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Ammonia synthesis on graphitic-nanofilament supported Ru catalysts
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Abstract

Graphitic-nanofilaments (GNFs) supported ruthenium catalysts were prepared and characterized by N2 physisorption, X-ray diffraction
(XRD), transmission electron microscope (TEM) and temperature programmed reduction-mass spectroscopy (TPR-MS) and used for ammonia
synthesis in a fixed bed microreactor. The TEMs of the Ru/GNFs and Ru-Ba/GNFs catalysts indicate that the Ru particles are in the range of
2–4 nm, which is the optimum size of Ru particles for the maximum number of B5 type sites. The activity of Ru-Ba/GNFs catalysts is higher
than that of Ru-Ba/AC by about 25%. The methanation reaction on the Ru/GNFs catalyst is remarkably inhibited compared with a Ru/AC
catalyst. High graphitization of GNFs is likely to be the reason for the high resistance to the methanation reaction. The power rate law for
ammonia synthesis on Ru-Ba/GNFs catalysts can be expressed byr = KP−0.4

NH3
P0.8

N2
P−0.7

H2
, indicating that H2 is an inhibitor for N2 activation

on the catalyst. Catalysts with the promoters Ba, K and Cs show large differences in activity for ammonia synthesis. The catalyst promoted
with Ba (Ba/Ru= 0.2 molar ratio) was found to be the most active, whereas that with a K promoter was the least active.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The synthesis of ammonia from nitrogen and hydrogen is
one of the most important catalytic processes. Conventional
multi-promoted iron-based catalysts have been used for
ammonia synthesis since 1913. High temperatures and high
pressures are required for ammonia synthesis on conven-
tional Fe-based catalysts. Hence, new catalysts operating
under mild conditions are desired in order to further decrease
energy costs. Ru supported on active carbon promoted by
potassium was found to be more active than iron catalysts for
ammonia synthesis in 1971[1]. Low temperatures and pres-
sures are both important advantages of the Ru/AC catalysts
over conventional multi-component iron-based catalysts. A
plant was constructed that commercialized carbon-supported
Ru catalysts promoted by alkali and alkali-earth metals
in the 1990s by a group comprised of Kellog, Engelhard
and British Petroleum. Since then, Ru-based catalysts have
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attracted a great deal of attention from academic and indus-
trial circles, and have the potential to replace conventional
iron-based catalysts for ammonia synthesis. Many studies
have focused on activated carbon (AC) supported Ru cata-
lysts. However, extensive studies show that the deactivation
of the catalyst is a serious problem under the reaction
conditions when Ru was deposited onto the surface of the
activated carbon. There are three considerations on this
problem in the literature, i.e. metal sintering, loss of the
active component and methanation of the support, of which
the last becomes obvious when the catalyst has been oper-
ated under working conditions for a long time[2–6]. There-
fore, a more stable support is required, and this has led to a
search for an alternative to active carbon. Recently, a num-
ber of studies have shown that graphitzed activated carbon,
MgO and BN supported Ru have high catalytic activities
and long-term stability for ammonia synthesis[4–13].

Aika and co-workers[4], Forni et al.[6] and Kowalczyk
et al. [9] found that the catalyst lifetime was remarkably
prolonged when the activated carbon was treated at high
temperatures. These results reveal that graphitized carbon
is feasible as a catalyst support for ammonia synthesis.
In 1991, a novel carbon material named carbon nan-
otubes (CNTs) was discovered[14], which is produced by
arc-discharge at high temperatures. Later, a similar material
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named graphitic-nanofilaments (GNFs) were obtained by
the dissociation of methane on Ni, Co or Fe catalysts at
high temperatures[15]. These materials have attracted a
great deal of interest in many fields due to their peculiar
one-dimensional structure consisting of rolled up graphene
sheets with a unique electronic structure. It was shown that
the graphitic-nanofilaments possess metallic or semicon-
ducting properties when the carbon is intercalated with metal
particles[16]. Compared to activated carbon, GNFs have a
“clean” surface and no impurity components in the bulk due
to their special formation process. GNFs can be an ideal
support because they are free of the harmful influences of
N, S and Cl impurities on the activation of reactants[5,17].
Recently, the catalytic performance of K-Ru supported on
multi-walled carbon nanotubes was investigated and high
activity for ammonia synthesis was obtained[18]. In our pre-
vious experiments[19], it was found that barium promoted
Ru/GNFs catalysts exhibited remarkably high activity for
ammonia synthesis. In this paper, Ru supported on GNFs
catalysts were prepared and characterized for ammonia syn-
thesis. The effects of promoters, GNFs types and size of Ru
particles, resistance to methanation and the kinetics of am-
monia synthesis on Ru-Ba/GNFs were investigated in detail.

