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Hydrodechlorination of 1,2-dichloroethane on Pd-Ag alloys was used as a test reaction

in order to study mass transfer in carbon xerogel supports. The selected supports were
obtained from evaporative drying and pyrolysis of resorcinol-formaldehyde aqueous gels.
Since the pore texture of these materials can be tailored through the adequate choice of
the gel synthesis conditions, the maximum pore size of the supports was fixed at 10 X 10~°
m, 30 X 10~° m (mesoporous supports), or 70 X 10~° m (macroporous support). One
Pd-Ag/activated carbon catalyst was also prepared for comparison. Diffusional limita-
tions in mesoporous xerogels and in the active charcoal were highlighted by catalytic
measurements with pellets of increasing size (< 1.125 X 10~ m); the effectiveness factor
of the catalyst decreases when the pellet size increases. On the contrary, it remains equal
to 1 for the macroporous support, whatever the pellet size, which shows that diffusional
limitations can be completely avoided by choosing an appropriate pore size range. © 2006
American Institute of Chemical Engineers AIChE J, 52: 2663-2676, 2006
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Introduction

Since their introduction by Pekala,! carbon materials issued
from drying and pyrolysis of organic gels have been the subject
of many studies,? and their use as catalyst support was consid-
ered on several occasions.> Carbon xerogels are materials ob-
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tained from evaporative drying and pyrolysis of organic gels.
In particular, resorcinol-formaldehyde aqueous gels lead to
carbon materials whose texture can be adjusted within a very
wide pore size range by choosing correctly the values of the
synthesis variables.*® Exclusively microporous, micro-meso-
porous, or micro-macroporous carbons can be produced de-
pending on the pH and the dilution ratio of the starting resor-
cinol-formaldehyde aqueous solution. When the dilution ratio,
that is, the solvent/reactants molar ratio, is fixed at 5.7, gels
synthesized with pH values between 5.50 and 6.25 lead to
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Table 1. Textural Parameters of Supports and Catalysts

SgET Vous Vp VHg vy W0.max Ps Pp Pn €p €n

(m’kg™")  (m’kg™H (m® kg™ (m® kg™ (m® kg™ (m) (kgm™?) (kgm?) kgm™) (=) ()
Sample + 5 X 10° = 0.01 X 107> £0.05 X 107* £ 005X 1072 £ 01 X 1073 £5X 1077 20 + 20 +20 *=0.02 *0.02
(a) Before Impregnation
X-525 640 X 10° 026X 107% 118 X 107° 172X 1073 211073 70%x107° 2210 400 1400 072 0.36
X-570 585X 10° 0.25 X 10°° 1.14X 1072 082X 1073 1.14°%x1073 30x107° 2190 630 1420 0.56 0.35
X-625 600 X 10° 025X 107% 041 X 1073 —= 041°x 1072 10X 107° 2200 1150 1420 0.19 0.35
NC45 970 X 10° 040X 107* 043X 1072 020X%X 103 0.6 X 1073 — 1950 870 —< 020 —°
(b) After Impregnation
X-525-C 125X 10° 0.05x107* 087 x10°? 1.72 X 1073 1.8xX1072 70x107%  1520¢ 400 1400 0.71  0.07¢
X-570-C 335X 10° 0.15X 1073 095X 1072 082X 107> 095°x 1073 30x107° 18104 640 1420 053 0.21¢
X-625-C 130 X 10>  0.06 X 107* 023 x 10°? — 0.23°x 1072 10x 1077  1550¢ 1160 1440 0.19  0.09¢
NC45-C 810 X 10° 030X 1072  032x107° 020x 1073 0.5x 1073 —c 16304 870 —c 020 —°

“Not measurable.

°+ 0.05 X 1077 m® kg™" (micro-mesoporous sample whose total pore volume V. is equal to V,,).

“Not pertinent.

9The difference observed between the support and the catalyst is due to the blocking of pores by metal particles.

micro-mesoporous carbon materials whose pore volume and
maximum pore size increase as the synthesis pH decreases.> At
pH lower than 5.50, the carbon obtained after evaporative
drying and pyrolysis under nitrogen flow at 1073 K is micro-
and macroporous and loses its mechanical properties at very
low pH. When the pH exceeds 6.50, the material obtained is
totally non porous. The pH range leading to micro-mesoporous
materials can be shifted to larger or lower values by the
presence of additives.®'° The drying step can also be performed
by convective air-drying,”-® which makes the process simple
and feasible at the industrial scale. The porous carbon materials
can be designed as monoliths of various shapes, pellets, or
powder.

The ability to control at will the pore size in carbon xerogels
is certainly an advantage compared to classical active char-
coals, whose textural parameters are mainly fixed by the origin
of the raw material. Indeed, active charcoals are produced from
the pyrolysis of natural sources like wood, coal, nutshells, or
fruit pits, and the pore texture obtained after thermal treatment
strongly depends on the nature of the precursor. This can lead
to reproducibility problems in terms of pore texture, surface
properties, and even chemical composition; one of the prob-
lems of using carbons derived from agricultural by-products is
the variability in feedstock, resulting in limited control over
pore sizes and volumes. Moreover, active charcoals are gener-
ally microporous, with low macropore or mesopore volumes,!
which often induces diffusional limitations during catalytic
processes. On the contrary, the presence of large amounts of
meso- or macropores should minimize diffusion limitations
inside carbon supports synthesized by the sol-gel process, and
these supports could be designed according to the considered
reaction. In addition, these carbon materials possess a very
good mechanical strength and monoliths of various shapes can
be easily produced.

The aim of this article is to study mass transfer inside carbon
xerogels during a well-known chemical reaction and to show
that it is possible to completely eliminate diffusional limita-
tions inside the catalyst pellets provided that the carbon xerogel
texture is adequately adjusted through an appropriate choice of
synthesis variables values. Indeed, the texture control of the
carbon xerogel via the synthesis variables of the resorcinol-
formaldehyde gel enables us to choose the carbon texture
precisely. In a previous study,'? a micro-mesoporous carbon
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xerogel was used as support for Pd-Ag catalysts designed for
chlorinated alkanes hydrodechlorination reactions. These cata-
lysts were prepared by wet impregnation with a solution con-
taining metal nitrates, water, and nitric acid. Pd-Ag/carbon
xerogel catalysts proved to be efficient for the selective hydro-
dechlorination of 1,2-dichloroethane into ethylene when the
global Ag content was equal to 1.5 wt.% or higher, the Pd
content being fixed at 1.5 wt.%. The same reaction-catalyst pair
was chosen to study mass transfer in carbon xerogels supported
catalysts.

Experimental Procedures

Synthesis of Pd-Ag catalysts supported on carbon
xerogels and activated charcoal

The synthesis process of carbon xerogels was extensively
described elsewhere.> The selected supports for Pd-Ag/carbon
xerogel catalysts were obtained from evaporative drying and
pyrolysis of three aqueous resorcinol-formaldehyde gels with
fixed dilution ratio (solvent/reactants molar ratio = 5.7) and
resorcinol/formaldehyde molar ratio (R/F = 0.5), and three
different starting pH values. The pH was fixed at 5.25, 5.70,
and 6.25, respectively, with NaOH solutions. The aqueous gels
obtained after gelation and aging during 72 h at 358 K were
then dried by vacuum evaporation without any pre-treatment.
After drying, the gels were pyrolyzed at 1073 K under nitrogen
flow in a tubular oven. The fourth support chosen was an
activated carbon, CECA Acticarb NC45. The pore texture of
the carbon supports was deduced from the analysis of the
nitrogen adsorption-desorption isotherms and from mercury
porosimetry. The main texture parameters are listed in Table 1
and discussed below.

