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Abstract

A nanostructured form of molybdenum disulfide/dioxide was prepared by a two-step hydrothermal/gas phase reaction. The material wa:
composed of a solid Mogxcore with Mo$. . crystallites nucleating on its surface. Most of the Mg$ consisted of nanowires, which are 14
to 30 nm long and are about one Mothit cell wide. High-resolution electron microscopy (HREM), electron diffraction, energy-dispersive
X-ray spectroscopy (EDS), high-angle annular dark-field (HAADF) and X-ray diffraction were used to characterize the structure of the
catalysts. The morphology does not depend strongly on the parent oxide, since both samples presented the oxide and sulfide phases; howe
the abundance of nanowires depends on the thickness of the original oxide crystal. The catalytic activity and selectivity measurements of th
resulting unsupported catalysts are also presented. In both samples, a higher selectivity for hydrogenation over sulfur removal was found.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction (i) The approximately 56% increase in world petroleum
consumption; and

Molybdenum and other transition-metal sulfide-based (i) The higher sulfur content in increasingly heavier feeds
(TMS) hydrotreating catalysts were developed early in the (2,4].
twentieth century[1,2] and soon became extensively used
in refineries worldwide, since they present activity towards [N addition, as newer, environmentally friendly technolo-
hydrogenation and sulfur removal. Their tolerance for sul- gies for energy production are developed, the demand for
fur represented agreat advantage over noble metal Cata|yst§|eanel’ fuels will increase. Recent studies of fuel cells ex-
which are easily poisoned by even small amounts of sulfur. plore the possibility of using hydrocarbons as fuels, so that
The need to develop better fuels and, as a consequencegurrent technology can still be used in the production of
better hydrodesulfurization catalysts (HDS) is based on threecombustible45]. Moreover, hydrocarbons have the advan-
main facts: tage of having a higher power density than fuels such as
alcohols. However, hydrocarbon should undergo a reforma-
(i) The more stringent regulations starting in 2006 will tion in order to be used in fuel cells; this step may include the
require maximum sulfur levels of 15 ppmw in diesel, yse of precious-metal catalysts. Since reforming catalysts
30 ppmw in gasoline, and 3000 ppmw in jet f{@); and anode catalysts are very easily poisoned by the presence
of sulfur, the sulfur should be reduced to levels even more
" , stringent than that required to comply with the EPA Tier Il
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Although much research has focused on developing this of adding dropwise a 4 M solution of HCI to a saturated
kind of catalyst, including the location of active sites, the re- solution of sodium molybdate. The mixture is placed in a
action pathways, selectivity, and synthesis methods to maxi- Teflon-lined autoclave and left at 423 K for 6 h (precursor of
mize the number of active sites, there are still many aspectssample W) or 24 h (precursor of sample [26]. Once the
that remain to be understo§@-9]. reaction time was completed, the product was filtered and

A common approach to the maximization of the number dried.
of active sties is to decrease the particle size. In the particular ~ Sections of these films were reacted with a streamx& H
case of nanosized TMS particles, there have been reportedyas mixed with one of forming gas (90% inert gh8% H)
fullerene-like particles and nanotubes, which presented ex-in a 9/1 volume ratio at 723 K for 1 h in order to produce the
cellent lubrication propertiefl0-12] More recently Oli- corresponding sulfide. Three different inert gases, nitrogen,
vas et al.[13] reported the simultaneous formation of NiS argon, and neon, were used to study their influence on the
nanoparticles and nanorods of a W€bre surrounded by a  morphology of the final product. The unreacted excess of
WS, thin shell. H>S was neutralized with a saturated solution of NaOH.

Application of novel characterization techniques such as  The resulting sulfides were placed on carbon tape and
scanning tunneling microscopy (STM) and high-angle annu- coated with Au—Pd. Their morphology was studied by scan-
lar dark field (HAADF) to the study of catalysis4—16]has ning electron microscopy (SEM) in a Hitachi S-4500 field
led to significant advances in the understanding of the loca- emission SEM operating at 5 kV and a Jeol JSM 7700F (Cs-

tion of active sites and possible reaction mechanidri In corrected, 0.6-nm resolution) microscope operating at 2 kV.
particular, STM studies have confirmed that special metal-  For crystal structure identification we used a Phillips au-
lic states exist at the edges of small Mo8usters[15], tomated vertical scanning powder diffractometer. The spec-

