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Scope of the Investigation

This pfogram; which began Sept. 1, 1977, has had four major objeétivés:
1) to examine the effect,of metalféupport interactions and metal crystallite
size on the staté of adsorption, on activity, and on selectivity in the CO

hydrogenation-reéction; "2) to better understand the chemical nature of these

‘effects using chemisorption, x-ray, TEM, kinetic analysis, and infrared spectro-

scopy; 3) to see if a correlation exists betweenlcatalytic behavior and

changes in the surface 'species detected under reaction conditions; and -4) to

‘ultimately develop ihproved Fischer-Tropsch synthesis catalysts..

To date; the emphasis has been on. three metals —- Pt, Pd, and Ni --

" because all three have provided evidence'ifidicating sensitivity to a metal--

(1-2)

support interaction or a crystallite size effect “’. A series of suppofted

“catalysts was prepared from each of these metals using alumina, silica, silica-

alumina, titaniajand carbon. These céfalysts have beén thoroughly characterized

by H2’ CO, and O2 chemisorption, the OZ_HZ titration reac;ion; and xffay‘line

broadening.  In addition, transmission electron microscopy (TEM) has been

utilized to directly determine.pérticle size distributions in the family of

~nickel catalysts, with sbeciallemphasis being placéd on the N_i/TiO2 catalysts.

We have successfully designed ard built a unique IR cell/reactor

‘which operates as a single-pass, differential reactor. This unit has been

(3)

described in detail in the literature'~’. So far, eleven different Pt cata-
lysts and tweive-different Pd qatélysts have been studied in this program,
and all_metal/support combinations have been characterized in the ir cell

except those on c¢arbon. Kinetic results obtained in this IR cell/reactor

."have been verified and reproduced in a separate reactor system incorporating
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a differential, plug-flow.reactor which uses ten times the amount Qf catalyst..
These systems and our results are discussed in the next section. These Pt,

and Pd qatalysts have been studied and the influence of SiOz, A1203,'Sibz—

,A1203,4and_Ti02 on Cq.édso%ption has beeh&dgtermined using ;he unique IR
cell designéd fof'fhis progrém; lThiS'cell operatés»as a.singie%pass-diﬁfer—
_gntial steady;stgte reactér; provides in,sifulprétreatment éapabiiity, and
aliowé.if speétré and'kinetié data_to'befGBfainéd simultaneously(B), All
_catélytic.resultsiwere verified by repeafing the kinetic‘runs:in a stea&y—
Statelmicrqreactor é&étem~@hich utilizes ten-times;the:quaﬁtity of éatalyst.
- The irAspectra under'reacti9n conditions have be;h Vgry_informétive, quite
-surprising, and have forced us to consider neQ.kinetic models'of the metha-
nation reaction'On Pt and.Pd Becauée of ‘the absence of‘largeAquantigiés of

adsorbed CO‘on,TiOZ—suppofted Pt énd Pd. ﬁThis modelling wbrk is preéently'

underway.

Significant Results

Platinum and paliadium supported on four -different oxide materials ~-

8102, A1203, 8102—A1203, and T102 - havelbeen studied in deptﬁ. Different .
preparative techniques were utilized to vary metal particle size and_change .

the state of the metal. For example, Pt ahd Pd deposited on TiO

Z'and'reducedl

at low temperatures (175-200°C) exhibit ndfmal adsorption behavior whereas
these same catalysts reduced at a-high temperature (500°C). transform into an.
.SMSI (Strong Metai—Support Interaction) state and chemisorption becomes

 greatly<reduced(4). Bbﬁﬁ'fresh and used samples werejcharécterized by H

23
and CO chemiéorption.4 In addition, O2 cheniisorption and the'Hz-O2 titration
reaétion(5’6) were conducted on most fresh reduced Pt and Pd catalysts,to.g~



fﬁrther characterize their adsorption properties an& tq'determine the agree;lA
ment éﬁong these various chemisorption technigués. X-ray line-broadening
measurements were thén conducteé on all cétalyst samples, and TEM was used

to further characterize selected samples,'e;pédially the Ni catalysts. Mgtal
loédings were deéermined by Neutron Activation Analysis. |

| A4 Tables 1 and:Z provide the chemisorption data on Pt and Pd cataijs;s
respectively, and Tablés 3 and 4 show the tﬁ;novef frequeﬁéies (N) meaéured

on Pt and Pd‘disperééd_op vériods éuﬁpqrts. Extensive éxperiments were cén—

ducted to confirm the low N values on Pt/S$i0, catalysts. (Table 5) and'the.'

