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Abstract:

A detailed model of glycerol hydrogenolysis in a trickle-bed reactor
is presented that includes a mechanistically based kinetic rate
expression, energy transport, mass transport across the gas-liquid
and liquid-solid interfaces, intraparticle catalyst mass transfer,
and partial wetting of the bed. Optimal kinetic parameters for
the glycerol hydrogenolysis rate expression were determined via
nonlinear regression analysis on the basis of experiments conducted
in a laboratory-scale trickle-bed reactor over a broad range of
operating conditions. Model predictions agree well with experi-
mental data and accurately predict trends in reactor performance
with liquid flow rate, temperature, hydrogen pressure, and base
promoter concentration. The model is thus a useful tool for
predicting laboratory reactor performance and for design of
commercial-scale trickle-bed systems.

Introduction
Glycerol (1,2,3-propanetriol, herein GO) has become an

attractive feedstock for chemicals production because it is
readily available as the major byproduct from biodiesel produc-
tion.1 In particular, GO hydrogenolysis to propylene glycol (PG)
has received attention in both patent and open literature, because
PG is a thousand kilo-tonne commodity with applications as a
polymer building block, emollient in consumer products, and
nontoxic replacement for ethylene glycol (EG).

Among numerous patents describing GO conversion to PG,
Casale et al.1 used sulfide-modified ruthenium to achieve 75%
PG yield; Schuster et al.2 used a mixed metal (Cu/Co/Mn/Mo)
catalyst with heteropolyacids that gave 96% PG yield, and
Werpy et al.3 demonstrated >80% selectivity to PG over a Ni/
Re catalyst.

The open literature contains several studies of catalysts for
PG formation from GO, including bimetallic Pt/Ru and Au/Ru
catalysts at neutral and elevated pH,4 carbon-supported Ru and

Pt,5 Amberlyst ion-exchange resins in conjunction with Ru/C,6

Cu/ZnO unsupported materials with different domain sizes and
metal content ratios,7 cobalt nanowires,8 and others.9 In mecha-
nistic studies, Feng et al.10 describe the role of support and Ru
catalyst reduction temperature, and Shanks et al.11 investigate
competitive adsorption of several polyol species on Ru. Mech-
anisms have been proposed for several catalyst systems: Kovacs
et al.12 for base-promoted metal catalysis involving glyceral-
dehyde and pyruvaldehyde intermediates; Hass et al.13 for solid
acid catalysts via an acrolein intermediate, and Suppes et al.14

via GO dehydration and hydrogenation via acetol as the
intermediate.

Glycerol hydrogenolysis is a three-phase reaction system
typically involving solid catalyst, liquid solution of reactants
and products, and gaseous hydrogen. Although most laboratory
studies are carried out in batch autoclaves, three-phase continu-
ous reactors, in particular trickle-bed systems, are preferred for
large-scale, commercial applications.15-19 Trickle-bed reactors
are widely employed in hydrotreating processes such as hydro-
genolysis, hydrodesulfurization, hydrocracking and hydrorefining.

The characterization of mass and heat transfer in trickle-
bed reactors, particularly at the gas-liquid (G-L) interface,
has been widely studied.16,20-23 Al-Dahhan et al.16 set forth a
quantitative model taking into account flow regime transitions,
liquid holdup, pressure drop, gas-liquid interfacial area, and
catalyst wetting efficiency in both liquid-limited and gas-limited
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scenarios. Larachi et al.20 proposed a rigorous model for G-L
mass transfer at elevated pressure that accounts for liquid and
gas nonidealities along with pressure, gas and liquid superficial
velocities, liquid viscosity, and packing size. Iliuta et al.21 studied
the fluid dynamics along with G-L mass transfer, and Huang
et al.22 studied heat transfer in detail. A correlation for catalyst
wetting efficiency in elevated pressure trickle-bed reactors was
developed by Al-Dahhan23 to correlate laboratory- and pilot-
scale data.

Trickle-bed models that include the above phenomena have
successfully predicted reactor performance in a number of pilot-
scale and commercial systems. These include, among others,
carbohydrate hydrogenolysis,24 benzene hydrogenation,25 cata-
lytic oil hydrotreating,26 dicyclopentadiene hydrogenation,27

phenol oxidation,28,29 1,5,9-cyclododecatriene,30 phenylacety-
lene,31 and 2,4-dinitrotoluene.32 In all of these studies, partial
wetting of the catalyst, gas-liquid and liquid-solid mass
transport, and reaction kinetics were incorporated to provide
successful descriptions of the reactor behavior.

