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Numerous experimental studies have identified a multi-step reaction mechanism to control arsenite
(As(III)) oxidation by manganese (Mn) oxides. The studies highlighted the importance of edge sites and
intermediate processes, e.g., surface passivation by reaction products. However, the identified reaction
mechanism and controlling factors have rarely been evaluated in a quantitative context. In this study, a
process-based modeling framework was developed to delineate and quantify the relative contributions
and rates of the different processes affecting As(Ill) oxidation by Mn oxides. The model development
and parameterization were constrained by experimental observations from literature studies involving
environmentally relevant Mn oxides at circumneutral pH using both batch and stirred-flow reactors. Our
modeling results highlight the importance of a transitional phase, solely evident in the stirred-flow ex-
periments, where As(Ill) oxidation gradually shifts from fast reacting Mn(IV) to slowly reacting Mn(III)
edge sites. The relative abundance of these edge sites was the most important factor controlling the ox-
idation rate, whereas surface passivation restricted oxidation only in the stirred-flow experiment. The
Mn(IIl) edge sites were demonstrated to play a crucial role in the oxidation and therefore in controlling
the long-term fate of As. This study provided an improved understanding of Mn oxide reactivity and the
significance in the cycling of redox-sensitive metal(loid)s in the environment.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

2017) because of the health threat that As contaminated ground-
water poses globally (Fendorf et al, 2010; Smedley and Kin-

Manganese (Mn) oxides play a key role in the cycling of redox-
sensitive metal(loid)s in the environment due to their high re-
dox potential and ubiquitous presence in soils and sediments
(Jenne, 1968; Post, 1999; Yao and Millero, 1996). Mn oxides are
also preferred for their strong adsorption and oxidizing proper-
ties in treatment of wastewater effluent containing heavy metal
ions, dyes, pesticides, leachates, oil spills and pharmaceuticals
(De Rudder et al.,, 2004; Du et al., 2020; Husnain et al., 2020;
Song et al., 2019). Their effect on arsenic (As) cycling has been
studied extensively in both natural environments (Takamatsu et al.,
1985) and water treatment (Driehaus et al., 1995; Gude et al.,
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niburgh, 2002). Perhaps the most relevant impact on As cycling
occurs when Mn oxides oxidize the more toxic, and arguably
more mobile, arsenite (As(Ill)) to arsenate (As(V)) (Bai et al., 2016;
Huling et al., 2017; Smedley and Kinniburgh, 2002; Tamaki and
Frankenberger, 1992). The oxidation is known to follow a multi-
step mechanism which involves complex interactions of As(IIl)
with the surface of Mn oxides via adsorption/desorption and
surface-bound oxidation (Manning et al., 2002; Nesbitt et al., 1998;
Scott and Morgan, 1995; Tournassat et al., 2002).

Mn oxides of different structure and/or particle size have
variable reactivity towards As(Ill) oxidation (Schacht and Ginder-
Vogel, 2018). Both layered and tunneled structures are common
Mn oxides in the environment; however, the layered structures
are much more abundant than the tunneled ones in most envi-
ronments, probably due to enhanced stability of the former by ad-
sorption of divalent metal cations (Yang et al., 2019). Furthermore,
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structural defects are common in layered Mn oxides and con-
tribute to distinct mineral properties. Specifically, Mn(IIl) substitu-
tions in the mineral lattice affect the average Mn oxidation number
(AMON) while Mn vacancies in the layer serve as vacancy sorption
sites which have strong affinity for adsorption of metal ions. Vari-
ations in particle sizes control the specific surface area (SSA) and
affect the number of edge sites that are also important adsorption
sites. Although the point of zero charge (PZC) of Mn oxides is gen-
erally low, the PZC of edge sites is expected to be higher than that
of vacancy sites (Peacock and Sherman, 2007; Tonkin et al., 2004;
Villalobos, 2015). Thus, under most environmentally-relevant pH
conditions, vacancy sites carry a highly negative charge while the
edge sites have a variable charge, depending on the pH and the
oxidation state of Mn (Mn(Ill) versus Mn(IV)). As a result, while
Mn2+ can adsorb on both edge and vacancy sites (Wang et al.,
2019), As(Ill) and As(V) oxyanions adsorb only on the edge sites
(Tournassat et al., 2002). Furthermore, Mn(IV) is considered to ad-
sorb and oxidize As(Ill) more strongly than Mn(Ill) and, there-
fore, an increasing extent of Mn(Ill) substitutions can reduce Mn
oxide oxidative reactivity. This behavior is also observed for ura-
nium (Wang et al.,, 2013) but is in contrast to the importance of
Mn(Ill) availability in oxidation of chromium and phenolic com-
pounds (Hu et al., 2019; Qian et al., 2019; Nico and Zasoski, 2000).
Accordingly, layered Mn(IV) oxides with a high edge-site density
and a low fraction of Mn(IIl) substitutions are most reactive to-
wards As(III) oxidation.

One of the suggested oxidation pathways (Lafferty et al,
2010a,b) involves As(Ill) being adsorbed on the edge sites via a
double-corner sharing, also known as bidentate-binuclear surface
complex (Zhu et al, 2009), and then oxidized to As(V), thereby
producing intermediate Mn(Ill) edge sites. Subsequent adsorp-
tion and oxidation of As(Ill) on the Mn(Ill) edge sites produces
As(V) and Mn(ll) (Lafferty et al., 2010a; Manning et al., 2002;
Nesbitt et al., 1998; Scott and Morgan, 1995; Zhu et al., 2009)
while simultaneously exposing new Mn(IV) edge sites, thereby al-
lowing the oxidation to proceed further (Scott and Morgan, 1995).
Meanwhile, the reaction products As(V) and Mn(II) may suppress
the accessibility of the edge sites to As(Ill), a process known as
surface passivation. This may occur through competitive sorption
and/or by formation of Mn(Il)-As(V) precipitates or ternary surface
complexes (Tournassat et al., 2002; Zhu et al., 2009). An alternate
oxidation pathway has also been suggested (Lafferty et al., 20103,
2010b), which involves an additional process known as compro-
portionation to produce surface Mn(Ill) from oxidation of adsorbed
Mn(II) by Mn(IV) on either edge or vacancy sites (Lafferty et al.,
2010b; Wang et al., 2019, 2018; Zhao et al., 2016).

