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.~BSTRACT 

The objectives of this reseirch program are to develop improved 
catalyst systems for preparation of gaseous hydrocarbons from coal-derived 
.~:x~-ares of carbon monoxide and hydrogen and to develop a fundamental un- 
derstanding of methanation and Fischer-TTopsch syntheses. To accomplish 
the first objective, ~o versatile catalytic reactor %nit.= (CRU-I and CKU-2) 
%~!! be employed to screen a variety of iron-~ cobalt- and nickel-based 
ca~a!ys=s. Careful attention will be given to product selectivity. To 
accomplish the second objective, infrared spectroscopic techniques ~I! 
be coupled with traditional mecha,~stic studies. _~he role of poisons in 
affectin~ the concentration and nat~re of st%trace intermediates will be 
inves ~igated. 

Durin~ this third quarterly period, work has been" devoted pri- 
verily to the areas of e~/ipment assembly (Task I)~ catalyst screenin= ~ tests 
(Task ii), and pre!iminaz-y mechanistic studies (Task ,_-V). in the area of 
the first task, the second catalytic reactor unit (~U-2) ~-as completed 
and ~-~o of ti%e r~Lree non-dispensive ir~=rared analyzers were calibrated. 
_~ne prob!am ~=h the C02 a~nalyzer was traced to an error in shiz~nent by ~SK. 

In the area of Task II, three catalyst tests were o~!eted on 
an iron-based Yischer-Yropsch catalyst (I00 Fe:5 Cu:30 Ca0:100 Kgh, alkali 
free). ~ne results provided valuable trainin= ~ experience as well as an 
assessment of the performance of ~U-I. Modifications in the tunit are u~- 
dez-;ay to make ~he unit more convenient to operate. In the area of Task 
,_-V e!ec~r.on ~_crographic studies determined that the reason for the poor 
quality i~-rared spectra of nickel aerosol %~s due to greater coa=~u!ation 
of ~he aerosol particles than anticipated. Modeling of the aerosol-genera- 
tion tec/nmi~-de is being confirm/cal. 

in conclusion, t.he completion of CRU-2 a~d the experiences gained 
in the initial catalyst tests on C~U-I should speed the ret~--n of this re- 
searc-h progr_am to the original Task schedules. 
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• OBJECTIVE ~ND SCOPE OF WORK 

To meet the needs of the increasing energy demand and to satisfy 
the corr_esponding envirom-nental constraints, coal gasification has been 
proposed as a means of producing clean fossil fuel. Such processes become 
increasingly more important when the projections that petroleum oil re- 
sources will be effectively depleted within the next twenty years are taken 
into account. Likewise, it should be recognized that the depletion of 
petroleum oil resources also means that the petrochemical industry must 
look elsewhere to obtain their feed-stocks. W"nile there are several Amer- 
ican processes for conversion of coal to synthetic natural gas (SNG) at 
varyin=~ stages of deve!ovment, there are, however, none available for the 
production of s~-nthetic liquefied petroieu~m gas (SLPG). Fortunately, how- 
ever, SLPG appears to be obtainable by a modification of the methanation 
step of the SNG processes. Unfortunately, the metha~nation step (CO + 3H 2 
~at ~ CH4 + H20) is one of the v~o least understood steps of the coal-to- 
gas process. 

~nis research pro=crY., therefore, has as its objectives the pro- 
duction of synthetic liquefied petro!eu~-m gases, and a fundamental under- 
standing of catalytic methanation. Thus, work will be developed along 
these two major areas. The first area, catalyst development for producing 
Cv-Ca hydrocarbons, has as its objectives the development and character- 
iEation of catalysts with high selectivity and defining the relevant pro- 
cess variables. We ~-nticipate carrying this project to the pilot-plant 
stage whereby an economic assessment can be made. The second area involves 
fund~enta! studies of the hydrogenation of carbon monoxide with the ob- 
jective of understanding the nature of the surface reactions involved. 
It should be noted that the hydrogenation of carbon monoxide under one 
set of conditions leads predominate!y to methane, whereas under another 
set of conditions it leads to higher hydrocarbons, Fischer-Tropsch syn- 
thesis, i-he processes must be similar, i.e., involve the same surface 
inte_~ediates. We anticipate achieving an understanding of how catalysts 
or process variables can be modified to effect the two processes economically. 

For the first area, two reactor units will be ezployed to eval- 
uate potential cataiysts and to obtain kinetic and mechanistic data. In 
addition to testing potential commercial catalysts, laboratory catalyst 
preparations of a nu~_ber of catalysts K-ill be undertaken to establish stan- 
dards for comparison Both t~-pes of catalysts will be analyzed for total 
metal and active metal content. More complete kinetic studies will be 
conducted on the most promising catalysts from the preliminary evaluations. 

in the second area the ~phasis will be placed on achieving a 
fundanenta! u~nderstanding of the hydrogenation of carbon monoxide reaction. 
To accomplish this understanding, infrared spectroscopic techniques will 
be coupled with traditional mechanistic studies to obtain information about 
the nature of surface intermediates. Investigations of both supported and 
unsupported metal catalysts will be undertaken. 



For the in_~rared studies, two different systems will be ~_~p!oyed. 
The usual "pressed disk" technique ~II be employed for supported metal 
~ta!ysts. However, a novel approach to the unsupported catalyst studies 
~l! be explored. This mew approach involves passing in_~rared radiation 
through a ion~-path-length cell containing the catalyst in a metal-aerosol 
fo_-~._. Co-m~arison of the catalytic activity and surface properties as ~l! 
as characterization of the s~rface intermediates ~-i!l constitute the major 
work effort in this area. 

