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Abstract Environmental concerns and oil price rises and
dependency promoted strong research in alternative fuel
sources and vectors. Fischer-Tropsch products are consid-
ered a valid alternative to oil derivatives having the advan-
tage of being able to share current infrastructures. As a re-
newable source of energy, synthesis gas obtained from bio-
mass gasification presents itself as a sustainable alternative.
However, prior to hydrocarbon conversion, the bio-syngas
must be conditioned, which includes the removal of carbon
dioxide for subsequent sequestration and capture. A pres-
sure swing adsorption cycle was developed for the removal
and concentration of CO, from the bio-syngas stream. Ac-
tivated carbon was chosen as adsorbent. The simulation re-
sults showed that it was possible to produce a (H, + CO)
product with a Hy/CO stoichiometric ratio of 2.14 (suit-
able as feed stream for the Fischer-Tropsch reactor) and a
CO; product with a purity of 95.18%. A CO; recovery of
90.3% was obtained. A power consumption of 3.36 MW was
achieved, which represents a reduction of about 28% when
compared to a Rectisol process with the same recovery.

Keywords PSA - Fischer-Tropsch - CO; capture -
Biomass - Biosyngas

Abbreviations

Notation

ap particle specific area (m~1)
A virial coefficients (m? mol~!)
B virial coefficients (m* mol—2)
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Bi; mass Biot number of component i,
- R2

(Bii = 272 ()

Cgi gas phase concentration of component i
(mol m~3)

Cer total gas phase concentration (mol m~3)

Cp gas mixture molar specific heat at constant
pressure (Jmol ™! K~1)

Cp.i average concentration of component i in the
macropores (mol m_3)

c ps particle specific heat at constant pressure (per
mass unit) Jkg~! K~1)

Cor average total concentration in the macropores
(mol m_3)

c pw wall specific heat at constant pressure (per mass
unit) Jkg=' K1)

Cy gas mixture molar specific heat at constant
volume (J mol ™! K_l)

Cy.ads,; molar specific heat of component i in the
adsorbed phase at constant volume (J mol~! K~1)

Co.i molar specific heat of component i at constant
volume (J mol ' K1)

dp adsorbent particle diameter (m)

dyi internal bed diameter (m)

Dax axial dispersion coefficient (m2 s7h

D, micropore diffusivity of component i (m?s~!)

Dy macropore diffusivity of component i (m?s~!)

hy film heat transfer coefficient between the gas and
particle Js~ ' m—2K~!)

hy film heat transfer coefficient between the gas and
wall(Js~!m—2K 1)

ky film mass transfer coefficient (ms—1)

Ko adsorption constant at infinite temperature
(molkg~! bar™1)

Ky Henry constant (molkg~! bar~!)

P pressure (Pa)

@ Springer


mailto:arodrig@fe.up.pt

Adsorption (2011) 17: 443-452

qi average adsorbed phase concentration of
component i (molkg™!)

q; adsorbed concentration of component i in
equilibrium with C—,,l (molkg™1)

Te “microparticle” radius (m)

R, ideal gas constant (J mol~! K~1)

R, adsorbent particle radius (m)

t time (s)

T, bulk phase temperature (K)

T, solid temperature (K)

Tw wall temperature (K)

uo superficial velocity (ms™')

Vi gas phase molar fraction of component i (-)

z axial position (m)

Greek letters

oy ratio of the internal surface area to the volume of
the column wall (m~!)

(A Hgygs)i heat of adsorption of component i (J mol~1)

e bed porosity (-)

£p particle porosity (—)

A heat axial dispersion coefficient (J s~ m~! K~1)
" bulk gas mixture viscosity (kgm~!s™!)

0 bulk gas mixture density (kg m~3)

Ob bed density (kg m™)

Op particle density (kg m™)

Pw wall density (kgm™3)

1 Introduction

Recent oil price rises, political instability of the oil suppli-
ers countries, climate changes and desire to decrease the de-
pendency on crude oil are, nowadays, strong driving forces
to the development and use of alternative energy sources
and carriers. Promising candidates are Fischer-Tropsch fu-
els (Boerrigter 2006; Takeshita and Yamaji 2008).