Although many aspects of the multi-step reaction mechanism
have been discussed in the literature, we still have only a rudi-
mentary understanding of the As(Ill) oxidation kinetics and how
they are influenced by the inter-relationships between the various
reaction steps. For instance, changes to the abundance of initially
present Mn(IV) and intermediately formed Mn(IIl) sites and their
effect on As(Ill) oxidation rate are vastly unknown. The extent and
contributing species of surface passivation is also ill-defined. At
certain pH values, edge sites may become unavailable for As(III)
adsorption or favor adsorption of competing solutes, thus enhanc-
ing surface passivation effects. Until now the effects of pH on
As(IIl) oxidation rates have never been quantified.

Many previous studies (Rathi et al., 2017a; Stollenwerk et al.,
2007; Wallis et al.,, 2010; Ying et al.,, 2011) that quantified oxi-
dation rates lumped all steps into a single stoichiometric reaction
(Oscarson et al., 1980) that follows a first-order rate law with re-
spect to As(Ill) concentration in solution:

MnO,(s) + H3AsO; + H* — Mn?* + H,AsO;, + H,0 (1)

Tasqiny = % = —kops x [H3AsO3] (2)

However, given the complexity of the mechanism, the often
strong temporal variations of the rates and the varying factors that
can be rate-controlling under changing geochemical conditions, it
is not surprising that the values of the reported empirical rate con-
stant (k,ps) range over several orders of magnitude among differ-
ent studies even when they were all conducted with batch re-
actors (Schacht and Ginder-Vogel, 2018). Empirical models, while
sometimes useful, are generally unable to provide mechanistic in-
sights to the reaction mechanism and apart from a few exceptions
(Amirbahman et al., 2006; Feng et al., 2018), no attempts have
been made to develop more comprehensive models. In contrast
to empirical models, process-based models are substantially better
equipped to support the identification and delineation of the vari-
ous interdependent factors that may affect the fate of As(Ill) during
its oxidation by Mn oxides (Schacht and Ginder-Vogel, 2018), such
as, As(Ill) adsorption/desorption and oxidation on Mn oxide surface
sites, reactivity of different types of Mn oxides, pH and the role of
competitive solutes. To adequately quantify adsorption/desorption
reactions, surface complexation models (SCMs) have proven to be
a powerful tool to integrate information on mineral surface ar-
eas, sorption site densities, and surface-charge effects with respect
to pH while also considering the impacts from different compet-
ing species (Davis and Kent, 1990; Liu et al., 2019). However, at
present the challenge of developing SCMs that describe the adsorp-
tion/desorption of As(Ill), As(V) and Mn(Il) on edge and vacancy
sites of Mn oxides is that most of the parameters, including the
required surface complexation constants, are not readily available
in the literature. Selecting appropriate experimental data from the
literature and calibrating the numerical model against those data
using suitable optimization methods can help derive these valu-
able parameters. The end result will be a quantitative framework
which elucidates the reaction mechanism and can be used to an-
alyze future experiments and to further evaluate the proposed re-
action mechanism (Prommer et al., 2019).

The main objective of this study therefore was (i) to develop a
process-based, data-constrained framework to assess the adequacy
of a conceptual model describing As(Ill) oxidation by layered Mn
oxides; and (ii) to quantitatively evaluate the role of edge sites and
surface passivation on the oxidation rate under circumneutral pH
conditions. In this study, we focus on the analysis of laboratory
experiments from the literature that were conducted over an ex-
tended duration and with synthetic layered Mn oxides, which are
considered a suitable analog to natural Mn oxides, and at pH val-
ues most relevant to natural groundwater systems (Lafferty et al.,
2011, 2010a; Villalobos et al., 2014).

2. Materials and method
2.1. Modeling approach and procedure

The modeling procedure started with the development of a con-
ceptual model that, based on our survey of the current literature,
incorporates the potentially relevant details of the reaction mech-
anism (Fig. 1). Subsequently, the assembled conceptual model was
evaluated against the most suitable literature datasets. This was
achieved by translating the conceptual model of the reaction pro-
cesses into a numerical model and by comparing the simulated
concentrations with the corresponding experimental observations.
The numerical implementation required (i) the spatial and tempo-
ral discretization of the considered lab experiments, (ii) the defini-
tion of an adequate reaction network consisting of a mixture of
equilibrium and kinetically controlled geochemical reactions and
(iii) a calibration of adjustable model parameters in conjunction
with a successive refinement of the proposed conceptual model.
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Fig. 1. Schematic illustration of the adopted conceptual model for As(Ill) oxidation
by Mn oxides.

2.2. Conceptual model and numerical implementation

To isolate the specific role of Mn oxide edge surfaces for As(III)
oxidation, we separated the total concentration of Mn oxide into
edge (Cegge) and bulk (Cpyy) components. Accordingly, the edge
(both = Mn"ége and = Mngc’l .) and the vacancy (= Mnlj qn,) sites
are stoichiometrically 11nl<ed with the temporally varying concen-
trations of Cegge and Cpy, respectively.

In this study, we focus on one of the suggested oxidation path-
ways in which As(Ill) is adsorbed on the edge sites via bidentate-
binuclear surface complexation (Tables 1 and 2). Once adsorbed,
As(IlI) is oxidized to As(V) on = Mn’V sites at the rate defined as:

= ke[

Simultaneously, the = Mn!

edge
Mné’ége sites, where As(Ill) also adsorbs and is oxidized at the

dAs(IIl)

n= — Mnl,

edge —

)zAs’"OH] (3)

sites are transformed into =

te:
dAs(III)

= Mn!h

edge

I

k, are the first-order rate constant (s71),
and [(= M”%ge O)2As”’OH] and [(= Mnf_,’ége - O)zAs’"OH] are ad-
sorbed concentrations of As(Ill) on Mn(IV) and Mn(lll) edge sites
(mol L-1), respectively. Adsorbed As(Ill) concentrations are quan-
tified through a SCM, which incorporates the effects of Mn oxide
mineral reactivity, solution pH, aqueous As(IIl) speciation and com-
petitive sorption by other solutes.

