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Abstract

Birnessite not only oxidizes arsenite into arsenate but also interacts with organic matter in various ways. However, effects of
organic matter on interaction between As and birnessite remain unclear. This study investigated effects of citrate and EDTA (3.12
and 2.05 mM, respectively) on oxidation of As(IIT) (1.07 mM) and adsorption of As(V) (0.67 mM) on birnessite (5.19 mM as
Mn) at near-neutral pH. We found that As(V) adsorption on birnessite was enhanced by citrate and EDTA, which resulted from
the increase in active adsorption sites via dissolution of birnessite. In comparison with citrate batches, more As was adsorbed on
birnessite in EDTA batches, where dissolved Mn was mainly presented as Mn(III)-EDTA complex. Citrate or EDTA-induced
dissolution of birnessite did not decrease the As(IIl) oxidation rate in the initial stage where As(Ill) oxidation rate was rapid.
Afterwards, As(IIl) oxidation was conspicuously suppressed in citrate-amended batches, which was mainly attributed to the
decrease in adsorption sites by adsorption of citrate/Mn(Il)-citrate complex. This suppression was enhanced by the increase in
concentrations of dissolved Mn(II). Citrate inhibited As adsorption after As(IIT) oxidation due to the strong competitive adsorp-
tion of citrate/Mn(II)-citrate complex. However, the As(IlI) oxidation rate was increased in EDTA-amended batches in the late
stage, which mainly derived from the increase in the active sites via birnessite dissolution. The strong complexation ability of
EDTA led to formation of Mn(IIT)-EDTA complex. Arsenic adsorption was not affected due to the limited competitive adsorp-
tion of the complex on the solid. This work reveals the critical role of low molecular weight organic acids in geochemical
behaviors of As and Mn in aqueous environment.
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Introduction

Manganese (Mn) oxides are widespread in terrestrial and
aquatic environments as nodules and crusts (Zhang et al.
2008). They have several basic crystal structures (tunnel struc-
tures, layer structures, and spinel structures), usually with
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due to their low surface charge, high specific surface area, and
polymorphic structures, Mn oxides have been employed to
remove oxyanions from solutions (Gheju et al. 2016).
Molecular-scale studies showed that the synthetic 5-MnO,
usually in the form of birnessite adsorbs metals and metalloids
(Lafferty et al. 2010a, 2010b) mainly by forming triple-
corner-sharing (TCS) inner sphere complexes (Lafferty et al.
2010b; Parikh et al. 2010; Zhang and Sun 2013; Wang et al.
2018b).

Additionally, birnessite is a strong oxidant of chemical spe-
cies such as As(Ill), Fe(Il), and organic pollutants (Sun et al.
2019), due to the high oxidizing potential of tetravalent Mn
(Mn(IV)) (Wang et al. 2018a, 2018b). Birnessite leads to the
transformation of Fe(Il) to Fe(Ill) oxides (Mock et al. 2019).
Usually, As(IIl) is chemically oxidized to As(V) in minutes to
hours with the reduction of birnessite to Mn(II) (Oscarson et al.
1983; Owings et al. 2019). Since arsenite (As(III)) is more toxic
than arsenate (As(V)) (Petrick et al. 2000; Guo et al. 2014a), the
oxidation of As(Ill) by birnessite helps detoxification of As in
the environment (Chiu and Hering 2000; Tournassat et al.
2002). Two mechanisms have been proposed for the reactions
between Mn oxides and As(IIl) under controlled laboratory
conditions. The two-electron transfer step involves two elec-
trons from one As(IIl) to one Mn(IV), forming Mn** and
H,AsO, (Eq. (1)) (Scott and Morgan 1995; Lafferty et al.
2010b), which dominates the rapid As(IIl) oxidation (Lafferty
et al. 2010a, 2010b). However, the two one-electron transfer
includes reduction of Mn(IV) to MnOOH (Eq. (2)), followed
by As(Ill) oxidation by two MnOOH intermediate species (Eq.
(3)) (Lafferty et al. 2010a, 2010b).

Mn'YO, + H3As™O; + H" —»Mn" (aq) + H,AsY 04—

+ H,0 (1)
2Mn'V O, + H;As™05; + H,0—2Mn""OOH

+ HyAsVO4— + HT (2)
2Mn"™OOH + H;As™O; 4 3H"—2Mn" (aq)

+ HyAsYO4— + 3H,0 (3)

During the interaction between As and Mn oxides, ions and
organic matter may block reaction sites of Mn oxides. Cation
(such as Ca**) and oxyanion (i.e., H,PO, /HPO,>") were re-
ported to compete with As(V) for sorption sites on Mn(IV)
oxides, and PO, is more competitive than Ca”* (Jackson and
Miller 2000; Lafferty and Loeppert 2005; Parikh et al. 2010).
Although the extent of As(III) oxidation was decreased by low
concentration of PO437, the initial oxidation rate was less af-
fected (Parikh et al. 2010). High concentrations of antibiotic
tetracycline hydrochloride (TC) competed with As(III) for ox-
idation by Mn(IV) oxides, and thus decreased its removal
efficiency (Wang et al. 2015).
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Low molecular weight organic acids (LMWOAs), being
produced by plants, bacteria, and fungi, are ubiquitous in aquat-
ic environment (Hongve et al. 2000; Strathmann 2011; Zheng
etal. 2019). Among LMWOAs, citrate is a widespread carbox-
ylic acid, which directly reduces Mn oxides in aqueous envi-
ronment and forms complexes with Mn species (Wang and
Stone 2006a, 2006b; Huangfu et al. 2015; Jefferson et al.
2015). The S-shaped curve of dissolved Mn concentration
was observed during the reaction between citrate and Mn(IV)
oxides, and intermediate products (including Mnll/IlI-citrate
complexes) promoted the reduction of Mn(IV) oxides (Wang
and Stone 2006b). In addition, ethylenediaminetetraacetic acid
(EDTA) is well known as a chelating agent, complexing with
metal ions (Cheng et al. 2019) and extracting solid-bound
metals (Kim et al. 2018). It also promotes the dissolution of
Mn(IV) oxides by forming the surface complexes (Pankratova
etal. 2001; Zhang et al. 2018a, 2018b). The high valence of Mn
compounds can also be reduced by EDTA to the low valence of
Mn (Zhang et al. 2018a, 2018b).

