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arsenic waste acid by the stepwise
formation of gypsum and scorodite

Xianjin Qi, Yongkui Li, Longhua Wei, Fengyan Hao, Xing Zhu,* Yonggang Wei,
Kongzhai Li and Hua Wang

The typical disposal of high-arsenic waste acid is at the expense of discharging a large quantity of hazardous

solid waste, resulting in secondary pollution of arsenic. We propose a modified lime/ferric salt method for

high-arsenic waste acid disposal by the stepwise formation of gypsum and scorodite at atmospheric

pressure. The sulfuric acid in the high-arsenic waste acid is first removed by calcium carbonate

generating gypsum, and then the arsenic in the solution is precipitated in form of scorodite. Gypsum

with an arsenic leaching concentration below 5 mg L�1 is obtained at a final pH of 0.5 in the calcium

carbonate neutralization stage. In the second stage, the optimal conditions including a starting pH of 2.0,

an Fe/As ratio of 1.5, a reaction temperature in the range of 80–90 �C and a reaction time equal to or

longer than 8 hours provide an arsenic removal efficiency of 95.34% by the formation of well-crystallized

and environmentally stable scorodite with grain sizes in a range of 1–5 mm. The proposed process offers

a promising and facile solution for the low-cost disposal of high-arsenic waste acid in the nonferrous

metallurgical industry, which enables an efficient arsenic removal with the good accessibility of chemical

reagents and facilities.
1. Introduction

Arsenic is a major contaminant or impurity discharged during
the extraction of heavy non-ferrous metals from minerals that
are usually associated with arsenic. Arsenic with different
valence states (+3, +5, and �3) can exist in the forms of arsenic
acid, arsenic-compound salt, arsenic-bearing sulde and
arsenic oxide with different mobility in nature.1 The arsenic
compounds were mainly formed naturally, including arseno-
pyrite, orpiment, realgar pyrite, galena and chalcopyrite.2 The
huge and increasing emission of arsenic in the exploitation of
arsenic-contained minerals, typically heavy non-ferrous metals
including Cu, Pb, Zn, Ni, Sn etc., is far greater than the recent
market. China is the largest arsenic discharge country because
of the large-scale nonferrous metallurgical industry. 100 000
tons of arsenic per year is introduced into the smelting process
from nonferrous concentrates generating an amount of arsenic
solid waste. Among these, about 50% of arsenic is stabilized in
slag. 8–23% of arsenic is removed through the dust removal
system and anode mud in the electrolysis process, which might
be recycled or disposed. However, the most hazardous and
worthless arsenic in form of high-arsenic waste acid still
accounts for 16% of the total arsenic emission. The arsenic
concentrations for the waste acid usually range from 0.5 to 30 g
ous Metal Resources Clean Utilization,

ering, Kunming University of Science and
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L�1 with sulfuric acid concentrations ranged from 10 to 200 g
L�1, which is the most crucial arsenic waste because of its high
arsenic mobility and toxicity.3–5 Even a slight leakage of high-
arsenic waste acid will cause serious arsenic pollution as well
as widely safety and environmental concern.6,7

Neutralization and sulfurization processes are typical
processes to treat the high-arsenic waste acid.1,3 In neutraliza-
tion process, arsenic in the waste acid is transformed into solid
hazardous waste composed of calcium arsenate/arsenite,
gypsum and other compounds by using Ca-containing
compounds (CaO, Ca(OH)2 and CaCO3) as precipitators.8

When suldes (Na2S and H2S) are used to precipitate the arsenic
to produce arsenic sulde, a large quantity of hazardous arsenic
sulde sludge will be discharged. For those two technologies,
arsenic is partially xed in the solid hazardous waste. Although
the mobility of arsenic is largely reduced in solid wastes, the
high risk of arsenic pollution remains for a disposal site of solid
hazardous waste and secondary pollution from these solid
arsenic waste is unavoidable during the transportation and
storage.9 In addition, the further harmless disposal for those
arsenic-bearing hazardous waste is extremely expensive. New
technology for arsenic xing is urgently desiderated. Arsenic
xation technology includes physical encapsulation and
chemical xation. The former is not suitable for treatment of
the liquid arsenic waste.10 The transformation of As(III) and As(V)
into arsenic minerals with low solubility and high stability is
a feasible technology for high-arsenic waste acid treatment.1

The Ca- and Fe-associated compounds are the main minerals
RSC Adv., 2020, 10, 29–42 | 29
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Table 1 The chemical compositions of high-arsenic waste acid

Element H2SO4 As Cu Zn Sb Pb Cd

Content (g L�1) 76.56 24.50 0.16 3.81 0.17 6.99 � 10�3 0.98
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View Article Online
for arsenic immobilization.11 The formation of calcium arsenate
in a Ca(II)–As(V)–H2O system could obviously decrease the
arsenic mobility.12–15 But it remains unstable because of
extremely high solubility in acid condition or exposed to CO2.
Crystalline and amorphous arsenate ferric compound with high
arsenic can be formed in the Fe–As(V)–H2O system at pHs
ranged from 1 to 3.1,16–20 Among them, scorodite (FeAsO4$2H2O)
shows a high stability,21,22 a high theoretical arsenic content of
up to 32%,23 a less volume of slag and it is easy to separate from
the solid–liquid mixture. Scorodite is stable in the mildly acidic
environment, while in a neutral to weakly alkaline environment,
it can easily decompose and release As into solutions. Its
stability can be intensied when scorodite was encapsulated by
polyferric sulfate24,25 and aluminum silicate gel,26 etc. The
synthesis can be modied by using a catalyst or additives.27,28

Owing to the above properties, scorodite is recognized as the
best arsenic-stabilization mineral and attracts widely
attentions.16,17,29–42

