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ABSTRACT 

Many water treatment technologies for arsenic removal that are used today produce 

arsenic-bearing solid residuals (ABSR), which are disposed in mixed solid waste 

landfills. It is now well established that many of these residuals will release arsenic 

into the environment to a much greater extent than predicted by standard regulatory 

leaching tests and, consequently, require stabilization to ensure benign behaviour after 

disposal. Conventional waste stabilization technologies, such as cement encapsulation 

and vitrification, are not suitable for ABSR applications due to their lack of 

effectiveness or high cost, thus creating a need for a more effective and low-cost 

treatment technology for ABSR.  

 

Arsenic Crystallization Technology (ACT) is a proposed arsenic stabilization method  

that involves in converting the ABSR into arsenic-bearing minerals that resemble 

natural materials and have high arsenic capacity, long term stability, and low 

solubility compared to untreated ABSR. Three arsenic minerals, scorodite, arsenate 

apatite and ferrous arsenate, have been investigated in this research for their potential 

application as ACT for ABSR stabilization.  Among the three minerals, ferrous 

arsenate is demonstrated to be the most suitable arsenate mineral for safe arsenic 

disposal due to its low arsenic solubility and ease of synthesis. An innovative 

treatment procedure has been developed in this research for stabilization of ABSR to 

a stable phase of ferrous arsenate using zero-valent iron (ZVI) as the reducing agent. 

The procedure works at ambient temperature and pressure, and neutral pH.  In 

addition, a modified four-step sequential extraction method has been developed as a 

means to determine the proportions of various arsenic phases in the stabilized as well 
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as untreated ABSR matrices. This extraction method, as well as traditional leach and 

solubility tests, show that arsenic stability in the solid phase is dramatically increased 

after formation of crystalline ferrous arsenate. 

 

Key words: Arsenic Crystallization Technology (ACT), Arsenic Bearing Solid 

Residuals (ABSR), Scorodite, Arsenate Apatite, Ferrous Arsenate, Zero Valent Iron 

(ZVI), Arsenic Leaching  
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CHAPTER 1 : INTRODUCTION 

1.1 Occurrence 

Arsenic is a widely distributed, albeit typically low concentration, element in the earth 

crust accounting for approximately 5.5×10-5 percent of the crustal volume (Mandal 

and Suzuki, 2002). It occurs naturally in about 245 minerals, including elemental 

arsenic, arsenic sulphide, arsenic oxide and secondary arsenic minerals which include 

most of the arsenate and arsenite minerals (Table 1.1). It can be found in rocks, 

sediments, soils, natural water, and the gases and aerosols released from volcanic 

eruptions and coal combustion. The arsenic found in groundwater is primarily derived 

from the dissolution of arsenic-containing minerals by the surrounding groundwater 

through a slow geological process (Smedley and Kinniburgh, 2002). It can also be 

found in the waste streams from a variety of industrial processes such as in mine 

tailings and wood preservation wastes (Smedley and Kinniburgh, 2002).  

Arsenic has achieved notoriety worldwide because of its toxic properties (Selvin et al., 

2002). The deleterious impact of arsenic in drinking water is now recognized even at 

relatively low concentrations (Bodwell et al., 2004; Gamble et al., 2005; Ahsan et al., 

2006; Gamble et al., 2006; Smith et al., 2006). The U.S. Environmental Protection 

Agency (USEPA) has lowered the Maximum Contaminant Level (MCL) of arsenic in 

drinking water from 50 μg/L to 10 μg/L, effective January 2001, with mandatory 

compliance beginning in 2006 (WHO, 1993). Drinking water enriched with arsenic is 

the primary source of human arsenic exposure.  
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Table 1.1 Major arsenic minerals occurring in nature 

Mineral Composition Occurrence 
*Native arsenic  As Hydrothermal veins  
*Niccolite  NiAs Vein deposits and norites 
*Realgar AsS Vein deposits, often associated with 

orpiment, clays and limestone, 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 
*Claudetite As2O3 Secondary mineral formed by oxidation 

of realgar, arsenopyrite and other As 
minerals 

*Annabergite (Ni,Co)3(AsO4)2.8H2O Secondary mineral 
*Hoernesite Mg3(AsO4)2.8H2O Secondary mineral, smelter wastes 
*Haematolite (Mn,Mg)4Al(AsO4)(OH)8 Conichalcite CaCu(AsO4)(OH) 

Secondary mineral 
   
**Ferrisymplesite Fe3(AsO4)2(OH)3.5H2O Oxidation product of arsenopyrite and 

other As minerals 
**Pharmacosiderite Fe4(AsO4)3.(OH)5.5-7H2O Secondary mineral 
**Anqelellite Fe4(AsO4)2O30 Secondary mineral 
***Liskeardite (Al,Fe)3(AsO4)(OH)6.5H2O Secondary mineral 
***Kaatialaite Fe(H2AsO4)3.5H2O Secondary mineral 
***Scorodite FeAsO4.2H2O Secondary mineral 
*Smedley 2001        ** Nordstrom 1987                    *** Robins 1987 

 

Arsenic concentration in ground water varies in a wide range from 0 to 5000 μg/L 

(Welch, 2000). In most countries the background concentration of arsenic in 

groundwater is less then 10 μg/L and sometimes even substantially lower. However, 

some areas, including Vietnam, Bangladesh, and West Bengal, India, have extremely 

high concentrations of arsenic, and a critical water quality issue is encountered 

(USEPA, 2001). 
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Figure 1.1 Arsenic concentrations in ground water of the United States (Welch, 2000) 

Within the U.S., the U.S. Geological Survey (USGS) has developed maps that show 

where and to what extent arsenic occurs in ground water across the country (Figure 

1.1). Naturally occurring arsenic in ground water varies from region to region as a 

result of the unique climate and geology. The western U.S. generally has a higher 

concentration of arsenic, with values frequently above 10 µg/L (Welch, 2000). For 

example, the average arsenic concentration in Phoenix, Arizona groundwater is 

around 17 µg/L, which is above the MCL and treatment is needed when the water is 

used for drinking water purposes (Foust et al., 2007). 
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1.2 Chemistry of Arsenic in Aqueous System 

Arsenic exists in the natural environment in both organic and inorganic compounds. 

Organic compounds include MMAA (monomethylarsonic), DMAA (dimethylarsinic 

acid), and TMAO (trimethylarsine oxide). In natural water, organic arsenic 

compounds have resulted from the use of organo-arsenical pesticides and the 

biomethylation mechanisms of micro-organisms (WHO, 2001). Almost all of the 

inorganic arsenic existing in water is from the oxidation of arsenopyrite (FeAsS), 

which is the most abundant arsenic minerals on the earth.  The two major forms of 

inorganic arsenic are arsenate (As (V)) and arsenite (As (III)). The thermodynamically 

stable form depends on the pH and redox potential of the local environment. Figure 

1.2 shows the favored inorganic arsenic speciation in water as a function of pH and 

the redox potential. Arsenate is present in aqueous solution as H3AsO4, H2AsO4
- 

(predominates at pH<7), HAsO4
2- (predominates in the range of pH 7-11.5 so is likely 

to be present in surface water) and AsO4
3- . Arsenite is present under reducing 

conditions, for example in anaerobic groundwater. It occurs mainly in aqueous 

solution as H3AsO3, as this weak acid is predominant from pH 2 to pH 9.  

1.3 Treatment Techniques for Arsenic Removal 

Arsenic treatment of contaminated surface water and groundwater has become very 

important in order to protect people from elevated levels of exposure. To comply with 

the new US EPA MCL of 10 μg/L, an estimated 3,000 (primarily small) community 

water systems and 1,100 non-transitional non-community water systems, out of the 

74,000 public water systems in the U.S., will need to install additional treatment 
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facilities for removing arsenic or otherwise decrease the concentration of arsenic in 

their delivered water (USEPA, 2001). As a requirement of the Safe Drinking Water 

Act (SDWA), the U.S. EPA has recommended different best available technologies 

(BATs) to comply with the new arsenic MCL regulation. These technologies include 

precipitation/coagulation, adsorption and ion exchange (Table 1.2).  

 

Figure 1.2 Eh–pH diagrams (25oC, 1 atm) for the As–S system (Smedley and 

Kinniburgh, 2002) 
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Table 1.2  Summary of Arsenic Removal Processes(USEPA, 2000)  

 
Precipitation 
 

Calcium arsenate  
Mineral-like arsenates 
Ferrous arsenates 

Adsorption 
Ferrihydrite, Aluminum hydroxide 
Alumina, Activated carbon 
Other sorbents 

Ion Exchange/ 
Reverse Osmosis 

Ion exchange 
Liquid ion exchange 
Reverse osmosis 

 

Precipitation/Coagulation technology is based on the growth and aggregation of 

particles in water. A single process can involve both coagulation and co-precipitation. 

Co-precipitation refers to the addition of inorganic coagulants causing simultaneous 

formation of a solid phase and adsorption of the arsenic on the fresh solid. In all forms 

of coagulation, soluble arsenic is converted to insoluble particles, which can then be 

removed by sedimentation or filtration. Ferric chloride and ferric sulfate are the most 

common coagulants used (USEPA, 2000). A variety of practical coagulation systems 

are based on similar principles and display short-term results ranging from 50-98% 

removal of detectable arsenic contamination (Twidwell et al., 2005). However, in all 

cases, disposal of the arsenic-laden sludge from these approaches remains a 

significant issue. This is because the ferric salt precipitation method generates large 

amounts of solid residuals, which require disposal (Selvin et al., 2002). 

Adsorption concentrates solute arsenic on the surface of a sorbent, resulting in 

reduction of the concentration in the bulk water phase. The adsorption media are 

normally packed into a column through which the contaminated water is passed. 
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Adsorption on the surface of ferrihydrite is considered the “Best Demonstrated 

Available Technology” (BDAT) for the removal of arsenic in water as selected by the 

U.S. EPA, and has been applied successfully to remove arsenic from groundwater, 

surface water, mine drainage, drinking water, and industrial wastewater (Twidwell et 

al., 1999). The main problem associated with this process is the generation of large 

volumes of arsenate ferric oxy/hydroxide (USEPA, 2003). The main alternatives for 

arsenic adsorption described as BATs (USEPA, 2000) include activated alumina (AA) 

and granular ferric hydroxide (GFH). Both AA and GFH are non-regenerable sorbents 

that ultimately lead to production of arsenic bearing solid residuals (ABSR). The GFH 

sorbent has been demonstrated to achieve a somewhat higher performance than 

activated alumna (Manceau, 1995). 

Ion Exchange treatment consists of passing water through columns containing 

material that exchanges ions in the water with other ions associated with functional 

groups on the resin. Ion exchange can effectively remove arsenic either as anionic 

arsenate or arsenite, although the latter is only predominantly in the charged form for 

pH > 9.2. Dissolved ions, such as sulfate, selenium, fluoride, nitrate and carbonate 

compete with arsenic and can affect treatment performance (i.e. removal efficiency 

and process duration) (Lin et al., 2006). During this process, a relatively large volume 

of brine stream is generated with high arsenic concentrations. The brine is often 

subsequently treated by a precipitation/coagulation process with iron salts to remove 

the arsenic, which results in a significant volume of solid residuals being generated 

(USEPA, 2000). 
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In addition, there exist other promising technologies for arsenic removal that have not 

been designated as BATs. These technologies are: removal by reverse osmosis, 

sorption on metal-oxide-coated sand, permeable reactive barriers, membrane filtration 

and coagulation assisted micro filtration (Selvin et al., 2002; USEPA, 2002).  

1.4 Treatment Techniques for Arsenic Waste 

As described above, all the practical industrial arsenic removal techniques produce 

ABSR, and most of them containing arsenic and iron, which require disposal. It is 

estimated that about 4,000 tons of ABSR will be generated annually by arsenic 

removal processes applied to drinking water treatment (Ela, 2006). Based on the 

current U.S. EPA regulations, the potential for arsenic mobilization from a solid waste 

is assessed by the Toxicity Characteristic Leaching Procedure (TCLP)(EPA, 1992). 

The TCLP is the standard test procedure to determine whether the solid residuals 

should be disposed of in non-hazardous or hazardous landfills. The toxicity 

characteristic regulatory level for arsenic is 5 mg/L (EPA, 2000). Nearly all ABSR 

pass the TCLP test and consequently are classified as non-hazardous waste.  Thus, 

ABSR are typically disposed of in non-hazardous landfills. However, it has been 

shown the TCLP underestimates ABSR arsenic leaching and the arsenic may be 

released into the aqueous phase by ageing, dehydration, recrystallization, and 

microbial transformations (Broadbent et al., 1994; Wang et al., 2000; Ghosh et al., 

2006). Therefore, the management of ABSR has become a critical environmental 

issue.  
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Conventional waste stabilization technologies are summarized in Table 1.3. 

Vitrification is the best-demonstrated available technology for iron-arsenic sludge 

disposal selected by the U.S. EPA. It requires melting the mixture of sludge under 

extremely high temperature (2630-3330 oC) and cooling it down to room temperature 

in order to form a solid structure. Vitrification treatment is effective in reducing 

leachability and increases the treated material strength. However, it is expensive due 

to high energy utilization and process difficulties (USEPA, 2000). During high 

temperature processing, some arsenic compounds may volatilize (Rengifo et al., 2004) 

and these are capable of being reduced to arsine (AsH3) which is a very potent and 

hard to detect gaseous toxicant (Klimecki and Carter, 1995). 

Table 1.3 Common arsenic waste treatment techniques and their difficulties during 

long term implementation (Riveros et al., 2001) 

Arsenical 
ferrihydrite 
(Amorphous 
phase) 
(Fe:As > 3:1) 

Dehydration can lead to instability 
Recrystallization to goethite 
Possibility of biochemical reduction of As(V) to As(III) and Fe(III) to 
Fe(II) 
Voluminous material containing low concentrations of arsenic 
 

Polymer 
Encapsulation 
  

Organic solvents may dissolve or weaken binder material 
 

Vitrification High, long-term stability  
Requires highly specific conditions for incorporation of arsenic into slag
Energy intensive 
 

Arsenical cements 
(S/S, Cement) 

Carbonation of lime in the cements may reduce the buffering action and 
lead to reduced pH and arsenic mobilization 
Long-term physical integrity of arsenical cements is unknown 
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Solidification/Stabilization (S/S) is considered to be an established treatment 

technology and has been selected for use at 25% of the nation’s superfund sites due to 

its reasonable cost and accepted effectiveness (USEPA, 2000). The S/S process 

physically binds arsenic contaminants within a stabilized mass and chemically 

reduces the hazardous potential of the waste by converting the contaminants into less 

soluble, less mobile or less toxic forms (Phenrat et al., 2004). There are a wide range 

of materials that can be used as binders including lime, cement and polymer materials 

(Rengifo et al., 2004).  However, some S/S processes have not been well 

characterized (Phenrat et al., 2004). In some cases, it is thought that a chemical 

reaction between the arsenate group and the stabilization material leads to 

demobilization (Jing et al., 2003). Of all the considerations, the formation of calcium 

(chemical compound from cement)-arsenic compounds should be the most effective 

immobilization mechanism (Phenrat et al., 2004). However, calcium arsenate 

minerals have been characterized as a non stable phase in a CO2 environment by 

forming a more stable phase of calcium carbonate that releases arsenic to the 

surroundings (Twidwell et al., 1999). In addition, arsenic may not react chemically 

with the cement phases to form stable arsenic compounds such as calcium arsenate, 

and cement is sufficiently porous and alkaline to promote arsenic desorption rates. 

The U.S. EPA does not recommend use of the S/S methods for treatment of arsenic 

waste due to long-term stability issues and increased waste volume, but recommends 

a site-specific treatability study (USEPA, 2002). 

Polymer encapsulation involves heating and mixing waste material and thermoplastic 

resin at elevated temperature in an extrusion machine. Thermoplastic resins reported 
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in the literature include asphalt, HDPE, paraffins, and styrene-butadiene rubber. 

Polymer binders have been used mainly to treat low-level radioactive waste, but also 

have been tested with arsenic wastes (Arniella and Blythe, 1990). Limitation of this 

method is organic solvents, oil and grease, if present, can dissolve or weaken binder 

material. 

Overall, conventional waste stabilization technologies are not suitable for ABSR 

application due to their lack of effectiveness or high cost, thus creating a need for a 

more effective and low-cost treatment technology for ABSR (Shaw et al., 2008). 

1.5 Arsenic Waste Stabilization by Crystallization 

An alternative of arsenic stabilization technologies is to transform soluble arsenic 

compounds into its analogous minerals which have high arsenic capacity, long term 

stability over geological time and low solubility compared to ABSR. This method is 

called Arsenic Crystallization Technology (ACT). Arsenic bearing waste generated 

from water treatment plants is either in the form of arsenic sorbed on the surface of a 

sorbent (e.g. GFH), or arsenic sludge generated from a precipitation/co-precipitation 

process using ferric salts (Vircikova, 1995). Amorphous iron oxide within both 

sorbent media and amorphous arsenic sludge can be easily transformed into more 

crystalline goethite or more stable crystalline hematite under neutral pH conditions 

(Figure 1.3) (Schwertmann and Murad, 1983; Broadbent et al., 1994). Once the 

amorphous phase is transformed, its active adsorption surface area decreases 

dramatically and arsenic is released as a consequence (Waychunas, 1993). Therefore, 
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the solution to this problem is to take arsenic out of the non-stable adsorbed phase and 

re-crystallize to arsenic concentrated and more stable materials.  

 

Figure 1.3 Pathway of iron oxides transformation (Cornell and Schwertmann, 2003) 

 

Arsenic waste processing using crystallization generates a mineral phase that 

maintains an environmentally benign equilibrium under given environmental 
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conditions (i.e. landfill conditions). If equilibrium is achieved, the long term stability 

would be ensured, at least for as long as the environmental conditions are maintained. 

This proposed technology treats arsenic-bearing sludge under specified conditions of 

temperature, pH, humidity, and with or without additives. Processing of the ABSR 

sludge may cause molecules and chemical functional groups to rearrange to form the 

expected arsenic-rich mineral structure in which arsenic can be stored in a low 

mobility, relatively stable phase. The processed minerals are stable under natural 

landfill conditions. This process is schematically shown in Figure 1.4. If this process 

can be achieved under natural environmental conditions, it becomes an ageing process 

and arsenic waste can be disposed in mixed-solid waste landfills (Forstner and Hasse, 

1998).  

The key to the crystallization method is to select a proper arsenic storage mineral. An 

investigation of arsenic-bearing sludge’s chemical composition from water treatment 

plant indicates that major chemicals of sludge are Fe3+ and AsO4
3- with Fe3+ in excess. 

Thus, the formation of Fe-As minerals becomes the first option.  Candidates of 

arsenic minerals should have the following properties: (1) similar chemical 

composition to the original waste compound (Fe and As), to avoid adding costly 

chemicals; (2) environmentally friendly conversion process in terms of temperature, 

pressure, energy, pH and additives; (3) low arsenic solubility under the targeted 

environmental conditions (e.g., landfill conditions); and (4) high arsenic capacity and 

high density compared to the original phase to reduce the total volume of the waste.  



 

 

28

 

Figure 1.4 Arsenic waste process using crystallization(Forstner and Hasse, 1998) 

 

1.6 Objectives 

One solution to the problem of arsenic leaching from ABSR after disposal is to 

develop an arsenic crystallization technology that would transform the arsenic-iron 

residual solid into a stable crystalline, mineralogical phase. The objective of this work 

has been to develop this stabilization technology to yield a product with a high arsenic 

mass content, long-term stability in likely disposal conditions, and a low energy, 

environmentally benign production pathway. The research effort focussed on 

investigating potential pathways for “remineralizing” or crystallizing arsenic from an 

unstable amorphous phase into natural, stable mineralogical forms. The specific 

objectives of the study are: 
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(1) To select candidate materials based on natural arsenic minerals that have the 

following properties: high arsenic content, high density, low solubility at near-

neutral pH, and long-term equilibrium phase stability.  

(2) Based on the results of the candidate mineral selection work, three main classes of 

minerals were chosen for further investigation: scorodite, arsenate apatites, and 

ferrous arsenates. Specific objectives for each of these minerals are: 

  a) To investigate the synthesis conditions for scorodite (FeAsO4.2H2O) from 

readily available cationic metals, to characterize the synthesized materials, and to 

determine their solubility using solutions over a broad range of pH.  

  b) To synthesize arsenate apatite minerals from the Ca-As-Fe system, and to 

evaluate the feasibility of synthesized arsenate apatite as an arsenic 

immobilization mineral. 

   c) To optimize the synthesis conditions for ferrous arsenate (Fe3(AsO4)2) 

including pH, temperature, and reaction time so as to minimize arsenic aqueous 

solubility; to calculate the solubility product of synthesized ferrous arsenate; and. 

to evaluate the suitability of ferrous arsenate as an arsenic immobilization material 

using long-term dissolution tests.  

(3) Based on the results from the candidate mineral scoping synthesis and 

performance work, ferrous arsenate was chosen for further investigation. The 

specific objectives of the follow-on ferrous arsenate work are: 
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  a) To optimize the synthesis process conditions including the reducing agent, 

pH, temperature, and amount of additives using TCLP tests. 

  b) To validate the effectiveness of the proposed ferrous arsenate stabilization 

method using the sequential extraction method, and to determine the mechanisms 

of arsenic stabilization through the developed sequential extraction procedure. 

