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ABSTRACT

Thie research effort has been directed toward the systematic develop-
ment of an environmental test plan to investigate the fate of a large number
of constituents and certain potential pollutants of coal during gasification,
The test plan is a logical and well-conceived approach to the problems asso-
ciated with sampling point selection, sample collection, and sample analysis

for a coraplex and much needed process.

In accordance with the tasks outlined in the project proposal, the test

plan comprises 6 major sections,

The first contains a process flow sheet of a possible HYGAS-based coal
gasificat.on installation. Accompanying this flow sheet are three examples
of mater:al balances calculated for a bituminous, subbituminous, and a

lignite coal,

The second section contains the estimated material balances for 38
constituent elements as they might be distributed during gasification in a
typical commercial plant. Extensive thermodynamic calculations based on
chemical analyses have been performed in the development of these material
balances. Supporting discussions and the results of thermodynamic calcu-

lations are included in the appendixes.

The third report section assesses the effects of possible process upsets
on the distribution of the elements. A wide range of process operating con-

ditions as evaluated by computer simulation indicate that moderate varia-

tions in temperature and major variations in pressure do not significantly

change the expected trace-element distribution.

In the fourth section, HYGAS pilot plant sampling locations are described
as well as methods of high pressure-high temperature gas, solid, and liquid

sampling.

The fifth section contains a list of suggested analytical methods to be
used in an actual testing program in support of a comprehensive environ-

mental study of coal gasification processes.

The last section discusses the significance of the results of the analy-

tical methods as proposed herein.
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HYGAS PROCESS DESCRIPTION

Introduction

This study was initiated by the Environmental Protection Agency to
investigate the fate of trace elements of coal during the gasification process
for production of high-Btu pipeline-quality gas. The ultimate goal of the
investigation is to provide information that will enable the environmentally

sound operation of future commercial-scale coal-gasification plants.

In order to attain this goal, a test plan has been developed which pro-
vides an estimated environmental impact of three examples of HYGAS-

based coal-gasification facilities.

The test plan follows a logical program of investigation, which includes
examples of HYGAS process designs, followed by engineering estimates and
calculations (bas.ed on actual analytical data) of the possible distribution of
trace elements during gasification. Next, the test plan is oriented toward
the HYGAS pilot plant where a sampling program could be undertaken for
solid, liquid, and gaseous process streams. The suggested analyses of
pilot plant samples for trace elements and other species will provide im-
portant data on the high Btu-coal gasification processes and serve to refine

the distribution estimates which are presented in this report.

Instrumental to the successful completion of this test plan, was analy-
tical data obtained from the analysis of four series of coal feed, and residue

samples for the determination of 38 minor and trace elements.

The samples consisted of feed and solid residues of two separate
hydrogasification runs on Montana lignite plus the feed and solid residues
of two series of pretreatment and hydrogasification runs on Illinois No. 6

bituminous coal, but included no gaseous or liquid samples.

I'NS T I TUTE O F G A S TECHNOLOGYY
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Figure 1 is a block-flow diagram of a HYGAS-based, large coal-gasifi-
cation plant with an integrated steam-oxygen gasifier. This flow sheet, and
the related material balances, depict only one of many possible variations
in the design of coal gasification facilities based on the HYGAS process,

The final process design for any gasification plant will logically depend upon
many factors including the particular coal feed, the plant location, the
engincering contractor, and the plant owner, among others. This particular
plant design is sized to produce 3.0528 GJ/s (250 billion Btu/day)*of syn-
thetic natural gas (SNG). The flow diagram shows details for a minimum
dische.rge system in which all process water is recycled to the process
after ‘water treatment, and most gaseous effluents are treated to reduce
pollutant concentrations to acceptable levels. For example, the concentration
of sulfur dioxide (SO,) in the steam-plant stack-gas is reduced to 5.159 kg
per 1 GJ of energy produced (1.2 lb SO,/million Btu). Measurements of
trace-element levels in the by-product streams will provide valuable data
on recovery efficiencies for each process, on potential environmental
problems, and on the salability of each particular by-product. In accord-
ance viith this test plan, the SNG product stream should be analyzed for all
trace elements; however, it is expected that extremely low levels of volatile
trace elements will be present, whereas nonvolatile elements will be un-

detectable,

Tables 1 through 3 describe quantitatively the solid, liquid, and gaseous
streams for process designs based on bituminous, subbituminous, and lignite
coal feeds. The first part of each table details the compositions of the gas-
eous and liquid streams; the second part describes the solid and by-product

streams from the process.

Metr..c conversions used —

K (degrees Kelvin) = (°F —32)/1.8 +273.15= °C + 273.15
mol (g)/s = (lb-mol/hr)(0.1259979)

Nra*/s = (cu ft/day)(3.277432 X 107)

J/s = (Btu/day)(0.01221134)

kN/m* = (psia)(6.894757)

kg = (1b)(0.45359237)

Where convenient, the allowed prefixes were substituted for scientific
notation. Hence the energy produced by a commercial coal-gasification
plant is recorded as 3.0528 GJ/s instead of 3.0528 X 10% J/s (250 billion
Btu/day). '

I NS T I T UTE O F G A S TECHNOLOGY



1 L S N |

v i L n1

A9 0 7 0NHDOI31

GAS PRODUCT

®
STORAGE c ;&:"i"c
anp PREP
HANDLING
PROCESS STEAM @
AND POWER =t—il OFF cases
STEAM CoaL FincIPRE- AGGLOMERATING
PLANT tare o RTREATHENT) COALS ONLY
0
STaCK l 1
@ { RECYCLE OIL
STACK- SLURRY
Gas FEED
1FiTONE CLEANUP SYSTEM RECYCLE
3 WATER WASTE WATER
1 STEAM l
orw HYDRO. @ qD
1 GASIFI CYCLONE HOT.OIL co- WATER ACID- GAS SULFUR oy
t CATION QUENCH SHIFT SCRUB [TREATMENT GUARD ORYING
%
5
=ARKEUP RAW- ﬁ —@
P s g co;10
TREATMENT © d sTACK WASTE WATER
Z STEAM OXY.| o (: — FOUL
COOL WATER Py GASIFIER . 5 t'ATER
TO PROCESS 2 ( NOTE: ) FINES 5 ) o .8Tx REGENER-
g 3 5 r ATION
o w =
COOLING 3 o
TOwER 2
PROCESS SPENT STEAM FROM @
::5:;51% T NASTE CHAR BOILER PHENOL
RECOVERY
PROCESS ':'“
t WASTE- 0,FROM OXTGEN PLANT GP sac
WATER (ELECTRIC POWER OIL-BTX y,
TREATUENT FROM MHD UNIT ) STORAGE f }
-—@ waste
u NP AMKONIA SULFUR TAIL-GAS
8 RECOVERY RECOVERY TREATHENT]
E WASTE .

SOLIDS
DISPOSAL

Figure

WATER

O

I OIL-BTX

Oaa

=)

L)
AMMONIA

(2)— PROCESS SOLID AND BY- PRODUCT STREAWS

@— PROCESS GASEOUS AND LIQUID STREAMS

NOTE: IN TABLE 3, THE DESIGN BASED ON LIGNITE COAL,
THIS UNIT IS AN ELECTRO-THERMAL GASIFIER (ETG).
SPENT CHAR FROM THE ETG IS CONVEYED TO A
WHD UNIT FOR ELECTRIC POWER GENERATION,

o ‘—4—]

WASTE WATER

1. PROCESS FLOW DIAGRAM FOR A TYPICAL HYGAS-BASED
COMMERCIAL COAL-GASIFICATION PLANT DESIGN

9L/8

£v68



I -

3 1 Nn 1

o]

A9 0 7170 NHDOII L

Table 1, Part 1,

Stream Description

Stream Number
Temperature, K

Pressure, kN/m?

Component

cO
CO,
H,
H,0
CH,
C,H,
C.H,
NH,
HCN
H,S
CcOs
N,
Phenol
Oil

Total

STREAM COMPOSITIONS AND FIL.OW R
GASIFICATION PLANT USING TT.TINOIS NQ. A CQAT.

>

~— aa

QQ NTw~3/

aviaa g

TES FOR HYGAS-BASED COMME
D an

TT("‘T'I\"TG 8/|

P V]

T
Ly

~
w~

RCIAL

. Combined Feed Acid Gas
CO-5hift Shift Sto V{)a er Treatment Waste Water Feed to Sulfur
Raw Gas Feed By-Passg cru nit Feed to Treatment Guard Unit
1 2 3 4 5 6P 7
590 480 480 325 325 310
7960 7895 7895 7760 7720 7445
gm mol/s mol % gm mol/s mot % gm molfs mol % gm mol/s mol % gm mol/s mol % gm mol/s mol % gm mol/s mol %
2925.3 19.84 1950.2 16.74 975.1 22.25 1424.3 8.88 1423.7 12.04 1422.5 18.00
2187.2 14.83 1458, 2 12.51 729.0 16. 64 3691.0 23.02 3647.1 30.85 11.1 0.14
3045.0 20.66 2030.0 17.42 1015.0 23.16 4549, 3 28. 37 4547.3 38. 46 4532.3 57.33
2457.1 16.66 4525.8 38. 84 819.0 18.63 3837.8 23.93 20.8 0.18 6933.4 100.00
1922.7 13.04 1281.8 11.00 641.0 14.63 1922.7 11.99 1921.8 16.26 1916.7 24.25
63.3 0.43 42,2 0. 36 21.0  0.48 63.3 0.39 63.3 0.54 15.0 0.19
18.8 0.13 12.5 0.11 6.3 0.14 18.8 0.12 17.9 0.15
79.1 0.54 52.8 0. 45 26.3 0.60 82.4 0.51 0.03
4.9 0.03 3.3 0.03 1.6 0.04 1.6 0.01 0.04
171.6 1.16 114. 4 0.98 57.2 1.30 171.1 1.07 169.9 1.44 0.03 Trace (.10 ppmV
1.5 0.01 1.0 0.01 0.5 0.01 2.0 0.01 2.0 0.02
7.4 0.05 4.9 0.04 2.5 0.06 7.4 0.05 7.4 0.06 7.4 0.09
1.0 0.6 0.01 0.4 0.01 1.0 0.01 0.03
1860.4 12.62 174.6 1.50 87.3 1.99 262.0 1.63 0.8 0.01
14745, 3 100.00 11652.3 100.00 4382.2 100.00 16034.7 100.00 11822.0 100.00 6933.53 100.00 7905.0 100.00
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Table 1, Part 2,

GASIFICATION PLANT USING ILLINOIS NO. 6 COAL PRODUCING 84.89 Nm?®/s SNG

STREANM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL

Methanation Waste Gas - 0il-BTX H,S to Scavaged
s Descriptic Feed Gas Product to Stack to Storage Oil Foul Water Claus Gas
tream P —_—— —_———— ——— —_— ——
Stream Number 8 9 10¢ 11 12 13 14 15
Temperature, K 310 310
Pressure, kN/m? 1410 6895
Component gm mol/s mol % gm mol/s mol % gm mol/s mot % gm mol/s mol % gm mol/s mol % gm mol/s mol % gm mol/s mol % gm mol/s mol %
Lomponent —_ -2
1422.5 18.00 3.5 o.10 1.1 0.03 0.6 0.01 0.6 1.2
gg 11.1 0.34 4.8 0.13 3231.6 97.84 43.8 0.77 398. 4 70.00 43.8 86. 45
H. ' 4532.3 57.33 235.1 6. 54 15.0 . 0.45 2.0 0.04 2.0 3.97
2
H,0 0.3 0.01 5460.5 97.59 0.8 .49
£
CH, 1916.7 24.25 3342.0 93.01 5.2 0.16 0.9 0.02 0.9 1.74
CaH, 15.0 0.19 48.3 1.46
CeH, 17.9 6.39 0.9 0.02
N:l 82.4 1.46
HON 1.6 0.03 1.6 316
H,S 0.04 0.3 0.11 0.2 0.08 1.0 0.02 169.8 29.83 1.0 1.94
C:)S 0.97 0.03 0.004 1.0 0.17 0.004 0.01
N, 7.4 0.09 7.4 0.21 . . -
Phenol ! ° ‘
oil 4250 0.92 0.03 261.9 93.50 2612 99. 92
Total 7905.0  100.00 3593.1  100.00 3309.1 100. 00 280.1 100.00 261.4 100. 00 5595.7  100.00 569.2 100.00  50.7 100. 00
Notes:

*52.03 kg/e of high-pressure steam is added to the CO-shift feed.

bw:-tewater {6) includes discharges from the acid-gas and tail-gas treatment uaits,

the ammonia recovery unit, 0il-BTX storage, and the methanation and drying units.
Sampling may be done at the source or at the wastewater-treatment influent pipe.
Water is derived from coal in the drying process and elsewhere in the system via
condensation. All process water is routed to the wastewater treatment facility for
eventual recycling.

€Gaseous effluents from the steam plant, tail-gas treatment. and acid-gas regeneration
unite are included under this column. As in b, above, the sampling may be done at
the source or at the influent to the wastewater-treatment plant.

9L/8
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Table 1, Part 3.

STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL

GASIFTICATION PLANT USING ILLINOIS NO. 6 COA™. PRODUCING 84.89 Nm®/s SNG

Stream Description

Stream Number

Component *

hzoIao

Total

Coal to Coal to

Coal Feed
from Storage Steam Plant _Iir_e_t_riatgx;
A B o}
183.92kg/s 38. 68kg/s 133.29kg/s
(6.5% moisture) (dry) (dry)
wt. % dry
69. 40
4.80
.71 Ultimate analysis of composite
35 bituminous coal sample is the
' same as stream A.
4.20 (Illinois No. 6 Seam)
11.54
100. 00

* Note other elements shown in Table 4.

Pretreatment Gypsum and .Steam Plant Ash
Gases, Fines, Oil Excess Lime and Spent Char
p? E F
gmol/s mol % 13.86 kg/s 23.6 kg/s
CO 199.9 3.49
co, 358,6 6.26 10.3% Carbon
H,
H,O 1152.0 20.11
CH, 26.3 0.46 0.3% Sulfur
C,Hy 13.2 0.23
CyHy 26.3 0.46
H,S
N, 3728.8 65.09
o, 135.8 2.37
Ar 48.1 0.84
SO, _39.5 _0.69
Total 5728.5 100.00

9L/8
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Table 1, Part 4. STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL
GASIFICATION PLANT USING ILLINOIS NO. 6 COAL PRODUCING 84.89 Nm?3/s SNG

Cyclone Steam To Oxygen To Recycle By Product By Product
Stream Description Fines - oG oG Qil Oil-BTX Phenols
Stream Number l—Ib I J N K L M
22.22 kg/s 124.70 kg/s 34.06 kg/s 215.79 kg/s 5.01 kg/s 0.16 kg/s
gm mol/s gm mol/s gm mol/s
Component 1598.4 CeHy 17.9 C.H, 0.88
c 75.60 (0il mol. wt. H,S 0.3 Phenol 9.98
135 i
H PR ) ‘O:'!,l 26.7
Q 3.46
N 1.38
S 1.46
Ash 15.86
Total 100.00 44.9 1.86
Notes:

%The pretreater effluent includes 5728.5 g-mol/s off-gases, 0.35 kg/s tar and oils, and
1.56 kg/s coal fines — to be used as fuel for steam generation. See Appendix A
for an analysis of tars and oils from the HY GAS pretreater and from the Synthane
gasification process.

bOf these cyclone fines, 44.9% are less than 325 mesh (< 44 pm).

9L/8

By Product By Product
Ammonia Sutfur

N o]
1.40 kg/s 7.08 kg/s

gm mol/s

NH; 82.4

82.4

gm mol/s

220.98

Sulfur

220.98

B75030539d
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Combined Feed Acid Gas
C O-Shift Shift to Water Treatment Waste Water Feed to Sulfur

Stream Description Raw Gas Feed By-Pass Scrub Unit Feed to Treatment Guard Unit
Stream Number 1 2al 3 4 5 6b 7
Temperature, K 590 480 480 325 325 310
Pressure, kN/m? 7960 7895 7895 7760 7720 7445
Component gm mol/s mol % gm mol/s mol % gm mol/s mol % gm mol/s mol % gm mol/s mol % gmmol/s mol % gm mol/s mol %

co 3548.2 21.97 2365.5 19.31 1182.7 24.99 1660.3 9.78 1659.6 12.89 1658.3 19.29

CO, 2277.17 14.11 1518.5 12. 40 759.1 16.04 4166.6 24.54 4122.8 32.02 12.6 0.15

Hy 3420.6 21.18 2280.1 18.62 1140.2 24.09 5309.6 31.26 5307.5 41.22 5288.8 61.51

H,O 2876.4 17.81 4700.7 38.38 960.1 20.27 3770.9 22.20 22.7 0.18 7191.,9 100.00

CH, 1576.0 9.76 1050.7 8.58 525.3 11.10 1576.0 9.28 1575.1 12.24 1568.5 18.24

CaH, 127.6 0.79 85.0 0.69 42.6 0.90 127.6 0.75 127.6 0.99 67.2 0.78

CeHg 28.3 0.18 18.9 0.15 9.4 0.70 28.3 0.17 27.5 0.21

NH, 24.17 0.15 16.5 0.13 8.2 0.17 25.7 0.15 5 ppmW

HCN 1.5 0.01 1.0 0.01 .5 0.01 0.5 12 ppmW

H,S 30.2 0.19 20.1 0.16 10.1 0.21 30.1 0.18 28.8 0.22 0.2 ppmW Trace 0.1 ppmW

CcoOs 0.3 0.2 0.1 0.3 0.3

N, 2.3 0.01 1.5 0.01 0.8 0.02 2.3 0.01 2. 0.02 2.3 0.03

Phenol 1.0 0.01 0.6 0.01 .4 0.0l 1.0 0.01 20 ppmW

Qil 2233.0 13,83 188.7 1.54 94.3 1.99 283.0 1.67 0.8 0.01

Total 16147.8 100.00 12248.5 100.00 4733.7 100.00 16982.2 100.00 10459, 100. 00 7191.9 100.00 8597.7 100.00

CLLO
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Table 2, Part 2, STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL
GASIFICATION PLANT USING MONTANA SUBBITUMINOUS COAL PRODUCING 85,21 Nm3/s SNG

Methanation Waste Gas By-Product H;S To Scavaged
Stream Desacription Feed Gas Product To Stack Qil-BTX Oil Foul Water Claus Gas
Stream Number 8 9 10¢ 1" 12 13 14 15
Temperature, K 310 310
Preasure, kN/m ? 7410 6895
Component gm mol/s mol % gm mol/s mol % gm mol/s mol % gmmol/s mol % gmmol/s mol % gmmol/s mol % gmmol/s mol % gm mol/s mol %
co 1658.3 19.29 3.5 0.10 1.4 0.03 0.6 0.01 0.6 1.27
co, 12.6 0.15 6.9 0.19 4043.1 97.86 43.8 0.79 67.0 70.00 43.8 88,37
H, $288.8 61.51 235.1 6.51 18.8 0.46 2.0 0.04 2.0 4.06
H,0 0.3 0 o1 5496.7 98.63 0.8 1.52
CHq 1568.5 18.24 3363.3 93.13 6.6 0.16 0.9 0.02 0.9 1.79
C;H, 67.2 0.78 60.5 1.46
CH, 27.5 8.84 0.9 0.02
NH; 25.7 0.46
HCN 0.5 0.01 0.5 1.02
H,S 0.04 0.5 0.16 0,38 0.13 1.0 0.01 28.6 29.86 9.8 1.98
cos 0.16 0.01 2 ppmW 0.16 0.14 76 ppmV
N, 2.3 0.03 2.3 0.06
Phenol 1.0 0.01
oil S0; 0.84 0.02  283.0 91.00 282.22  99.87 _
Total 8597.6 100.00 3611.4 t00.00 4131. 44 100.00 311.0 100.00 282.6 100.00 5573.1 100.00 95.76 100.00 58.4 100.00
Notea;

*50.16 kg/s of high-pressure steam are added to the CO-shift feed.

l’l-‘ive wastewater streams are combined under this heading: acid gas, tail-gas treatment, the ammonis
recovery unit, oil-BTX storage, and methanation and drying wastewater. Wastewater sampling may
be done at each source separately or at the wastowater-treatment influent pipe.

SThree waste gas streams are combined here: steam plant, tail-gas treatment, and acid-gas regencration gas
streams. Samplings may be done at each source or in the atack.

9L/8
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Table 2, Part 3. STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL
GASIFICATION PLANT USINGG MONTANA SURBITUMINOUS COAL 1°PRODUCING 85 21 Nm~/s SNG

9)./R%

Coal Feed Coal to Coal to Sturry Pretreatment Gypsum and - Steam Plant Ash
Stream Description from Storage Steam Plant Feced Systara Off Gases, Fines, Tars Excess Lime and Spent Char
Stream Number A B C p? Eb F
248.61 kg/s 48.72 kg/s 158.68 kg/s 2.18 kg/s 20.20 k
(22% Moisture) (6.5% Moisture) (6.5% Moisture) g/e
Component * wt % dry wt % dry wt % dry
C 68.12 10.2% Carbon
H 4.64
o 18.57
N 0.85
Ultimate analysis of
s 0.66 composite subbituminous 0.7% Sulfur
Ash 7.16 coal samples is the same
as stream A,
Total 100.00 ~ {(Montana subbituminous)

B75030540

’Note other elements shown in Table 6.

c
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Table 2, Part 4.

STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL

GASIFICATION PLANT USING MONTANA SUBBITUMINOUS COAL PRODUCING 85.21 Nm3/s SNG

Cyclone Steam to
Stream Description Fines oG
C
Stream Number H I
24.73 kg/s 114.32 kg/s
Component
C
H
(o]
N
S
Ash
Notes:

aPret:reat:ment, to remove coal agglomerating tendencies, is not required for Montana

Oxygen Recycle By-Product
to OG 0Oil Qil-BTX
J K L

38.1 kg/s 263.3 kg/s 8.93 kg/s
gm mol/s gm mol/s

1950.1 CHy 27.5

(Oil mol.wt. HS 0.5

135) oil  50.1

78.1

CeHy

Phenol

subbituminous coal. Fines are produced in the grinding and crushing operation
that will be used to fuel the steam boiler.

Sulfur content of Montana subbituminous is generally <1%,This value of gypsum and
excess lime has been correlated from data on Illinois No. 5 coal with 4.45 per cent
sulfur. It is possible that the SO, in the steam-plant stack gas may be low enough

to eliminate the need for lime or any other form of treatment

c
The ultimate analysis of the cyclone fines is not available for subbituminous coal.

By-Product

— Phenols

M
0.16 kg/s

gm mol/s

0.88

1.01

By-Product By-Product
Ammonia_- Sulfur
N o
0.44 kg/s 1.22 kg/s
gm mol/s gm mol/s
NH,; 25.7 Sulfur 38.16
25.7

9L/8
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Table 3, Part 1.

Stream Description

Stream Number
Temperature, K

Pressure, kN/m?

Component

CO
co,
H,
H,0
CH,
C.H,
C3H,
C.H,
H,S
NH,
N;
0il

GASIFICATION PLANT USING LIGNITE COAL? PRODUCING 85. 78 Nm3/s SNG

CO-Shift
Raw Gas Feed
2b

600 600

7685 7550
gm mol/s mol % gm mol/s mol%
1553.2 11.42 1553.2 13.95
2006.1 14.75 1905.8 17.12
1960.1 14,42 1960.1 17.60
4015.7 29.53 3054.4 27.43
2252.0 16. 56 2252 20.23
109.7 0.81 109.7 0.99
36.7 0.27 36.7 0.33
18.2 0.14 23.3 0.21
44.3 0.33 44.3 0.40
27.8 0.20 27.8 0.25
. 48.6 0.36 48.6 0.44
1524.7 11.21 116.8 1.05
Total 13597.1 100.00 11132.7 100.00

Shift
By-Pass

gm mol/s mol%

N/A

STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL

9/./]

Combined Feed Acid Gas
to Water Treatment Waste Water Feed to Sulfur
Scrub Unit Feed to Treatment Guard Unit
4 c 69 7©
685 310 310 310
7480 7445 7340
gm mol/s mol% gm mol/s mol% gm mol/s mol% gm mol/s mol %
781.9 7.55 781.9 7.69 781.9 12.97
1905.8 18.39 1866.2 18.35 14.0 0.13 60 3 1.00
2731.4 26.36 2731.4 26.87 2731.4 45. 31
2283.1 22.03 2283.1 22.46 11110.7 99.86 7.8 0.13
2252.0 21.73 2252.0 22.15 252.0 37.35
109.7 1.06 109.7 1.08 109.7 1.82
36.7 0.35 36.7 0.36 36.7 0.61
23.3 0.23 2.4 0.02
44,3 0.43 42,6 0.42 1.7 0.01
27.8 0.27
48.6 0.47 48.6 0.48 48.6 0.81
116.8 1.13 11.7 0.12
10361.4 100.00 10166.3 100.00 11126.4 100.00 6028. 4 100. 00

tve8
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Table 3, Part 2.

GASIFICATION PLANT USING LIGNITE COAL PRODUCING 85. 78 Nm*®/s SNG

Methanation Product Process 0il-BTX Foul H,S To Scavaged

Stream Description and Drying _ Gas Waste Gas to Storage Oil Water Claus Gases
Stream Number 8 9 10° 11 12 13 14 15
Temperature, K 310 310 390 310 310 310 310 310
Pressure, kN/m? 7340 6995 7445 7340 7340 7340 7340 7340
Component gm mol/s mol % gm mol/s mol% gm mol/s mol% gm mol/s mol% gm mol/s mol% gm mol/s mol% gm mol/s mol% gm mol/s mol%

CcO 781.9 12.97 3.7 0.10

CO, 60.3 1.00 46.3 1.28 1734.9 100.00 39.6 0.62 71.04 63.38

H, 2731.4 45,31 157.6 4.34 N/A

H,0 7.8 0.13 0.5 0.01 6284.4 98.88

CH, 2252.0 37.35 3373.7 92.93

C.H, 109.7  1.82

~ C;3Hg 36.7 0.61
(o)

CeH, 23.3  16.91 19.8  16.01 1.1 0.02

H,S 1.7 0.03 40.9 36.49

NH; 27.8 0.43 0.14 0.13 (COS)

N, 48.6 0.81 48.6 1.34

QOil 114.5 83.09 103.9 83.99 1.2 0.02

6028.4 100.00 3630.4 100.00 1734.9 100.00 137.8 100.00 123.7 100.00 6355.8 100.00 112.1 100.00
Notes:

STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL

(0]
~
|
o

2The flow rates and stream compositions listed in this table are approximate, having been derived from an early

A9 07 0NHDI3IIL

design based on lignite coal.
inappropriate for inclusion.