2

high N  values previously reported for Pd/AL catalysts (Table 6). A

number of the ir spectré obtained were shown in last year's réport and Onlyl
'representative épéctra’Will be- attached to this report. Howeﬁer, several of
’ ourlresuits are quite noteworthy and t?pical spectré indicative of these
results are shown in Figﬁres 1 through 5. Figuréil shows ?ﬁé Trahsmittance
spectra for CO adsorbed on SMSI Rt/Tidz, and it clearly revealsAthe large

reduction in intensity at 300 K when H, is added to the system and also

2
show34the-veiy weak band Qbserved'under'reaction conditions. The difference:
is remarkable between these spectré and those for theﬂPt/SiOé—A1203 éatalyst,

which have never been determined previously and are shown in Figure 2. The

normal adsorption behavior on Pd/TiO

5 (reduced at 175°C) is shown in Figure

3 along with the,compléte ;bsence'of any ir—active adsérbed CO after the SMSI
state has beén induée& by reductioﬁ at 500°C. Theée:spectra can be compéréd
“to thése in Figures 4 éqd 5 for CO adsérbea on Pd dispersed on the other
éﬁpports. |

'Finally, bécaﬁse we.héye measured CO adsorption on thesé.catalyscé;

absolute extinction coefficients can be calculated for the first time for CO
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 adsorbed on these two metals. Our preliminary results are summarized.later.
Titania—supported nickél~catalysts have been40f great interest dhe.

to thelr unusual and 1mproved catalytic properties in the CO- hydrogenation

reaction( _7). Five Ni/TiO2

catalysts with weight loadings of'l.SZ 8%,
102, 167, and'30% have been preparéd along with 8% Ni/SiO

2_and 84 N1/A1203

samples. These reduced catalysts have been thoroughly characterized using

(8)

co, and O chemlsorptlon,,x-ray line broadening; and'TEM . - Experiments

'HZ’
‘are now underway,with'thése nickaiAcatalySts'to.ohtain ir spectra undert
reaction conditions. |

Table 7 shows the agreement,in average Ni particle size determinad
'from qhémisorption,x-fay,1and TEM measureménts, and'Figure 6 éhOWSAa typical'
particle‘sizé.dispribntion. Eor‘the first time, an‘adsdrption isohar for CO
-on Ni has bccn'detafmined and it is shawn in:Figure#7._ Figures 8 and sthow

‘Hz adsdrption isobars on Ni/SiO catalysts. These results clearly

‘and,Ni/TiOZ

2
show that Ehe low CO and Hz'ahamisorption dptahes are not attributabla toj
activated adéorptinn.
The najor results fnr each of ‘the metals will now be summarized'
.'briefiy. | |
| Af flatinnm -
| ° Turnover frequenc1es vary 100- fold, as shown in Table 1, whlch is

@

‘a much wider range than that reported prev1ously As w1th Pd,

_SMSI Pt/TiO has the highest activity and Pt/SiO - has the lowest

2 2
activity.

] Again;.reSults'ffom'thé ir reactor and the microreagtér agrée well.
'R Under<reantion conditions, surface concenprations of adanrbed.CQ.'
on Pt/TiOé a?e bafelf detectable as shown in Fig. 1 -- a resulh:

2

similar to, but not so pronduncéd‘aé,'that for Pd/TiO, .- All other

Pt catalysts‘show‘stronghhands; as shown in Figure 2.



' These Pt catalysfs have been thoroughly characterized by H
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Unlike Pd, the HF species dominates on Pt surfages;‘

Extinction coefficients’havé also been calculated for these Pt.

catalysté; 'That'fqr Pt/Si0, based only on a ratiolof.peak heights

2

is in excellent agreement with earlier. values determined by

(10)

Eischens(g? and by Tompkins . Our average integrated extinction

coéfficients of 1 x lO_l'8 molecuié_l cm2 are the first'repérted-fdr
Pt. _Surprisingly, theséﬁValues Have not.yet_been often defermined
for Group VIII metals.

5 co,

and 0, chemisorption, the‘Hz—,AO2 titration at 300 K, and x-ray line

--broadening. Preparative'variablés‘have been studied to alloV

dispersions to be altered 50-fold without requiring high temperature

sintering steps.
H2 competes with CO much more effectively for sites on SMSI Pt/TiOz,
and substantial .CO displacement occurs at 300 K. The higher activit

may be due tp:this effect.

Palladium

Turnover frequencies vary by a factor of 40, as shown in Table 2,

and confirmfprevioqs results of Vannice. TiO esuppofted-Pd is most

2

active and SiOQ—supported Pd is least active.

Agreement between kinetic results from ir cell, microreactor, and
previous work is extremely good.

