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EXECUTIVE SUMMARY

The Gas Research Inditute (GRI) estimates that by the year 2010, 40% or more of U.S.
gas supply will be provided by supplements including subgtitute naturd gas (SNG) from
cod. These supplements must be cost competitive with other energy sources. The firg
generaion technologies for cod gadfication eg. the Lurgi Pressure Gadfication Process
and the rddivey newer technologies eg. the KBW (Westinghouse) Ash Agglomerating
Huidized-Bed, U-Gas Ash Agglomerating Huidized-Bed, British Gas Corporation/Lurgi
Sagging Gadfier, Texaco Moving-Bed Gadfier, and Dow and Shdl Gadfication
Processes, have severd disadvantages. These disadvantages include high severities of
gadfication conditions, low methane production, high oxygen consumption, inability to
handle caking cods and unattractive economics.  Another problem encountered in
cadytic cod gadfication is deactivation of hydroxide forms of dkdi and dkdine earth
metd catalysts by oxides of carbon (COy). To seek solutions to these problems, a team
conggding of Clak Atlanta Universty (CAU, a Hidoricdly Black College and
Universty, HBCU), the Univerdty of Tennessee Space Inditute (UTSl) and Georgia
Indtitute of Technology (Georgia Tech) proposed to identify suitable low mdting eutectic
sdt mixtures for improved coa gasfication.

The research objectives of this project were to:

. |dentify appropriate eutectic salt mixture catalysts for coa gadfication;
Assess agglomeration tendency of catayzed codl;
Evduate various catdys impregnation techniques to improve initid catays
disperson;
Determine catalyst digpersion a high carbon conversion leves,
Evaluate effects of mgor process variables (such as temperature, system pressure,
etc.) on cod gadification;
Evduate the recovery, regeneration and recycle of the spent catalysts;, and
Conduct an andyss and modding of the gasfication process to provide better
understanding of the fundamenta mechanisms and kinetics of the process.

The educationa objectives wereto:
enhance the CAU, UTS and Georgia Tech educeationd programs in catalyss
science and engineering and fossi| fud conversion.
train students towards the Bachelors, Master of Science and Doctora degreesin
Chemigtry and Chemicd Engineering at CAU, UTS and Georgia Tech, and
expose students to energy research and development and motivate them to pursue
advanced degrees and careers in catdys's science and engineering.

Different eutectic st mixture catalysts for the gadfication of lllinois No. 6 cod were
identified and various impregnaion or catalys addition methods to improve cadyst
disperson were evduated in this study. In addition, the effects of the mgor process
vaiables such as temperature, pressure, steam/carbon ratio were investigated in a
thermogravimetric andyzer (TGA) and in fixed-bed bench scale reactor system. Based
on the TGA dudies of severd binary and ternary eutectics, the 43.5% Li»,COs3-31.5%



NaCO3-25% K,CO3; and 39% Li,CO3-38.5% NaCO3-22.5% Rb,CO; ternary eutectic
catalysts and the 29% NaCOs-71 % K,COs3 binary eutectic were sdlected for the fixed-
bed studies. Of these three catdyst mixtures, only LNK and NK were further evauated in
the high temperature, high pressure, differentid fixed bed to develop overdl reaction
kinetic rate expressions as functions of temperature, carbon content of the bed and partia
pressure of H,O. A Langmuir-Hinshelwood type rate model was used to describe the
overdl kinetics.

Temperature was found to have a dgnificant effect on the rate of gadfication of cod.
The rate of CO, gadfication increased up to 1033 K. The amount of catalys increased
the CO, gadfication and steam gadfication rate and approached complete conversion
when 10 wt % of catdyst was added to cod. There was no effect of system pressure on
the gadfication rate in the LNK system.

There was a dgnificant effect of cadys loading on the gadfication reaction in both
cadys systems. Both the gadfication rates and converson levels were found to increasse
with the increase in the metd (catalyst) to carbon (M/C) ratio. Below 10 wt. % catayst
loading, the specific gadfication rate increased linearly with increese in the M/C rdtio,
indicating the gadification rate to be independent of the catadyst type, and just dependent
on the concentration of the akali metas.

The effect of seam flow rate showed a different behavior in the two catayst systems.
With increese in deam flow rate, the carbon converson levels in the LNK system
increased. However, the NK system showed an inconsstent behavior at different steam
flow rates. The effect of the partid pressure of seam on the water gas-shift reaction was
elucidated from the experiments caried a different seam/water flow rates for both
cadys sysems. The rise in [CO,)/[CQ] ratio with steam flow rates was in accordance
with the thermodynamics of the shift reaction.

Hydrogasification experiments were caried out manly to evauate the inhibition effect of
hydrogen on the steam gadfication kinetics and to derive a smple kinetic expresson to
fit the experimentd data. For both catdys systems (LNK and NK), a significant increase
in the specific gagfication rates was observed with the decrease in the partia pressure of
hydrogen. The cadculated hydrogasification rates for the LNK catayst were found to be
lower than the corresponding rates for the NK catayst, as opposed to what was observed
earlier in the case of pure steam gadification. With a decrease in the average particle sze
of the LNK pyrolyzed char the gadfication rate increased. Further caculations showed
that, probably the surface chemicd reaction was the likely rate-limiing sep in the
hydrogesfication experiments A Langmuir-Hinshewood type reaction kinetic modd
was developed to saify the experimental data for both catays sysems and a
mechanism was proposed to explain this modd.

Solvent-to-char ratio and mixing time were found to have negligible effect on the
extraction efficiency by water. The weight percentage recovery of the desred catayst
sts by waer was found to increase with an increase in the extraction temperature.
Recovery of lithium in the case of water extraction was consderably low. Even a higher



temperatures, the maximum recovery of lithium was found to be only about 7.5% for the
LNK cadys. This was dtributed to a mgor pat of the lithium ions being ether tied up
as water-inoluble duminoslicates and other insoluble sdts, or low water solubility of
Li,CO3. Sulfuric acid and acetic acid proved to be much better extraction solvents than
water because, in addition to providing amost complete recovery of Na, close to 80% of
K and Li coud be recovered in both cases.

While it can be concluded from the catayst recovery experiments that acetic acid and
sulfuric acid are much superior extraction solvents than water, an economic analyss of
the catalyst recovery process showed that the annua cost of catalyst regeneration would
be the lowest for the sulfuric acid based extraction scheme. Economic cdculations aso
showed that the sulfuric acid based extraction was a better economic option than even the
once-through system.

Gadfied chars with different levels of carbon conversions as well as catdyzed cod and
pyrolyzed cod were characterized in this sudy by X-ray diffraction to identify severd
phases. NaKCOsz, LiNaCOs; and most notably LiKCOs were identified as phases formed
during gadfication, and were bdieved to be ingrumentd in the eutectics providing higher
gasfication (catdytic) activity. A new intermediate specie, KLiSO; was dso found in
the gadfied char. The physica didributions of LNK and NK catdys sysems in their
respective lllinois #6 cod char surfaces were examined usng a scaning dectron
microscope (SEM).  Both cadyst systems showed uniform disperson on the ungasfied
cod matrix indicating homogeneous mixing. An atempt was made to edablish a
quditative corrdation between the type of catayd, its didtribution, and effect on the
overdl carbon converson. Gadfied chars were found to be highly porous in nature and
codesce in the case of the binary (NK) catayst, wheress the ternary catalyst (LNK)
showed highly porous and cryddline morphology. X-ray diffraction patterns of these
gadified char samples seemed to indicate the formation of potassium polysulfides (K«S;).

Severd students were trained and educated a the three participating indtitutions.  Most of
these students are now ether in graduate school in chemicad engineering or employed.
Two maders thess and severd publications resulted from this sudy. Overdl, the project
had dgnificant impact on the chemicd engineering research and educationd program a
Clak Atlanta Universty, the Univergty of Tennessee Space Inditute and the Georgia
Ingtitute of Technology.

In summary, the CAU/UTS/GT team demondraied that the three eutectic catayst

mixtures can provide superior performance in comparison to the conventiond (single
sdt) catadysts used in the field of cod gasfication.
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CHAPTER ONE: INTRODUCTION AND OBJECTIVES
1.1 INTRODUCTION

The Gas Research Indtitute (GRI) estimates that by the year 2010, 40% or more of U.S.
gas supply will be provided by supplements induding subdtitute natura gas (SNG) from
cod. These supplements must be cost competitive with other energy sources. Large-scde
commercid plants to produce SNG from cod will need to be consgtructed around the turn
of the century to meet these projected demands. Currently, proven so-cdled firg
generation technologies for coad gadfication incdude moving bed Lurgi Pressure
Gadfication Process, Entrained-Bed Koppers-Totzek Process, and the Huidized-Bed
Winkler Process. The mogt auitable for large-scale SNG production is the Lurgi Process
a Sasol 1l and 11l and at the Great Plains Cod Gadfication Plant. The reaively newer
technologies that have the potentid for SNG manufacture include KBW (Westinghouse)
Ash Agglomerdting Huidized-Bed, U-Gas Ash Agglomeraing Huidized-Bed, British
Gas Corporation/Lurgi Slagging Gadfier, Texaco Moving-Bed Gadsfier, and Dow and
Shell Gadfication Processes. These processes are a various stages of development,
ranging from demondration units to commercid demondraion units However, the
relatively newer technologies have severa disadvantages such as high severities of
gadfication conditions, low methane production, high oxygen consumption, inability to
handle caking coa's, and unattractive economics.

To resolve these problems, dudies involving the use of gadficaion catdyss have been
conducted. However, most of the dudies focused on the application of individud
catadyss and little research attention has been given to the use of eutectic sdt mixtures as
cadysts. An advantage offered by the use of eutectic caidysts in cod gagfication is tha
a lower temperature can be employed. Besides lower gasification severity and increased
methane yidd, other advantages of catdytic cod gadfication include [1]: dimination of
dagging problems in the gadfier Snce oxygen injection for heat input is not required; the
reduction of the caking tendency of bituminous cods by the catdyds, lack of tars and
oils production which, coupled with the low gadfier effluent temperature, permit the
recovery of high levd heat from the gadfier effluent (the absence of tars dso smplify
acid gas removd and water cleanup); separate shift and methanation reectors are
unnecessary since al methane is formed in the gadfier (in addition, the use of large fluid-
bed gasfiers result in high output per gedfer); and minimization of maerids and
mechanical problems due to moderate reaction temperature and pressuresin the gasifier.

It has been shown [23] that the initid cadys disperson and subsequent catayst
digribution during gadfication are important problems that hinder the deveopment of
economicaly competitive commercid cod gadfication. Catays gpplication techniques
that provide poor catdyst contact with the cod and, therefore, low catayst disperson
result in poor catdyst peformance. In this study, we propose to identify suitable low
melting eutectic salt mixtures and gpplication techniques for improved cod gasification.

Another problem encountered in catdytic cod gadfication is deactivation of hydroxide
forms of adkdi and dkdine earth metd cadyss by oxides of carbon (COy). It is



generdly beieved that the formation of carbonate forms of such catdysts (by the reaction
of the hydroxide with the carbon oxide) reduces the number of catays active stes and
prevents the formation of new active dtes. This is because such carbonates would be
present as crydas due to their high meting points (generdly greater than 973 K) under
typica cadytic cod gadfication conditions. In order to overcome the deectivating effect
of COy, cadyds that mantain high disperson during gaesfication and close contact with
the cod are required.

To seek solutions to these problems, a team conssting of Clark Atlanta University (CAU,
a Higoricdly Black College and University, HBCU), the Universty of Tennessee Space
Indtitute (UTSl) and Georgia Inditute of Technology (Georgia Tech) proposed to identify
suitable low mdting eutectic sdt mixtures for improved cod gasification.

1.2. SCIENTIFIC BACKGROUND

1.2.1 LITERATURE REVIEW

Cadygs which have been used for gadficaion can be roughly classfied under the
following five groups dkdi med <ts dkdine eath metd oxides and sdts mingd
substances or ash in cod; trandtion metals and their oxides and sdts and eutectic salt
mixtures.

1.2.1.1 ALKALI METAL SALTS

The catayss of cod and cabon gadfication by dkdi metd <dts is a wel-known
phenomenon.  Although the mechanism of dkdi cadyss has been the subject of a large
body of research, it is dill not well understood. In particular, the active form of the akdli
catadys under gasfication conditions has been the subject of a great ded of speculation
and controversy. Steam and CO, gadfication cadyzed by dkdi-med sdts are smilar in
a number of aspects, such as increased reactivity with better catdyst disperson [4],
higher akai metd carbon ratio and order of cataytic activity of adkai metds (Cs
>Rb>K>Na>Li) [5]. The present date of knowledge of akali-metd-catalyzed carbon
gasficaion by CO, was summarized by Moulijn and Kaptejn [6]. Detalled reaction
mechanisms are given by Cerfontainet d [7].

The catdytic behavior of akdi meta carbonaes (LiCO3, N&CO3, K2CO3, C5CO3 and
Rb,CO3) and oxides (N&O, Rb,O, Cs0, LiO and K;O) in graphite oxidation reaction
was sudied by McKee and Chatterji [8]. It was found that the cataytic effect involves an
oxidationreduction cycle with the intermediate formation of peroxide or higher oxide of
the dkdi metd. The cadytic effect of dkdi carbonaes in the graphite-CO, reaction
was explaned on the bass of a different oxidationreduction cyde involving the
formation of free dkai meta asintermediate.

With respect to potassum sdts, KoCOs increases steam and CO, gadfication rate, permits
the reaction to operate a low temperature for methanation, and inhibits sweling and
agglomeration of ceking cods. K-sdts dso are highly mobile, easy to goply by dry
mixing and can mantan a consant number of active dtes by congtant renewal.
Congdering the anion effect, carbonates, sulfates and nitrates are found to be better



cadyds than the dlicates and hdides. K»>COj3 is found to maintain the gadfication rate
even as carbon conversion increases to high levels.

The catalyzed reaction, which is rapidly accderated a temperatures in the vicinity of the
melting point of the akdi metd carbonate, occurs mogt readily in the presence of the
lithium <dts [9]. The cataytic mechanism is bdieved to involve an oxidation-reduction
cycde with the intermediate formation of the hydroxide of the dkdi med. Li-sdts,
especidly LiCOs and LiOH, showed better catdytic activity due to their ability to reduce
the apparent activation energy. However, activity of LiCOs is inhibited in the presence
of CO and CO,. In gened, dkdi-sdts of weak acids made better catalysts except for
phosphates, borates, and dlicates which were likdy to form polymeric, glassy
compounds a the gadfication temperature. Coating of the carbon surface by the
polymeric compounds inhibited the reaction with the gas phase.

Further results of the gadfication of graphite in carbon dioxide and water vapor have
been achieved [10]. The results show that lithium sats, specificdly the carbonate and
hydroxide, are the most active catalyss for both reactions. The oxysdts of the dkdi
metds are effective catayds in the reaction of grgphite with carbon dioxide and water
vapor and can be explained on the bass of the participaion of the catdys in a cyclic
sies of dementary reactions. The details of the catdytic process depend on the
temperature, the sdts present, and the nature of the oxidizing gas. Spiro e d. [11] used
the microprobe to examine the dkai cadys (LiCOs; or K,COs) paticles during
gasfication of carbonaceous materids in CO, and steam. In both CO, and steam, dkali
catadysts showed evidence of mobility. Alkai carbonate catalysts achieve an apparent
molten date during incipient gadfication. For dngle cysta graphite, crcular pitting,
hexagona pitting and channeling were observed.

Sudies of the seam gadfication of cod char udng dkdi and dkadine-eath metd
catalysts [12], show that the order of catalytic activity is KoSO4 or K;CO3z > NgCOs3 >
KCl > NaCl > CaCl, or Ca0. The loading method of K,CO3 had little effect on its
cadytic activity but that of CaO influenced the activity significantly. The kindtics of CO;
gadification of carbon, catalyzed by Na, K, Rb and Cs was studied by Kaptein et a [5].
In the case of Na, the number of active dStes probably increases with temperature due to
carbonate decomposition. Individual Nasalts such as NaCl, NgCO3, and NaSO, were
found to be less active than when used with other sdts as a catdyst mixture. Chen and
Yang [13] reported that many types of intermediates have been proposed and intensively
investigated for dkai catdyzed gadfication reaction of carbon by CO, and H,O. The
proposed active intermediates for potassum include metdlic K, K20, K>O,, K2COs, and
clusters that are nonstoichiometric compounds with excess metd.

1.2.1.2 ALKALINE-EARTH METAL OXIDESAND SALTS

The reactivity of cod char towards steam is known to be enhanced by the presence of
dkdi and dkdine-earth metal sdts or oxides To overcome the expense and loss in
recovery of K-sdts, the chegper Casdts were tried. They performed better a lower
cadytic loadings but were immobile and needed to be chemicdly combined with the



organic matter for high activity. In generd, Ca-salts could not replace K-sdts because of
thelr loss of activity during gesfication and ther not being good methanation catayss
Mogt dudies in this fidd on cadytic gadficaion of cods show that potassum sdts
(especidly potassum carbonate) are the most active.  Evauations of the cataytic activity
of dkdine-earth metal oxides, eg. CaO, are not consgent. Apart from other properties
of cods, it is beieved that this incondstency is rdated to different methods and
conditions of catalyst loading on the codl.

The behavior of cdcium as a deam gadficaion cadys showed that the cacium
compounds provide good cadytic activity under certain conditions [14]. Essentidly, the
cddum must be aomicaly dispersed throughout the char to obtain good activity.
Cdcum is poorly ective unless it is very wdl digpersed by chemicd reaction with the
organic matter. Sufficient dtes occur naturdly in lower-rank cods, and some of these
coals have undergone ion-exchange with cacium naurdly. Radovic & d [15] evauaed
the importance of catdyst disperson in the gadfication of lignite chars. The rdéatively
high gasfication resctivity of lignite chars compared to those obtained from higher rank
cods, is due to the cadytic effect of the initidly very highly dispersed CaO on the char
aurface. Char deactivation is caused primarily by CaO crystdlite growth.

Ohtsuka and Tomita [16] dso caried out cacium-cadyzed deam gadfication of
Ydlourn brown cod without deminerdization and heat trestment. Cacium catdys
showed a high activity a ~950 K. Cdcium hydroxide, carbonate, acetate, nitrate and
chloride exhibited smilar cadys effectiveness  The gadfication rate increased with
increasing cacium loading and a a loading of 5 wt %, complete gasification was attained
within 25 minutes a 973 K. Comparison of uncatdyzed and catalyzed rates showed that
cdcium catays can lower the reaction temperature by 150 K. The impregnation of
cadcium sdt on devolatilized char in place of raw cod resulted in the formation of rather
large catdys paticles, and their activity was low. For cacium-catdyzed gadfication
reaction [13], the proposed active intermediates include CaCOgz, CaO, CaO, and CaOy.

An exploratory study was made to evauate cdcium as an inexpensve subditute for
catalytic potassum in the Exxon SNG process [17]. Ca(OH), was found to have good
activity for the steam-carbon reection, and was sometimes better than potassum because
it reected less with the cod minerd. Cdcium appeared to be immobile and wel
dispersed and chemicdly reected with the char to peform wel. One disadvantage of
cadcium as a catdyd is that it tends to deactivate during gasification This could be due
to its immobility or its inability to re-associate chemicaly with char. In Ja and
McCormick’'s experiment [18], cacium acetate was used as the catdyst precursor and
added to the high sulfur lllinois Basin cod a the cod preparation plant. They showed
that the catdyst could reduce swelling, capture sulfur and increase carbon converson or
lower the gasification temperature.

Effects of Ca0, high-temperature trestment, carbon structure and coa rank on intrinsc
char oxidation raes were invesigated by Gopaéakrishnan and Bartholomew [19].
Comparison of intringc oxidation rates of unloaded Spherocarb and (acid washed) chars
showed a trend of incressng intringc rate with decressng skeletd dengty suggesting



that the intringc rate is a function of carbon Sructure. Studies of ion-exchange cacium
from cacium carbonate and low-rank cods [20] show the extent of the exchange is
dependent on the cryddline form of CaCOs;, and was higher for aragonite naturaly
present in seashels and cord reef than for cdcite from limestone. The exchanged Ca
promotes gadfication and achieves 40-60 fold rate enhancement for brown cod with a
lower content of inherent minerds.

1.2.1.3 TRANSTION AND OTHERMETALS THEIR OXIDESAND SALTS

McKee [21] sudied the rare earth oxides (LayOs, CeO,, Eu,03, Gd203, Smp0O3, Nd,0s3,
Yb,03, and Th,Os3) as carbon oxidation catdysts. It was verified that only CeO» showed
dggnificant activity in accderating the gadfication of grgphite by oxygen between 500
and 1273 K. Cerium sdts (such as Cey(COgz)3, Cex(SO04)3, Ce(SO4)2, Ce(NO3)s,
(N H4)4C€(SO4)4, CE(OH)z, (N H4)2C€(N03)6 and Cez(C204)3), which d&:OI’ﬂpO% to flnely
dispersed oxide phase a low temperature were found to be very active catayds. The
metdlic impurities were found to affect the gedfication of grephite in water vepor and
hydrogen [22]. Iron, cobat and nickd are active catalysts for the former reaction
between 873-1273 K when the metd is kept in the reduced state by means of added
hydrogen.  Vanadium and molybdenum ae wesk catdyss under these conditions,
whereas copper, zinc, cadmium, dSlver, chromium, manganese and lead are inactive.
When hydrogen is absent so that the meta remains in the oxidized date, the cataytic
activity of al theseimpuritiesislow or negligible.

McCarty and Wise [23] investigated the nature of carbon deposits on Ni/Al,Os by
temperature programmed reduction (TPR) with Hy, and identified seven carbon dHates.
Kieffer and van der Baan [24] usng TPR with hydrogen on a coked Fe/ZnO catayst,
were adso ale to identify three carbon dates of different resctivity. The characterization
of coke deposits on PYALO3 reforming catdysts and sudies of ther reactivity have dso
been intensely researched. The gadfication of @bon on the SO,-Al,O3 catdyst was not
caadyzed. The carbon depost on PYALO; catadys may be gadfied & a lower
temperature. Silva and Lobo [25] caried out invedtigation of CO, gadfication of
activated carbon catayzed by molybdenum oxide. They showed that MoOs is a good
caays a low temperature and moderate pressures. The effect of loading on reectivity
showed saturation above ~ 0.3 wt%.

