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HIGHLIGHTS

GRAPHICAL ABSTRACT

« FMBO shows higher removal capacity
towards p-ASA and ROX than FeOOH
and MnO,.

« Adsorption of p-ASA and ROX onto
FMBO, FeOOH, and MnO, is more
favorable at pH 4.0.

« Heterogeneous oxidation involves in
the adsorption of p-ASA onto FMBO
and MnO,.

« The synergism of Fe- and Mn-oxide
dominates the high adsorption
capacity of FMBO.
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The aromatic organoarsenic compounds including p-arsanilic acid (p-ASA) and roxarsone (ROX) used as
feed additives in the poultry appear to be excreted with no chemical structural change, tending to envi-
ronmental release of inorganic arsenic. Thus, effective removal and understanding the mechanism of
organoarsenic compounds are of significant urgency. We herein investigated the interactions of orga-
noarsenic compounds with ferric and manganese binary oxide (FMBO) to investigate their adsorption
efficiency and mechanism, whereas ferric oxide (FeOOH), and manganese oxide (MnO,) were also studied
for the comparison. The maximum adsorption capacities (Quqx) of FMBO towards p-ASA and ROX were
determined to be 0.52 and 0.25 mmol g~ (pH = 7.5). FeOOH and MnO, showed lower adsorption capa-
bility, the corresponsive Qmax, p-asa were 0.40 and 0.33 mmol ¢! and Qmax, rox were 0.08 and
0.07 mmol g, respectively. The elevated pH inhibited the adsorption onto the adsorbents owing to
the increased repulsive forces; the Qmax, p-asa and Qmax, rox onto FMBO increased to 0.79 and
0.51 mmol g~ ! at pH 4.0. Based on results of UV-vis spectra, UPLC-ICP-MS, FTIR, and XPS, the synergistic
effect of heterogeneous oxidation and adsorption was the core for efficient aqueous removal of p-ASA by
FMBO. Manganese oxide showed significant oxidation of p-ASA, while adsorption process was observed
in ferric oxide and this effect also involves in the adsorption of ROX. Results herein extended the knowl-
edgebase on organoarsenic species adsorption to Fe/Mn oxides, are important for potential engineering
treatment application and help us to understand reactions at the interfacial level.

© 2016 Published by Elsevier B.V.
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Aromatic organoarsenic, e.g., 4-aminophenylarsonic acid (para-
arsanilic acid, p-ASA) and 4-hydroxy-3-nitrophenylarsonic acid
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(Roxarsone, ROX), are widely used as feed additives of broiler
chickens to control coccidial intestinal parasites, improve feed effi-
ciency, stimulate rapid growth, and improve pigmentation [1,2].
The arsenic content in poultry manure is as high as over
40 mg kg~! [3]. The use of poultry litter as organic fertilizer trans-
fers from ‘point’ to ‘non-point’ source pollution, and increases the
risk of organoarsenic contamination towards soils and groundwa-
ter accordingly [4]. Upon entering environments, organoarsenic
tends to transform into more mobile toxic inorganic arsenite [As
(IIN] and arsenate [As(V)] by microbial activities [1,5,6]. The
removal of organoarsenic prior to its entering environments is of
crucial importance to control their environmental risk.

Adsorption exhibits the advantageous of simple operation, high
efficiency, low cost, and is practically valuable for organoarsenic
removal [7]. Many adsorbents have been developed for the
removal of inorganic arsenic such as multi-wall carbon nanotubes
(MWCNTs) [8], biosorbent (scales of Cyprinus carpio) [9], zeolitic
imidazolate frameworks [10], copper impregnated natural mineral
tufa [11], and ferrihydrite [12]. However, the adsorbents for orga-
noarsenic removal are relatively rare. There have been reported
several adsorbents, i.e., birnessite [13], mesoporous zeolitic imida-
zolate framework-8 [14], metal-organic frameworks [15],
MWCNTs [16,17], chitosan-based copolymers [18], iron and alu-
minum oxides [19], and titanium oxides [20] for the removal of
organoarsenic (Table S1). However, their practical application is
limited due to the difficulty in large scale production. Previous
studies in our research group using ferric and manganese binary
oxide (FMBO), for arsenic(Ill) removal revealed interesting results
and led to development of engineering applications [21]. This
result inspired us the effectively converted the chemical structure
of the organoarsenic was conducive to entire removal process. In
FMBO, manganese (Mn) oxide shows oxidative and adsorptive
capacities towards aromatic amines [22]. Then, the low cost iron
oxides have been exhibited the good adsorption performances
towards aromatic organoarsenic [23]. Thus, we speculated if the
same synergistic effects of mixed Mn(IV)/Fe(Ill) oxide could pro-
vide similar adsorption capacity for organoarsenic species.

In this study, we selected two aromatic organoarsenic com-
pounds of p-ASA and ROX with different reductive dissolution
effect, investigated removal efficiency of FMBO, and adsorption
mechanism. The macroscopic adsorption experiments such as
adsorption kinetics, adsorption isotherms, and pH effects were
conducted. After that, removal mechanisms of organoarsenic com-
pound on the interfacial of FMBO were analyzed by UV-vis scan,
UPLC-ICP-MS, and microscopic characterization techniques such
as FTIR and X-ray photoelectron spectroscopy (XPS). Finally, the
dominant interfacial reactions involved in the adsorption of p-
ASA and ROX onto the adsorbents were proposed accordingly.

