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1, ' ABSTRACT 

UOP SulfoM technology successfully removed 500 ppm hydrogen sulfide 

from simulated mlxed phase geothetmal'waters 

oxidation 6f. hydrogen sulfide using a' fixed catalyst' bed.' % The eatalyst activity 

remained stable throughout the- life of the program. ~. The. product stream 

composition was selected by controlling pH; low pH favored elemgntal sulfur, 

while high pH favored water soluble sulfate and thiosulfate. Operation with 

liquid water present assured full catalyt$c activity. 

catalyst activity somewhat. 

" . 

-. 

Dissolved salts reduced 

I 
1 Application of Sulfox technology eo geothermal waters resulted in a 

There were no requirements for auxiliary processes straightforward process. i 
1 .  - 
I such as a chemica1,plant. Application of the process to various types of 

geothermal waters is discussed and plans for a field test pllot plant and a 

schedule for comercialieatton are outlined. 
, I 
I 

i 

I 

I 



11. EXECUTIVE SUMMARY 

The UOP SulfoS process is a means for catalytically oxidizing .hydrogen 

sulfide to elemental sulfur utilizing air as the oxidant. 

catalyst has been operated in water saturated steam at 430°F and at temperatures 

in excess of 570°F on sulfide-containing gas streams. 

process to geothe-1 stteams provides a system which is flexible so as to 

produce either sulfur or water-soluble by-products that can be easily disposed 

of in the waste brine solutions. 

The highly stable 

The applicat,ion of -this 

Sulfide conversion is Completed 

In September, 1979, DOE contracted with UOP to study the application of 

Sulfox process technology for the removal of hydrogen sulfide from a mixed phase 

geothermal fluid upstream of a turbine generating electricity. 

established to investigate process variables. 

treatment of a vapor-liquid water mixture containing hydrogen qulfide, carbon 

dioxide, and ammonia, at concentrations similar to those found at The Geysers, 

California. 

important parameters could be studied for extended periods of time. 

A program was 

The program consisted bf the 

A research-scale automated plant was constructed in which the , 

The research plant utilized catalysts proprietory to UOP to convert the 

sulfide to desirable products. 

system is capable of oxidizing hydrogen sulfide in a mixed phase. 

conversion was complete at concentrations typical of geothermal streams (0-600 

ppm H2S) even at the plant's maximum feed liquid hourly space velocity (LHSV) of 

40. 

passed over a volume of catalyst per hour.] 

Results from these studies have shown that the 

Sulfide 

[LHSV = volume of mixed phase feed, expressed as the liquid equivalent, 

The products of oxidation were 

controlled primarily by oxygen stoichiometry and pH; alkaline conditions 

- 2 -  



I 

I acid conditions produced mainly elemental sulfur ( 7 5 X ) b  High salt 

produced mainly (88%) water-soluble CompoandG (thiosulfate and sulfate), and 
I 
I 

I 

I cuncentrations reduced the rate of sulfide conversion somewhat. 
* 

. The investigation of variables was conducted within a temperature range 
I of 250 to 350'F and pressures of 90 to 180 psig, the limits of plant capability. 

Studies indicated the need for some liquid water to be present on the catalyst, 

as a substantial decrease in reaction rate was noted under an all vapoi: 

condition. 

because dissolved kalb reduce the sohbility of oxygen in the geothermal 

I 
I The presence of sodium sulfate iri the feed reduced the conversion, 
~ 

1 
1 
1 

, 

liquid 
, 

The catalyst was stable for the 1300 hour life of a program under a I 
I 

variety of conditions. At the end of this time, the O/S= ratio needed for 

complete sulf ide conversioq had not increased. 
P 

Contaminants may cawe loss of catalyst activity over long periods of 

time. Bepause of the complex nature of the potential contaminants, on-site 
I 

I testing of the system is recommended. A fleld test pilot plant program is 

autlined alorig with a schedule for commereializakibn of this successful hydrogen 

, sulfide removal ptocess. 

I 
I 



111. INTRODUCTION 

., A. GeothermAl Sulf *de Removal Process Requirements 1 -  

Hydrogen sulfide occurs in many geothermal streams and is a toxic gas 

having a disagreeable odor capable of being detected at levels as low as 10 

parts per billion. 

sulfide that can be released t6 the atmosphere. I Also, its presence in the 

environment of electrical switching gear must be avoided because of sulfiding of 

copper and silver contacts. 

corrodes ferrous metals. For these reasons, thg amount of hydrogen sulfide that 

is allowed to be released to the atmosphere from a geothermal source is usually 

limited. Thus, a system for hydrogen sulfide removal has become crucial to the 

production of energy from geothermal source 

s 

Many states have passed laws limiting the amount ’of hydrogen 

: 

Hydrogen sulfide in conjunction with oxygen 

The processes for removing hydrogen sulfide from geothermal streams can 
* I  , 

be classified into two major categories: ‘+(I] upstream processes that convert 

hydrogen sulfide before the geothermal steam enters the power-generating turbine, 

and (2) downstream processes that convert thk hydrogen sulfide escaping from the 
. ,  

9 t .  

various atmospheric vents downstream of electric power generation. 

An example of an upstream process is the EIC process in which sulfide ’ 

containing steam from the wellhead is contacted with a solution of copper sul- 

fate forming copper sulfide and dilute sulfuric acid. The increase in acidity . 

is neutralized with ammonia and the copper sulfide is oxidized back to the sul-. 

fate. The system 18 maintained in balance .by the removal of ammonium‘ sulfate 

,. 

r ,  

from the ~ystem. 

Stretford process which utilizes a solution of the sodium sal$s of thio$ulfate, * 

carbonate and, bicarbonate with catalytic amounts of vanadate and anthraquinone 

A downstream process for removal of hydrogen splfide i s  the 

I 

disulfonate for absorption of the hydrogen sulfide and subsequent air oxidation 
p - 4 -  



of the sulfide to elemental sulfur. The grocess treats non-condensable gas, but 

due to the alkalinity of the condensate, 10 t o  40% of the hydrogen sulfide can 

escape by being vented through thelcooling towers. This requires a secoadary .. . 
treatment.of the condensate, .such as the addltion of .hydrogen peroxide and 

catalyst. Downstream treatments require shell and tube-type condensers to 

prevent,;solution of the hydrogeu sulfide,in the large volumes of cooling tower 

water. 

cesses 3s gtven in "State-of-the-Art Hydrogen Sulflde Cpntrol for Geothermal 

Energy Sys tems" , DOE/EV-0068 UC-11, 66e . 
A detailed description of these and other hydrogen sulfide removal pro- 

. 

j In the above-mentioned report, upstream treating I s  given preference, 

because all the downstream venting problems due to hydrogen sulfide are elhi- 

nated. Although-several pro eam treatment been developed, 

none is presently ling a mixe se of liquid water 

and steams:This i s  mainly due to loss of reagents In.the liquid phase or 

unfavprable equAlibrium fQr solution of hydrogen sulfide ipto an alkaline 

" \  

apable of oxidizing hydrogen sulfide . .  Inca mixed 

phase would consist of-.a.water-iasoluble catalyst that.would oxidize the hydro- 

gen sulfide to- non-volatile .products .& Th 

demands. It employs-a solid granular#catalyst, inert*to aqueous solutions across 

the entire pH rangei stable in high temperature( and capable of producing a 

variety of product6 from the oxidation of ,hydrog It, therefore, is a 

suitable candidate .for the upstream,treat$ng geothermal streams. _. 