In this contribution, we present experimental and modeling
studies of GO hydrogenolysis in a trickle-bed reactor. GO is
both a commercially important feedstock and a model carbo-
hydrate, and its hydrogenolysis to PG represents a reaction that
will be commonly carried out in the emerging biorefinery. The
effect of mass transfer between the gas, solid, and liquid phases,
partial wetting of the catalyst bed, intrinsic reaction kinetics,
and process operating conditions on GO conversion are
presented and discussed.

Experimental Section
Materials. Ultrahigh purity gases used in experimentss

hydrogen (99.999%), nitrogen (99.99%), helium (99.999%), and
oxygen (99.99%)swere obtained from Linde Gas LLC. An-
hydrous glycerol (99.9%), sodium hydroxide pellets (98.7%),
lactic acid (88.9%), and water (99.99%) were purchased from
J.T. Baker. Propylene glycol (99.5%) was obtained from Jade
Scientific, Inc.; ethylene glycol (99.0%) was produced by
Spectrum, Inc., and sulfuric acid (98%) was purchased from
Columbus Chemical Industries, Inc.

The catalyst used in this study is composed of 2.5 wt %
Co, 0.5 wt % Pd, and 2.4 wt % Re supported on a proprietary
activated carbon. The catalyst was prepared by incipient wetness
of a nitrate salt solution of the metals, followed by slow drying
and calcination in inert gas. The catalyst was reduced in pure
hydrogen (100 cm3 (STP)/min) using a temperature ramp of
1.5 °C/min to 350 °C and then holding at 350 °C for two hours.
Hydrogen chemisorption was performed on the catalyst at 308
K in a Micromeritics ASAP 2010 volumetric adsorption
apparatus; the sample was outgassed at 623 K prior to
adsorption. A catalyst site density of 1.3 × 10-5 kmol/kg
catalyst, corresponding to a catalyst metal dispersion of ∼2.5%,
was measured as the difference between the quantities of total
and weakly adsorbed hydrogen. The final supported catalyst
has a nitrogen BET surface area of 840 ( 20 m2/g and a bulk
density in the trickle bed of approximately 700 kg/m3.

Trickle-Bed Reactor. All experimental GO hydrogenolysis
data were collected in a 40 cm3 laboratory trickle-bed reactor
of dimensions 1.25 cm i.d. and 61 cm in length (Figure 1)
loaded with the aforementioned carbon-supported metal catalyst.
The catalyst (27 cm depth, 24.0 g) was placed between a 10
cm layer of 2 mm diameter glass beads at the bottom of the
bed and a 15 cm layer of 2 mm diameter stainless steel beads
at the top of the bed to facilitate liquid distribution and
preheating prior to reaction. Prior to reaction, the catalyst was
re-reduced in situ with pure hydrogen flowing at 100 cm3 (STP/
min) at 280 °C for at least 2 hours. An Isco 500-mL syringe
pump was used to introduce liquid feed solution into the reactor,
and a Porter LB366 mass flow controller was used to control
helium and hydrogen gas flow rates. The catalyst bed, located
in the center of the reactor, was heated by a recirculating silicon
oil (Dynalene 6000) stream flowing through a jacket surround-
ing the reactor and controlled by a Julabo SE-6 programmable
recirculating bath. A chromel-alumel thermocouple located in
a thermowell along the center axis of the bed was used to
measure the trickle-bed temperature profile during reaction.

Experiments were carried out using a 40 wt % (4.6 M) GO
feed solution with sodium hydroxide (0.1-0.6 M) as a base
promoter. Hydrogen was fed to the reactor at a rate correspond-
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Figure 1. Laboratory trickle-bed reactor.
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ing to a 5:1 H2:GO molar ratio for all experiments. Pressure
(3.3-13.3 MPa), temperature (453-475 K), and feed flow rate
(25-50 mL/h) were varied to characterize catalyst and reactor
performance. During reaction, liquid product samples were
collected for 5 min every hour; the liquid collected during the
time between samples was retained in a large storage tank.

All liquid samples were analyzed with a Waters high
performance liquid chromatography system with a Waters 717
Plus autosampler and a BioRAD Aminex HPX-87H column
(7.8 mm ×300 mm) with 5 mM H2SO4 as the mobile phase at
a flow rate of 0.55 mL/min; a Waters 2414 refractive index
(RI) detector was used in the HPLC to measure liquid sample
concentrations. The RI detector was calibrated via a multipoint
calibration curve for all reaction species.

Kinetic Model for Glycerol Hydrogenolysis
The establishment of the reactor model begins with develop-

ment of a kinetic rate expression based on our previously
proposed reaction mechanism for GO hydrogenolysis over
supported metal catalysts.12 In simplified form, the mechanism
involves (1) dehydrogenation of GO to an adsorbed glyceral-
dehyde analogue (GA ·S), (2) rearrangement and dehydration
of GA ·S to a second adsorbed intermediate (I ·S) analogous to
pyruvaldehyde, and (3) hydrogenation of the second intermedi-
ate to propylene glycol (PG).

