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RESUMO GERAL 

 

O mercúrio (Hg) possui um ciclo biogeoquímico complexo, sendo o resultado de vários 

processos físicos, químicos e bioquímicos. E esses processos ditam as espécies químicas de Hg 

dominantes e também a sua distribuição nos compartimentos que compõem o ambiente (ar, 

água, solo, biota, sedimento), produzindo padrões de distribuição complexos, alguns ainda não 

conhecidos, principalmente em ambientes tropicais. Neste contexto, objetivou-se avaliar a 

adsorção e volatilização de Hg em solos tropicais. A tese foi dividida em dois capítulos: 

Capítulo 1- avaliou-se a capacidade de adsorção de Hg. O experimento de adsorção foi 

conduzido em delineamento inteiramente casualizado em esquema fatorial 5 × 8, com cinco 

solos com textura e teor de matéria orgânica contrastantes e oito concentrações de Hg (0, 0,05, 

0,1, 0,2, 0,4, 0,8, 1,2 e 2,4 mg L-1). Um material zeólita também foi adicionado no estudo de 

sorção para fins de comparação; Capítulo 2- neste capítulo avaliou-se a volatilização de Hg de 

quatro solos tropicais em condição seco e úmido e a capacidade de adsorção de Hg de quatro 

materiais adsorventes: hopcalite; zeólita-NaP; dois biochars (W e P). Como principais 

resultados temos que os solos arenosos e de textura média, com baixos teores de matéria 

orgânica, apresentaram menor capacidade de adsorção de Hg quando comparados aos solos de 

textura argilosa, muito argilosa e um solo orgânico. A análise por meio de espectrometria de 

infravermelho mostrou que os grupos funcionais oxigenados (Al-O, Si-O, Fe-O) dos 

argilominerais e óxidos presentes no solo são responsáveis pela alta capacidade de adsorção de 

Hg. A zeólita clinoptilolita possui capacidade de adsorver Hg e apresenta potencial para 

remediação de solos contaminados com Hg. O conteúdo de Hg volatilizado em solo seco foi 

3,7, 3,4, 1,6 e 3,8 mg kg-1 d-1 de Hg e em solo úmido foi 5,5, 4,6, 2,5 e 4,2 mg kg-1 d-1 de Hg 

em Nitossolo Vermelho, Latossolo Vermelho, Organossolo e Cambissolo Háplico, 

respectivamente. A hopcalite foi o material com maior capacidade de adsorção de Hg com 97, 

53, 93 e 7% do valor de Hg volatilizado pelo Nitossolo Vermelho, Latossolo Vermelho, 

Organossolo e Cambissolo Háplico, em solo seco, respectivamente. O zeólita NaP adsorveu 

1,0, 0,3, 0,2, 0,4 mg kg-1 de Hg, esses valores representam uma adsorção de 27, 8, 14 e 9% do 

valor total volatilizado por Nitossolo Vermelho, Latossolo Vermelho, Organossolo e 

Cambissolo Háplico, respectivamente, na condição de solo seco. Os biochars W e P 

apresentaram baixa capacidade de adsorção de Hg (0,5 a 9%), quando comparados a hopcalite 

e zeólita NaP. Solos com baixos teores de matéria orgânica possuem menor capacidade de 

adsorver Hg e maior capacidade de volatilizar Hg.  

 

Palavras-chave: Zeólita. Biochar. Resíduos. FTIR. Especiação química. Óxidos. 

 

 

 

 

 

 

 

 

 

 



 

 

GENERAL ABSTRACT 

 

Mercury (Hg) has a biogeochemical cycle complex, as a result of several physical, chemical 

and biochemical processes.  These processes dictate the dominant chemical species of Hg and 

also their distribution in the compartments that compose the environment (air, water, soil, biota, 

sediments), producing complex patterns of distribution, some yet unknown, particularly in 

tropical environments. In this context, the objective was to evaluate the adsorption and 

volatilization of Hg in tropical soils. The thesis was divided into two chapters: Chapter 1- Hg 

adsorption capacity was evaluated. The adsorption experiment was conducted in a completely 

randomized design in a 5 × 8 factorial scheme, with five soils with contrasting texture and 

organic matter content and eight Hg concentrations (0, 0.05, 0.1, 0.2, 0, 4, 0.8, 1.2 and 2.4 mg 

L-1). A zeolite material was also added to the sorption study for comparison purposes. Chapter 

2- this chapter evaluated the volatilization of Hg from four tropical soils in dry and humid 

conditions and the Hg adsorption capacity of four adsorbent materials: hopcalite; zeolite-NaP; 

two biochars (W and P). As main results we have that the soils sand and sandy clay loam texture, 

with low contents of organic matter, presented less capacity of adsorption of Hg when compared 

to the soils of clay loam, clay and an organic soil. The analysis by means of infrared 

spectrometry showed that the oxygenated functional groups (Al-O, Si-O, Fe-O) of the clay 

minerals and oxides present in the soil are responsible for the high Hg adsorption capacity. 

Clinoptilolite zeolite has the ability to adsorb Hg and has the potential to remedy soils 

contaminated with Hg. The volatilized Hg content under dry soil condition was 3.7, 3.4, 1.6, 

and 3.8 mg kg-1 d-1 of Hg and under moist soil condition was 5.5, 4.6, 2.5, and 4.2 mg kg-1 d-1 

of Hg in Typic Rhodustult, Humic Rhodic Acrustox, Typic Ustifolist and Oxic Dystrudept, 

respectively. Hopcalite was the material with the highest Hg adsorption capacity with 97, 53, 

93 and 7% of the Hg value volatilized by Typic Rhodustult, Humic Rhodic, Typic Ustifolist 

and Oxic Dystrudept, in dry soil condition, respectively. Zeolite NaP adsorbed 1.0, 0.3, 0.2, 0.4 

mg kg-1 of Hg, these values represent an adsorption of 27, 8, 14 and 9% of the total volatilized 

value by Typic Rhodustult, Humic Rhodic, Typic Ustifolist and Oxic Dystrudept, respectively, 

in the dry soil condition. Biochars W and P showed low Hg removal capacity (0.5 to 9%), when 

compared to hopcalite and zeolite NaP. Soils with low levels of organic matter have less 

capacity to adsorb Hg and greater capacity to volatilize Hg. 

 

Keywords: Zeolite. Biochar. Waste. FTIR. Chemical speciation. Oxides. 
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FIRST PART 

1 GENERAL INTRODUCTION 

 

 Mercury (Hg) is a highly toxic and mobile element in the environment, and represents 

a risk to global public health, being listed as one of the ten main chemical concern products 

(WHO, 2017). In soils, Hg can be originated from natural sources (geological, volcano 

eruptions, forest fires) (OBRIST et al., 2018; ERMOLIN et al., 2018) generally in low 

concentrations or from anthropogenic sources (chlorine and alkali industries, mining, smelting, 

coal burning, plastics, pesticides, gold and silver extraction, batteries, painting, amalgams, and 

sewage sludge) (ECKLEY et al., 2020; OBRIST et al., 2018; O´CONNOR et al., 2019). 

 Mercury has a complex biogeochemical cycle, as a result of several physical, chemical, 

and biochemical processes (GUSTIN et al., 2020).  These processes dictate the dominant 

chemical species of Hg and also their distribution in the compartments that compose the 

environment (air, water, soil, biota, sediments), producing complex patterns of distribution, 

some yet unknown, particularly in tropical environments (YIN et al., 2013).  

 In soils, the Hg species are found as inorganic and/or organic. In the inorganic form, Hg 

can be found in three different oxidation states: elemental Hg (Hg0), which is mainly found in 

the vapor form, the mercurous ion (Hg2
2+), unstable in natural systems, and the mercuric ion 

(Hg2+). In the organic form, Hg2+ can bind covalently to an organic radical, being 

methylmercury (CH3Hg+) and dimethylmercury ((CH3)2Hg) the most common forms 

(O´CONNOR et al., 2019). Owing to its chemical variability, Hg undergoes a wide set of 

physical (leaching, erosion, and volatilization) and biochemical transformations (methylation, 

photochemistry, and biological reduction), depending on soil properties such as mineralogy, 

pH, temperature, amount and type of organic matter, and microorganisms (GUSTIN et al., 

2020). 

 In tropical soils, the main sorbents of Hg are organic matter (O.M), clay, and oxides 

(CARVALHO et al., 2019; JISKRA et al., 2014; SOARES et al., 2015). Overall, the soil 

inorganic components, such as oxides or clay minerals, are not able to adsorb as much Hg as 

the organic matter, since they present lower specific surface area compared to O.M. However, 

they can both be important binding sites to Hg, since tropical soils have low organic matter 

content. Carvalho et al. (2019) studied the background content of Hg in tropical soils, and 

observed a high correlation between clay and Fe oxides with Hg. As for Soares et al. (2015), in 

a study of Hg adsorption in soils, they attributed greater retention capacity of Hg to the hydroxyl 

functional groups and –SH of the organic matter in the soil surface layer with high O.M content.  
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 Soil pH is also a determinant property to controlling Hg adsorption, since it affects the 

surface charge characteristics in soil particles and the Hg speciation in solution (JISKRA et al., 

2014). The increase in pH is known to disperse the humic substances (SPARKS, 2003; JIANG 

et al., 2015), which likely increases the exposition of reactive sites to the Hg species, and also 

enhances the complexation of Hg by the functional carboxyl groups of organic matter (DONG 

et al., 2013). 

 The effects of pH were observed by Park et al., 2018, studying the Hg adsorption in 

flooded soils in the Mississippi River. They observed that with an increase in the pH of the 

solution from 2 to 10, the amount of Hg adsorbed by the soil increased linearly from 9.8 to 51.5 

mg g-1. The authors attributed this higher adsorption to the Hg species formed at pH 3 and 10: 

HgCl+, HgCl2, HgClOH and Hg(OH)2. The authors also observed that Hg(OH)2 became 

dominant at pH 7 and 100% under pH 8.5. Adsorption of neutral mononuclear species, such as 

Hg (OH)2, by clay surfaces can occur through several mechanisms that are difficult to 

distinguish from each other. The soluble character of mercury hydroxide (HgOH2) leads to 

special Hg sorption properties in soil clay minerals mainly through covalent bonds with internal 

sphere complexes (LANFOT et al., 2013; SONON and THOMPSON, 2005). 

 Besides the species retained in the soil, Hg can also exist as volatile species, such as Hg0 

and dimethyl-Hg, which have the potential to be released to the atmosphere if present in the 

soil. Globally, the average emissions of Hg are estimated in approximately 1 ng m-2 h-1 in non-

enriched areas (AGNAN et al., 2016; ECKLEY et al., 2020; GWOREL et al., 2020), and 

100.000 ng m-2 h-1 in highly contaminated sites (AGNAN et al., 2016). In contaminated sites, 

such as active gold mining areas, the annual emissions vary between 10 to 105 kg year-1, and 

51 kg year-1 in abandoned Hg mining areas (AGNAN et al., 2016; PIRRONE et al., 2010). 

 In the atmosphere, Hg is widely dispersed and transported through long distances before 

being newly deposited in the soil or another environmental spheres, thus having several 

implications in the global distribution of Hg (ZHENG et al., 2012), being the re-emissions 

higher than the primary Hg emissions (SMITH-DOWNEY et al., 2010; LAMBORG et al., 

2002; GWOREL et al., 2020; O’CORNNEL et al., 2019). Within climate regions, the highest 

amounts of Hg are emitted or re-emitted from soils in the tropical regions (45%), followed by 

the temperate zones (41%), with the lowest emissions in the polar regions (8%), and the 

emissions from volcanos and geothermal areas correspond to 5% (GWOREK et al., 2020). 

 Therefore, technologies to interrupt the transfer of Hg between the soil and the 

atmosphere are of great relevance, particularly in tropical environments that have 

environmental factors (soil temperature, solar radiation, humidity, soil cover) that favor this 
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process of Hg volatilization in soils (CARPI and LINDBERG, 1997; GUSTIN and 

STAMENKOVIC, 2005; YU et al., 2018). In this context, this thesis study brings a singular 

importance in the comprehension of the Hg adsorption and volatilization processes in tropical 

soils.  

 

2 HYPOTHESIS AND THESIS OBJECTIVES 

 

 The main objective of this thesis research was to evaluate the adsorption capacity and 

Hg volatilization in tropical soils and to identify the mechanisms and factors that influence these 

processes. Thus, objectives were based on the following hypotheses: 

- Tropical soils, with low organic matter content, have low adsorption capacity and high 

volatilization capacity of Hg; 

-    Soil water content influences the formation of volatile Hg species in the soil solution, 

thus soil moisture increased the volatilization of Hg;  

- Materials developed from industrial waste adsorb elemental Hg volatilized 

contaminated soil.  

 

3 THESIS WRITING PLAN 

 

The hypotheses of this thesis research were dealt with in two chapters. 

In chapter 1, the adsorption capacity of Hg in five tropical soils and a natural zeolite was 

evaluated and the adsorption process characterized by infrared spectroscopy. 

In chapter 2, the volatilization of Hg in three contaminated soils and incubated in the 

laboratory was evaluated and a soil contaminated by artisanal gold mining activity, in dry and 

moist soil conditions. In addition, to evaluate the volatilized Hg adsorption capacity of these 

soils, four adsorbent materials were synthesized from industrial waste. 

 

 

 

 

 

 

 

 



12 

 

REFERENCES 

 

AGNAN, Y. et al. New Constraints on Terrestrial Surface-Atmosphere Fluxes of Gaseous 

Elemental Mercury Using a Global Database. Environmental Science and Technology, v. 

50, n. 2, p. 507–524, 2016. 

