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ABSTRACT: Dissolved arsenic (As) in natural environments is controlled by sorption onto metal 11 

oxide surfaces; its speciation is principally influenced by biogenic manganese oxides and natural 12 

organic matter (NOM). Manganese (III/IV) oxides are strong oxidants that are ubiquitous in soils 13 

and sediments; and humic acids (HA) are typical substances found in the dissolved fraction of 14 

NOM. However, the mechanism of As(III) oxidation by MnO2 in the presence of NOM remains 15 

poorly understood. Here, we investigate how HA, impact the oxidation of As(III) by a synthetic 16 

manganese oxide, i.e., acid birnessite (MnO2). We find that the reaction kinetics of As with HA 17 

and MnO2 are controlled by formation of surface complexes. The main observed effect is a 18 

decrease of the overall oxidation rate in the presence of HA. In addition, pre-exposure of MnO2 to 19 

HA for 24 hours further decreases the reaction rate, which is attributed to the occupation of MnO2 20 

surface active sites; thus, causing surface passivation. Our results demonstrate that HA influence 21 

the reaction mechanism of As(III) oxidation by MnO2 via sorption onto active surface sites and 22 

the formation of aqueous complexes. 23 

KEYWORDS: arsenic, kinetics, mechanisms, Langmuir-Hinshelwood, manganese oxides 24 

Synopsis: The mechanism of arsenite oxidation by acid birnessite is influenced by the presence of 25 

humic acids in aqueous systems.  26 
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INTRODUCTION 27 

Arsenic (As) is a ubiquitous and toxic element present in drinking water sources around 28 

the world.1–4 Geogenic As contamination of groundwater is a worldwide concern, the most affected 29 

regions are located in South America and Southeast Asia.3,4,9 The World Health Organization 30 

(WHO) has set a provisional guideline of 10 µg·L-1 As in drinking water, given its classification 31 

as a carcinogen and mutagen; higher levels are associated with adverse health effects.3,6,7 In As-32 

contaminated soils like mine tailings, flooded paddies, or acid mine drainage, speciation of As is 33 

regulated by simultaneous reactions occurring on mineral surfaces (iron, aluminum, and 34 

manganese oxides); mainly precipitation, oxidation/reduction, and adsorption/desorption.8–10 As 35 

mobility in the environment is primarily controlled by adsorption on Mn and Fe oxides.9,11–17 The 36 

most abundant forms of dissolved inorganic As in common environmental conditions are As(III), 37 

present as H3AsO3; and As(V), present as H2AsO4- and HAsO42-, at circumneutral pH. As(III) is 38 

generally considered to be more toxic and mobile than As(V), given that the latter tends to strongly 39 

adsorb to positively charged mineral surfaces.15 40 

Natural organic matter (NOM) is ubiquitous in environmentally relevant systems, existing 41 

as a complex mixture of organic material that impacts the reactivity, speciation, solubility, and 42 

mobility of oxyanions, metal cations, and mineral surfaces.13,18 NOM increases As solubility via 43 

the formation of NOM-As complexes.8,19–21 Dissolved organic matter (DOM), a subset of NOM,  44 

is an aqueous heterogeneous mixture of macromolecules of which about 80% consist of humic 45 

substances.13,22 Humic acids (HA), a fraction of humic substances, possess diverse functional 46 

groups with varying pKa values,12,23  but the average charge on HA is generally neutral to negative 47 

at circumneutral pH. Carboxyl, phenolic, and hydroxyl functional groups are often involved in 48 

mineral surface interaction and cation complexation;13 along with the amino groups, these moieties 49 
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are predominantly involved in the formation of As-humic acid complexes (AsHA).24–26 The 50 

presence of HA strongly influences As mobility mainly via competitive adsorption and 51 

complexation.8,12,13,23 In contaminated soils, HA significantly increase the release of As by forming 52 

aqueous complexes.8 53 

In addition to complexation with organic matter, As speciation and solubility is impacted 54 

by  pH, redox conditions, the presence of mineral surfaces and other ligands.13,27 Mono- and di- 55 

methylated As species, resulting from metabolic activities, are less common in environmental 56 

settings than inorganic As(III) and As(V).13,28,29 However, complexation with NOM plays a vital 57 

role in As mobility; dissolution of naturally-adsorbed As on soils and sediments is promoted by its 58 

complexation with HA, which forms stronger As(III) complexes than As(V).8,13,27,30,31 The 59 

presence of HA increases the release of As from soils and sediments; under alkaline conditions via 60 

competition for sorption sites and complexation.8,12,23,27,32 Under acidic conditions, adsorbed HA 61 

results in As sorption onto soils and sediments via tertiary sorption via  metal cation bridges.27 62 

Layered Mn(III/IV) oxides are important, environmentally relevant oxidants of As(III).33–63 

35 The overall reaction mechanism involves As(III) oxidation producing Mn(II) and As(V); the 64 

latter partially adsorbs to the surface edges, while the former adsorbs to vacant sites often reacting 65 

with Mn(IV) to form Mn(III).1,35 The presence of NOM often limits As oxidation by impacting its 66 

interaction with the mineral surface.12,13 For instance, the adsorptive properties of mineral surfaces 67 

are altered by the formation of a NOM coating.13,36 Oxidation of NOM by Mn oxides occurs in 68 

oxic and suboxic conditions, competing against other contaminants in anthropogenic systems, 69 

including As.37,38 Therefore, a more detailed understanding of the complex interactions taking 70 

place in is required to explain As speciation and its depletion rate in the presence of NOM.  71 

