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ABSTRACT Withthese considerationsin mind, we have carriedout a series
of experimental measurements of the partitioningof chloride

Measurements have been made of the partitioning of compounds between liquidand vapor phases at temperatures
chlorides including HCI, NaCI, NH, CI, MgCI2, and CaCI2 rangingfrom 50 to 350°C. These studies comprise one part of
over wide ranges of solution ionic strengthat temperaturesto our overall program at ORNL focusing on the physical
350°C. Thermodynamicdistribution constants Ko have been chemistryof geothermal systems, andincludingmeasurements
determined from analyses of the concentrationsof species in of volatilities, solubilities, melt-vapor phase behavior, and
the coexisting phases using activity coefficients availableor liquid-vaporand solid-fluidstable isotope distributions.
estimated from published measurements. These results
indicate that it is unlikely that HCL the single most volatile In our original measurements of the partitioningof HCI
chloride species at all temperatures considered, is solely (Simonsonand Palmer, 1993) it was found that thevapor-phase
responsible for all chloride found in the vapor phase due to rnolalitiesof HCl overpureHCl(aq)solutionswere too smallto
the low solution pH required to give the observed levels in account completely for the high (to more than 100 ppm)
steam.Notingthatsodiumisnotfoundinappreciablelevels chloridelevelsobservedinsomesteamsamplesfromThe
insteamfromthehigh-temperaturereservoirinthenonhwest Geysers,particularlyconsideringthattherequiredlow pH
Geysersandthatammoniaispresentinsignificantamountsas valuesforthesesolutionsappearincompatiblewiththeminerals

a noncondensible gas, it is shown that a slightly acidic foundinthe reservoir.Measurementsbybothemf(Wesolowski
ammonium chloride brine is capable of producing steam and Palmer, in preparation)and volatility (Palmer et ai., in
having some of the characteristics observed in produced preparation) of the hydrolysis of magnesium andcalcium ions
steamfrom the northwest Geysers. insolutionat high temperaturegave furtherindicationthatthese

hydrolyzable cations would not bufferhydrothermalsolutions
at pH values low enough to give high levelsof HCIpartitioning

INTRODUCTION tothevaporphase,and thatMgCI2 andCaCl_contribute
negligiblytothetotalchlorideinthevaporphaseunderpractical

Steamcontainingsignificantconcentrationsof chlorideis reservoirconditions.Our measurements(Simonsonetal.,
producedatThe Geysers.Thischloride-bearingsteamis 1994)and availableliteraturedata(KhaibullinandBorisov,
widespreadinthehightemperaturereservoirfoundinthe 1966;Bischoffetal.,1986)haveindicatedthatamodestly-
NorthwestGeysers,althoughthereissome concernthat concentratedNaClbrineatslightlyacidicpH couldaccountfor
troublesomechloridelevelsmay becomemorewidespreadin thechloridelevelsfoundinthecondensedsteamsamplesfrom

thenormalreservoiroftheCentralandSoutheastGeysersas the NorthwestGeysers,particularlyathightemperatures
productioncontinuestodepletetheresource.Inaddition, (=350°C). However,the sodiumcontentof steamin
developmentof a significantnew resourcetentatively equilibriumwithsuchbrineswouldbesignificantlyhigherthan
identifiedatTheGeysersissubjectinparttotheavailabilityhasbeenobservedinthesesamples.
ofsuitablemethodsformitigatingthethehighchlorideand •

