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Fig. 1 X-ray diffraction patterns of a-FeOOH, J-MnO,, Fe-loaded soil and Mn-loaded soil.
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Fig. 2 Effect of flooding time on Fe, Mn and Sb content in
suspension (a: Suspension iron-flooding time; b: Suspen-
sion manganese-flooding time; c: Suspension antimony-

flooding time).
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Fig. 3 Effect of flooding time on various forms of Fe in soil

A YA B (mg/kg)

(a: Free iron-flooding time; b: Amorphous iron-flooding

time; ¢: Complex iron-flooding time).
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Fig. 4 Effect of flooding time on various forms of Mn in soil
(a: Free manganese-flooding time; b: Amorphous
manganese-flooding time; c: Complex manganese-
flooding time).
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Fig. 5 Comparison of Sb speciation changes in original soil/Fe-loaded soil/Mn-loaded soil (a: Weak acid extracted antimony-flooding

time; b: reducible antimony-flooding time; c: oxidizable antimony-flooding time; d: residual antimony-flooding time).
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Fig. 6 Correlation analysis results between flooding time and various forms of antimony, iron and manganese in original soil.
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Fig. 8 Correlation analysis results between flooding time and various forms of antimony and manganese in Mn-loaded soil.
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Effects of Goethite/Birnessite on Antimony Speciation in Yellow Soil from
an Antimony Mining Area under Simulated Natural Conditions

LIU Jingguang', ZHAO Ping” , REN Wei*, MA Xue', HE Kaiying', ZHU Xiaping""
(1. College of Materials and Chemistry & Chemical Engineering (College of Lithium Resources and Lithium
Battery Industry), Chengdu University of Technology, Chengdu 610059, China;
2. No.105 Geological Brigade, Guizhou Bureau of Geology and Mineral Resources Exploration and Development,
Guiyang 550018, China)

HIGHLIGHTS

(1) a-FeOOH and J-MnO, are the most active components of clay minerals in soil, affecting the transformation of
antimony speciation in soil. Fe-loaded soil and Mn-loaded soil were obtained through in sifu loading 4.0%
a-FeOOH (calculated as Fe) and 0.1% J-MnO, (calculated as Mn).

(2) The loaded a-FeOOH was predominantly amorphous iron in the soil, and the loaded J-MnO, existed in various
forms of manganese in soil.

(3) After 30 days of flooding, the speciation of iron, manganese, and antimony in the original, Fe-loaded, and Mn-
loaded soils exhibited significant changes or turning points. Flooding altered iron and manganese oxide forms in

the soils, thereby promoting antimony speciation transformation.
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ABSTRACT: The antimony (Sb) mining area and its surrounding soil are severely polluted with antimony, and the
degree of antimony pollution is closely related to its speciation in the soil. Iron and manganese oxides are the most
active components of clay minerals in soil, affecting the transformation of antimony speciation in soil. Existing
research focuses more on the effect of single iron and manganese oxides on the adsorption of exogenous antimony,
while basic study on the effect of iron and manganese oxides on the transformation of antimony speciation in actual
soil needs to be strengthened. This study described the in situ preparation of goethite (a-FeOOH) and birnessite
(0-MnO,) in soil, which were loaded onto antimony contaminated yellow soil (original soil) in the Qinglong
antimony mining area, Guizhou Province to obtain Fe-loaded soil and Mn-loaded soil. Simulating the natural soil
conditions, a 180-day flooding experiment of original soil, Fe-loaded soil and Mn-loaded soil was conducted. The
transformation characteristics of soil antimony forms mediated by a-FeOOH and 6-MnO, were explored. The results
showed that flooding changed the redox characteristics of soil, affected the forms of iron and manganese oxides, and
thus affected the distribution of antimony speciation. The loaded a-FeOOH mainly existed as amorphous iron, while
the loaded 6-MnO, existed in three forms: free manganese, amorphous manganese, and complex manganese.
Compared with the original soil, the content of Sb in the suspension and weak acidic extracted antimony of Fe-
loaded soil decreased by 88.3%—94.4% and 21.1%—65.9%, respectively; the content of reducible antimony and
oxidizable antimony increased by 49.0%—67.2% and 74.3%—159%, respectively; Sb in the suspension, weak acidic
extracted antimony, and reducible antimony in Mn-loaded soil increased by 14.2%—59.5%, 6.50%—32.6%, and
4.80%—23.3%, respectively, while oxidizable antimony decreased by 16.2%—58.5%. The various speciation of iron,
manganese, and antimony in the original soil, Fe-loaded soil and Mn-loaded soil showed significant changes or a
turning point in the trend after 30 days of flooding. Loading a-FeOOH promoted the transformation of weak acidic
extracted antimony to reducible and oxidizable antimony in the soil, while loading J-MnO, promoted the
transformation of oxidizable antimony to weak acidic extracted antimony and reducible antimony in the soil. This
study provides a key scientific basis for the risk assessment and remediation technology of antimony contaminated
soil. In the future, the control of soil antimony pollution needs to be combined with the regulation of iron and
manganese oxide forms and the management of redox conditions to achieve long-term stabilization of antimony.
The BRIEF REPORT is available for this paper at http://www.ykes.ac.cn/en/article/doi/10.15898/j.ykes.202502
280032.

