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ABSTRACT 

Measurements of the equilibrium distribution of 
relatively nonvolatile solutes between aqueous 
liquid and vapor phases have been made at 
temperatures to 350°C for HCl(aq) and chloride 
salts. These data are directly applicable to 
problems of corrosivesteam production in 
geothermal steam systems. Compositions of 
high-temperature brines which could produce 
steam having given concentrations of chlorides 
may be estimated at various boiling 
temperatures. Effects of mitigation methods 
(e.g., desuperheating) can be calculated based on 
liquid-vapor equilibrium constants and solute 
mass balances under vapor-saturation 
conditions. 

1. Introduction 

Acid chloride umtaminants in steam have 
caused sigmficant problems in the development 
of some geothermal resources. Severe corrosion 
of well components and piping systems have 
been noted, particularly in the high temperature 
(>3OO0C) reservoir of the Northwest Geysers. 
The source of acid chlorides (HCl and salts) in 
steam from this reservoir is not known. 
However, the equhbrium distribution of these 
solutes is of primary importance in developing 
the quantitative knowledge of {brine + steam} 
chemistry needed to place limits on the 
compositions of possible source brines and to 
describe the chemistry of potential mitigation 
processes. 

By dehition, the equilibrium concentrations of 
relatively nonvolatile solutes in steam are quite 
low, and accurate measments of the 
compositions of the coexistjng phases are 
correspondingly challenging. However, the 
practical importance of the liquid-vapor phase 
behavior of these compounds in both g e o t h d  
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systems and in fossil and nuclear steam 
generators has prompted an extensive new seaies 
of measurements of solute partitioning between 
brines and steam over wide ranges of 
temperature and brine composition. These new 
data, coupled with other measurements of the 
excess t h e r m e c  properties of mixed 
brines at high temperatures, make possible more 
reliable assessments of both the possible sources 
of contaminants in geothermal steam and 
methods for mitigating the problems arising 
fkom the presence of these solutes in geothermal 
reservoirs. 

Previous experimental studies of liquid-vapor 
partitioning of solutes primarily focused on 
problems of solute carryover in the steam cycles 
of fossil-fied and nuclear power stations. 
Measurements appropriate for these applications 
have been carried out by researchers in the 
former Soviet Union (Stynkovich, 1957; 
Martynava, 1979), with signScant contributions 
madeby- * (1974) and Allmon (1983). 
The k iy  diagram" (Styrikovich et al., 1955), 
approximating the logarithm of the ratio of the 
concentrations of solute in the liquid and vapor 
phases as proportional to the logarithm of the 
ratio of the solvent density in the two phases; 
i.e., log(&) = n Iog(p/p,), was based pnmanly 
on the results fkom these earlier studies. This 
simple empirical relationship conceals much of 
the underlying chemistry of the distribution of 
solutes between phases, including both the 
important e f f i  of mixed solutions and 
changing total solute concentrations. 

The behavior of nonvolatile solutes in 
geothermal systems has received relatively little 
attention as compared with work related to 
power-plant steam cycles. Bischoff et al. (1986) 
and Pitzer and coworkers (Pi- and Pabalan, 
1986; Tanger and Pitzer, 1989; Anderko and 
Pitzer, 1993) have contributed both new 
experimental measurements and theoretical 
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developments, particularly for NaCl(aq) above 
300°C. Truesdell et al. (1988) applied available 
partitioning data, including those for chlorides, 
to a discussion of problems observed at The 
Geysers, California; at Larderllo, Italy; and at 
Krafla, Iceland. Hirtz et al. (1991) have 
discussed monitoring and control efforts at The 
Geysers, particularly as related to acid chlorides 
in steam and condensate. With the exception of 
the new experimental measurements of Bischoff 
et al., these studies were based on older 
measurements of uflcerfaifl reliablility. 

