous and short-range ordered mineral
phases (e.g., allophanic and imogolite-type compounds) in soils
and (marine) sediments (Sauer et al., 2006; Schaller et al., 2021).
In general, these extraction techniques use strong bases (e.g., sodium
hydroxide (NaOH)), weak bases (e.g., sodium carbonate (Na2CO3)) or
complexation agents like Tiron (Foster, 1953; Biermans and Baert,
1977; DeMaster, 1991; Kendrick and Graham, 2004) as the solubility
of ASi strongly increases at alkaline pH (Iler, 1979). However, these
various extraction methods were developed for different purposes.
Most of them aimed for purification of clay minerals for further x-ray
diffraction (XRD) analyses of these crystalline phases.

Foster (1953) introduced a hot 0.5 M NaOH extraction method
to extract Si from biogenic and minerogenic ASi, and aluminum

oxides/hydroxides occluded in montmorillonite. Hashimoto and
Jackson (1960) modified this method to extract Si and Al from
allophane and kaolinite-halloysite by shortening the extraction time
to decrease the dissolution of non-target silicate minerals. Follett
et al. (1965) developed a 2-step Na2CO3 method to investigate
inorganic amorphous material in the clay fractions of two soils.
Additionally, they accessed the effects of the extraction on the clay
fraction by various analytical techniques (e.g., XRD). Biermans and
Baert (1977) used a hot 0.1 M 4.5-dihydroxy-l.3-benzenedisulfonic
acid (disodium salt) (Tiron, C6H4Na2O8S2) solution to extract
aluminum (Al), iron (Fe) and Si oxides/hydroxides from soil
samples. In the early 1980s DeMaster (1981) introduced a 1%
Na2CO3 extraction method to extract Si from biogenic ASi in
marine sediments implementing a linear (mineral) correction of
Si extracted from non-target phases (e.g., clay minerals) for the first
time. Another approach was proposed by Koning et al. (2002). They
used an alkaline leaching technique (0.5 M NaOH) for the
simultaneous analysis of bASi and Al in marine sediments to
discriminate between silica from biogenic and non-biogenic
fractions. Various studies have since employed Na2CO3 and
NaOH extractions to extract ASi from soil samples, e.g., the
phytolith pool (Meunier et al., 2014; Barão et al., 2015; Schaller
et al., 2021 and references therein).

Several attempts have been made to compare the existing
alkaline extraction methods considering their extraction
effectiveness and selectivity towards ASi. Follett et al. (1965)
observed that NaOH extracted more Si from SROAS, but similar
amounts of Si from kaolinite, illite and montmorillonite compared
with Na2CO3. In a comparative study Kodama and Ross (1991)
investigated the differences between NaOH (Hashimoto and
Jackson, 1960), Na2CO3 (Follett et al., 1965), and Tiron
(Biermans and Baert, 1977). From their results they concluded
that all extractants dissolve Si from non-target mineral phases
e.g., kaolinite and microcline, especially NaOH. Additionally they
showed that Tiron extracts as much Si from Fe phases as a sodium
oxalate extraction. Barão et al. (2015) compared the methods of
DeMaster (1981) and Koning et al. (2002) to access biogenic ASi in
different samples including marine sediments and soil. They
concluded that the reliability of ASi extraction data decreases
with decreasing initial ASi content of the sample as Si originating
from non-target silicates dominates the Si solution concentration in
the extracts, even after linear mineral correction. As most of the
commonly used extraction methods aiming for ASi estimation in
natural samples were insufficient considering their extraction
selectivity and capacity Georgiadis et al. (2015) refined and
modified the NaOH protocol introduced by Kamatani and Oku
(2000). Georgiadis et al. (2015) observed that especially reaction
temperature drives the dissolution of non-target mineral phases
(selectivity) while having a lesser influence on extraction capacity of
ASi. However, solution pH was shown to have the largest impact on
extraction capacity. Thus, they recommend a cold extraction
method using 0.2 M NaOH adjusted to pH 13.3 (Georgiadis
et al., 2015).

