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1. Introduction  

Enormous population numbers from the global setting are known to have been affected by 
the adverse effects of arsenic. Further, soil and groundwater reserves have been 
contaminated. This has created the need for remediation. Treatment of arsenic has proved to 
be a difficult task to accomplish diachronically since it changes valence states and reacts 
towards the formation of species with varying toxicity and mobility [1]. 

The Maximum Contaminant Level (MCL) that provides the measurement for arsenic in 
drinking water was recently reduced by the United States Environmental Protection Agency 
(EPA) from 0.050 mg/l to 0.010 mg/l [2]. 

In the majority of the countries, the background values of arsenic in groundwater are less 
than 10 mg/l and sometimes even lower (USA values from Welch et al., 2000 [3]; UK values 
from Edmunds et al., 1989 [4]). 

Arsenic shows variations from <0.5 to 5000 mg/l under natural conditions. Oxidising (under 
conditions of high pH) and reducing aquifers and areas affected by geothermal, mining and 
industrial activity provide a nurturing environment for high concentrations of Arsenic. 

In the majority of the cases, natural sources have been found to contribute towards high 

level concentration of Arsenic. Meanwhile, mining activities result to high occurrence of 

arsenic locally. Furthermore, arsenic pollution increases at local levels due to industrial and 

agricultural activities. 

Currently, there are reports on groundwater As problems from a magnitude of countries 

ranging from Argentina, Bangladesh, Chile, China, Hungary, India (West Bengal) to Mexico, 

Romania, Taiwan, Vietnam and many parts of the USA, particularly the southwest USA. 

The need for a rapid assessment of the situation in aquifers worldwide has been surfaced as 

a result of recent research discovery of As enrichment on a large scale [1, 2, 5]. 
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Therefore, there is an imminent need from the side of the organisations that supply drinking 
water to provide new ways for treatment or to alter the existing treatment systems in order 
to meet the revised MCL. Relevant literature provides evidence on the fact that precipitation 
/ co-precipitation is frequently used for purposes of treating arsenic-contaminated water.  
Furthermore, it is capable to treat influent arsenic concentrations in the revised MCL. 

On the other hand, absorption and ion exchange for arsenic treatment is likely to be affected 
by characteristics and contaminants different to arsenic. Absorption and ion exchange 
appear to be used more often in cases where arsenic is the main and only contaminant to be 
subjected to treatment. This applies to smaller systems but also to larger systems as a 
polishing technology. The use of membrane filtering is less frequent due to the fact that it 
incurs higher costs and produces large residual volumes as compared to other technologies 
relative to the treatment of arsenic [1, 2, 6]. 

This chapter provides information needed to help meet the challenges of arsenic behavior in 
groundwaters. Clays, carbonaceous materials, and oxides of iron, aluminum and manganese 
are components that may participate in rock/soil-water interactions leading to enrichment 
or depletion with respect to arsenic.  

2. Arsenic geochemistry 

In nature arsenic occurs in air, soil, water, rocks, plants, and animals. Natural activities such 
as volcanic eruption, rocks erosion and forest fires, can release arsenic to the environment. 
The major arsenic minerals occurring in nature are presented in table 1 [5].  
 

Mineral Composition Occurrence 

Native arsenic As Hydrothermal veins 
Niccolite NiAs Vein deposits and norites 

Realgar As2S2 
Vein deposits, often associated with orpiment, clays 
and limestones, also deposits from hot springs 

Orpiment  As2S3 
Hydrothermal veins, hot springs, volcanic 
sublimation products 

Cobaltite CoAsS High temperature deposits, metamorphic rocks 

Arsenopyrite FeAsS 
The most abundant As mineral, dominantly in 
mineral veins 

Tennantite (Cu,Fe)12As4S13 Hydrothermal veins 
Enargite Cu3AsS4 Hydrothermal veins 

Arsenolite As2O3 
Secondary mineral formed by oxidation of 
arsenopyrite native arsenic and other As minerals 

Clauderite As2O3 
Secondary mineral formed by oxidation of realgar 
arsenopyrite and other As minerals 