Measurements of solute concentrations in 
coexisting liquid and steam have been 
undertaken as part of our program on the 
physical chemistry of geothermal systems. In 
combination with research in this laboratory 
supported by the Electric Power Research 
Institute, new measurements have been obtained 
for equilibrium phase compositions for a number 
of brines of practical importance to the 
chemistry of geothermal reservoirs, including 
aqueous NaCl, HCl, NH4Cl, CaCl,, MgQ, 
NaOH, and sulfate solutions including sulfuric 
acid and ammonium and sodium sulfates and 
bisulfates. Experimental results for some of 
these systems have been reported previously 
(Palmer and Simonson, 1993a,b; Simonson and 
Palmer, 1993,1994; Simonson et al., 1994). 
Quantitative representation of these partitioning 
reactions as functions of temperature, pressure, 
and system composition is particularly important 
in two-phase and vapordominated geothermal 
reservoirs, where phasedistribution data can be 
used to address both the composition of possible 
source brines and the effects of mitigation on the 
solute content in steam. In the present work, 
liquid-vapor partitioning thermodymmcs are 
applied at conditions characteristic of some 

Northwest Geysers. Partitioning data are used to 
infer the composition of a possible source brine 
based on measured solute concentrations in 
condensate liquids at the wellhead, including 
noncondensible gases. Also, examples are given 
which illustrate the effectiveness of 
desuperheating of steam from these wells as a 
method for mitigation of problems associated 
with acid chlorides in geothermal steam. 

wells inthe high-- reservoir of the 

2. Experimental section 

Partitioning data were obtained through 
sampling and analysis of wexisting liquid and 
vapor phases at (static) equilibrium from a high- 
temperature, chemically-inert autoclave. The 
apparatus and techniques have been described in 
detail previously (Palmer and Simonson, 
1993a,b; Simonson and Palmer, 1993). The 
upper temperature limit of the present apparatus 
is -350"C, and phase behavior was determined 
to this temperature for all solutes. The lower 
temperature limit was dictated by the 
partitioning behavior of the particular solute 
under study. For HCl(aq) the compositions of 
both phases could be determind reliably at 
t e m w  as low as 50°C. For less-volatile 
solutes the lower temperature limits were 
considerably higher: 120°C for NH&l and 200- 
250°C for NaCl and NaOH. Determinations of 
wexisting-phase compositions were 
straightfornard for HCl and NaOH, where the 
strongly acidic or basic solutions were not 
affected by hydrolysis of the solutes at high 
temperatures. Small concentrations of excess 
acid or base were added to suppress hydrolysis 
during measurements on salt solutions (e.g., 
NaCl). For NH4Cl, where both the conjugate 
acid and base are relatively volatile, both acidic 
and buffered solutions were used in order to 
establish the concentrations of the various 
partitioning species (HCl, NH3, or NH.,Cl), as 
has been described in detail (Palmer and 
Simonson, 1993a,b). Measurements were 
usually carried out over wide ranges of solute 
molality in the liquid phase, and extended to the 
lowest molalities for which reliable analytical 
results could be obtained for the vapor phase 
samples. Molalities were determid for all 
samples by ion chromatography and 
potentiometric titration as appropriate; where 
possible, multiple techniques were used to 
determine molalities of individual ions. 

3. Results and Data Analysis 

The analytical determinations give directly the 
molalities of the various solutes in the two 
phases. The important thermodynamic quantity 
to be determined h m  these data is the 
equhbrium constant for the partitioning 



reaction. For a solute MX(aq) which is 
predominantly associated in steam but which 
may dissociate sigdicantly in liquid water, the 
partitioning reaction may be writtea as: 

M ‘(aq) +X -(as) = MX(vap) (1) 

The equilibrium constant for the reaction is then 

where the subscripts v and 1 refer to the vapor 
and liquid phases and yv is the activity 
coefficient for (undissociated) MX in the vapor 
phase. The liquid-phase molalities and activity 
coefficients may designate the ‘true’ (speciated) 
molalities and activity coefficients of the 
individual ions, or the total molalities and 
appropriate stoichiometric activity coefficients. 
In general, the stoichiometric representation is 
preferred because experimental determinations 
of activity coefficients give most directly the 
stoichiometric values, and because it is not 
necessary to calculate the often poorly known 
speciation (degree of ionization) of the solute in 
the liquid. There is potentially some ambiguity 
in the assignment of stoichiometric activity 
coefficients in mixed electrolytes at high 
temperatures, particularly in common-ion 
mixtures where the association constants forthe 
two solutes differ sigdicantly. However, for 
the most important of these cases, i.e., HC1 and 
NaCl, we have demonstrated experimentally that 
the partitioning of both components may be 
accurately calculated h m  the measured 
partitioning constants for the iudividual solutes 
coupled with standard descriptions of the mean- 
ionic activity coefficients of solutes inmixed 
electrolyte solutions (Simonson and Palmer, in 
preparation). 