meaning that when the particle size is restricted to a few tra were obtained between 10 and @0d2grees.
nanometers, the electronic structure is distorted and differ-  Transmission electron microscopy (TEM) and associated
ent from that in the bqu_materiaI. Moreover, a recent work techniques such as energy-dispersive X-ray spectroscopy
has reported a correlation between HDS activity and the (EDS), nanobeam diffraction (NBD), selected area diffrac-
presence of one-dimensional TMS structures in commercial tion (SAD), high-resolution electron microscopy (HREM),
catalystf18]. _ _ dark-field imaging (DF), and high-angle annular dark field
Our aim in this paper was to find a synthetic approach (HAADF) were applied to determine the subnanometer
for the formation of pseudo-one-dimensional structures of structure, chemical composition, and homogeneity of the
Mo$,, that is, structures that present nanometric sizes andsuifides. For TEM analysis, the samples were sonicated in
very low stacking. _ _ isopropanol and deposited on lacey carbon on copper grids.
Thus we synthesized molybdenum sulfide catalysts by TEM analysis was carried out in a JEOL 2010 F micro-
sulfidation of molybdenum oxide nanoribbons. The sulfida- scope equipped with a Schottky-type field emission gun,
tion of molybdenum oxides at high temperatures is known gp ultra-high-resolution pole piece (€s0.5 mm), and a
to produce fullerene-like speci¢$9,20} In an analogous  scanning-transmission (STEM) unit with a high-angle an-
way, it has been reported that the reaction between 0O nyjar dark-field detector (HAADF) operating at 200 kV. An
nanobelts at high temperatures in the presence of elemengyford spectrometer, attached to the 2010F, was used for
tal S produces fullerene-like structurgX)]; therefore we EDS analysis.
tried a different set of conditions to avoid the closure of HREM images were carried out with SimulaTEM, which
the _structur.e, that is, the fullerene formation. This was very performs fully dynamical calculations with the multislice
desirable since the closed-cage structures would have onlymethod. The images were calculated at two defocus condi-
basal planes exposed to the reactants in the catalytic activjons with the parameters for the JEOL 2010 F (200 KV,
ity tests, and they are well known not to be active for HDS cs— 0.5 mm).
reactiong21,22} o o Specific surfaces areas were determined with a Nova
It has also been proved that the sulfidation conditions af- 1000 series from Quantachrome by nitrogen adsorption at

fect the final morphology of the produfi6,23] thatis, the 77 Kk with the BET method. Samples were degassed under
stacking and the edge termination can be varied with the syn-,,o,um at 523 K before nitrogen adsorption.

thesis conditions. Therefore, the catalytic behavior changes

since it strongly depends on the type of surfaces present ingmmoniym thiomolybdate (ATM). One of them was sulfided
the materia[24,25] We found that Fhe co_nditions reported oy situ in a tubular reactor with 15% volume$fH; flow at
here favor the growth of a one-dimensional molybdenum g3 for 4 h (heating rate 4 knin) before catalytic testing;
sulfide phase without evidence of fullerene formation. the other one was left to be sulfided in situ during the reac-
tion. The decomposition of ATM precursor is a well-known

Reference catalysts were prepared by decomposition of

2. Experimental reaction that occurs very fast, generating MoSH3, and
HaS[27].
A self-standing film ofae-MoO3 nanoribbons was pre- The HDS of dibenzothiophene (DBT) has been studied

pared by a hydrothermal process. The procedure consistecas a model reaction of HDS of petroleum feedstock. For
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this work the HDS was carried out in a Parr Model 4520
high-pressure batch reactor. The catalyst was placed in the
reactor (ex situ catalysts (1.0 g) or in situ catalysts, the ap-
propriate amount of ATM to yield 1 g of Ma$ along with

the reaction mixture (5% volume of DBT in decaline), then
pressurized to 3.4 MPa with hydrogen and heated to 623 K
at a rate of 10 Kmin under a constant agitation of 600 rpm.
When the working temperature was reached, sampling for
chromatographic analysis was performed to determine con-
version versus time dependence; the reaction was run for 5 h.
Reaction products were analyzed with an AutoSystem XL
gas chromatograph (Perkin Elmer Instruments) with a 9-ft,
1/8-inch-diameter packed column containing OV-17 as the
separating phase.

