AIChE

Hydrogenation of Dimethyl Oxalate to Ethylene Glycol on a
Cu/Si0,/Cordierite Monolithic Catalyst: Enhanced Internal
Mass Transfer and Stability

Hairong Yue, Yujun Zhao, Li Zhao, Jing Lv, Shengping Wang and Jinlong Gong, and Xinbin Ma
Key Laboratory for Green Chemical Technology of Ministry of Education, School of Chemical Engineering and
Technology, Tianjin University, Tianjin 300072, China

DOI 10.1002/aic.12785
Published online November 2, 2011 in Wiley Online Library (wileyonlinelibrary.com).

The design and application of a CulSiO,-based monolithic catalyst for hydrogenation of dimethyl oxalate (DMO) to
ethylene glycol (EG) is presented. The catalyst was dip-coated on cordierite with highly dispersed Cu/SiO, slurry prepared
by ammonia evaporation method. This structure guarantees high dispersion of copper species within the mesopores of silica
matrix in the form of copper phyllosilicate. The catalyst is low cost, stable, and exhibits high activity in the reaction of
hydrogenation of DMO, achieving a 100% conversion of DMO and more than 95% selectivity to EG. Notably, STY g over
the monolith is significantly enhanced compared to the packed bed Cu/SiO; catalysts in both forms of pellet and cylinder. It
is primarily due to the relatively short diffusive pathway of the thin wash-coat layer and high efficiency of the active phase
derived from the monolithic catalyst. Theoretical results indicated that the internal mass transfer is dominated on the
catalysts of pellet and cylinders. Moreover, the monolithic catalyst possessed excellent thermal stability compared to the
pellet catalyst, which is attributed to the regular channel structure, uniform distribution of flow. © 2011 American Institute

of Chemical Engineers AIChE J, 58: 2798-2809, 2012
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Introduction

Ethylene glycol (EG) is an important chemical used in a va-
riety of industrial applications. Recognized uses of EG are in
the areas of antifreeze,' polyester fiber, and polyester resins,
as well as the manufacture of asphalt emulsion paints, heats
transfer agents, brake fluids and solvents. For the past decade,
there has been an increasing interest in the development of
catalyst for reforming of EG to hydrogenz_4 and electro-oxi-
dation of EG to alcohol fuel cells.> At present, ethylene oxida-
tion is a universal industrial process to produce EG. However,
as a result of the depletion of petroleum resource as well as
the constantly increased demand of EG,*’ synthesis of EG
from syngas (e.g., derived from coal, natural gas, and bio-
mass) has become considerably significant and attracted
numerous interests. The indirect synthetic process includes
the coupling of CO with methanol (to form dimethyl oxalate
(DMO)) and subsequent hydrogenation to EG.* While a
number of investigations have been reported on the first reac-
tion, this article focuses on the design and utilization of mono-
lithic catalysts for hydrogenation of DMO to EG.

Selective catalytic hydrogenation of DMO involves sev-
eral reactions. The reaction (i) is the first step of hydrogena-
tion of DMO, in which intermediate methyl glycolate (MG)
is formed
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CH;00CCOOCH; + 2H, — CH;00CCH,0H
+CH;OH  AH = —30.03kJ/mol (i)

The followed reaction (ii) is hydrogenation of MG to tar-
get product EG

CH;00CCH,0H + 2H, — HOCH,CH,0H
+CH;0H  AH = —28.70kJ/mol (ii)

Along with main reactions, a couple of side reactions also
occur. EG can be deeply hydrogenated to ethanol, and the
formed ethanol reacts with EG leading to the formation of 1,
2-butanediol (1, 2-BDO)

HOCH,CH,OH + H, — C,H50H + H,0
AH = —87.20kJ/mol  (iii)

HOCH,CH,0H + C,HsOH — HOCH,CH(OH)CH,CHj;
+H,0 AH = —61.17kJ/mol  (iv)
The overall reaction for synthesis of EG is shown as follow

CH;00CCOOCH; + 4H, — HOCH,CH,0H + 2CH;0H
AH = —58.73kJ/mol  (v)

Hydrogenation of DMO has been previously carried out in
both homogeneous and heterogeneous systems based on
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noble-metal catalysts, such as Ru'®"? and Ag.13 However,
these homogeneous catalysts are expensive and suffer from
separation issue.”'* Therefore, developments of inexpensive
catalysts have attracted increased attention recently.7’13_17
Among them, copper-based catalysts are active for vapor-
phase hydrogenation of oxalates to EG.'#20 Copper sites are
considered to be active for the selective hydrogenation of
carbon-oxygen bonds and relatively inactive for the hydroge-
nolysis of carbon-carbon bonds.'® Different carriers (e.g.,
SiO,, Al,O3, ZnO, and La,03) for Cu-based catalysts were
studied,>’* among which Cu/SiO, catalysts afforded the
highest yield of EG in both hydrogenation of DMO?** and
diethyl oxalate® due to weak acidic and basic properties of
SiO,. Recently, mesoporous materials such as hexagonal
mesoporous silica (HMS)'*'®!'7?* and SBA* have been
used as supports for the reaction. It has been reported that
strong acidic sites induce the intermolecular dehydration of
EG to ethanol, whereas strong basic sites catalyze the Guer-
bet reaction leading to the formation of 1, 2-BDO.%° Both
products diminish the selectivity to EG. Various synthetic
techniques, such as ammonia evaporation (AE), ion
exchange, sol-gel, deposition precipitation, and impregnation
have been wused to fabricate silica-supported copper
catalysts.”'>*> Notably, the AE method could effectively
disperse copper species on the supports (e.g., silica).

Compared with the traditional packed-bed reactor, the
monolithic catalyst has several inherent advantages such as
high-transport rates of heat and mass per unit pressure drop,
high surface area to volume ratios, small transverse tempera-
ture gradients and ease of scale-up.”’>° It has been widely
used in treating the exhaust from gasoline powered vehicles,
catalytic oxidation of VOCs, removal of NO, from lean burn
and diesel engines, power plant, and furnace exhaust gases
for the last two decades.”® ™ The monolith reactor consists
of a large number of long, narrow channels in parallel
through which reacting fluid flows and the catalyst is depos-
ited in the form of thin wash-coat on the monolith channel
wall. 24 Furthermore, they are commercially available
and can resist high temperatures, and the process of coating
with catalyst layer is technological developed.37 Catalyst pel-
lets (e.g., 40—60 mesh) have shown a high activity, but suffer
from the problems of catalyst strength and pressure drop
over the catalyst bed. Likewise, extruded ¢2 x 2 and ¢3 x
3 mm cylindrical catalysts alleviated the problem caused by
pressure drop and enhanced the catalyst strength, but they
exhibited a lower activity because of diffusion limitation.
Thus, monolithic catalysts have been employed to reduce the
influence of internal diffusion and radically solve the contra-
diction between the granular sizes and bed resistance.

