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SUMMARY AND CONCLUSIONS 

process i s  an upstream steam t rea tment  process 

o x i d a t i o n  r e a c t i o n  t o  conver t  H2S i n  geotherma 

s u l f u r .  The p r i n c i p l e  process r e a c t i o n  i s :  

hydrogen s u l f i d e  ( H 2 S )  from geothermal steam, under DOE sponsorship.  
which u t i l i z e s  a c a t a  

steam t o  water vapor 

P a c i f i c  Northwest Labora tory  (PNL) has i n v e s t i g a t e d  a process t o  remove 

Th is  

y t  i c  
and 

H2S + 1/2 O2 H2° + 

The process c o n s i s t s  o f  pass ing  geothermal steam, c o n t a i n i n g  H2S and 

o t h e r  noncondensible gases, through f i x e d  beds of a c t i v a t e d  carbon c a t a l y s t .  

Oxygen i s  p rov ided by i n j e c t i o n  o f  a i r  o r  oxygen upstream o f  t h e  c a t a l y s t  

beds. The t r e a t e d  steam, w i t h  H2S be ing  almost comple te ly  removed, passes 

t o  steam t u r b i n e s  f o r  power generat ion.  The elemental  s u l f u r  produced 

depos i ts  on t h e  c a t a l y s t  sur face  and i s  r e t a i n e d .  The c a t a l y s t  a c t i v i t y  

decreases g r a d u a l l y  w i t h  s u l f u r  accumulat ion.  S u l f u r  removal, and c a t a l y s t  

regenera t ion ,  i s  accomplished by s o l v e n t  e x t r a c t i o n .  S u l f u r  i s  recovered f rom 

s o l v e n t  by evaporation/crystallization. 

Bench s c a l e  exper imenta l  work on t h i s  process was performed t o  determine 

i t s  performance and l i m i t s  o f  a p p l i c a b i l i t y  t o  power g e n e r a t i o n  systems 
employing geothermal steam. The bench s c a l e  system employed a one- inch 

d iameter  r e a c t o r ,  a steam supp ly  w i t h  c o n t r o l l e d  temperature and pressure,  an 
i n j e c t i o n  system f o r  adding H2S and o t h e r  gases a t  c o n t r o l l e d  r a t e s ,  and 

i n s t r u m e n t a t i o n  f o r  c o n t r o l  and measurement o f  temperatures,  pressures,  f l o w  
r a t e s  and pressure drop. 

chemis t ry  techniques.  
H2S and o t h e r  analyses were performed by wet 

On t h e  b a s i s  o f  the  bench s c a l e  data, t h e  f o l l o w i n g  conc lus ions  were 

drawn: 

The process removes H2S f r o m  s imu la ted  geothermal steam e f f e c t i v e l y  

when t h e  steam t o  be t r e a t e d  i s  s u f f i c i e n t l y  superheated t o  avo id  

condensat ion i n  the  c a t a l y s t  bed. Wi th an i n l e t  H2S c o n c e n t r a t i o n  o f  

v i i  



n 

200 ppm, t h e  t r e a t e d  steam o u t l e t  H2S c o n c e n t r a t i o n  w i l l  be l e s s  than 

20 ppm a t  a c a t a l y s t  l o a d i n g  o f  0.15 l b  s u l f u r / l b  carbon, a steam f l o w  
r a t e  o f  40 l b / m i n - f t  , and steam pressure i n  t h e  range o f  80 t o  120 2 

ps ig .  A t  lower s u l f u r  loading,  t h e  H2S conten t  o f  t r e a t e d  steam 
approaches zero.  

The presence o f  noncondens 

and N2 does n o t  a f f e c t  the  

process. Ammonium s u l f a t e  

present .  

b l e  gases such as COZY H2, CH4, NH3 
H2S removal c a p a b i l i t y  o f  t h e  o x i d a t i o n  

may be produced i f  a l a r g e  excess o f  oxygen i s  

When t h e  temperature o f  steam b e i n g  t r e a t e d  i s  h igher  than 235OC, t h e  

ent ra inment  o f  s u l f u r  f rom t h e  carbon bed becomes severe a t  a steam f l o w  

r a t e  o f  44 l b / m i n - f t 2 .  

Oxygen r e q u i r e d  f o r  e f f e c t i v e  o x i d a t i o n  o f  H2S ranged between 1.1 t o  

1.5 t imes t h e  s t o i c h i o m e t r i c  requirement,  depending on t h e  t y p e  o f  

a c t i v a t e d  carbon used as t h e  c a t a l y s t .  

The pressure drop o f  steam across packed c a t a l y s t  beds can be c a l c u l a t e d  

by a m o d i f i e d  c o r r e l a t i o n  f o r  noncondensible gas f l o w  across packed beds. 

A standard i n d u s t r i a l  grade a c t i v a t e d  carbon, manufactured f r o m  

b i tuminous coa l ,  i s  t h e  p r e f e r r e d  c a t a l y s t  f o r  employment i n  t h e  system. 

No p r e c o n d i t i o n i n g  o f  the  c a t a l y s t  i s  necessary. 

S u l f u r  can be removed f rom t h e  carbon c a t a l y s t  by s o l v e n t  e x t r a c t i o n  

u s i n g  CS2, t e t r a c h l o r o e t h y l e n e ,  o r  d ich loroethane.  D ich lo roe thane 

appears t o  be t h e  p r e f e r r e d  s o l v e n t  owing t o  i t s  low h e a l t h  hazard 

p o t e n t i a l  and i n e r t n e s s  i n  t h e  system. 

Condensation f rom s a t u r a t e d  o r  wet raw steam i n  c a t a l y s t  beds, w i t h  

subsequent d e a c t i v a t i o n  o f  t h e  c a t a l y s t ,  can be avoided by a d i a b a t i c  

t h r o t t l i n g  or  h e a t i n g  t h e  raw steam. The l a t t e r  appears t o  be more 

energy e f f i c i e n t .  

P r e l i m i n a r y  es t imates  show a c a p i t a l  investment o f  $62.4/kW and an 
o p e r a t i n g  c o s t  o f  1.27 mil/kWh f o r  a steam t rea tment  system o f  50 MWe 

s ize.  S u l f u r  c r e d i t s  c o u l d  reduce t h e  o p e r a t i n g  c o s t  t o  1.15 mil/kWh. 

n 

v i i i  



Overall, the ca ta ly t ic  oxidation process for the removal of H2S from 
geothermal steam i s  feas ib le  and i t  can effect ively remove H2S from 
geothermal steam for reasonable cost .  Major potential  advantages of the 
process include: use of a re la t ive ly  cheap ca ta lys t ;  use of a i r  as an 
o x i d a n t ;  d i rec t  recovery of elemental sulfur ;  and l i t t l e  or no by-product and 
process waste disposal problems. 

I t  i s  believed t h a t  the proposed process offers  suf f ic ien t  promise t o  
warrant investment i n  the next phase of development and evaluation. This 
would consist  of engineering scale evaluation a t  one or more t e s t  s i t e s  where 
geothermal steam i s  available. 

This engineering scale evaluation would involve the design, construction 
and operation of a movable (skid mounted), self-contained t e s t  u n i t .  
include a l l  necessary features  of an integrated process, including sulfur  
recovery and superheating the raw steam, i f  dictated by anticipated raw steam 
qual  i ty .  

I t  would 

The objectives of th i s  p i l o t  scale work should include: 

0 Establish H2S removal efficiency and capacity w i t h  real  geothermal 
steam--particularly w i t h  contaminants which could not  be simulated i n  the  
1 aboratory (such as mercury and borates).  

0 Establish catalyst  l i f e  w i t h  a real geothermal steam source. 

0 Determine the effects  of the process on steam corrosivity.  

0 Develop the design features  necessary for  integration w i t h  geothermal 
power systems (so l ids  removal, steam superheating, materials select ion,  
instrumentation and controls) .  

i x  



INTRODUCTION 

Geothermal f lu ids  from most sources contain hydrogen su l f ide  (H2S) .  The 
use of these energy containing f uids for  power generation, space heating and 
other industrial  applications i s  hampered because of the presence of t h i s  nox- 
ious gas. H2S i s  corrosive to  power generation-transmission equipment as well 
as offensive t o  the environment. Shut-down of geothermal power plants due t o  
corrosion f a i lu re s  related t o  the presence of H2S and the close relat ion between 
power p l a n t  operating factor  and the H2S concentration i n  geothermal steam have 
been reported. ( ’ )  The release of H2S containing eff luents  from b o t h  geothermal 
power plants and well d r i l l i n g  s i t e s  will become an increasingly severe problem 
as more s t r ingent  pollution control and environmental protection regulations 
a re  implemented. Pract ical ,  economical, and e f f i c i en t  methods fo r  a v o i d i n g  
these problems a re  needed. 

The objective of the work described in t h i s  report  was to  develop an effec- 
t i ve  process which will solve b o t h  corrosion and environmental problems encoun- 
tered i n  the u t i l i za t ion  of geothermal steam. The process concept i s  based on 
the ca t a ly t i c  oxidation of H2S t o  elemental sulfur .  
employed upstream of power generation equipment, as  shown i n  Figure 1 ,  so as to  
mitigate bo th  equipment corrosion and H2S emission problems. 

I t  i s  intended t o  be 

The chemistry of the proposed oxidation process can be represented by 
Equation ( 1  ) .  

H20 + S H2S + 1 / 2  O2 

The ca t a lys t  i s  activated carbon. 

I n  the overall process concept, steam from geothermal wells passes through 
reactors packed w i t h  activated carbon ca ta lys t .  
H2S reacts  with oxygen according to Reaction ( 1 ) .  
reaction system e i the r  as pure oxygen or  a i r .  
the reactors for  power generation. 
on the surface o f  the carbon and remains in the reactor.  The exhaust steam from 

I n  the presence of the ca ta lys t  
Oxygen i s  introduced t o  the 

Steam, a f t e r  being t reated,  leaves 
Sulfur produced from the reaction deposits 

1 
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NON-CONDENSABLE 

COOLING 

POWER 
GENERATION 
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FIGURE 1 . Up-Stream Geothermal Steam Treatment Process 

RE-INJECTION 

the turbine power-generator i s  condensed and then cooled i n  a cooling tower. 
Water from the cooling tower i s  f i na l ly  injected into re-injection wells. 

The ac t iv i ty  of the ca ta lys t  w i l l  decrease as sulfur accumulates on i t s  
surfaces. 
extraction process. 
regenerated carbon, w i t h  or without a ca ta lys t  re-activation process, i s  ready 
fo r  reuse. 
cess for the removal o f  H2S from geothermal steam i s  shown i n  Figure 2. 

Regeneration of spent ca ta lys t  can be accomplished by a solvent 
Elemental sulfur  i s  recovered from the solvent and the 

A simplified block diagram of the proposed ca ta ly t ic  oxidation pro- 

The proposed process evolved from previous PNL work on the use of sol id  
sorbents which would a c t  as acceptors for H2S from geothermal steam. I t  was 
found tha t  a few sol id  sorbents, fo r  example Z n O  and a synthetic res in ,  were 
able t o  remove H2S from geothermal steam. 
found to  be e i ther  technically infeasible  or uneconomical. 
ments d u r i n g  the course of tha t  investigation showed t h a t  H2S could be cataly- 
t i c a l l y  oxidized t o  form sulfur  and water. 

However, the sorbent regeneration was 
Exploratory experi- 

Removal of H2S from gas streams 

2 
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FIGURE 2 .  General Flow Diagram of the  Proposed Ca ta ly t i c  Oxidation 
Process for H2S Removal from Geothermal Steam 

AND 
COOLING 

by the  c a t a l y t i c  oxidat ion process i s  an old however, the  
appl ica t ion  of t h i s  old technique t o  the  treatment of steam i s  new. 
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D I S C U S S I O N  

" 

THERMODYNAMICS AND CHEMISTRY OF H2S OXIDATION 

The use o f  c a t a l y t i c  o x i d a t i o n  processes f o r  t h e  removal o f  H,S f rom v a r i -  
(2-6)  ous gases, p r i m a r i l y  f u e l  gases, has been w i d e l y  p r a c t i c e d  i n  t h e  pas t .  

However, s i n c e  water  i s  a coproduct  o f  t h e  o x i d a t i o n  (H2S + 1/2 O2 .+ H20 + S ) ,  

t h e  p o t e n t i a l  e f f i c i e n c y  o f  such a process i n  a p r e s s u r i z e d  steam atmosphere 

must be considered. Using s tandard values, t h e  heat  o f  r e a c t i o n  a t  25°C was 

c a l c u l a t e d  t o  be -52.98 Kcal/g-mole, i n d i c a t i n g  t h a t  t h e  r e a c t i o n  i s  h i g h l y  

exothermic.  
25°C. 

The f r e e  energy o f  t h e  r e a c t i o n  (AG) i s  -46.74 Kcal/g-mole a t  

The e q u i l i b r i u m  cons tan t  may be c a l c u l a t e d  f rom t h e  r e l a t i o n  

AG = -RT I n  K (2) 

as 1.92 x 

t i o n s  a r e  represented  by p a r t i a l  pressures,  t h a t  a l l  a c t i v i t i e s  a r e  equal t o  
u n i t y ,  and t h a t  t h e  i d e a l  gas l a w  p r e v a i l s  r e s u l t s  i n  t h e  f o l l o w i n g  express ion:  

a t  25°C and 1.87 x l o z 1  a t  175°C. The assumptions t h a t  concentra-  

'HnO 

= KP =,e- (3) 

A t  r e p r e s e n t a t i v e  pressures f o r  geothermal steam and u s i n g  t h e  s t o i c h i o m e t r i c  

amount o f  oxygen necessary f o r  complete H2S o x i d a t i o n ,  t h e  e q u i l i b r i u m  p a r t i a l  
pressure o f  H2S would nearly disappear. 
alone, i t  i s  concluded t h a t  t h e  convers ion  o f  H2S t o  S would be e s s e n t i a l l y  com- 
p l e t e  a t  r e p r e s e n t a t i v e  geothermal steam c o n d i t i o n s .  

Based on equilibrium considerations 

I n  s p i t e  o f  f a v o r a b l e  e q u i l i b r i u m  cons idera t ions ,  i t  i s  w e l l  known t h a t  t h e  

r a t e  o f  r e a c t i o n  i n  gas phase H2S o x i d a t i o n  a t  modest temperatures i s  t o o  s low 

f o r  p r a c t i c a l  a p p l i c a t i o n s .  C a t a l y s t s  a r e  t h e r e f o r e  employed. 

Besides t h e  main r e a c t i o n ,  s i d e - r e a ~ t i o n s ' ~ )  may a l s o  t a k e  p l a c e  i n  t h e  

steam-H2S-02-activated carbon system. The p o s s i b l e  s i d e  r e a c t i o n s  are :  

2H2S + 302 = 2S02 + 2H20 ( 4  1 

2S02 + 4H2S = 6s t 4H20 ( 5 )  

5 



SO formed i n  Reaction (4) can be fur ther  oxidized t o  SO3 according to  the 
following reaction: 

2 

2S02 + O2 = ZS03 ( 6 )  

In  the presence of metal oxide SO3 may be converted t o  MS04 as  shown i n  
Reaction ( 7 ) .  

MO + SO3 = MS04 ( 7 )  

Where MO and MS04 represent metal oxides and metal su l fa tes ,  respectively. 

can also react  w i t h  SO3 t o  form (NH4)2S04 according t o  Reaction (8) .  
Ammonia, one consti tuent of the noncondensi ble gases i n  geothermal steam 

The presence o f  MS04, f o r  example CuS04 and (NH4l2SO4, has been confirmed 
i n  our experiments. 

BASES AND DEFINITIONS 

In order to  standardize a l l  laboratory work and t o  make discussions easier  
i n  t h i s  report ,  the f o l l o w i n g  bases will be followed: 

Composition and Conditions of Geothermal Steam 

A l t h o u g h  experimental resu l t s  are  broadly applicable t o  a spectrum of geo- 
thermal f lu ids ,  steam conditions (temperature and pressure) and compositions 
used i n  the work were modeled a f t e r  those a t  The Geysers, California. 
typical composition and conditions of t h i s  steam are  shown i n  Table 1 .  
lated geothermal steam, which was prepared by m i x i n g  steam generated from a 
boiler w i t h  noncondensable gases such as  C02, H 2 ,  H2S, CH4,  NH3 and N 2 ,  was used 
i n  a1 1 experiments unless otherwise mentioned specially.  A l t h o u g h  the simulated 
steam nominally corresponded to Table 1 values, some variations were unavoidable 
due t o  control 1 e r  1 imitations. 

The 
Simu- 
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TABLE 1.  T y p i c a l  Chemical Composi t ion o f  Geothermal Steam ( 9 )  
Produced i n  The Geysers 

Wellhead Temperature, O F  

T o t a l  Noncondensible Gas 
Content o f  Steam (wt%)  

Noncondensi b l  e Gases i n  
Steam (ppm by w e i g h t )  

co2 
H2 
H2S 
CH4 
NH3 
N2 

Breakthrough Time 

347 

0.7 

6,210 

52 

208 

385 
55 
91 

The breakthrough t i m e  was d e f i n e d  as t h e  t i m e  r e q u i r e d  f o r  t h e  o u t l e t  H2S 
c o n c e n t r a t i o n  t o  reach t e n  percent  o f  t h a t  o f  t h e  i n l e t .  

i n l e t  H2S c o n c e n t r a t i o n  i s  200 ppm, t h e  breakthrough t i m e  w i l l  be t h e  t i m e  when 
t h e  o u t l e t  H2S c o n c e n t r a t i o n  reaches 20 ppm. 

Ca t a  1 ys t s  

For example, if t h e  

C a t a l y s t s  used i n  t h i s  s tudy  were m a i n l y  a c t i v a t e d  carbon. Var ious brands 

o f  carbon were ob ta ined o r  purchased f rom d i f f e r e n t  manufacturers  o r  d i s t r i b u -  
t o r s  i n c l u d i n g  Barnebey Cheney, F i s h e r  Science Co., Calgon Corpora t ion  and 

G i r d l e r  Chemical, I n c .  Carbons used v a r i e d  i n  shape and s i z e .  Some were 
impregnated w i t h  meta ls  o r  metal  ox ides.  

I n f o r m a t i o n  f rom t h e  manufacturers  i s  g i v e n  i n  Tab le  2 r e g a r d i n g  a p p l i c a -  
t i o n s ,  p r o p e r t i e s ,  and, i n  some cases, manufactur ing method. 

S i z e  o f  Power P l a n t  

I n  t h i s  s tudy t h e  s i z e  o f  a t y p i c a l  geothermal power p l a n t  was taken as 

50 MWe u s i n g  1,000,000 I b / h r  o f  steam. 

7 



Sample 

1 

2 

5 

TABLE 2. M a n u f a c t u r e r ' s  Recommended A p p l i c a t i o n  and P h y s i c a l  P r o p e r t i e s  
o f  A c t i v a t e d  Carbons Used i n  Bench Scale Experiments 

Manufac turers '  Recommended A p p l i c a t i o n s  

For recovery  o f  g a s o l i n e ,  benzo l ,  e t h e r ,  a l c o h o l ,  l i g h t  o i l s  
and o t h e r  s o l v e n t s  f rom n a t u r a l  gas, s t i l l  gases, a i r ,  vapor 
l i n e s ,  and s i m i l a r  gases. 

S p e c i a l l y  t r e a t e d  a c t i v a t e d  carbon f o r m u l a t e d  f o r  t h e  removal 
o f  s u l f u r  compounds, i n c l u d i n g  hydrogen s u l f i d e ,  carbony l  s u l -  
f i d e  and mercaptans, f r o m  hydrocarbon streams i n  f i x - b e d  vapor 
phase o p e r a t i o n .  

For removal o f  hydrogen s u l f i d e  and methyl  mercaptan t y p i c a l l y  
found i n  sewage t r e a t m e n t ,  p u l p  and paper m i l l s ,  pe t ro leum 
r e f i n e r i e s  and chemical  D l a n t s .  

For vapor phase a p p l i c a t i o n ;  s o l v e n t  recovery  system, recovery  
o f  a l c o h o l s ,  c h l o r i n a t e d  hydrocarbons, e t h e r s ,  ketones, e s t e r s ,  
hydrocarbon, and a r o m a t i c s ;  used as t h e  c a t a l y s t  suppor t  i n  
t h e  a c e t y l e n e  process f o r  t h e  p r o d u c t i o n  o f  v i n y l  c h l o r i d e  
and v i n y l  a c e t a t e  monomers, a l s o  used f o r  t h e  s e p a r a t i o n  o f  
hydrocarbon gas streams, such as t h e  recovery  o f  C3 and C4 
c u t s  f rom n a t u r a l  gas; removal o f  o r g a n i c  s u l f u r ,  COS, and 
h i g h e r  hydrocarbons f rom methane and l iydrogen f o r  c a t a l y t i c  
convers ion  processes; p u r i f i c a t i o n  o f  carbon d i o x i d e  f o r  bev- 
erage use  and d r y  i c e ;  removal o f  c h l o r i n e ,  c h l o r i n a t e d  
o r g a n i c s  and aromat ics  f r o m  anhydrous hydrogen c h l o r i d e ;  p u r i -  
f i c a t i o n  o f  ace ty lene,  hydrogen, compressed a i r ,  e t c .  

For  removal o f  hydrogen s u l f i d e  and low m o l e c u l a r  we igh t ,  
o r g a n i c  s u l f u r  compounds f r o m  gas streams, odor  c o n t r o l ,  
p r o d u c t  p u r i f i c a t i o n  and e l i m i n a t i o n  o f  those s u l f u r  compounds 
t h a t  a f f e c t  c a t a l y s t  performance 

Phys ica l  P r o p e r t i e s  

6 t o  14 mesh g r a n u l e s .  
w i t h  a meta l  compound. 

I t  i s  impregnated 

Prepared by chemical  impregnat ion  o f  a phys- 
i c a l l y  s t r o n g ,  h i g h l y  absorbent  a c t i v a t e d  
coconut s h e l l  char ;  c o n t a i n i n g  approx imate ly  
5 w e i g h t  p e r c e n t  copper, c h l o r i d e  f r e e  non- 
c o r r o s i v e  m a t e r i a l .  Sur face  Area: 900 sq 
cm/g, Bu lk  D e n s i t y :  35 t o  38 l b / c u  f t ,  
Pore Volume: 0.6 cc /g .  C o l o r :  b l a c k ,  
P a r t i c l e  s i z e :  

Bu lk  D e n s i t y :  34 l b / f t 3 ,  
P a r t i c l e  S ize :  4 x 10 mesh 
Hardness Number, Minimum: 90 
M o i s t u r e ,  Maximum: 15% 
Voids i n  Dense Packed Column: 43% 

P a r t i c l e  S ize :  4 x 10 mesh 
Sur face  Area: 1050-1150 m2/g 
Bu lk  D e n s i t y :  30 l b / f t 3  
P a r t i c l e  D e n s i t y :  0.85 g /cc  
Real D e n s i t y :  2.1 g/cc 
Pore Volume: 0.7 c c / g  
Voids i n  Dense Packed Column: 43% 
S p e c i f i c  Heat a t  100°C: 0.25 
I o d i n e  Number, Minimum: 1050 
Carbon T e t r a c h l o r i d e  Adsorp t ion ,  Min .  W t :  60% 
Ash, Maximum: 2% 
Hardness Number, Minimum: 90-93 

Made f rom b i tuminous  c o a l  and s u i t a b l e  b i n d e r s  
s p e c i a l l y  impregnated, g r a n u l a r  p r o d u c t .  
P a r t i c l e  S ize :  12 x 30 mesh 
Bu lk  D e n s i t y :  

4 x 8 mesh granu les  

32 1, 35 l b / f t 3  

. 



