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Arsenic-rich non-ferrous smelter wastewater has the potential to cause harm to the environment and

human health. The use of mineralizer modified and tailored scorodite crystals, a secondary As-bearing

mineral, is considered to be the most promising strategy for arsenic stabilization. In this work, firstly, the

mechanisms influencing the scorodite crystal characteristics for arsenic stabilization were investigated,

and the results indicated that the scorodite stability was greatly influenced by the scorodite crystal shape

and particle size. The crystal shape changes that the scorodite solids undergo during the aging period

were observed, from a laminar structure to a polyhedron to a standard octahedral structure, and

meanwhile, the As-concentration decreased from 10.2 mg L�1 to 3.7 mg L�1, with the relative particle

size value (RPS) increasing from 1.50 to 2.64. Secondly, the addition of a mineralizer to further improve

the scorodite crystal stability was investigated. It was meaningful to observe that the lowest As-

concentration of 0.39 mg L�1 could be attained when trace NaF was employed, and it was of great

significance to apply this strategy for the disposal of As and F-containing wastewater due to the

electrostatic interaction between scorodite and sodium fluoride. However, the scorodite crystal stability

was weakened when other mineralizers (Na2SiO3$9H2O and Al(NO3)3$9H2O) were added. This indicated

that these mineralizers play different roles in influencing the crystal phase, shapes and sizes of the solid

precipitate (mainly scorodite). Finally, the mechanisms of the scorodite crystal evolution and the arsenic

leachability characteristics were analyzed. In conclusion, the addition of appropriate mineralizers is

a potentially effective strategy for the control of crystal growth, and could be used in the disposal and

stabilization of arsenic-rich non-ferrous effluents.
1 Introduction

Arsenic solidication/stabilization has been and still is
a signicant and continuous challenge for the non-ferrous
extractive metallurgy industry due to the serious effects of
arsenic on the environment and human health.1–7 Recently,
various methods, such as adsorption–desorption,8–11 composite
membrane permeation,12,13 physicochemical encapsulation,14–16

biotechnical stabilization,17,18 electro-coagulation,19–21 and
chemical precipitation, have been developed and widely applied
to treat arsenic-containing effluents.22–24 Among these methods,
the generation of secondary As-bearing minerals via chemical
precipitation is considered the most effective method for the
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solidication/stabilization of arsenic inmining and non-ferrous
smelting processes.

Secondary As-bearing minerals are usually one of several
types of chemical system, namely, As–O,25,26 As–Ca–O,6,27,28 Fe–
As–O,29,30 and As–Ca–Fe systems.30,31 As–O systems (mainly
claudetite and arsenolite) are relatively common secondary
minerals formed by the oxidation of arsenic. However, these
systems are unstable under ambient conditions and dissolve
easily in water and acids.23,32 Similarly, As–Ca–O systems,
primarily including pharmacolite [Ca(HAsO4)$2H2O] and hai-
dingerite [Ca(AsO3OH)$H2O], have high solubility ranging from
2 g L�1 to 4 g L�1 in natural-water systems.6,33 As–Ca–Fe systems,
mainly including arseniosiderite and yukonite, occur in almost
neutral environments. The solubility of arseniosiderite and
yukonite were reported by Krause and Ettel30,31 to be the
following: 6.7 mg L�1 at pH 6.8 and 25 �C for arseniosiderite
and 6.3 mg L�1 at pH 6.15 and 25 �C for yukonite, which exceed
the EPA-TCLP test limit.34 To some degree, yukonite can also be
considered in the process of arsenic stabilization/solidication
due to its low arsenic release at relevant industrial pH values
under tailings conditions.35 Generally, Fe–As–O systems exhibit
This journal is © The Royal Society of Chemistry 2018
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lower arsenic release than that of As–Ca–Fe–O systems. The Fe–
As–O system mainly includes scorodite and BFAS. The produc-
tion of scorodite has been proposed as a potentially good
method for the xation of arsenic due to the unique properties
of the mineral, including low solubility, high arsenic content,
and controlled precipitation.36 Scorodite, a crystalline ferric
arsenate, is a naturally occurring secondary supergene mineral
with the chemical formula FeAsO4$2H2O. There is currently
a large focus on the use of scorodite for the immobilization and
disposal of arsenic due to the mineral’s high removal efficiency
and low solubility.7

However, it is signicant to observe that while there have
been many efforts devoted to the investigation of the solubility
and dissolution process for the Fe–As–O system,37,38 the
previous studies present remarkably different results, some of
which even oppose each other to some extent. For example,
Langmuir39 obtained a leached As-concentration of �90 mg L�1

at pH ¼ 1. However, Harvey40 reported minimum arsenic solu-
bility values of �19 mg L�1 under similar conditions. This was
mainly caused by the difference in crystal growth processes.
However, little was known with certainty about the correlation
between crystal behavior and arsenic leaching characteristics.

