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DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
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process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
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Government or any agency thereof. 
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Sorbents prepared by exchanging mu1 t iva len t  metal ions for  the 
original monovalent cations present i n  molecular sieves were found 
t o  be inactive to  H2S0 

The polymeric sorbent, Sorbent-0091 , reacted w i t h  H2S under simulated 
geothermal steam conditions, and regeneration could be accomplished 
by pass ing  super-heated steam through the spent sorbent. 
due t o  the small par t ic le  s i ze  of t h i s  sorbent the pressure drop 
through the sorption bed was h i g h ,  and an unreasonably large quantity 
of super-heated steam was required f o r  regeneration, 
Sorbents prepared by impregnating ine r t  substrates w i t h  organic 
compounds having h i g h  bas i c i t i e s  were prepared and evaluated. 
These materials were not s tab le  in steam due to  leaching of the 
act ive consti tuents.  
The amount of sol id  sorbent required fo r  H2S removal i n  a geothermal 
power generation system i s  large.  Therefore, selection of the gas- 
so l id  contactor i s  c r i t i c a l  especially because of capital  cos t s  
of a continuous regenerating contactor, such as a fluidized bed or  
a moving bed, will  reduce the amount o f  sol id  sorbent required. 
The use of expendable metal oxide sorbents, f o r  example ZnO, i s  
expensive even w i t h  c r ed i t  from recovery metal by a commercial 
smelting . 

However, 

Use 

A1 though the search f o r  sui table sol id  sorbents f o r  removal of H2S from 
geothermal steam was not exhaustive, our laboratory work has indicated t h a t  
the use of this type of sorbent i s  economically4nfeasible. Therefore, 
fur ther  work on such sorbents i s  not recommended. 

v i  ii 
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REMOVAL OF H2S FROM GEOTHERMAL STEAM 

C .  T. L i  
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I I. INTRODUCTION 

Geothermal energy has been used t o  generate e l e c t r i c i t y  s ince 1904. 
w h e n , I t a l y  s t a r t e d  a 250 kW p l a n t  i n  L a r d e r e l l o .  Today, s l i g h t l y  over I #  

1,000 MWe o f  . e l e c t r i c i t y  i s  being generated by count r ies  i n c l u d i n g  New - '  

Baland, Japan, t h e  Uni ted States, Russia, Mexico and I t a l y .  Estimates 

as 30,000 MWe have been made f o r  p o t e n t i a l  geothermal energy 

Use of many geothermal energy sources i s  hampered because steam 
from t h e  source conta ins  i m p u r i t i e s .  

v i r t u a l l y  a l l  geothermal steam; there fore ,  d i r e c t  use o f  the steam f o r  

power generat ion i s  both harmful t o  the  t u r b i n e  blades and o f f e n s i v e  t o  
t h e  environment. Hydrogen s u l f i d e  concent ra t ion  v a r i e s  from w e l l  t o  w e l l .  

Hydrogen s u l f i d e  concentrat ions as h igh  a s  1,600 ppm have been repor ted  

a t  Geysers;2 however, the  H2S concent ra t ion  i n  geothermal steam u s u a l l y  
ranges from 60 t o  1,000 pprn.1 

can be seen i n  t h e  f o l l o w i n g  s i t u a t i o n .  A geothermal pow r p l a n t  w i t h  a ::'I: 
capac i ty  o f  1,000 MWe r e q u i r e s  430 m i l l  i o n  pounds o f  stea p e r  day.3 If.' 
the  H2S concent ra t ion  i n  the  steam i s  225 ppm ( t h e  average va lue o f  steam 
produced a t  the  Geysers) t h e  t o t a l  H2S c a r r i e d  by the  s t e  

i s  48.4 tons/day. Aside from t h i s  p o t e n t i a l  environmental! '  i n s u l t ,  t h e  

cor ros ion  of power generat ing equipment and t ransmiss ion lbnes due t o  the  

re lease of H2S t o  t h e  atmosphere cannot be ignored. 
removal of H2S be fore  geothermal steam i s  f e d  t o  a tu rb ine '  i s  advantageous. 

Hydrogen s u l f i d e  (H2S) i s  present  i n  

The ser ious drawback t q  us ing geothermal steam f o r  power generat ion r 

t o  t h e  sur face 

* 

For these reasons the  

4 
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111. LITERATURE SEARCH AND SOLID SORBENT INQUIRY 

1 .  Composition of Geothermal Steam 
Hydrogen sulf ide i s  present in v i r tua l ly  a l l  geothermal steam, 

whether the steam i s  natural or flashed from hot water. Table 1 i l l u s t r a t e s  
typical chemical compositions of geothermal steam from various s i tes .4  

TABLE 1 .  Chemical Composition of Geothermal Steam 
Wairakei 

Geysers Larderel 1 o Krysuvi k (New 
IUSA) ( I t a l y )  LIceland) Zealand) - 

We1 1 head Temperature , O F  347 3 74 32 0 383 
Total Noncondensable Gas 0.7 4.5 1.3 0.5 (max) 
Content of Steam ( w t % )  
Noncondensable Gases i n  * 

Steam (ppm by weight) 
6,210 43 , 000 11,800 1,900 

60 

-- 52 30 35 
H9S 208 903 1,048 
HZ 

L 

CH4 
NH3 
N2 
Residuals 

385 170 
55 307 
91 178 

-- -- 26 2 

Though H2S concentrations a s  high as 1,600 ppm have been reported a t  
the Geysers,2 the H2S concentration i n  geothermal steam generally ranges 
from 60 t o  1,000 ppm. 
200 ppm was chosen as typical o f  geothermal steam; the geothermal steam 
simulated i n  the laboratory was set in th i s  ranqe of concentration. 

For the present study an H2S concentration o f  

2 



" *  2. Status of Present His Removal, Processes ' . I. 

i i ) Regenerable Sorbent 
11 

! 

I '  
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i s necessary. 
Stable or Useful By-product of Regeneration 

must be such tha t  sulfur  can be recovered or  converted t o  other 
useful or  s tab le  compounds by commercially available processes. 
Elemental sulfur i s  qui te  s tab le  and i s  not a s ign i f icant  
environmental problem. This recovery of H2S as  elemental 
su l fur  i s  desirable .  On the other hand, i f  H2S i s  converted 
t o  other useful chemicals, such as  su l fur ic  acid,  which have 

v i )  
The su l fur  content of the regeneration process eff luent  

used sorbent will create other environmental problems. 
The sorbent used must be physically and chemically 

s tab le .  
should n o t  decrease s ign i f icant ly  during the subsequent 
sorpti  on-regenerati on cycles. 

The H2S sorption capacity of  the sorbent in question 
. 

i i i )  Reasonably High Sorption Capacity 
The amount of H2S which can be removed when breakthrough 

occurs should be high; otherwise, a large quantity of sorbent 
will be required, and costs  of sorbent and equipment for  H2S 
removal will be high. A sorbent with large sorption capacity 
will a lso reduce the frequency o f  regeneration needed, and 
t h u s  reduce operatinq costs .  

i v )  Simple Regeneration Process 
The regeneration process should be  a cont inuous process 

( a s  in wet scrubbing systems) or an in situ process ( a s  
in sol id  sorbent systems). The spent sorbent i s  regenerated 
i n  the sorption column by e i t h e r  gaseous or  l iquid reactants .  
Severe conditions, such as high temperature and pressure must 
be avoided f o r  regeneration, so as t o  minimize the energy 
and capi ta l  costs  of steam cleanup. 

v )  Quick Regeneration 
If  the time required fo r  regenerating a batch of spent 

sorbent exceeds tha t  of breakthrough, then an extra s e t  of 
gas removal equipment, namely the sorption column, will be 
required. This would mean t h a t  extra capi ta l  investment 



market value, then the c red i t  from the se l l ing  of the useful 
by-product will cer ta in ly  reduce the cost  o f  H2S removal. 

Conventional wet processes (hot  potash process, iiiono- ob diethanolamine 
process) which use aqueous or  non-aqueous solutions of various chemicals 
could cause condensation of steam o r  loss  of l iquid sorbent. '  Unless very 
sophisticated temperature and flow controls balance the vapor I pressure 
of sorbent solution and the steam, the wet processes f o r  removal of H2S 
will be very d i f f i c u l t  t o  operate. The pressure drop i n  wet; processes 
i s  usually h i g h  compared to  dry processes; therefore,  the prac t ica l i ty  of 
wet processes i s  questionable. 

Mol ten s a l t  processes use mol ten s a l t s  of a1 kal ine metals, e i t he r  
i n  carbonate or  n i t r a t e ,  or  the combined forms. 
process, except the operating temperature i s  higher than tha t  of regular wet 
processes. 
i n  the sorption column are  some of the problems which limit the application . , 

of mol ten s a l t  processes to  steam cleanup. 
the use of molten s a l t s  will be d i f f i c u l t  t o  overcome, especial ly  if  

They a re  essent ia l ly  a wet 

T h u s ,  the temperature, pressure drop, and freezing of s a l t  

Corrosion problc$ns due to  

described by the following equation: 
I 

I 

i 
MO + H2S = MS + H20 

." I, 
I where MO and MS are  metal oxide and metal sulf ide respectively.  

As can be seen from equation (1) the products of H S removal a re  metal 
0 sulf ides  and water. I n  removing H2S from a gas stream, 2 l  such as natural gas, 

5 



producer gas or synthetic nahural gas, the presence of small amounts of 
reaction by-products, namely water vapor, does no t  seriously hamper gas 
cleaning operation. However, water vapor i s  the principle component of 
geothermal steam, and t h u s  the d i r ec t  use of current dry H2S removal pro- 
cesses i s d i  f f  icul t . 

iron oxide and activated carbon. These sorbents, in various forms, can 
be obtained from manufacturers. 
of Mines in Morgantown, West VirginiaY5 u s i n g  iron oxide and f l y  ash, 
and by Squires6 us ing  half-calcined dolomite are  typical .  

The most commonly used sorbents in dry processes are zinc oxide, 

The processes developed by the Bureau 

4. Thermodynamic Study of Metal Oxide Sorbents 
Since most sol id  sorbents fo r  H2S removal are  essent ia l ly  

metal oxides, thermodynamic studies of potential metal oxides have been 
conducted. 
Ago, A1203, BaO, Bi203, CaO, CdO, COO, C O ~ O ~ ,  C u O ,  Cu20, K20, K203, MgO, 
Moo2, Moo3, Na20, N i O ,  Sb203, Sb205, Si02, SnO, Sn02. The calculated free 
energy changes f o r  reaction of these metal oxides w i t h  H2S are  given i n  
Appendix I-A and I-B. 
adsorption and regeneration. 
sorption-regeneration cycle are: 

Metal oxides studied include Z n O ,  FeO, Fe203, Fe304, 

Special emphasis has been placed on ZnO-H2S 
Typical chemical reactions involved i n  this 

ZnO + H2S = ZnS + H20 

ZnS + 3/2 O2 = ZnO t SO2 

ZnS + 202 = ZnS04 ( 4 )  

Free energy change of reactions,  heat of reactions, and equilibrium constants 
a t  various temperature of these reactions have been calculated and are 
shown i n  Table 2 and Figure 1. The equilibrium H2S concentration (based 
on a typical geothermal steam w i t h  200 ppm of H2S as a feedstock) i s  
0.029 ppm. T h u s ,  us ing  ZnO as  a sorbent t o  remove H2S from geothermal 
steam i s  thermodynamically feasible .  However, as shown in Figure 1 ,  the 
formation of ZnS04 i s  favored over formation of ZnO when ZnS i s  regenerated 
w i t h  oxygen or  a i r  a t  low temperatures. Temperatures above 1200°C are  

6 



TABLE 2. Heat o f  Reaction, Free Energy Change and ’ 
E q u i l i b r i u m  Constants o f  Reactions f o r  ZnO-H2S Sorp t i on  

and Regeneration 

25OC 
5OoC 

1 5OoC 
175OC 

3OO0C 
4OO0C 
5OO0C 
6OO0C 
7OO0C 
8OO0C 

1 OOOC 

20oOc 

9oooc ’ 

I ooooc 
I 1 OOOC 

I2OO0C 

2 

-18,305 

- 1 8 ,29.5 

1.8733 x 1013 

3,8088 x 10” 
2.0921 x lo9 
6.2626 x TO8 

Reaction 
4 

-1 05,630 

- 100,440 

4.5712 x 

6.6777 x 

5.957 
1.4862 x 
1.4505 x lo2’ 
5.1029 x loz4 
1.8614 x 1021 
3.4723 x 10l8 
2.0856 x 
2.9952 x 1014 
8.3756 x lo1‘ 
3.9416 x 10l1 
2.8074 x 10” 

- 185,380 

- 1  60,91 0 

4.4710 x log0 

4.6559 x 1067 
5.0952 x 
1.5841 x 

5.0439 x 
’ 7,3126 x 10’’ 

4.9636 x 10l6 
1.0995 x lOI4 
6,1558 x 1011 
7,2237 x lo9 

7 



1 - 
F I G U R E  1. R n K  v s  T o f  R e a c t i o n s  f o r  ZnO-H2S S o r p t i o n  a n d  

R e g e n e r a t i o n  

v 
11 O O O C  

3 oK- l  1IT x 10 , 

8 



. 

requ i red  f o r  regenerat ion i n  accordance w i t h  r e a c t i o n  ( 3 ) .  A t  these 
temperatures , the, absorbent r a p i d l y  1 oses i t s  capac i ty  t o  r e a c t -  w i t h  H2S 

( t h e  l o s s - o f  a c t i ' v i t y  o f  ZnO i n  regenerat ion has been observed i n  
l a b o r a t o r y  experiments and w i l l  be discussed l a t e r ) .  

N o  s i g n i f i c a n t  problems e x i s t  i n  s o r p t i o n  o f  H2S, b u t  complete regenerat ion 

i s  d i f f i c u l t .  

thermodynamically a t t r i b u t e d  t o  the  p r e f e r e n t i a l  format ion o f  s u l f a t e s  
r a t h e r  than oxides. 

Other metal oxides s tud ied  possess the  same c h a r a c t e r i s t i c s  as ZnO. 

D i f f i c u l t i e s  i n  r e s t o r i n g  s o r p t i o n  c a p a c i t i e s  may be 

ci 

c 

It was pos tu la ted  t h a t  ca lc ined mixtures o f  metal oxides may have 

s u f f i c i e n t  c r y s t a l  s t a b i l i t y  f o r  repeated sorpt ion-regenerat ion cyc les.  

Metal ox ide mix tu res  i n  extruded forms were t e s t e d  f o r  H2S removal 

purposes. 

c i t i e s  o f  metal  ox ide mix tu res  were an impor tan t  p a r t  o f  t h i s  study. " 

Dur ing t h e  pa ten t  search, i t  was noted t h a t  s u l f i d e d  ZnO could be 

regenerated by 1 i m i  t i n g  r e a c t i o n  temperature and r a t e  through c a r e f u l  
c o n t r o l  o f  oxygen concentrat ion.  The r e a c t i o n  was s tarved f o r  oxygen 
i n  t h e  e a r l y  's tage o f  regenerat ion.  The oxygen was g r a d u a l l y  increased 

t o  complete t h e  r e a c t i o n .  

- 5. S o l i d  Organic Sorbents 

m a t e r i a l  are p o t e n t i a l  H2S sorbents. 

process f o r  removing H2S from synthes is  gas, the  amine group i s  the  main 

component. 

i n g  r e a c t i o n :  

Preparat ion and eva lua t ion  o f  H2S sorpt ion-regenerat ion capa- 

S o l i d  organic sorbents made o f  heat  r e s i s t a n t  polymeric 
L 

I n  the  convent ional  amine 

It r e a c t s  w i t h  H2S i n  t h e  gas stream according t o  t h e  f o l l o w -  

R ' R " R " ' N  + H2S t [R1RI1Rl1'NH] HS 11 I (5 )  
11 

I 

1 1  

!I 

o r  B: + H ~ S  ir BH+HS- 
'I 

i s  11 

where R '  i s  HO(CH2)2- and R", R ' "  can be e i t h e r  H, o r  HO(CH2)2- depending 

upon whether d i -  o r  t r i -e thanolamine i s  used. B: i s  a basic subst rate.  
If "R" groups i n  t h e  above r e a c t i o n  ake replaced by some polymeric 

, 
s -¶ 

. .  * .  
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funct ional  groups, the  r e s u l t i n g  r e s i n  w i t h  a c t i v e  amine groups at tached 

t o  i t s  backbone may be a b l e  t o  r e a c t  w i t h  H2S. Various amine compounds 

cou ld  be used as s t a r t i n g  mater ia ls .  To s e l e c t  s u i t a b l e  amine compounds 

f o r  evaluat ion,  b a s i c i t i e s  o f  a group o f  amine compounds have been 
ca lcu lated.  These are  shown i n  Table 3. 

K,, = [BH+HS-]/[B:][H2S]. 

