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SUMMARY 

A program of laboratory and pilot plant tests, detailed process and' 
project engineering work, and process .engineering and economic evaluation 
studies has been carried out in support of the design of a test facility 
for demonstration of the copper sulfate process for the removal o'f hydrogen '. 
sulfide from geothermal steam at turbine upstream conditions. 

A demonstration plant has been designed which 2s capable of removing 
99% of the H2S, 90% of the NH3, and significant amounts of H3B03 and par- . '  

ticulates from 100,000 lblhr of geothermal steam of The Geysers composition.. 
Criteria for the mechanical and process design of-the scrubber have'been 
cdnfirmed in field tests of fifty hours duration on an e~~ht-inch diameter 
scrubber at PG & E's Unit No. 7, The Geysers. Design criteria for'other 
items of equipment and for operations ancillary to scrubbi'ng are based on 
laboratory-scale tests on solids returned from the' 1000 lb/hr field tests 
or on solut,ions simulatfng those expected in the demonstration plant. . 

. . 

Austenitic stainless steels will be passivated by the' presence of 
1-2 g/R of copper at scrubber conditions if the acidity of-the scrub 
solution is limited to pH 2 1. Since C20Cb3 alloy maintains passivity . . .  

at'higher.acidities than T304 or ~316,' it has been specified A.s the . . .  

material of construction for the demonstration plant scrubber and its trim, 
insofar as possible. However, since all stainless steels are subject .to 
crevice corrosion, tit-anium has been specified as a back-up material. Type 
304 stainless is s'uieable 'for all uses: up to at least 125OC,' and.':compbsites 
of fiberglass reinforced vinyl esters are'suitable for use at temperatures . 

up to at least 50°C 'and for short term exposure up to 100%. 

The solids precipitated when geothermal steam is contacted with 
copper sulfate solutions at turbine upstream conditioris consist of' 
aggregates of fine particles of non-stoichiometr%c compounds with a com- 
position CunS, with n -1.6-1.9. Copper sulfate can be regenerated by 
pressure 'leaching under rather mild proces's cond'itions', e.g., .99% regenera- 

. 

tion can be obtained in 1-112 hours at 125OC under an oxygen partial pressure 
of 100 psi without the formation of elemental sulfur. An agitated pressure 
leach reactor has been specified for the :demonstration p,Sant, which will be 
suitable for use with either air or oxygen. In'addition, a slurry'surge 
tank will be-fitted with a gas-liquid contactor which will permi't a pre- 
leaching step.to be carried out at near ambient conditions if desired. 

As expected, the fine, non-stoichiometric solids also proved to be 
amenable to regeneration by roasting under relatively mild process conditions, 
e.g., 400°C, 10-15 min rksidence time. .The reaction products consist of basic 
copper.sulfate'salts which would be redissolved in hot acid prior to recycle. 
The feed material would require dewatering to at least 50% so1id.s to permit. 

. . autogenous roastTng. 
. . .  t .  . . 



The solid aggregates settle rapidly and filter easily, but low slurry 
and cake densities are obtained. Cake moisture contents low enough to per- 
mit autogenous roasting will require the use of centrifuges. For the lower 
slurry densities appropriate for regeneration by leaching, a continuous 
decanter is the most cost effective device and will be used in the demon- 
stration plant. Detiention times of two minutes and upflow velocities of 
30 ft/hr provide slurry densities up to 10% at overflow clarities of 100 
ppm. 

The scrubber specified for the demonstration plant will contain a 
single crossflow sieve tray since this style of contactor was shown to be 
least costly if high degrees of H2S removal are required. Spray or shower 
tray columns or venturi contactor should be operable, and if a single stage 
venturi can achieve high removal efficiencies, it would be a very attractive 
alternative to a sieve tray column. 

Whatever style of contactor is used, it will be necessary to control 
the acidity and copper content of the scrub solution to maintain both high 
degrees of H2S removal and the passivity of stainless steel. A Teledyne 
photometric analyzer has proved, in laboratory tests, to be an effective, 
stable device for measuring the copper concentrations of simulated purge 
sreams and will be used in the demonstration plant to control the flow rate 
of makeup copper sulfate to the scrubber. A Great Lakes pH analyzer with a 
suitable internal reference solution will be used to monitor the pH of the 
purge stream, which will be in the range 1 < pH< 2. 

The process and mechanical design criteria which were used to develop 
equipment specifications for -the demonstration plant and the equipment 
specifications and descriptions have been assembled in a draft process 
engineering specifications document. An overall objective for the operation 
of the demonstration plant will be to verify the assumed criteria or to 
provide data for modifying them. A draft test plan and operating instructions 
document has also been prepared which contains information required for plant 
operations and data reduction and analysis. These draft versions will be 
updated and finalized when equipment purchases are made and operating 
experience has accrued. 

A process engineering and economic evaluation of the process concept 
has been carried out for a commercial scale operation under The Geysers 
conditions. For a power plant consisting of two 55 MW turbine-generators, the 
system would consist of individual upstream scrubbers, with individual heat 
exchange and liquid-solid separation components. A common regeneration 
facility would service the two scrubbers.. Regeneration would involve a 
sequence of near-ambient air preleaching, oxygen pressure leaching, and a 
polish leaching step to purge insoluble solids from.the system. Soluble 
impurities would be removed following neutralization of the purge stream 

- with ammonia and decopperization by solid ion exchange. The system material 
balance has been solved, and the results summarized graphically so that 
impact of operating on steams of differing composition or flow rate can be 
determined easily. 



Equipment descriptions were developed for a 110 MW plant based on 
its material and energy balance and the design criteria used for the 
100,000 lb/hr demonstration plant. Factored capital and detailed operating 
cost estimateswere made, and a preliminary evaluation of the performance 
and costs of alternative abatement techniques was carried out. Fixed 
capital investment for a commercial plant capable of obtaining 99% H2S 
removal, including removal from steam that is vented during turbine 
trip-outs, are estimated to be about $50/kW. Direct operating costs are 
approximately 0,6 mills/kWh, and total operating costs, including capital 
recovery charges, are about 1.8 mills/kWh. These costs are significantly 
lower than for downstream abatement processes at comparable degrees of H2S 
removal, slnce the latter will have to be supplemented by a stand-by vent 
stream treatment process. 