2. Experiments
2.1. Materials and analysis methods

The p-ASA (>98%) and ROX (>98%) were respectively purchased
from TCI Chemicals Co. and Sinopharm Chemical Reagent Co.
Table 1 illustrates their dominant physicochemical characteristics
and their species distribution over a wide pH range. All other ana-
lytical grade chemicals were purchased from Beijing Chemical Co.
The stock solutions of p-ASA and ROX (15 mmol L~!) and working
solutions of different concentrations were prepared using Milli-Q
deionized water (18.2 MQ-cm). FMBO with different Fe/Mn molar
ratios were prepared at room temperature, among of which the
ratio of 3:1 was the optimal one. The preparation of FMBO, FeOOH,
and MnO, followed the methods as described in previous studies

[21,24,25], and the detailed procedures are illustrated in the sup-
porting information (Text S1).

2.2. Adsorption experiments

Sodium perchlorate (NaClO4-H,0) at 0.01 M was used to main-
tain the background ionic strength. pH was adjusted during
adsorption using 0.1 M NaOH and 0.1 M HNOs to achieve pH vari-
ation in the range of +0.1. All the batch experiments were pro-
ceeded in triplicate at the same time. Blank control experiments
without the addition of adsorbents confirmed that no adsorption
occurred on the glass vial wall. Control experiments only adsor-
bents without p-ASA/ROX indicated that no loss of Fe and Mn from
adsorbents.

In adsorption kinetic experiments, the initial concentrations of
p-ASA ([p-ASA]y) and ROX ([ROX]o) were 0.15mmol L™, and
adsorbents doses were 0.2 gL~'. Batch adsorption experiments
were conducted in a beaker with magnetic stirrer (350 rev min~!)
at pH 7.5 £0.1 in room temperature. Aliquots (~5 mL) were taken
from the suspension at different time intervals of 0.016, 0.08, 0.25,
0.5, 1.0, 1.5, 2.0, 3.0, 5.0, 8.0, 13.0, 23.0, 37.0, 55.0, and 79.0 h. The
adsorbent capacity (q;) was calculated according to Eq. (1) as
follows:

(Co—Cr)V
q. = —m (1)
where q, is adsorption capacity in mmol g~!, Cy and C; are the con-
centrations of p-ASA and ROX (mmol L™!) before and after adsorp-
tion, m is the amount of the adsorbent used (g), and V is the
volume of the initial solution (L).
The removal rate (%) was calculated according to Eq. (2):

CO - Ce
Co

Removal % = x 100 (2)
where C is the initial concentrations of the p-ASA and ROX and C,
are the final concentration of p-ASA and ROX, respectively.

In adsorption isotherms experiments, the concentrations of [p-
ASA]o and [ROX]o were in the range from 0.02 to 1.0 mmol L~ with
the adsorbents doses of 0.25 g L~!. Adsorption experiments were
conducted in 50 mL polypropylene tubes with 40 mL solution at
pH 7.5+ 0.1, and the tubes were kept on an end-over-end shaker
set at 40 rpm for 24.0 h in room temperature to achieve equilib-
rium. To investigate the effects of pH on adsorption, similar proce-
dures were used except that initial pH was adjusted to desired
values from 4.0 to 9.0 prior to the addition of adsorbents.

The equilibrium uptake (g., mmol g!) of an adsorbent towards
an adsorbate is calculated using Eq. (3).

0 {(cO - CE)XV}

N 3)

where ( is the initial concentration (M) of the adsorbate, C, is the
equilibrium concentration (M) of the adsorbate, V is the volume (L)
of the adsorbate, and M (g) is dosage level of the adsorbent
employed.

2.3. Characterization and analytical methods

The powder X-ray diffraction patterns (XRD) of FMBO, FeOOH,
and MnO, were determined using an X'Pert 3040-PRO Powder
diffractometer machine (PANalytical Co.). Data were collected at
40 keV using a graphite curved crystal monochromator between
10° and 90° 20 in 0.02° steps. The specific surface area (Sggr), pore
volume, and pore size distribution were measured by nitrogen
adsorption method with a Micrometrics ASAP 2020 HD88 surface
area analyzer (Micrometrics Co. USA). The morphology of the
adsorbents was observed under scanning electron microscope



T.P. Joshi et al./Chemical Engineering Journal 309 (2017) 577-587

Table 1
Physicochemical characteristics of p-ASA and ROX.

579

Adsorbate Molecular structure Speciation Molecular Molecular weight
formula (g mol™1)
4-Aminophenylarsonic acid pKa, =9.2 OH pKa; =1.9 1o [H3A HA- CsHgNOsAs 217.05
Para arsanilic acid = HzA
p-ASA H,N As—O0 57
é 0.6+ :'
OH pKa,=4.1 £ =
< 044 =
0.24
0.6
01 2 3 456 7 8 91011121314
pH
4-Hydroxy-3- o,N B T — CsHsNOgAS 263.04
nitrophenylarsonic acid OH pKa; =343
Roxarsone | B 084
ROX H
HO As==0 g 04
| £ 04
pKay =9.67 OH  pKa=638 °

0.2

X

01 23 456 7 8 91011121314
pH

" pK, values are referred to [19].

