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ABSTRACT 

Coated metal catalysu find wide industrial 
applicatiom. The problem of these catalysts a1'e low 
adhesion slr'ength of the coat on the supp<>rt, non 
uniform thickness of the coat and the irregular p<>re 
sy1tem. Much efforl ha.r been devoted in recent years 
by manufacturing new coated catalysts in order to 
improve· the adverse effect. Among this was 
manufacturing of porous coated catalyst through 
anodic oxidation. The only problem of such catalysu 
war the high content of anion from the electrolyte 
which is incorporated into the oxide layer during the 
anodic oxidation. The aim of this study war to reduce 
the anion (sulphate) content from such· oxide layer 
using spillover phenomena. Three catalystt were used 
for this purpose a.r a spillover hydrogen generator. 
From the three used catalysts Pd/Alp, is the only 
catalyst that car reduce anion from this oxide layer. 
The result showed the pcssibility of hydrogen spillover 
to reduce the anion content from coated catalyst. An 
introduction to spillover phenomena is a/30 given first 
to enhance the capacity of the reader. 

INTRODUCTION 

At present, about 9()0/o of industrial organic synthesis 
are carried out through the use of catalysts. The 
formation of maleic anhydride by selective oxidation of 

benzene as well as selective oxidation of o-xylene to 
phthalic anhydride are a few examples. Since a 
catalytic reaction occurs at the fluid-solid interface a 
large interfacial area cah be helpful in attaining high 
reaction rate. In many catalysts, this area is provided 
by porous structure. A catalysts that has a large area 
resulting from pores is called a porous (conventional) 
catalyst. There are two type of porous catalyst, namely 
bulk & coated (supported) catalyst. 

Conventional bulk catalysts (Fig. l (a)) have irregular 
pore system with a long diffusion path which followed 
during reaction of WlWanted side production. 
Cooventiooal coated catalysts (Fig. l (b )) consists of an 
inert unporous support e.g. Al 20 3, which bears the 
catalytically active component e.g V20 5 (porous oxide) 
as shell oc coat. These catalysts have shorter diffusion 
path and as a consequence, the formation of\lnwanted 
side production is lower than in the corresponding 
reaction ·catalyzed by bulk catalysts. Major 
disadvantages are low adhesion strength of the coat on 
the support, nonuniform thickness of the coat and the 
irregular pore system. 

To over come these problems, a novel type of coated 
catalysts such as in Fig. l(c) have been the subject of 
intense - study in the past [I-3]. In the last few years, 
our team has put a lot of effort to develop a novel type 
of coated catalyst (oxide layer )through anodic oxidation 
of alwninwn wire [ 4-6]. 

Figure J Mode of catalysts; a) conventional bulk catalyst, b) conventional coated catalyst, c) anodic coated 
catalyst; I-catalytically active components, 2-pore, 3-p<>rous oxide, 4-nonporous Al20 3 layer , 5-supporter, 
6-not- oxidized Alwniniwn wire 
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The anodic oxidatioo cI aluminum wire gives: a regular 
~ structW'C with wibranched cyclinderical pores, 
equal pore lengths and as well as equal distance 
bct\W:Q1 the poce [7). This leads to the assumption that 
the wifonn pore system allows shorter path to the 
molecules as a result of high selectivity to the wanted 
product. Furthemoc, the oxide layer adheres strongly 
to the alwniniwn core [Fig. 2). 

Figure 2 Cross-sectional view of anodic coated 
catalyst 

1be anodic oxidation of aluminiwn wire is carried out 
either in diluted acids or m organic solutions. 
Characteristics measurements indicated that the 
product of electrolysis was not in pure layer of alwnina 
(A I P.J but a form of aiuon incorporated into the oxide 
layer ( SOt .A~O> /AJ ) as shown in the schematic 
model ofFig. 3. In <>Ur expt..'flment, anodic oxidation of 
alwninium wire (99.990/o), with 20% H2S04, with 20V 
de current, at 25°C gave 30 w1.o/o sulphate which is 
incorporated into the oxide layer during anodic 
oxidation as a form of SOt Al 2 0 3 /Al. Such big 
amounts of anion content might reduce the capacity to 
take sufficient foreign active agent during 
impregnation. Accordingly, the aim of this work was 
to reduce the anion (sulphate) content from oxide layer 
(SO/ A 120/Al) by using the spillover phenomena. 
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Figure 3 A schematic models ofSO/'Al 20/Al 

Journal of EAEA, Vol 14, 1997 

TIIESPILLOVERPHENOMENA 

Although the phenomena of hydrogen spillover was 
first noticed in the I 950's [8] up to now the spillover 
phenomena is still cooti'oversal, which underline the 
need for explanation. 

