
I IMIlllllllMmlllllllllllllllllllllllllIMIIII 
~. PERCRI774 .~ 

One Source. One Search. One Solution. 

SYNTHANE GASIFIER EFFLUENT STREAMS 

ENERGY RESEARCH AND DEVELOPMENT 
ADMINISTRATION, PITTSBURGH, PA. 
PITTSBURGH ENERGY RESEARCH CENTER 

MAR 1977 

U.S. Department of Commerce 
Nat ional Technica l  Informat ion Service 



One Source .  One  Search .  One Solut ion.  

P r o v i d i n g  P e r m a n e n t ,  E a s y  A c c e s s  
t o  U .S .  G o v e r n m e n t  I n f o r m a t i o n  

National Technical Information Service is the nation's 

largest repository and disseminator of government- 

initiated scientific, technical, engineering, and related 

business information. The NTIS collection includes 

almost 3,000,000 information products in a variety of 
formats: electronic download, online access, CD- 
ROM, magnetic tape, diskette, multimedia, microfiche 
and paper. 

~! 
.~::< . : ~  

Search the HTIS Database from 1990 forward 
NTIS has upgraded its bibliographic database system and has made all entries since 
1990 searchable on www.ntis.gov. You now have access to information on more than 
600,000 government research information products from this web site. 

Link to Full Text Documents at Government Web Sites 
Because many Government agencies have their most recent reports available on their 
own web site, we have added links directly to these reports. When available, you will 
see a link on the right side of the bibliographic screen. 

Download Publications (1997 - Present) 
NTIS can now provides the full text of reports as downloadable PDF files. This means 
that when an agency stops maintaining a report on the web, NTIS will offer a 
downloadable version. There is a nominal fee for each download for most publications. 

For more information visit our website: 

www.ntis.gov 

U.S. DEPARTMENT OF COMMERCE 
Technology Administration 
National Technical Information Service 
Springfield, VA 22161 



PERCRI774  
"IIII11111IIIIIIII11IIit1111111IIIil11111f111111111 

PL~-L~CIE-77 I4 
ID~stribution Category UC-90c 

SYNTHL~TE GAE_~FiER EFFLUENT STRF~31S 

By 
W. J. M~Lichaa! 
A. J. Forney 
W. P. Haynes 
J. P. S trakey 
S. J. Gasioz 
R. M. Koznosky 

Data Publishad -~i~zah 1977 

TECHNICAL INFORMATION CENTER 

ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION 



N O T I C E  
• This report was prepared as an account of work sponsored by the United States 
Government. Neither the United States nor the United States Energy Research and 
Development Administration, nor any of their employees, nor any of their contractors, 
subcontractors, or their employees, makes any warranty, express or implied, or assumes any 
legal liability or respomibifity for the accuracy, completeness or usefulness of any 
information, apparatus, Inoduct or process disclosed, or represents that its use would not 
infringe privately owned rights. 

This report has been reproduced directly from the best available copy. 

Available from the National Technical Information Service, U. S. Department of 

Commerce, Springfield, Virginia 22161 

~ n t ~ l  in ~ Unlt~l S~lNn of Ametico 
£RIDA Technical Inksm~o~ Cawttet, O Ik  R;dge. Tem~m~e 



CONTENTS 

Page 
Abstract ............................................................. 1 
Introduction ........................................................ i 
PERC SYNTHANE PDU ................................................... 2 

Pretreater .................. ~ .............. . ................... 5 
Carbonizer ..................................................... 5 
Gasifier ....................................................... 6 
Effluents of the SYNTHANEPDU Gasifier ......................... 6 

Feed Materials ...................................................... 8 
SYNTHANE Condensate ................................................. 8 
SENTHANE Tail-Gas and Char .......................................... 25 

Conclusions ......................................................... 32 
References .......................................................... 37 

ILLUSTRATIONS 

i. Flowsheet of prototype SYNTBANE process ........................ 3 

2. Schematic of the fluid bed gasifier ............................ 4 
3. Gasifier and thermowe!l details of the SYNTHANE PDU ............ 7 
4. Aqueous condensate production rate as a function of the steam 

feed rate to the SYNTKANE PDU gasifier ....................... 9 

5. Aqueous condensate production rate as a function of the total 

water feed rate to the SYNTHANE PDU gasifier ................. !2 

6. Effect of total water feed rate on the production of phenol in 
the aqueous condensate for the gasification of North Dakota 
lignite at 40 atm without a dip tube ......................... 13 

7. Demonstration of the effect of coal rank and temperature on the 
production of tar andlight oil .............................. 20 

8. The effect of factors associated with gasification pressure on 
the yield of tar ............................................. 23 

9. Effect of pressure on the methane make in the SYNTHANE PDU ..... 30 
i0. Effects of carbon conversion and gasification pressure on the 

conversion of sulfur in coal to gaseous sulfur products ...... '33 

TABLES 

!. Proximate and ultimate analysis of coals air dried and gasified 

in the SYNTHAN-E PDU .......... ~ ......... % ..................... l0 
2. Size distribution of feed coals ................................ !0 
3. Average yields of various components in the:SYNTHAN-E condensate 

for the gasification of North Dakota lignite coal ............ 14 
4. Average yields of various components in the SYNTHANE condensate 

for the gasification of Montana subbituminous coal ........... 15 

5. Average yields of various components in the S ~  condensate 
for the gasification of illinois No. 6 bituminous coal ....... 16 



TABLES ( c o n t d . )  

6. Average  g a s i f i c a t i o n  t e m p e r a t u r e  in  t he  SYI~HAh~ PDU . . . . . . . . . . .  18 
7. U l t i m a t e  a n a l y s i s  o f  d e w a t e r e d  SYNTHANE t a r  . . . . . . . . . . . . . . . . . . . .  18 
8. E f f e c t  o f  c o a l  f e e d  p o s i t i o n  on the  y i e l d  of  c o n d e n s a t e  com- 

pounds from the  SYI~HANE PDU o p e r a t i o n  a t  40 a t m w i t h  no 
a d d i t i v e s  ( a l l  u n i t s  l b / t o n  ~ f  c o a l )  . . . . . . . . . . . . . . . . . . . . . . . .  21 

9. E f f e c t  o f  d i p  tube  d e p t h  on c o n d e n s a t e  y i e l d  du r ing  the  g a s i f i -  
c a t i o n  of North Dakota lignite in the SYNTHANE PDU at 
40 atmospheres ............................................... 24 

i0. Effect of pressure on tar formation in the SYNTHANE PDU ........ 25 
ii. Comparison of the gasification of Illinois No. 6 coal in the 

SYNTHANE PDU at 40 atmospheres with and without additives .... 26 
12. Comparison of SYNTHANE tail-gas yields for several coals gasi- 

fied with and without the dip-tube at 40-atmospheres ......... 27 
13. Comparison of the SYNTHANE tail-gas yields for the gasifica- 

tion of Illinois No. 6 at 40 atmospheres with and without 
additives .................................................... 28 

14. Average rate of production and composition of SYNTHANE chars... 31 
15. Results of SYNTHANE char leachlng studies (except for pH, all 

units mg/1000g char) ......................................... 34 
16. Effects of gasification pressure on the extent of sulfur gasi- 

fication in various coals .................................... 35 



/ 

SYNTKANE GASIFIER EFFLUENT STREAMS 

by 

W. J. McMichael, 1A. J. Forney, 2 W. P. Haynes, 3 J. P. Strakey, I 
S. J. Gasior, I and R. M. Kornosky 2 

ABSTRACT 

A substantial number of experiments have been carried out with the 
4-inch SYNTHANEPDU gasifier, primarily using three coals: North Dakota 
lignite, Illinois No. 6 bituminous and Montana sub~ituminous coal. These 
experiments were performed over a wide range of operating conditions using 
several coal feeding configurations. Operating pressures ranged from i0 to 
40 atmospheres and the steam-to-coal and oxygen-to-coal ratios varied from 
0.45 to 2.46 and 0.12 to 0.51, respectively. The effluent streams of the 
gasifier have been analyzed with regard to composition. 