KEY WORDS: a-FeOOH; 6-MnO,; soil; antimony; speciation transformation; atomic absorption spectroscopy

BRIEF REPORT

Significance: Antimony (Sb) is a heavy metal with high toxicity and carcinogenicity. The issue of soil antimony
contamination in global antimony mining areas and their surrounding regions is particularly severe. In the Qinglong
antimony mining area of Guizhou, China, soil antimony concentration reaches up to 23559mg/kg, far exceeding the
WHO-recommended safety limit (36mg/kg), posing significant threats to local ecosystems and human health Lol

1[8

The toxicity of antimony is closely linked to its speciation in soi I'. Different antimony speciation in soil

exists in dynamic equilibrium. The more reactive Fe/Mn oxides are the main factors influencing the distribution and

[

transformation of soil antimony speciation 0] Goethite (a-FeOOH), the most common iron oxide in soil, exhibits

a large specific surface area and abundant hydroxyl groups on its surface, providing numerous active sites with

L1920 " Goethite demonstrates excellent adsorption capacity for Sb(Il) across

strong chemical affinity for antimony
a broad pH range (3—12), while maximum adsorption of Sb(V) occurs at pH<7 211 Birnessite (0-MnQ,), the
optimal reactive mineral phase for antimony retention in soil, not only adsorbs both Sb(Ill) and Sb(V) but also
oxidizes Sb(1ll) via surface Mn(IV) - >52¢/

However, existing studies primarily focus on short-term adsorption performance and mechanisms of single
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Fe/Mn oxides for antimony, lacking systematic exploration of the long-term dynamic transformations of Fe/Mn
oxides and their forms in complex soil systems and their regulatory effects on antimony speciation. Therefore, for
this study, in situ a-FeOOH and 6-MnO, was loaded onto Sb-contaminated yellow soil from the Qinglong antimony
mining area in Guizhou Province, preparing Fe-loaded soil and Mn-loaded soil. A 180-day flooding experiment was
conducted to systematically analyze antimony speciation in soils under prolonged alternating redox conditions,
investigating the impacts of Fe/Mn oxides and their forms on antimony speciation transformation.

Methods: The tested soil was collected from the Qinglong antimony mining area in Guizhou Province. The soil pH
is 4.20, and the antimony content is 16796mg/kg, belonging to strong acid and high pollution yellow soil. Fe-loaded
soil and Mn-loaded soil were prepared by loading 4.0% a-FeOOH (calculated as Fe) and 0.1% 5-MnO, (calculated
as Mn) by in situ chemical precipitation method.

Weigh 20.0g antimony contaminated yellow soil (original soil), Fe-loaded soil and Mn-loaded soil respectively
in a 100mL beaker, add 30mL ultrapure water at the water-soil ratio of 1 : 1.5, and flood for 10, 20, 30, 60, 90, 120,
150 and 180 days, and set three parallel treatments at each time. During flooding, the volatile water shall be
supplemented by weighing method every few days and stirred evenly. After the experiment, centrifuge and
determine the concentrations of antimony, iron, and manganese in the suspension. Dry the soil and pass it through a
60-mesh sieve, then determine the concentrations of antimony, iron, and manganese in the soil in different forms.