However, to the best of our knowledge no attempt has yet been
made to compare the recent low temperature extraction method of
Georgiadis et al. (2015) with well-established protocols (e.g., 1%
Na2CO3, 0.5 M Na2CO3, 0.1 M Tiron), partly suggesting higher
extraction temperatures. For the first time, a comparative analysis
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was conducted using a soil artificially enriched with differing
amounts of ASi to address this knowledge gap. Extraction
effectiveness was analyzed by determining the recovery rate of
initially added ASi. Extraction selectivity was determined by
measuring Al and Fe concentrations as indicators of the
dissolution of non-target mineral phases such as SROAS and Fe
oxides/hydroxides. We aimed to comparatively assess four alkaline
Si extraction protocols (0.2 M NaOH, 1% Na2CO3, 0.5 M Na2CO3,
and Tiron) and to evaluate their selectivity and quantification
effectiveness in extracting ASi from soil.

Results

Extraction effectiveness

Extraction effectiveness of the extractants was analyzed by
determining the corresponding recovery rates of ASi added to the
soil samples in different, defined amounts. Therefore, Si
concentrations in the extracts were used to calculate the
corresponding Si contents in the soil samples after subtracting
the values obtained from control samples (no ASi added). The Si
contents obtained from extractions with Tiron, 1% Na2CO3, and
0.2 M NaOH are in accordance with the added amounts (Figure 1).
However, 0.5 M Na2CO3 showed a relatively poor extraction
effectiveness as only minor amounts of the added ASi were
extracted. The mean deviation of the extracted contents

compared to the added contents was the smallest for 0.2 M
NaOH (0.06%), followed by Tiron with 0.12% and 1% Na2CO3

with 0.15%. The 0.5 M Na2CO3 showed the highest difference
(1.13%). Figure 2 shows the ASi content extracted by the
respective extractant including the extracted background ASi
content of the control. ASi contents obtained from all extraction
procedures were very highly correlated with the added ASi contents
(Figures 1, 2). The strongest correlation was found for 0.2 M NaOH
(r = 0.999, p < 0.001), followed by Tiron (r = 0.996, p < 0.001), 0.5 M
Na2CO3 (r = 0.991, p < 0.001), and 1%Na2CO3 (r = 0.981, p = 0.001).
0.5 M Na2CO3 extractions resulted in ASi contents that were
markedly below the target range (Figures 1, 2). Tiron extracted
the most Si from the control compared with NaOH and Na2CO3

extractions (Figure 3A).

Extraction selectivity

To distinguish between Si derived fromminerogenic ASi sources
or other mineral phases, Al and Fe concentrations were also
measured in the extracts. A detection of these two elements after
extraction accounts for the dissolution of non-target phases with
respect to ASi (e.g., clay minerals or Fe oxides/hydroxides).

Aluminum and Fe were extracted with each extractant, however,
in varying amounts (Figure 3 b and c) . Sodium carbonate (1%)
extracted the highest amount of Al (mean 2.8 g kg−1), followed by
Tiron (mean 1.1 g kg−1) and NaOH (5 h, mean 0.6 g kg−1). Sodium

FIGURE 1
Relationship between extracted amorphous silica (ASi) contents and added ASi displayed in % SiO2. Silicon content extracted from the control (i.e., a
Haplic Luvisol without ASi addition) is subtracted. The 1:1 line represents the optimum extraction effectiveness of the added ASi. The grey dotted lines
represent the range of ±5% deviation from the optimum extraction of the target analyte.
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carbonate (0.5 M) extracted the least Al (mean 0.2 g kg−1) from the
control (i.e., a Haplic Luvisol without ASi enrichment). Tiron
extracted the highest Fe contents (mean 2.4 g kg−1), followed by
1% Na2CO3 (mean 1.0 g kg−1), and NaOH (mean 0.3 g kg−1). Again,
0.5 M Na2CO3 extracted the least Fe (mean 0.01 g kg−1). The highest
Si contents were extracted by Tiron (mean 1.8 g kg−1), followed by
NaOH (5 h, mean 0.6 g kg−1) and 1% Na2CO3 (mean 0.1 g kg−1).
Again, 0.5 M Na2CO3 also extracted the least Si (mean 0.5 g kg−1)
from the control (Figure 3A).