noncondensiblegaslevelsexpectedinthisarea.Ingeneral, Moreover,ithasbeennotedthatsignificantlevelsofammonia
chloridelevelsinsteamhigherthana fewpartspermillion werepresentasnoncondensiblegasinthesesamples.Inastudy
havebeenfoundto leadto unacceptablyhighratesof originallymotivatedbyproblemsencounteredinall-volatile-
corrosionof wellcasings,piping,and othercomponents, treatedfossil-firedsteamgeneratorsystemsandsponsoredby
leadinginsomecasestolossof productionfromaffected theElectricPowerResearchInstitute,we determined(Palmer
wells.The fateof dissolvedsolutesinsteamatlower andSimonson,1993)theliquid-vaporpartitioningbehaviorof
temperaturesisalsoof interest,notingthatverylow NH4CI oversolutionscontainingeitherexcessHCI orNH 3,
concentrationsof contaminantsin steam have caused where the partitioningconstantsforHCI weremeasured
problemsinthelow-pressureturbinesystemsoffossil-firedindependentlyto350°C (SimonsonandPalmer,1993)and
powerplantsarisingfromcorrosion,fturbinematerialsor thoseforNH 3weremodeledoverthetemperaturerangeof
fromdepositionofsolidsontotheturbines, interestbasedonliteraturedata(Edwardsetal.,1978;Jones,



1963). On the basis of this study of NH_CI volatility it is pressurepositive-displacement pump to withdraw condensed
possibleto calculate the concentrationsof chloride, both as HCI vapor samples at accurately controlled rates. Liquid-phase
and NFI_CI,and of ammonia in steam in equilibrium with samplesareless sensitive to samplerate, and are withdrawn into
NI-I,Cl(aq) brines over wide ranges of temperature and ionic a syringeat ambientpressure. Compositions of both phases 8.re
strength. Thus, given a particularobserved steam composition determinedby appropriatecombinations of acidimetric titration
(total chloride + total ammonia) it is possible to determine the and ion chromatography.
composition of brine in equilibriumwith this steam at various
temperatures. The liquid-phase compositions used in these experiments were

dictated by the compound(s) under study. For HCI the
Clearly the complete system of (brine + vapor + solid) measurements were straightforward. With either HCl(aq)or
interactions in the Geysers reservoir is significantly more {HC! + NaCl}(aq) solutions loaded into the apparatus,
complex than can be treated in a short communciation. The molalities in the two phases were determined directly by
purposeof the present paper is to show that a small pan of the acidimetric titration and ion chromatography, while in runs
overall steam chemistry, viz., the production of steam whereNaCI volatility was measured in the presence of HaOH
containing significant concentrations of chloride and ammonia (Simonsonand Palmer,1994) ion chromatography was used to
fi'omthe high-temperaturereservoirin the Northwest Geysers, determine both sodium and chloride concentrations and the
can be accounted for based on known volatilities of aqueous resultscompared to indicate charge and mass balance. For the
speciesthrough the assumption of an ammonium chloride brine MgClz, CaCI2 and {MgCI2 + NaCI} runs which will be the
at depth within the reservoir. The treatment presented here is subject of a future publication (Palmer and Simonson, in
necessarilyincomplete;the effectsof additionalbrine salinity (as preparation) vapor-phase molalities of hydrogen ion were
NaCI)on the chloridepartitioningequilibria are not considered, determinedby titration, with the molalities of other cations and
and sourcetermsforother noncondensible gases (e.g., COs and chloride found by ion chromatography. The HCI contentin
HzS) found in steam from the Northwest Geysers are not these steam samples, coupled with the previously-determined
addressed. However, it does demonstrate that the observed values for HCI partitioning in NaCi media, were used to
chloride and ammonia levels in steam are consistent with the calculatethe extent of hydrolysisof the alkaline earth cations at
assumption of a slightly acidic ammonium chloride brine at temperature.
depthwithin the reservoir, and permits quantitative calculation
of the composition of condensates forming, at various The study of ammonium chloride volatility was complicated
temperatures from this steam, which can have important significantly by both the hydrolysis of ammonium ion and the
implications for the corrosion of various components of the. high volatility of the hydrolysis products. The hydrolysis
piping and turbine systems at The Geysers. In the following reaction
sectionswe will reviewbrieflythe experimental results and data NH_.(aq) = NH_(aq) + H*(aq) (1)
analysis leading to the determination of thermodynamic
partitioningconstants for the variouschloride species, and apply inchloridemedia gives NI-I3(aq)and HCI as reaction products.
these resultsto the calculation of the composition of coexisting Clearlythe volatility of ammonia is high compared with that of
liquid and vapor phases at both steam-generation and stronger electrolytes in aqueous solutions; also, a comparison
condensate-formation conditions of the Geysers steam cycle, of the partitioningconstants for HCI and NaCI (Simonson and

