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Environmental Significance Statement:

Managed Aquifer Recharge (MAR) offers a promising approach to sustainable groundwater 
management by reusing water resources. However, one significant challenge associated with MAR 
is the unanticipated release of arsenic from arsenic-containing sulfide minerals such as 
arsenopyrite. Our research delves into the mechanisms behind arsenic mobilization from 
arsenopyrite, as well as the roles of nanoscale secondary iron (hydr)oxides mineral formation. We 
demonstrate the dissolution kinetics of arsenic and investigate the formation of nanoscale 
secondary iron (hydr)oxides, including their morphology, oxidation state, and phase. These 
mechanistic findings of arsenic mobilization and nanoparticle formation is crucial for the control 
of groundwater quality. This study will be helpful for developing safer and more sustainable MAR 
practices and improving overall groundwater management strategies.
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ABSTRACT

Managed aquifer recharge (MAR) is an important engineering solution for achieving 

sustainable groundwater management. Unfortunately, if not operated properly, MAR can 

cause undesirable arsenic mobilization in groundwater. To avoid unexpected arsenic 

mobilization, we need a better understanding of the evolving water chemistry and nanoscale 

mineral–water interfaces in MAR systems. Bicarbonate is a ubiquitous groundwater 

component, but its effect on arsenic mobilization in MAR is not fully understood. Hence, we 

examined the effects of bicarbonate concentrations (0.01 mM, 0.1 mM, 1.0 mM, and 10 mM) 

on the dissolution of arsenopyrite and the nanoscale secondary mineral formation in both 

open systems (mimicking shallow unconfined aquifers) and closed systems (mimicking deep 

confined aquifers) over 7 days. In the open system, owing to pH evolution and the subsequent 

formation and growth of iron (III) (hydr)oxide nanoparticles, the arsenic mobilization 

decreased with increasing bicarbonate concentrations. However, the increase from 1.0 to 

10 mM formed surface complexation and aqueous arseno-carbonate complexes and did not 

further reduce the arsenic mobilization. In the closed system, arsenic mobilization and iron 

(III) hydr(oxide) nanoparticle formation were similar for all conditions. This study highlights 

bicarbonate-controlled nanoparticle formation and arsenic mobilization in MAR systems, 

providing valuable insights for enabling safer and more sustainable MAR operations.

Keywords: managed aquifer recharge; FeAsS; arsenopyrite; arsenic mobilization; 

bicarbonate; iron (III) (hydr)oxides; nanoscale interfacial reactions; nanoparticle formation
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1. Introduction 

In recent years, rapid population growth and socioeconomic development have increased the 

demand for freshwater. The global groundwater withdrawal rate has increased by 1~3 percent 

annually 1. In particular, the total groundwater withdrawal rate has increased from 158 to 959 

km3/year from 1950 to 2017, and has been estimated to increase to 1,100 km3/year by 2050 

2, 3. Furthermore, climate change decreases global terrestrial water storage and exacerbates 

drought severity 4. In October 2021, the California Department of Water Resources reported 

that California had experienced the driest year since 1924 5. The unfavorable combination of 

increased water demand and decreased water supply has resulted in groundwater over-

extraction, which has caused significant land subsidence and irreversible seawater intrusion 

and consequent soil salinization 6, 7. These problems urge us to manage groundwater storage 

and usage more sustainably. Managed aquifer recharge (MAR) is a viable engineering 

solution to achieve water storage, recycling, and reuse, and eventually to help in balancing 

groundwater extraction and supply 8, 9. MAR operations recharge various types of source 

water (e.g. treated wastewater, run-off, or rainwater) into subsurface environments, such as 

shallow unconfined aquifers (dry wells or infiltration ponds) and deeper confined aquifers 

(aquifer storge recovery (ASR) or aquifer storage transfer and recovery (ASTR)) 10, 11. 

While MAR can replenish groundwater in various subsurface strata, the injection can 

cause unfavorable water–mineral interactions, unexpectedly increasing arsenic 

concentrations in water recovered from MAR field sites 8. The recovered water arsenic 

concentrations can reach or even exceed the 10 μg/L maximum concentration level (MCL) 

for arsenic set by the Environmental Protection Agency 12. For example, the arsenic level in 

water from a MAR site in the South Central Florida groundwater basin, USA, was 10‒130 

μg/L, while the injection water and native storage zone water contained less than 3 μg/L 13. 
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At another MAR site in Bolivar, Australia, the pre-injection water had 3 μg/L of arsenic, 

while the recovered water’s arsenic level reached 22 μg/L 14. The higher arsenic 

concentrations in the recovered water than in the injection water or the ambient groundwater 

before MAR brought significant concerns about arsenic mobilization during anthropogenic 

groundwater recharge 8, 13-15, and highlight the importance of a better understanding of how 

water chemistry and nanoscale mineral–water interfaces evolve during MAR. 

During MAR, arsenic is mobilized by the oxidative dissolution of arsenic-bearing 

pyritic minerals in the aquifer, such as arsenopyrite (FeAsS) and arsenian pyrite (0.5–10 wt% 

arsenic content) 16, 17.  The water injected for MAR often contains many oxidants, such as 

dissolved oxygen and/or nitrate, triggering the oxidative dissolution of arsenic-bearing 

pyritic minerals and releasing arsenic into groundwater 18, 19 (as shown in Eq. 1a for 

arsenopyrite and Eq. 1b for arsenian pyrite). : 

The oxidative dissolution of arsenic-bearing sulfide minerals can also release Fe2+ 

simultaneously, which can further be oxidized to Fe3+(aq) and hydrolyzed to form secondary 

iron (III) (hydr)oxide minerals. Arsenite (AsO3
3-) can further be oxidized into arsenate 

(AsO4
3-). The secondary precipitated iron (III) (hydr)oxides are known to attenuate arsenic 

mobilization by adsorption and incorporation of As 14, 20. In particular, the formation of 

nanoscale iron (III) (hydr)oxides under conditions relevant to MAR is critically important to 

predict arsenic mobilization more accurately because they have high reactive surface areas 

21, 22.

Common inorganic groundwater components, such as chloride, phosphate, silicate, 

and bicarbonate, can influence different magnitudes on arsenic mobilization 15, 23, 24. 