Sample 

6 

7 

8 

9 

TABLE 2. Manufac turer ' s  Recommended A p p l i c a t i o n  and P h y s i c a l  P r o p e r t i e s  
o f  A c t i v a t e d  Carbons Used i n  Bench Scale Experiments 

Manufac turers '  Recomnended A p q l i c a t i o n s  

For water  t r e a t m e n t ,  removal o f  odor  f r o m  d r i n k i n g  w a t e r  

For removal o f  HZS, mercaptans, and o t h e r  o r g a n i c  s u l f u r  com- 
pounds ( e s p e c i a l l y  f rom n a t u r a l  gas) 

Removal o f  hydrogen s u l f i d e  and hydrogen cyan ide  f rom a i r ,  i n e r t  
gases and o t h e r  n o n - o x i d i z i n g  atmospheres 

Removal o f  medium and h i g h  c o n c e n t r a t i o n s  o f  o r g a n i c  vapors 
from a i r .  P u r i f i c a t i o n  o f  gases. So lvent  recovery ,  Gas 
separa t ion ,  h i g h  c a p a c i t y  o i l  vapor removal .  
suppor t .  

C a t a l y s t  

P h y s i c a l  P r o p e r t i e s  

12 x 30 mesh granu les  

6 x 10 mesh granu les  impregnated w i t h  chemi- 
c a l s  t o  enhance i t s  a b i l i t y  t o  adsorb and 
r e t a i n  s p e c i f i c  gases 

Made f r o m  coconut s h e l l  and a c t i v a t e d  w i t h  
h i g h  tempera ture  steam. A d s o r p t i o n  charac- 
t e r i s t i c s :  60 minute  ( t y p i c a l )  U . S .  Govern- 
ment a c c e l e r a t e d  c h l o r o p i c r i n  t e s t  ( m o d i f i e d )  
t o  b reak through p o i n t  on sample ground t o  
6 x 14 mesh (MIL-C-17605-E), 60% ( t y p i c a l )  
carbon t e t r a c h l o r i d e  by s tandard  t e s t  t o  s a t u -  
r a t i o n  (MIL-C-17605-B), Nominal mesh s i z e  
( 6  x 10 T y l e r  Standard Screen) .  Hardness: 
g r e a t e r  t h a n  95% U.S.  Government b a l l  a b r a s i o n  
t e s t  (MIL-C-17605-6). Bu lk  D e n s i t y :  0.50 
gram/ml, dense pack ing .  Ash: 12-16%. Mois -  
t u r e  c o n t e n t :  5% as packed. 

Made f rom coconut s h e l l ,  and a c t i v a t e d  w i t h  
h i g h  tempera ture  steam. A d s o r p t i o n  C h a r a c t e r i s -  
t i c s :  75 minu tes  (ground 6 x 14).  Nominal mesh 
s i z e :  6 x 10 ( T y l e r  Standard Screens);  
Hardness: g r e a t e r  t h a n  95% as measured by b a l l  
a b r a s i o n  t e s t ;  Bu lk  d e n s i t y :  0.43 t o  0.49 grams 
per  m l  (dense pack ing)  27 t o  30 l b  p e r  c u b i c  
f o o t ;  Ash: 5% ( t y p i c a l ) ;  m o i s t u r e  c o n t e n t :  5% 
maximum, as packed. 
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EXPERIMENTAL RESULTS 

Experimental Bench Scale System 

All H2S removal experiments were carried out in a bench scale  system. 
T h i s  system consists of a boiler feed water pump, steam generator, steam 
regulator,  steam condenser, gas-liquid separator and a noncondensable gas 
mix ing  s ta t ion .  The instruments monitoring various operating parameters 
include a wet testmeter, a temperature recorder, thermocouples, gas flow meters 
and a d i f fe ren t ia l  pressure transducer. All parts contacting the simulated 
geothermal steam are  made of s ta in less  s t ee l .  Details of the bench scale 
system a re  given in Appendix I .  

To evaluate H2S removal effectiveness,  ca ta lys t  bed i n l e t  and e x i t  H2S 

concentrations must be monitored. 
w i t h  columns of d i f fe ren t  packing materials and a flame photometric sensor were 
i n i t i a l l y  u t i l i zed .  However, i t  was soon found tha t  reproducibil i ty was poor 
and t h i s  technique was abandoned. The poor reproducibil i ty was mainly due to 
the large amount of water vapor i n  the samples which caused a t a i l i ng  problem 
i n  the chromatogram. 
impossible t o  o b t a i n  consistent samples. Diff icul t ies  in using the gas chromato- 
g r a p h i c  technique i n  a n a l y z i n g  gas samples i n  a geothermal steam system have 
been reported by others.  

Hewlett Packard research gas chromatographs 

Also, condensation of steam i n  the sampling l ines  made i t  

(8)  

A wet chemical analysis technique, based on an ASTM method was subsequently 
developed. 
mine the concentration of H2S which i s  captured in an H2S f i x i n g  reagent such 
as  zinc acetate  o r  cadmium acetate  aqueous solution. 
analysis procedure including a sampling procedure a re  given i n  Appendix I .  

Basically an iodometric back-ti tration method i s  employed to  deter-  

Details of the H2S 

I n  a l l ,  a to ta l  of 77 experiments were performed w i t h  the bench scale 
Typically, each experiment consisted of measurement of H2S removal system. 

effectiveness and time t o  breakthrough under specif ic  conditions of steam com- 
position, flow ra te ,  temperature, and pressure and with a specif ic  ca ta lys t  and 
ca ta lys t  condition. Each experimental r u n  required about  1 2  hours. Summary 
d a t a  sheets a r e  reproduced in Appendix I1 for  each r u n  discussed in th i s  
report .  
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E v a l u a t i o n  o f  C a t a l y s t  Performance 

The performance o f  each o f  t h e  n i n e  k inds  o f  a c t i v a t e d  carbon l i s t e d  i n  
Table 2 has been evaluated.  
was charged i n t o  t h e  one- inch d iameter  r e a c t o r .  
carbon charged, t h e  c a t a l y s t  bed h e i g h t  v a r i e d  from 9 t o  15  inches.  

and H2S c o n c e n t r a t i o n  o f  200 ppm (nominal )  was f e d  t o  t h e  r e a c t o r .  The space 
v e l o c i t y  under these c o n d i t i o n s  ranged f rom 130 t o  200 (volume/(volume)/min. 
The amount o f  a i r  mixed w i t h  t h e  steam was a d j u s t e d  so t h a t  t h e  oxygen i n t r o -  

duced t o  t h e  r e a c t i o n  system was about 1.5 t imes t h e  s t o i c h i o m e t r i c  requi rement  

I n  each e v a l u a t i o n  exper iment 80 grams o f  carbon 

Depending upon t h e  k i n d  o f  

Superheated 
steam (100 ps ig ,  180 t o  185°C) a t  a f low r a t e  o f  44 l b / f t  2 /min (22 g/cm 2 /min) 

o f  t h e  o x i d a t  

Gas samp 

c o n c e n t r a t i o n  
v i o u s  s e c t i o n  

on r e a c t i o n ,  React ion ( 1 ) .  

es o f  i n l e t  and o u t l e t  streams o f  t h e  r e a c t o r  were taken and H2S 

was determined by t h e  gas a n a l y s i s  method descr ibed i n  t h e  pre-  
A c a t a l y s t  performance e v a l u a t i o n  t e s t  would l a s t  f rom 8 t o  13 

hours, depending on when breakthrough occurred.  

p l e t e d ,  t h e  spent carbon i n  t h e  r e a c t o r  was d ischarged and d r i e d  i n  a vacuum 
oven (100OC). 

recovered by s o l v e n t  e x t r a c t i o n .  

a S o x h l e t  u s i n g  CS2 as a s o l v e n t .  

When each exper iment was com- 

S u l f u r ,  which depos i ted  on t h e  sur face  o f  t h e  spent carbon was 

The e x t r a c t i o n  o f  s u l f u r  was c a r r i e d  o u t  i n  

Among these t e s t s  t h e  s h o r t e s t  breakthrough t i m e  (as d e f i n e d  p r e v i o u s l y )  

The p e r t i n e n t  da ta  was l e s s  than t h r e e  hours and t h e  l o n g e s t  was 27.8 hours.  

show obta ined f rom these exper iments a r e  summarized i n  Table 3. 
show t h a t  a c t i v a t e d  carbon Samples 1 and 5 most e f f e c t i v e l y  removed H2S f rom 
t h e  H2S-steam m i x t u r e .  Breakthrough t imes f o r  Sample 1 and Sample 5 a r e  27.8 

and 19.2 hours, r e s p e c t i v e l y ,  and o v e r a l l  H2S removal f o r  them i s  h i g h e r  than 
97.4 percent .  Samples 1 and 5 a r e  l a b o r a t o r y  and i n d u s t r i a l  grade m a t e r i a l s ,  

r e s p e c t i v e l y ;  t h e r e f o r e ,  carbon Sample 5 was chosen and used i n  most o f  t h e  

subsequent exper iments,  except  as noted. 

These da ta  
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T A B L E  3 .  Summary Data  f o r  C a t a l y s t  E v a l u a t i o n  

Run No. 

C a t a l y s t  
W t .  o f  C a t .  gn 
Bed Volume, cm 
Steam Rate, gm/cm /min 

Space V e l o c i t y ,  /min 
Residence t ime, sec 
A i r  Rate, ml/min 
Oxygen Sto  i c h  i m e t r  i c  R a t i o  
I n l e t  H2S Conc., ppm 

1 hr 

2 
3 
4 

5 
6 
7 

8 
9 

10 

11 
12 

13 

3 
2 

Breakthrough Time, hr 
Average O u t l e t  H2S, ppm 
O u t l e t  Oxygen Conc. ppm 
Overall H2S Removal, % 

163 
1 

80 

170.7 
22.66 

156.7 
0.38 

50 
1.44 

193.0 
0.58 

0.68 
0.77 
0.89 

1.00 
1.15 

1.30 
1.50 

1.75 
1.97 
2.24 

2.55 

2.91 
27.8 

5.9 
42.5 

97.42 

117 
2 

80 

136.9 
22.42 

192.4 
0.31 

50 

1.48 
191.2 

7.2 

15.7 
23.5 
32.0 

39.7 
47.8 

55.5 
63.6 

2.7 

34.9 
59.4 

81.7 

119 
3 

80 
128.1 

22. 00 

201.9 
0.30 

50 
1.43 

202.3 
1.2 
1.5 
2.0 

5.0 
12.3 

20.0 
27.3 
34.8 

6.2 

17.4 
49.8 

91.4 

123 
4 

80 
157.5 

19.8 

148.0 
0.41 

50 
1.78 

191.6 

3.8 
7.7 

12.8 
17.3 

22.1 
26.3 
30.8 

34.7 
38.7 
43.2 

4.7 

23.0 
72.4 

82.8 

124 
5 

80 
128.8 

20.2 

184.6 
0.33 

50 
1.59 

197.9 
0.5 
1.0 
1.3 

1.8 

2.2 

2.5 

3.1 
3.8 
4.0 
4.8 
5.2 

5.8 

6.3 
19.2 

3.3 

57.5 
98.4 

* 

125 
6 

a0 

184.0 

20.5 
130.9 

0.46 
50 

1.52 

205.2 
0.6 

1.1 
1.5 
1.8 

2.0 
2.3 

5.2 
8.2 

12.7 
16.5 

9.8* 

4.0 
52.4 

98.1 

T e s t s  

115 
7 

80 
114.1 
20.5 

211.1 
0.28 

50 
1.57 

199.4 
1.0 
1.2 
1.8 
2.0 

2.6 
3.2 

3.9 
4.6 

6.8 
9.8 

13.0* 

3.0 

54.7 
98.5 

127 . 128 

8 9 
a0 80 

143.5 164.9 
20.6 20.8 

168.9 148.4 
0.36 0.40 

50 50 
1.71 1.49 

181.8 207.1 
1.3 1.5 

2.0 2.2 
2.8 3.3 
3.9 4.3 

4.9 7.5 
6.1 12.4 

6.8 20.3 
7.5 20.3 
8.3 24.2 

28.1 

10.7* 8.5 

4.4 11.8 
62.2 52.9 

97.5 94.3 

*Est imated Values 



Temperature and Pressure L i m i t a t i o n s  

The o x i d a t i o n  o f  H2S t o  elemental  s u l f u r  i s  exothermic. Chemical 

thermodynamics would q u a l i t a t i v e l y  p r e d i c t  i n c r e a s i n g  convers ion  t o  s u l f u r  

w i t h  decreas ing temperature. However, f r o m  t h e  r e a c t i o n  k i n e t i c s  p o i n t  o f  

view, i n c r e a s i n g  temperatures w i l l  g e n e r a l l y  inc rease r e a c t i o n  r a t e s .  The 

a c c e p t a b i l i t y  o f  b o t h  t h e  r a t e  o f  r e a c t i o n  and t h e  convers ion a t  geothermal 
steam temperatures i s  a key i s s u e  t o  t h e  u l t i m a t e  f e a s i b i l i t y  o f  t h e  proposed 

process. 

The m e l t i n g  p o i n t  o f  s u l f u r  i s  112 o r  12OoC depending upon t h e  t y p e  o f  

s u l f u r  formed. 
e n t r a i n e d  by steam pass ing  through t h e  c a t a l y s t  bed i f t h e  o p e r a t i n g  

temperature i s  above t h e  m e l t i n g  p o i n t  o f  s u l f u r .  

d e p o s i t  on t h e  sur face  o f  downstream t u r b i n e  blades, cas ing  o r  exhaust l i n e s  

depending where t h e  c o l d  spots  are. 

S u l f u r  depos i ted  on t h e  s u r f a c e  o f  t h e  c a t a l y s t  may be 

E n t r a i n e d  s u l f u r  may 

I n  React ion (1) t h e  number o f  moles o f  gaseous p r o d u c t  i s  l e s s  than t h a t  

o f  r e a c t a n t s .  

r e a c t i o n  system pressure  w i l l  enhance t h e  e q u i l i b r i u m  y i e l d  o f  t h e  r e a c t i o n .  

The e f f e c t  o f  pressure on t h e  convers ion o f  H2S t o  s u l f u r  i s  t h e r e f o r e  o f  

i n t e r e s t .  

Accord ing t o  Le C h a t e l i e r ' s  p r i n c i p l e ( " )  an inc rease i n  t h e  

To i n v e s t i g a t e  t h e  e f f e c t  of temperature and pressure on t h e  proposed 

process carbon sample No. 1, a standard grade o f  coconut s h e l l  a c t i v a t e d  

carbon, was s e l e c t e d  as t h e  r e f e r e n c e  c a t a l y s t .  A l l  exper iments were 
performed a t  a s tandard steam f l o w  r a t e  (44 l b / h r - f t  , nominal) ,  and a 
s tandard H2S i n l e t  c o n c e n t r a t i o n  (200 ppm nominal ) .  

was used f o r  a l l  exper iments i n  t h i s  s e r i e s .  C a t a l y s t  regenera t ing ,  a f t e r  
each run, was performed by e x t r a c t i n g  t h e  adsorbed s u l f u r  w i t h  CS2 and 

vacuum d r y i n g .  

2 

The same carbon sample 

Data f r o m  runs  93, 94, 98, 99, 103, 105, 108 and 109, Appendix 11, are 

shown p l o t t e d  on F i g u r e  3 . 
p s i g  show a lower e f f e c t i v e n e s s .  However, t h i s  i s  a t t r i b u t e d  t o  ag ing o f  the  
c a t a l y s t ,  which i s  known t o  have conta ined meta l  compounds. 

p s i g  runs  were t h e  l a s t  t o  be performed d u r i n g  t h i s  ser ies ,  i t  i s  l i k e l y  t h a t  

A l though t h e  d a t a  a r e  sca t te red ,  t h e  da ta  f o r  110 

Since t h e  110 
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i n s o l u b l e  meta l  s u l f i d e s  formed on t h e  c a t a l y s t  sur face  t o  reduce t h e  a c t i v i t y  

o f  t h e  c a t a l y s t .  

It i s  e v i d e n t  t h a t  H2S removal e f fec t i veness  r a p i d l y  d imin ished as t h e  

steam temperature and pressure  approached s a t u r a t i o n .  

can be a t t r i b u t e d  t o :  
The s c a t t e r i n g  o f  d a t a  

( 1 )  These experiments were c a r r i e d  o u t  d u r i n g  t h e  e a r l y  p a r t  o f  research 

program. Cont ro l  of f low r a t e s  and temperature had n o t  been 

r e s o l v e d  a t  t h a t  t ime. 

( 2 )  Sampling techniques had n o t  been f u l l y  developed. 

Reasons f o r  t h e  poor performance of t h e  process a t  t h e  steam s a t u r a t i o n  

p o i n t  were thought  t o  be due t o  b l i n d i n g  t h e  a c t i v e  s i t e s  o f  t h e  c a t a l y s t  b y  

steam condensate. A d e t a i l e d  i n v e s t i g a t i o n  o f  t h i s  phenomenon w i l l  be 

d iscussed i n  t h e  nex t  sec t ion .  

O v e r a l l ,  i t i s  concluded t h a t  n e i t h e r  temperature nor  pressure have an 

i n t r i n s i c  e f f e c t  on H2S removal e f f e c t i v e n e s s  over t h e  ranges o f  140 t o  

24OoC and 35 t o  120 ps ig .  

i n e f f e c t i v e  as t h e  pressure- temperature c o n d i t i o n  of t h e  steam approaches 

s a t u r a t i o n .  

However, again, t h e  c a t a l y s t  does become 

When t h e  steam temperature was h i g h e r  than 235'C, t h e  ent ra inment  o f  
s u l f u r  by steam f l o w i n g  th rough t h e  r e a c t o r  became s i g n i f i c a n t .  

ent ra inment  o f  s u l f u r  was detected by t h e  appearance o f  a w h i l e  m i l k y  s u l f u r  
p r e c i p i t a t e  i n  t h e  steam condensate. 

e s p e c i a l l y  when t h e  a c t i v a t e d  carbon was loaded w i t h  s u l f u r .  To determine t h e  

amount o f  s u l f u r  e n t r a i n e d  versus steam temperature,  a bed o f  h e a v i l y  

s u l f u r - l o a d e d  spent carbon was purged w i t h  steam a t  d i f f e r e n t  temperatures b u t  

a t  a c o n s t a n t  p ressure  and v e l o c i t y .  

increased g r a d u a l l y .  The steam condensate was c o l l e c t e d  and a known amount o f  
condensate was d r i e d  i n  a P e t r i  d ish .  The r e s i d u a l  s o l i d  was weighed t o  

determine t h e  s o l i d  conten t .  As shown i n  Run 96 o f  Appendix I1 and F i g u r e  4, 

t h e  r e s i d u a l  s o l i d ,  which was taken as t h e  amount o f  s u l f u r  en t ra ined,  

increased as t h e  temperature o f  t h e  steam increased. 

The 

The ent ra inment  o f  s u l f u r  was severe, 

The temperature o f  t h e  steam was 

Note t h a t  no 
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q u a n t i t a t i v e  deduct ions should be made f rom t h i s  da ta  due t o  t h e  p o s s i b l e  
d e p o s i t i o n  o f  s u l f u r  i n  t h e  connect ing  p i p i n g .  

Pressure Drop 

Degradat ion o f  steam q u a l i t y  i n  a geothermal power genera t ion  system, by 
f r i c t i o n a l  steam pressure  drop, would reduce t h e  e l e c t r i c a l  power o u t p u t  o f  

t h e  system. 

used upstream o f  power genera t ion  equipment, t h i s  f a c t o r  must be considered i n  

e v a l u a t i n g  t h e  f e a s i b i l i t y  o f  t h e  system. 

Since t h e  proposed c a t a l y t i c  o x i d a t i o n  system i s  in tended t o  be 

Pressure drop measurements were made u s i n g  t h e  bench s c a l e  system. 

measurements were made d u r i n g  exper iments i n v o l v i n g  H2S o x i d a t i o n  as w e l l  as 

i n  exper iments s p e c i f i c a l l y  designed f o r  p ressure  drop measurement w i t h  c l e a n  

steam f l o w  across c lean a c t i v a t e d  carbon beds. The ins t rument  used f o r  t h e  

measurements was a s t r a i n  gauge d i f f e r e n t i a l  p ressure  t ransducer .  I t  was 

connected t o  t h e  bench sca le  r e a c t o r  j u s t  above and below t h e  p o s i t i o n  o f  t h e  

carbon bed t o  min imize  v e l o c i t y  e f f e c t s  which c o u l d  occur i f  t h e  pressure  t a p s  
were i n  t h e  connect ing  p i p i n g .  

was by means o f  a mercury manometer. 

These 

Labora tory  c a l i b r a t i o n  o f  t h e  A P  i ns t rument  

I n i t i a l l y ,  t h e  pressure drop exper iments were performed w i t h  t h e  bench 

s c a l e  r e a c t o r  loaded w i t h  g l a s s  beads o f  t h e  approximate s i z e  range o f  t h e  
a c t i v a t e d  carbon t o  be employed l a t e r .  Th is  was done t o  check t h e  ins t rument  

system and t o  p r o v i d e  a comparison o f  p ressure  drop across beds hav ing  w e l l  

c h a r a c t e r i z e d  media w i t h  t h e  pressure drop through beds hav ing a range of 
p a r t i c l e  s i z e s  and s p h e r i c i t y .  T y p i c a l  d a t a  f o r  g l a s s  beads a r e  shown p l o t t e d  
on F i g u r e  5. 

steam a t  s a t u r a t i o n  w h i l e  steam superheated about 10°C shows a more 

c o n s i s t e n t  r e l a t i o n s h i p  between pressure  drop and f l o w .  

a t t r i b u t e d  t o  p a r t i a l l y  f i l l i n g  f l o w  passage v o i d s  w i t h  condensate f r o m  
s a t u r a t e d  steam. 

p o s s i b l e  t o  a c c u r a t e l y  p r e d i c t  t h e  steam pressure  drop across beds i n  which 
condensat ion may occur.  

bed pressure drop by 40-604’0 i n  t h e  v e l o c i t y  range of i n t e r e s t .  

There i s  cons iderab le  s c a t t e r  i n  t h e  da ta  p o i n t s  ob ta ined w i t h  

T h i s  d i f f e r e n c e  i s  

S ince t h i s  i s  a r a t h e r  u n p r e d i c t a b l e  occurrence, i t  i s  n o t  

I t  appears t h a t  such condensat ion would inc rease t h e  
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Experiments t o  measure pressure drop across carbon beds were performed 
using clean steam (no additives) and clean carbon beds. 
qua l i t i e s  and flow ra tes  were examined. 
temperature--162, 166, 170, 177 and 180°C; three pressures--80, 100 and 120 
psig corresponding t o  saturated temperatures of 162,  170 and 1 7 7 O C  
respectively were used. Steam flow ra tes  of 17.28, 21.68, 32.52 and 43.06 

2 l b / f t  -min were examined. Three kinds of activated carbon, samples 2 ,  5 and 
6 were used. 

Various steam 
Five levels of steam 

Size and bed properties fo r  these materials are shown in Table 4. 

TABLE 4. Activated Carbon Bed Properties 
Average Bed 

Nominal Size Range Par t ic le  Size, mm Void Volume, % 

Sample 2 - 4 to + 8 mesh/in. 2.016 
Sample 5 - 12 t o  +30 mesh/in. 0.692 
Sample 6 - 12 t o  +30 mesh/in. 0.526 

45.6 
41.3 
42.8 

Average pa r t i c l e  s izes  were determined by screen analysis followed by 
weighted averaging based on par t ic le  surface area assuming spherical 
par t ic les .  Six cuts for  each nominal pa r t i c l e  s ize  were obtained. Bed void 
volume was determined by prewetting samples with kerosene, t o  f i l l  internal 
carbon pores, followed by bulk kerosene displacement measurements. 

The pressure d r o p  across catalyst  beds i s  a function of following 
variables: pressure, temperature, flow r a t e  and pa r t i c l e  s ize .  These values 
were plotted in the form of €rgun's('*) correlation as  shown i n  Equation 9 

and f igures  6 and 7 .  

