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ARTICLE INFO ABSTRACT

Keywords: Nanocarbons in molecular configurations of sp?/sp> present versatile structural and electronic properties, ex-
Nanodiamond hibiting a complexity in the structure-activity chemistry. In this work, we employed detonation nanodiamonds
Carbocatalysis constructed as a characteristic core/shell structure in the sp?/sp® configuration to demonstrate the intrinsic
Peroxymonosulfate correlation between the structure and catalysis. Annealed detonation nanodiamonds were found to show a su-
Nonradical .. . e . s s

DFT perb activity for catalytic peroxymonosulfate activation and organic oxidation. A synergistic effect of charge

transport was discovered at the interface to construct an electron-enriched carbon surface that further promoted
the catalytic activity evidenced by the density functional theory (DFT) calculations. More importantly, both
experimental results and theoretical predictions revealed that the catalytic oxidation via peroxymonosulfate
(PMS) activation was intimately dependent on the proportion of graphitic carbon layer in the sp?/sp> config-
urations. The increase of graphitic layers on nanodiamonds would alter the PMS activation from a radical-based
reaction to a nonradical pathway for catalytic oxidation. The novel catalytic properties of tunable oxidative
potentials from carbocatalysis may simulate fascinating prospects for environmental catalysis and organic

synthesis.

1. Introduction

The state-of-the-art carbocatalysis has appealed great passions in
the scientific community of electrochemistry and heterogeneous reac-
tions owing to the fascinating physicochemical properties and metal-
free nature of nanocarbon materials [1,2]. The intrinsic reactivity of
graphitic carbon allotropes (graphene, carbon nanotubes etc.) has been
illustrated to be intimately associated with the distorted carbon do-
mains (activated by alien-atom doping) and the versatile defective sites
as well as functional groups that exhibit unique electronic/spin cultures
[3-6]. Manipulation of both the structure and functionality would offer
a tool for tailoring the opening bandgap, enhancing the light-harvest
capability, and promoting the charge transport/separation. To this end,
nanocarbon hybridization using two or more compounds has been
commonly proposed to achieve novel properties, attributing to the
hetero-interacted interfaces and electron tunnelling effects [7-9].
However, for a mechanistic study, the active sites of the hybrids in
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carbocatalysis are far more complicated and difficult to be elucidated.

Nanodiamonds (NDs) produced from a detonation method are
comprised of a highly sp>-hybridized nanocrystal (5 = 2nm) in an
irregular morphology with a high surface/volume ratio. NDs are nor-
mally terminated with hydrogen and oxygen atoms and partially cov-
ered by amorphous soot. Thermal annealing is able to eliminate the
surface contaminants and partially decompose the outer sphere of the
nanodiamonds to form a graphitic fullerene shell, hereby transforming
the bulk nanocrystal into a uniform and self-assembled sp?/sp® hybrid
structure [10,11]. The graphitization of nanodiamonds involves multi-
steps. At a low temperature range (300-800 °C), it would lead to de-
attachment of moisture and oxygen functionalities (carboxyl, hydroxyl,
and ketonic groups), and decomposition of surface soot and amorphous
carbon [12,13]. When further annealing nanocrystals at above 900 °C,
the carbon atoms at the terminal grain boundaries of sp>-hybridized
diamond crystals would be rearranged into a n-conjugated framework,
which will subsequently be constructed into a graphitic shell which
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Fig. 1. (a) Carbocatalysis on pristine and graphitized
nanodiamonds from different sources, and (b) effect
] of annealing temperature on the catalytic perfor-
mance of S-ND.
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covers the sp3 diamond structure [14,15]. The removal of oxygen
functionalities on outer sphere of diamond can also bring in structural
defects and dangling bonds for further promoting the collapse and
transition of sp3 carbon to sp2 network [16]. Therefore, the structure of
nanodiamonds can be easily regulated by thermal annealing at high
temperatures under inert/oxidative ambience to facilitate a mechanistic
study that cannot be done on carbon hybrids.