The supports were crushed and sieved between 1.250 X
1072 and 1.000 X 10> m. The pellets were then impregnated
by immersion in aqueous nitric acid solutions containing var-
ious amounts of AgNO; and Pd(NO,),.H,O. The previous
study conducted on carbon xerogels as Pd-Ag catalysts sup-
ports'? showed that, while Pd and Ag can form solid solutions
in any proportion, the Ag atomic content in the alloy particles
is limited to about 50%; the Ag in excess is deposited on the
carbon surface as pure Ag particles that quickly become inac-
tive during the hydrodechlorination reaction due to the forma-
tion of AgCl.'* The metal concentrations of the various im-

August 2006 Vol. 52, No. 8 AIChE Journal



Table 2. Solutions Composition

Solution Composition
Catalyst HNO;* (cm?®) H,O (cm®) Pd(NO;), * H,O (g) AgNO; (g)

X-525-C 7.7 2.3 0.1564 0.1138
X-570-C 7.7 2.3 0.2706 0.1969
X-625-C 7.7 2.3 0.7845 0.5706
NC45-C 7.7 2.3 0.7642 0.5558

“Solution 69% in water.

pregnating solutions were thus calculated so that the nominal
content was equal to 1.5 wt.% for both metals. Four AgNO;,
aqueous solutions and four Pd(NO;),.H,O in nitric acid solu-
tions with various metal salts concentrations were first pre-
pared. Then 7.7 cm® from each solution containing
Pd(NO;),.H,O in aqueous nitric acid (69 wt.%) was added to
2.3 cm’® of the corresponding AgNO; aqueous solution. The
final composition of an impregnation solution devoted to the
corresponding support is reported in Table 2. Carbon pellets (4
g) were immersed in the corresponding solution for 24 h. The
samples were then filtered in order to remove the excess of
solution and dried under flowing air at ambient temperature for
24 h. The drying process was completed by vacuum drying (24
h, 423 K). After drying, a small part of each sample to be used
for characterization was reduced for 3 h in flowing H, at 623 K
(H, flowrate: 0.025 mmol s~ ', heating rate from room temper-
ature to 623 K: 350 K h™"). The main part was crushed again
and sieved in order to obtain four samples of each catalyst with
decreasing mean pellet size. The meshes of the sieves were
1.250, 1.000, 0.710, 0.500, and 0.250 X 10~* m wide.

Samples designation

The supports are denominated as follows throughout the
article: for carbon xerogels, the letter X is followed by the pH,
multiplied by 100, of the precursors solution of the original gel;
the active charcoal is referenced as NC45. A C is added to
distinguish the final Pd-Ag catalyst, and the lowest of the two
mesh widths is given at the end when needed. For example,
X-625 is the carbon support issued from drying and pyrolysis
of a resorcinol-formaldehyde gel synthesized at pH = 6.25, and
X-625-C-250 is the corresponding Pd-Ag catalyst after impreg-
nation, drying, and reduction treatments, crushed and sieved
between 0.250 and 0.500 X 107> m. In the case of X-625-C, a
fifth sample corresponding to powder (pellet size < 0.250 X
1072 m) was also tested. This particular sample is referred to as
X-625-Cp.

Sample characterization

The pore texture of supports before impregnation as well as
Pd-Ag/C catalysts was characterized by the analysis of nitrogen
adsorption-desorption isotherms performed at 77 K with a
Sorptomatic Carlo Erba 1900 instrument. The analysis of the
isotherms was performed according to the methodology pro-
posed by Lecloux'# and provided the BET specific surface area,
SgeT, the micropore volume calculated by the Dubinin-Radush-
kevich equation, Vg, and the pore volume calculated from
the adsorbed volume at saturation, Vo The maximum pore
width, wg .. that is, the pore width limit under which smaller
pores represent 95% of the total pore volume, was deduced
from pore size distributions provided by the Broekhoff-de Boer
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method'* in the case of micro-mesoporous carbon xerogels.
The Broekhoff-de Boer method was applied to the adsorption
branch of the isotherm. In the case of samples containing
macropores (X-5.75, NC45, and the corresponding catalysts),
mercury porosimetry was used to measure the pore volume
corresponding to pores larger than 7.5 X 10~° m. Indeed, the
pore volume calculated from the adsorbed volume at saturation
is very imprecise or incomplete when the solid contains macro-
pores (pores larger than 50 X 10~° m). In this case, the total
void volume V, is calculated from the combination of nitrogen
adsorption-desorption and mercury porosimetry measure-
ments'> (Eq. 1):

Vv = VDUB + chm<7.5nm + VHg (1)

where Vs takes into account pores of width lower than 2 X
10~ m (micropores), Vi, 18 the specific pore volume measured
by mercury porosimetry, and V,,—7s,m 1S the cumulative
volume of pores of width between 2 X 10~ °m and 7.5 X 10~°
m determined by the Broekhoff-de Boer theory. Moreover,
since intrusion without crushing occurs when the carbon ma-
terials chosen are submitted to mercury porosimetry, the pore
size distribution of pores larger than 7.5 X 10~° m and W0 max
were deduced from the Washburn theory'®!” (applied to the
intrusion of mercury with increasing pressures). For standard-
ization reasons, the pore volumes and specific surface areas are
expressed in m® kg~ ' and m* kg~ ', respectively, and not in cm®
¢ ' and m? g~ ! as usual.

The bulk density of the pellets, p,, was measured by mercury
pycnometry, and the skeletal density, p,, was obtained from
helium pycnometry measurements. Again, these parameters
were measured before and after impregnation.

Actual metal contents were determined by inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES). Metal
particles were examined by X-ray diffraction (XRD), transmis-
sion electron micrography (TEM), and CO chemisorption.!8.1°
Details about the specific procedures used can be found else-
where!?; the combination of these three techniques enabled us
to obtain the metal particles size as well as their bulk and
surface composition.?°

Catalytic tests

The 1,2-dichloroethane consumption rate was measured with
each catalyst at 473, 523, 573, and 623 K and at 0.3 MPa. Each
temperature step lasted 3 h; then the temperature was decreased
to 573 K again and data were collected for 5 more hours. The
measurements were repeated with the four pellet sizes for every
catalyst.

The feeding section of the kinetic measurement device was
constituted of two gas lines for H, and He, whose flowrates
were adjusted with Brooks mass flowrate controllers. 1,2-
dichloroethane was supplied in liquid phase with a Gilson
piston pump. A loop located in the oven upstream from the
reactor ensured the vaporization of CH,CI-CH,CI. The stain-
less steel tubular reactor with an internal diameter of 10~ > m
and a length of 0.2 m was placed in a convection oven whose
temperature was controlled and programmed. The temperature
within the reactor was measured with a thermocouple slipped
in a stainless steel sheath immersed in the catalyst bed. A
pressure controller operating a compressed air valve located

DOI 10.1002/aic 2665



downstream from the reactor regulated the total pressure. Feed
gas flows were kept constant by mass flow controllers: 0.459
mmol s~ helium and 0.025 mmol s~ ' hydrogen. The 1,2-
dichloroethane flow was equal to 0.012 mmol s~ '. These
conditions ensure that no external mass transfer limitations
occur.?!

The catalytic bed was constituted of 0.2 X 10> kg of
non-reduced Pd-Ag/C catalyst pellets. Prior to the measure-
ment, the catalyst was reduced in situ; under flowing hydrogen
(0.025 mmol s ') and at a pressure of 0.125 MPa, the catalyst
was heated from room temperature to 623 K at a rate of 350 K
h™! and was maintained at 623 K for 3 h.

The effluent of the reactor was analyzed by gas chromatog-
raphy with a flame ionization detector (FID). Although this
analysis method theoretically enabled us to measure 1,2-di-
chloroethane, ethylene, and ethane concentrations, only C,H,
and C,H, concentrations were used in this study due to the too
large imprecision of CH,CI-CH,Cl concentration measure-
ments; indeed, since 1,2-dichloroethane is liquid at room tem-
perature, condensation could occur in the pipes before injection
in the FID device.

Results
Catalysts characterization

The nitrogen adsorption-desorption isotherms corresponding
to the raw supports and to the final catalysts after impregnation,
drying, and reduction treatments are shown in Figures la and
1b, respectively. The raw supports X-625 and X-570 are micro-
mesoporous (combination of type I and type IV isotherms),
whereas X-525 is micro-macroporous (combination of type I
and type II isotherms). The active charcoal NC45 displays a
type I isotherm (microporous solid) with a very small hyster-
esis corresponding to a few mesopores (type IV isotherm). The
textural parameters of the supports before metal deposition are
reported in Table 1. The specific surface area and the micro-
pores volume are very similar for the three carbon xerogels
(Sggr ranging from 585 X 10° to 640 X 10° m? kg™ '; Vpup
equal to 0.25 X 1073 or 0.26 X 10~ m> kg™ "), but their total
pore volume strongly depends on the starting pH, as expected;
the total pore volume V, ranges from 2.1 X 10~* (X-525) to
041 X 107° m® kg ' (X-625). In parallel, the xerogel bulk
density increases with the starting pH of the precursors solu-
tion. The skeletal density remains constant and equal to about
2200 kg m 3, which is slightly below the density of graphite
(2250 kg m~?). The active charcoal contains more micropores
than the carbon xerogels (Sger = 970 X 10° m?* kg™ '; Vg =
0.40 X 10 m® kg~ "), and some macroporosity is also de-
tected by mercury porosimetry (V, = 0.6 X 107 ° m* kg™ ). Its
bulk and skeletal densities are 870 and 1950 kg m >, respec-
tively.