Where stream compositions are unspecified, the original design data were judged

bThe H;O flow rate in stream 2 reflects the addition of 52.47 kg/s of reaction steam to the CO-shift reactor.

®Streams 5 and 7 are approximate. The early design included a purification unit prior to the gas-shift reactor
to remove CO; and H,S, and another unit following the gas-shift reactor to remove H;O, benzene, CO;, and any
remaining H;S from the product-gas stream.

dW.a\stewater to the water treatment facility, is collected from the coal-drying units, the quench tower,
purification unit, the methanation unit, and the product-gas dryer.

£v68

eCOz from the acid-gas treatment only.



I L S N |

3 1Ln 1

9L/8

Table 3, Part 3. STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL
GASIFICATION PLANT USING LIGNITE COAL PRODUCING 85.78 Nm?3/s SNG

A9 017 0NHDODI3IL

1.

Electro-gasified
Coal Feed Coal to Coal to Slurry Pretreater Gypsum and Ash Char to
Stream Description from Storage Dryer, Offsite Feed System Gases, Fines, Qil Excess Lime MHD and Boile
Stream Number A B® Cc Db E€ F G
292.1 kg/s 19.7 kg/s 272.4 kg/s
. p : 2 . .
(35% Moisture) (35% Moisture) (35% Moisture) 3.43kg/s 23.62 kg/e 19.00Kg/s
Comgonent*
C 65,45 8.2% Carbon 67.75
H 4.45 Ultimate analysis of composite
: lignite coal samples is the same as 0.00
(o] 19.85 stream A. 0.12
N 0.92 (Montana lignite) 0.54
S 0.78 0.07% Sulfur 0.72
Ash 8.55 30.87
Total 100. 00 100.00
B75030541

’Note other elements shown in Table 7.

£€v68
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Table 3, Part 4. STREAM COMPOSITIONS AND FLOW RATES FOR HYGAS-BASED COMMERCIAL
GASIFICATION PLANT USING LIGNITE COAL PRODUCING 85.78 Nm?3/s SNG

Cyclone Steam From Electric Recycle By-Product By-Product By-Product By-Product
Stream Description Fines Boiler Power To ETG Slurry OQil Qil- BTX Phenols Ammonia Sulfur
Stream Number Hd 1 J K L® M N€ o
29.5kg/s 54.6 kg/s 2.4TJ 109.6 kg/s 10.7 kg/s 0.19 kg/s 0.47 kg/s . 1.36kg/s
Component 1402.8 gm mol/s 93.2 gm mol/s 2.3 gm mol/s 27.8 gm mol/s 42.6 gm mol/s
Cc 58.9
H 3.15
le) 10. 67
N 0.99
0.84
Assh 25.45 /
Total 100.00

ql

Notes:

2 This quantity of coal is conveyed to a packaged steam boiler and to a MHD unit to generate electricity for an
electrothermal gasifier (ETG ),

bLignil:e does not require pretreatment.
€ The value is proportionate to a design based on bituminous coal.
dOf these cyclone fines, 43.5% are less than 325 mesh. {<44uym)

€The flow rates of these streams are computed in proportion to values from a Montana subbituminous design
and are approximations.

9L/8
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Typical operating temperatures (in K) and pressures (in kN/m?) are
listed for the process streams where this information is available. Solid
and by-product streams are assumed to be at ambient conditions. The
flow rates of the process streams are calculated and tabulated in kilograms
per second (kg/s) or moles per second (mol/s). Both are SI-approved
notatior.s.!?s 53 This test plan could be applied to other gasification processes
without major alterations, even though it is written specifically for the

HYGAS Process.
Coals

The proximate and trace-element analyses of coals may vary consider-
ably frcm mine to mine, or even from seam to seam. Therefore, it is
imperative that a test plan be flexible enough to allow for fluctuations in
feed composition or process conditions that might occur during gasification.
For this reason, process mass balances for three different coals are
presented instead of one mass balance for an ""average'' coal, which may
not exist. Each of the mass bal‘ances in Tables 1, 2, and 3 is based upon
the ultinate analysis of a composite of several coal samples from the same
seam. We believe this approach is valid and representative, even though the
propert.es of certain coals necessitate the use of special handling and pre-

treatment steps prior to gasification.

Coal Pretreatment

Bituminous coals have significant agglomerating tendencies which must
be removed prior to gasification. If fed directly to the gasifier, a bituminous
coal would agglomerate, form clinkers, and plug the reactor. One method
of removing the sticking property is to mildly oxidize the feed material (at
700 K) to drive off some volatile matter and to cover each particle with a

nonsticking layer of oxidized material,

The pretreatment process involves the production of sizable quantities
of off-gases, coal fines, tars, and oils which must be utilized in some way
or discarded. Significant quantities of certain trace and minor elements
are alsc volatilized during pretreatment, contributing to the overall losses

as showa in Table 4, Column D.

16
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Table 4. CALCULATED FLOW RATES OF TRACE AND MINOR
ELEMENTS IN A HYGAS-BASED, COMMERCIAL COAL GASIFICATION
PLANT USING ILLINOIS No. 6 SEAM BITUMINOUS COAT.

‘9./8
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Stream Pretreater Oxygasifier Hot Oil Water Acid-GasC Sulfur Methanatio% Product
Description Coal Feed to Pretreater Losses Char Quench Scrub Effluent Guard Condensate Gas
Stream Number " [ D G K 12, 13 11, 14 P 6 9
Element —ppm—  kg/s(X 10%) kg/s (X 103%)

Sb 1.1 0.15 0.043 0.096 0.008 0.003 0.0 0.0 0.0 0.0
As 24 3.2 0.35 2.1 0.3 0.2 0.25 0.0 0.0 0.0
Ba 31 4.1 0.0 4.1 0.0 0.0 0.0 0.0 0.0 0.0
Be 1 0.13 0.02 0.10 0.01 0.0 0.0 0.0 0.0 0.0
Bi 1.1 0.15 0.022 0.072 0.050 0.006 0.0 0.0 0.0 0.0
B 200 27.0 0.73 24.0 2.0 0.27 0.0 0.0 0.0 0.0
Cd 0.89 0.12 0.044 0.028 0. 040 0.008 0.0 0.0 0.0 0.0
Ca 3500 470.0 100.0 310.0 60.0 0.0 0.0 0.0 0.0 0.0
Cl1 2300 310.0 110.0 80.0 5.0 110.0 4.0 1.0 0.0 0.0
Cr 15 2.0 0.0 2.0 0.0 0.0 0.0 0.0 0.0 0.0
Co 3.6 0.48 0.0 0.48 0.0 0.0 0.0 0.0 0.0 0.0
Cu 19 2.5 0.0 2.5 0.0 0.0 0.0 0.0 0.0 0.0
F 61 8.1 0.29 6.0 0.5 0.81 0.5 0.0 0.0 0.0
Ge 4.3 0.57 0.033 0.52 0.015 0.002 0.0 0.0 0.0 0.0
Fe 14, 000 1870.0 73.0 1730.0 65.0 2.0 0.0 0.0 0.0 0.0
Pb 11 1.5 0.73 0.77 0.0 0.0 0.0 0.0 0.0 0.0
Li 33 4.4 0.0 4.4 0.0 0.0 0.0 0.0 0.0 0.0
Mg 570 76.0 0.0 76.0 0.0 0.0 0.0 0.0 0.0 0.0
Mn 48 6.4 0.50 5.2 1.1 0.1 0.0 0.0 0.0 0.0
Hg 0.12 0.016 0.013 0.0006 0.0013 0.0006 0.0004 0.0001 0.0 0.0
Mo 7.0 0.933 0.02 0.906 0.007 0.0 0.0 0.0 0.0 0.0
Ni 15 2.0 0.09 1.9 0.01 0.0 0.0 0.0 0.0 0.0
N 10, 400 1390.0 0.0 320.0 70.0 950.0 40.0 9.0 1.0 0.0
K 1700 227.0 0.0 227.0 0.0 0.0 0.0 0.0 0.0 0.0
Sm 0.74 0.098 0.0 0.098 0.0 0.0 0.0 0.0 0.0 0.0
Se 13 1.7 0.24 1.0 0.1 0.20 0.16 0.0 0.0 0.0

* Parts per million

£v68
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Table 4, Cont. CALCULATED FLOW RATES OF TRACE AND MINOR

ELEMENTS IN A HYGAS-BASED,COMMERCIAL COAL GASIFICATION
PLANT USING ILLINOIS No. 6 SEAM BITUMINIOUS COAL

Stream Ttz Trygasilict v Gii Waien Acra-ua Sultur Methanatio Product
Description Coal Feed to Pretreater lLosses Char Quench Scrub Effluent Guard Condensate Gas
Stream Number. C D G K 12, 13 11, 14 P 6 9
. -
— 3
Element —ppm— . kg/s(X 10°%) kg/a (X 10%)

Si 20,000 2670.0 0.0 2670.0 0.0 0.0 0.0 0.0 0.0

0.0
Ag . 0.1 0.013 0.0042 0.0048 0.003 0.001 0.0 0.0 0.0
Na 1400 187.0 0.0 187.0 0.0 0.0 0.0 0.0 . 0.0
Sr 37 4.9 0.0 4.9 0.0 0.0 0.0 0.0 0.0 0.0
S 38, 000 5100 1150.0 1040.0 120.0 200.0 2570.0 20.0 . 0.0
Te 8.1 1.08 0.25 0.64 0.09 0.05 0.05 0.0 0.0 0.0
Sn 2.0 0.27 0.07 0.13 0.06 0.01 0.0 0.0 .0 0.0
Ti 770 103.0 ‘0.0 100.0 3.0 0.0 0.0 0.0 0.0 0.0
v 17 2.3 0.21 1.9 0.16 0.03 0.0 0.0 0.0 0.0
Yb 0.56 0.075 0.0027 0.069 0.003 0.0003 0.0 0.0 0.0 0.0
Zn 49 6.5 0.99 4.8 0. 60 0.11 0.0 0.0 0.0 0.0
Zr 35 4.7 0.0 4.7 0.0 0.0 0.0 0.0 0.0 0.0

Notes:

?Pretreater losses arise from the volatilization of elements at lower
temperatures (700K), and are in the form of tars, oils, fines, and
off-gases. All of this material is burned in the steam plant, Volatile
compounds may be lost to the stack unless cleaned by scrubbing or
some other method, Figure 1 incorporates a calcite scrubber to remove
S50, from the stack gas.

b"I‘wc> streams are split here: The oil stream is recycled to the slurry

preparation and may accumulate trace elements. The water stream

contains phenols, NH(F, Cl) to be separated, and the treated water
to be recycled. It is important to note that the by-products may show
enrichment of some trace elements. :

“The sour gas from the acid-gas treatment unit is sent to the Claus
plant. It contains much of the acidic compounds of CO,, H,;S, As,0,,
B30;, etc., and fine particulates. Oil is separated during regeneration
and is recycled. CO, is released to the atmospaere with trace sulfur
compounds. Some gaseous, acidic elements, i.e., H,Se and H,Te, will
most likely end up in the Claus plant sulfur product.

dWater is condensed during methanation and may carry away other
trace elements, Almost total sulfur removal is accomplished during
methanation by adsorption onto the catalyst particles. The product
gas will be analyzed for the more volatile, toxic elements, but not
for the innocuous ones.

-9L/8
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In the HYGAS process description (Figure 1, Table 1), the pretreater
by-products are consumed in the boiler for steam production. The primary
boiler fuel is coal, while pretreatment fuels provide a supplement. The
combined combustion gases from these fuels represent a considerable
source of potentié,l pollutants, which may require the addition of larger
(but not more complex) atmospheric emission controls to the stack. Those
materials removed from the coal during pretreatment must be cleaned from
the stack gas, rather than handled in the normal gasification cleanup train.
For example, pretreatment of high-sulfur coals may volatilize 30% of the
sulfur as sulfur oxides, which would otherwise be removed during the acid-

gas treatment step as hydrogen sulfide.

By eliminating the coal pretreatment step (by mild oxidation) through pro-
cess modifications and improvements, the overall gasification process
would be simplified, while the demands on the steam plant stack-gas clean-

up system would be reduced.

Coal Energy and Moisture Content

Lignite and subbituminous coals have low (<1% ) sulfur contents and low
agglomerating tendencies that make them the most ""well-behaved'' and
environmentally sound fuels for gasification. However, each of these coals
has a higher moisture content and lower heating value than the bituminous
coal. Taken together, these factors require that much larger quantities of
lignite and subbituminous coal be conveyed to a gasification plant, in order
to produce the same quantity of SNG as would be obtained from bituminous
coal. For example, to produce 3.0528 GJ/s (250 X 10% Btu/day) of SNG
requires a lignite coal feed rate of 292.09 kg/s (27,818 tons/day) to the
gasification plant. The corresponding flow rate for subbituminous coal is
248.61 kg/s (23,678 tons/day), and for bituminous, 183.92 kg/s (17,516
tons/day). The lignite flow rate is 59% higher than the bituminous flow rate.
Two factors can be considered here. First, in each design the total coal
energy conveyed to the gasification plant is within 1.5% of the others. The
totals range from 4.9902 GJ/s for lignite to 5.0750 GJ/s for subbituminous.
Second, of the 292.09 kg/s of lignite feed, 102.23 kg/s (35% ) is moisture,

19
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much of which must be removed from the coal before gasification. A summary
of the heating values (HHV), moisture contents, and process mass and

energy :low rates for three coals is shown below. Note that the quantities

of coal znergy to the "Process'' and to the "Offsites' are quite similar for

the bituminous and subbituminous coals, differing from each other by less

than 1% and 5%, respectively.

Heating
Moisture Value, Raw Coal Coal to Coal to Product Process
Coal __ _Content __ Dry Basis to Plant Process Offsites SNG Energy Efficiency
. %, MJT/kg Gl/s o
{Btu/1b) (kg/s) “’
Lignited 35 26.2839 4.9902 4.6532 0.3370 3.0528 71,7
(11, 300) (292.09) (272. 36) (19.72)
Subbituminous 22 26,2865 5.0750 3.8828b 1. l9ZZb 3.0528 67.2
(11, 301) (248.61) (158, 68) (48.72)
Bituminous 5.5 29,3142 5.0513° 3.9151°¢ 1.1362° 3.0528 66.2
(12.603) (183.29) (133.29) (38.68)

2 A magnctohydrodynamic (MHD) unit provided encrgy for an electrothermal gasifier in this design,

b Partially dried coal contains 6,5% moisture.

€ Dried coal contains <1% moisture.

The overall energy efficiency for the subbituminous design is 67.2%,
that for the bituminous design is 66.27% . Because of the use of a magneto-
hydrodynamic unit for electric power generation in the lignite design, the
energy requirements are not comparable to the other two designs. However,

the efficiency of this early lignite-based design was calculated at 71.7%.

Modes ¢of Occurrence of Trace and Minor Elements in Coals

Trace and minor elements are present in raw coals, both in the mineral
matter znd in association with the organic materials. Many are present as
sulfides, or in weathered coals as sulfates*?,50, Nitrogen is present almost
exclusively in five-to-six-member organic ring compounds.3 Sodium
chloride deposited from saline ground water, is assumed to be the predom-
inant source of chlorine in coal.*37 5% Nitride compounds have not as yet

been detected in coal. Carbide compounds also have not been observed in

20
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ccals, or to any extent in nature (except in iron meteorites and some

terrestrial iron?!).

The modes of occurrence vary, yet there is evidence in the literature
that one or two forms of each element predominate.®s7,20534,45,50 A symmary
of the typical modes of occurrence of trace and minor elements in coals as

reported in the literature is presented in Table 5.

Whenever literature searches failed to indicate the naturally occurring
form of an element in coal, its periodic properties and trends were followed.
For example, data on the occurrence of bismuth in coal is scant, but one
may anticipate that bismuth and lead would occur in similar compounds.

Hence bismuth is listed in the table as a sulfide, as is lead,

A study by Ruch et al.?%included a matrix of population correlation co-
efficients for potentially volatile trace elements in coal samples, which was
useful in the development of Table 5. The matrix indicated how frequently
one element was detected in a sample relative to the presence of another
element. For example, the highest correlation coefficient, 0.93, occurred
for the zinc-cadmium pair. These two elements are frequently observed

together in coal in the mineral sphalerite (zinc sulfide).

To expedite thermodynamic calculations in a later section of this report,
the element forms listed in Table 5 are assumed to be the only ones present
in the raw coal. Because each element has undergone a thorough thermo-
dynamic evaluation, errors in this assumption (and therefore in the table)
will not significantly affect the outcome of the analysis. If bismuth naturally
occurs in coal as an oxide and not as a sulfide as assumed, the results of
the test plan analysis would be the same. This is assured, because the
same reaction calculations have been carried out for both the sulfide and the
oxide forms of bismuth. (See Appendix E, Table E-2, Part 1.) If the
necessary thermodynamic data for an element form are not available (as
in the case of bismuth sulfate), periodic property extrapolation must be
depended upon for the analysis. The analyses of every element in this
study are dependent upon the availability of accurate and reliable thermo-

dynamic data. Where data are lacking, that part of the analysis is incomplete.
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Table 5. TYPICAL MODES OF OCCURRENCE OF
TRACE AND MINOR ELEMENTS IN COAL

Element Mode Element Mode
Sb Sulfide Mo Sulfide
As Oxide, sulfide Ni Sulfide
Ba Carbonate, sulfate N OoC
with Ca
Be OC * K KCl, carbonate
Bi Sulfide Sm SQ
B OC, borate Sc Oxide
Cd Sulfide Se POC, sulfide,
. iron selenides
Ca Oxide, carbonate, Si Oxide, SQ
sulfate
Cl POCT sodium chloride Ag Element, sulfide,
S0
Cr POC, oxide Na POC, carbonate
Co POC, sulfide Sr POC, with Ca
Cu CuFeS,, sulfide S POC, sulfides,
sulfates
F CaF, Te Iron tellurides
Ge POC, carbonate Th SQ
Fe Carbonate, sulfide, Sn Carbonate, sulfide
oxide
Pb Sulfide Ti POC, SO
Li saf v oc
Mg POC, carbonate, SQ Yb SO
Mn Carbonate in CaCO;,, Zn Sulfide
sSQ
Hg POC, element,sulfide Zr Oxide, SQ
%*
OC - organic contribution.

' poc - partial organic contribution,

¥ SQ - silicates, clay, quartz.
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Coal Ash Materials

The mineral matter of coal is comprised of materials which may under-
go reactions with process gases in the hydrogasifier. These materials
include silicates, calcite, alumina, tungstates, etc. Thermodynamic data
for many of the compounds are available, and further work should include

an investigation of their reactions in the hydrogasifier's fluidized bed.

There is a synergistic effect between chlorine and trace elements
during combustion.!¢ The presence of chlorine increases the volatilization
of elemental forms, such as arsenious oxide (As,0;). On combustion, As,0,
volatilizes unless retained as arsenate or arsenites by carbonate minerals,
such as dolomite (CaCQO; + MgCO;) or barite (BaCOs;),among others. Per-
haps by reducing the chlorine content (as hydrochloric acid) from the gasi-
fier or by increasing the carbonate content, the trace elements may tend to

remain with the ash rather than be volatilized.

Possible Disposition of Trace and Minor Elements

Trace elements in the feed to a commercial coal-gasification plant
are subject to a number of reactions. The possible fates of these materials

are listed below with reference to Figure 2.

1. Coal storage and handling losses arise from the leaching of
trace elements from coal piles by rain water. Windborne dust
losses must be minimized.

2. The coal crushing and drying process will produce wastewater
that may contain trace elements.

3. During pretreatment at 700K, certain trace elements, such as
mercury or lead, may be volatilized to the fuel gas either in
the vapor phase or adsorbed on particulates. Oil, tar, and
fines resulting from pretreatment may also contain trace and
minor elements. This material is combusted along with the fuel
gas and is subjected to the stack gas emission controls. Thus,
some volatile trace elements may be lost to the stack gas.

4, In the light-oil vaporiéer (LOV), the light oil is flashed and the
coal dried prior to gasification. Organic material, which is

soluble in light oil (organometallic compounds and/or metal
chelates) may in part be flashed directly overhead, condensed
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in the hot-o0il quench unit, and thus recycled to slurry pre-
paration. Part of this material is expected to accompany the
coal to the hydrogasifier stage and react with HYGAS Process
gases. The unquenched fraction of organic material may pass
through the CO-shift reactor and be removed in the water
scrub unit. The organic phase is separated and recycled to
the slurry preparation unit; the aqueous phase is piped to the
wastewater treatment area. Coal fines not cycloned out and
recycled to the hydrogasifier may be entrained overhead.
Extremely fine particulates may pass completely through the
plant, possibly as fumes. It is important to note that these
particulates may be enriched in volatile trace elements due
to condensation in the LOV.3%

5. Other volatile trace elements may neither be condensed in
the LOV nor removed during the subsequent quenching and
scrubbing operations, but remain in the process gas stream.
These.compounds, or elements, will be removed in either
the acid-gas treatment unit or the caustic scrub prior to
methanation.

6. The coal feed material flows by gravity to the low- and high-
temperature reactors, where it is partially gasified. The
char goes to the steam-oxygen gasifier (OG), where the re-
maining carbon is gasified, The mineral matter in the feed
ultimately exits from the OG as low-carbon-content ash.

7. Some trace-element losses may be attributed to plating of the
material onto the surfaces of the reactor and other process
units. Similarly, some sulfur compounds will be adsorbed
onto the catalyst particles in either the gas shift or methana-
tion reactors, resulting in the poisoning of the catalysts.

8. Product streams from the purification units may contain
trace elements in the by-product 0il-BTX, phenol, ammonia,
sulfur, and spent caustic.
These paths are many and varied, with complex mechanisms for each.
The calculations indicate the streams in which an element is likely to appear;
however, the element may appear much earlier or somewhat later than pre-

dicted. This depends in part on the nature of the coal and on its trace-ele-

ment composition.

Fluctuations in the process pressure or temperature will not substan-
tially affect the appearance of the trace elements down stream unless the
variations of temperature or pressure are extreme. (See "Variability of
Operating Conditions,' page 36.) A rapid increase in either parameter

would trigger automatic controls that would shut down the reactor.
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However, process fluctuations compound the problems associated with closing
the mass balance around the plant, especially for the toxic elements mercury,
selenium, arsenic, cadmium, lead, and antimony. An analysis of the gas
from the Synthane Process done by Forney et al.!'8 showed that mercury was
present in the gas from the gasifier but not in the final product. The pro-
duct gas from the HYGAS plant should be analyzed for volatile trace elements,
but is expected that, as in the Synthane product gas, their levels will be very
low'®, perhaps because of amalgamation on colder parts of the methanation

catalyst bed.

Thermcdynamically Stable Forms of the Elements in HYGAS Process Units

With the information in Table 5, free-energy calculations were per-
formed to determine the most stable forms of each feed species in the pre-
treater, the hydrogasifier, and the CO-shift reactor. Thus, each element
was followed thermodynamically through the process to estimate its ultimate
form and distribution. The effect of individual reaction kinetics was not
included in this development and each reaction was assumed to go to an
equilibrium condition. Some of the reactions which are likely to occur in
each of the process units are included below, along with a discussion of a

convenient thermodynamic indicator — the operating region.

Operating Regions

The term ''operating region' does not describe a physical location,
but more a ''where' with respect to system operating conditions. It is a
numerical value assigned to a certain reaction occurring in a given atmos-
phere at a given temperature. Operating regions can be calculated by sub-
stituting steady-state gas partial pressures into the usual equilibrium-
constant equation:

(Partial Pressures of Product Gases)
(Partial Pressures of Reactant Gases)

QOperating Region = log

This value can be used to determine the direction that the reaction should
go by comparing it with the equilibrium constant for that reaction. By com-
pleting this type of analysis on the numerous reactions considered likely to

occur in any one reaction unit, the thermodynamically stable form of trace
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and minor constituents can be determined.

Several examples of operating region calculations and analyses are
presented in the section '"Variability of Operating Conditions, " and Appendixes
D, E, and F.

Pretreatment

The reactions occurring in the pretreater are primarily oxidation
devolatilization, and polymerization reactions. Several oxidation reactions
were evaluated at 700 K and atmospheric pressure for sulfate, sulfite, and
oxide stability. In general, the oxidation reactions strongly favor sulfate,

oxide, or carbonate formation, such as —

MS + 20, #MSO,
MS +3/2 O, MO + SO,
MO + CO, MCO,

As the calculations progressed, it was assumed that the sulfate or
oxide form of each element would be thermodynamically favored in the
pretreater. This mild oxidation is required to drive off volatile matter and
to char the surface of each coal particle slightly to reduce agglomeration.
The quantity of off-gases produced during pretreatment is considerable at
5728.5 g-mol/s (157.4 kg/s), (Refer to Table 1, Column D). Nitrogen
and water vapor account for 85 mol % of the off-gases; carbon monoxide
and carbon dioxide comprise 10 mol % . Methane, ethane, oxygen, sulfur
dioxide, argon, and heavier hydrocarbons make up the remainder of an

essentially neutral reaction atmosphere.

Steam Plant

The pretreater off-gases, combined with pretreater tars, oils, and
fines, supplement the fuel to the steam plant. The total quantity of steam-
plant feed (i.e., off-gases, oil, tars, fines, and coal) amounts to ~194 kg/s
for bituminous coals. Because pretreatment is not required for nonagglom-
erating coals, the steam-plant fuel supplement is correspondingly reduced.
The quantity of coal used for steam production is approximately 30% of the

coal conveyed to the hydrogasifier.
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The combustion gases from a steam plant are scrubbed to reduce sulfur
dioxide emissions to acceptable levels. It is, however, uncertain that the
SO, scrubber could completely eliminate the emission of the more volatile
trace e.ements and this question must be resolved by actual sampling and

analysis of the combustion gases.