The mechanism of CO, gadfication of carbon catdyzed with group VIII metds was
invesigated by usng deady-date gadficaion with thermogravimetric andyss [20].
Both steps in the oxidation and reduction of iron species proceeded very fast and the key
gep for carbon gasfication was the oxidation sep of iron metd in the redox cycle. The
temperature programmed desorption (TPD) spectra and x-ray diffraction (XRD) aso
clarified that the active species is highly dispersed iron meta and the deactivated species
are gntered iron and highly oxidized iron. Taljiet et d [26] sudied the cod gasfication
by usng the ZnO/Zn redox system. A more effective chemicd converson was obtained
via a proposed two-gep scheme as compared to that obtained via the conventionad single-
gep direct geam gadfication. CO formation was more favorable with the cod-ZnO redox
reaction than with the cod H»,O reaction in the 1173-1373 K temperature range. Catalytic
activity of V,0s/g-Alb,O3 as a typicd trandtion metd oxide cadyst was dso measured



for comparison [27]. V20s/g-Al,O3 showed linear increase of achieved converson with
the amount of catdyd, dthough the catdytic turnover number was limited. The carbonate
supported on LSCMP (Lag.gSro.2Cro.sM g 45Ptp 0s03) showed high converson at an dkali
metal to carbon ratio as low as 0.012. The carbonate supported on g-Al,O3 and LSCMP
aone showed very limited activity.

1.2.1.4 MINERAL SUBSTANCESOR ASH IN COAL

A TPD sudy of cod chars in rddion to the catalyss of minerd meatter shows that the
presence of minerd matter is responsible for these gas evolutions [28]. The exchanged
metal species like Ca and Na dgnificantly catdyzed the gasfication reaction. Carbor:
catalyzed exchange carbon and oxygen between carbon dioxide and potassum carbonate
was researched a 500-1000K by Saber et a [29]. Two labile surface carbonate
complexes could be probable intermediates. The influence of minera matter on the
reectivity of chars derived from a bituminous cod during K-catdyzed steam gadfication
was caried out by Formedla et d [30]. They peformed experiments with chars with
different ash contents impregnated with different amounts of K>,CO3; and subsequently
gadfied a 973 K and 4 MPain pure steam.

Invedtigation of the mechanism of the dkai metd cadyzed gadfication of carbon has
shown that the mogt effective cadysts are generdly the carbonates, oxides and
hydroxides, other active <dts tend to convet to these species under gasfication
conditions [31]. Alkdi intermediates may dso interact with the subdtrate to form free
radica or possbly interaction compounds. For a given additive (Li,COs, N&COs,
K2CO3, C5C0O3; and Rb,CO3), the magnitude of the catdytic effect increased with the
rank of the parent cod [32]. A progressve loss in catdytic activity on thermd cydling
during steam gadfication was associated with reection of the dkdi sdts with minerd
matter in the chars. Cataytic activity of metd carbonates was studied for the gasification
of activated carbon grains at 673-773 K by supporting the carbonates on carbon, aumina,
and a perovskite-type oxide (Lap.sSro.2Cro.sMny 45Pto.0503, LSCMP).

1.2.1.5 EUTECTIC SALT MIXTURES

Only two known publications on the use of eutectic sdts are available. Choi [33] reported
that K,COs, NgCOs, CaCOs;, and other promising chemicads were used to identify
relaively smple eutectic compogtions. Some chemicals were mixed and hesated to 977
K in a muffle funace. The mixtures showing patid mdting in the experiment showed
complete mdting if their eutectic compodtions were used. For example, the K,CO3 +
NaCO3 mixture, when mixed a the eutectic compostion of 0.4 and 0.6 weight fractions,
showed complete mdting while the mixture of 0.5/05 weight fractions showed only
patid mdting. A dry mixture of K,CO3 /NgCOs3 /CaCOs3 prepared at 0.4/0.35/0.25 by
weight resulted in complete mdting.

The eutectic sdt Catdysts NaCFNaCO3, NaCl-NaSO,4, KF-K,CO3, KoCO3-KCl, LiF-
Li,CO3; NaCl-Na&CO3-Na&SO,4, and Li>CO3-NaCO3-K2CO3) were studied for graphite
and cod char gadfication by McKee et d [34]. It was found that lbow meting binary and
ternary eutectics of the akali metd hdides, carbonates and sulfates are more effective
low temperature catdysts for the CO, and steam gadification of graphite and cod chars



than the pure sdt components. The reduced meting points of the eutectic phases result in
enhanced caaytic activity a lower gadfication temperature by achieving a better
dispersion of sat phases on the substrates

1.2.2 CATALYTIC COAL GASFICATION BY EUTECTIC SALT MIXTURES

The reactivity of carbonaceous materids and cod chars with CO, or deam is strongly
enhanced by the presence of dkai meta <dts [35]. Interest in this subject has been
dimulated by development of new processes for catalyzed gasfication of cod [36,37].
However, the exact roles that the sdts play in these processes are not well understood and
details of the reaction mechanisms remain controversd [38]. For a cadys to function
satidfactorily in cod char gadfication, a three phase inteface must be mantaned
between the carbonaceous subdtrate, the catalyst phase, and the gaseous oxidant. The
overdl rate of gadfication is enhanced by improving the contact between the catayst and
the carbon [39]. The gaseous reactant should adso have ready access to the pores of the
coal. Previous dudies on akali-catalyzed oxidation of graphite [40] has shown that the
oxidation rates increase rapidly a temperatures in the vicinity of the mdting point of the
cadysds. Hence it is possble tha eutectic sdts which mdt a sgnificantly lower
temperatures than those of the individud sdts can exhibit enhanced catdytic activity at
lower temperatures. In contrast, if the carbon surface becomes coated with a film of
molten <dt, the kinetics of the reaction will be limited by diffusion of the gaseous
reactant through the film of the sdt and the overdl rate of the gadfication process will be
reduced.

Scientists a the Generd Electric (GE) Corporate Research and Development Center (41)
have evaluated the behavior of binary and ternary eutectic sdt catalysts in gadfication of
grephite and cod. A themd gravimetric andyzer (TGA) was used to carry out
gasfication experiments at atmospheric pressure usng CO, . Binay and ternary eutectic
cadyss were prepared by fuson of findy ground sdt mixtures having compodgtions
corresponding to the eutectic meting temperatures, as obtained from published phase
diagrams [42]. The catdyst compostions and loadings evauated in the GE work are
provided in Table 1.1. It was found that the gasfication rates of cod char and graphite in
CO, and in steam in the temperature range of 973-1173 K can be considerably increased
by the addition of binary or ternary eutectic dkdi sdt catdyss. The reduced meting
points of the eutectic phases increased catdytic activity a& lower gadfication
temperatures by achieving a better dispersion of the salts on the carbonaceous substrates.

However, there were important and magjor issues that were not addressed in the GE work.

Theseinclude:

Potentid enhancement in gadficaion activities a high carbon conversons (i.e,
>90%);

The effects of gases such as CO and H, in the reactor;

The effects of catayst impregnation technique on catayst dispersion and activity;

The influence of reactant gas pressure (e.g., ~500 ps) on the gasification; and

Issues relating to catalyst recovery, regeneration and recycle.



Table 1.1. Composition of the eutectic salts investigated for coal gasification at GE[41].

Eutectic salt composition M elting point Salt/substrate
(mol%) (K) (Wt.%)

40% NaCl-60% N&COs3 913 4.2%NaCl-5.8% Na,CO3
35% NaCl-65% NaSO4 883 3.1% NaCl-6.9% N&,SO4
60% KF-40% K>CO3 963 3.9% KF-6.1% K,COs3
35% K2COs- 65% KCI 913 5.0% K,COs3- 5.0% KCI
25% LiF-75% Li,CO3 877 1.1% LiF-8.9% Li,CO3
36% NaCl-32% NaCOs3- 883 3.5% NaCl-2.8% Na&COs- 3.7%
32% NaSO4 NapSO4
43.5% Li,CO3—31.5% 673 3.2% Li,C0O3-3.3% NaCO3 —
N&CO3-25% K,CO3 3.5% K2COs3

A mgor advantage of usng eutectic sdts as catayds for cod gadfication is tha the
caking (agglomeration) tendencies of the cods may be minimized, as shown in an Amax
project [43] in which sodium- and cacdum-based eutectic sdts were applied to coal
gasficaion. The activities of the cadyst may be enhanced by the addition of catays
promoters. It has been shown that addition of sodium carbonate to potassum sulfate
increases the activity of potassum by producing wesk acid potassum sdts that form
complexes with the char to form active gedfication dtes.  The gadfication activities of
potassum are aso reported to be enhanced by iron [3]. Thus, careful sdection of catayst
additives can produce significant increases in char gagification activity.

1.2.3. EFFECTSOF CATALYST LOADING AND DISPERS ON ON GAS FICATION

It has been reported that for calcium catdyzed gedfication of lignite chars the initid
cadys dispeson as wedl as subsequent catdyst didtribution during gadfication are
citicd.  The importance of the method of cadys addition to cod on gadfication
reactions has been demonstrated by severd investigators [44-48]. For ingtance, it has
been shown that iron aulfatle is more effective when impregnated than when it is
physcaly mixed with cod. Prolonged mixing improved the cataytic activity of the solid
iron sulfate, but the enhancement was less than that obtained by impregnation [45,47,49].
Thus, it is cear that the degree of initid catdyd-cod contact exerts a sSgnificant
influence on catdys digperson and activity.



Low rank cods contan subgstantid amounts of oxygenated surface groups, particularly
carboxylic acid and phenolic groups. Severd sudies [50-52] have shown that the surface
chemisgtry of cod is determined by these groups, dthough inorganic species dso play a
role. In agueous or basc environments, these acidic groups dissociate and the coal
particles acquire negative charges, whereas the surface groups are protonated in acidic
medium. This reduces the negdtive charge dendty and the surface can become postively
charged [50,51]. The type and magnitude of the charge on coa can be determined from
zeta potentid measurements.  Thus, a knowledge of the surface charge properties of cod
is essentid for efficient adsorption of catalyst precursors onto cod.

Usng a combination of eectrophoresis, adsorption and char reactivity studies, scientists
a Clak Atlanta Universty [53] recently found that the gedfication ectivities of cacium
or potassum in carbon dioxide are strongly dependent on the surface charge properties of
deminerdized cods. Cdcium or potassum loading around pH 6 sSgnificantly enhanced
char reactivities compared to catdys addition in strongly acidic (~pH 1) or basic (~pH
10) solution, even though the highest catalyst uptake occurred in the latter medium.  X-
ray diffraction anayss suggested highly dispersed cataysts a pH 6 whereas reduced
dispersion occurred at pH 10 [53].

It has been reported [54] that a process-rdlated problem in catdytic coad gesficaion is
the method of catalyst addition to the cod. There is no apparent difficulty if the catdyst
is physcaly mixed with cod and introduced into the gadfier or if the catdyst and cod
are introduced individualy. However, there is dgnificant problem in supporting the
cadys on cod. Cadyd loading from solution (including the ion-exchange method) is a
common technique for catayst introduction into cod. Efforts are being made to transport
pulverized cod in a cod-water durry form from cod mines to mgor cod consumers.
The excess water can ether be removed a the consumption Ste by mechanicd
dewatering or introduced directly into the processng step without any subsequent
physca separation. If the liquid used as a transport medium congsts of an agueous
solution of the cadysts, the durry mode of cod transport would provide adequate time
for the catalyst solutions to soak the individud cod particles for extended periods of
time, and therefore, provide much better catdyst penetration and disperson. Hence, for
coal-water durry mode of transport, wet methods of catdyst gpplication such as ion+
exchange are economicaly more attractive than addition of solid catalyststo cod.

1.3. RESEARCH NEEDS

A mgor issue in catayzed cod gadfication is the degree of contact between the cod and
the catadyst. When the catadyst is smply mixed with coad and introduced into the system,
the degree of catdyst-cod contact is generdly poor until the catays is mdted in the
reector. In the moving-bed gadfer, the degree of contact is rdatively high, while the
chances of intimate contact in a jet flow bed gasfier ae ggnificantly lower. In a
fluidized-bed gadfier, the gadfication results are dependent on the degree of catayst-coa
contact. For eutectic sat mixtures, the cataysts are assumed to be easly digtributed over
the surface of the cod because of the low mdting points of these sdts. However, the
initid digribution of the sdt mixtures in the coad should be homogeneous so that a the



gasfier conditions, the catayss can penerate the cod matrix and thus be present a the
reacting carbon dtes. This can be achieved only when a proper method of initid catdyst
goplication is employed to ensure good catadyst penetration into the cod and high catayst
disperson. In addition to uniform catadyst didribution, the effectiveness of the eutectic
st mixtures in maintaining good contact with the retrieving carbon matrix can only be
adequately evaluated at high carbon conversons. This issue was not addressed in the GE
study.

During cod gadficdion, the gas amosphere contains varying concentrations of species
such as CO, H, CO,, H,0, and H;S. It has been shown that gases such as CO and CO-
inhibit the carbonrgteam reaction catdyzed by cdcium, potassum, and sodium; H,
inhibits the catdyss by cacdum [27]. Thus, the evduation of eutectic sdt mixtures must
be caried out usng the appropriate gaseous reactant and under suitable gasfication
conditions. To goply dkdi metd catdyds to cod gadficaion for the production of
methane or subdtitute naturd gas (SNG), the methanation reaction is important. From
thermodynamics, it is evident that because of the decrease in the number of moles during
methanation, high pressures will produce more methane by favoring the forward reaction.
Whether or not the eutectic sdt mixtures investigated ae able to promote the
methanation reaction can only be evaduated by <dudying the gadfication reaction a
elevated pressures (~500 ps).

14 PROJECT OBJECTIVES

1.4.1 RESEARCH OBJECTIVES
The objectives of this project were to:
Identify appropriate eutectic salt mixture catdysts for cod gagification;
Assess agglomeration tendency of catalyzed cod;
Evduate various cadys impregnation techniques to improve initid cadys
dispersion;
Determine catalyst dispersion at high carbon conversion levels,
Evauate effects of mgor process variables (such as temperature, system pressure,
etc.) on cod gadification,
Evaluate the recovery, regeneration and recycle of the spent catalysts; and
Conduct an andyds and modding of the gasficatiion process to provide better
understanding of the fundamenta mechanisms and kinetics of the process.

1.4.2 EDUCATIONAL OBJECTIVES

Clak Atlanta Univergty (CAU) is strongly committed to catdyds, energy and fossl fud
research and the proposed project was to have a mgor impact on the Catalyss and
Separation Science (CASS) Center. The catalyss aspect of the CASS center covers new
catayst development, characterization and testing. This proposed project was to assgt in
efforts towards increesng well-trained minorities in these fields. Thus, the project was to
enhance the CAU, UTS and Georgia Tech plans for developing undergraduate and
graduate degree programsin catays's science and engineering and foss| fud conversion.



The training of students towards the Bachelors, Master of Science and Doctora degree in
Chemisry and Chemicd Engineering & CAU, UTS and Georgia Tech was to be
emphasized. The project was aso to expose students to energy research and development
and motivate them to pursue careers in catalys's science and engineering.
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CHAPTER TWO: TECHNICAL APPROACH
21. METHODOLOGY AND TASKS

To accomplish the project gods and objectives stated in chapter one, the project was
subdivided into the following tasks.

211 TAXK 1: SELECTION OF EUTECTIC SALT MIXTURES

Literature review; identification of appropriate eutectic sat mixtures,
Evauation of catdyst gpplication methods,
TGA dudiesto evauate gasification characteridtics.

212 TAX 20 EVALUATION OF GASFICATION PERFORMANCE IN A
BENCH-SCALE FIXED-BED REACTOR:

Evduation of catdys disperson;
Study of the effects of process variables on the performance of gasfiers, and
Evduation of the recovery, regeneration and recycle of the catalyds.

213 TAK 3: DATA ANALYSISAND REPORTING:

Data andyss and modeling;
Economic evaduation of the gadfication process and Project management and

reporting
22. MATERIALS

2.2.1. COAL

The Illinois No. 6 cod used in this study was supplied by the Penn State Sample Cod
Bank. Compostiona data for the parent cod and for the char prepared from it are given
in Table 2. The cod used in the lab was 60 mesh.

Table2.1. Compositional data for the Illinois No.6 coal used (hv Cb rank)

Proximate analys's (wt%o) Ultimate andyd's (wt%o)
H20 13.20 Ash 11.62
Ash 11.62 C 57.33
Voldiles 35.44 H 3.98
Fixed C 39.74 N 0.99
S 4.80
(@) 8.07




2.2.2 REAGENTSAND CHEMICALS

The dngle sdts invedigaed and used to prepae the eutectic sdt mixtures included
Sigma Chemicd Company's andyticd reagent grade Li>CO3, N&COs3, Rb,CO3, K,COs,
LiOH, KOH, NaNOs, C$COs, KNOgz, LINO;, K2SO4 and CaSO,. TGA gadification
measurements were carried out in pure CO, (Holox Products) a atmospheric pressure.

23. PREPARATION
2.3.1 PREPARATION OF EUTECTIC CATALYSTS

Fifty binary and tweve ternary eutectic cadysts were prepared by fuson of finey
ground sdt mixtures having compostions corresponding to the eutectic mdting
temperatures, as obtained from published phase diagrams [8]. Fuson was carried out in
ar a temperatures of a leest 100 K above the respective eutectic melting points.  After
cooling, the solidified mets were crushed and findy ground in an agate mortar. The
melting points of the prepared eutectic catalysts were measured by Seiko Instruments
Differentid Scanning Caorimeter (DSC 220C).

2.3.2. SAMPLE PREPARATION (COAL + CATALYST)
2.3.2.1. Physical mixing technique (M1 method)

Sdt mixtures or eutectic catadysts were findy ground in an agate mortar and weighed
amounts were then intimately mixed with the powdered cod or char in a Fsher Minimill
to give the desired catalyst concentration.

2.3.2.2. Incipient wetness method for eutectic salts (M2 method)

The powdered eutectic salt was weighed and dissolved in water. The solution or durry (if
eutectic did not dissolve completely) was further added to the powdered cod, shaken to
make sure the solutiorVdurry mixed well with the cod and was then dried. The soluble
binary eutectics formed complete solutions whereas the insoluble ternary eutectics
formed durries. The incipient wetness point for the Illinois #6 cod was established to be
around 0.5-0.6 ml H,O/gm of codl.

2.3.2.3. Incipient wetness method for mixture of individual salts (M3 method)

The amounts of individud sdts needed to achieve the eutectic compostion were mixed
thoroughly, without prior fuson a its eutectic point. A durry/solution was prepared
from this sdt mixture by adding required amounts of water to the cod/char, as Sated in
the M2 method.

2.3.2.4 Drying

The samples prepared by wet mixing were dried in a Precison-Gravity Convection Oven
at 383 K for 12 hours. After cooling, they were crushed in an agate mortar and further
pyrolyzed.



2.3.2.5. Devolatilization/Pyrolysis

The devolatlization process was caried in a Bansead Thermolyne-Model F48015
muffle furnace a amospheric pressure. At 1023 K the voldtiles and tars were removed
under continuous inert N2 purge.

2.3.2.6. Seving

The pyrolyzed char was crushed in an agate mortar and Seved to obtain particles ranging
between -30 mesh and +100 mesh. After sample preparation, the char was gadsfied under
seam.

24. GASIFICATION MEASUREMENTS

24.1. Gasdification test by TGAin CO;

The exiding themd gravimetric andyzers (TGA) a Clak Atlanta Universty (CAU)
was used to conduct the amospheric pressure gasfication sudies in CO, to evauate the
gasfication of cod samples cadyzed by the eutectic sdts. The schematic of the TGA
experimenta setup is shown in Figure 21. The TGA sudy was used to evauate the
kinetics and the mechanism of the gagification reaction.
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With carbon dioxide, mixtures of powdered cod with 10 wt % of the different individua
sdts were prepared by the above smple preparation methods and the rate of weight loss
of the samples when heated in a flowing gas of CO, was measured at a series of constant
temperatures in a TGA. Measurements of gadification kinetics in flowing CO, [140
mi/mn a& 1 am (0.IMPa)] were peaformed in an SDT 2960 Smultaneous
Thermogravimetric-Differentid  Themd  Andyzer (TGA-DTA). The TGA-DTA
measurements were peformed a a linearly increasing temperature rate of dT/dt = 10
K/min, in amospheres of flowing carbon dioxide gas. The balance was usudly operated
in the isotherma mode with weight changes being recorded as a function of time and
temperature at a series of TGA settings in the range 823-1273 K. At each temperature,
gadfication was continued for ~10 min to assure that Steady <tate conditions were
attained. The gadification rate at each temperature was derived from the relation:

L1 W "
W Dt

Where: W isthe weight of the sample at timet.

r isthe gasfication rate of carbon (/min).

The kinetic data were presented in the form of Arrhenius plots [log rate versus 1/T
(K)I.

2.4.2. Gasdification Test by Fixed-Bed reactor

The cataytic deam gadfication experiments were caried out in the high-pressure, high-
temperature fixed-bed gadfier sysem. The gaedfier in this sysem was typicdly operated
with a downdraft gas flow regime and in a differentid fixed bed mode. The reactor was
packed with ceramic beads to support the char sample towards its center using two 200-
mesh dainless sted screen baskets. A schematic of the gadfier is shown in Figure 2.2 and
consgsts of the gas/seam feeding and preheating units, the reactor and furnace, condenser
and dryer and gas andyds (gas chromatogrgph) units The differentid char bed
accommodated about 2.5 grams of char during each experimentd run. The exit gases
from the deam gadfication reaction were andyzed usng an SRl 8610C gas
chromatograph. Experiments were dso peformed usng a thermogravimetric andyzer
(TGA) to andyze the fixed carbon content of the char sample before and after steam
gasfication. The daia were andyzed to determine the extent of carbon converson in the
bed and to obtain a rate expresson to explain the kinetics of the gasification reaction.

