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Abstract

This study presents a methodology for studying rapid kinetic reactions for IR active compounds. In soils, sediments, and groundwater systems a
rapid initial chemical reaction can comprise a substantial portion of the total reaction process at the mineral/water interface. Rapid-scan attenuated
total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy is presented here as a new method for collecting rapid in sifu kinetic data.
As an example of its application, the initial oxidation of arsenite (As'Ty via Mn-oxides is examined. Using a rapid-scan technique, IR spectra
were collected with a time resolution of up to 2.55 s (24 scans, 8 em™! resolution). Through observation and analysis of IR bands corresponding
to arsenate (AsV), rapid chemically-controlled As!T oxidation is observed (initial pH 6-9) with 50% of the reaction occurring within the first one
min. The oxidation of As™ is followed by rapid binding of AsY to HMO, at least in part, through surface bound Mn!. The experimental data
indicate that rapid-scan FTIR is an effective technique for acquisition of kinetic data, providing molecular scale information for rapid reactions at

the solid/liquid interface.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In soil and aquatic environments, chemical reactions at the
mineral/water interface take place over a range of temporal
scales, ranging from microseconds to years [1]. Many impor-
tant processes (e.g., adsorption, oxidation—reduction) occur on
natural sorbents, such as clay minerals, metal hydr(oxides) and
soils, and are characterized by a rapid initial reaction on a time
scale of seconds to minutes [2,3]. Knowledge of these initial
rates is critical to determine rate constants and elucidate reac-
tion mechanisms, both of which are necessary for understand-
ing rapid chemical processes [4]. Rapid kinetic measurements
of reaction rates are typically limited by experimental tech-
niques that yield relatively few data points during the initial re-
action period. These reactions cannot be accurately determined
using traditional batch and flow techniques and, accordingly,
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there exists a need for experimental techniques to collect rapid
kinetic data at the mineral/water interface [5].

Many difficulties encountered when monitoring reaction ki-
netics on mineral surfaces result from analytical challenges in
measuring concentrations in suspensions. Rapid measurement
of solution phase species (e.g., heavy metals, organic conta-
minants) can be readily accomplished; however, filtration to
remove the solid phase is time consuming and greatly reduces
temporal resolution. Likewise, solid phase extraction to deter-
mine bound species is laborious and time intensive. In situ
experiments are required to monitor kinetic reactions of suspen-
sions without separation. Ion selective electrodes and limited
spectroscopic techniques can be used to monitor reaction kinet-
ics at the solid/liquid interface [1]. For example, quick X-ray
absorption fine structure (XAFS) spectroscopy has been used
to study arsenic (As) oxidation on amorphous Mn-oxide using a
column reactor with data acquisition at 1 min intervals [6]. Ad-
ditionally, attenuated total reflectance (ATR) Fourier transform
infrared (FTIR) was used to monitor the oxidation of As'!l by
hydrogen peroxide on a ferrihydrite surface with a time resolu-
tion of 2 min [7].
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ATR-FTIR is an established technique for studying sorption
[8,9] and redox [7,10] processes, providing bonding mecha-
nisms and, under certain reaction conditions, kinetic data. ATR-
FTIR is a useful technique for biogeochemical applications as
it probes the mineral/liquid interface, providing information
for solid and solution phase species. Through observing shifts
in IR peak location and formation of new IR peaks, sorption
and/or formation of reaction products can be ascertained. In
this study, we present the use of rapid-scan ATR-FTIR to mon-
itor chemical reaction processes for IR active compounds at the
mineral/liquid interface on a temporal resolution of 2.55 s. To
demonstrate this technique the in sifu rapid oxidation of As!
via Mn-oxides is studied.

