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. INTRODUCTION 

As puiuaed ~ut in our proposal, the work was undertaken usinE MossbaueT 

spectroscopy to characterize supported iron catalysts such as Fe/ZSM-5, 

Fe/Silicalite, and Fe/Mcrdenlte in the synfuel gas reaction. As outliued in 

our May 1982 interim report, attention was focussed on M~ssbauer in-situ 

characterization at various stages while the synfuel gas reactiov uas taking 

place. The fresh catalyst samples (impreEnated usin 8 Fe3(CO)I2) were 

supplied by the Pittsburgh Energy Technology Center (PETC). In this report, 

salient aspects of M~ssbauer spectra and interpretations are presented. The 

~ssbauer spectra at various reaction condltlons such as gas flow rate, 

reduction time, and carbidin E time are also reported to further understand the 

nature of catalyst and to derive optimum reaction coudi~ions. Our work has 

resulted in several publications; a list of these and telex:ant papers is 

gi ' , ,en a t  the end  of u h l s  report. 

I T_. PERSONNEL 

Mr. C a r y  C. Lo ( a  S o l i d  S t a t e  S c i e n c e  s t u d e n t )  was p a i d  : h a l f - t l m e  

graduate assistantship for three terms and has assumed major responsibility 

for this project during the reportin E period. Mr. Lo has also passed the 

candidacy and comprehensive examinations during this period a "A is procee~in E 

with his related research under the direction of the principal Investigator 

(P.I.), Prof. L. N. Mulay. The P.I. is pleased ~Ith the results obtained 

within t h e  constraints of a limited budEet aud trust that the P~TC-DOE 

scientists will a l t o  feel happy with the work accomplished. 

l ' r l .  NEW INSTEUMENTATIOE 

A ~ s s b a u e r  s p e c t r o m e t e r  f o r  s t u d i e s  on t h e  s y n f u e l  g a s  c a t a l y s t s  was 

s e t  up a n d  m o d i f i e d  f o r  t e m p e r a t u r e - d e p e n d e n t  a n d / o r  a p p l i e d  e x t e r n a l  f i e l d  

work. A new 55 mCi Co 57 source in Rh matrix supplied by the New Ensland 

Nuclear (Boston, Mass.) was used in these studies. A block diagram of the 

Mossbauer spectrometer and its associated ,.~Inctronlc unlts is shown in Fi 8. i. 



The o r i g i na l  M~ssbauer d r i ve  transducer un ic  f o r  v ~ r a t i n  8 the source in  the 

cons~anc accelerat¢on mode was manufactured by the Nuclear Science and 

Fmg:Luqmring Company, Pittsburgh, PA. .This drive unit is now replaced by a 

brand new Austin Associates drive unit with a helium-neon laser innerferom~uer 

used for absolute veluci~y calibration. The gas proportional counter used to 

detect the 14.4 KeY ganna rays contained 90~ krypton and. 10% methane, and was 

made b7 the Eeuter-Stokes Company, Cleveland, Ohio. The memory storage unit 

consists of a new ND-100 multichannel analyzer with 1024 channels, high 

volcaSe sup?ly (ND-537): analog-to-digital converter (ND-570), and a 

preamplifier (ND-~OI); all such apparatus was supplied by the ~uclear Data, 

Inc., Chlcago , IL. The teletype terminal ~-as manufac=ured by the Teletype 

Corporation, Skok/e, IL. The new A~s~in ~socia~s ~ssbauer spec=rometer 

45-600) provides (1) a sawrooth, (ii), a triangular and (ill) a sinusoidal 

mode with capahilitles for "constant velocity" operation, and so on: 

The in-sltu cell for Mossbauer measurements [I] is shown in ~ig. 2. 

This stainless steel cell with external car¢ridge heaters (Hot Wa=u 8215) was 

connected in parallel to a 3-mode temperature con=roller (Wisuax 1542); ch/s 

prodded temperatures up to 800 K. Two Cb~omel/Alumel =hermocouples rare used 

to monitor the =e=pera',ure. One was kept in contact with the bo=uom of the 

sa~pl? wafer vhile =he other was connected =o the surface of ~he sample 

holder. A uniform and stable temperature was achieved, ~Tith a tempera=ure 

gradient less rJ~an 7 K, depending on the lower and h~gher operating 

temperatures. The elf-cooled Beryllium windows (0.0i" thick and 0.57" in 

diameter)~ supplied by Reuter Stokes Co. in 2x2" square plates, ~re 

vacuum brazed to Cu rings and then sealed by Varian ConFlat flanges. This 

Be window was analyzed using mass specnroscopy and Neuzron Activation analysis 

which assured the iron impurity to be less ~han 50 ppm. The iu-si~u cell ca= 

Oe used at ~ pressures, using thicker Be windows. 