Benefited from a characteristic core/shell architecture, the partially
graphitized nanodiamonds may present a novel catalytic behavior of
the graphene-based materials meanwhile embracing new properties
from the diamond part via a delicate sp?/sp® control. The graphite/
diamond structure has demonstrated a better activity than other carbon
materials in oxidative dehydrogenation (ODH) reactions [14,17].
However, such a synergistic effect was barely investigated in the aqu-
eous-phase reactions, and the impacts of the shell thickness on the
electronic/geometric variations, i.e. diamond-based catalysis me-
chanism, have not been elucidated yet. Here we reported a case study of
catalytic oxidation from peroxymonosulfate (PMS) activation on con-
trolled graphitized nanodiamonds. This study helps reveal the re-
levance between the structural transformation and catalytic activity in
carbocatalysis. We discovered that the new creation of graphitic carbon
layer on nanodiamonds would greatly promote the PMS activation,
meanwhile the rational rearrangement of sp?/sp® configurations in-
duces different reaction pathways towards catalytic oxidation.

2. Experimental
2.1. Chemicals and catalyst synthesis

Three nanodiamonds, such as I-ND (Ray Techniques Ltd., Israel), C-
ND (XFnano Materials Tech Co. Ltd., China), and S-ND (< 10 nm,
Sigma-Aldrich, Australia), were received and purified by thoroughly
acid washing to remove the potential metal residues. Then, the pristine
nanodiamonds were placed in a tubular quartz reactor and treated by
thermal annealing under nitrogen at 5 °C/min and held at 500-1100 °C
(donated as ND-X, X = 500-1100) for 1 h. The derived samples were
cooled down naturally, washed with ethanol (70 wt%) and ultrapure
water, and dried at 60 °C in an oven.

2.2. Characterizations of carbon materials

The structure of nanodiamonds was revealed by high-resolution
transmission electron microscopy (HRTEM) images acquired on a Titan
G2 80-200 TEM at 80 kV. The electron energy loss spectra (EELS) at
high and low energy regions were analyzed on the same TEM at 120 kV.
X-ray photoelectron spectroscopy (XPS) was employed to estimate the
elemental composition of nanodiamond surface under ultrahigh va-
cuum conditions (<1 x 10~° mBar) on a Kratos AXIS Ultra DLD
system. The surface property and porous structure of nanodiamonds
were measured at liquid nitrogen temperature (—196 °C) on a TriStar
instrument and calculated by the Brunauer-Emmett-Teller (BET) and
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Barret-Joyner-Halenda (BJH) equations. The crystalline information of
nanodiamonds were analyzed by X-ray diffraction (XRD) with a Cu Ka
X-ray gun (A = 1.5418 A). Electron paramagnetic resonance (EPR) was
performed to analyze the spin numbers of structural defects in nano-
diamonds. In a typical analysis, the nanodiamond power was placed in
the center of the EPR instrument. The EPR parameters were recorded as
[Sweep width] = 200 G, [Sweep time] = 30 min, [g-factor] = 2.003,
[Attenuation] = 12.7 dB, [Center field] = 3517.75 G, and [Power]

= 9.98 mW.

2.3. Catalytic performance evaluation

The experiments were conducted with the dosages of the chemicals
and catalysts as carbocatalysts (0.1 g/L), target organics (20 mg/L
phenol), and the oxidant (PMS, 2 g/L). The reactor system was kept
stirring at 400 rpm at 25 °C to form a homogeneous suspension. At set
time intervals, the solution mixture was filtered via a 0.45 ym mem-
brane to remove the solids and mixed with methanol to react with the
remaining free radicals in the filtrate. Phenol concentrations were de-
tected on a Thermal-Fisher high-performance liquid chromatography
(HPLC) with an OA column at 270 nm.