In this report the yields of potential environmental pollutants resulting 
from the gasification of various coals in the SYNTHANEPDU gasifier are 
reported and an attempt is made to identify relationships Between these 
yields and gasifier operating conditions and coal type. Whenever possible 
direct comparison of the effluent streams for various conditions and 
modes of operation and coal rank are given in this report. 

INTRODUCTION 

The industrial and residential use of natural gas has steadily increased 
because of its low cost per Btu and clean Burning characteristics. In 
recent years the finiteness of natural gas supplies has become apparent. 
As supplies of natural gas dwindle the highly industrialized northeastern 
United States will be the first to feel the economic effects. ~ However, 
large coal fields lie east of the Mississippi. Processes are Being 
developed in which this coal can be converted to subst-i~ute natural 
gas (SNG) in a manner consistent with environmental regulations, 
thus alleviating short gas supplies. ~ The SYNTHANEprocess, which 
was initially developed under the Bureau of Mines a~d is Being further 
developed by ERDA, is one such process for converting coal to SNG. 

in the SYNTKANE process, Both caking and noncaking coals can Be converted 
to a satisfactory substitute for natural gas. At the heart of this 

~Supervisor- f Chemical Engineer. 
2Chemica! Engineer. 
3Research Supervisor. 
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process are two fluldlzed bed reactors which perform the following basic 
process steps: (i) coal pretreatment to destroy caking properties of 
various coals and (2) carbonization plus steam-oxygen gasification of 
the pretreated coals. The effluent gas from the gasifier is cleaned up, 
passed through a shift converter, purified and methanated to produce a 
hlgh-Btu gas having a heating value greater than 900 Btu/scf and a carbon 
monoxide concentration less than 0.I percent. An overall schematic of 
the 75 ton per day SYNTHANE unit which was designed by C. E. Lummus Co. 
and built at the Bruceton, Pennslyvania site of the Pittsburgh Energy 
Research Center (PERC) by Rust Engineering Company is shown in figure i. 

The shift conversion and purification processes necessary in the SYNTHANE 
process are technologically well developed and have been used in commercial 
applications for a number of years. (The gas purification step used in 
the SYNTHANE process is the hot carbonate process which was developed at 
PERC in the 1950's.) For these reasons the current research and develop- 
ment effort at PERC has been focused upon developing viable methanatlon 
and fluidized bed coal gasification units. 

The development work done so far on the SYNTHANE gasifler has been in a 
small unit which typically treats about 25 pounds of coal per hour. A 
simplified flow diagram of this unit, which is located at PERC, is shown 
in figure 2. 

One of the most important considerations which must be dealt with in 
developing a coal Utilization process such as SYNTHANE is that of 
eliminating potential environmental pollutants found in the effluent 
streams of these processes. The SYNTHANE gasifier has several streams 
which could be sources of environmental problems. 

As shown in figure 2 there are three effluents associated with the SYNTHANE 
gasifier: (i) condensate which includes water, tar and oil condensed out 
of the gas stream; (2) gas product stream; and (3) solids which are the 
extractor char and filter dust. 

The purpose of this report is to summarize information on the potential 
environmental pollutants in the effluent streams of the SYNTHANE gasifier 
and to describe the effects of operating conditions and coal type on 
yields of these materials. 

The data presented in this report covers experimental runs on the SYNTHAN-E 
PDU carried out before January 1975. 

PERC SYNTHANE PDU 

The major elements of the SYNTHANE PDU gasifier are shown in figure 2. 
These are: (1) the fluidized bed pretreater; (2) the free-fall carbonizer; 
and (3) the fluidized bed gasifier. 
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Briefly, pulverized coal is partially oxidized in the pretreater to 
destroy the caking properties of the coal. The pretreated coal and 
pretreater fluidizing gas pass to the carbonizing section of the gasifier 
where the coal particles fall by gravity countercurrent to the gas 
passing upward from the fluidized bed gasification section. Upon passing 
through the carbonization zone the solid particles enter the f!uidized 
bed gasification section where they are partially gasified by reactions 
with steam and oxygen. 

A more detailed description of the SYNTKANE PDU gasifier is given below. 

Pretreater: Coals with afree-swelling index of two or greater must be 
pretreated if they are to be used in the fluidized bed gasifier. The 
S.~THANE PDU pretreater consists of an 8-foot long, 3/4-inch pipe topped 
with a 2.5-foot long, 1-inch pipe. Both sections are schedule 80 pipe 
and made of 304 stainless steel. Four individually controlled heaters 
enclosed the pretreater and provide heat for start-up and to counter 
radiation losses. 

It is well kno~m that the caking properties of coal can be destroyed by 
fluidizing the pulverized coa!with an inert gas containing oxygen. In 
the SYNTHANE PDU the initial oxygen content of the fluidizing pretreater gas 
is maintained at I0 to 15 volume percent. In addition to this concentration 
range s other operating parameters associated with the pretreater operation 
are: (i) oxygen to coal ratio of 0.5 to 0.8 scf/ib of coal; (2) superficial 
gas velocity of 0.5 to 1.0 ft/sec; (3) a temperature of 770 ° F to 805 ° F; 
and 4) a minimum residence time of two minutes. 

The gases formedduring the pretreatment contain impart methane, carbon 
monoxide and hydrogen. These gases enter the gasifier and become part 
of the final product, adding to the overall methane recovery of the 
system. 

Carbonizer: The carbonizer is a 6-foot long, 10-inch diameter, schedule 
40 pipe of 304 stainless steel located directly above the gasification 
section. Electric heaters surround the carbonizer and maintain it at a 
nominal temperature of 550 ° C during the gasification. 

Pretreated caking coal enters the top of the ¢arbonizer from the fluidized 
bed pretreater and falls by gravity through the carbonizer countercurrent 
to the gas leaving the gasification section. The carbonizer can be by-passed 
by conveying the coal directly into the fluidized gasification section through 
a dip-tube. 

Experiments at the Bruceton center have be~ncarried-out/with both 
caking and non-caking coals in which the coals have been injected 
directly into the fluidized bed of the gasifier at several depths. As 
will be discussed later, direct injection has a significant effect on 
the formation of condensate compounds in the process. 



6 

Gasifier: The PDU gasifier is a 6-foot long, 4-inch diameter schedule 40 
pipe of 310 stainless steel. Surrounding this pipe are three individually 
controlled electric heaters which provide start-up heat and counter 
radiation losses during operation. The heaters are surrounded by a 3- 
inch thick layer of insulation. The entire assembly is enclosed in a 10- 
inch diameter pipe. The transition zone between the gasification section 
and carbonizer is a 60 @ cone of 310 stainless steel. 

During operation the fluldlzed bed height in the gaslfler is maintained 
around 66 to 68 inches. The height can be adjusted by a variable speed 
screw extractor located at the base of the gasification section. 

A mixture of steam and oxygen or air enters the gasifier at the center 
of the base through a i/8-inch pipe as shown in figure 3. Also shown 
in this figure is the thermowell which is made of 3/8-inch pipe. It 
extends from i inch above the gas inlet to the top of the carbonizer 
traversing the entire length of the gasifier and carbonizer. The 
thermowell contains twelve thermocouples which measure the temperature 
distribution along the bed. It can be situated along the axis of the 
gasifier or in an asymmetric position. 

Effluents of the SYNTHANE PDU Gaslfier 

The effluent gas of the SYNTHAN-E PDU is first filtered to remove small 
particulate matter. The filter consists of a perforated tube around 
which fiber-glass is wrapped. The flow of gas is radially inward through 
the fiber-glass and perforated tube. This filter is apparently very 
efficient since very few particles are observed in the condensate from 
the condenser. 

The condensers are concentric tube heat exchangers in which the effluent 
gas flowing on the tube side is cooled to i00 ° C in the first condenser and 
to 50 ° C in the second condenser. 

The condensers operate by passing the raw gas from the bottom of the 
condenser through the inner pipe where the gas is cooled. During the 
course of operation the condensate level builds and the raw gas begins 
to bubble through the trapped condensate. The condensate builds to a 
specified level, then the excess passes to the condensate receiver. 

