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ABSTRACT

Water reuse has become a necessary practice in arid and semi-arid regions like the
Southwestern USA. However, a new generation of emerging organic micropollutants has
been increasingly scrutinized in water sources. The aim of this study is to determine the
changes in chemical composition occurring on the MnOx(s) surface after reaction with
organic micropollutants using X-ray Photoelectron spectroscopy (XPS), Raman
spectroscopy and solution chemistry analyses. Laboratory batch experiments were
conducted to assess the reactivity of MnOx(s) with aniline, triclosan, phenol and bisphenol
A. Analyses of XPS high resolution scans through the determination of the shape and
position of Mn 3p spectra and Mn 3s multiplet splitting suggest that Mn(111) and Mn(ll)
increase in the surface of MnOx(s) reacted with organics, indicating that organic oxidation
causes the reduction of MnOx(s). Impurities on MnOx(s) surface (eg. other metal oxides)
decrease the micropollutant removal efficiency. After the rapid initial oxidation of
micropollutants, the availability of surface sites was found to be a major factor influencing
the long-term reaction rates. Aniline and Bisphenol A were still detectable after reaction
completion due to surface sites being irreversibly occupied by reaction products or
impurities. The results from this research are applicable for the mechanistic comprehension
of interactions between MnOx(s) and organic micropollutants, which is necessary for
understanding the MnOx(s)-micropollutant geochemical processes and development of

water treatment technologies that use MnOx(s) to remove organic micropollutants.
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Chapter 1
Introduction

The thesis has been divided into 3 chapters and 2 appendixes. Chapter 2 is a
summary on the scientific knowledge on the topic, including a background on manganese
and organic micropollutants, ending with a review of research gaps and limitations in the
proposed field of study. Chapter 3 is the main body of work of the thesis, formatted as a
research paper which will be submitted to the peer-reviewed journal Environmental,
Science & Technology. The main topic covered in Chapter 3 relates to the investigation of
interfacial chemistry reactions of MnOx(s) with triclosan, aniline, and phenol. The
objective of the study presented in Chapter 3 was to investigate the reaction of manganese
oxide (MnOx(s)) with phenol, aniline and triclosan using X-ray photoelectron spectroscopy
and Raman spectroscopy. Chapter 3 includes a discussion of the observed spectroscopy
and aqueous chemistry results, and provides potential mechanistic explanations and
environmental implications of this study. The Appendix A contains supplementary data
obtained for the study presented in Chapter 3. Appendix B provides a preliminary report
of an investigation of the effect of surface area and metal impurities on the effective
application of MnOx(s) for the removal of bisphenol A (BPA). The work presented in
Appendix B will serve as a foundation for the work that I will be conducting in my Ph.D.

studies which I will continue to pursue at the University of New Mexico.
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Chapter 2

Background and Literature Review

1. Background and Significance:

The occurrence of organic micropollutants is an emerging concern in natural and
engineered water systems.>?> The major source of these contaminants are pharmaceutical
and personal care products (PPCPs) which are discharged in the environment through
waste water and landfill leachate.®* These micropollutants have been found to be eco-toxic
and most are classified as endocrine disrupting compounds (EDCs).>® Their presence in
surface water has caused negative impacts on aquatic ecosystems such as gender confusion,
olfactory disruption leading to loss of homing behavior, mutation of reproductory organs
and retarded growth.”® Thus, the development of effective water treatment technologies
that target removal of organic micropollutants is necessary.

The removal of organic micro-pollutants in wastewater and water reuse treatment
facilities is challenging given that the micropollutants are present in trace concentrations
and co-occur with high concentrations of dissolved organic matter. Current technologies
used at water treatment facilities typically include physical process like coagulation,
adsorption, filtration, and oxidative processes. For example, the removal of atrazine (a
herbicide with strong endocrine disruption) in jar tests with coagulation and powdered
activated carbon (PAC) sorption has been reported at a maximum of 73% at the end of 5
days (equilibrium).1® However, water treatment facilities have a shorter residence time
compared to this 5 day equilibrium. Effective removal of phenolic micropollutants has been

accomplished by oxidation using chlorination or ozone,!! although, many of the
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micropollutants form oxidized by-products which could also be harmful.2*? Ozonation
provides good removal for phenolic micropollutants,®® but the formation of radicals is a
concern due to potential carcinogenic effect 14 and byproducts such as bromate (BrOs)
in bromide containing water.*® Ozonation is also nonselective with various
micropollutants as a very small percent of OH radicals react with the target
micropollutant.** Lack of disinfectant residual, fouling, and high initial and operational
expenses is a significant disadvantage for ozonation.®*® Innovative technologies should be
developed using cost-effective methods to remove these micropollutants.’

Manganese oxides (MnOx) have been known to be excellent oxidants with ability
to remove inorganics such as heavy metals from drinking water.}” Manganese oxides are
natural scavengers of metals in the environment due to their known redox reactivity and
adsorptive capacity.'® Due to this nature, MnOx can be ubiquitously found in natural
systems around the world and play a key role in biogeochemical processes.!®? Vast
amount of research has been done with inorganic contaminant removal using MnOy 172124
and current literature shows evidence of MnOx reactivity with many organic micro-
pollutants specifically phenolic and aniline based compounds.?>3! The following
subsections will discuss in more detail different aspects of the mineralogy,
biogeochemistry, occurrence, and application of MnOyx in natural and engineered

environments.

2. Manganese in Nature
Manganese is one of the most ubiquitous metals in nature. It is the third most

abundant transition metal. However manganese does not exist in nature as a free element;

3
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it is usually associated with oxygen to form solid oxides, hydroxides or oxy-hydroxides.
Manganese oxides (MnOy) are one of the most abundant oxides found in soil and
sediments. Manganese can exist in various oxidation states in nature (e.g. 0, +2, +3, +4, +6
and +7); oxidation states +2, +3 and +4 are the most significant in nature. Oxidation state
+2 state is generally soluble in water; while oxidation state +4 is generally insoluble. Redox
chemistry plays an important part in the dissolution and precipitation of manganese, with
reducing environment favoring presence of the aqueous Mn(ll) and oxic environment
favoring Mn(1V) oxides. MnOx usually associates itself to other materials such as organic
matter,32-3 jron oxides 23 and silica/sand particles (coated sand).>®-3® Hence it is common

to find many forms of manganese in nature, some of which are described below.

2.1. Mineralogy of MnOx

The different Mn oxidation states result in various forms of MnOx(s) mineral
phases. The elementary lattice unit of most MnOx(s) minerals is edge sharing MnOe
octahedron. The octahedral assemble together to form two groups of major crystal
structures; (a) chain or tunnels, and (b) layer structures.?®3% A chain is formed by multiple
edge sharing MnOe octahedra, which can share corners with other chains resulting
formation of tunnels. Layer MnOx(s) are formed by stacking of sheets of edge sharing
MnOe octahedra. Water molecules and cations can be accommodated in the interlayer
region of the mineral structure.?-“° The most common forms of MnOx(s) and information
about properties such as surface area and structure are illustrated in Table 1.

Pyrolusite is an abundant tunnel form of MnOx(s), consisting of a framework of 1

x 1 MnOs octahedral tunnel structure which does not allow for other chemical species to
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be present, resulting in a pure MnO2 composition. Pyrolusite are usually referred to as -

MnO;and are found in hydrothermal deposits.® Todorokite is another common tunnel form

of MnOx(s) mineral consisting of multiple MnOs octahedral triple chains to form a complex

framework of tunnels.* The space in the cross section is usually occupied by a cation such

as Co, Cu or Ni. Todorokites can be found as Mn coatings / dendrites on rocks and surfaces

and in marine Mn nodules.3%%

Table 1. Properties of different MnOx(s) minerals

Surface
Mineral Structure Area Notes
(m*/g)
Pyrolusite Tunnel 75a Mo_stly pure MnO> with no associated
(1x1) cations
Todorokite Tunnel (3x4 32,72 Mg, Co, Cu or Ni are associated cations
upto 3x9)
Triclinic Lavered 3gb Unstable at low pH, reverts to hexagonal
Birnessite y structure like other birnessites
c disordered Lavered 154 b Similar to 6-MnO> but different order in
H* Birnessite y layered structure and Mn(1V)/Mn(I11) ratio
5-MnO> Layered 128.3 Also known as vernadite, and a synthetic

analog to biogenic MnOx"

Surface Area determined by BET with N2 gas adsorption
a Cited from Kim et. al. (2000) !

b Cited from Villalobos et. al (2003) 2

Birnessite are the most common form of MnOx(s) mineral found in nature,?.4243

structurally consisting of multiple hexagonally symmetric sheets of MnQOs octahedra

stacked on each other, with cations and water molecules occupying the interlayers.

Birnessites are poorly crystalline, have a good cation exchange capability and found as a

major phase of MnOx(s) coatings in soils, dendrites varnishes and ocean nodules.'®4

Different forms of birnessites have been discovered, studied and classified by interlayer

spacing, major cation or preparation technique. The term delta Manganese oxide ‘5-MnO>’
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has been used to designate various analogous forms of synthetic Mn oxide phases such as
birnessite!”2*3" or vernadite?>3°. A study by Friedl et al.?? used EXAFS spectroscopy and
suggested that vernadite can be considered as a c-disordered H* birnessite. However, the
molar ratio of Mn(IIl) to Mn(IV) in vernadite is different from that in §-MnQO,.%?
Studies**424* show that the closest synthetic analog to biogenic MnO; is vernadite (5-
MnO>) with the same local molecular structure as randomly-stacked birnessite, but with
smaller crystallite size along the c-direction. These similarities in structure weigh against
adopting separate mineral names for vernadite and birnessite, instead the consensus is to

use the unit cell symmetry as prefix to the current nomenclature.*?

