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Abstract—Design characteristics and performance of a novel reactor system, termed a hybrid adsorbent-membrane
reactor (HAMR), have been investigated for hydrogen production. The recently proposed HAMR concept couples reac-
tions and membrane separation steps with adsorption on the membrane feed-side or permeate-side. Performance of
conventional reactors has been significantly improved by this integrated system. In this paper, an HAMR system has
been studied involving a hybrid-type packed-bed catalytic membrane reactor undergoing methane steam reforming
through a porous ceramic membrane with a &f3orption system. This HAMR system is of potential interest to pure
hydrogen production for fuel cells for various mobile and stationary applications. Reactor behaviors have been in-
vestigated for a range of temperature and pressure conditions. The HAMR system shows enhanced methane conver-
sion, hydrogen yield, and product purity, and provides good promise for reducing the hostile operating conditions of
conventional reformers, and for meeting the product purity requirements.
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INTRODUCTION tages have been widely discussed over the conventional reactors.
These include membrane reactors [Hwang, 2001; Nam et al., 2000;
As a result of enhanced environmental regulations worldwide Saracco and Specchia, 1994; Sanchez and Tsotsis, 2002], more re-
hydrogen is progressively becoming a very important clean energgently adsorptive reactors [Ding and Alpay, 2000a, b; Han and Har-
source for both mobile and stationary applications. For hydrogemison, 1994; Lee et al., 2004; Xiu et al., 2002, 2003], or even flu-
to replace fossil fuels as the fuel of choice for mobile applicationsjdized bed adsorptive membrane reactors [Prasad and Elnashaie,
it will require the creation of a production and delivery infrastruc- 2004]. They include (i) increasing reactant conversion and product
ture for hydrogen equivalent to those that currently exist for fossilyield, through shifting the equilibrium towards the products. This,
fuels and natural gas. As an alternative, and as an interim step legobtentially, allows one to operate under milder operating conditions
ing towards the new hydrogen economy, various groups are cuie.g., lower temperature and pressures, and reduced level of cata-
rently investigating hydrocarbon steam reforming for on-board genlyst coking); (ii) reducing the downstream purification requirements
eration of hydrogen to use in fuel-cell-powered vehicles, or for on-by in situseparation of the desired product hydrogen, in the case of
site production in stead of incompressible hydrogen gas storage fonembrane reactors, or the undesired produgt iBGhe case of
power generation applications [Choi and Stenger, 2003; Darwistadsorptive reactors, from the reaction mixture.
et al., 2003; Liu et al., 2002; Semelsberger et al., 2003]. Membrane reactors show substantial promise in this area and
Methane-steam reforming is currently attracting renewed intertypically utilize nano-porous inorganic or metallic Pd or Pd-alloy
est in this regard, particularly for distributed power generation throughmembranes [Hwang, 2001; Nam et al., 2000]. The latter are better
the use of fuel cells. The process is widely practiced for large-scalsuited for pure hydrogen production. However, metallic membranes
hydrogen production, and involves reacting steam with methaneare very expensive and become brittle during reactor operation, or
through the endothermic and reversible methane steam reforminggeactivated in the presence of sulfur or coke. Even though the nano-
over supported nickel catalysts in packed-bed reactors. Traditionporous membranes are better suited for the steam reforming envi-
ally, these reformers have been generally operated at very severenment, they are, however, difficult to manufacture without cracks
conditions, utilizing temperatures often in excess of 1,000 K, presand pin-holes, and as a result often show inferior product yield. In
sures as high as 30 bar, and reach relatively low equilibrium conaddition, the hydrogen product in the permeate-side contains sub-
versions [Elnashaie et al., 1990; Froment and Bischoff, 1990; Nanstantial amounts of other byproducts, particularly,,G@d may
et al., 2000; Xu and Froment, 1989]. require further treatment for use in fuel-cell-powered vehicles.
These conditions are often not convenient or economic to attain Adsorptive methane steam reforming reactors also show good
for small-scale, on-site or on-board hydrogen generation. As a resulpotential [Ding and Alpay, 2000a, b; Han and Harrison, 1994; Lee
there are current attempts to develop more effective reforming tectet al., 2004; Prasad and Elnashaie, 2004; Xiu et al., 2002, 2003].
nologies. Reactive separation processes have been proposed asTéle challenge here is in matching the adsorbent properties with those
ternative ways of catalytic steam reforming. Their potential advan-of the catalytic system. For high temperature @@hovals, typi-
cally two types of adsorbents, e.g. CaO and potassium promoted
To whom correspondence should be addressed. layered-double hydrotalcite, have been suggested [Ding and Alpay,
E-mail: byounggi@petro.lg.co.kr 2000a, b; Han and Harrison, 1994; Lee et al., 2004; Prasad and El-
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nashaie, 2004; Xiu et al., 2002, 2003]. CaO utilizing its carbonatiorcant potential advantages with respect to the conventional mem-
reaction, can be used at the typical steam reforming temperaturdsrane reactor (MR) system. Beyond the improved yield and selec-
but requires temperature over 1,000 K for regeneration [Knacke divity, the HAMR system has the potential for producing g-CO
al., 1991]. This is a very harsh regeneration condition, which mayfree fuel-cell grade hydrogen product in lower temperature condi-
result in gradual deterioration of the adsorbent properties and potetions compared to the conditions for other types of reformers, which
tial sintering of the reforming catalyst. The mismatch between thas of significance for the proposed fuel-cell based mobile or sta-
reaction and regeneration conditions is likely to result, furthermoreionary applications of such systems.
in significant process complications. More recently, a potassium In this preliminary research, a mathematical model for the HAMR
promoted layered-double hydrotalcite has been proposed as an alystem is presented and analyzed, for a range of temperature and
ternative to the aforementioned CaO adsorbent, which is also agressure conditions. The behavior of the HAMR system is com-
propriate for high temperature ¢@dsorption [Ding and Alpay, pared with the conventional packed-bed reactor, as well as a con-
2000a, b; Xiu et al., 2002, 2003]. An advantage of the potassiunventional membrane reactor.
promoted hydrotalcite adsorbent is the range of regeneration tem-
perature as low as from 473 K to 723 K [Ding and Alpay, 2000a, b]. THEORY