Before cod or cod char was submitted to bench scde fixed-bed gadficetion, severd
preparation steps were necessary. These included catdyst addition, drying and Seving,
and devoldilization followed by the deam gadficaion in the fixed-bed gadsfier. The
method of catdyst addition plays a very important role in enhancing gadification rates by
providing a better initid catalyst digperson on the cod surface. The three methods of
catalyst addition or sample preparation techniques described above for the TGA sudies
(M1, M2 and M3 methods) were used for fixed-bed studies aswell



Based on the gadfication studies performed in CO, usng the SDT 2960 Simultaneous
TGA-DTA discussed above, the best eutectic sdt catdysts were chosen for further
experimentation in afixed-bed bench scale reactor.
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Figura 2.2 The Schematic Diagram of the Bench-Scale Fixed-Bed Reactor

25. ZETA POTENTIAL MEASUREMENTS

Zeta potentid measurements were conducted to determine the net surface charge present
on the cod paticles. The zeta potentid technique involves suspending cod particles in
an agueous olution contained in a chamber to which an anode and a cathode are
connected. Upon application of an dectric field, a potentid is created between the two
electrodes and the particles will migrate to the anode or the cathode, depending upon the
eectricd charge. The dectrophoretic mobility is proportiond to the charge dendty on the
cod particles and can be displayed by the instrument or caculated by hand.



Cod water durries for zeta potentid measurements were prepared by placing
aoproximately 2.5 g of the cod sample in 500 ml of deionized water. To better disperse
the particles, the solution was sonicaied for twenty minutes usng a Branson 2200
uitrasonic bath. The coad solution was decanted into five flasks each containing 50 ml of
solution. After recording the origind pH vaues of the cod dispersons, The zeta potentia
values were measured at room temperature using a Pen Kem Modd 501 zeta meter.

2.6. FREE-SWELLING INDEX TESTS

D720-91 (ASTM Standard)[2] was used to measure the free-swelling index of the cod.
The test method conssted essentidly of heeting 1 g of cod, in a covered dlica crucible in
an oven. The oven was adjusted to give a temperature of 2073 £10 K, in 1.5 minutes, and
1093 £ 5 K, in 25 minutes. The hesating was continued for not less than 2.5 minutes.
The coke button obtained was compared with a series of standard outlines to get a value
corresponding to that of the nearest outline,

One gram of ground 60 mesh cod was weighed in a cold crucible, and the crucible was
lightly tapped 12 times on the bench, rotating it between taps, to leve the surface of the
cod. The crucible was then covered with alid and placed upright in the oven.

Three buttons were made for each time sample of cod tested.  The three coke buttons of
each sample of cod being tested were viewed through the sight tube and compared to a
series of dandard profiles. The drawing with which the button was compared was placed
exactly in the center of the fidd of vison from the top of the tube. The button was
rotated around its axis until the maximum cross-section area was in line with the drawing
and viewed with one eye placed immediately over the top of the tube.

2.7. X-RAY DIFFRACTION EXPERIMENTS

Catadyst condituents, eutectic sdts, pyrolyzed and gasified char samples were examined
usng X-ray diffractometry (XRD). The purpose of these XRD sudies was two-fold: (1)
to determine if any phases or moeties are formed in the eutectic sdts that are distinct
from those present in the individud LiCO3;, N&COs, and K,CO3 sdts, and (2) to
establish changes in the XRD patterns of the eutectic sdts before and after gadfication
reaction.

A lig of the samples were studied usng a 2 hour scan period resulted in sgnificantly
improved Sgnal to noise ratio over a 20 min scan.

2.8. SEM MEASUREMENTS

Scanning dectron microscopy (SEM) studies of (i) cod + eutectic sdt (pyrolyzed, but not
yet gadified in the reactor), and (ii) gadfied char samples (reactor-aged) were conducted
on severd eutectic salt samples containing al three sdts (Li, Na, & K carbonates) as well
asonly two salts (Na & K carbonates).
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CHAPTER THREE: Identification of Appropriate Eutectic Salt Mixtures

The avaldble literature was thoroughly reviewed to identify appropriate eutectic st
mixtures, which exig in the liquid or gaseous phase under gadficatiion conditions.
Sdected catalyss investigated by Generd Electric and additiond catayss identified
from the literature were used. The literature review focused on sdts that had been shown
to be active for cod gadfication. Emphasis was placed on the use of non-haide sdts as
the catalyst precursors.

Based on the review of the phase diagrams of various eutectic mixtures [1], the systems
shown in Table 31 were identified for further investigation in this dudy. These
chemicas were ordered and enabled us to prepare the catadysts and catayst loaded
cod/char samples. 10 |b of Illinois #6 coad were dso ordered from the Penn State Cod
Sample Bank and used for this project.

Samples of the sdts were placed in a muffle furnace a various temperatures and in N>
amosphere to determine their mdting ranges. Eutectic sdts tha had mdting points in
the 873-1073 K range were sdected for the gasification studies.

3.1 SELECTION OF EUTECTIC SALT MIXTURES

In order to compare the relative cadytic effects of the different cadysts in the
gadfication of cod with carbon dioxide, mixtures of powdered cod with 10 wt% of the
different catdysts were prepared by different methods and the rate of weight loss of the
samples when heated in a flowing gas of CO, were measured at a series of constant
temperatures.  The catdys samples (dngle sdts, and binay and ternary eutectic
cataysts) prepared by the different methods studied are summarized in Tables 3.1-3.5.

Measurements of gasfication kinetics in flowing CO, [140 mi/min & 1 am (0.1MPa)]
were peformed in a SDT 2960 Smultaneous DTA-TGA.  Smultaneous thermd
gravimetry-differentid  theemd  andyses (TG-DTA) were peformed a a linearly
incressing temperature rate of dT/dt = 10 K/min in an amosphere of flowing carbon
dioxide gas. The badance was usudly operated in the isotheemd mode with weight
changes being recorded as a function of time at a series of TGA settings in the range 823-
1273 K. At each temperature, gasfication was continued for ~10 min to assure that
deady date conditions were atained. The gadfication rate a each temperature and time
were derived from the rdlaion:

r (min?) = -(DW/Dt) (/W) (3.1
Where W isthe weight of the sample at timet.
r isthe gasfication rate of carbon (1/min).

Thekinetic data were presented in the form of Arrhenius plots[log rate versus UT (K)].



Table 3.1. Sngle salts physically mixed with fresh coal

Anion
Cation

CO35~

NO3

Li*

Na

K+

Cs

Ca++

< IK KIKI

SIKKIKIK

<[OoO<|[DI<

y-sample tested. n-no sample tested.

Table 3.2. Sngle salt solutions mixed by incipient wetness method with fresh coal

Anion COz~

Cation

NO3

SO~

Li*

Na

K+

Cs’

SIKIKIK|ID

S|IoKK|S

S| |S| S

Ca++

y-sample tested. n-no sample tested.



Table3.3.

Binary Eutectic Mixtures studied

No Eutectic Salt Melting No Eutectic Salt Melting
Mixtures Temp. Mixtures Temp.
Mol % K Mol % K
1 17.5%Cs,COxs- 380 25 56%Li,S0,- ~560
82.5%CsNO; 44%CdSO4
2 3.6%K,CO;5- 326 26 80%Li,S0,- ~700
96.4%KNO; 20%CaS0O4
3 9.3%K,COs- 367 27 64%Li,S0,- ~580
90.7%KOH 36%MnSO,
4 94%K,COs- 355 28 ~58%0Li,S0,- ~640
6%K,S0, 42%PbSO,
5 0.3%Li,COs5- 254.6 29 ~59%Na, SO;- ~520
99.7%LiNOs 1%CuSO4
6 17.8%Li,COs- 418 30 ~44%NaySO;- ~640
82.2LiOH 569%MnSO,
7 40.4%Li,COs- 575 31 ~56%Na,SO;- ~660
59.6%Li,S0, 44%MgSO,
8 2.29%Na,COs- 306 32 ~46%Na,SO4- 472
97.8%NaNO3 54%2ZnS0O,
9 8.3%Na,COs- 285 33 ~55%Rb,S0;,- 675
91.7%NaOH 45%MgSO,
10 42%CaCOs- 1010 A ~12%Na,SO4- 630
58%CaS0, 88%\V,0s5
11 58%Na,COs- 562 35 ~62%K,S0,- 430
42%Rb,CO4 38%V,0s5
12 87%Li,COs- 705 36 42.9%Li,COs- 499
13%Li,0 57.1%K,CO;
13 ~65%K,CO;s- ~505 37 62.0%Li,COs- 488
35%Li,COs4 38.0%K,CO;5
14 ~42%0Li,COs5- 514 33 29.0%Na,COs- 143
58%Na,COs 71.0%K,CO4
15 ~57%Li,COs5- 662 39 52%Li,COs- 485
43%CaCO; 48%Na,COs
16 ~50%Na0OH- 170 40 4%Pb(NO3),- 197
50%KOH 96%AgNO;
17 ~25%0LiOH- ~215 41 25%NaNOs;- 110
75%NaOH 75%KNO3
18 ~62%Ba(OH),- 360 42 46.2%NaNOs- 195
38%Sr(OH), 55.8%LiNO3
19 2.1%Li,COs- 250 43 42.4%LiNOs- 125
97.9%LiNOs 57.8%KNO;
20 ~2%0K,COs- ~320 44 3.1Ba(NOs),- 24991
98%KNO; 96.9LINOs
21 1.8%Na,COs- ~300 45 60%KNO3- 230
98.296NaNO3 40%CsNO;
2 ~55%K,S04- 460 46 1.9S(NOs),- 250.77
45%CuSO4 98.1LINO;
23 ~64%Li,S04- ~598 47 ~6290KNO;- 220
36%C0S04 38%CsNO;
24 ~48%LiNOs- 191 48 ~58%NaNOs- 190
5290NaNO3 42%CsNO;




Table 3.4. Binary eutectic salt catalysts used in the carbon dioxide gasification of coal.

solid At mixing eutectic catayst st solution mixed
with cod mixing with cod with cod
43.2%Li2CO3- y y n
57%K 2CO3
62%Li2CO3- y y n
38%K 2CO3
2.3%K 2CO3- y y y
97.7%KNO3
2.2%NapCO3- y n n
97.8%NaNO3
71%NapCO3- y y y
29%K 2CO3
48%Li2CO3- y n n
52%NapCO3
48%CaCO3- y n n
52%CaS0g
3.6%0K 2CO3- y y y
96.4%K OH
57%Li2CO3- y n n
43%CaCO3
8.3%NapCO3- y y y
91.7%NaOH
Table 3.5. Ternary eutectic salt catalysts used in the carbon dioxide
gasification of coal.
# Eutectic SAt Mixtures M.P.
(Mal %) (K)
1 43.5%Li,CO3-31.5%NaCO3 -25%K ,CO3 673
2 49.5%L i,CO3-44.5%NgCO3 -6%K 2,CO3 741
3 39%Li,C0O3-27.9%NaCO3 -33.1%K 2,CO3 622
4 58%Na,CO3-3%K ,COs- 390/0Rb2C03 831
5 22%Li,CO3-38%NaCO3-40%Rb,CO3 683
6 39%Li,CO3-38.5%NaCOs-22.5%Rb,CO3 673
7 50%L i,CO3-29%NaCOs-21%Rb,CO3 685
8 14%CaS04-6%BaS0;-80%Li,S04 933




3.2. RESULTSAND DISCUSSION

To identify the best catays loading technique and to ensure high catdyst disperson, the
incipient wetness technique and physica mixing methods were evauaed as catdyst
gpplication methods for the gasification of cod char in COs..

The mgor thrust of this aspect of the project was to identify the best catdyst loading
technique that ensured high catayst disperson. The cadys addition methods that were
ussd in this sudy incduded physca mixing of the dry catayst precursors with the cod,
and the incipient wetness technique. Typicdly, after physicdly mixing the cadys with
the cod, no further treatment was required before introduction of the cod into the
gadsfier. However, the sample may be dried a over 383 K in a vacuum oven before
gasficaion if theincipient wetness method was used to load the cod with the cataly.

Figure 3.1 showsthe raw results from atypica TGA experiment. As sated earlier, the

{n B —_—

Figure 3.1 Typical TEGA curve

balance was operated in an aimosphere of flowing CO, such that weight changes could be
recorded as a function of time in the isotherma mode a severd TGA temperature
settings between 823 K and 1273 K. These raw data were used to obtain rate information



from Equation 3.1. The rate data were subsequently used to generate Arrhenius plots of
Log (gasfication rate) vs. 1/T.

3.21 STUDY ON TGA REPRODUCIBILITY

Pyrolyss of raw Illinois No.6 cod in 1 am nitrogen gas as a function of temperaure
conducted at CAU is shown in Figure 3.2. As the temperature increased from room
temperature to 973 K, the water and the volatiles exigting in

the cod were modly lost. The weght loss increased quickly a the initial temperatures
and after 973 K, the rate of increase decreased dowly and the coal sample weight became
more dable. The gadfication results in CO, of two char samples from the above
pyrolyss dudies ae shown in Fgure 33. The gadfication rate increased with
temperature. The results show excellent reproducibility.

o coal Braw codl b mw el Eaw -:ﬂ
o7 0 s 13
05
g
5
T8
g
] g ! %
é 25 ﬁ ‘g
| :
. £ |
45
A TEAMEaRK)

Figure 3.2 Fyrolysis of raw cml in nilrogen
Baw conli TlEnods Mo 6

| o5

et b et M b e |y |

ih

gasifizalian rale, Logir] [Fmin)
3

e
i
L]

2.5

BT {InpanK}

Fegire 3.3 Gasalication rate of char versus 1T dn carbon dioxlde




3.2.2 STUDY ON SINGLE SALT FOR THE GASIFICATION

Figures 3.4-3.7 show the results of TGA kinetic experiments with sngle st catadyds.
Figure 3.4 shows the Arrhenius plots of cod gadfication in CO, with sngle carbonate
sdts (M1- physcd mixing method). Also shown in Figure 3.4 for comparison purposes
is the gagfication rate for raw cod (no catays).

Figure 3.4 Gasification of coal catalyzed by physical mixing of coal with single carbonate

salts in CO2
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Figure 3.5 Gasification of coal catalyzed by physical mixing of coal with single nitrate salts in
CcOo2
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Figure 3.6 Gasification of coal catalyzed by physical mixing of coal
with single sulfate salt in CO2
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gasification rate, logr (1/min)

Figure 3.7 Gasification of coal catalyzed by single salt catalysts in CO2 Samples
prepared by physical mixing (1) and incipient wetness (2)
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Li,CO3 increased the CO, gadficetion rate of cod by more than an

Various carbonate sdlts had their catalytic activity in the following order:

Li> Cs > K > Ca~Na > raw cod

order of magnitude.




Figure 3.5 shows the Arrhenius plots of cod gadfication usng single nitrate sdts (M1 —
physcd mixing method). Trends amilar to those for carbonate sdts are observed for the
nitrate sdlts aswell. The catdytic activity of nitrate saltswas in the following order:

Li > Cs > K > Na > raw coal
Again, the cod gadfication rate in the presence of lithium nitrate is more than an order of
megnitude greater than that for raw cod. Figure 3.6 shows the Arrhenius plots of cod
gadfication rates usng sulfate sdts (M1- physcd mixing method). The sulfate sdts had
their catalytic activity in the following order:

Li >K > Na > rawcod

Table 3.6. Coal Gasification rates (at 873 K) of Individual Salts

Cation Rae (1/min)

Carbonate Salts Nitrate Salts Sulfate Sdlts

M1 M3 M1 M3 M1 M3
Lithium 0.024 0.023 0.03
Cesum 0.022 0.028 0.022
Potassum  0.013 0.022 0.014 0.022 0.015 0.022

Cdcdium 0.0063
Sodium 0.0063 0.011 0.01 0.013 0.0044

Raw Coal  0.0024 0.0024 0.0024 0.0024 0.0024 0.0024

(2). For each metd sdlt, incipient wetness (M3) method yields 25-50% higher coal

Figure 3.7 shows the Arrhenius plots for several sdts that were added to the cod using
incipient wetness ( M3') method and physical mixing (M 1) method.

The reaults in Figure 3.9 include the activity of carbonate, nitrate, and sulfate sdts of
vaious dkadi meds In order to quantitatively compare the role of catdyst addition
method, Table 3.6 summarizes the gadfication rates for various sdts a 873 K. One can
make severd observations from the results shown in Table 3.6.

gasfication rate than that observed for the physicd mixing (M 1) method. The

incipient wetness method most likely results in improved catayst disoerson on

the cod surface, thereby resulting in higher gasification rete.

(2). For agiven dkdi metad and sdt mixing method, the cod gadification rates are
comparable, regardless of the anion of the starting alkai sdt (carbonate, nitrate,



or sulfate). For example, for potassum sat and M1 method, the rates for the carbonate,
nitrate, and sulfate sdts are 1.3x102, 1.4x102, and 1.5x102 min' respectivdy. This
supports the hypothess that the active intermediate working as catadyst is most likely the
same (perhaps oxide or hydroxide form), regardless of the Sarting salt anion.

(3). One may cdculate activation energy for CO, gadfication of cod from the Arrhenius
plots shown in Figures 3.8-3.12. The activation energy for gadfication of the raw cod
(no catdys) is 30.10 k¥mole. The activation energy for the catalyzed gadfication is in
therange of 19 + 4 k¥mole.

323 STUDY ON BINARY AND TERNARY EUTECTICS

3.2.3.1. Measurements of Melting Point of Binary and Ternary Eutectics

The compostion and mdting points of some of the binary and ternary eutectic catdysts
dudied are summarized in Table 3.7. The DSC measurements show that the mdting
points of the eutectic cataysts prepared in our lab match the reported reference data well.
Unfortunatedly, the DSC ingrument used in the lab could only messure mdting points
below 823 K, so samples with meting points above 823 K are not shown in Table 3.7.

3.2.3.2 Sudy of the catalytic activities of binary and ternary Eutectics
With the binary and ternary eutectic catdystsin Tables 3.3 -3.5, amarked increase in
gasification rate was observed (see Figures 3.8-3.10). It was evident thet the eutectic
catdysts were more active than the individua sat components. The low melting
eutectics were found to be very active catalysts. Gadfication of the cod occurred rapidly
at temperatures near the melting points of the sdts. The incipient wetness method gave
higher activities than the physica mixing method (Figure 3.11). Thisis ascribed to better
initid catdyst digperson with the incipient wetness method.  The incipient wetness
method is believed to have yidded more uniform initia catayst disperson within the
cod matrix asit permits penetration of the catalyst solution into the pores of the cod
metrix.



Table3.7.

Eutectic catalyst compositions and melting points by DSC.

Eutectic At Mélting point (K) Mélting point (K) Heated temperature
compoition from Iiterature(l) By DSC (K)
(moal %)
43.5%Li2CO3- 673 664.8 798
31.5%NapCO3-
25%K 2C0O3
58%NapCO3- 787 758.1 913
42%Li2CO3
57.1%K 2CO3- 772 758.1 898
42.9%Li2CO3
62%Li2CO3- 761 752 883
38%K 2CO3
71%NapCO3- 416 394 573
29%K 2CO3
48%NapCO3- 758 756.8 883
52%Li2C0O3
43.5%Li2CO3- 673 667.9 798
31.5%NapCO3-

25%K 2C0O3




Figure 3.8 Gasification of coal catalyzed by physical mixing of binary salt mixtures in CO2

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
05 —m——r—T—r-rr—r-rrrr—rrTr T — T — T
[ -]
L -f o e
‘
L oq A
3 4 Ox
o A ﬁ hd
1 > A O gx °
| IN
o
L R a .
—_ i - 4
[= X
= °
E - - 0 g
= - ¢ o o
= asft 4 a
= o
(=2} L
o
- I - 4
[
T | [
S
c L
© -
© 2r
3}
%)
(6 -
o
25 F
-3
1000/T (1/K)
= raw coal 8 43%Li2C0O3-57%K2C03
A 62%Li2C0O3-38%K2C0O3 3.6%K2C03-96.4%KNO3
A 2.2%Na2C03-97.8%NaNO3 ® 29%Na2C03-71%K2C0O3
+ 48%Li2C0O3-52%Na2C0O3 © 48%CaC03-52%CaS04
X 9.3%K2C03-90.7%KOH © 57%Li2C0O3-43%CaC0O3
0 8.3%Na2C03-91.7%NaOH




gasification rate, logr (1imin)

Figure 3.9 Gasification of coal eatalyzed by binary salt mixture catilysts In GOZ using incipient
wiess methad
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Figure 3.10 Gasification of coal catalyzed by ternary catalyst in
a-physical mixing of coal with solid eutectic
b-physical mixing of coal with solid salt

# 2 CHKICOF-00 42 MO0 ]

& PAMNIECOZFIHNATOZE] I EEM 200056 JHHND

A 255 Na2 COF-TR K200

0.7 0.8 0.9 1 11 12 13
t rd t t t
0.6 A
A
A
[
E -
£ -
£ -
4
= -1.6 1
o
(@] =
-
= raw coal
25%K2C03-31.5%Na2C0343.5%Li2CO3(a)
A 25%6K2C03-31.5%Na2C0O343.5%Li2CO3(b) -
-2.6
/T (1/1000K)
Figure 211 gasification of coal catalymed by femany catalysis
peepired by cifferent application methiads
a, incipice wetnesd metlod; b physical mizing of coal with
enismre of inlividun] salis; ¢, physscal mixing of eaestic sulil
with zoal
0T 0.8 .9 1 11 1.2 1.3 1.4
i e L S
k] I h AN |
= ¢ * &
= i I "y
. { B
4_"? | Eoi s e &
h 1.5 - = -
£ { - |
o | |
5 2} = |
= {
g | |
W ES I |
S |
=] |
-5 |
| 10006T {1/K)
= raw oo o RA%KICOT-RE MHENOI Al & 2RENAROGETIRK200ES,




From TGA sudies, with binary and ternary eutectic cataysts added to the cod, marked
increases in gadfication rates were observed. From comparison of the resction rates
(Figure 3.12) and activation energies for single, binary and ternary cadysts (Table 3.8),
it is evident that the eutectic catdyss were more active than the individua sdt
components. In particular, the activity of the catalysts was in the order ternary > binary >
gngle  Among the ternary sysems sudied, the 3% Li,CO3-38.5% NaCOs3-22.5%
Rb,CO3 (LNR) and 43.5% Li,C0O3-31.5% NaCOs3-25% K,CO3 (LNK) eutectics gave the

highest gegification rates,

Figure 1.12 Gasificelion af coal catalyeed by physical mixing of coal
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Table 3.8. Comparison activation energy and gasification rate for single, binary and

ternary catalysts from TGA

Catalyst with cod Activation energy Gadification rate at 873K
KJmol (minh)

Raw cod (only) 30.60 0.0073

Li,CO3 16.88 0.0212

CsCO3 17.63 0.0204

29.0%N&COs- 13.59 0.0328

71.0%K ,CO3

2.3%K 2,CO3-97.7%KNO3 13.97 0.0310

43.5%Li,CO3- 13.05 0.0381

31.5%NaCO3-25%K 2,CO3

39%Li,C0O3-38.5%NaCOs3- 12.08 0.0394

22.5%Rb,CO3




The advantage of usng binary and ternary eutectics with low mdting points lies in the
fact that they are molten a the gadfication temperaiure, whereas the pure sdts are
generdly in the solid state and do not achieve the same degree of disperson on the char
aurface. The dow increase in the gadfication rate above the mdting point of the st is
probably the result of gradual penetration of cod particles by the molten catdyst phase.
The other reason may be that during the course of the cadyzed gadfication reaction,
there are some other active intermediates, such as dkai meta oxides or hydroxides
formed on the cod surface. The initid compostion of the eutectic phase may therefore
not be kept the same during the gasfication process. This could lead to a different
cadytic reaction mechanian that involves a locdized interaction between the catays
paticles and the cod. Thus different catdyst components, and intermediate compostions
may form, leading to different gasification catalytic activities.