 

CARPI, A.; LINDBERG, S. E. Sunlight-Mediated emission of elemental mercury from soil 

amended with municipal sewage sludge. Environmental Science and Technology, v. 31, n. 

7, p. 2085–2091, 1997. 

 

CARVALHO, G. S. et al. Selenium and mercury in Brazilian Cerrado soils and their 

relationships with physical and chemical soil characteristics. Chemosphere, v. 218, p. 412–

415, 2019. 

 

DONG, X. et al. Mechanistic investigation of mercury sorption by Brazilian pepper biochars 

of different pyrolytic temperatures based on x-ray photoelectron spectroscopy and flow 

calorimetry. Environmental Science and Technology, v. 47, n. 21, p. 12156–12164, 2013. 

 

ECKLEY, C. S. et al. The assessment and remediation of mercury contaminated sites: A 

review of current approaches. Science of the Total Environment, v. 707, p. 136031, 2020. 

Disponível em: <https://doi.org/10.1016/j.scitotenv.2019.136031>. 

 

ERMOLIN, M. S. et al. Nanoparticles of volcanic ash as a carrier for toxic elements on the 

global scale. Chemosphere, v. 200, p. 16–22, 2018. Disponível em: 

<https://doi.org/10.1016/j.chemosphere.2018.02.089>. 

 

GUSTIN, M. S. et al. Mercury biogeochemical cycling: A synthesis of recent scientific 

advances. Science of the Total Environment, v. 737, 2020. 

 

GUSTIN, M. S.; STAMENKOVIC, J. Effect of watering and soil moisture on mercury 

emissions from soils. Biogeochemistry, v. 76, n. 2, p. 215–232, 2005. 

 

GWOREK, B.; DMUCHOWSKI, W.; BACZEWSKA-DĄBROWSKA, A. H. Mercury in the 

terrestrial environment: a review. Environmental Sciences Europe, v. 32, n. 1, 2020. 

Disponível em: <https://doi.org/10.1186/s12302-020-00401-x>. 

 

JIANG, T. et al. Modeling of the structure-specific kinetics of abiotic, dark reduction of 

Hg(II) complexed by O/N and S functional groups in humic acids while accounting for time-

dependent structural rearrangement. Geochimica et Cosmochimica Acta, v. 154, p. 151–167, 

2015. Disponível em: <http://dx.doi.org/10.1016/j.gca.2015.01.011>. 

 

JISKRA, M. et al. Kinetics of Hg(II) exchange between organic ligands, goethite, and natural 

organic matter studied with an enriched stable isotope approach. Environmental Science and 

Technology, v. 48, n. 22, p. 13207–13217, 2014. 

 

LAFONT, D. et al. Sorption and desorption of mercury(II) in saline and alkaline soils of 

Bahía Blanca, Argentina. Environmental Earth Science 70, 1379–1387, 2013. 

https://doi.org/10.1007/s12665-013-2221-6 

 



13 

 

O’CONNOR, D. et al. Mercury speciation, transformation, and transportation in soils, 

atmospheric flux, and implications for risk management: A critical review. Environmental 

International, v. 126, n. March, p. 747–761, 2019. Disponível em: 

<https://doi.org/10.1016/j.envint.2019.03.019>. 

 

OBRIST, D. et al. A review of global environmental mercury processes in response to human 

and natural perturbations: Changes of emissions, climate, and land use. Ambio, v. 47, n. 2, p. 

116–140, 2018. Disponível em: <https://doi.org/10.1007/s13280-017-1004-9>. 

 

PARK, J. H. et al. Mercury adsorption in the Mississippi River deltaic plain freshwater marsh 

soil of Louisiana Gulf coastal wetlands. Chemosphere, v. 195, p. 455–462, 2018. Disponível 

em: <https://doi.org/10.1016/j.chemosphere.2017.12.104>. 

 

PIRRONE N. et al. Global mercury emissions to the atmosphere from anthropogenic and 

natural sources. Atmosphere Chemistry Physcal. v. 10, p. 5951–5964, 2010. 

 

REIS, A. T. et al. Development and validation of a simple thermo-desorption technique for 

mercury speciation in soils and sediments. Talanta, v. 99, p. 363–368, 2012. Disponível em: 

<http://dx.doi.org/10.1016/j.talanta.2012.05.065>. 

 

SMITH-DOWNEY, N. V.; SUNDERLAND, E. M.; JACOB, D. J. Anthropogenic impacts on 

global storage and emissions of mercury from terrestrial soils: Insights from a new global 

model. Journal of Geophysical Research: Biogeosciences, v. 115, n. 3, p. 1–11, 2010. 

 

SOARES, L. C. et al. Accumulation and oxidation of elemental mercury in tropical soils. 

Chemosphere, v. 134, p. 181–191, 2015. Disponível em: 

<http://dx.doi.org/10.1016/j.chemosphere.2015.04.020>. 

 

SONON, L. S, THOMPSON, M. L. Sorption of a noniônico polyoxyethylene lauryl ether 

surfactant por 2: 1 layer silicates. Clays Clay Miner 53: 45-54, 2005. 

 

SPARKS, D. L. Environmental soil chemistry. Boca Raton: Academic Press; 2003. 

 

YIN, R. et al. Mercury isotope variations between bioavailable mercury fractions and total 

mercury in mercury contaminated soil in Wanshan Mercury Mine, SW China. Chemical 

Geology, v. 336, p. 80–86, 2013. Disponível em: 

<http://dx.doi.org/10.1016/j.chemgeo.2012.04.017>. 

 

YU, Q. et al. Gaseous elemental mercury (GEM) fluxes over canopy of two typical 

subtropical forests in south China. Atmospheric Chemistry and Physics, v. 18, n. 1, p. 495–

509, 2018. 

 

ZHENG, Y. et al. Review of technologies for mercury removal from flue gas from cement 

production processes. Progress in Energy and Combustion Science, v. 38, n. 5, p. 599–629, 

2012. Disponível em: <http://dx.doi.org/10.1016/j.pecs.2012.05.001>. 

 

 

 

 

 



14 

 

SECOND PART – ARTICLES 

ARTICLE 1 
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Mercury adsorption in tropical soils and zeolite: characterization by Fourier-transform 

infrared spectroscopy 

 

J.R.Oliveiraª; I.C.F. Vasquesb; F.R.D. Limaª; G.S. Carvalhoª; M.T.P. Jobb; T.S. 

Oliveirab; J.J. Marquesa* 

 

ª Department of Soil Science, Federal University of Lavras, Lavras, MG, CEP 37200- 

000, Brazil 

b Department of Soil Science, Federal University of Viçosa, Viçosa, MG, CEP 36570- 

000, Brazil 

 

Abstract  

The aim of this study was to evaluate the capacity for Hg adsorption, understand the 

mechanisms of Hg sorption in tropical soils, and study the potential for Hg sorption by a natural 

zeolite for possible application in remediation of soils contaminated with Hg. The soil samples 

used in this study were collected from the 0 to 20 cm layer in areas of native vegetation in the 

state of Minas Gerais, Brazil. The experiment was conducted in a completely randomized 

design in a 5 × 8 factorial arrangement, with five soils of contrasting characteristics and eight 

Hg concentrations (0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.2, and 2.4 mg L-1). A zeolite material was also 

added in the sorption study for purposes of comparison. Samples of the five soils under study 

and the zeolite before and after Hg adsorption were characterized by Fourier-transform infrared 

spectroscopy (FTIR). The species HgOH2, HgClOH, and HgCl2 predominates in the 

contaminating solutions. Analysis through FTIR showed that the oxygenated functional groups 
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(Al-O, Si-O, Fe-O) of the clay minerals and oxides present in the soil are responsible for the 

high Hg adsorption capacity. The zeolite clinoptilolite has potential for remediation of soils 

contaminated with Hg.  

Keywords: soil contamination, Hg speciation, FTIR spectroscopy, adsorption isotherm, oxides. 

Introduction 

Mercury is recognized as a global pollutant because it can remain in the atmosphere for 

more than a year, reaching ecosystems that are distant from the source of pollution (Sądej et al. 

2020; Rolka et al. 2018). In soils, abnormal concentrations of this element are generally caused 

by mining operations (Berdonces et al. 2017; Windmoller et al. 2015) and by industrial 

activities, such as chlor-alkali factores (Rodrigues et al. 2010; Balzino et al. 2015).  

After entering in contact with the soil, the mobility of Hg through the soil profile affects 

its bioavailability through the processes of reduction, oxidation, leaching, and volatilization, 

which generate scenarios of potential risk to human health through bioaccumulation in the food 

chain (Sądej et al. 2020; Rolka et al. 2018). Nevertheless, the bioavailability of mercury in the 

soil is determined by its chemical speciation (Hg0, Hg2+, HgOH, CH3Hg+) and by the physical 

and chemical properties of the soil.  

The dynamics of Hg in tropical soils, including its adsorption and bioavailability, is 

governed by the texture of the soil and its geochemical composition (Carvalho et al. 2019). This 

is different from what occurs in temperate and boreal soils, where Hg retention and 

accumulation are mainly controlled by the organic matter contents (Osterwalder et al. 2017; 

Skyllberg et al. 2003; Kyllönen et al. 2012). Due to these particularities, the tropical 

environment deserves a different approach when studying Hg adsorption.  

Considering the important role of adsorption processes during Hg retention in soils, 

finding materials capable of increasing this capacity of adsorption/immobilization in an 

efficient manner is of utmost importance, especially in regard to remediation of soils 
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contaminated with Hg. Among the materials currently evaluated, natural zeolites stand out. The 

zeolite clinoptilolites, which are natural zeolites, have high capacity for adsorption of heavy 

metals (Belova 2019), derived from their unique chemical and physical characteristics, such as 

high cation exchange, porosity, specific surface area, internal structure, and crystallinity 

(Belova 2019).  

Many studies have shown that the zeolites can behave as good adsorbents for Hg, but 

many of them focus on water treatment (Tauanov et al. 2020). Problems related to soil 

contamination with Hg in tropical soils are widely reported (Araújo et al. 2019; Vasques et al. 

2020), and using zeolites in this case means a promising alternative. The comparison of a well-

known adsorptive product (i.e. zeolite) with different tropical soils clarifies the adsorption 

potential of 1: 1 clay minerals and oxides, typically found in these environments.  

This lack of studies with Hg adsorption in tropical soils leaves a gap concerning the 

mechanism of Hg retentions in different soils. Fourier - transform infrared spectroscopy (FTIR) 

has been used to better characterize Hg adsorption mechanisms in soils (Ding et al. 2017; Xue 

et al. 2013), but in general, the focus is on soils from temperate climates. With FTIR, it is 

possible to identify the vibrations of functional groups and the soil molecular structures that 

can help explain the process involved in Hg adsorption and desorption (Xue et al. 2013). 

Therefore, the use of FTIR together with the characterization of Hg adsorption process in 

tropical soils is yet something newly studied.  

Thus, knowing how Hg binds to soil colloids is of great importance for understanding 

soil contamination and for development of strategies so that Hg does not disperse in the 

environment and, consequently, enter the food chain. The aims of this study were (1) to evaluate 

Hg adsorption capacity in five typical soils of Brazil with contrasting properties and identify 

the adsorption mechanisms using FTIR and (2) to evaluate the adsorption capacity of natural 

zeolite clinoptilolite for application in remediation of Hg contaminated soils. Therefore, this 
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study is a first step on unveiling Hg retention mechanisms in tropical soils, allowing further 

studies that want to collaborate on the topic. 

Materials and Methods 

Characterization the soil samples and of the zeolite 

The soil samples used in this study were collected at a depth of 0 to 20 cm from areas 

of native vegetation in the south of Minas Gerais, Brazil. The soils were classified according to 

the Soil Survey Staff (2014) as follows: Ustic Quartzipsamment (sand - Sa), Typic Haplustox 

(sandy clay loam - SaClLo), Typic Rhodustult (clay loam - ClLo), Humic Rhodic Acrustox 

(clay - Cl), and Typic Ustifolist (organic soil - OS). The chemical and particle size properties 

of the soils studied and of the zeolite are shown in Table 1 (Teixeira et al. 2017). From our 

knowledge, no study has covered such wide soil properties in a study of Hg adsorption in 

tropical environments. The oxide concentrations were determined by Total Reflection X - Ray 

Fluorescence Spectroscopy (TXRF S2 Picofox™ High Efficiency), according to Towett et al. 

(2013) with modifications. The Hg concentration in the soil samples before the adsorption trial 

was determined by the USEPA 3051a method (USEPA 2007).  

 

Table 1. Particle size and chemical properties of the investigated soils collected from the 0 - 20 

cm layer and of zeolite 

 Soil type pH CEC Clay Silt Sand O.M Hg 

 KCl cmolc kg-1 -----------g kg-1------------ g kg-1 µg kg-1 

Sand (Sa) 4.0 4.8 70 10 920 9 3.6 

Sandy Clay Loam (SaClLo)  4.1 2.7 220 50 730 12 13.4 

Clay Loam (ClLo) 5.8 7.8 380 180 440 20 76.6 

Clay (Cl) 5.5 4.5 540 260 200 20 34.7 

Organic Soil (OS) 4.2 19 300 430 270 212 141.1 

Zeolite (Ze) 7.4 1.6 - - - - - 

 Al2O3 SIO2 P2O5 K2O CaO TiO Fe2O3 

 ----------------------------------------------%-------------------------------------- 

Sand (Sa) 10.0 89.7 0.3 0.9 0.1 0.4 0.5 

Sandy Clay Loam (SaClLo)  14.8 39.7 0.0 0.2 0.0 0.5 3.3 

Clay Loam (ClLo) 9.9 22.1 0.1 0.2 0.3 1.7 12.6 

Clay (Cl) 12.3 10.2 0.0 0.1 0.0 1.6 22.6 

Organic Soil (OS) 14.1 12.6 0.2 0.1 0.0 1.6 3.9 
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Zeolite (Ze) 12.0 68.0 0.0 1.4 2.3 0.4 1.1 

CEC: cation exchange capacity at pH 7; O.M: Organic matter by oxidation with Na - dichromate and 

sulfuric acid; Hg: concentration of Hg by the 3051A method (USEPA, 2007) and determined by FI - 

HG - AAS (Segade and Tyson 2003). 

