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Abstract

Uranium is one of the mostetectedradionuclides inaquatic systemsReductive
immobilization and adsorption have been commonly practicegmoveuraniumfrom
water In this study, CMGstabilized iron sulfideKeS nanoparticleand FeS modified
zerovalent iron FeS@F® nanoparticles were synthesized to remb\V1) from water
through concurrent reduoth and adsorptionBoth types ofnanoparticles exhited high
reduction reactivity towardsU(VI). A retarded firsiorder kinetic modelwas able to
interpret the kinetic datalhe materials were able to perform well undemulated
groundwater chemistry conditionSpectroscopic and extraction studies revealed tleat th
main removal mechanism of U(Mljasdue toconcurrent reductive conversion of U(VI)
into U(IV) and adsorption of uranyl cations ontbe nanparticles. The immobilized
uranium remained stable over prolonged periods of time under simulated groundwater

conditions

Activated carbon fiber supported titanate nanotubBE 6 @ACH was prepared based
on commercial activated carbon fiber and ZIONTs@ACFcombinethe meritof TNTs
and ACFE andwas able tesimultaneouy remove U(VI) cations an@-chlorophenol (2
CP). TNTs@ACF exhibitedsynergisticadsorption towards U(VI) and-@P when both
contaminants were garesent The synergistic effect iattributedto concurrent surface

comp |l e x a tcatianimteractiodsof U(VI) and 2CP on the matal surface.

CMC-FeS FeS@F& and TNTs@ACF hold the potential to facilitate reductive
removal of U(VI) angimultaneous removaf metals/radionuclides and organic pollutants

in contaminated water and soil
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Chapter 1. Background and Introduction

1.1. Uranium contamination in water and soil

Uranium, as a primary radionuclide, occurring both naturally attropogenically
The major sources aodnthropogenicradionuclides are uranium mining and refining,
nuclear energy power plants, nuclear weapon production and testing, radioactive wastes
disposal, and nuclear accidents (Hu et al., 2010). A survey of 18 Department of Energy
(DOE) facilities reported that uramm concentration in groundwater can reach up to
1.7¢10° (Riley and Zachara, 1992), while uranium concentration in soil varies from 0.3 to
11.7 mg/kg based on an effects of atomic radiation study conducted by United Nations
Scientific Committee(UNSC) (UNSQ993). The maximum contamination level (MCL)
for drinking water of uranium was regulated to be 30 /L tye United States

Environmental Protection Agency (USEPA) in 2q@allegos et al., 2013)

1.2. Reductive immobilization ofU(VI)

Toxicity and mobility of uraniumare closely associated with its valent state.
Hexavalent uranium is mobile and more toxictire environment, while tetravalent
uranium is less toxic due to the sparing solubility and formation of precipitate, for example
uraninite (Bi et al., 2013). Thude redox conditions of subsurface environment has great
impact on the uranium transport and fatelreductive immobilization of U(VI) to sparsely
soluble U(1V) is widely considered as a promising and effective uranium remediation
technology in groundwatdLt.iu et al., 2018;Shao et al., 2015; Veeramani et al., 2013).
Zero valent iron (ZVI) nanoparticle is proven to be one of the most effective reductants for

uranium clearup due to its large specific surface area, strong reducing power, low cost

1



and easy m@gnetic separation (Li et al., 201Zhao et al., 2016 However, ZVI tends to
aggregate into largescale particles due to the infearticle van der Waals forces and
magnetic dipolar interactions (Zhao et al., 2016); in addition, ZVI is not
thermodynamially stable in water and easily oxidized by water and dissolved oxygen
(Henderson and Demond, 2013, Fan et al., 2016). The aggregation and rapid loss of ZVI
lower its reactivity and selectivity for uranium reduction. Iron sulfide (FeS) is another
effective nanoparticle for the uranium remediation through sorption and reduction in the

past decade (Hua and Deng, 2008; Hyun et al., 2012; Shao et al., 2016).

Compare to ZVI, FeS does not necessarily undergo anoxic corrosion in water and can
provide redox buffecapacity for reduced uranium (Carpenter and Hayes, 2015; Henderson
and Demond, 2013). It has higher electronegativity (5.02 eV) (Xu and Schoonen, 2000)
than that of F&(4.04 eV) (Pearson, 2008) and good electron conductivity resulting from
low bandgapky = 0.1 eV) (Du et al., 2016). FeS is also reported teelaalower pH of
point of zero charge (pHd) (as low as 2.9) (Widler and Seward, 2002) than that f Fe
(7.5) (Su et al., 2015), which can facilitate the metal cationic sorption through eleatrostati

attraction forces.

Recently, sulfidation of nZVI (81ZVI), which inherits the merits of both Fand FeS,
is reported to be a promising technique fof Feprovement with higher reactivity,
selectivity towards contaminants over water and leSadgregéon; meanwhile, $iZVI
possibly retains the magnetic property of &ed provide oxidation buffer capacity (Fan et
al., 2014; Fan et al., 2017; Gong et al., 2017; Li et al., 2017). The synthesis metheds of S
nZVI can be divided into two categories: estep and twestep methods, while the main

sulfur source is sulfide or dithionite (Li et al., 2017). In the commondiep method,



before the second sulfidation step, synthesiz€dwas first collected after washed with
water and then freezdried or vacuundried. This process would probably waste
considerable portion of reducing power of’Fand is also not practical for fiektale
application due to the complexity dfie synthesis process. Moreover, the subsequent
sulfidation process depends on toerosion of FEby water to produce Eeand then react

with S* to form FeS precipitation, which is a slow process and also not practical. Therefore,
it is imperative to establish a new class of synthesis method that can facile synthesize the
coreshell structured $ZVI particles without wasting the reducing power and the

complexity ofthemethod.

Nanoparticle aggregation limits its reactivity, mobility, and deliverability inetarget
contaminant zone (Fan et al., 2016; Zhao et al., 2016). The nénolgpaggregation can
be gredy improved with the application of stabilizer. For example, polysaccharides, such
as starch and carboxymethyl cellulose (CMC) were found highly effective in stabilizing
zerovalent iron (ZVI) and offer both greater reactyvénd soil deliveability (He and Zhao
2007; He et al., 2007). However,etrapplication of stabilized iron sulfide for U(VI)

removalis yet to be studied.

1.3. Adsorption of U(VI) by titanate nanomaterials

Among the studied remediation technologies fornuna removal from water,
adsorption is often preferred for its easy operation and lower cost, and adsorbents of rapid
kinetics and high capacity have been consistently sought (Liu et al., 2016). Titanate
nanotubes (TNTSs) imtensively studied foheavy méal remediation due to the unique

adsorption properties, such as high adsorption capacity, pH tolerance, easy separhtion



regeneration. Liu et al. (2016a) studied the adsorption of U(VI) by TNTs and found the

adsorption capacity can reach to 333 mg/g.

In some contamination sites, radionuclidesexistwith other chemical pollutants.