Kb i n  the  t a b l e  i s  def ined as 

TABLE 3. B a s i c i t y  o f  Various Compounds 

Kb 

6 . 3  x 10" 

Compound F o r m u l a  - 

B i  g u a n i  de  H2N 

N H  N H  
I 1  I1 

- C H N H C H  - NH2 

Q u a n i  d i  n e  NH = C(NH2)2  2 x 1 0 - 1 1 ,  2 x 1 0 - 5 ,  
2 x 

P i p e r i d i n e  ON - H 1 . 6  x 

D i e t h y l a m i n e  (CH3CHZ)zNH 9 . 6  

H e x a m e t h y l e n e d i a m i n e  H 2 N ( C H 2  ) s N H 2  6 . 7  8 . 5  

O H  
H N  & 

G u a n i n e  H N V i  N 6 x l o m 4  

C y c l o h e x y l a m i n e  0 -NH2 4 . 4  

E t h a n o l a m i n e  H O C H 2 C H 2 N H 2  3.2 

i 1 . 7  

E t h y l e n e d i a m i n e  H2N(CH2) 2NH2 7 . 1  x l o m 8 ,  8 .5  x 

D i e t h a n o l  a m i n e  (HOCH2CH2)2NH 7.6 x 

p y r  i d i n e 
- 1 0  

Q 
' A n a l i n e  Q - N H ~  . 3 . 8  x 1 0  

0 
A c e t a m i d e  C H 3 C  - NH2 2.5 x 1 0  

I1 -1 3 

The above values a r e  c a l c u l a t e d  from pKa f o r  proton t r a n s f e r  

10 



 reaction^.^ The larger the K~ value the more H2S can react  with the amine 
compound. Thus, compounds, such as bignanide, guanidine, and guanine are 
good candidates f o r  H2S removal. These materials can be e i the r  incorporated 

w i t h  polymeric materials or impregnated on the surface of proper i n e r t  
substrates  such a s  s i l i c a  gel or alumina. 

Recent developments o f  organometall i c  ca ta lys t s  are  a1 so of i n t e re s t .  
Metals o r  metal l ic  oxides bonded t o  r i g i d  polymeric materials have been 
used as ca ta lys t s  i n  hydrogenation , hydrosi 1 at ion and hydromylati on. * 
Organometallic compounds a re  a lso be examined i n  this work. 

6.  Sorbent Inquiry 
Many d i f fe ren t  k i n d s  of commercially available sorbents pro- 

duced by ca t a lys t  manufacturers have been requested. Al though '  they a re  
designed t o  work under dry gas stream (or  gas w i t h  low moisture content) ,  
these sorbents will be evaluated a s  t r i a l  materials.  Sorbents obtained 
from the 

t 1. 

search , 

manufacturers a re  l isted ir! Appendix I1 by generic , . t ipe6 

Sorbent . .  Preparation . .  

. . I>. ' i  
- 1  

. IV. , SORBENT PREPARATION AND EVALUATION 

..' Through thermodynamic calculations done dur:  
some'. . -. potent ia l .  metal .oxides were.'selec.ted..and so 

these oxides were prepared in our laboratory. 

i )  Sorbents Prepared from Netal Sa l t s :  
A general procedure fo r  metal oxide-based sorbe 

shown in Figure 2. 
su l fa tes ,  were weighed and dissolved in d i s t i l l e d  water-. 
Metal hydroxides were precipitated by slowly/ adding ammonium 

1 

Metal s a l t s ,  e i t he r  metal n i t r a t e s  o r  

lhydroxide t o  the thoroughly agi ta ted metal s a l t  ! 

of an extruder (a  meat grinder was used in our I laboratory),  

solution. 
and washed The precipitated metal hydroxides were colle$ted II 

with d i s t i l l e d  water i n  a Buchner funnel by vacuum i 

the pa r t i a l ly  dried cake was pelletized to  form I 

f i l t r a t i o n .  
The wet cake was p a r t i a l l y  dried i n  a vacuum oven. By use 

cylindrical  
pa r t i c l e s .  The pa r t i c l e s  were dried i n  an oven and then calcined 

11 
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ii) 

used f o r  f i r i n g ,  

Sorbent Prepardd from Molecular  Sieves 

p r e f e r e n t i a l l y  it0 gases such as H2S and C02. 

d i r e c t  use o f  such m a t e r i a l s  i n  a H2S-steam 
removal i s  i m p r a c t i c a l .  However, molecular  

by s u b s t i t u t i n g ~  h igher  v a l e n t  ca t i ons  f o r  t he  

I t i s  known t h a t  molecular  s ieves u s u a l l y  
I 

iii) 

I 

I adsorb water vapor 

Therefore, the  
system f o r  H2S 

s ieves can be mod i f i ed  

monovalent ions  I 

i n  a m u f f l e  furnace a t  800°C ove rn igh t .  The ca l c ined  

ma te r ia l  was cooled i n  a des icca tor  and t h e ' s o r b e n t  was 
ready f o r  eva lua t ion .  

Sorbent Prepared from Metal' Oxides o r  Metal karbonates w i t h  

Sodium S i l i c a t e :  

A. When a metal  ox ide o r  carbonate was used as a s t a r t i n g  
ma te r ia l  the f o l l o w i n g  method of sorbent' p repara t i on  
was adopted. A known amount o f  ox ide 04 carbonate was 

suspended i n t o  a beaker f i l l e d  w i t h  aquems sodium 

s i l i c a t e .  
a ge l  formed. 
then f i r e d  i n  a m u f f l e  furnace. Dependihg on the  s t a r t i n g  
ma te r ia l  var ious  f i r i n g  temperatures were used. The 

products  o f  f i r i n g  were i r r e g u l a r  f l a k y  khaped mate r ia l s .  
B. With g lass  frit: Metal  oxides were p roper l y  mixed 

accord ing t o  the r a t i o  o f  some na tu ra l  o r  man-made 
sp ine ls .  

a t u r e  o f  the  m a t e r i a l .  A f t e r  coo l ing ,  the ma te r ia l  was 

I 

, 
D i l u t e d  hyd roch lo r i c  a c i d  was added u n t i l  

Th is  ge l  was d r i e d  i n  an vacuum oven and 

The mix tu re  was then f i r e d  a t  \he fus ion  temper- 

Q * Commercial molecular  s ieve type 5A. 

13 
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2. 

recommendations: 
immersion in zinc n i t r a t e ,  zinc acetate ,  or f e r r i c  n i t r a t e  
solution and subsequent clacining a t  800 t o  1000°C. T h e  
result ing material was i n  pe l l e t  form and sui table  fo r  subsequent 
sorbent screening tests. 
Sorbents'Prepared from Organic Material : 

of organic sorbents were prepared: 
A. Aniline-lignin sorbent:9 

degassing by vacuum treatment followed by 

i v )  
To t e s t  the concept of using organic sol id  sorbents two kinds 

Two parts  of l ignin and one par t  of 
an i l ine  were heated a t  150°C f o r  one hour, and the resul t ing 
dark brown, hard and b r i t t l e  resin was crushed. The resin 
chips were evaluated fo r  sorbent ab i l i t y .  

B .  Melamine-Formaldehyde: One mole o f  melamine and three moles 
of formaldehyde were refluxed i n  a f lask f o r  40 minutes. 
solution was d i s t i l l e d  t o  about  70 percent sol ids .  The 
resul t ing syrup was so l id i f ied  in an oven .a t  150°C. The c l ea r ,  
hard product was crushed t o  between 1 2  and 100 mesh. 
sorbent was then ready f o r  evaluation. 

The 

The 

Sorbent Eva1 uati  on 
i )  Purpose: 

The purpose of the evaluation i s  t o  quickly ident i fy  potent ia l ly  
e f fec t ive  sorbents from the large numbers of those available.  
Because the number of available sorbents i s  so large,  the evalua- 
t ion method must be simple, and the t e s t  results must indicate the 
sorbent ' s  ac t iv i ty  to  H2S. 
an atmosphere of H2S-air (not including steam) and the H2S up-take 
by the sorbent i s  monitored. The sulfided sorbent i s  regenerated 
i n  a muffle furnace. The resul t ing regenerated sorbent i s  sub- 
jected to  the same gas up-take t e s t .  Due t o  the absence of steam 
in the system, the test r e su l t s  only indicate tha t  i f  a sorbent 
passes the test ( r eac t s  w i t h  H2S a t  a reasonable r a t e ) ,  the 
sorbent mqy remove H2S from geothermal steam. 

In this study, sorbents are  p u t  in to  

14 



A 

ii) Apparatus: 
A simple apparatus f o r  the  sorbent eva lua t i on  was assembled, 
A sketch of t h i s  apparatus i s  shown i n  F igure  3. I t  con- 

s i s t s  o f  a gas so rp t i on  column (15  ml Buchner funnel  w i t h  
coarse f r i t ) ,  condenser, p roduc t  water c o l l e c t o r ,  gas sample 

r e s e r v o i r  (180 m l ) ,  gas c i r c u l a t i n g  pump (Cole-Parmer) and 
mercury manometer. With t h i s  s imple arrangement the  r e a c t i o n  

o f  H2S w i t h  a weighed q u a n t i t y  o f  sorbent  a t  room temperature 
can be fo l lowed by mon i to r ing  the pressure i n  the  

system du r ing  the  reac t i on .  

Procedure : 
About f i v e  grams of sorbent a re  weighed and charged i n t o  the  

gas s o r p t i o n  column. 
evwua ted  (or pressur.ized) and the  pressure of  gas i n  the  

- r e s e r v o i r  i s  recorded. The. gas r e s e r v o i r  i s  then connected 

t o  the  so rp t i on  system. The va lves o f  the r e s e r v o i r  are 
l opened, and the  o v e r a l l  system pressure i s  measured. Using 

volume and pressure of the  gas r e s e r v o i r ,  the  o v e r a l l  system 
pressure and app ly ing  the  i d e a l  'gas law the t o t a l  volume o f  

the  system can be ca lcu la ted .  

then evacuated by a vacuum pump and r e f i l l e d - t o  1.0 atmosphere 

pressure w i t h  HJ. 

4 

i i i ) 

The gas r e s e r v o i r  i s  p a r t i a l l y  

The gas sample r e s e r v o i r  i s  

The r e s e r v o i r  containing!H,S i s  then 

- 
f 

L 

connected t o  the syst 
H2S c i r c u l a t e s  i n  the  
sorbent i n  the (column 
a long t h e  progress of 
c i r c u l a t i o n  i s  mai n t a  

L 

m. The gas c i r c u l a t i o n  pump i s  s ta r ted ;  
system and cont inuous ly  reacts  w i t h  

The pressure of the  $ystem i s  recorded 

the  gas uptake reac t i on .  
ned u n t i  1 the pressure /approaches a 

r 

The gas 

11 

constant  value. The r a t e  o f  change o f  pressure w i t h  t ime was 

considered p ropor t i ona l  t o  t h e  r a t e  o f  H2S adsorpt ion.  The 
amount of ac tua l  H2S uptake can be c a l c u l a t e d  from the  system 
pressure, volume, and amount o f  H2S charged iilnto the  system. 

The d e t a i l e d  equat ions der ived  f o r  H2S gas up,take c a l c u l a t i o n  

are i n  Appendix 111. The weight increase o f  Ithe sorbent due 
t o  the  gas uptake i s  determined a f t e r  d r y i n g  2 hours a t  100°C 

I 

1 
!I 

11 
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To eliminate the moisture adsorbed on the sdrbent during the 
test .  
Finally, the sorbent i s  regenerated by heati,ng the sulfided 
sorbent in a muffle furnace overnight (16-18 hours), The 
change i n  weight represents the conversion o:f sulfide t o  
oxide, sulfate or other compounds of the metkl. A given sample 
of sorbent can be cycled repeatedly th rough  Lhe sequence o f  
adsorption, drying and regeneration steps. 

The weight gained i s  considered as chemisorbed H2S. 
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IV. RESULTS OF SORPTION SCREENING T E S T S  

A summary o f  r e s u l t s  o f  so rp t i on  screening t e s t s  i s  given i n  Appendix 

V. I n  t h i s  sec t i on  some spec ia l  cases w i l l  be discussed. 

Curves i l l u s t r a t i n g  the  so rp t i on  of H2S by  two commerciiil m i i t e r i a l s  

a re  shown i n  Figures 4-3 and 4-b. 
decreases sharp ly  a f t e r  10 minutes and near l y  ceases a f t e r  40-60 minutes. 
Fo l low ing  regenerat ion (Runs 190 and 194), the so rp t i on  capac i t y  of 
these sorbents reduces sharp ly  t o  1/3 t o  1 / 4  o f  the  i n i t i a l  value. 

2 area (23 cm /g ) ,  designed t o  remove H2S from f u e l  gases a t  modest 

temperatures. 

capac i ty  than does the Sorbent-3012 which i s  a methanol c a t a l y s t  
con ta in ing  22 percent  chromic ox ide (Cr203) i n  a d d i t i o n  t o  ZnO. 

Chromic ox ide i s  presumed t o  s t a b l i z e  the  ZnO l a t t i c e  i n  the  same manner 

t h a t  MgO s t a b i l i z e s  the  dolomi te s t r u c t u r e  through repeated cyc les  o f  

The i n i t i a l  h i g h  r a t e  of absorp t ion  

The Sorbent-3002 mate r ia l  i s  a pure p e l l e t i z e d  ZnO o f  h igh  sur face 

This  pure ZnO sorbent '  s u f f e r s  a g rea ter  l o s s  o f  s o r p t i o n  

s u l f i d a t i o n  and regenerat ion.  

i n e f f e c t i v e  f o r  t h i s  purpose though i t  has a s l i g h t  e f f e c t .  

l abo ra to ry  which cons is t s  o f  the mixed oxides of A l ,  Fe and Zn (Formula 

Run 190 shows t h a t  Cr203 i s  r e l a t i v e l y  

F igure  5 shows r e s u l t s  o f  H2S absorp t ion  on a sorbent prepared i n  our  

X I ,  Appendix I V ) .  
183, 186 and 192 were made w i t h  consecut ive ly  regenerated sorbent.  Though 
t h i s  fomula-does n o t  e x h i b i t  t h e  i n i t i a l  r a p i d  so rp t i on  o f  the  commercial 

sorbents, i t s  u l t i m a t e  capac i t y  appears n e a r l y  as g rea t .  

and capac i t y  f o r  so rp t i on  are degraded more s lowly  by  regenera t ion  a t  

800°C. 

F igure 6 i l l u s t r a t e s  r e s u l t s  of H2S absorp t ion  experiments us ing  
a s l i g h t l y  d i f f e r e n t  formula o f  the Fey A1 , Zn mixed ox ide sorbent (Formula 

X, Appendix I V ) .  Ext rus ions o f  t h i s  m ix tu re  tended t o ' d i s i n t e g r a t e  t o  a 

powder on c a l c i n a t i o n .  

exp la in  why t h i s  sorbent e x h i b i t s  a h igher  r a t e  o f  r e a c t i o n  than Formula 

X I .  These curves are  s l i g h t l y  i r r e g u l a r  i n  shape, i n d i c a t i n g  i r r e g u l a r  
r e a c t i o n  r a t e s  f o r  which no s a t i s f a c t o r y  exp lanat ion  i s  ev ident .  As 
w i t h  Formula X I ,  t h i s  ma te r ia l  shows no tendency t o  l ose  so rp t i on  capac i t y  
f o l l o w i n g  th ree  regenerat ion cyc les .  

I n  Run 181, the  f r e s h l y  prepared sorbent was used. Runs 

Both i t s  r a t e  

This,  and the consequent h igher  sur face area, may 

18 
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Figure 1 shows the hydrogen sulf ide up-take curves of a fresh and a steam 
regenerated Sorbent-0091. 
sorbent which will react  w i t h  hydrogen sulf ide.  
heating or  passing superheated steam through a bed of spent sorbent. 
sorbent i s  formed i n  spherical beads of abou t  40 mesh. 
precondftioned by passing H2S and steam a l te rna t ive ly  t h r o u g h  the bed packed 
w i t h  the sorbent fo r  several cycles before the sorbent develops i t s  fu l l  
capacity to  adsorb H2S. The gas up-take curves i n  Figure 7 show tha t  both 
r a t e  and capacity of the sorbent a re  comparable t o  the commercially avai l -  

able zinc oxide (see Figures 4-a and 4-b). The gas up-take curve of steam 
(100 p s i g ,  280-350°C) regenerated sorbent shows tha t  the capacity and r a t e  
o f  the regenerated sorbent a re  not harmed by the steam regeneration process. 
On the contrary, steam does help the sorbent t o  develop i t s  fu l l  gas up- 
take capaci t y  . 

Sorbent prepared from metal oxide using glass  f r i t  as a binding 
agent d i d  n o t  react  with H2S under the sorbent evaluating conditions. 
was found l a t e r  i n  an X-ray diffract ion analysis t ha t  during the l a s t  step 
o f  sorbent preparation, where metal oxide-glass f r i t  pe l le t s  were f i red  
a t  temperature above thz f r i t  fusion point, the metal oxide reacted with 
the f r i t  t o  form compounds of s i l i c a t e  and l o s t  i t s  a c t i v i t y .  