The aqueous condensate typically contains about 95 percent water with 
the balance being significant quantities of ammonia and phenols plus 
traces of sulfur-bearing compounds. The condensate water is primarily 
unused steam fed to the gasifier. The tar which is condensed simultaneously 
with the aqueous phase is considered to be that portion of the condensed 
material which sinks below the aqueous phase in the condensers and 
condensate receiver. The tar is primarily a mixture of heavy aromatics 
having boiling points above 190 ° C. 
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The gas leaving the second condenser (tail gas) is sampled for chemical 
analysis by a chromatographic column and infra-red analyzers. 

The third major effluent leaving the SYNTHANE PDU gasifier is the 
char. The char is withdrawn from the gasification section by a variable 
speed screw extractor. 

FEED MATERIALS 

The principal materials fed to the SYNTHANE gasifier are coal, oxygen 
(sometimes supplied by air), steam and nitrogen (nitrogen is the purge 
gas.) 

In this report attention is restricted to three ranks of coal: Illinois 
No. 6, Montana subbituminous and North Dakota lignite. Of the three 
only the Illinois No. 6 is a caking coal. Although many other coals 
have been gasified in the SYNTHANE PDU, the number of experiments 
for each of these coals was small, and it was questionable whether 
conclusions should be drawn about these coals until further testing has 
taken place. The average proximate and ultimate analyses of the three 
major coals to be discussed in this report are listed in table i. The 
analyses are given for coals which have been spread on a floor and air 
dried for 12 to 14 hours. 

The coal is crushed before it is fed to the SYNTHANE PDU. Table 2 gives 
the representative size distribution of the gasifier feed coals. 

A major portion of the steam and oxygen is fed to the bottom of the 
gasification section as described previously. The steam is fed 
at about 600 psia and 400 ° C. Oxygen can be supplied as pure oxygen 
or as oxygen contained in air. Both pure oxygen and air (when used) 
are preheated and fed to the gasifier at approximately operating pressure. 

SYNTHANE CONDENSATE 

The SYNTHANE condensate consists of two portions, aqueous phase and 
tar phase. 

The aqueous phase of the condensate stream is potentially the major 
source of environmental pollution associated with the SYNTHANE process. 
Extensive treatment will be required before reuse or discharge. An 
estimate of the size of the stream can be obtained from figure 4. In 
this figure the pounds of condensate water per pound of coal on a moisture- 
and ash-free basis (maf) is shown as a function of pounds of steam fed 
to the gaslfier per pound of coal, maf. It can be seen that, regardless 
of the coal rank and the conditions under which the coal was gasified, 
most of the data lies tightly about a single line. The equation of the 
best line through the data points is: 

# Condensate 
= O. 85  ( 1 )  # Steam 

This empirical equation should not be used outside the range of data 
from which it was obtained. It serves only to estimate the amount of 
the aqueous condensate from the SYNTHANE PDU. 
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TABLE I. Proximate and ultimate analysis of coals air dried 
and sasified in the SYNT}IANE PDU 

(Weisht Percent) 
Coal North Dakota Montana 
Rank Lignite Subbituminous 

Proximate: 

Moisture 17.9 + 4.2(36) 1/ 15.5 + 3.8(16) 

Volatile Matter 34.5 + 2.0(36) 31.6 + 1.4(16) 

Fixed Carbon 39.5 + 2.5(36) 41.5 + 2.4(16) 

Ash 8.1 + 1.0(34) 11.4 + 2.2 (15) 

Illinois #6 
Bituminous h'VC 

5.1 + 2.4(30) 

38.1 + 1.3(30) 

43.3 + 2.2(30) 

13.5 + 2.2(30) 

Ultimate: 

Hydrogen 5.5 + 0.3(34) 5.3 + 0.3(15) 

Oxygen 31.4 + 3.3(33) 25.8 + 2.4(15) 

Carbon 53.4 + 2.8(34) 55.8 + 2.2(15) 

Nitrogen 0.8 + 0.2(34) 0.8 + 0.1(15) 

Sulfur 0.8 + 0.2(34) 0.9 + 0.1(15) 

5.0 + 0.2(30) 
m 

13.3 + 2.5(30) 

63.6 + 2.1(30) 

i.i + 0.1(30) 
m 

3.5 + 0.2(30) 
w 

I/Number in parenthesis indicates number of tests. 

TABLE 2. - Size distribution of feed coals 

(Percent Retained On Sieve) 
Coal North Dakota North Dakota 
Rank Lignite . Lignite 
Generic Size 8xO lOx0 

Montana lllinois No. 6 
Sub-bituminous Bituminous 
fOx0 20xO 

8 0 

i0 0 0 

20 14.9 I0.5 9.4 

50 40.2 39.8 36.6 

i00 17.0 15.7 17.4 

140 12.2 17.5 15.3 

200 5.6 6.4 6.6 

325 4.2 5.1 9.6 

fines 5.8 4.9 5.2 

trace 

18.7 

25.1 

21.6 

11.7 

14.8 

7.8 
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It is interesting to note that the data varies about a single line 
(Equation i) even though the different ranks of coal have different 
moisture contents as shown in table i, indicating that coals with a 
higher moisture content appear to have an enhanced water decomposition. 
This can be more easily seen in figure 5 which shows the relationship 
between total water fed to the SYNTHANE PDU and the condensate water. 
it can be seen by comparing figures 4 and 5 that the steam decomposition 
is directly related to moisture content of the coal. 

Based on Equation 1 and assuming the moisture contents of the char, 
tar and nominally dry tail gas are small compared to that of the feed 
coal, the fractional decomposition of the steam plus moisture of the 
coal, ~20, can be estimated by 

=Y~20 = ! - 0.85 (2) 
(H20) f coal 

i+ 
f 0 

where (HpO) is the fractional moisture content of the coal and f and 
fH20 are-the feed rates of the coal and steam, respectively, coal 

Equation 2 indicates that high water conversions can be obtained for coal 
with high moisture content being gasified at low steam feed rates to the 
gasifier. Water decompositions of over 40 percent have been observed in 
the SYNTH_ANE PDU under these conditions. The implication of high moisture 
content is not well understood except that higher moisture contents usually 
indicate lower rank coals which are known to be more reactive in the gasi- 
fication reactions. Low steam feed rates should favor higher temperatures 
in the gasifier bed which would kinetica!!y favor water decomposition. 

The yields of various chemical species in the aqueous condensate are pre- 
sented in tables 3,4 and 5. In these tables averaged data and sample 
deviations are presented in terms of pounds of compounds produced per ton 
of coal (mar) fed. The reason for this is that, while the tote!water feed 
to the gasifier can vary several fold, the yields of many of the constituents 
of the condensate remain re!atively constant with other operating conditions 
remaining fixed. For example, the yield of phenol in the aqueous condensate 
is relatively constant under a varying total water feed as can be seen in 
figure 6. Since approximately 85 percent of the feed water ends up as con- 
densate, the concentration data for many of the condensate constituents is 
as random as the steam feed rate. 

Tables 3, 4 and 5 show averaged operating conditions for groups of data. 
Examination of the averaged conditions and associated standard deviations 
shows that, for a given coal type, pressure and mode of operation, the 
average temperature and coal, oxygen and steam feed rates are fairly 



12 

t , I , - ,  

0 
E 

0 
0 
cJ 

0 

¢I) 

t-- 

0 
o 

33 

3 

2 

I 

0 

No dip tube 

o Lignite 
o Il l inois N o 6  
,,~ Montana 

Dip tube 

• Ligni te 
• I l l inois No 6 
• Montana 

Least squares f i t  of 
I l l inois No 6 data 

13 

/::X~-- A 
:3 

Least squares fit of 
Montana subbituminous 
and North Dakota l igni te 
data 

I 2 

( Ib steam + moisture ) / Ib cool mar 

3 

FIGURE 5. - Aqueous Condensate Production Rate as a Function of 

the Total Water Feed Rate to the SYNT~ PDU Gaslfier 



.1.3 

2O 

n ~ 

E 

~ e I0 
0 c 
n. '  0 
EL 

..Q 
. J  - -  
o 
Z 
W 

O. 

