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Sorption-enhanced glycerol reforming, an integrated process involving glycerol catalytic steam reforming and in situ CO,
removal, offers a promising alternative for single-stage hydrogen production with high purity, reducing the abundant
glycerol by-product streams. This work investigates this process in a fixed-bed reactor, via a two-scale, nonisothermal,
unsteady-state model, highlighting the effect of key operating parameters on the process performance. CO, adsorption
kinetics was investigated experimentally and described by a mathematical reaction-rate model. The integrated process
presents an opportunity to improve the economics of green hydrogen production via an enhanced thermal efficiency
process, the exothermic CO, adsorption providing the heat to endothermic steam glycerol reforming, while reducing the
capital cost by removing the processing steps required for subsequently CO, separation. The operational time of producing
high-purity hydrogen can be enhanced by increasing the adsorbent/catalyst volume ratio, by adding steam to the reaction
system and by increasing the inlet reactor temperature. © 2012 American Institute of Chemical Engineers AIChE J, 59:

2105-2118, 2013
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Introduction

Due to the increasing demand of energy and strained tap-
ping of fossil fuel reserves the use of renewables as a source
of hydrogen production has become more and more impor-
tant during the last few years."” Glycerol is a promising
source for hydrogen production. Glycerol is a significant
byproduct during the conversion of vegetable oils or animal
fats into biodiesel fuel through the catalytic transesterifica-
tion process, a process that is undergoing a boom through
the building of new biorefineries worldwide as part of the
global efforts to combat climate change and reduce depend-
ency on fossil fuel imports.6_g The glycerol by-product is
now in surplus and could even become a waste problem. For
example, Canada alone is expected to produce 55 million
liters of glycerol annually.’

Glycerol to hydrogen conversion processes can be catego-
rized into two major approaches: aqueous-phase reforming
and gas-phase (steam) reforming. Aqueous-phase reforming
process was established by Cortright et al.! using platinum-
based catalysts and moderate reaction conditions (200—
250°C and 2-2.5 MPa). Aqueous-phase reforming occurs at
conditions that favor water—gas shift reaction, making it
possible to generate hydrogen with low amounts of CO in a
single-stage reactor. Moreover, low temperatures minimize
undesirable decomposition reactions that typically occur at
high temperatures. Some limitations of this process are high
pressure requirement and low H, selectivity (due to the pos-
sibility of alkane formation at low temperature).® Steam
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reforming process is a vapor-phase catalytic reaction that
occurs at atmospheric pressure and high temperature (600—
800°C) using catalysts based on nickel, cobalt, or noble met-
als. The most important parameters in the glycerol steam
reforming process are temperature, steam-to-carbon ratio,
and catalyst-to-feed ratio. Major concerns are by-product for-
mation (e.g., CO), catalyst deactivation, and high energy
consumption. Other processes, including autothermal reform-
ing,'® thermal decomposition,'"'? catalytic partial oxidation
process,13 bioconversion using genetically engineered
enzymes, photocatalytic, electrochemical, and hydrogen per-
oxide reforming,'* have been investigated, too. Among these
processes, steam reforming of glycerol has attracted much
more attention, as it can produce up to 7 mol of hydrogen
per mole feed glycerol theoretically via the overall reaction

C;H; (OH); + 3H,0 < 3CO, + 7H, AH = 128kJ/m01

)]
This reaction may be viewed as the combination of:
C3Hs(OH),« 3CO + 4H, (glycerol decomposition)  (la)

CO + H,0 < CO, + H, (water-gas shift reaction)  (1b)
However, it may also be accompanied by CH,4 production
and carbon deposition. Indeed, under steam reforming condi-

tions, other thermodynamically feasible reactions can be
included

2C3H5 (OH)3 + H2 — 3CH4 + 3CO -+ 3H20 (10)

C3;Hs(OH), + 2H, < 2CH4 + CO + 2H,0 (1d)
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CO + 3H, < CH4 + H,O (le)

C02 + 4H2 — CH4 -+ 2H20 (lf)
CO, + CH4 < 2CO + 2H, (1g)
CH; < 2H, + C(s) (1h)
C(s) + H,0 < CO + H, (11)
2CO < CO, + C(s) A

One of the difficulties associated with the utilization of the
syngas produced by glycerol steam reforming process is the
high CO, and CO content. Especially for all fuel cell systems,
large CO, content of the fuel gas greatly declines the effi-
ciency of the system, whereas CO has very strong poisoning
effect on the catalyst.'”” The conventional CO, and CO
cleanup from the steam reforming reactor is a very costly and
complicated process.'® In recent years, a new concept involv-
ing simultaneous hydrogen production and in situ CO, re-
moval by adsorption has been proposed. This process is well
known as the sorption-enhanced reaction process and has
been widely studied for steam methane reforming.'®>’ An
analysis of these studies shows that sorption-enhanced steam
reforming process for H, production has the following poten-
tial advantages over the conventional reforming process: (1)
high-purity hydrogen production in a single step, (2) simplifi-
cation of the hydrogen production process, (3) no supplemen-
tal energy for the primary reactor and reduction of the heat
exchangers, (4) reduction of primary reactor operating tem-
perature, which may reduce energy usage and catalyst sinter-
ing, (5) less expensive reactor materials, '®!82%2% and (6) the
reduction of the capital cost of the processing steps required
for subsequently CO, separation are removed.'®1720