Coupled to the oxidation, the reductive dissolution of Mn ox-
ides occurs on the mineral edge, where = Mn’e’ége sites are reduced
to aqueous Mn(Il) and cause C,4ge to decrease. This step also trig-
gers the exposure of a new edge surface on Gy that hosts new
= Mn’e‘ége sites (Fig. 1). This was numerically implemented by trans-
ferring the corresponding amounts of Mn oxide from Cpy t0 Cegge
at a rate proportional to the rate of As(Ill) oxidation that occurs on

the = n’e’é » sites (Eq. (4)):
9Chuik
ot

where the dimensionless proportionality term k3 can range be-
tween 0 and 1. A value of 1 corresponds to ideal stoichiometric
mineral dissolution where a pair of _Mné‘gge sites is exposed to
allow As(Ill) adsorption via bidentate-binuclear surface complex-
ation and subsequent oxidation (Zhu et al., 2009). Accordingly, a
value of less than 1 for k3 represents an irregular/unordered ar-
rangement of newly exposed EMnL‘(’jge sites which would impede
As(III) adsorption and oxidation.

To consider potential surface passivation from reaction prod-

-0) zAs’"OH] (4)

where k; and

= — k3 R ) (5)

ucts, surface complexation reactions of As(V) on —Mné“’jge and
—Mngége sites were included in the reaction network (Tables 1

and 2). At circumneutral pH, adsorption of Mn(Il) is favored
on negatively charged =Mnjc,, sites over =Mnj = sites
(Simanova et al., 2015). Mn(Il) adsorption on positively charged
—Mn’e’ége sites was assumed negligible at circumneutral pH and
therefore not considered in the reaction network (Ramstedt et al.,
2004). Based on potential surface passivation pathways identi-
fied in previous studies (Jiang et al., 2013; Moore et al., 1990;
Tournassat et al.,, 2002), formation of Mn(Il)-As(V) precipitates
such as a krautite-like mineral (MnHAsO4 - H,0) and Mn(II)-As(V)
ternary complexes on either _Mn"ége or = Mnj g, Sites were
also investigated in the modeling framework (Tables 1 and 3).

2.3. Experimental datasets for conceptual model evaluation

Numerous experimental studies, varying in terms of their ex-
perimental setups and conditions, have investigated many details
of the As(Ill) oxidation via Mn oxides. Among those, we selected
a subset of studies (Lafferty et al., 2011, 2010a; Villalobos et al.,
2014) that provided suitable data to elucidate and quantify the
role of edge sites and surface passivation on oxidation rates un-
der circumneutral pH conditions. These studies were carried out:
(i) with different layered Mn oxide types (§-MnO, and acid bir-
nessite) and SSAs (39, 114 and 273 m? g-1); (ii) at different pH
values (6.0 and 7.2); (iii) with fixed (batch) and temporally vary-
ing inputs (stirred-flow) of either aqueous As(IlI), As(V) or Mn(II);
(iv) as oxidation or adsorption/desorption experiments; and (v) at
extended experiment durations (24 and 48 h). The available data
showed pronounced temporal variations in the measured aqueous
concentrations of As(Ill), As(V), and Mn(Il), and in the calculated
concentrations of aqueous and adsorbed total As. The measured
aqueous concentrations derived from the adsorption-oxidation ex-
periments using both stirred-flow and batch setups were used for
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Table 1
Reaction network and parameter values estimated from the calibration of the stirred-flow oxidation experiment (refer to Table 4 for details)
(Lafferty et al., 2010a).

Parameter Relative uncertainty
values variance reduction *
Surface complexation reactions
= Mn Slte
As(1I1)
Eq. (6) 2=Mnl OH + H3AsO3 < (=Mnl, )>,HAsOs + 2H,0 log K1 10.75 97.7%
As(V)
Eq.(7) 2=MnY OH + HASO} < (=Mnl, ),HAsO4 + 20H- logK2  -5.69 99.9%
Mn(II)
Eq. (8) =MnlY OH + Mn* + H,0 < =MnlY, OMnOH + 2H* log K3~ -6.87 99.7%
Mnlj,, Site
As(lll)
Eq. (9) 2=Mnlli, OH + H3AsOs < (=Mnli ),HASO5 + 2H,0 logK4  8.00 98.7%
As(V)
Eq. (10) ZEMnL’égEOH + HAsOY o (= Mn’e’ége)zHAsO‘; + 20H- log K5 insensitive 0
= anawm, site
Mn(Il)
Eq. (11) = MnlgOH + Mn®* + Hy0 < = Ml 0, OMNOH + 2H* log K6 —1.80 14.2%
Mn(II)-As(V) Ternary Surface Complexes
Eq. (12) —Mni,‘{j .OH + MnHAsO; < M”ea .OMnH,AsO, log K7 insensitive 0
Eq. (13) = Mnlunq,OH + MnHASOs < = MnlY e, OMnH,ASO4 log K8 insensitive 0
Additional parameters
Rate constant for oxidation on = Mn’e‘c’,ge sites (s71) (Eq. (3)) ky 1.01 x 103 99.7%
Rate constant for oxidation on = Mn’elé . sites (s71) (Eq. (4)) ko 1.50 x 104 99.7%
Proportionality term for exposure of new edge surface (dimensionless) (Eq. (5)) k3 0.67 85.1%
Edge component (mmol L) (% of total §-MnO,) Cedge 3.70 (32%) 97.0%
Bulk component (mmol L) (% of total §-MnO,, i.e., 100% - edge component) Chuik 7.81 (68%) 97.0%
Density of edge sites (= Mn’e‘gge and = Mn{?’ége) (mol of sites per mol of §-MnO,) Sedge 1.13 x 10! 99.1%
Density of vacancy sites (= Mn,,um"ty) (mol of sites per mol of §-MnO,) Svacancy 1.20 x 1072 72.4%

2
Note: #Relative uncertainty variance reduction = 1 - % where ¢ and o represent prior and posterior variances of parameter i. The “posterior
variance” is the estimate of the standard deviation of a parameter after the calibration process has been conducted. Ideally, a reduction is expected
between the prior and posterior estimates if the parameter is sensitive. Relative uncertainty variance reduction value of 0 indicates that parameter is
insensitive.