The objective of this work was to investigate the synthesis
and crystal growth process of scorodite for arsenic xation.
Specically, the leaching characteristics of arsenic were
analyzed under various synthesis conditions and crystal growth
stages, and then the mineralizer modied and tailored scor-
odite crystal characteristics and leachability for arsenic-rich
smelter wastewater were intensively investigated. Finally, the
mechanisms of scorodite crystal evolution were analyzed. It is
expected that this current work can provide a practical guide for
arsenic stabilization.

2 Materials and methods
2.1 Scorodite synthesis

An aqueous solution of arsenic, derived from the purication
and concentration of effluent from a copper smelter, was used
for our experiments. The total composition of the solution used
from the copper smelter is as follows: As 34 g L�1, Zn 0.2 g L�1,
and Cd 0.8 g L�1. Scorodite precipitates were synthesized at pH
2.5 with different Fe/As mole ratios (1.5, 2.0, and 3.0) and
reaction times (1 h, 3 h, and 5 h) at 95 �C, by the oxidation of
ferrous ions in an aqueous arsenic solution. The ambient air
was used as an oxidizing agent. Additionally, a control group
consisting of a ferric sulfate solution was mixed with an arsenic
solution at an Fe/As mole ratio of 2.0 under the same condi-
tions. The washing steps (pre-treatment) of the solids before
they underwent TCLP tests were as follows. Firstly, the scorodite
reaction liquid aer co-precipitation underwent ultrasound
irradiation at room temperature for 30 min to remove any of the
adsorbed amorphous material, and then the solids were
recovered via ltration. It was then puried through repeated
washing (two times) with ultrapure water and centrifuged. Next,
the leaching concentrations for Fe, As, and other mineralization
elements for solid precipitates in the last ltrate were detected,
and nally, it was dried at 60 �C for 12 h. The ltrate and nal
This journal is © The Royal Society of Chemistry 2018
solids were collected and analyzed using ICP-OES, the uoride
(F�) concentration was measured using an Ion Chromatograph
(Aquion), and the surface compositions were determined using
FESEM-EDS. The following sections detail each of these tech-
niques. The repeatability of the experiment was investigated
and the average values were used in the text.

2.2 Aging process

Aer the scorodite was synthesized, the effects of aging time
and temperature on the leachability were examined using static
aging at low temperatures (35 �C, 55 �C, and 75 �C) and with
hydrothermal processes for high temperature (100 �C and 120
�C). Aer 25 h of aging, each solid was ltered and washed with
deionized water, dried, and then subjected to leaching toxicity
tests.

2.3 Chemical mineralization process

Hydrothermal mineralization experiments were conducted
using Na2SiO3$9H2O-modied, Al(NO3)3$9H2O-modied, and
NaF-modied as mineralizers at different temperatures (120 �C,
150 �C, and 180 �C) for 25 h, ensuring that the nal concen-
tration of the mineralizers was 0.02 M. Aer the hydrothermal
treatment, the reaction kettle was allowed to cool to atmo-
spheric conditions. The reaction product was then ltered and
washed with deionized water and nally dried.

2.4 Characterization and analysis

All sample compositions were analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES,
Prodigy) and/or inductively coupled plasma mass spectrom-
etry (ICP-MS, NeXION 300X), which was used to determine the
concentrations of arsenic in the solution samples as well as for
the determination of the solid-product composition aer
digestion at 40 �C for 12 h in 5 M HCl solution. Additionally, the
uoride (F�) concentration was measured using an Ion Chro-
matograph (IC, Aquion).

A eld emission scanning electron microscope equipped
with an energy dispersive spectrometer (FESEM-EDS, SU-8020)
was used for the observation of particle morphology, surface
elemental compositions, and phase distribution.