I 

Porometer 

_ f A v e r a g e  

© 
848 ¢) 871 

I I 1 

is overage gasif icotion temperature ~=C 

phenol yield @838 

e ©812 
e 818 
814 

85O 
@ 

@ 
835 

e850 _ 

0 I .... ! I 
1.0 1.25 !.50 1.75 

TOTAL WATER TO COAL FEED RATIO , lb 

! 

2.00 2.25 

H 2 0 / I b  coal mar 

FIGURE 6. - Effect of Total Water Feed Rate on the Production of 

Phenol in the Aqueous Condensate for the Gasification 
of North Dakota Lignite at 40 atm Without a Dip Tube 



14 

TABLE 3. - Average yields of various components in the 
SYNTHANE condensate for the gasification 

of North Dakota lignite coal 

Conditions: 

Dip Tube No ~I/ No No Yes ~2/ 

Pressure(arm) i0 20 40 40 

Avg. Temp. (°C)~/ 833 + 2(2) 852 + 8(3) 834 + 15(8) 814 + 22(8) 

Coal Feed Rate 
(ib/hr) 15.0 + 0.0(2) 29.7 + 0.3(3) 29.4 + 4.2(8) 28.2 + 5.2(8) 

O./Coal Ratio 
(~b/ib) 0.36 + 0.03(2) 0.23 + 0.02(3) 0.20 + 0.03(8) 0.19 + 0.06(8) 

Steam/Coal Ratio 
(ib/ib) 1.21 + 0.47(2) 0.62 + 0.05(3) i.i0 + 0.23(8) 1.15 + 0.31(8) 

Additives No No No No 

Yields: (ib/ton maf coal) 

Phenol 7.93 + 2.70(2) 5.99 + 1.76(3) 8.91 + 2.31(9) 4.42 + 1.70(8) 

Ammonia 12.79(1) 11.6 + 5.3(3) 14.3 + 1.5(5) 15.5 + 2.8(7) 

COD 40.6 + 7.5(2) 8.8 + 10.7(3) 49.2 + 16.1(9) 15.6 + 6.5(7) 

Chloride x 102 4.20 + 0.09(2) 5.95 + 3.52(3) 4.43 + 2.53(9) 1.81 + 1.05(8) 

Thiocyanate x 102 1.75 + 0.78(2) 2.78 + 1.22(3) 3.24 + 2.50(9) 1.73 + 0.59(8) 

Cyanide x 104 1.36 + 1.78(2) 10.3 + 10.0(3) 2.40 + 3.31(6) 0.34 + 0.32(8) 

Phosphate x 104 ND ~4/ 1.26(1) 54.5 + 9.2(2) 22.1 + 6.7(7) 

Tar 51.0 + 9.0(2) 72.7 + 43.4(3) 51.9 + 29.7(9) 11.4 + 7.3(16) 

I/"No" indicates coal fed through carbonizer by free fall. 
2/Immersion of dip tube ranged from 0 to 54 inches. 
3/Average temperature in the fluid bed gasifier. 
4/NDmeans "not determined." 
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TABLE 4.- Average yields of various components in the 
SYNTHA_NE condensate for the gasification 

of Montana subbituminous coal 

Conditions: 

Dip Tube No No Yes Yes Yes 

Pressure (arm) 20 40 i0 20 40 

Avg. Temp. (aC) 899 + 24(5) 845 + 10(4) 980 + 8(2) 904 + 14(3) ' 842 + 2(2) 

Coal Feed Rate 
(ib/hr) 22.0 + 2.0(5) 29.9 + 4.5(4) 16.8 + 0.6(2) 28.2 + 2.3(3) 22.9 + 0.4(2) 

09/Coal Ratio 
(!b/lb) 0.29 + 0.04(5) 0.20 + 0.02(4) 0.38 + 0.01(2) 0.28 + 0.04(3) 0.22 + 0.02(2) 

Steam/Coal Ratio 
(£blib) 0.89 T 0.09(5) i . I0 ~ 0.14(4) 0.28 ~ 0.01(2) 0.62 T 0.14(3) 1.46 T 0.24(2) 

Additives No No No No No 

Yields: (Ib/ton maf coal) 

Phenol 5.48 +_ 1.48(5) 6.92 + 3.19(4) 3.32 + 0.82(2) 4.00 +i.63(3) 2.13 + 2.02(2) 

Ammonia 12.7 ! 0.8(3) ND ND 12/5 +_ 2.5(3) ND 

COD 29.1+4.2(5) 43.3 +__ 33.0(4) 16.8 +__ 1.2(2) 

Chloride x 102 7.37 + 5.20(5) 4.22 +__1.13(4) 3.03 + 0.31(2) 

16.9 +__ 3.4(3) 

i .  01 +_ 0.83 (3) 

11.4 + i0.0(2) 

3.17 + 0.50(2) 

Thiocypnate 
x 10- 

Cyanide x 104 

8.92 + 3.81(5) 2.16 +__ 2.50(4) 5.93 +__ 2.90(2) 2.67 +__0.78(3) 1.60 (1) 

28.1+ 14.2(5) 0.65 +__ 0.65(4) 5.85 +__ 7.41(2) 8.40 +5.45(3) 0.19 ~ 0.00(2) 

Phosphate x 
i0" 2.06 ! 0.35(3) ND ND 1.27 + 0.36(3) 32.0(1) 

Tar 64.1_+ 14.0(5) 44.0 + 36.2(4) 36.6 + 14.5(2) 30.1+ 7.4(3) 20.3 +13.4(2) 

1/"No" indicate~ coal fed through carbonizer by free fall. 
~/Im~ersion of dip tube ranged from 0 to 54 inches. 
~/Average temperature in the fluid bed gasifier. 
4/ND mea~s 'not determined." 
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TABLE 5. Average yields of various components in the 
SYNTHANE condensate for the 8asification 

of Illinois No. 6 bituminous coal 

onditions: 

ip-~ube No No No No 

40 40 

909 + 13(4) 913 + 9(8) 

ressure(atm) 20 30 

~g. Temp. (°C) 923 + 16(5) 916 + 1(2) 

oal Feed Rate 
ib/hr) 

~/Coal Ratio 
b/ib) 

team/Coal Ratio 
ib/Ib) 

Aditives 

Yes 

40 

895 + 10(6)  

20.3 + 3.2(5) 18.6 + 3.3(2) 18.7 + 1.5(4) 23.7 + 2.1(8) 23.8 + 3.7(6) 

0.33 + 0.07(5) 0.45 + 0.08(2) 0.35 + 0.05(4) 0.24 +0.04(8) 

1.51 + 0.13(4) 1.08 + 0.28(8) 1.06 + 0.31(5) 2.13 + 0.47(2) 

ields: (ib/ton maf coal) 

' henol  

0.26 + 0.05(6) 

1.12 + 0.33(6) 

No No No Yes No 

5.81 + 1.90(5) 10.4 + 2.9(2) 8.84 + 1.23(3) 8.85 + 1.97(8) 6.22 + 0.76(4) 

biD 18.62(1) 21.6 + 5.3(8) 

+ 15.7(5) 66.5 + 10.9(2) 57.5 + 12.0(3) 50.9 + 9.3(8) 

+ 5.1(5) 40.1 + 8.7(2) 70.9 + 10.8(3) 77.9 + 13.3(8) 

+ 20.5(5) 28.1 + 9.8(2) 25.0 + 9.4(3) 28;6 + 9.9(8) 

a~monia 11.8 + 2.8(2) 

:OD 54.0 

lhloride x 102 58.5 

hiocyanate x lO 2 59.1 

lyanide x 104 24.0 

'hosphate x 104 12.3 + i4.3(4) 

+ 20.4(5) 3.55 + 2.97(2) 4.69 + 4.94(3) 12.5 + 5.1(8) 

< 36.0(1) ND 12.3 + 24.3(8) 

198 + 59.0(6) 138.0 + 1.0(2) 114.9 + 38.9(3) 131.4 + 19.4(8) 

[/"No" indicates coal fed through carbonizer by free fall. 
~Immerslon of depth of dip tube ranged form 0 to 54 inches. 
~Average temperature in the fluid bed gasifier. 
~ND means "not determined." 

