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a b s t r a c t

Ammonia borane (AB) hydrolysis is a potential process for on-board hydrogen generation. This paper
presents isothermal hydrogen release rate measurements of dilute AB (1 wt%) hydrolysis in the pres-
ence of carbon supported ruthenium catalyst (Ru/C). The ranges of investigated catalyst particle sizes
and temperature were 20–181 �m and 26–56 ◦C, respectively. The obtained rate data included both
kinetic and diffusion-controlled regimes, where the latter was evaluated using the catalyst effective-
eywords:
mmonia borane
atalytic hydrolysis
inetic parameter estimation
ass diffusion coefficient

acked-bed reactor model

ness approach. A Langmuir–Hinshelwood kinetic model was adopted to interpret the data, with intrinsic
kinetic and diffusion parameters determined by a nonlinear fitting algorithm. The AB hydrolysis was
found to have an activation energy 60.4 kJ mol−1, pre-exponential factor 1.36 × 1010 mol (kg-cat)−1 s−1,
adsorption energy −32.5 kJ mol−1, and effective mass diffusion coefficient 2 × 10−10 m2 s−1. These param-
eters, obtained under dilute AB conditions, were validated by comparing measurements with simulations
of AB consumption rates during the hydrolysis of concentrated AB solutions (5–20 wt%), and also with

tribu
the axial temperature dis

. Introduction

Safe and high density on-board storage of hydrogen for fuel
ell applications is a challenge. High-pressure (40 g L−1 at 70 MPa,
88 K) and cryogenic (70 g L−1 at 21 K, 1 bar) storage of hydro-
en is difficult because of low gravimetric/volumetric densities
f the former and low storage temperatures of the latter [1–3].
ence, storage of hydrogen in solid form is being pursued. Chem-

cal hydrides such as ammonia borane (AB), sodium borohydride
SBH) [4] and calcium borohydride [5] are considered to be promis-
ng hydrogen storage materials. Among all hydrides, AB has the
ighest material hydrogen content (19.6 wt%). Each milliliter of
B weighs about three-quarters of a gram and contains up to
.8 L of hydrogen at STP [6]. Under the same conditions AB

ellets, weighing 240 mg each and occupying 0.32 mL, are capa-
le of storing 0.52 L of hydrogen at STP [6]. Thermolysis [7–9]
nd catalytic hydrolysis mechanisms [10–16] of dehydrogenat-
ng AB are being investigated for rapid and controlled hydrogen
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release over a convenient temperature range. Non-catalytic
dehydrogenation of AB mixtures, by combustion with metal
powder-gelled water and by hydrothermolysis [17], has also been
reported.

Potential large scale application of AB-based systems requires
its regeneration from reaction by-products, for which methods
[11,18,19] are being developed. The spent fuel of AB hydrolysis
constitutes B–O bonds which are thermodynamically more sta-
ble than the B–N bonds in the spent fuel of AB thermolysis. Based
upon AB regeneration experiments, the first attempted material
yields were around 65% for spent fuels of AB hydrolysis [11] and
thermolysis [19]. The estimated theoretical maximum energy effi-
ciencies for the regeneration of spent fuels of AB hydrolysis and
thermolysis are 46% and 65%, respectively [19]. An overall com-
parison and selection of a chemical storage material including
mass and energy balances, equipment design, manufacturabil-
ity, reliability and maintainability remain a continuing area of
work.

Among hydrogen generation methods, the AB hydrolysis reac-
tion [12–16] is being investigated actively:
NH3BH3 + 2H2O
catalyst−→ NH4

+ + BO2
− + 3H2 (1)

The choice of an appropriate catalyst for the reaction is important
for reactor design. It dictates the hydrogen release rate and reactor
weight. The kinetics of AB hydrolysis catalyzed by solid acid [12],
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Nomenclature

A pre-exponential factor in Arrhenius form of rate
constant (kmol s−1 kg-cat−1)

CAB,0 initial concentration of NH3BH3 (kmol m−3)
CAB(t) instantaneous concentration of NH3BH3 at time t

(kmol m−3)
Deff effective diffusion coefficient inside catalyst pores

(m2 s−1)
Dl bulk diffusion coefficient inside catalyst pores

(m2 s−1)
dp catalyst particle diameter (m)
Ea activation energy for the hydrolysis reaction