A transmission electron microscope (TEM, JEM-2100) was
used to observe the microstructure of the reaction product. X-
ray diffraction (XRD, X0Pert PRO MPD) was used to identify
the different crystalline phases in the samples. It was performed
on a powder diffractometer using a copper target (Ka radiation
l ¼ 1.5418 Å) in a 2q range of 5–90� with a scanning rate of
8� min�1 at 40 kV and 40 mA.

The particle size distributions were determined using
a Mastersizer 2000 analyzer. A Fourier transform infrared
spectrometer (FT-IR, Nicolet 8700) was used to analyze the
change of functional groups and bonding.

2.5 Toxicity Characteristics Leaching Procedure test

The US Environmental Protection Agency’s Toxicity Character-
istics Leaching Procedure test (EPA-TCLP),34 which is the most
RSC Adv., 2018, 8, 19560–19569 | 19561
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widely used test procedure, was also used on some of the solids.
The solid wastes were extracted for 18 � 2 h with an extraction
of a buffered acetic acid solution at pH ¼ 4.93 � 0.05 and
a solid-to-liquid ratio of 1 : 20 (w/v). Once the test was over, the
supernatant was separated from the solid phase by ltering
through a 0.22 mm ber lter and subsequently diluted to
a proper concentration range before the ICP-OES or ICP-MS
analysis.
3 Results and discussion
3.1 Scorodite synthesis and crystal growth process

3.1.1 Effect of iron sources and Fe/As molar ratios. The
effects of different iron sources (Fe2+ or Fe3+) and Fe/As molar
ratios (1.5, 2.0 and 3.0) on the arsenic removal rate and As or Fe-
leachability were investigated. As shown in Fig. 1, the leaching
As-concentration and removal rate showed a consistent varia-
tion trend with the rise of Fe/As ratio, regardless of the iron
source. The leached As-concentration initially decreased with
the increase of the Fe/As ratio from 1.5 to 2. It then remained
consistent when the Fe/As ratio was further increased to 3. A
similar variation regime was observed for the removal rate of
arsenic in Fig. 1c. Additionally, a higher As-leachability than Fe-
leachability was observed at various Fe/As molar ratios, which
means that the incongruent dissolution of scorodite can take
place in the systems. Moreover, the concentration of arsenic
leaching when Fe3+ was the iron source (>70 mg L�1) was
remarkably higher than when Fe2+ was the iron source
(<15 mg L�1). The poor crystallinity of ferric arsenate was one of
the main causes of these results, but the presence of other
factors such as lack of washing procedures for amorphous
phases requires further analysis. Nevertheless, it is signicant
to observe that the removal rate of As with Fe3+ as an iron source
was slightly higher than that with Fe2+ as an iron source.
Fig. 1 Effect of the Fe/As molar ratio and the iron sources (a) Fe(II)/As
and (b) Fe(III)/As on leaching As-concentration and Fe-concentration,
(c) the As-removal rate for solid samples obtained at pH 2.5 at 95 �C for
5 h, and (d) XRD spectra of scorodite samples obtained at various Fe/As
molar ratios, pH 2.5, and 95 �C for 5 h.

19562 | RSC Adv., 2018, 8, 19560–19569
Furthermore, as shown in Fig. 1d, XRD patterns were
employed to explore the existence of the Fe–As form with
different iron sources and Fe/As molar ratios. It is worth noting
that Fe–As mainly existed in the form of well-crystalline scor-
odite (PDF No. 37-0468) with Fe2+ as the iron source. Mean-
while, amorphous ferric arsenate was the main phase that
existed with Fe3+ as the iron source. Therefore, it is logical to
assume that the decrease in arsenic leaching when Fe2+ was the
iron source was due mainly to the formation of stable scorodite,
and the easily formed amorphous ferric arsenate was respon-
sible for the higher As-removal rate. However, some amorphous
phase was produced with the increase of the Fe/As ratio from 1.5
to 3, as it was observed that there are diffraction peaks between
8-12 and 25-35 2q under the crystalline pattern, thus indicating
that a mixed crystal phase had formed for the arsenic-
containing solids.

