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I, ABSTRACT-

~ uop SnlfogO technology snccessfully renoved'SOO ppm hydrogen sulfiee
fromvsimnlsted"nixed phese<geotherms1fwetets._xThe'Sulfox”process»involves air
oxfdation:of‘hydrogen gulfide nsing*h‘fised’catslyst”heq.?sthe catalyst activity .
remained stable thronghOut'thejlife of'theeprogrami“:The‘productistream;“
composition sas selecteq by controlling:pH;'low pH favored‘elemental-sultur,
while high pH favored water soluble sulfate andfthiosulfste. 'oéeration sith
1iquid water present assured full catalytic activity. Dissolved sslts reduced
catalyst activity somewhat. | | |

Application of Sulfox technology to geothermal waters resulted in a

'straightforward process. There were no requirements for auxiliary processes

such as a: chemical plant. Application of the process to various types of
geothermal waters is discussed and plans for a field test pilot plant and a

schedule for comercialization are outlined. ]'» S




I1. EXECUTIVE SUMMARY

The UOP Sulfox® process is a means for catalytically oxidizing hydrogen
sulfide to elemental sulfur utiliiing»air as the oxidant. The highly stable
catalyst has been operated in water saturated steam at 430°F and at temperatures
in excess of 570°F on sulfide-containing gas streams. The application of this :
process to geothermal streams provides a system which is flexible so as to
produce elther sulfur or water-soluble by-products that can be easily disposed
of in the waste brine solutions. Sulfide conversion is complete. .

In Sep;ember, 1979, DOE contracted with UOP to study the application of
Sulfox process technology for the removal of hydrogen sulfidé from a mixed phase
geothermal fluid upstream of a turbine generating electricity. A program was
established to investigate processrvariables. The program consisted of the
treatment of a vapor-liquid water mixture containing hydrogen sulfide, carbon
dioxide, and ammonia, at concentrations similar to those found at The Geysers,
California. A research-scale automated plant was constructed in which the
important parameters could be studied for extended periods of time.

The research plant utilized catalysts proprietofy to UOP to convert the
sulfide to desirable products. Results from these studies have shbwn‘that the
system is capable of oxidizing hydrogen sulfide in a mixed phase. Sulfide
conversion was complete at concentrations typical of geothermal streams (0-600
ppn HyS) even at the plant's maximum feed liquid hourly space velocity (LHSV) of
40, [LHSV = volume of mixed phase feed, expressed as the liquid'equiQalent,
passed over a volume of catalyst per hour.] The products of oxidation were

controlled primarily by oxygen stoichiometry and pH; alkaline conditions




produced mainly (882) water-soluble compounds (thiosulfateé and sulfate), and
acid conditions produced maihly elémental‘Sulfut (75%). High salt
concentrations reduced the rate of sulfide conversion somewhat.

The -investigation dfavariables was ‘conducted within a temperature range

‘of 250 to 350°F and pressures of 90 to 180 psig, the limits of plant capability.

Studies 1ndicéted the need for some liquid water to be present on the catalyst,
as a substantial decrease in reaction rate was noted under an all vapor
condition. The presence of sodium sulfate in the feed reduced the conversion,

because diséolvéd salts reduce the sbiubility of oxygen in the geothérmal

1iquid.

The catalyst was stable for fhe’1300 hour life of a program under a
variety of conditions. At the end of this time, the 0/S” ratio needed for
complete sulfide éonveisiqg had not increased.

Qon;amfﬁants maj’cauSe loss of catalyst actiyi;y over long periods of .
time. - Because of the complex #a;ﬁte of the potential contaminants, on-site
testing of thevéysfém is recommended. A field test pilot plént f:dgram ;s
sutlined aioﬁg~w1th'a séheau1e~for-commefciaiizatian 5: this successful hydrogen:

sulfide removal process.




III. INTRODUCTION

A. Geothermal‘sulfide Removal'Process Reduirements : _ R AR PR
| Hydrogen sulfide occurs in many geothermal streams and 18 a toxic gas .
having a disagreeable odor capable of being detected at . levels as low as 10 -
parts per billion; Many states have passed‘laws 1imiting the.amount,of-hydrogen
sulfide that canrbe‘released to the‘atmosphere.‘ dlso, its presence,in’the
environment‘of‘electrical suitching gear'must:be ayoided because of sulfiding of
copper and silver contacts. Hydrogen sulfide in conjunction with oxygen ‘
corrodes ferrous metals. ‘For these reasons, . the 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 sources.

=
B ! o

The processes for removing hydrogen sulfide from geothermal streams can
be classified into two major categories: - (l) upstream processes that convert
hydrogen sulfide before the geothermal steam enters the power-generating turbine,
and (2) downstreamfProqesses that conveft“the hydrogen sulfide escaping‘from the
various atmospheric vents downstream of electric‘power generation. -

"An'example of an'upstream proCess is the EIC process in which sulfide v
containing steam from the wellhead is contacted with a solution of- copper sul— R
fate forming copper sulfide and dilute sulfuric acid. The increase in acidity o
is:neutralizedj?ith ammonia and the copper’sulfide is oxidized back to the’sul—*ﬂ
fate. The.system lslmaintained in balance%by'the removal of ammonium'aulfate A
from the'system; bA'downstream-process;for remoual of hydrOgen~su1fide is the
Stretford process which utilizes a - solution of the sodium salts of thiosulfate, :
'carbonate and bicarbonate with catalytic amounts of vanadate and - anthraquinone

disulfonate for absorption of the hydrogen sulfide and subsequent air oxidation .
‘ : - 4 -
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of‘the sulfide to elemental sulfur. the,prqcess,treats.non—condensable gas, but
due to the alkalinity of the condensate, 10 to 40% of the hydrogen sulfide'can
escape by being vented through the cooling towers. This requires a secOndary
treatment. of the condensate, such as the addition of hydrogen peroxide and
catalyst. Downstream.treatments,require,ahell,and,tuheftype,condensers to
prevent :solution of,thevhydrogen sulfide,ingthe,large_volumes«of cooling tower
water. A'detailed description,of.these'and‘other hydrogen.sulfide,removal pro-
cesses:15wgiven_in,fStatefof—the-Art Hydrogen Sulfide control,for Geothermal
Energy Systems”, DOE/EV—OO§8 Uc-11, 66e. ..