Riley and Zachara (1992) studied the chemical contaminations on DOE lands and found
that chlorinated hydrocarbons are one of the most coexisted pollutants with radionuclides
Thus, technologiesfor simultaneous removal of radionuclides and chlorinated
hydrocarbonsare highly needed. Recently, Liu et al (2016b) modified the TNTs with
activated charcoal (AC), which is composed of an activated charcoal core and a shell of
carboncoated titanate nanotubes, and showed excellent adsorption capacity and photo
regeneration for phenanthrene (model petroleum hydrocarbons). Therefore, it is promising
that activated carbon modified TNTs could achieve simultaneous removal of U(VI) and

chlorinated hydrocarbons from wastewater.

1.4 Factors affecing uranium removal

Geochemical constituents, pH, dissolved oxygen (@Omplexsubstances, and iron

contentcan control the mobility of uranium (Nolan and Weber, 2015).
1.4.1 pH

Solution pH is a simple but of great importance property that masters several aspects
related to uranium immobilization and mobilization proceSsst, pH controls the
speciation andolubility of uraniumFig. 1-1 depicts the uranium speciation as a function
of pH. At different pH, U(VI) exists as different species and uranys gany different
charges when the pH increases from acid to basic, which would affect the affinity of U(VI

to particles surface (Liu et al., 2016). Meanwhile, pH also controls the solubility of uranium



as depicted irFig. 1-2 (data obtained from MINTEQ 3.0). Uranium has relative higher

solubility at acidic and basic pH, whillkee lowest solubility occurs arau neutral pH.
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Fig 1-2. Solubility of U(VI) species as a function of pH.

Second, soil minerals and organic matter always Gestyface charge and the charge
is also pHdependent. The pH at which surface positive and negative ctemgeled out
is calledthe point of zero chargepfpz). When pH belowHp,, minerals or SOM would
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be positively charged; when pH abop#p.c the surface charge would become negative.
The different surface charge will ultimately affect the interactidwéen uranium ion and

soil, either attraction or repulsion (Maminéajany et al., 2009)

Third, redox reactions are always accomplished witifOH production or
consumption, and change pH will favor or inhibit the reaction. For exargple(1-1)
represets the U(VI) reduction to U(1V) and higher pH will favor the formation of sparsely

soluble U(IV) and immobiliz&iranylions.

UO2 + 26+ 4H"  U* + 2H,0 (1-1)

Last, microbial activities, especially under anaerobic conditionsaanenportant
pathway to naturally reduce U(VI) to U(IV). Whillkee growth of microorganisms requires
an appropriate pH range, an extreme pH aiflect the uranium immobilization proces
via inhibiting the microbial activities. He et al. (2008) studied the effect of pH on the
electricity generation from a microbial fuel cell (MFC) and found the MFC works best
between pH 8 and 10, and lower or higher pH would inhibitdke of the reaan. Thus,

a proper pH neexto be maintained to maximize the biotic reduction/immobilization of

uranium.
1.4.2 Redox reaction

As mentioned above, uranium mainly exists as IV and VI valent state, while 1$(VI)
more mobile and toxic and U(IV) readily pipitates as sparingly soluble minerals, such
as UQ. Therefore, the redox reactiotisat govern the valent state of uranium could
directly affect the immobilization/mobilization process. Here, the redox reactions from

biotic and abiotic sources are seperadiscussed.



1.4.2.1Biotic

Under anaerobic conditions, U(VI) can be reduced by microorganisms, such as sulfate
reducing bacteria, to form UkH >O (Abdelouaset al., 2002). In another situation,
bacterial will not directly reduce V() ; instead, Fe(lll) and SG4would be reduced first
and finally form iron sulfide according &qs. (1-2) 1 (1-4). It is reported that U(VI) could
be reductively immobilizé by iron sulfide and the excess iron sulfide can serve as a redox
buffer to control the uranium remobilization process (Abdelouas et al., 1999; Abdelouas et
al., 2000; Zhao et al.,, 2013). However, the subsurface conditions keep changing and
anaerobic conditiongould not be kept all the time, so under oxic conditions biotic
reduction is limited and reduced form uranium are exposed to reoxidation and

remobilization.

Feé*+e Fé&* (1-2)
SQZ+8e+8H S +4HO0 (1-3)
Fe'+S  FeS (1-4)

1.4.2.1 Abiotic

In abiotic redox reactions, s one of the most important subsurface components that
remarkably affects the uranium immobilization/remobilization. A study about the effect of
dissolval oxygen (DO) on the lonrterm in situ oxidation of uranite (UQ) indicated that
nearcomplete oxidation of uraninite occurred at DX00.6 mg/L, followed bythe
dissolution of uranium as uranium complexes. However, at low DO concentration, no
measurable uranium was detected in the solution, which mearesitieed uranium could

be very stable if DO access is limited (Lezama et al., 2015).



Another abiotic factor ithe subsurface is Mn redox cycling. As depictedig. 1-3,
Mn (I1) is oxidized to MnQby O;, thenproduct MnQ is capableof rapid oxidizing U(V)
to U(VI) (Plathe et al., 2013). Mn(lll) is reported as an important resdive intermediate
in Mn biogeochemical cycling and can lead to faster Udig¥lution thanthecomparable

concentration of DO (Wang et al., 2013).

uo.
o monomeric U(IV) Mn0, — Mn(ll)
0, .

abiotic

.

---------- UV +Mn(ll) »essersrrrttt

Fig. 1-3. U and Mn subsurface redox cycling (Plathe et al., 2013).

The @ove two factors arthe naturally occurred process that corgrible subsurface
uranium fate. In recent decadessituremediatios of uraniumcontamination ¥ injecting
zerovalent metal, especially zgedent iron (ZVI) into contaminated soil becomes a new
trend to control the uranium immobilization process (Liu et al., 2015). ZVI with high
reduction potential could rapidly reduce U(VI) to U(I\@nd providea local reducing
environment for an extended period of time (Xu and Zhao, 2007). Fan et al. (2014) stated
that ZVI transformed by sulfide could even proviaéonger protective effect towards

oxidation, owing to the redox buffer capacity of iron sulfiderfation.
1.4.3. Complex agents

Uranium can form complex with sever@mplexagents, such as carbonateatural
organic matter, phosphatand acetate. While in theomplex agents, carbonates and

organic matter plagnimportant role in affecting the uranium immobilization/mobilization.
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1.4.31. Carbonates

In presence of carbonates, U(VI) speciation is dominated by a series of strong anionic
carbonate complexes at newrutral and basic higher pH, which significantly enhance the
mobilization of uranium by two means: 1) higher solubility of uranzarbonates
complexes; 2) negatively charged ion decrease the sorption between uranium ion and
mineral surface, which is uslyainegatively charged (Krupka and Serne, 2068). 1-4
illustrated the speciation of U(VI) as a function of pH in the presence of carbonate, and it
could clealy tell that U(VI) carbonates complexes will be negative when pH > 6 (Liu et
al., 2016) Zhou aad Gu (2005) studied the effects of carbonate concentration on the
oxidation of reduced form uranium from contaminated soil, and suggestéu&tipatsence
of small quantities of carbonate/bicarbonate could result in a rapid and greatly increased

leachingand the mobilization of U(VI) from the contaminated soil.