3. Results and discussion
3.1. Catalyst characterization and performance

Firstly, the catalytic activity of pristine and annealed nanodiamonds
(NDs) from different sources were screened. As indicated in Fig. 1a, the
pristine nanodiamonds e.g. C-ND (XFnano Materials Tech Co. Ltd,
China) and I-ND (Ray Techniques Ltd., Israel) can hardly decompose
PMS to generate reactive species for phenol decomposition. Only
around 42.3% phenol removal was achieved on S-ND (Sigma-Aldrich,
Australia). However, it was proved that the catalytic performance of the
pristine nanodiamonds can be significantly improved by thermal an-
nealing (900 °C, Fig. S1). For example, C-ND-900 and I-ND-900 attained
66.7% and 76.9% organic removals in 120 min, respectively, and S-ND-
900 yielded complete phenol degradation in 90 min with PMS. Fig. S2
and Table S1 show that the specific surface areas (SSAs) of the nano-
diamonds were slightly increased after the high-temperature treatment
because of the thermal expansion of highly stacked nanoparticles. The
high surface energy of nanoscaled crystals gives rise to the aggression of
nanodiamonds. Interestingly, S-ND-900 possesses the lowest surface
area (365 m?/g vs 394 m?/g of C-ND-900 and 375 m?/g of I-ND-900)
yet demonstrates the highest activity, suggesting that the surface area is
not the key factor dominating the catalytic behavior. Moreover, XRD
patterns (Fig. S3) illustrate that the S-ND-900 exhibited the lowest
crystalline intensity among the three annealed nanodiamonds, which
might facilitate the decomposition of the outer shell of the diamond
(111) terminating planes and transformation into a graphitic (001) shell
[18,19]. Meanwhile, the texture of the denotation nanodiamonds from
different sources may also influence the annealing processes as well as
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Fig. 2. TEM images of (a) S-ND and (b) S-ND-1100. (c) Electron energy loss spectra, (d) Nitrogen sorption profiles and pore size distributions (inset), and (e) Electron resonance of various

nanodiamonds.

the catalytic activity of the derived products. The impact of annealing
temperature (500-1100 °C) on peroxymonosulfate activation and
phenol oxidation was further investigated under inert ambience. It was
discovered that phenol oxidation efficiency was remarkably promoted
after the thermal treatment (Fig. 1b), due to the optimization of surface
oxygen functionalities and reconstruction of carbon configuration [20].
Interestingly, the reaction rate constants soared from 0.0047 min~! on
pristine S-ND to 0.030 min~' on S-ND-900. Then the rate declined
gradually at higher temperatures with 0.023 and 0.013 min ~* for S-ND-
1000 and S-ND-1100, respectively. Moreover, we evaluated the metal
residues of the S-NDs by strong acid (nitrohydrochloric acid) digestion.
It was found that only very trace metal element (Fe) was detected in S-
ND, suggesting that it is the carbocatalysis that drives PMS activation
for graphitized nanodiamonds [21]. Nonetheless, the nitrogen im-
purities inherited from the detonation synthesis were discovered for all
the nanodiamonds (Table S2), and the N impurities buried in the core
exhibited an insignificant influence on the catalytic performances of the
graphitized nanodiamond (Fig. 1).

The HRTEM images in Fig. 2a evidence the diamond crystal struc-
ture with a lattice spacing distance of 2.04 A, which is in consistence
with the XRD patterns with the (001) diamond facet locating at 42.5°
(20) in Fig. S3. S-ND-500 and S-ND-700 (Fig. S3) presented a similar
fingerprint. It can be found that only the bulk diamond structure can be
discovered for S-ND, S-ND-500, and S-ND-700. However, a shell of
graphite layer emerged for S-ND-900 and 1-2 layers occurred for S-ND-
1000 (Fig. S5). When the annealing temperature climbed up to 1100 °C,
the layer number of the onion-like shell increased to 2 ~ 4 shells on S-
ND-1100 with a smaller diamond core of 2 ~ 3 nm as shown in Fig. 2b.
However, the particle size of the multilayer encapsulated nanodiamond
(S-ND-1100) slightly increased to 6-7 nm due to the expended shells,
which can be further reflected by the increased SSA of 416 m%/g
compared with S-ND-X (X = 500-1000) of 350-370 m2/g in Table S2.