I. ' INTRODUCTION 

This  r e p o r t  desc r ibes  work, c a r r i e d  out  f o r  t h e  United S t a t e s  Depart- 
ment of Energy under Contract  No. EY-76-C-02-2730. *000, on t h e  development 
of t h e  copper s u l f a t e  process  f o r  t h e  Control  of Hydrogen S u l f i d e  Emissions 
from Geothermal Power P l a n t s .  I n  t h i s  EIC-conceived process ,  hydrogen 
s u l f i d e  i s  scrubbed from t h e  raw geothermal steam upstream 05 t h e  turb ine-  
genera tor .  

The work, c o n s i s t i n g  of l abo ra to ry  and p i l o t  s c a l e  experiments and 
engineer ing  eva lua t ion  and design s t u d i e s ,  was c a r r i e d  ou t  i n  two phases.  
Phase I cons is ted  of l a b o r a t o r y  scrubbing t e s t s  t o  demonstrate t h e  f e a s i -  
b i l i t y  of t h e  process  concept and included,  i n  a d d i t i o n  t o  steam scrubbing,  
b r i e f  l i qu id - so l id  s epa ra t ion ,  r egene ra t ion ,  and co r ros ion  t e s t s  and a  
pre l iminary  engineering eva lua t ion  and c o s t  e s t ima te  f o r  a  commercial p l a n t .  
The r e s u l t s  of t h e  f i r s t  phase of t h e  program a r e  f u l l y  documented i n  t h e  
Annual S t a t u s  Report f o r  t h e  per iod  1 June 1975 t o  31 May 1976 under Contract  
No. E(11-1)-2730, and only  t h e  h i g h l i g h t s  of t h a t  e f f o r t  w i l l  be repea ted  
here .  

The r e s u l t s  of t h e  program were s u f f i c i e n t l y  promising t h a t  t h e  scope 
of t h e  work was expanded i n  o rde r  t o  develop t h e  des ign  of a  l a r g e ,  100,000 
l b / h r  demonstration f a c i l i t y  t o  be i n s t a l l e d  and opera ted  i n  t h e  f i e l d .  The 
f a c i l i t y  would con ta in  a l l  t h e  e s s e n t i a l  elements of a  complete process ,  
would o p e r a t e  i n  a  c losed  cyc le ,  and would provide a  demonstrat ion of t h e  
process  concept i n  s u f f i c i e n t - d e t a i l  t o  support  a  dec i s ion  wi th  r e s p e c t  t o  
commercialization. The r e s u l t s  of t h i s  second phase of t h e  program, inc luding  
a d d i t i o n a l  l abo ra to ry  work a t  EIC and p i l o t  t e s t i n g  a t  The Geysers,  a s  we l l  
a s  d e t a i l e d  process  and p r o j e c t  engineer ing  work, a r e  d e t a i l e d  i n  t h i s  r e p o r t .  

The r e p o r t  c o n s i s t s  of t h r e e  volumes: Volume I summarizes t h e  back- 
ground of t h e  problem and t h e  t e c h n i c a l  approach t o  i t s  s o l u t i o n ,  t h e  scope 
and r e s u l t s  of t h e  f i r s t - p h a s e  l a b o r a t o r y  t e s t i n g ,  t h e  scope and r e s u l t s  of 
t h e  experimental  and a n a l y t i c a l  s t u d i e s  c a r r i e d  o u t  i n  t h e  second phase, and 
a  d e s c r i p t i o n  of t h e  con f igu ra t ion  of t h e  demonstrat ion p l a n t  and t h e  t e s t  
p lan  f o r  i t s  opera t ion .  

Volume I1 presen t s  t h e  r e s u l t s ,  i n  d e t a i l ,  of t h e  l a b o r a t o r y  and p i l o t  
s c a l e l t e s t s  and of t h e  process  and p r o j e c t  engineer ing  work c a r r i e d  o u t  i n  
each t a s k  of t h e  second phase of t he  program. 

Volume I11 c o n s i s t s  of t h e  d e t a i l e d  tes t .  and ope ra t ing  i n s t r u c t i o n s  
f o r  t h e  demonstration p l a n t .  It a l s o  con ta ins  t h e  equipment s p e c i f i c a t i o n s  f o r  
t h e  demonstration p l a n t  and t h e  process  and mechanical des ign  c r i t e r i a  used i n  
t h e i r  s e l e c t i o n .  



11. BACKGROUND 

A. The Hydrogen Sulfide Removal Problem in Perspective 

The most common gaseous constituents of geothermal fluids are C02, 
H2S, CH4, Hz, and N2. Ammonia and boric acid are sometimes present. . 
Analyses vary from field to field, but there is also a large variation 
from well to well within a field, and for a particular well as fluid is 
withdrawn. In all cases, however, C02 is the major constituent of the 
noncondensable gases. Data for steam at The Geysers are given in Table I. 

Table I 

Gas 

Range of Concentrations of Noncondensable 
Gases in Steam at The Geysers 

(Concentration in parts per million) 

Total 

Low . High 

19,000 

1,600. 

1,320 

1,060 

638 

190' 

19 

Average 

3,260 

223 

194 

194 

5 2 

5 6 

10 

In absolute terms, the total daily discharge of H2S by a geothermal 
, power plant is appreciable. However, the H2S is dispersed and ultimately 

becomes oxidized, so that toxic levels of this gas are not encountered in the 
air in the vicinity of geothermal power plants. The legal emissions limits, 
where they are specified,.vary from 0.03 ppm (near the odor threshold) in 
California to the Federal OSHA standard of 10 ppm average (20 ppm max) for 
an 8-hour exposure. Compounding the effects of H2S emissions into the atmos- 
phere is its well-known corrosive behavior, which leads to problems with 



electrical and other gear. For example, H2S appears to be primarily respon- 
sible for greater than average corrosion of turbines. For these reasons, 
it is highly desirable, and is becoming legally obligatory, to control H2S 
emissions in the development of geothermal power. 