_~ne key feature of this proposed study is a combination of sev- 
eral tech~iques, notably, infrared spectroscopic techniques %zith kinetic 
~eas-arements to simultaneously measure reaction rates, surface inter/call- 
ares and reaction products. T~ne use of isotopic tracers in com~ection %~t_h 
these tec ,h-,~-!ques should =~r_eatly increase ottr understandin= = of these react.ions. 



ii. SU~_RY OF PEOGI~SS TO DATE 

Work under this contract (E(49-!8)-1814) began in May, 1975 with 
a division of work into eight (8) tasks: 

I. Task No. i 
2. Task No. iI 
3. Task No. iiI 
4. Task No. IV 
5. Task No. V 

6. Task No. VI 
7. Task No. VII 
8. Task No. VIII 

- Equipment Assembly 
- Catalyst Screening Tests 
- Kinetic Studies 
- Mechanistic Studies 
- Catalyst Preparations ~nd/or 

Characterizations 
- Extended Catalyst Tests 
- Project Summary 
- Consultation and Advice by P.!. 

to EKI~_ 

~_~e timetable for these tasks is detailed in Appendix A to this report mud 
represents a more realistic approach to managing the project. During this 
third q',~teriy period, work has been devoted to: (a) the ¢om?!etiom of 
~e asse~_~ly of Cata!ytic Reactor U~uit-2; (b) preliminary tests on an iron- 
based Fischer-Tropsch catalyst with CKU-! for Tasks II and Iii; and (c) 
background studies for Task IV. 

in ~he area of Task !, CKU-2 assembly was completed and the unit 
has been pressure-tested. The unit is n~ ready for catalyst testing. In 
addition, the problem encountered with t~he CO 2 .NDL-~ analyzer was traced to 
an incorr_eatly sensitized inst-r.~ment (carbon monoxide instead of carbon 
dioxide). ~ne inst_~-~-~_ent is in the process of being= replaced. 

in the area of Task Ii, three test z-~,ns were completed on CKU-I 
using_ an iron-based, alkali-free, Fischer-Tropsch catalyst (!00 Fe:5 Cu: 
30 Ca0:!00 Kgh). ~%e ~ans were appro~_mate!y 48 ho~s in duration and served 
to provide experience in operating the ,unit as we!! as assessing the per- 
formance of due ~t and the catalysts. Problems encountered wi~-h plugging 
of ~e reactor by solid paraffins during the first ran and with ineffective 
~a~-s during the next t-~o runs prompted the modification of the unit. T'nese 
modifica~_ous ~i!l make the unit more convenient to operate and are in pro=~ress. 

in the area of Task IV, e!ec~r_on micro~raphs of nickel aerosol 
pc~der were craned. The results showed that t/~e t-~o methods of sample 
collection gave equivalent results which suggests that tlae s~---p!es co!leered 
for catalytic ex-~eri~=_nts are representative of t_he nickel aerosol. These 
t-~o:s~ies ware observed to h=-ve individual particle sizes which were quite 
close to those dete_~-mined from the BET adsorption data, w~ich indicates 
t/nat the par~_.'c!es are non-porous, in addition, it was observed that sig- 
.niZ--icant necking of the indiwidua! particles produces aggregates ~Tuiah greatly 
~air o~ ability to observe infrared spectr_a. 

in conclusion, the completion of CRU-2 and tiue experiences gained 
ope.~_n= ~U-! should accelerate the retu_~n of this research pro~ram 

to ~he o~_gina! tasks schedules. 

4 



!ii. DE~_E.D DESCE!PTiON OF ~CHNiCAL PKOGRESS 

As previously stated, the objectives of this research program 
are to develop improved catalyst systems for the preparation of gaseous 
hydrocarbons from coal-derived mixtures of carbon monoxide and hydrogen, 
and to develop a fundamental understandin~ of the reaction mechanisms as- 
sociated w~th catalytic methanation and Fischer-Tropsch synthesis. This 
~!i be accomplished in this project by pursuing several aspects of the 
prob!emwkich include: a) catalysts preparation and characterization of 
their physical properties; b) evaluation of these catalysts for the syn- 
thesis of C~-C A hydrocarbons in a screening test; c) conducting kinetic 
studies ~o ~Dt~in rate expressions to predict product yields for the most 
pr~sinz catalyst fo~.--~lations; d) investigation of the mechanism of for- 
,marion and types of reaction intermediate formed during the catalytic re- 
actions on these catalysts; and e) measurin~ catalysts activity for ex- 
tended periods on the most promising catalyst to obtain an eco~c as- 
ses~_e=nt of ~he process. The above studies require the use of several 
~ypas of reactor systems. For ex2_mp!e, the screening test ~i! be con- 
ducked in ~5u!ar p!ug-flo~ reactors and a "Carberry-t~/pe '' stirred cat- 
a!ytic reactor. Since a ~de spect~-um of products, e.g., methane, ethane, 
euhy!ene, propane, propy!ene, carbon dioxide, hexanes~ etc., is a~ticipated, 
there is a orifice! need for monitoring the individual yields as well as 
the total conversion of carbon monoxide. This will be accomplished by the 
use of ~D~'s to continuously monitor methane, carbon dio~de and carbon 
mono~_de and gas chromatogr=-phy to monitor all products on an intermittent 
basis, e.g.~ every £hir~/minutes. 

The design, purchase, and assembly of the necessary equipment 
constitutes ~he assignment of the first task (Task i). While ~nchof this 
~-ork was acc~!ished during the first ~o quarterly periods, the r.emain- 
der ~s completed during this third period. Pre!~narywork in Task Ii, 
~-hichbe~an d~rin~ the second q-uarterlyperiod, was continued; an iron-based 
Fischer-Tropsch catalyst was tested in three runs. in addition, background 
work invo!~n~ the characterization of nickel aerosol-generated powders 
for Task !V%-as conti~aed. For a complete description of the various tasks 
and ~ne corresponding timetable, see AppendixA. 

A. Task T - Esuipment Assembly and Testin$ 

Table I suz~arizes the work accomplished in Task I during the 
first ~aarter!y period. Column 3 describes the subtasks t_hat were involved 
and col -u~i 2 represents the number of weeks involved w~th each of these 
suhtasks. 

Table 2 su~_arizes the work accomplished in Task i during the 
second qaarterly period and that scheduled for this third period. We noted 
delays in acc~lishing several subtasks due to either unexpected delays 
in receipt of equipment from suppliers or to a backlog of work in the Mellon 
institute's instants shop. As a result, these subtasks were reschedu!ed 
for =he t/Lird quarterly period. 

Table 3 summarizes the work accomplished during this third ~ar- 
ter and that scheduled for the fourth period. Upon c~arison ~-ith Table 
2~ it is seen that the delays noted earlier have propagated ~-nzough this 
period such that the integration of the analytical package (_NDIK's and gas 

5 



~.able I First Quarter Task I Projects: E~ui~ment Assembly and Testing 

No. Weeks h+ 
~to Comp le teJ 

item No. \ Subtask / 

! 3 

2 1 

3 2 

4 2 

5 2 

6 1 

7 3 

8 ! 

