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ABSTRACT

Tooeleite (Feg(AsO3),SO4(OH)4-4H,0) is widely precipitated for direct As(IlI) removal from
sulfate-rich industrial effluents. However, whether or not Fe(III)-As(III)—Cl(-I) precipitate is
produced in chloridizing leaching media for As immobilization is almost unknown. This
work founded the existence of ferric arsenite (hydroxy)chloride as a new mineral for As(III)
removal. Its chemical composition and solid characterization were subsequently studied
by using scanning electron microscope with an energy dispersive spectrometer (SEM-EDS),
X-ray diffraction (XRD), infrared (FT-IR), Raman spectroscopy and thermogravimetric (TG)
curve. The results showed the formation of a yellow precipitate after 3-days reaction of
Fe(IlI)/As(III) with molar ratio = 1.7 in chloride solution at pH 2.3 neutralized with NaOH.
Compared with tooeleite, chemical analysis and solid characterization indicated that Cl(-I)
replaces SOy(-II) producing ferric arsenite hydroxychloride with formula Feg(AsOs)s.
Cly(OH),4-5H,0. This new plate shaped solid showed better crytallinity than tooeleite,
although it has similar morphology and characteristic bands to tooeleite. The FT-IR bands
at 628, 964 cm ' and the Raman bands at 448, 610, 961 cm~* were assigned to Fe—O or As(lII)
—O—Fe or As(III)—O bending/stretching vibration, indicating that both arsenite and chloride
substituted for the position of sulfate for ferric arsenite hydroxychloride produced due to
the lack of the SOF~ vibrations. Cl-(I) also contributed to increase As removal efficiency in
aqueous sulfate media under acidic pH conditions via the probable formation of sulfate-

chloride ferric arsenite.
© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sci-
ences. Published by Elsevier B.V.
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Introduction

Arsenic contamination in water body from industrial activ-
ities is a worldwide environmental issue (Azamat et al., 2018;
Halder et al., 2018). The application of metallurgy of metal
concentrates generated a great quantity of high arsenic-
bearing acidic wastewater (Revesz et al., 2016).

In the process of acid leaching, arsenic occurs largely as
arsenate (As(V)) and arsenite (As(IIl)). Chemical precipitation
is widely employed in the treatment of arsenic-rich waste
acid. As(V) is directly removed from the effluents to sub-ppm
level by (co)precipitation with ferric salts under strong acid pH
for ferric arsenate/scorodite and under near-neutral pH for
Fe(Ill)—As(V) co-precipitate (Ma et al., 2019; Nur et al., 2019;
Zhang et al., 2019). More toxic As(IIl) can often be efficiently
captured by its pre-oxidation to As(V) as the basis of following
(co)precipitation processes due to its higher mobility and
solubility (Zhang et al., 2011; Okibe et al., 2014). As(III) can be
oxidized to As(V) by various As(Ill) oxidizing agents including
hydrogen peroxide solution (H,0,), Fenton/Fenton-like re-
agent (Fe(I[)+H,0,/0,), permanganate (MnOz) and As-
oxidizing bacteria (Zhang et al., 2011; Cai et al., 2019; Yuan
et al, 2019). However, disposal costs and/or time-
consumption are influenced negatively by the addition of
abiotic As(Ill) oxidizers and microbial incubation. Therefore,
the cost-effective and time-saving As(lll) removal from
metallurgical effluents presents more challenging.

The direct As(IIl) removal without the biotic/abiotic As(III)
oxidizing operations has been paid more attention recently.
Previous studies show that the direct removal of As(Ill) is
feasible in conditional iron salt precipitation methods. As(III)
associated with mix-valence iron (Fe(ILI1I)) and/or other metal
cations (e.g. Pb, Ti) can produce arsenite solids including
schneiderhohite (Fe(II)Fe(1lI)3As5013), fetiasite
((Fe(II),Fe(III),Ti)3[As,0s]0,) and ludlockite (PbFe(Ill)4As10022)
(Ledderboge et al., 2014; Sancho-Tomas et al., 2018). As(III) can
also combine with Fe(IIl) to form tooeleite in aqueous sulfate
media including acid mine drainage and sulphuric acid
leaching systems (Majzlan et al., 2016; Chai et al., 2018). This
ferric arsenite hydroxy-sulfate has been found at pH 1.8—4
and >0.5 g/L of initial As concentrations (Chai et al., 2016). It is
noted, however, that not all hydrometallurgical effluents
contain sulfate. For some oxyacid salts minerals (e.g. barite,
malachite, augite, etc), chloridizing leaching is employed
instead of sulphuric acid leaching to effectively enhance
metal recovery according to the higher solubilities of most
metal chlorides (Michelis et al., 2013). Chlorine ion (Cl(-I)) from
the chloridizing extraction reagents including hydrochloric
acid and chlorides is one of the main components in hydro-
metallurgical wastewater (Michelis et al., 2013; Zhou et al,,
2016). Hence it is necessary to investigate the influence of
Cl(-I) on direct As(Ill) removal.