In any power generation mode operating directly on geothermal steam, 
whether dry steam as at Larderello and The Geysers or steam flashed from 
hot brine as at Wairakei and Cerro Prieto, the H2S content becomes distri- 
buted among three streams. Two of these streams (see Figure I), namely, 
the ejected noncondensible gases and the cooling tower evaporate, enter the 
atmosphere. At The Geysers, the third stream - the cooling tower blowdown - 
is reinjected into nonproducing wells. Because of the distribution of H2S 
among effluent streams, efficient scrubbing of the H2S discharged at the 
gas-ejector vents would remove only about one-third of the total H2S. More 
than one-half of the total H2S could still be emitted into the atmosphere 
from the mixture of condensate and cooling water as it passes through the 
cooling tower. 

If H2S is not removed from the steam prior to condensation, it must 
be removed from both vent gas and condensate streams. Processes for 
removing H2S from the vent gases, with its high C02 and Hz0 contents, differ 
only in degree from those applicable to H2S removal from the steam. While 
it is possible to remove H2S from the condensate, when barometric condensers 
are used,concentrations are low, due to dilution by cooling water, so that 
driving forces are low; reagent consumption is high; and liquid-solid 
separation problems are formidable. Furthermore, reagents used to promote 
H2S oxidation inher.ently cause corrosion in materials of construction used 
in normal cooling systems. Construction of the cooling loop with corrosion 
resistant materials is very costly, as is the substitution of surface for 
barometric condensers. 

Furthermore, a very significant contribution to the total H2S emission 
occurs during turbine down-time when raw steam is diverted to the atmosphere. 
A geothermal plant stream factor of 0.85, for example, generally means that 
the upper limit of H2S abatement by downstream removal is 85%. In sum, 
for effective control of H2S emissions, there are compelling reasons for 
scrubbing the geothermal steam in advance of the turbines. This is the 
approach that has been taken in our experimental work and that has formed 
the basis of our process engineering analyses. 

Current technologies for H2S removal from gas streams (for example, 
in coal gasification) are not generally applicable to geothermal plants. 
For example, the Claus Process, which has been.used industrially for many 
years, is only applicable to gas streams containing at least 20% H2S. Other 
methods (e.g., the Rectisol Process) cannot operate in steam since the active 
reagents are water soluble or have boiling points below 100'~. Solid absor- 
bents for H2S (e.g., calcium carbonate (as dolomite), calcium oxide, zinc 
oxide, and iron oxide cannot be used,either because of solubility or slow 
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Fig. 1. Simplified steam and condensate diagram for a geothermal power plant 
(after Finney). Fractions shown indicate the approximate distribution 
of H2S initially present in the steam. 



kinetics at operating temperatures. In short, existing techniques are not 
suitable for removing H2S from steam in .geothermal plants. 

B. Properties of H2S Significant for Emission Control 

The two most obvious properties of H2S that could be useful for its 
removal from geothermal steam are its relative ease of oxidation and its 
propensity to form sparingly soluble solids with many simple metal ions. 
Certain binary inorganic sulfides, those of copper and molybdenum, for 
example, are so sparingly soluble, that they cannot be dissolved by acid 
treatment alone, but require the action of an oxidizing agent in order to 
convert the sulfide sulfur to another form (usually, elemental sulfur or 
sulfate ion). H2S is also a weak acid and, consequently, H2S can be effi- 
ciently scrubbed from a gas stream by a strongly alkaline solution. Soluble 
bisulfide ion is formed in the process: 

, 

Although scrubbing with an alkaline solution is perhaps the simplest 
means of.scrubbing'H2S from the steam, the attendant absorption of C02, 
generally present in large excess over H2S, makes this a difficult approach. 
A brief catalog of relevant properties of noncondensible gases commonly 
found in geothermal steam is given in Table 11. Nitrogen, not listed, is 
essentially inert. 

Table I1 

Selected Chemical Properties of Noncondensible 
Gases Found in Geothermal.Steam 

Property Gas - 

Weak acid in aqueous solution C02, H2S, H BO (HB02 at higher temps.) 3 3 
Weak base in aqueous solution 

Susceptible to oxidation 
NH3 
H2S, Hz, (toward strong oxidants: 
CH4Y C2H6Y NH3) 

Formation of insoluble compounds H2S, C02 (not at low pH). 



C. Outline of EIC Approach 

The process under development by EIC Corporation is based on scrubbing 
H2S from geothermal steam with a solution of a metal salt, the cation of 
which yields a very sparingly soluble su1fid.e precipitate. Initial considera- 
tions indicated CuS04 to be the most suitable salt for .steam compositions 
having H2S present in.considerable excess over NH3. Where:.adequate NH3 can 
be absorbed from the steam to offset the pH drop (increase in acidity) 
attending the precipitation reaction, i.e., 

a metal salt producing a somewhat more'soluble sulfide can be employed. 

A simplified flow chart of the overall process is shown in Figure 2. 
In operation, the scrubbing liquor is a recirculatiing copper sulfate/sulfide 
slurry containing H2SO4 and (NH4)2S04. Carbon dioxide is not absorbed at the 
prevailing high solution temperature and low pH. The steady-state concen- 
trations of H2S04 and (NH4)2S04 in the recirculating slurry will. be determined 
by the steam composition and the-rates of absorption of NH3 and H2S, by the.' 
purge rate and by the pH.of the recycle CuSOq ,solution. Reagent ge&ratio'n, ' . 

leading'to removal of accumulated acid, sulfur and ammonLa from the system, 
is carried out by.treatment of the purge stream from the scrubber by either 
of twn modes: sulfation roasting or oxygen pressure leaching of the separated 
precipitate, together with removal or disposal of (NH4)2S04 from the purge 
liquor. As detailed below, conditions can be adjusted during oxidation of 
the precipitate, by either route, to compensate for variations in the H2S/NH3 

. . ratio in the steam. 