 

For mineralogical characterization, the soil and zeolite samples were analyzed by X -

Ray diffraction in the X’Pert PRO device with Cu radiation (CuKα) in the 4 - 70° 2 range at 

intervals of 0.01 ° 2 at 1 step s-1, with the voltage of 40 kV and current of 30 mA. 

 

Hg adsorption 

The experiment of Hg adsorption was conducted on the soil and zeolite clinoptilolite 

samples using a solid: solution ratio of 1: 10. Samples of 2.0 g of solid were weighed and placed 

in 50 mL centrifuge tubes. To each tube, 20 mL of Hg contaminant solution was added at 

concentrations of 0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.2, and 2.4 mg L-1, using HgCl2 as a source. The 

mercury chloride solutions were prepared in a background solution of 0.1 M NaNO3 (Zhang et 

al. 2012), with five replications. The pH values of the Hg (HgCl2 + NaNO3) contaminant 

solutions ranged from 5.5 to 6.5. The Hg concentrations used to contaminate the soil were based 

on reference values according to Brazilian legislation for Hg concentrations in soils of 0.05 mg 

of Hg per kg of dry soil as a quality reference value (valor de referência de qualidade - VRQ) 

and 12 mg of Hg per kg of dry soil as an agricultural investigation value (valor de investigação 

agrícola - VI) (COPAM, 2011). Therefore, it could also be possible to investigate the suitability 

of these values concerning the available adsorption sites in tropical soils. 

After addition of the Hg solutions, the samples were left to react for 72 h, with 

successive periods of 12 h of shaking and 12 h of rest. During the adsorption trial, the pH of the 

solution was monitored in the initial and final phase of the trial, and its values were used for the 

chemical simulation model of the inorganic Hg species, described in section Speciation of Hg. 
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Shaking was performed at 120 rpm in a horizontal shaker at ambient temperature. After 

72 h, the samples were centrifuged at 3,500 rpm for 20 min to obtain a clear supernatant, in 

which the Hg concentration was determined. 

 

Determination of Hg concentration 

Analytical determination of Hg in the supernatant solutions of the adsorption trial was 

conducted using Flow Injection Hydride Generation Atomic Absorption Spectrometry (FI - HG 

- AAS) with a quartz cell (Perkin Elmer AAnalyst 800) and electrodeless discharge lamps for 

Hg (Segade and Tyson 2003).  

The detection limit was calculated according to the American Public Health Association 

(2012) using seven blank samples in each lot for analysis, and the value was less than 0.52 µg 

kg-1 in all the samples. 

 

Fourier - Transform Infrared Spectroscopy - FTIR 

Samples of the five soils studied and of the zeolite clinoptilolite, with and without Hg, 

were characterized by Fourier-transform infrared spectroscopy (FTIR). The dry samples (at 35 

ºC) were ground in an agate mill and sieved in a 0.15 mm screen. The FTIR analysis was 

conducted in a Perkin Elmer Spectrum 1000 device equipped with a total attenuated reflectance 

accessory in which the powder from each sample was inserted in a diamond crystal support. 

The FTIR spectra from 32 scans were registered in the wavenumber range of 4000 - 400 cm-1, 

with resolution of 2 cm-1. 

 

Data analysis 

The Hg content adsorbed (mg kg-1) in the samples was calculated according to Equation 

1: 
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𝑦 =
𝐶𝑖 − 𝐶𝑒 ∗ 𝑉

𝑀𝑠
      (1) 

Where: 

y - the amount of Hg adsorbed (mg kg-1); 

Ci - the initial concentration of Hg added (mg L-1); 

Ce - the equilibrium concentration after 72 h (mg L-1); 

V - the final volume (mL); 

Ms - the weight of soil or zeolite dried in a laboratory oven (kg). 

Isotherms were chosen according to various studies regarding Hg adsorption (Ding et 

al. 2017; Xue et al. 2013). The adsorption data were analyzed using the following equations: 

Freundlich equation (Dada et al. 2012): 

Q𝑒 = K𝑓 ∗ C𝑒

1
𝑛⁄               (2) 

Where: 

Qe - the amount of metal adsorbed per gram of the adsorbent at equilibrium (mg g-1); 

Kf - Freundlich isotherm constant (mg g-1); 

Ce - the equilibrium concentration of adsorbate (mg L-1); 

n - adsorption intensity. 

Langmuir (Dada et al. 2012): 

𝑞𝑒 = 
𝑄0 − 𝐾𝐿 𝐶𝑒

1 +  𝐾𝐿 ∗ 𝐶𝑒 
         (3) 

Where: 

qe - the amount of Hg adsorbed (mg kg-1); 

Q0 - maximum monolayer coverage capacity (mg g-1) 

KL - Langmuir isotherm constant (L mg-1); 

Ce - the equilibrium concentration of adsorbate (mg L-1). 



21 

 

Speciation of Hg  

Determining the species of Hg is an important step in evaluating its mobility and, 

consequently, its potential for toxicity in the soil. To evaluate the speciation of Hg in the 

contaminating solution (HgCl2 and NaNO3) and in the supernatant solution from adsorption, 

the chemical equilibrium program Visual Minteq (Gustafsson 2005) was used.  

The cations inserted for speciation were calcium, magnesium, potassium, and sodium, 

that have been they were determined by Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP - OES) of Perkin Elmer™. The wavelengths and pulse heights for the 

elements analyzed were 317.9 nm and 9.0 mm for Ca, 279.2 nm and 9.0 mm for Mg, 308.2 nm 

and 9.0 mm for Al, and 766.4 nm and 9.0 mm for K, respectively. The Hg concentration was 

determined using Flow Injection Hydride Generation Atomic Absorption Spectrometry (FI - 

HG - AAS) with a quartz cell (Perkin Elmer AAnalyst 800) and electrodeless discharge lamps 

for Hg (Segade and Tyson 2003).  

The anions used were phosphate, chloride, nitrate, and sulfate, and they were analyzed 

by ion chromatography using the Thermo Scientific™ Dionex™ ICS - 1100 (Dionex ICS -

1100), with high exchange capacity IonPac™ AS19 IC analytical columns, 4 x 250 mm, and 

ASRS300 suppressor of 4 mm with suppression capacity up to 200 mL/ min using the eluent 

buffer Na2CO3/ NaHCO3 in a gradient. 

The results of Hg speciation presented in this study were based on the pH measured in 

the contaminant solution and in the contaminant solution in contact with the soils and the zeolite 

during the adsorption trial. Simulation of speciation was carried out in a range of ± 1 pH unit 

above and below the measured value of the pH.  

For the speciation of Hg in the presence of organic content, the NICA - Donnan model 

was created by combining the NICA isotherm with a Donnan model to assess complexation 

between humic substances and metals (Kinniburgh et al. 1999). The content of dissolved 
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organic carbon (DOC) inserted in the NICA - Donnan model was estimated from the O.M. 

(Table 1) as being 7% of the measured total organic carbon (Araújo et al. 2014; Gmach et al. 

2018). 

 

Results and discussion 

Mineralogical characteristics of the soils and of the zeolite clinoptilolite 

The main minerals identified in the five soils studied by X - ray diffraction (XRD) 

analysis were kaolinite, quartz, gibbsite, hematite, and goethite (Figure 1). The predominance 

of 1: 1 clay and oxides indicates that the soils are highly weathered, which is a well - known 

characteristic for tropical soils, such as Brazilian soils (Fontes and Carvalho 2005). In zeolite, 

the main mineral found was clinoptilolite. 
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Figure 1. X-ray diffractograms of soils and zeolite. Minerals are identified above the peaks as 

follows: Kt = kaolinite; Gt = goethite; Gb = gibbsite; Hm = hematite; Qz = quartz, Mi = mica; 

Cp = clinoptilolite; and Ht = heulandite. 

 

Hg adsorption 

The mean percentage of Hg adsorbed reached more than 98% of the Hg originally in the 

contaminating solution. The high capacity of Hg adsorption by soils was also reported by other 
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researchers (Ding et al. 2017; Xue et al. 2013). This high capacity of Hg adsorption can be 

explained by the large number of adsorption locations in the mineral matrix of tropical soils 

(Coufalík et al. 2012). 

 

Characteristics of adsorption isotherms 

The experimental data of the amount of Hg adsorbed for each soil and for zeolite were 

fitted to the isothermic models of Freundlich and Langmuir (Figure 2). The Sa, SaClLo, and 

the Ze exhibited linear isotherms for the Langmuir and Freundlich models (Figure 2), which 

are characteristic isotherms for sorption at low concentrations (Cabrera et al. 2005), such as in 

the present study (0.05 - 2.4 mg L-1 of Hg). 
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Figure 2. Adsorption isotherms for Hg according to the Langmuir and Freundlich model for the 

five Brazilian soils (0 - 20 cm) used in this study and for the zeolite. 

 

The ClLo, Cl, and OS exhibited high adsorption affinity with Hg, forming type H 

isotherms for Langmuir and Freundlich (Giles et al. 1960). The type H isotherm is a special 

case of the type L isotherm, in which the solute shows high affinity for the soil matrix (Sposito 
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2008). The systems described by the type H isotherms likely have adsorption through covalent 

bonds, with formation of inner sphere complexes (specific adsorption) (Ding et al. 2017). 

In the Sa, SaClLo, ClLo, and Cl, the O.M contents are low (Table 1). Thus, the high 

affinity of Hg adsorption in these soils is probably due to their mineral content, which in these 

soils is mainly composed of kaolinite and oxides (Figure 1) (Coufalík et al. 2012).  

In contrast, in OS, the high Hg adsorption capacity (Figure 2) may be explained by the 

affinity of Hg to oxygenated functional groups of organic matter, such as hydroxyl, carboxylic, 

aromatic, and sulfur ligands (Miretzki et al. 2005b). Mercury is particularly prone to establish 

covalent bonds in adsorption locations with the reduced form of sulfur (Ding et al. 2017). 

In the Ze, some precipitation of Hg may have occurred during the sorption processes 

due to the high pH of 7.4. According to the simulation of chemical speciation made, with this 

pH (7.4) and with the cation compositions found in our solutions, the formation of solid species 

of Hg (HgOH2, HgCl2, and HgO) is thermodynamically possible. 

These species probably precipitated on the surface of the zeolite (Faulconer and Mazyck 

2017). In systems in which pH is greater than the point of zero charge (PZC) of its constituents, 

as in zeolite, which has a PZC of ~ 6.0 (Castañeda-Juárez et al. 2019), the surface is negatively 

charged, such that the Hg cations have an electrostatic attraction to the surface. Thus, even 

though all the Hg species precipitated, they may have undergone reabsorption, which may 

explain the Hg adsorption (Figure 2), even with high pH values. Although the specific surface 

area and CEC are an important factor in metal ion adsorption processes, in porous materials 

like zeolite, the internal surface area is much more critical than the external (Ören and Kaya 

2006). This also assists in explaining the Hg adsorption in the zeolite, even with a low value of 

CEC (1.6 cmolc kg-1). 

The relevant parameters for evaluating Hg adsorption in the five soils and in zeolite 

were obtained from the Langmuir and Freundlich equations and are listed in Table 2. Two main 



27 

 

constants were obtained from the Langmuir equation (Table 2). The Q0 parameter is generally 

used to estimate the maximum values of adsorption, since adsorption in a monolayer on a 

homogeneous surface is assumed (Ding et al. 2017). The Q0 value was 139.05 mg kg-1 for Cl, 

126.40 mg kg-1 for OS, 54.21 mg kg-1 for SaClLo, 0.23 mg kg-1 for the Ze, 0.15 mg kg-1 for Sa, 

and 0.02 mg kg-1 for ClLo. 

 

Table 2. Adsorption isotherm constants and coefficients of determination (R2) derived from the 

Langmuir and Freundlich equations of Hg adsorption in the studied soils and zeolite 

Isotherm  

Soil 

Sand      

(Sa) 

Sandy Clay 

Loam (SaClLo) 

Clay Loam 

(ClLo) 

Clay      

(Cl) 

Organic Soil 

(OS) 

Zeolite 

(Ze) 

Langmuir 

equation 

Q0 0.15 54.21 0.02 139.05 126.40 0.23 

KL 6.2 0.01 1528.5 0.05 0.07 1.95 

R2 0.91** 0.80** 0.28NS 0.80** 0.70** 0.91** 

Freundlich 

equation 

KF 677.81 1421.3 235.23 2.32 5.15 407.91 

n 1.00 0.98 2.08 0.52 0.29 1.00 

R2 0.90** 0.81** 0.21NS 0.92** 0.93** 0.91** 

NS not significant, **significant at the 0.001 level. R2 - coefficient of determination; Q0 - the 

maximum sorption value (mg kg-1 soil); KF - Freundlich constant (mg kg-1); KL - Langmuir 

constant related to the binding energy of the metal in the ground (mg L-1); and n- soil affinity 

parameter for solute (dimensionless). 

 

Nevertheless, saturation of the adsorption locations was not observed in the 

concentration range used in this experiment (0.05, 0.1, 0.2, 0.4, 0.8, 1.2, and 2.4 mg L-1 Hg) for 

all the soils and the zeolite. Therefore, the Langmuir fittings generate Q0 values that do not 

represent the maximum adsorption capacity of the soils and zeolite.  