2.2. Biogeochemical Cycles of Mn

The strong MnOx(s) redox activity and high surface area make them an important
part of the bio-geochemical cycle of many compounds, nutrients and contaminants.
MnOx(s) are very good scavengers of metals in natural system due to redox or sorption, as
seen by their exceptional ability to influence other elements even concentrations much
higher than that of MnOx(s).>® The mechanism of scavenging action is caused by negative
charges (due to Mn(l11) or Mn(11) defects on MnO) or vacant sites in the mineral lattice**.
Metal ions and metallic species get sorbed onto the MnOx(s) either by inner/outer sphere
complexes; 183" by translocation into the tunnels/interlayer regions;* or by incorporation
of into the MnOx(s) structure by substitution for Mn or vacant sites within the mineral 2444
MnOx(s) plays an important role in scavenging of uranium and other transuranic elements.
Studies 244546 show that U(VI) had a strong affinity to bind with MnOx(s) preferentially

over other minerals such as iron oxides. The strong Cu scavenging action of 6-MnOx(s) in
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deep ocean/marine systems is not only due to surface complexation or occupation of the
vacant sites, but due chelation to microbially generated ligands.*® Similarly, As oxidation
by MnOx(s) in the environment is significant since conversion of arsenite As(lll) to
arsenate As(V) causes decrease in As mobility and sorption onto MnOx(s) minerals.*’
MnOx(s) are the only confirmed natural oxidant of Cr(l11) in the surface.?>* and control
the formation of toxic hexavalent Cr(VI).2 The significance of MnOx(s) in marine
sediments towards nitrogen cycle has been demonstrated, with MnOx(s) driven conversion
of organic N and NH; into N2.%° Reduction of nitrates to N2 by dissolved Mn(11) species in
anoxic conditions has also been observed, resulting formation of MnOx(s).>®

The presence of Mn(I11) solid phase has been demonstrated as an important part of
Mn biogeochemical cycle.®>°! A general consideration is that Mn(l11) usually occurs as a
short-lived intermediate and disproportionates into Mn(1l) and Mn(1V). However, studies
have shown that Mn(l11) does exists in stable soluble forms in suboxic zones 2°% or with
organic complexes,****%2 or in solid mineral phases (e.g., Mn2Os, MnOOH, among
others).>%3% The solid Mn(111) would affect the Fe(l11) bioavailability and thus impact the
biogeochemical cycling of major elements like C, N, and S.* Mn(1V) is considered to be
the dominant Mn solid phase in natural systems, Mn(ll) is soluble and found in low pH and
anoxic conditions. The Mn(1V), Mn(111) and Mn(Il) speciation reactions occurring in the
environment and the associated standard reduction potential are illustrated in Table 2.

Microbial activity is an important mechanism in the cycling of MnOx(s) in nature.
Microbes can conduct redox reactions of Mn by direct enzymatic activity or by indirect
(dissimilatory) interactions. Manganese oxidizing microorganism rapidly accelerate the

mineralization of Mn much faster than abiotic formation on a mineral surface or
7
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homogenous oxidation in aqueous solutions.?544 Many Mn(ll) oxidizing bacterial species
have been identified in natural agueous systems, divided into three distinct phylogenetic
types; Proteobacteria (Gram positive, o, [, and 7y), low Firmicutes, and high
Actinobacteria.*>** There are two mechanism of bacterial oxidation of Mn(ll); (a) directly
by production of polysaccharides or proteins which catalyze the oxidation; (b) alternate
mechanism is indirect oxidation by modifying the local redox/pH conditions or by
releasing products that will cause chemical oxidation of Mn(11). 44

Table 2. MnOx geochemical Mn speciation reactions with the Standard Reduction potential

Chemical Equation E°, Volts
0.5 MnVO; (s) + 2 H" + & 5 0.5 Mn?* (aq) + 2 H20 +1.232
Mn"'OOH + 3 H* + & 5 Mn?*(aq) + 2 H.0 +1.512
2 Mn""'+ 2 H,0 5 Mn'""'+ MnO2 (s) + 4 H* +0.53°
Mn'" + e 5 Mn'" +1.51°

a Cited from A. Stone (1987) %
b Cited from Kostka et. al (1995) 52

3. Synthetic Organic Micropollutants

3.1. General Properties and Structure

A complex variety of chemical conditions affect the occurrence and chemical
reactivity of organic micro-pollutants in the environment. The work presented in this thesis
focused on four organic compounds: phenol, aniline, triclosan, and bisphenol A. Phenol
and aniline were chosen as they are model organic compounds and are usually present as
the reactive sites on most EDCs. Vast amount of studies have been carried out on these

model compounds.?6:28-303453 Triclosan and Bisphenol A are examples of well-known
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EDCs and their occurrence has been well recorded in natural and engineered water systems;
these are biphenyl compounds in which the phenolic moieties are the reactive site. 7135557

Phenol is an industrial chemical which is an important raw material for other
synthetic organic chemicals. It is a parent compound to a lot of other chemicals called the
phenolic class. It is produced naturally from distillation of coal tar. Phenol is also
manufactured from benzene sulfonation or cumene oxidation. However major source of
Phenol in the environment is through automobile exhaust either by photochemical
degradation of benzene or direct emission. Phenols are crystalline solids with a melting
point of 43°C and boiling point of 182°C. Phenol solubility in water is 67 g/l at 16°C, also
soluble in non-polar solvents °8-%° and the octanol-water partition coefficient (log Kow) is
1.47. 6182

Triclosan (IUPAC name: 5-chloro-2-(2,4-dichlorophenoxy)phenol) is a phenolic
chemical that is widely used as an anti-microbial agent and as an active ingredient in many
household consumer care products such as soaps, toothpastes, shampoos and cleaning
products. Triclosan was brought into use in the 1960’s, and first registered as a pesticide
with the EPA in 1969. Its use became wide spread after 1972 due to the ban by the Food
and Drug Agency (FDA) of the then extensively used antibacterial, hexachlorophene.
Triclosan is a crystalline powder with melting point of 54 °C to 57 °C. It has a pKa of 7.9,
octanol water partition coefficient (log Kow) of 4.76 and poor solubility in water at 10 mg/I.
57,61,62

Bisphenol A (IUPAC name: 4,4’-(propane-2,2-diyl)diphenol is another widely
used phenolic chemical for the production of plastics like polycarbonates.>® BPA has also

been used for manufacturing flame retardants, paper and paint coatings, adhesives and
9
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epoxy resins. It was widely used from the 1930’s to the 1990’s. In ambient conditions,
BPA is a solid crystals with melting point 150°C and solubility of 120-300 mg/I. It has two
acid dissociation constants, pKa; at 9.6 and pKa, at 10.2. The octanol water partition
coefficient (log Kow) for BPA measure under ambient pH conditions was 3.40.56:62-64
Aniline (IUPAC name: phenylamine) is an important intermediate and raw material
for production of various chemicals such as polymers, rubber, pesticides and dyes. They
are naturally found in coal tar and manufactured by phenol ammonolysis, chlorobenzene
amination or nitrobenzene catalytic reduction. Polyutherane production is one of the major
users of aniline. Triclocarban is an antimicrobial produced from aniline which is similar to
triclosan and also considered as an emerging contaminant. Aniline is soluble in water (upto
34 g/l) with pKa of 4.63 and the log Kow octanol water coefficient is 0.90.28:346165 The
structure and properties of the micropollutants discussed above are illustrated in Table 3.

Table 3. Structure and a few properties of the micropollutants used in this study

Octanol- Acid
Molecular water dissociation
Chemical Structure mass Partition constant
(9/mol) Coefficient (pKa)
(log Kow) P
OH
Phenol © 94.11 1.47 9.89
Cl OH
Triclosan /@/C’O 289.54 476 7.9
Cl Cl
Bisphenol 962
\ 228.29 3.40 g
HO OH
10
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NH,

Aniline © 93.13 0.90 4.63

a pKag°®
b p|<a2 62,63

3.2. Occurrence of micropollutants in natural and engineered systems

Organic micropollutants (e.g., Triclosan and BPA) are discharged in the waste
water systems due to disposal of pharmaceuticals and personal care products.®>4%6 |t was
estimated that 109 tons of BPA was reported as releases to air, surface water or wastewater
treatment plants in 1993.58 Apart from the releases, the leaching of chemical from
products such as bottles containing BPA has been well reported.>>%” Triclosan and other
phenols which are used in personal care products are usually disposed down the drain ¢
resulting in contamination of many surface water systems. A national survey of 139
streams demonstrated in the presence of these micropollutants in 80% of the streams,
triclosan being one of the most frequently detected (57.6% of streams) with a maximum
concentration of 2.3 pg/l, Bisphenol A was detected in 41.2% of the streams (maximum
concentration was 12 ug/l). Phenol was observed in 8.2% of the streams and 4-nonylphenol
(substituted phenols) was found in 50.6% of the streams with maximum concentration of
40 pg/1.>.

Micropollutants have also been detected in engineered systems such as drinking
water treatment plants and wastewater treatment facilities. The presence of estrogenic
micropollutants was surveyed in seven sewage treatment plants receiving primarily
domestic effluent.®®%° Natural hormones 17p-estradiol and estrone were present in all seven

plants at concentrations levels of 1 ng/l to 50 - 80 ng/l. Synthetic hormone 17a-
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ethynylestradiol was present in 3 out of 7 of the sewage treatment plants. Artificial
sweeteners, an indicator for micropollutants/wastewater in source water, were present in
13 out of the 17 drinking water treatment plants’ finished water stream.”® Caffeine and
artificial sweeteners were also observed in 65% of groundwater samples, indicating
wastewater influence on source water.”>"2 Further review*" of micropollutants occurring
in wastewater effluents has been conducted in various facilities and the poor removal

efficiency has become a concern for the wastewater treatment sector.12

3.3. Regulations for micropollutants.

The section 304 (a) of Clean Water Act requires establishment of water quality
standards, which is prepared by EPA and regularly updated for approximately 150
pollutants. The most recent (2015) Ambient Water Quality Criteria (AWQC) lists phenol
in the Human Health Criteria table (significant risk to humans) and the Organoleptic effects
table (taste, odor, and color of water). The 2015 EPA human health AWQC standard for
consumption of water by humans and organisms is 4 mg/l and the AWQC standard for
organism only consumption is 300 mg/l. The 2015 EPA Organoleptic effect criteria is 300
ug/l. Also, the section 112 of 1990 Clean Air Act Amendment, lists phenol and aniline
amongst 334 chemicals as hazardous air pollutants. EU has banned phenols in cosmetics
since 2006 including manufacturing and distribution. According to European Commission
(2007), EU nations should control the emission of phenol to the environment if necessary
so that there are no risks to humans exposed via the environment. Denmark has set water
quality criteria for phenol at 7.7 pg/l for fresh waters, 0.77 ug/l for marine waters, and 0.5

ug/l for groundwater.
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In the USA, there has been no federal restriction on Triclosan. However, the state
of Minnesota has banned its use in most consumer products (effective 2017). FDA
regulates use in personal care products, EPA regulates use as pesticides. EU commission
have made severe restrictions on the use of triclosan in personal care products in 2014 with
Regulation (EU) No 358/2014, which identifies continued use of triclosan as not safe for
consumers, and setting a maximum concentration limit of 0.3% in toothpastes, hand soaps,
body washes and deodorants, and a maximum concentration of 0.2% for mouthwashes.

