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a  b  s  t  r  a  c  t

Aqueous  phase  Fischer–Tropsch  synthesis  catalyzed  by  Ru nanoparticles  was  studied  in a  continuous
flow  reactor  for  the  first  time.  A  60 ml  autoclave  was used  for  catalyst  screening  and  a 1000  ml  reactor
was  used  to  test  the  scale-up  stability  of  the  catalysts.  Ru  nanoparticles  reduced  by  hydrogen  in the
presence  of  poly(N-vinyl-2-pyrrolidone)  (PVP)  showed  the  highest  activity  compared  with  those  of  the
particles  reduced  by other  reductants.  PVP/Ru  molar  ratio  and  reaction  temperature  were  two  key  factors
responsible  for  the  stability  and  activity  of  the  catalysts.  With  a PVP/Ru  molar  ratio  of  40,  Ru nanoparticles
eywords:
ischer–Tropsch synthesis
queous phase
uthenium
low system

kept  an  almost  steady  space-time  yield  (STY)  of C5+ hydrocarbons  0.51  g-C5+ g-cat−1 h−1 throughout  240  h
running  at  150 ◦C. The  size  of  Ru nanoparticles  grew  very  slightly  from  2.0  nm  before  the  reaction  to 2.2  nm
after the reaction.  X-ray  photoelectron  spectroscopy,  Fourier  transform  infrared  spectroscopy,  and  Gel
Permeation  Chromatography  were  used  to  reveal  the  structural  information  of the  catalysts  before  and
after  reaction,  and  the  characterization  results  were  correlated  with  the  catalytic  performances.
oly(N-vinyl-2-pyrrolidone)

. Introduction

Syngas, a mixture of CO and H2, can be transformed to liq-
id fuels via Fischer–Tropsch synthesis (FTS) [1,2]. FTS is believed
o be an important process in the post petroleum era but only
artly industrialized in a handful of companies due mainly to its
oor energy and economic efficiencies. Zong and co-workers used
ydrothermal treatment of glucose and iron nitrate to synthesis

 new FexOy@C sphere catalyst which revealed remarkable sta-
ility and selectivity [3].  By confining iron in the nanotube, Bao
t al. found that the catalysis activity was notably increased and
he yield of C5+ hydrocarbons was twice that over the outside iron
atalyst [4].  We  have recently demonstrated that poly(N-vinyl-2-
yrrolidone) (PVP) stabilized Ru nanoparticles in aqueous phase
TS shows a 35-fold increase in activity over traditional supported
u catalyst at an operating temperature of 150 ◦C and a 16-fold

ncrease at only 100 ◦C [5],  bringing a more efficient route to
roduce hydrocarbon fuels. A high activity was then achieved in
olyethylene glycol phase, a green solvent, by using Fe nanoparti-
les as catalyst [6].  The excellent catalytic activities are originated
ot only from their high surface area when the diameter of the
anoparticles is smaller than 5 nm,  but also from that the nanopar-

icles are homogeneously dispersed in liquid phase and therefore
hree dimensionally rotational in nature [7].  It is worthy to note that
he hydrocarbon product does not mix  with water and polyethylene

∗ Corresponding author. Tel.: +86 10 62758603; fax: +86 10 62758603.
E-mail address: dma@pku.edu.cn (D. Ma).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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glycol, so the resulting fuel is easily separated with the catalysts.
Therefore, a demonstration for the liquid phase FTS process carried
out in a continuous flow system is a crucial step for an industrial
consideration.

In fact, the reactor design is always an important issue for con-
ventional FTS processes [8–11]. Fixed bed, fluidized bed, slurry
phase reactors, and even microchannel reactor were widely investi-
gated to increase the efficiencies of FTS [12–16].  Methane formation
and catalyst deactivation could be influenced a lot by the hot spot
in the reactor because FTS is a high exothermal process. Slurry reac-
tor is attractive for FTS because the heat and product formed during
reaction could be removed continuously by the solvent [17,18].

Herein, we investigated the FTS catalyzed by aqueous phase Ru
nanoparticles in detail, and established a stirred tank slurry reac-
tor to demonstrate the potential of recycling and scale-up abilities
of the soluble metal nanoparticles system. Details about the PVP
(PVP molecular weight and PVP/Ru molar ratio), the reaction tem-
perature, and the effect of the reaction on the Ru nanoparticles and
PVP stabilizer were also studied. To our best knowledge, it is the
first time to report such a soluble nanoparticle catalytic system in
a continuous flow reactor.