: In'the above;mentioned report, upstream treating~ia given,preference,

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

, nated. Although several processes for upstream treatment have been developed, ‘

none is presently capable of effectively handling a mixed phase of liquid water
and .steam.. :This is mainly-due,to;loss ofkreagents in,the liquid phase or
unfavorable~equilibriumafor solution offhydrogen'sulfide;intoaan:alkaline
absorbent.yf”A‘;5;,g»ar'u§ ;,g c“n;; B S

- AnuimprovednprocessQcapahle ofyoxidizinguhydrogen sulfide in.a mixed

‘gen sulfide to nonrvolatile products.c The UOP Sulfox process satisfies these

demands. It employs a’ solid granular catalyst, inert to aqueous solutions across”,
the entire- pH range, stable in high temperature water and capable of producing a
variety of'products from the oxidation of«hydrogen sulfide, It,. therefore, is a .
suitable candidate for the upstream treating of geothermal streams.

| In Septemher of 1979, DOE awarded a contract to UOP for the investigation
of the chemistry of Sulfox type catalyst as applied to the treatment of geo— :
thermal streams (Contract DE-A003—79 ET-27203)..vThe*catalyst'had.been developed:l

for ‘the conversion of the high concentration solutions (3-12%) of ammonium
: L =5 -




sulfidé that are produced in the hydrogen treatment of petroleum in which niétog4
enous and suifur—containing”compounds are -converted to ammonia and hydrbgenbsulfide.
The process is capable of converting 99.99% of the hydrogen sulfide to- elemental
éulfut. ‘During'fhe‘developmeﬁt of this process, high temperature (320 to 430°F)
operation was 1qvestigated to facilitate recovery of the heat of sdlfide =
oxidation.

| ‘The nature of geothermal streams is extremely variable; sulfide’
concentration, temperature, pH, salinity, scaling properties and steam quality
vary from ‘source to source. Hydrogen sulfide concentrations vary fromjwell to
well and also vary during the 1ife of a single well. For example, at The
Geysers (California) the process would treat a super—heated steam while a
mixture of steam and highly saline water would be treated at'Cer:o Prieto,
Mexico. Because of the complex variation of parameters ambng'geothermal
sources, wmost of this laboratory pilot plant demonstration was perfofmed'with
synthetic geothermal streams without scaling contaminants. Therefore, these
results are applicable to a wide variety offgeothermal sources. Specific

‘vapplicatiOns'can“be studied further using actual geothermal 1iquid samples, best

performed with a field test facility.




B. Process Descriptions

‘:The use of hgterogeneoué catalysis allows the use of several process
systems 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.. | |

The process consists of adding controlled quantities of air to the
nixed phase_geo;hermal stream and passing it over a fixed bed of granular
catglyst (sée/Figure i). - Oxidation.-of the hydrogen sulfide occurs, and the
water-soluble Qxysdlfur.compounds and elemental sulfur are washed into a high
pressut¢ separatot where steam is separated from water, gnd the water is
reinjeétéd into a waste well. This system is applicablg to low salinity streams
containing fine_particle solids and is non-scaling.

In cases_where‘high salinity or dissolved silica and calcium salts
present“prqblems,vstrippipg of thé hydrogen sulfide from the geothermal brine by
use of.a’steamt;ecycle étteam is suggested (Figure 2). = The steam overhead of
this system would then bektrgaqu,‘{Ihe treatment of a steam overhead requires a.
variat;qntof_the‘qatalyst‘system._ A'recyg1qut:eam of liquid would be useq;to
. keep the catalyst wet. This systém allows additional ffeedom*in the operatipn
because the environment on the catalyst can be altered by addition of reagents

to the recycle:étream.




C. Chemistry

. Hy&toéen sulfide is a reaetive’toxic gas exhibiting strong reducing prop-
erties. ﬁepending'on tne oxidant and reaction cohditions, elemental sulfur,
 u1fur dioxide ot>sulfut trioxide can be produced. ﬁany other oiysulfut
compounds are known and these are combinations of the basic wvalence states (-2
0, +4, +6).‘ .The profusion of oxysulfur compounds is due to sulfur being able to
share 1t§'un1ence with other sulfur atOms. |

ihé oxioation of hydrogen suifide in aqueous and gas pheses foilows,dif-
férent oaths, gas‘phesevoxidntion yields eiemental sulfur, sulfur dioxide ano
~ sulfur tftoxide while water'pﬁase oxioation mainly yields elementel'sulfur,
thiosulfate and»sulfate. Water is a solvent entering into reaction with the
sulfur specieevand stabilizing mnny of its forms.

The study of mixed phase oxidation of hydrogen sulfide is dominated by
the aqueous sulfide oxidation chemistry. Many factors control the rate of oxida-
tion and distribution of products, e.g., pH, presence of cationms, temperature,
dilution, etc. In the following discussion, thiosulfate and sulfate are the
oxysulfur forms considered. Sulfur chemistry is marked by side product forma-
tion due to the interaction of many dissolved species. Of the major products of
aqueous sulfide oxidation, thiosulfate>is the most unstable, deoomposing in acid
to give elemental sulfur and sulfur dioxide or disptoportionating to give sul-
fide and sulfate or a variety of products. |

Decomposition: B,S,05 + K50, + §° ¥ H,0 + S0, + §°

Disproportionation: 4 H)5,0, + 3 HyS50, + H)S + 48°

: The presence of a catalyst not only accelerates the oxidation fate of
the sulfide, but also ditects the reaction to produce a specific end product.

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

geneous, as in the present case of Sulfox. In the case of geothermal streaus,
-8_




an insoluble heterogeneous catalyst is desirable because very large volumes of
water can be treated at high températures without lose of catalyst. The ability

to operate in media of various pH's 1s of considerable importance to the applica-

‘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 in:

1. Stromgly basicMsolution (pH >l1). The alkali metal sulfides can be

oxidlzed to polysulfides but an attempted oxidation to elemental sulfur leads
pregominéntly to the production of thiosulfgte-sqlfégef This is.due to the
attack of free caustic on the elemental sulfur present.
2Nazs’+oz+4”uo+Naou+2s+’2’uzo | |
4 S + 6 NaOH » N’azszo3 + Na s+3 HZO (Back Hydrolysis)
The oxidation of insoluble metal sulfides yields mdétly sulfate due to the
severity of the reaction conditions needed for signif;cang‘oxidation rates.’

