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ABSTRACT

The H,-distributed feeding concept using Pd/Ag-based membranes and an Ru-based catalyst in a Packed
Bed Membrane Reactor (H,-PBMR) for the synthesis of biofuels via the so-called Fischer-Tropsch Syn-
thesis has been demonstrated. The most successful approach resulted when H,-poor syngas (H,/CO=1)
typically obtained from the gasification of biomass was fed directly through the reaction chamber, i.e., to
the catalyst bed, whereas the H, needed to reach the proper stoichiometry for the FTS (H,/CO=2) was
admitted, and properly distributed, into the catalyst bed through the Pd/Ag-based membrane by flow-
ing Hy/He mixtures at the retentate side of the membrane. Under the optimum reaction conditions, the
CO conversion measured with the H,-distributed feeding concept is lower than that obtained in a con-
ventional Packed Bed Reactor with H,/CO =2 (37.9 vs 50.7%), but significantly higher than that obtained
in a conventional reactor with H,/CO =1 (14.1%). Remarkably, the productivity towards high-molecular
hydrocarbons increases by almost 70% and the methane production decreases by one order of magnitude

1D model

when using the H,-distributed feeding concept in a Packed Bed Membrane Reactor.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Fischer-Tropsch Synthesis (FTS) is a well-established tech-
nology for the production of synthetic fuels and chemicals from
syngas obtained from natural gas or coal [1]. The overall process
comprises the transformation of natural gas or coal into syngas, a
mixture of H, and CO with different stoichiometries, depending on
the source and reaction conditions, which is further transformed
into hydrocarbons in the presence of a catalyst via the FTS. These
processes are known as coal to liquids (CTL) or gas to liquid (GTL
processes). In recent times, the possibility of obtaining syngas via
biomass gasification has encouraged the interest in the FTS as a
route for obtaining second-generation biofuels via the so-called BTL
(biomass to liquid) process [2,3]. Industrial FTS plants are based on
Fe- or Co-based catalysts producing mainly short olefins and gaso-
line or paraffinic waxes, respectively [4]. The scale of the CTL and

* Corresponding author. Tel.: +34 91 585 4632.
** Corresponding author. Tel. +34 91 585 4632.
E-mail addresses: fperez@icp.csic.es (F.J. Pérez-Alonso), srojas@icp.csic.es
(S. Rojas).
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0920-5861/© 2015 Elsevier B.V. All rights reserved.

GTL plants is a key factor in the economy of the overall processes. In
fact, in order to be competitive, modern GTL plants are very large.
For instance, it is reported that Shell’s Pearl GTL plant in Qatar has
the capacity of producing up to 260,000 barrels of GTL products and
natural gas liquids per day treating 1.6 billion cubic feet per day of
gas. However, it is highly unlikely that biomass could supply syngas
at similar high rates as natural gas. As a consequence, it is expected
that the scale of BTL plants have to be significantly smaller than
that of CTL or GTL plants. Thus, in order to be competitive, it is nec-
essary to increase the per-pass production of HC from syngas by
developing more efficient processes and improving the catalysts to
produce the desired hydrocarbon fraction. It is well known that Ru-
based catalysts exhibit remarkably higher intrinsic activities than
Fe or Co catalysts [4]. Moreover, they can operate in the presence
of high partial pressures of water (the main co-product of the FTS
reaction) and other oxygenate-containing atmospheres that have
triggered the interest in Ru-based catalysts for FTS [5-9].

The FTS results in the formation of a pool of heteroatom-free
linear paraffinic hydrocarbons ranging from CH,4 to waxes of 50
plus carbon atoms. The high molecular weight hydrocarbons are
reformed downstream into the desired product family, mostly
diesel or jet fuel fractions. Hydrocarbon formation in the FT reaction
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is very similar to polymerization kinetics in which hydrocarbons
are formed by the addition of monomers of activated C; groups
to the end of an absorbed growing hydrocarbon chain [10]. Due
to this polymerization kinetics, there will always be a range of
hydrocarbon products Cy+ whose selectivity can be described by the
Anderson, Schulz, Flory (ASF) distribution. The chain growth pos-
sibility, the o value (which ranges between 0 and 1) is commonly
used to describe the product distribution of the FTS. The higher the
o value, the higher the fraction of high molecular weight products.

The FTS product distribution can be controlled, at least to some
extent, by the adequate use of the catalyst and reaction conditions
(pressure, temperature, H,/CO ratio and Gas Hourly Space Veloc-
ity, GHSV) [10]. The use of membrane reactors offers the possibility
of increasing process intensification, while increasing the reaction
conversion and the selectivity towards the desired product frac-
tion. However, studies about catalytic membrane reactors for the
FTS are scarce, especially experimental studies. Most of these stud-
ies are based on H,O-separation membranes in order to shift the
equilibrium (H, + CO — —CH, -+ H,0) to the formation of hydrocar-
bons. However, the results obtained show no benefits as compared
to those reported in a Packed Bed Reactor (PBR), mostly because the
membranes did not show sufficient selectivity for water removal
under FTS conditions [11].