3 (3) e) (k) = 150 ( ) + 1.75 
0 DpG0/P 

(9) 
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2 where A P  = pressure drop, l b / f t  
3 p = d e n s i t y  mass o f  f l u i d ,  l b / f t  

2 = mass f l o w  r a t e  based on an empty tube, l b / f t  sec 
GO 
Dp = p a r t i c l e  s ize ,  f t  

L = bed length,  f t  

E = v o i d  f r a c t i o n  

P = v i s c o s i t y ,  l b / f t  sec 
2 gc = 32 f t / s e c  

The Ergun c o r r e l a t i o n  was developed f rom data  on t h e  pressure drop o f  

noncondensible gases across packed beds. 

exper iments are presented i n  Appendix 11. 

Data ob ta ined f rom these s e r i e s  o f  

Again, t he  p o i n t s  p l o t t e d  on F igu re  6 are f o r  c lean superheated steam 

f l o w i n g  through c lean carbon beds. 
p r o b a b l y  p r e d i c t s  a s l i g h t l y  h i g h  p r e s s u r e  d r o p  for t h e  c o n d i t i o n s  u s e d  i n  

t h i s  work. 

It was concluded t h a t  t h e  Ergun equat ion  

F igu re  7 i s  a s i m i l a r  p l o t ,  except data p o i n t s  represent  measurements 
ob ta ined w i t h  steam a t  s a t u r a t i o n  cond i t i ons .  An upward s h i f t i n g  o f  t h e  da ta  

p o i n t s  i s  ev ident ,  presumably due t o  random condensat ion o f  steam and p a r t i a l  

b lockage o f  t h e  f l o w  p a t h  th rough t h e  bed. 

work, a s a f e l y  conserva t i ve  p r e d i c t i o n  o f  pressure drop f o r  sa tu ra ted  steam 

pressure  drop across carbon beds would be descr ibed by: 

Based on t h e  da ta  ob ta ined i n  t h i s  

1- E 

(-) (:) ( - 1  = 252 
+ 2.87 

0 DpGo/ P 

It was observed t h a t  an inc rease i n  bed pressure  drop occurred w i t h  

c o n t i n u i n g  f l o w  o f  steam, bo th  d u r i n g  exper iments t o  determine c a t a l y s t  

performance and w i t h  o n l y  c lean  steam f l ow ing .  

was general  y i n  the  range o f  seven t o  e i g h t  percent  and was always l ess  than 

10 percent .  Th is  e f f e c t  was a t t r i b u t e d  t o  t i g h t e r  bed pack ing w i t h  cont inued 
d i f f e r e n t i a  f o r c e  as no changes i n  p a r t i c l e  s i zes  were observed. 

Th is  p ressure  drop inc rease 

n 



E f f e c t s  o f  Noncondensible Gases and Condensate 

Geothermal steam c o n t a i n s  noncondensible gases such as C O Z Y  H2, CH4 

and NH3 o t h e r  than H2S as shown i n  Table 1. Geothermal steam may a l s o  

c o n t a i n  b o r i c  a c i d  and t r a c e s  o f  heavy meta l  vapors such as mercury and 
arsen ic .  A l though t h e i r  concent ra t ions  i n  geothermal steam are low, t h e  

e f f e c t  o f  these gases on t h e  c a p a c i t y  and a c t i v i t y  o f  t h e  c a t a l y s t  c o u l d  be 

c r i t i c a l .  For  example, i t  i s  known t h a t  heavy meta ls  may be permanent ly 

adsorbed o r  r e a c t  w i t h  a c t i v a t e d  carbon. 

t h a t  the  presence o f  NH3 i n  a gas stream c o n t a i n i n g  H2S may sometimes 

enhance removal o f  H2S by t h e  o x i d a t i o n  r e a c t i o n  w i t h  a c t i v a t e d  carbon. 

It has been a l s o  r e p o r t e d  ( N 6 )  

To c a r r y  o u t  t h e  i n v e s t i g a t i o n  t h e  a f o r e s a i d  noncondensible gases were 

i n t r o d u c e d  t o  t h e  s imu la ted  steam one a t  a t ime,  and f i n a l l y ,  a m i x t u r e  o f  a l l  

gases was added t o  the  system. 

chosen as t h e  c a t a l y s t  because t h i s  brand gave good H2S removal r e s u l t s  i n  

pas t  experiments. The e f f e c t  of these gases on t h e  H2S removal c a p a c i t y  was 

determined by t h e  measurement o f  i n l e t  and o u t l e t  H2S c o n c e n t r a t i o n s  as w e l l  

as comparison o f  breakthrough t imes.  

I n  these exper iments carbon Sample 5, was 

A d d i t i o n  o f  C O Z Y  H2 and CH4 t o  t h e  steam was accomplished w i t h o u t  

d i f f i c u l t y ;  however, i n t r o d u c t i o n  o f  NH3 t o  t h e  system was d i f f i c u l t .  

D i f f i c u l t i e s  inc luded an uns tab le  supply  o f  NH3, and p l u g g i n g  o f  t h e  gas 

supp ly  l i n e .  

NH3. The vapor pressure o f  ammonia a t  t h e  room temperature i s  about 125 
ps ia,  which i s  c l o s e  t o  t h e  steam pressure.  The low pressure  o f  t h e  ammonia 

supp ly  source was one reason t h a t  ammonia f l o w  was n o t  s t a b l e .  

c o r r o s i o n  o f  t h e  f l o a t  ( b a l l )  i n  t h e  ro tameter  b y  wet ammonia (contaminated 

w i t h  water vapor) and p l u g g i n g  o f  t h e  ammonia l i n e  i n  t h e  f low-meter occurred 

f r o m  t i m e  t o  t ime.  

p l u g g i n g  o f  the  l i n e  became worse. 
H2S were in t roduced i n t o  t h e  system through t h e  same l i n e ,  t h e  chance o f  

p l u g g i n g  o f  t h e  gas supply  l i n e  increased. 
so lved by h e a t i n g  t h e  c y l i n d e r  c o n t a i n i n g  ammonia w i t h  a h o t  a i r  gun and by 

i n t r o d u c i n g  ammonia s e p a r a t e l y  f rom o t h e r  noncondensible gases. Ammonia was 

premixed w i t h  a i r  be fore  i t  was in t roduced t o  t h e  system. 

A c y l i n d e r  o f  l i q u i d  anhydrous ammonia was used as t h e  source o f  

Also,  

When t h e  gas m i x i n g  s t a t i o n  conta ined mois ture,  t h e  

It was a l s o  found t h a t  when ammonia and 

These problems were e v e n t u a l l y  
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I n  the  gas ana lys i s  problems were a l so  encountered due t o  t h e  presence of 

ammonia o r  ammonium hydrox ide  i n  t h e  sample. It was l a t e r  learned t h a t  t h e  

iodomet r ic  t i t r a t i o n  method, as descr ibed i n  Appendix I, i s  no t  accurate a t  

h i g h  pH. 
a c i d  t o  the  i o d i n e  s o l u t i o n  be fore  i t  was poured i n t o  t h e  steam sample. 

Th is  problem was overcome by  adding an e x t r a  amount o f  h y d r o c h l o r i c  

Resu l ts  o f  the  i n v e s t i g a t i o n  o f  e f f e c t s  o f  noncondensible gases and on 

t h e  H,S removal process are summarized i n  Table 5 and discussed i n  the  
L 

f o l  1 owing 

a. 

b. 

p a r  ag raph s : 

Carbon d iox ide ,  methane and hydrogen have no n o t i c e a b l e  e f f e c t  on 

H2S removal e f f i c i e n c y  and c a p a c i t y  o f  t he  c a t a l y s t  (Sample 5 )  
used i n  t h i s  s tudy  even a t  concen t ra t i ons  t w i c e  as h i g h  as t h e  

t y p i c a l  concen t ra t i ons  of Geysers' steam. I n  those runs  ( runs  138, 

140 and 142) where gas concen t ra t i ons  were doubled, breakthrough d i d  
not occur even a f t e r  13 or  13.5 hours of t he  steam treatment  
opera t ion .  Th is  showed t h a t  t h e  performance of t h e  c a t a l y t i c  

o x i d a t i o n  process was no t  a f f e c t e d  by the  presence o f  C02, H2 
and CH4. 

A f t e r  t he  problems o f  i n t r o d u c i n g  ammonia i n t o  t h e  r e a c t i o n  system 
had been solved, runs  w i t h  t h e  t y p i c a l  NH3 concen t ra t i on  (Run 151) 

and w i t h  double the  NH3 concen t ra t i on  (Run 145) were made. It was 
found, f rom these two runs, t h a t  t h e  presence o f  ammonia i n  t h e  
steam d i d  no t  have any harmfu l  e f f e c t  on t h e  performance o f  t he  
o x i d a t i o n  process. A t  t h e  end o f  each run, however, we found t h a t  

some wh i te  powdery m a t e r i a l  was formed on t h e  su r face  o f  t he  
c a t a l y s t .  Sometimes, because o f  t h e  fo rma t ion  o f  t h i s  w h i t e  

m a t e r i a l ,  t h e  d ischarge o f  spent carbon f rom t h e  r e a c t o r  became 

d i f f i c u l t .  A p lunger  was r e q u i r e d  t o  push t h e  spent carbon o u t  o f  

t he  reac to r .  

As discussed p rev ious l y ,  t he  fo rma t ion  o f  (NH4)2S04 as i n  

React ion (8 )  was suspected. 

o f  the  powdery m a t e r i a l  formed on t h e  sur face  o f  t h e  carbon, t h e  

To i d e n t i f y  t h e  chemical c o n s t i t u e n t s  
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Run No. 

137 

138 
139 

140 

141 
142 

145 
146 
149 

150 
151 

I52 
163 

TABLE 5. E f f e c t s  o f  Noncondensible Gases on C a t a l y s t  Performance 

Carbon 

No. 5 

No. 5 
No. 5 
No. 5 
No. 5 
No. 5 
No. 5 
No. 5 
NO. - 5 

No. 5 
No. 5 
No. 1 
No. 1 

Steam F l o w  

____- R a t e - l b / f t  -sec 

42.2 

41.2 
40.5 

39.4 
40.5 

39.4 
40.0 

40.0 
40.0 

40.0 

40.0 

40.0 
46.4 

Temper a t  u r e  

OC 

190 

188 
190 

190 

190 
189 
190 

185 
185 
187 
188 

188 

188 

D u r a t i o n  

H r  ____ 

10 

10 
10 

13 
10 
13 

9 
5.5 

10 

10 
10 

10 
27 

I n l e t  Composi t ion - ppm - 
-2- H S -2- CO -2- H 4 CH -3 NH 

218 6,200 - 
200 12,400 - 
210 52 - - 
220 - 104 - - 
227 - 305 - 
200 - 790 - 
193 - 110 

156 12,400 104 290 110 

195 12,400 104 790 110 
215 6,200 52 385 55 

215 - 55 

216 12,400 104 790 160 
193 6,200 52 385 55 

Average 

O u t l e t  H2S 

Content-ppm-- 

3.5 
2.3 
3.7 

3.1 
2.9 
2.0 

6.5 
5.2 
3.4 

2.4 
2.5 

3.0 
1.0 0-5 h r  

2.0 5-10 hr 
4.3 10-15 tit- 

7.3 15-20 h r  

18.5 20-27 h r  



spent carbon was f i r s t  washed w i t h  ho t  water and t h e  washed water was 

c o l l e c t e d  by a f i l t r a t i o n .  

d i s h  t o  recovey any s o l i d .  
was r e d i s s o l v e d  i n  d i s t i l l e d  water.  Barium c h l o r i d e  s o l u t i o n  was 

added t o  the  s o l u t i o n  t o  check f o r  t h e  presence o f  (SO4)--  ions.  

Resu l t s  o f  t h e  t e s t  showed p o s i t i v e .  Also, when t h e  s o l u t i o n  was 

heated w i t h  concentrated sodium hydrox ide s o l u t i o n ,  gaseous ammonia 
was re leased f rom t h e  s o l u t i o n .  Th is  conf i rmed t h a t  t h e  wh i te  powder 

formed on the  sur face  o f  spent carbon was (NH4)$04. 

conc lus ion  a l s o  means t h a t  whenever H2S and NH3 are p resent  i n  

geothermal steam, t h e  fo rmat ion  o f  (NH4)2S04 i s  p o s s i b l e  as a 

r e s u l t  o f  t h e  c a t a l y t i c  o x i d a t i o n  r e a c t i o n .  

(NH4)$04 f o r  o the r  usages such as f e r t i l i z e r  d u r i n g  t h e  

c a t a l y s t  regenera t i on  s tep  w i l l  depend on t h e  q u a n t i t y  o f  
(NH4)$jO4 formed and the  economic s i t u a t i o n .  

The f i l t r a t e  was evaporated i n  a P e t r i  

A p a r t  o f  t he  s o l i d  (powder) recovered 

Th is  

The recove ry  of 

c. I n  runs 146, 149, 150, 152 and 163 a l l  t h e  noncondensible gases were 

I n  runs  mixed w i t h  t h e  steam and c a t a l y s t  performance was examined. 

150 and 163 the  t y p i c a l  concen t ra t i ons  o f  noncondensible gases were 

used, and i n  runs  149 and 152 t w i c e  as h i g h  as t h e  t y p i c a l  gas 
concen t ra t i ons  were used. 

A c t i v a t e d  carbon used i n  runs 149 and 150 was Sample 5; runs  152 and 

163 employed Sample 1. 
i n  the  p rev ious  cases, where noncondensible gases were in t roduced t o  

t h e  system one a t  a t ime, was drawn. 

noncondensible gases i n  t h e  s imulated steam d i d  no t  a f f e c t  t he  

performance o f  t h e  c a t a l y t i c  o x i d a t i o n  process a t  a l l .  

us ing  Sample 1 as the  c a t a l y s t  was made i n  Run 163. 

concen t ra t i on  a t  t h e  end o f  t h e  27-hour r u n  was 17.62 ppm. 

From these exper iments t h e  same conc lus ion  as 

The presence o f  a l l  

A 27-hour r u n  

The o u t l e t  H2S 

Some i n d i c a t i o n  had been observed t h a t  c a t a l y s t  e f f e c t i v e n e s s  d imin ished 

The presence o f  a l i q u i d  

To f u r t h e r  i n v e s t i g a t e  t h i s  phenomenon, t h e  presence o f  l i q u i d  

when,the steam be ing  t r e a t e d  approached s a t u r a t i o n .  

water f i l m  which covers the  a c t i v e  s i t e s  of a c t i v a t e d  carbon was thought  t o  be 

t h e  reason. 
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water  i n  t h e  r e a c t o r  packed w i t h  a c t i v a t e d  carbon was at tempted by  u s i n g  t h e  

e l e c t r i c a l  p r o p e r t i e s  o f  t he  bed. 

as one e lec t rode ,  and t h e  w a l l  o f  t h e  r e a c t o r  was served as t h e  o t h e r  
e lec t rode .  The r e s i s t a n c e  between these two e l e c t r o d e s  was measured. When 

carbon was s a t u r a t e d  o r  p a r t i a l l y  s a t u r a t e d  w i t h  water, t h e  r e s i s t a n c e  o f  t h e  

bed would be expected t o  be low; on t h e  o the r  hand, when t h e  bed was d r y  o r  

t h e  superheated steam was pass ing  th rough t h e  bed, t h e  r e s i s t a n c e  o f  t h e  bed 

would be h igh.  

A c o a x i a l l y  embedded s t a i n l e s s  r o d  was used 

Resu l t s  o f  c a t a l y s t  bed r e s i s t a n c e  measurements f o r  i n v e s t i g a t i n g  t h e  

I t c l e a r l y  shows t h a t  whenever t h e  bed r e s i s t a n c e  decreases, t h e  

i n e f f e c t i v e n e s s  o f  H2S removal f rom sa tu ra ted  steam are summarized i n  

Tab le  6 .  

o u t l e t  H2S concen t ra t i on  increases.  I n  o the r  words, when sa tu ra ted  steam 

passes th rough t h e  bed, t h e  e l e c t r i c a l  r e s i s t a n c e  o f  t h e  bed decreases, and 

t h e  o u t l e t  H2S concen t ra t i on  increases.  

remove H2S f rom sa tu ra ted  steam by the  c a t a l y t i c  o x i d a t i o n  process are as 

f o l l o w s :  

Poss ib le  reasons f o r  t h e  f a i l u r e  t o  

TABLE 6. Carbon Bed E l e c t r i c a l  Resis tance Measurements 

H2S Conc. 

Ps i  9 PPm PPm ohm 
Pressure I n l e t  Out1 e t  Bed Res is tance 

Satura ted  324 80 188 85.3 3.5 
Superhea ted  334 80 197 1.2 43.1 
Satura ted  338 100 237 129.4 2.4 

Superheated 348 100 212 0.5 44.6 

Satura ted  350 120 255 172.1 2.0 

Super heated 360 120 220 0.8 43.5 

-&== 

a. A Loss i n  A c t i v e  S i t e s  o f  t h e  C a t a l y s t  

When t h e  s a t u r a t e d  steam condenses on t h e  su r face  o f  t h e  c a t a l y s t ,  i t  

forms a l i q u i d  f i l m  which covers a l l  o r  p a r t  o f  t h e  a v a i l a b l e  a c t i v e  

s i t e s  o f  t h e  c a t a l y s t  which need t o  be  occupied by  r e a c t a n t s  b e f o r e  
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t hey  can r e a c t  w i t h  each o ther .  (I3) As a r e s u l t  o f  t h i s  b l i n d i n g  

o f  a c t i v e  s i t e s ,  t h e  e f f e c t i v e n e s s  of t h e  c a t a l y t i c  o x i d a t i o n  process 

decreases d r a s t i c a l l y .  

b. Low Concentrat ions o f  Gaseous Reactants i n  t h e  L i q u i d  F i l m  Cover ing  
t h e  Sur face o f  t h e  C a t a l v s t  

A c a l c u l a t i o n  o f  t he  e q u i l i b r i u m  concen t ra t i on  o f  gaseous reac tan ts  

i n  t h e  water f i l m  shows t h a t  concent ra t ions  of H2S and O2 are 

about ten  thousandths of t h e  concen t ra t i on  i n  t h e  gas phase. 

assuming t h a t  t h e  presence o f  l i q u i d  water does no t  a f f e c t  c a t a l y s t  

a c t i v i t y ,  t h e  r e d u c t i o n  of t h e  concen t ra t i ons  o f  r e a c t a n t s  w i l l  

undoubtedly reduce t h e  r a t e  o f  ox ida t i on .  Therefore,  t h e  low 

concen t ra t i on  o f  r e a c t a n t s  a t  t h e  l i q u i d  f i l m - c a t a l y s t  i n t e r f a c e  i s  

one o f  the reasons t h a t  t he  process f a i l s  t o  work i n  t h e  sa tu ra ted  

steam regime. 

Decrease o f  Oxygen S o l u b i l i t y  i n  Water Due t o  t h e  Accumulat ion of 
H SO - 2 4  
As shown i n  React ion (61, SO3 can be produced i n  t h e  o x i d a t i o n  

system as a r e s u l t  o f  s i d e  reac t i ons .  
sur face  o f  the  c a t a l y s t ,  SO3 f u r t h e r  reac ts  w i t h  water t o  fo rm 

H2S04 as shown i n  t h e  f o l l o w i n g  r e a c t i o n :  

Even 

c. 
i n  t h e  L i q u i d  F i l m  

When a water  f i l m  forms a t  t h e  

SO3 + H20 = H2S04 

Komiyama and Smith ( I4)  found t h a t  t he  s o l u b i l i t y  o f  oxygen i n  water 

decreased as t h e  concen t ra t i on  o f  H2S04 i n  water increased. The 

presence o f  H2S04 has been a c t u a l l y  de tec ted  i n  our  experiments. 

The c o l o r  o f  t h e  a c t i v a t e d  carbon impregnated w i t h  copper compounds 

changes f rom b lack  t o  b l u e  CuS04 5H20 as the  H2S removal 

process proceeded. 

t h e  s o l u b i l i t y  o f  oxygen i n  water and ( 2 )  accumulat ion o f  H2S04 
i n  t h e  water f i l m  formed by t h e  condensat ion o f  sa tu ra ted  steam 

a f f e c t s  the  r e a c t i o n  r a t e  o f  the  o x i d a t i o n  reac t i on .  

A decrease i n  t h e  oxygen concen t ra t i on  due t o  (1) 
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Oxygen Requirements 

Accord ing t o  React ion ( 1 )  f o r  one mole o f  H2S be ing  conver ted t o  s u l f u r  

one h a l f  mole of oxygen i s  r e q u i r e d  s t o i c h i o m e t r i c a l l y .  However, i n  o rde r  t o  
have a more complete removal o f  H2S f r om geothermal steam, oxygen i n  excess 

o f  t h e  s t o i c h i o m e t r i c  requi rement  may be in t roduced.  Any oxygen i n  excess o f  

t he  s t o i c h i o m e t r i c  requi rement  w i l l  pass through t h e  r e a c t o r  w i t h  t h e  t r e a t e d  

steam and e n t e r  t h e  t u r b i n e  power genera tor .  Cor ros ion  problems i n  t h e  power 

genera t i ng  equipment, e s p e c i a l l y  a t  h igh  temperatures and i n  t h e  presence o f  
l i q u i d  water, may r e s u l t .  The amount o f  oxygen which maximizes convers ion  o f  

H2S t o  s u l f u r  and y e t  no t  cause s i g n i f i c a n t  oxygen co r ros ion  problem must be  

sought. To determine t h e  op t ima l  oxygen requi rement ,  t h e  bench s c a l e  system 

was operated w i t h  d i f f e r e n t  l e v e l s  o f  oxygen concent ra t ion ,  and t h e  

e f f e c t i v e n e s s  o f  t he  H2S removal was i n d i c a t e d  by the  H2S c o n c e n t r a t i o n  i n  

t h e  r e a c t o r  o u t l e t  stream. The unreacted oxygen was determined e i t h e r  

d i r e c t l y  by a gas chromatographic ana lys i s  or  i n d i r e c t l y  c a l c u l a t e d  f rom t h e  

H2S convers ion.  

I n  e a r l i e r  work when l i m i t a t i o n s  o f  ope ra t i ng  v a r i a b l e s  were 

i n v e s t i g a t e d ,  i t  was found t h a t  oxygen concen t ra t i ons  somewhere between 1.3 

and 1.6 t imes t h e  s t o i c h i o m e t r i c  requi rement  were needed f o r  e f f e c t i v e  removal 

o f  H2S. 
de te rm ina t ion  o f  oxygen requ i rement  two runs  u s i n g  carbon, Sample 1 and Sample 

5 were c a r r i e d  ou t .  Data f rom these runs  are summarized i n  Tables 7 and 8. 

W i th  a more c a r e f u l  c o n t r o l  o f  t h e  opera t i ng  v a r i a b l e s  f o r  t h e  

I n  Run 157, when t h e  a i r  f l o w  r a t e  decreased f rom 57 t o  30 ml/min (1.48 

t o  1.02 t imes  o f  t h e  s t o i c h i o m e t r i c  requ i rement )  t h e  o u t l e t  c o n c e n t r a t i o n  o f  

H2S increased f rom l e s s  than 1 ppm t o  19.81 ppm. 

t h e  o u t l e t  concen t ra t i on  o f  H2S when t h e  oxygen supply  was changed f rom 1.14 

t o  1.02. 
t h e  o u t l e t  H2S concen t ra t i on  t o  change f rom 0.83 t o  27.65 ppm. However, t h e  

change i n  t h e  o u t l e t  concen t ra t i on  o f  H2S w i t h  respec t  t o  t h e  change i n  

oxygen supp ly  i s  smoother i n  Run 158 than i n  Run 157. 

