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Abstract

Nano zero-valent iron (nZVI) has a great potential for arsenic removal, but it would form aggregates easily and consume
largely by H" in the strongly acidic solution. In this work, 15%CaO doped with nZVI (15%Ca0O-nZVI) was successfully
synthesized from a simplified ball milling mixture combined with a hydrogen reduction method, which had a high adsorption
capacity for As(V) removal from high-arsenic acid wastewater. More than 97% As(V) was removed by 15%CaO-nZVI under
the optimum reaction conditions of pH 1.34, initial As(V) concentration 16.21 g/L, and molar ratio of Fe/As (ng/n,,) 2.5:1.
The effluent pH solution was weakly acidic 6.72, and the secondary arsenic removal treatment reduced the solid waste and
improved arsenic grade in slag from the mass fraction of 20.02% to 29.07%. Multiple mechanisms including Ca>* enhanced
effect, adsorption, reduction, and co-precipitation coexisted for As(V) removal from high-arsenic acid wastewater. Doping
of CaO might lead to improving cracking channels which was benefit for electronic transmission and the confusion of atomic
distribution. The in situ weak alkaline environment generated on the surface of 15%CaO-nZVI would increase the content
of y-Fe,04/Fe;0,, which was in favor for As(V) adsorption. In addition, H" in the strongly acidic solution could accelerate
corrosion of 15%Ca0O-nZVI and abundant fresh and reactive iron oxides continuously generated, which would provide plenty

specific reactive site and fast charge transfer and ionic mobility for arsenic removal.

Keywords Calcium oxide doped nano zero-valent iron - High-arsenic acid wastewater - Optimized experimental
conditions - Secondary arsenic removal treatment - Mechanisms

Introduction

High arsenic-containing acidic wastewater and waste resi-
due are increasingly entering the environment without effec-
tive treatment with the development of non-ferrous metal
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smelting technology (Chai et al. 2016). Arsenic (As) is a
typical high toxic metalloid and found in water due to its
environmentally mobile property, causing serious pollution
to the environment and affecting millions of people world-
wide (Guan et al. 2012). High-arsenic acid wastewater is
characterized by extremely high arsenic and sulfuric acid
content, which contains 0.5-30 g/L arsenic and 10-200 g/L
sulfuric acid with the pH lower than 1 (Li et al. 2020a, b).
The disabled disposal of the arsenic-bearing wastewater
had caused numerous serious contaminate water sources.
What is more, the maximum arsenic concentration has
been stipulated to be 10 pg/L by the Standards for Drinking
Water Quality in China. Thus, the safe disposal technology
for arsenic removal from high-arsenic acid wastewater has
become a key issue of global concern.

Current methods for arsenic removal from waste acids
included lime, ferric salt, and sulfide precipitation (Alka
et al. 2021). Nevertheless, it is notable that these meth-
ods still suffered from some shortcomings, such as addi-
tional amount of alkaline reagent to control a suitable pH
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surrounding; the treated solid waste with high arsenic con-
tent could lead to a serious secondary pollution during the
transportation, storage, and disposal due to its high solubility
and leachability. All of those shortcomings challenge the
industrial application (Chai et al. 2018). Thus, an alterna-
tive technique for high-arsenic acid wastewater treatment
with high efficiency and low consumption should be devel-
oped. Iron-based material was a majority of technologies
used for arsenic removal, and iron plays important roles for
controlling arsenic speciation, distribution, and immobiliza-
tion (Wang et al. 2021). In particular, nanoscale zero-valent
iron (nZVI) consists of the core—shell structure, a metallic
iron core encapsulated by a thin iron oxide-hydroxide shell,
which can degrade and separate a wide range of environmen-
tal contaminants, especially for treating wastewater contain-
ing heavy metals (Li et al. 2014). However, the high surface
energy, magnetic forces, and van der Waals type interactions
limited their mobility by aggregation and sedimentation,
which strongly affected the contaminant removal efficiency
by nZVI (Suazo-Hernandez et al. 2019). In recent years,
researchers have found that surface modification and loading
can improve the mobility of nZVI, enhanced contaminant
removal efficiency by nZVI, reduced the release of arsenic
from arsenic-loaded nZVI, and prevent the occurrence of
widespread environmental pollution (Li et al. 2018).
Previous studies showed that calcium was in favor of
arsenic removal and inhibited arsenic desorption from
water treatment residuals. The presence of calcium, espe-
cially calcium oxide (CaO), could effectively improve the
removal rate of arsenic by nZVI and stabilized arsenic in
mine tailings. The results noted that lower arsenic concen-
tration in the leachate at a pH range of 3—6 was observed
when Ca(OH), rather than NaOH was used for pH adjust-
ment (Camacho et al. 2009). Tan et al. reported calcium
silicate coated-nZVI/biochar production for As(V) removal
and revealed the mechanism of enhanced nZVTI activity by
Ca** for As(V) removal that a protective layer of Ca,SiO,
would form on the surface of nZVI during the co-pyrolysis
process to prevent the passivation of nZVI which would
be continuously detached to expose the fresh surface of
nZVI, providing more redox activity and adsorption sites
(Tan et al. 2022). Moreover, it has been reported that Ca**
could be adsorbed on hydrated iron oxide to form CaCO,
as a nucleation precursor for the growth of iron oxide par-
ticles, and arsenic could be co-precipitated through the
CaCO; surface coverage process, thereby improving the
removal efficiency of arsenic and hindering the release of
arsenic from nZVI (Yu et al. 2019). It had been reported
that calcium showed a significant synergistic effect on the
adsorption of arsenic by hydrated iron oxide (Ghosh et al.
2019). CaCOj; could be used as a nucleation precursor for
the growth of iron hydrated oxide particles, and these iron
hydrated oxides would continuously grow outward from

the precursor to form large hydrated oxide particles, which
improved the removal efficiency of arsenic (Mak et al.
2009). A novel calcium-based magnetic biochar devel-
oped and iron oxide for stabilization of contamination of
multiple metals were studied. The stabilization effect of
calcium was elevated the solution pH, formed bi-dentate
chelate, and ternary surface complexes on the surface of
iron oxide and enhanced adsorption ability of porous bio-
char (Wu et al. 2020).