(b)

[UO,2 ] op = 42.00 uM [CO ] op = 5-00mM

uo,’? UO>(CO3)34-

ud (('l)_;.'

Fraction

(UO,), (OH) 42
I8 77 A

Fig. 1-4. Distribution of U(VI) species as a function of pH in the presenéenoil COs%.

(Initial U(VI) concentration = 10 mgL, Temperature =25C).



1.4.32. Natural aganic matter

Uranium could also form relatively strong complexes wittural organic matte
(NOM) in the subsurface. It was reported that even at low concentrations, sdlGibie
can prevent U sorption and lead to increased mobility attributed to the formation of large
complexes molecule (Cumberland et al., 2016). Lttmnmn studies proved thatatural
organic matter could potentially influence the lgegn stability of reduced U(IV) by
slowly dissolving Ubearing minerals even under strongly reducing environment (Luo and

Gu 2008; Luo and Gu, 2011).

1.5. Objectives

The key objectives were to fpjepare irorbased nanoparticles (CMERS, FeS@Fe
for reductively immobilizing U(VI) from water; 2¥ynthesize a new type of activated
carbon fiber supportetitanate nanotubes and test its application for the simultaneous
adsorptionof U(VI) and 2CP from water; 3g¢lucidate theinderlining mechanism of U(VI)

removal by various nanomaterialdie specific objectives were to:

1 Determine the optimal CM@-FeS molar ratio that facilitates both nanoparticle

stability and U(VI) emoval efficiency

1 Investigate the optimal synthesis conditions for FeSt@&#ticles so as to achieve

better reactivity and reoxidation resistance;

1 Develop a new class of activated carbon fibers supported titanate nanotubes

(TNTs@ACFs) and the applicatidor simultaneous remval of U(VI) and 2CP,

1 Examine the effects of water chemistry on the U(VI) removaCMC-FeS and
FeS@F&
10



1 Explore the underlyinghechanisms dfJ(VI) reductively immobilizatioby CMC-

FeS and FeS@Eeand synergistic effect dJ(VI) and 2CP ceadsorption

1.6 Organizations

The dissertation includes five chapters, each chapter is formatted as a standalone paper
in the style ofWater Researclexcept for Chapter 1Background and Introducti¢rand
Chapter5 (Conclusions and Suggons for Future Researct@hapter 1 introduces the
background uranium contamination in water and soil, the prevailing technologies for
uranium removal and the critical environmental factors affecting transport and fate of
uranium.Chapter 2 studies the factors affecting the reductive immuoailon of U(VI) by
CMC stabilized FeS and discusses the mechanism of U(VI) removal by-Fa8CGnd
long-term stability of U(VI) of immobilized U(VI) by CM&-eS nanoparticles under oxic
and anoxic conditionshapter 3 preparesind optimizes newtype of FeS coated Fén
onepot and tests its performance for U(VI) removal under various water chemistry
conditions and investigates the mechanism of enhanced U(VI) removal by FéS@fre
FeS and FeChapter 4 synthesizes a new class of activated carbon $ilyeported titanate
nanotubes for theimultaneous removal of U(VI) and@P in complex wastewaterand
exploreshe mechanism for synergistic enhancement of U(VI) ai@P2adsorption in the
binary systemChapter 5summarizes the major conclusions of all researches and suggests

the potential aredor futureworks.
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Chapter 2. Immobilization of U(VI) by Stabilized Iron Sulfide Nanoparticles: Water

Chemistry Effects, Mechanisms, and Longlerm Stability

2.1 Introduction

Uranum (U) is one of the most detected radionuclides in groundwater and soil due to
its widespread uses in nuclear weapon manufacturing and testing and nuclear energy
production, and uranium mining and procesgiBiget al., 2013; Ma et al2018) Because
of the serious public health risk associated with U exposure, EPA revised the radionuclides
rule in 2000 and set the maximum contaminant level (MCL) to 30 pg/L in drinking water

(Gallegos et al., 2013)

The mobility of uranium is highly related to the oxidation states. Under oxidizing
conditions, hexavalent uranium in the form of 43Q0s the most predominant species,
which is soluble ananobile in soil and groundwater, while under reducing conditions,
tetravalent uranium, such as uraninite JQog Ksp =-54.6), is the favorable species,
which is sparingly soluble and immob{Bi and Hayes, 2014; Spycher et al., 20ITHus,
thereductive conversion of mobile U(VI) to immobile U(IV) has been considered one of
themost promising approaches for curing uranium expodduen et al., 2019; Shao et al.,

2015)

In uraniumcontaminated aquifers, iron sulfides are known to play an important role in
reductive immobilization of U(VI]Spycher et al., 2011; Veeramani et al., 20RRi)ifate
reducing bacteria (SRB) can use sulfatthaglectron acceptor and produce sulfide, which
reacts with Fe(ll) and/or Fe(lll) to form iron sulfidéBi and Hays, 2014) Mackinawite

(FeS) is typically the first ferrous sulfide solid formed under sulfatiicing conditions,

12



which is the precursor of other iron sulfide minerals, such as greigié&)FRend pyrite
(Hyun et al., 2012)Besides natural mackinawite mineral, synthetic mackinawite was also
reported to be able to reduce U(VI) into uraninitdeairable engboint that is more stable
and resistant to oxidation compared to uwaninite specie@Bi et al., 2013; Carpenter et

al., 2015; Gallegos et al., 2013; Hyun et al., 2012)

Compared to bulk Fe®ianoscale FeS patrticles provialéarger specific surface area
and potentially greater reactivity and soil deliverability. Researchers have demonstrated
that synthetic FeS nanoparticles are effective in treating various contaminants in soil and
groundwate including heavy metals, oxyanions, radionuclides, chlorinated organic

compounds, nitroaromatic compounds, and polychlorinated biph@gigy et al., 2016)

To facilitate soil delivery and enhance reactivity, stabilized FeS nanoparticles have
been developed and tested. Among stabilizers tested, carboxymethyl cellulose (CMC) has
shown to be most effectiven ipreparing highly dispersible and transportable FeS
nanoparticles (mean size = 34.3 nm) for soil remedidtiong et al., 2014)Moreover,

CMC stabilized FeS (CM&eS) nanoparticles have been found effectivalferemoval

of U(VI) in water(Shao et al., 2016However, effectgarious water chemistry parameters,
such as pH, coexisting ions and natural organic matter (NOM), on the removal efficacy
have not been examined, and the underlying reaction mechanisms remain unclear.
Moreover, the londgerm stability of immobilized U undeoxic or anoxic conditions has

not been investigated.

