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Nano impact statement

Environmental radionuclide detection, separation, and treatment remain widespread, global challenges.
Advances in nanoscale engineering now allows for precisely tuned sorbent materials with extreme
surface to volume ratios and specific bulk and surface chemistries for advanced environmental
applications. In this work, for the first time, we have systematically developed and demonstrated
manganese oxide nanocrystals as a platform material for ultra-high capacity uranium sorption and
separation under environmentally relevant conditions. As an example, for 12 nm, surface optimized
materials, we observe binding capacities well over 600 mg U per g of Mn, which is the highest reported
uranium sorption capacity for any manganese based sorbent to date.
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For the first time, this work develops and demonstrates precisely engineered manganese oxide

DOI: 10.1039/X0XX00000X nanoscale particles for the sorption of uranium, as uranyl, in water. Size controlled monodisperse

nanocrystalline manganese oxides (12 to 28 nm) were systematically synthesized via thermal
www.rsc.org/ decomposition of manganese oleate and phase-transferred into water by ligand exchange and bilayer
stabilization methods. Resulting monodisperse suspensions demonstrate significantly enhanced uranyl
adsorption as a function of size, surface coating chemistries, and solution pH. In particular, 12 nm
particles coated with the unsaturated-unsaturated carbon chains linked bilayers, (e.g. oleic acid-oleyl
phosphate linked bilayer coatings) have binding capacities well over 600 mg U per g of Mn, which is the
highest reported uranium sorption capacity for any manganese based sorbent to date. Further, we
spectrally identify significant uranyl reduction as part of the adsorption mechanism(s) for high capacity
materials. Last, oleyl-based (phosphate and carboxylic) functionalized bilayered nanocrystals were
extremely stable in the presence of high ionic strength/type (>800 mM); calcium (>19 mM), including the
presence of uranyl cations (from 0.1 to 60 ppm). Taken together, these data demonstrate the potential
for engineered monodisperse manganese oxide nanocrystals as ultra-high capacity platform sorbent
materials for uranium separation at environmentally relevant ionic strengths and pH.

Introduction various methods such as aqueous, hydrothermal, solvo-thermal,

vapor phase growth, and non-hydrolytic routes.’'** Among

The potential of applying engineered nano-scale materials for these processes, thermal decomposition routes are the only

environmental treatment and sensing applications has gained reliable strategies that allow for systematic development of

significant attention in recent years.'® As sorbents, the use of . . . . .
uniform libraries of manganese oxide nanocrystals with narrow
diameter distribution (¢ < 109%).2% 24 26:27.29.30 A4 synthesized,

these nanocrystals, which are typically suspended in a

engineered nanoscale particles allows not only extreme surface
area to volume ratios, but also for the enhancement of enthalpic
interactions, resulting in ultra-high sorption capacities

hydrophobic phase, must be transferred to water using suitable

. 2,4,5,9-15
compared with bulk phase analogues. As an example, surface transfer agents, that for application optimization, must

there are a number of reports exploring enhanced uranium

491 simultaneously allow for colloidally stable suspensions and

favorable uranium sorption.
In this work, libraries of precisely engineered monodisperse

sorption processes to iron based metal oxide nanocrystals.
12.16-18 Recently, manganese oxides based materials have gained

attention due to potential redox reactions between uranium (IV . .
manganese oxide nanocrystals have been synthesized,

stabilized in water, characterized, and demonstrated for
uranium, as uranyl, sorption based applications. Monodisperse

and VI) and the variable oxidation sates of manganese (II, III

and IV), which can enhance possible sorption capacity
.. . . . 19, 20

effu.:lencws via lowerédl U(IV_) so(llublhty..f. all H(;wever, aj manganese oxide nanocrystals were synthesized through the

engineered nanomaterials designed specifically for urany thermal decomposition of manganese oleate with fine size

control (12-28 nm) achieved through described combinations of

reaction temperature, time, the ratio of metal precursor to

sorption and separation, manganese oxide based structures have
not been thoroughly explored and optimized.