2. Experimental

2.1. Catalyst preparation
2.1.1. Nanoparticles synthesis via H2 reduction [5]
Aqueous solution of PVP stabilized Ru nanoparticles were pre-

pared from the reduction of RuCl3·nH2O in the presence of PVP

dx.doi.org/10.1016/j.cattod.2011.09.040
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:dma@pku.edu.cn
dx.doi.org/10.1016/j.cattod.2011.09.040
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Scheme 1. Scheme of continuous flow reactor for the aqueous phase FTS.

f different molecular weights. In a typical procedure, RuCl3·nH2O
75 mg,  2.79 × 10−4 mol  Ru) and PVP (K30, 1.24 g, PVP/Ru = 40,
here the ratio was the mole of PVP monomer units to ruthenium
ole) were added into a beaker containing 20 ml  deionized water.

he solution was transferred and reacted in a 60 ml  autoclave under
 MPa  H2 at 150 ◦C for 2 h with a stirring speed of 800 rpm. For the

arge scale catalyst testing, 1.64 g RuCl3·nH2O and 27.90 g PVP were
ixed in 450 ml  water. The solution was then reacted under 3 MPa
2 at 150 ◦C for 4 h.

.1.2. Nanoparticles synthesis via ethylene glycol reduction [19]
Typically, RuCl3·nH2O (73 mg)  and PVP (1.24 g) were dissolved

n ethylene glycol (20 ml)  under stirring and refluxed for 2 h to pre-
are Ru nanoparticles. After cooling down to room temperature, the
olution was dialyzed against deionized water for several times to
nsure ethylene glycol all was removed.

.1.3. Nanoparticles synthesis using NaBH4
RuCl3·nH2O (73 mg)  and PVP (1.24 g) were dissolved in 10 ml

ater, and then sodium borohydride (0.20 g) dissolved in 5 ml
ater was added very quickly under vigorous stirring. The solution
as stirred for 1 h, and then dialyzed in water to remove remaining

ons.

.2. Catalytic reaction

Two types of reactors were used to evaluate the catalysts.

1) Catalyst screening was carried out in a 60 ml  autoclave. A solu-
tion of Ru nanoparticles was placed in the autoclave with
3.0 MPa  syngas (CO/H2 = 1/2). After reaction for 6 h at 150 ◦C
under stirring of 800 rpm, the autoclave was put into cold water
to quench the reaction. Products were analyzed by Fourier
transform infrared spectroscopy (FT-IR), GC and GC–MS, as
described in details in our previous work [5].

2) Scheme 1 shows the stirred tank slurry reactor. Feed gas
(CO/H2/Ar = 32/64/4) was continuously introduced into the bot-
tom of the reactor with a stainless steel tube. Gas products were
released from the system through a water condenser where
liquid products and water vapor being separated prior to the
exit of the gases. A thermocouple inserted into the aqueous

phase was used to monitor the reaction temperature and a
back pressure valve was used to keep the reaction pressure
at 3.0 MPa. The gas products were analyzed by an on-line Agi-
lent gas chromatography and an FT-IR spectrometer. An Agilent
 183 (2012) 136– 142 137

HP-MOLESIEVE column with TCD was used to analyze CO,  Ar
and CH4. The conversion of CO was  calculated as follows:

CO conversion = 100 × Xin − Xout

Xin

where the Xin and Xout are the flow rate of CO in the inlet gas
and the effluent gas, respectively. Ar was used as an internal
standard to calculate the ratio of Xout to Xin. Another HP-AL/M
column with FID was used to analyze C1–C4 hydrocarbons. CH4
was  used to combine the analysis results from TCD and FID. CO2
was  analyzed by FT-IR spectrometer. The liquid product mix-
ture could be pumped into an oil-water separator, where the
organic phase was  released while the water phase containing
the catalysts was  pumped back to the main reactor. After the
reaction, 100 ml  HPLC grade cyclohexane or toluene was  piped
into the reactor and refluxed at 150 ◦C for 2 h. The organic phase
was  analyzed by GC equipped with a 60 m HP-5 column.

2.3. Catalyst characterization

For transmission electron microscopy (TEM) observation, aque-
ous Ru nanoparticle solution was dispersed under ultrasonication
for 2 h, and then one drop of solution was  placed onto a copper grid
coated with a polymer or carbon film. A Philips Tecnai F30 transmis-
sion electron microscope operating at 300 kV was used to observe
the Ru nanoparticles. The particle size distribution was counted
with at least 300 particles.