Empirical and process-based kinetic models have been proposed to describe the reaction 72 

between As(III) and Mn oxides; nevertheless, these simplified models lack a molecular base for 73 
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their reaction mechanism.1,39–41 Pseudo-first or second order kinetics are generally used to describe 74 

this reaction; however, given its multistep nature, the rate expression is inherently more complex 75 

than these approximations.1,14,41–45 Given that as As(III) oxidation progresses, MnO2 surface 76 

becomes passivated by sorption of As(V) and Mn(II) followed by Mn(III) formation via 77 

conproportionation, effectively decreasing surface reactivity; even though oxidation is initially 78 

rapid, the reaction slows down considerably.34,35 This causes the global reaction to have two 79 

different kinetic regimes, and is thus improperly described by pure kinetic rate models; rendering 80 

the first or second order linearization approach useless.1 81 

For surface electron transfer to occur, adsorption on the mineral surface must take place; 82 

As(III) oxidation rate is controlled by its adsorption on MnIII/IVO2 edge sites, with an overall second 83 

order rate.41,45 Adsorption of As(III) involves inner-sphere surface complexation which results in 84 

the formation of adsorbed surface precursor complexes (As≡MnO2).40,45 Nonetheless, previous 85 

studies barely considered simultaneous oxidation and reversible adsorption of As(III).39,46,47 86 

Therefore, Langmuir-Hinshelwood (LH) kinetics are the best approach to model the reaction 87 

mechanism, since all species react when chemisorbed on a surface.1,33,48–53 Feng et al. (2018) 88 

develop a LH-type model which describes simultaneous As(III) adsorption/desorption/oxidation, 89 

and adsorption/desorption of As(V) on δ-MnO2; their model accurately describes coupled As 90 

kinetics on a stir-flow reactor setup and successfully accounts for surface passivation.54 While their 91 

model provides a useful quantitative tool to assess As(III) oxidation on Mn oxides, it is mostly 92 

limited to kinetics at initial stages of the reaction and only accounts for two components, AsIII/V 93 

and δ-MnO2. Hence, a more robust approach is necessary to describe more complicated systems, 94 

containing HA, throughout the entire reaction. 95 

This study examines As(III) oxidation with MnO2 in the presence of HA employing four 96 

different systems. To optimally determine the most suitable model and its parameters, each system 97 
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is fit with a different model using non-linear curve fitting (NLCF).55 Additionally, we investigate 98 

the effects of HA on the heterogeneous oxidation of As(III) by comparing the calculated rate 99 

constants. Transformation of acid birnessite is also studied by assessing the formation and stability 100 

of Mn(III) in the presence of HA. Our results demonstrate that (1) models based on LH kinetics 101 

accurately describe the reaction between As, MnO2, and HA; (2) the presence of HA decreases 102 

As(III) oxidation rate; and (3) MnO2 release Mn(III) as the reaction progresses and is stabilized by 103 

HA in aqueous solution. 104 

MATERIALS AND METHODS 105 

 Materials 106 

Commercially available chemicals were used as received; for more information see 107 

Supporting Information (SI) section S1.1. As(III) and As(V) stock solutions were prepared in an 108 

aqueous solution containing 1% or 10% trace metal grade HCl and stored at 4 °C. 109 

Synthesis and characterization of acid-birnessite. We synthesized acid-birnessite 110 

(MnO2) using a modified procedure which involved the reduction of KMnO4 with concentrated 111 

HCl.37,56,57 Briefly, on a hot plate, 300 mL of a 0.66 mol·L-1 KMnO4 solution were boiled and 112 

vigorously stirred at 350 rpm. Followed by a dropwise addition of 45 mL of a 6 mol·L-1 HCl 113 

solution at a rate of 0.8 mL·min-1. Once all HCl was added, the solution was stirred overnight at 114 

60 °C for 18 hours. The solid was separated by centrifugation (4000 rpm for 10 minutes) and 115 

washed with Milli-Q (18.2 MΩ cm) water, this process was repeated at least 5 times. The 116 

supernatant was decanted and the acid birnessite slurry was then dried in an oven at 60 °C for 24 117 

hours and stored in a desiccator under vacuum at room temperature (22 ± 1 °C). X-Ray diffraction 118 

analyses were conducted in a Rigaku Rapid II diffractometer with a Mo X-ray source (λ=0.71 Å). 119 
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The diffraction pattern was fit using a crystal structure database (JADE, PDF 4+), confirming the 120 

presence of only birnessite in the powder sample (Figure S1.1 in SI) with characteristic X-ray 121 

diffraction peaks at  1.4 A˚  and 2.4 A˚, indicating a hexagonal layer structure. Two additional 122 

peaks at 3.6 A˚ and 7.2 A˚ indicated a randomly-stacked layer structure.14,58 The morphology of 123 

the solid was probed by scanning electron microscopy (SEM) using a Zeiss Gemini SEM 450 124 

equipped with a Schottky type field emission gun. SEM scans show that acid birnessite has a 125 

typical morphology of a hexagonal birnessite, consisting of two-dimensional disk-shaped 126 

nanoplates within three-dimensional microspheres aggregated as particle clusters (Figure S1.2 in 127 

SI).59,60 The point of zero charge (PZC) was determined to be 2.3 using the pH drift method.61,62 128 

