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HIGHLIGHTS 

Preparation o f  Low-Rank Coals 

o Batch equi lbr ium tests showed removal of ,  sodium from l ign i te  wi th  cal- 
cium chloride solution was signif icantly improved by high calcium chloride 
concentration. 

o Sodium., calcium, and potassium in l ign i te  were s igni f icant ly reduced by 
ion exchange w i th  magnesium chloride solutions, w i th  sodium reduction as 
high as, 92 pct .  

o "Hot-water dryingt1 tests on a N o r t h  Dakota l igni te o f  nominal 35 pct 
moisture showed .significant moisture . reduction, as high as 75 p c t  . a t  
264OC, 15 minutes drying time, and 1.8: 1 .solid: liquid rat io. Over ha l f  
t he  sodium was' removed during the  process a t  these conditions. 

Low-Rank Coal Liquefaction 

o Elemental su l fu r  and i r on  py r i t e  gave improved dist i l late yields,, while 
mil l  scale and magnetite gave reduced 'd ist i l la te yields from ' l igni te . l ique- 
fact ion . w i t h  'syngas in batch cold-charge autoclaves as compared t o  
uncatalyzed experiments. 

o Hot-charge liquefactions of  a l igni te and a subbitdminous coal showed a 
consistent increase in product  H/C ra t io  over uncatalyzed experiments, 
indicat ing possible improvement in s l u r r y ,  viscosity during recycle oper-  
ation. . . 

o Greater improvement in l iquids y ie ld over uncatalyzed reaction f rom H2S 
and/or.  S addit ion .was shown by a Texas l igni te over  .a Nor th  Dakota lig- 
nite, possibly due to. lower p y r i t e  and sodium content o f  the  Texas lig- 
nite. 

o Hydrogen sul f ide showed greater improvement in yields than  solid ad- 
d i t ives FeSi, Fe203, and elemental su l f u r  in once-through CPU tests 
w i th  a Nort t i  Dakota l igni te and sygnas. 

o Use o f  added catalysts permits lower temperature operation f o r  a g iven - 
yield. 

o Solvent characterization studies reveal t ha t  hydrogen-donor compounds 
a re  maintained bet ter  a f ter  extended cyc l ing in H2S-catalyzed than  in 
uncatalyzed runs  in CPU recycle operation wi th  Nor th  Dakota l igni te and 
ei ther hydrogen o r  syngas. 

o Use of H2S does no t  increase su l fu r  content in the  vacuum disti l late, 
although more sulfur-compounds are found in the  l i gh tes t .  o i l  fract ion. 

o Mutagenic a r rays  on extracted dist i l lable CPU products showed no res- 
ponse t o  hydrocarbon o r  phenolic fract ions o f  vacuum disti l lates whether 
o r  no t  H2S was 'used. , 



o Quar tz  and calcium carbonate were major const i tuents. in samples o f  reac- 
t o r  coke.  and  reactor  blowdown solids f rom CPU r u n s .  - Pre l iminary . re -  
su l ts  indicate H2S may i n h i b i t  ool i te formation, since CaC03 was o n l y  a 
minor  phase when H2S was used. 

o Studies by Advanced Coal Research o n  t h e  k inet ics o f '  py ro l ys i s  o f  
Beulah l i gn i te  suggest  t h a t  t he re  may b e  two react ions responsible far 
coal decompositions, one dominat ing t h e  low-temperature . range and ' t h e  
o the r  increasing in importance w i t h  increasing temperature. T h e  lower- 
temperature react ion i s  postulated t o  be  character ized by decarboxylat ion 
and dehydrat ion,  t h e  h igher  by decomposition o f  phenolics, glysols, and 
benzy l ic  h y d r o x y l  compounds. 

Slagging Fixed-Bed Gasification o f  Low-Rank Coals 

o The  c u r r e n t  series o f  extended r u n s  o f  t h e  s lagging f ixed-bed gasi f ier  
was concluded w i t h  a 68-hour run (RA-120) and a 32-hour run (RA-121) 
w i th  Ind ian Head l igni te.  

o Attempts In  rlln Fmery bituminous ~ o a l  alonc and mixed w i t h  ll~cliefis HsdJ 
l i gn i te  were terminated in a few hours  d u e  t o  fue l  bed problems and slag 
taphole plugging. 

o A .total o f  30,000 gallons o f  wastewater was collected and stored in a 
f reezer ca r  f o r  t rea tab i l i t y  studies during t h e  tota l  program. 

o Time sampling o f  light o i ls  indicates t h a t  waste stream composition l ines 
o u t  v e r y  ea r l y  in a gasi f ier  run, probab ly  in less than  6 hours.  

o In t h e  operat ion o f  t h e  Act ivated Carbon f i l t e r  t reatment  ~f coal gas- 
t f iedt ion wastewater a t  Georgia '  l ns tu tu te  o f  Technology, an increase f rom 
10 p c t  (1000 ppm TOC) t o  15 p c t  (1500 ppm TOC) in wastewater concen- 
t ra t i on  caused t h e  system t o  fa i l .  

o .  A wastewater t reatment  t ra in ,  consist ing of  I-ouyh filtr-ation, solvent  
exfract ion,  and ammonia s t r ipp ing ,  was leased f rom Resources Conserva- 
t ion  Company and  i s  be ing insta l led and operated by t h e  Un ive rs i t y  of 
Nor th  Dakota f o r  t es t  w o r k  t o  begin in t h e  n e x t  qua r te r .  

Atmospheric.  F lu id ized Bed Comb,ustion o f  Low-Rank Coal 

o The  las t  of a series o f  low-sodium Beulah l ign i te  tests was per formed o n  
t h e  2.25-ft2 AFBC w i t h  a low ra te  o f  nahcoli.te addi t ion to evaluate 
sodium bicarbonate addi t ion o n  sulfur capture  and hed ~ g g l a m e ~ - a t i o n .  
The added sodium was on ly  21 p c t  ut i l ized, and agglomeration o n  t h e  
feed p late terminated t h e  run a f te r  42 hours.  



, o Four runs  were made on the 2.25-ft2 AFBC to  investigate agglomeration 
wi th  Beulah l igni te samples w i th  sodium lowered by ion exchange w i th  
su l fur ic  acid. The untreated coal gave severe agglomeration and t e r -  
mination a f ter  62 hours, while three tests a t  various sodium levels w i th  
ion-exchanged coals gave l i t t le  agglomeration, even a t  sodium levels (6.7 
pet and 9.5 p c t  in ash) tha t  would be expected t o  g ive  t roub le  if pres-  
ent  in untreated coals. 

' 

o Measurements o f  heat t ransfer  coefficients on tubes in AFBC w i th  Sarpy 
Creek, subbituminous coal showed only a small (2 t o  5 pc t )  ef fect  on  t h e  
coefficient f o r  a heat t ransfer  surface low in the  bed and one near the  
top. Measurements var ied from 40 t o  60 ~ t u / h r - f t 2 - O ~  f o r  various con- 
dit ions. 

o A mechanism o f  quar tz  bed agglomeration i s  proposed in a repor t  com- 
pleted during the quar ter  by UND, postulat ing a four-stage process 

, terminating in glass-cementing o f  large agglomerates. 
. .  . 

Ash Fouling and Combustion 

o A f ie ld  tes t  was commenced at  the Leland Olds Station on  effectiveness o f  
additives in prevent ing ash foul ing. Because the stat ion i s  experiencing 
low demand, no  foul ing was obtained wi thout  addi t ive use, . and the t es t  
was discontinued. 

o Morwell and Esperance l igni te from Australia, containing high sodium as 
NaCI, were tested in the GFETC ash foul ing unit and were found to be 
h igh  foul ing. 

combined' Flue   as Cleanup/Simultaneous SO..-NO.a Control  ,., , 
A A 

o rvlorphological experiments were carr ied ou t  by in ject ing limestone par -  
t icles in to  the flue gas from a propane-f ired combustor a t  temperatures 
f rom 1200° t o  3000°F. Conversion f r o m .  CaC03 t o  CaO commenced a t  
1800°F and was 90 t o  95 pc t  complete a t  2800°F. Surface area o f  t h e  
limestone af ter  inspection was found t o  be re lat ively low (up t o  3 m2/g) 
and pore development was consequently poor. 

o Investigation o f  a spray d r y e r  f lue gas desulfurizat ion process b y  t he  
Univers i ty  o f  Tennessee was commenced us ing 22 fly ash samples f rom 
various low-rank coal and bituminous coal-f i red power stations. Su l fu r  
dioxide removal efficiencies from 0 t o  46 p c t  were obtained. 

Particulate Control and Hydrocarbons and   race-~lement Emissions From 
Lo'w-ran k Coals 

o Results o f  a detailed material balance performed under  contract  by GCA/ 
Technology Division o f  Bedford, Massachusetts, on  a Beulah l ign i te  
burned in the GFETC 2.25-ft2 AFBC p i lo t  p lant  are  reported. Analyses 
f o r  24 elements were performed in al l  signif icant process.  streams. 
Particulate 



emission levels were lower than normal performance o f  conventional com- 
bust ion systems and than t he  cu r ren t  New Source Performance Standard 
f o r  steam-electric boi lers by I and 2 orders  o f  magnitude, respectively, 

o 'Polycyclic organic matter concentrations in baghouse ash f rom AFBC wi th  
Beulah l ign i te  were found t o  be substantial ly h igher than those found in 
ash from pulver ized coal firing. 

o Ames tests (Salmonel la mutagenesis assays) showed Beulah l igni te AFBC 
ash t o  be on ly  moderately mutagenic. 

Waste Characterization and Disposal 

o Concentrations o f  e igh t  trace elements (AS, Ba, CdI Cr,  Pb, Hg, Se and 
Ag)  in f o u r  low-rank coal solid waste materials from the  GFETC 2.25-ft2 
AFBC were reported. Differences among a Nor th  Dakota l igni te w i th  and 
wi thout  supplemental limestone, a Texas lignite, and an I l l inois bituminous 
coal were rough ly  in the sarnf! range. The  l l l inols coal fly ash wbs low 
in arsenic and barium and h igh  in chromium relat ive t o  the l ignites. 
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.1.1 GOALS AND.OBJECTIVES . 

The goal o f  the  Coal Preparation Project a t  the  Grand Forks Energy 
Technology Center (GFETC) i s  .to develop environmentally acceptable and 
cost-effective preparation. technologies f o r  low-rank coals t ha t  address 
problems in :storage, transportation, combustion, and conversion processes. . 
The objectives o f  the  p,roject are to: 1) characterize and catalog , the phys-  , 

ical propert ies o f  low-rank coals; 2);develop, test, and demonstrate p ro -  
cesses t o  upgrade low-ran,k coa1.s b y  moisture - removal. and mineral matter 
alteration; 3) define, develop, and evaluate preparation processes f o r  sul- 
fur removal p r i o r '  t o  combustion and f o r  feedstock imp'rovement' f o r  conver- 
sion 'processes; and 4) define and evaluate impacts o f  exist ing and poten- 
t ia l  preparation techniques and reduce such impacts t o  acceptable levels'. 

.Specifically, objectives f o r  .FY 1982 project act ivi t ies are to: 

1. Continue ion .exchange studies t o  remove sodium from low-rank 
coals. 

a. Develop basic kinetic data on removing sodium from l igni te 
u t i l i z ing calcium o r  magnesium as the exchanging ion. 

b. . Extend previously developed kinetic models f o r  l igni te t o  
include subbituminous coal. 

c. ~ e v e i o p  conceptual .designs t o  remove sodium from l igni te 
using calcium o r  magnesium as exchanging ions and deter-  
mine costs. 

.2. Conduct laboratory tests t o  determine feasib i l i ty  o f  hot-water/ 
steam drying of low-rank coals f o r  application in s l u r r y  t rans- 
port ,  combustion o f  coal-water mixtures, and t ranspor t  o f  solids 
in to  pressure vessels. 

Objectives f o r  third quar ter  o f  FY 1982 were to: 

1. Continue laboratory studies t o  develop basic kinetic data f o r  a 
mathematical model t reat ing l igni te w i th  CaC12 solutions. 



.2. Continue development of  data on chemical and physical propert ies 
o f  hot-water/steam drying coal as a funct ion o f  process conditions. 
In i t ia te  hot-water/steam d r y i n g  o f  subbituminous coal and Texas 
l ignites. 

1.2 ACCOMPLISHMENTS 

1.2.1 Ion Exchange . 

A s tudy  was made t o  determine the  equi l ibr ium sodium in l igni te a f ter  
ion exchange. Table 1-1 shows the percentage o f  sodium removed from 
l ign i te  sized 14 X 20 mesh us ing a 0.01 and 1.0 N CaCI2 solution. The 
durat ion o f  t he  batch run was 24 hours, and the  l iquid-to-sol id rat io was 
10:1, as expected. As expected, Ltie higher  CaC12 concentration of 'I . N  
CaCI2 gave f a r  be t te r  results, removing over 89 p c t  of  the  sodium a t  e- 
qui l ibr ium. 

TABLE 1-1 

EQUI.LIBRIUM SODIUM REMOVED FROM LIGNITE 
(NORMALIZED DATA) 

In i t ia l  CaCI2 Conc. 
N 

Percentage Sodium 
Removed at  Equi l ibr ium 

Tests were made t o  determine the equi l ibr ium between ions in l igni te 
and magnesium f rom MgS04 (magnesium sulfate) solutio,ns. The  l igni te 

. tested contained 8% sodium as oxide in the ash; MgS04 solutions concen- 
t ra t ions var ied f rom 0.005 to  0.14 molar; and contact between solution and 
solids was 24 and 48 hours. L igni te part ic le size was 14 X 20 mesh. Table 
1-2 shows t he  metal analyses o f  as-received and treated coals. Results 
showed signi f icant  ' sodium, calcium, and potassium reduction. Data do not  
show an increase in magnesium content in coal as a funct ion of  increased 
t rea t ing  .solution s t rength.  

A mathematical model t o  pred ic t  t he  removal o f  sodium from l igni te 
us ing CaCI2 solution i s  being developed. Variables which affect product  
sodium content included solution concentrations, solid and l iqu id  residence 
times, part ic le size, and sol id-to-l iquid rat io. Typical  data are shown in 
Figures 1-1 and 1-2. Figure 1-1 i s  a p lo t  o f  percentage cations remaining 
in the  l igni te as a funct ion of  t he  residence time f o r  part icles sized 10 x 
48 mesh, w i th  a CaCI2 solution concentration o f  0.1 N, and a solid-to-l iquid 
ra t io  o f  1:2. F igure 1-2 is  a p lo t  of  the percentage cations remaining in 
the l ign i te  as a funct ion of sol id-to-l iquid rat io in the range from 1:2 t o  
1:4, f o r  10 x 48-mesh particle. size, CaCI2 solution concentration of 0.1 N 
and solid residence time o f  10 minutes. 

1-2 



TABLE 1-2 

ANALYSIS OF METALS IN AS-RECEIVED 
LIGNITE AND LIGNITE HEATED WITH MgS04 SOLUTION 

Initial Analysis of Lignite A f t e r  ion Exchange . 

MgS04 Ash 
Conc . Time, Moisture . (Dry Bas'is) Metal Ions In Lignite Precent Ions Removed From Lignite 

g mole/& H r .  % % Na K Ca A1 Fe Na K Ca A1 Fe 

0 A s  Received 35.70 12.37 11232 402 20801 -- 6102 8736 -- - - - - -- -- 
0.00680 2 4 55 -99 13.83 3749 375 21424 6249 8569 13747 78.6 22.6 21.0 0 0 

0.00480 48 42.57. 10-23 2810 146 16295 4585 5956 9103 77.9 44.8 19.5 0 0 
P 

1 0.0480 w 24 41.13 10.07 974 172 12550 8114 3787 9196 91.3 42.9 34.0 0 0 

0.0480 48 42.04 10.87 1776 237 13142 9472 6394 10480 86.2 40.8 41.5 0 0 

0.140 24' 42.91 11.34 884 184 11490 8207 4672 10480 92.5 41.1 46.7 0 0 

0.140 48 44.83 10.71 706 179 9181 4120 6474 10005 90.3 43.2 51.0 0 0 



Fl GURE 1-1. Lignite treated with CaC12 solutiens. 
Cations remaining in coal as a function 
of residence time. 
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FIGURE "-2. Lignite treated wi'th CaClz solution. 
Catims remaining in coal as a 
function of solid/liquid ratio. 



1.2.2 Hot-Water/Steam D r y i n g  

. A  s t u d y  was made o f  hot-water drying o f  low-rank coals. T h e  l i gn i te  
tested was f rom t h e  Baukol-Noonan Mine a t  Larson, Nor th  Dakota. T h e  
coal contained 35 p c t  moisture, had  an ash content  o f  '6.9 p c t  (as received), 
and .a par t ic le  size o f  100 x 140 mesh. Table 1-3 shows moisture and ash 
content  o f  t h e  coal before and a f te r  drying. Tests were run a t  214O and 
276OC a t  a sol id- to- l iqu id ra t io  o f  3:1; a t  a sol id- to- l iqu id ra t i o  o f  1 :8 o r  
2:1 a t  temperatures o f  261°, 264' and 225OC. Results show t h a t  increasing 
process temperature increases moisture removal. Hot-water drying does 
no t  remove ash. 

MOISTURE AND ASH CONTENT OF LOW-RANK 
COAL BEFORE AND AFTER HOT-WATER DRYING 

Ash  Content  
Moisture Content  ( D r y  Basis) 

Dry ing ,  D r y i n g  Solid/ Or ig inal  D r ied  Moisture Or ig ina l  Dr ied  
Run Temp., Time, L iqu id  Lignite, Lignite, Reduction Lignite, Lignite, 
No. OC min. Ratio 6 % % % % 0 

Moisture reabsorpt ion propert ies o f  ho t -water -dr ied  l ign i te  were deter -  
mined by placing t h e  p roduc t  in a humid i ty  chamber a t  71°C and 100 p c t  
humid i ty  and measuring changes in. moisture content  during a 23-day per iod.  
F igu re  1-3 i s  a g r a p h  o f  moisture reabsorpt ion as a func t ion  o f  drying 
temperature and time in a humid i ty  chamber. Results show t h a t  equi l -  
i b r i um moisture in t h e  sample was reached w i th in  several days and t h a t  
p roduc t  equi l ibr ium moisture decreased w i th  increasing process temper- 
 at!^ re .  

The  quan t i t y  o f  Na, K, and Ca removed f rom t h e  l ign i te  was measured 
f o r  each o f  f i v e  tes t  runs .  The  sol id- to- l iqu id ra t i o  was 1:1 and t h e  
d r y i n g  temperature var ied  f rom 204O t o  284OC. T h e  ash analysis o f  t h e  
or ig inal  l ign i te  i s  shown Table 1-4; t h e  percentage o f  inorganics removed 
as a func t ion  o f  process temperature i s  shown in Table 1-5. .Of pa r t i cu la r  
in teres t  i s  t h a t  over; 50 p c t  o f  t h e  sodium was removed a t  284OC. 
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F l  GU RE 1-3. Twenty-three day moisture reabsorption test on slurry dried 
coal and original coal in 100 pct humidity chamber at 7 I 0 F .  . 

TABLE 1-4 

ASH ANALYSIS OF ORIGINAL LIGNITE 

maf Basis 
in Lignite, % Oxide in Ash 

% 

Sodium 0.3960 7.17 

Potassium , 0.0323 0.524 

Calcium 0.9802 18.02 



TABLE 1-5 

IONS REMOVED B Y  HOT-WATER DRYING 
SOLID/LIQUID RATIO = 1:1 

Run  D r y i n g  Percentage Removed From L ign i te  
No. Temp, OC Na K Ca 

Steam d r y i n g  tests a re  being per formed on Fair f ie ld l ign i te  and Sarpy  
Creek and Rosebud subbituminous coal. Moisture reduct ion and s u l f u r  and 
ash changes in steam drying Rosebud subbituminous coal a re  shown in 
Table 1-6. In t h i s  series o f  tests, 1%-inch size coal was d r i e d  a t  tem- 
pera tures  v a r y i n g  f rom 271° t o  314OC a t '  a residence time o f  20 minutes. 
The  dens i t y  ra t i o  o f  d r i ed  coal t o ,  as-received coal and t h e  average 
shr inkage a f t e r  drying a re  l is ted in Table 1-7 f o r  var ious drying t em-  
peratures.  

T h e  analysis o f  t h e  residual gas in t h e  reactor  i s  shown in Table 1-8, 
and t h e  analysis o f  t h e  inorganics in t h e  e f f luents  is  shown in Table 1-9. 
T h e  gas. analysis indicate th,at t h e  concentrat ion o f  C02, CO, and CHI 
increase w i t h  drying temperature. Sodium did n o t  appear in t h e  e f f l uen t  
f rom steam drying as it did in hot-water  drying. 



TABLE. 1-6 

ANALYSIS OF STEAM DRIED COAL 

Ash Sulfur 
Dry ing Moisture Ash Content, 2 Reduction Sulfur Content, % Reduction 

Run Temp,, Pr.essure Moisture Content, % Reduction ( D r y  Basis) % ( D r y  Basis) % 
No. OC psiGI Initial Dried % Initial Dried i:Dry Basis) Initial Dried ( D r y  Basis) 

Rosebud Subbituminous 
, 

7 I6 
03 

271 750 25.70 . 8.09 75.313 10.44 7.73 28.13 0.48 0.50 -7.11 



TABLE 1-7 

PHYSICAL PROPERTIES OF. DRIED COAL 

Density 
~ a t i o  o f  Average Shrinkage, % 

Drying Dried To . . shatter ' Strength Parallel Perpendicular 
Run Temp., Density, gm/ml Original Shatter Strenath Ratio of Dried To Bedding To Bedding 
No: OC ,Original Dried Coal Original Dried To Original Coal Plane Plane 

- 
Rosebud Subbituminous 



TABLE 1-8 

RESIDUAL GAS ANALYSIS 

Drying 
- - 

Run Temp., Normalized Gas Analysis, % 
No. OC co2 CO CH, C2H6 C3Hs H2 0 2  NP H2S NH3 

.?osebud Subbituminous 



TABLE 1-9 

EFFLUENT. WATER 'ANALYSIS 

pH Of 
Drying Distilled pH Of Sulfur 

Run Temp., Water Bottom Ion Concentration I n  Bottom Water, ppm Conc., 
No. ,OC. Charged Water Na. K Ca Mg . . PPm- . 

Rosebud Subbituminous 

271 5.2 2.8 42 2.54 3.09 

Background 
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2.1 GOALS AND OBJECTIVES 

T h e  objectives o f  t h e  l iquefact ion pro jec t  , a t  GFETC a r e  to: 1) establ ish 
t h e  engineer ing data base on t h e  l iquefact ion behavior  o f  low-rank coals; 2) 
s t u d y  t h e  use . o f  process-derived p r o d u c t  s lu r r ies  and liquid f ract ions as . 
recycle solvents; 3) evaluate react ion parameters t o  opt imize liquid y ie ld  and 
qual i ty ;  4) s t u d y  t h e  effects o f  disposable cata lysts such as i r o n  py r i t e ,  
su l fur ,  ammonia, and hydrogen sulf ide; and 5) character ize in detai l  a l l  d is -  
t i l lab le products  and corre late s t r u c t u r e  as determined by NMR, IR, UV, .and 
MS t o  H-donor ab i l i t y  o r  solvent qua l i t y  as determined f rom experimental 
yields. 

T h e  main act iv i t ies out l ined in t h e  FY 1982 l iquefact ion work  ,p lan  have 
t h e  fo l lowing goals: 

1. Determine t h e  effect iveness o f  H2S and elemental s u l f u r  as ' 'dispos- 
able" catalysts on l iquefact ion b y  evaluat ing y ie lds and p r o d u c t  
qua l i t y  a t  reduced sever i ty .  Determine t h e  th resho ld  par t ia l  p res-  
su re  o f  hydrogen w i t h  bottoms recycle and t h e  equivalency o f  
syngas a t  t h e  hydrogen par t ia l  p ressure  threshold.  Expand t h e  
data base o n  low-rank coals us ing  two subbituminous coals and, one 
l ign i te.  



2. Character ize al l  p r o d u c t  streams o f  recycle r u n s  and corre late . 

resu l ts  wi th '  process condit ions. Synthesize var ious hydrogenated 
model PNAs and determine t h e i r  hyd rogen  donat ing ab i l i t y  w i th  coal 
and coal-derived solvents. S tudy  products  o f  react ion o f  coal w i t h  
labeled gases t o  ga in  i ns igh t  i n to  coal s t r u c t u r e  and mechanisms o f  
react ion. Develop methods t o  determine t h e  ex ten t  o f  s u l f u r  incor -  
porat ion, if any, in l iquefact ion products  produced us ing  H2S as a 
cata lyst .  

T h e  w o r k  repor ted  t h i s  q u a r t e r  has been d iv ided in to  twelve segments 
and covers t h e  act iv i t ies o f  t h e  GFETC l iquefact ion process group;  t h e  GFETC 
organ ic  and inorganic analyt ical  research groups;  and t h e  Un ive rs i t y  o f  Nor th  
Dakota (UND) hot -charge autoclave program. 

2.2 ACCOMPLISHMENTS 

2.2.1 Status o f  CPU Liquefact ion Tests and Equipment Modifications 

Continuous Procc3s U n i t  (CPU) tes t  studies during tl-iis i.epolqti l ly ptcreiud 
inc luded f i v e  bottoms recycle r u n s  (85, 86, 87, 88, and 89) and e igh t  once- 
t h r o u g h  tests.  T h e  recycle r u n s  were made as p a r t  o f  a temperature s t u d y  
w i t h  added ' H2S, whi le the  once-through tests accomplished th ree  tasks:  1) 
t e s t  Highvale subbituminous coal w i t h  and wi thout  H2S; 2) tes t  B i g  Brown 
l i gn i te  (BB2) w i t h  d i f f e r e n t  addi t ives inc lud ing s u l f u r  and i r o n  py r i t e ;  and 3) 
t e s t  Beulah l i gn i te  (B3) w i t h  raw and hydro t reated anthracene oil. T h e  
resu l ts  f o r  these tes ts  are incomplete and wi l l  be  repor ted  in subsequent 
q u a r t e r l y  repor ts .  

CPU equipment modifications inc luded ins ta l l ing  e igh t  new reactor  tem- 
pe ra tu re  contro l lers and re fu rb i sh ing  t h e  associated solid state electr ical  
swi tching devices. Drawings f o r  a second tubu la r  reactor  f o r  t h e  CPU were 
completed and mailed t o  36 prospect ive b idders .  

Following i s  a generalized summary o f  resu l ts  obtained t o  date in bo th  . 

t h e  batch  autoclaves and t h e  CPU w i t h  respect t o  disposable catalysts. Some 
o f  these resu l ts  have been repor ted  in prev ious  q u a r t e r l y  repo r t s  but are  
repeated he re  f o r  added c l a r i t y  and comment. 

Several "disposali1 catalysts were invest igated in t h e  cold- and hot -  
charge autoclaves, and an exp lora tory  set o f  experiments were per formed in 
t h e  CPU. T h e  cata lysts were mainly s u l f u r  o r  i r on  compounds. 

In cold-charge autoclave experirnents, l ign i te  from t h e  Beulah mine was 
charged t o  t h e  autoclave along w i t h  a solvent  (AOB2) and a 50:50 m ix tu re  of 
H2 and CO. T h e  react ion m i x t u r e  was heated t o  420°C and t h e n  immediately 
cooled. Results f rom tests w i t h  added S, FeS2, millscale, and Fe304 are 
shown in Table 2-1. Add ing  elemental s u l f u r  produced t h e  greatest  overal l  
convers ion along w i t h  t h e  best  y ie ld  o f  d is t i l la te oil. Py r i t e  also increased 
convers ion and d is t i l la te  o'il yield, whi le bo th  Fe304 and Fe203 had l i t t l e  
e f fec t  on tota l  liquid y ie ld  (SRL + o i l ) .  T h e  two i r o n  oxides, however, d i d  
increase t h e  H/C ra t i o  o f  t h e  p r o d u c t  s l u r r y  when compared t o  t h e  baseline 
test .  



TABLE 2-1 

Addi t ive:  None . S u l f u r  P y r i t e  Millscale Magnetite 
w t  % maf coal: 0 10 15 15 . . 15 
H2 par t ia l  pressure, 

~ s i g  1200 1250 1190 1190 1150 

Yields, w t  % maf Coal: 
Gas & water 31.1 30.4 28.7 27.1 
Dist i l la te 18.2 23.5 22.4 15.8  2 . 9  
SRL 4 0 . 1 .  43.5 42.0 42.5  , 57.7 
Conversion 86.9  92.9  88.8  82.0 86.9  
H2 equiv.  consumed 2 . 5  4 . 5  4 . 3  3 . 4  3 . 2  

H/C atomic ra t i o  
o f  p roduct :  1.27 1 .24  1 . I 3  1 .32  1.35 ' 

a ~ l l  tests were made in t h e  cold-charge autoclave a t  420°C us ing d is -  
t i l led  anthracene oi l  .(AOD2) as t h e  vehicle solvent. 

The  observed increases in p roduc t  H/C ra t i o '  when us ing t h e  two i r o n  
oxides show a potent ial  f o r  reduced recycle s l u r r y  v iscosi ty  w i t h  increased 
p roduc t  hydrogenation. Since p roduc t  s l u r r y  H/C rat ios have been l inked t o  
operab i l i t y  as a func t ion  o f  hydrogen par t ia l  pressure,  as discussed in t h e  
prev ious  q u a r t e r l y  repor t ,  ra is ing  t h e  H/C ra t i o  by us ing a disposable cat-  
a l ys t  could resu l t  in a lower ing o f  t h e  overal l  to ta l  p ressure  requirements f o r  
t h e  process. 

Cold-charge autoclave tests were also made t o  determine t h e  effects o f  
FeS2 w i th  a subbituminous coal. W i t h  t h e  exception o f  t h e  coal, t h e  react ion 
parameters f o r  these tests were ident ical t o  those used in t h e  cold-charge 
experiments j us t  discussed. l ron  p y r i t e  addi t ion w i t h  a Montana subbitum- 
inous coal did n o t  improve overal l  conversion o r  t h e  combined y ie ld  of  SRL 
and oil; it did, however, s ign i f i cant ly  a f fec t  t h e  p r o d u c t  d is t r ibu t ion .  T h e  
y ie ld  o f  d is t i l la te increased, whi le t h e  y ie ld  o f  SRL decreased proport ionate ly  
(Table 2-2) .  

Cold-charge autoclave resul ts  w i th  bo th  Beulah 1,ignite and Absaloka 
subbituminous coal indicate t h a t  all o f  t h e  solid addi t ives tested increased 
reduc ing gas consumption. Th is  was due  p a r t l y  t o  formation o f  H2S and 
reduct ion o f  i r o n  p y r i t e  and p a r t l y  by increased p r o d u c t  hydrogenat ion.  

In hot-charge autoclave experiments, t h e  spectrum o f  addi t ives was 
increased t o  inc lude mix tures  o f  Fe304 and K2CO3, mix tures  o f  FesOr and S, 
and H2S gas. The  ef fects o f  these addit ives, w i t h  t h e  exception o f  H2S, 
were determined us ing t h e  1 - l i ter,  hot-charge autoclave system. Hydrogen 
sul f ide gas was tested 'using t h e  1 -gallon, hot-charge autoclave. 



TABLE 2-2 

Coal : 
Solvent:  
Add i t i ve :  

wt. % maf coal 

Yields, w t  % maf coal : 
Gas & water  
Dist i l la te 
SRL 
I OM 
HZ equiv.  consumed 

ABSI; 
AOD2 
None 

0 

A B S l  
AOD2 
.Py r i t e  

15 

a A l l  tests were made in t h e  cold-charge autoclave 
a t  420°C. 

b ~ o n t a n a  subbituminous coal (Absaloka mine) 
C Dist i l led anthracene oi l .  