20.0 + 2.1(2) 

27.6 + 4 . 4 ( 4 )  

66 .8  + 9 . 7 ( 4 )  

24 .3  + 9 . 3 ( 4 )  

10.6 + 5.8(4) 

10.2 + 14.3(3) 
o 

45 .8  + 3 6 . 4 ( 6 )  
w 
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uniform. Because of this nature of the data, it is difficult to separate 
th~ effect of coal type on pollutant yields from, say, temperature 
effects. However, some interesting general observations can be drawn 
from these tables. 

The production rate of condensate compounds can be si~ificantly dependent 
on the rank of the coal being gasified. It is not clear how to separate 
coal rank from temperature since in general the lower rank coals were 
gasified at lower temperatures. However, previous workers have found 
coal rank more important to tar formation than carbonization temperature. 
(This will be discussed below.) 

As can be seen from tables 3 through 5 t h e  production rates of the major 
contaminants in the aqueous condensate (e.g. phenol, COD and NH3) are not 
significantly different for the various coals gasified. However, trace 
contaminants such as chlorides, thiocyanates, cyanides and phosphates, vary 
greaLlywith coal type. The variation of the chloride and phosphates in 
the condensate is probably directly related to the amounts of these 
compounds in the feed coal; but this has not been established as of now. 

The production of tar is greatly affected by coal rank; roughly, the 
higher the rank the greater the tar production. This functionality 
parallels the observations of Rhodes (!_) on coal tar production in coke 
ove~s. 

Rhodes also lists carbonization temperature as one of the major parameters 
affecting the distribution of product in coal carbonization processes. 
in the case of the SYNTEANE gasifier the temperature effect cannot be 
readily distin~uished from the effect of coai rank on the condensate 
compounds production. In general for the S ~  PDU tests, higher 
average bed temperatures were associated with the higher ranked coal. 
Table 6 shows the average bed temperature for the Various coals studied. 

Rhodes has presented a correlation for predicting tar and light oil production 
in coal carbonization experiments carried out in a retort of !3-inch diameter 
and 26-inch height. The correlation is given by: 

(T + LO) = a + b(VM) + C(H20 ) 

a = -17.13 + 0.03166T - 0.1656 x 10 -4 T 2 
C C 

(3) 

iog!0 b = 498.7 - 0.9411 
T +273 
C 

c = 4 x 10  - 5  T - 0 . 2 4 2  
C 
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TABLE 6. - Average ~asification temperature in the SYNTHANE PDU 

North Dakota Montana Illinois No. 6 
Average of 
Average Bed 
Temperature, 

Range of 
Average Bed 
Temperat~e, 

°C 840 876 912 

°C 812 to 871 834 to 930 893 to 937 

TABLE 7. - Ultimate analysis of dewatered SYNTHANE Tar 

Carbon 

Hydrogen 

Nitrogen 

Sulfur 

OxygenS. I I  

North Dakota 
Lignite 

83.00 + 1.67(7) 

7.40 + 0.24(7) 

0.89 + 0.11(7) 

0.96 + 0.36(6) 

7.75 

percent~ weight 
Montana 

Subbituminous 
84.93 + 0.75(3) 

7.45 + 0.21(2) 

0.93 + 0.06(3) 

0.65 + 0.17(3) 

6.04 

Illinois No.6 
Bituminous 

83.17 + 1.65(i0) 

6.43 + 0.22(I0) 

1.25 + 0.ii(i0) 
m 

2.58 + 0.18 (i0) 

6.57 

i/By difference. 
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where (T + LO) is the percent coal converted to tar (T) and light 
oil (LO), 

(V~I) is the percent volatile matter in the coal, 

and T is the carbonization temperature, °C. 
c 

Rhodes (i__) emphasized that the water as such does not have a direct effect 
on the production of tar and light oils but is a measure of the coal rank. 

Figure 7 shows the results of applying Equation 3 to the three coals under 
consideration. As can be seen from this figure, the rank of the coal has 
far greater influence on the production of tars and light oil than the 
temperature. 

The effect of temperature variation on the tar production is probably 
less than the inherent experimental error associated with PDU operations 
and data analysis. In the SYNTHANE gasifier, because of complicated 
gas-solid contacting and the unknown kinetics and mechanism of carbonization 
and gasification, it is difficult to determine the temperature history 
of the coal particles. Therefore, the temperature effect on the production 
of condensate conpounds cannot be accurately determined. However, coal 
particles fed from the same position in the gasifier probably experience 
similar temperature histories. The lack of agreement between Equation 3 
and the SYNTHANE PDU experimental data in figure 7 is not suprising due to 
the unknown particle temperature history and different pressures and gasi- 
fication reactors involved. The averaged ultimate analysis of the tar is 
given in table 7. It can be seen that with respect to carbon, hydrogen, 
and nitrogen the tars are the same. However, the sulfur concentration in 
the tars parallel the sulfur content of the coal. 

Tables 3 through 5 also show the effect on effluent compound production of 
feeding the coal to the gasification section through the carbonizer or 
feeding the coal directly to the gasification section through a dip 
tube. The dip tube feeder is a pipe which extends from the top of the 
gasification vessel through the carbonization zone and penetrates into 
t~e gasifier bed from 0 to 54 i~L4n~. Coal is fed to the top of the dip 
tube and is heated (but more slowly than in free-fall feeding) as it 
passes down toward the gasifier bed; also the countercurrent contact of 
coal particles and gas rising through the carbonization zone is eliminated. 
Table 8 summarizes the data from tables 3, 4 and 5 on the effects of dip 
tube coal injection. A detailed account of dip tube injection of coal into 
the SYNTHANE PDU has been reported by Nakies et al.(2) It can be seen that 
a significant reduction in the phenol, COD, thiocyanate, cyanide and tar 
production c~n be realized by dip tube coal injection. 
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TABLE 8. - Effect of coal feed position on the yield of condgnsate comp0unds 
from the SYNTHANE PDU operation at..40 arm with no additiYe s 

(all units !b/ton maf coal~. 

Coal 
Rank 
Dip Tube 

North Dakota Montana 
Lignite Subbituminous 

Yes No Yes No Yes 

Illinois No. 6 
Bituminous 

No 

Phenol  4.42 -+ 1.70(8)  8.91 _+ 2.31(9) 2.14 -+ 2.02(2) 6.92 T 3.19(4)  6.22 +_ 0.76(4) 8.84 -+ 1.23(3) 

Ammonia 15.5 + 2 .8(7)  14.3 + 1.5(5)  ND ND 20.0 + 2 .1(2)  18.62 ( i )  

COD 15.6 + 6.5(7) 49,2 +_ 16.1(9) 11.3 + 10.0(2) 43.3 + 33.0(4) 27.6 -+ 4.4(4) 57.5 +_ 12.0(3) 

Chloride x 
10- 1.81 + 1.05(8) 4.43 -+ 2.53(9) 3.17 + 0.50(2) 4.22 -+ 1.13(4) 66.8 + 9.7(4) 70.9 +_ 10.8(3) 

Thio~yanate 
x i0- 1.73 +_ 0.59(8) 3.24 _+ 2.50(9) 1.60(1) 2,16 +_ 2.50(4) 24.3-+ 9.3(4) 25.0 +_ 9.4(3) 

Cyanide 
x i0 ~ 0.36 -+ 0.32(8) 2.40 + 3.31(6) 0.19 + 0.00(2) 0,65 _+ 0.65(4) 10.6 +_ 5.8(4) 4.69 -+ 4.94(3) 

Phosphate 
x i0- 22.1 + 6.7(7) 54.5 + 9.2(2) 32.0(1) ND 10.2 -+ 14.3(3) ND 

Tar 11.4 + 7.3(16) 51.9 _+ 29.7(9) 20.,3 _+ 13,4(2) 44.0 _+ 36.2(4) 45.8 -+ 36.2(6) 114.9 _+38.9(3) 
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The apparent difference in the yields of these compounds when the dip 
tube is or is not used could be attributed to the radically different 
temperature histories which the coal undergoes when fed to the gasifier 
by the two methods. 

