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ABSTRACT: Measurements have been made of the partitioning of solutes between liquid and vapor 
phases for hydrochloric acid and chloride salts found in both power plant steam cycles and in naturai 
geothermal systems. Static sampling of equilibrium liquid and vapor phases extended from 350" C to the 
lowest temperatures for which reliable analytical determinations of vapor-phase solute concentrations 
could be made. Equilibrium constants for the partitioning of the various solutes were calculated from the 
measured equilibrium compositions, and represented as hnctions of temperature and solvent density over 
the full temperature range investigated. These equilibrium constants can be used to calculate equilibrium 
compositions of coexisting liquid and vapor phases under conditions ranging from steam production from 
saline geothermal brines to early-condensate formation in AVT steam cycles. 

INTRODUCTION 

Compounds which are generally considered to be non-volatile may contribute significantly to operating 
problems in high-pressure steam cycles, including nuclear, fossil-fired, and geothermal systems. Higher 
operating temperatures and pressures can increase thermodynamic efficiency in steam cycles, but lead to 
more severe problems of corrosion and solids deposition at various points in the cycle due to the strong 
increase in volatility of various solutes with increasing temperature. In fossil-fired steam cycles, "hide out" 
of treatment chemicals (e.g., phosphates) added to control pH can lead to enhanced corrosion and solids 
deposition particularly in regons of high heat flux and limited fluid circulation. Adoption of all-volatile 
treatment (AVT), usually involving addition of ammonia for pH control and hydrazine as an oxygen 
scavenger, has not eliminated all problems of corrosion and deposition in steam cycles. Chloride and 
sulfate levels in steam have been found at levels higher than expected from early correlations of solute 
volatilities, and it has been suggested that an anomalously high volatility of their ammonium salts could 
lead to these apparently enhanced levels in steam. A related problem is the fate of these ions in the steam 
cycle, and particularly in the low-pressure turbine where contaminant compounds may be concentrated . 

in the first condensate formed. The primary question addressed in this research is the composition (solute 
concentration and pH) of the phases (liquid water and steam) at various points in the steam cycle, given 
the temperature, pressure, and initial composition of the boiling water (e.g., water in a drum boiler). 
These considerations figure prominently in the development of practical operating guidelines for steam 
cycle chemistry. [ 11 

On first inspection the problem of corrosive-steam production in vapor-dominated geothermal reservoirs 
seems to have little relation to the highly polished, pH-controlled boiler water used in nuclear and fossil- 
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where probiems have Deen enCOUntereQ m the proauction or corrosive steam, panicuiariy Irom some weiis 
in the Northwest Geysers. This large (- 1200 MWe installed generating capacity) vapor-dominated 
system, characterized by reservoir temperatures of at least 240" C producing steam which is significantly 
superheated at the wellhead, is assumed to have formed through heating of seawater, with minimal 
recharge of most portions of the reservoir prior to recent water injection.[2,3] Due to the limited porosity 
of the reservoir host rock and the high temperatures at depth, no samples are available of the liquid which 
is assumed to be present at depth within the system. However, studies of fluid inclusions indicate 
relatively high salinity in reservoir fluids, and high levels of chloride (to - 100 ppm) and ammonia (to > 
1000 ppm) have been observed in wellhead condensate samples.[3,4] These limited observations, coupled 
with a knowledge of liquid-vapor partitioning of solutes in the title system, permit estimation of the 
composition of a brine within the reservoir at various assumed reservoir temperatures, and can be used 
as a basis for suggesting mitigation methods. 

Due to the importance of solute partitioning in steam generator applications, a relatively extensive 
literature is available which addresses both experimental and theoretical aspects of liquid-vapor 
distribution of salts.[5-10] In most of these studies the importance of the pH at high temperature in the 
liquid phase on the overall distribution of solutes was not specifically noted, and data were lacking for 
partitioning of ammonium salts. Treatment of the available experimental results was often limited to a 
phenomenological representation of the ratio of concentrations of solute in the coexisting phases as a 
linear function of the ratio of the phase densities, often referred to as the ray diagram. We have recently 
reported new measurements to 350" C of the partitioning of HC1, NH,C1 and NaCl where the liquid- 
phase pH was controlled and the results reported as thermodynamic partitioning constants, recognizing 
the significant differences in solute speciation in aqueous phases with large differences in density.[ 11-14] 
In the present work we will review the experimental and data analysis techniques used to determine 
thermodynamic partitioning constants for the various solutes and illustrate the application of these results 
to calculations of phase compositions in practical, multicomponent systems. 