Little or no ir-active CO exists on the Tio,

-supported SMSI Pd

catalyst under reaction conditions. This is an unusual result and.

vis'the‘first report of an active CO hydrogeénation catalyst that does

not have chemisorbed CO as the predominant surface species. All

other Pd catalyst show strong bands ‘during reaction.

y
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‘b ‘When visible, the low ffequency (LF)'band'predominates over the
high ffequency (HF)'bapd (Figuree 3-5). This LF- band is aormally
associated with bridgedj or multipiy—Bonded CO &hereas the HF baﬁd
ie asseciated.with'linearly.adsorbed co. Equilibfium CO adsqution
in the'abseace.of H2 has been sthdied by-ir; and ne CO bands- are

at 300 K either, as shown in Figure 3.

" observed for SMSI Pd/TiO,‘Z

] For.the first time, absolute ir extinction coefficients have been
calculated for Co adsbrbed‘on Pd. In addition,~separafe.extinction"
coeff1c1ents have been estlmated for the HF and L¥. spec1es, and

the latter has an average value about an order of magnltude greater

than that'for_the HF'spec1es (7 X' 10 16 molecule’l cmzfvs 3 x 10 -1

rriolecule_l cmz).

‘» Chemisprption'experiments have shown thatdthree different H2 ad-

so:ption-techniques'agree_reasonably well among themselves and with

CO uptakes. Howevef, the HZ—O2 titration reaction at 373 K repro-

ducibly gives H uptakes that arel ~15% high.

2
c. Niekel -

e Good agreement was obtained among average crystallite sizes on SiOz,

and AlZO3 calculated from three-differeqt'fechniques: H2 and CO

_chemlsorption, x-ray line broadehing, and TEM.

° FdriNi/TiO ‘catalysts, H, and CO chemisorption measurements indi-

2 2

cated:drystaliite sizes far larger than those determined:by X-ray -

and TEM; however, the sizes measured by O, chemisorption were. in

2
excellent agreement with the sizes determined by the last two.

techniques assuming an adsorption stoichiometry of.O/NiS = 1. .
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. e OxygenAchemisorptioﬁ on Tioé—supported nickel appears to be

decreased compared to that4ﬁormally occﬁrring on large Ni crystal-
lites.
'@ TIsobars for CO.and H2 have shown that activated adsorption .is

not the cause of decreased monolayer coverages on TiO,-supported

2

nickel.
'y Transmiésidn'electron micrographs show evidence for 2-dimensional,
"pill box" particles similar to those observed by the Exxon workers

()

.for Pt on TiO2

l.evel of Activity

My majbr efforﬁ‘bas‘beenvdeQGted to this program. It hés rédﬁired
a tﬁird of ﬁy time, 4éndit has been very productive and informative, I,
believe it is wdrﬁhy of maintenance at this level. .

One 6f the students iﬁQoiVed in'this program, Joé S. Smiph, has -
completed his Mastérs Degree. His tﬁesis is entitled "The Crystallité.Size
_ Distribution and Adsérptioanehavior of Titania-Supported Nickel". lOne of:

‘the Ch.E. seniors has been studying H2

02, and CO chemisorption and the

,OZ—Hé.titration reactioﬁ on supported Pd catalysts.
Two. Ph.D.  students, one_Qf whom.is'self—suppprting,,are completiﬁg‘
the work on their theses. One should fiﬁiSh by Fall Term and the‘otﬁer
shoﬁl&lébﬁpletg his work during.Fa1l Tefm. |
Although no changes in ijeétives<are perceiVed; some‘newAdirectipﬁs
in research have become appareﬁt aé a resqltbof our work to date. First, ir
spectra obtained during transient expgrimehts, such as step chaﬁgés inACO
2

or H, concentrations, can provide much information about the relative adsorp-

tion bond sfrength of'thé different CO species. A small, heated ir cell-ﬁith



a very small dead volume should be constructed -- this would allow experimenté
fwith rapid xgsponsé times to bé'conaucted ét different témperafufe§. :Alsé,
the”resulté of éhis researcﬁ have emphasizgd.the iﬁportance of.differenceé
in heats of;adsorption aﬁd in heats of interaction betﬁéen different aasorbed,
spgcies -- CO ana H2 in‘this gysteﬁ. Séch da;a are nét available in the lit—.

" erature and their values are imﬁortant‘from both a fundamental and a practical

viewpoint. This isAeSpecially true for characterization»ofﬂ:he SMSI‘éatalysts.

For example, moﬁdlayer c§verage'at'773 K by Strqnglyfadéorbed hydrogen on

'Pt/TiOZ'has been proposed as the reason fot low_uptakés at 300 K(lz) rather

than low. monolayer coverages of‘hydrogen‘dﬁe to weak adsqrption caused by a

metal—support'interaction(l3).