The flow rates of hydrogen and ¢~rbon monoxide were obtained using mass 

flov control valves (Brooks Model 5813). The hydrogen (99.999% pure from 

~_irco) was further purified by passing it through a gas purier and an Oxytrap 

(Alltech Associates, Znc. ) :o remove any ~0 and 02 respectively. The carbon 

monoxide (99.99% pure from Matheson) was further purified by passing it 

~.hrough a gas purifier to remove any H20 and carbonyls. A schema=ic diagram 

of the total reactor system is shown in ~ig. 3. 



I~. METHODS 0F ~ OF M~SSBADER PARAMETERS 

Car.alys~ samples f o r  Mossbauer measur~ .en t s  re : - -  mounted in  the  Mossbauer 

cell in a "porous wafer" form, which .~llowed a free flow of gases over the 

catalyst. These self-supporting wafers of 0.57" diameter were made by pressing 

0.2-0.3 g of powdered samples at a pressure of ~8000 psi- The veloclCy of the 

drive unit was set at +-i0 ~m/sec so that all possible peaks arising from 

phases such as iron oxides, meca!ll¢ iron, and iron carbides were well 

co~ta/ne~ within the 512 channels of the mul~Ichannel analyzer. Calibration 

was performed usiug a standard NBS Fe foil for which the six-line spectrum 

was obtained, These six lines also allowed the calibration of :hG linearity 

of the drive unit, which was found to be within -'0.5%. Since the channels for 

the peaks of ehe iron senndard could be found from the printout s: a 

caiibraclou constant in ---/set/channel was calculated so uhac any ch-.,,el 

number could be converted to the corresponding velocity. 

The catalyst samples supplied by PETC were prepared in the following 

manner. The transition metal Fe was introduced into the zeolite by 

impregnation with the iron carbonyl Fe3(CO)I 2 by using an extraction technique 

with cyclohexane as the solvent [Z]. The w~ighc percent of impregnated iron, 

normally in ~he range iO-16%, was determined by actinic absorption techniques. 

In general, in-situ Mossbauer measurements were carried out at four stages: 

(a) as-impregnated fresh samples, (b) samples reduced in H 2 (50 cc/min) at 

~50aC, (c) those carbided in CO/~ = 1:1 (100 co/rain total gas flow) at 250°C 

and (d) those run In CO-E? (i:! synfuel mixture) (100 cc/min total gas flow) 

at 280oC and then 300"C. The spectra were obtained at room c~mpera~ure ,under 

various snases as sho~n in Fig. 4. 

All Mossbauer measurements below room t~mperature were performed using 

Model LT-3-LI0 liquid transfer "Heli-Tran." The "Heli-Tran" was used in 

conjunction wiLh an ~D-E diEi~al temperature controller, both of which were 

made by A/r Products and Chemicals, Inc., Allentown, Pa. The alumiuum foil 

conga/n/rig the sample measurement was attached co a special sample holder 

supplied by Air Products and Chemicals, Inc., wh/ch was then screvad into 

the tip of the cold finger. The sample temperature could be maintained to 

-'0.I0 K with this cryostat. The ~hermocouple was calibrated by Air Products 

and Chemlca/~ Inc. For a detailed description of the theory and method of 



operation of the cryostat, the reader should consul~ several excellent 

Man,,~is %Tit~e~ by Air Products azld Chemicals, T~Ic. 

V. AI~ALYSIS OF M~SS~ DATA 

The M~ssbauer data were recorded from the spectrometer in the form of a 

punched paper tape printed un =he teletype and, when necessary, recorded on 

the X-Y plotter. A computer program has been used in several cases to conver~ 

the contents of the paper tape onto a Cal-comp graphic converter. A least 

s q u a r ~  computer program obtained from the Quantum Chemistry Program Exchange 

and other groups was used to fir the M~ssbauer dare. Single Lorentzian lines 

were used in fitting the spectra. The program was capable of varying the 

line pcsi~iQns, ~ widths and intensities in order to obtain the best fit. 

A fit was considered =o be good when the chi (X) squared value was approximately 

equal to =he number of channels in the spectrum. In some cases, after an 

initial fit was obtained, the line widths were constrained and the fitting 

procedure was repeated, i subroutine for the calculation of X square and 

M~SFIT, developed by S.L. Euby [3] of =he Argonne National Laboratory, was 

also included in the main computer program =o compute the quality of the 

fitting obtained. The line widths ~re usually constrained to be within 

0.30 ~o 0.35 mm/sec, which is appropriate for Fe 57. For further detail.s 

pertaining to the computer program used to fi~ M~ssbauer da~a, the reader 

should consult Write Up No. 276 of Quantum Chemistry Program Exchange, 

Indiana Universit~. 

Several numerical methods have been developed for ~euermining the 

hyperfine parameters from an observed Mossbauer spectrum; these being, in 

general, synthetic methods requiring a computer. As Hoy and Chandra [4] 

ha%e pointed out, these approaches are unsatisfactory hecaus~ they necessitate 

making successive fi~s to =he observed spectrum, using trial and error ~alues 

of the parameters. Zn view of these arguments, an analytical technique was 

adopte~, which is discussed by Williams and Bancroft [5]. 