Systematic evaluation of size and surface coating surfactant, and monomer concentration(s). As-synthesized

dependence of wuranium sorption on manganese oxide . . .
nanocrystalline manganese oxides were then systematically

nanocrystals necessitates precise control over both diameter . . . .
phase transferred into water, via a series of surface coating

(ie. narrow distributions) and surface chemistry of the strategies, including organic acid bilayers (oleic acid base layer

particles. Such controlled synthesis can be accomplished by with oleyl phosphate, octadecylphosphonic acid, oleic acid, and

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1



Page 3 of 10

stearic acid second layers interfacing the aqueous phase) and
single layered, polyethylene glycol (PEG) of varied molecular
weights (200 — 10k MW). The resulting colloidally stable
nanocrystals were characterized and evaluated for uranium
sorption capacities and aqueous stabilities under varied pH,
ionic strengths, and types (Na*, Ca?"). Together, the results
indicate that these materials are capable of ultra-high uranyl
sorption capacities (>50% wt U/ wt Mn, with partial U
reduction from VI to IV observed) with simultaneously high
aqueous stabilities when optimized via bilayer coating(s) with
second (outer-facing) layers consisting of either carboxylic acid
or phosphonic acid head groups.

Experimental

Materials

Manganese (II) chloride tetrahydrate (MnCl,*4H,0, 99.99 %),
oleic acid (90 %), 1-octadecene (90 %), poly (ethylene glycol)
(PEG, Mw = 200, 1000, and 10,000), octadecylphosphonic acid
(ODP, 97 %), stearic acid (SA, 98.5 %), manganese (II) oxide
(MnO, 99 %), iron (11, III) oxide (Fe;04, 97%) were purchased
from Sigma-Aldrich; oleyl phosphate (OP) and sodium oleate
(97 %) was purchased from TCI America; uranyl nitrate
hexahydrate (UO,(NOj3),*6H,0) was purchased from Antec,
Inc. All nanocrystals were synthesized under nitrogen condition
(N, 99.999%).

Synthesis of Manganese Oleate

Manganese oleate was synthesized by the method reported by
An et al.*' Manganese chloride tetrahydrate (15.8 g, 80 mmol)
reacted with oleic acid (45.2 g, 144 mmol) in 20 g of ethanol,
10 g of water, and 30 g of hexane at 60 °C for 4 h. The resulting
pink colloidal suspension was washed by using water and
ethanol. The purified manganese oleate was extracted by
hexane.

Synthesis of Nanocrystalline Manganese Oxide

Manganese oleate was used as a manganese precursor for
manganese oxide nanocrystal synthesis. 12.2 nm manganese
oxides were prepared using 3.0 mmol manganese oleate, 2.0
mmol oleic acid in 5.0 g 1-octadecene at 320 °C for 1 h. 18.7
nm manganese oxide was synthesized by 6.0 mmol manganese
oleate with 2 mmol oleic acid in 5.0 g 1-octadecene at 320 °C
for 1 h. For 27.9 nm manganese oxide, 9.5 mmol manganese
oleate was decomposed in the presence of 2.0 mmol oleic acid
in 5.0 g l-octadecene at 320 °C for 1 h. The resulting
nanocrystals and

were purified using methanol, acetone,

hexane. More specifically, 1g of the resulting colloidal
nanocrystals was mixed with 10 ml of hexane, 20 ml of ethanol,
and 20 ml of acetone and centrifuged at 7000 rpm for 20 min.
This process was repeated three times. Final, cleaned colloidal

nanocrystals were redispersed in hexane.

2| J. Name., 2012, 00, 1-3
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Phase Transfer of Manganese Oxide Nanocrystals

As-synthesized nanocrystals were transferred to water by ligand
encapsulation and exchange methods using probe sonication.*"
32 For bilayer structures, manganese oxide nanocrystals, 0.05
mmol of surface stabilizer (oleyl phosphate, oleic acid,
octadecylphosphonic acid, and stearic acid) was stirred with 0.5
in hexane

ml of nanocrystal solution (concentration of

manganese = 7.5 mg/ml) and 10 ml of ultra-pure water
(Millipore, 18.2 Q). Aqueous and organic phases were mixed
by application of a probe-sonicator (UP 50H, Dr. Hielscher,
GMHB) for 5 min at 80 % amplitude and full cycle. The
resulting solution was further stirred for 1 day to evaporate
hexane, resulting in a transparent, brown solution. To remove
excess free phase transfer agent(s) left in the suspension, the
phase transferred manganese oxide nanocrystals were further
purified using ultracentrifugation (Sorvall WX Ultra 80,
Thermo scientific) at 40,000 rpm (ca. 150,000 G-force) for 2 h,
and membrane filtration (Ultrafiltration cellulose membranes,
100 KDa MWCO) using a stirred cell (Amicon), followed by
syringe filtration (pore size of 0.22 um, Whatman-NYL). The
transfer yield of the final solution was typically ca. 70 % by
mass. For single layered polyethylene glycol coated manganese
oxide nanocrystals, polyethylene glycol (PEG) (30.0 mg of
PEG200, 10.0 mg of PEG 1K, and 10 mg of PEG 10K) was
mixed with 0.5 ml manganese oxide nanocrystal solution ([Mn]
= 7.5 mg/ml) in hexane and 10 ml of Milli-Q water. The
aqueous and organic mixture was probe sonicated and purified
by ultracentrifugation, filtered as done above. In all cases, the
transfer yield of the purified nanocrystalline manganese oxide
coated with PEG was over 60 %.