The rate expression for each step shown above can be written
as follows:

Equating the three rates, invoking the site balance,

and eliminating the concentrations of adsorbed intermediates
gives a final, complete rate expression from the mechanism (see
Supporting Information). In order to further simplify the rate
expression, three terms in the denominator of the final rate
expression were eliminated because they added no additional
features to the expression and they introduced additional kinetic
parameters. The final, simplified rate expression is given below
as eq 8.

In this model, GO hydrogenolysis kinetics are thus described
in terms of only three parameters: a pre-exponential factor k0

and activation energy Ea in kf, and an adsorption constant KH

taken as independent of temperature. This rate expression
captures essential features observed in GO hydrogenolysis:
fractional reaction order with respect to GO and hydroxide
promoter, and positive-to-negative reaction order with respect
to hydrogen as hydrogen pressure increases.

The rate expression derived for GO hydrogenolysis does not
contain any information about selectivity to products, even
though historically methane, ethylene glycol, and lactic acid
are noted as byproducts of GO hydrogenolysis to PG. In this
study, the catalyst showed selectivities to PG between 88 and
95% of theoretical over the range of operating conditions, with
byproducts ethylene glycol (2-3%), lactic acid (1-3%), and
alcohols (methanol, ethanol, propanol) (1.5-3.5%) consuming
the remainder of GO. To include formation of these byproducts
explicitly in this model would require an additional rate
expression for each species; such additional complexity is not
warranted because byproduct yields are relatively constant and
it would be extremely difficult to obtain distinct rate expressions
for byproduct formation from solely the outlet concentrations
of those species.

Trickle-Bed Reactor Model
Balance Equations. The trickle-bed model for GO hydro-

genolysis is developed for steady-state operation by assuming
one-dimensional plug flow for the liquid phase.33 The molar
balance for GO is thus given by

where τ is defined as reactor volume divided by liquid flow
rate.

For GO hydrogenolysis in the trickle bed, it is not necessary
to write a molar balance for the gas phase. The significant molar
excess of hydrogen used in reactions (5:1 H2/GO) and the
formation of negligible quantities of gas-phase products (less
than 1% of GO is converted to methane) means that the gas
phase is essentially composed of hydrogen and water at its vapor
pressure over the reacting solution. Thus, gas composition does
not change down the length of the trickle bed. Further, the high
gas-phase pressure (3-12 MPa) results in very small gas
superficial velocities through the reactor (<10 cm/min) and thus
low pressure drop (<10 kPa), and thus gas phase has essentially
no influence on liquid flow in the trickle bed.

The energy balance includes terms for heat generation by
reaction and energy removal by the coolant surrounding the
reactor.

(33) Levenspiel, O. Chemical Reaction Engineering, 3rd ed.; John Wiley
& Sons: New York, 1999.

(34) Smith, J. M. Chemical Engineering Kinetics, 3rd ed.; McGraw-Hill:
New York, 1981.

GO + S [\]
k1

k-1

GA · S + H2 (1)

GA · S + OH- [\]
k2

k-2

I · S + OH- (2)

I · S + 2H298
k3

PG + S (3)

r1 ) k1CGO ·CS - k-1CGA ·SCH2
(4)

r2 ) k2CGA ·SCOH- - k-2CI ·SCOH- (5)

r3 ) k3CI ·SCH2

2 (6)

Ctotal ) CS + CGA·S + CI ·S (7)

r1 )
kfCGOCOH-CH2

2

CGOCOH- + KHCH2

3
(8)

-
dCGO

dτ
) RG (9)

d(FCpT)

dτ
) (-∆HR)(-RG) +

2U0

R
(Tc - T)

(10)
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The overall heat transfer coefficient (Uo) between the catalyst
bed and coolant was taken as 250 J/m2/s/K;34 varying this value
by (20% led to larger variations between predicted and
experimental temperature profiles in the trickle bed, and thus
this value was used for all simulations. The jacket temperature
(Tc) used in the reactor model was taken as the recirculating
oil bath set-point temperature.

It is worth noting that temperature changes in the trickle bed
should be dampened by the phase equilibrium between the
liquid and gas phases. Energy liberated by reaction raises the
liquid phase temperature, but that rise in temperature is offset
by the corresponding increase in water vapor pressure which
forces the energy liberated in reaction to produce more water
vapor to re-establish equilibrium. Thus, for a constant water
mole fraction in the liquid phase and negligible pressure drop
in the reactor, the reactor temperature should be approximately
constant.

