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Abstract: To improve stability of scorodite, a method of simultaneous synthesis and in-situ coating of scorodite was proposed. 
Scorodite particles with polyhedral and raspberry-like morphologies were synthesized in an Fe(II)−As(V)−H2O system at 90 °C and 
pH 1.5 by blowing oxygen gas into the system. When the initial Fe/As molar ratio exceeded 1:1, a coating of sulfate-containing iron 
(hydr)oxides formed on the surfaces of scorodite particles during synthesis. To evaluate the leaching stability of synthesized scorodite 
samples, toxicity characteristic leaching procedure (TCLP) tests were conducted at pH 4.93 for 60 h, and long-term 
leaching tests were conducted for 30−40 d within a pH range of 5.40−10.88. The leaching results indicated that the release of arsenic 
from scorodite was noticeably postponed by the coating, and the average arsenic concentrations in the leaching solutions were as low 
as 0.12 mg/L in the TCLP tests and lower than 0.5 mg/L in the long-term leaching tests. 
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1 Introduction 
 

Arsenic is toxic to most living creatures on the 
planet [1,2]. During the past two decades, arsenic    
use has been declining due to its high toxicity       
and carcinogenicity. Arsenic is, therefore, a “surplus 
element,” meaning that its yield is higher than its 
consumption [3]. Arsenic is widely associated with the 
ores or concentrates of nonferrous metals [4], especially 
copper, gold, and lead−zinc ores [5]. During nonferrous 
metallurgy, arsenic is enriched in arsenic-bearing 
materials such as flue dust, residues, anode slimes, and 
black copper sludge. To solve the problem of arsenic 
accumulation in the production system, and to protect the 
environment from arsenic pollution, arsenic should be 
removed from these materials, and then immobilized and 
safely collected in a specially managed field [6−8]. 

Therefore, the precipitation of arsenic from arsenic- 
bearing solutions into a stable mineral, a process known 
as “arsenic immobilization in a mineral,” has been a 
challenging topic that has received great interest [9]. 

The main methods that are currently applied for 
bulk arsenic removal and disposal from arsenic-bearing 
solutions can be summarized as follows: neutralization 

with lime, precipitation as arsenic sulfide, neutralization 
with lime plus ferric iron, and immobilization as 
scorodite [10]. A series of calcium arsenate compounds, 
such as haidingerite, pharmacolite, guerinite and weilite, 
can precipitate from the Ca(II)−As(V)−H2O system 
during lime neutralization [11]. However, these 
compounds are unstable in an acidic medium; 
furthermore, they will react with carbon dioxide in the 
air to produce calcium carbonate during stockpiling, 
releasing arsenic back into the environment [12,13]. 
Arsenic sulfide is prone to atmospheric and bacterial 
oxidation, and cannot be stably stockpiled [14]. 
Neutralization with lime plus ferric iron is an effective 
method for treating dilute arsenic-bearing solutions. 
During this process, a solution containing ferric and 
arsenate ions is neutralized by lime to produce 
ferrihydrite, a ferric oxyhydroxide phase, and    
gypsum [15], while arsenic is immobilized as arsenical 
ferrihydrite [16] because ferrihydrite has strong arsenic 
absorptivity. The precipitation of arsenical ferrihydrite is 
favored within a pH range of 4−7 [17]. In the presence of 
cations such as Zn(II), Cd(II), Pb(II), Ca(II) and Mg(II), 
a portion of the arsenic precipitates as Me-arsenates at a 
pH higher than 10 [16]. Furthermore, an amorphous or 
poorly crystalline ferric arsenate begins to precipitate 
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within an approximate pH range of 1−5 and Fe/As molar 
ratio of 3−5 during this process [18]. This process can 
reduce arsenic concentration to 0.1 mg/L [19], but it 
consumes large amounts of lime and iron salt, and 
produces a high volume of residues. 

Scorodite (FeAsO4·2H2O) has been recognized as a 
promising mineral for arsenic immobilization due to its 
good stability, low operation cost, high arsenic content 
(32.47 wt.%) and good crystallinity, which favors liquid 
to solid separation [20−23]. Scorodite can precipitate 
from acidic solutions that contain arsenic and iron under 
both hydrothermal and atmospheric conditions. The 
atmospheric process is more promising due to its low 
operation cost [24,25]. 

DEMOPOULOS et al [26,27], McGill University, 
Canada, were the first to develop a method for 
synthesizing scorodite under atmospheric conditions. 
The process was conducted in an Fe(III)−As(V)−H2O 
system at approximately 90 °C. FUJITA et al [10], Dowa 
Metals & Mining Co., Ltd., Japan, developed another 
atmospheric method of scorodite synthesis, which was 
conducted in an Fe(II)−As(V)−H2O system with an 
initial pH of 1.2−1.5. The scorodite particles precipitated 
during this process are large with a polyhedral 
morphology and show good stability under toxicity 
characteristic leaching procedure (TCLP) testing. 
Another advantage of this process is that it can be 
fulfilled within 7 h [28]. 

Scorodite is only stable under weakly acidic    
(pH 2.0−6.0) and oxidative conditions, and will release a 
large amount of arsenic if the pH is less than 2.0 or larger 
than 6.0, or under reductive conditions [29,30]. 
Therefore, to safely stockpile scorodite under various 
geographic and climatic conditions, its stability should 
be increased. Encapsulation of scorodite may be an 
effective method of improving its stability; many studies 
have been published in this field, for example, some have 
explored coating using silicate, phosphate or aluminum 
hydroxyl gels [31−33]. The results of these studies 
indicated that aluminum phosphate and aluminum 
hydroxyl appeared effectively at controlling the release 
of arsenic; however, sodium silicate gel strengthened the 
release of arsenic due to the ion exchange between 
SiO4

2− and AsO4
3−. 

This paper reported a scorodite synthesis process, as 
well as the characteristics of the scorodite synthesized by 
the process. The process was an improvement method of 
FUJITA et al [10], and included two aspects. Firstly, the 
feeding of the ferrous sulfate solution was changed from 
rapid mixing to continuous addition within a certain time 
period; secondly, the pH of the slurry was maintained at 
1.50 by inputting a sodium carbonate solution to 
neutralize the acid released throughout the synthesis 
process. It was found that, when the initial Fe/As molar 

ratio in the synthesis exceeded 1:1, an amorphous iron 
(hydr)oxide coating could form in-situ on the surfaces of 
the synthesized scorodite particles, which significantly 
improved their stability. 
 