Dynamic Light Scattering

The hydrodynamic diameters and surface charge of different
sized manganese oxides coated with oleic acid, and poly
(ethylene glycol) (PEG 200, 1K 10K) were measured at pH 7.2
and 25 °C, using a Malvern Nano ZS system by Malvern
Instruments equipped with a HeNe 633 nm laser (Malvern
UK). The
hydrodynamic diameters were obtained by the mean size of the

Zetasizer  Nanoseries, Malvern, average
first peak of the number distribution and the standard deviation

was determined from triplicate measurements.

Transmission Electron Microscope (TEM)

The diameters of the as-synthesized nanocrystals were directly
measured by transmission electron microscope (TEM). TEM
specimens were prepared using carbon support film on 300
mesh copper grids (Electron Microscopy Sciences). The TEM
micrographs were taken by a Tecnai G2 Spirit Twin
microscope (FEI, Hillsboro, OR) operated at 120 kV. HRTEM
analysis was performed using a JEOL 2100F microscope
(JEOL. Tokyo, Japan) operated at 200 kV. The size and size
distribution data were obtained by counting over 1000

nanocrystals using Image-Pro Plus 6.0.%

This journal is © The Royal Society of Chemistry 2012
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X-ray Diffraction (XRD)

X-ray powder diffraction (XRD) patterns were obtained using a
Bruker D8 Advance with a LynxEye XE detector. 20 range was
from 10 to 75 degree with a Cu Ko X-ray source (1.54 A),
generated at 40 kV and 40 mA.

X-ray Photoelectron Spectroscope (XPS)

XPS data was collected using a PHI Quantera XPS with a
monochromatic Aluminum 38.6 W X-ray source and 200.0 pm
X-ray spot size with a pass energy of 26.00 eV at 45.0°.

ATR-FTIR

FTIR spectra were recorded on a Nicolet Nexus 470
spectrometer equipped with a single bounce horizontal
attenuated total reflection (HATR) accessory. A germanium
crystal was used as the internal reflection element.

Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES)

Elemental concentrations were measured by an inductively
coupled plasma optical emission spectroscopy (ICP-OES,
Perkin Elmer Optima 7300DV) instrument equipped with
autosampler.

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS)

The uranium concentrations remained after uranium sorption

measurement using manganese oxide nanocrystals were
measured by an inductively coupled plasma mass spectroscopy
(ICP-MS, Perkin Elmer ELAN DRC II) instrument equipped

with autosampler.

Uranium Sorption Measurements

Engineered nanocrystals (oleic acid coated and PEG200 coated;
0.2 mg of manganese (II)) and commercial manganese oxides
(typically as 6.7 mg of manganese (II)) were tested for uranium
sorption at uranium concentrations ranging from 0.1 to 60 mg/L
of uranium (VI)) at various pH conditions (pH 5.6, pH 7.0, and
pH 8.5). System pH was adjusted with HNOj; (0.05 % by
weight) and/or NaOH (0.02 % by weight) before and after
uranyl nitrate addition. The solution pH was further monitored
and adjusted at least 3 times during each experiment (24 h). At
equilibrium (24 h), nanocrystals were separated using
ultracentrifugation at 40,000 rpm for 2 h (ca. 150,000 G-force)
and the remaining concentrations of uranium (VI) in the
supernatant  solution analyzed by ICP-MS. All
measurements were conducted in triplicate. The measured
uranium sorption density values (mass of sorbed uranium per
mass of manganese) as a function of equilibrium concentration
of uranium (mg/L) were fitted by the Langmuir isotherm
equation:

were

_ GmaxkCe
(1 + kCp)
where g, is the amount of adsorbed uranium at equilibrium

qe

concentration (mg/g), k is the sorption constant, qpq, is the
maximum sorption density (mg/g; mass of the sorbed uranium

This journal is © The Royal Society of Chemistry 2012

per mass of manganese),

concentration of uranium.

and C, is the equilibrium

Critical Coagulation Concentration (CCC)