Effects on p r o d u c t  d is t r ibu t ion ,  overal l  conversion, and t h e  H/C ra t io  o f  
t h e  p r o d u c t  s l u r r y  were determined f o r  two coals: lnd ian  Head and Absaloka. 
Most tests were made w i t h  t h e  add i t i ve  level a t  between 12 and 15 w t  p c t  of 
t h e  maf coal. T h e  experiments were per formed a t  460°C us ing  bo th  p u r e  
hyd rogen  and  a 50:50 m ix tu re  o f  H2 and CO. T h e  solvent  employed was 
AOD2. Analys is  o f  t h e  ef fects ' o f  t h e  d i f f e ren t  addi t ives in t h e  one l i t e r  
hot-charge autoclave was conf ined t o  changes in p r o d u c t  H/C ra t i o  and i t s  
implications regard ing  p roduc t  v iscosi ty  and u n i t  operab i l i t y  because t h e  
solvent  used in these tests p roved  unstable a t  460°C w i t h  la rge losses due t o  
hyd roc rack ing  and polymerizat ion. This,  coupled w i t h  low mass recoveries, 
confounded t h e  y ie ld  determinations. Comparison c r i t e r i a  assumed t h a t  H/C 
ra t ios  which .were greater  t h a n  t h e  no-addi t ive case would lower p roduc t  
v iscosi ty  and  . improve operab i l i t y  on  cont inuous bottoms recycle. W i t h  bo th  
Absaloka subbituminous coal arid lnd ian  Head l ignite, t h e  addi t ion o f  su l fu r ,  
Fe30,, and FeS2 con t r i bu ted  t o  enhanced H/C rat ios in t h e  p roduc t  s l u r r y  
(Table 2-3). 

When us ing  syngas, t h e  ef fect  o f  a par t icu lar  add i t i ve  was n o t  t h e  same 
f o r  bo th  coals. For  instance, adding Fe304 p l u s  K2CO3 o r  S t o  Absaloka coal 
p rov ided  t h e  greatest  increase in t h e  H/C ra t i o  o f  t h e  product ,  whi le i t s  
add i t ion  w i t h  lnd ian  Head l ign i te  showed on ly  an intermediate increase as 
compared w i t h  t h e  base case. For t h e  lnd ian Head l ign i te  t h e  greatest  in- 
crease in p r o d u c t  qua l i t y  (H/C) was seen w i th  added FeS2. 

The  addi t ion o f  a combination o f ,  Fe304 p lus  S resul ted in H/C rat ios 
g rea te r  t h a n  f o r  e i t he r  Fe304 o r  S addit ions alone. Add ing  K2CO3 t o  Fe304 
also cont r ibu ted t o  enhanced hydrogenat ion o f  t h e  p r o d u c t  s l u r r y  f o r  bo th  
coals, w i th  t h e  level o f  hydrogenat ion above t h a t  f o r  Fe304 alone. 



TABLE 2-3 

SUMMARY OF RESULTS FOR ADDITIONS OF IRON COMPOUNDg AND 
SULFUR TO LIGNITE AND SUBBITUMINOUS COAL 

Coal : ABS. 1 ABSl ABS 1 ABS 1 ABS 1 ABS 1 ABS 1 ABS 1 
Solvent : AOD2 AOD2 AOD2 AOD2 AOD2 AOD2 AOD2 AOD2 
Additive : Nore Sulfur Millscale Pyrite Magnetite Mag+KzC03 Mag+S Pyrite 

wt % maf coal - - 12.5 15 15 15 22.5 27.5 15 

Reducing 6as: H2+C0 H2+C0 H2+C0 H2+C0 H2+C0 H2+C0 H2+C0 fiz 

H/C ratio of product 0 :87 1.08 1.05 1.18 1.02 1.18 1.18 .1.15 

hr 
Coal : wld  ZAP^  ZAP^  ZAP^  ZAP^  ZAP^  ZAP^  ZAP^ 

I 
VI 

Solvent : AOD2 AOD2 AOD2 AOD2 AOD2 AOD2 AOD2 AOD2 
Additive : None Sulfur Millscale Pyrite Magnetite Mag+K2C03 Mag+S Pyrite 

wt % maf coal - - 12.5 15 15 15 22.5 27.5 15 

Reducing gas: H2+C0 H,+CO Ha+CO H2+C0 H2+C0 H2+C0 H9+C0 2 2 -  

H/C ratio- of product 1.03 1.08 1.15 1.20 0.99 1.05 1.12 1.25 
. . 

a 
All tests were made using a 1-liter hot-charge autoclave. Reaction Temperature was nominally 460°C. 
Reaction pressure was about 4000 psig. 
b~ontana subb ituminous coal from the Absaloka mine. 
C 
Distilled anthracene oil. 
''North Dakota lignite from the Indian Head mine. 



Using p u r e  H2 r a t h e r  than  synthesis gas (Hz + CO) when adding FeSz 
af fected t h e  H/C r a t i o  o f  t h e  p r o d u c t  on l y  s l i gh t l y  but in opposite d i rect ions 
f o r  t h e  t w o  coals. For  t h e  Absaloka subbituminuous coal us ing  p u r e  h y d r o -  
g e n  w i t h  FeS2 lowered t h e  H/C ra t i o  s l ight ly ,  whi le t h e  same combination used 
w i t h  l nd ian  Head l i gn i te  improved t h e  H/C ra t i o  when compared t o  similar 
tes ts  w i t h  syngas and  p y r i t e .  Compared t o  t h e  no add i t i ve  case, p y r i t e  
s ign i f i cant ly  increased t h e  H/C ra t i o  regardless o f  whether  p u r e  hydrogen o r  
syngas was used. 

T h e  ef fects o f  elemental su l fu r  and H2S were invest igated us ing  t h e  
one-gallon hot -charge autoclave a t  420°C w i t h  B i g  B rown  l igni te.  T h e  resu l ts  
(Table 2-4) indicate t h a t  conversions w i th  raw anthracene oil, A04, were 
re la t ive ly  low w i thou t  hyd rogen  sul f ide.  Add ing  H2S n o t  o n l y  s igni f icant ly  
increased conversion, it also generated much h igher  y ie lds o f  d is t i l la te and 
lower y ie lds  o f  gas. Similar ef fects were noted when t h e  hydro t reated sol- 
vent ,  HAOG1, wds used but the enhancement was no t  as great .  However, 
even w i t h  t h e  hyd ro t rea ted  solvent, H2S did increase d is t i l la te y ie lds and 
lower t h e  n e t  gas make. 

In scout ing tes ts  t o  evaluate t h e  ef fects o f  H2S a t  t h ree  CO concen- 
t ra t i ons  (0,50, and 100%)~ it was found  t h a t  as t h e  CO concentrat ion in- 
creased, t h e  convers ion and ne t  gas product ion  also increased whi le t h e  
d is t i l la te  y ie ld  decreased (Table 2-4), Runs 65, 93 and 94). T h e  y ie ld  o f  t h e  
T H F  soluble vacuum bottoms (SRL) remained essential ly unchanged. 

Add ing  elemental s u l f u r  t o  t h e  coal s l u r r y  did n o t  increase conversion 
above t h a t  obtained w i t h  H2S but did resu l t  in an appreciable increase in 
d is t i l la te  y ie ld  and a decrease in n e t  gas.. T h e  y ie ld o f  SRL was mid-range 
between t h a t  obta ined w i t h  n o  addi t ives and t h a t  obtained w i t h  added H 2 S .  

Hydrogen su l f ide  was also tested w i th  a second l ignite, lnd ian  Head, and 
a comparison o f  resu l ts  w i t h  those obtained w i t h  t h e  B i g  B rown  l i gn i te  i s  
shown in Table 2-5. 

T h e  addl t lon o f  H2S in these tests appears t o  a f fec t  t h e  two  coals some- 
what  d i f fe rent ly ;  t h e  d is t i l la te  and SRL yields, as prev ious ly  mentioned, 
increase f o r  B i g  B rown  l i gn i te  while, on  t h e  o the r  hand, no  change o r  a 
s l i g h t  decrease in t h e  d is t i l la te  y ie ld  occur red f o r  t h e  lnd ian Head l igni te.  
T h e  overal l  convers ion increased f o r  b o t h  l ignites; however, t h e  conversion 
was high even in t h e  absence o f  H2S, which was typ ica l  f o r  l iquefact ion w i t h  
t h e  hydrogenated solvent.  Add ing  H2S benef i ts  bo th  l ign i tes in tha t  t h e  H/C 
atomic ra t i o  in t h e  p r o d u c t  s l u r r y  was increased. T h e  increased p r o d ~ ~ c t  H/C 
ra t ios  implies t h a t  cont inuous processes us ing  bottoms recycle would be en- 
hanced w i t h  t h e  addi t ion o f  H2S t o  t h e  process. 

Autoclacru bludit!~; ~ J V C  shown d i f f t r e r i t  coals I-espol-~d dirrer-eriLIy Lo 
s u l f u r  and  H2S, w i th  B i g  B rown  l i gn i te  more favorab ly  affected than  some o f  
t h e  o the r  coals. A par t ia l  explanat ion f o r  t h i s  may l ie  in t h e  inorganic make- 
up of t h e  coal. T h e  B i g  B rown  l i gn i te  was much lower in sodium than  t h e  
o the r  t h r e e  coals tes ted and had  a lower percentage o f  i t s  na tura l  i r o n  pres-  
e n t  as p y r i t e  (Table 2-6); b o t h  sodium and p y r i t e  have been demonstrated t o  
b e  cata ly t ic .  



TABLE 2-4 

EFFECTS OF H2S AND S A T  420°C WITH - A 0 4  and HA061 SOLVENTS~ 

Run No. 
N 8 g  N92 N 7 9  N 94 N65 N93 N 55 

Solvent : A04  A04  ~ ~ 0 6 1 '  HA061 HA061. HA061 HAO.61 
Addit ive: None H.,S None "2s H2S ' "2s S 
Gas H2+C0 Hz+CO H2+CO' H2+C0 "2 CO H2+C0 

Net Yields 
w t  % maf coal: 

' C4 + dist i l late 4. 34 11 24 29 22 - 37 . .  

SRL . 40. 42 44 50 49 48 47 
Gas. & H20  '25 10 35 20 11 26 10 
Conversion 69 86 90 94. 89 96 94 

. . 
H/C rat io o f  

p roduc t  0.93 1.16 1.06 1 .29" . 1'. 07 ., 1.05 1.29 

a A l l  tests were 'made using the one-gallon'hot-charge autoclave using B ig  Brown l igni te wi th  i t s  
normal moisture. content. Solvent-to-maf-coal rat io was 2: 1. 

b ~ a w  anthracene oil 

C L  
Catalytically hydrotreated anthracene oil 

! 

. . 
. - 



TABLE 2-5 

COMPARISON OF RESULTS OF ,ADDING H2S 
TO TWO LIGNITES 

Coal : 
Addi t ive:  

- - - 

B B I ~  BBI ZAPI' ZAPI 
None H2S None H2S 

Yields, w t  % maf coal: 

Dist i l late 
SRL 
Gas & H 2 0  
Conversion 

H/C ra t io  o f  p roduc t  1.06 1.14 0.92 1.06 

a 
A l l  tests were made using the  I - ga l  hot-charge autoclave a t  420°C.. 
Hydrogenated dist i l led anthracene oi l  (HA061) and a 50-50 mix ture  o f  
H2 and CO were used throughout.  

b ~ e x a s  l ign i te  f rom the  B i g  Brown mine. 
C Nor th  Dakota l ign i te  from the  Indian Head mine. 

Following- ' t he  UND autoclave studies, fou r  re lat ively cheap and dis-  
posable addit ives were tested in a series o f  once-through CPU tests wi th  a 
Nor th  Dakota l igni te (Beulah-3). These were: 1) an o re  r i c h  in FeS2; 2) an 
o re  r i ch  in Fe30,; 3) elemental sul fur ;  and 4) H2S. The  generalized resul ts 
of these once-through tests w i th  regard t o  coal conversion and product  s l u r r y  
H/C r-a110 are shown in Figure 2-1. The  resul ts shown were averaged t o  
simpli fy the comparison. 

The resul ts o f  these tests indicated t ha t  l iqu id  yields, reducing gas 
consumption, and produc t  qua l i ty  are a!! inf lc~enced t o  va ry ing  degrccs dc- 
pending on t h e  coal moisture and the  reducing gas used. In general, f o r  
systems us ing syngas, adding FeS2 improved t he  yields o f  SRL and dist i l late 
while similarly increasing the H/C rat io o f  the  dry prod l lc t  s l u r r y .  Reducing 
gas consumption was high.er w i th  FeS2 than f o r  the "no addit ive" case; t h i s  
resul ted in improved product  qual i ty, increased H2S yields, and greater coal 
conversion. Adding elemental su l fu r  improved overal l  conversion compared t o  
the  "no addit ive" case but no t  t o  the level achieved wilt1 FeS2 ( ~ l g u r e  2-1). 
Magnetite also improved l iqu id  yields and overal l  conversion but t o  a level 
much less than when py r i t e  o r  H2S was used. Magnetite enhanced t he  H/C 
ra t io  o f  the p roduc t  s lur ry ,  ra is ing it t o  near the same level achieved w i th  
FeS2. 

Hydrogen sul f ide was found in once-through tests t o  resu l t  in greater 
improvements t o  conversion than any o f  the  solid addit ives tested (Figure 
2-1). Once-through CPU studies evaluating the  effects o f  added H2S w i th  



TABLE 2-6 

COAL ANALYSIS 

Mine: 
South l ndian B i g  

Beulah Head Brown Absaloka 

Rank: L igni te L igni te L ign i te  Subbituminous 
State: ND ND .Texas Montana 
Abbreviated I D: 83  ZAP1 BB1 ABSl  

Proximate Analysis: 
As Received: 
Moisture 28.84 36.62 27.55 21 .07 
Volatile matter 28.99 26.07 32.10 26.48 
Fixed carbon 30.76 30.50 30.72 35.16 
Ash 11.70 6.81 9.63 17.29 
Heating Value, B tu / lb  6731 6807 801 6 7772 

Ultimate Analysis: 
Moisture-free: 
Ash 
Moisture- & ash-free: 
Carbon 
Hydrogen 
Nitrogen 
Oxygen 
Su l fu r  
Heating value, Btu / lb  
H/C ra t io  

Ash Analysis: a 

(w t  % o f  ash): 
S i02 
A1203 
Fe203 
TiOz 
P2°5 
CaO 
MgO 
Na20 
K20 
so3 

Coal l norganic Content 
(w t  % o f  mf coal): 
Fe 1.69 1.06 0.73 1.73 
Ca + Mg 2.08 1.54 1.55 1.40 
Na +bK 0.73 0.71 0.13 0.64 
FeS2 1.18 1.05 0.30 3.02 
Pct o f  total Fe as FeS2 33 46 19 81 

'~e te rm ined  b y  x - r ay  fluorescence analysis o f  t he  ash. 
b ~ l l  analyzed p y r i t e  su l fu r  assumed t o  be FeS2. 

2-9 



Pyrite 

HIC-0.94 

78 pct Uncatalyzed Conversion at 4 6 0 ' ~  

14-21 MPa (2000-3000 ?si) H IC  Ratio - 0.91 

FIGURE 2-1. Averaged ef fects o f  added promoter on  conversion o f  
Beulah, N o r t h  Dakota l ign i te.  Reactions were ca r r i ed  o u t  
in t h e  5 Ib coal/hr GFETC CPU ( tubu la r  reactor) o n  as- 
received and s l u r r y - d r i e d  l ign i te  us ing  e i ther  Hz gas o r  
syngas. Benef i ts  were more pronounced w i t h  syngas and 
water than  w i t h  hydrogen.  

temperature indicated liquefaction temperat~.lres may be reduced by a t  least 
20°C wi th  n o  pena l ty  in dist i l la te o r  SRL yields. Reduced l iquefaction tem- 
p e r a t u r e  has t h e  benef i ts  o f  lower ing hyd rogen  demand and g rea t l y  decreas- 
ing hydrocarbon gas formation. 

In ,making t h e  once-through CPU l iquefact ion tests, it was noted t h a t  t h e  
benef i ts  o f  t h e  d i f f e r e n t  addi t ives were more pronounced w i t h  syngas and 
water  than w i t h  hyd rogen  o r  w i t h  syngas and dr ied.  coal. 



In summary, t h e  resu l ts  discussed in t h i s  section suggest t h e  fol lowing: 

1. The  ef fects o f  added FeS2, Fe304, S, and H2S as disposable cata- 
l ys t s  o n  l iquefact ion o f  low-rank coal were found  t o  depend on t h e  
coal, solvent, coal moisture, and reduc ing ' gas employed. These 
addi t ives were found t o  work  bes t  w i t h  full moisture l ign i te  proc-  
essed us ing a m ix tu re  o f  H2 + CO. 

2. Add ing  i ron-conta in ing materials conta in ing i r o n  im'proved t h e  qual-  
ity o f  t h e  products  as evidenced by increased H/C rat ios.  

3. Added H2S catalyzes l iquefact ion react ions t o  t h e  ex ten t  t h a t  good 
y ie lds can be  obtained a t  temperatures s ign i f i cant ly  lower than  t h e  
non-catalyzed optimum. T h i s  resu l ts  in .reduced hydrogen consump- 
t ion  due t o  reduced product ion  o f  hydrocarbon gases. 

4. The  importance o f  some add i t i ves  may n o t  be  in increased d is t i l la te  
y ie lds but ra the r  in improved p r o d u c t  qua l i t y  and lowered p r o d u c t  
v iscosi ty  w i th  a resu l tan t  enhancement in process operab i l i t y .  

2.2.3 UND Hot-Charge Autoclave Tests 

Four  runs ,  LO03 t h r o u g h  L006, us ing  isotope-labeled reactants, B i g  
B rown  l ignite, equi l ibr ium recycle solvent, and syngas were completed in t h e  
hot-charge autoclave fac i l i t y  d u r i n g  t h e  quar te r .  T h e  object ive o f  t h e  series 
was t o  p rov ide  l iquefact ion react ion products  f o r  u'se in developing analyt ical  
methods specif ic f o r  t r a c k i n g  deuter ium and 13carbon. ' Run LO03 was made as 
t h e  contro l  us ing  no addit ives; 1,2,3,4-tetrahydrophenanthrene was added in 
Run L004; 1,2,3,4-tetrahydrophenanthrene -1, 4-13C2, 1,1 - 2 ~ 2  was added in 
Run L005; and 1,2,3,4-tetrahydrophenanthrene together  w i th  deuter ium gas 
was added in Run L006. T h e  solvent  used in each o f  t h e  r u n s  was t h e  
vacuum dist i l la te f rom CPU Run 66, which was a cont inuous bottoms recycle 
run a t  460°C and 2600 ps ig  us ing  syngas and ' B i g  Brown, Texas, l i gn i te  
(BB1). . A  summary o f  autoclave run condit ions together  w i th  n e t  p r o d u c t  
y ie lds i s  g i ven  in Table 2-7. 

Results f rom t h e  autoclave tes ts  showed good rep roduc ib i l i t y  between 
runs,  a l though t h e  indicated material balance closures were lower than  norm- 
a l l y  seen, averaging 91 t o  94 pc t .  The low closures were due mainly t o  
unmeasured p,roduct gas sampling which was done immediately a f t e r  quenching 
t h e  react ion m ix tu re  t o  p rov ide  su f f i c ien t ly  large samples f o r  development o f  
GC techniques f o r  idenf icat ion o f  components conta in ing e i ther  deuter ium o r  
13carbon.  Material balance calculations were normalized accordingly.  

A l though evaluat ing t h e  ef fects o f  t h e  solvent was n o t  an  object ive o f  
these tests, it i s  apparent  t h a t  t h e  equi l ibr ium vacuum d is t i l la te  f rom CPU 
Run  66 was n o t  a "good" solvent.  I n  autoclave tests w i t h  t h i s  solvent, 
l ign i te  conversion was low a t  approximately 70 w t  p c t  o f  t h e  maf coal fed, and 
recovery  o f  process solvent (def ined as t h e  f rac t ion  boi l ing between 100 and 
230°C a t  5 t o r r )  was on ly  90 pc t .  Gas product ion  was also re la t ive ly  high, 
averaging about  15 p c t  o f  t h e  maf coal. 

Us ing t h e  react ion products  f rom Runs LO03 t h r o u g h  L006, methods wi l l  
b e  developed a t  GFETC t h a t  wi l l  allow invest igat ion o f  t h e  roles o f  t h e  solvent  



TABLE 2-7 

SUMMARY OF HOT-CHARGE AUTOCLAVE TESTS USING 
ISOTOPE-LABELLED ADDITIVES OR REACTANTS 

Run No.: 
Coal : 
Solvent: 
*Addit ive: 

Run Time (min.) 
Avg.  Temp. (OC) 
Max. Press. (psig) 
% H2 Feed Gas 
Moisture (gms) 

LO03 
B ig  Brown 

66PBD 
None 

20 
447 

3700 
44.4 

28 

LO04 
B ig  Brown 

66PBD 
THP 

20 
447 

3650 
50.0 

30 

LO05 LO06 
B ig  Brown B ig  Brown 

66PBD 66PBD 
THP-D2 THP W 

W CO D2 
20 20 

450 ' 450 
3700 3700 
44.6 51.2 

30 30 

Net Yields 
(w t  9, maf coal charged): 

CO -21.4 
H2 0.4 
co2 29.5 
C I - ~ ~  5.8 
HzS, NH3 0.8 
H2O 1.8 
Gas + H 2 0  16.9 
Lt.  Oi l  24.7 
Mid. Oil  -20.7 
Hvy.  Oil  0.0 
C4 + Dist .  4.0 
Soluble Residuum (SRL) 51.5 
I OM 27.6 

Solvent Rec. 89.7 91.7 91 . I  88.5 
H2 Equiv. Consump. 1 .I 2.0 1.3 2.7 
IOM/gram Ash ' 7.3 . 7.3 7.3 7.3 
Conversion 72.4 70.0 67.3 70.6 
Mat. Bal. Closure 92.8 , 92.8 90.8 94.5 

* THP = tetrahydrophenanthrene 
THP-02 = isotope-labeled tetrahydrophenanthrene 

W = wi th  . 

D2 = deuterium 



and of t h e  gas in t h e  l iquefact ion react ion. L iqu id  products  wi l l  b e  analyzed 
us ing  deuter ium and 13c NMR and GC-MS techniques w i l l  be  developed fo r  
p r o d u c t  gas analysis. 

2.2.4 T h e  Ef fect  o f  Added H2S o n  t h e  Composition o f  CPU Recycle 
S l u r r y  Vacuum Dist i l lates 

a A s t u d y  was designed t o  compare t h e  composition o f  CPU recycle s l u r r y  
vacuum dist i l la tes f rom t h e  processing o f  Beulah l ign i te  (63)  w i th  and wi thout  
added hydrogen sulf ide. T h e  concentrat ions o f  hydrocarbons and e thers  were 
determined by cap i l la ry  gas chromatography and 200 MHz pro ton NMR spec- 
t roscopy a f te r  t h e  dist i l lates were f ract ionated by sil ica gel  chromatography. 
A descr ipt ion o f  t h e  separation techniaue can b e  found  in an ar t i c le  bv S.A.  
Farnum grid B.W.  ~ a r n u m  publ ished i" Analyt ical  Chemistry, 1982, 52, 979. 
T h e  gas chromatography was car r ied  o u t  us ing  a DB5 na r row bo re  60 meter 
fused sil ica capi l lary column w i t h  a flame ionization detector  (FID). T h e  gas 
chromatograph was also f i t t e d  w i th  a pos t  column sp l i t t e r  which d i v ided  t h e  
column e f f luent  between t h e  F ID  and a flame photometr ic detector  (FPD) 
selective f o r  su l fu r .  Samples were screened f o r  organic s u l f u r  'compounds 
us ing  t h e  FPD. Ident i f icat ion o f  compounds was ca r r i ed  o u t  by comparison 
w i t h  known standards and by cap i l la ry  gas chromatography/mass spectro- 
me t ry .  A table comparing analyses f rom CPU Runs 65 and 79, bo th  made 
w i t h  hydrogen and wi thout  H2S addition, w i th  analyses f rom CPU Run .  72 
made us ing  syngas w i t h  added H2S i s  shown in Table 2-8. These analyses 
show t h a t  H2S when added t o  syngas w i l l  maintain concentrat ions o f  hyd rogen  
donors such as t h e  tet ra l ins,  hydrophenanthrenes, and hydropyrenes as high 
o r  h ighe r  than  similar tests a t  h ighe r  par t ia l  p ressure  o f  hydrogen.  As  
repor ted  last  quar ter ,  t h e  solvent character izat ion work  showed t h a t  t h e r e  
was an increase in t h e  H-donor concentrat ion corresponding w i th  an increase 
in hyd rogen  par t ia l  p ressure  and t h a t  t h i s  resu l t  was found t r u e  whether  t h e  
reduc ing gas used in t h e  l iquefact ion tests was hyd rogen  o r  syngas. T h e  
resu l ts  w i t h  added HpS indicate t h a t  an advantage i s  gained by t h e  addi t ion 
o f  H2S in t h a t  lower hyd rogen  par t ia l  pressures may be  ut i l ized whi le t h e  
concentrat ion o f  H-donors and t h e  qua l i t y  o f  t h e  recycle solvent  i s  maintained. 

The  solvent character izat ion studies f o r  s u l f u r  and s u l f u r  compounds 
indicated t h a t  t h e  dibenzothiophenes were t h e  o n l y  su l fu r -conta in ing  organic 
compounds present  in measurable amount in t h e  recycle s l u r r y  vacuum d is t i l -  
lates. There  were also a few v e r y  small un ident i f ied  peaks in t h e  FPD t race  
t h a t  gave no measurable F ID response. T h i s  resu l t  was t r u e  whether  H2S 
was used o r  not .  T h e  concentrat ion o f  t h e  main su l fu r -conta in ing  organic 
compound, dibenzothiophene, was essential ly a t  t h e  same level f o r  t h e  vacuum 
dist i l la tes f o r  t h e  two  runs,  w i t h  and wi thout  added H2S and was about  0.3 
pc t .  T h e  presence o f  dibenzothiophene and two C1-dibenzothiophene isomers 
was conf irmed by cap i l la ry  GC-MS analysis in b o t h  dist i l lates. T h u s  it was 
determined t h a t  addi t ion o f  H2S t o  t h e  l iquefact ion o f  Beulah l i gn i te  did n o t  
incorporate s u l f u r  i n to  t h e  vacuum dist i l la te which amounts t o  85 o r  90 p c t  o f  
t h e  tota l  d is t i l la te  p roduc t .  

A r a p i d  s u r v e y  o f  t h e  light oi ls obtained f rom CPU Runs 72 and 79 
showed t h a t  t h e  light d is t i l la te  f rom Run  72 t o  which H2S was added contained 
a much la rge r  va r ie t y  o f  organic su l fu r '  compounds and also contained greater  
quant i t ies o f  elemental su l fu r .  Thus, whi le the re  i s  no  evidence o f  s u l f u r  



TABLE 2-8 

ANALYS'IS OF CPU RECYCLE SLURRY VACUUM DISTILLATES 
BY S l  L lCA GEL CHROMATOGRAPHY, CAPILLARY GAS 

CHROMATOGRAPHY, 200 MHz IH NMR SPECTROMETRY AND GAS 
CHROMATOGRAPHY /MASS SPECTROMETRY 

( W t  % o f  Recycle Disti l late Calculated From FID Area Percent) 

Run condit ions: 

CPU Run No. 
Coal 
Processing Gas 
Temperature, OC 
Pressure, ps ig  
IPk2 1 Psig 
H2S Acldlrian 

Components 

indan ' 

5-methylindan 
te t ra l in  
1 -methyltetrat in 
2-methyltetral in 
6-methyltetral in 
2,6- and 2,7-dimethyltetralin 
2-ethyl tetra l in 
5-ethyl tetra l in 
6-ethyl tetra l in 
.naphthalene 
1 -methylnaphthalene 
2=methvlnaphthalene 
1 (3-dimethylnaphthalene 
2,6-dimethylnaphthalene 
1 - and 2-ethylnaphthalene 
acenaphthene 
phenanthrene 
1 -methylphenanthrene 
2-methylphenanthrene 
3-methylphenanthrene 
4-methylphenanthrene 
9,10-dihydrophenanthrene 
1,2,3,4-tetrahydrophenanthrene 
octahydrophenanthrene 
pyrene 
2-methylpyrene 
4,5-dehydropyrene 
4,5,9,10-tetrahydropyrene 
C1-di hydropyrene 
f luorene 
1 -methylfluorene 

0.006 
0.02 
0.85 
0.02 
0.03 
0.65 

~ 0 . 0 3  
Not Determined 

0.003 
0.03 
1.6 
0.14 
3.4 
0.004 
0.53 
0.60 
1.1 
5.2 
0.06 
0.34 
0.31 
0.20 
0.41 
0.98 

Not Determined 
1.2 
0.40 
0.12 

Not Determined 
Not Determined 

2.3 
0.51 

72 
B3 

H2/CO 
454 

2737 
1199 
Yes 



TABLE 2-8--Continued 

Run Conditions: 
CPU Run No. 
Coal 
Processing Gas 
Temperature, OC 
Pressure, ps i  
PH21 psi 
H2S Addi t ion 

Components : 

2-methylfluorene 
4-methylf luorene 
biphenyl  
2-methyl b iphenyl  
3-methyl b iphenyl  
4-methyl b iphenyl  
dibenzofuran 
f luoranthene 
pheny l  ether 
di benzothiophene 
C1-dibenzothiophene 
C ,-dibenzothiophene 

65 79 72 
B3 B3 6 3  
H2 "2 H2/C0 

461 457 454 
2733 2652 2737 
2582 1986 1199 

No No Yes 

0.39 
0.16 
0.48 
0.40 

Not Determined 
1 .o 
1.3 
0.28 
0.49 
1.2 

! Not Determined 
Not Determined 

incorporation in to  the  vacuum disti l late, additional sulfur-containing organics 
as well as elemental su l fu r  are introduced in to  the l ightest  oil fractio'n. Since 
th is  f ract ion comprises only about 10-15 pc t  o f  the total dist i l late product, 
incorporation o f  minor amounts o f  su l fu r  detracts l i t t l e  from the positi've 
effects o f  H2S addition, which include notably enhanced levels o f  H-donors in 
the  vacuum disti l lates. 

2.2.5 The  Effects of  H2S Addit ion on the  Tox ic i ty  of  Liquefaction 
Products 

Many heterocyclic su l fur  compounds have been reported t o  be carcino- 
gens. Since the  reported activit ies are high, v e r y  small amounts o f  su l fu r  
compounds may be harmful. To determine if added H2S signif icantly enhanced 
the tox ic i ty  o f  the  l iquefaction products, the l i gh t  oils and recycle s l u r r y  
vacuum dist i l lates from runs  made wi th and without added H2S were f rac-  
tionated b y  solvent extract ion into phenolic, basic and hydrocarbon fract ions. 
Bacterial mutagenesis assays (Ames Salmonella s t ra in  TA98 wi th  metabolic 
activation) were carr ied ou t  on each f ract ion under the direct ion o f  Dr .  C.A. 
Reilly, J r .  a t  the  Argonne National Laboratory. The results, Table 2-9, 
showed no detectable response t o  the  hydrocarbon and phenolic fract ions f rom 
either Run 72 (wi th  H2S) o r .  Run 79 (wi thout  H2S). The  act iv i ty  o f  the  basic 
f ract ion f rom each run was wi th in the expected response region usual ly as- 
sociated wi th  coal-derived l iquids. These resul ts f u r t he r  support  the  belief 



t h a t  either sul fur  incorporation is  negligible when HpS is  added durin.g lique- 
fact ion o r  tha t  if it occurs it must be present in only the  l ightest species 
w i th  l i t t le  mutagenic potential. 