(kJ mol−1)
�Hrxn heat of reaction of AB hydrolysis (−156 kJ kmol−1)
k rate constant for Langmuir–Hinshelwood kinetic

model (kmol s−1 kg-cat−1)
kH2O mass transfer coefficient for water vapor (3 m−1)
mcat mass of catalyst (mg)
mH2O,0 mass of water in AB solution at the start of hydrolysis

(kg)
nAB,0 moles of AB initially injected in the batch reactor

(mol)
nH2 instantaneous moles of hydrogen produced during

AB hydrolysis (mol)
Pmax barometric pressure inside gas burette at the end of

reaction (Pa)
robs observed initial reaction rate (mol m−3 min−1)
SLPM standard liters per minute
T, Trxn reaction temperature (◦C)
Tref reference reaction temperature (◦C)
Tw wall temperature of burette in which hydrogen col-

lects (K)
T0 reference temperature (25.6 ◦C)
t time (s)
VH2 the instantaneous volume of H2 collected at time t

(mL)
VH2,max total volume of H2 collected at the end of reaction

(mL)
Vsol volume of solvent (m3)

Greek letters
˛ product of adsorption equilibrium constant and

bulk concentration of AB
�s catalyst pellet density (656 kg m−3)
εS internal void fraction of catalyst pellet
� Thiele modulus
� catalyst effectiveness
�w viscosity of water (N s m−2)
� tortuosity factor, typically 3.0–4.0

Subscripts
0 initial value

a
p
a
[
[
e
(
a

b bulk value
s property of catalyst pellet

nd transition metal [10,11,13,14,16,20] catalysts are reported. In
articular, ruthenium showed high catalytic activity [11,15,16,21],
nd the kinetic parameters for carbon supported Ru are reported

15]. However, the samples of AB used in the different studies
10,11–15,22] vary in purity, leading to different rates and param-
ters under similar reaction conditions. Hydrolysis of 90% pure AB
Sigma–Aldrich, Milwaukee, WI) was reported in Refs. [10,12–14]
nd that of 98% pure AB was reported in Refs. [11,15]. The AB (Avi-
rces 195 (2010) 1957–1963

abor, Dzerzhinsk, Nizhny Novgorod, Russia), used in the present
study, had purity >99%. The differences in material purity, affecting
its stability [23], are plausibly attributed to varying solvents used
during AB synthesis. AB (Aviabor) was used because it is stable and
commercially available, facilitating reproducibility of results.

In the present work, hydrogen evolution rates from the isother-
mal hydrolysis of Ru-catalyzed, dilute AB (1 wt%) were measured
at batch sizes of 10 mL and temperature range 26–56 ◦C. The effect
of internal diffusion within the catalyst particles, in these batch
reactions, could not be eliminated at temperatures above 26 ◦C
and thus, the measured rate data were apparent and not intrin-
sic. In such cases, the catalyst effectiveness (�), which depends on
several parameters including the effective liquid phase mass dif-
fusion coefficient (Deff) [24], was determined. Deff was estimated
using concentration–time (CAB-t) measurements at different cata-
lyst particle sizes. The AB hydrolysis had apparent reaction order
between zero and unity in the temperature range of the study. A
Langmuir–Hinshelwood (LH) kinetic model was adopted to inter-
pret the kinetic data with the parameters (activation energy, Ea,
pre-exponential factor, A, adsorption energy, �Hads, and adsorption
equilibrium constant, K0) determined using a nonlinear conjugate-
gradient minimization algorithm [15].

These parameters, obtained under dilute conditions, are valu-
able if they can be extended to practical concentrations and
continuous-flow systems. Hence, the obtained parameters were
validated by comparing measurements in a batch reactor with
simulations of AB hydrolysis at higher concentrations (5–20 wt%)
where it is difficult to maintain constant temperature which com-
plicates parameter estimation. The non-isothermal high-strength
AB (5–20 wt%) hydrolysis was modeled using parameters obtained
for the dilute strength of 1 wt%. The variations in temperature mea-
sured during the non-isothermal hydrolysis, reported in Ref. [20],
were used in the simulations. In addition, the experimental stud-
ies [11–16,20] were restricted to batch sizes ≤10 mL. Simulating
the hydrolysis in a continuous-flow reactor, using the parameters
obtained under dilute conditions from the 10 mL batch reactions, is
desired. Based on this consideration, a subscale AB hydrolysis reac-
tor, packed with Ru/C pellets, was modeled. The packed-bed reactor
model was similar to that developed previously for SBH hydrolysis
[25]. AB hydrolysis was simulated at a flow rate of 22.4 g min−1,
with an inlet solution concentration of 5 wt% AB. The model cal-
culations were compared with experimental data reported in Ref.
[20].