VI. SYNOPSIS OF TEE WORK C.~ED OUT ON ~ "1981"--SAMPLES SEI~ BY PETC 

The M~ssbauer measurements o~ catalysts connaininE ZSM-5, silical~te or 

Mo=denite as =he shape selective component, and Fe (using Yeg(CO)I/) as a 



transition me~al component have been systematically studied. The general 

findings of our study are o u t l i n e d  b e l o w :  

(i) Fe 3+ ions were found to exist in the as-impregnated cat~lysts, as 

expected. A v e r y  interesting and significant result indicated =hat :he 

carbonyl impregnated sample contained ultrafine y-Fe203 of d - 60-66 ~ in 

• nAt.ate agreement with x-ray d/ffracuion llne broadening In contrast, the " - 

impregnated sample showed ~-Fe203 of approximate particle size of IOU ~ from 

a comparison with M~ssbauer studies on u-Fe203 by Kundlg [6]. 

(2) All the catalysts on reduction were found to contain Fe metal 

(~80Z), Fe304, and Fe 3+ ions. It should be onted that the reduction was 

completed in two hours since identical Mossbauer spectra were obtained from 

runs ranging from 2 hours ~o 24 hours. Zn addition, we also studied the 

reduction at various ~ flow rates (i0 c=/min, 40 cc/min, and 50 cc/min). As 

nhe ~ flow rate increased from i0 co/rain to 50 co/rain, less amount of Fe304 

was obtained. 

(3) On carburization, the ZZM-5 (Fe) samples at 250°C with CO/~ ratio 

i:i (I00 co/rain total gas flow) showed the presence of X-carbide (FesC 2) , 

cementite (Fe3C), and Fe304 . It was found that the x-FesC 2 is dom/nant 

compared with the cementite phase, it should be stressed that the carbidlng 

was found to be completed at 16 hours. 

(4) The used catalysts (at 280°C for 48 hours) originally prepared by 

ca~bon~l impregmacion showed the same spectra as obtained with the carbided 

catalys~;s. This showed ~ h a t  Lhe catalyst displayed steady catalytic activity 

and selectlvity as the reaction proceeded. When the reaction tenperature 

was changed to 300"C, no major change was found but a slightly increased 

%-Fe3C (cementite) was obtained over a period of 3 days. This confirms ubat 

the catalyst was fairly stable at different reaction temperatures. Tn 

contrast, as Lhe reaction time was extended, the used catalysts derived from 

nitrate ~re~nation showed relatively more re, entice as compared to the 

x-carblde. Previously, we have  shown [7] that the x-carbide is m o r e  active 

than cementi~e. Thus, it is evident that the nitrate impregnated catalyst 

exh/bited unste,ldy activity and selectlv-i~y ~u liquid hydrocarbons. 



(5) A slgnificau~ metal-support interaction was found .<n the  case of 

fresh car~%lysts prepared by carbonyl impresnation on Mordenite with various 

SI02/AI203 ratios. 

In the followlnE sections we describe the specific details of Mossbauer 

in-situ studies obtained for samples 81-3 (Fe3(CO)I2 on ZSM-5) and 81-12 

(Fe3(CO)I 2 on Mmrdenite). 

(&) The room temperature ~ssbauer spectrum (Fig. 5) of i~preEnated 

sample of ~e3(C0)IZ on ZSM-5 shows a stronE doublet %rich isomer shift of 0.a 

-~/sec and quadrupole split~hug of 0.95 ram/see similar to that observed by 

Coey and Kha!afalla [8], and associated with ultrafln ~ - particles that -~ere 

identified as ferrimagnetically ordered superparamagne=ic 7-~e203- This 

aspect was confirmed by x-ray diffraction as well as maE~etic measurements 

[9]. Particle size calculations from magnet£c measurements of this finely 

dlspersed catalyst, assuming spherical particles, yield an average particle 

size in the tense 60-66 ~, in agreement with x-ray diffraction line broadening. 

However, the room temperature M~ssbauer spectrum (Fi~. 6) of impregnated 

Fe3(CO)I 2 on Mordenite (Si02/AI203 = ii.4) shows a doublet with isomer shlfu 

of 0.375 ram/see and qua~rupole spl/ttinE of 0.741 --,/see due to Fe 3+ from 

antiferromagnetically ordered superparam~gnetic 7-Fe203. Th/s was also confirmed 

by maEnetic measurements. Tt should be nu~e~ that as uhe Si02/AI203 ratio 

in-_reamed from II.A to 17.4, ~h~ isomer shift increased to 0.383 ram/see 

and then decreased to 0.331 ram/see a~ a $i02/A1203 ratio of 20.~. As the 

SiOz/AI205 ratio further incareased to 61.82, an isomer shift of 0.191 ram/see 

was ob ta ined  ale~E with a small sextet arising from hulk iron oxide. 