Solution pH is a key parameter that not only affects the reactivity of-E&ECbut also
governs the speciation and solubility of U(YDescostes et al., 2010; Hua and Deng, 2008)

In groundwater, variousoexisting cations may also impede the reaction by competing for
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the reactive sites. Uranium can form stable complexes with bicarbonate and natural organic
matter (NOM), which can alter the particle stability and reactivity towards UG#ane
et al., 2015; Liwet al., 2016) While UG is the desired product, it teermodynamically
unstable in the presence of oxygen and may 4mxitbzed and resolubilized(Bi et al.,
2013;Bi and Hayes, 2014)herefore, there is a need to investigate the-teng stability

or re-oxidization rate of U(IV) under oxic and anoxic conditions.

The overall goal of this study was to investigate the effectiveness of-lBMCfor
U(VI) removal urder various water chemistry conditions and to determine tbridation
potential of reduced U. The specific objectives were to: (1) determine the optimal CMC
to-FeS molar ratio that facilitates both nanoparticle stability and U(VI) removal efficiency;
(2) explore the effects of solution pH, coexisting cations*(hilad C&"), bicarbonate,
humic acid and the combination thereof on U(VI) removal by GMGS; (3) elucidate the
underlying U(VI) removal mechanisms under various conditions by means of FTIR, XRD,
and XPS analyses; and (4) examine the-@mm stability of immobilized U(VI) by CME

FeS nanoparticles under oxic and anoxic conditions.

2.2 Materials and methods

2.2.1 Materials

All chemicals were of analytical grade or higher. The chemicalkided ferrous
sulfate heptahydrate (Fes®7.6) and sodium sulfide nonahydrate 8aA 9CHl from
Alfa Aesar(MA, USA); CMC in sodium form, sodium hydroxide (NaOH), uranyl acetate
dihydrate (UQ(CHsCOOX2H -0 with 228J) from International BieAnalytical Industrial

Inc. (FL, USA); hydrochloric acid (HCI) and sodium bicarbonate (Nak)@@m Fisher
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Scientific (NJ,USA); calcium chloride dihydrate (Cafl 2.8 and humic acid (HA,
Leonardite Humic Acid Standard, 64% of total organic carbon (TOC) Sigma Aldrich
(MO, USA); Tris (hydroxymethyl) aminomethane (Tris buffer) from Acros Organics (NJ,

USA); and 2Morpholinoethanesulfonic acid (MES buffer) from TCIl America (OR, USA).
2.2.2 Preparation of CMC-FeS nanoparticles

CMC-FeS nanoparticles were prepared following the metho&Gong et al. (2014)
Briefly, 5 mL of a 1% (ww) CMC stock solution was added into 75 mL Millipore DI water
(18. 2 Mqgq c-mflask, and aurg@ds5with high purity-Mor 30 min to remove
dissolved oxygen (DO). Then, solutions of 0.057M Fg£@0 mL) and 0.057M N (40
mL) were prepared with Nore-purged DI water. Under Npurging, the FeS£solution
(10 mL) was added into the CMC solution and purged for another 10 min to #ssure
complete formation of CM&e* complex. Then, the N& solution (10 mL) was
introduced into the mixture solution dropwise under continuous shaking at 170 rpm and
vacuum in 10 min. The resulting 100 mL suspension contained 500 mg/L of FeS and 0.05
wt.% CMC (i.e. CMCto-FeS molar ratio of 0.0010). For compans bare FeS patrticles
were also prepared following the same procedure but without CMC. The suspensions were

sealed and aged for 24 h before use.

2.2.3. Characterizations

The hydrodynamic di amet eFeSwaredmeasardddlye pot ent
useof a Malvern Zetasizer Nano ZS (Malvern Instrument, Worcestershire, UK). The
crystal phase of the nanoparticle samples was acquired using a Dmax/240 X

di ffractometer (XRD, Ri gaku, Japan) usi ng
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scanning raté2d) of 4Mmin. The XRD patterns were processed using the MDI Jade 5.0
with the ICDD database (Materials Data Inc., Livermore, CA, USA). Fourier transform
infrared (FTIR) spectroscopy analysis was conducted on a Tensor 27 FTIR spectrometer
(Bruker, Germanythrough the KBr pellet method to obtain the functional groups binding
information. Element compositions and oxidation states were analyzed on ad &S

X-ray photoelectron spectroscopy (XPS, Kratos, England) using th&) Algdy at 15 kV

and 15 mA.The C 1s peak (binding enerdsy = 284.80 eV) was used to eliminate the
static charge effects, and the results were analyzed using the software package&asa
2.3. The solid samples were obtained by filtering a particle suspension through a 50 nm
cellulose acetate membrane underprbtection and driednder gentle nitrogen blowing,

and then stored in a nitrogdéiied glovebox before the characterizations. Foetaden
samples, the nanoparticles were first reacted with U(VI) for 24 h following the preced

as described in Section 2.4 before the filtration.
2.2 4. Effect of CMC concentration on U(VI) removal by CMCG-FeS

To test the effect of CMC concentration on U(VI) removal, CMES suspensions
were prepared at various CMG-FeS molar ratio (0.0006, @QO, 0.0016, and 0.0025)
with a fixed FeS concentration of 500 mg/L following the method in Section 2.2. Then,
100 mL of a CMGFeS suspension was mixed with 400 mL of a deoxygenated U(VI)
solution (U(VI) = 12.5 mg/L) in a 500 mL polycarbonate bottle uradexic conditions.

The resultant solution contains 100 mg/L of CNMMES and 10 mg/L of U(VI), and the pH
was kept at 7.0 £0.2 using the Tris buffer (10 mM). The bottles were tightly sealed and
placed on a shaker operated at 170 rpm. After 24 h of eqtitibyal0 mL of the

suspension was sampled, filtere@ the 50 nm cellulose acetate membrane under N
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protection, and thethefiltrate was analyzed to determine the U(VI) concentration in the

solution.
2.2.5. Batch experiments

Batchexperiments were carried out to test the effect of water chemistry conditions on U(VI)
removal by CMGFeS, including solution pH, coexisting ions (IN@&*, and HCQ@), HA,

and synthetic groundwater. Typically, 100 mL of the GMES suspension (500 mg/k a
FeS, CMCto-FeS ratio of 0.0010) was added into 400 mL of a deoxygenated U(VI)
solution (U(VI) = 12.5 mg/L) in 500 mL polycarbonate bottles under anoxic conditions
and various water chemistry conditions. The pH was controlled at 7.0 £0.2 the Tris buffer
(10 mM). Then, the mixture was transferred into 50 mL polycarbonate vials with zero
headspace and placed on an-tmdnd rotator at 40 rpm at room temperature (22@)1

At predetermined times, duplicate vials were sacrificially sampled in the samesmann

described in Section 2.4.