As described by the suppl ier ,  t h i s  i s  a polymeric 
I t  can be regenerated by 

The 
This material must be 

i t  

Molecular sieve based sorbents were also subjected t o  the above sorbent 
screening tests. 
were not act ive t o  H2S. 

oxides i s  diminished by spat ia l  e f f ec t s  w i t h i n  the sieve matrix, tha t  water 

Results of these t e s t s  showed tha t  sorbents so prepared 
Possible reasons are  tha t  the ac t iv i ty  of metal 

formed during sulf ide formation was adsorbed on the molecular sieve and 
pa r t i a l ly  blocked avai lable  s i t e s  fo r  su l f id iza t ion ,  or  t ha t  the number of 
metal oxide s i t e s  incorporated i n t o  the molecular si'eve was small. 

Organic sorbents, such as  a n i 1  ine-lignin and melamine-formaldehyde 
prepared in our laboratory, showed only very small H2S up-take capaci t ies .  
Surface areas of these sorbents a re  low compared t o  ZnO pe l l e t s  obtained 
from Catalyst Manufacturers. 
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The gas used i n  these screening t e s t s  conta ins  o n l y  H2S and a i r ,  

whereas geothermal steam i s  sbout 99.3 percent steam. Therefore, the 

d i r e c t  a p p l i c a t i o n  o f  data obta ined froii i  sorbent screening t e s t s  t o  
geothermal steam cases i s  l i m i t e d .  

a sorbent which reac ts  w i th  H2S, in the  H2S-air system cou ld  work, b u t  

i s  n o t  guaranteed t o  remove hydrogen s u l f i d e  from steam. Those which 
f a i l  t o  pass t h i s  t e s t  cannot work i n  geothermal steam. However, t he  

regenerat ion cond i t i ons  used f o r  these t e s t s  a re  representa t ive .  

The evidence t h a t  the mixed ox ide  sorbents and polymeric sorbent, 
Sorbent-0091, can be regenerated t o  near t h e i r  f u l l  capac i ty  i s  a 

s i g n i f i c a n t  f ind ing .  

The screening t e s t s  on l y  show t h a t  
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V. LABORATORY SCALE GAS SORPTION TESTS 

1. Equipment Setup 

To s imulate geothermal steam a l abo ra to ry -sca le  gas so rp t i on  

apparatus has been constructed. 

i s  shown i n  F igure  8. 

water pump, a steam generator,  a steam superheater, a gas so rp t i on  
column, a back pressure regu la to r ,  a steam condenser, a condensate 
ca tch  pot, and a noncondensable gas mix ing  s t a t i o n .  
var ious  opera t ing  parameters i nc lude  a wet testmeter,  a watermeter, a 
temperature recorder ,  thermocouples, rotameters,  and gas chromatographs 
f o r  ana lys i s .  A l l  p a r t s  con tac t i ng  the  s imulated geothermal steam are  
s t a i n l e s s  s t e e l .  

A schematic f l o w  diagram o f  t h i s  apparatus 
Main components o f  t he  system are:  a b o i l e r  feed 

,. 
Inst ruments mon i to r ing  

Water i s  charged i n t o  the  steam generator* through the  watermeter and 

the  gear pump.** The b o i l e r  i s  operated a t  210 ps ig .  

the  generator  goes t o  the steam superheater where i t  i s  superheated t o  a 

temperature which w i l l  a l l o w  t h e  steam t o  be 175°C a t  the  i n l e t  o f  t he  

s o r p t i o n  column. 

l l - i n c h  l ong  s t a i n l e s s ' s t e e l  p ipe.  
(3/16" x 3/16"), and i t s  ou te r  sur face i s  c o i l e d  w i t h  a 76- inch t u b u l a r  

heater.**  The temperature t o  which the  steam i s  superheated can be con- 

t r o l l e d  by  a va r iac  connected t o  t h e  heater .  

Steam generated from 

The steam superheater i s  a one-inch schedule 80, 

The p ipe  i s  packed w i t h  aluminum p e l l e t s  

The superheated steam f lows t o  the gas s o r p t i o n  system through a 
l / 2 - i n c h  s t a i n l e s s  s t e e l  p ipe  t raced  w i t h  heat ing  tape an( 

w i t h  Kaowool . Before enter i ing the  gas s o r p t i o n  column, s i  
w i t h  the  noncondensable gas (H2S and N2) coming from the 9 

* 
** Tweed, Model 1P741WE. 
*** Chromalox TRL7612. 

Chromalox - E l e c t r i c  Steam B o i l e r  (CHPE-18). 

i nsu la ted  

eam i s  mixed 
3s mix ing  s t a t i o n .  
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The gas sorp t ion  column i s  a ptece of one-inch schedule 80 stainless 
steel pipe (24  inches l o n g )  w i t h  spacers t o  ho ld  sorbent i n  the column 
and gas distributors fi t ted inside the pipe. The detailed design o f  this 
column i s  shown i n  Figure 9 ,  Figure 9 also shows locations of thermo- 

geothermal steam passes through the sorbent packed column, H2S i s  retained 
i n  the column u n t i l  the sorbent i s  loaded w i t h  H2S and breakthrough occurs, 
The processed steam-gas mixture coming from the column passes th rough  the 
back pressure regulator,* which maintains the system a t  the desired pressure 
o f  100 psig. Steam from the regulator, after being reduced to  one atmosphere 
pressure, i s  condensed in the steam condenser and collected in the condensate 

- couples fo r  measurement o f  sorbent bed temperatures, When the simulated 

r 

check results obtained from gas chromatographic analyses a ,  wet chemical 

c 
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Samples for  the wet chemical analysis are  collected by passing the simu- 
la ted geothermal steam or processed steam through a condenser. The 
condensate containing dissolved H2S i s  collected i n  an Erlenmeyer f lask  
attached to the bottom of the ver t ical  condenser. Zinc acetate  solution 
in the f lask reacts  immediately w i t h  the dissolved H2S t o  form white zinc 
sulf ide prec ip i ta tes .  The noncondensable gas in the condenser i s  introduced t o  
a gas b u b b l i n g  bo t t le  a lso containing zinc acetate  solution. The sampling 
apparatus i s  shown i n  Figure 10. A t  the end o f  each sampling operation 
the whole sampling system i s  purged w i t h  nitrogen introduced from the . 
top of the condenser. The weight increase of Erlenmeyer f lask due t o  
the col lect ion o f  condensate i s  considered t o  be the s ize  of the sample. 
White zinc sulf ide precipi ta te  solut ions,  b o t h  i n  the Erlenmeyer f lask 
and b u b b l i n g  bo t t le  a re  combined and then reacted w i t h  a known amount 
of acidif ied standard iodine solution. An iodometric method using 
back t i t r a t i o n  w i t h  a standard sodium th iosu l fa te  solution i s  then 

c 

used t o  determine H2S concentration o f  the sample. 
2.  Operating Procedure 

To operate the gas sorption system, the steam generator i s  
f i r s t  f i l l e d  with water and the power supply switch of the generator i s  
turned on. 
operating pressure of 210 psig. The superheater power supply switch i s  
turned on next. The steam rate i s  controlled by thro t t l ing  steam t h r o u g h  

The pressure of the generator increases gradually t o  the 

the superheater i n l e t  valve. .The noncondensable gases, H2S and nitrogen, 
a r e  blended t o  the desired H2S concentration i n  the steamlby adjusting 

- 

needle valves on rotameters a t  the gas mix ing  s ta t ion .  Tie steam-H2S 
mixture bypasses the sorption column unt i l  the system i s  ready t o  run. 
A known amount of sorbent usually i n  a range of 100 t o  200 grams, i s  
charged t o  the column. 
the sorption column i s  heated w i t h  heating tapes t o  a temperature s l i gh t ly  
above tha t  of steam before i t  en ters  the column. 

Pipes carrying steam a re  a l l  heated w i t h  heating tapes. The pressure 
of the system i s  kept a t  100 psis by controll ing the back llpressure regu- 
l a to r .  When the flow ra t e  of steam and H2S concentration \reach a steady 
s t a t e ,  the bypass valve i s  s h u t  o f f ,  steam i s  introduced t o  the sorption 
column, the ou t l e t  valve o f  the condensate catch pot i s  closed, and the 

‘I 
I 

/I 

tl 

To prevent the occurrence of steam condensation, 

1~ 
* 
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ef f luent  gas l i n e  from the catch pot i s  connected t o  the wet testmeter. 
During the experiment, steam flow ra t e ,  pressure, temperature, and H2S 
concentration a t  the i n l e t  and ou t l e t  of the sorption column are  monitored. 
A t  the end o f  the experiment, sorbent i s  discharged from the column and 

the weight increase of the sorbent i s  determined. 
spent sorbent i s  determined by a chemical analysis.  

Sulfur content of the 

Two types of regeneration methods a re  used f o r  reviving the spent 
sorbent. W i t h  metal oxide sorbents, regeneration is  usually carried 
out i n  a separate reactor.  Details of  regeneration will  be discussed 
l a t e r .  When a polymeric sorbent, such as  the Sorbent-0091, i s  used, 
the regeneration i s  carr ied o u t  i n  the sorption column. Steam from 
steam generator i s  f i r s t  heated t o  280OC-350°C i n  the superheater. The 
superheated steam i s  introduced t o  the column packed w i t h  spent  sorbent. 
The regeneration continues until  the H2S concentration i n  , the column ou t l e t  
stream i s  low (near the detectable l i m i t ) .  Instead of using steam, regen- 
erat ion can a l so  be done using an ine r t  gas  such a s  nitrogen. 
erated sorbent, a f t e r  being cooled to a temperature near tha t  of simulated 
geothermal steam (175OC) i s  ready fo r  another gas sorption cycle. 

The regen- 

3 .  

thermal steam i n  the laboratory scale gas sorption uni t .  ilSorbents used 
for  these runs include those shown ac t ive  t o  H2S i n  the air-H2S system. 
Sorbents used fo r  these experiments a re  l i s t e d  i n  Appendix 11. 
General7y, experiments were ricarried out a t  steam pressure / ,of  100 p s i g  and 
temperature of 160" to  185' i~at the i n l e t  of the gas sorption column. 

Results of Laboratory Scale Gas Sorption Experiments 
Sixty-four runs have been performed with the simulated geo- 

ll 

I1 

Water r a t e ,  which equaled the amount of steam passing through the 
sorption column expressed as the amount of condensate collected i n  the 
condensate catch pot was about 90 t o  100 ml/min. Although the H2S con- 
centration i n  simulated geothermal steam was s e t  a t  200 ppm i n  the 
laboratory, due t o  control problems, the H2S concentration varied from 
140 ppm t o  250 ppm. The amount of sorbent charged in to  the column and the 
d e p t h  of <he bed varied depending upon  the density of sorbent; t h i s  ranged 
from 65 t o  200 grams or 8 to 13 i n .  respectively.  
p o i n t  i s  defined as the time when H2S concentration in the ou t l e t  stream 
of the sorption column reaches 10 percent of t ha t  of the i n l e t ,  o r  i n  

1 II 

11 II 

1 1  II 
It 
(I 

It 
c II 

II 

The breakthrough 
I 
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our  case 20 ppm. 
breakthrough occurred a, few minutes a f t e r  t he  experiments began. As 
expected, some sorbents showed good a c t i v i t i e s  t o  H2S i n  the  H2S-air 

system o f  thesorbent  eva lua t ion  t e s t s  b u t  d i d  n o t  r e a c t  w i th  hydrogen 

Some runs l a s t e d  fo r  hours b u t  f o r  most of them the  

s u l f i d e  under s imulated geothermal cond i t ions .  

s imulated geothermal steam i s  g iven i n  Appendix V I  and r e s u l t s  o f  a 
few t y p i c a l  runs f o l l o w .  

i s  a k ind  o f  z inc  ox ide c a t a l y s t  used f o r  d e s u l f u r i z a t i o n  o f  var ious  gas 
streams. 
diameter w i t h  a bu l k  dens i t y  o f  approximately 70 l b / f t  . A t o t a l  o f  200 

grams o f  sorbent corresponding t o  a bed he igh t  o f  15 in.was charged i n t o  
the one-inch gas so rp t i on  column. The s imulated geothermal steam w i t h  

239 ppm o f  H2S, 100 p s i g  and 160°C was used f o r  t h i s  run. 

v e l o c i t y  was c a l c u l a t e d  as 3.2/secY and the  t o t a l  run  t ime was f o u r  hours 

A summary o f  laboratoory-scale gas-sorpt ion experiments us ing  the  

Run 7 used Sorbent-3002. This  sorbent, as descr ibed by the  supp l i e r ,  

It i s  i n  the  form o f  spher ica l  p a r t i c l e s  o f  1/8- t o  3/16-inch 
3 

The space 

and twenty minutes. 
and the  breakthrough curve ( o r  t ime versus H2S concent ra t ion  o f  the gas 

s o r p t i o n  column e f f l u e n t )  i s  shown i n  F igure  11. The H2S concent ra t ion  
a t  the  o u t l e t  o f  t h e  column reached 20 pprn a f t e r  80 minutes; i t  increased 

g radua l l y  t o  about 100 pprn a t  200 minutes. The slope o f  breakthrough 

curve wh i l e  the  breakthrough occurred was q u i t e  steep i n d i c a t i n g  t h a t  

d i f f u s i o n  o f  gas through the  bed was n o t  an impor tan t  f a c t o r .  

r a t e  was reduced t o  about h a l f  o f  t h a t  o f  Run 7 and the  H2S i n  the i n l e t  

stream was 226 ppm. 

minutes. 

The opera t ing  cond i t i ons  a re  summarized i n  Table 4, 

Run 9 used the same sorbent as i n  Run 7. However, the steam f l o w  

The t o t a l  run  t ime was twelve hours and t h i r t y  

The space v e l o c i t y  was ca l cu la ted  as 1.7/secY and weight  increase 
o f  sorbent due t o  the  r e a c t i o n  o f  z inc  ox ide and H2S was 3.5 percent  of 

the  z inc  ox ide i n i t i a l l y  charged. 
i n  Table 5, and a ma te r ia l  balance and the breakthrough curve a re  shown 
i n  F igures 12 and 13 respec t i ve l y .  

The opera t ing  cond i t i ons  a re  summarized 
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TABLE 4 .  Operating Condi t ions  for  Run 7 

Run number: 
Date : 
Sorbent: 
Amount of sorbent charged: 
Bed height: 
Total run time: 
Steam pressure: 
Temperature: 
H2S concentration a t  i n l e t :  
Sorbent weight increase a t  end o f  

Gas measured i n  wet testmeter 
experiment: 

7 
1/16/75 
Sorbent -3002 

200 grams 
15 i n .  
260 minutes 
100 p s i g  
1 6OoC 
238.7 ppm 
Not avai 1 ab1 e 

156 R 

TABLE 5. Operating Condit ions fo r  Run 9 

Run number: 9 
Date : 1 /21/76 
Sorbent : Sorbent-3002 
Amount of sorbent charged: 200 grams 

9 

Bed height: 
Total run time: 
Steam pressure: 
Temperature: 
H ~ S :  concentration a t  i n l e t :  
Sorbent weight increase a t  the end 

Gas measured i n  wet testmeter: 
of experiment: 

15 i n .  
1 2  hrs. 
102 p s i g  

226 ppm 
3.5% 

615 R 

165 17 

3 m i n .  
(average) 
'C 
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The breakthrough p o i n t  occurred 10.5 hours a f t e r  the  i n i t i a t i o n  
o f  t he  experiment, which i s  s i g n i f i c a n t l y  longer  than i n  Run 7. The 

reason for a longer  breakthrough t ime compared wi th  Run 7 was mainly 
the  use of a s lower space v e l o c i t y .  The decrease o f  steam f low r a t e  
b y  ha l f  increases the  breakthrough t ime almost four  t imes. It was decided, 

a f t e r  Run 9, t h a t  f o r  l a t e r  experiments a steam f l o w  r a t e  around 1.6/sec 
.A would be used. 

I I 

Steam pressure:  I 
Temperature : I 

Spher ica l  p a r t i c l e s  of z i n c  ox ide (Sorbent-3021) were used i n  Run 12. 
t o  the  sorbent dens i t y  o n l y  174 grams o f  sorbent were charged i n t o  the  

gas s o r p t i o n  column. 

and a space v e l o c i t y  o f  1.65/sec was used f o r  t h i s  experiment. Al though 

the  breakthrough occurred about 6 hours a f t e r  the  experiment had begun, 
i n  o rder  t o  determine the maximum capac i ty  o f  the sorbent the experiment 

was purposely cont inued u n t i l  t he  o u t l e t  concent ra t ion  reached 70 percent  
t h a t  o f  the i n l e t .  

increase due t o  the  s o r p t i o n  o f  hydrogen s u l f i d e  a f t e r  25 hours was 12%. 