TABLE 2-9 

MUTAGENIC ASSAY (AMES SALMONELLA STRAIN 
TA98 WITH METABOLIC ACTIVIATION) OF 
EXTRACTED DISTILLABLE CPU PRODUCTS 

*CPU Run No./Sample Fraction % o f  'whole 

* P = Phenolic f ract ion 
6 = Basic fract ion 

HC I.1 ydrocarbon .fraction 
PB = Recycle s l u r r y  
LO = L igh t  oil 

Run 72 made wi th  added H2S 
Run 79 made without added HBS 

2.2.6 Results o f  Lineout Studies us ing Hydrogenated Startup Solvent 

CPU Run 85 was made in the  bottoms recycle mode using hydrogenated 
anthracene oil (HA04) as the star tup solvent. The objective o f  the run was 
t o  generate pass-by-pass samples so that, the effect5 of startup solvsnt could 
be investigated. The  changes in the  hydrocarbon and ether composition o f '  
t he  recycle s l u r r y  vacuum dist i l late for CPU ' Run 85 were followed using 
quanti tat ive 13c NMR spectroscopy af ter  f i r s t  fract ionating b y  solvent extrac- 
tion. Changes in the  phenolic composition were followed us ing capi l lary gas 
chromatographic analysis of the  extracted phenols. The resul ts o f  the  s tudy 
are shown in Table 2-10. 



TABLE 2-10 

VARIATION IN CONCENTRATIONS OF SELECTED COMPONENTS OF THE 
RECYCLE SLURRY VACUUM DISTILLATE FROM CPU RUN 85 

STARTED UP WITH HYDROGENATED ANTHRACENE O I L  HA04, RUN 
CONDITIONS INCLUDED 440°C, 2800 PSIG, CO + H2 AND BB2 LIGNITE 

i 

Reactor Pass No. 0 1 4 6 9 11 13 
(Solvent 
HA04) 

Components: W t .  8 

d ibenzofuran 
pheny l  e ther  
acenaphthene 
f luorene 
f luoranthene 
te t ra l i n  
phenanthrene 
C,alkanes (as C20) 
tetrahydroacenaphthene 
dihydrophenanthrene 
te t rahydro f luoranthene 
tet rahydrophenanthrene 
octahydrophenanthrene 
d ihyd ropy rene  
phenol 
o-cresol 
m-, p-cresol 
2,6-dimethylphenol 
2-ethyl phenol 
2,4-dimethyl phenol 
2,5-dimethyl phenol 
4-ethyl phenol 
3-ethylphenol, 

3.5-dimethylphenol 
2,3-dimethylphenol 
3,4-dimethyl phenol 
2,4,6-trimethylphenol 
2,3,6-trimethylphenol 
2-n-propylphenol 
3- isopropylphenol ' 

4-ethyl-2-methylphenol 
5-ethy l  -2-methyl phenol 
4-n-propylphenol 
3-ethyl-5-methylphenol 
2,4,6-trimethylphenol 
4-indanol 
5-indanol . 

3.6 
ND* 
4.0 
5.2 
5.0 
ND 
12.8 
1.04 
1.9 
2.4 
1.2 
1.7 
0.4 
0.6 
o** 
0 
0 
0 
0 
0 
0 
0 

*ND = Not Detected 
**No phenols are  present  in tile solvent, H A 0 4  



The  H-donors t h a t  a re  so abundant  in t h e  s ta r t i ng  solvent, HA04, were 
r a p i d l y  depleted during t h e  f i r s t  several passes. Low level H-donors, such 
as octahydrophenanthrene and d ihydropyrene,  a re  essential ly absent a f te r  t h e  
f i r s t  pass. 

T h e  buildup o f  selected phenols i s  i l lus t ra ted in F igure  2-2. No level ing 
in concentrat ion i s  apparent  by pass 13, ind ica t ing  t h a t  l ineout condit ions have 
n o t  y e t  been achieved. Also, since the re  were no phenols in i t ia l l y  p resent  in t h e  
s t a r t u p  solvent,  a l l  of t h e  phenols .p roduced are probab ly  der ived d i rec t l y  
f rom react ions o f  t h e  l ign i te.  

The  t r e n d s  shown by t h i s  s t u d y  suggest t h a t  .s ta r t -up  w i t h  a hydrogenated 
so lvent  fol lowed by bottoms recycle wi l l  n o t  appreciably change t h e  y ie ld  
s t r u c t u r e  o r  t h e  l ineout  solvent composition as compared t o  s ta r tup  w i t h  a raw 
anthracene o i l  because t h e  H-donors were lost  ear ly  durlng recycle and n o t  
regenerated a t  t h e  condit ions employed (440°C - 2800 ps ig  syngas). 

Analyses o f  Liquefact ion Reactor Solids 

Fi f teen samples o f  reactor  coke and reactor  blowdown solids were 
analyzed u s i n g  X - r a y  d i f f rac t i on  .(XRD) and X - r a y  f luorescent  (XRF) methods. 
T h e  samples were selected so t h a t  t h e  resu l ts  m igh t  be  correlated w i th  t h e  
pa r t i a l  p ressu re  o f  hydrogen,  feed coal, and reduc ing gas (Hz, H2+C0, 
H2+C0 + H2S). T h e  resu l ts  o f  t h e  s t u d y  are  inconclusive, but t h e  fo l lowing 
observat ions were made. 

WEIGHT 

REACTOR PASS 

F l  GURE 2-2. Weight percentage phenols in recycle s l u r r y  vacuum 
d is t i l la te  (Run 85) versus  reactor  pass number. 



1. Quartz (Si02)  was a major const i tuent  in al l  o f  t h e  reactor  
solids samples analyzed. 

2. Pyr rho t i t e  (Fel-xS) was present  in e i ther  minor o r  t race quant i t ies 
. in e\ iery sample. 

3. Calcium carbonate (CaC03) . was found  in t h e  reactor  solids from 
r u n s  where low-rank coals were used. These coals inc luded Nor th  

. Dakota (Beulah) and Texas (B ig  Brown)  l ign i tes and Wyoming 
(Wyodak) subbituminous coal. Calcium carbonate was n o t  p resent  in 
t h e  reactor  solids f rom t h e  r u n s  where Ohio (Powhatan) bi tuminous 
coal was used. 

4. Carbonized material was found predominately in reactor  coke sam- 
ples; it was general ly  n o t  found in t h e  f ree- f lowing reactor  blow- 
down solids. 

5. Trace quant i t ies o f  clay material were found  usua l ly  in reactor  
blowdown samples. 

6. XRD analysis of t h e  reactor  solids suggest  HpS may inhibit oolite 
formation. A l though t h e  resu l ts  a r e  qual i tat ive, t h e  analyses show 
SiOz and CaC03 t o  be  major phases and Fel-xS t o  be  minor phases 
present  when n o  HpS was added during l iquefact ion. When H2S was 
used, SiOz was t h e  major phase whi le CaC03 and FelSxS were t h e  
minor phases. Th is  t r e n d  was t r u e  f o r  bo th  t h e  f ree- f lowing reactor  
solids and the wall scale. 

T h e  Use o f  I, I l - ~ i n a p h t h y l  t o  S t u d y  Hydroqen- Donor 
Solvent Reactions 

T h e  reactions o f  1 ,11-binaphthyl w i th  several H-donors a t  470°C were 
examined . t o  determine if 1,11-binaphthyl could be  used as a model compound 
t o  s t u d y  hydrogen t r a n s f e r .  reactions. The  H-donors inc luded tet ra l in ;  dihy- 
dronaphthalene; 9,IO-dihydrophenanthrene; 1,2,3,4-tetrahydrophenanthrene; 
octahydrophenanthrene; 9,.10-dihydroanthracene; octahydroanthracene; di and 
te t rahydropyrene mixture;  and 1,2,3,6,7,8-hexahydropyrene'. 

Binaphthy l  was found  t o  accept hydrogen f rom an act ive donor leading t o  
t h e  coupled p roduc t  perylene. D i f f e r i ng  amounts o f  pery lene were observed 
when b inaph thy l  reacted w i t h  d i f f e r e n t  donors, suggest ing t h i s  model com- 
pound can d i f fe rent ia te  donor abi l i t ies. Hydrogen shu t t l i ng  b y  some donors 
was also indicated, suggest ing 1 , I1-b inaphthyl  could be  used t o  s t u d y  t h i s  
phenomenon. 

T h e  invest igat ive s t u d y  j u s t  out l ined i s  be ing conducted f o r  GFETC by 
Professor Eugene Kl ine and graduate s tudent  Mark  E. Har r ison a t  t h e  Ten- 
nessee Technological Un ivers i ty .  Addit ionai repo r t s  wi l l  be  inc luded as they  
become available. 



2.2.9 Synthesis o f  Model Compounds f o r  Standards 

In t h e  spectroscopic analyses o f  l iquefact ion products,  numerous stand- 
a r d s  are r e q u i r e d  f o r  ident i f icat ion o f  an unknown. Because many o f  these 
compounds a r e  n o t  available commercially, synthesis in t h e  laboratory i s  
requ i red .  

New model compounds synthesized during t h e  subject  repo r t i ng  per iod 
were  6-methyl-2-naphthol,  2-methyl-6-hydroxytetralin, 5-methyl-2-naphthol, 
1 -methyl-5-hydroxytetral in, 3-methyl-2a,3,.4, 5-tetrahydroacenaphthene, and 
4-methylindan . 

The  naphthols ' a n d  hyd roxy te t ra l i ns  were prepared f rom tetralones v ia  
Gr igna rd  react ions. For  example, 5-methyl-2-naphthol was prepared b y  con- 
v e r t i n g  6-methoxy-1 - tet ra lone t o  4-methyl-7-methoxy-1,2-dihydronaphthalene 
v ia  t h e  G r i g n a r d  reaction, dehydra t i ng  t h e  p roduc t  w i t h  P20, and then  de- 
hydrogenat ing  t h e  dih.ydronaphthalene by heat ing w i t h  5-pct  Pd on carbon. 
T h e  methoxyl  g r o u p  was removed w i t h  30-pct HBR in acetic acid t o  y ie ld  
5-methyl-2-napthol . 

3-Methyl-2a,3,4,5-tetrahydroacenaphthene was prepared f rom 2-methyl- 
tetralone. T h e  tet ra lone was reacted w i th  l i th ium ;t-butylacetate t o  g i ve  
2-methyl-1 - h y d r o x y - 1  -t-butyl acety l tet ra l in .  T h i s  intermediate was h y d r o -  
genated and saponif ied t o  produce CY-1 -(2-methyl-1,2,3,4-tetrahydronaphthy1)- 
acetic acid. T h e  acid was cycl ized t o  t h e  ketone w i t h  th iony l  ch lor ide and 
aluminum ch lor ide  and t h e  ketone reduced w i t h  l i th ium aluminum h y d r i d e  and 
aluminum ch lor ide  t o  3-methyl-2a, 3,4,5-tetrahydroacenaphthene. 

T h e  4-rnethylindan was produced us ing t h e  react ion sequence shown 
below'. T h e  scheme involves an in teres t ing  synthesis o f  o- to ly lpropionic acid 
which i s  usua l ly  obta ined by Perk in  condensation o f  o-tolualdehyde followed 
by reduct ion.  

THF 
CH3 9 + ~i' E H ~ C O ~  T BU CH3 9 

"2 C H 2 - C H 2 - C 0 2 ~ B u  
B r  

aCH2C"-C02H 
NaOH __c E:: Na.H4 

__L - @OH 

Ct13 

C H j  i' p205 



2.2.10 Catalyst  Analyses 

In . the CPU l iquefact ion. t es t  p rogram two ores (Rubena p y r i t e  and mag- 
net i te)  were evaluated as disposable catalysts. T o  a id in unders tand ing t h e  
effects o f  these two materials o n  l iquefaction, bo th  were analyzed by x - r a y  
d i f f rac t i on  and x- ray .  fluorescence t o  determine purity. 

X - r a y  d i f f rac t i on  analyses o f  t h e .  Rubena p y r i t e  showed two forms of 
FeS2 t o  be  present;  t h e  major fo rm was yellow i r o n  p y r i t e  whi le t h e  minor 
const i tuent  was marcasite. T h e  magneti te sample was found t o  be  predomin- 
ate ly  Fe30d and was qu i te  pure,  w i t h  on ly  one o r  two  minor  peaks n o t  ident i -  
f ied in t h e  XRD spectrum. 

X - r a y  fluorescence (XRF) analyses o f  t h e  two materials a re  shown in . 
Table 2-11. T h e  elements are expressed as t h e i r  oxides on a weight  percent  
basis o f  t h e  raw sample, because t h e  computer p rogram t o  analyze t h e  XRF 
spectrum was designed . f o r  t h e  more common coal ash samples. T h e  ,XRF 
analyses show the re  are  small quant i t ies o f  si l ica and aluminum present  in 
bo th  t h e  Rubena p y r i t e  . a n d .  magnetite sam'ples and t h a t  t h e r e  are  minor 
amounts o f  t i tanium in t h e  magnetite and phosphorus in t h e  p y r i t e .  

TABLE 2-11 

X-RAY FLUORESCENCE ANALYSES 
OF MAGNETITE AND RUBENA PYRITE ORES 

Sample 

Silica, SiOp 
Aluminum Oxide, AI2O3 
Fer r i c  Oxide, Fe203 
Ti tanium Oxide, Ti02 
Phosh. Pentoxide, P205 

.Calcium Oxide, CaO 
Magnesium Oxide, M y 0  
Sodium Oxide, Na20 
Potassium Oxide, K 2 0  
S u l f u r  Tr iox ide,  SO3 

Weight Percent 
Rubena 
P y r i t e  Magnetite 

2.2.11 Kinet ics o f  Beulah-3 L ign i te  Pyrolys is  

Uncatalyzed coal l iquefact ion resu l ts  f r o m  bo th  r a p i d  and slow reactions. 
Thermal decomposition react ions o f  low-rank coal a r e  general ly  t h o u g h t  t o  be 
rapid, whi le t h e  hydrogenat ion and hyd roc rack ing  react ions o f  solvent  are 
re la t ive ly  slower. T h e  d i spa r i t y  becomes important  because coal decomposition 
begins occu r r i ng  in l iquefact ion a t  temperatures as low as 360°C, whi le h y d r o -  
genation and hyd roc rack ing  do n o t  become important  until temperatures ex-  



ceed 400" o r  42iIUC. T o  bet ter  understand the  coal decomposition reactions, 
coal samples were pyrolyzed t o  determine product  d ist r ibut ions and rates . o f  
product ion.  o f ,  gaseous ' products. The  data reported in th i s  section were 
obtain'ed under  contract  w i th  Advanced Fuel Research. 

. . 
Samples o f  a Nor th  ~ a k o t a  l igni te (Beulah-3) were heated on a .d i re  mesh' 

a t  19 'd i f ferent  temperatures (350° t o  500°C in' 1O0C increments 'and a t  700°, 
800° and '900°C). A f t e r  rap id  heating. the  gaseous .products 'were observed 
w i t h  .time us ing  FT1.R. The' l igni te was or ig inal ly  dr ied under vacuum to. 
remove extraneous moisture. The  data obtained permitted a comparison o f  the 
re lat ive product ion nates f o r  C02, .H20, CH,, paraff ins, and olefins and also 
permit ted an  estimate o f  the  act ivat ion energies required in each case. 

The  k inet ic  data reported by ~ d v a n c e d  Fuel Research f o r  the pyrolysis 
o f  Beulah-3 - l ign i te  are l isted in Table. 2-12. The natural  ' logarithm o f  the 
r a t e '  constant was. p lot ted against the inverse o f  absolute temperature. for  all 
species as i l lus t ra ted in Figures 2-3 th rough  2-8 .  The variat ion o f  the  rate 
constant w i t h  temperature was studied over  three temperature ranges: 

A l l  plots were l inear'  with' the general equation: 

Where K i s  $he. ra te  constant in. sec-l', -E /R i s  the  slope o f  the  'line, T is the  
absolute ' temperature in OK., and the LnA term is the  y-intercept.   qua ti on 
[I] may be wr i t ten  as: 

K = Ae - E / R T  
C21 

The  slope and y- intercept  were determined f o r  each p lo t  using l inear 
regression. The resul ts are presented in Table 2-13 and are compared t o  the 
ra te  equations reported ,by Advanced Fuel Research f o r  the temperature range 
350° - 9OO0C ., 

The dif ferences in the ra te  equatioiCls exhibi ted when considering the  
temperature ranges separately suggest tha t  there .may be two reactions re-  
sponsible f o r  coal decomposition, one dominant a t  the  lower temperatures wi th 
t h e  other increasing in importance as temperature increases. T o  see how 
these reactions .may d i f fer ,  the  activation energy f o r  each temperature range, 
as well as . for  the  total range, was cal'culated us ing Arrhen ius equation: 



TABLE 2-12 

PYROLYSIS RATE DATA FOR BEULAH-3 SAMPLES 
(RATE CONSTANT K IN SEC-I) 

Temp. CH4 Paraffins Olefins CO COP H20  
OC 1000/T K In  K K In K K In K K In K K In  K K In  K 
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FIGURE 2-3. Natural logarithm of the rate constant FIGURE 2-4. Natural logarithm of .the rate constant 
versus the inverse of the absolute tern- versus the inverse of the absolute 
perature for methane production during temperature. for paraffin production . . 

the pyrolysis of Beulah-3 lignite. during the pyrolysis of Beulah-3 
..lignite. 



FIGURE 

'LN K 
va 

IOOO/T 
FOR OLEFINS 

FROM 
BEULAH-3 C(YIL 

2-5. Natural logarithm of the rate constant 
versus the inverse of the  absolute 
temperature for  olefin production during 
the  .pyrolysis o f  Beulah-3. lignite. 
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FIGURE 2-6. Natural logarithm of  the  rate  constant 
versus the  inverse of the  absolute 
temperature for  carbon monoxide 
production during the pyrolysis 
of  Beulah-3 lignite. 
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FIGURE 2-7. Natural logarithm of the rate constant F IGURlE 2-8. Natural logarithm of the rate constant 
versus the inverse of the absolute versus the inverse of the absolute 
temperature f o r  carbon dioxide production temperature for water production 
during the pyrolysis of Beulah-3 lignite. during the pyrolysis of Beulah-3 

lignite. 



TABLE 2-13 

VARIATION OF RATE CONSTANT WITH TEMPERATURE FOR THE 
PYROLYSIS OF BEULAH-3 LIGNITE 

Rate Equation 
Rate Equation For Rate Equation For - Rate Equation For Reported b y  

Species 350°-50O0C 700°-900°C 350'-900°C Advanced Fuel. Research 

Carbon 
Monoxide 

N 
I 
N Carbon 
4 .  Dioxide 



Where Ea i s  t h e  act ivat ion energy  and R i s  t h e  gas constant.  T h e  resu l ts  are 
recorded in Table 2-14. I t  would seem logical t h a t  t h e  react ion dominant a t  
h i g h e r  temperatures would have a h ighe r  act ivat ion energy .  While such a 
re lat ionship i s  exh ib i ted  f o r  olefins, CO, C 0 2  and H20,  it was n o t  found  f o r  
methane and t h e .  paraff ins.,  a l though t h e r e  i s  scat ter  in t h e  data and f a r  more 
po in ts  a t  t h e  lower temperatures. 

TABLE 2-14 

ACTIVATION ENERGIES IN KCAL/MOLE FOR THE PYROLYSIS 
OF BEULAH-3 LIGNITE 

Advanced Fuel 
Species 350'-5OO0C 700'-900°C 350'-90O0C Research 

Methane 25.7 10.5 21.3 21.9 

Paraf f ins 26.4 22.2 2P.P P I  .!I 

Carbon 
Monoxide 12.5 20.5 16.4 16.1 

Carbon 
Dioxide 12.0 16.0 13.0 13.3 

Water 7.4 11.8 12.0 13.3 

A n  a l ternate method o f  i n te rp re t i ng  t h e  py ro l ys i s  data obtained by 
Advanced Fuel Research is  t o  p lo t  a species ha l f - l i fe  versus  temperature. The  
ha l f - l i f e  i s  t h e  t ime requ i red '  f o r  ha l f  o f  t h e  material t o  react  as calculated 
f rom ln(0.5) = -kT T h e  resu l ts  o f  t h i s  exercise a re  shown in F igu re  2-9. 
Two  notable f e a t u r g  o f  t h e  g r a p h  are: 1) water p roduct ion  was found  t o  be  
produced a t  a r a t e  similar t o  t h a t  o f  Cop; and 2) t h e  extremely low temper- 
a t u r e  a t  which C 0 2  and H 2 0  product ion  was observed.. 

Earl ier py ro l ys i s  data obtained in t h e  batch  autoclave (DOE/GFETC/ 
QTR-80/4) and repor ted  f o r  Beulah-3 l i gn i te  conf l i c t  w i t h  t h e  heated screen 
py ro l ys i s  data repor ted  here. Comparing t h e  two sets o f  data, t h e  pyro lys is  
temperatures seem t o  disagree by 100°C based on C 0 2  product ion  f rom coal. 
In batch autoclave studies t h e  ra te  o f  C 0 2  product ion  became s igni f icant  
beg inn ing a t  360°C in slow heat-up studies w i t h  t imed gas sampling. A t  
360° - 380°C approximately ha l f  t h e  C 0 2  produced f rom t h e  Beulah-3 l ign i te  
was observed in 5 minutes. I n  t h e  heated screen pyro lys is ,  t h e  5-minute 
ha l f - l i fe  f o r  C 0 2  occur red a t  about  26Q°C. Two s ign i f i cant  d i f ferences be- 
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F l  GU R E 2-9. ~ h e r m a l  degradation o f  Beulah-3 l i gn i te  expressed as hal f - l i fe  
in minutes o f  observed products .  

tween t h e  systems may expla in t h e  d i spa r i t y  in temperatures. F i rs t ,  temper- 
a t u r e  measurement f o r  t h e  batch  reactor  may be more accurate than  t h a t  f o r  a 
heated screen; and second, t h e  coal used in t h e  batch  studies was much f i n e r  
t h a n  t h e  40- t o  60-mesh l ign i te  used in t h e  heated screen studies (95% minus 
200-mesh). S t i l l  another  d i spa r i t y  was t h a t  t h e  tota l  y ield. o f  C 0 2  f rom t h e  
Beulah-3 l ign i te  observed in t h e  heated screen studies was lower than  . that 
obtained in t h e  batch autoclave studies. 4. 

The  low temperature formation o f '  C 0 2  and H20,  as indicated by t h e  
Advanced Fuel Research k ine t ic  data, i s  consistent  w i t h  t h e  thermal bond  
ener.g ies.and s tab i l i t y  o f  llleavingll g roups  (Tables 2-15 and 2-16) o f  possible 
funct ional  g roups  present  in t h e  or ig ina l  coal. T h e  carboxy l ic  acid radical i s  
an  extremely good " leaving" g roup  (AHf o f  *COOH i s  -53.3 kcal/mole a t  298OC) 
and also forms re la t ive ly  weak bonds, such as in benzyl  carboxy l  acid (68.1 
kcal/mole), which can account f o r  t h e  low temperature formation o f  CO,. 
Water product ion  a t  low temperatures (even a f t e r  vacuum drying) could b e  
pa r t i a l l y  due t o  res idual  c lay  water o f  hydra t ion .  However, water p roduct ion  
due  t o  t h e  dehydra t ion  o f  act ivated al iphat ic h y d r o x y l  g roups (glycols) o r  
benzyl ic  h y d r o x y l  g roups  i s  also possible. Phenolics and al iphat ics w i th  o n l y  
a s ingle h y d r o x y l  g r o u p  would be  thermal ly  stable a t  low temperatures (bond 
energies o f  110 and 91 kcal/mole respect ively).  Al iphat ic  h y d r o x y l  decom- 
posit ion rates, however, coutd be g rea te r  than  indicated by t h e  bond  energies 
since t h e  products  are  water and olef ins: 



TABLE 2-15 

BOND ENERGIES OF POTENTIAL COAL, SOLVENT 
OR ADDITIVE COMPOUND TYPES 

- - - - -- - - 

AHf@2980 k AH @298OK 
Compound kcal/mole Compound kb~ / rno le  

PhCO-COPh 66.4 Ph-CH3 

PhCH2-OOCCH3 67 H-OCH3 

PhCH2-COOH 68.1 H-H 

PhCH2-C2Hs 69 CH3-H 

PhCH2-CH3 72 H-NH2 

PhCH2-OH 

CHa(CH21m-CH3 

H-CHO 

H-COCH2 = CH2 

H-OPh 

H3C-CH3 

H-SCH3 

PhCH2-H - 

77 Ph-OH 

81 Ph-H 

87 CH2CH2-Ph 

87.1 Ph-Ph 

88 H-OH 

88 

>88 - 
85 

H-SH 90 

C H ~ ( C I - I ~ ) ~ - O H  9 1 

' ~ r o m  Handbook of Chemistry and Physics, 56th Ed, 
p p  F 224-227. 



TABLE 2 -16 .  

. ~ 

Radical 

PhO 13 

a From t h e  Handbook o f  Chemistry and 
Physics; 56th gd 
D ( R - X )  = AH ( 6 )  +  AH;(^) - AH; ( R X )  
React iv i ty  o f  (he radical Increases with 
t h e  heat  o f  formation 



The olef in appearance a t  h igher  temperatures could represent a product  
o f  t h i s  dehydrat ion reaction. Carbon monoxide production was on ly  2 p c t  o f  
the maf coal and could originate from methoxy o r  aliphatic esters. I R  analy- 
sis o f  coal before and af ter  pyro lys is  has indicated the disappearance o f  
methoxy groups a t  lower temperatures. It i s  unl ikely, however, tha t  these 
were removed f rom aromatic r ings, as the phenyl  methoxy bond i s  ve ry  stable 
(98 kcal/mole). The  appearance o f  paraf f ins and olefins a t  h igher temper- 
atures i s  more complex and may involve di f fusion ou t  o f  the  coal matr ix. 
On ly  a small amount o f  methane was produced f rom the  coal coming f rom 
possibly two sources: aliphatics and methoxy groups. Previous batch auto- 
clave pyro lys is  data indicate about one weight p c t  methane i s  prodt.rcsd rapid-  
ly a t  under  400°C; while a t  temperatures o f  440°C and above, methane i s  
produced more rapidly,  presumably f rom aliphatics in the  coal. Another 
explanation f o r  h igher  rates o f  methane production a t  elevated temperatures i s  
t ha t  in batch autoclave pyrolysis studies al l  products remained in the reactor 
and therefore could continue t o  react. 

In summary the  pyro lys is  kinetic data indicate t ha t  a two-step sequence 
o f  l iquefaction could be important f o r  coals containing C02 and water-pro- 
duc ing functional groups. A t  lower temperatures (under 400°C) the Beulah-3 
l ign i te  thermally decomposes, producing up t o  0.34 moles of  C02  and 0.28 
moles of  water pe r  100 grams maf coal. Without hydrogenation during th i s  
decomposition process, extensive aromatization and subsequent decrease in 
conversion can occur. The need for hydrogen donating compounds o f  greater 
ab i l i ty  than hydrogen gas becomes apparent. Hydrogen donor solvents, CO + 
HzO, H2S and phenolics can donate hydrogen (based on  bond energies) bet ter  
~IICIII Ilydr-uyen gas. Thus i'l: may be poss~ble  f o r  l iquefaction yields t o  be  
improved by two-stage reactions us ing donors such as CO + H 2 0  o r  H2S a t  
low temperatures followed by hydrogen a t  h igher  temperatures. High-temper- 
a tu re  hydrogen reactions would also serve t o  desulfurize the l iquefaction 
products.  

2.2.12 Er ro rs  Introduced by S u l f u r  Coal Analyses 

One aspect o f  coal l iquefaction research involves experimentally deter- 
mining y ie ld s t ruc tures f o r  individual feed coals and making s~rbseq i~en t  
Comparison between coals. Ash content used in material calculations i s  
usual ly  determined b y  high-temperature ashing a t  800°C following ASTM 
procedures. Due t o  the  simplicity o f  the analysis, the  technique wi th  i t s  
inherent  e r ro rs  i s  s t i l l  widely accepted and used in calculating product  yields. 
As fundamental studies in the  areas o f  coal l iquefaction and gasification prog-  
ress, k inet ic  models, mechanisms and detailed y ie ld s t ruc tures are being 
developed, and greater accuracy i s  required than i s  possible when us ing 
simple high-temperature ashing. Of  special concern is  t he  fate o f  some vol- 
at i le elements, such as su l fu r  and the i r  ult imate end needs t o  be considered. 



T o  determine t h e  amount o f  su l fu r  reta ined in t h e  ash and  subsequent ly  
counted twice, once as elemental s u l f u r  by t h e  LECO s u l f u r  analysis and once 
as p a r t  o f  t h e  ash, bo th  t h e  tota l  coal and coal ash s u l f u r  contents were 
determined f o r  a number o f  l iquefact ion feed coals. These were calculated t o  
a comparable dry coal basis and are  tabulated in Table 2-17. Two  techniques 
were used t o  determine t h e  ash s u l f u r  content:  LECO s u l f u r  analysis and 
x - r a y  fluorescence (XRF). The  XRF analysis was dupl icated and su l fu r  
content  was calculated f rom t h e  as-measured SO3 content .  In general t he  two 
techniques resul ted in s u l f u r  ash values w i t h  a deviat ion o f  less than f 5  p c t  
o f  t h e  average value. The  agreement between LECO and XRF analyses means 
t h a t  t h e  simple LECO analysis can be  used t o  determine ash su l fu r  content  
w i t h  a good degree o f  cer ta in ty .  The  resu l ts  f o r  t h e  var ious  analyses l is ted 
in Table 2-17 and labeled as L i b r a r y  Values a re  averages f o r  al l  analyses o n  
f i l e  f o r  a par t icu lar  coal sample. T h e  number o f  analyses o n  a par t icu lar  coal 
depends upon t h e  f requency o f  use in t h e  CPU o r  ba tch  autoclave tests and 
ranges f rom a high o f  36 f o r  Beulah-3 l ign i te  t o  on ly  one f o r  Usibel l i  subb i t -  
uminous coal (Alaska). Typ ica l ly  2 t o  9 analyses have been performed on 
each coal. 

. Data concerning < the s u l f u r  forms found  inceach coal '  (Table 2-18) were 
obta'ined b y  t h e  P i t t sbu rgh  Energy  Technology Center  o r  t h e  State Electr ic i ty  
Commission o f  Victoria, Austral ia.  Mineral analyses on a number o f  t h e  
tabulated coals were determined us ing an IR pel let technique by Advanced 
Fuel Research (calcite content  i s  l isted).  

T h e  s u l f u r  retent ion values l is ted in Table 2-18 represent  t h e  s u l f u r  
f ound  in t h e  ash as a percentage o f  t h e  tota l  s u l f u r  analyzed in t h a t  p'ar- 
t i cu la r  coal. E igh t  o f  t h e  coals had s u l f u r  re tent ion  valu'es of 74 t o  89 pct,  
whi le s ix  o f  t h e  coals had h igher  o r  lower values. T h r e e  of t h e  coals t h a t  
contained v e r y  low tota l  s u l f u r  contents (0.5 w t  %) had  re tent ion  values o f  
ove r  97 pct,  whi le a t  t h e  other '  extreme, th ree  coals ( total  s u l f u r  > 3 w t  %) 
had retent ion values under  46 pc t .  A n  extremely low s u l f u r  retent ion value 
o f  on l y  5 p c t  was observed f o r  t h e  Powhatan #6 bituminous coal. 