The meso- and macropore size distributions of the three
carbon xerogel supports are shown on Figure 2a. Their maxi-
mal pore Sizes, Wy .. that is, the pore width limit under which
smaller pores represent 95% of the total pore volume, are 10 X
107 m (X-625), 30 X 107 m (X-570), and 70 X 10~° m
(X-525). Neither larger pores nor cracks were detected by
mercury porosimetry. In the case of the active charcoal NC45,
the pore size distribution is much broader (Figure 2b); pore size
ranges from 10 X 1077 m to 4 X 10~ ° m, although the pore
volume corresponding to meso and macropores is rather low
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Figure 1. Nitrogen adsorption-desorption isotherms (a)
of the raw supports and (b) of the correspond-
ing catalysts after impregnation.

Xerogels X-525 (@), X-570 (A), X-625 (M), and active char-
coal NC-45 (¢).

(0.2 X 102> m® kg™ "). The active charcoal NC45 is in fact less
homogeneous than carbon xerogels, and the largest pores can
be regarded as microfissures in the carbon material.

As a general comment, the specific surface area and skeletal
density decreases after impregnation (Table 1). The meso- or
macropore volumes, Vi, are not affected, whatever the sup-
port. In order to determine if the micropore volume decrease is
due either to the acidic treatment or to the metal deposit, carbon
xerogels supports and the active charcoal NC45 were immersed
in nitric acid aqueous solution similar to that used for metal
impregnation but without any metal salt. After drying, the
samples were examined by nitrogen adsorption-desorption.
Measurements show that, in all cases, no micropore volume
change occurs when no metal salt is present. Since such a
treatment does not affect the texture of the support, it was
concluded that micropores are blocked by metal particles in the
final catalysts.

Table 3 collects results obtained from ICP, XRD, TEM, and
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The diffractograms were shifted from each other to avoid
— 0.15 4 curves superposition, and therefore no intensity scale other
o than “arbitrary units” (a.u.) is mentioned.
&
= 0.1 of Ag. This suggests that some metal cations are adsorbed at
s the carbon surface. The deviation is larger in the case of carbon
'/; xerogels. This could be due to larger interactions between the
3 xerogels and the metal ions and to the fact that the diffusion of
> 0.05 - the impregnation solution is easier in the carbon xerogels than
in the active charcoal.
Whatever the support, the X-ray diffractogram (Figure 3)
0 . . : exhibits a broad peak located between the (111) Bragg lines of

1 10 100 1000 10000 pure Pd and pure Ag; this indicates the presence of small alloy
particles. The fraction of Pd atoms in the bulk of the alloy

dp (nm) particles, xp, (Table 3), can be deduced from the alloy peak

Figure 2. Meso- and macropore size distribution. position.?? Assuming .that‘ all the birpetallic particles hgve the
same Pd-Ag composition in the considered catalyst, their mean

Eg iii?‘?; C’g:é%?fﬁéi? (®), X-570 (A), and X-625 (@) size (dxrp) can be calculated from the peak broadening after
deconvolution and Scherrer’s formula.'® The Pd content of the

alloy particles ranges from 54 to 62 at.%, which is not signif-

CO chemisorption. The results are very similar to those ob- icantly different and slightly higher than previous results.'> The
tained previously in the case of xerogels supports.!? size of the alloy particles, dxgp, is almost constant (3.5 to 4.2
ICP measurements show that the metal loading is in each nm) for all xerogel supports, but increases in the case of the
catalyst larger than the expected value (1.5 wt.%)—from 2.0 to activated charcoal (5.8 nm). Pure silver particles are also de-
3.2 wt.% in the case of Pd, and from 1.5 to 2.2 wt.% in the case tected by the presence of a shoulder whose position corre-

Table 3. Results from ICP, XRD, TEM, and CO Chemisorption

ICP XRD TEM CO
Pdcp Agicp  [Pd/(Pd + Ag)licp Xpd dxrp dAg-XRD drem g dy d, DPd»Ag Ny m Dy Xpds
Catalyst  (wt. %) (wt. %) (at. %) (at. %) (nm) (nm) (nm) (nm) (nm) (nm) (%) (mmol gp) (%) (at. %)
X-525-C 2.3 2.2 52 59 3.5 10.2 3.1 094 34 3.7 33 0.652 7 12
X-570-C 2.6 1.9 57 54 3.6 12.3 32 095 34 3.6 33 0.586 6 10
X-625-C 3.2 2.1 60 62 4.2 10.2 3.8 0.89 4.0 4.3 28 0.462 5 11
NC45-C 2.0 1.5 57 62 5.8 14.6 4.8 142 55 5.9 20 0.282 3 9

Pd,cp, Agicp = Pd and Ag contents in the catalyst measured by ICP-AES; [Pd/(Pd + Ag)],cp = fraction of Pd atoms in the whole catalyst obtained from ICP
measurements; xp, = fraction of Pd atoms in the bulk of Pd-Ag alloy particles estimated from XRD; dyy, = mean size of Pd-Ag particles estimated from X-ray
line broadening; d,, xgp = mean size of pure Ag particles estimated from X-ray line broadening; dgy, = mean alloy particles sizes estimated from TEM; o =
standard deviations associated with d.\.; d, = mean surface diameter of Pd-Ag alloy particles, estimated from TEM; d, = mean volume diameter of alloy particles,
estimated from TEM; Dy, ,, = overall dispersion of Pd-Ag alloy estimated from TEM; n, ,, = amount of CO needed to form a chemisorbed monolayer on surface
Pd atoms; Dy = Pd dispersion estimated from CO chemisorption; xp, = fraction of Pd atoms present at the surface of Pd-Ag alloy particles estimated from the
combination of CO chemisorption, XRD, and TEM results.
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Figure 4. Transmission electron microscopy of Sample
X-570-C.

sponds to the (111) Bragg line of Ag. The Ag particles size
(dag-xrp) 1s calculated from the deconvoluted curves and
ranges from 10.2 to 14.6 nm.

It was previously shown that the metal particle size distri-
bution of Pd-Ag xerogel supported catalysts prepared by im-
pregnation is bimodal, and that the smallest particles family
corresponds to Pd-Ag alloy.!? In this previous study, it was also
shown from comparison between TEM and XRD measure-
ments that alloy particles are not larger than 7 nm whereas pure
silver particles are 7 to 15 nm in diameter. The results are the
same here. An example of a TEM micrograph is shown in
Figure 4 (X-570-C); a few large particles (10-15 nm) accom-
pany the many small ones (3-4 nm). Transmission electron
microscopy enabled us to measure the alloy particles size. The
mean alloy particle size, drgy, and its respective standard
deviation, o, were calculated for each sample from a set of 60
particles so that the data set was statistically significant. Since
they very likely correspond to pure silver, particles larger than
7 nm were excluded from the data set. The alloy particle size
distribution is wider in the case of NC45-C: o = 1.42 nm
instead of 0.89-0.95 nm in the case of xerogel-like sup-
ports. The mean volume diameter of the alloy particles,
d, = 3 nd}I2 nid;, where n; is the number of metal particles
with a diameter equal to d;, was calculated from TEM micro-
graphs for comparison with XRD data. Indeed, XRD is sensi-
tive to the volume of particles, and the mean crystallite size
calculated from the peak broadening corresponds to a volume
weighted average diameter d,'°. The values obtained from
TEM and XRD are very similar; the maximal difference be-
tween dxgp and d,, is 0.2 nm, which confirms that small metal
particles observed by TEM correspond to alloy particles.