To date, little has been found in the literature on glycerol
steam reforming with in situ CO, removal process. Dou
et al.”!'! found that sorption-enhanced steam glycerol reform-
ing process is an effective means for achieving hydrogen pu-
rity above 95% (dry basis). Chen et al.*® studied the effect
of temperature, pressure, steam-to-glycerol molar ratio, CO,
adsorption fraction, and N, dilution on glycerol steam
reforming coupled with CO, adsorption via thermodynamic
calculation. Li et al.*! investigated the thermodynamic equi-
librium of glycerol steam reforming with carbon dioxide
sequestration using Gibbs energy minimization method. The
influence of the reaction temperature and pressure, H,O/
C3HgO5; molar ratio, and CaO/C3;HgO3; molar ratio on the
reaction system was analyzed. Coke formation and energy
efficiency of reactions were also discussed. However, with
regard to hydrogen production from glycerol steam reform-
ing with in situ CO, removal process, there are still many
challenges regarding the optimization of the process, that is,
the selection of the catalyst for the sorption-enhanced steam
reforming reactions, the operating temperature, and steam-to-
glycerol ratio.

This work investigates the hydrogen production from
glycerol into a fixed-bed reactor via an integrated process
involving steam glycerol reforming and in situ CO, removal,
highlighting the effect of the key operating parameters on
the process performance. A two-scale, nonisothermal,
unsteady-state model has been developed to account for gas
dynamics whereupon were tied steam glycerol reforming/
CO, capture kinetics, thermodynamics, thermal effects, and
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variable gas flow rate due to chemical and physical contrac-
tions. The kinetics of CO, capture has been investigated
experimentally on a CaO material recently developed in our
laboratory from natural limestone and described by a mathe-
matical reaction-rate model. CaO-based adsorbent was cho-
sen due to the very fast CO, sorption kinetics and low
price.lf"28 Moreover, the novel Ca-based adsorbent showed
favorable stability and CO, sorption capacity upon multi-
cycle operation, which motivated us to study its application
in reforming process integrated with in situ CO, capture.
The integrated process is intended to minimize the abun-
dant glycerol by-product streams via an energy efficient
alternative for producing hydrogen. It presents an opportu-
nity to improve the economics of green hydrogen production
via an enhanced thermal efficiency process, exothermic CO,
adsorption providing the heat to endothermic steam glycerol
reforming, while reducing the capital cost as the processing
steps required for subsequently CO, separation are removed.

Experimental

To obtain high-purity CaO material, natural limestone
(1.035 g, Newfoundland, Canada), containing CaO 52.9%,
MgO 0.27%, Na,O 1.55%, SiO; 0.27%, Al,O3 0.08%, Fe,03
0.13%, K,0 0.04%, and loss of ignition 44.8% [obtained
from X-ray fluorescence (XRF) analysis], was initially
treated by citric acid (1.42 g, 99.5%, Lab Mat) followed by
adjusting pH of solution to about 7 using aqueous ammonia
to minimize precipitate solubility. The precipitate was centri-
fuged and dried overnight at 70-75°C, followed by calcina-
tion in air at 850°C for 2 h at heating/cooling rates of 10°C/
min to obtain fine CaO powder. A detailed CO, capture
study of citric acid treated limestone was provided elsewhere
(Radfarnia et al., submitted for publication). Briefly, about
30 mg of sample was loaded into a Intelligent Gravimetric
Analyzer, IGA-003 (Hiden Isochema) and initially heated at
750°C (ramp rate of 8§°C/min) for 10 min in pure argon
(99.999%, Praxair; 150 mL/min) to perform complete regen-
eration. The temperature was then set at the desirable carbo-
nation temperature (ramp rate of 8°C/min), and once the
temperature was stabilized, the flow was switched to differ-
ent CO;, (99.999%, Praxair) partial pressures between 0.15
and 1 bar. CO, was balanced with argon stream (total flow
rate of 150 mL/min). The carbonation temperatures on cyclic
operation (18 cycles) were set between 550 and 700°C. After
30 min adsorption, the samples were regenerated by calcina-
tion (decarbonation) at 750°C for 30 min under pure argon.
Similar regeneration conditions are extensively applied in
the literature for CaO-based adsorbents.’*™* Synthesized
samples were characterized by X-ray diffraction (Siemens
powder X-ray diffractometer D5000) and scanning electron
microscopy (JEOL JSM-840A).

Development of kinetic model for CO, capture

Molar conversion of CaO-based sorbent for the 18th sorp-
tion cycle is presented in Figure 1 at different CO, partial
pressures and carbonation temperatures. It can be seen that
the carbonation process comprises a fast step, controlled by
the chemisorption process, and a slow step, controlled by
CO, diffusion. The conversion is almost independent of CO,
partial pressure, but strongly affected by the carbonation
temperature. The increase in carbonation temperature results
in the extension of the fast reaction step, thus, increasing the
material absorption capacity due to the increase of chemi-
sorption kinetics at elevated temperatures.
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Figure 1. Conversion of Ca-based sorbent for the cycle
18 under 0.15-1 bar at different sorption tem-
peratures—experimental data and kinetic
model (lines): (a) 0.15 bar; (b) 0.5 bar; and (c)
1 bar.