In the First International Symposiwn on the Spillover 
of Ad.nbcd Species (FISSAS) in 1982 was proposed 
a defirution of spillover (9]: 

Spillover involves the transport of an active species 
sorbed or formed on a first phase onto another phase 
that does not under the same condition sorb or· form the 
species. 

lbe FISSAS offered as a conunent: the result may be 
the reaction of this species on the second phase with 
other sorbing gases and /or reaction with, and/or 
activation of the second pahse. 

To simplify the defmillon. a species is absorbed from 
the gas phase onto a metal (activator) where it 
dissociates atomic species. Spillover occurs if the 
atomic species is then able to migrate acrose the 
surface to the acceptor (metal, oxide, etc). Figure 4 
represenLc; the two combination cases where spillover 
may occur. Migration over a distance from the primary 
source to acceptor was detected by a sufficient number 
of. authors (IO]. · The atomic species created by 
spillover may be an ionic (l-r), a radical (l-1 ) or a 
bonded species (H-) f 11) 

The spillover phenomena can be interpreted using the 
following mechanical sequence: 

S /Jwd + A .. Sa = Sorption to the first phase (activator) 

SA .. s,.i activation of sorbing species on the 
first phase 

Spillover species formation on the 
first phase (acceptor) 

s. + 8 .. ::-..'., 8 = Spillover reaction to the second 
phase (acceptor) 

Where S /llM = the species sorbing from the fluid 
(gas or liquid) 

A = the site able to adsorb/ desorb 
(activator) 

S0 = activated sorbed species 
s. spiltover species 
8 acceptor 
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Fipre • . Sd-Wic repracaUtioo of ipillovcr 
plW=emone 

It • ...,.uy 9CCel*d lblt ~ depends 00 It 
a. two prerequisita: 

i) A primary 90\GC (activatcr) for. the spliting 
spocics. u:il ameul of poop VIll (e.g. Pd, Pt), 
saJppmt cagJylU (e.g Pt/Al20,. Pd/Al20,) and 
oxides (e.g. Fc,OJ 

ii) A "COQdary IOUl'CC (.a:q>tor)for taking species 

Tbe primsy IOW'CC A~ are fonn&ala&ed through 
<me oltbe following combinabom: 

a) Physical mixing 
b) lmpregnatioo of oxide with metal compound 

(supported Cllalyst e.g. Pt/WO~ 
c) lmpreptioo of oxide with supported catalyst 

(e.g. Mo0,.Pt1Al 20,) . 

Fipn: S shows schematically the way.en bow the 
prinwy source and aa:epklr' are form~ Factors 
iDflueocing the spillover CID be noticed an JOg the 
liaMure data. Tbe Wllowing is a list of these factors: 
tbe l'lllF ol~ ol adllorptioo; the amowit & 
ptPO"'tF dilpcniCD of the primary tooree; the nature 
~ ._ coDtlct betwcca the primal)' source and the 
ICCll*Jr; the lpCCific IUlfacc ll'CIS of the coupled 
primay ~ die role o( the pm1ial 
..-.0 o( ..w ~ .. strqth of tbe hood 
betwm lplit~ .... IDd ~ sites; the 
• h e ·ell u&ure ol tbe 8CCOpW A IOUll:C; and the 
... ., .... ·•·pboa. 
I ., mn dila pve evideace mr ipillover occuring on 
..-.. VIII, VI ..SI mdll (IDCllO or bimdallic syltem) 
I 1'J tJltlll OD ~ inorganic oxides such IS 
AIA SiO.a, _._ ar carboaa. It is assumed that the 

group metals were able to chcmisori> gases such IS 

hydrogm (12-13) . 