For X-ray photoelectron spectroscopy (XPS) characterization,
after adding 8 ml  acetone into 10 ml  aqueous solution of Ru
nanoparticles, the sample was  centrifuged. The solid was washed
with deionized water several times to remove most of the PVP
on the surface of the nanoparticles, and then dried under vacuum
at 60 ◦C. XPS spectra was measured using an AlKa (1486.7 eV) X-
ray source, with the pressure of the measuring chamber set at
5 × 10−9 Torr. C1s binding energy was  set to 284.8 eV as a reference.

For FT-IR measurements, the aqueous solution containing the
catalysts was  dried under vacuum to remove water, and then dried
sample was mixed with KCl. The spectrum was  measured on a
Bruker Vector 22 FT-IR spectrometer with a resolution of 2.0 cm−1.

The weight-average molecular weight (Mw)  of the PVP samples
was  determined on an Agilent Gel Permeation Chromatogra-
phy (GPC) using N,N-dimethylformamide (DMF) as mobile phase.
Polystyrene was  used as a standard sample and Mw was calculated
based on the standard curve.

3. Results and discussion

3.1. Catalysts screening

Table 1 shows the catalytic activity of Ru nanoparticles prepared
by different reduction methods in the presence of PVP. The screen-
ing reactions were conducted at 150 ◦C in a 60 ml  autoclave for
6 h. Three different reduction methods were used to prepare Ru
nanoparticles. The catalyst prepared by NaBH4 reduction method
showed much lower activity (entry 1) compared with the catalysts
prepared by the others. We  demonstrated previously that FTS activ-
ity was  sensitive to the particle size of Ru catalyst [5].  However,
as the sizes of the nanoparticles prepared by all three methods
were similar to each other, i.e., around 2 nm,  the low activity of
the catalyst prepared by NaBH4 reduction method might be due to
the presence of B in the system. The catalyst prepared by ethylene

glycol reduction had a similar average turnover frequency (ATOF)
(entry 2) compared with the catalyst prepared by H2 reduction. We
also prepared Ru nanoparticles in the presence of PVP of different
K values (K15, K30, and K90). The K value is a function of average
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Table 1
Activity of Ru catalysts prepared with different reductants and stabilizers.

Entrya Reduction reagent Type of PVP Diameter before reaction (nm) ATOF (molCOmol−1
Ru h−1) Diameter after reaction (nm)

1 NaBH4 K30 1.8 ± 0.4 1.6 2.0 ± 0.6
2 Glycol K30 2.0 ± 0.3 6.5 2.1 ± 0.4
3b H2 K30 2.0 ± 0.2 6.9 2.1 ± 0.2
4  H2 K90 1.8 ± 0.4 5.2 1.8 ± 0.5
5  H K15 2.0 ± 0.3 5.9 Aggregate
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for 240 h, the conversion itself was too low, only around 10% and
2

a Reaction conditions: 3.0 MPa  syngas (CO/H2 = 1/2), 150 ◦C, 6 h, stirring speed of 

b Data from Ref. [3].

olecular weight, reflecting the degree of polymerization and tun-
ng the intrinsic viscosity for PVP [20,21]. Entries 3–5 in Table 1
how that the catalysts prepared under the protection of PVP hav-
ng different K values had very similar particle size around 2.0 nm,
nd thus they had very similar initial catalytic activity. However,
fter 6 h running at 150 ◦C, serious aggregation occurred for the
u nanoparticles protected by lower K value PVP (K15) while no
hange in particle size was observed for the particles protected by
igher K value PVPs (K30, K90). It is also interesting to note that the
ctivity of the catalyst in the presence of the highest K value PVP
K90) was slightly lower than the catalyst stabilized by that of K30,
uggesting that there was a balance between the catalyst activ-
ty and the stability, i.e., too strong protection of PVP may block
he route for the reactant to diffuse onto and react over the metal
urface, and thus lead to an inferior catalytic activity.

The molar ratio of PVP/Ru also had an effect on the activity of the
atalysts. As shown in Fig. 1, when PVP/Ru = 10 (K30, it was used
hroughout the manuscript unless stated specifically), the activity
f the catalyst was 5.8 molCO mol−1

Ru h−1. By increasing the PVP/Ru
olar ratio from 20, 40 to 120, the activity decreased slightly

nd almost monotonically, to 160, the activity of the catalyst sud-
enly dropped to 3.4 molCO mol−1

Ru h−1. This could be explained that
igher concentration of PVP, similar to the use of PVP of high molec-
lar weight, would increase the viscosity of the reaction mixture,
aking the diffusion more slowly and leading to a low catalytic

ctivity.