3.1.2 Effect of the reaction time on arsenic leachability and
crystal growth. Fig. 2 shows the arsenic and iron leaching
concentration, and the removal rate as a function of reaction
time for the experiments performed using EPA-TCLP methods.
The test sample was obtained at an Fe/As molar ratio of 2, a pH
of 2.5, and 95 �C. It can be clearly seen that the leached As-
concentration decreased gradually from 33.1 mg L�1 to
12.4 mg L�1 with the increase in reaction time from 1 h to 5 h.
Simultaneously, the Fe concentration also decreased with the
increase of reaction time, and the As removal rate increased
from 80 wt% to 91 wt% as the reaction proceeded. This is
attributed to the formation of well-crystalline scorodite, which
was proven by the XRD patterns and FESEM images.

Fig. 3 shows FESEM and TEM images of the produced
scorodite aer various reaction times. The detailed results
indicated that the crystal shape changes that the scorodite
solids undergo are from a laminar structure to a polyhedron to
a standard octahedral structure with the different reaction
times, and the individual scorodite particles are about�2 mm in
diameter. It can be concluded that the scorodite morphology
can greatly affect the As-leaching behavior. Furthermore, the
TEM patterns were further studied to explain the growth
process. It was revealed (Fig. 3d–f) that the scorodite existed as
single crystals with preferential growth along the [001] direc-
tion, and eventually, it displayed the octahedral shape with
planes composed primarily of (111) planes in the orthorhombic
structure. This standard crystal structure was stable under
Fig. 2 Effect of the reaction time on (a) As or Fe-leachability and As-
removal rate, (b) the XRD pattern of the scorodite samples, which was
obtained at an Fe/As molar ratio of 2, a pH of 2.5, and 95 �C.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 SEM and TEM images of the synthesized scorodite at various
reaction times: (a1 and a2) 1 h, (b1 and b2) 3 h, and (c1 and c2) 5 h. (d, e
and f) TEM images and electron diffraction pattern.

Fig. 5 XRD patterns of samples at various temperatures (35 �C, 55 �C,
75 �C, 100 �C, and 120 �C) with an Fe/Asmolar ratio of 2, and pH 2.5 for
25 h.
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a thermodynamic equilibrium state, which was suitable for the
solidication/stabilization of arsenic.
3.2 Effect of aging temperature on As-leachability

The effect of aging temperature on the leached As-concentration
is presented in Fig. 4. It can be clearly seen that the leached As-
concentration decreased gradually from 10.2 mg L�1 to
3.7 mg L�1 when the aging temperature increased from 35 �C to
120 �C, and the Fe-leachability showed a comparable variation
trend. Similarly, XRD patterns and SEM images for the scorodite
at different aging temperature intervals are shown in Fig. 5 and
6; consistent well-crystalline diffraction peaks and an octahe-
dral morphology of the scorodite particles were observed when
the temperature increased from 35 �C to 120 �C, indicating that
aging temperature had almost no inuence on the scorodite
crystal shape. Additionally, the particle size distribution of
scorodite at various temperatures is displayed in Fig. 7. As
shown in Fig. 7a, the neat curves were dominated mainly by two
sizes of particles, i.e., small ne particles (�0.2 mm) and large
particles (�10 mm). Furthermore, the effects of particle size on
As-leaching concentrations were explored. It was signicant to
observe that the As-leachability had a linear positive correlation
with small particles (Fig. 7b) and a linear negative correlation
with large particles (Fig. 7c). In particular, the arsenic leach-
ability increased with the increase of small particle content and
Fig. 4 The effect of aging temperature on leaching As-concentration
(EPA-TCLP methods) for solid samples. The samples were obtained at
95 �C with an Fe/As molar ratio of 2, and pH 2.5.

This journal is © The Royal Society of Chemistry 2018
decreased with the large particle content. Additionally,
a concept of “relative particle size value (RPS)” was proposed to
further research the effect of aging temperature on As-
leachability and particle size. This concept refers to the sum
volume fraction of large particle size distribution (1–100 mm)
divided by the sum volume fraction of small particle size
distribution (0.1–0.3 mm). As shown in Fig. 7d, the leaching As-
concentration signicantly decreased with the increase of RPS,
as it decreased from 10.2 mg L�1 to 3.7 mg L�1 when the RPS
increased from 1.50 to 2.64. Similarly, a relatively high aging
temperature led to an increase of RPS and then reduced the
leaching As-concentration. As a larger particle size was
preferred due to a low surface-to-volume ratio making scorodite
more stable in the reaction system, the results align with those
previously reported by Kitamura41 and Fujita.42 Therefore,
a higher aging temperature is benecial for improving scorodite
stability.
3.3 Effect of mineralizers on leaching As characteristics

The arsenic leachability was strongly dependent on the scor-
odite crystal shapes as well as the particle size. The well-
crystalline shapes and the particle size can be improved by
prolonging the reaction time and increasing the aging
temperature, respectively. Therefore, a new strategy was tenta-
tively applied in the present work, in order to further improve
the As-leachability. Namely, three kinds of mineralizer
Fig. 6 SEM images of scorodite at system temperatures of (a) 35 �C,
(b) 55 �C, (c) 75 �C, (d) 100 �C, and (e) 120 �C with an Fe/As molar ratio
of 2, and pH 2.5 for 25 h.