The contamination range that was applied that tried to simulate the VRQ and the 

agricultural investigation value was then totally absorbed and not all adsorption sites were fully 

occupied. This means that even when Hg concentrations are up to the investigation value (our 

maximum concentration), there is a small possibility that Hg would be spread in the 
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environment, showing the suitability of this criteria when evaluating contaminated tropical 

soils. Soil properties were the main responsible for avoiding Hg moving in soil profile, but it 

does not mean that the Hg concentration at the investigation value does not cause risks, since 

Hg contents in soil above 0.36 mg kg-1 were enough to promote toxic effects on soil microbiota 

(Lima et al. 2019). 

The KL parameter represents the binding energy of Hg adsorption. The greater the value 

of KL, the stronger the degree of spontaneous reaction (Ding et al. 2017). The adsorption 

intensity for Hg (II) occurred in the following order (Table 2): ClLo > Sa > Ze > OS > Cl > 

SaClLo. The highest KL value for Sa soil may be due to the presence of primary minerals in its 

composition (Figure 1). According to Pablo et al. (2011) the Hg shows high bonding energy 

with minerals 2: 1 and the adsorption process occurs by inner-sphere complexes (covalent 

bonds) in the silanol and aluminum surface. Zeolite revealed to be an excellent option to adsorb 

Hg and it was already highlighted by other authors (Tauanov et al. 2020), but the clay and 

organic matter contents of the Cl and OS has surpassed its efficiency, showing the relevant role 

of tropical soils and their properties on Hg adsorption. 

In the Freundlich equation, KF represents adsorption capacity (Ding et al. 2017; Xue et 

al. 2013). The KF values ranged from 2.32 to 1421.3 (Table 2). The n constant in the Freundlich 

model indicates the adsorption intensity or affinity between the adsorbate and adsorbent (Dada 

et al. 2012). The greater the value of 1/ n, the more quickly the adsorption process by the soil 

occurs (Xue et al. 2013). The values of 1/ n for the soils were in decreasing order as follows: 

OS > Cl > SAClLo > Ze > Sa > ClLo. The low Hg adsorption capacity in Clay Loam (ClLo) 

may have occurred due to the background concentration of Hg and to its chemical 

characteristics. Among the studied soils, this was the one that had the highest initial 

concentration of Hg (76 µg kg-1) and the highest concentration of Ca and Mg. Therefore, during 

the adsorption test, potential sorption sites were heavily occupied with other cations, mainly Ca 
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and Mg as this soil has a base saturation index (BSI) of 80%. That resulted in low adsorption 

capacity for the added Hg. 

These results indicate that the adsorption capacity of the heavy soil and organic soil is 

greater, and that the adsorption process in these soils probably occurs more spontaneously 

compared to the other types of soil and to zeolite. 

 

Fourier - Transform Infrared Spectroscopy - FTIR 

Analysis by FTIR was performed with the aim of investigating the Hg adsorption 

mechanisms in tropical soils and in zeolite. The FTIR spectra of the soils and of zeolite before 

and after contamination with Hg are shown in Figure 3. The soils exhibited peaks in the region 

of 400 - 4000 cm-1, with maximum absorption at 3600, 3428, 2000, 1631, 1019, 740, 600, 530, 

and 420 cm-1 (Figure 3). 
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Figure 3. Fourier-transform infrared (FTIR) spectra of five soil samples and a zeolite, without 

Hg contamination.   

 

Based on the main peaks that appear in the FTIR, the absorption bands of the soils can 

be clustered, according to their composition, into three regions: 4000 - 2000, 2000 - 1400, and 
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1200 - 400 cm-1 (Ma et al. 2017), corresponding to the region of bonds of oxygen - hydrogen, 

organic matter, and inorganic matrix of the soil (Krivoshein et al. 2020), respectively. 

The relative absorbances of the main peaks found in the soils and in the zeolite without 

Hg and with Hg were quantified and compared to understand the mechanism of interaction of 

Hg with the functional groups (Table 3).  

 

Table 3. The functional groups and mean relative absorbance (%) of the FTIR spectra of the soil 

samples and soil-Hg 

Soil or soil-Hg 

complex 

 Relative absorbance at (cm-1) 

3600 3428 2000 1630 1019 740 600 530 420 

Sa 1.84 1.85 1.66 1.80 18.36 9.20 6.68 16.11 18.55 

Sa - Hg 1.60 1.53 1.55 1.42 17.74 8.85 5.84 14.60 17.25 

SaClLo 4.76 4.55 1.38 1.56 27.30 11.64 16.55 32.27 35.08 

SaClLo - Hg 4.26 4.05 1.95 1.40 23.53 10.38 14.71 28.40 30.74 

ClLo 5.73 3.63 1.93 2.38 29.90 10.49 15.43 35.24 37.73 

ClLo - Hg 5.52 3.33 2.18 2.23 26.77 9.63 13.92 30.95 33.63 

Cl 3.92 7.04 1.48 1.64 18.42 11.22 15.96 28.29 29.57 

Cl - Hg 4.14 7.32 1.57 1.84 17.32 11.00 14.99 25.88 27.94 

OS 3.19 7.08 1.43 7.17 14.13 12.54 16.32 21.35 22.57 

OS - Hg 2.08 3.73 2.40 3.96 9.46 7.34 9.83 13.33 14.56 

Ze 0.94 1.08 1.25 1.31 16.95 4.39 7.68 9.40 21.35 

Ze - Hg 1.12 1.27 1.00 1.44 16.67 4.50 7.70 9.20 21.54 

 

All the peaks of the soil in the 3600 cm-1 region decreased after contamination by Hg, 

due to strong interaction between the OH functional groups and the metal ions, revealing that 

the Hg can be adsorbed in clay minerals, quartz, and oxides (Figure 1), with hydrogen bonds 

formed by OH (Elkhatib et al. 2017). The stretching regions of 3697, 3651, and 3621 cm-1 are 

related to the vibration of the internal groups (Al - OH, Si - OH) between the kaolinite 

tetrahedral sheet and octahedral sheet (Sarkar et al. 2000). 
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A different behavior was observed only in the Cl. There was an increase in the peak 

intensity at 3600 cm-1 (Table 3), which may be due to its mineralogical composition (Figure 1) 

and high concentration of Fe oxides (Table 1). According to Kim et al. (2004), there is an 

angular deformation on the surface of Fe oxides during Hg sorption due to the establishment of 

covalent bonds. These deformations can change the intensity of the infrared energy absorption 

bands. 

At 3428 cm-1, where absorbance is attributed to the water molecule (Elkhatib et al. 

2017), there was reduction in the relative absorbances upon comparing spectra of Hg 

contaminated and non-contaminated soils. These changes occur due to the ease with which Hg 

reacts with water, forming HgOH2 and HgOH+ (Soldán et al. 2002). The peaks of the 2200 to 

2000 cm-1 bands are mainly attributed to stretching of the Si - O of the quartz present in the soil.  

In the present study, the soils had wider variations in the absorbance bands at 450 - 1630 

cm-1 (Table 3). This is the region in which vibrations of the functional groups of most of the 

clay minerals and oxides present in the soils occur (Krivoshein et al. 2020), such as aluminum 

oxides (Al - O and Al - OH), identified by vibrations of their reactive groups between 400 - 

1100 cm-1 (Elkhatib et al. 2017). Vibrations also occur in the regions attributed to Fe oxides, 

such as hematite, which exhibits FTIR peaks at 530 and 420 cm-1, corresponding to the Fe - O 

vibrations present in its structure (Schwertmann and Cornell 1991), and goethite, with peaks in 

the 670 to 450 cm-1 region, attributed to the asymmetric stretchings of Fe - O and Fe - OH 

(Blanch et al. 2008). The affinity between Hg and oxides in tropical soils was reported by Soares 

et al. (2015). Carvalho et al. (2019) also found a high positive correlation (r > 0.80) between 

the natural content of Hg and the oxide content in the soil, especially Fe oxides. 

Thus, it can be affirmed that in tropical soils, Hg is more adsorbed in the functional 

groups of inorganic materials, such as clays and oxides (Ding et al. 2017). In clay minerals, 

these covalent bonds are formed between Hg and the silanol (≡ SiOH) and aluminol (≡ AlOH) 
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surfaces (Sarkar et al. 2000; Sha'Ato and Ajayi 2011). This mechanism explains why some 

soils, even with low CEC, such as ours, can adsorb a high amount of Hg. 

The organic soil exhibited the greatest band differences after adsorption of Hg, with 

reduction of ~ 50% in relative absorbances (Table 3) of the soil inorganic and organic materials. 

The bands in the 1630 cm-1 region indicate the presence of C = C carbon bound to the aromatic 

structures and to C = O stretching of the carboxyl ion. When Hg interacts with the oxygen atoms 

of the carboxyl groups, the C = O bond increases, reducing the absorbances in the soil - Hg 

complex (Violante et al. 2007).  

Complexation between organic acids and Hg can reduce production of methylated 

mercury, reducing the availability of inorganic Hg dissolved for the methylation performed by 

bacteria (Tomiyasu et al. 2017). The importance of organic matter in Hg adsorption was 

reported by Xue et al. (2013), with more than 98% (10 mg kg-1) of Hg adsorbed in soils with 

O.M content > 50 g kg-1. Xia et al. (1999) also indicated that the bond of Hg to humic acid 

surfaces was dominated by interactions with organic thiol functional groups in combination 

with carboxyl and phenol functional groups. 

For the zeolite material, the relative absorbance values showed little variation in the 

presence of Hg (Table 3), probably because the Hg precipitated on the surface of the zeolite 

due to pH 7.4.  

 

Speciation of Hg  

The chemical speciation program Visual Minteq (Gustafsson 2005) was used to 

determine the inorganic species of Hg in the contaminating solution and in the supernatants 

after the adsorption experiments (Figure 4A and B). Minteq is an excellent option to determine 

Hg species in solution when other equipments are not available and it is a tool widely employed 

by other researches that also studied Hg and its dynamics  in soils (Xu et al. 2014),  mine wastes 
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(Navarro et al. 2009) and rivers (Sierra et al. 2017). However, it was not used yet to predict Hg 

species in a wide range of soil properties in tropical environments such as in our study, and it 

showed to be efficient also to this use.    

 

Figure 4. (A) Speciation of inorganic mercury in the contaminating solution in relation to initial 

concentrations of Hg, Cl- = 10-5 M, pH = 6. (B) Speciation of inorganic Hg in relation to the pH 

obtained in the adsorption trial of the soils and of zeolite, 10-5 M Cl- and 10-5 M Hg. 

 

The results show that the inorganic species dominant in the contaminant solution with 

pH 6 and 10-5 M Cl, which is the condition of the present study, were HgOH2, HgClOH, and 

HgCl2. When the initial concentration of Hg was greater than 10-4 M, 90% was of HgOH2. As 

the solution became less concentrated, the percentage of HgOH2 declined and the percentage 

of HgClOH increased. This higher formation of neutral chemical species may explain the 

greater adsorption of Hg in the soils, since from an energetic perspective, adsorption increases 

as the number of OH groups bound to Hg increases, due to its ability to create hydrogen bonds 

with the soil surfaces (Castro et al. 2011). 

Although the Hg was supplied as HgCl2, simulation indicated that this form was never 

the most prevalent under the conditions of the experiment (Figure 4). The absence of the 
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chemical species Hg2+ can also be noted in the solutions. When the ion Hg2+ was present in the 

solutions, it was lower than 1% in relation to the other species of Hg. This is a characteristic 

that differentiates Hg from other toxic metals, because it dissociates at a lower pH (Barrow and 

Cox 1992). The pK1 value of Hg is 3.4 therefore, most of its chemical species in the solution 

studied were not in the form of  Hg2+, since the pH of all the soils and zeolites were higher than 

pH 4 (Table 1). 

The increase in pH, as described in Figure 4, leads to a reduction in competitive binding 

of protons and to an increase in surface potential, which consequently increases electrostatic 

and specific binding between the Hg and the soil and zeolite surface. In addition, increases in 

pH can result in the formation of Hg hydroxide species (HgOH2). Sorption of Hg on the solid 

surface is frequently reported in relation to predominance of hydrolyzed species of Hg 

(Miretzky et al. 2005a; Miretzky et al. 2005b). 

The simulation of the chemical Hg species in the soil solution was made considering the 

DOC with the NICA - Donnan model and it shows both Hg in inorganic species and Hg 

complexed by organic species (Figure 5). According to the NICA - Donnan model, the bonds 

between metals and dissolved organic matter occur forming complexes with carboxylic 

functional groups (FA1) or phenolic functional groups (FA2) (Kinniburgh et al. 1999). 
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Figure 5. (A) Speciation of inorganic and organic Hg in relation to the dissolved organic carbon 

(DOC) and pH obtained in the adsorption trial of the soils, 10-5 M Cl-  and 10-5 M Hg. (B) 

Speciation of inorganic and organic Hg in relation to the pH obtained in the adsorption trial of 

the soils, 10-4 M DOC, 10-5 M Cl-  and 10-5 M Hg. 

 

In soils with low DOC concentrations (0.4 and 0.5 mM) and low pH (3.5 and 4.5), the 

dominant species were inorganic, HgCl2, HgClOH, and HgOH2. On the other hand, in soils 

with 0.9 mM of DOC, the dominant species were FA1 - Hg and FA2 - Hg, with the inorganic 

species comprising less than 10% of the Hg in solution. For the soil with 10.2 mM of DOC, 

100% of the Hg in solution was estimated to be oganically complexed, with 80% FA2 - Hg and 

20% FA1 - Hg. Based on the simulation, Hg has formed complexes mainly with functional 

phenolic groups (FA2 - Hg), a result that agrees with our FTIR analysis (Figure 3 and Table 3). 

