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Abstract: This study examined the changes in extractability and fractionation of arsenic (As) that
can be caused by the drying of strongly polluted anoxic soil samples. Two untreated and manure-
amended soils were incubated for 7 and 21 days in flooded conditions. Thereafter, As water- and 1 M
NH;NOg3-extractability and As fractionation in a 5-step sequential extraction according to Wenzel
were examined in fresh, oven-dried and air-dried samples. Soil treatment with manure considerably
affected the results of the sequential extraction. Air-drying caused a significant decrease in As
extractability with 1 M NH4NOj3 and in As concentrations in the F1 fraction. The highest reduction
of extractability (30-41%) was found in manure-treated soils. Oven-drying resulted in a smaller
reduction (5-34%) of As extractability. These effects were explained by opposing processes of As
mobilization and immobilization. Sequential extraction did not allow for balancing As redistribution
due to drying, as As loss from the F1 fraction was smaller than the confidence intervals in the other
fractions. The results showed that for the precise determination of As extractability in anoxic soils,
fresh samples should be analyzed. However, oven-dried samples may be used for a rough assessment
of environmental risk, As the order of magnitude of easily soluble As did not change due to drying.

Keywords: arsenic; soil; extractability; fractionation; tailings; Ztoty Stok; manure

1. Introduction

Arsenic belongs to the most toxic elements; therefore, its high concentrations in the
environment are always a matter of special concern [1,2]. Particularly, the strong enrichment
of soils in As usually occurs in the sites associated with its historical mining and processing.
One of these such sites is Ztoty Stok (formerly Reichenstein), a leading European producer
of arsenic for over two centuries, until 1962 [3-6]. The tailings, periodically released from
impoundments, were flooding the valley of the Trujaca (“poisonous”) stream within a
distance of ca. 2 km, causing a strong enrichment of soils in As. Its concentrations in soils
in the valley reached values of 8000 mg/kg.

There is no need to emphasize that it is not the total concentrations, but primarily
the soluble forms of toxic elements that determine the environmental risk associated with
soil pollution. The approach based on the assessment of environmental risk has recently
gained an increasing importance in the evaluation of the state of soil pollution [7]. The
easily soluble forms of elements are usually determined in the extractions with water or
diluted solutions of neutral salts, for instance 0.01 M CaCl, [8,9] or 1 M NH4NOj3 [8,10],
the latter having the status of ISO standard [11]. Potentially soluble forms of elements are
those that can be released As a result of changing soil conditions, such As acidification,
decomposition, or dissolution of solid soil components crucial for the binding of particular
elements, for instance, the reductive dissolution of Mn and Fe (hydr)oxides in the case of
As, oxidation of organic matter, etc. Sequential extraction is a very useful tool for assessing
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the potential solubility of toxic elements under various changes of soil conditions. It allows
for the determination of operationally defined fractions of elements that can be released
from the solid phase in well-defined circumstances. Numerous procedures of sequential
extraction have been developed [8,12,13], among which the method proposed by Wenzel
et al. [14], further referred to As the method by Wenzel, is most commonly used to examine
the speciation of metalloids, such As As, and to assess their potential solubility.

Determination of the solubility /extractability of toxic elements in soils should always
be preceded by a sample pretreatment, aimed at protecting it against possible changes
in properties, for instance, due to biological processes, and allowing the sample to be
stored for a certain time, and if necessary, analyzed again using standardized methods.
The best, most frequently used method of sample preservation is drying. Oven-drying at
40, 60, or 105 °C is usually recommended for soil samples, and the alternative methods
are air-drying and, less common, freeze-drying [15,16]. Several researchers have asked
whether the process of drying could distort the information about the solubility of toxic
elements in soils. The question arises of whether the release of trace metals and metalloids,
such As As, from dried soil samples is representative of field conditions [16].

Various researchers have demonstrated that the drying of soil samples may increase
the extractability of Fe, Cu, and Ni [17-20], i.e., the cationic elements, that have a high
affinity to soil organic matter. Accelerated mineralization of organic matter [17,19,20] and
an increase in the content of dissolved organic carbon [18,19,21] were most often reported
As the main factors responsible for this effect. Hojdova et al. [22] also proved that soil
drying influenced the total concentrations of Hg in soils. At this date, few studies have
examined the extractability of As in soils, depending on the sample pretreatment. Huang
et al. [23], Szakova et al. [24], and Li et al. [25] investigated the impact of air-, oven-, and
freeze-drying on the fractionation of As in spiked and moderately polluted soils, and
indicated freeze-drying As the best method to minimize the effects on As extractability.
However, so far, no studies have been carried out on anoxic soils highly enriched in As.
It seems that the radical changes in As speciation due to drying can be expected in such
soils, because of the strong susceptibility of soil As to the changes of redox potential. Under
anoxic conditions, As can be released from the solid phase in effect of reductive dissolution
of iron oxides and associated microbial transformations [1,2,5,26]. Soil treatment with
organic matter, such As pig slurry, manure, sewage sludge, various organic waste materials,
for instance compost and biochar, or forest litter may further contribute to the release
of As from the soil solid phase [1,5,6,27-31]. Conversely, the drying process of anoxic
samples may lead to the oxidation of As(Ill) and Fe(II) and their co-precipitation and
crystallization, which may reduce As extractability. Numerous studies have analyzed the
effects of alternate wetting and drying of rice paddy soils [32-35], but they did not provide
a clear picture of how such processes affect As speciation and extractability.