To test the pH effect, the batch kinetic tests were carried out in the pH range from 6.0
to 9.0, where the MES buffer (10 mM) and Tris buffer (10 mM) were used to keep pH at
the desired values. To test the effects of coexjstims, the tests were conducted in the
presence of 1 mM of Neor C&*or a range of HC®(1 to 5 mM), with pH kept at 7.0
using the Tris buffer (10 mM). Similarly, the effect of HA was tested with the HA
concentration varied from 1 to 10 mg/L as TOC. To examine the combined effects, the
U(VI) tests were further tested using synthetic groundwd8GW). The SGW was
prepared following a modified recipe from a previous st(dgn et al., 201)) with the

following components: HA = 3 mg/L as TOC, Ca(j9= 0.286 mM, CaCl=0.312 mM,
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MgSQs = 0.529 mM, NaSQy = 0.451 mM, NaCOs; = 0.0111 mM, NaHC®= 0.604 mM,

KHCO3=0.43mM, and pH=7.6 0.2.

Extractable U(VI) on the nanoparticles was deieed per an anoxic
bicarbonate/carbonate (CARB) extraction method (Hyun et al., 2012; Duan et al., 2019).
Briefly, 25 mL of a suspension aftdrereaction was transferred to a 50 mL polycarbonate
bottle preloaded with 25 mL of a CARB solution consigiof sodium carbonate (28.8
mM) and sodium bicarbonate (5.6 mM) undemphirging. The mixture was vortexed for 1
min and then allowed to react for 1h on an-emdrend rotator. Upon filtration through a
50 nm cellulose acetate membrane, U(VI) in thedii#rwas measured. Then, U(VI)
extracted from the particles was calculated by the difference in soluble U(VI) before and
after the extraction. Consequently, U(IV), which is not CA&&ractable, was quantified

per mass balance calculations.

2.2.6. Remobilization test: effects of anoxic and oxic conditions

Remobilization tests were carried out under anoxic and oxic conditions to investigate
the longterm stability of reductively immobilized uranium. Immobilized U was prepared
following the same procedure debed in Section 2.4 under the following conditions: FeS
= 500 mg/L, CMC = 0.05%, and pH = 7.0 £0.2. Following the reaction equilibrium, the
suspensions of immobilized U were transferred in 50 mL polycarbonate vials and aged for
180 days under oxic (opéda air) or anoxic (sealed in a-Nilled glove box) conditions.

After predetermined time intervals, duplicate vials were sacrificially sampled and analyzed

for soluble U in the aqueous phase.
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2.2.7. Analytical methods

Aqueous uranium and iron concentrations were analyzed on -&3lfductively
coupled plasmaptical emission spectroscopy (I8GPES, Varian, CA, USA). The
detection limits of uranium and iron were 0.07 mg/L and 0.05 mg/L, respectively. TOC
was determined using a Tekmar Dohrmann Pheonix 800dPergulfate TOC analyzer

(Mason, OH, USA) with a detection libf 0.1 mg/L.

2.3. Results and discussion

2.3.1. Effect of CMC-to-FeS molar ratio

Previous work indicated that fully stabilize FeS nanoparticles can be obtained at a
CMC-to-FeS molar ratio of 0.000650ng et al., @14), andthe stabilized nanoparticles
hold the potential to be directly deliveredtiresoil to facilitatein situ soil remediation of
target contaminantg&Gong et al., 2012PDepending on the physiedhemical properties of
the contaminants, the CMC coatings on FeS may alter (enhance or inhibit) the reactivity of
FeS particles. Therefore, it is necessary to investigate the effects of CM@memoval
by the fully stabilized FeS nanoparticles, namely, GMES prepared at or above the
minimum stabilizing CM&o-FeS molar ratio of 0.000&.ig. 2-1 shows the equilibrium
removal of U(VI) by Fe®articles prepared at various CMC concentrations. In the absence
of the stabilizer, 99.2% of initial U(VI) was removed. The removal remained about the
same for bare FeS and CM&S prepared at the CMG-FeS molar ratios of 0.0006 and
0.0010. Further inegasing the ratio to 0.0016 and 0.0025 decreased the removal to 92.6%

and 75.0%, respectively.
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Modifying FeS particles with CMC could have several competing effects on the
reactivity towards U(VI). First, CMC could inhitheagglomeration of FeS nanopalés
via electrostatic repulsion and steric hindrafide and Zhao, 2007 he hydrodynamic
diameter of CMGFeS was decreaséom 1632 nm for bare FeS particles to 253, 223, and
166 nm, respectively, for CMEeS prepared at CM{-FeS ratios of 0.0006, 0.0010, and
0.0025(Gong et al., 2014)The smaller particle size results in largerface area and more
reaction sites, and thus enhanced adsorption capacity and reductive re@gttiand Zhao,
2008) Second, the CMC coating can provide additional adsorption capacity by
coordination between U(VBnd the carboxyl groups of CMC and form ¥OMC-COOQ)2
complex(Popescu et al., 2013)hich, however, is subject to competition from the same
complexation effect byhe soluble CMC in the solution phase. Third, the CMC coating
renders a more negative surface potential, which favors adsorption of the uranyl oxycations.
Fourth, from a kinetic viewpoint, the CMC coating can partially passivate the particles by
forming a €mipermeable barrier on the particle surface, which can inhibit the mass
transfer of U(VI) or render some sites inaccessjlite and Zhao, 2007; Tratnyek et al.,
2011) The overall effects would depend on the comjetiof the promotive and inhibitive
effects and the specific operagiconditions. In this work, the effects of CMC leveled off
at when the CM@o-FeS mol ar ratio was O 0.0010, bt
inhibitive when the ratio was 0.0016, which is &tibuted to the increased blockage of the

surface reactive sites due to elevated density of CMC on the surface.

After 6 months of aging, the hydrodynamic diameter of the nanoparticles grew to 1779,
359, 246, and 234 nm, respectively, for particles prepareCMGCto-FeS molar ratios of

0, 0.0006, 0.0010, and 0.0025. The results indicate that FeS nanoparticles prepared at
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CMC-to-FeS molar ratios of 0.0010 or higher could remain stable over prolonged periods
of time. Taken together the capability for U(VIpngterm physical stability and soil
deliverability, and CMC need, the optimal CM&FeS molar ratio was determined to be

0.0010, and thus, the corresponding GMES was further tested in detail.
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0 0.0006 0.0010 0.0016 0.0025

CMC-to-FeS molar ratio

Fig. 2-1. Equilibrium U(VI) removal percentiles by FeS nanopatrticles prepared at various
CMC-to-FeS molar ratios. Experimental conditions: initial U(VI) = 10 mg/L, FeS = 100
mg/L, Tris buffer = 10 mM, pH = 7.0 £0.2, reaction time24 h, and temperature = 22 +
1C.
2.3.2.U(VI) removal kinetics and the effect of pH

Fig. 2-2 presents the U(VI) removal rates at four constant pH levels (6.0, 7.0, 8.0, and
9.0). In all cases, U(VI) was rapidly removiedm the aqueous phase, with over 90% of

removal within the first one hour except for pH 6.0 where 87% removal was achieved.
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After 24 h reaction, the total U(VI) removal efficiency was ~98% at gl &nd 95.1% at

pH 6.0. The conventional pseuticst-order model was first tested to fit the kinetic data,
but the model failed to catch the data after the initial 5 min, which is ldhed/to the
decreasing reaction rates as reactions profigecet al., 2009) Consequently, a retarded
firsttor der model wi t h a #fs| hedréadigniratefcanstantowas U
employed to accommodate the gradual deviation of the retarded reactioflirattsal.,

2009}

L = ¥ /0 N
T =T G 0r GECo( 1 T+ (21)
whereCpandCiare U(VI) concentrations (mg/L) at time O (initial) and time t (min),
respectively, andknit is the initial rate constant (mfj), which is analogous to a pseudo
first-order rate constarfig. 2-2 shows that the model was able to adequately fit the entire
kinetic data in all cases with the correlation coefficidRf) peing > 0.97(Table 2-1).