Mass Transfer Relationships. In order to properly deter-
mine the global reaction rate (RG) in the trickle bed, gas-liquid
and liquid-solid interphase mass transfer of H2, liquid-solid
mass transfer of GO, and intraparticle mass transport of H2 and
GO in the catalyst must be considered. The hydrogen mass
transfer coefficients kGL,H2

a and kLS,H2
a were taken from the

trickle-bed correlations of Goto and Smith;35 values for the
coefficients vary with conditions but are approximately 0.02/s
and 0.1/s, respectively.

Within the catalyst particles, hydrogen is the limiting reactant
because its concentration (e.g., solubility) in water at the
pressures used in this study is low (0.03-0.1 M) compared to
that of GO (0.5-4.8 M). Even though the liquid-phase
diffusivity of GO is only about one-fifth that of hydrogen, GO
concentration gradients relative to those of hydrogen within the
catalyst particles and between bulk liquid and solid can be
neglectedsan assumption that is valid except perhaps where
GO is nearly fully consumed in the bed, in which case reaction
rates are low and intraparticle diffusion is unimportant anyway.

The effective diffusivity of hydrogen in catalyst particles is
estimated via the random pore model (De,H2

) DH2
·εp

2), where
the particle porosity (εp) is taken as 0.6 from pore volume
measurement and the liquid-phase diffusivity of hydrogen in
GO solution is estimated using the Wilke-Chang equation.36

At the GO hydrogenolysis conditions of this study, the value
of the observable modulus (η�2 ) RG · (dp/6)2/(CH2,S ·De,H2

· (1
- εB)) ranges between 0.02 and 0.35, signifying that there are
only minor mass transport resistances for hydrogen within the
catalyst particles even at the conditions of most rapid reaction
rate. First-order equivalent hydrogen intraparticle effectiveness
factors are greater than 0.88 at those conditions, so we assume
an intraparticle effectiveness factor for hydrogen of unity in all
reactions.

For this system, the concentration profiles of GO and H2 in
and around the catalyst particles in a fully wetted trickle bed
are represented in Figure 2. However, in our laboratory trickle-
bed reactor liquid mass velocities are low under the operating
conditions utilized, and the catalyst in the bed is only partially
wetted.30 To account for the effect of this partial wetting, we

assume that reaction rate (RG, mol GO/m3 reactor/s) in the bed
is a weighted summation of reaction rates occurring in the
wetted and unwetted fractions of the trickle bed. In the wetted
fraction (εW), mass transport resistances across the liquid film
surrounding the catalyst particles must be accounted for as in
Figure 2; hence, the reaction rate expression must include the
hydrogen concentration at the catalyst surface (CH2,S), which is
lower than that in the gas phase (CH2

/ ). In the unwetted fraction,
there is no liquid layer surrounding the catalyst particle, and
thus the hydrogen concentration at the catalyst surface is the
same as in the gas phase (CH2

/ ). The reaction rate is thus given
by

In this partial wetting scenario, the unwetted portion of the
trickle bed can contribute an equal or greater share to overall
reaction rate than the wetted portion, because there is no liquid
layer to inhibit mass transport of hydrogen from gas to the
catalyst particles in the unwetted region. To justify the existence
of reactive liquid in the unwetted particles, it is assumed that
the liquid phase in both wetted and unwetted fractions of the
trickle bed is replenished continuously by the liquid phase
continually changing its path down the bed, and thus reaction
proceeds as described in eq 11.

While counterintuitive at first, the inclusion of reactive wetted
and unwetted portions of the trickle bed is consistent with
observations in actual trickle-bed operation23 for gas-limited
reactions, particularly when scaling up from laboratory to
commercial systems. At the same space velocity, the higher
liquid mass velocities in a large-scale trickle bed result in
complete wetting and greater liquid film thicknesses, which in
turn add resistance to mass transport of gaseous reactant to the
catalyst and result in lower rates per unit catalyst volume. Partial
wetting is considered further in the results presented later in
this paper.

At steady state in the wetted fraction of the bed, hydrogen
flux across gas-liquid and liquid-solid interfaces must equal
the hydrogen consumption rate in the catalyst, resulting in the
following relationships:

(35) Goto, S.; Smith, J. M. AIChE J. 1975, 21, 706–713.
(36) Wilke, C. R.; Chang, P. AIChE J. 1955, 1, 264–270.

Figure 2. Steady-state concentration profiles in the wetted
fraction of the trickle-bed reactor.

-RG ) εw(1 - εB)
kfCGOCOH-CH2,S

2

CGOCOH- + KHCH2,S
3

+

(1 - εw)(1 - εB)
kfCGOCOH-CH2

*2

CGOCOH- + KHCH2
*3

(11)
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These two algebraic equations are used to solve for the liquid
and surface concentrations of hydrogen, CH2,L and CH2,S, at each
location in the reactor.