RSC Adv., 2018, 8, 19560–19569 | 19563
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Fig. 7 The particle distribution curves (a), the As-leachability corre-
lation with small particle (b), with large particle (c), and with the arsenic
leachability correlation with RPS (d) at different temperatures (35 �C, 55
�C, 75 �C, 100 �C, and 120 �C) at Fe/As molar ratio of 2, and pH 2.5 for
25 h.
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(Na2SiO3$9H2O, Al(NO3)3$9H2O, and NaF) were added during
the scorodite forming process, and the aging temperature was
further raised to a higher temperature (120 �C, 150 �C, and 180
�C).

As shown in Fig. 8, the stability test indicated that the
addition of each of the three mineralizers presented rather
a different variation effect on the arsenic leachability. Signi-
cantly, the addition of NaF induced a considerable decrease in
the arsenic leachability, which was initially decreased and then
increased slightly when the aging temperature was increased
from 120 �C to 180 �C. It was worth noting that the lowest
leaching As-concentration of 0.39 mg L�1 can be achieved at
150 �C, which was far lower than the EPA-TCLP test limit of
5 mg L�1 and values reported in literature (seen in Table S1†). In
contrast with the results with NaF, when Al(NO3)3$9H2O was
adopted as a mineralizer, the leaching As-concentration grad-
ually increased from 1.22 to 3.10 mg L�1 with the increase in
aging temperature from 120 �C to 180 �C. However, the opposite
result was observed when Na2SiO3$9H2O was adopted as
Fig. 8 The As-leachability with various mineralizers (Na2SiO3$9H2O,
Al(NO3)3$9H2O, and NaF) and at various temperatures (120 �C, 150 �C,
and 180 �C) for 25 h.

19564 | RSC Adv., 2018, 8, 19560–19569
a mineralizer, as the leaching As-concentration was substan-
tially higher than that of the control group at each point. In
particular, the use of Na2SiO3$9H2O as a mineralizer acceler-
ated the release of arsenic from scorodite instead of preventing
it, and these results are different to those reported by Nazari7

and Twidwell,43 so further research is urgently needed in follow-
up experiments. Additionally, the leachability and composition
of solid precipitates with various mineralizers (Na2SiO3$9H2O,
Al(NO3)3$9H2O, NaF) and at various temperatures (120 �C,
150 �C, and 180 �C) are also summarized in Table S2.† The
detailed results indicated that undetected Al-leaching and low
F-leaching concentrations were observed using the Al(NO3)3-
$9H2O and NaF mineralizers, respectively. Nevertheless, it is
noted that uoride (F�) contamination is also an endemic
problem worldwide, therefore it is urgent and profound to
improve and solve the trade-off between uoride and arsenic
contamination in subsequent studies. In summary, the leach-
ability of Al, F, and Si from solid precipitates was related to the
As-leachability, and a lower As-leaching concentration was
observed with Al(NO3)3$9H2O and NaF as mineralizers
compared to with Na2SiO3$9H2O. It is speculated that interac-
tions occur between scorodite and themineralizers, meanwhile,
the different interaction abilities between scorodite and the
mineralizers were revealed by the different leaching concen-
trations for the different mineralization ions. Additionally, the
scorodite incongruent dissolution process was proposed. As
shown in ESI Table S2,† the total leaching concentration of
arsenic (

P
As) was observed to exceed the total leaching

concentration of iron (
P

Fe) in aqueous solution for the
different solid samples, which means that the incongruent
dissolution of scorodite can take place in the systems.