Membranes as reactant distributor along the reactor axis have
been proposed to control the activity and product selectivity, since
they depend significantly on the H,/CO ratio. Thus, the concept of
distributed feeding of H, can be used to enhance the selectivity to
long-chain products, since the H,/CO ratio remains constant along
the reactor axis [12]. Leonard et al. [13,14] and Guillou et al. [15]
presented a conceptual study on distributed feeding of H, along the
reactor axis. The membrane was either inert (y-Al,O03 on a-Al,03)
or coated with a ZSM-5 zeolite layer. The distribution of H, into a
CO feed stream lead to low H,/CO-ratios in the catalytic bed and as
a consequence to lower conversions along with higher C;¢. hydro-
carbon yield and lower methane selectivity. In addition, low H,/CO
ratios could result in a higher formation of coke and/or high molec-
ular weight hydrocarbons that remain adsorbed on the catalyst
surface thus deactivating the catalyst. The application of the ZSM-5
membrane also altered the product distribution by secondary reac-
tions at the acidic sites of the zeolite, resulting in higher yields of
short-chain hydrocarbons. These results show a promising alter-
native to convert biomass-derived H,-poor syngas into valuable
hydrocarbons.

Recently, some works have modeled the use of membrane reac-
tors for the FTS. Rahimpour et al. proposed a 1D heterogeneous
model of the FTS reactor using Fe-based catalysts in which a fixed
bed reactor is combined with a membrane-assisted fluidized bed
reactor. The results obtained by the model showed an enhance-
ment in the gasoline yield, a main decrease in CO, formation and a
favorable temperature profile compared with a conventional fixed
bed reactor [16].

More recently, Ghareghashi et al. [17] reported a simulation of
the use of two consecutive reactors: a catalytic fixed bed reac-
tor for the oxidative coupling of methane (OCM) and a fixed bed
membrane FTS reactor using a Pd/Ag based H, perm-selective
membrane and an Fe-based catalyst. The study concluded that the
concept of a membrane FTS reactor together with OCM feed is an
interesting method for increasing Cs+ and decreasing undesired
products such as CO, and methane.

In addition, Nouryzadeh et al. modeled the H, and gasoline pro-
duction in a heat exchanger reactor [18] called Thermally Coupled
Recuperative Reactor which is composed of two concentric tubu-
lar fixed bed reactors. In this interesting concept, the exothermic
reaction (FTS) generates heat that is transferred to the endothermic
side (outer side) where the dehydrogenation of cyclohexane to pro-
duce H; takes place. The H, produced is fed along the FTS reactor

through a Pd/Ag perm-selective membrane. According to the model
results, this configuration offered some important improvements
compared with the conventional FTS, thus increasing the gasoline
yield.

In summary, some experimental results and especially some
recent modeling studies indicate that the use of the so-called Hy-
distributed feeding concept in FTS by using membrane reactors
could have a beneficial effect enhancing the selectivity towards
high molecular weight hydrocarbons while decreasing the selec-
tivity to undesired methane and/or CO,. Moreover, the use of
Pd/Ag membranes have recently received great interest due to their
unique properties for the separation of H,, high permeability and
selectivity to Hy [19,20]. These improved properties could help to
implement the use of H,-distributed feeding concept in a mem-
brane reactor applied to the FTS.

To the best of our knowledge, there are no experimental works
about the use of the Hj-distributed feeding concept with mem-
brane reactors for FTS using Pd/Ag membranes.

In this paper, we show the beneficial effect of using Pd/Ag
membranes for H,-distributed feeding in a Packed Bed Membrane
Reactor (PBMR) compared to a conventional Packed Bed Reactor
(PBR) for FTS with a Ru-based catalyst. H-poor syngas (H,/CO=1),
which is the typical value of the syngas obtained by gasification of
biomass [21], was fed to the reaction chamber (inner side of the
membrane) and the H, needed to reach the desired FTS stoichiom-
etry (H,/CO=2) was admitted (and properly distributed) into the
reaction chamber through the Pd/Ag-based membrane resulting
in an enhancement of the productivity of high molecular weight
hydrocarbons. The experimental study is supported by model sim-
ulations.