When particles are fed directly into the bed, they will undergo a much 
more rapid heating than particles dropped through the carbonization 
section because of the higher temperatures in the fluidized bed. There- 
fore, the average temperature of the particles fed directly to the bed 
will be much higher than the average temperature of those which fall 
through the carbonizer. Thus, in accordance with Equation 3, the tar pro- 
duction for the particles fed directly to the bed should be less than for 
those fed through the free-fall carbonizer. Also, in the fluldized bed of 
char, the char could act as sites for the cracking and decomposition of the 
tars, phenols and other organic compounds evolved from the coal particles. 

The depth of the dip tube injection does not appear to significantly 
affect the production of condensate compounds. This can be seen by 
examining table 9 which summarizes the dip tube data for lignite coal 
gasified at 40 atmospheres. The data in this table are averaged data. 
This observation is not suprlsing since particle mixing is very good in 
fluidized beds. However, if the dip tube is placed in the vicinity of 
the oxygen inlet where the local bed temperature can be extremely high, 
the make of tar and condensable organic compounds could be considerably 
different than when coal is fed to other parts of the bed. 

The effect of pressure on the formation of condensable compounds has 
been studied in the SYNTHANE PDU. Unfortunately this cannot be strictly 
isolated from the effects of gas residence time in the gasifier and car- 
bonizer since these residence times are proportional to the pressure. 
Also, for the data presented in this paper, in all the runs carried out 
at 40 atmospheres oxygen was fed to the gasifier, and in essentially all 
the runs at lower pressures the gaslfier was fired with air. Gasification 
of coals with oxygen at 20, 30 and 40 atmospheres has been carried out in 
the PERC SYNTHANE PDU; however, only fragmentary analyses of the condensate 
and gas for trace contamlnents are available and these runs were not in- 
cluded in this report. 

Examination of tables 3 through 5 reveals that the only condensable whose 
production rate is significantly affected by pressure-associated effects 
is the tar. This occurs when the coal is being fed through the carbonizer 
zone of the SYNTHANE PDU. In this case the tar production falls with inv 
creasing pressure as shown in table i0 and figure 8. 
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TABLE 9. -Effeet of dip tube depth on condensate yield during 
the 8asification of North Dakota lignite in the 

SYNTHANE PDU at 40 atmospheres 

Dip Tube Position 
(inches below bed 
level) feed to top 12 to 18 54 

Yields: (ib/ton maf coal) 

Phenol 4.42 + 1.59(2) 4.13 + 1.89(6) 

Ammonia 12.5 + 3.1(2) 16.0 + 3.2(5) 

COD 18.1 + 1.1(2) 14.7 +_ 6.8(5) 

Chloride x 102 0.29 + 0.12(2) 2.47 + 0.59(6) 

Thiocyanate x 102 2.17 +_ 0.44(2) 1.57 +_ 0.65(6) 

Cyanide x 104 3.43 +_ 4.73(2) 0.20 + 0.16(6) 

Phosphate x 104 8.55 +_ 6.77(2) 25.9 +_ 1.6(5) 

Tar 9.91 + 4.58 (2) 13.7 +_ 9.8(9) 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

13.2 + 8.0(5) 
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TABLE i0. - Effect of pressure on tar formation in the SYNTHANE PDU 

(Tar Make in ib/ton coal, maf) 
Coal Gasification Pressure (arm.) 

20 30 40 

Lignite 73 + 43(3) 52 + 30(9) 

Subbituminous 64 + 14(5) 44 + 36(4) 

Bituminous 198 + 59(6) 138 + 1(2) 115 + 39(3) 

The only exception to this is the tar yield in the gasification of 
lignite at i0 atm. 

The effects of feeding additives with the coal om methane and total gas 
production, carbon conversion, slag formation and condensate and gas 
composition in the SYNTE~NE gasifier have been reported by Forneyet a!.(3_) 
and Haynes et al.(4_) 

The effects of additives at various concentrations on the condensate 
components are compared in table ii ~th the average of the data for 
experiments with similar operating conditions but no additives. It 
can be seen from this table that no significant differences bet~een the 
entries or trends in the data are established. In the case of cyanide 
and tar production the use of additives has apparently increased both 
of these yields. However, because of the large scatter in the data 
(as signified by the sample deviation), the averages presented here 
could be misleading. 

The analysis of condensate water from the SYNTHANE gasifier for trace 
elements and compounds has been discussed by Forney, et al.(5_) and Schmidt 
et a!.(6__). A more detailed analysis of the~e trace components has been 
published by Forney et el.(7__). The condensate water has been shown to 
be similar in composition to the waste water from coking operations. 
Strakey et al.(8__) have proposed a process for clean-up of the SYNIqI~NE 
condensate water as well as estimated the cost of this clean-up. 

The effects of operating conditions on the production rate of condensate 
compounds has been discussed above. Included in these compounds is tar, 
whose production rate has been shown to be one of the most sensitive to 
coal rank and mode and conditions of operation. 

SYNTHANE TAIL-GAS AND CHAR 

Yield data for the gas leaving the condenser of the SYNTHANE PDU is 
summarized below in tables 12and 13. In table 12 the direct injection 
of the coal into the gasification bed is compared to experiments where 



TABLE ii.- Comparison of the sasification of Illinois No. 6 coal in the SYNTHANE PDU at 
40 atmospheres with and without additives 

2 pct Quick 5 pct Quick 2 pct Hydrated 5 pct Hydrated 5 pct Limestone 

Additive None Lime Lime Lime Lime 

Operating Conditions 

Coal Feed Rate (ib/hr) 23.7 + 2.0(11) 24.2 + 2.1(2) 

02 /Coal Ratio (ib/ib) 0.25 + 0.04(11) 0.24 ~ 0.02(2) 

Steam/Coal Ratio (ib/ib) 1.08 + 0.30(11) 0.87 + 0.13(2) 

Ave. Temp. (°C) 911 ~ i0(Ii) 904 ~ 1(2) 

24.2 + 0.0(2) 22.9 + 5.2(3) 21.1 + 0.6(2) 25.7 + 0.4(2) 

0.21 + 0.00(2) 0.27 +_ 0.04(3) 0.29 +_ 0.06(2) 0.24 + 0.00(2) 

0.79 + 0.01(2) 1.30 + 0.37(3) 1.37 + 0.11(2) 0.98 _+ 0.00(2) 

914 + 2(2) 913 +_ 7(3) 923 + 20(2) 901 + 1(2) 

Yields (ib/ton coal maf) 

Phenol 

Ammonia 

COD 

Chloride x 10 2 

Thiocyanate x 102 

Cyanide x 10 4 

Phosphate x 10 4 

Tar 

8.84 + 1.23(4) i0.i0 + 0.57(2) 

18.6(1) 18.7 + 1.0(2) 

57.5 + 12.0(4) 41.8 + 1.2(2) 

70.9 + 10.8(4) 65.1 + 2.3(2) 

25.1 + 9.4(4) 16.7 + 4.4(2) 

6.19 + 4.79(3) 9.77 + 0.10(2) 

ND ND 

115 + 39(4) 128 + 13(2) 131 + 2(2) 

ND 8.60 + 3.32(3) 8.41 + 0.50(2) 7.98(1) 

ND 21.1 + 1.8(3) 18.9 + 0.4(2) 34.2(1) 

ND 57.0 + 12.6(3) 51.0 + 2.4(2) 50.2(1) 
m 

ND 78.5 + 1.2(3) 79.2 + 20.9(2) 99.2(1) 

ND 31.9 + 5.4(3) 26.8 + 1.5(2) 45.6(1) 

ND 12.3 + 5.0(3) 12.7 + 9.2(2) 18.2(1) 

ND 2.87 + 0.73(3) 2.92 + 0.25(2) 2.28(1) 

151 + 28(3) 124 +_ 3(2) 113 + 1(2) 



Coal 
Rank 

TABLE 12. - Comparison of SYNT}LANE tail-gas yields for several coaln 
$asifled with and without the dlp-tube at 40-atmospheres 