Although many studies focused on As(IIl) oxidation by
Mn(IV) oxides (Li et al. 2010; Parikh et al. 2010; Wang
et al. 2013; Fischel et al. 2015; Wang et al. 2017, 2018a,
2018b) and organic matter-induced dissolution of Mn(IV) ox-
ides (Wang and Stone 2006a, 2006b; Huangfu et al. 2015;
Zhang et al. 2018a, 2018b), no data are available for effects
of LMWOA s on the interaction between As and Mn(IV) ox-
ides. Understandings of the interaction among them are of
great significance in revealing As transport and transformation
in aqueous systems.

In this paper, effects of LMWOAs (i.e., citrate and EDTA)
on As(Ill) oxidation and As(V) adsorption onto birnessite
were investigated. We have found that reduction of birnessite
by LMWOAS promotes adsorption of As(V), and EDTA fur-
ther increases the oxidation kinetic rate of As(III) mainly
through forming Mn(IIT)-EDTA complex. These results help
to better understand As reactivity and mobility in the systems
with Mn(IV) oxides and LMWOAs.

Materials and methods
Synthesis of birnessite

All chemicals were reagent grade, and all solutions were pre-
pared with deionized (DI) water at room temperature (25 °C).
Nanoflower-like birnessite was prepared by the facile hydro-
thermal reaction as described by Hou et al. (2014) with few
modifications. The detailed procedure is shown as follows:
4.660 mL of Mn(NOs), (50 wt%) was diluted to 40 mL with
DI water and transferred to a 100-mL Telfon bottle; 3.1608 g
of KMnO, was added into Mn(NO3), aqueous solution. After
sealed tightly, the bottle was kept in a water bath shaker at
160 rpm for 48 h at 50 °C. The black precipitate was obtained
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as birnessite, which was washed with DI water and dried in a
desiccator. The dried birnessite was crushed with an agate
mortar and pestle for XRD, SEM, XPS, FTIR analysis, and
batch experiments.

Reaction of As with birnessite

As(V) adsorption and As(IIl) oxidation/adsorption on
birnessites were conducted at 25 °C. In order to reveal mech-
anisms of As reaction with birnessite, higher As concentra-
tions were employed in relative to natural environments, but
normally observed in thermal water. Solutions with 0.67 mM
As(V) and 1.07 mM mg/L As(IIl) were prepared by diluting
5 g/L of As(V) stock solution and 8 g/L. As(I1I) stock solution
with acetate acid/sodium acetate buffer solution, respectively.
Acetate acid/sodium acetate buffer solution (pH around 6.3),
with the final concentration of acetate around 0.96 M, was
prepared by dissolving 54.6 g sodium acetate and 20 mL
1 mM acetate acid in 500 mL DI water (Hou et al. 2016,
2017). Acetate was chosen since it has a weak tendency to
form surface complexes with Mn(IV) oxides and is unable to
be oxidized by Mn(IV) oxides (Chiu and Hering 2000).

Batch experiments were performed by suspending 0.03 g
birnessite (0.6 g/L, equivalent to 5.19 mM Mn) in 50 mL As
solution for 1440 min. For reactions with LMWOAs, 0.03-g
citric acid or EDTA was added in the mixture (corresponding
to 3.12 and 2.05 mM, respectively). Aliquots of about 2 mL
suspension were taken and immediately filtered through a
0.22-um membrane at predetermined time intervals (30, 60,
180, 360, 540, 720, 1080, 1440 min) to investigate the kinetics
of As adsorption and As(III) oxidation. The filtered solutions
were stored at 4 °C for analysis of total dissolved As, As
speciation, dissolved Mn, and Mn speciation. Mn speciation
was determined immediately after filtration in order to avoid
change of Mn species (Oldham et al. 2017a, 2017b; Johnson
et al. 2018). After reaction for 1440 min, suspensions were
taken and centrifuged at 4000 rpm to separate solid particles
from solutions. Solid samples were washed with DI water and
freeze-dried for XRD, SEM, XPS, and FTIR analysis.
LMWOA-free batches (Controls) were also carried out with-
out addition of LMWOAs. Solution pH was well-buffered at
6.3 £ 0.1 during the experiments. Duplicate experiments were
conducted for all treatments.

Water analysis

Total dissolved As and Mn concentrations were measured
with and inductively coupled plasma-atomic emission spec-
trometer (ICP- AES, iCAP6300, Thermo) with the detection
limits of 10 pg/L. Dissolved As speciation was analyzed with
a high-performance liquid chromatography-hydride genera-
tion-atomic fluorescence spectrophotometer (HPLC-HG-

AFS, Jitian Corp., Beijing), and the detection limit for
As(IIT) and As(V) was 2 pg/L (Guo et al. 2014b).

Dissolved Mn speciation was analyzed according to the
method developed by Madison et al. (2011), with the detec-
tion limit around 50 nM. A 0.2 mM «, {3, v, and d-tetrakis (4-
carboxyphenyl)porphine [T-(4-CP)P] solution was prepared
by dissolving 79.1 mg T-(4-CP)P in 5 mL 0.1 M NaOH and
diluting to 500 mL with DI water. Cadmium chloride (CdCl,)
stock solution (0.12 mM) was prepared by dissolving 0.022 g
of CdCl, in 100 mL DI water. A buffer solution was prepared
by mixing 50 mL of 0.025 M sodium tetraborate decahydrate,
20 mL of 0.1 M hydrochloric acid (HCI), and 25 mL of 0.6 M
imidazole. Mn(II) standard solutions were prepared from
Mn(Il) chloride (MnCl,) salt (analytical reagent). A UV-
visible absorbance spectroscopy (UV-vis) (UV1800,
LabTech Ltd.) was used to analyze Mn speciation. We added
120-uL buffer solution, 60-puL. CdCl,, 360-uL T-(4-CP)P so-
lution, 100-uL sample, and 2360-pL DI water sequentially in
a 1-cm path length quartz cuvette. Both Mn(II) and Mn(III)
react with T(4-CP)P to form Mn(IlI)-T(4-CP)P with the peak
absorbance wavelength of 468 nm by ligand exchange, but the
formation rate of Mn(IIl)-T(4-CP)P from Mn(IIl) species is
slower than from Mn(Il) species (Luther et al. 2015).
Therefore, total dissolved Mn concentration can be expressed
as Eq. (4).

