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RESUMO

Mecanismos de interacio quimica de metais, Anions inorganicos, acidos organicos e

proteina em materiais purificados, solo artificial e solo cultivado

O solo ¢ um complexo sistema com variadas fases que alojam reagdes de
interfaces que determinam a mobilidade/disponibilidade de nutrientes e contaminantes
no ambiente. O entendimento profundo dos mecanismos que regem as reagdes ¢ um
desafio, sendo muitas vezes necessaria a utilizacdo de modelos com niimero reduzido de
componentes ¢ de alta pureza, a fim de que se isolem os efeitos de variaveis ambientais
como tipo de minerias, pH e tempo. Podem também ser aplicadas sofisticadas técnicas
analiticas para elucidar os mecanismos envolvidos. Nesse trabalho, procurou-se avaliar
mecanismos de algumas reagdes quimicas que envolvem os nutrientes P e Zn,
macromoléculas como proteina e substancias himicas, bem como os contaminantes Cd
e As; todos eles em matrizes puras ou em amostras de terra de areas cultivadas e sob
vegetacao nativa (VN). As principais conclusdes foram: (i) o complexo de superficie P-
hematita em configuracdo bidentada teve adsor¢do mais rapida do que a monodentada,
sendo a bidentada preferencialmente desorvida pelo anion citrato, cuja adsor¢do anterior
ao fosfato diminuiu a adsor¢do de P na superficie da hematita; (ii) o As(V) é adsorvido
em complexos de esfera interna e externa nas superficies de hematita e de hausmanita,
sendo maior a adsorcdo na hausmanita, que se mostrou uma opcao plausivel de filtro
para As(V); (iii) o processo de adsor¢do da proteina BSA em hematita teve forte
dependéncia do pH do meio, sendo o pH proximo ao ponto isoelétrico da proteina o que
maximizou a adsor¢do, sendo que houve consideravel mudanga conformacional nas
estruturas secundariasda BSA apds adsorcao, o que a tornou menos “empacotada” e
mais “desdobrada”, (iv) o Ca aumentou a adsor¢do de substancias humicas nos minerais
estudados por meio de complexos ternarios “mineral-Ca-substancias himicas”, e houve
preferéncia de adsor¢do nas superficies dos minerais presentes em solos intemperizados,
por moléculas organicas menos humificadas e/ou de menor peso molecular; (V) em pH
4,5 houve menor adsor¢do de Zn, sendo esse retido preferencialmente em minerais
alumino-silicatados, enquanto em valores de pH 6,5 as espécies de Zn ligadas a 6xido
de Fe e aquele precipitado com P também foram identificadas. Contudo, apds seis
meses de incubagdo, essas espécies diminuiram ou desapareceram, sendo as espécies de
Zn adsorvidas aos minerais alumino-silicatados dominantes apo6s longo tempo de
incubagdo; (vi) Cd e Zn foram adsorvidos rapidamente em solos sob VN ou solos
agricolas altamente fertilizados, sendo que solos agricolas adsorveram mais esses metais
do que o solo sob VN. Porém, apesar da maior adsorcdo, esses metais ainda foram
dessorviveis por EDTA; (vii) a fragdo de Zn adsorvido a caulinita esteve presente em
todas as amostras de solo, independentemente da origem e do manejo, mas 0 manejo
agricola e o tempo de incubacdo aumentaram a quantidade de Zn associado a fracdes de
menor mobilidade. Além disso, a espécie de Zn associado ao fosfato esteve presente em
solos altamente fertilizados, e a composi¢do mineralégica do solo determinou a
distribuicao das fra¢des de Zn adsorvido no solo.



Palavras-chave: Fendmenos de superficie; Sistema coloidal; Adsorcao; Espectroscopia
de absor¢do de raios-X; Espectroscopia de infravermelho; Mineralogia
do solo
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ABSTRACT

Chemical interaction mechanisms of metals, inorganic anions, organic acids and protein

on purified material, artificial soil and cropland soil

The soil is a complex system with several phases, where abundant interfaces
phenomena happen, which determines the mobility/availability of nutrients and
contaminants into the environment. The deep understanding of these chemical
mechanisms is a challenge, and it is often necessary to use models with reduced
numbers of components and high purity, in order to isolate the effects of enviromenmtal
variables such as minerals type, pH and time. Also, sophisticated analytical techniques
may be used to elucidate the mechanisms involved at atomic and molecular scales.
Here, mechanisms of some chemical reactions for some nutrients such as P and Zn,
macromolecules such as protein and humic substances, as well as a contaminant such as
Cd and As were evaluated, using pure systems, artificial soil or soil samples from
cultivated areas. The main conclusions were: (i) the previous adsorption with citrate
decreased P adsorption on hematite surface. The P-hematite surface complex in
bidentate configuration had a faster absorption than the monodentate, and the bidentate
was preferentially desorbed by citrate; (ii) As(V) was adsorbed on inner and outer-
sphere complexes on the hematite and hausmannite surfaces, hausmannite showing a
higher adsorption than hematite. The transformation from hausmannite to manganite
should increase As(V) adsorption an its stability, thus hausmannite could be a good
option as As(V) filter; (iii) the adsorption on hematite surface promoted a prominent
conformational change in the secondary structures of BSA protein, toward a less
"packed" and more "unfolded" protein forms, and the pH near the isoelectric point
maximized its adsorption; (iv) Ca increased the adsorption of humic substances in the
minerals present in weathered soils. Ternary complexes "mineral-Ca-humic substances"
were responsible for this increment; and organic molecules less humified and/or with
lower molecular weight were preferentially adsorbed on minerals” surfaces; (V) less Zn
was adsorbed at pH 4.5, which was preferentially retained in aluminosilicate minerals,
while at pH 6.5, more Zn was adsorbed and Zn sorbed on Fe oxide, and Zn-P
precipitates were identified. However, after 6 months, these ones decreased or
disappeared, and the fraction of Zn sorbed to aluminosilicate minerals incresed; (vi) Cd
and Zn are rapidly adsorbed on soils under native vegetation or highly fertilized
agricultural soils, and agricultural soils adsorb more these metals than soil under native
vegetation. These metals, however, were easily desorbable by EDTA; (vii) the soil
mineralogy determined the main Zn fractions adsorbed on the soil, the fraction of Zn
adsorbed to kaolinite was present in all soil samples, regardless of origin and
management; agricultural management and time increased the amount of Zn in less
mobile fraction, and Zn associated with P was present in highly fertilized soils.

