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Abstract:  

Acid mine drainage (AMD) with toxic arsenic (As) is commonly generated from the tailings storage facilities 

(TSFs) of sulfide mines due to the presence of As-bearing sulfide minerals (e.g., arsenopyrite, realgar, orpiment, 

etc.). To suppress As contamination to the nearby environments, As immobilization by Ca–Fe–AsO4 compounds 

is considered one of the most promising techniques; however, this technique is only applicable when As 

concentration is high enough (> 1 g/L). To immobilize As from wastewater with low As concentration (~10 mg/L), 

this study investigated a two-step process consisting of concentration of dilute As solution by sorption/desorption 

using schwertmannite (Fe8O8(OH)8–2x(SO4)x; where (1 ≤ x ≤ 1.75)) and formation of Ca–Fe–AsO4 compounds. 

Arsenic sorption tests indicated that As(V) was well adsorbed onto schwertmannite at pH 3 (Qmax = 116.3 mg/g), 

but its sorption was limited at pH 13 (Qmax = 16.1 mg/g). A dilute As solution (~11.2 mg/L As) could be 

concentrated by sorption with large volume of dilute As solution at pH 3 followed by desorption with small volume 

of eluent of which pH is 13. The formation of Ca–Fe–AsO4 compounds from As concentrate solution (2 g/L As(V)) 

was strongly affected by temperature and pH. At low temperature (25–50°C), amorphous ferric arsenate was 

formed, while at high temperature (95°C), yukonite (Ca2Fe3–5(AsO4)3(OH)4–10·xH2O; where x=2–11) and 
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johnbaumite (Ca5(AsO4)3OH) were formed at pH 8 and 12, respectively. Among the synthesized products, 

johnbaumite showed strongest As retention ability even under acidic (pH<2) and alkaline (pH>9) conditions. 

Keywords: arsenic immobilization; adsorption/desorption; concentration; schwertmannite; ferric arsenate; 

yukonite, johnbaumite 

 

1. Introduction 

Mining, mineral processing, and pyro/hydrometallurgy are essential activities for the stable supply of metals. 

These activities, however, generate huge amounts of solid wastes—waste rocks/overburden, tailings, slags, fly 

ashes and leaching residues/sludge—that are hazardous to people and the surrounding environments (Park et al., 

2019, 2020a; Tabelin et al., 2021). For example, waste rocks/overburden and tailings produced from mining and 

processing of sulfide ores contain non-valuable sulfide minerals like pyrite (FeS2) and arsenopyrite (FeAsS), and 

when these kinds of sulfide-bearing wastes are exposed to water and oxygen, acid mine drainage (AMD) is 

generated due to their strong acidification potentials (Park et al., 2020b; Tabelin et al., 2017c, 2017d). In cases 

where the wastes contain more acid-consuming minerals like carbonates and phyllosilicates than acid-generating 

minerals, neutral mine drainage (NMD) contaminated with soluble heavy metal(loid)s is formed. Similarly, 

stockpiled leaching residues can also pollute soil as well as groundwater with toxic elements (Han et al., 2014; 

Silwamba et al., 2020a, 2020b). 

In tailings storage facilities (TSFs), there are various arsenic (As)-bearing minerals (e.g., arsenopyrite, 

arsenian pyrite (Fe(S,As)2), realgar (As4S4), orpiment (As2S3), etc.), so AMD with elevated concentrations of As 

(from < 1 μg/L to 340,000 μg/L) is often generated (Cheng et al., 2009; Park et al., 2018b, 2021; Plumlee et al., 

1999). Arsenic is one of the most toxic substances because of (i) its acute toxicity at high concentrations causing 

nausea, vomiting, abdominal pain, and severe diarrhea, and (ii) chronic toxicity caused by long-term and repeated 

exposure to As at low concentrations (e.g., As-contaminated drinking water) that increases the risks of developing 

cancers of the skin, lungs, kidney and liver (Hughes, 2002; Park et al., 2018a; Ratnaike, 2003; Tabelin et al., 2020, 

2018, 2017a, 2017b). Because of this, the Environmental Protection Agency (EPA) and the World Health 

Organization (WHO) lowered the maximum contaminant level (MCL) for As in drinking water from 50 μg/L to 

10 μg/L (USEPA, 2001; WHO, 2018). 