Briefly, 0.028 g of acid birnessite were placed inside a 250 mL solution containing 10 mmol·L-1 129 

NaCl. Four separate reactors were used, each adjusted to a different pH (1, 2, 3 or 4) leaving 130 

minimal headspace and stirred at 600 rpm. After 24 hours the pH was measured to quantify drift 131 

‘ΔpH’ (Figure S1.3 in SI).1 The specific surface area was determined to be 26.15 m2·g-1 by nitrogen 132 

adsorption using a Brunauer-Emmett-Teller (BET) method in a Quantachrome NovaTouch LX 133 

BET surface characteristic analyzer (Anton Paar). 134 

Quantification of Mn(III). Two hundred microliters of filtered sample were added to a 50 135 

mmol·L-1 sodium pyrophosphate (NaPP) solution at pH=8.0, along with a 10 mmol·L-1 Mn(III)-136 

Pyrophosphate (Mn-PP) stock solution. The solutions were thoroughly mixed and reacted in the 137 

dark for 30 minutes to ensure quantitative formation of the Mn-PP complex.63,64 Quantification of 138 

Mn(III) in solution was performed according to Kostka et al. (1995),65,66 using a Horiba Aqualog 139 

fluorimeter (S2 in SI). Mn(III) was determined at 2, 4, and 24 hours throughout the batch reactions. 140 

To calculate Mn(III) concentration, we used a standard addition method where every time point 141 
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acquired had 3 standards: Standard 1: Sample + NaPP, standards 2 and 3: Sample + Mn-PP + 142 

NaPP. (See S2 in SI).  143 

Total Mn in suspension. A 10 µL aliquot of an acid birnessite suspension was digested 144 

using 5.00 mL of a 100 mmol·L-1 sodium oxalate solution and 4.99 mL of 70 % HNO3, trace-metal 145 

grade.67 The solution was thoroughly mixed, digested for 24 hours and diluted in 2% HNO3 prior 146 

to analysis. Total  Mn was analyzed using an Agilent 5110 Inductively Coupled Plasma – Optical 147 

Emission Spectrometry (ICP-OES) system. 148 

Dissolved As quantification and speciation. 149 

Arsenic speciation was determined using an Agilent 1260 Infinity II high-performance 150 

liquid chromatography (HPLC) system with a Hamilton PRP-X100 4.1 x 50 mm, 5 µm anion 151 

exchange column coupled to an Agilent 8900 Triple Quad Inductively Coupled Plasma - Mass 152 

Spectrometry (ICP-MS) detector. As(V) and As(III) were quantified using an isocratic flow rate 153 

of 0.3 mL∙min-1 and a mobile phase consisting of 6 mM (NH4)2HPO4 + 6 mM NH4NO3 in 2% 154 

Methanol; As(V) and As(III) eluted at 0.56 and 3.06 minutes respectively (Figure S3.1 in SI). 155 

As-Humic Acid (AsHA) complexes were separated using Size Exclusion Chromatography 156 

(SEC) with a Shodex OHpak SB-802.5 HQ SEC column and the same parameters described above. 157 

An isocratic flow rate at 1.0 mL∙min-1 of 50 % mobile phase ‘A’ (0.008 M NaHPO4 + NaH2PO4), 158 

and 50 % mobile phase ‘B’ (0.2 M NaCl) was used.68,69 The observed retention times were 159 

approximately 11.11 minutes for As(III) and 8.02 minutes for As-HA (Figure S3.2). Contrary to 160 

previous studies, As(V) eluted at the same retention time as As-HA.70 To quantify the total 161 

concentration of the complexes, in addition to As(III) and As(V), the total free As (AsT) in solution 162 

was quantified using the same ICP-MS parameters as described above. The difference between 163 
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total As and the sum of As(III) plus As(V) was used to determine the complexed As; [As]T = 164 

[As(V)] + [As(III)] + [AsHA]. 165 

Preparation and Characterization of Humic Acid Solution. A stock solution of HA was 166 

prepared by dissolving 0.05 g of a humic acid sodium salt from Acros Organics (45-70% as HA) 167 

in 10 mL of 0.1 mol∙L-1 KOH. The stock solution was diluted in 490 mL of Milli-Q water and 168 

filtered through a 0.45 µm PES membrane filter, the final TOC content was measured using a GE 169 

Sievers M5310C Total Organic Carbon analyzer. See section S7 in SI for details on HA 170 

characterization. 171 

Kinetic Experiments. Acid birnessite was suspended in an aqueous solution at a 172 

concentration of 1.15 mmol·L-1 (0.1 g·L-1), in 10 mmol·L-1 NaCl and 10 mmol·L-1 NaHCO3, 173 

adjusted to pH 7.0 using a 6 mmol·L-1 HCl solution; with a final volume of 265 mL (HCO3
-

 was 174 

used to avoid buffer-mineral phase redox interactions71). Using a magnetic stirrer, the acid 175 

birnessite suspension was mixed for 60 minutes to achieve uniformity. To limit microbial 176 

oxidation of As(III), between 1.0 to 2.0 mL of 2% NaN3 were added to the reactors.70 The initial 177 

As(III) concentration was 0.067 mmol·L-1  (5 mg·L-1). A 5,000 mg·L-1 As(III) stock solution was 178 

prepared from solid NaAsO2, by dissolving it in 5% HCl, mixing thoroughly and filtering through 179 

a 0.22 µm Nylon membrane filter. A final HA concentration of 0.83 mmolC·L-1 (10 mgC·L-1 180 

measured as TOC) was used in all experiments. To understand the influence of HA and As(III) on 181 

acid birnessite, four sets of experiments were conducted (Table 1).  182 

Table 1. Experimental sets 183 

 System Description 
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No 

Pre-equilibration 

As-MnO2 
Simultaneous addition of acid birnessite and 

As(III). 