There was a sharp jump i n  

I n  Run 158, t h e  change i n  t h e  oxygen supp ly  f rom 1.85 t o  0.92 caused 
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TABLE 7. Minimum Oxygen Requirement f o r  Carbon Sample 5 

Run 157 

A i r  Flow Rate 

I n l e t  H2S 

H S Flow Rate 
2m1 / m i  n 

H2S/02 
T h e o r e t i c a l  Oxygen Flow 

Rate, ml/min 

02/Theo. O2 

O u t l e t  H2S, ppm 
O u t l e t  0 i n  O u t l e t  

Condensate Dissolved 

PPm 

Noncon iens ib le  Gas, % 

Oxygen Y PPm 

57 50 45 40 35 30 

22 9 188 190 188.1 197.3 182 

16.19 

1.37 

13.29 

1.27 

13.43 

1.42 

13.95 12.87 13.30 
1.66 1.75 2.11 

8.10 

1.48 

1 

6.65 

1.58 

0.85 

6.77 

1.40 

0.83 

6.98 6.44 6.15 

1.20 1.14 1.02 

0.42 4.6 19.87 

3.2 2.5 2.0 1.6 1.1 0.75 

2.2 2.1 2.4 1.7 0.4 0.4 

TABLE 8. Minimum Oxygen Requirement f o r  Carbon Sample 1 

Run 158 

A i r  Flow, ml/min 

I n l e t  H2S, ppm 
H S Flow Rate 

T h e o r e t i c a l  O2 Req. 

02/Theo. O2 

O u t l e t  H2S, ppm 

O u t l e t  02 i n  Noncon- 
dens ib le  Gas, % 

D isso lved  Oxygen i n  
Condensate, ppm 

2m1 / m i  n 

57 50 45 40 35 30 

183 198 192.2 194.9 191.6 193 

12.94 14.00 13.59 13.78 13.55 13.65 

6.47 7.00 6.80 6.89 6.78 6.33 

1.85 1.50 1.39 1.22 1.08 0.92 

0.83 4.14 6.79 13.20 20.92 27.65 

4 2.5 1.75 1.5 7.1 1.0 

2.7 2.3 1.1 0.7 0.5 1.8 
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The r e s u l t s  o f  these exper iments i n d i c a t e  t h a t  t h e  minimum amount o f  

oxygen r e q u i r e d  f o r  an e f f e c t i v e  H2S removal f r o m  geothermal steam depends 

on t h e  k i n d  o f  carbon used i n  t h e  process. 

oxygen requi rement  f o r  t h e  c a t a l y t i c  o x i d a t i o n  r e a c t i o n  us ing  Sample 1 i s  

about 1.5 t i m e s  t h e  s t o i c h i o m e t r i c  requi rement  and f o r  Sample 5 about 1.14. 

Data showed t h a t  t h e  minimum 

A1 though o u t l e t  oxygen concent ra t ions  were determined by a gas 

chromatograph and c o n c e n t r a t i o n s  o f  d i s s o l v e d  oxygen by an e l e c t r o d e  probe, 

these numbers are n o t  v e r y  r e l i a b l e .  I n  o rder  t o  determine how much unreacted 

oxygen may be present  i n  t h e  r e a c t o r  e f f luen t ,  c a l c u l a t i o n s  were made f o r  t h e  
t y p i c a l  geothermal steam shown i n  Table 9. A t o t a l  convers ion o f  H2S t o  

s u l f u r  was assumed i n  these c a l c u l a t i o n s .  The r e s u l t  o f  t h e  c a l c u l a t i o n s  

showed t h a t  the  o u t l e t  oxygen c o n c e n t r a t i o n  i s  zero  ppm a t  t h e  s t o i c h i o m e t r i c  

requi rement  and 98 pprn a t  two t imes t h e  s t o i c h i o m e t r i c  requi rement .  I n  t h e  

a c t u a l  o p e r a t i o n  o f  t h e  o x i d a t i o n  process, t h e  o u t l e t  oxygen c o n c e n t r a t i o n s  

are  somewhere between 40 t o  70 pprn. 

C a t a l y s t  Regenerat ion 

S u l f u r  i s  deposi ted on t h e  sur face  o f  a c t i v a t e d  carbon as a r e s u l t  o f  t h e  

o x i d a t i o n  r e a c t i o n .  Consequently, t h e  a c t i v i t y  o f  t h e  c a t a l y s t  decreases 

g r a d u a l l y  w i t h  cont inued exposure t o  steam c o n t a i n i n g  H2S. When t h e  

c o n c e n t r a t i o n  o f  H2S i n  t h e  t r e a t e d  steam becomes t o o  high, t h e  spent carbon 
must be e i t h e r  d iscarded o r  regenerated. 

i n v o l v e s  t h e  recovery  o f  s u l f u r  and r e a c t i v a t i o n  o f  t h e  c a t a l y s t .  
ac t iva ted  carbon c a t a l y s t  used  in the proposed process i s  r e l a t i v e l y  
inexpensive,  r e g e n e r a t i o n  and reuse o f  i t  would undoubtedly reduce t h e  

o p e r a t i n g  c o s t  and waste d i s p o s a l  problems. 

Regenerat ion o f  t h e  c a t a l y s t  

Though t h e  

Var ious s u l f u r  recovery  techniques are a v a i l a b l e .  Vacuum d i s t i l l a t i o n ,  

i n e r t  gas ( o r  steam) entrainment,  s o l v e n t  e x t r a c t i o n  and convers ion  o f  s u l f u r  

t o  v o l a t i l e  compounds are a few p o s s i b i l i t i e s .  

I n  vacuum d i s t i l l a t i o n  s u l f u r  i s  recovered by evapora t ing  t h e  deposi ted 

s u l f u r  under a subatmospheric pressure.  

445OC. 

445OC under a vacuum c o n d i t i o n .  

The normal b o i l i n g  p o i n t  o f  s u l f u r  i s  

Th is  means t h a t  s u l f u r  evaporates a t  a temperature lower than 
The s u l f u r  vapor can be condensed i n  a 
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TABLE 9. Es t imated Mass Balance and Oxygen Concent ra t ion  
i n  Treated Steam 

Oxygen Supply 
(Times S t o i c h i o m e t r i c  Requirement) 

2.0 1.5 1.4 1.3 1.2 1.0 
Raw Steam 

Moles Treated Steam, Moles 

141.1 141.1 141.1 141.1 141.1 141.1 141.1 

26 .O 26 .O 26 .O 26.0 26 .O 26.0 26.0 

- - - - - 6.1 - 
24.1 24.1 24.1 24.1 24.1 24.1 24.1 

3.2 3.2 3.2 3.2 3.2 3.2 3.2 

N2 3.3 26.3 20.5 19.4 18.2 17.1 18.4 

H20 55,166.6 55,172.7 55,172.7 55,172.7 55,172.7 55,172.7 55,172.7 

02 0.0 3.1 1.5 1.2 0.9 0.6 0.0 

Oxygen Concentrat ion,  ppm 0.0 99.0 49.0 39.0 29.0 20.0 0.0 
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condenser operated above t h e  m e l t i n g  p o i n t  o f  s u l f u r .  

i s  i n  t h e  form o f  a l i q u i d .  

I n e r t  gas ( o r  steam) ent ra inment  may be accomplished by pass ing  h o t  i n e r t  

The s u l f u r  so recovered 

gas o r  superheated steam (whose temperature i s  h i g h e r  than t h e  b o i l i n g  p o i n t  

o f  s u l f u r )  through t h e  bed o f  spent c a t a l y s t .  

gas o r  steam, t h e  vapor o f  s u l f u r  i s  e n t r a i n e d  f r o m  t h e  bed and recovered i n  a 

condenser as i n  t h e  vacuum d i s t i l l a t i o n  method. 

Due t o  t h e  f l o w  o f  t h e  i n e r t  

Solvent  e x t r a c t i o n  i s  a s imple u n i t  o p e r a t i o n  used i n  many chemical 

i n d u s t r i e s .  

case) i s  leached f rom an i n s o l u b l e  r e s i d u e  ( a c t i v a t e d  carbon) i n t o  a l i q u i d  

s o l v e n t  phase. 

s o l u t e  i s  recovered by p r e c i p i t a t i o n .  The r e s u l t i n g  mother l i q u i d  can be 

I n  t h e  s o l i d - l i q u i d  e x t r a c t i o n  a s o l i d  s o l u t e  ( s u l f u r  i n  t h i s  

The s o l u t i o n  i s  subsequent ly separated f r o m  t h e  s o l i d ,  and t h e  

reused f o r  t h e  nex t  b a t c h  e x t r a c t i o n  e i t h e r  w 

pu r i f  i c a t  i on. 

S u l f u r  s o l u b i l i t i e s  i n  se lec ted  s o l v e n t s  

The s o l u b i l i t y  o f  s u l f u r  i n  carbon d i s u l f i d e  

t h  o r  w i t h o u t  f u r t h e r  

are shown i n  F i g u r e  8. (15 1 
s 52 gm/100 gm o f  carbon d i s u l -  

f i d e  a t  i t s  normal b o i l i n g  p o i n t  ( 4 6 O C ) .  

unusual s o l u b i l i t y  curve; s u l f u r  s o l u b i l i t y  decreases as temperature increases.  

To use amnonia as a s o l v e n t  f o r  s u l f u r  e x t r a c t i o n ,  a low temperature and/or 

p r e s s u r i z e d  system would be r e q u i r e d .  

e thy lene dibromide, B-naphthanol, to luene and e thy lene c h l o r i d e ,  whose s u l f u r  

s o l u b i l i t y - t e m p e r a t u r e  curves have steep slopes, c o u l d  be used f o r  t h e  e x t r a c -  
t i o n  o f  s u l f u r .  S u l f u r  e x t r a c t i o n  can be accomplished a t  h i g h  temperature and 

t h e  recovery  o f  s u l f u r  can be done a t  temperatures lower  than t h a t  o f  t h e  

e x t r a c t i o n .  Many so lvents  are t o x i c  and/or hazardous t o  t h e  environment. 

Therefore,  i n  s e l e c t i n g  a s o l v e n t  f o r  s u l f u r  e x t r a c t i o n ,  h a n d l i n g  hazards must 
be considered as w e l l  as carbon r e g e n e r a t i o n  e f f e c t i v e n e s s .  

Anhydrous l i q u i d  ammonia has an 

Other s o l v e n t s  such as q u i n o l i n e ,  

A f t e r  s u l f u r  e x t r a c t i o n ,  t h e  spent carbon may n o t  be d i r e c t l y  reusab le  

because some s o l v e n t  may be r e t a i n e d  i n  i t s  pores.  

s o l v e n t  ( r e s i d u a l  s o l v e n t )  depends upon t h e  k i n d  o f  s o l v e n t  used f o r  t h e  

e x t r a c t i o n  and t h e  k i n d  o f  carbon b e i n g  t r e a t e d .  

reused, t h e  r e s i d u a l  s o l v e n t  must be removed f r o m  the  carbon. I t  may a l s o  be 

The amount o f  adsorbed 

Before  t h e  carbon can be 
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necessary t o  r e a c t i v a t e  t h e  carbon t o  r e s t o r e  i t s  a c t i v i t y .  The r e a c t i v a t i o n  

o f  t h e  carbon can be accomplished by t r e a t i n g  t h e  s u l f u r  e x t r a c t e d  carbon w i t h  

an a c t i v a t i o n  agent such as steam, oxygen, carbon monoxide, carbon d i o x i d e  or  

a m i x t u r e  o f  these gases. 

The a c t i v i t y  o f  regenerated carbon, t h e  amount o f  s u l f u r  recovered, t h e  

amount o f  energy r e q u i r e d  and t h e  c o s t  o f  r e g e n e r a t i o n  have been s tud ied .  

s tudy  the  a c t i v i t y  o f  success ive ly  regenerated carbon, carbon was r e p e a t e d l y  

regenerated and reused, and any change i n  t h e  breakthrough t i m e  o f  t h e  

success ive runs  was compared and evaluated. 

To 

Two r e g e n e r a t i o n  methods f o r  spent carbon have been s t u d i e d :  s o l v e n t  
e x t r a c t i o n  and steam d i s t i l l a t i o n .  So lvent  e x t r a c t i o n  has been emphasized 

because i t  i s  t h e  l e a s t  energy i n t e n s i v e .  Based on t h e  s o l u b i l i t y  da ta  

presented i n  F i g u r e  8, we chose CS2, ( N H 4 ) $ ,  t e t r a c h l o r o e t h y l e n e  (TCE), 

and d i c h l o r o e t h a n e  (DCE) f o r  study. The r e s u l t s  o f  c a t a l y s t  r e g e n e r a t i o n  

exper iments w i l l  be discussed i n  t h e  f o l l o w i n g  paragraphs i n  c h r o n o l o g i c a l  

o r  der. 

I n  Run Rl-1, spent carbon (Sample 5 )  f rom severa l  p r e v i o u s  runs  was 

used. S u l f u r  recovery  was accomplished by e x t r a c t i o n  u s i n g  CS2 as a 
so lvent .  A f t e r  s u l f u r  had been ex t rac ted ,  t h e  carbon was heated i n  a vacuum 

oven f o r  t h r e e  hours a t  100°C. Before t h e  carbon was reused f o r  H2S 

o x i d a t i o n ,  it was purged w i t h  superheated steam (210 t o  22OoC a t  100 p s i g )  

f o r  about 2-1/4 hours t o  f u r t h e r  remove t h e  r e s i d u a l  so lvent .  
H2S removal r u n  (40 l b / f t 2  min a t  200 ppm H2S) r a n  f o r  14.8 hours and 

t h e  H2S c o n c e n t r a t i o n  i n  t h e  o u t l e t  stream a t  t h e  end o f  t h e  r u n  was 17.4 

ppm. 

The subsequent 

T h i s  r u n  u s i n g  t h e  regenerated carbon was v e r y  encouraging. 

A t  t h e  complet ion o f  t h i s  r u n  ( R l - 1 ) ,  s u l f u r  removal by steam 

d i s t i l l a t i o n  was attempted. 

superheated steam (250 t o  28OoC, 100 p s i g ) .  
superheated steam was used. 

f r o m  the  bed and c o l l e c t e d  i n  t h e  g a s - l i q u i d  separa tor  as a c o l l o i d a l  

s o l u t i o n .  The s u l f u r  was recovered f rom t h e  s o l u t i o n  by t r e a t i n g  t h e  

suspension w i t h  a smal l  amount o f  alum and then by f i l t r a t i o n .  

The spent carbon i n  t h e  r e a c t o r  was purged w i t h  

Dur ing  t h e  steam purg ing,  s u l f u r  was e n t r a i n e d  

About 15 kg (33 l b )  of 

A t o t a l  of 
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4.98 g o f  s u l f u r  was recovered. 

Run R1-2. Run R1-2 l a s t e d  o n l y  f o r  about 3.5 hours. The reason f o r  t h e  s h o r t  

r u n  could be a t t r i b u t e d  t o  t h e  incomplete removal o f  s u l f u r  f r o m  t h e  spent 
carbon by t h e  steam d i s t i l l a t i o n  method. 

e x t r a c t e d  w i t h  CS2. As a r e s u l t  of t h e  e x t r a c t i o n ,  about 6.18 g o f  s u l f u r  

was recovered. A p a r t  o f  t h i s  s u l f u r  was l e f t  over  f rom t h e  steam 

d i s t i l l a t i o n .  The s u l f u r  recovery  u s i n g  t h e  steam d i s t i l l a t i o n  method was 

t h e r e f o r e  judged t o  be i n e f f e c t i v e .  

The carbon so regenerated was used again i n  

The Run R1-2 spent carbon was t h e n  

A second s e r i e s  o f  c a t a l y s t  r e g e n e r a t i o n  'experiments was conducted w i t h  

t h e  Sample 1 spent carbon. 

e x t r a c t i o n .  

NH3 was in t roduced f r o m  t o p  t o  bottom. 

a f l a s k  c o n t a i n i n g  d i s t i l l e d  water.  

NH3 w i t h  t h e  r e s i d u a l  so lvent ,  CS2, t h e  temperature o f  t h e  carbon bed 
increased g r a d u a l l y .  
t h e  column, so d i d  t h e  temperature p r o f i l e  o f  t h e  bed. A t  t h e  end o f  t h e  

r e a c t i o n ,  t h e  c o l o r  o f  t h e  water  i n  t h e  f l a s k  changed t o  orange. 

f o l l o w i n g  r e a c t i o n  was thought  t o  occur i n  t h e  bed. 

The spent carbon was f i r s t  sub jec ted  t o  a CS2 
I n s t e a d  o f  u s i n g  steam t o  purge o u t  t h e  adsorbed so lvent ,  gaseous 

The gas e f f l u e n t  was bubbled through 

Because o f  t h e  exothermic r e a c t i o n  o f  

As t h e  r e a c t i o n  zone moved f rom t h e  t o p  t o  t h e  bot tom o f  

The 

4NH3 + CS2- (NH4)$ + NH4CNS 

A p a r t  o f  t h e  gaseous (NH4)$ was b e l i e v e d  t o  be absorbed i n  t h e  water. 

Both  (NH4)$ and NH4CNS are water so lub le ;  t h e r e f o r e ,  a f t e r  t h e  r e a c t i o n  

was over, carbon i n  t h e  bed was washed w i t h  water  t o  remove these products .  

The NH3 t rea tment  method was used t o  regenerate t h e  carbons used i n  

Runs 113 and 163. The regenerated carbons were used i n  Run 113-1 and 163-1, 

r e s p e c t i v e l y .  Run 113-1 l a s t e d  f o r  12.3 hours and Run 163-1 l a s t e d  f o r  15 

hours. 

H2S removal exper iment was e l im ina ted .  

an aqueous s o l u t i o n  of (NH4)*S. 

i n t o  aqueous (NH4)2S s o l u t i o n  i n  an Erlenmeyer f l a s k .  

I n  t h i s  r e g e n e r a t i o n  scheme, t h e  r e g u l a r  steam t rea tment  p r i o r  t o  t h e  

A t h i r d  t y p e  o f  regenera t ion  was c a r r i e d  o u t  by e x t r a c t i o n  o f  s u l f u r  w i t h  

Carbon used i n  Run 113-1 was s l u r r i e d  

The f l a s k  was 
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s t i r r e d  i n  a shaker f o r  about 30 minutes.  A f t e r  t he  shaker stopped and carbon 

p a r t i c l e s  were s e t t l e d  f rom the s o l u t i o n ,  t he  S - (NH4)2S s o l u t i o n  was 

decanted from t h e  f l a s k  and another ba tch  of f resh  aqueous s o l u t i o n  o f  

(NH4)2S was added t o  the  carbon i n  the  f l a s k .  

procedure was repeated  e i g h t  t imes u n t i l  1000 m l  of t h e  aqueous s o l u t i o n  

( (  NH4)2S /H20 = 6/4)  was used. Th is  regenerated carbon was used i n  Run 
113-2. 

f o r  about 6.33 hours before breakthrough. 

was t h a t  the  s u l f u r  e x t r a c t i o n  us ing  (NH4)2S s o l u t i o n  was i n e f f e c t i v e .  

longer ,  more thorough e x t r a c t i o n  us ing  more s o l v e n t  m igh t  have improved 
performance . 

The same e x t r a c t i o n  

The H2S removal experiment us ing  t h i s  regenerated carbon l a s t e d  o n l y  

A p o s s i b l e  reason f o r  t h e  s h o r t  r u n  
A 

I n  Run 138-1, s u l f u r  e x t r a c t i o n  by TCE was attempted. The spent  carbon, 

Sample 5, used i n  Run 138 was sub jec ted  t o  TCE e x t r a c t i o n  i n  a Soxh le t  

apparatus. 

reused f o r  H2S-stearn t reatment ,  i t  was t r e a t e d  w i t h  c lean steam (about  4 
kg ) .  
w i t h  an i n t e r r u p t i o n  between t h e  work ing s h i f t s .  A t  t h e  end o f  13 hours t h e  

o u t l e t  H2S concen t ra t i on  was about 12.96 ppm. 

was regenerated by  TCE us ing  t h e  same technique as before. 

t he  steam t reatment ,  a s t range s m e l l i n g  gas was no t iced .  

l ea rned  t h a t  TCE cou ld  be conver ted  t o  phosgene t ype  of gas under t h e  

exper imenta l  c o n d i t i o n s  (and i n  the presence of oxygen and carbon) .  A p r i v a t e  
communication with Dow Chemical Solvent Division confirmed the possibility of 

phosgene format ion.  Recause o f  the  p o s s i b l e  fo rmat ion  of t h i s  t o x i c  gas, t he  
use of TCE f o r  s u l f u r  e x t r a c t i o n  was n o t  f u r t h e r  pursued. 

The e x t r a c t i o n  recovered 12.65 g of s u l f u r .  Be fore  the  carbon was 

The subsequent H2S removal experiment was r u n  f o r  a t o t a l  o f  13 hours 

A f te r  Run 138-1, t he  carbon 

However, d u r i n g  

I t  was subsequent ly  

I n  the  nex t  s e r i e s  o f  experiments, DCE was used as a s o l v e n t  f o r  

e x t r a c t i o n .  Carbon f rom Run 150 was e x t r a c t e d  w i t h  DCE. A f t e r  t h e  
e x t r a c t i o n ,  t he  carbon was d r i e d  i n  an oven a t  100°C ove rn igh t .  

carbon (80 g )  was charged i n t o  t h e  r e a c t o r  and purged w i t h  steam. A normal 

H2S removal experiment, Run 159-1, was s t a r t e d  when the  steam t rea tment  had 

been f i n i s h e d .  

159-1, t h e  spent  carbon was removed from the  r e a c t o r  and packed i n  a g lass  

column wound w i t h  a hea t ing  tape. 

The d r i e d  

The r u n  l a s t e d  f o r  13.75 hours before breakthrough. A f t e r  Run 

The e x t r a c t i o n  was accomplished by a 
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batchwise technique. About 120 m l  o f  t h e  s o l v e n t  s o l u t i o n  (DCE s a t u r a t e d  w i t h  
s u l f u r  a t  4OoC) was charged i n t o  t h e  carbon-packed g lass  column. 

temperature was k e p t  a t  8OoC b y  c o n t r o l l i n g  a Var iac connected t o  t h e  

heat ing  tape. 
minutes. The s o l u t i o n  was then dra ined from t h e  column and c o l l e c t e d  i n  a 

f l a s k .  Th is  was repeated u n t i l  a t o t a l  of 600 m l  of t h e  s a t u r a t e d  s o l u t i o n  

was used. The carbon was then d r i e d  i n  an oven. I n  Run 159- lay  t h i s  DCE 

e x t r a c t e d  carbon (Sample 5 )  was used. 

be fore  breakthrough. The i n e f f e c t i v e n e s s  of s u l f u r  removal b y  t h e  batchwise 

s o l v e n t  washing method was thought  t o  be t h e  reason f o r  t h e  s h o r t  run.  

Run 159- la  DCE was again used as t h e  s o l v e n t  and s u l f u r  was e x t r a c t e d  f r o m  t h e  

spent carbon i n  a Soxhlet .  

Run 159-2. 
hours b e f o r e  breakthough. T h i s  showed t h a t  t h e  incomplete s u l f u r  removal 
d iscussed i n  the  above was t h e  main reason f o r  t h e  f a i l u r e  of R u n  159- la.  

The column 

The carbon was soaked w i t h  t h e  warm s o l u t i o n  f o r  about 30 

T h i s  r u n  l a s t e d  l e s s  than two hours 

A f t e r  

The s u l f u r - f r e e  carbon was d r i e d  and was used i n  

By f o l l o w i n g  t h e  r e g u l a r  procedure, Run 159-2 cont inued f o r  12.5 

The spent carbon o f  Run 159-2 was e x t r a c t e d  w i t h  DCE i n  Soxh le t  again and 

was used i n  Run 159-3. The da ta  f o r  Run 159 s e r i e s  a r e  shown i n  F i g u r e  9. 

The above r e s u l t s  are summarized as f o l l o w s :  

CS2 i s  a good s o l v e n t  f o r  t h e  removal o f  s u l f u r  f r o m  spent carbon. 

However, carbon adsorbs CS2 which must be removed b e f o r e  i t  can be 

reused. Steam o r  ammonia t rea tment  can be used f o r  t h i s  purpose. 

However, steam t rea tment  r e q u i r e s  a l a r g e  amount o f  steam (230 l b  

steam/lb o f  spent carbon).  Ammonia t rea tment  would i n v o l v e  washing t h e  

spent carbon w i t h  water t o  remove water s o l u b l e  byproducts such as 

ammonium s u l f a t e ,  CS2 e x t r a c t i o n  t o  recover  s u l f u r  and t rea tment  o f  t h e  

CS2 contaminated carbon w i t h  ammonia t o  form (NH4)*S and NH4CNS. 

