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Arsenic Behaviors and Pollution Control
Technologies in Aqueous Solution
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The removal of arsenic from solutions has been investigated for decades and
continues to be a topic of intense research studies. The most commonly used arsenic
removal methods are oxidation, precipitation, ion exchange, adsorption, lime
treatment, biological removal processes, and reverse osmosis. A number of arsenic
treatment techniques have been recommended or they are being used so far, but still
paucity exists where practically feasible, less expensive, and eco-friendly technique
for remediation of arsenic is urgently required.
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3.1 Introduction

The over standard arsenic concentration has been detected in ground and surface
waters, which arises from the discharge of arsenic-containing wastewaters [1, 2].
Arsenic is often found in association with nonferrous metal ore [3]. In nonferrous
metal smelting process, acidic wastewater containing high arsenic is generated from
the wet scrubber process of smelting fume [4] (acidic wastewater samples in
Table 3.1 from a typical copper smelter and lead-zinc smelter).

Arsenic prevalently exists as arsenite (As(III)) and arsenate (As(V)) in aquatic
environment. As(III) is predominant inorganic arsenic species in smelting and
mining effluents [1, 5], and constitutes over 70% of dissolved arsenic in groundwater
samples [6]. Including precipitation [7], coagulation [8, 9], ion exchange [10, 11],
adsorption [12, 13], and so forth, many techniques are available for arsenic removal
but inclined to remove As(V). Consequently, pre-oxidation is an essential anchor for
As(III)-contained wastewater treatment. Various methods have been studied for As
(III) oxidation (e.g., ozone [6], manganese and chlorine compounds [14, 15], ferrate
[16], and hydrogen peroxide [17]). In comparison, the catalyzed oxidation systems
are more attractive due to rapid reaction, such as, Fenton (Fe(II)/H2O2) [18],
Fenton-like (Fe(III)/H2O2) [19], photo-Fenton (UV/H2O2) [20] TiO2 photocatalytic
system (UV/TiO2) [21], etc. In these systems, the most important reactive species
devoted to As(III) oxidation is determined as hydroxyl radical (HO�) and its reaction
rate toward As(III) is very high (8.5 � 109 M−1 s−1) at acidic conditions [22].
Similar to HO�, sulfate radical (SO4

�−) is also a strong oxidizing agent. It has been
reported that SO4

�− is more advantageous than HO� due to a longer half-life, and thus
capable to escape from the solvent cage to oxidize As(III) [23, 24]. Moreover, SO4

�−

is a very strong electron acceptor enabling reactions which are impossible for HO�

[25]. For example, perfluorinated carboxylic acids are inert toward HO� but can be
degraded by SO4

�− [26, 27]. A promising oxidation technique based on SO4
�− has

emerged over the past years to mineralize organic pollutants and oxidize As(III) [28–
31]. The generation of SO4

�− from peroxydisulfate (PDS, S2O8
2−) resembles that of

Table 3.1 The composition of acidic wastewaters from a certain lead-zinc smelter and copper
smelter (mg L−1)

Components #1 #2 Components #1 #2 Components #1 #2

S 8182 26,435 Zn 2.6 369 Al 16.65 27.8

As(total) 2335.5 9010 Bi – 256.1 Pb 4.15 4.2

As(III) 1557 7660 Cu 0.85 184.1 Co 0.25 2.4

Na 14371 7038 Fe 4896.5 124.9 P 27.7 1.8

Ni 0.55 735.6 Mg 2.5 108.9 Mn 5.55 1.3

Si 373.7 674.8 K 15.4 72.5 Hg 0.45 0.05

Ca 23.05 537.3 Cd 12.25 42.8

Note #1, Acidic wastewater from lead-zinc smelter; #2, Acidic wastewater from copper smelter
Trivalent arsenic As(III) was determined by HG-AFS and other pollutants were determined by ICP-AES
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HO� from H2O2. The peroxide bond in radical precursors PDS and H2O2 can be
broken by heat, ultraviolet, ultrasound, radiolysis, etc. [28] Numerous activated
methods (UV light [32], acoustic cavitation [31], and Fe(II) activation [29]) to
generate SO4

�− have thus been studied for As(III) oxidation. For comparison with the
HO�-based oxidation, As(III) oxidation based on SO4

�− should be discussed. The
high intensive xenon (Xe) light can simulate natural solar light, which is effective to
activate PDS and then stimulate As(III) oxidation at room temperature. In addition,
we noticed that As(III) oxidation was rapid in the ferrous-activated PDS system, i.e.,
the initial few-minute reaction dominated in a 60-min oxidation process [29]. As for
oxidation mechanism, both SO4

�− and HO� were reported to play roles in As(III)
oxidation via electron transfer reaction [29]. Tetravalent As(IV) as an intermediate
has been postulated in the metal (Fe(II), Fe(III) and Cu(II)) catalyzed As(III)-PDS
systems [33, 34]. In addition to the resultant As(OH)3

�+ of electron transfer reaction,
As(OH)4

�, the product of HO�-based addition reaction, was also reported previously
[35, 36]. Unfortunately, there is no suitable detection method for various arsenic
intermediates and few studies on molecular mechanism of As(III) oxidation.

The behavior of arsenic in the environment strongly depends on its chemical
forms. Most authors investigated adsorption and precipitation techniques for
treatment of arsenic-containing wastewater and focused on the distribution of
arsenic species such as H3AsO4, H2AsO4

−, HAsO4
2−, AsO4

3−, H3AsO3, H2AsO3
−,

HAsO3
2−, and AsO3

3− [37]. Arsenic is removed from wastewaters mostly based on
iron materials through precipitation and adsorption. The arsenic removal efficiency
will be determined by the complexation between arsenic and iron to some extent.
Arsenic and iron generally occur in water system as arsenite As(III), arsenate As
(V), ferrous Fe(II), and ferric Fe(III). Many solid compounds of ferrous arsenite and
ferrous arsenate have been reported [38] but no evidence for the existence of ferrous
complexes with either arsenite or arsenate has been found. The arsenic disposal
procedure currently favored by the industry involves the formation of an insoluble
ferric arsenate compound [4]. Well-crystalline iron arsenate (e.g., scorodite) has
advantages in lower ferric demand, higher density, and greater stability. Earlier
synthesis of scorodite was conducted under autoclave conditions, i.e., under the
high temperature and the high-pressure conditions [39]. Recently, atmospheric
scorodite synthesis is of great concern due to lower capital investment [40].
Scorodite can be formed at temperatures as low as 40 °C [41], but amorphous
precipitates such as ferric arsenate and its assemblages were more easily formed
under lower temperatures [42]. Diverse precipitates in Fe–As-acid system are
mainly depended on changed species in solutions. For example, we found the
transformation of Fe(III)–As(V) complexes into colloid ferric arsenate previously
[43]. Therefore, the species distribution and transformation in acidic Fe–As system
is meaningful for developing novel phase with high potential in arsenic removal and
stabilization by iron salts.
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3.2 Redox Behavior and Chemical Species of Arsenic
in Acidic Aqueous System

3.2.1 Redox Behavior of Arsenic

The Gibbs free energies of As(III) and As(V) species in HSC 7.0 database are in
accordance with most reports [44–49]. An Eh-pH diagram for As (0.1 M)–H2O
system was constructed by using HSC 7.0 software and depicted in Fig. 3.1[50].
The predominance fields for As(V) species under oxidizing conditions are similar to
all published Eh-pH diagrams [51–55]. However, the field boundaries for As(III)
species were different because of the inclusion of H3AsO3 and its conjugate base
rather than HAsO2. The HAsO2 stoichiometry was supported by the mass spec-
trometry because of mass-to-charge-ratios (m/z) of 107 corresponding to AsO2

− ion
in the gas phase [56]. However, H3AsO3, a moiety comprising one arsenic atom
coordinated by three OH ligands was supported by Raman and EXAFS spec-
troscopy [57–59]. The critical potentials of As(V)/As(III) couples against pH value
indicate that the oxidation of As(III) to As(V) is more feasible in alkaline than in
acidic solutions. Thus, the redox behavior of As(III) under strong acidic wastewater
is challenging.

The redox behavior of As(III) in sulfuric acid (pH = 1.0) was studied by cyclic
voltammetry (CV) methods. Figure 3.2 showed the voltammogram of a solution
containing 0.1 M As(III) and a blank solution. There are six peaks on the CV curve
in 0.1 M As(III) solution (blue line). The peaks B and C correspond to the oxygen
evolution and the reduction of the oxide layer on Au electrode. The location and
current of peaks A, D, and F are relevant to the concentration of As(III). Peak A
(Fig. 3.2) was identified as a multiple electron transfer oxidation of As(III) to As
(V), which obviously splits into three small peaks when As(III) concentration is less
than 5 mM (Fig. 3.3a). Moreover, the current of the first electron transfer reaction is
linearly correlated with As(III) concentration (R2 = 0.9985, Fig. 3.3b) and the
potential is ca. 0.9 V over the theoretical potential (ca. 0.3 V derived from

Eh
(v

s.S
C

E)
(V

)

Fig. 3.1 The Eh (vs. SCE)-
pH diagram in As (0.1 M)–
H2O system at 25 °C and
1 bar. Reprinted from Ref.
[50] Copyright 2017, with
permission from Elsevier
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Fig. 3.2 The voltammogram in 0.1 M As(III) solution (blue line) and blank solution (red line)
(m = 50 mV s−1). Reprinted from Ref. [50] Copyright 2017, with permission from Elsevier

Fig. 3.3 a The voltammogram in As(III) solutions, b and c linear calibration plots of peak current
against As(III) concentration (As(III) = 0–5 mM, m = 50 mV s−1), and d linear calibration plots of
peak A current against v1/2 (As(III) = 0.1 M, v = 10, 20, 30, 40, 50 mV s−1). Reprinted from Ref.
[50] Copyright 2017, with permission from Elsevier
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Fig. 3.1). In addition, investigations at different scan rates showed a good linear
relationship between the current of peak A and scan rate (v1/2) (Fig. 3.3d), there-
fore, As(III) oxidation is mainly diffusion-controlled.

Peak D corresponds to the reduction of As(III) and its peak current is linearly
correlated to As(III) concentration. However, the different linear calibration plots of
peak current against As(III) concentration were found in As(III) range of 0–1, 1–2,
and 2–5 mM (Fig. 3.3c), which indicates that multilayer As(s) was electrodeposited
from As(III) on Au electrode. The weak peak E can be explained as outmost As(s)
electrodeposited from As(III) or from As(V). Although the reduction of As(V) to
As(s) is thermodynamic sluggish, the electrogenerated H2 could chemically reduce
As(V) to As(s) [60]. Following peak D and E, peak F is no doubt the oxidation
of As(s) to As(III) and the linear correlation between peak current and As(III)
concentration is in accordance with that of peak D. The consistent trend between
peak D and F (Fig. 3.3c) confirmed that multilayer As(s) was electrodeposited on
Au electrode.

3.2.2 Chemical Species of Arsenic

As(III) andAs(V), respectively, exist as HnAsO3
(n−3) andHnAsO4

(n−3) (0 � n � 3)
in As–H2O system. The speciation-pH diagram for As(III) and As(V) was calculated
at ionic strength 0 based on thermodynamic formation constants reported by Marini
et al. [61]. As depicted by thick line in Fig. 3.4a, As(V) predominantly existed as
(1) H3AsO4 and H2AsO4

− at pH 0–4.5, (2) H2AsO4
− and HAsO4

2− at pH 4.5–9,
(3) HAsO4

2− and AsO4
3− at pH 9–14. The major form of As(V) is neutral molecules

H3AsO4 at pH < 2, thus it is hard to be removed by electrostatic adsorption.
Figure 3.4b (thick line) showed thatAs(III) mainly existed as (1)H3AsO3 at pH0–7.5,
(2) H3AsO3 and H2AsO3

− at pH 7.5–10.5, (3) H2AsO3
− and HAsO3

2− at pH 10.5–12,
and (4) H2AsO3

−, HAsO3
2− and AsO3

3− at pH 12–14. Accordingly, H3AsO3 is the
onlyAs(III) species under acidic solutions. It was reported that undissociated H3AsO3

does not react with H2O2 [62]. However, rate constant k for the oxidation reaction
between As(III) and H2O2 can be determined by pH, temperature, and IS in pH 7.5–
10.3 [63]. This is mainly because the molar fraction of H2AsO3

−, HAsO3
2−, and

AsO3
3− species can be affected by pH, temperature, and IS. The speciation-pH dia-

gram at IS = 0.2 Mwas determined based on theDavies equation. As depicted by thin
line in Fig. 3.4, high IS facilitates deprotonation reaction. Accordingly,
negative-charged species with higher fraction under high IS solutions can be absorbed
on the positive-charged surfaces.

As(V) can complex with metal ion to form aqueous complexes [61]. Fe(III) is
usually used as a precipitator for As(V) and Fe(III)–As(V) complexes are mean-
ingful for understanding arsenic species and behaviors in Fe(III)–As(V)–H2O
system. We investigated the complexation between As(V) and Fe(III) by UV-Vis
spectroscopy in series of As–Fe–H2SO4–H2O acidic solutions (Table 3.2). A new
peak at ca. 240–300 nm appeared as As(V) concentration increased and is
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Fig. 3.4 Speciation-pH diagrams of a As(V) species and b As(III) species in As–H2O system at
25 °C. Thick line, IS = 0; thin line, IS = 0.2 M. Reprinted from Ref. [50] Copyright 2017, with
permission from Elsevier

Table 3.2 Solution composition used in UV-Vis experiment and related calculation results

No. [H2SO4]t [Fe2(SO4)3]t [Na3AsO4]t pHa pHb ISb pHc ISc

(mM)

1 50 0.25 0 1.35 1.293 0.0791 1.293 0.0791

2 0.5 1.36 1.301 0.0796 1.302 0.0796

3 1 1.41 1.310 0.0800 1.310 0.0800

4 2 1.42 1.327 0.0810 1.328 0.0809

5 4 1.43 1.363 0.0831 1.366 0.0829

6 6 1.44 1.400 0.0853 1.405 0.0850

7 8 1.48 1.440 0.0878 1.448 0.0874

8 10 1.52 1.482 0.0904 1.494 0.0899

9 15 1.63 1.597 0.0980 1.624 0.0971

10 20 1.76 1.730 0.1071 1.786 0.1059

11 25 1.92 1.881 0.1176 1.997 0.1162

12 30 2.10 2.056 0.1292 2.296 0.1281

13 35 2.44 2.261 0.1416 2.714 0.1410

14 40 2.83 2.517 0.1546 3.164 0.1543

15 45 3.75 2.893 0.1678 3.646 0.1678

16 50 6.00 4.123 0.1818 4.730 0.1820

17 55 6.36 5.870 0.2042 5.905 0.2048

Note
aMeasured results
bCalculation results with exclusion of Fe(III)–As(V) complexes
cCalculation results with inclusion of Fe(III)–As(V) complexes
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attributed to Fe(III)–As(V) complexes (Fig. 3.5). The lgK of Fe(III)–As(V) com-
plexes were reported by Marini et al. [64] and are in accordance with other reports
excluding FeAsO4(a) (Table 3.3). The pH value, IS, and the fraction of various Fe
(III) species were thus calculated by MINTEQ 3.1 with the consideration of Fe
(III)–As(V) complexes or not. The calculated pH values are slightly higher than
measured ones when Fe(III)–As(V) complexes were considered (Table 3.2).
Without considering Fe(III)–As(V) complexes, the calculated Fe(III) species pre-
dominantly exists as FeSO4

+ and Fe(OH)2
+ when As(V) concentration is less than

45 mM and 45–50 mM, respectively (Fig. 3.6a). The band maxima of Fe(OH)2
+

occur at the wavelengths of 300 nm [65], and thus the new peak at ca. 240–300 nm
is not due to Fe(OH)2

+. When Fe(III)–As(V) complexes were considered in species
calculations (Fig. 3.6b), FeH2AsO4

2+ and FeHAsO4
+ become major in 15–40 mM

As(V) solutions and FeHAsO4
+ is almost the only soluble Fe(III) species when As

(V) is 40–50 mM. In addition, when the concentration of As(V) > 30 mM, the

Fig. 3.5 UV-Vis spectra of
Fe2(SO4)3–Na3AsO4–H2SO4–

H2O solution. Reprinted from
Ref. [50] Copyright 2017,
with permission from Elsevier

Table 3.3 The reaction equilibrium constants and Gibbs free energies of Fe–As(V) complexes

Complexes Delta G (kJ mol−1) lgK(Mn þH3AsO4 ¼ MHmAsO4
ðnþm�3Þ þ 3� mð ÞHþ Þ

Langmuir
[66]

Marini
[64]

Robin [67] Whiting [68] Langmuir
[66]

Marini [61] Marini
[64]

FeIIIH2AsO4
2þ −793.92 −793.97 1.8(1.74) – 1.74 2.00(1.88) 2.07

FeIIIHAsO4
þ −787.24 −786.63 0.66(0.57) – 0.57 0.71(0.59) 0.77

FeIIIAsO4 −771.49 −743.46 −1.8(−2.19) – −2.19 −6.86(−6.97) −6.79

FeIIH2AsO4
þ −860.42 −859.8 – 0.44(0.38) 0.38 0.53(0.41) 0.60

FeIIHAsO4 −825.43 −823.30 – −5.66(−5.75) −5.75 −5.87(−5.99) −5.81

FeIIAsO4
� −778.16 −780.27 – −13.64(−14.03) −14.03 −13.41

(−13.53)
−13.35
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saturation index was higher than 0.577, and thus Hematite, Goethite, Lepidocrocite,
FeAsO4�2H2O, etc., are oversaturated, which make experimental solutions turbid.
Accordingly, Fe(III)–As(V) complexes are significant to be considered in Fe(III)–
As(V)–H2O acidic solutions. A speciation-pH diagrams with inclusion of Fe(III)–
As(V) complexes were calculated for Fe(III)–As(V)–H2SO4–H2O system, a rep-
resentative system of As(V) removal by iron salts from acidic wastewater. As
displayed in Fig. 3.7a, As(V) mainly exists as (1) FeH2AsO4

2+ and H3AsO4 at
pH < 1, (2) FeH2AsO4

2+, FeHAsO4
+, H3AsO4, and H2AsO4

− at pH = 1–2, and
(3) H2AsO4

− at pH > 2. As shown in Fig. 3.7b, Fe(III) mainly exists as
FeH2AsO4

2+ at pH < 2, and FeHAsO4
+ at pH > 2. However, the total dissolved Fe

(III) concentration decreased when pH is higher than 2. Therefore, As(V) mainly
exists as FeH2AsO4

2+, FeHAsO4
+, H3AsO4, and H2AsO4

− in acidic wastewater
treatment system.