2, Mbderétély basic to neutral pH. As the pH is reduced from 11 to 7,

the production of elemental sulfur‘inctéaseSs Backfhydrolysis becomes insignifi-
cant as free caustic is absent, and oxidation of hy&r&gen'sulfide'in alkali metal
cérbong;e-picgtbonate solutions yields elemental sulfuf and some thiosulfate.
Temperature hésfa strong effect in this area as thiﬁﬁuifa;e«production”is in-
creaggdlat elgyateéftgmperatures.~Ihe existence Of‘gﬁe p91ysp1fides becomes impor-
tantaa;fthigléﬂ range (at pH 8.3 pqusulfide~decomp§se§)’as elemental sulfur in
the. form éf p&lysulfide 1s more réadily attacked £han;the gsolid form, which is

out of phase with the aqueoys solution. : |

3. Ngutral to acid pH. As the acidity of the system increases, the
- S o - TR

production Qf:élementpl‘sulfgr also increases. At a pH of 5, ‘the stability of
thiosulfate dgcréases to the point where sulfate, sulfide, elemental suylfur and

sulfur dioxide are the major products. 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.

&, Effect of cation. The alkali metal‘cations affecththefcohree“of B
oxidation in caustic solution due to sulfide ifon formation., sodiuﬁsfﬁotassium
and lithium sulfides give ‘water-soluble products. At a given oH, aﬁibnich
cation favors the ptoduction of more elemental sulfur than the other cations.,
In;solutionS-uith a pH of lees;then 7, thefcation effect has;not;been_studied
but -the effect is~he11eved,to hé«insigoificant as hydrogen solffaeufs,the,m31n’i

sulfide form.

e e LS.';ﬁffect»of,temper;tnre. fémperathtes of less>than§1205Faten& to
favor the formation‘of elementalgsulfur., Even copoet suifiéejcan be oiidized_to‘
glve elementelwéulfur;at temperatures below 120°F. Thevetteck,of cacétic,oh .
eiehental solfur_becomes vigorous at ~150°F. At teﬁperctucee;eho?e ﬁio‘f, the
formation of sulfate becomes. dominant. ,This may be due to ;hé;?béfﬁal‘ée°°m’
position of .thiosulfate.. L ah e e e ey

& (NH +3(meo+ns+4§

4225203 2
~6qx Sulfide concentrations. It has- been observed that -low sulfide, -

concentrations (<100 ppn) :tend to give water-soluble productss ...
7+ . 0/S" ratio. The oxidation~product_distributionris,feepohsive,to .
the  amount of_ox&gen evaileble. The following'givee.the‘pfoeuctidfetribctioh
: for‘the’oxidétfoc'of—ammonium sulfide in_arsolution:of,about-pHelo.

"0/S =1, 2 NH,SH+ 0, +2S° +2 NH, OH_

4 2
' vo/s‘;= e, 2 Nnasu +-2 0, + (NH )zsz°3 + 5,0 |
..olsf‘¢\3; L2 Nnasu +30, + 2 NH,OH » 2 (NH,),S05 + 2.H,0 . -
.0/s =4, NHSH+ 20, + NH,0H + (NH,),S0, +_nzo SRR

- 10 -




R e 1 28 ‘APPARATUS AND -ANALYTICAL®SCHEME

A. QﬁxperimentalﬂApparatust:

The experimental program required an. apparatus which controlled the
addition of oxygen to ‘a water-liquid mixture and passed” that mixture over a -
catalyst bed. This was accomplished by producing ‘a known quantity of‘steam at'a
glven: pressure and ‘then" reducing the temperature to give a steam-water mixture
of: known composition. PLant=672,(Figurea3)'was designedvtoioperate in’ such’a‘~ﬁ
manner. o | | v

Plant 672 is a highly automated plant, capable of~0perating continuously.

The'® plant ‘was: constructed of 316 and 30& stainless steel and consitted of -three

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

“ 1.. Feed" Systems S o R L A T

C e Water?chargea- beionizedJwater‘was»pumpéd~outﬂof*a*weighed7

stainless steel vessel(l) into a steam generator(Z) where the ‘water was com— - °
pletely vaporized. The production of steam was. controlled by the input of
wvater. The water ‘was immediately and completely vaporized hy impingement on a
heated surface in the steam generator. The steam was swept out of the generator
by the oxygen~nitrogen gas blended fot’the experiment ‘as discussed below._

A“fff”b;!vazgen feed gystems The*control of the amount of oxygen entering

the system.is‘criticalcewokygen-wasgditutedwto one»andaonewhalf;percent*in..
nitrogen to allowfpreCise'control of-low'oiyéen fidw ta:és.~' *

_ The amount of oxygen mixture entering ‘the’ system was. controlled by an
electronic flow controller(S), which gave a constant measured flow of gas into

the plant via the steam generator. The electronic device.was later replaced by

a capillary flow control system.

- 11 -




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

allow dissolved salts to be added through the water feed(l, 2 3) system and so a‘
separate salt feed system was installed(6)  The ammonia needed for pH control ,k
was added as a concentrated ammonium carbonate solution and could‘be varied‘
without interruption of plant operationsi a

d. H9S and 009 feed. Hydrogen sulfide and carbon dioxide were

charged to the plant as a commercially prepared 1z 828-202 002-79Z N2 gas
mixture(7). The ‘amount entering the system was controlled by an electronic flow
meter28) This mixture was introduced at a point Just above the catalyst bed
(see Figure 4) to minimize corrosion.

2. The Reactor

The reactor consisted of a 316 stainless steel tube. Steam, air and
salt solution entered the catalyst bed through a preheater zone. A separate
duct brought the HyS-CO,-N, mixture to a point above the catalyst bed and mixing
of the components occurred as they were passed through the bed. Tne tem—
peratures 1lnside the reactor were controlled by an independently controlled,
three-sectioned clam shell type electric furnace (Figure 3).

3. Product Train (Figure 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). It was necessary to place filters and a vessel in the line
between the furnace and liquid level controller to separate liquid sulfur, -

otherwise fouling of the downstream control valve occurred. The liquid level

- 12 -
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controller separated liquid from the non-condensable gases, discharging the
liquid into receivers(ll) and the gas, reduced in pressure through a back

pressure regulator(lZ), was caustic scrubbed(13). Any gas liberated by the“

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

The volume of all off gas was measured by a wet test meter(14).
Plant 672 operated with the following feeds.