3.2.4. EVALUATION OF THE EFFECT OF PREPARATION CONDITIONS ON THE
CATALYTIC ACTIVITY

Three different catdysts K,CO3 (K), 29% Na,CO3-71% K,CO3 (NK) and 43.5% Li,CO3
31.5% N&CO3-25% K,CO3 (LNK) catayss, were used to study the effects of catayst
loading, drying temperature and drying time on the gasification of Illinois#6.

As shown in Figure 3.13, sgnificant differences were observed between the activities of
K2CO3 (K), 29% NaCO3-71% K,CO3 (NK) and 43.5% Li,CO3-31.5% N&COs-25%
K2CO3 (LNK) in CO, gadfication. With increesng cadys loading, the gadfication
rate increased up to about 20 wt %. The higher catdyst levels enhanced the availability
of more active gtes for catayss. The increase over the 10-20 wt % range was however
very modest. The differences in the gasfication rate of the LNK ternary, NK binary and
K dngle catdysts as observed above are evident from Figure 3.13. The experimenta
results also showed that the drying time and temperature affect the catalyst activity and
hence gadfication rate (see Figures 3.14).  Adequaie mixing time and drying
temperature leed to more uniform digribution of the cadyst and enhances catdyst
disperson. From Figure 3.14, it gppears drying a room temperature results in the best
cadytic activity and gedfication rae  Higher drying temperatures however enhance
sntering of the catalyst leading to loss of active surface areaand lower catalytic activity.

Generdly, the single sdts and binary eutectics were soluble but the ternary eutectics
were not. For the soluble single and binary eutectics, a comparison of physca mixing
and incipient wetness as methods of catdyst addition was made. Sample results for the
sngle and binary catayss are given in Fgures 37 and 311 respectively. Compared to
the results for the same composition samples prepared by physical mixing, the incipient
wetness method consgtently showed more ggnificant gadfication a the same
temperature.  The incipient wetness method probably increases the catalyst dispersion
and offers more effective active gtes, thereby resulting in a higher gagficetion rate. The
incipient wetness method dlows the cadys to penetrate into the pores of the cod
sample and dso enhances uniform didribution of the catdys within the cod thereby
increasing the dispersion, catayst utilization and effectiveness.



3.3 CONCLUSIONS

The activity of Sngle salt catdysts used in the gasification of cod was found to bein the
following order:

Li>CO3>CsC0O3>CsNO3z>KNO3>K,CO3>K »2S04,>NaCO3>CaS0;,.

The cataytic activity increesed by varying degrees with increesng amounts of cadysts
added to the cod/char. The eutectic catdysts increased gadfication rate a lower
temperatures due to their lower mdting point. Based on the preparation and evauation
of over 50 binary and 12 ternary eutectics, we identified the 43.5% Li,CO3-31.5%
NaCO3-25% K>CO3; and 39% Li,CO3-38.5% NaC0O3-22.5% Rb,CO3 to be the best
ternary eutectic catdysts. The 29% NaCOs3-71 % K,CO3; was the mog effective binary
eutectic, but not as effective as the ternary eutectics. In generd, the activity was in the
order of ternaty > binary > sngle sdts.

Fipire 3,13 The ¢ffeed of catalyd lading oo the gasiieotion rate in carbon diowide,
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Figure 3.14 The effect of drying temperature on the gasification
rate of coal in carbon dioxide after 72 hours samples
prepared by incipient wetness method

The method of cadys addition had sgnificant effect on the gedficaion rate and the
extent of carbon converson. The incipient wetness method gave better results than the
physcd mixing method in the TGA dudies This is dtributed to improved catadyst
digribution and disperson on the surface of the cod. The above results are especidly
important in reducing the severity of cod gadfiers dnce the eutectic catdysts (with low
mdting points) yidd ggnificant gedfication rates even a low temperaiures. The
observed activity order of incipient wetness>physca mixing, may be ascribed to
digperson effects  The incipient wetness method dlows the catidyst to penetrate into the
pores of the cod sample and dso enhances uniform digtribution of the catayst within the
cod thereby increasing the diperson, catayst utilization and effectiveness,

Temperature was found to have a sgnificant effect on the rate of gadfication of cod.
The rate of CO, gadfication increased up to 1033 K [2,3]. The amount of catayst
increased the CO, gadfication and steam gadfication rate and approached complete
conversion when 10 wt % of catdyst was added to the cod. Based on the activities of the
cadysts obtained by TGA dudies, KoCO3 29% NaCO3-71% K,CO3, 39% Li,COs-
38.5% N&aC03-22.5% Rb,CO3 and 43.5% Li,C0O3-31.5% NaCO3-25% K,CO3 cataysts
were sdected for further investigation in the fixed bed bench scae reactor.
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CHAPTER FOUR: GASIFICATION OF COAL IN STEAM BY BENCH SCALE
FIXED-BED REACTOR

4.1. INTRODUCTION

Experiments were carried out using the bench scde high-pressure fixed-bed gasfication
sysem shown in Figure 22. Based on the activities of the cataysts obtained by TGA
studies, KoCO3 (K), 29% NaCO3-71% K,CO3 (NK) and 43.5% Li,CO3-31.5% NaCOs3-
25% K32CO3 (LNK) cadyds were further investigated in the fixed bed bench scae
reactor.

Unloaded and catdyst-loaded cod samples were pyrolyzed in a muffle furnace a high-
temperature in a stream of nitrogen. Smdl quantities (~10 g) of the chars produced were
placed in the differentid fixed-bed reactor shown in Figure 2.2 and gadfied in deam in
the 1073-1673 K range. The effluent gases were monitored usng an online GC/MS for
identification of components such as CO, CO,, Hz, CH4, and HyO. Following the
experiments, the remains of the gadfied chars were andyzed for carbon, hydrogen, and
for the various cadys condituents. Andyss of the ungasified and the gadfied chars
were used for determination of the overdl carbon converson, catadyst content, and the
cgpture of sulfur-and haogen-containing species.  The gadfication rates a various stages
of the reactions were computed from the gas analysis and compared with the total carbon
converson determined from the chemica andysis of the chars.

The high-pressure, high-temperature fixed-bed catdytic cod gadficaion experiments
usng eutectic sat mixtures were caried out to initialy choose a better catayzed cod
preparaion technique and to optimize the process varidbles for an efficient gasfication
process. The coversons based on tga results were calculated using the formula bel ow:

Xc=[(Co-C)/Co]*100 4.2

Where Co=Initia carbon content in the feed to the gasifier (grams) and
C=Fina carbon content after gasification (grams)

4.2. EVALUATION OF CATALYST ADDITION TECHNIQUES

In the first phase of experimentation, the catdytic seam coa gasficaion experiments
were peformed usng the LNK catays system. Experimenta runs A and B were caried
out to establish the differences in results using the raw cod and pyrolyzed cod (see Table
4.1). The sample with catdys added to the raw cod gave sSgnificantly higher carbon
conversons compared to the sample with catayst added to the pyrolyzed cod (Figure
4.1). The correponding initid gadfication rates were reatively higher for run B than for
runA.



Table4.1. Experimental conditions to evaluate the catalyst application techniques
for LNK and NK systems

Run Catalys type Catayst added to Catalyst addition
technique

A LNK Pyrolyzed cod M3

B LNK Raw cod M3

C LNK Raw coal M2

D LNK Raw coa M1

E NK Raw coal M2

F NK Raw cod M1
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Figure 4.1 Carbon conversion for Runs A and B

The next set of experiments was performed to find a better method of catayst addition to
the raw cod. Experimentd runs C and D usng the M2 and M1 methods of caayst
addition to the raw coal were carried ait at the operating conditions shown in Table 4.2.
Figure 4.2 shows that M1 and M2 methods of catadyst addition gave better carbon
conversions compared to the M3 method. This is atributed to the fact that in M1 and M2
methods, the catalyst was a eutectic sdt with a meting point of 673 K and the catdytic
gasfication process was carried out above 973 K. The eutectic is believed to have been



well digributed in the carbon matrix in the molten dae, and therefore, enhanced the
gasfication reection. In the M3 method, the sngle sdts were only mixed in the
proportion of their eutectic compostion, but were not necessarily present as a eutectic
everywhere. They probably did not form a eutectic after they were added to the cod and
gadfied. This may be due to the low probability of the sdts to reman a the eutectic
compogtion uniformly throughout the char bed during gedfication a the gagfication
temperature of 995 K.

Table4.2. The operating gasification conditions for the experimental runs

Temperature 995 K
Pressure 0.44 MPa
Catdys loading 10 wt. % of coal/char
Steam/water flow rate 13.8 ml/sec
Purge gas N2 (at 0.5 MPa)
Samplesze 2.55 grams of char
Gadfication time 240 min (arbitrarily chosen)
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Figure 4.2 Carbon conversion for different catalyst application methods using LNK
catalyst (Runs B, C and D)

The initid gadfication rates udang TGA showed that experimentd runs usng M1 and M2
methods of ternary catdyst addition gave dgnificantly higher gasfication rates compared
to the M3 method. Similar experiments a 150 psg in the fixed bed reactor showed no



ggnificant difference in the gadfication rate in the M1 method compared to the M2
method with the ternary eutectic catalysts. In view of this inggnificant difference in the
gasfication rates and converson level by M1 and M2 methods, M1 method of catayst
goplication was chosen for the subsequent experimental runs due to its smplicity. Runs
E and F were peformed usng the NK binary catdys sysem to evduate the catdyst
addition techniques (among M1 and M2 methods). The operating conditions remained the
same for this catays sysem. The binary caidys dso showed no sgnificant difference in
the converson level and gadfication rate when the catdys in its eutectic form was added
by M1 or M2 method. The reactivity of the NK catayst for different catadyst addition
techniquesisillugtrated in Figure 4.3.
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Figure 4.3 Carbon conversion for different catalyst application methods using NK
catalyst (Run E and F)

4.3 COMPARATIVE STUDY OF SINGLE, BINARY AND TERNARY SALT
CATALYSTS

The effect of the catdys type on the reaction rate was compared using the sngle sdt-
K2COs3, binary-NK and the ternary-LNK cataysts under the operating conditions shown
in Table 42. The reactivity of these catdyss is shown in Figure 4.4. The carbon
converson was 85-87 % when the binary and the single catalysts were used, wheress it
was 99 % within the first 2 hours of the run when the LNK was used as the cataly<t.
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Figure 4.4 Reactivity of single, binary and ternary catalysts

There was no dgnificant difference in the initid reaction rates among the three catayds.
However, the ternary catalyst appeared to show a dight increase in its initid reaction rate
when compared to the binary and single catdyst. The sngle sdt K,CO3; gave higher
ratios of [COJ/[CO;] in the first 70 minutes of the reaction. It dropped to very low vaues
with further increese in the gadfication time, wheress the LNK caidys continued to
produce CO in the system, even after 3 hours of gadfication. This indicates that probably
after the firgt hour of gesfication, the LNK cadys was Hill cadyticdly active to gasfy
carbonaceous compounds and alow the gagfication reaction to go to completion. For the
NK and K- cadyzed sysems, however, the catalyst seemed to have lost some activity as
the gadfication proceeded further. The CO/CO, ratio results dso suggest that the water-
gas shift reaction was not fast enough to keep up with the enhanced carbon gasfication
reaction (CO is the primary gadfication product). Detals on these observations and
discussions may be found e sawhere[1].



These experimentd runs that were carried out to compare the effects of eutectic catdysts
with the single salt catalysts tend to suggest that the eutectic salt mixtures are better
subdgtitutes for the sngle sdt cataysts in improving the steam gagification step [1,2]. The
kinetic results and analysis with the LNK and NK catalysts are reported later in Section
4.5,

4.4 STUDY OF THE EFFECTS OF PROCESSVARIABLESON THE
PERFORMANCE OF GAS FIERS

The effects of mgor process variables such as temperature, pressure, catalyst loading and
geam flow rate on the gadfication kingtics were evauated usng steam as the gadfying
agent. A smple reaction kingtics modd was dso developed rdating the effect of
temperature and partial pressure of steam on the gasification reaction.

Using the two eutectic catdysts (LNK and NK), a set of seventeen experiments were
peformed on deam gadfication, each laging for four hours to sudy the effect of
temperature, pressure, catdyst loading, and deam/water flow rate. The operating
conditions for these runs are tabulated in Table 4.3. Runs 1 to 10 were carried out using
the ternary eutectic (LNK) system, whereas Runs 11 to 17 were performed using the
binary eutectic (NK) system as the catalyzing agent.

4.4.1 Effect of temperature

Figures 45 and 4.6 respectively show the transent properties for catadytic steam
gasfication of char a severa temperatures for both the LNK and NK catayst systems.
At smilar temperatures, the LNK catdyst sysem gave better conversion levels compared
to the NK catayst system. At 92 K (1200°F), the reection was not complete in both
cadys sysems, adthough the conversons were much higher with LNK catayds than
with NK catadysts. At 1005 K (1350°F), the NK catadys yielded only 85% converson,
whereas the reaction under smilar conditions was dmost 99% complete with the LNK
cadys. The variation in converson levels between the two catdyst systems is attributed
to the liquid naure of ternary eutectic sdt (mdting point of LNK is less than the
gadfication temperature), whereas the binary eutectic sdt remaned a solid solution. This
liquid nature of the LNK at the gadfication temperatures is believed to provide a better
disperson of the LNK catdyst during gasification, thereby enhancing the reaction rate.

At 923 K, though the LNK catdyst (with a mdting point of about 673 K) is in the liquid
phase, the reaction does not go to completion due to the lower gasfication rates. This is
explaned from the thermodynamics of the gadfication reaction, where the DGreaction at
this temperature is +3.7 kI¥mole [3]. Thus the system does not have enough of the
required energy a 923 K to overcome the necessary energy barrier and proceed in the
forward direction, at an acceptable gadfication rate. The water-gas reaction during steam
gadfication is given by equation 4.2.

C + H,0 ® CO +Hy (4.2)



Table4.3. Experimental conditions for steam gasification runs using the LNK and NK
eutectic catalysts

Run Temp Pressure Catdys Steam/water  Catdyst
(K) (MPa) loading flow rate
(Wt.%) (ml/sec)
1 923 0.44 10 13.8 LNK
2 1005 0.44 10 13.8 LNK
3 1044 0.44 10 13.8 LNK
4 1005 1.12 10 13.8 LNK
5 1005 2.14 10 13.8 LNK
6 1005 0.44 5 13.8 LNK
7 1005 0.44 15 13.8 LNK
8 1005 0.44 10 5.0 LNK
9 1005 0.44 10 8.7 LNK
10 964 0.44 10 13.8 LNK
11 923 0.44 10 13.8 NK
12 1005 0.44 10 13.8 NK
13 1044 0.44 10 13.8 NK
14 1005 0.44 5 13.8 NK
15 1005 0.44 15 13.8 NK
16 1005 0.44 10 5.0 NK
17 1005 0.44 10 8.6 NK

As gadfication temperature was increased, the CO production was rdatively higher for
the LNK catdys system than the NK catalyst sysem. Figure 4.7 shows the effect of
temperature on the product digtribution for the LNK sysem. The [CO,]/[CO] ratio
increased with a decrease in temperature, a trend condgtent with the thermodynamics of
the water gas-shift reaction [3]. A similar behavior was observed with the binary catayst
gsystem. The fact that the ratio [CO,]/[CO] remained mostly constant over a rather broad
range of fractiona conversons suggests too that the product didtribution is controlled by
thermodynamics and not kinetics.

4.4.2. Effect of pressure

Pressure has a sgnificant effect on the methanation reaction in the presence of CO and
H, during the gadficaion process [4]. In our study, the main focus was to increase the
overal gadfication rate of the char sample. Runs 2, 4 and 5 (Table 4.3) usng the LNK
cadys demondrated the effect of system pressure on the overdl gadfication rate. No
ggnificant effect of pressure on the carbon converson and the overdl gadfication rate
was observed in these runs as shown in Figure 4.8. This indicated that the reection rate
was independent of pressure in the pressure range studied. The results are dso supported
by the literature, where a smilar effect of the system pressure was seen when K,CO3 was
used as the catalys for seam gadfication of coa [5]. Similar behavior was observed for
the NK catalyst as well.



e® ¥ u -.I-_-. b R AR M o
+
09 e =
° L +
0.8 - ¢ o
o N
07 [ ] - +
3] L | + A
= 06 1 o L A M
5 o+ A
4 - ‘
g 0.51 0. + A
> on + A
S 04 - A
[=] ] + A
(&) A
e T A
034 m 4 A
+ A A1200F
4 A
021 %+ +1275F
+ A‘
0.1 - I+AAA m 1350 F
o Jhids ® 1420 F
0 50 100 150 200 250 300
Time (min)
Figure 4.5 Carbon conversion at different temperature (Runs 1, 2, 3 and 10)
1 BRI B aen g e
«*°
0.9 i
M O E X mN
08 [} o MmN
] u L] e 1420F
0.7 1 * N X 1350F
o) 200 F
> A * u Al
g 06 o n
£
& - o N
§ 0.5 .
Eosa{ °m
Q
° n
0.3 -
u
1 em A A A
0.2 LA A A
] A A
01 . = R A A A .
0 -L!—‘ - : : T :
0 50 100 150 200 250 300
Time (min)
Figure 4.6  Carbon conversion at different temperature (Runs 11, 12 and 13) -



Molar [CO2]/[CO] ratio

[6) H o (2] ~ [o]
o o (@] (@] o o 8
L 1 L L 1 L -

n
o
L

ary
o

O

Figure 4.7

4.
A A

L A T

lgl! f"‘o!'

® 1420 F
1350 F
+1275 F
A1200F

0.2

04

0.6

Conversion, Xc

o »
® N>

"%

Effect of temperature on [CO2)/[CO] (Runs 1, 2, 3 and 10)

@ 300 psig
m 150 psig
A 50 psig

o o o ©
[=)] ~ oo «© -
1 1 1 .

Conversion, Xc
o
[6)]
1

o o ©
[\ w E-N
L 1 1

| |

I i

o
-
1

¥ 1 v

100 150 200

Time (min)

50 250

o

Figure 4.8 Carbon conversions at different operating pressures (Runs 2, 4 and 5)'



Table4.4. Specific gasification rates for Runs 1-17

Run Catalyst 1/C(-dC/dt) (min™)
1 LNK 0.004
2 LNK 0.0208
3 LNK 0.0301
4 LNK 0.0177
5 LNK 0.0168
6 LNK 0.0037
7 LNK 0.0281
8 LNK 0.0053
9 LNK 0.0153
10 LNK 0.0135
11 NK 0.001
12 NK 0.0158
13 NK 0.024
14 NK 0.0018
15 NK 0.0394
16 NK 0.0128
17 NK 0.0087

4.4.3 Effect of catalyst loading

The increase in catadys loading increases the number of cations (alkai metals) and hence
the meta/carbon or M/C ratio, avallable for the catdytic activity. Runs 2, 6 and 7 usng
the LNK catayst (Figure 4.9) and runs 12, 14 and 15 using the NK catalyst (Figure 4.10)
were peformed by varying the amount of cadys loading to the amount of raw cod
teken initidly. At low catdys loading of 5-wt. %, the converson was only 60 %
complete for the LNK system and 35% complete for the NK system. Upon increasing the
loading to 10 wt. %, the reaction was amogt 99% complete for Run 2 (usng LNK) in
comparison to about 85% completion for Run 12 (usng NK). Further incressng the
loading to 15-wt. % gave complete converson in the binay catays sysem. At low
catays loading of 5 wt. %, some of the catayst could possibly be logt by the reaction of
the cadys with the minerd maiter content of the cod during gadficaion, thus yieding
very low gadification rates and lower overdl carbon conversons [6].