In summary, scrubbing of geothermal steam prior to expansion'or heat 
exchange for power generation is clearly the best and most direct strategy 

s for H2S emission control. hong potential scrubbing processes, removal and 
precipitation of H2S as copper sulfide is the preferred approach. ALl..of the ' 

process steps involve known chemistry and can be carried out with existing 
technology. As confirmed in the present laboratory and field development pro- 
gram, H2S removal can be rapid and quantitative; furthermore, the small loss 
of steam enthalpy during scrubbing appears to be acceptable and would be off- 
set by a small increase in system stream factor. The overall process economics 
appear to be favorable by comparison with proposed alternative control strategies. 
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Fig. 2.  CuSO process f o r  c o n t r o l  of  H S emiss ions .  4 2 



111. PROGRAM SCOPE 

A. General %onsiderations 

The commercialization of new technology, such as that being developed 
in the effort here reported, required detailed documentation of the criteria 
by which the commercial system is to be designed and operated. A set of 
process engineering specifications for a commercial system includes, typically, 
the following components. 

a Design requirements for the system (flow rates to be treated, 
compositions, required removal rates, etc.) 

a Material balance design bases (compositions of key streams, 
reagents, etc.) 

a Energy balance design bases (temperatures and states of key 
streams, thermodynamic properties, etc.) 

a Reference case material balance 

a Reference case energy balance 

a Process description (a sectionalization of the process describing 
the objectives and requirements for each processing operation 
within the integrated system) 

a Detailed equipment specifdcations and their design bases 
(mechanical and process descriptions for major items of 
equipment and the laboratory and the field test data which 
support the rating criteria used) 

e System control engineering 

a Safety aspects 

a Utilities requirements 

a System piping and instrumentation diagrams 

a Assembly drawings as required 

a Other information appropriate to specific installations. 

Such a set of process engineering specifications can be used as a 
basis for executing the detailed engineering required for construction of 
a unit at a given site. Sufficient data are available to make reasonable 
extrapolations in composition and removal requirements with certainty. 



Flow r a t e s  may be  ex t r apo la t ed  over  an o rde r  of magnitude w i th  reasonable  
confidence.  S u f f i c i e n t  in format ion  w i l l  be  a v a i l a b l e  on system o p e r a b i l i t y ,  
s o  t h a t  prudent des ign  f a c t o r s  may be e s t a b l i s h e d  t o  i n s u r e  h igh  s t ream 
f a c t o r s  and minimum downtime i n  a  commercial s y s t e m .  

The development of d e t a i l e d  process  des ign  s p e c i f i c a t i o n s  r e q u i r e s  
t h a t  d a t a  be  obtained on a  r e p r e s e n t a t i v e  system; t h i s  i m p l i e s  us ing  
equipment of a  s i z e  s u i t a b l e  f o r  ob t a in ing  reasonable  d a t a  and, a l s o ,  
us ing  working f l u i d s  which a r e  r e p r e s e n t a t i v e  of those  t o  be  encountered 
i n  commercial p r a c t i c e .  Furthermore, t e s t s  must be  run of s u f f i c i e n t  
d u r a t i o n  t o  provide information on e f f e c t s  which may occur  over  long pe r iods  
of t i m e ,  such a s  cor ros ion ,  f o u l i n g  o r  s c a l i n g  of equipment, bu i ld-up 'of  t r a c e  
i m p u r i t i e s  which may a f f e c t  r e a c t i o n  r a t e s ,  e t c .  It was t h e s e  requirements  
which d i c t a t e d  t h e  scope of t h i s  program. 

B. Demonstration P l a n t  Design Philosophy 

The copper s u l f a t e  process  f o r  removal of hydrogen s u l f i d e  from geother-  
mal steam c o n s i s t s  of t h r e e  e s s e n t i a l  s t e p s  ope ra t i ng  cont inuous ly  and i n  
series. They a r e :  

e Scrubbing, i .e . ,  con tac t ing  raw steam i n  a  s u i t a b l e  device  wi th  
a  copper s u l f a t e  s o l u t i o n  t o  p r e c i p i t a t e  copper s u l f i d e .  

a Liquid-sol id  s e p a r a t i o n ,  i .e . ,  s e p a r a t i n g  t h e  p r e c i p i t a t e d  s u l -  
f i d e s  from s o l u b l e  s u l f a t e  and o t h e r  s o l u b l e  s a l t s  scrubbed 
from t h e  steam. 

Regeneration of copper s u l f i d e  by ox ida t ion  i n  s l u r r y  form a t  
moderate temperatures ,  u s ing  a i r  o r  oxygen, o r  by r o a s t i n g  of 
t h e  s epa ra t ed  copper s u l f i d e  t o  s u l f a t e  a t  h ighe r  temperature .  

I n  a d d i t i o n ,  p rov i s ions  must be  made t o  purge s o l u b l e  and i n s o l u b l e  
i m p u r i t i e s  - from t h e  process  and t o  render  waste  s t reams s u i t a b l e  f o r  d i s p o s a l .  

I n  gene ra l ,  each of t h e  major process  s t e p s  (scrubbing,  l i q u i d - s o l i d  
s e p a r a t i o n ,  and r egene ra t i on )  would a p p r o p r i a t e l y  be t e s t e d  a t  d i f f e r e n t  
s c a l e s  of opera t ion .  For i n s t a n c e ,  v a l i d  in format ion  on l i q u i d / s o l i d  
s e p a r a t i o n  r a t e s  can be ob ta ined  on, r e l a t i v e l y  smal l  ba tches .  Proper ly  
done, f i l t e r - l e a f  tests wi th  0 . 1  sq.  f t .  u n i t s  can g ive  v a l i d  in format ion  
f o r  sca leup;  s e t t l i n g  r a t e s  can be  determined i n  l i t e r - c y l i n d e r  tests wi th  
s u f f i c i e n t  accuracy t o  s i z e  t h i ckene r s  and c l a r i f i e r s ;  c e n t r i f u g e s  can be 
designed from smal l ,  bench-scale t e s t s .  The v a l i d i t y  of a l l  l i q u i d - s o l i d  
s e p a r a t i o n  da t a ,  however, i s  cons t r a ined  by t h e  n a t u r e  of t h e  s o l i d s ;  i f  
t h e  t e s t  sample i s  n o t  r e p r e s e n t a t i v e  of m a t e r i a l  ob ta ined  i n  p r a c t i c e ,  
r e s u l t s  of small-scale  t e s t s  w i l l  be misleading.  