3. Resultsand discussion

We sulfidized sections of film ok-MoOs nanoribbons
(Fig. 1A), keeping the HS/H, ratio constant at 90 and
changing only the inert carrier gas. The sulfidation process
produces metallic grey powders whose morphology differs
from that one of the parent oxide. As can be sedfigs. 1A
and B, while the oxide particles are very homogeneous in
size with smooth surfaces and a well-defined rectangular
shape, the resulting sulfides are irregular, but still elongated
particles (rods) with very rough surfaces. All three inert
gases produced samples with very similar morphological
features. Observation at higher magnification shows a series
of platelets growing perpendicular to the long axis of the ox-
ide (Figs. 1C and D). It was observed by STEM that these
bundles grow only within 10 to 30 nm from the surface. The
chemical composition, as determined by EDS, showed only
the presence of Mo, S, and O; no Na or Cl from the oxide
precursors was foundkig. 2A shows the average chemical
composition; all of the analyzed data where within less than
twice the standard deviation from the average value. The
presence of O shows that at the temperature studied, the sul-
fidation reaction is not complete.

Fig. 2B shows the X-ray diffraction patterns of the two
samples tested for catalytic activity. They were synthesized ) _
from oxides with different widths and thicknesses; the parent tFr:g. L. (A) SEM image of the--MoOg nanoribbons used as precursor for

. . . e sulfides. (B) After sulfidation these irregular elongated particles are ob-
oxide nanoribbons of W were 124 nm wide, and those 0f sened. (C, D) Higher magnification of the sulfided sample, there can be
sample Y were about 186 nm wide. seen a collection of platelets growing perpendicularly to the surface.

In both cases, X-ray diffraction showed the presence of
two crystalline phases, molybdenum dioxide (Tugarinovite, correspond to Mog2H (Fig. 2C). Conventional dark-field
JCPDS 78-1073) and molybdenum disulfide (Molybdenite- imaging (DF) of the rod-like particles allowed us to distin-
2H, JCPDS 65-0160)Fg. 2B). The MoG phase shows  guish between the MaSlike phase growing on the surface
sharper and better-defined peaks than the MeGggesting  and the MoQ matrix.
that the sulfide is present as small crystallites that presentan A more detailed study of the sulfide phases by HREM and
overall short-range order. This observation is in good agree- HAADF showed two different terminations of the crystal. In
ment with the small sets of platelets observed by STEM. The some areas one can clearly see very thin sheets perpendicular
electron diffraction patterns carried out on one of the long to the long axis Fig. 3A). HREM of those indicated that
particles showed the presence of the two phases as wellthey correspond to MgSbasal planesHig. 2A, inset). In
Also observed was a set of spots that have been indexedsome other areas, one can observe needle-like terminations
as monoclinic Mo®@ superimposed to a set of rings, which (Figs. 3 and C) that resemble bundles of nanowires.
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Fig. 3. (A) HREM image of one of the sheets showing the hexagonal array
of (001) planes. (B) TEM of an area that presents multiple nanowire termi-
nations (indicated by arrows) as well as some layers at the tip. (C) HAADF
of the nanowires, the contrast is much stronger that the one of the hexagonal

Fig. 2. (A) Elemental composition determined by EDS. (B) XRD pattern of
the two samples tested for catalytic activity. (C) Electron diffraction pattern
of one of the elongated particles, the spots are indexed as molybdenum/@yers.
dioxide, as indicated by a subindex ‘0’, and superimposed there can be seen
the rings of the sulfide. the rod is MoQ crystal, and the outermost surface presents
Mo$; layers and bundles of nanowires of a Meike phase.

It is noticeable that oxygen was well localized at the rods The heterogeneous sulfidation can be explained to be due
and not detected in the nanowires. This observation, alongto the different reactivity along crystallographic directions
with the DF results, supports the hypothesis that the core ofin «-MoQOs [28]. It is reported in the literatur§26,28,29]
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that MoQO; nanobelts and nanoribbons grow preferentially
along the [001] direction, which is the most reactive. There-
fore, one would expect that the reduction-sulfidation would
be more effective along this direction, whereas between the
layers, in the [010] direction, mainly hydrogen will diffuse,
allowing reduction to occur, forming Mo