Magnussonite (Mn;0AsgO1gCI(OH)) and finnemanite (Pbs(-
AsO3)3Cl) as natural minerals indicate that CI(-I) can incor-
porate into the structure and composition of some metal
arsenites (Bahfenne and Frost, 2010; Priestner et al., 2019).
Furthermore, Cl(-I) can also act as the intercalated anion
involving the formation of chloride green rust (Fe(Il)sFe(III)
(OH)gCl-2H,0) via precipitation from FeCl,—FeCl; mixed

solution at Fe(II)/Fe(IlI) molar ratio of 3 at pH 7—8 neutralized
with NaOH (Maithreepala and Doong., 2005; Alidokht et al.,
2016). Few studies, however, have examined the (co)precipi-
tate forms in the Fe(Ill)—As(IlI)—Cl(-I) system to date. CI(-I)
occurrence in the metallurgical wastewater may produce
chloride ferric arsenite, which is likely to be a new sink for
direct As(III) fixation.

The aim of this paper is to study whether Cl(-I) associates
with Fe(IlI)—As(III) (co)precipitate for the formation of ferric
arsenite  (hydroxy)chloride or not. Neutralization-
precipitation of As(Ill) with Fe(III) in aqueous chloride media
is investigated at various pH values, because the formation of
Fe—As (co)precipitates currently discovered is strongly pH
dependent. If so, the pH condition for the precipitate, the
chemical composition of this solid and its solid characteriza-
tion will be determined. For effective As(Ill) removal in acid
mine drainage and sulphuric acid leaching systems, the effect
of Cl(-I) on As(IlI) mobilization in aqueous sulfate media is also
studied over a wide range of pH. This study can provide the
reference for the wide application of Cl(-I) on the treatment of
As(IIl)-rich wastewater.

1. Materials and methods

This experiment was performed at room temperature (25°C)
inside a glove box and under the strict anaerobic conditions
where high-purity N, was used to avoid As(III) oxidation. Fresh
deoxygenated de-ionized water (DI-water) was prepared by
boiling DI-water for 1 h and cooling under the N,. Analytical
grade FeCl;-6H,0 and As,03 were purchased from the Sino-
pharm Group Chemical Reagent Co., Ltd. and Hunan Province
Shuikoushan mining bureau of the Hengyang industrial
company, respectively. Fe(IIl) and As(III) stock solutions were
prepared by dissolving FeCl;-6H,0 and As,0s into dilute hy-
drochloric acid at pH 0.8, respectively.

1.1. Precipitation procedure in chloride media

There is no a fixed value determined for the molar ratio of Fe/
As/Cl in actual metallurgical effluents after the chloridizing
leaching. For rational use of Fe(IlI) salts, the Fe/As molar ratio
in this work was set to 1.5—2. Equal volumes of 10.71 mmoL/L
Fe(IIl) and 6.13 mmoL/L As(III) mixed solutions were adjusted
to pH 1.6, 1.9, 2.3, 2.6, 3.0, 4.5, 5.3, 6,2, 7.1 and 9.5 by adding
1 moL/L NaOH and constant-volumed to 50 mL in serum
bottles. The solutions/suspensions were maintained under
vigorously stirring for 3 days. The initial concentrations of
Fe(Ill), As(Ill) and CI(-I) in all systems were 600, 460 and
1350 mg/L, respectively. 2 mL of the mixtures were collected at
regular time intervals and then filtered through 0.1 pum
membrane filters for the analysis of the concentrations of
Fe(IIl), As(Ill) and Cl(-I) remaining. All tests were conducted in
duplicates and the averages were reported.

The residual solids after 0.5, 1 and 3 days’ reactions were
washed three times with deoxygenated DI-water to remove
the entrained solution among the particles and inorganic salt
(e.g- NaCl). Then the solids were dried naturally, ground in the
glove box under N,, and stored in serum bottles with a butyl
rubber stopper for later characterization.
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1.2 Synthesis of reference materials

Ferric arsenite hydroxysulfate was synthesized according to
the method described previously (Chai et al., 2016). Briefly,
ferric iron solution (Fe,(SO4)3+5H,0) and arsenite solution
(As,03) were adjusted to pH 0.8 using H,SOy, respectively. The
Fe(III)—As(III) mixed solution at desired Fe/As molar ratio of 1.5
was neutralized with NaOH solution to pH 2. The mixture was
then stabilized for 0.5 and 1 day under magnetic stirring. The
orange and yellow precipitates after 0.5 and 1 day reactions
separately identified using X-ray diffraction (XRD).