Farmers frequently perform liming on soils to increase base saturation to 60% and soil 

pH to around 6, thus obtaining satisfactory crop development which leads to changes in Hg 

retention in these soils. Considering a concentration of 10-5 M Hg in the solution, which was 

the maximum concentration of Hg added in this study (Figure 4A and Figure 5B), applying 
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lime to increase soil pH to 6 would increase the percentage of Hg as Hg(OH)2 and also as FA2 

- Hg. On the other hand, HgCl2 in the soil solution would be reduced from 20% (in the 

‘inorganic’ simulation, Figure 4B) and 50% (in the ‘organic’ simulation, Figure 5B) to virtually 

0%. That means that most of the Hg would remain in the form of Hg(OH)2 and FA2 - Hg. 

Thermodynamic calculations of surface complexation models suggest that hydroxy metal 

species, like MOH+ and M(OH)2, are equally or even more adsorbed than free aqueous species 

(Castro et al. 2011). 

The species of Hg complexed by dissolved organic matter, FA2 - Hg, dominant in soil 

solution with pH 6, reduces the adsorption of Hg on the surface of soil colloids (Ravichandran 

2004). Several authors verified that Hg complexation by dissolved organic matter in aqueous 

solutions is the main factor reducing Hg adsorption in alkaline pHs (Liu et al. 2018; 

Ravichandran 2004; Schwartz et al. 2019). 

Species formed by chloride complexes (HgC12 and HgCl-) are not strongly adsorbed by 

the soil (Miretzky et al. 2005a; Park et al. 2018), thus remaining in the soil solution and 

exhibiting mobility through the soil profile. Considering that tropical soils generally have low 

pHs (Fontes and Alleoni 2006) and require pH adjustment for adequate crop growth, liming 

tends to increase Hg retention in soils that may be contaminated, reducing Hg mobilization to 

the environment. 

Thus, soil management practices should take the predominant form of Hg into 

consideration, because this speciation of Hg indicates the response and mobility of Hg as an 

essential part of its risk analysis (Shetaya et al. 2019). Some countries are already taking Hg 

speciation and soil conditions into consideration to evaluate soil environmental quality. In 2018, 

China introduced reference values for the total Hg and methyl-Hg concentrations under specific 

soil pH values, due to differences in the bioavailability of Hg under different pH conditions 

(O'Connor et al. 2018). 
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Conclusions 

Tropical soils have high capacity for Hg adsorption. From the Hg concentrations used 

in this study, it was not possible to observe maximum adsorption capacity by the Langmuir 

model, meaning that not all adsorption sites were fully occupied by Hg. Soil properties, 

particularly the ones of soil tropical, are responsible for strong Hg bindings during adsorption 

process.  

 The oxygenated inorganic functional groups of Si - O, Al - O, and Fe - O of the 1: 1 

minerals, and Al and Fe oxides are mainly responsible for Hg adsorption in tropical soils with 

low organic matter contents.  

Zeolite clinoptilolite has high Hg adsorption capacity and may be a promising 

alternative for remediation of Hg contaminated soils.  
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Supplementary Material 

Mercury adsorption in tropical soils and zeolite: characterization by Fourier-transform 

infrared spectroscopy 
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Table S1. Particle size and chemical properties of the investigated soils collected from the 0-20 

cm layer 

Soil K1 P1 Ca2 Mg2 Al2 H+Al3 SB4 T BSI ASI 

 --mg kg-1-- -----------cmolc kg-1-------------- cmolc kg-1 ----%----- 

Sand (Sa) 48 19.2 0.3 0.1 0.7 4.3 0.5 4.8 10 59 

Sandy Clay Loam 

(SaClLo)  
42 0.5 0.4 0.1 0.3 2.1 0.6 2.7 23 32 

Clay Loam (ClLo) 22 0.4 5.8 0.4 0 1.5 6.3 7.8 80 0 

Clay (Cl) 42 0.4 1 1.1 0 2.3 2.2 4.5 49 1 

Organic Soil (OS) 12 2.8 0.1 0.1 2.1 18.7 0.3 19 1 89 
(1) P- K: extractant Mehlich, (2) Ca- Mg-Al: extractant KCl 1 mol L-1; (3) H+Al: extractant SMP; SB: sum 

of bases, T: cation exchange capacity at pH 7, OM: Organic matter by oxidation with Na-dichromate 

and sulfuric acid, BSI: base saturation index, ASI: aluminum saturation index. 
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Abstract 

Four materials were synthesized to evaluate the adsorption capacity of Hg volatilized from 

soils: zeolite-NaP; two biochars (W and P) and hopcalite. Hg volatilization was also evaluated 

in four typical Brazilian soils in dry and moist conditions. A Hg trap system was built to 

measure soil Hg volatilization and adsorption by the synthetic materials under laboratory 

conditions. Typic Rhodustult, Humic Rhodic Acrustox, and Typic Ustifolist were incubated 

with 12 mg kg-1 of Hg, using HgCl2 at 25 ºC for 48 h. Oxic Dystrudept was already 

contaminated in a former mining area and had a high Hg content (6.9 mg kg-1). The volatilized 

Hg content under dry soil condition was 3.7, 3.4, 1.6, and 3.8 mg kg-1 d-1 of Hg and under moist 

soil condition was 5.5, 4.6, 2.5, and 4.2 mg kg-1 d-1 of Hg in Typic Rhodustult, Humic Rhodic 
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Acrustox, Typic Ustifolist and Oxic Dystrudept, respectively. Hopcalite was the material with 

the highest Hg adsorption capacity with 97, 53, 93 and 7% of the Hg value volatilized by Typic 

Rhodustult, Humic Rhodic, Typic Ustifolist and Oxic Dystrudept, in dry soil condition, 

respectively. Zeolite NaP adsorbed 1.0, 0.3, 0.2, 0.4 mg kg-1 of Hg, these values represent an 

adsorption of 27, 8, 14 and 9% of the total volatilized value by Typic Rhodustult, Humic 

Rhodic, Typic Ustifolist and Oxic Dystrudept, respectively, in the dry soil condition. Biochars 

W and P showed low Hg removal capacity (0.5 to 9%), when compared to hopcalite and zeolite 

NaP. 

Keywords: contamination, hopcalite, zeolite, biochar, emission, adsorption, mercury. 

 

Graphical abstract 
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1. Introduction 

The dynamics of Hg at the soil-atmosphere interface is an important component of the 

global and regional Hg biogeochemical cycle (Beckers and Rinklebe, 2017; Gustin and Jaffe, 

2010; Pierce et al., 2015; Zheng et al., 2012). Global soil Hg emissions are around 500-1500 

Mg yr-1, which is approximately one third of the total global Hg anthropogenic emissions into 

the atmosphere (Agnan et al., 2016; UNEP 2013). When assessing Hg flow in 46 sites in the 

United States, Ericksen et al. (2006) estimated emissions of 52 Mg yr-1 in soils enriched with 

Hg and 43 Mg yr-1 in soils without anthropic contamination with Hg. Therefore, even at low 

concentrations, Hg can be emitted to atmosphere if there are favorable environmental 

conditions. 

Mercury reactions in the environment are consequences of several factors, including its 

chemical speciation and the environmental conditions to which it is exposed. Environmental 

variables such as soil temperature (Rinklebe et al. 2010; Moore and Castro 2012), soil texture 

(Kocman and Horvat, 2010; Montoya et al., 2019), organic matter content (Kikuchi et al., 

2013), and soil moisture (Kocman and Horvat, 2010; Sommar et al., 2016) can affect 

volatilization rates of soil Hg (Liu et al., 2014; Park et al., 2014). Once in the atmosphere, Hg 

can be dispersed and transported over long distances and later be deposited on the soil surface 

(Krabbenhof and Sunderland, 2013). 

The method choice to measure Hg0 emissions from soils depends on resource 

availability, as well as on specialized technical knowledge. Several studies have been published 

aiming the measurement of Hg volatilization rates at the interface soil-atmosphere (Converse 

et al., 2010; Margarelli and Fostier, 2005; Cizdziel et al., 2019; O’Connor et al., 2019). These 

studies use flow chambers or the micrometeorological technique. The use of flow chambers has 

the advantage of using simpler and less costly equipment (Osterwalder et al., 2018; Rinklebe et 

al., 2010), but it has as a use limitation concerning the great variation in the Hg0 flow according 
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to operational conditions (chamber design and material, air pumping flow, moisture control) 

(Eckley et al., 2010; Wallschläger et al., 1999). The micrometeorological technique has the 

advantage of not disturbing the environment and consequently it leads to more representative 

quantification results, but requires the simultaneous measurement of several atmospheric 

parameters, thus its use is limited due to its complexity (Converse et al., 2010 Kim et al., 1995).  

Most research using Hg0 adsorbent materials is carried out to capture Hg from industrial 

emissions (Scala and Cimino, 2015; Xu et al., 2015; Yuan et al., 2012). Therefore, research 

efforts are needed to focus on developing acessible technologies in order to capture Hg emitted 

by soils, mainly in contaminated areas, and thus being able to interrupt this soil-atmosphere 

flow. Many materials are being evaluated for the oxidation, adsorption, and Hg catalysis. Most 

studied materials are metal oxides and waste materials such as zeolites and biochars (Mei et al., 

2008; Cimino and Scala, 2015; Saleh, 2015; Xu et al., 2015; Saleh, 2016; Li et al., 2016; Xu et 

al., 2016, 2019; Zhao et al., 2017; Gao et al., 2018; Salama et al., 2018; Tauanov et al., 2018; 

Shan et al., 2019; Zendehdel et al., 2019; Zhang et al. 2019). 

Coal combustion is a major source of anthropogenic Hg emissions in the atmosphere, 

representing ca. 60% of total emissions (Pacyna et al., 2010; UNEP, 2013). During this process 

of combustion, a residue called coal fly ash (CFA) is generated, which has a high content of 

silicon and aluminum and is highly reactive for being amorphous. Due to these characteristics, 

this waste is used as raw material for the synthesis of NaP zeolites (Aldahri et al., 2016; Cardoso 

et al., 2015a, 2015b; Ferrarini et al., 2016). NaP zeolites are widely used as catalyst carriers and 

adsorbents of potentialy toxic elements (Salama et al., 2018; Zendehdel et al., 2019; Zhang et 

al., 2019) due to the rich internal channel structure and the remarkable performance on metallic 

cations adsorption (Zhang et al., 2019; Tauanov et al., 2018). 

Another alternative for Hg removal is biochar pyrolysed material from biomass, which 

forms low-cost carbon materials with properties similar to those of active carbon, with potential 
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application for the removal of Hg0 (Gao et al., 2018; Li et al., 2016; Shan et al., 2019). Xu et 

al. (2016, 2019) studied a biochar produced by wood and polyvinylchloride (PVC) wastes and 

observed that the removal mechanism is chemosorption reactions at the active sites on the 

biochar surface functional groups. 

Adsorbents based on metallic oxides have also been studied for the removal of Hg0, as 

they are proven to have high adsorption and oxidation capacity, essential characteristics in the 

process of removing Hg0 (Cimino and Scala, 2015; Mei et al., 2008; Saleh, 2015a; Saleh, 2016; 

Xu et al., 2015). For example, Zhao et al. (2017) studied a Mn/Cu bimetallic oxide sorbent to 

remove Hg0 and concluded that this material has a high oxidation capacity for Hg0. 

Thus, this study aimed to explore two gaps of studies on Hg volatilization from soils: to 

synthesize adsorbent materials capable of capturing volatilized Hg from soils in low 

temperature conditions and to evaluate a simple and practical system to capture and measure 

volatile Hg from soils. In addition, based on the hypothesis that soil moisture is an important 

parameter in the flow of Hg from soil to atmosphere, the effects of soil moisture on Hg 

volatilization in four typical Brazilian soils was investigated. 

 

2. Materials and Methods 

 

2.1 Soil samples 

Soil samples in this study were collected from 0 to 0.2 m, in natural areas with minimum 

anthropic influence in southern Minas Gerais, Brazil. The soils were classified according to the 

Soil Survey Staff (2014): Typic Rhodustult (23K 7,653,487 mN, 503,422 mE), Humic Rhodic 

Acrustox (23K 7,652,415 mN, 502,239 mE), and Typic Ustifolist (23K 7,652,415 mN, 503,917 

mE). Also, a sample of Oxic Dystrudept (0-0.2 m) was collected in the Municipality of 

Descoberto, Minas Gerais, Brazil (23K 7,632,335 mN, 715,716 mE). This latter sample has 
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high Hg concentrations due to artisanal mining operations in the past (ca. 1850-1950) (Durão 

Junior et al., 2009; Tinôco et al., 2010) and was included to evaluate Hg losses from a long time 

contamination. 

 

2.2 Soil properties determination 

The samples were oven-dried at 30 °C, ground and sieved through 2 mm. The chemical 

and granulometric properties of the studied soils are shown in table 1. The standard methods of 

Teixeira et al. (2017) were used. The Hg content in the samples before incubation were 

determined by the USEPA 3051A method (USEPA, 2007). 