As-MnO2-HA 
Simultaneous addition of acid birnessite, HA 

and As(III). 

Pre-equilibration of 

HA with acid 

birnessite for 24 

hours 

(HA+MnO2)+As 

HA & MnO2 pre-equilibration followed by 

As(III) addition. An acid birnessite and HA 

suspension was prepared and left stirring for 24 

hours. After which, an aliquot of As(III) stock 

solution was added. 

HA-MnO2+As 

HA & MnO2 pre-equilibration, DOM removal, 

followed by As(III) addition. An acid birnessite 

plus HA suspension with [HA] = 3.33 mmol C·L-1 

and [MnO2]= 4.6 mmol·L-1 was used for the pre-

equilibration period. After 24 hours, the suspension 

was centrifuged three times at 4000 rpm for 10 

minutes, separating the supernatant after every 

cycle, resuspending and rinsing the solid with an 

aqueous solution with the same pH and ionic 

strength used in the batch reactor experiments until 

a slurry was left.  It was analyzed for total Mn using 

ICP-OES. A given volume of this slurry was added 

to batch reactors, so that the total mass amount of 

Mn was equivalent to 1.15 mmol·L-1 of MnO2. An 
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aliquot of As(III) stock solution was then added 

into the suspension. 

 184 

Batch reactions were magnetically stirred in fluorinated ethylene propylene (FEP) 185 

containers in the dark at room temperature (22 ± 1 °C) and at least in triplicate. During the batch 186 

reactions, the containers were capped and covered with parafilm except when sampling. All 187 

experiments were conducted in the dark. 188 

For As quantification, 200 – 250 µL were removed at the following time intervals: 1, 3, 5, 189 

10, 20, 30, 40, 50, 60, 90, 120, 180, 240, 360, and 1440 minutes (min). The aliquots were filtered 190 

through a 0.45 µm PES membrane filter. For HPLC-ICP-MS quantification of total dissolved As, 191 

As(III), As(V) and AsHA; 50 µL of the filtered sample was diluted in 950 µL of filtered 1.0 192 

mmol·L-1 Na-EDTA. For Mn(III) analysis, 1.00 mL of filtered solution was collected at 2, 4, and 193 

24 hours.  194 

Modeling and non-linear curve fitting. Kinetic modeling and NLCF were done in the 195 

MATLAB R2021a software (The MathWorks Inc.) using a nonlinear least squares method with a 196 

trust-region based algorithm, a bisquare robust parameter, and the maximum number of iterations 197 

set to 400. The equation coefficients were calculated by maximizing the goodness of fit, i.e., 198 

providing the line of best fit with the highest R-square and smallest root mean square error 199 

(RMSE).  The constant parameters used were [HA]=10 mg·L-1, and [As(III)]0/[As]0 = 1.  200 

NLCF was first performed on the experimentally determined concentrations of As(III) and 201 

As(V), the values for the rate constants were obtained from the fitting results and were used for 202 

the fitting of AsHA datapoints. Modeled reaction orders vary and were second order in the As, 203 
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MnO2 and HA-MnO2+As, while they were third order in the As-MnO2-HA and (HA+MnO2)+As 204 

systems. To evaluate the difference in kinetics between all systems, in accordance to the linearized 205 

plot for Langmuir-Hinshelwood kinetics, rate constants calculated are reported as pseudo-first 206 

order for all 3 As species (Section S5  in SI).51,53 The scatter and bar plots were made using RStudio 207 

software with the ggplot2 data visualization package. The R programming language version used 208 

was 4.1.0 “Camp Pontanezen”. Geochemical modeling was done in the Geochemist Workbench 209 

Community Edition software using the default LLNL thermo database. 210 

Four different models were used, each applied to a different system. The complete 211 

derivation and conceptual figures of the reaction mechanisms can be found in SI, section S4. The 212 

simplest one was a monomolecular Langmuir-Hinshelwood (LH) mechanism, used for the reaction 213 

of a single surface-adsorbed substrate obeying a Langmuir isotherm (S4.1). The next two were 214 

based on the LH mechanism, where two adsorbed molecules react at the same sorption site, with 215 

the surface reaction being the rate-limiting step (rls). This was followed by either consecutive 216 

(LHCR) or parallel (LHPR) reaction schemes (S4.2 and S4.3). LHCR adequately described the 217 

formation of intermediates which subsequently reacted forming the final product, while LHPR 218 

described the simultaneous formation of two products. Lastly, an Eley-Rideal mechanism followed 219 

by consecutive reactions (ERCR) was used. Eley-Rideal describes the reaction between a surface-220 

adsorbed molecule and a component in solution (S4.4).49,53 221 

RESULTS 222 

Batch reactions. 223 

Impact of dissolved HA on As(III) oxidation rate. In the ‘As-MnO2’ system, complete 224 