Here what we propose for use, instead, is a novel new reactor
system, termed the hybrid adsorbent-membrane reactor (HAMR]). Kinetics for Methane-Steam Reforming
system. The HAMR concept, which was recently proposed by our For methane steam reforming, we have utilized a catalytic reac-
group [Park and Tsotsis, 2004], couples the reaction and membratien scheme proposed by Xu and Froment [Froment and Bischoff,
separation steps with adsorption on the reactor and/or membrad®90; Xu and Froment, 1989], which has since found wide-spread
permeate-side. The previously investigated HAMR system involvesapplication. According to Xu and Froment [Froment and Bischoff,
a hybrid pervaporation membrane reactor system integrating rever&990; Xu and Froment, 1989] (see also Elnashaie et al., 1990; Nam
ible esterification and pervaporation steps through a membrane witat al., 2000), the methane-steam reforming consists of two major
water adsorption. Coupling reaction, pervaporation and adsorptioendothermic reforming reaction steps, together with an exothermic
significantly improved performance of conventional membrane reacwater-gas shift reaction (see Table 1). The overall reaction is highly
tors, and reduced temperature conditions. endothermic. The rate expressions, heats of reactions, and the ther-

In this paper we are proposing a novel conceptual HAMR sysimodynamic parameters for the three reaction steps are shown in
tem involving a hybrid-type packed-bed catalytic membrane reacTable 1. The kinetic parameters, as reported by Xu and Froment
tor coupling the methane steam reforming reaction through a pdFroment and Bischoff, 1990; Xu and Froment, 1989], are summa-
rous ceramic membrane with a high temperature &orption rized in Table 2. Formation rates for thg 80 and C@products
system suitable for low temperature regeneration. This HAMR sysand disappearance rates for,@Hd water are given by the follow-
tem shows behavior that is more advantageous than either the meing equations:
brane reactors or the adsorptive reactors in terms of the attained yield
and selectivity. In addition, the HAMR system potentially allows
significantly greater process flexibility than either the membrane or  reo =+r,-1, (%)
the adsorptive reactor system. Compared to the adsorptive reactors,  _ o )
the membrane, for example, can be used as a barrier to separate thee~ 2"
catalyst from the adsorbent phases, thus allowirig &itu contin- Fen, =~ T3 @)
uous regeneration of the adsorbent. Moreover, it can be expectedr . —r. =21 5
to reduce cost of hydrogen purification by means of enrichment of "~ '+ 2 <3
product hydrogen in one side of the HAMR utilizingsitu mem- 2. The Mathematical Model of the HAMR System
brane separation. The HAMR system shows, furthermore, signifi- A schematic of an experimental setting for the HAMR system

W =431+, +4r, @)

Table 1. Rate expressions and thermodynamic properties for the methane-steam reforming [Xu and Froment, 1989]

Heat of reaction at 298 K

i Reactions Rate expressions AH? (kd/mol) Equilibrium constant, K;
ke P P32PCO|:|
PR Keg U 26,83
1 CH+H,0=CO+3 r,= 8 206.1 K. :ex;{30.114—'—(jx 10°
H,+H, H 1 (DEN)Z a T
kz PHZPCOZD
2 CO+HO=CO+H = P e ~41.15 K =exp{—4 036+4'ﬂ0}
? ’ (DEN)? ' = ' T
N
3  CH+2H,0=CQ+4H, =% = 164.9 =KeqxK,
HA 2 Q 2 3™ (DEN)Z Kq; ol vy

DEN=1+KcoPcot Ky, p,+KenPon, ¥ Ko R/ Py,
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Table 2. Kinetic parameters for the methane-steam reforming [Xu and Froment, 1989]

Kinetic parameters

Pre-exponential terms,Ks,

Activation energies or heats of chemisorptions,

Units

Ea,AH, kJ/mol

k, 4.225x16° 240.1 kmol-baf*kg-cat/hr
k, 1.955x16 67.13 kmol/kg-cat/hr/bar
ks 1.020x1¢° 243.9 kmol-baf*kg-cat/hr
Keo 8.23x10° -70.65 bart

Ky, 6.12x10° -82.90 bar*

Ken, 6.65x10* 38.28 bart

K 1.77x106 88.68 -

Products

. GC

}’lP
J
10

10

_®

Permeate-Side
Feed-Side

P Catalyst

Fig. 1. A typical schematic presentation of an experimental sys-
tem setting for HAMR.
1. Reactor 6. CH
2. Membrane 7.H
3. Heaters 8. Inert gas
4. Thermocouples 9. Water evaporator
5. Pressure gauges 10. Collector with condenser

/ Adsorbent

is shown in Fig. 1, and more detailed one only for the reactor zon
in Fig. 2. In Fig. 2 the interior of the membrane volume is signified Tn
by the superscript F, (feed-side), the exterior membrane volume si¢ i

nified by the superscript P, (permeate-side), and inside of the men

brane is signified by the superscript m, (membrane-side). There arEig. 2. Schematic diagram of HAMRP.

of course, a number of potential reactor configurations. For exam-

ple, 1) the adsorbent packed in the permeate-side of the membratie reactor wall temperature for a commercial reformer varies from
while the catalyst presented in the feed-side (HAMRP), 2) the ad973 K to 1,203 K, meanwhile the gas inlet temperature of 633 K
sorbent and the catalyst loaded together in the feed-side (HAMRFand the out temperature of 1,066 K [Hyman, 1968]. In contrast with
3) the catalyst packed in the permeate-side while the adsorbent packibe operational conditions for commercial reformers, as seen in Fig.
in the feed-side, or 4) the catalyst and the adsorbent may only kg the HAMR is operated under non-adiabatic, isothermal condi-
loaded in the internal membrane. To simplify matters, in the develtions by means of temperature profile control utilizing the three dif-
opment of the model we are assuming that external mass transftarent temperature controllers attached on the reactor wall with mea-
resistances are negligible for the transport through the membransuring both the inlet and the outlet gas temperature. The HAMR
as well as for the reaction steps, and that internal diffusion limitasystem is assumed, furthermore, to operate under quasi-steady con-
tions for the catalyst, and internal or external transport limitationsditions with reaction/transport processes in the catalyst and trans-
are accounted by overall rate coefficients. Axially dispersed plug{port properties through the membrane relaxing much faster than
flow conditions are assumed to prevail for both the interior and exthe slow changes in the adsorbent state due to saturation.