1.7 Dissertation Overview 

According to comprehensive literature review and preliminary experimental results of 

this research, three Fe-As minerals, scorodite (FeAsO4.2H2O), arsenate apatite 

(Ca10P6-nAsnO4(OH)2 ), and ferrous arsenate (Fe3(AsO4)2) were selected as candidates 

of interest. Synthesis conditions for the proposed arsenic minerals with respect to pure 

components are summarized in Table 1.4. The detailed literature review for scorodite, 

arsenate apatite and ferrous arsenate will be covered in chapter 2, 3 and 4 respectively.   

 

Table 1.4 Comparison of synthesis conditions for arsenic-bearing minerals evaluated 

for ACT 

Synthesis conditions  
Arsenic minerals  Temp. 

(oC)  
pH  Redox Condition  

Scorodite  FeAsO4·2H2O  > 95  < 3  Oxidizing  

Arsenate apatite 
Ca10(PO4)6-x(AsO4)x(OH)2 

40 -- 90 > 10  Oxidizing  

Ferrous arsenate/phosphate 
Fe3(AsO4)2  

25 -- 160 4 -- 7 Reducing  
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Development of a cost effective and technically feasible technology using the 

proposed arsenic storage mineral is the final goal of this research. Literature review of 

other studies on the transformation of arsenic from real arsenic waste into a stable 

arsenic mineral phase is covered in chapter 5. The most popular method to validate 

the effectiveness of arsenic stabilization method and to evaluate the stabilization 

mechanism is through a sequential extraction test using a series of chemicals in order 

of aggressiveness (Tessier et al., 1979; Rubinos et al., 2005). The review of the 

sequential extraction test and its use on arsenic containing solids can be found in 

chapter 6.    
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CHAPTER 2 : EFFECTS OF SYNTHESIS CONDITIONS ON THE 

MORPHOLOGY AND SOLUBILITY OF SCORODITE (FeAsO4.2H2O) 

Abstract 

This study investigates the effects of synthesis conditions on the morphology and 

solubility of scorodite (FeAsO4.2H2O) over a range of temperatures, pH of the initial 

solutions, and Fe/As molar ratios. Although crystalline scorodite can be precipitated 

at a wide range of synthesis conditions (pH < 3, T > 95oC, and Fe/As < 2), it is found 

that the morphology and solubility of synthesized scorodite depends strongly on the 

synthesis conditions. The degree of crystallinity of synthesized scorodite decreases 

with the increase of pH when pH is greater than 3, and the temperature and Fe/As 

ratios are held constant (160 °C and Fe/As=1). The synthesis temperature shows little 

effect on the crystallinity of the scorodite synthesized with Fe/As = 1, but the particle 

size decreases with increasing temperature. Excess of iron (Fe/As > 1) inhibits the 

precipitation of crystalline scorodite and promotes the formation of hematite instead. 

The arsenic solubility of the synthesized mineral increases with synthesis pH and 

decreases with increases in temperature and Fe/As ratios. In the latter case, arsenic 

solubility is reduced by adsorption onto crystalline iron oxy/hydroxide phases. The 

dependence of morphology and solubility of synthesized scorodite on pH, temperature 

and Fe/As ratio has implications for the potential use of scorodite in immobilizing 

arsenic in arsenic bearing solid waste. 

Key Words: scorodite, solubility, morphology, arsenic stabilization 
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2.1 Introduction 

Arsenic is a major threat to human health. It is known that arsenic in drinking water is 

a carcinogen, even at relatively low concentrations (Mandal and Suzuki, 2002). As a 

consequence, the maximum contaminant level (MCL) of arsenic in drinking water 

was reduced from 50 μg/L to 10 μg/L by the U.S. Environmental Protection Agency, 

effective March 2006. This leads to the generation of about 4000 metric tons of 

arsenic bearing residuals (ABR) per year by arsenic removal processes from drinking 

water in the U.S. (U. S. Environmental Protection Agency, 2001). In addition, mining 

activities, wood preservation processes and pesticide industries are other major 

arsenic waste sources. Solid arsenic residuals from these operations are expected to be 

disposed in mixed solid waste landfills from which arsenic may be released into the 

environment as ageing, dehydration and recrystallization of residuals occurs, which 

reduces surface area and active sites for arsenic sorption (Ghosh et al., 2004; Ghosh et 

al., 2006). Therefore, the management of ABSR has become a critical environmental 

issue. Conventional arsenic waste treatment technologies such as cement 

encapsulation and vitrification may not be suitable as a means to stabilize residuals 

due to their low effectiveness under landfill conditions (cement) (Shaw et al., 2008) 

or relatively high cost (vitrification) (Twidwell et al., 1999). 

Arsenic crystallization has recently received increased interest as a potential arsenic 

stabilization technology. In this method, soluble arsenic compounds are precipitated 

into minerals that resemble natural materials and have high arsenic capacity, long 

term stability over geological time and low solubility compared to common ABSR 
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(Demopoulos et al., 1994; Mamaote, 2001; Zhu et al., 2005; Johnston and Singer, 

2007). Among the major natural arsenic minerals (Table 2.1), scorodite 

(FeAsO4.2H2O) has become one of the most interesting species due to its high arsenic 

capacity, low solubility and ease of handling (Twidwell et al., 1995). 

The synthesis of crystalline scorodite from hydrometallurgical solutions is a relatively 

complex process resulting in various compounds. The composition of the final 

product depends on various factors, such as temperature, pH, and the molar ratios of 

Fe to As. Previous studies on scorodite synthesis have focused on crystalline scorodite 

precipitation from ferric and arsenate acidic solutions under stoichiometric conditions 

(Table 2.2). 

Dove and Rimstidt (1985) reported a successful procedure to produce scorodite 

(FeAsO4.2H2O) by mixing ferric chloride (FeCl3) and sodium arsenate (Na3AsO4) 

solutions at 95 – 105 oC for 14 days. Recently, this method has been modified by Le 

Berre et al. (2008) to produce crystalline scorodite via the transformation of poorly 

crystalline ferric arsenate in weakly acid solutions and elevated temperatures (40-80 

oC) for 24 hours. Le Berre et al. (2008) concluded that crystalline scorodite 

transformation occurs through heterogeneous nucleation and self-catalyzed crystal 

growth. However, the size of the primary crystallite is around 20 nm, which is 

detrimental to arsenic retention due to high surface area and bioavailability. Dutrizac 

(1988) synthesized crystalline scorodite from a ferric nitrate solution at pH~0.7, and 

found that temperatures higher than 125 °C (ideally 160 °C) were needed to ensure 

high degree of crystallinity. Values of pH in the range of 0.2 to 1.0 were found to 
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have little effect on either the structure or composition of the scorodite. Crystalline 

scorodite has been produced from concentrated chloride solutions under ambient 

pressure in the temperature range of 90-95 °C by applying a super-saturation-

controlled precipitation procedure at concentrations more than three times the 

solubility (Demopoulos et al., 1995; Droppert et al., 1996). Singhania et al. (2005) 

confirmed that scorodite precipitation under ambient-pressure conditions was a robust 

fabrication process that can be carried out at temperatures as low as 85 oC with the 

presence of heterogeneous particles as seeding materials. Despite the numerous 

scorodite syntheses studies aimed at immobilization of arsenic from acidic solutions, 

little is known about the effects of excess iron on the synthesis of scorodite. Due to 

the interest of using scorodite as long term storage mineral for arsenic bearing solid 

waste generated by iron- based adsorbent media with Fe/As>100, a study of a Fe/As 

ratio effect on the synthesis of scorodite is relevant. 

The solubility of scorodite depends on the composition of the solid material, its 

degree of crystallinity, and, especially, the synthesis conditions such as pH and 

temperature. It is well established that amorphous phases generally have higher 

solubility than thermodynamically-stable crystalline species (Le Berre et al., 2007). 

The majority of scorodite dissolution studies have been conducted under strongly 

acidic solutions (pH < 3), and the reported solubility products (Ksp)  range from 10-19 

to 10-25 (Robins, 1981; Dove and Rimstidt, 1985; Krause and Ettel, 1987; Robins, 

1987; Broadbent et al., 1994; Zhu and Merkel, 2001; Harvey et al., 2006). These Ksp 

values are not applicable to scorodite as an arsenic-stabilization solid, because the 

typical non-hazardous landfill conditions are slightly alkaline (Wang et al., 2002).  
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The high interest on stability of scorodite has motivated studies on its incongruent 

dissolution in higher pH solutions (Moldovan and Hendry, 2005; Bluteau and 

Demopoulos, 2007). Although abundant literature is available on the pH dependence 

of arsenic solubility of scorodite synthesized using one of the methods described 

above, a correlation between solubility and synthesis conditions has not been found in 

a single integrated study that involves a wide pH range. Different synthesis conditions 

can result in products that may have significant different characteristics such as purity, 

particle size, and crystallinity.  

The objective of this work is to study the relationship between scorodite synthesis 

conditions and the solubility dependence on the pH of leaching solutions. Here, we 

report the synthesis of scorodite at various pHs, temperatures and Fe/As ratios. To 

establish the morphology and characteristics of the synthesized materials, we have 

investigated particle size and crystallinity of the synthesized solids. Experimental 

scorodite solubility was determined using standard solubility tests. The influence of 

excess iron on the solubility of the synthesized materials was also studied.      

2.2 Materials and Methods 

2.2.1 Scorodite Synthesis 

Three sets of scorodite synthesis experiments were performed under varying 

hydrothermal conditions, including pH, temperature, and Fe/As ratio. The initial 

chemical composition of the synthesis solutions and the process conditions are listed 

in Table 2.3. 
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2.2.1.1 pH Dependence Experiments 

The samples pH-1, pH-3, pH-5, and pH-7 for pH dependence experiments were 

synthesized at pHs of 1, 3, 5, 7, respectively, using a method modified from Dutrizac, 

et al. (Dutrizac, 1988). The experiments were conducted in a 400 mL autoclave at 160 

oC for 24 hours. The pressure in the autoclave was maintained at 8 bars. A 0.3 M 

Fe(NO3)3 solution and a 0.3 M NaH2AsO4 solution were mixed to obtain a 1:1 Fe/As 

molar ratio to a total volume of 300 mL. The pH-1 experiment was carried out at the 

initial pH of the mixed solution without adjustment. The pH values of the pH-3, pH-5, 

and pH-7 experiments were adjusted using a 1 M NaOH solution. At the end of the 

synthesis process, the precipitates were filtered using 0.45 μm membrane filters and 

then washed using 0.5 L 80-90 oC hot water three times to purify the samples. The 

washed products were then dried in a 60 oC oven for 4 days and stored in glass vials at 

room temperature for solid phase characterization and solubility tests.   

2.2.1.2 Temperature Dependence Experiments 

The temperature dependence experiments were performed using methods modified 

from the references listed in Table 2.3. Sample T-1 was prepared by mixing 0.11 M 

Fe(NO3)3 and 0.1 M NaH2AsO4 at 1:1 Fe/As molar ratio to a total volume of 300 mL. 

The resulting product was then aged for 14 days in the mother liquor at 60 oC. Sample 

T-2 was synthesized by mixing 0.11 M Fe(NO3)3 and 0.1 M NaH2AsO4 at 1:1 Fe/As 

molar ratio to a total volume of 300 mL. A 10 M HNO3 solution was added to reduce 

the pH to zero and the solution was heated and maintained at 95 oC in an oil bath 
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reactor. The pH of the solution was gradually adjusted to 1.5 within 60 minutes using 

a 10 M NaOH solution. Samples T-3 and T-4 were synthesized by mixing 0.11 M 

Fe(NO3)3 and 0.1 M NaH2AsO4 at 1:1 Fe/As molar ratio to a total volume of 300 mL 

in a 400 mL autoclave at 150 and 230 oC, respectively, for 24 hours. The pressure was 

maintained at 8 bars and 11 bars, respectively, to achieve the designed temperature. 

The same filtration, washing, drying, and storage protocols as for pH-dependence 

experiments were used in this case. 

2.2.1.3  Fe/As Ratio Dependence Experiments 

The Fe/As ratio dependence experiments were performed in a 400 mL autoclave at 

160 oC for 24 hours. The pressure of these experiments was maintained at 8 bars. The 

basal solutions were prepared by mixing a 150 mL Fe(NO3)3 solution and a 150 mL 

NaH2AsO4 solution. The concentration of Fe(NO3)3 was varied at 0.2 M, 0.5 M, and 

1.0 M to obtain Fe/As ratios of 2, 5, and 10, respectively. The initial solution pH was 

adjusted using a 10 M NaOH solution to a value of 3. The same filtration, washing, 

drying, and storage protocols as for pH dependence experiments were used in this 

case. 
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2.2.2 Characterization and Analytical Methods 

2.2.2.1 Reference Sample 

To characterize synthesized scorodite, a natural scorodite specimen was purchased 

from Caldbeck Fells Mines, UK. The specimen was characterized using X-Ray 

Diffraction (XRD) and Raman spectroscopy, which confirmed it as an authentic 

reference for synthesized scorodite. 

2.2.2.2 Powder X-Ray Diffraction (XRD) 

A Bruker D8 Advance diffractometer using Cu radiation was used for scorodite and 

other crystalline phase identification in the bulk samples. The diffractometer was 

equipped with a scintillation detector, as well as an energy dispersive spectrometer, to 

handle fluorescent material. Diffraction patterns for selected samples were recorded 

by continuous scans from 5o to 90° for over 285 minutes. The major crystalline phases 

were identified using the Bruker instrument software and the International Centre for 

Diffraction Data (ICDD) database. 

2.2.2.3 Scanning Electron Microscopy (SEM） 

A Hitachi S-2460N Scanning Electron Microscope equipped with an EDS (Energy 

Dispersive Spectroscopy) detector for X-ray microanalysis was used to obtain SEM 

images and EDS spectra of the synthesized samples. These results allow for the 
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identification of the microstructure of the samples together with their approximate 

chemical composition in the solid phase.  

2.2.2.4 Standard Solubility Test 

Due to the expected strong dependence of arsenic and iron solubility on the pH of the 

leaching solution, the solubility tests were conducted in a fixed-pH system. The pH of 

the leaching solution was monitored periodically and adjusted manually to the 

designed set point in the range from 3 to 10. Suspension of solid material in water was 

carried out in a 20 mL glass tube reactor. The liquid to solid ratio (L/S) was controlled 

at 20 by adding 2.5 g of synthesized materials to 50 mL of DI water. Analytical grade, 

1 M HCl or NaOH solutions were used for pH adjustment. The reactors were sealed 

and stirred continuously on a shaker table at 100 rpm for 2 weeks. At the end of the 

experiment, the suspensions were filtered through 0.45-μm membrane filters, and the 

filtrate samples were collected for chemical analysis. All experiments were carried out 

at temperatures in the range of 22-27 oC. 

2.2.2.5 Arsenic and Iron Determination in Solution 

The total concentrations of dissolved arsenic and iron in solution were determined by 

using a Perkin-Elmer Optima 5300 DV inductively-coupled plasma optical emission 

spectrometer (ICP-OES). The gas flow to the nebulizers was 0.60 L/min and the 

sample flow rate was 1.5 mL/min. The instrument was operated using Perkin-Elmer 

software equipped with EPA testing method SW846 6020-A (EPA, 2007). The 

samples were diluted to the measurable range of the instrument using a 2% HCl 
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solution. Dilution factors varied depending on the constituent concentration. Typically, 

a 10 mL solution was prepared for analysis. An analytical blank was prepared for 

every batch test. The primary chemicals used to prepare the calibration and quality 

control standards and reagents were of analytical reagent grade. 

2.3 Results and Discussion 

2.3.1 Sample Characterization Using SEM and XRD 

Scorodite powders prepared under various synthesis conditions were characterized 

using XRD and SEM; XRD was used to determine the crystalline mineral phase of 

dried samples and possible presence of more than one crystalline phase, while SEM 

was used to characterize the material microstructure, estimate the average crystal 

particle size, and determine the approximate chemical composition of the solid phase 

using EDS spectra. Table 2.4 summarizes the XRD and SEM results for the products 

synthesized in the pH dependence, temperature dependence, and Fe/As ratio 

dependence experiments. For each experiment, both XRD and SEM samples were 

prepared from the same batch to ensure the consistency of the testing results. 

2.3.1.1 Effect of pH 

The pH of the synthesis solution has a strong effect on crystal growth, morphology, 

and particle size as seen in the SEM images (Figure 2.1). The natural scorodite was 

most likely deposited from an acidic water stream through a long geological process. 

It exhibits a well organized cubic structure with particle sizes up to 500 μm. The SEM 
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results indicate that the increase of solution pH dramatically decreases the crystal 

particle size. It is also observed that changes in synthesis pH produce different 

morphologies. Although the material formed from the pH 5 solution has a well-

defined crystalline scorodite phase from its XRD pattern (Figure 2.2), the crystallites 

seem lamellar in nature, which would indicate that they have a relatively high exposed 

surface area.  

Figure 2.2 shows the XRD patterns of the synthesized scorodite under different initial 

pH conditions. Primary peaks of crystalline scorodite appeared for all scorodite 

synthesized in solutions with pH values less than 5. The non-scorodite phases (peaks 

1, 4, 5 and 6 on Figure 2.2) build up from pH 3 to pH 5 samples. These phases do not 

have a representation in the ICDD database. They may affect the arsenic solubility if 

they are arsenic containing minerals. The XRD patterns show that the degree of 

crystallinity of the synthesized scorodite decreased with increasing pH. At pH 7, the 

material becomes almost totally amorphous. 

Both SEM and XRD characterization confirm that crystalline scorodite mineral can be 

formed under oxidizing conditions and acidic solution, as determined from 

PHREECQ (a chemical modelling based on equilibrium thermodynamics in the 

aqueous phase) (Zhu and Merkel, 2001). Particle size and morphology are key control 

parameters in determining the surface area of the particle material. Larger surface area 

typically contributes to increased dissolution kinetics. Therefore, the difference of the 

synthesized scorodites in morphology and particle size would result in variation of 

arsenic concentration in solution by varying active surface area. 
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2.3.1.2 Effect of Temperature 

The XRD and SEM results for the synthesized products from the temperature 

experiments indicate that the samples T-2 to T-4 have scorodite with high crystallinity 

as the only detectable crystalline phase, and the T-1 sample has poorly crystalline 

scorodite with extremely fine particle size (Table 2.4). The particle size increases with 

increasing synthesis temperature, but the effect diminishes when the temperature 

reaches 160 oC and above.  

2.3.1.3 Effect of Fe/As Ratio 

Figure 2.3 shows the XRD patterns of the synthesized scorodite materials with 

different Fe/As ratios at constant synthesis pH and process temperature. The degree of 

crystallinity of the synthesized scorodites decreases with increasing Fe/As ratio, and 

no more crystalline phase can be detected when Fe/As reaches 5 and above. The only 

crystalline phase is scorodite with Fe/As = 1. A crystalline hematite phase is 

identified in the FA-3 sample with strong major peaks, and poorly crystalline hematite 

forms in the FA-2 sample with relatively low peak intensity. This is strong evidence 

that excess iron may inhibit the formation of scorodite, but, on the other hand, 

additional arsenic may stop hematite formation. A possible arsenic phase in poorly 

crystalline materials could be amorphous ferric arsenate, or just that arsenic is mostly 

adsorbed on the surface of an iron oxide/hydroxide solid. Figure 2.4 shows the SEM 

images of synthesized materials with different Fe/As ratios. Both crystalline phases of 
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scorodite and hematite are clearly observed in Figure 2.4a. For Fe/As = 10, only 

hematite is produced, with a particle size of 0.25 μm (Figure 2.4b).  

2.3.2 Solubility of Synthesized Materials 

Scorodite is considered a metastable mineral, and may dissolve congruently, 

 FeAsO4.2H2O  Fe3+ + AsO4
3- + 2H2O   (1) 

or incongruently, 

 FeAsO4.2H2O  FeOOH + H2AsO4
- + H+   (2) 

depending on the pH of the leaching solution (Krause and Ettel, 1989). Scorodite 

solubility can be estimated using congruent dissolution experiments with acidic 

aqueous solutions (pH<3) (Harvey et al., 2006). However, incongruent dissolution, 

forming ferric oxide/hydroxide and releasing arsenic into the solution, might be slow 

to reach thermodynamic equilibrium due to formation of the more stable phase of iron 

oxide. A recent study on kinetics and stability of scorodite found that the 

concentration of arsenic in solution was not able to reach equilibrium in a 67-week 

long experiment at 22 oC at pH 8-9 (Bluteau and Demopoulos, 2007).  
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2.3.2.1. Influence of Synthesis pH on Arsenic Solubility 

Figure 2.5 shows the arsenic concentration as a function of the leaching pH for 

scorodite samples synthesized at different pHs. All the samples have similar leaching 

trends over a pH range of 3 to 10: minimum apparent arsenic solubility is observed at 

pH 5 for all samples. Apparent arsenic solubility increases substantially with the 

increase of pH of the leaching solution for pH greater than 5. The relationship of 

arsenic solubility with the synthesis pH of scorodite can be described empirically by 

the fitted equations obtained from the results of Figure 2.5 as follows: 

0.3976x
A 0.0846e(pH3)C =         (3) 

0.8089x
A 0.0027e(pH5)C =         (4) 

0.6634x
A 0.011e(pH7)C =         (5) 

0.3282x
A 0.5006e(pH10)C =         (6) 

Where CA(•) in mM represents the arsenic concentration from leaching solution of (•), 

and x represents the synthesis pH of scorodite ranging from 1 to 7. 