Water.“ deionized.

7Sa1tvsolution: an aqueous solution of ammonium carbonate containing
'15.7:g¢ per Kg of solution.

Oxygen: 1.5% 0, in nitrogen.

" Hydrogen sulfide: 1.08% HyS in a 20% C02-79Z N, (mole %) gas

mixture.




B. Anglysisu, A T N S TR S T
Sampling | |

The pient was'sampled every six hours. A portion of the~tota1.1iquidz“;~
effluent was taken for analysis. The RDH scrubbers were- replaced.A The sulfur,
in the RDH scrubber was: used to: determine the efficiency of - sulfide removal as
most of the liquid product samples were acidic and contained little or no
hydrogen<su1fide.

FEed.

The feed to the plant consisted of deionized water, an ammonium
carbonate solution and two - gaseous mixtures, one consisting of a 1. 082 st, 20Z
coz, 792 N2 (moie Z) mixture and tbe other of 1.5% oxygen in N,. “The feed gases
were analyzed by gaS'chromatographj. 1 |

) Cas Product |

The samples of the exit gas vere taken in a pressurized bomb and
analyzed for onygen by‘gas chromatography. fhe_nydrogen suifide contentvwns ‘
obtained by scrubbing the off gas through a doubie.RDﬁ scrubber (25%) nnd
nnslyzing-the caustic by’the‘turbidimetric method invwhich‘all forms of sulfur
were converted, by h}drogen peroxide oxidation, to sulfate. The sultate content
was determinedrby an optical turbidimeter after barium sulfate formetion.

Liquid Product

a Total sulfur content. The total sulfur content of the liquid
product was determined by the same turbidimetric method used for the KIH

scrubbers."

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

in the'liquid.nroduct; concentration was determined by siiverfnitrate titration.

- 14 =
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¢ Thiosulfate content. ‘Standard acaréb-iddide procedures wété’usedy'¢L”

In the few cases ﬁhérg sulfide was'p;eSent, the sulfide qag«fitétrrgmgééd Sy
qadmium pteéiﬁitaiioﬁ;.,

’aug ;Suifateé ‘Sulfate analysis was a'graiimetric.p;ocedure baSed-on the -

precipitation -of barfun sulfate..! - ‘
< LI A . s
)
i ! X [ i ;
it

- 15 -




C. Plant Operations

The major portion of the work was cérried out atl320°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. The CO,/H,S ratio was also suggested by The Geysers
operations. Ammonium was the cation used in the Sulfox process and since ammonia
occurs naturally in The Geysers steam, it was used to control the pH of the
pllot plant system. 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. At the time of product sampling the.
amount of nitrogen exiting the plant was balanced against the volume of feed

nitrogen.

- 16 -




V. RESULTS

-The results aré presented and discussed in the following sections in

the order indicated below:

K »Rate of Reaction‘
ﬁ; Uncetalyzed Reaction
- . C. . Oxygen Content of. Product Steam
- D. Elemental Sulfur ProdﬁctibﬂA
 E. Catalyst‘Stability», “
F. Inspection of Used Catﬁlyst
‘Gs Effect of ‘NH3'/§"= Molar Ratio and pH
H. Eﬁfect @f OISaVMoIar Ratio and pH
1. Effect in?késsu:e’ |
in. Effect ofltempgratute
K. ngegt‘qf;Salt; B | ‘
L. Sodium Bicgrbonaté‘aé‘an Alkalizing Agent

M. 'DgpositipnvofISQIfdr on the Catalyst

The data and discussion have been organized to ;ndica;é their relevance

to the evaluatfon of process chemistry.

- 17 *,




A. Rate of Reaction

The fundamental question of this'study was whether the fixed-bed cata-

-

R

lyst employed would oxidize hydrogen sulfide at an economically attractive rate.
The experimentation has shown conclusively that the Sulfox catalyst system is
highiy actiVe and does;economically oxidize hydrogen sulfide. This is clearly
shown in Table 1. In each case’ complete suliide conversion is achieved at an
OIS ratio greater than 1. k.: e "4_ _' | :~;::;:‘> ’

Even at the maximum feed rate of 400 cc/hour water containing 500 ppm
hydrOgen sulfide, complete conversion was achieved over the minimum catalyst
loading of 10 cc, 40 LHSV (Table 1). [LHSV = Liquid Hourly Space Velocity =
volume of mixed phase feed, expressed as the liquid equivalent, passed over a
volume of catalyst per hout] | ’ - ‘

This report shows that the presence of sylfide affects the formation of
sulfate (o/s® study, Table 6) and that the presence of elemental sulfur on the
catalyst modifies activity (lablesill and 12). Thus, the concentration of
sulfide pattially controls the products formed and the way-thevoxygen.is

utilized._
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Rate of Reaction

R
-3 S

E‘*.Catélyst' ‘Geocat ‘I & 111 G R i TE T e e T et e
Feed° ,S = 536 pgo . Conditions: Temperature: 311°F
oS- 20 o+ .. . .: Pressure: 100 psig

Féed rate. 400 ce water/hr. T B

P P O AT (TR S RS A SR R

C.at#lyst ' "6 - o ~ Effluegt - - 8™ . .
Volume, cc o/s™ NH‘,/ 5 pH_ LHSV Conversion

SR B el L CE T . .
' FER - R @R . T e RS 3

s L9 s s w0
50 v' ‘}'9 ': o 8 100 |
Do il
0 100

R LIS O B

Iyno significant difference was noted between these two catalysts as to
reaction rate or product distribution.