The synthesis of scorodite is of great importance for arsenic
removal rate from a arsenic-bearing solution.6,35 The hydro-
thermal method was proposed using Fe(III) and As(V) starting
solution at temperatures higher than 125 �C in the pHs range of
0.2–1.8 to synthesize scorodite.43 Aerwards, atmospheric
synthesis method was carried out to produce crystalline scor-
odite from Fe(III) and As(V) solution in the temperature range
from 80 to 95 �C by means of controlling super-
saturating.29,30,43–47 The hydrothermal reaction chemistry and
characterization of ferric arsenate precipitated from Fe2(SO4)3–
As2O5–H2SO4 solutions in the temperature range of 150–225 �C
were studied.18 A synthesis map of arsenate phases in Fe(II)–
AsO4

3�–SO4
2� system was proposed and releasing behavior was

also reported. To improve the feasibility in the application, an
atmospheric scorodite synthesis process was studied under
95 �C ventilation with oxygen or air oxidation of Fe(II) in the
presence of As(V) by Fujita.35,45,47 The well-crystallized and
environmentally friendly scorodite were obtained through
a low-degree supersaturation precipitation procedure. Further
studies have shown that the addition of zinc, copper, sodium
and strontium ions would affect the redox potential of solution
but not alter the composition and structure of the scorodite.39,46

Application of this atmospheric synthesis method to x arsenic
in anode mud and wastewater with high-arsenic concentration
in form of scorodite was proved to be feasible.24,38,48 On the basis
of Fujita's method, ultrasonic was introduced to the atmo-
spheric synthesis method to produce high-crystallinity scor-
odite with large particle size (>10 mm).49 An As(III)-bearing
copper renery process solution was also treated by bio-
mineralization of scorodite.50 Therefore, the scorodite method
for the arsenic xing and treatment of high-arsenic waste acid
might be a green process.

In the present work, a modied process is proposed to
dispose the high-arsenic copper smelting waste acid through
the stepwise formation of gypsum and scorodite. The rst stage
(Stage-I) of this process is to remove sulfuric acid in high-
arsenic waste acid by calcium carbonate. The pH value of
residual solution would increase to suitable rang for scorodite
synthesis aer Stage-I. In the second stage (Stage-II), an
30 | RSC Adv., 2020, 10, 29–42
atmospheric synthesis method is used to remove arsenic by the
formation of scorodite using arsenic-bearing solution obtained
from the Stage-I aer oxidation by H2O2. Most arsenic in waste
acid can be removed in the form of scorodite in Stage-II. A
conventional lime/ferric salt method could be used to treat
ltrate-II from Stage-II to produce clean water in Stage-III.
Theoretically, solid sludge produced from Stage-III can be
identied as a kind of general industrial solid waste due to the
low concentrations of contaminants. Besides, gypsum produced
in Stage-I and scorodite precipitated in Stage-II are classied as
a general industrial solid wastes due to their low leaching
toxicities. Moreover, facilities (reactors and liquid–solid sepa-
rations) and raw material essential for this process are the same
with the a conventional neutralization method,3,51 which will
greatly enhance its economy and practicability. The treatment
parameters in rst two stages are optimized to obtain high
arsenic removal efficiency and environmentally friendly
precipitates (scorodite and gypsum). The relationship between
structure of precipitates and reaction conditions are explored.
The performance of this process is also evaluated in a contin-
uous experiment on the basis of optimal parameters.
2. Materials and methods
2.1. High-arsenic waste acid and reference materials

High-arsenic waste acid, a hazardous acid wastewater, is mainly
produced by heavy nonferrous (Cu, Pb, Zn, Ni, and Sn, etc.)
smelting plant. The high-arsenic waste acid used in this study
was obtained from a copper smelting plant equipped with Isa
furnace in southwest China. It was produced from the water-
washing purication of ue gas from the smelting of copper
concentrate aer ltrated by dust removal system. The high-
arsenic waste acid contains a massive arsenic and a small
quantity of Zn, Cu, Pb, Sb, and Cd, as shown in Table 1. The
concentrations of H2SO4 and As are 76.56 and 24.50 g L�1,
respectively. Analytical grade reagents were used for all reac-
tions process. Chemicals reagents including H2O2, CaCO3,
FeSO4$7H2O, H2SO4 and NaOH were purchased from the
Sinopharm Group Chemical Reagent Co., Ltd.
2.2. Treatment of high-arsenic waste acid

The treatments of high-arsenic waste acid are composed of
three stages including calcium carbonate neutralization (Stage-
I), scorodite synthesis (Stage-II) and high-efficiency purication
(Stage-III), as shown in Fig. 1. A mass of sulfuric acid is
neutralize using calcium carbonate as a neutralization reagent
through the formation of gypsum in Stage-I, as expressed in eqn
(1). The pH value of the solution in Stage-I is controlled as high
as possible to ensure the removal of the most sulfuric acid and
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The flow chart of the high-arsenic waste acid treatment.
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View Article Online
minimum amount of precipitated arsenic. The As(III) in the
Filtrate-I was oxidized through H2O2. The most arsenic was
removed through formation of scorodite precipitate in Stage-II
(eqn (2)). The ltrate liquid from the second stage is then
submitted to a high-efficiency purication process to obtain
clean water.

