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Bernabé L. Rivas • Zygmunt Sadowski

Published online: 27 May 2014

� The Author(s) 2014. This article is published with open access at Springerlink.com

Abstract Two aspects of the bio-geo-chemical

arsenic cycle in the environment are analysed. The

bioleaching and chemical weathering of selected arsenic

bearing minerals are presented. The natural bacteria

adaption to the higher concentration of arsenic ions is

described. The secondary precipitation of minerals

containing arsenic was discussed regarding the immo-

bilisation of arsenic ions in soil. Water-soluble polymers

are combined with membranes to remove arsenic

species under different experimental conditions.
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1 Introduction

Arsenic is mobilised in the environment by processes

such as weathering, biological activity, volcanic emis-

sions, and anthropogenic mining activity. Acidic rock

drainage (ARD) solutions are formed through the

chemical and biological weathering of sulphide

minerals (Basu and Schreiber 2013). The predominant

sulphide mineral subject to bacterial action is pyrite.

However, pyrite-rich deposits often contain arsenic-

bearing minerals, such as arsenopyrite (FeAsS), orpi-

ment (As2S3), realgar (AsS), and lulingite (FeS2).

Consequently, acidic rock drainage contains arsenic

ions. Many bacteria contribute to the biological leaching

of arsenic-bearing materials. Bioleaching processes

have found various applications during the recovery of

copper, zinc, cobalt, lead, uranium and gold (Bosecker

1997). However, these bioleaching processes can

release arsenic ions.

Microbial-mineral interactions are important

because acidic rock drainage is a widespread environ-

mental problem. For arsenic pollution, the typical

arsenic ions concentration in fresh water is\10 lg/l. A

serious problem exists in Bangladesh and West Bengal,

where the As concentration in the groundwater exceeds

50 lm/l (Jong and Parry 2005, Tareq et al. 2003). The

maximum contaminant level for arsenic in drinking

water, is 10 lg/l. In drinking water, arsenic is primarily

present as arsenite (AsO2
-) and arsenate (AsO3

-) ions.

Removing of arsenic ions from groundwater is a global

task. This paper presents the bioleaching processes

with arsenic-bearing minerals and includes a selective

method for removing the arsenic ions from water.

1.1 Bioleaching of arsenic-bearing minerals

Arsenopyrite (FeAsS) is the dominant naturally occur-

ring arsenic-bearing mineral. Arsenopyrite weathering
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involves mineral oxidation and bioleaching (Igarashi

et al. 2008). The physicochemical conditions of arseno-

pyrite bioleaching were studied by Cruz et al. (2005).

The presence of bacteria, such as Acidothiobacillus

ferrooxidans, in mining wastes containing arsenopyrite

promotes the formation of acidic mine drainage that

contains arsenic ions. The bio-oxidation processes that

dissolve that arsenopyrite occur at the mineral surface

and in bacteria cells. The cells adhere to the mineral

surface depending on both hydrophobic and electrostatic

interactions. Electrophoretic mobility measurements

showed that arsenopyrite exhibits an isoelectric point

at pH 3.5 in K2 media (Cruz et al. 2005). The bacteria

cells provide a negative charge under these conditions.

Therefore, the electrostatic attraction between the

microbial cells and the mineral surface should occur.

Arsenopyrite dissolves over a wide range of pH values

(from 3 to 10). Arsenopyrite decomposes as follow:

FeAsSþ 7H2O! Fe2þ þ H3AsO3 þ 11Hþ

þ SO2�
4 þ 11e�

Orpiment (As2S3) involves a group of arsenic-bearing

minerals associated with both pyrite and arsenopyrite.

Orpiment dissolution increases linearly when moved

from acidic to alkaline conditions (Suess and Planer-

Friedrich 2012). Orpiment oxidation may be written as

follows:

As2S3 þ 6O2 þ 6H2O ! 2H3AsO3 þ 3SO2�
4 þ 6Hþ

Studying orpiment and arsenopyrite dissolution

showed that thioarsenate can form as the dominant

species at neutral and alkaline conditions. The forma-

tion of thioarsenate during the first step of dissolution

increases the mineral dissolution (Suess and Planer-

Friedrich 2012).

Realgar (As2S2) is also associated with gold-

bearing minerals (Lengker and Tempel 2003). Weath-

ered or bioleached realgar releases arsenic into the

environment. Metal ions, such as Ag? and Cu2?, can

enhance the leaching rate by creating AgS2 and CuS

species on the surface of the realgar (Guo et al. 2011).