.2. FTS in a continuous flow reactor

Although one-pot batch reactor can be used to investigate the

atalytic performance of different catalysts, the reaction operated
n a continuous mode is much more important from industrial point
f view. Therefore, we established a stirred tank slurry reactor sys-
em, as illustrated in Scheme 1, where the syngas can be fed into

ig. 1. Effect of PVP/Ru molar ratio on the catalytic activity of the Ru nanoparti-
les.  Reaction conditions: 450 ml  catalyst solution, 6.1 × 10−3 mol  Ru, 3.0 MPa  syngas
CO/H2 = 1/2), 150 ◦C, 6 h, stirring speed of 1000 rpm.
m, PVP/Ru = 40/1, 20 ml solvent, 2.79 × 10−4 mol  Ru.

reactor continuously, while the product mixture can be withdrawn
from the reactor then be separated with the catalyst. To check
whether Ru nanoparticles can keep the outstanding performance
during the long-time running in this mode, we  conducted series of
experiments under different reaction conditions. Fig. 2 shows CO
conversion over Ru catalysts stabilized by different amount of PVP.
Clearly, PVP/Ru molar ratio played an important role in the stability
of the catalyst. With PVP/Ru molar ratio in the range of 20–80, all
the Ru nanoparticle catalysts presented a high CO conversion (over
80%) at the beginning. However, when the ratio was lowered to 10,
the catalyst reached the maximum (89%) at the 72nd h, and then
dropped very quickly in further 80 h. After about 160 h running, CO
conversion remained was only 14%. By increasing the PVP/Ru molar
ratio to 20, the stability of the catalyst increased significantly. The
best ratio was 40, i.e., even after 240 h running of the same cat-
alyst, the CO conversion was still about 70%. It can be seen from
Fig. 2 that the catalyst having a PVP/Ru molar ratio of 80 gave a
conversion about 5% lower than those of the best one throughout
the 240 h running, indicating that very strong stabilization was not
necessarily a good approach.

We also investigated the influence of temperature on the reac-
tion of Ru nanoparticles with a PVP/Ru molar ratio of 40. With a feed
gas flow rate of 40 ml/min, Ru nanoparticle catalysts showed the
best balance between activity and stability at 150 ◦C compared with
the performances at other investigated temperatures. As shown in
Fig. 3a, at 150 ◦C, the conversion of CO increased slightly from 74%
at the beginning to 83% after 80 h running, and then dropped to
68% after 240 h running. On the one hand, at a lower temperature,
e.g., 130 ◦C and 140 ◦C, although the catalyst was quite stable with
no more than 10% difference in CO conversion after the running
30%, respectively. On the other hand, when raising the temperature
to 160 ◦C and 170 ◦C, the catalyst became very active, the pressure

Fig. 2. Time-on-stream of CO conversion on Ru nanoparticles with different
PVP/Ru molar ratio. Reaction conditions: 450 ml catalyst solution, 6.1 × 10−3 mol
Ru,  3.0 MPa  syngas (CO/H2/Ar = 32/64/4), stirring speed of 1000 rpm, feed gas flow
rate: 40 ml/min.
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Fig. 3. Time-on-stream of CO conversion on Ru nanoparticles at different
temperatures. Reaction conditions: 450 ml  catalyst solution, 6.1 × 10−3 mol  Ru,
P
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VP/Ru = 40/1, 3.0 MPa  syngas (CO/H2/Ar = 32/64/4), stirring speed of 1000 rpm. (a)
eed gas flow rate: 40 ml/min. (b) Feed gas flow rate were 73 ml/min and 100 ml/min
t  160 ◦C and 170 ◦C, respectively.

f syngas, which was 3.0 MPa  at the beginning, dropped down very
uickly under the feed gas flow rate of 40 ml/min, resulting in no gas
roduct exiting from the reactor. Therefore, we increased the feed
as flow rate to 73 ml/min at 160 ◦C, and to 100 ml/min at 170 ◦C,
espectively, to guarantee that the reactor system was  under con-
inuous flow conditions. It can be seen from Fig. 3b that the CO
onversions obtained at the beginning were about 80%, which was
imilar to the conversion obtained at 150 ◦C under the flow rate of
0 ml/min. However, the CO conversions dropped down quickly,
fter 80 h running, the conversion remained at 160 ◦C was 64%, and
he conversion remained at 170 ◦C was only about 51%, indicating

 fast deactivation of the catalysts at 160 ◦C and 170 ◦C. The deacti-
ation could be attributed to the hydrogenation/degradation of the
tabilizer and the nature of instability of nanoparticles.