Even though this project is directed toward evaluating the process
streams of a HYGAS-based facility, consideration of the plant's auxiliary
units stould be made with respect to potential pollutants. Larger stack gas
cleaning measures may have to be used on the steam plant, for example,

depending upon the quantity of sulfur in the coal being used.

Hydrogasification

The highly reducing atmosphere of the HYGAS unit, as well as the high
pressure and temperature, must be considered in determining the stable
element forms. Some of the reactions that were considered likely to occur

in the hydrogasifier are included here:

MO +2HC1 @ MCl, + H,0
MO +2HF @& MF, + H,0
MO +CO, @ MCO,

MO + H,S 2 MS + H,0
MS +2HCl @ MCl, + H,S
MS + 2HF @ MF, + H,S

MS + H,0 + CO, # MCO; + H,S
MSO, + 4H, @ MS + 4H,0

In addition to these, reactions involving the elemental forms were included
for the more volatile species (Appendix E, Table E-2). The free-energy
changes for these reactions were calculated at a steam-oxygen gasifier temp-

erature of ~1300K (1880 °F).

CO-Shift Reaction

The purpose of the CO-shift reactor is to adjust the hydrogen-to-carbon
monoxide ratio in the gas stream to about 3.1:1 prior to methanation. The
cobalt-molybdenum catalyst is expected to equilibrate most materials that

contact t. Thus, an oxide that is more stable thermodynamically as a
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sulfide will react with sulfur compounds in the gas to form the sulfide.
The reactions are the same as those likely to occur in the HYGAS reactor

except they are evaluated at 600K.

At this point'in the process, only the most volatile trace elements are
in the gas stream. Most of the fine particulate matter has been removed in

the hot oil quench and the cyclone, or has been adsorbed onto the catalyst.
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PROCESS STEPS

The data contained in Tables 4, 6, and 7 are the result of thermodynamic
and solubility calculations to determine the fate of trace and minor elements
in coal during hydrogasification. The parameters used in these calculations
were taken from a design for a 3.0528 GJ/s (250 billion Btu/day) coal-gasi-
ficatior plant based on the HYGAS Process. The coals used in the designs

are bituminous, subbituminous, and lignite.

The tables include the raw coal concentrations (in parts per million) and
the calculated flow rates (in kg/s) for 38 elements in the major process
streams. For clarity, the stream numbers and descriptions of these tables

are related to the Figure 1 process flow diagram.

The purpose of these calculations is to direct the search for trace
elements toward the process streams where they are thermodynamically,
or physically, more likely to appear. For example, according to trace-
element: studies done at IGT, cobalt or lithium are not likely to appear
beyond the hydrogasifier; hence, any extensive analysis of the wastewater
from the acid-gas treatment unit for these elements may generate no useful
information. With the guidelines from this present study at hand, however,
one may analyze process streams for specific elements and use the informa -
tion in the environmental assessment of a coal gasification plant. It should
be stressed that the data extrapolated from process development unit test-
ing are preliminary estimates of the trace element distribution and should
be used cautiously, but may serve to.guiae a future search for trace elements

in pilot plant process streams.

The data used in the thermodynamic calculations were taken from a
number of references. s 17,21723,26,27,42,53,61,63,6¢ Where data on a certain
compound were available from two or more references, generally the data
from the more recently published source were selected. Data from one
reference were used with data from another as infrequently as possible,
because of standard-state definition inconsistencies. If data were not avail-
able, approximations were made based on the thermodynamic properties
of neighboring elements in the periodic table. The trends of the stable

compourds in the hydrogasifier are outlined in Appendix C.
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Table 6. CALCULATED FLOW RATES OF TRACE AND MINOR
ELEMENTS IN A HYGAS-BASED, COMMERCIAL COAL-GASIFICATION
PLANT USING MONTANA SUBBITUMINOUS COAT.

arl/a

3 1 n 1L

9017 0NHDO3 1

|3

Parts per million

Stream . a Oxygasifier Hot Oil Water, Acid-Gasc Sulfur Methanation, Product
Description ,Feed Coal to Slurry Feed System Char Quench Scrub Effluent Guard Condensate Gas
Stream Number C G K 12, 13 11, 14 P 6 9
Element —ppm=" _kg/s (X 10%) kg/s (X 10%)

Sb 1.2 0.18 0.14 0.03 0.01 0.0 0.0 0.0 0.0
As 18 2.7 1.3 0.65 0.35 0.40 0.0 0.0 0.0
Ba 1300 200.0 200.0 0.0 0.0 0.0 0.0 0.0 0.0
Be 0.98 0.145 0.113 0.032 0.0 0.0 0.0 0.0 0.0
Bi 0.72 0.11 0.06 0.045 0.005 0.0 0.0 0.0 0.0
B 85 13.0 9.05 3.5 0.45 0.0 0.0 0.0 0.0
Cd 0.72 0.11 0.05 0.048 0.012 0.0 0.0 0.0 0.0
Ca 17,000 2520.0 2520.0 0.0 0.0 0.0 0.0 0.0 0.0
Cct 180 27.0 14.1 1.0 11.9 0.0 0.0 0.0 0.0
Cr 14 2.1 1.6 0.5 0.0 0.0 0.0 0.0 0.0
Co 4.4 0.65 0. 65 0.0 0.0 0.0 0.0 0.0 0.0
Cu 8.8 1.3 0.92 0.38 0.0 0.0 0.0 0.0 0.0
F 71 10.5 6.7 1.0 1.8 1.0 0.0 0.0 0.0
Ge 2.7 0.4 0.3 0.03 0.03 0.03 0.01 0.0 0.0
Fe 9200 1370.0 1370.0 0.0 0.0 0.0 0.0 0.0 0.0
Pb 1.9 0.28 0.15 0.09 0.04 0.0 0.0 0.0 0.0
Li 5.8 0.86 0.86 0.0 0.0 0.0 0.0 0.0 0.0
Mg 5800 860.0 844.0 IllO 5.0 0.0 0.0 0.0 0.0
Mn 8.9 1.32 1.26 0.06 0.00 0.0 0.0 0.0 0.0
Hg 0.73 0.11 0.0011 0.048 0.035 024 .0019 0.0 0.0
Mo 2.1 0.31 0.28 0.03 0.0 0.0 0.0 0.0 0.0
Ni 23 3.4 3.1 0.3 0.0 0.0 0.0 0.0 0.0
N 9200 1370.0 223.0 77.0 101.00 50.0 9.0 1.0 0.0
K 340 50.0 49.0 1.0 0.0 0.0 0.0 0.0 0.0
Sm 0.51 0.076 0.074 '0.002 0.0 0.0 0.0 0.0 0.0
Se 1.7 0.25 0.09 0.03 0.07 0.06 0.0 0.0 0.0
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Table 6, Cont. CALCULATED FLOW RATES OF TRACE AND MINOR
ELEMENTS IN A HYGAS-BASED, COMMERCIAL COAL-GASIFICATION
PLANT USING MONTANA SUBRITUMINOUS COAL

9L/8

Stream ) Oxygasifier Hot Oil t id- i

Description .Fead Coal to Slurry Feed Syt~1tema }ghar Quenclh ;vcar:;b Alsflgus:t% é\:l;f:; h(‘:it:;:::lai: Prg::ct

Stream Number C . G K 12, 13 11, 14 P 6 9

Element — ppm— kg/s (X 10?3

—Pppm=— _kg/s (X 10%) . kg/s (X 10%)

Si 13, 000 1930.0 1780.0 150 0.0 0.0 0.0 0.0 0.0
Ag 0.24 0.036 0.034 0.0015 0.0005 0.0 0.0 0.0 0.0
Na 180 26.7 25.2 1.5 0.0 0.0 0.0 0.0 0.0
Sr 350 52.0 34.0 18 0.0 0.0 0.0 0.0 0.0
s 9900 1470.0 . 490.0 58.0 86.0 831.0 5.0 0.0 0.0
Te 0.42 0.062 0.036 0.023 0.002 0.001 0.0 0.0 0.0
Sn 1.9 0.28 0.27 0.27 0.01 0.0 0.0 0.0 0.0
Ti 320 48.0 48.0 0.0 0.0 0.0 0.0 0.0 0.0
v 67 10.0 8.0 1.7 0.3 0.0 0.0 0.0 0.0
¥b 0. 36 0.053 0.047 0.004 0.002 0.0 0.0 0.0 0.0
Zn 13 1.9 1.4 0.42 0.08 0.0 0.0 0.0 0.0
Zr 25 3.7 3.3 0.4 0.0 0.0 0.0 0.0 0.0

aNonagglomerating coals do not require pretreat ment.

b'I‘wo streams are split here: The oil stream is recycled to the
slurry preparation and may accumulate trace elements. The water
stream contains phenols, NH,(F, Cl) to be separated, and the
treated water to be recycled. It is important to note that the by-
products may showenrichment of some trace elements.

SThe sour gas from the acid-gas treatment unit is sent to the Claus
plant. It contains much of the acidic compounds of CO,, H,S,
As,0,, B,0;, etc., and fine particulates. Oil is separated during
regeneration and is recycled. CO, is released to the atmosphere
with trace sulfur compounds. Some gaseous, acidic elements, i.e.,
H,Se and H,Te, will most likely end up in the Claus plant sulfar
product.

dWater is condensed during methanation and may carry away other
trace elements. Almost total sulfur removal is accomplished
during methanation by adsorption onto the catalyst particles. The
product gas will be analyzed for the more volatile, toxic elements,
but not for the innocuous ones.
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Table 7.

CALCULATED FLOW RATES OF TRACE AND MINOR
ELEMENTS IN A HYGAS-BASED, COMMERCIAL COAL-CASIFICATION
PLANT USING MONTANA LIGNITE

97/
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Stream a Oxygasifier Hot Oil Waterb Acid-Ga'sc Sulfur Methanation, Product
Description Feed Coal to Slurry Feed System Char Quench Scrub Effluent Guard Condensate Gas
Stream Number C G K 12, 13 11, 14 P 6 9
» .
Element —ppm— kg/s (X 10%) kg/s (X 10%)
Sb 1.2 0.21 0.16 0.04 0.01 0.0 0.0 2.0 0.0
As 18 3.2 1.5 0.79 0.42 0.49 0.0 0.0 0.0
Ba 1300 230.0 230.0 0.0 0.0 0.0 0.0 0.0 0.0
Be 0.98 0.17 0.13 0.04 0.0 0.0 0.0 0.0 0.0
Bi 0.72 0.13 0.073 0.051 0.006 0.0 0.0 0.0 0.0
B 85 15.1 10.8 3.8 0.5 0.0 0.0 0.0 0.0
Cd 0.72 0.13 0.06 0.056 0.014 0.0 0.0 0.0 0.0
Ca 17, 000 3010.0 3010.0 0.0 0.0 0.0 0.0 0.0 0.0
Ci 180 32.0 16.8 1.0 14.2 0.0 0.0 0.0 0.0
Cr 14 2.5 1.9 0.6 0.0 0.0 0.0 0.0 0.0
Co 4.4 + 0.78 0.78 0.0 0.0 0.0 0.0 0.0 0.0
Cu 8.8 1.6 1.1 0.5 0.0 0.0 0.0 0.0 0.0
F 71 12.6 8.0 1.5 1.6 1.5 0.0 0.0 0.0
Ge 2.7 0.48 0.37 0.04 0.03 0.03 0.01 0.0 0.0
Fe 9200 1630.0 1630.0 0.0 0.0 0.0 0.0 0.0 0.0
Pb 1.9 0.34 0.18 0.11 0.05 0.00 0.0 0.0 0.0
Li 5.8 1.03 1.03 0.0 0.0 0.0 0.0 0.0 0.0
Mg 5800 1030.0 1010.0 14.0 6.0 0.0 0.0 0.0 0.0
Mn 8.9 1.6 1.5 0.1 0.0 0.0 0.0 0.0 0.0
Hg 0.73 0.13 0.0013 0.057 0.043 0.028 0.007 0.0 0.0
Mo 2.1 0.37 0.33 0.04 0.0 0.0 0.0 0.0 0.0
Ni 23 4.1 3.7 . 0.4 0.0 0.0 0.0 0.0 0.0
N 9200 1630.0 266.0 92.0 1200.0 60.0 11.0 1.0 0.0
K 340 60.2 58.4 0.8 0.0 .0 .0 0.0 0.0
Sm 0.51 0.0903 0.089 0.0013 0.0 .0 .0 0.0 0.0

»*
Parts per million
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Table 7, Cont. CALCULATED FLOW RATES OF TRACE AND MINOR
ELEMENTS IMN A HYGAS-BASED, COMMERCIAL COAL-GASIFICATION
PLANT USING MONTANA LIGNITE

aNonagglomerat:ing coals do not require pretreatment.

bTwo streams are split here: The oil stream is recycled

to the slurry preparation and may accumulate trace elements,
The water stream contains phenols, NH, (F, Cl) to be
separated, and the treated water to be recycled. It is
important to note that the by-products may show enrichment
of some trace elements,

SThe sour gas from the acid-gas treatment unit is sent to the
Claus plant. It contains much of the acidic compounds of CQO,,
H,;S, As,0;, B,0;, etc., and fine particulates. Oil is separated
during regeneration and is recycled. CO, is released to the
atmosphere with trace sulfur compounds. Some gaseous,
acidic elements, i.e., H,Se and H;Te, will most likely end up
in the Claus plant sulfur products.

dWater is condensed during methanation and may carry away
other trace elements. Almost total sulfur removal is
accomplished during methanation by adsorption onto the
catalyst particles. The product gas will be analyzed for the
more volatile, toxic elements, but not for the innocuous ones.

SDt::::?ntion Feed Coal tn Sluyrs Bond S‘,’:t:.“..a Oxyéahsal:ler gz:rg:‘hl ‘S”cartuel:o _Ag;fdlu;:r?t:é ét:::; Né‘i::::::;‘:: Prg::Ct

Stream Number C G K 12, 13 11, 14 P 6 9

Element —ppm-— _kg/s (X 10%) kg/s (X 10Y)
Se 1.7 0.3 0.1 0.04 0.08 0.08 0.0 0.0 0.0
si 13, 000 2300.0 2125.0 175.0 0.0 0.0 0.0 0.0 0.0
Ag 0.24 0.043 0.041 0.0015 0.0005 0.0 0.0 0.0 0.0
Na 180 31.9 30.1 1.8 0.0 0.0 0.0 0.0 0.0
Sr 350 62.0 40.7 21.3 0.0 0.0 0.0 0.0 0.0
S 9900 1750.0 584.0 70.0 100.0 990.0 6.0 0.0 0.0
Te 0.42 0.074 0.042 0.027 0.003 0.002 0.0 0.0 0.0
Sn 1.9 0.34 0.32 0.02 0.0 0.0 0.0 0.0 0.0
Ti 320 57.0 57.0 0.0 0.0 0.0 0.0 0.0 0.0
v 67 12.0 9.6 2.0 0.4 0.0 0.0 0.0 0.0
Yb 0.36 0.064 0.057 0.0045 0.0025 0.0 0.0 0.0 0.0
Zn 13 2.3 1.7 0.51 0.09 0.0 0.0 0.0 0.0
Zr 25 4.4 3.9 0.5 0.0 0.0 0.0 0.0 0.0
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The term ''trace element' usually applies to concentrations of 1000 ppm
or less. Minor elements occur in quantities from 1000 ppm (0.1% ) to several
percent. The major constituents in coal are those typically included in the
ultimate analysis — carbon, hydrogen, oxygen, nitrogen, sulfur, and ash.
Because of its environmental importance and ubiquity in coal, sulfur is
considered a major component, thoughits concentration can vary from low

to several percent.

The concentration of the trace and minor elements listed in Tables 4 and
7 were determined at IGT from composite samples of the two coals. The
information in Table 6 was approximated from the data in Table 7. The data
represent average values; however, a literature survey of the extent of trace
elements in coals has shown a concentration range of about +£1 order of
magnitude. Thus, depending upon the coal source, the concentration of the
trace elements may be about 10 times more or less than what is recorded
here. Relative to their crustal abundance, or ''clarke' value, only boron,
cadmium, and selenium are enriched in coal, while fluorine, manganese,

and phosphorus are at lower levels.

The question of trace-element accumulation in process streams becomes
more complex and obscured beyond the severe partitioning effects (volatile
element-refractory element segregation) of the hydrogasifier and steam-
oxygen gasifier units. An example would be the levels of trace elements
dissolved in the scrubbing media. As this media is reprocessed and re-
cycled to the system, quantities of soluble elements may accumulate.

When the solubility limit for a particular compound (or element) is exceeded,
the excess will precipitate out and be removed as sludge material. The

flow rate of a trace element may fluctuate somewhat with variations in the
feed coal concentration; however, the solubility limit is the highest attainable

level for the element in the recycled medium.
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VARIABILITY OF OPERATING CONDITIONS

The effect of a change in operating conditions. on the fate of trace
elements during gasification will be dealt with in this report section. By
utilizing an IGT computer program that simulates the major hydrogasifier
and steam oxygen gasifier reactions, it is possible to follow trends in the
raw gas composition due to variations in operating conditions without using
the actval equipment. Some of the parameters which may be altered in a
computer investigation include the steam/oxygen ratios, coal feed/steam
ratios, the incorporation of either an electrothermal gasifier or steam-
oxygen zasifier operations into the system, etc. (See Appendix B.) The
benefits of this kind of analy'sis are obvious: Changes in operating condi-
tions can be analyzed in a short time, fewer operators are required, con-

siderab.y less expense is involved, and no materials are consumed.

The HYGAS Process normally operates at about 6985 to 8275 kN/m?
(1000 to 1200 psia), and the high-temperature and steam-oxygen gasifiel-'.s
operate at roughly 1210K and 1300K, respectively. If residence times are
assumed to be constant, the other important changes that may occur in the

reactor operating conditions are those of temperature and pressure.

In tae computer simulations, the effects of different reactor pressures
and tempoeratures on raw synthesis gas compositions were examined. In
order to gauge what may result from any uncontrolled temperature fluctua-
tions in the reactor, a range of £20% of the normal operating condition was
used. Thus, as the normal operating temperature of the steam-oxygen
gasifier is 1300K, the computer test values were set at extremes of 1560K
and 108CK. The corresponding temperatures in the low and high-temperature
reactors were obtained from the computer program. To evaluate the effects
of different operating pressures, test values ranged from 9930 kN/m? (1440
psia, +20%) down to 1825 kN/m? (265 psia, —78%).

In a commercial plant, automatic feedback (or feed forward) controls
should b= able to maintain a relatively close regulation of process tempera-
ture and pressure during steady-state operation. The widest range of
process fluctuations will probably be experienced during the start-up
sequence. As this process may continue over several days, the by-product

streams from the plant should be closely monitored for unusual contaminants
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for the duration. In any system, a major upset may cause severe strains

on the water or gas treatment facilities.

The key indicator in such a study is to what extent the operating regions,
described previously, change due to alterations in reactor temperature and
pressure. That is, for a change in temperature (or pressure), what magni-
tude of variation is observed for the values of operating region indicators —
log (PHZO/PHZS)’ etc.
stable forms of an element may be determined.

These factors are the gauges by which the more

Table 8 contains the output data from computer runs on Illinois No. 6
seam bituminous coal using standard conditions but several variations of
pressure and temperature. Column A presents the synthetic raw gas com-
positions for standard operating conditions. Column B reflects a low-pressure,
high-temperature variation. Column C shows high-pressure, high-temperature
output. When a low-pressure, low-temperature simulation was attempted,
however, the computer rejected the set of conditions, The temperature was
obviously too low to sustain the gasifier reactions. Columns D, E, and F
are standard temperature runs with low-pressure variations. Column G
contains output for a standard condition run for Montana subbituminous
coal. The final column (H) contains the calculated raw gas composition

using a lignite coal.

As the data of Table 8 indicate, the raw gas compositions vary consid-
erably with changing operating conditions for the same coal. Yet if one
compares several examples and calculates the values for the operating
regions, the variations do not represent major changes in the thermodynamic
driving force. This is shown in the tabulation given below. The figures are

based on calculations using the Ideal Gas Law and carry some uncertainty.

In the examples using Illinois No. 6 bituminous coal, the H,S concen-
tration ranges from a low of 0.89 mol% (Column A, steam-oxygen gasifier)
to 1.30 mol% (Column D, electrothermal gasifier). Depending upon the
reaction thermodynamics, this difference may or may not affect the ultimate
form of the element in a changing system. Consider these two typical gas—

phase (heterogenous) reactions.

MO(s) + Hp (g) > M(s) + Hz0 (g), log K . =2.0 (1)

MO(s) + HS(g) > MS(s) + H0(g), log Kyg = 1.2 (2)

I' NS T I T UTE O F 37GAS T ECHNOLOGYY



I L § N |

3 L n 1l

A9 0O 7 0NHDODZ 3L

9L/8

Table 8 COMPUTER-CALCULATED COMPOSITION OF HYGAS REACTOR RAW
SYNTHESIS GAS FOR VARICUS TEMPERATURES AND PRESSURES
A D C D E ® G H
Standard 9 High High Standard Standara Standard Standard Standard
Temperature, Temperature, Temperaturs, Temperature, Temperaturs, Temperature, Temperature, Temperature,
Preasure Low Pressure Low Low Low Predsure Pressure
Prassure Pressure Pressure Pressure
Coal Type Illinois No. 6 Bituminous Pittsburgh Montanab
Bituminous Subbituminous Lignite
Component n'-xol %
(of0] 19.45 21.63 19.89 31.72 23.93 19.92 14.21 12.89
Co, . 20.09 18.92 20,17 6.95 15.94 17.70 20. 31 19.49
H; 21.01 25. 63 22.68 39.09 28,32 24.38 19.85 22.14
H;O 22.98 23.59 24.28 9.08 19.92 22.97 30.18 35.39
CH, 14.88 8. 62 11.34 9.99 9.71 12.83 13.26 8.89
C;H 0.28 0.26 0.27 0.76 0.52 0.52 1.03 0.40
C,H, 0.09 0.08 0.08 0.25 0.17 0.17 0.16 0.20
NH;3 0.33 0. 30 0.31 0.58 0. 39 0. 40 0.38 0.40
H,;S 0.89 0.97 0.98 1.30 0.90 0.90 0.22 0.20
N _0.00 _0.00 _0.00 0.05 _0.03 0.04 0.03
100.00 100. 00 100. 00 99.77° 99.83 * 99.83° 99.63° 160.00
Operating Conditions
Low-Temperature Reactor, K 950 1140 1140 880 965 970 900 950
High-Temperature Reactor, K 1210 1450 1450 1228 1210 1210 1200 1210
Oxygasifier, K A 1300 1530 1530 13100 1300 1300 1300 1300
Pressure, kN/m? 8275 6618 9930 1825 3620 5620 8065 " 6895
(1200 peia) (960 psia) (1440 psia) (265 psia) (525 peia) (815 peia) (1170 psia) (1000 psia)

®Includes small quantity of new oil make material,
bSult’ur content, 0.66%; moisture, 22. 0%.

B75020225
€ Eiectro-thermal gasifier.

d'l'he terms standard temperature or standard pressure refer to the operating conditions in the steam-oxygen gasifier, Standard temperature is 1300K (1880 °F)
and standard pressure is 8275 kN/m* (1200 peia) in the steam-oxygen gasifier.

The corresponding temperatures of the low-and high- temperature reactors were obtained from the computer program,

€768



A B C D

. Standard High T, High T, Standard T,
Operating Conditions Temperature, Pressure Low P High P Low P
*
Temperature, K 1300 - 1530 1530 1310
Pressure, kN/m? 8275 6620 9930 1825
(psia) (1200) (960)  (1440) (265)
Operating Regions
. —0.04 0.03 —0.63
(1) loglPy o/ Py, 0.04
. 1. 1. .
(2) 1°g[PHZO/PHZS] 1.41 39 39 | 0.84

*
Electrothermal gasifier.

Note that the numerical difference between log Keq (2.0) and the Operating
Region (see above values), which is the thermodynamic driving force for
Equation 1 may be from 1.96 (Column A) to 2.63 (Column D). The driving
force does not undergo a sign change, nor a significant change in magnitude,

thus the expected product for this reaction is M (s).

For Equation 2, the thermodynamic driving force ranges from —0.21
(Column A) to 0.36 (Column D). Thus, for a situation in which a gasifier
loses significant system pressure (while maintaining temperature), the new
steady-state operating conditions may cause a reversal of the driving force.
The raw synthesis gas composition would change from the one listed in
Column A (Table 8) to the one listed in Column D (Table 8), with a corres-
ponding change in operating regions. If the magnitude of the driving force
(i.e., log Keq — Operating Region) is near zero, the ratio of products to

reactants at steady-state will remain unchanged.

Further calculations must be made in order to determine other possible
reactions which may form chlorides or hydrides, for example. In general,
it is not expected that altering the temperature and pressure of this system
would change the final distribution of the trace elements significantly.

Some of the minor elements such as nitrogen and sulfur, show variations in
flow quantities which may be of concern downstream during operation of the

purification system.

The assumption of constant residence times is not strictly valid across
the temperature and pressure range discussed. An investigation to determine
the effects of prolonged residence times on trace-elements' volatilization
should be undertaken. It is likely that some trace-element losses may be

proportional to residence time.
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The temperatures which have been used in the computer analyses are
averages over the entire fluidized reactor bed volume. They do not address
the possibility that localized hot spots may exist in the steam-oxygen gasifier,
above the oxygen sparger. These hot spots may be several hundred degrees
hotter than the surrounding areas and thus, enhance the volatilization of
some, otherwise refractory trace elements. The effects of these hot spots
on trace-element distribution are not well understood and may be significant.

Furthe:r investigation is necessary.
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SAMPLING

Sampling Points

The sampling points described in Table 9 and shown in Figure 2 refer
to locations at the HYGAS pilot plant that will yield the most useful informa-
tion concerning trace-element distribution in a commercial-size coal gasi-
fication plant. It must be emphasized, however, that significant calculations
and engineering estimates must be made in order to extrapolate from pilot-

to commercial plant-scale.