Sngle Ats such as K,CO3 showed a gmilar behavior a low loadings in seam
gadfication [7]. There was no ggnificant rise in the overdl gadficaion rate upon
increesing the catalyst loading from 10 wt. % to 15 wt. % in the LNK system. This
phenomenon was observed only for the ternary catalyst system. This may be due to the
sauration of the avallable active Stes in the carbon matrix by the increased number of
caions avalable in the sysem. Similar obsarvaions were made usng K,COs as the
catdys in the seam gadification of cod [5]. SEM sudies of the char samples for the two
cadys sysems a different catdyst loadings confirmed this phenomenon; the details of
which are presented elseawhere [8].
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The effect of the metd-to-carbon (M/C) ratio on the specific gadification rate for the two
cadys sysems is shown as a combined plot in Figure 4.11. The figure indicates that
M/C ratio may be independent of the type of caidys in the mentioned range. For the
same cadyd loading, the ratio M/C was modtly higher for the LNK system than for the
NK sysem. This explains the reason for higher converson levels and overdl gasfication
rates for the ternary catdyst system when compared to the binary catdyst sysem. The
above phenomenon infers that the reaction kinetics depend on the number of akai metd
cations avalable on the active dtes of cod for enhancing the gasfication process. At
high cadys loadings (>15 wt %) or M/C >4 %, NK catayst system showed higher
gadfication rae than the LNK cadys sysem. Further experimentation is needed to
explain the behavior of both catalysts a higher loadings.
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Figure 4.11  Effect of M/C ratio on specific gasification rate (Runs 12, 14 and 15)

4.4.4. Effect of steam/water flow rate

Experiments were adso performed a different sleam/water flow rates varying from excess
amount of steam required to a large excess of steam. Runs 2, 8 and 9 using the LNK
catayst (Figure 4.12) and Runs 12, 16 and 17 (Figure 4.13) using the NK catdyst were
caried out at different seam/water flow rates. These flow rates corresponded to steam-
to-initid carbon molar retios in the range 2.1 to 6:1 (mol/hr of steam/mol of initid carbon
in the bed). As the initid steam/water flow rate was increased, the extent of carbon
converson incressed for the ternary sysem. Further increasing the flow rate gave no
ggnificant increese in the overdl gadficaion rate in the LNK sysem. This could
possibly be due to the saturation of the active dSte, attached with the dkai meta cations,
with the water molecules in the carbon matrix. Addition of excess seam/water provided
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no effect on the overal gadficaion rate. In the case of the binary system, it gave 100%
converson a lower water flow rates compared to about 80-85% converson a higher
water flow rates. Its behavior was quite different from that of the ternary catays.
Microscopic andyss of the catdyst digtribution is required to understand the behavior of
the NK catalyst during gadficatiion. Also, further experimentation is required at different
water flow rates to better understand the behavior of the binary catayst.

The fractiond amount of CO produced (on a molar basis) increased from less than 10%
to about 30-35% upon increasing the steam flow rates for the LNK system (Figure 4.14).

In the case of the NK system, the fraction of CO dropped from 40% to about 30% with
the increase in steam/water flow rates. However, both catalysts behaved in accordance
with the thermodynamics of the water gas-shift reaction, by showing a clear rise in the
[CO,)/[CO] molar ratio with the increase in the steam/water flow rate and thereby
enhancing the forward reaction. The rise in this ratio with the increase in the seam flow
rate plotted as a function of carbon conversion in the bed for NK catdyst system is shown
in Figure 4.15.

4.5 REACTION KINETICSMODELLING USING BINARY AND TERNARY
EUTECTIC CATALYSTSIN STEAM

45.1. OVERVIEW

Based on the results obtained from the fixed-bed reactor, a sudy on the kinetic modeling
for the eutectic sdt mixtures as the gadfying cadys was caried out. Kinetics of
cadytic deam gadfication of cod/graphite has been dudied extensvey by many
researchers a various operaing conditions using different varieties of cod samples. All
the models that have been used to fit expeimenta results ae of the Langmuir-
Hinshelwood type of rate expression for heterogeneous systems [2-3]. Thekinetics of K-
cadyzed steam gadfication was described usng this modd a Exxon Corporation in the
1980's in a very extendve manner [4]. Smilar models including the effect of product
gases like hydrogen have aso been developed by Schumacher [2].

The kinetic studies conducted usng the 29 mol% NaCOsz — 71 mol% K2COs (NK)
binary, and 43.5 mol% Li,COs3 - 31.5 mol% NaCOs3 - 25 mol% K,CO3 (LNK) ternary
eutectic catalysts are reported in this section of this chapter.
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45.2. KINETIC MODELING

Kinetics of cadytic seam gadfication of cod/graphite has been sudied extensvely by
severd researchers [5-7]. Genegdly, a Langmuir-Hinshewood mechanism for steam
gasification has been proposed.

C +H0g ® COg + Hz(g (4.3)
H.Og ® H2O(a) (4.9
Ce + H2O@) ® H2(ag) + CO (a) (4.5)
Ho@a) ® Ha(g) (4.6)
CO @) ® CO 4.7

Equation 4.3 represents the overdl gasfication step. Equations 4.4 through 4.7 represent
the individua reection steps. Water molecule is initidly adsorbed on the active dtes of
the cod matrix and then reacts with carbon to produce CO and H, species which
subsequently desorb. Product inhibition due to H, or CO can be neglected. If one
assumes the surface reaction between an adsorbed water molecule and carbon to be the
rate-determining  gep, the following Langmuir-Hinshelwood type of rate expresson is
obtained:

__kpH,0

* 1+k,pH,0

(4.8)

where,
pH>O isthe partial pressure of steam in the bed (kPa)
K1 is thereaction rate constant
K> isthe adsorption constant
I¢ isthe gasification rate of carbon in the bed (gm/min)
C isthe remaining carbon in the bed at any ingant time, t (gm)

Since excess steam was used in dl the runs reported here (Table 4.5), it is fair to assume
that in any given run (a the specified vaue of temperature, Pyoo, and catays loading),
the term
k,pH,O

1+k,pH,O
remains uncharged during the entire duration of the run (~4 hrs). It would then appear
from Equation 4.8 that the transent behavior of a run can be expressed by a first-order
equation:

-rc=k'-C

(4.9

Where Kk’ :M
1+k,pH,0



Equation 4.9 can be written as
_4dC =kC (4.10)
at
or —In(1-Xc)=k't
(4.11)
Where Xc, the carbon converson a time t, defined as Xc=(Cop-C)/Cp and
Co istheinitid carbon content in the bed.

Table4.5. Experimental conditions for steam gasification runs using the LNK and
NK eutectic catalysts

Run Temp Pressure Catalyst Steam/water Catdyst
(K) (MPa) loading flow rate
(Wt.%) (ml/sec)
1 923 0.44 10 13.8 LNK
2 1005 0.44 10 13.8 LNK
3 1044 0.44 10 13.8 LNK
4 1005 1.12 10 13.8 LNK
5 1005 2.14 10 13.8 LNK
6 1005 0.44 5 13.8 LNK
7 1005 0.44 15 13.8 LNK
8 1005 0.44 10 5.0 LNK
9 1005 0.44 10 8.7 LNK
10 964 0.44 10 13.8 LNK
11 923 0.44 10 13.8 NK
12 1005 0.44 10 13.8 NK
13 1044 0.44 10 13.8 NK
14 1005 0.44 5 13.8 NK
15 1005 0.44 15 13.8 NK
16 1005 0.44 10 5.0 NK
17 1005 0.44 10 8.6 NK

Thus, a linearity in the plot of —In(1-Xc) vs time would provide the firg test of the
vaidity of the Langmuir-Hinshewood kinetics as represented by Equation 4.11. Figure
4.16 shows —In(1-Xc) vs time plots for the LNK catalys; smilar plots for the NK catdyst
system are shown in Figure 4.17. 1n both cases, reasonably linear fits are obtained. In
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view of the initid trandents associated with the run dart-up, the linear fits are quite
accepteble.  Similar firg-order behavior with respect to carbon has been reported earlier

[4,6-7)].

In generd, the gadfication reaction would occur thermdly (homogeneoudy) as wdl as
cadyticdly. The overdl char gasification can therefore be expressed as:

@dCd _adCH +aedCQ

) g dc _ (4.12)
e dt Doverat € dt Deatalytic € dt Ghermal

However, the kinetics of such mixed gadfication cannot be separated essly. At the
temperatures employed in this dudy, themd gadfication rates are usudly negligible
compared to the cataytic gadsification rates. We, therefore, ascribed the observed rates
solely to the cataytic process as expressed by Equation 4.8 Equation 4.8 can be inverted
to give alinearized form as

C 1 +k2

-2 (4.13)
re k1 pH 20 k1

The cdculated specific rae data (-rJ/C) from the experimentd results for different
temperatures and partid pressures of steam were used to fit this linearized rate
expresson. The resulting linearity following Equation 4.13 is shown in Figure 4.18 for
the LNK system. The k and k vaues determined from Figure 4.18 were used to obtain
the dope and intercept from Arrhenius type plots (Lnk vs 1/T) as shown in Figure 4.19 A
smilar procedure was carried out to obtain a rate expresson for the NK system in Figure
4.20. The obtained vaues of the energy or heat of adsorption and the preexponentia or
frequency factors for both catayst sysems are givenin Table 4.6.

From the caculated values of the dopes of the Arrhenius plots for ke, one can see that the
vaue in both catays sysems are negeive, indicating that he molar heat of adsorption is
exothermic in contrast to the water gas reaction. Generdly chemisorption is an
exothermic process [8]. It may however, when accompanied by dissociation, be
endothermic [8]. The heat of adsorption therefore supports the Langmuir-Hinshewood
adsorption modd without dissociation used in this study.

Table4.6. Rate parameters for steam gasification

Catalyst Parameter kio E or DHags
(kdmol '}

LNK kq 9.2x 10° kPa'sec!  98.6

LNK ko 3.7x101% kPat -180.3

NK ky 2.0x10° kPalsec? 2015

NK Ko 3.4x107 kPa*t -91.9
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The activation energy for the LNK system was found to be a little less than hdf the
activation energy of the NK system. This shows that the gasfication reaction is less
temperaiure sendtive and befter enhanced usng the ternary catdyst sysem than the
binary catdys sysem. The difference in gadfication rates between the LNK and NK
catdysts could dso be due to the liquid nature of the LNK catalyst a the gaedfication
temperature, whereas the NK catalys was a solid solution. The activation energy was
lower for the ternary catalyst (98.6 kImol compared to the literature single sdt (K2COz)
vdue of 170 kJmol [6]. This dlows higher gedfication rates for the ternary catayst
when compared to sngle and binary dkadi metd sdts. The vaue of the activation energy
obtained for the LNK system was conggtent with that obtained a Generd Electric during
thelr seam gadfication gudiesinaTGA [3].

Based on the results of this study, the derived Langmuir—Hinshelwood type rate equation
for the two catalyst systems are given by Equations 4.14 and 4.15

Lde 154, 1e><p€e 118630pH,0.
e g (LNK system) (4.14)
C dt s 2, 2216955
g Q T p
Lde 33><1o77e»<p€e 2424101 o.
-?F = o (NK sysem)  (4.15)
1+ ?.4)(10‘7exp8é1ﬂ9pH O—
e T o @

The derived rate expresson for each cadyst system was used to estimate the specific
gasfication rates (-r/C) at different seam/water flow rates and the results obtained were
found to be in cdose comparison to the experimenta results. The consstency of the
experimental results to the modd is shown in Figures 4.21 and 4.22 for the two catdyst
systems respectively. The modd seems to over predict the specific gadfication rates at
higher temperatures in both cases. This could be attributed to the reaction rate being
probably more influenced or controlled by pore- and inter-paticle diffuson instead of
surface chemica reaction a higher temperatures [10]. The modd needs to be modified
after detailed experimentation to incorporate such effects.

46  CONCLUSIONS

The mgor conclusons derived from the bench scde dudies of the effects of various
process variables (temperature, pressure, steam flow rates and catdyst loading) on the
caaytic seam gadfication of Illinois No.6 cod using the ternary (LNK) and binary (NK)
cadyssincude
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. Temperature was found to have a ggnificant effect on the gadfication rate for both
catadys sysems. The forward water gas-shift reaction was less favored with increase
in temperature, which was in agreement with the thermodynamics of the reaction.

. Within experimenta error, there was no effect of sysem pressure on the gasification
rale in the LNK sysem. This was smilar to the obsarvaions made by earlier
researchers.

. There was a ggnificant effect of cadys loading on the gadfication reaction in both
cadys sysems. Both the gadfication raes and converson levels were found to
increase with the increase in the metd (catdyst) to carbon (M/C) rétio.

. Bdow 10-wt. % catdys loading, the specific gadfication rate increased linearly with
increase in the M/C rdio, indicating the gadfication rate to be independent of the
catayst type, and just dependent on the concentration of the akali metals.

. The effect of steam flow rate showed a different behavior in the two catdyst systems.

With increase in steam flow rate, the carbon converson levels in the LNK system

increased. However, the NK sysem showed an inconsstent behavior at different

geam flow rates. Additional work is needed to understand this difference in behavior.

. The effect of the partid pressure of steam on the water gas-shift reection was

elucidated from the experiments carried a different steam/water flow rates for both

cadys sysems. The rise in [CO)/[CO] ratio with steam flow rates was in
accordance with the thermodynamics of the shift reaction.



7.

A dmple Langmuir-Hinshelwood type rate modd, excluding the effect of hydrogen
inhibition provided a reasonably good fit to the expeimentd runs a different
temperatures and steam/water flow rates.

The activation energy of the NK system (201 kJmol) was twice that of the LNK
system (98 kIJmoal) indicating a better cadytic activity by the liquid ternary catays.
The exothermic molar hests of adsorption for the LNK and NK systems were 180 and
92 kI¥mol respectively.
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CHAPTER FIVE: REACTION KINETICSFOR HYDROGASIFICATION IN
FIXED BED REACTOR

5.1. INTRODUCTION

The presence of adkdi meta sdts greatly enhances the reactivity of cod char towards
steam and CO, [1,2]. Addition of binary and ternary eutectic dkai sdt catadysts increase
the gadfication rates condderably [3-5]. Bench scde seam gadfication experiments
were caried out in the previous chapter usng binay and ternary eutectic catayss to
evauate the effects of mgor process variables such as temperature, pressure, catdyst
loading and geam flow rate on the gadfication kinetics. In addition to this, a smple
reaction kinetics modd was aso developed to relae the effects of temperature and partia
pressure of steam on the gasification reaction.

Heinz et d. [6] and Schumacher et d. [7] conducted experiments in the past to investigate
the effects of product gases like H, and CO on steam gadfication kinetics. But dl ther
experiments were either conducted without acatdyst or using asingle st catdyd.

The objective of this phase of the sudy was to evauate the product inhibition effect of
one of the product gases, H,, on the steam gadfication kinetics usng the same eutectic
catdyss that were employed by Godavarty [3] in this project. In the hydrogasfication
dudy, bench scde experiments were caried out in a high-pressure, high-temperature
fixed-bed gasfier usng binay and ternary eutectic sat catdysts. The effect of hydrogen
patid pressure on the steam gadfication kinetics was evaduated by conducting various
experiments a different hydrogen partia pressures A smple reaction kinetics modd
was developed to fit the experimental results and a possble reaction mechanism was
proposed to explain the suggested modd. Results of the kinetic studies conducted using
the 29 mol% NaCOs; — 71 mol% K,COs; (NK) binary, and 43.5 mol% Li,COs3; - 31.5
mol% NaCOs - 25 mol% K,COs (LNK) ternary eutectic cataysts are reported in this
chapter. The bench-scde experiments on hydrogasfication reections usng the NK
binary and LNK ternary eutectic cadysts were carried out with the lllinois No.6 cod
obtained from the Penn State Sample Bank.

Catalyst sample preparation methods were described in Chapter 2. The binary and ternary
cadyss were prepaed by fuson of findy ground sdt mixtures having compostions
corresponding to the eutectic mdting temperatures. The eutectic mixtures were heated in
ar a temperatures a least 100 K above their reported respective eutectic points.  After
cooling the mixture was crushed, findy ground and stored under an inert atmosphere. To
prepare the cod-catdyst sample, the method of catdyst addition employed was the
“Physcad Mixing Technique’ due to its smplicity [3]. After addition of the catayd, the
cod sample was devoldilized under nitrogen a 1023 K in a Barngead Thermolyne —
Model F48015 muffle furnace a 20 psg for three hours. The devolatilized/pyrolyzed
char was crushed and sSeved to obtain char particles varying in sze from —30 mesh to
+100 mesh. An average sze of 80 mesh was estimated for the pyrolyzed char containing
LNK catdys. However, the sample paticle sze for pyrolyzed char containing NK



catays turned out to be less than 100 mesh due to possbly different catayst/cod
interactions. An average size of 120 mesh was estimated for the NK pyrolyzed char.

5.2. HYDROGASIFICATION

The hydrogadfication experiments were caried out in the high-pressure,  high-
temperature fixed-bed gasifier system. The gasfier operated with a downdraft gas flow
regime and in a differentid fixed bed mode as shown in Figure 22. The bottom haf of
the reactor was packed with ceramic beads and two 200-mesh dainless sted screen
baskets were placed over this packing to support the char bed. The differentid char bed
accommodated about 2.5 grams of char during each experimenta run. The exit gases
from the gadfier were andyzed for its carbon-contaning species usng an off-line SRI
8610C gas chromatograph. Experiments were dso performed using a thermogravimetric
andyzer (TGA) to andyze the fixed carbon content of the char sample before and after
the gadfication step. The collected data were andyzed to get information on the carbon
converson, to caculate the gadfication rates and dso to obtan a rate expresson to
explain the kinetics of the hydrogasification reactions.

Fourteen hydrogasification experiments, each lasting about four hours, were performed
using the two eutectic catalysts (LNK and NK) to evduate the product inhibition effect of
hydrogen on the geam gadfication kinetics. The vaious operaing parameters
mantained in each experiment are given in Table 5.1. It can be seen from Table 5.1 that
while the partid pressure of steam is more or less condtant for each run except the pure
hydrogen case, the hydrogen partid pressure was varied from run to run. The rest of the
operating conditions, kept congtant for dl the runs, areillustrated in Table 5.2.

Runs 1 to 6 were caried out usng the LNK sysem whereas Runs 7 to 12 were
peformed usng the NK sysem. Apat from these twelve runs, two more experiments
were performed. Run #6A was a duplicate of Run #6, and was performed to determine
the extent of reproducibility of the hydrogadfication experiments. Run #13 was caried
out to determine the effect of average paticle size of the LNK pyrolyzed char on the
gadification kinetics.

5.3 STUDY OF THE EFFECTS OF PROCESSVARIABLES OF THE
GASIFICATION OF COAL

The effect of the partid pressure of hydrogen on the steam gasfication kinetics was
evauated and compared for the two caldyst sysems. Also separate kinetic expressions
were developed for each cadyst sysem. The extent of reproducibility of the
hydrogegification experiments was determined and the effect of average sample particle
Sze on the gasification rate was a so assessed.



Table5.1. Operating parameters used for different experimental runs

Run # Catayst Pr2 (@m) Przo (@m) Pz (@m) Average
Sample
Particle Sze
(mesh)
1 LNK 21.41 0.00 0.00 80
2 LNK 17.39 4.01 0.00 80
3 LNK 12.37 4.28 4.76 80
4 LNK 6.28 3.97 11.16 80
5 LNK 2.50 4.12 14.79 80
6 LNK 0.00 4.01 17.39 80
7 NK 2141 0.00 0.00 120
8 NK 17.39 4.01 0.00 120
9 NK 12.37 4.28 4.76 120
10 NK 6.28 3.97 11.16 120
11 NK 2.50 4.12 14.79 120
12 NK 0.00 4.01 17.39 120
13 LNK 17.39 4.01 0.00 120
6A LNK 0.00 4.01 17.39 80

Table5.2. Experimental condition for hydrogasification of coal

CONDITION VALUE

Temperature 1350°F

Pressure 300 psig (21.41 atm)

Catalys loading 10 wt. % of coal- catayst mixture
Steam/Water flow rate 0.5 cc/min

Purge gas Nitrogen

Totd gasflow rate 360 cc/min

Samplesze 2.5 gof char

Gadfication time 240 min

5.3.1 Effect of Partial Pressure of Hydrogen

Runs 1 to 6 were conducted using the LNK catalyst. For these six runs, the data from the
GC and TGA were used to calculate the reconciled values of the carbon converson as a
function of time. Figure 5.1 illudrates the effect of hydrogen partid pressure on the
carbon converson, and hence, the steam gadfication kinetics for the LNK catadys. It is
evident from the greph that as the hydrogen partiad pressure decreased the overdl
converson and the gadfication rae increesed. The experimenta specific gasfication
rate for each run was cadculated by plotting —In(1-Xc) vs. t. This was done because, as in



the case of pure seam gadfication experiments, the hydrogasification experimenta deata
seemed to obey first order kinetics with respect to carbon content of the bed very well.
Figure 5.2 shows a typicd plot for Run #2. A smilar procedure was used to caculate the
gadfication rates for dl the other runs. Table 5.3 gives the gadfication rates for each of
these Sx runs. These rate vaues confirm that hydrogen is a gasification inhibitor.

Table5.3. Specific gasification rates for different experimental runs

Run # Catalyst Specific Rate of Gasfication

(min)

1 LNK 0.0019
2 LNK 0.0036
3 LNK 0.0047
4 LNK 0.0067
5 LNK 0.0093
6 LNK 0.0250
7 NK 0.0020
8 NK 0.0041
9 NK 0.0052
10 NK 0.0080
11 NK 0.0097
12 NK 0.0260
13 LNK 0.0050
6A LNK 0.0240

Runs 7 to 12 were conducted using the NK catalyst. The results using the NK catalyst
were smilar to those for the LNK catayst. The effect of hydrogen partid pressure on the
cabon converson for NK cadys is illustrated in Figure 53. The gadfication rates for
Runs 7 to 12 are dso given in Table 53. They dso exhibited a smilar behavior as the
LNK catdys. Comparison of the specific gadfication rates show that a a given
condition, NK catdys gave dightly higher hydrogesficaion rae than the LNK catayst.
This was found to be in contrast to what was observed earlier in the case of pure steam
gasfication experiments conducted [3]. In chapter four, it was shown that the LNK
cadys gave higher gadfication rate than the NK catdys a a given gadficaion
condition. This difference in the behavior was dtributed to the average particle sze of
the sample It was mentioned earlier that due to possbly different cod/catayst
interactions during pyrolyss, the average particle sze of NK pyrolyzed char was smaller
than the average paticle sze of LNK pyrolyzed char. To determine the impact of
average paticle sze, one more experiment was conducted usng the LNK cadys in
which the average sample particle sze was kept comparable to the average sample

particle size used for the NK experiments.