Fig. 3.6 Fe(III) species analyses in UV-Vis experiment solutions with a exclusion and b inclusion
of Fe(III)–As(V) complexes. Reprinted from Ref. [50] Copyright 2017, with permission from
Elsevier

Fig. 3.7 Speciation-pH diagrams of a As(V) and b Fe(III) with inclusion of Fe(III)–As(V)
complexes. As(V) = Fe(III) = SO4 = 0.1 M. Reprinted from Ref. [50] Copyright 2017, with
permission from Elsevier
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3.2.3 Eh-pH Diagram in Fe–As–H2O System

Fe(III)–As(V) complexes are significant for the speciation of Fe(III) and As(V) and
should also be included in the Eh-pH diagram for As–Fe–H2O system. Although Fe
(III)–As(V), Fe(III)–As(III), Fe(II)–As(V), and Fe(II)–As(III) complexes were all
predicted, Fe(III)–As(III) and Fe(II)–As(III) complexes are ruled out because of the
possible redox reaction between Fe(III) and As(III) and the oxidation of As(III) in
parallel to the dark oxidation of Fe(II) by dissolved O2 [69]. An Eh-pH diagram for
Fe–As–H2O system with inclusion of Fe(III)–As(V) and Fe(II)–As(V) complexes
were constructed and compared with the one with exclusion of these complexes.
Figure 3.8a with exclusion of Fe–As complexes showed that FeAsO4(s) was pre-
dominant in the range of pH 1.2–3.4 under oxidizing conditions. It was reported
that amorphous ferric arsenate could transform into scorodite [70]. The kinetics of
scorodite formation and its transformation from ferric arsenic is strongly controlled
by pH, for example, scorodite precipitated after *384 h at pH 4.5 but *13 h at pH
1 [71]. The pH of smelting acidic wastewater is usually less than 3, which is
suitable for the production of ferric arsenate and scorodite. However, Fe(III)–As(V)
complexes (FeH2AsO4

2+, FeHAsO4
+, and FeH2AsO4

+) were reported predominant
under extremely acidic pH condition [72]. Thus, the Eh-pH diagram with inclusion
of Fe–As complexes is more meaningful to understand the arsenic geochemistry in
Fe–As–H2O system. Fe–As complexes were not considered in previous Eh-pH
diagram mainly due to the unreliability of thermodynamic data. Accordingly, a new
Eh-pH diagram for Fe–As–H2O system was constructed based on the estimates of
equilibrium constants and Gibbs free energies. Figure 3.8b showed that Fe(III)–As
(V) complexes shrank the stability field of H3AsO4 and FeAsO4(s). Moreover, Fe
(II)–As(V) complexes occur at pH range of 0.5–3.0. The predominant field of
Fe3(AsO4)2 was affected by Fe(II)–As(V) complexes. FeH2AsO4

2+, FeHAsO4
+, and

FeH2AsO4
+ were all restricted at acidic pH conditions. Consequently, Fe–As(V)

Fig. 3.8 The Eh-pH diagram in 0.1 M As–0.1 M Fe–H2O system with the a exclusion and
b inclusion of Fe–As complexes at 25 °C and 1 bar. Eh = E (vs. SCE) + 0.245. Reprinted from
Ref. [50] Copyright 2017, with permission from Elsevier
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complexes are considerable in the arsenic removal from smelting acidic wastewa-
ters by coprecipitation with iron salts.

3.2.4 Fe(III)–As(V) Complexes

In the sample solutions, Fe(III) concentration was 0.5 mmol L−1, and As(V) con-
centration systematically increased from 0 to 30 mmol L−1 in both HClO4 and
H2SO4 systems. The pH value of all sample solutions was controlled at lower than
2.1, thus deprotonated As(V) species (H2AsO4

−, HAsO4
2−, and AsO4

3−) and Fe(III)
hydroxo complexes (Fe(OH)2+, Fe(OH)2

+, Fe(OH)3
0, etc.) are ruled out [73, 74]. Fe

(III)–As(V) complexes, if any, coexist with protonated As(V) (H3AsO4), free iron
ion (Fe3+), and Fe(III)-sulfate complexes in sample solutions. The
baseline-corrected UV-Vis spectra were shown in Fig. 3.9[75]. In HClO4 system,
perchlorate (ClO4

−) ion does not complex with Fe(III) [76], thus Fe3+ ion is the
main Fe(III) species in As(V)-free solution. An absorption band on the spectrum of
As(V)-free solution was located at *240 nm (Fig. 3.9a), which is the feature band
of Fe3+ [77]. When As(V) concentration increase, the spectra curves in the range of
250–340 nm gradually rise. An absorption band was located at around 280 nm, and
its absorption strength is positively related to As(V) concentration. The absorption
band of H3AsO4 is not close to 280 nm [43]. Therefore, only Fe(III)–As(V)
complexes can explain the band at *280 nm and the enhanced absorption in range
of 250–340 nm. In H2SO4 system, sulfate can complex with Fe(III) to form Fe(III)-
sulfate complexes (FeSO4

+, Fe(SO4)2
−, FeHSO4

2+, etc.) [19]. The absorption bands
at *305 and *225 nm on the spectrum of As(V)-free solution are the feature
bands of FeSO4

+ [19, 78]. When As(V) concentration increases, spectra curves in
the range of 240–300 nm gradually rise. A spectral band at *300 nm is the feature
band of Fe(SO4)2

− [19]. Another band was located at about 280 nm and its

Fig. 3.9 UV-Vis spectra of sample solutions in a Fe(III)–As(V)–HClO4 system b Fe(III)–As(V)–
H2SO4 system. Reprinted from Ref. [50] Copyright 2017, with permission from Elsevier
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absorption strength is also positively related to As(V) concentration. Accordingly,
the *280 nm band in both the HClO4 and H2SO4 system is probably owing to Fe
(III)–As(V) complexes.

Quantitative analysis of UV-Vis data was performed and principal component
analysis (PCA) was applied. PCA of the two series of spectra indicate that at least
three and four absorbing species are believable to explain the UV-Vis data obtained
in Fe(III)–As(V)–HClO4 system and Fe(III)–As(V)–H2SO4 system (Fig. 3.10). It is
likely that Fe3+ and Fe(III)–As(V) complexes are responsible for the spectra
obtained in the HClO4 system, while FeSO4

+, Fe(SO4)2
−, and Fe(III)–As(V)

complexes are responsible in the H2SO4 system (Fig. 3.11). Aqueous Fe(III)–As(V)
complexes are mononuclear structure with a formula of FeH2AsO4

2+, FeHAsO4
+ or

FeAsO4
0 rather than multinuclear structure [67, 72, 73, 79–81]. Gel-like FeAsO4

0

can make solution turbid and absorb visual light [43]. Hence, FeH2AsO4
2+ and

FeHAsO4
+ are proposed in limpid solutions. In addition, given the strong resem-

blance between H3AsO4 and H3PO4, FeH2AsO4
2+ and FeHAsO4

+ are conceivable

Fig. 3.10 Principal
component analysis (PCA) on
spectroscopic data in Fe(III)–
As(V)–HClO4 and Fe(III)–As
(V)–H2SO4 system. The grey
line indicates the level of
analytical uncertainty of
0.3%. Reprinted from Ref.
[50] Copyright 2017, with
permission from Elsevier

Fig. 3.11 Molar absorbance spectra from “model-free” analysis in a Fe(III)–As(V)–HClO4

system and b Fe(III)–As(V)–H2SO4 system. Reprinted from Ref. [50] Copyright 2017, with
permission from Elsevier
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because FeH2PO4
2+ and FeHPO4

+ are the main Fe(III)-phosphate complexes [82,
83]. Based on the “model-free” analysis, the molar absorbance spectrum curve of
species A resembles the experimental spectrum of As(V)-free solution in HClO4

system, which implies that species A is Fe3+. The molar absorbance spectra of the
other two species, B and C, have little discrepancy and have an absorption band at
*280 nm. Thus, they are postulated as Fe(III)–As(V) complexes FeH2AsO4

2+ and
FeHAsO4

+. Species D has two bands at about 305 and 225 nm, and species E has
the feature band at *300 nm. Thus, species D and E are FeSO4

+ and Fe(SO4)2
−,

respectively. The spectra of species F and G are as same as B and C, which are
identified as FeH2AsO4

2+ and FeHAsO4
+ with the same absorption band at

*280 nm. Consequently, two Fe(III)–As(V) complexes, FeH2AsO4
2+, and

FeHAsO4
+, were reasonable in both Fe(III)–As(V)–HClO4 and Fe(III)–As(V)–

H2SO4 systems, and they have a feature band at *280 nm.
X-ray absorption near edge structure (XANES) of Fe K-edge in Fe(III)–As(V)–

HClO4 solutions dropped with increased As(V) concentration, but the primary
feature was same (Fig. 3.12). The hexahydrate complex ([Fe(H2O)6]

3+) with an
octahedral Fe–O geometry [84, 85] is the only Fe(III) species in As(V)-free solu-
tion. The weak 1s ! 3d transition (7110–7116 eV) was not enhanced as As(V)
increased (see the inset in Fig. 3.12), which implies the Fe–O coordination of Fe
(III)–As(V) complexes was still octahedral and same to [Fe(H2O)6]

3+. In addition,
the edge crest 1s ! 4p becomes lower and broader as As(V) concentration
increased, which shows that the Fe–O bond in Fe(III)–As(V) complexes will be
inequivalent because of the common effects of complexation on distortion in
octahedral geometry with shorter Fe–O distances to the anion(s) [86]. Moreover,
the next higher energy feature after edge crest corresponds to single scattering of the
photoelectron by the nearest neighbor O atom and shifts to higher energy with the
increased As(V) concentration, implying that the nearest Fe–O distance became
shorter due to the formation of Fe(III)–As(V) complexes in As(V)-contained
solutions.

Fig. 3.12 XANES of Fe
K-edge in Fe(III)–As(V)–
HClO4 system (uncorrected
for phase shift). Reprinted
from Ref. [50] Copyright
2017, with permission from
Elsevier
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Since Fe–O coordination of Fe(III)–As(V) complexes is same as that of Fe
(H2O)6

3+, it is feasible that HAsO4
2− and H2AsO4

− substitute for one or two
water molecules to form [FeH2AsO4(H2O)5]

2+ and [FeHAsO4(H2O)5]
+, or

[FeH2AsO4(H2O)4]
2+ and [FeHAsO4(H2O)4]

+ (Fig. 3.13). Compared with the Fe–O
bond in Fe(H2O)6

3+ (2.017), all Fe–O(H2) bonds of Fe(III)–As(V) complexes are
longer than 2.017Å. However, Fe–O(As) bonds are shorter than 2.017Å. The average
Fe–O distance of [FeH2AsO4(H2O)5]

2+, [FeH2AsO4(H2O)4]
2+, [FeHAsO4(H2O)5]

+,
and [FeHAsO4(H2O)4]

+ are, respectively, 2.045 ± 0.102, 2.068 ± 0.055,
2.157 ± 0.07, and 2.065 ± 0.096 Å. Thus, the Fe–O bonds in Fe(III)–As(V) com-
plexes are significantly inequivalent, which leads to irregular Fe sites and
agrees with the XANES analysis. Additionally, the Fe–As distance of −2.7 Å in
[FeH2AsO4(H2O)4]

2+ and [FeHAsO4(H2O)4]
+ is in accordance with that in bidentate

edge-sharing (2E) surface complexes [87, 88]. The Fe–As distance in
[FeHAsO4(H2O)5]

+ is 3.38 Å and in [FeH2AsO4(H2O)5]
2+ is 3.40 Å, which agrees

with that in scorodite (FeAsO4�2H2O) [87, 89, 90]. The extended x-ray absorptionfine
structure (EXAFS) of FeK-edgewere analyzed based on the four optimized structures
of Fe(III)–As(V) complexes. The k2-weighted x(k) functions fitted by monodentate
structures ([FeHAsO4(H2O)5]

+ and [FeH2AsO4(H2O)5]
2+) are satisfied (Fig. 3.14a

and Table 3.4). First Fe–O shell was satisfactorily fitted with a mean distance of 1.98
Å. DR = 0.10–0.18 Å implies a distorted FeO6 octahedra in Fe(III)–As(V)

Fig. 3.13 The optimized structures of a [FeH2AsO4(H2O)5]
2+, b [FeH2AsO4(H2O)4]

2+,
c [FeHAsO4(H2O)5]

+, and d [FeHAsO4(H2O)4]
+. Fe–O bond distances are shown. Reprinted

from Ref. [50] Copyright 2017, with permission from Elsevier
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complexes. Similarly, FeO6 octahedron is also distorted in the scorodite structure with
a Fe–O bond length spread of 0.167 Å [91]. Second Fe–As shell fitting gave a mean
distance of 3.25–3.26 Å, which was a little shorter than that in crystalline scorodite
(3.33 ± 0.01 Å) [92]. However, bidentate structures of Fe(III)–As(V) complexes
([FeHAsO4(H2O)4]

+ and [FeH2AsO4(H2O)4]
2+) with much shorter Fe–As distance

(2.7 Å) are unlikely to be realistic due to unsatisfactory fitting. Therefore, Fe(III)–As
(V) complexes are monodentate structures, i.e., [FeHAsO4(H2O)5]

+ and
[FeH2AsO4(H2O)5]

2+. Meanwhile, the EXAFS spectra of As K-edge in sample
solutions were all well fitted with AsO4 tetrahedra, for example, CN = 4.0 and R(As–
O) = 1.68 (Fig. 3.14b). There was no As–Fe path because As(V) is great excessive
and exists as H3AsO4 in sample solutions.

TDDFT calculations were carried out at the CAM-B3LYP/6-311+G** level to
illuminate the absorption spectroscopic nature of [FeHAsO4(H2O)5]

+ and
[FeH2AsO4(H2O)5]

2+. The accuracy of spectra calculation was evaluated by Fe
(H2O)6

3+ and the calculated feature band of Fe(H2O)6
3+ at around 240 nm is

consistent with experimental spectrum. The absorptions of both [FeHAsO4(H2O)5]
+

and [FeH2AsO4(H2O)5]
2+ are in the range of 240–340 nm (Fig. 3.15), which is

consistent with our experimental results, i.e., 250–340 nm in the HClO4 system and
240–300 nm in the H2SO4 system. Several strong electron excitations of
[FeH2AsO4(H2O)5]

2+ and [FeHAsO4(H2O)5]
+ with significant oscillator strength

(f � 0.01) were considered to elucidate the absorption properties and listed in
Table 3.5. There are three well-known types of excitations, including local exci-
tation (LE), charge-transfer excitation (CT), and Rydberg excitation (R) [93]. The
Dr is proposed as a quantitative indicator of electron excitation type. Dr � 2 Å
indicates LE, and Dr � 2 Å identifies strong CT [93]. To a great extent, S6 of
[FeH2AsO4(H2O)5]

2+, S28–29 and S33 of [FeHAsO4(H2O)5]
+ are in CT character,

and other states are in LE character. Other parameters are auxiliary to identify the

Fig. 3.14 The Fourier transform of a Fe K-edge and b As K-edge in Fe(III)–As(V)–HClO4

system (uncorrected for phase shift). Reprinted from Ref. [50] Copyright 2017, with permission
from Elsevier
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excitation types, which include the distance between centroid of hole and electron
(D), and the integral of overlap of hole-electron (I) (Table 3.5). As depicted in
Fig. 3.16, electron and hole are severally centered on O atoms and Fe atoms, which
indicate that electron transfer proceeds from O atoms to Fe atoms. However, O
atoms in Fe(III)–As(V) complexes are inequivalent, which can be defined as
As-bonded O, Fe–As-bridged O and water O atoms in As–O(H), Fe–O−As and H–
O−H structures, respectively.