CaCO3 + H2SO4 / CaSO4$2H2OY+ CO2[ (1)

Fe2(SO4)3 + 2H3AsO4 / 2FeAsO4Y + 3H2SO4 (2)

The Stage-I and Stage-II in this process were optimized in
a bench-scale experiment. In the Stage-I, CaCO3 was slowly
added into the waste acid to reach a specic nal pH at the
temperatures ranged from 25 to 95 �C. The precipitate ltered
from the liquid–solid mixture produced in the rst stage was
washed by isometric deionized water. The gypsum would be
washed by deionized water at a 1.2 : 1 of liquid–solid rate. The
gypsum is subjected to a toxic leaching test aer the rinsed.
When arsenic concentration in the leaching solution is less
than 5 mg L�1, gypsum was classied as general solid waste.
The washing-water was then added into Filtrate-I in order to
avoid secondary arsenic emission. In this neutralization reac-
tion, the inuence of reaction temperature and nal pH were
This journal is © The Royal Society of Chemistry 2020
studied. In the Stage-II, the As(V)-bearing ltrate and FeSO4-
$7H2O solution were mixed in a round-bottom three-neck ask.
The temperature of three-neck ask was controlled by an elec-
tric heating insulation sleeve. The pH of the mixed solution was
adjusted to the pre-set value by adding a small amount of NaOH
solution. The inuences of initial pH, Fe/As molar ratio, reac-
tion temperature and reaction time were investigated in the
scorodite synthesis. The precipitate was also washed with
deionized water. The precipitates were submitted to leaching
tests and physicochemical analysis. In the high-efficiency
purication (Stage-III), CaO was added to the ltrate from the
Stage-II treatment and adjusted the solution initial pH to 9–12
for 2 hours. The chemical composition of the solution was
analyzed by ICP-OES and chemical titration method in all
experiments. The test conditions of Stage-I, Stage-II, and Stage-
III were summarized in Table 2.
2.3. Analytical methods

The liquid samples ltrated by a 0.2 mm cartridge lter were
detected by an ICP-OES spectrometer (Analytik Jena AG) to
determine concentrations of As, Fe and other metals. The solid
precipitates were collected aer the experiment by ltration and
vacuum drying at 60 �C for the leaching test. The H2SO4

concentration in the solution was tested by chemical titration
RSC Adv., 2020, 10, 29–42 | 31
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Table 2 The test conditions of Stage-I, Stage-II, and Stage-III

Stage Reagent Dosage kg m�3
Fe/As moral
rate Reaction temperature/�C Time/h Initial pH Final pH

I CaCO3 39.69–44.63 — 55–95 — — 0.1–3
II FeSO4$7H2O 43.5–87 1.0–2.0 50–90 6–12 1–6 —
III CaO 30.68–47.4 — — 2 9–12 —
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method. The pH of the solution was monitor by a digital pH
meter (Hangzhou Ying Ao Instrument Co., Ltd.).

2.4. Characterization of the solids

The XRD datas of samples were collected on a Rigaku D/max-
IIIB X-ray diffractometer at a scanning rate of 2� min�1 with
2q ranged from 10� to 90� (Cu Ka radiation l ¼ 0.15406 nm).
The morphology of samples was observed by SEM on a FEI Nova
Nano SEM instrument using an accelerating voltage of 15 kV. An
EDAX TEAM EDS (EDAX Mahwah-USA) equipped with a Silicon
Dri Detector (SDD) was used to determine the chemical
element compositions of the samples. The Fourier transform
infrared spectrometer (FTIR) experiment was performed on
a Bruker Tensor 27 in the scanning range of 4000–400 cm�1.

2.5. Leaching test

The leaching tests were carried out based on the United States
standard of EPA Test Method 1311-TCLP.52 Since the leaching
toxicity of As is the main harmful element which exceeds the
limit value in TCLP, and it is the only one taken account in the
following experiments. A weight of 5 g sample was added into
a 100 mL of Teon beaker and then adjusted with acetic acid to
pH ¼ 2.88 � 0.05 at a liquid–solid ratio of 20 : 1. The Teon
beakers were placed on the WIGGENSWS20 in a rotation rate of
180 rpm for 18 hours. Aer extraction, the liquid extract was
separated from the solid phase by ltration. The leaching
solution was determined by a Plasma Quant PQ 9000 ICP-OES
spectrometer (Analytik Jena AG).
Fig. 2 The leached As concentration in TCLP (A) and XRD patterns (B) of
waste acid using calcium carbonate at temperatures ranged from 25 to

32 | RSC Adv., 2020, 10, 29–42
3. Results and discussion
3.1. Calcium carbonate neutralization

In the Stage-I, the inuence of neutralization temperature on
the crystallization of gypsum was studied. The nal pHs were
also optimized to obtain a maximal removal rate of sulfuric acid
and minimal residual arsenic in gypsum. Calcium carbonate is
a common low-cost neutralization reagent used in acid water
treatment processes,4 which can be also substituted for lime-
stone in an industrial application.

3.1.1 Effect of temperature. Fig. 2 shows the leached As in
TCLP (A) and XRD patterns (B) of gypsums obtained from
neutralization of high-arsenic waste acid at different tempera-
tures. The waste acid with a sulfuric acid concentration of
76.56 g L�1 was adjusted to a nal pH of 0.1 by continuous
adding calcium carbonate.53 From the XRD patterns, the
CaSO4$0.6H2O (gypsum) remains the main phase in precipi-
tates due to neutralization reaction (Fig. 2B). For this strong
exothermic reaction, the mixture of the waste acid with calcium
carbonate was heated to the temperature around 50 �C in the
rst several minutes and the actual reaction temperature was
xed in the range of 55–95 �C. The weak Ca3(SO3)2(SO4) char-
acteristic peaks reveal when the neutralization temperature
increases to 75 �C. No other arsenic compounds and other
impurities were observed in precipitates. The TCLP results
tested according to EPA Test Method 1311 show that the arsenic
leaching concentrations are in the ranges of 1.32 to 3.35 mg L�1,
which is lower than the limit value (5 mg L�1) of arsenic
gypsums obtained from neutralization (final pH ¼ 0.1) of high-arsenic
95 �C.