2 Experimental 
 
2.1 Synthesis of scorodite 
2.1.1 Materials 

All chemicals used in this study, i.e. arsenic trioxide 
(As2O3), hydrogen peroxide (H2O2, 30%), ferrous sulfate 
heptahydrate (FeSO4·7H2O), and sodium carbonate 
(Na2CO3), were analytically pure and purchased from 
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. 
Compressed oxygen gas (99.9% purity, Saizhong Gas 
Co., Ltd., Changsha, China) was used as an oxidizing 
agent. 
2.1.2 Synthesis apparatus 

A diagram of the experimental apparatus for 
synthesis is presented in Fig. 1. The starting solution was 
placed in a 1 L cylindrical quartz glass reactor and heated 
by a thermostatic water bath with a temperature 
fluctuation of ±1 °C. Two thermometers with a 200 °C- 
measuring range were separately immersed into the 
reactor and water bath for measuring the synthesis 
temperature precisely. FeSO4 and Na2CO3 solutions were 
added dropwise into an H3AsO4 solution by two 
low-speed constant-flow pumps. The slurry was stirred 
with a stainless-steel impeller coated by PTFE 
(polytetrafluoroethylene). The impeller was driven by a 
motor. Oxygen gas, with a flow rate controlled by a 
flowmeter, was scattered into the slurry through a bubble 
stone with a diameter of 8 cm, which was added to the 
bottom of the reactor. A condenser pipe was set into the 
top of the reactor to prevent slurry evaporation. 
2.1.3 Preparation of solutions 

In the nonferrous metallurgy process, the arsenic 
concentration in the leaching solution of high-    
arsenic materials is within an approximate range of 
10−30 g/L [34]. According to the investigation conducted 
by FUJITA et al [10], the appropriate concentration of 
arsenic for larger, polyhedral scorodite particle formation 
was within a range of 30-50 g/L. Therefore, in this study, 
a 30 g/L arsenate solution was prepared using As2O3 as 
the arsenic source and hydrogen peroxide as the agent to 
oxidize As(III) into As(V). Hydrogen peroxide is an 
effective agent for oxidizing As(III), which had been 
demonstrated by many researchers [34,35]. According to 
the investigation conducted by CAETANO et al [36], 
As(III) was completely oxidized by hydrogen peroxide 
within 1 h with 20% stoichiometric excess. 

The arsenate solution (30 g/L As) was prepared via 
following procedures. Firstly, 100 g of As2O3, 2 L of 
deionized water, and 400 g of 30% H2O2 (approximately  
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Fig. 1 Experimental apparatus of scorodite synthesis 
 
250% stoichiometric excess) were mixed into a slurry in 
a 3 L closed reactor. The reactor was then heated in a 
water bath at (100±1) °C for 12 h, and the slurry was 
stirred continuously at 150 r/min by an impeller. During 
the first 1 h of heating, the solid As2O3 in the slurry 
dissolved completely; during the remaining 11 h of 
heating and reactions, the oxidation of As(III), together 
with the decomposition of excess H2O2 into O2 and H2O, 
was completed. Finally, the arsenic concentration in the 
prepared arsenate solution was calibrated to 30 g/L with 
the addition of deionized water. During the oxidation 
process of As(III), the oxidation rate was monitored after 
the As2O3 solids dissolved completely by sampling and 
analyzing at different time intervals and the results are 
shown in Fig. 2. It can be seen that about 75% As(III) 
has been oxidized in the period of As2O3 dissolution, and 
then the remaining As(III) was oxidized completely    
in 20 min after the dissolution. The valence states and  
 

 
Fig. 2 Oxidation rate of As(III) as function of time at 
(100±1) °C 

concentrations of arsenic were analyzed by inductively 
coupled plasma mass spectroscopy (ICP−MS, Thermo 
scientific/XSERIES 2). 

To maintain the slurry volume during synthesis, 
FeSO4 solutions were prepared with different 
concentrations according to initial Fe/As molar ratios of 
1:1, 2:1, and 3:1, and the pH of the FeSO4 solution was 
adjusted to 1.5±0.05 by the dropwise addition of a H2SO4 
solution. A 1 mol/L Na2CO3 solution was prepared and 
used as a neutralizing agent. 
2.1.4 Synthesis process 

A 250 mL arsenate solution (30 g/L As), the pH of 
which was adjusted to 1.50±0.05 by the dropwise 
addition of a NaOH solution (0.8 mol/L), was added to a 
1 L quartz glass cylindrical reactor. Then, based on the 
initial Fe/As molar ratios mentioned above, 250 mL of 
FeSO4 solution with different concentrations was added 
to the reactor by a low-speed constant flow pump at a 
rate of (4.17±0.01) mL/min for 1 h. During FeSO4 
solution feeding, another low-speed constant flow pump 
was used to add a Na2CO3 solution (1 mol/L) into the 
reactor to maintain the pH of the slurry at 1.5±0.05. The 
volumes of Na2CO3 solution (1 mol/L) added were 42.0, 
35.2, and 26.7 mL, corresponding to initial Fe(II)/As(V) 
molar ratios of 1:1, 2:1, 3:1, respectively. Afterwards, the 
slurry continued to be heated and stirred for 6 h. During 
the synthesis process, pure oxygen flowed continuously 
into the slurry at a rate of 1 L/min, and the temperature 
and stirring speed were maintained at (90±1) °C and  
250 r/min, respectively. When synthesis had completed, 
the slurry was filtered through a 0.4 μm pore PTFE 
membrane and washed with 100 mL of acidified 
deionized water (pH 2.0) prepared with nitric acid 



Ping-chao KE, Zhi-hong LIU/Trans. Nonferrous Met. Soc. China 29(2019) 876−892 

 

879

solution three times. It was then dried at (60±1) °C for  
24 h. The dried samples were pulverized in a mortar to 
prepare them for the characterization and leaching tests. 

In this study, three samples, denoted as S1, S2, and 
S3, were synthesized at initial Fe/As molar ratios of 1:1, 
2:1 and 3:1, respectively. 