Based on the experimental sorption data, a typical
model for noncatalytic gas—solid reactions was proposed
to describe the kinetics of CO, capture on the Ca-based
adsorbent™
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dt

Different gas—solid reaction models (the commonly
applied being shrinking unreacted core model, random pore
model, and volumetric particle model) were used to evaluate
the expression fi(X). However, shrinking-core model and
several other models failed to explain the results obtained in
our experiments.

The following expression®™*® f(X) = (1 — X/X,)", with
n =2.61, which does not explain the capture mechanism,
but indicates that the rate-limiting step is changing with frac-
tional conversion gave the best fit of the experimental data.
Also, a nonlinear dependency on the CO, concentration
was found and modeled using the following expression®’
f2(Cco,) = (Cco, — Cco,eq)”'s With m = 0.37. Similar to the
function of fractional conversion, this expression indicates
that the rate-limiting step change with CO, partial pressure.

Finally, the kinetic model that describes CO, capture is

dX

037
— =ke(Cco, = Ceo,eq) (1 =X/X)™"  (3)
For repeated capture-regeneration, the kinetic model
becomes
dXy 037 X\
— = ke(Cco, — Cco, 1- 4
r ¢(Cco, COseq) ( XU,N) 4

where Xy and X, denote the fractional conversion and
ultimate conversion of Ca-based adsorbent in Nth sorption
cycle, respectively.

The semiempirical equation developed by Grasa and Aba-
nades™® was used to describe the Ca-based adsorbent conver-
sion loss with the number of cycles

1

Xy =+
RN

X (6))

X, is the residual conversion of Ca-based adsorbent after many
cycles, and ., is the deactivation constant

T 2
X, = —0.167811 (m> +0.033211 x T —15.992  (6)
ke = 3.5 x 10° exp(—0.01327 x T) (7

For the kinetic constant k., an Arrhenius expression was
used to describe the temperature dependence

®)

kC::1106><106eXp<__lZ£5{l1§)

T

The equilibrium partial pressure of CO, (bar) as a function
of temperature was evaluated as’’

8308

Pcoyeq = 1.01325 x 10(-7+7079) )

Sorption-enhanced steam glycerol reforming
fixed-bed reactor model

A two-scale, nonisothermal, unsteady-state model was
developed to analyze the application of the concept of CO,
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removal by adsorption during the steam glycerol reforming
process. A transient model is chosen, because the capture of
CO, has a time-dependent nature, and axial dispersion is
included, because relatively low gas velocities are used in
the simulations. The model considers that CO, capture and
reforming processes take place in two different particles: the
fixed-bed reactor is packed with a mixture of catalytic par-
ticles for glycerol reforming and adsorbent particles for CO,
adsorption (CO, is the only adsorbed species; the adsorption
of water on Ca-based absorbent was not considered, because
the formation of calcium hydroxide is not significantly active
in the conditions considered in this work, due to its low sta-
bility’*®). The catalyst and adsorbent form a homogeneous
mixture of monodisperse particles. The contribution of the
reaction and adsorption was weighted according to the
volume fraction of the corresponding functionalities.

Bulk Scale Model—Mass, Momentum, and Heat Transport
Equations. Unsteady-state mass, momentum, and enthalpy
balance equations in the bulk gas phase are written as
follows:

Species mass balance equations

19} d
¥ (Pr) + 2 P (uePje)
82P e aP‘ca\
= DgJPg o 2/’ - jvfcfat#t as.catfca[(l - ?) (10)

r=rp

Wherej = Hz, C3H803, and H20

0 0
Sga‘ (PCOLg) + Sga_ (”gPCOz‘g)

OPco,, OPco,,
=Dy co,6e—55 922 £ - ?Z%z,cat arzrcal asm'dtfcat(l —e)
r=ry
¢ OPco,ad X
eCrg)zﬁads arz,a : as adsfaas(1 — €) (11)

r=rp

Overall mass balance equation

0 0
ar (Sgpg) + 9z (”g"’g/’g

M, Z Z v (12)

Momentum balance equation

0 0
ot (pggg”g) tuy 9z (pggg”g)

2
oP (1— &) 1—¢
= —[180jug 8— ng2:|8g (13)

—&
€9z agdp a;dp £'sg

Average heat balance equation

aT oT
[Sg/’gcpg + PscCps) Br T faPettaCoe 5
922 " oy

aT,
ff d
- /I:ds aa :

— /{Cf

as,catfcat(l - '5)
=r

as,adsfads(l - P) - —(T T ) (14)

=

Initial and boundary conditions for mass, momentum, and
heat balance equations are as follows
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t=0,2>0 wuy=ul,P=P"Pj,=P"T=T" (I5)

J:8’

wherej = C3HgO3, Hzo, H2, and C02

t>0,z=0 ugfug,P:Pi", UgPjg| o

OP;
= ugPjg| o —Dgj aé*g (16)

ar
”gﬁgpgcpgﬂ——of_ MgﬁgngpgT|,_0+ &gﬁff 9z a7
=0
OP; or
t>0,z=H 2 =0 —| =0 (18)
82 z=H aZ z=H