This journal is © The Royal Society of Chemistry 2020
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leaching toxicity for the hazardous waste identication. It
means the precipitation of arsenic can be avoided in the solu-
tion with a pH of 0.1. The As leaching concentration decreases
with the increase of neutralization temperature, as shown in
Fig. 2A. With the increase of reaction temperature, the half-peak
breadth of the XRD of the gypsum increased, indicating the
high temperature is benecial of the formation of the large-
grain gypsum. Gypsum with larger grain could reduce the
amount of absorbed arsenic in the surface, leading to the
decrease of As leaching concentration. Temperatures range
from 25 to 65 �C is available for the production of environ-
mentally friendly gypsum from neutralization at the nal pH of
0.1. The gypsum hydrates are classied as solid wastes, which
are safely disposed.

3.1.2 Effect of nal pH. The nal pH could regulate the
removal efficiency of sulfuric acid in waste acid and leaching
toxicity of gypsum. Fig. 3 shows the inuence of nal pH on the
phase of gypsum, leaching toxicity and arsenic variation in the
ltrates. In Fig. 3A, the As leaching concentration in TCLP
increases with the increase of the nal pH value. This may be
due to arsenic be incorporated into gypsum through arsenic
substituted for SO4

2� in the precipitate. Meanwhile, the
gypsums become grey at higher pH values due to the co-
precipitation of other heavy metals (Cu, Zn, Sb, Pb, Cd, et al.).
The arsenic solubility is very high due to the formation of
H3AsO4 and H3AsO3 in the acid solution while it decreases with
the increase of pHs value. During the neutralization, arsenate
and arsenite in the waste acid were prone to precipitated by Ca2+

with the increase of nal pH.13,54 Those arsenic compounds
Fig. 3 The leached As concentration of gypsums in the TCLP (A), rema
gypsums (C) obtained from neutralization of high-arsenic waste acid us

This journal is © The Royal Society of Chemistry 2020
were mixed with gypsum, resulting in the increase of arsenic
leaching concentration for gypsum and a decrease of arsenic
concentration in waste acid (Fig. 3B). Especially when the nal
pH reaches 1.0, the arsenic leaching concentration of gypsum is
high up to 42.05 mg L�1 and the As loss reaches 3.26%. Most
arsenic was remained in waste acid and low arsenic leaching
concentrations of gypsums below 5 mg L�1 were obtained at the
nal pH values of 0.1 and 0.5 (2.59 and 4.93 mg L�1 for pH of 0.1
and 0.5, respectively). Taken the leaching toxicity of gypsum and
arsenic loss of residual liquid into consideration for Stage-I,
a nal pH of 0.5 (15.48 g L�1 for sulfuric acid) is suitable for
the calcium carbonate neutralization at 25 �C. An arsenic
leaching concentration of 2.59 mg L�1 was obtained for the
environmentally friendly gypsum, which is lower than the
regularly limit in TCLP. Nearly 80% of sulfuric acid was
removed by the formation of gypsum at a nal pH of 0.5. Most
arsenic was kept in the residual liquid (Filtrate-I) due to the low
As loss (1.07%). The harmless and well-crystallized gypsum
hydrate in forms of white homogeneous powders (Fig. 3C) was
obtained.
3.2. Scorodite synthesis

In the Stage-II for scorodite synthesis, the inuence of initial
pH, Fe/As molar ratio, reaction temperature and reaction time
on the crystallization of scorodite-associated materials were
optimized to enhance the removal efficiency of arsenic. The
arsenic-bearing residual liquid (Filtrate-I) aer neutralization
(at 25 �C with a nal pH of 0.5) was submitted to investigate the
ining As concentration in residual liquid (B) and photos of filtrates and
ing calcium carbonate at 25 �C as a function of final pH value.

RSC Adv., 2020, 10, 29–42 | 33
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precipitation behavior of scorodite. Before the experiment, the
As(III) in Filtrate-I was oxidized to As(V) through addition of 20%
stoichiometric excess H2O2 was added to waste acid.34

3.2.1 Effect of initial pH. The initial pH is signicantly
important for the formation of scorodite because it affects the
mineralogy and arsenic mobility of the arsenic precipitate.35

The role of pH in the scorodite synthesis was investigated at
90 �C using a Fe/As ratio of 1.5 at initial pH values ranged from
1.0 to 6.0.

Fig. 4 shows the phase transformation of precipitates,
leaching toxicity variation and changes of ltrate composition
as a function of initial pHs value. The XRD patterns in Fig. 4A
indicate that well-crystallized scorodite was formed in the
precipitates obtained at the pHs values of 1.5 or 2.0.35 The
characteristic peaks of scorodite take the majority of strong
diffraction peaks, indicating that scorodite is the main
component in the precipitate. The weak peaks corresponding to
tooeleite (basic ferric arsenate, Fe8(AsO4)6(OH)6$5H2O),5,55 but-
lerite (Fe3+(OH)SO4$2H2O) and rozenite (Fe2+SO4$4H2O) were
also detected due to precipitation of excess Fe3+ and SO4

2� ions.
Some weak characteristic peaks of scorodite also appear in the
precipitates corresponding to the pH values of 1.0 and 3.0 due
to the formation of crystalline scorodite in the amorphous As-
Fig. 4 The XRD patterns of precipitates (A), leached As of precipitates in t
residual liquid (C) and photos of filtrates and precipitates (D) obtained
a function of pH ranged from 1 to 6 for 12 hours.