P Sulfox process 6atisfies these 

In September of ,1979, DOE. awarded a. contract to UOP for $he inveatigation 

of the chemistry ,of SpJfox type catalyst as applied to the trea 

thermal streams (Contract. DE-ACO3-79 ET-272033 The catalyst h 

for the conversion of- the high concentratign solutions (3-12%) of ammonitq 
- 5 . .  



sulfide that are produced in the hydrogen treatment of petroleum in which nitrog- 

enous and sulfur-containing compounds are converted to ammonia and hydrogen sulfide . 
The process is capable of converting 99.99% of the hydrogen sulfide t 

sulfur. 

operation was investigated to facilitate recovery of the heat of sulfide 

oxidation. 

During the development of this process, high temperature (320 to 4 3 O O F )  
' "  . 

The nature of geothermal streams is extremely variable; sulfide 

concentration, temperature, pH, salinity, scaling properties and steam quality 

I 
I vary from source to source. Hydrogen sulfide concentrations vary from well to 
, I 

well and also vary during the life of a single well. For example, at The 

Geysers (California) the process would treat a Superheated steam while a 

mixture of steam and highly saline water would be treated at Cerro Prieto, 

Mexico. 
! 
1 

1 Because of the complex variation of parameters among geothermal 
I 

sources, most of this laboratory pilot plant demonstration was performed with 

synthetic geothermal streams without scaling contaminants. Therefore, these 
I 
! results are applicable to a wide variety of geothermal sources. Specific , 

applications can be studied further using actual geothermal liquid'samples, best 

performed with a field test facility. 



B. Proce,ss Descriptions * I  

The use of heterogeneoug catalysis allows the use of several process 

ms such as water suspension, fluidized bed or fixed bed. The fixed bed 

system was chosen for the study because of the simplicity.of construction and 

* operation. 

'he process consists of adding controlled quantities of air to the 

mixed phase geothermal stream and passing it over a fixed bed of granular 

catalyst (see Mgure 1). 

water-soluble oxysulfur compounds and elemental sulfur are washed into a high 

pressure separator where steam is separated from water, and the water is 

reinjected into a waste well. 

I 

Oxidation of the hydrogen sulfide occurs, and the 
I 

1 

This system is applicable to low salinity streams 

containing fine particle solids and is non-scaling. 

w In cases where high salinity or dissolved silica and calcium salts 

present problems, stripping of the hydrogen.sulfide from the geothermal bririe by 

use of a steam recycle stream is suggested (Ngure 2). The steam overhead of 

this system would then be treated. 

variatiqn of the catalyst system. A recycle-stream of liquid would be used to 

keep the catalyst wet. This system allows additional freedom in the operation 

because the environment on the catalyst can be altered by addition of reagents 

to the recycle stream. 

The treatment of a steam overhead requires a 



C. Chemistry 

Hydrogen sulfide is a reactive toxic gas exhibiting strong reducing prop- 

Depending on the oxidant and reaction conditions, elemental sulfur, erties. 

sulfur dioxide or sulfur trioxide can be produced. Many other oxysulfur 

compounds are known and these are combinations of the basic valence states (-2, 

0, +4, +6). 

share its valence with other sulfur atoms. 

The profusion of oxysulfur compounds is due to sulfur being able to 

The oxidation of hydrogen sulfide in aqueous and gas phases follows dif- 

ferent paths, gas phase oxidation yields elemental sulfur, sulfur dioxide and 

sulfur trioxide while water phase oxidation mainly yields elemental sulfur, 

thiosulfate and sulfate. Water is a solvent entering into reaction with the 

sulfur species and stabilizing many of its forms. 

The study of mixed phase oxidation of hydrogen sulfide is dominated by 

the aqueous sulfide oxidation chemistry. 

tion and distribution of products, e.g., pH, presence of cations, temperature, 

Many factors control the rate of oxida- 

dilution, etc. 

oxysulfur forms considered. 

tion due to the interaction of many dissolved species. Of the major products of 

aqueous sulfide oxidation, thiosulfate is the most unstable, decompasing in acid 

to give elemental sulfur and sulfur dioxide or disproportionating to give sul- 

In the following discussion, thiosulfate and sulfate are the 

Sulfur chemistry is marked by side product forma- 

geneous, as in the present case of Sulfox. 
- 8 -  

In the case of geothermal streams, 

fide and sulfate or a variety of products. 
+ Decomposition: 5s2o3 %so3 + SO + %O + so2 + SO 

Disproportionation: 

The presence of a catalyst not only accelerates the oxidation rate of 

4 l$S203 + 3 %SO4 + HZS + 4S0 

the sulfide, but also directs the reaction to produce a specific end product. 

The catalyst may be homogeneous, as in the case of Stretford process or hetero- 



an insoluble heterogeneous catalyst i s  desirable because very large volumes of 

water can be treated at high temperatures without l0SS of catalyst. 

to operate in media of various pH's is of considerable importance to the applica- 

The ability 

tion of catalysis to sulfide oxidation since pH provides a means for controlling 

product distribution as shown in the following discussion of variables. 

The oxidation of sulfide int 

1. Strongly basic solution (pH >11). The alkali metal sulfides can be 

oxidized to polysulfides but an attempted oxidation to elemental sulfur leads 

predominantly to the production o f  thiosulfate-sulftjte. 

attack of free caustic on the elemental sulfur present. 

m i s  is due to the 

2 Na2S + O2 + 4 H20 + NaOH + 2s + 2 %O 

4 S + 6 NaOH + Na2S203 + Na2S + 3 H20 (Back Hydrolysis) 

The oxidation of insoluble metal sulfides yields mqstly sulfate due to the 

severity of the reaction conditions needed for significant oxidation rates. 

2. Moderately basic to neutral pH. As phe pH i s  reduced from 11 to 7, 

the production of elemental sulfur increases. Back .hydrolysis becomes insignifi- 

Cant as free caustic is absent, and oxidation of hydrogen sulfide in alkali metal 

carbonate-bicarbonate solutions yields elemental sulfur and some thiosulfate. 

Temperature has a strong effect in this area as thiosulfate production-is in- 

creased at elevated temperatures? The exgqtence of the polysulfides becbmes impor- 

tant at this 

the form of pQlySUlfide is more: readily attacked than the solid form, which is 

out of phase wigh the aqueous solution, 

range (at p€i 8.3 pslysulfide decomposes) 8s elemental sdfur in 

3. Neutral to acid pH6 As tlp acidity pf the system increaseg, the 
jl 

productlop of elemental sulfgr also increases. 

thiosulfate decreases to the point where sulfate, sulfide, elemental sulfur and 

sulfur dioxide are the major products. 

At a pH of 5, the stability o f  

The sulfate and elemental sulfur are 
- 9 -  



stable, but the sulfur dioxide .and sulfide do interact to form a complex mixture 

of colloidal elemental sulfur and oxysulfur compounds. 

4. Effect of cation. The alkali metal cations  affect^ the course of 
_ r  

oxidation in caustic soiution due to sulfide ion formation, Sodiumj potassium 

and lithsum slilfides give watersoluble products. . 

cation favors the production of more elemental sulfur than the other cations.. 