As(III) oxidation is largely complete after 90 minutes (Figure 1a); however, in the ‘As-MnO2-HA’ 225 
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system (Figure 1b), As(III) depletion continues for more than 240 minutes. After 1440 minutes 226 

(24 hours) AsHA composes around ~14 % of the total As in solution while As(III) is completely 227 

depleted. At steady state in ‘As-MnO2’, ~13% of total As missing (Figure 1a), this is due to 228 

adsorption of As to the mineral surface. The final pH of the suspensions increases by 0.3 in both 229 

the ‘As-MnO2’ and ‘As-MnO2-HA’ systems. 230 

 231 

Figure 1. Arsenic speciation during oxidation of As(III) by acid birnessite in batch reactions in 10 232 

mM NaCl and pH=7.00; (a) ‘As-MnO2’; (b) ‘As-MnO2-HA’ (c) ‘(HA+MnO2)+As’; (d) ‘HA-233 

MnO2+As’ systems. Error bars represent the standard error of the mean (SE). 234 

Effect of HA presorption on As(III) oxidation Rate. For system ‘As-MnO2-HA’, 235 

complete As(III) oxidation is complete at 240 minutes (Figure 1c); for the ‘(HA+MnO2)+As’ 236 

Time (minutes) 

C
/C

in
iti

al
 

(a) (b) 

(d) (c) 
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system, oxidation is completed until 360 minutes (Figure 1d). During the pre-equilibration period 237 

for the ‘(HA+MnO2)+As’ and ‘HA-MnO2+As’ systems, HA concentrations generally decrease by 238 

2 %. After 24h, ~8 % of the total As is present as AsHA in the ‘(HA+MnO2)+As’ system (Figure 239 

1c). Total As in solution decreases throughout the course of the ‘HA-MnO2+As’ reaction (Figure 240 

1d) with ~13% of total As removed at the reaction conclusion. The final pH of the 241 

‘(HA+MnO2)+As’ system increases by 0.3 while in the ‘HA-MnO2+As’ system, it increases by 242 

0.5. 243 

Kinetic modeling.  244 

Non-linear curve fitting results using the Langmuir-Hinshelwood (LH) and LHCR models, 245 

of the three As species present in these systems are shown in figure 2. In Figure 2a, equations S13 246 

and S14 are used to fit the total As-normalized concentrations As(III) and As(V) respectively. 247 

While, in Figure 2b, equations S32, S33, and S34 are used to fit normalized As(III), As(V), and 248 

AsHA respectively. The trend of the models accurately matches the concentration profiles for all 249 

systems; particularly the formation of AsHA in systems ‘As-MnO2-HA’ and ‘HA-MnO2+As’ 250 

(Figures 2b and 3a). The evolution of AsHA in system ‘As-MnO2-HA’ shows a downward 251 

concavity trend, peaking at around 90 minutes further decreasing and plateauing at around 240 252 

minutes; this is adequately described by the NLCF results of the kinetic model (Figures 2b and 253 

S6.3). Formation of AsHA in system ‘HA-MnO2+As’is properly described as well, showing a 254 

slight downward concavity trend in the beginning but ultimately stabilizing at around 90 minutes 255 

(Figure 3a). The r-square values (r2) are included in the figure description. The fitting coefficients 256 

are shown in table 2, these correspond to a set of parameters that satisfy the general solution to the 257 

system of differential equations associated with each kinetic model (section S4 in SI). 258 
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 259 

 Figure 2. NLCF results of (a) ‘As-MnO2’; r2=0.9916 for As(III), and 0.9923 for As(V). (b) ‘As-260 

MnO2-HA’; r2=0.7858 for AsHA, 0.9894 for As(III), and 0.9979 for As(V). Error bars represent 261 

SE. Dashed lines represent the color-coded 95% confidence interval (CI) of the fitted model. 262 

 263 

The models that provide the best fit for ‘As-MnO2’ and ‘As-MnO2-HA’ are LH and LHCR, 264 

respectively (Figure 2). The As(III) oxidation rate constant in the ‘As-MnO2’ system is greater 265 

than in ‘As-MnO2-HA’ (Table 2). The models exhibit very high correlations for As(III) and As(V) 266 

concentration; however, AsHA has a much lower r2 but the overall behavior of the speciation is 267 

 

 C
/C
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al
 

(a) 

(b) 
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properly explained. All data points remain within the CI, giving a high degree of confidence in the 268 

validity of the models. To assess the how HA present in the bulk solution impact the reaction 269 

mechanism, the ERCR model is also fit to the ‘As-MnO2-HA’ system (Figure S6.1); however, this 270 

model not only exhibited a much lower r2 value for the AsHA fit, but also fails to adequately 271 

describe the concentration trend for this species. The better fit provided by the LHCR mechanism 272 

suggests that this is the preferred pathway for the reaction.  273 

 274 

 The data for the ‘(HA+MnO2)+As’ and ‘HA-MnO2+As’ systems are fit using LHPR 275 

(equations S40 - S42.2) and LH models, respectively. These models show high correlation with 276 

As(III) and As(V) (Figure 3a and 3b). Once again, AsHA has a relatively lower r2 (Figures 3a and 277 

S6.2a). The calculated values for the As(III) oxidation rate constants show that ‘HA-MnO2+As’ is 278 

slower than ‘(HA+MnO2)+As’ (Table 2). 279 
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 280 

Figure 3. NLCF results of  (a) ‘(HA+MnO2)+As’; r2=0.9946 for As(III), 0.9918 for  281 