Energite (Cu3AsS4) is the primary arsenic-bearing

component of copper ores. Energite is present in

several Chilean copper deposits (Escobar et al. 2000).

Bioleached energite initially produces As3? ions that

are later oxidised to As5?. The direct and indirect

bioleaching processes of energite occur as follows

(Song et al. 2008):

Cu3AsS4 þ 2:5O2 þ 2H2O þ bacteriað Þ
! 3Cu2þ þ AsO�2 þ 2:5 H2O

þ 4S direct bioleachingð Þ

Cu3AsS4 þ 9Fe3þ þ 2H2O

! 3Cu2þ þ 9Fe2þ þ 4S0 þ AsO�2
þ 4Hþ indirect bioleachingð Þ

The second step (arsenic ions oxidation) occurs as

follows:

AsO�2 þ 2Fe3þ ! AsO3�
4 þ 2Fe2þ þ 4Hþ

Energite bioleaching experiments using a thermo-

philic strain called Sulfolobus at 70 �C showed that the

final concentration of arsenic in a leaching solution

was only 3.9 %. The low arsenic concentration was

due to ferric arsenate precipitation (Escobar et al.

2000).

The dissolution of arsenopyrite releases arsenic,

sulphur, and iron, which haves additional influences

on the arsenic oxidation. It was shown that the

oxidation of As(III) by Fe(III) is catalysed by pyrite

and chalcopyrite under acid bioleaching condition

(Mandl et al. 1996).

Natural weathering and bioleaching of arsenic-

bearing minerals, particularly arsenic-sulphides, are

sources for the arsenic released into the environment.

Generally, the bioleaching of gold-bearing sulphides

ores produces solutions containing several grams per

litre of arsenic. The efficiency of bioleaching is strongly

affected by the type of arsenic-bearing mineral. How-

ever, the rapid bio-oxidation of As(III) to As(V) can

decrease arsenic migration to the soil. Several arsenic-

oxidising bacteria have been isolated (Battaglia-Brunet

et al. 2011): Achromobacter, Pseudomonas, Alcalige-

nes, Rhizobium, Sinorhizobium, Bordetella, Agrobac-

terium, Thermus, Herminiomonas, Variovarax, and

Thiomonas. Adding lime to the acidic mine drainage

caused the precipitation of the amorphous hydrous

ferric oxide that adsorbs arsenic, and amorphous

scorodite FeAsO4 2H2O (Boling and Sundkvist 2008).

The arsenic removal from a leaching solution was

nearly complete at pH 3.5 during biological treatment

and scorodite precipitation (Battaglia-Brunet et al.

2011). Despite the partial precipitation or co-precipita-

tion, the environment is poisoned by arsenic.

Arsenic is a toxic metalloid and a common

contaminant in a soil. Arsenite and arsenate forms

exhibit different behaviours in the environment. The
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mobility conditions for the arsenic from the soil

samples collected at an old a Frenche gold mine site

were tested (Chatain et al. 2005). The arsenic and iron

concentration in the soil samples were 2.7 and 8.9 %,

respectively. The bioleaching tests were conducted

under anaerobic conditions using indigenous bacteria

that were separate from the soil samples. Increased

arsenic mobilisation was observed after adding extra

carbon sources (Johnson 2012).

2 Bacterial resistance towards the arsenic ions

Generally, bacteria are sensitive to the high concen-

trations of arsenic ions. The inhibition of As(III) on the

growth of Acidithiobacillus ferrooxidans was

observed (Lang et al. 2009). The growth of this

bacteria at pH 1.5 was strongly inhibited at 3.3 10-3 M

As(III) during the recorded growth time (Mandl et al.

1996). When a gold-bearing concentrate containing

arsenopyrite is bioleached the arsenic concentration

reaches 12 g/dm3 for arsenate and 3–6 g/dm3 for

arsenite (Rawlings 2008). Extended contact between

bacteria and arsenic ions induces a resistance towards

arsenic. Bacteria isolated from the tanks where the

arsenopyrite concentrate was bioleached tolerated

1–13 g/dm3 total arsenic in solution. The research

conducted with Acidithiobacillus caldus and Lepto-

spirllum ferriphilum isolated from the arsenopyrite

bio-oxidation tanks at the Fairview mine (South

Africa) showed that these bacteria contain two sets

of arsenic resistance genes (Rawlings 2008).