1.3.  Analysis of arsenic, iron and chloride
concentrations

As(Ill) and As Total (As(T)) concentrations were measured
according to the method described previously via a hydride
generation-atomic fluorescence spectrometry (AFS-2202E,
KCHG, China) with a detection limit of 0.1 pg/L using 0.5 moL/L
disodium citrate buffer and 5% HCI as carrier solutions (Xiao
et al., 2015; Yuan et al.,, 2019). Fe Total (Fe(T)) concentration
was analyzed by a flame atomic absorption spectrophotom-
eter (AA240, Varian, USA) in the presence of 5% HNO; with the
detection limit of 0.05 mg/L. The concentration of chloride was
determined by an ion chromatograph (DIONEX ICS-1100,
Thermo Fisher Scientific, USA). Origin 8.0 software was used
for data analysis and graphing.

1.4. Characterization methods

At the end of precipitation reactions, all solids were rinsed
three times with deoxygenated DI-water, naturally dried and
then ground in the anaerobic glove box under N, for further
analyses.

The morphology, elemental composition and distribution
of the solid samples coated with a thin gold layer were done
on a scanning electron microscope with an energy dispersive
spectrometer (SEM-EDS, Quanta 250, FEI, USA) under high
vacuum at 30 kV.

The XRD analysis of powder samples was performed with
an X-ray diffractometer (D/max 2000 PC, Rigaku, Japan)
equipped with a copper target (A = 1.5418 A) at 56 kV and
182 mA in step-scanning range of 5-80° 26 and a step size of
0.02° 20. Jade 6.5 software was used to assist in XRD result
analysis.

Infrared spectra (FT-IR) of produced precipitates over the
range of 400—4000 cm ' were obtained by a Fourier transform
infrared spectrometer (Nicolet 6700, Thermo Fisher Scientific,
USA) using Omnic 9.0 software with the co-addition of 200
scans and a resolution of 4 cm™*. The mixtures of 0.5% sub-
samples and 99.5% KCl were finely ground in order to prepare
thin slices using a tablet press.

Raman spectra from 200 to 1000 cm~* was conducted on a
Raman microscope (DXR, Thermo Fisher Scientific, USA) using
Omnic 9.0 software with the 10x objective and a He—Ne laser
operating at 780 nm operating at 0.8 mW laser power, 25 pm
slit aperture, 400 lines/mm grating, 20 min scans and 4.4 cm*
band resolution.

The number of crystallization waters was determined by a
Thermal gravimetric (TG) analyzer (Q50, TA, USA) in the

temperature range of 20—800°C at a heating rate of 10°C/min.
The purge gas used was nitrogen at gas flow rate of 60 mL/min.

1.5. Precipitation of As(IIl) with Fe(Ill) in aqueous
sulfate-chloride media

The effects of CI(-I) on arsenic removal in aqueous sulfate
media at various pH values were evaluated by using As,0;
with Fe,(SO4)3-5H,0 instead of FeCl;-6H,0 for Fe(III)—As(III)
mixed solution. As(IIl) and Fe(IIl) solutions were adjusted to
PH 0.8 using diluted hydrochloric acid. The same initial con-
centrations of Fe(Ill) and As(lll) and pH conditions were
applied as the corresponding Fe(III)—As(II[)—Cl(-I) systems.
As(Ill) removal in aqueous sulfate media in the absence of Cl(-
I) is used as controlled trials. All tests were conducted in du-
plicates and the averages were reported.

1.6.  Toxicity characteristic leaching procedure (TCLP)
tests of the ferric arsenite hydroxychloride and tooeleite

The TCLP test was performed to evaluate the stability of toxic
solid wastes disposed in the environment by leaching solid
samples and analyzing the concentrations of dissolved toxic
elements. After the treatment of As removal, the precipitated
samples were vacuum pre-dried to constant weight at 105°C.
For the extracted solution, 5.7 mL of glacial acetic acid and
500 mL of DI-water were added into 64.3 mL of 1 moL/L NaOH
solution, then the pH of mixed solution was maintained at
4.93 +0.05 using 1 moL/L NaOH with a final volume of 1L.0.5 g
of two obtained solid samples (ferric arsenite hydroxychloride
and tooeleite) were separately leached by acetate buffer so-
lutions at 23 + 2°C for 18 + 2 hr in 10 mL centrifuge tubes, with
the liquid/solid ratio of 20:1 (mL/g) and agitation speed of
30 + 2 r/min.

2. Results and discussion

2.1. Precipitation of As(IIl) with Fe(Ill) in aqueous
chloride media

Fig. 1 shows the effect of pH on the precipitation of As(IIl) with
Fe(IIl) in the presence of Cl(-I). After 3-days reaction, the Fe(III)
and As(Ill) concentrations in aqueous phases over the pH
range of 1.6—9.5 presented the trend of declining-rising-
declining, but as a whole, both the concentrations of Fe(III)
and As(IlI) were falling.