In several cases we have been able to observe a single or
a pair of needles that grow well off the surface, allowing for
a closer observation and to determine that they are actually
single entities that can be regarded as nanowires with a thick-
ness of half of the regular MeS2H unit cell.Fig. 4shows a
HREM image of a bundle of nanowires where one is longer
than the others in the bundle. The Fourier transform (FFT)
of the single nanowire, shown in the inset, indicates that the
wire grows along the [L00Higs. 4A inset and B); an atomic
resolved image of a nanowire shows the atoms in a hexag-
onal array Fig. 4C), which implies that the nanowires have
a MoS-like arrangement. EDS analysis performed in sin-
gle nanowires and bundles of wires showed that they have
a S/Mo ratio of about 2.3, whereas the¢/l8o ratio was be-
tween 1.5 and 2 in the bigger rod-like particles. The rods
also contain oxygen, which was expected, since tugarinovite
(MoO2) had been found by XRD and electron diffraction.

The nanowires seem to be very flexible, have a tendency
to form bundles, and present a stronger contrast in HAADF
than the regular MoSlayer, suggesting an important differ-
ence in the structure of the nanowires.

In order to understand the observed structures we built
two models, shown ifrigs. 5 and 6 The models were built
from a single Mo$ slab cut in such a way that it is lim-
ited by a(1010) plane on one side and by(010 plane on
the other. The edges can be saturated with sulfur in different
ways to satisfy dangling bonds. In order to comply with the
measured stoichiometry, two combinations were tested. In
the first one Fig. 5), the (1010) edge was saturated with one
S-atom per Mo-edge atom and tt010 edge with two S-
atoms per Mo-edge atom. For the secdfig (6), the (1010)
edge is saturated with two S per Mo atoms and (@10
edge with one S per Mo-edge atom. Schweiger ¢2al.cal-
culated the stability of these edges and showed the formation
of S dimers at the so-called Mo edgE010) when it is sat-
urated with two S atoms. The formation of disulfide ions at
MoS; edges to complete coordination had already been pre-
dicted and is thought to be related to the catalytic activity of
this compound30,31]

The clusters chosen in such a way agree well with the
dllmenS|ons. measured from HREM a”‘?' the grqvvth qWeC' Fig. 4. (A) High resolution image of a bundle of nanowires. The Fourier
tion determined from the FFT. HREM image simulations transform shown in the inset confirms their one-dimensional character.
are shown inFigs. 5B, C and 6B, Clt was observed that  (B) An amplification of the tip of one of the nanowires shown in A. (C) An
at Scherzer defocus, the hexagonal array with an interatomicatom resolved image of the lower part of one of the nanowires, it shows the
distance of 0.27 nm is reproduceigs. 5B and 6B Fur- hexagonal array presented along the body of the nanowire.
thermore, when a focal series is calculated, a contrast rever-
sal is observed at a defocus ofL5.5 nm; in these images and 6Aindicate a soft metal behavior; a more detailed theo-
(Figs. 5C and 6%the contrast fully corresponds to that ob- retical study will be reported elsewhere.
served in the experimental images. Preliminary calculations  Bollinger et al. have calculated that one-dimensional
of the electronic structure of the clusters showrrigs. 5A metallic states form at the edges of single-layer Mols-

1 nm

— i
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Fig. 5. (A) Side and top view of the model presenting 50% coverage on the Mo edge and 100% on the sulphur edge (blue spheres represent Mo atoms and
yellow ones represent S). (B) HREM simulated image at Scherzer defe@4s5(nm), the hexagonal array is clearly observed. (C) HREM simulated image
at a defocus value 6f15.4 nm, the contrast shown at this defocus corresponds to the experimental image.

(1010)

Fig. 6. (A) Side and top view of the model presenting 100% of sulphur coverage on the Mo edge and 50% on the sulphur edge. The location of the disulfide is
indicated by an arrow (blue spheres represent Mo atoms and yellow ones represent S). (B) HREM simulated image at Scherzer defocus. (C) HREM simulated
image at a defocus value ef15.4 nm, the contrast shown at this defocus corresponds more closely to the observed experimentally.

ters [15], which shows that if Mogis confined to a size It is then expected that the nanowires undergo a structural
where only edges are present, both the geometric and theearrangement, even though they would preserve a resem-
electronic configurations will be different from the bulk. blance to the macroscopic crystal.
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Table 1 widely used in the literature, which facilitates the compari-
Surface area calculated by the BET equation from nitrogen absorption at son with data already reported.