Due to the environmental and human health risks associated
with both natural and anthropogenic As in soils and sediments,
an increased understanding of As oxidation reactions with Mn-
oxides is required. The general term Mn-oxides refers to man-
ganese oxide/hydroxide minerals containing Mn!V, but some
contributions of Mn'™! are often also present. Kinetic investiga-
tions of As"! oxidation reactions with Mn-oxides have revealed
relatively fast As!!! depletion rates [11-13], with equilibrium
reached on a time scale of minutes to hours. However, the time
resolution of previous studies does not permit examination of
initial reaction rates, potentially missing important information
within the first minute of reaction. Additionally, in previous
studies, As™ and AsY in solution or extracted from the solid
phase were measured to determine the rate and extent of reac-
tion. Kinetic rates derived from measurements of solution phase
As"l and AsV are influenced by sorption processes; therefore,
aqueous As concentrations do not reflect the total amount of As
present. The retention of As¥ to Mn-oxides surfaces subsequent
to As'! oxidation, likely via bridged mineral-bound Mn'!, has
been documented [11,12]. For these reasons the use of a tech-
nique, such as ATR-FTIR, that probes the solid-liquid interface
is desirable. To our knowledge the only study investigating the
Mn-oxide/liquid interface during As"! oxidation was conducted
by Mitsunobu et al. [6] using quick XAFS. However, in that
study, data was collected at 1 min intervals and the first 12 min
of reaction were not included in data interpretations.

The primary aim of this research is to present a new tech-
nique for monitoring rapid kinetic reactions of IR active com-
pounds. To demonstrate the technique we present data on the
rapid oxidation of As™ on birnessite and hydrous manganese
oxide (HMO), a poorly crystalline Mn-oxide similar to bir-
nessite [14]. The data illustrate the effectiveness of rapid-scan
FTIR to obtain kinetic data at the molecular level for both sta-
tic and flow conditions. To our knowledge, this is the first study
to apply rapid-scan ATR-FTIR to monitor rapid geochemical
reactions at the mineral/water interface.

2. Experimental procedures
2.1. Materials
HMO synthesis was carried out via standard methods [15].

Following synthesis, it was washed with Barnstead Nanopure
(BNP) water via centrifugation (3000 RCF, 20 min) three times

and dialyzed (Spectra/Por, 12,000-14,000 MWCO, Spectrum)
against BNP water until the electrical conductivity remained
unchanged for a 12 h period. The HMO was stored at 4°C
for ~9 months prior to use in experiments. Prior to use, HMO
was centrifuged at 10,000 RCF for 20 min and supernatant
discarded to remove small particles. This method of HMO syn-
thesis yields MnO,, with x ranging from 1.90 to 1.95 [14] and
a point of zero charge (PZC) of 2.4 [14,16]. HMO suspension
concentration was determined by drying an aliquot of suspen-
sion and measuring the residual mass. The BET surface area
for air-dried HMO, determined via multi-point N, adsorption
(Tristar 3000, Micromeritics) with remaining adsorbed water
removed during BET procedure.

Birnessite (6-MnO;) was provided from the laboratory of Dr.
Jon Chorover at The University of Arizona. Synthesis involves
adding concentrated HCI to a boiling solution of KMnO4 [17].
Birnessite was washed via centrifugation with 1 mmolkg™!
HCI followed by BNP water until CI~' was no longer mea-
sured and the sample was freeze-dried. This birnessite had a
BET surface area of 83.8 m? g_1 [18]. The PZC of birnessite
ranges from 1.5 to 2.5 [19].

All solutions were prepared in acid-washed glass bot-
tles using BNP water in a background electrolyte solution
of 1 mmolkg~! NaCl with pH adjustment via addition of
NaOH/HCI. Sodium arsenite (NapAsO;; Fischer Scientific,
>99% pure) and sodium hydrogen arsenate heptahydrate
(NapHAsO4-7H,0; Alfa Aesar, 98—-102% pure) were used as
sources of As'l and AsY, respectively. Stock As'! and AsV so-
Iutions were pH adjusted to 6, 7, 8, and 9. All solutions were
pre-equilibrated overnight at 4 °C in the dark, brought to room
temperature, and the pH checked before use.

Stock mineral solutions were made in polypropylene vials
with a background electrolyte solution of 1 mmolkg~! NaCl
with pH adjustment via addition of NaOH/HCI. Adjustment of
pH for HMO and birnessite suspensions required equilibrating
and readjusting pH for several days. Stock mineral suspensions
(HMO: 60 gkg™!, birnessite: 106 gkg™!) allow for equal vol-
umes of reactants to be used in experiments with a constant
mineral surface area (8.90 m? g h.