A sodium carbonate solution was selected as the 
neutralizing agent during synthesis based on the 
following reasoning. Scorodite was precipitated during 
the synthesis process according to Eq. (1):  
H3AsO4+Fe2++1/4O2+3/2H2O=FeAsO4·2H2O+2H+ 

(1)  
Therefore, protons were continually released into 

the system with the precipitation of scorodite, thus, the 
pH of the system during synthesis decreased to 
approximately 0 after 1 h and was then maintained 
during the remaining 6 h without neutralization. As 
FUJITA et al [10] reported, the optimal pH for scorodite 
synthesis ranged from 1.5 to 2.0. It has been reported that 
the precipitation of Fe(III) through hydrolysis began at 
pH 1.5 [37]. Therefore, a neutralizing agent should be 
used to maintain the pH at 1.5 during synthesis. We 
conducted several experiments to choose an appropriate 
neutralizing agent. Agents such as sodium hydroxide, 
potassium hydroxide, sodium bicarbonate, and calcium 
oxide were investigated, and the results showed that 
these agents were insufficient as they had some 
shortcomings. Sodium hydroxide, potassium hydroxide, 
and sodium bicarbonate led to rapid Fe(III) hydrolysis, 
forming a large amount of ferric (hydr)oxide colloids that 
affected the formation of scorodite, thereby producing a 
precipitate with no scorodite; calcium oxide produced a 
precipitate with a large amount of gypsum, which would 
interfere the characterization of scorodite. Sodium 
carbonate was selected as the neutralizing agent in our 
experiments as it was the most suitable. 
 
2.2 Analysis and characterization 
2.2.1 Solutions 

The total arsenic, iron, and sulfur concentrations in 
the solutions were measured by ICP−AES during routine 
analyses (Thermo scientific/iCAP 7000 SERIES, RF 
power 1150 W; auxiliary gas 0.50 L/min; analysis pump 
rate 1000 r/min). The As(III) concentrations in the 
solutions were also analyzed by ICP−AES. During  
As(III) analysis, to reduce As(III) to AsH3 gas, a 1 mol/L 
KHB4 solution was introduced into the flame launcher 
during sample injection. The intensity of the AsH3 

spectrum was characterized to determine the As(III) 
concentration. Before testing the samples, a standard 
curve was obtained from As(III) standard solutions, 
which were pre-reduced for 24 h by thiourea (0.2 g 
thiourea and 10 mL As(III)) to eliminate the small 

amount of As(V) that could have been present. The 
method was then calibrated by a standard, 0.1 mg/L 
As(III) solution (purchased from Central Iron & Steel 
Research Institute, Beijing, China). The As(III) detection 
limit of the instrument was 0.01 mg/L. 
2.2.2 Solid samples 

For the solid samples, X-ray diffraction (XRD) 
measurements were taken on a Rigaku RINT−200 
instrument (Cu Kα), and the diffraction patterns in a 2θ 
range from 10° to 80° were obtained at a scanning rate of 
1 (°)/s. Scanning electron microscopy (SEM) observation 
was conducted using a JEOL SM−6360LV. Transmission 
electron microscopy (TEM), high resolution transmission 
electron microscopy (HRTEM), and transmission 
electron microscopy with energy dispersive X-ray 
technical (TEM/EDX) observations were conducted 
using a Thermo Fisher TECNAI G2 F20; high resolution, 
high-angle annular dark field images (HAADF;     ∼0.08 nm) and energy dispersive X-ray spectrometry 
(EDS) spectra were obtained using an FEI-Titan G2 
60−300 operated at 300 kV in the STEM mode. The 
samples were dispersed with ethyl alcohol at a 
liquid/solid mass ratio (L/S) of 20:1 and vibrated by an 
ultrasonic instrument for 20 min. A few drops of the 
slurry were then added to a copper grid net by a straw for 
the TEM tests. The sulfur and oxygen contents in the 
samples were analyzed by a LECO CS600 and a LECO 
TCH600L, respectively. The samples were dissolved in a 
6 mol/L HCl solution, and the As, Fe and S contents 
were determined by ICP−MS (Thermo scientific/ 
XSERIES 2). 
2.2.3 Stability testing 

For samples S1, S2 and S3, three types of leaching 
experiments were conducted to evaluate their stability. 

Firstly, TCLP tests were conducted at pH 4.93. 
According to the method produced by the US-EPA [34], 
a HAc−NaAc buffer solution with pH 4.93 was used as 
the extraction liquor, and leaching tests were conducted 
at a liquid/solid mass ratio of 20:1 at (25±1) °C for 60 h. 

Secondly, long-term leaching tests were conducted 
using aqueous solutions containing NaOH, CaO−NaOH, 
Mg(OH)2, NaH2PO4−NaOH, and tap water as extraction 
liquors. During leaching, the pH of the extraction liquors 
continuously decreased and was not adjusted artificially. 
The initial and final pH values of the extraction liquors 
are shown in Table 1. The tests were conducted at a 
liquid/solid mass ratio of 20:1 at (25±1) °C for 40 d. CaO 
and Mg(OH)2 are the most common alkaline substances 
in nature, while NaOH is the common alkaline substance 
used in laboratories, and many researchers have used its 
aqueous form as an extraction liquor to test the stability 
of scorodite under alkaline conditions [30]. NaH2PO4   
is used to prepare an alkaline buffer solution [32]. 
Phosphate is often present in domestic water due to the 
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Table 1 Composition and pH of leaching extraction liquors at 
(25±1) °C for 40 d 

Extraction liquor Initial pH 
Final pH 

S1 S2 S3 

NaOH 

10.05 4.72 4.03 2.60

8.33 4.66 3.98 2.62

9.25 4.70 3.87 2.75

CaO−NaOH 

10.88 5.32 4.46 3.27

9.67 5.50 4.41 3.30

10.16 5.47 4.38 3.28

Mg(OH)2 9.47 4.83 3.91 2.96

NaH2PO4−NaOH 

7.95 6.87 5.39 5.11

10.57 7.34 5.88 5.63

9.69 7.16 5.74 5.61

Tap water 5.40 3.80 3.12 2.73

 
use of phosphorus-containing detergents. PO4

3− radicals 
in the extraction liquor would increase the release of 
arsenic from scorodite as they undergo an “ion 
exchange” reaction with AsO4

3−, therefore, a phosphate 
buffer solution was selected to assess the efficacy of 
coating. 

Thirdly, another set of long-term leaching tests were 
conducted using a NaH2PO4−NaOH buffer solution with 
a pH of 10.5, and NaOH solutions with pH values of 8.6 
and 10.0 as extraction liquors. The NaH2PO4−NaOH 
buffer solution was prepared by the dropwise addition of 
1 mol/L NaOH into 0.025 mol/L NaH2PO4 to adjust the 
pH to 10.5. The ionic strength of all the three solutions 
was less than 0.05 mol/kg. The leaching tests were 
conducted with a liquid/solid mass ratio of 20:1 at 
(25±1) °C for 30 d, and each test was replicated three 
times. During the tests, the pH and φ (redox potential) 
values of the leaching slurry were measured twice per 
day by using a Mettler Toledo pH and φ instrument, with 
an Ag/AgCl reference electrode. The pH of the leaching 
slurry continuously decreased, thus, the pH was 
maintained at the initial value by the dropwise addition 
of a 0.1 moL/L NaOH solution at the same time that each 
pH measurement was taken. 