According toEq. (2-1), the initial half-life t1/2, ntcan be calculated as:

0 Th (2'2)

Table 2-1 gives the besdfitted values okt andU, and the correspondingzt ini The
fastest U(VI) removal was observed at pH 7.0, with a gakalue of 29.89 fand a i,

init of 0.035 h. Lowering the solution pH to 6.0 decreasgdto 15.55 h. Conversely,

increasing the pH to 8.0 and 9.0 decredsgdo 16.66 and 14.71hrespectively.
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Fig. 2-2. Effect of pH on removal kinetics of U(VI) by CMEeS. Experimental conditions:
initial U(VI) = 10 mg/L, FeS = 100 mg/L, CM-FeS molar ratio = 0.0010, MeS buffer
= 10 mM, Tris buffer = 10 mM, and temperature = 22 €1 Symbols: experimental data;
Lines: retarded firsbrder model fittings.

Solution pH can affect the stability, surface poterdiad reactivity of CMGFeS and
affect the speciation of U(V(Duan et al., 2019; Lyu et al., 201Fjrst, the lower reaction
rate at pH 6.0 could be owing to partial dissolution of the nanoparticles, and thus partial
loss of the reaction sitd§&song et al., 2014)Fig. 2-3 shows that the particle dissolution

was negligible apH 0 7.0, while 24.1% of-e was dissolved at pH 6.0. Despite the lower

total U(VI) removal efficiency at pH 6.0 (95.1%), a similar U(VI) reduction percentage
was reachd (87.2%) when compared to pHFid. 2-4). Second, at the alkaline pH, the

dominant U(VI) species shifted from positively charged §}4(@H)s" and (UQ)4(OH)7*
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to negatively charged (UR(OH)7, UOx(OH)s,, and UQ(OH)4* (Fig. 2-58). Meanwhile,
increasing the solution pH from 6.0 to 9.0 turned the zeta potential of-EBASCmore
negative from-27.5 t0-38.9 mV fig. 2-6). Thus, adsorption or reduction of U(VI) by
CMC-FeS became increasingly unfavorable due to escalated electrostatisiorep
between anionic U(VI) species a@ad increasingly more negative nanopatrticle surface.
Third, at alkaline pH, more iron (hydr)oxides can form, which precipitate on the surface of
CMC-FeS, blocking the adsorption/reaction sites and hindering theraglettansfer
procesgLi et al., 2017) After 24 h reaction, the total U(VI) removal remained at ~98% at
pH 6.09.0, however, the portion of U(VI) mved through reductive conversion of U(VI)
into U(IV) was decreased from 86.6% at pH 7 to 80.2% for pH 8.0 and 63.3% for pH 9.0,
suggesting increasing site blockage with increasing pH. The findings are consistent with
those reportedvhen amorphous iron Bide and hydrogen sulfide were used for U(VI)

removal(Hua et al., 2006; Hua and Deng, 2Q08)
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Fig. 2-3. Dissolution of CMCFeS measured as soluble Fe as a function of pH.
Experimental conditions: FeS dosage = 100 mg/L as FeS, MES buffer = 10 mM, Tris buffer
=10 mM, and temperature = 22 +1 QdqisolvedS the mass of Fe in the aqueous phase, and

Mois the total mass of Fe.
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Fig. 2-4. Effect of pH on equilibrium U(VI) adsorption and reduction by CIHES.
Experimental conditions: initial U(VI) = 10 mg/L, FeS = 100 mg/L, CiibcF-eS molar

ratio = 0.0010, MeSuffer = 10 mM, Tris buffer = 10 mM, reaction time = 24 h, and

temperature = 22 +1IC.

(a)

[UO,27 ] op = 42.00 pM

uo,*t

Uuo,(OH)

(UO,);(OH)4

UO,(OH),?

Fraction

26



(b)

[UO,2 ] por = 42.00 uM [CO,2 = 5.00 mM

JTOT
vo," UO2(CO3)34-

06r WO, (OH)

0.4

Fraction

SH) /2

(UO,)5(C
(

0.0

Fig. 2-5. U(VI) speciation as a function of solution ptdlculated using the software
MEDUSA: (a) in the absence of carbonate, ghylin the presence of 5 mM G& Initial

U(VI) = 10 mg/L (42 pM), Temperature = 2%C.
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Fig. 2-6. Zeta potential oCMC-FeSas a function of solution pH.

27



Table 2-1. Bestfitted parameters of the retarded ficstler model and estimated initial

half-life under various experimental conditions.

Retarded first-order model

Experimental conditions . t12, init, (M)
Kinit, (h'1) U Hh R?2

pH 6.0 15.55 26.72 0.99 0.086
pH7.0 29.89 32.72 0.99 0.035
pH 8.0 16.66 16.26 0.99 0.059
pH 9.0 14.71 16.37 1.00 0.071
pH 7.0, 1 mMNa* 26.19 35.81 0.99 0.044
pH 7.0, 1 mM Ca? 18.51 46.71 0.99 0.10
pH 7.0, 1 MM HCOgz 3.14 4.45 0.99 0.38
pH 7.0, 5 MM HCO3z 0.17 0.12 0.97 5.18
pH 7.0, 1 mg/L HA as TOC 55.78 65.36 1.00 0.019
pH 7.0, 5 mg/L HA as TOC 23.13 59.20 0.99 0.083
pH 7.0, 10 mg/L HA as TOC 8.32 24.66 0.99 0.28
pH 7.0, Synthetic groundwater? 0.35 0.058 0.99 2.10

a Synthetic groundwater recipe: 0.286 mM Ca(NO3)2, 0.312 mM CaClz, 0.529 mM MgSOs4,
0.451 mM NaS0g4, 0.0111 mM Na>COs, 0.604 mM NaHCOs3, 0.43 mM KHCOzand 3 mg/L
HA as TOC.