As ball milling may have an impact on contaminant
removal, researchers further studied the mechanisms of
ball milling enhancement on pyrite/zero-valent iron for
arsenic removal in water (Du et al. 2020). The results
revealed that ball milling could facilitate the electron
transfer of zero-valent iron and enhanced its corrosion
process; the ball-milled pyrite/zero-valent iron material
possessed a higher specific surface area than ball-milled
zero-valent iron. Moreover, arsenic removal processes
and capacity by nZVI were directly affected by pH (Hu
et al. 2022; Wang et al. 2019; Wu et al. 2017a, b), and
our previous studies showed that As(V) from high-arsenic
acid wastewater was significantly affected by pH, that is,
nZVI surface corrosion accelerated by H* in the strongly
acidic solution and a large amount of fresh and reactive
iron oxides and oxyhydroxides were continuously gen-
erated, resulting in rapid and efficient As(V) removal
through multiple mechanisms (Kong et al. 2022). Through
the above research results, it can be seen that addition of
calcium or activation of calcium could enhance the corro-
sion of the ball milling process and enhance the corrosion
process of the strongly acidic solution that would syner-
gistically improve the removal of metals such as arsenic
by nZVI. Thus, arsenic removal efficiency and mechanism
by a novel CaO doped nano zero-valent iron (CaO-nZVI)
from high-arsenic acid wastewater aroused our interest.
However, the effect of CaO-nZVI on arsenic removal from
high-arsenic acid wastewater has not been addressed in
the literature.

Herein, this study focused on arsenic removal efficiency
and mechanism by a novel CaO doped nZVI (CaO-nZVI)
from high-arsenic acid wastewater. The removal of aque-
ous As(V) from high-arsenic acid wastewater by CaO-nZVI
through batch experiments was investigated. The objectives
of this paper are (1) to investigate the efficiency of CaO-
nZVI on As(V) removal from high-arsenic acid wastewater
under different reaction conditions and determine of optimal
synthesis parameter of CaO-nZVTI and the optimal reaction
conditions; (2) to evaluate and propose a novel secondary
arsenic removal treatment that in order to reduce the weight
of solid wastes, meanwhile further reduce its effluent As(V)
concentration; and (3) to suggest the mechanisms on As(V)
removal by the 15%Ca0O-nZVI synthesized with the optimal
As(V) removal efficiency.
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Materials and methods
Chemicals and reagents

All the reagents are analytical grade and used without
any purification. Ferric oxide (Fe,0;) served as the iron
source and purchased from Sinopharm Chemical Reagent
Co., China. Calcium oxide (CaO), concentrated sulfuric
acid (H,SO,), hydrochloric acid (HCI), sodium hydroxide
(NaOH), methyl orange, and potassium bromate (KBrO;)
were purchased from Tianjin Guangfu Fine Chemical
Research Institute, China. Stable nZVI and micron zero-
valent iron (mZVI) were purchased from shanghai Lvyuan
Chemical Co., Ltd., China. The high-arsenic acid wastewater
used in the experiment was the tellurium post-precipitation
solution of copper anode slime, which come from Nonfer-
rous Metals Co., Ltd., Tongling, China. The filtrate con-
tained 16.21 g/L. As(V) with the pH 1.34. The pH of the
solution was adjusted with 0.1 M HCI or NaOH as required.
Each experiment was carried out in duplicate.

Synthesis of XCaO-nZVI

The synthesis process of XCaO-nZVI involved ball mill-
ing and hydrogen reduction major steps. The schematic for
the synthesis of XCaO-nZVI is shown in Fig. S1. Different
proportions of CaO and Fe,O; were mixed for ball milling
at a certain period of time (0.5 h—10 h). The mass fraction of
CaO is denoted as X, which was the percentage of CaO in the
total mass of CaO and Fe,Oj;; thus, the mixture was denoted
as XCaO-Fe,0;. The mixture XCaO-Fe,O; after ball mill-
ing was calcined by hydrogen gas for reduction under the
condition of 400 °C. Then, nano zero-valent iron doped with
different mass fraction of CaO was obtained and denoted as
XCaO-nZVI.

Characterization and analysis

X-ray diffraction (XRD, DSADVANCE, BRUCKNER, Ger-
many) was used to analyze the crystal structure and mineral
composition of XCaO-nZVI. The surface morphology, par-
ticle size, and elemental content distribution of XCaO-nZVI
were analyzed by energy dispersive X-ray detector (SEM-
XEDS, JSM-6490LYV, JEOL, Japan). A Fourier transform
infrared spectroscope (FTIR, Nicolet6700, Nico-let, USA)
was used to evaluate the coordination of complexes after
XCaO-nZVlI reaction. The characterizations of surface com-
position and combination state of elements of XCaO-nZVI
were analyzed by the X-ray photoelectron spectrometer
(XPS, ESCALAB 250X1, Thermo Kalpha, USA). The con-
centrations of As(V) and Fe in the solutions were determined
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by inductively coupled plasma atomic emission spectros-
copy (ICP-AES, 5300DV, Perkin Elmer, USA). The ele-
ments in the reaction filter residue were detected by X-ray
Fluorescence Spectrometer (XRF, Axios, PANalytical, Neth-
erlands). The pH values were measured by pHS-3C meter
(Shanghai Leici Inc.) with potassium chloride buffer.