The opera t ing  cond i t i ons  and the breakthrough curve are  shown i n  Table 6 

and F igu re  14 respec t i ve l y .  

Oue 

3 

The H2S concent ra t ion  i n  the  i n l e t  steam was 230 ppm, 

The t o t a l  run  t ime was about 25 hours. The weight 

I n  t h i s  r u n  two shu t -o f f s  and r e - s t a r t s  

102 p s i g  
155°C 

TABLE 6. Operat ing Condi t ions f o r  Run 12 

Run Number: 
Date: 

Sorbent : 

1 2 :  

’ 1/28/76 

Sorbent - 3021 

H2S concent ra t ion  a t  i n l e t :  
Sorbent weight  increase a t  the  end o f  

Gas measure i n  wet teskmeter: 
experiment: . 

j 425 R 
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were necessary due t o  the  l abo ra to ry  working schedule. 

p e r i o d  of r u n  the  s l o p e - o f  t he  breakthrough' curve decreased meaning t h a t  

t he  r a t e  o f  gas s o r p t i o n  g radua l l y  f e l l  o f f .  

the  beginning o f '  each r e - s t a r t  was s u b s t a n t i a l l y  lower than the concen- 

I n  each successive 

The H2S concent ra t ion  a t  

c 

r, 

h 

t r a t i o n  a t  t he  end of t he  prev ious run i n d i c a t i n g  t h a t  some o f  the p h y s i c a l l y  

adsorbed H2S was re leased from the sur face o f  the  sorbent due t o  the  ex i s -  

tence o f  some r e s i d u a l  heat  i n  the  so rp t i on  column even though the  system 
had been shut  o f f .  

From these th ree  runs (Run 7, 9 and 12) we found t h a t  sorbents w i t h  
t h e  same chemical composi t ion perform d i f f e r e n t l y  i n  removing H2S from 

an H2STsteam system. Depending upon raw mate r ia l s ,  methods o f  preparat ion,  
and sur face c h a r a c t e r i s t i c s  sorbents cou ld  have d i f f e r e n t  types o f  break- 
through curves. The e f f e c t  o f  change i n  space v e l o c i t y  on the  breakthrough 

t ime as i n  Run 7 and 9 means t h a t  k i n e t i c s  o f  the  r e a c t i o n  between H2S and 

ZnO a re  impor tant .  I n  F igure  14, a1 though breakthrough occurred s i x  hours 
a f t e r  the  s t a r t  o f  the run, sorbent kept  on r e a c t i n g  w i t h  hydrogen s u l f i d e  

u n t i l  t he  weight  increase of sorbent reached 12 percent  ( a f t e r  25 hours) .  

A t  the  breakthrough p o i n t  o n l y  a small p o r t i o n  o f  a c t i v e  sorbent was 
reacted and the remaining l a r g e  q u a n t i t y  o f  sorbent was i n t a c t .  

Sorbent-4201 (molybdic ox ide  on y alumina) which showed good a c t i v i t y  

i n  the H2S-air system as i n  the  sorbent eva lua t ion  t e s t ,  was used i n  Run 16. 
Unfor tunate ly  t h i s  sorbent l o s t  i t s  a c t i v i t y  d r a s t i c a l l y  and the break- 
through occurred w i t h i n  f i v e  minutes of the  s t a r t  of t he  experiment. 

low q u a n t i t y  o f  MOO impregnated on the  v-alumina subs t ra te  and the  l a r g e  
q u a n t i t y  o f  water vapor present  may have caused the  f a s t  breakthrough. 

Ac t i va ted  carbon (Sorbent-0601) was a good sorbent i n  thelH2S a i r  system; 
however, i t  l o s t  a c t i v i t y  complete ly  when used i n  the  H2Sisteam system. 
Presence o f  steam i n  the  i n l e t  stream d e f i n i t e l y  k i l l e d  the  c a p a b i l i t y  
of adsorbing H2S because the  convent ional  method of regenera t ing  spent 
a c t i v a t e d  carbon i s  by b lowing superheated steam through the  bed. Red- 
wood ch ips  impregnated w i t h  i r o n  oxide, used i n  the c l a s s i ~ c a l  i r o n  ox ide 

box fo r  removing H2S from producer gas, were a l s o  t r i e d  i n  our l abo ra to ry .  

The experiment o n l y  l a s t e d  f o r  a few minutes and the  impregnated i r o n  

ox ide  was leached 'out .  %. The ' labora tory  prepared sorbent designated as Formula I V Y  

The 

I 

II 

I 

1~ 

a m ix tu re  o f  ZnO, Fe203 and A1203, worked w e l l  i n  the  H2S-air system and 

39 ' 



was a l s o  tes ted  i n  the H2Ssteam system. 

a f t e r  the  s t a r t  of the  experiment. 

H2S was detected immediately 
L q t e r  i t  was found that sorbent i n  

the form of 1/8" ex t rus ion  d i s i n t e g r a t e d  i n t o  powder upon contac t  w i th  
steam. 
The above examples are  some o f  t he  sorbents which passed the  sorbent 

eva lua t i on  t e s t  us ing H 2 S - a i r  gas and f a i l e d  i n  the H2S-steam system. 

thus fa r  z inc  oxide i s  t he  o n l y  metal ox ide  sorbent commercial ly a v a i l a b l e  

which removes H2S from s imulated geothermal steam. 

discussed l a t e r ,  the  regenerat ion of z i n c  ox ide i s  t e c h n i c a l l y  i n f e a s i b l e .  
Organic sorbents s t a b l e  under the  geothermal cond i t i ons  were then 

sought. Two k inds o f  sorbents,  one prepared i n  our l abo ra to ry  and the 
o the r  obta ined from a r e s i n  manufacturer were inves t iga ted .  

carbon impregnated w i th  diethanolamine. Diethanolamine i s  commonly used 

i n  wet gas p u r i f i c a t i o n  processes. 

was supported on a c t i v a t e d  carbon, t he  r e s u l t i n g  sorbent migh t  have good 

H2S removing c a p a b i l i t y .  
were discouraging; very  l i t t l e  H2S was removea. A small amount o f  y e l l o w i s h  
l i q u i d  had been c o l l e c t e d  i n  the  condensate ca tch  p o t  i n d i c a t i n g  t h a t  the 

impregnated diethanolamine had been leached ou t  from the  a c t i v a t e d  carbon. 
The low q u a n t i t y  o f  a v a i l a b l e  amine i n  the column cou ld  be the  reason f o r  

the  qu ick  breakthrough. 

E f fo r t s  t o  use b ind ing  agents, such as g lass  frit, f a i l e d .  

Having searched f o r  i no rgan ic  H2S removal sorbents we concluded that 

However, as w i l l  be 

The f i r s t  organic  sorbent t r i e d  i n  our l a b o r a t o r y  was a c t i v a t e d  

It was thought t h a t  if diethanolamine 

However, the r e s u l t s  f rom labo ra to ry  t e s t i n g  

The sorbent obta ined from a r e s i n  manufacturer and designated as 

Sorbent-0091 was the  o the r  o rgan ic  sorbent t e s t e d  i n  our  l abo ra to ry ,  

' Sorbent-0091 i s  a po lymer ic  sorbent which reac ts  w i t h  H2S and can be 

regenerated by merely purg ing the spent sorbent w i t h  superheated steam. 
The chemical composi t ion of t h e  sorbent has n o t  been revealed by the 

s u p p l i e r  due t o  p r o p r i e t a r y  cons idera t ions .  

H2S-air system and worked s a t i s f a c t o r i l y .  As noted by the supp l i e r ,  the 
sorbent had t o  be precondi t ioned by load ing  the  sorbent w i t h  H2S and 

regenerat ing the su l f i ded  sorbent w i t h  superheated steam f o r  several  t imes 
before the  sorbent developed i t s  f u l l  capaci ty .  I n  our  l abo ra to ry  the 
sorbent was loaded and regenerated more than 10 times and the capac i t y  

o f  each successive r u n  increased gradua l ly .  

The sorbent was tes ted  i n  the 
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I n  Run 61 69 grams ofc,,preconditioned sorbent were charged i n t o  the  
s o r p t i o n  column. The l e n g t h  of t h e  bed was est imated as 7.8 in. ,  and space 

v e l o c i t y  was c a l c u l a t e d  as 4.45/sec, r a t h e r  h igher  than those runs us ing  

metal  oxides. The bed temperature was 182°C and pressure was 100 ps ig .  
The opera t ing  cond i t i ons  a re  summarized i n  Table 7 and t h e  breakthrough 

curve : is  shown i n  F igure  15. The breakthrough occurred about 40 minutes 
a f t e r  t h e  s t a r t  o f  the  experiment and the  H2S concent ra t ion  o f  t he  o u t l e t  

stream increased r a p i d l y .  The experiment l a s t e d  two hours and the  H2S con- 
c e n t r a t i o n  o f  the  e x i t  steam reached 100 ppm. 

heated steam (100 ps ig,  340°C) through the spent sorbent-packed column. 

+ 

The regenera t ion  o f  the s u l f i d e d  sorbent was done immediately by passing super- 
When 

TABLE 7. Operat ing Condi t ions f o r  Run 61 

Run number: 61 

Date : 511 9/76 

Sorbent : Sorbent-0091 
Amount of Sorbent charged: 69 grams ( a f t e r  

14 sorp t ion-  
desorpt ion cyc les )  

Bed be igh t :  7.8 i n .  
To ta i  run  time: 

Sorp t i on : 

Regeneration : 40 minutes 

130 minutes 

Steam Pressure: 100 p s i g  

Tempera t u  r e  : 182OC 
H2S concent ra t ion  i n  i n l e t  stream: 

Sorbent weight  increase a t  the  end o f  experiment: 
Gas measured i n  wet testmeter :  

Space v e l o c i t y :  1 4.45/sec 

~ 262 ppm 
Not a v a i l a b l e  , 33 R 

.. . 
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the temperature of resin bed reached 320°C the desorption of H2S began, and the 
r a t e  of H2S desorption reached i t s  maximum w i t h i n  a few minutes. 
tographic analysis showed tha t  the column eff luent  contained H2S, steam and 

another unknown component. The unknown component was l a t e r  ident i f ied 
as su l fur  dioxide. The fornation of sulfur  dioxide was unexpected since 

Further conf i rmati on o f  the unknown component i s necessary: 
some milky l iquid was collected i n  the condensate catch pot d u r i n g  the 
regeneration. 
with CS2. When CS2 was evaporated from the ex t r ac t ,  a white 
prec ip i ta te  was found. This white powder was analyzed and was ident i f ied 
as sulfur .  The steam ra te  during the regeneration was about 102 gram/min, 

The gas chroma- 

+ the dissolved oxygen i n  the boi le r  feed water was less  t h a n  15 ppm. 
A1 so, 

- 
T h i s  milky 1 iquid was col lected separately and extracted 

and the regeneration was completed w i t h i n  40 minutes. The regenerated 
sorbent was used i n  the next gas sorption experiment, and the ac t iv i ty  of 
sorbent w i t h  respect to  H2S had not s ign i f icant ly  decreased. 

Overall,  Sorbent-0091 i s  a good regenerable sorbent; however, the f o l l o w i n g  
conditions influence i t s  efficiency. The pa r t i c l e  s ize  of the sorbent is small 
(about 40 mesh), t h u s  the pressure drop i n  the sorption column i s  large.  
In a bed height o f  8 in . ,  the pressure drop i s  about 10 psi, whereas w i t h  
zinc oxide (1/8" spherical pa r t i c l e )  the pressure drop of the bed i s  about 

3 or 4 psi .  
loss i n  the amount of power which can be generated. To reduce the 
pressure drop e i t h e r  larger  par t ic les  or another k t n d  of gas contactor,  
such a s  a flul'd bed, must be used, Secondly, the amount of steam needed 
fo r  regeneration is  large. The required steam almost equalled the amount 
of steam processed u p  t o  the pofnt where breakthrough occu!rred. 
words, the energy consumed fo r  regeneration exceeds energy obtained from 
the processed steam because i n  regeneration superheated steam i s  used. 
Further research on regeneratlon and recovery of H2S (o r  sulfur) i s  required 
i n  order to  e f fec t ive ly  use Sorbent-0091 t o  remove H2S from geothermal steam, 

The large pressure drop in the bed causes a s ign i f icant  

In other 
I1 

I 
I1 

I1 
Il 
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V I .  REGENERATION OF SPENT ZnO SORBENT 

Regeneration of spent sorbent l's an important operatiQn in any H2S 
removal process based on sol id  sorbents. 
cheap, and disposal of the spent sorbent i s  no problem, a once-through 
sorbent will no t  be practical  (see VrI I ) .  Regeneration, therefore,  i s  
necessary f o r  almost any practical  process. 

In our laboratory, ZnO has been ver i f ied as an e f fec t ive  sorbent 
for removal o f  H2S from geothermal steam. Thermodynamic studies show 
tha t  regeneration of spent ZnO sorbent i s  d i f f i c u l t ,  and t o  ident i fy  
sources of d i f f i c u l t i e s  two s e t s  of experiments were carried out.  To 
have a uniform spent sorbent sample fo r  regeneration t e s t s ,  fresh ZnO 
pellets.were f i rs t  saturated w i t h  H2S i n  a f lask  and the sulfided sample 
was p u t  , i n t o  a vacuum oven a t  a temperature of 9O"C, to  remove moisture 
produced d u r i n g  the sulfur izat ion.  The dried sample was used fo r  the 
following experiments. 

Unless the sorbent i s  very 

. i .  Selection of Regenerating Gas 
The sulfided zinc oxide sample was charged in to  a 1/2-inch 

s ta in less  s teel  tubular reactor ,  and the reactor was heated t o  
500°C while being purged w i t h  nitrogen. When the desired tem- 
perature was reached, the regenerating gas containing nitrogen 
and oxygen in various r a t i o s ,  was introduced. 
the resul t ing sorbents were subjected t o  the gas up-take experi- 
ment described previously. 
measured by the capabi l i ty  o f  gas up-take (or  resorption) of the 
regenerated sorbent. 
regeneration a re  shown in Table 8. 

s ignif icant ly  from the fresh sorbent which has a sorption 
capacity o f  14 x lom4 g-mole/g of sorbent. 
of oxygen i n  the regenerating gas s ign i f icant ly  a f f ec t s  the 
resorption properties;  resorption capacity increases as the 
concentration of oxygen i n  regenerating gas decreases from 
100 percent t o  50 percent. 

After regeneration 

The effectiveness of regeneration was 

Regenerating conditions and r e su l t s  of 

The sorption capacity o f  regenerated sorbent decreases 

The concentration 

. 

However, oxygen concentration below 
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TABLE 8. Regeneration of Sulfied ZnO Sorbent 
Using Various Gas Composition 

(1 1 S o r p t i o n  ( 2 )  Composition o f  . 
regenerating gas Sul fu r  1 oss capacity 
%02 %N, % 9-mol e H$/q sorbent Run 

c_ 

- R- 1 
R-2 

- R- 3 
R-4 

(3)  

100 0 77 1.33 1.0-4 
50 50 60 3.65 
20 80 59 2.22 
10 61 2.09 10-4 
20 80 

10 grams of spent sorbent were charged in to  regenerator, gas flow 
r a t e  was 10 ml/sec, and regeneration took four hours. 
The gas sorption capacity of a fresh sorbent i s  about 14 x 
g-mol e H2S/g-sorbent. 
First two hours 10% 02, 90% N2; second two hours 20% 02, 80% N 2 ,  

50 percent shows l i t t l e  e f f ec t  on the sorption capacity. To verify the 

idea (see Chapter 111-4) tha t  a more act ive sorbent can be obtained by us ing  
various oxygen concentrations dur ing  a regeneration cycle, i n  R-4 two leve ls  
of oxygen concentration are  t r i e d .  
very much d i f fe ren t  from R-3 where oxygen concentration i s  kept a t  a con- 
s tan t  throughout the regeneration. 
no merit except saving of some oxygen. Though the optimal regenerating 

gas, as  shown i n  Table 8, i s  50 percent oxygen and 50 percent nitrogen, 
considerating the cost  increase in using such k ind  of g a s y l  i t  was 
decided t h a t  f o r  the following experiments a i r  would be used as  the 
regenerating gas. 