The concentrations of arsenic, iron and sulfur in the 
leaching solutions were determined by ICP−AES. 
 
3 Results and discussion 
 
3.1 Phenomenon description and extension of arsenic 

precipitation 
During synthesis, a clear precipitate appeared 

immediately after the first drop of the ferrous sulfate 
solution was added to the arsenate solution, but the 
precipitate disappeared immediately with stirring. 

Approximately 5 min later, a white precipitate formed in 
the solution, which did not disappear with stirring. 
Approximately 15 min after the precipitate appeared, it 
turned light green in color, which darkened to green 
within approximately 40 min. The color of the precipitate 
did not change after this. 

Figure 3 shows the arsenic concentration in the 
solution and the extent of arsenic precipitation as a 
function of the synthesis reaction time. From Fig. 3, it 
can be seen that, during synthesis, As(V) ions were 
precipitated completely within 1 h when the initial Fe/As 
molar ratio was 2:1 or 3:1, while they precipitated 
completely within almost 2 h when the initial Fe/As 
molar ratio was 1:1. After arsenic precipitation 
completed, the slurry was aged until the reaction time 
reached 7 h. 
 

 
Fig. 3 Concentration of arsenic in solution and extent of arsenic 
precipitation as function of reaction time 
 
3.2 Characterization of synthesized samples 
3.2.1 Chemical composition 

The chemical compositions of the three synthesized 
samples are shown in Table 2. Based on its chemical 
formula (FeAsO4·2H2O), scorodite theoretically contains 
32.47 wt.% As, 24.24 wt.% Fe, and 41.56 wt.% O. 
However, the actual chemical composition of scorodite, 
whether it is natural or synthetic, may deviate from its 
theoretical value due to the substitution of sulfate or 
hydroxyl for arsenate in its lattices, or the coexistence of 
a secondary phase in samples. From Table 2, the 
chemical compositions of all three samples deviated 
noticeably from the theoretical scorodite composition, 
with lower arsenic and higher iron contents, and the 
Fe/As molar ratio exceeded 1:1. Moreover, there was 
some sulfur in all three samples. From S1 to S3, the iron 
and sulfur contents, as well as the Fe/As molar ratio, 
increased, while the arsenic and oxygen contents 
decreased initially before increasing. For S2 and S3, the 
obvious deviation of their Fe/As molar ratios from the 
theoretical value of 1:1 suggests that the samples may 
include another iron-containing phase. According to the 
above analysis, the iron phase formed through hydrolysis  
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Table 2 Chemical compositions of samples 

Sample 
Content/wt.% 

Fe/As molar ratio 
As Fe O S 

S1 31.50±0.03 25.30±0.03 41.35±0.03 0.17±0.01 1.078:1 
S2 29.58±0.02 25.68±0.01 38.48±0.02 0.74±0.01 1.165:1 
S3 29.66±0.03 27.69±0.01 39.17±0.02 1.08±0.01 1.252:1 

Theoretical value    32.47 24.20 41.60 0 1:1 
 
and precipitation of ferric irons in the solution. Thus, it 
can be inferred that this phase may contain iron oxides, 
iron hydroxides, ferrihydrite, basic iron sulfates, or iron 
hydroxide-containing sulfates. For the sake of simplicity, 
these compounds are collectively described as “iron 
(hydr)oxide” in this work. 
3.2.2 XRD patterns 

From the XRD patterns of the synthesized samples 
(Fig. 4), all major peaks in the patterns of S1, S2, and S3 
were consistent with the characteristic XRD peaks of 
scorodite (JCPDS-ICDD No. 37−0469) and showed a 
narrow, tall shape, indicating that the main phase of all 
three samples was high-crystallinity scorodite. The two 
strongest peaks of S1, S2, and S3 (111 and 200) were 
compared by overlapping the patterns, as shown in the 
upper right corner of Fig. 4. The peak intensities and full 
width at half maximum (FWHM) of S1 and S2 were 
higher and narrower than those of S3, suggesting that 
they were more crystalline. According to the analysis for 
chemical composition of the samples, iron (hydr)oxide 
formed when the initial Fe/As molar ratio exceeded 1:1. 
Therefore, it can be speculated reasonably that the iron 
(hydr)oxide affected the XRD pattern and decreased the 
crystallinity of products. 
3.2.3 SEM observation 

From the SEM images of the synthesized samples 
(Fig. 5), the particle sizes of S1 to S3 tended to decrease 
gradually, from 5−10 μm in S1 to 3−4 μm in S3. It can 
also be seen that there were two different types of 
particle morphologies in the samples, which were 
polyhedral and raspberry-like. 
 

 
Fig. 4 XRD patterns of S1, S2 and S3 

 

 
Fig. 5 SEM images of S1 (a), S2 (b) and S3 (c) 
 

From the experimental phenomenon described in 
Section 2.1, the ferrous ions added into the system were 
firstly oxidized into ferric ions, which then combined 
chemically with the arsenate in the system to precipitate 
as scorodite. The process can be described by following 
equations: 
 
Fe2++1/4O2+H+=Fe3++1/2H2O                   (2) 
 
Fe3++H3AsO4+2H2O=FeAsO4·2H2O+3H+         (3)  

The rate of Reaction (2) was relatively slow [38]. 
Therefore, the initial Fe/As molar ratio determines the 
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supersaturation of scorodite precipitation during 
synthesis; the higher the initial Fe/As molar ratio is, the 
larger the scorodite precipitation supersaturation is. That 
is, from S1 to S3, the supersaturation of scorodite 
precipitation increases. 

When an insoluble compound precipitates from a 
solution, particle formation involves two fundamental 
processes: nucleation and growth; the driving force for 
both of these is the supersaturation of the insoluble 
compound. As described in the LaMer model [39], the 
supersaturation required for the nucleation is much 
higher than that required for growth. It can be deduced 
that, during precipitation, the higher the supersaturation 
is, the greater the nuclei formation is. Therefore, during 
synthesis, the number of scorodite nuclei would continue 
to increase from S1 to S3 with the increase in scorodite 
precipitation supersaturation, thus gradually decreasing 
the sizes of the scorodite particles in the samples. 