Scorodite FeAsO4�2H2O Secondary mineral 

Anabergite (Ni,Co)3(AsO4)2�8H2O Secondary mineral 

Hoernesite Mg3(AsO4)2�8H2O Secondary mineral, smelter wastes 

Haematolite (Mn,Mg)4Al(AsO4)(OH)8 Secondary mineral 
Conichalcite CaCu(AsO4)(OH) Secondary mineral 

Pharmacosiderite Fe3(AsO4)2(OH)3�5H2O 
Oxidation product of arsenopyrite and other As 
minerals 

Table 1. Major arsenic minerals occurring in nature [5]. 
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Anthropogenic activities such as farming, mining, uses of fossil fuels, pulp and paper 
production, cement manufacturing et.al., contributing as additional sources of arsenic in the 
environment [7]. 

Arsenic is generally distributed in more than 320 minerals [8], and it’s commonly found in 
arsenopyrite (FeAsS) [9; 10; 11], orpiment (As2S3), realgar (As2S2), and pyrite solid solutions 
(FeS2) [12; 13]. Arsenic is also present in sedimentary environments mainly adsorbed by 
Fe(III) and Mn(IV) after weathering of sulfide minerals [11; 14; 15; 16]. 

The major sources of arsenic in natural waters include arsenic minerals, together with a once 
widespread use of arsenic in pigments, insecticides and herbicides. About 70% of all arsenic 
uses are in pesticides [17].  

Other important uses of arsenic and its compounds are in wood preservatives, glass 
manufacture, electronics, catalysts, alloys, feed additives and veterinary chemicals. Many 
studies document the adverse health effects in humans exposed to inorganic arsenic 
compounds [7], [18].  

Arsenic can form both inorganic and organic compounds. It occurs with valence states of -3, 
0, +3 and +5, nevertheless, the valence states of -3 and 0 occur only rarely in nature.  
This arsenic chemistry discussion focuses on inorganic species of As(III) and As(V). 
Inorganic compounds of arsenic include halides, hydrides (e.g., arsine), acids, oxides, and 
sulfides [19]. 

Arsenic’s toxicity and mobility has been proved to vary with its chemical form and state of 
valence. In sea water and surface water, arsenite and arsenate constitute the dominant 
species. In addition, it is in natural gas and shale oil that organic arsenic species can be 
found. Varying degrees of toxicity and solubility can be evidenced in chemical compounds 
that contain arsenic [20]. 

The mobilization of arsenic in groundwater is controlled by several reactions i.e. 
dissolution/precipitation, adsorption / co-precipitation, and reduction/oxidation. 
Furthermore, numerous processes have given a rise to the existing global account for high 
levels of arsenic in natural water: The weathering of sulfide minerals provides for the 
reductive dissolution of arsenic rich  iron  oxyhydroxides [14; 15; 16; 21; 22; 23]; Arsenic-rich 
pyrite or arsenopyrite oxidative dissolution [10; 12; 13; 24]; Arsenic – bearing minerals that 
interact with water [10; 23].  

Iron oxyhydroxides constitute the most common cause for the widespread contamination 
from arsenic. This is due to the post effect that evidenced following the reaction of iron 
oxyhydroxides with organic carbon release arsenic into solution [25; 26]. The oxidation of 
sulphide minerals such as pyrite is a major source of arsenic. It has also been found to 
constitute the primary source in aquifers located in Wisconsin and Michigan [26; 27].   

3. Arsenic chemical reactions and speciation in water 

Arsenic is a metalloid listed in group VA of the periodic table. It exists in nature in the 
oxidation states +V (arsenate), +III (arsenite), 0 (arsenic) and -III (arsine). In aqueous 
systems, arsenic exhibits anionic behaviour. In case of oxygenated waters, arsenic acid 
predominates only at extremely low pH (< 2). In the pH range of 2 to 11, it is in the form of 
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H2AsO4– and HAsO42–. In mildly reduced conditions and low pH values, arsenious acid 
converted to H2AsO3– as the pH increases. When the pH exceeds 12 HAsO32– does appear 
(Fig.1).  

 

Fig. 1. Eh-pH diagram of aqueous arsenic species in water at 25ºC and 1 bar total pressure [5].  