Batch experiments

As for As(III) removal, a certain amount of nZVI or mZVI
was added to a three-port flask and then added an appropri-
ate amount of As(II)-containing wastewater, derived from
the copper anode slime after copper separation from a fac-
tory in China with the content of 11.235 g/L and the concen-
tration H* 1.545 mol/L. The experimental operation process
was mechanically stirring for a certain time in heat the water
bath pot at a constant temperature, and then filtered with
0.45 pm filter membrane. The filtrate was constant volume,
and the filter residue was vacuum dried at 105 °C for 4 h
and then cooled to room temperature. The effect of reaction
equilibrium time was investigated. The molar ratio of Fe/As
(nge/n,g) was set to 5:1, the reaction temperature and time
was 70 °C and 4 h, the and the reaction kinetics was sam-
pled at 0.1 h, 0.25h,0.5h, 1.0 h, 1.5h, 2.0 h, 2.5 h, 3.0 h,
3.5 h, and 4.0 h to obtain the reaction equilibrium time. As
for the effect of molar ratio of Fe/As on As(III) removal, the
molar ratio of Fe/As was 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, and 9:1
respectively.

As for As(V) removal, the batch experiments were car-
ried out using three-necked bottle in a thermostatic shaker,
as shown in Fig. S1. A certain amount of XCaO-nZVI was
added to 100 mL high-arsenic acid wastewater and heated in
a water bath with mechanical stirring. As the mixed slurry
was placed in the three-necked bottle, rapid shaking was
started immediately at 200 r/min for 2 h. After each test,
the slurry was filtered with a 0.45 pm membrane filter and
the filtrate was diluted to 500 mL and then acidified with
concentrated HNO; for further detection. To determine the
optimal reaction conditions for As(V) from high-arsenic acid
wastewater by XCaO-nZ VI, the influence of quality fraction
X, such as 0%, 1%, 3%, 5%, 10%, 13%, 15%, and 20%, differ-
ent milling time of mixture XCaO-Fe,0;0.5h,2h,4h,6h,
8 h, 10 hand 20 h, and np/n, 1:1, 1.5:1, 2:1, 2.5:1, 3:1, and
4:1, initial arsenic concentration 1 g/L., 4 g/L., 8 g/L, 12 g/L
and 16.21 g/L, and the pH of 0.1, 0.30, 0.75, 1.0 and 1.34
on As(V) removal were investigated, and the specific experi-
mental parameters are listed in Table S1. The filter resi-
due was vacuum dried at 105 °C for 4 h and then collected
after cooling to room temperature for further detection. In
order to improvement of arsenic grade in slag and reduce
the solid wastes, the secondary arsenic removal treatment
was proposed, which was mainly reacted with the arsenic
containing wastewater (As(V)=16.21 g/L, pH=1.34) by the
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primary arsenic removal filter residue through ball milling
for 300 min. The filtrate and filter residue were treated and
detected according to the above method.

Results and discussion
As(ll1) removal by nanoscale zero-valent iron (nZVI)

Figure la exhibits As(III) removal efficiency by nZVI was
65.1%, which was obviously higher than that of micron zero-
valent iron (mZVI) 34.1% as the reaction reached equilib-
rium. At this time, the residual arsenic concentration in the
waste acid after arsenic removal by nZVI decreased to about
4 g/L, while that by mZVI decreased to about 7.5 g/L, which
was too much higher than the limit for arsenic effluent in
wastewater treatment. As shown in Fig. 1b, As(III) removal
increased significantly with the increased ng/n,, and the
residual arsenic concentration decreased to about 3 g/L. At
the same time, the concentration of H* in arsenic-containing
waste acid decreased from 1.021 mol/L to 0.446 mol/L when
ng/n,, increased from 3:1 to 9:1 (Fig. 1c¢), indicating that
most of the nZVI reacted with H* in waste acid, resulting
in a huge waste of nZVI, and the effect of arsenic removal
was not ideal. It can be further seen from Table S2 that there
were 53.03% Fe and 16.97% As in the slag after the reaction
of nZVI with waste acid, and the weight loss rate reached
30.471%, indicating that nZVT has high reaction activity and
a large part of iron was consumed by the reaction of H*.

The XPS spectra of Fe 2p, O 1 s, and As 3d are shown
in Fig. 1d, e. As illustrated in Fig. 1d, the Fe 2p5,, peaks
of Fe(0), Fe(Il), and Fe(III) were located at the binding
energy of 707.1 eV, 710.2 eV, and 712.0 eV, respectively,
while the binding energy of the various Fe 2p,,, chemical
state components was assigned as follows: Fe(0) 719.7 eV,
Fe(Il) 723.8 eV, and Fe(III) 725.6 eV (Liu et al. 2018). The
peaks at 529.9 eV, 531.0 eV, and 532.0 eV in O 1 s spec-
trum (Fig. le) corresponded to the O?~, OH™, and physical
adsorption or chemical binding of H,O, respectively (Xia
et al. 2017). It can be seen that there was a small amount
of Fe(0) on the surface of nZVI before the reaction with
waste acid. Due to the oxidation of air, most of Fe(II) and
Fe(IIT) were formed on the surface, resulting in a small
peak of Fe(0). At the same time, there were relatively large
02", OH™, and a small amount of H,O on the surface of
nZVI. While the proportion of Fe(0) and OH™ increased
after the reaction, which should be due to the waste acid
made nZVI continuously corroded and dissolved, resulting
Fe(0) nucleus was continuously exposed to waste acid solu-
tion and a large number of ferric hydroxides were produced
that provided abundant adsorption sites for arsenic (Tucek
et al. 2017). The As 3d spectrum of nZVI reacted with waste
acid is shown in Fig. 1f. The peaks of As 3ds;, at 41.6 eV,
44.03 eV, and 45.03 eV were assigned as As(0), As(V), and
As(III), and the As 3d;,, peaks of As(0), As(III), and As(V)
were located at binding energies of 41.6 eV, 44.03 eV, and
45.03 eV, respectively (Ramos et al. 2009; Yan et al. 2010).
Since only As(IIl) existed in waste acid, the result exhibited
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Fig. 1 As(IIl) removal efficiency by nZVI and mZVI (a). Effect of Fe/As molar ratio on As(IIl) removal and H* in solution (b, ¢) (a—c initial
concentration of arsenic 16.21 g/L, pH=1.34). XPS results of the slag of As(IIl) removal by nZVI (d), Fe.2p (e), O 1 s (f), and As 3d
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that there were three valence states of arsenic emerged after
nZVlreacted with waste acid, indicating that As(IIT) was not
only reduced to As(0) by nZVI but also oxidized to As(V)
during the reaction (Sun et al. 2011). As(III) reduced to
As(0) should be due to nZVI which was continued to cor-
rode by strongly waste acid and exposed the fresh and highly
reactive zero-valent iron core. Meanwhile, the high reactiv-
ity of nZVI results in the reactions with oxygen in the air
during filtration, as expressed in Egs. (1)—(4). Both HOe-and
O, have strong oxidation functions and combined with O,
in the air, resulting in part of As(III) on the surface of filter
residue oxidizing to As (V) (Filip et al. 2014).