2.3.3. Effect of Nd& and C&*

Fig. 2-7a shows the effects of coexisting Nend C&*on U(VI) removal by CMGFeS.
Thepresence of 1 mM Naonly slightly degreased th&i: value from 29.89 ito 26.19 h
! while the addition of 1 mM Calowered thekinit by a factor of 1.62 (to 18.51% and
diminished the U removal efficiency from 98.2% to 89.8%e presence of dans in the
solution can partially suppress the negative surface potential, thereby reducing the
electrostatic repulsion and weakening the stability of the nanoparticles. In this case, the
surface potential of the CMEeS nanoparticles was suppressed frBh8 mV without

the addition of Naor C&* to -25.8 and-17.4 mV with the addition of 1 mM Nar1 mM
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Ca&"*; and accordingly, the hydrodynamic diameter of the nanoparticles increased from 253
to 331 and 642 nm, respectively. The partial aggregationeohamoparticles resulted in
lowered site accessibility and reactivity for U(VI) removal. In addition, cations, especially
multivalent cations, can compete with the uranyl oxycations for the adsorption sites
through competitive electrostatic ion pairifiguan et al., 2019Moreover, in the presence

of carbonate ions, Gais known to complex with U8 to form negatively charged or
electreneutral uranyl carbonate complexes throkgs. (2-3) and @-4) (Liu et al., 2016)

which are hardly adsorbable to the negative nanopasiicface.

UG%Ca%*3CcP=Ca L@ Q)? (2-3)

UGH2C&3C-Cal@Q),(aq) (2-4)
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Fig. 2-7. Effects of (a) Naand C&" (1 mM), (b) bicarbonate (& mM), (c) humic acid (@

10 mM as TOC), and (d) matrix of synthetic groundwater on removal kinetics of U(VI) by
CMC-FeS. Experimental conditions: initial U(VI) = 10 mg/L, FeS = 100 mg/L, @stC
FeS molar ratio = 0.0010, Tris baf = 10 mM, pH = 7.0 0.2, , and temperature = 22 +

1 C. Synthetic groundwater : 0.286 mM Ca(£0.312 mM CaCl 0.529 mM MgSQ,
0.451 mM NaSQy, 0.0111 mM NaC0Oz, 0.604 mM NaHC@ 0.43 mM KHCQ, and 3
mg/L humicacid as TOC. Symbols: experimental data; Lines: retardeebfistr model
fittings.

2.3.4. Effect of bicarbonate

Bicarbonate is the key alkalinity component in natural waters and is ubiquitous in
groundwater. Bicarbonate is prone to complexing with iuranunder neutrabasic

conditions(Li et al., 2015) Up to 1 mM of bicarbonate has been reported in groundwater
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at some Lcontaminated site¢{ua et al., B06; Nguyen et al., 201%5ig. 2-7b shows that

the presence of 1 mM of bicarbonate notably hindered the U removal rate and decreased
the kinit from 29.89 ht to 3.138 R, though the removal efficiency remained at 92.6%. To
further gauge the limit, théests were carried out at an unusually high bicarbonate
concentration (5 mM)Fig. 2-7b shows that the high concentration of bicarbonate
decreased U(VI) removal from 98.2% to 68.6% after 8 h of reaaiwh diminished the

kinit to 0.172 ht. The inhibitive effect is mainly due to the formation of stable uranyl
carbonate complexes:ig. 2-5b presentsthe speciation of U(VI) in the presence of
bicarbonate. At neutral pH, (WRCOs(OH)s, UOx(COs)2*, and UQ(COs)s* are the
prevalent speciesyhich are subject to electrostatic repulsion by the negative surface of
CMC-FeS Fig. 2-6). In addition to hindered adsorption, uranigarbonate complexes are
less efficient electron acceptors, and it was reported that only urdnyidroxyl species

was reluced by hydrogen sulfide in a carborataétaining systenfHua et al., 2006)
2.3.5. Effect ofhumic acid

Humic acid is another common groundwater constituent that complexes with U(VI) in
the forms of binary UgHA(Il) and the ternary Ug{OH)HA(I) complexes at pH > 3
( KSepel ov § . Hoteves lunlike bieabh@nétd, HA showed some contrasting
effects on the U(VI) removal, depending on the HA concentration. With the addition of 1
mg/L HA as TOC, thn: was almost doubletfrom 29.89 h'to 55.78 ht) and the haif
time was shortened by 1.84 times (from 0.019 to 0.035) compared to tfiedidystem
Fig. 5candTable 1). The enhanced U(VI) uptake is attributedieadsorption of HA on
CMC-FeS, which provided additionalraing sites for U(VI) coming from the adsorbed

HA macromolecules. The competitive adsorption of HA by FeS was evidenced by the DLS

32



measurements. The mean hydrodynamic size of &€ decreased from 253 nm
(without HA) to 220, 154, and 149 nm in the preseotl, 5 and 10 mg/L of HA as TOC,
respectively. The molecular weight (numiaserage) of the Leonardite HA was reported
to be 373(QBackett et al., 1987)which is 24 times smaller than that of CMC (90,000).
Because the DLBased size reflectsoth the core of the FeS particles and sorbed
macromoleculegGong et al., 2014)the decreased DLS size indicates that a notable
fraction of sorbed CMC molecules were replaced by the smaller HA molecules. Mgreove
the adsorbed HA contains 4.76 and 1.47 pmol/g of carboxyl and phenolic groups,
respectively(Fujii et al., 2014) and these soft basic sites provide a higher affinity for
binding with the soft uranyl cations. In addition to the enhanced adsorption, the sorbed HA
may potentially facilitate the U(VI) reduction by serving as an elednamsfer mediator
(Tratnyek et al., 2011)'hen prove or disprove this statemeXsimilar phenomenon was
also observed in a study on the effect of HA on U(VI) adsorption by attap{iigitect al.,

2017)

However, when the HA concentration was elevated to 5 and 10 mg/knitheas
reduced to 23.13 and 8.32,hand the U(VI) removal efficiency was decreased to 89.0%
and 83.1%, respectively. At high concentrations of HA, the sorbed HA molecules became
denseron the surface, which may block and diminible accessibility of surface sites
towards U(VI)(Gong et al., 2014; Ho and Mgk, 1985) In addition, excessive replacement
of CMC molecules from the surface may compromise the particle stability because HA is
a less effective stabilizer than CMC, resultimgsome aggregation of the particles.