34 | RSC Adv., 2020, 10, 29–42
immobilized species. The strong XRD peaks of the sample ob-
tained at the pH of 2.0 indicates a higher crystallinity for scor-
odite. The pH ranges (1.0–3.0) are available for scorodite
synthesis, which is wider than that of reported by previous
researches.47 According to the Eh–pH diagram of Fe–As–H2O
system,56 FeAsO4 (ferric arsenate or scorodite) phases are
available at a pH range of 0–4.5. Scorodite is inclined to re-
dissolve at strong acid conditions at the pH lower than 1.0.
Meanwhile, it is supposed to remain amorphous ferric arsenate
when pH higher than 3.0.57 The formation of scorodite is also
recognized as a phase transformation that greatly affected by
pH value. The crystalline scorodite is formed at the expense of
amorphous ferric arsenate.58 This transformation could also be
observed in SEM images in Fig. 7. Photos of solid precipitates
obtained at different pH values are shown in Fig. 4D. The solid
powders obtained at higher pH values present a red-brown color
close to those of ferric sulfate and ferric hydroxide due to co-
precipitation of sulfate and basic compounds. The results
show that the rate of transformation from ferric arsenate to
scorodite followed the pH order of 2.0 > 1.5 > 1.0 z 3.0.

The surface structure of precipitates characterized using
FTIR technology is shown in Fig. 5. The bands at 1700 cm�1 and
3600 cm�1 are originated from the stretching modes and
he TCLP (B), remaining As concentration and removal efficiency of As in
after scorodite synthesis using FeSO4$7H2O (Fe/As ¼ 1.5) at 90 �C as

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The FTIR patterns of precipitates obtained from scorodite synthesis using FeSO4$7H2O (Fe/As ¼ 1.5) at 90 �C as a function of pH values
ranged from 1 to 6 ((A), pH 1–3 and (B), pH 4–6) hours for 12 hours.
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bending vibrations of combined water. The weak band at
around 3180 cm�1 should be ascribed to the O–H stretching
mode in tooeleite and butlerite. The surface sulfate is also
revealed by the bands at 1047 cm�1 and 1095 cm�1. The band at
513 cm�1 corresponds to Fe–O–As. The FTIR bands in the range
of 1400–550 cm�1 observed here are similar to pure scorodite5

and basic ferric arsenate sulfate.59 On the basis of XRD
diffractions, the Fe–O–As peaks appear in samples prepared at
pH values of 4 or 5 should be ascribed to the amorphous ferric
arsenate. This Fe–O–As evidence of sample obtained at a pH of
2.0 is consistent with the scorodite structure (see the XRD
results in Fig. 4A). While the sample obtained at a pH of 1.0 and
3.0 might be composed of both scorodite and amorphous ferric
arsenate.

In Fig. 4B, the As leaching concentrations lower than
5 mg L�1 are obtained for the samples precipitated in the pH
range of 1.0–3.0 (3.28, 1.49 and 4.55 mg L�1 for pH of 1.0, 2.0
and 3.0, respectively) due to the arsenic immobilization of
crystalline scorodite. The As leaching concentrations increase to
Fig. 6 The leached As concentration of precipitates in the TCLP (A) obta
and pH values of 1.0, 1.5, 1.8, 2.0, 2.2, 2.5, 2.8 and 3.0 for 12 hours. The

This journal is © The Royal Society of Chemistry 2020
a high level (around 11mg L�1) for the precipitates composed of
amorphous phases obtained at pHs value ranged from 4.0 to
6.0. The amorphous ferric arsenate and arsenate hydrates leach
signicantly more than scorodite,60 resulting in an increase of
As leaching concentration for samples obtained at higher pH
values. Moreover, the pH inuence on the As leaching concen-
tration in the range of 1.0–3.0 was studied in details in Fig. 6.
The similar trend of pH inuence on the As leaching toxicity
was obtained. A pH of 2.0 was found to be the best one to
prepare scorodite with the lowest As leaching concentration.

In Fig. 4C, the removal efficiency of As increases from 87.3%
to 99.7% when pH increases from 1.0 to 3.0, resulting in
a decrease from 1.1 g L�1 to 25 mg L�1 for the remaining As
concentration. In the pH range of 4.0–6.0, the removal efficiency
of As are close to 100% and the remaining As concentrations are
lower than 8 mg L�1. The Fe remaining concentration decreases
with an increase of pH due to the formation of Fe–As
compounds (see in Fig. 4A) and possible basic ferric sulfate and
arsenate at high pH values.35 This precipitation behavior is
ined from scorodite synthesis using FeSO4$7H2O (Fe/As ¼ 1.5) at 90 �C
photos of residual liquids (B).

RSC Adv., 2020, 10, 29–42 | 35
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consistent with the thermodynamics of Fe–As–H2O system.18

The evolution of Fe3+ removal in the solution is also conrmed
by a change of colors for solutions in volumetric asks shown in
Fig. 4D.

The overview micrographs and elemental compositions of
precipitates obtained at pH values of 1.0, 2.0 and 3.0 are shown
in Fig. 7. The spheroid particles composed of micro grains are
shown in the sample obtained at the pH of 1.0 (see Fig. 7A-1 and
A-2). In spite of the poor crystallization (see in Fig. 4A), the
precipitate has a chemical composition close to that of
FeAsO4$2H2O (an As content of 29.5% vs. an As content of
32.5% in FeAsO4$2H2O). In combination with the XRD result in
Fig. 4A, the co-existence of scorodite and amorphous ferric
arsenate was conrmed in the sample. A small amount of S was
also detected, which should be derived from the co-
precipitation of sulfate (Fig. 4A and 5). The micron scorodite
grains (grain sizes in the range of 1–5 mm) in forms of biconical
and rectangle shapes were obtained at a precipitation pH of 2.0,
as shown in Fig. 7B-1 and B-2. Some small grains with a grain
Fig. 7 The overviewmicrographs and elemental compositions of precipit
at 90 �C in the pH range of 1.0–3.0 for 12 hours.