(B) The room temperature M~ssbauer spectrum of =he catalyst (sample 81-3) 

reduce= in ~ (50 cc/mi=) at 450"C for 30 minutes shown in Fig. 7 consisted 

of a sex~e~ correspondimg to metallic iron (Fe°), two small sextets correspomdimg 

to Fe304, and a central doublet corresponding ~o Fe 3+ ~-hich showed incomplete 

reduction (see arruw shown in ~ig. 7). As shown in Fig. 8, when the catalyst 

was reduced for 24 hours, the central doublet was decreased (see arrow shaun 

in Fig. 8). Buwever, ~he reduction was completed in 2 hours since -_he same 

M~ssbauer spectra w~re obtained from 2 hours to 24 hours. As mentioned 

b 



previously, relatively more Fe304 was obtained when the H 2 fow rate was 

decreased. A typical spectrum of catalyst reduced for 2 hours at ~ = i0 cc/min 

is shovn in Fig. 9. 

The room temperature spectrum of the sample 81-12 reduced in ~ (i0 cc/min) 

at 450°C for 4 hours shown in Fig. i0 consisted of metallic iron, Fe304 and 

~e 2+. However, t h e  more FesO 4 content w-as observed in Lhls case. 

(C) The carbiding was carried out ac 250oC with CO/~ ratio i:i 

(I00 cc/min coral gas flow) for 24 hours. The spectrum of carbided 81-3 

shown in Fig. Ii, collected after 9 hours of carbiding, consisted of Ye304, 

8-Fe3C, x-FesC2, and Fe" which indicates thac the carbiding was nor completed. 

As shown in Fig. 12, wuen the catalyst was carbided for 19 hours, the carbidin g 

was compleued with no iron shown in the spec~r,-,. I~ should be noued that 

the carbiding was cumpl~ced ac 16 hours. However, ~he specurum of caualysE 

carbided for 24 hours is shown in Fig. 13 which shows no major change from 

Fi 8. 12. 

The spectrum of cacalys~ 81-12 carbided at 250"C with CO/H 2 ratio I:i 

(20 cc/min total ~s flow) for 20 hours shown in Fig. 14 consisted of y-Fe203 

and Fe304. Ho iron carbide (in any phase) was found ~_n the carbided semple. 

(D) The synfuel sas reaction was first carried our with CO/~ - I:i 

(i00 cc/min total gas pressure) at 280oC for A8 hours. The spectrum (see 

Fi E. 15) obtained after a 2.2-hour nun shows similar to than observed at 

carbidlng stage. The reaction temperature was th~ increased to 300"C for 

72 hours. Similar spectra shown in FiBs. ib and 17 were obtained after a 

12-hour run and 48-hour run, respectively. This indicated chat the catalyst 

was fairly stable at various ~emperacures as the reaction time went on. 

VIII. CONCLUSIONS 

(i) The catalysts prepared using Fe3(CO)I 2 impreEnacion on ZSM-5 showed 

y-Ye203 with better dispersion and s~aller particle s~z e which I~/ co hish 

surface area. 



(2) T h e e  2 f l ow  r ace  v a r i e d  the  Fe304 c o n t e n t  ac the  ~educCion s t a g e .  

Under normal reduction condlcions, the reducclon is cumpleced in two hours. 

Eish ~ flow is sussesCecl in  order co ob ta in  complete reduction. 

(3) The ca:bided c~aalysc rich csrbonyl im~regnaclon shc~ed no ~hase 

chanEe in che~Easreac~ion. This confirmed tha~ the catalysts w-~re 

very stable and the activity obuained from PETC samples aC 300°C was mainly 

due co the =emoera~ure effect. 

(4) Low acclvlcy of iron on Mordenite catalyst resulted possibly from =he 

extensive oxidacion of the carbided caualysu. 

(5) The cacalys~s prepared using Fe3(CO)12 imprasuation on MordeniCe 

with vaTlous SiO2/Al203 r~Cie shoved y-Fe203 with various isomer shift arising 

from che chanEe of chemical environment. This is an evidence of strong mecal 

su?porc Interaction (SMSI) due co the acidi~y of =he catalyst support. 
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Fi  E. 2 Hossbauer absorber ceLT r i c h  the  sample h o l d e r  assembly  

r a i s e d  and thermocouples ,  f l a n E e  b o l t s ,  and b o l t  h o l e s  
o m i t t e d .  Dimensions i n  ram. (A) The~mocouple f eedehroughs ;  
(B) gas ~mTet cubing;  (C) h e a t e r  w e l l s ;  (D) outer  s h e . l l ;  
(E) gasket  for  ConFlat f l a n g e ;  (F) copper heac s h i e l d ;  
(G) Be window; (a) sample h o l d e r  b lock;  ( I )  sample;  
(J)  r e c a i n i u g  r i n g ;  (K) h o l l o w  boron n i ~ r i d e  screv ;  
(L) c e l l  mount; (H) screws  t o  s ecure  ceLT and mount; 
(N) Be window; (P) gas o u t l e t .  
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FIg, 7 81-3,  Reduct£on f o r  30 min w i t h  H 2 - 50 ec/m£n a t  650°C. 
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Fig. 9 81-3, Reduction for  2 hre w i th  H 2 = 10 ec/mtn at 450°C. 