2. Experimental

2.1. Catalyst preparation

Graphitic-nanofilaments were synthesized by the catalytic
decomposition of methane on a Co catalyst and is denoted
as GNFs-A, and on Ni catalyst which is denoted as GNFs-B,
respectively[20]. The raw samples were treated with 6 M
HNO3 at room temperature to eliminate residual metal (Co
or Ni) and support. After washing with distilled water, the
sample was refluxed with 6 M HNO3 for 4 h in an oil bath
at 140◦C to remove amorphous carbon and increase surface
oxygen functional groups, which are favorable for metal
deposition and dispersion.

GNFs were impregnated with an acetone solution of
RuCl3·3H2O. After drying in air at 100◦C overnight, the
samples with different Ru content were reduced in an H2
flow at 450◦C for 8 h, followed by cooling to room temper-
ature in hydrogen and then passivation. Subsequently, the
Ru/GNFs sample was impregnated with an aqueous solu-
tion of Ba(NO3)2, KOH, CsNO3, then reduced with an H2
flow by the same procedure as above.

2.2. Catalytic activity test

Ammonia synthesis was performed in a stainless steel
fixed bed reactor system[8]. For the steady state measure-
ment of catalytic activity, the reactor was filled with the
Ru/GNFs catalyst diluted with 20–60 meshes quartz parti-
cles as the catalyst bed. It was previously determined that
quartz particles are not active for ammonia synthesis. Reac-

tion orders of NH3, N2 and H2 were determined by changing
the concentration of one reactant while keeping the others
fixed[21]. The experiments were carried out in a temperature
range from 325 to 450◦C, using N2 and H2 molar ratios from
1:3 to 3:1. The reaction order for ammonia was determined
by varying the mixture gas flow from 30 to 90 ml min−1

(STP). The activation energy of reaction was measured by
changing the temperature between 325 and 400◦C.

2.3. Catalyst characterization

BET surface area of the graphitic-nanofilaments was mea-
sured by N2 physisorption at –196◦C using a Micromeritcs
ASAP 2000 instrument. X-ray diffraction (XRD) patterns
were obtained on a Rigaku Rotaflex R-200B diffractome-
ter with Cu K� radiation (λ = 1.5418 Å). A transmis-
sion electron microscope (TEM, Jeol JEM-2000EX) was
used to confirm the shape of the graphitic-nanofilaments
and the morphology of the supported Ru catalysts. The
graphitic-nanofilaments and supported Ru catalysts were
suspended in an ethanol solvent. After ultrasonic treatment,
a drop of the suspension was placed onto a microgrid
covered with a carbon film.

Methanation of the support was characterized using
H2-temperature programmed reduction-mass spectroscopy
(TPR-MS). Hundred milligrams of catalyst was first treated
with H2 at 30 ml min−1 (STP) for 1 h at 100◦C. The tem-
perature was then raised at a heating rate of 10◦C min−1

from 100 to 700◦C in the presence of H2. Them/e signals
were analyzed by a quadrupole mass spectrometer (Balzers,
QMS 200).