Nanocrystal aggregation kinetics were examined by monitoring
hydrodynamic diameters of 12 nm manganese oxide
nanocrystals (typically, 2.7 X 1012 nanocrystals per milliliter)
coated with organic acids (bilayered structures) and PEG200
(single layered structure) in varied concentration of NaCl (from
50 to 1000 mM) and CaCl, (from 1 to 40 mM) at pH 5.6 for 40
min. The attachment efficiency of the nanocrystal aggregates, o,
in the presence of monovalent or divalent salt suspension was
calculated by the equation:

_k
* kfast
Where £ is the initial aggregation rate constant at elevating salt
concentrations and kg, is the diffusion limited aggregation rate
constant under favorable aggregation conditions.***®

Results and Discussion

Synthesis of Monodisperse Manganese Oxide Nanocrystals

Manganese oxide nanocrystals with controlled diameters were
synthesized through the thermal decomposition of manganese
oleate resulting in highly monodisperse particle libraries.*" *°
Resulting nanocrystals were stabilized by an amphiphilic
organic acid surface coating (oleic acid) and remained well
dispersed in various non-polar organic solvents (hexane,
toluene, ether, and chloroform). It was observed that the
reaction temperature, time, and the ratio of surfactant to metal
precursor affected the diameter of nanocrystalline manganese
oxide.”! In agreement with past work, we found that the
nanocrystalline manganese oxide nanocrystals increased in size
from 6.8 = 0.7 to 12.2 + 1.2 nm as the reaction temperature
increased from 290 to 320 °C (Fig. S1 in the ESIt). The
increasing ratio of surfactant to manganese precursor (from 0:5
to 8:5) and longer reaction times (from 30 min to 3 h) also
resulted in the larger manganese oxides over 25 nm (Fig. S1 in
the ESI).

$20000 .3‘.‘}
- f'.....t. @0 ¢ =% ‘ ﬁak;)“-'ig".
Fig. 1 TEM micrographs of manganese oxide nanocrystals. The high
concentration of manganese oleate (Mn-Ol) increases the diameters of the
nanocrystalline manganese oxides. The diameters of manganese oxide
nanocrystals are 12.2 + 1.2 nm (0.5 M of manganese oleate), 18.7 + 2.8 nm (1.0
M of manganese oleate), and 27.9 + 2.8 nm (1.5 M of manganese oleate) from
(A) to (C). Different concentration of manganese oleate was decomposed in 1-
octadecene in the presence of 2 mmol of oleic acid at 320 °C for 1h. The average
diameters of the nanocrystals were analysed by counting over 1000 particles
using Image-Pro plus 6 (Figure S2). All scale bars are 50 nm.

()
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In addition to the effect of reaction conditions (temperature,
ratio of manganese oleate to oleic acid, and time), the
concentration of the starting precursor materials (manganese
oleate in l-octadecene) had a significant effect on the
nanocrystal Fig. 1 shows transmission electron
micrographs of monodisperse manganese oxide nanocrystals
from 12.2 = 1.2 to 27.9 * 2.8 nm synthesized by varying the
concentration of the manganese oleate in 1-octadecene ranging
from 0.5 to 1.5 M at 320 °C for 1h (higher precursor
concentrations yielding larger diameter nanocrystals), which
similarly sized

size.

has been observed previously for other,

monodisperse metal oxide nanoparticles.*® *!
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Fig. 2 XRD patterns of the nanocrystalline manganese oxides with varying
diameters of 12.2 £ 1.2 nm, 18.7 + 2.8 nm, and 27.9 + 2.8 nm. The position of the
reflections matches to cubic MnO and the tetragonal Mn3;0, phases. The vertical
lines at the bottom of the graph corresponds to JCPDS card of MnO (Blue, JCPDS
Card No. 07-0230), and Mns0, (Red, JCPDS Card No. 24-0734).
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Phase Transfer of Monodisperse Manganese Oxide Nanocrystals

To evaluate potential aqueous-based application,
nanocrystalline manganese oxides synthesized in organic
solvents were phase transferred into water using either by a
bilayer strategy, using organic acids (such as, oleyl phosphate,
octadecylphosphonic acid, oleic acid, and stearic acid) and/or
ligand exchange process using polyethylene glycol (PEG) with
different molecular weights. Organic acid bilayer strategies
utilize the organic solvent stabilizing oleic acid base (surface)
layer (occurring during the synthesis) which can then be
tailored with regard to the second, outer layer, which upon self-
assembly, interfaces the water phase via hydrophobic head
group (here as oleic acid, oleyl phosphate, octadecylphosphonic
acid, and stearic acid).31’ 32 For all materials described, the
phase transferred nanocrystals were well dispersed in nano-pure
Milli-Q, 18.2 Q) water and colloidally stable without any
precipitation for over 6 months. The average core diameters and
morphologies are identical to those observed for as-synthesized
nanocrystals in organic solvents (Fig. 3). In all cases, phase
transfer efficiency was over 70%.