A fully-speciated model including ions and ion- 
pairs in both liquid and vapor phases would 
involve two partitioning constants, each of 
which would approach unity at the solvent 
critical point, and two ion-association 
eqydibrium constants, which become identical at 
the critical point. Such a complex model cannot 
be supported on the basis of presently available 

data The partitioning constants of equation (1) 
extrapolate to the value of the ionization 
equilibrium constant for MX at the solvent 
critical temperature. This limiting behavior may 
be used to check the plausibility of the 
partitioning constant values and their 
extrapolation to the critical point by comparison 
with ion-association constants determined fiom 
electrical conductance measurements. 

’ 

The equilibrium constant as writted in equation 
(2) should be independent of the solute molality 
in either phase. This has been found to be true 
for most solutes investigated in this program. 
However, an extensive series of measurements 
on NaCl(aq) indicate a significant dependence of 
the partitioning constant on molality for this 
solute (Simonson et al. 1994). This apparent 
dependence of I$, on m, cannot reasonably be 
attributed to uncertainties in the measured phase 
compositions or to the uncertainties in the 
activity coefficients for NaCl. Also, a 
consideration of ion association in both phases 
indicates that these speciation reactions cannot 
8ccount for this observed behavior at higher 
solute concentrations (Simonson and Palmer, 
1995a). 

Noting that K,, is a function of both temperature 
and pressure, and that the experimental pressure 
necessarily decreases with increasing NaCl 
molality, we have shown (Simonson et al., 1994) 
that this pressure effect can be explicitly 
included in the representation of KD by 
including a simple dependence of K,, on the 
density of steam at the experimental temperature 
and pressure. It must be noted that this 
representation for K,, does not extrapolate 
quantitatively to the results of Bischoff et al. 
(1986) at halite saturation. Further experimental 
~orkathightemperature~focusingonthe 
molality range between 6 mol-kg-’ and halite 
saturation, is in progress in this laboratory, and 
will be the basis for an extension of the model 
for NaCl partitioning to represent quantitatively 
the observed liquid-vapor phase behavior of this 
important solute over the full composition range. 
However, for the purposes of the discussion 
presented below no sigmficant errors will be 
introduced through the use of the distribution 
constant expressions of our earlier work 
(Simonson et al., 1994). 



4. Application to The Geysers 

Steam fiom some wells in the Northwest 
Geysers is at higher temperature, and contains 
higher concentrations of both noncondensible 
gases and chlorides, than steam from the 
‘normal‘ reservoir of the Central and Southeast 
Geysers. We have been provided with results of 
wellhead fluid analyses for some high- 
temperature wells in the Northwest Geysers 
(Mark Walters, personal communication, 1994). 
Chloride concentrations observed in condensed 
wellhead samples are sometimes in excess of 
100 ppm, although somewhat lower 
concentrations are more common. Total 
concentrations of noncondensible gases range 
fiom about 10,000 to over 50,000 ppm in these 
samples. CO, is the predominant gas, usually 
constituting 65 to 75 mol % of NCG on a dry- 
gas basis. Other gases identified in the NCG 
analysis were H2 (10 - 20 mol %), CH, (5 - 10 
mol %), NH, (2 - 6 mol %), H,S (2-5 mol %), 
and N2(s 2 mol %). The physical chemistry of 
this system is relatively complex, involving 
oxidation-reduction, acid-base, and phase 
equilibria in aqueous solutions at high 
temperatures. Solid phases within the reservoir 
may also participate in the various reactions. 
However, focuSing attention on the generation 
and mitigation of acid chlorides in steam leads 
to significant simplifications. Redox chemistry 
in the system need not be considered. If it is 
assumed that both the source brine and any 
liquid phase produced on mitigation by 
desuperheating are acidic, the acid gases CO, 
and H,S remain largely unionized in the liquid 
phase and have little effect on the brine/steam 
chemisw. 