Fe(0) + O, + 2H* — Fe(Il) + H,0, (1)
Fe(ll) + H,0, — Fe(Ill) + HO + +HO~ )
Fe(Il) + Oy — Fe(Ill) + O, + 3)
Fe(IIl) + Fe(0) — Fe(ll) 4)

According to the aforementioned results, nZVI has a
great potential for the disposal of high-arsenic acid waste-
water. Simultaneous oxidation and reduction of As(III)
occurred on nZVI surfaces, and the high concentration
H™ in the strongly acidic solution accelerated nZVI sur-
face corrosion that provided a high capacity for As(III)
removal. However, due to the properties of As(III) and
strongly acidic solution, nZVI could not achieve the
desired adsorption performance for As(IIl), and a large
amount of nZVI was consumed by H" in the waste acid,
resulting in huge treated solid waste with a serious sec-
ondary pollution. In addition, arsenite is easily oxidized
to arsenate, and once oxidized, several As(V)-removing
technologies can be employed with more or great removal
efficiency(Dong et al. 2011). Therefore, a novel train of
thought was formed for direct removal of As(V) by a new
high-capacity functionalized nZVI from high-arsenic acid

100

wastewater, which make full use of H* and the synergistic
effect of the functionalized nZVI, with the expectation to
improve the quality of slag and reduce the amount of slag
on the basis of improving arsenic removal efficiency.

Removal of As(V) through synergism of XCaO-nZVI

The removal efficiency of As(V) by nZVI, CaO, and
15%Ca0-doped nano-zero-valent iron (15%Ca0O-nZ V], ball
milling for 0.5 h) and the pH of filtrate after As(V) removal
are shown in Fig. 2a, b, respectively. The efficiency of As(V)
removal was 27.03% by nZVI, 10.53% by CaO, and 82.58%
by 15%CaO-nZ VI, respectively. It revealed that CaO doped
nano-zero-valent iron would significantly improve As(V)
removal of nZVI, indicating that some enhanced chemical
reactions occurred between CaO and Fe,O; during ball mill-
ing and hydrogen reduction. As shown in Fig. 2b, pH of
the filtrate after As(V) removal by different materials expe-
rienced a considerable increase. CaO slightly dissolved in
water formed Ca(OH),, which reacted with H* in solution by
acid-base neutralization, thereby pH increasing by 1.06 that
from 1.34 to 2.4, as expressed in Eq. (5). The nZVI might
undergo redox reaction in acidic solution that leaded to pH
increased by 2, as shown in Eq. (6), while the pH increased
by 3.81 after As(V) removal by 15%CaO-nZVI, which
was more than the sum of pH changes of As(V) by nZVI
and CaO alone. It was speculated that chemical reaction
occurred during CaO doped nano-zero-valent iron process.
Figure 2c demonstrates that CaO quality fraction could sig-
nificantly affect As(V) removal efficiency by XCaO-nZVI.
The removal efficiency of As(V) increased significantly
to 82.58% as CaO quality fraction increased to 15%, and
it slowly increased to 83.83% with increasing CaO qual-
ity fraction to 20%. Thus, in order to reduce the amount of
slag and improve the arsenic removal rate, 15% CaO-Fe,05
mixture was used for ball milling-hydrogen reduction and
arsenic removal in subsequent experiments.

B Arsenic removal rate 82,583 (a) | el Filtrate pH 515 (b) 258 8(;)
S S80f M
2 | Wil
: £ 24 ol w0
2 aof 2, e Al
2 27.03 I g e % % // .

Z 20} 1 520' n
10.527 7

Fig.2 As(V) removal efficiency by nZVI, CaO, and 15% CaO-doped nano-zero-valent iron (15%CaO-nZVI) (a); the pH of filtrate after As(V)
removal (b); effect of CaO quality fraction on As(V) by XCaO-nZVI (c¢) (initial concentration of arsenic 16.21 g/L, pH=1.34)
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CaO + H,0 — Ca(OH), )

Fe(0)+2H" — Fe2™ + H2 1 (6)

Figure 3a—d illustrates the surface morphology and chem-
ical composition of nZVI and 15%CaO-nZVI of using SEM
and XEDS. Figure 3a shows that the pure nZVI particles
were spherical with an average particle size of about 200 nm,
and some agglomeration and adhesion were observed. As
demonstrated in Fig. 3b, compared to the pure nZVI, the par-
ticle size of 15%Ca0O-nZVI decreased to about 100 nm after
ball milling with doping 15% quality fraction of CaO, indi-
cating that CaO doped would increase the friction between
Fe, 05, making the material finer and then reducing to obtain
finer 15%CaO-nZVI. The XEDS spectrum scanning was car-
ried out in three random regions of 15%Ca0O-nZVI, and it
was found that Ca and Fe were uniformly dispersed in each
region of the material (as shown in Fig. 3c). Figure 3d shows
the significant changes in the morphology of 15%CaO-nZVI
after reaction with As(V). The granular and flocculent forms
of the filter residue indicated that the redox reaction between
15%Ca0-nZVI and As(V)-containing waste acid leads to
the formation of various iron oxides. The XRD patterns
of 15%Ca0-nZVI after reaction with As(V) are shown in
Fig. 3e. It illustrated that the newly generated granular mate-
rial was mainly Fe;O,, and the flocculent materials might be
the precursors in the transformation process of crystalline

Spectrum 2

-

Spectrumid

iron oxides, such as Fe(OH), and FeOOH, which have high
adsorption performance on arsenic-containing particles
(Zhang et al. 2019). Interestingly, XRD patterns showed
that CaSO, was generated because waste acid containing
arsenic(V) was sulfuric acid system and CaO in the material
was alkaline oxide, which could react with sulfuric acid to
form CaSO, (Chai et al. 2018). The doping of CaO might
change the surface potential of nZVI, which has an impor-
tant influence the reaction with arsenic-containing parti-
cles, such as the adsorption, reduction, and co-precipitation
with As(V) (Sharma et al. 2018). CaO and Fe,O; reacted
with water to form Ca(OH), during ball milling, and Fe,0;
attached to Ca(OH), forms XCaO-nZVI under hydrogen
reduction.