According to the contribution of molecule orbitals (MO) to electron and hole, the
significant electron transitions can be symbolized as corresponding frontier
molecular orbital excitations. As depicted in Figs. 3.17 and 3.18, all related frontier
singly occupied molecule orbitals (SOMO) are principally characterized as d-orbital
of Fe atom. However, the frontier highest occupied molecule orbitals (HOMO) are
totally different, which contributes to various electron excitations. The electron
excitations S28 and S29 of [FeHAsO4(H2O)5]

+ have absorptions at 330–340 nm,
which are symbolized as HOMO-3 ! SOMO and HOMO-2 ! SOMO. HOMO-2
and HOMO-3 of [FeHAsO4(H2O)5]

+ are localized mainly on As-bonded O atoms.
It is accordingly an electron excitation from As-bonded O atoms to d-orbital of Fe,
corresponding to a ligand-to-metal charge transfer (LMCT). In the case of S6 of
[FeH2AsO4(H2O)5]

2+ and S33 of [FeHAsO4(H2O)5]
+, the involved HOMOs are

mainly located on Fe–As-bridged O atoms, which yields an excitation around 300–
310 nm. As shown in Fig. 3.16, a-S6 and b-S33, there is no significant overlap
between the electron and hole, consequently LMCT type. Nearly equal excitation
wavelengths for S36 and S38–39 of [FeHAsO4(H2O)5]

+ is 280–290 nm. The
involved HOMOs approximately spread over all O atoms, whereas contributions of
Fe–As-bridged O are predominant. Accordingly, S36 and S38–39 of
[FeHAsO4(H2O)5]

+ are assigned to MC transitions. In a case of S20–21 of
[FeH2AsO4(H2O)5]

2+, their excitation wavelengths are around 250 nm, corre-
sponding to MC transition with the major contributions of water O atoms. Since all
SOMOs are mainly characterized as d-orbital of Fe, the excitation wavelength is
blue-shifted from 340 to 250 nm along with the localization of HOMOs on

Fig. 3.15 The calculated
UV-Vis spectra of
[FeH2AsO4(H2O)5]

2+, and
[FeHAsO4(H2O)5]

+. The grey
area indicates experimental
absorption range of Fe(III)–
As(V) complexes. Reprinted
from Ref. [50] Copyright
2017, with permission from
Elsevier
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Fig. 3.16 Isosurface of hole and electron distribution. a and b respectively, represent
[FeH2AsO4(H2O)5]

2+ and [FeHAsO4(H2O)5]
+ (e.g., a-S6 indicates S6 of [FeH2AsO4(H2O)5]

2+).
Blue and green isosurface represent electron and hole distributions, respectively. Brownish, red,
and white spheres correspond to arsenic, oxygen, and hydrogen atoms, respectively. Iron atoms are
wrapped by the isosurface of hole distribution. Reprinted from Ref. [50] Copyright 2017, with
permission from Elsevier

Fig. 3.17 Related frontier molecular orbitals of [FeHAsO4(H2O)5]
+ calculated at the TDDFT/

CAM-B3LYP/6-311+G** CPCM level of theory (isosurface value = 0.02 e/Å3). Reprinted from
Ref. [50] Copyright 2017, with permission from Elsevier
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As-bonded O, Fe–As-bridged O and water O atoms. Therefore, the experimental
spectra in the range of 250–340 nm in Fe(III)–As(V)–HClO4 system and of 240–
300 nm in Fe(III)–As(V)–H2SO4 system are attributed to different electron exci-
tations of Fe(III)–As(V) complexes. Moreover, the experimental band at around
280 nm is attributed to the MC excitations chiefly from Fe–As-bridged O atoms to
d-orbital of Fe, which can be considered a feature band of aqueous Fe(III)–As(V)
complexes.

3.2.5 Species Transformation of Fe(III)–As(V) Complexes

The complexation of Fe(III) and As(V) was investigated spectrophotometrically in
a series of Fe(III)–As(V)–HClO4–H2O solutions. The absorbance at 280 nm
increased proportionally to the concentrations of As(V) due to the formation of Fe
(III)–As(V) complexes shown in Fig. 3.19a. In order to verify that the absorbance at
280 nm was due to ferric–arsenate complex, same method was conducted to the Fe
(III)–SO4 complexes and the absorbance at 305 nm corresponding to FeSO4

+ [94,
95] was also shown in Fig. 3.19b. Here the correlation curve of absorbance at
305 nm versus sulfate was compared with that of absorbance at 280 nm versus
arsenate in Fig. 3.20. Linear correlation with negative deviation at higher sulfate
and arsenate concentrations was observed for the two correlation curves. The
similar correlation trends of two curves gave indirect evidence that a peak at
280 nm corresponded to ferric–arsenate complex.

Fig. 3.18 Related frontier molecular orbitals of [FeH2AsO4(H2O)5]
2+ calculated at the TDDFT/

CAM-B3LYP/6-311+G** CPCM level of theory (isosurface value = 0.02 e/Å3). Reprinted from
Ref. [50] Copyright 2017, with permission from Elsevier
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To determine the equilibrium constant for Fe(III)–As(V) and Fe(III)–SO4

complexes, the interaction was analyzed according to Benesi–Hildebrand equations
(Eq. (3.1)) based on Fig. 3.20 [96].

½Fe(III)� � l
DA

¼ 1
C
� 1
eKf

þ 1
e

ð3:1Þ

where [Fe(III)] represents the concentration of the ferric ions, l is the length of
quartz cuvette, DA is the difference in absorbance between the complex and ferric
ion, C is the concentration of ligand; e and K are the molar absorptivity of the
complex at k and the equilibrium constant for complex formation, respectively. The
highly linear relationship (R2 = 0.9969 and 0.9980) between 1/DA and 1/
C indicated that the absorbance of the complex followed the Benesi–Hildebrand

Fig. 3.19 The UV-Vis spectra of a ferric–arsenate sample solutions and b ferric–sulfate sample
solutions measured after 24 h standing at 25 ± 0.1 °C. Reprinted from Ref. [43] by permission of
The Royal Society of Chemistry 2015

Fig. 3.20 The correlation
between absorbance of the
feature band and sulfate/
arsenate concentration.
Reprinted from Ref. [43] by
permission of The Royal
Society of Chemistry 2015
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equation (Fig. 3.21). The molar absorptivity of Fe(III)–SO4 and Fe(III)–As(V)
complexes is e305 = 1.716 � 103 M−1 cm−1 and e280 = 2.797 � 103 M−1 cm−1,
respectively. Correspondingly, the equilibrium is Kf = 1.56 � 102 M−1 (log
Kf = 2.2) and Kf = 1.28 � 102 M−1 (log Kf = 2.1).

In order to investigate what would happen in As(V)–SO4
.−-rich system, UV-V is

spectra of two series of solutions containing both As(V) and SO4
.− were collected

for comparison. In the first series of solutions, SO4
.− concentration was 20 mM and

As(V) increased from 0 to 20 mM. Specifically, the absorbance increased signifi-
cantly in the range of 240–300 nm and decreased significantly in the range of 300–
380 nm (Fig. 3.22a). Therefore, Fe(III)–As(V) complexes were formed even in the
presence of SO4

.−. In the second series of solutions, the concentration of As(V) was
20 mM and SO4

.− increased from 0 to 20 mM, the absorbance of solutions showed
no obvious change as SO4

.− concentration increased (Fig. 3.22b). Accordingly, the
formation of Fe(III)–SO4

.− complexes were hindered by As(V), and thus the
complexation of As(V) is stronger than SO4

.− toward Fe(III).
The pH value is one of the key parameters for the formation of ferric arsenate

solid from Fe(III)–As(V)–H2O system. In a series of solutions containing 0.5 mM
Fe(III) and 20 mM As(V), perchlorate acid was added to control pH values in the
range of 0.35 to 6.81. Sample solutions were limpid at pH � 1.57 and turned
turbid at higher pH of 2.38 because gel-like material was formed. These findings by
naked eye were in accordance with the results of UV-Vis spectra (Fig. 3.23). The
turbid solutions absorbed both ultraviolet light and visual light at pH � 2.38,
however, only ultraviolet light was absorbed at pH � 1.57. It is well-known that
the hydrolysis of Fe(III) ion and deprotonation of H3AsO4 are closely related to pH
values. As(V) existed as H3AsO4 in acidic, H2AsO4

− in weak acidic and HAsO4
2−

in nearly neutral solutions due to pK1 = 2.2 and pK2 = 6.96. The first hydrolysis
constant of Fe3+ at 0.1 M NaClO4 was 2.54 [97] and thus FeOH2+ formed under

Fig. 3.21 The Benesi–
Hildebrand fitting of Fe(III)–
As(V) complex (circle) and
Fe(III)–SO4 complex
(square). Reprinted from Ref.
[43] by permission of The
Royal Society of Chemistry
2015
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higher pH conditions, which can react with negatively charged HAsO4
2− to form

FeAsO4. Moreover, the deprotonation of FeH2AsO4
2+ and FeHAsO4

+ with pH
increase will also produce FeAsO4. Therefore, the formed gel-like material was
speculated as FeAsO4 [98] under higher pH solutions.

Three solutions containing 0.5 mM Fe(III) and 10, 20 and 30 mM As(V) were
heated at 90 °C for 30 min and then became turbid. The ultraviolet light was
absorbed whether the solution was heated or not, and only visual light was absorbed
after being heated (Fig. 3.24a). Thus, it can be concluded that higher temperature
(T � 90 °C) benefits for the formation of gel-like material. A continuous heating
process was conducted for the solution containing 20 mM As(V) and the absor-
bance at 280 nm increased slightly at the early stage and increased dramatically
later (Fig. 3.24b). An obvious boundary of the time was about 3000 s and the

Fig. 3.22 UV-Vis spectra of Fe(III)–As(V)–SO4–HClO4 solutions. a Fe: 0.5 mM; As(V):
20 mM; SO4: 0–20 mM. b Fe: 0.5 mM, As(V): 0–25 mM; SO4: 20 mM. Reprinted from Ref. [43]
by permission of The Royal Society of Chemistry 2015

Fig. 3.23 UV-Vis spectra at
different pH values (Fe(III):
0.5 mM L−1; As(V):
20 mM L−1). Reprinted from
Ref. [43] by permission of
The Royal Society of
Chemistry 2015
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temperature was about 90 °C. Therefore, enough heat is helpful to form the gel-like
material.

Gel-like material formed in 0.1 M perchlorate acid solutions containing 45 mM
As(V) and 0.5 mM Fe(III) was separated and dried at 60 °C. The molar ratio of As:
Fe: O was 1: 1.11: 3.77 in this solid, which is close to the atomic ratio in FeAsO4.
XRD indicated that the gel-like material was poorly crystalline ferric arsenate
characterized by two broad peaks centered at 2h values of 28° and 58° (Fig. 3.25)
[99]. Poorly crystalline ferric arsenate was reported as scorodite precursor with a
formula of FeAsO4�(2 x) H2O (0 < x < 1) [100]. The gel-like solid was further
characterized using FTIR (Fig. 3.26). A strong band at 1630–1636 cm−1 and a
broad band near 3445 cm−1 were attributed to the O–H bending and stretching
vibration of water. The stretching vibration of As–O–Fe was located at 838 cm−1

Fig. 3.24 a UV-Vis spectra of sample solutions before and after heated (Fe(III): 0.5 mM L−1; As
(V): 10, 20 and 30 mM L−1; Heating time: 20 min), b absorbance at 280 nm in a continuous
heating process (Fe(III):0.5 mM L−1; As(V): 20 mM L−1). Reprinted from Ref. [43] by permis-
sion of The Royal Society of Chemistry 2015

Fig. 3.25 XRD patterns of
the gel-like material in solid
phase. Reprinted from Ref.
[43] by permission of The
Royal Society of Chemistry
2015
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and generally with a shoulder at *750 cm−1, which is probably caused by the
hydrogen bonding between H2O and AsO4. An important IR absorption at
835 cm−1 in Fig. 3.25 with a shoulder at *750 cm−1 belonged to the m3 mode of
AsO4 (*833 cm−1), identified as arsenate bonding structures of poorly crystalline
ferric arsenate [99]. Other IR absorption bands at about 2363, 1384, and 1088 cm−1

were, respectively, antisymmetric stretching mode of carbon dioxide
(−OH���O=C=O) adsorbed on hydroxyl groups [101], characteristic IR absorption
of NO3

− (1384 cm−1) [102] and ClO4
− (1088 cm−1) [103] anions. These impurities

were introduced by iron nitrate and perchloric acid. The results of XRF, XRD, and
FTIR demonstrated that gel-like material in our experiments was poorly crystallized
ferric arsenate. Scanning electron microscopy (SEM) images showed that the
sample was bulk and conchoidal (Fig. 3.27). It was different from other reported
precipitates in Fe(III)–As(V)–H2O system which were aggregated particles [100].
This may be because the poorly crystalline ferric arsenate was formed from pre-
cursors of FeHAsO4

+ and FeH2AsO4
2+, while other amorphous ferric arsenate was

formed through transformation of the arsenate ions adsorption on the surface of the
ferrihydrite.

Fig. 3.26 FTIR of the gel-like material in solid phase. Reprinted from Ref. [43] by permission of
The Royal Society of Chemistry 2015

Fig. 3.27 SEM of the gel-like material in solid phase. Reprinted from Ref. [43] by permission of
The Royal Society of Chemistry 2015
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3.3 Photochemical Oxidation of As(III) and the Molecular
Reaction Mechanism

3.3.1 The SO4
�−-Based As(III) Oxidation

Peroxydisulfate (PDS) was more effective than H2O2 for oxidizing monomethylar-
sonic acid (MMA) and dimethylarsinic acid (DMA) under UV irradiation [104].
PDS is advantageous over H2O2 for As(III) oxidation because the oxidation yields in
PDS system were all higher than in H2O2 system, especially under Xe lamp irra-
diation (Fig. 3.28) [105]. The oxidation yield is 56% in PDS/Xe combination,
whereas only 12% and 17% in PDS/dark and PDS/daylight combination, respec-
tively. Therefore, PDS/Xe is an effective combination for As(III) oxidation, where
SO4

�− may be generated due to the decomposition of PDS under Xe lamp irradiation
[106]. Xe lamp solar simulator can emit the light of continuous band from UVA to
visible range. As far as we know, UVA (320–400 nm) rays of solar radiation are
natural resources on ground, which penetrate clouds more readily than UVB and
UVC rays. Consequently, As(III) oxidation in PDS/Xe combination is meaningfully
investigated to assess the feasibility of As(III) oxidation under solar radiation.

When As(III) oxidation under PDS/Xe combination was compared with that
under Xe lamp alone and PDS alone conditions, the reaction between As(III) and
PDS is very slow in absence of Xe lamp (PDS alone), and tiny As(III) (−10%) was
oxidized after 30-min reaction (Fig. 3.29). However, about 55% As(III) was oxi-
dized after 30 min with Xe lamp alone (without PDS), which is coincidentally
equal to the oxidation yield in PDS/Xe combination at Rox/As(III) = 0.5 in Fig. 3.28.
When PDS was dosed in excess, i.e., Rox/As(III) = 2.5, the reaction process in PDS/
Xe combination is totally different from that of Xe lamp alone. In PDS/Xe com-
bination at Rox/As(III) = 2.5, a rapid oxidation was observed in the initial 2 min and
the oxidation yield remained at –82% afterwards. Similarly, a pronounced decrease
of As(III) concentration was observed within the initial 2 min in Fe(II)-persulfate
system, where SO4

�− and HO� were both determined to play key roles [106].