Ion exchange between fluids and solids can 
affect brine compositions sigmficantly. Quench 
sampling of total acidity and of catiodacid 
ratios in chloride systems eqdibrated with 
various mineral assemblages are classic 
geochemical experiments (Meyer and H d e y ,  
1967; Sverjensky et al., 1991). The equilibrium 
pH of aqueous solutions in equilibrium with 
various mineral assemblages differs sigmficantly 
with the particular assemblage, and 
measurements in this program of liquid-vapor 
phase distributions fiom systems including 
Geysers rock samples are planned in the near 

future. Therefore we will not consider finther 
the effects of solids on liquid-vapor phase 
distribution of acid chlorides, except to note that 
mineralogic data fiom The Geysers (Moore, 
1992) appear to preclude the existence of 
strongly acidic brines in equilibrium with 
mineral phases within the reservoir. 

Under these simplifying assumptions we are left 
to address liquid-vapor phase equhbria in the 
system (H -Na -NH4 -NH3 - C1- OH - KO). 
Individual partitioning constants are needed for 
the components NH4Cl, HCl, NaCl, NaOH, and 
NH9 The partitioning equilibrium reactions for 
all these solutes except NH, follow the form of 
equation (2); for ammonia the degree of 
ionization is small and the partitioning constant 
is more conveniently written in t e rn  of the 
distribution of the neutral molecule between 
phases: 

An analysis of the available literature data for 
ammonia partitioning and a representation of log 
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Figure 1. Distribution constants KD for HCl, 
NH.,Cl, NaOH, NaCl, and NH, as functions of 
reciprocal temperature at the saturation vapor 
pressure of pure water. 



KD for NH3 as a function of temperature and 
solvent density are given by Palmer and 
Simonson (1993b). The calculated values for 
this reaction are shown in Figure 1 along with 
fitted values for the ionic solutes taken fiom our 
earlier work (Palmer and Simonson, 1993b; 
Shnonson and Palmer, 1993; Simonson et al., 
1994; Palmer et ai., in preparation). 

A comprehensive computer code for calculating 
the equilibrium phase distribution of aqueous 
solutes has been developed (Palmer et al., in 
preparation). For the relatively simple system 
considered here it is instructive to examine the 
phase behavior of these solutes in more detail. 

Source Brine 
No brine samples are available from downhole 
sampling of the high-temperature reservoir of 
the Northwest Geysers. Fluid-inclusion data 
indicate high salinities, but are not suitable for 
determinin g overall brine compositions (Moore, 
1992). Modeling of the high temperature 
reservoir indicates a n o m  saturation index 
(Shook, 1994), consistent with the assumed 
presence of some brine. Given the temperature 
at which steam forms from brine, the 
composition of a high-temperature brine in 
equilibrium with steam having the composition 
of steam condensate samples obtained at the 
wellhead can be estimated fkom measured 
liquid-vapor partitioning thermodymmcs. 

The liquid-vapor phase distribution reactions 
are: 

Na+(aq) + Cl-(aq) = NaCl(vap) ( 5 )  

m+(aq) + Cl-(aq) = NH.,Cl(vap) (6) 

Na+(aq) + OH-(aq) = NaOH(vap) (8) 

Other reactions important to this analysis are the 
ionization of water and the hydrolysis of 
ammonium ion: 

H,O(liq) = H+(aq) + OH-(aq) (9) 

NHc(aq) = H+(aq) +NH,(aq) (10) 

Equilibrium constants for these latter reactions 
are known at high temperatures (Marshall and 
Franck, 1981; Thiessen and Simonson, 1990). A 
simple relationship between the vapor-phase 
molalities of NH3, NH4CI, and HC1 is obtained 
by combining the equilibrium constant for the 
hydrolysis reaction (10) with those for the 
partitioning reactions (4), (6), and (7): 

I 

where 

Minimal sodium ion (< 1 ppm) was found in 
wellhead condensate samples from the wells 
under consideration. If it is assumed that all 
chloride in these samples is present as HCI or as 
NH4C1, 

nC(HC0 + %(NN,cI) = m-&C1) (13) 