3. Results and discussion

The X-ray diffraction patterns of GNFs, activated carbon,
and supported Ru catalysts are shown inFig. 1. It can be
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Fig. 1. XRD patterns of the GNFs, activated carbon and supported cata-
lysts.
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Fig. 2. TEM micrographs of the catalysts. (A) 4 wt.% Ru/GNFs-A, (B) 4 wt.% Ru/GNFs-B, and (C) 8 wt.% Ru/GNFs-B.

seen that the XRD pattern of the graphitic-nanofilaments is
remarkably similar to the XRD pattern of graphite, while
the XRD pattern of activated carbon indicates an amorphous
structure. For the GNFs samples, four peaks for (0 0 2),
(0 0 4), (1 0 0) and (1 1 0) are observed. A quite symmetri-
cal and sharp (0 0 2) peak emerges at 26◦ and a broadened
peak (1 0 0) at about 42◦. The average interlayer spacing is
0.34 nm according to (0 0 2) crystalline face[22,23]. Some
papers have reported that this layered structure of carbon is
favorable for the transfer of electrons and a close interac-
tion between the metal and support by intercalation[24,25].

Recently, Jacobsen reported a novel BN material as the cat-
alyst support for ammonia synthesis[13]. It was suggested
that BN also possesses a layered structure like graphite, al-
though the relationship between the layered structure and
the improved catalytic activity in ammonia synthesis is un-
clear. For the supported Ru catalysts, no diffraction peak
due to metal Ru was detected, indicating that metal Ru is
well-dispersed on GNFs.

The hollow concentric cylinders of GNFs were observed
by TEM, shown inFig. 2A and 2B. The outer diameters
of GNFs-A and GNFs-B are between 5 and 20, and 20
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Table 1
Element analysis and calculated nitrogen BET surface area of GNFs and AC

Support Surface area (m2/g) Density (g/ml) Element analysis (wt.%)

C H O N Cl S Ash

GNFs-A 278 0.27 99.02 0.01 0.97 – – – –
GNFs-B 140 0.30 98.76 0.02 1.22 – – – –
AC 1290 0.50 91.09 0.87 7.75 0.04 0.10 0.15 3.0

and 40 nm, respectively, while the inner diameter ranges
from 3 to 10 nm and the length ranges from 60 to 200�m.
Their morphology and surface areas are distinct, as shown
in Table 1. The GNFs-A sample contains a small amount
of bent tubes and a large amount of straight tubes which
are single-walled. GNFs-B samples are all bent nanofila-
ments. The differences in the GNFs diameter in the TEM
images may be attributed to different reaction conditions for
methane pyrolysis and used the catalysts. Metal particles of
4 wt.% Ru/GNFs are mainly deposited on the outer surface
of the nanofilaments. The TEM micrograph also reveals that
the size of the metal particles ranges from 2 to 4 nm on
GNFs-A and GNFs-B. The particle size ranges from 4 to
8 nm when the metal loading on GNFs-B is about 8 wt.%, as
shown inFig. 2C. Congregation of the metal particles can be
observed and the shape of the metal particles are not spheri-
cal when compared to that of 4 wt.% Ru/GNFs-B. It is sug-
gested that both the size and morphology of the Ru crystals
are influenced by the interaction between the metal and the
support. The sintering of smaller crystals of about 1.0 nm re-
sults in larger metal particles. Graphite nanofibers supported
Ni were used as hydrogenation catalysts for alkenes and di-
enes at moderate temperatures by Park and Baker. They also
suggested that the crystallographic faces of the metal par-
ticles is associated with the type of nanofilament structure
used as the supporting medium[26]. Compared with the two
types of GNFs supported Ru catalysts, it is interesting to find
that straight single-walled nanofilament supported Ru did
not show superior activity for ammonia synthesis over bent
nanofilament supported Ru (4 wt.% Ru/GNFs-B) although
the transfer of electrons on straight tube is believed to be
better than the others (Table 2). However, the ammonia syn-
thesis activity of the Ru-based catalysts is much higher than
that of Fe-based catalysts at the same reaction conditions.