(SEM) with an EDAX KEVEX level 4 (Hitachi S-3500N, Japan). The
electrokinetic potential ({-potential) was measured by a Zetasizer
2000 Zeta Potential Analyzer (Malvern Co., UK). Fourier transform
infrared (FTIR) spectra of adsorbents before and after adsorption
were recorded on a TENSOR 27 BRUKER, Germany spectrometer.
X-ray photoelectron spectroscopy (XPS) data were collected for
the analysis of elemental composition and their valence states by
an ESCA-Lab-220i-XL spectrometer (Shimadzu Co., Japan) with
monochromatic Al Ko radiation (225 W, 15 mA, 15 kV).

After adsorption, samples were filtered through 0.45-pm mem-
brane filters for the analysis of arsenic (As) species, manganese
(Mn), and oxidation intermediates. The concentrations of arsenic
(As) species and manganese (Mn) were measured by an inductively
coupled plasma optical emission spectroscopy (ICP-OES-710 Agi-
lent Technology, USA). UV-vis spectra were collected using UV-
vis spectrophotometer (U-3010; Hitachi High technologies Co.,
Japan). Wavelength scan of p-ASA and ROX was monitored in the
ranges of 190-550 nm using UV-vis spectrophotometer over a
wide range of pH (2.0-10.0). The oxidative intermediates were
detected by ultra-high performance liquid chromatography induc-
tively coupled plasma mass spectroscopy (UPLC-ICP-MS, Thermo
Scientific-iCAP-Q) with a PRPX100 anion-exchange column
(Hamilton Company) at 298 K [26]. The mobile phase solution
was prepared by dissolving (NH4),HPO, (1.36 g) and NH4NO;
(0.8004 g) into 1L of Milli-Q deionized water (18.2 MQ-cm). The
pH was adjusted to 6.2 by adding 1 M HNOs. It was passed through
the column at 1.0 mL min~'. The mass spectrum (MS) detector was
used to observe the peak of the arsenic species at m/z 75 through
the “time resolved analysis” mode [27]. The concentration of
arsenic (As) species was identified on the basis of retention time
of the standard solution of As (III), As (V), and p-ASA.

3. Results and discussion
3.1. Characterization of adsorbents

The XRD pattern of FMBO, FeOOH, and MnO, with 26 ranging
from 10° to 90°, as illustrated in Fig. ST1A indicated that these
adsorbents were in amorphous form except that only a few crys-
talline peaks were detected. The amorphous adsorbents have high
Sger with plentiful active surface sites [21]. Additionally, the nitro-

gen adsorption and desorption isotherms of FMBO and MnO, were
observed to be type Il with H3 hysteresis and FeEOOH was type IV
isotherms with H2 hysteresis (Fig. S1B). Sggr values of FMBO,
FeOOH, and MnO, were determined to be 216.1, 46.6, and
93.2m? g !, respectively in Table S2. SEM images of FMBO, FeOOH,
and MnO, indicated many aggregated small particles with a porous
structure (Fig. S1C) and this is in accordance with previous study
[21]. The ¢-potential of three adsorbents decreased with elevated
pH (Fig. S2), and the isoelectric point (pHiep) was determined to
be 5.4, 5.6, and ~2.0 for FMBO, FeOOH, and MnO,, respectively.
The elemental composition of FMBO, FeOOH, and MnO, were
determined by XPS technique as shown in Table 2. The atomic per-
centage (at.%) of Fe and Mn elements was found to be 16.86 at.%
and 6.07 at.% in FMBO, the ratio of Fe-Mn was observed to be
2.8:1 (~3:1). The percentage of Fe and O elements was found to
be 33.0 at.% and 66.92 at.% for FEOOH and Mn and O was observed
to be 22.3 at.% and 55.2 at.% for MnO,, respectively.

3.2. Macro-scopic adsorption behaviors of p-ASA and ROX onto applied
adsorbents

3.2.1. Adsorption kinetics

Fig. 1 illustrates the adsorption of p-ASA and ROX by FMBO,
FeOOH, and MnO, (mmol g~!) as a function of time. The adsorption
of p-ASA and ROX increased rapidly during the initial stage of 2.0 h,
and after that, the slow decrease stage was observed. After 2.0 h
contact time, the q;, p-asa and q;, rox on FMBO was observed to be
0.25 and 0.15 mmol g~!, which was relative to 34.3% and 25.0%
of their equilibrium adsorption after 79.0 h contact time (qeq).
FMBO showed more significant adsorption towards p-ASA and
ROX than both FeOOH and MnO,. The equilibrium adsorption of
P-ASA (qeq, p-asa) and ROX (qeq, rox), was found to be 0.35 and
0.20 mmol g~! for FMBO, 0.27 and 0.15 mmol g~! for FeOOH, and
0.13 and 0.04 mmol g~ ! for MnO,, respectively. The more signifi-
cant adsorption of p-ASA onto these adsorbents was observed as
compared to that of ROX (Fig. S3).