The concentrations of Fe(IIl) and As(IIl) were nearly con-
stant at pH 1.6—1.9, indicating the formation of little precipi-
tate. The first valley appeared at pH 2.3, with the Fe(III)
419.1 mg/L and As(IIl) 296.6 mg/L, indicating that 30.2% Fe(III)
and 35.5% As(III) were immobilized in the solid phase probably
mainly as a Fe(IIl)—As(IlI) precipitate at Fe/As molar ratio of
1.48 + 0.20. This is because the ability of Fe(Ill) hydrolysis is
low at pH 2.3 (Stefansson et al., 2007) and As(IlI) as H3AsO;
cannot be coprecipitated with or adsorbed onto Fe(IIl) hy-
droxide (e.g. ferrihydrite) at the Fe(III)/As(III) molar ratio of <2
(Jain and Loeppert, 2000; Kobya et al., 2020). The concentra-
tions of Fe(lll) and As(IIl) suddenly increased at pH 2.6. This
phenomena is probably due to that the strong competition
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Fig. 1 — The concentrations of Fe(Ill), As(III) and CI(-I) in
solution as a function of pH after 3-days precipitation
reaction in aqueous chloride media. Data are represented
as averages + standard deviation.

between AsO3~ and OH~ for Fe**inhibited the accumulation of
both ferric arsenite and Fe(Ill) hydroxide on the solid phase.
Fe(IlI) concentration subsequently reached a plateau at pH 4.5
because of complete hydrolysis of Fe(Ill), whereas the As(III)
concentration decreased consistently until it reached the
minimum value (32.0 mg/L) at pH 9.5. This is due to the strong
affinity between Fe(IIl) hydroxide and arsenite at higher pH
levels. Furthermore, Cl(-I) could be associated with the Fe(III)—
As(III) precipitate at pH 2.3 and As(III)/Cl(-I) molar ratio of
1.33 + 0.20 according to the obvious decrease of aqueous C(-I).

The color of remained solutions or slurries is changed with
increasing pH (Appendix A Fig. Sla). Bright yellow solution
was transformed into yellow precipitate when pH increased
from 1.9 to 2.3, which was similar to the color of synthetic
tooeleite with the reaction time of 3 days (Chai et al., 2016).
The color of slurries changed from orange at pH 2.6 to reddish
brown at pH 3.0—9.5, which reasonably indicated the forma-
tion of ferrihydrite.

2.2. Characterization studies

Due to Fe(Ill) hydrolysis, the mixture of amorphous Fe(IlI)—
As(III)—Cl(-I) precipitate and As(IIl)-bearing ferrihydrite as the
solid product at pH > 2.3 (Appendix A Fig. S2) was not
conducive to confirm the chemical formula of ferric arsenite
hydroxychloride. Therefore, only the characterization of the
obtained solid at pH 2.3 was reported.

2.2.1. SEM-EDS

The morphology of Fe(IlI)—As(IIl)—Cl(-I) precipitate at pH 2.3
together with EDS and element mapping analysis for Fe, As, Cl
and O are shown in Fig. 2, Appendix A Fig. S3 and Table 1. The
synthesized Fe(Ill)—As(IlI)—Cl(-I) precipitate existed as plate
shaped crystallites with the size < 1 pym. This was similar to
the configuration of tooeleite crystal (Morin et al., 2003; Chai
et al., 2018). No spherical cluster was observed in this work.
The Fe:As:Cl molar ratio of the precipitate was 5:3:2 as indi-
cated by the mean EDS quantitative results, which was very

close to the ratio of the above-mentioned chemical analysis.
The results of element mapping reconfirmed that the final
solid at pH 2.3 was reasonably homogeneous and consists of
Fe, As, Cl and O.

2.2.2. XRD

The reaction products of As(III) with Fe(III) in chloride solution
at pH 2.3 under different reaction time were characterized by
XRD and their patterns are compared with those of ferric
arsenite hydroxysulfate and tooeleite in Fig. 3. The synthe-
sized ferric arsenite hydroxysulfate was partially crystallined
after 0.5-day reaction and its XRD patterns were dominated by
those of tooeleite. After 1-day reaction, this solid showed very
good crystallinity and the diffraction lines corresponded to
those of tooeleite (Feg(AsO3)4SO4(OH)4-4H,0 PDF 44—1468).