Publications .

'Féu;ApublicaEioﬁs have alfeady reéultea'from thié work, and these
are listed beibw.b CopieS'havé been attachéd to the gccombanying Renewal
Pfoposél. ,Oﬁe'addigiodgl publication has'beEnAsubmitted to fhe j. 6f Catélysi;
describing Joe Smithfs.thesis research,'ghd four maﬁuscripts onlthé:Pf and'u
Pd catalysts are in preparation. At least two of these should be completed
by the1end.§f August. " - |
| The qulications are:
1. M; A. Vannice, S. ﬁ.'MoOn, C. C.:Twu, and S-Y. Wang, J. Phys.
E:Sci. Instru..lg, 849 (1979). "A Dgsigﬁlfor a Combined Infrared.
Celi/biffefential'Siﬁgie—Pass Reactor".
2. M. A. Vannice; T. R. Kiliéﬁy, and M;'B. Pglmer{:Jr,,'React.
'Kinef.'éatal. Lett. lg; 321 (19795; ThevConsiéténcy of

_ Repeated H2-02 Titration Cycles on Supported Pt Catalysts"..



3{ M. A. Vannice, S: H Moon, and C. C. Twu, ACS Preprints -
Petr Chem. D1§ 25, 303 (1980) ‘"A Slmultaneous IR/Klnetlc
Study.qf Supported Platinum Methanation:Catalysts;. .>‘
4. M. B. ?éimer; Jr..andAM.-A.'Vanpice, J. Chem. Tgch.'Biqtechnoi.
30, (1980). “The Effect of Piebarétion Variables on the‘Disj

persion of Supported Pt Catalysts".
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Table 1

H, and CO Adsorption on Fresh Pt Catalysts

1.5% Pt./Si(.).'Z'-A1.203

28

2

. COvﬁptaké | H, ﬁp£ake S ‘

Catalyst . .5.(ude¢ oy _(umole g-1).<;cQ/Pt~' ﬁ/Pt‘

2.1 Pt/n-Aizéé -- 52 | ----'| 0.96-
N2;0%'Pi}an12 3 - '~iéL5  ---- ‘0.24
1.5% Pt/SiOé (D)  i3 6:5 | 0.17 | 0.17
1.3% Pt/S10, -- 14.0 ——-- ‘6:42
[AJ 2% Pt/Tidé (200¢) 9 | ;.7 o.09l‘ 0.13
"LA] é%:Pt/inZl(SOOC) -{ —ie- SEEE R

.0.72

. 2| wlso



Table 2

H, and CO.Adsorption oanreSh‘Pd Catalysts

‘Catalyst

-~ CO0 Uptake

~(umole g ). | (umole g~

»H2 Uptake

L

. C0/Pd’

H/Pd

2%
29
2%

29

2%

Pd/n-A1

203 -

Pd/Si0, (D)

Pd/Si0.,-A1.0., .

Pd/Ti0, (175C)

Pd/Ti0, (500C)

a) .Tota1;H-

2 273 .

2

83 38

26 18
59 27
41 16

12 0

Uptake

0.44 0.40

-0.14-1-0.19
0.31 | 0.28
1 0.22 ‘10{17

0.06 | 0

"'24,,13;'7



Table 3

" Specific Activity of Pt Catalysts

P = 101 kPa, T = 548K, Hz/co - 3

o . | {a)
NCH4 X‘103 (mo]ecu]es'CH4 éiteflsfl) -

‘Catq1yst IR Cell ) Reactor Previous Work

. ?.1%.Pt/n;A120§ (0f96)  | 6;9 ’4: S 1:3,°1.6 .‘. ‘lfz(P)“';
2% Pﬁ/néA1293 (o.zé)lA 1.6 o | | 2.1 [

“71:5% Pt/$i0, (D) S | &D' 012
)

1.3% Pt/si0,. T I L T A 0.55()

1.5% PL/Si0,-AT0; L1 N
(A 2% Pt/Ti0, (200C) 8.5 | 4.9, 6.2 R

TA] 2% Pt/Ti0, (500C) 6.2 - | 11,28 | ---

AT 2% Pt/Ti0, (500C) 0.80(¢) | 1.4, 3.6(c)] 3.q0c).

a) Based on H(ad)'pn'fresh catdiyst

b) M. A vannice, J. Catal. 403 129 (1975)

¢) Based on 100% dispersion

2Iu|80,



" Table 4' -

Specific Activitylof Pd Cata]ysts'