Due to the different solid-to-solution ratios (0.5 M Na2CO3 = 1:
25; 0.2 MNaOH = 1:400; Tiron = 1:1,000; 1%Na2CO3 = 1:1,333) the
concentrations in solution of the control samples varied strongly
from the contents calculated for the solid phase. In solution, Si
concentrations were the highest for 0.5 M Na2CO3 (mean 2.17 ±
0.04 mg L−1), followed by Tiron (mean 1.79 ± 0.03 mg L−1) and
NaOH (mean 0.13 ± 0.01 mg L−1). Sodium carbonate (1%) showed
the lowest Si concentration in solution of the control extracts (mean
0.08 ± 0.01 mg L−1) and the highest extracted Si contents due to the
widest solid-to-solution ratio. The Al concentrations in the extracts
of the control sample were the highest in the 0.5 M Na2CO3 (mean
7.56 ± 0.17 mg L−1), followed by Tiron (mean 0.94 ± 0.05 mg L−1)
and 1% Na2CO3 (mean 0.21 ± 0.02 mg L−1). Sodium hydroxide
(0.2 M) showed the lowest Al concentrations (mean 0.15 ±
0.01 mg L−1) in the extracts of the control. Iron concentrations in
the extracts of the control samples were the highest for Tiron (mean
1.97 ± 0.14 mg L−1), followed by 0.5 M Na2CO3 (mean 0.20 ±
0.01 mg L−1) and 1% Na2CO3 and 0.2 M NaOH, which both

showed a mean Fe concentration of 0.08 ± 0.01 mg L−1 in the
extracts. Noteworthy, the Al concentration in the 0.5 M Na2CO3

extracts sharply decreased with increasing contents of initially added
ASi. While the Al concentration in the control extracts was
7.56 mg L−1, it declined to 0.04 mg L−1 for the samples enriched
with 3.0% ASi.

Discussion

Extraction effectiveness

Sodium hydroxide extraction at room temperature (developed
by Kamatani andOku, 2001; modified by Georgiadis et al., 2015) was
the most effective extracting agent as it showed the smallest mean
deviation between added and extracted ASi over the whole ASi
content range. Differences in extraction effectiveness can be
explained by the differing pH values of the extraction solutions
with NaOH being the most alkaline solution (pH = 13.3) compared
with the other extractants (0.5 M Na2CO3, pH = 11.8; 1% Na2CO3,
pH = 11.2; Tiron, pH = 10.5). In general, the solubility of ASi
strongly increases with pH (Iler, 1979; Georgiadis et al., 2015), so
that more Si is released into solution with increasing pH of the
extractant. However, Tiron having the lowest pH of all extractants
showed comparable results with NaOH considering extraction
effectiveness of ASi. Tiron is operating with different reaction
mechanisms compared with NaOH and Na2CO3. Besides being

FIGURE 2
Relationship between extracted amorphous silica (ASi) contents and added ASi displayed in % SiO2. Background Si contents of the control (i.e., a
Haplic Luvisol without ASi addition) are included. The 1:1 line represents the optimum extraction effectiveness of the added ASi. The grey dotted lines
represent the range of ±5% deviation from the optimum extraction of the target analyte.
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an alkaline extractant, Tiron also acts as a complexing agent for Al
and Fe (Biermans and Baert, 1977) and it dissolves allophane,
imogolite, and poorly crystalline hydrous Fe oxides as effective as