The r e s u l t  of H2S resorption i s  n o t  

Thus, the aforesaid idea shows 

I 
I i i .  Selection of Regenerating Temperature 

In these experiments about 200 grams o f  H2Sisaturated 
1 samples, were charged t o  a reactor made of l-inch s ta in less  s tee l  

pipe (45 inches long). The regenerator was heated by a 
tubular furnace. Temperatures of 780, 500 and 300°C were used 

'I 
I 
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for regenerqtions . Resorption cqpqcities were determined under 
the simulqted geothemql conditions. A sutmqry of regenerating 
conditions and capqcities of resorption are shown i n  Table 9 .  
The capacity of resorption decreases as  the regenerating 
temperature increases. 
regenerated sorbent, surface areas of regenerated sorbents were 
measured by the BET method based on the adsorption of nitrogen.1° 
I t  was found tha t  the surface area of sorbent decreases dras t ica l ly  
from 24 m2/g f o r  a fresh sorbent to  l e s s  than 1 m / g  fo r  the sorbent 
regenerated a t  780°C. The maximum SO2 concentrations in the ou t l e t  
stream d u r i n g  regenerations a re  a lso shown i n  Table 9 .  The SO2 
concentration in h i g h  temperature regeneration i s  higher t h a n  
t ha t  i n  low temperature regeneration. A t  300" regeneration, 

To study the surface properties of 

2 

no SO2 was detected meaning t h a t  e i t h e r  no reaction took place 
or  most of the sulf ide was converted t o  su l fa te .  

TABLE 9 .  Regeneration of Sulfided ZnO Sorbent 
under Various Regenerating Temperatures 

Resorption Surface 
Area SO2 i n  Capacity 

Temperature Regenerating Outlet Gas g-mole H2S 
Run "C gas % g Sorbent  m3/gram 
R- 5 780°C a i r  23 6.75 < I  
R- 6 500°C a i r  16 1 .44  12  
R- 7 3OOOC a i r  0 1.54 x 13 

The following conclusions can be drawn from the above 

The low resorption capacity resul t ing from pure oxygen 
regeneration i s  bclived t o  have been caused by the sharp 
temperature r i s e  i n  the sorbent d u r i n g  the regeneration. 
The localized sharp temperature r i s e  can cause sintering 
of the sorbent, and t h u s  decrease the avai lable  surface o f  
sorbent able t o  react  w i t h  H2S. 

experiments : 
a. 

, 
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b .  High temperature regeneration i s  favorable for  SO2 formation, 
b u t  i t  a l so  increases the chance for  sorbent s inter ing and 
reduction of surface area.  On the other hand,  low temperature 
regeneration which causes l i t t l e  change i n  sorbent surface 
properties i s  favorable for  su l fa te  formation. 
nomena confirm the prediction of the thermodynamic study. 
The regeneration of spent zinc oxide sorbent i s  extremely 
d i f f i c u l t  i f  i t  i s  possible. 

These phe- 

c.  

VII. SELECTION OF GAS-SOLID CONTACTOR 

As discussed in Chapter 111-3, sorbents to  be used i n  the H2S removal 
process must have a reasonably h i g h  sorption capacity. A 55 MWe geothermal 
power plant uses 1 x 10 lb/hr of steam.ll Based on 225 ppm H2S concentra- 
t i o n ,  2 . 7  tons/day of H2S must be removed. I f  we assume t h a t  three 
columns (sorption, regeneration, and a spare column) are  required, the 
sorption column needs to be regenerated once a day and i f  the capacity o f  

the sorbent (weight increase in sorbent due t o  the sorption of H2S/weight 
of sorbent) i s  assumed t o  be 1 , 5, 10 ,  and 15 percent, the amount of 
sorbent i n i t i a l l y  required i s  381, 76.2, 38.1 and 25.4 tons respectively.  
I f  the period of regeneration cycle i s  reduced t o  every three hours, the 

6 

above sorbent inventories a re  reduced t o  47.6,  9.5, 4.8 and 3.2 tons 
respectively.  
T h e  t ab le  shows tha t  t h e  amount of sorbent required i s  inversely proportional 
to the sorbent loading capacity and d i r ec t ly  proportional 10 the time 
required fo r  one sorption-regeneration cycle. 
economical way to  operate a sorption process i s  t o  use a sorbent w i t h  
h i g h  loading capacity and regenerate the spent sorbent as often as possible 
( i f  the operating cost  of regeneration i s  negligibly small). 
w i t h  continuous regeneration will require the l e a s t  amountil o f  sorbent in 

Results of such calculations are  summarized in Table 10. 

In other words, the most 

,I 
The process 

the removal system. 
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. . . 

TABLE 10. Amount of In i t ia l  Sorbent Required 
for  a 55-MWe Geothermal Power Plant 

Time required for  one sorption-regeneration cycle, hr. 

% Loading 24 12  6 3 
-. 

1 381 * 190.5 95.2 47.6 
5 76.2 38.1 19.1 9.5 

10 38.1 19.1 9.5 4.8 
15 25 12.7 6.4 3.2 

* Tons 

Fluidized beds a r e  the most common type of continuously regenerating, 
solid-gas contactor now used. 
geothermal steam i n  our case) i s  introduced from the bottom of the con- I , 

t ac tor  and passes through a gas d is t r ibu tor  which holds sol id  par t ic les  
on top of i t .  Due t o  the upward flow of the f lu id ,  par t ic les  are  sus- 
pended and form a f lu id l ike  s ta te .  Solid par t ic les  and f lu id  contact 
intimately, and mass and heat t ransfer  between f lu id  and so l id  take 
place. 
par t ic les  separate from the f lu id .  
a re  separated by a cyclone separator or a bag f i l t e r .  
sol id  i n  the contactor can be continuously withdrawn from the contactor 
and sent t o  a regenerator. 
i n  a f luidized bed. 

In a f luidized bed, the f lu id  (or 

The f lu id  passes through a disengage zone where most of the solid 
Fine par t ic les  ( s t i l l  carried by the f lu id  

The 

The regeneration of sorbent can a l so  be done 
A general f luidized bed sorption and regeneration 

scheme is  shown i n  Figure 16. 
must be physically durable; otherwise, f ine  par t ic les  generated from the 
col l is ion or abrasion of par t ic les  will be carried o u t  o f  the contactor 
by the f l u i d .  As the amount of par t ic les  present i n  the steam fed t o  the 
steam turbines i s  c r i t i c a l ,  the formation of f ine  par t ic les  and e lu t r i a t ion  

The sorbent used in the fluidized bed 

of f ines  a re  not tolerable in any H2S removal processes for  geothermal 
steam power generation. 'The use o f  a f i l t e r  bag t o  remove f ines  creates 
a s ign i f icant  pressure drop w h i c h  reduces the amount of available power. 
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A multifluidized bed system, as  shown i n  Figure 1 7 ,  can also be used. 
Sorbent par t ic les  and f lu id  flow countercurrently. A t  the l a s t  f luidized 
bed par t ic les  a re  transferred t o  a regenerator and the revived sorbent 
i s  charged back to  the f i r s t  bed a t  the t o p  of column. 

currently,  countercurrently or crosswise can also be used. A moving bed 
cross flow gas-solid contactor w i t h  a f luidized bed regenerator, as 

Moving bed gas-solid contactors i n  which sol id  and gas move con- 

depicted i n  Figure 18, is  typical .  T h i s  contactor is  essent ia l ly  the same 
a s  the moving bed granular f i l t e r  developed by Combustion Power Company, 
Inc. I t  is formed by two co-qxial perfarated cylinders inside a large 
container. 
cylinders,  and gas (or steam) flows perpendicular to  the sol td  flow (e i the r  
inward or outward). 
crosswise through the descending sol id  bed. The cleaned gas flows through 
the ou t l e t  d i r ec t ly  to  the steam turbine fo r  power generation. 
sorbent i s  collected a t  the bottom of the contactor and entrained by a 
ca r r i e r  gas to  the regenerator located on the top of the gas-solid contactor, 

So l id  par t fc les  move downward i n  the annular  space between two 

H2S i n  the i n l e t  gas i s  removed, while the gas flows 

The spent 

The regenerator i s  a f luidized bed, and the spent sorbent i s  regenerated 
by gaseous reactants introduced from the bottom of the fluidized bed., Any 
f ine  par t ic les  i n  the c i rculat ing sol ids  are  separated in  the regenerator. 
The revived sorbent goes back to  the contactor. 

Advantages of u s i n g  t h i s  k i n d  of moving bed contactor compared t o  
other contactors are: the sorbent i s  continuously regenerated, 2 )  the 
pressure drop i s  lower than  that .  i n  a fixed bed, 3) the abrasion o f  sol id  
par t ic les  and the formation of f ines ,  i s  l e s s  than t h a t  i n  a f luidized bed 
contactor, and 4 )  the separatidn of f ine  par t ic les  does n o t  sacr i f ice  the 
level of power generation. Shortcomings of t h i s  contactor are:  1 )  sol id  
c i rculat ion between the contactor and the regenerator requires a sophis- 
t icated control system, and 2)  the depth of bed ( i n  the direction of gas 
flow) i s  l imited.  In case the gas cannot be suf f ic ien t ly  cleaned t o  the 
desirable H2S concentration an additional contactor may be required. 

1 )  

50 



4 .  

T O  S T E A M  T I I R R I N F  
P O W E R  G E N E R A T O R  C Y C L O N E  

S E P 4 R A T O R  
B A G  F I L T E R  

G A S E O U S  R E A C T A N T  
F O R  R E G E N E P A T I O N  

F I G U R E  1 7 .  M u l t i p l e  F l u i d i z e d  Bed H 2 S  Scr 
S o r b e n t  

u b b e r  U s i n g  S o l i d  

51 



G A S E O I J S  R E A C  
F O R  S O R B C N  
R E G  I- N C R A T  I 

G C 0 1- H E 
S T E A  

FIGURE 18. 

T A N T  
T -  
O N  

R M A L  
14 ~ 

M o v i n g  
F l u i d i  

T O  S U L F U R  
R E C O V E R Y  

S T E A M  T U R B I N E  F O R  
P 0 \!I E R G E N E R A T  I ON 

I 4 0 V I N G  P J E D  C R O S S - F L O W  
501. I D - G A S  C O N  r A c  r m  

/ 

I Z E D  
N E R A T  

Y C R I J B  

B E D  
O R  

B E D  S T E A M  TO 

B E N T  
0 I’.J T I ?  0 

S O R B E N T  
C A R R I E R  G A S  

Bed Cross- f low S o l i d - g a s  C o n t a c  
z e d  Bed R e g e n e r a t o r  

52 

R A T E  
S 

t o r  w i t  h 



V I I I .  THROWAWAY OR EXTERNALLY REPROCESSED SORBENTS 

It was repeatedly  observed t h a t  s u l f i d i z a t i o n  o f  z inc  ox ide p e l l e t s  , 

main ly  occurred a t  the  sur face o f  p e l l e t s ,  w i t h  the  major p o r t i o n  o f  z inc  
ox ide remaining i n t a c t .  To more e f f e c t i v e l y  u t i l i z e  z inc  ox ide ( o r  t o  

increase sorbent load ing  capac i ty )  sorbents prepared by coat ing  a t h i n  
l a y e r  o f  a c t i v e  z i n c  oxide on the  surfaces o f  cheap i n e r t  subst rates 

such as paper, wood shavings o r  ch ips was considered. Such sorbents were 
prepared by impregnat ing f i l t e r  paper w i t h  z inc  acetate s o l u t i o n  fo l lowed 

by c a l c i n i n g  a t  400°C under a n i t r o g e n  atmosphere. However, t h i s  m a t e r i a l  

was found n o t  a c t i v e  t o  H2S i n  the  screening tes ts .  
The process concept o f  ex te rna l  regenerat ion o f  z inc  based sorbents 

was b r i e f l y  examined. I n  such a scheme, m u l t i p l e  contactors  would be 

employed i n  a sequence which would maximize the  conversion o f  z i n c  ox ide 

t o  z i n c  s u l f i d e .  The p a r t i a l l y  s u l f i d e d  sorbent would be removed from t h e  

system a t  the  end of the  s o r p t i o n  c y c l e  and might  be re tu rned t o  a smelter 
f o r  f u r t h e r  processing. 

To study the  f e a s i b i l i t y  o f  t h i s  approach a rough c o s t  ana lys is  was 

made. The a n a l y s i s  was based on a 55-MWe power p l a n t  us ing a t y p i c a l  geo- 
thermal steam conta in ing  225 ppm H2S. 

was assumed, 4.3 ton/day o f  f r e s h  z inc  ox ide would be requi red.  The spent 
z i n c  ox ide can be considered as a z inc  concentrate and so la t o  z i n c  

smelters. 
t h e  current t o l l  charge schedules f o r  the purchase of zinc concentrates 
(Cominco L td .  Canada) ,12 the  value o f  the  s'pent sorbent i s  

approximately $530/ton. Contact w i t h  present s u p p l i e r s  of1 z inc  ox ide sorbents 
revealed t h a t  the  c u r r e n t  p r i c e  o f  z inc  ox ide sorbent i s  i n  a range o f  $1 
t o  $3/1 b. When t rans l 'a ted t o  power cos ts  t h e  sorbent cost ,  w i t h  cons idera t ion  

o f  spent sorbent c r e d i t  would be 0.53 t o  1.6t/kW hr. T h i s ~ c o s t  range does 

n o t  i n c l u d e  t r a n s p o r t a t i o n  and p l a n t  opera t ing  costs. I t  i s  ev ident  t h a t  
t h i s  approach i s  n o t  economical ly a t t r a c t i v e  even w i t h o u t  these a d d i t i o n a l  
costs.  

I f  a sorbent H2S capac i ty  o f  10% 

Based on t h e  assumed composit ion o f  spent z inc  ox ide sorbent and 

T r a i l ,  B. C. 
*I 

I 

I 

53 



1.  

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11 .  

12.  

REFERENCES 

M .  Carasso, "A Technological Assessment of Geothermal Energy Resource 
Development ,I' Bechtel Corporati on , t o  be pub1 i shed. 

Pacific Gas and Electr ic  Company, "The Geysers Power P lan t ,  Unit 15, 
Environmental Data Statement," March 1974. 

P .  Kruger and C .  Otte, "Geothermal Resources, Production, Stimulation," 
Stanford University Press, Stanford, CA.  p .  208, (1973) 

P.  Kruger and C .  Otte, Geothermal Resources, Production, Stimulation, 
Stanford University Press, Standford, C A Y  p.  330 (1 973). 

E .  C.  Oldaker, A.  M. Poston, J r . ,  W .  L. Farrior,  J r . ,  "Hydrogen 
Su l f ide  Removal from Hot Producer Gas w i t h  a Solid Fly Ash - Iron 
Oxide Sorbent," Morgantown Energy Research Center, Morgantown, 
West Virginia, June 1975. 

A .  M .  Squires, " A  Reaction tha t  Permits the Cyclic Use of Calcined 
Dolomite t o  Desulfurize Fuels Undergoing Gasification," American 
Chemical Society, Division of Fuel Chem. Preprints, Vol. 10, No. 4, 
1966, pp.  20-41. 

Lange's Handbook of Chemistry, pp .  5-12. 

G .  0. Evans, C .  U. Pittman, Jr . ,  R. McMillan, R .  T. Beach and R .  
Jones, "Synthetic and Catalytic Studies of Polymer-Bound Metal 
Carbonyl s , I '  Journal of Organometall i c  Chemi s t ry ,  67 (1 974) pp. 295- 31 4. 

M .  Ph i l l ips  and H .  D.  Weike, "Preparation of Synthetic Resins from 
Alkali Lignin." 

American Instrument Company, Inc., Aminco Sor-BET Cat. No. 5-7300 and 
5-7302, Instruction No. 889-A. 

Industrial and Engineering Chemistry, Vol . 23, 
pp. 286-87. 

P.  Kruger and C .  Otte, "Geothermal Resources, Production, Stimulation," 
Stanford University Press, Stanford, C A . ,  p. 130. ' 

Personal communication 

54 



L 

APPENDIX I - A  

CHANGE OF FREE ENERGY OF REACTION OF CANDIDATE SORBENT 
WITH HYDROGEN SULFIDE AT 176°C 

Sorbent 

ZnO 
Fe 
Fe 

FeO 

FeO 

Fe203 ' 

SnO 

Ag 

A1 
Age0 . 

2'3 
Ba 

BaO 

B i  ' 

Ca 
CaO 

CaC03 

Cd 
CdO 

co 

coo 

c0203 
cu 

Bi203 ' 

Sorbent 
Product 

ZnS 
FeS 

FeS2 

Fe S 
FeS2 

FeS , FeS2 

SnS 

Ag2S 

2'3 

2'3 
Bas 

Bas 

B i  2S3 

B i2S3 
Cas 
Ca S 

Cas 
CdS 

CdS 

cos 

COS 

c02s3 
cus 

CUO cu s 
cu20 cu2s 

Cu ( w i t h  CS2) cu2s 

AG 

-17.5 
'-14.1 7 

-13.9' 

-11.5 

- 

-81.1 
-22.4 

-5.89 

-1.19 

-54.02 
-87.26 

+119.16 

-32.96 

-15.41 

-8.87 

-58.99 

-94.09 

-1 6.81 
-96.1 

-23.75 
-26.56 

b12.50 

-9.47 
-- 

-63.37 

-28.13 

-32.48 

- 109.60 

I -A-1 



APPENDIX I-A ( c o n t ’ d )  

Sorbent 
Sorbent  Product 

I .  