As shown in Table 1, the chemical composition of the scor-
odite solids at various temperatures and with various mineral-
izers was investigated. The detailed results indicated that the
content of arsenic was roughly in accordance with the theoret-
ical value (32 wt%) in all cases, and it was indicated that the Fe/
As molar ratio in the solid increased as the temperature
increased with the different mineralizers. The incongruent
dissolution of scorodite was responsible for this behaviour.35

The content of each of F, Na, Al, and Si for the solid samples was
also presented in Table S2.† The detailed results indicated that
a low content of the mineralization ion (<3.0%) was present for
the solid samples with various mineralizers and at various
temperatures, and the chemical composition and mass balance
were determined by the Fe, As, and O elemental content.
Additionally, as an auxiliary characterization method, EDS was
used to analyze the particle composition of solid precipitate
surfaces (Fig. S1 and Table S3†), and it was used to explore the
relationship between the solid precipitate and the mineralizers.

As shown in Fig. 9 and Table S4,† the change of arsenate-
bearing phases was investigated with various mineralizers and
temperatures, and the detailed results indicated that three
distinct phases, scorodite, ferric arsenate sub-hydrate (FAsH)
and basic ferric arsenate sulfate (BFAS), were identied for the
control group, Na2SiO3$9H2O-modied, Al(NO3)3$9H2O-
modied, and NaF-modied solid samples at higher tempera-
tures. The scorodite phase was mainly produced at 120 �C, and
This journal is © The Royal Society of Chemistry 2018
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Table 1 Composition analysis for scorodite precipitates with various mineralizers (H2O-control experiment, NaF-modified, Al(NO3)3$9H2O-
modified, and Na2SiO3$9H2O-modified) and temperature conditions (120 �C, 150 �C, and 180 �C) for 25 h for the final mineralizer concentration
of 0.02 M

Experimental group HMTa (�C)

Mineralizer typeb

H2O-control experiment NaF-modied Al(NO3)3$9H2O-modied Na2SiO3$9H2O-modied

Arsenic content (%) 120 28.42 31.61 26.86 28.54
150 27.48 29.18 25.85 29.70
180 24.76 27.53 27.20 28.63

Fe/As molar ratio 120 1.08 1.01 1.26 0.98
150 1.28 1.09 1.62 1.08
180 1.69 1.38 1.66 1.34

a HMT refers to the hydrothermal mineralization temperature (�C). b Mineralizer type refers to the different mineralizers that were used to improve
the scorodite properties and then to determine the arsenic content (%) and Fe/As molar ratio of solid scorodite precipitates.

Fig. 9 XRD patterns for solid precipitates with various temperatures
and the mineralizers (a) H2O control group, (b) Na2SiO3$9H2O-
modified, (c) Al(NO3)3$9H2O-modified, and (d) NaF-modified. “S”
refers to the SD phase (scorodite); “F” refers to the FAsH phase
(FeAsO4$0.75H2O); “G” refers to the goethite phase; “B” refers to the
BFAS phase (Fe(AsO4)1�x(SO4)x(OH)x$(1�x)H2O). The standard XRD
data can be seen in ref. 48.

Fig. 10 FT-IR spectra of an arsenate-containing solid after hydro-
thermal mineralization with the various mineralizers (a) H2O-control
group, (b) NaF-modified, (c) Al(NO3)3$9H2O-modified, (d) and Na2-
SiO3$9H2O-modified, and at various hydrothermal mineralization

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 1
1:

31
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
then the FAsH and BFAS phases appeared with an increase in
temperature from 150 �C to 180 �C. Precipitated goethite was
also observed with an increase in temperature, the reasons for
which are partly derived from the scorodite dissolution and
ferric arsenate phases produced from sulfate media at high
temperature.44–47 Additionally, as shown in Table S5,† the semi-
quantitative quantication of how much of each phase (scor-
odite, FAsH, BFAS, and goethite) was present in the solid
samples was achieved via JADE soware. The detailed results
indicated that the major arsenate-bearing phase of scorodite
was produced at various temperatures and with various
mineralizers, and small amounts of the arsenate-bearing pha-
ses, ferric arsenate sub-hydrate and basic ferric arsenate sulfate,
were also observed. This may impact the stability of the solid
This journal is © The Royal Society of Chemistry 2018
samples. In our work, the detailed results indicated that
a higher As-leaching concentration for the control group, Na2-
SiO3$9H2O-modied, and Al(NO3)3$9H2O-modied solid
samples was observed compared to that of the NaF-modied
sample due to the differences in the FAsH phase content at
180 �C. Gomez48 reported that short term leachability tests
determined FAsH to be slightly more soluble than scorodite and
BFAS.