Here, we develop a method, directly uploading Cu/SiO,
catalyst on the cordierite monolith, to prepare a Cu-SiO,/
Cordierite monolithic catalyst for synthesis of EG. The Cu/
SiO, catalyst powder was prepared by the ammonia evapora-
tion method and dispersed in solvent to form slurry. Subse-
quently, cordierite monoliths were dip-coated in the Cu/SiO,
slurry, followed by drying and calcination. This monolith
catalyst has been thoroughly characterized by TEM, XRD,
N, physisorption and TPR, and tested in a continuous mono-
lithic fixed bed reactor under realistic conditions as a func-
tion of reaction temperature, space velocity, and thickness of
coating layer. We have compared the behavior of the cata-
lysts by varying the configuration (i.e., monolith or packed
beds), and experimental conditions such as space velocity.
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The internal diffusions of the monolith, pellet, and cylinder
catalysts have been calculated using a criterion of Wheeler-
Weisz group®®* to value the internal diffusion effect.***' In
addition, the thermal stability of these catalysts was also
investigated in reaction conditions.

Experimental
Catalyst preparation

Cylindrical cordierite monoliths (acquired from Corning;
15 mm dia., square channels, 45 mm length, 400 channels
per square inch (CPSI)) were wash-coated with catalyst layer
by the dip-coating method. Specifically, the slurry was pre-
pared from catalyst powder and deionized water with a
weight ratio of 3:5. After wet-milling of the catalyst powder
for 10 h, the dried monolith was dipped into the slurry for a
few minutes until all air bubbles inside the channels were
removed. Subsequently, the monolith was withdrawn from
the slurry and the residual liquid inside the channels was
removed by flushing thoroughly with pressurized air and
then dried at room temperature for 24 h. Upon dryness, the
procedure was repeated until the proper loading was
achieved. Finally, the monolith was calcined in air at a rate
of 5 K/min up to 673 K, and this temperature is kept for 4 h
to obtain the Cu/SiO, monolith catalysts. The prepared
monolith weighed 3.4 ~5.3 g, and the wash-coat content
amounted to 7-40 wt % of the monolith weight. The copper
content was analyzed by inductive coupled plasma optical
emission spectroscopy (ICP-OES) after digestion of the sam-
ples in HNO; aqueous solutions. In all cases, the copper
loading was ~20 wt % with respect to wash-coat and
~1.0-8.0 wt % to the monolith. The experimental uncertain-
ties are estimated to be ~5%.

Cu/SiO, powder was prepared by the AE method
described briefly as follows. A certain amount of
Cu(NO3),-3H,0 and 25 wt % ammonia aqueous solution dis-
solved in deionized water were mixed and stirred for 10
min. Silica sol was then added to the copper ammonia com-
plex solution and stirred for 6 h. The initial pH of the sus-
pension was 11-12. All the aforementioned operations were
performed at room temperature. The suspension was heated
in a water bath preheated to 353 K to allow for the evapora-
tion of ammonia, the decrease of pH, and the consequent
deposition of copper species on silica. When the pH value of
the suspension decreased to 6-7, the evaporation process was
terminated. The filtrate was washed with deionized water
three times, and dried at 393 K for 4 h to obtain the catalyst
powder.

Pellet (40-60 mesh, size 250-350 pm) and cylindrical (¢2
x 2 mm and ¢3 x 3 mm) Cu/SiO, catalysts were prepared
by pressing or extrusion. The catalyst powder was calcined
in static air at 673 K for 4 h, pressed, crushed, and sieved or
extruded to the desirable size. The obtained monolithic and
molded samples were denoted as CuSi/monolith, CuSi/40—
60, ¢p2CuSi/cylinder, and ¢3CuSi/cylinder, respectively.

Catalytic activity tests

Our catalytic reactivity system (monolithic fixed-bed
MRCS8004B System) (shown in Figure 1) consists of a con-
tinuous-flow stainless steel reactor (15 mm i.d. and 350 mm
length) inside a horizontal furnace with a temperature con-
troller. The gas distributor has been equipped at the entrance
of the reactor to ensure a uniform gas distribution. The mon-
olithic Cu/SiO, catalysts were placed in the middle of the
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Figure 1. Monolith structure and the monolith reactor
flow setup of MRCS8004B system.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

tube and tightly fitted to the wall of the stainless steel reac-
tor to avoid channeling. The reaction testing was carried out
upon the reduction of catalyst in hydrogen atmosphere at
623 K for 4 h. The reactant (20 wt % DMO (99.9% purity)
in methanol (AR purity) solution) was injected from the top
of the reactor through a high-pressure pump (LabAlliance
Series II pump) with a system pressure of 2.5 MPa. Catalytic
performance was tested at 473 K. For comparing with the
monolithic and molded catalysts, the liquid hourly space ve-
locity (LHSV) of DMO was varied from 0 to 20.3 gpmo
gCufl h~'(for short h™!). The reaction products were con-
densed and analyzed on an Agilent Micro GC 6820 with an
HP-INNOWAX capillary column (Hewlett-Packard Co., 30
mx0.32 mmx0.50 um) equipped with a flame ionization
detector (FID). Main byproducts include ethanol, methyl gly-
collate, and 1, 2-butanediol. To ensure repeatability, 4-8 sep-
arate GC samples were taken and the results were averaged
for each experimental data point, and uncertainties were typ-
ically within 3%.

Additionally, for comparison purpose, the monolithic cata-
lyst was crushed and sieved to pellet size (200 um <size
<350 um), named crushed CuSi/Monolith. The pellets were
diluted and packed (e.g., with a height of 45 mm) in a fixed
bed reactor with the same diameter as that used for the
monoliths (15 mm i.d). The catalytic packed bed was tested
under the same reaction condition as that of the structured
catalyst to determine the role of geometrical configuration of
the catalyst.

The CuSi/40-60, ¢2CuSi/Cylinder and ¢3CuSi/Cylinder
catalysts were also tested in a fixed-bed reactor. To keep the
same bed height with respect to the crushed monolith, these
catalysts were mixed with quartz sand pellets, which is inert
for hydrogenation of DMO.