The mean surface diameter of Pd-Ag alloy particles,
d, = X nd}IY nd?, was also evaluated in order to calculate
the overall alloy dispersion, that is, the ratio between the
number of surface metal atoms of the Pd-Ag alloy particles and
the total number of metal atoms in these particles. The alloy
dispersion is given by'*:

2668 DOI 10.1002/aic
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6(vn/aty)
Digrg =y @

where v,, is the mean volume occupied by a metal atom in the
bulk of the alloy and a,, is the mean surface area occupied by
a surface metal atom. Since the metal particles are Pd-Ag alloy,
v, and a,, are arithmetic means of values obtained for Pd and
Ag,'® that is, v,, = 0.01588 nm? and a,, = 0.0834 nm?. It must
be specified that Eq. 2 is applied to alloy particles only. d, does
then correspond to the mean surface diameter of the alloy
particles, pure Ag particles being excluded from the data set.
Values obtained for Dpy_ 5, are listed in Table 3. The overall
alloy dispersion is a bit higher in the case of carbon xerogel
supports (Dpg s, Tanging from 28 to 33%) than in the case of
the active charcoal (20%).

Since CO chemisorption occurs on palladium only,2%-23 it
provides a measurement of the palladium dispersion, and more
specifically an estimation of the Pd coverage of the alloy
surface; indeed, due to the lower surface free enthalpy of Ag in
comparison with Pd,?° the Pd-Ag alloy surface tends to get
enriched in silver atoms and the surface composition differs
from the bulk composition. The fraction of palladium atoms at
the surface, Xpg, Was deduced from a combination of CO
chemisorption results with data coming from XRD and TEM?°:

1
Xpg, = DpaXpq m with  Dpy = g mMpaXpaco X 1077 3)
-Ag

where xpq_is the fraction of palladium atoms at the surface, Dpq
is the Pd dispersion estimated from CO chemisorption, xp, is
the fraction of Pd atoms in the alloy bulk, Dpy 4, is the overall
alloy dispersion with no distinction between the two metals,
Ny, is the amount of CO needed to form a chemisorbed
monolayer on palladium sites (mmol gpy "), Mp, is the atomic
weight of palladium (106.42 g mol '), and Xpyco is the
chemisorption mean stoichiometry, that is, the mean number of
Pd atoms on which one CO molecule is adsorbed. Soma-Noto
and Sachtler?® demonstrated that Xpy o = 1 (linear bonding)
beyond 25 at.% of silver in the bulk of the alloy, which is the
case for all the catalysts examined here. Values of Dpg and xpg
are given in Table 3. A comparison between bulk (xp,) and
surface (xpq) compositions confirms the surface enrichment
with silver; the bulk palladium content is 54 to 62 at.% whereas
the fraction of palladium atoms at the surface, xpq, ranges from
9 to 12 at.% only. Note that, since some micropores are
blocked by metal, some alloy particles are not fully accessible,
which might induce errors on the surface composition calcu-
lation. Indeed, if a fraction of the alloy surface is inaccessible,
the CO chemisorption does not occur on the whole alloy
particle surface, and the fraction of palladium at the alloy
surface, Xpa,, is underestimated. Nevertheless, the surface com-
positions obtained are in good agreement with previous studies.
According to previous results,?° Pd-Ag alloy particles with a Pd
bulk content xpy near 60 at.%. can display Pd surface contents
ranging from 5 to 15 at.%.

As a general conclusion, the metal particles are very similar
in terms of bulk and surface composition, whatever the support
chosen. The only difference is the Pd-Ag alloy particles size,
which is larger in the case of active charcoal supported cata-
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Table 4. Catalytic Tests Results

Conversion C,H, Selectivity 8 n b, D,
(%) (%) (mmol kg™ s =) =) )
Catalyst 573 K 623 K 573 K 623 K 573 K 623 K 573 K 623 K 573 K 623 K 573 K 623 K

X-525-C-1000 12.1 345 98.9 99.2 8.6 21.3 1.00 1.00 0.021 0.066 4X107° 1X 1073
X-525-C-710 12.2 34.6 98.9 99.2 8.5 21.1 1.00 0.99 0.011 0.031 4X107° 1x107°
X-525-C-500 12.1 34.2 98.9 99.2 8.5 21.0 1.00 0.99 0.005 0.015 4X10°° 1X10°°
X-525-C-250 12.1 343 98.9 99.2 8.5° 21.3° 1.00 1.00 0.001 0.004 4X107° 1x107°
X-570-C-1000 18.7 453 95.5 97.1 12.0 28.2 0.83 0.84 0.19 055 6xX107% 2x 1077
X-570-C-710 19.6 514 96.9 97.8 12.8 31.7 0.88 0.95 0.11 033 6x107% 2x 1077
X-570-C-500 21.2 53.7 95.7 97.3 14.3 333 0.98 1.00 0.06 0.17 7xX107% 2x 1077
X-570-C-250 213 55.0 95.9 97.2 14.5° 33.5° 1.00 1.00 0.015 004 7x107% 2x 1077
X-625-C-1000 5.6 12.6 71.8 81.6 35 7.8 0.47 0.40 2.2 53 §X 1077 2x 107
X-625-C-710 6.7 154 78.3 86.3 4.2 9.6 0.55 0.49 1.3 3.4 1x107% 3x 1078
X-625-C-500 8.7 19.9 81.7 87.8 5.4 12.4 0.72 0.63 0.9 22 1X107% 4x1078
X-625-C-250 12.2 27.8 84.3 87.8 6.9 17.2 0.91 0.88 0.3 0.8 2x107% 6x 1078
X-625-Cp 12.5 31.7 95.4 96.6 7.6° 19.6° 1.00 1.00 0.1 034 2X107°% 7X 10
NC45-C-1000 5.6 18.0* 98.3 98.5 3.6 11.0 0.64 0.68 — — — —
NC45-C-710 5.6 18.0% 98.8 98.9 35 11.1 0.67 0.68 — — — —
NC45-C-500 6.3 20.0* 98.3 98.4 39 12.2 0.73 0.75 — — — —
NC45-C-250 8.7 26.8¢ 98.3 98.5 5.4° 16.2° 1.00 1.00 — — — —

r,: apparent reaction rate; m: effectiveness factor; @_: Weisz modulus at the pellet level; ®,: Weisz modulus at the nodule level.

“Imprecise due to deactivation.

*Considered as equal to the intrinsic reaction rate.

“Not calculable with the two-level model.

lysts (about 5-6 nm instead of 3-4 nm). The metal loading is 7

also slightly higher in the case of carbon xerogels, the deviation CH, = CH, + H,— CH; — CH, &)

from the nominal value (1.5 wt.% in both metals) being larger
for Pd.

Catalytic tests

All catalysts produce ethane and ethylene only. Traces of
chloroethane or vinylchloride are sometimes observed, but can
be considered as negligible (<0.1% of the total conversion).
The hydrodechlorination of 1,2-dichloroethane into ethylene
and the hydrogenation of ethylene into ethane are two succes-
sive reactions, as described by Egs. 4 and 5. The mechanism
will be discussed below.

.
CH,Cl — CH,Cl + H,— CH, = CH, + 2HCl  (4)

The mean values of conversion and ethylene selectivity at
573 and 623 K are regrouped in Table 4 for each catalyst as a
function of the pellet size. Since the catalysts generally do not
reach stability at 473 and 523 K after 3 and 6 h, respectively,
results obtained during these temperature steps were not con-
sidered for further calculation. For reasons of catalyst stability,
the data given at 573 K are those obtained after the step at 623
K, when going down to 573 K again.

The raw results of the catalytic tests are presented in Figures
5a and 5b for catalysts X-525-C and X-625-C with various
mean pellet sizes. The total 1,2-dichloroethane conversion (that
is, into ethane or ethylene without distinction) and the ethylene
selectivity (that is, the ratio between the amount of ethylene
produced and that of 1,2-dichloroethane consumed) are re-
ported as a function of time and temperature. The behaviors of

100 g

Conversion, selectivity (%)
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©
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Figure 5. Catalytic tests for samples X-525-C (a) and X-625-C (b).