P, &, p,, and ug represent, respectively, pressure, void volume
fraction, gas density, and interstitial gas velocity. P;, is the
partial pressure of species j in the gas phase. The second term
in the right side of Eq. 13 represents the interfacial drag force
per unit reactor volume. 7,4 is the effectiveness factor of
reaction i and is calculated as the ratio between the reaction
rate with pore diffusion and heat resistance, obtained from
integration of the intrinsic reaction rate along the radial
coordinate within the catalyst particle, and the reaction rate at
the gas bulk temperature and concentrations

f g ,dV
==X (19)
I, i|g

The average apparent density of the catalyst and adsorbent
in the reactor, p,., can be written as

= pp fcal( - 8) + pgdsfads(l - 8) (20)

Porous Catalyst Particle Scale Model—Mass and Heat
Balance Equations. The solution of the bulk scale model
equations requires knowledge of the concentration and tem-
perature profiles inside the catalyst particles. These concen-
tration and temperature gradients are given by the equations
describing the simultaneous mass and heat transport and
reaction within the catalyst particles (convective terms are
assumed to be insignificant)

] aPca: N 19 peat
8;‘“ 8?“ = Dgzr,cat I’_ZE ("2 8:{2) + 7pCd TretRT car 21)
apcat ] 8 BPCdt
0t s (PR ) 3tk 2
ca: 19 opeat
';at aF;.O = ?{fsz Lat_zg <r2 6]-:’20> 3pcqt’refRTca1 (23)
aPcal 1 a apcat
5 T D (P ) R
(24)
T, 10 T,
t t . cat _  qeff 2 cat
(glc)a ngPg + /’ga LP5> ot - )“zat ,_25 (r or )
+ (_AI_IR,ref)rrefpl‘:)at (25)

The corresponding boundary and initial conditions are
given as
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cat

> 07 F = rcal Deff J

kcal ( _ P;::’;l) (26)

p _]Cal a . ’Ld[ gS‘]
T,
_ ggga a““ . =3T3, —T) 27
opsat T,
J cat
= J - = 2
t>0,r=0 o 0 5 0 (28)

t=0,r>0 P(r,0)= Tea(r,0)=T" (29

In Egs. 21-24, the effectiveness diffusion coefficient in the
catalyst particle was evaluated with the following equation

FCZ{[

it
DSt = D; ‘; (30)

The kinetics of glycerol steam reforming over bimetallic
Co-Ni/Al,O5 catalyst was summarized with the following
rate equation developed by Cheng et al.,** based on a Lang-
muir-Hinshelwood dual-site mechanism involving molecular
adsorption of both reactants

kixnP cyH50, PH,0

fref = (1 4+ Kc;n305Pesn05) (1 4 KnyoPuyo) Gb
where

kexn = 0.010471 exp (— 691’;60) 32)

Ke,m0, = 82125 x 1072 exp <¥) (33)

Ku,0 = 0.379 exp (— %) (34)

Porous Adsorbent Particle Scale Model—Mass and Heat
Balance Equations. In the adsorbent particles, all compo-
nents, without CO,, are inert, and only one mass balance

Table 1. Mass- and Heat-Transfer Correlations

Parameter Equation

as—solid mass-trans 0.725n, g .~2/3
Gds—sollq mdss—tr@sfer kgsj = W()EHS
coefficient—Chilton-

Colburn analogy*' = d"

l
where Re, = "2 and Sc; = ‘

Jg
Ig‘d" =2+0.6Pr, 1/3 (Reg/s) 1/2,

Ldr,

Gas—solid particle
heat-transfer coefficient*”

L, "
2Bl and Pry =

where Reg; = s

hyd dpVsgpy 07 d,
T:3.5(“#72) exp(~4.6%)

Heat-transfer coefficient
between gas phase and
reactor wall—Leva correlation*

aP ?Zdéz aTads
R 69

t=0,r>0 P& (r,0)=

t>0,r=0

PCo,e Taas(r,0) =T"  (40)

The molar rate of CO, removal per kilogram of CaO, , in
the Nth cycle can be represented as a function of fractional
conversion of CaO

1 dX
Fads N = ~—— (41)

Mcyo dt
Model Parameters’ Estimation. The correlations for
mass- and heat-transfer coefficients are listed in Table 1.
The effective diffusion coefficients were evaluated assuming
a tortuosity factor of 3. The molecular gas diffusivity coeffi-
cients in multicomponent gas mixtures were calculated with
Blanc correlation**

-1

= 2 (42)
! i1 Djj
i#j

Diffusion coefficients for binary gas systems are predicted

with Chapman and Enskog equation44

[(M; + M) /mam;] 2

equation is solved in addition to the energy equation D;j = 1.858 x 1073/ P20 (43)
i[>
0P 10 (0P
ad ff ads
8; ’ ot — = %Oz,ads 2or r or — | - p; FadsRTags  (35) where
i+ o 2.3551 — 0.087w;
ddS 8Tads oji gito — —wl (44)
PoCpe + P ps J 2 J 1/3
s+ ) (PelTe)
o 10 OT o5
S ( ) Ay (G0 g A, € E 0 g W
(T;;) exp (DT;) exp (F Tl’;) exp <HT;;) TG
The corresponding boundary and initial conditions are (45)
given as & i 12
g = 07915+ 0.16930; & = (ei8)) (46)
d ¢
(>0, r=po per OPE (Peoys = PES,.)
’ p J,ads gs, £ h.S
or r=rads ’ ’ Knudsen diffusion coefficient was evaluated using the fol-
(37) lowing correlation®’
ett aTads _ ads (Ts T) (38) D 2r 8RT 03
ads 6 r:rl:(‘s ads ki — 3 o M
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Figure 2. Outlet H, mole fraction (a) and CO, mole

fraction (b) during cyclic sorption-enhanced

steam glycerol reforming process.