4 FeAsS(s) + 6 H2O + 11 O2 (aq) →  4 Fe2+(aq) + 4 H3AsO3 (aq) +  4 SO4
2-(aq) (1a)

10 Fe(As,S)2 (s) + 22 NO3
-(aq) + 4 H2O + 22 H+(aq) →  10 Fe2+(aq) + 10 H3AsO3(aq) + 10 SO4

2-(aq) + 11 N2(g). (1b)
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Previously we have observed that chloride ions can increase the mobilization of arsenic more 

significantly than nitrate by inhibiting the nucleation of iron(III) (hydr)oxide nanoparticles 

and promoting their phase transformation to less reactive iron (III) minerals (i.e., maghemite 

and hematite), and thus arsenic adsorption onto these secondary precipitates is decreased 15, 

23. Silicate increases arsenic mobilization by competitive adsorption between arsenic species 

and silicate, as well as by inhibiting iron(III) (hydr)oxide nanoparticle formation 24, 25. 

Bicarbonate is a ubiquitous and environmentally important anion in many types of 

water. In the United States, the ambient bicarbonate concentration in typical groundwater is 

around 0.5 to 8 mM 26, 27, and groundwater bicarbonate concentrations higher than 10 mM 

have been reported in India and China 28, 29. Previous studies have shown that groundwater 

carbonate species such as carbonate or bicarbonate can affect the mobilization of arsenic in 

groundwater 24, 27, 30, 31. Specifically, in an arsenic leaching experiment using core samples 

from the Marshall Sandstone aquifer in southeastern Michigan, the arsenic release rate from 

the core samples increased with increasing bicarbonate concentrations from 20 mM to 600 

mM, and aqueous arseno-bicarbonate complexes have been proposed as the main cause of 

arsenic release from these aquifer rocks under an aerobic condition 30. Inhibition of arsenic 

mobilization by bicarbonate has also been found. Wu et al. (2020) focused on relatively low 

bicarbonate concentrations (i.e., 0.01 mM and 0.1 mM). Specifically, when the pH of in the 

0.01 mM bicarbonate solution was reduced from 7.0 to 6.25, arsenic dissolved faster from 

arsenopyrite, whereas in the 0.1 mM bicarbonate solution the pH buffering effect maintained 

the reaction pH at 7.0, inducing more iron(III) (hydr)oxide precipitates once Fe had dissolved 

from arsenopyrite and slowing the mobilization of arsenic 24. Although the aforementioned 

studies have identified that bicarbonate’s effects on arsenic mobilization are highly related 

to the bicarbonate concentration, both increasing and decreasing effects of bicarbonate on 
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arsenic mobilization have been proposed in different ranges of bicarbonate concentrations. 

Additionally, MAR operations can alter groundwater bicarbonate concentrations. For 

instance, MAR injection water with a low bicarbonate concentration (< 0.25 mM) could 

dilute the bicarbonate concentrations in groundwater 24, 32, while the bicarbonate 

concentration can also be increased by dissolving carbonate minerals such as calcite 14, 33, 34 

or by injecting high alkalinity recharge water to prevent the dissolution of carbonate minerals 

35. Moreover, previous studies have not examined bicarbonate concentrations relevant to 

groundwater, including MAR, in terms of arsenic mobilization from arsenic-bearing minerals 

26, 27, 32, 34. Deciphering complex nanoscale interfacial reactions caused by bicarbonate will 

advance our understanding of critical early stages of reactions under conditions relevant to 

MAR 21. Therefore, given a systematic study about the effects of bicarbonate concentrations 

on arsenic mobilization and secondary mineral formation in groundwater is still lacking, this 

work provided new comprehensive analyses for the effects of bicarbonate concentrations on 

arsenic mobilization from arsenic containing sulfide minerals in the settings relevant to 

groundwater. 

Furthermore, MAR can create barriers to seawater intrusion in shallow unconfined 

aquifers or deep confined aquifers in coastal areas 36, 37. Depending on the geological 

structures of aquifers, previous studies have emphasized the considerations of shallow 

unconfined aquifers (within tens of meters below land surface) and confined aquifers (deeper 

than tens or even hundreds of meters below land surface) in evaluating MAR implementation 

and groundwater quality 37, 38. In shallow unconfined aquifers, the groundwater can be in 

equilibrium with air (i.e., open system with water pressure equals atmospheric pressure), and 

the concentrations of CO2 can change due to direct contact with atmosphere, whereas in deep 

confined aquifers, the concentrations of CO2 is relatively stable because these aquifers are 
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not directly exposed to air 39-41. The carbonate equilibrium in groundwater can also alter other 

parameters of groundwater chemistry, such as pH 26, 42. This change of pH may affect the 

arsenic mobilization. For example, Kim et al. (2000) found significant arsenic leaching from 

aquifer rock (i.e., Marshall Sandstone) in the extreme pH ranges of < 1.9 and 8.0–10.4 in 40 

mM NaHCO3 
30

  . Hence, this study also aimed to study the effects of carbonate conditions in 

different aquifer settings (i.e., shallow unconfined aquifers and deep confined aquifers) on 

iron (III) (hydro) oxide formation and arsenic mobilization.

To further advance our understanding about the specific roles of bicarbonate in 

arsenic mobilization and secondary mineral formation in aquifer-relevant settings, the 

objective of this study is to examine molecular-scale arsenopyrite–water interactions. 

Specifically, we elucidated the effects of bicarbonate concentrations ranging from 0.01 mM 

to 10 mM on arsenic mobilization under conditions relevant to groundwater where MAR is 

operated. Arsenopyrite (FeAsS) was chosen as a model arsenic-bearing pyrite mineral 

because it is a common arsenic-bearing mineral in aquifers and has uniform chemical 

compositions, with a 1:1:1 molar ratio of iron, sulfur, and arsenic 18, 43, allowing well-

controlled experiments to carefully examine dissolution and nanoscale secondary mineral 

formation. To understand the effects of carbonate conditions on different aquifer settings, 

arsenopyrite dissolution experiments were conducted in both open and closed systems, 

mimicking conditions in MAR recharged in unconfined and confined aquifers, respectively. 

To further elucidate the roles of bicarbonate in the secondary mineral formation at nanoscale, 

the morphologies, phases, and extent (i.e., the amount of secondary mineral formed) of 

secondary mineral nanoparticles were examined. Both qualitative and quantitative 

molecular-scale analyses in this study provide useful information about the fate of arsenic 

mobilized from arsenopyrite and the nanoscale morphology and mineralogy of secondary 
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iron (III) (hydr)oxide precipitation that can form during MAR. The results of this study offer 

valuable insights into managing the impacts of bicarbonate on arsenic mobilization and the 

correlated reaction pH and nanoscale secondary mineral formation in different MAR 

operations.