terior membrane spaces, as well as ideal gas law conditions. Fu?-1. Membrane Inside, m

thermore, commercial reformers are being operated under non-iso- In our model of the HAMR reactor, we are mostly investigating
thermal, non-adiabatic conditions in the range of temperature whereommercially available membranes with Knudsen transport char-
hot-spots are not established within the reactor length. For instancacteristicsMass transfer through the porous membrane is described
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through the following equation: between the gas and the adsorbent phases [Ding and Alpay, 2000a,
b; Park and Tsotsis, 2004], and linear driving force models (LDF),

(6) according to Karger and Ruthven [Karger and Ruthven, 1992] (see
also 2003; Ding and Alpay, 2000a, H),&s described by the fol-

with boundary conditions: r5RP"=x P, r=R; P'=xF lowing expression:

In Eq. (6), subscript j refers to species j. Superscripts m, F, P refer oy =k(C —C5) ©

to the membrane-side, feed-side and permeate-side, respectively. —* ©O e

The r is the coordination of the membrane reactoarid Rare  whereCze, is the adsorption equilibrium G@ncentration on the

the inside and outside radius of the membrane, respectividly. P adsorbentCco, is C@oncentration in solid-phase, and k is a mass

partial pressure of speciesj.dnd P are total pressure in the feed- transfer parameter which lumps together the effects of external and

side and permeate-side, respectivélyand X are mole fractions  intra-particle mass transport and the sorption processes, and which, as

of the species j on the feed-side and permeate-side, respectively.result, is often a function of temperature and pressure [Ding and

D, is effective pore diffusion coefficient. The effective pore diffusion Alpay, 2000b] - though, typically, in modeling is taken as tempera-

coefficients can be estimated by the following relations [Fromentiure and pressure independent. Ding and Alpay [2000b] reported

and Bischoff, 1990]-= = % 1 On_oNOL L \here ‘ns  thatthe kis the same value of 360 K673 K and 4.4 bar for hydro-

il‘g. _erﬂ} :0
R,Trdr  dr

—X

D. 4D TNU DY talcite. In calculation o€, , According to Ding and Alpay [2000b]
effective Knudsen diffusion coefficient; Pis binary molecular  for CO, adsorption on potassium promoted hydrotalcite, the CO
diffusion coefficient and N is flux. adsorption on this adsorbent follows Langmuir adsorption isotherm
2-2. Feed-Side, F both under dry and wet conditions, described by the following equa-

Taking the mass balance on the feed-side of the membrane reaion:
tor packed with methane-steam reforming catalyst leads to the fol- .
lowing equations: c :%ﬂﬁ;;wz (10)
C CO,
djf = 1 d_qj + _gF 2 F . ® .
az _(Zml)xﬁ—[Dje o }R (1-)(MRY) (BeatlPead (r7)  (7) where ., is the total adsorbent capacity, arg Is the adsorp-

tion equilibrium constant. The.§ can be estimated by the van't
If the inside of the membrane is packed with, @oval ad-  Hoff equation [Ding and Alpay, 2000b]:

sorbents, Eqg. (7) for CG@an be replaced by the following equa-
tion: Beo,=beo(Tolexpt-AH/R(UT-1/Ty)) 1)

drfo, _ 1 dP, , . whereAH, is heat of adsorption and i§ 298 K. The heat of ad-
e G xﬁ[Dcoze ar ]R +(1=€)(MR)(BalPd(fco)  sorptionAH, under wet conditions for a region of temperatures from
~(1=&) (R (1~ Ba) (Pt S)I(Gioz) ) 481 to 753 K was calculated to b&7 kJ/mol [Ding and Alpay,
o N o rrf 2000a]. Values fordg, and m,, at 753 K are equal to 19.3 Band
with initial conditions at z=0;jRnj,=(Vo XjoPo J/RT 0.58 mol/kg for hydrotalcite, respectively [Ding and Alpay, 2000b].
In Eq. (7) and Eq. (8), subscript 0 indicates the values at the erp, this paper we will assume that the applicabilty of the above rela-
trance condition, which is constant, and j represents ©® CQ,  tionship extends to 873K. In calculation @, , we will utilize

CH, or HO. jis the rate of reaction occurring in the feed-side for the gata reported by Ding and Alpay [2000a, b] fos @Borption
j species as described from Eq. (1) to Eq. (35 Re inside radius o a potassium promoted hydrotalcite.
of the membranq.., andp,.; are the bulk density of catalysts and  pressure drop in the feed-side packed with catalyst and/or adsor-

adsorbents, respectively, and g is the solid volume fraction  pent can be described by the Ergun equation [Ergun, 1952];
occupied by catalystg(=1 when no adsorbent is preseatf)is

the bed porosity of the feed-side produced by catalyst, or catalyst d_PF =Kol ~K ()2 (12)

together with C@removal adsorbent packing. v is the volumetric ~ dZ

flow rate. (fboz is the rate of COadsorption described in following with initial condition at z=0: -Pf

Eq. (9). The fis the molar flow rate of species j. The z is the axial where K and K are parameters contributed by viscous and kinetic

position of the membrane reactor. pressure drops as follows:
One may be able to find a number of approaches in the litera-

ture for describing &, [Ding and Alpay, 2000a, b; Karger and K. =150kl A= &)]"