Table 2

Additional parameters for batch oxidation experiments (refer to Tables 4 and 5 for details) (Villalobos et al., 2014). All surface complexation constants
were consistent with the respectively calibrated values for the stirred-flow experiment (Table 1), although the apparent values were modified based
on the SSA and site density of the Mn oxides where appropriate (Sverjensky, 2003). The two reaction rate constants (k; and k,) were consistent
across all batch experiments but differed from those calibrated for the stirred-flow experiment (Table 1).

Experiment 1D | B1 | B2 | B3

Surface Complexation Reactions | |

nedge Site
As(lll)
Eq. (6). 2=MnY, OH + H3AsO; < (=Mnl, )2HASOs + 2H,0 log K1 11.59 11.12
As(V)
Eq. (7). 2=MnY% OH + HAsO} < (=Mnl, ),HAsOs + 20H~ log K2 —4.84 -5.31
Mn(II)
EqQ. (8). =Mnl,OH + Mn®* + Hy0 < =Mnl, OMnOH + 2H* log K3 ~6.02 -6.49
= Mnj, Site
As(1II)
Eq. (9). 2=Mn" OH + HsAsO3 < (=Mnll ),HASOs + 2H,0 log K4 8.86 8.38
= anacamy site
Mn(II)
Eq. (11). =MnY . ,OH + Mn2* + H0 < =Mnl¥,, OMnOH + 2H* log K6 —0.95 -1.42
Additional parameters |
Rate constant for oxidation on = Mn’e“’j . sites (s71) (Eq. (3)) k1 | 7.94 x 1073
Rate constant for oxidation on = Mn’e’ége sites (s71) (Eq. (4)) ko | 6.80 x 104
Proportionality term for exposure of new edge surface (dimensionless) (Eq. (5)) k3 | 0.37 | 0.20 | 0.77
Edge component (mmol L) (% of total birnessite) Cedge 0.35 0.73 0.35

(30%) (22%) (30%)

Bulk component (mmol L-1) (% of total birnessite, i.e., 100% - edge component) Cpuik 0.80 | 2.59 | 0.80
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Table 3
Reaction network and parameter values sourced from literature and kept fixed during model calibration in this
study.
Experiment ID | sF1 | Bt | B2 | B3
Surface protonation/deprotonation reactions | | | |
= Mg, Site pKal 431° 5.16 5.16 4.69
Eq. (6). =Mnl,, OHy < =MnY OH + HY pKa2 6.06 © 5.21 5.21 5.68
Eq. (7). =Mnl OH < =Mnl% 0"+ H*
Eq. (8). =Mnll, Site pKa 8.20 ¢ 9.05 9.05 8.58
= Mr:’eIégeOHz+ - EMn’e’égeOH + H*
Eq. (9). =Mnj,,, site pKal 1.33 @ 2.18 2.18 1.71
= Mg OH; < = MY o, OH + H* pKa2 2350 1.50 1.50 1.97
Eq. (10). =MnlfgqOH < = Mn}.,,0~ + HY
Additional reactions
Krautite
Eq. (11). log -0201¢
Mn2t + HyAsO; + H,0 < MnHAsOy4 - HO(s) + H* Ksp
Mn(II)-As(V) Solution Complexes log K 1.01°¢
Eq. (12). Mn?* + H,AsO; < MnH,AsO} log K 292 ¢
Eq. (13). Mn?** + HAsO; < MnHAsO4(aq)

3 (Peacock and Sherman, 2007).
b (Tonkin et al., 2004).

¢ (Ramstedt et al., 2004).

d (Tournassat et al., 2002).

¢ (Marini and Accornero, 2007).

Table 4

Experiment details and the derived dataset used for calibration of the numerical model.

Experiment setup

Stirred-flow experiments ?

Batch experiments "

Dominant reactions

Adsorption + Oxidation

Adsorption + Oxidation

Experiment ID reference SF1 B1 B2 B3
Experiment conditions
Solute and concentration in background 0to48 h At 0 h

electrolyte

Mn oxide

Type §-MnO,
Specific surface area 273 m? g!
Amount 11.5 mM
Average Mn oxidation number 3.95
pH 7.20
Experiment duration 48 h
Reaction Cell volume 30 mL

Flow rate

100 pM As(1lI)

1.0 mL min~!

300 pM As(1lI)

Acid birnessite | §-MnO,
39 m? g! 114 m2 g!
L15mM | 332mM | 115mM
3.93 | 4.04

|
6.00
24h

Data for Model Calibration

Aqueous As(III), As(V) and
Mn(1I)

Aqueous As(IIl) and As(V)

2 (Lafferty et al., 2010a).
b (Villalobos et al., 2014).

calibration of the numerical model (Table 4) whereas the remain-
der of the dataset was used for verification of the calibrated model
(Table 5).

2.4. Numerical modeling tools and calibration

A total of four stirred-flow and five batch experiments were
simulated in this study using a common set of model parame-
ters. Among the employed model parameters, we distinguished
between the ones that must be fundamentally similar for all ex-
periments and those that may differ between experiments de-
pending on experimental setups and conditions. The former in-
cluded surface complexation constants and site densities. The
equilibrium constants were derived from the calibration of the
stirred-flow model, and where appropriate modified based on

their SSA and site density according to the approach described by
Sverjensky (2003) and further elaborated for SCMs that include
bidentate adsorption by Wang and Giammar (2013). The two re-
action rate constants (k; and k,) were consistent across all batch
experiments but differed from those calibrated for the stirred-flow
experiments. This difference was introduced to account for poten-
tial differences in the solution saturation state that could arise be-
tween the two types of reactors, due to the accumulation of re-
action products within batch systems, which can affect dissolution
kinetics (Kraemer and Hering, 1997). The other two calibrated pa-
rameters, the proportionality term (ks) and the edge concentration
(Cedge), varied across the experiments as mineral properties of dif-
ferent Mn oxides varied between the studies.

All  batch simulations were performed with PHREEQC
(Parkhurst and Appelo, 2013) while the stirred-flow experi-
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Experiment details and the derived dataset used for verification of the numerical model.