2.2. ATR-FTIR spectroscopy and analysis

All FTIR spectra were collected with a Thermo Nicolet
Nexus spectrometer (Thermo) using single bounce ATR-FTIR
spectroscopy (Smart Orbit, Thermo) with a diamond internal
reflection element (IRE) at ambient temperature (23 £ 1°C).
Spectra were collected using standard spectral collection tech-
niques and the rapid-scan software in Omnic 7.0 (Thermo). In
all cases spectra were collected using 24 scans at 8 cm™! and a
MCT/A detector. A minimum of duplicate experiments/spectra
were collected to verify reproducibility of results. Peak areas
for AsV were determined using Omnic 7.0 by integrating from
794 to 944 cm™!. All spectra were collected with background
spectra acquired using a 1 mmolkg~! NaCl solution at the ap-
propriate pH prior to each experiment.

Spectra of As!'l and AsY were collected to determine de-
tection limits and to verify our ability to distinguish between
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the two arsenic species. Spectra were collected for 100 pyL of
As or AsV solutions, that were deposited on the diamond IRE,
at varying pH. Peak locations for As'' and As", as a function
of pH, were also verified. Peak areas of AsY, as a function of
concentration and pH, were calculated to create a calibration
curve used to determine final concentrations of As" produced
via Ast! oxidation (Table S1).

AsY solutions were independently reacted with HMO and
birnessite to determine peak locations for AsY—Mn-oxide sys-
tems as a function of pH. A 100 pL aliquot of 50 mmolkg™!
AsY was reacted with 100 uL HMO and birnessite suspensions
(surface area = 4.45 m?2 g~ 1) for 10 min on the diamond IRE
and spectra collected (pH 6-9).

The location and splitting of AsV IR peaks is pH dependent,
and therefore quantification of AsY concentration is challeng-
ing. Careful calibration of AsY—Mn-oxides as a function of pH
permits calculation of product concentrations for the final pH.
Due to the rapid reaction rate real-time measurement of pH val-
ues during reaction are not possible. Resulting, As" concentra-
tions are presented only for final pH values to reflect the amount
of AsV present at the end of the experiment. IR peak areas are
used for kinetic plots where accurate concentrations cannot be
calculated. Due to these constraints, the data collected in this
study are quantified using a conservative approach for compar-
ing data. For static experiments, the maximum amount of As"
produced (AsY,,,) is estimated by calculating the mean for all
data points from 4 to 20 min, representing near completion of
the reaction. Under flow conditions, AsY,_ is determined by the
maximum As" peak area obtained over the course of the reac-
tion. The amount of time required for half AsY,, . to be produced
is defined as #1,2. Additionally, linear regression analysis (peak
area vs time) was used to determine the slope of the first 30 s of
reaction (m3gs) for comparison of initial reaction rates.

2.3. In situ static FTIR experiments

Rapid-scan FTIR spectra of As'!' oxidation were acquired
every 2.55 s using the collection parameters previously de-
scribed. To verify accuracy of spectra collected via rapid-
scan, additional spectra were collected using standard collec-
tion techniques with a 12 s time resolution. Although spectral
collection parameters are identical under the two collection
methods the acquisition of data differs in the speed of the mov-
ing mirror within the interferometer. In rapid-scan mode the
mirror does not stop moving and processing of data is carried
out upon completion of the experiment. This technique does
not permit mirror settling time, and therefore minor noise in the
data is expected. Under standard collection parameters spectral
quality is somewhat increased; the moving mirror stops briefly
after each scan, and thus data cannot be collected as quickly.

Investigations were carried out at 25, 50, and 75 mmol kg™
As"! with an electrolyte background of 1 mmolkg~' NaCl at
pH values of 6, 7, 8, and 9. The As™ solution was deposited
on the IRE (100 pL) and spectra collected for 2 min; addi-
tion of 100 uL HMO or birnessite at 2 min indicates ¢ = 0 for
the As'"! oxidation reaction. A Teflon cover was placed over
the slurry to prevent evaporation. The addition of a high con-

1

centration of Mn-oxide to a small volume of As™ solution at

the IRE interface allows for rapid mixing of the solid and so-
lution. Spectral acquisition of As'! reaction with Mn-oxides
was collected for 20 min. Additional in situ experiments were
conducted to collect data at longer time intervals. The slurry
temperature increased approximately 0.1 °C upon addition of
HMO within 10 s of reaction and slowly drifted back to ambi-
ent temperature (~10 min) over the course of the experiment.