13
Ruthven, 1992]. Ideally, one would like to account explicitly for ° he 13)
both external and internal mass transport, and finite rates of adsorp- (1-8)
tion. Such an approach goes beyond the scope of this preliminary K, =1.7%)E 14
pCb

investigation, however, in addition to the fact that there are cur-
rently no experimental high temperature transport/adsorptign COIn Eq. (12), Eq. (13) and Eq. (14),the superficial velocity, is

data to justify this level of mathematical technical detail. Tradition- gas viscosityp, is gas density, ang i particle diameter.

ally, in the modeling of adsorptive reactors simpler models have?-3. Permeate-side, P

been utilized instead [Ding and Alpay, 20003, b]. Two such mod- Permeate gases are swept away by inert sweep gas, which is water
els have received the most attention: (i) a model based on the agapor, at the entrance of the permeate-side of the membrane reac-
sumption of an instantaneous local adsorption equilibrium (ILE)tor. To improve the COemoval, the permeate-side or feed-side of

Korean J. Chem. Eng.(Vol. 21, No. 4)
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the membrane reactor is packed with, @@noval adsorbent. As-  Table 3. Separation factors calculated from relative Knudsen dif-
suming no reactions occur, the mass balance on the permeate-side fusion coefficients

of the membrane reactor becomes: Molecular weights,  Separation factor,
Components _

Mw, calculated §=D/D,ae; e
d|5 :—(27'!R) dP (15) i ;
dz 2 D | e H, 2.02 2.99

CH, 16.04 1.06

For the same reason in Eq. (8), the above Eq. (15) became the fol-

; H,O 18.02 1.0
I Eg. (16): z
owing, Eq. (16) (6{0) 28.01 0.80

drbo _ dPl, Co, 44.01 0.64
dz (ZHRZ)XRT[DCC’?e dr l R,
~ (1~ €")(7R5 - 1R?)(p209 (Geo) (16)
. fro L 2B (K Meo DY)
with initial conditions: z=0; Frn=(VpxPo)/RT 2(R;~R,) e
wheree" is the porosity in the permeate-side produced by onjy CO _(@-¢ "k mncoz PV oo
removal adsorbent. r [, =)
0

Pressure drop in both the permeate-side packed with catalyst and/ N PP PP
or adsorbent can be again described by the Ergun equation [Ergun, K" = Ko K, i K" =Kollly PKV I

]_952] P PO PyFo
aF . , where Da is a modified Damkohler number, reciprocal afi€a
a9z Kol “K(u;) @7)  modified Peclet number, Re is a Reynolds number, Ha is a modi-

fied Hatta number, andis a geometric factor of the reactor shape.

with initial condition at z=0; B-F; R, and R are the inside and the outside radius of the membrane,

where K, and K are described in the Eq. (13) and Eq. (14): respectively, and Hs the radius of the HAMR. The subscript 0
The reactor conversion (based on methane, typically the limitingngicates the condition at the entrance of the HAMR, which is con-
reagent) is defined by the following equation: stant.g is the separation factor relative to the effective pore diffu-
« Mo —(n +0%) a8 sion coefficient for water vapor. The experimentally observed binary
CH, —

separation factors for such a porous alumina membrane closely fol-
low the ratios of Kudsen diffusiod),-, =D,./D..C/Mw,/Mw;  as
where i, and 13, are the methane molar flow rates of the reactor ideal binary separation factors. Values for the ideal separation factor

nCH 0

feed-side and permeate-side, respectively. are summarized in Table 3.
The product hydrogen yield is defined by the following equa-  Now, dimensionless equations for the membrane reactors become:
tion: 3-1. Membrane-Side, m
1_ng,*ni kRO
Yy, =5 x 2k 19 L —q- WL W
L, 19) @L =0; atew=0; W=x ¢ andw=1; W, =x7 " (20

where 1, and 11, are the hydrogen molar flow rates of the reactor 3-2. Feed-Side (Tube-Side), F

feed-side and permeate-side, respectively.

3. Dimensionless Model Equations dy, -5 )@%d_‘ﬂ} +Da><|_| atn=0; yi=yh=x, 1)
Equations from Eq. (1) to Eq. (17), and their boundary condi- 97 o

tions and initial conditions can be written in dimensionless equa- dyf o
tions by defining the following dimensionless parameters and vari- dn ==(K')(r )(Re) atn=0; ¢ =1 (22)
ables:
Iné R, B o o when the feed-side is packed with 8€moval adsorbent, Eq. (13)
=Z =N g o0 @m-N B Pl can be expressed as:
n=f w=7 & R 7 InmlmwJ = X; o X o p
F P F P P e
R R e Rt dﬁ% (&@)@%d%ﬂ +Dax[] ., ~Hal x(6:5~6ko) (29)
Meco, Meo, P, P, Py o
o1 oear_Coo _ broXeoty” 3-3. Permeate-Side (Shell-Side), P
Yi F ecoz ' F F
Ny Mco, 1+ beoXeo W N
car_Ceo, _ broXeo” . _ o5 5 De %}-@%ﬂ%}  atn=0; Y=y = oxy” (24)
2 Meo, 1+beoXeo " €T U Dyge -
.
Q=EM)0Duod ;- (1-E) ()b P V) 9 (YR atn=0i0"=y 25)
Vo ng n
Re ~LLUERRY) oo OIER2(R TRy e L if the permeate-side is packed with G€moval adsorbent, Eq. (15)
Mg g 2[R, becomes:
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dn dw

4. Reactor Simulation

In order to compare the behavior of four different types of reac-
tors, a classical plug-flow reactor, a conventional membrane reas
tor, and two different types of HAMR, one for which the catalyst
and adsorbent are packed together in the feed-side, termed HAM
and another for which the catalyst is packed in the feed-side and
the adsorbent is packed in the permeate-side, termed HAMRP, uﬁ_-'