The conversion of carbon monoxide and hydrogen in
oxygenated compounds and hydrocarbons, at high temper-
ature and pressure, and in the presence of an iron-based cat-
alyst, was observed in Germany by Franz Fischer and Hans
Tropsch in 1923 (Fischer and Tropsch 1926).

Nowadays Fischer-Tropsch (FT) is used commercially by
Sasol, Mossgass, PetroSA and Shell. The primary products

Fig. 1 Biomass to
Fischer-Tropsch process

are “green” gasoline and diesel, solvents and olefins (ob-
tained with FT at high temperatures) and waxes (obtained
with FT at low temperatures) (Takeshita and Yamaji 2008;
Demirbas 2009).

FT can be used to produce hydrocarbons from any car-
bonaceous feedstock such as coal or natural gas, which
can then be refined to liquid fuels, taking advantage of the
existing infrastructure (such as transportation, storage and
refueling) (Takeshita and Yamaji 2008). Some additional
advantages are also pointed out to the use of FT fuels in
vehicles, when comparing to conventional diesel: NO,
emissions reduction due to the higher cetane number, al-
most complete elimination of particulate emissions due to
low sulfur and aromatic content and expected reduction in
hydrocarbon and CO emissions (EPA 2002; Takeshita and
Yamaji 2008).

Biomass conversion to hydrocarbons by FT (Kuester and
Scottsdale 1987) has recently deserved some attention due to
the strict policy targets of the European Union to diversify
the source of transport fuels and for reducing CO, emissions
(Boerrigter 2006; Demirbas 2009).

All kinds of biomass feedstock, including waste material
(Batdorf 2010), can be used for liquid hydrocarbon conver-
sion by FT, thus avoiding the competition with food pro-
duction and improving waste management (Demirbas 2009;
Unruh et al. 2010).

2 Fischer-Tropsch Process

Figure 1 presents a schematic representation of the biomass
to FT process.

The gasification yields a product gas composed of CO,
CO», H>0, Hy, CHy4, other gaseous hydrocarbons, tars, inor-
ganic constituents, and ash. The outlet composition depends
on the gasifier (Demirbas 2009). Some examples of units
currently used for biomass gasifications are the Lurgi circu-
lating fluid-bed and the Foster Wheeler circulating fluid-bed
(Higman and van der Burgt 2008).

Different processes may be used for syngas production
from biomass gasification: non-catalytic, catalytic and steam
gasification (Demirbas 2009). A mixture of steam and air or
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Table 1 Streams specifications

Stream Purified After CO
syngas shift
Flow rate (kmol/h) 1500 1650
Molar fraction (%) CO, 20.0 27.27
H; 40.0 45.45
CHy 2.0 1.82
CO 35.0 22.73
N» 3.0 2.73

oxygen is commonly used as gasifying agents in industry.
The use of air reduces the heating value of the gas due to the
dilution with nitrogen and increases the volume of the gas to
be treated (Aasberg-Petersen et al. 2004).

The syngas has to be cleaned from impurities, such as
tars, H>S and water, (purification) and adjusted to synthesis
requirements (through a CO shift step) (Unruh et al. 2010).

A typical composition of a purified syngas (that is, af-
ter the tars and H» S removal) obtained from the gasification
of biomass at 900°C with a steam to biomass weight ratio
of 2.7 is presented in Table 1 (Lv et al. 2003; Yin et al.
2005). This syngas has a H»/CO ratio of 1.1. The H,/CO
ratio at the FT reactor inlet should be in the range of 2.05
to 2.15, as required by cobalt based catalysts for promot-
ing the formation of long chained hydrocarbons (Dry 2004;
Lu and Lee 2007). A CO shift is then used to increase the
H»,/CO ratio to around 2.0.

Carbon dioxide must then be captured before the Fischer-
Tropsch reactor. The sequestration of CO, for reducing
greenhouse gas emissions is an important complement of
the current strategies of improving energy efficiency and in-
creasing the use of non-fossil energy resources and should
therefore be considered (Herzog 2000).

The most common technologies for CO, removal from
syngas obtained from fossil fuels are absorbent-based sys-
tems such as the Rectisol and Selexol processes (Drage et
al. 2009).