To check the accuracy of this method, which requires com-
plete mixing and no preferential accumulation of AsV at the
crystal interface, exploratory investigations were carried out
with continuous mixing of the HMO/As'! slurry over the en-
tire reaction time. Stirring was achieved by manually moving a
plastic pipette tip back and forth over the diamond IRE for the
duration of the experiment. Additionally batch ex situ reactions
were carried out by pipetting 100 pL aliquots from a glass vial
containing the HMO-As"! suspension onto the IRE at several
reaction times.

To determine sorption of AsY to HMO, ex situ batch re-
actions (200 pL; 75 mmolkg™!' As'™, 30 gL~! HMO) were
syringe filtered (0.2 pm) and washed with 1 mL of either 5 mM
NaCl or CaCl,. The filtrate, filtered mineral paste, and washed
mineral paste were deposited on the diamond IRE and spec-
tra collected with 128 coaveraged scans at 4 cm™! resolution.
Spectra were processed with a diamond IRE background and
the appropriate spectra of NaCl, CaCl,, HMO slurry, or HMO
mineral paste were subtracted.

2.4. In situ flow experiments

A stainless steel flow chamber (30 pL) was used to collect
FTIR spectra in real time with a flow rate of 20 yL min~'.
A preequilibrated aliquot of 20 uL (pH 6 and 9, 1 mmol kg ™!
NaCl) HMO stock suspension was placed in the chamber.
A 0.45 pm HV Durapore membrane filter was placed between
the IRE and inlet/outlet to prevent solid material from exit-
ing the chamber. A 1 mmolkg~! NaCl solution (pH 6 and 9)
was pumped through the flow cell and background spectra ac-
quired. Spectra collection was initiated 2 min prior to addition
of 75 mmol kg~ As™! solution (pH 6 and 9) to the flow cell
at a rate of | mL min—! (for 2 s), for near immediate addition
of 75 mmol kg~! As!! to the flow chamber. The flow rate was
swiftly reduced to 20 uL min~! for the 40 min reaction period
examined. Spectra were collected using previously mentioned
parameters at 12 s intervals.

3. Results
3.1. FTIR spectra of As"! and As" standards

Using the current ATR-FTIR technique AsY at pH 6 is
readily detected from approximately 7 mmolkg~! to concen-
trations greater than 500 mmolkg~!; IR absorbance increases
with increasing pH. As'! peaks are much smaller and often
difficult to detect, particularly at low pH. A small IR peak
for a 100 mmolkg~! As" solution at pH 9 is observed at
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Fig. 1. ATR-FTIR spectra of (a) As' and AsV standards showing at pH 6 and
9 and (b) spectra resulting from 10 min reaction of AsY to HMO and birnessite.

795 cm~! [v(As—O)]; no peak is observed when the pH is re-
duced to 6 (Fig. 1a). Solutions of 100 mmolkg~! AsY produce
strong IR bands at both pH 9 [858 em™ ! v(As—0)] and pH
6 [875 cm™!: vg(As—0); 908 cm™!: v,(As—0)], in agreement
with reported values [20,21]. The shift and splitting of AsY
peaks resulting from functional group protonation are observed
with decreasing pH (Fig. 1a). Spectra from reaction of AsV with
birnessite and HMO (Fig. 1b) are similar to samples at the same
pH with no mineral phase present (Fig. 1a), with AsY IR peaks
slightly larger upon reaction with birnessite. Both suspension
and solution pH remain unchanged after 20 min reaction of As
with HMO and birnessite.

3.2. In situ static FTIR experiments

Collection of kinetic IR data without mixing on the IRE (sta-
tic), with mixing on the IRE, and via ex sifu batch give near
identical AsY peak areas as a function of reaction time for As!!
oxidation via HMO (Fig. 2). These data verify that the reac-
tion suspensions during in situ static kinetic experiments are
well mixed and that particle settling does not influence the ac-
quired spectra. Additionally, due to varied duration of samples
absorbing evanescent IR light (ex situ vs in situ) the data con-
firm minimal effect of thermal absorption from the IR beam on
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Fig. 2. Kinetic data collected via rapid-scan ATR-FTIR spectroscopy using dif-
ferent sample mixing and settling parameters.
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Fig. 3. ATR-FTIR spectra for HMO reacted with 75 mmol kg*l AsH at pH 6,
7, 8, and 9. Within 1 min of reaction AsY peaks (860, 873, 906 cm_]) are
observed and only minimal changes in spectra are observed in a subsequent
300 min period.

samples and corresponding spectra during the course of the ex-
periment.