Table 9 includes actual, operational data on the temperature, pressure,
and flow rates of the pilot-plant process streams. The type of sample
required at each location is indicated to the right of the listing. Figure 2
identifies each sampling point with respect to other process units and also
gives the concurrent phase or phases to be sampled. In this test plan, some
typical solid-waste streams are to be sampled as slurries (SL) for both
solid and liquid phases. The high pressures encountered in the HYGAS
Process require that all solid streams be slurried with water prior to dis-
charge. Thus, the material sampled from the primary cyclone (Sample
Location 4) will include the effluent slurry medium (L) as well as‘ the parti-
culate matter (S). Care must be taken during sampling and analysis, to
account for water soluble constituents of slurry discharge as well as the

constituents contained in the solid residues.

Similarly, typical liquid effluent streams will be tested for particulate
matter, which may accompany the liquid by entrainment or by incomplete
phase separations. The product gas stream (Sample Location 11) will be
sampled to determine if any of the more volatile trace elements have sur-
vived the numerous gas-cleaning steps. The pretreater (Sample Location 12)
produces solid, liquid, and gaseous effluents. This stream is expected to
harbor much of the more toxic, volatile elements; hence, their analyses

should be of considerable interest.

The base-line data points for the quench water, and toluene
washes should be established early in the test program, as some trace

elements may tend to accumulate in the reactor through a volatilization,
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Table 9. HYGAS PILOT PLANT SAMPLING POINTS

Sample Description

10,

11,

12,

I N

Raw Coal
Ambient Conditions

Pretreated Coal (char)
0.75 kg/s (6000 1b/hr)
700°K (800°F)

115 kN/m? (2 psig)

Light Oil (Toluene)
2.268 kg/s, (18,000 lb/hr)
Ambient- Temp, Pressure

Cvclone Fines
0.126 kg/s (1000 1b/hr)
645°K (700°F)
6895 kN/m? (1000 psia)

Ash From Oxygen Gasifier
0.1327 kg/s (1053 1b/hr)
1090°K (1500°F)

6930 kN/m? (1005 psia)

Char Slurry From Prequench Tower
0.52 kg/s (4140 lb/hr)
408°K (275°F)
6865 kKN/m? (996 psia)

Quench Water to Quench Tower
7.938 kg/s (63000 lb/hr)
310°K  (99°F)

6825 kN/m? (990 psia)

Net Toluene to Storage
2.261 kg/s (17944 1b/hr}
315°K (110°F)

6825 KN/m? (990 psia)

Water Scrub Influent (Base)
Water Scrub Effluent

Acid Gas From Acid-Gas Treatment
0.383 kg/s (3039 1b/hr)
333°K (140°F)
117 kxN/m? (17 psia)

Product-Gas Stream
0.0693 kg/s (550 1b/hr)
310°K (100°F)

6275 kN/m? (910 psia)

Pretreatment Off-Gases, Tars, Oils
Ambicnt Conditions
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Sample Phase

Solid

Solid

Liquid

Slurry

Slurry

Slurry

Liquid

Liquid, Solid

Liquid
Liquid, Solid

Gaseous

Caseous

Solid, Liquid, Gaseous
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condensation, and revolatilization process. A similar recycling of trace
elements may occur in the slurry system. The levels of these accumulations
should be measured periodically in the sampling program to determine if

steady-state levels are attained.

The distribution of certain elements, such as nickel or vanadium, that -
may plate out on process-unit walls, could be estimated more closely by
positioning test coupons in the process gases. However, such a procedure
would be somewhat academic, as both vanadium and nickel should appear
in the ash or in the entrained particulates from the quench towers, thus

reducing the pollution concern.

The pilot plant is, of course, not of commercial size; its capacity is
roughly 0.78 kg/s (75 tons/day). Not all of the process units required in a
commercial plant are in operation at present. As the by-product recovery
units come on-stream, however, the analysis of trace elements can be ex-
tended to include each by-product. Much will be revealed about the efficiency

of the recovery units as well as the salability of the by-product itself,

Not all of the HYGAS pilot-plant process units relate directly to the
example of a HYGAS-based commercial design, as presented in Figure 1.
For example, the pilot plant utilizes a prequench tower prior to quenching,
and the quench liquor is water rather than a cool oil. The cyclone fines
are discarded at present and not recycled as they would be in the proposed
commercial plant. The steam plant at the pilot plant is gas-fired, not coal-

fired, as presented.

The levels of trace constituents in each of the process streams can be
determined from the data of Tables 4, 6, and 7. Since the flow rates of these
tables are based on a commercial-sized coal facility, each must be scaled
down to correlate with the lower flow rates of the pilot plant. Depending
upon the feed coal, the capacity of the HYGAS pilot plant is from 233 to 346
times less than the corresponding commercial-size plant. (See Appendix

C for the basis of these factors.)
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With scaling factors of such magnitude, it is imperative that each sample
taken e representative of the lot,and that sufficient numbers of samples be

analyzed to ensure that the results have statistical significance.

To maintain sample consistency, standard methods of solid, liquid,
and gaseous sampling have been selected from ASTM procedures. Statis-
tically significant results will be attained by sampling each location frequently
(z 20 times) over the course of a 7-day, steady-state, performance-evaluation

period.

Sampling Techniques

§911d SarnEIes

These include both dry, solid discharges and water-slurried, solid
discharges. Each will be collected and prepared according to ASTM Methods,
D-2234-72, "Sampling of Coal' and D-2013-72, '"Preparing Coal for Analyses, "

respectively.

Ligquid Samples

Ar. integral part of the liquid-sampling plan is to obtain flow information
on various in-plant streams as well as on the plant outfall to facilitate com-
pletion of the following tasks:

The characterization of flow rates of waste water and other liquid
effluents as well as variations in them caused by process upsets

The determination of the total amounts of each constituent emitted
from each stream based on the analytical data and the determined
flow rate

The calculation of the solid and liquid mass balances based on the
analytical data gathered for these two kinds of sample analyses

Process stream flow rates can be approximated by the following methods:
1) water meters on effluent lines, 2) container and stopwatch, and 3) salt
concentration. The details of these and alternative measuring methods can
be found in many references.%5:66 One or more of them should be used in
conjunction with operating parameters available from HYGAS pilot-plant

records.
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Some analytical parameters of the liquid sample, such as the pH and
temperature, should be measured at the time of sé.mpling. Other analytical
tests require that the sample be chemically fixed immediately after collection.
This is done to reduce the degradation of certain organic or inorganic con-
stituents in the sample, which may occur during shipping and storage.
Common analytical determinations that require special sample fixation,
their maximum holding time before chemical analyses, and the proper
types of containers for collection, are given in Table 10. Separate samples
are needed for analytical tests, which require that the sample be fixed with

different preservatives.

Gaseous Samples

Gaseous sampling systems will be set up following the ASTM atmos -
phere-sampling method. '"Standard Recommended Practices for Sampling
Atmosphere for Analysis of Gases and Vapors,'" D-1605, Part 23, and the
"'Standard Method for Sampling Stacks for Particulate Matter,'' D-2928,
Part 23 — ASTM standard methods — will be correlated into one sampling

system.

The particulate matter will be collected on a 47-mm filter, and the
gases and the vapors passing through the filter will be collected in a freeze-
out sampling train consisting of a series of traps at progressively lower
temperatures. The refrigerant should be sufficiently cold to ensure that the
vapor pressure of any trapped material will be low enough to prevent signi-

ficant evaporation during the sampling.
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Holding
Time

Table 10. PARAMETERS RELATING TO PRESE

HOLDING TIME, AND SAMPLE STORAGE

Parameter

None

6-12 hr

24 hr

7 days

6 monthks

pH
Temperature
BOD; ™

Mercury
Nitrogen (Total)

Color
Cyanide
Oil and grease

Phenolics

Odor

Calcihum
TOC™

COD’
Fluoride
Hardness
Nitrogen (NH,)

Nitrogen NO;, NO,
Phosphorus

Solids
Sulfate
Sulfide
Turbidity

Metals

¢

Preservation

Refrigeration, 4°C

None

40 mg HgCl1,/y
refrigeration, 4°C

Refrigeration, 4°C
NaOH to pH > 10
2 ml H,S0,/ 1
refrigeration, 4°C
1 g CuSO,/ 4
H; PO, to pH 4
Refrigeration, 4°C

None required

2 ml H,SO, (or HCI)
to pH 2

2 ml HZSO4

None required

None required

40 mg HgCl,/4,
refrigeration, 4°C

40 mg HgCl,/ 4,
refrigeration, 4°C

40 mg HgCl,/ 2,
refrigeration, 4°C

None required

Refrigeration, 4°C

2 ml Zn acetate/ 4

None available

BOD; is 5-day biological oxygen demand.

TOC is total organic carbon.

COD is chemical oxygen demand.

I N ST
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Container

Glass or plastic
Glass or PVC

Glass

Glass or plastic

Glass
Glass

Glass

Plastic
Plastic

Plastic
Plastic
Plastic
Plastic

Plastic
Plastic

Plastic
Plastic
Plastic
Plastic

Glass

or
or

or
or
or
or

or

or

or

or

or
or

TECHNOLOGY
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glass
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glass

glass
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ANALYTICAL METHODS

Solid Samples

These samples include raw and pretreated coal, coa..l fines, slurry
solids, and solid by-products. They should be analyzed for trace and minor
constituents. The initial step for most trace-element analysis is ashing of
the solid sample in a low-temperature ash (LTA) plasma machine, with
subsequent dissolution in the proper acid mixture. Due to volatility, some
elements (such as mercury) will be lost during the LTA process. As a
result, a duplicate sample will be needed for analysis by an appropriate

analtyical scheme.

The analytical methods to be used for each elemental analysis and
some possible alternative methods are given in Table 11. The actual analy-
tical technique to be used for the determination of each constituent will depend
upon the level of that element in the sample as well as on the possible inter-
ferences due to the presence of other elements. A NBS standard reference
coal sample should be concurrently analyzed to ensure the accuracy of the

analyses.

Liquid Samples

These samples include any process unit tars and oils, quench liquor,
toluene, recycled waste water, phenols, and ammonia. Some liquid samples
will contain large quantities of solids and organic materials. Aqueous
samples should be tested for BOD;, COD, color, oil and grease, TOC, TS,
TDS, TSS, and turbidity in the whole sample.* Organic samples need to be

analyzed for trace elements and organic constituents, specifically polynuclear

BOD; is the 5-day biological oxygen demand.
COD is the chemical oxygen demand. !
TOC is total organic carbon,

TS is total solids.

TDS is total dissolved solids.

TSS is total suspended solids.
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Table 11, Part 1.

Constituent

8943

ANALYTICAL METHODS FOR CHEMICAL ANALYSIS
OF SOLID SAMPLES

Method

Detect%on

Limit Rangec

Precifiion,

%o

Antimony

Arsenic

Barium

Berylliura

Bismuth

I N ST

LTA-acid dissolution®

Jodide-benzene extraction

Flameless AAS

LTA-acid dissolution®
Hydride formation
Heated-quartz-cell AAS

. LTA-acid dis solutiona

Flameless AAS

LTA-acid dissolution®
Ion-exchange column
separation
APCD-MIBK extraction
Air-C,;H, flame AAS

LTA-acid dissolution®
Ion-exchange column
separation
APCD-MIBK extraction
Flameless AAS

LTA-acid dissolution®
Hydride formation
Heated-quartz-cell AAS

HTA-acid dissolu.tionaL

HTA-acid dissolution®
HZSO4 ppt

0.001 ppm 0.04-2 ppm

0.001 ppm

0.01 ppm 3.0-30 ppm

0.05 ppm

0.001 ppm

0.001 ppm

0.01 ppm 20 ppm —

| 2%
0.001 ppm

NH,OH-EDTA redissolution

N,0-C,H, FES
65

HTA-Na,COj; fusion
Hot-water leaching
HCI1 dissolution
N,O0-C,H, FES

LTA-acid dissolution®
N,O-C,H, AAS

LTA -acid dissolution®
Flameless AAS

LTA -acid dissolution®
APCD-MIBK extraction
Flameless AAS
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0.0001 ppm

0.02 ppm 0.2-2ppm
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Table 11, Part 2.

OF SOLID SAMPLES

8943

ANALYTICAL METHODS FOR CHEMICAL ANALYSIS

Detection c Precision,

Constituent Method Limit Range %d

Boron LTA-Na,CO; fusion® 0.05 ppm 30-500 ppm 5
Diol-CHC]; extraction
N,O-C,H, FES

Cadmium LTA-acid dissolution®  0.005 ppm 0.1-10 ppm 4
APCD-MIBK extraction
Air"CzHZ flame AAS
LTA-acid dissolution® 0.0001 ppm 1-50 ppm 5
APCD-MIBK extraction
Flameless AAS

Calcium LTA-acid dissolutiona 0.002 ppm 0.1%-2% 3
Air—Csz flame AAS

Chlorine Eshka-HNO; extrac'cion65 1 ppm 0.01% ~ 8
Amperonietric titration - 0.5%

Chromium LTA-acid dissolution® 0.01 ppm 10-500 ppm 4
Air-C,H, flame AAS

Cobalt LTA-acid dissolution®  0.001 ppm  1-50 ppm 5
Flameless AAS
LTA-acid dissolution® 0.0001 ppm 6
APCD-MIBK extraction
Flameless AAS

Copper LTA-acid dissolution® 0.01 ppm 5-50 ppm 3
Air-C,H, flame AAS

Fluorine Oxygen Bomb — SIE® 0.1 ppm 30-300 ppm 9

Germanium LTA-imission spectro- 1 ppm 1-40 ppm 10

graphy

Iron LTA-acid dissolution®  0.005 ppm 0.2% ~ 5% 2
Air-C,H, flame AAS

Lead LTA-acid dissolution® 0.01 ppm 2-50 ppm 4
APCD-MIBK extraction
Air-C,H, flame AAS
LTA-acid dissolution®  0.001 ppm 6
APCD-MIBK extraction
Flameless AAS

Lithium LTA-acid dissolution® 0.001 ppm 2-50 ppm 3
N,0-C,H, FES
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Table .1, Part 3,

Constituent

OF SOLID SAMPLES

Method

Detect%)on
Limit

Rangec

8943

ANALYTICAL METHODS FOR CHEMICAL ANALYSIS

Preci%ion,

%

Magnesium

Manganese

Mercury

Molybdenum

Nickel

Nitrogen

Potassium

Samarium

Selenium

Silicon

Silver

Sodium

I N S T

LTA-acid dissolution®
Air-C,H, flame AAS

LTA -acid dissolution®
Air-C,H, flame AAS

Total combustion —

KMnO,?

Cold vapor flameless AAS

LTA-acid dis solutiona
Flameless AAS

LTA-acid dissolution®
Air-C,H, flame AAS

Kjeldahl digestion —
titration!

LTA-acid dissolution®
Air-C,H, FES

LTA-emission
a
spectrography

1. LTA-acid dissolution®
Flameless AAS

2. LTA-acid dissolution®
Ion-exchange column
separation
APCD-MIBK extraction
Flameless AAS

1. LTA-gravimetric
method?

2. LTA-acid digestion

bomb?

N,0-C,H, flame AAS

LTA-acid dis solutiona
Flameless AAS

LTA-acid dissolution®
Air-C,H, FES

1 T UTE

50

S

0.001 ppm
0.01 ppm

0.1 ppb

0.005 ppm

0.01 ppm

0.001 ppm
0.5 ppm

0.01 ppm

0.001 ppm

0.1 mg

0.1 ppm

0.001 ppm

0.005 ppm

0.02% ~1%

5-100 ppm

0.01-5ppm

1-10 ppm

10-50 ppm

0.02%-0.2%

0.2-2 ppm

Oo 1"50 ppm

1%-5%

0.1-5 ppm

0.01 ~
0.2 ppm

2

10

10
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Table 11, Part 4. ANALYTICAL METHODS FOR CHEMICAL ANALYSIS
OF SOLID SAMPLES

Constituent

Method

Detection
Limitb

Ra.ngec

Precision,

%d

Strontium

Sulfur

Tellurium 1.

Thorium

Tin 1.

Titanium

Vanadium 1.

Ytterbium

I' N S T

LTA-acid dissolution®
N,0-C,H, FES

Eshka-gravimetric
method!

LTA-acid dissolution®
Flameless AAS

LTA-acid dissolution®
Ion-exchange column
separation
APCD-MIBK extraction
Flameless AAS

LTA-acid dissolution®

Ion-exchange column
separation

Colorimetric method

LTA-acid dissolution®

Iodide-isopropyl/ ether
extraction

Flameless AAS

LTA-acid dissolution®
Hydride formation
Heated-quartz-cell AAS

LTA-acid dissolution®
Nzo-CZHZ f].a,me AAS

LTA-acid dissolution®
N,0O-C,H, flame AAS
LTA-acid dissolution®
Ion-exchange column
separation

APCD-MIBK extraction
Nzo-CZHZ flame AAS

LTA-emission
a
spectrography
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0.001 ppm

0.1 mg

0.01 ppm

0.001 ppm

0.02 ppm

0.01 ppm

0.01 ppm

0.1 ppm

0.2 ppm

0.01 ppm

0.1 ppm

10-500 ppm

0.1% ~ 5%

0.1~ 10 ppm

0.1 ~ 5ppm

0.1 ~ 5ppm

0.01% ~
0.1%

10-100 ppm

0.1-1 ppm

[a¥]
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Table !1, Part 5, ANALYTICAL METHODS FOR CHEMICAL ANALYSIS
OF SOLID SAMPLES

Detection Presicion,
Constituent Method Limitb Rangec %d
Zinc LTA-acid dissolution® 0.01 ppm 5-100 ppm 6
Air-C,H, flame AAS
Zirconium LTA-emission a I ppm 10-100 ppm 10
spectrography
Abbreviztions:

AAS -- Atomic absorption spectrophotometer
APCD — Ammonium pyrrolidine carbodithioate
Diol -- 2-ethyl-1, 3-hexanediol

EDTA — Ethylenediamine tetraacetic acid

FES - Flame emission spectrophotometer
HTA - High-temperature ashing

LTA - Low-temperature ashing

MIBK — Methylisobutyl ketone

SIE — Selective ion electrode.

Notes:
% Methods currently in use at IGT.

Detection limits are estimated as the concentration of the constituent in
the sample solution or mixture that would produce a signal twice as large
as the background noise level. In gravimetric methods, detection limits
are expressed as the minimum weight the balance can accurately weigh
(0.1 mg in IGT's Analytical Laboratory).

The range refers to the estimation of the constituent concentration in the
sampla,

Precisions are estimated by applying the specified analytical method to
the sample in the estimated range.
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aromatics. Any emulsified samples should then be separated into three
portions — organic, aqueous, and solid —by filtration and solvent extraction.
The solid portion of the sample should be analyzed for trace and minor
constituents and treated as any other solid sample. A measured portion

of the organic phase of the sample should be evaporated carefully, wet-

ashed, and also analyzed for trace elements. The aqueous portion of the
sample will be analyzed for the parameters listed in Table 12. EPA reference
water samples will be analyzed concurrently to ensure the accuracy of the

measurements.

Gaseous Samples

The entrained particulate matter in gas should be separately recovered
by filtration and analyzed for trace elements using the analytical methods
for solid samples. The gases and vapors collected in the freeze-out apparatus
will be combined and analyzed according to the methods given in Table 13.
We expect that considerable water vapor will condense and freeze from samples

taken from Sample Location No. 12, pretreater off-gases. The volumes

of water can be reduced by preconcentration of the samyples to render
them more manageable for analysis. In addition, provisions should be
made to recover and determine the concentration of polynuclear aromatics

in the effluents of all the stacks in the plant.
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Table 12, Part 1, ANALYTICAL METHODS FOR CHEMICAL ANALYSIS
OF LIQUID SAMPLES

Detection Precision,
Parameter Method LimitP Range® 7,d
BOD, 5 Days Modified Winkler or Probe 60 ppm NA 20
Method -
652 675 68
COD Dichromate reflux 50 ppm 2000 ~ 10
50,000 ppm
Chloride Amperometrical titration5? 67’ ¢ ) ppm 30~500 ppm 5
Color Platinum- cobalt visuai®”’ -- -- --
Cyanide 1. Distillation — silver®® ' ® 0.1 ppm 0.1 ~0.6ppm 30
nitrate titration
2, Pyridine pyrazolone 0.01 ppm 4
colorimetric®s’ 67’ 68
3, SIE 0.01 ppm 5
Mercaptans GC — photometric NA NA
detector®
Metals
Aluminum 1. N,0-C,H, flame AAS 0.1 ppm NA 3
2. N,0-C,H, FES® 0.001 ppm 2
Antimony 1. Air-C,H, flame AAS 0.1 ppm 0.001 --
2. Hydride formation® 0.001 ppm —0.005 5
Heated-quartz-cell AAS
Arsenic 1, Silver diethyldithiocar- 0.01 ppm 0.028- --
bonate3 0.044 ppm
2. Air-C,H, flame AAS? 0.1 ppm 0.01-0.1ppm --
3. APCD-MIBK extraction® 0.01 ppm --
Air-C,H, flame AAS
4. APCD-MIBK extraction® 0.001 ppm 5
Flameless AAS
5. Hydride formation® .001 ppm 3
Heated-quartz-cell AAS
Barium 1. N,0-C,H, flame AAS® 0.05 ppm  0.11 ~ 30
0.16 ppm
2. N,0-C,H, FES? 0.001 ppm 3
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Table 12, Part 2. ANALYTICAL METHODS FOR CHEMICAL ANALYSIS
OF LIQUID SAMPLES

Detection Precision,
Metals ‘ Method Limitb Range® %4
Beryllium 1. N,0-C,H, flame AAS®  0.002 ppm 0.001- -
0.1 ppm
2. Flameless AAS? 0.1 ppb 4
3. Solvent extraction® 0.01 ppb 5
Flamesless AAS
Boron Curcumin colorimetri(:‘67 0.2 ug 0.05 ~ 5
10 ppm
Cadmium 1. Air-C,H, flame AAS68 0.005 ppm 0.4~ 1 ppb --
2. Flameless AAS? 0.05 ppb 5
3. APCD-MIBK extraction® 0,005 ppb 7
Flameless AAS
Calcium Air-C,H, flame AAS®  0.002 ppm  3.6-4.4 ppm 3
10-200 ppm
Chromium 1. Air-C,H, flame AAS® 0.005 ppm NA 3
2. Flameless AAS? 5 ppb 5
68
Cobalt 1. Air-C,H, flame AAS 0.005 ppm 1-2 ppb --
2. APCD-MIBK extraction® 0.5 ppb 30
Air‘CzHZ flame .AAS
3. APCD-MIBK extraction® 0.01 ppb 6
Flameless AAS
Copper 1. Air-C,H, flame AAS® 0.005 ppm 0.016- 20
0.020 ppm
2. APCD-MIBK extraction®™ 0.5 ppb 5
Air-C,H, flame AAS
68
Iron 1. Air-C,H, flame AAS 0.005 ppm 2.6-2.9 ppm 3
2. APCD-MIBK extraction® 0.5 ppb 5
Air-C,H, flame AAS
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Table 12, Part 3. ANALYTICAL METHODS FOR CHEMICAL ANALYSIS-
OF LIQUID SAMPLES

Detectign Preciaion,
Metals Method 1 Limit Range® Po
Lead 1. Air-C,H, flame AAS®  0.03 ppm  0.01-0.1ppm  --
2. APCD-MIBK extraction® 0.003 ppm 10
Air-C,H, flame AAS
3, Flameless AAS? 0.1 ppb 5
Fluoride SIE 0.1 ppm 5
Germanium 1. N,0-C,H, flame AAS68 2 ppfn 0.032 - --
, 0.061 ppm
2. N,0-C,H, FES? 0.5 ppm --
3. Hydride formation?® 0.005 ppm 6
Heated-quartz-cell AAS
Magnesium Air-C,H, flame AAS® 0.01 ppb 1.5-1.8 ppm 2
Mercury Cold-gaﬁgor flameless 0.01 ppb 0.4 ~5ppb 5
AAS? .
Molybdenum N,0-C,H, flame AAS® 0.05 ppm NA 3
Nickel 1. Air-C,H, flame AAS™’® 0,005 ppm 0.023 ~ 20
' 0.034 ppm
2. APCD-MIBK extraction® 0.05 ppb 10
Air-C,H, flame AAS
Potassiurn . 1, Air-C,H, flame AAS® 0.005 ppm 0.1 ~0.2ppm 3
2. Air-C,H, FES® 0.5 ppb 2
Selenium 1. Air-C,H, flame AAS® 0.3 ppm 0.3~ 0.4ppm  --
2. Flameless AAS® 0.001 ppm 0.001 ~ 6
0.05 ppm
Silver 1. Air-C,H, flame AAS® 0.005 ppm NA 3
2. Flameless AAS? 0.05 ppb 6
' Sodium 1. Air-GC,H, flame AAS® 0.002 ppm NA
2. Air-C,H, FES' 0.05 ppb 2
Strontium 1. Air-C,H, flame AAS® 0.01 ppm  0.024 ~ 20
0.033 ppm
2. N,0-C,H, FES? 0.1 ppb 3
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Table 12, Part 4. ANALYTICAL METHODS FOR CHEMICAL ANALYSIS
OF LIQUID SAMPLES

Detection Precigion,
Metals Method Limit Range® To
Tellurium 1. Air-C,H, flame AAS® 0.1 ppm 0.001 ~ --
0.05 ppm
2. Flameless AAS? 0.001 ppm 8
Tin 1. Air-C,H, flame AAS® 0.06 ppm  0.016 - --
0.020 ppm
2. Flameless AAS? 0.001 ppm 8
Vanadium 1. N,0-C,H, flame AAS?® 0.02 ppm 0.002 - --
. 0.004 ppm
2. APCD-MIBK extraction® 0.002 pPpm --
NZO-CZHZ flame AAS
3. APCD-MIBK extraction® 0.2 ppb 10
Flameless AAS
Zinc 1. Air-C,H, flame AAS® 0.002 ppm 0,044 - 8
0.083 ppm
2. APCD-MIBK extraction® 0.2 ppb 6
Air-C,H, flame AAS
Zirconium N,0-C,H, flame AAS® 5 ppm NA 3
Parameter
Nitrogen 1. Distillation nessleri- 0.05 ppm 2500 ~ 10
(Ammonia) zation®®’ 67’ 11,000 ppm
2. SIg? , 0.0l ppm 4
Nitrogen 1. Brucine sulfate®®’ %7’ % 0.2 ppm NA 20
(Nitrate) 2. SIE? 1 ppm NA
Nitrogen Diazotiz%;:’i?_’ri 6%0101'1- 0.05 ppm NA NA
(Nitrite) metric
"Nitrogen Digestign = istil- 0.05 ppm NA 4
(Total) lationgs’ R ‘and
titration
Oil and Liquid-liquigi 0.5 mg NA NA
. 52 67> 68
Grease extraction
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Table 12, Part 5, ANALYTICAL METHODS FOR CHEMICAL ANALYSIS
OF LIQUID SAMPLES

Detection Precision,
Parameter Method LimitP Range® To
Phenolics 1. Colorimetric method® %’ ppm 200- 6600 ppm 4
2. GC —hydrogen flame 1 ppm 4
detector65§67’ 68
3. GC — Ms? 1 ppm NA
Polynuclear " Solvent NA NA NA
Aromatics Extraction, GC-MS
Sulfate 1. Turbidimetric 4 ppm NA 6
method("r” 679 68
2. SIE? 0.1 ppm _ 6
. sy s . : 652 67 68
Sulfide 1. Titrimetric method 1 ppm NA NA
2. SIE? 0.01 ppm 5
Thiocyanate Colorimetric method® 0.1 ppm 20-1000 ppm 5
Turbidity Turbidimetric 1 Jackson NA- NA
method®5’ 677 68 unit
TS Gravimetric, 105°C%’ "% 5 mg NA NA
TDS Glass fiber filtration, 1 mg NA NA
1800C‘65’ 67 68
TSS Glass fiber filtration, 1 mg NA NA

103°- losocéS’ 672 68

Abbreviations:

AAS ~- Atomic absorption spectrophotometer
APCD — Ammonium pyrrolidine carbodithioate
BOD -- Biochemical oxygen demand

COD -- Chemical oxygen demand

FES -- Flame emission spectrophotometer
GC — Gas chromatography

MIBK — Methylisobutyl ketone

MS — Mass spectrometry

NA — Not available

SIE — Selective ion electrode

TDS ~- Total dissolved solids

TS — Total solids

TSS — Total suspended solids,

58

I' NS TI1 TUTE o F G A S T ECHNOL OGYY



8/76 8943

Table 12, Part 6. ANALYTICAL METHODS FOR CHEMICAL ANALYSIS
OF LIQUID SAMPLES

Notes:

& Methods currently in use at IGT.