Bacteria (Acidithiobacillus ferrooxidans) activity

and growth rates decrease when the concentration of

As3? increases. When the concentration of As3? ions

reached 6.0 g/dm3 the log (logarithm) phase of the

bacteria growth lasted 264 h. The bacteria culture

growth without the presence of arsenic ions showed

the log (logarithm) phase equalling 24 h (Cui et al.

2010).

During the industrial bio-pretreatment of gold- and

arsenic- containing minerals, high levels of pulp

density are needed (10–20 %). Consequently, the

arsenic can limit refractory gold ore bio-pretreatment.

The effect of the arsenic ion concentration on the

growth of the moderately thermophilic bacteria is

presented in Fig. 1.

The laboratory experiments were carried out to

enable Acidithiobacillus ferrooxidans bacteria to adapt

to arsenopyrite (Ospina et al. 2012). The bacteria

adapted gradually. The concentration of ferrous sulphate

was successively decreased and the concentration of

arsenopyrite was subsequently increased. The bacteria

population was systematically increased. The effect of

the particle size distribution on the adaptation process

was also observed. The bacteria easily adapted when the

large particle fraction was used (Marquez et al. 2012).

Sadowski et al. (2000) examined the adaptation of

Thiobacillus ferrooxidans strains during a series of

reputable subculturing in 9 K medium with different

concentrations of arsenic ions. The adaptation was

achieved when the kinetics of Fe(II) ions and the

modified bacteria in the presence and absence of

arsenic ions were similar (see Fig. 2).

The effectiveness of the fungus called Aspergillus

funmigatus towards the bioleaching of arsenic from

arsenic-bearing minerals was tested (She-Bardan et al.

2012a). The fungus of Aspergillus fumigates was

Fig. 1 Bacteria growth measured as the optical density at

440 nm [according to (Hallberg et al. 1996)]

Fig. 2 Bio-oxidation of iron(II) to iron(III) by bacteria adapted

to 0.01 % arsenate (Sadowski et al. 2000)
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isolated from gold mine tailings. The fungus biomass

created during the bioleaching processes can take up

ions from the leaching solution. Biosorption is a

promising and attractive technology for controlling

arsenic pollution (She-Baran et al. 2012b).

3 Secondary arsenic minerals precipitation

The secondary arsenate compound formed after oxi-

dising native arsenopyrite is called löllingite, and is

also formed from weathered orpiment. In an acidic

environment scorodite was the major secondary As

mineral (Drahota and Filippi 2009).

The migration of As ions from mine waste is

controlled by precipitation-dissolution and adsorp-

tion–desorption processes. These processes also affect

the secondary arsenic compounds. The genesis of

secondary compounds depends on the mineralogy of

the original waste materials. Goethite (FeO(OH),

ferrihydrite Fe2O3 0.5H2O, or amorphous hydrous

ferric oxides are precipitated in the presence of

excess iron ions (Murciego et al. 2011). The forma-

tion of scorodite occured according to the following

reaction:

FeAsS þ 14Fe3þ þ 10H2O

! 14Fe2þ þ SO2�
4 þ FeAsO42H2Oþ 16Hþ

Scoridite has a low solubility (\0.5 mg As/dm3) at pH

values below 3. The arsenic released from scorodite

occurs according to the following reactions:

FeAsO42H2Oþ H2O! H2AsO�4 þ Fe OHð Þ3þHþ

FeAsO42H2Oþ H2O! HAsO2�
4 þ Fe OHð Þ3þ2Hþ

Kaatialaite (Fe(H2AsO4)3�5H2O) is a very rare sec-

ondary Fe(III) arsenate. Kaatialaite is formed in very

acidic environments (pH \ 2). This secondary arsenic

mineral is more stable under acidic conditions than

scorodite (Drahota and Filippi 2009). Under acidic

conditions, scorodite can be transferred into kaatialaite

according to the reaction:

3FeAsO42H2Oþ 6Hþ þ 3H2O

! Fe H2AsO4ð Þ35H2Oþ 2Fe3þ

Arsenic ions released during chemical or biological

weathering are susceptible to precipitation with Fe(III)

and Ca(II). Arseniosiderite is Ca2Fe2O3(AsO4)3�3H2O

and exists in neutral natural environments (Drahota

and Filippi 2009).