The aim of this study was to examine the effects of two different drying methods on
the extractability of As, and on its fractionation in soils heavily contaminated with tailings
that were amended with an organic fertilizer and subjected to reducing conditions due to
waterlogging.

2. Materials and Methods
2.1. Experimental Design

This research was carried out As a mini-incubation experiment with two kinds of soils
collected from the area affected by the spills of As-rich tailings. Untreated soils and soils
amended with manure (10 g per kg) were incubated for 7 days and 21 days in flooded
conditions. More precisely, 400 g of each soil was placed in a 0.5 L container, mixed with
distilled water to obtain a saturated paste, covered with an additional dose of water to
make a 5 mm water layer on the soil surface, and tightly closed. After the incubation period,
As extractability in 1 M NH4NOj3 and in water, as well as As speciation determined by
sequential extraction (SE) according to Wenzel [14], were examined:

- immediately, in fresh samples (F);
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- in oven-dried samples (O);
- and in air-dried samples (A).

The analyses of wet samples were preceded by the determination of their water content,
and the volumes and concentrations of extracting reagents were modified appropriately.
Oven-drying was performed with a standard method, at 105 °C for 24 h, and air-drying
was carried out in the dryer room at 25 &+ 3 °C to the constant weight, which was obtained
in all the samples after 8 days. Analogous extractions were also carried out at the start of
incubation, after mixing air-dry soil samples with the appropriate doses of manure (the
results of these analyzes were marked with the symbol 0). The experiment was carried out
in three replicates. Additionally, a parallel experiment was run in the same conditions, in
which pore water was collected to measure a redox potential Eh.

2.2. Soil Material

Two kinds of soil material flooded in the past by As-rich tailings were collected from
the top soil layers (0-20 cm) in two grassland sites: a floodplain meadow—soil 1 (Fluvic
Phaeozem), and a dry meadow—soil 2 (Spolic Technosol). More details about the sites from
which these samples were collected have been described elsewhere [6]. The soil material
was crushed and sieved to <5 mm on site, and then transported to the laboratory, air-dried,
and homogenized. Table 1 presents the basic properties of the two soils. Soil 1 had a texture
of sandy loam (6% of clay fraction) and neutral pH, whereas soil 2 was poorer in clay (3%)
and classified As loamy sand, with alkaline pH. Soil 1 was much richer in organic carbon
compared to soil 2 (2.45% vs. 0.55%). Total concentrations of As in soils were very high:
4620 and 7950 mg/kg, respectively. Despite such high total As concentrations in soils, As
extractability in 1 M NH4NOs3 and in water was, in general, very low (19-29 mg/kg), i.e.,
not higher than 0.5% of total As.

Table 1. Basic soil properties.

Feature Unit Soil 1 Soil 2
Textural group (USDA) - Sandy loam Loamy sand
<0.002 mm % 6+1 3+1
Corg g/kg 265+ 04 58 £0.3
DOC g/kg 0.69 +0.10 0.24 + 0.03
pH (1 MKCI) - 6.30 + 0.05 7.55 +0.10
CaCO3 Yo absent 20+03
As total mg/kg 4620 + 180 7950 + 140
Water-extractable As mg/kg 24 £4 29+£5
1 M NH4NOgs-extractable As mg/kg 19+1 21+1
0.43 M HNOg3-extractable As mg/kg 2950 + 120 3250 + 110
2.3. Manure

Dry, granulated cattle manure (M) was applied to soils at the rate 10 g/kg, which
corresponds to ca. 45 Mg/ha, expressed As a fresh mass. The manure contained 360 g/kg
Corg (dry mass) and had a neutral reaction (pH = 7.3). The concentration of soluble organic
matter in the manure, determined As the cold- and hot-water-extractable Corg. according
to the procedure by Gregorich et al. [6,36], was 38.2 and 75.3 g/kg d.m., respectively. Total
concentration of As in the manure was 10.7 mg/kg d.m.

2.4. Single and Sequential Extractions

Both nonamended and manure-treated soil samples were subjected to single and
sequential extractions. Fresh and variously dried samples were shaken overhead with 1
M NH4NO;3; solution (1:5 m:v, 2 h) in accordance with a modified ISO procedure for the
determination of readily soluble forms of trace elements [11], and with distilled water
(1:5 m:v, 2 h). The As concentrations in extracts were determined using ICP-AES on an
iCAP 7400 (Thermo Scientific, Waltham, MA, USA). The analytical correctness of the As
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determination in extracts, due to the unavailability of relevant CRMs, was verified using
the method of standard addition. Additionally, in parallel experiments carried out under
the same conditions, pore water was collected with MacroRhizon suction samplers, and its
redox potential was measured immediately with a platinum electrode InLab Redox Micro
(Mettler Toledo, Columbus, OH, USA), As it was described elsewhere [37].

Operationally defined As forms were determined in soil samples before and after
incubation by sequential extraction (SE) according to Wenzel [14]. This method was
considered by many authors As the most suitable procedure for the speciation of metalloids,
including arsenic, in the soil solid phase. The procedure involved five extraction steps,
additional washing that followed steps 3 and 4 (Table 2), and 15 min centrifuging at 1700x g
after each extraction step and washing. The supernatants were filtered through a 0.45 um
cellulose acetate filter paper and immediately analyzed by ICP-AES, on iCAP 7400, Thermo
Scientific, for the concentrations of As. Blanks were subjected to the same procedure As
soil samples. All the extractions were performed in triplicate. The recovery of As in the SE,
calculated As the difference between total soil As (determined after microwave digestion
in aqua regia) and the sum of all fractions F1-F5, was in the range between 95 and 104%,
which was assessed As satisfactory.