Based on the above, the specific objectives of the present work
are to:

1. obtain the effective mass diffusion coefficient (Deff) of Ru-
catalyzed AB hydrolysis, at different temperatures (26–56 ◦C),
using appropriate CAB-t measurements in a batch reactor under
dilute conditions (1 wt% AB);

2. determine the catalyst effectiveness (�) and intrinsic kinetic
parameters (A, Ea, K0, �Hads) for AB hydrolysis using the mea-
sured rate data at 1 wt% AB;

3. validate the kinetic and diffusion parameters by using them
to model experimental data for AB hydrolysis at higher con-
centrations (5–20 wt%) in a batch reactor, as well as in a
continuous-flow subscale (0.5 kW) packed-bed reactor.

2. Experimental
2.1. Materials, apparatus and procedure

Commercial AB (Aviabor) and 3 wt% Ru supported on cylin-
drical carbon pellets (2 mm diameter, 3 mm length, specific area
∼1000 m2 g−1, Johnson Matthey, Oakbrook, IL), ground and sized



S. Basu et al. / Journal of Power Sou

Fig. 1. AB hydrolysis at catalyst sizes of 22.5 �m and <20 �m, and tempera-
tures 26–56 ◦C. The time axis was scaled as t∗ = ((mcat/m∗ )(n∗ /nAB,0))t, where
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in the pore-diffusion-controlled regime [26]. The Thiele modulus
cat AB,0
∗
cat = 15.2 mg, n∗

AB,0 = 2.535 mmol, CAB,0 = 260 mol m−3. Reaction conditions (T, mcat ,
sol) at dp = 22.5 �m were: (26 ◦C, 15.4 mg, 9.87 mL), (36 ◦C, 15.3 mg, 9.86 mL), (46 ◦C,
0.6 mg, 9.91 mL) and (56 ◦C, 6.3 mg, 9.77 mL).

rior to use, were utilized in the AB hydrolysis experiments. A
chematic of the apparatus and details of the experimental pro-
edure are reported in Ref. [15]. A 25 mL, 3-necked reaction flask
as loaded with (15.2 ± 0.1) mg of the ground catalyst, 2 mL of
re-wetting water [4,15] and a magnetic stirring bead. It was
ubmerged in a water bath and preheated to the desired reac-
ion temperature using a thermostatic circulator. Approximately
.53 mmol (∼7.8 mL) of an AB (1 wt%) solution, prepared separately
nd preheated to the reaction temperature [4], were then drawn
nd injected into the reaction flask. The AB solution and the ground
atalyst were well mixed by using a magnetic stirrer. A bayonet
ype-T (copper–constantan) thermocouple with a stainless steel
heath was used to record the temperature of the solution in reac-
ion flask. The reaction temperature was controlled within ±1 ◦C by
he thermostatic circulator. The evolved hydrogen was collected in
gas burette with a resolution of 1.0 mL. The amount of collected
ydrogen in the burette was calculated using the ideal gas law with
he consideration of the pressure variation caused by the change of
ater column height. The burette outer wall temperature, Tw , was
easured to represent the accumulated hydrogen gas temperature

4].