Stability measurements of catalyst were evaluated via the
comparison of reactivity of as-prepared catalyst (e.g., 473 K)
and that upon thermal treatment (e.g., 623 K) at a DMO
LHSV of 10.0 h™".

Catalyst characterization

Textual properties of the catalysts were determined by
nitrogen adsorption method following the ASTM-4365 stand-
ard using a Micromeritics Tristar IT 3000 analyzer instrument
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at the boiling temperature of liquid nitrogen. Before analysis,
the samples were degassed at 573 K for 4 h in vacuo. Pore-
size distribution was estimated by the Barrett-Joyner-
Halenda (BJH) method from the desorption branches of the
adsorption isotherms, and the specific surface areas were cal-
culated from the isotherms using the BET method. Mercury
intrusion porosimetry (MIP) tests (Autopore IV, Micromerit-
ics) was used to characterize porosities and tortuosity factor
of the calcined catalysts. The expression for calculating the
tortuosity factor (derived by Carniglia42 using Fick’s first
law of diffusion) is calculated directly from equation
T= (223 = L13V;0p,)(0.92(3 3 5)). Tt is related to the
total pore volume (Vi), bulk densny (pp), BET surface area
(S), changes in pore volume within a pore-size interval
(AV)), average diameter within a pore-size interval (d;), and
pore-shape exponent (¢).

The morphology of the monolithic catalysts cut along the
profile was examined by a Philips XL-30 scanning electron
microscopy (SEM) at 20.0 kV. A Polaron SC500 ion sputter-
ing gun was used for deposition of gold film with thickness
of 250 A onto the samples to enhance electric conductivity.
Transmission electron microscopy (TEM) images were
obtained using a Philips TECNAI G2 F20 system electron
microscope at 100 kV equipped with a field emission gun.
The sample powder retrieved from the CuSi/40-60 and the
wash-coat of CuSi/monolith was dispersed in ethanol by ul-
trasonic. Drops of the suspension were applied onto a copper
grid-supported transparent carbon foil and dried in air.

TPR was carried out on a Micromeritics Autochem II
2910. Catalyst of 100 mg was loaded into a quartz tube and
dried in an argon stream at 393 K for 1 h before the reduc-
tion. The catalyst was then heated in 30 mL/min of 5% H,-
Ar at a heating rate of 10 K/min up to 1073 K. A thermal
conductivity detector (TCD) was employed to determine the
amount of hydrogen consumption during the run.

The specific surface area of metallic copper was measured
by the adsorption and decomposition of N,O using the pulse
titration method described in the literature.'>* Briefly, 100
mg of catalyst sample was reduced in 5% H,-Ar at 623 K
for 4 h and cooled to 363 K. Then 15%N,O-Ar was intro-
duced at a rate of 30 mL/min for 2 h, ensuring that surface
Cu atoms were completely oxidized according to the reac-
tion 2Cu(s) + N,O—Cu,0(s) + N,. The quantity of chemi-
sorbed N,O was measured by a hydrogen pulse chromato-
graphic technique on a Micromeritics Autochem II 2910
equipped with a TCD. Hydrogen pulse reduction of surface
Cu,0 to metallic copper was conducted at 623 K to ensure
that the chemisorbed N,O on the copper surface immediately
reacted with hydrogen gas introduced from the pulse loop.
Hydrogen pulse-dosing was repeated until the pulse area no
longer changed. The consumed amount of hydrogen was the
value obtained by subtracting the small area of the first few
pulses from the area of the other pulses. The specific area of
metallic copper was calculated from the total amount of
hyzdlr&gfn consumption with 1.46 x 10" copper atoms per
m-."

XRD measurements were performed using a Rigaku C/
max-2500 diffractometer employing the graphite filtered Cu
Ko radiation (4 = 1.5406 A) at room temperature. The parti-
cle size of copper was calculated by X-ray broadening tech-
nique using the Scherrer’s equation. Data points were
acquired by step scanning with a rate of 12 /min from 20 =
10" to 20 = 90'.
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Figure 2. lllustration and morphology of CuSi/Monolith
catalyst.
(a) scheme of monolith catalyst, (b) SEM images of a
monolith channel, and (c) cross-sectional cordierite

monolith wash-coated with Cu/SiO2 catalyst, and (d)
TEM image of calcined wash-coat layer.

Mass-transfer calculation

In order to determine the effect of mass transfer with dif-
ferent pellet/cylinder sizes and/or wash-coat thickness, it is
essential to estimate the internal mass-transfer resistance.
Reaction engineering parameters have been studied for the
mass-transfer effects during the reaction regarding external
(solid interface) and internal diffusions (pore) using the Car-
berry number®® and Wheeler-Weisz*5>° (W-W) group (17(,{)2).

The absence of the external mass transfer cannot be ruled out
experimentally, but it can be evaluated using Carberry number
(Ca),**4¢ which is the ratio of observed reaction rate (ropg,
mol s~* gcafl) to maximum mass-transfer rate (rmax.;)

Fobs _ Tobs
- 0
Fmaxi  kgas(C7 — C7)

ey

Cag =

Where k, is the gas—solid mass-transfer coefficient with a unit
of mg3 mg 2 s as is the external catalyst specific surface
area, m?> gil; and C; is the bulk concentration of a reactant or
product, mol m>.When the value of the Carberry number is
less than 0.05, the reaction is not limited by the external gas—
solid mass transfer and the effect of the external mass transfer
of the reactant on the reaction rate can be neglected.*'*"4*

Most mass-transfer correlations in the literature are
reported in terms of the Colburn J factor (i.e., Jp) as a func-
tion of the Reynolds number (Re = p, uR/u = 65-90), and
the Schmidt number (Sc¢ = u/pgDB',-).4 Both Re and Sc are
relative with the linear velocity u# (0.005-0.02 m s7h, and
the viscosity (py) of gases

D .
k, = %501/3 Re/p 2)

Dwidevi and Upadhyay reviewed a number of mass-trans-
fer correlations for both fixed and fluidized beds and arrived
at the following correlation, which is valid for gases (Re
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>10) in either fixed or fluidized.”*!