an oxalate extraction (acidic extraction targeting poorly crystalline
Fe oxides in soil) (Kodama and Ross, 1991). Additionally, Tiron
extraction is conducted at 80°C whereas the NaOH is examined at
ambient conditions. The accuracy of ASi quantification further
declined for the two Na2CO3 extractants. This is in line with
other studies stating that Na2CO3 extraction is often too mild,
i.e., the extraction capacity of Na2CO3 is lower compared to
other alkaline extractants used for total dissolution of ASi phases
in soil (Kodama and Ross, 1991) or plant samples (Puppe et al.,
2023b). Hence, the pH of the Na2CO3 extractants may not be
sufficiently alkaline to dissolve ASi with a single extraction
(Kodama and Ross, 1991). However, comparing the two Na2CO3

extractions (Table 1), the DeMaster (1981) extraction conducted at
80°C showed a better extraction effectiveness targeting ASi than the
method developed by Breuer and Herrmann (1999), which is
conducted at ambient (room) temperature. These results may be
explained by the higher extraction temperature of the DeMaster
(1981) protocol (80°C vs 21°C). The 0.5 M Na2CO3 extraction
procedure basically failed to extract the added ASi contents. The
narrow solid-to-solution ratio of this protocol resulted in relatively
high Si and Al concentrations in solution. Furthermore, the ionic
strength (IS) of 0.5 M Na2CO3 is the highest of all used extractants.
The precipitation of Si and/or Al:Si phases depends on their own
concentration in solution, the solution pH and the IS of the solution
(Dietzel, 2002; 2005). Al and Si solution concentrations where the
highest in the 0.5 M Na2CO3 extracts as well as the IS of the
extractant. Hence, Al and/or Si may underwent (co-)precipitation
of ASi and/or short-range ordered Al:Si phases. Consequently, the
ability of 0.5 M Na2CO3 to extract Si may be sufficiently high.
However, Al and Si may be removed from solution due to their (co-)
precipitation. This assumption is underpinned by the decrease of Al
solution concentration with increasing Si concentration in the
extracts. The lowest Al concentrations were observed in the
samples with highest ASi (3%) addition, whereas the highest Al
concentrations were measured in the control samples without any
ASi addition. Thus, this method may just be suitable for samples in
which low ASi contents are expected.

Extraction selectivity

Extraction selectivity was observed by analyzing Al and Fe
concentrations in the extracts. Increasing Al and Fe
concentrations are an indicator for the dissolution of Al and Fe
bearing mineral phases like clay minerals or iron oxides. As these
non-target minerals also release Si into solution ASi concentrations
in the extracts are overestimated to a certain extent (decreased
extraction selectivity).

The low ASi concentrations in the 0.5 M Na2CO3 extracts were
rather resulting from precipitation of Al and/or Si than from an
insufficient dissolution of ASi itself. This is why this method is not
further discussed regarding extraction selectivity below. Extraction
of Si fromASi phases wasmost selective using the method developed
by Georgiadis et al. (2015), as the lowest amounts of Al and Fe were
extracted by 0.2 M NaOH at ambient (room) temperature. Hence,
during this extraction the least Si release from clay minerals was
observed. These results can be explained by the relatively low
extraction temperature, as Si release from clay minerals and

FIGURE 3
Si (A), Al (B) and Fe (C) contents (g kg−1) of the control (i.e., a
Haplic Luvisol without amorphous silica addition) extracted by the
respective alkaline extraction protocols. Different letters indicate
statistically significant differences (p < 0.05,
Kruskal–Wallis ANOVA).
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primary silicates decreases with temperature (Georgiadis et al.,
2015). Georgiadis et al. (2015) showed that at ambient conditions
minor amounts of Al and Si are released from smectite and no Al
was released from kaolinite and feldspar samples. Dissolution of
these mineral phases increased with temperature. In our study, the
Na2CO3 (1%) extraction performed at 85°C extracted the most Al
from the control samples, followed by Tiron. As described above
these results can be explained by the relatively high temperature of
these extractions. However, compared with the hot NaOH
extraction, Tiron was found to attack crystalline minerals to a
lesser extent (Kodama and Ross, 1991). The most Fe was
extracted by Tiron. This is in line with the findings of Kodama
and Ross (1991) showing that Tiron extracts as much Fe and Al from
Fe- and Al-oxides as an oxalate extraction.