Optimized experimental conditions for As(V)
removal by 15%Ca0-nZVI

In order to research As(V) removal mechanisms of 15%CaO-
nZVI in detail, it is necessary to further improve As(V)
removal efficiency, obtain the optimal conditions, and ana-
lyze the filter residue under the optimal conditions. Figure 4a
shows the influence of different ball milling time on As(V)
removal of 15%Ca0O-nZVI obtained by hydrogen reduction
of 15%Ca0-Fe,0; mixture. Obviously, As(V) removal effi-
ciency increased significantly with increasing ball milling
time, which increased from 80.57% to 96.87% as the ball
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Fig.3 SEM images of nZVI (a); SEM images and chemical composition of 15%CaO-nZVI (b, ¢); SEM images and XRD of 15%CaO-nZVI

after reaction (d, e)
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Fig.4 Effect of ball milling time and ng/n,, on As(V) removal by
15%Ca0-nZVI (a-b); effect of ng/n,, on filtrate pH (c) (a—c initial
concentration of arsenic 16.21 g/L, pH=1.34); effect of initial As(V)

milling time increased from 0.5 h to 10 h and As(V) removal
rate remained almost unchanged with increasing ball mill-
ing time from 10 to 20 h. As prolongation of ball milling
time would increase the process cost, taking into account
both economy and effectiveness, the mixture of ball milling
for 10 h was selected for subsequent experiments. Figure 4b
exhibits the effect of ng./n, ratio on As(V) removal. It was
obvious that As(V) removal efficiency increased rapidly
from 44.13% to 96.87% as ng/n, increased from 1:1 to
2.5:1 and achieved the optimum removal effect 97.24% at
ngpo/n g ratio 3:1, which should be attributed to increase sur-
face area and adsorption sites (Pandey et al. 2022). Then
As(V) removal efficiency experienced a gradual drop to
95.76 with ng./n,, increased to 4:1, which might be due to
the utilization rate of adsorbent per unit mass becomes lower
(Fu et al. 2014). However, the maximal removal rate does
not mean at same time optimal removal. On the one hand,
As(V) was removed effectively at np/n, 2.5:1, and the con-
tinuing increase of 15%Ca0-nZVI dosage had little effect on
increasing As(V), but the process cost would increase. On
the other hand, the solution pH would rapidly increase as
15%Ca0O-nZVI increasing that the filtrate pH experienced a
considerable increased from 4 to 9.08 as ng/n,, increased
from 1:1 to 4:1 (as illustrated in Fig. 4c). The increasing
pH would cause the surface of 15%Ca0O-nZVI to be pas-
sivated quickly, hindering the electron transfer and inhibit-
ing the reaction of As(V) with 15%Ca0O-nZV], resulting in
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Initial pH

Initial pH

concentration and initial pH on As(V) removal (d-e); effect of initial
pH on filtrate pH (f) (d—f ng/n =2.5:1)

a decrease in As(V) removal. Thus, ng/n,g of 2.5:1 was
selected as the optimum value for the subsequent adsorbent
experiments.

Figure 4d shows that the removal efficiency of As(V)
increased significantly from 33.82% to 78.45% as the initial
concentration of As(V) concentration increased from 1 g/L
to 8 g/L and then experienced a gradual increase to 96.88%
with increasing As(V) concentration to 16.21 g/L, the actual
concentration of arsenic in the wastewater. This observation
might be due to the adequate adsorption sites of 15%CaO-
nZVI, and the mass transfer driving force increased with
As(V) initial concentration increasing. Compared with
our previous research (Kong et al. 2022), arsenic removal
ability of XCaO-nZVI was higher than that of nano-iron-
carbon composites synthesized, indicating that XCaO-nZVI
has great potential for the disposal As(V) from high-arsenic
acid wastewater. Besides surface corrosion included abun-
dant iron oxides generated which showed high affinity for
As(V); it is noteworthy that the CaO doped also possessed
specific functional roles for enhanced As(V) removal.

Figure 4e reveals that the aqueous phase pH of the strongly
acidic solution has great effect on As(V) removal. The results
showed that the removal efficiency of As(V) by 15%CaO-nZVI
was only 26.03% at pH 0.1, indicating that too low pH hindered
the interactions of As(V) with 15%CaO-nZVI which should
be due to the 15%Ca0-nZVI corrosion rate, the forms of cor-
rosion products, and the species of As(V) in solution under
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this conditions. When the solution pH was too low, 15%CaO-
nZ V1 surface could react with H* violently, resulting in rap-
idly and intensively iron corrosion releasing into the aqueous
phase; a large amount of iron oxides could not play a role in
As(V) removal. Meanwhile, As(V) species existed in neutral
form H;AsO, and became more mobile at pH less than 2.0 (as
shown in Fig.S2), and also, the adsorbed As(V) would release
into the aqueous phase again at very low pH range. Interestingly,
As(V) removal by 15%CaO-nZVI experienced a considerable
increase from 38.42% to 97.53% as pH increased from 0.3 to 1.0
and then remained virtually stabile 97.26% at the actual solu-
tion pH 1.34. It indicated that some unique synergistic effect
properties of 15%Ca0O-nZVI leaded to the highly effective
separation and encapsulation for As(V) removal. Similarly, the
filtrate pH increased rapidly from 1.2 to 6.72 as initial solution
pH increased from 5% acidity to 1.34 after reacting with 2.5:1
np/n g as shown in Fig. 4f; that is, pH of the filtrate reached a
suitable range without extra treatment, which is of great signifi-
cance to industrial As(V) removal. Therefore, As(V) could be
effectively removed by 15%CaO-nZVI from the highly acidic
waste acid pH 1.34 and arsenic levels up to 16.21 g/L.. For sub-
sequent experiments, the mixture of ball milling was fixed to
10 h and the ratio of ng/n,, was 2.5:1. Therefore, the results
implicated that the 15%CaO-nZVI synthesized has tremendous
potentials on As(V) removal from high-arsenic acid wastewater.
It had been also reported that more than 90% of As(V) from
solution (0-5.0 mg/L) was removed by microcrystalline and
mesoporous calcium-containing hydrated ferric oxide (CIHIO)
at 2 g/L through surface complexation, and optimal As(V)
removal efficiency achieved at pH 5.0. The presence of calcium
significantly increased the adsorption of arsenic by hydrated fer-
ric oxide (HIO) (Ghosh et al. 2019).