S imi l a r ly ,  v a l i d  k i n e t i c  d a t a  on t h e  aqueous phase ox ida t ion  of pre- 
c i p i t a t e d  s u l f i d e s  can be  ob ta ined  i n  smal l ,  i . e . ,  one- o r  two- l i t e r  s i z e ,  



reactors. Mass transfer data can be adequately scaled based on tests in 
reactors as small as 50 gal, provided attention is paid to the details of 
scaleup of agitators and tank baffling. Again, however, results in small 
scale equipment may be spurious if aging, for instance, altersthe nature 
of solids to be regenerated. 

In the present case, a trayed tower is the primary candidate for 
the contacting device. Proper scaleup of this type of equipment requires 
that the data be.obtained in a unit of a size such that wall effects do 
not dominate the observed mass transfer results. With, trayed internals, 
hydraulics can be simulated only if the relative flow rates and weir 
arrangements are scalable. This requires a unit of at least 3 ft in 
diameter. 

It should be noted that useful data on the behavior of some items 
of equipment and materials can be obtained by installing relatively small 
equipment at 'a test site where real steam is available. However, such 
data will be intrinsically limited since they will not be obtained in 
equipment of scalable design. In addition, no assessment of system 
reliability can be made from such tests. To 'assess system reliability, 
a large mass of steam must be passed through'the system, a correspondingly 
large amount of sulfide precipitated, and the precipitate regenerated to 
demonstrate that the system can be operated in a commercial environment 
at a sufficiently high stream factor and with low enough operating costs 
to be economically attractive. 

~nformation on materials of construction can be obtained from 
laboratory tests. However, design confidence in materials of construction 
found to be suitable in the laboratory can only be obtained from tests with 
real geothermal steams which are representative of those expected in commer- 
cial practice. Such field tests will also establish at least a reference 
case which may be used to validate future laboratory scale corrosion work 
with simulated steams of various composition. 

In summary, in order to verify the preliminary process engineering 
spdcifications produced in this program (Contract No. EY-76-C-02-2730*.000) it 
will be necessary to execute a test in a field test facility whose key ele- 
ments are of a size suitable for scaling with confidence'to full commercial 
size. Tests must be of sufficient duration to'confirm criteria proposed 
in the specifications and to yield a measure of process reliability and 
operabi1i.t~. Off-line test work must also be carried out with materials 
(e.g., precipitate) obtained in the field tests, for operations which will 
not be field tested, such as regeneration by roasting, liquidlsolid 
separation by centrifugation, or decopperization by solid ion exchange. 

C. Detailed Task Descriptions 

Included in the scope of this program, then, are all laboratorjr and 
pilot tests and analytical studies necessary .to develop preliminary design 
criteria for a commercial scale process, and the detailed process and project 



engineering required to design a demonstration plant whose operation would 
verify the assumed criteria or provide data to modify them. An 18-month 
program, consisting of 15 tasks, has been carried out to obtain the required 
information. The tasks were, in turn, grouped into three subprograms: a 
laboratory support program, process engineering studies, and process-project 
engineering work. A summary of the objectives of each task, the procedures 
used to obtain the required data, and the output of each task are summarized 
in Table 111. The program timing and milestones are depicted graphically in 
Figure 3. 

The objective of the laboratory support studies was to obtain 
mechanical and process design data needed for developing specifications 
for the demonstration plant. Preliminary evaluations had been carried 
out which indicated that the configuration of the demonstration plant, 
dictated in part by the scale of operation and in part by consideration of 
operating convenience, would not necessarily be the same as that for a com- 
mercial scale of operation. Thus, the objective of the process engineering 
studies was to obtain data for evaluating the technical and economic feasibility 
of steps or operations which would not be tested in the demonstration plant. 
Finally, the objectives of the engineering tasks were to carry out the detailed 
engineering in support of the design of the demonstration plant, develop the 
required test plan and operating instructions, a.~d carry out optimization and 
economic evaluation studies to characterize the process and major alternative 
process steps at a commercial scale of operation. 

Corrosion testing in the laboratory support studies was to be limited 
to austenitic stainless steels, since preliminary tests on these materials 
had been encouraging, and to scrubber conditions, which were felt to be the 
most severe which would be encountered in the process. Emphasis would be 
placed on coupon testing of plain, welded, stressed, and creviced specimens 
in solutions with a range of compos,ition which bracketed those expected in 
an integrated process. 

Leach-regeneration studies were to be carried out batchwise in small 
autoclaves under conditions in which gas phase mass transfer would not limit 
reaction rates. Reaction stoichiometries would be used to develop the overall 
process material balance, and the kinetic data would be used to fix process 
conditions as well as to develop specifications for the regeneration reactor 
volume and agitator power. 

The filtration studies, carried out with an 0.1 sq. ft. test leaf, 
would be used to obtain solid and liquid filtration rztes and cake densities 
in order to develop specifications for the filtration cycle, filter, area, 
and filter volume required for the demonstration plant. 

Some analytical technique development was also required to insure that 
analytical procedures, sensing elements and control hardware required for . 

operation of the demonstration plant would be available. Of particular con- 
cern were the requirements for reliable on-stream analysis and control of the 
scrubbing solution's copper content and acidity. 



Table I11 

Task Description, Laboratory Support Studies 

TASK A.l: Corrosion Studies of Austenitic Stainless Steels 

Objective: To determine performance of austenitic stainless 
steels under scrubbing tower conditions, including ' 

stressed and welded materials. 

Procedures:. Coupon, volt-amperometric and corrosimeter testing 
in liquid and vapor compositions at conditions of 
temperature and pressure simulating the scrubbing 
tower. 

Output : Reports of test and specification of materials of 
construction in the field unit scrubber 

TASK A.2: Leach Regeneration Studies 

Objective: To determine the rates and product stoichiometries for 
regeneration of CuS04 from CunS precipitated in the 
laboratory scrubber. 

Procedures: Batch autoclave leaching of CunS precipitated in the 
lab column under various temperatures, oxygen pressures, 
pH's and salt concentrations. 