() SUORWENRET [ () 2,60
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Fig. 3 TEM micrographs of water stable manganese oxide nanocrystals. The
diameters of manganese oxide nanocrystals are 12.0 £ 0.9, 18.2 + 2.2, and 27.5 £
2.9 nm from (A) to (C). The average diameters of the nanocrystals were analyzed
by counting over 1000 particles using Image-Pro plus 6. All scale bars are 50 nm.

Synthesized nanocrystalline manganese oxides are shown to
have a core- structure of MnO with a thin shell of Mn;O,. As
shown in the HR-TEM analysis in Fig. S3 in the ESIf, the
lattice fringes of the shell and the core structure were indexed
to either (224) and (221) planes of Mn;O4 or (220) and (111)
planes of MnO, respectively.® This is consistent with X-ray
diffraction (XRD) patterns of the manganese oxide samples in
Fig. 2; all peaks match to MnO (JCPDS Card # 07-0230) and
Mn;0, (JCPDS Card # 24-0734) with the MnO:Mns0O, ratio
increasing with size as expected for a core-shell structure. That
is to say, with increasing particle size, the particle core mass
(composed of MnO) increases more than the surface area
(covered by Mn30,4). This type of core-shell structure of
manganese oxides (MnO@Mn;0,) may be formed through the
oxidation Mn(II) on the MnO surface in the presence of oxygen
as the reaction cools. Visually, the color of the reaction
mixture at 320 °C was grey green (MnO) turning to a deep
brown (the formation of Mn;0,) at room temperature and open
to the air, as observed by others.?!

4| J. Name., 2012, 00, 1-3

Water-stable nanocrystalline manganese oxide samples
were characterized by dynamic light scattering (DLS) to
measure the hydrodynamic size and zeta potential as it relates
to effective surface charge. The hydrodynamic diameters (Dy)
of the phase transfer agent coated manganese oxide
nanocrystals are shown in Fig. 4; DLS measurements revealed
that the bilayered structures (using oleyl phosphate, octadecyl
phosphonic acid, oleic acid, and stearic acid) and a low
molecular weight polymer (poly (ethylene glycol) with 200
molecular weight (PEG200)) led to thin, compact surface
coatings. For example, oleyl phosphate, octadecylphosphonic
and PEG200 applied to
nanocrystal cores of 12.2 nm diameter produced materials with
hydrodynamic diameters (Dy) of 21.7 £ 2.6, 19.2 + 0.6, 20.4 +
2.5, 23.6 = 0.5, and 21.5 + 2.0 nm, respectively. The larger

yielded particles with larger

acid, oleic acid, stearic acid,

molecular weight polymers
hydrodynamic diameters (PEG1K and 10K coated manganese
oxide nanocrystals showed the hydrodynamic diameters of 31.5
+ 2.0, and 46.6 + 0.7 nm, respectively). The zeta potential of
oleyl phosphate, octadecylphosphonic acid, oleic acid stearic
acid, poly (ethylene glycol) coated manganese oxide
nanocrystals were -46.6 + 2.3, -43.0 £ 1.9, -33.7 £ 1.9, -32.0 =

This journal is © The Royal Society of Chemistry 2012
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1.1, and -14.7 = 1.6 mV, respectively, which are in line with
expected values for these coatings.*> **

Once transferred, particle aggregation Kkinetics
evaluated as a function of environmentally relevant ionic
strength and type. Hydrodynamic diameters were monitored by
DLS in situ and in real time to determine the critical
coagulation concentrations (CCC) of both mono- and di-valent
salts (Na* and Ca®") for all materials described. As shown in
Fig. 5, unsaturated carbon (C8-C9 double bond) surface coating
materials containing phosphonic acid and carboxylic acid
bilayered nanocrystals were observed to have higher critical
coagulation concentration values compared to both saturated
carbon chain analog, bilayered structures and single layered
coatings. CCCs for oleyl phosphate- (883.7 mM of NaCl and
19.1 mM of CaCl,) and oleic acid- (810.1 mM of NaCl and
19.2 mM of CaCl,) bilayered nanocrystals were higher than
octadecyl phosphonic acid coated (201.5 mM of NaCl and 2.7
mM of CaCl,), stearic acid coated (245.8 mM of NaCl and
5.8mM of CaCl,), and pegylated nanocrystals (261.4 mM of
NaCl and 6.8 mM of CaCl,) (Fig. S8 in the ESI).