5.3.1. Effect of Average Particle Sze of Sample

Figure 5.4 shows the plot of carbon converson versus time for two experiments (Run #2
and Run #13) with two different average sample partticle szes. The catdys used in these
experiments was LNK. It is evident from the graph that the gadfication rate was higher
for the smdler particles with greater surface arear This possbly explains why the NK
catadyst gave higher gadfication rates compared to the LNK catays. Additiondly, a few
cdculations were caried out to determine the rate-controlling sep in the gadfication
reection. The time needed to achieve the same fractiond converson for particles of
different average szes were noted from Figure 54 a three different converson vaues
chosen ahitrarily. The ratios of the corresponding times for each converson were
cdculated and the average of these ratios was determined. This average ratio was found
to be tgo/t120=1.38, where tgp and tip0 Stand for the times needed to reach the same
converson for the particles of average initid sze of 80 mesh and 120 mesh respectively.
The ratio of ther respective average initid paticle dzes was cdculaed as
Rso/R120=1.416, where R stands for the average radius of the particle. The ratio of &o/t120
was found to be close to this ratio of Ro/Ri20. Therefore, based on the shrinking core
modd [8], it was concluded that, since the time needed to achieve the same fractiond
converson for paticles with different average szes was found to be nearly proportiond
to the particle radius, the surface chemicd reaction was most likely the rate-controlling
gep [8]. Based on this argument, in the present hydrogasfication experiments, surface
chemical reaction was assumed to control the overdl rate of the hydrogasfication
reactions.

The specific reaction rates of hydrogasfication usng NK cadys for an average particle
gze of 80 mesh, were adjusted by dividing the experimentaly found earlier vaues (for
average paticle sze of 120 mesh) of gadfication rates with 1.4 (which is the mean of
tgo/tizo and Rgo/Riz0). Table 5.4 shows the adjusted gasification rates for the NK catayst
compared with the corresponding gadficetion rates for the LNK catdyst for the same
average sample paticle sze. From the comparison of the gadficaion rates for the two
catadyst systems shown in Table 5.4, it can be said tha the ternary LNK catayst would
provide a better performance in the overdl gadfication rate compared to the binary NK
cadys of amilar average patide sze. This ds0 agrees with our earlier finding from
seam gadficaion discussed in chapter four. But in either case, hydrogen did exhibit an



1.2
1 P ® o— o
°
° X
X
5
E 0.8 . >K X
s 3 X
: * X
s X A
3 ° A
3 %
% 0.6 f A
x X
5 X A
5 ®
X A
S ° XA
o (N2
< 04 ZN A
8 X *
1 XX A g
A ¢
PS 4 ® Run# 1
o . ® * Run# 2
PY * ARun# 3
X Run# 4
X Run# 5
o U Run# 6
0 50 100 150 200 250 300

Time, (min)

Figure5.1 Converson vs. time for different H; partial pressures for
hydrogasification using LNK catalyst



0.9 - Run #2

/

0.7

)
X /
< 05
I
0.4
/ y = 0.0036x + 0.0062
0.3
0.2
0.1
0
0 50 100 150 200 250 300

Time, (min)

Figure52  Plot of fitted first order rate expression with respect to carbon for
LNK catalyst system



1.2
1 . oo ® P P P
X
°
X
+
s ° X
§ 0.8 +
N X
: o )
2 A
c _|_
= x A
o )
3 X
e 0.6 Ay
X X + A
S
5 +
o o X
g A
© ° x T
g 0.4 A .
8 X+ A .
* X 4 A ¢
L 2
o >K + A
* ®Run# 7
X A .
X L 2 ARun# 9
¢ A . +Run# 10
XK+ o X Run# 11
& &e ® Run# 12
0 !¢ T T
0 50 100 150 200 250
Time, (min)

Figure 5.3

Converson vs. time for different H, partial pressuresfor hydrogasification

300



inhibiting effect on the seam gasfication kinetics.

Table 54. Comparison of adjusted NK catalyst gasification rates with LNK catalys
gasification rates

Pus Prso Pra Specific Ra(te_oflc)sasification
min
(@m) | @m) | (@ e ahused) LNK
21.41 0.00 0.00 0.0014 0.0019
17.39 | 4.01 0.00 0.0029 0.0036
12.37 | 4.28 4.76 0.0037 0.0047
6.28 3.97 11.16 0.0057 0.0067
2.50 412 14.79 0.0069 0.0093
0.00 4.01 17.39 0.0186 0.0250

5.3.3. Reproducibility of Experiments

To deemine the reproducibility of the experimentd procedure, one of the
hydrogasification experiments, Run #6 was repeated, with dl the operating conditions
being kept the same for the two experiments. The carbon conversion vs. time plots for
these two runs (Run #6 and Run #6A) are compared in Figure 55. A good match
between these two plots as shown in this figure indicates a stisfactory reproducibility of
the hydrogasfication experiments. A comparison of the gadfication rates for these two
runs (see Table 5.3) dso supports this fact.between these two plots as shown in this
figure indicates a satisfactory reproducibility of the hydrogasfication experiments. A
comparison of the gadification rates for these two runs (see Table 5.3) aso supports this
fact.

54  KINETIC MODELING

Many authors and researchers have proposed mechanisms for the gasfication using
different sets of eementary reaction steps and the Langmuir-Hinshdwood type kinetic
models for both steam and CO, gadfication a amospheric pressure. In chapter four, a
Langmuir-Hinshelwood type of rate expression was used to fit the seam gadification data
[3]. Blackwood studied the steam gadfication of char in the presence of product gases
like Hz, CO2, and CO and came up with the following rate expresson for steam
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gasfication in the presence of hydrogen [6]:

2 2
o= P FRio Y PP, Py, (5.1)
S
1+ r-lOPHZO + r‘5PH2

where, r; = reaction constant and P, = partia pressure for species ‘i’

A gamplified verson of this rate expresson was atempted to fit the hydrogasfication
experimenta data  In deriving the kinetic rae expresson, the contribution of thermd
gadfication as wel as the interaction term between H, and H,O were neglected. The
form of the rate expression that was used to fit the present experimental datawas:

r_ klpl-)l(z +k2PHZO
C 1+k3PH2+k4PHZO

where,
Pr2o isthe partid pressure of steam in the bed (atm)
P2 isthe partid pressure of hydrogen in the bed (atm)
r is the gagification rate of carbon in the bed (g/min)
C istheremaining carbon in the bed at any timet (g)
r/C is the specific gasification rate (min)
ki, ko, ks, ks are specific rate congtants that depend on the temperature
X isacongarn.

The method of least squares was used to determine the vaues of the various congants in
the rate expresson [9]. It so happened that the solution found was not unique. o, the
final solution was chasen on the following basis:

In previous experiments conducted in steam gadfication, the fitted rate expresson for the
LNK catalyst case was of theform [3] :

L _ klszo

C 1+k,Ri,
This expresson is very smilar to what we have assumed here for hydrogasification. The
only difference in our case is the added hydrogen terms. So, the k and k of Equation
5.3 should be of the same order as the k and k; of Equation 5.2. Also, from the literature
[4], for hydrogasification we see that the Ry, term is raised to a power of 2. So, of dl the
possible solutions, the solution set for which the k and k; vaues were of the same order
as the k and k> vaues of Equation 5.3 and for which the value of x was close to 2 was
chosen.  In the case of pure seam gadification experiments, under smilar conditions, the
vaues of k; and ko were reported as [3]:
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ky = 0.117 atm*mint and ki =0.885am?* .......... LNK catalyst system
ky = 0.112 atmtmin't and k,=2.015am?® .......... NK catayst system

The resulting find rate expressons for both catayst sysems were:

r _ 0.000418R2 +0.0419P, ,
C  1+4.16P, +143P,

2
NK system T 0.0007P;, +0.07P,, (5.5)
C 1+86PF, +354R, ,

In both rate expressons, we observe that the coefficient of Py, in the denominaor is
much greater than its coefficent in the numerator. This shows that the inhibition effect
of hydrogen is much grester than its enhancing effect on the gadfication kinetics. The
kinetic models developed for the two catdyst systems ae gpplicable to the region,
corresponding to the carbon converson of £ 90% in the bed (up to which the first order
fit seemed to be quite satisfactory as shown in Figure 5.2).

LNK system:

The derived rate expresson for each caldyst system was used to edtimate the specific
gadfication rates a different partid pressures of hydrogen and seam and the results
obtained were found to be in close comparison to the experimenta results. The
consgency between the experimentd gadfication rates and the modd caculated
gadfication rates is shown in Figures 56 and 5.7 for the LNK and NK sysems
respectively.  The proposed mechanism that can explain the suggested resction rate
model isgiven as.

H)Og+S «<—>» SHO ]
— Adsorption-Desorption

Hag +S <« :zz » SHo B (5.7)
-2
Cig + SHO__ks » COg +SH, — SurfaceReactior -+ (5.8)
Co+SH, — ks § SCH, L (5.9)
| Hydrogasficatior
Reections
Hag +SCHz __Ks  CHyg+S | oS (5.10)

In the equations given above, ‘S dands for the active ste on the catalyst surface. The
rate expression that was derived based on the above mechanism is shown below [9]:



ko [Ks(ki 7k 1)C 1Py +IKi(K, /K 5)C 1Py, (5.11)
Ce 1+ (k/k)puo+ (ko IK )Py, '

where C; isthetota number of active Stesin the catdyst

This expresson is gmilar to the modd rate expression that we assumed to fit the
experimentd data  In deriving this rate expresson, the two hydrogasification reaction
deps, Equations 59 and 5.10, were combined to get the complete hydrogasfication
reaction with rate constant k4. In addition, the other assumptions made included:

Equations 5.6 and 5.9 are at equilibrium.
Equations 5.8 and 5.9 control the overal reaction rate, and
Equation 5.10 is ingtantaneous.

From equations 56 -5.10, we observe that the hydrogasfication rate is directly
proportiona to the amount of carbon in the bed. Steam and hydrogen are adsorbed in the
catalyst and react with carbon to produce CO and CH;. Due to this adsorption/desorption
phenomenon and surface chemicd reaction, we obtained a Langmuir-Hinshewood type
of rate expresson to explain the behavior of the LNK and NK catayst systems. It can be
shown easly that if Equations 5.7, 59 and 510 involving Hy are removed, then
caculations would yield a rate expresson sSmilar to the one that was proposed in chapter

four for the steam gasification experiments conducted [5].

55 CONCLUSIONS

Hydrogadfication experiments were carried out manly to evduate the inhibition effect of
hydrogen on the steam gadfication kinetics and to derive a smple kinetic expresson to
fit the experimenta data  The mgor conclusons dravn from the hydrogasfication
experimenta sudy are:

For both catayst sysems (LNK and NK), a dgnificant increase in the specific
gadification rates was observed with the decrease in the partid pressure of hydrogen.
The calculated hydrogasification rates for the LNK catalyst were found to be lower
than the corresponding rates for the NK catalyst, as opposed to what was observed
ealier in the case of pure seam gadfication. Additiond experiments established that
the reason for this unexpected behavior was possibly due to the difference in the
average sample paticle sze.  Subsequently, one hydrogasfication experiment was
caried out with a dightly smdler average paticle sze of the LNK pyrolyzed char.
With a decrease in the average particle sze of the LNK pyrolyzed char the
gadfication rate increased. Further caculations showed that, probably the surface
chemicd reaction was the likdy raelimiting gep in the hydrogesfication
experiments.

A Langmuir-Hinshelwood type reaction kinetic model was developed to satisfy the

experimenta datafor both catalyst systems and a mechanism was proposed to explain

thismodd.
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CHAPTER S X: RECOVERY, REGENERATION AND RECYCLE OF
SPENT EUTECTIC CATALYSTSAND ECONOMIC ANALYSIS

6.1. INTRODUCTION

Gadification of cod gpat from providing useful gaseous products, leaves a resdue in the
form of gadfied char a the end of the gadfication step. This gasfied char contains most
of the catays that was origindly fed into the gadsfier dong with the cod ash. This spent
catalyst has to be recovered for two important reasons:.

1. From an environmentd point of view, the gasfied char cannot be acceptably
digposed of in a conventiond unlined landfill. A lined landfill would be required
which is expensve. This is because, some of the dkdi metal compounds present in
the char are water-soluble, and hence, would pose a problem of leaching into the
ground water. Surface runoffs from such sites would also dter the soil pH.

2. From the economic standpoint, the cost of replacement catdyst will be an important
factor influencing the overdl economics of the process. The caidys sdts used in the
process are reatively expensve. o, if they are not recovered and recycled, the
Jprocess economics may be unéattractive.

Thus, for both economic and environmental reasons, the spent cadys in the gasfied
char needs to be recovered, reactivated and recycled.

Since, the gasfied char contains the spent catadyst, a portion of this gasified char can be
mixed with raw cod and gadfied after mixing with the necessary amount of the make-up
cadys. This would work if the spent catdyst does not lose its activity. To determine
the feadhility of this idea, experiments were conducted in a high-temperaiure high-
pressure differentid fixed bed reactor to compare the activity of the fresh catdyst with
the activity of the spent catalyst present in the gadsfied char. Figure 6.1 shows the
converson vs. time plots for two experiments — one conducted using virgin catayst and
the other conducted usng completdy gasfied char (but mantaining the same weight
ratio of Li, Na and K with Carbon). From the graph it is clear that the activity of the
virgin catadys is a least four times the activity of the spent catayst. This could be
because the catalyst sdts present in the gasified char may not be entirdly in the carbonate
or eutectic form. It should be noted here that the fresh catdyst sdts were in the carbonate
and eutectic form. This comparison showed that the catalyst regeneration was necessary.

The Exxon Corporation as pat of ther deveopment of the Catdytic Cod Gadfication
Process [1] conducted extensve catadyst recovery sudies.  All their experimenta work
involved the use of a sngle cadys st like NaCO3 or KoCOs. Ther sudies included
the evauaion of a few important process varidbles like solvent-to-char ratio, temperature
and pH with respect to the effectiveness of catayst recovery. Extraction schemes like
water extraction and lime digestion were dso studied. The present work employed a
smilar gpproach to the binary and ternary
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cadys sysems used in the gadfication experiments conducted under this DOE
sponsored project.

The procedure adopted for extracting the catdyst from the gasfied char was very smilar
to that used by Exxon [1]. For each experiment, 2 g of the gasfied char was taken in a 50
ml besker. A known volume of the extraction solvent was poured into this besker and
this mixture was agitated usng a magnetic dirrer for a predetermined amount of time.
The resulting durry was then filtered using filter paper and the clear extract was collected
in a separate bottle.  Such bottles for each extraction run were labeled suitably and stored
under inert conditions. The resdue was not washed again. A smdl known volume of
this extract was taken in a 100 ml measuring flask and was diluted up to the mark usng
the same extraction solvent’. This diluted extract was then andyzed in a Perkin Elmer
Inductively Coupled Plasma Emisson Spectrometer (ICP) to determine the concentration
of the desired dkai metd ions (Li, Naand K).

" The same extraction solvent was used for dilution instead of water because, analysis of such diluted
samples with the |CP would be simpler than if water were used for dilution.

300



Knowing the compogtion of the extract and the compostion of the gadfied char, the
weight percentage recoveries of the different catalyst cations were calculated [2].

Catalyst recovery experiments were conducted with three different extraction solvents to
determine the best one.

- Water: becauseit is cheap and abundant.

- Sulfuric acid: because it is a drong acid and most likdy to recover dl the catays
cations completely.

- Acetic acid: because regeneration of the catayst from the solvent extract would be
easer than in sulfuric acid extraction as little or no sulfate ions would be involved.

6.2 WATER EXTRACTION

Based on the Exxon work [1], the following variables were evauated to determine their
role in recovering the catdys from the gasified char: Solvent-to-Char Ratio, Mixing
Time and Extraction Temperature.

6.2.1 Effect of Solvent-to-Char Ratio

Experiments were carried out by varying the solvent-to-char ratio from 5 mi/g to 30ml/g.
For each run, 2 grams of gadfied char was dissolved in the corresponding volume of
solvent ( at room temperature) and agitated for an hour by a magnetic sirrer.  The durry
was filtered, and the filtrate was collected in a separate bottle.  The residue was not
washed. The filtrate was andyzed in an ICP and usng the ICP data, the weght
percentage recoveries of the desred catalyst cations were cadculated. A plot of weight
percentage recovery of Li, Na and K vs. solvent-to-char ratio is shown in Figure 6.2. It
can be seen from the graph that the solvent-to-char ratio did not have a sgnificant effect
on the catdys recovery. The dight deviation in vaues from the average vaue can be
consdered within the experimentd error. The experiments conducted using the NK
gadfied char gave Smilar results.

It should be noted from Figure 6.2 that lithium recovery was subgtantidly lower than the
recoveries of sodium and potassum. One reason for this could be that a mgjor part of the
water-insoluble compounds may be tied up with lithium. Ancther reason could be that
the solubility of Li.CO3 in water a room temperature is much lower than the solubilities
of sodium and potassum carbonates under the same conditions ( Li,CO3 — 1.3 ¢/100 g ;
N&CO3-22g/100g; KoCO3-112 ¢g/1009) [3].

An interesting observation noted in the water extraction experiments was tha dl the
water extracts were blue-green in color. When cadys recovery experiments were
conducted a Exxon, a smilar phenomenon was obsarved [1]. Additional sudy of
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such extracts a Exxon had revealed that the blue-green color of the fresh water washed
char extracts was agpparently due to a colloidd suspenson of the potassum iron sulfide
(KFeS;). To further confirm this, they reproduced the visble spectrum of the blue-green
water washed extracts using synthetic iron-sulfide solutions. These spectra were found to
closly resemble the literature spectra for the colloidd suspensons of akdi iron sulfides.
KFeS, is believed to be produced by the reaction between the active potassum
compounds present in the catalyst and FeS, present in the cod minerd matter. The
source of the blue-green color in our case was assumed to be a smilar dkdi iron sulfide
indicating thet the gasfied chars usad in this study had not oxidized inadvertently during
storage.

6.2.2 Effect of Mixing Time
Experiments were caried out to sudy the effect of mixing time on the extraction
eficdency. The solvent-to-char ratio for dl subsequent runs was kept a 15 ml/g. A



solvent-to-char ratio of 15 ml/g was chosen because it provided enough filtrate to repesat
the andyss and average out any errors in the ICP measurements.  Any other solvent-to-
char ratio would not have made any difference to the results because the extraction
efficiency was earlier found to be independent of this ratio. Extraction was carried out at
room temperature. Figure 6.3 shows a plot of weight percentage recoveries of Li, Na and
K vs mixing time. From the graph it is dear that mixing time, like solvent-to-char ratio,
has very little effect on the extraction efficiency. The smadl deviations observed from the
average vaue were conddered within the experimentd error. Experiments conducted
using NK gasfied char aso showed asmilar behavior.

6.2.3 Effect of Temperature

It is a common observation that temperature has a dgnificant effect on the solubility of
many inorganic sats in water. So, experiments were conducted at different temperatures
to possibly improve the recovery of Li, Na and K sdts from the gadfied char. A solvent-
to-char ratio of 15 ml/g and a mixing time of 10 minutes were chosen abitrarily for dl
the runs.  Experiments were carried out by varying the extraction temperature from room
temperature to about 368 K. The effect of temperature on the extraction efficiency is
shown in Figure 64. From the graph it is evident that the weight percentage recoveries
of dl three dkdi metals increased with the temperaiure.  But dill, lithium recovery was
very low. The increase in extraction efficiency with temperature could be because of the
increased solubility of carbonates and sulfates or additiond dissolution of dkdi slicate
compounds present in the gadified char a higher temperatures. About 70-80 % of Na and
K compounds were recovered at an extraction temperature of 366.5 K. Because of the
incomplete recovery of Na and K and very low recovery of Li with water even at devated
temperatures, sulfuric acid and acetic acid extractions were tried next.

6.3. SULFURIC ACID EXTRACTION

Dilute sulfuric acid being a drong acid exhibits a drong affinity towards akdi metds
like Li, Na and K. Sulfuric acid was expected to extract most of the catalyst cations
present in the char.  The minimum theoreticd concentration of sulfuric acid needed to
reect with dl the catayst cations present in the char was cadculated based on
goichiometry and the anadlyzed composition of gadfied char. This was found to be 0.351
M [2] and extraction runs with acid concentrations ranging from 0.3 M to 1.5 M were
caried out a room temperature. The solvent-to-char ratio was kept a 15 ml/g and the
mixing time was kept a 10 minutes for dl the runs. The extracts were anadlyzed usng the
ICP as before and the weight percentage recoveries were calculated. The results are
shown in Fgure 6.5. From the graph, it is clear that sulfuric acid is a much better solvent
than water. Catdyst recovery increased with the incresse in acid concentration and
amost 100% recovery of Na and K was achieved with 0.6 M sulfuric acid. Similar
results were observed in experiments using NK gadified char.  Also the lithium recovery
went up to as high as 79%.
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This increased catalyst recovery compared to water can be due to the extraction of the

cadys ions from the water-insoluble compounds present in the char. These water-
insoluble compounds are assumed to be manly in the form of duminoslicates. These
compounds are produced during gasfication by the reactions of clay minerds (eg.,
Kadlinite) origindly present in the coad with the catays. A typica reaction is shown
below [1]:

Al5Si,05(0OH)s + R,CO3 _1350°F y; ORAISIO, + CO, + 2H,0  (6.1)
(kaolinite) (Aluminosilicate)

where, R stands for any of the alkdi metals present in the catalyst (Li, Naor K).

Unlike the water extracts, the sulfuric acid extracts were colorless.  This is because, as
found from the Exxon work the colloidd suspenson of KFeS,, believed to be the source
of the blue-green color, is sable only in the pH range of 8 to 13. When sulfuric acid is
used as the solvent, the pH is sgnificantly less than 7. So, the extracts were colorless.

Sulfuric acid would dso react with KFeS, to release H,S. A fant offensve odor was
noted during these experimerts to support this fact.

One drawback of sulfuric acid extraction is that dl the catdyst cations in the extract will
be in the form of sulfates and regeneration of the catdys from this extract may involve
additiona costs. This is because, an ion-exchanger would be needed as one of the
operating steps in converting the less active sulfate to the more active carbonate.  For this
reason, acetic acid was evauated next as an extraction solvent.

6.4. ACETIC ACID EXTRACTION

To resolve the drawback idertified in the sulfuric acid extraction case, acetic acid was
chosen for catdyst extraction. When acetic acid is used, a mgor part of the adkali metas
in the extract would come out as acetates. It is comparativdly much easier to convert
acetates to carbonates (by therma cacining) than sulfates to carbonates. The associated
costs are believed to be lower.