Experiment setup |

Stirred-flow experiments?:” |

Batch experiments®

Dominant reactions Adsorption + Oxidation Adsorption + Oxida- Adsorption Adsorption

tion + Desorption
Experiment ID reference | SF1 | SF2 | SF3 | SF4 | B4 B5
Experiment conditions
Solute and concentration 0to48 h 0 to 24 h - 100 pM As(1II) 0to48h 0to48h AtOh
in background 100 pM As(III) 24 to 48 h - 0 pM As(III) 100 pM As(V) 100 pM Mn(II) varying As(V)
electrolyte
Mn oxide |
Type 6-MnO, Acid birnessite 5-MnO,
Specific surface area 273 m? g! 39 m? g! 144m? g-!
Amount 11.5 mM 4.02 mM
pH 7.20 6.00
Experiment duration 48 h 24 h
Reaction Cell volume 30 mL -
Flow rate 1.0 mL min~! -

Data for Model Verification

Total As adsorbed Aqueous As(IIl) and As(V)

Aqueous As(V) Aqueous Mn(II) Aqueous As(V)

3 (Lafferty et al., 2010a).
b (Lafferty et al., 2011).
¢ (Villalobos et al., 2014).

ments were simulated with MODFLOW (Harbaugh, 2005) and
PHT3D (Prommer et al., 2003) to account for flow and reactive
processes, respectively. The standard WATEQ4F database (Ball and
Nordstrom, 1991) was used as a starting point for the reaction net-
work definition to which our newly defined reactions were added.
For example, the edge (= Mn%ge) and vacancy (= Mnljcgncy) sites
were defined in the database and their protonation-deprotonation
constants (pKa) were adopted from the literature for birnessite
(Peacock and Sherman, 2007; Tonkin et al., 2004) whereas, the
values for EMng’ége sites were adopted from the constants pro-
vided for manganite (Ramstedt et al., 2004) and not varied any
further (Table 3). Edge and vacancy site densities reported in a
birnessite study (Villalobos, 2015) were used as starting values
and subsequently varied during model calibration (Table 1). As(III)
and As(V) were decoupled from the global redox equilibrium
and their redox transformations were kinetically controlled. The
SCM was restricted to considering only the chemical contribution
towards the overall adsorption, and the electrostatic effects on
the complexation were ignored. This was because the SSA of end-
basal planes and edge surface of a Mn oxide particle cannot be
determined separately (Villalobos et al., 2014), which is required
for the calculation of surface charge on vacancy and edge sites in
a SCM. Similar to many published modeling studies (Rathi et al.,
2017b,a; Stolze et al.,, 2019; Sun et al., 2018), given that reactants
were sufficiently mixed/stirred in the investigated experimental
systems all surface complexation reactions were assumed to
be sufficiently fast such that the local-equilibrium assumption
(Bahr and Rubin, 1987) was valid. Initial estimates of the reaction
constants for As(Ill), As(V) and Mn(Il) surface complexation on
respective sites were estimated via manual calibration and further
optimized during an automated calibration step. The solubility
product of the Mn(II)-As(V) precipitate krautite and the constants
for Mn(II)-As(V) solution complexes were set to literature values
(Tournassat et al., 2002) and not varied any further (Table 3).
Each model calibration run included multiple model simula-
tions, where each simulation corresponded to one of the oxida-
tion experiments (Table 4). We employed initially a manual trial-
and-error step, followed by an automatic calibration step using the
heuristic particle swarm optimization (PSO) (Coello et al., 2004;
Eberhart and Kennedy, 1995; Kennedy et al., 2001) algorithm. PSO

was chosen because it has previously been shown to be a suit-
able method for dealing with the non-linearity of complex geo-
chemical models (Jamieson et al., 2018; Prommer et al., 2018;
Rathi et al., 2017a,b; Sun et al., 2018). The PSO code was written
within the PEST++ platform using the PANTHER run manager and
linked with PHREEQC/PHT3D (Siade et al., 2019). The 12 parame-
ters to be estimated included surface complexation constants for
As(III), As(V), Mn(II) and Mn(II)-As(V) ternary complexes, oxidation
rate constants (k;andk,), proportionality term (k3), surface site
densities (Seqge and Svacancy), and Cegge (Tables 1 and 2). Calibration
was achieved by minimizing the objective function defined as the
sum of squared residuals between all observations from the con-
sidered experiments (Table 4) and their model-simulated equiva-
lents. The calibrated model was further verified against the obser-
vations from various stirred-flow and batch experiments (Table 5)
(Lafferty et al., 2011, 2010a; Villalobos et al., 2014). Finally, the pa-
rameter estimates from PSO calibration were used as initial val-
ues for a linearized parameter uncertainty analysis using PEST
(Doherty, 2015; Rathi et al., 2017b; Rawson et al., 2017); further
details are provided in Table 1.

3. Results
3.1. Quantification of As(Ill) oxidation rates

The final calibrated models closely replicated the observations
from As(Ill) oxidation experiments conducted using both stirred-
flow (Table 4 and Fig. 2a) and batch setups (Table 4 and Fig. 3a).
Moreover, they also reproduced all observations available from the
oxidation and adsorption experiments (Table 5) for the purpose
of model verification (Figs. 2a and 4). The model-based analysis
demonstrated that the As(Ill) oxidation rates show two distinct
phases in the batch experiments but three distinct phases in the
stirred-flow experiments.

Phase I was identified in all of the analyzed experiments and
characterized by fast As(Ill) oxidation. During Phase I, high solu-
tion As(Ill) saturated the sorption sites and was completely oxi-
dized and released into the solution as As(V). The length of Phase
I ranged between only a few minutes to a few hours (Figs. 2a and
3a). The amount of C,qg regulated the duration of Phase I and the
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Fig. 2. Simulations and observations (where available) from stirred-flow oxidation
experiment (Lafferty et al., 2010a). Panel a: calibrated model output against obser-
vations and three phases of As(Ill) oxidation by Mn oxide. Panel b: changes in the

Mn oxide concentrations (Ceqge and Cy,y) during the experiment. Panel c: oxida-
m

tion rates — overall and on each type of edge site (= Mnf!‘{lge and = Mngg,, ). Panel
d: percentage contribution to As(Ill) oxidation by each type of edge site. Panels e, f
and g show adsorbed species on edge and vacancy sites.