were

ARTICLE
As shown in Fig. 6A, monodisperse nanocrystalline
manganese oxides (12.2 nm diameter) demonstrated

significantly higher sorption capacities when compared to
aggregated commercial available manganese oxides by a factor
of over 100 in some cases for oleyl phosphate coated
manganese oxides (maximum adsorption capacity was 625.0
mg/g (milligram of uranium per gram of manganese)),
compared to 5.7 mg/g for commercial MnO. Such enhancement
is not only a function of more favorable surface chemistry, but
also due to the high particle stabilities resulting in the larger
effective surface areas when compared to the commercial
materials, which due to high surface energies, readily aggregate
in water (Fig. 6, Fig. S4 and Table S2 in the ESIY). For all
surface coatings evaluated, higher sorption values
observed under slightly acidic conditions, here as pH 5.6,
compared to neutral (7.0) or slightly basic (pH 8.5) conditions
(Fig. 6 and Table S1 in the ESIT), which is an expected trend.*
For example, a maximum uranium adsorption capacity of oleic

were

acid bilayered manganese oxide nanocrystals was 454.55 mg/g
at pH 5.6, 344.83 mg/g at pH 7.0, and 217.39 mg/g at pH 8.5
(Fig. 6B). Such higher uranium sorption at slightly acidic

condition is hypothesized to be a result of aqueous uranium
— 804 \\2 p) Ly (VD) speciation (< pH 6, forming UO,>* or UO,(OH)") which
£ Qs 11? should have a higher electrostatic affinity fi tivel
c a\ g y for negatively
= —_ charged surfaces, as reported by others.*®
[}
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Fig. 4 Hydrodynamic diameters of manganese oxide (Mn,Oy) nanocrystals from
the inorganic core (12, 19, and 28 nm) as well as the surface coating (oleyl
phosphate, octadecyl phosphonic acid, oleic acid, stearic acid, and poly ethylene
glycol).

Uranium Sorption and Separation Using Aqueous Stabilized
Manganese Oxide Nanocrystals

Material libraries were next assessed and compared for their
ability to adsorb and thus separate uranium in water. Uranyl
sorption isotherms were performed to calculate a maximum
adsorption capacity (gmaq,x) and adsorption constant (k) based
on the Langmuir isotherm equation, as described in the
experimental section at 3 different pH values (pH 5.6, 7.0, and
8.5) for described particle types (size and surface coating

combinations).** +

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Attachment efficiency (a) as a function of CaCl, concentrations for both
bilayered- (A for oleyl phosphate coated-, B for octadecyl phosphonicacid
coated-, C for oleic acid coated-, D for stearic acid coated-manganese oxides)
and pegylated-manganese oxide nanocrystals (E) and the aggregation kinetic
example of pegylated manganese oxide nanocrystals also as a function of CaCl2
concentration. The attachment efficiency (a) for each nanocrystal sample was

J. Name., 2012, 00, 1-3 | 5
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calculated by measuring the aggregation rates of the particles as a function of
time and salt concentrations (F). The nanocrystal concentration employed was
2.7 X 10**nanocrystals/L. The depicted images showed the bilayered and single
layered surface coating structures. The critical coagulation concentrations were
19.1 mM of CaCl, for oleyl phosphate coated- (A), 2.7 mM of CaCl, for
octadecylphosphonic acid coated- (B), 19.2 mM of CaCl, for oleic acid coated-
(C), and 5.8 mM of CaCl, for stearic acid coated- bilayered manganese oxide
nanocrystals (D). The critical coagulation concentrations for PEG 200 coated
manganese oxide nanocrystals was 6.8 mM of CaCl, (E).

When normalized for pH and surface coating chemistry
effects, both the particle diameter and the surface coating
thickness were also observed to play a significant role in uranyl
binding capacities. Smaller manganese oxide nanocrystals with
thinner, compact surface coating structures demonstrated higher
uranium sorption capacities. Fig. S5 in the ESI{ shows the
particle diameter and surface coating thickness dependent
uranium sorption using particle diameters of 12, 19, and 28 nm
coated with 3 different surface coating materials (PEG 200,
PEG 1K, and PEG 10K). At the same mass concentration, 12
nm manganese oxides (surface area: 2.5 x 1016 nm?), as
expected, had the largest uranium sorption capacity due to
higher surface area than 19 nm (surface area: 1.6 x 101° nm?)
and 28 nm (surface area: 1.0 X 1016 nm?) materials; at 20 mg/L
of manganese (II); there are 5.4 X 102 nanocrystals for 12 nm,
1.4 x 10'® nanocrystals for 19 nm, and 4.3 x 10'?
nanocrystals for 28 nm particles. Further, sorption capacity was
observed to decrease as a function of surface coatings
molecular weight, which scaled well with coating thickness
(Fig. 4, Fig. S5 and Fig. S6 in the ESI{). As shown in Fig. S5 in
the ESIT, PEG 200 coated manganese oxide nanocrystals (Dy =
21.5 nm) demonstrated the highest maximum sorption capacity
of 227.3 mg/g compared to 142.9 mg/g for PEG 1K and 119.0
mg/g for PEG 10 K coated manganese oxides. Thinner surface
coating materials may allow for more uranyl interfacial surface
reactions/binding occurrences.