In order to reduce the concentration of As in AMD, there have developed numerous techniques such as 

oxidation, precipitation/coprecipitation, coagulation/flocculation, adsorption, ion exchange, membrane filtration, 

photocatalytic reduction, etc. (Levy et al., 2012; Majidnia and Fulazzaky, 2017; Mohan and Pittman, 2007; 



Nicomel et al., 2016). Among them, the most commonly used technique is lime neutralization whereby the pH of 

AMD is raised to neutral-alkaline conditions to induce As(V) adsorption onto iron-oxyhydroxide like ferrihydrite 

and/or coprecipitation with ferric ions in the form of poorly crystalline ferric arsenate at Fe(III)/As(V) molar ratio 

≥ 3 (De Klerk et al., 2012; Gomez et al., 2010; Jia and Demopoulos, 2008). Although this technique can lower As 

concentration to sub-ppm level, the generated ferric arsenate is not suitable for As control in mine effluents due 

to its relatively high solubility (i.e., about 25–35 mg/L As released at pH 2–5 for 24 h) (Paktunc and Bruggeman, 

2010). Because of this, there have been many studies to immobilize As as scorodite (FeAsO4·2H2O), an iron 

arsenate mineral with low solubility in a wide pH range (Dutrizac and Jambor, 1988; Paktunc and Bruggeman, 

2010; Tabelin et al., 2019). According to solubility tests conducted by Paktunc and Bruggeman (Paktunc and 

Bruggeman, 2010), scorodite was stable at the pH range of 2–5 where 0.24–0.58 mg/L As was released after 9 

days of testing, which is lower than EPA TCLP test limit of 5 mg/L (Bluteau and Demopoulos, 2007); however, 

its solubility was high at pH < 2 (20.8 mg/L As released at pH 1) and > 6 (5.38 mg/L As released at pH 7).  

Precipitated scorodite, including its amorphous precursors like ferric arsenate and As-bearing ferrihydrite, 

produced by lime neutralization of As-rich AMDs (> 600 mg/L) are typically disposed of in special sludge disposal 

sites or landfills along with gypsum (CaSO4·2H2O) (Bluteau et al., 2009). In gypsum-saturated system, the 

transformation of poorly crystalline ferric arsenate and crystalline scorodite to yukonite (Ca2Fe3–5(AsO4)3(OH)4–

10·xH2O; where x = 2–11) is well documented (Bluteau et al., 2009; Gomez et al., 2010; Jia and Demopoulos, 

2008). This indicates that in special sludge disposal sites or landfills containing gypsum, Ca–Fe–AsO4 compounds 

like yukonite are more stable and more suitable for As immobilization than scorodite and its amorphous precursors.  

The formation of stable Ca–Fe–AsO4 compounds, however, has only been achieved at high concentrations 

of As (1.4–12.8 g/L) (Bohan et al., 2014; Gomez et al., 2010; Jia and Demopoulos, 2008), so its synthesis from 

dilute As solution (~10 mg/L) remains challenging. In this study, As immobilization from dilute solution via a 

two-step process consisting of (i) concentration of As from dilute solution using schwertmannite (Fe8O8(OH)8–

2x(SO4)x; where (1 ≤ x ≤ 1.75)), and (ii) formation of Ca–Fe–AsO4 compounds was investigated. Concentration of 

As from dilute solution was achieved by sorption/desorption of As(V) using schwertmannite, which was chosen 

because of its wide occurrence in acid-sulfate systems like AMD streams as well as its strong affinity for As 

(Acero et al., 2006; Burton et al., 2008; HoungAloune et al., 2015, 2014). Meanwhile, the synthesis of Ca–Fe–

AsO4 compounds was investigated under various conditions like synthesis time, temperature, and pH, and As 

retention abilities of the synthesized products were tested under various pH conditions. 