[Mn]Total = [Mn(III)-T(4—CP)P|Total
= Mn(I), (1=e ) + Mn(I), (1-e*) (4

where Mn(Il)y, Mn(IlI)y, k;, and k; represent initial Mn(II) and
Mn(III) concentrations and the rate constants of the Mn(II)
and Mn(IIl) complex formations, respectively. A program
using a nonlinear least square minimization approach written
in the MATLAB was used to determine initial concentrations
of Mn(II) and Mn(III) by optimizing the original absorbance-
time kinetic scan data obtained from a spectrophotometer
(Fig. S1). The sums of dissolved Mn(Il) and Mn(III) concen-
trations are well in line with total dissolved Mn concentrations
measured by ICP-AES (Fig. S2).

Solid analysis

The crystallinity of synthetic birnessite was characterized by
synchrotron X-ray diffraction (u-XRD). u-XRD was per-
formed at 10 keV (k=0.6199 A) at the beamline BL15U at
SSRF and equipped with a Si(111) monochromator. pu-XRD
data were analyzed using MDI Jade (Version 6).

The freeze-dried samples were first placed in Quorum
SC7620 Sputter Coater for platinum treatment, and then ana-
lyzed by scanning electronic microscopy (SEM) (Zeiss Supra
55 SAPPHIRE). The surface elemental compositions and O
and Mn species of pristine and used birnessite were
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determined with scanning imaging X-ray photoelectron spec-
trometer (XPS) (PHI Quantera SXM, Japan ULVAC-PHI),
with a monochromatized AlKx X-ray source and base pres-
sure less than 1x 1077 Torr in the analytical chamber. The
spot size was 200 um and the electron beam incident angle
was fixed at 45°. Survey scans were recorded from 0 to
1200 eV using a fixed pass energy of 280 eV with a step size
of 1.0 eV, whereas narrow scans were collected using a fixed
pass energy of 55 eV with a step size of 0.1 eV. The accuracy
is £0.01 eV. Fourier transform infrared spectra (FTIR) for
birnessite were collected on an American PerkinElmer spec-
trum using compressed KBr disc technique in the range of
4004000 cm ' with a resolution of 1 cm™'. Solid samples
were digested by dissolving 0.1-g sample in 0.25-M hydrox-
ylamine hydrochloride, and then analyzed for Mn contents by
ICP-AES.

Results
Characterization of synthetic birnessite

The XRD spectra show five diffraction peaks at 1.22, 1.41,
2.43, 3.64, and 7.33 A (Fig. S3), which are similar to
birnessite reported by Gao et al. (2015). The five peaks are
in good agreement with the standard data of synthetic
birnessite from JCPDS card no. 86-0666 (Gao et al. 2015).
The data reveal that the synthesized sample was in the form of
birnessite.

The SEM images show the nanoflower-like birnessite with
an average size of 0.5 nm and porous surface (Fig. 1). Similar
morphology was obtained by Hou et al. (2017) and Swetha
et al. (2018). It was reported that nanoflowers were built from
dozens of nanoleaves (Ahmed and Huang 2014).

Results of XPS broad scans are shown in Fig. 2. It illus-
trates that Mn, O, and K existed in the birnessite structure.

Date :26 Oct 2018
Mag= 3057 KX

1 ume = Signal A = SE2
Photo No. = 57190

Fig. 1 SEM images of the pristine birnessite
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Fig. 2 XPS broad scans of the pristine birnessite
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Content of Mn in birnessite was 57%, being higher than bulk
content of 47.5% determined by the hydroxylamine hydro-
chloride method. The possible reason was that XPS spectra
reflect Mn content of the mineral surface, instead of bulk
content.

The interpretation of Mn(2p) spectra is complicated by
multiplet peaks, showing that the unusual broadening was
the result of high spin states of Mn(II), Mn(III), and Mn(IV)
(Nesbitt et al. 1998). The Mn(2ps;,) spectra had a broad shoul-
der at high binding energy with the maximum near 642.8 eV,
and a trailing in the range of 644 to 647 eV (Fig. 3a). Using the
multiplet fitting of the Mn(2p3,,) peaks, the relative contents
of Mn(II), Mn(III), and Mn(IV) in birnessite were determined
to be 3.24%, 40.5%, and 56.3%, respectively (Table 1), with
the average oxidation state (AOS) of 3.53, which correspond
with the previous work (Boumaiza et al. 2019). The O(1s)
spectra of the birnessite had a maximum near 529.8 eV (Fig.
3b). Three species of oxygen (including lattice oxygen O*",
hydroxide oxygen OH , and oxygen in molecular water) were
recognized from the broad shoulder and the pronounced tail at
high binding energy (Wang et al. 2012; Jefferson et al. 2015).
Lattice oxygen was the main oxygen species with content of
78.1% (Table S1), being consistent with the previous study
(Banerjee and Nesbitt 2001), while OH  and oxygen in mo-
lecular water accounted for 11.3% and 10.7%, respectively
(Table S1, S2). All spectra were well-fitted using a 70:30
Gaussian: Lorentzian peak shape.

The FTIR spectra show that the stretching vibration of free
hydroxyl groups on the mineral surface resulted in a band
center at 3402 cmﬁl; the bending vibrations of H-O-H of
adsorbed H,O had a peak at 1629 cm™'; and the vibration of
surface hydroxyl group (Mn-OH) within the mineral was
peaked at 1038 cm ! (Fig. 4) (Liu et al. 2009; Guan et al.
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2017; Zhang et al. 2018a, 2018b). The absorbing peaks at 720,
582, 521, and 477 cm ' may correspond to the stretching
vibration of Mn-O-Mn in the birnessite (Guan et al. 2017;
Ling et al. 2017; Zhang et al. 2018a, 2018b).