Fig. 3.28 The oxidation yield of As(III) by PDS or H2O2 after 30-min reaction under dark,
daylight and Xe lamp. [As(III)]0 = 20 lmol L−1, [PDS]0 = [H2O2]0 = 10 lmol L−1. Reprinted
from Ref. [105] Copyright 2017, with permission from Elsevier
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SO4
�− and HO� were involved either individually or simultaneously during the

activation of PDS due to the reaction of Eq. (3.2) or (3.3) [107].

SO4
�� þOH� ! SO4

2� þHO� ð3:2Þ

SO4
�� þH2O ! SO4

2� þHO� þHþ ð3:3Þ

ESR was employed here to identify the radicals involved in As(III) oxidation
process(Fig. 3.30). ESR signal of DMPO-HO� adduct was obviously detected in
PDS/Xe system in the presence and absence of As(III). Additionally, no
DMPO-SO4

�− adduct was detected even DMPO was added in great excess. It can be
explained by the conversion from SO4

�− to HO� then followed by DMPO
spin-trapping. In an acidic system, only SO4

�− was expected to be the main reactive
species [105]. However, only strong signal of DMPO-HO� adduct was detected
even in the presence of 2.5 mmol H2SO4 (pH = −0). Therefore, a fast disappear-
ance of DMPO-SO4

�− adduct and simultaneous generation of DMPO-HO� adduct
can be explained by the reaction of Eq. (3.4) [108, 109].

DMPO� SO4
�� þH2O $ HSO4

� þDMPO� HO� ð3:4Þ

Moreover, DMPO-HO� adduct signal was not obtained in the absence of PDS,
which confirmed that DMPO-HO� adduct formation is concomitant with SO4

�−.
Accordingly, SO4

�− is the main reactive species, which simultaneously contributes
to the oxidation of As(III) and the generation of HO� in PDS/Xe system.

In quenching studies, methanol and isopropanol have been used as radical
scavenger, which can readily react with both SO4

�− and HO� to confirm the radical
and nonradical reaction [110] (Fig. 3.31). Tert-butanol was used as a selective
scavenger because it reacts 1000-fold faster with HO� (6 � 108 M−1 s−1) [111]
compared to SO4

�− (4–9.1 � 105 M−1 s−1) [112]. The oxidation of As(III) was
almost completely stopped by 100 mmol L−1 methanol and isopropanol, individ-
ually. Accordingly, the rapid As(III) oxidation is a radical reaction. In the presence
of 1, 10 and 100 mmol L−1 tert-butanol, the oxidation also occurred mainly in the
initial few minutes, but the oxidation yield became lower in the presence of more

Fig. 3.29 Comparison
results in different reaction
system.
[As(III)]0 = 20 lmol L−1.
Reprinted from Ref. [105]
Copyright 2017, with
permission from Elsevier
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Fig. 3.31 Quenching effect
of methanol, isopropanol, and
tert-butanol on the oxidation
of As(III) in PDS/Xe
combination system.
[As(III)]0 = 20 lmol L−1,
[PDS]0 = 50 lmol L−1.
Reprinted from Ref. [105]
Copyright 2017, with
permission from Elsevier

Fig. 3.30 ESR spectra obtained from different systems within 2-min reaction. As(III) = 0.5 lmol.
a–e PDS = 10 lmol, DMPO = 80 lmol, H2SO4 = 2.5 mmol; f PDS = 50 lmol,
DMPO = 560 lmol. Signal of DMPO-HO� marked in red rectangle and DMPO-SO4

�− marked
in blue foursquare. Reprinted from Ref. [105] Copyright 2017, with permission from Elsevier
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tert-butanol. Compared with the complete quenching effect of methanol and iso-
propanol, the quenching effect of tert-butanol is much lower. For example, in
comparison with the blank experiment (no scavenger), the oxidation yield
decreased by −93% in the presence of 100 mmol L−1 methanol or isopropanol,
whereas only −42% decrease was observed in the presence of the same amount of
tert-butanol. Therefore, the contribution of SO4

�− to As(III) oxidation is over 50%
and the rest contribution (not more than 42%) was attributed to HO�. Consequently,
both SO4

�− and HO� was mainly responsible for As(III) oxidation.

3.3.2 Kinetics of Oxidation Reaction

SO4
�− radical is a footstone for the rapid oxidation reaction occurred in the initial

few minutes in PDS/Xe system and its production is controlled by PDS content but
independent on light source because the power density of Xe lamp was maintained
at 1.57 w cm−2. The As(III) oxidation reaction can be simply described as
Eq. (3.5), where PDS rather than SO4

�− is associated with As(III).

a As IIIð Þþ b Na2S2O8 PDSð Þ $ Products ð3:5Þ

Although tetravalent As(IV) was reported as high reactive intermediate, it can be
fast oxidized to As(V) and reduced to As(III) [113]. Therefore, the decrease of As
(III) can represent the amount of generated As(V). Initial As(III) ([As(III)]0) and
residual As(III) at reaction time t ([As(III)]t) were detected to study the reaction
kinetics. In addition, oxidation yields of As(III) were calculated based on Eq. (3.6).

Oxidation %ð Þ ¼ 100 � As IIIð Þ½ �0� As IIIð Þ½ �t
� �

= As IIIð Þ½ �0 ð3:6Þ

It can be seen that As(III) oxidation yields increased faster as [PDS]0 increased
in the initial 2 min (Fig. 3.32a), which illustrated higher [PDS]0 facilitated the rapid
As(III) oxidation reaction. Moreover, when [PDS]0 < 50 lmol L−1, oxidation yield
increased to −80% as prolonged reaction time. However, oxidation yield main-
tained unchanged when [PDS]0 > 50 lmol L−1. The cleavage of S2O8

2− produces
two SO4

�− radicals, which are sufficient to oxidize As(III) to As(IV) and subse-
quently to As(V) [114], i.e., it is very likely that the stoichiometric ratio of As(III)
and PDS is R = 1. Therefore, [PDS]0 > 50 lmol L−1 were overdosed for
20 lmol L−1 [As(III)]0 and the oxidation reaction finished quickly in the initial
2 min. However, the oxidation yields decreased as the increase of [As(III)]0 in the
initial 2 min. Especially, when [As(III)]0 > 50 lmol L−1, the oxidation yields
decreased dramatically as the increase of [As(III)]0. This is because
[PDS]0 = 50 lmol L−1 is insufficient for [As(III)]0 > 50 lmol L−1. Fortunately,
the lower oxidation yields can be elevated in the subsequent reaction time. For
example, reaction proceeding from 2 to 30 min, the oxidation yield increased from
56 to 81% when [As(III)]0 = 70 lmol L−1 (Fig. 3.32b). This may be attributed to
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superoxide radical (HO2
�/O2

�−), H2O2 and O2, which are generated via reactions in
Eqs. (3.7) and (3.8) [115].

AsðIVÞþO2 $ As Vð ÞþHO2
�=O2

�� ð3:7Þ

2O2
�� þ 2Hþ $ H2O2 þO2 ð3:8Þ

In the rapid As(III) oxidation process, PDS concentration is unambiguously
known and no subproducts can be detected. The initial reaction rate method [116,
117] is chosen to study reaction kinetics. As(III) concentrations were fitted against
reaction time and the derivative at zero time was determined to get the initial
reaction rate (r0). The reaction rate equation is constructed as Eq. (3.9).

r0 ¼ � d As IIIð Þ½ �
dt

¼ k � ½As IIIð Þ�a0 � ½PDS�b0 ð3:9Þ

where square brackets represent concentration, a and b are the apparent reaction
order toward As(III) and PDS, respectively.

Because [As(III)]0 > 50 lmol L−1 was over-stoichiometrical for 50 lmol L−1

[PDS]0, the kinetics fitting was only conducted for [As(III)]0 < 50 lmol L−1. The
apparent reaction order toward [As(III)]0 derived from the slope of fitting of lnr0
and [As(III)]0 is 0.51, i.e., a = 0.51 (Fig. 3.33a). In addition, the apparent reaction
order toward [PDS]0 based on the fitting of lnr0 and ln[PDS]0 is 0.64, i.e., b = 0.64.
The apparent reaction rate equation can thus be expressed as Eq. (3.10). The
apparent reaction order with respect to [PDS]0 and [As(III)]0 is close and the
apparent reaction stoichiometric ratio of 1.25, which is close to the theoretical value
R = 1. Besides, the rate constant with respect to [As(III)]0 (ka1) and with respect to
[PDS]0 (ka2) is 8.4 � 10−2 and 2.5 � 10−2 M−0.15 s−1, respectively.

Fig. 3.32 Oxidation yield under various initial concentrations of PDS and As(III). a [As(III)]0 =
20 lmol L−1 and [PDS]0 = 15–120 lmol L−1, b [As(III)]0 = 5–80 lmol L−1 and [PDS]0 =
50 lmol L−1. Reprinted from Ref. [105] Copyright 2017, with permission from Elsevier
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r0 ¼ k½AsðIIIÞ�0:510 ½PDS��0:640 ð3:10Þ

The rapid oxidation process is different under various temperatures (293–330 K)
(Fig. 3.34a). The initial reaction rates r0 under different temperatures were figured
out according to the apparent reaction rate equation (Eq. (3.10)). The reaction rate
constant at 293 K is 6.25 � 10−2 M−0.15 s−1, which lies in our postulated range of
2.5–8.4 � 10−2 M−0.15 s−1. Following the Arrhenius equation shown in Eq. (3.11),
lnk and 1/T was fitted linearly (Fig. 3.34b) and the apparent activation energy Ea is
46.09 kJ mol−1. It is much lower than the average activation energy of As(III)
oxidation by H2O2 (96.6 kJ mol−1) and by dissolved O2 (73.2 kJ mol−1) [118, 119].

k ¼ Ae
�Ea
RT ð3:11Þ

Fig. 3.33 Linear fitting of a lnr0 versus ln[As(III)]0 and b lnr0 versus ln[PDS]0. a [As(III)]0 = 5–
40 lmol L−1 and [PDS]0 = 50 lmol L−1, b [As(III)]0 = 20 lmol L−1 and [PDS]0 = 15–
120 lmol L−1. Reprinted from Ref. [105] Copyright 2017, with permission from Elsevier

Fig. 3.34 a Oxidation of As(III) under different temperatures and b lnk versus T−1 plot. [As(III)]0 =
20 lmol L−1 and [PDS]0 = 50 lmol L−1. Reprinted from Ref. [105] Copyright 2017, with per-
mission from Elsevier

3 Arsenic Behaviors and Pollution Control Technologies … 59



The effect of initial pH value (pH0 < 3) showed that the rapid As(III) oxidation
was partly retarded under lower pH0 (Fig. 3.35a). The rate constant increased from
0.7 � 10−2 to 5.4 � 10−2 M−0.15 s−1 with pH0 increasing from 0.68 to 2.81. The
linear fitting of logk and pH0 (Fig. 3.35b) indicates that the effect of pH0 on the
reaction rate constant can be described as Eq. (3.12). The slight inhibition effect of
pH0 can be attributed to the decrease of HO� under acidic conditions. Therefore, the
mixture of SO4

�− and HO� is beneficial for the rapid As(III) oxidation under neutral
and weak alkaline conditions. However, oxidation yields after 30-min reaction was
not affected by pH0. We noticed a pH drop in the 30-min reaction process, e.g., pH
value went down from 6.02 to 3.96 after 30-min reaction. It is previously reported
that the dropped pH is due to H+ production in the reaction between SO4

�− and
solvent H2O molecule (Eq. (3.2)) [120]. It was also found that higher pH0 resulted
in greater pH decrease. As listed in Table 3.8, when pH0 = 6.02, 2.81, 2.15 and
0.68–1.49, pH decrease was, respectively, 1.74, 0.22, 0.03 and −0 after 10-min
reaction. Similarly, the greater pH decrease was reported in higher pH0 reaction
system of Fe(II)/PDS [29]. Additionally, the pH decrease was not limited in the
initial 2 min but proceeded in the subsequent time with a slower rate. The pro-
duction of H+ in 2–30 min cannot be explained by the reaction of SO4

�− and solvent
H2O due to no available SO4

�−. Therefore, we postulated that deprotonation reac-
tion of resultant H3AsO4 may also contribute to the pH decrease. Based on this,
(1) no pH decrease was found at pH0 < 2 because pKa1 of H3AsO4 is 2.2 [72],

Fig. 3.35 a Oxidation of As(III) under different pH0 and b logk versus pH0 plot. [As(III)]0 =
20 lmol L−1 and [PDS]0 = 50 lmol L−1. Reprinted from Ref. [105] Copyright 2017, with per-
mission from Elsevier

Table 3.8 The change of pH in this study and reported in reference

This study (10-min reaction) Zhou L (2013) et al. [29]

pH0 0.68 1.24 1.49 2.15 2.81 6.02 3.0 4.0 5.0 6.0 7.0

pHafter 0.68 1.25 1.50 2.12 2.59 4.28 3.0 4.0 4.6 5.3 6.1

Change of pH 0 0.01 0.01 −0.03 −0.22 −1.74 −0 −0 −0.4 −0.7 −0.9

Note Change of pH = pHafter – pH0
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(2) more H+ can be generated under higher pH conditions due to the significant
deprotonation of H3AsO4 under higher pH conditions, (3) the quick pH decrease in
the initial 2 min is due to the rapid formation of resultant H3AsO4.

lnk ¼ 0:40� pH0 � 2:39 ð3:12Þ

3.3.3 Molecular Reaction Mechanism

H3AsO3 is the main species of As(III) under acidic and weak alkaline conditions
due to its pKa1 = 9.2 [59]. SO4

�− is mainly responsible for As(III) oxidation in PDS/
Xe combination system, however, HO� induced by SO4

�− can also be involved in As
(III) oxidation process, especially under neutral and weak alkaline conditions. The
oxidation of H3AsO3 by SO4

�− and HO� was both envisaged to occur via reactions
displayed in Table 3.9. The calculations were conducted by Gaussian 09 software at
IEFPCM (water)/M06-2X/6-311++G**//M06-2X/6-31G* level. Seven pathways
were supposed for the oxidation from H3AsO3 to H3AsO4 under the single function
of HO� (Table 3.10) and the second and forth pathway has least elementary

Fig. 3.36 Possible pathways of H3AsO3 oxidation to H3AsO4 by SO4
�− and HO� and the Gibbs free

energy (kcal mol−1). Reprinted from Ref. [105] Copyright 2017, with permission from Elsevier
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reactions and the lowest Gibbs free energy in the controlling step. Although SO4
�−

can play a role in several elementary reactions, there is no available pathway for
H3AsO3 oxidized by only SO4

�− to H3AsO4. In mixed SO4
�− and HO� system, six

different pathways were proposed for the oxidation from H3AsO3 to H3AsO4 and
the first pathway has least elementary reactions and the lowest Gibbs free energy in
the controlling step (Fig. 3.36). Therefore, the most favorable pathways for H3AsO3

oxidation to H3AsO4 is H3AsO3 ! H4AsO4
� ! H3AsO4 and H3AsO3 ! H2AsO3

�

! H3AsO4 in HO�-based system, and H3AsO3 ! H4AsO4
� ! H3AsO4 in mixed

SO4
�− and HO� system where SO4

�− plays a role in the first step.

3.4 Formation Mechanism and Characteristics
of Tooeleite from High-Arsenic Acid Wastewater

The sequestering of arsenic in tooeleite is considered to be the best environmentally
friendly possible waste form for stable outdoor storage.

3.4.1 Direct Removal of As(III) by the Formation
of Tooeleite

The formation of tooeleite was investigated in pH range from 1.8 to 9. XRD patterns
(Fig. 3.37b [121]) confirmed that the precipitate obtained in pH range of 1.8 to 4.5was
tooeleite, consistent with PDF44-1468. This pH range for tooeleite formation is wider
than the previous report (2.0–3.5) [122]. However, tooeleite would transform to
amorphous ferric arsenite when pH > 4.5. As(III) and Fe(III) removal efficiency
increased with the increase of pH, for example, As(III) removal sharply increased
from 30% at pH 1.8 to around 90% at pH 2.8 (Fig. 3.37a). This is because that the
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Fig. 3.37 As(III) and Fe(III) removal efficiency (a) and XRD patterns of As-Fe precipitates(b) at
pH 1.8–9. Reprinted from Ref. [121] Copyright 2017, with permission from Elsevier
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mixed solution was in the metastable state at pH 1.8, and primary nucleation of
tooeleite may carry a portion of As(III) and Fe(III) after a period of inducing time
[123]. Considering hydrolysis reaction, Fe(III) is supposed to start precipitating at pH
1.76 and complete at pH 3.17 and thus themajority of Fe(III) will be removedwith the
increase of pH from 1.8 to 2.8. The formation of iron hydroxides makes contributions
to the removal of As(III) as well as the formation of tooeleite. However, As(III)
removal decreased at pH 4–5 and then increase again with continuous pH increase.
The decrease can be explained by As releasing from the partial transform of tooeleite
to amorphous FeOOH(As) [122] and the formation of FeAsO3 at pH 5–9 lead to the
reprecipitation of As(III) [124]. The removal of As(III) can reach above 99% at pH 4
by forming well-crystallized tooeleite. Therefore, pH 4 is suggested for the treatment
of acid wastewater containing a high concentration of As(III).