2. Experimental
2.1. Preparation of the B-Ru/TiO, catalyst

B-doped Ru/TiO; (3 wt% Ru; B:Ru 1:1 at), RuB1Ti was used as
the FTS catalyst. The catalyst was prepared by sequential impreg-
nation of TiO, (P25) with water solutions of RuNO(NO3 )3 and HBOs3.
A solution of the Ru precursor was added to TiO, by incipient wet-
ness impregnation with a 0.09-M aqueous solution of Ru precursor
and dried overnight. The solid recovered was calcined in static air
at 450°C (10°Cmin~1) for 3 h. The resulting solid (Ru/TiO;) was
impregnated with aqueous solution with the adequate amount of
H3BOj3 to obtain a B/Ru atomicratio of 1, dried at room temperature
and calcined again in static air at 450°C (10°Cmin~1) for 3h.

2.2. Catalyst characterization

X-ray diffractograms were collected on a Seifert 3000 powder
diffractometer operating with Cu Ko radiation (A=0.15418 nm)
generated at 40kV and 40 mA. Scans were recorded at 0.02°s~!
for 26 values between 10° and 90°. H, temperature-programmed
reduction (H,-TPR) analysis of the catalyst was carried out with a
Micromeritics instrument using a U-shaped quartz reactor. Prior
to the reduction experiment, the catalyst was flushed with a He
stream at 373 K for 30 min and then cooled down to room temper-
ature. TPR profiles were obtained by heating the sample under a
10% Hy/Ar flow (50 mLmin~!) from 303 to 1173 K (10 Kmin—1).

2.3. Preparation of Pd/Ag-supported membranes

A 15-cm long alumina tube with an outside pore size of 100 nm
and 10/7 mm o.d/i.d. was used as membrane support (provided by
Rauschert Kloster Veilsdorf), both ends were glazed leaving 60 mm
of porous part in the middle of the membrane. A thin Pd-Ag layer
(~4 pm thick and silver content of ~23-27%) was deposited on the
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Fig. 1. (a) Scheme of the membrane reactor for H; distributed feeding (H,-PBMR); (b) scheme of traditional PBR.

porous alumina tube first by simultaneous Pd and Ag electroless
plating (containing 13-15% of Ag) [20] in order to increase the
amount of Ag to avoid fragilization, more Ag was deposited by
PVD magnetron sputtering (CemeCon CC800/8) using an Ag tar-
get with similar conditions of deposition as reported before [22].
After the deposition of the Ag layer, the membrane layer was
annealed at 823K for 4h under a 10% H,/90% N, gas mixture.
Similar Pd-Ag membranes (~3.2-pum thick and silver content of
~13-15%) showed a H, permeance of 0.0025 molm~2 s~1 Pa=05 at
587 K when feeding pure H; [20].

2.4. Catalytic activity tests

Catalytic tests in a Packed Bed Reactor (PBR) and in a Packed
Bed Membrane Reactor (PBMR) were conducted at temperatures
of 523 and 553K, P=1.0MPa and GHSV =7500 mLsyngas/gcat/h. In
the PBMR configuration, the catalyst was placed inside of the alu-
mina membrane assuring that its location coincides with that of
the Pd-Ag layer. With this configuration, it would be expected that
H, permeated from the outer layer of the membrane would only be
distributed along the catalytic area in the reactor. Prior to the cat-
alytic tests, the catalyst was activated in situ by flowing H, at 523K
for 60 min to ensure the formation of the active phase for the FTS.
In the PBR, syngas (H,/CO=2) is fed to the catalytic chamber. How-
ever, in the PBMR, CO and H, are fed to the catalytic bed through
the catalytic chamber (CO) and through the membrane side (H;)
so that the overall ratio H,/CO =2 is achieved. For this purpose, the
H, permeation through the membrane was measured by flowing
H, and CO through the retentate and the permeate sides of the
membrane, respectively (see Fig. 1).

The analysis of the reaction products was done with an in-line
GCequipped with FID and TCD detectors equipped with a cryogenic
unit.

3. Modeling
3.1. Model description

A state-of-the-art pseudo-homogeneous 1D reactor model is
employed for simulations of the multi-compartment packed bed

and packed bed membrane reactor. The model solves the mass
and energy balances of all the compartments simultaneously. In
the mass balances accumulation (left-hand side), convection, axial
dispersion and heterogeneously catalyzed chemical reactions and
a membrane source/sink term, respectively, on the right-hand side
has been accounted for:

08g Pgw; Oegpgligw; 0 dw;
= + — Dax — | + njas + ¢ .a
ot 0z 0z Pelax 0z s P iGm

The equations are solved using Danckwerts inlet boundary con-
ditions and free-flow outlet conditions:

+ Egpgligw; =@ —awi
gPgUgWi|, o = Pinlet,i 92z

86!),‘
Z z=0

_Daxpg 87 =0

z=L

The energy balance is formulated in a similar fashion, with an
additional term for heat exchange via the confining wall.