Output : A report of test and specifications of design criteria 
for the field unit regeneration reactor. 

TASK A.3: Filter-~eaf Filtration Studies 

Objective: To determine the filtration rate for purge streams con- 
taining CunS precipitated in the scrubber. 

Procedures: 0.1 sq. ft. filter-leaf tests, with and without filter 
aid, on CunS/~uS04/H2S04 slurries produced in the lab 
column. 

Output: A report of test and specifications for the configura- 
tion of the field unit filter system. 

TASK A.4: Analytical Technique Development for Field Unit 

Objective: To determine analytical techniques and procedures for 
process control and chemical analysis during operation 
of the field scrubber unit. 



Table I11 
(continued) 

Procedures: Instrument and process control studies, vendor con- 
tact to set performance specifications, development 
of analytical procedures, as required, and calibration 
'of instruments. on mixtur.es simulating various process 
streams. . 

Output: A report of tests and an analytical and control pro- 
cedures document for the field test operating manual. 

. . TASK B.l: Materials Testing 

Objective: To identify suitable less expensive materials of con- 
struction for process equipment other than the scrubber 

- .  tower. 
, . 

Procedures : Coupon and corrosimeter testing. in liquid and vapor 
compositions and at temperatures and pressures simu- 

. .. ., lating all key process steps. 

Output: A report of test and specifications of materials of 
construction 'for other proc'ess steps. 

TASK B. 2: ~oast Regeneration studies 

' Objective: To determine roasting conditions leading to control 
of extent of reaction and CuO/CuSOq ratio from 
roasting CunS precipitated in the scrubber. 

Procedures: Batch roasting in a laboratory oven under different 
temperatures and S02/02'pressures. Determination of 
roasting rates, CUO/CUSO~ ratios and rates of solution 
in batch dissolution tests. ' 

Output: A report of test with recommendations for conditions 
required in subsequent fluid-bed roasting tests. 

TASK B.3: Liquid-Solid Separation Studies 

Objective: To predict liquid-solid separation rates in thickeners, 
centrifuges, and vacuum filters. 

Procedures: 'Liter-cylinder sedimentation tests, bench centrifugation 
tests, and vacuum filtration tests on CunS/CuS04/H2S04 
slurries precipitated . . .  in the . . laboratory scrubber. 



Table I11 
(continued) 

Output : A report of.test with recofnmendations . . .  . for the optimum 
type of liquid solid.separation device for commercial 
use. . ,. 

. . . .  . 

TASK B. 4: ' Scrubber Configuration studies . . 

Objective: To determine the performance characteristics of alter- 
native scrubbing techniques. 

Procedures: Testing of alternative internals (packing 'and tray 
types) in a 47 laboratory: column and of a venturi 
scrubber to determine mass trans-fer efficiency and 
fouling rates. 

. , . . 
Output: ' . A report of test and a technical and economic evalua- 

tion of the use.of tested alternatives for commercial 
use. 

' I  

TASK C. 1 : program ~ e f  inition 

. Objective: To determine the ,objectives fir the field test unit, 
fix a site..f,or:design purposes, and set program 
schedules . 

Procedures: Coordination and review with DOE and a site 
operator by EIC Corporation project personnel. 

Output: . . Selection of a test site, .establishment of reporting 
procedures and resolution of interface responsibilities. 

TASK C.2: 8" Column Design and Operation 
. . . . 

Objective.: , To design, fabricate, install.and operate an 8" 
scrubber at the field, test site so as to confirm 

, . laboratory resuits for, the design of the field test 
facility. .. , 

Procedures: Engineering work will be done to specify requirements 
for the system. A design/fabrication firm will be 
selected and the system purchased. Supervision will 
be provided for .installation.at the selected site, 
mechanical and process testing, and data reduction 
and analysis. 



Table I11 
(continued) 

Output: Delivery to the selected site of an 8" scrubber unit 
and its operation for a sufficient time to confirm 
preliminary criteria obtained from lab data. A report 
of data obtained from the unit and its relation to lab 
results and field test unit design. 

TASK C.3: Preliminary Project and Process Engineering 

Objective: To determine critical operations, steps, design 
requirements, equipment deliveries, and needs for 
additional lab work and to. develop a preliminary 
design for a field test facility. 

Procedures: Engineering work done to: assemble preliminary design 
criteria from known practice; prepare preliminary flow 
sheets and materiallenergy balances; develop pre- 
liminary materials selection; evaluate the impact of 
alternative site compositions on process conditions. 

Output: Preparation of the outlines of a process engineering 
specifications document with assignment of preliminary 
values to process design criteria. 

TASK C.4: Detailed Project and Process Engineering 

Objective: To carry out process and project engineering for the 
final, detailed design of the field test facility. 
Preparation of cost estimates and a bid package for 
the test unit. 

Procedures: Engineering work done to review all data, leading to 
the final selection of materials, definition of final 
flow sheets and materiallenergy balances, specifica- 
tions of all equipment and auxiliaries including 
piping and instrumentation diagrams, and preliminary 
definition of safety and operating procedures. 

Output: Updating of the process engineering specifications with 
final criteria. A bid package(s) containing descriptions 
of all hardware and system requirements for use as a 
basis for RFP's. 



Table I11 
(continued) 

TASK C.5: Test Plan Preparation 

Objective: To develop a test plan for the field test unit to 
obtain required scale-up information. 

Procedures: Engineering work to develop a detailed test plan for 
operating the field test unit under a variety of 
conditions to obtain design and scale-up information. 
Analysis of the impact of alternative, site compositions 
on.system design and operation. 

Output: An operating manual for the field test unit, including 
test schedules and procedures, safety requirements, 
analytical procedures, etc. 

TASK C.6: Optimization and Economics Studies 

Objective: To determine optimum system configuration for various 
sites and to develop the economics of the process for 
conhercia1 use. 

Procedures: Process engineering studies reviewing materiallenergy 
balances and design criteria impacts on system capital 
and operating costs. 