As(V) adsorption in the absence and the presence of
LMWOAs

Changes in concentrations of As(V) and total dissolved Mn
over time during the experiments are shown in Fig. 5. Two
stages (quick As adsorption/birnessite dissolution and
adsorption/birnessite dissolution equilibrium) were obtained
in controls (LMWOA-free batches) and EDTA-amended
batches, while three stages were observed in citrate-amended
batches, including quick As(V) adsorption/birnessite dissolu-
tion, As(V) adsorption equilibrium and continuous dissolution
of birnessite, and equilibrium of birnessite dissolution.

As(V) adsorption in the control batches reached equilibri-
um in 30 min with the low adsorption of 34.0 umol/g and
adsorption efficiency of only 2.95%. In EDTA-amended
batches, adsorption of As(V) reached equilibrium at 360 min

Table 1 Results of XPS Mn(2p;,) and O(1s) multi-peak fitting of the
pristine birnessite

Peak B.E(eV) FWHM(eV) Percent ®(%)
Mn(2ps,) parameters
Mn(Il) 639.93 1.35 324
Mn(III) 641.99 2.15 40.49
Mn(IV) 642.79 3.35 56.27
O(1 s) parameters
o 529.76 1.46 78.05
OH™ 530.80 1.59 11.25
H,0 531.70 275 10.70

@ The percent represents the contribution of each peak to the total number
of counts under Mn (2p;,,) and O(1s) peaks

BINDING ENERGY (eV)

with the highest adsorption efficiency around 11.83%. At the
second stage, As(V) adsorption reached equilibrium (Fig. 5a);
total dissolved Mn reached a maximum of 1730 uM.
Dissolved Mn was mostly in the species of Mn(IIl) in
EDTA batches (Fig. 5b), which was generally presumed as
Mn(III)-complexes.

For citrate-amended batches, As concentrations generally
remained constant after the first stage at around 180 min, and
the adsorption efficiency was lower than that in EDTA-
amended batches and higher than that in controls. During
the second stage, birnessite was dissolved continuously.
Concentration of total dissolved Mn was extremely high,
reaching 2840 puM at the third stage after As(V) adsorption
equilibrium. Around two-thirds of dissolved Mn were in the
species of Mn(Ill), being considered as Mn(III)-citrate
complex.

— Birnessite sample

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm™)

Fig. 4 FTIR spectra of the pristine birnessite
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Fig. 5 Variations in As(V) concentrations and adsorption (a) and
dissolved Mn, Mn(II), and Mn(III) concentrations (b) during
experiments with 50 mg/L As(V) and 0.6 g/L birnessite for 24 h at pH
6.3 (data are partially quoted from Liang et al. 2019)

As(lll) oxidation and adsorption in the absence and
the presence of LMWOAs

LMWOAS not only affected As adsorption but also controlled
As(IIT) oxidation. There were three clear As(II) oxidation
stages in the experiments (Fig. 6a). In the first stage (before
60 min), the oxidation was rapid. Then, the second stage was
characterized by the decrease in the oxidation rate. In the third
stage, As(Il) oxidation was in equilibrium. Generally, As(III)
decreased according to an exponential decay in all experiments
(Fig. 6a). Since As(IIl) was rapidly oxidized into As(V) by
birnessite and the adsorbed As fraction only consisted of
As(V) (Owings et al. 2019), the decrease in dissolved As(III)
reflects the oxidation rate of As(Ill) in the systems.
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Fig. 6 Variations in dissolved As(Il), As(V), and total dissolved As
concentrations (a) and dissolved Mn, Mn(II), and Mn(III) (b) in batch
experiments with 80 mg/L As(IlI) and 0.6 g/L birnessite for 24 h at pH 6.3
(data are partially quoted from Liang et al. 2019)

In the first stage, the oxidation of As(III) showed no differ-
ence among three batches (Fig. 6a; Table 2). As(Ill) concen-
trations decreased to 588 uM, 605 uM, and 584 uM in

Table 2 Changes in concentrations of dissolved As(IIl) and As(V)
during the first stage of the reaction between As(Ill) and birnessite

The decrease The increase

in As(III) in As(V)
Birnessite +As(I1I) 588 uM 340 uM
Birnessite +As(I1I)+citrate 605 uM 427 uM
Birnessite +As(II)+EDTA 584 uM 328 uM
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control, citrate-amended, and EDTA-amended batches, re-
spectively. Dissolved As(V) concentrations increased in all
batches, and slightly higher concentrations of As(V) and total
As were found in citrate-amended batches (Fig. 6a; Table 2).
Figure 6b reveals that there was less dissolved Mn compared
with the amount of dissolved As(V).

In the second stage, the rate of As(IIT) oxidation decreased
and high concentrations of dissolved Mn were detected (Fig.
6). No evident changes in total As concentration were ob-
served, and As adsorption reached equilibrium in all batches,
showing no significant differences between the different
batches. However, variation trends in As(IIT) and As(V) con-
centrations were obviously different among those three
batches (Fig. 6a). It is clear that the EDTA-amended batches
had the fastest As(III) oxidation rate, followed by the control
batches and the citrate-amended batches. It indicates that cit-
rate inhibited As(IIl) oxidation, while EDTA promoted the
oxidation in relative to control experiments. During this stage,
total dissolved Mn concentrations in citrate-amended batches
were significantly higher than those of controls and EDTA-
amended batches. Around two-thirds of dissolved Mn were in
the species of Mn(IIl) in citrate-amended batches, while dis-
solved Mn mostly (>80%) existed as Mn(III) species in
EDTA-amended batches (Fig. 6b). Dissolved Mn in controls
was mostly in the species of Mn(Il), as reported previously
(Scott and Morgan 1995; Owings et al. 2019).

In the third stage, both dissolved As and Mn concentrations
kept stable (Fig. 6). Total dissolved Mn reached maximum
concentrations of 253, 3660, and 1840 uM in control, cit-
rate-amended, and EDTA-amended batches, respectively.
The molar ratio of removed As to dissolved Mn (Asrem/
Mnprod = 1.04/0.25) in control was > 1, which suggests that
Egs. (2) and (3) should be taken into account, in addition to
Eq. (1). It means that birnessite was probably partially reduced
to Mn(IIT). Moreover, a fraction of Mn(Il) was adsorbed or
incorporated onto/in the crystal lattice (Fischel et al. 2015),
which could be another cause for the high molar ratio.
However, higher concentrations of total dissolved Mn were
observed in LMWOA-amended batches with lower Asrem/
Mnprod (0.25 and 0.57 in citrate-amended batches and
EDTA-amended batches, respectively). It indicates that, in
addition to dissolved Mn produced by redox reaction between
As(IIT) and MnO,, there was an extra source of dissolved Mn
in LMWOA-amended batches. Moreover, a slight increase in
total dissolved As concentration in the citrate-amended batch
was observed during this stage (Fig. 6a).