The EPA has added BPA to the Concern List of Toxic Substance Control Act
(TSCA) in 2010, where it will be scrutinized for future regulatory action. Bisphenol A in
bottles and packaging material is under the jurisdiction of FDA who in 2012, through
Docket No. FDA-2012-F-0031 banned the use of BPA containing plastics in infant feeding
bottle, sippy cups. Also in 2013, the FDA (Docket No. FDA-2012-F-0728) banned the use
of BPA based epoxy resin for packaging of infant formula. Since June 2011, the EU has
banned the production and sale of BPA-based polycarbonate baby bottles. However the
European Food Safety Authority (EFSA) has confirmed that human health concerns from
BPA exposure is not of concern as human exposure to BPA is considerable below the safe
intake level. In addition to the EU law, France decided to implement complete ban on BPA
in any food packaging from 2015.

The National Water Quality Criteria by US EPA for protection of freshwater
aquatic organisms from Aniline is a maximum four day average concentration of 14 ng/l
and a maximum one hour average concentration of 28 pg/l. The quality criteria for

protection of saltwater organisms for aniline is a maximum four day average of 37 pg/l and
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a maximum one hour average of 77 pg/l. In Europe, the EU Commission Regulation (EC)

No 790/2009 bans to use of various anilines in cosmetic products.

4. Application of MnOx(s) for water treatment

Conventional processes such as chemical oxidation have been frequently used in
water treatment facilities. A chemical oxidant is added to react with inorganic species and
hazardous organic chemicals to yield less hazardous oxidized products. Some examples of
typical chemical oxidants are Cl, CIO2, KMnO4 and Os.1*"* Common inorganic species in
water are Fe(I1), Mn(ll), and As(lIl) which can be removed by chemical oxidation.”*"
Insoluble Fe(lll) and Mn(IV) species can also enhance performance of coagulants and
filters used downstream to provide separation of the now insoluble species from water. The
EPA secondary contaminant levels for Mn are 0.05 mg/l. However, Mn(Il) has been found
to make its way through the treatment train either due to inefficient removal/oxidation and
formation of colloidal species. Studies have identified Mn deposition onto dual filter media
(e.g., anthracite and sand), by abiotic sorption and oxidation.® Coating of MnOy is formed
on the filter media by a process known as the natural greensand effect.®®’* This has been
found to occur within weeks on new uncoated filter media during normal operation. Merkle
et. al®® observed that this MnOx(s) coating consisted of birnessite and Al-Mn oxide hydrate
from powdered X-ray diffractogram analysis of samples taken from water treatment
facility. Limited research has investigated the effect of reactions of organic compounds on
the chemical composition and structure of MnOx(s).2532 Thus, more research is necessary
to investigate the mechanisms for the interaction of MnOx(s) with organic micropollutants

to further assess the feasibility of this process for water treatment applications.
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5. Interaction of Organics Micropollutants with MnOx(s)

The reactivity of MnOx(s) with various organics has been extensively reported in
literature.2°7® Some studies indicate that MnOx(s) acts as a catalyst during the
transformation of organics,*>’” while most studies have identified the dissolution of Mn
taking place due to redox reaction resulting in degradation of the organic
compound.t%%%76.78 There are multiple potential chemical pathway suggested such as free
radical oxidation, addition of substrate to quinones, complete oxidation to carbon dioxide,
sorption onto MnOx(s) surface and microbial driven redox mechanism. 263444 A
summarized reaction mechanism of phenols and aniline with MnOx(s) is shown in Figure
1. The micropollutants, after getting sorbed onto the MnOx(s) surface, get degraded due to
formation of a radical which can either react with other formed radicals to produce
polymeric products.?31:34 Alternatively, a second electron transfer can take place, resulting
in formation of quinones.?®

The reaction of MnOx(s) with phenol causes the reductive dissolution of Mn in the
solid phase; the dissolution of MnOx(s) depends on the substituted group on the phenol
ring due to electrophilic and steric effects.?® Another study showed the decrease in
reactivity of MnOx(s) with triclosan when secondary metal oxides such as Al, Ti oxides
are present in the MnOx(s) surface.” The transformation of triclosan and chlorophene on
reaction with MnOx(s) is hypothesized that the oxidation occurs at the phenol moiety
producing hydroquinone products along with trace amounts of 2,4-dichlorophenol which
suggests breaking of the ether bonds.3*# Similar studies on the oxidation of BPA and BPF
(respectively) by MnOx(s) with change in pH, humic acid concentration and cations (Ca?*,

Mg?*, Mn?*) suggests that metal cations inhibited the reaction with Mn?* being the most
15

www.manaraa.com



suppressive.®”8! Humic acid had negligible inhibition on BPA reaction with MnOx(s), but
it showed significant inhibition for BPF removal by MnOx(s) at lower pH (<5.5). Studies
identified the major product as hydroguinone along with other intermediates which were
formed by radical coupling, substitution, fragmentation and elimination.®”#182 |_aha and
Luthy?® studied the reaction between MnOx(s) and various aromatic amines (ie. aniline and
substituted anilines), showing the effect of substituted groups on aniline degradation rates
and oxidative product formation. Zhang et al. % carried out kinetic modelling of MnOx(s)
oxidation of 21 antibacterial compounds categorized into phenolic, aromatic N oxides,
flouroquinolonic and tertracyclines. The model parameters were reaction rate and total
surface reactive sites which were correlated to effect of reactant and co-solute
concentrations and pH. The differences in findings of the mechanistic studies is due to the
limitations in detection limits, identification of reaction intermediates and other factors

further discussed in the following section.
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Figure 1 Proposed reaction mechanism for reaction of Phenols (ArOH) and Aniline
(ArNH) with MnOx
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6. Research Methods

6.1. Solid Phase Analyses to Investigate Interfacial Organo-Metallic Reactions

Solution phase analyses such as chemical acid digestions analyzed with inductively
coupled plasma mass spectrometry (ICP-MS) has been traditionally used to determine total
elemental composition. However the changes in Mn oxidation state occurring in the near
surface can’t be detected with these methods and, therefore, have not been sufficiently
studied.?®8 The advances made in spectroscopic techniques which have enabled
researchers to overcome these problems.

The poor crystallinity and similar diffraction pattern of many MnOx(S) minerals
represent major challenges for the identification of different MnOx(s) phases.® However,
application of a combination of techniques such as high resolution transmission electron
microscopy (TEM), X-ray absorption fine structure (XAFS) spectroscopy, and
thermogravimetric analysis (TGA) can facilitate the improved understanding of MnOx(s)
minerology.*>*® XPS can be a useful tool to detect the oxidation state of Mn in the near-
surface of solid samples; narrow scans of XPS Mn 2p, Mn 3p and Mn 3s regions can be
used to determine Mn oxidation states.36°483-8 Additionally, XPS analyses can also be
used to identify organic functional groups by making narrow scans of the C 1s and O 1s
spectra.’®8®87 Infra-red spectroscopy and Raman spectroscopy can also be useful to
identify sorbed molecules on surfaces and oxidation states of metals, and type of carbon-

oxygen bonding.
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6.2. Organic Chemical Analyses

One of the major challenges in research involving micropollutants is the difficulty
to analyze them due to their trace concentrations (<1 pg/1).2 There are few analytical
methods which could detect these contaminants in the concentration levels which are
environmentally relevant. Also, presence of dissolved solids and other species in the water
matrix of environmental samples affects the detection capability of these micropollutants.
Advanced spectroscopic and chromatographic techniques have been developed in recent
years to help improve the detection limits for these micro-pollutants. New methods for
detection of organic micropollutants in aquatic environmental matrixes such as Large
volume injection liquid chromatography tandem mass spectrometry (LVI LC-MS/MS)
have demonstrated excellent detection limits (1.2 parts per trillion or ng/l) with method
accuracy ranging from 88% upwards and low relative standard deviation (12%).*® The
variation in properties in each class of these micropollutants suggests that the use of
combination of methods/techniques would be most likely to accurately detect and quantify
the micropollutants.? More volatile compounds have been detected and quantified by gas
chromatography with tandem mass spectroscopy (GC-MS/MS), while less volatile and
more polar compounds have been detected and quantified with liquid chromatography with
tandem mass spectroscopy (LC-MS/MS).1170 These recent developments in solid-phase
and liquid-phase analysis has enabled the scientific community to examine the gaps in

existing body of literature.
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7. Research Gaps

The knowledge about the changes in chemical composition and structure of MnOx(s)
occurring after reaction with organic compounds is limited in the literature. Current
literature focusses on changes happening in the solution, emphasizing on organic reactants.
However, the potential effects of organic adsorption on MnOx(s), the reaction and
subsequent release of organic reaction products need to be investigated in more detail.
Further research is required to determine the changes in Mn oxidation state and effect of
Mn(I11) and Mn(I1) on performance of MnOx(s) reacting with organic micropollutants.? It
should be noted that most studies utilize synthesized media which are pure and not
representative of the naturally occurring manganese oxides.” Little information is
available about the effects of surface area and impurities on MnOx(s) surface on its
reactivity with organic micropollutants. Additionally, organics could compete with organic
matter and other metals/anions present in water for MnOx(s) surface sites.®> All these
factors would affect the long-term reaction rates, while current research focusses on initial
kinetics of organic micropollutant removal. There is also a need for identification of
reaction products and surface complexes to help in development of kinetic models and
accurate reaction mechanism. These limitations and gaps in current research need to be
addressed in order to improve our understanding of MnOx(s) reaction with organic
contaminants and establish a scientific basis for application of MnOx(s) in water treatment
and organic micropollutant remediation systems. These knowledge gaps justify the need

for the investigation presented in this thesis.