T T 9 A
Sgpgcp,ga = —Eg/’gcpyg“g§ + % (Ag,effaz) + E n;asH;
i=1

N
+ ) amHi + @y w (T = Tc)
i=1
with similar Danckwerts inlet and free-flow outlet conditions:

N
oT . aT
—Ag % . + Sg/’gcpvgug”z:O = ZHi‘/’inlet,i 2l 0

z= i=1

z=L

Mass conservation was enforced via the total continuity equa-
tion:

8pg _ 8ngg /" (am withag = 4dl

£or 0z M 43— d?

where, d, and d; represent the outer and inner diameter, respec-
tively, while the pressure drop over the catalyst bed was computed
using the differential Ergun equation.

The multi-compartment layout is used to describe the different
parts of the Packed Bed Membrane Reactor (PBMR), i.e., the reac-
tor tube (compartment 1) and the membrane tube (compartment
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Table 1
Experimentally determined membrane parameters for the used Pd/Ag membrane,
which were set in the numerical model.

Table 3
Values of the fitted kinetic parameters for the Ru-B/TiO, catalyst and the original
Co-based values from reference [23].

Parameter Value Unit

Qrdo 6.135x 1078 molm~1s~1Pa™"
Eactpd 7.799 k] mol-!

8 4.8x10°° M

n 0.5

2). Exchange of hydrogen between the two compartments via the
Pd-Ag perm-selective membrane is described with Sieverts’ law:

-

. Eact,Pd
Ju, S (pgz,tube - pﬁz,shell) with Qpq = Qpd,0 €Xp (_ RT )

where, the parameters were fitted to permeance data obtained
from dedicated experiments (see Table 1).

The FTS reaction kinetics have been based on the reaction
scheme proposed by Visconti et al. [23-25] for Co-based catalysts
(listed in Table 2), but with modified kinetic parameters for the
Ru-based catalyst used in this work.

The reaction rate constant in reaction 1 and 2a is modeled using
a modified Arrhenius equation:

E 1 1
k = ko exp [—ﬁa (T - ﬁ)}

The implementation of the kinetic scheme was verified by com-
paring simulations to results published in the works by Visconti and
coworkers, which gave satisfactory results. The Ru-B/TiO,-based
catalyst was modeled by changing the kinetic rate parameters
and activation energies, so that simulation results would closely
match the experimental kinetic results. This fitting procedure
was performed by manually fitting the most important kinetic
rate parameters to match experimental and simulated conver-
sion and selectivities using a base case of P=20bar, T=523K,
GHSV=10,000 mL/gc,:/h and a H,/CO ratio of 2. Comparison with
experiments at different temperatures indicated a required change
in the activation energies of kinetic rate equations 1 and 2a
(Table 2). Table 3 gives the newly fitted parameters for the Ru-
B/TiO,-based catalyst, along with those provided by Visconti [23]
for their Co-based catalyst. Table 4 shows the results of a compari-
son of the quality of the fit between the Ru-B/TiO, experiments and
simulations.

Table 2

Value

Parameter Fit Ru-B/TiO, Co-based Unit

k2,0 1.14x 10704 3.77 x 10795 mmols~!g~!bar!

Eanz 71.51 267.3 k] mol-!

knmo 411x10°% 1.36x 10703 mmols~!g!bar!

Eam 37.986 177.44 kJ mol-!

kin 1.01 0.334 mmols—1g-!

KcHa 9.74 1.61 mmols—1g!

kg 0.513 0.226 mmols~1g!

Kpn 0.948 0.132 mmols~!g!

kan.dx 0.182 5.54 x 10793 mmols—1g!

kan,sx 8.24 3.63 mmols~! g~ bar!

ka2.sx 402 164 mmols~! g1 bar!
Table 4

Comparison of model and experimental results using the fitted kinetic parameters.
The selectivity (S), olefin over paraffin ratio (Q/P) and CO conversion (X) were used
as indicators for the quality of the fitting.

Indicator Experimental results Model results RMS deviation
S(Cy) 0.16 0.1469 0.0131
S(C2-Cs) 0.21 0.2375 0.0275
S(Cs+) 0.64 0.6156 0.0244
Q/P(C2-Cs) 0.9 0.9374 0.0374
Q/P (Cs—Ci0) 0.6 0.6621 0.0621
X 0.37 0.3486 0.0214
4. Results

4.1. Catalyst characterization

Fig. 2a shows the X-ray diffractograms of the B-Ru/TiO; catalyst.
The diffractogram of the TiO, is shown for comparison. As observed,
both diffractograms show identical diffraction lines characteristic
for the rutile and anatase phases of TiO,. Diffraction lines indica-
tive of Ru or B phases are not observed, indicating that Ru is well
dispersed onto the TiO; support. Fig. 2b shows the H; consumption
profile vs temperature for B-Ru/TiO-. A single peak centered at ca.
450K is observed indicating a good dispersion of the Ru particles
onto TiO,.