between Jp and the Reynolds numbers is

The relationship

>=3

1 /0.765
(3 ®

0.365 >
Re0-386
The W-W group has been reported*'*7°** to investigate
the influence of internal diffusion. When the value of 11(]52 is
less than 0.1, the effect of the internal mass transfer of the
reactant on the reaction rate can be neglected.ss’56 Here, we
calculate the internal mass-transfer parameters of the mono-
lith catalyst to examine the internal diffusions and its influ-
ence. The W-W group is defined as follows

2
2 ropsR

= 4)
ne Doy C; (

R represents the diameter of pellet and cylindrical cata-
lysts.***! For the monolithic catalyst, the thin coating of Cu/
SiO, catalyst on the wall of cordierite square monolith chan-
nels, observed by SEM in Figure 2, is considered to be slabs.
Therefore, R represents the thickness of the coating layer (esti-
mation using scanning electron microscopy) for the monolithic
Catallyst.41 The parallel pore model proposed by Wheeler is a
general relationship between the effective diffusivity (D),
and the pore diffusivity (Dp) via the porosity of the solid®®

&
Deff,i = ;Dp (5)

Where ¢ is the porosity and t is the tortuosity factors,
which can be measured by BET method and mercury poro-
simeter, respectively. The diffusion coefficient (Dp) in the
pores can be determined as a combination of the Knudsen
diffusion coefficient (Dg) and the bulk diffusion coefficient
(DB,,»).40 For equimolar counter diffusion, the two diffusiv-
ities can be combined using the Bosanquet formula®’ to give
the diffusion coefficient in the pore.

1 1 1

B 6
Dy DK+DB,i ®

The Knudsen diffusion coefficient depends on temperature,
molar mass of the diffusing species, and pore dia. (dp)29

| T
Dk = 48.5d, i @)

The bulk diffusion coefficient for a multicomponent mix-
ture can be computed from, for example, the relationship
proposed by Poling et al.>®

1 1 Xy,
Dg: 1 ;_l ®)
B,i —Ji j=2 ij
3 1
1 x 10737 { 11 } h
D; = . ©
v M; M;

Pﬁzwﬁﬂzv%r

For the nonideal properties of the materials in practice,
the average pore size, porosity, and tortuosity factor need to
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Figure 3. TEM images of the reduced and used CuSi/40-60 and CuSi/Monolith samples: (A) Reduced CuSi/Mono-
lith; (B) Reduced CuSi/40-60; (C) Used CuSi/Monolith; (D) Used CuSi/40-60.

(The used is after stability experiment).

be determined experimentally. Therefore, the mean values of
pore diameter and tortuosity factor were used for the effec-
tive diffusivity calculation.

Results
Morphology

Textural characteristics of wash-coated CuSi/Monolith cat-
alysts were observed by SEM, as shown in Figure 2. The
monolithic catalyst consists of honeycomb monolith channels
whose walls were covered with a thin coating of porous Cu/
SiO, catalyst (Figure 2b), which was dip-coated on the sur-
face of the cordierite monolith with a certain thickness (Fig-
ure 2c¢).

TEM image for the wash-coat of the calcined CuSi/Mono-
lith catalyst (Figure 2d) indicated that small copper nanopar-
ticles were well-dispersed in the SiO, matrix. Figure 3A and
3B are TEM images of reduced and used samples of CuSi/
monolith and CuSi/40-60 samples. The black spherical par-
ticles attributed to Cu species demonstrated that the morphol-
ogy of copper phyllosilicate disappeared to some extent after
reduction.” The Cu nanoparticles remained small after reduc-
tion and were not easily observed with regular shape in both
reduced CuSi/monolith and CuSi/40-60 samples. However, in
the TEM images of the used CuSi/monolith (Figure 3C) and
CuSi/40-60 (Figure 3D) catalysts, the copper species agglom-
erated to large particles compared to the reduced samples.

Textural properties
Figure 4 shows the pore-size distribution (PSD) curves of
CuSi/monolith, CuSi/40-60, and ¢2CuSi/cylinder catalysts.

2802 DOI 10.1002/aic

Published on behalf of the AIChE

1 . i

Isotherms of the catalysts are also displayed for comparison.
BET surface area, pore volume, and average pore diameter
were summarized in Table 1. All three catalysts have com-
parable surface areas and pore diameter. The narrow PSD
curves derived from desorption branch show that pores at
about 2.0 and 10.0 nm are major contributors to the total
pore volume. The mean pore size of CuSi/monolith catalyst
changed slightly from 7.2 nm to 7.4 nm compared to the
CuSi/40-60 catalyst. Additionally, the BET specific surface

0.018 —
—&— CuSi/40-60 5
—8— CuSi/Monolith &
||~ ®— ¢2CuSi/Cylinder E
< 3
< 0,012 8
o 5
= g
£ a3
& L
ure
5 0.006- i
=
o
0.000 -
10 100 1000

Pore Diameter (A)

Figure 4. Pore-size distribution of CuSi/monolith (H),
¢2CuSi/Cylinder (®), and CuSi/40-60 (A), cal-
culated applying the BJH method to the de-
sorption isotherm.

The inset shows the N, adsorption/desorption isotherms.
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Table 1. Textural Parameters of CuSi/Monolith, CuSi/40-60, and ¢2CuSi/Cylinder Catalysts

Surface Mean pore Cu loading Cu Scu’ Tortuosity
Catalyst Area (mz/g) diameter® (nm) (%) dispersion % CuO/(Cu0+CuI) m? g’l factor?
CuSi/40~60 483 7.2 19.3% 20.7 0.21 25.8 141
CuSi/Monolith® 502 74 19.0% (7.0%)° 20.5 0.21 25.6 1.37
¢2CuSi/Cylinder 387 6.3 19.3% 19.3 0.20 24.1 1.63
¢$3CuSi/Cylinder 389 6.0 19.3 17.2 0.18 21.2 1.72

* Determined by BJH pore size distribution of N, adsorption.

® The textural parameters of CuSi/Monolith based on the catalyst wash-coat layer (thickness of 35 ym).
¢ Cu on the wash-coat layer and monolithic catalyst is 19.0% and about7.0%, respectively; the bare cordierite does not contain Cu.

4 Measured by mercury porosimeter.
¢ Determined by N,O surface oxidation; S¢,: metallic surface area.

area (502 m>-g~") and pore volume (0.93 cm®g~") enlarged
slightly for the CuSi/monolith catalyst, which may be due to
the smaller and sphere ball-milled catalyst particles in the
wash-coat. Nevertheless, these differences in surface area
were not deemed significant considering experimental uncer-
tainties. Therefore, the textural properties of the washcoat on
the monolith catalyst remained nearly unchanged upon the
ball-milling and coating process.