19

www.manaraa.com



Chapter 3
Spectroscopic Investigation of Interfacial Interaction of Manganese Oxide with
Triclosan, Aniline, and Phenol
Nabil Shaikh?!, Saru Taujale?, Huichun Zhang?, Kateryna Artyushkova®, Abdul-Mehdi S.
Ali*, and José M. Cerrato?
! Department of Civil Engineering, MSC01 1070, University of New Mexico,
Albuquerque, New Mexico 87131, USA
2 Department of Civil and Environmental Engineering, MSCO01 1070, University of New
Mexico, Albuquerque, New Mexico 87131, USA
% Department of Chemical Engineering, MSCO01 1120, University of New Mexico,
Albuquerque, New Mexico 87131, USA
4 Department of Earth and Planetary Sciences, MSCO03 2040, University of New Mexico,
Albuquerque, New Mexico 87131, USA
ABSTRACT: We investigated the reaction of manganese oxide (MnOx) with phenol,
aniline and triclosan using X-ray photoelectron spectroscopy and Raman spectroscopy.
The surface of unreacted MnOx (control) and reacted MnOx were examined for variations
in Mn oxidation state and carbon/oxygen bonding. An increase of Mn(I11) and Mn(ll) was
detected in surface of MnOx reacted with organics, indicating reduction of MnOyx and
presence of stable Mn(l11). Reaction of phenol with MnOx resulted in increase in C-OH
bonds (12.5% C 1s), indicating the presence of phenol and its polymeric by-products.
Raman spectra confirm this finding with an increased intensity of D and G carbon band
compared to control. Detection of chlorine after reaction of MnOx with triclosan (2.7% CI
1s increase), suggests that triclosan and its by-products are associated to MnOx surface.
The increase in aromatic and aliphatic carbon bonds after reaction with aniline (20% C1s
increase), suggests that aniline and its byproducts are also associated to MnOy surface.

MnOx reacted with Aniline showed the highest Mn dissolution with 18 pM Mn after

reaction completion. The residual parent organic compound in the reactor was highest for
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Aniline with 3 uM (Kaniline = 1 h't), suggesting that oxidation was the dominant mechanism
in Aniline removal. Phenol and Triclosan reacted MnOx had dissolution of 13 uM and 12
uM Mn respectively. Phenol and Triclosan were completely removed at completion of
reaction, with similar removal rates (Kphenol = 3.5 h™%, Kuictosan = 3.7 ™), suggesting a
combination of sorption and oxidation as mechanism of removal. The results from this
research are applicable for the mechanistic understanding of interactions between MnOx

and synthetic organic pollutants.
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1. Introduction:

Emerging organic contaminants have been increasingly identified in the last few
decades in natural waters, waste water, and reused water as a result of daily inputs from
anthropogenic activities. Water reuse has become a necessary practice in semi-arid regions
experiencing extended dry seasons due to the effects of climate change and increasing
population. While reuse practices contribute to the sustainable use of water, a new
generation of emerging organic micropollutants (e.g. hormones, pharmaceuticals, and
endocrine disrupting compounds) has been increasingly scrutinized.>® Despite the trace
concentrations of organic micropollutants,”® new advances in analytical techniques have
enabled the detection and quantification of these chemicals in the environment.8>%° Recent
studies show the ill-effects of the increasing concentration of these micropollutants on the
ecosphere, especially on aquatic life.® Olfactory disruption leading to loss of homing
behavior, mutation of reproductory organs and retarded growth are examples of negative
impacts caused by these organic micropollutants.®96%91%2 phenol and aniline are widely
used in chemical manufacturing and often found in the environment as pesticides and
chemical residues. Due to their toxicity, they have been listed as high priority pollutants by
the US EPA.®® Triclosan [5-chloro-2-(2,4-dichlorophenoxy)phenol] is another chemical
widely used as an anti-microbial®”*® which can cause the development of bacterial
resistance® and can inhibit lipid synthesis.®® Additionally, triclosan can degrade due to heat
and light forming chloro-dioxins which are highly toxic.*® Despite the existing evidence
on the negative effects of these emerging contaminants, only 25% of waste water treatment

plants in the U.S. manage to exceed 1 log removal of these micropollutants.®
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The reaction mechanism of phenolic compounds (ArOH) or aniline (ArNH2) with
manganese oxides has been studied as a surface sensitive, two electron overall transfer
redox reaction. It can be generalized as follows: (i) adsorption of ArOH/ArNH> to the
MnOx(s) surface 28223197 (ij) formation of radical ArO*/ArNHze and reduction of Mn(IV)
to Mn(111) on the surface of MnOx?83%: (jii) release of a fraction of radicals followed by
their resonance and formation of polymeric product 2282% (iv) oxidation of adsorbed
radicals to oxidized products and reduction of Mn (111) to Mn(11) 26:28.29.3L9%: (y/) release of
the redox reaction products from the surface 262°; and (vi) adsorption and re-oxidation of
Mn(11) on the surface of MnOx?5°3, Studies show that the reaction of phenols with MnOx(s)
produces phneoxy radical which resonates and polymerizes to give polymeric products like
phenol dimers, para-substituted benzoquinones and hydroquinones.?®2° Major product of
Triclosan oxidation is 2,4-dichlorophenol along with some p-quinones.®! Aniline reacts
MnOxy(s) to produce hydrazobenzene due to head to head coupling of aniline radical which
oxidizes further to form azobenzene as the primary reaction product.?®

Although the oxidation of organic compounds by reaction with manganese oxide
[MnOy] has been widely studied?®6%6781.9 [jttle is known about the changes in chemical
characteristics of the reacted MnOx(s) surfaces.’® The high reactivity and oxidation
strength of manganese oxides make them significant contributors in environmental redox
reactions. Several studies have shown the importance of MnOx(s) in abiotic degradation
pathway for various phenols 2 and aromatic amines.?3 Mn (IV) oxides are often
considered as predominant solid species in nature. Mn (I11) plays an important role in the
redox reaction with organic and inorganic constituents.®*4°3 Kinetic studies explaining the

reaction of MnOx(s) with organic compounds suggest that Mn (I11) plays an important role
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as Mn(111) is more reactive than Mn(1V) due to its faster rate of ligand exchange®® and
higher redox potential.1*2® Also, Mn(lI1) is the rate limiting step in oxidation of Mn(l1) to
Mn(1V).355! However, experimental studies investigating the role of Mn(l11) reactivity in
redox reactions are limited.>>%°110Additionally, the changes occurring on MnOx(s)
surface after reacting with organic compounds are not yet completely understood.?®3

The objective of this study is to determine Mn oxidation states and the chemical
composition of MnOx(s) after reaction with synthetic organic compounds using XPS and
Raman spectroscopy. We have integrated experimental data such as Mn dissolution and
organic removal kinetics along with spectroscopic data to investigate the reaction of
MnOx(s) with aniline, triclosan, and phenol and identify changes in the surface Mn
oxidation state and chemical composition of reacted and un-reacted MnOx(s). This study
contributes to better understand the reactivity of MnOx(s) with synthetic organic
compounds, which is essential to understand naturally occurring biogeochemical processes
and for the development of water treatment technologies that use MnOx(s) to remove

emerging organic micropollutants.

2. Materials and Methods:

Materials. Phenol, aniline and Triclosan (>99% purity) were purchased from Sigma
Aldrich (St. Louis, MO). All other chemicals where bought from VWR or Thermo Fisher
with >90% purity and used without further purification. Delta manganese dioxide (o-
MnOx) was used in this study, as it is considered analogous to birnessite.*>>* Birnessite is

the naturally abundant form of manganese oxide*? arranged as edge sharing MnOs
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octahedra with mixed valent manganese centers®®. The §-MnOx was synthesized as done by
Taujale and Zhang '® reacting KMnO4 and MnCl; in basic conditions.

Experiment Set-up. The experiments were performed in 200 ml amber glass bottles. Four
different reactors with 10 mM MnOx(s) were prepared and labelled as MnOx-Control,
MnOx-Aniline, MnOx-Phenol and MnOx-Triclosan. 0.01 M NaCl was added to each to
provide counter-ions and the pH was constantly monitored and adjusted to 5.0 using
hydrochloric acid and sodium hydroxide. 1.0 mM of aniline, phenol, and triclosan were
added to each respective reactor and the reactor without addition of organic compound was
the control. The batch reaction conditions are illustrated in Figure S1. The reactors were
then stirred for four hours and left over night to settle. After decanting and discarding the
supernatant, the remaining suspensions were centrifuged at 12,000 g for 20 minutes. The
supernatant was discarded and the settled particles were collected for solid analysis.
Samples of 1 mL and 10 mL aliquots were collected at different time points (5, 10, 20, 30,
40, 60, 120 and 1440 minutes, respectively) for all reactors. 25 uL 1M NaOH was added
to all 1-mL aliquots to quench the reaction and desorb all unreacted organics so that the
measured loss of the organics was only due to oxidation,3! after filtration through 0.22 um
membranes, the samples were analyzed by HPLC coupled with a DAD detector for the
concentrations of aniline, phenol, and triclosan. The 10 mL samples were filtered through
0.22 um membranes, acidified with HNOs, and analyzed by ICP-MS for Mn?* ions.
Kinetics: The oxidation kinetics of the organics were fitted into pseudo-first order Kinetics

for removal of organic contaminants in reactor. d[Corg]/dt = K X [Corg] Where Corg is the
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concentration of the organic reactant in the reactor and k is the pseudo-first order rate
constant.