.2. Selection of catalyst size and stirring speed

All experiments were performed at a stirring speed of 800 rpm,
hosen after the independence of kinetic performance over a range
f stirring speeds from 200 to 1000 rpm confirmed that the reac-
ion was free from external mass transfer at that speed. The effects
f catalyst particle size were studied at four temperatures, 26, 36,
6 and 56 ◦C, in order to find a catalyst size at each temperature
here the AB hydrolysis was free from internal diffusion effects as
ell. Fig. 1 shows the hydrogen evolution curves, for catalyst parti-

le sizes of 22.5 �m and <20 �m, at the four temperatures studied.
t may be seen from Fig. 1 that the two catalyst sizes gave the same
ates only at 26 ◦C, thus the reactions were kinetically controlled
nd diffusion effects were absent at that temperature. At higher
emperatures, the reaction rates did not coincide for the catalyst

izes, implying that the kinetic data obtained at these temperatures
ere influenced by internal diffusion. A method to obtain the intrin-

ic kinetic parameters using the measured rate data is presented in
his work.
rces 195 (2010) 1957–1963 1959

2.3. Experimental uncertainties

The uncertainties in the gas temperature and gas volume mea-
surements caused ±1.08% experimental uncertainties in the mole
of hydrogen collected or the mole of AB consumed. Also, ran-
dom errors in time, mcat and Vsol measurements caused ±4.6%
experimental uncertainty (with 95% confidence) based upon four
repeated tests under same conditions. As a result, the overall exper-
imental uncertainties in the mole of hydrogen collected or the mole
of AB consumed were estimated to be ±6.4% with 95% confidence.

3. Data analysis method

In cases where the effects of internal diffusion could not be
eliminated, the governing rate equation used was based on the LH
kinetic model:

dCAB

dt
= −�

mcat

Vsol
A exp

(
− Ea

RT

)
× K0 exp((�Hads/RT0) − (�Hads/RT))CAB

1 + K0 exp((�Hads/RT0) − (�Hads/RT))CAB
(2)

There are five unknowns in this multiple-variable inverse prob-
lem: A, Ea, K0, �Hads and �, where the latter depends on Deff. For
each temperature and catalyst particle size (assumed to be spher-
ical), the Deff value was determined separately, yielding �, and the
remaining four parameters were obtained using Eq. (2) and a non-
linear fitting procedure.

3.1. Effective mass diffusion coefficient (Deff)

The diffusion coefficient was determined using the � − � rela-
tionship, where � is the Thiele modulus [24,26–28]. The catalyst
effectiveness in the diffusion-controlled regime for a spherical pel-
let, based on the LH model [28], depends on five parameters (A,
Ea, K0, �Hads, Deff) as shown in Eqs. (3) and (4). Eq. (3) was not
directly used for Deff estimation, as it is coupled to the other kinetic
parameters:

� = Deff (1 + ˛)

k�s(dp/6)2

[
2(1 + ˛)

˛

{
1 − 1

˛
ln(1 + ˛)

}]1/2

, (3)

where

˛ = K0 exp
(

�Hads

RT0
− �Hads

RT

)
CAB (4)

However, using an nth order kinetic model was a simple and
approximate method of decoupling Deff from the remaining four
parameters in Eq. (2), and determining them separately.

The basis of obtaining Deff, using nth order kinetics, lies in
identifying the two limiting regimes of reaction behavior: (a) the
kinetically controlled regime and (b) the limit of strong pore-
diffusion regime. The catalyst effectiveness is unity (� = 1) for
small-sized catalyst particles (� → 0) in the kinetically controlled
regime, and the apparent and intrinsic rate constants are identi-
cal in such cases. On the other hand, pore-diffusion control occurs
at large particle sizes, where � → ∞ and � = 1/�, and the observed
reaction rate is inversely proportional to the catalyst particle size
[24,26]. The apparent reaction order is the same as the intrinsic
value, n, in the kinetically controlled regime, whereas it is:

nobs = n + 1
2

(5)
for an nth order reaction [24,31] is:

� = dp

6

√
n + 1

2

√
k�s

Deff
C(n−1)/2

AB (6)
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ased on the above-mentioned theory, the rate equations describ-
ng AB hydrolysis in the kinetically controlled and strong
ore-diffusion regimes respectively were:

dCAB

dt
= −�

kmcat

Vsol
Cn

AB = −kmcat

Vsol
Cn

AB (7)

dCAB

dt
= −�

kmcat

Vsol
Cn

AB = −
(

6
dP

mcat

Vsol

√
2

n + 1
kDeff

�s

)
C(n+1)/2

AB (8)

eeping all other reaction conditions the same, AB was hydrolyzed
t different catalyst particle sizes at a temperature where internal
iffusion effects were absent (26 ◦C) at the smallest catalyst size
22.5 �m). The slopes (d(nH2 /nAB,0)/dt) of the hydrogen evolution
urves yielded the observed reaction rates, robs, at these catalyst
izes. The strong pore-diffusion regime was identified by verifying
f the observed reaction rates were inversely proportional to the
atalyst sizes as:

(robs)1
(robs)2

= (dp)2
(dp)1

(9)

n the present work, catalyst sizes of 90.5, 128 and 181 �m were
ound to lie in this regime. The reaction order (n) was found
y plotting the (C1−n

AB,0 − C1−n
AB /1 − n) values versus time, in both

he kinetically controlled (22.5 �m catalyst size) and strong pore-
iffusion (90.5, 128 and 181 �m) regimes for different guessed
alues of n. As noted above, if the approach followed is correct,
hen the n value in the latter regime (nobs) should be related to
he intrinsic n value by Eq. (5). A unique value of n that yielded
he best linear fits at these catalyst sizes was thus determined.
he slope of the (C1−n

AB,0 − C1−n
AB /1 − n) versus t curve, at the cata-

yst size in the kinetically controlled regime (22.5 �m), yielded the
alue of ((mcat/Vsol)k) obtained by integrating Eq. (7) under the
ssumption that n remains constant. The slope, in turn, yielded the
ntrinsic rate constant (k). Subsequently, the value of Deff (at 26 ◦C)

as numerically estimated using the obtained intrinsic values of n
nd k, and Eq. (8), along with an Euler predictor-corrector finite dif-
erence discretization. The root-mean square (rms) error between
he experimental rate data obtained in the strong pore-diffusion
egime and the model calculation was minimized. The intrinsic liq-
id phase diffusivity (Dl) was estimated from the effective diffusion
oefficient as:

l = Deff
�

εS
, (10)

here εS and � were the void fraction and tortuosity factor inside
he catalyst particle [26,28].

.2. Catalyst effectiveness (�)

� = 6Deff

k�sdp[((K0 exp((�Hads/RT0) − (�Hads/RT))CAB,b)/(1
The obtained Deff value was used to compute the catalyst
ffectiveness, �, of the particles. The effectiveness was computed
umerically using the diffusion-reaction equation [26,28]:

1
r2

d

dr

(
r2Deff

dCAB

dr

)
= k�s

K0 exp((�Hads/RT0) − (�Hads/RT))CAB

1 + K0 exp((�Hads/RT0) − (�Hads/RT))CAB
(11)
rces 195 (2010) 1957–1963

Along with the BCs:

at r = dp

2
, CAB = CAB,b

at r = 0,
dCAB

dr
= 0

(12)

A finite volume discretization yielded the concentration profile
across the catalyst pellet which was used to compute the effec-
tiveness factor, given by:

exp((�Hads/RT0) − (�Hads/RT))CAB,b))]
(dCAB/dr)

∣∣
r=(dp/2)

(13)

3.3. Pre-exponential factor (A), activation energy (Ea), adsorption
energy (�Hads) and adsorption equilibrium constant (K0)

The LH kinetic model, as described by Eq. (2), and a nonlinear
fitting algorithm [15] based on Powell’s conjugate error minimiza-
tion method [29], were used to obtain the kinetic parameters (A,
Ea, K0, �Hads). Eq. (2) was discretized using a predictor-corrector
finite difference scheme. The rate constants (k) at the four temper-
atures were initially guessed and refined iteratively by minimizing
the differences between model calculations and experimental data.
The catalyst effectiveness (�) was computed, with the changing
bulk concentration of AB solution at each time instant and tem-
perature, by solving the concentration profile inside the catalyst
pellets using Eqs. (11)–(13) as explained in Section 3.2. The cur-
rent iterate values of k, K0 and �Hads, the measured Deff value, and
the instantaneous bulk concentration of AB solution (CAB,b) were
used in Eq. (13). The variation of Deff with temperature [24] was
approximated, with Tref = 26 ◦C, as:

Deff (T) = Deff (Tref )

(
T

Tref

�w,ref

�w

)
(14)