As in the case of aulfuric acid extraction, the minimum theoretical concentration of acetic
acid needed for complete reaction with the akai metals present in the gasified char was
caculated. This was found to be 0.702 M. and runs were carried out by varying the acid
concentration from 0.7 M to 3.0 M to evduate the effect of acid concentration on the
extraction effidency. A solvent-to-char ratio of 15 ml/g and a mixing time of 10 min.
were chosen for these runs. Extraction was caried out a room temperature and the
extracts were analyzed using the ICP. Figure 6.6 shows the results.  The performance of
acetic acid was found to be as good as that of sulfuric acid. Sodium and lithium were
extracted dmogt completdy and the maximum recovery of potassum was around 80%.
The difference in affinities of Li and K towards acetic acid could possbly explain Li
recovery being greater than K recovery. While the water extracts were blue-green in color
and the sulfuric acid extracts were colorless, the acetic acid extracts were light orangein
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color. However, the source of this color was not established. Results for experiments
using NK gagfied char weredso smilar.

6.5. COMPARISON OF CATALYST RECOVERY RESULTSFOR LNK
AND NK CATALYSTS

Based on the extent of extraction, it cannot be concluded with certainty which catdyst
sysdem is better than the other. Both sysems peformed equdly wdl though LNK
showed a dightly better performance in two of the three extraction schemes. However, it
was concluded from previous seam gadification work in the Chapters four and five that
the LNK cadyst gave higher gadfication rates than the NK catadyst under smilar
experimentd conditions [4].

6.6. CATALYST REGENERATION

The extracts obtained from recovery experiments are not useful for recyclein ”as-is’

form. These extracts have to be treated suitably to regenerate/reactivate the catayst and
get them into their origind form to restore the activity. It was shown earlier that the
cadyst ismog active if it isin the form of carbonates and as a eutectic. But the dkdi
metals in the extracts were not just in the form of carbonates; they were found to contain
aulfates, bicarbonates, hydroxides and acetates of the dkali metals. Based on the andlysis
of the extracts by an outside |aboratory, the concentrations of the magjor speciesin the
three extracts (water, sulfuric acid and acetic acid) were determined [2]. Table 6.1 shows
the overal compostion of the three different extracts for the LNK gasified char. A
gmilar andysswas carried out for the NK gasified char lso. Subsequently, knowing

the composition of the fresh catalyst, calculations were made to determine the make-up
catalyst needed for each of the three extraction schemes[2]. Table 6.2 shows the make-
up catalyst required for each extraction scheme for the LNK gasfied char. Cdculations
were also made to determine the make-up catalyst required for each extraction scheme
for the NK gasfied char.

The fresh cadys ingredients for the LNK catdyst were in the form of Li,CO3 N&COs3
and K>COs. The cadyst recovered from the catayst recovery scheme aso needed to
be in the same form to restore the cataytic activity. From the extracts andyss, it was
found tha aulfates were invarigbly present in the extracts.  Additionally, the water
extracts aso contained hydroxides, carbonates and bicarbonates. The acetic acid extracts
contained acetates in addition to sulfates. Thus, whatever extracting solvent was chosen,
it was necessary that the sulfates present in the extract be converted to carbonates.
Previous work conducted at UTSl on a separate DOE funded project entitled “The
Anion-Exchange Resin-Based Desulfurization Process for Spent Seed Regeneration in an
MHD Power Plant” demongtrated how sulfates could be converted to carbonates [5]. A
smilar procedure was consdered for the present work. However, no actud experimenta
work was performed. Similarly, the bicarbonates and hydroxides may be converted into
the carbonate form by concentrating the solution in an evaporator/crysalizer.
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Table6.1. Overall composition of the three different extracts
Gadfied Char Water Extract Acetic Acid Extract | Sulfuric Acd
(mmol) (mmol) (mmol)* Extract (mmol)?
LNK catayst system
Li -9.13 N&SO, —2.400| CH3COOLi —8.724 | Li,SO, —3.6
Na - 6.91 K>SO, —1.691| NapSO4 —1.685 | NaSO4 —3.42
K -5.10 LSO, —0.309 | CH3COONa—-3.49 | K»,SO4 —2.51
NaCO3; —0.252 | K»SO4 —1.142
K2,CO; —0.178 | CH3COOK -1.706
Li,CO3; —-0.033 | LSO, —0.173
NaHCO3; —0.028
KHCO3; —0.020
NaOH —0.019
KOH -0.013
LiIHCO; —0.004
LIOH - 0.002
NK catayst system
K -10.36 K,SO, —1.748| CH3;COOK -6.36 | K,SO, —4.97
Na- 4.65 K2,CO; —0.935| CH3COONa-3.622 | NaSO4 —2.23
NaSO, —0.852| K2SOq4 -14
NaCO3; —0.456| NaSO4 —0.514
KHCO; -0.104
KOH —0.069
NaHCO; —0.051
NaOH —0.034

" Basis 2 g of gasified char, 30 ml of extract
! Concentration of the acetic acid was 2 M
2 Concentration of the sulfuric acid was 0.6 M

Table6.2. Make-up catalyst required for each extraction scheme
Make-up Catays for
Cadys Water Acstic Acid Sulfuric Acid
Component Extraction Extraction Extraction
(mmol) (mmol)* (mmol)®
LNK catdys system
Li,CO3 4.375 0.185 1.12
NaCOs 0.7545 0.00 0.01
K>CO3 0.8245 0.715 0.20
NK catayst system
NaCOs 1.013 0.039 0.134
K2CO3 3.015 1.205 0.815

" Basis: 9.77 g of raw coal and 1.09 g of LNK catalyst (or 2 g of gasified char)
! Concentration of the acetic acid was 2 M
2 Concentration of the sulfuric acid was 0.6 M




The acetates may be converted into the carbonate form by cdcining the concentrated
solution or dry powder in a cdciner. Based on this information, a process schematic was
developed for the catalyst recovery scheme. This schematic is shown in Figure 6.7.

6.7. ECONOMIC ANALYSISAND COST ESTIMATION

Before making a cost estimation for the catdyst recovery plant, the process design for the
entire catayst recovery process was carried out. To do this, a therma input power of 100
MW; was assumed for the catdytic cod gadfication plant. An overdl materid baance
was caried out for this commercid plant by scding up the bench-scde experimentd
vaues to the commercid scde [2]. The equipment needed for the plant was sized and the
quantities of various consumables were caculated.

Based on this process desgn, cost edimation for the “dand adone’ catayst recovery
section of the 100 MW, Cataytic Cod Gadfication Plant was carried out [2]. The Totd
Cogt of Regenerdtion (TCR) of the catdyst for each extraction scheme is shown in Table
6.3. From this table, it can be concluded that the performance of sulfuric acid as an
extraction solvent is better than the other two acid solvents with regard to economics.
Though the regeneration cost of NK catays with sulfuric acid is lower than the
corresponding LNK catalyst regeneration cogt, the fact that LNK was found to be a better
deam gadfication catdys should aso be consdered before making the find catays
sdection for the overdl gagfication plant.

Cdculations were dso caried out to compare the performance of the once-through
process (no recycle of the spent catalyst) with the catalyst recovery/regeneration process.

If the catalyst recovery operations were not carried out, then, the gasfied char would be
disposed off as waste. Since the gadfied char contans water-soluble sdts such as
aulfides, sulfates and carbonates of Li, Na and K, it cannot be disposed off in a
conventiond landfill. Therefore, the disposd cost would be significant. For the once-
through process, two cost components are involved — the cost of replacing the consumed
catdyst continuoudy and the cost of digposd of the gadified char. The annud costs for
the once-through process were found to be:

NK Catalyst: $9.98 million
LNK Catayst: $13.97million

Comparing these vadues with the codts for the various extraction schemes shown in Table
6.3, one can see tha the catays recovery process usng sulfuric acid as the extraction
solvent is a better option on the economic grounds.
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6.8. SENSITIVITY ANALYSS

It was concluded in the previous section tha the sulfuric acid based catdyst recovery
process was less expensive than the once-through process. But changing the vaues for a
few critical high cost parameters related to the cost of specific consumables could reduce
the difference between the two options dragticdly. Since the market prices for the
consumables fluctuate with time and from supplier to supplier, a study like this becomes
necessary. For thisreason, a sengtivity andysis was undertaken.

A few criticd components were identified by finding out which of the cost components
contribute to the mgority of the variable operating coss. The annud regeneration costs
for each extraction scheme and the cost for the once-through process were then caculated
by varying the unit price of such criticd components. These costs were then compared
with the respective codts for the base case. The reaults for the LNK system are shown in
Table6.4. A amilar andysswas carried out for the NK system aso.

A few important observations can be made from Table 6.4.

- The cost of catalyst regeneration for the acetic acid extraction scheme is very sendtive
to the cost of acetic acid. The cogt of regeneration goes down by 40% when the unit
price of acetic acid decreases by 50% relative to its base case unit price. o, if a
cheaper source of acetic acid can be found, then acetic acid extraction may become
comparable.

- Water extraction and the once-through process are highly sendtive to the cost of
lithium carbonate. It can be seen from Table 6.4 that the cost of the once-through
process and the cost for the sulfuric acid extraction scheme become comparable when
the wit price of lithium carbonate goes down by 50%. A further decrease in the cost of
lithium carbonate may probably make the once-through process more preferable.

- Lowering the cost of naturad gas generally tends to decrease the cost for each extraction
scheme without dtering the cost for the once-through process.

- Basad on the sengtivity andyss, the sulfuric acid extraction scheme seems to be the
most desirable option under various scenarios.

Table6.3. Total annual cost of regeneration for the catalyst recovery plant (2001 US $)

Water Sulfuric Acid Acetic Acid
Component Extraction ($) Extraction ($) Extraction ($)
LNK NK LNK NK LNK NK
Annud Cost
of 15515356 | 10,315,139 | 11,487,846 | 9,627,909 | 25834,380 | 26,222,429
Regeneration




Table 6.4. Sensitivity analysis with respect to critical components

Cogt (2001 US $in millions)
Scheme Base | LowAcetic | LowNaturd | Low Li,CO3 | HighLiCOs3
Case' | AcidCost® | GasCost® Cost* Cost®
LNK catayst system
Water
Extraction 15.52 - 14.62 11.80 22.94
Sulfuric Acid
Extraction 11.49 - 10.59 10.54 13.39
Acetic Acid
Extraction 25.84 16.53 24.94 25.68 26.15
Once-Through
ProCess 13.97 - 13.97 10.00 21.90
NK catayst system
Water
Extraction 10.32 - 9.42 - -

! Base case Costs pertain to the current cost (year 2001) of consumables

1L ow acetic acid cost: Cost of acetic acid/lb = 0.5* Cost of acetic acid/Ib used in the base case

1 | ow natural gascost: Cost of natural gas/ft® = 0.5* Cost of natural gas/ft® used in the base case
! Low Li,COj3 cost: Cost of Li,COs/lb = 0.5* Cost of Li,CO4/Ib used in the base case

! High Li,CO3 cost: Cost of Li,CO3/Ib = 2.0* Cost of Li>CO3/Ib used in the base case

6.9. CONCLUSIONS

The cadys recovery experiments were conducted to determine if recovering and
recycling the catdyst would lower the cogt of the steam gadfication process and in the
process would dso diminate the difficulties involved in disposng off the gasfied char.
Three extraction solvents namely water, sulfuric acid and acetic acid were tested as the
extraction solvents. Different  operating parameters  like  solvent-to-char  ratio,
temperature, mixing time and concentration were evauated to determine their effects on
the extraction efficiency. The mgor conclusons derived from these experiments are as
follows




- Solvent-to-char ratio and mixing time were found to have negligible effect on the
extraction efficiency by water.

- The weight percentage recovery of the desred catdyst sdts by water was found to
increase with an increase in the extraction temperature.

- Recovery of lithium in the case of water extraction was consderably low. Even at
higher temperatures, the maximum recovery of lithium was found to be only about
7.5% for the LNK catdyst. This was dtributed to a mgor part of the lithium ions being
gther tied up as water-insoluble duminosilicates and other insoluble sdts, or low water
olubility of Li;COs.

- Sulfuric acid and acetic acid proved to be much better extraction solvents than water
because, in addition to providing dmost complete recovery of Na, close to 80% of K
and Li could be recovered in both cases.

- While it can be concluded from the catdyst recovery experiments that acetic acid and
aulfuric acid are better extraction solvents than water, an economic anayss of the
catalyst recovery process showed that the annuad cost of catayst regeneration would be
the lowest for the sulfuric acid based extraction scheme.

- Economic caculations adso showed that the sulfuric acid based extraction was a better
economic option than even the once-through system.

- It can be concluded from the sengtivity andyss that while acetic acid based extraction
cod is highly sengtive to the cost of acetic acid, water extraction and the once-through
process are very sendtive to fluctuations in the cost of lithium carbonate. Sulfuric acid
extraction isrelatively inert to the changes in these critical components.

- Though the economic andyss showed that the cost of NK cadyst regeneration using
aulfuric acid was lower than the corresponding cost for the LNK catdyd, the find
choice of catayst would depend on the combination of catalyst recovery economics and
the particular catalys’ s effectiveness in improving the sseam gasification retes.

- Finding a less expensve source of acetic acid could consderably lower the cost of
cadys regeneration and make the acetic acid extraction scheme very economicdl
because, most of the other variable operating costs for the acetic acid extraction are low
compared to the other two extraction schemes.

- A multi-stage extraction scheme could aso be tried out to see if it can provide
increased recovery of catalyst and thereby reduce the cost of make-up cataysts.

- Since the present work evauated the economics of the catdyst recovery schemes by
condgdering the catalyst recovery plant to be independent of the gadfication plant,
additiond savings in the cost can be redized if heat and materid integrations with the
gasfication plant are incorporated.
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CHAPTER SEVEN: CHARACTERIZATIONS OF COAL/CHAR
WITH/WITHOUT CATALYSTS

7.1. STUDY OF THE SURFACE PROPERTY OF THE COAL
WITH/WITHOUT CATALYST

The surface charge or zeta potential on the coas were measured in agueous solutions
under wel-controlled conditions of pH usng a "Pen Kem Modd 501 Zeta Meter"
equipment described in Chapter 2. The surface charge properties of the samples were
gudied and are shown in Figures 7.1 & 7.2. By changing the content of the catayst
(amount and type), different pH solutions were obtaned. As the pH of the sample
increased, the zeta potentia of the sample decreased (Figure 7.1). Also as the surface
charge became more negative the gasfication rate appeared to increase.  The reasons and
explanations for these observed interesting behavior are ill unclear and should be
further investigated in the future.

7.2. FREE SWELLING INDEX STUDIES

D720-91 (ASTM Standard) was used to measure the free-swdling index of the cod. The
test method conssted essentidly of hesting 1 g of cod, in a covered slica crucible in an
oven. The oven was adjusted to give a temperature of 1073 +10 K, in 1.5 minutes, and
1093 £+ 5 K, in 25 minutes. The heeting was continued for not less than 2.5 minutes.

The coke button obtained was compared with a series of standard outlines to get a value
corresponding to that of the nearest outline.

One gram of ground 60 mesh cod was weighed in a cold crucible, and the crucible was
lightly tapped 12 times on the bench, rotating it between taps, to leve the surface of the
cod. The crucible was then covered with alid and placed upright in the oven.

Three buttons were made for each sample of cod tested.  The three coke buttons of each
sample of cod being tested was viewed through the sght tube and compared to the series
of dandard profiles. The drawing with which the button was compared was placed
exactly in the center of the fiedd of vison from the top of the tube. The button was
rotated around its axis until the maximum cross-section area was in line with the drawing
and viewed with one eye placed immediately over the top of the tube.

Free swelling is the property of certain cods when heated, without restraining influence,
to expand fredy in volume, as in the volaile matter test or when burned as fud. The
swveling number was determined as the number inscribed in the outline that the largest
profile of the button most nearly matched according to Figure 7.3. The average swelling
number of the series, expressed to the nearest 1/2 unit, was reported according to the
ASTM method [1].
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Table7.1 Free-Swelling Index of Samples

Coa Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6

Index 15 2 2 15 2 15

Average 2 2

of Index

Cod + Sample Sample Sample Sample Sample Sample

Ternary 1 2 3 4 5 6

cataysts

Index 2.5 2.5 2.5 2.5 2 2.5

Average 2.5 25

of Index

Table 7.1 gives an average free swdling index value of about 2 for the raw cod and
about 2.5 for the cod with the ternary catdyst. Thus, as the ternary catalysts were added
to the cod a 10% wt, the indexes showed a little higher vaue than that of the cod. This
might be due to the catdys accelerating the releasing of heet a high temperature a short
time. The data gotten in our lab was very close to the data offered by the Pennsylvania
State coa bank.

7.3. X-RAY DIFFRACTION EXPERIMENTS

Catdyst condituents, eutectic sdts, pyrolyzed and gasified char samples were examined
usng x-ray diffractometry (XRD). The purpose of these XRD sudies was two-fold: (1)
to determine if any phases or moeties are formed in the eutectic sdts that are didtinct
from those preset in the individud Li,CO3z, N&COsz;, and K,COs; sdts, and (2) to
edablish changes in the XRD patterns of the eutectic sats before and after gasfication




reaction. Table 7.2 contains a lig of the samples studied. Using a 2 hour scan period
resulted in ggnificantly improved sgnd to noise ratio over a 20 min scan. Hence dl the
samples liged in Table 7.2 were obtained usng 2 hr. scans. Below is a summary of the
sgnificant results to date.

The fird seven samples in Table 7.2 served as the base-line or reference againgt which
the eutectic sdt samples and aged samples were examined. Figure 7.4 shows XRD
gpectra of The Illinois No. 6 cod. The pattern matches that of graphite in the Reference
Library in the XRD software. There are significant pesks a 27°, 32°, and 56°. We suspect
these pesks correspond to mineral matters present in the cod. Illinois No. 6 cod contains
up to 5 % FeS,, in addition to duminaand silica gpecies.

Table7.2 X-Ray Diffraction Samples

No. Sample Comments

1 Fresh Cod Base-line

2 N&aCOs3 Base-line

3 LiCOs Base-line

4 K2COs3 Base-line

5 NaNO3 Base-line

6 NaOH Base-line

7 KOH Base-line

8 2.9 % NaCOs + 7.1 % K,CO3 + char Gasfied Char
9 10 % Li»CO3 + char Gagfied Char
10 10 % K»COg3 + char Gadfied Char
11 10 % Na&COs3 + char Gadfied Char
12 43.5 % Li,CO3 + 31.5 % NaCO3 + 25% K 2CO3 | Eutectic At
13 10% Li-NaK carbonate eutectic + pyro. coa Pyrolyzed cod
14 (M1) Li-NaK carbonate eutectic + pyro. cod Pyrolyzed cod
15 (M1) Li-NaK carbonate eutectic + char Gadified Char
16 (B1) 0.22 % N&COs3 + 9.78 % NaNOs + char Gadfied Char
17 (B2) 0.93 % K,CO3 + 9.07 % KOH + char Gadfied Char
18 (B3) 9.4 % K,CO3 + 0.6 % K>SO, + char Gasfied Char
19 (B4) 9.64 % KNOj3 + 0.36 % K,COj3 + char Gasified Char
20 (B5) 9.17% NaOH + 0.83 % NaCO3 + char Gasfied Char




Figure 7.5 shows the XRD spectra of the eutectic sdt (Sample no. 12 in Table 7.2) .
Individua peaks are identified as those due to one or more of the three condituents
(Sample nos. 2,3, & 4 of Table 7.2). However, there are a few peaks that are difficult to
attribute to any of the three condtituent sats. These new peaks are expected to be due to
the formation of new phases/ species, and will be investigated in more detall.

Figure 7.6 shows the XRD gpectra of the reactor feed (Sample no. 14), that involved
mixing cod and eutectic sdt in a ratio of 9:1 and then pyrolyzing the mixture in N, a a
temperature 100 K higher than the mdting point of the eutectic sdt. Many detals of the
eutectic sdt shown in Figure 7.5 are overwhelmed by the cod spectra. However, there is
a digtinct broad pesk in the range of 40-45 ° that is observed nether in the origind
eutectic sdt nor in any of the three catdyst condituents. This should be studied in grester

detall.
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Figure 7.7 shows the XRD spectra of gasfied char (Sample no. 15), in which most of the
cod appears to have been gadfied and thus interference from the cod is sgnificantly
lower. When one compares Figure 7.7 to Figure 7.5, there are severa new peaks present
in the gasified char sample (eg., a 22°, 34°, 63°, 75°, 79°, 95°, 111°, and 119°) that were
not present in the origina eutectic sdt or in the pyrolyzed cod feed. This agpect should
be sudied in more detall as it might suggest potentid catalyst deactivation species that
ae formed during the cod gadfication process. This has the potentid of suggesting
pathways for recovering and regenerating deectivated catdysts.

Fgures 7.8-7.10 show the XRD spectra of three different samples: (1) fresh cod, (2)
eutectic sdt, LiNaKCOs (LNK), and (3) gadfied char. All pesks were identified and
ldbded in these figures usng the computer library. The pesks were identified by the
same method of comparing peeks, pesk intensties, and d-spacing among pure sAts,
binary carbonate sdts, impurities, binary sulfate sdts and ternary eutectic sdts.  The
following protocol was used for peek identification. When the pesk of a sdected
st/compound had a high intendty a a smilar angle, d-spacing was checked for
comparison.  The devidion of d-spacing was 0.02 angdroms. The sgnificance column
was a0 taken into account when al other parameters were not decisive.

Figure 7.8 shows an XRD spectra of a fresh cod sample the mgor impurities include
iron sulfide (FeS;) and dlica (502). It is wel documented that Illinois No.6 Cod
contains up to 5% FeS,, in addition to duminum and slica gpecies.



Figure 7.9 shows an XRD spectra of the pure eutectic sdt catdyst (without cod).
Although most pesks ae attributed to either one or more of the three condituents
(N&COg, LiCO;2 or KyCOs»), a few pesks remaned unidentified in our last report. We
focused our atention on the possbility of formation of new phasesspecies. It is clear
that binary sats such as NaKCOs, LiNaCOs, and most notably LiIKCOs are mgor new
phases formed.