Moo2 

Moo3 

Na 

Na20 

Nb 

N i  
N i  

N i O  

K2S 
K2S 
L i  2s 
MSS 
Mg s 
MoS2 
MoS2 

Mo2S3 
Na2S 
Na2S 

Nb2S3 
Ni  S 
N i  3S2 

N i  S 

, , . ~  

Sb Sb2S3 

Sb203 Sb2S3 
S i  s i  s 
S i  S i  S2 
Si02 S i  S2 

Ta Ta2S4 

SG 

-73.53 

-64.77 

- 

-- 
-66.67. 

-3.18 

-33.50 
-34.61 

-24.78 

-‘65.42 

-33.18 

-1.42 
-8.02 

-6.14 

+4.47 
-30.49 

+19.50 

-30.00 

+56.15 

-- Thermodynamic da ta  i n s u f f i c i e n t  t o  permit ca l cu la t ion .  

I - A - 2  



Reactant 

87.3 I 
I 
I 

88.13 
77.99, 

ZnS 

ZnS 
ZnS 

ZnS 

ZnS, SO2 

ZnS, SO3 

ZnS, C02 

ZnS, H20 

ZnS, C02 

FeS2 
FeS 
FeS 

B i  2S3 
B i  2S3 
B i  2S3 

Cas 

Cas 
Cas 
CdS 

CdS 
- CdS 

cos 

cos 

h cus 

cus 

s 

APPENDIX I - B  

CHANGE OF FREE ENERGY OF OXIDATION OF METAL 
SULFIDES AT VARIOUS TEMPERATURES 

(-AGO) 
a t  a t  a t  

Product 176°C 800 O C 1 ooooc 
ZnO, SO2 97.8 

ZnS04 148.64 

ZnO, S 25.63 

ZnO, SO3 111.2 

ZnO, S -17.95 

ZnO, S -18.89 

ZnO, S,CO 32.71 

ZnO, H2S04, H2 13.78 

FeS04, SO2 204 
FeS04 146.7 

FeO, S 31.98 

B i  2 (so41 3 41 5.66 
9 0 3 ,  so2 288.43 

Bi203, SO3 150.53 
CaS04 188.59 

CaO, SO3 112.79 

CdO, SO2 89.25 

CdO, SO3 102.59 

CdS04 150.03 
C0S04 155.53 

ZnC03, S, CO -34.48 

CaO, SO2 99.45 

coo, so* 95.37 

CuO, SO3 g 101.01 

cuso4 133.51 

83.48 
78.12 

80.98 

8.98 
-53.30 

-71.30 

32.25 

-72.01 
-68.56 

121.25 
52.52 
15.42 

143.98 
254.28 

80.51 
117.63 

79.15 

84.51 
74.38 

69.04 

82.21 

?7.03 

72.18 

66.14 

61.89 

I -B -1  



APPENDIX 1-6 (cont 'd )  

React an t  

cu2s 
cu2s 
K2S 
K2S 
K2S 

MoS2 , . 

MgS 
MgS 

MoS2 
Na2S 
Na2S 

Na2S 
SnS 
SnS 
SnS 
SnS, SO2 

SnS, SO3 
SnS, COP 
SnS, H20 

Ag2S 
4 2 s  

2'3 
2'3 
2'3 

Bas 
BaS 
Bas 
Bas 
NiS 

Product 

CU2SO4 
C u O ,  SO3 

K2S03 

K i S O 4  

5 0 2  Y so3 
MgS04 
MgO, SO3 
Moo2, SO3 
Moo3, SO3 
Na2S03 

Na2S04 
Na20, SO3 
SnO, SO, . 
SnO, SO3 
SnO, S 

a t  
176°C 

103.34 
118.57 

*217.57 
133.97 
85.01 
188.4 
141.68 
223.84 
271.42 
154.11 
213.79 
95.97 
109.91 
123.25 
37.71 
3.22 
17.35 
-20.63 
-94.86 
61.78 
75.13 
124.82 
466.58 
328.67 
577.98 ' 

97.15. 
112.9 
214.45 
143.67 
159.92 

(-AGO) 

a t  a t  
800°C 1 ooooc 

24.03 -1.36 
75.22 
182.57 
88.04 
46.72 
140.84 
122.7 
168.64 
212.39 
129.98 
174.87 
83.87 
94.78 
93.96 
20.85 
-32.24 
-35.09 

61.34 
171.36 
73.34 
34.47 
125.61 
116.63 
150.98 
193.56 
122.26 
162.42 
79.99 
89.94 
84.58 
15.45 
-43.59 
-51.88 

-24.53 -25.77 
-164.11 -1 86.26 
49.39 45.43 
48.58 40.08 
71.68 54.68 
433.38 422.76 
268.31 248.99 
420.59 368.63 
95.47 94.93 
100.42 96.43 
172.94 159.66 
97.72 83.02 
110.29 94.41 

I-B-2 
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APPEND1 X I -B ( con t ' d )  

' ( - A G O )  

a t  a t  - a t  
Reactant Product 176°C 800°C 1 ooooc 

N i  S N i O ,  SO3 123.01 105.79 100.28 
400.08 216.32 157.51 

Sb204, SO2 523.54 420.53 387.57 
Sb2S3 
Sb2S3 

Sb* 6 0 4 )  3 

I-B-3 



.APPENDIX I 1  

c SORBENTS OBTAINED FROM MANUFACTURERS 

Code, Name Des c r i  p t i on S ize  

Sorbent- 0601~ Ac t i va ted  carbon 4 x 8 mesh 
- 3001 Zinc ox ide  3/16 i n .  ex t rus ions ,  f o r  

s u l f u r  removal 
-3002 

. .  

-2601 
-- ~ - 

-2901 ' 

Zinc oxjde, 

Promotedii ron  ox ide  ; Fe203 60%, 
K CO' 26%, 'Cr O3 2 .5% 
Dzhyarogenati 8n c a t a l y s t  

1/8 i n .  t o  3/16 i n .  spheres 
f o r  s u l f u r  removal 5 

. .  .. . . . 
. * .  

. .. 
f j  

Low temperature CO conversion c a t a l y s t  1/4 i n .  x 1/8 i n .  t a b l e t s  
-4201 

-2902 

- 2 903 

-2701 

Molybdic ox ide  on gamma alumina (Nominal 3/16 i n .  x 1 /8  i n .  t a b l e t s  
composit ion 3 4 %  ~ 0 0 ~ )  

Copper;zinc, chrome c a t a l y s t  C r  5.9%, 3/8 i n .  x 3/8 i n .  t a b l e t s  
Zn 52%, Cu 13% 
Copper manganese c a t a l y s t  

Cobalt ox ide  on gamma alumina (Nominal 3/16 i n .  x 1 /8  i n .  t a b l e t s  
composit ion 3% Co) , 