Prior to reaction, small As'" peaks are observed in the spec-
tra. After HMO addition to the As'! solution, strong IR peaks at
860 cm ™! [v5(As—0)], 873 [vs(As—0)], and 906 cm ! [vas(As—
0)] of As are observed within 1 min for all pH values exam-
ined (Fig. 3). Spectra for times >1 min are similar with slight
variation in peak intensities. After addition of HMO or birnes-
site, immediate production of As is observed and the reac-

1T
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Fig. 4. In situ ATR-FTIR kinetic measurements showing AsY production via
oxidation of 75 mmol kg*1 As via HMO and Birnessite at pHO.

tion nears completion at ~4 min, followed by a slight increase
in AsV peak area, particularly for higher As'!! concentrations
(Figs. 4 and 5). Surface passivation by reaction products or pre-
cipitation, particularly for higher initial concentrations, prevent
all As'! from being oxidized to As¥ and therefore “comple-
tion” of reaction refers to the point at which AsV is no longer
produced. Data for As'"! oxidation via HMO over pH and con-
centration ranges (Fig. 5), also reveal rapid As'"! oxidation with
t12 < 1 min for all reactions (Table 1). Experiments with both
higher (8.9 m? g~!) and lower (2.23 and 1.48 m?g~!) HMO
surface area (data not shown) reveal similar rapid reaction with
AsY peak intensity remaining constant as the reaction rate slows
and nears completion. Increasing the HMO surface area does
result in increased final concentrations of AsV.

A decrease in pH was observed within the initial 20 min re-
action for all initial pH values (9 to 7.5, 8 to 6.5, 7 to 5.85, and
6 to 5.5); initial pH values are used for discussion of results.
The amount of detectable AsY produced via HMO oxidation is
a function of initial As™ concentration with a greater percent
of initial As"" oxidized at lower concentrations. As¥ peak ar-
eas converted to concentration (Table S1) for final pH values
reveal mean As). . values of 21.9, 27.3, and 35.3 mmol kg !
from initial As'' concentrations of 25, 50, and 75 mmolkg~!,
respectively. The initial slope, which represents the rapid ini-
tial reaction, for As'! oxidation does not change substantially
under the various reaction conditions with m3ps ranging from
0.07 to 0.15 for HMO and from 0.17 to 0.25 for birnessite (Ta-
ble 1).

AsY remains bound to HMO at pH 6 and 9 following wash-
ing with both NaCl and CaCl, (Fig. 6). Comparison of filtered
HMO-As (mineral paste) with washed HMO-As shows some
desorption of AsY, particularly at pH 6 (greater desorption with
CaCly). At pH 9 a peak shift 860 cm™! to 867 and 873 cm™!
upon washing with CaCl; and NaCl, respectively, is observed.
Also at pH 9 a peak at 906 cm™~! is present in spectra for the
HMO-As slurry, filtered HMO-As, and the HMO-As filtrate.
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Fig. 5. In situ ATR-FTIR kinetic measurements showing AsV production
via oxidation of (a) 25 mmolkg~! As™ (b) 50 mmolkg~! As™, and
(¢) 75 mmol kg~ ! As™™! via HMO at pH 6, 7, 8, and 9.