The obtained data were further fitted with five kinetic models of
pseudo-first-order, pseudo-second order, Elovich, power function,
and intra particle diffusion models, Table S3 compared the fitted
parameters. Elovich model was best fitted to describe the adsorp-
tion of p-ASA (R? = 0.98) and ROX (R? = 0.98) onto FMBO, indicated
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Table 2
Elemental composition of p-ASA, ROX, FMBO, FeOOH, MnO, before and after p-ASA and ROX adsorption at pH 4.0 and 7.5.
S.N Sample Mn (at.%) As (at.%) N (at.%) Fe (at.%) O (at.%) C (at.%)
1 p-ASA 0.0 9.48 8.24 0.0 21.16 61.10
2 ROX 0.0 8.23 7.01 0.0 36.38 48.36
3 FMBO 6.07 0.0 0.0 16.86 52.73 2433
4 FMBO with p-ASA pH 4.0 3.45 3.67 3.95 11.41 41.66 35.83
5 FMBO with ROX pH 4.0 464 2.68 3.16 1213 49.00 28.36
6 FMBO with p-ASA pH 7.5 428 1.34 1.64 9.78 40.73 4220
7 FMBO with ROX pH 7.5 4.80 0.83 1.43 14.00 46.57 3235
8 FeOOH 0.0 0.0 0.0 33.00 66.99 0.0
9 FeOOH with p-ASA pH 4.0 0.0 3.542 5.02 4.46 28.65 56.34
10 FeOOH with ROX pH 4.0 0.0 3.32 5.99 5.56 37.11 45.54
11 FeOOH with p-ASA pH 7.5 0.0 1.86 2.18 16.55 46.69 32.40
12 FeOOH with ROX pH 7.5 0.0 0.89 1.48 17.77 48.56 30.94
13 MnO, 22.32 0.0 0.0 0.0 55.19 22.48
14 MnO, with p-ASA pH 4.0 11.15 3.81 416 0.0 34.49 46.37
15 MnO, with ROX pH 4.0 13.70 1.01 1.55 0.0 39.75 43.97
16 MnO, with p-ASA pH 7.5 22.52 0.79 0.72 0.0 50.95 24.99
17 MnO, with ROX pH 7.5 22.93 0.51 0.0 0.0 52.59 23.95
Additionally, the adsorption equilibrium was achieved within
0.4 B FMBO (a) 20.0 h and thus 24.0 h contact time was applied in the following
: ® FeOOH experiments.
{ A MnO,
0.3 3.2.2. Adsorption isotherms
I § The adsorption isotherms of p-ASA and ROX onto FMBO, FeOOH,
1 il and MnO, at pH 7.5 +0.1 are illustrated in Fig. 2. The maximum
0.2 1
] 0.5- _..-a (a)
.... eecT " E
0.1 o 0.4
-— | ——Elovich model : m FMBO
'an ---- Power model 03 1 ® FeOOH
= 0.0 3
g 1 i 1 1 1 1 1 i 1 A Mn02
b
£ 0.4 (b) 0.2+
N’ - .
= ] 1 —— Langmuir model
0.3 0.1 --=--Freundlich model
~ )
4 —( 1 2 1 2 1 2 1 2 1 2
1
0.2 o0 0.0 0.2 04 0.6 0.8 1.0
¢ p— -1
| g Ce mmol L)
0.1+ s
A
. . 0.5 (b)
) |
0.0 1
0.4 -
1 i 1 i 1 i 1 i 1 i
0 20 40 60 80
Time (h)

Fig. 1. Adsorption kinetics of (a) p-ASA and (b) ROX onto FMBO, FeOOH, and MnO,.
The lines through the data points represent the fitting by kinetics models, solid line
(-) mean the Elovich model and dash lines (---) represent to the power model.

the occurrence of heterosphere diffusion reactions [28]. Compara-
tively, the adsorption of p-ASA and ROX onto FeOOH (R? = 0.99 and
0.98) and MnO, (R? = 0.99 and 0.71) was best fitted by the power
function model. As for the power function model, FMBO showed
higher the rate constant of k, than FeOOH and MnO, in Table S3,
suggested the higher velocity in the adsorption of p-ASA and
ROX onto FMBO than those onto the other adsorbents [29].

0.0 . L ] " 1 2 1 "
0.0 0.1 0.3 04
1

Ce mmol L ™)

0.5

Fig. 2. Adsorption isotherms for the adsorption of (a) p-ASA and (b) ROX onto
FMBO, FeOOH, and MnO, surfaces. Solid line (-) mean the Langmuir model and
dash lines (----) represent to the Freundlich model.
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adsorption capacity (Qmqx) of FMBO towards p-ASA and ROX were
determined to be 0.52 and 0.25 mmolg~'. FeOOH and MnO,
showed lower adsorption capability, and their corresponsive
Qmax, p-asa were determined to be 0.40 and 0.33 mmol ¢ ! and
Qmax, rox to be 0.08 and 0.07 mmol g~1, respectively. As for the
adsorption of antimony, FMBO also showed higher Q,,qx than the
other two adsorbents [24] that showed higher adsorption capacity
of FMBO towards antimony. The calculated q., ¢ values are in
accordance with the experimental values as expressed as ¢, in
Table S4.