The FT-IR spectra of a synthetic arsenate-containing solid
aer the hydrothermal mineralization with various mineralizers
and at various temperatures are shown in Fig. 10. The vibration
bands at 3518 cm�1 and 2994 cm�1 correspond to hydroxyl
stretching vibrations from water molecules in scorodite, and
the bending vibration of the water molecule is attributed to
1595 cm�1. Additionally, the vibration bands at 792 cm�1 and
899 cm�1 are assigned to As–O–Fe and As–O stretching
temperatures (120 �C, 150 �C, and 180 �C) for 25 h.

RSC Adv., 2018, 8, 19560–19569 | 19565
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Fig. 11 SEM images for solid precipitates with various temperatures
and mineralizers: (a) 120 �C-H2O control group, (b) 150 �C-H2O
control group, (c) 180 �C-H2O control group, (d) 120 �C-NaFmodified,
(e) 150 �C-NaF modified, (f) 180 �C-NaF modified, (g) 180 �C-Na2-
SiO3$9H2O modified, and (h) 180 �C-Al (NO3)3$9H2O modified for
25 h.
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vibrations from the arsenate-containing solid, and new vibra-
tion bands at 1065 cm�1 may be derived from SO4 and/or SiO4

vibrations, which are related to the basic ferric arsenate sulfate
phase.14,49 For the control group (Fig. 10a), NaF-modied
(Fig. 10b), and Na2SiO3$9H2O-modied (Fig. 10d), the inten-
sity of the vibration bands at 3518 cm�1 and 2994 cm�1

decreased with the increase of mineralization temperature,
which means that the hydroxyl content derived from crystal
water molecules in the solid precipitates decreased. The main
reasons for this were that the partial solid precipitates under-
went a crystal phase transformation from the FeAsO4$H2O
structure to FeAsO4$0.75H2O, which was conrmed by the XRD
spectra results (Fig. 9). Additionally, the intensity of the vibra-
tion bands at 1065 cm�1 increased for the control group and
NaF-modied solid samples with an increase of the minerali-
zation temperature from 120 �C to 180 �C. This was derived
Fig. 12 The particle size distribution for solid precipitates under various t
modified, (c) Al (NO3)3$9H2O modified, (d) NaF modified, and (e) RPS.

19566 | RSC Adv., 2018, 8, 19560–19569
from the formation of basic ferric arsenate sulfate crystal phase
at various temperatures, and it was also conrmed by the XRD
spectra results. For the Na2SiO3$9H2O-modied solid sample,
the main vibration bands at 1095 cm�1 are assigned to Si–O
vibrations, which are closely related to the content of Si in the
solid precipitates at various temperatures.

The morphological characterization of the scorodite was also
investigated and the results are presented in Fig. 11. The results
revealed that the crystal morphology evolved from octahedral to
polygonal and nally to a hexagon lamellar structure with the
control group as well as when NaF was added as a mineralizer.
However, the morphology was anomalous and rough when
Na2SiO3$9H2O or Al(NO3)3$9H2O was adopted as a mineralizer.
Moreover, the particle size distribution of scorodite with various
mineralizers and temperatures is displayed in Fig. 12. As shown
in Fig. 12a–d, it was revealed that the curves were mainly
dominated by two sizes of particle. The inuence of various
mineralizers on the RPS is shown in Fig. 12e. For NaF and
Na2SiO3$9H2O mineralizers, the RPS rst increased and then
decreased when the mineralization temperature increased from
120 �C to 180 �C. Nevertheless, it was signicantly higher than
that of the control group. In contrast, for the Al(NO3)3$9H2O
mineralizer, the RPS gradually decreased with the increase of
mineralization temperature from 120 �C to 180 �C. The main
reason was that adding mineralizers not only affects the solid
precipitate phase structure, but also changes the distribution of
RPS. The inuence of mineralizers on arsenic leaching can be
tentatively proposed to be as follows: the negative effect on
leaching As-characteristics with Na2SiO3$9H2O as a mineralizer
can be claimed as a direct consequence of poor crystal
morphology and the interaction between the Na2SiO3$9H2O and
scorodite through an “ion-exchange” or “metathetic” reaction
and complexation reactions, and in particular, Si–O 4 As–O
anion exchange might have taken place within the scorodite
structure at least in the area near the surface,14,50 even though it
emperature and mineralizers (a) H2O control group, (b) Na2SiO3$9H2O