• • • • • • • • • • 
a) O •O • O •O •O • 

•••••••••• • 

Figure S Schematic way of formulation for spillover 
reaction; metal ( o), acceptor ( •), oxide 
( 0 ), supporter (I); a) physical mixing, b-<:) 
impregnation of activator with acceptor 

The split - over species may: 

i) exchange with similar surface species 

ii) react with the surface (H., +MOM• ------> M -
OH + M•) which can result in the creation of 
surface active and/or defects sites (catalytically) 

iii) transform the bulk of the solid into a different 
structme. 

Foc the sake of clarity a few consequences of spillover 
arc summarized below: 

Dehydration of cyclohexaoe to benzene is carried out 
in tbepeseoce of Pt (0.5% )/ Al 20, catalyst admixed 
widip.-eAlA The hydrogen pasled to the reactor is 
adsorbed on Pt/A1 20, and form hydrogen atom. The 
by<k'ogco atoms split - over from Pt to the pure A 120, 
and ~of cyclobcxane to beouoe occurs 
according to mtdaMism ( 11]: 

1111,,+{) .. 0 *;J 0 .. 0: < ...... 

The reaction has showen inactive in the presence of 
pure Al20,. 
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SpilloYa' h)'drogen was observed by Van Meerbeck et 
al. [ 14] to reduce the surUce of silica gel cootaining 
only- tncca of metals Ni, Pd. Pt, Ta IDd W. The 
reaction wu carried out in the Pyrex rcacklr in the 
presence of60 Tarr Hi at about 880°C. Hydrogen is 
adsocbcd/dcaorbcd by forming hydrogen atom oo the 
metal. ~ atom split • OWi" from the metal ooto 
its supporting silica surface and reduced it gel It 
should be emphasized that no reactioo occurs in the 
absence of metal but traces arc •dJiciaV to initiate the 
silica gel reduction process. 

A large nwnber of metal oxide (e.g. C~04, Yi q, 
WO,.Ti02 etc.) were also reduced by hydrogen 
spillover from Pt or Pd supported on alwnina ot on 
silica -altunina [15-16]. The following mechanism was 
observed by the reduction of Ti02 on the Pt/Al 10, at 
875°C [17). 

t H2 Pt/A/20 1 H • [n q ,_ Splitover H2] 

Ti..- + 0 2• + H.----------->Ti,. + OR 

Sub&ancial experimental evidence has been found for 
the spillover of hydrogen species. Hydrogen is not, 
however, the only species which can split - over from 
the primaiy source to the acceptor. At the present time, 
the spillover of oxygen, carbon monoxide, isocyanate 
& various <qaoic ~have been detected [ 18-21). 

EXPERIMENTAL 

Materiab Preparation 

An extensive description of teclullques used in the 
preparation and after treatment of SO 4

1 
•. A 110, I Al had 

been provided in [4 - 6]. The SO/-.Al10/Al. was 
prepared from aluminwn wire (99.999%) through 
anodic oxidation. The wire was mounted on a special 
anodhanger and anodized in 20% H1S04 at 25°C with 
constant direct velotage of 16.5 V for 2 hrs. 
Aluminuim sheets were used as counter electrode. Fig. 
2 depicts cross-section of S0.1".Al10/ Al. The 
anodized wire SO{Al10/Al dried at 120°C for 2 hrs 
and calcined at 450°C for 6 hrs. The oxide layer cut 
into rods of 5nun length. 

B) Pd/y -A 120, 

66 mg pellldium (ll).- IQetlte [Pd (CH, COO)sj wu 
diBllwd ia 30 ml olmcdamol. 11wi IOlutioa MfO then 
added .to l.64g of Y· Al20,; ~ ~ wal 
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shaken for a loog time and kept for two days to Rlda 
complete adsorption equilibrium.. The cte.r ex=
solutioo was removed by dccaotatiao and the raidu 
(Pd/A120,) finally dried in pure nilrogen at room 
temperature and calcined for 6 hrs at 450°C. 

C) Pt/A1 20, [Platinium (0.5%) on Alumina] 

The solid platiniwn on al\lllina UICd for thia 
exptrimcm WU purcbued 1fom Alfa Jnorpnic. 