Birnessite characterization after reactions

A great change in the surface morphology was found in
citrate-amended As(V)/As(Ill) experiments, showing that the
structural integrity decreased with holes on the spherical par-
ticles (Fig. 7¢, d). For control and EDTA-amended batches,

the morphology was not significantly altered (Fig. 7a—f). The
monotonous morphology of the minerals indicates that no
phase transformations occurred during experiments.

Mn(2ps,,) narrow scans of used birnessite are shown in
Fig. 8. The fitting results reveal that the proportions of Mn
species near the surface had no detectable changes. The rela-
tive proportions of Mn(II), Mn(III), and Mn(IV) are listed in
Table 3 for pristine and used birnessite. It shows that varia-
tions in the percentages of Mn(IV), Mn(IlI), and Mn(Il) in the
used samples were less than 5% in comparison with the orig-
inal birnessite (Table 3), although some Mn was transferred
from solid to solution. The Mn(2ps,,) spectra of birnessite in
As(IIl) experiments demonstrate that Mn(IIl) content in-
creased from 40 to 45% in citrate-amended batches.

The O(1s) spectra of the used birnessite are illustrated in
Fig. 9. Decreasing trends in contents of lattice oxygen and
increasing trends in oxygen contents in molecular water were
observed in all batches compared with the original birnessite
(Table S1), which are in line with previous data (Cheng et al.
2019; Liu et al. 2019). Those trends were the most evident in
the citrate-amended experiments, where the lattice oxygen
decreased by 27.42% in As(V) batches and 22.21% in
As(II) batches, and the proportion of oxygen in molecular
water increased by 31.4% and 22.21%, respectively
(Table S1).

Discussion
Effects of LMWOAs on As(V) adsorption on birnessite
Roles of LMWOAs on As(V) adsorption in As(V) batches

Experimental data show that As(V) adsorption on birnessite
quickly reached equilibrium with low adsorption capacity in
all-studied systems (Fig. 5a). As(V) adsorption on the active
sites of birnessite was limited due to its negatively charged
form (H,AsO, ) and the overall negative surface of Mn ox-
ides at neutral pH (Lafferty et al. 2010a, 2010b; Villalobos
etal. 2014). LMWOAs played an important role in controlling
As adsorption on binessite. The relatively higher adsorption
was obtained in the LMWOA-amended experiments (Fig. 5a),
where higher total dissolved Mn was detected. It indicates that
the dissolution of birnessite was conducive to As(V) adsorp-
tion. Previous studies have shown that redox reaction induces
surface alteration and creates fresh reaction sites for As(V)
adsorption on Mn(IV) oxide surfaces (Parikh et al. 2008;
Lafferty et al. 2010a, 2010b). The highest concentrations of
total dissolved Mn (2840 puM) were observed in citrate-
amended experiments. S-shaped curve of dissolved Mn con-
centrations with the initial slow increase followed by a sharp
increase is in accordance with the previous study (Wang and
Stone 2006b), which would be attributed to the autocatalysis.
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Fig. 7 SEM images of used
birnessite after As(V) adsorption
((a) MnOy+As(V); (¢) MnO,+
As(V)+citrate; (€) MnO,+As(V)+
EDTA) and As(III) oxidation ((b)
MnO,+As(III); (d) MnO,+
As(IlD+citrate; (f) MnO,+
As(I+EDTA)
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To be more specific, the initial slow increase was related to
citrate as the only reductant during the redox reaction with
birnessite; and the sharp increase resulted from a strong pos-
itive feedback generating a large amount of dissolved Mn. The
positive feedback involves the process that electrons are trans-
ferred from Mn(Il)-citrate complex to surface-bound Mn(I1l/
IV) (Wang and Stone 2006b; Jefferson et al. 2015; Allard et al.
2017). To further describe the reaction, Mn(IV) reduction and
electron transfer were calculated according to Wang et al.
(2018a, 2018b), showing that approximately 2-mol electrons
were transferred from per mole of citrate to birnessite, which is
consistent with the previous studies (Wang and Stone 2006a,
2006b). It also indirectly proves that citrate experienced the
incomplete mineralization since the theoretical maximum
electron transfer per mole of citrate is 18 mol (Flynn and
Catalano 2019). In comparison with citrate-birnessite batches,
lower concentrations of total dissolved Mn were observed in
citrate-birnessite-As(V) batches (Fig. 10a), which indicates
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that the reaction between citrate and birnessite was affected
by As(V). Since the active sites were required for both citrate/
Mn(ID)-citrate complex and As(V) on birnessite, there was a
competitive adsorption between As(V) and citrate/Mn(Il)-cit-
rate complex (Wang et al. 2016). In other words, the citrate-
induced dissolution was suppressed in the presence of As(V).
Since citrate has two or three negative charges at pH 6.3
(Madurga et al. 2017), Mn(Il)-citrate complex, having a ratio
of citrate to metal ion of 1:1 (Kachhawaha and Bhattacharya
1962), is supposed to be electrically neutral or negative.
Therefore, adsorption of this complex could affect As(V) ad-
sorption. Although citrate/Mn(Il)-citrate complex competed
the surface sites with As(V), higher adsorption of As(V)
(about 6.2%) was observed, which likely resulted from the
new surface sites created by citrate-induced reductive dissolu-
tion in citrate-amended batches. Continuous dissolution of
birnessite after As(V) adsorption equilibrium resulted in slight
desorption of As, which was supported by the detectable
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Fig. 8 Mn (2ps/») spectra of used
birnessite and deconvolution
peaks. a—¢ Mn (2ps,,) spectra of
the birnessite after As(V)
adsorption in control, citrate-
amended, and EDTA-amended
batches, respectively. d—f Mn
(2p3/2) spectra of the birnessite
after As (II) oxidation in control,
citrate-amended, and EDTA-
amended batches, respectively.
Circles represent XPS data, and
the thick solid curves represent
the best fit to the XPS data. The
dash lines represent Mn (IV)
multiplet peaks, the dash-dot
curves Mn (III) multiplet peaks,
and the dotted curves Mn (II)
multiplet peaks
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change of mineral surface characteristics after 1440-min reac-  higher As(V) adsorption in EDTA-amended batches. During

tion (Fig. 7¢).