 

Table 1- Granulometric and chemical properties of the Brazilian soils used in this study, 

collected at 0-0.2 m 

Variable Unit 
Typic 

Rhodustult 

Humic Rhodic 

Acrustox 

Typic 

Ustifolist 

Oxic 

Dystrudept  

pH KCl  5.81 5.48 4.18 5.2 

K1 
mg kg-1 

21.95 42.23 11.8 36.82 

P1 0.38 0.38 2.76 1.14 

Ca2 

cmolc kg-1 

5.82 0.97 0.12 2 

Mg2 0.37 1.12 0.1 1.23 

Al2 0.02 0.03 2.11 0.04 

H+Al3 1.54 2.27 18.73 5.16 

SB4 6.25 2.2 0.25 3.32 

T5 7.79 4.47 18.98 3.36 

OM6 g kg-1 19.6 19.7 212.4 86.6 

Clay g kg-1 380 540 300 320 

Hg7 mg kg-1 0.07 0.04 0.14 6.92 

(1)extractant Mehlich-1; (2)extractant 1 mol L-1 KCl; (3)extractant SMP; (4) sum of bases; (5) cation 

exchange capacity at pH 7; (6) soil organic matter by oxidation with Na-dichromate and sulfuric acid; (7) 

digested by the method 3051A (USEPA, 2007) and determined by FI-HG-AAS (Penha et al., 2017). 
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For the mineralogical characterization, the clay fraction extracted from the soil samples 

was subjected to analysis by x-ray diffraction in a X'Pert PRO with CuKα radiation, varying 

from 4 to 70° 2, using a step of 0.01° 2, and a counting time per step of 1 s, at 40 kV and 30 

mA. 

 

2.3 Hopcalite Synthesis 

Hopcalite was prepared by the co-precipitation method (Mele et al., 2012). The 

following chemical reagents were used: NH4HCO3, KMnO4, CuSO4•5H2O, H2SO4 (96 %, d = 

1.83 g cm-3) and NaHCO3. All reagents were of analytical grade. 

Initially 60 g of KMnO4 were dissolved in 0.4 L of deionized water at 50 °C, constantly 

stirred for 10 minutes until complete dissolution. Then, 48 g of NH4HCO3 were added. The 

reaction begins to release heat until it reaches a temperature of 95 ºC, when MnO2 precipitates. 

At the same time, the characteristic color of the K-permanganate disappears. The solution 

remained at room temperature for 3 h, and H2SO4 was added until pH = 3. In this suspension 

with MnO2, 52 g of CuSO4•5H2O were added and stirred until dissolved. Then, 56 g of NaHCO3 

were added to precipitate Cu as Cu(OH)2CuCO3. The precipitate was washed with hot distilled 

water until no filtered SO4
2- was observed by reaction with BaCl2. The precipitate was dried at 

70° C for 24 h. After drying, the samples of hopcalite were kept in a desiccator under vacuum 

to protect from being affected by air humidity. 

 

2.4 Synthesis of zeolite NaP 

The coal fly ash (CFA) used in the present study was collected in the electrostatic 

precipitator (EP), produced in the coal combustion at the Presidente Médici Thermal Power 

Plant (Candiota-RS, Brazil). After sampling, the fly ash samples were sieved through < 0.15 

mm and oven dried at 105º C for 24 h. The total content of elements in the CFA was determined 



56 

 

by Total Reflection X-Ray Fluorescence Spectroscopy (TXRF), according by Towett et al. 

(2013) with modifications (Table S1-Supplementary data). 

The zeolite NaP was synthesized by hydrothermal reaction using CFA with NaOH. For 

the synthesis, 15 g of CFA were placed in a borosilicate glass reactor with an internal volume 

of 500 mL, then 90 mL of 3 mol L-1 NaOH were added and kept for 24 h at 100° C in order to 

promote zeolithilization (Querol et al., 1997, 2001; Cardoso et al., 2015b). 

After 24 h of hydrothermal activation, the reactor was removed from the greenhouse 

and, when at room temperature, the zeolite material was filtered (glass membrane, Millipore, 

0.22 µm) and washed with deionized water until the residual NaOH was removed (filtrate pH 

< 10). Then the material was dried at 105º C for 12 h. 

 

2.5 Biochar production 

The biochars used in this study were provided by the Laboratory of Organic Matter and 

Waste of the Federal University of Viçosa, Brazil. The PVC and wood wastes (from 

constructions) used to make the biochars were ground and sieved through a 4 mm sieve, dried 

at 65 ºC for 48 h and characterized according Rodriguez et al. (2020) (Table S.2-Supplementary 

data). 

Afterwards, the wastes were subjected to slow pyrolysis. The wastes were stored in 

metal tubes and hermetically sealed in a Linni Elektro Therm GMBH muffle, model KK260 

SO 1060, equipped with a CC450 controller/thermal indicator. The heating rate was 10 °C min-

1 until 500 °C and kept for one hour at there (Rodriguez et al., 2020). 

 

 

 

 

 



57 

 

2.6 Adsorbent characterization 

2.6.1 X-Ray diffraction 

The hopcalite, zeolite NaP, biochar W, and biochar P were characterized by x-ray 

diffraction in an X'Pert PRO apparatus with CoKα radiation in the range 4 - 70 °2 using a step 

interval of 0.01 °2 and a counting time per step of 1 s, with 40 kV tension and current of 30 

mA. 

 

2.6.2 SEM-EDS 

To evaluate the morphological characteristics of the hopcalite, zeolite NaP, biochar W 

and biochar P materials, a scanning electron microscope (SEM), JEOL model JSM-6010LA, 

with a resolution of 4 nm at 20 kV. The spectrometric detector (EDS) was of the Silicon Drift 

type with a resolution of 133 eV. The materials were submitted to a gold covering (10 mA for 

6 min) by using a coating system (Quorum Technologies LTD, shford, model Q150R). The 

micrograph magnification varied between 200 and 10.000 times. 

 

2.6.3 FTIR spectrum 

 Hopcalite, zeolite NaP, biochar W, and P were characterized at infrared spectroscopy 

by Fourier transform (ATR- FTIR). The samples were dried at 35 ºC, ground in an agate mortar, 

and sieved in a 0.15 mm mesh. The analyses was performed in a Perkin Elmer Spectrum 1000 

device with attenuated total reflectance, in which the powder of each sample was inserted into 

a diamond crystal port.The FTIR spectra of 32 scans were recorded in the wave number range 

4000 - 400 cm-1 with a resolution of 2 cm-1 (Margenot et al., 2016). 
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2.6.4 Surface and textural characterization 

The surface properties of hopcalite, zeolite NaP, biochar W and P (surface area, volume, 

size, pore distribution, and geometry) were determined by N2 adsorption/desorption, using the 

BET method (Brunauer, Emmett and Teller, 1938) at -196 ºC in a Micromeritics equipment, 

model ASAP 2020. The samples were pre-treated before BET analysis with sample heating at 

a rate of 2 ºC min-1, up to 300 ºC, for 6 hours, with a constant synthetic air flow of 130 mL min-

1. This treatment aimed to remove moisture on the solid surface and on the organic structure-

directing agent. The N2 adsorption isotherms were obtained in the range of P/Po, varying from 

0.01 to 1.0. The total pore volume or cumulative volume (cm3 g-1) and the average pore diameter 

(nm) were determined at a relative pressure of 0.99. The pore size distribution was obtained by 

applying the BJH method (Barrett et al., 1951). 

 

2.7 Elemental mercury volatilization 

Volatility of soil Hg and adsorption was determined by a structure built with hopcalite, 

zeolite NaP, biochar P, and biochar W. The incubation of the soils Typic Rhodustult, Humic 

Rhodic Acrustox, and Typic Ustifolist was done with 12 mg kg-1 of Hg, using HgCl2 and they 

were left to react at 25 ºC for 48 h. The Oxic Dystrudept already had a high Hg content (6.9 mg 

kg-1) and was not contaminated (Table 1) in our experiment. To assess the influence of soil 

moisture on Hg volatility, tests were carried out with dry and humid soil samples (Kocman and 

Horvat, 2010), at 60 % of its field capacity to simulate a scenario of soil moisture after a typical 

spring-summer rain (20 mm) in the region where the soil samples were collected (INMET, 

2019). 

 The system (Figure 1) was composed of: heating plate (1), soil sample incubated with 

Hg (2), glass borosilicate support structure (3), glass wool (4), and adsorbent materials (5). The 

soil samples incubated with Hg were placed in a glass container and connected to the support 
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structure containing the adsorbent materials. The system was placed on a hot plate with a 

constant temperature of 40 ºC (Kocman and Horvat, 2010) for 24 h, and kept inside a vertical 

flow hood with an air flow of 0.5 m s-1. 

 

Figure 1. Sampling setup to determine Hg volatilization from soils: heating plate (1) soil 

sample with Hg (2), support structure (3), glass wool (4), adsorbent materials (5). 

 

 Blank samples, that is, samples composed only by the adsorbent materials without the 

presence of soil, were also run. They were kept in the same conditions as those with soil. After 

this period, the Hg content in soils and adsorbent materials was evaluated. 

Considering that Hg losses could occur during the incubation time (48 h), the 

determination of the Hg content in the soils was carried out at the beginning of the volatilization 

test. Mercury volatilization data were obtained from the (i) Hg levels at the beginning of the 

test, (ii) background values of each soil, and (iii) Hg levels at the end of the test. 

 

2.8 Mercury concentration determination 

The Hg concentration in the soil and adsorbent materials was determined according to 

USEPA method 3051A (2007). One gram of soils, hopcalite, zeolite NaP, biochar W, and 

biochar P were digested with 10 mL of concentrated HNO3 in Teflon® PTFE tubes. The vessels 
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were heated for 10 min. tiel reaching a pressure of 0.76 MPa and a temperature of 175 ºC and 

were then kept at such temperature and pressure for additional 10 min. 

The analytical determination of Hg in soils, hopcalite, zeolite NaP, biochar W, and 

biochars P was done by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-

OES), in an equipment model Optima 7300DV, Perkin Elmer (Ghasemidehkordi et al., 2018). 

 

2.9 Quality Control and Quality Assurance 

To prepare the samples, a standard Au stock solution of 1000 mg L-1 was used for 

amalgamation of Hg and an aliquot of it with 1 mg L-1 of Au was added to all samples, 

calibration standards, and quality control standards. The calibration sample was prepared from 

a stock solution of 20 mg L-1 of Hg with the blank digestion solution matrix (conc. HNO3) and 

1 mg L-1 of Au. Quality control standards were prepared from a stock solution of 2 mg L-1 Hg, 

with a blank digestion solution and 1 mg L-1 Au (Han et al., 2006). 

Ar each batch, two replicates of a certified sample with known Hg content (NIST SRM 

2709a – “San Joaquin” soil) were added, as well as two blank samples for the calculation of the 

method detection limit (MDL). The MDL was calculated based on the standard deviation and 

the average Hg concentration of the blank samples, considering the Student's t-value for n = 7 

and using the following equation (1) (APHA, 2012): 

𝑀𝐷𝐿 = (𝑥̅ + t ∗ s) ∗ d        (1) 

where: 𝑥̅ is the average content of the substance of interest in seven blank samples; t is the 

Student's-t value at 0.01 probability and n-1 degrees of freedom (for n = 7 and  = 0.01, t = 

3.14); s is the standard deviation of the seven blank samples; and d is the dilution used in the 

sample. The MDL was calculated at 22 μg kg-1. 

All chemicals reagentes used were of analytical grade and all glassware was cleansed 

with 10 % HNO3 to guarantee lack of contamination. The recovery rate of the certified sample 
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NIST SRM 2709a (“San Joaquin” soil) was 107 ± 16 %. Thus, the analytical procedure was 

considered satisfactory as acceptable recoveries are between 80 to 120 % (Hibbert, 1999). 

 

2.10 Statistical Analysis 

The data were analyzed according to a completely randomized design in a 4 × 4 × 2 

factorial scheme with three replications, four soil types, four adsorbent materials, and two 

humidity levels. The data were submitted to variance analysis (p < 0.05) and the means were 

compared by Tukey test (p < 0.05). Independence, normality, linearity, and homoscedasticity 

were tested before analysis of variance (Su and Berenson, 2017). 

 

3. Results and Discussion 

3.1 Adsorbent characterization 

3.1.1 X-ray diffraction analysis 

  The XRD pattern of the hopcalite showed an amorphous character and no diffraction 

related to the crystalline phases could be clearly identified (Figure 2). This diffraction pattern 

indicates the presence of mixed phases of Cu and Mn, common to Cu-and to Mn-oxides 

prepared by co-precipitation (Hutchings et al., 1998). These results are consistent with previous 

studies of amorphous hopcalite prepared by co-precipitation (Cole et al., 2010; Hutchings et al., 

1998; Jones et al., 2009). According to these authors, interaction between Cu-oxides and Mn-

oxides forms a highly disordered, low crystalline mixed oxide, which is the reason of the greater 

catalytic activity of hopcalite (Spassova et al, 1999). 

 After the hydrothermal phase and crystallization step, the main phase produced was 

identified as NaP zeolite (Na6Al6Si10O32 12H2O). It is possible to observe the significant 

conversion of CFA into zeolite NaP and also the presence of quartz and mullite (Figure 2). 
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XRD spectral analysis of the biochar W and P produced at 500 °C showed a semi-

crystalline phase (Figure 2). This can be attributed to the displacement and vacancy of structural 

atoms, mainly oxygen (Gerber et al., 2011), during pyrolysis favoring the amorphous phase. 

Several minerals identified were already present in the parent material of the biochars. The 

highest peaks were those of kainite (Ka), nephelite (Ne), and graphite (Gr). Other peaks are due 

to anydrite (Ad), silvite (Sv), and quartz (Qz). 

 

Figure 2. XRD spectra of hopcalite, zeolite NaP, biochar W and biochar P. P = zeolite NaP, M 

= mullite, Qz = quartz, Ka = kainite, Ne = nephelite, Ad = anydrite, Sv = sylvite, Gr = graphite. 