Improvement of arsenic grade in slag by secondary
arsenic removal treatment

As arsenic-bearing residues or slags would lead to a seri-
ous secondary pollution, a novel secondary arsenic removal

Table 1 Water quality parameter changed before and after the secondary
arsenic removal treatment

treatment was proposed in order to reduce the weight of solid
wastes and meanwhile further reduce its effluent As(V) con-
centration. As shown in Tables 1 and 2, the secondary arsenic
removal treatment could remove arsenic effectively for high-
arsenic acid wastewater and improved arsenic grade in slag;
thus, the weight of solid wastes would be reduced. As shown in
Tablel, arsenic concentration decreased from 16.21 g/L. to 5.65
with the removal rate 60.92%, Fe concentration increased from
39.9 mg/L to 280 mg/L, and pH raised from 1.34 to 2.21, indi-
cating that arsenic removal filter slag once again played the role
of arsenic removal in the process secondary arsenic removal
treatment. As illustrated in Table 2, the mass fraction of Fe
element in arsenic removal residue decreased from 37.78%
to 32.43%, while arsenic element increased from 20.02% to
29.07%, indicating that the arsenic grade in slag was signifi-
cantly improved. In the primary arsenic removal filter residue,
iron oxides and adsorbed arsenic were wrapped on the surface
of 15%Ca0-nZVI to form Fe-As-O shell, which inhibited the
reaction of Fe(0) core with arsenic-containing wastewater. In
the process of secondary arsenic removal treatment, the fil-
ter residue of primary arsenic removal and arsenic-containing
wastewater were continuously mixed and collided in a ball
mill tank. The Fe-As-O shell was broken by the grinding ball,
and the Fe(0) core continued to react with the arsenic through
reduction, adsorption and co-precipitation (Du et al. 2020).
Thereby, arsenic in the solution was removed and arsenic con-
tent in the filter residue increased. At the same time, part of
iron oxides dissolved, resulting in increasing the iron content
in the solution and reducing the Fe content in the filter residue.

Mechanisms of As(V) removal by 15%Ca0-nZVI

Morphology characterization and phase analysis
of 15%Ca0-nZVI

Figure 5 illustrates the surface morphology and chemical
composition of 15%Ca0-nZVI using SEM and XEDS, which
obtained at optimized experimental conditions for As(V)
removal. The morphology and chemical composition of
15%Ca0-nZVI showed significant changes before and after
reaction with As(V) (as illustrated in Fig. 5a, b). After reac-
tion, the irregular flocculent and spherical particles formed,

Water quality parameter Before  After  As(V) removal rate which might be the precursors in the conversion of crystalline
iron oxides, such as Fe(OH), and FeOOH (Yan et al. 2010).

pH . 134221 - The XEDS scanning of different regions revealed that Fe, As,

As(V) concer{tratlon (@) 16.21 565 60.69% and Ca elements were present in the samples with different

Fe concentration (mg/L) 399 280 _ morphologies (as shown in Fig. 5c).

Table 2 Arsenic gr?de in slag Element (W%) Fe As S Ca Zr Na Se

by secondary arsenic removal

treatment One filter residue 37.78 20.02 2.51 4.10 2.24 0.987 0.896

Second filter residue 3243 29.07 1.20 1.17 1.96 3.30 1.44
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Fig.5 SEM images of 15%CaO-nZVI before and after reaction (a, b); XEDS results, XRD, and FTIR spectra of 15%CaO-nZVI after reaction
(c—e); XRD pattern of 15%CaO-nZVI after the secondary arsenic removal treatment

The XRD patterns of 15%CaO-nZVI after reaction with
As(V) were shown in Fig. 5d. It showed that the main phases
of arsenic-containing filter residue were CaSO,, Fe;0,,
Ca, 5sFe, 50,4, and a large number of arsenic-containing
amorphous compounds (Li et al. 2020a, b). Compared with
the fresh 15%Ca0O-nZVI, the intensity of the reflection
associated with the crystal structure of CaSO, and Fe;0,
changed sharply (as shown in Fig. 3e) and new mineral
phases Ca, ;sFe, 450, produced after adsorption reaction.
The formation of Ca, sFe, ¢sO, might be due to the dis-
solution of Ca”* entered the structure of corrosion products
and replaced the original lattice position of iron atoms dur-
ing the corrosion process. In addition, the wide diffraction
peaks showed that the filter residue had poor crystallization,
amorphous phase, and amorphous state, which might form
amorphous compounds containing arsenic. The phase of
Fe(0) was not shown, which should be attributed to CaSO,,
Fe;0,, Ca, ;5Fe, 4sO, and a large number of arsenic-contain-
ing amorphous compounds were coated on the surface of
Fe(0), while XPS detection is only a few nanometers. There-
fore, the following reaction might occur between 15%CaO-
nZVI and As(V) in strong acidic solution, as expressed in
Egs. (7)—(14).