DeMaster’s (1981) extraction is the only method of the four
methods tested in our study, which takes the dissolution of mineral
phases into account by correcting the amount of Si derived from
mineral dissolution. Such a correction works well on sediment
samples from aquatic environments (DeMaster, 1981). These
correction procedures require constant Al:Si ratios of ASi and
other mineral phases. However, as soils are usually characterized
by more diverse clay mineral assemblages with varying Al:Si ratios
and ASi with varying amounts of Al, the preconditions for a
meaningful correction are less well fulfilled in soil compared to
sediment samples (Sauer et al., 2006). Barão et al. (2015) found
substantial contributions from non-biogenic Si sources during
alkaline extractions of Si following a modified DeMaster (1981)
protocol even after linear mineral correction. They suggested that
continuously monitored Al:Si ratios during extraction (Koning et al.,
2002) may be used to differentiate between biogenic and non-
biogenic sources of the extracted Si. Moreover, they concluded
that the term ASi may be inappropriate regarding samples where
silicate minerals contribute to the extracted Si to a large extent (e.g.,

samples from subsoil horizons, which are predominantly
characterized by low ASi contents). Georgiadis et al. (2015)
showed that Al and Fe concentrations decreased with decreasing
extraction temperature indicating a decreasing dissolution of non-
target Si bearing solid phases. This is generally corroborated by the
results of our study. Out of the four alkaline extraction methods
tested, NaOH (0.2 M) extraction at ambient (room) temperature
showed the best performance regarding extraction selectivity and
effectiveness. However, mineral phases may exist as a continuum
from completely disordered phases to well crystallized material
(Follett et al., 1965), making it hard to distinguish between
crystalline, short-range ordered and amorphous phases. When
interpreting results of wet-chemical extractions, one must bear in
mind that no wet-chemical extractionmethod is completely selective
and able to quantify the target analyte exclusively. Hence, general
identification of individual species by such extractions has been
shown to be impossible (Barão et al., 2015; Rennert, 2019). This
restriction needs to be considered to avoid improper and careless
interpretation of wet-chemical extraction data. Nevertheless, these
methods provide a cost-effective and easily manageable analytical
approach, especially compared with spectroscopic approaches,
which require laborious data analyses and are characterized by
relatively high costs (Rennert, 2019).

Conclusion

As ASi gets increasing attention in soil science and ecology, the
demand for a reliable protocol to estimate ASi in soil samples
becomes imperative. Our study aimed to comparatively assess
four established alkaline Si extraction protocols (0.2 M NaOH,
1% Na2CO3, 0.5 M Na2CO3, and Tiron) evaluating their
selectivity and quantification effectiveness in extracting ASi from

TABLE 1 Summary of alkaline extraction methods applied including information on original and modified extraction protocols.

Specification Extractant

Tiron Sodium
carbonate

Sodium
carbonate

Sodium hydroxide

formula C6H4Na2O8S2 Na2CO3 Na2CO3 NaOH

molarity of extraction solution 0.1 M 0.1 M (1%) 0.5 M 0.2 M

solution pH 10.5 11.2 11.8 13.3

solid to solution ratio 1:1,000 1:1,333 1:25 1:400

contact time 1 h 1 h, 3 h, 5 h 16 h 5 h, (168 h)

extraction temperature 80 °C 80 C ambient temperature ambient temperature

phase separation (original) centrifugation: 10 min at 17,600 g no information no information centrifugation: 3,000 rpm for 5 min

filtration: paper filter 1–2 µm

phase separation (modified) centrifugation: 5 min at 5,000 g | filtration: 0.45 µm membrane filter

linear correction for mineral
dissolution

no yes no no

References Biermans and Baert, 1977 modified by
Kodama and Ross, 1991

DeMaster (1981) Breuer and Herrmann
(1999)