Pressure swing adsorption technology has proven to be
a more economical alternative to such systems for the pu-
rification of hydrogen obtained by steam reforming. An
example of such units is the Polybed process from UOP
developed by Union Carbide (Fuderer and Rudelstorfer
1976). This unit, however, is unable to concentrate CO,
for subsequent sequestration. Aware of this limitation, Air
Products and Chemicals developed a PSA process called
Gemini-9 comprising six parallel beds for CO, removal,
followed by three parallel beds for Hp purification (Kumar
and Kratz 1992). This process can produce ultrapure Hj
(4+99.999%) and high purity CO, (+99.99%) with large re-
coveries (>90%) for both products.

Nevertheless, the constraints of the separation required
for this specific application are different from the ones re-

quired for hydrogen purification. Only CO; should be sep-
arated from the remaining components, for sequestration,
while maintaining the H,/CO ratio close to the inlet value
(~2). This leads to the need of developing an appropriate
cycle for the PSA process. This PSA process should replace
the currently used absorbent-based CO, removal process for
syngas treatment.

3 Adsorbent and PSA cycle selection

As mentioned above, the objective of the PSA process is to
separate the carbon dioxide from the feed mixture and pro-
duce it with purity above 95%, the specification required for
transport and sequestration (Zhang and Webley 2008). Addi-
tionally, the H/CO stoichiometric ratio on the light product
must be close to the Hy/CO stoichiometric ratio in the feed
stream (=~2), that is, the recovery of hydrogen and carbon
monoxide into the light product must be almost complete.

The hydrogen adsorptive separations processes com-
monly reported in the literature employ different layers of
adsorbents, each with enhanced capacity for a particular im-
purity (silica gel or alumina for water vapor, activated car-
bons for carbon dioxide and methane and zeolites for car-
bon monoxide and nitrogen) (Chlendi and Tondeur 1995).
The aim of these PSA processes is to produce 99.99+% hy-
drogen. However, in this case, carbon monoxide should be
produced with hydrogen and only carbon dioxide should be
retained to produce the heavy product. Therefore, the use
of an activated carbon as a single adsorbent appears to be
the best solution for this separation. Activated carbons have
higher adsorption capacity towards carbon dioxide when
compared to the other compounds in the feed stream. Ad-
ditionally, they present weaker strength of adsorption at low
pressures than zeolites which facilitates the adsorbent regen-
eration just by decreasing the pressure.

The activated carbon Norit R2030 was the selected ad-
sorbent. The adsorption equilibrium and kinetics for all
the compounds in the feed stream in this activated carbon
have been determined by Grande et al. (2008). The Virial
isotherm was used to fit the experimental adsorption data
(Grande et al. 2008). The parameters obtained are given in
Table 2.

The extended Virial isotherm proposed by Taqvi and
LeVan (1997) for the prediction of the multicomponent ad-
sorption equilibrium was used:

gi 2 N 3 N N
1
P = K exp(g ZAUCI/ + 752 ZZ&M,/%) (D

j=I j=lk=1

In this equation, P and g are respectively the adsorbate par-
tial pressure and amount adsorbed, S is the adsorbent spe-
cific surface area (700 mz/g), A and B are virial coefficients,
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Table 2 Parameters of the

Virial isotherm for the activated Compound Koo (—AH)  Agx 1070 A;x107° By x 107" By x 107"
carbon Norit R2030 [mol/(kg bar)] [J/mol]  [m*/mol] [m?K/mol]  [m*/mol?] [m* K/mol?]
CO, 9.90 x 1073 27870  —1.140 79.013 —0.021 —0.416
H, 8.20 x 1073 3192 0418 —0.001 0.454 0.000
CH, 1.04 x 1073 17652 4616 —121.43 —0.831 308.53
Cco 4,62 x 1074 19100  14.076 —422.77 0.264 299.25
N, 2.54 x 1073 11834 5585 —163.77 3.385 —777.67

and K g is the Henry constant. The Henry constant is related
to the temperature (7') through the Van’t Hoff equation:

K = K ex —AHqys )
H = Koo €Xp R,T
The mixing virial coefficients calculated by:
(Ai+A))
Ajj=———* 3)
2
(B; + Bj + By)
Bijk = ————— @)