In the Fe(III)—As(III)—Cl(-I) system, the XRD spectrum of the
solid obtained at pH 2.3 within 0.5-day reaction showed two
broad bands at 29° and 59° 26 and located at the similar po-
sitions to those of poorly crystalline ferric arsenate (28° and
58° 20), indicating the formation of amorphous Fe(III)—As(III)
co-precipitate. This amorphous phase subsequently con-
verted to the crystalline state of Fe(III)—As(III)—Cl(-I) precip-
itateafter 1 day reaction, which suggested the slower
crystallization process comparing with the formation of
tooeleite. After 3-days reaction, the good crystallinity of
Fe(IlI)—As(II)—Cl(-I) precipitate was obtained and its XRD
pattern containing ten diffraction peaks at 10°, 20°, 26°, 28°,
30°, 33°, 36°, 43°, 53°, and 57° 20, which were matched closely
with those of tooeleite. It indicated that Cl(-I) was very likely to
be substituted for SO4(-II) to form ferric arsenite hydroxy-
chloride, hence yielded the structural formula Fes(AsOs)s.
Cl,(OH)4-nH,0 with Fe:As:Cl molar ratio 5:3:2. A fraction of the
water content in this formula was assigned as OH for charge
balance purposes. The number of crystallization water need to
be further determined.

2.23. FT-IR

The infrared spectrum of ferric arsenite hydroxychloride was
compared with that of tooeleite (Fig. 4). The bands of two
solids between 1800 and 4000 cm~!, known as the OH
stretching region of adsorbed and structural H,O were almost
the same. Hence, only the frequency region of interest mainly
including Fe—0, As(Il)—O, structural SO~ and adsorbed water
of tooeleite were displayed. For tooeleite, the overlapping
bands at 509 cm™~* were assigned to symmetric bending mode
of SOZ~ (Liu et al., 2013; Chai et al., 2016) and lattice Fe—O mode
(Peulon et al., 2003), while the strong feature at 620 cm~! was
attributed to antisymmetric bending mode of SO;3 . A weak
intense band observed at 769 cm ™' was ascribed to As(Il)—O
stretching vibration (Liu et al., 2013; Chai et al., 2016). The vi-
brations of the higher wave numbers at 983 and 1097 cm™*
corresponded to sorbed SO  symmetric and outer sphere
bound SO}~ antisymmetric stretching vibrations, respectively.
The adsorption band at 1637 cm™" was readily attributed to be
the bending vibration of adsorbed water.

The infrared spectrum of crystalline ferric arsenite
hydroxychloride showed more adsorption bands in the region
of the lower wave numbers after 3-days reaction. Two well
resolved lattice Fe—O vibration bands at 474 and 512 cm™*
were clearly seen (Peulon et al.,, 2003), because the SO3~
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Fig. 2 — SEM images of the solid obtained at pH 2.3 with 2000, 5000 and 10,000 magnifications from (a)—(e). SEM image at
2000 magnification for the element mapping images of the final solid at pH 2.3 including Fe, As, Cl and O from (a1)-(a4).

symmetric bending mode band at the similar position no
longer existed and cannot obscured the relatively weak signal
of the Fe—O modes. A new band of crystalline ferric arsenite
hydroxychloride at 551 cm™* was reasonably assigned to Fe—O
symmetric stretching vibration, which was located at the
similar position to that of Fe;0,4 (Yew et al., 2016). Compared
with SOZ~ antisymmetric bending mode band of tooeleite, the
infrared band of crystalline ferric arsenite hydroxychloride at
628 cm ! was very likely due to Fe—O antisymmetric stretch-
ing vibration. It was in line with the Fe—O stretching vibration
in goethite (Goti¢ and Musi¢, 2007). Another new band at
694 cm ! for crystalline ferric arsenite hydroxychloride was
considered to be due to the As(IlI)-O—Fe(lll) stretching vibra-
tion according to the observation in Fe(II)—-As(Ill) co-

precipitate (Miiller et al., 2010). The bands observed at 777
and 964 cm ™! were attributed to As(Il)-O stretching vibra-
tions. These results were in agreement with the previous work
(Mtller et al., 2010). The adsorbed water of crystalline ferric
arsenite hydroxychloride was characterized by bending bands
at 1616 cm™* according to the band at 1637 cm™" in tooeleite.

2.24. Raman

The Raman spectra of tooeleite and crystalline ferric arsenite
hydroxychloride are compared in Fig. 5. In the lower wave
numbers region from 100 to 300 cm %, both tooeleite crystal-
line and crystalline ferric arsenite hydroxychloride showed
four stronger bands at 127—128, 165—166, 193—197 and 272-
278 cm™!, which were assigned to As—O lattice vibrations
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Fig. 2 — (continued).

(Frostetal., 2003; Makreski et al., 2015). A relatively weak band
at 363/360 cm ' and strong band at 507/503 cm ™ in two solids
was attributed to the As—O in-plane and out-of-plane bending
vibrations, respectively (Frost et al., 2003).