X-ray Photoelectron Spectroscopy (XPS). XPS was used to identify surface composition
and oxidation state of elements in the near surface. XPS spectra were acquired on a Kratos
Axis DLD Ultra X-ray photoelectron spectrometer using a monochromatic Al Ko source
operating at 225W with no charge compensation. Spectra were obtained from three
different areas on each sample. Elemental survey spectra were acquired at 80 eV and high
resolution at 20 eV pass energy. Data analysis, curve fitting and quantification were
performed using CasaXPS software. Narrow scan XPS spectra were processed using
Shirley background subtraction and a Gaussian-Lorentzian line shape for the curve-fit of
spectra.8384 Calibration was carried out using gold powder deposited on each sample with
respect to the position of the Au 4f7;> peak (at 84.0 eV). Pure (>99%) manganese oxides
(MnO, Mn203, MnO> and Mn (I11,1V) oxide) were purchased from Strem Chemicals
(Newburyport, MA) and Sigma Aldrich (St. Louis, MO). Oxidation states of Mn were
determined using the Mn 3s multiplet splitting method and by examination of the shape
and position of the Mn 3p region as described by Cerrato et al.*®®2 Analyses of C 1s and O
1s peaks were done based on results obtained from other studies.®871%0 The limits of
detection for survey scans were 0.1% and the precision of XPS was +0.1 eV.

Raman Spectroscopy. All Raman spectra were acquired on a WITec Alpha 300R confocal
Raman microscope with 532 nm laser excitation. Samples were prepared as powders on a
glass slides, with the excitation laser focused through at 10x and 50x microscope objective
for a total spot size of ~0.1 micron. Excitation power was held constant at ~150 uW for

all samples. A grating of 600/mm was used with spectral resolution of 0.5 cm™. Each
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spectra has 50 accumulations with integration time of 0.63894 seconds. Spectra were fit
using Project Four software. The spot size was calculated as: NAx A/2; where NA is
numerical aperture and A is laser wavelength. 10x and 50x has a NA of 0.24 and 0.75

respectively. So the sampling depths were 63.84 nm and 199.5 nm.

3. Results and Discussion

Surface Elemental Composition. The near surface (top 5-10 nm) elemental composition
was quantified using XPS survey scan mode (Table 4). The carbon (C) content for the
unreacted sample (MnOx-Control) was 26.2%, likely due to the contribution of adventitious
carbon. For the reacted samples, there is an increase in the percentage C for MnOx-Aniline
(40.9%), MnOx-Phenol (39.4%) and MnOx-Triclosan (39.6%), suggesting the possible
association of the organic compounds to the MnOx(s) surface. Because the parent
compounds have been mostly oxidized when the oxide samples were collected, the surface
associated organics are mostly oxidation products. Similar Mn contents were measured for
MnOx-Aniline (18.7%), MnOx-Phenol (19.9%), and MnOx-Triclosan (19.5%), which are
within 1.3%. In contrast, the Mn content for the unreacted MnOx-Control sample was
25.4%. Consistent with the increase in C observed for all the MnOx reacted sample, the
decrease in its Mn composition suggests that the surface sites of MnOx media are occupied
by the parent organics and their oxidation products. Chlorine is detected only on the surface
of MnOx-Triclosan, at 2.7%, suggesting that triclosan reaction products are associated to
the surface of MnOx. Despite the similar C and Mn content on the surface of the reacted
samples (within 1.5% of each other), the rate of removal of organics and Mn release were

observed to be different. This contrast could be due to differences in reaction kinetics, or
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due to different reaction mechanisms as discussed more extensively in the following
sections. For aniline reacted samples, a slight increase in nitrogen content also indicates
the presence of aniline and its products on the surface of the media.
Manganese (Mn) XPS narrow scans. XPS analyses suggest that Mn reduction in MnOx
occurred given that an increase of Mn(lll) was detected in all reacted MnOx samples
compared to the initial content detected on the unreacted MnOx (control). The XPS Mn 3s
multiplet splitting was obtained for unreacted and reacted MnOx samples, and for Mn(Il),
Mn(l11), and Mn(IV) reference materials (Table 5). The unreacted control sample had a
multiplet splitting of 4.6 eV, which is within 0.22 eV of the multiplet splitting of 4.4 eV
obtained for the Mn(IV) reference. The multiplet splitting of the aniline samples (4.9 eV)
coincides with the Mn(ll1, IV) reference. Additionally, the same multiplet splitting of 4.8
eV was obtained for the phenol and triclosan reacted samples, which is within 0.1 eV of
the Mn(l11, 1V) reference. From the Mn 3s multiplet splitting data in this study, the Mn in
unreacted MnOy has an average oxidation state of 3.7. This value is consistent with other
studies?®°3192_ For example, the average oxidation state of the Mn in birnessite is 3.6 to 3.8
due to the presence of Mn(lll) among the dominant Mn(IV) species.?®1%2 Hence, the
unreacted MnOx is not pure Mn dioxide, with the molecular formula being around MnOz.g
to MnO1.94 .>® The average Mn oxidation states for the MnOx reacted with aniline, phenol
and triclosan are 3.2, 3.4 and 3.3, respectively.

The Mn 3p photopeak for the reacted samples match well with the Mn(lll, 1V)
reference (Figure 3 b-d), suggesting that Mn reduction occurred during the reaction of
MnOx with the organic compounds, and the Mn(l11) concentrations in the surface increased

as compared to the unreacted sample. The shift of the Mn 3p spectra to lower binding
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energy (BE) suggest presence of Mn(ll) in the surface. The photoline for MnOx-Control
closely matches up with the Mn(1V) reference, with some of the Mn(l11) features at around
48.5 eV (Figure 3a). The percent contribution of Mn(1V), Mn(I11), and Mn(ll) in the Mn
3p spectra of unreacted and reacted samples (Figure 3e) was determined based on curve-
fitting and quantification of the Mn 3p narrow scans (shown in Figure S2). This is obtained
by fitting the Mn 3p spectra of the samples with Mn 3p spectra for Mn(ll), Mn (111) and
Mn (IV) pure references. A significant increase in % Mn(ll) can be seen from fitting the
3p spectra of reacted samples, with MnOx-Aniline (16.6%), MnOx-Phenol (11.9%), MnOx-
Triclosan (12.8%) compared to the undetectable amount in MnOx-Control. The average
oxidation state from the curve-fitting was calculated for MnOx-Control (3.7), MnOx-
Aniline (3.3), MnOx-Phenol (3.4) and MnOx-Triclosan (3.3). The data from Mn 3p for
average surface oxidation state of MnOx-Control and reacted species is consistent with the
Mn 3s multiplet data. Thus these results suggest that Mn reduction takes place, with
reduced species (Mn(I11), Mn(l1)) present as adsorbed species after reaction completion.
The presence of stable Mn(l1l) is a notable observation here. Additional C 1s and O 1s
high resolution spectra were analyzed below to better understand the C and O bonding at
the surface of MnOx(s) reacted and unreacted samples.

Carbon (C) and Oxygen (O) XPS narrow scans. Fitting of the C1s and O1s high resolution
spectra was performed to analyze the different types of C and O species present in the near
surface of the reacted and unreacted samples, which are shown in Figure 4. The percent
composition of each C and O species obtained from the fits of the C 1s and O 1s high
resolution spectra are given in Table S1 and Table S2 respectively. The binding energy

positions for the corresponding C and O species observed in this study are consistent with
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those reported in other studies.887191 All the samples were within 1.5% from each other
for the C=0 carbon bonds indicating a lack of ketones/aldehydes on the surface.

The unreacted (MnOx-Control) sample had the highest percentage of secondary
carbon (C*-COx/C*-CNy) on the surface. All the reacted samples showed increase in
aliphatic/aromatic carbon (C-C/C=C), indicating towards increased organic presence on
the surface of MnOx(s) with MnOx-Phenol having the highest (70%) followed by MnOx-
Aniline (65.4%) and MnOx-Triclosan (62.1%). Analyses of the C 1s high resolution XPS
spectra suggest that both MnOx-Phenol and MnOx-Triclosan have similar features,
suggesting similar binding characteristics (all fits for different carbon bonds were within
10% of each other). An increase of 16% was detected on the C-C/C=C bonds and a
decrease of 13% for the C*-COx bonds was detected for MnOx-Aniline as compared to the
unreacted MnOx-Control.

The MnOx-Triclosan and MnOx-Phenol sample had higher percentage of C-OH
bonds detected in the near surface region compared to other samples, particularly an
increase of 8% and 6% respectively compared to control sample, suggesting that phenolic
reaction products are present on the surface of MnOx with association at the para position
of the phenol ring (>MnOx-CsHs-C-OH). However, MnOx-Phenol reacted samples show a
25% decrease in C*-CO bonds while MnOx-Triclosan show a 15% decrease in C*-CO
bonds when compared to the MnOx-Control (11.1% and 8.3% respectively). Additional
XPS analyses were performed on the O 1s high resolution spectra to better understand
oxygen bonding characteristics.