In the presence of sulphide and in low pH conditions, HAsS2 can form, arsine derivatives 
and arsenic metal can occur under extreme reducing conditions [27, 28]. Figure 1 shows the 
speciation of arsenic under varying pH and redox conditions [5]. 

In different environmental conditions arsenic readily changes its valence state and chemical 
form. Some conditions that may affect arsenic valence and speciation are presented: pH - in 
the pH range of 4 to 10, As(V) species are negatively charged in water, and the predominant 
As(III) species is neutral in charge; redox potential; the presence of complexing ions, such as 
ions of sulfur, iron, and calcium; microbial activity  [29].  

Adsorption-desorption reactions can also affect the mobility of arsenic in the environment. 
Geomaterials such as clays, carbonaceous materials, and oxides of iron, aluminum, and 
manganese are sediment components that may participate in adsorptive reactions with 
arsenic [29]. 
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Studying the Mahomet aquifer, Illinois, U.S.A., Holms et al 2004 [30], constructed Eh-pH 
diagrams for arsenic speciation. The portion of the diagram that includes the pH and 
Oxidation-Reduction Potential (ORP) values of the Mahomet Aquifer was recalculated from 
Holms et al 2004 [30], for 14 0C, the approximate temperature of the aquifer (Figure 2). They 
used thermodynamic data for temperature adjustments from Nordstrom and Archer 2003 [31].  

The diagonal lines separating the As(V) and As(III) species in Figure 2 were calculated as 
follows. The half-reaction for the reduction of As(V) to As(III) was given by equation 1. 

 H3AsO4 + 2H+ + 2e- = H3AsO3 + H2O     (1) 

 

 

Fig. 2. Arsenic Eh-pH diagram, at 14 0C.  Size of symbols indicates dissolved As 
concentration in μg/L. Filled symbols Champaign County, open symbols Tazewell County. 
Dotted lines indicate shift in stability fields for different As(V):As(III) ratios [30]. 

The Nernst equation (equation 2) relates the arsenic species concentrations at equilibrium. 

 0 3 4
10

3 3

H AsO
E E k Log 2pH

H AsO

           (2) 

In equation 2, E0 and k are a constant and a collection of constants, respectively. In the pH 
range of the Mahomet Aquifer, H3AsO4 makes up a small fraction of the As(V), which is 
given by equation 3 [32]. 
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 3 4v

pH 2pH 3pH
a1 a1 a2 a1 a2 a3

H AsO 1
a

As(V) 1 K 10 K K 10 K K K 10
          (3) 

A similar equation can be derived for the fraction of As(III) in the H3AsO3 form (αIII). 
Essentially all of the As(III) is in the H3AsO3 form. Substituting equation 3 into equation 2 
gives equation 4, which relates the equilibrium redox potential to the pH and concentrations 
of As(V) and As(III) (measured quantities [30; 32]). 

 
v

0
10 III

As(V)a
E E k Log 2pH

As(III)a

                      (4) 

The lines labeled 1:1, 10:1, and 1:10 in Figure 2 are for the different ratios of As(V) to As(III) 
used in equation 4. The measured pH and ORP values, the points in Figure 2, plot in areas 
for which both As(III) and As(V) should be detectable and, indeed, both species  
were detectable in most samples [30; 32]. However, most of the points in Figure 2 lie in the 
As(V) field, the area in which As(V) makes up more than 50% of the total arsenic, whereas 
As(III) made up at least 85% of the arsenic in most of the samples analyzed in the present 
work [30; 32].  

Other researchers have also found that their pH-ORP data plot completely in the As(V) field 
[33; 34; 35; 36; 37; 38]. Smedley 1996 [37],  reported groundwater analyses for which As(III) 
made up 3-39% of the total arsenic, the ORP values were 221-469 mV, and the pH values 
were between 5.4 and 7.2. Although many of these data would be off the top of the scale of 
Figure 2, both arsenic species were detectable [30, 37]. 