The difference of suggested peak assignment between
tooeleite and crystalline ferric arsenite hydroxychloride was
observed by five bands at 448—451, 604—610, 660—661, 780—806
and 961-980 cm™L. For tooeleite, the three bands at 451, 604
and 980 cm ! were assigned to the SO~ doubly degenerate

Table 1 — Elemental composition of the final solid at pH
2.3 as indicated by the energy dispersive spectrometer

from scanning electron microscope (SEM) areas shown in
Fig. 2.

No. Element
Fe As Cl (0]
() Wt% 32 27 8 33
At% 17 11 7 65
(b) Wt% 24 20 7 49
At% 11 7 5 77
(© Wt% 27 27 7 39
At% 14 10 6 70
() Wt% 27 25 7 41
At% 14 9 6 71
() Wt% 39 28 9 24
At% 25 13 9 53

Wt%: weight percentage; At%: atomic percentage.

symmetric bending, triply degenerate antisymmetric bending
and non-degenerate symmetric stretching vibrations (Liu
et al., 2013). Previous work indicated that peak deconvolu-
tion of the band at 780 cm ™! generated two bands at 758 and
803 cm ™. That together with another band at 660 cm™~* were
due to the As(III)—O antisymmetric and symmetric stretching
vibrations and As(IlI)-OH stretching vibration (Miiller et al.,
2010; Liu et al., 2013).

In the absence of SO, the Raman band of crystalline ferric
arsenite hydroxychloride at 448 cm ™' was considered to be
assigned to As—O out-of-plane bending vibration or Fe—O
bending vibration. However, the band at 610 cm™* was only
probably attributed to the Fe—O vibration (Miiller et al., 2010).
Compared to the band observed at 780 cm™* on the Raman
spectrum of tooeleite, it can be observed that the As(III)-O
stretching vibration band of crystalline ferric arsenite
hydroxychloride shifted towards the higher wave number
(806 cm™?). This indicated that the band was only ascribed to
As(II[)-O symmetric stretching vibrations. Compared with
tooeleite, a new weaker band at 961 cm ™! emerged in crys-
talline ferric arsenite hydroxychloride. Miiller et al. (2010) also
indicated that this band was originated from As—O stretching
vibrations. Like tooeleite, the band of crystalline ferric arse-
nite hydroxychloride at 661 cm ' was assigned to As(IlI)—OH
stretching vibration. The above-mentioned results suggested
that both chlorine and arsenite filled the positions of sulfate
association with Fe to from ferric arsenite hydroxychloride.
Similar to the crystal structure of tooeleite, Cl probably
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Fig. 3 — The time-varying X-ray diffraction (XRD) patterms
of Fe(IIT)—As(IIT)—Cl(-I) precipitates produced at pH 2.3 and
reference materials (ferric arsenite hydroxysulfate and
tooeleite).

entered the intercalated layers involving AsOs; pyramids
bonded to FeOg octahedra by both edge- and corner-linkage in
crystalline ferric arsenite hydroxychloride.

2.2.5. TG analysis

Fig. 6 shows the TG curve for the precipitate produced at pH
2.3 after the reaction of As(IIl) with Fe(III) in chloride solution.
Ferric arsenite hydroxychloride displayed weight loss (5%) at
the beginning of the test on the TG curve, which was
reasonably attributed to the removal of adsorbed water ac-
cording to the natural drying treatment of the fresh sample in
the anaerobic glove box under N,. The first weight loss step
was reached to 10.49% due to the release of five crystallization
water, indicating the formula of ferric arsenite hydroxy-
chloride: Fes(AsO3)3Cly(OH),-5H,0. This number (10.49%) was
close with water content (10.41%, 9.26% x 18/16) according to
the O content of H,0 (11.77%) as indicated by EDS data. The O
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Fig. 4 — Comparison of infrared spectra (FT-IR) of the
Fe(III)—As(III)—Cl(-I) precipitate produced at pH 2.3 with
tooeleite.

content of AsO3 and OH (15.92% and 7.07%) from the mean O
content of ferric arsenite hydroxychloride (32.25% = 37.25%—
5%) equals the O content of H,O (9.26%). Hence, the expected
overall reaction can be written as Eq. (1)

5FeC13 + 3H3ASO3 + 9H20 i Fe5(ASO3)3C12(OH)4~5H20
+ 13HCl (1)

The weight of solid sample continued to decrease until
reach the stable state again in the temperature range
600—800°C (1.99% weight loss), suggesting that the weight lose
could be partly due to the sublimation of As,05; (Nishimura
and Robins, 2008). Furthermore, 0.1 g of Fe(III)—As(III)—Cl(-I)
precipitate produced at pH 2.3 in this work was completely
dissolved with 10 mL 6 moL/L HCI solution. The concentra-
tions of dissolved Fe, As and Cl were 3104.2, 2540.8 and
788.7 mg/L with Fe:As:Cl molar ratio of 5: 3: 2, which was very
close to the theoretical value (Fe 3189.1 mg/L, As 2562.8 mg/L
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Fig. 6 — Thermogravimetric analysis of the precipitate
produced at pH 2.3.