 



2. Materials and Methods 

2.1. Schwertmannite synthesis 

Schwertmannite was synthesized using the method of HoungAloune et al. (HoungAloune et al., 2015, 2014). 

500 mL solution containing 10 mM H2SO4 (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and 50 mM 

Fe2(SO4)3·nH2O (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was prepared and heated to 65 °C while 

stirring at 350 rpm. Once solution temperature reached 65 °C, magnetic stirring was stopped, and the solution was 

titrated with 1 M Na2CO3 (titration rate, 1500 μL/min) until the final pH of solution reached 3–4. Afterwards, the 

precipitates were collected by decantation, rinsed with deionized (DI) water 5 times to remove remaining soluble 

ions, filtered through 5A filter paper, and dried in a vacuum oven at 40 °C for 24 h. The synthesized product was 

characterized by X-ray powder diffraction (XRD, MultiFlex, Rigaku Corporation, Tokyo, Japan). Moreover, the 

zeta potential distribution of schwertmannite as a function of pH was measured using Nano-ZS60 (Malvern 

Instruments, UK). 

2.2. Arsenic sorption/desorption experiments for concentration of arsenic from dilute solution 

For the As sorption tests, stock solutions were prepared using Na2HAs(V)O4·7H2O (Wako Pure Chemical 

Industries, Ltd., Osaka, Japan). In 100-mL Erlenmeyer flask, 50 mg of synthesized schwertmannite and 50 mL of 

arsenate solution were put and shaken in a constant temperature (25 °C) water bath shaker at 120 min–1 under 

various conditions: initial pH, 1.4–12.5; initial As concentration (Ci), 0.15–3.00 mM; contact time, 1–1440 min. 

At predetermined time intervals, suspensions were collected and filtered through 0.2 μm membrane filters, and 

filtrates were analyzed by inductively coupled plasma atomic emission spectrometer (ICP-AES, ICPE9820, 

Shimadzu Corporation, Kyoto, Japan) to measure the remaining arsenic in solution (margin of error = ±2%). 

For the As desorption tests, 50 mg of As-loaded schwertmannite (As-sch), prepared by reacting 50 mg of 

schwertmannite with 50 mL of arsenate solution (0.15 mM) at pH 3 for 24 h, was mixed with 5 mL of NaOH 

solution (pH 13) in a water bath shaker at 25 °C and 120 min–1 for 1–1440 min, and the content of arsenic desorbed 

was determined by ICP-AES. 

Concentration of dilute As solution (0.15 mM ≈ 11.2 mg/L) was conducted via As sorption from a large 

volume (Vi = 50–250 mL) of As-containing solution at pH 3 using 0.1 g of schwertmannite followed by As 

desorption from 0.1 g of As-sch into a small volume (Vf = 5 mL) of pH 13 solution, i.e., volume ratios of solutions 

for sorption and desorption were varied from 10 to 50. Arsenic concentrations in solutions before (Ci) and after 

concentration (Cf) were measured by ICP-AES to calculate the concentration ratio (Cf/Ci). 

To check the recyclability of schwertmannite, the As concentration process—a combination of sorption (Msch, 



50 mg; Ci, 0.15 mM; Vi, 50 mL; pH, 3; time, 24 h; temp., 25 °C) and desorption (MAs-sch, 50 mg; Vf, 5 mL; pH, 

13; time, 24 h; temp., 25 °C)—was repeated 4 times and concentration ratios (Cf/Ci) were compared. Moreover, 

schwertmannite samples before and after 4 cycles of concentration were characterized by XRD. 