Equations (1 1) and (12), combined with the 
wellhead sample analyses for NH3 and total 
chloride, permit calculation of the molalities of 
HCl, NH4CI, and NH3 in steam within the 
reservoir. The calculation of the liquid-phase 
molality of NH3 is a straightforward application 
of equation (3) at the temperature of interest. 
Then, given the hydrolysis reaction (lo), either 
the ammonium ion or hydrogen ion molalities in 
the liquid are independent variables. The 
partitioning constant for ammonium chloride is 
given by 

The liquid-phase ammonium ion molality is 
dependent on the chloride molality and activity 
coefficients of NHc(aq) and Cl-(aq), in addition 
to the vapor-phase molality of NH,CI and the 



distribution coI1stsLllt. The stoichiometric mean- 
ionic activity Coefficients of NH4Cl(aq) can be 
estimatedathightemperatures(Palmerand 
Simonson, 1993a). Based on these estimated 
values for ionic strengths greater than 0.5 (2.8 
wt % NaC1) at 350"C, q(Cl-)yl(NH:)yl(Cl-) = 
0.0165. Taking K,,(NH4CI) = 58 at 350°C from 
Palmer and Simonson (1993qb) gives m1(NH,') 

0.96 x q(NH4Cl). The hydrogen-ion molality 
may be calculated fiom the equilibrium constant 
expression for ammonium ion hydrolysis 

The activity-wefficient quotient in equation ( 15) 
may be estimated from the individual values for 
NH4Cl and HCl (Palmer and Simons04 1993a; 
Simonson et al., 1990) as yI(H+)/yI(NH~) =: 

0.42. Substituting the numerical value KH = 
5 . 0 ~  lo-' gives m,(H+) 5 m@JHc)/(8300 
rn,(NH,)}. Thus the combination of the 
partitioning and hydrolysis equilibrium 
constants with estimates of activity coefficients 
and the w e h a d  measurements of total chloride 
and ammonia c~ncentrations permits calculation 
of the composition of a brine at high temperature 
in equilibrium with steam of the observed 
composition. The general composition features 
of this brine at 350°C are illustrated in Figure 2. 

The results shown in Figure 2 are based only on 
the partitioning of ammonium chloride and of 
hydrochloric acid to give the total chloride 
observed in condensed samples at the wellhead. 
This is consistent with the observation of 
minimal sodium ion in these samples. It has 
been noted (Simomn et al., 1994) that NaCl 
partitions to steam in significant amounts at 
temperatures above 300°C. For example, at 
350"C, a brine with 1 mol-kg-' NaCl(5.5 wt %) 
is in equilibrium with steam containing about 40 
ppm chloride fromNaCl partitioningy 
corresponding to about 25 ppm sodium ion in 
steam. It has been suggested (Simonson and 
Palmer, 1995b) that sodium and chloride could 
be removed stoichiometrically h m  steam as 
NaCl(cr) formed as the solubility of halite in 
steam is exceeded on expansion and cooling of 
steam during production. This possible 
mechanism remains to be tested against field 
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Figure 2. pH of brine (predominantlyNaC1) at 
350°C in equilibrium with steam of varying 
chloride and ammonia concentrations. 

observations. However, it is clear fiom 
available analyses of wellhead samples fiom 

these samples; therdore NaCl will not be 
included in our consideration of chloride 
mitigation. 

The Geysers that minimal sodium is present in 

Mitigation of acid chlorides in steam 
The mechanism outlined above for the 
production of steam having high chloride 
concentrations is not unique. Other 
mechanisms, including the production of both 
HCI andNH, from magmatic outgassing and 
hydrolysis of NaCl at high temperatures 
followed by enhanced HCl production on 
reservoir dryout, could be responsible for the 
production of high-chloride steam. The latter 
mechanism is currently under study in our 
laboratory at relatively low temperatures (to 
35OoC), as noted above. Regardless of the 
source of acid chlorides in geothermal steam, 
hmmdynamic data on the composition of 
wexisting brines and steam can provide 
guidance in developing workable methods for 
the mitigation of problems associated with high- 
chloride steam. 

It is possible in principle to inject basic solutiom 
(e.g., NaOH(aq)) in order to strip chloride from 
steam during production. If both HC1 and 
NH4Cl contribute to the total chloride 



concentration in steam, the products of this 
injection method will be NaCl and some 
additional NH9 However, if solids (e.g., NaCl) 
are produd in this process, problems may arise 
either from buildup of the solid or entrainment 
of particulates in steam. 