Fig. 4 shows the product distribution of FTS operated in the
ontinuous flow mode after 240 h running at 150 ◦C at a feed gas
ow rate of 40 ml/min. It is noteworthy that the product distri-
ution agreed well with the Anderson–Schulz–Flory statistics. The
hain growth probability factor ˛, calculated from the slope of
he line, was 0.91, indicating that more high molecular weight
roducts were obtained compared with those obtained on tradi-
ional supported Ru catalysts [22–25].  This was perhaps due to
he lower temperature and higher pressure employed in our reac-

ion conditions, which both benefited the chain growth during the
eaction. The selectivity towards CH4 and CO2, the ratios of olefin
o paraffin, ATOF, and space-time yield (STY) of C5+ hydrocarbons
re summarized in Table 2. The methane selectivity was  no higher
Fig. 4. Anderson–Schultz–Flory plot for the distribution of hydrocarbon products
over the Ru catalyst (PVP/Ru = 40) after reacting for 240 h at 150 ◦C.

than 3% observed for all the reaction temperatures evaluated while
the selectivity of CO2, which was 3.2% at 150 ◦C, increased with
the reaction temperature. A rather high CO2 selectivity of 4.5%
was  obtained at 170 ◦C. This might be resulted from the pres-
ence of aqueous phase, which is beneficial for the well-known
water-gas-shift (WGS) reaction especially at higher reaction tem-
perature. The decrease in olefin to paraffin ratio was a result of
higher hydrogenation activity of the catalyst at higher tempera-
tures. It can be seen after 240 h running that ATOF obtained at
150 ◦C reached 4.1 molCO mol−1

Ru h−1, which was  comparable with
the result obtained from the static mode (5.5 molCO mol−1

Ru h−1, see
Fig. 1). The average STY of C5+ after 240 h running at 150 ◦C was
0.51 g-C5+ g-cat−1 h−1 which was  above 5 times higher than that
over a traditional catalyst at 200 ◦C in the presence of 4.54 bar water
vapor [22].

3.3. Catalysts characterization

TEM, XPS, FT-IR and GPC were used to characterize the Ru
nanoparticle catalyst before and after 240 h running at 150 ◦C with
a total feed gas flow rate of 40 ml/min in the continuous flow mode.
Fig. 5 shows the TEM images and size distributions of Ru nanopar-
ticles as prepared with a PVP/Ru molar ratio of 40 before and after
reaction. It is observed from TEM that the Ru nanoparticles pre-
pared by hydrogen reduction method presented a nanowire-like
structure, which was  formed by connecting individual Ru nanopar-
ticles. It can be found that the size distributions of Ru nanoparticles
after reaction increased slightly from 2.0 ± 0.2 nm at the beginning
to 2.2 ± 0.4 nm at the end, indicating the catalyst were quite stable
under this reaction condition.

Fig. 6 presents the X-ray photoelectron spectra of the catalysts
before and after reaction. As shown in Fig. 6a, peaks appeared at
284.8, 285.2, 285.9 and 287.7 eV could be attributed to different
carbon atoms of PVP [26,27]. The peak at 280.2 eV was attributed
to Ru metal’s 3d5/2 peak, while the others at 280.9 eV and 282.2 eV
were originated from different oxide states of Ru components
[28]. These very small amounts of Ru oxidation components were
thought to be produced during the sampling and transferring in
air. After the reaction, the peak at 284.8 eV dominated the spec-
trum (Fig. 6b). This peak could be assigned to the FT wax  adhering
on the surface of the catalysts. The wax  formed during the reac-
tion was difficult to be removed during the sample preparation

process.

FT-IR has also verified the existence of wax on the catalysts
(Fig. 7). It is clear that the spectrum, Fig. 7a, of the used catalyst
after reaction was  an overlap of those of fresh catalyst (Ru/PVP,
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Table 2
Catalytic performance of Ru catalysts for the Fischer–Tropsch synthesis.