EXPERIMENTAL METHODS 

The method employed in all experimental measurements of 
the composition of coexisting liquid and vapor phases was 
the static sampling of liquid and vapor phases from a high- 
temperature, chemically-inert autoclave, with subsequent 
sampie analysis by ion chromatography and/or acidimetric 
titration. Full details of the sampling and analysis 
procedures specific to the various compounds have been 
given previously. [ll-141 The apparatus is shown 
schematically in Figure 1. 

In these experiments, liquid and vapor are equilibrated at 
temperature in vessel PV (internal volume =600 cm3), which 
is equipped with a platinum liner for corrosion resistance and 
maintained at constant temperature (f 0.01" C). A Teflon 
bag containing liquid of approximately the composition of 
the experimental solution is held at the experimental pressure 
and ambient temperature in pressure vessel V2. Exchange 
of fluid between the annular spaces of vessels V2 and PV 
and between the Teflon bag and the sample liner serves to 
equalize pressure across the thin platinum liner and prevent 
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collapsing or overpressuring. Condensed vapor samples are Figure 1. Static liquid-vapor 
withdrawn at Controlled sampling rates (0.4 to 2 cm3-h") equilibration apparatus and sampling 
into a Teflon bag or polypropylene syringe held at equipment for partitioning 
experimental pressure within vessel V1 by withdrawing measurements. ; 



water from that vessel with a positive-displacement pump. Liquia-pnase samples are faKen beIore and 
after each condensed-vapor sample by opening valve PV3 to a separate polypropylene syringe. Small 
shifts in liquid-phase composition due to withdrawing vapor samples from the system are accounted for 
by taking the average liquid composition as that corresponding to a particular vapor sample. Tubing and 
valves in the system which are in contact with either iiquid or vapor samples are constructed of chemically 
inert materials (platinum alloy or PEEK resins). 

For measurements of HCl volatilities no control of solution pH was required beyond the presence of the 
acid in aqueous solution.[ 121 In the NaCl measurements small amounts of HC1 or NaOH were added to 
the aqueous solutions to eliminate the effects of possible hydrolysis of NaCl on the phase 
compositions.[ 131 For NH&l the solutions investigated were either buffered with NH, or contained excess 
HC1, with the volatility of NH,C1 determined from the excess of nitrogen or chloride in the vapor-phase 
samples.[ 1 13 All experiments were extended to the lowest temperatures for which reliable determinations 
could be made of the composition of the condensed vapor-phase samples, with practical working limits 
on the order of lo" mol-kg-' for the ion chromatographic techniques used. 

RESULTS AND DATA ANALYSIS 

Analysis of samples obtained for the coexisting phases give directly the molalities of solutes present in 
each phase at the experimental temperature. Noting that measurements usually extended over a significant 
range of liquid-phase molality for a particular solute, and that extrapolations in both temperature and 
composition to ranges not accessible to experiment are needed for some important practical application, 
it is necessary to develop a consistent representation for the experimental results in terms of fhdamental 
thermodynamic properties. All experimental studies were limited to t s 350" C, where large differences 
remain between the densities of water and steam. Under these conditions it is reasonable to assume that 
there is significant ionization of "strong electrolytes" in the dense (liquid) phase, and negligible ionization 
at finite molalities in steam. Using this assumption a general partitioning reaction for an electrolyte MX 
may be written as 

M '(aq) + X -(aq) = MX (vap) (1) 

for which reaction the equilibrium constant K, is 

where quantities subscripted '1' and 'VI refer to liquid and vapor phases, m is the species molality and y its 
activity coefficient. Of the solutes considered in this work, only ammonia is insignificantly ionized in the 
liquid phase, and its distribution is better considered in terms of the neutral molecule in each phase. Its 
distribution constant then may be written as 