The viscosity values, �w , were adopted from the thermo-physical
property tables of saturated water. Powell’s method and Brent’s
line minimization algorithm were used to determine the two
unknowns, K0 and �Hads [15]. The parameters, A and Ea, were
obtained from an Arrhenius plot using the optimized values of
the rate constants. The converged values of the kinetic parame-
ters and Deff were used to re-model the reactions based on LH
kinetics in the diffusion-controlled regime using Eqs. (2)–(4), to
verify if � also conformed to its analytical expression shown in
Eq. (3). The value of Deff was refined, if needed, to match the
experimental measurements and the parameters (A, Ea, �Hads, K0)
re-assessed. As shown in Fig. 3, the obtained kinetic and diffu-
sion parameters for the LH model, as given by Eqs. (3) and (4),
and those for the nth order kinetic model as described by Eq. (8),
both gave good fits to the data even though the nth order kinetic
model was only intended to provide initial guesses for the LH model
optimization.

3.4. Validation of obtained parameters: packed-bed reactor
modeling

The obtained kinetic and diffusion parameters were validated
by using them as inputs to an adiabatic, horizontal packed-bed AB
hydrolysis reactor model and comparing the model results with
measurements. Heterogeneous AB (5 wt%) hydrolysis, as shown
in Eq. (1), in the cylindrical reactor, packed with 3 wt% cylin-
drical Ru/C pellets (2 mm diameter, 3 mm length), was modeled.
The simulation was based on the LH kinetic model, as shown

in Eq. (2), and it estimated the axial variation of temperature,
species concentrations and their molar flow rates for given reac-
tor dimensions, bulk and pellet catalyst density, and void fraction.
A one-dimensional packed-bed plug-flow reactor model based on
the same experimental arrangement and used for simulating SBH
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Table 1
Observed initial reaction rates at 26 ◦C and varying catalyst sizes.

dp (�m) robs = d(nH2 /nAB,0)/dt (min−1)

<20 0.35
22.5 0.35
28.5 0.31
69 0.27
90.5 0.23

128 0.16
181 0.11

Table 2
Converged values of the diffusion coefficient at various catalyst particle sizes at
26 ◦C.

dp (�m) Deff (m2 s−1) rms error (%) of the fit

90.5 1.67 × 10−10 2.2

coefficient (Deff).
The results of the diffusion-controlled reactions, modeled using

Eq. (8), are compared with experimental data shown as dashed
lines in Fig. 3. Assuming typical values for the void fraction (ε = 0.4)
ig. 2. Hydrogen evolution profiles at different catalyst particle sizes. Reaction con-
itions: T = 26 ◦C, Vsol = 9.9 mL, CAB,0 = 260 mol m−3.

ydrolysis [25] was modified and employed in the present study.
he multi-component two-phase flow inside the reactor comprised
B, the hydrolysis by-product, and water in the liquid phase, with
ydrogen and water vapor making up the gas phase. Transport phe-
omena involved mass and heat transfer due to convection, and
ass diffusion of the adsorbed NH3BH3 species inside the pores of

he catalyst pellets [25]. The insulated stainless steel reactor was
.09 cm in diameter and 28.7 cm long with 10 uniformly spaced
hermocouples located along its length to measure the axial tem-
erature distribution. The experimental details of the reactor and
ther components in the hydrogen generation system are reported
n Ref. [30]. The inlet and outlet fluid mixture densities (�in, �out),
toichiometric coefficients, inlet species concentrations of the dif-
erent reaction components, kinetic parameters (A, Ea, K0, �Hads,
eff), heat of reaction (�Hrxn), and inlet temperature of the AB solu-

ion were introduced in the model such that it simulated 5 wt%
B hydrolysis inside the reactor with the aqueous solution flow-

ng in at 23 mL min−1. The measured values of 978 kg m−3 [20] and
43 kg m−3 were used for the inlet and outlet liquid phase densi-
ies. The estimated value of Deff, obtained as explained in Section
.1 and Eq. (13), was used. The catalyst effectiveness was computed
sing relations similar to Eqs. (11)–(13) with the shape of the pellet
eing cylindrical. The incoming AB solution had a concentration of
.7 kmol m−3 and an inlet temperature of 23 ◦C. The bulk catalyst
ensity in the bed and catalyst pellet density were measured to be
70 and 656 kg m−3, respectively, leading to a void fraction of 0.131.
he water vapor mass transfer coefficient (kH2O) was required while
ccounting for the water vapor produced due to evaporation from
iquid phase to the bulk gas stream [25]. Since the liquid flow rate in
he present study is similar to that used previously [25], the same
H2O value of 3 m−1 was used. A measured pressure difference of
.11 bar [20], across the reactor, was used. The energy, momentum
nd species equations were solved for the addressed initial-value
roblem [25].