2.3. Immobilization of arsenic via synthesis of Ca-Fe-AsO4 compounds 

The synthesis of Ca-Fe-AsO4 compounds was carried out based on the procedure developed by Becze and 

Demopoulos (Becze and Demopoulos, 2007). In 2 g/L As(V) solution, Fe2(SO4)3·5H2O (Acros Organics, Geel, 

Belgium) and CaSO4·2H2O (Wako Pure Chemical Industries, Ltd., Osaka, Japan) were added to adjust Ca/Fe/As 

molar ratio to 0.5/0.75/1.0. After this, solution pH was adjusted to the desired value (pH 8, 10, and 12) using 1 M 

NaOH and heated to 25–95 °C for 24–72 h while stirring at 300 rpm. The detailed conditions for synthesis were 

summarized in Table 1. The synthesized products were collected by filtration using 5A filter paper, rinsed with DI 

water 5 times, dried in a vacuum oven at 40 °C for 24 h, and characterized by XRD. 

To check the stabilities of Ca-Fe-AsO4 compounds synthesized at pH 8 and 12, they were leached with 

solutions (pH 1–12) at pulp density of 0.1 g/ 10 mL for 24 h in a water bath shaker (25 °C) at 120 min–1. For 

comparison, the same leaching experiment was conducted for As-loaded schwertmannite. After 24 h, suspensions 

were filtered through 0.2 μm syringe-driven membrane filters, and filtrates were analyzed by ICP-AES. All 

chemicals used in this study were of reagent grade. 

Table 1. A summary of conditions for the synthesis of Ca-Fe-AsO4 compounds. 

 
Initial As(V) 

conc. 

Ca/Fe/As  

molar ratio 
Synthesis time Temperature pH 

Case 1 

2 g/L 0.5/0.75/1.0 

24 h 95 °C 8 

Case 2 48 h 95 °C 8 

Case 3 72 h 95 °C 8 

Case 4 24 h 25 °C 8 

Case 5 24 h 50 °C 8 

Case 6 24 h 75 °C 8 

Case 7 24 h 95 °C 10 

Case 8 24 h 95 °C 12 

 

3. Results and Discussion 

3.1. Arsenic sorption/desorption using schwertmannite 

Figure 1a shows As sorption to schwertmannite as a function of pH. Arsenic sorption to schwertmannite was 

strongly pH-dependent and ranged between ~5% and ~99%. Under strongly acidic conditions (pH 1.3), As 

sorption was only < 5%. This low sorption of arsenate to schwertmannite is most likely due to its neutral species 

(i.e., H3AsO4; Fig. 1b) that is less attracted to a positively-charged sorbent than anionic species like H2AsO3
– and 



HAsO3
2–. Moreover, instability of schwertmannite at pH < 2 could be another reason for low As sorption 

(Caraballo et al., 2013; HoungAloune et al., 2015; Smedley and Kinniburgh, 2002). At initial pH of 2.0–9.2, 

arsenate adsorption onto schwertmannite dramatically improved and reached 90–99%. When arsenate was 

adsorbed at initial pH of 3.0–9.2, the final pH decreased to pH 2.8–3.4, indicating that As(V) anionic species (e.g., 

H2AsO3
– and HAsO3

2–) were deprotonated and adsorbed via oxyanion-sulfate exchange reactions (Antelo et al., 

2012). As pH increased to > 12, As sorption decreased dramatically to ~20%. The isoelectric point (IEP) of 

schwertmannite was measured to be ~8.4 (Fig. 1c), which means that at pH > IEP, schwertmannite is negatively 

charged (i.e., ≡Fe–O–; ≡ indicates the surface of schwertmannite). Under these conditions, repulsion between 

schwertmannite and arsenate present as the fully deprotonated form (AsO4
3–) is greater, which made As sorption 

to schwertmannite inefficient (Burton et al., 2009; Dou et al., 2013; HoungAloune et al., 2015). 

 

Figure 1. (a) As sorption to schwertmannite as a function of pH, (b) speciation diagram of arsenate from pH 0 to 14, (c) zeta 

potential of schwertmannite, and (d) equilibrium isotherm models for As(V) sorption on schwertmannite at pH 3 and 13. 