2. Material and methods

2.1 Arsenopyrite Powder and Coupon Preparation

Arsenopyrite samples from Gold Hill, Tooele County, UT, were purchased from 

Mineralogical Research Company (San Jose, CA). The mineral phases of powdered 

arsenopyrite samples were characterized by an X-ray diffractometer (XRD,  Bruker d8 

Advance) (Figure S1A), and the results indicated mainly arsenopyrite and quartz phases, 

consistent with previous publications 15, 23. To conduct batch dissolution experiments and 

facilitate the dissolution of arsenopyrite, powdered arsenopyrite samples with particle sizes 

ranging from 300 to 500 μm were used. The Brunauer-Emmett-Teller (BET) specific surface 

area of the arsenopyrite powder, prepared using the same sample preparation method, has 

been reported to be 0.116–0.555 m2/g 15, and the isoelectric point (pHiep) was around 3.6 24. 

To investigate the morphologies and phases of nanoscale secondary mineral precipitation on 

arsenopyrite mineral surfaces, we used 1 mm thick flat arsenopyrite coupons prepared by 

Burnham Petrographics, LLC (Rathdrum, Idaho, USA) from the same arsenopyrite. The 

surface morphology of an unreacted coupon was characterized by tapping mode atomic force 

microscopy (AFM, Veeco Inc.) and environmental scanning electron microscopy (ESEM, 

Thermo Scientific Quattro S) (Figure S1B and S1C, respectively). More detailed 

information related to the sample preparation, cleaning, and characterization of the 
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arsenopyrite powdered samples and arsenopyrite coupons is in the Supporting Information 

(S1). 

2.2 Water Chemistry and Batch Experiments in Open and Closed Systems

All chemicals used in this study were at least American Chemical Society grade, and all 

solutions were prepared using ultrapure deionized (DI) water (resistivity ≥ 18.2 MΩ·cm, 

Barnstead Ultrapure Water System, MA). To determine the dissolution of arsenopyrite, we 

conducted a series of batch reactor experiments with different concentrations of bicarbonate. 

First, to mimic groundwater, the pH of the solutions was adjusted to 7.0 ± 0.2, using diluted 

hydrochloric acid and sodium hydroxide. Then 0.01 mM, 0.1 mM, 1.0 mM, and 10 mM 

bicarbonate concentrations were tested by adding sodium bicarbonate, which are relevant 

concentrations to common groundwater environments as well as to MAR operations 26, 32, 34. 

10 mM nitrate was added as a commonly found oxyanion and oxidant arsenopyrite 

dissolution by adding sodium nitrate 15, 44. Because secondary iron (III) (hydr)oxide mineral 

precipitation could be affected by the salinity of water, the ionic strength (IS) was set to 100 

mM by adding sodium chloride, which will allow us to test the bicarbonate concentration 

effects without changing the background IS. This ionic strength condition (equivalent to 

6,375 ± 150 mg/L of the total dissolved solids, TDS) can provide the salinity relevant to 

moderately saline groundwater (TDS concentrations between 3,000 and 10,000 mg/L), based 

on the definition from The National Ground Water Association 45, 46. The water chemistry 

equilibrium values were calculated using Visual MINTEQ thermodynamic modeling 

software 47. The initial target water chemistry and the calculated equilibrium water chemistry 

of the open and closed systems are summarized in Table S1. The full calculated components 

concentrations at equilibrium of the open and closed systems are summarized in Table S2. 
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In the open system, prior to any reaction, 250 mL aqueous solutions with the desired 

water chemistry were prepared in polypropylene (PP, VWR International, PA) batch reactors. 

To initiate the reaction, 0.050 ± 0.001 g of arsenopyrite powder was added to each solution, 

and the open-to-air reactors were stirred continuously for the desired reaction time. 

Immediately after the arsenopyrite powder addition, 2 mL aliquots of solution were taken 

from the reactors every hour for 6 hours and every day for 7 days (i.e., 168 hours). As in our 

previous studies 15, 48, the short-term (first 6 hours) reaction time was chosen mainly to focus 

on dissolution of arsenopyrite, while the long-term (7 days) reaction time allowed us to 

examine the formation of nanoscale secondary mineral precipitates and their roles in arsenic 

mobilization. Three arsenic concentrations were quantified: Aqueous arsenic, adsorbed 

arsenic onto nanoscale secondary iron(III) (hydr)oxide mineral precipitates, and the total 

dissolved arsenic concentration (i.e., aqueous arsenic + adsorbed arsenic). At specific elapsed 

time, aqueous samples were taken, immediately filtered using a 0.2-μm 

polytetrafluoroethylene (PTFE) membrane syringe filter, and acidified to 2% v/v acid with 

nitric acid. Arsenic concentrations, defined as aqueous arsenic in this work, for these samples 

were measured using inductively coupled plasma mass spectrometry (ICP-MS, PerkinElmer 

NexION 2000). At each sampling time over the 7-day reaction period, pHs and oxidation-

reduction potentials (ORP) for each system were recorded using a pH electrode (VWR 

89231-604, with an Ag/AgCl internal reference) and an ORP electrode (VWR 89231-642, 

with an Ag/AgCl internal reference), respectively. Triplicate batch experiments were 

conducted for each condition. 

In addition to aqueous arsenic concentrations, we evaluated the adsorbed arsenic 

concentration (i.e., arsenic adsorption onto nanoscale secondary iron(III) (hydr)oxide mineral 

precipitates) and the total dissolved arsenic concentration (i.e., aqueous arsenic + adsorbed 
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arsenic). To quantify the total dissolved arsenic concentration, the same reaction conditions 

as in the batch dissolution experiments were used. Immediately after the dissolution reaction, 

the reacted solution was then added to a sodium hydroxide (0.5 M) solution for 1 hour to 

extract adsorbed arsenic. As reported in previous publications, this extraction process 

recovers > 95% of the adsorbed arsenic 49, 50. This solution was immediately filtered using a 

0.2-μm PTFE membrane syringe filter, and acidified to 2% v/v acid with nitric acid. The total 

arsenic concentrations (aqueous + adsorbed) released from arsenopyrite were then 

determined by ICP-MS measurements. It should be noted that this extraction method is 

specific to the quantification of surface adsorbed arsenic rather than the incorporation of As 

into secondary iron(III) (hydr)oxides 48-50. Once the total dissolved arsenic concentrations 

were obtained from the extraction method, the concentrations of adsorbed arsenic can be 

calculated based on the difference between total arsenic and aqueous arsenic concentrations.

To investigate the role of bicarbonate in arsenic mobilization in the closed system, 

the same experimental procedures were conducted as in the open system, but 250 ml Boston 

bottles (VWR) with a septum cap were used as the reactors, enabling sample collection by 

syringes while minimizing the gas exchange during sampling. In the closed system 

experiments, the same initial water chemistry was used as in the open system, while the 

bicarbonate concentrations of 0.1 mM, 1.0 mM, and 10 mM provided well-controlled pH 

values, as shown in the control experiments (Figure S2). To understand the arsenic speciation 

(i.e., As(III) and As(V)), a column packed with anion-exchange resin in chloride form 

(Dowex, Sigma-Aldrich) was used and the detailed procedure is described in Supporting 

Information. Triplicate batch experiments were conducted for this measurement.