Attempts t o  corre late t h e  amount o f  s u l f u r  reta ined w i t h  t h e  form of t h e  
s u l f u r  in t h e  coal (organic, py r i t i c ,  o r  sulfate) o r  w i t h  t h e  coal ash content 
were unsuccessful. Measured values f o r  sul fate were general ly  low and in 
most cases could account f o r  on l y  25 p c t  o r  less o f  t h e  reta ined sul fur .  Py r i t e  
content  also did no t  correlate. In some cases t h e  p y r i t e  content  was much 
h igher  than t h e  retained su l fu r ,  whi le in o ther  instances it was much lower. 
For all b u t  two o f  t h e  twelve coals, t h e  sum o f  p y r i t i c -  and sul fate-sul fur  i s  
less than  t h e  amount o f  s u l f u r  reta ined in t h e  ash, ind ica t ing  t h a t  su l fu r  in 
some o ther  form must be  retained. T o  account f o r  t h i s  s u l f u r  retent ion, t h e  
most obvious source o f  cations i s  t h e  ion exchangeable calcium found in these 
coals. D u r i n g  heat-up in t h e  ashing process organic s u l f u r  reactions w i t h  
calcium, sodium, potassium, and/or magnesium could occur t o  fo rm some oxides 
o f  s u l f u r  which would be stable a t  t h e  h igher  ashing temperatures. Th is  i s  
especially t r u e  f o r  reactions w i t h  calcium. 

S u l f u r  retent ion in t h e  ash was found  t o  corre late w i t h  calcium content  
as shown in F igure  2-10. T h e  s u l f u r  reta ined was found  t o  b e  near ly  l inear, 
w i t h  t h e  calcium-to-sulfur molar ra t io  in t h e  dry coal f o r  Ca/S molar rat ios 
u n d e r  0.8 o r  when excess s u l f u r  was present .  For  molar rat ios between 0.8 
and about  1.5, 85 t o  89 p c t  o f  t h e  tota l  s u l f u r  was retained, whi le a t  rat ios 
o v e r  2 near ly  al l  o f  t h e  tota l  s u l f u r  was reta ined w i t h  t h e  ash. 



TABLE 2-17 

SULFUR ANALYSES OF COAL AND COAL ASH 

Su l fu r  Cmtelit  
~ s h ~  Ash o f  t he  Ash by Coal Total Su l fu r  

Coal ' L i b ra ry  Th is  XRFA' L ib ra ry  Th i s  
Coal Sou..-ce Abbrev. . Type Va I~ ie  Analysis L E C O ~  - 1 - 2 Average Value .Analysis 

Absaloka, MT 
B ig  Brown, TX 
Beulah, ND 
Decker, MT 
Gascoyne, ND 

ABS l  
6 6 a  
63  
DEC 1 
GAS 7 

Sub. 
L ig  . 
L ig  . 
Sub. 
L ig  . 

Larson, ND 
Mart in  Lake, TX 

t~ Morwell, Austral ia 
. Powhatan #6, OH W 

E. San Miguel, T X  . 

LAR 1 
M L1 
MOC 
POW1 
SMl 

L ig  . 
L ig  . 
B rn 
Bi t .  
L ig . 

Velva, ND 
Wyodak, WY 
Indian Head, ND 
Usibelli, Alaska 

VELli 
WYOl 
ZAP1 
US1 I 

Lig  . 
Sub. 
L ig  . 
Sub. 

a 
L ib ra ry  values are avera.ges o f  al l  analyses on ffle, Ash was determined by ashing a t  800°C following 
ASTM procedures.. 

b ~ e t e r m i n e d  w i th  a LECO su l fu r  analyzer. 
'x-ray fluorescence analysis o f  t he  ash. T:?e as-measured SO3 content was used t o  calculate su l fu r .  



TABLE 2-18 

COMPARISON OF COAL TOTAL SULFUR AND SULFUR FORMS TO ASH SULFUR CONTENT 

Coal - 
ABSl  
iBBl 
8 3 
:DEC1 
GAS1 

LAR l  . 
ML1 
MOC 
IPOWl 
SM1 

V E L l  
WYOl 
ZAP1 
US1 1 

coala 
Tota I 
Sul fur ,  
L ib ra ry  
Value 

Ash 
Sul fur  
Content, 
Average 

% o f  Total 
Su l fur  
detained 
In the Ash 

Sul fur  Forms - 
As % Su l fur  in D r y  coalC 

Organic 
Sulfate Pyr i t ic  (Di f f .  ) Calcite d 

ca/se 
Molar 
Ratio 

a L ib ra r y  values are averages o f  al l  .analyses on f i le. 
b ~ h e  percentage o f  total coal sulfur found in the ash: 
'~etermined by the  State Electr ici ty Commission o f  Victory, Australia and/or the P i t tsburgh,  Energy 

T k h n o l o g y  Center. 
d ~ e f e r m i n e d  by Advanced Fuel Research using an IR technique. e 

. Calculated from (moles Ca/100 gm dry coal)*32/(gms. S/100 gm d r y  coal). 
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FIGURE 2-10. ~ f f e c t  o f  calcium content  o f  t h e  coal on  retent ion of s u l f u r  
in t h e  ash. 

It should be  noted in these discussions t h a t  t h e  coals which had high 
Ca/S molar rat ios were low-su l fu r 'coa ls  (less than  $j w t  p c t  tota l  su l fu r ) ,  and 
experimental e r r o r  could account f o r  t h e  wider  retent ion range repor ted .  For 
t h e  coals w i t h  Ca /S  rat ios o f  under  1.5, tota l  coal s u l f u r  va r ied  f rom 0.6 t o  
4.2 w t  p c t  o f  t h e  +dry +coal. I t  s t ~ o u l d  also b e  noted t h a t  o ther  alkal i  metal 
cat ions .such as Na , K , and ~g~ may be cor i t r ibut ing;  however, since t h e  
slope o f  t h e  l ine  in F igu re  2-10 is  near ly  one-to-one f o r  Ca/S molar rat ios 
u n d e r  U. I, t h e i r  cont r ibu t ion  t o  t h e  retent ion of s u l f u r  appears t o  b e  minimal 
and  w i th in  t h e  realm pred ic ted by t h e  calcium content  alone. 

The prev ious  discussion showed t h a t  some organical ly-bound s u l f u r  was 
reta ined in t h e  ash; t h i s  would, in turn, in t roduce some e r r o r  i n to  the! matar-  
ia l  balance calculations f o r  l iquefact ion experiments. T h e  use o f  t he  ash 
value determined by high- temperature ashing would d i r e c t l y  a f fec t  t h e  dry 
coal oxygen content, which i s  t yp i ca l l y  determined by di f ference.  Since t h e  
ash content  i s  also used t o  determine t h e  maf coal content  o f  a sample, these 
values wi l l  also b e  in e r r o r  depending on t h e  amount o f  s u l f u r  reta ined in t h e  
ash. Low s u l f u r  re tent ion  f o r  a h ighe r -su l fu r  coal o r  a high retent ion f o r  a 
low-su l fu r  coal wi l l  have the  least ef fect .  The  e r r o r  i s  appreciable f o r  a coal 
such as Beulah-3 l ign i te,  wh ich  contains 2.4 w t  p c t  tota l  s u l f u r  and  has an  
ash s u l f u r  re tent ion  o f  74 pc t .  

Table 2-19 presents t h e  averaged data f o r  Beulah-3 l ign i te  and t h e  
calculat ions t o  ad jus t  t h e  inorganic content  t o  account f o r  s u l f u r  re tent ion  and 
also calci te decomposition. Calcite decomposition t o  CaO and C 0 2  a t  800°C 
would decrease t h e  amount o f  ash observed. As seen in Table 2-18, t h e  



TABLE 2-19 

EFFECT OF USING ASH OR INORGANIC CONTENT TO~DETERMINE 
COAL ELEMENTS FOR BEULAH-3 LIGNITE 

W t  Pct 
mf Coal 

Component (mf) 

b Carbon 
H yd rogeg 
N i t rogeg 
Oxygea 
Sul fur  
Organic sulfufC 1.71 

N 
Pyr i t ic  Su l fu re  0.64 

I 
W 

Sulfate Sul fur  0.03 
u 1 no r  anic 

Ash 
ts 

Ash s$furg 1.77 
Calcite 0.9 
Total 

W t  Pct mf Coal W t .  Pct 
Using HTASH mf Coal 

(mf Using CASH 

w t  % w t  Pct 
maf Coal maf Coal , % E r ro r  
Using HTASH Using CASH ' between 
(maf) (mif) maf & mif  

a Analysis wi th standard deviations represent a minimum o f  37 analyses made over a two-year time frame. 
b~etei-mined by a Perkin Elmer 240 C, H, N analyzer. 
C Determined by difference. 
d~e te rm ined  by LECO .,sulfur analyzer. e Determined a t  PETC. o r  by the SEC in Australia. 
f ~ e t e r m i n e d  b y  Ashing a t  800°C following ASTM procedures. 
'~etermined by X-ray fluorescence and LECO analyzer. 
?Determined by di rec t  I. R. analysis (Advanced Fuel Research). 
I Inorganic = 16.55 - (Ash S ) ( M W ~ ~ ~ / M W ~ )  + (Sulfate S) ( M W ~ ~ ~ / M W ~ )  + py r i t e  su l fu r  + calcite 

( M W ~ 0 2 ' M W ~ ~ ~ o , ) .  



amount o f  calci te in t h e  e igh t  coals f o r  which analyses are  available i s  small 
and  re la t ive ly  constant .  Seven o f  t h e  e igh t  have calci te values between 0.9 
and 1.2 w t  p c t  dry coal. Using: 

Calci te Ash loss = (w t  p c t  calcite) (MWCO2/MWCaCo1 ) 

t h e  observed ash value would be  0.4 w t  p c t  low f o r  Beulah-3 l ign i te.  

The  amount o f  organic s u l f u r  in t h e  ash can be calculated and corrected 
f o r  p y r i t i c  and sul fate s u l f u r  us ing:  

Ash sulfur e r r o r  = (Ash  S u l f u r ) ( M W ~ n , ~ - / ' M W ~ )  + 
(Sul fate S)(MWS03/MWS) + ( p y r h i c  5 )  

Tor t h e  Bculah-3 l ign i te  a value o f  3.8 w t  pct is obtained, which is  
s igni f icant .  T h e  actual inorganic content  o f  t h e  coal would be: 

Inorgan ic  = High Temperature Ash + (Calcite ash loss) - 
(Ash s u l f u r  e r r o r )  

o r  13.1 w t  p c t  f o r  Beulah-3 l ignite, which i s  21 p c t  lower than  t h e  high-tem- 
pe ra tu re  ash value. T h e  d r y  coal oxygen  content  increases f rom 17.8 t o  22.3 
w t  pc t .  T h e  calculat ion o f  t h e  l iquefact ion y ie lds on an maf coal basis i s  also 
af fected in t h a t  a y ie ld  o f  35 w t  p c t  d is t i l lab le o i l  der ived f rom calculalioris 
u s i n g  t h e  h igh- temperature ash t o  calculate t h e  amount o f  nlaf coal f ed  would 
b e  33.6 w t  p c t  us ing  t h e  s u l f u r  and calci te corrected ash value in these 
calculations. Cor rec t i ng  t h e  h igh- temperature ash value f o r  these coals would 
n o t  d ras t ica l ly  a f fec t  t h e  repor ted  l iquefact ion yields; however, when deal ing 
w i t h  oxygen elemental balances and especially inorganic o r  ash balances t h e  
e r r o r s  a re  more s igni t icant .  When derermlwlng rhe amounls and Lypes uf 
oxygen  func t iona l i ty  o f  a coal such as Beulah-3 l ign i te,  which has a large ash 
s u l f u r  retent ion,  correct ions would b e  necessary t o  a r r i v e  a t  t h e  t r u e  coal 
oxygen  content.  I n  ash balancing calculations f o r  l iquefact ion o r  o ther  sy -  
stems where coal i s  processed, t h e  necessity f o r  correct ion becomes impor- 
t an t .  D u r i n g  coal l iquefact ion t h e  organic mat r ix  i s  made more volati le, 
s u l f u r  i s  reduced t o  H2S, p y r i t e  goes t o  phy r ro t i t e ,  and ion exchangeable 
a lkal i  metals agglomerate pr inc ipa l ly  as carbonates. The  n e t  resu l t  i s  an 
apparent  ash loss d u r i n g  l iquefact ion. 

In conclusion, t h e  data indicate t h a t  f o r  t h e  coals studied, the q u a n t ~ t y  
o f  s u l f u r  reta ined in t h e  ash d u r i n g  h igh- temperature ashing depends on t h e  
amount o f  calcium and, t o  a lesser extent ,  on  t h e  tota l  s u l f u r  present .  In 
general, material balance calculations us ing  ash would be more accurate and 
va l id  if su l fu r - f ree  ash data were used. For  detailed elemental balancing, t h e  
ash s u l f u r  content,  as well as coal p y r i t i c -  and su l fa te-su l fu r  contents are  
requ i red  t o  obta in  accurate coal oxygen values. Liquefact ion p r o d u c t  d i s t r i -  
but ions, o n  an maf coal basis, a re  affected by s u l f u r  retent ion in t h e  ash, 
but no t  t o  such an ex ten t  t h a t  correct ion would normally be  necessary. 
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3.1 GOALS AND OBJECTIVES 

The goal o f  t he  GFETC Slagging Fixed-Bed Gasification (SFBG) Project 
i s  t o  develop data t o  support  commercial and demonstration applications o f  coal 
gasification technology. Due t o  the nature o f  the  GFETC p i lo t  p lant  equip- 
ment process and the  Center's mission t o  pursue applications t o  low-rank coals, 
the  pr imary focus o f  the  GFETC project has been on the  SFBG o f  l ignites and 
subbituminous coals. Emphasis was placed on the development o f  environ- 
mental data and on  by-product  and ef f luent  treatment and ut i l izat ion studies 
because these are the  most pressing needs. The project now includes the  
additional goals o f  generating data t o  validate the  adequacy o f  various com- 
binations o f  a l ternat ive physical, chemical, and biological wastewater treatment 
methods t o  meet cr i te r ia  f o r  reuse o f  wastewater and disposal of  contaminants; 
t o  develop o r  improve select aspects o f  treatment technology; and t o  char-  
acterize slag and waste treatment sludges and the i r  leachates t o  ensure safe 
disposal under RCRA guidelines. A jo int  venture wil l  be undertaken w i th  
Argonne National Laboratory t o  assess occupational health issues, s tar t ing 
w i th  biomedical assessment o f  all p r imary  and secondary ef f luent  streams tha t  
could involve the  exposure o f  workers. 

The f o u r  major act ivi t ies in the Slagging Fixed-Bed Gasification Project 
during FY 1981 have the  following objectives: 

1. Demonstrate the capabil i ty t o  operate the SFBG continuously (up t o  
5 days) on  l igni te and t o  collect representat ive samples o f  effluents, 
especially wastewater, f o r  subsequent treatment tests. 

2. Separate and characterize organic consti tuents in gasif ier ef f luents 
(especially 'wastewater) 'and relate them t o  coal-specific propert ies 
and process conditions. 



3. Design and test  alternate o r  advanced wastewater treatment tech- 
iirques. 

4. Obtain PDU-sized treatment equipment, inc luding a cooling tower, 
and .test proposed treatment methods t o  determine environmental and 
process eff iciency . 

3.2 ACCOMPL'ISHMENTS 

3.2.1 Summary o f  Operations 

The most successful SFBG test  in GFETC h is to ry  was completed on Ap r i l  
3, 1982, w i t h  over  120 hours  o f  continuous slagging operation. Th is  one-time 
goal of  f i v e  days' continuous operation, once rejected as being impractical due 
t o  the  small gasi f ier  diameter, was accomplished on the  same Nor th  Dakota 
l igni te t ha t  wi l l  be  used in the Great Plains Gasification Project commercial 
plant. Two major gasifer modifications largely responsible f o r  th is  success 
were the enlargement o f  the gasif ier I.D. 'to i t s  maximum o f  22" and the use 
of a r ing - type  methane burner  in the  taphole. Run termination was voluntary 
a f ter  five days o f  operation, du r i ng  which two rai l  car  loads o f  l igni tc were 
gasified and over  11,000 gallons o f  wastewater were collected. Post-run in- 
spection revealed no internal  gasif ier damage, indicating tha t  the  test  could 
have proceeded indef in i te ly.  

Another highly successful SFBG test  was completed on Ap r i l  23 wi th 80 
hours o f  t roub le- f ree slagging operation on Indian Head (same as GPGA) lig- 
nite. Th is  was followed b y  2.5 hours o f  slagging operation on mildly-caking 
Emery, Utah, bituminous coal ( f ree swelling index o f  1.5), du r i ng  which the  
water-cooled s t i r r e r  was successfully operated. Some caking o f  the  bed was 
encountered, causing coal feeding problems jus t  p r i o r  t o  termination of  t he  
run. 

The third and last  tes t  under th i s  operating contract  was ini t iated wi th  
Indian Head l ign i te  and switched t o  a 50:50 mix ture  w i th  Emery. Although 
nnly six hours o f  slagging npnratinn wore obtained an the misctuv~,  lilt! 
iessened tendency toward caking, as evidenced by bed dps  and s t i r r e r  torque, 
offers promise f o r  t h i s  method f o r  overcoming caking problems. 

The recent series o f  three- t o  f ive-day runs  on l igni te (Table 3-1) has 
ver i f ied t h e  fac t  t h a t  the  slagging f ixed-  bed gasif ier as c u r r e n t . 1 ~  configured 
i s  a reliable machine capable o f  producing large amounts o f  steady state ef- 
f luents f o r  environmental studies. Over 30,000 gallons of  wastewater were 
collected before the  end o f  the  contract  and stored in a ra i l  freezer car f o r  
test ing in the  wastewater treatment t r a i n  when installed. 

3.2.2 Analyses o f  Gasifier Eff luents 

3.2.2:l Development of  a Fast Class Separation Method 

A v e r y  fas t  method was devised f o r  effect ing the separation o f  compound 
classes (aliphatics, aromatics, and polars) in the same manner as the modified 
EPA-610 procedure. The  61 0 procedure open column chromatography on acti- 
vated silica gel i s  v e r y  useful but requires approximately one hour  t o  complete. 



TABLE 3- 1 

OPERATING PARAMETERS FOR EXTENDED SFBG RUNS 

Run No. 

Coal Used: 
Indian Head Lignite X X X X 
Emery Bituminous X X 

Slag Flow Hours 121.4 68.35 3.6 32.25 5.5 

Operating Parameters: 
Oxygen Rate, scfh 655 1 6823 6836 6563 6563 
Oxygen/Steam Mole Ratio 0.90:l 0.9:l 0.9:l 0.80:l 0.86:l 
Operating Pressure, psig 300 300 300 300 300 

Causes Of Shutdown: 
Loss of Slag Flow 
Fuel Bed problems 
Voluntary Shutdown 

Mechanical Dimensions: 
Water-cooled Stirrer X X X X 
Hearth plate Level, inches 4.65 3.675 3.675 3.675 3.675 
Vessel Diameter, inches 2 2 2 2 2 2 2 2 2 2 
Tuyere Angle, degrees 8O 18O 18O 18O 18O 
Tuyere Insert, I.D. 0.269 0.269 0.269 0.269 0.269 

Mass Balance: 
% IN: Steam 

Oxygen 
Fue 1 
Purge Gas 

% OUT: Product Gas 66.6 66.3 NC $ 66.5 NC 
Slag 2.6 3.3 NC 2.7 NC 
Tar 2.3 1.7 NC 1.4 NC 
Liquor 29.4 28.8 NC 24.3 NC 

% Accounted For - 100.9 100.1 NC 94.8 NC 



High ly  volati le compounds can be lost in the solvent evaporation steps. ,Since 
Aldrich-Davidson #12 silica gel had always effected a good' separation w i th  
open columns, a shor t  tu'be (13 x 1 cm) was f i l led w i th  t he  sil ica gel act ivated 
a t  518OF and an end cap made from a Waters Associates' "sep-pak" was at-  
tached so t h a t  a sy r inge  could be  used t o  force the  elut ing solvents th rough  
the  column. The  device i s  shown in Figure 3-1. 

FIGURE 3-1, Homemade device f o r  rap id  separation o f  compound 
classes in SFBG light organic by-products.  

Using t h i s  tube  w i th  pentane, methylene chloride, and methanol as 
eluents, clean separation of  aliphatics, aromatics, and polars was obtained on 
50-pl samples o f  gasif ier light oil. Solvents were evaporated from' the  three,  
fract ions, and gas chromatographic analysis was performed on each fract ion. 
Fu tu re  experiments wi l l  be aimed a t  reducing the  size o f  the  tube, thus  re-  
duc ing column dead volume and giving fract ions suitable f o r  on-column in- 
jection gas chromatographic analysis wi thout  evaporation o f  the  solvent. 

3.2.2.2 Analysis o f  Time-Sampled L igh t  Oils 

L igh t  oi ls f rom the  sidest'ream sampler (Gasifier Run RA-119) were ex- 
, amined us ing t he  separation method described in the  preceding section. 

Samples obtained Qn the f i rs t ,  third, and fifth days o f  Run RA-119 were shown 
t o  have identical compositions. Gas chromatograms o f  t he  aliphatic,, aromatic, 
and polar f ract ions were compared. The  on ly  dif ference was . in the  amounts 
o f  t he  h igh ly  volati le aromatics, which could have been caused by variat ion 
in the  vacuum dist i l la t ion conditions o r  evaporation during sampling. Th is  i s  
s igni f icant  since it indicates t ha t  steady state conditions were achieved ear ly 
in the  run (before 6 hours). F igure 3-2 provides a comparison o f  the  chrom- 
atograms o f  t he  aromatic fract ions o f  samples f rom the  f i r s t  and fifth days o f  
t he  run. 

A sample f rom an earl ier run, RA-87, us ing t he  same coal was analyzed 
by the  same method. The  chromatograms o f  the  RA-87 sample were identical 
in every  detai l  t o  t he  third day's sample from Run RA-119. 

3.2.2.3 Guaiacols in ' ~ i gh t  Oils 

Five guaiacols have been ident i f ied in gasifier light oi l  phenolics by 
normal phase H PLC and GC/MS : guaiacol, 6-methylguaiacol , 4-methylguaiacol, 
4-ethylguaiacol, and 4-n-propylguaiacol . One other  methoxymethylphenol was 
present in t he  unseparated phenolics b u t  was found in the  o-phenol f rac t ion 



First Sample-6 hrs. 

Fifth Day 

FIGURE 3-2. Comparison of aromatic fractions of light oils. Samples col- 
lected at different time periods. RA-119 (Indian Head); first 
sample: 6 hours. 



r a t h e r  than  w i t h  t h e  guaiacols; hence, it must  be  e i ther  t h e  3-, 4-, o r  5- 
methoxy-2-methylphenol.  None o f  t h e  appropr ia te  compounds were available 
as standards, so a synthesis o f  3-methoxy-2-methylphenol was ca r r i ed  out, as 
shown: 

OH OH 

NaOH 

OH (CH3)2  SO^^ 

T h e  o ther  two  s tandards  wi l l  be  synthesized by Clemmensen reduct ion o f  t h e  
cor respond ing sal icylaldehydes. 

3.2.2.4 Hydantoins in Gasif ier Ef f luents 

Hydantoins were obtained by charcoal t reatment  o f  ' condensate 
water  which had  been ex t rac ted w i th  methylene chlor ide.  Gas chromatography 
w i t h  DB-5 .columns gave v e r y  broad, d is tor ted  peaks f o r  these compounds. 
Gas chromatography o n  a 60-meter SE-54 column was n o t  successful; forming 
t h e  methyl  der iva t ives  gave n o  major improvement. A 25-meter Al l tech Super-  
ox-FA was insta l led w i t h  an on-column injector,  and produced excel lent reso- 
l u t i on  w i th  good peak shape; T h i s  i s  t h e  f i r s t  t ime a polar  capi l lary column 
has p roven  super io r  o v e r  t h e  SE-54, ind ica t ing  t h a t  Superox may have o ther  
uses in f u t u r e  wastewater analysis. T h e  Superox-FA column was then  instal led 
o n  t h e  GC/MS. 

Several methylat ion experiments were ca r r i ed  o u t  t o  conver t  t h e  hydan-  
to ins  t o  t h e i r  N, N-dimethyl  der ivat ives.  It was hoped t h a t  these der iva t ives  
would g i ve  'more intense molecular ions than  t h e  under iva t ized compounds. 
(Without der iva t i ia t ion ,  t h e  molecular ions o f  sori-te o f  t h e  smaller hydanto ins 
a r e  obscured by those o f  o the r  hydantoins w i t h  l a rge r  a l ky l  groups.)  T h e  
bes t  convers ion o f  t h e  hydantoins t o  t h e  N,N-dimethyl der iva t ives  was obtained 
by s t i r r i n g  t h e  hydanto in  w i th  methyl  iodide in acetone w i t h  a pH 13 buf fer .  

These der iva t ives  were resolved easily o n  t h e  DB5 column and gave good 
molecular ions. T h e  fo l lowing hydantoins were ident i f ied  by fragmentat ion 
pa t te rns  and  molecular ions: 5,5-dimethylhydantoin, 5-ethyl-5-methylhydantoin, 
5,5-diethyl hydanto in,  5-methyl-5-propylhydantoin, and 5-methyl-5- isopropyl- 
hydanto in.  

The  most l i ke l y  source o f  these hydantoins i s  t h e  react ion o f  ketones in 
t h e  condensate water  w i t h  cyanide and ammonia. None o f  t h e  monosubst i tuted 
hydantoins, which would have come f rom aldehydes, were found.  No pheny l -  
hydanto ins were found.  

3.2.3 Slag Viscosi ty  

3.2.3.1 Predict ion o f  Viscosity by t h e  Dolomite Ratio 

A cont inu ing a c t i v i t y  in t h e  slag v iscosi ty  p ro jec t  i s  t h e  tes t i ng  o f  empir- 
ica l  data f rom t h e  v iscosi ty  measurements made by Bituminous Coal Research 
against  p red ic t i ve  models in t h e  l i te ra ture .  A spot  check was made o f  t h e  



dolomite ra t i o  method* o f  p red ic t ing  slag v iscosi ty .  T h e  dolomite ra t i o  i s  calcu- 
la ted f rom 

100 (CaO + MgO) 
CaO + MgO + Fe203 + Na20 + K20 

where t h e  chemical formulae represent  t h e  we ight  percentage o f  t h e  respect ive 
components o n  an SO3-free, P20s- f ree  basis. T h e  dolomite ra t i o  method was 
tested by comparing t h e  temperature a t  which t h e  v iscosi ty  i s  p red ic ted t o  be  
250 poises, based on t h e  composition of t h e  slag, against t h e  observed tem- 
pe ra tu re  f o r  f i v e  slags. T h e  resu l ts  a r e  summarized in Table 3-2. 

TABLE 3-2 

COMPARISON OF 'PREDICTED AND OBSERVED TEMPERATURES 
FOR 250 POISES VISCOSITY 

Slag Dolomite Ratio Tcalc, OF OF Error, OF 
:: 

At.lantic Richf ield 87.8 2170 2 170 0 
Baukol-Moonan 73.7 2 100 2210 110 
Big Horn 56.0 2025 . 2195 170 
Colstrip 92.0 2160 2440 280 
Decker 59.7 2050 2160 110 

Average Error 134 
! 

Based on t h i s  ra the r  l imited sample, it appears t h a t  t h e  dolomite ra t i o  
method general ly  p red ic ts  temperatures t h a t  a re  too low. T h e  theoret ical impl i-  
cations o f  t h i s  underpredict ion,  in terms o f  l i ke l y  processes in t h e  melt, have 
n o t  been explored as yet, n o r  has t h e  spot  check repor ted  here  been extended 
t o  more than  f i v e  slags. 

3.2.3'. 2 Act ivat ion Eneray f o r  Flow 

T h e  act ivat ion energy  f o r  molecules toe  move in to  holes in t h e  liquid s t ruc -  
t u r e  during viscous f low can be  calculated f rom t h e  wel l-known equation 

where 8 ,  i s  t h e  fluidity o r  reciprocal v iscos i ty  a t  temperature TI. Values o f  
A& were calculated f o r  14 slags us ing  t h e  empirical v iscosi ty- temperature cu rves  
determined by BCR. Values o f  T1 and PI1 were taken f rom t h e  Newtonian 

* Duzy, A. F. " Fusibil i ty-.Viscosity o f  L ign i te -Type Ash". 
ASME Paper #65-WA/FU-7 (1965). 



reg ion o f  t h e  curve,  rough ly  equid is tant  f rom t h e  midpoint  and spanning as 
wide a range as seemed reasonable. For t h i s  set  o f  slags A& = 76 2 10 kcal/  
mole. It i s  i n te res t i ng  t o  note t h a t  t h e  Paul ing single bond energy  f o r  .an 
S i - 0  bond i s  88 kcal/mole. T h i s  resu l t  suggests t h a t  f low in these slags ar ises 
f rom r u p t u r e  o f  some fa i r l y  s t rong  bonds, p robab ly  in t h e  aluminosilicate po ly -  
mers. 

The  range o f  observed values o f  A& was 58.7 t o  .95.6. kcal/mole. As y e t  
n o  attempt has been made t o  determine whether  A& can be  corre lated w i th  some 
o t h e r  p r o p e r t y  o f  t h e  slag, such as ex ten t  o f  polymerization, o r  whether t h e  
range  is  simply due  t o  experimental scat ter .  

3.2.3.3 Par t i t ion  Coefficients--Carnegie-Mellon Un ive rs i t y  

A rev iew o f  t h e  l i t e ra tu re  concerning estimation o f  par t i t ion,  o r  d l s t r i -  
bu t ion ,  coef f ic ients (K ) revealed two  approaches by which K values may be  
pred ic ted:  1 ) thermo&namic approaches, which de r i ve  f rom ?he def in i t ion  o f  
K,, expressed as t h e  ra t io  o f  solute mole f rac t ion  a c t i v i t y  coeff ic ients in t h e  
aqueous and  solvent  phases, respect ive ly ,  and 2) corre lat ion analysis, which 
i s  based o n  t h e  observat ion t h a t  pa r t i t i on ing  processes are  similar in similar 
so lvent  systems and t h a t  subst i tu t ion  f o r  replacement o f  a hydrogen atom on a 
solute molecule has an add i t i ve  e f fec t  on t h e  d i s t r i bu t i on  coeff ic ient.  

Previous progress  repor t s  have descr ibed t h e  use o f  a thermodynamic 
model based o n  t h e  concept o f  regu la r  solutions. I t  was shown t h a t  t h i s  ap- 
proach was accurate on ly  f o r  systems t h a t  do n o t  inc lude hydrogen bonding.  
However, t h e  approach i s  suitable f o r  a re la t ive  r a n k i n g  o f  solutes f o r  ex t rac-  
t i o n  o f  a pa r t i cu la r  solute. New e f fo r t s  have expanded t h e  analysis o f  t h i s  
model w i th  nonhydrogen-bonded systems, and addit ional work  has also inc lud-  
ed  an analysis o f  so lvent  mix tures .  These resu l ts  have conf irmed t h e  applica- 
bility o f  regu la r  solut ions t o  nonpolar-solvent,  polar-solvent  systems. Prelim- 
i n a r y  w o r k  w i th  solvent  mix tures  has shown t h a t  accurate estimates o f  K g  f o r  
phenol ex t rac ted w i t h  a m i x t u r e  o f  octanol-cyclohexane can be  obtained ove r  
t h e  range o f  octanol volume f ract ions 0.2 t o  0.9. The  same approach was n o t  
sui table f o r  a polar-polar  solvent  m ix tu re  o f  octanol-buty l  acetate. 