Partitioning of NH3 between liquid and vapor phases has been reported to high temperatures by Edwards 
et al. and by Jones, and these data have been used to describe the partitioning of ammonia over the full 
range of temperatures from 0" C to the critical point of water.[ 14-16] 

For ionizable solutes it is convenient to use stoichiometric molalities and activity coefficients in the liquid 
phase in equation (2). The molalities are then directly determined from sampling of the liquid phase, while 
the corresponding stoichiometric activity coeficients are either available in the literature or may be 
estimated with some confidence.[ 14,17- 191 This method has the advantage over a fully-speciated 
treatment (consideration of both ionized and associated solutes in both phases) in that solute speciation 
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need not be calculated explicitly at conditions where the speciation is u m o w n  or amoiguous. The 
activity coefficient of the neutral species in the vapor phase is assumed to be unity at the low soiute 
concentrations of interest in this work. 

If the assumptions involved in calculating K, for ionizable solutes according to equation (2) are correct, 
the values should be independent of the molalities. We note that ionization of these solutes in steam at 
experimentally-accessible molalities and temperatures is expected to be negligible, based on extrapolation 
of supercritical conductance measurements to lower temperatures and densities. [20,2 11 Of the solutes 
considered here, only NaCl shows an apparent dependence of KD on liquid-phase molality which is larger 
than the estimated experimental uncertainty.[l3] This apparent dependence is too large to be attributed 
reasonably to either vapor-phase ionization of NaCl or to values of the vapor-phase activity coefficient 
different from unity. Pitzer and Pabalan used a relatively complex successive-hydration model to describe 
the thermodynamics ofNaCl in steam at high temperatures.[22] We have found that a simpler approach, 
accounting for the dependence of KD on pressure as the liquid-phase NaCl molality increases through an 
assumed dependence of KD on the vapor-phase density, may be used to represent the apparent dependence 
of K, on m, over the molality range of our experiments.[ 131 

The temperature dependence of K, and its representation are important to the application of 
experimentally-determined values to practical problems, particularly when it is noted that some state 
conditions important in applications (e.g., condensate formation at temperatures near 100" C in low- 
pressure turbines) lie well outside the range of experimentally-accessible conditions. First, it should be 
noted that the equilibrium constant for distribution of ionizable species written according to equation (2) 
extrapolates to the value of the ion association constant for the compound Mx at the solvent critical point. 
Where association constants are available (usually from electrical conductance measurements) they may 
be used as an additional datum in determining the temperature dependence of the partitioning constant. 
Second, the overall reaction is a product of charge-neutralization (ion pairing) and neutral species phase 
distribution reactions, each of which may be represented with good accuracy with a simple hnction of 
temperature and solvent density p of the general form 

logK = f(T) + g(T)log p (4) 

Mesmer et al. have discussed the application of simple forms for f(T) and g(T) to describe the temperature 
and pressure dependence of ionization equilibria in aqueous solution.[23] In many cases taking fer) = a 
+ b/T and g(T) = c, where a, b, and c are constants, is sufficient to represent available data with acceptable 
accuracy, and may be extrapolated in both temperature and 
density with some confidence.[24] It is also possible in 
many cases to rewrite reaction (1) in the "isocoulombic" 
form (equal numbers of like charges on both sides of the 
equation) by combination with the ion product equilibrium 
for water or other reactions for which the temperature 
dependence is known. It has been shown that many 
equilibria show a nearly linear dependence on reciprocal 
temperature when expressed in this form.[23] A more 
complete description of the application of this representation 
to volatility data will be given elsewhere.[25] 

The partitioning constants for HCl, NaCl, NH,Cl and MH, 
are shown as functions of reciprocal temperature in Figure 
2 .  It should be noted that for all solutes except NH, the 
partitioning constants decrease steeply with decreasing 
temperature. This behavior results in an effective method 
for concentrating solutes in water on cycling between liquid Figure 2. Distribution constants for 
and steam. For example, if an aqueous solution containing various solutes as functions of reciprocal 
nonvolatile solutes is boiled at high temperature to produce temperature. 
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steam, and a large amount of this steam is expanded ana cooieo to a sigmficantly lower temperature 
without precipitation of solid solutes, partial condensation of that steam at low temperature will give a 
solution having significantly higher concentrations of solutes than were present in the original boiling 
liquid. The extent of this concentration change will depend strongly on the difference in boiling and 
condensation temperatures and the fractional extent of condensation, as will be described more fblly in 
examples given below. 