Palmer, 1994) indicates that HCI partitioning to the vapor is
EXPERIMENTAL likely to be significantly greater than that of NH_CI. Thus, at

constant temperature, both the total amounts of the various
Full details of the experimentalmethods, including equipment solutes (NI'I3,HCI, and NH,CI) and their relative distribution
design, sampling of coexisting phases, and analysis of solution are strongly dependent on both total liquid-phase NH,CI
compositions, have been presented previously (Simonson and molality and solution pH. To address these multiple
Palmer, 1993; Palmer and Simonson, 1993). The basic dependences,measurements were madeat varyingNH4CI(aq)
method employed is the static equilibration of liquid and molalities with either excess I-ICIor NH3 added to establish
vapor phases, with sampling of both phases at carefully nearly constant pH in the liquid phase. The concentration of
controlled rates. The apparatusconsists of a stainless steel NI-I,CIin each phase in these experiments was then determined
pressure vessel (HIP Co.) containing a loose-fitting, sealed by measuring total nitrogen, chloride, and hydrogen ion in the
platinum liner equipped with sampling lines and a platinum samples by titration and ion chromatography, calculating
thermoweii. Pressures on either side (sample or annular) of expected levels of HCi and NH3 in the vapor phase samples
the liner are equalized by material transfer between the from the known partitioning constants for these compounds,
sampleand annular spaces through a pressure vessel equipped andcalculatingthe NH,CI molality by difference. As would be
with a Teflon bag which serves to separate the sample expected, the precision of the overall determination of the
solution from pure water; thus the pressurizing mediumin the partitioningconstant for NH_CIwas necessarily reducedby the
high-temperature annular space is undersaturated steam. A requirements of this indirect method; however, the resulting
second water-filled low-temperaturepressurevessel equipped overall precision in the equilibrium constant values was
with either a small Teflon bag or a polyethylene syringe of sufficient to permit the determination of their temperature
appropriate volume is used in conjunction with a high- dependencefrom 150 to 350°C (Palmer and Simonson, 1993).
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DISCUSSION For calculationsof the composition of coexisting liquid and

vapor phases at conditions characteristic of the high-
Treatmentof volatility results temperature reservoir of the Northwest Geysers we consider
The partitioning of a solute between aqueous solution and here the simplifiedsystem (H" - NH(" - CI"- NH3 - H20). It
steam is described by the general reaction for a compound should be noted that relativelyhigh concentrations of sodium
MX as: chloride are likely in these brines; this additional salinity will

changethe molalities of HCl(aq) and NH(CI(aq) in equilibrium
MX(aq)- MX(vap) (2) with steam of a given composition and temperature through

both the common-ion effect and potentially large changes int

In cases where MX is predominantlya charge-neutralmolecule liquid-phase activity coefficients. Also, other c,_oonents
in both liquid and vapor phases (e.g., CO, or NH3) it is found in steam samples, either as dissolved soluz,:s or
straightforward to write an expression for the equilibrium noncondensible gases, may introduce important controls on
constant for the partitioning reaction: possiblebrine chemistry within the reservoir, particularly with

respect to the effect of borates, carbonates, and sulfides on
solution pH. However, since only very low levels of sodium

mv(MX)y,,(MX) have been found in steam from the Northwest Geysers, the

K_ = mt(MX)yI(MX) (3) oversimplified system considered here should be directly
applicable to the determination of the composition of
condensatebrineformed from Geysers steam, and will give at ,_