Thermal conductivity of the gas mixture was estimated
using Wassiljewa equation44

n

')\/'
Gy =Y e
=1 Zlyld)lj
fa

(1 (/)" (Mj/l\/li)lﬂ2

[8(1+M/M;)]

where ¢;; = (48)

Thermal conductivity of the species j in gas phase was

estimated using Chung et al. correlation**
=375 M (49)
J
where
P =144,

2
0.215 + 0282884, — 1.061B, + 0.26665 (2 +105(1) )
X

2
0.6366 + B, (2 +105(1) ) + 1.0614,,B,,

(50)
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Cp-j

Apj=—>— (&2))

[NSYRON]

B,; = 0.7862 — 0.7109w; + 1.3168@12 (52)
Viscosity of the gas mixture was estimated using Wilke’s
approximation44
Vil
Hy = N
= DY R
1/2 1/472
1+ (/1) 2 (/M) ]

[8(1+Mi/M;)]"

where ¢1_| = (53)

Viscosity of the species j in gas phase was estimated using
the correlation of Chapman and Enskog44

L =26.69x 1077 54
'ufvg X Q/O' ( )

( M T) 0.5
2
g
where the diffusion collision integral and the characteristic
length were evaluated with the Eqs. 44 and 45.
Effective thermal conductivity of the catalyst and adsorb-
ent particles was evaluated with the porous solid model
developed by Harriott*®

p

. 1 —
Jeft Js - (55)

cat(ads) —

The effective axial bed conductivity in the axial direction

was evaluated using the correlation of Yagi et al?’
qeff
_ 1 —
/;‘ =B £ + 0.75PryRe,
‘e zto
Vged c
where Re, = Yse%Pe  and Pr, = HeCre (56)
y)
Hg lg

The extent of back-mixing in the gas phase was quantified
in terms of an axial dispersion coefficient that was evaluated
using the correlation of Edwards and Richardson®®

Table 2. Base Case Fixed-Bed Reactor Operating Conditions

Operating Conditions Data
Reactor diameter 0.025 m
Fixed-bed height 1.0 m
Catalyst particle density 1200 kg/m?
Catalyst particle porosity 0.45
Adsorbent particle density 1670 kg/m?
Adsorbent particle porosity 0.5
Voidage of the fixed bed 0.39
Catalyst particle diameter 0.002 m
Adsorbent particle diameter 0.002 m

Adsorbent/catalyst volume ratio 4

Inlet reactor temperature 873 K

Reactor pressure 0.1 MPa
Inlet superficial gas velocity 0.1 m/s
Feed conditions

Glycerol partial pressure 10 kPa

H,O partial pressure 91.3 kPa
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0.5uge.d,
1 +9.49D;/(uge, /d,)

D, = 0.73D; + (57)

Method of Solution. To solve the system of partial differ-
ential equations, we discretized in space and solved the
resulting set of ordinary differential equations. The spatial
discretization is performed using the standard cell-centered
finite difference scheme (at the reactor level) and the method
of orthogonal collocation® (at the solid particles level). The
number of collocation points specified for the catalyst par-
ticles was restricted to 8. The GEAR integration method for
stiff differential equations was used to integrate the time
derivatives. The relative error tolerance for the time integra-
tion process in the present simulations is set at 10~ for each
time step. Fortran 77 software on Intel® Core™ 2 Duo Proc-
essor E7500 was used to generate the numerical platform.

Results and Discussion

The sorption-enhanced steam glycerol reforming reactor
model was initially used to predict the performance of cyclic
(in practical applications CO, adsorption and desorption are
repeated in numerous cycles) sorption-enhanced reforming
process in a fixed-bed reactor (Figure 2). The fixed-bed reac-
tor operating conditions are given in Table 2. In Figure 2a,
the reaction time of sorption-enhanced steam glycerol
reforming process is divided into three regions. The pre-
breakthrough is a high-purity hydrogen period characterized
by a match between CO, formation rate and CO, adsorption
rate—for cycle 1 the hydrogen mole fraction (dry basis) is

AIChE Journal June 2013 Vol. 59, No. 6

Published on behalf of the AIChE

@

=20 min
———-t=40 min
0.80 - —-—--t=60 min
—--—-t=100 min

0.60 -

(b)

=20 min
— — — - t=40 min
0.80 | —-—--t=60 min
— - —- =80 min

Figure 4. Time-dependent axial distribution of adsorb-
ent conversion: (a) cycle 1 and (b) cycle 18.
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Figure 5. Outlet H, mole fraction (a) and CO, mole
fraction (b) during sorption-enhanced steam
glycerol reforming process at different values
of adsorbent/catalyst volume ratio (cycle
number 1).