the whole process, the mineral dissolution in EDTA-amended

Concerning EDTA-amended batches, total dissolved Mn  batches with 1730 uM mg/L dissolved Mn and around 1.8-
was initially rapidly increased (Fig. 5b), which may be related ~ mol electrons per mole of EDTA transferred to birnessite was
to the fact that EDTA has a stronger complexing ability to  not as high as those in citrate-amended batches. However, the
promote dissolution of minerals due to its more carboxyl =~ ETDA-amended batches had the highest As adsorption capac-
groups than citrate (Huangfu et al. 2015). Dissolution- ity among all batches, where only Mn(IIl) was detected for
induced active sites for As(V) adsorption were produced more ~ most of time (Fig. 5b). In contrast to the competitive adsorp-
efficiently at the beginning of the reaction, which resulted in ~ tion of Mn(II)-citrate complex on the surface of birnessite,
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Table 3 Mn (2p;,,) peak

parameters for pristine and used Peak B.E(eV) FWHM(eV) Percent (%)
birnessite Mn(II) (2p3,,) parameters

MnO, Mn(II) 639.93 1.35 3.24
MnO,+As(V) Mn(II) 640.10 1.03 1.15
MnO,+As(V)+citrate Mn(II) 640.04 143 3.51
MnO,+As(V)+EDTA Mn(II) 639.84 1.01 1.26
MnO,+As(I1I) Mn(Il) 639.87 1.41 3.84
MnO,+As(IIT)+citrate Mn(II) 640.05 1.33 451
MnO,+As(III}+ Mn(II) 640.17 142 2.99

EDTA

Mn(III)(2p;/,) parameters

MnO, Mn(III) 641.99 2.15 40.49
MnO,+As(V) Mn(I1I) 642.17 2.11 42.30
MnO,+As(V)+citrate Mn(IIT) 642.10 2.02 37.69
MnO,+As(V)+EDTA Mn(III) 641.90 2.36 40.61
MnO,+As(I1I) Mn(III) 642.00 2.16 37.28
MnO,+As(II)+citrate Mn(IIT) 642.02 2.3 45.23
MnO,+As(III)+ Mn(I1I) 641.9 232 41.16

EDTA

Mn(IV) (2ps/,) parameters

MnO, Mn(IV) 642.79 335 56.27
MnO,+As(V) Mn(IV) 642.83 4.00 56.55
MnO,+As(V)+citrate Mn(IV) 642.93 3.27 58.80
MnO,+As(V)+EDTA Mn(IV) 642.13 4.11 58.13
MnO,+As(I1T) Mn(IV) 642.72 37 58.88
MnO,+As(I1I)+citrate Mn(IV) 642.84 3.77 50.26
MnO,+As(IID)+ Mn(IV) 642.29 3.78 55.85

EDTA

EDTA is presumed to limit the competition through stabiliz-
ing dissolved Mn as Mn(IIT)-EDTA complex (Table 3) (Prieto
etal. 2013). Mn(II) (%) and Mn(III) (%) on used birnessite in
EDTA batches were similar to those of the control batches
(Table 3). Overall, the highest adsorption in EDTA-amended
batches was related to the creation of adsorption sites via
complexing dissolution and the limited competitive adsorp-
tion between As and Mn(III) complexes. The Mn(III) in solu-
tions is assumed to be Mn(III)-LMWOA complex since the
dissolved Mn(III) only stably exists as complex with ligands
in aqueous environment (Duckworth and Sposito 2005, 2007,
Oldham et al. 2015, 2017a, 2017b).

Roles of LMWOAs on As(V) adsorption in As(lll) oxidation
experiments

In As(IIT) batches, concentration of dissolved As(V) increased
proportionally to the decrease in As(Ill), and total As de-
creased rapidly when the oxidation of As(Il) by birnessite
was rapid (Fig. 6a, Table 2). According to the previous stud-
ies, As(V) as the product of As(Ill) oxidation was first de-
tached from the surface of the mineral and then partly
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readsorbed (Amirbahman et al. 2006). The decrease in total
dissolved As was caused by As(V) adsorption (Lafferty et al.
2010a; Owings et al. 2019). Though the amount of oxidized
As(IIT) was similar under all batches during this stage
(Table 2), higher concentrations of dissolved As(V) were ob-
served in citrate-amended batches than in other batches (Fig.
6a, Table 2), which indicates that Mn(II)-citrate complex
inhibited As(V) adsorption through competing the adsorption
sites with As(V). The inhibition of As(V) adsorption appeared
earlier than the period when the As(IIl) oxidation rate was
significantly reduced.

After the equilibrium of As(III) oxidation, increases in total
dissolved As and As(V) were observed in citrate-amended
batches (Fig. 6a), indicating that As(V) was partly desorbed
into solution in the presence of citrate.

Roles of LMWOAs on As(lll) oxidation

Birnessite showed a strong capacity for As(I1l) oxidation in all
experiments (Fig. 6a). The data show that the As(IIl) oxida-
tion initially proceeded rapidly, and then slowed down (Fig.
6a), which is in agreement with previous results (Tani et al.
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2004; Parikh et al. 2008; Ginder-Vogel et al. 2009; Lafferty
et al. 2010a, 2010b; Wang et al. 2017). The oxidation rate
decreased since Mn(Il), the product of Mn(IV) oxide reduc-
tion, was adsorbed on both edge and vacancy sites of the
oxides and passivated Mn oxides (Villalobos et al. 2014;
Fischel et al. 2015).

During the rapid oxidation stage, relatively low concentra-
tions of total dissolved Mn in LMWOA-amended batches
(Fig. 6b) were due to slow LMWOA-induced dissolution.