Previous q u a r t e r l y  repo r t s  have shown t h e  use o f  Linear Free Energy  
Relationships (LFER) f o r  corre lat ion o f  solute K values in a pa r t i cu la r  sol- 
v e n t  w i th  d i s t r i bu t i on  o f  subst i tuent  constants; 'some numerical examples are  
g i v e n  below. 

The  subst i tuent  constant  i s  def ined as 

n x = log P ( x )  - log (p(H) 

where P(x)  i s  t h e  pa r t i t i on  coeff ic ient o f  a der iva t ive  a n d  P(H) i s  that ,of  a 
p a r e n t  compound. For  example, t h e  SC value f o r  NO2 subst i tu t ion  o f  be6zene 
w i t h  octanol as t h e  solvent i s  

n NO2 = log P(nitrobenzene) - log (P(benzene) 
= 1.85 - 2.13 = -0.28 



This  can then be used to estimate log P f o r  1,3-dinitrobenzene 

log P(1,3-dinitrobenzene) = log  benzene) + 2 n 
,= 2.13 + 2(-0.28) N% 

log P(1,3-dinitrobenzene) = 1.57 , 

observed log P = 1.49 

When phenol i s  taken as the parent  compound, the  SC f o r  NO2 i n  octanol 
increases t o  0.50 f o r  para and meta subst i tut ion but has a value o f  on ly  0.30 
f o r  or tho substi tut ion. The SC value f o r  NO2 subst i tut ion on phenol w i th  
n-butyl actetate as solvent is  0.60, 0.72, and 0.62 in the  ortho, meta and 
para positions, respectively. 

3.2.4 Anaerobic Treatment Wastewater--Georgia l ns t i tu te  
o f  Technology 

Research i s  being performed t o  assess the feasib i l i ty  o f  us ing anaerobic 
treatment o f  coal gasification wastewater b y  the  Activated Carbon f i l t e r  method. 
The process, shown in previous quar te r l y  reports, consists o f  a f i rs t -stage 
reactor containing Raschig Rings and a second-stage reactor containing gran-  
u lar  active carbon. The ef f luent  i s  treated b y  nitr i f ication-denitr i f ication to  
remove residual ammonia and other n i t rogen cbmpounds. Three parallel sy-  
stems are being operated t o  minimize losses in data collection due t o  upsets. 

Systems I and II have been operated f o r  266 days. Dur ing  th is  time 
they received identical feed substrates o f  d i luted wastewater and phosphates. 
The  concentration o f  the wastewater was %I0 p c t  (1,000 ppm TOC) f o r  a 
period o f  20 days (day 175-196). On day 196 o f  operation the concentration 
o f  raw wastewater in the  in f luent  was increased t o  %I5  p c t  (1,500 ppm TOC) 
and the system was operated f o r  an additional 40 days (day 126-236). Dur ing  
th is  lat ter  period, performance of both Systems I and II decreased markedly. 
In order  t o  improve the  eff iciency o f  the system performance, FeC13 was 
adged t o  the  feed substrate on day  209 t o  eiJher precipitate, in the case of  
S , o r  complex in the  case o f  CN and SCN , potential ly inh ib i to ry  species. 
No improvement in operation was noted. Therefore, on day 237 the  in f luent  
raw wastewater concentration was reduced t o  %10 p c t  (1,000 ppm TOC) and 
the systems were operated an additional 17 days under  these conditions. 
Lack o f  biological act iv i ty ,  as evidenced b y  extremely low TOC and COD 
removal coupled wi th  a lack o f  gas production, indicated the  systems were 
ei ther severely inhib i ted o r  had failed. Therefore, on day 254 both  Systems 
I and I1 were drained, reseeded wi th  sludge from a municipal anaerobic 
sludge digester, and reacclimation o f  these two systems was init iated. In the  
meantime, the concentration o f  wastewater feed t o  System I l l  was increased t o  
~ 1 0  p c t  which appears t o  be t he  upper  l imit f o r  raw wastewater. 

Gas production f rom the two Systems i s  shown in Figures 3-3 and 3-4. 
Average dai ly  gas production f o r  the period day 147-194 f o r  both systems was 
1.2 R/day C02  and 4.5 Q/day CH4, wi th  System I showing more var iab i l i ty  in 
dai ly  gas production than System 1 1 .  Upon increasing the raw wastewater 
concentration t o  15 pct, System I showed a decrease in gas product ion t o  a 
value o f  zero on day 202, while System 1.1 showed an increase in gas produc- 
t ion t o  5..5 Q/day on day 202 and then decreased t o  zero on day 209. These 
decreases in gas production indicated a loss o f  bacterial ac t iv i ty  either due t o  
inhib i t ion o r  toxic i ty .  



Dur ing  t h e  per iod day 147-195, both Systems continued t o  show good 
phenol removal (as shown in Figures 3-3 and 3-4) w i th  ranges o f  removal e f f i -  
ciencies o f  79-93 p c t  and 84-95 p c t  f o r  Systems I and I I ,  respectively. The 
average removal eff iciency f o r  both systems f o r  th i s  period was 90 pct .  

Operation o f  the  ni t r i f icat ion system continued a t  a hydraul ic  residence 
t ime o f  18 hours  and a sludge age o f  approximately 22 days. The feed so- 
lu t ion t o  t he  system consisted of  increasing concentrations o f  ef f luent  f rom 
t h e  anaerobic f i l ters,  as indicated in Table 3-1. The  ni t r i f icat ion system 
showed extremely good r e m o ~ a l  o f  NH3 as well as residual TOC and COD i n  
t h e  wastewater. NH3-N, NO2 -N, NO3 -N in f luent  and ef f luent  concentrations 
are  g iven in Table 3-3 f o r  the  f i ve  anaerobic eff luent concentrations tha t  have 
been treated. As can be seen from the  data, essentially complete ni t r i f icat ion 
occurred a t  al l  concentrations wi th  conversion of- the NH3-N to  NU3 -N. How- 
ever, it should be  noteel t ha t  the level o f  NO2 -N hes ster ted t_o incrcclsc jn 
Phase 2, indicat ing a possible inhib i t ion in the  conversion of  NO2 -N t o  NO3 -N 
a t  t h i s  concentrat ion o f  wastewater. 

3.2.5 Solid Waste Disposal--University o f  P i t tsburgh 

The overal l  objective o f  t h i s  research is t o  evaluate compliance wi th  RCRA 
guidel ines f o r  landf i l l  disposal o f  representat ive sludges produced du r i ng  the  
treatment o f  process eff luents from the  SFBG. In order  t o  accomplish t h i s  
objective, wastewater produced at  GFETC has been shipped t o  the Univers i ty  
o f  P i t t sburgh  where laboratory-scale treatment facil it ies wi l l  be used t o  process 
t h e  wastewater. A l inkage , o f  unit operations incorporating solvent extraction, 
f r ee  and f i xed  ammonia str ipping,  judicious pH adjustment, and biological ox i -  
dat ion ( i l lustrated in Figure 3-5) is  operational wi th in the  Environmental Engin- 
eer ing laboratories o f  the Univers i ty  o f  Pi t tsburgh.  Some combination of  these 
processes i s  thought  t o  represent the way in which best  available technologies 
wi l l  be used in commercial-scale coal conversion operations. 

Raw wastewater, received in drum-sized quanti t ies f rom GFETC, is  aera- 
t ed  a t  a temperature o f  about 150°F t o  simulate the  f ree leg o f  the  ammonia 
s t r ipp ing  operation, as reported in DOE/FC/QTR-82/1. Lime is added af ter  
free-leg ammonia s t r ipp ing t o  raise t he  pH t o  about 11. A dark-brown lime 
sludge containing phenolic odors is  produced dur ing  th is  phase o f  operation. 
The  f i l te red liquid i s  then t ransfer red t o  the f ixed leg ammonia s t r ipper  and 
a i r -s t r ipped a t  a temperature o f  about 150°F. Contents o f  the f ixed-leg am- 
monia s t r ipper  are  discharged t o  a container where sodium carbonate i s  added 
t o  precip i tate excess calcium as calcium carbonate. Eff luent a f ter  carbonate 
addit ion i s  f i l te red t o  remove "recarbonation sludge", and pH depressed t o  
t h e  range o f  5 t o  6 wi th  su l fur ic  acid. Alum is then added t o  enhance re -  
moval o f  any  o f  the  polymerized organics t ha t  were not  removed in the re-  
carbonation sludge. Th is  liquid i s  f i l tered, g iv ing  ye t  another sludge, and 
t he  e f f luent  pH i s  adjusted t o  7 wi th  sodium hydrox ide before being fed t o  
t he  biological reactors, which also y ie ld a sludge. 

Sludges produced are leached us ing the EPA and ASTM methods and a 
method developed b y  the Univers i ty  o f  Pi t tsburgh.  Sludge samples, along 
w i th  the leachants, are  then tested f o r  mutagenici.ty using the  Ames test, and 
f o r  tox ic i t y  us ing Daphnia Magna. 
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TABLE 3-3 

OPE RATIONAL PARAMETERS AND REMO'JAL 
RATES FOR NITRIFICATION SYSTEM 

I Parameters, Phase 1-a Phase 1-b Phase 1-c Phase 1-d Phase 2 (up t o  711) 
I 

~ i l u t i o n  rat io  No di lut ion 

NH -N loading 
( ~ N & - N F @ L s s / ~ )  

COD loadiqg 
(kgCOD/ k@SStd) 

W 
MLSS (mg/2) 

I 
t- 
)O 

NH3-K (mgfR) 
NO,- -N (4g/fi) 
NOz- -N (nig/2) 

i 
TOC (mg/g) 

Inf .  Ef f .  
65 0.7 

0.5 
5 7 

ND ND 

Inf .  Eff .  
111 0.4 
0 . 3  101 
0.02 0.3 

Inf .  Ef'f. 
269 1-8 
0.8 221 
0.02 0.2 

In?. Eff 
425 1.6 
2.1 354 
ND 0.3 

Inf .  Ef f .  
482 5.0 
3.1 402 
ND 30.8 

COD (mg/g) 

Alkalinity mg/E) 

pH 

a = Not determined 



Ames tests t h a t  have been per formed in t h i s  repo r t i ng  per iod a re  as 
follows : 

1. A 200-ml sample o f  mixed l iquor  f rom a biological reactor  t h a t  was 
fed  solvent-extracted wastewater was found t o  be  s l i gh t l y  mutagenic. 

2. A 200-ml sample o f  lime s ludge was found t o  b e  mutagenic. 

3. A 200-ml m ix tu re  o f  carbonation s ludge and wastewater was not  
mutagenic. 

4. A 20-gm sample o f  b io  s ludge '  made f rom wastewater t h a t  was am- 
monia s t r ipped and solvent ex t rac ted was n o t  mutagenic. 

3.2.6 Pilot-Scale Wastewater Treatment 

Based on t h e  laboratory studies repor ted  ear l ier  and t h e  knowledge t h a t  
t h e  requ i red  level o f  wastewater treatment i s  d ic tated by end use, t h e  most 
logical end use f o r  t reated wastewater, and t h e  on ly  one proposed t o  date f o r  
gasif icat ion projects, i s  as feed t o  a cooling tower.  Laboratory-scale tests 
w i t h  f i xed-bed wastewater have indicated t h a t  solvent  ex t rac t ion  and ammonia 
s t r i p p i n g  are t h e  two necessary and' su f f i c ien t  pretreatment  steps p r i o r  t o  
act ivated sludge (AS) processing. Commercially available technology f o r  these 
pretreatment  steps exists, and no processing anomolies were uncovered in 
bench-scale tests. F u r t h e r  basic research i s  needed in t h i s  area o n l y  if a 
to ta l l y  d i f f e ren t  pretreatment  technology i s  subst i tu ted;  e.g., anaerobic re -  
duct ion in place o f  solvent extract ion.  

T h e  major area o f  uncer ta in ty  where research act iv i t ies should be focused 
centers around t h e  cooling tower i tse l f .  T h i s  view i s  shared by American 
Natura l  Resources, sponsor o f  t h e  Great Plains Coal Gasif ication Project (GPGA). 
T h e  ex ten t  'of wastewater t reatment  needed t o  produce a sat is factory feed t o  
t h e  cooling tower i s  unknown, and t h e  environmental and economic r i s k s  are  
substant ial .  The  most cost-effect ive approach i s  t o  feed water d i rec t l y  f rom 
t h e  ex t rac t ion /s t r ipp ing  u n i t s  t o  t h e  cooling tower, w i thout  intermediate biolog- 
ical treatment. However, t h i s  wastewater contains several thousand mg/2 o f  
COD--after phenolics and o ther  organics .are reduced t o  low levels. T h e  .be- 
hav ior  o f  these prev ious ly  uncharacter ized species in a. cooling tower w i t h  
respect t o  drift, fiir;tller. blologlcal ac t iv i ty ,  and associated foul ing, and t h e i r  
ef fects o n  t h e  so lub i l i t y  o f  dissolved solids i s  unknown. Another  i l l-documented. 
source o f  concern i s  t h e  fa te  o f  these organics a f te r  concentrat ion in t h e  cool- 
ing tower blowdown, and t h e i r  behavior  on  lime o r  biological sludges f rom 
wastewater t reatment  in a landf i l l .  Many o f  t h e  above quest ions can be 
answered b y  bench-scale tests on f ixed-bed wastewater a f te r  pretreatment .  
However, t h e  pr inc ipa l  quest ion--what i s  t h e  minimum treatment  necessary t o  
p rcpa re  feed f o r  a cou l i r~y  Lower?--can on ly  be  answered by a cooling tower 
simulation unit sized t o  obta in scaleable data and operated f o r  su f f i c ien t  
per iods o f  time t o  measure fou l ing  rates, bo th  chemical and biological. 

A design f o r  a pilot-scale wastewater t reatment  t r a i n  was completed in 
1978 by engineers f rom t h e  Center  and Stearns-Roger, Inc., b u t  funding was 
never  obtained f o r  acquisi t ion o f  t h e  systems. D u r i n g  t h i s  q u a r t e r  a p i lo t -  
scale wastewater t reatment  t ra in,  sized a t  nominally 1 GPM, which was t h e  
p r o p e r t y  o f  t h e  ~nv i ' r onmen ta l  Prntect ion Agency, was made available t o  



GFETC on an interdepartmental  loan basis. Slnce Lhe ertd use Tur GrCTC 
wastewater was as d ischarge a f te r  biological t reatment  and pol ishing, t he re  
was n o  cool ing tower  w i t h  t h e  EPA t r a i n .  However a small cooling tower was 
located a t  Resources Conservat ion Co. (RCC), Seattle, Washington, t h a t  could 
b e  leased a t  a nominal rate.  T h u s  a decision was reached t o  obta in t h e  use 
o f  t h i s  equipment and insta l l  a pi lot-scale t reatment  fac i l i t y  us ing  commercially 
available technology.  

The  wastewater t reatment  t r a i n  (shown in F igure  3-5) was received f rom 
t h e  Holston Army  Depot and consists o f  rough  f i l t ra t ion ,  solvent extract ion, 
and  ammonia s t r i p p i n g .  A lease agreement has also been ar ranged w i th  Re- 
sources Conservat ion Company f o r  use o f  a small commerical cooling tower 
wh ich  wi l l  complete t h e  unit operat ion f o r  t h e  f i r s t  phase o f  t h e  t e s t  program. 
Also shown in F igu re  3-5 i s  an a l ternat ive treatment scheme us ing biological 
t reatment  t o  prepare  a h ighe r  qua l i t y  makeup f o r  t h e  cooling tower.  A con- 
t r a c t  has been w r i t t e n  w i th  t h e  Un ive rs i t y  o f ,  Nor th  Dakota f o r  installation, 
operation, an'd analysis o f  t h e  wastewater t reatment  t ra in .  Hydrotechnic 
Corp. ,  . fabr icators o f  t h e  t reatment  t ra in ,  have been contracted t o  superv ise . 
instal lat ion'  and p r o v i d e  s ta r tup  assistance beg inn ing 0.n June 7. 
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4. - ATMOSPHERIC FLUIDIZED-BED COMBUSTION OF LOW-RANK COAL 

PTPA No. : 604 B&R No. : AA3505300 

Submitted by: G. A.  Wiltsee, J r .  , Manager, Project Management Div is ion 

Prepared by: G. M. Goblirsch, Project Manager, AFBC 

Assigned GFETC Personnel : Stanley J. Mi l ler  
Douglas R.  Hajicek 

4.1 GOALS AND OBJECTIVES 

The  goal o f  t h e  ~ t m o s ~ h e r i c  Fluidized-Bed Combustion (AFBC) Project a t  
t h e  Grand Forks Energy  Technology Center  (GFETC) i s  t o  p rov ide  t h e  nec- 
essary data base f o r  u t i l i z i ng  low-rank coals t h a t  wi l l  enable t h e  technology t o  
move in to  t h e  p r i va te  sector. F ive major act iv i t ies ongoing d u r i n g  F Y '  1982 
wi l l  cont r ibu te  t o  t h i s  0veral.l goal: 

1. Prepare a comprehensive topical r e p o r t  o n  t h e  performance o f '  low- 
r a n k  coal in t h e  AFBC. 

2. Develop a data base on . the formation o f  bed material agglomerates, 
inc lud ing analyt ical  studies t o  formulate a mechanism, and def ine 
t h e  ro le o f  sodium in t h e  formation o f  these agglomerates. 

3. Character ize t h e  par t icu late emitted f rom the '  AFBC burning low- 
r a n k  coal and evaluate t h e  performance o f  par t icu la te  cont ro l  devices. 

4. Evaluate t h e  performance o f  heat t rans fe r  surfaces immersed in t h e  
bed b u r n i n g  low-rank coal. 

5 .  Complete t h e  data base o n  t h e  retent ion o f  coal s u l f u r  by t h e  in- 
herent  coal ash alkal i .  

4.2 ACCOMPLISHMENTS 
2 

4.2.1 2.25-Ft AFBC Tes t ing  
2 

Five tests were per formed o n  t h e  2.25-ft  AFBC a t  GFETC during t h e  
pe r iod  A p r i l  1 th ' rough June 30, 1982. One teBt completed t h e  series o n  
low-sodium Beulah l ign i te  which began last  qua r te r .  T h e  purpose o f  t h i s  
series o f  tests was t o  invest igate t h e  ef fects o f  var ious-  bed  condit ions on 
agglomeration; p rov ide  baseline information o n  t h e  performance o f  t h e  low- 
sodium, sample; t es t  t h e  operab i l i t y  o f  a d i r e c t  screw feed system f o r  t h e  fuel;  
evaluate t h e  performance o f  t h e  ESP as a collection device f o r  low-rank coal 
AFBC fly ash; and evaluate t h e  performance o f  t h e  baghouse as a collection 
device f o r  low-rank coal AFBC fly ash us ing  fe l ted  f iberg lass and woven 
f iberglass bags. T h e  last test, BW9-9582, was conducted f o r  t h e  specif ic 
purpose of evaluat ing t h e  ef fect  o f  nahcol i te addi t ion o n  s u l f u r  capture  and 
bed material agglomeration. 



T h e  o t h e r  f o u r  tes ts  conducted t h i s  q u a r t e r  were per formed t o  evaluate 
t h e  ef fects o f  ion  exchange on t h e  performance o f  Beulah l ign i te  in t h e  AFBC. 
Tab le  4-1 shows t h e  opera t ing  condit ions and . the  important  resul ts .  

4.2.2 Agglomerat ion Results 

T h e  las t  o f  t h e  low-sodium Beulah l i gn i te  tests was per formed w i t h  a low 
r a t e  o f  nahcol i te in ject ion t o  evaluate t h e  e f fec t  o f  sodium in t h e  fo rm o f  
sodium bicarbonate o n  s u l f u r  capture  and bed agglomeration. T h e  nahcolite 
was added t o  t h e  combustor a t  a ra te  o f  3.4 Ibs /hr  o r  0.02 Ibs/ lb coal. Th is  
i s  an added a lka l i - to -su l fu r  ra t i o  o f  0.28. 

T h e  s u l f u r  re tent ion  under  these condit ions was 53 p c t  compared w i t h  
about  47 p e t  w i thou t  a n y  added sorbent.  T h i s  i s  on l y  a ut i l izat ion o f  about 
21 p c t  f o r  t h e  added sodium, much lower t h a n  o ther  tests have indicared. T h e  
t e s t  lasted f o r  a du ra t i on  o f  42 hours,  and was s h u t  down a t  t h a t  t ime be- 
cause o f  a coal feed problem, which was a t t r i b u t e d  t o  a deposi t  o n  t h e  d i s t r i -  
bu t i on  plate, j u s t  below t h e  coal feed pipe. No o ther  agglomeration o f  any  
signif icance was f o u n d  in the fluid bed a f te r  t h e  run was complete. 

T h e  purpose o f  t h e  ion-exchange tes t  series was t o  i den t i f y  t h e  regime 
o f  operab i l i t y  o f  t h e  AFBC as a func t ion  o f  sodium level w i t h  al l  o the r  coal- 
specif ic ef fects remain ing constant. 

T h e  Beulah high-sodium l ignite, which had an analysis as shown in Table 
4-2, .was ion-exchanged w i t h  a su l fu r i c  ac id solut ion t o  a level o f  6.4 p c t  
N a 2 0  in t h e  ash, R u n  B l l -0682 was made w i t h  t h i s  sample o f  l ign i te  in t h e  
2.25-ft2 AFBC us ing  a q u a r t z  sand bed  under  t h e  condit ions shown in Table 
4-1. On post - tes t  inspection, no agglomerates o f  a n y  signif icance were found.  
T h e  overal l  heat  t r a n s f e r  coefficient, however, did decrease f rom 44.6 t o  37.7 
~ t u / h r - f t 2 - O ~  o v e r  t h e  74-hour run period, indicat ing a g r o w t h  in bed p a r -  
t i c l e  size. 

T e s t  B12-0782 was run w i t h  t h e  pa ren t  Beulah l ign i te  w i t h  a sodium 
content  o f  approximately 9.6 p c t  NaeO in t h e  ash. T h i s  run was terminated 
ea r l y  a t  62 h o u r s  because o f  severe agglomeration o f  t h e  bed material. Th is  
run was made u n d e r  essential ly t h e  same condit ions as Run 811-0682 except  
f o r  t h e  coal feed stock.  Approximately 75 p c t  o f  t h e  bed material was con- 
ta ined in a single, l a rge  agglomerate. T h e  condition, temperature, f lu id iza-  
t ion,  etc., de ter io ra ted r a p i d l y  toward  t h e  end o f  t h e  test, l l ke l y  accelerating 
t h e  formation o f  t h e  la rge agglomerate. T h e  agglomerated bed  i s  shown in 
F igu re  4-1. 

T h e  lack of agglomeratisn in Run 811-0682 indicated t h a t  t h e  ion-exchange 
process changed t h e  coal in some way, o the r  than  j u s t  r-err~uvi~-~g sodium, 
because pas t  experiences have indicated t h a t  some agglomeration would be  
noted af ter  a 74-hour run o n  a coal w i t h  a 7 p c t  sodium level in t h e  ash. 

A second run o n  t h e  ion-exchanged Beulah l ign i te  was made under  a 
more severe set  o f  conditions, high temperature, and maximum recycle. T h e  
average NapO content  in t h e  coal ash f o r  t h i s  t e s t  was 6.7 pc t .  Run  B13- 
0882 was run t o  72 hours  and underwent  a normal shutdown. No agglomer- 
at ion of b e d  material was noted on inspect ion o f  t h e  bed a f te r  t h e  combustor 
was opened. T h i s  t e s t  also indicated a decrease in overal l  heat t rans fe r  
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TABLE 4-1 

RUN CONDITIONS AND RESULTS FROM 
THIRD QUARTER AFBC RUNS 

Run No. 

Purpose 
o f  Test  

Average 
Bed Temp., 

OF 

Velocity, 
f t /sec 

Excess 
Air ,  $ 

Sul fur  
Retention, 
8 

Agglomeration Agglomeration Agglomeration 
Agglomeration W i t h  Ion- Agglomeration W i t h  Ion- W i t h  lon- 
and Su l fu r  Exchanged W i t h  Parent Exchanged Exchanged 
capture W i t h  Coal, 6.4% Coal, 9.6% Coal, 6 . 7 %  Coal, 9.5% 
Nahcolite Na20 Na90 Na20 110 hr. Run 

Heat 
Transfer  
Coefficient, 
~ t u / h r - f t ~ - O ~  42 43 40 52 

Oxides Of  
Nitrogen, 
lbs/106 B t u  0: 51 0.49 0.51. 0.46 0.59 

Addi t ive 
Type and Nahcolite 
Ibs/hr  3.4 N/A N/A N /'A N/A 

Alkal i /  
Su l fu r  
Ratio 0.80 0.63 0.84 0.73 1.04 

Recycle 
Rate, 
Ibs/hr  8.1 7.1 11.1 



: .  
' TABLE 4-2 

. . . . 
. . COAL AND COAL ASH PROPERTIES OF 

BEULAH HIGH- AND LOW-SODIUM SAMPLES 

Coal Type: Beulah High-Sodium Beulah Low-Sodium 
N. Dak. L igni te N. Dak. L igni te 

Coal Property:  . D r y  Basis As Recld D r y  Basis As Recld 

Proximate ~ n a l y s i s :  ' 

. . 
Moisture, % 
Ash, % 
Volatile matter, % 
Fixed carbon, $$ 
Heating value, 

Btu / lb  

Ultimate Analysis, $: 

Carbon 
Hydrogen 
Nitrogen 
Su l fu r  
Ash 
Oxygen 

Elemental Ash 

SiO2 
A1 2O3 

-203 
Ti02 
p205 
CaO 
MgO 
Na,O 
K 2 0  
so3 



FIGURE 4-1. Quartz bed after 58 hours using high-sodium Beulah lignite. 

coefficient from about 55.3 to about 49.3 B t u / h r - f t e - * ~  over the run dur- 
ation. The lower sul fur capture obtained in th is  test  as compared to  Run 
811-0682 reflects the effect of temperature. The lower sul fur capture in 
Runs Bll-0682 and B13-0882 compared t o  Run B12-0782 is  an indication of the 
effect of  sodium on sul fur capture. 

The last run o f  th is  series was performed under the same conditions as 
B13-0882 except the coal was ion-exchanged only to an average level of 9.5 
pc t  NapO in the ash. Run B14*0982 lasted a total o f  110 hours and was shut 
down a t  that time because o f  schedule conflicts, not  operational problems. 
After the run some agglomeration was found. About a 1-inch layer of  agL 
glomerated material was formed on the wall o f  the combustor, and several 
small agglomerates were found in the removed bed material. The heat trans- 
f e r  coefficient decreased from about 54 to 45 Btu /hr - f t2 -O~ over about 62 
hours o f  operation and then increased again as time went on ta an average of 
about 49 Btu /hr - f t2 -O~ at  110 hours. The reason fo r  the  sl ight increase a t  
the end of the run is  not clear a t  th is  time. 

The concentration o f  sodium recorded as NazO in the  bed a t  the end o f  
the run was highest a t  6.0 pc t  f o r  Run 812-0782, which was performed with 
the parent coal sample. The lowest concentration found in an end-of-run bed 
material sample was from Run B13-0882, 2.4 p c t  in the  ash. The concentration 
in the bed material sample af ter the 110-hour run with the  ion-exchanged 
l ignite was 5.4 pct, comparable to that  found after the 62-hour run wi th the  
parent coal sample. 

Contract Activities 

EG&G submitted two test series final reports during the  third quarter FY 
1982, one for the Sarpy Creek heat t ransfer coefficient determination series, 
and a second from the Beulah low-sodium test series. 



The Sarpy Creek series was a short, two-test series performed t o  eval- 
uate the effect of  position of  the heat transfer surface in the bed on overall 
coefficient. For Test SC1-2881 a heat transfer tube with thermocouples 
mounted on the  top and bottom outride surfaces was installed low in the bed 
in the third o f  seven positions. The overall coefficient f o r  all tubes was 
49.66 Btu/hr-ft2-OF. The overall coefficient fo r  the special tube i n  position 3 
was 52.83 ~ t u / h r - f t 2 - O ~ .  For the second test the special tube was moved t o  
the seventh position. The overall coefficient calculated fo r  all tubes was 
49.48 Btu/hr-ft2-OF, and fo r  the special tube, 52.48 ~tu/hr-ft2-OF. The 
total overall coefficient and the  overall coefficient f o r  the special tube were 
ve ry  close in both tests, indicating the position has l i t t le effect on overall 
coefficient f o r  the  conditions under which th is  test  was performed. 

The outside coefficient was detertkined for the  top and bottom sides of 
the special tube by the direct measurement of surface temperature. These 
coefficients are not accurate, because they are calculated using the average 
heat flow over the  tube; however, they do give relative values of heat flux. 
The top side o f  the tube showed a higher co~f f i c ien t  irr both zests; an aver- 
age O f  60.58 & u / h r - f t 2 - O ~  was f-rlcul;aLgt$. The cli ffmrencc betwee13 Ule two 
LeP1;C was less Lhan Z pct. The coefficient calculated fo r  the bottom o f  the 
tube was an average of 55.38 ~ t u / h r - f t ~ - O ~  and the difference was about 5 
pct. The coefficient varied ve ry  l i t t le over the duration of the tests. 

The second f inal report  f o r  the low-sodium Beulah l ignite test  series 
indicated that  th is  fuel  had an average NaBO concentration in the coal ash of 
4.1 p c t  see (Table 4-2). The purpose of th is  test  series was t o  evaluate the  
effects o f  several additives and process modifications on the tendency for bed 
material agglomeration. Table 4-3 shows the test conditions and results o f  
th is  series o f  nine tests. 

The UND agglomeration analysis final report  was completed and sub- 
mitted. Only minor changes were requested to the second dra9ft wpv; these 
are current ly  being made by UND. The r-aparr proposes a mechanisrrr b r  the 
agglornsratio~ I uf qllartz bed material, which takes place in four  stages : 

A. Stage 1 - Init ial Ash Coating 

Samples of bed material collected early in the run have a f ine coating, 
about 50 microns thick, consisting of sulfated aluminosilicate particles (Figure 
4-2a). The coatings contain some coarser ash materials in the  outer parts, 
and the inner par ts  have penetrated tho quartz grains sl ightly along gently 
eur'ved o r  cuspate embayments. The quartz grains are extensively fractured, 
apparently as a result o f  thermal stresses, 

B. Stags 2 - Thirkencd Nodular Coatings 

Longer bed usage results in the development of th icker ash coatings 
(about 100 - 300 microns thick) with dist inct  nodular outer surfaces result ing 
from incorporation o f  larger ash particles (Figure 4-2b). Sulfating, shown by 
lighter-colored areas in the SEM photographs, is  common within both the f iner 
and coarser ash particles o f  the coating. Extensive reaction penetrating 
quartz grains may occur (Figure 4-2c). 