%:— [Q d_ qJ(TOz —_sP eqP_ P
(Boo) 2] 2| M <6587~ 600) (26)

w=1

mina membrane (Membral®kproduced by U. S. Filter). Accord-

ing to the preliminary mass transfer experiment utilizingait

CH, as probes, the pore size of the Membfdlorembrane was

in the Knudsen diffusion regime. It had inside radius of 0.350m1.0

and thickness of 5.0x10n. The length of the membrane was 0.30

m. The feed-side pressure was varied from 3 to 10 atm, while the
rmeate-side was kept constant at 2 atm. Values of thevepe

ver 3.08. The inert gas sweep ratio was 3.0 in the permeate-side.

atta number is about 81.

lizing the developed model equations, as an example, these model

equations were applied to methane-steam reforming. In this pre-

RESULTS AND DISCUSSIONS

liminary work, a cylindrical porous ceramic membrane was used

in which the actual perm-selective layer existed on the innermo:
surface. The interior space of the ceramic membrane was pack
with methane-steam reforming catalysts, e.g., supported nickel pel-
lets. Feed gas mixtures and the sweep gas were introduced on
bottom of the feed-side and permeate-side of the membrane read-

tor, respectively.

. Calculations for a Conventional Tubular Type Packed Bed

c|ug Flow Reactor (PFR)

In order to compare the conversion and dimensionless molar flow

twée values for the different types of the membrane reactor modes
operations, we also have calculated the values for the conven-

tional tubular type packed bed plug flow reactor (PFR); these are

Using reaction conditions and parameters summarized in Table gctually equiliorium values, undergoing methane-steam reforming

together with the values in Tables 1, 2 and 3, we performed rigor=
ous calculations to assess the feasibility of the HAMR systems. Th
catalyst contact time for feed gas was 1.0 g-cat-hr/mole. Typical

mole ratio of the feed gas mixture was 3,0H1.0 CH: 0.10 H.

For the system to be more realistic, we bench marked size and ch

acteristics of a commercial asymmetric porous tubularyaghe-

Table 4. Conditions and parameters for the HAMRs

Conditions or parameters Values Units
Feed-side:

Total molar flow rate, 4.10 moles/hr
Mole ratio, My o Mio.o: Mo 3.0:1.0:0.1 moles’/hr
Weight of catalyst, W, 4.10 g

\olume for HAMRF, VV 3.10x10* v
\Volume for HAMRP, V 1.15x10° m®
Temperature, T 800-1,000 K

Pressure, P
Permeate-side:

\Volume for HAMRF, VV
\Volume for HAMRP, V
Inert gas sweep ratiopv}
Temperature, T
Pressure, P

Parameters:

b for CQ at 753 K

m for CQ at 753 K

k

Bulk density of hydrotalciteg,
Bulk density of catalysp...
Viscosity of gasy,

Solid volume fraction for catalys,.,

Hatta number for HAMRF, Ha
Hatta number for HAMRP, Ha
Porosity,e”, e°

Qla

3.0-10.0 bar

1.15x10° m?

3.10x16° m?
3.0 dimensionless

800-1,000 K

2 bar

19.3 bat

0.58 moles/kg
360 hrt

1,563 kg/m

139 kg/n
8.3x10° Pa-hr
0.03 dimensionless
81 dimensionless
81 dimensionless
0.67 dimensionless
over 3.08 dimensionless

as reference values. This PFR condition correspondsrtedals

ane reactors.

Fig. 3 shows the calculation results for the performance of the
pnventional tubular type PFR against the dimensionless length of
the PFR. The dotted line indicates reaction conversions for meth-
ane, and the solid line depicts dimensionless molar flow rates for
reactants CkE H,O and products HHCGQ, and CO. The operating
conditions for the PFR used in this calculation are pressure of 3 atm
and temperature of 873 K. The feed mole ratio introduced into the
PFR was 3.0 0 : 1.0 CH:0.10 B. As shown in Fig. 3, the reac-
tion conversions for methane and all of the dimensionless molar
flow rates asymptotically reach equilibrium values at a reactor length
of 5%. The equilibrium conversion for methane is 54%, which is
the maximum allowable conversion in the PFR at the given condi-
tions. This level of equilibrium methane conversion leads to the max-
imum amount of hydrogen production.

2. Calculation for a Packed Bed Catalytic Membrane Reac-

E} zero in the model equations for the catalytic packed bed mem-
I

0.8

gy
©
©Y
>
N Xeu
Q LA 0 0 0 A A S A
; O u
3 cH,
£
<
e
l
I
&
N
3
el
~ H,0
C
CO 0

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
M (dimensionless)

Fig. 3. Plots on the dimensionless molar flow rate and the meth-
ane conversion against dimentsionless length for PFR.
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tor (MR)

Fig. 4 shows calculation results for the performance of the packe
bed catalytic porous ceramic membrane reactor (MR) for both the
feed-side and the permeate-side. The operating conditions of t
MR for the feed-side are the same conditions as that of the PFF
The conditions for the permeate-side are pressure of 2 atm and tet
perature of 873 K. All other conditions for both the feed-side and
the permeate-sides are summarized in Table 4. Again, the dotte
line shows the reaction conversion for methane and the solid line
depicts the dimensionless molar flow rates of chemical species. A
the end of the MR, the observed reaction conversion for methan
is 69%, while the conversion is only 54% at the end of the PFR
Clearly, there is a 15% conversion gain by means of the MR.

In the feed-side, from the entrance of the MR up to the reacto
length of 5%, the reaction conversions and the molar flow rates quick
ly reach near equilibrium values. The reason is that the value fo
the second term in the right-hand side of Eg. (21), which repre
sents the level of the rate of the methane-steam reforming reactio
is greater than the level of the contribution term for the rate of mas
transfer. From the entrance up to the 5% length for the MR, the feec

B.-G. Park

Now, from the length of 5% to the end of the feed-side of the
MR, the first term in the right-hand side of Eq. (21), which is the
level of the mass transfer through the porous membrane, becomes
more important. Over the length of 5%, the change for the dimen-
sionless molar flow rates becomes slower than that observed in the
early stage of the feed-side length, i.e., from the entrance to the length
of 5%. This is because the level of amounts of all species already
reaches near equilibrium. As shown in Fig. 4, over a length of 5%
in the feed-side, the dimensionless molar flow rates for all products
and reactants still gradually decrease with an increase in the tube
length, while the reaction conversion for methane increases. This is
the typical membrane reactor behavior when compared with the
conventional reactor behavior. Note that this phenomenon, the con-
tinuous increasing for the methane conversion over the length of
5%, can be explained by equilibrium-shift. Compared to the results
in Fig. 3 for the PFR, it is obvious that the removal of the products
H,, CO, CQ from the feed-side of the PBMR leads to a 15% gain
for the methane conversion by the equilibrium-shift in the forward
reactions.