Solution Method. The GO molar balance and the trickle-
bed energy balance equations were numerically integrated over
the laboratory reactor length using Euler’s method in a program
written in Matlab 7.0. At each point along the reactor length,
the hydrogen liquid-phase concentration (CH2,L) and surface
hydrogen concentration (CH2,S) in the wetted bed fraction were
determined from eq 12 by solving the linear and quartic
equations, respectively, for each variable. Then reaction rate
was calculated at that point, and the step to the subsequent point
was taken. The number of steps ranged from 50 to 200
depending on reaction conditions; in all cases it was verified
that step size was small enough to ensure that the solution
obtained was unaffected by step size.

In the model equations, the wetted fraction of the trickle
bed was taken from the correlation of Al-Dahhan et al.16

Hydrogen partial pressure for each experiment was determined
as the difference between total pressure and the partial pressure
of water at the specified reaction temperature. Hydrogen
concentration (solubility) in water (M) was calculated using a
value of Henry’s law constant of 120 MPa/(kmol/m3) taken
from the Linke compilation.37 All other physical parameters
were estimated from existing correlations;38 values are given
in Table 1.

Results
The reactor model was applied to a large set of steady-state

trickle-bed reactor experiments at a variety of operating condi-
tions (Table 2) to predict outlet GO conversion in each
experiment. The strategy of the modeling exercise was to
identify the set of kinetic parameters ko, Ea, and KH in the rate
expression (eq 8) that minimizes the objective function defined
in eq 13 below (essentially the sum over all 25 experiments of
the square of the differences in square roots of the experimental
and predicted GO outlet concentrations from the trickle-bed
reactor). Because the reaction is only partial order in GO, this
objective function, defined for a one-half order reaction, was
found to lead to the best overall fit of the data at both low and
high GO conversions. To help in the optimization, an initial
value of activation energy Ea, calculated from batch reactor
initial rate data, was used in order to facilitate more rapid error
minimization.

Optimized values of the kinetic parameters are listed in Table
3. A comparison of experimental and predicted outlet GO
conversions for all experiments is given in Table 2 and as a
parity plot in Figure 3. In general, there is good agreement
between predicted and experimental reactor performancesa
remarkable outcome given that only the three kinetic constants
are adjusted and all other constants and coefficients governing
hydrodynamics and mass/heat transfer in the model are taken
straight from literature or textbook correlations. For the
optimized kinetic parameters, the value of the objective function
in eq 13 is 0.123; in simplified terms, the average value of the
absolute difference between experimental and simulated outlet
GO conversion is 0.0455. This difference is independent of
hydrogen pressure and reactor temperature over the ranges
examined, but increases with increasing OH- concentration.
This systematic error could be remedied by inclusion of an
additional kinetic parameter, such as an order “n” with respect
to OH- concentration in the numerator of eq 8, but there is no
mechanistic basis for including such a parameter in the rate
expression. We therefore accept the systematic error related to
OH- in light of maintaining the mechanistic basis and the fewest
possible adjustable parameters in the rate expression.

An example of the experimental and predicted temperature
profiles along the trickle bed at three different inlet temperatures
is given in Figure 4; the model reasonably predicts the mild
exotherms in the trickle-bed reactor over the temperature range
examined. The model can also illustrate species concentration
profiles in the trickle bed; Figure 5 gives predicted GO
concentration profiles as a function of (a) inlet temperature, (b)
liquid feed flow rate, and (c) feed base concentration at
conditions that match those in the experiments identified. Figure
6 compares the experimental and predicted GO conversion on
total reactor pressure; the sharp drop in conversion at the lowest
pressure (2.76 MPa, exp 22) is attributed to low hydrogen partial
pressure because water partial pressure at 463 K is 1.3 MPa, a
significant fraction of the total. The observed drop in GO
conversion as pressure increases above ∼6 MPa is predicted
by the mechanistically based rate expression.

If the rate expression (eq 8) with coefficients from Table 3
is evaluated at 463 K at the reactor inlet (CGO ) 4.6 M; COH-

) 0.28 M; PH2
) 8.3 MPa) and normalized to the catalyst site

(37) Linke, William F. Solubilities, Inorganic and Metal Organic Com-
pounds: A Compilation of Solubility Data from the Periodical
Literature, 4th ed.; D. Van Nostrand: Princeton, NJ, 1958; Vol. 1.

(38) Perry, R. H.; Green, D. W.; Maloney, J. O. Perry’s Chemical
Engineering Handbook; McGraw-Hill: New York, 1997.