Natural scorodite has much lower arsenic apparent solubility through the testing range, 

although it has the same trends as synthesized scorodites. The low apparent solubility 

of natural scorodite may be attributed to its lower surface area and its greater purity. 
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The samples leached in the solutions having pHs of 5 and 7 exhibit a higher 

sensitivity of synthesis pH on arsenic solubility than those at pHs 3 and 10. As 

described previously, the samples pH-1 and pH-3 contain crystalline scorodite, 

according to the XRD results. The higher arsenic apparent solubility of the sample 

pH-3 may result from two facts: (1) this sample dissolves faster due to its larger active 

surface area resulting from the smaller particle sizes; and (2) more soluble adsorbed 

arsenic phase exists on the surface of ferrihydrite which may be precipitated from 

solutions with pH equal to or greater than 2.5. Compared to the samples pH-1 and pH-

3, the sample pH-5 is not a pure crystalline scorodite, and contains other unknown 

arsenic crystalline phase and an amorphous iron oxide phase. The higher arsenic 

apparent solubility of sample pH-5 indicates that the unknown crystalline phases are 

more soluble than scorodite. The arsenic apparent solubility is likely controlled by the 

unknown phase and the adsorbed arsenic. For the sample pH-7, the majority of the 

solid is amorphous, which could be either in the amorphous ferric arsenate form or 

just adsorbed on the surface of iron oxide. Both the amorphous and adsorbed arsenic 

are more soluble than the crystalline phase. As a consequence, sample pH-7 has the 

highest solubility among all of the synthesized samples. 

2.3.2.2. Influence of Synthesis Temperature on Arsenic Solubility 

Results from the leaching test for the materials synthesized in the temperature 

dependence experiments are shown in Figure 2.6. Arsenic apparent solubility 

decreases with increase of synthesis temperature. All the samples have similar 

dissolution trends with respect to the pH of the leaching solutions, with the minimum 
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solubility occurring at pH 5 and the maximum solubility at pH 10.  As shown in 

Figure 2.6, the arsenic apparent solubility of the samples T-3 and T-4 is close to each 

other at the same leaching pH, indicating that the synthesis temperature has little 

effect on arsenic apparent solubility at 150 oC and above. This can be explained in 

terms of material characteristics; that is, there is little difference between the samples 

T-3 and T-4 in terms of particle size, morphology, and chemical composition while 

their synthesis temperature varied from 150 oC to 230 oC. The highest arsenic 

solubility occurs for the sample T-1 under all leaching pH conditions. This can be 

explained by the poorly crystalline structure and extremely fine particles of the 

sample. It is suggested that the control phase of arsenic solubility of sample T-1 is not 

crystalline scorodite, but amorphous ferric arsenate and/or an adsorbed arsenic phase. 

Figure 2.7 shows a comparison of solubility data from this study with published 

solubility data for scorodite synthesized at different temperatures. Most of the data are 

consistent with our results. This confirms that the variance among previous published 

arsenic solubility data derives partially from the samples which are prepared at 

different temperatures. Solubility of amorphous scorodite reported by Nishimura was 

from Le Berre et al.(Le Berre et al., 2007). 

2.3.2.3 Influence of Fe/As Ratio on Arsenic Concentration 

Figure 2.8 shows the arsenic concentration as a function of the leaching pH for 

scorodite samples synthesized at different Fe/As ratios. All samples have similar 

solubility trends over the pH range of 3 to 10. The arsenic solubility decreases with 
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the increase of the Fe/As ratios for the pH of leaching solution at 5 and 7. This can be 

explained by three facts: (1) the arsenic solubility is not controlled by scorodite but 

adsorbed arsenic phase on the surface of iron oxide for Fe/As greater than 1, (2) the 

amount of iron oxide increases with the increase of the Fe/As ratio, and (3) the 

adsorption capacity of iron oxide for arsenic also increases with the increase of the 

Fe/As ratio(Jain et al., 1999). The arsenic solubility in the pH 5 solutions is less than 

that in the pH 7 solutions, and this illustrates that iron oxide has higher adsorption 

capacity in the pH of 5 solutions. On the other hand, arsenic solubility in the solutions 

of pHs 3 and 10 increases with Fe/As ratio. This can be a consequence of the fact that 

the absorption capacity of iron oxide is reduced with either the pH of 10 solutions or 

the pH of 3 solutions, and the pH of 10 has a stronger effect on reducing the 

adsorption capacity of iron oxide. In addition, reduced scorodite crystallinity also 

contributes to the increase of the arsenic solubility for the same Fe/As ratio. 

2.4 Conclusions 

The results obtained in this study clearly demonstrate that the morphology and 

solubility of synthesized scorodite are strongly dependent on its synthesis conditions, 

which include temperature, initial pH of the synthesis solution and the ratio of Fe/As. 

Although crystalline scorodite can be precipitated at a wide range of synthesis 

conditions (pH < 3, T > 95 oC, and Fe/As < 2), it is found that the solubility of 

scorodite decreases with increasing temperature and decreasing initial synthesis pH 
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with Fe/As = 1. On the other hand, at pH>3, the solubility decreases with increasing 

Fe/As ratio. 

For a potential use of scorodite as a safe disposal method for arsenic waste, it is 

essential to evaluate the properties of scorodite and its processing suitability. The 

results presented in this study are useful in developing optimum processing conditions 

for arsenic stabilization to meet the arsenic waste disposal regulation and reduce the 

treatment cost. 
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Figure 2.1 Scanning electron micrographs of scorodite samples: (a) natural scorodite 

mineral, (b) scorodite synthesized from pH 1 solution (sample pH-1), (c) scorodite 

synthesized from pH 3 solution (sample pH-2), and (d) scorodite synthesized from pH 

5 solution. 
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Figure 2.2 XRD patterns of scorodite synthesized from different initial pH solutions at 

160 oC and Fe/As = 1 
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Figure 2.3 XRD patterns of synthesized scorodite materials with different Fe/As ratio 

at 160 oC and initial solution pH of 3 
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(a) 

 
(b) 

 
 

Figure 2.4 SEM images of the synthesized materials with different Fe/As ratios. (a) 

FA-2, Fe/As = 2 and (b) FA-3, Fe/As = 10. 
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Figure 2.5 Arsenic concentrations as a function of leaching pH for the scorodite 

samples synthesized at pH 
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Figure 2.6 Arsenic concentrations as a function of leaching pH for the scorodite 

samples synthesized at different temperatures 
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Figure 2.7 Comparison of the published solubility data for scorodite synthesized 

under different temperatures 
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Figure 2.8 Arsenic concentration as a function of Fe/As ratio with different leaching 

pHs 
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Table 2.1  Common natural arsenic minerals with ferric-arsenate system (Smedley 

and Kinniburgh, 2002)  
 

Mineral name Estimated formula Reference  

Scorodite FeAsO4.2H2O (Nordstrom, 1987) 

Pharmacosiderite Fe4(AsO4)3.(OH)5.5-7H2O (Mandal and Suzuki, 2002) 

Ferrisymplesite Fe3(AsO4)2(OH)3.5H2O (Nordstrom, 1987) 

Kankite FeAsO4.3.5H2O (Nordstrom, 1987) 

Parascorodite FeAsO4.2H2O (Nordstrom, 1987) 

Anqelellite Fe4(AsO4)2O3 (Robins, 1987) 

Liskeardite (Al,Fe)3(AsO4)(OH)6.5H2O (Robins, 1987) 

Kaatialaite Fe(H2AsO4)3.5H2O (Zhu and Merkel, 2001) 
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Table 2.2 Summary of crystalline scorodite precipitation methods from hydrothermal 

solutions. 

Reference  Arsenic 

Source 

Iron Source Temperature 

(oC) 

pH 

(Le Berre et al., 2008) NaH2AsO4 Fe(NO3)3 40-80 2-4 

(Dove and Rimstidt, 1985) NaH2AsO4 FeCl3 95 <1 

(Demopoulos et al., 1995) NaH2AsO4 FeCl3 90-100 1-3 

(Dutrizac, 1988) As2O5 Fe(NO3)3 160 0.7 

(Mambote et al., 2001) As2O3 Fe2(SO4)3 >210 2.5 
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Table 2.3 Conditions and methods used in the present work for scorodite synthesis. 

Initial chemical composition Synthesis Conditions Sample 
ID Fe(NO3)3 

(M) 
NaH2AsO4 
(M) 

Fe/As 
(molar)

pH  
control 

Initial 
pH 

Temp. 
(oC) 

Pressure 
(Bar) 

Method Reference 

PH-1 0.3 0.3 1 -- 1 160 8 (Dutrizac, 1988) 

PH-3 0.3 0.3 1 NaOH 3 160 8 (Dutrizac, 1988) 

PH-5 0.3 0.3 1 NaOH 5 160 8 (Dutrizac, 1988) 

PH-7 0.3 0.3 1 NaOH 7 160 8 (Dutrizac, 1988) 

T-1 0.11 0.1 1.1 -- 1.5 40 1 (Dove and 
DonaldRimstidt, 
1985) 

T-2 0.11 0.1 1.1 NaOH 1.5 95 1 (Demopoulos, 1995)

T-3 0.11 0.1 1.1 -- 1 150 8 (Dutrizac, 1988) 

T-4 0.11 0.1 1.1 -- 1 230 11 Modified from 
(Mambote et al., 
2001) 

FA-1 0.2 0.1 2 NaOH 3 160 8 Modified from 
(Dutrizac, 1988)  

FA-2 0.5 0.1 5 NaOH 3 160 8 Modified from 
(Dutrizac, 1988)  

FA-3 1.0 0.1 10 NaOH 3 160 8 Modified from 
(Dutrizac, 1988)  
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Table 2.4 Characteristics of synthesized scorodite materials with respect to their 

synthesis conditions 

Synthesized product characteristics  
Sample ID Mean 

Particle size crystallinity Crystalline 
phase 

wt.% 
Fe 

wt.% 
As 

Fe/As 
(molar)

PH-1 20 μm crystalline scorodite 24.52  32.20  1.02  

PH-3 10 μm crystalline scorodite 24.45  32.40  1.01  

PH-5 -- crystalline scorodite + 
unknown 22.65  31.93  0.95  

PH-7 -- amorphous -- 44.46  17.78  3.35  

T-1 -- Poorly 
crystalline scorodite 22.72 32.38 0.94 

T-2 15 μm crystalline scorodite 25.34 31.72 1.07 

T-3 20 μm crystalline scorodite 23.43 32.02 0.98 

T-4 20 μm crystalline scorodite 23.04 31.49 0.98 

FA-1 2.5 μm Poorly 
crystalline 

scorodite + 
hematite 31.73  21.13  2.02  

FA-2 -- amorphous -- 52.74  14.65  4.82  

FA-3 0.25 μm crystalline hematite 42.42  5.09  11.61  
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CHAPTER 3 : SYNTHESIS AND CHARACTERIZATION OF ARSENATE 

HYDROXYAPATITE 

 

3.1 Introduction 

Lime addition to arsenic-containing wastes has been used to reduce the mobility of 

dissolved arsenic, presumably through the formation of low solubility calcium 

arsenates (Chickerur and Mahapatra, 1978; Zvolanek et al., 1992). However, it has 

been demonstrated that this process is an unacceptable method to treat arsenic waste 

for subsequent disposal in mixed-solid waste landfills or mine-tailing ponds because 

most calcium arsenate compounds will be converted to calcium carbonate at pH levels 

above 8 (Zhu et al., 2005). Previous works have explored the possibility of 

sequestering arsenic into a hydroxyapatite structure (Mahapatra et al., 1987).  

Hydroxyapatites (Ca10(PO4)6(OH)2) are a class of minerals that vary compositionally 

but share the same crystal structure. They have been investigated as host materials for 

long-term immobilization of a number of environmentally hazardous compounds, 

including lead, uranium, cadmium, iodine, and bromine (Mahapatra et al., 1993; 

Bothe and Brown, 1999; Wee and Kramer, 2003). Apatite is stable under near-neutral 

pH values and arsenate ions (AsO4
3-) can be substituted into the apatite structure in 

place of phosphate (PO4
3-) to form Johnbaumite (Ca10(AsO4)6(OH)2) (Mahapatra et al., 

1989). Thus, a thermodynamically stable compound could be formed for long term 

arsenic storage. Apatite works for contaminant stabilization probably because of its 

relatively high adsorption capacity due to its nanocrystalline structure. The 
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crystallinity of apatite has a direct effect on its solubility and stability. An amorphous 

apatite material will be less stable than a highly crystalline material; hence it will 

dissolve more rapidly and provide reactive phosphate to the solution phase. On the 

other hand, some degree of crystallinity within the apatite solid phase is desirable to 

initiate sorption of contaminants and nucleation (Wee and Kramer, 2003).  

(Twidwell et al., 2005) developed an arsenic removal method utilizing lime/phosphate 

precipitation, and demonstrated that it is capable of maintaining dissolved arsenic at 

less than 50 ppb when a phosphate to arsenic molar ratio greater than 5 is used. 

Another study on the removal of dissolved arsenic involved the crystallization of lead 

apatite (Pb5(AsO4)3Cl), and resulted in an aqueous arsenic concentration less than 

0.20 ppb (Mahapatra et al., 1993). In addition, barium apatite, copper apatite and 

carbonate apatite are under serious consideration by several researchers for arsenic 

storage (Table 3.1) (Zhu et al., 2005). Apatite-like minerals may be attractive hosts 

because of their stability over a broad range of pH. The synthesis of apatite-like 

arsenate minerals can be conducted from a calcium-arsenate-phosphate (As-Ca-P) 

system.  

Arsenate hydroxyapatite has been studied for arsenic stabilization in an As-Ca-P 

system in previous studies (Bothe and Brown, 1999). Arsenic waste generated from 

water treatment facilities contains large amounts of iron. However, there is very little 

information about iron’s effect on the formation of apatite, as well as arsenic stability 

in the iron-calcium-arsenic-phosphate system. Other apatite-like compounds for 

arsenic stabilization such as crystalline copper and lead apatite have been well studied 
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at the bench scale (Conard and Hilton, 1994). Either lead or copper may introduce 

secondary contamination to ground water, and therefore are not suitable to carry 

arsenic as a primary storage material. Barium apatite, a possible candidate as an 

arsenic carrier, has not been studied yet, to our knowledge.  

In this study, we investigate the formation of arsenic precipitates in two systems, the 

calcium-arsenate-phosphate-ferric (CAPF) system, and the ferric-arsenate-phosphate 

system (FAP). Aqueous suspensions that initially contained calcium chloride, 

diammonium hydrogen arsenate and hydrogen phosphate in the desired arsenic to 

phosphate ratio were allowed to react under ambient conditions with pH above 11. 

The resulting products are in the form of arsenate hydroxyapatite (Ca10(AsO4)6(OH)2, 

no phosphate present), arsenate phosphate hydroxyapatite (Ca10(AsxPyO4)6(OH)2) and 

hydroxyapatite (Ca10(PO4)6(OH)2, no arsenate present).  All these materials have 

similar structures (Mahapatra et al., 1987). The research tasks are: 

• Task 1: Apatite-like compounds synthesis in the CAPF, FAP systems using 

controlled variation of the P/As, and Fe/As molar ratios. 

• Task 2: Characterization of synthesized products 

• Task 3: Solubility studies on synthesized products 
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3.2 Experimental  

3.2.1 Equipment 

Two reactors were used in this research for synthesis of mineral crystals.  

Reactor 1 (diameter = 7.5 cm, height = 25 cm), Autoclave Engineers model HT-

72154, is a 1 L unstirred vessel capable of holding pressures up to 36.7 MPa, with 

temperature control up to 400 oC. The top has openings for water cooling coils, and a 

pressure gauge and thermocouple well. The whole vessel system is closed with a 

stainless steel gasket seal. 

Reactor 2 (diameter = 6 cm, height = 22 cm), Parr Instrument Model 5523, is a 600 

mL high-pressure vessel equipped with a magnetic stirrer. This reactor is capable of 

holding pressure up to 20 MPa in a temperature range from 25 to 275 oC. The top has 

openings for a stirrer, thermometer, sampling probe and an opening for the addition of 

chemicals for the neutralization of the solution. The whole vessel is closed by a 

Teflon seal. A magnetic stirrer was used during this study. The stirrer speed was kept 

constant at 300 rpm throughout all tests. The temperature for both reactors was 

maintained stable within 2-5 °C when glass or Teflon liners were used. 
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2.2 Synthesis of Arsenate Apatite Samples 

Apatite-like compounds were prepared using the modified Mahaprata method 

(Mahapatra et al., 1989). The precipitation was conducted by mixing arsenate, 

phosphate, and calcium solutions at prescribed proportions (Table 3.2), and the 

Ca:(As+P) molar ratio was kept at 5:3 for all experiments. The solution was then 

adjusted to a pH of 12 using a NaOH solution, heated to 100 oC in Reactor 2, and held 

for 24 hours to reach equilibrium. The precipitation reactions are (Mahapatra et al., 

1987): 

10Ca2+ + 6PO4
3- +2OH-  Ca10(PO4)6(OH)      (1) 

Ca10(PO4)6(OH)2 + nAsO4
3-  Ca10(PO4)6-n(AsO4)n(OH)2 + nPO4

3-   (2) 

Solid products from the synthesis process were filtered using 0.45 μm filter paper. 

The filtrate was taken for chemical composition analysis.  The solid material was 

washed using deionized water and dried at 100 oC for 24 hours which was determined 

as a protocol from preliminary results for characterization and solubility testing.  

Another set of experiments were designed for studying the effect of iron on the 

synthesis of arsenate apatite. In these experiments, equal molar quantities of arsenic 

and phosphate (As/P = 1) were used, calcium ion was added at a molar ratio 

Ca/(As+P) = 5/3, and additional ferric ion also was added at the prescribed ratio. The 

solution was mixed and allowed to react at 100 oC for 24 hours to reach equilibrium.   
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3.3. Results and Discussion 

3.3.1. Characterization of Synthesized Materials  

Figure 3.1 shows an SEM image and its EDS spectra of a typical synthesized arsenate 

hydroxyapatite sample. This material is clearly crystalline, although with fine 

particles of size 20 to 50 nm. 

Figure 3.2 shows the XRD patterns for arsenate hydroxyapatite materials synthesized 

with different As/P ratios. All tested samples were synthesized at 100 oC and pH 11 

with a reaction time of 24 hours. All materials have structures similar to 

hydroxyapatite (no arsenic present). At P/As ratio greater than 1, the synthesized 

products are identified as hydroxyapatite, but with reduced degree of crystallinity as 

the P/As ratio decreases. On the other hand, at P/As ratios less than 1, trace peaks in 

the XRD (at 2θ = 11, 17, 18) disappear while some weak peaks (at 2θ=22, 26, 34, 49) 

were enhanced. These peaks may be induced by the arsenate group, which has a 

different chemical structure from phosphate group. In addition, as P/As ratio 

decreases, all the peaks are shifted to lower 2θ angles, indicating the arsenic effect on 

hydroxyapatite structure. Overall, the phosphate group in hydroxyapatite can be 

substituted by arsenate to form new material with similar crystal structure as apatite. 

The degree of crystallinity of these synthesized products varies, which may lead to 

some arsenate apatite materials that are suitable for arsenic immobilization. 

Figure 3.3 shows the XRD patterns for iron-arsenate hydroxyapatite materials 

synthesized with different Fe/As ratios. All tested samples were synthesized at 100 oC, 
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pH 12, and a reaction time of 24 hours. The ratio of Ca/(As+P) was kept constant at 

5/3, and P/As at 1. The results of the XRD tests indicate that the presence of iron in 

the synthesis solution has a significant negative effect on the formation of crystalline 

apatite compounds. The presence of high amounts of iron (Fe/As = 5, 10) results in 

the formation of crystalline hematite instead of hydroxyapatite, implying that iron 

inhibits the crystallization of iron apatite and precipitates with hydroxide ions to form 

hematite. At Fe/As less than 5, interaction between iron and phosphate compounds 

occurs. Both hematite and hydroxyapatite are formed, but in poorly crystalline forms. 

In the Fe-As system, one of the possible arsenic phases present would be ferric 

arsenate (scorodite, FeAsO4.2H2O) in accordance with our previous study (Chapter 2). 

This result proves that the presence of phosphorus inhibits the formation of scorodite, 

and the presence of iron inhibits the formation of apatite.    

The XRD results in Figure 3.4 show that there is no significant effect of temperature 

on the structure of the synthesized arsenate apatite minerals. This is beneficial in 

stabilizing arsenic through arsenate apatite, if feasible, due to low energy cost when 

using ambient temperature.  