 

3.1.2 SEM-EDS 

The morphology of hopcalite is shown in Figures 3A and 3B. The hopcalite we 

synthesized was composed of aggregates of irregular spherical particles < 1 µm, with a rough 

surface. The morphology of the NaP zeolite synthesized in this study is shown in Figures 3C 

30 40 50 60 30 40 50 60

 

Hopcalite

 

Biochar W

Ka

Gr

Ne

SvAd

Ad

2Co

C
o
u
n
ts

C
o
u
n
ts

 

2Co

Biochar P

Ka

Qz

Gr

Ad

Zeolite NaP

M
M

P

Qz

P

P

P

P

P

P

P

 

 

 



63 

 

and 3D. The shape of NaP zeolite was the same as reported in other studies (Cardoso et al., 

2015a, b; Querol eta al., 2007). Typically, it is cauliflower-like, with well-defined edges and 

growth of anisotropic crystals, characteristic of the typical structure of the gismondine group 

(Breck, 1974; Sánchez-Hernández et al., 2016). This gismondin structure has smaller pore sizes 

than other zeolites, such as those with a Faujasite (FAU), Linde Type A (LTA), ZSM-5 (MFI), 

and Beta (BEA) structures, which makes the NaP zeolite useful for the separation of very small 

molecules as gas molecules (Tauanov et al., 2018; Zhang et al., 2019). 

SEM micrographs revealed that the biochar W exhibits fibrous structures (Fernandez et al., 

2012) (Figures 3E and F) probably due to the cellulosic structure of the parent material from which 

biochar was originated. These structures can be classified as fibrous and prismatic (Joseph et al., 

2010), whereas the biochar P has a morphology characterized by small structures evenly spaced 

(Figure 3G and H). 
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Figure 3. SEM images: (A) and (B) hopcalite; (C) and (D) zeolite NaP synthesized 100 °C/24 

hours; (E) and (F) biochar form wood (W); (G) and (H) biochar from PVC (P). Chemical 

composition by energy dispersive spectroscopy (EDS) for the adsorbent materials. Wt = weight 

percentage and At = atomic percentage. 

 

The EDS analysis (Figure 3) showed that the hopcalite had no impurities on its catalytic 

surface (Cai et al., 2012). The weight proportion of Mn and Cu was 65 and 12 %. The atomic ratio 

of Cu/Mn in the hopcalite was approximately 0.16 and the weight ratio of Cu/Mn approximately 

0.18. This Cu/Mn ratio contributes to the hopcalite morphology (Figures 3A and 3B), with small 
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and irregular particles. According to Jones et al. (2009) and Dey et al. (2017), MnO2 acts as a spacer 

between the Cu crystals and reduces the size of the particles of hopcalite. 

 The presence of O, Si, Al, and Na (Figure 3) was verified on the zeolite surface. The Si/Al 

ratio of the zeolite was 1.78. The range 1.1 to 2.9 is considered the ideal ratio for the formation of 

the zeolite NaP from coal fly ash (CFA) (Cardoso et al., 2015b). Carbon is the major element in the 

biochar W with approximately 90% of the weight (Figure 3), but P, Mg, and Ca were also detected. 

These differences in the composition of the biochar are due to the composition of the material used 

(see supplementary data), which also causes differences in the morphology of the product obtained, 

as observed in Figure 3 E, F, G, and H. 

 

3.1.3 Surface and textural characterization 

Figure 4 shows the adsorption/desorption isotherms of N2 at 77 K. The porosity of the 

zeolite NaP and the biochar P exhibit a type IV isotherm with high pressure desorption 

hysteresis (P/P0), which indicates a material with micropores (Sharma et al., 2012; Sharma et 

al., 2013). The hysteresis loops in these two materials are of the H2 and H3 type, associated 

with adsorbent materials that present a distribution of pore sizes and shapes not very well 

defined and in aggregates of plate-like particles that give rise to slit-shaped pores (Sing, 1985). 

This structure in NaP zeolite is formed by primary particles undergoing aggregation followed 

by crystallization and formation of empty spaces between adjacent crystalline particles (Sharma 

et al., 2013). 

Hopcalite also exhibited an N2 type IV adsorption/desorption isotherm but with a 

difference in hysteresis patterns as it presented an H1 loop, common in porous materials 

consisting of uniformly compacted spheres or clusters in a quite regular arrangement that gives 

rise to a mesoporous structure organized in a cylindrical shape (Sing, 1985, IUPAC). The 
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biochar W did not reveal a hysteresis defined during the adsorption/desorption of N2, which can 

be associated with its morphology previously described. 

The pore volume was calculated from the adsorption data using the BJH model (Barrett 

et al., 1951). All materials have a wide range of pore size distributions (1 - 35 nm). Hopcalite 

had greater pore volume with diameters < 5 nm. The zeolite had a pore volume three times 

greater in the diameter < 5 nm class, when compared to hopcalite. The biochar W and P showed 

low pore volumes. 

The texture parameters of the materials were determined from the N2 adsorption 

isotherms by the BET method (Figure 4). Zeolite was the material that had the largest surface 

area (53.4 m2 g-1), the largest pore volume (0.08 cm3 g-1), and the smallest pore size (0.9 nm). 

The biochars W and P had low specific surface area and pore volume but high pore diameter 

values. 
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Figure 4- Adsorption/desorption isotherms with gas N2, pore size distribution curve, surface 

and texture parameters of the adsorbent synthesized materials: hopcalite, zeolite, biochar W, 

and biochar P.  
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3.1.4 FTIR spectrum 

The formation of hopcalite was confirmed by the presence of three FTIR peaks (Figure 

5), corresponding to the main functional groups of hopcalite on its surface, through the 

elongation of the MnO, CuO, and OH groups. The OH group is assigned to the 3480 cm-1 peak 

on the hopcalite surface, the MnO2 group is assigned to the peak in the 1630 cm-1 band, and the 

CuO group to the 540 cm-1 (Dey et al., 2019; Dey et al., 2017). All functional groups identified 

in hopcalite contain oxygen. The adsorption strength on the hopcalite surface depends precisely 

on the oxygenated surface since Hg adsorption takes place mostly in the oxygenated functional 

groups (Dey et al., 2019; Ding et al., 2017). 

The FTIR spectra of zeolite NaP match the infrared spectral data reported elsewhere for 

zeolite NaP (Albert et al., 1998; Breck, 1974; Huo et al., 2013) (Figure 5). Intense and sharp 

bands around 465 and 1007 cm-1 are related to the flexion and vibration mode of Si-O and Al-

O bonds (Huo et al., 2013). The peak at 610 cm-1 indicates the double ring vibration that 

composes the structure of the zeolitic phase (Król et al., 2016; Quintero et al., 2012). In addition, 

the band around 750 cm-1 may be attributed to symmetrical stretching vibrations of the internal 

tetrahedron (Si, Al-O4) in the zeolite structure (Courtney et al., 2015). The bands at 3480 and 

1650 cm-1 are the characteristic peaks of water molecules (Król et al., 2016; Murphy et al., 

2015). 

Biochars W and P showed similar FTIR spectra (Figure 5). The differences between the 

biochars are: (i) the 2800 cm-1 spectral bands in the W biochar; and (ii) the 3400 cm-1 band in 

the P biochar. The 2800 cm-1 spectrum is attributed to the CH bond stretch band, representing 

the aliphatic group, typically methyl (CH3) or methylene (CH2) (Cantrell et al., 2012; Melo et 

al., 2013). These aliphatic groups are stable substances with low molecular weight of saturated 

and unsaturated fatty acids that are found in wood (Bodirlau and Teaca, 2007), which was the 
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parent material of this particular biochar W. An intense peak at 3400 cm-1 in biochar P is 

attributed to the vibration of the OH bond in the hydroxyl groups (Ding et al., 2017). 

Other functional groups are also present in the biochar W and P (Figure 5). The group 

with triple bonded alkynes (C≡C) is shown from 2250 to 2100 cm-1 (Zhang et al., 2013). The 

peaks related to the chemical bindings in aromatic chains are from 1650 to 1500 cm-1, 

represented by amide groups (N-H) (Zhang et al., 2013). The angular deformations in the C-H 

bonds of aromatic rings are in the range of 1290 to 1000 cm-1 and, from 900 to 650 cm-1, the 

hydrogen groups (Barbosa, 2011; Li et al., 2015; Dong et al., 2016). The predominant functional 

groups in the biochar W and P are those containing C, due to the increased temperature during 

the pyrolysis process, and consequently loss of H, N, and O (Jesus et al., 2018; Rodriguez et 

al., 2020; Singh et al., 2012). 



70 

 

 

Figure 5- FTIR spectra of hopcalite, zeolite NaP, biochar W and biochar P. 

  

3.2 Soil mineralogical characteristics 

X-ray diffractograms (XRD) show that the Typic Rhodustult, Humic Rhodic Acrustox, 

and Typic Ustifolist used in this study have similar mineralogy, with the predominance of 

kaolinite, gibbisite, goethite, and hematite, these are typical minerals of highly weathered soils. 

However, since the Oxic Dystrudept is somewhat less weathered, it was also possible to identify 

the presence of 2:1 minerals such as smectite, vermiculite, and minerals of the mica and 

serpetinite group (Figure S.1- Supplementary Material).  
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3.2 Volatilization of Hg(0) from soils 

3.2.1 Soils 

The volatilized Hg content was 3.7, 3.4, 1.6, and 3.8 mg Hg kg-1 soil day-1 from Typic 

Rhodustult, Humic Rhodic Acrustox, Typic Ustifolist, and Oxic Dystrudept respectively, under 

dry conditions. Under moist conditions, volatilization was 5.5, 4.6, 2.5, and 4.2 mg kg-1 d-1 of 

Hg in Typic Rhodustult, Humic Rhodic Acrustox, Typic Ustifolist, and Oxic Dystrudept, 

respectively (Figure 7). 

 

Figure 6. Lost Hg content from samples of Typic Rhodustult, Humic Rhodic Acrustox, Typic 

Ustifolist, and Oxic Dystrudept, from Brazil, kept at 40° C for 24 h, under dry and moist (60 % 

of field capacity) conditions. Lower case letters compare moisture conditions in each soil and 

upper case letters compare soils in each humidity condition, by Tukey test (n = 3 and p < 0.05). 

 

Extrapolating our data over a time lapse of one year over an area of 1 hectare (bulk 

density = 0.9 g cm-3 and soil depth 0-20 cm), it is estimated that surface soil contaminated with 
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presented the highest Hg emission at the moist soil condition. At the same conditions, Hg 

emission estimated at the Typic Ustifolist would be 1.7 Mg ha-1 yr-1. These results are superior 

to the field measurements made by García-Sánchez et al. (2006), using a flow chamber, which 

found an Hg emission rate of 0.2 Mg ha-1 yr-1 in an area contaminated by gold mining in 

Venezuela. 

Hg0 emission data from soils are still very uncertain due to the lack of direct 

measurements. According to Kocmam et al. (2013), Hg0 emissions from soils contaminated by 

several anthropogenic sources (chlor-alkali industry, artisanal and small-scale gold mining, 

non-ferrous metal production) ranged from 14 to 34 Mg yr-1. Using a dynamic flow chamber, 

Ericksen et al. (2006) conducted 1326 measurements of Hg0 flow in agricultural, desert, pasture 

and forest ecosystems and obtained an estimation of Hg0 flow rate between 34 and 69 Mg yr-1. 

In general, soil properties are considered determinant factors for Hg emission together with Hg 

content and speciation, and Hg concentration in the atmosphere (Lin et al., 2010; Zhang e 

Lindberg, 1999; Xin e Gustin, 2007). 

Typic Rhodustult and Humic Rhodic Acrustox, even being clayey, showed high Hg 

volatilization. Perhaps, the low OM content of these soils (Table 1) has allowed such 

volatilization in spite of the clay content. Soils with low OM contents have fewer Hg sorption 

sites and have increased Hg volatilization, for adsorbed Hg2+ is less likely to be reduced if 

compared to Hg2+ free in solution (Leterme et al., 2014; Schlüter 2000). In solution, Hg2+ can 

be reduced by abiotic and biotic causes. Generally, the abiotic reduction of Hg2+ is enhanced 

when the concentrations of Hg in soils are low (Nriagu et al., 1994; Schlüter 2000). That means 

that, at the high concentrations used in this study (12 mg kg-1 of Hg), biotic reduction was 

probably induced through the microbiological detoxification process (Dash et al., 2017; Devars 

et al., 2000; Naguib et al., 2018). 
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The biotic reduction process is mediated by bacteria resistant to Hg that have the merA 

gene, which reduces Hg2+ to Hg0 that passively diffuses from inside the cells to the solution 

(Chen et al., 2018: Wang et al., 2020), and the merB gene, which produces enzymes capable of 

breaking the C-Hg bond and turning Hg2+ ions available for reduction (Barkay et al., 2003; 

Wang et al., 2020). Mahbub et al. (2016) observed 79 % of the initial Hg to be volatilized after 

6 hours by a resistant bacterial isolate grown in medium with 3 mg L-1 of Hg. 

The role of O.M. becomes more evident when comparing Typic Ustifolist, which 

revealed the lowest volatilization, to Typic Rhodustult and Humic Rhodic Acrustox (Figure 7). 

The lower loss of Hg may be due to their greater OM content (Table 1), as O.M. has been 

described by several authors as a major Hg sorbent in soils (Guédron et al., 2013; Gruba et al., 

2014; Obrist et al., 2011; O'Driscoll et al., 2011). Also, the presence of O.M seems to increase 

the oxidation of Hg0 to Hg2+  (Windmoller et al., 2015), which can also increase the adorption 

rates of Hg in soils, since Hg2+ is more adsorbed than Hg0 (O’Connor et al., 2019), explaining 

why the soil with greater organic matter allows less volatilization. The sorption of Hg to organic 

matter is related to functional groups containing oxygen (C = O, carbonyl), sulfur (-SH, thiol), 

and nitrogen (-NH2, amino and –CN, cyano), as Hg is a soft acid and tends to form strong bonds 

with these functional groups (Maia et al., 2019; Moharem et al., 2019; Wang et al., 2020). Thus, 

the content of organic material in soils can significantly affect the solubility, mobility and 

toxicity of soil Hg (Sysalova et al., 2017; Chai et al., 2012; Oliveira et al., 2020). 