The graphitization degree at the outer sphere of the nanodiamonds
was identified by the electron energy loss spectroscopy (EELS) as de-
picted in Fig. 2c. Within the high-energy region, the dominant peak
locating at 290.0 eV can be assigned to the typical electron transition

from 1 s core level to 6" orbits excited from the sp>-hybridized carbon of
diamond crystal, whereas the shoulder peak siting at around 283.7 eV
can be stemmed from the 1 s core level to &t~ band (p-orbits) transitions
for the sp*-hybridized graphite/graphene [14,22]. Pristine S-ND only
presents a prominent peak assigned to diamond, while a weak graphite
intensity is emerged on S-ND-900 implying the occurrence of graphitic
layer. The 1s— " intensity becomes more predominant on S-ND-
1100, which reveals the formation of multi-fullerene shells. Fig. S6
presents the corresponding low-loss EELS spectra of the nanodiamonds.
Similarly, the S-ND presents a main peak with the plasmon energy of
35 eV associated with the bulk diamond, and the appearance of the
ridge at 20 eV for S-ND-900 and S-ND-1100 could be attributed to the
graphitic carbon [23]. The increment of peak intensity of graphite at
higher temperatures manifested a higher graphitic degree, which is in
good consistence with the high energy EELS spectra. The nitrogen
sorption profiles in Fig. 2d reveal that the surface and pore volume were
only slightly increased at higher temperatures, and the pore size dis-
tribution still fell in the region of micro- and meso-pores that are de-
rived from the carbon surface and aggression of secondary diamond
nano-particles.

The electron paramagnetic resonance (EPR) is an informative and
nondestructive tool to detect the unpaired electrons and spins of de-
fective sites, carbon dangling bonds, and impurities in diamond crystals
[24,25]. The EPR spectra (Fig. 2e) clearly show that the EPR signal
intensity (Landé factor g = 2.003) decreased dramatically after the
thermal treatment, and S-ND-1100 exhibited the lowest level of para-
magnetic centers. This is due to the fact that the carbon atoms in
structural defects and dangling bonds at the diamond outer surface
were decomposed and re-constructed into the graphitic shell during the
annealing process, meanwhile leaving a smaller diamond core with
fewer number of defects and dangling bonds at the grain boundaries.
The EPR well illustrates the process of thermal transition from a bulk
diamond to a core/shell hybrid that has already been witnessed by
HRTEM and EELS above. Additionally, other advanced techniques such
as Raman spectroscopy and extended X-ray absorption fine structure
(EXAFS) are also powerful and nondestructive tools to analyze the
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categories and contents of sp?/sp> carbons as well as defective/gra-
phitic degree, not applied in this study though.

3.2. Theoretical evaluation of PMS adsorption on the sp®/sp® hybrid
structure

We utilized theoretical calculations to simulate the PMS molecular
adsorption onto the annealed nanodiamonds with different graphiti-
zation degrees. The graphene/diamonds with 1-3 graphene layers were
built and the corresponding relaxed structures are presented in Fig. 3.
The top graphene layer was discovered to present a strong covalent
bonding with the diamond surface. When the second and third gra-
phene flakes were constructed above, the graphene lattices would in-
timately interact with each other via the van der Waals attractions. In
regard to the adsorption behavior of PMS, the oxidant molecule (PMS)
exhibited a preferable tendency to lie down onto the outer graphene via
chemical bonding with the graphene surface regardless the thickness of
the shells. To better illustrate the interaction of PMS with the graphene/
diamond composites and the activation of PMS in the different sce-
narios of variable graphene layers, several key parameters, such as
bond length (Ip_o) of SO30—OH (PMS molecule), charge transfer (Q)
from the substrate to PMS, adsorption energy (E.qs) and total net charge
population (Qc. ) of the carbon atoms in the outer graphene lattice are
listed in Table 1.

The effective activation of PMS molecules is dependent on breaking
up the peroxide O—O bond and achieving charge-transport from cata-
lysts. Thus, the bond length and charge density of PMS will predict the

Table 1
The relevant calculation results of PMS adsorption on diamond/multi-layer graphene.
(The lo_o in free PMS is 1.326 A).