These experimental data were further fitted by Langmuir and
Freundlich isotherms to understand the adsorption processes.
The Langmuir model was better than the Freundlich model to
describe the adsorption of p-ASA onto FMBO, FeOOH, and MnO,
and the R? values were determined to be 0.96, 0.78, and 0.96,
respectively in Table S4. The adsorption of ROX onto FMBO and
FeOOH was well fitted by Freundlich model with the R? values of
0.96 and 0.98, whereas that onto MnO, was better fitted by Lang-
muir model (R?=0.91). Langmuir model is related to the mono-
layer sorption mechanism with homogeneous sorption energies,
Freundlich model corresponds to the multilayer sorption sites
and heterogeneous sorption energies [30,31].

The higher removal capacity of FMBO may be first attributed to
the more adsorption sites available on FMBO surfaces than those
on the surfaces of FFOOH and MnO,, and Sggr results supported this
assumption in Table S2. FMBO shows high removal capacity
towards the organoarsenic and are potentially feasible for the
removal of p-ASA and ROX in practice.

3.2.3. Effects of pH

Fig. 3 illustrates the adsorption of p-ASA and ROX onto these
adsorbents over a wide pH range from 4.0 to 9.0, and the higher
adsorption capability towards p-ASA and ROX on FMBO was also
observed as compared to FeOOH and MnO,. The adsorption of p-
ASA and ROX was most significant at pH 4.0 and the elevated pH
inhibited their adsorption on any adsorbent. The maximum
adsorption of p-ASA onto FMBO, FeOOH, and MnO, at pH 4.0 was
determined to be 0.79, 0.45, and 0.55 mmol g, respectively. The
corresponsive adsorption of ROX was relatively lower to be 0.51,
0.32, and 0.27 mmolg~' for FMBO, FeOOH, and MnO,. The
obtained ge value of p-ASA and ROX onto FMBO, FeOOH, and
MnO, at pH 7.0 was observed to be closely similar with the ge
value of the adsorption isotherm at pH 7.5.pH significantly affected
the species distribution of aromatic organoarsenic in Table 1 and
the surface charge of adsorbents (Fig. S2). p-ASA and ROX with
amphoteric nature predominantly exist as mono-anionic and di-
anionic species at pH 7.5, the elevated pH favors their transforma-
tion to di-anionic species and decreases their adsorption accord-
ingly. It was inferred that the protonated p-ASA and ROX are
adsorbed more strongly onto adsorbents than the deprotonated
ones [32].

The surface of adsorbents, which is denoted as =S—OH herein,
is more positively-charged at lower pH due to the protonation Eq.
(4), and this benefits the adsorption of negative p-ASA and ROX. At
elevated pH above pHjep, the deprotonation of =S—OH occurs and
the negatively-charged surfaces are observed [33].

pH < pH, := S — OH + H,0 —=S — OH; + OH" (Protonation)
4)
Additionally, the adsorption of aromatic organoarsenic may be
attributed to the formation of inner-sphere complex on =S—O0OH
[34]. In this case, the substitution of surface hydroxyl group
(—OH) contributes to OH™ release [12]| and the more significant

adsorption was observed at lower pH accordingly [35]. At higher
pH than pHiep, ie., 5.6 for FMBO, 5.4 for FeOOH, and ~2.0 for

0.90 - m FMBO (a)
E @® FeOOH
0.75 1 A MnO,
0.60 - L
| & u
0454 @ x i
030. - . i ;
- .30 ™ | |
o ] i A &
E 0.15 A
1 4
E o000 , ., .,
= 0.90- (b)
0.75 -
0.60 -
0.45 - :
o
0301 Z P u
1 [
0.15- L : : o
A
0.00 1 1 1 i 1 1 1 1 1
4 5 6 7 8 9

Fig. 3. Effect of pH on the adsorption of (a) p-ASA and (b) ROX onto FMBO, FeOOH,
and MnO,.

MnO,, these adsorbents showed negative surfaces and the Coulom-
bic repulsive force between organoarsenic and =S—OH was stron-
ger at elevated pH (Fig. S4).