36 | RSC Adv., 2020, 10, 29–42
size lower than 1 mm were also observed on the surface of big
micro grains. This morphology is slight different from those of
scorodite prepared by using pure As and Fe sources.47,49 It might
be associated with the complex composition of waste acid used
in this experiment (Table 1). The As content for the spot (Fig. 7B-
2) decreases to 17.6% and S content increases to 4.2%. This may
be due to the formation of basic ferric arsenate sulfate. In
Fig. 7C-1 and C-2, the sample obtained at the pH of 3.0 presents
a occulent appearance with an As content of 15.5% due to the
formation of both amorphous ferric arsenate and scorodite. The
high Fe content in this sample should be ascribed to the
generation of ferric hydroxide or Fe3+/OH� associated
compounds at high pH.33 The scorodite growth is a diffusion-
controlled process, building at the expense of the dissolution
of small amorphous ferric arsenate particles.58 It is difficult to
form large particle at the pH of 3.0 due to the slow resolution of
small amorphous ferric arsenate particles.61 The formation of
excessive hydroxides and sulfates will also depress the growth of
particles by coating the surface at higher pHs value. On the
ates obtained from scorodite synthesis using FeSO4$7H2O (Fe/As¼ 1.5)

This journal is © The Royal Society of Chemistry 2020
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Table 3 Concentration of heavy metal ions in Stage-II filtrate before
and after reaction

Constituent As Cu Zn Sb Pb Cd

Before reaction (g L�1) 24.50 0.16 3.81 0.17 6.99 � 10�3 0.98
Aer reaction (g L�1) 0.14 0.11 2.9 0.12 — 0.69

Fig. 8 The XRD patterns of precipitates (A), leached As in TCLP of precipitates (B), remaining As concentrations in residual liquid and removal
efficiency of arsenic (C) obtained from scorodite synthesis using FeSO4$7H2O at a pH of 2.0 at 90 �C as a function of Fe/As ratio range from 1.0 to
2.0 after 12 hours reaction time.
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contrary, the resolution of amorphous ferric arsenate is too fast
to form a large particle.

Those results show that environmentally friendly and well-
crystallized scorodite with a small amount of impurities (tooe-
leite, butlerite and rozenite) was obtained at the pH of 2.0,
following with a favorable As removal efficiency of 95.3%. A pH
of 3.0 is available to achieve a highest As removal efficiency of
99.7% through the formation of nontoxic precipitates in forms
of amorphous ferric arsenate and poorly crystalline scorodite. A
pH of 2.0 is xed in the following study to optimize the Fe/As
moral ratio, reaction temperature and reaction time in the
stage of scorodite synthesis.

3.2.2 Effect of Fe/As ratio. The crystallization of scorodite is
sensitive to the Fe/As molar ratio. A Fe/As ratio in the range of
1.0–3.0 is available for the synthesis of scorodite in different
conditions by using pure chemical reagents.32,35,38,46,47,49,62 The
inuence of Fe/As ratio on the scorodite synthesis was investi-
gated in the range of 1.0–2.0, as shown in Fig. 8. The precipi-
tates obtained at the Fe/As ratios of 1.0, 1.25 and 1.5 show the
well-crystallized scorodite structure following with some
impurities (tooeleite, butlerite, and rozenite) (Fig. 8A). The
wider and weaker diffraction peaks at higher Fe/As ratios reveal
This journal is © The Royal Society of Chemistry 2020
a poorer crystallinity. No obvious characteristic peaks were
observed in samples obtained at the Fe/As ratios of 1.75 and 2.0
due to the formation of amorphous ferric sulfate, basic ferric
arsenate, ferric arsenate and ferric oxyhydroxide.33 The trans-
formation of amorphous ferric arsenate to scorodite was also
depressed by amorphous ferric oxyhydroxide at high Fe/As
ratios. The well-crystallized scorodite obtained at the Fe/As
ratios of 1.0, 1.25 and 1.5 led to the low As leaching concen-
trations in TCLP (0.62, 0.71 and 0.85 mg L�1 for Fe/As 1.0, 1.25
and 1.5, respectively), as shown in Fig. 8B. The slight decrease of
leaching concentrations should be ascribed to the increase of
grain size evidenced by XRD results. The samples prepared at
high Fe/As ratios with amorphous phases exhibit high As
leaching concentrations higher than the regulatory limit of
RSC Adv., 2020, 10, 29–42 | 37
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5 mg L�1 (6.31 and 15.62 mg L�1 at Fe/As ratios of 1.75 and 2.0,
respectively). The Fe/As ratios of 1.0, 1.25 and 1.5 are available
for the synthesis of crystalline and environmentally stable
scorodite. The sample obtained at the Fe/As ratio of 1.5 shows
the highest As removal efficiency (95.34%) and the corre-
sponding leaching toxicity (0.71 mg L�1). Fe/As ¼ 1.5 was
chosen because excess iron produced a more stable iron arse-
nate precipitate. At the same time, the experimental results also
show that the removal rate of arsenic in the solution under Fe/
As ¼ 1.5 is much higher than that at Fe/As ¼ 1. Therefore, we
choose Fe/As ¼ 1.5 as the best condition for removing arsenic.
At the same time, in order to control the environmental impact
of various heavy metal ions in Stage-II ltrate aer arsenic
removal, the results are shown in Table 3. It can be seen that
arsenic removal of arsenic is a comprehensive process. It can
effectively remove most of the heavy metal cations while treat-
ing arsenic ions.