3/16 i n .  x 3/16 i n .  t a b l e t s  

-2702 I Cobalt molybdate on gamma alumina 
* _  - ~-~ - 

~~~ 

- 2 602 

-2904 

-2603 
-301 1 

High temperature CO conversion c a t a l y s t  
(Nominal composi t i o n  Fe 54.5%, C r  6%) 

Low temperature CO conversion c a t a l y s t  
High temperature CO conversion c a t a l y s t  

Zinc oxide, f o r  removal o f  s u l f u r  f rom 
gas stream 

1/8 i n .  e x t r u s i o n  f o r  
hydrodesul f u r i z a t i o n  :and- 
01 e f i n  hydrogenation 
3/8 i n .  x 3/16 i h .  t a b l e t s  

1/4 i n .  x 1/8 i n .  t a b l e t s  
3/8 i n .  x 3/8 i n .  t a b l e t s  

3/16 i n .  

-1311 A1 urni na c a t a l y s t  3/16 i n .  
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N 

APPENDIX I1 (cont 'd) I 

Code Name Descr i p t i on Size 

Sorbent-3012 
-261 1 
-421 0 

-271 0 

-3021 
-3022 
-3023 
-2621 
-2631 

-1 441 

-1442 

,-3051 

-1461 

-1171 

-0081 

-0082 
- 0083 

Zinc chromi t e  , fo r  methanol synthesis 
Iron ca t a lys t ,  f o r  dehydrogenation 
Molybdena a1 u m i  na ca t a lys t  for  hydro- 
genation, dehydrogenation and 
hydroforming 
Cobalt molybdate ca t a lys t  for  desul- 
furi za t i  on and deni trogenation 
Zinc oxide .~ 

Iron Oxide 
Iron Oxide 

S i l i c a  gel ca t a lys t ,  grade 57 

S i l i c a  alumina pe l l e t s  
grade 980 - 08.5 x 1950 
Activated zinc oxide 

57 - 08, -  5 x - 1950 

Green sand 

Strong-acid cation exchange resin, 
sodium form. DS 25575 
Composition u n k n o w n ,  . 

Composition unknown- - I , *  . 

Composition unknown 

1/4 i n .  
1/8 i n .  
1/8 i n .  

1/8 in.  

3/16 i n .  x 3/16 i n .  

4 x 4 - 6mm 

3/8 i n .  x 3/16 i n .  

4/8 mesh 
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APPENDIX 11 (con t ' d )  

r : T q  . _ _  
~ 

Desc r ip t i on  Code Name 

Sorbent-3081 

- 0084 

-0085 
-2681 
-2682 - 

-2683 
- 2684 

-2685 
-2686 

-2687 
-2481 

-2687 

-0086 

ZnO c a t a l y s t  

4/8 LVM a t t a p u l g i t e  
8/16 LVM bauxi t e  

I r o n  ox ide impregnated on redwood ch ips 
N-536 I r o n  oxide 

Pure red  i r o n  oxide 
Pure red  i r o n  ox ide . 

Pure red  i r o n  oxide 

I r o n  s u l f a t e  

I r o n  oxide 
Chromi t e - s p i n e l  

I r o n  oxide powder 

Composition unknown 

Me1 ami ne 

Composition unknown 
Lignosi  t e  



APPENDIX I 1 1  

DETERMINATION OF TOTAL VOLUME OF GAS SORPTION EVALUATION 
APPARATUS AND THE AMOUNT OF H2S REACTED WITH SORBENT 

1. TOTAL VOLUME OF GAS SORPTION EVALUATION APPARATUS 

L e t  the  volume o f  gas s o r p t i o n  apparatus exc lud ing the  gas sample r e s e r v o i r  

equal VlY and the  gas sample r e s e r v o i r  be V2. The pressure o f  t he  gas sample 

r e s e r v o i r  a f t e r  be ing  p a r t i a l l y  evacuated i s  P Z y  and the  pressure o f  the  t o t a l  

system a f t e r  t he  r e s e r v o i r  i s  connected i s  P,. The moles o f  gas o r i g i n a l l y  i n  
I 

t h e  apparatus exc l  u d i  ng 
r e s e r v o i r  a re  N2. Then 

p1 v1 N1 = - RT 

where 

L 

t h e  gas r e s e r v o i r  equal N, , and those o f  t he  gas i n  the  

P 
T i s  the ’ temperature o f  system (298’K), and 

R i s  t h e  gas constant;  and 

i s  atmospheric pressure ( 1  atm.) 1 

When t h e  gas r e s e r v o i r  , i s ,connected  t o  t h e  system, the  t o t a l  moles o f  gas 

i n  t h e  system are:  

From equat ions (1)  (2) and ( 3 )  

111-1 



I f  Rm and & are  the  manometer read ing  (Cm) o f  pressure P2 and P i  respec- 

t i v e l y ,  then equat ion ( 4 )  can be w r i t t e n  as: 
I 

V 2  (76 - R i  - 76 + Rm) V2 (Rm - Rm) 
v =  \ I  =I 

76 - 76 + Rm Rm 1 

o r  
I 

V 2  (Rm - Rm) 
I 

. I  

v, = 
Rm I 

The t o t a l  system volume i s :  

(5 )  

[",; RI;l i. 13 = v2 [Z] VT = v, + v2 = v* 

2. AMOUNT OF H2S REACTED WITH SORBENT 

Ass ump t i ons : 

a. The gas s o r p t i o n  t e s t  i s  run  under an isothermal c o n d i t i o n  and the  system 

temperature equals the  room temperature (25°C). 

The gas i n  the  s o r p t i o n  system i s  sa tu ra ted  w i t h  water vapor a t  room tem- 

pe ra tu re  once the  experiment i s  s ta r ted .  The sa tu ra ted  water vapor pres- 
sure Pw i s  0.03 atm a t  25°C. 
system du r ing  t h e  s o r p t i o n  t e s t  e x i s t s  as l i q u i d  water; t he  volume o f  
l i q u i d  water i s  n e g l i g i b l e  compared t o  t h e  volume o f  t o t a l  system. 

The number o f  moles o f  H2S charged i n t o  system i s  descr ibed by 

b. 

The excess water vapor condensed from the  

where 

No i s  moles of H2S a t  t ime zero. The moles o f  a i r  ( o r  i n e r t  gas) i n  
H2S 

the  system equal 

I 11-2 



- p lv l  
N a i r  RT 

- -  

t A t  time t ,  the manometer reading i s  Rm. 

The to ta l  moles of gas i n  the system a t  time t a re  

t C(76 - Rk)/761 ( V I  + V2)  
:RT NT = 

i 

[l - &/76] V2 [g] 
RT 

- - 

Water vapor i n  the system i s :  

(9) 

where 
t P i s  the system pressure a t  time t .  

From equation (9 )  and (10) 

pW L1 - Rk/76] V2 E] 
RT 

. 
[76 - Rrk]/76 

NW = 

Amount of H2S i n  the system a t  time t i s  

t -  t 
NH2S - NT - N a i r  - NW 

'lVl "2 [%I% [l - kk/76] V2 [a] -Rm 
- - -  - - 

RT RT RT 

111-3 



And amount o f  H2S adsorbed i s :  

+ 

i f  P1 = 1 atm, then 

I '  

111-4 



Formula 

I 

I I - a  
-b 

111 

I V  

V 

V I  

- 

APPENDIX I V  

FORMULAS FOR SORBENTS PREPARED I N  LABORATORY 

Ing red ien ts  Note 

A1 (N03)3'9H20 
Zn (N03)2*6H20 

H2° 

A1 (NO3)3'9H20 
Zn (N03)2*6H20 
CU (NO3)2'3H20 

H2° 
A1 (NO3)3'9H20 

Fez ( SO4) 3* XH20 

H2° 
A1 ( NO3) 3*9H20 

Zn (N03)3*6H20 

Fe ( SO4) 3= XH20 

Fez ( SO4) 3-XH20 
Water 
Alumirla p e l l e t s  3/16 i n .  

H2° 

Zn (NO3)2'9H20 . . 

Water 
Alumina p e l l e t s  3/16 i n .  

Y 

200 g 
158.5 g 

2000 m l  

200 g 
158.5 g 

64.4 g 

2000 m l  

1 200 g 

200 g 
2000 m l  

200 g 

' 200 g 

. 158.5 g 

2000 m l  

I n  I I - a  'the p r e c i p i -  

t a t e  was n o t  washed 

w i t h  water. I n  I I - b  

the  p r e c i p i t a t e  was 
washed w i t h  water.  

5 9  
150 m l  

5 g  

10 9 

150 m l  

IV-1 

Soak pellets i n  Fe 
s o l u t i o n .  Dra in o f f  

so lu t ion,dry ,  and 

c a l c i n e  a t  800°C 
overn ight .  

Soak p e l l e t s  i n  Zn 
s o l u t i o n .  Dra in o f f  

s o l u t i o n ,  dry,  and 

c a l c i n e  a t  800°C 

overn i gh t . 



APPENDIX I V  ( c o n t ' d )  

I ngredi  en t s  Formula 

V I  I 

Note 

A1 (N03)309H20 200 g 

Fez (SO,),*XH,O 100 g 

C r  ( NO3) 3*9H20 

Zn (N03)2*6H20 158.5 g 

Water 1000 m l  
100 g 

VI11 A I  ( NO3) 3*9H20 

Fez ( SO4) 3- XH20 zoo g 
Mn S04*H20 * 100 g 

200 g 

Zn (N03)2*6H20 158.5 g 

Water 2400 m l  

Cel i t e  80 9 

._ . 

A1 (N03)3*9H20 200 g 

Fe ( SO4) 3*XH20 

Zn (N03)3*6H20 158.5 g 

Water 2000 m l  

Cel i t e  80 9 

200 g 

I X  

100 g 
76.8 g 

X 

Fe ( NO3) 3°9H20 108 g 
1000 m l  Water 

A1 ( N03)309H20 100 g 

Zn (N03)2*6H20 76.8 g 
X I  

Fe .( NO3) 3°9H20 

Fe (SO,),*XH,O 
Water 

25 g 
75 9 
1000 m l  

.. . 

XI I A1 ( NO3) 3*9H20 100 g 

Zn (N03)2*XH20 

Fe ( NO3) 3 9H20 

76.8 g 

108 g 

Cel i t e  15 g 
Water 2000 m l  

IV-2 



Fo rmu 1 a 

XI11 

X I  v 

xv 

X V I  

APPENDIX I V  ( c o n t ' d )  

Ingred ien ts  Note 

ZnO 25 9 
I r o n  ox ide 75 9 
Cel i t e  5 9  
Corn s ta rch  10 9 

Sodium s i l i c a t e  5-9 
Water 1000 ml 

10 9 

ZnO 25 9 

I r o n  ox ide 75 9 

Cel i t e  5 g  

Sodium s i l i c a t e  5 g  

Ac t i va ted  carbon 

Water 1000 m l  

Fe2N 

B i  guani de 

A c t i v a t e d  carbon 
Met h a n o 1 

Fe203 reduced by H2 

then reacted w i t h  

NH3 a t  350 - 550°C 

10.5 g D i  sso l  ve b i  guani de 

135 g i n  methanol. Soak 

200 m l  a c t i v a t e d  carbon i n  
, s o l u t i o n ,  then d ry  

the  impregnated 
carbon. 

t 

I 

ove rn igh t  a t  800OC. !I 

II * Unless otherwise noted, t h e  general procedure f o r  sorbent  pyeparat ion i s :  
cop rec ip i  t a t i o n  w i t h  ammonium ihydroxide (28%); ex t rus ion  thyough a meat 
g r i nde r ;  d r y i n g  i n  a vacuum oven; and c a l c i n a t i o n  i n  a muf f le  furnace 

IV-3 



APPENDIX V ' 

1 A SUMMARY OF RESULTS OF SORPTION SCREENING TESTS 

Gas Up-Take* 

X g-mole H2S/g Sorbent 
I; 

Run Sorbent 10 rnin 30 rnin 60 rnin 90 min 120 rnin Note 

106 3002 1.437 1.927 2.344 2.938 Amount o f  sorbent  
used 1.16 g - 

107 3002 0.991 1.238 1.370 
(80 min) 

108 3002 0.904 1.175 1.320 Repeat o f  Run 107 

Repeat o f  Run 106, 
except 5.04 g 
sorbent was used 

109 3002 0.988 1.254 1.379 1.444 1.461 Repeat o f  Run 108 
110 3002 1.031 1.268 1.382 1.422 1.439 Repeat o f  Run 109 
111 2902 0.965 1.089 1.327 1.195 1.275 Cu, Zn, and C r  Oxides 
112 2902 0.972 1 . l o 4  1.244 1.336 1.353 Repeat o f  Run 11 1 

Regenerated sorbent 
o f  Run 109 

113 3002-R 0.222 0.273 0.315 

114 3002-R 0.210 0.249 0.285 Regenerated sorbent 
o f  Run 110 

115 2902-R 0.230 0.270 0.309 Regenerated, sorbent 
o f  Run 111 

0.365 1 ,179 1.352 1.420 1.440 I Precondi t ioned a t  
750°C ove rn igh t  

116 3002 

117 2902-R 0.231 0.304 0.375 

118 3002 0.190 0.318 0.383 

I 

Regenerated sorbent 
o f  Run 112 
t recond i  t i o n e d  a t  
900°C overn igh t  

I1 

I 

119 Formula I 0.355 0.386 0.408 01, and Zn oxides 

121 3002 0.284 0.967 1.267 1.334 Flrecondi t i oned  a t  

122 3012 1.097 1.253 C a t a l y s t  f o r  methanol 

'I 

800°C ove rn igh t  
11 

I1 (70 rnin) 

* synthes is  
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Run 
123 

124 

125 

126 
128 

129 

- 

130 

131 

133 

135 

136 

137 

138 

139 

140 

141 
142 

143 

Gas Up-Take* 
X g-mole H2S/g Sorbent 

3002 1.182 1.365 1.400 1.400 Repeat o f  Run 122 

Formula II-a 0.835 0.929 0.969 0.983 A1 , Z n ,  and C u  

Formula II-b 1.082 1.177 1.215 1.233 1.244 A l ,  Zn,  and Cu 

Formula I11 0.583 0.669 0.783 0.885 A l ,  and Fe oxides 

Sorbent 10 m i n  30 m i n  60 m i n  90 m i n  120 m i n  Note 

oxides 

oxides 

Regenerated sorbent 
of Run 122 

301 2-R 0.470 0.553 0.587 

3002-R 

. , -  

3302-R 

0.160 0.191, 
(20 
rnin)  

0.107 

Regenerated sorbent 
o f  Run 121 

Regenerated sorbent 
o f  Run 116 

0.343 0.418 ZnO from Harshaw 

0.265 0.293 Preconditioned a t  

3001 1 

301 2 
800°C overnight . (25 

m i n )  
1.182 1.275 1.283 

(55 
0601 

m i n )  
Formula II-a 0.429 0.475 

Formula II-b 0.358 0.431 

301 2-R 0.284 0.367 

Formula III-R-1 0.551 0.630 0.853 1.122 

Activated carbon 
,, ! 

Regenerated sorbent 
of Run 124 
Regenerated sorbent 
o f  Run 125 
Regenerated sorbent 
o f  Run 128 
Regenerated sorbent ' 
of Run 126 

Formula III-R-2 0.530 0.601 0.755 0.973 1.159 Regenerated sorbent 

Formula I11 0.661 0.775 0.920 1.069 1.212 Repeat o f  Run 126 
Formula III-R-3 0.493 0.574 0.743 0.943 Regenerated sorbent 

0601 1.283 1.379 1.400 1.400 Repeat of Run 135 

o f  Run 139 

o f  Run 140 
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Gas Up-Take* 

X g-mole H2S/g Sorbent 

Sorbent 10 min 30 min 60 min 90 rnin 120 rnin'  Note 
301 2 1.006 1.104 1.118 1.118 Repeat o f  Run 122 

Run 

144 
e 

145 Formula I I I - R  0.659 0.701 0.727 0.727 Regenerated sorbent 

301 1 0.353 '0.420 0.482 0.526 Repeat o f  Run 131 

o f  Run 141 
'i 147 

Formula I I I - R  

301 2 

0.662 

0.288 

1.249 

0.734 1.017 1.344 1.474 Regenerated sorbent 
o f  Run 145 

Regenerated sorbent 
o f  Run 144 
Vacuum d r i e d  and 
regenerated sorbent 
o f  Run 143 

Second batch o f  
Formula I11 

Precondi t ioned a t  
800°C ove rn igh t  

m ix tu re  
A1 203 c a t a l y s t  support  

1.269 Zn, A1 , and Fe oxides 

148 

149 0.395 0.467 0.504 

1.380 1.380 150 0601 1.366 

151 Formula I11 

301 1 

0.536 

0.207 

0.602 

0.608 0.647. 0.676 

0.227 152 

153 

154 

Formula I V  0.839 1.006 1.150 '  

1311 0.248 0.251 
(29 
min) 
0.648 Regenerated I sorbent 

o f  Run 148 
155 Formul a I I I - R  

Formula V 

0.633 0.767 0.942 

0.668 156 0.607 0.637 A I  O3 impregnated 
w i f h  Fe2(S04)3 

157 Formula V I  0.389 0.427 41 O3 impregnated 
d i ? h  Jj Zn(N03)2 

1.233 Regenerated sorbent 
o f  Run 153 
{I 
begenerated sorbent o f  
Fun 151, a second batch 
of Formula I11 

1.417 Fresh sorbent was 
baked a t  100°C 
ove rn igh t  

Regenerated sorbent 
o f  Run 161 

I 

1.436 Same as Run 160 

158 Formula I V - R  0.716 

0.460 

0.857 

0.478 

1.035 - 

159 Formula I11 0.597 0.638 
(101 
min) 

(80 
m i  n )  

1.205 1.327 

1.258 1.382 
0.829 0.917 

,. 

160 Formula I V  0.841 1.072 

Formula I V  

Formula I V - R  

0.814 
0.600 

1.036 

0.71 0 
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Run Sorbent 
163 Formula IV-R 
- 

164 Formula IV 
165 ..Formula IV 
166 Formula IV-R 

.167 Formula I11 

168 Formula IV 
169 Formula IV-R 

170 Formula VII-a 

171 Formula VII-b 

172 Formula IV-R 

173 Formula IV-R 

174 Formula IV 

175 Formula IV-R 

176 Formula IV 
177 Formula VI11 

178 Formula VI11 
179 Formula IX 

181 Formula XI 

Gas Up-Take* 
X g-mole H i S / g  Sorbent 

10 rnin 30 m i n  60 m i n  90 m i n  120 m i n  
0.680 (3.324 0.973 '1.092 

0.909 1.127 1.345 1.433 1.452 
0.641 0.861 1.124 1.322 1.409 
0.603 0.736 0.869 0.966 

0.466 0.541 0.597 0.631 

0.635 0.825 1.071 1.237 1.331 
0.561 0.671 0.810 0.936 

(100 
m i  n) 

(70 (100 
min). 9 min) 

0.508 0.569 0.633 0.665 

0.469 0.520 

0.728 0.781 0.925 1.117 1.222 

0.547 0.728 0.901 1.028 1.130 

0.772 0.927 1.145 1.322 1.443 

0.734 0.829 0.928 1.031 1.072 
(100 
m i  n) 

0.810 C.950 1.134 1.285 1.403 
0.433 0.508 0.557 

Note 
Regenerated sorbent 
o f  Run 160 
Same as  R u n  160 
In a H2S-N2 atmosnhere 
Regenerated sorbent 
o f  R u n  158 
Regenerated sorbent 
of R u n  159 
Rrlloeat o f  Run  165 
Regenerated sorberit ' 

o f  Run 166 

A l ,  Z n ,  Fe, and Cr 
oxides mixture i n  
powder form 
A1 , Z n ,  Fe, and Cr 
oxides m i  xture 
extrusion 
Regenerated sorbent , 

o f  Run 164 
Regenerated sorbent 
o f  Run 169 
Gas circulat ion r a t e  
doubled 
Regenerated sorbent 
of Run 172  

Repeat o f  Run 174 
A1 , Z n ,  Fe, and Mn 
oxides mixture 

0.427 0.486 0.524 Repeat of Run 177 
0.513 0.599 0.682 0.741 1.335 A l ,  Zn and Fe 

(240 
m i  n) 

oxides w i t h  cel i t e  

0.468 0.714 1.001 1.158 1.261 A l ,  Zn, Fe++, and 
Fe"' oxides mixture 
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- Run Sorbent 
:182 Formula X I  

183 Formula XI-R 

184 ' Formul'a X-R 

185 Formula X-R 

186 Formula X I - R  

187 3002 

188 3012 

190 3012-R 

191 Formula X-R 

192 Formula XI 

.193 3002 

194 3002-R 

195 Formula XI 

196 Formula X-R 

199 Formula XI-R 

202 Formula XI-R 

217 Formula X 

Gas Up-Take* 
X lo-?, g-mol e H2S/g Sorbent 

10 min  30 m i n  60 m i n  90 m i n  120  m i n  Note 
0.800 1.236 1.435 Al, Zn and Fe 

0.444 0.722 0.987 1.145 1.263 Regenerated sorbent 

0.712 1.064 1.408 1.472 Y Regenerated sorbent 

++t 

oxides m i  xture 

o f  Run 181 ' 

(80 o f  Run 182 
m i n )  

0.637 1.034 1.398 0.765 Regenerated sorbent 
(175 o f  Run  184 
m i  n) 

0.433 0.656 0.907 1.083 Regenerated sorbent 

1.317 1.405 Repeat o f  Run 106 
o f  Run 183 

1.347 1.409 1.414 
(40 
m i  n) 

0.397 0.447 Regenerated sorbent 
o f  Run 188 

0.585 1.228 1.460 Regenerated sorbent 

0.392 0.632 0.879 1.043 1.168 Regenerated sorbent 

1,430 1.481 1.494 Repeat o f  Run  187 

0.191 0.277 0.361 ,Regenerated sorbent 

0.499 0.833 1.098 1.236 1.338 Repeat o f  Run 181 

o f  Run 185 

o f  Run 186 .  

' o f  Run 193 

(135 
m i n )  ~ 

/ I 

0.629 0.884 1.257 1.424 ' Regenerated sorbent 

0.459 0.908 1.068 1.181 :Regenerated sorbent 

0.457 0.669 0.866 1.034 1.271 IRegenerated sorbent 

iof  Run 191 

\ o f  R u n  195 
I/ 

(1 50 'of Run 199 
rnin) 

0.730 0.842 0.962 1.180 1.470 5 hr calcination 
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Run 
218 
21 9 
223 
224 
225 
226 

- 

227 

228 

229 

232 I 

233 

234 

235 

2 36 
237 

Gas Up-Take* 
X g-mole H2S/g Sorbent 

Sorbent 10 rnin 30 m i n  60 m i n  90 m i n  120 rnin 
Formula X 0.730 0.899 1.430 1.530 1.530 7 hr calcination 

Note 

Formula X 0.759 0.914 1.350 1.750 1.780 12 hr calcination .. 

Formula X 0.489 0.765 1.080 1.280 1.435 24 hr calcination 
' Formula X (3.535 0.702 1.020 40 hr calcination 

Formula X 0.664 0.915 1.410 1.530 1.530 14 hr calcination 
0091 
. .  

1.365 1.436 1.442 
(20 (48 
min) min) 

Rohm & Haas polymeric 
sorbent 

0091 -R 1.339 1.408 1.419 
(20 (35 
m i n )  rnin) 

Steam regenerated 
sorbent o f  Run 226 

1.434 1.495 Repeat o f  Run 226 009 1 

Steam regenerated 
sorbent o f  large 
sca l e  exp. 

0091 -R 1.405 1.486 
(20 
m i  n) 

Formula X V  1.394 1.538 Fe2N powder 

2682 1.323 1.552 Iron oxide, the 
raw material of 
Formula X V  

B i  guani de 0.212 0.324 0.556 0.878 Organic compound 
(25 w i t h  high bas ic i ty  

, rnin) 
Formula X V I  '1.310 1.390 

. -  

B i  guani de impregnated 
on activated carbon 

Formula X V I  1.29 1.370 , Repeat o f  Run 235 
1.44 1.51 Activated carbon 

used i n  Formula X V I  

* Unless otherwise noted, nominal amount o f  sorbent used fo r  gas up-take tes t  
was 5 g. 
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APPENDIX V I  

SUMMARY OF LABORATORY SCALE GAS SORPTION TESTS U S I N G  SIMULATED GEOTHERMAL STEAM 

Bed Noncondens- H2S 
Purpose He igh t  a b l e  Gases conc. Breakthrough 

I n i t i a l  t e s t  o f  10 i n .  H2S, N2 160 ppm 37 min 
s i m u l a t e d  geo- 
thermal steam 

Sorbent  Amount 

3002 150 g e 

Note 

The system worked w e l l .  The 
sorbent  removed H2S f rom t h e  
s imu la ted  geothermal steam. 

Run 1 

3002 75 9 
2621 192 g 

Run 2 

Run 3 
Repeat o f  Run 1 5 i n .  HzS, N2 87 ppm 29 min 

New sorbent  16 i n .  H2S, N2 190 ppm instantaneous 
e v a l u a t i o n  

. .  
Run 4 3051 200 g E v a l u a t i o n  o f  13 i n .  

new sorbent  
H2S, N2 241 ppm 6 min The sorbent  d i d  n o t  have t h e  

c a p a c i t y  o f  removing H2S f rom 
steam. 

This  sorbent  was good i n  a d r y  
t e s t ,  b u t  f a i l e d  t o  remove 
H2S f rom s imu la ted  geothermal 
steam. 

By i n c r e a s i n g ’ t h e  amount o f  
sorbent  charged, breakthrough 
occur red  l a t e r .  Steam r a t e  
may be t o o  h igh .  

Th is  sorbent  i s  no good i n  
‘geothermal steam cond i t ions .  

By l o w e r i n g  t h e  steam r a t e  ( o r  
space v e l o c i t y )  breakthrough 
occur red  l a t e r .  

Sorbent d i d  n o t  r e a c t  w i t h  
H2S even a t  t h e  lower  steam 
r a t e .  

Ran o u t  o f  HpS a t  t h e  midd le  
o f  t h i s  run.  

The exper iment  was stopped 
and r e s t a r t e d  a t  11.6 h r  and 
19.3 h r .  The f i n a l  H2S con- 
c e n t r a t i o n  i n  t h e  o u t l e t  gas 
was 161 ppm. The space v e l o c i t y  
was 1.65/sec. About 23% o f  
a v a i l a b l e  ZnO was conver ted t o  
ZnS. 

Run 5 0087 E v a l u a t i o n  o f  
new sorbent  

Formula I V  122 g E v a l u a t i o n  o f  
(see Appendix new sorbent  
I V  1 

14.6 i n .  HZS, N2 170 ppm instantaneous 

H2S, N2 . 304 ppm 20 min ..=: Run 6 
c-( 

about  
12 i n .  I 

-I 
_ .  

Run 7 3002 200 g Repeat Run 1 
Inc rease amount 
o f  sorbent  
charged 

15 i n .  H2S, N2 239 ppm 80 min 

Run 8 2621 160 g Repeat Run 3 

3002 200 g Reduce steam 
. 

r a t e  t o  h a l f  o f  

Run 1 
_ _ _  _= ~ - - - ~ - - ~ ~ ~ - ~  Run 8 and repeat  

~~~~~~ 

13.3 i n .  