As(V) and 0.8904 for AsHA. (b) ‘HA-MnO2+As’; r2=0.9956 for As(III), and 0.9898 for As(V). 282 

Error bars represent SE. Dashed lines represent the color-coded 95% CI of the fitted model. 283 

 284 

Table 2. NLCF coefficients results with 95% confidence bounds in parenthesis 285 

As-MnO2-HA 

 As(III) As(V) AsHA 

kLH 0.01041 (±0.001283) 0.01601 (±0.05978) 0.01229 (±1.07029) 

(a) 

(b) C
/C

in
iti

al
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kc2 - 0.01125  (±0.02273) 0.01278  (±1.09178) 

C1 0.8893  (±0.0387) 0.402  (±0.7603) 0.0827  (±4.4207) 

C2 - 1.806  (±20.046) -2.117  (±9318.117) 

C3 - - 0.1324  (±0.0226) 

C4 - 0.9011  (±0.036) - 

As-MnO2 

 As(III) As(V)  

C1 0.9535 (±0.0453) 0.8740  (±0.0495)  

C2 - 0.8855  (±0.0366)  

k1 0.02349 (±0.00266) 0.01863  (±0.00277)  

(HA+MnO2)+As 

 As(III) As(V) AsHA 

kT 0.009847 (±8.57x10-4) 0.007576 (±0.001128) 0.01061 (±0.03227) 

k4 - 0.001718  (±2.583x104) - 

kLH - - 0.5898  (±8.663x106) 

K2 - - 1.426  (±7.925x106) 

K1 - - 0.08989  (±4.667x105) 

C1 4.55  (±0.031) 0 0.07226  (±0.01106) 

HA-MnO2+As 

 As(III) As(V) 

 C1 0.9918  (±0.0251) 0.9208  (±0.0658) 

C2 - 0.9107  (±0.0636) 
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k1 0.00796  (±0.000609) 0.006675  (±0.001209) 

 286 

DISCUSSION 287 

Chemical kinetic modeling is crucial to understand the predominant reaction pathways in 288 

biogeochemical systems. Here, we use the analytical solutions of the proposed oxidation pathway 289 

to perform NLCF on experimentally determined concentration data (models are described in 290 

section S4 in SI). The final model for each system is selected based on optimization of the fitting 291 

results, i.e., highest r2 and lowest RMSE. Fitting results provide values for the parameters in the 292 

final integrated equations, including the global oxidation rate constants which quantitatively 293 

demonstrates the effect HA have on the As(III) oxidation. 294 

The conditional distribution coefficient (KD) for the AsHA complexes is dependent on the 295 

concentration of As in solution.72 At higher concentrations of As (1-5 ppm) and HA (5-30 ppm), 296 

KD becomes constant under all studied conditions, avoiding high degree of variability in results. 297 

At the selected HA and As concentrations, KD remains constant.72 Additionally, no precipitates or 298 

the presence of different chemical species were predicted at the aforementioned experimental 299 

conditions (Figure S1.4). 300 

For systems ‘As-MnO2’ and ‘As-MnO2-HA’, ‘As-MnO2’ has the largest As(III) pseudo-301 

first order rate constant given that there is no presence of HA to inhibit oxidation (Table 2). The 302 

decrease of the oxidation rate constant with the addition of HA is an indication that the HA 303 

molecules are limiting the reaction by blocking the active surface sites of the mineral phase.35,73  304 

The best fit from monomolecular LH in the ‘As-MnO2’ (Figure 1a) data indicates that As(III) 305 

oxidation proceeds via sorption, electron-transfer at the MnO2 surface, and desorption of As(V) 306 

(S4.1). For ‘As-MnO2-HA’, the LHCR model fits the data best (Figure 2b); thus, suggesting that 307 
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As(III) oxidation proceeds via a reaction mechanism where adsorbed As(III) is oxidized and then 308 

complexed by HA on MnO2 surface, followed by desorption and dissociation of AsHA to form 309 

As(V) (S4.2 in SI). Datapoints are within the 95% CI, giving a high degree of confidence in the 310 

validity of the model. The second order rate constant for As(III) oxidation in ‘As-MnO2’ equals 311 

14.1 L·g-1·h-1 (or 0.55 L·m-2·h-1 in terms of surface area), well within reported values under similar 312 

conditions.1,45 Feng et al. (2018) reported that As(III) oxidation and As(V) desorption proceed with 313 

similar reaction rates in a system similar to ‘As-MnO2’;54 to evaluate the individual contribution 314 

of oxidation and desorption in the concerted reaction (k2), we can obtain their approximate values 315 

from the rate constant (koxidation ≈ kdesorption ≈ 0.5k2). 316 

The ERCR model is also applied in ‘As-MnO2-HA’, but the results suggest that HA present 317 

in solution has only a minor contribution in the overall mechanism, particularly over longer time 318 

periods. The fitted curve for AsHA initially shows good correlation with the data from 0 to 360 319 

minutes but the model fails to accurately describe the data point at 24 hours, since the model 320 

predicts an exponential decay in AsHA (Figure S6.1). The better fit provided by the LH and LHCR 321 

models leads us to conclude that the reactions most likely occur via these two pathways. 322 

The calculated As(III) oxidation rate constants for ‘(HA+MnO2)+As’ and ‘As-MnO2-HA’ 323 

are similar; this could be due to similarities in the reaction mechanisms (Figure 4). The As(III) 324 

oxidation rate constant in the ‘HA-MnO2+As’ system is almost 3 times lower than the comparable 325 