A five step cycle was designed to accomplish this separa-
tion: adsorption, rinse, blowdown, purge and pressurization.
During the adsorption step, the feed stream is fed to the col-
umn inlet and the light product (Hy + CO) is produced on
the other end. At the end of this step, the initial section of
the bed (fluid and adsorbent) is in equilibrium with the feed
stream. Even though the higher adsorption capacity of the
activated carbon is towards carbon dioxide, it has an inter-
mediate affinity for carbon monoxide, and therefore a frac-
tion of the CO present in the feed stream, higher than that
of Hy, will be adsorbed in the activated carbon. In order to
recover this CO into the light product and also to be able
to produce a 95% CO; product, a rinse step must be used.
During the rinse step a fraction of the CO, product is com-
pressed and fed to the column while the light product contin-
ues to be produced at the column outlet. After this step, the
CO; product is obtained in the blowdown and purge steps.
The blowdown decreases the column pressure countercur-
rently. In the purge step, a portion of the light product is
fed countercurrently to the bed allowing the additional des-
orption of CO;. Finally the bed is pressurized countercur-
rently with light product. A scheme of this cycle is pre-
sented in Fig. 2. With this design, the feed stream is sepa-
rated into two product streams, without the formation of any
waste.

The continuous operation of PSA processes, with con-
stant feed consumption, involves the use of more than one
bed. In this case, the cycle was extended to the 4-bed
process. The corresponding extended schedule is shown in

@ Springer

Fig. 2. This extension imposes constraints on the steps du-
rations. Namely, the duration of the adsorption, rinse and
blowdown must be the same, as well as the sum of the du-
rations of the purge and pressurization steps. As can be seen
from the extended schedule, there is, with this scheme, one
column in the adsorption step at all times.

Notice should be given to the fact that the use of a pres-
sure equalization step, commonly employed in PSA cycles
to reduce the power consumption, is not advantageous in this
particular case. Indeed, if a pressure equalization step was
included in the cycle between the adsorption and the rinse
step, the rinse step would be carried at a lower pressure and
the power consumption for compressing the CO, would be
lower. However, the outlet stream of the rinse step, which is
(Hy + CO) product, would also be at a lower pressure and
would therefore require compression. Consequently the sav-
ing on power consumption on the compression of the CO,
would be cancelled by power consumption for the compres-
sion of the (Hy + CO) product.

4 Model

A mathematical model with mass, energy and momen-
tum balances that represent the dynamic behavior of a non
isothermal, non diluted, multicomponent adsorption bed
was used to simulate the pressure swing adsorption process.
The model was developed based on the following assump-
tions: ideal gas behavior throughout the column; no mass,
heat or velocity gradients in the radial direction; constant
porosity along the bed; axial dispersed plug flow; no temper-
ature gradients inside each particle. Additionally, the model
accounts for external mass and heat transfer resistances, ex-
pressed with the film model, and it considers that the ad-
sorbent particles are bidispersed with macropore and mi-
cropore mass transfer resistances, both expressed with the
Linear Driving Force (LDF) model. The momentum bal-
ance is given by the Ergun equation. The mass, momentum
and energy balance equations of the mathematical model
are given in Table 3. A detailed description of the mathe-
matical model is presented elsewhere (Da Silva et al. 1999;
Da Silva and Rodrigues 2001; Ribeiro et al. 2008).
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Pg Pressurization Adsorption Rinse Blowdown
Blowdown Pg Pressurization Adsorption Rinse
Rinse Blowdown Pg Pressurization Adsorption
Pg — purge
Fig. 2 PSA cycle and extended schedule to a 4-bed process
Table 3 Mass, momentum and
energy balances of the Mass Balances
mathematical model Gas Phase
3C (1 k
2 (eDuxCor B1) — L (o Coi) — 7554 — S0 (Cp i = ) =0

Solid Phase—Macropore

dC,i _ 8D,;Bi;

o R§(1+Bi[)
Solid Phase—Micropore
03 _ 3Dci; %  —
G= e D

(Coi = Cpi) — 22 5L

ep Ot

Momentum Balance
3P _ 150u(1—e)?