V(EH/6) 
-,z.mm -,m.m -!m.,mm ..@.m .~.:w -@.me w.mm I. w ., ~,mo _ o.mm m,.m ~p.oo __~z.m 

| 
.i 

m m 

i 
Y 

! 
~ k.oo ,-'~o.am' ~,N .,~,o,o ~Jm ,.k..- " e'.m e'.R ,~.m otnO o;.m ~.~ ~..m 

n 

" V ( H 8 / 6 )  

Fig .  10 87-12, l~eductton fo r  4 hre w l t l ;  !i 2 = I0 co/rain a t  450°G, 



V(NH/$) 
-.I#.M -le.m 4.w .,.am .~.m ..@.m m.m ~.m ,,.m e.m o.m ?.,m @.ram 

| m | ~  A _  . , , -  a . . . . . .  _ _  • • • _ - - • 

, k ee304 I I '" f -- ' .... '~---" ....... II 

I ~ ~ W " ' " " --i i II 

I~' I ' , ;i---i I F%0 2 
I'" I my i -I III 

I" i i- F%c 

Y y y Y  YyVy, 
y Y Y '~Y 

VCItH/S) 

Fig. Ll 81-3, carblding with X2/CO - 1:1, 50 cc/mtn, at 250°C for 9 hrs. 
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Pig .  13 8 1 - 3 ,  carbid ing  ~ i t h  il2/CO - 1:1 ,  50 cc /min ,  nt 250°C foc  2~ hrs .  
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Fig. 15 81-3, Run wi th t!2/C0 = 1;1,  50 cc/mtn, at  280°C for  12 hrs. 
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F i g .  16 81 -3 ,  Run w l t h  il2/CO - 1 "1 ,  50 c c / m t n ,  Rt 3OO°C [on: 12 h r s .  
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LIST OF PUBLICATIONS 

Based on the work supported by DOE-PETC 

i. Syn~hesls of Iron-Nitrogen Compounds by R~-Spu~terlng: Mossbauer Scudles. 

Mat. R~s. Bull. 15, 1267(1980). 

2. Mossbauer and Magnetic Studies of Bifunc~ionalMedlum-Pors Zeolite-lron 

Catalysts Used in Synthesls Gas Conversion. Chapter 27 in '~ossbauer 

Spec=roscopy and Its Chem£cal Appl£caclous." J. G, Stevens and G. K. Shenoy, 

eds. Adv. in Chem. Series. No.194, Am. Chem. Soc., Washington, DC (1981). 

3. Transmlsslon and Baekscatter Mossbauer Spectrscopy of Zeoliue Fe(and Fe-Co) 

Synfuel Catalysts. Paper presented and publlshed in the Proc. Int. Conf. 

Mosshauer Spectroscopy, Jai~ur(Tndla), Dec.(1981). 

4. Hossbauer Spectra of Spunuered Catalytically Active Fe-g Phases. 

Conf. Mossbauer Spectroscopy, Ja/pur(ludla), Dec.(1981). 

Proc. Int. 

5. ~ossbauer Characcerizatlon of Reacelvely Sputtered Iron Ni~rlde Films. 

J. Vac. Sol. Techuol. 18, 313(1981). 

6. Magnetic, Mossbauer, and Catalytic Properties of the Zeollte Catalysts 

ZSM-5(Fe). J. Appl. Phys. 53, 2683 (1982) . 

7. Static Magnetic and Mossbauer Spectroscopic Measurements on Fe-N Thin Films. 

J. AppI. Phys. 53, 2745(!982). 



-~ MOSSBAUER SPECTROSCOPY RESULTS 

DOE Contract DE-AC-22-81PC4126S. Principal Investigator Prof. L.N. Mulay, 136 Hat. Res. Lab., The Pennsylvania 
State University, University Park, PA 16002 

Sample No. Sample State Description of Mossbauer Spectra and Interpretation 

81-1 ZSM-5 (16% Fe) Used 

81-2 ZSM-5 (Fe) added Used 
wtth FeaO~ 

81-3 ZSM-5 (15.2% Fe) Fresh 

81-4 ZSM-5 (15.2% Fe) Reduced 

81-5 ZSM-5 (15.2% Fe) Carbtded 

81-6 Stl ica~tte (10% Fe) Fresh 

81-7 St l tca l t te  (20% Fe) Fresh 
81-8 ZSM-5 (14.7% Fe) Fresh 
81-9 ZSM-5 (14.7% Fe) Used 