To identify the chemical bonds on the arsenopyrite surface, we analyzed the powders 

before and after reaction, using attenuated total reflectance Fourier transform infrared (ATR-
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FTIR) spectroscopy (Thermo Scientific, Nicolet iS10, equipped with a diamond crystal). For 

each FTIR measurement, the scanning range was from 600 cm-1 to 1650 cm-1 with an average 

of 400 scans with a resolution of 4 cm-1. At least duplicate measurements were conducted for 

each condition. To prepare the samples for FTIR measurements, the arsenopyrite powders 

were collected by filtration right after the 7-day reaction, rinsed with DI water, and then dried.

2.3 Characterization and Quantification of Secondary Mineral Nanoparticles

Arsenopyrite coupons were used to examine the extents, phases, and morphologies of 

nanoscale secondary mineral precipitates on arsenopyrite surfaces because the concentrations 

of newly formed nanoparticles in bulk solutions were too low to characterize their mineral 

phases and sizes in solution. Before a reaction, arsenopyrite coupons (5 mm ×  5 mm ×  1 

mm, W ×  L ×  H) were cut using a dicing saw (DISCO Corporation, DAD323). To initiate 

the reaction, four coupons were horizontally placed in 250 mL of reaction solution along with 

0.05 ± 0.001 g of arsenopyrite powders to maintain the same water chemistry and solid-to-

water ratio as in the PP batch reactors. At 6 hours and again at 7 days, one coupon was 

removed, rinsed with deionized water, dried with high purity nitrogen gas, and stored in an 

anaerobic chamber (Coy Laboratory Products, Inc.) prior to characterizations. 

To examine the heterogenous secondary mineral formation, the morphologies and the 

heights of nanoscale secondary mineral precipitates on coupons surfaces were characterized 

with tapping mode atomic force microscopy (AFM, Veeco Inc.), with a probe (Bruker, model: 

RTESP, part: MPP-11100-10), and were analyzed using Nanoscope 7.20 software (Veeco). 

Each coupon was measured at five or more locations on the substrate surface. To identify the 

phases of the heterogeneous secondary mineral precipitates, we used an InVia Raman 

Microscope (Renishaw, UK), with a 514 nm laser (~ 4 mW) and a grating of 1800 lines/mm. 
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A 20× objective and a decreased power of 50% was used because this operation condition 

did not induce mineral phase transformation based on our previous work 15, 24, 48. Iron (III) 

(hydr)oxide standards and unreacted arsenopyrite coupons were also measured. To determine 

the oxidation states of iron (Fe 2p) on the arsenopyrite coupons, X-ray photoelectron 

spectroscopy (XPS, PHI 5000 VersaProbe II, Ulvac-PHI with monochromatic Al Kα 

radiation (1486.6 eV)) was utilized. For XPS data analysis, the binding energies were 

referenced to the C 1s line at 284.8 eV 24. The binding energy peaks of Fe(II) are at 710.43, 

713.61, 723.45, and 728.54 eV 51, 52, and the peaks for Fe(III) are at 711.70, 719.05, and 

725.89 eV 51, 52. Gaussian−Lorentzian curve fitting was utilized to derive the absolute peak 

areas of Fe 2p, which were used to obtain the percentages of Fe(II) and Fe(III) and the ratio 

of Fe(II)/Fe(III).  Table S3 summarizes the Fe 2p reference binding energies, absolute values 

of the areas for each peak, and the calculated percentages for the oxidation states. 

To quantify the extent of secondary iron(III) oxide precipitates formed on 

arsenopyrite, a citrate-bicarbonate-dithionite (CDB) extraction method was employed 23, 53. 

This method can selectively dissolve iron(III) oxide from the samples and quantify the 

amount of iron(III) (hydr)oxide precipitated on the arsenopyrite surface during the reaction. 

This information provides a basis for comparing the extent of nanoscale iron(III) (hydr)oxide 

precipitation under different bicarbonate concentrations. Detailed experimental procedures 

are described in the supporting information (S2). 

3. Results and Discussion

3.1 Bicarbonate controls arsenic dissolution in the open system.

Arsenic mobilization decreased with increasing bicarbonate concentrations that encompassed 

the range relevant to groundwater and MAR systems. The arsenic concentrations dissolved 
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from the arsenopyrite mineral samples in the open system are shown in Figure 1A (long 

term, 7 days) and Figure S3A (short term, 6 hours). Specifically, after 7 days, the 0.01 mM 

bicarbonate batches showed the highest dissolved arsenic concentration (497 μg/L, or 6.6 

μM), followed by the 0.1 mM bicarbonate batches. Both the 1 mM and 10 mM bicarbonate 

batches have the slowest arsenic dissolution rates. A t-test result showed a significant 

difference, with p < 0.05, among all the 7-day dissolved arsenic concentrations except for 1 

mM and 10 mM bicarbonate. In the first 6 hours, however, the dissolved arsenic 

concentrations were not significantly different among the four different bicarbonate 

concentrations. This finding highlighted that the aqueous systems with low bicarbonate 

concentrations can cause more arsenic release from arsenopyrite in the open system, 

especially in a long period of time (i.e., more than 1 day).

To further investigate the mechanisms that cause the inverse relation between 

bicarbonate concentration and dissolved arsenic (except for 10 mM), the pH of each system 

was recorded and are shown in Figure 1B. Compared to the initial pH (7.0 ± 0.2), after the 

7-day reactions, the reaction pH values of the 0.01 mM, 0.1 mM, 1 mM, and 10 mM 

bicarbonate concentrations were 6.3, 7.1, 8.0, and 8.9, respectively. When we compared the 

experimental pH values and the modeled equilibrium pH values (marked as horizontal bars 

on the right side of Figure 1B and Table S1), the reaction pH values of all bicarbonate 

concentrations approach the modeled equilibrium pH values. Because a similar trend in pH 

can be found in the control experiment (i.e., without arsenopyrite) (Figure S3B) of the open 

system, we can conclude that the reaction pH is driven by the carbonate equilibrium. In 

addition, the oxidative dissolution of arsenopyrite is pH sensitive. Previous studies have 

suggested that protons can increase arsenopyrite dissolution 8, 44. The lower pH in the lower 

concentration bicarbonate systems can, thus, enhance the arsenopyrite dissolution in our 
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systems. Although the pH has a nearly one-unit difference (8.0 and 8.9) in the 1 mM and 10 

mM solutions, respectively, no significant difference in dissolved arsenic was found. Thus, 

we hypothesized that there could be other controlling factors, such as complexation, 

including surface complexation or aqueous complexation of arsenic and carbonate, which 

promote the dissolution of arsenopyrite, thereby offsetting the effect of pH. 