experimental data within this phase were critical for the estima-
tion of Cegge. The variations in the model-estimated values for Ceqg,
among the different experiments reflect the differences in the ini-
tial concentrations and types of Mn oxides used (Figs. 2b and 3).
When the same initial concentration but different Mn oxides were
used (Table 2), C,4ge Was higher for §-MnO, compared to acid bir-
nessite due to the higher edge surface area (Villalobos et al., 2014)
of 6-MnO,. On the other hand, when different amounts of the
same Mn oxide were used (e.g., Table 2, B1 vs B2), higher C,gg, val-
ues reflected higher initial concentrations of the mineral added in
the experiments. However, for a given type of Mn oxide, the pro-
portion of C,gge 0N the mineral was comparable irrespective of the
experimental setup (Tables 1 and 2). In the stirred-flow oxidation
experiment, as determined by oxalate titration (Villalobos et al.,
2003), the AMON of §-MnO, was 3.95 (Lafferty et al., 2010a).

Therefore, Co4ge in the numerical model was assigned to host 95%

of = Mn’e‘gge and 5% of = Mn!!} ¢ Sites at the start of the experiment.

During Phase I, = Mné‘tlige sites were reduced to = Mngége sites and
no Mn(II) was produced (Fig. 2a). In conjunction with the reductive
transformation, the AMON decreased to 3.80 (Fig. S1). Common to
all experiments the end of Phase I was marked by a distinct de-
crease in the overall oxidation rate (Figs. 2c and S1b).

In the stirred-flow experiment, Phase | was followed by a tran-
sition phase (Phase II) where As(Ill) oxidation gradually shifted
from fast reacting = Mn"ége to slow reacting EM”"cllge sites. This
caused the overall oxidation rate to decrease significantly (Figs. 2c).
During this transition small amounts of As(Ill) remained adsorbed
on = Mng[j . sites (Fig. 2f) due to the significantly slower oxidation
rates. This can explain the observed temporary decrease in total
dissolved As concentrations (Fig. 2a). Phase II lasted for a relatively
short period (from t = 4 h to 10 h) in the stirred-flow experiment.
The duration of Phase Il depended upon the availability of both,
the initially present = Mn%ge sites and the newly formed = Mn!!!

edge
sites on Cpgge (Fig. 2e and f). During Phase II, the _Mn"C’lge sites
were slowly reduced to Mn(Il), causing mineral dissolution on the
edge surface while a new edge surface on Cp,; was exposed, which
hosted new = Mné‘é . Sites. However, the amount of newly exposed
edge sites was only 67% of the “parent” edge sites (k3 = 0.67, with
relative uncertainty variance reduction of 85.1%, Table 1), i.e, a
net decrease of Cegq, 0ccurred. Slower oxidation of As(Ill) produced
lower amounts of As(V) in solution while Mn(Il) was gradually pro-
duced and a fraction of it was adsorbed first on = Mnl.;,, sites
and then on = Mn%ge sites (Fig. 2e and g). The AMON of §-MnO,
dropped to 3.72 during Phase II since the slow reactivity of the
= Mné’ége sites promoted an accumulation of Mn(Ill) on the min-
eral edge surface (Fig. S1). Finally, Phase III in the stirred-flow ex-
periment was identifiable by a relatively constant oxidation rate
that occurred when the continuous As(Ill)-bearing influent to the
reactor started to reach a steady-state with the overall As(Ill) ox-
idation on both = Mnlll ~and new = Mn’e‘gge sites. Hence, effluent
As(Il), As(V) and Mn(Il) concentrations remained constant during
Phase III. Dissolution of §-MnO, continued on the edge surface as
indicated by the steady decrease in Cqq value. Corresponding to
the achieved steady state, AMON of 6-MnO, did not change any
further during Phase III (Fig. S1).

In contrast, no transition Phase II was identified during any of
the As(Ill) oxidation batch experiments. Instead, there was a direct
transition from Phase I to a steady rate phase that resembled Phase
Il of the stirred-flow experiment (Fig. 3). Based on the model sim-
ulations, the absence of Phase Il can be attributed either to low
initial As(Ill) concentrations (Table 4, B2) or, as in B1 and B3, to
the low initial amount of Mn oxide. During Phase I, all = Mnle‘(/ige
sites on Cegge collectively oxidized As(Ill) and were themselves re-

duced to EMngé sites. Subsequently in Phase III, oxidation was

dominated on —Mn’"

edge
Vo
the new = Mn edge sites.

sites with only minor contributions from

4. Discussion
4.1. Factors controlling the rate of As(Ill) oxidation

4.1.1. Type and abundance of edge sites

The type of edge sites, _Mné‘gge or = Mngége, and their abun-
dances on Mn oxides were found to be the two most important
factors that determine As(III) oxidation rate. This is best seen in the
simulation of the stirred-flow experiment where the abundance

of fast reacting = Mné‘(’jge sites decreased considerably after Phase
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I while that of slow reacting = Mn!ll_ sites started to increase

edge
during Phase II. During Phase III, = Mn!ll

edge
dant than EMn%ge sites but both edge sites gradually depleted

at a steady rate (Fig. 2e and f). Accordingly, As(Ill) oxidation rates

were highest when a large number of = M”%ge sites was available

(Phase 1), modest for a combination of both = M"Q{ige and = Mngége
sites (Phase II) and lowest when = Mn’e’é g sites were predominant

(Phase III) (Fig. 2c). In contrast, the simulations of the batch ex-

sites were more abun-

V. and = Mn!}

edge - ROWS ¢ and d show adsorbed species on

periments showed that As(Ill) oxidation over most of the experi-
mental duration was controlled by the abundance of only = Mné’ége
sites while the influence of zMné‘(’i . Sites was only visible dur-
ing the short Phase I. The simulations of the batch experiments

showed that either most of the added As(Ill) was oxidized within

Phase I by an excess amount of initially available = Mn(’g‘(/jge sites or,
conversely, excess As(Ill) completely reduced = Mn’e‘ége to = Mngége

sites during Phase I before oxidation continued on the remaining

= Mné’c’ige sites (Fig. 3).
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Fig. 4. Observations and model simulation of the stirred-flow (Table 5, SF2-SF4)
and batch experiments (Table 5, B4-B5) (Lafferty et al., 2011, 2010a; Villalobos et al.,
2014). The datasets were used for verification of the calibrated numerical model.