The XPS O 1s high resolution spectra for MnOx-Control showed surface

composition of metal oxide (MnOx) at 55.5%. In contrast, we observed a decrease in MnOx
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bonds on the surface of all the reacted samples with the lowest being MnOx-Phenol at 44%,
followed by MnOx-Triclosan at 48.6% and MnOx-Aniline at 50.6%. This agrees with the
decrease in Mn composition on reacted MnOx surface observed in the survey scans. The
shape of O 1s spectra is similar for the MnOx-Aniline and MnOx-Triclosan. Fitting of these
high resolution O 1s spectra suggest that there was a comparable amount of oxygen double
bonded to N or C (O=N-C/ O=C), in MnOx-Aniline (29.7%) and MnOx-Triclosan (28.4%),
with respect to 30.2 % in the unreacted control. There was an increase in C-OH bonds for
MnOx-Triclosan (14.0%) compared to MnOx-Control (10.3%), which is consistent with the
increase of C-OH bonds seen in C 1s high resolution spectra analysis. These results for
MnOx-Triclosan are consistent with those reported in previous studies which observed the
formation of dioxins, quinones and triclosan dimers after oxidation reaction of
triclosan, 31,936

The shape of the O 1s XPS spectra for MnOx-Phenol is unique compared to all other
samples (Figure 4) given that it has noticeable shoulders at a binding energy range from
530.6 eV t0 535.4 eV. These shoulders result from the contributions of the C-O-O-C bonds
(peak 535 eV) on the surface, which is absent from all other samples. Additionally, MnOx-
Phenol had the highest composition of C-O-C/COOH bonds (13.4%, compared to 4% in
control, 8.4 % in aniline, and 8.0% in triclosan) and C-OH bonds (15.9% compared to
10.3% in control, 11.3% in aniline, and 15.0% in triclosan). This finding in the XPS O 1s
high resolution spectra is consistent with the observed increase of C-OH bonds observed
in C 1s high resolution scans. These results confirm the presence of products of phenol

polymerization associated to the surface after the reaction of phenol with MnOx reported
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in other studies.?>% Additional Raman spectroscopy analyses were conducted to further
analyze the surface of unreacted and MnOx-Phenol reacted samples.

Raman Spectroscopy. Single scan data from various locations on MnOx media for the
unreacted control and phenol reacted samples are illustrated in Figure 5. The presence of
manganese oxide is noticeable with the peak at 610 cm™. The MnOx-Control sample
spectra has peaks at 2900 cm™* corresponding to C-H bonds and the peaks at 1350 cm™ and
1600 cm™ due to diamond and graphite (D and G) bands which could be adventitious
carbon or the acetic acid buffer used for the experiments. Most MnOx-Control single
spectra do not show these carbon bands, apart from in a few single scans which can be
attributed to the acetate buffer used. However, in the MnOx-Phenol sample, the D and G
carbon bands are present in all the Raman spectra, suggesting that organic groups are
present in the MnOx surface. This observation is consistent with the XPS data discussed in
the previous subsection. It is important to note that Raman spectroscopy scans cover a
depth of up to 200 nm, suggesting the possible incorporation of phenol or its oxidation
products’’ into the surface of reacted MnOx. It is possible that the continuous oxidation of
phenol in the reacted MnOx surface results in the reduction of Mn to form both Mn(I11)
associated with the solid surface and soluble Mn(l1) which could re-adsorb to the surface
or be released into solution. Surface layers could result from the interaction of reduced Mn
and adsorbed organics as the coupling of phenol on the surface results in larger and
increasingly hydrophobic polymers’’. Further measurements of Mn(ll) dissolution and
removal of organic compounds from the reaction experiments were performed and

discussed below.
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Solution Chemistry Analyses. The removal of organic compounds by MnOx media was
analyzed (Figure 6b) and fit according to first order kinetic modelling (Figure 6c). After
the initial rapid removal of organic compound (upto 99.9% removal in first 5 minutes)
which occurs due to rapid sorption onto un-hindered surface sites and subsequent faster
oxidation®, the removal of organics slows down and shows a good fit to first order kinetics
with R squared values greater than 0.98. This slowdown is due to lack of reaction sites and
MnOx surface passivation due to Mn reduction discussed further in the next paragraph.
Aniline shows the fastest initial removal as the amount of aniline, phenol, and triclosan
remaining at 5 min was 6.74, 13.41, and 12.30 umol/L, respectively. After 5 mins, the
aniline reaction rate slows down compared to phenol and triclosan, with Kanitine = 1.1 h™.
Both Phenol and Triclosan reacted sample show similar organic removal characteristics
with rate constant (5 minutes onwards) of Kphenol = 3.5 h™* and Kiiciosan = 3.7 h™. Thus, aniline
was still remaining in the reactor (3 pM) while phenol and triclosan were not detected in
the samples after 24 hours. This can be attributed to the inhibition of redox reaction
between MnOx media and aniline due to increased presence of Mn(ll) on MnOx surface,
which is discussed in the following paragraph.>

The Mn released into the aqueous solution for aliguots taken at timed intervals for
the different batch reactors were measured using ICP-MS and are illustrated in Figure 6a.
Given that these experiments were conducted under ambient conditions with limited
complexing agents, we assume that the Mn released into solution is mostly Mn(ll) as
suggested in other studies.?>* Compared to the rapid disappearance of the organic from
the solution, the data shows that the rate of Mn release is much slower in the first 120

minutes for MnOx(s) reaction with aniline, triclosan, and phenol (Figure 6b). MnOx-
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Aniline has the highest Mn release which initially fluctuates up to 50 minutes, after which
released Mn increases logarithmically towards a steady state value of 23 umol/l after 24
hours. This fluctuation can be attributed to two reasons; First, there is rapid reversible
adsorption of reacted aniline and reduced Mn onto MnOx(s) and transformation of Mn(ll)
to Mn?*(aq) resulting in release of Mn into solution as suggested in other studies.?®%> As
these reversibly adsorbed compounds are released, the aqueous Mn along with other
organic compounds are able to re-adsorb on the freshly available surface sites. This process
continues until all the surface sites are saturated (irreversibly occupied).?62® This finding
of the highest Mn dissolution is consistent with Mn surface oxidation state being the lowest
for MnOx-Aniline and the decrease in Mn % in the survey scans. Secondly, this is due to
the faster initial oxidation rate of aniline than that of phenol or triclosan, resulting in a
greater amount of Mn?* formed initially. Note the starting concentrations of aniline, phenol,
and triclosan are between 990 and 1000 pumol/L. Assuming 1-electron transfer between
MnOy and the organics, it means by 5 min, greater than 99.9% of organics have been
oxidized, yet only a small fraction of Mn?* have been released to the solution, while
majority of Mn?* are still surface associated, as seen by the increase Mn(ll) in Mn XPS
narrow scans. Furthermore, the slowing of aniline removal and observation of aniline in
reactor after reaction completion can be attributed to inhibition due to the higher Mn(Il)
concentration in solution (as seen above) and on surface seen from Mn 3p fittings.
MnOx-phenol had the next highest Mn?* release with a logarithmical increase from
2 umol/l Mn?* after 5 mins to 18.3 umol/L Mn?* after 24 hours. However, limited

fluctuations on Mn released into solution were observed for MnOy-phenol experiments,
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unlike the aniline reacted experiments. This can be attributed to the strong adsorption of
reduced aqueous Mn to MnOyx.?®3! MnOy-Triclosan reacted samples had the least Mn
release with a linear increase from 0.1 umol/l Mn after 5 mins to 15 umol/l Mn released
into solution after 24 hours. Previous work has shown that phenol is more reactive than
triclosan towards oxidative transformation by MnO, 3! so the reactivity of the organics is
not the reason for the observed difference in the soluble Mn released. Despite being
phenolic, the low Mn dissolution of triclosan could be due to the electronic withdrawing
effect of meta-substituted chlorine and steric hindrance of the large substituent at the ortho
position (2,4-dichlorophenolate).?®31:% Although the pKa of triclosan (pKa=7.9) is lower
than phenol (pKa=9.9), triclosan (log kow=4.76) is more hydrophobic than phenol (log
Kow=1.47) which could result in stronger surface binding.3* Additionally, triclosan and its
oxidation products are greater in size than phenol (and its byproducts) resulting in more
surface sites being blocked by triclosan and its oxidation products. While the XPS Mn 3s
and Mn 3p analyses suggest that MnOx-Phenol and MnOx-Triclosan have the same
oxidation state, XPS survey scans show a significant increase in C% and decrease in Mn%
for MnOx-Phenol compared to MnOx-Triclosan. This indicates greater availability of
reactive surface sites in MnOx-Phenol compared to MnOx-Triclosan which causes the
higher association of carbon groups and dissolution of Mn in MnOx-Phenol. Thus, these
observations suggest that the amount of available surface binding sites is the rate limiting
step for oxidation of organic compounds and, subsequently, for re-sorption/re-oxidation of

aqueous Mn onto MnOxy as suggested in other studies.?*%
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4. Environmental Implications.

The results of this study emphasize the importance of solid surface analyses in further
understanding the different oxidation states of Mn and the bonding of organic groups that
take place during the reaction of MnOx with organic micropollutants. Different changes in
the oxidation state of Mn in the MnOx surface were observed for the reaction with aniline,
triclosan, and phenol, indicative of differing mechanism or pathways of surface reactions
for different organic groups. Although previous studies had stated that Mn(l11) is unstable
and only present as a transition oxidation state, the results obtained suggest that Mn(I11)
was stable in the experiments performed and that it was possible to detect its increase in
the surface of MnOyx solids after reaction with organic compounds with XPS
analyses.?%°%1%3 Another possibility is that Mn(l11) in the surface is present in the Mn-
bearing solid phases as observed in other studies®®°1>® Additional research is needed to
identify these specific Mn(l11)-bearing solid/soluble phases.

The reduction of MnOx solids [resulting in the increase of Mn(lI1) and Mn(Il) on
the reacted surface of MnOx media coupled with the release of Mn?* into solution] after the
reaction with different organic compounds indicates that these solids act as oxidizing
agents, not merely catalysts (that is, MnOy is consumed) during these oxidation reactions.
The laboratory experiments and surface analyses presented in this study have important
implications towards better understanding biogeochemistry of Mn in both natural and
engineering system, and water treatment processes that apply MnOyx solids to remove
organic micropollutants. For instance, it is necessary to further understand the role of
Mn(l11) in the reactivity and oxidation abilities of MnOx. Additionally, the presence of

adsorbed organics and the possible incorporation of these organics into the structure of
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MnOxy solids, as suggested by XPS and Raman spectroscopy analyses, could play an

important role in the reactivity and transport of these organic micropollutants.
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Table 4. XPS survey scans for MnOx control and reacted samples.