2The increase of the coz concentration by the addition of ammonium carbonate was
considered nominal.‘,-"

3All temperatures in thie‘report are #5°F-,.
by pressures are ts psig. -

sEach test. series was begun with a freshly charged cetalyet bed. o

3

6Atom ratio ‘

-

7Liquid hourly gpace velocity (volume of mixed phase feed, expressed as the :
‘1iquid equivalent, passed over a volume of catalyst per hour) L




B. The Uncatalyzed Reaction

HoS 1in steam was reported to be 30-45% oxidized by air without a cata-
lyst in a Teflon-lined reactor ("Removal of Hydrogen Sulfide from Simulated :
Geothermal . Brines ,» Contract- EG—77-C-02—4464) In the current experiments,
three runs ‘were made with and without the catalyst being present (void reactor).
The results shown in Table 2 indicate that the presence of Geocat-I‘results in
the complete conversion of the sulfide in the stream while the void metal reactor
and the void TEflon reactor .gave only partial conversion from -38 to 502 (Table 2).
The Teflon—lined reactor minimized wall catalysis although nickel in the feed (7
ppn derived from a 304-SS charger) may have had a catalytic effect. Experiments
‘with Geocat i in the Teflon-lined reactor could not be conducted because of
equipment complications (a portion of the feed by-passed the catalyst bed around

the Teflon liner).
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Table 2

-Catalyzed and Uncatalyzed Sulfide conversion

Catalyst: 10 cc Geocat 1

-Feed: H,S = 536 ppm Conditions: Temperature: 320°F

0/s = 1.0 Pressure: 100 psig
o 3/8= e 1,0 [ 3 e P
'€0,/8" =20

- Feed :Rate?: :400:cc water/hr.

: Cle : Reactor ' st3‘
Period Catalyst - LHSV'  Construction  O/S™ ' Conversion
A" " 'Geocat T 40 ' 304-316 st 1.0 100

B SR - 96
A None ~ - '304-316 ss! 1.0 383
ﬂ - 38
50 .
A None - Teflon liner? 1.0 50
B 43

1Spacers used to £111 voids of the reactor were either 304 or 316
stainless '

steel.
2Glass spacer used to fill voids.

3Based on commercially prepared H,S blend and potentiometfic silver
titration of KOH scrubbers. : '
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c. (Oxygen Content' of Product Steam

The' presence éfﬁox&éqn in;aﬁeam coh:ainingvédlf;depiﬁéré#ées>ité
cgrrosivenesé.;:Coﬁsidétabléveffétﬁ»waéumade'td.oﬁtéinibiygenféohcénﬁtqttoniArﬂ,
data, however; timé.did-ﬂbt bérﬁ1t5défin1£é régblutioufof~this{questi§n;-.Data .
6b§a1n¢d ﬁf sampling of the non4cdndeﬁsable gases with>a'hiéﬁxpfé§égt¢;b0mb e
i;dicatédnéxygeh in th§~§pmsfgngé. waever;?fheseffesults#ﬁajwhéve beéﬁ
iﬁfiuenéedey tﬁé régc;ibh*betweenfhydrogén‘éulfide, oxygen;iﬁ&tét:vipotyfand
éﬁe stainless steel walls of the bomb.':sﬁécial}ptocedutes"BeyOQd’thefscoﬁeﬁOfw-
ﬁhig’ptograﬁi(the rééidual'oiyéen éonﬁént df the ptpdutt steamrﬁanﬁofza‘ S

épécificafibh in thic~§rogtam) will be needed to obtain definite:data.:

- 22:_




D. Ele‘“e“"al Sulfur P‘°““°“°“ o R T B e
Elemental sulfur was not collected .88 a product and. apPears«in the
tables as a: calculated quantity.' Proof-was,neededato.eupport this. A special.
test,»verifiednthis assumptiona; Thia test was made at conditions chosen to
give sulfur products in all plant effluents, B T S EERRILES
In the following table (Table 3) the elemental sulfurxwas calculated
accordingcto the.following.formula. Iotal feed sulfide - (RDH S +. liquid
product sulfur) (= elemental sulfur._ At the end of :Period: B, the plant waa
washed with hot caustic, ‘thus- solubilizing the elemental sulfur, and the total A
sulfur content: of»the ‘caustic. was taken as- originating as. elementalﬂsulfur. |

The catalyst and plant scrapings (corrosion products} were found to ‘

contain 0.02 moles of sulfur.

v 23+




Period A

Table 3

Elemental Sulfyr Production

Catalystt 10 cc Geocat 1

Mole

‘Mole

Period B

Mole

Mole

v Mole

Mole
Mole

Mole

Feed: S = 500 ppn Conditions:

0 S.= 1.0
NH,/S” = 1.0
C0,/8™ = 20
Feed rates 400 cc water/hr.

§ in 0.36
Water Sol. Sulfur Compound Wt.

S® out

S° by Difference:

S in 0.56

Water Sol. Sulfur Compound Wt.
S out v

8° by Difference

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

-2 -

Pressure:

0.09
0.06
0.15

0.174
0.31
0.48%

Temperature: 320°F

100 psig Per.A
180 psig Per.B

0.076

0.286
0.27




¥

E,

Catalyst Stability

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

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

- 25 -




Table &

 Stability of Catalyst. Activity

Catalyst: Geocat 1 50 cc = =~ : C ey
Feed: H,S = ~500 ppm Conditions: Temperature:  320°F
> 0/sT=1.9 - C .. .Pressure: 100 psig
NH3/S= = 1.0
« C0,/8 = 20
Feed rate: 400 cc water/hr.

HZS
Hrs. on Converted

~ Test Stream X
A 270 98
882 100
900 98
B 29 100
1314 100
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L]

?._ Inspectlon of Used Catalyst

| After the Geocat I catalyst had been 1n the plant fot 900 hours of
opetatlon it was removed and 1nspected. The catalyst was found to be free flowlug.
Analysis of the used catalyst from that “test lndicated only mlnlmal dhanges in

catalyst composition. The used catalyst could uot be dlfferentiated from fresh

¢

catalyst by visual inspection.
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G. Effect of pH or NH3/S™ Molar Ratio

The product distributi&n resﬁlting from the%oxidationhof hydrogen
sulfide was determiﬁed, to a great extent, byrthe pH of the effluent,
experiméntaliy controlled by the ammonié/hydrogen sulfide feed fatio
(Figure 6). Alkaline conditions favored the formation of water-soluble
products, such as thiosulfate and sulfate while acid conditions directed the
oxidation to the producfion 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—-soluble products
(Table 5) was characteristic of dilute sulfide oxidation. If the concentration
of hydrogen sulfide rises above one percent, polysulfide formation is
observed. The rate of sulfide oxidation and oxygen demand was highest in this
pH region due to the formation of water-soluble products that kept the catalyst
surface clean.

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 (H,S, K; = 5.7 x 10-8) to moderate acid (H,S,04,
K=1x 1072) and finally to a strong acid (H,S0;, K, = & x 1071). As the
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. 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 sligﬁt 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.