Several factors combine to simplify the calculation 
of high-temperature brine composition. First, the 
assumption that NaCl precipitates from steam as 
NaCl(cr) permits consideration of brines of widely 
varying salinity, consistent with the available fluid 
inclusion data.[3] Second, since ammonia 
concentration at the wellhead is significantly higher 
than chloride, the ammonia concentration in the 
brine is effectively fixed by that at the wellhead and 
the value of the partitioning constant at the assumed 
brine temperature. The ratio of molalities of 
hydrogen and ammonium ions in solution is then 
fixed by the ammonia molality and the known 
equilibrium constant for the hydrolysis of ammonium 

APPLICATIONS 

Vapor-dominated Geothermal Systems 

As noted above, problems have been encountered due to corrosion of piping and components at the 
Geysers geothermal field in northern California. This problem, which in severe cases can force wells to 
be taken out of production, is especially noted in some wells in the Northwest Geysers, where 
temperatures at depth are higher than in other parts of the reservoir and relatively high levels of both 
chloride and noncondensible gases are observed in wellhead samples. This vapor-dominated geothermal 
system produces superheated steam; however, current models indicate that some liquid should be present 
within the reservoir.[2] Our measurements of HCl volatility indicated that its partitioning to the vapor 
phase at temperatures to 350" C was not sufficient to give vapor-phase chloride concentrations as high 
as 100 ppm (near the maximum levels observed in wellhead samples) except for high temperature pH 
values below 3. This low pH is unlikely to be consistent with buffering by reservoir mineral assemblages. 
If the volatility of NaCl is included in considering the total chloride in the vapor phase, chloride levels 
greater than 100 ppm should be found in vapor at 350" C over solutions of higher pH and moderate 
salinity. However, effectively no sodium (< 1 ppm) is found in condensed vapor samples at the wellhead, 
and partitioning of NaCl from liquid to steam cannot therefore account for significant chloride.[4] 

Steam from the reservoir is expanded and cooled as it rises to the surface during production. 
Extrapolation of high-temperature data indicates that the solubility of NaCl(cr) in steam at the pure-water 
saturation vapor pressure falls beiow 1 ppm at temperatures below 250" C, and further decreases with 
decreasing steam pressure. [22,26] The relatively high sublimation pressure of NH,C1 prevents the 
formation of Nf-I,Cl(cr) under these conditions. Noting the hish levels of NH, present as noncondensible 
gas in some high-chloride wells, it is of interest to consider the conditions under which a brine containing 
HC1, NaCl, NH,Cl and NH, at high temperature could produce steam having the chloride and ammonia 
levels observed in condensed-vapor samples, assuming that NaCl which partitions to steam at high 
temperature has precipitated as NaCl(cr) in the wellbore. 



times the square of the mean-ionic activity coefficient for ionic solutes is approximately constant. Thus 
the sum of hydrogen and ammonium ion molalities in the brine is fixed by the total chloride concentration 
observed in the wellhead samples, and the brine pH is controlled by the NH,'/NH3 buffer, and the brine 
pH at temperature can be calculated as a hnction of the observed concentrations of chloride and ammonia 
in the wellhead samples with minimal consideration of the total salinity of the high-temperature brine. An 
example of this dependence is shown in Figure 3 for an assumed brine temperature of 350°C. The 
predicted brine pH is only slightly acidic, and a large fraction of the total chloride in the vapor phase is 
present as NH4C1. This observation has significant implications for possible mitigation methods for bigh 
chloride levels in producing wells, in that addition of small amounts of caustic, which could neutralize 
steam containing HC1 and precipitate NaCI, is not likely to be as effective in removing chloride fiom steam 
containing NH4Cl. 