where the subscripts T andV refer to liquid and vapor phases leastan indicationof the levelsof NH(CI and HC! in the 'source'
and m and y are the molality andactivity coefficient of MX in brine required to yield steam having the measured
the respectivephases. Forunchargedsolutes in dilute solutions concentrations of chloride and ammonia. The partitioning
it is reasonable to approximate y = 1; this approximation is reactions which must be considered include:
adopted here for all neutral solutes in both liquid and vapor
phases. Equation (3) is equivalent to a Henry's Law NH3(aq)=NH3(vap) (5)
representation, changed only by the adoption of an infinite- I-F(aq) + Cr(aq) = HCl(vap) (6)
dilutionstandardstate for the vapor-phase solution; this change NI-I('(aq)+ Cr(aq) -- NH,Cl(vap) (7)
is particularly appropriate for low concentrations (or partial
pressures) of neutral molecular solutes in steam. Of thesereactions,equations for the distribution constant given

byequations (3) and(4) as functionsof temperature and solvent
The liquidphase is characterized by significantly higher density density in the liquid and vapor phases have been given
and dielectric constant than the vapor at subc'citical" previously(Palmerand Simonson, 1993; Simonson and Palmer,
temperatures. Electrolytes (e.g., NH(CI) will therefore be 1993). The variation of these equilibrium constants with
significantlyionizedinthe liquid phase, but primarily associated temperature is shown in Figure l, with values for NaCI
to the neutral molecule in steam. For a solute MX which (Simonson et el., 1994)shown for comparison.
ionizes in the liquid phase, it is convenient to write the
partitioningequilibrium constant as trc - t, 300 2S0 2oo 150

8 I I ! I ' I l

m,(MX)y,(MX) e
KD(MX) " (4)

mI(M")mI(X")y i(M') y I(X ") 4
k

In equation (4) stoichiometric quantities may be used for the 2 _\
liquid-phase molalities and activity coefficients, making it _ NH3
possible to incorporate available measured values of _o ..........o_ 0

stoichiometricactivitycoefficientsdirectly in the determination _o _ _ _. HClofKo _om the partitioningmeasurements. The two equations .2
(3) and (4) for KD are directly related through the ion- x._ _
associationequilibriumconstantin the liquid phase; adoption of -4 _ NH4Cl "_"
the present treatment makes it unnecessary to use potentially
ambiguousvalues forthe associationequilibriumconstant in the "6
determinationof distributionconstants. It shouldbe noted that NaCl
Ko as defined for molecular species in equation (3) will -a _ ' ' ' '1.6 1.8 2.0 2.2 2.4
approach unity at the solvent critical point, while that for 1000K/T
ionizingsolutes given byequation (4) will approach the value of

the ion association constant at the criticalconditions. Figure 1. Liquid-vapor partitioning constants KD for NH3,
HCI, NH(Ci and NaCi at the saturation vapor pressure.



It is important to note that the relative molalities of NH3, thermodynamic propenies to the conditions of the high
NI-I_CI,and HCI in steam aredependenton temperature through temperature reservoirat The Geysers, the brine composition
the relation leadingto the formationof saturated(not superheated) steam at

mv(HCI)mv(NH_) KnKD(HCI)KD(.NH_) 350°C may be calculated based on varying levels typically
= (8) observedforammoniaandchlorideinthesteam.We havealso.