3.3.2 Arsenic Leachability of the Synthesized Materials 

Figure 3.5 shows the arsenic leachability results for the synthesized arsenate apatite 

with different P/As ratios, corresponding to the materials shown on Figure 3.2. The 

arsenic leachability is strongly dependent on the P/As ratio: the arsenic concentration 

in the leaching solution decreases about 100 fold while the P/As ratio increases from 1 
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to 10. The mechanisms responsible for these drastic changes may include (1) variation 

of chemical structure at increased of P/As ratio, leading to stronger As-Ca bonds that 

prevent arsenic leaching, and (2) increased sorption of arsenate at increased 

(apatite)/As ratio. Overall, all test materials show similar trends over the leaching pH 

range from 3 to 10. 

Figure 3.6 shows the arsenic concentration in the leaching solutions for synthesized 

arsenate apatite with various Fe/As ratios, corresponding to the materials shown on 

Figure 3.3. All tested materials show similar trends over a range of pH of the leaching 

solution from 3 to 10, and the leaching solution of pH 7 shows the minimum arsenic 

leaching capacity. As seen in Figure 3.6, the synthesis Fe/As ratio has no apparent 

effect on arsenic solubility. This can be explained by the change in the crystallinity of 

arsenate apatite and formation of hematite as the Fe/As ratio varies. The arsenic 

concentration increases as the crystallinity of arsenate apatite decreases with 

increasing of Fe/As ratio. On the other hand, more sorbent (hematite) material formed 

with increasing Fe/As ratio provides higher adsorption capacity for arsenic and 

decreases the arsenic leachability. 

3.4 Summary  

Results obtained from this study provide some new information to explain the 

mechanism of arsenic stabilization using arsenate apatite compounds. It shows that 

this stabilization method only works with high P/As ratio (>10) and high pH treatment 
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conditions (pH>11). Results from the Fe-As-Ca system reveal that using arsenate 

apatite to immobilize arsenic is not a suitable method for iron-containing systems. 
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Figure 3.1 SEM images and EDS spectrum of a typical arsenate hydroxyapatite 

sample. Top: overview of the particles at two magnifications; bottom: Elemental 

analysis of the magnified portion. This sample was synthesized from solution with 

Ca/As = 3/2 at 100 oC, pH of 11 for 24 hours. 



 

 

73

 

Figure 3.2 XRD patterns for arsenate hydroxyapatite materials synthesized with 

different As/P ratios. All tested samples were synthesized at 100 oC, pH of 12, and 

reaction time of 24 hours. 
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Figure 3.3 XRD patterns for iron-arsenate hydroxyapatite materials synthesized with 

different Fe/As ratios. All tested samples were synthesized at 100 oC, pH of 11, and 

reaction time of 24 hours. The ratio of Ca/(As+P) was kept constant at 5/3, and P/As 

at 1. 
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Figure 3.4 XRD patterns for arsenate apatite (Ca10((AsO4)6(OH)2) for various 

synthesis temperatures. The tested samples were synthesized from solutions with pH 

of 11 for 24 hours. 
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Figure 3.5 Arsenic concentrations as a function of pH for synthesized arsenate 

apatites with different P/As ratio. The pH in the figure is the pH of the leaching 

solutions. All tested samples were synthesized at 100oC, pH of 11, and reaction time 

of 24 hours. The ratio of Ca/(As+P) was kept constant at 5/3, and P/As ratio varies. 

The solubility tests were conducted at 25 oC. 
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Figure 3.6 Arsenic concentrations as a function of pH for synthesized arsenate apatite 

with different Fe/As ratio. The pH in the figure is the pH of the leaching solutions. All 

tested samples were synthesized at 100oC, pH of 11, and reaction time of 24 hours. 

The ratio of Ca/(As+P) was kept constant at 5/3, and P/As at 1. The solubility tests 

were conducted at 25 oC. 
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Table 3.1 Calcium and iron bearing arsenic minerals 

Mineral Formula 

Arseniosiderite CaFe3(AsO4)3O2.3H2O 

Johnbaumite Ca5(AsO4)3(OH)  

Barium-Pharmacosiderite BaFe8(AsO4)6(OH)8.14H2O 

Guerinite Ca5(AsO3OH)2(AsO4)2.9H2O     

Haidingerite Ca(AsO3OH).H2O 

Ogdensburgite Ca2Fe4(Zn,Mn)(AsO4)4(OH)6.6H2O  

Pharmacosiderite KFe4(AsO4)3(OH)4.6-7H2O 

Picropharmacolite Ca4Mg(AsO3OH)2(AsO4)2.11H2O 

Scorodite Fe(AsO4).2H2O 

Yukonite Ca-Fe-(AsO4)-H2O 

Pharmacolite CaH(AsO4).2H2O 
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Table 3.2  Sample description, including arsenic to phosphorous molar ratio.  

ID As:P Formula 

HA 0 Ca10(PO4)6 (OH)2 

AsPHA1 1:5 Ca10(PO4)5(AsO4)(OH)2 

AsPHA2 1:2 Ca10(PO4)4(AsO4)2(OH)2 

AsPHA3 1:1 Ca10(PO4)3(AsO4)3(OH)2 

AsPHA4 2:1 Ca10(PO4)2(AsO4)4(OH)2 

AsPHA5 5:1 Ca10(PO4)(AsO4)5(OH)2 

AsHA -- Ca10((AsO4)6(OH)2 

 
 
  



 

 

80

CHAPTER 4 : PRECIPITATION OF FERROUS ARSENATE FROM 

SULFATE SOLUTIONS: A POTENTIAL PATHWAY FOR 

STABILIZATION OF ARSENIC 

Abstract 

Synthesized ferrous arsenate has low solubility and its natural form (symplesite) can 

be a dominant compound for immobilizing arsenic in ground water systems. The 

objectives of this study are to evaluate the effects of synthesis conditions on the 

microstructure and solubility/leachability of synthesized ferrous arsenate, and to 

investigate the potential of using ferrous arsenate as a means of arsenic 

immobilization. Increase in crystallinity and decrease in arsenic solubility for 

synthesized ferrous arsenate is observed with increasing process temperature. There is 

no significant effect of synthesis pH over a range of 4 to 7 on microstructure of 

synthesized ferrous arsenate at room temperature. However, arsenic solubility 

dramatically decreases with increasing process pH. Addition of phosphate reduces the 

arsenic leachability when P/As ratio is greater than 1. The solubility product of 

synthesized ferrous arsenate was calculated to be in the range of 7.38×10-35 to 

1.23×10-40 varying with synthesis conditions in this study. The different synthesis 

conditions may be the cause of variation between the reported results in literature. Use 

of ferrous arsenate for the stabilization of arsenic bearing residuals is technically 

feasible and cost effective. It has high potential to replace currently used conventional 

treatment technologies. 

Keywords: Ferrous Arsenate, Solubility, Microstructure, Arsenic Stabilization 



 

 

81

4.1 Introduction 

Crystallization of soluble arsenic into low solubility solid materials is a promising 

technology to stabilize arsenic and prevent its release into the environment. The ideal 

solid phase would have high arsenic capacity, long term stability over geological time, 

and low solubility. Many researchers have been involved in finding stable phases of 

arsenic minerals for safe arsenic disposal. Among the major natural arsenic minerals 

(Table 1.1), ferrous arsenate (Symplesite or Ferrisymplesite) has become one of the 

most promising species due to its low solubility and long-term stability (Johnston and 

Singer, 2007). 

Symplesite is a rare secondary mineral in the oxidized zone of arsenic-rich 

hydrothermal mineral deposits. It belongs to the vivianite group, which has the 

general formula Y3
 (XO4)2.8H2O, in which Y2+ may be Co, Fe, Mg, Ni, or Zn, and X 

is As or P (Sturman, 1976). The precipitation conditions of symplesite, with arsenic in 

its oxidized state and iron in its reduced state, indicate that the mineral can only be 

formed within a certain range of oxidation-reduction potentials (Eh) that are capable 

of reducing ferric ions, but not low enough for the reduction of As(V). If this 

condition can be achieved at arsenic waste disposal facilities with excess ferric ions, 

the formation of symplesite would be possible and the arsenic can be immobilized and 

stabilized naturally (Cherry et al., 1979; Zheng et al., 2004). Sadiq et al. (2002) 

reported that symplesite was formed in Kelly Lake (Ontario) at pH greater than 4, and 

played a dominant role in limiting arsenic concentration in the aqueous phase. In this 

research, the solubility isotherms of ferrous arsenate (symplesite) and ferric arsenate 
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(scorodite) revealed that ferrous arsenate maintained significantly lower aqueous 

arsenic concentrations compared to ferric arsenate in the presence of goethite. Due to 

the low solubility and acceptable formation conditions of ferrous arsenate, intensive 

research has been conducted to study arsenic immobilization through the precipitation 

of ferrous arsenate with excess ferrous ions for varieties of arsenic wastes, such as 

arsenic contaminated soil (Voigt et al., 1996), mine tailings (Seidel et al., 2005), and 

arsenic-containing wood preservation solutions (Moore et al., 2000). This approach 

was capable of reducing soluble arsenic to less than 20 μg/L for most of the materials 

studied. The proposed mechanism for the reduction of soluble arsenic involved 

formation of insoluble iron-arsenic mineral; however, the expected mineral phase, 

ferrous arsenate, was not identified in the solid phase. There are two possible reasons: 

(1) the fraction of ferrous arsenate formed in the treated materials was too low to be 

detected with the characterization methods used; for example, X-Ray Diffraction 

(XRD) only detects the crystalline mineral when it is present at more than one percent 

(Whan, 1986); (2) the immobilization of arsenic occurred through other reactions such 

as adsorption on iron oxide rather than the formation of ferrous arsenate. To explore 

the feasibility of using ferrous arsenate for arsenic immobilization in contaminated 

materials, studies on its synthesis conditions, along with its stability and solubility in 

aqueous systems are necessary. 

Despite the attractive nature of ferrous arsenate as a potential arsenic storage material, 

there is limited information available regarding its synthesis, characterization, and 

solubility and stability. Khoe et al. (1991) reported the synthesis of ferrous arsenate 

by mixing ferrous iron and arsenate solutions in 3M NaClO4 solution and titrating 
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with 0.294 M NaHCO3 solution until a white precipitate was observed. The final 

products could not be characterized by XRD and Transmission Electron Microscopy 

(TEM) with energy dispersive X-ray (EDX). Khoe et al. (1991) reported that the 

calculated solubility product (Ksp) of the synthesized materials as Fe3(AsO4)2 was 

around 10-41. Johnston and Singer (2007) reported a method for synthesizing 

crystalline ferrous arsenate as symplesite by mixing acidic ferrous iron and arsenate 

solutions to a final pH of 7 adjusted using a concentrated NaOH solution. However, 

the synthesized material was not directly characterized to verify the formation of 

symplesite. The calculated Ksp was around 10-33, which is significantly different from 

the result of (Khoe et al., 1991). The inconsistent results from these studies, lack of 

good understanding on the synthesis conditions, and the feasibility of ferrous arsenate 

to immobilize arsenic are the key motivations of our work. 

In the natural environment, ferrous arsenate and ferrous phosphate share the same 

crystal structure and belong to the vivianite group. Due to their similar chemical 

properties, As and P may substitute each other in most inorganic minerals. According 

to previous studies on synthesis of calcium arsenate in the presence of phosphate 

(Bothe and Brown, 1999), a higher P/As ratio resulted in lower arsenic solubility. 

Lack of information on Fe(II), PO4 and AsO4 systems is another motivation of this 

project. The objectives of this work are to investigate synthesis conditions of ferrous 

arsenate and to study the feasibility of using ferrous arsenate for the control of arsenic 

release in aqueous system. This study includes three tasks: (a) synthesis of ferrous 

arsenate under conditions of various temperature, pH, and phosphate fraction; (b) 

characterization of generated ferrous arsenate materials using Scanning Electron 
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Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), and XRD; (c) 

determination of solubility and stability of ferrous arsenate using precipitation and 

dissolution methods. Solubility products of synthesized ferrous arsenate were also 

calculated.  

4.2 Materials and Methods 

4.2.1 Ferrous Arsenate Synthesis Experiments 

All the reagents were analytical grade and used as purchased without any further 

purification. All solutions were made with anaerobic deionized (DI) water obtained by 

boiling DI water for about 1 hour with continuous flushing by argon or nitrogen gas. 

All reactors, glassware and tools were flushed for 10 minutes using nitrogen gas to 

remove oxygen.  

Experiments to study the effect of temperature on the synthesis process were 

conducted by the following procedure. Ferrous arsenate materials were synthesized by 

mixing 0.05 M FeSO4.7H2O solution and 0.05 M Na2HAsO4.7H2O solution at a molar  

ratio of  Fe/As = 3/2 for a total volume of 300 mL in a 500 mL beaker under nitrogen 

atmosphere. The mixture was continuously stirred using a magnetic stirrer until the 

change of the pH of the solution was less than 0.05 within 30 minutes, and a light 

green precipitate was observed. The resulting slurry was transferred to a Teflon-lined 

Parr reactor (Parr 5500) and maintained at a specified temperature for two days. The 

pressure of the reactor was maintained at 8 bars with nitrogen to ensure oxygen free 

conditions. At the end of the synthesis process, the precipitate was filtered using 0.45-
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μm membrane filters and washed with 0.5 L deoxygenized DI water three times to 

purify the samples. The washed products were dried using a nitrogen evaporator 

(Evaporator Associate Inc., N_EVAP 112) or a glove box (Terra Universal 100) at 

room temperature. Dried samples were stored in glass vials at room temperature for 

solid phase characterization and solubility tests. 

Experiments to study the effect of pH on the synthesis process were conducted in a 1-

L jacketed beaker (ACE glass, 5340) that was connected to an oil bath system (VWR, 

1130-1S). Constant temperature was maintained throughout the experiments. Under 

an argon atmosphere, 300 mL of 0.05 M FeSO4.7H2O solution and 200 mL of 0.05 M 

Na2HAsO4.7H2O solution at a molar ratio of 3:2 were mixed and continuously stirred 

with a magnetic stirrer in the jacketed beaker for 30 minutes. The precipitation started 

immediately after the beginning of mixing. The pH of the slurry was gradually 

adjusted using 0.1 M HCl or 0.1 M NaOH to a specified value. Once the set point 

approached, the pH was maintained until an equilibrium state was achieved (pH 

changed less than 0.05 within 30 minutes). After equilibration, the same filtration, 

washing, drying, and storage protocols as stated for temperature dependence 

experiments were used to prepare samples. 

Experiments to determine the effect of P/As ratio on the synthesis process were 

designed for producing ferrous arsenate/phosphate samples. The experiments were 

conducted by mixing 0.05 M of FeSO4.7H2O, 0.05 M Na2HAsO4.7H2O, and 0.05 M 

Na2HPO4 solutions to a total volume of 300 mL in a 500 mL beaker under nitrogen 

atmosphere. With the constant ratio of Fe/(As + P) = 1.5. The P/As ratio was varied as 
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follows: 0, 1, 2, 5, and 10. All experiments were carried out at 160 oC with no pH 

adjustment for 2 days. The same filtration, washing, drying, and storage protocols as 

for temperature dependence experiments were used here to prepare samples. 

4.2.2 Solubility Tests 

Due to the strong dependence of arsenic and iron solubility on the pH of the leaching 

solution, solubility tests were conducted at fixed pH. The pH of the leaching solution 

was monitored periodically and adjusted manually to specified set points in the range 

from 5 to 10. The suspension of the solid material in water was carried out in a 125 

mL baker reactor. The liquid to solid ratio (L/S) was set at 20 by adding 5 g of 

synthesized materials to 100 mL of DI water; 0.1 M HCl or NaOH solutions were 

used for pH adjustment. The reactors were sealed with a rubber cap equipped with 

continuous argon gas flow to ensure an oxygen free environment. The solution was 

stirred continuously with a magnetic stirrer and liquid samples were taken 

periodically. Deoxygenized DI water was injected to the reactor accordingly to 

compensate for vapor and sampling losses and maintain a constant volume of the 

solution. The test was stopped after 1 hour when the pH of the solution was stabilized. 

At the end of the experiment, the suspension was filtered through 0.45-μm membrane 

filters and the filtrate was collected for chemical analysis. All solubility experiments 

were carried out at temperatures between  22 and 27 oC. 

In addition to the solubility tests described above, the materials were subjected to the 

toxicity characteristic leaching procedure (TCLP). The extraction solution was 
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prepared according to EPA SW-846, Method 1311 by adding 5.7 mL of glacial acetic 

acid to 64.3 mL of 1.0 N NaOH solution and bringing the mixture volume up to 1 L 

with DI water. Prior to addition of the solids, the pH of this stock leaching solution 

was 4.93±0.05. To run a TCLP test, 5.129 g of size-reduced (<1.4 mm) solid sample 

were added to a glass bottle with 100 mL of solution and sealed. The sample was then 

stirred continuously on a shaker table with a rotation speed of 100 rpm for 48 hours. 

4.2.3 Characterization and Analytical Methods 

To identify the crystalline phases present in the solid samples, X-ray diffraction 

patterns were collected using a Bruker D8 Advance diffractometer using Cu radiation. 

The diffractometer was equipped with scintillation detector and energy dispersive 

detectors to handle fluorescent material. Diffraction patterns for selected samples 

were recorded by continuous scans from 5o to 90° for over 285 minutes. Crystalline 

phases were identified using the Bruker software and the International Centre for 

Diffraction Data (ICDD) database. . 

Scanning Electron Microscope (SEM) images and Energy Dispersive X-Ray 

Spectroscopy (EDS) spectra of the samples were recorded using a Hitachi S-2460N 

Scanning Electron Microscope. The SEM images allow for identification of the 

microstructures of the solid samples, and EDS identifies the elemental composition of 

the samples. Most elements are detectable at concentrations on the order of 0.1%. 

The total concentration of dissolved arsenic and iron in solution was determined by a 

Perkin-Elmer Optima 5300 DV inductively-coupled plasma optical emission 
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spectrometer (ICP-OES). The gas flow to the nebulizer was 0.60 L/min and the 

sample flow rate was 1.5 mL/min. The OES detector has detection limits of 0.1 ppm 

and 0.005 ppm for arsenic and iron, respectively. Samples with arsenic concentration 

less than 20 ppb were rerun in a Perkin-Elmer graphite-furnace Atomic Absorption 

(AA) spectrometer. The instrument was operated using a Perkin-Elmer software 

interface equipped with EPA testing method SW846 6020A (EPA, 2007). The 

samples were diluted to the measurable range of the instrument using 2% HCl 

solution. Dilution factors varied depending on the constituent concentration. Typically, 

a 10 mL solution was prepared for analysis. An analytical blank was prepared for 

every batch test. The primary chemicals used to prepare the calibration and quality 

control standards and reagents were of analytical reagent grade. 

A typical solubility sample collected at equilibrium state contained dissolved arsenic, 

dissolved iron, and other soluble species such as Na+ and SO4
2- at a certain pH. The 

Ksp of ferrous arsenate was defined as follows 

(aq)2AsO(aq)3Fe(s))(AsOFe 3
4

2
243

−+ +⇔     (1) 

2
4

32
sp )(AsO)(FeK +=        (2) 

where (  ) denotes the activity of species  and Ksp represents the solubility product for 

equation (1).  
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The arsenic and ferrous iron speciation and activities were calculated using the 

equations summarized in Tables 4.1 and 4.2.  

In the equations of Table 4.2, I is the ionic strength (M), ci is the total measured 

species elemental concentration (M) in aqueous phase (i=Fe and As, Zi and γi 

represent the ionic charge and activity coefficient of aqueous species i, respectively. a 

is the ion size parameter (Å) for use in the extended Debye-Huckel equation 

(Benjamin, 2002).   

4.3 Results and Discussion 

4.3.1 Synthesis of Ferrous Arsenate 

The theory of the formation of ferrous arsenate is not well understood, and little 

literature is available (Khoe et al., 1991). The dominance of AsO4
3- at pH > 11.6 

favors the formation of Fe3(AsO4)2; the dominance of HAsO4
2- at 7< pH <11.6 favors 

the formation of FeHAsO4; Fe(H2AsO4)2 would be formed under acidic conditions. 

However, previous works reported successful synthesis of ferrous arsenate with pHs 

ranging from 1 to 7 (Khoe et al., 1991; Johnston and Singer, 2007). The proposed 

chemical reaction for ferrous precipitation was reported to be as following: (Khoe et 

al., 1991) 

   +−+ +⇔+ 4H)(AsOFeAsO2H3Fe 24342
2     (13) 
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The synthesis experiments in this study were performed at acidic to neutral pH values, 

for which H2AsO4
- dominates. Along with the formation of ferrous arsenate, protons 

are released and consequently reduce the pH of the solution (Figure 4.1). 

Figure 4.2 shows SEM images of the products synthesized at different temperatures. 

The morphology of the produced ferrous arsenate varies with synthesis temperature. 

The particles, in general, have a needle-like shape. However, the particle size 

increases with synthesis temperature. For the solids synthesized at 25 °C, the particle 

size is around 10 μm (Figure 4.2a) and the particles consist of an aggregation of 

platelets, which suggests a relatively large exposed surface area. With increasing 

synthesis temperature, particle size increases and large clusters with needle-shape 

crystals are formed (Figure 4.2b-d).  