In solutions with a pH of less than 7, the cation effect has .do;, been studied 

but .the effect is believed to be insignificant as hydrogen sulfide is the main 

sulfide form. 

At a given pH, &onium 
I .  

5. ,Effect of temperature. Temperatures of less than 1200F tend to 

favor the formation of elemental sulfur. 

give elemental sulfur at temperatures below 120'F. 

elemental sulfur becomes vigorous at -150°F. 

formation of eulfate becomes..domiaant. 

Even copper suifide can be oxidized to 

The attack of caustic on 

At temperatures *above 4300F, the 
~ I . .  

,This may be due to the thehial decem- * - . . .  

posit%on of .thiosulfate. f' 

' 1  4 (rn412s203 + 3 (NH~)~so~ + H ~ S  + 4s' 

6. Sulfide concentrations. It has been observed that .low  sulfide,^ . 

concentrations (<lo0 ppm) :tend to give watersoluble products, ,'. 

,7. . O/SE. ratio. 

the amount of oxygen available. 

,The oxidation product distribution ,is responsive to 

The followgag gives the produc 

for the'oxidatioa of.ammonium sulfide in a solution of about pH 10. . , I  

O/S= = 1, 2 NH4SH 4- O2 +. 2 So + 2 NH40H . I #  

O/SE = 2, 

b/S' = 3, 

O/S' = 4, NH4SH + 2 O2 + %OH +. (NH4)2S04 + %O 

2 NH4SH + 2 O2 + (NH4)2S203 + 5 0  

2 ",Sa.+ 3 O2 + 2 NH40H +. 2 (NH4)2S03 + 2 %O 

. 

- 10 - 



A. &Experimental Apparatus < 

experimental progrk ' ?  required an apparatus which controlled the ,- 

addition df oxygen' to 'a water-liquid mixture' and pasged khat mixture over a 

catalyst bed.' This was accomplished .by producing"a known quantity of $team at a 

given pressure arid- then 'reducing the temperatdre to .-give a steam-water mixture 

of known compos%tion; 

manner . 

. 

Plant 672 (Ngure .3) was designed "to 'operate in-such *a 

. .Pladt 672 id a-highly autodted plant, 

The: plant was coasttacted of 316 and 304 stainless .steel 'and consisted of three 

sections: the feed systems, the reactor and the product train (see Figure 3). 

* .  1.. Feed 'Systems' 

a Water "charge . Deloniz'ed 'water was pGped out -+of a 'weighed, 
stainless steel vessel(1) into a steam generator(2) where the water was ~016- - - 
pletely vaporized. 

water . 
heated surface i n  the steam generator. 

by the ' oxygen-nitrogen gas blended &for '.the experimedt 'as #iscils 

The productgon af steam was controlled . +  by the input of 

The water 'was inmediately and .completely vaporized by .impingement on a 

7 

. *  - Oxygen' feed system. The' control -of thi "mount of oxygen entering 

the system is crikical.. Oxygen was dikuted to one and one half pe-t -,in - 



C. Salt feed system. The complete volatilization of water did not 

allow dissolved salts to be added through the water feed(1,2,3) system and so a 

separate salt feed system was installed(6). 

was added as a concentrated ammonium carbonate solution and could be varied 

without interruption of plant operations. 

The ammonia needed for pH control 

d. H7S and COS feed. Hydrogen sulfide and carbon dioxide were 

charged to the plant as a commercially prepared 1% %S-20% C02-79% N2 gas 

mixture(7). 

meter(8). 

(see Ngure 4) to minimize corrosion. 

The amount entering the system was controlled by an electronic flow 

This mixture was introduced at a point just above the catalyst bed 

2. The Reactor 

The reactor consisted of a 316 stainless steel rube. Steam, air and 

salt solution entered the catalyst bed through a preheater zone. A separate 

duct brought the H2S-C02-N2 mixture to a point above the catalyst bed and mixing 

of the components occurred as they were passed through the bed. The tem- 

peratures inside the reactor were controlled by an independently controlled, 

three-sectioned clam shell type electric furnace (Ngure 3). 

3. Product Train (Ngure 3) 

After leaving the reaction zone, the steam was cooled to ambient 

temperature and the gases and liquid then passed into a liquid level controller 

unit (LLC) (10). 

between the furnace and liquid level controller to separate liquid sulfur, 

otherwise fouling of the downstream control valve occurred. 

It was necessary to place filters and a vessel in the line 

The liquid level 

- 12 - 



I 

i 1 .  

controller separated liquid from the non-condensable gases, 

liquid into receivers(l1) and the gas, reduced in pressure through a back 

pressure regulator(l2), was caustic scrubbed(l3). 

liquid in the product receiver was also vented through the caustic scrubber. 

Any gas liberated by the 

The volume of all off gas was measured by a wet test meter(l4). 

Plant 672 operated with the following feeds. 

Water: deionized. - 
! 

Salt solution: 

15.7 gm per Kg of solution. 

an aqueous solution of ammonium carbonate containing 
I 

~ 

! 
I 

Oxygen: 1.5% O2 in nitrogen. 

Eydrogen sulfide: 

mixture . 
1.08% BPS in a 20% C02-79% N2 (mole %) gas 

I 

. -  

+ ’  I 

- 13 - 



i 

B. Analysis . . I  

.. . % *  Sampling I .4 

The plant was sampled every six hours. A portion of the total liquid-. 

effluent was taken for analysis. The KDH scrubbers were replaced. The sulfur 

in the KtlH scrubber was used to determine the efftciency of sulfZde removalla8 

most of the liquid product samples were acidic and contained little or no 

hydrogen. sulfide. 

Feed 

The feed to the plant consisted of deionized water, an ammonium 

- 

carbonate solution and two gaseous mixtures, one consisting of a 1.08% H2S, 20% 

C02, 79% N2 (mole %) mixture and the other of 1.5% oxygen in N2. 

were analyzed by gas chromatography. 

The feed gases 

Gas Product 

The samples of the exit gas were taken in a pressurized bomb and 

apalyzed for oxygen by gas chromatography. 

obtained by scrubbing the off gas through a double KDH scrubber (25%) and 

analyzing the caustic by the turbidimetric method in which all forms of sulfur 

were converted, by hydrogen peroxide oxidation, to sulfate. 

was determined by an optical turbidimeter after barium sulfate formation. 

The hydrogen sulfide content was 

The sulfate content 

_Liquid Product 

a Total sulfur content. The total sulfur content of the liquid 

product was detennined by the same turbidimetric method used for the KDH 

scrubbers. 

b Sulfide Content. In the few cases where hydrogen sulfide was found 

in the liquid product# concentratiop was determined by silver nitrate titration. 

- 1 4 - ’  



c Thiosulfate content. Standard stare ne procedures were used. ,* 

In the few cases where sulfide was present, the sulfide was ,first removed by 

cadmium precipitation; 

d .Sulfgte. Sulfate analysis was a gravimetric procedure based-on the 

ptecipitatton -of * barium sulfate. - . 

- 1  . . -  1 .  

. .  

. .  , 1  . .  , .  ., : I  , . I ,  . . . . .  1 . . .  



C. Plant Operations 

The major portion of the work was carried out at 320'F and 100 psig. 

The temperature was suggested by the operations at The Geysers, California, a 

major geothermal installation, and the 100 psig pressure was selected to provide 

a mixed phase operation. 

operations. Ammonium Qas the catson used in the Sulfox process and since ammonia 

occurs naturally in The Geysers steam, it was used to control the pH of the 

pilot plant system. 