A f t e r  washing w i t h  water, t h e  carbon can be reused. S u l f u r ,  recovered 

f rom t h e  s o l v e n t  by evaporat ion of CS2 would be t h e  main product .  

Ammonium s u l f a t e  cou ld  a l s o  be produced if s u f f i c i e n t  NH3 i s  p resent  i n  

t h e  raw steam. 

contaminate t h e  water used f o r  washing f o l l o w i n g  t h e  ammonia t reatment .  

The use o f  CS2 as a regenera t ion  s o l v e n t  i s  a l s o  undes i rab le  because i t  

i s  t o x i c  and s p e c i a l  h a n d l i n g  procedures would have t o  be dev ised t o  

avo id  hazards t o  o p e r a t i n g  personnel  and emissions t o  t h e  atmosphere. 

Ammonium s u l f i d e  and ammonium t h i o c y a n a t e  would 
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Steam d i s t i l l a t i o n  e n t r a i n s  some s u l f u r  f r o m  spent carbon. However, t o  

comple te ly  remove s u l f u r  f rom t h e  carbon t h e  q u a n t i t y  o f  t h e  superheated 

steam w i l l  be t o o  l a r g e  t o  be p r a c t i c a l .  

E x t r a c t i o n  o f  s u l f u r  f r o m  spent carbon w i t h  (NH4)*S, though descr ibed 

i n  t h e  l i t e r a t u r e  as a u s e f u l  method f o r  d i s s o l v i n g  s u l f u r ,  was n o t  

successf u 1. 

The use o f  t e t r a c h l o r o e t h y l e n e  (TCE) i s  i m p r a c t i c a l  as an e x t r a c t i n g  

media because o f  t h e  f o r m a t i o n  o f  phosgene o r  phosgene d e r i v a t i o n s ,  

Dich loroethane appears t o  be an e x c e l l e n t  candidate as a carbon 

r e g e n e r a t i o n  so lvent .  

gave v e r y  good performance. It i s  apparent t h a t  a r e g e n e r a t i o n  method 

u s i n g  t h i s  s o l v e n t  and s u l f u r  r e c o v e r y  by s o l v e n t  evapora t ion  i s  

t e c h n i c a l l y  f e a s i b l e .  However, a method i n v o l v i n g  d i s s o l u t i o n  o f  s u l f u r  

a t  an e leva ted  temperature (8OoC) w i t h  s o l v e n t  s a t u r a t e d  a t  4OoC 
( s i m u l a t i n g  a s o l v e n t  f rom which s u l f u r  had been removed by c o o l i n g  and 

p r e c i p i t a t i o n )  was n o t  e f f e c t i v e .  
s t i l l  prove p r a c t i c a l  w i t h  more optimum c o n t a c t  t imes and temperatures.  

Carbon regenerated by DCE e x t r a c t i o n  t h r e e  t i m e s  

It i s  p o s s i b l e  t h a t  t h i s  method cou ld  

Cor ros ion  Cons idera t ions  

I t  has been shown t h a t  a s l i g h t  excess o f  oxygen, i n  comparison t o  

s t o i c h i o m e t r i c  requirements,  i s  r e q u i r e d  t o  s u s t a i n  e f f i c i e n t  H2S o x i d a t i o n  

i n  t h e  proposed process. Unreacted oxygen i n  t r e a t e d  steam may cor rode t h e  

power genera t ing  equipment. 
steam t o  be t r e a t e d  c o n t a i n s  c h l o r i d e s .  

s u l f a t e  f o r m a t i o n  which, i f  washed f r o m  t h e  c a t a l y s t  by steam condensate, may 

a l s o  be d e t r i m e n t a l .  

exper imenta l  s tudy o f  these e f f e c t s .  However, t h e  genera l  problem was 

q u a l i t a t i v e l y  considered i n  t h e  f o l l o w i n g  paragraphs. 

Corros ion problems may a l s o  be i n t e n s i f i e d  i f  t h e  
There i s  a l s o  l i k e l y  t o  be some 

The a v a i l a b l e  resources f o r  t h i s  p r o j e c t  prevented 

Data on t h e  c o r r o s i o n  o f  steam t u r b i n e s  due t o  t h e  presence o f  oxygen i n  

However, t h e  c o r r o s i o n  o f  b o i l e r  tubes due t o  d i s s o l v e d  

S p e l l e r  

t h e  steam i s  scarce. 
oxygen i n  t h e  b o i l e r  feed water has been e x t e n s i v e l y  s tud ied . (16)  

r e p o r t s  t h a t  " d i s s o l v e d  oxygen i s  u s u a l l y  t h e  c o n t r o l l i n g  f a c t o r  i n  c o r r o s i o n  

o f  i r o n  i n  water," a lso,  " f o r  low-pressure steam b o i l e r s  o p e r a t i n g  under 250 
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@ p s i  w i t h o u t  an economizer, t he  d e s i r a b l e  maximum (oxygen c o n c e n t r a t i o n )  should 
n o t  exceed about 0.03 ppm (0.02 m l / l i t e r ) . "  

appear t h a t  c o r r o s i o n  due t o  the  presence o f  l i q u i d  water w i t h  d i s s o l v e d  

oxygen i s  more severe than  d r y  steam w i t h  oxygen. 

From these statements i t  would 

I n  e a r l i e r  work, it was found t h a t  up t o  50 ppm o f  oxygen may be present  

i n  steam t r e a t e d  by t h e  proposed process. The maximum amount o f  d i s s o l v e d  

oxygen ( t h e  e q u i l i b r i u m  c o n c e n t r a t i o n )  i n  steam condensate based on 50 ppm 

unreac ted  oxygen i n  t h e  t r e a t e d  steam i s  es t ima ted  as 0.006 ppm. 

c o n c e n t r a t i o n  i s  about one order  o f  magnitude sma l le r  than t h e  recommended 

maximum. 
p i p i n g  and components, w i t h  use o f  t h e  H2S o x i d a t i o n  process, i s  u n l i k e l y .  

However, t h i s  c o n c l u s i o n  must be conf i rmed. The most p r a c t i c a l  approach would 

be t o  pe r fo rm such a c o r r o s i o n  e v a l u a t i o n  i n  c o n j u n c t i o n  w i t h  t h e  n e x t  phase 

o f  development--demonstrat ion o f  t h e  process under r e a l i s t i c  f i e l d  c o n d i t i o n s .  

Th is  

I t  may be concluded t h a t  acce le ra ted  c o r r o s i o n  i n  carbon s t e e l  

CONCEPTUAL PROCESS DESIGN 

The conceptual  process o u t l i n e d  i n  t h e  f o l l o w i n g  paragraphs i s  based on 
t h e  use o f  f i x e d  beds o f  a c t i v a t e d  carbon, i n j e c t i o n  o f  a i r  t o  p r o v i d e  t h e  

r e q u i r e d  oxygen, and carbon regenera t i on  by t h e  use o f  d i ch lo roe thane  (DCE) 

so l ven t .  

based on steam p r o p e r t i e s  t y p i c a l  o f  t h e  Geysers. 

M a t e r i a l  and energy balances are de r i ved  f o r  a 50 MWe s i z e d  p l a n t ,  

I t  may be necessary t o  p r o v i d e  f o r  avo id ing  condensate i n  t h e  c a t a l y s t  

beds i f  t h e  supp ly  steam i s  a t  o r  near s a t u r a t i o n .  Th is  may be accomplished 
by a d i a b a t i c  steam expansion o r  by adding energy t o  superheat t h e  raw steam. 

A d e t a i l e d  comparison o f  these a l t e r n a t i v e s  i s  g i ven  i n  Appendix 111. 

However, i t  i s  l i k e l y  t h a t  a t  most l o c a t i o n s  where t h e  steam source i s  a t  

s a t u r a t i o n  t h e r e  w i l l  have been s u f f i c i e n t  n o n f r i c t i o n a l  p ressure  drop th rough 

valves,  f i t t i n g s  and f i l t e r s  t o  p r o v i d e  adequate superheat margin. 

O v e r a l l  H2S Removal Process Flow Diagram 

A conceptua l  process diagram i s  shown i n  F i g u r e  10. 
process u t i l i z e s  m u l t i p l e  r e a c t o r s  i n  a s e r i e s  scheme. A t h r e e - r e a c t o r  system 

w i l l  be used here f o r  exp lana to ry  purposes. 

B a s i c a l l y  t h e  

I n  F i g u r e  10-a, Reactor 1 and 2 
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are " o n - l i n e "  w h i l e  Reactor 3 i s  b e i n g  regenerated. Geothermal steam passes 

through r e a c t o r s  1 and 2 t o  remove H2S. 
" o n - l i n e "  w h i l e  Reactor  1 i s  be ing  regenerated. F i g u r e  10-c shows t h a t  

Reactor 3 and 1 are "on l i n e "  and Reactor 2 i s  be ing  regenerated. Wi th t h i s  

o p e r a t i n g  sequence t h e  c a p a c i t y  o f  t h e  c a t a l y s t  can be f u l l y  u t i l i z e d  w h i l e  

m a i n t a i n i n g  a h i g h  H2S removal e f f i c i e n c y .  When t h e  l e n g t h  of t h e  c a t a l y s t  

bed used f o r  the  H2S removal process i s  as s h o r t  as i n  our  l a b o r a t o r y  
exper iments ( n i n e  t o  f i f t e e n  inches)  i n s t e a d  of t h e  r e a c t o r  i n  s e r i e s  scheme, 

a t h r e e - p a r a l l e l  r e a c t o r  system w i l l  be used. 

removal, and one w i l l  be f o r  regenera t ion .  

I n  F i g u r e  10-b Reactor 2 and 3 are 

Two o f  them w i l l  be f o r  H2S 

The s o l v e n t  used f o r  c a t a l y s t  regenera t ion  i s  s t o r e d  i n  t h r e e  ( o r  more) 

tanks.  

s u l f u r  con ten t  s t o r e d  i n  Tank I .  
where elemental  s u l f u r  i s  recovered. 

t i o n  i s  supp l ied  e i t h e r  f rom t h e  exhausted steam of a t u r b i n e  power generator  

o r  f rom t r e a t e d  geothermal steam. The spent c a t a l y s t  i s  again e x t r a c t e d  w i t h  

s o l v e n t s  hav ing  lower s u l f u r  c o n c e n t r a t i o n  s t o r e d  i n  Tank 11. The e f f l u e n t  o f  

t h e  e x t r a c t i o n  i s  s t o r e d  i n  Tank I .  The f i n a l  s tep  i s  t o  e x t r a c t  s u l f u r  by a 

pure s o l v e n t  s t o r e d  i n  Tank I11 w i t h  t h e  e f f l u e n t  o f  t h e  e x t r a c t i o n  s t o r e d  i n  

Tank 11. The pure s o l v e n t  vapor f rom t h e  evaporator  i s  recovered i n  a 

condenser. The s o l v e n t  condensate goes t o  a surge tank and f i n a l l y  i s  pumped 

t o  Tank 111. 

The spent c a t a l y s t  i s  f i r s t  con tac ted  w i t h  s o l v e n t  hav ing  t h e  h i g h e s t  

The e f f l u e n t  i s  pumped t o  an evaporator  

The energy r e q u i r e d  f o r  s o l v e n t  evapora- 

When a s o l v e n t  w i t h  a s u l f u r  s o l u b i l i t y  s e n s i t i v e  t o  temperature 

v a r i a t i o n s  i s  used, a h igh- temperature e x t r a c t  i o n  and a low-temperature s u l f u r  

separa t ion  w i l l  be used. D ich lo roe thane i s  a s o l v e n t  o f  t h i s  type. I n  t h e  

e x t r a c t i o n ,  a h o t  s o l v e n t  i s  pumped t o  t h e  r e a c t o r ,  and t h e  spent carbon i s  

soaked i n  t h e  h o t  s o l v e n t  f o r  a p e r i o d  o f  t ime. The h o t  s o l u t i o n  i s  then 
d ischarged t o  a c r y s t a l l i z e r  where t h e  s o l u t i o n  i s  coo led  and s u l f u r  c r y s t a l s  

form. 
f i l t e r .  

r e a c t o r  f o r  another r u n  o f  e x t r a c t i o n .  The same o p e r a t i o n  i s  repeated u n t i ;  

most o f  t h e  s u l f u r  i s  removed f rom t h e  spent carbon. 

The s u l f u r  i s  then separated f r o m  t h e  s o l u t i o n  by a c e n t r i f u g e  or  
The c o l d  mother l i q u i d  i s  pumped th rough a heater  and then t o  t h e  
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The t o t a l  c ross  s e c t i o n  r e a c t o r  area can be c a l c u l a t e d  as: 

A = 1 x 1 0 6 1 b  -- hr -- mi' ' 453.6 % x 0.00499 ft2 
h r  60 min  105.4 g 

= 357.92 ft2 
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M a t e r i a l  Balance 
A m a t e r i a l  balance f o r  a 50 MWe geothermal power p l a n t  u s i n g  steam hav ing  

a composi t ion t h e  same as t h e  Geysers (see Table 1 )  i s  presented i n  F i g u r e  11. 
I n  order  t o  prepare t h e  m a t e r i a l  balance, t h e  f o l l o w i n g  assumptions are a l s o  

made: 

( 1 )  P l a n t  s ize :  50 MWe 

( 2 )  Steam f l o w  r a t e :  1,000,000 l b / h r  

( 3 )  Basic  data:  See Run 163 i n  Appendix I1 

( a )  

( b )  

( c )  

O v e r a l l  average o u t l e t  H2S c o n c e n t r a t i o n  i s  6 ppm. 

10% o f  NH3 i n  steam i s  conver ted t o  (NH4)+S04. 

Breakthrough t i m e  i s  12 hours ( a l t h o u g h  Run 163 l a s t e d  f o r  27.5 

hours) .  

As shown i n  t h e  f i g u r e ,  t h e  process uses 7.6 tons/day o f  a i r  ( o r  1.5 tons/day 

o f  oxygen), produces 2.2 tons/day o f  e lemental  s u l f u r  and 0.26 tons/day o f  

(NH4)$04. 
r e a c t o r  s i z e  was e x t r a p o l a t e d  f rom t h e  bench s c a l e  d a t a  o f  Run 163. 

t h e  same steam f l o w  r a t e ,  space v e l o c i t y  ( o r  res idence t ime)  t h e  f o l l o w i n g  

c a l  cu 1 a t  i ons were made: 

The amount o f  carbon requ i red ,  t h e  number o f  r e a c t o r s  and 

By u s i n g  

Amount o f  Carbon Requi red and S ize  o f  Reactor 

The amount o f  carbon r e q u i r e d  i s :  

min x 453.6 % 6 l b  1 h r  x 1 x 10 X h r X - - X - -  
1 l b  

60 min 105.4 g W = 809 x -- 453.6 g 

= 12,650 l b  = 6.33 t o n  

n 



fu 

L
 
0
 

li- 

v, 

L
 

h
 

c
u

m
m

m
d

m
d

 
m

 
c

o
d

h
c

o
d

 
m

 
m

a
 

c
b
 

cu 
m

 
m

 

n
 

n
 

2, 
fu 
U
 
\
 

n
 

?
 

0
 

d
 

0
 n
 

W
 

c
,
 

v
, 

U
 

W
 

c
,
 

0
 

d
 

cu n
 

m
 

- - co 
d
 

cv 
d
 
a
 

cu 
I
 

d
o

 
d

d
 

d
c

v
 

n
 

m
 

(
v
 

o
m

 
h

 
m

m
 

d
 

c
b

d
 

n
 

n
n

 

c
u

d
 

d
 

0
 

d
 

0
 n
 

d
 

N
 

v
,

d
 

c
u

I
 

I
U

 

fu 
0
 

c
,
 

L
 

N
O

 
re 

0
 

,I- 

a
-
 

U
 

- 
\
 

n
 

- 
7
 

0
 

d
 

cu 
m

 
0
 
0
 n 

n
 

0
 

m
 

0
 

d
 

cu 
0
, 

- - d
 

d
 

7 (
v
 

z
 

45 



Since the to ta l  area i s  equal t o  the number of reactors times the cross 
sectional area of each reactor, the number of reactors and the diameter of the 
reactor can be calculated as  follows: 

where D = diameter of reactor 
N = number of reactors 

The following table shows the relat ion between the number of reactors and 
reactor diameter. 

Number of Reactors 

1 
2 

4 

6 

8 
10 
12 

14 

Diameter of Reactor, f t  

21.35 
15.09 

10.67 

8.72 

7.55 

6.75 

6.16 

5.71 

If the steam required for  a power plant i s  supplied by seven wells 
( typical Geysers well output) and each well i s  connected t o  three paral le l  
reactors,  two for H2S removal and one for regeneration, a t o t a l  of 21 5.7 f t  
diameter reactors are required. 

According t o  data obtained from Run 163, the depth of the carbon bed is 
I f  b o t h  the in l e t  and out le t  ends of the bed are  equipped w i t h  14.2 inches. 

six inches o f  f ree  space for even steam dis t r ibut ion,  the overall length of a 
reactor wil l  be 2.2 f t .  

Volume of carbon i n  each bed is: 
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2 3 14 V c  = (5.71) x 4 x 2.2  = 56.34 f t 3  = 421.4 gal.  

and each reactor contains: 

W c  = 12650.22/14 = 903.6 lb of carbon 

As a summary, the conceptual H2S removal plant will have reactors of 
following dimensions: 

Diameter: 5.7 f t  
Length: 2 .2  f t  
Volume of carbon = 56.34 f t  /reactor 
Weight of Carbon = 903.6 lb/reactor 
Total number of reactors = 21 (14  for  H2S removal and 7 for regeneration) 

3 

A m o u n t  o f  Solvent Required 

Regeneration will be by pumping a solvent into the reactor and allowing the 
carbon t o  soak in the solvent for  a period of time. 
spent carbon and dissolved in the solvent. 
from the reactor and sent for  sulfur recovery. 
for each batch regeneration i s  calculated as follows: 

Sulfur i s  leached from the 
The sulfur  solution i s  then drained 

The amount of solvent required 

Ass ump t i on : 

( 1 )  Voidage of bed: 0.39 

( 2 )  
(3)  

Porosity volume of carbon = 0.7 cc/g 
The amount of solvent t o  be pumped into the reactor will be enough t o  
cover the upper surface o f  carbon bed and f i l l  the f r e e  space a t  the 
bottom part  o f  the reactor. 

The amount of solvent required for  each reactor i s :  

453*6 
(30.48) 

x 903.6 V = )2 5.7 7T [% x 0.39 + 
S 4 

= 34.67 f t 3  = 260 gallons 
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I f  th ree  consecut ive  batchwise washings are requ i red ,  t h e  t o t a l  volume of 

so l ven t  w i  11 be: 

V = 260 x 14 x 3 = 10,920 g a l l o n s  

Schedule f o r  Carbon Regenerat ion 

The schedule f o r  carbon regenera t i on  f o r  a th ree - reac to r  steam t rea tment  

u n i t  i s  shown i n  t h e  

Reactor A 

Reactor B 

Reactor C 

f o l l o w i n g  diagram. 

0 6 12 18 74 h r  

The shaded areas i n d i c a t e  t h a t  t he  r e a c t o r  i s  on l i n e  f o r  H2S removal. 

When t ime  equals zero, bo th  Reactor A and B are on l i n e  f o r  H2S 

removal; Reactor C s t a r t s  i n t o  regenera t ion .  A t  s i x  hours Reactor A cont inues  

H2S removal; Reactor B s t a r t s  i n t o  regenera t ion ;  Reactor C f i n i s h e s  

regenera t ion  and s t a r t s  H2S removal. 
regenera t ion ;  Reactor B f i n i s h e s  regenera t ion  and i s  ready f o r  H2S removal; 

Reactor C con t inues  H2S removal. 

regenera t i on  and i s  ready f o r  H2S removal; Reactor B cont inues  H2S 
removal; Reactor C s t a r t s  i n t o  regenera t ion .  A t  24 hours, Reactor A cont inues  

H2S removal; Reactor B s t a r t s  regenerat ion;  Reactor C f i n i s h e s  the  

regenera t i on  and i s  ready for r e t u r n  t o  H2S removal. 

r e a c t o r s  w i l l  be on l i n e  f o r  H2S removal and one r e a c t o r  w i l l  be i n  t h e  

regenera t ion  cyc le .  

H2S and s i x  hours f o r  t he  regenera t ion .  

A t  12 hours Reactor A s t a r t s  i n t o  

A t  18 hours Reactor A f i n i s h e s  

A t  any t ime  two 

Each r e a c t o r  w i l l  be operated 12 hours f o r  t h e  removal o f  

PROCESS ECONOMICS 

P r e l i m i n a r y  es t imates  o f  ope ra t i ng  and c a p i t a l  cos ts  were developed f o r  

t h e  conceptual  process descr ibed i n  t h e  p rev ious  sec t ion .  A l l  e s s e n t i a l  

process f e a t u r e s  were inc luded.  It was assumed t h a t  superheat ing o f  t he  steam 
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would be r e q u i r e d  t o  avo id  condensat ion i n  t h e  c a t a l y s t  beds. 

recognized t h a t  these c o s t  es t imates  were de r i ved  a t  a stage o f  process 
development where system and equipment d e t a i l s  are y e t  t o  be de f ined.  

I t should be 

The b a s i s  u t i l i z e d  f o r  c a p i t a l  and opera t i ng  cos ts  were: 

(1) C a p i t a l  cos t  i tems were those f o r  carbon, so lvent ,  major  equipment, 

ins t rumenta t ion ,  p i p i n g  and valves,  and o f f s i t e  f a c i l i t i e s .  

( 2 )  The major equipment i tems are reac to rs ,  s o l v e n t  s to rage tanks, a i r  
compressor, heat exchanger, c r y s t a l  1 i z e r ,  c e n t r i f u g e ,  and superheater.  

( 3 )  21 o x i d i z e r  r e a c t o r s  w i t h  dimensions p r e v i o u s l y  g iven  are needed. 

( 4 )  14 s o l v e n t  s torage tanks  w i t h  c a p a c i t y  o f  400 g a l l o n s  each are requ i red .  

( 5 )  An a i r  compressor t o  supply  15,125 lb /day  of a i r  t o  t h e  steam t rea tment  

system i s  needed. 

(6) Two heat  exchangers, one f o r  so l ven t  p rehea t ing  and one f o r  so l ven t  

recovery  are requ i red .  

( 7 )  The ins t rumen ta t i on  cos t  i s  f i v e  percent  of t h e  major  equipment cos t .  

( 8 )  The cos t  o f  p i p i n g  and va l ve  i s  t e n  percent  o f  t h e  major  equipment and 

ins t rumen ta t i on  cos ts .  

The cos t  o f  o f f s i t e  f a c i l i t i e s  i s  50 percent  o f  t h e  sum o f  major  

equipment, i ns t rumen ta t i on  and p i p i n g  and va l ve  cos ts .  
(9) 

(10)  The annual d e p r e c i a t i o n  i s  f i v e  percent  o f  t o t a l  c a p i t a l  investment.  

(11)  Four operators ,  one maintenance person, and one superv isor  are 

r e q u i r e d  t o  operate t h e  H2S removal p l a n t .  

(12 )  Energy r e q u i r e d  f o r  steam superheat ing and so l ven t  p rehea t ing  i s  supp l i ed  
by  bu rn ing  hea t ing  o i l .  

(13)  The opera t i ng  f a c t o r  o f  t h e  geothermal power p l a n t  i s  assumed as 75 
percent .  
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The c a p i t a l  investment  and annual ope ra t i ng  c o s t  a re  summarized i n  

Tables 10 and 11 r e s p e c t i v e l y  and d e t a i l s  of t he  c a l c u l a t i o n  f o r  these cos ts  

are shown i n  Appendix I V .  