Table 1. Physical properties (evaluated at 463 K) and
reactor parameters for trickle-bed model

description unit value

catalyst particle size (dp) m 0.0008
catalyst particle density kg/m3 1400
bed porosity (εB) 0.5
bed depth m 0.27
reactor radius (R) m 0.00635
liquid specific heat (Cp) kJ/kg/K 4.18
liquid viscosity (µL) kg/m/s 0.00014
liquid density (FL) kg/m3 1100
gas viscosity (µg) kg/m/s 1.38 × 10-5

heat of reaction (∆Hr) kJ/kmol -117,000
H2 eff. liquid diffusivity (De,H2

) m2/s 2.0 × 10-8

liquid surface tension (σ) kg/s2 0.043

kGL,H2
a(CH2

* - CH2,L) ) kSL,H2
a(CH2,L - CH2,S)

) (1 - εB)
kfCGOCOH-CH2,S

2

CGOCOH- + KHCH2,S
3

(12)

obj. function ) ∑
i

(√1 - Xi,GO,exp - √1 - Xi,GO,cal)
2

(13)
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density of 1.3 × 10-5 kmol/kg, the resulting turnover frequency
(TOF) is approximately 0.31 kmol H2/kmol metal site/s. This
is a reasonable value for GO hydrogenolysis at these conditions.

Evaluation of Model Assumptions
The trickle-bed model incorporates several significant fea-

tures including a non-isothermal catalyst bed, mechanistically
based intrinsic rate expression, multiple mass transfer resis-
tances, and partial wetting of the catalyst in the trickle bed. Here
we present simplifications of the original model that examine
each of these assumptions to determine if their inclusion in the
model is appropriate. The difference in value of the objective
function given in eq 13 in the original and simplified models is
used as a criterion for the validity of inclusion of each
assumption in the model.

It is noted here that attempts were made to model glycerol
hydrogenolysis with simple nth-order reaction kinetics in
glycerol and hydrogen along with the mass transfer effects.
None of these kinetic models gave a reasonably approximation
of the experimental trickle-bed data. Thus, inclusion of the
mechanistically based rate expression with the observed de-
pendence on glycerol and hydrogen is an integral part of the
modeling process.

Isothermal Catalyst Bed. The reactor energy balance (eq
10) is eliminated for an isothermal catalyst bed, as temperature
is constant at the specified inlet value. The GO molar balance
was integrated via Euler’s method for all experiments, and the
kinetic parameters ko and KH were reoptimized to minimize the

objective function. The new optimized values are KH ) 4.6 ×
104 m3/kmol and ko ) 8.83 × 1010 m6 fluid/kmol/m3 catalyst/s.
With these optimal isothermal bed parameters, the value of the
objective function (eq 13) for the isothermal trickle bed is 0.106,
a value slightly smaller than the value of 0.123 obtained for
the complete model. The average difference between predicted
and experimental GO conversions for the isothermal model is
0.040 vs 0.045 for the complete model. Although the isothermal
model thus appears to fit the GO conversion data slightly better
than the complete model, the fact that it cannot predict
temperature gradients in the trickle bed, which may be important
in an expanded range of operation, makes it less attractive than
the complete model.

It is possible that reactor temperature gradients measured
experimentally (Figure 4) arise in part because of radial heat
transfer resistances, which are not accounted for in the model.
At this point, it is not possible to distinguish the effects of radial
from axial temperature gradients because of limited measure-
ment capabilities.

Fully Wetted Catalyst Bed. The low liquid velocities used
in the experiments necessitate application of the partial wetting
correlation of Al-Dahhan.23 Here we examine the effect of
fractional wetting (εW) of the catalyst bed on outlet conversion.
First, the sensitivity of outlet GO conversion on fractional
wetting was examined by varying εW from 50% to 200% of
the value calculated by Al-Dahhan.23 For outlet GO conversions
above 85%, varying the fraction wetted changed the outlet
conversion by a maximum of 10% (e.g., at a conversion of 85%,
down to 77% for εW of twice its calculated value and up to
92% for εW of half its calculated value). At lower conversion
values, the fraction wetted had a greater effect on overall GO
conversion in the trickle bed, illustrating the importance of
partial wetting in the trickle-bed process.

Table 2. Summary of trickle-bed conditions and results

exp.
number

feed inlet
temp (K)

total pressure
(MPa)

feed flow
rate (mL/h)