9 1 

!0 0.5 

!1 0.5 

!2 (2) 

13 (i) 

14 (i_) 

i5 ((3))* 

16 ((1))* 

17 (2) 

18 (1) 
Tonal # Wks 24 

Sub r2.sks Descrip Cion 

Design and assembly of CRU-i 

Pressure testing of CRU-I 

Flow calibration of needle valves for CKU-! 

Temperature testing of CRU-2 

Redesign of Dowtherm circulation loop and 
prehea=er for CRU-I 

Temperature retest of CRU-! 

Design and equipment specification for CRU-2 

Consultation ~ith vendors and order 
placements for CRU-2 

Design of analytical package for dual 
system analysis 

Consultation with Varian, Hew!eft-Packard, 
and MSA salesmen prior to ordering 
analytical package 

Literature evaluation of AuEoclave Engineers 
CST~ and consultation ~ith AE salesmen 
prior to placing order 

Fabrication of CKU-2 components 

Pressure and temperature test of CRU-2 

Flow controller calibrations for CRU-2 

Panel mounting of MSA h~)!K analyzers, 
recorder and proEr~ed sequencing timers 

Panel mounting of temperature recorders 

Co~!ete shakedown of CRU-2 

Integration of analytical package wi~h 
CRU- ! and CRU- 2. 

*~nese subtasks ~iil be performed by Mellon insCitute's Instruments shop personnel. 

+items in parent~.eses represent work which has been scheduled but which has not 
been co~-p !eted. 



Table 2 

item No. 

2 

Second Quarter Task ! Projects: 

to Complete 
Subtas~ 

((4",~)) 
((a~)) 

3 ((6 .... ) )  

4 2 

5 2 

6 1 

7 2 

8 2 

9 ! 

10 (3) 

l! (3) 

12 (1) 

13 (1) 

14 (2) 

15 (2) 

Total 7r J~ ~ms 2/' 

Eauipment Assembly and Testing 

Subtask$ Description 

Design and fabrication of elec~r_ical 
components of C~U-2. 

Panel mounting of ~A NDIK analyzers, 
recorder and programmed sequencing times. 

Electrical overhaul and panel mounting of 
temperature recorders. 

Complete shakedo-w~ of ~U-I at "reaction 
test" conditions. 

~edesign and modification of C~U-!'s 
reactor and preheater system. 

Temperature retest of C~U-I prior to 
catalyst reduction. 

Assembly and modifications of gas chromato- 
graphic analytical sys tern. 

installation of common gas delivery system" 
for CRUII and CKU-2. 

Panel mounting of temperature recorders. 

Completion of fabrication of C~U-2 
• piping system. 

Pressure and temperature tests of C~U-2. 

Further evaluation of NDI~ ar~!yzers to 
unravel C0 2 problem. 

Eiow controller calibrations for CRU-2. 

Complete shakedown of C~U-2. 

Integration of analytical package ~-ith 
C~U-I and CRU-2. 

.U 

'items in parentheses represemt work which has been scheduled but which has 
not been c~mpleted. 

Half of this work was performed by Mellon institute's Instruments Shop personnel. 

**These subtasks were performed by Mellon institute's Instr~ents Shop personnel 
and are not counted as part of the total number of weeks devoted to the task. 



Table 3 

item No. 

2 

3 

5 

6 

7 

To=a! # W~s 

Schedule of Kemainin~ Task I Projects 

I No. Weeks ~+ 
to Complete J 

Subtask / 

3 

3,(i) 

i 

i,(2) 

!,(2) 

(1) 

!,(!) 

(1) 

(2) 

20 

Subtasks DescriPtion 

Completion of fabrication of CRU-2 
piping system. 

Pressure and tempera~are test of CRU-2. 

Solution to CO 2 ND,~ analyzer "problem". 

Flow concro!!er calibrations for CRU-2. 

Complete shakedo-wn of CRU-2. 

Modification of CRU-I fl~w system for 
greater operational convenience. 

Modification of CKU-! condensers and 
traps net-work. 

Modifications to gas chromatographic 
sys tern. 

Integration of analytical package with 
~U-! and CKU- 2. 

~!tems in parentheses represent work which has been scheduled but which has 
not been commleted. 



chromato=~raphy) must await the next quarterly period. E~4ever, all of the 
other subtasks were accomplished, and are described in greater detail below. 
~s a result of work undertaken in Task Ii, several modi~cations to CRU-! 
are required and have been scheduled for the fourth quarter. These are 
sho~ in Table 3 also. 

I. Catalytic Reactor U~it-2 

in the second quarterly report, we indicated that whereas work 
on CKU-! was progressing at the expected rate, work on C~U-2 lagged behind 
schedule. Therefore, a major effort during this third period involved bring- 
in= = this second unit back onto schedule. As a result of those efforts, 
the fabrication of CRU-2 has been completed and the unit is ready for op- 
eration. Figure 1 is a schematic of CKU-2 with the gas delivery system. 
Figure 2 is a dia=~ram of the traps and condenser network for this unit and 
_~i~,~re 3 is a photograph of the unit d~ing t_he early stages of assembly. 
~ne gas cylinders sh~ in t~.e background (Figure 3) are connected via over- 
head piping to the gas delivery panel (see Figure I). 

T~ne purpose of the network of traps and condensers (Figure 2) 
is to remove water and other liquid products from the gas stream prior to 
i=s e=rrance either to the non-dispersive infrared (I~) analyzers which 
monitor concentrations of carbon mono~de, methane and carbon dio~de or 
to the gas chr~atogr_aph which measures the concentrations of C.-C_ hydro- 
carbons produced durin= = the reaction. A detailed dra~-ir~ of trap ~2 zs 
sho~-n in Figure 4. The final design is the result of lessons learned from 
operation of C~U-! (to be discussed, later). The trap consists of a one- 
liter W~nitey s~-p!e cylinder (Crawford Fitting Company) fitted ~_th a bored- 
rb_-ough, 1/2-inch male run tee ~dlrough which a 1/4-inch stainless-steel 
~_Voe is placed. ~ne end of the tube is bent in such a manner as to ensure 
i~ingement of the gas strea~ on the inner wall of the cylinder thereby 
~ro~ng cooling efficiency and vapor-liquid separation. Liquid product 
removal is achieved at the bottom of the cylinder which also contains a 
thermocoup!e for t~-~erat~re meas,~ement. Leak testing of the assembled 
traps was acc~ap!ished by i.~nersing the cylinders in a tube of water, pres- 
s-~rizi~ ~-ith helium to 400 psig for a period of 12 hours. The assembly 
~-as considered to be leak tight when the pressure drop over this period 
was less than 2 psig. Often the male run tees required silver so!deri~ 
to achieve leak tightness. 