77 K (before and after reaction), rate constails énd HYD/DDS ratios The HDS of DBT yields two main pI‘OdUCtS' biphenyl
for HDS of DBT (3.4 MPa of hydrogen, 623 ) (BP) through the so-called direct desulfurization pathway
Sample Surface area Surface area Rate constant Selectivity (DDS) and phenylcyclohexane (PCH) through the hydro-

before reaction after reaction k(X191) 1 HYD/DDS genative pathway (HYD). Phenylcyclohexane is a sec-
(£0.5)nf/g  (£0.5) nf/g (molsigd) / ;
ondary product along this pathway obtained by the C-S
w 14 10 37 15 ; h . .
v 5 15 a4 18 bond-breaking reaction from tetrahydrodibenzothiophene
Ex situ 8 17 04 (THDBT), an intermediate product formed by hydrogena-
reference tion of one of the aromatic rings of dibenzothiophene. Since
In situ 60 60 15 these two pathways are parallel, the ratio between HYD and
reference

DDS can be approximated in terms of the experimental se-
lectivity by means of the equation:

The formation of disulfide ions will produce a stronger ﬂ — ﬁ'
contrast similar to the one produced by defects (the so-called DDS ~ BP
Huang scattering32,33)), resulting in a stronger intensity ~ Nevertheless, changes between hydrogenating and hydro-
in the HAADF image due to local electron dechanneling ef- genolysis (C—S bond breakage ability) functions can be bet-
fects. ter ascertained from a comparison of THDBT and BP, which
The two sulfides tested for catalytic activity were mor- are the primary products along the two parallel pathways. In-
phologically very similar but presented different surface ar- deed, THDBT is formed only by the hydrogenation of one
eas Table ). Compared with the surface of reference cat- of the aromatic rings of DBT, whereas BP is produced by
alysts, sample W presents a typical value for this kind of direct C-S bond cleavage from DBT.
catalyst, intermediate between the in situ and ex situ refer-  The experimental constant rate (pseudo-zero-order be-
ences, whereas sample Y presents a very low surface areagause the DBT concentration decreased linearly with time)
much lower than the lower limit set by the ex situ reference. is given in moles of DBT transformed by second in 1 g of
Interestingly, the two catalysts showed similar activities catalyst, and it was calculated from the experimental slope
and selectivity for hydrogenation, in spite of the very differ- Of the plots of DBT concentration versus time according to
ent surface areas. the equation
The surface area of catalysts after the HDS reaction test
increased for the Y, whereas it decreased slightly for the W. [SIope(l/Hr)] x (Hr/3600 9 > (1 mol/1000 mmo
Loss of surface area of catalysts during catalytic reaction is X 34 mmolx (1/gcav,
considered normal because of the formation of carbon de-yhere 34 mmol is the initial concentration of DBT.
posits on the surface, particle sintering, or both; however,  The pseudo-zero-order rate constant valuds ¢alcu-
a surface area increase is not commonly observed. In thisjated from the slope of the experimental data on DBT
case the increase in surface area is attributed to disaggreconversion versus time, are listed Table 1 The ex situ
gation or separation of agglomerated nanoparticles due toreference sample presents a rate constant.bfx110~7
stirring and high pressure inside the reactor. This could be amols~g~1, which is considered to be a standard value
relevant aspect of nanostructured catalysts to be further stud<for typical unsupported MoS The in situ Mo$ reference
ied. A similar case was observed in Ni/W/Banostructured  shows an improvement of activity with a rate constant of
catalyst after the HDS of DBT reaction t¢34]. 6.0x 107 mols 1g~1. Such an effect can be attributed pri-
Nevertheless, it has been observed for samples activatednarily to surface-area improvement (from 8 to 68 gn?t),
in situ; thus, in situ activation of tetraalkylammonium thios- provoking an increase in contact area between reactive and
alts was reported to provide catalysts with enhanced areacatalyst surfaces. The W and Y catalysts have similar cat-
and improved catalytic performanf25]. A similar effect is alytic activities (34—37 x 10~" mols 1 g~—1. They are more
shown inTable 1for reference samples, as in situ treatment efficient catalysts than ex situ Me®ut less than in situ.
generated a higher surface area than the ex situ one. The enhancement of activity observed in sulfide—oxide cat-
The same trend, but less marked, can also be observedlysts with respect to the ex situ reference is more related
for the Y sample, which presents a higher value after re- to the morphology change of particles (nanowires and single
action. Surface-area results suggest that sample Y was notayers) than the surface-area improvement, which is modest.
sufficiently sulfided before reaction. The morphology changes expose catalytically active sites,
The HDS of DBT was studied under conditions of 623 K especially those located at the borders of the nanowires, in-
and 3.4 MPa, which are close to those used in industrial creasing the activity.
applications. DBT was chosen because it is considered an The reference ex situ catalyst showed a selectivity ratio
appropriate compound for the investigation of activity and of 0.4, which is a typical value for MgSor Co—Mo/AbO3
reaction mechanisms of proposed HDS catalysts, and it isindustrial catalysts favoring the DDS reaction pathyz6j.
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Fig. 7. (A) Scheme of the HDS of DBT pathways. (B, C) Catalytic activity plots for the HDS of DBT (samples W and Y, respectively). (D, E) Molar selectivity
plots of samples Y and W. (F) Hydrogenation products ratio, showing the continuous production of the intermediate hydrogenation product (THDBT).