The As(III) concentration from 0.75 to 7.5 g L−1 is suitable for forming tooeleite
but higher As(III) facilitates the crystallization of tooeleite (Fig. 3.38b). The higher
As(III) also facilitates As(III) removal efficiency but has no significant effect on iron
removal. Since the solution pH is 4, precipitation of iron leads to persistent high
iron removal but different As(III) removal due to different initial As(III) concen-
tration (Fig. 3.38a). When As(III) concentration lowed to 0.5 g L−1, As(III)
removal efficiency was 60% but no tooeleite was found. Adsorption of As(III) on
iron hydroxides benefits As(III) removal [125], with the increase of As(III) initial
concentration, As(III) was incorporated into the growing iron hydroxides phase and
finally co-precipitated as tooeleite [126].

The formation of tooeleite can be realized at the Fe/As from 0.8 to 2 and the
crystallinity degree increased with Fe/As (Fig. 3.39b). For all Fe/As, Fe(III)
removal maintained over 99%, however, As(III) removal linearly increased from 46
to 97% against Fe/As from 0.8 to 2 (Fig. 3.39a). As(III) removal exhibited a good
Fe-dependency and we hypothesized that iron compounds like ferrihydrite were
formed due to the introduction of NaOH and increased As(III) promoted the
transformation of ferrihydrite to tooeleite [127].
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Fig. 3.38 As(III) and Fe(III) removal (a) and XRD patterns of As–Fe precipitates (b) as affected
by initial As(III) concentration varied from 0.5 to 7.5 g L−1. Reprinted from Ref. [121] Copyright
2017, with permission from Elsevier
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3.4.2 Characterization of Tooeleite

SEM images of tooeleite obtained at pH 4 exhibited a flower structure of platy
particles (1 lm) aggregating together (Fig. 3.40a). Quantitative chemical analysis
shows the As content of tooeleite is 23.38%, which is much higher than normal
arsenic-bearing stabilized slag (5–15%) [128]. The XPS As 3d spectrum confirmed
that arsenic exists as As(III) in tooeleite precipitate (Fig. 3.40b). This provides
strong evidence that As(III) can be directly removed and solidified in tooeleite from
high-As(III) acid wastewater. IR spectrum (Fig. 3.40c) confirmed stretching modes
and bending vibrations of adsorbed water at 3396 and 1632 cm−1, three unique
SO4

2− absorption bands in tooeleite (sorbed v3(SO4) at 1112 cm−1, outer sphere
bound v1(SO4) at 990 cm−1 and structural v4(SO4) at 618 cm−1) [129], band of
AsO3

3− at 778 cm−1 and Fe–O–As band at 513 cm−1 [130].

3.4.3 Safety Evaluation

The short-term stability experiments (Fig. 3.41a) showed that As leaching at pH
1.8, 2.8 and 4 was far less than at pH 6 and 9. This is because tooeleite was formed
at pH below 4, while As–Fe compound with poor crystal quality at pH 6 and 9
(Fig. 3.41b). Therefore, tooeleite is much more stable than poor-crystallized pre-
cipitates obtained at higher pH. However, much lower pH is unfavorable for the
stability of tooeleite due to the adsorption of some As on the surface of tooeleite.
Tooeleite prepared at pH 1.8 showed the lowest arsenic leaching, however, it still
exceeds the national criteria (5 mg L−1). This puts us heavy pressure to find some
ways to improve the stability of tooeleite.
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Fig. 3.40 SEM image (a), XPS analysis (b) and FTIR analysis (c) of precipitate obtained at pH
4.0. Reprinted from Ref. [121] Copyright 2017, with permission from Elsevier

Fig. 3.41 Leaching concentration of arsenic (a) and XRD patterns after leaching experiments
(b) at pH 1.85, 2.80. 4.00, 6.00 and 9.00
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3.4.4 Tooeleite Formation Mechanism

Samples were collected during the formation process of tooeleite and their color
changed from reddish brown to lemon yellow as time goes by (Fig. 3.42). XRD
(Fig. 3.43b) of the sample at 1 h exhibited two broad bands at 2h of 31° (d � 2.86
Å) and 60° (d � 1.55 Å). Comparing with ferrihydrite [131], a little shift toward
higher d-spacing was ascribed to the adsorption of As(III) [129]. Samples obtained
after 17 h showed the enhanced diffraction peaks at 9.06, 27.78, and 29.28°,
respectively, marked by the indices (020), (200) and (061) of tooeleite. In addition,
FTIR spectra (Fig. 3.44) of samples obtained at 1, 6, 17 and 24 h showed weakened
characteristic peaks of ferrihydrite at 1193 and 1046 cm−1 and enhanced Fe–O–As
bond at 510 cm−1 [130]. During the transformation process, Fe(III) was almost
removed and As(III) removal increased from 90% at beginning to −100% at 5 day
(Fig. 3.43a).

Samples were obtained after 24-h reaction in solutions with Fe/As = 0.8 and
after another 24-h reaction when Fe/As was adjusted by iron sulfate to 1.5. The two
group samples were all confirmed as tooeleite (Fig. 3.45b). However, the removal

1h 6h 10h 1d 2d 3d

Fig. 3.42 Color change of obtained samples as affected by reaction time. Reprinted from Ref.
[121] Copyright 2017, with permission from Elsevier

Fig. 3.43 As(III) and Fe(III) removal efficiency (a) and XRD patterns of As–Fe precipitates (b) as
affected by reaction time varied from 1 to 96 h. Reprinted from Ref. [121] Copyright 2017, with
permission from Elsevier

68 L.-Y. Chai et al.



of As(III) and Fe in the latter group are a little higher than in the former group
(Fig. 3.45a). The formation mechanism of tooeleite can be described as that Fe(III)
precipitates as ferrihydrite at pH up to 4.0 and adsorbs As and sulfate, and then
transforms to tooeleite (Fig. 3.46).
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Fig. 3.44 FTIR of As–Fe precipitates (1, 6, 17, 24 h). Reprinted from Ref. [121] Copyright 2017,
with permission from Elsevier

Fig. 3.45 As(III) and Fe(III) removal efficiency (a) and XRD patterns (b) on the two Groups.
Reprinted from Ref. [121] Copyright 2017, with permission from Elsevier
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3.5 Cascade Sulfide Precipitation and Separation
of Copper and Arsenic from Acidic Wastewater

Many industrial processes, especially in the mining and metallurgical processing
industry, discharge acidic effluents containing significant amounts of metals such as
copper, nickel, zinc, lead, and arsenic [132, 133]. Copper is often associated with
arsenic in the mixed sulfide minerals such as enargite (Cu3AsS4) and tennantite
(Cu12As4S13) [134], therefore, among these heavy metals, copper and arsenic are
found to behave similarly and exist simultaneously in the wastewater [135].

Arsenic contamination has greatly threatened water safety due to its high toxicity
and carcinogenicity [136, 137]. In the case of liquid effluents, there are many
methods available for the removal of heavy metals, such as chemical precipitation,
adsorption, coagulation, ion exchange, microbial reduction, and so on [138–140].
On the other hand, dissolved air flotation was used to separate and recover heavy
metals. Stalidis et al. [141] separated copper, zinc and arsenic ions from dilute
aqueous solutions by the dissolved air technique via the production of fine gas
bubbles. It seems to be complex and expensive for the treatment of acidic
wastewater. Sulfide precipitation is indeed an effective process for the treatment of
toxic heavy metals ions [142, 143]. One of the primary advantages of sulfide
precipitation is that the process can achieve a high degree of metal removal over a
broad pH range. Metal sulfide sludge also exhibits better thickening and dewatering
characteristics than the corresponding metal hydroxide sludge [144]. Bhattacharyya
et al. [145] separated arsenic and other heavy metals using sodium sulfide. The
removals of cadmium, zinc, and copper from the actual wastewaters are greater than
99%, and those of arsenic and selenium are 98% and > 92%, respectively.
However, it is H2S that reacts with heavy metals by gas–liquid reaction as sulfur
exists almost in the form of H2S rather than S2− and HS− in acid conditions. It takes
5–10 times excess of theoretical amount of sodium sulfide, moreover, a lot of
hydrogen sulfide gas escapes, which leads to serious secondary pollution [146].

As(III)

Fe(III)

Ferrihydrite

Tooeleite

+
NaOH

transformation

Fig. 3.46 Schematic diagram
of tooeleite formation process.
Reprinted from Ref. [121]
Copyright 2017, with
permission from Elsevier
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A novel process of treating acidic wastewater containing copper and arsenic is
proposed, involving primary separation of copper and arsenic by sulfide precipi-
tation and further separation by the replacement of arsenic in the precipitates by
copper in the solution [147].

3.5.1 Thermodynamics for Separation of Copper
and Arsenic

With the introduction of S2−, Cu2+, and As(III) precipitated in the form of CuS and
As2S3, respectively. The solubility equilibrium reaction of CuS and As2S3 can be
expressed as follows:

CuS ¼ Cu2þ þ S2� ð3:13Þ

Ksp1 ¼ Cu2þ
� �

S2�
� � ¼ 6:3� 10�36 ð3:14Þ

As2S3 þ 6H2O ¼ 2H3AsO3 þ 3H2S ð3:15Þ

Ksp2 ¼ H3AsO3½ �2½H2S�3 ¼ 10�11:9 ð3:16Þ

The sulfur-containing aqueous solution consists of [H+], [OH−], [H2S], [HS
−],

[S2−], and the total sulfur ion of the system can be expressed as follows:

½S�T ¼ H2S½ � þ HS�½ � þ ½S2�� ð3:17Þ

The stepwise stability constants for each ion at 298.15 K are used as follows:

H2S ¼ Hþ þHS� ð3:18Þ

Ka1 ¼ HS�½ �½Hþ �
½H2S� ¼ 1:3� 10�7 ð3:19Þ

HS� ¼ Hþ þ S2� ð3:20Þ

Ka2 ¼
S2�
� �½Hþ �
½HS�� ¼ 7:1� 10�15 ð3:21Þ

It can be deduced from Eqs. (3.17) and (3.19) to Eq. (3.21):

½S2�� ¼ ST
½Hþ �2=Ka1Ka2 þ ½Hþ �=Ka2 þ 1

ð3:22Þ
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½H2S� ¼ ST ½Hþ �2
Ka1Ka2 þKa1½Hþ �þ ½Hþ �2 ð3:23Þ

The total copper of the solution system can be expressed as follows:

½Cu�T ¼ Ksp1

½S�T
ð ½H

þ �2
Ka1Ka2

þ ½Hþ �
Ka2

þ 1Þ�

ð1þ K1

½Hþ � þ
K2

½Hþ �2 þ K3

½Hþ �3 þ K4

½Hþ �4Þ
ð3:24Þ

Similarly, arsenic in the water has the following chemical equilibrium:

H3AsO3 , H2AsO3
� þHþ

Ka1
0 ¼ ½H2AsO3

��½Hþ �
½H3AsO3� ¼ 10�9:17 ð3:25Þ

H2AsO3
� , HAsO3

2� þHþ

Ka2
0 ¼ ½HAsO3

2��½Hþ �
½H2AsO3

�� ¼ 10�14:1 ð3:26Þ

½As�T ¼ ½H3AsO3� þ ½H2AsO3
��þ ½HAsO3

2�� ð3:27Þ

It can be deduced from Eq. (3.25) to Eq. (3.27):

½As�T
½H3AsO3� ¼ 1þ Ka1

0

½Hþ � þ
Ka1

0Ka2
0

½Hþ �2 ð3:28Þ

Combined Eqs. (3.17) and (3.23) with Eq. (3.28), the total arsenic can be
expressed as follows:

½As�T ¼ ð1þ Ka1
0

½Hþ � þ
Ka1

0Ka2
0

½Hþ �2 Þ�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ksp2

½S�3T
ðKa1Ka2

½Hþ �2 þ Ka1

½Hþ � þ 1Þ3
s

ð3:29Þ

For ½Hþ � ¼ 10�pH, it can be deduced from Eqs. (3.24) and (3.29):
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½Cu�T ¼ 6:3� 10�36

½S�T
� ð1:08� 1021�2pH þ 1:41� 1014�pH þ 1Þ

� ð1þ 10pH�7 þ 102pH�14:32 þ 103pH�25 þ 104pH�37:5Þ ð3:30Þ

½As�T ¼ ð1þ 10pH�9:17 þ 102pH�23:27Þ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

10�11:9

S½ �3Tð9:23� 102pH�22 þ 1:3� 10pH�7 þ 1Þ3
s

ð3:31Þ

Hypothesizing that CuS and As2S3 stoichiometrically achieved dissolution
equilibrium, then [Cu]T = [S]T, 3[As]T = 2[S]T, log[Cu]T and log[As]T as a func-
tion of pH value are shown in Fig. 3.47. With the increase of pH value, the
solubility of CuS decreases first and then increases. The minimum solubility of CuS
is 1.733 � 10−14 mol L−1 when the pH value is 7.75. The solubility of As2S3 is
greater than that of CuS and increases with the increasing pH value, which favors
the possibility of cascade sulfidation of copper and arsenic in the solution.

3.5.2 Cascade Sulfide Precipitation and Separation
Technique

The experimental program was divided into two stages. In the first stage, copper
and arsenic were primarily separated by sulfide precipitation. The schematic dia-
gram of the experimental apparatus is shown in Fig. 3.48. In the second stage,
precipitates obtained in the first stage were recycled to the initial solution to
improve the grade of copper in the precipitates through the replacement of arsenic
by copper.
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Fig. 3.47 Log[M]T – pH
curves of CuS and As2S3.
Reprinted from Ref. [147]
Copyright 2017, with
permission from Elsevier
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Gaseous sulfide source (H2S) generated was collected by displacement of water.
Two-way valve was turned off at first. The gas tank was filled with the saturated
H2S solution and sealed with paraffin. Gaseous sulfide generated in the
three-necked flask was then introduced into the tank. Solution in the gasholder was
pushed into the fluid reservoir when the two-way valve was opened. A certain
volume fraction of H2S gas was obtained by introducing nitrogen into the gasholder
when the pressure gauge of cylinder was adjusted to the specified pressure with
nitrogen cylinder open. The operating temperature and pH were controlled at a
desired level. H2S gas was then delivered to the reactor and the simulated copper
sulfate was pumped to the reactor by peristaltic pump.

3.5.3 Removal Efficiencies of Copper and Arsenic

(1) Reaction time

Arsenic and copper removal efficiency, barely influenced by reaction time (Fig. 3.49),
are constant at 10% and 30%, respectively, as the reaction time increases from 0.5 to
4 min with addition of 10 mmol sulfide. However, it becomes 100% for both arsenic
and copper when 70 mmol sulfide was added into the solution, which implies that
sulfidation of arsenic and copper has finished within 0.5 min.

(2) Temperature

The copper removal efficiency increases from 60 to 80% when temperature
increases from 24 to 60 °C, whilst arsenic removal efficiency decreases from 25 to
15%, indicating significant effect of temperature on arsenic and copper removal

1 2 3 4 5
7

1098

6

Symbol: 1 nitrogen cylinder, 2 fluid reservoir, 3 two-way valve, 4 gasholder, 5 gas generating bottle, 6 temperature 

controller, 7 peristaltic pump, 8 separating funnel, 9 Reactor, 10 pH meter 

Fig. 3.48 Schematic diagram of the experimental apparatus. Reprinted from Ref. [147] Copyright
2017, with permission from Elsevier

74 L.-Y. Chai et al.



efficiency (Fig. 3.50). The improvement of separation efficiency of copper and
arsenic can be achieved via raising the temperature. Besides, the temperature of
acidic wastewater discharged from the industry process is as high as 55 °C, so the
separation of arsenic and copper under the high temperature could be realized
practically.

(3) Sulfide dosage

Arsenic and copper removal efficiencies increase as the amount of sulfide increases
(Fig. 3.51), which are consistent with results previously reported by van Hille and
coworkers [148] for copper sulfide precipitation in a fluidized bed reactor. In all
cases, the copper removal efficiency increases more significantly than the arsenic
removal efficiency does. Both arsenic and copper removal efficiency are as high as
nearly 100% when the addition of sulfide is more than 70 mmol. Compared the
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Reprinted from Ref. [147]
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results obtained at 30, 40, and 50 °C, the difference between copper and arsenic
removal efficiency increases with the temperature increasing. The copper removal
efficiency is higher than 80% and arsenic removal efficiency is only 20% when a
certain amount of sulfide is added into the solution at 50 °C. The results indicate
that separation efficiency of copper and arsenic become higher with the temperature
increases which consists of the results mentioned above.