T~ne reactor indicated in Fig-~re 1 (not sho~ in Figure 3) is an 
interr~!!y recycled catalytic reactor obtained from Autoclave Engineers. 
i dia=~ram of the reactor is shown in Figure 5. _~his reactor system consists 
of a ma=~netica!!y driven impeller located directly under a variable vo!t=ne 
catalyst bed. As the ~el!er rotates, gas is recycled tkrough the Bed 
at a rate proportional to the rotation of the impeller, in this member, 
continuo~us stirred tank reactor (CSTR)conditions can be achieved. Thus, 
kinetic modeling is greatly simplified for tILiS unit as well as reduction 
of ?_he temperam~re rise in the catalyst bed due to the exothermicity of 
the Fis cher-Trop sch reactions. 

This ~_nit has been successfully tested and is ready for catalyst 
testing fo!!ow~ng prolonged te-.~perature tests at operating pressures and 
completion of ~_e calibration of the flo~ controllers. 
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Figure 2. Traps and Coudenser Network for ~U-2 
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Figure 3 Photograph of CRU-2 

(At early stage of assembly. 
Recorder at lower left is a 12- 
point temperature recorder; re- 
corder at upper right is a 3- 
point, 10-mv recorder for NDIR 
analyzers. Switch box to left 
of this recorder sequences time 
between CRU-I and CRU-2.) 



Fi=~ure 4 Schematic of TTa? Design 
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Figure 5 Internally Recycled Catalytic Reactor 
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2. Catalytic Keactor Unit-! 

Fo!!o~n~ the first catalyst screening test (discussed later) 
in ~b'-l, it was apparent t/%at several modifications were required. These 
modifications consisted of impro%~ng the condenser system to remove a greater 
a~_ount of the liquid products from the gas stream and a simplification of 
the flow system to improve operating convenience. These modifications have 
be~,~n and ~!I be completed during the next quarter. 

3. ~la!~-tical Package for Product Analysis 

One of the key features of the proposed research program is the 
careful attention to the details of the product dist-~ibution for the var- 
ious catalysts w~_ich ~d_!l be investigated. To this end both continuous 
and inte~ttent analyses %~II be obtained to document the performance of 
a catalyst. Continuous ama!yses ~I! be performed for carbon monoxide, 
carbon dio~_de and~ethane usin~ ~SA non-dispersive im/-r_ared analyzers 
(k~,_-,~). inter~ittent analyses of the complete product spectru~_%~!! be 
achieved by gas chro~-=-tographic analyses. Because of budgetary restric- 
tions on =he cantract~ it bec.~ame apparent that replication of the amalytica! 
pore!on of the two systems was not feasible. Therefore~ considerable ef- 
forz ~as devoted to developing an analytical package which would be com- 
patible to both syst~ems and achieve the goal of continuous monitoring of 
each reactor. This package was described in detail in the first quarterly 
repot=. ~! of ~e c~onents arrived during the second period and were 
panel mo,u~ted into a mobile ~umit by He!!on institute's imscruments shop. 
~__~%ia ~t is sho%m in Figure 6. 

in the second .~aarterly report, we noted that the carbon dioxide 
a~!yzer appeared to be less responsive than its specifications predicted 
iu should here been. Further investigation established that the ~umit had 
been incorrectly sensitized, in fact, the unit shipped was actually a car- 
bon monoxide analyzer. This unit m~s subsequently replaced by W~ne Safety 
Appliances. However, the replacement unit also proved to be unsatisfactory 
since it ~-as sensitized for 0-100 mi!!ivo!ts, ~nereas the speci,_~_cations 
stipulated a sensitizer 5- of 0-!0 ~r~ (to be compatible ~_th t.~e 3-point, 
i0 m-¢ recorder housed in the umit). This second ~umit is expected to be 
remlaced in the very near f~re. The methane and carbon monoxide analyzers 
~¢ara tested thorou~h!y by blends of synthesis gas using the gas-delivery 
sy~=e~_of ~U-2. 

4. Task ! - Summa- 7 and Work Forecast for FourthQuarter 

Table 3 st~_mrizes the work that is scheduled for the next quar- 
terly period. Several modifications of C~U-! %~l! be u~dertaken to improve 
the operation of that unit and, thereby, facilitate the Task ii assigmzent 
scheduled for continuation. 
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Figure 6 h~Analyzers 

(i0 m~- Recorder at top of 
Panel; below are CH4, CO 
and CO 2 analyzers. 
respectively. 
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B. Task Ii - Catalysts Screening Tests 

!. introduction 

Task ii represents the most important task in this research proj- 
ect -- the development of catalysts for the synthesis of gaseous hydrocar- 
bons. The prima~-y goal of this project is to alter the typical product 
distribution indicated by the solid lines of Figure 7 to that indicated 
by ~%e dotted curve. This %~I! be accomplished by a careful amalysis of 
the process variables includin~ catalyst choice, reactor temperature and 
pressL~e~ and ~2/C0 ratio. 

Work on this task began as scheduled during the second quarterly 
period. To ensure safety of operation as well as facility of reactant gas 
b!endin~, reactor control and product analyses, preliminary studies i~volv- 
in~ o!efin hydrogena~ion over a thoria promoted nickel catalyst preceded 
the e_~e_~_ments i.:rvo!ving hydrogenation of carbon monoxide. These studies 
proved to be a useful method of traimi~g ne~ persormel in catalytic research. 