As can be seen f rom Table 10, t he  t o t a l  c a p i t a l  investment  f o r  t h e  steam 

t reatment  p l a n t  i s  $3,118,000. The p o r t i o n  of t h e  t o t a l  c a p i t a l  investment i s  

t he  r e a c t o r  cos t  which i s  35.28 percent  of t he  t o t a l  cos t .  The second l a r g e s t  

c a p i t a l  i t e m  i s  t h e  c o s t  of o f f s i t e  f a c i l i t i e s  (31.43%). The annual o p e r a t i n g  

cos t  i s  $416,75O/year which i s  t r a n s l a t e d  i n t o  1.27 mil/kWh. The percentage 
d i s t r i b u t i o n  o f  t h e  annual ope ra t i ng  c o s t  i s :  d e p r e c i a t i o n  37.41%, l a b o r  

29.51%, power 1.24%, f u e l  26.51% and make-up so l ven t  5.33%. These f i g u r e s  
show t h a t  t h e  equipment c o s t  i s  an impor tan t  c o s t  i t e m  i n  t h e  o v e r a l l  steam 

t rea tment  cost ,  and any r e d u c t i o n  i n  t h e  c o s t  of equipment by improvement of 

process e f f i c i e n c y  w i l l  s t r o n g l y  a f fec t  t h e  c o s t  o f  steam t rea tment .  

I t  i s  probable t h a t  recovered s u l f u r  would be a marketable c o m o d i t y .  

Assuming t h a t  i t  would be s a l a b l e  a t  t h e  present  market l e v e l  (%$60/ton),  a 
c r e d i t  o f  about $40,000 per year  cou ld  be generated if the  raw steam con ta ins  
200 ppm o f  H2S. This  would reduce t h e  opera t i ng  cos t  by about n ine  percent .  
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TABLE 10. Capital Investment for  Steam Treatment Plant 
(50 MWe Geothermal Power Plant) 

1. Carbon 
2. Solvent 
3. Reactors 
4. Solvent Storage Tanks 
5. Air Compressor 
6. Heat Exchangers 
7 .  Crystall izer 
8. Centrifuge 
9. Superheaters (furnaces) 

10. Instrumentation, 5% of (3+4+5+6+7+8+9) 
11. Piping & Valves, 10% of (3+4+5+6+7+8+9+10) 
12.  Offsite Fac i l i t i e s ,  50% of (3+4+5+6+7+8+9+ 

Total Capital Investment 

3+11 

$ 26,000 
70 000 

1 , 100,000 
252 , 000 

40 , 000 
60 , 000 
40 000 
40 , 000 

245 , 000 
85 , 000 

180 , 000 

980 , 000 

$3,118,000 

TABLE 11. Annual Operating Cost for  Steam Treatment Plant 
(50 MWe Geothermal Power Plant) 

14. Depreciation, 5% o f  (13) 

$/Year 

155 , 900 

15. Labor Cost 

4 operators 19,500~4 = 78,000 
1 maintenance 21 , 500 
1 supervisor 23 , 500 

123 , 000 123 , 000 

16. Power (including o f f s i t e  and auxiliary equipment) 5,150 

1 7 .  Fuel 110 , 500 

18. Make-up Solvent 12,200 

19. Total Annual Operating Cost (14+15+16+17+18) 416 , 750/year 

Steam Treatment Cost 1.27 mil/kWh 
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APPENDIX I 
EXPERIMENTAL BENCH SCALE SYSTEM 

EQUIPMENT SETUP 

To perform exper iments under geothermal steam c o n d i t i o n s ,  a bench sca le  

gas removal t e s t i n g  apparatus has been cons t ruc ted .  
o f  t h i s  apparatus i s  shown i n  F i g u r e  1-1. 

Pump ( b )  The steam generated passes 
th rough a steam superheater where i t  i s  heated t o  t h e  d e s i r e d  c o n d i t i o n .  

steam superheater i s  a one- inch schedule 80, l l - i n c h  long s t a i n l e s s  s t e e l  

p ipe .  The p i p e  i s  packed w i t h  aluminum p e l l e t s  (3/16" x 3/16") ,  and i t s  o u t e r  

s u r f a c e  i s  c o i l e d  w i t h  a 76- inch t u b u l a r  e l e c t r i c a l  heater .  The 

temperature o f  t h e  superheated steam i s  c o n t r o l l e d  b y  a Var iac connected t o  

t h e  heater .  

A schematic f l o w  diagram 

Water i s  charged t o  t h e  steam g e n e r a t o r ( a )  b y  a p o s i t i v e - d i s p l a c e m e n t  

The b o i l e r  i s  operated a t  180 p s i g .  

The 

The superheated steam f l o w s  t o  t h e  r e a c t o r  th rough a 1 /2 - inch  s t a i n l e s s  

s t e e l  p i p e  t r a c e d  w i t h  h e a t i n g  tape and i n s u l a t e d  w i t h  Kaowool. Be fore  

e n t e r i n g  t h e  r e a c t o r ,  steam i s  mixed w i t h  noncondensible gases coming f rom t h e  

gas m i x i n g  s t a t i o n .  

gases such as H2S, C02, CH4, H2, NH3, and NE can be prepared and in t roduced t o  
t h e  steam th rough t h e  gas m i x i n g  s t a t i o n .  Also, a i r  o r  oxygen, th rough a 

f lowmeter,  can be independent ly  charged t o  t h e  r e a c t o r  system. The packed bed 
r e a c t o r  i s  a one- inch schedule 80 s t a i n l e s s  s t e e l  p i p e  24 inches long w i t h  a 

suppor t  t o  h o l d  t h e  c a t a l y s t  i n  t h e  r e a c t o r .  A d e t a i l e d  des ign o f  t h e  r e a c t o r  

i s  shown i n  F i g u r e  1-2. A two- inch r e a c t o r  was a l s o  const ructed,  b u t  n o t  used 
i n  t h i s  work. 

Var ious combinat ions and composi t ions o f  noncondensible 

The t r e a t e d  steam-gas m i x t u r e  leaves t h e  r e a c t o r  and passes th rough t h e  

back pressure  r e g u l a t o r , ( d )  which m a i n t a i n s  t h e  exper imenta l  u n i t  a t  t h e  . 

( a )  
( b )  M i l r o y a l ,  M i l t o n  Roy Co. 
( c )  Chromolox TRL 7612 
( d )  

Chromalox - E l e c t r i c  Steam B o i l e r  (CHPE-18) 

Type 123 Diaphram Operated R e l i e f  Valve 
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des i red  pressure ( n o m i n a l l y  100 p s i g ) .  
reduced t o  one atmospheric pressure,  i s  condensed, and t h e  condensate i s  

c o l l e c t e d  i n  t h e  g a s - l i q u i d  separator .  Here t h e  unreacted noncondensible 

gases such as N2, C02, CH4, H2 and O2 are separated from t h e  condensate and 
f l o w  t o  a wet t e s t  meter where t h e  t o t a l  volume o f  unreacted noncondensible 

gases i s  measured. 
atmosphere th rough t h e  b u i l d i n g  v e n t i l a t i o n  system. 

f rom two places; one a t  t h e  i n l e t  and one a t  t h e  o u t l e t  o f  t h e  reac to r .  

GAS ANALYSIS 

Steam from t h e  r e g u l a t o r ,  a f t e r  be ing  

The e f f l u e n t  o f  t h e  wet t e s t  meter i s  vented t o  t h e  
Gas samples are taken 

A wet chemical ana lys i s  procedure was developed i n  our  l a b o r a t o r y  based 

a two percent  

A 250 m l  

on an ASTM ( l o )  method. Reagents used i n  t h i s  method inc lude:  

z i n c  ace ta te  s o l u t i o n ,  0.1 N s tandard i o d i n e  and t h i o s u l f a t e  s o l u t i o n s ,  
concentrated h y d r o c h l o r i c  a c i d  and a s t a r c h  s o l u t i o n  i n d i c a t o r .  

Erlenmeyer f l a s k  c o n t a i n i n g  about 40 m l  o f  z i n c  ace ta te  s o l u t i o n  i s  s t o r e d  i n  

a r e f r i g e r a t o r  t o  m a i n t a i n  t h e  temperature of t h e  s o l u t i o n  as low as p o s s i b l e  

( w i t h o u t  f reez ing ) .  
c h i l l e d  z i n c  ace ta te  s o l u t i o n  i s  weighed. 

by  a rubber  stopper w i t h  a three-way va lve.  

vacuum system t o  evacuate t h e  a i r  i n  t h e  f l ask .  The a i r - f r e e  f l a s k  c o n t a i n i n g  

z i n c  ace ta te  s o l u t i o n  i s  immersed i n  an i c e  bath.  To c o l l e c t  a sample, t h e  

f l a s k  i s  connected t o  one o f  t h e  sampling l i n e s  shown i n  F i g u r e  1-1, and steam 

i s  vented th rough t h e  three-way va l ve  t o  t h e  atmosphere f o r  a few seconds. 

The three-way va lve  i s  then swi tched t o  a p o s i t i o n  where t h e  steam sample 

f l o w s  i n t o  t h e  f l a s k .  Due t o  t h e  temperature o f  t h e  z i n c  ace ta te  s o l u t i o n  and 

t h e  i c e  bath, t h e  condensat ion of steam takes  p l a c e  i n  t h e  f l a s k .  When a 

s u i t a b l e  amount o f  sample i s  c o l l e c t e d  depending upon t h e  concen t ra t i on  o f  

H S i n  t h e  sample, t h e  three-way va l ve  i s  swi tched t o  a new p o s i t i o n  where 

gas w i l l  no t  escape f rom t h e  f l a s k .  

sampling l i n e ,  and it i s  v i g o r o u s l y  shaken f o r  a few minutes t o  capture  a l l  

t h e  H2S i n  t h e  f l a s k  i n  t h e  z i n c  ace ta te  s o l u t i o n .  
s o l u t i o n  t o  fo rm w h i t e  z i n c  s u l f i d e  p r e c i p i t a t e .  

completed, t h e  f l a s k  i s  weighed again. The weight  d i f fe rence between t h e  

P r i o r  t o  t h e  c o l l e c t i o n  o f  a gas sample, t h e  f l a s k  w i t h  

The mouth o f  t h e  f l a s k  i s  plugged 
The f l a s k  i s  t hen  connected t o  a 

2 
The f l a s k  i s  t hen  d isconnected f rom t h e  

H2S r e a c t s  w i t h  t h e  
A f t e r  t h e  r e a c t i o n  i s  

I- 4 



i n i t i a l  and f i n a l  weight  i s  des ignated as t h e  weight  o f  sample. Here, we 

assume t h a t  t h e  weight  of t h e  H2S t h a t  reac ted  and any o t h e r  noncondensible 

gases d i s s o l v e d  i n  t h e  s o l u t i o n  i s  n e g l i g i b l y  smal l  compared w i t h  t h e  we igh t  

o f  steam condensate i n  t h e  f l a s k .  The amount o f  H2S t h a t  r e a c t e d  w i t h  z i n c  

ace ta te  i s  t h e n  determined b y  an iodomet r ic  t i t r a t i o n  technique.  I n  t h e  
t i t r a t i o n  a known amount o f  a c i d i f i e d  ( w i t h  concentrated h y d r o c h l o r i c  a c i d )  

s tandard i o d i n e  s o l u t i o n  i s  poured i n t o  t h e  Erlenmeyer f l a s k  c o n t a i n i n g  t h e  

gas sample. 

which immediate ly  r e a c t s  w i t h  i o d i n e  s o l u t i o n -  accord ing t o  t h e  f o l l o w i n g  

r e a c t i o n  : 

The h y d r o c h l o r i c  a c i d  r e a c t s  w i t h  z i n c  s u l f i d e  t o  r e l e a s e  H2S 

A l - 1 )  

The excess i o d i n e  i s  back t i t r a t e d  w i t h  t h e  s tandard t h i o s u  f a t e  s o l u t i o n  

u s i n g  t h e  s t a r c h  s o l u t i o n  as an i n d i c a t o r .  

can t h e n  be c a l c u l a t e d  f rom t h e  a c t u a l  amount o f  i o d i n e  consumed i n  React ion  

( A l - 1 ) .  
o u t l e t  streams o f  t h e  r e a c t o r ,  b u t  a l s o  i t  can b e  used t o  determine t h e  

d i s s o l v e d  H2S i n  t h e  steam condensate c o l l e c t e d  i n  t h e  l i q u i d - g a s  separator .  

The amount o f  H2S i n  t h e  sample 

Th is  H2S a n a l y s i s  method n o t  o n l y  can be a p p l i e d  t o  t h e  i n l e t  and 
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c 

- 
2l;n I ine  
Sr. 

0.56 
1.95 
2.37 

21~3:: -91 , Cat  1gst:Sample 1 
Av?t-ase I n l e t  H2S Cancentra;ion:J1!.7n ppm - 

Temperature FI-essui-e Cut le t  H2S % H S 
OC p s i g  Conc. ppm ~c-;:Sval 

170 1 oo* 133.03 24.50 
170 100 143.70 1.8.44 

170 100 144.06 18.24 , 

I 

I 1.00 I 188 
I 1.83 188 

2.33 188 
I 

I loo* I 29.09 I 86.23 I 
100 75.58 64.21 
100 - 63.90 69.74 

. .  

4.66 188 100 42.40 79.92 

I 

I 

N o t e :  * Saturated steam temperature i s  17OoC 

1 

H 
H 
I 

--1 

' 

2 ~ : :  .92 , Ca:3lyst:Sample 1 
A'J? 1-3 qe I n 1 e t  H,S Concen t r-2 t i cln : 184.43 ppm . .  - ?tin T i n e  iemper-ature Presss':-e C u t l e t  H S 7; H S 

l it-. G C  psi9 Conc. pgm ~ c - z g v a l  , 

0.55 198 1 oo*. 4.30 97.67 

. 

1.00 198 100 5.68 96.92 

2.00 198 100 - 11.40 93.82 

3.00 198 100 16.40 91.11 -, 

4.00 .  198 100 21.51 88.34 

Run!: g7 , Cat3lyst:Sample 1 
Av,grsoe I n l e t  H3S C o n c e n i r 2 t i o n :  176.20 ppm 

Note: * Saturated steam temperature.is 1 7 O O C  . 

Fun!: 94 , C B ?  l l y s t :  Sample 1 
Av e 1-3 9 e I 11 1 e t  ti$ Concen t rs t i on : 1 95.90ypm ~ 

I I 
I 

Note: * Saturated steam temperature i s  170% 

~ 

- 

Note:* Saturated steam temperature i s  170OC 
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, 

- pi~i- Tire  .iernpera':ur-e F re ' s s i r e  C u t l e t  ~ 8 1 7; H S ' 
1 ! I  i3r. GC , p s i  9 Conc. p$m j ~eii-:Eval , 

60.5 1 76.26 , i 0.37 175 80* 
I 

c 

c .78  
' 1.12  
' 1.62 

I 
175 ' 1 80 I 6.4 97.49 ' 

, .  

66.84 I 84.5 .._ .~ 
175 j 80- 
175 j 80 1 . 3  99.43 j 

1 ,1.95 1 175 ' I 80 2.4 99.06 

I 0.78 

1.65 
1 .95  

2 . 3 7 ,  

1 2.78 
I 

172 120 j 139.5 j 27.73 

200 120 . ' I 15.5 I 94.09 j ' 

185 1 120 19.T 92.41 1 
23.3 ' 91.11 1 

235 ' 120 32.2 ! 87.72 1 I 
1 - 7  

204 j 120 

I I I 
I 

~ 2.62 '  

Note: * Saturated steam temperature i s  1 6 2 O C  Note: * Saturated steam temperature, i s  177'C 

I 
8.4 j 05.79 I 175 i 80 

H 
U 
I 

.w 

i .  2.95 ' I 175 ; 80 j 81.57 
I 3.20 175 80 1 2.42 

67 .99 '  1 
99.05 i I 

~ i I 

. 3'.58 1 173 1 38-27 1 39.79 1 81.42 1 

I 
I ! 
I 

zr .  G C  

1 1.08  1 740 

I I 1 1 
I j I 

Note:* Saturated s t e w  temperature i s  14OoC @ 4Opsig 
PressurP ~f t h n  ? v r c n m  was unstable i n  t h i s  range 

p s i 9  
38-27* i 154 I 27.99 

I 2.50 I : 153 35-27 7.57 1 96.46 I 

1 2.75 ' ? 5 3  38-27 20.40 1 90.46 

. 

I I I 
-. .. 

Note: * Satursted steam temperature i s  177'C 
e 

197 

1 4.50 5.42 1 :L: i 38-27 38-27 

66.7 68.81 i 
48.2 77.46 1 

i I . I  
I L U  I d ,  

1 5.75 
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DATA S H E E T  FOR P R E S S U R E  DROP EXPERIMENT 

Date: 3 /2-3/78 , F l u i d :  Sfen,ti , Bed Diameter:  L , : t 3  cin, Bed He igh t :  2 9 . 6 4  cni 

H 
H 
I 
m 

Pressure  

Flow Rate 

b P  

Pressure  

Flow Rate 
1 b / f t 2 / m i n  

AP 
p s i / f t  

Pressure  

Flow Rate 
1 b / f t Z / m i  n 

A P  
p s i / f t  

Note:  ( 1 )  Satura tc  
(2) S a t u r a t t  

_ _ ~  -. 

-. 

. -~ 
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- 

, P a r t i c a l  S i ze :  2 O Z  mill, Voidage f i  - .~ - ___ __- 
6 I 

p ressure :  80 p s i g  
Dressure:  100 p s i q  
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80 

(3) Satu ra ted  pressure :  120 p s i g  
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DATA SHEET FOR PRESSURE DROP EXPERIMENT 

Date: 3 / r 7 /  78 , F l u i d :  ;R(u.t Ir(  , Bed Diameter:  A u 3  cm, Bed He igh t :  i l s  I 7- cm 

M a t e r i  a1 

Temp. OC 
Pressure  

P s i g  
Flow Rate 
1 b / f t 2 / m i n  

* P  
p s i / f t  

Pressure  

Flow Rate 
1 b / f t 2 / m i n  

AP 
p s i / f t  

Pressure  
P s i g  

Flow Rate 
1 b / f t 2 / i n i  n 

. -. __ ._ _____ 

- P s i g  

U 
U 

I 
03 

n Bed: [)-&& , P a r t i c a l  S i ze :  3 mm, Voidage f r a c t i o n :  o ' r '  - *-- ___ __ 

a 0  $0 zio 8 0  80 

os7 6.74 / . I /  1,a7 0 . q  
____..-_. ....... 

1.14 1.7, 2 . 8 U  3.b4 0 , b b  
................. .- 

...... 

___ -. 

- -. .............. .. 

~. 

- - 

Satu ra ted  pressure :  80 p s i g  
Sa tu ra ted  pressure :  100 p s i g  
Sa tu ra ted  pressure :  120 p s i g  

/ 2  0 

J, 47 

. .  

80 

/ 
....... 

80 

d. 74 

9. '27 



DATA SHEET FOR PRESSURE DROP EXPERIMENT 

Date: .< / . 3 /  / ' /g  , Fluid: AA . l , l C I  

llaterial in Bed: ~ ia . , * ,p& , Partical Size: d.53 mm, Voidage fraction: O d 3  

, Bed Diameter: %. 4 2  cm, Bed Height: 3 >. .':2 cm 

___ - 

A P  
p s i / f t  
Note: ( 1 )  Saturated pressure: 80 psi9 

( 2 )  Saturated pressure: 100 psig 
( 3 )  Saturated pressure: 120 psig 



Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

1 Run Time,-hr 

005 
/* 0 

3 , O  
1 4.0 
i S;LL 

Run##/-;! , Data: 8/21/78 

Catalyst  : % e , Weight: f i  g ,  Bed Height: 26.83 cm 

Steam: Pressure: /@ 0 

Rf-1  ~ L p e r c p J I Q / c L u Q c y  
Purpose of Run :  u u & . n &  

psig,  Bed Temp. In l e t :  /q.? 'Cy Outlet: /qz°C 
S2. /61b/ f t2 /min .  Flow Rate: 2s 117 g/crn2/min. , 

H2S, ppm Run Time, hr H2S, ppm i Run Time, hr H2S, ppm ~ 

0 

3.08 ' 

g.0  3 j 

h8.6 0 ,  I 
2 / , 3 f  1 

I 

Space Velocity: II zr.97 v / v / m i n .  , Residence Time: 0 . ~ 7 0 )  sec. 

Noncondensable Gas: H2S, COL NL Y 6 ,  dl+> Y & 

Concentration, ppm: /74$  b210 , SZ , 38f s5 Y 4 /  

Oxygen Supply: Air/Oxygen, Stoichiometric: /,57 
Total Run  Time: & / b  hr . 

Sulfur Balance: Charged t o  System: o./l29g moles 
* ** 

On Catalyst:  04/66/ moles, ( g moles) 
Method of Sulfur Recovery 

I n  Steam Condensate: g moles 

%) ** * 
Overall Sulfur Recovered: 96.o? %, ( 

Average Gas Concentration in Reactor Effluent: 

H2S Concentration vs. Time in Treated Steam 

* .Calculated from H2S concentration vs. time curve 
** Experimental value 
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/ \  
Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

w R u n #  q/-/ , Data: 

Purpose of R u n :  

Catalyst:  %&,+ 6, Weight: 80 g ,  Bed Height: 26.83 cm 

Steam: Pressure: 1 0 0  

Flow Rate: 23.27 g/cm /min. , 4 3 6 6  lb/ft2/min. 

Space Velocity: 120.90 v / v / m i n .  , Residence Time: d. 271 6. sec. 

p s i g ,  Bed Temp. In l e t :  / 8 9  'Cy Outlet: / a 9  OC 
2 

. 

Noncondensable Gas: H2S, , H? Y e&¶ X& y A/, 
Concentration, ppm:/9//.4, 6310 , s;t 385 3s 9 /  

Oxygen Supply: Air/Oxygen, Stoichiometric: 1, 37 

Total R u n  Time: / 4 , g  hr 

Sulfur Balance: Charged t o  System: 0.S587g moles 
** 

On Catalyst:  6 ,54/4 g moles: ( g moles) 
Method of Sulfur Recovery 

I n  Steam Condensate: 0.0083 g moles 

Overall Sulfur Recovered: 96.f~ %: ( % )  ** 
Average Gas Concentration i n  Reactor Effluent: 

H2S: 6.13 ppm, 02: 37 .30  ppm 

H2S Concentration vs. Time i n  Treated Steam 

R u n  Time, hrl H2S, ppm Run Time, hrl H2S. ppm 1 Run Time,  h r  1 H2S, ppm 

* 
** Experimental value 

Calculated from H2S concentration vs. time curve 
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Summary Data fo r  H2S Removal from Geothermal Steam Experiment 

Run# 143-l , Data: 8 />9/78 
Purpose o 

Catalyst  : 

Steam: Pressure: 1 0 0  psig,  Bed Temp. In l e t :  183 'Cy Outlet:  /e OC I 
Flow Rate: 23.&/ g/cm 2 /min., 4 f . c  lb/ft2/min. 

I Space Velocity: ~ o b . 6 c v / v / m i n .  , Residence Time: or 2 9 / 2  sec. 

Noncondensable Gas: H2S, COP , & , w# d& K 
Concentration, ppm:208.8 6210 , $2 , 38K , ss , 4/ 

0 x y g e n S u p p 1 y : A i r / 0 x y g e n , S t o  i c h i ome t r i c : /. 55 
Total Run Time: 1s hr 

Sulfur Balance: Charged t o  System: t7,6&2 g moles 
** 

On Catalyst:  0,2-g66 g moles: ( g moles) 
Method of Sulfur Recovery 

I n  Steam Condensate: o . ~ / s C  g moles 

%)** 
* 

Overall Sulfur Recovered: 93./5 %, ( 
Average Gas Concentration i n  Reactor Effluent: 

H2S: S,qd ppm, 02: &/.4/ ppm 

H2S Concentration vs. Time in Treated Steam 

G 

* .Calculated from H2S concentration vs. time curve 
** Experimental value 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

R u n #  163 , Data: & /  f I  /78 
Purpose o f  R u n :  

Catalyst:  

Steam: Pressure: 14 0 psig,  Bed Temp. In l e t :  / 8 . U o C ,  Outlet:  /f3 OC 

Flow Rate: 22. L 6  g/cm2/min., 4,4/ lb/ft*/min. 