Both particle morphologies formed through 
nucleation and growth, but their formation mechanisms 
were slightly different. Scorodite crystals are orthor- 
hombic system, and commonly possess pyramidal (111) 
(sometimes, pseudo-octahedral), tabular (001), and 
prismatic (010) morphologies [40]. From Fig. 5, the 
polyhedron-like particles in the samples are pyramidal, 
which are of a typical scorodite morphology. The 
polyhedral particles formed through a primary 
nucleation-orderly growth mechanism, which is a 
homogeneous process that occurs at a higher 
supersaturation. The raspberry-like particles formed 
through a composite process consisting of both   
primary and secondary nucleation-growth, which is a 
heterogeneous process on the surfaces of the crystals that 
previously formed at a lower supersaturation. During 
synthesis, the formation and growth of secondary  
nuclei result in the disordered growth of scorodite 
particles [41,42], which is the formation mechanism of 
raspberry-like particles. The spatiotemporal hetero- 
geneity of scorodite precipitation supersaturation is the 

reason for the formation of two different types of 
particles with different morphologies. 
3.2.4 TEM and HRTEM observation 

To investigate the structure of the synthesized 
sample, TEM characterization was conducted for S2 with 
a probe size of approximately 50 nm at 200 kV.  
Figure 6 shows the bright field TEM images of a 
raspberry-like particle from S2. As shown in Fig. 6(a), 
the particle was approximately 4 μm in size. The area 
circled with a red dashed line at the top right-hand corner 
of the particle was scanned into a high-definition image, 
as shown in Fig. 6(b). From Fig. 6(b), large amounts of 
microcrystalline grains gathered as an agglomerate, and 
some were present as regular polyhedrons [43]. Two 
typical grains were projected hexagonally in the image, 
which are indicated by red numbers 1 and 2. A magnified 
image of the two grains is shown in Fig. 6(c). According 
to the geometry calculation, Fig. 6(c) presents the 
overlap of the two hexagons, the side length of them is 
32 nm. According to crystalline symmetry, the hexagon 
corresponds to a hexagonal bipyramid. Therefore, the 
two bipyramids formed through an overlap at a corner. 
This structure is representative of typical self-similarity 
inside scorodite particles. As a large amount of the 
structures were particulate, raspberry-like particles 
formed. 

Figure 7 shows the bright field TEM and HRTEM 
images of S1. A part of raspberry-like particle was 
presented in Fig. 7(a). A spot circled with dash-red line at 
the bottom edge of the particle was selected for HRTEM 
testing. Figure 7(b) shows the HRTEM image of the spot. 
It can be seen that lots of crystalline lattice fringes were 
present, and the interplanar spacing was determined to be 
3.04 Å, corresponding to the crystal face (131) of 
scorodite. The results of elemental content analysis by 
TEM−EDX are shown in Table 3. It indicates that the 
Fe/(As+S) molar ratio was 0.95±0.06, corresponding to 
the theoretical value of scorodite. Therefore, S1 can be 
determined as pure scorodite. 

 

 
Fig. 6 Bright field TEM images of S2: (a) TEM image of one particle for S2 (the area circled with dot-red line was used for 
high-definition scan); (b) High-definition image of corner of particle indicated with dot-red line in (a); (c) Structural model for 
crystalline grains indicated with red numbers in (b) 
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Fig. 7 Bright field TEM and HRTEM images of S1: (a) TEM 
image of scorodite particle (the spot indicated with dot-red 
circle was used for HRTEM); (b) HRTEM image of spot 
indicated in (a) 
 
Table 3 Results of TEM−EDX characterization for spot 
indicated with dot-red circle shown in Fig. 7 

Content/at.% Fe/(As+S)
molar ratioFe As S O 

14.01±0.38 14.73±0.55 0.11±0.05 71.24±0.60 0.95±0.06
 

Figure 8 shows the bright field TEM and HRTEM 
images of S3. Two spots at the edge of a 2 μm particle 
from S3 were selected for testing (Fig. 8(a)). In Spot 1, 
there was no crystalline lattice fringe (Fig. 8(b)), and the 
fast Fourier transformation (FFT) image showed that 
only amorphous material was present. The composition 
of Spot 1 was tested by TEM−EDX. The Fe/(As+S) 
molar ratio of was 1.625±0.184 (Table 4); theoretically, 
even though a small amount of SO4

2− replaced some of 
the arsenate atoms in the scorodite, the Fe/(As+S) molar 
ratio should be equal to 1. It can be concluded that there 
were excess iron and oxygen atoms in the sample, which 
might be sulfur-containing iron (hydr)oxide compounds 

formed through the hydrolysis of ferric ions. In Spot 2, 
there was a crystalline lattice fringe surrounded by 
amorphous material (Fig. 8(c)), and the light spots that 
indicate the crystal faces are shown in Fig. 8(d). The 
interplanar spacing was 4.083 Å (Fig. 8(d)), which 
corresponded to the crystal face (201) of scorodite [44]. 
The TEM−EDX assessment of Spot 2 showed that the 
Fe(As+S) molar ratio was 1.125±0.075 (Table 4). To 
estimate the thickness of the coating layer, an 
approximate calculation using the iron contents of the 
above two spots was proposed. The particle was assumed 
to be spherical, with a diameter of 2 μm, and the excess 
precipitated iron was assumed to uniformly coat the 
scorodite. The total iron content was 100%, and it 
exhibited constant and equal density in the scorodite and 
coating layer. An Fe/(As+S) molar ratio of 1.625±0.184 
was measured at Spot 1, and the iron contents in 
scorodite and the coating were 61.5% and 38.5%, 
respectively. The thickness of the coating was calculated 
by a simple mathematical operation and found to be  
350 nm. The same method was followed for Spot 2, and 
the thickness of the coating was 80 nm. Therefore, from 
characterization and calculations, the scorodite particle 
was nonuniformly coated with a high sulfur-containing 
iron (hydr)oxide compound, with a thickness ranged 
from tens to hundreds of nanometers. 
3.2.5 STEM observation 