 

Adsorption isotherms of arsenate at pH 3 and 13 are illustrated in Fig. 1d. Equilibrium sorption data were 

fitted with Langmuir (Eq. 1) and Freundlich (Eq. 2) isotherm models: 

𝑞𝑒 =
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
, (1) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
𝑛, (2) 

where qe (mg/g) and Ce (mg/L) in Eqs. 1 and 2 are the amount of As adsorbed onto schwertmannite and the 

equilibrium As concentration, Qmax (mg/g) and KL (L/mg) in Eq. 1 correspond to the maximum adsorption capacity 

and Langmuir constant, and KF ((mg/g)/((mg/L)n)) and n (dimensionless) in Eq. 2 represent the Freundlich 

constants related to adsorption capacity and adsorption intensity (Foo and Hameed, 2010; Freundlich, 1906; Ho 

et al., 2002; Langmuir, 1918; Tran et al., 2017). The Langmuir isotherm model assumes a monolayer sorption that 

occurs at a finite number of sorption sites, and Freundlich model is an empirical model allowing for multilayer 

sorption onto heterogeneous surfaces (Langmuir, 1918; Freundlich, 1906; Ho et al., 2002; Tran et al., 2017; Foo 

and Hameed, 2010). The parameters obtained from Langmuir and Freundlich isotherm models are summarized in 

Table 2. In addition, the adequacy of these two models for a given set of data was assessed using Akaike 

information criterion (AIC)—a methodology for model selection in a situation where more than one model has 

been fitted to data (Akaike, 1974; Akpa and Unuabonah, 2011). AIC is mathematically expressed as follows:  

𝐴𝐼𝐶 = 2𝑘 + 𝑛 [𝑙𝑛 (
𝑆𝑆𝑅

(𝑛)
)], (3) 

where k and n are the number of parameters in the model and the number of data points, respectively, and SSR 

denotes the sum of squares for the residual. For a small number of observations (i.e., n/k < 40), the second-order 

Akaike information criterion (AICc) should be used instead of AIC (Cao et al., 2021; Elnakar and Buchanan, 2020; 

Hurvich and Tsai, 1989; Rajahmundry et al., 2021): 

𝐴𝐼𝐶𝑐 = 𝐴𝐼𝐶 + [
2𝑘(𝑘+1)

𝑛−𝑘−1
] (4) 

The best model within the collection of models considered given the data is the one with the minimum AICc 

value (Portet, 2020). As can be seen in Table 2, AICc value for Langmuir isotherm model is lower than that for 

Freundlich isotherm model, which indicate that the former fitted the experimental data better than the latter. The 

maximum As sorption capacities at pH 3 and 13 calculated by Langmuir isotherm (Qmax) were 116.3 and 16.1 

mg/g, respectively. Arsenate sorption capacities of schwertmannite measured in other works are summarized in 

Table 3. 

 



Table 2. Langmuir and Freundlich isotherm constants. 

Isotherm model Parameter pH 3 pH 13 

Langmuir 

Qmax 116.3 16.1 

KL 0.28 0.02 

R2 0.99 0.97 

AICc –28.5 15.7 

Freundlich 

KF 61.4 5.86 

n 0.12 0.16 

R2 0.92 0.91 

AICc –0.4 35.8 

 

Table 3. A comparison of As(V) sorption capacity of natural and synthesized schwertmannite. 

Schwertmannite 
Adsorbent 

dose (g/L) 
pH Time (h) Temp. (ºC) 

As(V) sorption 

capacity (mg/g) 
Ref. 

Natural – – – –  60.9 Fukushi et al. 

(2013) 

Natural – – – –  69.8 Carlson et al. 

(2002) 

Synthesized 0.3 5.0 24 25 104.2 Dou et al. 

(2013) 

Synthesized 1.0 4.0 24 25  82.4 Fukushi et al. 

(2004) 

Synthesized 1.0 3–4 24 25 114.0 HoungAloune 

et al. (2014) 

Synthesized 1.0 

1.0 

3.0 

13.0 

24 

24 

25 

25 

116.3 

 16.1 

This study 

 

Figure 2 shows As sorption to schwertmannite and As desorption from As-loaded schwertmannite with time. 