The CO2/H2$ ratio was also suggested by The Geysers 

Ammonia is a unique base in that at the plant operating 

conditions the ammonia distributes between the liquid and gas phases. Each 

**run" designates a new loading of catalyst. 

amount of nitrogen exiting the plant was balanced against the volume of feed 

nitrogen. 

At the time of product sampling the 

- 16 - 



V. RESULTS 

The r e s u l t s  are presented and discussed i n  the  following sect ions i n  

the  order indicated berow: 

A. Rate of Reaction 

B. Uncatgfyzed Reaction 

I C. Oxygen Content of Product Steam 

D. Elemental Sulfur Production 

E. Catalyst  S t ak i l s ty  

E’. Inspection of Used Catalyst  

G. Effect of NHg/S’ Molar Ratio and pH 

Effect  of O)Sd Moiar Ratio and pH 

I. Effect of Pressure 

Ji Effect of Temperature 

t o  the 

K Effect ~f Salt 

2. 

M. 

Sodium 3icarbonate as an Alkalizing Agent 

DepQsition of Sulfur on the  Cata lys t  

The da ta  and discussion have been organized t o  Indicate  t h e i r  relevance 

evaLpation of process chemistry. 

- 17 - 



A. pate of Reaction 83 = 

The fiudamental questlon of this study was whether the fixed-bed cata- 

lyst employed would oxidize hydrogen sulfide at an economically attractive rate. 

The experiment at ion conclusively that the lfox cataxyst 

highiy acthe and d ically oxi<fize hydroge Ulfide.  his 
6%. 

, s i  *e 

, $0 - .< .3 

showh in Table 1 4  In each case complete sd€ide conversion is achieved at an 
. . . . . .  
r .  . -  .c I 

maximjm-feed rate of cc/hour water contain1 
. -  

hydt&gen sulfide, complete conversion was achieved over the mlnimum catalyst 

loading of 10 c 0 &SV (Table 1). (LHSV Liquid Hourly Space Velocity = 

volme of mixed 88 feed,'expressed as the liquid equivalent, passed over a 
k 

c s  

v & i e  of cat s t  ber hour]. 

This report shows that the presence of sqlfide afiects the foktion of 

sulfate (o/s= 

catalyst modifies activity (Tables 11 and 12). 

sulfide partiaily controls the products formed and the way the oxygen is 

udy, Table 6) and that the presence of elemental sulfur on the 

Thus, the concentration of 

utilized. 

- 18 - 



Table 1 . .. 
,. , . ., ' . ... . 

Efflueqt , S' 
Conversion M S V  

Catalyst 6 
. ,  > *  

Volume, cc o/s' NH?/S pH 
. ' 

50 6.3 10 8 100 22 
. I  * I  . .  

50 . 1.9 5.4 9 a 100 
I .I ! 

L , _  .. < 

i 50 1.9 0 3 

10 1.9 1 6 40 

I .  10 1 .  40 100 
I , .  ~ 

! 

'No significant difference was noted between these two cata 

2The increase of the CO2 concentration by the addition of ammonium carbonate was 

'All temperatures in this report are f5'F. 

4 ~ 1 1  pressures are s psig. 

reaction rate or product distribution. 

considered nominal. 

I 

I 

~i 

i 6Atom ratio 

'Each test series was -begun wirh a freshly charged catalyst bed. 
I 

7 '  

I 'Llquid hourly gpace velocity (volume of mixed phase feed, expressed a 
liquid equivalent, passed over a'uuluqe of catalyst per hour) 



, 

B. The Uncatalyzed Reaction 

H2S i n  steam was reported t o  be 30-45% oxidized by a i r  without a cata- 

l y s t  i n  a Teflon-lined reactor  ("Removal of Hydrogen Sulf ide from Simulated 

Geothermal Brines", Contract EG-77-C-024464). In t he  cur ren t  experiments, 

three runs were made with and without the c a t a l y s t  being present (void reactor). 

The r e s u l t s  shown i n  Table 2 ind ica te  t h a t  the  presence of Geocat I r e s u l t s  i n  

the complete conversion of the  su l f ide  i n  the stream whLle the  void metal reactor 

and the void Teflon reactor  gave only p a r t i a l  conversLon from-38 t o  50% (Table 2). 

The Teflbn-lined reactor  minimized w a l l  c a t a lys i s  although nickel  in t he  feed (7 

ppm derived from a 304-SS charger) may have had a catalytic e f fec t .  Experiments 

with Geocat I in the  Teflon-lined reac tor ,could  not be conducted because of 

equipment complications (a portion of the feed by-passed the  c a t a l y s t  bed around 

the Teflon l i ne r ) .  

_- . - 

I 

" .  
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Table 2 . / "  > 

Catalyst: 10 cc Geocat 1 
Feed: H'S = 536 ppm Conditions: Temperature: 320.F 

ofs= = 1.0 Pressure: 100 psig 
-m3/s= = 1.0 
co2/s= = 20 

Feed *Rate: 400 cc water/hr. 

1 .  

Reactor 
Construction 01s' ' Conversion 

B 96 

A None - 304-316 SS' 1.0 383 
B '38 

C 50 

A None - Teflon liner2 1.0 50 

B 43 

'Spacers used to fill voids of the reactor were either 304 or 316 
stainless 
steel. 

'Glass spacer used to fill voids. 

3Based on commercially prepared H2S blend and potentiometric silver 
titration of KDH scrubbers. 
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C. (htygen'&ntent of ~roditct Steam 
I' . 

The presenck of 'oxygen i n  ste8m containing s d f i d e  increases 'its 

corrosiveness 

data,  however; tbe. did not permit d e f i n i t e  resolut ion .of t h i s  question. 

obtained by saalpliug of the non-condensable gases with a high.pressure bomb 

indicated .oxygen in the  ppm range. 

ilifluenced by the reaction between'hydrogea sulf ide,  oxygen, 'water vapor, and 

the s ta inlesg steel walls of the bomb. 

Considerable e f f o r t  was made t o  obtain oxygen concentration 

' 

However) . these r e s u l t s  may .have been 

. e  

Special  procedures beyond ' the  scope ' of 

t h i s  prokram ( the residual  oxygen content of the product steam-waa:not.a .. + 

$pcciffcatioh in t h i s  program) will- 'be needed t o  obtain d e f i n i t e  data. 8 

- 22 - 



:'" , a ,  
. I I  

".4 ,- - "&. (i 
D. Elementai Sulfur Production . .  

Elemental sulfur -Gas not rollected .as a product and sppears- Sn the 

tables as a calculated quantity. 

test, ..verified- this assumption. 

Proof was needed.to support this. 
- *  

.mi@ test was made at conditions chosen to 

give sulfur products *n all plant effxuents. I - 2 . .  3 - 1  > ., ' .  

f .  
% In the fo t loang  table (Table 3) 'the elemental sulfur\was caLculaSed 

according \ to  the folla&ng~~formula:. Tots€ feed sulfide - (KOH So +'+liquid 

product sulfur):P-elemental sulfur. A t  ,the end of VPeriodC B,, the plant was. 

washed with ?hot $caustic, *thus solubi 

sulfur content of ithe' caustic:was t 

.a 

zing the elemental sul 

The catalyst and plant scraptugs (corrosion products) were found to 

contain 0.02 moles of sulfur. 