Cls% O1s% Mn2p% N1s% Cl2p%
262 479 254

MnOx-Control + 6 + 9 + 6 BDL BDL
. 40.9 38.6 18.7 1.4
MnOx-Aniline +3 +1 +3 113 BDL
39.4 40.0 19.9 0.1
MnOx-Phenol +6 +3 Y4 +06 BDL
39.6 37.1 195 0.1 2.7

MnOx-Triclosan | ¢ + 92 +5 +06 +0.2

4 BDL = Below Detection Limit (<0.1%)
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Table 5. Results for XPS Mn 3s multiplet splitting for: a) Reference Mn oxides; and b)

control and reacted samples. Curve 1 and curve 2 corresponds to the position/binding

energy of °S and ’S for each sample.

Curve1l:  Curve 2 Multiplet
Sample Mn 5S Mn 'S Splitting
(eV) (eV) (eV)
a)
MnO; Mn(ll)  89.10 83.40 5.69
8 Mn20s; Mn(Ill) ~ 88.52 83.20 5.33
[¢B]
(D)
° Li Mn(I11,IV)O  88.94 84.05 4.90
MnO2; Mn(lV)  88.89 84.52 4.38
b)
MnOx-Control ~ 88.99 84.36 4.63
3 MnOx-Aniline 88.94 84.00 4.94
o
£
» MnOx-Phenol 88.77 83.99 478
MnOx-Triclosan  88.93 84.12 481
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Figure 3. Mn 3p photo-peak for: a) MnOx-Control (unreacted); b) MnOx-Aniline; c)
MnOx-Phenol; d) MnOx-Triclosan; and e) Percent composition of Mn 3p spectra by fitting
Mn(I1), Mn(111) and Mn(IV) reference spectra. Note that the spectra for unknown samples
are shown in red, and for the Mn(ll), Mn(lll), and Mn(IV) references are shown in

grayscale
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Figure 4. Fitting of XPS C 1s and O 1s spectra with corresponding types of carbon and

oxygen bonds based on their signature binding energy for: @) MnOx-Control; b) MnOx-
Aniline; ¢) MnOx-Phenol; and d) MnOx-Triclosan. The black dotted line corresponds to
XPS data for unknown samples, solid lines correspond to the different types of carbon or

oxygen bonds and solid green lines correspond to the composite curve of these bonds.
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Figure 5. Raman spectra (a) MnOx Control (unreacted); and (b) MnOx Phenol samples.
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Figure 6. Results from batch
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Appendix A
Supplementary Information for Spectroscopic Investigation of Interfacial

Interaction of Manganese Oxide with Triclosan, Aniline, and Phenol

Text S1. Synthesis of §-MnOz. The 5-MnO- solids used for this study were synthesized
using a similar procedure to that followed in previous papers (Taujale et al., 2012). Briefly,
in a large beaker, 2L of DI-water were sparged with N2 gas for about 2 hours. From this
sparged water, 360 ml was removed and used it for solution preparation by adding: 80 ml
0.1M KMnOg, 160 ml, 0.1M NaOH. Throughout a period of 3 hours, 120 ml of 0.1M
MnCI, were added while the solution was continuously stirred.

Particles of MnOx particles were allowed to settle. The supernatant was removed and
replaced with pure DI-water. Particles were then rinsed by stirring again and allowed to
settle. This procedure was repeated until the aqueous supernatant reached a conductivity
of less than 2 uS cm™. The final volume of suspension was adjusted to 1L, resulting in a

final concentration of 0.02M MnO> concentration.
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Table S1. Percentage (%) surface carbon bonds composition from C 1s from high

resolution spectra fittings.

BE-> 284.7 285.6 287.2 288.5

C-C/C=C C*-C-Ox C-OH C=0
MnOx-Control 49.3 35.9 6.7 8.1
MnOx-Aniline 65.4 235 3.6 1.7
MnOx-Phenol 70.0 11.3 12.5 6.1
MnOx-Triclosan 62.1 21.0 14.2 6.6

Table S2. Percentage (%) surface oxygen bonds composition from O 1s from high

resolution spectra fitting.

BE-> 529.6 531.2 532.5 533.7 535.0
mnox 005 coH IS TRio
MnOx-Control 55.5 30.2 10.3 4.0 BDL
MnOx-Aniline 50.6 29.7 11.3 8.4 BDL
MnOx-Phenol 44.0 21.3 15.9 13.4 5.4
MnOx-Triclosan 48.6 28.4 15.0 8.0 BDL

BDL — Below detection limit
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Figure S1. Summary of the batch reaction experiment conditions and reactors for this study
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Figure S2. Fitting of XPS high resolution Mn 3p spectra for replicate samples with
reference Mn(1V), Mn(l11), and Mn(l11) spectra for (a) MnOx Control (b) MnOy Aniline (c)
MnOx Phenol (d) MnOx Triclosan samples. The samples are shown in red spectra while the
fittings are shown as Mn(1V) component (black dash-dotted line), and Mn(111) component

(brown dotted line) and Mn(Il) component (grey solid line).
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Figure S3. Fitting of C 1s high resolution XPS spectra for replicate samples of (a) MnOx
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the different types of carbon bonds.
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Appendix B
Preliminary Investigation of the Effect of Surface Area and Metal Impurities on

MnOx(s) for the Removal of BPA

1. Introduction

Bisphenol A (BPA) was widely used as a plasticizer in the polymer production
industries and has been found to be estrogenically active with endocrine disruption shown
in vivo in uterotrophic assay of BPA exposed immature rats.? Structurally similar
compounds such as BPF and BPB have also shown disruption.!® Incomplete removal at
current wastewater and drinking water treatment plants has been seen, with the detection
of these micropollutants in their effluent streams. Thus, there is a need for effective
removal technologies for synthetic organic micropollutants like BPA.

Manganese oxides (MnOx(s)) are some of the most abundant oxides found in soil
and sediments. Their redox activity, low point of zero charge and high surface area make
them an important part of the bio-geochemical cycle of many compounds, nutrients and
contaminants. Mineralogy of MnOx is varied due to the various oxidation states of Mn,
but birnessites are the considered the most common mineral form of MnOx. Previous
studies show that, in laboratory conditions, the organic micropollutants react with MnOx
resulting in reductive dissolution of Mn and oxidation of organic groups. However little is
known about the effects of surface area, co-solutes and impurities on MnOyx surface on its
reactivity with organic micropollutants. Lin 87 and Lu 8 study the oxidation of BPA and
BPF (respectively) by MnOx with change in pH, humic acid concentration and cations

(Ca?*, Mg?*, Mn?"). The potential effects on adsorption, reaction and subsequent release
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still needs further exploration. Additionally, most studies utilize synthesized media which
are pure and not representative of the manganese oxides present naturally.

The objective of this study was to evaluate the effect of surface area and metal
impurities on commercially available MnOy for the removal of BPA using spectroscopy
and aqueous chemistry techniques. A secondary objective was to investigate changes in
Mn oxidation of MnOx(s) and interactions at the solid-water interface with BPA using X-
ray photoelectron spectroscopy (XPS).  Synthetic (with limited impurities) and
commercially available MnOx(s) with different surface areas were used to perform this
research which provides relevant insights about the applicability of these MnOx(s) for
treatment of organic micropollutants. Additionally, the results from this study are relevant
to better understand chemical interactions of MnOx(s) and organic compounds in natural

and engineered systems.

2. Materials and Methods

2.1. Materials.

Bisphenol A (>99% purity) was purchased from Sigma Aldrich (St. Louis, MO).
Commercial MnOx(s) (Com-MnOy) (purchased from Layne Co., TX) is a MnOx(s) filter
media, which is used to remove inorganics from drinking water. Pure (>99%) manganese
oxides (MnO, Mn203, MnO2 and Mn (111,1V) oxide) were purchased from Strem Chemicals
(Newburyport, MA) and Sigma Aldrich (St. Louis, MO). All other chemicals where bought
from VWR or Thermo Fisher with >90% purity and used without further purification. Delta
manganese dioxide (6-MnOy) was used in this study, as it is considered analogous to

birnessite.*>*® Birnessite is the naturally abundant form of manganese oxide and
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structurally arranged as edge sharing MnOe octahedra with mixed valent manganese
centers.>® The §-MnOx (Syn-MnOx) was synthesized as done by Taujale and Zhang "

reacting KMnQOs and MnCl; in basic conditions.

2.2. Batch Experiments.

Bisphenol A reaction with MnOx(s) was studied to examine the impacts of solutes and
impurities on the net release of manganese into solution and degradation of BPA. First,
batch experiments were conducted with ImM BPA reacting with 10mM Syn-MnOx or
10mM Com-MnOx (in separate reactors) in ultrapure water at pH 5.5 (phosphate buffer).
0.01mM NaCl was added to the reactors to maintain ionic strength. The pH 5.5 was chosen
to keep the study at relevant pH to natural and engineered systems while being low enough
for the reaction to be appreciably completed within the experimental time-frame. Liquid
samples, 10 ml filtered through 0.45 microns, were taken at timed intervals (5, 15, 30, 45,

90, 180 mins and 2 days) to evaluate the dissolved Mn and BPA residual.

2.3. Adsorption Experiments.

The reactors for kinetic experiments were set up in 60 ml screw-cap amber bottles with
Teflon caps. Reactors were placed on magnetic stir plates and stirred continuously at 22+3
°C. 25 mM acetate buffer was added to adjust pH of reactors to 5.0 (£0.1). In order to
obtain constant ionic strength, 0.01 M NaCl was added to the reactors. The concentration
of Syn-MnOx or Com-MnOy in the reactors was 100 M. 50 pl of BPA stock solution (10
M) was added to the reactors to initiate the reaction. The reaction course at these different
time points were monitored by following two different approaches to quench kinetic

reactions. First, the reaction aliquots were collected in clean centrifuge tubes, centrifuged
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at 13400 rpm for 15 minutes, filtered into HPLC vials for analysis. Second, reaction
aliquots were collected in centrifuge tubes that contained NaOH in order to increase pH to

10.0, centrifuged and filtered.