3.3. Removal mechanisms of p-ASA and ROX on the interfacial of FMBO

The macroscopic result supported that FMBO had superior
adsorption performance to the aromatic organoarsenic com-
pounds. Thus, to gain insight into the relationships between the
surface of FMBO and aqueous organoarsenic is of great signifi-
cance. Results of UV-vis spectra in the wavelength range from
190 to 550 nm corroborated the oxidation of organoarsenic by
Mn(1V) (Fig. 4). At pH 7.5, p-ASA shows two absorption peaks at
a wavelength 250 nm and 206 nm and ROX exhibits three peaks
at wavelength of 400 nm, 244 nm, and 206 nm. The absorption
peak at 250 nm associated with the aromatic ring within p-ASA,
whereas that at 400 nm was related to the 4-nitrophenol group
within ROX [36,37]. It was noted that their peak position may vary
to some extent in different pH range (Fig. S5). After being adsorbed
onto FMBO, the absorbance of p-ASA at 250 nm (Azs50nm) decreased
by 0.77 a.u, higher than that of 0.64 a.u for FeFOOH, and 0.08 a.u for
MnO,, respectively (Fig. 4a, inset), which was in accordance with
the highest adsorption of p-ASA was observed on FMBO. However,
the broad distinctive peak of p-ASA, in the wavelength range from
300 to 400 nm, was observed to increase with prolonged contact
time after being adsorbed on MnO,. Meanwhile, there appeared a
new peak at 310 nm (Fig. 4c, inset), attributed to the formation
of the azophenylarsonic acid after the coupling of the oxidized p-
ASA intermediates [13]. Comparatively, the absorbance at
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310 nm (As1onm) increased in lower extent after the adsorption of
p-ASA on FMBO, while FeOOH with no oxidation efficacy cannot
contribute to Asjonm increase even after 24.0 h contact time. The
oxidative behaviors of Mn(IV) oxide within MnO, and FMBO
occurred and showed effects on the adsorption of p-ASA. To further
quantify the oxidation of ROX, the ratios of Asoonm—Az44nm
(Ra400nm:A244nm) Were calculated and their varying trends were
illustrated (Fig. S6). After being adsorbed onto MnO,,
Ra400nm:A244nm Was observed to increase from 0.215 to 0.244 nm
after 24.0 h contact time. In contrast, Razoonm:a244nm Showed little
change after the adsorption of ROX onto either FMBO or FeOOH,
and the oxidation involved in was inferred to be rather weak. Addi-
tionally, the interaction between aromatic organoarsenic and Mn
(IV) oxide was pH-dependent and the elevated pH inhibited the
heterogeneous oxidation as indicated observed from UV-vis
spectra.

Moreover, adsorption and oxidation process indicated that
there was a formation of new intermediate during the adsorption
of organic compounds onto Mn(IV)-based sorbents, resulting to
the reductive dissolution of Mn(IV) [38]. MnO, exhibits oxidative
surfaces towards various pollutants such as As(Ill) [39], phenol
[40], and aniline [41]. Mn" release from FMBO and MnO, was more
significant at lower pH, and p-ASA showed higher efficacy to dis-
solve Mn(IV) than ROX (Fig. 5). Quantitatively, the concentrations
of released Mn were as high as 16.9 and 6.0 mgL™! after the
adsorption of p-ASA onto MnO, and FMBO. At elevated pH 9.0,
the much lowered concentrations of 0.43 and 0.39 mgL~! was
observed accordingly. The inhibited Mn" release at higher pH
was relative to the less extent of Mn(IV) dissolution.

Wang et al. (2015) investigated the oxidative and adsorptive
behaviors of p-ASA on birnessite (§-MnO-), and reported the signif-
icance of heterogeneous oxidation effect in transformation of p-
ASA and Mn" release [13]. When p-ASA reacted with Mn(IV) oxide
at pH 4.0, electron transfer from p-ASA to =Mn'YOH occurred,
which was converted into Mn"" could further reduce to Mn'". The

H FMBO
A Ml’lOz

(a)

H

—
-]
1 i

(b)

—_
N
1

Release of Mn (mg L-l)

pH

Fig. 5. Release of Mn from FMBO and MnO, after the adsorption of (a) p-ASA and
(b) ROX.
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possible p-ASA radical intermediate was occurred accordingly in
Eq. (5) [13,42]. The reduction of Mn" to Mn" may be simply
expressed as Eq. (6).

>Mnm—>MnHaq

oH oH (5)
- As NH. HO-As NH
e} o}

>Mn'YOH

(6)

FMBO, with the molar ratio of Mn to Fe (Ry.re) of 1:3, showed
less oxidative surface than MnO,; however, the electrons transfer
to Mn(IV) within FMBO also involved in. Additionally, the extent
of p-ASA oxidation by FMBO was relatively lower than that by
MnO.,, as indicated by lower concentrations of released Mn.

The adsorption of ROX also involved in the heterogeneous elec-
trons transfer; however, the release of Mn from FMBO and MnO,
was very low of 0.48 and 1.6 mgL~' at pH 4.0. Ar-NH, group
within p-ASA showed higher reductive activity towards Mn(IV)
oxide as compared to the Ar-NO, group within ROX, and the more
significant Mn release was observed thereafter. FMBO shows sig-
nificantly higher adsorption capacity towards As(Ill) than As(V),
and the oxidation of As(IIl) to As(V) is reported to play a significant
role [24]. The oxidation transforms of non-ionic As(IIl) to negative
As(V) with higher affinity to adsorbents; moreover, the reductive
dissolution of FMBO provides more active sites available for As
(V) adsorption [43].

The species transformation involved in the adsorption of p-ASA
onto these adsorbents was further examined by UPLC-ICP-MS
(Fig. 6). The decreased intensity was observed after the adsorption
of p-ASA onto these three adsorbents, and the extent of decrease
followed the trends of FMBO > FeOOH > MnO, (Fig. 6 inset). Inter-
estingly, the interaction between p-ASA and MnO, contributed to
the appearance of two peaks related to As(Ill) and As(V), respec-
tively. However, no new peaks were observed after the adsorption
of p-ASA onto FMBO and FeOOH even after 24.0 h reaction time.