Output: Final updating of the process engineering specifications. 
Preparation of a formal cost estimate and process 
description document. 
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Materials testing in the process engineering studies, using coupon 
weight loss (gain) and stress-deflection tests, were to be directed towards 
determining the suitability of various materials under process conditions 
external to the scrubber. A variety of composite materials and elastomers 
was to be tested in order to find acceptable low cost alternatives to 
stainless steel. 

A series of .roast-regeneration studies was to be carried out to 
obtain scoping information on process conditions and kinetics. These data 
would be used as the bases for recommending operating conditions in sub- 
sequent small-scale fluid bed roasting tests and for economic evaluation 
studies. Additional liq'uid-solid separation studies would also be carried 
out to obtain design data for types of devices, e.g., centrifuges, not 
contemplated for use in the demonstration plant but which might prove 
suitable for use at a commercial scale. 

Finally, a series of scrubbing tests would be carried out to deter- 
mine the performance of alternative types of scrubbers or styles of scrubber 
internals. These data would be used in technical and economic evaluations 
to determine the optimum type of scrubber for commercial service. 

The first engineering task to be carried out under the program just 
completed would involve program definitions; a site was to be selected and 
objectives, criteria, schedules, and interface responsibilities fixed. Then, 
a small (8" diameter) modular scrubber unit was to be designed, fabricated, 
and tested at the selected site in order to confirm the preliminary criteria 
developed from laboratory data by scrubbing geothermal steam. 

Data from the laboratory support studies and 8" scrubber field tests 
were to be used as the bases for the preliminary and then detailed process 
and project engineering work required for the design of the demonstration 
plant. Material and energy balances were to be developed, materials selec- 
tion studies carried out, process flow sheets and piping and instrumentation 
diagrams prepared, equipment process and mechanical design criteria established, 
and required site preparation work and services defined. 

This information would fully define the proposed demonstration plant 
in terms of configuration, design bases and mode of operation, and would 
permit a detailed cost estimate to be developed. The mode of operation 
would fix the manner in which the test operation would be carried out in 
verifying the assumed design criteria.. 

A formal test plan and operating instructions document was to be 
prepared which would present the scope of the field test, its duration,test 
and data reduction procedures, start up and shut down instructions, safety 
requirements, etc. Finally, a series of optimization and economics studies 
was to be carried out to determine the optimum system configuration(s) at a 
commercial scale of operation, the impact of operation on steams of differing 
composition, the estimated capital and operating costs for the process, and 
its performance vis-a-vis alternative hydrogen sulfide abatement technologies. 



IV. PHASE I - LABORATORY PROCESS DEVEIIOPMENT 

A. Equipment and Procedures 

The system used in the laboratory studies of H2S removal by scrubbing 
with CuS04 is shown schematically in Figure 4. Its major components include 
a.packaged boiler for generating the required amount of steam, cylinders of 
"noncondensible" gases, rotameters for metering these gases into the steam, a 
scrubber column with liquid sump and vapor disengaging sections, scrubbing 
solution (slurry) circulating pump, a holding tank and pressurized metering 
system for -injecting makeup CuS04 to the system, a metering pump for injecting 
solution into the system, and a condenser and condensate disposal system for 
cleaned steam. All lines and wetted parts were of Type 316 or 304 stainless 
steel. 

A steam pressure regulator at the outlet of the boiler and a manual 
flow-control valve downstream of the column were set to deliver the required 
flow rate at the desired pressure.' Condensate in the steam was trapped out 
in advance of impurity gas injection, and the steam passed through an orifice 
for flow indication. Hydrogen sulfide was introduced to the system as a mix- 
ture, with N2 of certified composition. Superheating to offset the cooling 
effect of the injected gases was obtained by means of electrical heating tapes 
wrapped around the steam line. 

The active portion of the scrubber column assembly consisted of a 4-foot 
length of 2" IPS Type 316 stainless steel pipe. A chamber at the top of the 
column served as a disengagement section and was fitted with nozzles for 
temperature and pressure.instruments, steam outlet, and recirculated scrub 
solution (slurry) inlet piping. The scrub solution inlet nozzle extended into 
the chamber and was directed downward along the column centerline. A demister 
pad was installed above the nozzle. 

A chamber below the column served as a steam injection and slurry 
accumulation section. This sump was tapped and fitted with nozzles for 
temperature, pressure and corrosion monitoring instruments, a level gage 
glass, steam inlet, recirculated solution (slurry) outlet and return, makeup 
CuS04 and other solution inlets, and sample withdrawal piping. The slurry 
accumulation section and column proper were heated by electrical heating tapes 
and insulated with fiberglass batt. 

The scrubbing solution, a slurry of precipitated sulfides in copper 
sulfate solution, was recirculated to the top of the scrubber by a dual-head 
metering pump. The pump had a maximum capacity of 0.5 GPM per head, with 
rate controlled by adjustment of the piston stroke. The pump body and check 
valve seats were of Alloy 20; piston and check balls were alumina ceramic; 
and piston packing was Teflon-impregnated asbestos. In the majority of runs, 
one of the two pump heads was used to redirect solution to the column sump 
in an effort to mix makeup CuS04 solution thoroughly with the.reservoir of 
slurry. 





Makeup CuS04 solution was introduced to the column sump by pressurizing 
the external makeup tank. The nitrogen supply.to and solution discharge from 
the tank were conducted through,flexible hose and looped stainless steel 
capillary tubing, respectively. The tank was hung on a scale, so that the 
weight loss with time could be used to derive the integrated makeup rate of 
cuso4. 

Scrubbed steam was condensed in a 20-foot section of 318" OD stainless 
, steel coiled tube over which cold tap water was passed. The condensate and 

noncondensibles, including unscrubbed H2S and NH3, were bubbled into a 2-gal 
plastic container of continuously replenished NaOH solution, which neutralized 
and removed unscrubbed H2S. Analysis for H2S in steam was carried out by 
sparging a quantity of condensate into ammoniacal CdS04 solution and analyzing 
for unprecipitated ~d2+ by EDTA titration. An accurate value for the steam 
flow rate was simultaneously obtained from the measured weight of condensate 
collected. Ammonia in steam was determined in an analogous way by collecting. 
condensate in a known quantity of standard H2S04 solution and analyzing for 
unneutralized H2SO4 by NaOH titration. 