As shown by the XRD patterns (Figure 3), there is no significant difference in the 

nature of the crystalline phase when the synthesis temperature is greater than 100 oC 

(all samples show peaks at the same diffraction angles). The increase in peak 

intensities reveals that the degree of crystallinity of the synthesized samples increases 

with increasing synthesis temperature. The XRD pattern of the sample synthesized at 

25 oC shows no distinguishable peaks from the background noise. Although the 

observed peaks are distinguishable with relatively high intensity, they could not be 

identified as any reported iron arsenic mineral. According to other studies (Johnston 

and Singer, 2007), symplesite is expected at the conditions employed in this work. 

The reason why symplesite is not observed in this study remains unclear, but it is 

possibly due to the lower pH values used in this study. From the SEM images and the 
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XRD patterns, it is evident that the synthesized material has a single crystalline phase, 

and that it is an arsenic-bearing mineral. However, based on the SEM and XRD 

analyses conducted, this mineral could not be identified.  

Results from the solubility test for the synthesis materials characterized in Figures 4.2 

and 4.3 are shown in Figure 4.4. Arsenic solubility significantly decreases with the 

increase of synthesis temperature. It is well established that amorphous phases have 

higher solubility than thermodynamically stable crystalline species. The degree of 

crystallinity of the synthesized ferrous arsenate increases with synthesis temperature, 

which causes a decrease in solubility. Although the solubility coincidently decreases 

with increase of the solid particle size (Figure 4.2), it is not an authentic function of 

particle size. As long as synthesized ferrous arsenate has the same crystal structure 

and crystallinity, different particle sizes only consequently vary the surface area 

which is the kinetic factor to reach equilibrium state.  

4.3.2 Synthesis of Ferrous Arsenate/phosphate Materials 

Figure 4.5 shows the microstructure of the samples synthesized in this work at a 

constant temperature of 160 oC for various P/As ratios. It is clear that ferrous 

phosphate (Figure 4.5 (a)) forms larger particles with a different crystal structure 

compared to ferrous arsenate (Figure 4.5 (d)).  

The XRD patterns of the synthesized samples in Figure 4.5 are presented in Figure 4.6. 

The sample with equal moles of arsenic and phosphorous shows the lowest peak 

intensities, implying that the sample has the lowest crystallinity. When P/As >1, 
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substitution of arsenic by phosphate occurs, and the crystal structure evolves into 

ferrous phosphate. The XRD pattern of ferrous phosphate (Figure 4.6 (a)) has sharp 

peaks and relatively high intensity, However, it is not able to be identified either as 

vivianite mineral (Fe3(PO4)2.8H2O) or any other crystal structure.  

Figure 4.7 shows results of TCLP tests on the synthesized samples with various P/As 

ratios. The TCLP test results indicate that the synthesized sample with P/As=1 leaches 

the most arsenic. Both the SEM images and XRD patterns show that the sample with 

P/As =1 has the lowest degree of crystallinity and smallest particle size. For the 

samples synthesized with P/As ratios greater than 1, the arsenic leachate concentration 

decreases dramatically with increasing P/As ratios. The sample synthesized at P/As 

=2 has an arsenic leachate concentration of 0.2 mg/L compared to 2.0 mg/L for the 

pure Fe3(AsO4)2 without phosphate presence. Considering that the results from the 

TCLP tests are directly related to solids solubility at the test conditions, these results 

suggest that the solubility of arsenic in ferrous arsenate/phosphate may be improved 

by the addition of phosphate to the solid phase.  

Figure 4.8 shows the arsenic solubility as a function of pH for samples with various 

P/As ratios. The trend is similar to the TCLP results. The minimum arsenic 

concentrations for all four samples are obtained at pH 5.  

4.3.3 Effects of Synthesis pH on the Solubility of Ferrous Arsenate 

Experiments were performed to assess the effect of synthesis pH on solubility with 

samples synthesized at room temperature (25 to 27 oC). The solid samples produced 
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in these experiments are amorphous, as revealed by XRD and SEM analysis. An 

indirect method to characterize the composition of synthesized material is to measure 

the concentrations of iron and arsenic in the supernatant solution after solid 

precipitation and estimate the solid’s elemental composition by subtracting the 

supernatant amounts of each element from the initial concentrations of arsenic and 

iron. The concentration of arsenic also represents the solubility of the synthesized 

material if it is measured at equilibrium.  

Figure 4.9 shows the relation between the arsenic concentration in the synthesis 

supernatant and the synthesis pH measured at equilibrium conditions. It is evident that 

the synthesis pH has a strong effect on the solubility of arsenic at equilibrium. The 

formation of ferrous arsenate is favored at higher pH values. This can be explained by 

the predominant arsenic species that varies with the pH of the solution. The 

concentration of AsO4
3- increases with the pH of the solution until it reaches the third 

equilibrium dissolution constant (pH = pKa3 = 11.6).  In addition, the increase of the 

pH may result in oversaturation of ferrous hydroxide (Fe(OH)2), which is a good 

sorbent for arsenic. This could be another contribution of the reduction of arsenic in 

the liquid solution. 

4.3.4 Solubility Product of Synthesized Ferrous Arsenate Samples  

The solubility of synthesized ferrous arsenate materials is determined both during 

precipitation (by measuring the concentration of the supernatant solutions) and 

dissolution methods. Figure 4.10 shows the typical trend that the aqueous-phase 
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arsenic concentration follows during the course of the ferrous arsenate synthesis 

experiments performed at 25 oC. The arsenic concentration in the solution decreases 

continuously as ferrous arsenate is formed. For this particular experiment, the initial 

concentrations of arsenic and iron were set at 0.002 M and 0.003 M, respectively. The 

solution pH was not adjusted during the course of the experiment, and the final pH at 

equilibrium approached 4.16 within 24 hours.  

To achieve higher final synthesis pHs, a 1 M NaOH solution is used to adjust the 

solution pH. It is observed that longer reaction time is needed to reach equilibrium for 

higher final synthesis pHs. For example, the minimum reaction time required to reach 

equilibrium for a final pH of 6.43 was 96 hours. The reactions that occur in the 

synthesis solution are 

(s)Fe(OH)2OHFe 2
2 ⇔+ −+       (14) 

−+− +⇔ 3
442 AsO2HAsOH       (15) 

−+ +⇔ 2OHFe(s)Fe(OH) 2
2       (16) 

(s))(AsOFe2AsO3Fe 243
3

4
2 ⇔+ −+      (17) 

When the pH is adjusted by adding a NaOH solution, the relatively high local pH 

favors formation of ferrous hydroxide (Eq. 14), which inhibits the dissociation of the 

dominant arsenic species H2AsO4
- to generate AsO4

3-, the required species for ferrous 
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arsenate formation (Eq. 17). As mixing continues, the solid ferrous hydroxide starts to 

dissolve gradually since the overall concentrations of Fe2- and OH- are below the 

saturation limit (Eq. 16). Finally, H2AsO4
- dissociates and ferrous arsenate starts to 

form. To ensure the formation of ferrous arsenate without coexistence with ferrous 

hydroxide, it is important to titrate the system slowly or use a weak base to prevent 

oversaturation of ferrous hydroxide. The saturation state of ferrous hydroxide can be 

determined by monitoring the iron concentration and pH for use in the calculation of 

its solubility product. The calculated product needs to be less than Ksp = 8×10-16 for 

Fe(OH)2 to ensure an undersaturation state.   

The proposed dissolution reaction of ferrous arsenate is given in equation (1). Figure 

4.11 shows typical results of arsenic concentration as a function of time from two 

standard solubility tests using two different leaching solutions at pH of 5 and 7. The 

tested solid sample was synthesized at final synthesis pH of 4.16 and 25 oC. The 

concentration of dissolved arsenic increases with time and reaches equilibrium within 

about 96 hours. In contrast, it takes about 24 hours to reach equilibrium during the 

ferrous arsenate formation experiment (Figure 4.10). The experiment with leaching 

solution of pH 7 results in higher equilibrium arsenic concentration compared to that 

from pH 5. This is an opposite trend to the results from precipitation experiments 

(Figure 4.9). A possible reason is that ferrous arsenate may dissolve incongruently to 

form ferrous hydroxide at higher pH.   

Table 4.3 summarizes the calculated Ksp values, including also values reported in the 

literature. Calculated solubility products of synthesized ferrous arsenates range from 
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7.38×10-35 to 1.23×10-40. The two major possible factors affecting the solubility 

products are the synthesis pH and temperature. Table 4.3 shows that the solubility 

products decrease with increasing synthesis temperature. This is consistent with the 

SEM and XRD analyses in that higher synthesis temperatures produce higher 

crystallinity and materials that are less soluble. However, there seems to be no 

significant effect of synthesis pH on the Ksp values in the pH range explored. Khoe et 

al. (Khoe et al., 1991) reported a Ksp value 2.60×10-41 for ferrous arsenate synthesized 

at 25 oC and pH of 2.46 as determined from the synthesis supernatant solution. In 

comparison, our results are significantly lower. However, it is noted that the synthesis 

method employed by Khoe et al. is significantly different from this work. (Johnston 

and Singer, 2007) reported a Ksp value of 8.71×10-34 for ferrous arsenate synthesized 

at 25 oC and pH 7. This value was calculated based on the concentrations of the 

species in supernatant after only one hour of synthesis. Based on our experience, 

approximately 96 hours are required for the synthesis experiment to reach equilibrium 

state at pH of 6.4. This may explain the relatively high Ksp value obtained by Johnston 

et al. (Table 4.3). 

4.4 Conclusions 

The dependence of crystalline structure and solubility of the solid phase ferrous 

arsenate precipitated from aqueous solutions varying synthesis conditions such as 

temperature, solution pH, and P/As ratio has been studied in this work. Crystalline 

phase materials precipitated from the mixture of ferrous and arsenate ions are 

obtained over a wide range of synthesis conditions when temperature is greater than 
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85 oC and pH in the range of 4 to 7. The synthesized crystalline material is not 

identified as symplesite, the mineral reported in previous works under similar 

synthesis conditions. The characterization results reveal that the crystallinity of the 

synthesized ferrous arsenate/phosphate materials increases with increasing synthesis 

temperature. Consequently, the solubility of ferrous arsenate decreases with 

increasing synthesis temperature. The synthesis pH shows no significant effects on the 

crystallinity of materials synthesized at temperature less than 85 oC, but has strong 

effects on arsenic solubility. Higher synthesis pH results in lower dissolved arsenic 

concentration for synthesis pH ranged from 4.0 to 6.5. The solubility product of 

synthesized ferrous arsenate also shows strong dependence on the synthesis 

temperature, but not synthesis pH for pH less than 6.4.  
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Figure 4.1  pH changes over time for typical synthesis experiments prepared by 

mixing 60 mL 0.05M FeSO4 solution with 40 mL 0.05 M NaH2AsO4 solution at 

different temperatures. The drop of pH with time suggests continuous formation of 

ferrous arsenate. The equilibrium states are reached within 60 minutes for all three 

batches. 
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Figure 4.2 SEM images of synthesized ferrous arsenate prepared by mixing ferrous 

sulfate and sodium arsenate solutions with molar ratio of Fe/As=1.5 at different 

temperatures. All experiments were performed without pH adjustment. (a) T = 25 oC; 

(b) T = 85 oC; (c) T = 100 oC; (d) T = 160 oC. 

 

(a) (b)

(c) (d)
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Figure 4.3 XRD patterns corresponding to the materials shown in Figure 4.2. 
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Figure 4.4 Arsenic solubility as a function of the synthesis temperature. The solubility 

tests were conducted at room temperature, and pH of 5. The temperature on the x-axis 

represents the synthesis temperature of ferrous arsenate samples  
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Figure 4.5 SEM images of ferrous arsenate/phosphate synthesized at 160 oC. (a) 

Ferrous phosphate, Fe3(PO4)2; (b) Ferrous phosphate/arsenate with P/As = 5; (c) 

Ferrous phosphate/arsenate  with P/As = 1; (d) Ferrous arsenate, Fe3(AsO4)2. 

 

(a) (b)

(c) (d)
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Figure 4.6 XRD patterns of the synthesized materials corresponding to those shown in 

Figure 4.5. 
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Figure 4.7 Arsenic concentration of the TCLP leachate for synthesized ferrous 

arsenate/phosphate samples as a function of P/As ratio. 
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Figure 4.8 Arsenic concentration as a function of the pH of the leaching solutions for 

dissolution experiments at 25 oC. Testing samples were synthesized under the 

specified P/As ratios at 160 oC. 
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Figure 4.9 Arsenic concentration at equilibrium in the supernatant solution as a 

function of synthesis pH. Solid phases are ferrous arsenates synthesized at room 

temperature. 
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Figure 4.10 Aqueous-phase arsenic concentration as a function of experimental time 

for the precipitation experiment performed at 25 oC. The initial concentrations of 

arsenic and ferrous iron were 0.002 M and 0.003 M respectively. The final pH of this 

synthesis solution was 4.16. 
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Figure 4.11 Arsenic concentrations as a function of time for the dissolution 

experiments in pH of 5 and 7 solutions at 25 oC. The solid ferrous arsenate sample 

was synthesized at 25 oC and pH of 4.16. 
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Table 4.1 Equilibrium reactions for arsenic and iron species (Benjamin, 2002) 

−+ +⇔ 4243 AsOHHAsOH                       pK1 = 2.2                (3) 

−+− +⇔ 2
442 HAsOHAsOH                        pK2 = 6.98 (4) 

−+− +⇔ 3
4

2
4 AsOHHAsO                           pK3 = 11.6 (5) 

+++ +⇔+ HFeOHOHFe 2
2  pK1 = 9.5 (6) 

++ +⇔+ HFe(OH)OHFeOH 0
22  pK2 = 11.07 (7) 

+− +⇔+ HFe(OH)OHFe(OH) 32
0
2  pK3 = 10.43 (8) 
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Table 4.2 Activity calculation expressions 

 

Ion Strength 
2
i

ionsall
i zc

2
1I ∑=   (9) 

Debye-Huckel law 212
i I0.51zlogγ −=  I < 0.005 

M (10) 

Extended Debye-
Huckel 21

21
2

i 0.33aI1
I0.51zlogγ

+
−=  I < 0.1 M (11) 

Davis 0.2I)
I1

I(0.51zlogγ 21

21
2

i −
+

−= I < 0.5 M (12) 
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Table 4.3 Calculated solubility products of ferrous arsenate from synthesis and 

solubility experiments. 

Synthesis Condition 
Dissolution 

Conditions 

 

Solubility 

Experiment T (oC) Final pH T(oC) pH 

Fe2+ 

(mM) 

AsO4
3- 

(mM) 
Ksp 

25 4.16     31.959 9.081 7.05×10-37 

40 4.0   30.640 9.514 8.06×10-38 

60 3.82   32.804 9.141 6.66×10-39 

80 3.8   25.672 6.631 1.18×10-39 

25 4.16   37.68  11.12  1.78×10-36 

25 5.13   23.25  1.30  5.22×10-34 

25 6.06   3.19  0.02  1.89×10-35 

25 6.22     0.025 0.356 7.38×10-35 

25 6.43   1.35  0.02  8.26×10-35 

25 2.46     2.60×10-41**

Synthesis 

25 7       8.71×10-34* 

25 6.22 25 5 0.006 0.133 1.23×10-37 
Dissolution 

25 6.22 25 7 0.036 0.136 4.02×10-37 

* (Khoe et al., 1991)   ** (Johnston and Singer, 2007) 
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CHAPTER 5 : STABILIZATION OF ARSENIC IN IRON OXIDE SLUDGES 

BY TRANSFORMATION TO FERROUS ARSENATE, Fe3(AsO4)2 

 

Abstract 

Arsenic-bearing solid residuals (ABSR) from mining, smelting, environmental 

cleanup, and water treatment operations pose a potential risk to human health due to 

their capacity to release arsenic into the environment under mixed-solid waste landfill 

conditions. In this study, an innovative treatment procedure has been developed to 

stabilize iron-based arsenic sludges by reduction of iron oxide and subsequent 

formation of a stable phase of ferrous arsenate mineral, using zero-valent iron. The 

procedure works at ambient temperature and pressure and neutral pH. 

Keywords: Arsenic mineral crystallization; Zero-valent Iron (ZVI); Arsenic residuals; 

Reduction; Ferrous arsenate; Solid waste stabilization 
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5.1 Introduction 

The presence of arsenic in natural waters in many places around the world, especially 

in Southeast Asia and the Southwestern United States (Smedley and Kinniburgh, 

2002) has motivated the proliferation of separation technologies to remove arsenic 

from water to meet current standards by the World Health Organization and the US 

Environmental Protection Agency (10 μg/L). Adsorption of arsenate species onto 

solid sorbents is the most widely used technology at this respect. This leads to the 

generation of about 4000 tons of solid arsenic bearing solid residuals (ABSR) yearly 

in the US alone (U. S. Environmental Protection Agency, 2001). In addition, other 

anthropogenic activities, such as mining and pesticide industries are major sources of 

arsenic-laden waste. Solid waste from these operations may be disposed in mixed 

solid waste landfills, from which arsenic may be released into the aqueous phase as 

ageing, dehydration and recrystallization occurs (Ghosh et al., 2004; Ghosh et al., 

2006). Therefore, the management of ABSR has become a critical environmental 

issue. 

Arsenic crystallization technologies (ACT) have received interest as alternatives for 

arsenic stabilization over conventional methods, such as cement encapsulation and 

vitrification (Demopoulos, 1996; Twidwell et al., 1999; Comacho et al., 2004). In 

these techniques, soluble arsenic compounds are transformed into minerals that have 

high arsenic capacity, long term stability over geological time, and low solubility 

compared to the original ABSR. The most commonly used and least expensive 

method is to employ lime to form calcium arsenate minerals (Bothe and Brown, 
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1999);(Jing et al., 2003). However, this technology has proved to be unsuitable for 

ABSR disposal in environment where exposure to CO2 might occur, leading to the 

formation of more stable phases of calcium carbonate and the subsequent release of 

arsenic (Nishimura et al., 1985; Zhu et al., 2005).  

For iron-rich ABSR produced by adsorption processes that use iron-based sorbents, 

the formation of various iron-arsenic minerals has been investigated. The most studied 

method is the stabilization of ABSR by precipitation of crystalline scorodite 

(FeAsO4.2H2O) (Harris and Krause, 1993; Quiankun and Demopoulos, 1998), (Wang 

et al., 2000). Although scorodite is a good candidate for arsenic disposal due to its 

low solubility and high arsenic capacity (Dove and Rimstidt, 1985; Bluteau and 

Demopoulos, 2004), its synthesis requires high temperatures and extremely acidic 

conditions (pH < 3), thus limiting its applicability.(Riveros et al., 2001). 

The use of ferrous arsenate (symplesite, Fe3(AsO4)2) to immobilize arsenic in 

porewaters and lakes has been investigated in the past (Sadiq et al., 2002). Ferrous 

arsenate can be formed across a broad spectrum of pH, ranging from 2 to 9 at 25 oC. 

The solubility product (Ksp) of synthesized ferrous arsenate has been reported in the 

range of 10-41 to 10-33 (Robins et al., 1991; Johnston and Singer, 2007). Previous 

research (Chapter 4) has established that the optimum synthesis conditions in terms of 

solubility of the final product to synthesize ferrous arsenate are: pH 7 and 25 oC, 

starting from a mixture of AsO4
3- and Fe2+ containing a molar ratio of Fe/As=1.5. 

However, the feasibility of using ferrous arsenate to stabilize iron-based arsenic 

residuals remains uncertain due to their chemical complexity. This is the main 
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objective of the present study. For this purpose, iron-based arsenic sludges were 

prepared by precipitation from mixtures of NaH2AsO4 and FeCl3 solutions. An 

innovative treatment procedure was then applied by reduction of iron oxide and 

formation of stable ferrous arsenate mineral. Independent parameters investigated are 

the reducing agent, particle size of the selected reductant, pH of the treatment slurry, 

process temperature, and the amount of reductant added. To examine the effectiveness 

of arsenic stabilization through the formation of ferrous arsenate, the originally 

prepared iron based arsenic sludge and its treated counterpart were examined using 

the toxicity characteristic leaching procedure (TCLP), X-ray Diffraction (XRD) and 

Scanning Electron Microscopy (SEM).    

5.2 Materials and Methods 

5.2.1 Materials 

All chemicals were purchased from Sigma-Aldrich with at least 98% purity, and used 

without further purification. All solutions were made with anaerobic DI water 

obtained by boiling DI water for ~1 h with continuous flushing by argon or nitrogen 

gas. All the reactors, glassware and tools were exposed for 10 minutes to pure 

nitrogen gas to get rid of oxygen in the synthesis experiments.   

5.2.2 Sludge Preparation 

The arsenic sludge was prepared by mixing 1 L of 0.169 M NaH2AsO4.7H2O solution 

and 1 L of 0.964 M FeCl3.6H2O solution in a 3 L beaker. The mixture was rapidly 
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stirred at 200 rpm using an overhead stirrer (Arrow 1750). This mixture (molar ratio 

Fe/As = 5.7) was allowed to equilibrate for 1 hr before the solution was adjusted to 

pH of 7 using 10 M NaOH solution. After pH adjustment, the sludge mixture was 

shaken on a reciprocating shaker table (Orbit, reciprocating speed of 30 rpm) for 30 

minutes to ensure homogenization without causing breakup of the flocculated 

particles. The sludge mixture was allowed to settle and equilibrate for 14 days at room 

temperature. During this equilibration period, pH fluctuations of + 0.5 units were 

observed. The fluctuations were mitigated by periodic adjustment with 0.1 M HCl or 

0.1 M NaOH. At the end of the precipitation process, the precipitate was filtered using 

0.45-μm membrane filters and a vacuum filtration system, to achieve a water content 

of 65% wt-wt. The semi-dried sludge was stored in glass-stoppered bottles at 4 oC for 

further characterization and extraction tests. 