Kamatani and Oku, 2000 modified by
Georgiadis et al., 2015

DeMaster (1991)
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soil. Extraction effectiveness, measured by tracking artificial ASi
added to soil samples in different amounts, revealed that the NaOH
(0.2 M) extraction performed at ambient (room) temperature was
themost effective method. This extraction agent showed the smallest
mean deviation between added and extracted ASi across the entire
ASi content range of the samples. Concerning extraction selectivity,
which is crucial for distinguishing between Si derived from ASi
sources and non-target soil constituents, measurements of Al and Fe
concentrations in the extracts indicated that NaOH also
demonstrated the highest selectivity, releasing the least amounts
of Al and Fe from non-target phases. Therefore, NaOH (0.2 M,
room temperature) emerged as the most promising extractant
striking a balance between extraction effectiveness and selectivity.
It is essential to recognize, however, that no wet-chemical extraction
method is entirely selective, and thus, an exclusive quantification of
the target analyte alone is not possible. Consequently, data obtained
through such procedures should be interpreted with caution,
considering their inherent limitations. Despite these constraints,
wet-chemical extraction methods remain a cost-effective and
manageable analytical approach for ASi estimation, especially
considering the absence of available spectroscopic methods for
ASi quantification in soils. Future research on alkaline wet-
chemical extraction should aim to refine protocols by concurrent
spectroscopic analyses identifying and characterizing the
removed compounds.

Materials and methods

Soil sampling and preparation

Soil samples were collected at ZALF’s landscape laboratory, the
“AgroScapeLab Quillow” (Uckermark, Germany). An Ap horizon of
a Haplic Luvisol developed from boulder clay was sampled using an
auger at a sampling depth of 20 cm. After sampling, the soil was air
dried at room temperature, homogenized, and sieved (<2 mm). The
soil was characterized by a bulk density of 1.51 g cm−3, a sand
content of 586 g kg−1, a silt content of 321 g kg−1, and a clay
content of 93 g kg−1 (Rieckh et al., 2012).

To test the extraction effectiveness of the alkaline extractants an
artificial ASi compound (Aerosil 300; Evonik Industries, Essen,
Germany) in varying amounts (i.e., 0.5%, 1.0%, 1.5%, 2.0%, 2.5%,
and 3.0%) was added to the soil. Aerosil, a pyrogenic ASi, was used as
it showed physicochemical properties comparable to biogenic ASi
(Schaller et al., 2019; 2020). The soil without ASi addition served
as control.

Extraction procedures

All tested methods were modified regarding phase separation as
phase separation by filtering and centrifugation significantly alters
solution phase concentration (Rennert, 2019; Rennert and Lenhardt,
2022). In this study all samples were centrifuged at 5,000 g for 5 min
(Table 1). The supernatants were subsequently filtered (0.45 µm,
PET membrane syringe filters; Macherey-Nagel, Düren, Germany).

The extractions were performed in fivefold repetition for each
ASi treatment and extraction method.

NaOH

It is known that hot NaOH extraction dissolves clay minerals to
a significant extent (e.g., Follett et al., 1965; Kamatani and Oku,
2001). Hence, hot NaOH extraction is not sufficiently selective for Si
estimation from amorphous pools, so that an optimized NaOH
extraction protocol was used in this study following Kamatani and
Oku (2001), modified by Georgiadis et al. (2015) extracting ASi at
ambient temperature (21 °C). Therefore 8 g of NaOH (Carl Roth,
Karlsruhe, Germany) were dissolved in 1,000 mL of deionized water
(18.2 MΩ·cm, silica <2 ppb) resulting in a 0.2 M NaOH solution.
Adjustment of pH to 13.3 was conducted by dropwise adding of
concentrated NaOH. Subsequently, 100 mg of soil sample were
weighted into 50 mL centrifuge tubes. Then, 40 mL of 0.2 M
NaOH were added to the samples (solid/solution ratio = 1:400).
Samples were gently shaken using a swivel roller shaker. After five
and 168 h, the samples were centrifuged and subsequently filtered.