The dotted black line represents the temperature program. Plain symbols: conversion; empty symbols: ethylene selectivity. Catalysts crushed
between 1250 and 1000 um (4 and <), 710 and 1000 wm (M and [J), 500 and 710 um (A and A), 250 and 500 um (@ and O), and below

250 um (V¥ and V).
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catalysts X-525-C and X-625-C are very different from each
other. Whatever the temperature, conversion and selectivity are
completely independent of the pellet size in the case of
X-525-C; all the conversion curves are superimposed (mean
conversion: 473 K: 0.8%; 523 K: 4.1%; 573 K: 12.1%; 623 K:
34.5%). On the contrary, for catalyst X-625-C, the 1,2-dichlo-
roethane conversion decreases when the pellet size increases, at
every temperature. The difference between the samples is par-
ticularly marked at 623 K: the conversion decreases from
27.8% to 12.6% as the mean pellet size increases in the same
range. When crushed and sieved below 0.250 X 107° m
(sample X-625-Cp), the conversion increases up to 31.7% at
623 K. In both catalysts, the 1,2-dichloroethane conversion
increases with temperature, but decreases a little with time,
which indicates a slight deactivation. The experiment did not
last long enough to reach complete stability. Selectivity of
X-525-C is very high and independent of the pellet size: 98.9%
at 573 K and 99.2% at 623 K. In the case of X-625-C, the
catalyst selectivity is much lower and increases with time at
473, 523, and 573 K (Figure 5b). The four curves reach a
plateau at 623 K, and the selectivity seems to stabilize by going
down again at 573 K. Moreover, the pellet size also plays a role
since selectivity decreases at every temperature when the pellet
size increases. For example, at 623 K, ethylene selectivity
reaches 96.6% for X-625-Cp, but decreases to about 81.6% in
the case of X-625-C-1000.

Catalyst X-570-C displays an intermediate behavior. Differ-
ences between samples of various pellet size are observed at
high temperature (573 and 623 K) and in the case of the largest
pellets only (1.000-1.250 X 10~* m and 0.710-0.1000 X 10~
m). At 573 K, conversion decreases from 21.2% to 18.7%
when the pellet size increases from 0.500-0.710 X 10~° m to
1.000-1.250 X 1072 m. At 623 K, the conversion difference is
particularly perceptible between 0.710-1.000 X 10> m and
1.000-1.250 X 103 m (51.4 and 45.3%, respectively), but the
decrease is already noticeable for smaller pellets (X-570-C-
250: 55.0%; X-570-C-500: 53.7%).

Conversions obtained with catalyst NC45-C are in most
cases lower than those of xerogel supported catalysts with the
same pellet size, whatever the texture. The only exceptions are
measurements at 623 K with the largest pellets: the conversion
is higher than in the case of X-625-C. However, it must be
noted that NC45-C deactivates more quickly than the other
catalysts at 623 K (5% conversion decrease after 3 h), and that
the values of conversion given in Table 4 in these conditions
are not stable at the end of the temperature step. Results
obtained with the three largest pellet sizes are very similar: the
conversion ranges from 5.6 to 6.3% at 573 K and from 18.0 to
20.0% at 623 K. NC45-C-250 is a little more active (8.7% at
573 K; 26.8% at 623 K). Ethylene selectivity is high in all cases
(about 98%, whatever the pellet size at 573 and 623 K).

Since the measurement of CH,CIl-CH,CI concentration in
the effluent is imprecise, the apparent hydrodechlorination re-
action rate r;, that is, the apparent rate of 1,2-dichloroethane
consumption per unit mass of catalyst, was calculated from the
ethane and ethylene concentrations at the reactor outlet (Table
4). The reaction rates obtained are used below in order to
calculate the effectiveness factor and the Weisz modulus of the
catalysts.
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Discussion

Mass transfer in porous catalyst supports has been studied
for many years and constitutes a question of the highest im-
portance in chemical engineering.?*3° In order to study mass
transfer inside a porous catalyst, the catalyst pellet is often
regarded as a pseudo-continuum, that is, a pseudo-homoge-
neous medium in which the diffusion of a chemical species is
described by the same single effective diffusion coefficient.?*
The diffusion is modeled by Fick’s law, the whole pellet being
regarded as a homogeneous phase, but in which the fluid
molecular diffusivity, D,,, is replaced by the effective diffu-
sivity,?* D.. This concept implies that D, is the same every-
where in the pellet and that the considered length scale for mass
transfer is the pellet size. D, depends on the catalyst support
morphology, and more particularly on the void fraction and on
the tortuosity factor, which characterizes the tortuous nature of
the pores and their constrictions. Moreover, the pore size may
have an effect on D, when smaller than about 100 X 107° m;
below this limit, the Knudsen diffusion becomes significant
with regard to ordinary gas molecular diffusion.?+2>

Carbon xerogels are composed of spherical-like intercon-
nected carbon nodules whose size can vary from a few nano-
meters to a few micrometers.>° The nodules size obtained after
drying and pyrolysis of the wet gel increases when the starting
pH of the precursors solution decreases, leading to larger voids
between the nodules.>> The carbon nodules are microporous
after pyrolysis, and the voids between the nodules correspond
to mesopores and macropores. This morphology does not allow
the use of the pseudo-homogeneous concept for the whole
pellet. In a previous study,?'3! Heinrichs et al. developed a
model composed of three discrete levels with decreasing sizes
in order to describe diffusion in silica xerogels. These levels
correspond to: (i) the macroscopic pellet, (ii) an aggregate of
silica particles, and (iii) an elementary silica particle. Each
level is assumed to be a pseudo-homogeneous medium with its
own size, bulk density, void fraction, tortuosity, and single pore
width. Since the morphology of carbon xerogels is very close
to that of silica xerogels, one could then consider a hierarchical
texture composed of two distinct length scales: a first one
corresponding to the pellet itself, and a second one correspond-
ing to the microporous carbon nodules. Transmission electron
micrographs do not clearly show particle aggregates, and this
level was then suppressed from the original model. At the
pellet level, diffusion between the external surface of the pellet
and the external surface of the carbon nodules is considered. At
the nodule level, only diffusion inside the micropores of the
carbon nodules is taken into account. It must be noted that no
definite conclusion concerning the metal particles location in
the pore texture can be deduced from the catalyst characteriza-
tion data; since the catalysts are prepared by impregnation of a
support, the particles can be deposited on the meso- or macro-
pore surface, which corresponds to the external nodule surface,
or enter the micropores. It is reasonable to think that the metal
particles are at least partly dispersed on the meso- or macropore
surface, the mean alloy particle sizes ranging from 3 to 6 nm.
In this case, mass transfer in micropores is irrelevant. Never-
theless, the alloy particle sizes given in Table 3 are only mean
values, and smaller particles could be inserted in the micro-
pores too. Since the metal particles can be located either on the
external surface of the carbon nodules or inside the micropores,
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mass transfer phenomena were studied according to the two-
level model described above. Note that the meaning and units
of any symbol used in the discussion below are given in a list
at the end of the article.

Mass transfer limitations were examined at 573 and 623 K
using the data obtained at these two temperature steps. The data
used at 573 K are those obtained between 12 and 17 h reaction
(second step at 573 K). The presence of pore diffusion limita-
tions in a catalyst is generally analyzed via the estimation of the
Weisz modulus,?* ¢:

rpL?
_DECS

(6)

This modulus compares the observed reaction rate to the dif-
fusion rate. The advantage of using the Weisz modulus is that
each parameter is accessible to the experimenter either by
measurement or by calculation; knowledge of the intrinsic
reaction rate is not necessary. When ¢ << 1, the pore diffusion
limitation is not significant and the observed reaction rate r is
equal to the intrinsic reaction rate. When ¢ >> 1, pore diffu-
sion limitations modify the apparent kinetics, and r can be very
different from the intrinsic reaction rate. In the classical diffu-
sion calculation, the whole pellet is regarded as a pseudo-
homogeneous medium, and one single Weisz modulus ¢ is
calculated. Since carbon xerogels are modeled as a two-level
system, both levels can be assimilated to a pseudo-homoge-
neous medium characterized by its own Weisz modulus. At the
pellet level, the Weisz modulus ¢, is defined as:

_ ey ™
P D eA,pCDs,p
At the nodule level, Eq. 6 becomes:
r lang
! —De,nCDs,n (8)

If both pellet and carbon nodule are considered as spheres,
L, and L, are equal to d /6 and d,/6, respectively. d,, is fixed by
the sifting. Note that since the pellets are not spherical after
crushing, the d, values are probably underestimated when
chosen equal to the mean between the two mesh widths,
especially in the case of support X-625. Indeed, when crushed,
this support smashes into flat pieces whose true thickness can
be smaller than the lowest mesh width. The slab geometry
would probably be more accurate, but it is not easy to estimate
the slab thickness. The value taken for each catalyst is then the
lowest of the two mesh widths. d, was estimated from TEM
micrographs for each xerogel support (X-525: d, = 100 X
107° m; X-570: d, = 30 X 10~° m; X-625: d, = 10 X 10~°
m). The value of d, is not easy to determine either. Indeed, the
carbon nodules are generally strongly interconnected and en-
tangled; the error on this parameter can be large, probably
about 30% high. p, was obtained from mercury pycnometry
measurements (Table 1: X-525-C = 400 kg m~3; X-570-C =
640 kg m~3; X-625-C = 1160 kg m ). p, is calculated from
the pellet bulk density, p,, the total void volume, V,, and the
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micropore volume, Vg, or from the skeletal density of the
carbon material, p,, and the micropore volume, Vyg:

1 -1
Pn = (; -V, - VDUB)) )

P

1 -1
Pn = <g + VDUB) (10)

S

Equations 9 and 10 constitute a redundant system: V,, Vg,
ps» and p, are measured independently, but any of these four
parameters can be calculated from the three others. Values
presented in Table 1 are in good agreement with each other:
whatever the calculation method and the xerogel support, p,, is
found ranging from 1400 to 1500 kg m 3. Results mentioned
for p, are those calculated with Eq. 10. p, is the same in each
catalyst because the only difference between the three xerogel
supports is the nodule size (and, therefore, the size of the
internodular voids corresponding to meso- and macropores),
the nature, composition, and morphology of the nodules them-
selves remaining unchanged. The blocking of micropores by
metal particles does not affect notably the nodule density.