During Phases Il and III of the stirred-flow oxidation experi-
ment, our model simulation showed a disparity in the rates of
exposing new Cegq, Versus dissolution of the parent Cegg, as indi-
cated by an estimated value of 0.67 for k3 (Table 1). This could be
interpreted as having only two out of every three newly exposed
EM"%ge sites present adjacent to each other to allow for As(III)
adsorption to occur via a bidentate-binuclear surface complex. This
reduced efficiency could be a result of the difference in the As(III)
oxidation rates between = MnYY, and = Mngége sites, which causes

edge

accumulation of = Mn’e'c’ige sites compared to = Mné‘ége. As a result,
a new EM”%ge site can become isolated on the new edge sur-
face, jeopardizing their As(lll) oxidation ability. (Fig. 1). The value
of k3 also appears to be a function of the mineral SSA. In the batch
experiments, k3 ranged between 0.20 and 0.27 for acid birnessite
with an SSA of 39 m2 g~! while it was 0.78 for §-MnO, with an
SSA of 114 m? g~ (Table 2).

Furthermore, the lower oxidation rate on Mnll = sites might
have led to a longer retention time of adsorbed As(Ill) on these
sites before undergoing oxidation. This hypothesis was supported
by the temporary decrease in the total dissolved As concentrations
that is apparent during Phase II of the stirred-flow oxidation ex-
periment (Fig. 2). To test this hypothesis, we used the calibrated
model to simulate a stirred-flow adsorption-oxidation-desorption
experiment (Table 5, SF2) (Lafferty et al., 2011). In this experiment,
the As(Ill)-bearing influent was switched over to an As(Ill)-free

background electrolyte after 24 h to initiate a desorption phase.
The dilution curve suggested a lag time of ~3 h for the influent
to fully saturate the reactor. Arsenic speciation analysis on the
collected samples showed that As associated with §-MnO, was
present as As(V) and no As(Ill) was observed in the effluent dur-
ing the desorption phase (Lafferty et al., 2011). However, our model
simulation suggested that As associated with §-MnO, would tem-
porarily remain as As(IIl). The adsorbed As(Ill) was then oxidized
to As(V) over the lag time of dilution during the desorption phase
(Fig. 4a) and before the ex-situ solid-phase As speciation analysis
with EXAFS was performed.

4.1.2. Surface passivation

The model simulations of the stirred-flow experiment showed
that passivation of EM”é‘(/jge sites by As(V) was minor and oc-
curred only during Phase I (Fig. 2e). During Phase II, Mn(Il) satu-
rated the = Mnl} 4, sites, which contributed to its delayed release
into the solution. Subsequently, Mn(Il) competed with both As(III)
and As(V) for adsorption on = Mné‘(’jge sites (Fig. 2e and g). Since
= MnlY, , sites are mostly negatively charged (= Mn’e‘ggeo—) at pH
7.20 (Peacock and Sherman, 2007; Tonkin et al., 2004), adsorption
of Mn(Il) is favored over neutral As(Ill) (H3AsO3) and negatively
charged As(V) (HAsOﬁ‘) species. After 9 h into the experiment, cov-
erage by total adsorbed Mn(IlI) with respect to the total amount
of sorption sites (36%) exceeded that of As(Ill) and As(V) com-
bined (30%). Surface passivation by Mn(Il) was exclusively respon-
sible for restricting As(Ill) oxidation on new = Mné‘ége sites, limiting

further production of EMngége sites, and, thereby, regulating the
overall duration of Phase II. Interestingly, based on the model sim-
ulations, passivation of positively charged = Mn’e’ége sites by As(V)
oxyanions was minor (Fig. 2f). This was in contrast to the expected
higher affinity of negatively charged As(V) compared to the neutral
As(Ill) species at pH 7.20 (Ramstedt et al., 2004; Zhu et al., 2009).
The continuous influx of high As(IIl) concentrations into the reac-
tor might have prevented competitive adsorption of As(V) during
Phases II and IIL

In contrast to the stirred-flow experiments, surface passivation
by either As(V) or Mn(Il) was not apparent in the batch experi-
ments. This is because early in these experiments, As(Ill) oxidation
transitioned directly into Phase IIl. During Phase III, Mn oxides pre-
dominantly hosted = Mné’ége sites which were saturated by As(IIl)
(Fig. 3c and d).

Potential surface passivation by krautite and Mn(II)-As(V)
ternary surface complexes was also evaluated. Using the literature
value for the solubility product of krautite (Tournassat et al., 2002),
our simulations showed that krautite never reached saturation in
any of the experiments analyzed. Therefore, surface passivation by
krautite most likely only occurs at extremely high concentrations
of Mn(Il) and As(V), which are rarely seen in environmental set-
tings. As there are no surface complexation constants available for
the Mn(Il)-As(V) ternary surface complexes, they were treated as
adjustable during model calibration but found to be insensitive
with respect to the employed observation data (Table 1). There-
fore, surface passivation by Mn(II)-As(V) ternary surface complexes
could not be quantified in this study.

4.2. Parameter sensitivity analysis

4.2.1. Manual sensitivity analysis for selected parameters

Additional model runs were conducted with one of the param-
eters being adjusted by a small amount (+20%) from its calibrated
value while keeping the remaining parameters consistent with the
calibrated model. The results of the model simulations for four key
parameters show that they affect As(Ill) oxidation during different
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Fig. 5. Sensitivity of key parameters demonstrated quantitatively through model
predictions by adjusting only the corresponding parameter values by +20% while
keeping the remaining parameters consistent with their calibrated values.

phases (Fig. 5). For example, the effect of rate constant k; was vis-
ible only during oxidation Phase Il when the amount of adsorbed
As on = Mnfz‘c/ige sites is comparable to k; (Eq. (3) and Fig. 2e). Sim-
ilarly, the effects of the rate constant k, were visible only during
Phase III. Interestingly, the influence of the proportionality term k3
is visible only during the tail-end of Phase III after the rate of oxi-
dation on = Mn’e’ége sites surpasses that on = Mné‘gge sites (Fig. 2c).
This suggests that k3 has a direct effect on the long-term oxidation
rate of As(Ill). Finally, the influence of the edge component (Ceqge)
on oxidation is visible only after As(Ill) is predominantly adsorbed
on = Mngége sites, i.e., during Phase II and III (Fig. 2e and f).
4.2.2. Parameter uncertainty variance reduction