The only As(III) species considered in equation 4 are H3AsO3 and H2AsO3-, so the value of 
(aIII) was close to 1.0 for all measured pH values. However, there is evidence for 
complexation of As(III) by carbonate ions [39; 40]. The alkalinity values in the Mahomet 
Aquifer are fairly high (10 mmol/l), so if the As(III)-HCO3- stability constants are large 
enough, (aIII) could be significantly less than 1.0. An aIII value of 0.1 would shift the As(III)-
As(V) boundary up approximately 30 mV and many more points would plot in the As(III) 
field [30; 32]. 

The shallow aquifers in Bangladesh and eastern India have attracted the focus of an array of 
studies regarding the source and fate arsenic in groundwater. The pollution of groundwater 
derives from organic-rich deltaic sediments. These sediments show highest concentrations 
in deeper and more reduced sections of the aquifers. As a result, different chemical 
correlations with arsenic have been reported by many investigators. Arsenic and iron have 
been found to be associated in the solid phase, and sometimes in solution but sometimes not 
[15; 16; 41; 42; 43].  

The arsenic, either adsorbed to or co-precipitated with FeOOH, is released into solution. The 
adsorption of metal ions onto the surface of the metal oxides-hydroxides can be described 
by the equation 5, introduced by Stumm and Morgan 1996 [32]: 

 ΞMe OH  + M z+  → MeOM (z-1) + H+    (5) 

In order to explain the high positive loadings found between Mn and As concentrations in 
the groundwater of the Trifilia (Western Greece) karst aquifer, Panagopoulos and 
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Panagiotaras 2011 [44] rewritten equation 5 as equation 6 in the case of As and Mn-
oxides/hydroxides phases: 

 ΞMn OH +As3+  → ΞMnOAs2+ + H+    (6) 

In the case of oxidative weathering and dissolution of arsenic-containing minerals, they are 

primarily account for dissolved inorganic As(V) and As(III) ions in aquifers [10; 12]. This 

complex process can involve biological, chemical and electrochemical reactions and 

hydrodynamic factors. Subsequent mobility of the arsenic in groundwater depends on 

adsorption by mineral phases in soils and bedrocks, especially iron (III) hydroxides which 

have a high affinity for As(V) [14; 45; 46]. The processes can be depicted as in the following 

figure 3 [45]: 

 

                          (Bacterial catalytic oxidation) 

Fig. 3. Oxidative weathering and dissolution of arsenic-containing minerals in aquifers 
involving bacterial catalytic oxidation [45].  

To some extent, the process can be regarded as the oxidation of arsenopyrite by amorphous 

ferric hydroxide. The oxy-anions of arsenic formed are quickly immobilized by the Fe(III) 

hydroxides due to equation 7 [45]: 

 FeAsS + Fe(OH)3   →   [Fex2+Fe3+ (OH)3x+] (AsO4, AsO3)x + Products   (7) 

where x is less than one and the arsenic is adsorbed or co-precipitated with the ferrosoferric 

hydroxides. The reaction is sustained by the shuttling of electrons between the oxidizing 

arsenopyrite surface and the ferric hydroxide, along chemical and biological pathways [45].  

In other cases, arsenic correlated with HCO3- [15; 16; 41; 42]. The correlation with HCO3- was 

determined to be due to reductive dissolution of iron oxides-hydroxides coupled with 

oxidation of abundant organic matter in the sediments. 

Significantly greater concentrations of HCO3- are likely due to CO23- as a result of Organic 

Matter (OM) oxidation during reductive dissolution of ferric oxides-hydroxides.  
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The cycling of arsenic in such a case can be described by equations 8 and 9. Equation 8 
delineates the adsorption of As onto the surface of Fe-oxides/hydroxides solid phases and 
introduced by Stumm and Morgan 1996 (equation 5) [32]. Equation 9 has been described by 
Nickson et al. 2000 [16] who proposed the release of As by the reductive dissolution of ferric 
oxides-hydroxides.  

 ΞFe OH +As3+  → ΞFeOAs2+ + H+    (8) 

 4 FeOOH + CH2O + 7 H2CO3  →  4 Fe2+ + 8 HCO3 - + 6 H2O    (9)  

The vital role that microorganisms play in the release and/or immobilization of arsenic can 
be evidenced via the presence of significant amounts of organic matter and of viable 
populations of bacteria regarding arsenic reduction. [45]. 