The surface coating structure and chemistry were observed
to play a significant role in sorption. As shown in Fig. 6,
bilayered manganese oxide nanocrystals with phosphonate and
carboxylate based surface functional groups performed better
than single layered PEGylated (HO-PEG-OH) manganese oxide
nanocrystals. In one case, a maximum uranium sorption
capacity for bilayered nanocrystals (e.g. oleyl phosphate or
oleic acid coated manganese oxides) was nearly 3 times higher
than the value for the single layered structure, PEG200 coated
materials (Fig. 6, Table S1 and Table S2 in the ESIf) for the
same core particle at the same pH. High uranium sorption
capacities for the bilayered structures is due, in part, to the
strong binding of uranium at the functional groups (potentially
at either end of the bilayer structure) and the enhanced colloidal
stability (the colloidal stability effects are discussed in the next
section). For a better understanding of the interaction between
uranium and the bilayered stabilized materials, we investigated
uranium binding using ATR-FTIR and XPS. As shown in Fig.
S7 in the ESIY, upon uranyl sorption, a decrease in intensity
and a peak shift at 1226 cm™ and 1055 cm™ can be attributed to
strong interactions of uranium with phosphonate and carboxyl
groups, respectively, as noted by others.*’*° Based on this and
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in line with literature reports of U affinity for these functional
groups under similar water chemistries, we postulate that the
binding affinity of the phosphonate group (PO(OH),) (or
carboxyl group (COOH)) to uranium occurs, in part, via
electrostatic based mechanism(s) similar to previous reports

focused on uranium-ligand binding phenomena,'# 320 47 30-54
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Fig. 6 Uranium sorption isotherm on both engineered and commercial
manganese oxides. (A) Sorption studies were performed on engineered
nanocrystals (oleylphosphate coated- (OP, purple), octadecylphosphonic acid
coated- (ODP, green), oleic acid coated- (OA, red), stearic acid coated- (SA,
orange), and poly (ethylene glycol) 200 coated- (PEG200, blue); 0.2 mg of
manganese (I1)) and commercial MnO (black, 6.7 mg of manganese (l1)) at pH 5.6.
For these materials, a maximum sorption capacity (qmax) Was 47.6, 41.7, 32.3,
18.9, and 16.7 percentage by weight (wt%) per loaded sample (manganese
oxide) for oleyl phosphate, octadecylphosphonic acid coated-, oleic acid coated-,
stearic acid coated-bilayered manganese oxide nanocrystals, and PEG 200 coated
manganese oxide nanocrystals, respectively; commercial manganese oxides
showed 0.4 wt%. All solid lines were plotted by Langmuir isotherm equation
using the experimental data. (B) Maximum uranium sorption capacities (qmax)
for all materials (A) at three different pH (5.6, 7.0, and 8.5).

To further evaluate and delineate the mechanism of
uranium binding, system redox chemistry was studied using
XPS. Redox states for both sorbed uranium and manganese, at
the particle surface, were evaluated using oleyl phosphate
coated manganese oxide nanocrystals (which demonstrated the

This journal is © The Royal Society of Chemistry 2012
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highest binding capacity of all material combination studied)
before and after uranium sorption. The element’s corresponding
oxidation state ratios (uranium (U4f) and manganese (Mn2p))
were calculated by integrating the area under the curves which
were fitted by MultiPak V7.0.1 (Table S3 and S4).°% 3¢ As
shown in Fig. 7, 55 % of associated uranium (VI) was reduced
to uranium (IV) with a corresponding change in manganese
oxidation state (ca. 6% decrease in surface located manganese
(II) with consequent increase in surface located manganese
(IV)) (Table S3 and S4). Such Mn-U oxidation-reduction
coupling likely results, in part, from redox reactions between
available uranium species and surface active sites on the
nanocrystal surface itself. A complete mechanistic description,
including uranyl localization, is currently being delineated via
synchrotron based X-ray spectroscopy, via XAFS/XANES
analyses, which is beyond the scope of this initial report.
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Fig. 7 Redox reaction between uranium (U) and manganese (Mn) on the surface
of the nanocrystals. (A) The ratio of U(IV) to U(VI) was calculated by
(V1+V3)/(V2+V,) in the uranium 4f XPS data from the sample before and after the
uranium sorption measurement (Table S3). (B) Manganese 2P XPS data was used
to evaluate the ratio of Mn(Il)/Mn(lll) calculated by (V,+V.)/(Vp+Vy) from the
sample before and after the uranium sorption measurement (Table S4).