4 Separation of arsenic ions by functional

water-soluble polymers

The latest materials developed to removed arsenic are

water-soluble polymers; when, combined with filtration

membranes, these materials can remove arsenic species

from aqueous solutions (Sanchez and Rivas 2011).

The liquid-phase polymer-based retention tech-

nique (LPR) is also called polymer-assisted ultrafil-

tration (PAUF), and polymer-enhanced ultrafiltration

(PE-UF) is a hybrid method utilising membrane

separation with the water-soluble polymer and arsenic

ion in contact on the feed-side in a filtration system.

The water-soluble polymer interacts and binds with

arsenic ions, generating polymer-arsenic ion macro-

molecules, that are retained primarily via size exclu-

sion mechanism; unbound arsenic species with a

diameter smaller than the membrane cut-off diameter,

Membrane

Inside cell

Polymer-As

Filtrate

a)  H2O 

b)  H2O + Arsenic     

Pressure (N2)

Outside cell

Fig. 3 Procedure for arsenic removal using LPR technique

a washing method, b enrichment method
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pass through the membrane into the permeate stream

(see Fig. 3) (Bayer et al. 1985, Rivas 2003, Rivas et al.

2011, 2012, Toledo et al. 2013).

During LPR technique, separation is related to the

strength of the interaction between the target ions and the

polymer functional groups. During traditional UF, the

dissolved particles can be ‘‘retained’’ (larger than pore

diameter) and ‘‘not retained’’ (smaller than pore diame-

ter); During LPR, two types of target ions smaller than the

membrane pore diameter can be defined as follows: ‘‘free

target ions in solution’’ (not retained) and ‘‘bound to the

polymer’’ (retained). During LPR, the species of interest

are retained depending on their interaction with the

polymer and independent of the size (Rivas et al. 2011).

The LPR method is advantageous because it is

performed in homogeneous media and largely avoids

mass transfer or diffusion, in contrast with heteroge-

neous methods.

In LPR, two types of procedures can be identified:

(a) a washing method, which is an elution method

based on continuous diafiltration while adding solvent

at constant volume, and (b) an enrichment method,

which is a concentration method based on continuous

diafiltration by adding solvent and target ions at a

constant volume. This procedure enables the maxi-

mum retention capacity to be determined.

The polymers used to remove arsenate species

contain ammonium side chain groups (see Fig. 4).

These functional water-soluble polymers contain

different counter-ions and have been synthesised,

characterized, and studied to, demonstrate their dif-

ferent arsenic retention abilities.

To study the removal of arsenic ions from ionic

solutions using an LPR technique via washing, two

factors should be defined: (1) retention (R), which is

the fraction of arsenic ions remaining in the cell and

(2) filtering factor.

R ¼ Ascell½ �= Asinit½ � ð1Þ

where (Ascell) is the absolute amount of arsenic ions

that are retained in the cell, and (Asinit) is the absolute

amount of arsenic ions present at the start of the

experiment.

The filtration factor (Z) is the ratio between the total

permeate volume (Vf) and the retentate volume (Vo):

Z ¼ Vf=Vo ð2Þ

4.1 Effect of pH on arsenic removal

The polymers showed a high affinity for interacting

with and removing As(V) species without retaining

As(III) species at pH values from 3 to 9 due to the

speciation of As(III) in aqueous media. Different

As(III) species are present in solution depending on

the pH: H2AsO3
-, HAsO3

2-, and AsO3
3-, with

pKa1 = 9.2, pKa2 = 12.1 and pKa3 = 13.4, respec-

tively. Therefore, at pH 9 the As(III) species are in

equilibrium with the non-dissociated salt and the

mono arsenic oxy-anion. As(V) species coexist in

aqueous media depending on the pH: H2AsO4,

HAsO4
2-, and AsO4

3-; pKa1 = 2.2; pKa2 = 7.0 and

pKa3 = 11.5 (Rivas et al. 2007, 2010).