m,,(NH(Cl) KDCNH(CI) calculated the compositionof a brineformed at 150°C from the
condensation (on expansion and cooling) of an infinitessimal
amount of the high-temperature steam. The variation of two

where the Kt,s are for the species listed and K, is the brinepropertieswhich are particularlyimportant in establishing
equilibriumconstant for ammoniumion hydrolysis(equation 1). the corrosivity of these fluids, via., the pH and total chloride

concentrationin the liquid phase, areplotted in Figures 2 and 3
Thereexistno reliabledata on the composition of a liquid phase against the variation of NH3concentration in steam containing
at depth in The Geysers reservoir. R-.cent modeling studies 30 ppmchloride and as a function of chloride concentration in
(Shook, 1994) indicate that a nonzero saturation index is steam containing 500 ppm NI-I3,respectively. As can be seen in
compatiblewith a conceptual model forthe formationof a high- Figure 2, imposing the condition of constant chloride
temperature reservoir, and Moore (1992) has found high concentrationin steamwhile varyingthe ammoniaconcentration
salinitiesin some fluid inclusions fromThe Geysers. Based on implies at both 350 and 150°C a nearly constant liquid-phase
averagedvalues of the chloride and ammoniaconcentrations in chloridemolality,withincreasingpH in the equilibrium liquid in
steam froma portion of the high temperaturereservoir(Mark eachcase. However, it is importantto note the significant shifts
Waiters,personalcommunication, 1994), it is possible based on in eachof these quantities with temperature: for a given steam
the partitioning equations and the experimentally-determined composition, the equilibriumliquid-phasechloride concentration
distribution constants to calculate the composition of a bulk increases by about three orders of magnitude at 150°C as
NH4CI(aq) brine in equilibrium with steam at a chosen compared with 350°C, and the pH is lower by more than one
temperature. Calculation of liquid-phase ammonia unit. Thus steam whichis formedat 350°C froma low-salinity,
concentration from the steam composition is straightforward moderate-pHammoniumchloridebrinewill formcondensate at
based on equation (2). Calculations for the electrolytes are 1500C which has both a highchloride content and low pH.
complicated somewhat by the necessity of maintaining charge
balance. Taking the total chloride in steam as known from the
wellhead analyses and using the relationgiven in equation (g), 30 ppm Chloride in Steam
aswellastheequilibriumconstant:for waterionizationgivenby i s.o
MarshallandFranck(198I)andtheliquid-phasechargebalance
conditionsgivesfortheliquid-phasehydrogenionmolality: Iso'c

mv(HCI)KuCNH4Cl) o _ 3so'c

4.5

2 .)m:(I-I")'fi(I-I =
KD(HCl) 4.o

l KD(RCl)Kwr ' + m,,(HCl)r'2 _ (9) '_" ._× _'- .1 g

_mv(HCl 7 (HCi)P, _ 3.s

150"C
-2

whereI"I= {Y=(H')IyI(OH')},I'z= {yi(I-I*)/yl(Cl')},andI"3= _ 3.0
{yI(H')/y_(NI'I,')}. Liquid-phase molalities of the other

350"C
components(NH4",CI',and OH') are easilycalculated fromthe
hydrolysis,water-ionizationandcharge-balancerelationsonce -3 _ _ _ _ , = 2.s
_(NH3) and _(H +) are found. The overallcalculationis lo0 2oo 300 400 500 SO0 700 800
iterative due to the dependenceof activity coefficientson ppmNH3 in steam

solutioncomposition.Activity coefficientsof thevariousionic

speciesmaybecalculatedat thetemperatureandionicstrength Figure2. TotalchloridemolalityandpH of ammoniumcldoride
ofinterestbasedon literaturevalues(cf. PalmerandSimonson, brinesinequilibriumwith steamhaving30 ppmchlorideasa1993),orestimatedfrom theextendedDebye-Hiickellimiting-
law.Whilealltheionicspeciesinvolvedinthevariousratiosl", functionof ammoniaconcentration.
areallsinglychargedandtheapproximationP, = 1maybeused
inpracticalcalculations,it shouldbenotedthatthecalculation
issensitiveto thevaluesof theactivitycoefficients,andthatthe The variationof brinecompositionwith chloridecontentin
bestavailablevaluesshouldbeusedfor maximumaccuracy, steamhaving a constantammoniaconcentration,shownin