. Results and discussion

.1. Effective mass diffusion coefficient (Deff)

◦
AB was hydrolyzed at 26 C and at catalyst particle sizes of 22.5,
8.5, 69, 90.5, 128 and 181 �m, as shown in Fig. 2. The observed ini-
ial reaction rates at the different catalyst sizes are listed in Table 1.
he rates at catalyst sizes of 90.5, 128 and 181 �m conformed
o Eq. (9), thus these reactions were in the strong pore-diffusion
128 1.60 × 10−10 4.6
181 1.67 × 10−10 2.1

regime. The reactions at catalyst sizes of 22.5 and <20 �m were
found to be in the kinetic-controlled regime, as seen in Figs. 1 and 2.
An intrinsic reaction order of n = 0.2 yielded the best linear fits in
the kinetic-controlled and strong pore-diffusion regimes, with the
mean regression coefficient (R2

max) equal to 0.9842. The slope of the
(C1−n

AB,0 − C1−n
AB /1 − n) versus t curve for n = 0.2, at the catalyst size

(22.5 �m) in the kinetic-controlled regime, yielded the intrinsic
rate constant (k) to be 7.1 mol1−n m3n kg−1 min−1.

The reactions in the strong pore-diffusion regime at catalyst
sizes of 90.5, 128 and 181 �m were modeled to obtain the value
of Deff at 26 ◦C using Eq. (8), the intrinsic values of k and n, and
a predictor-corrector finite difference discretization. For each of
the three cases, a guessed value of Deff resulting in the least rms
error between the computed and experimental CAB(t) values was
selected. Table 2 lists the optimized values of Deff (26 ◦C) and total
rms errors obtained for the three cases, where it can be seen
that Deff does not vary with catalyst size. An averaged value of
1.67 × 10−10 m2 s−1 was selected for the effective mass diffusion
Fig. 3. Experimental data and model results in the diffusion-controlled regime at
26 ◦C using: (i) nth order kinetics (dashed lines) with Deff = 1.67 × 10−10 m2 s−1, and
(ii) LH kinetics (solid lines) with Deff = 2 × 10−10 m2 s−1.
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ig. 4. CAB vs t data and model results, at the four temperatures (26–56 ◦C), using
he fitted kinetic parameters and Deff .

nd tortuosity factor (� = 4) in a catalyst particle [31], the bulk liq-
id phase diffusivity (Dl) was estimated to be 1.67 × 10−9 m2 s−1,
hich is in the typical range of diffusion coefficients for liquids

27]. The order of magnitude of the obtained diffusion coefficient
as also verified using the Wilke–Chang correlation for estimating
iffusion coefficients in binary liquid systems [32]. The diffusion
oefficients at the other three temperatures of 36, 46 and 56 ◦C
ere determined using Eq. (14).

.2. Kinetic parameters – A, Ea, K0, �Hads

The measured kinetic data at the four temperatures, at a catalyst
ize of 22.5 �m, is shown in Fig. 1. The procedure described in
ection 3.3 was used to obtain the intrinsic parameters (A, Ea, K0,
Hads). The catalyst effectiveness, �, at the temperatures (36–56 ◦C)

nd different time instants were computed using Eqs. (11)–(13)
nd the current iterate values of the rate constant (k), adsorption
quilibrium constant (K), and instantaneous bulk concentration
f AB (CAB,b). The � value was kept at unity at 26 ◦C, as suggested
y the experiments (Fig. 1). The converged and optimized values
f the kinetic parameters and Deff were used in Eqs. (2)–(4) to
odel the three reactions in the diffusion-controlled regime. A

efined value of 2 × 10−10 m2 s−1 for Deff was found to match the
xperimental measurements well. The procedure to obtain the
arameters (A, Ea, K0, �Hads) was repeated, as noted in Section 3.3,
sing this optimized value of Deff. The converged and optimized
alues of the four kinetic parameters and the effective diffusion
oefficient in the rate equation are: A = 1.36 ± 0.61 × 1010 mol (kg-
at)−1 s−1, Ea = 60.4 ± 1 kJ mol−1, K0 = 47.2 ± 4.8 m3 kmol−1,
Hads = −32.53 ± 2.6 kJ mol−1, Deff = 2 × 10−10 m2 s−1 with a