‘As-MnO2’ system (Table 2), where no HA is present in solution. The possibility of competing 326 

reactions exists; even though LHPR (S4.3) provides the best fit for the ‘(HA+MnO2)+As’ system, 327 

the concentration  profile for AsHA (Figure 1c) clearly shows a concave down trend in the first 40 328 

minutes, showing the reaction initially follows an LHCR trend (Figures S6.2a and S6.2b). The 329 

similar values for the rate constants could also be an indication that the effect of HA on the active 330 
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surface sites of the acid birnessite  is independent of the exposure time; rather the complexation of 331 

As proves to have a more important effect. 332 

During the 24-hour pre-adsorption period, the concentration of HA decreased by 2 %, while 333 

MnO2 surface reactivity is modified (Figure 1); this indicates that a portion of HA remain adsorbed 334 

on the surface of minerals. There is a passivation effect that drastically decreases the rate at which 335 

As(III) is oxidized on the surface of acid birnessite without forming aqueous AsHA.26,32,73 The 336 

impact HA has on the surface of the birnessite is mainly via the occupation of active surface sites 337 

where oxidation occurs; in addition to the formation of AsHA, but only in environments where 338 

HA concentration is high enough.73 This surface fouling is characteristic of NOM-coated minerals; 339 

which affects the behavior of pure mineral surfaces.13,73  340 

In systems with pre-adsorbed HA to solids, formation of AsHA enhances As partitioning 341 

into solution from solid phases.68,19,13 However, in the system where HA is pre-equilibrated with 342 

the mineral surface (‘HA-MnO2+As’), a decrease in total As in solution is observed, suggesting 343 

As sorption in the form of AsHA complexes on the HA-coated MnO2 surface.32 No AsHA nor HA 344 

(i.e., TOC= 0 mg·L-1) is detected in solution, indicating that desorption of either species does not 345 

take place. Saada et al.(2003) reports that adsorbed humic substances onto a Ca-exchanged 346 

kaolinite significantly impact As(V) sorption, increasing its partitioning into the solids.26 Thus, the 347 

HA-amended MnO2  surface seems to limit the partitioning of As to aqueous phase by forming 348 

surface-bound As-HA complexes. Since adsorption is the initial step of all presented mechanisms, 349 

this effect is also observed when comparing pseudo-first order oxidation rate constants. In systems 350 

where HA are present, there is a sharp decrease in the value of the rate constants compared to the 351 

‘As-MnO2’ system (Figure 4). 352 
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  353 

Figure 4. Pseudo-first order oxidation rate constants of As(III) in the four different systems.  354 

Error bars represent 95% confidence intervals.  355 

 356 

Reaction mechanisms.  357 

 ‘As-MnO2’ and ‘HA-MnO2+As’. The formation of AsHA was not observed in these 358 

systems, hence they were fit with the monomolecular Langmuir-Hinshelwood model (Figures 5 359 

and S4.1). The expression for the overall reaction is modelled after classic kinetics of reactions on 360 

surfaces (Equation 1).49  361 

 362 

 ‘As-MnO2-HA’. The best fitting results were obtained using the LHCR model, where the 363 

oxidation reaction proceeds through 2 main sets of reactions (SI section S4.2). Briefly, the first is 364 

via a simplified bimolecular LH mechanism between As(V) and HA adsorbed on MnO2. Starting 365 

with a concerted reaction of As(III) oxidation, complexation of adsorbed As(V) by HA, and 366 
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desorption (Figure 5). The global LH reaction has a second order rate constant equal to kLH 367 

(Equation S28 in SI). The second reaction involves the dissociation of AsHA into aqueous As(V) 368 

and with a rate constant equal to kc2 (Equation 2).  369 

 370 

‘(HA+MnO2)+As’. When HA is pre-adsorbed to the mineral surface (HA≡MnO2) and 371 

remaining  the main mechanism involves two competitive pseudo-first order steps (Equations 3 372 

and 4). It was fit using LHPR model (SI section S4.3) consisting of two competitive steps, where 373 

adsorbed As(III) is oxidized on the MnO2 surface; it is then followed by As(V) desorption or 374 

formation and desorption of AsHA (Figure 5). 375 

376 

377 

 378 

As(III)(aq) + HA (aq) + 2MnO2(s) ⟶ AsHA(aq) + 2MnIII IVΤ O2(s) ⟶ As(V)(aq) +

2MnIII IVΤ O2(s) + HA (aq)         (2) 

𝑘𝐿𝐻 𝑘𝑐2 

As(III)(aq) + HA(aq) + 2MnO2(s) ⟶ AsHA(aq) + 2MnIII IVΤ O2(s)  (3) 
𝑘𝐿𝐻 

As(III)(aq)+2MnO2(s)⟶As(V)(aq)+2MnIII IVΤ O2(s)     (4) 
𝑘4 
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Figure 5. General reaction schemes for LH, LHCR, LHPR, and ERCR mechanisms. 379 

 380 

Mn(III) formation.  381 

In all studied systems, Mn acts as a competitive adsorbate, blocking active sites. In a 382 

stirred-flow system where As(III) oxidation by  at δ-MnO2 (a phyllomanganate similar to acid 383 

birnessite) is studied in the absence of HA, Mn(II) sorbs at vacant sites and a portion reacts with 384 