To test this hypothesis, we conducted ATR-FTIR measurements to provide 

information about chemical bonds before and after the reaction (Figures S4A and S4B). The 

unreacted arsenopyrite has band positions at 695 and 777–796 cm-1, which we attribute to 

the sulfate adsorption and the S−O/S=O vibrations, respectively 54. These sulfur-oxygen 

bonds can form during the sample preparation process through oxidation with the 

atmospheric oxygen air. Comparing the unreacted arsenopyrite and the arsenopyrite reacted 

with different bicarbonate concentrations, new band formation can be observed. The bands 

at ~1390 and ~1510 cm-1 are attributed to CO-stretching in the monodentate carbonate 55, 56, 

while the bands at ~1340 and ~1560 cm-1 are attributed to CO-stretching in the bidentate 

carbonate 57, 58. The FTIR spectra in Figure S4 confirm the occurrence of carbonate surface 

complexation on arsenopyrite, and these surface complexes can induce higher arsenic 

mobilization by competitive adsorption 31, 59. 

Moreover, aqueous complexation of arsenic and carbonate can occur in the 

experimental systems. A Visual MINTEQ calculation (Table S4A) was performed by 

inputting the stability constants of As(CO3)2
- and AsCO3

+ derived in a previous study 30. The 

calculation was based on the 7-day dissolved arsenic aqueous chemistries (Figure 1), and the 

results indicated the formation of arseno-carbonate aqueous complexes, i.e., As(CO3)2
- and 

AsCO3
+ , with AsCO3

+ being the dominant species in most conditions (except for the 10 mM 

bicarbonate concentration). Altogether, arseno-carbonate aqueous complexation was favored 
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at all four different bicarbonate concentrations, and the total concentrations of the arseno-

carbonate complex increased with increasing bicarbonate concentrations. The formation of 

these complexes can facilitate the oxidative dissolution of arsenopyrite by consuming the 

dissolved arsenic 30, 60. The calculation of arseno-carbonate aqueous complexation suggests 

that it can promote arsenopyrite dissolution, especially at a high bicarbonate concentration 

(e.g., 10 mM in this study). However, comparing the dissolved arsenic concentrations and 

the aqueous complex concentrations, the number of aqueous complexes could be negligible 

(in a range of 10-17–10-25 M, Table S4). Therefore, we concluded that surface complexation 

is the main mechanism driving arsenopyrite dissolution at a high bicarbonate concentration. 

Furthermore, as shown in Figure S3C, the measured redox potentials, EH (mV), for 

all four bicarbonate concentrations are within 250–450 mV, indicating an oxidizing condition 

for all concentrations. Compared to the other three bicarbonate concentrations, 10 mM 

bicarbonate has a relatively low redox potential. This oxidizing condition can also be 

reflected in the arsenic speciation. Based on the anion exchange column tests, we found that, 

from day one to day seven, the As(V)/As(total) increased from 92% to 96% in 0.01 mM 

bicarbonate, and from 83% to 89% in 10 mM bicarbonate (Figure S5). The predominant 

arsenate and the increasing trend of As(V)/As(total) could be resulting from oxidizing 

condition as reflected in redox potentials. 

Figure 1C shows the fate of arsenic after arsenopyrite dissolution, which includes 

aqueous arsenic, adsorbed arsenic, and total dissolved arsenic (aqueous + adsorbed) under 

different bicarbonate concentrations at 7 days. Compared to aqueous arsenic, adsorbed 

arsenic comprises most of the total dissolved arsenic (with percentages from 86% to 93%). 

A similar trend of predominant adsorbed arsenic can also be found in 6 hours reaction 

(Figure S6), indicating that secondary nanoparticle formation can immobilize the majority 
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of dissolved arsenic, both in the short term (6 hours) and over the long term (7 days). Higher 

concentrations of bicarbonate cause smaller amounts of adsorbed arsenic, owing to the 

smaller amount of the total dissolved arsenic released from the arsenopyrite mineral surface 

into the aqueous solution, and the less arsenic available for adsorption onto the nanoscale 

iron(III) (hydr)oxide mineral surface. This result suggests that bicarbonate concentration is 

important for controlling mobile arsenic in environmental systems. If we consider the mass 

balance of the arsenic released from arsenopyrite solids, the percentages of total dissolved 

arsenic from the solids ranged from 0.47% to 1.84%, and the percentages of aqueous arsenic 

from the solids ranged from 0.05% to 0.24%. These small percentages of dissolved arsenic 

can explain the dissolution has not reached the equilibrium based on eq. 1 and can also be 

observed in Figure 1 A.

3.2 Bicarbonate promotes nanoscale secondary mineral precipitation in the open system.

Secondary mineral precipitation can critically affect arsenic mobilization by adsorbing 

dissolved arsenic onto newly formed reactive surfaces or by covering the pre-existing mineral 

surfaces, then changing the number of active mineral surface sites for dissolution 24. The 

differences in the secondary mineral precipitation in the four bicarbonate concentrations 

could offer useful insight into arsenic mobilization. Based on a citrate-bicarbonate-dithionite 

(CDB) extraction, we found that higher bicarbonate concentrations promote the formation 

and growth of iron (III) (hydr)oxide nanoparticles (Figure 1D) as a result of the higher pH 

at higher bicarbonate concentrations. Higher pH can increase the saturation index 

(log(IAP/Ksp)—where IAP is the ion activity product, and Ksp is the solubility product of the 

iron (III) (hydr)oxide minerals—and therefore increase the nucleation rate of iron (III) 

(hydr)oxides on arsenopyrite surfaces. A balance between slower dissolution of arsenic from 
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arsenopyrite and the increased iron (III) (hydr)oxide formation at higher bicarbonate 

concentrations can explain the non-stoichiometric dissolution of arsenopyrite reported in 

previous studies 17, 19. Based on 7-day dissolved arsenic aqueous chemistries and 

thermodynamic calculations by using Visual MINTEQ (ver. 3.1), the experimental 

conditions in the open system are supersaturated with respect to several iron (III) 

(hydr)oxides, including ferrihydrite (saturation indexes, SI = 2.62–5.16), lepidocrocite (SI = 

4.46–6.99), goethite (SI = 5.34–7.87), maghemite (SI = 5.27–10.34), and hematite (SI = 

13.07–18.14). Hence, in the following Section, we will discuss specific mineral phases 

formed in our experimental systems.