Temp. (◦C) CH4 sel. (%) CO2 sel. (%) O/Pb ATOF (molCOmol−1
Ru h−1) C5+STY/g cat-g−1 h−1

130a 1.4 1.8 0.59 0.8 0.10
140a 1.4 2.9 0.41 1.9 0.24
150a 1.6 3.2 0.40 4.1 0.51
160c 2.2 3.4 0.35 5.6 0.69
170d 2.6 4.5 0.32 6.6 0.81

a Reaction conditions: 450 ml  catalyst solution (water containing Ru nanoparticles), 6.1 × 10−3 mol  Ru, PVP/Ru = 40/1, 3.0 MPa  syngas (CO/H2/Ar = 32/64/4), 40 ml/min feed
gas  flow rate and stirring speed of 1000 rpm for 240 h.

3 ml/m
00 ml

F
f
d
w

r
P
n
C
a
1
a

b Olefin/paraffin ratio in C2–C4 hydrocarbon products (O: olefin; P: paraffin).
c Reaction conditions were the same as a except that the feed gas flow rate was 7
d Reaction conditions were the same as a except that the feed gas flow rate was 1

ig. 7b) and F-T wax (Fig. 7c). As the wax was formed on the sur-
ace of the Ru catalyst, unavoidably, some of the wax  which did not
iffuse into the aqueous phase in the reaction system would stay
ith the catalysts.

We  also investigated the structural information of PVP after the
eaction. When we simulated the high temperature treatment of
VP (same pH value as used for the reaction mixture, but the Ru
anoparticles were not added as it will disturb Gel Permeation
hromatograph measurement), Mw  of PVP was relatively stable

t 150 ◦C for 300 h. It can be seen from Fig. 8 that Mw dropped from
7.3 kDa to 11.5 kDa at the first 50 h and then kept almost steady
fterward.

Fig. 5. TEM images and diameter distributions for Ru nanoparticles 
in.
/min.

From the characterization results obtained we can conclude that
with a PVP/Ru molar ration of 40, Ru nanoparticles prepared by
hydrogen reduction was quite stable during 240 h running under
the reaction condition of 150 ◦C with a total feed gas flow rate of
40 ml/min.

Ru nanoparticle stabilized by PVP could aggregate under certain
circumstance, e.g., high reaction temperature (Table S1), during the
reaction. Two factors possibly contributed to the aggregation at
an elevated temperature. The most important one might be the

hydrolysis or hydrogenolysis of PVP during the high temperature
reaction. It can be seen from Fig. S1,  after 300 h pretreatment, the
Mw of PVP decreased slightly for the samples treated in the range

stabilized with PVP/Ru = 40/1 before (a) and after (b) reaction.
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Fig. 6. X-ray photoelectron spectra of catalyst before (a) and after (b) reaction, (c)
c

o
1
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w
t
w
t

Fig. 7. FT-IR spectra of (a) Ru-PVP after reaction, (b) Ru-PVP before reaction, (c) F-T
wax.

Fig. 8. Change of molecular weight of PVP with time at 150 ◦C in the acidic water.

Appendix A. Supplementary data
onfiguration of PVP repeated unit.

f 130–150 ◦C but dropped significantly for the samples treated at
60 and 170 ◦C, especially for the sample at 170 ◦C. The decrease of
VP’s molecular weight weakened the stabilization effect of PVP
ver the discrete metal nanoparticles. It will eventually lead to
he formation of large aggregates of Ru nanoparticles to obtain

 smaller surface energy. Together with the weakening of stabi-
ization effect of the broken PVP fragments, the high molecular

eight products (the second factor) such as wax may  adhere on

he Ru/PVP interface. The wrapping of Ru nanoparticle by FTS
ax could reduce the stabilization effect of PVP during the reac-

ion.
1.24 g PVP was  dissolved in deionized water with 0.08 g 37% HCl (equal to the mole
of  HCl from the reduction of RuCl3·nH2O). The solution was heated to 150 ◦C under
1  MPa  syngas in autoclave for 300 h.

4. Conclusions

Aqueous phase Fischer–Tropsch synthesis conducted in a con-
tinuous flow mode, a crucial step for the feasibility demonstration
in an industrial consideration, has successfully realized for the first
time. Hydrogenation reduction is an easy and effective method for
the preparation of aqueous phase Ru nanoparticle catalyst. The best
result of space time yield obtained at 150 ◦C with a PVP/Ru molar
ratio of 40 and a feed gas flow rate of 40 ml/min was 0.51 g-C5+ g-
cat−1 h−1. Catalysts characterizations showed that the size of the Ru
nanoparticles (2.0–2.2 nm)  kept almost unchanged after the reac-
tion, demonstrating a successful long life performance for the noble
metal nanoparticle catalyst dispersed in liquid phase operated in a
continuous flow mode.
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