D) Solbd • Pb(II) •Acetate. • ~ 

This was used u an fudica&or method for liberation of 
lliS. White paper WU immencd in a saturated 
solution of lead acetate at ambient temperature. The 
soaked - lead - acetate - paper was dried then in oven 
at 110°c. 

Method 

Equal amount of materials were subsequently charged 
into the reactor for reduction of sulphate from so/·. 
Ali0/Al iQ the following sequences: 

Experiment No. I ..... SO/. AizO/Al (4 g) 
" " 2 ..... Equal amount (2 g each) of 

so/-. Al,O,/Al & Pd/Al, 03 
(physically mixed) 

" 3 ..... Equal amount (2 g each) of 
' 2-so •. Al10/Al & Pt/Al20, 

.. 
(physically mixed) 

The materials were heated m the rcacklr over night in 
flowing nitrogen at 4500C to avoid any alteration 
during the experiments due to sintering. The reduction 
of sulphate was studied at atmo:.-pheric pressure in the 
temperature interval of 50°C and range of 350 - S00°C. 
At each of these points with interval of 10 hrs the 
sulphate cor ...:: .1t and the specific swface area of the 
materials .1.:re measured. ., 

Apparatus 

The three .!xperiment were performed in a flow type 
apparatus operated at atmospheric pressure [fig 6]. 
Due to the nature of reaction with hydrogen, the 
apparatus were washed with nitrogen before beginning 
the investigation experiment and kept under nitrop 
atmosphere at 300°C when not in use. Nitrogen was 
p&Bd tbroo(!b <kying columa 1 (filled with P20,). By 
changing the three • ways valve: (H1) hydrogen WU 

entered into the fixed bed ~ 2, ., Tbc ~. tiie(l , 
l'CICt«' wa filled according to ~ method delcribC4 
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above. The reactor has been preheated in nitrogen at 
400°C for 2 hrs and maintained experimental 
temperature of350-, 400-, 450 - and 500°C. To detect 
the emission of ~s. soaked Pd (ll)-Acetate - paper 
were banged in glass tubes 3 from time to time the 
soaked paper was changed without breaking the 
reaction using three - way - valves ~ and Ii . The 
eftluent gas was controlled using a trap 4 filled with 
water. With time interval rods of SO 4 

2
•• A 120/ Al were 

taken fiun the fixed bed reactor and a sulphate content 
and swface area were analyzed. 

RESULTS & CONCLUSION 

For the whole experiment, the white soaked paper of 
Pb (II) - acetate hanged in a glass tube of the apparatus 
has shown no change of colour as a result of emission 
of ~S in the range 350- 400°C for 80 hrs. Even 
raising the temperature to 500°C, the soaked paper 
remained without change of colour for the experiment 
numbers 1 and 3. The measurement of sulphate 
content was also proved and showed no change to 
the previous condition. In contradiction to this, the 

Figure 6 Schematic diagram of apparatus: l. V20 5 trap, 2. Fixed bed reactor J Soacked lead acetate paper, 4. Water 
trap, HI ,H2, H3 - three ways valve 

Analytical Method 

Sulphate Content 

The sulphate content of SO/-. Al20/Al was obtained 
by the line - scan using Energy Dispersive X - ray 
analysis (EDX) [Tracor, SN 4200] 

Specif'ac Surface Area 

Surface area of S0.2°.Al 2{), /Al was detem 11ed by 
nitrogen gas adsorption at 77 k accordin6 to the 
convenient BET method with the help of Micro metric 
Accusorb 21 OOE. 

amount of sulphate left in the experiment 2 decreased 
most drastically from 30 wt.% to 4 wt . % at 450°C and 
S00°C in 80 hrs. The surface area was changed from 
8.7 m2/g to 11.3 m2/g. 

Table I shows the observed sulphate and swface area 
for the experiment 2 at 450°C. Figure 7 shows again 
the sulphate content as a function of time for 
experiment 2. In the initial period of the run, the 
sulphate content decreased rash from 30 wt.% to 19 .6 
wt% (about 34%) with 10 hrs. Increasing the time to 
80 hrs gave only 50.8%. 

Table I: Experimental results of coated SO /-.A 120/ A I at 450°C. 

Before Exp. After Exp. 