Free iron/manganese was extracted using the sodium hydrosulfite sodium citrate method; Amorphous
iron/manganese was prepared using ammonium oxalate buffer solution (pH=3.2); Complex iron/manganese was
extracted using sodium pyrophosphate solution (pH=8.5). Antimony speciation was extracted according to GB/T
25282—2010 classification. The various speciation of iron, manganese, and antimony were determined using AA-
7001 atomic absorption spectroscopy. The instrument parameters for measuring antimony/iron/manganese were:
wavelength of 217.6nm/248.3nm/279.5nm, lamp current of 4mA/3mA/3mA, and slit width of 0.2nm.

Data and Results: The loaded a-FeOOH mainly existed in amorphous iron, while the loaded 6-MnO, existed in free
manganese, amorphous manganese and complex manganese.

The content of weak acid extracted antimony in original soil and Mn-loaded soil decreased with the extension
of flooding time, from 123mg/kg and 140mg/kg to 71.9mg/kg and 107mg/kg, respectively, decreasing by 41.5% and
23.6%, respectively. The content of weak acid extracted antimony in Fe-loaded soil decreased first and then
increased with the extension of flooding time, and the content of weak acid extracted antimony increased by 31.3%
overall. Compared with the original soil, the content of weak acid extracted antimony in Fe-loaded soil decreased by
21.1%—65.9%. On the contrary, the content of weak acid extracted antimony in Mn-loaded soil was 6.50%—32.6%
higher than that in the original soil.

The content of reducible antimony in original soil, Fe-loaded soil and Mn-loaded soil increased at first and then
decreased with the extension of flooding time. The content of reducible antimony in the original soil increased by
16.6% in the first stage (0—30d) and decreased by 28.1% in the second stage (30—180d); overall, the reducible
antimony content decreased by 16.2%. The content of reducible antimony in the first stage (0—30d) and second stage
(30—180d) of Fe-loaded soil increased by 15.7% and decreased by 21.9%, respectively. The content of reducible
antimony in Mn-loaded soil increased by 14.7% in the first stage (0—30d) and decreased by 16.8% in the second
stages (30—180d), respectively, and the overall change was only 1.80%. The order of reducible antimony content
was Fe-loaded soil>Mn-loaded soil>the original soil. The content of reducible antimony in Fe-loaded soil and Mn-
loaded soil was higher than that in the original soil by 49.0%—67.2% and 4.80%—23.3%, respectively.

The content of oxidable antimony in the original soil, Fe-loaded soil and Mn-loaded soil increased gradually
with the extension of flooding time, with more obvious changes in the first stage (0—30d) and slower growth in the
second stage (30—180d). The change of oxidable antimony in the original soil was the most significant, from
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43.2mg/kg to 89.4mg/kg, an increase of 107%. The content of oxidized antimony in Fe-loaded soil and Mn-loaded
soil increased from 112mg/kg and 37.2mg/kg to 160mg/kg and 57.9mg/kg, increased by 43.3% and 55.8%,
respectively. Compared with the original soil, the content of oxidable antimony in Fe-loaded soil was higher than
that in the original soil by 74.3%—159%, and the content of oxidable antimony in the Mn-loaded soil was lower than
that in the original soil by 16.2%—58.5%.

The content of residual antimony in the original soil increased from 15819mg/kg to 17286mg/kg, an increase of
9.30%. Residual antimony in Fe-loaded soil and Mn-loaded soil changed greatly from 30 to 60 days after flooding,
but with the extension of flooding time to 180 days, the overall change was very small, 1.60% and 0.830%,
respectively.

In summary, the speciation of iron, manganese and antimony in original soil, Fe-loaded soil and Mn-loaded soil
changed significantly or had a reversal of trend after 30 days of flooding. Loading a-FeOOH promoted the
transformation of weak acid extracted antimony to reducible antimony and oxidizable antimony, and loading

0-MnO, promoted the transformation of oxidizable antimony to weak acid extracted antimony and reducible

antimony.
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