Keywords: Surface phenomena; Colloidal system; Adsorption; X-ray absorption
spectroscopy; Infrared spectroscopy; Soil mineralogy
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1. GENERAL INTRODUCTION

The soil system is composed of several phases, like each mineral surface, organic
compound, water, and gaseous phase. All these individual systems have a singular interfacial
region where adsorptions processes occur. The adsorption mechanisms can be investigated
from atomic, molecular to macroscopic scale, as well as in-situ process, because of the
evolution of instrumental techniques and strategies for individualizing soil players. Hence,
these reactions could be analyzed by traditional methods and/or sophisticated technologies
such as isothermal calorimetry titration, microscopies (e.g. Force Atomic, Transmission or
Scanning Electron) or spectroscopies (e.g. Xray Absorption, Xray diffraction, and Infrared)
techniques in combination with interdisciplinary research of biological, chemical, and
physical interfaces (Kruse et al., 2015; Lombi and Susini, 2009; Sarret et al., 2013; Sparks,
20006).

Some elements and minerals and organic components have a singular behavior and
deserve attention for scientific research. Hematite is an abundant iron oxide in soils and
sediments (Schwertmann, 2008), which suggest that it as an appropriated mineral surface to
represent highly weathered soils. A significant feature of iron oxides is the high adsorption
capacity of oxyanions as phosphate (P), which promotes the low bioavailability of P in some
tropical soils (Roy et al. 2016). On the other hand, this high affinity allows the hematite uses
for arsenic (As) filter employed in water treatment (Mohan and Pittman, 2007). The mineral
hausmannite, as the hematite, also has high As adsorption capacity, but it is metastable at
surface environmental condition and could improve As adsorption stability more than
hematite-As complexes.

The organic compounds also have impacts in soil process. Citrate has been found in
high concentrations in soil porewaters (Clarholm et al., 2015; Nambu et al., 2008).
Rhizosphere exudates promote oxyanions’ desorption (e.g. P and As), which makes it a model
of organic acid in soil. The behavior of humic acids in soils has attracted attention because of
climate change mitigation practices related to C soil storage mechanisms (Six et al., 2002).
Likewise, some metallic cations have many functions in the soil ecosystem. Calcium (Ca) is a
plant/animal nutrient and can enhance organic compounds adsorption on minerals (Sowers et
al., 2018). Zinc (Zn) is a nutrient as well, however could be toxic in high concentration,
whereas cadmium (Cd) is a harmful metal even in low concentration in soil (Bradl, 2004).

In this study, the chemical interaction mechanisms among metals, inorganic anions,

organic acids and biological molecule on purified material, artificial soil, and cropland soil
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were investigated by multi-scales spectroscopic techniques. The use of purified material or
artificial soil allow as to isolate effects of some environmental variables as pH, ionic strength,
surface loading, and aging on specific reactions, for example, the phosphate adsorption on
hematite surface or metal fate on soil system after initial adsorption. This approach allows a
more detailed and clear description of chemical process. Therefore, we carried out studies
from pure materials and artificial soil to real soil sample of cropland and natural areas.

In this study, the hypothesis were: (i) citrate desorbs specific phosphate-adsorbed
species, (i1) hausmannite could adsorb higher amount of arsenate and immobilize it in less
desorbable forms than hematite, (iii) protein change secondary conformation after adsorbed
on hematite, (iv) the presence of phosphate in minerals system drives an increase Zn
adsorption as Zn-phosphate phases, (v) calcium improves humic acid adsorption on soil, (vi)
cropland soils adsorbs more cadmium and zinc than soils under native vegetation, (vii)
agriculture land use promotes different Zn species compared to natural soil, as Zn-phosphate
and Zn-carbonate.

The objectives in this study were to evaluate: (i) phosphate and citrate adsorption and
competition on hematite surface, (ii) arsenate and citrate adsorption and desorption on
hausmannite and hematite surface, (ii1) protein adsorption and structural conformation on
hematite surface as a function of changes in pH, ionic strength and protein concentration, (iv)
the effects of phosphate and pH on Zn adsorption over aging time on artificial soil “clay”
fraction, (v) humic acids adsorption improvement due to calcium, on artificial soil “clay”
fraction, (vi) adsorption-desorption process of Cd and Zn in soils under native vegetation and
in cropland soils, and (vii) zinc chemical fractionation and speciation after adsorption in these

soil in soils under native vegetation and in croplands.
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