81-10 ZSM-5 (15.2% Fe) Reduced 
81-11 ZSM-5 (15.2% Fe) Carblded 

large amount of Fe30,. FesC:. and a strong doublet 
FesC=. Fe=C. no presence of Fe30~ 

strongly unresolved doublet corresponding to y-Fe203 

stx peaks corresponding to Iron metal and small central doublet ~ 
to Fe 3÷ 

FesC=. s,na11 amount of FesO~, and doublet corresponding to Fe 3+ 
doublet due to Fe 3+ 

doublet due to Fe 3÷ 
doublet due to Fe 3+ 

FesCz, large amount of Fo3C, and doublet due to Fe e+ 
Fe-metal (~85%) and doublet due to Fe 3+ 

FesC=, Fe30,, and doublet due to Fe 3+ 

PETe-Pittsburgh, PA, should be bt l led for $11,000. 
(Eleven Thousand Dollars only at this t|me according 
to contract terms) 

Date: November 2, 1981 

L.H. Hulay 
Professor of Soltd State Science 
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)E C o n t r a c t  DE-AC-22-812CA~265. Pr in , ' .~pa l  I n v e s t l a a r o r  P r o f .  L . N . . ~ 1 a 7 .  1~6 ~ t .  R~e. L a b . ,  The P e m m y l ~ a ~ a  Sc~te  
: £ v e r s l t y .  U u i v e n £ t y  Park, PA 16802 

~mple No. 

81-12 

81-15 

~I-18 

81-21 

$i-24 

S1-27 

~i-28 

~I-]A 

5 ~ l e m ,  d I~s S t a t e  

N o r d e ~ l c e  ($102/A1203 - ~1 .4 )  ~rJLth ! 5 .11~  Fe 
i m p r e g n a t e d  ~m~-nE c a = b o ~ f l .  Fr~Jh c a c = l y s t .  
Fe 3 - 3 $ 6 / B - H o r d e n ~ t e  AR 

Sample ZI-12 calcined i~ a/r at 500"C, 
Fe 3-356/E-MoTdeu/ce 500"C. 

.~o=dm~te  (S i02/A/203 = 17.6)  v l t h  17.08,~ Fe 
L=prel ;nzced u s i n g  c~rbo~yl. F r e s h  C~tLlySC 
Fe 3-3.~,/H-HordL~.l.ce AE. 

~ l e  81-18 c a l c i n e d  in  a l r a c  500"C 
Fe ~-35A/E-Mcr~e=~te 500"C. 

Horde~Lce (S~02/A12~ 3 = 20.4) ~ l ch  16.13Z Fe 
impregnated us ing  =erbium1. Fresh  c a t a l y s t .  
Fe 3 - -3571E-Morde~ te  AR. 

Sample 81-24 ~ a l r . ~ d  1= a i r  a t  500"C. 
Fe 3- -357/H-Morc~l .ce  500"C. 

. ~ o r d ~ c e  (51Oz/~1203 = 61. 
~ p r e p a t e d  resin 8 c a r b o n y l .  
Fe ] -~51/5-Korde=. l . te  AP.. 

82) with 14Z Fe 
Fresh catalyst 

ZSH-5 (Fe ) .  Fr-*n c a t a l y s t  ~ e g ~ t e d  usLug 
Fe3(CO)12. ( F r e s h  359-J). Calc ined :Ln a~.r 
a t  600"C i n  o u r  l a b .  (Th~.s ~czk was done 
:o  cheek  t h e  calc:Ls~Lng e f f e c ~  a t  k l S h e r  
t e m p e r a t u r e  u s t n ~  an acidic 7.St~$ s t ~ c t ~ r e ) .  

; ~ s c r l p r _ t c ~  o f  M ~ s s b a m ~  S p e c t r a  and l a t e r ~ t ~ c a c : L o n  

Se rous  ~ y m z c r l c  doublet due to Fe ~ f rom 

~ - ~ 2 0 3  [ 1 . S .  - 0 .375  a m / e ,  Q.S.  • 0.7&1 m s / s ] .  

5mmlZ e s y m s c z l c  doub]a~t due co ~e 3+ from 
(~mt:L(m~.'omlEnetlcally o rde red  sul~zlpaurama4Jnet£c) 
s - F e 2 0 3  and  8 sgZ-l~eaE m l ~ e a c ~ . y  o r d e r e d  
~-Fe203 [ I . e .  - o . 438  m n / s .  E .F .  512 la )e ] .  