This journal is © The Royal Society of Chemistry 2012

Colloidal Stability of Single and Bilayered Nanocrystalline
Manganese Oxides in the Presence of Mono-/Di-Valent Salt Ions

Both oleyl phosphate coated- and oleic acid coated- bilayered
structures outperformed the uranium sorption capacities of PEG
based coated materials and commercial manganese oxide
nanocrystals. Due to relatively large amounts of sorbed uranyl,
which could shield functional group interaction(s) with water,
we further evaluated the stability of these systems in the
presence of elevated uranyl concentrations. Fig. 8 shows that
the hydrodynamic diameters of oleyl phosphate and oleic acid
bilayered manganese oxide nanocrystals were stable despite
increasing uranyl concentrations (from 0.1 to 60 mg/L) after 24
h. However, octadecylphosphonic acid, stearic acid, and PEG
coated manganese oxides showed significant increases in their
hydrodynamic diameters (thus losing monomeric stability) as a
function of U concentration. Such data are consistent with
observed CCC trends for (Na*) and divalent (Ca*") cations (Fig.
8 and Fig. S8 in the ESIt). As discussed for Fig. 5, both oleyl
phosphate coated- and oleic acid coated- nanocrystals
(bilayered structures) were extremely stable with extended
critical coagulation concentration values in the presence of high
concentrations of sodium (< 880mM) and calcium (<19mM)
ions; however octadecyl phosphonic acid-, stearic acid-, and
PEG200- coated nanocrystals aggregated at lower critical
coagulation concentrations values for sodium (<260 mM) and
calcium (<6 mM).
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Fig. 8. Hydrodynamic diameters of both bilayered- (oleyl phosphate (purple),
octadecylphosphonic acid (green), stearic acid (orange), and oleic acid (red)
coated) and pegylated- (black) manganese oxide nanocrystals after uranium
sorption measurements ranging from 0.1 to 60 mg/L of uranium (VI) at pH 5.6
for 24 h.

The enhancement of colloidal stability for the oleyl
phosphate and oleic acid bilayered nanocrystals has been
reported to result from the increased hydrophobic (sp2 pi
bonding environments) interactions between unsaturated carbon
chains, resulting in more stable, compact bilayers, by Prakash et
al. for oleic acid bilayer stabilized metal oxide nanoparticles.>
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It is hypothesized that the kink structure of unsaturated carbon
chains (cis forms in both cases here) provides additional layer
support via increased Van der Waals interactions (compared to
octadecyl phosphonic acid or stearic acid, which are
saturated).”> The lower sorption capacities of octadecyl
phosphonic acid- and stearic acid- coated bilayered manganese
oxide nanocrystals may also be due, in part, to the lower
stability in the presence of elevated uranyl (UO,** or
UO,(OH)") which would decrease the effective surface areas
(Fig. 6, 7, and 8). Highly stable oleyl phosphate and oleic acid
coated bilayered structures demonstrated nearly 1.5 times
higher uranium sorption capacities than octadecyl phosphonic
acid and stearic acid coated bilayered structure samples,

respectively.

Conclusions

For the first time, libraries of engineered monodisperse
manganese oxide nanocrystals have been systematically
synthesized, stabilized in water, characterized and demonstrated
as a platform material for advanced uranium, as uranyl,
sorption applications. As a function of particle size, surface
(layered) structure, and chemistry, these materials are capable
of ultra-high uranyl sorption capacities (>50% wt U/ wt Mn,
with partial U reduction from VI to IV observed) with
simultaneous high aqueous stabilities (at environmentally
relevant ionic strengths), when optimized via bilayer coating(s)
with second (outer-facing) layers consisting of either carboxylic
acid or phosphonic acid head groups. Fundamental
understanding of the U localization at/in the nanocrystal
structures/interfaces as well as a complete system redox
evolution are further needed, and on-going, to achieve the next
iteration in Mn-based particle design for optimized uranyl
sorption and separation application platforms.
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