As confirmed by Fig. 1, As sorption to schwertmannite occurred favorably under acidic conditions whereas its 

sorption was limited under alkaline conditions, and thus As sorption and desorption were conducted at pH 3 and 

13, respectively. As shown in Fig. 2a, As sorption reached > 99% within 10 min of contact time and remained 

unchanged up to 24 h. Similarly, As desorption reached apparent equilibrium after 10 min and ranged between 

57% and 66% (Fig. 2b). Although both sorption and desorption reached equilibrium within 10 min, contact times 

for the succeeding sorption and desorption tests were fixed at 24 h to allow the system to reach equilibrium. 



 

Figure 2. (a) Arsenic sorption to schwertmannite at pH 3, and (b) desorption from As-loaded schwertmannite at pH 13 with 

time. 

 

3.2. Concentration of arsenic from dilute solution 

Concentration of As from dilute solution ([As(V)]initial = 0.15 mM ≈ 11.2 mg/L) via As sorption with large 

volume of As-containing solution (Vi) followed by As desorption with small volume of eluent (Vf) was 

investigated at various Vi/Vf ratio. Figure 3a shows initial (Ci) and final (Cf) As concentration as well as their ratio 

(i.e., Cf/Ci; an indicator how much As is concentrated) obtained after 24 h sorption/desorption. With increasing 

Vi/Vf ratio, final As concentration increased, and concentration ratios at Vi/Vf of 10, 25, and 50 were 6, 17, and 

35, respectively (Fig. 3a). The concentration ratios observed were lower than expected. During sorption, > 97% 

of As(V) was loaded onto schwertmannite irrespective of Vi; however, As desorption from As-sch was about 56–

72%, which is the main cause of lower concentration ratios compared with expected values (e.g., 10exp→6obs; 

25exp→17obs; 50exp→35obs). Although desorption was incomplete, the results confirmed that sorption/desorption 

using schwertmannite can be utilized for concentrating As from dilute solutions. 

Concentration ratio of As under the given conditions can be mathematically calculated. A mass balance 

equation during sorption is expressed as follows: 

𝑀𝑠𝑐ℎ𝑞𝑒,𝐴 = 𝑉𝑖𝐶𝑖 − 𝑉𝑖𝐶𝑒,𝐴, (5) 

where Msch, Vi, and Ci denote mass of schwertmannite (g), initial volume of As solution (L), and initial 

concentration of As (mg/L), respectively, while qe,A and Ce,A represent the amount of As loaded onto 



schwertmannite (mg/g) and equilibrium As concentration (mg/L) after sorption finished. By incorporating the 

Langmuir isotherm (Eq. 6) into Eq. 5, a quadratic equation for Ce,A (Eq. 7) is produced. 

𝑞𝑒,𝐴 =
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒,𝐴

1+𝐾𝐿𝐶𝑒,𝐴
, (6) 

𝑉𝑖𝐾𝐿𝐶𝑒,𝐴
2 + (𝑀𝑠𝑐ℎ𝑄𝑚𝑎𝑥𝐾𝐿 − 𝑉𝑖𝐾𝐿𝐶𝑖 + 𝑉𝑖)𝐶𝑒,𝐴 − 𝑉𝑖𝐶𝑖 = 0, (7) 

where Qmax and KL are Langmuir isotherm constants obtained at pH 3 (Table 2). By solving Eq. 7 through a 

quadratic formula, Ce,A can be calculated and used for calculating qe,A. Meanwhile, a mass balance equation during 

desorption is expressed as follows: 

𝐶𝑓𝑉𝑓 = 𝑀𝑠𝑐ℎ𝑞𝑒,𝐴 −𝑀𝐴𝑠−𝑠𝑐ℎ𝑞𝑒,𝐷, (8) 

where MAs-sch, Vf, and Cf denote mass of As-loaded schwertmannite (g), volume of eluent (L), and final 

concentration of As (mg/L), respectively, while qe,D and Ce,D represent the amount of As remained as sorbed on 

schwertmannite (mg/g) and equilibrium As concentration (mg/L) after desorption finished. Similarly, by 

incorporating the Langmuir isotherm (Eq. 9) into Eq. 8, a quadratic equation for Cf (Eq. 10) is produced: 