Ca(OH),(s)+H,S0,(aq) — CaSO,(aq)+2H,0() @)

@ Springer

H;AsO,(aq)+Fe’(s)+2H" (aq) = Fe’* (aq)+H; AsO;(aq)+H,O(l)
(®)

Fe(s)4+2H,0(1) — 2Fe**(aq)+H,(g)+ 20H (aq) )
Fe’(s)+0,(g)+2H,0(1) — 2Fe’"(aq)+ 40H (aq)  (10)
6Fe’* (aq)+0,(2)+6H,0() — 2Fe;0,(s)+12H*(aq)  (11)
Fe’*(aq)+1/40,(g)+H* (aq) — Fe>*(aq)+1/2H,0() (12)
Fe’*(aq)+ 20H™ (aq) — 2Fe(OH),(s) (13)

6Fe(OH),(5)+0,(g) — 2Fe;0,(s)+6H,0() (14)

Figure 5Se shows the distinct surface functional groups of
15%Ca0-nZVI after reaction with As(V) using FTIR spectra.
The signal of peaks at 3428 cm™' and 1630 cm™! increased
was assigned to the stretching vibration of hydroxyl groups
(Li et al. 2020a, b). The characteristic vibration peak of Fe—O
at 475 cm™! indicated that a large number of iron oxides
appeared in the filter residue (Wu et al. 2019), consistent with
the result of XRD. The strong adsorption peak at 601 cm™
was related to magnetite stretching vibration, while the slight
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M-OH vibration peak appeared at 1021 cm ™', and unique band
at 824 cm™! represented the vibration of As-O groups (Bal-
ladares et al. 2018). The pH of the solution increased from
1.34 to 6.72 during reaction process (as shown in Fig. 4f),
indicating that the iron oxides generated on the surface of
15%Ca0-nZVI were accompanied by a large number of
hydroxyl groups (Asmel et al. 2017). In the high-arsenic acid
wastewater, H;AsO, and H,AsO,~ exchanged with some
hydroxyl groups on the surface of the iron oxides, resulting
in As(V) complexing on the surface of the iron oxides, and
the exchanged hydroxyl groups also increased the solution pH
(Guo et al. 2016).

The XRD patterns of residue obtained from the second-
ary arsenic removal treatment are shown in Fig. 5f. Compared
with the primary arsenic removal filter residue, the intensity
of the reflection associated with CaSO, and Ca, ;sFe, 35O,
disappeared, and only Fe;O, was observed in the secondary
arsenic removal filter residue. When pH <7, the solubility of
CaSO, increased with the decrease of pH, and the following
reaction expressed in Eq. (15) occurred. The final pH was 6.72
after the primary arsenic removal (as shown in Fig. 4f), which
was suitable for the existence of CaSO, and Ca ;sFe, 3sO,.
While the final pH was 2.21 for the secondary removal of arse-
nic treatment (as shown in Table 1), the solubility of CaSO,
and Ca ;5Fe, ¢s0, was increased; therefore, no CaSO, and
Ca, ;sFe, 350, were found in the secondary arsenic removal
residue, and the content of Ca in the residue was decreased
(as shown in Table 2).

CaSO, +2H" = Ca** + HSO,~ 15)

Speciation analysis of 15%Ca0-nZVI after adsorption

Figure 6a shows the Eh—pH diagram for Fe-As-H,O system
in aqueous solution. Generally, the oxidation state of arsenic
species played a significant role in As(V) removal, which was
strongly influenced by pH. As shown in Fig. 6a, the species
of H;As0;, H,AsO; ™, HAsO;>~, AsO;*~, H;AsO,, H,AsO, ™,
HAsO,*~, AsO,*~, AsH,, Fe, Fe**, Fe**, Fe(OH),, Fe(OH);,

FeAsO,, and other components could be produced during
Fe-As-H,0 system (Cheng et al. 2009). The theoretical sta-
ble region of ferric arsenate was 0.06 < pH <4.54; that is, in
this pH range, when the potential was higher, iron arsenate
would be generated in the solution. Moreover, Fe(0) could
be reduced from As(V) to As(III) and As(IIl) to As(0) by
electron loss, while Fe(0) was oxidized to Fe(II) and Fe(III)
(Ling and Zhang 2017). In our previous study, As(V) would
further be reduced to As(IIT) and As(0) by nano-iron-carbon
composites and Fe(0) was oxidized to iron oxides that pos-
sessed a high chemical reduction potential gradient driving
force for arsenic removal (Kong et al. 2022).

Figure 6b, c illustrates the composite of 15%CaO-nZVI
after reaction with As(V) using XPS. The XPS spectrum in
Fig. 6b presented the peaks of Fe2p,,, and Fe 2p;,. Among
them, the binding energy peaks at 729.5 eV and 724 eV cor-
respond to Fe 2p, ,, and the binding energy peaks at 711 eV
and 719 eV were assigned to Fe 2p;/, (Yamashita and Hayes
2008). It revealed that abundant kinds of iron oxides were
generated during reaction under highly acidic wastewater
conditions, such as Fe,03, Fe(OH);, Fe;0,, and FeOOH.
Combined with related research (Su et al. 2017), the iron
element in filter residue existed in the form of amorphous
v-FeOOH, y-Fe, 03, and crystalline Fe;0,, which was con-
sistent with the XRD results. A previous study had reported
that iron species distributed in the order from outside to
inside of nZVI was Fe(III) oxides, a mixed Fe(III)/Fe(1l),
Fe(II), and then Fe(0) core, resulting in a high driving force,
and favors As(V) reduction and diffusion (Liu et al. 2018,;
Mokete et al. 2020). Figure 6¢ shows the four obvious char-
acteristic peaks were observed; among them, the binding
energy peaks at 44.8 eV and 45.9 eV were belonged to the
As(V) characteristic peaks, and the binding energy peaks
at 43.7 eV and 44.5 eV were assigned as As(III) charac-
teristic peaks (Liu et al. 2018). It indicated that arsenic in
the filter residue existed in the form of 75.01% As(V) and
24.98% As(III). On the one hand, the presence of Ca**
increased the disorder and defective effect of iron oxides;
on the other hand, the presence of Ca’* might strengthen the
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Fig.6 Eh—pH diagram for Fe-As-H,O system (a); XPS results of 15%CaO-nZ VI after reaction (Fe.2p (b), As 3d (c))
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channel electron transfer, which was more conducive to the
reduction and immobilization of arsenic. In addition, iron
oxides continuously generated in the strongly acidic indus-
trial wastewater through intensive corrosion process (Mu
et al. 2017). The adsorbed As(V) gradually diffused into the
15%Ca0O-nZVI particle shell, and the highly reduced Fe(0)
core could reduce As(V) to As(III), while the As(V) on the
surface could also co-precipitate with the iron oxides (Li
et al. 2017). Therefore, As(V) could be effectively removed
by 15%Ca0O-nZVI through various mechanisms including
adsorption, reduction, and co-precipitation under high-arse-
nic acid wastewater conditions.