T
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Wbles

Effect of pH and.NH /S= Molar Ratios on
: Sulfide Conversion and Product D;stribution

Catalyst: Ceocat I, 50 cc

FEedzl H S = 510 ppm Cdnditionsé Temperature.. 311°
o 0]s® = 1.9 .~ Pressure: 100 psig
-COz/S ®:20 - o0 . 3 : S L

Feed rate: 400 cc wafef/hr.'

BT T e

""E;e"ed e ) e, Ny | .?V‘r‘:q‘,dju’cta-" Sl
Effluent o
NHy/s™2 . pH Feed . pH 8037 S0, H,s. . 8
22t | 10 9.6 13 17 0.0 10
5.4 7.8 9.3 83 10 0.0 7
S.4 S 7.8 9.3 87 8 0.0 5
1.9 7.1 8.9 58 12 0.0 30
1.9 7.1 8.9 n 12. 0.0 17
1.0 6.5 6.6 57 10 0.0 33
0.5 6.0 3.0 33 15 0.0 52
0.5 6.0 3.0 12 28 o{q 60
0.5 6.0 3.0 12 26 0.0 62
- 5.6 3.0 2 26 Lo 72
- 5.6 3.0 2 18 5.0 75

1OIS = 6.7 Air was used 1nstead of oxygen blend, all others o/s = 1.9
2Ammoni.a added as ammonium carbonate NH3/CO, = 3/2 '
3Sulfur in ptoduct exptessed as percent of sulfide in the feed.
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H. 0/s" Atom Ratio

The study of the effects of the O/S atom ratio was carried out under

e

mildly acidic conditions 80 that severe corrosion of the plant would not occur.

Previous work had shown that a NH3/S = 1 would yield an effluent of pH 6 O at

¥

an 0/8" atom ratio of 2‘ff 1*"; Ll o ';.1 fi? . ; - ‘:';5%
The study of the effects of the OIS ~atom. ratio on the product distri-

bution of a. liquid feed to Plant 672 contsining carbon dioxide, ammonia and

, hydrogen sulfide is reported 1n Table 6. Oomplete sulfide oxidation was

attained with an 0/S atom ratio in excess of l.4e Decreasing the O/S atom

sy ! L

ratio decreased the production of sulfate ‘when sulfide appeared in the product.

bt
5y

| .".31 -




Table 6

The Effect of the 0/S” Ratio on Product
Distribution and Sulfide Conversion

Catalyst: Geocat I, 50 ce

Feed: H,S = 510 ppm Conditions: Temperature; 311°F
: NH;/8” = 1.0 ~ Pressure: 100 psig
C0,/s =20 ~ .
Feed ratet 400 cc water/hr.
Conditions Product Distribution!
Reaction ' ‘ - o
Temp. / Product 5
0/s™ °F  s° 5,04~ 80,7 - pH -Conversion
1.9 309 352 332 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 5.8 86
0.36 307 26 46 3 5.8 75

0.36 309 31 42 4 5.8 77

las Z of the sulfide content of the feed. ‘ : ‘
The catalyst had been operating at an 0/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). When the pressure was dropped

below the autogenous steam pressurel, thus vaporizing all of the water, the

'catalys; lost much of 1its actiyity (Table 7). The function of a water phase is

not merely to wash products of oxidation away. With only hydrogen sulfide,
water #nd carbon dioxide paSsing.oﬁer the catalyst, immediate deactivation was
noted when the pressure was dropéed below the autogenous pressure. Since the
drop in activity was 1mméd1a;e, it can be deduced that liquid water phasg is

required for the most efficient catalytic reaction.

1A.uto'ge,'nous steam pressure = at a given temperature, the pressure at which steam

and water are in equilibrium.
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Table 7

Effect of Pressure

© Catalyst: Geocat I, 50 cc -
~ Feed: H,S = 391 ppm

o/s™=1.9.
o €0,/s" = 20
“ ' Feed rate: 400 cc water/hr.

Conditions Product!
Press. “Temp. ‘ - g . H,S ‘
psig F NH3/S sxoy , S Conv. pH

180 343 1.0 69% 22% 91z 5.0

1100 320 1.0 43 56 99 5.7
90 316 1.0 - - 90 6.4
80 322 1.0 43 4 47 5.9
75 314 1.0 130 - 79 5.9
70 307 1.0 32 15 48 6.0
180 312 0.0 18 82 100 3.1
100 305 0.0 12 88 100 3.2
80 320 0.0 11 57 68 3.0
75 318 0.0 7 61 68 3.0
71 307 0.0 12 66 78

1aé percent of feed sulfide.
zs,»-t()y'= denotes all water sulfur species

deteramined by the turbidimetric-mg;hod,

-3 -
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J. Effect of Temperature _ ‘j, ‘ -.g‘~,; e,

The major effect of temperature (as in the case of pressure) is 1its con-
trol of the presence of liquid water. As soon as the temperature, for a given
‘pressure, allows the formation of a mixed phase, the sctivity of the catalyst
was increased. Temperature also has an effect on product distribution, the

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

oow
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Table 8

Effect of Temperature .

Catélyst:

Feed: -

‘.Féed ra

VGeocat Ii; 50 ééi'

H,S = 450 ppm .

0/s™ = 1.9

C0,/8™ =20 . .
te: 400 cc water/hr.

Conditions Prp_duct2

Temp.™ Press. Conv.

° _ = ° = . =

| F psig NH3/S- SxOy S S 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
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

1Reactor temperature.
Percent of feed sulfide.
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K. Effect of Salt

The effect on sulfide conversion of the presence of two compounds,
ammonium thiosulfate‘and sodium sﬁifate; ﬁas investigated. Five and 10 wt.Z
ammonium thiosulfate‘soldtioqg, respectively, were fed to Plant 672 and sulfide
conversion temainéd high, 93Z:§nd 88% (Table 9). -Howé;er, when sodium sulfate
in SZ and 10% solutions was fed to Plant 672, sulfide conversion was diminished
to 85X and 80%. During all df theée‘runs, the salts deposited on the catalyst

bed due to vaﬁorizﬁtlcﬂ”of the salt solutions.
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-Table 9

Effect of Sélt

Catalyst: Geocat I, 50 cc - S Compte LR
Feed: S = 500 ppm Conditions: Temperature: 311°F
o 0fsT = 1.9 DRI -+ Pressure: 100 psig. .
. C0,/S" = 20 . v
=" Feed ratet 400 cc water/hr.