1.75(1—¢)p
9z T ed2 uo + &d, luoluo

Energy Balances
Gas Phase

205y —ugCyrC, it +ngTg

4h,,

dyi

Solid Phase

aCq 1

= aT,
¢ _3)[31)2?71 CpiCLi+ple 1%Cv ads,i + Pp ps] JI

=1 —¢e)gpR, Tp dt
Column Wall

pwép.w% = ayhy(Ty — Tw)

= — (1 —8&aphs(Ty —T)p)
(T*T)*BCgTCV Ot =0

Lty Y0 (—AHage)i 3+ (1 — e)aph o (Ty — Tp)
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Table 4 Bed dimensions and adsorbent properties

Table 5 Transport parameters values used in the simulation

Bed diameter (m) 3.5

Bed length (m) 8

Bed porosity 0.40

Adsorbent Activated carbon Norit R2030
Adsorbent shape Cylinders

Particle density (kg/m?) 874

Pellet porosity 0.60

Pellet radius (m) 1.45 x 1073

Adsorbent surface area (mz/g) 700

Particle specific heat (J/kg/K) 709

5 Results and discussion

The feasibility of the separation process presented in the pre-
vious sections was assessed by simulation.

The mathematical model was implemented in gProms en-
vironment (Process System Enterprise, London, UK) and
solved using the orthogonal collocation on finite elements
as the numerical method. The number of elements used was
60 with third order polynomials (two interior collocation
points).

The dimensions of the beds were set to 8 m long and 3.5
m in diameter, which, with the specified feed flow rate, re-
sults in a superficial velocity of 0.04 m/s (or a molar flux
per unit area of 47.6 mol/m?/s). A bed porosity of 0.4 was
assumed. A space time at feed conditions of 80 s is ob-
tained. The adsorption capacity factor of carbon dioxide is
22.3 (calculated at feed conditions). The bed characteris-
tics are summarized in Table 4 together with some prop-
erties of the adsorbent required for the simulation. In ad-
dition, the mathematical model employs several transport
parameters. These were calculated using common correla-
tions The axial mass (D,x) and heat dispersion coefficients
(A), as well as, the mass transfer (k) and heat convective
coefficients (h y) were estimated using the Wakao and Fu-
nazkri correlations (Wakao and Funazkri 1978; Yang 1987,
Da Silva 1999). The system was considered adiabatic. The
convective heat transfer coefficient between the gas and the
column wall (h,,) was calculated with the Wasch and Fro-
ment correlation (Wasch and Froment 1972). The macropore
diffusivity (Dp) took into account only the molecular dif-
fusivities which were calculated with the Chapman-Enskog
equation (Bird et al. 2002). The micropore diffusivities (D.)
were determined experimentally by Grande et al. (2008).
General properties of the gases, like density, viscosity, and
molar specific heat were obtained according to Bird et al.
(2002). The molar specific heat of the adsorbed gas was as-
sumed to be equal to the molar specific heat in the gas phase
(Sircar 1985). The transport parameters values used in the
simulations are presented in Table 5.

@ Springer

Dax (m?/s) 2.1x1074

A (J/s/m/K) 2.6

ks (m/s) 9.5x 1073

hr (Wim?/K) 450

hw (W/m2/K) 285

D, (m?/s)? C0,:5.10 x 1077
H,:1.20 x 107°
CHy: 4.90 x 1077
CO:5.12 x 1077
Ny: 4.67 x 1077

COy: 4.44 x 1072
Ha: 0.147

CHy: 1.57 x 1072
CO: 1.45 x 107!
Ny: 1.45 x 107!

De/rZ (s7H?

u (kg/m/s)? 1.6 x 1072
C, (J/mol/K)? 313

4Values at inlet conditions

The feed flow rate and composition are presented in Ta-
ble 1. The feed duration was set to 450 s and the purge du-
ration to 100 s. A purge flow rate equal to the feed flow
rate was employed. The rinse flow rate was optimized so
that the required concentration of the carbon dioxide prod-
uct could be obtained. This was achieved with a rinse flow
rate of 0.266 m>/s. Employing these operating parameters
the results of Table 6 were obtained.

A light product that satisfies the feed requirement for the
Fisher-Tropsch process was obtained. The H,/CO stoichio-
metric ratio is 2.14 which is within the required range. The
inerts content is also below the 15% limit recommended in
the literature for allowing economic viability recycle of the
biosyngas (Boerrigter et al. 2002).

A carbon dioxide product stream with purity of 95.18%
was obtained with a considerable high recovery of CO,—
90.3%. The major impurity of the carbon dioxide is methane,
that is, there are low amounts of hydrogen and carbon
monoxide in the CO;, product (the recovery of hydrogen
is over 99% and the recovery of CO is over 98%).