In the first stage of primary separation, more than 80% copper and nearly 20%
arsenic are precipitated with 20 mmol L−1 H2S at 50 °C within 0.5 min.

3.5.4 Replacement of Arsenic by Copper

(1) Solid to liquid ratio

Arsenic and copper concentration in acidic wastewater when precipitates generated
in the first stage are recycled to the initial solution with different solid to liquid
ratios (Fig. 3.52). The results show that arsenic concentration in the initial solution
increases as solid to liquid ratio increases, while copper concentration becomes
lower at the similar conditions. It attributes to the replacement reaction between
As2S3 and copper ions; it could be described as follows:
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3Cu2þ þAs2S3 þ 4H2O ¼ 3CuSþHAsO2 þ 6Hþ ð3:32Þ

Most of the copper in the initial acidic wastewater is distributed into precipitates
and the copper concentration in the initial acidic wastewater is lower than
0.1 mg L−1 when the solid to liquid ratio is more than 10%. Arsenic was precip-
itated into the residue before dissolves into the solution. Therefore, the addition of
precipitates generated in the first separation stage into the initial acidic wastewater
with certain solid to liquid ratio can promote the separation of arsenic and copper
effectively.

(2) Reaction time

The data of arsenic and copper concentration in acidic wastewater as a function of
reaction time (Fig. 3.53) show that arsenic concentration increases within the first
10 min and then becomes constant at about 3200 mg L−1 as time increasing, while
copper concentration decreases rapidly from 110 to 0.5 mg L−1 within the first
5 min and further decreases to lower than 0.1 mg L−1 when time is longer than
10 min. The separation efficiency of arsenic and copper is more than 99%.
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It indicated that separation of arsenic and copper is finished within 10 min which is
favorable to the application in the industry.

(3) Temperature

Second separation of arsenic and copper is temperature-independent represented by
the results that copper concentration in the solution scarcely changes when tem-
perature increases (Fig. 3.54). However, arsenic concentration increases slightly as
temperature increasing, which attributes to the redissolution of arsenic sulfide in the
precipitates at high temperature.

In the second stage of separation, the separation efficiencies of copper and
arsenic are more than 99% with precipitates generated in the first stage recycled to
the initial solution when solid to liquid ratio is not less than 10% at 20 °C within
10 min.
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Fig. 3.55 SEM-EDS image of the precipitate. Reprinted from Ref. [147] Copyright 2017, with
permission from Elsevier
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Generally, the morphology of the precipitate (Fig. 3.55) exhibits agglomeration
of dense, amorphous particles in the micron range. The mole ratio of Cu to S is
1.15, which is approximate to 1, indicating that the precipitate mainly consists of
CuS. The copper content of precipitate is as high as 63.38% in mass fraction.

3.6 Arsenic Removal by Fe3O4-Based Nanomaterials
via Adsorption

3.6.1 Controllable Synthesis of Hierarchical Porous Fe3O4

Particles for Arsenic Removal

In terms of the application of Fe3O4 as an adsorbent, decreasing the Fe3O4 particle
size from micrometers to nanometers would increase the available adsorptive areas
by 100–1000 times [149–151]. However, as the Fe3O4 particle size decreases to
nanometers, its response to an external magnetic field undesirably decreases, which
will not be large enough to overcome Brownian motion and no efficient magnetic
separation will occur [149, 152, 153]. To tackle this problem, one practical strategy
is to prepare magnetic hierarchical structures, which are constructed with building
blocks of nano units. The hierarchical nanostructures not only exhibit high specific
surface area because of the abundant interparticle spaces or intraparticle pores, but
also possess satisfactory magnetic response because of their larger size and weaker
Brownian motion, which therefore show great superiority to individual nanometer-
and micrometer-sized materials [154–159]. Hence, we controllably prepare Fe3O4

hierarchical particles via modulating the grain property for arsenic adsorption [160].

(1) Morphology, structure, and properties of Fe3O4

The SEM images and size distribution of the Fe3O4-i (i = 1–6, representing the
dosage of PDDA from 1 to 6 g) particles are presented in Fig. 3.56. The size of
monodispersed hierarchical particles monotonously decreases from (A) 420 nm to
(F) 100 nm, as increasing the poly (diallyl dimethyl ammonium chloride) (PDDA)
dosage from 1 to 6 g. Correspondingly, the morphology of hierarchical particles
gradually becomes coarse and porous, with the increase of PDDA dosage. HRTEM
images were also conducted to give further insight into the grain assembly
(Fig. 3.57). Taking Fe3O4-4 as an example, the particle shows pineal-like mor-
phology with fringe spacing of 0.48 nm, corresponding to the (111) lattice planes of
Fe3O4. The result indicates the possible oriented assembly of grain along
(111) plane, which is the crystallographic plane with the highest energy and pref-
erential for oriented attachment [161]. The structures and grain size of Fe3O4 were
further measured by XRD, as shown in Fig. 3.58. All the diffraction peaks at
18.32 ± 0.03, 30.10 ± 0.05, 35.48 ± 0.03, 43.10 ± 0.02, 53.40 ± 0.04,
57.02 ± 0.05, and 62.58 ± 0.08° can be indexed to the indices (111), (220), (311),
(400), (422), (511), and (440) of Fe3O4. Briefly speaking, PDDA-modulated
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solvothermal method successfully modulate products morphology, particle size,
grain size, and facilitate the oriented grain assembly.

On the other hand, the surface area and pore size distribution of as-synthesized
Fe3O4-i (i = 2, 4, 5, 6) were determined by nitrogen adsorption–desorption mea-
surements (Fig. 3.59). Fe3O4-6 (Fig. 3.59d) synthesized with the highest PDDA

Fig. 3.56 SEM images and the corresponding hierarchical particle size distribution of a Fe3O4-1,
b Fe3O4-2, c Fe3O4-3, d Fe3O4-4, e Fe3O4-5, and f Fe3O4-6 at initial PDDA dosage varying from 1
to 6 g. Reprinted with the permission from Ref. [160] Copyright 2013, American Chemical
Society

Fig. 3.57 HRTEM images (a–c) of Fe3O4-4; b and c represent the magnification of the dotted
area in (a). Reprinted with the permission from Ref. [160] Copyright 2013, American Chemical
Society
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dosage possesses surface area and pore volume of 32.75 m2 g−1 and 0.12 cm3 g−1,
respectively, both of which are higher than that of the Fe3O4-5 (31.16 cm2 g−1 and
0.117 cm3 g−1, Fig. 3.59c), Fe3O4-4 (19.13 m2 g−1 and 0.07 cm3 g−1, Fig. 3.59b)
and Fe3O4-2 (7.05 m2 g−1 and 0.015 cm3 g−1, Fig. 3.59a). All the samples pose pore
sizes in the range of 7–12 nm. The results above can be ascribed to the fact that smaller
grain assembly possesses more channels, leading to the increased surface area and
pore amount. Hence, increasing the PDDA dosage yields Fe3O4 hierarchical particles
composing of smaller grain, which exhibit higher surface area and porosity.

The magnetic property of Fe3O4 hierarchical particles was evaluated, as shown
in Fig. 3.60. The Ms for the Fe3O4-i (i = 2–6) is in the range of 50–80 emu g−1,
which is comparable with many other magnetic particles [154].

Briefly speaking, hierarchical porous Fe3O4 particles with high magnetism were
synthesized by facile PDDA-modulated solvothermal method, which is achieved in
one-pot solution reaction and avoids the time/energy consuming precursor calci-
nation process. Furthermore, PDDA-induced grain size tunable strategy has been
proved to be an efficient way to enhance the surface area and porosity of particles.

(2) Mechanism for the formation of Fe3O4 hierarchical particles mediated by
PDDA

The morphology and structure of the products with initial PDDA dosage of 4 g at
various reaction time were examined by TEM, FTIR and XRD to preliminarily
understand the morphology and structure evolution of Fe3O4 hierarchical particles
(Fig. 3.61).

TEM results give insight into the morphology evolution of mesoporous Fe3O4

(Fig. 3.61a–f), three typical stages were observed for the formation of Fe3O4, namely,
the formation of spindle precursor with length of 5–10 nm (0–1.5 h), the formation
and assembly of grain to sphere particles (1.5–4 h), and the oriented assembly/
Ostwald ripening process of preformed sphere into porous particles (4–8 h).

The XRD patterns (Fig. 3.61g) of Fe3O4-4 at 1.5 h depict a strong peak at 7.55°
along with a broad weak one at 25° probably originated from (001) and

Fig. 3.58 XRD patterns of
Fe3O4 particles obtained at
different PDDA dosage:
(a) 2 g, (b) 3 g, (c) 4 g,
(d) 5 g, (e) 6 g. Reprinted
with the permission from Ref.
[160] Copyright 2013,
American Chemical Society
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(013) planes of an iron oxide acetate hydroxide hydrate with a formula of Fe2O
(CH3COO) (OH)3� H2O according to JCPDS. Then, XRD patterns of the samples
obtained at the time from 2.5 to 4 h show gradually enhanced peaks at 30.00°,
35.48°, 43.14°, 53.44°, 57.04°, and 62.58°, marked by the indices (220), (311),
(400), (422), (511), and (440) of Fe3O4 phases. When the reaction time was 6–8 h,
the produced aggregates were pure Fe3O4.

The FT-IR spectra (Fig. 3.61h) of Fe3O4-1.5 h and Fe3O4-2.5 h show reduced
absorption peaks at 1578 and 1445 cm−1 due to the asymmetric and symmetric
stretching of COO– group, band at 1090 cm−1 owing to C–O stretching of the
COO– group, band at 887 cm−1 due to the OH bending [162]. The spectra of the
samples within 4–8 h show broad strong band at 591 cm−1 due to the Fe–O lattice
mode of Fe3O4 [157]. Except for the anticipated typical peak for iron composite
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Fig. 3.59 Nitrogen adsorption–desorption isotherms and pore size distribution curves (the
corresponding insert) of a as-obtained Fe3O4-2, b Fe3O4-4, c Fe3O4-5, and d Fe3O4-6,
respectively. Reprinted with the permission from Ref. [160] Copyright 2013, American Chemical
Society
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(Fe2O(CH3COO) (OH)3�H2O or Fe3O4), the peak at 1125 cm−1 was ascribed to the
C–N symmetric stretching vibration of PDDA. The PDDA also exhibits weak CH2

bending vibrations (around 1474, 1326, and 960 cm−1), C-H asymmetric, and C-H
symmetric stretching frequencies (2918 and 2867 cm−1) [163, 164]. Thus, both the
XRD and FT-IR indicate the gradual formation of Fe3O4 phase at the expense of
preformed Fe2O(CH3COO) (OH)3�H2O phase.

Thus, a possible mechanism was proposed to elucidate the PDDA-induced grain
size tunable strategy for the controllable synthesis of porous Fe3O4 hierarchical
particles. A mixture composed of FeCl3, EG, NaAc, and PDDA was first obtained
and the viscosity of mixture was greatly enhanced by PDDA (Fig. 3.62). Spindle
particles were then obtained with PDDA as capping agents, which improved the
particle dispersibility. As time goes on, hierarchical Fe3O4 particles were eventually
produced, and meanwhile PDDA function on capping effect and increasing vis-
cosity declines particle and grain size, facilitates oriented assembly, thus syn-
chronously enhancing surface area and porosity. Briefly speaking, a
PDDA-modulated solvothermal method can controllably prepare porous Fe3O4

hierarchical particles.

(3) Arsenic adsorption performance of Fe3O4

The adsorption capacity of Fe3O4-i (i = 2–6) for As(V) and As(III) was evaluated
using the equilibrium adsorption isotherm by varying the initial As(V) and As(III)
concentrations. The adsorption capacity of As(V) and As(III) monotonously
increased from 1.93 and 1.57 mg g−1 for Fe3O4-2 to 7.23 and 6.77 mg g−1 for
Fe3O4-6 (Fig. 3.63A, C), indicating that the morphology mediated by PDDA
greatly facilitates the absorption performance of particles. Fe3O4-5 and Fe3O4-6
exhibit higher adsorption capacity than commercial Fe3O4 particles (1.35 mg g−1

for As(V) and 0.76 mg g−1 for As(III)). The adsorption of As(V) onto Fe3O4 fits the
Langmuir isotherm model (Fig. 3.63B), which interprets the adsorption process as a
monolayer adsorption on a homogeneous surface. In contrast, the adsorption of As
(III) onto Fe3O4 fits well with the Freundlich isotherm model (Fig. 3.63D),

Fig. 3.60 Room temperature
hysteresis loops for the
Fe3O4-i (i = 2–6) with initial
PDDA dosage increasing
from 2 to 6 g. Reprinted with
the permission from Ref.
[160] Copyright 2013,
American Chemical Society
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indicating that the adsorption process is a multilayer adsorption on a homogeneous
surface.

The two different adsorption isotherm models may be attributed to the different
surface charge effects of As(V) and As(III) species under the environment of pH 5
[165]. For As(V), there exists an electrostatic attraction between positively charged
Fe3O4 samples and negatively charged As(V) species. However, As(III) exists
predominantly as noncharged H3AsO3 [166]. The interaction between Fe3O4

samples and noncharged As(III) species is little so that the adsorption of As(III)
should continue to increase with the increase of As(III) concentration [165].

The adsorption of As(V) or As(III) is rapid at first and then slows considerably
(Fig. 3.64). The rapid adsorption at first is ascribed to the process of arsenic
adsorption on the exterior surface of the Fe3O4 particles. The slower adsorption rate

Fig. 3.61 a–f TEM, g XRD, and f FT-IR spectra of Fe3O4-4-xh samples (x = 1.5, 2.5, 4, 5, 6, 8).
Reprinted with the permission from Ref. [160] Copyright 2013, American Chemical Society
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followed might be partially due to the higher diffusion resistance as the arsenic
begins to enter and move into the interior of the Fe3O4 particles via the nanopores
[165]. All the above adsorption kinetic experimental data can be best fitted into a
pseudo-second-order rate kinetic model.

The full-range XPS spectra (Fig. 3.65a) show the appearance of arsenic species
and the increase of O intensity after arsenic adsorption, validating the arsenic
adsorption. XPS of Fe2p of all samples (Fig. 3.65b) exhibit the binding energies of
Fe 2p1/2 at 724.4 eV and Fe 2p3/2 at 710.5 eV [167, 168]. XPS of As3d
(Fig. 3.65c) in Fe3O4 adsorbed As(V) shows a peak located at 45.1 eV, attributing
to As(V)–O bonding, and that of As3d in Fe3O4 adsorbed As(III) indicates fitted
peak located at 43.9 eV, corresponding to As(III)–O, respectively [169–173]. The
results confirmed no major differences in the valence state of the Fe and As species
in arsenic adsorption. O1s XPS spectrum (Fig. 3.65d) can be deconvoluted into
peaks located at 530.0, 531.5, and 533.0 eV, which are attributed to oxygen in the
lattice (e.g., Fe–O or As–O), oxygen atoms in the surface hydroxyl groups (H–O),
and oxygen in the outermost layer of H2O or CO2 adsorbed [169, 171, 174–176].
The high peak intensity of H–O species of Fe3O4 confirms the existence of many
hydroxyl groups on the surface of Fe3O4 spheres, which plays a vitally important
role in the arsenic removal [169]. Moreover, after arsenic adsorption, the shift of the
O 1s binding energy to low energy, the proportion decrease of the H–O (531.5 eV)
and the proportion increase of O in the lattice (530.0 eV) suggest that the
adsorption mechanism was mainly ascribed to the substitution of Fe–OH groups by
arsenic species.

Fig. 3.62 Scheme of the formation of hierarchical Fe3O4 particles mediated by PDDA. Reprinted
with the permission from Ref. [160] Copyright 2013, American Chemical Society
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3.6.2 Arsenic Adsorption by Cu Doped Fe3O4 Magnetic
Adsorbent

The transformation of As(III) to As(V) is necessary for arsenic removal [177–180].
Doping is an effective approach to modify particle structure, such as increased
amount of surface defects [181, 182], increased hydroxyl amount [183, 184],
tunable surface charge [185] and high electronic conduction properties [186], which
could enhance adsorption performance and broaden applications [187]. Adding
oxidant to convert As(III) to As(V) is normal and efficient route. Most recently,

Fig. 3.63 Adsorption isotherms of A As(V) and C As(III) onto (a) Fe3O4-2, (b) Fe3O4-3,
(c) Fe3O4-4, (d) Fe3O4-5, and (e) Fe3O4-6 samples with the initial PDDA dosage of 2 g, 3 g, 4 g,
5 g, and 6 g, respectively. B Linearized Langmuir isotherm for As(V) adsorption and D linearized
Freundlich isotherm for As(III) adsorption by (a) Fe3O4-2, (b) Fe3O4-3, (c) Fe3O4-4, (d) Fe3O4-5,
and (e) Fe3O4-6 samples (T = 25 °C; adsorbent doses = 0.5 g L−1; pH = 5 ± 0.2). Reprinted with
the permission from Ref. [160] Copyright 2013, American Chemical Society
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Cu doping has attracted great attention, copper ions were able to act as electron
mediation centers to accelerate the oxidation reaction based on Cu(II)/Cu(I) couple
[188, 189]. It is rational to dope copper ions in magnetic adsorbents, which are
expected to simultaneously possess good adsorption performance, catalytic oxida-
tion and readily magnetic separation property.