Table 2. Scheme of sequential extraction procedure according to Wenzel et al. [14].

Soil: Solution

Fraction Extractant Extraction Conditions Ratio (m:v) Washing Step
F1* 0.05 M (NH4)2504 4 h shaking, 20 °C 1:25 -
F2 0.05 M (NHy)H,PO4 16 h shaking, 20 °C 1:25 -
0.2 M NHy-oxalate buffer; 4 h shaking in the dark, 0.2 M NHy-oxalate, pH 3.25:
F3 H3.05 20°C 1:25 m:v 1:12.5;
P 10 min shaking in the dark
02M NH4—oxala.te b1.1ffer + 30 min in a water bath, 0.2 M NHy-oxalate, pH 3.25:
F4 0.1 M ascorbic acid; 96 4 3 °C. in the light 1:25 m:v 1:12.5;
pH3.25 ’ & 10 min shaking in the dark
F5 HCI:HNOS3 (3:1) Microwave digestion 1:50 -

* Operationally defined As fractions (species): F1 nonspecifically-bound (easily soluble), F2 specifically-bound, F3
amorphous (hydr)oxide-bound, F4 crystalline (hydr)oxide-bound, F5 residual.

2.5. Statistics

The significance of differences between the extractability of As in fresh (F) and var-
iously dried (O, A) samples and between various incubation periods (0, 7, 21 days) was
assessed with Fisher’s least significant differences test at a significance level p < 0.05. Confi-
dence intervals were determined based on calculated standard deviation values, at p = 0.95.
Each soil (1 and 2) was evaluated separately. Statistical analyses were performed using a
software Statistica, v13.0 (Dell Inc. Round Rock, TX, USA).

3. Results and Discussion
3.1. Arsenic Released in Single Extractions from Nonamended Soils

As mentioned above, despite the high total As concentrations in soils of several
thousand mg/kg, the amounts of easily soluble As forms (released from soils in the
extractions with 1 M NH4NO; and water) remained low, <29 mg/kg. The slightly higher
As extractability with water compared to that with 1 M NH4NO3 (Table 1) can be explained
by the fact that aqueous soil extracts also contained, apart from the truly dissolved As
forms, those associated with highly dispersed, colloidal iron (hydr)oxides with a particle
size of 0.05-0.45 pm. Such an effect is a typical feature of water extracts acquired from the
soils at neutral pH [1,38]. Some of the water extracts were, indeed, not perfectly transparent,
which makes the interpretation of the results more complex. Therefore, the further analysis
will be based mainly on the results of soil extraction with 1 M NH4NO3.

After the 7- and 21-day incubation under flooding, the extractability of As in the
samples increased significantly (Figure 1).
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Figure 1. Arsenic extractability with 1 M NH4NOj3 and with water (H,O) in untreated soils 1 and
2, determined before incubation (0) and after 7 and 21 days of incubation, in fresh soil samples (F)
and variously dried samples (A—air dried, O—oven dried). The data are mean values of 3 replicates.
Error bars stand for confidence intervals, p = 0.95.

In soil 1, there was also a clear, statistically significant effect of air drying (A) on As
extractability, both with 1 M NH4NO;3; and with water. In this soil, air drying caused a
significant decrease in the concentrations of easily soluble As. Undoubtedly, this effect was
caused by chemical and biochemical processes opposite to those that led to the reduction
and release of As under flooding. Although in this experiment, the concentrations of
As (III) and As (V) in the extracts were not determined, it seems obvious that during
the slow drying, reduced forms of As were oxidized to the pentavalent forms and re-
adsorbed. The processes of such oxidation of As, in the soils that were previously subjected
to waterlogging, have been described by many authors, e.g., those who examined alternate
wetting and drying rice systems [32-35]. Many studies proved that these processes were
mainly microbiologically driven [39,40], and their dynamics were highly dependent on
the properties of soils, the kinds of microbial communities, and the availability of carbon
sources. Consequently, the oxidation of the entire As(IIl) present in soil upon contact
with air can last from several dozen hours [39] to many weeks [39-41]. In soil 2, the
decrease in As solubility due to air drying of the samples was practically not observed.
Huang et al. [41], who carried out the similar studies, emphasized that the share of soluble
As in soils subjected to air drying was governed by the equilibrium of As mobilization
(triggered by the oxidation of arsenopyrite and the decomposition of organic matter) and
immobilization due to the so-called aging process.

Oven-drying (O) of nonamended soils resulted in a slight, although sometimes statis-
tically significant, increase in As extractability with 1 M NH4NO3, which was not easy to
clearly interpret. Though similar effects were observed by some authors who explained
them analogously to air-drying, i.e., by overlapping of opposite processes of As mobiliza-
tion caused by the oxidation of arsenopyrite and the decomposition of organic matter and
immobilization induced by the high temperature, which increases the sorption capacity of
clay minerals and can cause the diffusion of As into their micropores [23].

3.2. Arsenic Released in Single Extractions from Manure-Amended Soils

Soil treatment with manure caused a clear increase in As solubility in both soils,
observed immediately, before the incubation started. The extractability of As in soil samples
treated with manure continued to increase during incubation, so that in the samples
examined fresh, i.e., without drying (F), after 7 d- and 21 d-incubation period, it was
several times higher compared to the samples without manure (0), As shown in Figure 2.
This effect corresponds to the knowledge of the influence of organic matter and reducing
conditions on the solubility of As in soils [1,27-30]. In particular, a longer incubation (21 d)
resulted in strengthening of anoxic conditions, so that the redox potential Eh of soil pore
water collected from the manure-treated soils 1 and 2 decreased to —160 mV and —134 mV,
respectively (Table 3).
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Figure 2. Arsenic extractability with 1 M NH4NOj3 and with water (H,O) in manure-amended soils 1
and 2, determined before incubation (0) and after 7 and 21 days of incubation (M/7 d and M/21d,
respectively), in fresh soil samples (F) and variously dried samples (A—air dried, O—oven dried).
The data are mean values of 3 replicates. Error bars stand for confidence intervals, p = 0.95.