Since the s~dies of Franz Fischer and Hans Tropsch d~_ng the 
!920's in ~ich they reported[l] that a!ka!ized iron tL~nings at 100-150 
ate, of hydrogen plus carbon monoxide and at 400-500°C catalyzed the pro- 
ductloz of o.~cygemated and aliphatic hydrocarbons, considerable efforts have 
been devoted to ~derstanding t/~is synthesis and to improving its efficiency. 
Ym:ce!ient reviews by Storch, Anderson and Golumbic[2] and by Greyson[3] 
s~rize ~-uch of the earlier work in this field; recent reviews by Mills 
and Sueffg~n[4] and by Vlase~_ko and Yuzefovich[5] update the literature 
on ~his subject. Lee, Feldkirchner and Tajb![6] and Vammice[7] have dis- 
cussed kine~c s~ddies over a nL~_ber of catalysts. Some featL~es which 
~re obEained ,_=r_am an analysis of this vast quantity of information that 
h~-e a direct bearing of the objectives of ~his research are stm~arized 

a. ~ressu~e Effect: 
4 

(I) For iron a~nd cobalt catalysts, the average molecular 
weight of hydrocarbon products increases ~thoperat- 
ing pressure up to 15 or 20 arm. 

(2) For iron and cobalt catalysts, the fraction of o!efins 
decreases slightly %~_'fih increases in the operati~ 
pressure. 

b. Te.m~erat~_e Effect: 

(!) For iron catalysts, the fraction of o!efins increases 
~th the operatim~ temperature, whereas for cobalt 
catalysts, the olefin fraction doesn't change much 
~th temperature. 

(2) For iron and cobalt catalysts, the average molecular 
weight of hydrocarbon products decreases %~th increas- 
in=~ t .e.~peratures. 
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c. E2/C0 Ratio Effect: 

(I) For cobalt cata!ysts~ the fraction of solid paraffins 
is greater with a 2:1 than %~th a !:i ratio. 

(2) ;or iron catalysts, the fraction of ~ight hydrocar- 
bons (CI-C4) is greater with 2:1 than ~th a !:I ratio. 

~%~iie there are considerab!ymore aspects of the work reported in the lit- 
erat~re %l-lich are imp. or=ant to the studies proposed for this work~ the above 
features %~!! serve to orient our catalyst screening program, it must be 
kept in mind, ho%~ver, that the objectives of past Fischer-Tropseh researches 
focused on the production of liquid hydrocarbons from hydrogen and carbon 
monoxide m/_x~es, and, therefore, the catalysts were modified accordingly 
to produce =he product distributions indicated by the solid lime of EiEure 
7. ~nerefore, such gemera!izations as noted above ~_!I serve merely as 
guidelines for fu~e work on this project. 

2. Catalyst Screemin~ Tests 

Table 4 summarizes the results of three test runs on catalyst 
~u~_ber ~e-Cu-Ca0-Kg-SZ-7. T'nis typical Fischer-Tropsch type catalyst has 
~he no~_ina! composition of 100 Fe:5 On:30 Ca0:!00 kiese!guhr and was pre- 
pared by the coprecipitation of the mid-rates of iron, copper and calcium 
(sl~-r_ied ~i=h kieselg~hr) by t~_e addition of a boiling solution of ~o- 
nit~_ carbonate so as to be alkali free. Care ~s taken during subsequent 
washinZs to remove traces of nitrates to ensure t~%.at the catalyst remained 
al_-l~z!i free. ! similar catalyst (Fe-Cu-Ca0-.~-SZ-8) containing potassium 
carbonate is scheduled for water studies to test alkali effects. 

Keduction of the catalyst in C~U-!'s fixed-bed reactor was achieved 
in hydrogen at 20 psig and 450°C at a space velocity of 800 hr -! for ~o 
days. Fol!o~4_ng reduction, the catalyst ~s cooled to !50°C under a hydro- 
gen press~e of :A0 psig. S~-~esis %~s started at this temperature by step- 
%~se increasing the carbon mono~__'de and helium pressures after a six-hour 
period ~til the final desired composition was achieved. This conditioning 
period is slm~lar to that of Dry and coworkers[8] to stabilize iron catalysts. 

~ne pr~y objective of the initial run was to train the research 
associate in the manipulation of a Fischer-Tropsch reactor. As anticipated, 
several problems were encountered d~rin~ the course of t~is ru~. _~he main 
problem ~as pressure instability due to pluggin=~ of the lines dovp~stre~ 
frc~_ the reactor by solid paraffins. The cause of this problem was insuf- 
._~.'_cient heating and insulation of the exit lines; correction %~s achieved 
d~_~._'ug opera=ion by i~,=rared heaters. Eo-gaver, as a result of these "cor- 
rections"= the cooling system was inadequate to remove all of the liquid 
products fro~ t_he gas stream. Obviously, this resulted in condensation 
in une'_~.~ected places, thus causing greater pressure instability. ~he z-am 
was te--~inated at that point and the umit %-as disassembled a~nd inspected. 
5iost of the problems were corrected prior to rums 2 and 3. 
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l.al Ic lj Results oF." Screening 'rest on an Iron Catalyst a'b r l  ) . _ 

Space Velocity 
cm 3 / h r -  I/c,T[ I , e 

Run No. II2:CO:lle of Catalyst e Temperature 

I f 2:1:7 2727 240°C 

2 g 2:1:7 6080 250°C 

o ~ 3 g 4:1:0 64.80 240°C 

C o l l v e r s i o l l  

CO d vroctuc~ 
% CO_ in 
Prod~ct e 

60.5% 0.9% 0.27% 

15.6% 0.4% 0.05% 

19.5% 0.4% 0.04% 

Comments 

Considerable 
waxes and heavy 
liquids formed 

+ 
C paraffins, 
a ~ o h o l s  and 
k e t o n e s  

Greatest amt 

~i 0 ' , 

a l c o h o l s  
-C16-11C' s 

acatalyst: i00 Fe:5Cu:30 CaO:lO0 kiesalguhr ( -- I00 mesh size) 

bReactor Pressure = i00 psig; total reaction time ~ 48 hours 

CTotal Flow Rata = 3 liters/rain. 