BINDING ENERGY (eV)

Moreover, dissolved Mn was mostly in the species of
Mn(III) complexes in LMWOA-amended batches (Fig. 6b),
which would not be adsorbed on the surface as strongly as
Mn(II). This stage was considered to be dominated by two-
electron transfer step (Eq. (1)) (Lafferty et al. 2010b) and
Mn(II) as the reduction products was adsorbed fully on the
vacancy sites (Lafferty et al. 2010a, 2010b and 2011; Fischel
et al. 2015). There was less dissolved Mn compared with the
amount of dissolved As(V). The limited adsorption of As(V)
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Fig. 10 Total dissolved Mn, 4500
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suggests that the majority of reduced Mn(Il) was steadily
readsorbed on the surface of birnessite (Owings et al. 2019).
In addition, relative contents of Mn(III) had limited changes
after reaction (< 5%) (Table 4). Therefore, we believe that the
redox reaction between Mn(II) and birnessite was limited.

In the second stage, EDTA promoted As(III) oxidation,
while citrate restrained the oxidation (Fig. 6a). The Mn(Il) pas-
sivated mineral surfaces after adsorption (Tani et al. 2004,
Parikh et al. 2008; Fischel et al. 2015). The highest concentra-
tions of dissolved Mn in citrate-amended batches might lead to
the highest adsorption of dissolved Mn on the surface and
inhibited As(IIT) oxidation, while relatively low concentrations
of dissolved Mn in EDTA-amended batches connected to less
Mn adsorption and the increase in As(II) oxidation. The
highest content of Mn(II) (%) in used birnessite in citrate-
birnessite-As(IIl) batches (Table 3) proves this assumption. It
implies that the reaction between citrate/Mn(Il)-citrate complex
and birnessite occupied more active sites than those produced
by the mineral dissolution, which inhibited As(III) oxidation.
Moreover, Mn(IIl) (%) was relatively constant after 1440-min
reaction in As(IIT) control batches (Table 3). Based on the
highest content of Mn(IIl) (%) obtained on used birnessite in
citrate-birnessite-As(IlI) batches (Table 3), this study indicates
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that citrate and As(III) oxidation might promote the accumula-
tion of MnOOH. In citrate-birnessite-As(V) batches, only cit-
rate and birnessite could undergo redox reactions; the constant
Mn(I1I) (%) of the used birnessite (Table 3) implies that citrate
alone had no significant influence on contents of Mn(IIl) (%)
and was unable to accumulate the MnOOH.

For EDTA-amended batches, the highest oxidation rate
was obtained (Fig. 6a), where dissolved Mn concentration
was higher than that of the control batches (Fig. 6b). The
higher concentrations of dissolved Mn indicate that more ac-
tive sites were created via dissolution. At the beginning of this
stage with no detectable dissolved Mn in the control batches,
total dissolved Mn was higher, and dissolved Mn(III) in
EDTA-birnessite-As(IIT) batches was slightly higher than
those of EDTA-birnessite batches (Fig. 10c, d). This observa-
tion indicates that As(III) oxidation increased content of total
dissolved Mn and dissolved Mn(IIl) in EDTA-birnessite-
As(IIT) batches. Since Mn(II) produced by the As(IIl) oxida-
tion was adsorbed on the birnessite initially (Fischel et al.
2015), the slightly higher dissolved Mn(III) might be caused
by the complexation of EDTA which released the adsorbed
Mn from the active sites into solution and then accelerated the
As(III) oxidation rate.
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Table 4 Relative contents of solid Mn species in synthetic birnessite
(unreacted), and solid Mn species and dissolved Mn species in As(V)
batches (As(V)), citrate-As(V) batches (cit(V)), EDTA-As(V) batches
(EDTA(V)), As(IlT) batches (As(Ill)), citrate-As(III) batches (cit(III)),
and EDTA-As(III) batches (EDTA(III))

Sample Mnso]id surface(b) Mnsolution(C)

(%) %)

Mn(II) Mn(III) Mn(1V) Mn(II) Mn(III)
Unreacted 324 40.49 56.27 - -
As(V) 1.15 42.30 56.55 - -
cit(V) 3.51 37.69 58.8 33.94 66.06
EDTA(V) 1.26 40.61 58.13 9.83 90.17
As(1II) 3.84 37.28 58.88 100 0
cit() 4.51 45.23 50.26 34.77 65.23
EDTA(II) 2.99 41.16 55.85 3.96 96.04

® Mngjiq surface refers to the solid Mn species
© Mngopuion refers to the dissolved Mn species

@ The percentage represents the relative contents of solid Mn species in
the birnessite obtained from Mn(2p3/2) multi-peak fitting

© The percentage represents the relative concentration of dissolved
Mn(II) and Mn(I1I) to total dissolved Mn (dissolved Mn(II) + dissolved
Mn(I1D))

Effect of birnessite reduction on As(V) adsorption and
As(lll) oxidation

Both As(IIT) and LMWOAs were conducive to dissolution of
birnessite. Birnessite in As(IlI) batches generally experienced
the stronger dissolution process than in As(V) batches. The
highest amount of birnessite dissolution was found in citrate-
amended As(IIl) batches, followed by EDTA-amended
As(II) batches and control batches (Figs. 5b, 6b, and 11;
Table 4). The citrate-amended As(III) batches had the highest
concentrations of dissolved Mn, while the percentage of
Mn(III) in dissolved Mn was the highest in EDTA-amended
As(IIT) batches (Table 4). Speciation of Mn in the used
birnessite also supports those observations. The highest
Mn(I) (%) of birnessite was found in the citrate-birnessite-
As(IIT) batches, followed by the controls, and the citrate-
birnessite-As(V) batches. The used birnessite in the citrate-
As(IIT) batches had the lowest Mn(IV) (%) and the highest
Mn(III) (%). Citrate promoted reductive dissolution of
birnessite and the accumulation of solid-associated Mn(II)
and Mn(III). In relative to controls, EDTA promoted the dis-
solution of birnessite, but inhibited the aggregation of Mn(II)
on the mineral surfaces. Although LMWOAs led to Mn(IV)
oxide dissolution, no transformations of the mineral phase
occurred (Figs. 7 and 8, and Table 3).