Table 3 

Period A 

Elemental Sulfur Production 

Catalystt 10 cc Geocat I - 500 ppm Conditions: Temperaturec 320'F 
0 6' = 1.0 Pressure: 100 ps ig  Per.A 

180 psig Per.B 
Feed: YS 

N q s -  = 1.0 
coz/s' = 20 

Feed rate; 400 cc water/hr. 

Mole S* in 0.36 

Mole Water Sol. Sulfur Compound Wt. 
Mole S' out 

Mole So by Difference 

Period B 

Mole S= in 0.56 

Mole Water Sol. Sulfur Compound Wt. 
Mole S= out 

Mole So by Difference 

Total mole elemental sylfur by calculation 
Mole elemental sulfur measured via caustic wash 

- 24 - 

0 4 9  
0.06 
0.15 
- 

0.21 - 

0 . 174 
0.31 imm 

- 0.076 

0.286 
0.27 



E, Catalyst Stability 

Two long-term tests were made, 900 hours and 1340 hours. In both 

caees, the catalyst had full activity at check conditions (Table 4). 

- 25 - 



Table 4 

. ,  
Stability of Catalyst Activity 

Catalyst: eocat 1 5 0  cc . *  

Feed: H S = -500 p p  Conditions: Temperature: 320'F 
> o b  = 1.9 Pressure: 100 psig 

Iw3/s* = 1.0 
co2/s= = 20 

Feed rate: 400 cc water/hr. 

Ei2s 
Hrs. on Converted 

Test Stream x 

A 270 98 

882 100 
900 98 

B 294 100 
1314 100 
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F. Inspeetioa of Used Catalyst 

After the Geocat I catalyst had been in the glant for 900 hours of 

operation it was removed and iaspe 
s’ 

Analysis of the used catalyst from that test indicated only minimal changes in 

catalyst composition; ’The used catalyst could not be differentiated from fresh 
t i  ’ +‘ < #  - 

I 

catalyst by visual inspection. 

, -.. 



G. Effect of pH or NHq/S' Molar Ratio 

The product distribution resulting from the oxidation of hydrogen 

sulfide was determined, to a great extent, by the pH of the effluent, 

experiaentally controlled by the ammonia/hydrogen sulfide feed ratio . 
(Ffgure 6). Alkaline conditions favored the formation of water-soluble L 

products, such as thiosulfate and sulfate while acid conditions directed the 

oxidation to the production of elemental sulfur. The effect of high ammonium 

ion  concentrations, as a salt of the neutral pH compound thiosulfate, did not 

alter the pH of the effluent (Table 11). 

Alkaline Region 

The nearly complete conversion of sulfide to water-solu-le products 

(Table 5) was characteristic of dilute sulfide oxidation. If the concentration 

of hydrogen sulfide rises above one percent, polysulfide formation is 

observed. 

pH region due to the formation of water-soluble products that kept the catalyst 

surface clean. 

The rate of sulfide oxidation and oxygen demand was highest in this 

Neutral pH Region 

The production of water soluble sulfur compounds was dominant at 

neutral pH (Table 5). 

Acid Region 

The oxidation of sulfide ion has a pH lowering effect in going from a 

weakly ionized acid (H2S, K1 - 5.7 x 

K - 1 x 
effluent becomes acidic, the tendency to form elemental sulfur is increased. 

This may be due to the increased instability of oxysulfur compounds at lower 

pH's. 

to moderate acid (H2S203, 

and finally to a strong acid (H2SO4, K1 = 4 x lo-'). As the 

Even sulfuric acid can react with hydrogen sulfide to yield sulfur. 

Thiosulfate disproportionates to sulfide, sulfite and sulfate thus increasing - 28 - 



the demand for oxygen. A slight decrease in catalyst activity was noted. This 

may be due to an increased deposition of elemental sulfur on the catalyst or an 

actual loss of activity at highly acid pH's. 

P 
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Table 5 

Effect of pH and NH /S= Molar Ratios on 
Sulfide Conversion ana Product Distribution . 

c 

. *  

ocat I, 50 cc 
.) 

Feed: E S = $10 ppm Conditions: Temperature: 311°F . .  
03s= = 1.9 Pressure: 100 psig 
oO,/s'.= 20 .. 

ed rate: 400 cc waterjhr. 
$ 

I .  

Effluent 
SO&= , E2S . , So N83/Sm2 1 p R  Feed Pff '2'3= 

22l 10 9.6 73 17 0.0 10 

5.4 7.8 9.3 

5.4 7-8 9.3 

83 10 0.0 7 

87 8 0.0 5 

1 -9 7.1 a -9 58 12 0.0 30 

1.9 7.1 8.9 71 

1.0 6.5 6.6 57 

0. 5 6.0 3.0 33 

12. 0.0 17 

10 0.0 73 

15 0.0 52 

0.5 6 -0 3 -0 12 28 0.0 60 

0.5 6.0 3.0 12 26 0.0 62 

5.6 3 -0 2 26 1.0 72 , 

I 5.6 3.0 2 18 5.0 75 - 
. I  

lO/S' 
2Ammonia added as ammonium carbonate q / C 0 2  = 3/2 
?Sulfur i n  product expressed as  percent of sulf ide i n  the feed. 

6.7 Mr was used instead of oxygen blend, a l l  others O/S= - 1.9 
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Ha O/Sp Atom Ratio 

The study of the  e f f e c t s  the o/s= atom 
I 

mildly ac id ic  conditioas so that severe corrosion of :the plant  would not occur. 

Previous work had shown t h a t  a NH3/SE = 1 would y ie ld  an e f f luen t  of pH 6.0 a t  

an 01s' atom ratto 
r. I -  

I .  

. ~ t '  
.. .x 

The study of the e f f e c t s  of the  O/Sp a t o  product . >  distri- 

bution of a l iqu id  feed t o  Plant 672 containing carbon dioxide, ammonia and 
. .  . .  

hydrogen su l f  f'de .is reported i n  Table 6 .  Complete s u l f i d e  oxida t ion  I ,  was 
. . . _  . 

a t ta ined  with an O/S: atom ratio i n  excess of 1.4. 

r a t i o  decrease 

Decreasing the  O/S' atom 
t': i - 

t he  production of sulfate when su l f ide  appeared i n  the  product. 

I /  

i '  . .  

' , '  

z , 

. .  
< .  ~ .. 

K c  

.. . 