The DDS pathway is also known to occur preferentially in ples the maximum is reached in a shorter time, but then it
Co-Mo/AlLO3 industrial catalyst$37,38] Conversely, the  decreases smoothly to a value close to 0.8, which is higher
in situ reference catalyst presents a selectivity ratio of 1.5, than the minimum for MoSmicrocrystals.

indicating that hydrogenation of the aromatic ring occurred ~ This result indicates that THBDT continues to be pro-
more extensively. High selectivity for hydrogenation was duced, but there may not be enough sites for the final C—-S
also observed in sulfide—oxide catalysts (1.54 for W and 1.84 bond cleavage to occur, and therefore not all of the THDBT
forY). can be converted to CHB.

Fig. 7 shows the distribution of the reaction products We can explain the activity of this material in terms of the
of HDS of DBT. The final hydrogenation (HYD) products reaction pathway proposed by Lauritsen et al., based on their
were cyclohexylbenzene (CHB) and tetrahydrodibenzothio- STM and spectroscopy resu[é?]. Traditionally, it was be-
phene (THDBT), and biphenyl (BF) of direct desulfurization lieved that the HDS reactions occur at sulfur vacancies on
(DDS). No other products such as benzene or bicyclohexyl the Mo$, but in situ STM observations of the interaction

were detected after 5 h of reaction. As mentionedahle 1 between Mo$ clusters and thiophene indicate activity at

and according to the literatuf@9,40] the HDS occurred  the metallic edges, which seem to be terminated by sulfur

mainly through the hydrogenation pathwayd. 7A). dimers. The presence of sulfur dimers was also discussed
It can be seen from the product distributiofigs. B by Goodenough as a way to complete the coordination of

and C) that the DDS product (biphenyl) increases almost the molybdenum atoms lying on the surface of molybdenum
linearly during the 5 h that the catalysts were tested. The sulfide[30].

production of CHB also steadily increased as expected, but In accordance with such a mechanism, we propose that
the THDBT showed an unusual behavior. It was noticed that the DBT molecules are physisorbed to the Ma@&nowires,
whereas the THDBJCHB ratio for the Mo$ microcrys- which present an excess of sulfur; and partial hydrogenation
tals (after[41]) reached a maximum briefly after 1 h and occurs at that site, forming THDBT. Later on, the THDBT
then abruptly decreased within the next 30 min, for our sam- molecule must be desorbed from this site and be adsorbed
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in a site able to accept S, for the C—S bond to be broken. [7] R.R. Chianelli, Catal. Rev. Sci. Eng. 26 (1984) 361.
The single Mo$ layers may play the role of a drain for this [8] R. Prins, V.H.J. Debeer, G.A. Somorjai, Catal. Rev. Sci. Eng. 31 (1989)
excess sulfur. Those sites may also be where DDS occurs; [9] é-G Silbernagel, T.A. Pecoraro, R.R. Chianelli, J. Catal. 78 (1982)
therefore the formation of BP and that of CHB are competi- 380, gel TA T T '
tive, and _h_ence not all of the THDBT can be consumed under [10] L. Rapoport, Y. Bilik, Y. Feldman, M. Homyonfer, S.R. Cohen,
the conditions tested. R. Tenne, Nature 387 (1997) 791.
[11] R. Tenne, Colloids Surf. 208 (2002) 83.
[12] R. Tenne, L. Margulis, M. Genut, G. Hodes, Nature 360 (1992) 444.
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