Na2CO3

Sodium carbonate extraction was applied according to two
different protocols. One followed DeMaster (1981) (1% Na2CO3,
pH = 11.2, 85 °C, solid/solution = 30 mg:40 mL) and the other
Breuer and Herrmann (1999) (0.5 M Na2CO3, pH = 11.8,
ambient temperature, solid/solution = 2 g:50 mL).

For extraction after DeMaster (1991) 10.086 g of Na2CO3 (Carl
Roth, Karlsruhe, Germany) were dissolved in 1,000 mL of deionized
water (18.2 MΩ·cm, silica <2 ppb) resulting in a 1% Na2CO3 solution.
Subsequently, 30 mg of soil sample were weighed in 50 mL centrifuge
tubes and exposed to 40 mL of 1% Na2CO3 solution at 85 °C for 5 h.
Samples were gently shaken by hand before heating in a water bath and
after every hour while heating. Subsamples were taken after 1, 3 and 5 h.
After sampling, the extracts were centrifuged and filtered. The weight
percentage of extracted ASi was plotted against time. The extrapolated
intercept at time zero corresponds to the silica content of (biogenic)
amorphous sources of the sample. This analytical method is based on
the distinction between the rapid dissolution of silica fromminerogenic
and biogenic (x-ray) amorphous sources and the slower release of Si
from coexisting clay minerals, avoiding overestimation of Si from
the ASi pool.

For extraction after Breuer and Herrmann (1999) 52.995 g of
Na2CO3 (Carl Roth, Karlsruhe, Germany) were dissolved in
1,000 mL of deionized water (18.2 MΩ·cm, silica <2 ppb) resulting
in a 0.5 M Na2CO3 solution. Subsequently, 2 g of soil were weighed in
100 mL polyethylene bottles and exposed to 50 mL of 0.5 M Na2CO3

solution at ambient temperature for 16 h on a swivel roller shaker.
Finally, the extracts were centrifuged and filtrated.

Tiron

Tiron extraction procedure followed the method developed by
Biermans and Baert (1977) and modified by Kodama and Ross
(1991). The extraction solution was prepared by dissolving 31.42 g of
Tiron (4,5-dihydroxy−1,3-benzene-disulfonic acid [disodium salt],
C6H4Na2O8S2; Roth, Karlsruhe, Germany) in 800 mL of deionized
water (18.2 MΩ·cm, silica <2 ppb), followed by addition of 100 mL
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Na2CO3 solution (Carl Roth, Karlsruhe, Germany; 5.3 g Na2CO3 in
100 mL deionized water) under constant stirring. The pH was
adjusted to 10.5 by incrementally adding 4 M NaOH solution
(Carl Roth, Karlsruhe, Germany). For extraction, 30 mg of soil
were weighed into 50 mL centrifuge tubes. Subsequently, 30 mL
of Tiron solution were added and then heated at 80°C in a water bath
for 1 h. Prior heating and after 30 min samples were gently shaken
by hand. Phase separation was conducted by centrifuging (5,000 g
for 5 min) and filtration (0.45 µm).

Spectrometric analyses

Silicon concentrations in the extracts were analyzed by
microwave-plasma atomic emission spectrometry (MP-AES;
4210 MP-AES instrument, Agilent, Waldbronn, Germany) using
its most sensitive atomic lines with negligible interferences at
251.611 nm (Puppe et al., 2024). To test the selectivity of the
extractants Al and Fe concentrations were measured at
396.152 nm and 371.993 nm, respectively. Blank sample element
concentrations were subtracted from soil sample element
concentrations in the respective extracts before further
calculations. Element (Al, Fe, and Si) contents in the soil samples
were calculated considering the respective weighed soil portions,
extractant volumes, and the degree of dilution (1:10).

Statistical analyses

Linear relationships in the data set were analyzed via Pearson’s
(r) correlations (α level of 0.05). Differences between means were
tested with the Kruskal–Wallis analysis of variance (ANOVA)
followed by pairwise multiple comparisons (Dunn’s post hoc
test). Statistical analyses were performed with the software
package SPSS Statistics (version 22.0.0.0, IBM Corp.).
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