. !  
_ '  .* 



Table 6 

The Effect of the O/S= Ratio on Product 
Distribution and Sulfide Conversion 

Catalysts Geocat I, 50 cc 
Feed: H2S * 510 ppn Conditions: Temperature: 311°F 

w3/s* = 1.0 Prefseure: 100 p s i g  

Feed rate: 499 cc water/hr. 
co*/se = 20 

Conditions Product Distribution' 
Reaction 

v Temp Product 
o/s" OF S O  szog= so$= Conversion 

1.9 309 35% 33% 32% 5 -0 100% 

1.9 307 23 54 23 5.8 100 

1.9 307 31 50 19 5.8 100 

1.9 313 5 76 17 5.8 98 

1.33 306 46 50 4 5.8 99.9 

1.33 311 41 53 6 5.8 99.9 

1. 262 307 42 35 23 5 - 5  100 

1.26 304 46 33 21 5.5 100 

0.9 315 42 46 0 5.7 88 

0.9 313 23 44 22 5.8 89 

0.9 307 30 51 5 5 08 86 

0.36 307 26 46 3 5.8 75 

0.36 309 31 42 4 5.8 77 

'As X of the sulfide content of the feed. 
2The catalyst had been operating at an O/S" = 1.9 and was still "oxygen rich", a 
characteristic noted in other experiments. 
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1. Effect of Pressure 

Pressure did not have a significant effect on the rate of reaction as 

long as a liquid phase was present (Table 7). 

belQw the autogenous steam pressure , thus vaporizing a l l  of the water, the 

When the pressure was dropped 

1 

catalyst lost much of its activity (Table 7). 

not merely to wash products of oxidation away. 

water end carbon dioxide passing over the catalyst, immediate deactivation was 

noted when the presgure was dropped below the autogenous pressure. 

drop in activity was immediate, ft can be deduced that liquid water phase is 

required €or the most efficient catalytic reaction. 

The function of a water phase is 

With only hydrogen sulfide, 

Since the 

'qutogenous steam pressure * at a given temperature, the pressure at which steam 

and water are in equilibrium, 
. .  
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Table 7 : i 
. -  " 

6 .  

Effect of Pressure 

. ' Crhtalyst:' Geocat I, 50 cc : 

I '  , 
Feed: H S = 391 ppm 

ossa = 1 . 9 -  
+. . . .  CK) cc water/hr. 

Conditions Produc t1 

PH 
Press . Temp . KS P S U  OF NII3/S' s,o;2 S O  conv. 

180 

100 

90 

80 

75 

70 

180 

100 

80 

75 

343 

320 

316 

322 

314 

307 

312 

305 

320 

318 

1 .o 

1.0 

1.0 

1.0 

1.0 

1.0 

0.0 

0.0 

0.0 

0.0 

69% 

43 

- 
43 

130 

32 

18 

12 

11 

7 

22% 91% 5.0 

56 99 5.7 

- 90 6.4 

4 47 5.9 

- 79 5.9 

15 48 6.0 

82 100 3.1 

88 100 3.2 

57 68 3.0 

61 68 3.0 

71 307 0.0 1'2 66 78 3.1 

'AS percent af feed sulfide. 
yL denotes all water sulfur species detenined by the turbidimetric method. 

* 
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J. Effect of Temperature 

The major effect of temperature (as in the case of pressure) is ics con- 

. ,  

was increased. Temperature also has an effeci. on product distribution; the 

lower the temperqture, the greater~the production of. elemental sulfur (Table 8). 

. . ./. 

. .  

,, " . ,, I .. . .  
. .  , .. . 

I .  . .  . .  
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Table 8 

Effect of Temperature 

, * I  

Catalyst: Geocat I - 50 cc 
Feed: . II S = 450,ppm 

ofs= = 1.9 
co2/s= IC 20 

Feed rate: 400 cc water/hr. 

Conditions Product' 

Temp ' Press. Conv. 
O F  Psig NH3/S= s,oy= so SI of s' PH 

246 100 1.09 18% 82% 0.0% 100% 6.6 

316 100 1.09 43 56 1 99 5.7 

248 180 1.09 29 71 0.0 100 5.9 
284 180 1.09 29 71 0.0 100 5.9 1 

343 180 1.09 69 31 0.0 91 5.0 

302 77 0.0 12 53 35 65 3.1 
291 77 0.0 * 52 42 6 94 3.0 
284 77 0.0 43 52 5 95 - 
268 77 0.0 6 93 1 99 3.1 

'Reactor temperature. 
*Percent of feed sulf ide . 
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K. Effect of Salt 

The effect on sulfide conversion of the presence of two compounds, 

ammonium thiosulfate and sodium sulfate, was investigated. 

ammonium thiosulfate solutions, respectively, were fed to Plant 672 and sulfide 

conversion remained high, 93% and 88% (Table 9 ) .  

Nve and 10 wt.% 

1 

However, when sodium sulfate 

in 5% and 10% solutions was fed to Plant 672, sulfide conversion was diminished 

to 85% and 80%. 

bed due to vaporizatlon of the salt solutions. 

During all of these runs, the salts deposited on the catalyst 

< ,  . , . .  
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Table 9 

Effect of Salt  

* . .  Catalyst: Geocat I, 50 cc 
Conditions: Temperature: 311°F 

Pressure: 100 psig 
Feed: 7 s  - 500 ppm . .  

0 s' 1.9 
, .  c02/sp E 20 

* ' Feed rate: 406 cc water/hr. 

H2s Concentr t l o n ,  
Salt  W t  02 f Convers Ion 

(NE4 $203 5 93x1 

("4)2S203 10 88 

None. . ' 0 160 

NazS04 1 85 

Na2S04 5 . 80 

Na2SO4 10 77 

'Based on water i n  feed. 

Product 
PH 

6.1 

2.7 

3.2 

3.4 

2.6 

I .  
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L. Sodium Bicarbonate as an Alkaliz&.&ent 

Previous work on the  oxidation of a l k a l i  metal su l f ides  had shown a 

marked difference between sodium an 

Plant  672 w a s  changed from ammonium carbonate.to.sodium bicar  L - "  

t ions  were.equimolar and charged a t  the same rate. 

scrubbers and the  production of water soluble  products increased (Table 10 and 

Figure 8 ) .  

.' r 

Sulf ide appeared i n  the KDH 

f ab le  10 
' .  

L ,  

Effect of Alkalizing k e n t  on Product D-stribution 

, ,  

Feed: :Water containing -500 ppm H2S 
co /s= = 20 Conditions: 
o/sp = 1.9 Temperature: 3200F 

Feed rate: 400 cc/by. Pressure: 100 psig 

I *  . , .  _ .  
Product' 

Alkalizing 1 H2s 
S O  Conversion Agent sxo; 

51 49 100 

NaHC03 82 15 97 

(Na/S = 1) 

'Based on percent of Fsulfide i n  the feed. 



M. Deposition of Sulfur on the Catalyst  

Sulfur deposit ion on the  ca t a lys t  i n t e r f e re s  with a c t i v i t y  when the 
system is oxygen starved (below an O/St of 1.4). 

Table 11 

Effect of Sulfur Deposition on Catalyst ,  Ac,tivity 

o/s- E76 Conversion - Catalyst 

Geocat I 1.9 100% .. 1.75 100 
0.9 85 

1.0 81 

" 

I. 

1. 1 .o 66 

The e f f ec t  may become more pronounced with longer operation, thus i n  78 

hours of operation a t  an' O/S* r a t i o  of 1 recovery was immediate but a f t e r  180 

hours of ope'rated a t   the^ reduced O/S= ratio, t he  recovery of the catalyst t o  

f u l l  a c t i v i t y  w a s  delayed. 

Table 12 

Recovery of Catalyst  Activity After su l fur  Deposition 

- T e s t  Catalyst - o/s= H7S Conversion 

A Geocat 11* 1 .o 80% 
I. *I 1.9 100 
B Geocat I 1 .o 60 

1.0 86 
1.5 64 

2.1 76 

. . 
1. ., 
I. .. 