Due to the long time (several decades) since contamination, it was expected that the 

Oxic Dystrudept showed a lower Hg volatilization. Durão Junior et al. (2009), in a study on Hg 

speciation in this Descoberto area, found that most of the Hg at the site is in the form of Hg2+, 

stabilized in the soil by sorption onto soil minerals (Fe, Mn, and Al oxides). Nevertheless, our 

data shows that ca. 58% (4 mg kg-1 d-1) of the original Hg content may volatilize in only 24 h 

(Figure 7) under our experimental conditions, which included sieving and other drastic 
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disturbances. Thus, soils contaminated by Hg, even after long time, may volatilize high amounts 

of Hg, as long as environmental conditions are favorable. Long-term volatilization of Hg is a 

well-known concern in many places, including contaminated soils in a mercury mine in Spain 

emitting to the atmosphere 0.96 to 156 µg kg-1 d-1 of Hg (Kocman et al., 2004). As one might 

expect, the in vitro conditions under which we run our samples do not reflect field conditions. 

Under field conditions, Hg contaminated soil is expected to suffer higher variations in 

temperature and moisture, in addition to the stabilization effect of vegetation cover, all factors 

are known to affect significantly Hg emissions (Kockman et al., 2004; Fantozzi ert al., 2013). 

With this high volatilization rate in soils of Decoberto, it would be expected that no Hg 

would be found. However, even greater contents of Hg were found in Descoberto in the past. 

One of the first studies in that site, 10 years ago, reported Hg concentrations in soils in the range 

of 0.0371-161 mg kg-1 (Durão Jr et al., 2009), suggesting intensive loss of Hg compared to 

current (2019) levels.. In addition, vegetation cover, soil compaction and structure can be 

responsible for differences between the so far unknown real Hg emissions in Descoberto and 

the emission we determined in laboratory. Soil structure disturbances can increase Hg0 

emissions after rupturing the thin oxidation layer on Hg-bearing particles (García-Sánchez et 

al., 2006).  

Soil moisture is one of the main variables that affect soil Hg volatilization (Briggs and 

Gustin, 2013; Xin et al., 2007; Carpi and Lindberg, 1998; Gillis and Miller, 2000). Mercury 

volatilization in three (Typic Rhodustult, Humic Rhodic Acrustox, and Typic Ustifolist) out of 

four soils was increased by soil moisture (Figure 7), by 48, 26, and 34%, respectively. The 

increase in Hg volatilization with moisture can be due to the physical displacement of Hg0 

already present in the soil to above-air by water molecules. A chemical process is also likely to 

happen such as desorption of Hg0 by water, creating an available pool of Hg0. Soft acids such 

as Hg are more prone to establish bonds with N and S than O. Therefore, the oxygen-functional 
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groups from minerals can have more affinity for water. (Lindberg et al., 1999) (Gustin and 

Stamenkovic, 2005). Ci et al. (2016), after a rain simulation, observed an immediate (20 min.) 

increase in the flow of Hg0 from the soil, and attributed this increase to the physical 

displacement of Hg by H2O. Then, the movement of Hg in the soil profile towards the surface 

(i.e. emission to the atmosphere) is governed by the soil properties that influence its oxidation 

and adsorption (Carvalho et al., 2019; Ci et al., 2016; Montoya et al., 2019; Oliveira et al., 

2020). 

 

3.2.2 Adsorbents 

The adsorbent materials studied showed differences in retaining Hg0 volatilized from 

soils in dry and moist conditions (Figure 7). Below, each sorbent is discussed according to soil 

moisture, as this variable had a major influence on Hg volatilization in the evaluated soils 

(Figure 6). 

Hopcalite was the material with the highest Hg adsorption capacity with 97, 53, 93, and 

7 % of the Hg volatilized by Typic Rhodustult, Humic Rhodic, Typic Ustifolist, and Oxic 

Dystrudept, in dry soil condition. In moist conditions, hopcalite adsorbed 69, 44, 98, and 31% 

in Typic Rhodustult, Humic Rhodic, Typic Ustifolist and Oxic Dystrudept, respectively. 

This result shows that hopcalite has high capacity to retain volatilized Hg. This is due 

to its amorphous character (Figure 2), to its porous structure formed by micropores (Figure 4), 

and to its surface composed of oxygenated functional groups MnO, CuO, and OH. These have 

strong interactions with Hg because they are capable of oxidizing Hg0 to Hg2+ and adsorb it on 

its surface (Xu et al., 2015; Yang et al., 2011). 

According to He et al. (2018), removal of Hg0 by hopcalite begins with the physical 

adsorption process. Then the adsorbed Hg0 is oxidized to Hg2+ by the transfer of electrons from 

Mn4+ and production of Mn3+, which is reoxidized by CuO, returning to Mn4+. The oxidized 
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Hg2+ then reacts with oxygen and forms HgO on the hopcalite surface. This ability of Mn- and 

Cu-hopcalite to react with Hg enhances the ability to capture Hg (Du et al., 2015; Wang et al., 

2014). 

 

Figure 7. Hg content in adsorbent materials: hopcalite, zeolite NaP, biochar W and P obtained 

from the soil volatilization: Typic Rhodustult (a) and (b), Humic Rhodic Acrustox (c) and (d), 

Typic Ustifolist (e) and (f), and Oxic Dystrudept (g) and (h), maintained at 40 °C for 24 h, in 
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the conditions dry and moist (60% of the field capacity). Lowercase letters compare Hg content 

among the adsorbent materials, by Tukey test (p <0.05). Dashed red line indicates the maximum 

volatilization of Hg during the test in each soil. 

 

Zeolite NaP also showed potential for capturing Hg volatilized by soils, with adsorption 

of 1.0, 0.3, 0.2, 0.4 mg kg-1, representing an adsorption of 27, 8, 14, and 9% of the total 

volatilized by Typic Rhodustult, Humic Rhodic, Typic Ustifolist, and Oxic Dystrudept, 

respectively, in the dry soil condition (Figure 7). The same Hg adsorption behavior was 

observed in the moist soil condition (Figure 7). The feasibility of zeolite NaP as Hg adsorbent 

is explained by its surface area and porosity, which were 53.4 m2g-1 and 0.08 cm3g-1, 

respectively (Figure 4), in addition to its porous structure composed by mesopores (Figure 4) 

capable of retaining Hg0 within its structure (Bohra et al., 2013; Sharma et al., 2013; Zhang et 

al., 2019). Thus, the NaP zeolite can either (i) adsorb Hg0 directly into its pores or , ii) first 

oxidize Hg0 and then adsorb Hg2+ by the anions on its surface. 

However, even showing a greater surface area and porosity compared to hopcalite, 

zeolite NaP had lower Hg0 adsorption potential (Figure 7), meaning adsorption of gaseous 

forms of Hg does not occur only through pure physical process; there is a chemical adsorption 

process involved as well. Studies show that when zeolites are activated with Ag, Au, Br, Fe and 

Mn their Hg0 adsorption capacity are increased (Dong et al., 2009; Qi et al., 2015; Qu et al., 

2009; Wei et al., 2015; Wdowin et al., 2014; Wiatros-Motyka et al., 2013). 

Biochars W and P showed low Hg removal capacity (0.5 to 9 %) when compared to 

hopcalite and zeolite NaP (Figure 7). That was the result of its physical such and chemical 

characteristics, such as morphology (Figure 3) and IR absorbance (Figure 5). At low 

temperatures, like the one used in our study (40 °C), physisorption is favored, while at high 

temperatures chemisorption is favored (Li et al., 2015; Shen et al., 2017). In a study of Hg0 

removal by modified biochar, Shen et al (2017) observed that the highest efficiency of physical 
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and chemical adsorption was at ca. 120 °C. This helps us explain in part the low adsorption of 

Hg0 by biochars W and P. Besides, the main functional groups found in the biochars W and P 

were aliphatics, alkynes, and amides (Figure 5), all groups with no oxygen. This may be the 

determining factor for low Hg adsorption, as oxygenated functional groups are responsible not 

only for the oxidation of Hg0 (Ding et al., 2017; Tan et al., 2012) but also by its later adsorption 

by anionic species present on the surface (Huggins et al., 2003; Hutson et al., 2007; Shen et al., 

2017). 

The low values of Hg adsorption in all materials studied in Oxic Dystrudept may have 

occurred due to possible variations in volatile Hg chemical species as this soil is contaminated 

by Hg for a long period of time, unlike the other studied soils that were contaminated for this 

experiment using HgCl2. This, the aged contamination, may have led to low values of Hg 

adsorption by the tested materials, which were synthesized to adsorb Hg0. In addition to Hg0, 

soils can volatilize dimethyl Hg [(CH3)2Hg] during methylation (Wallschlager et al., 1995; 

Wang et al., 2019). Methylation potential is directly linked to the time Hg remains in the soil, 

as the longer the time Hg remains in contact with the soil, the greater the potential for formation 

of methylHg and dimethylHg (Bisinoti and Jardim, 2004; Ma et al., 2018; Wallschlager et al., 

1995; Wasserman et al., 2002; Weber et al., 1998). Thus, in areas contaminated by gold mining, 

Hg0 can be oxidized for the formation of dimethylHg. This formation can occur in aerobic and 

anaerobic conditions (Bisinoti and Jardim, 2004; Ma et al., 2018). 

 

4. Conclusions 

The methods used in the synthesis of hopcalite and zeolite NaP are efficient as 

confirmed by XRD, SEM/EDS, FTIR, and BET analysis. Although its retention capacity is 

lower than hopcalite, considering that it is a material made from a waste and without any 

chemical modification, zeolite NaP seems promising for Hg retention at low temperature 



79 

 

conditions (40 °C). Both biochars W and P, pyrolysed at a temperature of 500 °C, show low Hg 

retention capacity. Soils with low levels of organic matter present high Hg0 volatilization 

capacity regardless of their clay content and the increase in soil moisture favors the 

volatilization of Hg0.  
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Table S.1- Oxide composition of coal fly ash selected for synthesis (%) 

SiO2 TiO2 Al2O3 MgO CaO Na2O K2O FeO3 P2O5 MnO SO3 LOI* 

58.42 0.57 19.21 0.80 3.03 1.00 1.43 5.03 0.03 0.05 0.31 10.12 

*Loss on ignition. 

 

Table S.2 - Characteristics physical and chemical of waste construction wood (W) and plastic 

PVC (P) selected for biochar production 

Waste 
pH CEC Da WRC FC Ash Tv C H  N O  

H2O cmolc kg-1 g cm-3 ------------ % ------------- -------- % (w/w) -------- 

W 6.9 5.5 0.2 64.0 46.8 1.6 43.7 48.7 6.5 0.2 43.0 

P 8.1 28.5 0.9 4.3 22.2 20.2 57.2 41.1 6.6 0.1 32.0 

Waste 
Mg P S Ca K Mn Zn Cu Fe Al Na 

------------------------------------------g kg-1---------------------------------------------- 

W 0.0 0.7 0.3 57.9 0.3 0.0 0.0 0.0 0.1 0.2 0.3 

P 5.6 0.4 0.9 60.6 0.1 0.0 1.8 1.1 1.2 3.6 0.1 

* Adapted from Rodriguez et al. (2020). Da: density, WRC: water retention capacity, FC: fixed 

carbon content, Ash: ash proportions; Tv: volatile matter; pH em água: 1:2.5; CEC: cation 

exchange capacity. C, H, N e O determined in elementary analyzer. 
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Figure S.1. X-ray diffractograms of soils. Kt = kaolinite; Gt =goethite; Gb =gibbsite; Hm 

=hematite; Qz = quartz, Mi = mica; Sm = smectite; Vh = vermiculite; Sp = serpentine. 
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CONCLUDING REMARKS 

 

The Hg concentrations used in the adsorption study did not provide the maximum Hg 

adsorption, and future studies with concentrations above the value of 2.4 mg L-1 of Hg are 

necessary. Another investigation in future studies is to carry out adsorption studies in soils 

without the presence of O.M, in this way, it would be possible to state that the inorganic matrix 

of tropical soils are solely responsible for the high Hg adsorption capacity. 

The application of liming in soils with the presence of Hg favors the retention of Hg, 

since the dominant species in solution at pH 6 are HgOH2 in soils with low organic matter 

content. The HgOH2 is strongly adsorbed by soil colloids and little mobile in the soil profile. 

However, in soils with a high O.M content, the dominant species at pH 6 are HgOH2 and FA2-

Hg. The FA2-Hg is a chemical species of Hg little adsorbed by the soil, but its formation occurs 

only in environments with a high concentration of DOC, which does not occur in tropical arable 

soils that receive liming. Thus, liming favors the retention of Hg in the soil. 

Of the adsorbent materials produced to assess the Hg retention capacity, hopcalite and 

zeolite NaP showed desirable characteristics to be applied as elemental Hg adsorbents. Of these 

two materials, the zeolite NaP produced from a waste from thermoelectric plants (CFA) proves 

to be an economically viable option, and further studies are needed in situ conditions to verify 

the influence of all environmental variables on the Hg adsorption process volatilized 

contaminated soils. 

This did not occur with biochars originating from waste wood and PVC, because they 

showed low capacity to adsorb Hg volatilized by soils, a fact that occurred due to the 

temperature of pyrolysis applied to the formation of biochars (500 ° C), since, high temperatures 

reduces the oxygenated functional groups, which are the main sites of Hg retention. A solution 

for the use of biochar as a Hg adsorbent volatilized by contaminated soils would be to reduce 

the temperature of pyrolysis and thus avoid, the reduction of oxygenated functional groups and 

activation with metallic elements that increase the Hg retention capacity. 

 

 

 