𝑞𝑒,𝐷 =
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒,𝐷

1+𝐾𝐿𝐶𝑒,𝐷
, (9) 

𝑉𝑓𝐾𝐿𝐶𝑓
2 + (𝑉𝑓 −𝑀𝑠𝑐ℎ𝑞𝑒,𝐴𝐾𝐿 +𝑀𝐴𝑠−𝑠𝑐ℎ𝑄𝑚𝑎𝑥𝐾𝐿)𝐶𝑓 −𝑀𝑠𝑐ℎ𝑞𝑒,𝐴 = 0, (10) 

where Qmax and KL are Langmuir isotherm constants obtained at pH 13, and Ce,D is equilibrium As concentration 

(mg/L) after desorption finished, which is equal to Cf (i.e., Ce,D = Cf – Ci = Cf because Ci = 0). Therefore, Cf can 

be calculated via a quadratic formula of Eq. 10. 

Figure 3b shows an example of estimation of concentration ratio under the following conditions: Ci, 0.15 

mM; Msch, 50, 250, 500 mg; Vi, 0.025–2.5L; Vf, 0.005 L. As can be seen, concentration ratio increases with 

increasing Vf/Vi ratio, and higher concentration ratio can be achieved by increasing the amount of schwertmannite. 

To concentrate dilute As solution (Ci = 0.15 mM ≈ 11.2 mg/L) to > 2000 mg/L, sorption/desorption at Vi/Vf ratio 

of > 350 (Msch/Vf = 50 g/L) and > 370(Msch/Vf = 100 g/L) is required. 

As sorption/desorption was repeated 4 times to check the recyclability of schwertmannite for As 

concentration. As illustrated in Fig. 4a, concentration ratios were similar regardless of cycle numbers (i.e., Cf/Ci 

= 6.9 ± 0.5). Moreover, XRD patterns of schwertmannite before and after 4 cycles of sorption/desorption process 

show that schwertmannite was not degraded even after being used repeatedly (Fig. 4b). These results indicate that 

schwertmannite can be used for concentrating As from dilute solution, and after As desorption, it can be reutilized 

as As sorbent. 



 

Figure 3. (a) Arsenic concentration before and after concentration via sorption of arsenate from As(V)-containing solution 

(volume: Vi) at pH 3 using schwertmannite and desorption of arsenate from As-loaded schwertmannite using pH 13 solution 

(volume: Vf), and (b) Theoretical calculation of concentration ratio as a function of Vf/Vi ratio. 

 

 

Figure 4. Recyclability of schwertmannite for arsenic concentration: (a) effects of cycle numbers on the concentration ratio 

of arsenate, and (b) XRD patterns of schwertmannite before and after 4 cycles. 

 

3.3. Synthesis of Ca-Fe-AsO4 compounds from concentrated As solution 

Figures 5a–c show XRD patterns of synthesized products (Case 1–8). As shown in Fig. 5a, yukonite (Ca2Fe3–

5(AsO4)3(OH)4–10·xH2O; where x =2–11) (Gomez et al., 2010) was synthesized from 2 g/L As(V) solution in the 

presence of Ca2+ and Fe3+ (Ca:Fe:As = 0.5:0.75:1.0) at 95 °C and pH 8 within 24 h. Meanwhile, mineralogical 



compositions of synthesized products were greatly affected by temperature (Fig. 5b). At low temperature (25–

50 °C), poorly crystalline ferric arsenate (FeAsO4·2.4H2O) (Jia et al., 2007, 2006) was formed. At 75 °C, yukonite 

was formed together with poorly crystalline ferric arsenate, and at 95 °C, only yukonite was synthesized (Fig. 5b). 

Similarly, pH was also one of the most important parameters for determining mineralogical compositions of 

synthesized products. As shown in Fig. 5c, yukonite was formed at pH 8 but was unstable at pH 10, resulting in 

the formation of ferric arsenate. At pH 12, a new mineral was formed, johnbaumite (Ca5(AsO4)3OH) (Puzio et al., 

2018; Zhang et al., 2019), together with goethite (α-FeOOH) (Vithana et al., 2015). 