Figure 4 and Table 1 also show a comparison of the textural
parameters of CuSi/Monolith and ¢$2CuSi/cylinder catalysts.
The mean pore size of ¢2CuSi/cylinder was slightly smaller
than CuSi/40-60 catalyst, while the BET specific surface area
and mean pore diameter decreased to 387 m*-g~' and 6.0 nm,
respectively. This could be ascribed to the mechanical molding
process. The accessible surface copper atoms (determined by
N,O chemisorptions), which contributes mainly the catalytic
performance,'® are comparable on the four types of catalysts.
The fraction of Cu® (Cu dispersion %) (see Table 1) was found
to be lower than Cu’/(Cu™ + Cu®) for all the catalysts. This
result indicates that small amounts of CuO species (ca. 3-5%)
was wrapped up, and could not be reduced in this condition.
The tortuosity factor increased with the pellet/cylinder sizes,
suggesting that textural properties of the catalysts become
complicated upon extrusion.

TPR measurements were performed to investigate the
reducibility of both CuSi/monolith and CuSi/40-60 samples
calcined at 623 K (Figure 5). The CuSi/monolith sample dis-
played a sharp reduction peak centered at 558 K, while the
CuSi/40-60 catalyst showed a higher reduction temperature.
The copper in the structure of copper phyllosilicate is hard

538K

H, consumption (a.u.)

CuSi/Monolith

__CuSil40~60

T T T T T T T
300 400 500 600 700 800 SO0 1000 1100

Temperature (K)
Figure 5. Temperature programmed reduction profiles

of catalysts: CuSi/monolith (solid line) and
CusSi/40-60 (dashed line).
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to be reduced.”” Highly dispersed copper species on silica
supports have been well documented to be more readily
reduced than bulk cupric oxide.'> The lower reduction tem-
perature of CuSi/monolith with respect to the CuSi/40-60
catalyst is probably due to relatively weak interaction
between Cu and SiO,, or the Cu species in the wash-coat
relatively weakly bound with hydrogen. In addition, the
reduction profiles of both catalysts are sharp and almost
symmetrical, indicating a narrow distribution of particle size.

Figure 6 showed XRD patterns of calcined and reduced
CuSi/monolith and CuSi/40-60 samples. It has been reported
that diffractions peaks at 35.4 and 38.7 correspond to CuO
(tenorite), and the feature at 21.8" can be ascribed to silica.’
For both calcined catalysts shown in Figure 6A, diffraction
peaks for copper species were not observed, indicating that
Cu was highly dispersed on SiO, and/or in an amorphous
nature.'” Clearly, the comparison also reveals the morphol-
ogy of copper phyllosilicate in the wash-coat keep intact
upon the ball-milling process.””®® For XRD patterns of the
reduced catalysts (Figure 6B), strong diffraction peaks
around 35.8 ascribable to the Cu,O(111) plane (JCPDS 05-

Intensity (a.u)

Intensity (a.u)

Intensity (a.u)

v ‘ —— —r—
10 20 30 40 50 60 70 80 90
26 (Degree)
Figure 6. XRD patterns of the (A) calcined, (B) reduced

and (C) used (a) CuSi/monolith and (b) CuSi/
40-60 catalysts.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Reaction conditions: P = 2.5 MPa,

0667), while the diffraction peaks at 43.3°, 50.4" and 74.1°
are characteristic of Cu species (JCPDS 04-0836).” No CuO
species observed on the both samples suggests that CuO was
completely reduced to Cu,O and Cu’ or highly dispersed in
silica.”' The corresponding particle sizes of about 36 A for
Cu,0 and 24 A for Cu were estimated based on the Scherrer
equation. Comparatively, XRD patterns of the used catalysts,
as shown in Figure 6C, are fairly different. Both the Cu,O
and Cu peaks of CuSi/40-60 catalyst are stronger than those
of the CuSi/monolith, indicating that the crystal particle sizes
of Cu (90 A) and Cu,0O (51 A) are larger compared to the
used CuSi/monolith sample (49 A for Cu and 42 A for
Cu,0). This result agrees with the observation based on
TEM characterization. It further suggests that the CuSi/
monolith catalyst could slow the migration and inhibit sinter-
ing of Cu,O and Cu particles under reaction and thermal
treatment conditions.

Catalytic activities

Vapor-phase hydrogenation of DMO comprised several
continuous reactions, including DMO hydrogenation to MG,
MG hydrogenation to EG, and deep hydrogenation of EG to
ethanol.'> Moreover, byproducts of 1, 2-butanediol (1, 2-
BDO) and 1, 2-propanediol (1, 2-PDO) could also be gener-
ated from the dehydrogenation reaction between EG and
ethanol or methanol.**¢"

Blank experiments showed that bare cordierite monolith
was not active for the reaction. Comparing CuSi/monolith
catalyst with that of the same catalyst smashed to pellets
(250-350 pm), the former outperforms the packed bed in all

T = 473 K H,/DMO = 80 mol/mol.

the space velocity ranges (in Figure 7). Additionally, the
CuSi/monolith catalyst also outperformed CuSi/40-60,
achieving the highest total space time yield STYgg of 8.0
gEG'gCuil'hil (Table 2). The lower maximum STYgg for
the CuSl/40 60 could be attributed to the internal diffusion
limitation.*® Additionally, lower conversion and selectivity
of ¢2CuSi/cylinder and ¢3CuSi/cylinder catalysts could be
also attributed to the internal diffusion limitations. Internal
diffusion could become rate-limiting at high-space velocity
for the ¢2CuSi/cylinder and ¢3CuSi/cylinder catalysts,
which have a longer diffusion path vs. the CuSi/monolith.
The longer diffusion path leads to the calculated values of
nd)z for DMO, EG and MG greater than 0.1 (discussed later
in section of mass-transfer calculation). DMO conversion
and STYgg for the crushed CuSi/monolith catalyst were
comparable to the CuSi/40-60 but lower than CuSi/monolith
catalyst, which indicates that the monolithic structure could
enhance the catalytic activity effectively. More importantly,
the highest EG selectivity was obtained on the CuSi/mono-
lith catalyst, which would be an advantage for industrial pro-
duction.