To characterize the coating layer of S3 more directly, 
STEM−EDS was conducted at 300 kV with a probe size 
of 0.2 nm in a high-angle annular dark field (HAADF). 
Figure 9 presents the HAADF image; Fe (Kα), As (Kα), 
and S (Kα) elemental mapping; and the EDS spectrum of 
a 2−3 µm, raspberry-like particle from S3. The HAADF 
image of the particle is presented in Fig. 9(a), which 
showed that the particle was thinner at the edges than it 
was in the middle. The Fe, As and S mapping images of 
the particle are presented in Figs. 9(b), (c) and (d), 
respectively. The distributions of elements Fe, As and S 
were congruent, therefore, an iron (hydr)oxide coating 
layer cannot be identified from the image. The EDS 
spectrum of the particle is presented in Fig. 9(e), 
showing that the mole fractions of Fe, As and S in the 
sample are 52.45%, 44.73% and 1.36%, respectively (see 
Table 5). The Fe content was higher than that of As, 
which was consistent with the chemical composition 
(Section 2.1). Additionally, the presence of C and Cu on 
the spectrum was caused by the carbon film and copper 
grid net that were used during characterization. The Na 
present on the spectrum was there to verify if the coating 
was composed of Na-jarosite (NaFe3(OH)6(SO4)2). 
However, there was no elemental Na in the sample as 
indicated by its extremely low intensity on the spectrum; 
thus, Na-jarosite could be excluded. Figs. 9(a1) and (a2) 
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Fig. 8 Bright field TEM and HRTEM images of S3: (a) TEM image of scorodite particle (Spots 1 and 2 signed by numbers in image 
were used for HRTEM and TEM−EDX measurement); (b) HRTEM and FFT images of Spot 1 indicated in (a); (c) HRTEM image of 
Spot 2 indicated in (a); (d) Amplification and FFT image of area surrounded by dot red line in (c) (Ten lattice fringes were selected to 
determine the interplanar spacing) 
 
Table 4 Results of TEM−EDX characterization for spots indicated with dot-red circle shown in Fig. 8 

Spot 
Content/at.% Fe/(As+S) 

molar ratio Fe As S O 

1 17.38±0.38 10.76±0.63 0.29±0.05 71.54±0.76 1.625±0.184 

2 15.73±0.38 12.91±0.49 1.06±0.06 70.2±0.55 1.125±0.075 

 
are the amplified images of two particle edge areas, 
indicated by red numbers 1 and 2 in Fig. 9(a). The 
mapping images of Fe, As and S in Areas 1 and 2 in  
Fig. 9(a) are shown in Figs. 9(b1−d1) and 9(b2−d2), 
respectively. The mapping of both areas indicated that 
the content of Fe was much higher than that of As. The 
mole fraction of As was as low as 0.42%, and that of Fe 
reached 63.56%. Therefore, it can be concluded that the 
main material on the edge of the particle was an 
iron-containing compound. However, the mole fraction 
of S in Area 2 reached 37.44%, which greatly exceeded 
the S content of the whole particle (1.36%). This 
suggested that S mainly existed in the coating layer as 
SO4

2 － . Spot and linear scans of another randomly- 
selected 3 μm particle are presented in Fig. 10(a), in 
which the positions of spots were indicated by red 

numbers, and the linear scan was conducted along with 
the green line. The results of the spot scans are 
summarized in Table 6, which demonstrated that the 
Fe/As molar ratio at the center of the particle was almost 
1:1, however, that of Spots 3 and 4 on the edge far 
exceeded 1:1, which was consistent with the maps of 
Areas 1 and 2 in Fig. 9(a). The distributions of Fe, As 
and S along the green line in Fig. 10(a) are presented in 
Fig. 10(b), which showed that the content of Fe was 
much higher than that of As within a certain thickness on 
the surface of the S3 particle, and, through scanning, the 
As content increased noticeably and the slopes of the 
relative intensity curve for both Fe and As were 
consistent. The results of the linear scan further validated 
that, for S3, there was an iron (hydr)oxide coating layer 
on the surface of the scorodite. 
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To preliminarily determine the structure and 
composition of the coating layer, simple calculation and 
reasoning processes were proposed, based on the STEM 
characterization results of S3. The data used for 
calculation were the elemental contents, which are 
shown in Tables 5 and 6. For the data regarding  

position 3 in Table 6 (~63.25 at.% Fe, ~2.35 at.% As, 
~34.40 at.% S), the arsenic originated from scorodite, 
with an Fe/As molar ratio of 1:1. Thus, the relative 
content of Fe in the coating was 60.9%, giving an Fe/S 
molar ratio of 1.77:1. In the sample, S existed as SO4

2− 
because the sample was synthesized in a sulfate system.  

 

 

Fig. 9 STEM−EDS elemental mapping of S3: (a) HADDF image of particle; (b−d) Fe, As and S (Kα) EDS mapping images of 
particle, respectively; (e) EDS spectrum of particle; (a1) HADDF image of Area 1 indicated with red number in (a); (b1−d1) Fe, As 
and S (Kα) EDS mapping images of Area 1, respectively; (a2) HADDF image of Area 2; (b2−d2) Fe, As and S (Kα) EDS mapping 
images of Area 2, respectively 
 

 
Fig. 10 STEM−EDS spot scan and line profiles of S3: (a) Position of spots and linear scan; (b) Line profiles 
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Table 5 Elemental contents obtained from STEM−EDS 
mapping shown in Fig. 9 

Position 
Content/at.% 

Fe As S 

Particle 52.45 44.73 1.36 

Area 1 63.56 0.42 36.02 

Area 2 62.00 0.56 37.44 

 
Table 6 Elemental contents obtained from STEM−EDS spot 
scan shown in Fig. 10 

Position 
Content/at.% Fe/As 

molar ratioFe As S 

1 49.30 49.66 1.05 0.99:1 
2 50.76 40.76 8.48 1.25:1 
3 63.25 2.35 34.40 26.91:1 
4 61.37 3.28 35.35 18.71:1 

 
In addition, the coating was formed by the hydrolysis of 
ferric ions, so it could have contained a great amount of 
—OH groups, with some crystals or adsorbed water. 
Therefore, the molecular formula of the coating could   
be Fe1.77(OH)x(SO4)·aH2O, and according to the 
conservation of charge, the “x” could be 3.31. The 
molecular formula was Fe1.77(OH)3.31(SO4)·aH2O, and, 
after normalization, the molecular formula can be written 
as Fe(OH)1.88(SO4)0.56·aH2O. The data of Areas 1 and 2 
in Table 5 and Position 4 in Table 6 were processed in 
the same manner to determine the vibration range of the 
formula. From the results, it can be concluded       
that the molecular formula of the coating was 
Fe(OH)x(SO4)y·aH2O, where the limiting conditions  
were 1.78≤x≤1.88, 0.56≤y≤0.61, x+2y=3, and “a”    
was a positive number. In accordance with previous      
work [45,46], the structure could belong to the basic iron 
sulfate or hydronium jarosite subspecies, or be precursor 
of polyferric sulfate. It is noticed that, the presence of 
hydrogen and oxygen radicals was ignored, so the 
potential structure of HmFeOn(OH)x(SO4)y·aH2O could 
not be excluded. 
 