Mn(IV) to form Mn(III).35  During As(III) oxidation, Mn2+ adsorbs at the acid birnessite vacant 385 

sites where it can react with Mn(IV) forming Mn(III).35,74,75,76 Dissolved Mn(III) concentration 386 

increases within the first 4 hours of reaction, followed by a slight decrease between 0.01-0.03 387 

mmol·L-1 (Figures 6a and 6b) or increase of 0.13 mmol·L-1 (Figure 6c). It is clear that dissolved 388 

Mn(III) concentration is higher in the systems with HA in solution (Figures 6a and 6c). This could 389 

be caused by the HA complexing Mn3+, thus forming stable Mn(III)-HA complexes and hindering 390 

its adsorption or dismutation.73,77 Given that oxidation of organic matter by Mn oxides is a major 391 

pathway, formation of Mn(III) could be ascribed to reduction of MnO2 by HA.37,78 Nevertheless, 392 

at high concentrations (10 mg·L-1), HA exhibit an inhibiting effect on MnO2, acting as competitors 393 

occupying active sites on the surface of MnO2.73 394 

The observed concentration trend is similar to the one simulated by Nesbitt et al. (1998), 395 

confirming the origin of Mn(III) to be in the near-surface of birnessite.40 The HA-MnO2+As 396 

system exhibits the lowest concentrations, remaining constant with little variability; this shows 397 

that lack of HA in solution has a negative impact on the stability of Mn3+, reaching a maximum 398 

concentration of 0.24 mmol·L-1 (Figure 6d). Furthermore, amendment of the MnO2 surface during 399 

the pre-equilibration period reduces the amount of Mn(III) generated (Figures 6a and 6d). 400 



25 
 

 401 

Figure 6. Concentration of Mn(III) in solution (a) ‘As-MnO2’; (b) ‘As-MnO2-HA’ (c) 402 

‘(HA+MnO2)+As’; (d) ‘HA-MnO2+As’. Error bars represent propagated uncertainty for each 403 

measurement. 404 

 405 

Even though (HA+MnO2)+As has a higher Mn(III) concentration (Figure 6c), it does not 406 

correlate with a higher AsHA concentration (Figure 1c) compared to As-MnO2-HA (Figure 1b). 407 

This suggests that Mn(III) does not have a significant effect in As complexation in the form of a 408 

bridging complex. 409 

 410 

ENVIRONMENTAL IMPLICATIONS. This study provides a detailed description of 411 

environmentally relevant, surface-catalyzed electron transfer reactions in the presence of organic 412 

matter. The impact HA have on As(III) oxidation catalyzed by acid birnessite is not only limited 413 

to passivation of the surface; but also, complexation. The results of this study demonstrate the 414 
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influence of HA on As speciation. The main environmental implication is that exposure of HA to 415 

mineral surfaces sharply decreases As(III) oxidation rate, likely due to occupation of active sites 416 

at the surface of MnO2. The observed pseudo-first order rate constants differ from other studies on 417 

account of the complexity of the mechanism, yet fall within the expected range of values for the 418 

initial conditions.1,45 It must be considered that multiple reactions can occur simultaneously, both 419 

LH and ER mechanisms are plausible in these systems.  420 

Here we thoroughly derive a set of mathematical models, based on LH kinetics, and 421 

provide analytical solutions that enable an in-depth description of complex binary and ternary 422 

systems, i.e., As(III) oxidation with MnO2 in the presence and absence of HA. With the rigorously 423 

described reaction mechanisms, we can accurately describe the reaction at any point in time and 424 

assess As speciation (adsorption, oxidation, and complexation). Additionally, it is no longer 425 

necessary to approximate the oxidation of As(III) with a Mn oxide using pseudo-first order 426 

conditions, nor to limit to the evaluation of initial reaction rates followed by calculation of second 427 

order rate constants; these approaches are limited to short time periods at the beginning of the 428 

reaction, severely restricting its applicability.45  429 

This study provides a better understanding regarding As-HA interactions; and thus validate 430 

the consideration of AsHA complexes in geochemical models for contaminant transport and 431 

remediation strategies. Moreover, the models presented here are significant quantitative tools for 432 

predicting As speciation kinetics in natural aqueous environments. Furthermore, we demonstrate 433 

the functionality of the proposed reaction mechanisms; their applicability to the As/MnO2/HA 434 

systems will prove useful for future studies.  For instance, their possible application to describe 435 

solid-mediated electron transfer reactions of other contaminants in aqueous solutions in the 436 

presence of mineral surfaces. There has been an increasing trend of using Mn oxides for water 437 
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treatment, particularly in adsorption studies.79 The potential use of Mn oxides in bulk scale for 438 

remediation of complex matrices, e.g., wastewater, requires a detailed mechanistic knowledge, 439 

which we believe this study provides. 440 

Supporting Information: Chemicals and materials; XRD spectra, SEM images, and PZC 441 

determination of acid birnessite; log[As(OH)4-] – pH speciation diagram; Mn(III) quantification; 442 

HPLC-ICP-MS, and SEC-ICP-MS chromatograms; LOD and LOQ for HPLC-ICP-MS 443 

quantification of As; monomolecular LH mechanism; LHCR mechanism; LHPR mechanism; 444 

ERCR mechanism; pseudo-first order rate constants for all mechanisms; additional modeling 445 

results; and characterization of HA. 446 
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