4.2. Pd/Ag membranes: effect of CO on H, flux permeated

Prior to the FTS tests in the PBMR configuration, the H, flux
through the membrane and the effect of the presence of CO on the
H, permeation through the Pd/Ag membranes was studied. To con-
duct these experiments, the volume of inert material (SiC) sufficient

Elementary reactions and kinetic rate expressions for FTS on Co-based catalysts, as used in the numerical model reported in [23]. Here, P and Q indicate generic linear paraffin
and olefins, respectively, and @ indicates the fraction of free catalytic sites, while " indicates a single free catalytic site.

Step Elementary reaction Equilibrium/kinetic expression Notes

1. Hy + 2" 2H THy = kHZPHZ 929;1

2a. CO+" & CO’ v = knPco Reaction 2a is rate-limiting,
followed by reactions 2b-2f

2b. CO'+ & C+0

2c. C+H - CH +°

2d. CH +H — CHy +~

2e. O +H —OH +~

2f. OH +H — H,0+2°

3. CHy +H — CH3" +~ 1N = kinOCH2+ O,

4. CHs" +H' — CH4+2" Tty = ety O Orte

5. Ry +CHy - Rp+1 +" 16 = kcOrarOct,, n:1—49

6. Ry +H —P,+2 Ton = K, Og: O n:2—50

7. Ry < Qu+H — kay.sxXQ, O n:3— 50

8. Ry < Qu+H ro, = qu.dXGRE — ko, . Xq, O
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Fig. 2. (a) X-ray diffractograms for B-Ru/TiO, and TiO,. The anatase (A) and rutile(R) phases of TiO; are indicated. (b) H>-consumption profile of B-Ru/TiO,.

to fill the length of the membrane was placed inside the membrane
and the temperature of reactor was raised to 553 K under He flow
(170 mLmin~1). Once this temperature was reached, the He total
pressure at the outer side of the membrane was set between 0.1 and
0.3 MPa, while the inner side of the membrane was maintained at
atmospheric pressure. The He flux permeated through the Pd/Ag
membrane (or sealing) was less than 2% of the total He flow within
the entire pressure range under study. In a following step, the H;
permeation was measured at 553 K using 103 mLmin~! of H, and
a constant flow rate of 75.6 mLmin~! of He at 0.1 MPa at the inner
part of the membrane. In order to study the effect of CO on the
H, permeation rate, the experiments were also conducted by flow-
ing CO/N, (80/20) 75.6 mLmin~! instead of He at the inner part of
the membrane. The H; pressure at the outer side of the membrane
ranged between 0.1 and 0.3 MPa in all cases. The results are shown
in Fig. 3. The difference of H, partial pressure was calculated by
assuming that the H, pressure inside the membrane was zero.

The results shown in Fig. 3 clearly indicate that the permeability
of the Pd/Ag membrane decreases when CO is fed through the inner
side of the membrane. This is caused by the stronger adsorption
of CO compared to Hy onto the Pd atoms, thus decreasing the H;
permeation. However, this poisoning effect is not complete, and
the presence of CO does not lead to complete deactivation of the
membrane permeation at the temperatures and pressures used in
this study, and still a quite high H, permeation is observed even
with a CO/N, flux at the inner side of the membrane. Thus, it can
be concluded that it is possible to obtain sufficient H, permeation
under FTS conditions by using Pd/Ag membranes.

4.3. FIS activity tests: PBMR vs PBR

Pd membranes are typically designed to work at temperatures
above 573 K, whilst the reaction of Fischer-Tropsch with a Ru-based
catalyst like the one used in this work is usually carried out at tem-
peratures between 488 K and 523 K. At these low temperatures, Pd
membranes suffer from the so-called “embrittlement” effect, which

is a metal degradation process due to the coexistence of the hybrids
H,-Pd (a—f) in the membrane [26]. Pd/Ag membranes are more
resistant to embrittlement; however, due to the high pressure of
H, in the reaction and higher H, permeation at higher tempera-
tures, temperatures above 523 K were selected. As a consequence,
it can be anticipated that a mismatch between the optimum reac-
tion conditions for the FTS and the optimum working conditions
of the membranes exists that could limit the implementation of
PBMR for FTS. Therefore, operation conditions must be chosen as a
compromise between the optimal ones for the FTS and for H, per-
meation, or further optimization of the catalyst and/or membrane
needs to be pursued.