A comparison of the TPR-MS profiles of RuCl3/GNFs-B
and RuCl3/AC is shown inFig. 3. The intensity signals

Table 2
Catalyst activity and average size of Ru dispersed on GNFs and AC

Catalyst Particle
size (nm)

Rate of NH3 synthesis
(mmol g−1 h−1)

Ru/GNFs-A 2.9 18.4
Ru/GNFs-B 2.9 19.1
Ru/AC 2.7 15.0
Fe-based – 1.2

Note: The reaction was conducted at 673 K and 3.0 MPa using a mixture
of H2/N2 = 3 at a flow of 50 ml min−1 (STP). All catalysts were 4 wt.%
Ru loading; Ba/Ru molar ratio was 0.2 for Ru/GNFs and 1 for Ru/AC.

of CH4 evolved from RuCl3/GNFs-B and RuCl3/AC dur-
ing the reduction process are recorded as a function of the
temperature. It is found that above 550◦C the methanation
peak of GNFs significantly increases, which is attributed to
the reaction of the graphitic-nanofilaments catalyzed by Ru
metal on the surface. The initial temperature of methanation
on RuCl3/AC is about 500◦C under the same reaction con-
dition. Initial methanation temperatures of RuCl3/GNFs-B
and RuCl3/AC indicate that GNFs as a catalyst support is
more resistant to the methanation reaction than activated car-
bon. However, the methanation reaction of GNFs could not
be avoided although the initial temperature of the metha-
nation reaction on the GNFs with deep graphitization is
higher by about 50◦C than that on activated carbon. Aika
and co-workers[4] investigated the methanation reaction of
RuClx/AC catalysts and suggested that activated carbon with
deep graphitization can suppress the methanation reaction.
The effect of carbon pretreatment on activity in ammonia
synthesis was reported by Forni et al.[6], who found that
high catalytic activity might come from the graphitization of
carbon with the simultaneous removal of impurities at high
temperatures under an inert atmosphere.

Fig. 4 shows the catalytic activity for ammonia synthesis
on Ru/GNFs-B catalysts with different promoter/Ru atomic
ratios under a pressure of 3.0 MPa at 400◦C in a 3:1 mixture
of H2 and N2. In these experiments, Ru/GNFs-B promoterd
by Ba (Ba/Ru= 0.2 atomic ratio) is the most active for am-
monia synthesis among the three kinds of promoters tested
probably due to the different roles of the promoters[10]. Its
activity is four and two times higher than that of Ru/GNFs-B
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Fig. 3. TPH profiles from RuCl3/GNFs-B and RuCl3/AC using a H2 flow
of 30 ml min−1.
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Fig. 4. Ammonia synthesis rates on Ru-Ba/GNFs-B as a function of the
promoter/Ru atomic ratio.

promoted by potassium or cesium with a molar ratio of 0.8.
Comparing the optimized promoter and Ru mole ratio, that
of barium is the least. Ru/GNFs-B without the addition of
the barium promoter shows a much lower catalytic activ-
ity in ammonia synthesis, while the activity is considerably
enhanced when a barium promoter is added to the catalyst.
Ru/GNFs-B and barium alone do not possess high activ-
ity for ammonia synthesis. Therefore, it is suggested that
the performance of Ru/GNFs in ammonia synthesis is at-
tributable to the combined effect of Ru–carbon–barium com-
plexes. This shows that it is likely that the barium promoter
improve N2 activation by transferring electrons to the Ru
metal from the support, i.e. the activation energy for N2 dis-
sociation adsorption on the Ru metal sites is lowered. Davis
and co-workers[27] studied ammonia synthesis over zeolite
X supported Ru promoted by barium and suggested that the
presence of the Ba promoter can create more high activity
sites at the interface between the promoter and metal Ru.
Recently, Muhler and co-workers[10] and Kowalczyk and
co-workers[28] suggested that Ba plays the role of a struc-
tural promoter to control the concentration of active sites. In
addition, Kowalczyk and co-workers[29] also studied the
decomposition of ammonia on Ru promoted by Ba and Cs
in detail and found a different effect of Ba and Cs. However,
Jacobsen and co-workers[30] investigated the role of the
Ba promoter under reaction gases by in situ HRTEM and
suggested that Ba is an electronic promoter.