Effect of wash-coat thickness

Since the thickness of the wash-coat layer is a crucial fac-
tor for the internal mass transfer of monolith,*% and could
control the total reaction ratf:,64 the monolithic catalysts with
different wash-coat thickness were investigated. As shown in
Table 3, the trend of DMO conversion and EG selectivity
first increased with an increase of wash-coat thickness at the

LHSV of 16 h™!, and then decrease when the wash-coat

Table 2. Catalytic Performance for Hydrogenation of DMO to EG over CuSi/Monolith, CuSi/40-60 and Cylindrical Catalysts

Selectivity (%)

Conversion (%)

Catalysts STYeG 266 eu " h! LHSV® h™! DMO EG MG Ethanol 1,2-BDO
CuSi/40~60 6.3 13.7 95.4 92.8 5.1 1.1 0.9
$2CuSi/Cylinder 4.6 10.2 94.2 91.9 4.5 1.9 1.7
®3CuSi/Cylinder 2.6 6.3 93.8 83.4 12.0 3.3 1.9
CuSi/Monolith 8.0 16.0° 99.6 95.3 3.0 0.9 0.8

@ Reaction conditions: T = 473 K, P = 2.5 MPa, H,/DMO = 80.

STYgc represents the space time yield of EG, grams of EG per gram copper of catalyst per h.
“For the comparison with bed packed catalysts, the calculations of LHSV based on the weight of copper on the CuSi/monolith catalyst (35 um thickness, 7.0 wt

% Cu).
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Table 3. Catalytic Performance and Calculated Wheeler-Weisz Group of Reactants and Products on the Monolithic Catalysts

with Different Wash-Coat Thickness

Wash-coat Reactant Product
Thickness (um) H, DMO EG MG Et 1,2-BDO
Wheeler-Weisz Value 5¢? 7 1.0x10°* 3.1x1073 23%1073 27x1073 1.0x10°* 1.0x10°*
21 1.0x1073 2.8%x1072 2.1x1072 2.5%1072 2.0x107* 3.0x107*
28 1.8x1073 5.0x1072 3.7x1072 44%x1072 3.0x107* 40x107*
35 29%107° 7.8%x1072 5.7%x1072 6.9%1072 5.0x107* 6.0x107*
40 3.7x1073 1.0x107! 7.4%x1072 9.0x1072 6.0x10°* 7.0x107*
Selectivity and 7 - 78.1 74.7 242 0.3 0.4
Conversion ( % ) 21 - 96.4 81.9 17.1 0.4 0.5
28 - 99.0 90.5 8.0 0.6 0.7
35 - 99.6 95.3 3.0 0.9 0.8
40 - 99.4 94.7 2.7 1.3 1.1

# Condition: P = 2.5 MPa, T = 473 K, H,/DMO = 80 mol/mol, LHSV = 16 h '

thickness was higher than 35 pum. The yield of EG (in Figure
8) at LHSV of 16 h™' was linearly increased with an
increase in the wash-coat thickness and almost in parallel
with the Cu mass concentration for the thickness lower than
40 um. The slight difference may contribute to the concen-
tration gradient in the wash-coat when the thickness was 10—
150 um.%® The results indicate that the copper mass concen-
tration contributed to the conversion of DMO and yield of
EG. The decrease in activity is probably due to the internal
mass-transfer limitation when the wash-coat thickness
exceeded 35 pm. Therefore, under investigated condition,
the optimal wash-coat thickness was about 35 um.

Stability test

Stability and heat resistance test was performed over
reduced CuSi/monolith and CuSi/40-60 catalysts at 473 K
with a DMO LHSV of 10 h™! and a H,/DMO ratio of 80 (in
Figure 9). Both catalysts demonstrated good stability since
DMO conversion remained at 100% and selectivity of EG at
95% in the first test of 96 h. However, the catalytic perform-
ance under identical reaction conditions for CuSi/monolith
and CuSi/40-60 catalysts after thermal treatment at 623 K
for 24 h was significantly different. The initial DMO conver-
sion (ca. 86%) and EG selectivity (ca. 83%) of the CuSi/40-
60 catalyst were obtained, lower than those of the CuSi/
monolith (90% DMO conversion and 86% EG selectivity).
After 160 h, the DMO conversion was declined obviously,
followed by a decrease in EG selectivity. In contrast, the
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Figure 8. Yields of EG and Cu loading with different
layer thickness of CuSi/monolith.

Reaction conditions: P = 2.5 MPa, T = 473 K H,/DMO
= 80 mol/mol, LHSV = 16 h™ ",
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thermal stability was notably enhanced over the CuSi/mono-
lith catalyst, which demonstrated stable DMO conversion
and EG selectivity for ~120 h before deactivation. More-
over, we notice that the shape of CuSi/monolith is almost as
perfect as the fresh one after long-term test and heat treat-
ment.

Mass-transfer calculation

As shown in Table 4, the Carberry numbers of all the
reactants and products are much smaller than 0.05, which
indicates that the mass transfer of the reactants from the gas
bubbles to the catalyst surface has a negligible influence on
the reaction. Theoretically, the flow profile will be fully
developed before entering the catalyst bed in our reactor.
The flow development length (L,), calculated using the hy-
draulic diameter (D;) and the Reynolds number (Re),5%¢ is
found to be very short (ca. 40-60 mm), which is much
smaller than distance (200 mm) between the flow entrance
and top of the catalyst bed. Therefore, the fully developed
flow will be beneficial for the external mass transfer in the
catalyst bed.

In a heterogeneous catalytic system, internal mass-transfer
resistance results from the diffusion of molecules within the
porous materials. However, the film thickness in the square
channels is hard to calculate atccurately.67’68 Therefore, the
thin catalyst layer used in this work was approximate to be a
porous slab.
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Figure 9. Stability tests with CuSi/monolith and CuSi/
40-60 catalysts.
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Table 4. Calculated Wheeler-Weisz Group and Observed Reaction Rate for Reactants and Products on CuSi/Monolith, CuSi/
40-60 and Cylindrical Catalysts

Reactant Product

catalysts H, DMO EG MG Ethanol 1,2-BDO
CuSi/Monolith Tobs (Mol s~ ' g™ 1) 3.9%1073 1.9%1073 1.8x107° 1.9%1073 2.6x107° 23%x107°
ne* 29%107° 7.8x1072 5.7%x1072 6.9%1072 5.0x107* 7.0x107*