Detection limits are estimated as the concentration of the constituent in
the sample solution that would produce a signal twice as large as the
background noise.

- The range refers to the estimation of the constituent concentration in the
sample solution,

Precisions are estimated by applying the specified analytical method to
the sample in the estimated range.
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Table 13, ANALYTICAL METHODS FOR CHEMICAL ANALYSIS OF
GASEOUS SAMPLES

Constitucnt

Antimonyv

Arsenic

Cadmium
Chlorine
Fluoride
Germanium

Hydrogen
Cyanide

Lead

Mercury

Nitrogen
(NO,)

Phenolics

Selenium

I' N S T

Detection b Precision,
Method Limit? Range % €
1. Flameless AAS 0.001 ppm NA 5
2. Hydride formation — 0.001 ppm 3
Heated-quartz-cell AAS
1. APCD-MIBK extraction 0,001 ppm NA 6
Flameless AAS
2. Hydride formation 0.001 ppm 3
Heated-quartz-cell AAS
Flameless AAS 0.1 ppb NA 5
Amperometrical titration 1 ppm
SIE 0.1 ppm NA 5
Flameless AAS 0.01 ppm NA 5
1. Colorimetric method 0.1 ppm 2-20 ppB 5
2. Pyridine pyrazolone 0.01 ppm 4
colorimetric
3. SIE 0.01 ppm 5
1. Flameless AAS 0.001 ppm NA 5
2. APCD-MIBK extraction 0.1 ppb NA 6
Flameless AAS
Cold-vapor flameless 0.01 ppb 0.01 ppb 5
AAS
Colorimetric method 0.5 ppm NA 5
1, Colorimetric method 2 ppm NA 4
2, GC — hydrogen flame 1 ppm 4
detector
3. GC ~ MS 1 ppm NA
Flameless AAS 0.001 ppm NA 6
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Table 13, Cont. ANALYTICAL METHODS FOR CHEMICAL ANALYSIS OF
GASEOUS SAMPLES

Detection b Precision,
Constituent Method Limit? Range 7, C
Sulfur Conductivity method 0.1 ppm NA 3
(80,)
Sulfur GC — photometric 0 NA --
(Organic) detector
Tellurium Flameless AAS 0.001 NA 4
Tin Flameless AAS 0.001 NA 4
Abbreviations:

AAS — Atomic absorption spectrophotometer
APCD — Ammonium pyrrolidine carbodithioate
GC — Gas chromatography

MIBK —~ Methylisobutyl ketone

MS — Mass spectrometry

NA — Not available

SIE — Selective ion electrode.

Notes:

@ Detection limits are estimated for the specified analytical method after

the sample has been put into solution.
Most ranges of these parameters are not available.

Precisions are estimated for each analytical method separately.
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SIGNIFICANCE OF RESULTS

This research effort has been directed toward the systematic develop-
ment of an environmental test plan to investigate the fate of constituents of
coal and potential pollutants during gasification. The test plan is a logical
and well-conceived approach to the problem of sample collection and analysis
for trace elements in feeds and residues from coal gasification facilities.
Both engineering and scientific contributions have been made in the develop-
ment of the program. Its implementation at the HYGAS pilot plant or a
similar facility will yield important information on the effluent waste streams
and the efficiencies of by-product recovery units, The following discussion
addresses significant areas of the engineering and analytical work that

were performed during the 6 -month program.

Making an estimate of the environmental impact of a new process
requires a careful engineering analysis of the process streams. Descrip-
tions of the environment in the reactors and other process units,as well as
the possible pathways the trace constituents may take during gasification,
are included in the HYGAS Process Description, The HYGAS-based process
flow diagram presented in Figure l,is one example of many possible flow
diagrams and includes pollution-abatement and by-product recovery equip-
ment, designed for producing environmentally acceptable substitute natural
gas. The tables presented in conjunction with the flow diagram completely
characterize the solid, liquid, and gaseous process streams for each of
three coals —Illinois No. 6 bituminous coal, Montana subbituminous coal,
and lign.te. Because the design is based on the concept of minimum liquid-
effluent discharge, all process water is recycled to waste-treatment facilit-

ies and rreturned to the process.,

A computer program available at IGT to simulate the HYGAS reactor
has allowed us to study many permutations of the operating conditions.
Because the atmosphere to which the trace elements are subjected determines,
to a great extent, the thermodynamically stable forms of each element, the
computer program was instrumental in evaluating the effect of process

changes, upsets, etc., on the trace element distribution. We found that

moderat: upsets in temperature and pressure do not significantly alter the
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values of the operating regions (Appendixes E and F') and, hence, do not

change the expected trace element distribution. Although, to be certain,

this estimate as well as the effect of larger changes in temperature and

pressure on trace element distribution must be verified experimentally.

The extensive free-energy calculations presented in Appendix E were
executed concurrently with the analysis of the trace-element content of the
coal samples. They represent values of log Keq for reactions likely to
occur in the different reaction sections across the operating temperature
range,and are based on the most recently determined thermodynamic quan-
tities. The stable forms of the elements studied in each reaction unit are
summarized in Appendix E (Table E-3). General trends are for oxides and
sulfates to be stable in the pretreater, with sulfides and carbonates being
stable in the hydrogasifier. The CO-shift reactor, which is expected to
equilibrate the gas mixture, contains sulfides and some elemental forms.
Heavier metals — generally the more toxic, volatile species — tend to remain
in the neutral, elemental state as gases or fumes. The operating conditions
in the pilot plant may tend to favor the sulfide forms for these elements,
which would render them more susceptible to complete removal downstream.
As neutral species, their volatilities and low solubilities makes them more

elusive in the gas-cleaning devices.

IGT's trace constituent analysis of coal, 'feed, and char samples pre-
treatment and hydrogasification stages of bench-scale gasification runs served
as the basis for the trace-element mass balances found in Tables 4, 6, and
7. Elements showed various levels of loss from pretreater char and from

first-and second-stage gasification as summarized in Table 14,

Some elements are retained by the ash ma terial or are lost at low
(€10% ) levels during gasification of bituminous or lignite coals. These
include barium, cobalt, iron, lithium, magnesium, molybdenum, nickel,

potassium, samarium, silicon, sodium, and titanium.

A few elements show significant losses during gasification of one coal,
but not for the other. For example, when Illinois No. 6 bituminous coal is

gasified, calcium, silver, and tin are volatilized by 34%, 64%, and 50%,
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Table 14, SUMMARY OF IGT ANALYTICAL RESULTS FOR 38 TRACE AND
MINOR ELEMENTS IN FEED AND RESIDUE SAMPLES OF TWO COALS HYDROGASIFIED
IN A BENCH-SCALE UNIT

Illinois No. 6 Bituminous Montana Lienite

9L/8

3 1 n 11

A9 0 17T O0ONMHDI3I L

¥9

Pretreated Hydrogasified Hydrogasified

Feed Residue Residue Loss Feed Residue Loss
Element ppm — %— ————— ppm - % —
Sb 1.1 0.78 0.72 35 1.2 0.93 23
As 24 21 16 33 18 8.6 52
Ba 31 30 31 0 1300 1300 0
Be 1.0 0.85 0.76 24 0.98 0.76 22
Bi 1.1 0.94 0.54 51 0.72 0.41 43
B 200 190 180 10 85 61 28
Cd 0.89 0.56 0.21 76 0.72 0.33 54
Ca 3500 2800 2300 34 17,000 17,000 0
Cl 2300 1500 590 74 180 95 47
Cr 15 15 15 0 14 11 21
Co 3.6 3.6 3.6 4.4 4. 0
Cu 19 19 19 8.8 6.2 30
F 61 59 45 26 71 45 37
Ge 4.3 4.1 3.9 2.7 2.1 22
Fe 14,000 13,500 13,000 9200 9300 0
Pb 11 5.8 5.8 47 1.9 1. 47
Li 33 33 33 0 5.8 5.8
Mg 570 600 580 0 5800 5700
Mn 48 44 39 19 8.9 8.5 4
Hg 0.12 0.025 0.0045 96 0.73 0.0075 99
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Table 14, Cont. SUMMARY OF IGT ANALYTICAL RESULTS FOR 38 TRACE AND

MINOR ELEMENTS IN FEED AND RESIDUE SAMPLES OF TWO COALS HYDROGASIFIED

Element

IN A BENCH-SCALE UNIT

Illinois No. 6 Bituminous

Montana Lignite

Pretreated Hydrogasified Hydrogasified
Feed Residue Residue Loss Feed Residue Loss
ppm -7 — ppm — % —
7.0 6.9 6.8 2.1 1.9 10
15 14 14 7 23 9
10,400 10,400 2400 77 9200 84
1700 1700 1700 340
0. 0.74 0. 0.51 .50 2
13 11 7. 42 1.7 .58 66
20,000 20,000 20,000 0 13,000 12,000
0. 0.069 0. 64 0.24 .23
1400 1500 1500 180 6
37 38 37 350 34
38,000 29,400 7800 80 9900 67
8. 6.3 4.8 41 0.42 .24 42
2. 1.5 1.0 50 1.9 .8 5
770 770 750 3 320 0
17 15 14 18 67 19
0. 0.55 0. 7.1 0.36 .32 11
49 42 36 27 13 27
35 33 35 0 25 12

9L/8
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respectively. Roughly one-half of each loss occurs during pretreatment.
Losses recorded for calcium, silver, and tin during gasification of nonpre-
treatec, Montana lignite are 0%, 4%, and 5%, respectively. In general,
pretreated coals show greater losses of trace elements because another
exit pathway is available in the flow scheme. Pretreater chars, tars, oils,
and off-gases will contain considerable quantities of trace elements and are

part of the sampling program of the test plan.

Elezments that undergo considerable volatilization in both coals include
arsenic, beryllium, bismuth, cadmium, chlorine, fluorine, lead, mercury,
nitrogen, selenium, sulfur, tellurium, vanadium, and zinc. Many of these
are, of course, the more toxic elements, toward which environmental
concern is directed. Even though the losses of each are high, all are ex-
pected to be effectively scrubbed from the product gas stream prior to
methanation and recovered in various by-product or waste streams. Tables
4, 6, and 7 are the initial estimates of the fate of trace elements in three

examples of HYGAS-based coal gasification complexes.

The sampling and analytiéal program presented here is the major
portion of the test plan. It relies heavily upon the accuracy and i)recision
of the sampling methods, sample preparation, and the analytical techniques
used. The parameters connected with each method or technique should be
evaluatzd individually for possible errors. Any inconsistencies must be
isolated and improved, if possible. The overall precision and accuracy

of the program must be monitored continuously with careful checks.

A comparison between NBS and IGT analytical measurements for four
elements in NBS standard reference materials (SRM) is presented in Table
15, IGT values compare closely with NBS values and show good reproduci-
bility. No statistical analysis was attempted on these duplicate determina -
tions. While this type of comparison shows acceptable analytical accuracy
and pre:cision, it does not, however, address the difficult problems associated

with obtaining dependable samples from a coal gasification plant.
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Table 15. ANALYSIS OF NBS STANDARD REFERENCE MATERIALS
AT IGT LABORATORIES

Element Sample Form NBS Value IGT Value
e PPN ——-
. Arsenic Coal 5.9 (£0.6) 5.5, 6.1
Fly ash 61 (£ 6) 59, 57
Lead Coal 30 (£9) 27, 28
Fly ash 70 (+4) 69, 67 .
Manganese Coal 40 (£3) 39, 38
Fly ash | 493 (27) 481, 488
Zinc Coal 37 (+4) 39, 38
Fly ash 210 (+20) 210, 210

In order to get sufficient data for a statistical treatment, at least 20
samples should be taken at each sampling location during the test program.
The precision of a sampling technique for solids may be estimated by com-
paring the ash content (corrected for SO;) of one sample with the average ash
content of 20 samples. The variation in trace-elements concentration (in
the same coal) from one batch to the next is large enough to make them un-

dependable as tracers.

The representativeness of a liquid sample may be tested by measuring
the sodium contents of each sample or the quantity of particulate matter in
each sample from the same location. There is no true measurement of
accuracy in this sampling technique, because of variations in the composition
of the feedstock plus minor process upsets even at steady-state conditions.

But the problem may be minimized by analysis of large numbers of samples.

The precision of the sample preparation process may be tested by using

a reliable analytical method to measure a certain parameter in the sample
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following the sample-preparation steps. Usually one of the major components
in the sample may be measured precisely enough with respect to the reference
parameter to estimate the precision of the sample preparation process. The
accuracy of the sample preparation process may be estimated along with the

analytical methods by using the "known addition' method.

The precision and accuracy of the analytical methods may be tested by
repetitively analyzing one sample solution by standard addition. To maintain
consistency, this test should also be carried out frequently for NBS and EPA

standard reference materials.

The analytical methods presented in Tables 11, 12, and 13 of the
"Analytical Methods' section are the most reliable and accurate techniques
available for the analysis of trace and minor constituents in solid, liquid,
and gaszous samples. Table 11 outlines methods of analysis for 39 minor
and trace elements that may be found in solid samples. Alternative tech-
niques zre offered for flexibility, Their use depends upon the sample
matrix and other possible element interferences. Atomic absorption (AAS)
and flanie emission spectroscopy (FES) are the major tools for solid sample

analysis.,

The analytical techniques presented in Table 12 cover the organic and
inorganic constituents that may be sequestered in liquid samples. The
various oxygen-demand parameters are included here as are the metals,
total dissolved and suspended solids, mercaptans, nitrogenous compounds,

etc.

Gaseous sample analyses are accomplished largely via flameless AAS
and colorimetric methods following a preconcentration step, as summarized
in Table 13. The analytical techniques presented are for elements that are
likely to appear in any of the gas-sampling streams. The physical properties

of less volatile species obviate any need for their analysis.
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APPENDIX A. ANALYSES OF SYNTHANE WATER
AND TAR SAMPLES

The liquid effluents from any new commercial gasification facility will
necessarily be treated before discharge to ensure protection of the environ-
ment. The water introduced into a HYGAS plant will be recycled to water
treatment facilities and returned to the process; hence, does not pose a
direct pollution problem. Most of the organic material and suspended
solids will be removed from the wastewater, perhaps as by-products;
however, it is of special interest to consider where each potential pollutant

originates in the process.

The analyses that follow in Table A-1 involve the overhead condensate
water in Synthane-Process gasification of several different coals.!'® The
Synthane Process operates at roughly 1255K (1800 °F) and 40 atmospheres

pressure.

A-1
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Table A-1. WATER AND TAR ANALYSES FROM SYNTHANE®’ P
GASIFICATION , mg/liter (Except pH)
Synthane Water Condensate
Ilinois No. 6 Wyoming N. Dakota
Coal Subbit. Lignite
pH 8.6 8.7 9.2
Suspended Solids 600 140 64
Phenol 2600 6000 6600
COD 15,000 43,000 38,000
Thiocyanate 152 23 22
Cyanide 0.6 0.23 0.1
NH 8100 9520 7200
Chlbride 500
Ultimate Analysis of Tars,
Synthane Process
Illinois No. 6
Coal Lignite
Carbon 82.6 83.8
Hydrogen 6.6 7.7
Nitrogen 1.1 1.0
Sulfur 2.8 1.1
C/H 12.5 10.9

a

b

I N §

Data from Forney et al.

No flow rates were reported for the streams where sampling was done.
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APPENDIX B. SAMPLE COMPUTER OUTPUT

Three sets of data from computer runs evaluating the effects of different
operating conditions on hydrogasifier products are presented in Tables B-1
through B-3. The characteristics used in these calculations are those of

Illinois No. 6 seam bituminous coal.

Table B-1 shows data for a case at ''standard'' conditions, i.e., 8275

kN/m? (1200 psia) and 1300 K (1850 °F) in the steam-oxygen gasifier.

The second set of output (Table B-2) is for ''runaway'’ conditions, i.e.,
high pressure in the reactor (9930 kN/m?, 1440 psia) and high temperature
in the steam-oxygen gasifier (1533K, 2300 °F).

The third set of output (Table B-3) is for a situation of high temperature
(1533K, 2300°F) and low pressure (6620 kN/m?, 960 psia).

The corﬁposition of the gaseous product exiting from the low-temperature
reactor (second page of each output set) is used as the basis for calculating
the HYGAS operating regions as described in Appendix F. Expreéssed in
lb-mol/hr, the data may be readily converted to mole fractions for compar-

ison with other raw-gas compositions or for use in equilibrium calculations.

‘A Datacraft 6024 computer was used for these runs. The computer

program was written at IGT.

A
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Table B-1, Part 1.

TYPE OF COAL = ILLINOIS NO.6 COAL DATA BASE

TEMPERATURE s DEGREE F
FLOw RATEs LB/HR

COMPOSITIONe MASS FRACTIONS

ITWVNZCIO

AS

TOTAL

KINETIC ACTIVITY FACTOR FOR LOWw RATE KEACTION
KINETIC ACTIVITY FACTOR FOR HIGH RATE WREACTION

RAPIO RATE ANO ObLVOLATILIZATIUN REACTON INCLUDED

<Ak jb RATE TAKING PLACE IN HIR

cLECTROTHERMAL Or OXYGEN GASIFIER INCLUDED

HALANCE ON RR METHANE
SALANCE OM HTR

SALANCE ON OXYGEN GASIF IER

600.
17.2930

06945
e 0341
«1011
«0127
e 0348
sllbG

1.0000

CASE 1,

FEED COAL CHARACTERIZATION

s

nwn

STANDARD OPERATING CONDITIONS

FRACTION OF FEED CARHON WHICH IS VOLATILE. LR/LB =
FRACTION OF TOTAL VOLATILE CARBON WHICH FORMS
GASEOQUS HYDROCARRONS OTHER THAN CH({4) ==

(C(2IH(6)

AND C(6)H(6))s LR/LB

FRACTION OF TOTAL VOLATILE CARRON WHICH FORMS
CONDENSTIBLE OIL AND TAR, LB/LB

H(2)/7C RATIO IN CONDENSIBLE OIL ANU TAR,

o/scC RATTIO IN CONDENSIBLE OIL AND TaR,

FRACTION OF CARBON IN GASEOUS HYDKUCARBONS OTHER
THAN CH(4)¢AS C(2)H(6) (KEMAINDER AS C

1.0000
«9390

PROCESS DESCRIPTION

TEMPERATURE
TEMPERATURE
TEMPERATURE
TEMPERATURE
TEMPERATURE
TEMPERA TURE

TEMPERATURE

OF

OF

OF

OF

OF

OF

OF

MO

LOw  TEMPERATURE REAC
HIGH TEMPERATURE REAC

ELECTROTHERMAL GASIFI

MOLE /MOLE =
MOLE /MOLE =

(6IH{6))
LE/MOLE =

TORs DEGREE F
TORs DEGKREE F

FRs DEGREE F

1014

« 18473

4527
0657

.52R1

FEED STEAM TO ELECTROTHERMAL GASIFIER,
DEGRFF F
FFED STEAM TO HIGH TEMPERATURE REACTOR,
QEGRFE F

LIGHT OIL SLURKY=FEED

LIGHT OIL VAPORIZER,

SYSTEM PRESSURF ¢+ ATM
RAPID RATE METHANE

+ NDEGREE F

NEGRFEL F

1] (]

1} [}

124K
1720,

1850,

70,

1eno.
148

AOO,

Rl1.66
«1171

9L/8

£v68



I L S N |

v 3 L n 1

A9 01 0NHDOS3IL

€-d

Table B~1, Part 2.

SOLIDS FLOW RATE +MOLE/MR

c
H(2)
v
N(2)
S
ASHe

TEMPERATURE « DEGKEE F

SOLIUS FLOW RATEsMOLE/HR

C
r(2)
g
N(2)
)
ASHe*

TEMPERATURE s DEGREE F

FEED

1.0000
2925
«1093
0078
«0188

2.0129

600.

FEED

«8986
« 0622
0.0000
«0050
+0050
2,0129

12590,

LOw TEMPERATURE REACTOR

CHAR PROOUCT oIL GAS FLOW RATE sMOLFE/HR

PRODUCT
« 8986 + 0209 co
00622 « 0094 co2y
0,0000 +0014 H(2)
«005S0 0,0000 H(2)0
+ 0050 0,0000 ’ CH(G)
2.0129 0.0000 C(2YH(6)
C(o)IH(6)
1250, 1248 NH(3)
' H(E)S
N(2)

TEMPERATURE s DEGREE F

HIGH TEMPERATURF REACTOR

PRODUCT GAS FLOW RATE ¢MULF/HR
.5‘05‘0 ) Cu
«0377 co(2)
0.0000 H(2)
« 0050 (2)0
+ 0050 CH (%)
2.0129 H{2)S
N(2)
1720. TEMPERATURE s UFGRFE F

SULIDS RESINENCE TIME = 137,4077 MINUTES,

CASE 1, STANDARD OPERATING CONDITIONS

FFED

« 3218
«3174
« 24S5?
+« 36846
2430
0,0000
0.n000
0.,n000
0017
00,0000

1720.

FFED 1

+ 2399
«232P
« 3437
«6198
. 0561
<0017
0.,0000

1”%0,

FEED 2

0.00n00
0.0000
0.0000
0.00n00
0.0000
0.0000
0,0000

1000,

PRONUCT

e 3374
o« 3URG
e 3hGk
¢ 3915
o ”5R1
N 0u9
«N015
« 0057
. 0185
0,Nn000

1248

PROPUCT

<3215
A1 74
2652

e ARRE

« 2430
<0017
0,0000

1720,
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Table B-1, Part 3. CASE 1, STANDARD OPERATING CONDITIONS

SOLIDS FLOW RATEsMOLE/HR

C
H{2)
0
Ni2)
S
ASH#

[EMPERATURE s DEGREE F
SULIDS RESIDENCE TIME =

FEED

«5654
«0377
0.0000
«0050
«0050
2,0129

1720,

OXYGFN GASIFIER

PROOUCT GAS FLOW RATE ¢yMOLF /MR FFED )
« 0167 cn 0,n000
«0107 cO(2) 0.000nn

V,0000 H(2) 0,0000
« 0050 H(c)O0 Q,0000
«0033 CH (&) 00,0000

2,0129 0) .137¢

H{2)S 0.0000
N(2) 0.,0000
1850. TEMPERATURE ¢ DEGRFF F 370,

16,9477 MINUTLES,.

FEED 2

0.0000
0,0000
0.0000
10500
0.0000
01,0000
0.0000
U.0000

1100,

PRODUCT

«”2 399
« 7378
¢4 37
A 195
+ 0561
0,0000
<0017
N, 0000

1R&0,

9./8
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Table B-2, Part 1. HIGH TEMPERATURE, HIGH PRESSURE OPERATING

FE-D CUAL CHAKACTERIZATION

TYPt OF CuAab = ITLLINOTIS NO.6 COAL DATA BASF

TeEMPERATURE « DEGHEE F = R00,
FLUw PaTke L B/HR = 17.2930
CUMPOSITIUNS MASY FRACTIUN
C = .3 %]
H = U341
t) = elUll}
N = 0127
S = VKTY. )
ASH = ellb4
TOoOTAaL = l.000vV

KINETIC ACYIVITY FACTOR FOR LOw RATE XEACTION =
KINETTC ACTYIVITY raCTOR FOR =l KATE wEACTTON =

PROCFSS

<AL WATe 84D GEVOLAT[LIZATION WREACTOR INCLUDED
<AP U Rale TamniNou PLACE [N HTR

rLECTROTHERMAL UR UXYGEN GASTFLER INCLUDED
HALaNCE UN Pr ME TranNE

daLarn(CE ur Hik

SALANCE ON OXAYOGEN GASIF JEW

FRACTIUON OF FFED CAKRON wHWICH IS VOLATILE., LB/LR

FRACTION OF TOTAL VOLATILE CARRBON WHICH FORMS
GASEOVUS mYDROCARRUNS OTHER THAN CH(4) ==

(CL2IN(6)

AND C(OIH(A)) .