Fig. 4 clearly shows that the maximum activity for am-
monia synthesis was reached at a Ba/Ru atomic ratio of 0.2.
This ratio is much smaller than the Ba-Ru/AC catalyst used
as an ammonia synthesis catalyst mentioned earlier[8]. The
catalytic activity for ammonia synthesis on Ru-Ba/GNFs-A
and Ru-Ba/GNFs-B is higher by about 30% compared to that
on Ru-Ba/AC. It should be noted that there is no obvious
difference in metal Ru particle size on the three catalysts.
There are two reasons for the higher activity of Ru-Ba/GNFs
when a Ru catalyst with a smaller amount of promoter can
produce the maximum rate of ammonia synthesis. One rea-
son is the degree of carbon graphitisation and the other may
be attributed to the higher purity of the GNFs.Table 1shows

some results from the analysis of several supports. The spe-
cific surfaces of our graphitic-nanofilaments are about 278
and 140 m2/g by N2 adsorption at 77 K, which are larger than
that used in Ref.[18]. This difference may be due to a differ-
ent preparation method of the carbon nanofilaments and cat-
alysts used. Elemental analysis shows that activated carbon
contains some impurities such as S, N, O and Cl electron ac-
ceptors (Table 1), while the two types of GNFs only contain
traces of oxygen and hydrogen. It should be noted that oxy-
gen and hydrogen species may be created by a pretreatment
process with HNO3, which is used to remove the residual
Co or Ni catalyst and support from the GNFs. These func-
tional groups are assumed to improve the dispersion of the
deposited metal. It is suggested that electron-withdrawing
impurities, such as S, N, Cl, etc. could have adverse effects
on the activation of N2 on the Ru surface and also con-
sume part of the promoter[5,17]. Therefore, the complete
removal of electron-acceptors on activated carbon is an im-
portant factor for the catalytic activity of the catalyst. This is
one reason for the pretreatment of activated carbon at high
temperatures[4,6,7,9].

The catalytic activity slowly decreases with increasing
amount of the barium promoter when the Ba/Ru atomic ratio
is above 0.3. The decrease in the ammonia synthesis rate
with an increase in the Ba/Ru molar ratio is probably due to
excessive surface active sites blocked by excess Ba species.
Therefore, a reasonable amount of barium should be used to
modify the Ru crystalline face to give a more active sites.

The ammonia synthesis rate curve against the increase in
Ru content is shown inFig. 5. It is found that catalytic ac-
tivation slowly increases with an increase in Ru loading on
GNFs, but this is not very apparent and is not in propor-
tion to the Ru content. The size analysis of Ru particles by
TEM (Fig. 2) showed a size increase of the Ru particles for
8 wt.% Ru/GNFs-B. This means that the size of the metal
particles is an important key in the activity for ammonia
synthesis. However, it should be noted that the shape of the
Ru particles of 8 wt.% Ru/GNFs-B is not similar to that of
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Fig. 5. Ammonia synthesis rates on Ru-Ba/GNFs-B as a function of Ru
content.
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Fig. 6. Pressure and gas composition dependence of the ammonia synthesis
activity of 4 wt.% Ru-Ba/GNFs-B catalysts. Measurements were carried
out using a gas mixture flow of 50 ml min−1 (STP).

4 wt.% Ru/GNFs-B. Therefore, the possible explanation for
the relation of Ru content and catalytic activity is that metal
Ru particles of about 2–3 nm are most efficient for ammo-
nia synthesis, while more active surface sites could not be
supported even when using high content Ru-containing cat-
alyst. In addition, the shape of the metal Ru particles, which
can produce a large number of efficient surface sites for
ammonia synthesis, is also responsible for the high activ-
ity performance of the catalyst for ammonia synthesis.The
conversions of a N2 to H2 mixture are shown inFig. 6. It
can be seen that the activity increases with an increase in
temperature and pressure at a constant H2/N2 molar ratio.
This indicates that higher pressures and temperatures are fa-
vorable for ammonia synthesis. However, the results from
different H2/N2 molar ratios show that a higher H2/N2 mo-
lar ratio in the feed gas is not favorable to a higher activity
at lower temperatures. This result is in agreement with pre-
vious reports[12,27,31], indicating that H2 is an inhibitor,
i.e. the active sites of Ru were covered by adsorbed hydro-
gen atoms which inhibit N2 dissociation. However, it was
found that H2 inhibition of N2 activation at low tempera-
tures is significantly lowered when using a higherPN2/PH2

molar ratio. Therefore, from an energy saving perspective,
a higher N2 and H2 atomic ratio is an important advan-
tage of Ru/GNFs catalysts for ammonia synthesis at lower
temperatures.