Ca 7.1x107° 1.5x1073 1.3x107° 9.2x107* 3.1x107* 25x107*

CuSi/40~60 Tobs (Mol s~ g™ 3.6x107? 1.9x1073 1.8x107° 1.81x107? 24x107° 22x107°
ne? 8.1x1073 3.2x107! 3.0x107! 27%107" 1.7x1073 29x%1073

Ca 3.6x107* 24x1073 2.0x107° 1.4x1073 5.1x1074 3.9%x107*

¢$2CuSi/Cylinder Tops(mol s ' g™ 1) 2.8x1073 1.4x1073 1.3x1073 1.3x1073 1.8x107° 2.6x107°
ne* 3.9%107! 1.1x10" 8.8 9.4 6.4%1072 8.3x1072

Ca 9.4x107° 7.5%1073 8.1x1073 6.1x1073 2.0x1073 1.1x1073

¢3CuSi/Cylinder Tobs (Mol s ' g™ 1) 1.5x1073 7.5%107* 6.4x107* 6.7x107* 1.0x107° 1.3x1073
no? 8.6x107" 2.4x10" 1.9x10' 2.1x10" 12x107" 1.6x107"

Ca 1.3%x107% 3.6x1073 7.4%1072 53%x107° 1.6x1073 8.9%10~*

# Reaction condition: P = 2.5 MPa, T = 473 K, H,/DMO = 80 mol/mol.

The calculated values for mass transfer over the mono-
lithic catalysts with different thickness are listed in Table 3.
It is noteworthy that the W-W value (n¢)2) for the reactants
on the CuSi/monolith are all significantly lower than 0.1,
implying the internal mass transfer is negligible. It agrees
with the results reported by Oh et al.,>* and Hayes et al.”>%
that the molecular diffusion in the wash-coat does not affect
the reaction rate, when the thickness is lower than 50 ym. In
our case, the wash-coat thickness of the monolith is within
this range. However, the calculated W-W value of CuSi/
monolith catalyst with 40 um thickness of wash-coated is
0.102, slightly greater than the critical value 0.1, which indi-
cates the effect of mass transfer on the reaction rate would
not be negligible. It is in accordance with the results of cata-
Iytic activities tests shown in Table 3 and Figure 8 that the
conversion of DMO and STYgg of monolithic catalyst with
thickness of 40 um is lower than that of 35 um.

On the other hand, the calculated W-W value of DMO,
EG, and MG for the CuSi/40-60, ¢2CuSi/cylinder, and
¢3CuSi/Cylinder catalysts are all greater than 0.1, implying
that the internal mass transfer influences the reaction rate in
different degrees. Apparently, the n¢? for the cylinder cata-
lysts are significantly greater than 0.1; thus, internal mass-
transfer resistances could be the main reason for their lower
activity. Therefore, the calculated results proved that using
the monolithic catalyst could effectively reduce the limita-
tion of internal mass transfer and guarantee the hydrogena-
tion of DMO in the kinetic region under these conditions.

Discussion
Reactivity and mass transfer

The originality of the higher conversion and STYgg over
the monolithic catalyst compared to the packed bed are not
fully understood. Improved efficiency for mass transfer is
crucial to obtain higher conversion and STYgg. Therefore,
several advantages of monolithic catalyst could account for
the better performance, such as the better flow distribution,
shorter diffusion pathway, and higher efficient utilization of
the active phase.

Uniform distribution of flow in a multiphase reactor is im-
portant for enhancing conversion and STY?’ because of no
catalyst bypassed by the gas and less dead zones, which are
more likely to occur in packed beds.”” The distribution of
gas phase, studied in detail by using various techniques,‘w’71
are general uniform inside monoliths. Once the uniform gas
(distributed by gas distributor) enters the monolith channels,

2806 DOI 10.1002/aic
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there is no further redistribution occurring inside.’’ A uni-
form flow distribution avoids detouring flow and dead zones,
and ensures efficient utilization of the catalyst in the mono-
lith,*® and thus improves the conversion of DMO and
STYkG.

The nature of diffusion pathway suggested by The Weisz-
Weisz modulus is a dominate factor accounting for the dif-
ferent catalytic performances between monolith and packed
bed systems. The Wheeler-Weisz group based on a combina-
tion of effectiveness factor and the Thiele modulus does not
represent accurately the results, although it would provides
an estimate of the extent of wash-coat diffusion limitations.*
Shorter diffusion paths in the monolith wash-coat induce the
reactants and formed EG diffusing through the porous of
wash-coat more readily from the catalytic sites and back into
the gas phase.”>° Indeed, this hypothesis is supported by
the different trends of DMO conversion and STYgg between
monoliths and packed beds (shown in Table 4 and Figure 7).
The DMO conversions and STYgg over monolith and
packed beds are comparable in low-space velocity ranges,
where smaller amount of produced EG are obtained. When
the space velocity and the product of EG per unit volume
increase, the inhibition by EG and other products involved is
more relevant and, hence, the difference of conversion
between monolith and fixed beds is more apparent. Even for
the CuSi/40-60 sample, the surface layer of Cu-containing
species is probably still too thick to be fully used compared
to that in the wash-coat layer. It leads to the calculated ;1(/)2
of DMO (0.32) and EG (0.30) over CuSi/40-60 pellects are
much higher than that on CuSi/monolith and higher than the
limit value of 0.1. Likewise, for both the ¢2CuSi/cylinder
and ¢3CuSi/cylinder catalysts (with calculated 5¢> for DMO
of 10.52 and 23.69, respectively), diffusion paths are compa-
rably longer and the inhibiting effect of reactants and prod-
ucts increased signally, resulting in a small diffusivity. Fur-
thermore, because of greater diffusive resistance, formed EG
is more difficult to diffuse out from the active sites, thus, it
was deeply hydrogenated to ethanol and 1, 2-butane-
diol.”'>7% 1t has shown that the reaction rate of the cylindri-
cal catalysts is seriously limited by the internal mass transfer
and, thus, the conversion and STYgg are much lower.