%Mnoz(s) +2H" +e = %Mn”*(aq) +H,0

583

The formation of inorganic arsenic is highly dependent on pH,
and the lower pH benefits the oxidation of p-ASA by MnO, [13].
At relatively high pH 7.5, p-ASA can rarely be completely oxidized
to arsenate and the arsenite peak can also be observed. During the
adsorption of p-ASA onto MnO, at pH 7.5, p-ASA was first con-
verted into arsenite and later oxidized into arsenate (Fig. 6). The
pH-dependent oxidation of arsenite to arsenate by MnO, has been
well investigated before [44,45].

FTIR spectra of p-ASA and ROX before and after their adsorption
onto FMBO, FeOOH, and MnO, at pH 4.0 and 7.5 are illustrated in
Fig. 7. A peak at 1630 cm~! were assigned to the bending vibration
of hydroxyl groups within water molecules on adsorbents surfaces
[46]. The peaks (Fig. 7a) at 510 cm ™' and 525 cm™! could be attrib-
uted to the bending vibration of Mn-O within FMBO and MnO,
[47,48], and the band at 470 cm~! corresponded to Fe-O vibration
of FeOOH [49]. After adsorbing p-ASA and ROX, the peaks position
shifted from 510 cm™! to 530 cm™! for FMBO, from 470 cm™! to
450cm~! for FeOOH, and from 530cm~! and 525cm™! to
553 cm~! and 450 cm™! for MnO,, respectively (Fig. 7). The signif-
icant variation in peaks position might be attributed to the attach-
ment of p-ASA and ROX on their surfaces. Additionally, the peaks of
p-ASA shifted from 1575 to 1590cm™! and from 1494 to
1503 cm~! were observed after its being adsorbed onto FMBO,
FeOOH, and MnO, at pH 4.0 (Fig. 7b). These peaks were assigned
to N=Q=N stretching in the quinone ring and the C=C stretching
vibration of aromatic amino moiety [50], owing to the protonation
of the amine group under acidic condition [51]. The peaks at
1090 cm~! and 1045 cm™~! were attributed to the stretching vibra-
tions of the hydroxyl groups [21,50]. Furthermore, at lowered pH of
4.0, the new peaks at 830 cm~' and 880 cm~! were attributed to
the vibration of the As-O band in p-ASA and ROX [21,52], and
the appearance of these peak indicated their adsorption on sur-
faces. The weak peak at 880 cm~! was observed after ROX adsorp-
tion onto FMBO at pH 4.0, and this was in accordance with the low
adsorption capacity (Fig. 7c). The position of newly appeared peak
was strongly dependent on pH, and the adsorption and oxidation
were comparatively higher in pH 4.0 than that in pH 7.5.

To further identify the active sites for adsorption, the chemical
states of Fe, Mn, and As were analyzed through XPS measurement.
The full-scan XPS spectra of FMBO, FeOOH, and MnO,, and those

A-FMBO
* *- FeOOH
p-ASA ; * Mno,
E 0? 10 20
g % 5 is Time (h)
- * @
A, * .
3“ : : . z
p-ASA -FMBO after 2 hrs
p-ASA - FMBO after 24 hrs
p-ASA - FeOOH after 2 hrs
AsV p-ASA - FeOOH after 24 hrs
p-ASA - MnO_ after 2 hrs AsllIl
- e
’ p-ASA - MnO, after 24 hrs
1200 1000 800 600 400

Retention Time (Sec)

Fig. 6. Oxidative intermediates formation involve in the adsorption of p-ASA onto FMBO, FeOOH, and MnO; as indicated from UPLC-ICP-MS. Inset Figure display the decrease

in intensity after adsorption.
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Fig. 7. FTIR spectra of (a) FMBO, FeOOH, and MnO,, after the adsorption of (b) p-ASA, and (c) ROX.

with adsorbed p-ASA and ROX at pH 4.0 and 7.5 were illustrated in
Figs. S7-S10. After adsorbing p-ASA and ROX, these adsorbents
showed significantly changed surfaces in terms of full-scan XPS
spectra. There appeared two new peaks at 45.0 eV (As 3d) and
398.2 eV (N 1S), and this indicated the adsorption of p-ASA and
ROX on these surfaces. Fig. 8 illustrates As 3d core level spectra
after the adsorption of p-ASA and ROX onto FMBO and MnO, at
pH 4.0 and 7.5. There showed two new bands in binding energy
(BE) range of 44.9-45.4 eV and 49.5-50.0 eV, which represented
the As 3d and Mn 3p core levels [53]. Furthermore, the adsorption
of p-ASA and ROX contributed to the appearance of the As 3d peak
in BE range of 44.9-45.4 eV, and this peak was related to As(V)
[54]. However, there showed no shift in BE of As 3d, and the pen-
tavalent form, i.e., As(V), within p-ASA and ROX did not change
after being adsorbed (Fig. S10 inset). Additionally, peak area of
As 3d decreased with elevated pH from 4.0 to 7.5, and this was
in accordance with the lowered adsorption at higher pH (Fig. 3).
The Mn 2p of FMBO showed the BE of 642.6 and 654.1 eV and that
of MnO, was observed to be 642.7 and 654.2 eV, and they could be
attributed to Mn 2ps3;; and Mn 2p;, (Fig. S11A). The distance
between these two peaks i.e., 11.5 eV, indicating the presence of
Mn' ions [55,56]. After adsorption at pH 4.0, the atomic percent-
age of Mn was decreased in FMBO and MnO,, that may be due to
covering the surface by organoarsenic and the reductive dissolu-
tion of Mn(IV) within FMBO and MnO, at low pH as given in
Table 2. As indicated from the fitted data and peak position, the
BE of Mn 2ps); decreased after the adsorption of p-ASA on MnO,
at pH 4.0, which demonstrated the reductive effect of p-ASA
towards Mn(IV) within MnO, Egs. (7)-(9) [13]. MnO, can first oxi-
dize p-ASA and then transforms to MnOOH as shown in Eqgs. (7)
and (8). MnOOH also exhibited oxidative effects towards p-ASA
and its intermediates, and Mn" release occurred accordingly Eqs.
(9) and (10). Furthermore, the release of Mn" can further read-
sorbed onto the surface of Mn'v oxide Eq. (11) [54,57]. According
to the similar XPS results, it was reasonable to speculate that the
organoarsenic oxidation mechanism on the surface of FMBO
should be same as that of MnO,.