3.3 Stability 
3.3.1 TCLP tests 

TCLP tests were conducted at pH 4.93 for 60 h for 
the three prepared samples, and the results are presented 
in Fig. 11(a). The arsenic concentration in the leaching 
solution of S1 was 7.18 mg/L, which greatly exceeded 
that specified in both the standards of China and    
USA [34,47]. However, the arsenic concentrations for S2 
and S3 were 0.19 and 0.12 mg/L, respectively, which 
were far below the standards. This is because the arsenic 
leaching of scorodite was effectively postponed by the 
iron (hydr)oxide coating. 

3.3.2 Long-term leaching using various extraction 
liquors 

Long-term (40 d) leaching tests were conducted 
using aqueous solutions that contained different 
chemicals (NaOH, CaO−NaOH, Mg(OH)2 and NaH2PO4− 
NaOH) and tap water as extraction liquors, with initial 
pH values ranging from 5.40 to 10.88 (Table 1). The 
results of the leaching tests are shown in Figs. 11(b−g). 
From Figs. 11(b) and (c), it can be seen that, as the Fe/As 
molar ratio in the precipitates increased, the leaching 
stability of the samples was improved. For S1, all 
released arsenic concentrations exceeded the 1 mg/L 
standard. However, for S3, the arsenic concentrations in 
the leaching solutions decreased noticeably and were all 
below 0.5 mg/L. The arsenic concentrations in seven of 
these experiments (NaOH with initial pH of 10.05, 8.33, 
and 9.25; CaO−NaOH with initial pH of 9.67; 
NaH2PO4−NaOH with initial pH of 10.57 and 9.69; and 
tap water with pH of 5.40) were below 0.01 mg/L. In 
contrast, the leaching concentrations of iron and sulfur 
increased as the Fe/As molar ratio in the precipitates 
increased (Figs. 11(d−g)). From S1 to S3, the 
concentrations of iron and sulfur increased from 
approximately 0.05 to 10 mg/L and 3 to 60 mg/L, 
respectively. The high concentrations of iron and sulfur 
in the solution could only originate from the coating, 
which suggested that it was not stable and decomposed 
in the leaching solutions. All the final pH values of the 
extraction liquors were much lower than their initial 
values, indicating that the pH continuously decreased 
during the leaching tests. For S1, the pH decreased from 
the alkaline to acidic ranges, which was attributed to the 
release of iron from scorodite that would combine with 
the abundant hydroxyl ions, producing Fe(OH)3 and 
Fe(OH)4

— [48]. However, for S3, the decrement of pH 
was greater as a higher concentration of iron was 
released from the coating. According to the scorodite 
incongruent dissolution theory [48], when the pH was 
above 2.0, the released iron ions precipitated as Fe(OH)3 
and FeOOH, which then coated the surface of scorodite 
particles [37]. Similarly, in our study, the iron (hydr) 
oxide coating dissolved and was also converted       
to Fe(OH)3 and FeOOH. Furthermore, ZHU and    
MERKEL [22] found that the solubility of scorodite 
decreased when it was present in a solution with Fe(OH)3, 
due to a dissolution−precipitation equilibrium between 
Fe(OH)3 and scorodite. This may be the reason causing 
the low concentration of released arsenic in S3. 
3.3.3 Long-term leaching using NaH2PO4−NaOH buffer 

solution and NaOH solution 
Figure 12 shows the leaching concentrations of 

arsenic, iron and sulfur as a function of reaction time 
from the long-term (30 d) leaching tests of S1 and S3 
using NaH2PO4−NaOH buffer solution. The initial pH of 
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Fig. 11 Concentrations of As from TCLP of pH 4.93 (a) and concentrations of As (b, c), Fe (d, e) and S (f, g) from leaching test of  
40 d with weak acidic to alkaline solutions at about 25 °C 
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the solution was maintained at 10.5; however, as 
leaching continued, the pH kept continued to decrease 
due to the release of iron that combined with hydroxyl 
groups in the solution. Within the first 6 d of leaching, 
the pH decreased to 8.8. We intended to test the stability 
of the samples under a constant pH. Therefore, the 
solution was adjusted back to its initial pH from the sixth 
day. The φ of the solution was also measured during the 
leaching tests, which fluctuated within a range of 40− 
180 mV, indicating that leaching occurred under weakly 
reductive conditions. From Fig. 12(a), the concentration 
of arsenic released from S3 was much lower than that 
from S1. The concentration of arsenic in S1 continued to 
increase linearly, and it reached 93 mg/L on the 30th day;  
however, for S3, the leaching concentration only slightly 
increased; it was below 1.0 mg/L prior to the 17th day, 
and, at the end of leaching, the concentration of arsenic 
was 1.3 mg/L, which was slightly higher than the 
standard set by the US−EPA. From Figs. 12(b) and (c), 
the average leaching concentration of iron released from 
both S1 and S3 was approximately 0.5 mg/L, and it 
continuously increased without becoming saturated; the 
concentration of sulfur released from S1 was maintained 
below approximately 0.01 mg/L, however, that released 
from S3 increased linearly to 33.5 mg/L on the 30th day. 
This suggested that sulfur was mainly released from the 
scorodite coating in S3, and also indicated that it 
decomposed. 

Figure 13 shows the results of long-term (30 d) 
leaching tests, which used NaOH solutions with pH 
values of 8.6 (Figs. 13(a−c)) and 10.0 (Figs. 13(d−f)). 
For the pH 8.6 leaching solution, Fig. 13(a) shows that 
the concentrations of arsenic released from S3 were 
much lower than those released from S1. As leaching 
continued, the concentrations of arsenic released from S3 
remained at approximately 0.1 mg/L. However, the 
concentration of arsenic released from S1 continued to 
increase, with an average value of 2.9 mg/L. However, 
the concentrations of iron and sulfur released from S1 
were much lower than those released from S3 (Figs. 13(b) 
and (c)), which were as low as 1.5 and 2.8 mg/L, 
respectively. However, for S3, the concentrations of iron 
and sulfur increased noticeably during on the 5th day, 
and then increased to approximately 43.4 and 75.9 mg/L, 
respectively. There were almost no differences in the 
overall trends for the pH 10.0 leaching solution. From 
Fig. 13(d), the concentration of arsenic released from S3 
remained at approximately 0.5 mg/L, but that released 
from S1 increased continuously and reached 4.2 mg/L on 
the 30th day. The behavior of iron and sulfur in the pH 
10.0 solution was the same as that in the pH 8.6 solution. 
On the 5th day, the concentrations of iron and sulfur 
released from S3 increased to 57.2 and 96.2 mg/L, 
respectively, and then plateaued, while those from S1 