and Cl 808.7 mg/L). It further indicated that Fes(AsOs)s.
Cl,(OH)4-5H,0 was very likely the chemical formula of the
obtained precipitate at pH 2.3. According to the results of
solid-phase characterization together with the time-varying
color of the obtained Fe(IIl)—As(III)—Cl(-I) precipitate from or-
ange to yellow (Appendix A Fig. S4), the pathway of the Fes(-
As03)3Cl,(OH),-5H,0 formation, which was similar to that of
tooeleite formation, was likely to be described as follows. The
co-precipitation of As(IIl) with Fe(IIl) occurred at pH 2.3. Cl(-I)
subsequently incorporated the intercalated layers in AsOs;
pyramids bonded to FeOg octahedra for the formation of
amorphous ferric arsenite hydroxychloride to further convert
to crystalline Fes(AsO3)3Cly(OH),4-5H,0.

2.3. Effect of CI(-I) on as and Fe removal in aqueous
sulfate media

As and Fe removal efficiencies in aqueous sulfate media were
compared with those in aqueous sulfate-chloride media after
3-day reaction at pH 1.6—9.5 (Fig. 7). A little precipitate was
formed from pH 1.9 in sulfate-chloride solution (Appendix A
Fig. Slc). This was different from the results in sulfate or
chloride media (Appendix A Figs. Sla—b), indicating that a
lower solubility ferric arsenite phase at acid pH conditions
probably acted as a new As sink. It was obvious that As and Fe
removal efficiencies at pH 2.3—2.6 and 4.5—5.3 in the presence
of Cl(-I) were higher. At pH 2.3—2.6, As and Fe removal effi-
ciencies in aqueous sulfate-chloride media were 17% and
11%—17% higher than those in aqueous sulfate media. It
indicated that the addition of Cl(-I) could contribute to more
As(IIl) association with more Fe(IIl), causing the probable for-
mation of sulfate-chloride ferric arsenite according to the
presence of excessive sulfate in the initial system and higher
solubility of ferric arsenite hydroxychloride.

A decrease of As removal efficiency occurred at pH range
3—7, although the overall trend of As removal efficiency
increased with the increase pH in two systems. This was
similar to the previous work in aqueous sulfate media (Chai
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Fig. 7 — As(III) and Fe(IlI) removal efficiency at various pH
values after the precipitation reaction of As(III) with Fe(III)
in aqueous sulfate and sulfate-chloride media. Data are
represented as averages + standard deviation.


https://doi.org/10.1016/j.jes.2019.12.009
https://doi.org/10.1016/j.jes.2019.12.009

JOURNAL OF ENVIRONMENTAL SCIENCES 90 (9090) 205—21I5§5 213

et al., 2016), which was explained that arsenite cannot
adsorbed on or co-precipitated with sulfate-ferrihydrite at Fe/
As molar ratio of <2 under slightly acidic pH conditions (Ona-
Nguema et al., 2005) and sulfate competed with arsenite for
similar adsorption sites (Jia and Demopoulos, 2005), leading to
more As remaining. At pH 4.5-5.3, the differences of As
removal efficiency were 10.2% and 7.5% between two systems,
despite almost all of Fe removal efficiency, which was
reasonably attributed to the presence of more sulfate-chloride
ferric arsenite than tooeleite in respective systems. It was also
found indirectly that the color of the slurry in sulfate-chloride
system was still yellow at pH 4.5. However, the content of this
precipitate decreased as increasing pH according to the for-
mation of the reddish brown slurry at pH 5.3. Hence, the gap of
their pure technical efficiency in two systems is continuously
narrow.

The addition of CI(-I) into aqueous sulfate media for the
precipitation of As(Ill) with Fe(III) salts played a key role in the
removal of soluble As. Sulfate-chloride ferric arsenite as the
main solid has lower solubility, causing an increase in As
immobilization. Therefore, it would be useful to introduce CI(-
I) into aqueous As(Ill)-rich sulfate media including hydro-
metallurgical effluents or acid mine drainage for effective As
removal under acidic conditions, in order to decrease the
usage of neutralizing reagents.

2.4. Discussion

Cl(-I) participates in mineral composition is an important
process influencing the mobility of arsenite or iron in nature
and mining related environments (Maithreepala and Doong,
2005; Bahfenne and Frost, 2010; Alidokht et al., 2016). To
date, little attention has been paid to the relationship among
Fe(Ill), As(IlI) and Cl(-I), although As(II) may associated with
the two as a new sink for the fixation of As(IIl). It only exists
limited examples in hydrometallurgical effluents or acid mine
drainage on the formation of ferric arsenite hydroxysulfate for
direct As(Ill) removal (Chai et al., 2016, 2018).