Removed species from the feed-side appear in the permeate-side.
In this calculation, water vapor has been used as an inert sweep gas.
This is why the amount of the water vapor is relatively very high in
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side of the MR shows as same reactor behavior as we observedpiy. 5. Plots on the dimensionless molar flow rate and the meth-

the PFR.
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the permeate-side. However, for practical purposes, water vapor iero. The high level of the mass-transfer driving force across the
better to be replaced by hydrogen gas. About 10% of total amourgorous membrane has been enhanced by maintaining the low level
for feed methane has appeared in the permeate-side without a§ the CQ partial pressure in the permeate-side. Finally, the for-
further reaction. All species have been accumulated in the permeaterard reactions have reinforced by the equilibrium-shift. A meth-
side. Compared to the amount of hydrogen production in the PFRane conversion of 72% is obtained by using HAMRP. This level
27% more hydrogen has been produced in the MR by enhanceaf the methane conversion is about 18% higher than the level of

equilibrium-shift. the equilibrium methane conversion calculated in the PFR, and 3%
3. Calculations for an HAMR Packed with CQ Removal Ad- higher than the level of the methane conversion observed in the MR.
sorbent in the Permeate-Side (HAMRP) In terms of hydrogen production using the HAMRP, as of Fig. 5, a

Fig. 5 shows the calculation results of the packed bed catalyti@5% gain has been obtained compared to the level of the amount
porous ceramic membrane reactor integrated withr@@oval ad-  for the equilibrium production estimated in the PFR.
sorbent in the permeate-side (HAMRP). The HAMRP has beert. Calculations for an HAMR Packed with CQ Removal Ad-
operated with the same MR conditions. The only difference fromsorbent in the Feed-Side (HAMRF)
the MR is that the permeate-side of the HAMRP is packed with Compared to the results of the MR and/or the HAMRP, as shown
the CQ removal adsorbents. By means of this byproductr€O  in Fig. 6, very significant changes have been observed in the ceramic
moval adsorbent system, we have expected to reduce the partimlembrane reactor packed with both the, @noval adsorbent
pressure of COn the permeate-side near zero. In the Eq. (25), theand the catalyst in the feed-side (HAMRF). The same HAMRP op-
value for the Hatta number, Ha, is about 40 times greater than thatating conditions have been used for the HAMRF. The only dif-
for the product of separation factd, and Qé for CO.. There- ference is, between the conditions for the HAMRP and the HAMPF
fore, CQ penetrating from the feed-side to permeate-side throughmode of operations, the volume of the membrane inside. In the case
the membrane is quickly removed by the adsorbent system. Coref the HAMRF type reactor mode of operation, the volume of the
sequently, the value of concentration for,&Pproaches to near membrane inside was 3.0%167 instead of 1.15x10m® of the

membrane inside volume for the HAMRP. This volume provides
g : ‘ i ‘ ! ‘ . enough space for additional ©@moval adsorbent packing. Solid
I volume fraction of catalys8.,, is 0.03.

i i e feed-side 4 The calculation resullts for both the feed-side and the permeate-side
08} 8 have been plotted against the dimensionless length of the HAMRF.

dl In the feed-side of the HAMREF, the dimensionless molar flow rate
for hydrogen production shows a maximum value at the length of
8%. Remarkably, after passing the maximum value, the dimension-
less molar flow rate in the feed-side of the HAMRF is much more
quickly decreasing than that observed in the other reactor modes of
operations up to about the tube length of 63%. This is similar be-
havior commonly observed in adsorption-enhanced reformers pro-
posed by others [Lee et al., 2004; Ding and Alpay, 20003, b; Han
and Harrison, 1994; Prasad and Elnashaie, 2004; Xiu et al., 2002,
‘ ! . . ‘ ' . 2003]. In the HAMRF, 100% of all chemical species in the feed-
© o1 02 03 04 05 06 07 08 09 I side has been removed at this reactor length. Compared to the other

N (dimensionless) reactor modes of operations, it can be explained thah&been

1 . . . ‘ . , , i , quickly depleted and therefore no longer exists in the both feed-
side and/or the permeate-side of the HAMRF due to the relatively
very fast CQremoval in the feed-side. Consequently, the equilib-
rium has much more quickly shifted toward the forward reactions.
o7} As a result, the reaction conversion for methane in the HAMRF
ol ] very quickly reaches 93% together with the gain of hydrogen yield
e of 82% compared to the yield observed in the PFR.

There is about 4% unreacted methane loss from the fee-side ap-
pearing in the permeate-side. It seems that the HAMR system re-
o0al | quires tighter pore size membrane to prevent the loss of unreacted
feed from the fee-side. However, this improvement in the reactor
performance is very significant. Note that the level of the methane
i 1 conversion observed in the HAMRF is 39% higher than that in the
e Cﬁ‘oje T ETa PFR, i.e., equilibrium methane conversion. In addition, compared

I I I to the results on the MR, 43% more hydrogen has been produced
and accumulated in the permeate-side of the HAMREF. By the cal-
Fig. 6. Plots on the dimensionless molar flow rate and the meth- ~ culation resullts, it can be proposed that, presumably, in order to pro-

ane conversion against dimensionless length for HAMRF. duce purified hydrogen, the water vapor sweep in the permeate-
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side of the HAMRF system had better be replaced by the hydrofeed-side covers temperature from 823K to 1,073 K and pressure
gen gas sweep. Also, installing a water condenser on the exit of tHeom 3 bar to 10 bar. All other conditions are the same condition as
permeate-side can be an alternative means of the removal of watie MR. The dashed line illustrates the calculation results on the PFR

vapor. in equilibrium mode of operation, the solid line describes the results
5. Effect of Pressure and Temperature on the Various Reac- on the HAMRP, the dotted line depicts the results on the HAMRF,
tor Types and the dashed-dot line shows the results on the MR. As shown in

In Fig. 7, the calculated reaction conversions for methane andFig. 7, significant improvements in methane conversion and hydro-
yields for hydrogen have been plotted against temperature and pregen yield have been achieved by the HAMRF, HAMRP and/or MR
sure as a parameter. In this calculation, range of conditions for thenode of operations over the PFR mode of operation.