Space Velocity: 1 ~ 6 , 6 ? v / v / m i n . ,  Residence Time: B ( 3 8  sec.  

Noncondensable Gas: H2S, CO, , d, , C& , A#-- , r3, 
Concentration, ppm: /93  , 6210 , 3 2  , 3 8 ~  , H , 9/ 

Oxygen Supply: Air/Oxygen, Stoichiometric: 

Total Run Time: 19.08 hr 

Sulfur  Balance: Charged t o  System: O.97O7 g moles 
* ** 

On Catalyst:  0.9449 g moles, ( 0.3.422 g moles) 
Method o f  Sulfur Recovery 

In Steam Condensate: 0, 03 g moles 

Overall Sulfur  Recovered: 97,3( %: ( 7 8 . S 2 % ) * *  

Average Gas Concentration i n  Reactor Effluent: 

H S Concentration v s .  Time i n  Treated Steam 2 

* 
** Experimental value 

Calculated from H2S concentration vs .  time curve 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

R u n #  / 5 9 ! 3 ,  Data: 9 /27/78 

[ Run Time, hr 
I 

/, 2 5  
. 3,33 

S42 
4-75 

I I R. 42 
q 4 2 

I I / . S o  
i iAS8 

I 

Purpose o 

Catalyst:  

H2S, ppm Run Time, hr H2S, ppm ' R u n  Time, hr H2S, ppm 
I 

4.70 1 3,oo 931 
3.34 
0. I 

I 6. I 

0. . I  
1.08 
3.47 

I 

dGq2 I 

Steam: Pressure: 106 p s i g ,  Bed Temp. In l e t :  OC,  Outlet: /@$ OC 

Flow Rate: /f!q? g/cm2/rnin. , 4 a , L r 1 b / f t 2 / m i n .  

Space Velocity: / &@,zD/v/min. , Residence Time:@k53. sec. . 

Noncondensable Gas: H2S, Lo, , p/, , C#d , m 3  Y /L 
Concentration, ppm:~b/ ,3 ,  6210 , &Z , 38s  , ss , 9/ 
Oxygen Supp ly :  Air/Oxygen, Stoichiometric: 1. 63 
Total Run Time: /3 hr 

Sulfur Balance: Charged t o  System: @ . 1 z o d g  moles 
* ** 

On Catalyst:  D.&I#& g moles, ( g moles) 
Method of Sulfur Recovery p;& P & - .  hf- 

I n  Steam Condensate: 49.63 g moles 

Overall Sulfur Recovered: *,63%'z ( %)** 
Average Gas Concentration i n  Reactor Effluent: 

H2S: 0.37 ppm, 02: S? / 8  ppm 

H2S Concentration vs. Time i n  Treated Steam 

* 
** Experimental value 

Calculated from H2S concentration vs. time curve 
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/ ,\ 
Summary Data f o r  H,S Removal from Geothermal Steam Experiment 

w L 

R u n #  , Data: f ' / 2 2 /  7t? 

Steam: Pressure: 100 p i g ,  Bed Temp. In l e t :  185 'Cy Outlet:  181 O C  

Flow Rate: 20. /3 g/cm*/min. , &, 13 lb/ft2/min. 

Space Velocity: /87.48 v/v/min. , Residence Time: 6,3142 sec. 

Noncondensable Gas: H2Sy 0, , A Y c& Y NH3 Y -N, 
Concentration, p p m : a 7 3 ,  6 21 0 5.. 38r , 55 91 

Oxygen Supply: Air/Oxygen, Stoichiometric: /, 56 
Total R u n  Time: /,7,5 h r  * 

Sulfur Balance: Charged t o  System: 0.4248 g moles 
** 

On Catalyst :  8.4/83g moles: ( g moles) 
I Method of S u l f u r  Recovery p;&& d* 

I n  Steam Condensate: 0 . 6 1 8 3  g moles 

Overall Sulfur Recovered: 98.00 %f ( %)** 

Average Gas Concentration in Reactor Effluent: 

H2S: 4 , / 3  ppm, 02: 5 3 .  r 7 p p r n  

H S Concentration v s .  Time i n  Treated Steam 2 

* 
** Experimental value 

Calculated from H 2 S  concentration vs. time curve 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

Run# 1S9-f , Data: f /  8 / 7' 
Purpose o f  Run:  

Catalyst : 

Steam: Pressure: I O 0  p i g ,  Bed Temp. I n l e t :  190 OC,  Outlet: /4S OC 
2 2 Flow Rate: 2 / ,57  g/cm /min., # q , / t  1 b / f t  /min. 

. Space Velocity: a / 6 S  v / v / m i n . ,  Residence Time: 0 , 2 7 7  J sec. 

Noncondensable Gas: H2S, d& , eo,, , A 9 e&& , Nb 
Concentration, p p m : m  65 , 6310 , Ka , 38C 9 91 
Oxygen Supply: Ai r/Oxygen, Stoichiometric: /,63// 

Total Run Time: /3.7J hr 

Sulfur Balance: Charged t o  System: 0.W72 g moles 
* ** 

On Catalyst:  & , 4 ~ ~ / 4  g moles, ( g moles) 

Method of Sulfur Recovery B ; p & A  - 

I n  Steam Condensate: \ g moles 

Overall Sulfur Recovered: q6,6c%': ( %)** 
Average Gas Concentration in Reactor Effluent: 

H2S Concentration vs. Time in Treated Steam 

9 3 3  I ll I n 
* Calculated from H2S concentratisn vs .  time curve 

** Experimental value 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 
/ \  

Run# ' / 5 9  Data: 8/ 3 /78 

Steam: Pressure: o psig,  Bed Temp. I n l e t :  /as 'Cy Outlet: / 4 /  OC 
Flow Rate: 21, 30 g/cm2/min., 4 3 .  63 lb/ft2/min. 

Space Velocity: 2 1  3, v/v/min. Residence Time: D, 2 (e06 sec.  

Noncondensable Gas: H2Sy d& , Y Y Y 

Concentration ppm: 220~3, SS Y Y Y 

Oxygen Supply: Air/Oxygen, Stoichiometric: /, Id 
Total Run Time: 6 . 7 5  hr . 

Sulfur Balance: Charged t o  System: u,;!S?X g moles 
** 

On Catalyst:  ~ , Z Y P L  g moles: ( 
Method o f  Sulfur Recovery 

g moles) 

I n  Steam Condensate: o.oor/ g moles 

Overall Sulfur Recovered: 9S.94 %': ( %)** 
Average Gas Concentration in Reactor Effluent:  

H2S: %V ppm, 02: ppm 

H2S Concentration v s .  Time i n  Treated Steam 

* .Calculated from H2S concentration vs. time curve 
** Experimental value 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

Run# /5' , Data: 7/12/?% 

Purpose o f  Run:  

Catalyst:  80 g ,  Bed Height: 3 6 . m c m  

Steam: Pressure: /oe p s i g ,  Bed Temp. In le t :  i f 4  OC, Outlet: l 9 /  OC 

-4?%w- k-4-J-J - 

Flow Rate: [I, 64 g/cm2/min. , 38. /8 1 b/ft2/min. 

Space Velocity: /3/. 3 8 v / v / m i n . ,  Residence Time: 0.46 sec. 

Noncondensable Gas: H2S, a, , d- , &t ,  HZ , Ax 
Concentration, p p m : m ,  4210 , ~1 , 387 $5 , q /  
Oxygen Supply: Air/Oxygen, Stoichiometric: /, 9 9  

Total Run Time: /&O hr 

Sulfur Balance: Charged t o  System: 414 6229 moles 
* ** 

On Catalyst:  0,4565 g moles, ( g moles) 
Method of Sulfur Recovery 

In Steam Condensate: O. oa/Y g moles 

Overall Sulfur Recovered: 77 %: ( %)** 
Average Gas Concentration i n  Reactor Effluent: 

H2S: 2.67 ppm, 02: k / . o ?  ppm 

H2S Concentration vs. Time i n  Treated Steam 

* Calculated from H2S concentration vs. time curve 

** Experimental value 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

Run# /5/ , Data: 7/// / 78 
Purpose of Run:  E / / / ,  a H ' , s . d e a p  d X  
Catalyst :  &&$e 5 , Weight: 

Steam: Pressure: 100  

8 0  g ,  Bed Height: 25.72 cm 

psig,  Bed Temp. In le t :  186 'Cy Outlet:  /88 OC 

Flow Rate:19.8? g/cm2/min., 38.66 1 b/ft2/min. 

R u n  Time,.hrl H2S, ppm Run Time, hr H S ,  ppm : R u n  Time, hr H2S, ppm 2 I 

2 3  3 I l,X2 i 
S I  33 0.44 . I 
7, O B  /*32 I I 

i I 
I O . 0 0  2 * 3 7  I 

Space Velocity: 78,20v/v/min.  , Residence Time: 0,3367 sec. 

Noncondensable Gas: H2S, d& , Y Y Y 

Concentration, p p m : g / S  , 55 , Y Y Y 

I 

.I 

Oxygen Supply: AirlOxygen, Stoichiometric: /. 58 

Total R u n  Time: 1 0  hr 

Sulfur Balance: Charged t o  System: 0,3320 g moles 

1 
I 

I! 
I /  

I 
I 

I 

* ** 
On Catalyst:  0, 3 3029  moles, ( O . / R 6 3  g moles) 

Method of Sulfur Recovery CS, - 

I n  Steam Condensate: O. ooo 3 g moles 

Overall Sulfur Recovered: 99.4# %': ( S6.10 %)** 
Average Gas Concentration in Reactor Effluent: 



Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

Run# / S O  , Data: 7 /  /0/78 . 

Purpose of Run : 

Catalyst  : 

Steam: Pressure: 1 0 0  psig, Bed Temp. In le t :  /,B4 'C, Outlet:  /8$ OC 
2 Flow Rate: 19.69  g/cm / m i n .  , 38.29 l b / f t 2 / m i n .  

. Space Velocity: I ? 6 , 5 o v / v / m i n . ,  Residence Time: 0.  3 4  . sec. 

Noncondensable Gas: H2S, &7, , H, , Cdl4 , M& , N, 

Concentration, ppm:2&?9, h / O  , 5 2  , 38 5 9 s5 , 91 
Oxygen Supply: Air/Oxygen, Stoichiometric: /. 6 5  

Tota l  Run Time: /o hr 

S u l f u r  Balance: Charged t o  System: 0 . 3 1 1 7  g moles 
* ** 

On Catalyst:  0 .  3 r b l  g moles, ( 0-/5'bo g moles) 
Method of S u l f u r  Recovery a% U L a y I r  

In  Steam Condensate: o.ocrl g moles 

Overall S u l f u r  Recovered: 99.42 %': (Cr?/8 %)**' 
Average Gas Concentration i n  Reactor Effluent: 

H2S: / , I 8  ppm, 02: b 4 . O G p p m  

H2S Concentration vs.  Time i n  Treated Steam 

* Calculated from H2S concentration vs. time curve ' 

** Experimental value 

. 

~f 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

R u n #  144 , Data: 6 /23/ 78 

Catalyst :  * / P  &, Weight: T g , w g h t :  ;7u8.8S cm 

Purpose o f  Run:  Y b/ & - M a  ad 
' w 

Run Time,-hr H S ,  pprn Run Time, hr H S ,  ppm R u n  Time, hr H2S, ppm 2 2 I 

/* 4 2  o. 80 I 

2.00 0.70 . I 
352 O*63 i I 

5 . 7 5  3, 37 I1 

I 

I 

Steam: Pressure: / D o  psig,  Bed Temp. In l e t :  / # S ° C ,  Outlet:  /87 OC 
Flow Rate: / R  76 g/cm2/min. , 38.43 lb/ft2/min. 

Space Velocity: /6,c,&v/v/min. , Residence Time: 0.364 sec. 

Noncondensable Gas: H2S, , ds , CD, , , 

Concentration, p p m : ~ q / : 3 ,  7 3 0  rod / ~ d ~ ~ y  / / o  

Oxygen Supply: Air-, Stoichiometric: 7 5  
Total Run Time: /0.5 hr 

Sulfur Balance: Charged t o  System: 0.3 /48 g moles 
* 

On Catalyst :  ~ ~ 3 / / 6  g moles, ( o. /73L/  g moles)** 
Method of Sulfur Recovery CS, 

I I 6.83 
7 83 
9.83 

1 0 . 2 5  

I 

I n  Steam Condensate: 0,tw/3 g moles 

Overall Sulfur Recovered: ye.?# %': (<COP %)** 
Average Gas Concentration in Reactor Effluent: 

4.62 1, I I 

2. p 7  ti I 

i 
0.33 I 

I 
I 

I 

- 

* .Calculated from H2S concentration vs. time curve 
** Experimental value 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

Run# J45 Data: d / f / 73 

Steam: Pressure: /bo psig,  Bed Temp. In l e t :  OC, Outlet: 190 OC 
Flow Rate: /%.?a g/cm 2 /min., 38.86 lb/ft2/min. 

Space Velocity: I 7.1.116v/v/min. Res 

Noncondensable Gas: H2S, dV3 ¶ Y 

dence Time: 6 , 3 & 8 5  sec. 

Y Y 

Concentration, ppm:2MIY d y I o Y 

Oxygen Supply: Air/Oxygen, Stoichiometric: 1, 6 / 

Total R u n  Time: 9 h r  * 

Y Y 

Sulfur Balance: Charged t o  System: 6 . 2 9 z S  g moles 
On Catalyst:  a2,pkd g moles: ( g moles) ** 

Method of S u l f u r  Recovery 

I n  Steam Condensate: oee@32 g moles 

Overall Sulfur Recovered: 97-33 %': ( %)** 
Average Gas Concentration in Reactor Effluent: 

H2S Concentration vs. Time in Treated Steam 

* 
** Experimental 'value 

Calculated from H2S concentration vs. time curve 
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Summary Data fo r  H2S Removal from Geothermal Steam Experiment 

Run# /4Z , Data: C//3/78 

Steam: Pressure: /o o p s i g ,  Bed Temp. In l e t :  /87 O C ,  Outlet: 19 / O C  

Flow Rate: /q  2 2  g/cm2/min. , 39. 3 7 lb/ft2/min. 

Space Velocity: t 7/. 4 f v / v / m i n .  , Residence Time: 0 ,3&99  sec. 

Noncondensabl e 

Concentration, 

Oxygen Supply: 

Gas: H2S, C& , , ¶ ¶ 

PPm:;fQD 9 770 9 ¶ ¶ ¶ 

Air,&qqm, Stoichiometric: /, 6 8  
Total R u n  Time: / 3 hr 

Sulfur  Balance: Charged t o  System: &L;co&& g moles 

Method of Sulfur Recovery &dbu 

I n  Steam Condensate: Q,oo/r /  g moles 

Overall Sulfur  Recovered: w.05 %: ( 3 2 , 4 /  %)** 
Average Gas Concentration in Reactor Effluent:  

H2S: /, 90 ppm, 02: 6.3, +<ppm 

H2S Concentration vs .  Time i n  Treated Steam 

Run Time,.hr 1 H2S, ppm I/ Run  Time, hr 1 H S ,  ppm 1; R u n  Time, hr I H2S, ppm 2 I 

* Calculated from H2S concentration vs. time curve 
** Experimental value 
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Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

Run# '/60 Data: 5 / / 0 /  78 
/--- 

Purpose o f  Run:  

Catalyst  : 

Steam: Pressure: /oa p s i g ,  Bed Temp. In l e t :  /4/ 'Cy Outlet: 193OC 
2 Flow Rate: - 6 2 3  g/cm / m i n . ,  39. 3 8  lb/ft2/min. 

Space Velocity: / 7 4 , 4 L v / v / m i n .  Residence Time: & 3 4 3 4  sec. 

Noncondensable Gas: H2Sy 4% Y Y Y 

Concentration, ppm:2o? ~d Y Y 9 

Oxygen Supply: Air-, Stoichiometric: /, 6 /  

Total Run Time: /3.5 hr 

Sulfur Balance: Charged t o  System: b.439b g moles 

On Catalyst:  8 . 4 3 ~ 7  g moles: ( d , z + ~ d  g moles)** 

Method of Sulfur Recovery 7~- JL&& - o n  4 
I n  Steam Condensate: @.ooz? g moles 

!hera l l  Sulfur Recovered: L7$/5 %': ( S b . r /  %)** 
Average Gas Concentration i n  Reactor Effluent: 

H2S: ft74 ppm, 02: 6b. io  ppm 

H2S Concentration vs. Time i n  Treated Steam 

R u n  Time,-hr I H2Sy  ppm I Run Time, hr 1 H2Sy ppm I/ Run Time, hr 1 H2Sy ppm 

* 
** Experimental value 

Calculated from H2S concentration vs. time curve 
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/ \  Summary Data fo r  H2S Removal from Geothermal Steam Experiment w 

* Calculated from H2S concentration vs. time curve 

** Experimental value 
11-25 

Steam: Pressure: 106 psig,  Bed Temp. In l e t :  /H 'Cy Outlet:  189 OC 

2 2 Flow Rate: ~ 2 ~ 2 6  g/cm /min., &kt5 l b / f t  /min. 

Space Velocity: /q?k6u v/v/min. , Residence Time: 0 , 3 [ d  sec. 

Noncondensable Gas: H2S, CO, , MZ Y u.  Y A43 , A/, 
Concentration , ppm:@3, 6 2 r D  , $2 , 3&'f , s 5  , 41 

Oxygen Supply: Air/Oxygen, Stoichiometric: /,38 
Total R u n  Time: /3 hr . 

Sulfur Balance: Charged t o  System: 0.49ss' g moles 
* ** 

On Catalyst:  0 , ~ -  g moles, ( g moles) 
Method of Sulfur Recovery 

I n  Steam Condensate: 0. orb/ g moles 

Overall Sulfur Recovered: 9g.bJ %': ( %)** 
Average Gas Concentration in Reactor Effluent:  

H2S C o n c e n t r a t i o n  vs .  Time i n  Trea ted  Steam 



Summary Data f o r  H2S Removal from Geothermal Steam Exper iment 

Run# / 3 8  , Data: S/ 5 / 1 8  
Purpose o f  Run: 

C a t a l y s t :  Bed H e i g h t : 2 8 , 5 &  cm 

Steam: Pressure:  100 p s i g ,  Bed Temp. Inlet:/&'d 'Cy O u t l e t :  /90 OC 
2 Flow Rate:=. I /  g/cm /min. , QI.18 l b / f t 2 / m i n .  

Space V e l o c i t y :  / # I .  4/ v/v/min. , Residence Time: o. 33/ sec. 

1 Run Time,-hr 

OB 7s 
1. g3 
3.55 
6 0 2  
6 d g  
7, b D  
7 . 6 7  

I 7  

Noncondensable Gas: H2Sy c(7. , 

Concen t ra t i on ,  ppm:&@ ]240D , ¶ Y Y 

Oxygen Supply:  A i m ,  S t o i c h i o m e t r i c :  /,4?7 

& 
Y Y Y 

H2S, pprn ' Run Time, h r  H2Sy  ppm I Run Time, h r  H2S, ppm 
I 

0 9B2% a 2  

6.76 . l o t 2 5  2, I 5 
OI 7s 11.17 5 ,ss  I 
O* 3d J ) ,  6 7  7,32 i 

0.9s / 2 , 2 5  / o . b d /  
443 12.7s /4.31 1 
2829 f3. I 9  )47/ ! 
0, Qcc J 3.42 /q77 1 d 

I 

I 

I 

T o t a l  Run Time: /3,50 h r  

S u l f u r  Balance: Charged t o  System: 8.b9q6 g moles I ** 
On C a t a l y s t :  6,4728 g mo les t  ( 0, 367s g moles) 

AdL4k6-L Method of S u l f u r  Recovery zt- 
I n  Steam Condensate: &.0a3? g moles 

O v e r a l l  S u l f u r  Recovered: ft,St %': ( 64./2 %)** 
Average Gas Concen t ra t i on  i n  Reactor E f f l u e n t :  

* . C a l c u l a t e d  from H2S c o n c e n t r a t i o n  v s .  t i m e  curve  

** Exper imenta l  va lue  
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Summary Data f o r  H2S Removal f r o m  Geothermal Steam Exper iment 

Run# 137 , 

C a t a l y s t :  ist :  pu g, Bed H e i g h t : Z q , & c m  

Steam: Pressure:  /OO 

Data: 5 / 4 1  78 
Purpose o f  Run: b p C ~ , ~ ~ s ~ e - , & -  1 

p i g ,  Bed Temp. I n l e t : / # .  'Cy O u t l e t : / q Z  OC 

2 Flow Rate: 20.62 g/cm /min. , 4 2 , ; ( 3  1 b / f t 2 / m i n .  

Space V e l o c i t y :  /%g# /b  v/v/min.  , Residence Time: o,3/87 sec. . 

Noncondensable Gas: H2S, CD, 

Concent ra t ion ,  ppm:z/L , 6200 , Y Y Y 

Oxygen Supply:  A i r , S q q m ,  S t o i c h i o m e t r i c :  /, 45 
T o t a l  Run Time: 1 0  h r  

S u l f u r  Balance: Charged t o  System: 0,3583 g moles 

6 
Y ¶ Y 

* ** 
On C a t a l y s t :  ,7,3~6 3 9  moles, ( 0. 1988 g moles) 

Method o f  S u l f u r  Recovery T&&&.g byn& 
4 

I n  Steam Condensate: ~ ~ 0 , 9 3 5  g moles 

O v e r a l l  S u l f u r  Recovered: @@ %': (SS.48 %)** 
Average Gas C o n c e n t r a t i o n  i n  Reactor  E f f l u e n t :  

H2S: / , A 0  p pm, 02: 44.66 ppm 

I Run Time, h r  H 2 S y  ppm Run Time, h r  H2S, ppm 'Run Time, h r  H2S, ppm 
I 

0, 75 /. 63 7. se 0 1  
I *  7 5  0 90 00 / 1 4 /  I I 

a.#r I 2- 7 5  3. s3 9* 3s 
3. s o  /.S6 I I 

3.83  2,29  I 
Ds 98 i 4 s 8  

I 5. rg /. 83 
b. s8 / b  76 1 

I 

I 
- 

H S C o n c e n t r a t i o n  vs .  T ime in T r e a t e d  Steam 2 

. 



Summary Data f o r  H2S Removal from Geothermal Steam Exper iment 

Run Time, h r  H2S, ppm 

3.75 /e17 
4.16 2,3& 
6.33 0. kt7 

7: 33 6.07 
8. 33 7, 2 2  
9.42 S: 36 

I 0 , S b  7.81 
I / .  66 16.7 I 

Steam: Pressure:  160 p s i g ,  Bed Temp. I n l e t : / # S  'Cy O u t l e t :  /8? OC 

2 Flow Rate: 22.72 g/cm /min., 46,S4 l b / f t 2 / m i n .  

Space V e l o c i t y :  /&F&v /v /m in . ,  Residence Time: 0 ,  3 7 g 3 s e c .  

Noncondensable Gas: H2S, /36, #Z , a , d#s nl, 
Concent ra t ion ,  ppm:/9/.?, 6210 , &2 3 8 s  , c5 , 9/ 

Oxygen Supply:  Air /Oxygen , S t o i c h i o m e t r i c :  /.&? 

Run Time, h r  H2S, ppm 'Run Time, h r  H2S, ppm I 
I 2 3 3  3c 

I 
I 
1 

i 

1 

T o t a l  Run Time: 

Sul f u r  Balance: 

/JlS h r  

Charged t o  System: 0 . U 4 5 g  g moles 

Method o f  S u l f u r  Recovery (hhh+l Sf#%B- 

o. a/&'? g moles I n  Steam Condensate: 

O v e r a l l  S u l f u r  Recovered: 9'32 %: ( 33.86 %)** 
Average Gas Concen t ra t i on  i n  Reactor  E f f l u e n t :  

. 



Summary Data f o r  H2S Removal from Geothermal Steam Experiment 

1 Run Time,-hr H S ,  ppm 1 Run Time, hr H S ,  ppm R u n  Time, hr 
I 2 I , 2  

/ , 3 3  4.40 1 6.08 &Z76 II 
1.92  /o. bo . I ! 