Table 3. Redox potential measured in the samples after incubation.

Incubation Redox Potential, Eh, mV
Time Soil 1 (0) Soil 1 (M) Soil 2 (0) Soil 2 (M)
7d 95 + 10 —36+8 165 + 7 —7+6
21d —53+12 —160 + 21 —97 +13 —134 + 18

Drying of those manure-treated and waterlogged samples had a clear impact on
the concentrations of easily soluble As in soils, particularly in the case of soil 1. The
highest amounts of As were extracted from the fresh samples (F), and unambiguously the
lowest, from air-dried samples (A). Oven-drying (O) also resulted in the reduction in As
extractability compared to fresh samples (F), but this effect was statistically significant only
in so0il 1, subjected to a prolonged incubation for 21 d (Figure 2).

To summarize the effects of drying on As extractability, it should be stated that both
types of drying (O,A) reduced the amounts of As extractable with 1 M NH4NOj, the
decrease being greater in the case of slow air-drying (A). The differences between the
results obtained for fresh (F) and air-dried (A) samples were the highest (reduction by
30-41%) in long-incubated, manure-treated soils that had a particularly low redox potential
(Table 4).

Table 4. Decrease in As extractability in manure-treated, oven (O)- and air (A)-dried samples,
compared to fresh (F) soil samples (mean values of three replicates).

Reduction of As Extractability, %

Method of Incubation Soil 1 Soil 2
Drying Time 1M H.0 0.05 M (NHy),S04 1M 0,0 0.05 M (NHy),SO4
NH;NO; 2 (F1in SE) NH;NO; 2 (F1in SE)
o 7d 5 14 7 30 19 16
ven 21d 34 26 21 15 21 10
A 7d 41 36 27 30 9 23
1 21d 41 11 22 37 18 23

The extractability of As with 1 M NH4NOj; in the oven-dried samples (O) was also
significantly lower (by an average of 5-34%) than in the fresh samples (F), although the dif-
ferences here were smaller and not always statistically significant. In both cases (O,A), these
differences resulted undoubtedly from the overlapping of opposing processes that favored
mobilization of As (as a result of organic matter decomposition), and its immobilization
due to As oxidation and re-sorption, oxidation of Fe(ll), precipitation and crystallization of
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Fe (hydr)oxides, and possible diffusion of As into micropores. We can guess that under the
air-drying conditions (A), these processes were, to a larger extent, driven microbiologically.

3.3. The Effects of Soil Amendment with Manure and Drying on As Fractionation in SE

The results of SE performed before incubation (0) and after the 21-day incubation
of nonamended soils and soils treated with manure, analyzed fresh (F), without drying
of the samples, are shown in the diagram (Figure 3). The dominant As fraction in both
soils was F3, the fraction extracted with NHy-oxalate buffer, considered to consist of the
species associated mainly with amorphous Fe (hydr)oxides [14]. It has been documented
by numerous authors that amorphous Fe (hydr)oxides are the main soil hosting phase for
arsenates and arsenites [1,3,14,41-43], although the sorption of As(Ill) is poorer compared
to As(V). In soil 2, that was developed of almost pure tailings, there was also a considerable
share of residual fraction, F5, strongly associated with the solid phase of the soil, and
irreducible. In this fraction, As remains either in primary minerals, such As arsenopyrite,
which is common in mine-affected soils and tailings, or in organically-bound forms, that
are not distinguished in the SE procedure according to Wenzel [14]. The amounts of organi-
cally bound As forms—when determined separately—turn out to widely differ in highly
enriched soils and mining sediments. Several studies reported their small share [14,44],
but some other research proved that they can constitute up to several dozen percent of
the total As [45,46]. In our experiment, the long-term incubation of both soils, especially
those treated with manure, resulted in a considerable increase in the shares of the most
mobile fractions (F1 and F2) and a decrease in the residual fraction F5 (Figure 3), which
probably should be attributed to the decomposition of organic matter and the release of
organically-bound As.

Soil 1 Soil 2

100% -

80% A
mF1

60% - mF2
mF3

40% 1 mF4
mF5

20% -

0% -

0/21d |M/ 21d

Figure 3. Fractionation of arsenic in soils 1 and 2, according to Wenzel et al. [14], determined in
air-dried soil samples before incubation (A, 0) and in fresh soils (F) after 21 days of incubation without
manure (0/21 d) and with manure (M/21 d). The data are mean values of 3 replicates.

More detailed data on the changes in the amounts of As extracted in the most mobile
fractions F1 and F2, As well As in the F3 fraction that could be expected to partially
decompose during incubation, are presented in the diagrams (Figure 4). This figure also
illustrates the changes in fractionation caused by oven- and air-drying of the samples.
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mag/kg 0 (without manure) M (with manure)
mg/kg
F1 F1
600 - 600
Soil 1 Soil 1
400 400
200 Soil 2 200 =als
0 0 - - - - -
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1000 1000
800 800
600 600
400 400
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0 0 A
mg/kg F3 mg/kg F3
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3000 A

2000 -
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4000 ~
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Figure 4. Fractions F1, F2, and F3 of arsenic, determined according to Wenzel et al. [14], in untreated
(0) and manure-amended (M) soils 1 and 2 after 7 and 21 days of incubation. The soils were examined
As fresh (F), and variously dried samples (A—air dried, O—oven dried). The data are mean values of
3 replicates. Error bars stand for confidence intervals, p = 0.95.