NaOH conc.
(M)

experimental glycerol
conversion

predicted glycerol
conversion

1 468 8.27 50 0.58 0.90 0.97
2 464 8.27 50 0.58 0.95 0.98
3 467 8.27 50 0.28 0.81 0.84
4 464 8.27 50 0.14 0.69 0.55
5 475 8.27 50 0.14 0.83 0.75
6 453 8.27 50 0.14 0.46 0.38
7 463 8.27 35 0.14 0.79 0.67
8 463 8.27 25 0.14 0.86 0.81
9 473 8.27 35 0.14 0.87 0.85
10 473 8.27 35 0.14 0.89 0.85
11 453 8.27 50 0.28 0.65 0.58
12 475 8.27 50 0.28 0.94 0.95
13 463 8.27 35 0.28 0.89 0.90
14 463 8.27 25 0.28 0.94 0.97
15 453 8.27 35 0.28 0.75 0.72
16 473 8.27 35 0.28 0.96 0.99
17 453 8.27 25 0.28 0.79 0.85
18 473 8.27 25 0.28 0.98 1.00
19 463 8.27 35 0.28 0.91 0.90
20 463 11.03 35 0.28 0.88 0.83
21 463 5.52 35 0.28 0.91 0.96
22 463 2.76 35 0.28 0.64 0.60
23 463 13.79 35 0.28 0.82 0.79
24 468 13.79 35 0.28 0.91 0.87
25 468 8.27 35 0.28 0.96 0.96

Table 3. Optimized kinetics parameters for rate expression
(eq 8)

description unit value

ko m6 fluid/kmol/m3 catalyst/s 8.26 × 1010

Ea kJ/kmol 86000
KH m3/kmol 4.86 × 104
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To examine the extreme condition of a fully wetted
bed, the overall rate expression (eq 11) is simplified to
contain only the term for the wetted catalyst as shown
below (eq 14).

This fully wetted bed rate expression was inserted into
the reactor equations and the integration/optimization
process was performed over all trickle-bed data. In this
form, the fully wetted particle model significantly under-
predicts outlet GO concentration from the trickle bed at
all but the highest pressure (13.8 MPa) investigated. At
the lower pressures, gas-liquid mass transfer resistance
limits the overall reaction rate in the fully wetted bed,
and the maximum possible reaction rate thus becomes the
maximum gas-liquid mass transfer rate in the bed:
RGL, max ) kGL,H2

aCH2
/ . Assuming this value as constant

throughout the trickle bed, the maximum possible GO
conversion is about 57% at 8.3 MPa pressure (7.5 MPa
H2 pressure), well below the values obtained experimen-
tally. At the highest pressure (13.8 MPa, runs 23 and 24),
the predicted conversions are close to the experimental
values, suggesting that the reaction is moving away from
being hydrogen mass transfer limited in the wetted fraction
at high pressures. Overall, however, the conclusion must
be drawn that the unwetted portion of the catalyst bed
contributes significantly to reaction rate. It is possible that
the actual value of the gas-liquid mass transfer coefficient
is significantly larger than that predicted by the correlation
of Goto and Smith, and thus the bed could be nearly fully
wetted and giving the observed conversions; however, that
notion is inconsistent with the literature and the correla-
tions used for both wetting and mass transfer.34

Further, the substantial body of literature on trickle-bed
reactors15-23 clearly indicates that partial wetting of the catalyst
bed plays a significant role in determining trickle-bed behavior

Figure 3. Parity plot of experimental versus predicted GO conversion.

Figure 4. Predicted vs experimental temperature profile in trickle bed. Inlet temperature: 453 K (exp 6): (s) - simulation, ()) -
experiment; 463 K (exp 7): (- - -) - simulation, (0) - experiment; 473 K (exp 9): (s) - simulation, (4) - experiment. Conditions: 8.27
MPa, liquid feed rate 35 mL/h, 0.14 M NaOH.

-RG ) (1 - εB)
kfCGOCOH-CH2,S

2

CGOCOH- + KHCH2,S
3

(14)
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at low-flow conditions. The question of how the unwetted
portion of a trickle-bed reactor contributes to reaction, as
assumed here, seems difficult at first to reconcile. We make
the assumption that the pore volume of all catalyst particles in
the bed are filled with liquid and that the bulk liquid flowing
over part of the catalyst is continuously changing its path along
the trickle bed. Thus, while only a portion of the catalyst is
wetted at any instant, the particular portion wetted changes
continuously. When catalyst particles are wetted, the liquid

inside them exchanges reactants and products with the bulk
liquid, hence facilitating reaction when again unwetted. This
continuous liquid replenishing of the unwetted region from bulk
liquid appears a reasonable first approximation of characterizing
partial wetted trickle beds and avoids the major challenges
associated with attempting to model bed hydrodynamics.