5.2.3 Reduced Sludge Preparation 

The reduced sludge was prepared by mixing the sludge with a reducing agent at 

desired proportions (Sludge as iron/Reductant molar ratios between 2 and 10) in 

deoxygenized DI water under a nitrogen environment. The solid to liquid ratio was 

kept constant for all experiments at 1:10. The mixture was continuously agitated with 

an overhead stirrer (Arrow 1750) at rotation speed of 300 rpm for 24 hours under a 

nitrogen atmosphere. During this period, the pH of the suspension was maintained at 

the desired value (in the range pH 5-9) by adding 0.1 M NaOH or 0.1 M HCl 

periodically. In a typical experiment, the color of the suspension changed from brown 

to dark green gradually. At the end of the process, the liquid and solid phases were 
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separated using a centrifuge system (Beckman J2-21) at 5000 rpm for 10 minutes. The 

liquid phase was analyzed for chemical constituents. The dark green solid product 

was then dried using a nitrogen evaporator (Evaporator Associate Inc., N_EVAP 112) 

or a glove box (Terra Universal 100) at room temperature. Dried samples were stored 

in glass vials at room temperature for solid phase characterization and solubility tests.  

5.2.4 Reductant Selection Study 

In order to find the best reducing agent for arsenic sludge stabilization, five reductants 

were investigated: zero valent iron (ZVI), sodium sulfide (Na2S), sodium hydrosulfite 

(Na2S2O4), pyrite (FeS2), and thiourea (NH2CSNH2). The experiments were carried 

out using the same amount of sludge but different amounts of reducing agents to keep 

the reducing capacity constant by calculating the electron transfer capacity. The 

chemical compositions of the reductants are listed in Table 5.1. For instance, the 

capacity of 1 mole of ZVI is equal to 1/3 mole of Na2S2O4.. There was no pH 

adjustment and the experiments were carried out at room temperature. 

Among the reductants studied, zero-valent iron (ZVI) was the best reducing agent in 

terms of the solubility and stability of the treated sludge (see Results and Discussion). 

With the purpose of optimizing the stabilization procedure, seven monodisperse ZVIs 

with different particle sizes were investigated: 2 μm, 35 μm, 60 μm, 122 μm, and 686 

μm (Alfa Aesar). A typical experiment was carried out by mixing 70 g of sludge (5.6 

g iron) and 5.6 g of ZVI (ZVI/sludge =1). During the reaction period, the pH of the 

suspension was maintained at 7 by adding 0.1 M NaOH or 0.1 M HCl periodically.    
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We also studied the effects of the molar ratio of ZVI to sludge (as iron) on the 

solubility of the reduced sludge to determine the optimum ratio in terms of cost and 

effectiveness. The experimental procedure was the same as described above. The 

ZVI/sludge (as iron) molar ratio was varied between 0.1 and 1.  

Temperature and effects were also analyzed. To assess the effect of temperature, at 

the end of the reduced sludge preparation process, the separated solid phase was 

transferred to a high temperature vessel (Parr 5500) where the reduced sludge was 

cured for another 24 hr at constant temperatures (25, 90, and 160 oC). The reactor was 

pressurized with nitrogen to maintain an oxygen free environment. For pH effects, the 

pH of the reduced sludge suspension was varied between 5 and 7. 

5.2.5 Characterization and Analytical Methods 

To identify the crystalline phases present in the solid phase, X-ray diffraction patterns 

were collected using a Bruker D8 Advance diffractometer using Cu radiation. The 

diffractometer was equipped with a scintillation detector as well as an energy 

dispersive detector to handle fluorescent material. Diffraction patterns for selected 

samples were recorded by continuous scans from 5o to 90° for over 285 minutes. The 

major crystalline phases were identified using the Bruker software and the 

International Centre for Diffraction Data (ICDD) database. 

Scanning electron microscope (SEM) images and Energy Dispersive X-Ray 

Spectroscopy (EDS) spectra of the samples were recorded using a Hitachi S-2460N 

Scanning Electron Microscope. The SEM images allow for the identification of the 
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solid sample microstructure, and the EDS identifies the elemental composition of the 

materials. Most elements are detected at concentrations in the order of 0.1%. 

Samples were subjected to the TCLP test. The extraction solution was prepared 

according to EPA SW-846, Method 1311 by adding 5.7 mL of glacial acetic acid to 

64.3 mL of 1.0 N NaOH, and bringing the mixture volume up to 1 L with DI water. 

Prior to addition of the material to be tested, the pH of this stock leaching solution 

was 4.93±0.05. To run a leaching test, 5.129 g of size-reduced (<1.4 mm) sample was 

added to a glass bottle with 100 mL of leaching solution. The bottle was then sealed 

and rotated continuously on a shaker table with rotation speed of 100 rpm for 48 

hours. 

The total concentrations of dissolved arsenic and iron in solution were measured using 

a Perkin-Elmer Optima 5300 DV inductively-coupled plasma optical emission 

spectrometer (ICP-OES). The gas flow to the nebulizer was 0.60 L/min and the 

sample flow rate was 1.5 mL/min. The OES detector has a detection limit of 0.1 ppm 

and 0.005 ppm for arsenic and iron, respectively. Samples with arsenic concentration 

less than 20 ppb were re-tested using a Perkin-Elmer graphite furnace atomic 

absorption (AA) Spectrometer. The instrument was operated using the Perkin-Elmer 

software interface equipped with EPA testing method SW846 6020A (EPA, 2007). 

The samples were diluted to the measurable range of the instrument using 2% HCl 

solution. Dilution factors varied depending on the constituent concentration. Typically, 

a 10 mL solution was prepared for analysis. An analytical blank was prepared 
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identically for every batch test. Analytical reagent grade chemicals were used to 

prepare calibration and quality control standards. 

5.3 Results and Discussion  

5.3.1 Treatment Process Optimization 

The formation of the synthetic sludge involves the precipitation of ferrihydrite, 

 ++ +⇔++ H3)s()OH)(OH(FeOOH)x2(Fe x22
3  (1) 

and the adsorption of arsenate ions onto the ferrihydrite surface (Johnston and Singer, 

2007) 

 )s()OH)(OH(FeOAsOAsO)OH)(OH(FeO x2
3
4

3
4x2 ⋅⇔+ −−  (2) 

Formation of ferrous arsenate follows the precipitation reaction (Khoe et al., 1991) 

 )s()AsO(Fe)aq(AsO2)aq(Fe3 243
3
4

2 ⇔+ −+  (3) 

Two critical steps involved in the transformation of arsenic sludge into ferrous 

arsenate mineral are: (1) release of the arsenate (AsO4
3-) from the surface of the 

sorbent, and (2) the presence of free ferrous (Fe2+) ions either by addition or from the 

existing iron oxide. It has been shown that arsenic can desorb from the ferrihydrite 
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surface as iron oxide is reduced to form soluble ferrous ion under certain reducing 

conditions (Gruebel et al., 1988) Following the reaction     

)s()AsO(Fe)aq(AsO)aq(Fe

agentreducing)s()OH)(OH(FeOAsO

243
3
4

2
x2

3
4

⇒+

→+⋅
−+

−

 (4) 

The proposed reaction schemes for the five reducing agents used in this work (Table 

5.1) are  

+− ++⇔++ H16SO2)II(Fe15OH8)III(Fe14FeS 2
422    (5) 

+++⇔++ H8SONa)II(Fe8OH4)III(Fe8CSNHNH/SNa 422222  (6) 

+++⇔++ H8SONa)II(Fe8OH8)III(Fe6OSNa 422422  (7) 

 )II(Fe3)III(Fe2)0(Fe ⇔+  (8) 

Four of the five reducing agents are sulfur-containing chemicals and the reduction of 

Fe(III) is coupled with the oxidation of sulfur to sulfate (SO4
2-).  

Figure 5.1 shows the TCLP testing results of the arsenic sludge treated with different 

reductants. The reduced sludge formed by ZVI exhibits the lowest arsenic leachability 

among all tested reductants, indicating production of the most stable form of ferrous 

arsenate. Another benefit of using ZVI as reducing agent is that there is no other 

contaminant being introduced into the system. There is no reduction of arsenate to 
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arsenite was observed during the ZVI process. FeS2 is not considered as a candidate 

due to its kinetic limit--very insoluble in neutral pH solutions (Paschka and Dzombak, 

2004). Stabilization of arsenic using other sulfur reducing agents are also not 

acceptable with leaching high concentration of both arsenic and iron in the TCLP test, 

although the sulfur-containing reductants are capable of reducing Fe(III) to Fe(II) and 

releasing soluble arsenic into solution. Possibly, the high leachability of arsenic was 

caused by reduction of arsenate (AsO4
3-) to arsenite (AsO3

3-) which is much more 

soluble than arsenate and leads to the formation of ferrous arsenate impossible, 

because reduced arsenic phase (As(III)) was detected from all of the sulfur system. 

Experiments were performed to investigate the effects of ZVI particle size on arsenic 

stabilization. The results of TCLP tests on reduced sludges formed in the presence of 

the different ZVI samples are shown in Figure 5.2. All treated materials leach out 

relatively high concentrations of reduced iron, indicating substantial reduction 

processes during the sludge treatment. The sludges treated with small ZVI particles (2 

μm and 35 μm) show low arsenic leachability and relatively high ferrous ion 

concentrations in the TCLP tests, which suggests that a stable arsenic phase is formed 

in this case. The reason why less stable arsenic phases are generated when using 

larger ZVI particles is probably the presence of mass transfer limitations, resulting 

from the smaller surface area of the larger particles. Since the reaction between ZVI 

and sludge particles is heterogeneous, mass transfer plays a critical role in apparent 

reaction kinetics. The experimental results show no significant differences for the ZVI 

particle sizes of 2 μm and 35 μm. In practice, the larger the ZVI particle, the easier the 
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handling process, owing to the susceptibility of ZVI to oxidation. Therefore, the ZVI 

with size of 35 μm is selected as the best reducing agent. 

During a typical treatment process for arsenic sludge using ZVI, the pH of the mixture 

increases continuously from its initial pH of 6.6 to the equilibrium pH of 9.5 if no pH 

adjustment is provided. This implies that the processing pH may be a significant 

factor in controlling the treatment process and the properties of the formed products. 

The TCLP results for the treated sludge using 35 μm ZVI particles under variable pH 

conditions are shown on Figure 5.3. The concentration of ferrous ions decreases as the 

solution pH increases, indicating that the reduction of sludge is favored under lower 

pH conditions. On the other hand, the arsenic leachability dramatically increases from 

pH of 7 to pH of 9, while there is no significant difference between pH of 5 and 7. As 

discussed previously, the stabilization of arsenic sludge when treated with reductants 

is through the formation of ferrous arsenate mineral.  

A previous study has shown that the degree of crystallinity of synthesized ferrous 

arsenate increases with the process temperature, and this results in a decrease of 

arsenic solubility (Chapter 4). However, the TCLP testing results for the arsenic 

sludge treated with ZVI at different temperatures shows the reversed trend, as 

illustrated in Figure 5.4. The increase of arsenic leachability with treatment 

temperature implies that not all of the arsenic exists as ferrous arsenate, and part of it 

still exists as adsorbed species on the surface of iron oxide. At elevated temperatures, 

amorphous phases of iron oxide tend to be transformed into more crystalline phases, 

such as hematite and goethite. This may dramatically decrease the active surface area 
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of the iron oxide and cause it to lose adsorption capacity. Consequently, more arsenic 

is released while less iron dissolves in the TCLP test. In practice, the temperature of 

25 oC is preferred to take advantages of the properties of ferrous arsenate and 

adsorption capacity. 

The theoretical molar ratio of ZVI to Fe (III) in arsenic sludge needed to reduce all Fe 

(III) is 1:2 (equation 8). On the other hand, the minimum amount of reduced iron 

needed to react completely with arsenate to form ferrous arsenate is 1.5 times the 

moles of arsenate (equation 3). For the particular arsenic sludge prepared in this study, 

which has a Fe/As ratio of 5.7, the amount of ferrous iron needed to precipitate all the 

arsenic as ferrous arsenate is 1.5/5.7=0.263 mol of Fe(II)/mol of sludge, which 

requires (equation 8) 0.088 moles ZVI/mol of sludge as iron. In order to assess the 

effects of ZVI/Sludge ratio on the stability of the reduced sludge, a series of sludge 

treatment experiments were performed with varying ZVI/Sludge ratio from 0.1 to 1. 

Figure 5.5 shows the arsenic leachability of the reduced sludges in TCLP tests as a 

function of ZVI to sludge ratio. As seen, the leachability of arsenic decreases with the 

increase of the ZVI/Sludge ratio. The leached arsenic concentration drops 

significantly when the ZVI/Sludge ratio increases from 0.2 to 0.3, while it varies only 

slightly when the ZVI/Sludge ratio changes from 0.3 to 1. From the standpoint of an 

engineering process in terms of cost effectiveness and technical feasibility, the 

SVI/sludge ratio of 0.3 is considered optimal. 

Based on the results and discussion described above, it is apparent that ZVI with a 

particle size of 35 μm is the best reducing agent for stabilizing iron based arsenic 
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sludge, and that optimum process conditions are: pH 7, temperature of 2 5oC, and 

molar ratio of ZVI/Sludge (Fe) of 0.3. 

5.3.2 Evaluation of Treatment Scheme Effectiveness 

The proposed mechanisms for the stabilization of iron-based arsenic sludge subject to 

ZVI treatment are based on four steps: (1) part of the Fe (III) oxide in the original 

sludge is reduced to more soluble ferrous iron, (2) the adsorbed arsenate on the 

surface of the iron oxide is released into solution, (3) the free ferrous and arsenate 

ions precipitate to form ferrous arsenate, and (4) soluble arsenate left after the 

precipitation process readsorbs onto remaining iron oxide during the drying/aging 

process. Obviously, the effectiveness of this treatment depends on each of the above 

steps. In this study, the effectiveness of ZVI stabilization treatment is evaluated by 

performing SEM imaging, EDS chemical analysis, XRD crystal structure 

identification, and standard TCLP leaching test for both the initial synthetic sludge 

and the reduced sludge after ZVI treatment.    

Artificial iron based arsenic sludge with a Fe/As ratio of 5.7 was used in this study 

rather than real arsenic sludge generated from an arsenic removal facility because the 

common real arsenic sludge only contains relatively small fraction of arsenic (Fe/As > 

100), which is below the detection limit of some characterization techniques such as 

XRD.  

As shown in Figure 5.6, the arsenic leachability results clearly demonstrate that the 

stabilization treatment using ZVI effectively reduces the arsenic leachability by about 
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50 fold within the entire pH range. For untreated arsenic sludge, the arsenic solubility 

increases substantially with the leaching solution pH. The dissolution is caused by 

desorption of the arsenate from the iron oxide surface since the adsorption capacity of 

iron oxide is dramatically reduced as pH increases within the range explored (Robins 

et al., 1988). This also confirms that the dominant arsenic species in the untreated 

sludge exist as adsorbed arsenate. On the other hand, the treated sludge shows much 

lower arsenic solubility. The solubility difference between the treated and untreated 

samples suggests that the dominant arsenic species in the treated sludge is part of the 

solid and not merely adsorbed. 

During the treatment process, the color of the sludge changed from brown, which is 

the typical color of ferric oxide, to dark green which indicates that the reduction 

reaction of ferric oxide occurs and ferrous phase minerals are formed as a result, as 

the typical color of ferrous material is green. SEM images for reduced sludge and 

untreated arsenic sludge are shown in Figure 5.7. The image of untreated sludge 

shows a uniformly amorphous microstructure for the original sludge. In contrast, two 

different phases are present in the treated sludge image: a crystalline phase 1 and an 

amorphous phase 2 (Figure 5.7 (b)). The ZVI treatment causes the transformation of 

amorphous materials into a crystalline phase. Figure 5.8 shows the EDS results of the 

untreated sludge (a) and reduced sludge (b). The EDS results illustrate that the 

untreated sludge has the elemental composition that corresponds to the molar ratio of 

the original sludge Fe/As of 5.7, and the crystalline phase of treated sludge has a 

molar ratio of Fe/As of 1.5, which corresponds to ferrous arsenate (Fe3(AsO4)2). 
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Furthermore, the XRD results for both treated and untreated arsenic sludge agree well 

with the SEM results (Figure 5.9). 

Overall, ZVI treatment is effective in stabilizing arsenic-bearing iron sludge. The 

immobilization of arsenic is accomplished by formation of a stable phase of ferrous 

arsenate mineral through reduction of ferric oxide by ZVI. Compared to conventional 

treatment methods, three advantages are associated with ZVI treatment: (1) it is 

environmentally friendly without any other contaminants being introduced; (2) it is 

cost effective due to the low price of ZVI compared to any other treatment chemicals; 

and (3) it is time efficient since the treatment process can be completed within 24 

hours for arsenic immobilization. However, available information for using ZVI to 

stabilize arsenic solid waste is very limited to date. To apply this innovative technique 

for real arsenic bearing waste stabilization, more tests using real spent sorbents should 

be conducted. 
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Figure 5.1 TCLP results for arsenic sludge treated with different reducing agents: total 

arsenic and Fe(II) concentrations in the leaching solution. The reduction treatment of 

arsenic sludge was conducted at 25 oC for 24 hours without pH adjustment. 
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Figure 5.2 TCLP results for arsenic sludge treated with ZVI samples with different 

particle sizes: total arsenic and Fe(II) concentrations in the leaching solution. The 

reduction treatment of arsenic sludge was conducted at 25 oC for 24 hours with pH 

maintained at 7. 
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Figure 5.3 TCLP results for arsenic sludge treated with ZVIs at different pH and 25 

oC 
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Figure 5.4 TCLP results for arsenic sludge treated with ZVIs at different temperatures 

and pH of 7. 
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Figure 5.5 Arsenic leachability in TCLP tests as a function a molar ratio of ZVI to Fe 

(III)I in arsenic sludge. 
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Figure 5.6 Arsenic solubility as a function of the leaching solution pH for both initial 

and reduced sludge. Stabilized sludge was treated using ZVI with average particle 

size of 35 μm under following conditions: ZVI/Sludge (Fe(III) = 0.3, process pH = 7, 

Temperature = 25 oC, and treatment time = 24 hours. 
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Figure 5.7 SEM images of (a) untreated arsenic sludge and (b) reduced sludge. The 

reduced sludge was obtained by add ZVI into untreated arsenic sludge, ZVI/Sludge = 

0.3, pH = 7, and temperature = 25oC. Two distinguishable phases are seen on reduced 

sludge: ① crystalline phase and ② amorphous phase 
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Figure 5.8 EDS spectra for initial and reduced arsenic sludge. (a) responds to material 

within frame area of Figure 5.7(a); (b) represents material of phase ① on Figure 5.7(b) 
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Figure 5.9 XRD patterns, (a) untreated arsenic sludge; (b) phase ① of reduced sludge 

on Figure 5.7 (b) 
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Table 5.1 Summary of initial reductant chemical compositions 

Reducing 
agent 

Moles of 
sludge as 

Fe 

Moles of 
reducing 

agent 

Mass of 
sludge 

 (g) 

Mass of 
reducing 
agent (g) 

Moles of  e- 
transferred per 

mole of 
reductant 

ZVI 0.1 0.0500 70 2.8 2 

FeS2 0.1 0.0143 70 1.71 14 

Na2S 0.1 0.0125 70 0.98 8 

Na2S2O4 0.1 0.0167 70 2.9 6 

NH2CSNH2 0.1 0.0125 70 0.95 8 
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CHAPTER 6 : MOBILITY OF ARSENIC IN SYNTHETIC IRON-

CONTAINING SOLIDS USING A MODIFIED SEQUENTIAL 

EXTRACTION METHOD 

Abstract 

Many water treatment technologies for arsenic removal that are used today produce 

arsenic-bearing residuals which are disposed in non-hazardous landfills. It is now well 

established that many of these residuals will release arsenic to a much greater extent 

than predicted by standard regulatory leaching tests and, consequently, require 

stabilization to ensure benign behaviours after disposal. In this work, a four-step 

sequential extraction method was developed from previously used methods in an 

effort to determine the proportion of arsenic in various phases in untreated as well as 

stabilized iron-based solid matrices. The solids synthesized using various potential 

stabilization techniques included: amorphous arsenic-iron sludge (ASL), reduced ASL 

via reaction with zero valent iron (RASL), amorphous ferrous arsenate (PFA), a 

mixture of PFA and SL (M1), crystalline ferrous arsenate (HPFA), and a mixture of 

HPFA and SL (M2). The overall arsenic mobility of the tested samples decreased in 

the following order: ASL > RASL > PFA > M1 > HPFA > M2. The high ASL release 

of arsenic confirmed the instability of this untreated phase. However, by treating ASL 

using zero valent iron, the resulting RASL showed higher resistance to arsenic 

leaching. This is likely due to the formation of a ferrous arsenic phase by the 

reduction processes. The arsenic in RASL existed in the form of adsorbed, amorphous, 

and crystalline phases. Due to the greater stability of the crystalline ferrous arsenate, 
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crystallization or re-mineralization of arsenic residuals is considered a potentially 

viable treatment technology for arsenic residual stabilization.  