0.026
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Fig. 3. H; flux of Pd/Ag membrane at 553K (H, fed 103.2 mLy/min) vs pressure
difference feeding He (red) and CO/N; (black) inside the membrane. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article).
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In a first approach, the H,-PBMR FTS tests were conducted at
523 K with a feed composition of H,/CO/N, =46/46/8 to the inner
compartment. Note that the H,/CO ratio is equal to 1, similar to
the one obtained from biomass gasification, but lower than the
stoichiometric H,/CO ratio for the FTS. To compensate the lack of
H, (with respect to the stoichiometric FTS value), H, is permeated
homogenously through the outer side of the membrane (along the
whole length of the membrane) by flowing a mixture of H,/He to
the outer side of the membrane. In this approach, the membrane
is used to supply (and to distribute H, homogeneously throughout
the entire length of the membrane, i.e., through the catalyst bed)
the extra H, needed to achieve the stoichiometric H,/CO ratio into
the FTS reaction chamber ensuring a proper distribution of the H,
through the entire catalyst bed. The pressure in the permeate cham-
ber was set at 1.0 MPa (46/46/8 of H,/CO/N;). In order to create a
driving force to allow H, to permeate through the membrane into
the reaction zone, an H, partial pressure difference of 0.44 MPa was
set (APl =Pyt — Py, Pe™ = 0,44 MPa) by adjusting the pressure
of the outer chamber to 1.2 MPa (H,/He = 75/25). In order to obtain
the desired H,/CO ratio of 2 in the catalyst bed during the FTS at
the selected GHSV, the H, flux permeated to the reaction zone was
calculated previous to each FTS reaction. The permeated H, flux
was calculated by subtracting the H, flow feed at the inlet of the
membrane side from the non-permeated H, flow measured at the
retentate side at the outlet of the reactor. Thus, in the reaction zone,
a syngas with an H,/CO ratio of 2 at 7500 mLy3 +co/gcat/h is set.

Fig. 4a shows the evolution of the CO conversion with time-
on-stream (TOS) obtained at 553 K using the H,-PBMR FTS concept
using the Pd/Ag membrane. For reference, the results obtained with
a conventional FTS-PBR measured under similar reaction condi-
tions, i.e., 553K, 1.0 MPa, 7500 mLsyngas/h/gcat and H,/CO ratios of
1 and 2 are also shown.

Noticeably, the H,-distributed PBMR concept using H,-poor
syngas at the inner side of the membrane, (H,/CO=1) and sup-
plying extra H, from the outer side of the membrane, renders
similar initial CO conversion values compared to those obtained
with the traditional FTS PBR with H, /CO =2 and significantly higher
than those with a PBR using a Hy-poor syngas (H,/CO=1). As
shown in Fig. 4b, the initial selectivity towards the different prod-
ucts is significantly influenced by the presence of the membrane.
Thus, the production of C; decreased from ca. 22% in the tradi-
tional PBR (H;/CO=2) to 5.7% in the PBMR. The selectivity towards
light hydrocarbons remains similar but the production of long-
chain hydrocarbons, Cs _1¢ and Cy+ fractions increases noticeably
in the PBMR, especially the latter which increases from ca. 15.6%
to 49.4%. Fig. 4b also shows the results of numerical simulation
results of the comparison of the PBR with the PBMR concept. The
numerical model describes qualitatively the same results, showing
a decreased CH4 production and increased Cs. production when
using the membrane reactor concept, although to a lesser extent.
Discrepancies may come forth due to the fact that the simulation
results were taken from steady-state operation, and the kinetic
model for the catalyst requires further fine tuning (i.e., automated
fitting based on larger data sets) in order to change qualitative
agreement into quantitative agreement.

However, after a few hours on stream, the CO conversion
recorded using the H,-PBMR drops to levels comparable to the
ones recorded with the traditional PBR fed with a syngas with
H,/CO=1. Alongside with the decrease in the CO conversion, we
observed a reduction of the H, permeation rate through the mem-
brane. Such an effect could be due to membrane deactivation by
adsorbed CO species and/or blocking of membrane pores by adsorp-
tion of waxes formed during the FTS. Both these effects could
explain the observed decrease in the H, permeation rate through
the membrane resulting in a Hy-poor syngas within the FTS reaction
chamber and consequently to a decrease in the CO conversion level.
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Fig.4. (a) CO conversion at 523 Kvs TOS in H2-PBMR (H2/CO =1)perm (black) and ina
conventional FTS PBR with H,/CO =2 (blue) and H,/CO =1 (red). P=1.0 MPa, GHSV=
7500 mLco +H2/€car/h and APy, =0.35 MPa. (b) Product selectivity for PBR Hy/CO =2
(black) and PBMR (red) during the first hours of reaction, compared to model results
(blue and green). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article).

In addition, it may cause catalyst deactivation due to the formation
of coke. Fig. 4a shows that after ca. 10 h on stream the H,-PBMR
behaves as a conventional PBR fed with H,-poor syngas (H,/CO=1).
Similar CO conversion levels of around 10% and 15% are recorded
for both configurations suggesting that H,-poor syngas is responsi-
ble for the decreasing CO conversion recorded using H,-PBMR. The
slightly higher CO conversion obtained with the H,-PBMR could
indicate that a fraction of Hj is still permeating through the mem-
brane, but not enough to maintain the FTS stoichiometric syngas
ratio H,/CO of 2.