Gas-Liquid Mass Transfer Coefficient Sensitivity Analy-
sis. The hydrogen gas-liquid mass transfer coefficient kGL,H2

from the correlation of Goto and Smith34 was varied from 50%

Figure 5. (a) Simulated GO concentration profiles in trickle bed for different inlet temperatures. (s) - 453 K (exp 15); (- - -) - 463
K (exp 13); (s) - 473 K (exp 16). Conditions: 8.27 MPa, liquid feed rate 35 mL/h, 0.28 M NaOH. (b) Simulated GO concentration
profiles in trickle bed for different liquid feed flow rates: (s) - 50 mL/h (exp 4); (- - -) - 35 mL/h (exp 7); (s) - 25 mL/h (exp 8).
Conditions: 8.27 MPa, 463 K, 0.14 M NaOH. (c) Simulated GO concentration profiles in trickle-bed reactor at different NaOH
concentrations: (-) - 0.58 M (exp 2); (- - -) - 0.28 M (exp 3); (s) - 0.14 M (exp 4). Conditions: 8.27 MPa, 464 K, liquid feed rate
50 mL/h.
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to 200% of its calculated value and inserted into the partial
wetted trickle-bed model. Over the full range of experimental
conditions, the outlet GO conversion varied by less than five
percentage points over the range of kGL-H2

investigated. This
outcome is partially explained by the fact that the reaction rate
(eq 8) is weakly or even negatively dependent on hydrogen
concentration (CH2,S) at the catalyst particle and also by the fact
that the unwetted portion of the trickle bed makes a substantial
contribution to overall reaction rate.

Conclusions
Experimental data of GO hydrogenolysis in a laboratory-

scale trickle-bed reactor have been described with a one-
dimensional, non-isothermal trickle-bed reactor model involving
a mechanistically based kinetic rate expression, intraparticle
mass transport, interphase mass transport, and partial wetting
of the catalyst bed. The model is fit to the experimental data
by optimizing values of the kinetic constants in the rate
expression. The rate expression predicts rate dependencies on
GO and H2 that vary significantly in order, depending on
particular experimental conditions, indicating that the interplay
between mass transport resistances, fractional wetting of catalyst,
and observed reaction rate is complex. Axial temperature
gradients are small (<10 °C) yet play a role in the trickle bed,
and the unwetted portion of the bed contributes significantly to
overall reaction rate. Accounting for all complexities and
assumptions, the model reasonably predicts the outlet conversion
of GO from the trickle bed.
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NOMENCLATURE
CGA ·S adsorbed glyceraldehyde intermediate concentration (kmol/

m3 fluid)

CGO glycerol concentration (kmol/m3 fluid)

CH2
hydrogen concentration in liquid (kmol/m3 fluid)

CH2
/ liquid phase concentration of hydrogen in equilibrium with

gas phase (kmol/m3 fluid)

CH2,L hydrogen concentration in bulk liquid phase (kmol/m3 fluid)

CH2,S hydrogen liquid phase concentration at catalyst surface
(kmol/m3 fluid)

CI ·S adsorbed intermediate concentration (kmol/m3 fluid)

COH- base concentration (kmol/m3 fluid)

Cp specific heat of solution (kJ/kg/K)

CS vacant site concentration on catalyst surface (kmol/m3 fluid)

Ctotal total site concentration on catalyst surface (kmol/m3 fluid)

dp catalyst particle diameter (m)

De,H2
hydrogen effective diffusivity (m3 fluid/m cat/s)

Ea activation energy in kf (kJ/kmol)

∆HR heat of reaction (kJ/kmol)

kf rate constant (m6 fluid/kmol/m3 catalyst/s)

kGL,H2
a hydrogen gas-liquid interfacial mass transfer coefficient (m3

fluid/m3 reactor/s)

k0 pre-exponential coefficient of kf (m6 fluid/kmol/m3

catalyst/s)

kSL,H2
a hydrogen solid-liquid interfacial mass transfer coefficient

(m3 fluid/m3 reactor/s)

KH constant in rate expression (m3/kmol)

k1, k-1 dehydrogenation rate constants (m6/m3 catalyst/kmol/s)

k2, k-2 dehydration rate constants (m6/m3 catalyst/kmol/s)

k3 hydrogenation rate constant (m9/m3 catalyst/kmol2/s)

r1 dehydrogenation rate (kmol/m3 catalyst/s)

r2 dehydration rate (kmol/m3 catalyst/s)

r3 hydrogenation rate (kmol/m3 catalyst/s)

R reactor radius (m)

RG observed (global) consumption rate of hydrogen and glycerol
(kmol/m3 reactor/s)

t time (s)

T temperature (K)

Tc coolant jacket temperature (K)

Uo overall heat transfer coefficient, J/m2/K/s

XGO glycerol conversion at trickle bed outlet

εW fraction of bed wetted

εB bed porosity (m3 void/m3 reactor)

F fluid density (kg/m3)

τ trickle bed residence time (m3 reactor · s/m3 fluid)
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Figure 6. Effect of pressure on outlet GO conversion from
trickle-bed reactor. (s) - simulation; (9) - experiment. Condi-
tions: 463 K, liquid feed rate 35 mL/h, 0.28 M NaOH.
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