Figure 7.10 shows an XRD spectra of gadfied char in which most of the cod appears to
have been gasfied, and thus interference from the cod is Sgnificantly lower. Many
pesks observed in Figure 7.10 were not identifiable in the eutectic sdt (Figure 7.9) or in
the pyrolyzed cod feed. This together with the observation that the eutectic sdt logt its
cadytic activity during the cod gadfication run, prompted us to look for the formation
of aulfides or sulfate phases (coa has up to 5% FeS;). It is clear from Figure 7.10 that
the dominant phase present in the gadfied char sample is KLiSO,4. It is an interegting
result since, as shown in Figure 7.9, LIKCO3; was the dominant binary sdt in the eutectic
st

The protocols developed for the identification of XRD pesks have proved very useful.
We plan to use these protocols on al the other XRD spectra to establish active phases as
well as the phases formed during cadys activation. This knowledge will be helpful in
the development of methodologies for catayst recycling/regeneration.
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7.4. Scanning electron microscopy (SEM)

Scanning eectron microscopy (SEM) studies of (i) cod + eutectic sdt (pyrolyzed, but not
yet gadfied in the reactor), and (ii) gasfied char samples (reactor-aged) were conducted
on severd eutectic salt samples containing al three sdts (Li, Na, & K carbonates) as well
asonly two salts (Na & K carbonates).

Figures 7.11 and 7.12 (SEM4 and SEM5) show the SEM micrographs of a mixture of
10% Li-NaK eutectic salt and 90 % cod (pyrolyzed). Most of the particles (cod) appear
amorphous, as expected since the xray diffraction studies showed a rather broad pesak for
carbon (graphite). Sharp peaks in the XRD were dtributed to eutectic sdts as wdl as
individual congtituents of the sdt. The only sharp pesks atributed to cod were due to the
presence of iron as an impurity in cod. Both Figures 7.11 and 7.12 were taken a a
magnification of 500. Some coa particles are as large as 50-60 um, but most are smdler.
One can ds0 eadly see a few cryddline particles (10-20 um) with sharp facets and
corners. We attribute these to the eutectic sdts.

Figures 7.13 and 7.14 (SEM1 and SEM2) siow the eectron micrographs of gasified char
samples (reactor-aged) of the LNK-cod mixture. A dramdic change is obvious in the
morphology and cryddlinity of the sample and is consgent with the results obtained
from the x-ray diffraction studies XRD gudies of reactor-aged samples showed a
ubgantid increase in the sample cryddlinity (due to the gadfication of amorphous
carbon). Here, we have modly eutectic salt, presumably converted to sulfates as shown
by XRD. Eddblishing the identity of the species present in these SEM micrographs by
usng enegy dispersve andyss of x-rays (EDAX) should be a mgor focus of future
Sudies.

7.5 CONCLUSIONS

As the ternary catdysts were added to the cod a 10% wt, the free swelling index
showed a little higher vaue than that of the cod. This might be due to the catdyds
accderding the releasing of heet a high temperature at short time.

Gadfied chars with different levels of carbon conversons as wdl as catdyzed cod
and pyrolyzed cod were characterized in this study by X-ray diffraction to identify
several phases. NaKCOs, LiNaCOs; and most notably LiKCOsz were identified as
phasss formed during gedfication, and were bdieved to be indrumenta in the
eutectics providing higher gadfication (catalytic) activity. A new intermediate
specie, KLiSO4 was dso found in the gasified char.
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Figures 7.13 & 7.14 SEM micrographs of gasified char samples (reactor-aged) of
the LNK-coal mixture
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The physcd didributions of LNK and NK catadyst sysems in their respective Illinois
#6 cod char surfaces were examined using a scanning dectron microscope (SEM).
Both catdys sysgems showed uniform disperson on the ungasfied cod matrix
indicating homogeneous mixing. An atempt was made to edablish a quditaive
corrdaion between the type of catdyd, its digtribution, and effect on the overdl
cabon converson. Gadfied chars were found to be highly porous in nature and
codesce in the case of the binary (NK) catalyst, whereas the ternary catadyst (LNK)
showed highly porous and crysdline morphology. X-ray diffraction patterns of these
gasfied char samples seemed to indicate the formation of potassum polysulfides

(K+S).
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CHAPTER EIGHT: OTHER PROGRAM ACCOMPLISHMENTS

A key objective of the project as detailed in chapter 1, was the education and training of
dudents in catadyds, energy, and fossl fue converson. The project involved the active
paticipation and training of several chemica engineering dudents a Clak Atlanta
Univergty, the Universty of Tennessee Space Inditute, and the Georgia Tech Inditute of
Technology. Details on the students trained are provided below.

8.1

8.2.

8.1

STUDENTS SUPPORTED ON THE PROJECT AT CLARK ATLANTA
UNIVERISTY

Antron Pdmer and Tamara Gray, graduated with BS in Chemica Enginesring
from Clark Atlanta Universty (CAU) in May 1999. They are currently working
with Milleken Corp.in Lagrange, Georgia

Teona Edwards is a Junior in Chemica enginegring & Clark Atlanta Universty
who worked on the free swdlling index measurements.

Ms Pamea Red, graduated with a BS in Chemica Enginesring at Clark Atlanta
University (CAU) in May 2000. Pamela is now a graduate student in the School
of Chemica Engineering at Georgia Tech.

Ms. LaTanya Funches, is a senior in Chemica Engineering a CAU. LaTlanya
graduates in May 2002 and plansto go to Law schooal.

STUDENTS SUPPORTED AT THE UNIVERSITY OF TENNESSEE SPACE
INSTITUTE (UTS)

Anuradha Godavarty, Gradusted with an MS degree in chemica Enginesring
from The Universty of Tennessee Space Inditute (UTSl) in August 1999. Her
thess entitled, " is summarized in Chapter four. She is presently pursuing a PhD
in Chemicd Enginearing a Texas A&M Universty.

Mr.Chandramouli Sestry, Graduated with MS degree in Chemica Engineering
from The Universty of Tennessee Space Inditute (UTSI) in June 2001. His
thess entitlted,” is summarized in Chapter five and dx. Mr. Sadtry is currently
employed by

STUDENTS SUPPORTED AT THE GEORGIA |INSTITUTE OF
TECHNOLOGY

Ms. Megan Czany, graduated with a BS in Chemicd Engineering from Georgia
Tech in May 2000. Megan is presently employed by Agra-Simons Conaulting
Company in Atlanta.

May A. Minton, graduated in Chemicd Engineering a Georgia Tech in May
2001. Mary recently took over from Megan and has learned the XRD equipment
operation as well as the protocols for peak identification.
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8.2

8.5

8.5.

8.5.

STUDENT THESI SPRODUCED

Godavarty, A., Catalytic Cod Gadfication Usng Eutectic SAt ~ Mixtures.

Madter's Thes's, University of Tennessee, Knoxville, August 1999.

Mr.Chandramouli  Sastry, Madter's Theds, Universty of  Tennessee,
Knoxville, in June 2001.

PUBLICATIONS AND PRESENTATIONS
1 PUBLICATIONS

Godavarty, A. and Agarwa, A., Energy & Fuds 2000, 14 558-565

Yeboah, Y. D.,, Xu, Y., Sheth, A, Godavarty, A. and Agrawad, K.P., Catalytic
Gadficaion of Coad Usng Eutectic Sdts Identification of Eutectics (Submitted to
Carbon)

Yeboah Y.D.,, Xu Y. Sheth A., Godavaty A. and Agrawa K. P, Catdytic
Gadfication of Cod Usng Eutectic SdtsReaction Kingtics usng Binary and Ternary
Eutectic Catdysts.(Submitted to Fuel)

Sheth A., Sastry C, Yeboah Y.D., Xu Y., and Agrawa K. P.,Catadytic Gasfication of
Cod Usng Eutectic Sdts Recovery, Regeneration and Recycle of Spent Eutectic
Catalysts (To be submitted to Fuel)

Sheth A., Sastry C.Yeboah, Y.D., Xu Y., and Agrawa K. P.,Catalytic Gasification of
Cod Usng Eutectic Sdts Reaction Kinetics for Hydrogasficaion Usng Binary and
Ternary Eutectic Catalysts (To be submitted to Fuel)

2 PRESENTATIONS

Yeboah, Y. D.,, Y. Xu, A. Sheth, A. Godavaty, P. K. Agrawd, "Catalytic
Gadification of Coal Using Eutectic Salt Mixtures', 1998 DOE Universty Cod
Research Contractors Review Conference, Pittsburgh, Pennsylvania, June, 1998

Yeboah, Y. D.,, Y. Xu, A. Sheth, A. Godavaty, P. K. Agrawd, "Catalytic
Gasification of Coal Using Eutectic Salt Mixtures', 7" Annuad Historicdly Black
Colleges and Univerdties and Other Minority Inditutions, Miami, Florida, March,
1999

Yeboah, Y. D, Y. Xu, A. Sheth, A. Godavarty, P. K. Agrawa, "Catalytic
Gadification of Coal Using Eutectic Salt Mixtures', 1999 DOE Universty Cod
Research Contractors Review Conference, Pittsburgh, Pennsylvania, June 1-2, 1999
Yeboah, Y. D., Y. Xu, A. Sheth, C. Sastry, P. K. Agrawa, M. Czarny "Catalytic
Gadification of Coal Using Eutectic Salt Mixtures', 2000 DOE Universty Cod
Research Contractors Review Conference, Fittsburgh, Pennsylvania, June 1-2, 2000
Yeboah, Y. D., Y. Xu, A. Sheth, C. Sastry, P. K. Agrawa, M. Minton, "Catalytic
Gadification of Coal Using Eutectic Salt Mixtures', 2001 DOE Universty Cod
Research Contractors Review Conference, Pittsburgh, Pennsylvania, June 1-2, 2001.
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CHAPTER NINE: CONCLUSIONSAND ACKNOWLEDGMENT

9.1.

CONCUSIONS

The activity of Sngle salt cataysts usad in the gasification of cod was found to be

in the following order:

Li>CO3>Cs,C0O3>CsNO3>KNO3>K ,CO3>K »,S04,>NapCO3>CaS0;,.

The cadytic activity increased by varying degrees with increesng amounts of
catalysts added to the cod/char. The eutectic cataysts increased gasfication rate
at lower temperatures due to their lower melting point.

Based on the preparation and evauation of over 50 binay and 12 ternary
eutectics, the 43.5% Li»CO3-31.5% NaCO3-25% K>CO3 and 39% Li,CO3-38.5%
NaCO3-22.5% Rb,CO3; were identified to be the best ternary eutectic cataysts.
The 29% N&COs-71 % K>,CO3; was the most effective binary eutectic. In generd,
the activity wasin the order of ternary> binary > single sdts.

The method of catdyst addition had sgnificant effect on the gadfication rate and
the extent of carbon converson. The incipient wetness method gave better results
than the physcd mixing method in the TGA dudies. This is dtributed to
improved catalyst digribution and disperson on the surface of the cod. The
results are especidly important in reducing the severity of cod gadfiers since the
eutectic catalyss (with low mdting points) yidd ggnificant gesfication rates
even at low temperatures.

The obsarved eactivity order of incipient wetness>physcd mixing, may be
acribed to disperson effects.  The incipient wetness method alows the catayst
to penetrate into the pores of the cod sample and aso enhances uniform
digribution of the cadyst within the cod thereby increasing the dispersion,
catdys utilization and effectiveness.

Temperature was found to have a dgnificant effect on the rate of gadfication of
cod. The rate of CO, gadfication increased up to 1033 K. The amount of
catalyst increased the CO, gadfication and steam gadification rate and gpproached
complete converson when 10 wt % of catalyst was added to cod.

Within experimentd error, there was no effect of sysem pressure on the
gasfication rate in the LNK system. This was amilar to the observaions made by
earlier researchers,

There was a dgnificant effect of catdyst loading on the gasfication reaction in

both catalyst sysems. Both the gadfication rates and converson leves were
found to increase with the increase in the metd (catalyst) to carbon (M/C) rétio.
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Bdow 10 wt. % catdys loading, the specific gadfication rate increased linearly
with increase in the M/C rdio, indicating the gadfication rate to be independent
of the catalyst type, and just dependent on the concentration of the akali metds.

The effect of seam flow rate showed a different behavior in the two catdyst
gydems. With increase in deam flow rae, the carbon converson leves in the
LNK system increased. However, the NK system showed an inconsistent behavior
a different steam flow rates. Additiond work is needed to understand this
difference in behavior.

The effect of the partid pressure of steam on the water gas-shift reaction was
ducidated from the experiments caried a different steam/water flow rates for
both catalyst systems. The rise in [CO,]/[CO] ratio with steam flow rates was in
accordance with the thermodynamics of the shift reaction.

A gmple Langmuir-Hinshewood type rae moded, excduding the effect of
hydrogen inhibition provided a reasonably good fit to the experimenta runs a
different temperatures and steam/water flow rates.

The activation energy of the NK system (201 kJmol) was twice that of the LNK
sygem (98 kJIJmol) indicating a better cadytic activity by the liquid ternary
catayst. The exothermic molar heat of adsorption for the LNK and NK systems
were 180 and 92 kI¥mol respectively.

For both catdyst systems (LNK and NK), a sgnificant increase in the specific
gadfication raes was obsarved with the decrease in the partid pressure of
hydrogen.

The cdculated hydrogasfication rates for the LNK cadys were found to be
lower than the corresponding rates for the NK catayst, as opposed to what was
observed earlier in the case of pure steam gadfication. Additiona experiments
edtablished that the reason for this unexpected behavior was possbly due to the
diffe’ence in the average sample paticdle sze Subsequertly, one
hydrogesfication experiment was caried out with a dightly smdler average
particle sze of the LNK pyrolyzed char. With a decrease in the average particle
gze of the LNK pyrolyzed char the gadfication rate increased. Further
cdculaions showed that, probably the surface chemica reection was the likely
rate-limiting step in the hydrogasification experiments.

A Langmuir-Hinshelwood type reection kinetic mode was developed to sdtisfy

the experimentd data for both the catdyst sysems and a mechanism was
proposed to explain this modd.
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Solvent-to-char ratio and mixing time were found to have negligible effect on the
extraction efficiency by water.

The weight percentage recovery of the desired catdyst sdts by water was found
to increase with an increase in the extraction temperature.

Recovery of lithium in the case of water extraction was condderably low. Even
a higher temperaiures, the maximum recovery of lithium was found to be only
about 7.5% for the LNK cadyst. This was attributed to a mgor part of the
lithium ions being dther tied up as water-insoluble duminoslicates and other
insoluble Ats, or low water solubility of Li,COs.

Sulfuric acid and acetic acid proved to be much better extraction solvents than
water because, in addition to providing dmost complete recovery of Na, close to
80% of K and Li could be recovered in both cases.

While it can be concluded from the catdyst recovery experiments that acetic acid
and sulfuric acid are much superior extraction solvents than water, an economic
andyss of the catadys recovery process showed that the annua cost of catdyst
regeneration would be the lowest for the sulfuric acid based extraction scheme.

Economic caculations dso showed that the sulfuric acid based extraction was a
better economic option than even the once-through system.

It can be concluded from the sendtivity andyss that while acetic acid based
extraction cost is highly sengtive to the cost of acetic acid, water extraction and
the once-through process are very sendtive to fluctuations in the cogt of lithium
cabonate.  Sulfuric acid extraction is reatively inet to the changes in these
critical components.

Though the economic andyss showed tha the cost of NK catdyst regeneraion
usng sulfuric add was lower than the corresponding cost for the LNK catayd,
the find choice of catayst would depend on the combination of catayst recovery
economics and the particular catdys’'s effectiveness in improving the steam
gadification rates.

Finding a cheaper source of acetic acid could consderably lower the cost of
catayst regeneration and make the acetic acid extraction scheme very economica
because, most of the other variable operating costs for the acetic acid extraction
are low compared to the other two extraction schemes.

A multi-stage extraction scheme could dso be tried out to see if it can provide
increased recovery of catalyst and thereby reduce the cost of make-up cataysts.

Since the present work evauated the economics of the catayst recovery schemes
consderlng the caidys recovery plant to be independent of the gadfication plant,
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additiond savings in the cost can be redized if the heat and materid integrations with
the gagification plant are incorporated.

Gadfied chars with different levels of carbon conversons as well as catayzed cod
and pyrolyzed coa were characterized in this sudy by X-ray diffrection to identify
several phases. NaKCOs, LiNaCOs; and most notably LiKCOsz were identified as
phases formed during gadfication, and were bdieved to be insrumentd in the
eutectics providing higher gadficaion (cadytic) activity. A new intermediate
specie, KLiSO, was dso found in the gasified char.

The physcd digributions of LNK and NK catays systems in their respective lllinois
#6 cod char surfaces were examined usng a scanning eectron microscope (SEM).
Both catdys sysgems showed uniform disperson on the ungadsfied cod matrix
indicating homogeneous mixing. An atempt was made to edablish a quditative
correlation between the type of caays, its digribution, and effect on the overdl
cabon converson. Gadfied chars were found to be highly porous in nature and
codesce in the case of the binary (NK) catalyst, whereas the ternary catayst (LNK)
showed highly porous and crystdline morphology. X-ray diffraction patterns of these
gasfied char samples seemed to indicate the formation of potassum polysulfides

(KxSy).

Severd dudents were trained and educated a the three participating ingtitutions.
Most of these sudents are now either in graduate school in chemica engineering or
employed.

Two madters thess and severa publications resulted from this study.
Ovedl, the project had ggnificant impact on the chemica engineering research and

educational program a Clark Atlanta Universty, the Universty of Tennessee Space
Indtitute and the Georgia Ingtitute of Technology.
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CHAPTER TEN: SUGGESTIONSFOR FUTURE STUDIES

Based on the three-year study, a number of binary and ternary eutectic catdyst sysems
were identified and found to increese gedficaion rae sgnificantly. The methods of
cadys preparation and addition had dgnificant effect on the cadytic activity and cod
gadfication. The incipient wetness method gave more uniform caidys didribution than
that of physcd mixing for the soluble cataysts resulting in higher gesfication rates for
the incipient wetness samples. The effects of mgor process vaiables such as
temperature, pressure, catadyst loading and steam flow rate on the gadfication kinetics
were evduated. Temperature was found to have a dgnificant effect on the rate of
gasfication of cod/char. Pressure did not have much effect on the carbon converson and
the overal gadfication rates. The amount of @dys loading increased the CO, and steam
gasfication rate and approached complete converson when 10 wt % of catdys was
added to the coal. As part of this DOE Universty Coal Research (UCR) project, based
on the TGA dudies, the team recommended three eutectic salt mixtures, 43.5% Li,CO3—
31. 5% NaCO3—25% K,CO3 (LNK); 39% Li2C03—38.5% NaCO3—22.5% szCOg
(LNR); and 29% NaCO3s—71% K,COs (NK) @ for further evauation. Of these three
catalyst mixtures, only LNK and NK were further evauated in the hgh temperature, high
pressure, differential fixed bed to develop overdl reaction kinetics rate expressons as
functions of temperature, carbon content of the bed and partia pressure of H,O. A
Langmuir-Hinshelwood type rate moddl was used to describe the overdl kinetics and the
effect of hydrogen inhibition was excluded.

Gadfied chars with different levels of carbon conversons as wel as catdyzed cod and
pyrolyzed cod were characterized in this study by X-ray diffraction to identify severd
phases. NaKCOgs, LiNaCOs; and most notably LiKCOs were identified as phases formed
during gadification, and were believed to be indrumental in the eutectics providing higher
gadfication (cataytic) activity. A new intermediate specie, KLiSO, was dso found in
the gasified char.

The physcd digributions of LNK and NK catdyst systems in their respective lllinois #6
cod char surfaces were examined usng a scanning eectron microscope (SEM).  Both
cadys sysems showed uniform disperson on the ungasfied cod marix indicaing
homogeneous mixing. An atempt was made to edablish a quditalive corrdation
between the type of catdyg, its digtribution, and effect on the overdl carbon conversion.
Gadfied chars were found to be highly porous in nature and coalesce in the case of the
binary (NK) cadys, whereas the ternary catayst (LNK) showed highly porous and
cayddline morphology. X-ray diffraction patterns of these gasfied char samples seemed
to indicate the formation of potassum polysulfides (K« Sy).

In summary, under the exising UCR contract, the CAU/UTSI/GT team demondrated
that the three eutectic catdyst mixtures can provide superior performance in comparison
to the conventiond (single sdt) catalysts used in the field of cod gadfication

Recent advances in modeling agorithms and computationad capabilities have improved
the deveopment of detaled computationd modeds to sSmulate molecule-surface
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interactions.  These modds can hdp in diminating unproductive and non-feasble
reection pathways. Vdidaion of such modds usng cod gasfication data obtaned from
ternary and binary eutectic salt mixtures can probably describe an ided catdyst mixture
for the desred reaction pathway. This would help in developing a “best’ catdyst system
for producing synthess gas from coad which can then serve as subgtitute for source of
energy or as chemical feed stock. Under the current energy criss, and skyrocketing
prices of ol and naturd gas, this devdopment would be very timdy. And the
suggestions for the future studies are asfollows:

Extend SEM/microprobe andysis and X-ray diffrection andyds of the partidly
gadsfied, totaly gadsfied and ungasfied (but pyrolyzed and catdyzed cod) to
develop reationships between the carbon converson, cadyst mobility, cadyst
disperson and overdl carbon gasificetion rete.

Evduate the effect of cetan cadys promoterdenhancers (such as  sulfur
compounds of K, Na Li, and iron as pyrites) on demineralized carbon or
commercidly available graphite, or carboseve (carbon molecular seve). Select
these promotersenhancers based on the literature and X-ray diffraction results
obtained so far.

Determine catayst turnover frequency (eg., carbon gadfication rate per surface
area or active dte) usng TK (trandent kinetics) method developed by scientists at
the Penn State University .

Confirm K,O digribution (as measured by CO, chemisorption) using the method
developed by Radiffe and Vaughn a Exxon. For chars containing dkai metd
sts and with diffeeent carbon conversons, the results obtaned from
SEM/microprobe anadyss and this chemisorption method should give comparable
correlationship between the char reactivity and carbon conversion levels.

Develop a reaction mechanism for one caidyst sysem udng experimentd and
char characterization results. From this determine the necessary mode
parameters (such as rate condants for underlying reactions). Usng this
information then predict the behavior of the 2 catalyst system, and compare such
prediction with the actua experimental data from that 2" catayst system.

Also, test the latest available literature models for the cataytic cod gasification

with the experimental data generated for the LNK and NK cataysts.
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