Air drying (A) resulted in a partial depletion of the readily soluble F1 fraction, extracted
with 0.05 M (NH4);SOy4, especially in all the samples of soil 1 and in the manure-treated
soil 2. In the case of manure-treated soils, the amounts of As extracted As F1 from air-dried
samples were by 22-27% lower compared to fresh samples (Table 4). At the same time,
air drying (A) caused a slight, but statistically significant, increase in the content of the
F2 fraction in soil 1, whereas in soil 2, such an effect did not occur. Regrettably, it was
not possible to balance the transformation of particular As fractions into the other that
apparently resulted from air-drying, since the changes in the absolute amounts of As in the
F1 fraction remained smaller than the confidence intervals of As determined in fractions F2,
and particularly in F3, that contained much more As. The results of SE (Figure 4) also show
that in the long-incubated soil 2 treated with manure, the share of As in the F3 fraction
decreased due to air-drying (A) compared to freshly examined samples (F), but it was not
possible to balance this loss, As an increase of As in F4 and F5 fractions was not statistically
confirmed. Relatively large values of standard deviation SD in the results of SE, and related
wide confidence intervals of As concentrations in particular fractions, were caused both by
the heterogeneity of the samples, especially those treated with manure, and the complexity
of the SE procedure, in which certain losses of the analyzed elements, As well As analytical
errors, are possible at many stages [12-14]. Therefore, the recovery of elements in SE within
the range 90-110% is usually considered highly satisfactory.

Oven-drying (O) of soil samples did not cause any consistent, statistically significant
changes in As fractionation. A slightly higher As concentration was found in fraction F1
in the oven-dried samples (O), As compared to the fresh samples (F) of nonamended soil
1. This effect was similar to the results of single extractions with 1 M NH4NO3 and water.
On the contrary, in the case of manure-treated soils, oven-drying caused a reduction of
F1 compared to the freshly extracted soil. As already mentioned, such differences were
probably due to overlapping of opposing processes that affected the most mobile fraction
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of As. The changes in the fraction F1 caused by oven-drying were not associated with
statistically significant changes in As in the other fractions because the absolute amounts of
As redistributed from F1 were in fact smaller than the analytical uncertainty in determining
F2, F3, and F5. Similar studies carried out by various authors also reported inconsistent
conclusions As to the effects of oven-drying on the species of trace elements in contaminated
soils. Numerous authors stressed that oven-drying may cause the thermal decomposition
of organic matter [12,17-21] and an increase in the concentrations of mobile species of
metals and metalloids; however, Huang et al. [23] emphasized that the adsorption capacity
of As onto Fe and Al (hydr)oxides is usually strengthened during oven-drying at a high
temperature and should result in the immobilization of As and its transition from F1 and
F2 fractions to those Fe (hydr)oxide-bound and residual (F3, F4 or F5). The accelerated
diffusion of As from an inner-sphere surface into micropores of clay minerals and the speed
up of the conversion of amorphous iron hydroxides to more crystalline forms additionally
contributed to such transition. Probably, the balance of the processes that favor the release
of As from organic matter during oven-drying and its immobilization due to thermal
transformations of minerals depends on the share of organically-bound As in soil, which,
in our study, was not distinguished, As its separate determination is not provided for by
the SE according to Wenzel.

4. Conclusions

This study proved that soil sample pretreatment, i.e., drying, can significantly affect
the extractability and fractionation of As in strongly polluted soils incubated under flooded
conditions. There were differences in the amounts of extractable As and its operationally
defined fractionation between the fresh and oven- and air-dried soils, particularly in those
amended with manure. In brief, the greatest differences in comparison to fresh samples
were caused by air-drying, which in all tested samples resulted in a significant decrease
in the 1 M NH4NOs-extractability of As and in the amounts considered easily soluble (F1
fraction in SE). The differences in NH4NOj-extractable As between the fresh and air-dried
samples were the largest (reduction by 30-41%) in the case of manure-treated soils subjected
to strongly anoxic conditions. These differences can be explained by the redistribution of
arsenic fractions during air-drying due to the oxidation of As(IIl) to stronger adsorbed
As(V) and the re-precipitation and crystallization of Fe (hydr)oxides. Oven-drying resulted
in a smaller reduction of easily extractable As compared to fresh samples (by 5-34%), which
was only in some cases statistically significant. This effect was a resultant of increased
mobility of As due to the decomposition of organic matter during oven-drying and As
immobilization due to the precipitation and crystallization of Fe (hydr)oxides, As well As
a possible diffusion of As into micropores. Sequential extraction (SE) has not proved to
be a good tool to illustrate how As was redistributed, mainly because the absolute loss of
As from the F1 fraction remained smaller than the confidence intervals determined in the
extraction of all other fractions that contained much more As.