The effective diffusivity, D, is the diffusivity in the pores,
D, corrected by the accessible void fraction, &, and the pore
tortuosity,

D_SD 11
e_T ( )

Moreover, the diffusivity D can be developed as a combination
of both the molecular and the Knudsen diffusivities (Bosanquet
formula?*). Assuming that the tortuosity factor is at each level
inversely proportional to the void fraction and using the Knud-
sen diffusivity equation,>*3° Eqs. 7 and 8 can be developed as:

1 N 2
D 97x1073 \/T
we | —
® 7”1PpL12) \M (12)
P Chsp 812)
1 N 2
D, i T
2 97X 10 wo, (37 ;
" CDs,n Sﬁ ( )

The accessible void fraction of the catalyst pellet, €ps and that
of the catalyst nodule, g,, were estimated from the total void
volume, V,, the micropores volume, V5, and the bulk density
of the catalyst pellets, p,. Indeed:

Vv - VDUB
&= (14)
P
Vi
g, = . 'buB (15)

1
— =y = Vous)
oy DUB
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Since the meso- or macropores volume is very different in each
support, the void fraction of the catalyst pellet depends on the
xerogel chosen (X-525-C: g, = 0.71; X-570-C: ¢, = 0.53;
X-625-C: g, = 0.19). The void volume of the nodules remains
constant in the case of the supports before impregnation (g, =
0.35), but due to micropores blocking, &, is not the same in
each catalyst because the micropore volume decrease after
impregnation depends on the support (X-525-C: g, = 0.07;
X-570-C: g, = 0.21; X-625-C: g, = 0.09). w, , represents the
width of the internodular voids (meso- and macropores); in
order to calculate mean values of the Weisz modulus, Wop Was
chosen equal to the mean meso- or macropore size obtained
from the pore size distribution (Figure 2a. X-525-C: w,, =
60 X 107 m; X-570-C: w,, = 25 X 1077 m; X-625-C: wy,
= 8 X 10~? m). The width of the pores inside the nodules, wy_,,
is that of the micropores (0 < w,, < 2 X 10~? m); for
calculation, w,, was kept equal to 1 X 10™° m. Finally, since
the reactants are diluted in large amounts of helium, the mo-
lecular diffusivity of 1,2-dichloroethane in the fluid, D,,, was
considered equal to that of 1,2-dichloroethane in helium. D,
was calculated by means of the Chapman-Enskog equation?* at
573 and 623 K: D, (573 K) = 3.92 X 10 ° m* s~ !; D, (623
K) =450 X 10> m?*s ..

The two last parameters to be estimated are the 1,2-dichlo-
roethane concentrations at the external pellet surface, Cp,,
and at the external nodule surface, Cpy . Let us first consider
the pellet level. Since the reaction conditions were designed so
as to eliminate external mass transfer limitations,?! Cosp is
equal to the CH,CI-CH,CI concentration in the gas flow, Cpy.
The reactor is not differential strictly speaking, and Cp,, was
taken as the mean between the inlet and outlet concentrations,
and calculated from the perfect gas law. Calculated values of
¢, are figured in Table 4 along with the effectiveness factor of
each catalyst, m, that is, the ratio between the observed reaction
rate and the intrinsic reaction rate. In each case, the intrinsic
reaction rate was supposed to be that obtained for the smallest
pellet size, at the corresponding temperature. In the case of
catalyst X-625-C, the effectiveness factor decreases quickly
when the pellet size increases (down to 0.47 (573 K) or 0.40
(623 K) when d, increases up to 1073 m). In parallel, ¢,
increases rapidly with the pellet size, and is close to or higher
than 1 in most cases. This confirms the existence of diffusional
limitations in the pellet: the observed reaction rate decreases
significantly when the pellet size increases, at both tempera-
tures.

Note that diffusion limitations could also be present in
catalyst X-625-Cp, especially at 623 K; the effectiveness factor
of catalysts with larger pellet sizes would then possibly be
overestimated, the intrinsic reaction rate being larger than that
observed with the finely crushed sample. In the case of catalyst
X-525-C, the effectiveness factor is equal or very close to
unity, whatever the temperature or the pellet size. The Weisz
modulus calculated at the pellet level ¢, is always much
smaller than 1, which confirms that no diffusional limitations
occur in this catalyst. All other parameters remaining un-
changed, ¢,, would be equal to unity, with about d, = 7 X 1077
m at 573 K. At 623 K, ¢, would reach unity, with d, = 4 X
102 m. Should larger pellets be necessary to be used in a fixed
bed reactor, the mean pore size could be enlarged by choosing
other support synthesis conditions, that is, by decreasing the pH
of the resorcinol-formaldehyde precursors solution®>9; the
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Figure 6. Effectiveness factor n as a function of the
Weisz modulus at the pellet level ¢, at 573 K
(empty symbols) and at 623 K (plain symbols).

X-525-C (@ and O), X-570-C (A and A), and X-625-C (M and
[J). The continuous curve represents the theoretical relation-
ship for a first-order reaction and isothermal conditions
(spherical pellet).

pore size limit is nevertheless fixed by the mechanical resis-
tance of the pellets. Catalyst X-570-C displays an intermediate
behavior; the effectiveness factor decreases (to 0.83-0.84) for
the largest pellet sizes only. In parallel, the value of ¢, gets
closer to 1.

Considering a first-order reaction, isothermal conditions, and
spherical pellets, m is correlated to ¢, as shown in Figure 6
(black curve).2* The reaction conditions can be assumed to be
isothermal because the reactants are diluted in helium and the
enthalpy of reaction of hydrodechlorination of 1,2-dichloroeth-
ane is low32 (~—7 kJ mol ~'). Moreover, the temperature of the
catalyst measured inside the reactor was not higher than the
oven temperature. The values of m as a function of ¢, calcu-
lated for each catalyst at 573 and 623 K, are reported on the
same figure. Results are in good agreement with the theoretical
curve. The largest deviations are observed for catalyst X-625-C
at 623 K; globally, the experimental points are shifted upwards
and/or to the right of the theoretical curve. Several factors may
be taken into account in order to explain the deviations: (i) the
hydrodechlorination of 1,2-dichloroethane into ethylene is not
exactly first-order; the complete reaction mechanism and reac-
tion rate expression were determined in a previous study?3; (ii)
the reactor is not totally differential, which induces errors on
the reactant concentration; (iii) the intrinsic reaction rate, con-
sidered as equal to the reaction rate observed for the smallest
pellet size, may be underestimated, especially at 623 K; under-
estimating the intrinsic reaction rate would lead to shifting up
the calculated points with regard to the theoretical curve; (iv)
when crushed, catalyst X-625-C can break into flat pieces
instead of pellets of regular shape (spheres); considering the
lowest mesh width as the pellet diameter still may overestimate
the pellet characteristic dimension; this error leads to shifting
the calculated points to the right of the diagram. This problem
seems less important in the case of the two other xerogels,
which are more friable and break into more regular fragments.
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Nevertheless, the gap between the results and the theoretical
curve is small enough to validate the calculation method and
the hypothesis.