TABLE 4-3 

BEULAH LOW-SODIUM TEST SERIES COMDlf IONS 
AND RESULTS 

Heat Addictive 
Average Excess Sulfur Transfer Oxides Of Type and Alkali/ Recycle 

Run Purpose Bed Temp. Velocity A i r  Retention Coefficient Nitrogen Rate Sulfur Rate 
No. Of Test O F  ftlser: OF F BtuJPlr. ft2*F lb/1OG Btu  Ib/hr Ratio Ib/hr ' 

~ ~ ~ l o n l e r s t i o n  
BW1-3Q81 and Sulfur 1553 6.2 18 59 46 0.38 N/A 0.49 35.7 

CyrpOum Baseline I 
A&gmwat?on 

BW2-3181 and Sulfur 1533 
Capture RWun 

Sulfur 
BW-3381 Capture with 1W 

L i m m m  

Aam9Mm 
BW4-34%1 4 _Sulfur 1531 

widh, MaCL 
ScrewFeed PedSystem 1558 

w BWS-G382 EflecZ On 
AgqtamraGon 

Pneumatic and Sulfur 
Capture 

par ti^^ 
SW7-0382 Test eaS:hmse 1 s  

Barlo- 

Ag@memtion ' 
SW6-01482 and Suif'ur TBa2 

Capture 
with 'F-8 

0.36 Linwood 1.72 40.1 
limestone 
11.4 

0.51 Nahcolite 0.80 8.1 
3.4 



2a In-jtial ash coating on quartz bed material. - 2b Thickened nodular ash coating on quartz - 
SEMIBE1 image. Run BA1- 21a, 40 hrs. bed material. SEM/BEI image. Run BA1-2181, 40 hrs. 

2c Extensive penetration of end of quartz - 
grain by reaction with ash coating. Nodular 
material in the quartz grain m y  indicate 
growth o f  nodules in place. PLM photo- 
micrograph, plane polarized light. Length 
o f  f ie ld  = 1.2 mm. Run BA1-2181 

2d Quartz bed grains loosely cemented by sulfate - aluminosilicate ash. SEM/BEI image. Run BA1-2181 

FlGU RE 4.3. SEM photomicrographs o f  non-agglomerated and aggl~merated quartz bed materials. 



C. Stage 3 - Sulfated Ash-Cemented Agglomerates 

In th is  stage, the quar tz  grains are  loosely held together by a cement of 
sulfated aluminosilicate ash (Figure 4-2d). Penetration o f  quar tz  grains by 
f ine-grained ash i s  more extensive. 

D. Stage 4 - Glass-Cemented Agglomerates 

In the  f inal  stage, quar tz  grains are  bound by sulfated ash which has 
pa r t l y  melted and crystal l ized through reaction o f  t he  ho t  ash and t h e  quar tz  
grains. Resultant cooled agglomerates consist o f  quar tz  grains o f  the bed 
material bonded by a mix ture  o f  sulfated ash and calcium-rich, sul fur-p&r 
glass (Figure 4-2e), w i th  an intermediate reaction zone made up o f  a su l f y r -  
depleted, silicon-enriched ash port ion w i th  a f r i nge  o f  melil i te o r  augite 
crystals project ing in to  the  glass (Figure 4-2f). Some quar tz  grains are  
pa r t l y  melted and/or recrystal l ized t o  the  high temperature polymorph, cr is to-  
bal i te o r  o ther  phases. 

A similar mechanism has been proposed f o r  the  formation o f  an agglorfi- 
erate in a limestone bed. The  limestone grains undergo t he  following reac- 
tions. 

1. The  limestone was calcined by loss o f  C02, and conversion t o  CaO 
w i th  subsequent increases in S t  Fe, Na, and other elements. These 
reactions produced concentric alteration zones, high Ca and S 
contents, and the  reddish color t ha t  characterized typical  grains 
(Figure 4-3). 

2. Continued reaction produced th icker  sulfated ash coatings and more 
thoroughly altered bed grains. 

3. Bed gra ins  were observed t o  disintegrate extensively and become 
mixed w i th  ash coatings, producing a weakly bonded agglomerate 
consisting o f  masses o f  sulfated ash and altered limestone b e d  
grains and fragments. The altered limestone appeared t o  recryskal- 
l ize t o  coarse crystals o f  anhydr i te  in a f ine-grained matr ix  contain- 
ing abundant Ca, S, and Si. Other phases, no t  ye t  identif ied, 
occurred in the limestone agglomerates including crystal l ine Fe-Ca 
oxides and other i rnn- r ich  zones and coatings. I 

The contract w i th  UND t o  continue the  agglomeration work has been 
awarded. Th is  work  basically involves t he  determination o f  t he  ro le o f  sodium, 
and the  identi f icat ion o f  t he  phase relationships between involved compounds. 

The  contract t o  evaluate the  heat t ransfer  data f rom the  2.25-ft2 AFBC 
obtained over  the  last year has been awarded t o  Dr .  Grewal a t  UND. The  
work on designing t he  heat t ransfer  tubes t o  determine the  radiat ive compon- 
ent  o f  the overall coefficient has been completed. Some problems in construc- 
ting the  tubes have been encountered. The  surface coatings necessary t o  
obtain high- and low-emissivity surfaces have no t  been ident i f ied because o f  
potential erosion problems. Work t o  ident i fy  surface coatings i s  continuing. 

Combustion Power Company has star ted t o  reduce data and prepare 
sections o f  the topical repor t  on Low-Rank Coal AFBC. Some work on  sections 
o f  the  topical repor t  have been star ted b y  bo lh  EG&G and GrETC personnel. 



ze Quartz bea agglomerate mded by - 
altered sulfated ash, to the right of the 
dotted boundary; Ca-rich, S-poor @ass, 
to the left  o f  the dash= boundary; and 

. intermediate fringe of melilite or  augite 

* crystals. SEM/BEI image. Run BA1-21&1, 
I 69 hrs. 
w 
0 

Detail of tower center of  Figure 3f 
showing dendritic crystal form of mcrlilite o r  
augite. SEM/SEI image. Run BAI-2l81, 69 hrs 

2f Closer inspection of lower center of - 
Figure 3e showing l ight quartz grain, 
gray glass, and crystals of  melilite o r  
augite projecting into the glass. PLM 
photomicrograph, partially crossed 
polars. Run BAI-2181, 69 hrs. 

FIGURE 4.2. SEM photomicrographs of non-agglomerated and agglomerated quartz bed materials 
(continued). 



FIGURE 4-3. Concentric alternation zones and reacted limestone bed material. 
SEM/BEI image. Run BA4-2481, 169 hrs. 
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5 . 1  GOALS AND OBJECTIVES 

The goal, of the Ash Fouling and Combustion Modification Project at the 
Grand Forks Energy. Technology Center (GFETC)'is a greater understanding of 
the combustion. process in low-rank coal. Particular interest is given to 
the fate of the inorganics in .coal in an attempt to decrease or eliminate 
the ash fouling problems associated with combustion of low-rank coals. 

The specific objec.tives of the project in.FY 1982 are to: 

1. Establish and define the benefits of. limestone addition for re- 
ducing the effects of boiler tube fouling in utility boilers. 

2. Extend pilot plant studies using , the GFETC ash fouling unit to 
characterize selected coals. 

3. Consolidate all technical inf&mation generated at GFETC into a 
topical report on ash fouling. 

. 4. Obtain experimental data on the reactions'of alkali species in 
low-rank coal flames. 

5 .  Design and csastruct, experimental apparatu~ to optically examine ' 
the combustion of individual coal particles. 

The planned activities in the third quarter to support the FY 1982 ob- 
j e:ctives include the . following: 

1. Evaluate the success of phase one of the additive program. 

2. complete combustion t&sting of Morwe.1'1 and Esperance lignites. 

3. Complete outline for ash fouling topical report. 



5.2 ACCOMPLISHMENTS 

5.2.1 Field Test to Demonstrate the Benefits of Additives Use in 
Preventing Ash Fouling in Utility Boilers 

The test program to evaluate additives in boilers using high-fouling 
low-rank coals was divided into four parts to alternate between operation 
with and without additive use. . Each se,gment was scheduled to be approxi- 
mately three months in duration. . . 

Collection of data for the first segment was been completed. During 
this time the boiler was operated without any additive being used. These 
data were collected between March 14 and May 7, 1982, on a Babcock and Wil- 
cox opposed-wall, pc-fired unit with a gross rating of 216 MW. This unit 
operated on a high-fouling North Dakota lignite and experienced consider- 
able fouling during normal operation. 

A major problem developed with the use of this unit in completing the 
schedul~d test program. Due to the low power demand experienced by the 
station in question, the load level was very low. For the period in ques- 
tions, the average load level was only 65 pct of rated value. At these low 
load levels, appreciable fouling was not experienced, thus limiting the 
value of these data to establish the economic benefits. 

Since no change in load requirements for the Leland Olds Station is 
expected in the near future, the decision was made to discontinue collect- 
ing data at this station. An interim report is being completed and an al- 
ternate site is being considered. 

5 . 2 . 2  Combustion Testing of Morwell and Esperance Lignite 

Combustion testing of Morwell and Esperance coals from Ai~stralia have 
been completed in the ash- fouling unit located at GFETC. Results for t.hc 
tests are falind in T;jklc 5-1 .  

The results of the Esperance burns show some very interesting results. 
It should be noted that the Esperance lignite is a high-ash, high-moisture, 
and high-sodium coal. In this case much of the sodium is present as NaC1. 
As would be expected, the con1 rates as a hfgh-fouling fuel on GFETC's rel- 
ative fouling index. In addition, the deposits exposed to 2000°F flue gas 
appeared totally fused, with an appearance very much like wall slag seen in 
the combustion section of the unit. 

5.2.3 Ash Fouling Topical Rcport 

GFETC is planning to comp1et.e a monograph crsvcri~~g che almost twenty 
years 6 t  work on ash fouling of low-rank coals. This document is intended 
to include data generated from field and pilot-plant testing, analytical 
studies, and engineering/economic studies. Progress to date has involved 
generation of a detailed outline which will lead to a completed report by 
June 1983. 



. . 
TABLE 5- 1 

ASH FOULING PILOT PLANT TEST RESULTS FOR . 
.HORWELL AND ESPERANCE COALS 

Deposit s t r=ng th  Resul ts  

Deposit a t  
1st probe Duct 

(g deposi t )  Index. > .  . -  MM 
Coal kg coal  . S R F ~  (%I F r i a b i l i t y .  Dia 

. . . .  
. . 

Beulah CPC 2.43 5.5 26 ..76.8 . ,, 
. . <  

1.8 
. . 

Morwell 0.32 1 .  .NDb . . ..ND . . , .  ND 
. , . . 

* ' 

Esperance . . 

10 Sample B 1.37 NDC ..ND . ' 
. . , . , ND 

. . , . . . ., . Esperance . . 
Sample C 4.52 10 NDC , ND ND 

Esperance A 6.11 10 NDC ND ND 

Esperance B 3.70 10 NDC ND ND 

a 
SFU? = Strength r a t i n g  f a c t o r  

b ~ a l u e s  not  determined due t o  small amount of mater ia l  ava i l ab le .  

C 
Values not  determined s ince  the  mater ia l  was so  hard t h a t  t h e  procedure normally 
used was not  v a l i d .  
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6.1 GOALS AND OBJECTIVES 

The  goals o f  t h e  Flue Gas Cleanup Project a t  t h e  Grand Forks  Energy  
Technology Center  (GFETC) are  to: 1) invest igate a l ternat ive methods f o r  
simultaneous contro l  o f  SOx/NOx emissions when burning low-rank western 
coals; and 2) complete acttvi t ies character iz ing fly ash a lkal i  Flue Gas :De- 
sul fur izat ion (FGD) wet  scrubber  systems. 

T o  accomplish these objectives, t h e  FY 1982 ~ l u ' e  Gas Cleanup Project 
consists o f  t h e  fo l lowing major elements: 1) dry sorbent  studies us ing  a 
75-lb/hr coal - f i red combustor and a 130-scfm propane- f i red  combustor; 2) 
analyt ical  character izat ion o f  dry sorbent  reactants and spent  reactants; and 
3) character izat ion o f  fly ash alkal i  FGD wet  scrubber  systems. 

6.2 ACCOMPLISHMENTS 

6.2.1 Simultaneous SOx/NOx Contro l  

T h e  GFETC Simultaneous SOx/NO Flue Gas Cleanup Project consists of 
cont ro l l ing  SO emission by furnace if iection techniques us ing  p r imar i l y  cal- 
cium compounas. T h e  SOx sorbents are  collected by a h igh- temperature 
chemical reactor  such as a ceramic f i l t e r .  Contro l  o f  NO emissions wi l l  b e  
invest igated us ing  ammonia-catalytic reduct ion  methods, a%d by throw-away 
sorbents t h a t  may be  collected by ceramic f i l t e r s  operated a t  high tempera- 
t u r e s  (up t o  1000°F) o r  low temperatures (down t o  200°F). 

Experiments inves t iga t ing  simultaneous SOx/NO emission contro l  a r e  
conducted us ing  a 130-scfm propane-f i red combusto?( equipped w i t h  a bag- 
house capable o f  opera t ing  o n  f l u e  gas a t  temperatures up t o  1000°F. A 
schematic o f  t h e  combustor-baghouse i s  presented .in F igure  6-1. 

Several experiments were per formed t o  determine morphological changes 
in limestone par t ic les as a func t ion  o f  temperature. Limestone, screened t o  
p rov ide  th ree  par t ic le  size ranges, was injected i n t o  f l ue  gas a t  temperatu,res 
rang ing  f rom 1200°F up t o  about 3 0 0 0 0 ~ .  Samples were collected a t  isokinet ic 
condit ions a t  t h e  in le t  t o  t h e  baghouse. Baghouse operat ing temperature 
averaged 741°F. T h e  th ree  limestone par t ic le  size ranges were -325 mesh, 
-100+200 mesh, and -20+42 mesh. T h e  sur face area o f  t h e  limestone samples 
was measured us ing  6. E.T. techniques, and, t h e  resu l ts  as a func t ion  of in- 
jec t io r~  temperature a re  presented In Flgure 6-2. 



FIGURE 6-1. Schematic o f  130-scfm combust~~- /beghouse PDU; baghouse can 
operate up t o  100O0F. 

T h e  data indicate a general increase in sur face area w i t h  increasing tem- 
pera ture .  No s ign i f i cant  d i f ferences were observed between -325-mesh p a r -  
t ic les and -100+200-mesh par t ic les.  Results f o r  -20+42-mesh par t ic les indicate 
less sur face area development than  t h e  o the r  two par t ic le  size ranges. In 
general, a l l  t h r e e  size ranges produced re la t ive ly  low sur face area develop- 
ment, despi te complete calcination a t  high temperatures. 

The cnnvers ian nf -325-mcsh CaCO, t o  CaO a t  various temperatures is 
shown in x - r a y  d i f f rac t i on  spectra presented in F igu re  6-3. T h e  limestone 
was injected i n t o  h o t  f l ue  gas w i thout  SO2, and collected isokinet ical ly a t  t h e  
baghouse in le t  us ing  a high-volume sampler. T h e  data indicate t h a t  con- 
vers ion o f  CaCO, t o  CaO did n o t  beg in  until injected in to  f l u e  gas a t  a tem- 
pe ra tu re  o f  1800°F. The  percent  conversion as a func t ion  o f  f l ue  gas tem- 
pe ra tu re  (a t  t h e  po in t  o f  inject ion) i s  presented in F igu re  6-4. The  data 
indicate t h a t  about  90 t o  95 p c t  conversion occurs a t  approximately 2800°F. 



I lowa Limeetone 

Injection ~ e r n p e r a t u r e , ~  F 

FIGURE 6-2. Surface area o f  lowa limestone a f te r  inject ion i n t o  
f l u e  gas (w i thout  SO2) a t  var ious temperatures. 

However, sorbent  ut i l izat ion values do  n o t  s ign i f i cant ly  exceed 10 pct ,  
and a re  nominally consistent w i th  low sur face area development. T h e  rela- 
t i ve l y  low reac t i v i t y  o f  t h e  limestone i s  though t  t o  be  due t o  inadequate ex-  
posure time a t  high temperatures requ i red  f o r  good calcination t o  occur, and 
i s  there fore  character is t ic  o f  GFETC's PDU apparatus. 

T h e  x - r a y  d i f f rac t i on  spectra f o r  -100+200-mesh par t ic les indicates less 
conversion when compared w i t h  -325-mesh part ic les; however, t h e  sur face 
area development i s  similar, as shown in F igure  6-2. The  development o f  a 
porous s t r u c t u r e  f o r  -325-mesh par t ic les was examined us ing SEM techniques; 
resu l ts  a re  presented in Figures 6-5 t h r o u g h  6-9. T h e  data showing minimal 
pore  development are  general ly  consistent w i t h  sur face area measurements and  
t h e  x - r a y  d i f f rac t i on  data. 

React iv i ty  o f  Western F l y  Ash in a Spray  D r y e r  FGD Process 

Work on t h i s  cont rac t  i s  be ing conducted b y  t h e  Un ive rs i t y  o f  Tennes- 
see. Specif ic p ro jec t  object ives are  to: 1) character ize SO2 removal in a p i l o t  
p lan t  sp ray  d r y e r  FGD process due  t o  addi t ion o f  western a l ka l i ne ' f l y  ashes; 
and 2) invest igate chemical techniques o f  enhancing fly ash reac t i v i t y  so as t o  
increase SO2 removal eff ic iencies in a sp ray  d r y e r  FGD unit. 

Twenty- two fly ash materials have been collected and tes ted us ing  a 1000- 
scfm sp ray  d r y e r  p i lo t  p lan t  t o  character ize SO2 removal capacity.  The  ash 
materials are der ived f rom low-rank coals p r imar i l y  representat ive o f  t h e  Gu l f  
Coast, Rocky Moctntain, and t h e  Nor the rn  Great Plains Provinces. F ive fly 
ash materials were de r i ved  f rom combustion o f  bi tuminous eastern coal. T h e  
power plar.its p rov id ing  t h e  f ly ashes are presented in Table 6-1. 



F I G U R E  6-3. X - r a y  di f f ract ion spectra showing conversion of  CaCO, to CaO 
wi th  increasing temperature f o r  Iowa limeston'e (-325 mesh). 



TEMPERATURE , OF 

FIGURE 6-4. Percentage conversion of CaCOs to CaO as a function of flue gas 
temperature for -325-mesh Iowa limestone. 

FIGURE 6-5. SEM photograph of FIGURE 6-6. SEM photograph of 
-325-mesh limestone feed -325-mesh calcined 
material before injection limestone particles 
into hot flue gas. after injection into 

flue gas at 1400°F. 



FIGURE G-8. SBM phoLograph 6f 
-325-mesh calcined 
limestone particles 
after injection into 
flue gas at 2600°F. 

FIGURE 6-7. SEM phnt.ngraph of 
-325-mesh calcined 
limestone particles 
after injection into 
flue gas at 2000°F. 

FIGURE 6-9. SEM photograph of -325-mesh calcined limestone particles after 
injection into flue gas at 27006F. 



TABLE 6-1' 

Fly Ash 
No. . . 

Power Plant 
of Origin 

Type of Fuel 
(approximate) 

- - 

Source . 

Belews Creek Steam Station 
Bowen Steam Plant 
Clay Boswell Unit 4 

Nebraska Public Power Station 
Gerald Gentleman Station 
Pacific Power and Light 

Wyodak Plant 
Hunter Steam Plant 

Cherokee /I4 
Gallagher Station I1 

Public Service of Indiana 
Texas Utilities Generating Co., 

-Big Brown 
New Madrid Power Plant /I2 

Ohio Edison-Gorge 
Harrington Station : 

Southwestern Public Service Co., 
Laramie River Station 
Basin Electric Power 
Cooperative-Unit 1 

. Milton R. Young .Station . .  

Center Unit 1 
United Power Assoc. 

Cooperative Power Assoc. 
Black Hills Power . , 

and Light Company 
Otter Tail Power 

Hoot Lake Station Unit /I2 
Minnesota Power and Light Co., 

Clay Boswell Station 
Monifer Resources 

San Antonio Public Service 
University of Tennessee 

Steam Plant 
Marshall Steam Station 

bituminous 
bituminous 
subbituminous 
subbituminous 

subbituminous 

bituminous 
bituminous 
bituminous 

lignite 

bituminous 
bituminous 
subbituminous 

. subbituminous 
lignite 

lignite 

lignite 

subbituminous 

lignite 

subbituminous 

subbituminous 

bituminous ' '  

. . 

bituminous 

Low sul-fur eastern coal 
Eastern Kentucky 

Big Sky Mine-Colstrip Montana 
Black Thunder Mine 

Campbell Co., Wyoming 
Wyodak .Resources-Wyodak Mine 

2 .  

Wilberg Mine-Emery Co., Utah 
Colorado Western Slope 

Amax Aryshire 

Freestone County 

Southern Illinois, Seam /I6 
Ohio strip mine 

Black Thunder Mine 
near Gillette, Wyoming 

Cordero .Mine 
Consolidated Coal Co., 
Stanton, North Dakota 
Baukol-Noonan Mine 
Center, North Dakota 

Falkirk Mine 
Underwood, North Dakota 
Wyodak Mine-Wyoming 

Knife River Coa1,Mining Co., 
Beulah, North Dakota 

Big Sky Mine 
Colstrip, Montana 

Cordero Mine, Wyoming 

Eastern Kentucky 

Low sulfur eastern coal 

a 
Fly ashes nhtained from the oamc station, however, their production resulted 
from different combustion conditions. 



Sul fu r  d ioxide removal efficiencies due t o  addit ion o f .  a fly ash s l u r r y  
were determined by measuring the  in le t  and out let  SO2 levels f rom the  spray 
d r y e r  and from a fabr ic  f i l t e r  baghouse. Operating conditions f o r  al l  tests 
are  presented in Table 6-2. 

TABLE 6-2 ' 

SPRAY DRYER OPERATING CONDITIONS 

Spray dryer: 
In le t  temperature ............................ 3OO0F 
Outlet'temgerature ........................... 138OF 
Approach t o  dew point ........................ 20°F 
F l y  ash slurry ................................ 1.45 lb/gal  
Flue gas SO 2.................................600- 800 ppm 

The prel iminary SO2 removal efficiencies are presented in Table 6-3 f o r  
the  spray d ryer ,  t he  baghouse, and the combined spray dryer-baghouse 
system. 

Future work wi l l  examine correlations o f  the  SO2 removal efficiencies w i th  
fly ash propert ies such as coal rank, alkali content, and surface area, in an 
attempt t o  develop equations pred ic t ing performance in a spray d r y e r  system. 



TABLE 6-3 . . 

SULFUR DIOXIDE REMOVAL EFFICIENCY BY A FLY ASH 
SLURRY IN A SPRAY DRYER-BAGHOUSE SYSTEM 

'SO? Removal Efficiency ' 

Fly Ash No. Spray Dryer Baghouse sys tema 

a 
Efficiency data corrected for SO2 removal by water feed without 
fly ash. 

b~articles were reduced in size by ball milling. 
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7.1 GOALS AND OBJECTIVES 

The goals o f  the Particulate Control and Hydrocarbons and Trace Element 
Emissions Projects a t  GFETC are to: 1) develop, evaluate, and apply methods 
f o r  sampling and characterizing parBticulate matter generated in conventional 
f o r  AFBC combustion o f  low-rank western coals; 2) develop means f o r  eval- 
uat ing and improving the collectabil ity o f  h igh- res is t iv i ty  f l y  ash f rom.  low- 
su l f u r  western coals by electrostatic precipitation, and other means; 3) 
develop a reliable basis f o r  designing and sizing . part iculate control equip- 
ment, based on information obtained from .laboratory and p i lo t  p lant  tes t  
procedures, which can be performed on reasonably small samples o f  coal 
obtainable by core d r i l l i ng  in advance o f  .mining;. and 4) chai-acterize and 
measure the organic and t race .element emissions f rom pc-f i red and AFBC 
furnaces . 

The specific objectives f o r  FY 1982 a r e  to: 

1. Sample, size, and characterize part iculates. 

2. Collect and analyze low-rank coal f lue gas and fly ash samples f o r  
organics and trace elements before and af ter  part iculate control  
devices. 

3. Develop advarlced samplirig and characterizing methods. 

4. Field test  part iculate cur.~Lrol devices ( fo r  example, baghouses and 
ESPs). 

5. Test  advanced, high-eff iciency. part iculate equipment. 

6. Collect samples and perform material balance on  selected t race 
elements emitted f rom an AFBC unit burn ing  low-rank coal. 



7.2 ACCOMPLISHMENTS 

7.2.1 Material  Balance in AFBC 

7.2.1.1 Background 

The  GFETC 2.25-ft2 AFBC p i lo t  p lan t  has been operational since January 
1980. A v a r i e t y  of subbituminous coals and l ign i tes have been b u r n e d  in t h i s  
equipment. qerformance, reta ined ash and fly ash analyses, pos t - run  bed 
character is t ics,  and  f l u e  gas analyses have been per formed as func t ions  o f  
opera t ing  parameters. S u l f u r  ox ide capture  by reta ined (recycled) alkal ine 
fly ash and  by in jected limestone has been studied extensively.  

C u r r e n t  i n te res t  in and regu la to ry  at tent ion t o  gaseous and par t icu la te  
emissions and hazardous solid waste disposal requ l res  arl 'urider'stallding o f  the 
fa te  o f  several inorganic species in t roduced t o  an AFBC in t h e  var ious feed- 
stocks, wh ich  inc lude fue l  and combusfidn alr ,  bed material, and injected FGD 
agents. Therefore,  GFETC contracted w i t h  GCA/Technology Division, GCA 
Corporat ion, Bedford,  Massachusetts, t o  per form a material balance s t u d y  on 
GFETC's AFBC during a specif ic t es t  burn o f  Beulah, Nor th  DakoLa, l ign i te  
w i t h  a limestone b e d  (1,Z) .  . . 

In add i t ion  t o  t h e  material balance invest igat ion per formed b y  GCA, 
o t h e r  studies per formed d u r i n g  t h i s  specif ic t es t  burn (FB2-BAS-2581) in- 
cluded: 

o Trace element concentrat ions in pos t - run  baghouse ash composite, 
us ing  x - r a y  fluorescence (XRF) and neut ron act ivat ion analysis 
(NAA).  

o Invest iga t ion  o f  fly ash mutagenic i ty  per formed by DOE'S Laboratory 
f o r  Energy  Related Health Research (LERHR) a t  Un ive rs i t y  o f  
Cal i fornia=Bavis. 

o GFETC analyses o f  polycycl ic  organic matter in t h i s  f ly ash. 

o Bed aggregation studies, f ly gas emissions, and s u l f u r  retent ion 
(2,3). 

Because o f  t h e  d i v e r s i t y  and breadth  o f  studies ar is ing  f rom t h i s  tes t  
burn, and  t h e  lat ter 's  relat ion t o  o the r  studies in t h e  AFBC project,  t h i s  
pa r t i cu la r  AFBC r u n  may well be  one o f  t h e  most tho rough ly  invest igated of 
al l  fossi l - fueled AFBC runs .  

7.2.1.2 Descr ipt ion o f  AFBC 

The GFETC 2.25-ft2 AFBC i s  a square, re f rac tory - l ined steel shell w i t h  
a f la t ,  d r i l l e d  d i s t r i b u t o r  plate. Nominal feed rates a re  180 Ibs coal/hr w i t h  a 
superf ic ial  a i r  ve loc i ty  of 9 f t /sec a t  20 p c t  excess a i r .  In cont ras t  t o  com- 
bust ion  zone temperatures in pc - f i red  furnaces, AFBC bed temperatures a re  
q u i t e  low: %145O0-1650°F. AS a consequence, f l y  ash par t ic le  size d i s t r i -  
but ions, morphology, and mineral composition tend  t o  d i f f e r  dramatical ly f rom 
those observed in pc - f i red  combustion. 



Part iculate emissions are  contro l led by two cyclones and a baghouse in 
series. T h e  secondary cyclone i s  designed t o  be. 65 t o  71 p c t  e f f i c ien t  f o r  
4-5 pm part ic les a t  250 scfm and 1200°F." 

T h e  pulse j e t  baghouse contains eighteen 6" x 108" bags o f  woven f iber -  
glass fab r i c  w i t h  si l icon graph i te  coat ing. Baghouse face velocit ies (a i r - to-  
c lo th  rat ios) were 1.6 f t /min, and average Ap Z2 i nch  W. G. 

F igure  7-1 i s  a schematic o f  t h e  AFBC showing ash and fly ash sampling 
points.  

7.2.1 - 3  Flue Gas Sampling 

D u r i n g  t h e  n ine-day tes t  burn, seven f l ue  gas samples were collected 
us ing  an Acurex  Source Assessment Sampling System (SASS Train) ,  illu- 
s t ra ted .  schematically in F igure  7-2. T h e  SASS T r a i n  i s  a high-volume (4-6 
ACFM) .sampling conf igurat ion o f  cyclones and impingers designed t o  col lect 
size-fract ionated par t icu la te  matter and volat i le metals. 

T h e  f l ue  gas sampling po in t  (F igure  7-1) downstream from t h e  baghouse 
was located 3.7 d u c t  diameters upstream and 1.9 diameters downstream f rom 
f low disturbances. Th is  i s  no t  an ideal location; however, none o ther  was 
available. Part iculates a re  collected in t h e  sequence o f  3 cyclones (10, 3, 
and l p m  cuto f fs )  and a back-up f i l t e r .  Volati le inorganics are  captured in t h e  
impingers which contain, variously, 30 p c t  H202,  0.1N n i t r i c  acid, desiccant, 
o r  a re  empty. 

V e r y  low d u s t  loadings necessitated ex t rao rd ina r i l y  long sampling periods, 
t h e  longest o f  which corresponded t o  7000 dry scfm. 

7.2.1.4 Solid Sampling 

Coal was sampled per iodical ly  f rom t h e  feeder, and a run composite was 
created. In addition, coal samples were collected t o  correspond t o  t h e  fue l  
combusted during each f l u e  gas sampling per iod.  Limestone feed material was 
collected a t  in terva ls  and composited in a manner similar t o  t h e  coal samples. 
Bed d r a i n  (spent  bed material) was sampled per iodical ly  th roughou t  t h e  run 
t o  t r a c k  accumulation o r  deplet ion o f  elements in t h e  bed. F l y  ash sampling 
was performed a t  several locations and in terva ls :  p r imary  and secondary 
cyclones, baghouse, and residues between heat exhangers. 

Tables 9-1, 7-2, and 7-3 summarize t h e  sampling and sample preparat ion 
schemes and l CAP detect ion l imits. 

7.2.1.5 Analyt ical  Results 

Results o f  analyses o f  coal and limestone feeds, cyclone and baghouse 
catches, and bed  d ra in  appear in Tables 7-4 t o  7-9. F l y  ash (par t icu late 
matter) analyses and gas phase (volat i le metal component) analyses a re  in 
Tables 7-10 and 7-11. 
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FIGURE 7-1. Schematic o f  AFBC showing -sampling points (From Reference 1). 



FIGURE 7-2. SASS-Train flow diagram. (From Reference 9). 



TABLE 7-? 

SAMPLE SUMMARY. (Ref. 1)' 

Flue Gas 

SASS T ra in  - 

Solid Stream 

Coal - 

Limestone - 

Bed Materiel - 

F ly  Ash 

Primary cyclone - 

Secondary cyclone - 

Samples 

10 pm cyclone dry catch 
3 pm cyclone d r y  catch 
'I ~ j m  cyclone dry carch 
Particulate f i l t e r  
Particulate f i l t e r  b lank 
Acetone r inse 
Aset~ne blsn k 
0.1 N HNUs impingei'S 
0.1 N HNO3 blank 
30% H 2 0  impingers 
30% H 2 0  blank 

Total run as-f i red composite 
Total run hopper composite 
SASS run composite ' 

Daily composite 
Total run composite 
Daily composite 
SASS run composite * 

SASS run samples, 
Daily samples . 
V i rg in  bed sample 
Spent bed composite 

Total run composite 
SASS run sample 
Daily sample 
Total r u n  composite 
SASS run sampie 
Daily sample 
Total run composite ' 

SASS run sample 
Daily sample 

Samples 
Collected 

Heat 'exchanger - Deposits 1 



TABLE 7-2 

SUMMARY OF SAMPLE COLLECTIO'N SCHEDULE (Ref. 1) 

Sample 
Date-August 

1 1  12 13 14 15 16 17 18 19 - - - - - - - - -  
Flue gas 0800 t o  1600 

Coal 

SASS t r a i n  samples 

Limestone feed . 