This journal is © The Royal Society of Chemistry 2018
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possessed the largest RPS. When the mineralizer Al3NO3$9H2O
is added to the reaction system, small crystallite clusters of
aluminum sulfate and/or bayerite may be formed in the scor-
odite surface, and these small crystallite clusters can inuence
the scorodite particle growth.51,52 Consequently, the RPS
decreased with the increase of temperature, which gave rise to
an increase in As-concentration. For the NaF mineralizer, which
plays an important role in the morphology-orientation, the
particle size control, and the modication of the growth of the
scorodite crystal in the mineralization process, the scorodite
stability was mainly affected by the grain size and crystal
morphology, and adding mineralizers was conducive to
improving RPS and crystal shapes and enhancing scorodite
stability for NaF, which leads to the lowest leaching As-
concentration being achieved at 150 �C because of the
optimum size and crystal shapes. However, the scorodite crystal
began to dissolve at high temperatures.
3.4 The mechanisms inuencing crystal growth and As-
leachability

The As-leachability was greatly inuenced by the scorodite
crystal characteristics and therefore this section proposes the
mechanisms that were used to describe the scorodite crystal
evolution process and As-leachability. As shown in Fig. 13, it was
discussed from three aspects separately. Firstly, for the scor-
odite synthesis process, the crystal shape changes that the
scorodite solids undergo, from a laminar structure to a poly-
hedron to a standard octahedral structure, were observed with
an increase of the reaction time from 1 h to 5 h. Meanwhile, the
leached As-concentration decreased from 33.1 mg L�1 to
12.4 mg L�1. This process can be explained using crystallization
thermodynamics theory.53 Initially, the surface nucleation
process of the solute arsenic and iron species happened, and
then the laminar scorodite crystal structure was formed.
Subsequently, the scorodite crystal grows preferentially along
the [001] direction, which leads to the formation of the poly-
hedron structure in the system environment. Finally, the
orthorhombic structure of the octahedral shaped single
crystals that are composed of almost (111) crystal planes was
formed. Secondly, the aging and mineralization methods
were designed to further analyze the As-leachability. The
leached As-concentration signicantly decreased from
Fig. 13 Diagram of scorodite crystal behavior process.

This journal is © The Royal Society of Chemistry 2018
10.2 mg L�1 to 3.7 mg L�1 while the RPS increased from 1.50
to 2.64 because of the small crystalline grain dissolution and
larger particle formation. This is conducive to increasing the
crystal particle size and decreasing the As-leachability. The
experimental tests indicated that the lowest leaching As-
concentration of 0.39 mg L�1 could be attained at 150 �C
when NaF is employed as the mineralizer. In the third stage,
the scorodite had begun to dissolve from the vertex of the
octahedron to form polyhedron morphology. Microsphere
particles and the approximate lamellar structure were
observed when the hydrothermal temperature further
increased, because scorodite [001] high-energy crystal faces
are more easily dissolved than [111] planes.54 In summary, it is
essential to design the suitable hydrothermal system envi-
ronment according to the scorodite crystal behavior process
and As-leaching characteristics. It has a guiding signicance
for the disposal of arsenic-containing smelter wastewater and
waste residue.

4 Conclusions

In summary, the mineralizer modied and tailored scorodite
crystal characteristics and leachability for arsenic-rich smelter
wastewater stabilization were investigated. It can be tentatively
proposed that the arsenic leachability was mainly inuenced by
the crystal shapes and particle sizes. The crystal shape changes
that the scorodite solids undergo during the aging period were
observed, from a laminar structure to polyhedral to standard
octahedral. Meanwhile, the leaching As-concentration can
decrease gradually from 33.1 mg L�1 to 12.4 mg L�1. Addi-
tionally, the leached As-concentration can signicantly decrease
from 10.2 mg L�1 to 3.7 mg L�1 with an RPS increase from 1.50
to 2.64. The lowest leaching As-concentration of 0.39 mg L�1

could be attained when NaF is employed as the mineralizer. The
scorodite crystal evolution process indicated that a suitable
hydrothermal system is crucial for arsenic stabilization. This
has a guiding signicance for stable arsenic-containing smelter
wastewater and waste residue.
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