Rapid cu2+ and pH analyses of solution samples frog the scrubber were 
performed for purposes of process control during operation. Quantitative 
solution analyses for material balance purposes were performed for cu2+, NH~+, 
H2SO4 and total sulfate. For copper and sulfide' analysis of scrubber solids, 
weighed samples of the washed and dried material were decomposed in HN03/NaC103 . 
until any elemental.sulfur produced in this reaction had been dissolved. The 
final soluti'on was then analyzed for C U ~ +  and  SO^^-. 

This same apparatus was used, with. minor changes, for scrubbfng tests 
carried out in the second phase of this program. For this work, the 2" column 
was replaced with a 4" .column section which was fitted with sight glasses, top 
and bottom, so that the tray action could be observed directly. Makeup CuS04/ 
(NHq)2SO4 solution was introduced.directly to the column sump using a metering 
pump, and the external pressurized tank was used as a pulsation damper for the 
recirculating pumps. 

B. Scrubber Confieuration Studies 

Five test series were carried out on the 2" diameter laboratory scrubbing 
column fitted with a variety of internals, as follows, to determine mass trans- 
fer efficiencies for hydrogen sulfide removal: 

small ceramic saddles (114" x 5/&3") 

open, high-efficiency Flexirings 

counterflow sieve trays 



shower trays 

sieve-tray with downcomer. 

The noncondensibles for these runs were H S and N 2 2 

Initial tests were run with the column packed with 4 feet of ceramic 
saddles, at 25 lblhr steam, or 80% of anticipated.flooding. Hydrogen removal 
was virtually quantitative, in that no odor of H2S could be detected in the 
condensate from the scrubber. However, after approximately 112 to l.hour of 
operation, the liquid level in the sump typically decreased, and scrubbing 
liquid was primed. over into the condensate, signifying that the column had 
flooded. Following these tests, the packing, especially the bottom 6 inches, 
and packing support plate were found to be fouled with accumulated precipitate. 

For the next series of column tests, the small ceramic packing was 
replaced with 3 feet of 518" stainless steel Flexirings, which are much more 
open and have better hydraulic characteristics. Steam-water tests on clean 
packing confirmed the normal hydraulic behavior of the packing and column con- 
figuration, in that flooding could be induced at the expected velocities. As 
was the case with the ceramic packing, however, stable operation when 
scrubbing with CuS04 could only be maintained for relatively short periods 
before flooding occurred. Since post-run inspections showed the packing to 
be essentially clean and free of accumulated solids, and clean steam 
hydraulics were as expected, it was concluded that the flooding phenomenon is 
associated with surface activity of the freshly precipitated sulfides, leading 
to formation of a light froth. With small-sized internals, bubble sizes may 
be of the order of the packing size and, moving as solid bodies, would pre- 
vent free liquid passage. The postulated high steam/liquid' contact area was' 
also consistent with the high measured values for kgai (about 4 times calcu- 
lated). The froth hypothesis was subsequently confirmed in runs on columns 
of larger diameter equipped with sight glass ports. 

Following experience with column packing, which showed that near- 
quantitative H2S removal is possible provided operability problems can be 
overcome, various arrangements of trayed internals were tested. One arrange- 
ment consisted of a succession of counterflow sieve trays spaced at 12-inch 
intervals. initially, each tray contained 15 holes, 3i16-inch dia, giving 
15% open area. The onset of flooding was delayed using this arrangemen't. until 
over 3 hours of operation, during which time H2S removal efficiency was of 
the order of 40%, with tray efficiencies of the order of 10%. Post-run 
inspection revealed an accumulation of loose precipitate together with some 
nearly spherical pellets on the top tray, where most of the mass transfer 
had evidently occurred. 

Various modifications of the sieve-tray configuration were tested, 
including 26% open-area trays on the same 12" spacing,and 50% open-area . . 
trays on 8" spacing. In operatian, open trays exhibited significantly improved 



efficiencies, up to 35%. However, attempts to increase either L/V or steam 
velocity to the range of desired values for a commercial installation 
resulted again in column flooding. Most of the solids accumulation now 
occurred in the lowest trays. No significant improvement was realized by 
cutting wedges out of the counterflow sieve trays to enable solids to pass 
down the column. 

Longer run times at higher L/V and velocity were achieved using 
shower tray internals. The tray cartridge in this case consisted of 60 
segmented dishes having 30% of their area removed and spaced at 314" inter- 
vals. Very high degrees of H2S removal were achieved, although individual 
tray efficiencies were low, but vapor velocity could not be increased to 
more than about half of the desired range without flooding. On the other 
hand, this open style of scrubber internals resulted in no accumulation 
of solids. The longer run times achieved 1ed.to the observation of reduced 
scrubbing efficiency below about pH 1 as H2S04 accumulated in the sump solu- 

. tion. 

The final, and most successful, contact tray configuration evaluated 
consisted of a single sieve tray with a downcomer. For the 2" column, the 
configuration consisting of a 1" dia downcomer projecting 1" above a single 
37% open area sieve tray provided the most favorable combination of high 
scrubbing efficiency and high permissible steam velocities and L/V1s. This 
basic configuration was scaled up for utilization in the 4" laboratory 
column. 

Some results for H2S scrubbing with the 4" column at 200 PPH steam 
containing 224 ppm H2S and for L/V = 1.9 are as folSows: 

scrub solution copper concentration, g/R 2.5 

scrub solution pH 1.4 

outlet H2S, ppm 

froth height, in. 24 

The pressure drop across the tray during these measurements was 7 in. of water, 
the indicated substantial froth height accounting for the observed high scrubbing 
efficiencies. 

C. Effects of Scrub Solution Composition 

While depletion of CuS04 in the recirculating scrub solution resulted 
in cessation of H2S removal, no consistent effect on H2S removal efficiency 
was perceived on varying the copper concentration from 0.4 to over 5 glR in 
these tests. The effects of pH and sulfate concentration on H2S removal effi- 
ciency are interrelated through the agency of bisulfate ionization: 






























































