The power consumption in the rinse compressor was also
calculated. Adiabatic compression, multiple stages with the
same pressure ratio and with a 5 psi pressure drop between
stages was considered. It was also assumed that after each
stage the gas is cooled back to the inlet temperature and an
efficiency (1) of 85% was set. The equation used for the

calculation is:
p y=1
 ((2) -1 )
y—1\\ P
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Table 6 Operating parameters
and simulation results

Flow Rates (at operating conditions) (m3/s)

Feed Rinse Purge
0.388 0.226 0.388
Feed temperature (K) Phigh (bar) Piow (bar)
303 30 1
Step times (s)
Adsorption, Rinse, Blowdown Pressurization Purge
450 350 100
(Hydrogen + Carbon monoxide) Carbon dioxide product Productivity (Hy + CO)
product (mol/kg/day)
Composition (%) H,/CO Composition (%) Recovery (%) 166
CO,:3.73 2.14 C0O,:95.18 90.3 Productivity (CO3)
H,: 62.17 - H,: 0.36 (mol/kg/day)
CHy: 1.36 Inerts (%) CHy: 3.02 62
CO: 29.11 8.72 CO: 1.32 Power consumption
N»: 3.62 N: 0.12 oW sump
in rinse compressor
(MW)
3.36

where 7 is the molar flow rate, Ry is the ideal gas constant,
Ty is the inlet temperature, P; and P, are respectively the
inlet and outlet pressure and y is the ratio between the heat
capacity of the gas mixture at constant pressure and the heat
capacity of the gas mixture at constant volume (y = %)
(McCabe et al. 1993; McAllister 2009). A value of 3.36 MW
was obtained.

A Rectisol process requires more than 0.26 kWh/kg CO,
at raw gas pressure of 25 bar for recovering 90% of CO;
(Herzog 2000; Kunze and Spliethoff 2010). For the case
studied 4.65 MW would be required by a Rectisol unit to
capture the same amount of CO;. This value is larger than
the one required by the PSA unit.

The concentration and temperature profiles obtained at
the end of each step at cyclic steady state are shown in Fig. 3.
During adsorption the CO, concentration front moves for-
ward in the bed. However, as the (H, 4+ CO) product is pro-
duced during the adsorption and rinse steps, the adsorption
step is stopped while the CO» front is still well within the
bed. The rinse step that follows cleans the bed with CO,
and desorbs the CO into the light product. The rinse step is
carried until the CO; front reaches the end of the bed. At this
point only a very small fraction of carbon monoxide and hy-
drogen remains in the bed. The carbon dioxide contained in
the bed is then produced in the blowdown and purge steps.
A fraction of the light product is then used to pressurize the
bed. At the end of the pressurization step the bed is at the
high adsorption pressure containing a very small amount of
carbon dioxide.

The influence of the feed composition on the process per-
formance was assessed with four simulations, where all the

operation parameters were kept equal to the ones employed
in the base case (Table 6) except the feed composition. In
two of them, the (H, 4+ CO) content was kept constant and
the CO; content was changed 1% (respectively to 28.27 and
26.27%), balancing these changes with the minor impurities
content. On the other two, the Hy content was changed 1%
(respectively to 46.45 and 44.45%), the H,/CO ratio and the
proportion of the remaining species was kept equal to the
base case. The results obtained are shown in Table 7. It can
be seen that the H,/CO stoichiometric ratio is, in all cases,
still within the specified range. However, when the CO; feed
content decreases, the obtained CO» purity is below the 95%
required (even thought its recovery does not change signifi-
cantly).

The effect of the amount of light purge employed was
also evaluated by changing the purge flow rate in two sim-
ulations, using respectively a purge flow rate equal to two
times and half the feed flow rate. Once again all the remain-
ing operating parameters were kept. The results obtained are
presented in Table 8 where it can be observed that both the
purity and recovery of CO; is affected. As the amount of
purge used increases, the CO; purity decreases and the re-
covery increases.