 

Figure 5. XRD patterns of synthesized products at various (a) synthesis time, (b) temperature, and (c) pH, and (d) the release 

of arsenic from As-loaded schwertmannite, yukonite (Case 1), and johnbaumite (Case 8) as a function of pH. 

 



To check the As retention abilities of schwertmannite, yukonite (Case 1), and johnbaumite (Case 8), they 

were leached at various pH conditions (pH 1.2–12.6) (Fig. 5d). Both schwertmannite and yukonite were 

ineffective to immobilize As under strongly acidic conditions (< pH 2), while johnbaumite was able to retain As 

even at pH < 2. Under neutral to alkaline conditions, As started being released from schwertmannite and yukonite 

at pH > 6.5 and 9, respectively; however, very little As was released from johnbaumite. Moreover, As desorption 

was done at pH 12–13, so the synthesis of johnbaumite is beneficial in terms of pH regulation compared to 

yukonite. Therefore, among the three minerals tested, johnbaumite is the most promising to immobilize As. 

Figure 6 shows the proposed scheme for treating As-contaminated mine drainage. For the case that either 

influent pH is lower than 2 or arsenite (AsIII) is present, a neutralization using lime with aeration is required for 

increasing its pH to ~3 as well as oxidizing AsIII to AsV prior to the sorption process. Afterward, mine drainage is 

passed through a packed-bed reactor filled with schwertmannite, resulting in the sorption of almost all AsV on the 

sorbent. 

 

Figure 6. A proposed scheme for treating As-contaminated mine drainage. 



After the sorption process, a small volume of eluent solution (pH 12–13 adjusted by lime) is introduced to a 

packed-bed reactor for producing AsV-concentrated solution ([AsV] = ~2 g/L), which is transferred to the process 

in which calcium arsenate like johnbaumite (Ca5(AsO4)3OH) is generated. The suspension is then dewatered by 

filter press, and the obtained sludge cakes are disposed of into the sludge disposal dam while filtrates are reutilized 

as eluents. Meanwhile, effluents obtained after sorption process are still acidic and contain elevated levels of 

heavy metals, which need to be treated appropriately to meet the effluent discharge limits. To this end, the 

application of high density sludge (HDS) process—a modification of the active lime treatment process where a 

portion of the settled solids from the clarifier (i.e., sludge) is recycled and mixed with fresh lime prior to contact 

with AMD (Mackie and Walsh, 2015)—is recommended. 

 

4. Conclusions 

This study investigated a novel As immobilization by the combination of sorption/desorption-based 

concentration of As from dilute solution using schwertmannite and synthesis of stable As-bearing mineral under 

alkaline conditions. Arsenic sorption to schwertmannite was pH dependent and favored at a pH range of 2–9 while 

it was limited at pH < 2 and > 9. Between Freundlich and Langmuir isotherm models, the experimental data were 

fitted well with the latter as its AICc value was lower than that of the former. The maximum sorption capacities 

for As(V) were 116.3 mg/g at pH 3 and 16.1 mg/g at pH 13, which facilitated As concentration via sorption at pH 

3 with large volume of dilute solution followed by desorption at pH 13 with small volume of eluent. To concentrate 

As(V) from 11.2 to 2000 mg/L, it was estimated that sorption using 50 g of schwertmannite in 350 L of As(V) 

solution and desorption in 1 L of eluent are required. From As(V) concentrate (2000 mg/L), amorphous ferric 

arsenate was formed at low temperature (25–50 °C), whereas high temperature (~95 °C) favored the production 

of yukonite (at pH 8) and johnbaumite (at pH 12). Among the synthesized products (As-loaded schwertmannite, 

johnbaumite, and yukonite), johnbaumite was the most promising compound for immobilizing As due to its 

exceptional As retention ability compared to those of schwertmannite and yukonite. 
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