3.2.3 Effect of temperature. The high temperature is
favorable for the transformation of amorphous ferric arsenate
into scorodite.1,45 The mineralogy of the precipitate and arsenic
removal efficiency also depends on the reaction temperature.
George P. Demopoulos have reported that crystalline and
environmentally stable scorodite could be prepared at temper-
atures as low as 85 �C by using FeSO4$7H2O as an iron
Fig. 9 The XRD patterns of precipitates (A), leached As in TCLP of pre
efficiency of arsenic (C) and photos of residual liquid (D) obtained from s
a function of temperature ranged from 25 to 90 �C.

38 | RSC Adv., 2020, 10, 29–42
donator.30 The role of the temperature on this precipitation
stage was investigated in the range of 25 to 90 �C, as shown in
Fig. 9.

The amorphous ferric arsenate produced at low tempera-
tures (25–50 �C) or at the beginning of the reaction will dissolve
and recrystallize at the high temperature to form scorodite.58

The characteristic peaks of scorodite63 begins at 60 �C and are
strengthened at the higher temperatures (70, 80 and 90 �C), as
shown in Fig. 9A. The well-crystallized scorodite could be
synthesized at the temperature as low as 70 �C by using waste
acid. The crystallization and growth of grain were intensied
with the increase of temperature.58 The As leachability of
amorphous ferric arsenate far outweighs that of crystalline
scorodite. The amorphous ferric arsenate precipitates obtained
in the temperature range of 25–60 �C characterize high As
leaching concentrations (10–11 mg L�1), as shown in Fig. 9B.
While the As leaching concentration gradually declines with the
enhancement of crystallization of scorodite at higher tempera-
tures (3.32 and 1.49 mg L�1 for 80 and 90 �C, respectively). The
As removal efficiency also reaches a high level (>95%) and
increases slowly in the temperature range of 70–90 �C. The
concentrations of As and Fe also remain relatively stable in the
temperature range of 50–90 �C (Fig. 9C). The weight of precip-
itate increases with the increase of temperature due to the
cipitates (B), residual As concentration in residual liquid and removal
corodite synthesis using FeSO4$7H2O (Fe/As ¼ 1.5) at the pH of 2.0 as

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 The XRD patterns of precipitates (A), leached As in TCLP of precipitates (B), residual As concentration in residual liquid and removal
efficiency of arsenic (C) and photos of residual liquid (D) obtained from scorodite synthesis using FeSO4$7H2O (Fe/As ¼ 1.5) at the pH of 2.0 and
90 �C as a function of reaction time.
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enhanced crystallization and As removal efficiency (Fig. 9C and
D). A reaction temperature of 90 �C is most favorable to prepare
the well-crystallized and environmentally stable scorodite.

3.2.4 Effect of time. The inuence of reaction time on the
scorodite synthesis was investigated, as shown in Fig. 10. The
well-crystallized scorodite is obtained aer 8 hours reaction
time and its characteristic peaks are intensied with the
increase of reaction time (Fig. 10A). The As leaching concen-
trations decrease from 2.22 mg L�1 to 0.85 mg L�1 with the
Table 4 The result of a continuous process in recent waste acid treatme
L�1 and a sulfuric acid concentration of 76.56 g L�1 was used as raw ma

Stage Substances

Liquids

V/mL CAs/g L�1

Stage I Gypsum — —
Filtrate-I 1000 22.16

Stage II Scorodite — —
Filtrate-II 2000 0.24

Stage IIIa Sludge — —
Clean water 1850 0.36 mg L�1

a Lime/ferric sulfate method. V: volume of solution; CAs: concentration of
rate; RemAs: arsenic removal efficiency.

This journal is © The Royal Society of Chemistry 2020
proceeding of the reaction, as shown in Fig. 10B. The remaining
As concentration in the ltrate-II aer solid–liquid separation at
the end of precipitation is around 0.5 g L�1 and it declines
slowly with the preceding of reaction. The As removal efficiency
shows a slowly growing around 95%. The relative transparent
ltrates are shown in Fig. 10D, indicating high-efficiency
removal of Fe3+ in the solution. The above results indicate
that transformation of amorphous ferric arsenate into scorodite
proceeds with the increase of reaction time, following with
nt. The 1000 mL high-arsenic waste acid with an As content of 22.40 g
terial

Solids

LossAs/RemAsWTheor/g DW/g TCLP/mg L�1

84.92 80.68 4.93 1.07
— — —
56.37 58.37 4.36 97.83
— — —
— 51.20 2.93 99.85
— — —

arsenic; WTheor: theoretical weight; DW: dry weight; LossAs: arsenic loss

RSC Adv., 2020, 10, 29–42 | 39
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Table 5 The comparison of our treatment process with lime/ferric salt method and sodium sulfide method. Disposal capacity of waste acid is
400m3 d�1. The concentrations of As and H2SO4 in waste acid were 76.56 g L�1 and 24.5 g L�1 respectively. The clean water after disposal meets
the requirements in GB 25467-2010

Name Gypsum/t d�1
Scorodite/t
d�1

Arsenic sulde/t
d�1

Neutralization
sludge/t d�1

Operating cost/CNY
per d

Disposal expenses
of waste solid/CNY per d

Our treatment 50.7R 38.9 — 26.5 1200 3180
Lime/ferric salta — — — 57.1HW 400 6852
Sodium suldea 55.55R — 16.67HW 19.44 4500 27 780

a The data is obtained from the practice of copper smetling plants in southwest China.
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dissolution of amorphous particles, recrystallization of scor-
odite and growth of scorodite grain. A reaction time equals to or
longer than 8 hours is available to produce well-crystallized and
environmentally-friendly scorodite.