higher than 99% during 80 min (the simulation results fol-
low the experimental data of He et al.>’). In this period,
steam glycerol reforming and CO, removal occur at maxi-
mum efficiency and the concentration of each component in
the product gas is very near to the respective equilibrium
values.”® In the breakthrough period, the CO, removal effi-
ciency of the adsorbent begins to decrease resulting in a
decrease/increase in the H,/CO, content (Figures 2a and 2b).
When the adsorbent approaches its maximum conversion,
CO, removal is no longer effective, and the postbreak-
through period begins. Only steam glycerol reforming reac-
tions occur in this period. The simulated results show that
the operation time of producing high-purity hydrogen
declines with the increase of the cyclic number due to the
adsorbent activity loss. However, the duration of the sorp-
tion-enhanced period can last a long time at a large cyclic
number due to the high reactivity and stability of Ca-based
adsorbent. From the 50th cycle number, the prebreakthrough
time will remain constant, because the adsorbent reaches the
final residual capture capacity.”> The ultimate prebreak-
through time is very important in designing and operating of
sorption-enhanced steam glycerol reforming process and is
dependent on the nature of adsorbent and its thermal stability
on cyclic operation. Ca-based adsorbent developed in this
work has a slow decline of sorption capacity, resulting in a
high final prebreakthrough time.
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The thermal behavior of sorption-enhanced reforming pro-
cess and glycerol reforming effectiveness factor are shown
in Figure 3 (a wall temperature of 873 K was used to heat
the reactor). In the entrance region of the reactor, the tem-
perature rapidly drops, because the endothermic steam glyc-
erol reforming reaction in this region is faster than the exo-
thermic CO, adsorption reaction, resulting in a large temper-
ature decrease. The temperature decline in the entrance
region of the reactor lasts a long period of time. In the
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Figure 6. Reactor temperature as function of time and
space for different values of adsorbent/cata-
lyst volume ratio (cycle number 1): (a) adsorb-
ent/catalyst volume ratio = 4; (b) adsorbent/
catalyst volume ratio = 1.5; and (c) adsorb-
ent/catalyst volume ratio = 1.
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Figure 7. Time-dependent axial distribution of adsorb-
ent conversion (cycle number 1): (a) adsorb-
ent/catalyst volume ratio = 4; (b) adsorbent/
catalyst volume ratio = 1.5; and (c) adsorb-
ent/catalyst volume ratio = 1.

succeeding fixed-bed reactor location after this cool bed
region, the CO, adsorption reaction is dominant: the heat
generated in CO, adsorption reaction is used to heat up this
region, and, therefore, the local temperature of the fixed-bed
region increases. A maximum increase in temperature to 130
K above the initial temperature can be observed, and the
fixed-bed zone with such a temperature raise moves toward
the reactor exit with the increase of reaction time. With the
increase of cyclic number, the fixed-bed reactor zones with a
low temperature extend and the bed zones with a maximum
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in temperature move quickly, which explains the decrease of
the operation time of producing high-purity hydrogen.

Figure 4 shows typical, unsteady-state axial profiles of ad-
sorbent conversion for cyclic sorption-enhanced reforming
process (two cyclic numbers were used in simulation). In the
entrance region of the reactor, adsorbent conversion is not
significant because of the low temperature that gives low
CO, adsorption rate. After the cool fixed-bed reactor region,
fractional adsorbent conversion increases due to the heat
generated in CO, adsorption process and the bed zone with
maximum in conversion moves toward the reactor exit with
the increase of reaction time following the temperature pro-
file. It should be noted that the adsorbent approaches its
maximum conversion after 100 min for cycle number 1 and,
respectively, 80 min for cycle number 18. At this reaction
time CO, removal is no longer effective and the postbreak-
through period begins. At higher cyclic number, the mass of
CaCO; formed during the sorption-enhanced reforming pro-
cess is lower due to the loss of the sorbent activity.

Sorption-enhanced steam glycerol reforming is an inte-
grated process involving steam glycerol reforming reaction
and in situ CO, adsorption. When CO, formation rate relates
with CO, adsorption rate, the advantage of adsorbent on
reaction becomes obvious. The relationship between the two
processes depends on the adsorbent/catalyst ratio. Thus, sim-
ulations were undertaken to study the effect of the
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Figure 8. Outlet H, mole fraction (a) and CO, mole
fraction (b) during sorption-enhanced steam
glycerol reforming process at different values
of inlet gas velocity (cycle number 1).
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adsorbent/catalyst volume ratio on the sorption-enhanced
steam glycerol reforming process. The adsorbent/catalyst
volume ratio was selected to provide the operating condi-
tions, which assure that steam glycerol reforming reaction is
not the limiting step (CO, production rate from steam glyc-
erol reforming is higher than the CO, adsorption rate).
Figure 5 shows that the operational time of the reactor
before the breakthrough declines with the decrease of the
volume fraction of adsorbent in fixed-bed reactor due to the
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decrease of the adsorption capacity of the adsorbent (dry ba-
sis H, mole fraction is higher than 99% during 80 min for a
adsorbent/catalyst volume ratio of 4 and 54 min for a ad-
sorbent/catalyst volume ratio of 1). Also, because CO, sorp-
tion capacity is strongly influenced by temperature (overall
kinetics is favored at higher temperature), the thermal behav-
ior of sorption-enhanced steam glycerol reforming process
(Figure 6) plays a significant role in the magnitude of the
hydrogen high-purity time period: CO, sorption capacity
decreases with the decrease of the adsorbent/catalyst volume
ratio and due to the relatively insufficient amount of adsorb-
ent at the reactor inlet, the low-temperature bed zone
enlarges, and the bed zones with a maximum in temperature
move quickly toward the reactor exit with the increase of
reaction time. Following the thermal regime, the entrance
region of the reactor with low adsorbent conversion expands
with the diminution of adsorbent/catalyst volume ratio (Fig-
ure 7). Also, at lower adsorbent/catalyst volume ratio, the re-
actor zones with a maximum in adsorbent conversion move
quickly toward the reactor exit with the increase of reaction
time, and adsorbent approaches its maximum conversion af-
ter a smaller period of time (80 min for a adsorbent/catalyst
volume ratio of 1 and, respectively, 100 min for a adsorbent/
catalyst volume ratio of 4).