Let us now consider the nodule level. When no diffusional
limitations are detected at the pellet level (¢, << 1), Cp,, =
Cps.n and ¢, can be calculated by using the same concentration
value as at the upper level. When diffusion phenomena become
significant (¢, = 1), the diffusion resistance causes a concen-
tration profile to exist in the pellet, and the concentration at the
nodule surface depends on the nodule location inside the pellet;
as the distance between the pellet surface and the nodule
surface increases, the reactant concentration at the nodule sur-
face decreases. In order to check whether the reactants con-
centration decrease significantly affects the Weisz modulus
calculation, the concentration profile must be determined. The
concentration profile in the pellet is a function of the Thiele
modulus,?4 ®ps which compares the intrinsic reaction rate to the
diffusion rate. The evaluation of the Thiele modulus provides
then an estimation of the reactant concentration decrease at the
center of the pellet; relationships between the concentration
profile and the Thiele modulus are available for various oper-
ating conditions and pellet geometries.?*2” Moreover, in the
case of any n'" order reaction rate, one can write:

B,=n¢} (16)

Diffusional limitations are certainly the most marked in
catalyst X-625-C-1000; indeed, this catalyst possesses the
smallest pore size, the smallest void fraction, and the largest
pellet size. The Thiele modulus can be estimated from the
calculated values of ¢, and m. For catalyst X-625-C-1000, ¢,
was calculated to be 2.2 at 573 K and 3.6 at 623 K. If one refers
to diagrams representing the concentration profile in spherical
pellets as a function of the Thiele modulus,?#27 the concentra-
tion of 1,2-dichloroethane in meso- or macropores at the center
of the pellet decreases to 20% of the pellet surface concentra-
tion at 573 K, and to 5% at 623 K. This means that using Cp, ,
= Cp,,, = Cpy in the calculation of ¢, in the case of catalyst
X-625-C-1000 leads to underestimating the Weisz modulus at
the nodule level, but does not modify very much its order of
magnitude. As a first approximation, the same surface concen-
tration value was thus considered for both the pellet and the
nodule level in each case. The consequences of this hypothesis
should be discussed after evaluation of ¢,,.

The calculated values of ¢, are given in Table 4. At the
nodule level, the Weisz modulus is in each case much smaller
than 1, whatever the xerogel support, the temperature, and the
pellet size. Given that ¢, is always extremely small (from 8 X
1077 to 1 X 1077, the assumption Cp,, = Cp,, does not
change anything; in extreme circumstances (X-625-C-1000 at
623 K: 0.05Cp, = Cpy ), &, would be multiplied by 20. It is
also possible to estimate the nodule size leading to diffusional
limitations at that level. At 573 K, all other parameters remain-
ing unchanged, ¢, would be equal to unity, with about d, =
0.05 X 107* m to 0.2 X 10 ® m, depending on the void
fraction of the nodules (0.07-0.21) and taking into account the
reactant concentration decrease in the pellet due to diffusional
limitations in the case of catalyst X-625-C. At 623 K, diffu-
sional limitations would appear for d,, ranging from 0.015 X
103 m to 0.08 X 10~* m. These nodule sizes are far larger
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than the maximum nodule size that can be obtained with carbon
xerogels produced from resorcinol-formaldehyde aqueous mix-
tures (that is, a few micrometers). Note that the molecule size
is in the order of magnitude of the micropores size; such a
width represents a boundary between the Knudsen diffusion
and the configurational diffusion.?> Values of configurational
diffusivity can be smaller than values of Knudsen diffusivities
by several orders of magnitude. The actual diffusivity of
CH,C1-CH,CI could be much smaller than the one calculated
by the Knudsen formula, and the obtained values of ¢, could
be underestimated. However, since ¢, is extremely low in all
cases, one can reasonably consider that taking the configura-
tional diffusion into account would not lead to values of ¢,
close to 1, except maybe in the case of micron-sized nodules.

The selectivity of the catalysts is also affected by mass
transfer limitations. Table 4 shows that ethylene selectivity is
close to 100% when no diffusional limitations occur (X-525-
C), but can fall down to 71.8% (573 K) and 81.6% (623 K) in
the case of X-625-C. This phenomenon can be explained by the
fact that the hydrodechlorination of 1,2-dichloroethane into
ethylene may be followed by hydrogenation of ethylene into
ethane. Indeed, in the case of Pd-Ag alloys, a previous study?3
showed that the reaction mechanism includes the following
steps: (i) dissociative adsorption of 1,2-dichloroethane on Ag
sites with successive breakings of the two C-ClI bonds followed
by (ii) desorption of ethylene and (iii) dechlorination of the
silver surface by hydrogen adsorbed on Pd (production of
HCI). As Pd can store hydrogen by dissociative chemisorption,
Pd present at the alloy surface supplies hydrogen atoms for the
regeneration of the chlorinated Ag surface into metallic Ag.
But hydrogen adsorbed on Pd may also cause ethylene hydro-
genation. This reaction is favored by the presence of large
amounts of Pd at the surface of the Pd-Ag alloy particles.
Therefore, the selectivity of the Pd-Ag catalysts depends on the
surface composition of the alloy, but also on the residence time
of ethylene inside the catalyst.

The conversion of ethylene into ethane is favored when the
diffusional limitations prevent ethylene from leaving the cata-
lyst pellet. Considering the reaction rate equation, one can
assume, as a first approximation, that the hydrodechlorination
of 1,2-dichloroethane into ethylene is first-order with regard to
1,2-dichloroethane, and that the hydrogenation of the ethylene
step is first-order with regard to both ethylene and hydrogen.
For all the catalysts operating at 573 and 623 K, the concen-
tration of hydrogen is about ten times larger (or more) than that
of ethylene. This enables us to consider the hydrogenation
reaction as pseudo first-order with regard to ethylene. For
sample X-625-Cp, considered as free of limitations, one can
write that:

pPpl = k1CD5¢p = ki Cpy (7

Ppl2 = kzcﬂs.pCEs,p =k CyiCrr = kyCge - With &y Cye = &y
(18)

If the volume change during reaction is neglected, the se-
lectivity in chemical regime, Scygy. defined as the ratio be-
tween the rate of concentration variation of ethylene and that of
1,2-dichloroethane at an effectiveness factor approaching
unity, is>*:
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Table 5. Data Related to Catalyst X-625-Cp
T(K) r,(mmolkg 's™h

Cps (mmol m™3)  Cg; (mmol m™?)

573 0.34 1485 101
623 0.69 1215 247
dCy I
S =— =1—-— (19)
CHEM dCpy r

For catalyst X-625-Cp, r, and r, were obtained from mea-
surements at the reactor outlet (Tables 4 and 5): r, (573 K) =
7.6 mmol kg, ' s~ ' 7, (623 K) = 19.6 mmol kg, 's 5,
(573 K) = 0.34 mmol kg, 's~'; r, (623 K) = 0.69 mmol
kg, 's ' From Eq. 19, one obtains Scupy (573 K) = 96%
and Scypy (623 K) = 97%, which is in good agreement with
selectivity values obtained for X-625-Cp (Figure 5b). For the
case where the porous catalyst operates at a low effectiveness
factor (¢, > 3), the selectivity in strong diffusional control,
Sprrr, becomes?*:

o 4G _ f Cor
DI dCp; ﬁ ky Cor 2CDf
k, e
Cpt Cgt
_ [2Cor e 20)
71 Crr Cpy

where r, and r, remain the intrinsic reaction rates, that is, the
values obtained for catalyst X-625-Cp. Cg; and Cp; were ob-
tained from measurements at the reactor outlet, the concentra-
tions being taken equal to the mean between the inlet and the
outlet of the reactor (Table 5) : Cp(573 K) = 1485 mmol m ™ ;
Cp(623 K) = 1215 mmol m™3; Cg(573 K) = 101 mmol m™%;
C(623 K) = 247 mmol m>. From Eq. 20, one obtains Sy
(573 K) = 50% and Sppp (623 K) = 62%. These values are
lower than those obtained experimentally for X-625-C-1000
(573 K: 71.8%; 623 K: 81.6%), which indicates that the cata-
lyst behavior is probably intermediate between strong and no
pore diffusion. At 573 K, for sample X-625-C-1000, we cal-
culated d)p = 2.2 (Table 4), which is indeed lower than the limit
for strong pore diffusion?* (¢, > 3). At 623 K, however, the
value obtained for the Weisz modulus was ¢, = 5.3. This
indicates that the Weisz modulus is slightly overestimated,
which could confirm that the deviation from the theoretical
curve n = f(¢,) is due to a slight overestimation of the pellet
characteristic dimension.