For the Stage-II of scorodite precipitation, the optimization
reveals that a starting pH of 2.0, Fe/As ratio of 1.5, reaction
temperatures ranged from 80 to 90 �C and a reaction time that
equals to or longer than 8 hours are feasible to remove the 95%
of arsenic in waste acid by the formation of crystalline and
environmentally friendly scorodite.
3.3. Prospect of high-arsenic waste acid treatment

The performance of high-arsenic waste acid treatment con-
sisted of calcium carbonate neutralization and scorodite
synthesis stages was evaluated in a continuous process on the
basis of optimal parameters mentioned above. The mass
balance was also studied. The stage I was carried out at 25 �C
and the nal pH was xed at 0.5. Stage II was xed at a starting
pH of 2.0, a Fe/As ratio of 1.5 and a temperature of 90 �C for 12
hours. The result of the experiment is shown in Table 4. In Stage
I, the white environmentally stable gypsum with an As leaching
toxicity of 4.93 mg L�1 was obtained. Due to the negligible
amount of arsenic incorporated into gypsum or adsorbed on the
surface of gypsum, the 97.83% (corresponding to As loss of
2.17%) of arsenic remained in the Filtrate-I. The dry weight of
gypsum (actual dry weight 80.68 g vs. theoretical dry weight of
84.92 g) is close to that of theoretical one calculated based on
the change of sulfuric acid concentration (76.56/ 15.48 g L�1)
for waste acid. In Stage II, the 98.92% of arsenic was removed
from the Filtrate-I through the formation of well-crystallized
and nontoxic scorodite, resulting in the Filtrate-II with a pH
of 1.68 and the arsenic concentration of 0.24 g L�1. The dry
weight of the precipitated scorodite approaches to the theoret-
ical one (actual dry weight of 56.37 g vs. theoretical dry weight of
58.37 g). Furthermore, a conventional lime/ferric salt process is
applied to dispose the ltrate-II to produce clean water meeting
the Emission standard of pollutants for copper, nickel, cobalt
industry (GB 25467-2010)64 in Stage III. The sludge with an As
leaching concentration of 2.93 mg L�1 was obtained. In this
continuous process, no hazardous solid waste was generated.

On the basis of the above results, the performance of
proposed high-arsenic waste acid treatment process was
compared with conventional lime/ferric sulfate and sodium
40 | RSC Adv., 2020, 10, 29–42
sulde processes. The result in Table 5 shows that the process is
characterized by a zero-emission of hazardous waste. The high-
quality gypsum produced in Stage-I. The total quantity of solid
wastes is a little higher than that of sodium sulde method.
Besides, this atmospheric treatment process uses the chemical
agents and procedures similar to that of conventional lime/
ferric sulfate, which will greatly promote the feasibility and
accessibility. Thus, it is a low-cost, effective and feasible method
for the disposal of waste acid without secondary pollution. The
total cost including operating and disposal of solid waste from
the processes was evaluated (Table 5). Here, we take the treat-
ment of waste acid emit from a copper smelting plant in
southwest China. The cost was calculated according to the fact
that the concentrations of As and H2SO4 in inow waste acid
were 76.56 g L�1 and 24.5 g L�1 respectively. The calculated cost
for our process was nearly 4380 CNY per day. Compared with
the traditional lime–iron salt method, the new method would
theoretically save 2872 CNY per day. Meanwhile, the volume of
neutralization sludge would decrease.

Treatment of high-arsenic waste acid by the stepwise
formation of gypsum and scorodite was proved to be feasible
and accessible for the high-arsenic waste acid disposal. A
further development is also needed on the way to an industrial
application. Some detailed technical issues will be studied in
future work including: (i) the whole process might be further
optimized to reduce the output of solid wastes and the pro-
cessing cost. The water recycles should be also taken into
account to reduce additional wastewater. (ii) The acid-
consuming iron sources including iron oxides (Fe2O3 and
Fe3O4), goethite (Fe(OH)3) and siderite (FeCO3) might be
submitted to replace both calcium carbonate and ferric sulfate,
acting the functions of neutralization and scorodite synthesis.
4. Conclusion

The present treatment process for arsenic removal from high-
arsenic waste acid mainly are composes of calcium carbonate
neutralization (Stage I) and scorodite precipitation (Stage II). In
the Stage-I for calcium carbonate neutralization, temperatures
ranged from 25 to 65 �C is available for the precipitation of
sulfate radical in the form of gypsum. The higher temperatures
could further reduce the As leaching concentration but also lead
to the formation of impurities in gypsum precipitates. Taken
This journal is © The Royal Society of Chemistry 2020
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into account balances of minimal arsenic loss and maximal
removal rate of sulfuric acid, a nal pH of 0.5 is xed in Stage-I.
The nontoxic gypsum with an As leaching concentration of
3.36 mg L�1 below the regulatory limit was obtained, resulting
in a sulfuric acid removal rate of 80% with a negligible arsenic
loss. In the Stage-II for scorodite synthesis, the crystallization of
scorodite is extremely sensitive to pH, Fe/As ratio and temper-
ature when FeSO4$9H2O solution is used as the Fe source. The
optimal condition was achieved by applying the synthesis at the
starting pH of 2.0, Fe/As ratio of 1.5 and temperature of 90 �C for
12 hours, which achieves an arsenic removal efficiency of
95.34% by the formation of well-crystallized and environmen-
tally stable scorodite. The nontoxic scorodite-associated
precipitates could be produced in the pHs ranged from 1 to 3,
the Fe/As ratio range of 1.0–1.5 and the temperature greater
than or equal to 70 �C, following with the arsenic removal effi-
ciency in the range of 87.30–99.70%. The transformation of
amorphous ferric arsenate into crystalline scorodite is
enhanced by increasing the temperature or extension the
reaction time. The proposed process shows great advantages in
the aspects of emission of relative stable general solid waste,
effective arsenic removal and good accessibility of chemical
reagents and facilities, which will be a promising solution for
the low-cost disposal of waste acid for the nonferrous metal-
lurgical industry.
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