I 2+2 f 7.94 . $  I 

R u n #  1 1 . 3  , Data: ?/  6 177 

Purpose o f  Run:  5 1 0  e e  5 I 

e o  g ,  Bed Height: 3LC,2?cm Catalyst  :-, coit. Wei g h t  : 

Steam: Pressure: 100 psig,  Bed Temp. In l e t :  18.4 'Cy Outlet:  (90 OC 
2 2 Flow Rate: i i f .  S7 g/cm /min. , 44.18 l b / f t  / m i n .  

Space Velocity: / 9? , t$  v/v/min. , Residence Time: o.9,Q sec. 

Noncondensable Gas: H2S, Y Y ¶ Y 

Concentration, p p m : a ,  9 7 Y Y 

Oxygen Supply: Air/Oxygen, Stoichiometric: 1.28 

H2S, ppm 

Total R u n  Time: 

Sulfur  Balance: 

, 
j 2.?2 

6.08 hr 

Charged t o  System: 0 . 2 5 2 5 g  moles 

On Catalyst:  o,z275g moles, ( 0.1458 g moles)** 
Method of Sulfur Recovery &, extraefr'on 

* 

I n  Steam Condensate: 6,0092 g moles 
+ ++ 

I 
d . 3 2  I/ I 

I 

Overall Sulfur Recovered: 9 0  %, ( 5 8  % ) " "  

Average Gas Concentration in Reactor Effluent: 

I 3.50 1 .27.&2 I r 
I 4.r 7 1 31-43 1 

4,83 I 37AI '1 
1 46.38 I 5. So 

1 

I 

I 
I 

1, 
1, 
I 
I 
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APPENDIX I11 

EVALUATION OF TECHNIQUES FOR A V O I D I N G  CONDENSATE I N  CATALYST BED 

It has been proven t h a t  t h e  c a t a l y t i c  o x i d a t i o n  process removes H2S 

f r o m  t h e  s imu la ted  geothermal steam o n l y  when condensat ion i s  avoided i n  t h e  

c a t a l y s t  bed. Two p o s s i b i l i t i e s  were evaluated f o r  a v o i d i n g  t h i s  d i f f i c u l t y :  

t h r o t t l i n g  and superheat ing.  These are  d iscussed i n  t h e  f o l l o w i n g  paragraphs 

f r o m  t h e  s tandpo in t  o f  energy e f f i c i e n c y .  

THROTTLING 

I n  t h e  t h r o t t l i n g  process steam i s  a d i a b a t i c a l l y  t h r o t t l e d  t o  lower 

p ressure  superheated steam. 

steam t o  a superheated c o n d i t i o n ,  i t  a lso  causes degradat ion of t h e  work 

a v a i l a b l e  f r o m  t h e  steam. 

o f  power which can be p o t e n t i a l l y  produced i n  a steam t u r b i n e  power 

genera tor .  The degradat ion o f  t h e  a v a i l a b l e  work i s  o f  importance i n  t h e  

power generat ion,  and i t  must be minimized. To c a l c u l a t e  t h e  amount o f  

a v a i l a b l e  work (17) and t h e  l o s s  o f  a v a i l a b l e  work, t h e  f o l l o w i n g  equat ion  
i s  used: 

A l though t h e  t h r o t t l i n g  process changes s a t u r a t e d  

The a v a i l a b l e  work r e l a t e s  d i r e c t l y  t o  t h e  amount 

0 W = hi - ho - To (s i  - so) 

where: Wo: a v a i l a b l e  work, B t u / l b  
hi: enthalpy o f  stearn, B t u / l b  

ho: 

T ~ :  
si: en t ropy  o f  steam, Btu/'R/lb 

so: 

en tha lpy  o f  steam a t  a re ference s t a t e ,  B t u / l b  

temperature o f  re ference s t a t e ,  OR 

en t ropy  o f  steam a t  a re ference s t a t e ,  Btu/*R/ lb.  

The r e f e r e n c e  s t a t e  i s  chosen as 4" Hg, 126OF s a t u r a t e d  steam which 

r o u g h l y  corresponds t o  t h e  e x i t  c o n d i t i o n  o f  t h e  steam f r o m  t u r b i n e  power 

generators  o f  geothermal power p l a n t s  operated a t  t h e  Geysers. 

The a v a i l a b l e  work o f  t h e  s a t u r a t e d  steam, W z a t ,  can be c a l c u l a t e d  by 

s u b s t i t u t i n g  H and s va lues f rom a steam t a b l e .  

111-1 



Since the  steam t h r o t t l i n g  process i s  an a d i a b a t i c  process, en tha lp  

steam before and a f t e r  t h r o t t l i n g  are t h e  same. 

en tha lpy  l i n e  i n  M o l l i e r ' s  c h a r t  t h e  p r o p e r t i e s  o f  t h e  superheated steam 

as temperature, pressure,  en tha lpy  and en t ropy  can be obtained. The ava 

Fo l l ow ing  t h e  cons tan t  

work f rom the  superheated steam W o  
equat ion.  

can a l so  be c a l c u l a t e d  f rom t h e  above 
SUP 

The loss  o f  t he  a v a i l a b l e  work, AW', due t o  t h e  t h r o t t l i n g  process 

The r a t i o  R o f  a v a i l a b l e  equals  t h e  d i f f e r e n c e  between Wsat 0 and Wsup. 0 

work o f  t h e  superheated steam t o  t h a t  o f  t h e  sa tu ra ted  steam can be c a l c u l a t e d  

by W!up/Wsat 
A sumnary o f  the  numer ica l  r e s u l t s  f o r  t h i s  c a l c u l a t i o n  f o r  va r ious  

pressures i s  shown i n  Table 111-1. The r a t i o  W&p/Wsat O i s  a f u n c t i o n  o f  

degrees o f  steam superheat ing and i s  n o t  s e n s i t i v e  t o  t h e  c o n d i t i o n  o f  t h e  
saturated steam. 
t h e  degree o f  superheat ing.  
c o n d i t i o n  (p ressure)  o f  t h e  sa tu ra ted  steam, one curve i s  shown i n  t h e  f i g u r e .  

c 

Figure 111-1 shows the r e l a t ion  between W & p / W t a t  and 

Since Wsup/Wsat i s  no t  s e n s i t i v e  t o  t h e  

SUPERHEATING 

The sa tu ra ted  steam, be fore  e n t e r i n g  the  H2S removal r e a c t o r ,  may be 

superheated by  an e x t e r n a l  energy source a t  cons tan t  pressure.  The 
superheater can be a fu rnace which burns f u e l  o i l  o r  a h e a t i n g  c o i l  which i s  

powered by a p a r t  o f  e l e c t r i c i t y  generated f rom t h e  steam t u r b i n e  power 

generator .  

ca 1 cu 1 a t  ed by 

Assuming the  former, t he  energy r e q u i r e d  f o r  superheat ing i s  

where Wh: Energy requ i red  f o r  superheat ing steam, B t u / l b  

nh: e f f i c i e n c y  o f  superheater.  

vh  = 0.80 are used i n  t h i s  study. 

G es o f  

such 

l a b l e  
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TABLE 111-1. Change of A v a i l a b l e  Work i n  T h r o t t l i n g  Process 

Saturated Steam 
Press. 
psi a 

150 

140 

130 

120 

110 

100 

90 

80  

Temp. 
2 

358.43 

353.04 

347.33 

341.27 

334.79 

327.82 

320.28 

312.04 

Available Work 
Wo , Btu/lb -sat 

283.44 

279 .OO 

274.13 

268.96 

263.30 

257.09 

250.15 

242.38 

Superheated Steam 
After Throttlinq 

A T  
OF - 

5 

10 
20 

30 

5 

10 

20 

30 

5 

10 

20 

30  

5 

10 

20 

30 

5 

10 

20 

30 

5 

10 
20 

3 0  

5 

10 
20 

30 

5 

10 
20 

30  

Press. 
psia 

122 

101 
78 

6 2  

116 

98 

75 

59 

109 

93 

70 

56 

100 
85 

66 

53 

92 

79  

62 

49  

85 

74 

56 

44 

77 

67 

5 1  

4 1  

68 

60  

46 

37 

Available Work 
Wo , Btu/lb -sup 

270.26 

259.12 

243.30 

228.65 

267.11 

257.11 

240.74 

226.09 

263.47 

253.51  

236.51 

221.86 

257.97 

248.00 

231.60 

217.53 

252.85 

243.47 

227.07 

213.00 

24-7 .05 

238.26 

221.26 

206.61 

240.46 

231.67 

215.26 

201.20 

232.89 

224.68 

208.27 

193.62 

Change of 
Available 

Work 
-AW, BtU/lb 

13.18 

24.32 

40.14 

54.79 

11.89 

21.89 

38.26 

52.91 

10 .66  

20.62 

37.62 

52.27 

10.99 

20.96 

37.36 

51.43 

10.45 

19.83 

26.23 

50 .30  

10.64 

18.83 

35.83 

50.48 

9.69 

18.48 

34.89 

48.95 

9.49 

17 .70  

34 .11  

48.76 

Ratio 
-su wo p-s /wo a t 

0.95 

0 .91  

0.85 

0.81 

0.96 

0.92 

0.86 

0 .81  

0.96 

0.92 

0 .86  

0 . 8 1  

0.96 

0.92 ' 

0.86 

0 .81  

0 .96  

0.92 

0.86 

0.81 

0.96 

0.93 

0.86 

0.80 

0.96 

0.93 

0.86 

0.80 

0.96 

0.93 

0.86 

0.80 
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The n e t  a v a i l a b l e  work f rom t h e  steam i s  c a l c u l a t e d  by: 

The l o s s  o f  a v a i l a b l e  work Wo and t h e  r a t i o  WSup/WSat  were 

c a l c u l a t e d  and are  l i s t e d  i n  Table 111-2 f o r  t h e  s a t u r a t e d  steam a t  t h e  same 

c o n d i t i o n s  as i n  t h e  t h r o t t l i n g  process. F i g u r e  111-2 summarizes t h e  

f i n d i n g .  
i.e., t h e  h igher  t h e  degrees of superheat ing t h e  l a r g e r  t h e  l o s s  o f  the  

a v a i l a b l e  work and Wsup /Wsa t  i s  i n s e n s i t i v e  t o  t h e  c o n d i t i o n  o f  t h e  

s a t u r a t e d  steam. 

The same conc lus ions  as i n  t h e  t h r o t t l i n g  process a r e  obtained, 

From F i g u r e  111-1 and F i g u r e  111-2 i t  can be seen t h a t  f o r  t h e  same 

degree o f  superheat ing t h e  process which superheats t h e  s a t u r a t e d  steam b y  an 
e x t e r n a l  energy source i s  more f a v o r a b l e  than t h e  t h r o t t l i n g  process w i t h  

respec t  t o  a minimum l o s s  i n  a v a i l a b l e  work. 

1 

Wo: AVAILABLE WORK, Btul lb 

SUP: SUPERHEATED STEAM 

SAT: SATURATED STEAM 
l- a 

e 0.9 - 
a 
3 
U-l 

0 
3 

0.8 - 
I I I 

0 10 20 30 
DEGREE OF SUPERHEAT1 NG, OF 

FIGURE 111-1. R a t i o  o f  Wsup/Wsat 0 vs Degrees of Superheat ing 

f o r  t h e  Steam T h r o t t l i n g  Process 
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0.95 z 
v, 

0 

0.90 

0 

Wo: AVAILABLE WORK, Btullb 

SUP: SUPERHEATED STEAM 

SAT: SATURATED STEAM 

10 20 30 

DEGREE OF SUPERHEAT1 NG, OF 

40 

v s  Degree o f  Steam Superheat ing FIGURE 111-2. R a t i o  o f  Wsup/Wsat  0 

f o r  t h e  Steam Superheat ing Process 
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TABLE 111-2. 

Satura ted  Steam 

Press. Temp. 

p s i a  OF 

150 358.43 

140 353.04 

130 347.33 

120 341.27 

110 334.79 

100 327.82 

90 320.28 

80 312.04 

A v a i l a b l e  Work 

Wo , B t u / l b  -sat 

283.44 

279.00 

274.13 

268.96 

263.30 

257.09 

250.15 

242.38 

Change of A v a i l a b l e  Work i n  Superheat ing 

Superheated S t eam 
A f t e r  Superheat ing ' 

Temp. 

360 
3 70 

380 

390 

360 

3 70 

380 
390 

350 
360 

370 

380 

350 

360 

370 
380 

340 

350 
360 

370 

330 
340 

350 
360 

330 
340 

350 

360 

320 
330 

340 

350 

AT W p  
"F B t u / l b  ~- 

1.57 1.25 
11.57 8.88 

21.57 16.50 
31.57 23.88 

6.96 5.25 
16.96 12.88 
26.96 20.25 
36.96 27.50 

2.67 2.13 
12.67 9.63 
22.67 17.31 

32.67 25.00 

8.73 5.97 

18.73 13.75 

28.73 21.00 
38.73 28.12 

5.21 3.75 

15.21 11.00 
25.21 18.25 

35.21 25.25 

2.28 1.50 
12.18 8.75 

22.18 15.87 
32.18 22.87 

9.72 6.88 
19.72 13.87 

29.72 20.87 

39.72 27.75 

7.96 5.50 
17.96 12.50 

27.96 19.37 

37.96 26.12 
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Net A v a i l a b l e  Work 

Woup B t u / l b  

282.49 
276.56 

270.82 
265.18 

274.90 
269.10 

263.47 
257.91 

272.52 
266.69 

260.75 

254.76 

264.44 

258.24 
252.69 
247.22 

260.32 

254.60 
249.04 

243.60 

255.85 
250.12 
244.54 
239.16 

244.66 
239.11 

233.67 
228.31 

237.88 
232.38 

226.96 

231.63 

Change o f  
A v a i l  ab le  

Work 
-AW ,B tu / l  b 

0.95 
6.88 

12.68 
18.26 

4.10 
9.90 

15.53 
21.09 

1.61 
7.44 

13.38 

19.37 

4.52 

10.72 

16.27 
21.74 

2.98 

8.70 
14.26 

19.70 

1.24 
6.97 

12.55 
17.93 

5.49 

11.04 

16.48 

21.84 

4.50 

10.00 

15.42 

20.75 

R a t i o  

wo /wo -sup--sat . 

0.99 

0.98 
0.96 

0.94 

0.99 
0.96 
0.94 
0.92 

0.99 
0.97 

0.95 

0.93 

0.98 

0.96 
0.94 

0.92 

0.99 
0.97 
0.95 

0.93 

0.99 
0.97 

0.95 
0.93 

0.98 
0.96 

0.93 
0.91 

0.98 

0.96 

0.94 
0.91 
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D e t a i l s  o f  Cost E s t i m a t i o n  

I .  C a p i t a l  Investment 

A. Reactors 
21  r e a c t o r s  w i t h  f o l l o w i n g  s p e c i f i c a t i o n s  are  r e q u i r e d .  

Diameter = 5.7 f t  

Length = 3 f t  

Pressure = 150 p s i g  

M a t e r i a l  = S t a i n l e s s  S t e e l  

From "Process P l a n t  E s t i m a t i o n  E v a l u a t i o n  and C o n t r o l "  b y  Kenneth M. 
Guthr ie ,  Craftsman Book Company o f  America, page 150, base c o s t  o f  r e a c t o r  = 

$2,100. S h e l l  m a t e r i a l  f a c t o r  = 4.25 f o r  s o l i d  s t a i n l e s s  s t e e l ,  p ressure  
f a c t o r  = 1.4, t r a y  c o s t  = t2 o f  r e a c t o r  cos t ,  and e s c a l a t i o n  index ( f r o m  1970 

t o  1978) = 1.85. 

cost ,  then:  

Assume t h a t  i n s t a l l e d  c o s t  i s  150% of purchase equipment 

Reactor Cost = (2100) (1.85) (4.25) (1.4) (1.5) (1.5) 
= $52,010 = $52,00O/reactor 

T o t a l  Reactor Cost = (52,000 (21)  = $1,092,000 
A $1,100,000 

6.  Solvent  Storage Tanks 

Total volume of solvent is 5,445 gal or 5,500 gal as calculated 
p r e v i o u s l y .  
o f  each tank  i s  c a l c u l a t e d  as: 

Assuming t h a t  each w e l l  has two s o l v e n t  s to rage tanks, t h e  volume 

5,500/(7) ( 2 )  = 392.8 g a l  4 400 g a l  

= 53.5 ft3 

Assuming t h a t  c y l i n d r i c a l  s to rage tanks  w i t h  D = h are used, t h e  diameter o f  

tank  can be c a l c u l a t e d  as: 

D =  7; = 4.08 f t  = 4 f t  
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From "Process Plant Estimating Evaluation and Control" page 151 the following 
data are obtained: 

Base cost = $1,50O/tank 
Material factor = 4.25 for solid stainless steel 
Pressure factor = 1.0 
Escalation Index = 1.85 

Assuming that the installed equipment cost is 150% of purchased equipment 
cost, the installed equipment cost is: 

(1,500) (4.25) (1) (1.85) (1.5) = $17,69O/tank 
4 $18,00O/tank 

Total cost of solvent storage tanks is: 

(18,000) (14) = $252,000 

C. Air Compressor 

The capacity of air compressor is: 
1 1 1 520 3 (15,125) (B) (359) (z) (m) (m) = 137.2 ft /min 

140 ft3/mi n 

From "Plant Design and Economics for Chemical Engineers," Peters and 
Timmerhaus, McGraw-Hill, page 469, the purchased cost of the air compressor is 
$11 , 500 

Assuming that the escalation index from 1967 to 1978 is 2, and installed 
equipment cost is 170% of purchased equipment cost, the cost of air compressor 
is: 

(11,500) (2) (1.7) = $39,100 = $40,000 

D. Heat Exchangers 

To calculate the size of heat exchangers the following assumptions and 
data are needed: 

= 0.3 Btu/lb/'F cP Dichloroethane: 
P = 1.26 
1-1 = 0.9 centipoise 
k = 0.094 Btu/(hr) (ft') (OF/ft) 
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. 

Volume o f  so lvent :  (34.67) ( 7 )  = 242.69 ft3. I f  5 minutes i s  r e q u i r e d  

t o  heat  so l ven t  t o  t h e  des i red  temperature,  t h e  f l o w  r a t e  o f  s o l v e n t  i s :  

(242.69) (30.48) 

G = 
3 1 60 (1.26) (m) (5) = 229073.85 l b / h r  

Heat Exchanger tube = I D  = 0.584" 
OD = 0.75" 

Xw = 0.083" 
= 26 B t u / ( h r )  ( f t ' )  (OF / f t )  

K W  

0.8 C P 1/3 0.14 
h = (0.023) (F) (f ) (&) 

= 88.09 B t u / ( h r )  ( f t ' )  (OF) 

0.6 
k f  A 

= 186.16 B t u / ( h r )  ( f t 2 )  (OF) 

DiX w + -  - - - + -  1 -  1 Dc 
U di hC ho Do Kw Dw 

0.584 + - - -  1 .  
88.1 186 x 0.75 

= 0.0158 

Ud = 63.4 B t u / ( h r )  ( f t ' )  
i 

0.584 x 0.084 
26 x 0.667 x 12  

(OF) 
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Assuming that the warm solvent inlet and outlet- temperatures are 80' and 
3OoC respectively, and that the cold solvent inlet and outlet temperatures 
are 15' and 65OC, respectively, the amount of heat transfer in the 
exchanger i s : 

q = (229073.85) (0.3) (50) (1.8) = 6184993.95 Btu/hr 
A 6,185,000 Btu/hr 

6.185 000 
A = &E = (63.4)) = 1951 ft2 

i 

From "Plant Design and Economics for Chemical Engineers" page 566, Figure 
14-15, the purchased cost of heat exchanger is $10,000. 
assumed as 150% o f  purchased cost and escalation index is 2. 

Installed cost is 

Two heat exchangers, one for solvent preheating and one for solvent vapor 
recovery, are needed. 

The total cost for heat exchangers i s :  

Installed cost for heat exchangers 

= (2) (10,000) (1.5) 2 = $60,000 

E. Crystal 1 izer 

Estimated cost = $40,000 

F. Centrifuge 

Estimated cost = $40,000 

G. Superheater 
6 Heat required for superheating = 5.6 Btu/lb steam flow rate = 1 x 10 

lb/hr = 16,666.67 lb/min. Heat rate = (16,666.67) (5.6) = 93,333 Btu/min from 
"Process Plant Estimating Evaluation and Control" 

Base cost = $50,000 

Fd = 1, Fm = 0.354, Fp = 0 and escalation index = 1.78. Cost of 
furnace = 50,000 [l + 0.354 + 03 (1.78) 

= $120,506 

and the installed equipment cost is (120.506) (2) = $241,012 4 $245,000. 
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H. Cost of Activated Carbon 

The price of activated carbon (Oct. 30, 1978) quoted from the manufacturer 
is shown in the following table: 

Sample 5 
12 x 30 4 x 10 

Ran!e ft $/ft3 $/lb $/f t 3 $/lb 

0 to 60 46.00 1.38 51.00 1.50 
60 to 299 44.25 1.30 49.00 1.44 
300 to 899 43.00 1.26 47.67 1.40 
More than 900 42.00 1.24 46.57 1.37 

The amount of activated carbon required is 903.6 lb/reactor as calculated 
previously. 

Based on the price of carbon given in the above table, $1.37/lb, the 
total cost of catalyst is: 

(903.6) (21) 1.37 = $25,996 A $26,000 

I. Cost of Solvent 

The cost of dichloroethane quoted from "Chemical Marketing Report" (Oct. 
The 16, 1978) is $0.11 and $0.12/lb by Tank car, low and high, respectively. 

amount of solvent required for the extraction is: 
3 (34.67) (7) (3) = 728.07 ft 

If the specific gravity of solvent is 1.257 and the price of it is $0.12/ 
lb, the cost of solvent is: 

(728.07) (1.257) (62.4) (0.12) = $6852 4 $7000 

11. Operating Costs 

A. Labor Cost: 

The following manpower and labor costs are used for the estimation: 
Four operators $19,5OO/year/man 
One maintenance $21,50o/year/man 
One supervisor $23,50O/year/man 
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Total labor cost = (19,500) (4) + 21,500 + 23,500 
= $123,00O/year 

B. Electricity Cost: 

Work required for air compressor 

where n = 1.34 
P1 = 14.7 psi 

, P2 = 150 psi 
520 1 3 V1 = (359) (m) (m) = 13.08 ft /lb 

1.34-1 , r I A -  

-lJ 
-w = 1.34-1 (14.7) (144) (13.08) 1(g7) 

= 92430.36 ft-lb-force/lb-mass 

Theoretical power requirement is: 

) = 29.24 hp 15125 (92430.36) (m) (m 
Actual power requirement is: 

29.24/0.85 = 34.61 hp A 35 hp 

Or energy requirement is: 

35 x 2544.9/3412.87 = 26.1 kWh 

If the electricity required for offsite facilities and auxiliary equip- 
ment is equal to 100% of the energy required for the air compressor and the 
cost of energy is 15 mil/kWh, the total cost for electricity is: 

(26.1) ( 2 )  (365) (24) (0.75) (0.015) = $5,144/year 
= $5,15O/year 
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C. Fuel Cost 

Saturate steam at 115 psig (338.08OF) is to be superheated to 345OF. 
From steam stable the energy required for superheating i s  calculated as: 

(1203.8 - 1189.8) (- ) ( ) = 5.59 Btu/lb 21.92 0.8 
5.6 Btu/lb 

If the cost of heating oil is $3.O0/lO6 Btu, the fuel cost is: 

(5.6) (1) (10 ) (365) (24) (0.75) (6) = $110,376 = year 6 

4 $110,5OO/year 

D. Cost of Make-up Solvent 

I f  the amount o f  solvent loss during the sulfur extraction i s  assumed as 
4% of carbon treated, the solvent loss is calculated as: 

1 solvent loss = (12,650) (7) (4) (0.04) 
= 674.7 lb/day 

Cost of make-up solvent = (674.7) (0.12) (365) (6.75) 
= $22,164/year 
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