Configuration o Q@ Qcret Eqas (V)
1 layer graphene/diamond 1.421 —0.553 —0.746 —2.46

2 layer graphene/diamond 1.410 —0.455 —0.549 —2.939
3-layer graphene/diamond 1.410 —0.454 —0.486 -3.157

Applied Catalysis B: Environmental 222 (2018) 176-181

Fig. 3. The relaxed configuration of PMS adsorption
on graphene/diamond system with different layers of
graphene. (a) 1 layer graphene, (b) 2 layers gra-
phene, (c) 3 layers graphene.

activation process when interacting with the catalyst surface. In this
study, the cleavage of PMS and charge-transport number exhibited
different trends with the increased graphene layers. Compared with the
natural PMS with a SO30—OH bond length at 1.326 10\, the lo_o was
stretched significantly to 1.421 A for the one-layer graphene/diamond,
and 1.410 A for the two/three-layer models, which implies the activa-
tion of the PMS molecule on the hybrid surface. The electron-transfer
from outer graphene of the hybrid to PMS was 0.553 e, 0.455 e, and
0.454 e for one, two, and three layer-graphene models, respectively.
Increasing the graphene layer number from one to two leads to lower
charge-transport from graphene to PMS, less electron-density (Fig. S7
and Table S3), and a shorter bond length of superoxide O—O bond. A
further increase of the layers to three shows a marginal effect. The
theoretical prediction is in good agreement with the experiment that S-
ND-1100 with multi-graphitic shells is less reactive than S-ND-900 with
a single shell for PMS activation and catalytic oxidation.

We further employed carbon nanotubes (CNT) with different wall
thicknesses for PMS activation as shown in Fig. S8 and Table S4.
Similarly, the single-walled CNT exhibited the best catalytic activity for
organic oxidation with a rate constant of 0.020 min~', which decreased
to 0.008 and 0.006 min~! on double-walled and multi-walled (> 12
layers) CNTs, suggesting that the multi-graphitic layers interacted via
the van der Waals forces might limit the synergistic effect for PMS ac-
tivation. However, the superb catalytic efficiency of single-layer gra-
phene/diamond was benefited from the hybrid structure that the inner
diamond substrate can effectively excite electrons to the conjugated
system of nearby graphene via the covalent bonds, giving rise to a
denser electron population for transferring electrons to PMS molecule
[26]. This is verified by the net charge density (Table 1) of outer gra-
phene lattice (Qc.ner) Which for a single layer (—0.746 e) is more ne-
gative than that for the two (—0.549 e) or three (—0.486 e) layers. We
speculate that the tunnelling effect might be weakened because very
few electrons could penetrate the graphene/diamond (covalent bond)
and graphene/graphene (van der Waals interaction) interfaces to reach
the outermost shell in a multi-layered structure. It should be pointed
out that we engaged a graphene lattice here instead of a fullerene
structure to simplify the model for calculation. In reality, the charge
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distribution is uneven for the concave and convex sides of graphitic
sphere of annealed nanodiamonds, because the carbon atoms in the
curvature structure (similar to carbon nanotubes) could excite electrons
to the m orbitals of the bent outer shell, thereby resulting in a denser
electron population of the delocalized s system [1,27,28]. Herein, the
electron-enriched convexity of the fullerene shell may further enhance
the catalytic performance of the hybrid for PMS activation.

Nevertheless, one-layer graphene/nanodiamond induces longer
lo—o and greater Q for PMS activation, and the model shows the highest
adsorption energy (E.q) of —2.460 eV in contrast to two- and three-
layer graphene of —2.939 and —3.157 eV accordingly. A moderate
adsorption energy may facilitate the detachment of the cleaved PMS
molecules to produce hydroxyl and/or sulfate radicals. Since both hy-
droxyl and sulfate radicals could be generated in PMS activation, the
competitive radical quenching test was performed (Fig. S9), which in-
dicates that sulfate radicals are the dominating oxidative species among
the free radicals in S-ND-900/PMS. This is further supported by Fig. S10
that the system is less effective for oxidation of nitrobenzene and
benzoic acid, typical hydroxyl radical probes. Interestingly, introducing
excessive methanol (the radical scavenger, kgos:— = 3.2 X 10° k
‘on = 9.7 x 10%) at 1000-times of PMS did not completely terminate
the oxidation reaction and 87.8% phenol oxidation was still achieved in
120 min. This is intrinsically different from the classical SO,4- ~-domi-
nated system of Co?"/PMS, and -OH-based system of Fe**/H,0,
where the oxidations could be instantly creased (Fig. S11).