This peak is absent from the spectra of washed samples. At
pH 6 small peaks around 800 cm™! are present for spectra of
both NaCl and CaCl, washed samples.
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Table 1

AsH oxidation rate parameters for HMO and birnessite representing averaged AS‘YmX with standard deviation?, time to reach half As,YmX (t1/2), slope of initial 30 s

of reaction (m3(g), and corresponding R2

AsT oxidation by HMO

pH 6.0 7.0 8.0 9.0
[Astb 25 50 75 25 50 75 25 50 75 25 50 75
[As%m]b 22.5 342 38.0 19.2 25.3 35.9 24.1 26.3 36.8 21.9 23.2 30.3
(3.00) (2.56) (3.25) (2.11) (2.03) (3.24) (2.25) (2.13) (2.89) (1.99) (2.45) (1.91)
112 (min) 0.21 0.91 0.31 0.44 0.63 0.69 0.46 0.80 0.35 0.32 0.37 0.35
msgg 0.09 0.07 0.15 0.07 0.09 0.09 0.09 0.07 0.14 0.11 0.14 0.14
R? 0.68 0.69 0.86 0.49 0.82 0.79 0.64 0.76 0.75 0.81 0.74 0.84
As' oxidation by birnessite
pH 6.0 9.0
[AstP 75 75
[Asya P 247 (1.93) 22.4(2.15)
12 (min) 0.17 0.26
msagg 0.25 0.17
R? 0.88 0.63
4 Standard deviation of mean [AsXmX] values given in parenthesis.
b AsMl and AsV concentration in mmol kg_l.
— HMO-As Slurry  ------- HMO-As: NaCl Wash creased As'! oxidation. Similar trends are observed for pH 6,

------- HMO-As Filtrate --—--- H4MO-As: CaCl, Wash
- - - - Filtered As-HMO

Absorbance

) T I T T i I T I T ) T 1 T
920 900 880 860 840 820 800 780
Wavenumber (cm™)

Fig. 6. ATR-FTIR spectra of HMO reactions with 75 mmol L1 Al a pH6
and 9; (—) represents the As-HMO slurry, (- - -) is filtrate of the reacted slurry,
(---) shows spectra of the filtered paste after reaction (not washed), (- - --) is
NaCl washed HMO paste after reaction, and (- - --) represent CaCly washed
HMO pasted after reaction.

3.3. In situ flow experiments

As! (75 mmol kg~!) entering the flow chamber is rapidly
oxidized upon encountering HMO surfaces, and As" is detected
at the IRE interface (Fig. 7). Results at pH 9 reveal AsY peaks
located at 859 and 900 cm~!. The 859 cm™! peak appears prior
to the 900 cm™! peak and, while it decreases in intensity after
11.5 min of reaction, remains at the conclusion of the reaction
time. The disappearance of the 900 cm~! peak corresponds to
the emergence of an As'! peak at 794 cm™!, indicating de-

except peak production at 859 and 900 cm~! is simultaneous
and the 900 cm™! peak also remains at the end of the reaction
time. Measurement of effluent pH reveals a pH change from 9
to 8.7 and from 6 to 5.8 over the course of the experiments. The
AsY.. (11.5 min) for flow experiments with a 75 mmol kg ™!
As!'solution, at a flow rate of 20 uL min~!, is 39.9 mmol kg~!

at pH 9 and 31.5 mmol kg~! at pH 6.
4. Discussion

4.1. Rapid-scan ATR-FTIR for monitoring initial reaction
kinetics

The rapid-scan FTIR method presented in this study permits
evaluation of initial reaction rates at the solid—liquid interface.
The data demonstrate successful use of the technique to monitor
the rapid reaction kinetics of an IR active compound at the min-
eral/water interface. Under the conditions of this study, rapid
As'l oxidation was observed via both a relatively amorphous
Mn oxide (HMO) and a more crystalline Mn-oxide (birnessite)
using both static and flow techniques. Both solution-phase and
bound AsY are detected and spectra reflect the total amount of
AsY produced. This method does not require separation of the
solid and solution phase, nor extraction from the Mn-oxide, to
detect total AsY produced and therefore sorption/desorption of
AsY with the mineral surface does not influence the observed
reaction rates. The results demonstrate a series of rapid reac-
tions leading to As'' oxidation, where transport is limited, that
are independent of reactant concentration and primarily chemi-
cally controlled [4].