101 kPa, T = 548K,  H,/C0 = 3

.pd/Tiozj(sooc)

Based -on CO adsorption on

'~Based‘on CO adsorption on

ASsuming_100%.DispersTon

Based on CO adsorption on

used ‘sanmple -

'fnesh sample

P =
"N X (molecules site”! s-])(a)
Newy 4
. Catalyst IR Cell ‘Réactor | Previous Work -
2% Pd/n-A1,05 (&) | 3.3 4.8 7.4, 12 -
2% Pd/Si0, (D) ND 0.12 0.32
2% Pd/Si0,-A1,0, 1.9 |0 - .
2% Pd/Tio, (175C) | 2.0 4.1(0) 4 () N
24°Pd/Ti0, (500C) 6.5(P) 12(B) 17(b) ----
2% Pd/Ti0, (500C) 0.39(¢) 0.7¢¢) 1.00c)  g:s3le)
29 1.8(d) 3.18d) g 6(d)) .

~fresh (175C) sample -

"3(118°



' * Table 5 .

,v:Siliéa-Supported Pt Hds Low Activity

2% Pt/Ti0, (200C)

1w, 103Ké) o
Cata]y;t - "CHfi o H/Pt(a)
: (; 5'@ 548K)

.~ 1.5% Pt/Davison oz '0;17'
| :1.3%'Pt/¢65.. 0.07 q.4é
2.0 P£/cos'(1) 0.06 0.63

”,.2;0%.P£/COSA(E5  ‘o.oé 1.0

2.i% Pt/A]éOé? 2 o 0.561

6 :0.13

' Aa) Based on-Hz‘adsorption on frésh catalyst

zll\\go



‘ Table 6

fTurnover Frequehcies for Pd/A1203 Cata]ysts

1

(molecule-site™*-s™1) @ 101 kPa, 548K

3(a) CH,

" Catalyst o ‘ ' 4 : (kcal mole”

E

1 | | . (a)' |
) CO/Pd

2% Pd/n-A1,0, (i) 8.8 19,4 0.065
2% Pd/n-A1,0, (e) 4.8 | 20,1 0.12
2% Pd/N-A1,0, (e)(c) 4.6 13.8 - | 0.23

29 Pd/n-A1,0, (¢) | 12 Sl 197 ©0.11

2

2% Pd/n-A1,0," (c &s) | 7.4 Co236 1 0.067
©9.5% Pd/n-A1,0, (c&s) | 100 - -~ 21.0 - | o0.043

10% Pd/n-A1,05 (c & s) 5.1 22.2 © | . 0.034.

10% Pd/M=A1,05 (s) * 8.5 | 192 | 0.019

':a) Based on CO adsorption on used. catalyst

- 2)n|eo



Table 7
AVERAGE PARTICLE SIZES

A o . o S ey . .
Catalyst‘ 4 g 4 (nm) | o ‘dv (nm)

H, CO -0, TEM  X-Ray = TEM

8% Ni/Ti0,. ' 25 19 8 _ :
16% Ni/TiO, o 21 23 5% o 9 10
8% Ni/sio, i 6 6 65 11 10 . 14
8% Ni/n-Al,0, 6 .6 5 ' ' '

a - all TEM results are mean values.

b - assuming O/Ni_=.1. : _ o
. , - o : ‘ . : .

¢ - assuming O/NJ.S =2, _ S , S o



IR Spectra of CO- Adsorpeq on 2% Pt/Ti0, (500C) °

Peo . = 183 torr

Baseline in He

He + CO @ RT

10% T |

Hp + CO O.RT

H,

¥ C0 @ 548K

. 'Figure 1 -

2200 - ‘.(CM']) ZOQO S 1800




IR SpecTrA OF CO ADSQRBED ON 1.5% PT/S10p-ALy03 -

| - BaseLINE IN HE

fy+ COQRT

My + CO 8 SUSK

A1‘P90' y 183'T03R"'~

! Figure 2';:




| IR.SPECTRA oF CO:AbSdRBED oN 2% PD/TIOZ' |

| PC01%11831TQRR)LPHE'% 550 TORR -

©(500°C Rep)'

[ (175°C Rep) T = 300

N (a7sec §ED)44 Co

2300 2100 1900
| v (ch=I) o




IR Spectra.of CO.Adsorbed on Pd at 300K

PCO = 185 Forr‘, P'He = 555 tqr‘»ru-.

2% Pd/n-A1,0,

2% Pd4/$T0, (D)

2% PA/Ti0,.




o €0 ApsoreeD on 2% Pﬁ/SIOZ‘Angﬁ.'

Py = 101 kPa, He/CO = 3
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