We have also studied the power rate law expression of
ammonia synthesis under steady state conditions. This is de-
rived from the ammonia outlet concentration measurements.
The determination of the reaction order with respect to N2
and H2 is the same as reported in Ref.[21]. It is found that
the power law can be expressed asr = KP−0.4

NH3
P0.8

N2
P−0.7

H2
,

indicating that the effect of H2 and NH3 on N2 activation
on the surface is adverse. This result is similar to other
studies of ammonia synthesis kinetics on different catalysts
[2,3,21]. The apparent activation energy is 83 kJ mol−1 at a
pressure of 3.0 MPa, which is similar to the result obtained
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Fig. 7. Ammonia synthesis rates on 4 wt.% Ru-Ba/GNTs as a function of
time. Measurements were performed using a mixture of H2/N2 = 3 and
a flow of 50 ml min−1 (STP) at 450◦C and 3.2 MPa.

on Ru/MgO and Cs2CO3-Ru/MgO and lower than that on
CsNO3-Ru/MgO and Ru-Ba/AC catalysts[2,24].

In order to investigate changes in the metal particle and
catalytic activity, the 4 wt.% Ru/GNFs-B catalyst was tested
for about 420 h at 450◦C and 3.2 MPa using a mixture of
3H2+N2 with a flow rate 50 ml min−1. Fig. 7shows the ac-
tivity change as a function of time. An increase in activity is
found at the beginning of the reaction, but then the activity
remains fairly constant. During the test reaction, the ammo-
nia concentration in the exit reaches the equilibrium value.
No obvious deactivation is observed under those conditions
after 400 h. It is interesting to note that metal peaks could
not be found by XRD after the catalyst was tested for 400 h.

Fig. 8. TEM micrograph of used 4 wt.% Ru/GNFs-B catalyst at 450◦C
and 3.2 MPa.
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However, larger spherical particle sizes can be observed
by TEM and are shown inFig. 8. As compared to a fresh
sample, this may possibly be due to the sintering of smaller
metal particles which may accumulate and form efficient
crystal facets for ammonia synthesis or the metal particles
are covered by the Ba promoter[30]. Ru/MgO for ammonia
synthesis was studied by Muhler and co-workers[11] who
reported a long induction period is necessary. In addition,
N2 activation on Ru was investigated and B5 type sites are
believed to be mainly responsible for N2 dissociation by
van Hardeveld and van Montefoort[32] and Chorkendorff
and co-workers[33]. Jacobsen et al.[24] also suggested
that the support plays an important role in controlling the
morphology of the Ru crystals. Therefore, a shorter induc-
tion time for Ru-Ba/GNFs is needed since more active sites
of Ru are formed on the graphitic-nanofilaments due to a
special interaction between Ru and GNFs.

4. Conclusions

The activity of Ru-Ba/GNFs catalysts is higher by about
25% compared to that of Ru-Ba/AC. TEM shows that Ru
metal particles on GNFs have a size ranging from 2 to
4 nm. The temperature for initial methanation of Ru/GNFs
is much higher than that of Ru/AC. XRD results show that
GNFs have high graphitization compared to activated car-
bon. A catalyst promoted with Ba is more active than that
with K or Cs. The power law can be expressed byr =
KP−0.4

NH3
P0.8

N2
P−0.7

H2
and H2 is an inhibitor of N2 activation.

Single-walled and multi-walled nanofilaments used as the
supports show negligible activity difference for ammonia
synthesis.
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