3.3. Transition from radical to nonradical pathway on annealed
nanodiamond

In previous studies, we unveiled that PMS activation by carboca-
talysis involved both radical and nonradical oxidations, whereas the
mechanism of the nonradical process remains ambiguous and that ra-
tional governing the pathways is difficult to achieve [29,30]. It was
supposed that, in a nonradical process, the PMS molecules were acti-
vated on the surface of carbocatalysts to form a reactive intermediate or
surface-bonded sulfate radical, which directly reacts with the organic
contaminants via a rapid electron transfer without generation of free
radicals into the aqueous phase [31-33]. Since the activated complexes
are confined on the surface, the reactive intermediates usually pre-
sented a mild redox potential, leading to a good selectivity to electron-
rich substances [33-36].

For the graphene/diamond hybrids, DFT calculations indicate that
PMS adsorption onto the composites with 2-3 graphene layers becomes
stronger (lower E,q45), yet exhibits a shorter bond length of HO—0(S03)
and less electron transfer from the graphene (Table 1). This interesting
finding suggested that multi-graphitic layers promote the interaction
with PMS molecules, yet are not beneficial for O—O bond cleaving to
produce free radicals, which might foresee a different activation
pathway on the nanodiamonds. PMS may be intimately attached onto
the carbon surface (without producing radicals to the solution) to form
a reactive intermediate towards phenol oxidation, namely a nonradical
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process. To verify the hypothesis, we compared the oxidative perfor-
mances of S-ND-900 and S-ND-1100 under different dosages of me-
thanol in solutions (Figs. S12 and S13). It is interesting to find in Fig. 4a
that the S-ND-900 is more sensitive to radical scavengers than S-ND-
1100 and the reaction rate decreased rapidly with the increased loading
of methanol. Moreover, Fig. 4b manifests that the organic oxidation
rates of S-ND-900 were declined by 35.0, 48.9, and 66.6% with the
addition of methanol at 500-, 1000-, and 2000-fold, respectively,
compared with the control experiment without any alcohol, whereas S-
ND-1100 exhibited much better resistance to the radical scavenger with
a decline rate of 9.2, 18.5, and 41.5% accordingly. The S-ND-1100
obviously exhibited a better resistance to the radical scavenger than S-
ND-900. Given the fact that a typical SO4- ~/-OH-based system could
be immediately terminated by excessive methanol (1000-fold of the
oxidant) in Fig. S11, the contributions of phenol oxidation by the
nonradical pathway in S-ND-900/PMS and S-ND-1100/PMS were esti-
mated to be 33.4% and 58.5%, respectively. Therefore, the radical
quenching tests suggest that the higher graphitic degree on S-ND-1100
gives rise to a greater proportion of nonradical oxidation and the for-
mation of multi-graphitic layers facilitate the transformation of radical-
based pathway to a nonradical process for catalytic oxidation, which is
good consistence with the theoretical prediction.

4. Conclusions

Surface-modified nanodiamonds by thermal annealing have been
demonstrated as a carbon sp?/sp® structured model in a chemical re-
action of peroxymonosulfate activation and catalytic oxidation for
mechanistic insights into the structure-activity from the viewpoints of
theoretical calculation and experiment. The superb catalytic activity of
annealed nanodiamonds is originated from a synergistic effect of the
self-constructed sp?/sp> hybrid structure that enriched the charge
density of graphitic carbon surface and promoted the electron-transfer
to PMS molecules. More importantly, theoretical calculation and ex-
perimental design unveiled that the activation pathway of perox-
ymonosulfate was sensitive to the thickness of the graphitic shell on the
diamond, and further increasing the wall number would transfer the
radical-dominated oxidation to a nonradical-based pathway. Due to the
moderate redox potential of a nonradical process in which the PMS was
partially confined on the carbon surface, the nanodiamond/PMS would
be able to provide a tuneable and mild oxidative potential for selective
oxidation of organic compounds in complicated water matrix. Hence,
the manipulated nonradical oxidation with carbocatalysis may provide
a promising oxidative system for organic synthesis (e.g. selective oxi-
dation) and hydrocarbon conversions in aqueous and nonaqueous
phases.
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