OH
|

2MnO, + HO-A"s——< >—NH2 +H,0 » 2MnOOH + H3As0, + Intermediate
(0]

(7)

Intermediate + MnO, — MnOOH + Further Oxidation Product
(8)

OH
|

MnOOH + HO—/hS@—*NHg + 4H'— p H3As04 + 2Mn!! + 3H,0 +Intermediate
o)

9)

Intermediate + MnOOH — Mn"

+ Further Oxidation Product (10)

2Mn" + MnO, + 2H,0 — 2MnOOH + 2H* (11)

Considering the fact that small portion of the adsorbent was
participated during the adsorption and oxidation process, which
was reflected by the high removal efficiency after several recycles
without any reduction of original efficiency (Fig. S12). The recycla-
bility result exhibited that FMBO could be easily regenerated and
has a good potential for the long-term stabilities of the adsorbents.

The dominant mechanisms involved in the adsorption of p-ASA
and ROX onto FeOOH, which was indicated by XPS results. The
atomic ratios of Fe content decreased, whereas As content
increased after the adsorption of p-ASA and ROX (Table 2), and this
supported that the Fe atoms were covered by the adsorbed p-ASA
and ROX [58]. From this result, it was observed that FeOOH has
sorption capacity and MnO, showed heterogeneous oxidation
reaction. Thus, the synergism of Fe- and Mn-oxide dominates the
high adsorption capacity of FMBO.

Thus, the underlying removal mechanism of p-ASA and ROX
onto FMBO is proposed in Fig. 9. From the above results, during
the initial step of reaction mechanism was adsorption through
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the peak area.

one electron transferred from p-ASA to Mn(IV) and a proton (H")
was removed to form the inner-sphere complex as shown in Step-
I and Step-II. These adsorbents tend to form =S—OH groups via
protonation reactions, and exhibit pH dependent surface charges
through surface dissolution and hydrolysis reactions. The adsorp-
tion of p-ASA and ROX onto =S—OH surfaces involved in several
mechanisms of hydrogen bonding, electron donor, dipolar force,
and electrostatic interaction [15-19]. FMBO, with the highest Sger
of 216 m? g~!, showed more lattice oxygen on its surface than the
other two adsorbents, which also attributed to higher adsorption
performance [59]. Furthermore, the Mn™ and Mn" locates in the
center may accept one electron. This effect lead to hydrogen release
and promoted the oxidation of organoarsenic and formation of rad-
ical intermediate, and the release of Mn" occurred as described in
step 11, the reduction of Mn'V to Mn" was supported by the lowered
BE of Mn 2p (Fig. S11A), indicated the elevated Mn" concentrations
after adsorption, which was readsorbed on the surface of adsor-
bents. On the basis of BE, Fe' was identified as the core oxidation
state in FMBO [24] (Fig. S11B). The formation of monodentate com-
plex also occurred on the Fe'' surfaces with the removal of H*, in
Step-1V and Step-V. The higher adsorption capacity of p-ASA than

that of ROX may be attributed to the -NH, group with stronger
reductive effects. The dominant mechanisms involved in the
adsorption of p-ASA and ROX were similar except that the stronger
oxidation was observed for p-ASA (Step-VI to step X).

4. Conclusions

FMBO can be efficiently applied for organoarsenic compound
removal from the aqueous solution. The synergism between Mn
(IV) and Fe(Ill) oxides in FMBO enables its high affinity towards
organoarsenic. In the adsorption of p-ASA and ROX onto FMBO,
the heterogeneous oxidation converts the two organoarsenic spe-
cies into intermediates, thereby the as-transformed arsenic was
rapidly removed from the surface of ferric oxide. Results of Mn
release, FTIR, and XPS spectra indicate more significant oxidation
of organoarsenic at low pH. This effect benefits the adsorption of
p-ASA and ROX and more significant adsorption was observed
accordingly. These outcomes advances as the understanding of
the removal efficiency and mechanism of organoarsenic, and for
the development and optimization of adsorbents thereafter.
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