To examine the morphologies, particle concentrations, and surface properties of 

secondary mineral formation on arsenopyrite surfaces, AFM was used to measure the 

samples after both 6 hours and 7 days under different bicarbonate concentrations. At the 

lowest bicarbonate concentration (0.01 mM bicarbonate), in the 6-hour image (Figure 2A1), 

scattered secondary precipitated particles formed on the coupon surface, but most of the 

surface remains uncovered. However, in the 7-day image (Figure 2A2), most of the coupon 

surface is covered by newly formed nanoparticles, some of which have even formed large 

aggregates. Over the bicarbonate concentration range from 0.01 mM to 10 mM (Figure 2A1–

D1 and Figure 2A2–D2), clear increases in particle coverage and particle height are observed. 

Regarding the reaction time, for all bicarbonate concentrations, the coupon surfaces at 7 days 

show more particle coverage and a greater particle height than those at 6 hours. The increases 

in bicarbonate concentration and reaction time also increased the surface root-mean-square 

roughness (Rq) and average particle size (height of at least 50 particles in each 5 × 5 μm2 

image), confirming the formation and aggregation of secondary mineral precipitates. In 6 

hours, the tenfold stepwise increases in bicarbonate concentrations increased Rq by amounts 
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ranging from 6.1 ± 1.0 nm to 29 ± 2.8 nm and the height of precipitates from 27 ± 6.3 nm to 

195 ± 24 nm. In 7 days, the increases in bicarbonate concentrations increased Rq from 9.0 ± 

1.8 nm to 59 ± 3.7 nm and the height of precipitates from 72 ± 9.9 nm to 321 ± 64 nm. The 

findings from 7-day AFM images are consistent with the findings from CBD extraction, 

suggesting that higher bicarbonate concentrations will induce more heterogeneously 

precipitated iron(III) (hydr)oxide nanoparticles. Then, we characterized the morphology and 

covering of the secondary mineral precipitates at a larger scale using ESEM (Figure S7A-

S7D). The ESEM images show a trend of secondary precipitate formation similar to that in 

the AFM images, corroborating the observation that higher bicarbonate concentrations create 

more particle coverage on the arsenopyrite surface and that, among all the bicarbonate 

concentrations, the 10 mM concentration yields the largest particles and the most significant 

aggregation. 

To examine the oxidation state of the iron phases of arsenopyrite coupons after 6-

hour and 7-day experiments, XPS analyses were conducted (Figure 3). The relative 

proportions of the Fe(II)/Fe(III) ratio provide semiquantitative information about the extent 

of iron(III) formation on coupon surfaces. Unreacted arsenopyrite coupons showed the least 

amount of iron(III) formation on coupon surfaces. The Fe(II)/Fe(III) ratios dropped between 

6 hours and 7 days in all bicarbonate concentrations, suggesting that longer reaction times 

allow more iron(III) (hydr)oxide mineral formation. As the bicarbonate concentration was 

increased from 0.1 mM to 10 mM, the Fe(II)/Fe(III) ratio decreased from 2.01 to 1.34 in 6 

hours and from 1.08 to 0.89 in 7 days. The higher bicarbonate concentrations cause more 

iron(III) (hydr)oxide nanoparticle formation, which is consistent with the findings of the 

CBD extraction. 
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Summarizing the findings from CBD extraction, AFM images, and XPS 

measurements of the open system experiment, it can be concluded that more iron (III) 

secondary nanoparticles formed heterogeneously at higher bicarbonate concentrations and 

decreased the arsenic mobilization. Two mechanisms could be responsible: (1) The greater 

amount of iron(III) (hydr)oxide nanoparticles can create more reactive sites for arsenic 

adsorption 24. Thus, more arsenic can be removed by adsorption on or incorporation into 

nanoscale iron(III) (hydr)oxides. (2) the more extensive coating of newly formed 

nanoparticles on arsenopyrite surface slowed down arsenopyrite dissolution 27, 61. These two 

mechanisms also support the findings in Figure 1C. Although iron(III) (hydr)oxide 

nanoparticles can adsorb arsenic from the aqueous solution and affect the extent and fate of 

dissolved arsenic, interestingly, we found more nanoscale iron(III) (hydr)oxide precipitates 

but less adsorbed arsenic in high bicarbonate concentrations (i.e., higher pH values). This 

could result from the low available total dissolved arsenic concentrations at high bicarbonate 

concentrations, limiting the amount of arsenic available for adsorption. Based on the findings 

in Figures 1, 2, and 3, we have found that the reduced arsenic mobilization was correlated 

to the increased bicarbonate concentrations that elevated the reaction pH and promoted 

formation of secondary iron (III) (hydr)oxide nanoparticles.

3.3 Nanoscale secondary mineral phase identification in the open system.

The phases of secondary iron (III) (hydr)oxide nanoparticles were identified by Raman 

microscopy. As shown in Figure 4, for the unreacted arsenopyrite coupons, the peaks at 333, 

827, and 1368 cm-1 were exhibited, which are attributed to vibrations of the As−S, As−O, 

and Fe−O bonds, respectively 62, 63. At low bicarbonate concentrations (0.01 mM and 0.1 mM, 

Figures 4A and 4B respectively), not many peaks appear in either the 6-hour or 7-day spectra, 
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suggesting that either the mineral phase of the coupons is still mostly arsenopyrite or the 

amounts of secondary mineral precipitates are not sufficient to be detected. However, at both 

1.0 mM and 10 mM bicarbonate concentrations (Figures 4C and 4D), more peaks appear 

than at either of the lower concentrations or for the unreacted arsenopyrite coupons. For both 

1 mM and 10 mM bicarbonate, significant peaks at 665, 1330 and 1600 cm−1, corresponding 

to maghemite 64, can be found in both the short term (6 hours) and long term spectra (7 days). 

Interestingly, peaks related to siderite formation (1085 cm−1, and 1729 cm-1) 64, and a peak 

related to magnetite (670 cm−1) 64 appear on the 6-hour spectra, but do not appear in the 7-

day spectra. This result indicates the phase transformation of siderite and magnetite into a 

more thermodynamically stable iron (III) phase, maghemite. The more diverse mineral 

phases found at higher bicarbonate concentrations can result from the higher solution pH 

driven by carbonate equilibrium in the open system. In the optical microscope images to the 

left of each Raman spectrum in Figure 4, more particles can be seen at longer reaction times 

and higher bicarbonate concentrations. Overall, the higher bicarbonate concentrations (1.0 

mM and 10 mM) can develop more phases of secondary iron-containing minerals (siderite, 

magnetite, and maghemite) on arsenopyrite mineral surfaces than the two low bicarbonate 

concentrations. Phase transformation of iron (III) (hydr)oxide nanoparticles, from siderite 

and magnetite into maghemite, also occurred in the 1.0 mM and 10 mM bicarbonate 

concentrations. 