Keywords: Arsenic-bearing residual; Sequential extraction; Arsenic leaching; Ferrous 

arsenate; Iron oxide, Crystallization 
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6.1 Introduction 

The deleterious impact of arsenic in drinking water is now recognized even at 

relatively low concentrations (Bodwell et al., 2004; Gamble et al., 2005; Ahsan et al., 

2006; Gamble et al., 2006; Smith et al., 2006). As a consequence, the maximum 

contaminant level (MCL) of arsenic in drinking water was reduced from 50 μg/L to 

10 μg/L by the U.S. Environmental Protection Agency (EPA), with compliance 

beginning March 2006. It is estimated that about 4,000 tons of arsenic bearing solid 

residuals (ABSR) will be generated annually by arsenic removal processes applied to 

drinking water treatment (Ela, 2006). Although dissolution of naturally occurring 

arsenic-containing minerals is the primary source of contamination, mining activities, 

wood preservation processes and pesticide production are other major arsenic waste 

sources. 

Based on U.S. EPA regulations, the potential of arsenic mobilization from a solid 

waste is assessed by the TCLP test. However, a number of studies have shown that 

the TCLP significantly underestimates arsenic leaching from ABSR disposed in 

landfills due to the poor simulation of landfill conditions with regards to pH and 

redox potential (Ghosh et al., 2004). A meaningful method that evaluates the long-

term leachability potential of arsenic is the use of continuous column tests within a 

simulated landfill environment in terms of pH, redox potential, and biological activity. 

Although column leach testing provides a realistic simulation tool to examine the 

interactions between ABSR and particular surroundings, the long testing time, months 

to years, limits its application for routine risk assessment of contaminated solid waste 
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(Ghosh et al., 2006; Tan et al., 2006). Compared with column tests, a relatively 

simple and more widely used method is sequential extraction, which can provide 

information on proportion of a contaminant in different phases and consequently on 

its leachability and bioavailability (Tessier et al., 1979; Shiowatana et al., 2001). A 

sequential extraction test employs increasingly aggressive leaching fluids to target 

specific chemical or physical aspects of the solid waste. In this process, the extraction 

fluid is sequentially removed and replaced with progressively more aggressive 

extractants. The concentrations of the contaminants measured in the serial leachate 

samples provide phase-association information about the contaminant distribution 

within a solid.  

Although sequential extraction procedures have been applied to a variety of metal 

contaminants including Hg, P, Se, Cu, and Pb (Tessier et al., 1979; Dahnke et al., 

1986; Shiowatana et al., 2001), the study of the stability of ABSR has only received 

attention since the new regulation for arsenic in drinking water was issued in 2001 

(Krysiak and Karczewska, 2007). Due to the similarity of arsenic and phosphorus in 

bonding properties, most sequential extraction methods for extracting arsenic from 

arsenic contaminated soil and sediment use phosphorous containing extractants 

(Mihaljevič et al., 2003; Van Herreweghe et al., 2003; Shaw, 2004; Smetanin et al., 

2007). The sequential extraction tests assume that one extraction fluid targets only 

one phase of the arsenic mineral matrix. The fraction of arsenic in soil and sediment 

has been classified as: (1) exchangeable, (2) bonded to carbonate, (3) bonded to iron 

oxide, (4) bonded to organic matter, and (5) residuals (Tessier et al., 1979). The 

overall strength of the extractants has been reported as: H2O < 1.0 M MgCl2 < 1.0 M 
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NaH2PO4 < 0.20 M Ammonium oxalate < 10 M HF < 16 M HNO3 < 16 M HNO3 + 

30% H2O2 (Keon et al., 2001). Although the sequential extraction method has been 

used for arsenic extraction from natural contaminated soil and sediment, to our 

knowledge there have been no reported applications to synthesized arsenic residuals, 

such as arsenic sludge generated from water treatment facilities and synthetic arsenic 

minerals. In this research, we apply a simplified sequential extraction method to a 

suite of arsenic solid wastes for identification of arsenic phases including adsorbed, 

amorphous, and crystalline mineral phases.  

The aim of this work is two-fold: to develop a suitable sequential extraction test for 

application to arsenic solid wastes, including the arsenic sludge generated by iron-

based adsorption processes, crystallized arsenic solids produced from arsenic 

treatment sludges, and synthetic iron-arsenic minerals, and to understand the 

distribution of arsenic in various potential phases in the arsenic-bearing solids and, as 

a consequence, to better understand and predict their stability under particular 

conditions. The development of the sequential extraction test required the selection of 

proper extractants, determination of appropriate contact times, and correlation of the 

test results with other characterization techniques (e.g., XRD, SEM, standard leaching 

tests, isotherms). Once the test procedures were developed, experiments were 

performed to determine the relative contributions of the different arsenic phases 

associated with the iron-arsenic minerals that are of interest as potential stable 

repositories for arsenic in water treatment residuals. With this information, it is 

possible to evaluate and predict the feasibility of the proposed arsenic sludge 

treatment technology. 



 

 

144

6.2 Materials and Methods 

All the reagents were analytical grade and used as purchased without any further 

purification. All solutions were made with deoxygenated deionized (DI) water 

obtained by boiling DI water for about 1 h with continuous flushing by argon or 

nitrogen gas. All reactors, glassware and tools were flushed for 10 minutes using 

nitrogen gas to remove oxygen.  

6.2.1 Amorphous (PFA) and Crystalline (HPFA) Ferrous Arsenate Preparation 

Ferrous arsenate materials were prepared by mixing 0.05 M FeSO4.7H2O and 0.05 M 

Na2HAsO4.7H2O solutions at a Fe:As molar ratio of 3:2 to a total volume of 300 mL 

in a 500 mL beaker under a nitrogen atmosphere. The mixture was continuously 

stirred using a magnetic stirrer until the pH of the solution varied less than 0.05 units 

within 30 minutes, and a light green precipitate was observed. The resultant slurries 

were transferred to a Teflon-lined Parr reactor (Parr 5500) and cured for (1) 2 days at 

25 oC, which generates PFA, and (2) 2 days at 160 oC, which generates HPFA. 

Nitrogen was used to maintain a pressure of 8 bars within the reactor to ensure 

oxygen free conditions. At the end of the synthesis process, the precipitates were 

filtered using 0.45-μm membrane filters and washed subsequently three times using 

0.5 L deoxygenated DI water. The washed precipitates were then dried in a nitrogen 

evaporator (Evaporator Associate Inc., N_EVAP 112) or a glove box (Terra Universal 

100) at room temperature. Dried samples were stored in glass vials at room 

temperature for solid phase characterization and solubility tests. 
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6.2.2 Amorphous Arsenic-iron Sludge Preparation (ASL) 

The arsenic-iron sludge was prepared by mixing 1 L of 0.169 M NaH2AsO4.7H2O and 

1 L of 0.96 M FeCl3.6H2O solutions in a 3 L beaker with a Fe:As molar ratio of 5.5:1. 

The mixture was rapidly stirred at 200 rpm using an overhead stirrer (Arrow 1750). 

This mixture was allowed to equilibrate for 1 h before the solution was adjusted to pH 

of 7 using 10 M NaOH. After pH adjustment, the sludge mixture was shaken on a 

reciprocating shaker table (Orbit, reciprocating speed of 30 rpm) for 30 minutes to 

ensure homogenization without causing breakup of the flocculated particles. The 

sludge mixture was allowed to settle and equilibrate for 14 days at room temperature. 

During this equilibration period, pH fluctuations of + 0.5 units were observed. The 

fluctuations were mitigated by periodic adjustment with 0.1 M HCl or 0.1 M NaOH. 

At the end of the precipitation process, the precipitate was filtered using 0.45-μm 

membrane filters and a vacuum filtration system, to achieve a water content of 65% 

wt-wt. The semi-dried sludge was stored in glass-stoppered bottles at 4 oC for further 

characterization and extraction tests. 

6.2.3 Reduced Arsenic-iron Sludge Preparation (RASL) 

The reduced arsenic-iron sludge was prepared by mixing 100 g of prepared ASL 

sample and 4 g of zero-valent iron powder (average particle size = 35 μm) in 300 mL 

DI water under a nitrogen environment. The mixture was then continuously stirred 

using a magnetic bar at the rotation speed of 500 rpm for 24 hours. During this period, 

the pH of the suspension was maintained at 7 by adding 0.1 M NaOH or 0.1 M HCl 
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periodically. At the end of the process, the liquid and solid phases were separated 

using a centrifuge system (Beckman J2-21) at 5000 rpm for 10 minutes. The liquid 

phase was analyzed for chemical constituents. The solid phase was tested for water 

content, and was also digested for chemical analysis. 

6.2.4 Amorphous Ferrihydrite Sludge Preparation (SL) 

A ferrihydrite sludge without arsenic was synthesized to use as a baseline material 

against which to compare the rest of the synthesized solids and to prepare mixtures 

with other solids. This sludge was prepared by titrating 1 L of 0.96 M FeCl3.6H2O 

solution using 10 M NaOH to the pH of 7 within 1 hour. The suspension was then 

allowed to settle and equilibrate for 14 days at room temperature. During this period 

of time, pH fluctuated within + 0.5 units. These fluctuations were mitigated by 

periodic adjustment using 0.1 M HCl or 0.1 M NaOH. The same filtration and storage 

protocols as for the preparation of arsenic-iron sludge were used in preparing the AFH 

sludge samples. 

6.2.5 Sequential Extraction Test 

Step 1: A 1.0 M MgCl2 solution at pH 7 was used to extract exchangeable arsenic 

phases. MgCl2 is a typical extraction solution used for trace metals, and was adopted 

to extract the ionic arsenic through anion exchange of Cl for arsenate (Ruttenberg, 

1992). 
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Step 2: 1 M NaH2PO4 solution at pH of 5 was used to target strongly adsorbed As 

phase on the surface of iron oxide (ferrihydrite, Fe(OH)3). Due to the similarity 

between P and As, a high concentration of phosphate solution has been considered as 

the best candidate to remove arsenic from most sorbent materials such as iron oxides 

and aluminum oxides (Alam et al., 2001). 

Step 3: 1.0 M HCl solution was applied to solubilize the amorphous iron (Fe (III) and 

Fe(II)) arsenate species (Keon et al., 2001). Common amorphous minerals phases 

present in our samples are scorodite (FeAsO4.2H2O) and ferrous arsenate (Fe3(AsO4)2) 

(Chapter 2 and Chapter 4).  

Step 4: 1.0 M Na-citrate at pH 5 was used to extract the crystalline arsenic via 

coordination with iron. 

6.2.6 Continuous Column vs. Batch Test Set-up 

Both column and batch tests were investigated to determine the best method for 

extraction of the prepared samples. In a continuous flow set-up, extraction fluid was 

pumped up-flow through the column. A small filter disc prevented solids leaving the 

column and a nitrogen purge was maintained in the collection container to minimize 

ferrous iron oxidation (Figure 6.3 (a)). The batch sequential extraction experiment 

was conducted in a sealed reactor shaken on a Lab-line orbital shaker (Figure 6.3 (b)). 

After the predetermined contact time, the sample was centrifuged and decanted. The 

continuous-flow method had the advantages of simplicity (no need for filtration for 

each step), less risk of contamination, and less variation in extraction conditions, yet it 
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was discontinued due to the slow flow rate of the extraction fluid and ineffective 

mixing inside the system, which prevented the arsenic and iron concentrations from 

reaching an equilibrium within a reasonable time period. The batch experiment was 

then determined to be the best option and was utilized in all subsequent trials. 

6.2.7 Characterization and Analytical Methods 

To identify the crystalline phases present in the solid samples, X-ray diffraction 

patterns were collected using a Bruker D8 Advance diffractometer with Cu radiation. 

The diffractometer was equipped with scintillation and energy dispersive detectors to 

handle fluorescent material. Diffraction patterns for selected samples were recorded 

by continuous scans from 5o to 90° for over 285 minutes. Crystalline phases were 

identified using the Bruker software and the International Centre for Diffraction Data 

(ICDD) database. 

Scanning Electron Microscope (SEM) images and Energy Dispersive X-Ray 

Spectroscopy (EDS) spectra of the samples were recorded using a Hitachi S-2460N 

Scanning Electron Microscope. The SEM images allow for identification of the 

microstructures of the solid samples, and EDS identifies the elemental composition of 

the samples. Most elements are detectable at concentrations on the order of 0.1%. 

The total concentration of dissolved arsenic and iron in solution was determined by a 

Perkin-Elmer Optima 5300 DV inductively-coupled plasma optical emission 

spectrometer (ICP-OES). The gas flow to the nebulizer was 0.60 L/min and the 

sample flow rate was 1.5 mL/min. The OES detector has detection limits of 0.1 ppm 



 

 

149

and 0.005 ppm for arsenic and iron, respectively. Samples with arsenic concentration 

less than 20 ppb were rerun in a Perkin-Elmer graphite-furnace Atomic Absorption 

(AA) spectrometer. The instrument was operated using a Perkin-Elmer software 

interface equipped with EPA testing method SW846 6020A (EPA, 2007). The 

samples were diluted to the measurable range of the instrument using 2% HCl 

solution. Dilution factors varied depending on the constituent concentration. Typically, 

a 10 mL solution was prepared for analysis. An analytical blank was prepared for 

every batch test. The primary chemicals used to prepare the calibration and quality 

control standards and reagents were of analytical grade. 

6.3 Results and Discussion 

6.3.1 Characterization of Solid Samples 

Table 6.1 summarizes the samples synthesized for subsequent use in the sequential 

extraction tests. The solids encompass the range of ferrous arsenate materials that 

were synthesized as potential materials for arsenic solid waste stabilization. Sample 

SL is amorphous ferrihydrite (AFH, Fe(OH)3) with no arsenic present, which is 

formed when Fe(III) precipitates from neutral to alkaline solutions at ambient 

temperature (Cornell and Schwertmann, 2003). Both XRD and SEM results revealed 

that this type of material was completely amorphous with no distinguishable 

crystalline structure.  

Sample ASL, arsenic-iron sludge, is a typical iron rich, arsenic-bearing solid waste 

form of AFH, but with arsenic present as arsenate. It is the solid residual, with varying 
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arsenic content, of a number of arsenic removal processes for treating drinking water 

and brines (e.g., coagulation-assisted microfiltration, ion exchange regenerant 

purification, enhanced coagulation/flocculation) (Jekel and Amy, 2006). There was no 

crystalline phase identified in XRD analysis of ASL (Figure 6.1).  Addition of zero 

valent iron to ASL produced a reduced form of arsenic sludge (RASL). In previous 

studies (Chapter 5), it was observed that RASL contains various combinations of iron 

oxides (both ferric and ferrous forms) and ferrous arsenate (Fe3(AsO4)2), depending 

on the conditions during the contacting of ASL with zero valent iron. For this 

particular sample, XRD results show that poorly crystalline phase(s) appeared during 

the reduction process, although they are not identifiable from the ICDD database as to 

whether they are arsenic-containing materials or just a more crystalline iron oxide 

structure (Figure 6.1). 

Sample PFA is a ferrous arsenate mineral synthesized at 25 oC. It contains only 

Fe3(AsO4)2 as confirmed by SEM-EDS analysis, but with no distinguishable crystal 

structure evident in XRD scans (Figure 6.2). Sample HPFA has the same chemical 

composition as PFA but was synthesized at high temperature (160 oC). Results of 

XRD show that the bulk of HPFA was a crystalline phase as evidenced by the sharp, 

high intensity XRD peaks (Figure 6.2). Although the dominant arsenic phase in both 

samples PFA and HPFA is ferrous arsenate, iron oxide and adsorbed arsenic might be 

present, yet not detected by XRD due to their low relative concentration or amorphous 

nature. Samples M1 and M2 were mixtures of SL with PFA and HPFA, respectively. 

It is worth noting that all the arsenic-containing solids samples for sequential 

extraction tests in Table 6.2 contained the same total mass of arsenic, so as to 
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facilitate comparison of the extractability of arsenic from the different minerals. For 

samples ASL, M1, and M2, not only was the mass of arsenic same but the molar ratio 

of iron to arsenic was also fixed at 5.5 (Table 6.2).  

6.3.2 Sequential Extraction Test 

The sequential extraction concept is based on the premise that, ideally, each extraction 

fluid targets only one phase of the arsenic mineral matrix. Most sequential extraction 

procedures have been developed for soil or sediment that contains mutable mineral 

phases. The arsenic-associated phases in these type of matrices normally are 

categorized as exchangeable, bound to carbonates, bound to Mn and Fe 

oxyhydroxides, bound to crystalline iron oxides, bound to sulfides, bound to organic 

mater, and bound to silicates (Tessier et al., 1979; Borovec, 1993). One extractant 

chemical with proper concentration and contact time is assumed to dissolve a single 

solid phase and allow for measurement of the arsenic associated with that phase by 

sampling the final extractant liquid. It is often necessary to determine the appropriate 

reaction time for each step in a preliminary rate study to demonstrate that the 

dissolution of the target phase is complete or nearly complete and little is dissolved 

from other phases. Compared with natural soil and sediment, the synthetic samples 

used in this study are less complex in that they contain fewer potential solid phases. 

The possible arsenic-associated phases in the samples include soluble arsenate ion, 

arsenic adsorbed on the surface of iron oxides, amorphous ferric arsenate (FeAsO4), 

amorphous and/or crystalline ferrous arsenate (Fe3(AsO4)2), and other residuals. 
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To evaluate the optimum length of time for extraction of the exchangeable arsenic 

phase, the prepared solids were contacted with 1 M MgCl2 solution at pH of 7 and 

aqueous samples were withdrawn as a function of time. The mixed slurry was 

continuously stirred by a magnetic stirrer. Figure 6.4 A-1 and B-1 show the amount of 

As and Fe leached as a function of time for ASL (arsenic sludge) and RASL (reduced 

arsenic sludge). The extraction of As and Fe was a relatively slow process. For both 

samples, the equilibrium between solid phase and soluble phase was approximately 

completed after 16 hours of contact.  Subsequent extractions used 16 hours as the 

minimum time required for extraction of the exchangeable arsenic phase.  

To evaluate the required contact time for the adsorbed arsenic extraction by phosphate, 

the solids that had been previously extracted with MgCl2 solution were contacted with 

1 M NaH2PO4 at pH of 5 and samples were withdrawn as a function of time (Figure 

6.4 A-2 and B-2).  One significant observation was that much more arsenic than iron 

was leached out for both samples. This can be explained by the nature of the 

extractant, which contains phosphate that competes strongly with arsenate for 

adsorption sites (Manning and Goldberg, 1996; Dixit and Hering, 2003; Ghosh et al., 

2006) on iron-based media, but has little effect on the solid iron phase. Although the 

extraction process did not reach complete equilibrium during the testing period of 24 

hours, this extraction time was considered long enough to extract most of adsorbed 

arsenic phase.  

Following similar procedures as for exchangeable and sorbed arsenic extraction, 

required leaching times were determined for 1.0 M HCl solution and 2.0 M Na-citrate 
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solution at a pH of 5 (Figure 6.4 A-3, B-3, A-4, and B-4). The results indicate that 

extraction of amorphous iron arsenate minerals can be completed within 4 hours and 

the crystalline arsenic minerals can be fully extracted in 10 hours. 

Table 6.2 summarizes the sequential extraction test procedures developed for arsenic-

bearing solid materials. For the sequential extraction tests, the amount of solid varied 

depending on its water content and chemical composition, however, the ratio of dried 

solid to liquid was kept constant at 1:50. The mixture of extraction solution and solid 

sample was continuously stirred using a magnetic stirrer at 400 rpm. After each step 

of extraction, the liquid phase was separated from the solids by centrifugation and a 

liquid sample was taken for analysis of As and Fe. The next extractant was then added 

and mixed thoroughly to repeat the process. Once all extractants had been used, the 

solid sample was dried in an oxygen free glove box (Terra Universal 100) at room 

temperature for 7 days. The dried samples were then stored and preserved in a 4 

degree freezer for later solid phase characterization. 

The amount of arsenic extracted in each step of the sequential extraction tests for the 

samples is shown in Table 6.3. The amount of extracted iron is also listed to allow for 

analysis of the association between iron and arsenic dissolution. The total extracted 

arsenic ranged from 4.3 mg to 600 mg from an initial arsenic content of 831 mg.  