The retention capacity of the water-soluble polymer

is directly related to the exchange of the anionic

CH3H3C

H3C N
+

CH2

H2C

CH2

NH
O

CH2 CR
n

Cl
-

n

R = H, P(ClAPTA) X = Cl
-
, P(ClAETA)

CH3

CH3

H3C
N

+
H2C

CH2

O
O

CH2 CH
n

CH3

CH3

H3C
N

+
H2C

CH2 CH

P(ClVBTA)

X Cl
-

R = CH3, P(ClMPTA) X = CH3OSO3
-
, P(SAETA)

Fig. 4 Structure of some water-soluble polymers containing ammonium groups
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counterion of the quaternary ammonium of the

polymer because in these systems the electrostatic

interactions dominate. According to the literature, the

anionic exchange process prefers divalent ions over

monovalent ions under the same conditions (Rivas

et al. 2006). This effect can be confirmed using the

high retention capacity of As(V) species and the non-

retention of As(III) when using a water-soluble

polymer at different pHs via the LPR technique.

The arsenate retention (% R) was determined at a

filtration factor of Z = 10 at pH 3, 6, and 9. Under

these experimental conditions the total volume of the

permeate was 200 mL and the volume of the retentate

in the cell was 20 mL. In the polymer: the As(V) mole

ratio was 20:1.

As(V) is more easily retained at pHs between 6 and

9 than more acidic pHs. At pH 3, the monovalent

anionic species (H2AsO4
-) are in equilibrium with the

coupled salt. The polarity of the functional group

should control the selectivity of the ion exchange

(Rivas et al. 2011). At pH 6, the monovalent

(H2AsO4
-) and divalent (HAsO4

2-) oxy-arsenic spe-

cies exist in equilibrium, as corroborated by the higher

retention capacity of predominantly divalent species at

pH 9 by the polymers. The polymer interaction

capacity depends on the presence of a positively

charged quaternary ammonium group because the

interactions are produced using ion exchange between

the chloride counter-ion of the quaternary ammonium

salt and the arsenate anions (Rivas et al. 2006).

The polymers removed between 55 and 100 % of

the arsenate ions at pH 9, where arsenate is an oxy-

anionic divalent species. At pH 3, the species of

monovalent arsenate is in equilibrium with the cou-

pled salt, and the removal is null.

4.2 Competitive effect of monovalent

and divalent anions on arsenate retention

The water-soluble polymers with a chloride counter-

ion exhibit the highest retention of arsenate species

when using the LPR technique when no other anions

are present in solution (Rivas et al. 2011).

To determine the influence of other anions, differ-

ent experiments were performed in the presence of

divalent and monovalent anions, such as a sulphate

and chloride using different concentrations of these

salts at pH 8. A washing method was used at different

ionic strengths, adding to both the reservoir and the

ultrafiltration cell concentrations from 1 9 10-3 M to

1 9 10-1 M NaCl and Na2SO4 in separate experi-

ments with a P(ClAETA)—As(V) mole ratio of 20:1

inside the ultrafiltration cell.

The arsenate retention decreased when increasing

the salt concentration and the charge of the additive

anion. The decrease in the retention is due to the

presence of the added salts decreasing in the following

order Na2SO4 [ NaCl.

According to the literature (Berdal et al. 2000),

the order of interference in the arsenic retention is as

follows: trivalent ions [ divalent ions [ monovalent

ions. The effect of adding electrolytes on arsenic

binding with the functional polymers is due to the

competition between arsenate and other anions for

binding with sites on the polymer. The affinity of the

anions when binding the polymer is similar to the

behaviour observed in the ion-exchange resin-con-

taining ammonium groups when removing arsenic

via ion exchange (Rivas et al. 2011; Berdal et al.

2000).

Sulphate or chloride anions might interfere with the

arsenate retention differently. The adsorption of the

interfering ions was proven to occur at the same active

sites on the polymer, particularly with sulphate, which

has a tetrahedral structure and divalent charge at basic

pH values like arsenate. The competition between the

arsenate and monovalent chloride was lower than that

between sulphate and arsenate.

5 Conclusions

The liberation of arsenic ions is connected to the

chemical weathering and bioleaching of arsenic-

bearing minerals. The acidic mine drainage (AMD)

resulting from these processes is characterised by a

high concentration of arsenic ions. Bacteria contrib-

uting to the biogeochemical cycle of arsenic can adapt

to high arsenic concentrations. Changing conditions

may precipitate secondary arsenic minerals, reducing

the arsenic content in water and soil. However, this

process does not entirely eliminate the presence of

arsenic in the water.

Water-soluble polymers in conjunction with mem-

branes efficiently remove arsenic species. Polymers

containing a chloride-exchangin group, show a superior

ability for removing arsenate than those containing

methyl sulphate as the anion-exchanging group, under
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the same conditions. This behaviour was not affected by

interfering ions during arsenate removal.
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