Pd-Ag catalysts supported on activated carbon NC45 were
not discussed yet. The main problem is that the support is
extremely heterogeneous, the meso- and macropore size distri-
bution ranging from 10 X 107° to 4 X 10™° m. It is then
impossible to define one single pertinent pore size in this range
from textural characterization data. The two-level model used
for the xerogels support is certainly not applicable either. In
fact, the activated carbon support should better be regarded as
homogeneous porous zones separated by channels large
enough to be without effect on mass transfer; the pseudo-
homogeneous pellet concept would then not apply to the whole
pellet, but to the small zones separated by large pores or
cracks.?* Therefore, the difficulty consists in determining the
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characteristic size of these homogeneous zones. Table 4 shows
that results obtained with catalyst NC45-C are identical in the
case of the two largest pellet sizes (NC45-C-1000 and NC45-
C-710: conversion = 5.6% at 573 K and 18.0% at 623 K). This
implies that the characteristic size of the catalyst is not modi-
fied by crushing if the pellet size is not lower; large pellets
certainly break preferentially along large pores or cracks that
play no role in mass transfer limitations. The conversion in-
creases slightly with NC45-C-500 (573 K: 6.3%; 623 K:
20.0%) and reaches its maximal values with NC-45-C-250
(573 K: 8.7%; 623 K: 26.8%). This suggests that the homoge-
neous zones to be considered are probably 0.7-0.8 X 10> m
wide. Since the effectiveness factors of NC45-C-1000 and
NC45-C-710 range from 0.64 to 0.68 at both temperatures,
Figure 6 indicates that the values of the Weisz modulus related
to the homogeneous zones are contained between 1.3 and 1.0.
If one considers that the homogeneous zones of the support are
spherical and 0.75 X 102 m in diameter, the pore size leading
to the observed values of the effectiveness factor should be
lower than about 10 X 102 m. This is in good agreement with
the assumption that all the macroporosity has to be excluded
from the homogeneous zone.

The four catalysts obtained with various supports and dis-
playing pellet size small enough to consider that diffusional
limitations are eliminated do not lead to the same catalytic
activity. Table 4 shows that the conversion obtained with
catalysts considered as free of limitations varies from 8.7% to
21.3% at 573 K, and from 26.8% to 55% at 623 K. This
variation is not related to the actual metals contents. The lowest
conversion is obtained with the catalyst supported on activated
charcoal. This can be explained by the alloy particle size;
indeed, the particles are larger than in the case of xerogel
supported catalysts (5-6 nm instead of 3-4 nm). In the case of
xerogel supported catalysts, the highest conversion was ob-
tained with X-570-C, whatever the temperature: 21.3% at 573
K and 55.0% at 623 K. For comparison, X-525-C and X-625-C
display conversions equal to 12.1 and 12.5% at 573 K, and
equal to 34.3 and 31.7% at 623 K, respectively. This conver-
sion difference cannot be explained by alloy particle size
variations: the alloy particle size is almost identical in the three
catalysts. The only possible explanation is that the accessible
alloy surface is different. It was noticed that the specific surface
area of catalysts X-525-C and X-625-C decreased more during
metal deposition than that of X-570-C (ASger = 515 and
470 X 10° m* kg~ ! instead of ASgpr = 250 X 10° m* kg™ !,
respectively). This result indicates that a larger part of the
micropores is blocked by metal particles after impregnation in
catalysts X-525-C and X-625-C. It is then possible that some
metal particles are only accessible from one side, or completely
confined in micropores blocked by larger particles.

The catalytic results and specific surface areas measured
show that this phenomenon is less marked for X-570-C, whose
support displays the largest mesopores volume. This could
indicate that micropores tend to remain free when the meso-
pores surface increases. The beneficial effect of mesopores in
carbon supports on the metal dispersion was previously ob-
served. For example, it was shown that developing the meso-
pores surface of the support could enhance the accessible
surface of platinum particles deposited on activated charcoal.3>
But since the dispersion measurements were not coupled with
particle size evaluation in the cited study, the dispersion en-
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hancement can be due either to the decrease of the particle size
or to the increase of the particles accessibility.

Conclusion

Hydrodechlorination of 1,2-dichloroethane into ethylene
was chosen as a test reaction in order to study mass transfer in
carbon xerogel supported catalysts. Results show that diffu-
sional limitations can be completely avoided by choosing an
appropriate pore size range, which is made possible by the pore
texture flexibility of carbon supports issued from drying and
pyrolysis of resorcinol-formaldehyde aqueous gels. Indeed, a
support with small mesopores (pores smaller than 10 X 10~°
m) leads to diffusional limitations, whatever the temperature
chosen, as soon as the pellet size is larger than 0.250 X 10~
m. On the contrary, in the case of a macroporous support (pore
size range = 60 to 80 X 107° m), the 1,2-dichloroethane
conversion, ethylene selectivity, and reaction rate are com-
pletely independent from the pellet size up to about 4 X 10>
m (623 K) and 7 X 10 m (573 K). Should the reaction rate
be higher, the pore size could be chosen larger than 80 X 10~°
m by decreasing the initial pH of the resorcinol-formaldehyde
aqueous solution. Note that when the pore size is larger than
100 X 10~° m, the Knudsen diffusion is not significant and the
diffusion coefficient is not related to the pore size anymore.
The only textural parameter that plays a role in diffusion is the
void fraction of the support (assuming that the tortuosity factor
is inversely proportional to the void fraction). Enlarging the
pores above 100 X 10~° m would not improve the catalyst
performance.

Active charcoals, which are widely used in heterogeneous
catalysis, are generally microporous with low meso- and
macropore volume. This often induces diffusional limitations
and a decrease of the catalyst performance. Their texture
strongly depends on the raw material chosen, and cannot be
easily modified by thermal or chemical treatments. Since the
production of carbon xerogels with the tailored texture method
is very simple, active charcoals could be replaced by xerogels
with a pore texture adapted to the considered reaction. The only
limitation to pore size concerns the mechanical properties of
the pellets: the xerogel support becomes friable when the pore
volume and pore size are too large (>250 nm). Nevertheless,
the pore size and pore volume range accessible by the sol-gel
process and suitable to catalysts supports is very wide, which
makes carbon xerogels very attractive as an alternative to
classical active charcoal supports.

Acknowledgments

The authors thank the Belgian Fonds National de la Recherche Scienti-
fique, the Région Wallonne - Direction Générale des Technologies, de la
Recherche et de I’Energie, the Ministere de la Communauté francaise -
Direction de la Recherche scientifique, and the Fonds de Bay for their
financial support. BV and JFC thank the FNRS (Belgium) for a research
fellowship. The authors are also grateful to Mr. S. G. Apter from the
Department of Chemistry of the University of Liverpool for the ICP-AES
measurements. The authors also acknowledge the involvement of their
laboratory in the Network of Excellence FAME of the European Union
sixth framework program.

Notation

C = reactant concentration (mmol m~ )
d = diameter of the considered porous object (m)
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D = diffusivity in the pores of the porous object (m? s~ ')
D, = effective diffusion coefficient (m* s ')
Dy = Knudsen diffusion coefficient (m* s~ ")
D, = molecular diffusion coefficient (m? s~ ')
k, = CH,CI-CH,CI hydrodechlorination reaction rate constant (s~ ')
k, = CH,=CH, hydrogenation reaction rate constant (m> mmol '
sh
L = ratio between the volume and the external surface of the porous
object considered (m)
M = molar weight of 1,2-dichloroethane (98.9596 X 107° kg
mmol ')
r = observed reaction rate (mmol kg, ' s™")
Scuem = selectivity in CH,=CH, in chemical regime (%)
Spirr = selectivity in CH,=CH, in diffusional regime (%)
T = temperature (K)
Vpus = volume of pores smaller than 2 X 10™° m (m® kg™ ")
V, = total void volume (m* kg™ ")
w, = mean pores width (m)
Wo.max = Maximum pore width (m)

Greek letters

& = void fraction

m = catalyst effectiveness factor

p = bulk density of the considered carbon object (kg m~>)

ps = skelftal density (that is, apparent density) of the carbon support (kg
m~”)

T = tortuosity factor

¢ = Thiele modulus

¢ = Weisz modulus

Subscripts

at the nodule level

= at the pellet level

at the surface of the porous object considered

in the gas flow

dichloroethane

ethylene

hydrogen

= related to the hydrodechlorination of CH,CI-CH,Cl into CH,=CH,
2 = related to the hydrogenation of CH,=CH, into CH;-CH;,

—ZmMOwws 5
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