Moreover, at elevated concentras) the dissolved HA molecules tend to keep more
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uranium in the solution phase through competitive complexdtimnand Miller, 1985;

Tan et al., 2017)
2.3.6.U(VI) removal in simulated groundwater

To gauge the potential effects of groundwater matrix, the U(VI) removal was tested
with simulated groundwater containing various potential inhibitéig. 2-7d shows that
the kinit value was dropped from 29.89'tin the DI water system to 0.35%hn the
groundwater system, with2, init prolonged from 0.035 h to 2.10 h. The rate constant was
also lower than those in the systems containing individual inhibitors (1 mM sodium,
calcium or bicarbonate, or 5 mg/L HAJis. 2-7ai 2-7c), indicating the combirteeffects
of the groundwater matrix. Because thesesa@loites may not compete for electrons with
U(VI), the inhibitive effects are attributed to competitive adsorptioaformation of less
absorbable or less reduciblesgecies, and less favorable suef@onditions. For instance,
both C&"and Mdg* can complex with U(VI) to form MUGCOs)s> and MpUO2(COs)3°
(M = C&*or Mg?") (Dong and C, 2008)which are less absorbatdereducible at neutral
pH. Likewise, the formation of mixeligand complex (UGCO3)HA also inhibits the
adsorption, mass transfand reduction of U(VI{Glaus et al., 1995Despite the retarded

reaction rate, ~87% of U(VI) removal was still reached at 8 h.
2.3.7. Mechanism of U(VI) removal by CMGFeS

To elucidate the underlying reaction mechanism for U(VI), FTIRDX and XPS
analyses were carried out to characterize GG before and after reaction with U(VI)
at pH 7.Fig. 2-8 presents the FTIR spectra of neat CMC powder, @/S and Uladen
CMC-FeS. For neat CMC, five peaks were observed at 3459, 2924, 1696 abdi11053

cmt, respectively, corresponding to th@H stretching, asymmetricCH stretching of
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CH: groups, asymmetric and symmetric vibrations of C@©ups and 0O stretching of
RCH,OH (Dong et al., 206; Gong et al., 2014When coated on FeS, th@H stretching
shifted from 3459 crhto 3387 crl, indicating enhanced intermolecular hydrogen bonding
between CMC and FefHe et al.,, 2007) Similarly, the asymmetric andymmetric
vibrations of COOgroups and the i® bond stretching showed a blue shift from 1616,
1419, and 1053 ctfor neat CMC to 1603, 1384, and 1021 ‘trfor CMC-FeS,
respectively, confirming the important roles of C@@d G O in binding CMC on FeS
(Lyu et al., 2017)The broad new peak at 470 toan be attributed to the sulfide groups

( C h¥set al.,2008; Du et al., 2016\fter reaction with U(VI), all peaks for CMEeS

remained, except that thi€®©H band shifted from 3387 crhfor CMC-FeS to 3419 cmh
forU-laden CMGFeS, and the IR frequency was remarkably enhanced, which can be due
to the uptake of uranyl hydroxide complexégy( 2-5a) (Du et al., 2016)The peak for
sulfide decreased after reaction with U(VI), suggedtivegconsumption of sulfide during

the reaction with U(VI). In addition, four new peaks at 1114, 901, 790, and 612 cm
appeared on the1adenCMC-FeS spectra. The first two peaks were assigned to S=0
vibrations of sulfate and the O=U=0 stretching vibration of uranyl.fQ)Qrespectively,

while the peaks at 790 and 612 toould be due to the F® and FéOi H stretching
vibrations from FeOOHDu et al., 2016; Ma et al., 2018; Mesquita et al., 20B&%sed on

the FTIR results, the direadsorption of uranyl (Ug&*) may occuwia Egs. (2-5) i (2-8)

(Descostes et ak010; Duan et al., 2019)

[F&H,O 7 TOmMeH (2-5)

UO," "+ 2 (OHF)e (4 FORUO+2 H (2-6)
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[S+ ,8 Z iH8H (2-7)
UO,” ™+ 2HSZ [ 3P, +2 A (2-8)

wherel Fe" and il S are surface exposed functional groups, whose charges are
governed by solution pHBothili F&f OHandl SiHare possible sites for U&adsorption.
Based on the harsbft acidbase (HSAB) theory, the soft basic site$' should have a
relatively higher affinityfor soft UGQ?* ions (Ma et al., 2018) The predominance of
reaction 6) over (4) was indicated by the observation that pH was increased in the first 20
minutes of U(VI) removal by CM&eS without a pH bufferHig. 2-9) (Descostes et al.,
2010) In terms of abundance, the XPS survey spectra of neat-EABCEig. 2-11a)

revealed that the nanoparticle surface contained 17.7% of S but only 7.7% of Fe.
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Fig. 2-8. FTIR spectra of neat CMC powder, CM&&S nanoparticles, andladden CMG

FeS.
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Fig. 2-9. The pHhistoryduring U(VI) removal by CMEFeS in the absence of a pH buffer.
Fig. 2-10compares the XRD patterns of CM&@S before and after reaction with U(VI).
For neat CMGFeS, the diffractions at 1& 30.07 39.7; 49.1; and 60.4°are assigned to
the (001), (101), (111), (200), and (103) planes of mackinawite (FeS) (JCPDS-0287)5
(Chen et al., 2015Besides, six peaks at 14.232D; 26.9; 36.67 46.8; and 52.4°were
also observed. The peak at 23.0%s attributed to elemental sufEIEPDS No. 42278)
(B. Li et al., 2015)while the other five peaks are indexedtte (020), (120), (031), (200),
and (151) pl aneBO@H) (JCPPS 08098)(Xmg at al.t 2016)(Tte

presence of elemental sulfur and lepidocrocite indicate the sample was partially oxidized
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during the unavoidable exposure to air during the characterization process accdeding to

(2-9) (Bi et al., 2013; Veeramani et al., 2013)

FeS(30p+3;H0 §°(s) + FeOOH( s )29

Compared to neat CME€eS all the characteristic peaks of FeS remained for the U
laden CMCFeS, and in addition, five new peaks were identified at 25.9, 27.4, 31.7, 45.5,
68.8° Except for the first peak at 25.9%that was attributed to elemental sulfur (JCPDS No.
42-1278)(B. Li et al., 2015)the rest four peaks belong to the (111), (200), (220), and (400)
planes of uraninite (U§) (JCPDS No. 69288) (Frazier et al., 2005)Meanwhile, the
mackinawite peaks decreased while the lepidocrocite peaks increased after reaction with
U(Vl) (Fig. 2-10). The XRD results provide direct evidence of reductive conversion
soluble U(VI) into UQ precipitates, withhe oxidation of FeS to FeOOH and, ®iamely,

with both Fé* and $ serving as the electron donors.
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Fig. 2-10. X-ray diffraction patterns of neat CMEeS nanopatrticles and-ldden CMGC
FeS.

XPS analysis Kig. 2-11) was further conducted to examine the surface elemental
compositions and oxidation states before and after the reaetilbriJ(VI). The survey
spectra Fig. 2-11a) indicate that neat CMEeS contained C (38.1%), O (36.5%), S
(17.7%), and Fe (7.7%), which were changed to C (27.1%), O (58.1%), S (6.8%), Fe (7.4%)
and U (0.6%) after the reaction. The remarkable decrease & tomtent signifies the
important role of 3 in the reduction of U(VI), and the great increase of O is owing to the
uptake of uranyl hydroxide complexes at pHFigy( 2-5a) and partial oxidation of FeS. For
neat CMGFeS, deconvolution of the higlesoluton spectra of Fe 2p 3/Fig. 2-11b)
reveals three peaks at 707.6, 709.5, and 711.7 eV, which are attributed & FEE()!)}

O/Fe(ll)-S, and Fe(lIHO, respectivelyHan and Gao, 2008; Mullet al., 2002)LLikewise,
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