 

 
Fig. 12 Leaching concentrations of As (a), Fe (b) and S (c) 
from consecutive leaching tests of S1 and S3 by 
NaH2PO4−NaOH buffer solution with adjustive pH of 10.5 at 
about 25 °C 
 
were much lower, reaching approximately 2.0 and   
11.0 mg/L, respectively, on the 30th day. The high 
concentrations of iron and sulfur released from S3 
originated from the coating, indicating that it 
continuously decomposed, which was consistent with the 
results using the NaH2PO4−NaOH buffer. However, the 
difference between the concentrations of iron and sulfur 
released from S3 during the leaching tests using 
NaH2PO4−NaOH and NaOH solutions was that the 
former exhibited non-saturation, but the latter exhibited 
saturation. This may be because ferric ions in NaOH 
solutions hydrolyze and precipitate as Fe(OH)3, while 
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Fig. 13 Leaching concentrations of As (a, d), Fe (b, e) and S (d, f) from consecutive leaching tests of S1 and S3 by NaOH solutions 
with adjustive pH values of 8.6 (a−c) and 10.0 (d−f) at about 25 °C for 30 d 
 
this reaction is restricted in NaH2PO4−NaOH solutions. 
The mechanism behind this is not fully understood. The 
φ of the leaching solution during the tests fluctuated 
within a range of 260−420 mV, indicating that the 
leaching tests were conducted in an oxidizing 
environment. The standard deviations of the arsenic  
(CAs,Std.), iron (CFe,Std.), and sulfur (CS,Std.) concentrations 
released from S1 in the pH 8.6 NaOH solution were 
approximately 1.8, 1.4 and 5.6 mg/L, respectively, and 
those from S3 were approximately 0.1, 18.0 and     
16.0 mg/L, respectively. However, CAs,Std., CFe,Std., and 
CS,Std. released from S1 in the pH 10.0 NaOH solution 
were approximately 1.8, 1.1 and 6.6 mg/L, respectively, 

and those from S3 were approximately 0.1, 19.7 and     
17.3 mg/L, respectively. 

The overall concentrations of arsenic from S1 in the 
NaH2PO4−NaOH buffer solution greatly exceeded those 
in the NaOH solution, and increasing trends greatly 
differed. This was because the PO4

3－

 radicals in the 
solution would exchange with the AsO4

3－ radicals in 
scorodite under alkaline conditions, thereby increasing 
the release of arsenic [32]. Additionally, under the 
reductive conditions of the NaH2PO4−NaOH buffer 
solution, scorodite was much less stable than that under 
the oxidative conditions of NaOH solutions, which   
has been reported previously [25]. However, the 
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concentrations of arsenic released from S3 in above two 
solutions were almost at the same low-value and the only 
cause of arsenic release was the behavior of the coating. 

In summary, for S3, the release of arsenic under 
both the NaH2PO4−NaOH buffer and NaOH solutions 
was restricted by the iron (hydr)oxide coating, which 
continuously decomposed during the leaching tests. Two 
mechanisms were proposed based on the results. Firstly, 
the scorodite particles were coated with iron (hydr)oxide, 
which slowed the dynamic leaching process, and 
secondly, during scorodite dissolution, a dissolution− 
precipitation equilibrium between the iron hydroxides 
and scorodite was maintained, therefore, when iron 
(hydr)oxide is present alongside scorodite, arsenic 
dissolution decreased noticeably. The combined effect of 
the above two mechanisms controlled the release of 
arsenic. 
 
4 Conclusions 
 

(1) High crystallinity scorodite with a high leaching 
stability was prepared by introducing an oxidizing gas 
into a reaction mixture containing ferrous sulfate and 
arsenic, to convert ferrous to ferric ions. A sodium 
carbonate solution was added to neutralize the protons 
released by this reaction and stabilize the reaction rate. 
The synthesized scorodite particles exhibited polyhedral 
and raspberry-like morphologies, and were 5−10 or  
3−4 μm in size, respectively, depending on the initial 
Fe/As molar ratio. 

(2) The inclusion of SO4
2− increased as the initial 

Fe/As molar ratio increased. From the TEM, HRTEM 
and STEM characterizations, it was found that, when the 
initial Fe/As molar ratio was 3:1, excessive ferric ions 
would precipitate as iron (hydr)oxides that contained 
sulfate and coated the surface of the scorodite particles. 
Through conducting calculation and reasoning processes, 
the chemical phase of the coating was determined to be 
basic iron sulfate, hydronium jarosite, or a precursor of 
polyferric sulfate. 

(3) From the results of the leaching tests, scorodite 
with an iron (hydr)oxide coating was more stable than 
scorodite. For sample S3 prepared at an initial Fe/As 
molar ratio of 3:1, the lowest concentration of arsenic in 
the solution was 0.12 mg/L in the TCLP test, and it was 
below 0.5 mg/L during the long-term leaching tests by 
the alkaline extraction liquors. The stability of S3 was 
attributed to the effect of the coating, and the mechanism 
of this was because the dynamic scorodite leaching 
process was postponed by the coating, or because    
the solubility of scorodite decreased due to a new 
dissolution−precipitation equilibrium between the iron 
hydroxides and scorodite. 
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具有高浸出稳定性臭葱石的合成、原位包覆及表征 
 

柯平超，刘志宏 

 
中南大学 冶金与环境学院，长沙 410083 

 
摘  要：为了提高臭葱石的稳定性，本文作者提出一种合成并原位包覆臭葱石的方法。在 Fe(II)−As(V)−H2O 体系、

90 °C 和 pH 1.5 的条件下持续通入氧气合成多面体状和山梅状臭葱石颗粒。当初始 Fe(II)/As(V)摩尔比超过 1:1  
时，在合成过程中，一种含硫酸根的铁的氧化物或氢氧化物包覆层包覆在臭葱石颗粒表面。 为了检测这些合成

样品的浸出稳定性，用TCLP毒性浸出方法对样品在pH 4.93进行60 h的浸出实验。此外，用多种不同pH 5.40~10.88
浸出溶液对样品进行 30~40 d 的浸出实验。浸出结果表明，该包覆层能有效延缓臭葱石中砷的释放；TCLP 结果

显示，其被包覆后砷的浸出浓度低至 0.12 mg/L，长周期浸出实验显示砷的浸出浓度低于 0.5 mg/L。 
关键词：臭葱石；固砷；形核；原位包覆；稳定性 
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