Analysis of mechanisms

The new 15%Ca0O-nZVI synthesized showed a very rapid
and highly efficient removal of As(V) from high-arsenic
acid wastewater, and the secondary arsenic removal treat-
ment reduced the weight of solid wastes under a high As(V)
removal rate. The multiple effect mechanisms were included
on As(V) removal, especially the enhanced effect of 15%
CaO-doped. The schematic of As(V) removal by 15%CaO-
nZVlis demonstrated in Fig. 7. In the reaction process, Ca**
in the 15%Ca0-nZVI played important roles for enhancing
As(V) removal. It could be speculated from the material
morphology that the presence of CaO reduced the particle
size of 15%Ca0O-nZVI and added some cracking channels
(Mu et al. 2017). Moreover, the cracking channels increased
electronic transmission and the confusion of atomic distri-
bution, which enhancing the reduction and adsorption of
As(V) (Ling et al. 2017). When 15%CaO-nZVI reacted high-
arsenic acid wastewater, Ca(OH), was easy to react with
H,SO, in the solution and consumed a certain amount of H*
to form CaSO,. The in situ weak alkaline environment gen-
erated on the surface of 15%Ca0O-nZVI reduced the content
of y-FeOOH, while the content of y-Fe,0;/Fe;0, increased,
resulting in enhancing As(V) adsorption (Su et al. 2017).
At the same time, the partially dissolved Ca** entered the
corrosion product structure during the corrosion process,
replacing the position of the original iron atom to generate
Ca, ;sFe, ¢s0,4, which had stronger adsorption capacity for
As(V) (Wu et al. 2017a, b). In addition, Ca>* could provide
more positive to promote the adsorption for As(V) (Han
et al. 2017), especially the iron-calcium compounds main-
tained positive surface charge and prevent the leaching of
negatively charged arsenic ions (Camacho et al. 2009). The
H* in the strong acidic wastewater accelerated 15%CaO-
nZVI surface corrosion rate and abundant iron oxides con-
tinuously generated. Moreover, these fresh and reactive iron
corrosion products could provide plenty specific reactive site
for As(V) (Xia et al. 2017). In addition, these oxygen-rich
oxides were distributed on the 15%Ca0O-nZVI out surface;
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then, the inner part was reduced Fe(II) and the core was
more reduced Fe(0), and the arrangement of these gener-
ated iron oxide distribution provided fast charge transfer
and ionic mobility for arsenic removal (Zou et al. 2016).
In the reaction process between 15%CaO-nZVI and As(V)
in high-arsenic acid wastewater, As(V) could be directly
adsorbed and co-precipitated on the surface of 15%CaO-
nZVI1, and then As(V) diffused into the reduced subsurface
layer and highly reduced Fe(0) core; that is, As(V) would be
reduced to As(IIl) and then adsorbed and co-precipitate with
the iron oxides. Therefore, Multiple mechanisms including
Ca®* enhance effect, adsorption, reduction, and co-precip-
itation coexisted for As(V) removal from high-arsenic acid
wastewater.

Conclusions

In this study, nano zero-valent iron doped with 15%CaO
(15%Ca0-nZVI) was successfully synthesized using a
simplified ball milling mixture combined with hydrogen
reduction method, which showed good adsorption effi-
ciency for As(V) removal from high-arsenic acid waste-
water, and was significantly higher than that of nZVI and
CaO. Multiple mechanisms including Ca** enhance effect,
adsorption, reduction, and co-precipitation coexisted for
As(V) removal from high-arsenic acid wastewater. It
was revealed that ball milling time, solution pH, adsor-
bent dosage, and initial As(V) concentration significantly
affected As(V) removal 15%CaO-nZVI. The 15%CaO-
nZVI reduced by hydrogen after ball milling for 10 h was
used as the raw material. The results indicate that As(V)
removal efficiency reached up to approximately 97% under
the optimal As(V) removal conditions of pH 1.34, ini-
tial As(V) concentration 16.21 g/L, molar ratio of Fe/As
(npe/nyg) 2.5:1 at temperature 40 °C ~ 60 °C. Compared
with the reaction solution pH of 1.34, the effluent solution
was weakly acidic 6.72, and the mass fraction of arse-
nic in the arsenic removal residue was 20.02%. In order
to further improve arsenic grade in slag, the secondary
arsenic removal treatment was used to make the arsenic
removal filter slag under the optimal conditions react
with 16.21 g/L arsenic-containing wastewater again with
arsenic removal rate 60.92%, and the arsenic content in
the slag increased from 20.02% to 29.07%. Ca** and H*
played important roles for enhancing As(V) removal. The
presence of CaO could improve cracking channels which
was benefit for electronic transmission and the confusion
of atomic distribution. Moreover, Ca** could provide more
positive to promote the adsorption for As(V), especially
the generated iron-calcium compounds. Abundant fresh
and reactive iron oxides could continuously generate by
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Fig. 7 Schematic of As(V) removal from high-arsenic acid wastewater by 15%CaO-nZVI

H™ in the strongly acidic solution, which provide plenty
specific reactive site and fast charge transfer and ionic
mobility for arsenic removal.
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