eference temperature (T0 in Eq. (4)) of 299 K. The overall rms
rror between the measured and predicted CAB values versus time
t all four temperatures was 1.46% of the initial concentration of
he AB solution (CAB,0). A sensitivity analysis of the fit to individual
ariation of each parameter showed that changes of 20% in K0
r A, or 5% in Ea or �Hads, produced easily observed degradation
f the fits suggesting reasonable error bounds for the reported
arameters. The measured and predicted CAB-t values are shown

n Fig. 4, demonstrating a good match.
Further, the obtained parameters were used, along with LH
inetics, to predict CAB-t values for the three catalyst sizes (90.5,
28 and 181 �m) at 26 ◦C in the diffusion-controlled regime. The
odel results, shown as solid lines in Fig. 3, show a satisfactory
atch with the experimental measurements. Thus, the obtained
Fig. 5. Experimental data and model results for hydrolysis of concentrated AB
(5–20 wt%) solutions, using kinetic and diffusion parameters estimated under dilute
AB conditions.

kinetic and diffusion parameters can be used with confidence to
predict the reaction performance with LH kinetics for variations of
both catalyst particle size and temperature.

4.3. Model and parameter validation

As described above, the kinetic and diffusion parameters were
obtained for dilute AB (1 wt%) solutions in a small batch reactor.
In this section, we examine the applicability of these parameters,
with no further adjustment, for higher AB concentrations and in a
continuous-flow packed-bed reactor.

4.3.1. Hydrolysis for higher AB concentrations in a batch reactor
Hydrogen evolution measurements from the hydrolysis of con-

centrated AB (5–25 wt%) solutions have been reported in Ref. [20].
Non-isothermal, concentrated AB hydrolysis was modeled in the
present work using the parameters (Deff, A, Ea, K0 and �Hads)
obtained under dilute conditions (1 wt%) and Eq. (2). The temper-
ature (T), in Eq. (2), was the measured instantaneous temperature
reported in Ref. [20]. The instantaneous solvent volume (Vsol(t)) was
calculated by accounting for the water consumption during hydrol-
ysis. The catalyst effectiveness was found numerically as explained
in Section 3.2. A catalyst size of 22.5 �m, used in the experiments
[20], was utilized for the calculations. The variations of CAB with
time were predicted for AB (5, 10 and 20 wt%) hydrolysis. As can be
seen in Fig. 5, the model calculations match the experimental data
well for all the investigated cases.

4.3.2. Continuous-flow packed-bed reactor (0.5 kW)
As described in Section 3.4, the axial temperature profile in a

continuous-flow packed-bed reactor was measured for 5 wt% AB
hydrolysis [20], and the experimental data are shown in Fig. 6.
Using the reactor model also described in Section 3.4, we calculated
the temperature profile using the kinetic and diffusion parameters
obtained in Section 4.2. As shown in Fig. 6, the model calculations
matched well with the experimental data. The slight mismatch near
the reactor inlet may be attributed to experimental uncertainties

and model limitations, also observed in Ref. [25]. The hydrogen pro-
duction output rating of the reactor, 0.5 kW, was calculated using
the hydrogen flow rate at the reactor outlet (∼2.4 SLPM) and the
low heating value of H2 (−242 kJ mol−1).
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ig. 6. Axial temperature variation for AB (5 wt%) hydrolysis along the continuous-
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. Concluding remarks

In the present work, dilute AB hydrolysis (1 wt%), in a 10 mL
atch, was conducted for different catalyst particle sizes and reac-
ion temperatures. Including the catalyst effectiveness in the LH
inetic model, the intrinsic kinetic parameters and effective AB dif-
usion coefficient were obtained from the diffusion-influenced rate
ata. Further, using the parameters obtained under dilute condi-
ions (1 wt%), AB hydrolysis at higher concentrations (5–20 wt%) in
batch reactor and also in a continuous-flow packed-bed reactor

0.5 kW) was simulated. The model results matched the experimen-
al data well.
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