In the PFR mode of operation, both the conversion of methane
| , : , . . and the yield of hydrogen have increased when the temperature in-
S creases. As summarized in Table 1, heat of overall reaction for the
methane-steam reforming has reported +164.9 kJ/mol. The posi-
tive value of the heat of reaction indicates that the reforming is en-
dothermic. In the PFR mode of operation, low pressure and high
temperature for the system favor the forward reactions. In addition,
as well known, high steam ratios promote the high reforming con-
version, but it requires additional heating cost; meanwhile, lower
steam ratio runs the risk of carbon deposition within the PFR [Fro-
ment and Bischoff, 1990; Xu and Froment, 1989].
P=10 bar I As shown in Fig. 7, obviously, the performance of the PFR can
o1r ] be drastically improved by MR, HAMRP or HAMRF modes of
operations by the enhanced equilibrium-shift and ©€®oval. In
comparison between the MR and HAMRP, there is no remarkable
improvement over the entire ranges of the calculations. This is be-
cause, for the COemoval in the HAMRP mode of operation, the
membrane acts as a sort of mass transfer barrier. The HAMRF shows
the highest hydrogen production yield below a temperature near
1,000 K. In relatively high pressure range, for the HAMREF, the con-
versions for methane have decreased because more methane has
been removed from the feed-side without reaction. The yields of
hydrogen show maximum values upon increasing temperature. Over
the temperature range showing the maximum values for the hydro-
03r 1 gen yields, the level of the rate of mass transfer for methane across
o2} P=5 bar ] the membrane becomes higher, i.e., in the case of contribution of
oal ] the first term in the right-hand side of the Eg. (21) becomes greater,
‘ , ‘ _ , than the level of the rate of reaction. Under this situation, more reac-
800 850 900 950 1000 1050 1100 tant methane has been removed from the feed-side to the perme-
Temperature(K) ate-side without reaction, and consequently the yield of hydrogen
decreases.

Overall, among the four different modes of operations, the
HAMRF mode of operation has shown the best performance. This
configuration combines the adsorptive reactor proposed by others
[Ding and Alpay, 2000a, b; Han and Harrison, 1994; Lee et al., 2004;
Xiu et al., 2002, 2003] arid situ H, purifications by means of mem-
brane separations. Producechids been enriched in the permeate-
ol side of the HAMRF mode of operation. In addition, there is still a

great chance of reducing volume of the feed-side by means of in-
S HAMREF troducing CaO as an G@moval adsorbent instead of the potas-
o2r T sium promoted layered-double hydrotalcite adsorbent, because the
0t - : CO, removal capacity of the CaO adsorbent is about five to ten times
higher compared to that for potassium promoted layered-double
hydrotalcite. Optimum conditions for the HAMRF mode of opera-
Temperature(K) tion are temperature of near 900 K, and pressure of 3 atm. In com-
Fig. 7. Plots on the methane conversion and hydrogen yield as a Parison, commercial reformers have been operated with tempera-
function of temperature, pressure as a paramether for dif-  ture of over 1,000 K, pressure of 20-30 atm and steam to hydrocar-
ferent reactor types. bon ratio of 2.4 to 4.0 [Elnashaie et al., 1990; Froment and Bischoff,
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1990; Xu and Froment, 1989]. Indeed, by means of introducing theeduced if the expensive novel metal membrane is replaced by a
membrane and the G&moval adsorbent system, the severe oper-cheap ceramic membrane. In this way, the fuel-cell grade purified
ation conditions for the methane steam reformer can potentially baydrogen can be economically produced with the HAMR.

drastically reduced into the mild operation conditions. Moreover, Finally, the downside of the HAMR systems: similarly to the ad-
the PFR and conventional MR performances can also be greatjorptive reactors, they require regeneration of the spent adsorbent,
improved by utilizing the HAMRF. In HAMRP mode of opera- and for continuous operation they may require a dual reactor sys-
tion utilizing potassium promoted layered-double hydrotalcite as aem, where one of the reactors is in operation while the other reactor
high temperature C@dsorbent suitable for low temperature regen- is being regenerated. For practical purposes, to realize continuous
eration, a continuous operation with a single HAMRP is possiblemodes of operations on these HAMRF or HAMRP systems, at least
by means of introducing a continuous pulse-type or a sinusoidaltwo identical reactors are required such as the pressure swing ad-
type sweep gas in permeate-side of the HAMRP. In this way, adsorption (PSA) or adsorptive reactor processes. In comparison to
sorbed CQis periodically being regenerated. These changes ar¢he adsorptive reactor, the major advantage of HAMRP is that the
the areas of interest where significant energy savings are to be olrembrane can separate catalyst and adsorbent. In future publica-
tained. However, as mentioned earlier, there is still a big challengtons, we will provide experimental validation of the HAMR sys-

to this work--finding a proper range of membrane pore size. As otem, solve simultaneously with energy conservation equation for
the calculation results, there is somewhat of a reactant methane lassn-isothermal operation of the HAMR to be more realistic, and
by penetrating through the porous membrane. It seems that theredgtend the research to compare with the performance of the adsorp-
still a strong chance of improving the performance of the HAMR tive reactor system as a competitive system of the HAMR system.