15 i n .  

154 ppm instantaneous H2S3 N2 (< 

Run 9 H2S9 N2 226 ppm 12.5 h r  

Run 10 2621 168 g Repeat Run 8 
u s i n g  lower  
steam r a t e  

13.5 i i n .  H2S, N2  273 ppm instantaneous 

Run 11 

Run 12 

3021 187 g E v a l u a t i o n  o f  
new sorbent  

14.5 i n .  

3021 174 g Repeat Run 11 17.7 i n .  

. .  



Sorbent  Amount 

Run 13 0086 100 g 
A1 umi na 
50 9 

Run 14 3012 200 g 

Run 15 3012 240 g 

Run 16 4201 160 g 

C 
1. 
N 
H 

I .  

Run 17 2901 183 g 

Run 18 2602 176 g 

Run 1 9  0601 107 g 

Run 20 0083 200 g 

Run 21 2601 200 g 

Purpose 

Sorbent  
e v a l u a t i o n  

New s o r b e n t  
e v a l u a t i o n  

Repeat Run 14 
u s i n g  s m a l l e r  
p a r t i c l e s  

New sorbent  
e v a l u a t i o n  

New sorbent  
e v a l  u a t i  on 

New sorbent  
e v a l  ua t i on 

New s o r b e n t  
e v a l u a t i o n  

New s o r b e n t  
e v a l u a t i o n  

New s o r b e n t  
e v a l u a t i o n  

Bed 
Hei q h t  

8.5 in .  

11.2 i n .  

13.2 i n .  

14 i n .  

13 i n .  

N o t  de- 
te rmi  ned 

17.5 i n .  

18 i n .  

12.4 i n .  

APPENDIX VI. ( con t d )  

H2S 
conc. Breakthrough 

240 ppm instantaneous 

200 ppm instantaneous 

268.8 instantaneous 
P Pm 

282 ppm l e s s  than 
5 min 

234 ppm instantaneous 

228 ppm instantaneous 

about  instantaneous 
200 ppm 

200 ppm ins tan taneous 

200 ppm 

NntP 

P a r t i c l e  s i z e  o f  sorbent  i s  
smal l ;  a lumina (3/,16 in .  e x t r u -  
s i o n )  was added. 

T h i s  sorbent  i s  a methanol syn thes is  
c a t a l y s t .  I t  reac ted  w i t h  H2S 
i n  a dry t e s t  b u t  f a i l e d  t o  
remove H2S f rom s imu la ted  geo- 
thermal steam. 

The sorbent  was n o t  a c t i v e  i n  a 
steam sys tem. 

Th is  sorbent  r e a c t s  w i t h  H2S 
i n  a d r y  system; however, 
t h e  c a p a c i t y  o f  t h e  sorbent  i s  
low. Wi th  s imu la ted  geothermal 
steam o n l y  a very  smal l  percent  
o f  sorbent  reac ted  w i t h  H2S 
( i n d i c a t e d  by c o l o r  change o f  
t h e  s o r b e n t ) .  

T h i s  c a t a l y s t  i s  a combinat ion 
o f  copper and z i n c  ox ide .  I n  
t h e  presence o f  a l a r g e  amount 
o f  geothermal steam t h i s  sor -  
bent  f a i l e d  t o  r e a c t  w i t h  H2S. 

Th is  sorbent  c o n s i s t s  o f  i r o n  
ox ide ,  which r e a c t s  w i t h  H2S i n  
a d r y  system. This  sorbent  was 
i nac t i  ve. 

A c t i v a t e d  carbon i s  very  a c t i v e  
i n  t h e  d r y  system b u t  n o t  i n  t h e  
steam sys tern. 

Gas sampling l i n e  was p lugged.  
Some chemicals i n  t h e  sorbent  
( K2C03?) leached ou t .  . 



APPENDIX VI. (contd)  

< 
I w .  
H 

, -. 

Sorbent  Amount 

Run 22 2601 200 g 

Run 23 Zn0 bound w i t h  200 g 
g lass  f r i t ,  a 
1 abora tory  p re-  
pared sorbent  

Run 24 3022 176 g 

Run,25 2621 200 g 

Run 26 1461 200 g 

Run 27 2702 100 g 

Run 28 0081 

Bed Noncondens- H2S 
Purpose H e i g h t  a b l e  Gases conc. Breakthrough 

Repeat Run 20 12.4 i n .  H2S, N2 111 ppm ins tan taneous 

To check t h e  11.3 i n .  H2S, N2 about  instantaneous 
r e a c t i v i t y  o f  200 ppm 
ZnO + g l a s s  
fr it sorbent  

New sorbent  16.8 i n .  H2S, N2 
e v a l u a t i o n  

New sorbent  Not  de- H2S. N2 
eva 1 u a t i  on t e r m i  ned 

New sorbent  11 i n .  HZS, N2 
e v a l u a t i o n  

New sorbent  . 15.8 i n .  H2S, N2 
e v a l u a t i o n  

about  
200 pprn 

about  
200 ppm 

about  
200 ppm 
about  
200 ppm 

5 min 

instantaneous 

Less than 
5 min 

Less than 
3 min 

100 g New sorbent  11 i n .  
e v a l u a t i o n  

H2S9 N2 200 ppm instantaneous 

Run 29 2681 . New sorbent  Not  de- H2S, N2 200 ppm Less than 
e v a l u a t i o n  te rmined 7 min 

-. 

Less than Run 30 2601 175 g I t  was found i n  12.2 i n .  
Run 22 t h a t  20 min 
K2CO3 was leach-  
ed o u t  f rom s o r -  
bent  p e l l e t s .  I n  
t h i s  run  K2C03 
was purpose ly  
removed f rom the  
sorbent  t o  see 
the  a c t i v i t y  o f  
i r o n  ox ide .  

Note 

ZnO powder was p e l l e t i z e d  w i t h  
g lass  f r i t  and f i r e d  a t  750°C. 
The sorbent  so prepared has low 
a c t i v i t y  toward H2S. Low sur -  
face area and fo rmat ion  o f  Zn- 
s i l i c a t e  migh t  be t h e  problem. 

Sorbent d i d  n o t  have good 
a c t  i .v i  ty . 

A f t e r  15 min o f  run, 20 m l  o f  
H20 was added and' t h e  exper iment  
was r e s t a r t e d .  There was no 
s i g n i f i c a n t  change i n  H2S removal 
c a p a c i t y  b y  adding water  t o  the  
system. 

Redwood ch ips  w i t h  i r o n  ox ide  a r e  
used t y p i c a l l y  i n  removing H2S 
f rom synthes is  gas. 

This  run  was b e t t e r  than Run 22, 
b u t  t h e  breakthrough s t i l l  
occur red  t o o  e a r l y .  



APPENDIX V I .  (contd)  

Sorbent  Amount Purpose 

Run 31 Formula I V  76.4 g New s o r b e n t  
w i t h  f r i t  e v a l u a t i o n  

Run 32 4210 

Run 34 3021 

100 g New sorbent  . 

100 g To per fo rm a 

eva l  ua t i  on 

s e r i e s  o f  sorp- 
ti on-regenera- 
t i ons . 

Run 35 3021-R 100 g To s t u d y  the  
e f f e c t  o f  

. r e g e n e r a t i n g  
c o n d i t i o n s  

Run 36 3021-R 92 g To s tudy  t h e  

r e g e n e r a t i n g  
. e f f e c t  o f  

5 c o n d i t i o n s  I 
P 

Run.37 3021 

Run 38 3081 

100 g To s tudy  t h e  
e f f e c t  o f  
r e g e n e r a t i n g  
c o n d i t i o n s  

100 g New sorbent  
e v a l u a t i o n  

Run 39 3021-R 100 g To s tudy  the  
e f f e c t  o f  
r e g e n e r a t i n g  
c o n d i t i o n s .  
Repeat o f  Run 
37. 

, . Run 40 3021 100 g Repeat o f  Run 
34, except  a 
superheated 
steam was used 

Run 42 3021-R 100 g To s tudy  the  
e f f e c t  o f  
r e g e n e r a t i n g  
c o n d i t i o n s  

Bed Noncondens- H2S 
H e i q h t  a b l e  Gases conc. Breakthrough Note 

Not  de- H2S. N2 about Less than 
te rmi  ned 200 ppm 7 min 
11 i n .  H2S, N2 about  ins tan taneous 

6.9 i n .  H2S1 N2 199 ppm 55 min A f r e s h  sorbent  was used fo r  a 

200 ppm 

s e r i e s  o f  s o r p t i o n  r e g e n e r a t i o n  
c y c l e s .  

6.9 i n .  H2S, N2 about  Less than 'The sorb'ent was f i r s t  s a t u r a t e d  
200 ppm 10 min w i t h  H2S and then regenerated 

w i t h  a i r  a t  780°C. The H2S 
s o r p t i o n  c a p a c i t y  decreased 
d r a s t i  c a l l  y . 

500°C. The H2S conc.of i n l e t  
gas was unusua l ly  high. The 
exper iment  was te rmina ted  r i g h t  
a f t e r  t he  breakthrough was 
detected. 

6.9 i n .  HzS, N2 221 ppm 30 min The sorbent  was regenerated a t  
760°C. Steam used f o r  t h i s  
exper iment  was s l i g h t l y  super- 
heated (176"C, 100 p s i g ) .  Th is  
i s  cons idered a bad run. 

6.5 i n .  H2S, N2 302 ppm instantaneous The sorbent  was regenerated a t  

8.8 i n .  H2S, N2 157 ppm 41 min 

Temperature c o n t r o l l e r  o f  G.C 
was broken. Experiment was 
t e rm i  nated. 

6.9 i n .  H2S, N2 150 ppm 

Th is  run  l a s t e d  longer  than 
Run 34. 

6.9 i n .  H2S, N2 200 ppm 105 min 

6.9 i n .  H2S, N2 180 ppm - 32 min Sorbent was regenerated a t  3OO'C 
w i t h  a i r .  



APPENDIX VI. (con td)  

Bed Noncondens- H2S 
Sorbent  Amount Purpose H e i g h t  a b l e  Gases conc. Breakthrough Note 

Run 43 2701 100 g New sorbent  A bad run. 
e v a l u a t i o n  

100 g New sorbent  T h i s  sorbent  d i d  n o t  work i n  
e v a l u a t i o n  steam sys tem. 

Run 46 0091 
~ 

100 g To s tudy  t h e  6.9 i n .  
e f f e c t  o f  
regenera t ing  
condi  t i ons 

= ~ - -  e v a l u a t i o n  
100 g New sorbent  11.3 i n  

Run 47 0091 5 
I 

Run 48 0091 

Run 49 90'31 

100 g Repeat Run 46 11.3 i n .  

72 g To check the  9 .8  i n .  
a c t i v i t y  o f  
regenerated 
sorbent .  

72 g . To check t h e  9 .8  
a c t i v i t y  of 
regenerated 

_ -  . _  - sorbent., 

i n .  

. ,  

H2S, N2 205 ppm 6 min 

H2S. N2 High H Sconc.  
was de fec ted  
a t  t h e  very 
beg inn ing  o f  
t h e  t e s t .  

H2S, N2  178 ppm 47 min 

H2S, N2 144 ppm 32 min 

H2S, N2 227 ppm W i t h i n  
3 min 

The sorbent  was regenerated a t  
500°C w i t h  10% O2 and 90% N2. .  

P r e c o n d i t i o n i n g  o f  t h e  sorbent  
was requ i red .  T h i s  was done 
by pass ing  superheated steam 
through t h e  bed. 

A f t e r  p r e c o n d i t i o n i n g  t h e  ' 
sorbent  worked b e t t e r .  

A f t e r  2.5 h r ,  t h e  regenera t ion  
o f  sorbent  was s t a r t e d ;  t h i s  
was done by pass ing  superheated 
steam (145 p s i g ,  390°C) through 
t h e  sorbent .  Most o f  absorbed 
H2S came o f f  w i t h i n  20 min of  
regenera t ion .  White m i  1 ky 
m a t e r i a l  was observed i n  t h e  
steam condensate. 

The sorbent  was regenerated . 
r i g h t  a f t e r  Run 48; however, 
much H2S was de tec ted  before.  
t h i s  run.  l h e  sorbent ,  t h e r e -  
f o r e ,  was r e c o n d i t i o n e d  again 
j u s t  b e f o r e  Run 49. Break- 
through came e a r l y .  Reason 
i s  unknown. A f t e r  t h i s  
exper iment  sorbent  was regen- 
e r a t e d  again a t  150 p s i g  and 
300°C. H2S came o u t  w i t h i n  
28 min o f  regenera t ion .  



APPEND1 X VI. (contd) 

Sorbent  h u n t  Purpose 

a c t i v i t y  o f  
regenera ted  
sorbent.  

Run 53 0091 100 g To check t h e  

Run 58 0091 

.= Run 59 0091 
H 

I 
Q, 

Run 60 0091 

Run 61 0091 

Run 62 0091-R 

85 g To s tudy  t h e  
a c t i v i t y  o f  
regenera ted  
sorbent .  

85 g To s tudy  the  
a c t i v i t y  o f  
regenera ted  
sorbent .  

85 g Same as 
p r e v i o u s  Run 

61 g To check t h e  
a c t i v i t y  o f  t he  
water-washed 
sorbent .  

65 g To s t u d y  the  
a c t i v i t y  o f  
regenera ted  

Bed Noncondens- H2S 
H e i g h t  a b l e  Gases conc. Breakthrough 

11.3 i n .  H2S,  N2 209 ppm W i t h i n  
15 min 

9.5 i n .  H2S, N2 115 ppm 3.5 h r  

9.5 i n .  H2S, N 2  238 ppm Less than 
30 min 

9.5 i n .  H2S9 N2 232 ppm 1.9 h r  

224 ppm About 7.8 i n .  H2S, N2 
40 min 

7.5 i n .  H2S, N 2  211 ppm About 
. 27 min 

Note 

Breakthrough took p l a c e  q u i t e  
e a r l y .  The H2S-loaded sorbent  
was regenerated a t  33OoC, 100 
ps ig .  
40 min o f  regenera t ion .  

Th is  run  l a s t e d  l o n g e r  than 
usual .  Sampling l i n e  was plugged 
by f o r e i g n  m a t e r i a l .  The H2S 
conc. i n  o u t l e t  o f  column might  
n o t  be accura te .  Regeneration 
was done i m n e d i a t e l y  a f t e r  the  run 
u s i n g  steam a t  365"C, 100 ps ig .  
I t  took about  100 min t o  f i n i s h  
the  regenera t ion .  A second peak 
was n o t i c e d  on gas chromatogram. 
The second peak cou ld  be $02. 
Steam o f  365"C, 100 p s i g  was 
used f o r  regenera t ion .  A 
second peak, l a t e r  i d e n t i f i e d  
as SO2, was a l s o  de tec ted  as 
i n  the  prev ious  run. Regener- 
a t i o n  took  about 40 min and 
steam r a t e  was es t imated as 
74 ml/min. Too much steam was 
used f o r  regenera t ion .  

Water r a t e  was 99 ml/min d u r i n g  
t h e  s o r p t i o n  run. Resin beads 
had been blown o u t  o f  r e a c t o r  
a f t e r  t he  run  i n  an a t tempt  t o  
wash the  r e s i n  w i t h  water.  The 
r e s i n  was c o l l e c t e d ,  washed w i t h  
water  and d r i e d  i n  an oven 
purged w i t h  N2.  

The water-washed sorbent  showed 
no l o s s  o f  a c t i v i t y .  Regenera- 
t i o n  by washing w i t h  water  could  
be the  way o f  e f f e c t i v e  
regenera t ion .  

Regeneration o f  spent sorbent  
was done by steam a t  340°C a n d  
100 ps ig ;  i t  took about 40 m i n .  

Most H2S came o f f  w i t h i n  



Sorbent Amount Purpose 

ac t iv i ty  of 
regenerated 
sorbent. 

Run 63 0091-R 65 g To.study the 

Run 64 0091-R 65 g To check the 
ac t iv i ty  o f  
regenerated 
sorbent. 

APPENDIX V I .  (contd) 

Bed Noncondens- H2S 
Height able Gases conc. Breakthrough 

7.5 in .  H2S, N 2  219 PPm About 
30 min 

Note 
Water ra te  was 88 ml/min during 
the sorption r u n .  Steam (340°C, 
100 psig) was used for  regenera- 
t ion;  the process took about 
40 min. The water ra te  was 
94 ml/min during regeneration. 
The amount o f  steam used for 
regeneration i s  larger  t h a n  steam 
scrubbed. 
The i 2 S  conc. in i n l e t  stream was 
lower t h a n  usual, which might 
explain the longer r u n .  Water I 

ra te  during the sorption cycle 
was 100.7 ml/min. 
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