Strong a s T m e t c l c  Coablec due co Fe 3+ 
(fez'~lmal~seclr.Ll~y orde=ed s ~ x ~ ' p ~ i ~ l l m C ~ c )  
7-Fe203 [Z.S.  - 0 .382 i m / s ,  Q.S. - 0,744 ~ s  ~ 

a s y m e t r ~ c  doubZac due to Fe )~ f ~  
f a u r - l ~ e r ~ m a l l ~ l y  o rde red  s t ~ e ~ - p m l ~ r ~ L c )  
a-Fe203 and • s~c-peak ~u,8:netXcal.ly o=de ted  
o-Fe20 ~ [ I . S .  = 0 ,430 ~ s ,  E.F. 511 g0e ] .  

Scron~ doub le t  f rom Fe ~" ~ a smal l  peak (due 
co Fe ~ ' )  ~rJ.ch p o s t c l v e  1 . 5 .  and l a r i p t  Q.S.  f r o ,  
supecparama4~eclc lrcm-o=LcT~. The ac:Ld~c E 
1= t h e  l i t t e r  p14tye Im ~ r  roZe /st c~te 
ceducClon p r o c e s s .  

S ~ 1 1  a s T ~ m e ~ c  doub!ec due co Fe ~ .:~o~ 
( a = c i f e r r o m a ~ ; n e c l ~ - ~  7 o r d e r e d  supe=paramalFxec£c) 
~-Fe~03 amd a s:L:t-peak u~gnec:Lca.~y ordered  
a-Fe  203" 

S~x ~ peaks ~rLc~ • e:oalesced double=) s t r o n g  
peak  ac  ch~ c e n t e r  ar2&~JZl; f r o ~  m a l ~ e c ~ y  
o r d e r e d  ~ r o n - o z d ~ f e ( s ) .  I n c . - ~ s e  1= $102/A1203 
ratio gives r~se co ¢o~pl~ slPectrm~. 

The c.~lex s ~ e c t r , =  co~respo~dz  to =osc17  
Fe304,  wlch  8 ~ c e  o f  a doub2e ~ . as ~ i n  
pre~r'_o~s cases. The *sr.~Ltc7 and " c r y s t a l  
f t e~d "  e f f e c t s  a~e .-esponsLble f o :  the 
c o a p l e x t ~  o f  : J~  speccz~m. 

C - P i t : s b u r g h ,  PA, s h o u l d  be b i l l e d  fo r  5~,000.  ( E / g h t  
~ . - u s a n d  Do] . lars  onl.~ a= t h i s  c lme a c c o r d / h E  :o  conc race  

Subl~.=ned by:  / 

~.: . laaua~/ 13, 1982 L . } ; . . ~ t l a y  
P ro fesso r  o f  So]Ad S ta te  S¢~(mce 



DOE Coucracc DE-AC-Z2--81P~1265. Pr inc£pal  Invesutga~o= Prof .  L.N. ~ / a y ,  136 Mac. Ees. Lab. ,  The ~enn.qylvan.~ 
S t a t e  Ur./.~mrsicy, Un:Lv~sicy lh~k ,  ~A 16802 

Sample No. Sa=ple and ~ Sr.acz Oescz-lpcic~ o f  ~ossbaue= Sptcc=a and. T.nce_--p=eC&Clon 

81-3 

S1-3-I  

81-3-2 

31-3-3 

51-3--~ 

Z~-5  (!5.2:~ 1%) i r rmh  
c a t a l y s t  l~lP=el;naced ua~S 
Fe3(CO)L? " (Fresh 359-3) 

81-3, ~ c t o u  £o= 2 b r s  
r i c h  H2-10 cclmln zC ~50"C 

81-3, lteducCion ~o~ 2 l=s  
wir.h a1-'~o cc/=Ln ar  ~50°C 

81-3, Reduction fo r  20 m~n 
,a'lch 32-50 cc /a tn  ac ~50"C 

81-3, Reducc~J)n f o r  2t I~s 
r i c h  52"50 cc/min zc /,50"C 

51-3-5 81-3, cazb~LT=~ r i c h  H2/CO- 
1:1, 50 cc/m~n, ac 250"C fo= 
9 hrs. 

$1-3-6 81-3, cazb~[lnl~ vt-..b H2/C0- 
1:1, 50 cc/min,  ac 250°C £oc 
19 hrs.  

~,1-3--7 81-3, c~:b id in& r i c h  II2/c0- 
1:1, 50 cc/=Lu, ac 250"C foc 
24 h r s .  

:~1-3-3 ~1-3, ~ u  -,rich H2/C0"1:1. 
50 cclmin, ac 2S0eC f o r  12 hcs. 

51-3-9 81-3, Run ",rich H2/CO-1:1, 
50 cc/m~n, ac 280"C fo= 24 b=s. 

~!-3-10 8Z-3, Eun ~.ch B2/CO"L:Z, 
50 cct~Lu, a~ 300"C f o r  12 h~s. 

81-3-L l  P.I-3, ~ w i th  E2/CO-1:1, 
50 c c / ~ . n ,  ac 300"C fo :  24 h~s .  