Bed dra in  

0800, 1600, 2400. 
Additional sample 
from each new hopper 

SASS Run 0800, 1200, 1600, 
2000 Samples 

SASS Run 0800, 1200, 1600, 
2000 Samples 

F ly  ash f rom 
pr imary  and 
secondary cyclone, 0800 and 2000 
bag house 

Heat exchanger 
deposits 

V i rg in  and spent bed 
composites 



TABLE 3 

SAMPLE PREPARATION METHODS AND D.ETECTION LIMITS 
FOR ICAP ANALYSIS (Ref. 1) 

. Aluminum 
Arsen ic  
Bar ium 
Bery l l ium 
Cadmium 
Calcium 
Chromium 
Cobal t  
Copper 
l r o n  
Lead 
Magnesium 
Manganese 
M e r c u r y  
Molybdenum 
Nickel  
Potassium, 
Selenium 
Si l icon 
S i l ve r  
Sodium 
T i tan ium 
Vanadium 
Zinc 

DA/LMF 
'P B 
DA/HF-AR 
DA/HF=AR 
DA/HF-AR 
DA/LMF 
DA/HF-AR 
DA/HF-AR 
DA/HF-AR 
DA/LMF 
DA/HF-AR 
DA/LMF 
DA/HF-AR 
PB 
DA/HF-AR 
'DA/HF-AR 
DA/LMF 
PB 
DA/LMF 
PB 
DA/LMF 
DA/LMF 
DA/HF-AR 
DA/I-1 F-AR 

F l y  asha 

LMF 
HF-AR 
LMF 
HF-AR 
HF-AR 
LMF 
HF-AR 
HF-AR 
HF-AR 
LMF 
HF-AR 
LMF 
HF-AR 
HF-AR 
HF-AR 
HF-AR 
LMF 
HF-AR 
LMF 
HF-AR 
LMF 
LMF 
HF-AR 
HF-AR 

L iqu id  
detecgon 
limit, ppb 

Sol id 
detecgion 
limit, ppm 

a Abbreviat ions:  
DA = D r y  ashed 
.LMF = L i th ium metaborate fus ion  (ASTM D3682-78) 
HF-AR = Hydro f l uo r i c  acid-aqua regia digest ion (ASTM D3683-78) 
PB = Par r  bomb combustion (AS"I'M U3684-78) 

b ~ e t e c t i o n  l imi t  appl icable t o  liquid solution. 

' ~ e t e c t i o n  l imi t  appl icable t o  250-mg sample w i th  s tandard  
sample prepara t ion  . . techniques. 



TABLE 7-4 . 

COAL FEED METAL ANALYSIS, pg/g (Ref .  1)  

SASS Runs 
2 3 4 5 6 7 

Aluminum 6,630 
Arsenic (3.2 
Barium 448 
Beryllium 1 . 4  
Cadmium 0.12 
Calcium 14,400 
Chromium 2 . 5  
Cobalt 1 . 7  
Copper 2 .8  
l ron 7,210 
Lead (1 
Magnesium 3,730 
Manganese 26.2 
Mercury (0.05 
Molybdenum1 (r0.2 
Nickel 1 .5  
Potassium 426 
Selenium (2.2 
Silicon 8,630 
Silver (0. 1 
Sodium 7,760 
Titanium 254 
Vanadium 3 .1  
Zinc 3 . 0  



TABLE 7-5 
I 
'LIMESTONE FEED METAL ANALYSIS, pg/g ( R e f .  1) 

SASS Runs 
2.8 3 4 5 6 7 

Aluminum 
Arsenic  
Bar ium 
Beryl l ium 
Cadmium 
Calcium 
Chromium 
Cobalt  
Copper  
l r o n  
Lead 
Magnesium 
Maganese 
M e r c u r y  
Molybdenum 
Nickel  
Potassium 
Selenium 
Silicon 
S i lver  
Sodium 
Ti tanium 
Vpnadi~ ~m 
Zinc 



T A B L E  7-6 

PRIMARY CYCLONE C A T C H  METAL ANALYSIS ,  pg/g (Ref .  1)' 

SASS Runs 
2 3 4 5 6 7 

Aluminum 
Arsenic 
Barium 
Beryl l ium 
Cadmium 
Calcium 
Chromium 
Cobalt 
Copper 
l ron  
Lead 
Magnesium 
Manganese 
Mercury  
Molybdenum 
N ic ke! 
Potassium 
Selenium 
Silicon 
Si lver  
Sodium 
Titanium 
Vandium 
Zinc 



T A B L E  7-7 

SECONDARY CYCLONE C A T C H  METAL ANALYSIS ,  pg/g .(Ref. 1)  

SASS Runs 
2 3 4 5 6 7 

Aluminum . 
Arsenic 
Barium 
Beryl l ium 
Cadmium 
Calcium 
Chromium 
Cobalt  
Copper  
l r o n  
Lead 
Magnesium 
Manganese 
M e r c u r y  
Molybdenum 
Nickel  
Potassium 
Selenium 
Silicon 
Silver 
Sodium 
Ti tanium 
Vandium 
Zinc 



T A B L E  7-8 
. . 

BAGHOUSE C A T C H  METAL ANALYSIS,  pg/g (Ref .  1) 
, , 

SASS Runs 
2 3 4 .  5 6 7 

Aluminum 
Arsenic 
Barium 
Beryl l ium 
Cadmium 
Calcium 
Chromium 
Cobalt 
Copper 
l ron 
Lead 
Magnesium 
Manganese 
Mercury  
Molybdenum 
Nickel 
Potassium 
Selenium 
Silicon 
Si lver  
Sodium 
Titanium 
Vandium 
Zinc 



TABLE 7-9 

BED D R A I N  METAL ANALYSIS, pg/g (Ref .  1) 

SASS Runs 
2 3 4 5 6 7 

Aluminum 
Arsenic 
Barium 
Beryllium 
Cadmium 
Calcium 
Chromium 
CulJslt 
Copper 
l ron  
Lead 
Magnesium 
Manganese 
Mercury  
Molybdenum 
Nickel 
Potassium 
Selenium 
Silicon 
Silver 
Sodium 
Titanium 
Vandium 
Zinc 



T A B L E  7-10 

I 

P A R T I C U L A T E  EMISSIONS METAL ANALYSIS ( R e f .  1 )  . 

SASS Runs 2-4 
~ g / g  pg/scm 

Aluminum 
Arsenic 

1 Barium 
Beryll ium 
Cadmium 
Calcium 
Chromium 
Cobalt 
Copper 
l ron  
Lead 
Magnesium 
Manganese 
M e r c u r y  
Molybdenum 
Nickel 
Potassium 
Selenium 
Silicon 
Si lver  
Sodium 
Titanium 
Vandium 
Zinc 

SASS Runs 5-7 



TABLE 7-11 

GAS PHASE VOLATl LE COMPONENTS 
(IMPINGER SAMPLES), pg/scm (Ref. 1)  

SASS Runs 
2 3 4 5 6 7 

Aluminum (0.73 
Arsenic (3.14 
Barium 0.15 
Beryllium (0.04 
Cadmium (0.08 
Calcium <2 , 63 
Chromium 4.39 
Cobalt (0.20 
Copper 3.30 
l ron 17.31 
Lead (1. 58 
Magnesium (1.79 
Manganese 1.08 
Mercury - - 
Molybdenum 0.66 
Nickel 2.22 
Potassium (4.92 
Selenlum ~ 2 . 8 9  
Silicon - - 
Silver (0.25 
Sodium 16.20 
Titanium (0.10 
Vandium (0.50 
Zinc 5.94 



7.2.1.6 Atmospheric Emission Rates 

Dus t  loadings.  a t  t h e  baghouse outlet. were extremely low. In Table 7-12 
we summarize t h e  par t icu lates concentrat ions ( d u s t  loadings) as t h e  f l u e  gas 
stream . progresses f rom furnace f reeboard  t o  baghouse out le t .  Fabr ic  f i l t e r  

' i n l e t  and out le t  data 'are also presented in t h e  fo rm o f  emission fac tors  (i.e., 
lbs/106 Btu) ,  which i s  t h e  fo rm in which U.S. EPA New Source Performance 
Standards (NSPS) a re  c u r r e n t l y  espressed (4). For  convent ional pc - f i r ed  
steam-electric boilers, t h e  NSPS f o r  par t i cu la te  mat te r  i s  now 0.03 lb/106 B tu .  

TABLE 7-12 

FLUE GAS PARTICULATE CONCENTRATIONS 
AND EMISSION RATES (REF. 1) . ,  

SASS Runs SASS Runs 
2-4 5-7 

:Before Pr imary  clone,^ g/scm. 14.0 8.61 

a Before Secondary Cyclone, g/scm 9.758 0.588 
I 

a Before Fabric Ei l ter,  g/scm 6.207 0.217 
I 

g r /sc f  0.0905 0.0949 

lb/106 B t u  0.178 0.204 

A f t e r  Fabr ic  ~ i l t e r ,  g/scrn 0.000471 0.000272 

g r / sc f  0.000206 0.000119 

lb/106 B t u  0. U00404 0.000256 

Fabr ic  F i l te r  Eff ic iency, p c t  99.772 99.875 

OvelLdll Par-LiculaLe Contro l ,  per 99.9966 99.9968 

a Based on  par t icu lates collected in t h e  cont ro l  device hoppers and gas f low 
rates rrleasured a f te r  t h e  f a b r i c  f i l t e r .  

b ~ e a s u r e d  w i t h  t h e  SASS t ra in .  

Clear ly  t h e  GFETC AFBC belLers the NSPS by approximately two  o rde rs  
o f  magnitude. It also be t te rs  normal performance o f  convent ional combustion 
systems by' about  one o r d e r  o f  magnitude (5). Presumably t h i s  i s  due la rge ly  
t o  t h e  conservat ive s iz ing  o f  t h e  pulse j e t  baghouse. 

A consequence o f  t h e  v e r y  low par t i cu la te  emission rates i s  t h a t  t h e  
csr respond ing  elemental emission rates wi l l  be v e r y  low. Thcse arc presented 
in Table 7-13. , 



TABLE 7-13 

COMPARISON OF MEASURED ELEMENTAL RAJES TO 
CONVENTIONAL COMBUSTION SYSTEMS, pg/scm (Ref. 1) 

. . 
Controlled Conventignal 

Grand Forks Industr ia l  Boi ler 

d TLV 
~ i ~ n i t e ~  Coal 0i ld (Ref. 6) 

Aluminum 
Arsenic 
Barium 
Beryl l ium 
Cadmium 
Calsiurn. 
Chromium 
Cobalt 
Copper 
l ron  
Lead 
Magnesium 
Manganese 
Mercury  
Molybdenum 
Nickel 
Potassium 
Selenium 
Silicon 
Si lver 
Sodium 
Titanium 
Vandium 
Zinc 

a For t he  Grand Forks unit. 1 pg/scm was equivalent t o  9.0 x 1017 lb/106 Btu.  
For the  conventional boiler, 1-pg/scm was equivalent t o  9.7 x 10 lb/106 B tu  
when f i r i n g  coal and 7.3 x 10 lb/106 B t u  when firing oil. 

b ~ e f r e n c e  7. The  steam capacity o f  t h i s  pulverized coal-f i red boi ler was 100,000 
Ib/hr. 

C Emissions were control led b y  cyclones and a fabr ic f i l te r .  Total part iculate 
emissions were 0.00026 t o  0.0004 lb/106 Btu.  

d~miss ions  were control led b y  multicyclone, a ven tu r i  scrubber and a dual alkali 
scrubber. Total part iculate emissions f o r  both  coal and oi l  f i r i n g  were 0.04 
Ib/106 Btu.  

/ 



7.2.1.7 Material Balance 

'Par t i t ion ing  o f  elements between t h e  var ious process streams can be 
expressed as .concentration ratios, o r  in terms o f  consumption o r  emission 
rates 'in u n i t s  o f  mass/unit time. Because o f  r a t h e r  large unsyncronized 
time-to-time var iat ions in concentrations, t h e  former method is  n o t  as i ns t ruc -  
t i v e  as t h e  la t te r  methods, which a re  presented in Table 7-14. 

7.2.1.8 Aluminum-Normalized Enrichment Ratios 

Aluminum compounds . f o u n d  in combustion' p roducts  a re  b o t h  non-volat i le 
and non-s lagging . Therefore, aluminum concentrat ions..  have been used as 
normalizing fac tors  in comparing var ious emission streams w i t h  feedstocks, 
and also w i t h  ear th 's  c rus ta l  abundances. Consequently, it i s  i ns t ruc t i ve  t o  
examine aluminum-normalized enrichment and deplet ion rat ios f o r  some o f  t he  
major and t race  elements studied in t h i s  invest igat ion. These aluminum- 
normalized enrichment and deplet ion rat ios were calculated by comparing the  
appropr iate concentrat ion in t h e  p r imary  cyclone, secondary cyclone, bag- 
house, and heat exchanger catches and f l ue  gas emissions t o  t h e  concentra- 
t ion  in t h e  feed materials. Because some elements appear in t h e  limestone, 
t h e  tota l  feed was used f o r  t h i s  calculation instead o f  j u s t  t h e  coal. The 
formula is:  

Al-normalized enrichment ra t i o  = (C i /C~~)  emitted 

( C i / C ~ l ) f e e d  

where: i indicates t h e  element 

Ci x coal feed + Ci x limestone feed 
Ci in t h e  feed = coal + limestone feed 

CAI in t h e  feed i s  calculated in t h e  same manner as Ci. 

Average aluminum enrichment/deplet ion rat ios f o r  t h e  s ix  SASS r u n s  are 
presented in Table 7-15'. The  resu l ts  show t h a t  cadmium, chromium, molyb- 
denum, nickel, and zinc were g rea t l y  enr iched in t h e  f l ue  gas emissions. 
Chromium and n ickel  were also g rea t l y  enr iched in t h e  heat exchanger de- 
posits. Beryl l ium, cobalt, sodium, t itanium, and vanadium were s l i gh t l y  
enriched in t h e  par t icu la te  emissions. The  o the r  enrichment/ deplet ion rat ios 
are nei ther  v e r y  high n o r  v e r y  low. 

Summary o f  Material Balance Results 

- D u r i n g  t h e  tes t  b u r n  o f  Beulah, Nor th  Dakota, l ign i te  in t h e  2.25-ft2 
AFBC, analyses o f  24 elements were per formed in all s igni f icant  process 
streams (feedstock, emissions and products,  reta ined material). Flue gas 
par t icu late emission levels were lower than  normal performance o f  conventional 
combustion systems and t h e  c u r r e n t  New Source Performance Standards fo r  
steam-electric boi lers by 1 and 2 o rde rs  o f  magnitude, respect ive ly .  Part i -  
culate concentrat ions ranged f rom 0.00026 t o  0.00040 lbs/1 O6 B t u  . 



T A B L E  7-14 

MATERIAL BALANCE RESULTS FOR T O T A L  RUN COMPOSUES,  vg/sec. (Ref .  1 )  

Bed 
Feed n p u t  Cyclone Hezt  Bed Buildup/ Flue O u t p u t  Percent 

Coal Limestone Total . Primary Secondary Baghouse Exchange;. Dra in  Depletion Gas Total  Closure 

Aluminum 97,630 6,850 104,400 54,200 2,500 , 1,490 '1 86 15,300 7,960 1 . 5  81,600 78 
Barium 5,910 4.5 5,945 4,540 353 202 2.2 2,280 1,450 0.036 8,850 149 
Beryll ium 35.4 3 .32 38.7 13.2 0.57 0.35 0.1165 4.33 7.4 (0.005 25.9 67 
Calcium 193,0110 276,003 669,000 365,000 17,400 8,800 1 ,  J80 1 9 5 , 0 0 0  63,100 2 .4  650,000 97 

Chromium 31 - 0  26.2 - 57.2 51.5 2.24 1.64 8.25 22.0 6.5 0.61 S2.8 162 
Cobalt 23.6 14.5 . , 38.4 8.69 0.84 0.31 0.17 -18.7 2.47 0.03 . 31.2 8 1 
I ron  189,O~IO 35,203 224,000 91,200 2,140 1,310 .I 74 30; 700 17,400 4.1 142,900 64 

A Magnesium 52,330 266,005 - 318,000 166,000 
0 

7,630 3,840 452 '138,000 29,500 0.79 345,000 109 

Manganese 123 3,7111 3 , 8 3 0 '  2,090 103 49.2 7.1 1,170 407 0.090 3,830 100 
Nickel 39.8 18.1 57.9 14.6 1 . O  0.6 9.2 5.9 5.9 0.48 37.2 64 
Potassium 4,330 3., 9711 10,300 6,280 275 280 25.5 3,180 640 0.15-0.50 10,680 104 
Silicon 132,000 59S,OOS 331,000 142,000 2,480 1,310 191 46,300 27,400 ' 3.4 219,700 66 

Sod i um 106,011C~ 55 i06,000 31,600 2,070 2,700 , 182 23,400 18,900 4.2 78,900 74 
Titanium 3,750 27 5 4,020 1,900 129 84 8.6 670 392 0.18 3,180 79 
Vandium 44.2 26. i' 70.4 40.3 2.03 1.04 0 19 12.5 9.85 (0.05 65.9 93 
Zinc 20.6 20.2 41.5 23.5 1.06 1.11 0 15 11 . O  6 .5  0.70 43.3 104 



TABLE 7-15 

AVERAGE ALUMINUM-NORMALIZED ENRICHMENT AND DEPLETION 
RATIOS FOR THE SIX SASS RUNS (Ref. 1) 

Barium 
Beryl l ium 
Cadmium 
Calcium 
Chromium 
Cobalt 
l ron  
Magnesium 
Manganese 
Molybdenum 
Nickel 
Potassium 
Silicon 
Sodium 
Titanium 
Vanadium 
Zinc 

Primary 
Cyclone 

Secondary 
Cyclone Baghouse 

Heat 
Exchanger 

Particulate 
Emissions 

0.45 
1.4 

>59 
0.24 

8 1 
7.1 
1 .o 
0.16 
0.50 

> I  30 
99 
0.99 
0.84 
1.6 
4.0 
3.7 

430 

Emissions o f  trace elements were v e r y  low, appearing t o  represent no 
environmental concern whatsoever. Material balances f o r  16 elements were 
performed f o r  the ent i re 8-day run, wi th  closures va ry ing  from 64 t o  162 pct. 
(Chromium, a component o f  the stainless steel st ructure,  was the element wi th 
the apparent 162% closure.) The  pr imary  cyclone catch was the  major vehicle 
f o r  release o f  most minor and trace elements. 

7.2.2 Polycyclic Orqaniss in Baghouse Ash 

Baghouse ash from the  high-sodium Beulah, Nor th  Dakota, l igni te AFBC 
material balance run was subjected t o  polycycl ic organic (POM) analysis. It 
was extracted wi th  methylene chloride in a Soxhlet, subjected t o  the  "EPA 
610" clean-up procedure, and analyzed by HPLC and fused silica capi l lary GC 
analysis. Results are shown in Table 7-16. POMs were present in relat ively 
large amounts b y  comparison wi th  previously analyzed samples generated in 
the part iculate test  combustor, which i s  a pulverized coal pc- f i red furnace. 
Th is  was not  surpr is ing,  because the combustion temperatures in AFBC are 
.very much lower than in conventional pc- f i r ing.  



TABLE 7-16 

POLYCYCLIC ORGANIC ANALYSIS OF BAGHOUSE 
ASH FROM RUN FB2-BAS-2581 

POM 

Phenanthrene 
Anthracene 
Fluoranthene 
Pyrene 
Benzo (b) f luorene 
Benzo (a) an  thracerie 
Chrysene 
Benzo (k) f luoranthene 
Benzo (a) p y r e n e  
I ndenopy rene 
Bibenz (a, h) anthracene 
Benzo (ghi) pery lene 

g POM/g Ash 

s x g/g 
5 x 10-8 g/g 
s x 1oe7 g/g 
3 x g ig  
1 x 10-7 g/g 
1 x 10-7 g/g 
8 x g/g 
7 x g/g 
I x g/g 
3 x 10-7 g/g 
1 x l o - ?  g/g 
2 x g/g 

We have  also sampled f l ue  gas organics during AFBC combustion of 
high-sodium Beulah l ign i te .  T h i s  was during a d i f f e r e n t  run (No. FB2-BU1- 
1182) f o r  wh ich  bed  temperature, ' excess oxygen, and superf ic ia l  gas velocity 
d i f f e r e d  (1631° ve rsus  1445OF, 19 p c t  excess O2 versus  24 pct ,  and 6.37 
f t /sec  versus  5.9 f t /sec f o r  BU1-1182 versus  BA5-2581). T h e  analysis, also 
by HPLC and fused  sil ica cap i l la ry  GC, resu l ted  in data f o r  25 polycycleis 
and  heterocycleis, 13 o f  which were "EPA P r i o r i t y  Pollutants1I. The  AFBC 
run was character ized by several per iods o f  unstable operat ion d u r i n g  coal 
feed problems. T h i s  would b e  expected t o  increase t h e  d i v e r s i t y  o f  organics 
observed, and  poss lb ly  the i r  cancer1 tr-atior'rs. 

7.2.3 Mutagenic i ty  in Ext rac ts  o f  AFBC Ash 

In a cooperat ive e f f o r t  w i t h  DOE'S Laboratory f o r  Energy  Related Health 
Research (Un iv .  Cal i fornia-Davis),  U.Calls D r .  Wesley R. Har r i s  repor ts  t h e  
completion o f  tests on baghouse ash Prom the 110-hour, high-sodium Beulah 
FBC material balance run. 

Ames tests (Salmonella mutagenesis assays) were completed w l thout  S-9 
act ivat ion, us ing  Salmonella s t ra ins  TA1538, TA100, and TA98, as well as a 
nitroreductase-deflcient va r ian t  o f  each of these st ra ins.  T h e  results,  which 
wi l l  b e  publ ished in detai l  elsewhere, suggest t h a t  t h i s  Nor th  Dakota l ign i te  
AFBC ash i s  o n l y  modest ly mutagenic - perhaps more so than  observed w i th  
AFBC bituminous ash a t  Argonne National Laboratory.  T h e  resul ts  also 
suggest  t h a t  t h e  a c t i v i t y  i s  d u e  t o  ni tro-aromatics. 

LERHR i s  p lann ing  t o  per form two  addit ional tests: 



1. Using benzene-methanol ex t rac t ion  fol lowed b y  f rac t ionat ion  of t h e  
e x t r a c t  on an HPLC column, t h e y  p lan  t o  per fo rm Ames t e s t  p r e -  
screening on  f cactions, fol lowed b y  a mammalian cel l  t ransformat ion 
tes t  on  especially po ten t  f ract ions.  T h i s  w o r k  has a l ready begun.  

2. LERHR has begun do ing  lymphocyte st imulat ion tests us ing  canine 
serum ex t rac t .  

When completed, these invest igat ions w'ill also b e  repor ted  elsewhere. 

7.2.4 Neut ron  Act ivat ion Analyses o f  AFBC Fuel, Bed, and Ash.  

Neut ron  act ivat ion analysis (NAA) i s  appl icable t o  a d i f f e r e n t  selection of 
elements than  t h a t  normal ly determined by induc t i ve l y  coupled argon plasma 
( ICAP) spectroscopy. T h e  l a t t e r  method was used f o r  most o f  t h e  elements 
s tud ied  by GCA in t h e i r  mater ial  balance invest igat ion repo r ted  in ear l ie r  
sections o f  t h i s  repo r t .  

Composite samples o f  feed coal, virgin bed, and baghouse ash were sub-  
mi t ted t o  N o r t h  Carol ina State Un ive rs i t y ' s  Nuclear .Engineering Department.  
We r e p o r t  in Table 7-17 those elemental analyses n o t  per formed by GCA as 
p a r t  o f  t h e i r  material balance invest igat ion.  Mainly these a re  lanthanides, 
actinides, halogens, and t rans i t i on  metals. 

NAA technology in fossi l  appl icat ions i s  discussed in a rev iew by Weaver 
(8), who describes t h e  sources o f  e r r o r  in NAA and t h e i r  re la t i ve  con t r i bu -  
t i on  t o  overa l l  precision. T h e  s tandard  e r r o r s  l is ted in Table 7-17 a re  p u r e l y  
analyt ical  (due ch ie f ly  t o  count ing  stat is t ics and neut rons  f l u x  uncer ta int ies) .  
T h e y  d o  - n o t  inc lude any  measure o f  sampling e r ro rs .  A l though  t h e  coal, 
limestone, and ash samples were care fu l l y  b lended composites, t h e y  were n o t  
repl icated. Consequently,  we have no  estimate o f  how representa t ive  t h e  
selected composites were o f  t h e  tota l  respect ive materials. A conservat ive 
approach would r e q u i r e  t h a t  t h e  indicated e r r o r s  b e  increased a t  least ten-  
fo ld .  

Even al lowing f o r  t h i s  caveat, it is  no tewor thy  t h a t  cer ta in  elements a re  
enr iched in t h e  fly ash. These inc lude bromine, cesium, hafnium, thorium, 
and uranium. T h e  la t te r  two, which are' heavy  metals as well as radioact ive, 
have el ic i ted some pub l ished concern, but du n o t  appear on  t h e  EPA p r i o r i t y  
po l lu tan t  l i s t .  



TABLE 7-17 

NAA ANALYSES OF TRACE ELEMENTS AND AFBC 
RUN FB2-BAS-2581 ANALYSES (AND a's)  REPORTED IN pg/g 

82-0567 82-0568 81 -4846 
Sample High-Na Beulah Shakopee Ls. Baghouse Catch 

Antimony 0.14 (.007) O..Ol (.003). 1.11 (.01) 

Bromine 0.81 (.04) 5.62 (.006) 173.6 (0.9) 

Cerium 9 (2) 7 (1 40 (4) 

Cesium 0.06 (0.1) 0.04 (.01) 0.86 (.04) 

Chlorine <50 124 (6) 3479 (35) 

Europium 0.16 (.008) 0.04 (.004) 0.72 (.007) 

Gold <O. 0001 <0.0001 <O. 0001 

Hafnium 1.12 ('-03) 0.22 (.02) 4.66 (.05) 

Iodine < 3 

Lanthanum 3.07 (.03) 2.09 (.02) 18.6 (.2) 

Rubidium 8 (2) 3 (1 34 (7) 

Samariurr'~ 0.41 (.004) 0.31 (.003) 2.11 i . 01 )  

Scandium 1.50 (.008) 0.27 (.OOS) 6.10 (.03) 

Thorium 2.43 (.002) 0.28 (.003) 14.39 (.01) 

Uranium 0.65 (.03) 0.64 (.03) 2.83 (.03) 

a 
a's include analytical errors only, without contribution from 

sa'mpling errors.  
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8.1 GOALS AND OBJECTIVES 

The goals o f  the Waste Characterization and Disposal Project a t  the  Grand 
Forks Energy Technology Center (GFETC) are t o  characterize and develop 
suitable techniques f o r  environmentally sat isfactory disposal o f  waste materials 
der ived from burn ing  low-ran k western coals. specif ic project objectives f o r  
FY 1982 are to: 1) conduct laboratory studies on t he  cHemicBI and physical 
characteristics o f  western FGD sludge materials; 2) determine leaching char-  
acteristics o f  western FGD sludge and fly ash materials; 3) evaluate hazard- 
ousness classification o f  reuse products containing low-rank coal waste ma- 
terial; and 4) characterize waste materials generated b y  fluidized-bed com- 
bustion o f  low-rank western coals. 

8.2 ACCOMPLISHMENTS 

8.2.1 Chemical and Physical Characterization .of Western Low-Ran k Coal 
Waste Material 

Work on th is  project i s  being conducted by R ld ian  Corporation. The  
project i s  designed t o  characterize the chemical and physical propert ies o f  14 
low-rank coal waste materials including: 1) sludge f rom utility wet scrubber 
FGD systems employing alkaline f l y  ash; 2) fly ash f rom a fluidized-bed com- 
bustor  (FBC); 3) mixtures o f  fly ash and spent SO2 duet injection dry sor- 
bent  materials such as nahcolite and trona; and 4) a mix ture  o f  fly ash and 
sodium-base waste material produced in a spray d r y e r  GeD system. 

8.2.1.1 Characteristics o f  AFBC Waste Materials 

The chemical and physical propert ies o f  f ou r  AFBC waste meterials were 
characterized. The waste materials were produced by GFEfC1s 2.25-ft2 p i lo t  
p lant  AFBC, and were der ived from a Nor th  Dakota l ign i te  w i th  and wi thout  
supplemental limestone, a Texas lignite, and an I l l inois bituminous coal. 

The concentrations o f  the RCRA trace elements (As, Ba, Cd, Cr, Pb, 
Hg, Se, and Ag) in the  AFBC fly ashes and the  limestone addi t ive are  pre-  
sented in Table 8-1. Concentrations o f  seven o f  the eight  RCRA trace ele- 
ments were higher in the ash material from Nor th  Dakota l igni te wi th  supple- 



TABLE 8-1 

CONCENTRATIONS OF EIGHT RCRA TRACE ELEMENTS I N  AFBC FLY ASHES 
AND LIMESTONE USEC I N  FBC TESTS (Concen t ra t ims  are g iven  i n  pg /g )  

Sha kopee 
Limestone 

Sampb Used i i  
Type:  AFBC Tests  

DOE 3 u n  
Numbsr: 3080 and 

1680 

Sampie 
Number: 73 

- -- - 

AF,3C F ly  
Ash flron 

AFBC F ly  N o r t h  
Ash f rom Da kc.ta 

N o r t h  L ign i te ,  
Dakota L imesone 
L ign i te  Added 

AFBC F l y  
Ash f-om 

l l l inc is  
AFBC F l y  3 i tumincus Cyclone ~ s h ~  Prec ip i ta tor  
Ash f rom Coa C ~ n v e n t i o n a l  Ashes, From 
Texas Limes-one Power Conventional 
L ign i te  Added S-ation I I I Power stat ionsC 

Arsenic 

Cadmium 

00 

N 
Chromium 

Lead 

Si lver  

3 
Fcr  t h i s  program, concentret ions were measured us ing  the  fol lowing znalyt ica techniques.: arsenic and selenium, atomic 
a b s ~ r p t i o r ; ,  h y d r i d e  generation; barium, induc t i ve ly  coupled argon pl3sma en:ssion spectrometry; cadmium, chromium, lead 

2 n d  s i lver ,  atomic absorpt ion, g raph i te  furnace; mercury,  atomic absorpt ion, cold vapor.. 
Radian Crrporat ion,  C m l - F i r e d  Power P l a l t  Trace Element Study,  Vo ume I*/. Stat ion I I I, Environmental Protect ion 
Agency, Region V I  I I, Cenver, Colorado,. EPA Cc-ntract 68-01 -2663, Sept. I n ,  3.30. Power Stat ion I I I b u r n e d  N o r t h  
DaC.ota l ign i te .  