Fig. 5 shows a picture of the inner side of the membrane tube
recovered after the FTS reaction in the H,-PBMR. The image clearly
shows the presence of waxes in the inner side of the tube (in the cat-
alytic zone), which probably result in the blocking of tube’s pores,
thus impeding H, permeation to the reaction chamber.

As shown above, Pd/Ag membranes are capable of supplying
extra H, to the FTS reaction zone, so that the H,/CO ratio can be
adjusted to the desired stoichiometric FTS ratio. By doing that, CO
conversions obtained in a H,-PBMR and in a traditional packed
bed reactor are similar. This behavior, however, is not a significant
advantage of the use of the PBMR over the traditional PBR for FTS.
However, as also shown in Fig. 4b, conducting the FTS in a H,-PBMR
results in a higher fraction of high molecular weight hydrocarbons
and lower methane production than with a conventional PBR with
H,/CO=2. Fig. 4b compares the products selectivity at the early
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Fig. 5. Image of the H,-perm membrane recovered after the FTS synthesis. The pres-
ence of high molecular hydrocarbons (waxes) in the inner side of the membrane (the
catalytic zone) is shown.

stages of the FTS (TOS<5h), i.e., before membrane deactivation
occurred. As observed, the production of high molecular weight
hydrocarbons increased by a factor of 3 (ca. three times higher) and
the production of methane is lower in the H,-PBMR than in the PBR.
Both positive effects are probably related to an intrinsic property of
the Ag/Pd membranes, which is the homogeneous distribution of
H, along the entire length of the membrane. As a consequence,
the H,/CO ratio within the whole catalytic bed length is better
controlled and remains constant in the entire catalyst bed so that
areas with local concentrations of H, higher (which favor the pro-
duction of methane) or lower (which favor the production of low
molecular weight hydrocarbons) than the stoichiometric FTS value
(H2/CO =2), prevailing in the conventional PBR, are circumvented.

With the aim to minimize the observed decrease in the H
permeation rate through the Pd/Ag membrane, FTS experiments
were conducted at higher temperatures (553 K). Otherwise, the
same reaction conditions were used. Feed flow rates were adjusted
to reach the same GHSV=7500mLco+n2/gcat/h. Syngas with a
H,/CO=1 ratio was directly fed into the reaction side of the Hy-
PBMR, while extra H, to achieve an overall H,/CO =2 was supplied
via the membrane. In the PBR, syngas with H,/CO ratios of 1 and 2
was used. Fig. 6a displays the evolution of the CO conversion with
time-on-stream (TOS) obtained at 553 K with the H,-PBMR and the
conventional PBR reactor. Fig. 6b shows the selectivity towards the
different fractions of hydrocarbons at initial TOS (T<5 h).

As clearly observed in Fig. 6a, increasing the reaction temper-
ature to 553 K results in higher CO conversions than at 523K (see
Fig.4)inall configurations under study. The CO conversion recorded
with the H,-PBMR is higher than that measured in the PBR with
H,/CO =1, but lower than that recorded with a PBR with H,/CO=2.
This trend is similar to the one reported for the FTS experiments
recorded at 523K (see above). However, conducting the FTS at
553K prevents the strong deactivation observed at 523K, result-
ing in more stable CO conversion levels during time-on-stream in
the H,-PBMR than at 523K (see Fig. 4a). Two different yet com-
plementary effects can justify the positive effect of the increasing
reaction temperature. On the one hand, by increasing tempera-
ture the hydrogen permeance through the membrane increases.
This feature results in a lower production of high molecular weight
hydrocarbons and hence to a lower membrane deactivation. On the
other hand, it is well known that the production of low molecular
weight hydrocarbons increases with the increasing temperature.
Combined, these effects lead to a lower production of high molec-
ular weight hydrocarbons at 553 K than at 523 K as observed from
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Fig. 6. (a) CO conversion at 553 K vs time on stream with catalyst RuB1Ti in PBMR
(H2/CO=1)perm (black color) and regenerated (open circles), PBR with H,/CO=2
(blue color) and H,/CO=1 (red color), P=1MPa, GHSV =7500 mLco+H2/gcat/h and
AP'yy =0.35MPa. (b) Product selectivity for PBR H,/CO =2 (blue bars), PBMR (black
bars) and PBMR after thermal regeneration (green bars) during the first hours of
reaction. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article).

Fig. 4b and Fig. 6b, and as a consequence of a lower membrane
deactivation. This performance suggests that H, permeation can
be successfully maintained during the course of the experiment.