~I-3-L?. 81-3, Pun w i th  H2/CO',~:I, 
50 cclm~u, ac 3000C fo= 48 b=s. 

SI-3--13 81-3, ~ v l c h  i!2/CO-1:1, 
50 cc/~Lu, ~'c 300"C fo r  72 hrs.  

~1-~-14 81-3, Ibm ~-t:h H2/CO'I :1 ,  
50 cc/~t=,  ac 280"C £or 2~. h=s. 

~1-3-15 81-3, Ibm r i c h  H2/CO-1:1. 
50 ~c/=.l.u, ac  280"C f o r  48 h::s. 

sc :on8  doub l e t  c o z T e m p o u d ~  co s u p ~ s = m m S = e c l c  y-~e203 
CZ.S.-0.~ = a i s e c ,  q . 5 . - 0 . 9 5  ~ s e ~ )  

s:Lv. ~.aks coc=espaadd~ co Fe" p lu s  l a=se  a=oc=c o£ ~e30 ~ ('~OZ) 

s i x  peaks co==esponcL%=S co Ye" plc~ Fe30 ~ (~,20Z) 

s i~  peaks corcespoud~4~ co ~e ' ,  ~ ~ sex te t s  cor=espond/nS 
c.', ¥e304, and cenc=al doublec (~e-~  shovs inco=plec~ ¢educ=~.on. 
~c couclude at. Cl~s p o ~ c  Clutt: che f l o v  =aCe of  H 2 :is veL'~ ~=porCanc. 

s i x  peaks co='cespondiu8 co Fe*, ~ smal l  sex te t s  cor=espond/ns 
co Fe30/,, and cenc=al doublet  (~e -~'e) Ls :educe~. compaz-l~ co 
81-3-3. The :edu~':-,.d.o,~ i s  co=ple~ed i n  2 h=s .  S4me ~ossbaue= 
speccca  v e r e  obca ln~ i  f ro=  2 h r s  co 2& h r s .  

complex speccr== ccms:Lscs of  ~,~'ee s i t e s  co='cespond:L~s co X-FesC 2, 
sL, c peaks  c o ~ : ~ : L u s  =o ~'e*, and ve_--y ~ ~e304. The 

cm:b£~/=S ~s lnco=pZece ac ~ sCase .  

ca=b~Ltm 8 4,= con=pieced ac ~ scage .  X-~'esC 2 p l u s  sma l l  ~e30~.- 
No ~e v a s  £ound i n  the  s p e c C ~ .  We concZude &c ~ poiuc  clmc 
che c~:b:Ld.~c=4; need uoc be ca=-~Led ouc f o r  24 h=s .  

spec t rum shcnns no ctutnEe from 81-3-6 bur. v l r .h  s]J.shcl7 reduce~ 
1.t~e w~lch due co s~.Ce--'-J-~, vL~- s=a.l.7, a=ou=c o f  ~e3C i s  possib ly  
formed. 

most ly  X.-~e3C 2, ~ Fe30~,, and ve~.¢ ~ %-Fe3C p o u £ b l y  £o==ed 

most ly A-PesC2: ~ Fe3Ot , and O-Fe3C idencd.cal co s p e c c r ~  
obtain-,'- . ~  81-3-5 

X-~esC 2 i s  do~Lnanc i n  c h ~  specc=mn aud no ma~o: cha~e  as -,.he 
: ~ , c c t o n  c e : p e r a c u : e  ~.s :a:l.sed .cro= 280"C co 300"C. Buc 9ea~ 
~,,ce~s~.cy :uc~.o s1:Lghcly changes.  ~ sho'-'s chac ~ e s o Z v e d  
phase ~s p o s s i b l y  = ~ o v e d .  

A s i~L la~ specccu= as  above i s  obCa~=ed, sho~ln~ no ~-:Jo~ chao~e. 

"Dae ~ spec~:rt:n a s  above m observed.. 

The sFec:::~: :enafms che s ~ e  .~; above. ~ c o o l , m s  chac cbe 
cJcalysC is  ve~7 s tab le  aC ~ s::age. 

~he spect:~'u= has no ,~ ' io :  c~lmge as -,.he ~.ea~erac~e i s  decrease~ 
co 280°~.. 53!ghc17 ~,,c=eased ~-.:e3C ~.s see:; due co Lu:e~s£,.~ cha=ge. 

The s ~ l ~ r  speccz-.m i s  obc .~ed  as above. The c a t a l y s t  i s  sc~. I  
s t a b l e  ac ch:Ls sCase .  

PETC-1P£cr, JbUZlCb, PA, sbouJ~ be bL1.:L~I f o r  $11,000 
( l~even ~ OoLla=s OBLY ac ~b.ta t ime 
accolcdtn s ro conl:~acl; ~erms). 

L.N. Mulay 
Pro£essor  of  $oI.1~i S t a t e  Sc:[.e~c.= 
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