Stability

Copper-based catalysts are extensively studied due to their
excellent catalytic performance in many reactions. However,
poor lifespan and thermal stability are the major drawbacks

September 2012 Vol. 58, No. 9 AIChE Journal



for silica supported copper catalysts because they are signifi-
cantly deactivated by sintering."”>’*7® A way to estimate
onset sintering temperature is based on the Tamman and
Hiittig temperature,77 where Trunman 1S the temperature at
which atoms in the bulk will start to diffuse and Tyyig iS
that when atoms at defects will become mobile. Both tem-
peratures can be approximated by the following semiempiri-
cal equation: Trymman = 0.5 X Tieiing and Tguig = 0.3 X
Tneiting- At the reaction conditions used in this work, the
reaction temperature for attaining 100% conversion of DMO
is 473 K, which is higher than the Hiittig temperature of Cu
(TMelting,Cu = 1356 K; TMelting,Cu2O = 1508 K; THﬁtting,Cu =
407 K; Thiing,cuzo = 452 K) but lower than the Tamman
temperature (TTumman,Cu = 678 K; TTamman,CuO = 754 K).
Hydrogenation of DMO is a highly exothermic reaction sys-
tem. From the thermodynamic analysis of main reactions,
the AH, of the overall reaction is 58.7 kJ/mol. The corre-
sponding adiabatic temperature (AT) at the 473 K is about
35-56 K at the different reaction LHSV. Therefore, it would
be a significant challenge to enhance thermal stability of the
catalysts.

Stability tests for the CuSi/monolith and CuSi/40-60 cata-
lysts shown in Figure 9 indicated that the stability of the CuSi/
monolith is superior to that of the CuSi/40-60 catalyst, espe-
cially after the high-temperature treatment. Generally, uniform
flow distribution could accelerate the heat dispersed evenly in
a monolith reactor,”’ particularly in an exothermic reaction.
Monolith structure is essentially a single structure with thin,
vertical, parallel channels, separated from each other by
walls.®” In addition, the monolith could provide a regular
channel structure for wash-coating catalyst, which favors the
removal of reaction heat and consequently prevents the Cu
nanoparticles from migrating and sintering. Moreover, it has
been reported that the interaction between Cu and silica can be
enhanced by forming copper phyllosilicate (Cu,Si;Os(OH),),
also called chrysocolla.59 For the CuSi/monolith catalyst, the
copper species in the chrysocolla were dispersed not only by
SiO, but also the separated walls of cordierite, which may
reduce the possibility of aggregation of Cu species during
reaction after the high-temperature heat treatment. Addition-
ally, the faster heat transfer would increase the selectivity of
EG, whereas a high selectivity of byproducts (MG, ET, 1, 2-
BDO) could be resulted at the higher temperature.

From the compared XRD patterns (Figure 6), the particle
sizes of Cu grew up from 24 A t0 49 A and of Cu,O from
36 to 42 A for CuSi/monolith catalyst upon usage, while Cu
from 26 A to 90 A and Cu,O from 39 to 51 A for the CuSi/
40-60 catalyst. Apparently, Cu particles grew more readily
than Cu,O due to the lower Tamman and Hiittig tempera-
tures for Cu compared to Cu,0. Indeed, the similar tendency
of sintering was also observed on TEM images (Figure 3).
He et al.,15 and Yin et al.”® reported that a oscillation of the
copper chemical state runs through the course of the DMO
catalytic hydrogenation. The Cu” species on the catalyst
surfaces under working conditions may be oxidized to Cu*
(the oxidation state +2 could also be occasionally reached)
via the carbonyl oxygen atoms of the substrates (DMO,
MG), and then reduced back to Cu’ by hydrogen or active
hydrogen species present on the surface.'” For highly dis-
persed Cu-SiO, in the cordierite, the unique structure and
uniform flow distribution of the CuSi/monolith system could
play an important role in stabilizing small copper particles
during the frequency of copper valence transition and then
significantly retarding the growth of copper particles. There-
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fore, we could conclude that the CuSi/monolith could even-
tually mitigate the sintering of Cu and Cu,O nanoparticles.

It is worth noting that the radial thermal transmission is a
serious issue inside the monolith, since the channels are sep-
arated by the channel walls no radial mixing occurs.”’
Nevertheless, this defect can be solved by increasing the
height-diameter ratio and gas-space velocity because of
lower pressure drop in the monoliths.

Conclusions

We have presented an investigation regarding the hydro-
genation of DMO to EG in a structured catalytic reactor con-
sisting of Cu supported on silica-coated monoliths. The
CuSi/monolith catalyst possesses not only the morphology of
copper phyllosilicate, but also a regular channel structure,
which makes the copper highly dispersed and remained
anchored within the silica matrix. These features render the
catalyst with high activity and stability for the reaction of
hydrogenation of DMO, achieving a 100% conversion of
DMO and 95% selectivity of EG. In comparison with packed
bed of Cu/SiO,, CuSi/monolith exhibits substantially higher
conversion and STYgg, with lower pressure drop that are
attractive for industrial applications. We also presented evi-
dence indicating that the mass-transfer resistances could be
solved in the engineering scaling up, because the mass trans-
fer could negligible over CuSi/monolith catalysts. Stability
test of the CuSi/monolith catalyst showed excellent catalytic
performance at the reaction temperature and heat resistance
at the 623 K. This work illustrates that the monolithic cata-
lyst could be an excellent candidate for production of EG
via hydrogenation of DMO in practice.
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Notation

n$p> = Weeler-Weisz group, dimensionless
apparent reaction rate, mol L' s~'
thickness of wash-coat or diameter of the pellet and cylindrical
catalysts, m

u = the linear velocity through catalyst bed, m s~

Tobs

1

Re = Reynolds numbers
Sh = Sherwood number
Sc¢ = Schmidt number

Jp = Colburn J factor

D), = hydraulic diameter, m
L, = the flow development length (m), Ly = 0.03DyRe
AT = corresponding adiabatic temperature, K

Dy = efflective diffusion coefficient in the pores of the catalyst, m>
S

concentration of specie i at the bulk of catalyst bed, mol m™

the diffusion coefficient in the pores, m? s

Dy = the Knudsen diffusion coefficient, m? s~ !

the bulk diffusion coefficient of specie i, m* s~

d,, = pore diameter of the catalyst, m

= reaction temperature, K

M; = the molar mass of the diffusing specie i, kg/mol

3

o0
I

1

~
|

y; = the molar percentage of the diffusing specie i, dimensionless
D;; = binary diffusion coefficient, m? s~
P = reaction pressure, pa
V; = the mean free path of the diffusing specie i, nm
W = catalyst weight, kg
V, = catalyst volume, m?
i

species, i = Hy, DMO, EG, MG, Ethanol, 1, 2-BDO
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Greek letters

‘s:r;abe-\CDm

porosity of porous medium, dimensionless
= void fraction (porosity) of catalyst bed, dimensionless
tortuosity factor, dimensionless
= gas density, kg m >
molecular viscosity, kg m ' s~
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