(1) Morphology and structure of Fe3O4:Cu

As the initial amount of Cu2+ increased from 0 to 2.5 mM, the sphere size
decreased from −560 to −120 nm (Fig. 3.66). The particle structure transformed
from solid spheres to porous spheres with decreased size accordingly.
EDS-mapping images of Fe3O4:Cu-2.5 in Fig. 3.75g–i revealed that Cu, Fe, and O
elements distributed uniformly on the Fe3O4:Cu-2.5 particles. Microscopic images

Fig. 3.64 (a, c) Adsorption rate of As(V) and As(III) by Fe3O4-3 (1), Fe3O4-4 (2), and Fe3O4-5
(3) samples. (b, d) Pseudo-second-order kinetic plots for the adsorption of As(V) and As(III).
(T = 25 °C; adsorbent doses = 0.5 g L−1; pH = 5 ± 0.2). Reprinted with the permission from
Ref. [160] Copyright 2013, American Chemical Society
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indicated that indicated that porous Fe3O4:Cu particles with Cu, Fe, O uniformly
distributed shows particle size and structure dependent on initial Cu2+ dosage.

The XRD spectra of all Fe3O4:Cu particles in Fig. 3.67 show well–defined
diffraction lines suggesting the well-crystallized structure. As expected, the typical
crystal planes (111), (220), (311), (400), (511), and (440) of Fe3O4 (JCPDS no.
86-1344) were observed for all samples. With the increase of initial Cu2+ dosage,
the intensity of diffraction peaks at 43.31, 50.44, and 74.10 correspond to the crystal
planes (111), (200), and (220) of Cu increase, indicating the augment in the amount
of metal Cu (JCPDS no. 85-1326). The metal Cu might be produced due to the
reduction of Cu2+ by ethylene glycol [190]. No peaks attributed to CuO or Cu2O
were detected [191, 192].

The combined microscopic and XRD results indicated the concurrent presence
of doped Cu2+ and the Cu nanocrystal on Fe3O4:Cu particles. The mixture of Cu0

and Cu2+ doped Fe3O4 nanograin constituted Fe3O4:Cu particles with Fe, Cu, and O
uniformly distributed. The Cu loading decreased the particle size, which should be
ascribed to the nucleation effect of the doped Cu2+ [193, 194].

Fig. 3.65 a Full-range, b Fe 2p, c As 3d, and d O 1s XPS spectra of several samples of interests
including the Fe3O4, Fe3O4 adsorbed As(V), and Fe3O4 adsorbed As(III) particles. Reprinted with
the permission from Ref. [160] Copyright 2013, American Chemical Society
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The pH point of zero charged (pHPZC) of Fe3O4:Cu increased from 6.97 to 8.86
as increasing initial dosage of copper ions from 0 to 2.5 mM (Fig. 3.68). The
function of Cu incorporation in enhancing pHPZC should be that the doping of Cu2+

caused more defects in Fe3O4 crystals, which was favorable for the adsorption of
hydroxyl on particles and then increased the affinity to proton, eventually leading to
the increase in pHPZC [195]. The increased pHPZC indicates that the adsorbent has a
high tendency to be positive and thus has the potential of high affinity to negative
arsenic species [196, 197].

(2) Arsenate adsorption performance

As the initial dosage of copper ions increase from 0 to 2.5 mM, the adsorption
capacity for As(V) and As(III) increases from 7.32 to 42.90 mg g−1 and from 8.12
to 32.97 mg g−1 (Fig. 3.69a and c), respectively. The adsorption capacity of Fe3O4:
Cu-2.5 particle is much higher than many reported related adsorbents. Adsorbents

Fig. 3.66 SEM of Fe3O4:Cu-0 (a), Fe3O4:Cu-0.05 (b), Fe3O4:Cu-0.25 (c), Fe3O4:Cu-0.5 (d),
Fe3O4:Cu-1.0 (e), Fe3O4:Cu-2.5 (f) particles, EDS-mapping images Cu (g), Fe (h) and O (i) of
Fe3O4:Cu-2.5 particles. The inset shows the corresponding TEM image. Reprinted from Ref. [136]
by permission of The Royal Society of Chemistry 2015
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with higher zeta potential possessed positive-charged surface and thus high affinity
toward negative As(V) species. However, the modified surface charged state could
not explain increased affinity for As(III). The speciation of adsorbed As(III) was
then characterized in detail to explain the phenomenon.

The Langmuir models can well describe the adsorption behavior of As(V) on
Fe3O4:Cu (Fig. 3.69b), while Freundlich models well describe the adsorption
behavior of As(III) on Fe3O4:Cu (Fig. 3.69d). The two different adsorption iso-
therm models may be attributed to the different surface charges of arsenic species,
namely negative-charged As(V) and noncharged As(III) [197, 198]. With the
increase of Cu amount, the calculated Langmuir maximum adsorption capacities for
As(V) increased from 7.90 to 43.37 mg g−1.

The regeneration and reuse of the adsorbent are important in considering the
practical applicability. The Fe3O4:Cu adsorbent was magnetically separated within

Fig. 3.67 XRD spectra (a) and the magnified peak (311) (b) of Fe3O4:Cu-0 (1), Fe3O4:Cu-0.05
(2), Fe3O4:Cu-0.25 (3), Fe3O4:Cu-1.0 (4), and Fe3O4:Cu-2.5 (5) particles. Rhombic and stellate
icons represent the crystal place of Fe3O4 and Cu, respectively. Reprinted from Ref. [136] by
permission of The Royal Society of Chemistry 2015

Fig. 3.68 Zeta potential of
Fe3O4:Cu particles as a
function of pH. The dashed
line represents zero zeta
potential. Reprinted from
Ref. [136] by permission of
The Royal Society of
Chemistry 2015
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10 s and readily re-dispersed by slightly stirring. The regeneration of Fe3O4:Cu was
conducted using 0.1 M NaOH solution as eluent. It was found that the removal
efficiency remained 80% after six cycles (82.4% for As(V) and 81.8% for As(III)),
which indicated the feasibility of regenerating the Fe3O4:Cu adsorbent (Fig. 3.70).

(3) Arsenate adsorption mechanism

Full-range XPS spectra of Fe3O4:Cu-2.5 exhibited the information of Fe, Cu and O
element (Fig. 3.71). As 3d peaks appeared after As(V) and As(III) adsorption.
High-resolution XPS spectra of the As 3d peak are shown in Fig. 3.71a. Fe3O4:
Cu-2.5 with As(V) adsorbed shows the peak at 45.3 eV ascribed to As(V)–O,
indicating no valence change for As(V) [169, 199]. The adsorption of As(III) on
Fe3O4:Cu was conducted under atmosphere, N2 protection, and O2 bubbling

Fig. 3.69 Adsorption isotherms of As(V) (a and b) and As(III) (c and d) on Fe3O4:Cu-0 (1),
Fe3O4:Cu-0.05 (2), Fe3O4:Cu-0.25 (3), Fe3O4:Cu-0.5 (4), Fe3O4:Cu-1 (5), and Fe3O4:Cu-2.5
(6) particles at 298 K. Reprinted from Ref. [136] by permission of The Royal Society of Chemistry
2015
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Fig. 3.70 Arsenic removal efficiency of Fe3O4:Cu-2.5 particles for As(V) (1) and As(III) (2) in
different cycle numbers. The inset: separation/redispersion property of Fe3O4:Cu-2.5 under
external magnet (M). Reprinted from Ref. [136] by permission of The Royal Society of Chemistry
2015

Fig. 3.71 As XPS 3d spectra (a) of Fe3O4:Cu-2.5 with arsenic adsorbed and O XPS 1s spectra
(b) of Fe3O4:Cu-2.5 before and after arsenic adsorption. Reprinted from Ref. [136] by permission
of The Royal Society of Chemistry 2015
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condition, respectively. The As(V)–O were estimated as 9.31%, 86.71%, and
94.29% for N2 protection, atmosphere, and O2 bubbling condition, respectively.
The results suggested that As(III) was efficiently oxidized to As(V) by O2 on Fe3O4:
Cu particles. A few oxidation efficiencies for N2 protection were attributed to trace
rudimental oxygen in solution.

The O 1s spectra of Fe3O4:Cu-2.5 (Fig. 3.71b) can be deconvoluted into three
overlapped peaks corresponding to X–O (Fe–O, As–O), hydroxyl groups (–OH)
and adsorbed water (H2O), respectively. After arsenic adsorption, the peak of the
X–O has shifted from 530.11 to 530.50 eV and the area ratio attributed to X–O
increased from 50.43% to 79.86% and 77.65% after As(V) and As(III) adsorption,
respectively. The variation for X–O may be due to: (i) the formation of Fe-O on the
surface after the reaction between adsorbents and adsorbates; (ii) the As–O in
adsorbed arsenic species on the surface. The intensity of the –OH peak slightly
decreased from 38.10 to 19.16% and 21.08% after arsenic adsorption, implying that
the hydroxyl groups have exchanged with arsenic species.

XANES spectra of As(V) adsorbed and As(III) adsorbed Fe3O4:Cu particles
were recorded in Fig. 3.72. For comparison, the XANES spectrum of
Na3AsO�12H2O and NaAsO2 were shown, which exhibited peaks at 11874.1 eV
for As(V)–O and peaks at 11870.3 eV for As(III)–O, respectively [200].
The XANES spectrum of all Cu–Fe3O4 samples after As(V) adsorption exhibited a
typical peak for As(V)–O at 11874.1 eV (Fig. 3.72a). After As(III) adsorption
(Fig. 3.72b), two peaks were observed, a peak at 11870.3 eV ascribed to As(III)–O
and a peak at 11874.1 eV ascribed to As(V)–O. The intensity of As(V)–O peak
increased with the increase of Cu amount, higher than the negligible peak for As
(V)–O on Fe3O4:Cu-0. The results indicate that the oxidation efficiency of As(III)
was highly dependent on the amount of Cu on adsorbent. The mechanism is Cu2+

acting as electron transfer center between reaction agents. Based on Cu(II)/(I), the
proposed pathway is that Cu2+ first acted as electron receptor, producing oxidation

Fig. 3.72 Normalized absorbance of As K-edge XANES spectra for As(V) absorbed (a) and As
(III) absorbed (b) Fe3O4:Cu-0 (1), Fe3O4:Cu-0.05 (2), Fe3O4:Cu-0.25 (3), Fe3O4:Cu-0.5 (4),
Fe3O4:Cu-1 (5), and Fe3O4:Cu-2.5 (6) under atmosphere condition. Reprinted from Ref. [136] by
permission of The Royal Society of Chemistry 2015
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product and Cu+ as transient species. The active Cu+ then serves as electron donor,
which readily transfers electron to oxidants, yielding reduction product and Cu2+

[201, 202].
The proposed mechanism of arsenic adsorption on Fe3O4:Cu particle was given

in Fig. 3.73. The mixture of Cu0 and Cu2+ doped Fe3O4 nanograin constituted
Fe3O4:Cu particles. Due to the Cu incorporation, the Fe3O4:Cu particles have high
surface area, high porosity, abundant hydroxyl groups, and positive-charged sur-
face, which are beneficial for As(V) adsorption. When Fe3O4:Cu adsorbent was
applied for As(III) adsorption, As(III) was efficiently oxidized to As(V) by O2 based
on Cu2+ as electron mediation agent between As(III) and O2. The produced neg-
ative As(V) species was then in situ adsorbed on Fe3O4:Cu particles based on the
electrostatic interaction and hydroxyl exchange. Thus, the Fe3O4:Cu particles were
efficient adsorbents for both As(III) and As(V).

3.6.3 Arsenic Adsorption by Fe3O4@Cu(OH)2 Composites

Magnetic nanoparticles (MNPs) have aroused great attention because of the unique
merits of facile magnetic separation property [203, 204], such as porous Fe3O4 [197],
flower-like Fe3O4 adsorbent [203], superparamagnetic high-surface-area Fe3O4

nanoparticles [205]. Nevertheless, these materials always suffer from undesirable
adsorption performances because of high tendency of self-aggregation, less quantity
of functional groups, and weak affinity to contaminants [206]. To address the
problems, surface functional coating provides a prospective solution for MNPs
performance improvement by combining multiple functionalities of introduced
chemicals or special structures [207], which attracted increasing interests in specific
drug targeting, magnetic cell separation, magnetic sealing, etc. Copper-based

Fig. 3.73 The As(III) redox and adsorption on Fe3O4:Cu particle. Reprinted from Ref. [136] by
permission of The Royal Society of Chemistry 2015
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nanomaterials have received great attention because of their potential application in
optoelectronic devices, catalysis, and superconductors [208, 209]. Thus, Fe3O4@Cu
(OH)2 composites were synthesized and used for arsenic adsorption.

(1) Characterization of Fe3O4@Cu(OH)2 composites

From the TEM images, bare Fe3O4 particles apparently showed regular micro-
spheres of size around 250 nm without Cu addition (Fig. 3.74a) [210]. When Cu
was added initially, some tiny flocculent like structures can be observed obviously
along the surface of Fe3O4 (Fig. 3.74b), implying obtained copper hydroxide was
preferably assembled on the particles. It is more interesting that as the amount of
CuCl2 increased successively, the initial dendrites gradually grew up to constitute
final leaflike nanostructures around the Fe3O4 particles with ca. 300–500 nm in
length and at most 200 nm in width (Fig. 3.74c–e).

The phase and composition of the Fe3O4 and Fe3O4@Cu(OH)2 composites were
characterized by XRD (Fig. 3.75). All the diffraction peaks located at about 30.24°,
35.52°, 43.12°, 57.04°, and 62.66° can be assigned to the diffraction of Fe3O4

crystal with inverse spinel structure from the (220), (311), (400), (511), and
(440) planes, respectively (PDF#75-1610). Compared with curves 1, 2, 3, 4, and 5,
Fe3O4@Cu(OH)2 exhibited the typical magnetic Fe3O4 peak patterns indicating that
the prepared Fe3O4@Cu(OH)2 retained the magnetic property of Fe3O4.

Figure 3.76 presents the FTIR spectra of the Fe3O4@Cu(OH)2 composites with
various Cu addition. The broad adsorption between 3500 and 3000 cm−1 represents
the stretching/bending vibration of –OH belonging to free surface water and metal
oxides (M–OH, M = Fe, Cu). The strong –OH absorption bands at 1618 cm−1 arise
from physically adsorbed water molecules [211]. The characteristic peaks at
1060 cm−1 can be assigned to the bending vibration of hydroxyl groups on metal
oxides [212, 213]. Profoundly, as Cu/Fe ratios rose, the bands intensity of hydroxyl
groups in the spectrum all showed increasing tendency, strongly demonstrating that
Cu(OH)2 coating could significantly enhance the –OH group concentration in
surface and lattices of obtained composites.

(2) Magnetic property of Fe3O4@Cu(OH)2

The saturation magnetization (Ms) of Fe3O4 (1), Fe3O4@Cu(OH)2-1 (2),
Fe3O4@Cu(OH)2-2 (3), Fe3O4@Cu(OH)2-3 (4), and Fe3O4@Cu(OH)2-4 (5) was

Fig. 3.74 TEM images of Fe3O4 (a), Fe3O4@Cu(OH)2-1 (b), Fe3O4@Cu(OH)2-2 (c), Fe3O4@Cu
(OH)2-3 (d) and Fe3O4@Cu(OH)2-4 (e). Reprinted from Ref. [210] Copyright 2016, with per-
mission from Elsevier
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98.84, 97.74, 91.42, 67.38 and 56.53 emu g−1, respectively (Fig. 3.77). It is evident
that Cu coating has a negative effect on the Fe3O4 magnetic characteristic. The
decreased Ms. can be attributed to the coating of Cu(OH)2 shell on the surface of
Fe3O4 microsphere cores, which reduced the magnetite fraction in each microsphere
[214–217]. However, the saturation magnetization value achieved with Fe3O4 and
Fe3O4@Cu(OH)2 composites was high enough for magnetic separation [218]. The

Fig. 3.75 X-ray diffraction
pattern of Fe3O4 (1),
Fe3O4@Cu(OH)2-1 (2),
Fe3O4@Cu(OH)2-2 (3),
Fe3O4@Cu(OH)2-3 (4) and
Fe3O4@Cu(OH)2-4 (5).
Reprinted from Ref. [210]
Copyright 2016, with
permission from Elsevier

Fig. 3.76 FTIR spectra of
Fe3O4 (1), Fe3O4@Cu(OH)2-
1 (2), Fe3O4@Cu(OH)2-2 (3),
Fe3O4@Cu(OH)2-3 (4) and
Fe3O4@Cu(OH)2-4 (5).
Reprinted from Ref. [210]
Copyright 2016, with
permission from Elsevier
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superior magnetic property guaranteed the convenient separation in adsorption
application.