Experiment No. sottwt.% SedM2/g sottwt.% S8 .,,/M2/g 

l 30 8.7 30 8.7 

2 30 8.7 4.2 11.3 

3 30 8.7 30 8.7 

Journal of EAEA, Vol 14, 1997 



~ 
I 

~ 
l • 

' &lay Woldeyes 

36 

30 

25 

20 

HI 

10 

5 

0 
0 

- -"-- ---
! 

20 

. . 
-'-----:--

40 

time(ht) 

-. -

Figure 7 Sulphate reduction vs. time 

Figure 8 shows the result of surface area as a function 
of so;- -<iootmtover so;-. Al20/Al at456°C, 
Here, Smrrof so;-. A120/Al decreases 
progressively with increase of so;- - content. It 
seems that the liberated so;- resulting from 
spillover hydrogen created new pores that are 
responsible for the observed mcrease in 
the Smrrof so;-. AI20 / AI 

The dramatic difference between pure sor Al2 0 / Al (exp. 1) and mixtW'e of 
S04 - . Al20 / Al with Pd /Al20 3 is evident 

from the qualitative data in table l . This table clearly 
shows the effect of Pd I Al2 0 3 on the rate of ~ 
uptake, which adsorb/ desorbs, migrate and react 
immediately with so;-. Al2 03'Al. Consequently, 
the function of Pd is to provide a source of H atoms 
which spillover to so;-. Al20/Al and are 
responsible for sulphate reduction. It is widely 
~ted that ~ is dissociatively adsorbed over 
Group vm metals [22]. 

In ca:nparing the finding of experiments 2 and 3, there 
is a general cooseoous that both Pd and Pt are spillover 
activators. However, spillover involves a sequence of 
steps and each of~ steps may be influenced by the 
preparation and nature of materials. The reduction of 
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I I I I I I 
~ 

I I 
IAIJoJ I I ..JiiQ, I 

Adsorption 

Journal of EA.EA, VoL 14, 1997 · 

80 

~ 

12 

11.5 

~ 11 

- 10.5 I; 
i 10 

~ 9.5 

II) 9 

8.5 

8 
0 5 10 15 20 • 25 

sulphate cone. (wt %) 

Figure 8 Changes in surface area as a result of 
sulphate reduction at 450 •c 

lR.llphate occur after the spillover process. In our case, 
hydrogen might adsorb on platiniwn (Pt/Al 20 , exp.3) 
and might not ~ at experimental condition and the 
split - over ... did not occur. Hence spillover is necessary 
but not a sufficient process to induce the effects that 
have been found. This demonstrates that multi - effect 
nature of spillover. Unfortunately, detailed information 
on the nature of interaction between Pd and Pt on 
so;-. Al20/Al are difficult to derive in these 

experiments. 

The reaction in the experiment 2 has proceeded 
through the following sequence of clementacy steps. 
Adsorption/desorption of hydrogen on palladilllll, 
migration of hydrogen atom across the alumina surface 
to the coated so;-. Al2 0 3 surface and reaction 
with so;-. The corresponding mechanism lJild 
schematic model could therefore be: 

YMiw + Pd 
Pd-H 
H. 
so41 +8H,. 

• · > Pd-H ---------- adsorption 
< > J\o> +Pd ---------- dissociation 
< > H. --------- spillover H 
~ > H.iS t + 0·2 + 38i0 

where: l • ---- activated hydrogen 
h.;. -y- spillover hydrogen 

-if "' "' ~H~ H~ H H H 
Pd Pd Pd so 2• so 2·so 2

• 

I I I 
4 4 4 

I 
~ I I I 

I AJLol I I ~o, I 
Di11ociation. Al 

Spillover reaction 

30 
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Instifltion reaction 

Pb (CH,COO)i. .... + ~S ->PbS. ""'* +2CH3COOH 

CONCLUSION 

In cooclusioo. the result presented here shows that 
adubed bycrop &tools famed oo pailadium are able 
to split - over onto alwnina surface and diffuse to 
sot. A120/Al. The reaction between spillover 

hydrogen and sulphate on the surface provided 
hydrogen sulphide which is exhibited as a black colour 
on the s0aked- lead-acetate- paper. The reduction of 
sulphate from so;·. A120/Al caused the 
enhancement of surface area and this effect might 
create new paces that will be filled latter by active 
species. 
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