LR/LB

FRACTION OF TOTAL VOLATILE CARRON WHICH FNORMS

CONDENSIRLE OIL AND TAR,

LB/LR

H{2)/7C KRATIO IN CONDENSIBLE OIL AND TAR,
u/C RATIO IN CONDENSIHBLE OIL AND TAR.
tRACTIUN OF CARHBUN IN GASEOQUS HYDROCARBUONS OTHER

THAN CH(4)sAS C(2)H(6)

1.0000
« 9390

DESCHIPTION

TEMPERATURE
TEMPERATURE
TEMPERATURE
TEMPERA I UKE
TEMPERATUKE
]t”PEQAIURE

TEMPERATURE

OF

UF

OF

OF

OF

UF

OF

= . 2058
MOl E/vMOLF = «6527
F= « 0657

MOLF. /M ¢

(KEMAINDER AS C(AIH(A))
MOLF /MOLF

LOW  TEMPERATUNRE WREACTORS L'EGHREE F

HIGH TEMPERATURE WEACTORe DEGWEE F

ELFCTROTHERMAL GASIFIFR. NEGREE F

FFED STEAM TO ELFCTROTHERMAL RASIFIFER.

NEGREF

NEGRFF

LIGHT OIL SLURRY=FEEN, ULEGWEF F

LIGHT Ol

SYSTEM PRESSURF s ATM

RAFID KATE

ME THANF

VAPUKRIZFR

DEGRFE F

1014

o 1843

«52R1

F

FFED STEAM TO HIGH TEMPERATURF REACIOWS

F

]

CONDITIONS

18972
2150,

2300,

370,

1000,
294

B0o,

Q97.98

«lada
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Table B-2, Part 2. HIGH TEMPERATURE, HIGH PRESSURE OPERATING CONDITIONS

SOLIUS FLUW RATE ¢MOLE/HK FEED CHAR PROOUCT ofL GAS FLOW RATEsMOLE/NR FFED PROMUICT
S PRrROQOUCT o
C 1.0000 « 8986 «0209 co « 39917 « 36135
r(2) +2925 «0622 .009a co2) «285R ) <3686
V] «1093 0.0000 «0014 Hig) « 2423 et 145
N(2) <0078 «0US0 V,0000 H(2)0 465K « 4436
S <0148 «0uS0 0,0000 CH(4) « 1927 2072
ASH® 2.0129 2.,0129 - 0.,0000 C(2IH(A) 0.0000 « 0049
. C(BIHIB) 0.0000 <0018
TEMPERATURE . DEGHREE F 800, 1590. 1592 . Nh(3) 0.0000 «00S7
H(2)S e 0041 «0179
N(2) 0.0000 0,0000
TEMPERATURE, DEGREE F 2150, 1592

HIGH TEMPERATURE REACTOR

SOLIVUS FLUW RATE sMULE/HR FEED PruDUCT GAS FLOW RATE oMOLF /HR FFED FEED ¢ PRODUECT
L <8986 «5YB4 v «3323 0.0000 3993
n(2) « 0622 08614 co2) «2138 0,0000 « 7RSB
(V] 0.,0000 V0000 H{2) « 3316k 0.0000 « 2423
nN(2) « 0050 «UUS0 r(2)0 6772 V.0000 «4hSH
S « 0050 «0US0 CH(%) «0319 0Ue 0000 «1927
ASHE 2.0129 2.0129 H{2)S « 00461 0.0000 o 104
M(2) 0,0000 0.0000 N,0000
TeMPERATUKE s DEGHREE F 1590, 2ivv. TEMPERATURE s UEGRFE F 2300. 1000, 2150,
SULIUS WESIDENCE 1IME = « 1917 MINUTES.
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Table B-2, Part 3. HIGH TEMPERATURE, HIGH PRESSURE OPERATING CONDITIONS

SOLIUS FLUW RATEsMULE/HR

C
H(2)
U
Ni2)
S
ASH®*

leMPERATURE s DEGKREE F
SULIVS WESIDENCE TIME =

FEED

+ 5984
+ 0416
0,00v0
« 0050
2050
2.,0129

2150.
«3571

OXYGEN bASlFlER

PrODLCT

0208
«0148
ve.0uL0OD
«00S0
«0uuaQ
2.,0129

230vu.
MINUTES .

GAS FLOW RATE +MOLE/MR

TEMPERATURE , -

co
COLL2)
H{c)
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Table B-3, Part 1.
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Table B-3, Part 2.
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APPENDIX C. FLOW RATE DETERMINATION — SCALING FACTORS

The flow rates from Tables 1, 2, and 3 of the text were taken directly
from examples of IGT process designs for commercial-scale coal gasifica-
tion plants based on bituminous, subbituminous, and lignite coals. The
English units have been converted to the corresponding SI-approved metric
notation. Variations in each process are footnoted at the end of each table.
The design for a lignite-coal-based plant incorporated the use of a magneto-
hydrodynamic (MHD) unit to produce process power. The MHD unit did
effect the quantities of off-site coal required in the process, as compared

to coal-fired steam boilers.

Sample feeds, intermediate products; and residues from the bench-
scale gasification of Illinois No. 6 seam bituminous and Montana lignite
coals were analyzed for trace elements at IGT. No trace analysis has been
completed on a subbituminous coal. The analyses were reported in parts
per million of trace element per unit weight of dry coal fed to the bench-
scale reactor. The flow rates of the three coals fed to a commercial-size

reactor were calculated as —

kg/s (dry)

Illinois No. 6 Bituminous 133,29
Montana Subbituminous 148.36
Lignite 177.04

These flow rates do not include steam-plant feed or pretreater losses.
The data from the trace analyses and the flow rates were used to calculate

the corresponding trace-element flow rates in a commercial plant.

The calculations for Table 4 (Illinois No. 6 coal) were straightforward,

requiring only scaling by a commeon factor.

The lignite design calls for about 19% more dry coal fed to the hydro-
gasifier than the subbituminous design, and 1.193239 was used as the factor
to calculate the flow rates for trace elements shown in Table 6 for subbitu-
minous coal. To simplify the preparation of this table it was assumed that

subbituminous coal has approximately the same trace-element composition
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as lignite coal. (The uncertainty of this assumption was addressed earlier

in the report section on Process Steps, page 30).

Thus, based on dry coal feed, the flow rates of each trace element in
Table 7 are a factor of 1.193239 greater than the corresponding flow rate
shown in Table 6.

Scaling Factor

To determine the corresponding values of trace-element flow rates
expected from a commercial plant based on data from the HYGAS pilot

plant, the following factors should be used:

HYGAS Capacity 0.787 kg/s raw coal (75 tons/day)

Moisture Content of Feed Coals, %

Bituminous 6.5
Subhbituminous 22
Ligr.ite 35

Flow Rates of Dry Coal Required, kg/s Hydrogasifier

Bituminous 133,29
Subkituminous 148.36
Lignite 177.04
Conversion Factors Based on Dry Coal Hydrogasifer
Bituminous 181
Subbituminous 241.5
Lignite 345.9

Note that the lignite factor is 1.9 times the bituminous factor for the

hydrogasifier feed and 1.4 times the corresponding subbituminous factor.

Energy Flow Rates

The summary table presented in the HYGAS Process Description section
is reprocuced here as related information. The moisture content, heating

values (HHV), and process mass and energy flow rates for three coals are
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shown below with some additional data. Note that the quantities of coal
energy to the "Process'' and to the '"Offsites' are quite similar for the

bituminous and subbituminous coals, differing from each other by less than

1 and 5 percent, respectively.

Heating
Value, Raw Coal Coal to Coal to Product Process
Dry Basis to Plant Process Offsites SNG Energy Efficiency
Moisture MJ/kg GJ/s %
Coal Content,%  (Btu/lb) (kg/s)
Lignitea 35 26,2839 4.9902 4,6532 0. 3370 3.0528 71.7
(11, 300) (292.09) (272.36) (19.72)
Subbituminous 22 26. 2865 5,0750 3. 8828b 1. 192?.b 3.0528 67.2
(11, 301) (248.61) (158. 68) (48.72)
Bituminous 6.5 29.3142 5.0513° 3.9151°¢ 1.1362°  3.0528 66.2
(12.603) (183,29) (133, 29) (38.68)

2 A magnetohydrodynamic (MHD) unit provided energy for an electrothermal gasifier in this design,

b Partially dried coal contains 6, 5% moisturc.

€ Dried coal contains <19 moisture.

The overall energy efficiency for the subbituminous design is 67.2
percent; that for the bituminous design is 66.2 percent. Because of the use
of a magnetohydrodynamic unit for electric power generation in the lignite
design, the energy requirements are not comparable to the other two designs.

However, the efficiency of this early lignite-based design was calculated at
71.7 percent.
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APPENDIX D. DISCUSSION OF PROCESS UNITS AND REACTIONS

To determine the thermodynamically stable form of each trace (or
mihor) element in coal in the HYGAS operation, attention was given to the
temperatures of each reaction unit, and to pressure when the reaction was
affected by the pressure. Otherwise, the stable form was calculated on
a thermodynamic basis, and other physical properties indicated the phase
of the material. For volatile elements and compounds, the vapor pressures

were calculated at the temperatures considered.

For purposes of this study, the primary reaction units are the pre-
treater, the high-temperature and steam oxygen gasifiers, and the CO-
shift reactor. The operating conditions and typical gas composition for each

unit are developed in the following paragraphs.

Pretreater (for Agglomerating Coals): 700K (800 °F)', 115 kN/m? (2 psig)

In the pretreater, the atmosphere to which the coal, including its
mineral matter, is exposed differs throughout the bed and even in different
zones of a particle. Air enters at the bottom of the fluidized bed, while
the gaseous matter devolatilized from the coal contains hydrogen, hydro-
carbons, water, and oxides of carbon and sulfur. Carbon monoxide and
carbon dioxide are also formed during partial combustion of the coal
particles. The pretreater off-gas contains all of these products as well as

unreacted oxygen.

The reaction of oxygen with the particles occurs only in a peripheral
zone of the particles, while partial devolatilization occurs throughout.
Because of the mixing in the fluidized bed, the residence time, and thus
the extent of the reactions (that of the mineral matter as well as oxidation
and devolatilization of the coal substance), may vary greatly from particle

to particle.
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An approximate analysis of pretreater off-gases for Illinois No. 6

coal is —
mole% mole%
Co | 3.49 C3H, 0.46
o, 6.26 N, 65. 09
E,O 20.11 0, 2.37
CH, ' 0.46 Ar 0. 84
C,H, 0.23 S0, 0.69

This gas stream also contains the volatilized trace elements listed in

Table 4, under Pretreater Losses,

High-Temperature Reactor and Steam-Oxygen Gasifier: 1300K (1880 °F),
6995 to 8375 kN/m* (1000 to 1200 psig)

The conditions of the HTR and the steam-oxygen gasifier (OG) are the
most extreme of the gasification facility, At 1300K, many trace elements
are in the vapor phase and available for reaction with other process gases.
The reactors operate as fluidized-bed reactors, and the atmosphere to which
trace and minor elements are exposed is highly reducing. The typical
gaseous components exiting from the light-oil vaporizer for a bituminous,

subbituminous, and lignite coal are listed below:

Component Bituminous Subbituminous Lignite
Mole %

CO 19.84 21.97 . 11.49
(IO‘2 14,83 14,11 14.85
HZ 20.66 21.18 14.51
HZO 16.66 17.81 29.39
(IH4 13.04 9.76 16.67
(ZZH6 0.13 0.79 0.81
(36H6 0.43 0.18 0.13

NH3 0.54 0.15 --
FHCN (C3H8) 0.03 0.01 (0.27)
HZS 1.16 0.19 0.24
0il 12.62 13.83 11.28

CoSs 0.01 0.00186 --
1\1’2 0.05 0.01 _0.36
100.00 100.00 100.00

D-2
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Water-Gas Shift Reactor: 560K (550 °F), 6995 to 8375 kN/m?* (1000 to 1200 psig)

The carbon monoxide-shift (CO-shift) reactor is a fixed-bed reactor
using a cobalt-molybdenum catalyst in which the gaseous compounds reach
equilibrium. The catalyst is tolerant of sulfur compounds and oils in the
feedstock, and it can withstand the high system pressure and inadvertent
upsets that could introduce water onto the hot catalyst. Typical CO-shift

reactor feed compositions are listed below for the three types of coals:

Component Bituminous Subbituminous Lignite
Mole %
CO 16.74 19.31 8.53
CO2 12.51 12.40 9.78
H2 17.42 18.62 29.81
HZO 38.84 38.39 24.91
CH4 11.00 8.58 24.58
c2H6 0.36 0.69 1.20
C6H6 0.11 0.15 0.26
NH3 - 0.45 0.13 --
HCN (C3H8) 0.03 0.01 ©(0.40)
HZS 0.98 0.16 --
0il 1.51 1.55 --
COS 0.01 -- --
N2 0.04 0.01 0.53
100.00 100.00 100.00
Reactions

The reactions studied were those considered likely to occur with the
more reactive gaseous components, i.e., oxygen and carbon dioxide in the
pretreater (but not nitfogen or water), and hydrogen, hydrogen sulfide,
carbon dioxide, carbon monoxide, and water in the hydrogasifier. A com-
puter program was used to calculate the free energy changes (AG) for each
reaction as a function of temperature. Then the equilibrium constants were

calculated from the equation —

AG= —RT In Keq
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where AG is the free energy change (cal/g-mol), R is the gas constant
(cal/g-mol-K), and T is the absolute temperature (K). The equilibrium
constart (Keq) is described in Appendix F in connection with the determina -
tion of operating regions. The results of all these calculations are tabulated
in Table E-2, Appendix E. Plots of log Keq versus temperature for several
kinds of reactions are included later in this report. (See Figures E-3

through E-21, Appendix E.)

The earlier equilibrium calculations included oxidation reactions for
carbides and nitrides; however, a literature investigation of naturally occur-
ring ni‘rides and carbides failed to reveal any (except carbides in some
iron meteorites), Later calculations concentrated on the typical modes
of trace and minor elements in coal as reported in the literature. (See
Bibliography entries 6, 7, 20, 34, 45, and 50.) Table 5 (refer to main
text) summarizes the literature information as to the possible modes of
occurrence of trace elements in coals. Thus, for example, cadmium

exists in coals as cadmium sulfide (CdS), and calculations were made with

CdS as a reactant.

The reactions for the three reaction areas are listed below:

Pretreater MS + 3/2 O2 e MSO;<

MS + 20, u MSO,

MS +3/2 0, 2 MO + SO,

MO + CO, rd McCo,

' -+

MSO, pu MO, + SO,
HR, OG, MS + H, @ M(s,g) + H,S
CO-Shift 5 2

MO +H, 2 M(s,g) + H,0

MS +H,0 i MO + H,S

MS + CO, +H 4 ;

v , * H,0 ) MCO, + H,S

+ H
4 > : MSO3 + HZO

MSO, + 3H, rd MS + 3H,0

MO + CO, e Mco,

MO + 2HCl e MCL, + H,0

MS + 2HC] é MCL, + H,S

MO + 2HF e MF, +H,0

X
M refers to the elements in this study
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Some other reactions were investigated thermodynamically where data were

available. These involved nitride or carbide hydrolysis, hydrogenation or

oxidation, and hydride formation:

MH, + H,S

>
MS + 2H, [ , tHy
MO + 2H, 2 MH,, + H,0
M,C, + 2H,S + 4H2 4 2MS + 3CH,
Mc2 + st + 3H2 rd MS + ZCH4
M,C + CO, + 2COS & 2MS + 4CO
M,C + 2H,S e 2MS + CH,
M3N2 + 3H,0 rd 3MO + 2NH,
Y
M,N,, + 6H, ¢ 3MH2. + 2NH,

Calculations were done to compare the relative stabilities of chloride com-
pounds with first- and second-period oxides and with BeCl, or MgCl,, such

as —

M,O + BeCl @ 2MC1 + BeO (See Figure E-16.)
& 2MCl + MgO (See Figure E-17.)

Finally, the formation of BeH,(g) and the reactions of KO(g) were investi-

gated:
BeS + 2H, @ BeH,(g) + H,S
BeO + 2H, @ BeH, (g) + H,0
Be,C + 4H, @ 2BeH, (g) + CH,
2KO(g) + H,S & K,S(s) + H,0 +1/20,
2KO(g) + H,S @ K,S(s) + H,0,
KO(g) + 3/2H, @ KH(g) +H,0
D-5
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As this work progressed, gaps in the data interfered with the complete
and detailed analysis that was our aim. It is apparent that even though
interest is growing in trace-element research, considerable work is re-

quired in the area of thermodynamics.

Whzare data were not available, not applicable to a certain temperature
range, or of uncertain or questionable validity, the similarity in physical
and thermodynamic properties of compounds formed from elements in the
same period of the Periodic Table was used as a basis on which to interpo-
late potential results. Some generalizations can be made concerning the
trace elements on this basis. For example, the first period elements tend
to favor carbonate formation in the hydrogasifier. The stable forms of the
elements in the Periodic Table range from carbonates on the left, to oxides,
to sulfices, and to non-metallic hydrides on the right. Many heavy metals
tend to iremain in the elemental form. Of course, some elements are ex-
ceptions to this generalization. As far as the data indicate, sodium chloride,

zircon, boron fluoride, and tin (I1) chloride are stable in the hydrogasifier.

For all thermodynamic calculations in the three main reaction units,
the operating region was determined and compared with the equilibrium
constant. If the value of the operating region was less than the calculated
value of Keq’ the reaction proceeded as written. If the value was greater,
the reverse reaction was assumed to occur. This assumption follows directly
from thermodynamic considerations and allows for sufficient time to equi-

librate. For example, in the case of the reaction
PbS(s) + H,O(g) @ PbO(s) + H,S(g)

occurring in the steam-oxygen gasifier at 1300K, the value of log Ke is
—4.417. The value of the operating region (determined from Table E-1,
Appendix E, for the reaction type —MS + H,O 2 MO + H,S) is —=1.16. The
value of log Keq is less than the value of #he operating region, therefore,
the reverse reaction is favored. (See Appendix E for additional examples. )
This study does not take into account the kinetics and reaction rates of

the individual components, the complex problems associated with hetero-
genous reactions, or the effects of diffusion. Thus, it may be possible for

an oxide to exist in the gasifier when thermodynamically it should be a sulfide.
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Similarly, a sulfide may not be completely oxidized in the pretreater, but
may exit as a sulfite or sulfide. Gaseous reactions that are expected to

occur in the CO-shift reactor will be catalyzed readily.

When predicting the fate of trace elements, the problems are multiple,
as the actual form of an element may be quite different from the calculated

form.

With continued research and the analysis of HYGAS process and by-
product streams, these questions will be more readily answered, contri-
buting to the understanding of possible trace-element emissions and to the

design of more environmentally sound process.
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APPENDIX E. Presentation and Discussion of
Thermodynamic Calculations: Tables and Graphs

The follbwing tables and graphs are the result of computer and other
calculations made to determine the equilibrium constants (Keq) for many of

the reactions more likely to occur in a coal-gasification plant.

The tables list the elements, each followed by the relevant reactions
(oxidation) of the pretreater, and the reduction reactions (hydrolysis,
hydrogenation, carbonation, or exchange) of the hydrogasifier and CO-
shift reactor. Miscellaneous reactions are presented when the physical
properties of an element warrant — such as low bubble point, high vapor
pressure, or toxicity. Across from each reaction, the log of the equili-
brium constants (log Keq) is listed for temperatures encountered in the
major reaction units: 1300, 700, and 600K. Values for other temperatures
are presented when the available data did not extend to 1300K. Occasionally,

data were estimated through extrapolation.

Equilibrium curves for pretreater, hydrogasifier, and CO-shift reactions
are presented in Figures E-1 to E-19. The ordinate is log Keq;,the abscissa
is temperature in degrees Kelvin (K). The first- and second-period elements —
lithium, sodium, potassium, beryllium, magnesium, calcium, strontium,
and barium —are analyzed in detail in these graphs. The periodic nature
of their thermodynamic properties is evident and can be used to extend

data to other, less documented elements with confidence.

Figures E-1, E-2, and E-3 indicate that the oxidized form of these
elements is favored thermodynamically in the pretreater. Figure E-4 shows
that only beryllium chloride and magnesium chloride would tend to oxidize
in the pretreater. The other reactions are possible, though unlikely, pro-
vided that fluorine and chlorine gas partial pressures are small enough to

draw the equilibrium to the righf.

Carbonate-forming reactions are presented in Figures E-5 through
E-8. For the firsf period oxides or sulfides, carbonates are the stable
form. The heavier second-period oxides and sulfides will form carbonates
preferentially in the CO-shift reactor (but not beryllium oxide), while the

operating conditions in the hydrogasifier favor carbonate formation from
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barium oxide, strontium oxide, beryllium sulfide, magnesium sulfide,
strontium sulfide, and barium sulfide. In cases where the operating region
overlaps the plotted equilibriufn curve, such as in Figures E-7 and E-8,
the direction of the reaction may be evaluated by Le Chatelier's Principle.
This principle states that:
"Any change in one of the variables that determines the state of a
system in equilibrium causes a shift in the position of equilibrium

in a direction which tends to counteract the change in the variable
under consideration.

I'N ST I TUTE 0 F G A S TECHNOLOGY



I 1 S N

0 3 1 n 1

v

A9 0 1T O0ONHDZ3 1

€~

LOG Kequil

O BeS+3/20,=BeS0;
50 — A MgS+3/202'.'_' MgSO3
0O CaS+3/20, = CaSO3
V SrS+3/20, == SrS03
40 <& BoS + 3720, = BaS03
VALUES OF LOG
30 —
20 |—
10 }—
PRETREATER
0 | I I | I I I | |
300 400 500 600 700 800 900 1000 1100 1200 1300

A-124-2209

Figure E-1. OXIDATION REACTIONS OF SECOND-PERIOD SULFIDES TO SULFITES

Values of Log ﬁ/(po $/2) at 600 X =+  (CO-Shift)
- ¢ -~ 700K -=1.02 (Pretreater)
1300 K = -~ (HYGAS)

"The partial pressure of oxygen in these units is vanishingly
small. The value of log approaches oo,

9L/8

€¥68



I L S N

3 L n 1

A9 0 1T 0O NMHDO3 1L

O BeSO3 + 1720, BeSO,4
50 |— A MgSOyz +1/20, =MgS0,
O CaS0;3 + 17120, =CaS0,
V SrS03 + 17202 7=5rS04
C BaSCs +i/20, =Ba50,
40 |— VALUES OF LOG
30—
20—
10—
PRETREATER
0 | l I ' | | l | | |
300 400 500 600 700 800 900 1000 1100 1200 1300
K

A-114-2210

Figure E-2, OXIDATION REACTIONS OF SECOND-PERIOD SULFITES TO SULFATES

Values of Log [:1/( )‘/ZJ' at 60C K = * (CO-Shift)
700 K = 0.34 (Pretreater)
1300 K = » (HYGAS)

* The partial pressure of oxygen in these units is vanishingly
small. The value of log approachesoe, ‘

9L/3

€68



I L S NI

v 3 1L n 1

A9 0 17T O0ONHDI3I L

140

120 }—
100 |—
%
¥ 80—
(O]
o
- O BesNz + 7720, == 3860+ 2NO,
60 [— A MgyN,+ 720, 3= 3Mg0O+ 2NO,
O CazN,+ 720, == 3Ca0+ 2NO,
V SrzN,+ 720,= 3SrO + 2NO,
O BagN; + 720, == 3Ba0+ 2NO,
40 [— < Be,C + 20, == 2Be0+CO,
D> Mg,Cy+ 40, 2MgO +3CO0,
® CaCy+ 57202 == CaO+2CO0>
20 l | I | | | | | | |
300 400 500 600 700 800 900 1000 1100 i200 1300
K
A-124-2217
Figure E-3. OXIDATION REACTIONS OF SECOND-PERIOD NITRIDES AND CARBIDES TO OXIDES

Assuming 10 ppm NO, in the NO,-Forming Reactions, at 700 K, the
r 2 /27 - o
Values of Log [ (PNOz) /(POZ) ] 7.63 (Pretreater)

< Log[ (P))/ (PG )? ]
B Log [ (Prq, )/ (Pg )t ]

O Log[ (PCOZ)Z/(POZ)S/ZJ = - 0.71 (Pretreater)

0.15 (Pretreater)

il

=0.90 (Pretreater)
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20

10—
0 — =0
E/.D—" Cl,REACTIONS
F, REACTIONS
- -0

LOG Kequil

———

——

O BeCl, + 1720, 3= BeO +Cl,
A BefFp +1/202,= BeO + F,
-40 O MgClp + 17202 2= Mg0 + Clp
V MgF, +1720,= MgO+ F,
<O CaClp + 1720, 3= CaO + Cl
, < CaFp #1/20,z= Ca0+ F;
-50 e 7 " O VALUES OF LOG D SrCla + 1720, = SrO +Clp
/ P // Cl, REACTIONS @ SrF, +1/720,3= SrO + F»
// // /g // ~-~=-F; REACTIONS A BaClip +1/20 = BOO+C|2
/ / 7 B BaFz +172023= BaO +F;
-60 y | ~ A7/7 | l | | i ! | |
300 400 500 600 700 800 900 1000 1100 1200 1300
K
A-124-2219

Figure E-4. OXIDATION REACTIONS OF SECOND-PERIOD CHLORIDES AND FLUORIDES TO OXIDES
Assuming Cl; = 10 ppm and F; = 1 ppm in the Pretreater, at 700 K, the

- 1/27] - .
Values of Log !-(PC12)/(POZ) / :| = - 4,66

Log [(PFZ)/(POZ)I/ZJ = -5.66
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20