Figure 3, is somewhatdifferentfrom that obtainedunder
Asanillustrationof the applicationof themeasuredpartitioning constant-chlorideconditions.Herethetotalchloridemolality
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in the liquid phase at constant temperature increases the effects on steam composition of: (I) a significant NaCl
approximately linearlywith the increasing chloride in steam, concentration in the reservoir brine; (2) the concentrations of
while the equilibrium liquid pH is lowered by the increasing other salts in these brines (e.g., sulfides and carbonates) which
concentrationsof both HCI and NH(CIrequired to produce the arerequiredto producesteam with the observed concentrations
higher chloride levels in steam. Again the most significant ofnon_ndensible gases other than ammonia, and their effect on
overall changes are due to the differences between the high- brine plk (3)the relatedquestions of the degree of superheating
temperature'formation'conditions and the lower 'condensation' of steamand the effect of these superheating mechanisms (e.g.,
temperature. As for the constant-ammonia conditions, the pH production of steam from adsorbed fluids) on the equilibrium
at 150"C is lower by more than one unit, while the chloride properties of dense fluids and steam; and (4) the design and
molality in the equilibrium liquid shows a similar increase of developmentof cost-effective mitigation measures to allow the
three log units. This behavior is quite general for systems in economic production of steam from the high-temperature
which steam is formedat high temperature, while condensate reservoir.
forms on expansion and cooling at lower temperature. In all
cases where there is no intervening process occurringin steam It seemslikely.,basedon fluid inclusionstudies and the probable
(e.g., deposition of solid salts or reaction with minerals), the formation of the reservoir from a marine environment, that
steep decreasein the partitioning constants for NH(CIand HC! fluids in the high-temperature reservoir contain significant
shown in Figure 1 requires increasing chloride concentration concentrations of sodium chloride. At temperatures above
withdecreasingtemperaturefor brinesin equilibriumwithsteam 300"C, NaCIshoulddistributeto the vapor phase in significant
of a given composition. The shift to lower pH values at lower amounts (Simonson et al., 1994). Based on these reported
temperatures is due to both the relative changes with preliminaryresultsfi'omongoingresearchinthislaboratory, for
temperature of the partitioning constants for HC! and NH,CI, an approximateseawater salinity(3%NaCl) at 325°C saturated
.and to the increase in the partitioning constant for Nil 3as the steam should contain about 50 ppm sodium, while at higher
temperaturedecreases, temperature and salinity (350°C, 10% NaCl) the expected

sodium concentration in steam increases to about 200 ppm.
500ppmAmmoniainSteam Sodiumis not generallyobservedin steamcondensateat the

wel[headfi'omthehigh-temperaturereservoiratconcentrations1 5,0
15o'c ....---.------'-""'-" even approaching these levels (Mark Waiters, personal

,c----,_,,_--" communication, 1994). Probablythe least likelyexplanation for
these observations is the assumption of minimal NaCl in the

-'_,_ 350"C _ 4.S condensedphasewithinthe reservoir:thisexplanationwould
o _ -- requiresignificant flushing of the original marine fluids with

watersof very low salinity, and appears to be inconsistent with
4.o ._ the available fluid inclusion data. Dilution of the high-O

o ._ temperaturesteamwith steamfrom the'normal'reservoiris
E--1 =- almost certainly occurringin at least some wells in the
-_ 3.5 _" NorthwestGeyser_.For thisdilutionto bethesolemechanism

__ 1so'c ... forsodiumreduction,the ratio of'normal'to 'high-temperature'
'_-----_._....,_. r steam producedwould have to begreater than 100 to 1. While-2

--- 3.0 this may be possible,this mechanismwould also dilute
___-- significantly the chloride in steam, and probably the

"<---- noncondensiblegases as well.350°C
-3 ' = ' J J = 2.5

10 2O 30 40 50 6O 70 e0 Steamproducedat the NorthwestGeysersis significantly

ppmCl"insteam superheated.Thusa possiblemechanismfor theproductionof
chloride-bearingsteamwith low sodiumlevelsfrom a brine