4.2. Rapid As"™ oxidation: static experiments

In the current study, a high solid to solution ratio was used
to create a Mn-oxide slurry for reactions. The Mn-oxide sus-
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Fig. 7. In situ flow FTIR data for 75 mmol kg_l As' oxidation via HMO at
pH 9 showing (a) all IR spectra over the course of the reaction; transition from
pink to yellow to green to blue indicate increasing IR absorbance (Y -axis).
And, (b) the IR absorbance of peaks corresponding to AsT (794 em~1) and
AsY (859 and 900 em™1). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

pension was added to an equal volume of As!! solution, per-

mitting instantaneous mixing and preventing preferential As"—
Mn-oxide accumulation at the IRE-water interface (Fig. 2).
While both HMO and As'!' concentrations are much higher
than previous studies, the Mn:As ratio is within the same order
of magnitude [13]. Because of IR detection limits, concentra-
tions of As'! used in this study are higher than typically found
in the environment. The reproducibility of data collected using
various mixing and settling approaches is attributed to the ho-
mogeneous slurry of HMO-As at the IRE interface extending
beyond the IR beam depth of penetration (Fig. 2).

Under the experimental parameters (pH 6, 7, 8, 9; [As
25, 50, 75 mmol kg’l) rapid initial As™! oxidation is observed
regardless of the type of Mn-oxide (Fig. 4), As concentration,
or pH (Fig. 5). The lack of pH dependence on the As'™! oxida-

Iy

tion rate by a synthetic birnessite (pH 5 to 8.2) has been doc-
umented [13]. Although the oxidation of As'! via Mn-oxides
consumes protons, the binding of As'" and Mn'" displaces pro-
tons from the hydroxylated mineral surface to solution [13] and
can lower the reaction pH. The high solid to solution ratio used
in this study, with extensive As™! oxidation, results in a high
number of protons released from the surface, and may explain
the observed decrease in reaction pH.

Under the current experimental conditions the reaction pro-
ceeds rapidly and is apparently shut down due to high concen-
tration of reaction products which are rapidly produced. The
reaction products, AsY and Mn!, may bind to the HMO sur-
face or possibly precipitate onto the surface (e.g., krauite) [22].
Desorption experiments of batch As"'-HMO reactions confirm
binding of AsY at both pH 6 and 9. Increased desorption of As"
with CaCl, at pH 6 (compared to NaCl) suggests exchange of
Call for Mn"! leading to increased As" release. This is in agree-
ment with previous studies proposing As" binding to Mn-oxide
through surface-bound Mn'! [11,12]. At pH 9, HMO is more
negatively charged and presumably Mn!! is held more tightly.
Therefore, desorption of both Mn'! and AsV is similar upon
washing with NaCl and CaCl,.

At pH 9, the 860 cm~! peak in spectra of washed samples
shifts to higher wavenumbers, indicating a change in the As"
[i.e., vas(As—O)] coordination upon binding to HMO. Similar
upshifts in the spectra of mineral pastes for boric acid adsorp-
tion to amorphous Al-oxide were attributed to strengthening of
O-B and B-OH bonds when boric acid is complexed with the
mineral surface [23]. Washing of pH 9 samples also results in
the disappearance of the 906 cm™! peak. This peak likely rep-
resents a degree of As¥ protonation resulting from the reaction
pH approaching the second pK, (7.94) [24]. The absence of this
peak for bound AsY indicates preferential/stronger sorption of
the more hydroxylated species.

The apparent time for As'"! depletion is less than has been
observed in previous studies investigating As'!' oxidation via
Mn-oxides, with #1 /> calculated from initial As'! depletion (ox-
idation and sorption) rate constants ranging from 0.15 to 34.7 h
[13,22]. The As'™! oxidation data collected using the rapid-scan
FTIR technique provides data for a rapid initial reaction that is
not observed in previous studies, however the common hypoth-
esis of a multiprocess mechanism involving As' sorption, As!!!
oxidation, Mn!V reduction (to Mn'"" and Mn'!), and subsequent
sorption of AsY and Mn'! [13,25] is not disputed. Ongoing
work in our lab using ex sifu batch to study As'' oxidation
by HMO (filtered solution As™ and AsV measured by ICP-
AES) reveal AsY, . is reached on a time scale of hours (Fig. S1)
rather than sec to min, as shown by the rapid-scan FTIR results
in the current study. The data in this study demonstrate that a
large portion of chemical reactions can occur within the first
few minutes of reactions; reaffirming our belief that rapid data
acquisition (timescale of sec) is required to observe initial reac-
tion rates. We are not disagreeing with reported reaction rates,
but are rather bringing attention to the initial reaction which is
missed in previous work.
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4.3. Rapid As"™ oxidation: flow experiments