. Conceﬁtt{tiqn,‘ H)S Product
Salt _ Wt.2 | Conversion - pH
(NE,) 55505 s el s
(NE,)35,03 100 88 6.1
Nome o 100 2.7
N,a‘zso,; 1 | 85 3.2
NaéSOa‘ — 5 o , E _s>o ' 3,4‘
Na, S0, 10 o 7 2.6

1B_ased on water in feed.
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L. Sodium Bicarbonate as an Alkalizing Agent

Previous work on the oxidation of alkali metal sulfides had shown a
matked difference between sodium and ammonia~system3a Tne alkalizing agent in
Plant 672 was changed from amncnium carbonete“;oﬁsodium bicerbonete' both solu-
tionenﬁere~e§ninbiat7;ndvchefge&pet the same rate.. Sulfide eppeared in the KOH
sctubbers and the production of watet soluble products increased (Table 10 and

Figure 8).

Table 10 S

Effect of Alkaiizing'Agent-cu Product Distribution

~ Feed: cWater containing ~500 ppm st e

co LS = 20 Conditions:
t“ . 0/§" = 1,9 Temperature: 320°F
Feed rate: 400 cc/hr. Pressure: 100 psig
Productl-

Alkalizing : ‘ 1 st ,

Agent quyg 4 s° ~ Conversion
(NH,)5C05 51 49 100
(NH3/S = 1) v

NaHCO4 82 15 97
(Na/s = 1) |

lgaged on percent of enlfide in the feed.

-~ 39 -




M. Deposition of Sulfur on the Catalyst

Sulfur deposition on the catalyst interferes with activity when the
system is oxygen starved (below an 0/S™ of 1.4). .

Table 11

-Effect of Sulfur Depositfon on Catalyst Activity

Catalyst 0/s” HyS Conversion
Geocat I 1.9 100%

" 1.75 100

" 0.9 85

" 1.0 81

" 1.0 " 66

'The effect may become more pronounced with longer operation, thus in 78
hours of operation at an'0/S™ ratio of 1 recovery was immediate but after 180
hours of 6pérated at the reduced 0/S” ratio, the recovery of the catalyst to

‘full activity was delayed.

Tab1e>12

Recovery of Catalyst Activity After Sulfur Deposition

!Eﬁﬂi> Catalyst 0/s” HyS Conversion
A Geocat II* 1.0 80%
" . 1.9 100
B Geocat 1 1.0 60
" " 1.0 ) 86
" . » 1.5 64
" " 2.1 76

*Geocat II is closely related to Geocat I, Little
difference was expected and none was observed
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VI DISCUSSION

A. Evaluation of Results Based on Process Requirements

L

The overall objective of the program was to develop a process for
%f | upstream treatment of geothermal steam based on Sulfox chemistry. The first
phase of the progfém‘has been successful in meeting most of its goalé in a
laboratory and pilot plant evaluation. The following discussion will be based
on the DOE contract, DE-ACO3—79ET27203,’the quoted objectives are from the

statement of work.

1. "Appliééble to vapor dominated and liquid dominated reservoirs.”

The process oberates at full efficiency with the presence of

i

some liquid water.

2. “"Allow a maximum of 5% discharge of the total raw Geothermal fluid
Hydrogen sulfide (H,S) loading."”
Most operations in the pilot plant study resulted in a 100%

conversion offSulfide, i.e. 0% discharge.

3. “The temperature range where the process 1s to operate efficiently
shall be between 100°C to 350°C (212°F to":'ész‘r) M
The studY“demdhétrated sucdeésf&i opération ftém 250°F to
350°F and 77 to 180 psig. Opergtioﬁ‘below 250°F would lead
to solid sulfur depositiod.withhloss of activity. The pilot
plant's gas supply was not designed for operations above 200
psig.  The c?st of adapting the plant for high pressure

operation was much greater than the funds available for this

studye - 41 ~




5.

6.

7.

"Applicable to raw geothermal fluid upstream of the energy ex;gaction
process.”
.The prbcess is applicable to, but not'restric;gd-to upstream

.., - processing.

“Capable of long term,continubus«reliable opéragion_éith ainimum .
matatenance required.”
‘The catalyst maintained full activity and sgructuyalﬁ,/,,
zintegrity;for;teét period of 1300 hours. Ahsimiiér‘catalyst
. eﬁployed commercially for .the oxidation,ofno:gaﬁic sulfur

- compounds haé 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.

"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, whetg‘brines are reinjected into
the reservoir, addition of these salts will not cause a

- problen.
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8. Ptocess 1s to mlnimize the ‘loss of energy by ‘the: geothetmal ‘fluid.™

>The pressure drop in Plant 672 was less than one pound.
‘Commercial operatlon with apptopriately.sized catalyst should

" produce oomparable,perfOrmanee. Experimentation;to date

confirus operation et.autogenous geothermal'conditions with

miuimal.energy loss expected.

9. "Process 1& to consume a minimum of energy and raw materials to operate”.

-';,metallurgihal desigh requirements. < -

10. :"The procesé.oper&tion‘shalljnotViuduCe or eauée7other*envitonmentel_:r

problems.

The oﬁlyTtawiméte:ialtcritiéalfto,tﬁe operation of the

. process is‘oxigen;' In?certaidicaEeé;fwhete“high~tates of

oxidation are heeded or the production of water-soluble
sulfur compounds is desited, sodium carbonate or ammonia may
be added ‘to the system.e,The“use of?these reageuts will
probably be.stoichiometric to theAeulfide content of the

geothefmél*stteami*ﬁTheit'use woilld also simplify

o

- The products of oxidation are - elemental sulfur, thiosulfate

3 and'sulfate."Thlosulfate and;sulfate;can;be'disposed of in

”_iﬁhe"btine,téinJeCted~into"tﬁe*reservoif.f.In@thOSe eases

7fvwhere reinjection is"’ prohibited the disposal method must

: allow for the ptesence of metal sulfides. The;process itself

'can:be:varied to ‘produce the,least Objeotionable waste within

the steam product requirements.
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B. Operating Cost Estimation

The contract "Statemeant of Work" spgcifies the following task: "Using
the laboratory data, perform a cost estimate for operating the system using
steam with 300 ppm of HyS: 1in addition the steam will include carbon dioxide
(COZ) and ammonia (NH3) in concentrations which are indicative of actual
geothermal steam.” |

The specific sizing of a commercial facility to remove hyd:ogen sulfide
from geothermal steam upstream of a 55 MW turbine 1s greatly dependent upon
parameters which must be determined in a field test which utilizes authentic
geothermal steam. This test program would determine, under field conditioms,
the rate of reaction #nd 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.

