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Redox function and dynamics of manganese in soils

Tomoyuki MAKINO

Summary

Introduction

Manganese oxides exhibit oxidative activity to certain heavy metals and organic matter in soil, such as
chromium and phenolic acids. These reactions are very important from the viewpoints of heavy metal pollution,
micronutrient availability, and humus accumulation in soil. In most studies, however, synthetic manganese
oxides, rather than soil itself, were used.

On the other hand, manganese excess symptom have been observed in crop plants under soil drying
conditions. Soil chemical factor on the excess symptom, however, has not been clarified.

The purpose of the present study was to elucidate these unsolved subjects in relation to redox function and

dynamics of manganese in soil.

(1) Relationship between soil oxidative activity and manganese oxides

The oxidation of chromium (III) to chromium (VI) (Cr oxidation) in soils is caused by manganese (Mn)
oxides and represents a soil oxidative activity derived from Manganese oxides. Two Andisols (surface and
subsurface horizon) and an Inceptisol were analyzed to determine optimal Cr oxidation conditions based on the
following factors: coexistent anion, reaction pH, added Cr (III) concentration and reaction time. The determined
optimal Cr oxidation condition was applied to 26 soils, including Andisols, Inceptisols and Entisols. Extremely
low Cr oxidation, i.e. soil oxidative activity, was observed in Andisols compared with other soils, regardless of
easily reducible Mn content. This suggested that the dangers posed by soil oxidative activity such as Cr

oxidation are lower in Andisols than other non- Andisols.

(2) Oxidation of phenolic acids by soil manganese oxides

Relationships between recovery of phenolic acids added to soils and soil properties were investigated by
using 32 soil samples and ferulic, vanillic and p-hydroxybenzoic acids. Soil properties studied were: acid-oxalate
extractable Al (Al,) and Fe (Fe,), dithionite-citrate-bicarbonate extractabdle Fe (Fe,); carbon content and clay
content, as adsorption factors; and soil oxidative activity (Cr oxidation) determined by the amount of Cr (VI)
changed from Cr (IIT) added to soils, as oxidation factors. Soil samples were divided into 3 types based on their
chemical properties and parent materials: Andisols A (A horizon of Andisols), Andisols B (B horizon of Andisols
and light-colored Andisols) and non-Andisols.

The recovery of all phenolic acids (RPA) correlated inversely with soil carbon content and Fe, in Andisols A
and B, respectively, suggesting that an adsorption of phenolic acids to soil organic matter in Andisols A, and to
Fe, in Andisols B, was taking place. It was considered that almost no oxidation of phenolic acids is caused in
Andisols A, because little formation of Cr (VI) was observed. The recovery of ferulic acid (RFA) and vanillic acid
(RVA), however, correlated inversely with Cr oxidation in non-Andisols indicating that the oxidation of these

two phenolic acids was taking place. On the other hand, almost all of the p-hydroxybenzoic acid was recovered,
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indicating that no oxidation had occurred.

These results were also supported by the comparison between RFA and recovery of dissolved organic
carbon (RTOC). RFA was very similar to RTOC in Andisols A and B, which indicated adsorption of ferulic acid.
Whereas, RFA was lower than RTOC in those non-Andisols with high Cr oxidation activity, therefore, oxidation
of ferulic acid was indicated. Manganese dissolution that occurred when phenolic acids were added to soils was

also discussed.

(3) Influence of soil-drying on oxidation of phenolic acids

Residual proportions in the aqueous phases of ferulic acid (RFA) and vanillic acid (RVA) added to non-
Andisols increased significantly when air-dried soil was used. Changes by air-drying, however, were negligible
in Andisols. No significant differences due to air-drying of soil were found in residual proportions in solutions of
p-hydroxybenzoic acid (RHA) for the both types of soil. Abiotic soil oxidative activity, determined by the
amounts of Cr (VI) formation from Cr (III), significantly decreased by air-drying in both non-Andisols and
Andisols. It was also observed that the relationship between the abiotic oxidative activity and RVA level was
linear in non-Andisols, suggesting the validity of the Cr (III) oxidation method to evaluate the abiotic soil
oxidative activity for phenolic acids.

Consequently, the increases of RFA and RVA levels in air-dried non-Andisols can be attributed to the
decrease in the abiotic oxidative activity, while the adsorptive capacity for phenolic acids was not significantly
influenced. When compared with non-Andisols, it is considered that adsorption is prevalent in Andisols with

relatively little influence from soil-drying.