3. Results and Discussion

3.1. BPA Removal

The removal of BPA by different MnOx(s) media was assessed. Figure S6 illustrates the
data for residual BPA concentrations over time. As expected, the control samples for both
Com-MnOx and Syn-MnOx showed no BPA concentrations, and BPA remained stable in
absence of MnOx(s) under the employed experimental conditions. The reacted samples
showed rapid BPA removal initially, with 67% and 61% of BPA removed in first 15 mins
for Syn-MnOyx and Com-MnOxy respectively. As the reaction proceeds from 15 mins
onwards, BPA removal followed first order kinetics with rates of 1.1 hr-1 and 0.0056 hr-1
and removal efficiency of 99.8% and 71% for Syn-MnOx and Com-MnOx respectively.
The removal was likely caused by adsorption and oxidation of BPA on MnOx media as
reported in other studies.?®®” The rapid initial removal can be attributed to rapid oxidation
of BPA on the available surface sites. The oxidation rate is the limiting step in this phase
of reaction. As the reaction proceeds, the surface sites get occupied irreversibly by
oxidation products and reduced Mn, resulting in adsorption being the rate limiting step.
Thus we see 2 distinct phases of BPA removal rates.

The data from the adsorption experiment show that similar overall BPA removal efficacy
of 95% and 75% for Syn-MnOx and Com-MnOx respectively. Figure S7 shows that BPA

removal was mainly due to oxidation in case of Com-MnOx, while Syn-MnOx had retained
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un-oxidized BPA on its surface, which was released by an increase in pH by addition of
excess NaOH. MnOx has a high sorption capability, with sorbed BPA and redox products
occupying the surface sites, resulting in surface passivation as the reaction proceeds. The
amount of BPA removed by sorption also followed first order kinetics with maximum
adsorbed BPA on MnOx at 34 uM BPA / mM MnOxy for Syn-MnOy, and 3.3 uM BPA /
mM MnOyx for Com-MnOx. This difference can be attributed to the lower surface area of

Com-MnOx (13.8 m?%/g) compared to Syn-MnOx (128.3 m?/g).

3.2. Soluble Mn Release to Solution

The liquid samples from the reactor taken at timed intervals; results are illustrated in
Figure S8. The Syn-MnOx media reacted with BPA showed exponentially increasing
release of Mn, with final value of 14 mg/| after 2 days. Com-MnOx reacted sample, showed
a rapid increase, but not to the scale of Syn-MnOxy, with the final value of 1.1 mg/l after 2
days of reaction. This increasing presence of Mn in reactor and data from solid analysis
suggests towards reductive dissolution of Mn in MnOx media. The variation of Mn release
for the two media is proportional to the surface area of the media, with an order of
magnitude difference in surface areas and Mn in solution respectively. Thus, these data
suggest that the amount of available surface binding sites is the rate limiting step for
oxidation of BPA and, subsequently, for re-sorption/re-oxidation of aqueous Mn onto

MnOx as suggested in other studies.?*°"%

3.3. Surface Area, Elemental Composition, and Structure of MnOx(s)
The surface area from BET was 13.6 m?/g for Com-MnOx and 128.3 m?/g for Syn-MnOx..

The X-ray diffractogram) showed that the MnOx was poorly crystalline with structural
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similarities to birnessite and todorokite. Table S3 shows the bulk elemental composition
of Com-MnOyx and Syn-MnOyx media. Al (10%), Fe (9 %) and Si (7%) are the most
abundant impurities in the Com-MnOx media, Mn content was at 71%. The Syn-MnOx did

not show any other metal impurities and thus considered pure 6-MnOx.

3.3.1. Near Surface Elemental Composition

The survey scan of the top 5-10 nm (near surface) using the XPS was carried out for the
unreacted (control) and BPA-reacted media (Com-MnOx and Syn-MnOy) to quantify the
surface elemental composition. The carbon content (C 1s) for control Com-MnOx was
46.8% and for control Syn-MnOx was 38.8%, likely due to the contribution of adventitious
carbon. In contrast, there was an increase in C 1s for both reacted Com-MnOyx and reacted
Syn-MnOy with 60.9% and 60.4% respectively, suggesting the possible association of
organic compounds to the MnOy surface. Since the MnOx samples were collected to be
analyzed after the reaction had been sufficiently completed, the parent compound (BPA)
has been mostly oxidized, with oxidation products remaining associated to the MnOx
surface. The scan of the control and reacted Com-MnOx samples shows the presence of Al
and Si in the surface confirming the presence of impurities in Com-MnOx. A decrease in
Al in the surface of reacted Com-MnOy samples (2.8%) compared to 5.1% in control Com-
MnOyx samples was observed, while the Si content showed a slight decrease in reacted
Com-MnOx samples (3.2%) when compared to 3.7% in control Com-MnOy samples. A
significant decrease in Mn is seen in Syn-MnOy, from 11.7% in control Syn-MnOx samples
to 6.2% for the reacted Syn-MnOx samples. The Mn content in control Com-MnOx sample

1.9% showed a slight decrease when reacted with BPA, reacted Com-MnOx samples at

57

www.manaraa.com



1.4%. Additional analysis on narrow scans of the Mn 3s and Mn 3p spectra was carried out

to investigate the Mn oxidation state.

3.3.2. Oxidation State of Mn in MnOx(s)

A similar method to that presented in Chapter 3 was used to determine Mn oxidation states
in this appendix. Mn 3s multiplet splitting, which is a feasible method for determining Mn
oxidation,*®®% was obtained from XPS narrow scan on the control and reacted samples, and
the reference materials for Mn (1V), Mn (111) and Mn (Il) oxides (Table S4). The data
shows an increase in splitting values for reacted Syn-MnOx (4.82) compared to 4.63 for
control Syn-MnOx, and similar increase for reacted Com-MnOx (4.68) compared to 4.47
for control Com-MnOx. Correlating the values to reference Mn data, the value of 4.82 for
reacted Syn-MnOxy is within 0.08 eV of the Mn(ll1, 1V) reference and the value of 4.47 for
control Com-MnOx is within 0.09 eV of the Mn(IV) reference. The increase in multiplet
splitting for reacted samples suggests reduction in Mn oxidation state. On comparison with
Mn reference data, the average surface Mn oxidation state for control Syn-MnOy was 3.7
and control Com-MnOx was 3.8, consistent with data from other studies of 3.6 to 3.8 for
unreacted birnessite.?%°3192, The average Mn oxidation state for reacted Syn-MnOx was 3.5
and for reacted Com-MnOx was 3.6 which indicated reduction of Mn on the surface. In
spite of the impurities on surface of Com-MnOy, it had a higher Mn oxidation state for both

control and reacted samples compared to Syn-MnOx.

4. Conclusions
a) Release of Mn was proportional to surface area available. However, BPA removal was

not proportional to surface area.
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b) Impurities on MnOx(s) surface such as Al and Silicon oxides decrease the BPA removal
efficiency, but also reduces Mn dissolution by occupying surface sites.

c) An increase Mn (I11) and Mn (1) was detected in the surface of MnOXx(s) using XPS
analyses, suggesting that Mn in the surface was reduced when reacted with BPA and
reduced species are associated to the MnOx(s) surface. Future research should determine if

reduced Mn(l11) and Mn(Il) is adsorbed and/or incorporated to the solid MnOx(s).
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Table S3. Summary of characteristic of MnOx media used in this study. @ Multipoint — N2

BET; P data from X-ray Fluorescence (XRF); ¢ data from SEM/EDS

Com-MnOx Syn-MnOx
Specific surface area (m?/g) @ 13.6 128.3
Elemental composition (%0)
Manganese 71.2° 99.9°¢
Aluminum 9.65° -
Iron 8.97P -
Silicon 6.88° -
Potassium 1.34° -
Titanium 0.425° -
Barium 0.367° -
Calcium 0.302° -
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Table S4. Mn 3s multiplet splitting results for a) Reference Mn oxides and b) control and
reacted samples. Curve 1 and curve 2 corresponds to the position/binding energy of °S and

’S for each sample.

sample IVCI:uSrve 1: Cu7rve 2: Mn I\/_Iu_ltiplet
n>S (eV) S (eV) Splitting (eV)

al MnO; Mn(I1) 89.10 83.40 5.69
g Mn20z; Mn(111) 88.52 83.20 5.33
E Li Mn(111,1V)O 88.94 84.05 4.90
MnO2; Mn(1V) 88.89 84.52 4.38
DY syn-MnO«Control  89.40 84.77 4.63
8 Syn-MnOx Reacted 89.27 84.45 4.82
§ Com-MnOx Control 87.04 82.57 4.47
Com-MnOx Reacted 87.93 83.25 4.68
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Figure S6. HPLC-ECD data for residual BPA in aliquots from batch experiments (n=2) of
solutions reacted with Commercial MnOx and Synthesized MnOx(s) taken at t= 0.1, 5, 15,
30, 45, 90, 180 and 2640 mins. Reaction conditions were 10 mM MnOy, 1 mM BPA, 10

mM NaCl and pH 5.5.
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Figure S7. BPA removed by oxidation and adsorption vs. BPA removed by oxidation

alone. Reaction conditions: 100 uM MnOy, 10 uM BPA, 10 mM NacCl, pH 5.0
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Figure S8. ICP-MS data for Mn release into solution from batch experiments (n=4) for a)
Synthesized MnOx and b) Commercial MnOx for reacted samples taken at t= 5, 15, 30, 45,
90, 180 and 2640 mins. Reaction conditions were 10 mM MnOx, 1 mM BPA, 10 mM NaCl
and pH 5.5. The crosses represents MnOyx reactors without any BPA.
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