Figure3. TotalchloridemolalityandpHof ammoniumchloride originallyhigh in sodiumchlorideis the depositionof halite
fromundersaturated(superheated)steamwhichiscooledandbrinesin equilibriumwith steamhaving500 ppmammoniaasa

functionofchlorideconcentration, depressurizedby moving up throughthe well. Due to the
highersublimationpressureof ammoniumchlorideascompared
withsodiumchloride,thismechanismcouldeffectivelydeplete

Considerations inmixedbrines NaC! in steam while leaving both NH(CI and HCI
The calculationsabove have addressed only the concentrations concentrations relatively unaffected. The quantitative aspects
of ammonia and chloride in saturated steam over aqueous of this possible mechanism, including comprehensive
ammonium chloride brines. As alluded to above, the actual calculations of the concentrations of all chlorides in steam

composition of both liquid and steam in the high-temperature (NaCI, NH(CI, and HCI) in equilibrium at high temperatures
reservoirat The C,_sers is significantly mote complex than can withacidic, mixed (NaCI+ NH(CI)brinesand the solubilities of
be addressed here. Important questions remaining to be solid NaCI and NH(Ci in superheated steam as functions of
addressedthrough both experimental and modelingstudies are temperatureand pressure, are being addressedin detail in this



i

program in order to assess the plausibility of this proposed KEFEILENCES
mechanism. It seems likelythat the overall process leading to
the observed steam compositions are a combination of Bischoff, J. L., gosenbauer, g. J., Pitzer, K. S. The system
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including details of the brine compositions in equilibriunlwith 500°C. Geochim Cosmochim Acta" 50, 1437-1444, 1986.
steam containing additional noncondensible gases (Hig and
CO:) and the effect of adsorptionon the partitioning behavior Edwards, T. J., Maurer, G., Newman, J., Prausnitz, J. M.
of various solutes in brines, will be addressed in both further Va_r-liquid equilibriain multicomponent aqueous solutions of
experimental and modeling studies, volatile weak electro,lyres. A.I.ChE. Journal, 24, 966-976, '

1978.
It seems clear from the trends with temperature of the
partitioning equilibrium constants shown Figure 1 that Jones, M. E. Ammonia equilibrium between vapor and liquid
desuperheating of steam containing HCI and NI-I_CIshould be aqueous phases at elevated temperatures. J. Phys. Chem.,67,
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temperaturefrom 350 to 250°C, while that for NH4C!is lower of the thermal properties of aqueous and vapor solutions of
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of liquidinequilibliumwith steam at lower temperature will be Temperature,4, 489.-494, 1966.
veryeffectivein removingboth NH4CIandHCI from steam. In
carryingout such a process care should be taken to avoid Marshall,W. U, Franck, E. U. Ion product of water substance,
detrimental effects on system components (e.g., well casing) 0-1000°C, 1-10,000 bars. New international formulation and
due to the formation of an acidic, high chloride brine at high itsbackground. J. Phvs. Chem. get'. Data, 10, 295-304, 1981.
temperatures, and some neutralizing agent may be required to
protect these components. Significant steam enthalpy will be Moore, J.N. Thermal and chemical evolution of the Geysers
lost in this process, and the cost of mitigation may be high. geothermal system, California. Proceedings: Stanford
However,the injectionof a smaller amount of neutralizer (e.g., GeothermalReservoir Engineering Workshop, 17, 121-126,
NaOH)at highconcentrationsmaynot be effective in removing 1992.
the chloride,as a significantportion of the total chlorideshould
be present as ammonium chloride and hence less prone to be Palmer, D. A., Simonson, J. M. Volatility of ammonium
removedfrom steam as NaCl on caustic neutralization, chlorideover aqueous solutionsto high temperatures. J. Chem.
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