Steam produced fiom wells in the Northwest 
Geysers is typically superheafed. If water is 
injected to produce saturated steam with some 
excess water, chlorides in steam will partition 
prefererentially to the liquid, with a 
corresponding d-e in their concentrations in 
steam. The effectiveness of desuperheating in 
removing chlorides fiom steam, and the amount 
of liquid brine required to attain a particular 
reduction of chloride in steam, can be estimated : 
from the partitioning constants for HCl and 
NH.,Cl as functions of temperature, coupled with 
a mass balance for the solutes in both brine and 
steam phases. 

i 

For purposes of illustration we consider steam 
containing 70 ppm chloride and 1000 ppm 
ammonia. The composition of coexisting liquid 
and steam at any temperature is a strong 
hct ion of the extent of condensation. The 
condensation fraction F may be dehed as 

F = wI/(wI +w,) (16) 

where w, and w, are the masses of liquid water 
and steam. It is convenient to use the logarithm 
of this condensation fhction, where log F = -2 
corresponds to 1% moisture in steam. Under 
equilibrium conditions, injection of water into 
superheated steam will initiallyproduce only 
steam which is somewhat diluted in 
contaminants; liquid will be produced once the 
injected water has either raised the steam 
pressure or lowered its temperature to the 
saturation value. This diluting effect can be 
taken into account in practical calculations. The 
concentration of chloride remaining in steam 
and the pH of the brine in equilibrium with 
steam are shown in Figure 3 as functions of F 
for two temperatures. The curves at 275 " C 
(527°F) correspond to a saturation vapor 
pressure of 59.4 bars (861 psia), while those at 
2OOOC (392°F) correspond to 15.5 bars (225 
psia). These conditions were chosen to illustrate 

the effect of changing temperature on the 
stripping of solutes from steam by partitioning 
to liquid, and are not necessarily representative 
of field conditions. 

The extent of condensation (moisture content) of 
steam required to decrease the remaining 
chloride concentration to 1 ppm or below is seen ' 
in Figure 3 to be a strong function of 
temperature. At 200°C only about 1% 
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Figure 3. Chloride content remaining in steam 
and pH of liquid formed on fractional 
condensation of steam at 200 and 250°C. 

condensation is required to reach this level, 
while at 275 " C about 10% condensation is 
needed. The liquid is not strongly acidic at 
either temperature, due to the buffering effect of 
the high ammonia concentration. Neither l i q d  
is predicted to have a high chloride 
m- 'on. At 200°C the chloride molality 
in the liquid in equilibrium with 1 ppm chloride 
in steam is about 0.2 mol-kg-'; this decreases to 
about 0.02 mol-kg-' at 275 "C. These estimates 
do not include the contribution of liquid-phase 
activity coefficients. However, at these low 
concentrations the effects are relatively small, 
and give a slight shifting of the curves to lower 
values of F and a modest increase in the 
predicted chloride molality in the liquid. 

General features of the mitigation of chloride in 
steam by desuperheatingto partial condensation 



are clear from these examples. Lowering the 
temperature of condensate formation decreases 
the fractional amount of condensation required 
for a given level of residual chloride in steam, 
and increases the chloride concentration of the 
product brine. The pH of the equilibrium liquid 
is not strongly acidic when excess ammonia is 
present as noncondensible gas. It is likely that 
some moisture will be entrained in steam as a 
result of partial condensation, and some method 
of moisture separation may be desirable for 
protection of components downstream of the 
water injection. 

5. Conclusions 

Laboratory measurements of the distribution of 
relatively nonvolatile solutes between liquid 
water and steam can be used to establish the 
thermodynamic properties of these partitioning 
reactions over wide rauges of temperature and 
brine composition. Assuming equilibrium 
conditions within the reservoir, these new data 
can be used to estimate the composition of a 
source brine in equilibrium with steam, based on 
an assumed equilibrium temperature and 
available analyses of wellhead condensate 
samples. Regardless of the source of chlorides 
in steam, the partitioning thermodynamikcan be 
used to guide the design of processes for 
decreasing the levels of harin€ul impurities in 
steam, including desuperheating to partial 
condensation. 
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