Higher inlet superficial gas velocity gives shorter pre-
breakthrough period (Figure 8). At high-gas throughputs,
CO, production rate in the glycerol reforming process is
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Figure 10. Time-dependent axial distribution of adsorb-
ent conversion for different values of inlet
superficial gas velocity (cycle number 1):
(@) veg = 0.1 m/s and (b) v¢g = 0.2 m/s.
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Figure 11. Outlet H, mole fraction (@) and CO, mole
fraction (b) during sorption-enhanced steam
glycerol reforming process at different
values of glycerol partial pressure (cycle
number 1).

higher than CO, adsorption rate of the adsorbent. As result,
CO, removal efficiency of the adsorbent begins to decrease
after a small period of time due to the high amount of CO,
generated in steam glycerol reforming process, and the high
concentration of H, cannot be sustained for a long time. The
prebreakthrough period with dry basis H, mole fraction
higher than 99% diminishes from 80 min (inlet superficial
gas velocity = 0.1 m/s) to 60 min (inlet superficial gas ve-
locity = 0.15 m/s) and then to 40 min (inlet superficial gas
velocity = 0.2 m/s). By comparing the time and space tem-
perature and adsorbent conversion profiles when inlet super-
ficial gas velocity is increased (Figures 9 and 10), respec-
tively, adsorbent/catalyst volume ratio is decreased (Figures
6 and 7), it can be concluded that the thermal behavior of
sorption-enhanced steam glycerol reforming process is quali-
tatively similar, because in both circumstances the integrated
system is limited by the adsorption capacity of the adsorb-
ent: at high inlet superficial gas velocity CO, removal effi-
ciency begins to decrease after a small period of time due to
the relatively insufficient amount of adsorbent to sustain the
high CO, production rate in glycerol reforming process and
as result, the low-temperature bed zone enlarges and the bed
zones with a maximum in temperature move quickly toward
the reactor exit with the increase of reaction time. At higher
inlet superficial gas velocity, adsorbent approaches its maxi-
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mum conversion after a smaller period of time (70 min for
Vsg = 0.2m/s and 100 min for vy, = 0.1m/s).

Simulations were undertaken to study the influence of the
glycerol partial pressure on the sorption-enhanced steam
glycerol reforming process. The glycerol partial pressure was
selected to provide the operating conditions that assure that
steam glycerol reforming reaction is not the limiting step
and carbon deposition, methane production, and pyrolysis
are not significant (steam-to-glycerol ratio higher than 4)40
Higher glycerol partial pressure (lower steam-to-glycerol ra-
tio) gives shorter prebreakthrough period (Figure 11): the
prebreakthrough period with dry H, mole fraction higher
than 99% diminishes at 70 min when glycerol partial pres-
sure is increased to 15 kPa (the simulation results follow the
experimental data of He et al.>%). With the increase of glyc-
erol partial pressure, the integrated system is limited by the
adsorption capacity of the adsorbent: CO, removal efficiency
of the adsorbent decreases due to the high amount of CO,
generated in steam glycerol reforming process and the opera-
tional time of the reactor before the breakthrough declines.
Consequently, the time and space temperature and adsorbent
conversion profiles (Figure 12) have similar trends as in the
case, when inlet superficial gas velocity is increased or ad-
sorbent/catalyst volume ratio is decreased.

Figure 13 shows the influence of the inlet reactor tempera-
ture on the sorption-enhanced steam glycerol reforming pro-
cess. At high inlet reactor temperature (923 K in our case),
CO, adsorption process is limited by the higher value of the
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Figure 12. Reactor temperature (a) and adsorbent con-
version (b) as function of time and space for
Pc.1.0, = 15 kPa (cycle number 1).
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equilibrium CO, partial pressure, and the dry basis H, mole
fraction cannot be higher than 99%. Consequently, in Figure
13, the prebreakthrough period was considered the opera-
tional time with a dry basis H, mole fraction higher than
98%. The prebreakthrough period increases with the increase
of the inlet temperature; however, the purity of H, is lower.
The thermal behavior of sorption-enhanced steam glycerol
reforming process controls the size of the hydrogen high-pu-
rity time period: CO, sorption capacity increases with the
increase of the inlet temperature, because fixed-bed reactor
zones with a low-temperature contract, the bed zones with a
maximum in temperature move slowly toward the reactor
exit with the increase of reaction time and in the second part
of the reactor the temperature is higher (Figure 14). The
increase of adsorption capacity is confirmed mainly by the
contraction of the entrance region of the reactor with low ad-
sorbent conversion (not shown).