The research shows that in order to precisely assess the extractability of As in anoxic
soils, it is advisable to carry out the analyses on fresh samples, without their drying.
Though, if for any reasons the samples require drying, a relatively rapid oven-drying at
105 °C should be preferred over slow air-drying. On the other hand, it is worth emphasizing
that the differences in NH4NOs-extractability of As between the fresh and dried samples
were not dramatically large, As they did not exceed 41%, which means that the order of
magnitude of extractable As did not change radically due to drying, in particular, to oven-
drying. Therefore, it can be concluded that anoxic soil samples strongly enriched in As
may be subjected to oven-drying prior to extraction, which should not radically distort the
picture of what is the order of the magnitude of As solubility. Related results may be used
for a rough assessment of environmental risks. In order to generalize these conclusions,
however, several other soils with different properties subjected to anoxic conditions for a
longer time should additionally be examined.



Minerals 2022, 12,223 10 of 11

Author Contributions: Conceptualization, A K. and A.D.; methodology, A.K.; software, A.K. and
A.D,; validation, A.K. and K.S.; formal analysis, A.D. and K.S.; investigation, A.K., B.G., K.S. and
AK,; resources, A K. and B.G,; data curation, A.D. and K.S.; writing—original draft preparation,
A K.; writing—review and editing, A.D.; visualization, A.D. and K.S.; supervision, A.K.; project
administration, A.K. and A.D.; funding acquisition, A.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Science Center of Poland, grant number
2016/21/B/ST10/02221. The APC was co-financed by Wroclaw University of Environmental and
Life Sciences.

Acknowledgments: We express special thanks to Szymon Jedrzejewski for his help in the laboratory
work, and to Bogna Kosyk for her assistance in performing As analyses in soil extracts.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wenzel, W.W. Arsenic. In Heavy Metals in Soils. Trace Metals and Metalloids in Soils and Their Bioavailability, 3rd ed.; Alloway, B.J.,
Ed.; Springer: Berlin/Heidelberg, Germany, 2013; pp. 241-282.

2. Sarkar, A.; Paul, B. The global menace of arsenic and its conventional remediation-A critical review. Chemosphere 2016, 158, 37—49.
[CrossRef] [PubMed]

3.  Karczewska, A.; Bogda, A.; Krysiak, A. Arsenic in soils in the areas of former mining and mineral processing in Lower Silesia,
southwestern Poland. Trace Met. Other Contam. Environ. 2007, 9, 411-440.

4. Karczewska, A.; Krysiak, A.; Mokrzycka, D.; Jezierski, P.; Szopka, K. Arsenic distribution in soils of former As mining area and
processing. Pol. J. Environ. Stud. 2013, 22, 175-181.

5. Dradrach, A.; Szopka, K.; Karczewska, A. Ecotoxicity of soil pore water on historical arsenic mine dumps—The effects of forest
litter. Ecotoxicol. Environ. Saf. 2019, 181, 202-213. [CrossRef] [PubMed]

6. Dradrach, A.; Szopka, K.; Karczewska, A. Ecotoxicity of pore water in meadow soils affected by historical spills of arsenic-rich
tailings. Minerals 2020, 10, 751. [CrossRef]

7. Karczewska, A.; Kabata, C. Environmental risk assessment As a new basis for evaluation of soil contamination in Polish law. Soil
Sci. Ann. 2017, 68, 67. [CrossRef]

8.  Rao, CR.M,; Sahuquillo, A.; Sanchez, ].L. A review of the different methods applied in environmental geochemistry for single
and sequential extraction of trace elements in soils and related materials. Water Air Soil Pollut. 2008, 189, 291-333. [CrossRef]

9.  Anawar, HM,; Garcia-Sanchez, A.; Santa Regina, I. Evaluation of various chemical extraction methods to estimate plant-available
arsenic in mine soils. Chemosphere 2008, 70, 1459-1467. [CrossRef]

10. Antoniadis, V.; Shaheen, S.M.; Boersch, J.; Frohne, T.; Du Laing, G.; Rinklebe, ]J. Bioavailability and risk assessment of potentially
toxic elements in garden edible vegetables and soils around a highly contaminated former mining area in Germany. J. Environ.
Manag. 2017, 186, 192-200. [CrossRef]

11.  ISO 19730: Soil Quality—Extraction of Trace Elements from Soil Using Ammonium Nitrate Solution; International Organization for
Standardization: Geneva, Switzerland, 2008.

12.  Gleyzes, C.; Tellier, S.; Astruc, M. Fractionation studies of trace elements in contaminated soils and sediments: A review of
sequential extraction procedures. Tr. Anal. Chem. 2002, 21, 451-467. [CrossRef]

13. Liu, G.; Chen, M.; Li, W.; Gong, W. A critical review on the speciation and development of sequential extraction procedures for
arsenic in soils. J. Agro-Environ. Sci. 2018, 37, 2629-2638.

14. Wenzel, WW.; Kirchbaumer, N.; Prohaska, T.; Stingeder, G.; Lombi, E.; Adriano, D.C. Arsenic fractionation in soils using an
improved sequential extraction procedure. Anal. Chim. Acta 2001, 436, 309-323. [CrossRef]

15.  Tan, K. Soil Sampling, Preparation, and Analysis, 2nd ed.; CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2005.