(4) Influence of air-drying treatment on chemical forms of Mn, Co, Zn and Cu in soils

The influence of air-drying treatment on changes in the form of Mn, Co, Zn and Cu was investigated using
air-dried and moist field soils which were classified as Fluvaquent (paddy), Dystrochrept (paddy) and
Melanudand (upland). The sequential extraction method was used to evaluate the different chemical forms of
the elements in the soils.

Compared with the field moisture soils, the amounts of the exchangeable forms of Mn, Co, and Zn in the
air-dried soils increased 9 ~ 25 times, 6 times and 1.7 times, respectively. Acid soluble forms of Mn and Co in
soil increased approximately 2 times, but that of Cu decreased by air-drying. The Manganese oxide occluding
forms of Mn and Co, decreased approximately 10% and 9%, respectively. Amounts of the elements in
organically bound, Fe oxide occluded and residue unextracted forms were unchanged by air-drying of soil.

Changes in the chemical forms observed by the air-drying treatment differed according to the kind of soil
and element. The effects of drying were prevalent in the paddy soil than in the upland soils, and more
pronounced Mn and Co as compared to Zn and Cu.

These results suggest that the increase in certain heavy metals, such as Mn and Co, using air-dried soil
caused by the dissolution of Manganese oxides, in which those heavy metals were occluded. By a comparison of
the redox potentials calculated from the standard free energies of formation between soil and MnO,, it is known
that MnO, in air-dried soil could be dissolved below pH2 ~ 3. Though surface and/or organic acidity may have
occurred by air-drying, it is believed that, due to the buffering action of the soils, soil pH could not drop to 2 ~ 3.
Accordingly, the mechanism of the dissolution of Manganese oxides in soil by air-drying was postulated not to

have been caused by lowering pH, but by some organic matter derived from microorganisms and/or humic
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matter.

(5) Influence of soil-drying under field conditions on exchangeable manganese, cobalt and copper
contents

Two paddy soils (Tsukuba and Yawara) were collected at four different soil depths (0 ~ 1,1 ~ 5,5 ~ 10
and 10 ~ 20 cm) under three different soil moisture conditions, i.e., after harvest, after successive sunny days
and after rainy days. After sunny days, contents of Ex-Mn and Ex-Co in the surface soil layer markedly
increased and drastically decreased after rainfall, while they remained almost unchanged in the lower soil layers.
The content of Ex-Cu slightly increased in the surface soil layer after sunny days.

A similar tendency was observed in soil column experiments. The contents of Ex-Mn, Ex-Co and Ex-Cu
increased by 12, 12 and 2 times, respectively, in the upper layer of soil columns that had been sampled from the
Yawara field and stored in a dark room for eight days. The increase of the Ex-Mn and Ex-Co contents in the
upper layer could not be explained by the capillary rise of soil water from the lower layers of the columns.

In a soil-drying experiment under laboratory conditions, Ex-Mn and Ex-Co contents began to increase
when the water content of the Yawara soil was lower than 0.09 ~ 0.13 kg kg™'. The water content of the surface
soil of the Yawara field after sunny days was 0.08 kg kg™'. Ex-Cu content did not change appreciably with the
water content.

It is concluded that the increase of the Ex-Mn and Ex-Co levels in field surface soils after sunny days can
be ascribed to soil-drying. Some of the excess Ex-Mn and Ex-Co is expected to leach down into lower layers

due to rain, which may contribute to plant uptake of Mn and Co.

(6) The mechanism of manganese oxide dissolution by soil-drying

Water extracts from Yawara paddy soil, which was air-dried, chloroform fumigated or autoclaved, could
dissolve synthetic manganese oxides. The water extracts were fractionated into four fractions, i.e.,
hydrophobic, cationic, anionic and neutral states; and the dissolution activity of each fraction on manganese
oxides was analyzed. As a result, only the neutral fraction showed strong dissolution activity, suggesting that
sugar has the ability to dissolve manganese oxides. Somogy method revealed that most reductive sugar was
contained in the neutral fraction. Furthermore, reductive sugar, such as glucose, could dissolve manganese
oxides, and the reductive sugar content in the water extract was significantly lowered after dissolution of
manganese oxides.

These results indicate manganese oxides were dissolved by sugar that may have been released from the
corpses of microorganisms in soil after soil drying process. This dissolution of manganese oxides could be the

reason for manganese excess symptoms of crop plants which could be observed under soil drying conditions.