The continuous input of As' to the HMO within the flow
cell, and subsequent removal of effluent solution, results in in-
creased time for the reaction to approach completion (t1/, =
5.1 min) and the presence of As'!! at the crystal interface at
about 5 min followed by increased As'!! peak absorbance af-
ter 20 min of reaction (Fig. 7). In this reaction, As'!! is directly
oxidized by the Mn-oxide via a surface mechanism and Mn!!
and AsY are released to solution [25,26]. The oxidation of As!!
by Mn-oxides can be a self inhibiting process due to sorp-
tion of AsV and Mn!, which coat the oxide surface, prohibit-
ing interaction between MnO, and As" [25,26]. The removal
of these reaction products by the effluent solution likely re-
duces sorption of AsY and Mn! to HMO; therefore, surface
sites for As!l oxidation are available for a longer time pe-
riod.

During flow experiments the production of an IR peak at
900 cm~! (Fig. 7) is observed during As™ oxidation via HMO
at pH 9. This peak appears slightly after the emergence of the
859 cm™~! peak, its intensity grows at a slower rate, and its re-
duction corresponds almost exactly with the decreased intensity
of the 900 cm~! peak. This peak is unexpected as the pH re-
mains relatively unchanged. AsY has pKa1, pKa2, and pKy3
values of 2.24, 7.94, and 12.19, respectively [24]. At pH 9,
HAsOff predominates and a peak at 908 cm™~! is not observed
(Fig. 1b). This peak is typically observed at pH values below
the pKa2 (pH 7.95) and is therefore attributed to either a lo-
calized reduction of pH at the liquid—mineral interface or to
sorption induced protonation upon binding of As¥ to the Mn-
oxide through surface OH groups or via water bridging. At this
pH HMO surfaces are also mostly deprotonated, however dur-
ing reductive mineral dissolution the release of Mn'! from the
mineral surface can result in protonation of Mn-O groups at
the surface [13]. Similarly, a FTIR peak assigned to COOH
at pH 7 (pK, < 5) was observed upon bacterial adhesion to
hematite [9]. This mechanism may also contribute to the ob-
served peak at 908 cm™! for static As'! reaction with HMO
(Figs. 2 and 6), however since a pH change is observed (pH 9
to 7.5) the peak is predicted. A similar peak at 908 cm~! was
observed for AsV sorption to birnessite and HMO (Fig. 1b). At
the conclusion of the flow experiments the peak at 856 cm™! re-
mains and is attributed to As¥ on the HMO surface, perhaps due
to production of an AsY—Mn phase [25,27]. These data demon-
strate that retention of AsY to Mn-oxides does occur, and that
understanding the mechanism of sorption is very important as
this will greatly affect its fate and transport in soils and subsur-
face environments.

5. Summary

The unique approach of this study permits examination of
As'l oxidation kinetics of IR active compounds at the Mn-
oxide-liquid interface, thus permitting examination of initial
reaction kinetics while simultaneously providing molecular-
scale data. Data collected under both static and flow conditions
can be used to study the rapid initial reaction and elucidate

mechanisms under various environmental conditions. We have
demonstrated that initial As'! oxidation via Mn-oxides occurs
more rapidly than previously reported; due to different method-
ologies and the previous inability to measure rapid reactions.
Additionally, As¥ sorption to Mn-oxides subsequent to As'!
oxidation likely occurs through surface-bound Mn'!. Exchange
of Mn!" with cations (e.g., Na*, Ca>*) results in some desorp-
tion of AsV, and will greatly influence the environmental trans-
port of arsenic in the presence of high Mn-oxide concentrations.
Study of the As-Mn system is ongoing, particularly to deter-
mine reaction mechanisms, including analysis of solution phase
As and Mn species via FTIR and additional analytical tech-
niques. As illustrated through examination of Mn-oxide cat-
alyzed As'' oxidation, rapid-scan ATR-FTIR spectroscopy has
great potential for exploring rapid kinetic reactions for a myriad
of organic and inorganic reactions occurring at the solid-liquid
interface.
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