16. Hoenig, M. Preparation steps in environmental trace element analysis—Facts and traps. Talanta 2001, 54, 1021-1038. [CrossRef]

17.  Haynes, RJ.; Swift, R.S. Concentrations of extractable Cu, Zn, Fe, and Mn in a group of soils As influenced by air- and oven-drying
and rewetting. Geoderma 1991, 49, 319-333. [CrossRef]

18. Klitzke, A.; Lang, F. Hydrophobicity of soil colloids and heavy metal mobilization: Effects of drying. J. Environ. Qual. 2007, 36,
1187-1193. [CrossRef]

19. Koopmans, G.E; Groenenberg, ].E. Effects of soil oven-drying on concentrations and speciation of trace metals and dissolved
organic matter in soil solution extracts of sandy soils. Geoderma 2001, 161, 147-158. [CrossRef]

20. Supriatin, S.; Terrones, C.A.; Bussink, W.; Weng, L. Drying effects on selenium and copper in 0.01 M calcium chloride soil
extractions. Geoderma 2015, 255, 104-114. [CrossRef]

21. Kaiser, M.; Kleber, M.; Berhe, A.A. How air-drying and rewetting modify soil organic matter characteristics: An assessment to
improve data interpretation and inference. Soil Biol. Biochem. 2015, 80, 324-340. [CrossRef]

22. Hojdova, M.; Rohovec, J.; Chrastny, V.; PeniZzek, V.; Navratil, T. The influence of sample drying procedures on mercury

concentrations analyzed in soils. Bull. Environ. Contam. Toxicol. 2015, 94, 570-576. [CrossRef]


http://doi.org/10.1016/j.chemosphere.2016.05.043
http://www.ncbi.nlm.nih.gov/pubmed/27239969
http://doi.org/10.1016/j.ecoenv.2019.05.079
http://www.ncbi.nlm.nih.gov/pubmed/31195229
http://doi.org/10.3390/min10090751
http://doi.org/10.1515/ssa-2017-0008
http://doi.org/10.1007/s11270-007-9564-0
http://doi.org/10.1016/j.chemosphere.2007.08.058
http://doi.org/10.1016/j.jenvman.2016.04.036
http://doi.org/10.1016/S0165-9936(02)00603-9
http://doi.org/10.1016/S0003-2670(01)00924-2
http://doi.org/10.1016/S0039-9140(01)00329-0
http://doi.org/10.1016/0016-7061(91)90083-6
http://doi.org/10.2134/jeq2006.0427
http://doi.org/10.1016/j.geoderma.2010.12.012
http://doi.org/10.1016/j.geoderma.2015.04.021
http://doi.org/10.1016/j.soilbio.2014.10.018
http://doi.org/10.1007/s00128-015-1521-9

Minerals 2022, 12,223 11 of 11

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Huang, G.; Chen, Z; Sun, ].; Liu, F; Wang, J.; Zhang, Y. Effect of sample pretreatment on the fractionation of arsenic in anoxic
soils. Environ. Sci. Pollut. Res. 2015, 22, 8367-8374. [CrossRef]

Szakova, J.; Tlustos, P.; Goessler, W.; Frkova, Z.; Najmanova, J. Mobility of arsenic and its compounds in soil and soil solution:
The effect of soil pretreatment and extraction methods. J. Hazard. Mater. 2009, 172, 1244-1251. [CrossRef] [PubMed]

Li, J.; Kosugi, T.; Riya, S.; Hashimoto, Y.; Hou, H.; Terada, A.; Hosomi, M. Potential for leaching of arsenic from excavated rock
after different drying treatments. Chemosphere 2016, 154, 276-282. [CrossRef] [PubMed]

Pedersen, H.D.; Postma, D.; Jakobsen, R. Release of arsenic associated with the reduction and transformation of iron oxides.
Geochim. Cosmochim. Acta 2006, 70, 4116-4129. [CrossRef]

Beesley, L.; Inneh, O.S.; Norton, G.J.; Moreno-Jimenez, E.; Pardo, T.; Clemente, R.; Dawson, ].J. assessing the influence of compost
and biochar amendments on the mobility and toxicity of metals and arsenic in a naturally contaminated mine soil. Environ. Pollut.
2014, 186, 195-202. [CrossRef]

Xie, H.; Han, D.; Cheng, ].; Zhou, P.; Wang, W. Fate and risk assessment of arsenic compounds in soil amended with poultry litter
under aerobic and anaerobic circumstances. Water Air Soil Pollut. 2015, 226, 390. [CrossRef]

Karczewska, A.; Galk, B.; Dradrach, A.; Dradrach, A.; Lewinska, K.; Motczan, M.; Cuske, M.; Gersztyn, L.; Litak, K. Solubility
of arsenic and its uptake by ryegrass from polluted soils amended with organic matter. J. Geochem. Explor. 2017, 182, 193-200.
[CrossRef]

Karczewska, A.; Lewiniska, K,; Siepak, M.; Galka, B.; Dradrach, A.; Szopka, K. Transformation of beech forest litter As a factor
that triggers arsenic solubility in soils developed on historical mine dumps. J. Soils Sed. 2018, 18, 2749-2758. [CrossRef]
Moreno-Jiménez, E.; Clemente, R.; Mestrot, A.; Meharg, A.A. Arsenic and selenium mobilisation from organic matter treated
mine spoil with and without inorganic fertilization. Environ. Pollut. 2013, 173, 238-244. [CrossRef]

McGeehan, S.L.; Fendorf, S.E.; Naylor, D.V. Alteration of arsenic sorption in flooded-dried soils. Soil Sci. Soc. Am. J. 1998, 62,
828-833. [CrossRef]

Carrijo, D.R.; Akbar, N.; Reis, A.F,; Li, C.; Gaudin, A.C.; Parikh, S.J.; Linquist, B.A. Impacts of variable soil drying in alternate
wetting and drying rice systems on yields, grain arsenic concentration and soil moisture dynamics. Field Crops Res. 2018, 222,
101-110. [CrossRef]

Li, C,; Carrijo, D.R.; Nakayama, Y.; Linquist, B.A.; Green, P.G; Parikh, S.J. Impact of alternate wetting and drying irrigation on
arsenic uptake and speciation in flooded rice systems. Agric. Ecosyst. Environ. 2019, 272, 188-198. [CrossRef]