(3) Arsenate adsorption isotherms

The arsenate adsorption capacity of Fe3O4@Cu(OH)2-1 to Fe3O4@Cu(OH)2-4
increased from 11.11 to 35.71 mg g−1 with the increase of Cu(OH)2 loading ratio
(Fig. 3.78), indicating that Cu coating on bare magnetic particles played a signif-
icant role in enhancing adsorption performance of composites. Obviously,
Fe3O4@Cu(OH)2 composites with high magnetic have a powerful arsenic removal
capacity, thus making them promising as adsorbents for arsenic removal.

(4) Arsenate adsorption kinetics

The arsenate adsorption on the Fe3O4@Cu(OH)2 composites was rapid at first due
to the large number of available adsorption sites at the initial stage (Fig. 3.79). With
the increase of adsorption time, it had a slower removal rate and then reached

Fig. 3.77 Magnetic
hysteresis loop of Fe3O4 (1),
Fe3O4@Cu(OH)2-1 (2),
Fe3O4@Cu(OH)2-2 (3),
Fe3O4@Cu(OH)2-3 (4), and
Fe3O4@Cu(OH)2-4 (5).
Reprinted from Ref. [210]
Copyright 2016, with
permission from Elsevier

Fig. 3.78 Adsorption
performance of Fe3O4@Cu
(OH)2 composites toward As
(V). Reprinted from Ref.
[210] Copyright 2016, with
permission from Elsevier
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equilibrium which was ascribed to the gradual occupation of available adsorption
sites on Fe3O4@Cu(OH)2 composites by arsenate at the later time. The results
further revealed that the Fe3O4@Cu(OH)2 composites had an excellent percentage
of the arsenic adsorption.

(5) Arsenate adsorption mechanism

XPS spectra of the adsorbent before and after As(V) adsorption at pH 5.0 were
analyzed in Fig. 3.80. Figure 3.80A depicts two intense bands with binding ener-
gies of 711.7 eV and 724.0 eV that are assigned to Fe 2p3/2 and Fe 2p1/2,
respectively, demonstrating the existence of the typical Fe3O4 structures [205, 206].
The Cu 2p XPS spectrum is shown in Fig. 3.80B. The peaks located at 934.5 and
954.2 eV are assigned to Cu 2p3/2 and Cu 2p1/2 [219, 220]. After arsenate
adsorption, the binding energy of Fe and Cu has no changed, indicating that
Fe3O4@Cu(OH)2 composites are stable in arsenate adsorption. XPS of As 3d peak
appears after adsorption (Fig. 3.80D). The As 3d binding energies is 45.5 eV which
is attributing to As(V)–O bonding [168, 207, 221–223], meaning that arsenate
species have been loaded on the surface of the Fe3O4@Cu(OH)2 composites after
the adsorption.

As for O 1s spectra in Fig. 3.80C, after arsenate adsorption, the O 1s peak
locates at 531.5 eV decreased from 56.18 to 26.17% suggesting that the surface
hydroxyl groups have surely important effects on arsenate adsorption, while the
increased proportions of oxygen in the lattice at 530.0 eV from 39.33 to 67.12%
maybe originate from the formation of M–O on the surface and As–O groups in the
adsorbed arsenate species after arsenate adsorption [224]. That is to say, the M–OH
groups on the Fe3O4@Cu(OH)2 composites surface are responsible for arsenic
adsorption.

The possible mechanism of arsenate adsorption on Fe3O4@Cu(OH)2 composites
was shown in Fig. 3.81. The M–OH groups on the Fe3O4@Cu(OH)2 composites
surface played a key role in As(V) adsorption through the formation of coordination

Fig. 3.79 Adsorption rate of
As(V) by Fe3O4@Cu(OH)2-2.
Reprinted from Ref. [210]
Copyright 2016, with
permission from Elsevier
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Fig. 3.80 Fe 2p (A), Cu 2p (B), O 1s (C) and As 3d (D) XPS spectra of Fe3O4@Cu(OH)2-2 (a),
Fe3O4@Cu(OH)2-2 with arsenic adsorbed (b). Reprinted from Ref. [210] Copyright 2016, with
permission from Elsevier

Fig. 3.81 As(V) adsorption mechanism on Fe3O4@Cu(OH)2 composites. Reprinted from Ref.
[210] Copyright 2016, with permission from Elsevier
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compounds between As–OH and M–OH and the corresponding M–O groups
formed. Meanwhile, Fe3O4@Cu(OH)2 composites can be protonated in acidic
solution to form the positively charged surface, the negative arsenate species can be
directly adsorbed on the positive sites of the adsorbent via electrostatic attraction.

In summary, there were two different mechanisms contributing to adsorption: the
formation of coordination compounds and electrostatic attraction between As(V)
species and Fe3O4@Cu(OH)2 composites.

3.6.4 Arsenic Removal by Hollow Cu-Loaded Poly
(m-Phenylenediamine) Particles

As a diamine derivative of polyaniline, poly (phenylenediamine) has many
important applications in sensors, catalysis, electrodes, actuators, etc. [225–227]. In
particular, widespread attention has been attracted to investigate the adsorption
performance of poly (phenylenediamine) over recent decades due to its superior
redox reversibility and chelation ability [228–231], and it can be used for removing
various metals ions from water, such as As(V). A sustainable synthesis of poly
(m-phenylenediamine) microparticles with hollow structures was developed via
Cu-catalyzed air oxidation. The conversion efficiency of monomer in this research
can reach close to 100%, which is higher than the highest yield reported (93.1%)
[232]. Moreover, the nanoscaled Cu-loaded PmPD particle is a hopeful material in
arsenic removal in aqueous solution.

(1) Morphology of PmPD particles

The PmPD particles were named as PmPD-Cux (x: 1:1, 1:0.5, 1:0.25, 1:0.125 and
1:0.1), where x corresponds to the mPD:Cu2+ molar ratio. Obviously, amount of Cu
addition has a significant influence on the micro-morphology of PmPD particles. As
shown in Fig. 3.82g, h, the product synthesized in nmPD:nCu = 1:0.125 just con-
sisted of abundant irregular solid particles. However, great variation emerged by
increasing Cu content. When mPD/Cu ratio became 1:0.5, a lot of distinguishable
solid microspheres appeared actually in the product, though their surfaces are very
rough (Fig. 3.82c, d). It is noted that some hollow nanostructures could be iden-
tified apparently in Fig. 3.82d. Especially, in a further experiment, the obtained
PmPD-Cu1:1 particles were mainly composed of nanosized smooth spheres with
the diameters of 300–500 nm (Fig. 3.82a, b). More importantly, the microspheres
are hollow with a wall thickness of about 60–80 nm, as confirmed by the TEM
image. Up to our knowledge, that is a new sustainable alternate to constitute hollow
structure of PmPD particles.

The self-formation mechanism of the hollow structures can be described as
follows. When in contact with Cu2+, mPD instantly reacted to generate the posi-
tively charged complex, which would increase the molecules amphiphilicity to
constitute micelles in water. As higher amount of Cu(II) salt was added into the
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system, the counter ion concentration also increased, which can compress the
electrical double layer and reduce charge repulsion, allowing the micelles to come
closer to each other [233–235]. At the same time, the increased ionic strength can
cause the molecules’ polar groups undergo more “dehydration” to enhance their
hydrophobic character, which will greatly reduce monomer molecules exchange
between the micelles and the bulk phase [236]. Hence, the effects worked together
to drive micellar molecules to be rearranged to form enlarged stable micellar cluster
or bilayer aggregates. When air was introduced into the bulk solution, the oxidation
chain-propagation will principally take place around the surface of the aggregates to
make them growing up [234]. However, when the reaction reached to a certain
extent, the dynamic equilibrium cannot be maintained between the grown aggre-
gates and polymer molecules. Particularly, if the total Cu addition is not enough,
low ionic strength will go against keeping hollow aggregates stable and finally
formed irregular solid particles.

(2) Structure of PmPD particles

The FTIR spectra of PmPD-Cux (x: 1:1, 1:0.5, 1:0.25, 1:0.125, 1:0.1) were similar
(Fig. 3.83). The broad absorption centered between 3500 and 3000 cm−1 should be
due to the stretching mode of –NH– [237–239]. The peak at *1620 cm−1 was
associated with phenazine and quinoid imine. And the peak at *1500 cm−1 was
attributed to benzenoid amine structures [240, 241]. Meanwhile, the peak at
*1250 cm−1 corresponded to the C–N stretching mode in the PmPD [242].
Moreover, it was found that the relative content of the two peaks changed obviously
with the variation of the Cu/monomer molar ratio. With the increase of Cu2+, the
peak at *1620 cm−1 turned to stronger which indicated that content of phenazine
and quinoid structure were increased.

Figure 3.84 clearly indicates that the PmPD particles with Cu loaded are basi-
cally made up of carbon, oxygen, nitrogen, copper, and a small amount of chlorine.
With the decrease of the initial dosage of Cu2+, the peak of Cu became weaker.

Fig. 3.82 SEM and TEM images: a and b PmPD-Cu1:1; c and d PmPD-Cu1:0.5; e and
f PmPD-Cu1:0.25 and g and h PmPD-Cu1:0.125 (reaction time was 24 h)
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The XPS spectra of N element of various PmPD particles (Fig. 3.85a–d) were
investigated to study the relative molar contents of N-containing segments. The
peak at 399.2 eV was associated with the neutral –N= in both quinoid imine and
phenazine while the one at 400.2 eV was due to the –NH– in the benzenoid amine
units. Besides these, there was a weak peak at 401.2 eV assigned to –N+= [243–
245]. With the increase of Cu2+, the area of –N= and –N+= increased, indicating the
enhancement of oxidation state. This is in agreement with the analysis of FTIR.
Based on XPS analysis, it was interesting to see that the oxidation state of PmPD
increased with the increase of Cu/monomer molar ratio.

Fig. 3.83 FTIR spectra of
PmPD-Cu1:1,
PmPD-Cu1:0.5,
PmPD-Cu1:0.25 and
PmPD-Cu1:0.125

Fig. 3.84 Wide energy range
surface spectra of
PmPD-Cu1:1;
PmPD-Cu1:0.5;
PmPD-Cu1:0.25 and
PmPD-Cu1:0.125

102 L.-Y. Chai et al.



The XPS spectra of Cu element of PmPD particles (Fig. 3.85e–h) indicates that
copper existed in two oxidation states on the PmPD particles, Cu2+ and Cu+ [246,
247]. Cu+ contents tended to rise with the increase of Cu/mPD ratio. The variation
of Cu+ contents proved that Cu2+ was involved in the mPD oxidation polymer-
ization. It was the reduction of Cu2+ to Cu+ achieving the oxidation and the
increased amount of Cu+ was possibly a direct reason for the increased oxidation
state of PmPD. Therefore, it could be further correlated to the increase of con-
version rate.

(3) Arsenate adsorption properties

When initial As(V) concentration is 70 mg L−1, PmPD-Cu0 exhibited a certain
arsenic absorbance as low as about 8 mg g−1 (Fig. 3.86). As the Cu/mPD ratios
rose, the absorbance of PmPD particles loaded with Cu significantly increased. The
maximal absorbance (about 27.4 mg g−1) occurred at Cu/mPD ratios 0.25:1, 4
times as much as that of PmPD-Cu0. Subsequently, further enhancing Cu/mPD
ratio had no great impacts upon the As(V) adsorption of PmPD particles with just a
slight decrease to about 23–24 mg g−1. It is indicative that Cu played a crucial role
in the arsenic removal of PmPD particles. Consequently, PmPD-Cu1:0.25 is more
preferable adsorbent for As(V) removal. The Freundlich can better describe the
adsorption since the correlation efficiency of Freundlich is all much higher than that
of Langmuir. This suggests that PmPD particles adsorption of arsenic is a multi-
component adsorption isotherm.

The adsorption kinetics of PmPD-Cu1:0.25 (Fig. 3.87) indicate the adsorption
process can be roughly divided into fast and slow steps. The fast step lasted for
about 10 min; the residue percentage of arsenic in the filtrate was sharply decreased
to 18.5% for. This rapid process was caused by the adsorption of arsenic to the
functional groups on the surface of PmPD particles. As prolonging the time, the
adsorption became slow apparently, owing to the gradual diffusion of arsenic
molecules from the surface to the inner structures of the PmPD particles. This rapid
attainment of adsorption equilibrium is of great importance to the practical process
of the obtained PmPD particles.

Arsenic removal property of PmPD-Cu1:0.25 was measured with initial pH
value from 3 to 11 (Fig. 3.88). The removal rate was calculated according to the
equations described in the literature [229]. When decreasing the pH from 5.0 to 3.0,
the removal rate declined obviously from only 53.2 to 16.1%. This means that the
acidic condition with pH lower than 5 is not beneficial for arsenic removal. While at
pH 5.0–7.0, the removal rate varies little (<2%), implying that the weak acidic
condition influences slightly on arsenic adsorption. As pH decreased from 5
decrease to 3, negative-charged H2AsO4

− began to turn to neutral molecular state
H3AsO4, which is difficult to be adsorbed, thus leading to the decrease of removal
rate. As pH increased to 11, the removal rate of arsenic rapidly dropped to 0%,
which is mainly due to OH− competition in alkaline condition. Consequently, the
solution pH at 5.0–7.0 is suitable for arsenic adsorption of PmPD particles
(Fig. 3.88).
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Fig. 3.85 Deconvolution results of N 1s (a–d) and Cu 2p (e–h) XPS spectra of PmPD-Cu1:1
(a–e), PmPD-Cu1:0.5 (b–f), PmPD-Cu1:0.25 (c–g) and PmPD-Cu1:0.125
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(4) Adsorption mechanism

The As 3d and N 1s data (XPS) of PmPD particles and relevant calculation are
given in Fig. 3.89 [248]. Based on the arsenic 3d data, the adsorption of arsenic on
PmPD particles existed in two forms, 58.14% mol As(V) and 41.86% mol As(III).
That means an oxidation process took place to make As(V) reduced to As(III)
during the adsorption. As compared the data of N 1s before and after adsorption (in
Fig. 3.88), it can be found that the content of –NH– declined by 5.7% after treating
As(V), in turn the content of =N– and =N+

– increased correspondingly.

Fig. 3.86 Effects of initial concentration of PmPD particles (T = 35 °C; adsorbent dosage =
0.5 g L−1; pH = 5)

Fig. 3.87 Effects of time on
the adsorption performance of
PmPD-Cu1:0.25 particles
(T = 35 °C; adsorbent
doses = 0.5 g L−1; pH = 5)
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Fig. 3.88 Effect of pH on the adsorption performance of PmPD-Cu1:0.25 particles (T = 35 °C;
adsorbent doses = 20 mg L−1)

Fig. 3.89 Deconvolution results of N 1s and As 3d XPS spectra of PmPDCu1:0.25 before and
after adsorption
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As is known to all, –NH– of conjugated polymers can be oxidized readily and
then hydrogen left, which was finally transformed to =N– [244]. 0.92% of –NH–
was oxidized by As(V) form to =N–. On the other hand, the electron density of =N–
is much higher than that of –NH– due to its different molecular configuration [249,
250], which allows it to interact with As(III) cations through coordination. The
increased amount of =N+

– after adsorption also strongly verifies this chelation
between As(III) and =N–. It should be noted that part of the =N– in PmPD before
adsorption has been already chelated by Cu ions to generate =N+

– which can
interact with negative ionic As(V) through static manner. Based on the discussion
of XPS, the corresponding interaction was illustrated in Fig. 3.90 [244, 251, 252].
As soon as the addition of PmPD-Cu nanoparticles into the As(V) solution,
abundant As(V) was adsorbed by =N+

– components via electrostatic attraction.
Meanwhile, the redox reaction between part of As(V) and nearby imine group (–
NH–) occurred which produced the =N– and As(III). Therein, As(III) can readily
tend to interact with =N– through coordination.

Fig. 3.90 Possible
mechanism for arsenic
adsorption with PmPD
particles
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