LMWOA-promoted dissolution of birnessite led to the high
amount of As(V) adsorption. Higher percentage of dissolved
Mn(III) and lower relative contents of Mn(I) on the mineral
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Fig. 11 Total dissolved Mn, dissolved Mn(II), and dissolved Mn(III)
concentrations in solutions of As(V) batches (As(V)), citrate-As(V)
batches (cit(V)), EDTA-As(V) batches (EDTA(V)), and As(Ill) batches
(As(I11), citrate-As(I11) batches (cit(I1ll)), EDTA-As(III) batches
(EDTA(11)))

surface corresponded to more efficient As(V) adsorption (Fig.
5, Tables 3, 4). Dissolution-induced active sites were responsible
for higher As adsorption (Parikh et al. 2008; Lafferty et al.
2010a, 2010b) in LMWOA-amended batches. Although more
Mn(IV) oxides were dissolved in citrate-As(V) batches, As(V)
adsorption was lower than in EDTA-As(V) batches, which may
result from the passivation effect of surface Mn(Il) (Fig. 5). The
highest amount of As(V) adsorption in EDTA-amended batches
was likely the result of the limited competitive adsorption of
Mn(III)-EDTA complex with As(V) (Prieto et al. 2013).

Although the accumulation of solid-associated Mn(II)/
Mn(III) on the mineral surface inhibited As(IIl) oxidation, higher
percentage of dissolved Mn(Ill) decreased competitive adsorp-
tion between As and Mn complex (Fig. 6, Table 2). Higher
contents of Mn(I) (%) of the birnessite imply that there was a
mineral surface complexation between birnessite and Mn(II)-cit-
rate complex (Wang and Stone 2006b; Jefferson et al. 2015).
High contents of Mn(III) (%) might be related to the inadequate
As(IIT) oxidation by MnOOH (Egq. (3)) in the presence of citrate.
In EDTA-amended batches, Mn(IIl) as the predominant dis-
solved Mn species and the lowest content of Mn(II) (%) in solids
suggest that EDTA could activate the birnessite through
complexing with adsorbed Mn(II) (Prieto et al. 2013), and there-
by promote the As(II) oxidation.

Environmental implications
High concentrations are normally observed in geothermal

groundwater (Pope and Brown 2014; Guo et al. 2017). Due
to the long-term and large-scale utilization, there is an
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increasing risk of allogenic As(IIl) contamination of As-free
aquifers by high As groundwater intrusion (Gillispie et al.
2019). During the intrusion of high As groundwater, the pres-
ence of Mn(IV) oxides within aquifer sediments acts as a
buffer for As(IIl) contamination via oxidizing As(IIl) at a
relatively rapid rate. Usually, Fe(Ill) oxides coexisting with
Mn(IV) oxides in aquifers immobilize dissolved As(V) and
reduce the possible risks of As contamination to As-free
groundwater (Pedersen et al. 2006; Ying et al. 2012). The
findings of this study demonstrate that As(IIl) introduced to
aquifers with the presence of Mn(IV) oxides should be oxi-
dized to As(V) effectively, although the reactive surface sites
of Mn(IV) oxides are dependent on adsorbed Mn(II) or As(V)
(Fischel et al. 2015).

As demonstrated in this study, As(V) was adsorbed rela-
tively effectively on Mn oxides in the presence of LMWOAs
since additional surface sites were available on the birnessite
after being altered by LMWOASs (such as citrate and EDTA).
The extent of alteration was different for different LMWOAs
(Banks et al. 2006; Malek et al. 2009). Citrate derives from the
plant root exudates (Huangfu et al. 2015), while EDTA is
mainly from the anthropogenic input as being used for soil
remediation (Kim et al. 2018). Though As behavior is influ-
enced by the quantity and reactivity of LMWOAs in aquifers,
it is still difficult to predict geogenic As intrusion to As-free
groundwater since these components and phases are naturally
variable.

Moreover, interaction between LMWOASs and Mn oxides
leads to elevated levels of dissolved Mn concentrations. High
concentrations of LMWOAs in water environments resulted
in dissolution of Mn oxides (Debela et al. 2010; Wu et al.
2011) with changing the redox properties of Mn oxides-
containing soils (Guo and Cutright 2015). Our study shows
that LMWOA s increased concentrations of dissolved Mn with
low valences, and changed the relative contents of solid-
associated low-valent Mn. In the presence of LMWOAs, Mn
oxides are firstly reduced, and then Fe oxides are reduced in
aquifers, which cause the fact that high dissolved Mn concen-
trations were coupled with low As concentrations in ground-
water (Buschmann et al. 2007). Therefore, high concentra-
tions of dissolved Mn need to be considered in low As
groundwater. Elevated Mn concentrations have a negative im-
pact on human health (Wasserman et al. 2006; Buschmann
et al. 2007; Marins et al. 2019), which possibly depends on
concentration of dissolved Mn(II) (He et al. 2020).

Conclusion
The presence of citrate and EDTA substantially affected
As(V) adsorption and As(IIT) oxidation by birnessite. Both

citrate and EDTA promoted As(V) adsorption due to the cre-
ation of new active sites by LMWOA-induced reductive

@ Springer

dissolution. In comparison with citrate, EDTA was more con-
ducive to As(V) adsorption by forming Mn(III)-EDTA com-
plex in solutions, which suppressed the competitive adsorp-
tion of As with dissolved Mn complex. Citrate and EDTA
played different roles in As(IIl) oxidation. In general, citrate
inhibited As(III) oxidation and As(V) adsorption, while
EDTA promoted As(IIl) oxidation. The inhibition of As(III)
oxidation and adsorption of As(V) in citrate-amended exper-
iments was attributed to competitive adsorption of citrate/
Mn(II)-citrate. Promotion of As(III) oxidation by EDTA
mainly resulted from increasing the active sites via birnessite
dissolution and decreasing the competitive adsorption of dis-
solved Mn species by forming Mn(II)-EDTA complex.
Considering the importance of LMWOAs, further studies
need to investigate how their different functional groups affect
As behavior in Mn(IV) oxide system.
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