North Dakota Montana 
Lignite Subbituminous 

Illinois No, 6 
Bituminous 

Dip-Tube? Yes __~o Yes No Yes No 

Coal Feed 
Rate (ib/hr) 

09/Coal Ratio 
(lb/ib) 

Steam/Coal Ratio 
(ib/ib) 

Ave. Temperature 
(°c) 

Product Yields: 

CH 4 

(c~ 4 + co + ~2 ) 
Equivalent CH~ 
(CH 4 + (CO + ~2)/4) 

By-Product Yields: 

27.8 -F 4.7(19) 29.4 + 4.7(19) 22.9 _+ 0.4(2) 29.9 + 4.5(4) 23.8 + 3.7(6) 18.7 +_ 1.5(4)  

0.21 _+ 0.06(19) 0.20 _+ 0.03(8) 0.22 + 0.02(2) 0.20 +_ 0.02(4) 0.26 _+ 0.05(6) 0.35 + 0.05(4) 

1.24 +_ 0.27(19) 1.10 + 0.23(8) 1.46 _+ 0.24(2) i . i 0  + 0.14(4) 1.12 4-_ 0.33(6) 1.51 +_ 0.13(4) 

814 4-_ 20(8) 834 +_ 15(8) 842.2 +_ 2(2) 845 + 10(4) 

(scf/ib coal maf) 

3.21 +_ 0.32(19) 3.34 _+ 0.47(8) 3.70 _+ 0.42(2) 4.18 _+ 0.21(4) 

17.1 + 1.7(19) 16.6 + 2.0(8) 16.1 + 2.0(2) 16.4 + 2.0(4) 

6.68 6.66 6.80 7 • 24 

(scf/ton coal mar) 

895 + 10(6) 909 + 13(4) 

3.28 + 0.26(6) 3.33 + 0.45(4) 

12.8 + 2.9(6) 13.6 + 1.6(4) 
m 

5.66 . 5.90 

H2S 235 _+ I18(ii) 260 + 114(5) 144(1) 205(1) 

Methyl Mercaptan 0.86 _+ 0.59(11) 1.3.9 _+ 0.97(5) 0.59(1) 0.60(1) 

COS 4.58 + 1.85(11) 3.70 + 1.7(5) 4.70(1) 6.30(1) 

SO 2 0.42 + 0 . 2 ( i i )  0.70 _+ 0.23(5) 0.59(1) 0.90(1) 

Thiophene O. 50 + 0.34 (ii) O. 78 -_~ O. 72 (5) O. 29 O. 24 (I) 

Methyl Thiophene 0.29 _+ 0.09(11) 0.36 + 0.20(5) 0.15(1) 0.12(1) 

Dimethyl Thiophene 0.34 + 0.02(11) 0.30 + 0.14(5) -" 0(I) -" 0(i) 

Benzene 93.9 +_ 68.6(11) 53.9 _+ 22.9(5) 71.2(1) 39.3(1) 

Toluene 6.06 +_ 5.50(4) 5.65 +_ 2.36(5) 4.70(1) 3.00(1) 

Xylene i. 20 -_F i. O0 (ii) 2.14 -F I. 15 (5) i. 18 (i) O. 30 (i) 

198 + 204(2) 168 + 11(4) 

0.67 + 0.59(2) 1.05 + 0.45(4) 

11.8 + 15.4(2) 8.46 + 4.37(4) 
m 

0 .40  + 0 . 3 5 ( 2 )  0 .63  + 0 . 3 8 ( 4 )  
- -  N 

4.47 + 0 .18(2)  4.96 + 1 .35(2)  

0.75 + 0.86(2) 2.89 + 1.19(4) 

0.23 + 0.06(2) 0.46 + 0.21(4) 

76.0 + 8.2(2) 46.9 + 22.0(4) 
m N 

7.26 + 1.57(2) 14.2 + 8.3(4) 

1.21 + 0 .58(2)  3.32 + 2 .01(4)  

~4 



TABLE 13. - Comparison of the SYNTHANE Tail-Cas Yields for the gasification of Illinois No. 6 at 
40 atmospheres with and Without additives 

2 pct 5 pct 2 pct 5 pct 5 pct 
Additive None Quick Lime Quick Lime Hydrated Lime Hydrated Lime Limestone 

bO 
GO 

Operating Conditions: 

Coal Feed Ratio 23.7 + 2.0(11) 24.2 + 2.1(2) 24.2 ! 2.1(2) 22.9 ~ 0.0(2) 21.1 + 0.6(2) 25.7 + 0.4(2) 

(Ib/hr) 

Og/Coal Ratio 0.25 + 0.04(11) 0.25 + 0.02(2) 0.21 ~ 0.00(2) 0.27 + 0.04(3) 0.29 + 0.06(2) 0.24 ~ 0.00(2) 

(Ib/ib) 

Steam/Coal Ratio 
(Ib/ib) 1.08 + 0.30(11) 0.87 + 0.13(2) 0.79 + 0.01(2) 1.30 + 0.37(3) 1.37 + 0.11(2) .98 + 0.00(2) 

Average Bed 
Temperature °C 911 + i0(ii) 904 + 1(2) 914 ~ 2(2) 913 + 7(3) 923 + 20(2) 901 + 1(2) 

Product Yields: (scf/ib coal maf) 

CH 4 3.33 ~ 0.45(4) 

(CH 4 + CO + H 2) 13.55 ~ 1.62(4) 

Equivalent CH 
(CH 4 + (CO + ~2)/4) 5.89 

By-Product Yields (scf/ton coal mar) 

H2S 143.6 + 48.8(4) 

Methyl Mercaptan 1.05 + 0.49(4) 

COS 8.46 + 4.37(4) 

S02 <0.63 + 0.38(4) 

Thiophene 4.96 + 1.35(3) 

Methyl Thiophene 2.85 ~ 1.19(3) 

Dimethyl thiophene 0.46 + 0.21(3) 

Benzene 46.9 + 22.0(3) 

Toluene 14.2 + 8.3(3) 

Xylene 3.32 + 2.01(3) 

4.04 + 0.23(2) 4.21 + 0.32(2) 3.90 t 0.30(3) 4.10 + 0.14(2) 3.40 t 0.00(2) 

11.93 + 1.51(2) 12.89 + 0.79(2) 13.83 ~ 1.97(3) 16.40 ~ 3.54(2) 12.00 + 0.14(2) 

6.01 6.38 6.38 7.18 5.55 

ND 201.8(1) 221.3 +_ 189.0(2) 384.50 _+ 194(2) ND 

ND 1.35(1) 0.67 +_ 0.36(2) 1.00 + 0.62(2) ND 

ND 0.27(1) 9.40 + 12.70(2) 18.9 _+ 16.6(2) ND 

ND 0.24(1) 0.22 _+ 0.13(2) 0.81 _+ 0.03(2) ND 

ND 1.08(1) 3.37 +_ 0.22(2) 4.88 t 0.17(2) ND 

ND 0.16(i) 1.18 _+ 0.81(2) 3.33 +_ 0.37(2) ND 

ND 0.13(1) 0.19 + 0.18(2) 0.94 _+ 0.33(2) ND 

ND 13.7(1) 53.5 + 9.62(2) 76.2 _+ 1.5(2) ND 

ND 2.29(1) 8.53 + 0.49(2) 15.4 +_ 2.1(2) ND 

ND 0.54(1) 2.09 + 0.07(2) 4.26 +_ 1.30(2) ND 
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coal was fed to the gasification section through the free-fall carbon- 
ization zone. Because of the scatter of the data no definite conclusions 
can be drawn from this table. However, itappears that (i) the mode of 
coal feed apparently has no significant effect on the yield of the gaseous 
components reported in table 9; and (2) the type of coal significantly 
affects the total gas (i.e., CH& + CO + Hg) make, which averages about 16.5 
scf per pound of coal maf for the lignite-and subbituminous coal and about 
13.2 for Illinois No. 6 bituminous coal at a gasifier pressure of 40 atmo- 
spheres. It is interesting to note that the methane yield is about the 
same for the North Dakota lignite and Illinois No. 6 coal whereas the Montana 
subbituminous coal gives slightly higher methane yields. 