As a change on the value of the feed pressure affects
strongly the bed adsorption capacity, and the process per-
formance changes significantly, an analysis of the effect of
having a different feed pressure (for example caused by the
use of a different pressure on the gasifier) was also made.
A value of 25 bar was taken for study. If the same operat-
ing parameters are used with the new feed pressure value, a
CO; product with a purity of 92.86% is obtained. The CO;
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Fig.3 Concentration and temperature profiles at the end of each step at cyclic steady state
Table 7 Effect of the feed .
composition on the process Feed composition (%) (Hz + CO) product CO; product
performance CO, H, CHy4 Cco N, H,/CO Inerts Purity Recovery
(%) (%) (%)
27.27 45.45 1.82 22.73 2.73 2.14 8.72 95.18 90.3
28.27 45.45 1.32 22.73 2.23 2.12 8.04 96.76 89.9
26.27 45.45 2.32 22.73 3.23 2.14 9.40 93.49 90.4
25.95 46.45 1.73 23.26 2.60 2.15 7.98 93.63 90.5
28.49 44.45 1.38 22.31 2.33 2.11 8.60 97.26 89.4
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Table 8 Effect of the purge flow rate on the process performance

Purge flow rate (Hz + CO) product CO, product

(m3/s) H,/CO Inerts Purity Recovery
(%) (%) (%)
0.388 2.14 8.72 95.18 90.3
0.194 2.12 9.66 96.29 87.8
0.776 2.15 7.63 93.20 92.8

recovery also decreases to 84.9%. Adjusting the rinse flow
rate in order to obtain a CO; purity of approximately 95.2%,
the obtained recovery is even lower, 84.1%. That is, the CO;
front breaks through the bed before the CO, content in the
bed is high enough to produce a 95% CO; product. Con-
sequently, the step times (or bed dimensions) should be ad-
justed to the new feed conditions. Using a feed duration of
400 s (keeping the constraints for the remaining steps im-
posed by 4-bed extension reported in the manuscript) and a
rinse flow rate of 0.278 m3/s, the following performance is
obtained:

e (Hy + CO) product: Hy/CO = 2.13; Inerts = 9.13%; Pro-
ductivity = 166 mol/kg/day

e CO; product: Purity = 95.27%; Recovery = 89.2%; Pro-
ductivity = 61 mol/kg/day

e Power consumption of the rinse compressor = 3.23 MW

These performance values are very close to the ones ob-
tained in the 30 bar pressure case, which shows that with the
appropriate adjustments of the operating parameters, the re-
quired separation performance can be obtained for different
feed conditions.

These results show that the capture of CO, by PSA
within a bio-syngas to Fisher-Tropsch process is a possi-
ble alternative to the commonly acid gas removal processes
(Rectisol and Selesol).

6 Conclusions

The feasibility of replacing the absorbent-based processes
(such as Rectisol and Selexol) for CO, capture by a pres-
sure swing adsorption unit in a biomass to liquid system was
evaluated.

A pressure swing adsorption cycle was developed to
accomplish the required separation: production of a CO;
stream ready for capture and production of a (Hy + CO)
stream with the required specifications of the Fischer-
Tropsch reactor feed. The simulation results showed that
a cycle with a feed duration of 450 s and a rinse flow rate
of 0.266 m3/s allows the production of CO, with a purity
of 95.18% (proper for transport and sequestration) and a
recovery of 90.3%. The H,/CO stoichiometric ratio of the

treated stream remained suitable for feeding the FT reactor
(a Hp/CO ratio of 2.14 was obtained).

The power consumption of the CO; capture was found to
be of 3.36 MW. This value represents a reduction of about
28% when compared to a Rectisol process with the same
CO; recovery.

The influence of feed composition, amount of light purge
and operating pressure on the process performance was as-
sessed. It was found that the feed composition has a small
impact in the process performance, except when the CO,
feed content decreases more than 1%. For this case the CO»
recovery decreases and the CO, purity constraint (purity >
95%) is not obeyed, although the stoichiometric ratio re-
mains between the limits imposed.

The amount of light purge was found to influence both
CO; purity and recovery. The CO; purity decreases and the
recovery increases with the increase of the amount of purge.

It was found that if the operating pressure is decreased
from 30 bar to 25 bar, at optimal operating conditions, the
overall performance of the process remains the same, with a
slight decrease of the power consumption.

The simulation results showed that a pressure swing ad-
sorption process with a single adsorbent (activated carbon)
is a valid alternative to the absorption-based processes cur-
rently used for CO; removal from bio-syngas.
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