0] K20 +C02 :K2003
A N020+ COZ:NOZCO3

VALUES OF LOG

400 500 700 800 900 1000 1100 1200

CO-SHIFT = HYGAS X
K A-124-2214

Figure E-5, CARBONATE-FORMING REACTIONS OF FIRST-PERIOD OXIDES
Values of Log (1/P at 600 K = —1. 36 (CO~-Shift)
1300 K = —1. 17 (HYGAS)

co,)
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14 O Kzs + COZ + Hzo = st "KzCOs
3 A NozS+COp + HyO = H,pS + NayCOs
o D LipS +CO, + Hy0 = H,S + Li,CO4
, 0 waLues oF 10g
1 p— ~
0 f—
9 ——
8 S
37
3
X 6 t—
3
< 5
4 S
3 —
2 S
| -
0]
_I —
_2 S
-3 — HYGAS
-4 | | | | | l l |
3C0 400 500 600 700 800 900 1000 1100 1200 1300
K
8-124-2206

Figure E-6. CARBONATE-FORMING REACTIONS OF FIRST-PERIOD SULFIDES

Values of Log L(PHZS)/(P PCOZ)] at 600 K

1300 K

11,0

—2. 71 (CO-Shift)
—2.33 (HYGAS)

IL/8

€968



1 S NI

v ‘3L n 1

A9 0710 NUHDO 3 L

6-3

O BeO+ COp ==BeCO53
A MgO+ COp == MgCO5
20 0O Ca0+ COp, ==CaCOy3
V SrO+ COp==Sr CO3
O 800+ CO2==BaCO03
VALUES OF LOG
10 [N—
.‘g
o
()]
X
.
o
a
0
CO-SHIFT
-10 | I I | | l | | | |
300 400 S00 600 700 800 900 1000 1100 1200 1300

K B-124-221|

Figure E-7. CARBONATE-FORMING REACTIONS OF SECOND-PERIOD OXIDES
Values of Log (l/PCOZ) at 600 K = —1. 36 (CO-Shift)
' 1300 £ = —1.17 (HYGAS)
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O BeS + H,0 + CO,=BeCOz +H,S
A MgS+H,0+ CO,==MgCO5z+H,S
D CaS + H0 + CO,==CaC0z+H5S
V SrS+ Hy0+ CO,==SrCO3 +H,S
0 BaS + H20 + COz::BOCOa +H28

VALUES OF LOG

CO SHIFT

-8 ] | l | | | | | I |

300 400 500 600 700 800 900 1000 1100 1200 1300
K

8-124-2218

Figure E-8. CARBONATE-FORMING REACTIONS OF SECOND-PERIOD SULFIDES
Values of Log| (PHZS)/(PHZO)(PCOZ)]at 600 K = —2. 71 (CO-Shift)
1300 K = —2. 33 (HYGAS)
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-

O LiS04 + Hp ==Li2S03 + Hp0
-5 A LipSO3 + 3Hp === LiS + 3Hp0
O Na3S04 + Hz === Na3S03 + H0
-6 V Na2SO3 + 3Hp === NagS + 3H20
O K2S04 + Hp == K»S03 + H0
=1 4 K2S03 + 3H0 == KpS$ + 3H0
8 VALUES OF LOG
-9
-10 [ | | I I 1 | ] | I
300 400 500 600 700 800 900 1000 100 1200 1300
K A-124-222I

Figure E-9. REDUCTION REACTIONS OF FIRST-PERIOD SULFATES TO SULFITES TO SULFIDES

Values of Log[ (PHZO)/(PHZ)“! at 600 K = —0, 07 ( CO=-Shift)

Log [(P

1300 K = —0. 09 (HYGAS)

3 3
HZO) /(PH;_) ] at 600 K = —0. 22(CO-Shift)
1300 K = —0. 28 (HYGAS)
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LOG Kgquil

89304 + Hz -— 83503 + Hzo
89803 + Hz - BeS+ 3 H20 HYGAS
MgSO, + H, == MgSO, + H,0

MgSO3 + Hy == MgS + 3 H,0

CaS0, +Hy == CaSOs + H,0

CaSOx + Hy; == CaS + 3H,0

SrS04 + Hy == SrS0O3 + HZ0

Sf303 + Hz -— SrS + 3 Hzo

BOSO4+ Hz -— 80303 + Hzo

80503 + Hz: BaS + 3H20

-6 | | | | | | | | | l
300 400 500 600 700 800 900 1000 OO 1200 1300
K

VALUES OF LOG

RrpPOVAOQIODO

A-124-2213

Figure E-10. REDUCTION REACTIONS OF SECOND-PERIOD SULFATES TO SULFITES TO SULFIDES
Values of Log [(PHZO)/(PHZ)} at 600 K = —0. 07 (CO-Shift)
1300 K = —0. 09 (HYGAS)
Log [(PHZO)3/(PH2)3jat 600 K = —0. 22 (CO-Shift)
1300 K = —0. 28 (HYGAS)

9L/%

£y68



3 L. N 11 L S NI

v

S

A 9 0 17T O0ONHDODS3I L

1 Bl

40

O Kz0+H,S==K»S +Hy0
A Liz0+HpS == LiaS+ Hz0
O Nap0+HS== NapS+Hz0
VALUES OF LOG

A A
CO-SHIFT A A A TS
| | | | | | | I
300 400 500 700 800 900 1000 1100 1200
K
A-124-2207

Figure E-11, SULFIDE FORMATION FROM FIRST-PERIOD OXIDES

1

1.35 (CO-Shift)
1.16 (HYGAS)

Values of Log [(PHZO)/(PHzS)] at 600 K
1300 K
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20

LOG Kequil

O SrO+HS = H,0+5rS
A BeO+ HaS== H,0+BeS
O MgO+H,S= Hz O+MgS
V' Ca0+H,S == H,0+CaS
< BaO+H,Sz= H,0+Bas

VALUES OF LOG

| | I | | | | I I I

300 400 500 600 700 800 800 1000 1100 1200 1300
K

A-124-2212

Figure E-12. SULFIDE FORMATION FROM SECOND-PERIOD OXIDES
Values of Log [(PHZO)/(PHZS)J at 600 K = 1.35 (CO-Shift)
1300 K = 1. 16 (HYGAS)
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_ CO-SHIFT
.5 o
g A
x L)
©
(o} O <
-
10" 4 :
O BeCly+H,S=BeS + 2HCI
) [ A MgCly+H, ST=MgS + 2HCI
O CaCly+H,S==CaS +2HC!
-20 V BeF, +H,S<=BeS +2HF
L Y O MgF, +H,S=MgS +2HF
4
O VALUES OF LOG g cors , 4os==Cas +2HF
> M92C3+2H2$==2Mgs+3CH4
v @ CoC,+H,S+3Hs==CaS+2CH,
-30 A Be,C+C0,+2C0S=2BeS+4C0
B Be,C+2H,S==2BeS+CH,
40 1 | 1 | | | | | | |
300 400 500 600 700 800 900 1000 1100 1200 1300

K B-124- 2294

Figure E-13. SULFIDE FORMATION FROM SECOND-PERIOD
CHLORIDES, FLUORIDES, AND CARBIDES

Assuming HC1 = 500 ppm and HF = 50 ppm, the
Values of Log [(pHCl)Z/(p )] at 600 K = —2. 63 (CO-Shift)
1300 K = —2. 67 (HYGAS)
_ , - :
Log [ (Pyx) /(PHZS)J at 600 K = —4. 63 (CO-Shift)
1300 K = 4. 67 (HYGAS)

H,S

_ s , _
For Eq.A Log [ (P )"/ (Pe ) (Pco,)] at 1300 K = 8. 02 (HYGAS)
For Eq.l Log [(PCH4)/(PHZS)Z:} at 1300 K = 0. 99 (HYGAS)

2 3 J——
For Eq.@® Log [(PCH4) /(Pyy, ) (Pyy )] at 1300 K = ~1. 78 (HYGAS)

E-15
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91-3

60

VAOQODO

L|20 + BeC|2:Beo +2LiCl
Na,O+ BeCl,=Be0O+2NaCl
K>0 + BeCl,==BeO +2KCl

MgO+ BeCIz—::BeO+MgCI2
CaO + BeCl,==BeO +Ca Cl,
SrO + BeCl,#BeO + SrCl,
BaO+ BeCIzzBeO +BaCI2

10
0 | l
300 400 500 600 700 800 900 1000 1100 1200 . 1300
A—-124-2222

Figure E-14, FORMATION OF BeO FROM BeCl, AND FIRST- AND SECOND-PERIOD OXIDES

Note: Operating Regions (Log Values) are not calculated for solid-phase reactions such

as these.
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L1-d

Lio O + MgCl,==Mg0 + 2L.iCl
Na,0+ MgCl, ==MgO + 2NaCl
K50 + MgCl,==MgO +2KCL
CaO + MgCl, —=MgO + CaCl,
SrO + MgCl; —=MqgO + SrCl,
BaO + MgCl,—MgO + BaCl,

AOQOPBO

-V
o | | | | | | |
300 500 700 _, 900 1100 1300
K A-124-2215

Figure E-15, FORMATION OF MgO FROM MgCl, AND FIRST- AND SECOND-PERIOD OXIDES

Note: Ope}x;ating Regions (Log Values) are not calculated for solid-phase reactions such
as these.
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140

O BesNz + 3Hp0 === 3BeO + 2NH3
130 A MgaNz + 3Hp0 == 3Mg0O + 2NH3
120 O CazNp + 3Hp0 == 3Ca0 + 2NH3
SrzNa + 3H0 == 3Sr0 + 2NH3
QA A L TIU_ N —a 2D/ 8 Pl LN
”0 ——rve 0 AR Y-A dia sl d el L L] LI"IS
v 833N2 + 6H2 -7-—"338""'2 + 2NH3
100 |— VALUES OF LOG

0

S0 — O-SHIFT HYGA

_20 L

_30 SN

-40 }—

50 | | | | ey 1 ] |
300 400 500 600 700 800 SO0 1000 [{o]0] 1200 1300

B-124-22i16

Figure E-16. HYDROLYSIS OF SECOND-PERIOD NITRIDES TO OXIDES AND NH; —
HYDROGENATION OF Be;N, TO BeH;

For Eq.V , Assume BeH, = 1 ppm, the
2 3 6] - —
Values of Log [(PNH3) (PBeHz) /(PHZ) 1at 1300 K = —12. 43 (HYGAS)
2 35 _ .
Log [(PNH3) /(PHZO) jat 600 K = —. 83 (CO-Shift)
1300 K = —4, 20 (HYGAS)
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61-d

60

O 2KO(g)+HzS(g) = K,S(s)+H,0(g)+1720,(g)
A 2KO(g)+H2S(g) == K,S(s)+H,0,(q)

O KO(g)+3/2H,(g)= KH(g)+H,0(q)

VALUES OF LOG

300 400 500 600 700 800 900 1000 100 1200 1300

A-124-2208
Figure E-17, MISCELLANEOQOUS REACTIONS INVOLVING KO (g)

Assuming KO = 1 ppm and O; = 0. 01 ppb, the
1/2 2 -
Value of Log [(Pg ) / (Py, o)/ (Pp,g)(Pr o) Jat 1300 K = 4. 66 (HYGAS)
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02-34

-60

CO-SHIFT
\ FOR Eq. A
FOR Eq.O

FOR Eq.0

O BeS+2H,==BeH,(g) +HyS
A BeO+2Hy==BeH,(g) + Hy0
m} Be20+4H2::28eH2(g)+CH4

VALUES OF LOG

i | ] | | l | l | 1

300

Figure E-18. HYDROGENATION OF BERYLLIUM COMPOUNDS FORMING BeH; (g)
Assuming BeH, = 1 ppm, the
Val f Log [ (P P

ues of Log [ ( HZS)(

400 500 600 700 800 900 1000 Hoo 1200 1300
K

A~124-2220

)/(Pyy,)* Jat 600 K = —6. 88 (CO-Shift)

1300 K = —6.57 (HYGAS) for Eq.O
2)2] at 600 K = —5,53 (CO-Shift)

1300 K = —5. 41 (HYGAS) for Eq.A
Log E(PCH4)(PBeH2)/(PHZ)4j at 600 K = —12. 73(CO-Shift)
1300 K = ~12.15 (HYGAS) for Eq.[l

BeH:

Log [(PHZO)(PBeHZ)/(PH

1

9L/8

£¥68



3 L n 11 4L S NI

v

A9 0 17 0NUHDA 3L

12-d

70

60
50 O SbyaSz + 3CO2 + 3H20 —= Sbo(CO3z)3z + 3HLS
A SbpS3z + 9/2 05 === Sby(S03)3
40 0O SbpSz + 6 0o === Sba(S04)3
V AspS3 + 3H0 <= As503(g) + 3H,S
30 O Sba(S04)3 + 12Hp —SbySz + 12H0
VALUES OF LOG
20
0
PRETREATER
o) —— = Y
=10
~205
=30 _o0——0——0—O0—0" O -O-
s | | | | | | | | | |
300 400 500 600 700 800 900 1000 1100 1200 1300
K A-124-2223

Figure E-19,

MISCELLANEOUS REACTIONS OF ANTIMONY AND ARSENIC COMPOUNDS
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The elevated pressures found in the hydrogasifier favor carbonate
"formation in these reactions, This follows from a consideration of the
effect of pressure on reaction equilibrium for several situations which may

be encountered:
1. BeS +H,0 + CO, @ BeCO, + H,S (Figure E-8)
2. BeO + H,S @ BeS + H,0O (Figure E-12)
3. H,0 2 H, +1/20,
4. MgCl, + Li,O @ MgO + 2LiCl (Figure E-15)

In case 1, two moles of gas (H,0, CO,) will react to form one mole of
gas (H;S). Increasing the partial pressure of either H,0 or CO, (or decreas-
ing PH;_S»)’ will push the reaction to the right. Decreasing the partial press-
ure of H,O or CO, (or increasing H,S or introducing inert gas), will pull the

reaction to the left.

In case 2, one mole of H,O will react to form one mole of H,S. Varia-

tions in pressure will not affect the equilibrium conversion of this reaction.

In case 3, one mole of gas decomposes to form 1.5 moles of product
gas. Increasing the partial pressure of H, or O, will force the equilibrium

to the left,

In case 4, solid phase reactions are not affected by changes in system

pressure¢. (See comments on Figures E-14 and E-15).

The effect of pressure can be similarly judged for the other reactions

posed in this study.

Figures E-9 and E-10 show the steps of reduction for the first- and
second-period sulfates. The reduced forms of these elements are stable
with respect to the oxidized forms in the HYGAS reactor. In Figure E-9,
the reduction of sulfate to sulfite is not favored, but the overall reaction of

sulfate to sulfide is favored in the hydrogasifier.

Figures E-11 and E-12 attempt to tie the oxides and sulfides together
in the hydrogen sulfide/water exchange reactions. In general, the sulfide

form is preferred, except for beryllium and magnesium oxides.

ITNST I TUTE. 0O F G A S TECHNOLUOGY
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In Figure E-13, various chloride, and some miscellaneous reactions
are presented. Here it is assumed for calculational purposes, that 500 ppm
of chlorine (as HCl) and 50 ppm of fluorine (as HF') exist in the HYGAS and
CO-shift reactors at steady state. The chlorine levels for some lignite
feeds may be this high in the raw gas from the hydrogasifier but much lower
in the CO-shift reactor, depending upon removal efficiency during water

quenching. These reactions go to products as indicated.

Figures E-14 and E-15 show that beryllium and magnesium oxides are
thermodynamically favored in these solid-phase exchange reactions. This
is evidenced by the high positive values for the log of the equilibrium constant

(log Keq) over the given temperature range.

The hydrolysis of nitride compounds is shown in Figure E-16. Figures
E-17 and E-18 present some miscellaneous reactions involving potassium
oxide (gas) and beryllium compounds. Figure E-19 contains some reactions
of arsenic and antimony compounds. The oxidation of antimony sulfide
proceeds readily in the pretreater while the sulfate is readily reduced in
the hydrogasifier. Arsenous oxide (As,0;, gas) is thermodynamically
stable with respect to its sulfide in the HYGAS unit. Arsenous sulfide
(As,S;, liquid) is stable with respect to its oxide in the CO-shift reactor.
Considering several other arsenic-related reactions, however, the metallic

form (As °) predominates in all reaction units.

The calculations presented in Table E-1 comprise the thermodynamic
operating conditions in each of the process units for selected reactions.

The derivation of these values is presented and substantiated in Appendix F.

Table E-2 contains the results of computer and other calculations to
determine the equilibrium constants for the elements in numerous reactions
at various temperatures. Elements not considered in this table, because
only limited thermodynamic data are available, include germanium, samarium,
and ytterbium. Chlorine, fluorine, nitrogen, and sulfur are not directly
presented because the reactions include them as chlorides, fluorides,

ammonia, and sulfides.

E-23
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Pretreater (700K)
MS +3/2 O, @ MSOs

MSO; + 1/2 0, 2 MSO,
MS --20, @ MSO,

MS +3/2 0, @ MO +50;,
MO + CO, @ MCO,

MSO, @ MO, + SO,

HTR, OG (1300K ); CO-Shift (600K)

MS 4+ H, 2M(s, g) + H,S
MO + H, @M(s, g) + H;O
MS + H,0 @ MO + H,S
MS 4 CO, + H,0 @MCO,
MSO; + 3H, 8MS + 3H,0
MSOQ, + 4H, @ MS + 4H,0
MO + CO, @ MCO,

MO -+ 2HCL 2 MCl, + H,0
MS 4 2HC1 @ MCl, + H,S

MD -- 2HF 2 MF, + H,0

8943
Table E-1. CALCULATED VALUES OF OPERATING REGIONS |
[ Parameter] Log [ ]
[1/poz3/2] b 1.02
[1/13021/2 ] 0.34
[l/POZZJ 1,36
[PSO:/PO‘:/Z] _1.14
[I/Pco;r] 1.20
[Pso;_ ] —-2.16
HYGAS CO-Shift
[PHZS/PHZ ] -1.25  —1.25
[PH?.O/PHZ:I —0.093 0.348
[PHZS/PHZO] —1.16 —1.60
A [PH;_S/Pcoz -PHZOJ —2.33 —-2.70
[PHEO3/PHZ3 ] —0.280 1.04
[PHZO4/PHZ4 ] —0.374 1.39
[I/PCOZJ -1.17 —1.097
[PHZO/PHCIZ ] 3.82 4.19
[PHZS/PHCIZ ] 2.67 2.59
[PHZO/PHFZ ] 5.82 6.19
[Py s/ Prype 4.67 4.59

MS + 2HF @ MF, + H,S

Bituminous Coal,
*¥% 21% O, is in the pretreater air.

Based on Pretreater off-gas composition Table 1, Part 3, Column D.
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Table E-2, Part 1.

Antimony, 5b,S; (See Figure E-19.)

Sb,S; +9/2 O, 2Sb, 0, + 35S0,
Sb,S, + 30, #2Sb(s) +3S0,
Sb,S; + 30, 225b(g) + 350,
Sb,S; +30, # 1/2 Sb,(g) +350,
Sb,S; +3H,0 @ Sb,0O + 3H,S
Sb,S, + 6HC1 @ 2SbCl, + 3H,S
Sb,0; + 6HC1 22SbCl, + 3H,0
Sb +3HC1 2 SbCl; + 3/2 H,
Sb(g) +3HCL 25bCl; + 3/2 H,
Sby (g) + 12HCI #4SbCl; + 6H,
Sb,0; +3H, # 25b + 3H,0
Sb,0, +3H, #2Sb (g) +3H,0
Sb, 0, +3H, 21/2 Sby(g) + 3H,0
Sb,S; +3H, #25b +3H,S

Sb,S, + 3H, #25b(g) +3H,S
Sb,S; + 3H, #1/2 Sb,(g) + 3H,S

Arsenic, FeS,.FeAs,; (See Figure E-19.)
As + 3/2 H, @ AsH,(g)
As,0, + 3H; ? 2As + 3H,0
As,;0y + 6H, & 2AsH,(g) + 3H,0
A5;0 +6HCL #2A5C1, + 3H,0
AsH, + 3HC1 RAsCl; + 3H,
As + 3HCL @ AsCl; + 3/2H;

Barium (See Figures E-1 to E-4, E-7,

E-8, E-10, E-12, and E-14 to E-16.)

Beryllium (See Figures E-1 to E-4, E

THERMODYNAMIC EQUILIBRIUM CALCULATIONS OF LOG Keq WITH TEMPERATURE

Temperature, K

E-8, E-10, E-12 to E-14, E-16, and E-18,)

Bismuth, Bi,S,
Bi,0; +3H,S ¢Bi,S; +3H,0
Bi,S; +3H, #2Bi(g) +3H,S
Bi,S, +3H, @ 2Bi(4) + 3H,S
Bi,O; + 3H, @ 2Bi(g) +3H,0
Bi,0; +3H, #2Bi(¢) + 3H,0

1300 1200 1100 1000 900 800 700 600 500 400 298
98 Feq 93.6
54.933
29,753
51,348
—9.241 -10.44 ~12. 041
~3.723 — 3.888 — 4,148
3.704 6.552 7.893
—1,758 — 0. 8445 — 0.383
5. 609 11.746 12. 092
—1.967 3.792 8.136
6.238 9.399 8. 659
—1.915 —16.939 —-22.987
5.229 4,656 3.825
—1.354 - 2.199 -~ 3.382
=21.7 —-27.379 —35.028
—1.019 — 5.784 — 8.216
-5,222 - 5.752 — 6.484
10. 683 13.858
' —2.285 —1,229
-0. 895 1.893
0.72 1,561 2.948
5.764 —5.9825  —6.2765
_7.
15.004 17.749 21.047
—6.309
3.065 0.599 — 0.868
2.584 0.4 — 2.585
16.942 18. 348 20.0
B75030438a
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Table E-2, Part 2.

Ziitn, D(GCHy)s

B,O; +4HCl +H, # 2BCl,(g) +3H,0O
B,0, +4HF +H, #2BF,(g) + 3H,0

Calcium (See Figures E-1 to E-4, E-7,

E-8, E-10, and E-12 to E-16.)

Cadmium, CdS
CdS +3/2 O, 2CdO +S0,
CdS +0, # Cd +50,
CdS +20, #CdSO,
CdS +H,0 RCdO + 14,5

CdS +H,0 +CO, #CdACO; + H,S

CdO +CO, @ CdCO,
CdS + 2HCL 2CdCl, +H,S
CdO + 2HCL #CdCl, +H,0
Cd +H,S #CdS +H,
Cd +1/2 O, 2CdO
CdSO, +4H, @ CdS + 4H,0
Chlorine
Chromium
Cobalt, CoS
CoSO, +4H, #CoS +4H,0
CoS + H,O 2Co0 +H,S
Co0O +2HC1 @CoCl, +H,0O
CoS +2HClL #CoCl, +H,S

Copper, CuS
CuS +20;, 2CuS0,
Cu,S + 5/2 O, #CuSO, +Cuo
CuS +3/2 O, 2Cu0 +S0,
CuSO, +4H, ?CuS +4H,0
CuSO4 + 4CO 2 CuS +4CO,
CuS +H, 2Cu(s) + H,5
CuS +H,0 2#Cu0 +H,S
Cu,S + H, #2Cu(s) +H,S
Cu,5 +H,0 2Cu, 0 +H,S
CuO + H, 2Cu +H,0

Temperature, K

THERMODYNAMIC EQUILIBRIUM CALCULATIONS OF LOG Ke

WITH TEMPERATURE

1300 1200 1100 1000 900
—22.471
—13.951
— 5.204
—30.393
—25.003
— 2.145
3.059
1.597
16.212
17.072
—1.872
—0.168
—2.04
0.484
~4.912
—2.758
—6.821
5.396

log &
ig‘%q

800 700 600 500 400 298
—46.765 -~55.96
=31.271 —37.924
26,036
12.203
39.805

— 8.644 —10.039

-28.944 —28.634

—20.3 —18.595

— 0.483 0.47

8.161 10.509

6.841 8. 434

13.833

22.739 25.199

22.144 24.791

-~ 4.349 - 5.223

3.226 4. 805

- 1.123 — 0.418
34,731
7.683
25.746

27.813 31.117

31.517 48,697

— 0.426

—=10.363

— 4.579

—12. 404
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Table E-2, Part 3. THERMODYNAMIC EQUILIBRIUM CALCULATIONS OF LOG Keq WITH TEMPERATURE

Temperature, K

JE 1200 1100 000 900 00 700 500 500 300 798
log Keq

2Cu0 +H,S + H, #Cu,S +2H,0 6.775 12. 227
Cu,0 +H, #2Cu +H,0 - 0.075 0.314
Cu,S + H,S #2CuS +H, - 3,726 - 3.727
Cu,S +2HCL # 2CuCl +H,S - 4.293 — 3.449
Cu,S +2HF #2CuF +H,S -20.103 —51.785
Cu; S +4HC! #2CuCl, + H, +H,S -17.872 ~18.055
Cu,$ +4HF #2CuF, +H, +H,S 21,446 -21.987

Fluorine

Germanium

Iron, FeCQ,, FeS;, FeO
FeS, +30, #FeSO, +50, 62.523 75. 636
FeS, +0, # FeS +S0, 19.308 21.899
FeS;, + 5/2 O, # FeO + 250, 50. 845 59.425
2FeS, + 11/2 O, #Fe,0, +450, 57.78 68. 102
3FeS, +80, @ Fe,0, +6S0, 55.959 65.776
FeCO, #FeO +CO, 3.876 2.963
2FeCO, +1/2 O, #Fe,0, +2CO, 10.816 11. 641
FeS, +H, # FeS +H,S 0.264 - 0.551
FeS +H, #Fe +H,S - 2.267 - 4.343 ~ 5.108
FeS +H,0 2 FeO + H,S —1.814 — 3.143 - 3.618
FeS +H,0 +CO; # FeCO, + H,S -12.571 —-12.356
FeS, + Hy +H,0 4 CO, @ FeCO, + 2H;S -19.552 —20.025
FeS + 2HC1 # FeCl, +H,S - 2.325 - 0.089 1.009
FeS, +4HG1 # FeCly(g) + 2H,5 + 1/2 Cl, -15.589 -18. 651
FeS +2ZHF 2 FeF, + H;S - 8.457 - 5.651 ~ 4,674
FeS, +4HF 2 FeF,(g) + 2H,S + 1/2 F, 26,584 —31. 459
FeO +2HCL 2 FeCl, +H,0 -~ 0.512 3.054 4.627
FeO +2HF 2 FeFy(g) + H,0 ~ 5.437 —-11.42 -13.527
FeO +3HCI @ FeCly(g) + H,0 + 1/2 H;, ~ 3.758 ~ 5,341 - 5.959
Fe + 1/2 O, #FeO 16.836
FeSO, + 4H, # FeS + 4H,0 19.224 21.037
Fe,O, + 2H,5 +H, # 2FeS + 3H,0 6.237 8.041 8.573