Beside the manual sensitivity analysis, an automatic linearized
uncertainty analysis, based on local parameter sensitivities, was
also conducted for the simulation of the stirred-flow experiments.
Although due to the highly nonlinear nature of the simulated pro-
cesses, the results of this linearized statistical analysis should be
interpreted with caution, the analysis was able to recognize the
parameters that were well-constrained by the selected datasets
and those that were less constrained or insensitive during model

calibration (Table 1). The insensitive parameters included surface
complexation constant of As(V) on = Mnlll_ (log K5), and ternary

edge
surface complexes on = Mny) . (log K9) and = Mgy (log K10)
sites. Although these insensitive parameters did not influence the
model outcomes under the tested experimental conditions, the
possibility of these processes playing a role under other conditions
cannot be ruled out. In addition, the parameter describing surface
complexation of Mn(Il) on = Mnlj.s,, sites (log K6) was sensitive,
but its low reduction in relative uncertainty (i.e., 14.2%) suggests
that the reported parameter value was not uniquely identifiable
(Table 1). This implies that this parameter can potentially take on
a range of values while still achieving a good model calibration;
however, this parameter’s sensitivity is relatively low compared to
the other parameters, indicating that its low reduction in posterior
variance is not likely due to the correlation that results from over-
parameterization. These results demonstrate that inverse problem
for this study was relatively well-determined.

Furthermore, sensitivity analysis of the stirred-flow model in-
dicated a strong negative correlation between several parameters
that represent competing processes. For example, negative corre-
lation between the surface complexation constants for As(Ill) (log
K1) and Mn(II) (log K3) on = Mn%ge sites (Table S1) is understand-
able because both species compete for sorption on these sites.

5. Conclusions

Using a process-based modeling approach, this study evaluated
a conceptual model that reflects the widely accepted mechanisms
for As(Ill) oxidation by Mn oxides. Based on the modeling results,
the rate of As(Ill) oxidation by Mn oxides is controlled by the ac-
cessibility to both EM"ZIge and EM”gége sites and by surface
passivation from Mn(II). A transitional Phase II, which was clearly
identified in the stirred flow experiment but not in the batch sys-
tem, represents a period when As(Ill) oxidation gradually shifts
from fast reacting = Mn?ége to slowly reacting = Mngége sites. Un-
der conditions typical of natural groundwater systems with flow,
oxidation of aqueous As(Ill) by Mn oxides may also follow a three
phase reaction mechanism.

Our modeling results suggest that several previous studies that
used a batch reactor setup possibly overestimated the importance

of =MnlY,  sites for As(Ill) oxidation. These sites were only re-

sponsible for As(Ill) oxidation during a brief initial phase. Sub-
sequently, oxidation occurs predominantly on EMn’e’ége sites at
slow rates, allowing for retention of adsorbed As(IIl). In contrast,
a stirred-flow reactor setup in which reactant concentrations are
additionally affected by flow rates is generally more relevant for
studying natural groundwater systems or a water treatment plant,
and allows for a more detailed inspection of the complex reac-
tion network. Based on the dataset from the stirred-flow experi-
ment, a three-phase As(Ill) oxidation mechanism has been iden-

tified, which is driven by the accessibility to both EM”%ge and
= Mn’e’ége sites and regulated by solution pH and surface passiva-

tion from Mn(II). The abundance of = Mné‘l’jge

rapid oxidation while that of = Mngége sites would correspond to
adsorption and steady but slower oxidation.

Despite the good agreement of our model simulations with the
tested literature datasets, a universal applicability of the derived
parameters, such as oxidation rate constants, is not prudent be-
cause several model parameters were insensitive and one model
parameter was not well constrained in this study. To reduce uncer-
tainty in the model conceptualization and parameter values, and
to improve robustness and wider applicability, continued research
effort from both experimentalists and modelers is clearly required.
Nonetheless, the numerical model presented here derived several

sites corresponds to
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hypotheses which can assist in the design of future experiments.
For example, model simulations of experiments with §-MnO, and
acid birnessite showed that varying particle sizes regulated the
value of Cegee Which in turn means a higher abundance of edge
sites. This finding could be extended to and verified on other lay-
ered and even tunnel structured Mn oxides. Similarly, model simu-
lations show that all adsorbed As persisted as As(lIl) for longer on
slow reacting EM”Lde sites. However, the delays in sample col-
lection and measurements might have allowed oxidation of ad-
sorbed As(Ill) to As(V) before samples were analyzed. This hy-
pothesis could be tested with in-situ measurements of adsorbed
As such as the quick-scanning XAS technique (Ginder-Vogel et al.,
2009). Furthermore, the current model framework can be extended
to study the reactivity of other Mn oxides, e.g., tunnel structured
or Mn oxides with impurity (Power et al., 2005), effects of com-
peting solutes, e.g., Fe(Il) (Wu et al., 2015), other redox-sensitive
pollutants, e.g., Cr (Eary and Rai, 1987) and micro organic pollu-
tants (Furgal et al., 2014), as well as effects of a wider range of so-
lution pH (Wu et al., 2015) and comproportionation (Lafferty et al.,
2010b; Wang et al.,, 2019, 2018; Zhao et al., 2016). The extended
model(s) can be subsequently used to design new experiments
where the experimental conditions can be optimized and the most
informative data sampling campaign can be determined ahead of
time.

Growing application of Mn oxides in wastewater treatment
(Husnain et al., 2020) demands that future work should be ex-
panded towards analysis of experiments where raw influent is
treated with Mn oxides. However, due to a more complex matrix,
numerous constituents in the raw water would compete for reac-
tions with Mn oxides and therefore, a detailed knowledge of each
reaction mechanism will be required for the development of a nu-
merical model. Our present study represents an important mile-
stone towards this goal and the numerical model developed here
could assist with the design of new experiments for the purpose
of gaining the required insight into the mechanism of Mn oxide
reaction with various raw water constituents.
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