The effect of pressure-associated factors (e.g., gas residence time) on 
the gas yield is most pronounced for the case of methane. Figure 9 shows 
the relationship between the methane yield and the gasification pressure. 
it c a n  be seen that the Montana subbituminous coal is the supezior methane 
producer. The data for the Illinois No. 6 and North Dakota lignite tend 
to group together. 

The effect of feeding various additives mixed with the Illinois No. 6 coal 
in the SYNTHANE PDU is shown in table 13. Because of the high degree of 
scatter, it is not possible at this time to draw definite conclusions with 
regard to the effects of additives on the byproduct yields. However, the 
product yield data is less scattered and several trends can be seen in this 
data. The methane yield increases substantially and in similar amounts with 
the addition of quick and hydrated lime to the feed coal. However, there is 
not a clear distinction between adding 2 percent or 5 percent of these com- 
ponen=s. Limestone apparently does not effect the methane yield. Examination 
of the equivalent methane yield shows that hydrated lime is the most effective 
additive since it enhances both methane and the quantity of synthesis gas pro- 
duced. Pukanic et al (9--) have reported in more detail the effect of 
additives. 

Char extracted from the bottom of the SYNTHANE gasifier is another major 
effluent stream of the SYNTHANE process. The average percentage of coal 
converted to char is given in table 14 along with the char composition. 

in a commercial scale SYNTHANE plant, the production of char will be ad- 
justed so that burning it will produce all process power and steam required 
in the SYNTHANE plant. For the gasification of high sulfur coal, stack gas 
clean-up will be required in the burning of the char. Before burning, a 
portion can possib!ybe used to absorb organics out of the SYNTBANE waste 
water. This possiblity is being explored at PERC. 

In the 75 TPD SYNTH~NE pilot plant the char will not beuti!ized to pro- 
duce process power. One alternative scheme to dispose of the char will 
be to send it to a landfill. In order to assess the environmental aspect 
of this mode of disposal, experiments on the leaching of compounds from 
the SYNYHANE char by water have been carried out. In table 15, results 
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TABLE 14. - Average rate of production and composition of SYNTHANE chars 

Coal North Dakota Montana Illinois No. 6 
Rank Lignite Subbituminous Bituminous 

#Char/#Coal 0.196 ~ .048(35) 0.216 ~ 0.039(17) 0.345 ! 0.044(31) 

Proximate: 

Moisture, % i.i + 0.7 0.8 + 0.6 1.0 +_ 0.8 

Volatile Matter 8.9 _+ i. 9 4.9 +_ i. 5 2.8 +_ i. 0 

Fixed Carbon 55.6 +_ 9.5 49.7 + 15.0 61.6 _+ 6.7 

Ash 34.4 + 9.8 44.6 +_ 15.2 34.6 +_ 6.2 

Ultimate: 

Hydrogen 1.2 + 0.3 1.0 + 0.3 0.9 +_ 0.! 

Oxygen 2.5 +_ 1.8 1.2 +_ i.i i.i + 1.3 

Carbon 60.8 + 8.6 52.0 + 14.6 61.8 + 6.0 

Nitrogen 0.4 _+ 0. I 0.4 + 0.i 0.4 + 0.i 

Sulfur 0.7 + 0.4 0.8 + 0.5 1.2 + 0.4 
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are given for the leaching of one part by weight of llllnois No. 6 char 
to two parts distilled water for various periods of time at room temper- 
ature. The water and char were mixed manually daily to insure intimate 
contacting between the two phases; however, not all of the char would 
wet and some floated on the water. 

As can be seen from table 15, the COD increases with longer contact time. 
The other results are questionable because of the detection limits of the 
analyses. Also reported are the results of a Soxhlet extraction of SYNTPLANE 
chars. The char was leached with water for i0 days at 190 ° F. Since the 
conditions of the Soxhlet and other tests listed in Table 15 are quite severe, 
the results shown in this table can perhaps serve as an estimate for the 
leaching of contaminants from char by rainfall. These results are pertinent 
only to the 75 TPD plant where the char may be sent to a landfill. In 
a commercial SYNTHANE plant the char will be burned and the only solid 
byproduct will be ash. 

The sulfur content of the char represents all the sulfur in the coal 
which was not gasified. Therefore, the percent of sulfur gasified can 
be calculated by 

Percent S Gasified = [S]coal f coal - [S] char E char 

[S] coal f coal 

where [S] . and [S] _ are the weight fractions of sulfur in the 
oa£ cn r . 

coal and c~ar, respectlve~y, and E . Is the rate of extraction of 
char from the gasifier, ib/hr. Usi~a~hls definition of percent sulfur 
gasified, figure i0 and table 16 were prepared. It can be seen in figure 
I0 that the percent sulfur gasified is not a function of the carbon con- 
version. Table 16 shows the average percent sulfur gasified. It can be 
seen from this table that the sulfur conversion increases with increasing 
gasification pressure. Also, the small standard deviations indicate that 
the percent sulfur gasified was essentially constant at a fixed pressure 
regardless of percent carbon gasified, solid residence time, etc. One 
interpretation of this observation could be that reactant partial pressure 
(possibly hydrogen partial pressure) or gas residence time are important 
factors influencing sulfur gasification. 

CONCLUSIONS 

The yields of potential pollutants in the effluent streams of the SYNTHANE 
gasifler and the effects of operating conditions and type of coal gasified 
on these yields have been presented and discussed in this report. In 
some cases it was found that definite conclusions could not be drawn 
because operating parameters were not varied independently. For example, 
variation in pressure was accompanied by variation in the gas residence 
time in both the gasifier and carbonizer. Also, the scatter of the 
experimental data in most cases was quite large, making the observation 
of trends in yields with operating conditions difficult. 
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TABLE 15. - Results of SYNTHANE char leachln 8 studies 
(except for pH, all units mg/1000g char) 

Test pH Phenol COD Thiocyanate Cyanide Chloride Phosphate Ammonia 

3-day 8.8 i. 8 I0 <_2 <_0. 012 2 <__2 ND 

7- day 9.6 <_.0.8 14 <2 <_0.03 4 <__2 ND 

30-day 9. i <2.0 52 5_10 <0.03 N~ ND ND 

Soxhlet 
Extraction 0.21 680 4.6 ND ND ND 46 



35 

TABLE 16. Effects of gasification pressure on theextent 
of sulfur gasification in various coals 

Coal Type North Dakota Montana Illinois No. 6 
Lignite Subbituminous Bituminous 

= 
I0 70.7 + 8.0(3) 57.8 + 5.4(2) 

20 70.2+4.8(4) 80.4+3.7(7) 84.9 + 3.5(7) 

O--~ 
-~ • 30 9 2 . 0  + 3 . 5 ( 2 )  , u  f~ - -  

• ~ - - "  40  8 8 . 6  + 7 . 8 ( 2 1 )  8 9 . 0  + 2 . 4 ( 7 )  9 0 . 4  + 3 . 5 ( ! 8 )  

m 
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The most influential factors affecting pollutant yields appear to 
be coal type and the method of feeding coal to the fluidized bed of 
the gasifier (i.e. free fall through the carbonizer or by-passing 
carbonizer using a dip tube.) The dip tube feeding of the coal was 
found to substantially reduce phenol, COD, thiocyanate, cyanide and 
tar yields associated with the condensate stream. However, dip tube 
feeding did not make significant changes in the contaminants found 
in the gas stream. The rank of the coal being gasified was by far the 
most influential factor affecting the production of possible environ- 
mental pollutants. 

The effect of additives on the yield of contaminants in both the gas 
and condensate effluent streams was considered. Due to scatter of 
the data no significant effect on the production of condensate or 
gaseous contaminants due to feeding additives with the coal could be 
observed. 

Although the data presented in this report is from a small scale 
SYNTHANE unit and has a significant amount of scatter, it can serve to 
estimate the production of potential environmental pollutants which must 
be treated in commercial SYNTHANE gasifiers and those with similar opera- 
tional principles. 
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