'HOI a r d .  N.F. ,  K .A .  Wilde, J.L. Parr,  P.S. Lowell, and R.F .  Pohler. T h e  E3bircnmenta Effects o f  T race  Elements i n  
the P o r d  Disposal o f  Ash and Flue Gas 3esul fur lzat ion Sludge, Research P n j e c t  202, Electr ic Power Research Inst i tu te,  

Jalo A l lo .  Cal i fornia, September, 1975. ?ange f c r  th ree  stat ions b u r r i n g  h iah-su l fu r  coals. 
Not .  repo-ted . 



mental limestone than  in N o r t h  Dakota l ign i te  w i thout  supplemental limestone. 
In t h e  absence of o ther  factors, one would expect  lower t race element con- 
centrat ions in t h e  fly ash waste w i t h  supplemental limestone, because t h e  
Shakopee limestone would d i l u te  t race  elements found in h igher  concentrat ions 
in fly ash alone. One possible explanation i s  t h a t  some volat i le elements 
(e.g., As, Cd, Set and Pb) are  reta ined more ef f ic ient ly  in t h e  presence of 
calcined limestone than  by f ly ash alone. However, w i thout  complete mass 
balance information, explanat ions f o r  t h e  observed concentrat ion relat ionships 
are speculative. 

Concentrat ions o f  RCRA t race  elements in AFBC fly ashes f rom the  
I l l ino is  bi tuminous coal and  t h e  Texas l ign i te  were general ly  in t h e  same range 
as concentrat ions in AFBC fly ashes f rom Nor th  Dakota l ign i te.  

Concentrat ions o f  t h e  RCRA t race elements in a conventional fly ash f rom 
a conventional pulver ized-coal- f i red boi ler  us ing  a Nor th  Dakota l ign i te  and 
f rom t h r e e  h igh -su l fu r  coals fed  t o  conventional boi lers are  also presented in 
Table 8-1. In general, concentrat ions f o r  ashes f rom a g iven geographic 
region were comparable, consider ing t h e  expected va r iab i l i t y  o f  t race element 
concentrat ions. I n  t h e  AFBC fly ash f rom t h e  I l l ino is  bi tuminous coal, a r -  
senic and bar ium concentrat ions were low and chromium concentrat ion were 
high re la t ive  t o  concentrat ions in conventional fly ashes f rom th ree  high- 
s u l f u r  coals. ' 

Concentrat ions o f  Al l  Cat  Fe, Mg, and Na in AFBC f ly ash solids are  
l is ted in Table 8-2. As expected, concentrat ions o f  calcium and magnesium 
are  h igher  in t h e  AFBC fly ash f rom combustion o f  Nor th  Dakota l ign i te  w i t h  
limestone added than  wi'tkioul: limestone added. l r o n  concentrat ion was mark-  
edly h ighe r  in ash f rom I l l ino is  bi tuminous coal. 

Concentrat ions o f  Cu, Mn, Mo, Ni, Sr,  V, and Zn in AFBG fly ashes are 
l is ted in Table 8-3. These elements are  o f  environmental i n te res t  since 
standards have been promulgated regard ing  t h e i r  concentrat ions in some 
d r i n k i n g  water suppl ies and in i r r i ga t i on  water.  Concentrat ions o f  manganese 
and vanadium were re la t ive ly  high in AFBC fly ash f rom Texas l ign i te.  Con- 
centrat ions o f  copper and zinc were re la t ive ly  h i g h  in ash f rom combustion o f  
I l l inois bi tuminous coal. 

T h e  f o u r  samples o f  AFBC fly ashes were subjected t o  t h e  RCRA Ex- 
t rac t ion  procedure (EP), described in t h e  May 19, 1980, Federal Register.  
The  EP t e s t  i s  specif ied t o  determine whether  o r  n o t  wastes should be  class- 
i f ied  as hazardous according t o  t h e  character is t ics o f  EP tox i c i t y .  Concen- 
t ra t ions  o f  t h e  e igh t  RCRA t race elements in t h e  ex t rac ts  are  l is ted in Table 
8-4. A11 concentrat ions a re  well below levels a t  which waste i s  classif ied as 
tox ic  under  c u r r e n t  RCRA regulat ions. T h e  re la t ive ly  high concentrat ion o f  
selenium in t h e  EP ex t rac t  of AFBC f ly ash f rom combustion o f  Nor th  Dakota 
l lgn i re  w i t h  l~mestone correlates w i t h  t h e  high selenium concentrat ion found in 
t h e  solids. 



TABLE 8-2 

CONCENTRATIONS~ OF MAJOR ELEMENTS IN AFBC FLY 
ASHES, LIMESTONE USED IN  FBC TESTS, AND 

CYCLONE ASH FROM CONVENTIONAL POWER STATION 
(Concentrations are given in percent) 

Nor th  I l l inois 
Dakota Bituminous Conventional 

Nor th  Lignite, Coal, Power 
Sample Shakopee Dakota Limestone Texas Limestone Station, 
Type:  Limestone L ign i te  Added Ligni te Added Cyclone Ash  b 

DOE Run 3080 
Number: 1680 0380 3080 ' 3280 1680 - - - 
Sample 
Number: ' 73 7 9 12 8 --- 

Element 

Aluminum 0.28 2.6 2. gC 7.9 5.1 7.4 
2.4 

Calcium 16. 

l ran 1.4. , 2.9 2.6= '5.2 12. . ' 

0 

5.8 
2.7 

Magnesium 9.5 1.2 , 2 A C  0.65 , 0.41 '3.6 
. . 

t 2.a 

 or thlt program, concentrations were measured using induct ively coupled argon 
plasma emission spectrometry. Solids were brought  into solution using a perchlor ic 

,acid diaestion. 
D~8d ian -~u rpo ra t l on ,  Coal-Fired Power Plant Trace Element Study, Volume I V, 
Stat ion I I I Environmental Protection Agency, Region VI  I I, Denver, Colorado, EPA 
COntr.ct-bB-01-2663, Sept. 1975, p .  30. Power Station Ill burned Nor th  Dakota l igni te.  

C ~ o n c e n t r a t i o n ~  in blind duplicate digestion and analysis. 
d ~ ~ t  reported. 



, . .  ... . . .  ;, , 
. . . T A B L E  '8-3 . 

,.. . . . .  

CONCENTRATIONS~ OF 'ADDITIONAL ELEME.NTS IN ~AFBC'. FLY ASHES, 
LIMESTONE USED I N  FBC TESTS, ,AND ASHES FROM CONVENTIONAL 

POWER STA'TIONS (Concentrat ions a re  g i ven  in pg /g )  

N o r t h  I l l i no is  
Dakota 'B i tuminous  Convent ional  T h r e e  

No r t h  L igni te ,  . Coal, ' +  t "  power Eas ty rn  
Sample Shakopee Dakota ', Limestone Texas, , Limestone. - . Statiori;' , i' ~ o w k r  ;' c' . 
T y p e :  Limestone Lig'ni te Added ' L i gn i t e ,  Added , Cyclone A.sh ..' Stat idhs . . .  

. . . . .  DOE Run  3080 ;.;:.! ., , . ,  

1680 ---  Number:  0380 3080 3280 1680 , - - -  . . . .  . ..' 

. . 
Sample 
Number:  73 7 12 8 - - -  - - -  . . 

9 
. . I  . I  . e n  

Element 

Boron  N R ~  

Copper  12 13 18 41 82 145 ' 60-240 
1 4e 

Manganese 1400 400 41 0 1,200 330 750 &-' 240'370 - , 

390e 

Molybdenum (0.5 

Nickel  (0.8 40 66 91 7 1 38 75-110 
4oe 

S t ron t i um  23 

Vanadium 3.1 20 22 150 66 86 (1 00 
1 ge . . . . . . . . .  .._. . . -  . 

. - 
Z inc 31 

* .  
' . " I  ' .  ,. . , 

a . . #  

Fo r  t h i s  program, concentrat ions were measured us i ng  i nduc t i ve l y  coupled .argon plasma .emission 'spectrometr 'y.  
. . . . . . . . . . . . . . . .  ,Solids were h r o c ~ a h t  i n t o  so lut ion us i na  . a  ~ e r c h l o r i c  ac id .d iaest ion.  :'. . . 

D - ,  0 ~ -  - .  .. , . 
Radian corpora t ion ,  Coal-Fired. Power Plant  T race  Element S tudy ,  Volume IV,  . s ta t ion  ' l l I, . ~ n v i r o n m e n t a l .  ~ r o t e c -  
t i o n  Agency, Region V I  1.1, Denver ,  Colorado, EPA Cont rac t  68-01-2663, Sept .  1975;. ,p l  -30,. Tower Stat io~;. , l  l l 

c 2.: . ., . . ,  - bu rned  No1.tl.l Dakutd 1iy11iLu. - .. 
L ~ o l l a r d ,  W.  F., K . A .  ~ i l d e ,  J. L .  Par r ,  P.S. Lowell, R .  F. Pohler, T h e  Envi ronmenta l  Effects o f   race ~ l e A e h t s  
in t h e  Pond Disposal o f  Ash  and  Flue Gas Desul fur izat ion Sludqe. Research Pro ject  202, Final Report ,  E lect r ic  

,Power Research Ins t i tu te ,  Palo Alto, Cal i fornia, September 1975. 
U 

,Not r epo r t ed  because bo ron  could n o t  be  determined us i ng  t h e  perch lo r i c  ac id.  
Concentrat ions in b l i n d  dup l i ca te  d igest ion and  analysis. 



, : - { : ,  ,-.2 ' . ,  . , .I TABLE 8-4 
: t ! .  , ,CONCENTR~T~'IONS OF' EIGHT RCRA ?RACE ELEMENTS IN 

EP EXTRACTS. . , OF, AFBC FLY'ASHES (Concentrations are given in mg/a) 

' ' a a .  
. Nor th  . ,byrli .  4:. .. l l l inois 

Dakota '"' . c- ii . y  ,b.:.;e , ,=. Bituminous 
:North . .,", - -. T.,g . Lignite; Coal, 

Sample ' Dakota . .- ~ imes tone  '  exa as ' ' Limestone ' RCRA 
Type: L ign i te  Added Ligni te Added Limits 

.. . . 
,,' , DOE R~~ - " 0380! ' '-;"-'!:!'"- '3080 ' ' ' - :;-3'280 * *'. 1680 , - - 

r , . -  
Number .. . .. 

- .  .. . , ' :  , , . : .  > .  I ... . 1 .  + .  

Sample , ,..,.. -, . .  . . . , ,:. .I%,, t .. 
Number , . ,. 7,- . : .~: .$, : . *' ;;>,.I. . ., * .. ‘ . g  ' 1'2 8'-A ' - - . . ?, ',. . . (  . .A' ', 

. .. : ' . .. 1' 

: .. 
! ; ; .':; . % 1' , . , , , !  .;,; . .  .' . * i  ".. ' 

. . .  . 

Element. - ' . -. . 
, '..? "," " .. - J -  . . '! i7 " 

.a. . I 

Arsenic , 0. O& ': ,+, , , 0.007, - '  0.30 0.004 - 5  :* 
" .  0.005 , . , .,.- +;: -:. . . .  . 

Barium 

0.03 ... . . . 0.03 ,, 0.0030 0:03 Cadmium . , . . - 'tL.' 0.03 
i' 

. . ' : ,.' r f ., . 
. . ' ? 

. . :d:ola Chromium . ..0.1 . . , , . -  0.11.. : 0.1 5 
- , '0.01 ' ' I  5 ;  ' ,.. , 

Lead 0.4 , 
, . o*4a ' .  0.005 0.4 5 

. - +: 0.4 ' . 
. . .. -. 9 

Mercury  0 .',0h05 .' I . , . .  0.0005 0.0009 ' 0 .'0005 0.2 
- "0.0005 

Selenium ,. , I., 0.004; .:.. + .; . a e  0.25 , , 0.14 0.008 
....,. I 0,24 . + .,. . ,  

\ 

, .  5.,:.j: i' : , ' .  , , . 
Final pi-I , '  '8I9 ' 4.5  .. 7.. 6 

"'8..9 ' 
1- , 3:'t.e .,* - * 

?concentrat ion in Duplicate Extract ion 



Concentrations o f  major elements in EP extracts and additional elements 
in EP extracts are l isted in Tables 8-5 and 8-6. The  pr imary  value o f  meas- 
u r i ng  concentrations o f  elements o ther  than the .RCRA elements in EP extracts 
is  to  screen f o r  leachable species which may be important in evaluation of 
impacts on groundwater qual i ty .  Few measurements o f  concentrations o f  .ele- 
ments other than RCRA trace elements in EP extracts have been reported. 

A l l  samples o f  AFBC fly ashes tested were' alkaline, and pH  values were 
above 5 a f ter  addition o f  the ma'ximum amount o f  acetic acid called f o r  in the. 
EP procedure. Values o f  pH  a t  the  end o f  the EP extract ion are given in . 

Tables 8-4 through 8-6. 

8.2.2 Hydrological and Geotechnical Procedures Manual f o r  Western S t r i p  
Mine FGD Sludge Disposal 

Work on th is  project is  being conducted under  contract  by the  Univers- 
ity of  Nor th  Dakota. Th is  project wi l l  delineate hydrogeologic and geotech- 
nical considerations ' required t o  establish an FGD sludge disposal si te using a 
western coal' s t r i p  mine. Activi t ies include: 1) descript ion o f  state-of-the- 
a r t  groundwater monitors; 2) groundwater flow monitoring requirements; 3) 
descript ion o f  disposal techniques in the overburden spoils and the  s t r i p  mine 
p i t  bottoms; and 4) the size o f  the geographic area which must be considered 
i n  selecting the s t r i p  mine disposal site. The  product  o f  t h i s  project w i l l  be 
a manual detai l ing s t r i p  mine disposal si te survey requirements and techniques, 
descript ion and recommendations on sludge placement and burial,  and in- 
struct ions on how to  establish a groundwater sludge leachate 'monitoring sta- 
t ion network. 

A computer l i terature search was completed t o  collect information on: 1) 
waste disposal practices; 2) groundwater qua l i ty  monitoring; and 3) fly ash/ 
FGD waste chemistry. The search yielded over 1,000 tit les, of which 83 
proved useful. A working bibl iography o f  140 papers has been compiled. 
These documents have been reviewed and wi l l  form p a r t  o f  an annotated 
bib l iography tha t  wi l l  eventually be placed in a computer fi le. The s t ruc ture  
and leachate chemistry o f  fly ash i s  the subject o f  50 papers; scrubber waste 
chemistry is  discussed in four  papers, while only seven papers deal w i th  
groundwater qual i ty  monitoring a t  disposal sites. The  l i te ra ture  survey pro- 
vided general background on coal-fired power plants in the  s tudy  region 
which are equipped wi th FGD systems. 

A mail and telephone survey o f  state regulatory agencies and ut i l i t ies in 
the s tudy region (Nevada, Arizona, Utah, New Mexico, Texas, Colorado, 
Wyoming, Montana, South Dakota, and Nor th  Dakota) produced a comprehen- 
sive summary of:  1) state regulations concerning disposal o f  power plant  wastes 
and water qua l i ty  monitoring; and 2) utility practices concerning waste dis- 
posal and groundwater qua l i ty  monitoring. A summary o f  t he  waste disposal 
sites are presented in Table 8-7. Al l  states, w i th  t he  exception o f  Nevada 
and Utah, requ i re  some monitoring a t  the disposal site. O f  t he  42 operational 
un i ts  found a t  21 sites throughout the s tudy  area, 26 have monitoring pro-  
grams. Water qual i ty  data from hal f  o f  these un i t s  wi l l  be  ' incorporated in to  
the f inal  report .  



, . CONCENTRATIONS OF MAJOR ELEMENTS I N  
. . EP EXTRACTS'OF AFBC FLY ASHES 

(Concentrat ions are  g i ven  in mg/X) 

N o r t h  I l l ino is  
Dakota Bituminous 

N o r t h  ' . Lignite, Coal, 
Sample . '. Dakota Limestone Texas Limestone 
TY p e  : L ign i te  . . Added L ign i te  

. . . . 
Added 

. .. . . 

D'OE Run, :' 0380':. 3080 3280 1680 
> .    umber, . 

. .  . . .  . . 
. . 

Sample' 
Number .7 9 'I Z 8 

Element 

Aluminum 0.25 0.61 
0.59 

Calcium 1500. 1100.~ 890. 2500. 
1100. 

l r o n  . 0.019 0.02~ 3 , 7  0.013 
0.07 

Magnesium 400. 300. 
350. 

Sodium 500. 2400. 1100. 44. 
2400. 

I 
{f' 

Final pH 5.7 8.8 i 4.5 7.6 
8.9 ,I il 

a Dupl icate ex t rac t ion  and analysis 
b ~ e s s  than  f i v e  times analyt ical  

/' 



TABLE 8-6. 

CONCENTRATIONS OF ADDITIONAL ELEMENTS I N  
EP EXTRACTS OF AFBC FLY ASHES 
(Concentrat ions are  g i ven  in .mg/2) 

Nor th  
Dakota 

Nor th  Lignite, 
sample Dakota Limestone 
T y p e  : L ign i te  Added 

I l l ino is  
Bituminous 
Coal, 

Texas Limestone 
L ign i te  . ~ d d e d  

'I 

3280 1680 DOE Run 0380 3080 
Number 

I 

Sample 
Number 7 9 

Element 

Boron 

Copper 

Manganese 

Molybdenum 

Nickel 

S t ront ium 

Vanadium 

Zinc 

Final pH  

a Dupl icate ex t rac t ion  and analysis 
b ~ e s s  than  f i v e  times analyt ical  detect ion l imi t  

8-9 



TABLE 8-7 

SUMMARY OF COAL WASTE DISPOSAL SITES 

Tota I Groundwater 
(operational '&  Planned) Operational Quality Monitoring 

State Units Sites Units Sites Required Units Sites 

North Dakota 7. 5 4 3 Yes 4 3 

Montana 2. 1 Site 2 1 
Specific 

biyu~r~ir ly (5 3 4 3 Yes 4 3 

Colorado 4 .  2 '  3 1 Yes 3 1 

New Mexico 10 3 9 2 Yes 4 1 

Arizona 11 . 4 7 3 Site 2 1 
Specific 

Texas 19 13 7 5 Yes 7 5 

Utah 9 4 3 2 No 

Nevijlda 

Totals 
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9.1 GOALS AND OBJECTIVES 

T h e  goal o f  the,  Exp lora tory  desearch Project a t  t h e  Grand Forks  Energy  
Technology Cente'r (GFETC) i s  t o  per form long-term research related t o  t h e  
GFETC mission as lead laboratory f o r  low-rank coal technology and t o  t h e  
needs o f  t h e  var ious conversion and ut i l izat ion pro jects.  T h e  research con- 
duc ted as p a r t  o f  t h e  Exp lora tory  Research Project does n o t  necessari ly i n te r -  
face w i t h  t h e  immediate, day- to-day concerns o r  p rob lems 'o f  t h e  o ther  p r o j -  
ects. 

T h e  c u r r e n t  object ives o f  t h e  Exp lora tory  Research Project a re  to: 'I) 
extend t h e  knowledge o f  t h e  chemical and geological character is t ics of Iow- 
r a n k  coals by appropr iate laboratory-scale experiments; 2) upgrade t h e  analy- 
t ica l  capabi l i t ies.  a t  GFETC by developing, test ing, o r  evaluat ing new analy- 
t ica l  methods and instrumentat ion; and 3) synthesize k e y  'organic 'compounds 
needed f o r  reference o r  cal ibrat ion standards but which are  n o t  available 
comm.ercial ly . 

9.2 ACCOMPLISHMENTS 

9.2.1 Improved Analyt ical  Methods . .. . . . . . .. . . .. . 
A n  advantage o f ten  claimed f o r  i nduc t i ve l y  coupled argon plasma Spec- 

t roscopy (ICAP) i s  i t s  l inear i ty  o f  response ove r  sample concentrat ions v a r y -  
ing by .many o rde rs  o f  magnitude. I n  prac t ice  it should be  possible t o  cal- 
i b ra te  t h e  ins t rument  a t  on l y  a few points ove r  a wide range b u t  nevertheless 
obta in accurate resul ts  bo th  w i th in  and beyond t h e  cal ibrat ion points. T h e  
general pract ice in t h e  past  has been t o  use a 10 ppm s tandard  as t h e  lowest 
concentrat ion cal ibrat ion. A l though resu l ts  o n  actual samples may indicate 
concentrat ions lower than  10 ppm, good accuracy was nevertheless assumed 
because o f  t h e  alleged l inear i ty  o f  t h e  inst rument .  A check was made on 
bar ium analysis, comparing resu l ts  obtained us ing th ree  d i f f e ren t  standards.. 
The  resu l ts  f rom analysis o f  some laboratory samples are  summarized in Table 
9-1. T h e  resu l ts  w i th  t h e  10 ppm s tandard  are  consistent ly  low. If a similar 
t r e n d  i s  observed w i th  o ther  metals occu r r i ng  in low concentration, a repro-  
gramming o f  t h e  ICAP computer t o  accept 100 ppb r a t h e r  than  10 ppm stand- 
a rds  could improve resu l ts  s igni f icant ly .  T h i s  wi l l  be  invest igated in t h e  
near f u t u r e .  



. :, . 
. . , .  . 

' T A B L E  9-1 
. . . . . . . .  

. ' '  I . . . . .  
. , .< .. 

COMPARISON .O.F ICAP ANALYTICAL RESULTS FOR 
. . . . . . . . .  :CALIBRAT.ION- WITH %THREE DIFFERENT STANDARDS. 

. . .  . .  . . D A T A  S.HOWN ARE .BAR.IUM ANALYSES EXPRESSED AS ppb. 
. . .  

. . - -. Sample 100 ppb I ppm 10 ppm . - 

, . 
A p ro jec t  has been s tar ted  t o  collect electron spectroscopy data (ESCA) 

on a number o f  mineral s tandards in o r d e r  t o  establ ish a baseline data f i l e  t o  
use f o r  f u t u r e  ident i f icat ion o f  mineral species in coal and fly ash samples. 
There  seems t o  b e  enough sh i f t  (due to  chemical bonding o r  str*uclural  dif- 
ferences) in t h e  spectral  peaks t o  p rov ide  a means o f  ident i f icat ion even f o r  
minerals which have t h e  same chemical formula. A case in po in t  i s  t h e  min- 
erals calci te and aragonite which have t h e  same formula, CaC03. T h e  sh i f t  in 
t h e  calcium peak between t h e  two spectra can be used f o r  ident i f icat ion.  
Tabla 9-2 l i s ts  t h e  minerals on wh i ch  data usefu l  f o r  ident i f icat ion have been 
obtained. 

TABLE 9-2 
I 

, 
STANDARD MINERALS FOR ELECTRON SPECTROSCOPIC 

IDENTIFICATION OF SPECIES I N  COAL AND ASH SAMPLES 

. . . . .  :,; " . . . . .  . . 

1% - . , . .  . . :M inera l  
-..-... . ( '  . , . . 
AI b i t e  
A n h y d r i t e  
Apat i te  
Aragoni te 
B io t l  te  
Calcite 
Epiclote 
Grossular i te  

Peaks used f o r  
lden t i f icar ion 

Na, 0 
Ca, 0 
Ca,O 
Ca, 0 
0 
Ca,O 
Ca,O 
Ca,O 



A var ie ty  of methods were investigated t o  develop,a means f o r  obtain ing 
ESCA data on  coals. A major problem in th is  t ype  o f  analysis i s  t he  forma- 
t ion of an electr ic charge on the surface o f  the samples. A consequence of 
th is  surface charging is  t ha t  it becomes near ly impossible t o  separate t h e  
peaks ar is ing from the  d i f ferent  types o f  carbon atoms. A number o f  coat- 
ings, ranging from soap t o  gold, were t r i ed  t o  eliminate the problem. A n  
important cr i ter ion o f  a coating is tha t  it must prov ide complete coverage of 
the surface while being only a few angstroms th ick .  Gold proved t o  be t he  
most chemically i ne r t  and easiest t o  apply. Gold was also chosen because it 
is used in the  calibration o f  the  ESCA instrument. However, the go ld  coating 
proved to  be inadequate because oil vapors f rom the  vacuum pump o f  the  go lq  
coater were also deposited on the surface o f  the samples. Another appcoach 
involved f inely g r ind ing  the samples and pressing the resu l t ing powders in to  
indium foi l .  The samples were then analyzed w i th  and wi thout  neutralization. 
The neutral izer essentially floods the sample w i th  electrons t o  neutral ize t h e  
posit ive charge tha t  was bu i l t  u p  on t he  surface. Th is  proved t o  be  t he  
method tha t  gave the best results and did no t  requ i re  al ter ing t he  sample 
surface. 

9.2.2 Organic Syntheses 

The fa i lure of di l i thium acetate t o  undergo the subst i tut ion reaction w i t h  
naphthylethyl  bromide (as discussed in DOE/FC /QTR-~~ /? )  necessitated find- 
ing an alternative reaction tha t  would no t  proceed wi th  a preponderance of 
the elimination reaction. Thus the reaction o f  d i l i th ium butanoate w i th  phen- 
e thy l  bromide was studied t o  see if the  problem concerns t he  solubi l i ty  of the  
di l i thium acetate. A ve ry  poor recovery o f  acids was obtained. 

It was concluded tha t  the  conditions favor elimination over  subst i tut ion for  
any nucleophilic enolate dianion. A n  attempt was made t o  overcome the  
elimination reaction problem by reacting a-bromoacetonaphthone w i th  d i l i th ium 
propanoate. The reaction did not  proceed as well as expected, since a poor 
y ic ld  of  acids was obtained. The  major product  o f  the  reaction has no t  y e t  
been identi f ied. 



T h e  subs t i t u t i on  of 'acetate on a l k y l  halides t o  g i ve  arylalkanoic acids 
usefu l  f o r  synthes iz ing  hydroaromatics was studied in another  manner. The  
monol i thium anion o f  t-butyl acetate was prepared by react ion w i t h  l i th ium 
di isopropylamide. T h e  anion gave a high y ie ld  o f  t h e  subst i tu t ion  p roduc t  
w i t h  o-methylbenzyl  bromide: 

T h i s  es ter  w i l l  be  used t o  synthesize 4-methylindane, 7-methylindene, 3,7- 
dimethyl indene, and I ,4-dimethylindane. T h e  use o f  t h i s  ester  as t h e  13c- 
label led l i t h ium enolate i s  being considered f o r  t h e  synthesis u'l' lac, D- 
label led d ihyd ropy rene  and o ther  hydroaromatics. 

Experience ove r  t h e  past  rnonths w i t h  Fr iedel-Craf t  acylat ion reactions 
has shown t h e i r  l imitat ions in b o t h  reac t i v i t y  and select iv i ty .  Consequently, 
t h e  react ions o f  t h e  d i l i th ium salts o f  f a t t y  acids and t h e  l i th ium enolates o f  
f a t t y  ac id esters w i t h  a r y l  halides are be ing studied.  The  respect ive react ion 
schemes are: 

Scheme 1. 

-2 . 1. R1 'B r  R 'I 
R-G C 0 2  R < C02H 

R I 2. H+ (in THI;--HMPA) R 

where R ,  R 1  = H, CH, o r  ,C2Hs 
I '  

scheme LiN, 2fl + HCC0,R I - THF LiFC02R I 

CH(CH3)2 I -78' 

1 DMSO --'I- H F I 
L ~ C C O ~ R  + R'X ----t R ' $ C O ~ R  

I 20 O 

Several attempts have been made w i t h  Scheme 1 us ing  1-bromo-2-napti thyl-  
ethane, 1-bromo-2-phenylethane, and a-bromo-2'-acetonaphthone. A l l  t h ree  
react ions gave low y ie lds  ((10 p c t )  but t h e  g rea t  potent ial  o f  t h e  react ion 
sequence makes more development work  desirable. Scheme 2 has n o t  y e t  been 
invest igated.  



a - I - N a p h t h y l b u t y r i c  acid was conver ted t o  t h e  acid ch lo r ide  v ia  th iony l  
ch lor ide.  T h e  acid ch lo r ide  was then  re f l uxed  in carbon d isu l f ide  w i t h  a lu-  
minum chlor ide t o  p roduce 1-keto-1,2,3,4-tetrahydrophenanthrene in 90 p c t  
y ie ld.  Cycl izat ion w i t h  methanesulfonic acid gave on l y  80 p c t  yield, in- 
d ica t ing  t h e  aluminum ch lor ide  method t o  be  b e t t e r  f o r  work ing  w i t h  small 
amounts o f  isotopical ly labelled compounds. 

f3-2-Naphthoylpropionic acid was reduced t o  y -2-naphthy lbu ty r ic  acid by 
a modification o f  t h e  Wolff-Kishner reduc t ion  us ing  d iethy lene g lyco l  as sol- 
ven t .  T h e ,  y ie ld  was o n l y  60 p c t .  Gas chromatography o f  t h e  methyl  ester 
o f  t h e  p roduc t  ( formed w i t h  BF3:CH30H) showed some impur i t ies.  F u r t h e r  
invest igat ion o f  t h i s  method is  desirable. 

6 -Methoxy- I  - te t ra lone was conver ted t o  4-methyl -7-methoxy- I  ,2 -d ihy-  
dronaphthalene b y  r u n n i n g  t h e  Gr igna rd  react ion and then  dehyd ra t i ng  t h e  
p r o d u c t  w i t h  P205 .  P a r t  o f  t h e  d ihydronaphthalene was dehydrogenated b y  
heat ing in t h e  presence o f  5 p c t  Pd on carbon.  T h e  methoxy g r o u p  was then  
cleaved t o  a h y d r o x y l  g r o u p  w i t h  30 p c t  H B r  in acetic acid, g i v i n g  t h e  f ina l  
p roduc t  5-methyl-2-naphthol.  T h e  remainder o f  t h e  d ihydronaphthalene was 
hydrogenated t o  form t h e  te t ra l in ,  which was also t rea ted  w i t h  30 p c t  H B r  t o  
fo rm 2-hydroxy-5-methyltetral in. A por t i on  o f  t h e  5-methyl-2-naphthol was 
hydrogenated t o  fo rm 2-hydroxy-5-methyl tetra l in as conf irmation o f  t h e  syn-  
thesis.  I n  a similar fashion, 6-methyl-2-naphthol,  2 -methy l -6 -hydroxy-  
te t ra l in ,  5 -methy l - I  -naphthol  and I -methyl-5-hydroxytetral in were all p re -  
pared.  , 

A new react ion procedure  us ing  l i th ium aluminum h y d r i d e  and aluminum 
chlor ide appears t o  be  super io r  t o  t he  Clemmenson reduct ion  in terms o f  time, . 

yield, and convenience. T h i s  was demonstrated by t h e  conversions o f  2 -hy-  
droxy-4-methoxybenzaldehyde t o  2-hydroxy-4-methoxytoluene and o f  4-methyl-  
I -indanone t o  4-methylindane. 

3-Methyl-2a,3,4,5-tetrahydroacenaphthene was prepared us ing  t h e  fo l -  
lowing syn thet ic  scheme: 2-n-lethyl-I - te t ra lone was reacted w i t h  l i th ium t- 
b u t y l  acetate t o  p roduce 2-methyl- I -hydroxy-I- ( t -buty lacety l )  t e t ra l i n .  T h i s  
was hydrogenated and saponif ied, us ing  rou t ine  procedures, t o  p roduce a-1 - 
(2-methyl-1,2,3,4-tetrahydronaphty1)acetic acid. T h e  acid was cyc l ized t o  t h e  
ke to r~e  u s i i ~ g  t ( . ~ i ~ i . ~ y l  c h l ~ r ' i i l e  al-iil aluminum chlor ide.  T h e  ketone was reduced 
t o  t h e  f ina l  p r o d u c t  w i t h  l i th ium aluminum h y d r i d e  and aluminum chlor ide.  

1,2,3,4-~etrahydrophenanthrene-1 , 4 - 1 3 ~ 2 - 4 , 4 - ~ 2  was synthesized use in 
labelled compound studies in t h e  l iquefact ion pro ject .  
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