The possible phase transformation is important in arsenic mobilization because it can 

influence the arsenic adsorption behaviors on iron (hydr)oxide minerals and their potential 

reverse mobilization 15, 65-67. For example, iron oxides sub-micron sized particles phase 

transformation from magnetite to maghemite increased the adsorption performance of arsenic 

due to higher surface adsorption sites in maghemite 66. In addition, the phase transformation 
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of siderite to goethite can enhance the arsenic adsorption by increasing the number of iron 

atoms coordinated with arsenic 65.

3.4 Comparison of open and closed systems.

In previous sections, we have primarily discussed the results in open systems where it shows 

distinct arsenopyrite dissolution behaviors. In this section, we presented the dissolution 

kinetics of arsenopyrite in a closed system as shown in Figure 5. Over 7 days, the dissolved 

arsenic increases with time, but there is no significant difference among the three bicarbonate 

concentrations. In both the open and closed systems, the 0.1 mM bicarbonate solution 

contains similar dissolved arsenic amounts at 7 days (open, 218 ± 33 μg/L; closed, 202 ± 32 

μg/L). However, the 1 mM bicarbonate solution contains different dissolved arsenic amounts 

at 7 days (open, 96 ± 16 μg/L; closed, 181 ± 15 μg/L), as does the 10 mM bicarbonate solution 

(open: 123 ± 19 μg/L; closed: 168 ± 15 μg/L). In the closed system, for all three bicarbonate 

concentrations, the dissolved arsenic concentrations are similar within the range of error 

because of their similar equilibrium pH values. From the calculated and experimental values 

of the pH, in the closed system, bicarbonate concentrations from 0.1 mM to 10 mM have 

equilibrium pH values around 7 (Figure S8), similar to the pH values for 0.1 mM bicarbonate 

in the open system. The disparities of dissolved arsenic concentration and pH in the open and 

closed systems were controlled by the concentrations of bicarbonate, as shown in the 

thermodynamically-calculated percentages of total dissolved carbonate in Table S1. In the 

open system, high bicarbonate concentrations caused slow arsenic dissolution kinetics 

(Figure 5B, yellow zone), while in the closed system the arsenic mobilization was not 

significantly affected by bicarbonate (Figure 5B, gray zone). Although ATR-FTIR revealed 

surface complexation (Figure S4B), and the calculated results indicated the formation of 
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aqueous complex (Table S4B), the similar dissolution behaviors in the closed system not 

only indicate the primary driving force of unchanged reaction pH, but also rule out the 

influence of both aqueous and surface complexation. Notably, in a control experiment with 

different initial pH conditions using 0.1 mM bicarbonate in the closed system, inhibited 

dissolution kinetics was found from pH 7 to pH 8, while no significant difference was found 

from pH 8 to pH 8.9 (Figure S9). This trend corroborates our hypothesis in the open system 

that although pH can be the dominant driving force of arsenopyrite dissolution, if pH was 

changed from 8 to 8.9, aqueous and surface complexation could offset the effect of pH. 

Additionally, Figure S9 shows that at 7 days in the closed system, 0.1 mM bicarbonate at 

pH 8 and pH 8.9 has arsenic concentrations of 76 ± 11 μg/L and 87 ± 20 μg/L, respectively. 

In contrast, Figure 1A shows that in the open system, arsenic concentrations at 7 days are 96 

± 16 μg/L for 1 mM bicarbonate (pH 8) and 123 ± 19 μg/L for 10 mM bicarbonate (pH 8.9). 

Although the differences in arsenic concentrations are not significantly large, the relatively 

higher arsenic concentrations observed in the open system could be attributed to the higher 

bicarbonate concentrations (1 mM and 10 mM) compared to the 0.1 mM bicarbonate in the 

closed system, supporting the complexation mechanism. Furthermore, the bicarbonate 

concentrations in the closed system have only a minor effect on secondary mineral formation. 

AFM images in Figure S10A-S10C show a root-mean-square surface roughness, Rq, 

comparable to that of the 0.1 mM bicarbonate concentration in the open system (Figure 2B2). 

ESEM images (Figures S7E-S7G) of the closed system coupon surface are all similar, 

without significant aggregated mineral formation, and are similar to the 0.1 mM bicarbonate 

images in the open system (Figure S7B). The similarity of the secondary mineral coverages 

would provide similar reactive surface areas, which can explain the minor impact of 

bicarbonate concentrations on arsenic mobilization.
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4. Conclusions

Bicarbonate is a ubiquitous groundwater component that regulates the fate and transport of 

many earth elements. In MAR, injected water can alter the groundwater chemistry, triggering 

different extents of bicarbonate and mineral dissolution. Here, we found that high bicarbonate 

concentrations relevant to groundwater environments and MAR, resulted in lower arsenic 

dissolution and mobilization in comparison to lower bicarbonate concentrations in an open 

system. This reduced arsenic mobilization was attributed to the extent of CO2 (i.e., 

bicarbonate) that increased the reaction pH and promoted formation of secondary iron (III) 

(hydr)oxide nanoparticles. This finding suggests that, in an open system, increasing the 

bicarbonate concentrations or alkalinity of groundwater during MAR can attenuate arsenic 

mobilization. However, this attenuation can be specific to the range of bicarbonate 

concentrations between 0.01 mM to 1 mM. Higher bicarbonate concentrations (10 mM in 

this work) did not further decrease arsenic mobilization, and the arsenic concentrations at 10 

mM bicarbonate were even less than those at 0.01 mM and 0.1 mM bicarbonate 

concentrations. This trend reflects the presence of aqueous and surface complexation that 

promotes the release of arsenic in open systems (Figure 5B, green arrow). In an open system, 

quantitative and qualitative observations showed that 1.5 times more secondary mineral 

precipitates, based on the CBD extraction results in Figure 1D, formed with higher 

bicarbonate concentrations, and greater coverage of the arsenopyrite surface by nanoscale 

secondary iron (III) (hydr)oxide minerals could reduce the number of reactive sites, based on 

the AFM images in Figure 2. Therefore, newly formed iron (III) (hydr)oxide nanoparticles 

hindered the dissolution of arsenopyrite. The quantification of dissolved arsenic in this work 

also pointed out the importance of nanoscale secondary iron (III) (hydr)oxide mineral 

formation, because a large portion of the dissolved arsenic was immobilized by adsorption. 
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On the other hand, in the closed system, arsenic mobilization and secondary mineral 

formation was not affected by different bicarbonate concentrations. These similar behaviors 

of arsenopyrite dissolution and secondary nanoparticle formation were controlled mainly by 

the unchanged reaction pH while aqueous and surface complexation had minor influence. 