dconversion (x) defined as: ( [CO] + [ C 0 2 ] i n  - ([CO]. -,- [ C 0 2 ] ) o u  t 
x = ([ c0] + [ c0 2] ) i~ 

ePercentages based on NDIR atmlyses 

f45.95 grams of catalyst used 

g21.06 grams of catalyst mixed w:Lth 4.2.12 grooms of al~nina 



In runs 2 and 3, it became apparent that occasional checks of 
the stability of the feed composition by gas ckromatographic or NDI~ anal- 
ysis re~aired interruption of the flow through the reactor. Since =his 
caused some discontinuity in the state of the catalyst's surface conditions 
of undete_-~,_ined nature, it was decided to modify the flow system at this 
point, in addition to the above noted inconvemiences~ it also bec~=~_e ap- 
parent ~hat the traps were not operating as designed. As a result, the 
Eas c~-omatographic analyses required considerably !order time for co~le- 
tion than desirable due to the slow e!ution of the hitcher molecular ~ight 
hy~ocarbons. Thus, modification of the traps to those described in ~ig- 
ure $ also is p!,~amned. ~nile these modifications are scheduled for early 
during ~he next period, a schematic of the modified C~U-I was c~leted and 
is sh~ in Figure 8. ~aen completed, the unit wil! contnin ~omu!tiport 
valves s~lar to those installed on C~U-2 ~o greatly facilitate convenience 
of operation. 

3. Task ii's Summary ~ndForecasts for Next q~ter 

As indicated above, actual catalysts testing began during this 
q-~-rter. ~ee ,runs on iron-baaed standard Fischer-Y~_opsch type catalysts 
(prapared uo be alkali ~-ee) were c~!eted. ~e result of these three 
--,=ms was to indicate necessary modi~cations in CEU-I. These modifications, 
as indicated above, ~!! improve =~reat!y its convenience of operation and 
s~-p±!~y product analyses by GC. ~ney h=-ve been scheduled and appear in 
Table 3. Holdover, during the next quarter the major effort will be devoted 
~o ~ther tests ~th this iron catalyst to verify the generalization as 
ouz!imed. Table 5 s~rizes these p!anned experiments. 

C. Bacl~_~r_ound Work for Task ~-V - Mechanistic Studies 

The objective of this task is to obtain a fund~nta! understand- 
in~ of the hydrogenation of carbon monomide reaction. As noted earlier, 
-,=ix~es of hydrogen and carbon mono'~de react to form methane under one 
sat of conditions (methanation) or higher hydrocarbons (alkanes, olafins 
and alcohols) -- the Fischer-T~opsch synthesis under another set of condi- 
tions. Since the catalysts are s~_mi!ar in many respects, ,~e imitia! re- 
act,_on inter~_ediates~ i.e. similar reaction mechanisms, must be common to 
both systems. Therefore, studies i=vo!-v~ng the characterization of reac- 
tion intez-~-=diates and surface species should be use~a! in understanding 
both reaction systems. Such studies, therefore, must involve techniques 
%~hich pe!-mit ~he elucidation of relevant surface species. The coupling 
of infrared spectroscopic techniques with traditional me~%.amistic studies 
offers the greatest potential for providing the needed info~---~..~tion. Tech- 
niques are being developed to facilitate such studies for both supported 
a~d unsupported metal catalysts under this task. 

To date ~he major effort has been devoted to developing a tec/~- 
ni~e to study unsupported metal catalysts by i,~-r_ared spec~oscopy. Since 
the details of this aerosol-bed technique for a nickel catalyst were re- 
ported in ~uhe first q~terly report, we will focus on work accomplished 
d~_ug this third period and indicate what future exp_eriments are planned. 
Eo~-ever. a quick review of the technique might prove more informative. 
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Figure 8 Modified Catalytic Reactor Unit-! 
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Tab!e 5 
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I. A System for Studies of Nickel Aerosols in the Infrared 

Since nickel is tbe most effective methanation catalyst, we have 
initiated our studies using ~his material. Briefly, =he aerosol-bed tech- 
niece involves generation of the catalyst by arc-vaporization techniques, 
gas-phase transfer of the aerosol to a long-path-length infrared cell ~i%ere 
obse~tions of surface reactions are made, and removal of the aerosol from 
r_he system by e!ec~ostatic precipitation. Arc vaporization, which is the 
most sophisticated of ~_he several ~r~t operations involved in this process, 
is e~--ioyed as a means of generating a clean metal surface of sufficiently 
s~a!l particle size so as to permit infrared transmission rInrough the bed. 
In this process, the metal, e.g., nickel, is vaporized at temperatures in 
excess of 4000°K by transfer of a high intensi~/ electrical arc to the sur- 
face of a plug of the metal which serves as the electrode for the circuit. 
Since the ~_~eta! is well above its boiling point, vaporization occurs at 
a rate proportional to the amount of heat ~ansferred to the surface. Hence, 
a dense gas of metal at~ is produced, in tb_is case these nickel atoms 
or a=o-~_-c!usters are rapidly quenched ~_tPin the vaporization chamber, and 
are ~ept r_~.-oug_h the syst~ by the helium carrier gas. As the nickel aero- 
sol emerges from the vapo_=.'_zation ch~_ber, it passes through two heat ex- 
ckamgers ~iere its t~era~re is adjusted as desired. The aerosol ~hen 
passes into a 40 meter WiLkes long-path-length I~ cell which is modified 
to retard deposition of the nickel particles on the ~rror surfaces. Be- 
cause nickel in such finely di~ided states represents a potential health 
and safety hazard, the aerosol is cleaned by passage ~hrough two electro- 
sta=iz precipitators in parallel before venting the gas. Adsorbate gases 
can be injected into the aerosol just prior to entrance to t_he infrared 
cell. Spectral obser-v-ations are made first in the absence of adsorbate 
gases, i.e., backo~round conditions, then in the presence of adsorbate gases, 
e.g., CO, K2, C02, or mixtures of these gases. ~.n equivalent concentration 
of adsorbate gases in the reference beam of the Beckma~n IR 12 infrared 
spec~ophotomater used for these studies pe~_its compensation for the gas 
phase effects. Thus, the difference be~-~een these two spectra represents 
the spec~ of adsorbed species, ass ~L~_ing of course t/~at the background 
r -.emains constant over this period. In this manner, a number of mechanistic 
studies %~!i be conducted ~-ith the objective of characterizing the reaction 
inte_-mediates at the surface of the catalyst. 