Conclusions

Sorption-enhanced steam glycerol reforming provides a
promising alternative for single-stage production of hydrogen
with a high purity. In this work, we investigated this inte-
grated process in a fixed-bed reactor highlighting the effect
of the key operating parameters on the process performance.
A two-scale, nonisothermal, unsteady-state model has been
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developed to account for gas dynamics whereupon were tied
steam glycerol reforming/CO, capture kinetics, thermody-
namics, thermal effects, and variable gas flow rate due to
chemical and physical contractions. A new Ca-based adsorb-
ent material recently developed from natural limestone was
used in this work, and the kinetics of CO, capture has been
investigated experimentally and described by a mathematical
reaction-rate model.

Gas throughputs and adsorbent/catalyst ratio have a major
influence on the operational time of producing high-purity
hydrogen characterized by a match between CO, formation
rate and CO, adsorption rate. At high gas velocity, CO, pro-
duction rate in glycerol reforming process is higher that CO,
adsorption rate of the adsorbent and as result, CO, removal
efficiency begins to decrease after a small period of time
and the high concentration of H, cannot be sustained for a
long time. The operational time of producing high-purity
hydrogen can be enhanced by increasing the adsorbent/cata-
lyst volume ratio, by adding steam to the reaction system
and by increasing the inlet reactor temperature. The high-
purity hydrogen period declines with the increase of the
cyclic number due to the adsorbent activity loss. However,
the Ca-based adsorbent used in this work has a slow decline
of sorption capacity, resulting in a high ultimate prebreak-
through time, which is very important in designing and
operating of sorption-enhanced steam glycerol reforming
process.
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Sorption-enhanced steam glycerol reforming process mini-
mizes the amount of waste by-products and represents an
energy efficient alternative for producing hydrogen—the
overall energy balance is favorable, because exothermic CO,
adsorption provides the heat to endothermic steam glycerol
reforming, and extra energy is required only in the process
of adsorbent regeneration. Furthermore, it presents an oppor-
tunity to improve the economics of green hydrogen produc-
tion by reducing the cost as the processing steps required for
subsequently CO, separation are removed.
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Notation

as = bed specific surface area, m?/m’ i
¢pg = specific heat capacity of gas phase, J/(kg K)
cps = specific heat capacity of solid phase, J/(kg K)
Cp,; = heat capacity of species j, J/(mol K)
d = reactor diameter, m
d, = particle diameter, m
D, = axial dispersion coefficient in the gas phase, m%/s
Dij = molecular diffusivity coefficient for binary gas systems, m?/s
D; = molecular gas diffusivity coefficient in multicomponent gas
mixture, m?/s
Djeff = effective diffusivity of species j inside the particle, m?/s
E,, E, = Ergun constants
fags = volume fraction of adsorbent in fixed bed
Jfear = volume fraction of catalyst in fixed bed
hy,, = heat-transfer coefficient in the vicinity of the wall, J/(m2 s K)
k = Boltzmann constant
kys = gas—solid mass-transfer coefficient, m/s
kxn = reaction rate constant, kmol/(kgcmkPa2 s)
Ke 0, = glycerol adsorption constant, kPa™
Ki,0 = steam adsorption constant, kPa~!
Kr = overall bed-wall heat-transfer coefficient, J/(m> s K)
M; = molecular mass of species j, kg/kmol
M, = molecular mass of the gas mixture, kg/kmol
P = reactor pressure, Pa
P. = critical pressure, Pa
= partial pressure of species j, Pa
ragsy = CO, removal rate, kmol/(kg,qs s)
r; = reaction rate, kmol/(kgca(ads) S)
et = glycerol reforming reaction rate, kmol/(kg,, )
R = ideal-gas constant
t = time, s
T = temperature, K
T. = critical temperature, K
T, = reduced temperature (t/t.)
T,, = reactor wall temperature, K
. = average interstitial velocity of gas phase, m/s
vee = superficial velocity of gas phase, m/s
X = fractional conversion of adsorbent
Xy = fractional conversion of adsorbent in the Nth cycle
y; = mole fraction of species j in gas phase
z = axial coordinate, m

Greek letters

s = gas—particle heat-transfer coefficient, J/(m? s K)
&, = gas-phase holdup
g, = particle porosity
n; = effectiveness factor for reaction i
Ay = thermal conductivity of gas phase, J/(m s K)
o = thermal conductivity of species j in gas phase, J/(m s K)
Jj.g = axial effective thermal conductivity, J/(m s K)
i~ = effective thermal conductivity of adsorbent particles, J/(m s K)
af& = effective thermal conductivity of catalyst particles, J/(m s K)
e — thermal conductivity of the solid phase, J/(m s K)
Hy = dynamic viscosity of gas phase, kg/(m s)

o
Il
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U, = dynamic viscosity of species j in gas phase
p, = density of gas phase, kg/m?

pp = particle density,
psc = catalyst and adsorbent bed density, kg/m®
0;; = characteristic length, A

T = tortuosity factor

u; = stoichiometric coefficient

= acentric factor
Q,; = diffusion collision integral

Subscripts

ads = adsorbent particle
cat = catalyst particle
¢ = gas phase
i = inert gas
in = reactor inlet
ref = reforming
s = solid phase, surface of the catalyst (adsorbent) particle
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