Yang, Y.; Hu, H.; Fu, Q.; Zhu, J.; Huang, G. Water management of alternate wetting and drying reduces the accumulation of
arsenic in brown rice-as dynamic study from rhizosphere soil to rice. Ecotox. Environ. Saf. 2019, 185, 109711. [CrossRef]
Gregorich, E.G.; Beare, M.H.; Stoklas, U.; St-Georges, P. Biodegradability of soluble organic matter in maize-cropped soils.
Geoderma 2003, 113, 237-252. [CrossRef]

Szopka, K.; Gruss, I.; Gruszka, D.; Karczewska, A.; Gediga, K.; Galka, B.; Dradrach, A. The Effects of Forest Litter and Waterlogging
on the Ecotoxicity of Soils Strongly Enriched in Arsenic in a Historical Mining Site. Forests 2021, 12, 355. [CrossRef]

Zhang, H.; Selim, H. Colloid mobilization and arsenite transport in soil columns: Effect of ionic strength. J. Environ. Qual. 2007,
36, 1273-1280. [CrossRef]

Lescure, T.; Moreau, J.; Charles, C.; Saanda, T.B.A.; Thouin, H; Pillas, N.; Battaglia-Brunet, F. Influence of organic matters on aslIII
oxidation by the microflora of polluted soils. Environ. Geochem. Health 2016, 38, 911-925. [CrossRef]

Yuan, C.; Qiao, J.; Li, F; Zhang, X.; Du, Y.; Hu, M.; Sun, W. Community dynamics of As (V)-reducing and As (IlI)-oxidizing genes
during a wet—dry cycle in paddy soil amended with organic matter, gypsum, or iron oxide. J. Hazard. Mater. 2020, 393, 122485.
[CrossRef]

Huang, G.; Chen, Z.; Wang, ].; Hou, Q.; Zhang, Y. Impact of temperature on the aging mechanisms of arsenic in soils: Fractionation
and bioaccessibility. Environ. Sci. Pollut. Res. 2016, 23, 4594-4601. [CrossRef]

Pigna, M.; Caporale, A.G.; Cavalca, L.; Sommella, A.; Violante, A. Arsenic in the soil environment: Mobility and phytoavailability.
Environ. Eng. Sci. 2015, 32, 551-563. [CrossRef]

Lewiniska, K.; Duczmal-Czernikiewicz, A.; Karczewska, A.; Dradrach, A.; Igbal, M. Arsenic Forms in Soils of Various Settings in
the Historical Ore Mining and Processing Site of Radzimowice, Western Sudetes. Minerals 2021, 11, 491. [CrossRef]
Srithongkul, C.; Wongsaipun, S.; Krongchai, C.; Santasup, C.; Kittiwachana, S. Investigation of mobility and bioavailability of
arsenic in agricultural soil after treatment by various soil amendments using sequential extraction procedure and multivariate
analysis. Catena 2019, 181, 104084. [CrossRef]

Dybowska, A.; Farago, M.; Valsami-Jones, E.; Thornton, I. Operationally defined associations of arsenic and copper from soil and
mine waste in south-west England. Chem. Speciat. Bioavailab. 2005, 17, 147-160. [CrossRef]

Larios, R.; Ferndndez-Martinez, R.; Rucandio, I. Comparison of three sequential extraction procedures for fractionation of arsenic
from highly polluted mining sediments. Anal. Bioanal. Chem. 2012, 40, 2909-2921. [CrossRef]


http://doi.org/10.1007/s11356-014-3958-5
http://doi.org/10.1016/j.jhazmat.2009.07.143
http://www.ncbi.nlm.nih.gov/pubmed/19716232
http://doi.org/10.1016/j.chemosphere.2016.03.129
http://www.ncbi.nlm.nih.gov/pubmed/27058919
http://doi.org/10.1016/j.gca.2006.06.1370
http://doi.org/10.1016/j.envpol.2013.11.026
http://doi.org/10.1007/s11270-015-2653-6
http://doi.org/10.1016/j.gexplo.2016.11.020
http://doi.org/10.1007/s11368-018-2031-2
http://doi.org/10.1016/j.envpol.2012.10.017
http://doi.org/10.2136/sssaj1998.03615995006200030041x
http://doi.org/10.1016/j.fcr.2018.02.026
http://doi.org/10.1016/j.agee.2018.11.009
http://doi.org/10.1016/j.ecoenv.2019.109711
http://doi.org/10.1016/S0016-7061(02)00363-4
http://doi.org/10.3390/f12030355
http://doi.org/10.2134/jeq2006.0373
http://doi.org/10.1007/s10653-015-9771-3
http://doi.org/10.1016/j.jhazmat.2020.122485
http://doi.org/10.1007/s11356-015-5701-2
http://doi.org/10.1089/ees.2015.0018
http://doi.org/10.3390/min11050491
http://doi.org/10.1016/j.catena.2019.104084
http://doi.org/10.3184/095422906783438811
http://doi.org/10.1007/s00216-012-5730-3

	Introduction 
	Materials and Methods 
	Experimental Design 
	Soil Material 
	Manure 
	Single and Sequential Extractions 
	Statistics 

	Results and Discussion 
	Arsenic Released in Single Extractions from Nonamended Soils 
	Arsenic Released in Single Extractions from Manure-Amended Soils 
	The Effects of Soil Amendment with Manure and Drying on As Fractionation in SE 

	Conclusions 
	References