~ais system has several advantages and disadvantages associated 
~h it. Ameng its advantages is the removal of ~.e catalyst support and 
consequently the opportunity to obse_~-~-e !~ frequency im_~rared vibrations, 
~ypica!iy in ~he region where surface-to-adsorbates bonds are expected to 
absorb. T'nese observa~_ons would be ,unobtainable othez-~ise. Because of 
the ~er of operation which is essentially plug flow through the reactor, 
one is al~-ays obse_~v~_ng a fr_esh surface. This surface may contain adsorbed 
species depending upon whether or not adsorbate gases were introduced in- 
to the aerosol st-r_e~,. This means that a re-ez2_~-~ination of the catalyst 
in the m~__ner associated with pressed-disk IR samples is not permissible. 
~s places a st-ringent requirement on the rate of aerosol generation -- 
it mus% be constant, and on the particle size distribution in the aerosol 
-- it too ~.~st be constant. Tests of the generation rate during t-~o-ho=r 
periods of operation showed that the rate of aerosol generation varies by 
less than 5 percent over t/Lis period. 
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To date, this project has evolved to the stage'where all of the 
earlier problems associated %W_th removin~ 16-kilowatts of heat from the 
2-iiter vaporization chamber have been solved. As a result, we can gem- 
crane aerosol routinely for any desired period. We h~¢e noted, h~ever, 
~ha~ durin= ~ several prolonged runs (2 to 3 hours of aerosol generation) 
the operating characteristics of the torch changed moticeab!y. The effect 
of these slight changes have been to produce drastic changes in the back- 
ground specn-fum. ~ne overall effect is to produce a poor qf~a!i~y spec~z-~m 
~%i~h ~m_kes interpretation difficult if not i~possible. We have traced 
the source of ~hese problems to uncontrollable oscillations in the current 
supplied By the t%-o weldin= ~ machines which operate the plasma torch. Since 
~¢e h~-ve been able to establish a strong correlation between the operating 
current level and the aerosol generation rates, we currently are exploring 
mesh_otis to exercise =~reater control over this behavior. A complete anal- 
ysis of the system's operating characteristics is in progress. ~nile this 
syst~'s of aerosol f!uc~uations has limited in._=rared studies, it has not 
prevenzed us fr_om characterizi~ the catalytic properties of the aerosol. 
These are described in t~he next section. 

2. _~hTsicai Characte_~ization of the Aerosol Part~c!es 

Physical characterization consisted of electron microscope exam- 
i.~_~tion of ~he ~artic!es and surface area measurements using physical ad- 
so_~ption of argon at liqaid nitrogen temperature (77°K). The surface area 
z=_as,~.~-enZs %-ere reported in the second quarterly report and are s~_rlzed 
in _~i=~e 9 as a _~auction of the generation rate of t_he aerosol. _~hese 
data are the results of several experiments obtained at a high torch,gas 
fic~ ra~e (60 S~H, @) and at a low- torch-gas flo-~ rate (29 SCFE, A), and 
they suggest a me ~ans of producing a range of surface areas of unsupported 
~_ickei powders by this technique. 

~ne Debye-Scherrer electron diffraction pattern was obtained from 
a sa_~p!e of material ~%hich had been ek-posed to the atmosphere for several 
months. The sample still retained its typical intense black color, indi- 
catim@~ i~ was not completely transformed to nickel oxide which is grey in 
color. Ho-~ever, the electron diffraction pattern definitely indicated the 
presence of nickel o~de. _~is is illustrated by Table 6 ~ere the first 
ei~h~ rin~s in the pattern are assi=~ned to line nt~_bers (co_~responding to 
lattice planes). The measured interpla~ar spacings were calculated from 
the radius of the rings. 

Fig-~res i0, ii and 12 are electron micrographs of the nickel aero- 
sol pcr~der d~_n= ~ this same generation run. The BET surface area of this 
material %~s 44". 2 m2/g ~.~ieh is equivalent to a spherical diameter of 153 ~. 
,-~e !O ~ich has a ma=~mification of 25,000X (! cm = 0.4 microns) indi- 
cates ~hat ~he particles cluster in a "tree branch" configuration %~th an 
a~roxlmate size of I-2 microns ~er aggregate (longest leng~h~. _~his will 
be detriments-! to infrared s~udies oft he aerosol. Figure I! represents 
an 8-f~ld magnification (! ~ = 500 ~) of this same sample. Here the in- 
divid-aal particles can Be observed to have a size ~ close to that predicted 
by the BET measurements. (No statistical analysis was employed to confirm 
this.) ~nis material was collected by a point-to-plane electrostatic pre- 
".ipitation (P-T-P) teclmique which directly sampled the micke! aerosol. 
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Table 6 D ebye Scherrer Electron Diffraction Data d 

Inter?!ahar (b) Interplamar !nterplanar (c) interplanar 
Spacing Spa¢in== Spacin~ Spacimg 

Line No. (a) Ca!c. NiO (Measured) Ca!c. Ni (Measured) 

! 4.20 

2 2.97 3.17 

3 2.42 2.03 

4 2.!o 1.7-6 1. '7 

5 1.88 

6 1.7! 

7 1.59 

8 !.48 1.51 i.25 

9 i.40 

i0 I .  33 

1! 1.27 1.28 1.06 1.08 

12 i. 21 I. 02 

13 1.16 

14 1.12 

!5 1.08 1.08 

16 1.05 0.881 . 88! 

17 1.02 

18 0-99 

19 0.96 0. 808 .804 

20 O. 94 .92 O. 788 

~ = (h 2 + k 2 + Z 2) 

hd = 3.524 N "!/2 

=d = 4.195 N -!/2 

Ni0 is s~le cubic 

Ni is face cen=ered cubic a~d o=!y line numbers 
co~-respouding to this s~2ucture are tahulateg 

dAi! spacing in Angstrom u=its. 
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On the other hand, Figure 12which also has a magnification of 200,000X 
(l cm = 500 ~) wasco!lected (during the same run) on a "Mi!!iporemem- 
brahe" (Mi!!ipore Co.) by drawing the aerosol tInrough the membrane with 
the aid of a vacuum pump. The micrograph sh~s that this "force~' coa~- 
!ationmethod produces layers of the material whichmnst Be fractL~ed in- 
to pieces, but the sample features are similar to the P-T-P sample. Both 
fi=~ures show that there is significant necking be~een individual particles, 
thus indicating at least some growth by coa~u!ation. This coa=~ulation prob- 
ably occurs during the very early stages of particle generation. 