The laboratory experimental program demonstrated that the process could
be operated with the only consumed reagent being oxygen added as air. If
maximization of water-soluble products is desired, a preferred mode of operation
may be to add enough ammonia to neutralize the acid components generated froa
the oxidation of the hydrogen sulfide. Therefore, a stoichiometry of two
molecules of ammonia are required for each molecule of hydrogen sulfide. If the
average condition present at The Geysers Unit 7 is used as an example (250 wt.
ppa HyS instead of 300 ppm, 150 wt. ppm NH3) at the 55 MW scale (1 million
pounds of steam per hour) then an average of 100ippm of ammonia would be
required. This amount of ammonia is equal to 100 pounds per hour or 792,000 1lbs
(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,'gre the glgc;rical
needs for pumps, compressors, etc. These costs and others such as labor,
maintenance, and capital charges are based on actual design parameters which
must be determined from a detailed engineering study or from the fesulté of the

field test.
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C. Field Test Pilot Plant Design

The "Statement of Work" specifies:. "Provide a design for-a field test
pllot plant based upon laboratory data.

" The apparatus represented in Figure 9 was‘designed to provide adequate
flexibility to examine a numbet of parameters required . for the design of a
conmercial facility..l, .

| A. Oxygen/hydrogen sulfide ratio as it affects st conversion,

dlsttibutlon of products, . and .oxygen content of effluent

B. Alkalizing agent type and its ratio to HyS as it affects st
conversion, distribution of products, and oxygen content of
-effluent . | |

C. Recycle'rate of liquid phase and blowdown rate 7

D. Reaction Rate

E. Catalyst deactivation rate at "best” conditinns, and modes of
reactlvation |

F. Catalyst bed configuration

G. Performance of various catalyst formulations

H. Catalyst bed capacity for HyS and 02

I. Materials of constrnction

d. Prodnction and separation of sulfur

K. Ability of the fixed bed to accommodate “"rock dust”

- 46 -




D. Commercialization Plan

- "The-"Statement of Work" ‘also specifies;"#§§$Vide a plan and schédule

+ TS Completfon .

beginning with the pilot plant operation through commercial ssle and operation.™ :

P . - s s - TR - . v

Duration Date

mofiths ~ °‘month

P,

c 7‘;, . — £ 14 ST ey et

1 s
T 16

7 : 24

| begins ~35

Geothermal Project Development' Stéps

"“Ben¢h -scale ‘construction
“Bench scale test ‘operation

‘Fileld test conceptualization

Field test facility (FTF) prdcess flow diagram

‘fTF”engtnéérihg-dééign”f"

" FIF procurement consttuctién ' "

FIF opération
Process decision e

Couﬁerciél uﬁiti(CU)*#oﬁéeptuaIfdésigh

i CU PFD-

. CU-englneering design ‘-

CU procurement, COnsttht10n3’~

'CU operation

. RTINS

Py ;frl. e

»
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E. Proposed Modes of Operation

The nature of geothermal streams varies and each requiréé‘a
modification of the process to attain maximum efficiency. Three main types of
geothermal streams will be discussed: (1) saturated and slightly superheated
steam typical of The Geysers (California) area, (2) the hot highly saline
solutions of the Imperial Valley area, and (3) low sulfide, fairly clean,-
solutions. The proposals set forth in thé following sections are theoretical
and based on chemical principles. With aappropriate modification Sulfox

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

l. Saturated Steam Treatiqgr?rqcess
The steam in The Geysers area varies in the hydrogen sulfide content,
degree of superheating, and presence of rock dust, boron, ammonia and carbon
dioxide in varying amounts. The process described in Figure 10 is
recommended. Maintenance of an alkaline pH in the recycle stream would depress
the produqtion of elemental sulfur and increase the rate of reaction and oxygen
utilization in the system. A filter in the recycle stream could be installed to

remove suspended solids (rock dust) from the system.

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. It is sug-
gested that a portion of the clean steam be utilized to strip the HyS out of the
brine if extremely low level HyS8 control is desired. It has been observed in

Plant 672 operations that hydrogen sulfide is readily removed from hot aqueous
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solution when carbon dioxide is present. The reactor would be a duplicate of
that shown for The Geysers but would operate at an acid pH to promote the
production of elemental sulfur. Condensate watér would be used to reduce the
salt loading of the recycle stream (or therrecYcle stream may be eliminated) and
the acid water bg added to the plant feed for acidification. In those cases
where the brine‘is reinjected without atmospheric contact, the saturated steam

process (see previous stection) would be used.

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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3.

VII.  CONCLUSION

The Proprie;ar&vUOP test’catalysté;promotedﬂthefait,(bkygen)fbkidation’of

hydrogen sulfide in a mixed phase geothermal stream.

The distribution of products of sulfide oxidation is controlled by pH; alka-
line mediatpfddhéing mainly water soluble products and an acid environment

producing mainly elemental sulfur.

Complete oxidation of the sulfide content of a stream coutaining ~500 ppm

of HZS was aéhieVéd at an 0/S8~ ratio of l.4 or gréater.

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.

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

ducts than ammonium carbonate at similar coanditions.

A simple catalytic process for the air oxidation of hydrogen sulfide in a
mixgd'phase geothermél stream has been demonstrated. Testing of the catalyst
at elevated temperatures (480°F to 660°F) 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 2

PROCESS DESIGN FOR TREATMENT OF HIGH
SALINITY OR SCALING GEOTHERMAL STREAMS
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_ FIGURE 3
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FIGURE 4

| EFFECT OF AMMONIA/H2S
RATIO ON PRODUCT DISTRIBUTlON
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FIGURE ]

EFFECT OF SALTS ON |
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FIGURE 6

EFFECT OF ALKALIZING AGENT
ON PRODUCT DISTRIBUTION
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FIGURE 8
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