To address this issue, mixed Fe(III)—As(III)—Cl(-I) solutions
are neutralized to different various pH for a new precipitate.
It is found that CI(-I) instead of SO4(-II) as a main component
associates with As(IIl) and Fe(IIl) at pH 2.3 for the formation
of crystalline ferric arsenite hydroxychloride (Fes(AsOs)s.
Cl,(OH)4-5H,0) compared with tooeleite, causing the immo-
bilization of As(IlI). The concentrations of As leached from
synthetic ~ Feg(AsO3)4SO4(OH)4-4H,0  and  Fes(AsOs)s.
Cl,(OH)4-5H,0 in this study are 30 mg/L and 32 mg/L,
respectively (Appendix A Fig. S5), which are similar and both
exceed the regulatory limit (As 5 mg/L). This precipitation
method can be employed to directly remove soluble As(III) in
chloridizing leaching media originated from metal recovery.
Unfortunately, the solubility of Fes(AsO3)3Cly(OH)4-5H,0 is
higher than that of Feg(AsO3)4SO4(OH)4-4H,0. However, the
addition of CI(-I) in sulfate solution is determined for
enhancing As(IlI) removal efficiency via the formation of
sulfate-chloride ferric arsenite under acidic pH conditions.
This finding shows the existence of Fes(AsO3)3Cl,(OH),-5H,0
and provides a novel method for enhancing As removal from
hydrometallurgical effluents or acid mine drainage at pH
range 2—3.

At pH 2.3, raising the temperature is not conducive to the
formation of ferric arsenite hydroxychloride. The final solids
of As(III) with Fe(III) in aqueous chloride media at pH 2.3 under
different temperatures (40 °C, 60 °C and 80 °C) for 3 days are
characterized by XRD and their patterns are compared with
those of the reference materials (ferric arsenite hydroxy-
chloride, Fe(III)—As(Ill)—Cl(-I) precipitate and As(Ill)-bearing
ferrihydrite) in Appendix A Fig. S6. The crystallinity of ferric
arsenite hydroxychloride on the XRD patterns decrease with
increasing temperature from 40 to 60 °C until all the ferric
arsenite hydroxychloride features disappear at 80 °C. There
are also some features of amorphous phase on the XRD pat-
terns at 40 and 60 °C. The amorphous level of final solids on
the XRD patterns gradually increases from 40 to 80 °C. At 80 °C,
the two broad bands of the reaction product at 34° and 60° 26
are obscured by the characteristic diffraction bands of As(III)-
bearing ferrihydrite. Three reaction products vary in color
from orange to red brown with increasing temperature
(Appendix A Fig. S7). It indicates that the mixture of ferric
arsenite hydroxychloride and As(Ill)-bearing ferrihydrite may
be formed at 40 and 60 °C. The reason might be that the pH
(2.3) for the precipitation is closer to the pH (2.6) for the
obvious Fe(IIl) hydrolysis and the increase in temperature can
promote Fe(IIl) hydrolysis (Stefansson et al., 2007). Therefore,
near room temperature is more suitable for the formation of
ferric arsenite hydroxychloride. The use of Cl(-I) on the As(III)
precipitation with Fe(Ill) in the wastewater treatment process
can save the heating energy consumption.

3. Conclusions

Three major findings are:(1) A yellow precipitate was pro-
duced after 3-days reaction with Fe(III)/As(IIl) molar ratio 1.7
in chloride solution at neutralized pH 2.3. Chemical analysis
together with solid characterization including SEM-EDS, XRD,
FTIR, Raman and TG indicated that compared with the
chemical composition of tooeleite, SO4(-II) was replaced by
Cl(-I) forming crystalline ferric arsenite hydroxychloride
(Fes(AsO3)3Cly(OH)4-5H20). (2) The ferric arsenite hydroxy-
chloride showed tiny plate shaped crystallites and its XRD, FT-
IR and Raman bands were similar to those of tooeleite. The
characteristic bands of crystalline ferric arsenite hydroxy-
chloride occurred at 10°, 20°, 26°, 28°, 30°, 33°, 36°, 43°, 53°, 57°
20 for XRD, 474, 512, 551, 628, 694, 777, 964, 1616 cm ™~ * for FT-IR
and 127, 165,193, 272, 360, 448, 503, 601, 661, 805 and 961 cm~*
for Raman spectra. (3) The addition of Cl(-I) into aqueous
sulfate media significantly increased As removal efficiency in
the pH range 2.3—2.6 and 4.5-5.3, although the solubility of
ferric arsenite hydroxychloride was lower than that of tooe-
leite. Sulfate-chloride ferric arsenite was very likely to be a
new sink for the fixation of As(Ill) from hydrometallurgical
effluents or acid mine drainage under acidic pH conditions.
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