*Geocat If is closely related t o  Geocat I. L L t t l e  
di-fference was expected and none was observed 
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VI DISCUSSION 

A. Evaluation of Results Based on Process Requirements 

The overall objective of the program was to develop a process for 

upstream treatment of geothermal steam based on Sulfox chemistry. 

phase of the program has been successful in meeting most of its goals in a 

laboratory and pilot plant evaluation. The following discussion will be based 

on the DOE contract, DE-AC03-79ET27203, the quoted objectives are from the 

statement of work. 

The first 

1. "Applicable to vapor dominated and liquid dominated reservoirs.'@ 

The process operates at full efficiency with the presence of 

some liquid water. 

2. "Allow a maximum of 5% discharge of the total raw Geothermal fluid 

Hydrogen sulfide (H2S) loading." 

Most operations in the pilot plant study resulted in a 100% 

conversion of lfide, i.e. 0% discharge. 

3. " w e  temperature range where the process is to operate efficiently 

shall be between 100°C to 350°C (212°F to 662"F)." 
. .  

The study demonstrated successful operation from 250°F to 

350°F and 77 to 180 psig. 

to solid sulfur deposition with loss of activity, The pilot 

plant's gas supply wqs not designed for operations above 200 

I 

Operation below 250'F would lead 

psig. The cost of adapting the plant for high pressure 

operation was much greater than the funds available for this 

study - 41 - 



4. 

5. 

6. 

"Applicable to raw geothermal fluid upstream of the energy extraction 

process " 
. *  The process is applicable to, but not restricted to upstream 

processing. 

. ,  
^ I  

"Capable of long term continuous reliable operation wi,th minimum 

maintenance required " 

< The catalyst maintained full activity and structural. 

,integrity forkest period of 1300 hours. A similar catalyst 

. employed commercially for the oxidation of oqganic sulfur 

compounds has given an economically acceptable life. 

, >  

"Simple operation of the process to allow the,minimum of operator 

training." 

The process can be automated and the function of the operator 

could be limited to inspection of-operations. 

7. "The process is to produce a minimum of waste." 

The process can be made to produce elemental sulfur or salt 

solution of thiosulfate or sulfate. The disposal of these 

salts will vary with the nature of the geothermal stream 

being treated, for example, where-brines are refnjected into 

the reservoir, addition of these salts will not cause a 

problem. 
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8. "Process is to minimize the ..loss of energy by the geothermdl 'fluid."- 

The pressure drop in Plant 672 was less than one pound. 

biimercial operation with appropriately sized catalyst should 

produce comparable performance. 

confirms operation at autogenous geothermal conditions with 

mintma1 energy loss expected. 

Experimentation to date 

9 .  "Process is to consirme a minimum of energy and raw materials to operate". 

The only raw material critical to the operation of the 

process is'oxygen. In,'certain. case 

oxidation are needed or the, production of water-soluble 

sulfur compounds is desired, sodium carbonate or ammonia may 

be added to the system. 

probably be stoichiometric tb the sulfide content of the 

geothehal stream 

metallurgikal design requirements. 

' 

The use of these reagents will 

Their use w d d  also simplify , .  

I 

; 
5 

10. "The process operation shal l  not, induce or cause'other environmental 

problems." 

iche products of a oxidation are elemental sulfur, thiosulfate 

and sulfate. Thiosulfate and sulfate *can be disposed of in 

the brine reinjected into the.reservoir. 

where reinjection is 

allow for the presence of metal sulfides. The process itself 

can be varied to produce the least objectionable waste within 

In those cases 

the steam product requirements. 
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B e  Op erating Cost Estimation 

The contract "Statement of Work" specifies the following task: "Using 

the laboratory data, perform a cost estimate for operating the system using 

steam with 300 ppm of HzS: 

(C02) and ammonia ("3) in concentrations which are indicative of actual 

geothermal steam." 

in addition the steam will include carbon dioxide 

The specific sizing of a commercial facility to remove hydrogen sulfide 

from'geothermal steam upstream of a 55 MW turbine is greatly dependent upon 

parameters which must be determined in a field test which utilLzes authentic 

geothermal steam. 

the rate of reaction and the rate of deactivation of the catalyst, both of which 

dictate the critical sizing of reactors. The rate of catalyst deactivation also 

determines the frequency of catalyst replacement, an important factor in the 

operating costs. 

This test program would determine, under field conditions, 

The laboratory experimental program demonstrated that the process could 

be operated with the only consumed reagent being oxygen added as air. 

maximization of water-soluble products is desired, a preferred mode of operation 

may be to add enough ammonia to neutralize the acid components generated from 

the oxidation of the hydrogen sulfide. 

molecules of ammonia are required for each molecule of hydrogen sulfide. 

If 

Therefore, a stoichiometry of two 

If the 

average condition present at The Geysers Unit 7 is used as an example (250 wt. 

ppm H2S instead of 300 ppm, 150 wt. ppm NH3) at the 55 MW scale (1 million 

pounds of steam per hour) then an average of 100 ppm of ammonia would be 

required. This amount of ammonia is equal to 100 pounds per hour or 792,000 lbs 

(396 tons) per 330 day year. Assuming $190/ton for ammonia, this operating cost 

is $75,240 per year. No other chemicals or oxygen are required. The total 
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utilities requirement, aside from negligible water and steam, are the . I  electrical 

needs for pumps, compressors, etc. 

maintenance, and capital charges are based on actual design parameters which 

must be determined from a detailed engineering study or from the results of the 

These costs and others such as labor, 

field test. 5 

. .  

; 

, 
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C. Held Test Pilot Plant Design 

The "Statement of Work" specifies:. "Provide a design for a fielid test 

pilot plant based upon laboratory data." 

The apparatus represented in Hgure 9 was designed to provide adequate 

flexibility to examtne a number of parameters required.for the design of a 

commercial facility. 

A. 
* I  

Qxygen/hydrogen sulfide ratio as it affects H2S conversion, 

distribution of products, and .oxygen content of effluent 

B. 

C. 

D. 

E. 

F. 

G. 

H. 

I. 

J. 

KO 

Alkalizing @gent type and its ratio to €12S as it affects %S 

conversion, distribution of products, and oxygen content of 

-effluent . .  

Recycle rate of liquid phase and blowdown rate 

Reaction Rate 

Catalyst deactivatfon rate at "best" conditions, and modes of 

reactivation 

Catalyst bed configuration 

Performance of various catalyst formulations 

Catalyst bed capacity for H2S and 02 

Materlals of construction 

Production and separation of sulfur 

Ability of the fixed bed to accommodage "rock dust" 
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D. Commercialization Plan 

I -The "Statement of Wo also specifies: ide a plan and schedule 

beginning with the pilot plant operation through commercial sale and operation."' 

Completion ' ': I, 

Duration Date Geothermal Project Development Steps 

months month 

enkh-scale construction . >  . .( 

.: a ,  Bench scale test opetation 

Field test conceptualization 

Field test facility (FW) process flow diagram 

2 2 <i kF'engin6ering design * 

5 7 FTF procurement construction '.,' ' 

3 .  ' 14 FTF operation ' 

1 15 Process decision 

1 16 Commercial unit (CU) conceptual design 

1 

7 24 vt CU eng'ineerin 

* .  