3. Catalytic Hydrogenation Studies 

We reported earlier that the catalytic activity of the aerosol 
gemerated nickel powder had Been studied by ethylene hydrogenation at room 
te~?eraEure. ~a!ysis of the data show that this nickel is quite active 
catalytically. Since an extensive literarare review of ethylene ~droge~- 
atiou is still in progress, the significance of these results have not b'een 
assessed fully. Therefore, we will delay further discussion until the next 
quarterly pe_~_od. 

4. S~ry and Task Forecasts 

in s~-~y, the electron micrographs have indicated b_hat: (!) 
the ~thod of s~!e has no effect on the aerosol p~der which implies that 
t~%e s~-p!es collected for catalytic experiments By forced coa~=x~lation (i.e., 
"_~!!ipora" membranes) should Be representative of the aerosol; (2) the 
obse_~-~-ed i.~dividua! particle size (-- 150 ~) is quite comparable to that 
calculated fro~_ ~he BET adsorption data, indicat-.'_ng that the material is 
non-porous; and (3) significant nee'King between individual par~_cles pro- 
duce aggr_e3ates about 1-2 ~icrons in size which ~I! si=~ni-~icantly reduce 
the i~r_ared ~ransmission of the aerosol. Unless deaggregation can be 
achieved, d%e prospects for infrared studies are seriously jeopardized. 
On ~he other hand, considerable pro=~ress t~ards an infrared teclmique for 
s~ud>~ng unsupported metal catalysts has been made. T~.~ front portions 
of the ,unit have been com?.leted and a fund~ental understaudin= ~ of hc~ the 
system works is becoming more apparent. For ex=~p!e, Fiche 9 indicates 
that a range of surface areas and, equivalentiy~ particle sizes can be pro- 
duced by judicious choice of operatimZ conditions. This opens up the pos- 
sihi!iu~- of investigations of catalyst activity as a function of particle 
size for this mate._-~_al, which should be very interesting. 

Du~--ing the next quarter, the ethylene hydrogenation analysis will 
be completed and desig~ of a system for studying the hydrogenation of ben- 
zene ~!! be underts_ke.~. 
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iV, CONCLUSIONS 

~oughout t~he previous sections, we have stated the ~rk accom- 
plis.~h~_entsduring this quarterly period. In Task I, Catalytic Reactor Unit- 
2 (Ci~U-2) was co--TDleted and pressure tested. A problem associated with 
the CO 2 .ND~ analyzer ~ras traced to an error in the calibration and ship- 
men= o= the ins~c~ment by MSA. A new instz-amenc has been promised for de- 
!ivery~ ~-i~uin a week. In Task iI, ~hree runs on an iron-based, alkali free, 
Fischer-Tropsch catalyst provided needed experience in manipulatiom of 
~U-i and also indicated the need for minor modifications to make the umit 
more convenient to operate. A greater understanding of the nature of the 
arc-vaporized nickel aerosol was achieved through an e!ec~ron micro=~raphic 
s~ady of =he nickel po-~der. 

~ s research proEr-am has returned to the originally proposed 
schedule for completion of tasks. 
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"'Z. ~_~PEI~-DIX A - CONTRACT TASKS 

The investigation of catalytic syntheses of gaseous hydrocarbons 
shall proceed according to the following =asks: 

I. Task No. I 

a. Equipment and apparatus shall be assembled and integrated for 
the study of catalytic synthesis of hydrocarbons by means of gas chromato- 
graphy and in situ high-pressure infrared spectrometry.. Catalyst systems 
~p!oying both fixed- and fluidized-bed mode of operation shall be provided. 

b. Simu!~aneous!y with this effort the Principal Investigator 
shall ascertain in greater detail through discussions with catalyst man- 
ufacturers and users, the catalysts currently being employed for gaseous 
hydrocarbon synthesis, and the principal problems with use of such catalysts. 

2. 7ask No~ 2 

Screening tests shall be developed for evaluation of catalyst 
formations used in synthesis of CI-C A hydrocarbons. The adequacy of the 
tests shall be verified using cataiysts known to be effective for such 
reactions° The tests shall be used to evaluate new catalyst preparations 
that offer the possibility of improved effectiveness and resistance of 
poisoning and sintering under the conditions of synthesis of various gaseous 
hydrocarbons from carbon monoxide-hydrogen mixtures. 

3. ITask No, 3 

Tae most promising catalyst formulations obtained from Task 
2 ~i!! be used for kinetic studies. Data obtained from the studies ~II 
be used to deveicp equations for predicting product yields of gaseous hydro- 
carbons as a function of temperature, pressure~ H2/C0 ratio, and other ex- 
perimental patterers. The data will also be interpreted in terms of pos- 
sible reaction mechanisms~ to serve as a guide for more detailed studies 
( ask 4). 

A. Task No. A 

Studies shall be carried out on the mechanism of formation 
and types of reaction intermediates formed during the catalytic synthesis 
of gaseous hydrocarbons using the apparatus and approaches described in 
Task !. in addition, catalyst poisoning and mass transfer effects will 
he assessed via a gas chromatographic pulsed tracer technique. 
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5. Task No. 5 

Alternative catalyst preparation approaches will be under- 
taken, invo!vin~ (a) the Michalko technique for imbedding catalytically 
active me=als a= a controlled depth within a catalyst pellet, and (b) de- 
ve!opmenc of cat-~lyst formulations for simultaneous shift conversion and 
methanation. 

6. Task No. 6 

Tests of long-term activity, poisoning, and regeneration of 
catalysts shall be carried out in laboratory apparatus, and evaluations 
of the most promising candidates shall be conducted in a fluidized-bed 
r6actor, 

7. Task No. 7 

The data obtained from Tasks I through 6 shall be summarized 
and interpre=ed in the final report on the contract, l~lis final report 
shall include the advantages and disadva~ntages of each catalyst system, 
the econo~cs of production of SNG and SLPG from coal-derived synthesis 
gas using different catalyst formulations, and recommendations for addi- 
tional research in the field of catalytic synthesis of gaseous hydrocarbons. 

8. Task No. 8 

~-ne Principal Investigator shall furnish consultation and 
advice on subject related to his e~xpertise, at such times and places as 
mutua!ly agreed upon. 

~nese tasks shall proceed according to the following tentative schedule, 
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