In this study, building from the current understanding of the correlation between 

bicarbonate and arsenic mobilization 24, 27, 30, 31, we have extended this knowledge and found 

that arsenic mobilization depended not only on the bicarbonate concentration but also on 

systems specific to aquifers open or closed to air (Figure 5C). In the open system (Figure 

5C1), the increased bicarbonate concentrations can increase reaction pH and therefore inhibit 

arsenic mobilization and promote secondary iron (hydr)oxide mineral formation. At high 

bicarbonate concentration (i.e., 10 mM in this work), the aqueous and surface complexation 

were also found to attenuate the inhibited arsenic mobilization. In the closed system (Figure 

5C2), the arsenic mobilization and secondary minerals were not significantly affected by 

bicarbonate concentrations which could be mainly controlled by unchanged reaction pH. This 

finding has important implications for the engineered applications. MAR has been used to 

mitigate seawater intrusion, which can infiltrate both shallow unconfined aquifers and deep 

confined aquifers 37. When MAR is applied to shallow unconfined aquifers (e.g., a dry well, 

percolation tank, or infiltration basin) 11, 68, recharging with low bicarbonate water can 

decrease the bicarbonate concentration and increase the arsenic mobilization in the aquifer. 

Further, the simple infiltration of reclaimed water can decrease pCO2, unbalancing the 

bicarbonate concentration in groundwater 69. With regard to MAR, because arsenic 

mobilization can be higher in shallow unconfined aquifers with low bicarbonate 

concentrations, pretreatment to adjust the alkalinity of the recharge water can help reduce it. 

In the case of deep confined aquifers, where bicarbonate equilibrium is likely a minor factor 
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in arsenic mobilization, the pH and the concentrations of other common groundwater 

oxyanions (e.g., phosphate, chloride, and sulfate) should receive more attention for accurate 

controlling arsenic mobilization. 

Other than bicarbonate (an inorganic component) we studied in this work, 

microorganisms and organic molecules can also play important roles in the oxidative 

dissolution of arsenopyrite. For example, arsenite-oxidizing bacteria can directly transform 

and mobilize arsenic 70. Sulfur- and iron-oxidizing bacteria can also indirectly mobilize 

arsenic from sulfide minerals 71. As for organic molecules, dissolved organic matter (DOM) 

can decrease the particle sizes and growth rates of iron(III) (hydr)oxide nanoparticles and 

DOM with a high molecular weight can also increase arsenic mobilization 48. Thus far, the 

individual roles of inorganic ions, microorganisms, and organic compounds in arsenic 

mobilization have been identified by previous studies 48, 70, 71. Future studies focusing on 

MAR can more systematically examine arsenic mobilization involving the co-existence of 

commonly encountered inorganic and organic components. 

Moreover, the dominance of adsorbed arsenic in the total dissolved arsenic content 

also suggests that the fate of arsenic, such as adsorption by nanoscale secondary iron (III) 

(hydr)oxide precipitates or other mineral surfaces, should be considered in evaluating the 

total dissolution of arsenic from arsenic-bearing sulfide minerals. Our findings here can help 

in developing more accurate and comprehensive reactive transport models to predict MAR’s 

long-term groundwater quality impacts and eventually achieve safe and sustainable MAR 

designs to protect the environment.
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List of Figures

Figure 1. Dissolution of arsenopyrite in 0.01 mM, 0.1 mM, 1 mM, and 10 mM bicarbonate 

concentrations in the open system. (A) Dissolved arsenic concentrations at 7 

days. (B) Trend of pH over 7 days; horizontal bars on the right axis represent the 

equilibrium pH values. (C) Total dissolved arsenic concentrations, including 

aqueous arsenic and adsorbed arsenic, at 7 days. (D) Quantification of secondary 

iron(III) (hydr)oxide mineral on arsenopyrite mineral powder at 7 days.  

Symbols:  “*” denotes that a t-test found statistical significance with a p value < 

0.05; “N.S.” means no significant difference. Triplicate batch experiments were 

conducted for each condition.

Figure 2. Nanoscale secondary mineral phase formation. Representative AFM height 

images for arsenopyrite coupons after 6 hours (A1–D1) and 7 days (A2–D2) in 

the 0.01 mM, 0.1 mM, 1 mM, and 10 mM bicarbonate concentrations, 

respectively, at room temperature (22ºC) and in an open-to-air condition. At least 

three different spots were measured on each coupon. The scan size of these image 

was 5 μm, and Rq is the root-mean-square surface roughness of the 5 × 5 μm2 

images on a 100 nm height scale.

Figure 3. XPS spectra of Fe 2p obtained from unreacted arsenopyrite coupons (A) and the 

arsenopyrite coupons in 0.1 mM (B), 1 mM (C), and 10 mM (D) bicarbonate 

concentrations in an open-to-air condition. Dotted lines are the positions of two 

different Fe (III) 2p peaks: Fe (III) 2p3/2 and Fe (III) 2p1/2. Blue and green peaks 

represent Fe3+ and Fe2+, respectively. The red curves are the fitting results from 

Gaussian−Lorentzian curve-fitting. Triplicate samples were measured for 

calculating the Fe(II)/Fe(III) ratios of each system (error ≈ ± 0.1).
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Figure 4. Mineral phase characterization of nanoscale secondary mineral particulates on 

arsenopyrite. Raman spectra and optical microscope images obtained from 

arsenopyrite coupons reacted for 6 hours and 7 days in 0.01 mM (A), 0.1 mM 

(B), 1 mM (C) and 10 mM (D) in an open-air condition. The colored dots indicate 

the mineral phases of the Raman spectra. At least triplicate samples were 

observed for each condition, and they are representative. 

Figure 5. Dissolution of arsenopyrite in 0.1 mM, 1 mM, and 10 mM bicarbonate 

concentrations reacted for 7 days in a closed system. A well-controlled pH was 

not achieved by the 0.01 mM bicarbonate, so no data for this concentration is 

reported for the closed system. (A) Dissolved arsenic concentrations. (B) 

Comparison of arsenic mobilization in open and closed systems at 7 days. (C) 

Proposed mechanisms of arsenopyrite dissolution in open (C1) and closed 

systems (C2).
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.

Page 39 of 41 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:N

an
o

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
m

ar
s 

20
25

. D
ow

nl
oa

de
d 

on
 2

02
5-

04
-0

8 
23

:1
8:

30
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4EN00805G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4en00805g


38

Figure 5.
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