* . '  

4 1 -35 CU procurement, construction 

begins -35 



E. Proposed Modes of Operation 

The nature of geothermal streams varies and each requires a 

modification of the process to attain maximum efficiency. 

geothermal stream will be discussed: (1) saturated and slightly superheated 

Three main types of 

steam typical of The Geysers (California) area, (2) the hot highly salPne 

solutions of the Imgerial Valley area, and (3) low sulfide, fairly clean, 

solutions. The proposals set forth in the following sections are theoretical 

and based on chemical principles. With aappropriate modification Sulfox 

technology should be applicable to all three types of geothermal streams. 

1. Saturated Steam Treating Process 

The steam in The Ge-ysers area varies in the hydrogen sulfide content, 

degree of superheating, and presence of rock dust, boron, ammonia and carbon 

dioxide in varying amounts. 

recommended. Maintenance of an alkaline pH in the recycle stream would depress 

the production of elemental sulfur and increase the rate of reaction and oxygen 

The process described in Figure 10 is 

utilization in the system. 

remove suspended solids (rock dust) from the system. 

A filter in the recycle stream could be installed to 

2. Treatment of a Highly Saline Brine 

The highly saline brines containing dissolved silica, such as those 

found at Cerro Prieto, Mexico, probably cannot be treated by direct contact with 

the catalyst due to severe scaling and high total dissolved solids. 

gested that a portion of the clean steam be utilized to strip the H2S out of the 

brine if extremely low level H2S control is desired. 

Plant 672 operations that hydrogen sulfide is readily removed from hot aqueous 

It is sug- 

It has been obsetved in 
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/ .  

j i  

solution when carbon dioxide is present. 

that shown for The Geysers but would operate at an acid pH to promote the 

production of elemental sulfur. 

salt loading of the recycle stream (or the recycle stream may be eliminated) and 

the acid water be added to the plant feed for acidification. 

where the brine is reinjected without atmospheric contact, the saturated steam 

process (see previous stection) would be used. 

The reactor would be a duplicate of 

Condensate water would be used to reduce the 

In those cases 

3. Low Sulfide, Low Mineral Content Streams 

Geothermal waters may be treated by direct contact with the reactor 

(Figure 3). As long as scaling does not occur, gas, steam and liquid may be 

mixed with air and passed over a catalyst bed to remove its hydrogen sulfide 

content. 
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V I 1  . CONCLUSION 

1. The Proprietary UOP test catalysts promoted the. 

hydrogen sulfide in a mixed phase geothermal stream. 

(oxygen) ''oxidation of 

2. The distribution of products of su 

line media producing mainly water soluble products and an acid environment 

producing mainly elemental sulfur. 

ide oxidation.is controlled by pH; alka- 

3. Complete oxidation of the sulfide content of a stream containing -500 ppm 

of H2S was achieved at an O/S= ratio of 1.4 or greater. 

4. Catalytic activity was not significantly affected by changes in pressure, 

temperature within the pilot plant operating conditions reported (248 to 

356'F and 70 to 180 psig) as long as a mixed phase was present. 

5 .  Sodium bicarbonate, as an alkalizing agent, produced more water soluble pro- 

ducts than ammonium carbonate at similar conditions. 

6 .  A simple catalytic process for the air oxidation of hydrogen sulfide in a 

mixed phase geothermal stream has been demonstrated. Testing of the catalyst 

at elevated temperatures (480OF to 660OF) and in the presence of interfering 

substances requires a comparison of life tests which would best be 

undertaken utilizing an authentic geothermal stream. 
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FIGURE 1 

PROCES OR 
TREATMENT OF A PHASE 
GEOTHERMAL STREAM OF LOW 

ALT CONTENT '- 

WATER AND STEAM 
GEOTHERMAL FROM 

. I  
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FIGURE 2 

PROCESS DESIGN FOR TREATMENT OF HIGH 
SALINITY OR SCALING GEOTHERMAL STREAMS 

RECYCLE STREAM SPRdY 

PROCESS STEAM 

STEAM WATER 

CONDENSATE 
WATER 

WASTE OR LOW 
PRESSURE STEAM RECOVERY 

UOP 611-2 
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FIGURE 3 

PLANT 672 
- GEOVHERMAL PILOT 

m D  

P =PRESSURE GAUGE TIC *TEMPERATURE INDICATOR CONTROLLER 
FlC =FLOW IWDICATOR CONTROLLER n =TEMPERATURE INDICATOR 

=DOW STREAM PRESSURE CONTROLLER UC =LKIUID LEVEL CONTROLLER 

& = PRESSURE C O N T R O ~ R  WlV4 =WET TEST METER (MEASUREMENT OF CAS VOLUME) 
“OPLI, 1 

i ‘  
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FIGURE 4 

' EFFECT OF AMMONIA/ H2S 
RATIO' 0 CT DISTRIBUTION 1 

. CATALYST: GEOCAT I, 50 cc 
FEED: HzS=53O ppm CONDITIONS: TEMPERATURE: 311OF 
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FIGURE 6 

EFFECT QF AL 
ON PRODUCT DIST 

FEED: 500 ppm H2S CONDITIONS: TEMPERATURE: 32OOF 
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FIGURE 8 

PRQCE§S DESlsGN FOR TREATING A 
VAPOR PHASE GEOTHERMAL STREAM 

I STEAM FROM WELLS 

AIR 
TREATED STEAM 

TO TURBlNES 

a sEz$ CONDENSATE WATER 

HIGH PRESSURE 

I U k WASTE TO ’ INJECTION WELLS 
I 

I-b SULFUR UOPBIl-8 

-58- 
+US. GOVERNMENT PRINTING OFFICE: 1981 -740-145/2199 


	Table of Contents
	List of Tables
	List of Figures
	Acknowledgement *I
	111 Introduction
	A Geothermal Sulfide Process Requirements _I
	B Process Descriptions
	C Chemistry
	Apparatus and Analytical Scheme
	A Experimental Apparatus
	B &lysis
	C Plant Operations
	V Results
	A Rate of Reaction
	Uncatalyzed Reaction
	Oxygen mitent of Product Steam
	D Elemental Suifur Production
	E Catalyst Stability
	F Inspection of Used Gatalyst
	Effect of NH3/Se Molar Ratio and pE
	H Effect of O/S*Atom Ratio
	J Effect of Temperature
	K Effect of Salt



	Sodium Bicarbonate as an Alkalizing Agent
	Deposition of Sulfur on the Catalyst
	Deposition
	Discussion
	Evaluation of Results Based on Process Requirements
	B Operating Cost Estirdation
	C Field Tes lot Plant Design
	D Commercialitatton Piad
	E Proposed Modes of Operation
	1 Saturated Steam Treating Process
	Treatment of Xlghly Saline Brines
	3 Treatment of ];ow Sulfide ]low Mineral Content Streams


	VIL Conclusions
	Rate of Sulfide Conversion
	Catalyzed and Uncatalyzed Sulfide Conversion

	Elemental Sulfur Production Run
	Stability of Catalyst Activity
	and Product Distribution
	Conversion

	Effect of Pressure
	Effect of Temperature
	Effect of Salts
	Effect of Alkalizing Agent on Product Distribution
	Effect of Sulfur Deposition on Catalyst Activity
	Recovery of Catalyst Activity After Sulfur &position
	5 of hw Salt Content
	Geothermal Streams

	Geothermal Pilot Plant Plant 672 Schematic Diagram
	Effect of Ammonia to H2S Ratio on Product Distribution
	6 Effect of Alkalizing Agent on Product Distribution