B75030438¢
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Table E-2, Part 4,

THERMODY NAMIC

EQUILIBRIUM CALCULATIONS OF LOG Ke

q WITH TEMPERATURE

1200

Pigy

ivuu

Lead. PbS

PbS + 20, # PbSO, 14
PbS + 3,2 O, 2 PbO(g} + SO,
PbS + 0, 2 Pb + SO,

PbS +H,0 + CO, PbCO, +H,S —31
PbO + CO,# PbCO, —26
PbS +H,0 2 PbO(g) +H,S - 6.
PbS +H,Q 2 PbO(s) +H,S - 1.
PbS +H, & Pb{¢) +H,S -
PbS +3/2 H, @ PbH(g) +H,S -
PbS +2HCl 2 PbCly{g) + H5 -
PbS +2HF 2PbF, +H,S -
PbS +3/2 0, # PbO(s) + SO,
PhSO,; + 4H, & PbS + iH,0 13,
Pb +1/2 O 2 PbO(g)
PbO(s) @ PbO(g) - 2.
Pb +1/2 O, #Pb0O(s) 3.
Lithium (See Figures E-5, E-6, E-9,
E-1}, E-i4, and E-15.)
Magnesium (See Figures E-1 to E-4, E-7,
E-8, E-10, and E-12 to E-16.)
Manganese MnCO,;, MnO,
MnCO; +H,5 & MnS +CO; + H,0
MnCO,; @ MnO +CO,
MnO +,5 # MnS +H,0 2.
MnSQ, +4H, @ MnS +4H,0
MnCO, +2HC1 @ MnCl, +H,O +CO,
MnO +2ZHCI 2 MnCl, + Hz0 0.
MnCO, + 2HF #MnF, + H,0 + CO,
MnO +2HF @ MnF, + H, O -1
MnS + 2HCL #MnCl, +H, § -1
MnS + 2HF @ MnF, + H,5 —_—

[ ]

.987

L133
.716
697
417
998
404
. 197
. 157

395

37
677

167

54

.918
. 627
.085

Temperature, K
29U suy TN elPIoA b0 200 298
log Keq
42.731 52.913
15. 469
15. 445
—30.267 —30. 142
-22.078 ~-20.676
—-19.212 ~23.1754
- 8.189 — 9.466
— 3.59¢9 — 4.584
—16.737 -20. 552
0. 809 1.974
- 2.018 — 1.418
26.491
19.813 21.861
0.023
—-11.023 ~14.288
11.046 13,811
4.962 4,181
1.027 ~ 0.384
3.935 4. 565
16.202 18.592 20.286
6.073 6.554
5.042 6.938
2.671 2. 622
1.64 3.006
1.107 2,373
- 2.295 —~ 1.559
B75030438d
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Table E-2, Part 5,

THERMODYNAMIC EQUILIBRIUM CALCULATIONS OF LOG Keq WITH TEMPERATURE

Temperature, K

1300 1200 1100 1000 900 800 700 600 400 298
log Keq
Mercury, Hg, HgS

HgS +3/2 H, @ HgH + H,S ~13.26 —16.57
HgO + H,S 2 HgS + H,0 8.835 16.182
Hg(g) + 1/2 H, @ HgH(g) — 8.28 —14.35 —16.783
HgS +H,0 #HgO(g) +H,S —15, 147 ~-19.08
HgS +2HF 2HgF,(g) +H,S —17.244 —-19.216
HgS +2HC1 2 HgCl, + H,S - 3,502 - 4.381
HgO(g) + 2HF @ HgF, +H,0 — 4.403 - 2.097 - 0.138
HgO(g) + 2HC! # HgCl, + H,0 3.225 11. 645 14. 697
HgS + 0, *Hg + SO, 20.134

HgS +3/2 0, #HgO(g) + SO, 19. 545

HgS + 3/2 O, #HgO(s) +50, 20.845

HgO(s) #Hg(g) +1/2 O, - 0.711

HgO(g) @ Hglg) +1/2 O, 0. 601

HgO(s) #HgO(g) - 1.312

Hg +1/2 O, # HgO(g) —~ 0.601

HgO(s) +2HF # HgF, + H,0 ~ 3,47 —~ 3.034
HgO(s) +2HC1 2HgCL + H;O 10.333 11. 801
HgS + H, 2Hg(g) +H,S - 2-3 1.05 0.213
HgO(s) +H, #Hg + H,0 14,925 16. 395
HgF, +H, # Hg(g) + 2HF 13.79 18.334 19. 429
HgCl, +H, 2 Hg(g) + 2HCI1 5.162 4.592 4.594

Molybdenum, MG,S,
Mo,S; + 6H,0 # 2MoO, + 3H,S + 3H, -25.836 —29.553
MoS, + 2H,O @ MoO, + 2H,S -18.61 —20. 385
MoS,; + 3H,O @ MoO, + 3H,S — 9.904 —12.151
Mo, S; + 3H,0 # 2MoO + 3H,S +1/2 O, —110.316 —-132. 843
Mo, S, + 4H,0 ® 2MoO, + 3H,S + H, —57.781 —66.28
B75030438e
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Nickel, NiS, NiCO;, Ni,S,

Ni +1/2 O, 2 NiO

Ni3S, + 7/2 Oy 2 3NiO + 250,
NiyS, + 9/2 O, # 2NiSO, + NiO

NiS + 20, @ NiSO,

NiSO, + 4H, # NiS + 4H,0

3NiSO, + 13H 3 Ni,S; + 12H,0 + H,S

NiO + H,S @ NiS + H,0
NiO + H, # Ni + H,0

NiyS, + 3H,0 @ 3NiO + 2H,S + H,
NiQ + CO, # NiCO,

NiyS, + 2H, 23Ni + 2H,S

Ni + H,S @ NiS + H,

NiS + 2HF # NiF, +H,S

NiS + 2HCL @ NiCl, + H,S

NiO + 2HF 2 NiF, + H,0

NiO +2HCl #NiCl, +H,0

Ni,S, + 6HF #3NiF, + 2H,S + H,

Ni;5, + 6HCL  3NiCl, + 2H,S + H,

3NiS 2 Ni S, + S
NiS + CO, + H,O2 NiCO; + H,S

Nitrogen, Organic

Potassium (See Figures E.5, E.-6,

E,9, E-11, E.14, E.15, E.17)

Samarium

Selenium, SeS, FeSe,
Se + H, @ H,Se(g)
Se{g) + 2H, ¢ 2H,Se(g)
Se + 6HF 2SeF, + 3H,
Se,(g) + 12HF 2 2SeF, + 6H,
SeH, +6HTF # SeF, + 4H,

Silicon, 5i0,
Si0,(s) *8i0(g) + 1/2 O,
Si0, + 2H,S & 2H,0 + SiS,(s)
Si0, + 2H, 2 Si(s) + 2H,0
SiO, + 4H, @ SiH,(g) + 2H;O
Si0, + H,S + H,  SiS(g) + 2H,0
Si0, + 4HF ? SiF, + 2H,0
Si0, + 4HC1 & SiCl,(g) + 2ZH,0

Table E-2, Part 6. THERMODYNAMIC EQUILIBRIUM CALCULATIONS OF LOG Ke

WITH TEMPERATURE

q
Temperature, K
1300 1200 1100 1000 900 800 100 600 500 400 298
log Keq
13.147
70.718
93.674
48,748
24.342
50.235 63.436 70.127
6. 431
2.083 2.489 2.591
—10.131 —14.278 —16.394
—-17.086
-~ 3.369 - 6.811 - 8.621
3.843
— 3.169
~ 2.293
— 1.883 1.881 3.262
— 1.132 2.61 4.138
— 8.635 — 6.608
— 6.448 — 3.8
— 6.606
—29. 988
— 0.022 —-0.174 —0.328
0. 844 2.535 3,782
—51. 665 ~57.781 —62.338
—97.844 —112. 805 —123. 895
-59.993 —67.561 —73.238
—-18.749 —16.346
—10.43 —19.3006 —22.509
—13.066 —27.19 -32.139
—19.034 —33.838 —39.312
—11.91 —30.984 -~37.977
— 0.367 3.564 4.933
—~ 9.896 —14. 495 —16.193
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Table E-2, Part 7.

Silver, Ap, AgS
2AR 4+ 1720, @ Ag, O
2Ap 4+ 1,5 @ AR,S + 1,
Ap,S + 20; @ Ag;50,
AE,S0, + 4H, & Ag,S + 41,0
A, O + 2HF 2 2AgF + ;0
Ag,O + 2HC1 2 2AgCl & HO
Ag,S + ZHF @ 2AgF + H,S
Ap,S + 2HCL # 2AgCl + 11,8
Ag,0+ CO, #AR,COy
Ag,S + 1,0 + CO, 2 AgyCO; 1 Hes
Ag,O +H,S & Ap,S + 1,0
Ag,S+ H, 22Ag + [1,S
AgCl+1/2 H, 2UC1 + A
AgF + 1/2 H, @ HF + Ay
Sodium (See Figures E-5, E-6,
E.9, E-11, E-14, E-15)

Strontium (See Figures E-1 to E-4, E-
E-8, E-10, and E-12 to E-16.)

Sulfur

Teilurium, FeTe,, TeS
Te + O, # TeO,
Te(g) + O, @ TeG,
Te,(g) + 20, @ 2TeO,
Te(s) + 6HF @ TeF,(g) + 311,
Te{p) + 6HF 2 TeF(g) + 3H,
Tey(g) + 12HF 2 2TeF, + 6H,
Te + 4HC1 3 TeCl, + 21,
Te(g) + 4HHC1 @ TeCl, + 2H,
Te,(p) + 8HCI @ 2TeCl, + 4H,
TeO, + 6HF @ TeF, + 2,0 + H,
TeO, + 4HCl # TeCl, + 2H,0
TeO, + 3H, @ TeH, + 2H,0

Tin, SnCQO,, SnS,, $nS
SnS + 3/2 O, # SnO + SO,
SnS + 20, @ Sn, +SO,
SnS, +5/2 O @ SnO +250,
SnS, + 30, #5n0, +250;

7.

CTemperatare, K

1000 a00 LIl 700

1200 1100

1300

s mee— e s clop “‘cq

- 2.263
30,203

~17. 345
- 2.077

- 0.918

1.11y
8,403

4. 949 15.763

7.371 23.563

10. 218 35. 546

-30.112 —-38.011

—27.37 -30.211
-58. 5 —72.003
~-13.73 -18.416

~11.361 -10. 616
~26. 462 -32.813
-19.196 —22.502

- 2. 814 - 2,907

t~

31.111
48. 615
50,45
73.211

THERMODYNAMIC EQUILIBRIUM CALCULATIONS OF LOG Ke

q

600 500 400 298

—19.
.32

-0

4.
29.
EES
—1.
098
-76.

—31

-1,
L 625
~33.
=22,
- 1.

37.
57.

59

B85

. 392
L3117

-~ 0.237

. 536
. 312
33.

862
2.061
23,469
17

—15.2498
=62.176
23.705
536

033
236
0Kl
301

RHT
H2H

641
947
478
15. 154

039
161
L3494
. 386
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Table E-2, Part 8, THERMODY NAMIC EQUILIBRIUM CALCULATIONS OF LOG K

SnS + H,0 #Sn0 + H,§

SnS + H, & Sn(2) + H,S

SnS; + H, ® SnS + H,S

SnS, + O, 2 5nS + SO,

SnO +1/2 O, 2 50,

SnS + 2HCL 2 SnCly(g) + H,S

SnS + 4HC1 @ SnCly(g) + H,S + H,
SnS; + 2HCL + H,# SnCl, + 2H,S
SnS, + 4HCL 2 SnCl, + 2H,S

SnS, + H, + H,O # SnO +2H,S
SnS, + 2H,0 2 SnO, + 2H,S

SnO + H,O # 5n0, + H,

Sn + H,0 @ SnO + H,

Sn + CO, # SnO + CO

Titanium, TiO,
TiO, + 2H,S # TiS, + 2H,0
TiC, 2 TIO +1/2 O,
TiO, +2H, @Ti + 2H,0
TiO, +HCl + 1/2 H, 2 TiOClg) + H,O
TiO, + 2HC1 2 TiOClL(g) + H,O
TiO, + HF + 1/2 H, @ TiOF(g) + H,0
TiO; + 2HF # TiOF,{g) + H,0
TiO, +4HF @ TiF,(g) +2H,0
TiO, +4HC1 2 TiCl, + 2H,0

ce-d

Vanadium, (Organic)
2V +5/2 0, 2 V,0;
2V +3/2 0, # V,0,
V;0; + 3H, + 4HCL ? 2VCl, + 5H,0
V05 +2H; + 6HCL 2 2VCly(g) + 58,0
V205 + H; + 8HC1 2 2VCl, + 5H,0
V20, + H, + 4HC1 # 2VCl, + 3H,0
V305 + 6HCL 2 2VCly + 3H,0
V204 + BHCL 2 2VC(g) + 3H,0 + H,

Ytterbium

Temperatira, K

eq WITH TEMPERATURE

1300 1200 1100 1000 900 800 700 600 500 400 298
log Keq
—2.295 — 3.569 - 4.105
— 1.274 - 3.991 - 5.101
~ 1 0.295 - 0.095
19.331 22.355
17.504 20.173
- 1.627 - 1.609 - 1.167
-6 - 5.56 - 5,362
- 1.39 - 1.314 - 1.262
— 5.265 — 5.457
— 1.513 -~ 3.274 — 4.200
— 2.033 - 1.406 - 2.771
— 0.52 1.868 1.429
— 1.021 0.996
= 0.741 0.399
—12.547 —14, 651
~11.682 —26.34 —-31.629
—14.259 —29.609 —35.225
—14.852 —33.450 —40.228
- 9.595 -21.121 —25.328
—14.497 —32.734 —39. 382
- 9.104 -20.128 —24.048
- 2.93 — 2.433 - 2.288
— 6.354 - 8.442 - 9.228
93.656
77.832
— 0.816 7.496 10.709
0.307 3.139
-11.718 ~-10.906 —11.147
— 9.46 — 7.452 — 6,756
-15.141 —14, 326
~20.362 ~26.354 ~27.416
B75030438h
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EQUILIBRIUM CALCULATIONS OF LOG K

Temperature, K

eq

WITH TEMPERATURE

Table E-2, Part 9. THERMODYNAMIC
1300 1200 1100 1000
Zinc, ZnS T—
ZnS + 20, @ ZnSO, 16.691
ZnS + 3/2 O, #Zn0O + 50,
ZnS + O, ¥ Zn + SO,
ZnS +H; ¢ Zn +H,S —'4,021
ZnS +H,O 2 ZnO + H,S - 2.959
ZnS 4+ H,0, CO, # ZnCO; +H,S —30.269
ZnO + CO, # ZnCO, —27.31
ZnS +2HC! @ ZnCl, + H,S — 1.947
ZnS + 2HF ? ZnF, + H,S ~ 3.608
ZnO + 2HC1 # ZnCl, + H,O 1.012
ZnO + 2HF @ ZnF, + H,0O — 2.745
Zn+1/2 O, @Zn0O
ZnSO, + 4H, # ZnS + 4H,0 15.039
Zirconium, ZrSiO,
ZrO, + 4HF 2 ZrF,(g) + 2H,0 - 2.393
ZrO, + 4HCL # ZrClyg) + 2H,0 — 7.643

900
log K eq

800 700 600 500 400 298

40. 42 50.017

29.142

8.378
~10. 666 -12.856
— 5.538 — 6.467
—29.016 -28.742
—~23.478 —-22.275
- 2.221 — 1.734
- 3,573 - 3.044
3.317 4.733
1.965 3.423

20.764
22.124 24.757
2.307 1.949
-11.408 -12.807
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By comparing the equilibrium constants for each element and reaction
with the corresponding value of the operating region, the more stable form
of the element can be determined. At 700K, the value of log Keq for the

reaction —
Cds +3/2 O, & CdO + 50,

is 26.036. The corresponding operating region value for the pretreater at
700K is —1,14 (see Table E-1). Obviously, cadmium oxide is much more

stable under these conditions than cadmium sulfide,

The results of comparing operating region values with the equilibrium
values for the elements are summarized in Table E-3. The thermodynam-
ically stable form of cadmium in the pretreater is the sulfate. In general,
oxide and sulfate forms are stable in the pretreater, while sulfides and

elemental forms are stable in the hydrogasifier and CO-shift reactors.

By combining the thermodynamic data for each element, it is possible
to determine what compounds will be favored in each reactor and, hence,
to what extent each trace or minor element will be removed from the product
gas stream. The solubilities, vapor pressures, and other physical properties

were usied to evaluate the removal of pollutants downstream from the reactors.

Across the periodic array of elements, the trend is for first-and second-
period elements to be stable as carbonates; the elements of periods 38, 4B,
and 5B to be more stable as oxides; and the ne tals to be more stable as
sulfides up through the transition elements. Heavier metals (e.g., mercury,
lead, bismuth) tend to exist in elemental form. Hydrides form with members

of the carbon, nitrogen, and oxygen families.

It is assumed that the scrub units are highly efficient in particulate
removal and that the operating temperature of each unit is relatively uniform.
The gas residence time in the light-oil vaporizer is assumed to be sufficient
to condense all condensable materials (such as volatilized metals) on the
fluidized drying bed. The materials passing overhead from the cyclone to
the CO-shift reactor are assumed to be gaseous and contain only small
quantities of minute particulates. Some condensable materials may be

transported on these entrained particulates.

E-34
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Table.E—3. THERMODYNAMICALLY STABLE FORMS OF
ELEMENTS IN THE PROCESS UNITS

Element Pretreater* HYGAS " CO-Shift*

Shb : SA S S
As SA E,H E,H
Ba SA C C
Be O O 0]
Bi SA E, S E, S
B @) F F
Cd SA S S
Ca SA S C
Cl1 E HCt HCI1
Cr SA S S
Co SA S S
Cu SA S S
F E HF HF
Ge O H H
Fe SA S S
Pb SA S S
Li @) C C
Mg SA S C
Mn . SA S S
Hg E E, S E
Mo SA S S
Ni SA S S
N E, O H H
K O C C
Sm O O O
Se O H H
Si O O O
Ag SA S, E E
Na O C C
Sr SA C C

S O H H
Te @] H H, E
Sn O E, Cl1 Cl
Ti O @] @]
v O O O
Yb O O 0]
Zn SA S S
Zr O O O

e o= carbonate; E = element; H = hydride; O = oxide; S = sulfide;
and SA = sulfate.

I'N ST I T UTE O F G A S T ECHNOLOGY
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APPENDIX F. EXAMPLE OF OPERATING-REGION DETERMINATION

The operating regions for the different reactions may be determined
from the gas compositions in each reaction unit. These values are calcu-
lated in the tables and indicated on each figure where applicable by a labeled
circle. The basis for the calculations and concurrent assumptions about
operating regions lies in fundamental physical laws. For each reaction,
the change in the Gibb's Free Energy value (AG) can be related to the

equilibrium constant (Keq) by the equation
AG= -RT 4nK
€q

where R is the gas constant, and T is the absolute temperature of the
system. The equilibrium constant can be calculated for gas phase reactions
by measuring the composition of the gaseous products at the end of a reac-
tion which began with known quantities of reactants. This type of test and
analysis has been done on a large number of reactions, the results of

which are tabulated and published in numerous references.5s17521723,26,27, 38,
42,61, 63,64

For a typical gas phase reaction the equilibrium constant can be

written:
c
_rIC Py T

4 [p,1* [P0

where the bracketed quantity represents the partial pressure (in atmospheres)
of the products or reactants at equilibrium. Each quantity is raised to the

power of its stoichiometric coefficient.

Equilibrium constants of heterogeneous gas reactions (gas-solid, gas-
liquid) are somewhat more complex than gas-phase reactions requiring

the additional concept of activity. The equilibrium constant for the reaction

MS (s) + H,O(g) @ MO (s) + H,S(g), takes the form:

_ [aMO ] [PHS ]
eq 4
[aMS ][PH;_O 3
F-1
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where "a' is the activity of the solid phase component. Solid phase activities
are usially assumed to be near unity to expedite calculations, hence, the
equilibrium constant can be determined from the partial pressures of H,S
and H;O in the reaction vessel at equilibrium. If the vapor pressure of the
solid or liquid cdmponents is calculable at the reaction temperature, the

partial pressure should be used in the calculation of Keq'

In this study, the mole percentages of the gaseous components in the
main reactors are assumed to be constant during steady-state operation.
Thus, in the hydrogasifier, the value of [P,. .] /[P lis a constant.
Since Ke is known from previous calculations, the ratio of products (solid)
to reactants (solid) can be determined directly., This provides the thermo-
dynamically favored form of the element for that reaction in that reactor

unit. 'The concept of operating regions is derived from this treatment.

Thke operating region for the reactions of Figure E-1 may be calculated
from the mole fraction data of Table 1, Part 3, Column D (pretreater off-
3
gases), The operating region at 700K may be calculated as log [1/(13O ) /Z],
2

which follows from the form of Keq for these reactions:

K - MSQO.,
eq [a 1 g
ams] [P, 172
O,

In this case, Py =0.21 atm and log [1/(POZ)3/Z] = 1.02. The Keq values
are much higher than 1.02 in these reactions, and the thermodynamic driving
force tznds strongly to the right, favoring oxidation to sulfites. Had the
operating region been greater than the Keq values, the driving force would

have been to the left, favoring reduction to sulfides.

The assumption that the mole fraction of a component in a gas is equal

to its partial pressure is supported in the following discussion,

Partial-Pressure Calculations

The Ideal Gas Law states that the mole fraction of a gas is directly

proportional to its partial pressure:

Pi n,
= =3 X
PT Eni i
F-2
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At low pressures and high temperatures one may readily calculate the
partial pressure of a component in a gaseous mixture. This law was applied
to the gases in the HYGAS reactors to estimate the partial pressures needed

to calculate the operating regions for the different reactions.

Calculations were based on 100 atm pressure in the hydrogasifier and
CO-shift reactor. Thus, the mole percent of a gas in the hydrogasifier was
numerically equal to its partial pressure: e.g., for H,O, 17.81 mol %
indicates a partial pressure of 17.81 atm. Since the HYGAS process is
designed to operate at pressures ranging from 70 to 100 atmospheres, 100
atm was chosen over a median value for convenience. Pretreater calcu-

lations were based on 1 atm pressure.

The validity of the Ideal Gas Law at these conditions was checked by
calculating the reduced pressure and temperature for each process gas and deter-
mining the compressibility factor (Z) and fugacity coefficients (f/p) from
generalized tables. The values of Z and f/p are listed below. Because

the values are all very near 1.0, the assumption holds.

TC Pc Tr Pr Z f/p
CO 134.15 35 8.94 2.57 0.997 1.002
CO2 304.25 73 3.9 1.2 1.000 1.00(;
H, 34.25 12.8 35.04 7.03 1.09 1.09
HZO 647.3 218.4 1.35 0.412 0.989 0.984
CH, 190.65 45.8 6.29 1.97 0.996 1.000
HZS 373.55 88.9 3.2 1.01 1.000 1.000

T =1200K/T .
r c
t —
P =90 atm/P .
r c

Each table listed Tr maximum as 15.00. Tr for hydrogen here is 35.04.
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APPENDIX G. BASIS FOR CALCULATIONS

The objective of the present study is to prepare an environmental test
plan to investigate the fate of constituents of coal and potential pollutants
during coal gasification. The basis for this test plan is the analytical data
acquired from four series of gasification runs in a 0.1 m diameter reactor
of the HYGAS process development unit. The operating conditions of these
runs were 1160K (1630 °F) and 6935 kN/m? (1006 psia). The gasification
runs did not include a steam-oxygen gasifier, nor were there any gaseous
or liquid samples tested, since the gasification runs were conducted a few

years prior to this program. The net carbon gasified in these runs was
about 40%.

Some comments should be made on the applicability of these test data
and operating conditions to a commercial design. First, one may expect
more extreme conditions to be experienced in a commercial plant. The
steam-oxygen gasifier will produce much higher temperatures than the
present tests have reached and will cause more materials to be volatilized.
Indeed, the amount of carbon gasified should exceed 90% of the 6rigina1
coal feed. Second, a commercial plant will most likely operate at higher
pressures than these bench-scale tests. This will allow for pressure
drops across the system to supply product gas at a nominal 6995 kN/m?
(1015 psia) rate without the need for additional compression. Third, the
coal-feed and ash-discharge systems are quite different. The bench-scale
reactor is dry-fed and dry-discharged; the commercial plant will incorpor-
ate a slurry feed system using either a light oil or water as the slurry

medium. Ash material will be slurried and discharged in a similar manner.

The slurry medium presents another sink for the soluble trace-elements
which may tend to accumulate with time. This factor is not encountered in
the bench-scale tests and may prove to be a significant part of the total

potential pollutants to be carefully studied.

The differences between the bench-scale reactor runs and a commer-
cial plant operation are many, and yet the data derived from the former may

with justification be scaled-up to the latter. First, we must be cognizant
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of the differences between the PDU and the commercial plant and of how they
affect tae actual operationé. Second, the thermodynamic differences, as
they relate to trace-element volatilization and reactions, must be considered
with the process changes. Third, the information gathered from analyses

of the bench-scale gasification runs is the most complete look available

at the fate of trace elements during hydrogasification. The importance of
gathering additional data in a comprehensive program to evaluate the
environmental impact of coal-gasification processes cannot be overemphas-
ized. Qur current work indicates that the purification units connected with

a HYGAS plant will eliminate the toxic trace-elements, but further assur-
ances are required for the private as well as public acceptance of a new

energy source,

G-2
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