The mass of arsenic and iron extracted by MgCl2 is shown in Figure 6.5 as a 

percentage of the total arsenic and iron masses in the original samples. The extracted 

arsenic in this stage represents the exchangeable arsenic phase. Since all samples were 
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rinsed with DI water after the synthesis process, there should not be any highly 

soluble arsenic salts associated with any of the samples. In addition, MgCl2 in 

solution is essentially an indifferent electrolyte with respect to ionic bound arsenic 

and iron-arsenic solids, as chloride is only a very weak anion competitor with arsenic 

(Ruttenberg, 1992). Consequently, the amount of arsenic extracted in this step can be 

considered to represent the equilibrium concentration dictated by the water/solid 

adsorption isotherm at pH 7.  For all samples, the extracted arsenic fraction is less 

than 0.3%, indicating that nearly all of the arsenic in the solids was strongly sorbed or 

precipitated within the solid matrix. The arsenic solubility of different samples 

followed the sequence ASL > M1 > PFA > RASL > HPFA > M2, which suggests that 

as the proportion of reduced iron and solid crystallinity increases, the proportion of 

arsenic extracted in this step decreases. The larger faction of iron extracted by MgCl2 

from RASL is explained by the greater solubility of Fe(II) with respect to Fe(III) 

(compare RASL vs. ASL). A decreased solubility of iron is also evident as the 

crystallinity of the ferrous solids increases (RASL>PFA>HPFA).  

The fraction of arsenic extracted by phosphate varies from 0.1% (M2) to 32% (ASL), 

indicating a significant difference in the proportion of adsorbed arsenic in the 

different samples (Table 6.4). The order of samples based on arsenic extraction by 

phosphate is ASL>RASL> M1>PFA>HPFA>M2. Phosphate solubilizes more arsenic 

from ASL and RASL, the two arsenic-containing sludges, than from the other samples. 

This stands to reason as the arsenic is originally introduced as a sorbed/co-precipitated 

phase with ferryhydrite and the conditions after mixing this solid with ZVI, low 

temperature and an excess of ferric iron, are not conducive to incorporation of arsenic 
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in a more crystalline phase.  The extracted arsenic from ASL (32%) is also somewhat 

higher than from RASL (26%). This difference suggests that some of the adsorbed 

arsenic phase in ASL has been transformed to stronger bonded phases during the 

reduction process. The very low extractability of arsenic by phosphate from HPFA 

and M2 is consistent with the arsenic being present as part of a well-crystallized 

mineral matrix (as opposed to adsorbed) and, for the case of M2, the co-presence of a 

good sorbent (unloaded AFH) that would potentially re-sorb most of whatever arsenic 

might be leached from the crystalline ferrous arsenate. Although the major arsenic 

phase in PFA and M1 is also ferrous arsenate, these two samples yield higher amounts 

of phosphate extractable arsenic due to their smaller particle size, larger surface area 

and less crystalline nature (see Figure 6.2). Although phosphate shows a strong 

capacity for solubilizing arsenic from some of the samples, as expected, it extracts a 

negligible fraction of the iron (<3%). 

Figure 6.6 shows that the fraction of arsenic incorporated in amorphous iron-arsenic 

minerals in all samples is relatively large (7% to 23%), with the exception of M2, 

which is surprisingly low. Although the target of HCl extraction is the amorphous 

phase of iron-arsenic and iron oxyhydroxide minerals, the resulting arsenic fraction 

released is not representative of the amount of arsenic in the amorphous phase. The 

primary reason is that the HCl solution results in low pH solution, in which most 

arsenic and iron minerals have relatively high solubility. For example, based on XRD 

and SEM characterization, HPFA is a highly crystalline ferrous arsenate, yet about 

12% of the arsenic is extracted in this step. However, the sample M2 contains HPFA 

but yields almost no arsenic extraction (0.12%). Similar behavior is seen for PFA 
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(23.8%) compared to M1 (7.2%). The explanation is that much of the amorphous iron 

sludge (73% for M2 and 79% for M1) did not dissolve, based on the fractional iron 

extraction results. The remaining AFH is a good arsenic sorbent that increases its 

loading as the pH decreases (Jain et al., 1999). Thus for M1 and M2, the presence of 

undissolved AFH allows for readsorption of much of the arsenic released from the 

ferrous arsenate mineral. As expected, the greater arsenic extraction from PFA than 

HPFA indicates that amorphous ferrous arsenate (PFA) has about a factor of 2 higher 

solubility at low pH than its crystalline analog (HPFA). By comparing arsenic-iron 

sludge (ASL) with reduced arsenic-iron sludge (RASL), it is seen that the reduction 

treatment generated only slightly more recalcitrant iron-arsenic minerals, resulting in 

the fraction of extracted arsenic dropping from 16.6% to 13%.  

The last step of the sequential extraction procedure targets the crystalline form of 

arsenic minerals by adding a strong iron complexing agent, citrate, to solubilize the 

iron crystalline structure and release any arsenic in the crystal matrix. Theoretically, 

all crystalline phases of arsenic minerals should be removed in this step, although 

Figure 6.7 shows that sodium citrate is effective at releasing arsenic from all samples. 

The results presented on Figure 6.8 indicate that this extraction step does not remove 

all arsenic, with 27% to 99% arsenic left in residuals after citrate extraction. Despite 

the limitation of the citrate extraction step, the fractions distinguished in this step are 

still useful for estimating relative arsenic mobility as discussed in the following 

section.   
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6.3.3 Discussion 

The total arsenic extracted by the 4-step sequential procedure ranged from 0.5% to 

72.2% among the tested samples, which initially contained the same mass of arsenic 

(Figure 6.8). Comparison of the total extracted arsenic from ASL with that from 

RASL illustrates that the reductive treatment was successful in stabilizing arsenic for 

the range of extractants tested, yet over 50% of the arsenic was released from the 

RASL. Comparison of sample M2 with HPFA and M1 with PFA indicates that the 

overall stability of arsenic in the solid phase relies on not only its bonding phase, but 

also on the combination of matrix materials. For example, much lower arsenic 

removal from M2 was observed than from HPFA. The reason causing this remains 

unclear due to limited experiments and characterization tests performed. Possible 

mechanisms can be hypothesized as follows. (1) There might be a passive layer 

formed on the surface of ferrous arsenate which protects arsenic leaching. The 

possible chemical component of this layer could be magnetite (Fe4O3), because 

ferrous arsenate contains Fe(II) and iron sludge (FeOOH) is made of Fe(III). A 

mixture of these two phases has the possibility to form magnetite on the surface of 

ferrous arsenate (Yean et al., 2006). (2) Amorphous iron sludge is more favorable to 

be extracted compared to the ferrous arsenate phase. As long as the iron sludge is not 

totally consumed, most extractants are used up by iron sludge rather than by the 

ferrous arsenate phase. If this is true, M1 and M2 will have similar performance as 

PFA and HPFA once no more amorphous iron sludge is left in the system. 

Unfortunately, for all experiments performed in this study, the amorphous sludge was 

never totally extracted.. The fact that much higher iron extraction for M1 and M2 
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(71.5% and 70.5% respectively) occurred compared to ASL (41.5%) supports both 

hypotheses. Further work is needed to reveal the mechanism by which much smaller 

amounts of arsenic were extracted from M1 and M2. 

Although the sequential extraction procedure developed in this work provides useful 

information regarding the relative stability of arsenic in various synthesized iron-

arsenic solids, limitations exist for adopting this technique as a standard procedure. 

First, the 1 M HCl solution was not as effective as expected in extracting arsenic from 

amorphous iron solids because amorphous iron oxy/hydroxides were not completely 

solubilized and acted as a potential sink (by sorption) for released arsenic. In addition, 

using sodium citrate to extract crystalline arsenic needs more study regarding the 

necessary concentration and contact time requirements. Despite these limitations, the 

operational fractionation of arsenic phases generates a good picture of the relative 

variation in arsenic phase distribution for the samples interrogated (Figure 6.9). It is 

worthwhile to point out that the different arsenic phases identified by the sequential 

extraction test are not representative of the real arsenic phases present in the tested 

samples, although each step of extraction targets a specific arsenic phase.  

The low levels of arsenic extraction from the samples M2 and HPFA implies that 

stabilization of arsenic in the amorphous iron sludges generated by water treatment 

processes may be achieved by transforming the adsorbed arsenic phase into a 

crystalline ferrous-arsenic form with excess ferric iron. Reduction treatment alone of 

the arsenic sludge improves the arsenic stability in the solids, lowering the fraction of 

extracted As from 72% (ASL) to 53% (RASL). Due to the high stability of the pure 
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crystalline ferrous arsenate, it seems desirable to optimize the treatment of the 

reduced sludge to produce the maximum yield of the crystalline phase. Results of 

arsenic fractionation also suggest that addition of matrix materials such as amorphous 

iron oxide may reduce the mobility of arsenic significantly, yet the limitations of the 

current sequential extraction approach do not allow unequivocal demonstration of this 

point. 

6.4 Conclusions 

A modified 4-step sequential extraction scheme was developed to evaluate 

distribution of arsenic in seven, well-characterized, synthetic iron-arsenic minerals. 

The results show that the procedure is capable of highlighting certain relative 

differences between the solids, but is not sufficiently aggressive (particularly in 

solubilizing amorphous and crystalline iron-arsenate phases) to correlate with other 

solid characterization techniques such as XRD and SEM. Due to these limitations, it 

is difficult to interpret the data quantitatively step by step. For exapmple, the HCl 

solution does not extract arsenic effectively if there is ferrihydrite present in the solids. 

The overall mobilization of arsenic from the tested samples is listed in decreasing 

order as follows: amorphous arsenic sludge (ASL) > reduced ASL (via zero valent 

iron reaction) (RASL) > amorphous ferrous arsenate (PFA) > mixture of PFA and SL 

(M1) > crystalline ferrous arsenate (HPFA) > mixture of HPFA and SL (M2). The 

limited extraction of arsenic from the crystalline ferrous arsenate suggests that this 

material could be a good candidate for arsenic immobilization. The reduced arsenic 
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sludge (RASL) is more stable against extraction than the initial arsenic sludge (ASL). 

However, the mineral structure that forms in the sludge contains a complex mixture of 

arsenic phases with adsorbed, amorphous, and crystalline ferrous arsenate phases 

present. Due to the greater stability of the pure crystalline ferrous arsenate, it is 

desirable to optimize the synthesis of the initial arsenic-bearing sludge to produce the 

maximum yield of the reduced iron crystalline phase.  
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Figure 6.1 XRD patterns of  reduced arsenic-iron sludge (RASL) 
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Figure 6.2 XRD patterns of ferrous arsenate samples synthesized at 25 oC (PFA) and 

160 oC (HPFA). 
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Figure 6.3 Schematics of apparati for (a) column and (b) batch extraction tests. 
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Figure 6.4 Extracted arsenic and iron as a function of time for arsenic sludge (A) and 
reduced arsenic sludge (B). 1, 2, 3, and 4 represent the extractants MgCl2, NaH2PO4, 

HCl, and citric acid, respectively. 
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Figure 6.5 Percent of original arsenic and iron extracted by 1.0 M MgCl2 solution. 
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Figure 6.6 Percent of original arsenic and iron extracted by a 1.0 M HCl solution 
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Figure 6.7 Percent of original arsenic and iron extracted by a 2.0 M Na-citrate 

solution 
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Figure 6.8 Total original arsenic and iron extracted in the 4-step sequential extraction 

test. The order of samples was reordered by extracted arsenic percentage. 
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Figure 6.9 Distribution of arsenic between different fractions based on the sequential 

extraction test delineations: (a) ASL, (b) RASL, (c) M1, and (d) M2. 
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Table 6.1 Summary of samples for sequential extraction tests 

Sample Sample Description 
Water 

content 
(wt %) 

Crystallinity Possible arsenic phase 

SL Ferric hydroxide sludge 61.2 Amorphous -- 

ASL Arsenic-iron sludge 64.6 Amorphous Exchangeable, adsorbed  

RASL 

 

Reduced arsenic-iron 
sludge 

62.3 Amorphous Exchangeable, adsorbed, 

ferrous arsenate 

PFA Pure ferrous arsenate 
synthesized at T = 25oC 

dry Amorphous Exchangeable, amorphous,

ferrous arsenate 

HPFA Pure ferrous arsenate 
synthesized at T = 160oC 

dry Crystalline Exchangeable, ferrous 
arsenate 

M1 

 

Mixture of SL and PFA -- Amorphous Exchangeable, adsorbed, 
ferrous arsenate 

M2 

 

Mixture of SL and HPFA -- Partially 
crystalline 

Exchangeable, Adsorbed, 
Ferrous arsenate 
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Table 6.2  Summary of initial chemical compositions of testing samples 

Sample SL ASL RASL PFA HPFA M1 M2 

Mass (g) 29 40 43.44 2.2 2.20 SL: 29 

PFA: 2.2 

SL: 29 

HPFA: 2.2

Total As 
(mg) 

-- 831 831 831 831 831 831 

Total Fe 
(mg) 

2845 3415 6815 931 931 3415 3415 

Fe/As 
(Molar) 

-- 5.5 11.0 1.5 1.5 5.5 5.5 
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Table 6.3  Summary of sequential extraction procedure for synthetic arsenic solids 

Extraction procedure 
Target arsenic phase Extrac- 

tant 
Concen-
tration pH T 

(oC) 
Time 
(Hr) Mixing 

Exchangeable (soluble arsenate)  MgCl2 1 M 7 25 16 

Adsorbed phase on the surface of 
iron oxide 

NaH2PO4 1 M 5 25 24 

Amorphous arsenic mineral 
phase, FeAsO4 and Fe3(AsO4)2 

HCl 1 M -- 25 4 

Crystalline arsenic-iron mineral, 
FeAsO4 and Fe3(AsO4)2 

Na-Citrate 2 M 5 25 10 

All steps were 

continuously 

mixed by 

magnetic stirrer 

at 400 RPM.  

Residuals  Dry and conserved for characterization analysis 
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Table 6.4  Fraction of arsenic and iron released by a 1.0 M NaH2PO4 solution 

Sample RASL ASL SL HPFA M2 PFA M1 

As (Wt %) 27.54  32.16 0.00 0.13 0.11 2.43  11.10 

Fe (Wt %) 0.15  0.05 0.19 0.71 0.13 2.70  0.12 

Fe/As 
(Molar) 0.007 0.002 -- 7.222 1.695 1.483 0.0139
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CHAPTER 7 : CONCLUSIONS 

Natural arsenic minerals, scorodite, arsenate apatite and ferrous arsenate, can be 

synthesized from their respective pure components under various controlled 

conditions. Syntheses conditions including temperatures, pH, and Fe/As ratio have 

significant effects on the morphology and solubility of synthesized arsenic minerals. 

For the potential use of a natural arsenic mineral as a safe disposal method for arsenic 

waste, it is essential to evaluate the properties of the mineral and its processing 

suitability. The results presented in this study are useful in developing optimum 

processing conditions for arsenic stabilization to meet arsenic waste disposal 

regulations and reduce treatment costs.  

Although all of the investigated arsenic minerals may be feasible for arsenic waste 

stabilization under certain conditions, scorodite has limited applications due to its 

constrained process conditions, i.e. high temperature and low pH. On the other hand, 

the arsenate apatite method can only be suitable for arsenic stabilization under 

treatment conditions of high P/As ratio (> 10) and high pH (pH > 11). In addition, 

arsenate apatite is not a suitable method for Fe(III) containing systems because iron 

can not participate in the formation of arsenic minerals. 

 This study has demonstrated that, among all three investigated arsenic minerals, 

ferrous arsenate is the most promising species to immobilize arsenic due to its low 

arsenic solubility and environmental benign process conditions. Use of ferrous 

arsenate for the stabilization of arsenic bearing residuals is technically feasible and 
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cost effective. It has high potential to replace currently used conventional treatment 

technologies. 

This study has proven that iron containing arsenic bearing residuals can be converted 

to ferrous arsenate and some iron oxide phases by zero-valent iron (ZVI). ZVI 

treatment is effective in stabilizing arsenic-bearing iron sludge. The immobilization of 

arsenic is accomplished by formation of a stable phase of ferrous arsenate mineral 

through reduction of ferric oxide by ZVI. Compared to conventional treatment 

methods, two major advantages are associated with ZVI treatment: (1) it is an 

environmental friendly process without introducing other contaminants to the system; 

(2) the process is cost effective due to the low price of ZVI compared to other 

treatment chemicals.  

In this study, a four-step sequential extraction test using a series of chemicals in order 

of aggressiveness has been developed to validate the effectiveness of arsenic 

stabilization methods and to evaluate the stabilization mechanisms. This sequential 

extraction test is a feasible tool to determine the proportion of various arsenic phases 

in arsenic bearing residuals, and thus provides insight regarding the stabilization 

mechanism.  

Further investigation is necessary for the application of this promising, innovative 

arsenic crystallization technology that uses ferrous arsenate as natural arsenic storage 

minerals far large scale arsenic bearing waste stabilization. Several research directions 

are recommended. First, further clarification regarding the arsenic stabilization 
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mechanism for proposed treatment method using ZVI is required. Second, further 

investigation is anticipated for the application of the proposed stabilization method to 

the commercial spent sorbents, compared to the laboratory scale research of the 

synthetic sludge made out of their respective pure components in this study. Third, 

further research is recommended for studying the Fe(II)-Si and mixed iron ( Fe(II) + 

Fe(III)) effect on the encapsulation of ferrous arsenate. Fe(II)-Si bond or mixed iron 

has been considered to be a good passive layer to protect Fe(II) from oxidation. If 

ferrous arsenate particles in the treated sludge can be coated with a thin layer of 

Fe(II)-Si, arsenic will be encapsulated and resistant to leach even under oxidizing 

conditions. 
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APPENDIX A: PICTURES OF THE UNTREATED ARSENIC SLUDGE AND 

REDUCED SLUDGE  

The following pictures show the initial arsenic sludge and the reduced sludge. The red 

color of initial sludge indicates the iron is in ferric oxide phase which has typical 

color of red to brown. The reduced sludge showing a color of green indicates that the 

redox reaction occurred and ferrous iron is present which is typically green. 

 

(a) Untreated arsenic sludge 

The arsenic sludge was prepared by 

mixing 1 L of 0.169 M NaH2AsO4.7H2O 

solution and 1 L of 0.964 M FeCl3.6H2O 

solution with pH of 7. it has molar ratio 

Fe/As = 5.7, water content 65%. Brown 

color 

 

(b) Reduced sludge 

The reduced sludge was obtained by add 

ZVI into untreated arsenic sludge, 

ZVI/Sludge = 0.3, pH = 7, and 

temperature = 25oC. Green color 

 

2cm 

2cm 
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APPENDIX B: SILICATE AND MIXED VALANCE IRON EFFECT ON THE 

SOLUBILITY OF SYNTHESIZED FERROUS ARSENATE MATERIALS 

1. Hypothesis 

Ferrous arsenate materials contain ferrous iron (Fe(II)), which can be readily oxidized 

to ferric iron (Fe(III) in the environment, and possibly release arsenic to the 

surroundings. The ferrous arsenate material can be protected from oxidation by 

coating the particles with a thin layer of oxidation-resistant material. Two potential 

materials considered as protective coating materials for ferrous arsenate are a surface 

Si-Fe complex and a mixed-valence iron material (magnetite). Silicon can form a 

strong Si-Fe(II) bond with ferrous iron on the ferrous arsenate surface, and the ferrous 

arsenate particles can be separated from each other and their surroundings by a layer 

of Si-Fe(II) complex (Harder, 1978; Schmidt and Strehblow, 1999; Cheng et al., 

2006). On the other hand, introduction of ferric iron (Fe(III) has the potential to react 

with ferrous arsenate and a passive layer of magnetite can be formed on the surface of 

ferrous arsenate particles (Dvoncova and Lii, 1993; Zhu and Wu, 1999). Both 

materials are tested during this study and preliminary results are reported  

2. Materials and Methods 

Ferrous arsenate sample preparation: ferrous arsenate was synthesized using the 

procedures described in Chapter 3 with Fe/As = 1.5, temperature = 160 oC, and pH = 

4.5. 
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Silicon process: 5 g of dried ferrous arsenate were added to 100 mL of 1.5 M sodium 

silicate solution which was pre-adjusted to pH 7 using 1 M HCl solution. The mixture 

was then continuously agitated on a shaker table with rotation speed of 100 rpm. The 

process was conducted at room temperature 25 + 1 oC for 4 hours. At the end of the 

process, the precipitated solid materials were filtered using 0.45 μm membrane paper 

filters and dried in a 40 oC oven for 3 days. The dried samples were then stored for 

TCLP tests. 

Mixed iron process: 5 g of dried ferrous arsenate were added into 100 mL of 0.1 M of 

ferric chloride solution. The mixture was then continuously stirred using a magnetic 

bar while the pH of the mixture was slowly titrated to 5 using 1 M sodium hydroxide 

solution. The same filtration and drying process were followed as described above. 

3. Preliminary Results 

Toxicity characteristic leaching procedure (TCLP) results in Figure A2.1 indicate that 

both Si and Fe(III) treatments have no significant effect on arsenic leachability, since 

they show no distinguishable difference before and after treatment. However, iron 

leachability is significantly reduced. This preliminary results suggest that the 

passivating layers (Si-Fe complex for Si process, magnetite) are not successively 

formed during the synthesis process, or the layer can’t functionally protect from 

arsenic leaching. The XRD characterization also confirm this results (Figure A2.2).    
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Figure A2.1 TCLP results of ferrous arsenate materials with different treatment 

methods. The initial ferrous arsenate was synthesized with Fe/As = 1.5, pH = 4.5, and 

temperature = 160 oC. 
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Figure A2.2 Comparison of XRD patterns for initial ferrous arsenate and that after Si 

treatment process. 
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