if one uses a tighter membrane than the commercial membrane,
which we used in this calculation. In this way, loss of reactant meth-
ane can be prevented, while only the products @ hydrogen

are permeating through the membrane. In addition, preliminary ex- Thank you very much to Prof. Theodore T. Tsotsis of the Depart-
periments have revealed that one of the optimal configurations foment of Chemical Engineering at the University of Southern Cali-
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the adsorbent is in the feed-side. In this way, both heating of the
catalyst and adsorption capacity of G greatly improved by in-
troducing relatively colder seep gas into the entrance of the feed-side.
b
CONCLUSIONS C
Coo,
We have investigated a novel reactor system, termed the hybriba
adsorbent-membrane reactor (HAMR), for hydrogen productionDj
undergoing methane steam reforming. The HAMR combines théDg
reaction and membrane separation steps (i.e., MR) incorporated witc.,
adsorption on the membrane feed-side (i.e., HAMRF) or permeAH;
ate-side (i.e., HAMRP). This HAMR system is of potential interest Ha
to pure hydrogen production for fuel cells for various mobile andk
stationary applications. The reactor characteristics have been inves:
tigated in the ranges of temperature, pressure and other experimam-
tal conditions relevant to the aforementioned applications and cormP
pared with the behavior of the traditional packed-bed reactor, (i.eQ/a
PFR), a conventional membrane reactor, (i.e., MR). Among the tested
reactors, the HAMR outperforms all the other more conventionalr,
reactor systems. In the HAMRF mode of operation, the conversiofir,
of the reactant methane and yield of the product hydrogen are ned;
ly 100% and 98%, respectively--even milder conditions comparedz,
to the conventional reformer conditions. These are great improveR,
ments over the conventional methane steam reformers. Re
By means of introducing a G&moval adsorbent system into the T
conventional MR, there are great chances of improving the perfore,
mance of the conventional methane-steam reformers as well as cax-
ventional membrane reactors, producing hydrogen-rich gas streanX c.,
reducing the hostile operation conditions of the other more cony
ventional reactors, reducing the cost of the reformer operation and ,,
reducing the cost of product purification, and potentially meeting

NOMENCLATURE

: parameter for Langmuir equation [3ar

: concentration [moles/in

: solubility of CQ, in adsorbent [moles/fin

: modified Damkohler number [dimensionless]
: effective pore diffusion coefficient [ifir]

: cross section [m]

: rate of CQ adsorption [mole/kg/hr]

- heat of reaction [kJ/mol]

: modified Hatta number [dimensionless]

: mass transfer coefficient [Ar

: parameter for Langmuir equation [moles/kg]
: molar flow rate [moles/hr]

: pressure [bar]

: reciprocal of modified Peclet number [dimensionless]
: rate of reaction [moles/kg/hr]

: pore radius of membrane [m]

: inside radius of membrane [m]

: outside radius of membrane [m]

: radius of the reactor permeate-side [m]

: ideal gas constant fabar/mole/K]

: Reynolds number [dimensionless]

: absolute temperature [K]

: z-directional superficial velocity [m/hr]

: mole fraction [dimensionless]

: methane conversion [dimensionless]

: dimensionless molar flow rate [dimensionless]
- hydrogen yield [dimensionless]

the product purity requirements for fuel cell operation. Moreover,Greek Letters

the price of metallic Pd or Pd-alloy membrane reactor can be greatlgr

: dimensionless parameter [dimensionless]
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B :volume fraction of solid in catalyst and adsorbent mixture Froment, G. F. and Bischoff, K. B., “Chemical Reactor Analysis and De-
[dimensionless] sign;’ Wiley Publishers, New York (1990).

0  :separation factor [dimensionless] Han, C. and Harrison, D. P., “Simultaneous Shift Reaction and Carbon
£ : porosity [dimensionless] Dioxide Separation for the Direct Production of Hydrogeh&m.
n :dimensionless length [dimensionless] Eng. Sci 49, 5875 (1994).
p  :density [kg/ng] Hwang, S., “Inorganic Membranes and Membrane Rea¢forsan
T : tortuosity [dimensionless] J. Chem. Eng18, 775 (2001).
w :dimensionless parameter [dimensionless] Hyman, M. H., “Simulate Methane Reformer Reactiddgtirocar-
¢ . dimensionless radius [dimensionless] bon Processingt7, 131 (1968).
Y :dimensionless pressure [dimensionless] Karger, J. and Ruthven, D. M., “Diffusion in Zeolites and Other Micro-
W :dimensionless pressure [dimensionless] porous SolidsWiley Publishers, New York (1992).

Knacke, O., Kubaschewski, O. and Hesselmann, K., “Thermochemical
Subscripts Properties of Inorganic Substance$’IE2.; Springer-Verlag, New
0 : entrance condition York (1991).
ads :adsorbent Lim, S.., Park, B., Hung, F., Sahimi, M. and Tsotsis, T. T., “Design
cat :catalyst Issues of Pervaporation Membrane Reactors for Esterification;
eq. :equilibrium Chem. Eng. S¢b7, 4933 (2002).
[ :i"™ chemical reaction in Table 1 Liu, Z., Roh, H. and Park, S., “Hydrogen Production for Fuel Cells
] : chemical species Through Methane Reforming at Low Temperatut&sPower

Sources111], 283 (2002).
Superscripts Nam, S. W,, Yoon, S. P, Ha, H. Y., Hong, S. and Maganyuk, A. P.,
ads :adsorbent “Methane Steam Reforming in a Pd-Ru Membrane Re#ategan
cat :catalyst J. Chem. Eng17, 288 (2000).
eq. :equilibrium Park, B., Ravi-Kumar, V. S. and Tsotsis, T. T., “Models and Simulation
m  : membrane-side of Liquid-Phase Membrane Reactohs]. Eng. Chem. Re$7,
F :feed-side 1276 (1998).
P : permeate-side Park, B. and Tsotsis, T. T., “Models and Experiments with Pervapora-
tion Membrane Reactors Integrated with an Adsorbent System?
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