Organic ligands can be bound with arsenic in solution and also decrease the amount of 
adsorption of arsenic coupled with reductive iron dissolution [47]. 

Due to the unstable nature of the arsenic species it might be rendered as difficult to treat 
wastes with unstable toxicity and mobility under certain environmental conditions. For 
long-term disposal and treatment purposes it is required that we understand the element’s 
chemistry and the environment of its disposal. 

Current research has expressed an increasing interest and has also shifted its focus on 

studies regarding the speciation of arsenic in both environmental and biological samples. A 

limitation is being posed alongside this research path and this is the low level of arsenic 

species in real samples. This implies that problems highly correlated with the element’s 

speciation remain unresolved. Examples of these problems among others include: species 

instability during sampling, sample and storage treatment, partially complete recovery of all 

species, matrix interferences, lack of appropriate certified reference materials and of 

sensitive analytical methods [6; 17].  

Analytical procedures through continuous development calls for an up-to-date knowledge 

of the recent publications for the purpose of coping successfully with these problems. 

Detection limits are provided for the majority of the methods. This takes place for the 

purpose of comparison affordability and for judging the possible applicability. Various 

researchers have approached these studies in a variety of ways that can lead to knowledge. 

Knowledge is the main determinant for the understanding of the environmental cycle 

regarding this element. Furthermore, it facilitates the understanding of its physiological and 

toxicological behaviour in the living organisms [6; 17; 45]. 

Arsenic does not form any complexes with simple anions like Cl– and SO42– as is the case 
with the cationic metals since it forms anions in solution. The behaviour of anionic arsenic 
resembles the behaviour of ligands in water. It furthermore forms bonds with nitrogen, 
carbon and the organic sulphur. As (III) has been found to react with sulphur and 
sulphydryl groups i.e. cystine, organic dithiols, proteins, enzymes. It has not been found to 
react with amine groups or with organics with reduced nitrogen constituents [17]. 

On the opposite side, As (V) has been found to react with amines (reduced nitrogen groups 
but not with groups of sulphydryl. Organoarsenicals in both trivalent and  pentavalent 
forms can be formed by carbon. The complexation of arsenic III and V by dissolved organic 
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matter in natural environments has been found to prevent sorption and co-precipitation 
with both solid-phase organics and inorganics. Thus, it increases arsenic’s mobility in both 
the soil and aquatic systems [48; 49]. 

It is possible for arsenic inorganic compounds to be methylated by bacteria, fungi, and 
yeasts to organic compounds. As such, it can be methylated into monomethylarsonic acid 
(MMA), dimethylarsinic acid (DMA), and gaseous derivatives of arsine. 

The Bangladeshi samples were the ones that provided the correlation of arsenic with NH3-
N, methane (CH4), Dissolved Organic Carbon (DOC), and Ca [41; 43]. The presence of 
Dissolved Oxygen (DO) or nitrates did not provide any evidence on the existence of arsenic 
[15; 16]. According to various observations arsenic and SO42- tend to be mutually exclusive 
[41; 50]. Further on this path, Dowling et al. (2002) observed that SO42- was absent from the 
samples received and observed, as well as, that arsenic was found to correlate with NH3-N 
and Total Organic Carbon (TOC) [43]. Various parts of the Mahomet Aquifer have provided 
evidence of methane existence. According to Meents (1960), CH4   has been derived from the 
degradation of organic matter in the Sankoty sand found in the Mahomet Aquifer, Illinois 
[51]. He further reported buried soils, peats, and organic-rich silts associated with 
interglacial stages, especially the Sangamon soil, which overly the Mahomet aquifer as being 
additional CH4 sources [30]. 

4. Conclusions  

The distribution of arsenic species and chemistry in aquatic environments is a function of 
redox reactions, adsorption-desorption processes and dissolution of solid phases. In such a 
complex system the activity of bacteria must be considered in order to evaluate possible 
arsenic dissolution mechanisms. The concentrations of several ions and water quality 
parameters, and the relations between arsenic occurrence and other chemical components 
must be examined in order to better understand the correlation between them and gain the 
overall knowledge of arsenic geochemistry in groundwater system.  
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