Although increasing the reaction temperature leads to higher
CO conversions, the production of high molecular weight hydro-
carbons decreases, while that of CH4, an undesired product of the
CTL and GTL processes, increases. For instance, CHy selectivity val-
ues of ca. 22% and 61% are recorded with the PBR (H,/CO=2) at
523 and 553 K, respectively. Although the impact of producing CH4
during the BTL process may not be as detrimental as in the CTL or
GTL processes, the CH,4 production at 553 K is still too high. How-
ever, and in line with the results obtained at 523 K, the experiments
conducted at 553 K with the H,-PBMR led to a significantly lower
production of methane (C; selectivity ca. 11%) as compared to that
obtained in the PBR configuration (C; selectivity ca. 61%) along
with an increase of the selectivity towards high molecular weight
hydrocarbons (Cyo*) of about 2.5 times; see Fig. 6b. This effect is
remarkable and it compensates for the consequences of conducting
the FTS at temperatures as high as 553 K, opening new promising
possibilities for the use of H,-PBMR for FTS.

Although to a lesser extent than when conducted at 523K, a
certain decrease in the CO conversion with TOS was also observed
at 553 K. As shown above, this effect could be related to the for-
mation of waxes in the inner side of the membrane that could
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Table 5
CO conversion and productivity using catalyst RuB1Ti in PBMR and PBR (syngas
H,/CO ratio: 1-2) at 553K, P=1MPa and GHSV =7500 mLco+H2/Zcat/h.

FTS concept Xco (%) 8cs+/8eat/h gcH4/8eat/n
H,-PBMR 379 0.39 0.056
PBR H,/CO=2 50.7 0.23 0.450
PBR H,/CO=1 141 0.17 0.086

prevent H, permeation to the reactor side. In order to regenerate
the membrane, the reaction was stopped after 20 h on stream and
the membrane was subjected to an in situ heat treatment at 573K
under a flow of H; diluted in He (15%) in the outer side of mem-
brane at and flowing pure He through the inner compartment of
the membrane for 12 h. The regeneration was successful and the
system recovered the same (or even higher) FT activity level (CO
conversions) obtained during the first FTS test (see Fig. 6a) and the
same selectivity towards the different fraction of hydrocarbons (see
Fig. 6b).

Table 5 summarizes the CO conversion and productivity towards
selected product families obtained with the H,-distributed PBMR
concept with the Pd/Ag membranes using H,/CO=1 at the inner
part of the reactor compared to the ones obtained with a traditional
FTS PBR with H,/CO=1 or H,/CO=2.

As observed in Table 5, the conversion of CO with the H,-PBMR
is lower than that obtained in the fixed bed reactor with stoichio-
metric syngas (H,/CO = 2). However, by distributing H, through the
membrane, a higher production of high molecular weight hydro-
carbons (Cs+) and a significant decrease in CH4 production (of ca.
one order of magnitude) are observed. These results demonstrate
for the first time experimentally that the use of membrane reac-
tors with a distributed H, feed via Pd/Ag membranes can increase
the production of the desired fraction of high molecular weight
hydrocarbons provided that suitable FTS reaction conditions are
identified. In addition, the results obtained confirm the predictions
of recent models developed to study the use of different configura-
tions of membrane reactors for FTS which predict the formation of
a higher yield to heavier hydrocarbons fraction [16-18].

4.4. Numerical parameter study

The numerical model was used to further study the effect of
the pressure and temperature on the selectivity towards different
fractions using the packed bed reactor and Packed Bed Membrane
Reactor concepts. The trend of conversion and selectivities for dif-
ferent fractions as a function of the pressure is shown in Fig. 7. It

is clear that for all cases, the membrane reactor concept is more
selective towards long-chain components.

5. Conclusions

Despite the current mismatch between optimum temperature
reaction conditions for the FTS and optimum temperature working
conditions of the Pd/Ag membrane, this work has demonstrated
experimentally the valuable use of the H,-distributed feeding con-
cept for the FTS using a PBMR. The best conditions found for the
H,-PBMR for FTS imply using a H,/CO feed=1 inside the reac-
tor while supplying extra H, (to reach an overall H,/CO=2) via
the membrane and a temperature of 553 K. The CO conversion
recorded with the Hj-distributed feeding PBMR concept for FTS
with (H,/CO=1) is lower than that obtained in a conventional PBR
feed with H,/CO =2 but the selectivity towards the targeted high-
molecular hydrocarbons by H,-distribution in the PBMR increases
by a factor of 3.

In addition, the newly synthesized catalyst Ru-B/Ti was modeled
according to conventional kinetic models based on a Co-based cat-
alyst with updated kinetic rate parameters. The kinetic model was
built into a numerical reactor model which confirms the experi-
mental results of a decreased CH4 and increased Cs. selectivity.
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