Steam-cycle Chemistry under All-Volatile Treatment (AVT) 

AVT, in which volatile additives (usually ammonia and hydrazine) are introduced into the steam cycle to 
control pH and scavenge oxygen, is widely used in fossil-fired power plants. While this chemistry 
eliminates problems of solute hideout characteristic of treatments involving nonvolatile treatment 
chemicals (e.g., phosphate) and concentrations of contaminants in well-run plants are quite low, 
concentrating mechanisms within the steam cycle can result in the formation of solid deposits, particularly 
in high-temperature reheaters, and relatively concentrated solutions on condensation of steam to water 
in the low-pressure turbine at temperatures near 100" C. Solute volatility data may be used to calculate 
the composition of coexisting water and steam solutions at thermodynamic equilibrium as a hnction of 
temperature, and thus can be an aid in establishing improved guidelines for cycle chemistry. We have 
previously reported the large changes in solute molalities and pH for infinitessimal amounts of condensate 
formed at low temperatures from steam originally produced at high temperatures for the simple system 
{H+ - NH; - NH3 - CT}(aq).[ 11,141 As additional solutes are added the complexity of the calculation of 
coexisting-phase compositions increases significantly. An extensive computer model for these calculations 
based on solute volatility data obtained at O W  and other laboratories is nearing completion.[25,27] 
This model includes a variety of compounds found as contaminants or treatment chemicals in AVT 
systems and accounts for mass balance in the calculation of condensate compositions. A full discussion 
of the data and models used within this code and the predictions of condensate compositions for a 
representative range of water and steam compositions is beyond the scope of the present paper. However, 
the composition of a condensate liquid can be calculated for the title system as a hnction of the extent of 
condensation. based on the data for solute partitioning shown in Figure 2. 

In Figure 4 the molalities of 
various solute species in the 
liquid phase are shown for a 
condensate formed at 100" C 
in equilibrium with steam 
originally produced at 3 50" C 
fiom boiler water having pH 
= 9.2 (at 25°C) and a small 
amount of NaCl present as a 
contaminant (23 ppb Na, 35 
ppb Cl). The results are 
shown as logarithms of 
solute molalities as hnctions 
of the condensate fraction f = 
wJ(w,+w,), where w, and w, 
are the masses of condensate 
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and vapor and (w,+w,) is the 
total initial mass of steam. 

Figure 4. molalities of species in liquid condensate formed at 100°C 
from steam formed at 350" C as a function of fractional condensation. 



It should be noted that most conditions shown in Figure 4 are for very low moisture content: 1% moisture 
corresponds to log f = -2. For log f between -4 and -1 the condensate chemistry is dominated by the 
NH,+/NH, buffer, with nearly constant condensate pH and low total ionic strength. As condensation 
becomes complete the condensate composition approaches that of the original steam, with high ammonia 
concentration relative to any other solute, resulting in the rise in pH for log f near zero. The chemistry 
is more interesting at lower condensation fractions, which might arise either from the formation of a very 
small amount of initial condensate or from the reevaporation of condensates formed rapidly from 
supersaturated steam. At very low condensate fiactions the condensate chemistry is dominated by the 
strong partitioning of NaCl from steam to liquid. This raises the condensate ionic strength to a limiting 
value near 0.1 mol-kg-I, and exerts a strong common-ion effect limiting the partitioning of NH4CI and HCI 
to the liquid. As can be seen from the inflection in the Na' curve of the right-hand plot, practically all 
sodium in the vapor has partitionined to the liquid at log f = -10, and the straight line behavior for Na' 
with increasing f reflects simple dilution of NaCl in the condensate. Once the vapor-phase inventory of 
NaCl is depleted and the condensate is diluted the more-volatile chloride species (NH,CI and HCI) 
partition strongly to the liquid, then are themselves diluted as their inventories in steam are depleted. This 
is reflected in the minima in pH and p(NH4) shown in the left-hand plot. The effect of sodium on the 
distribution of these two solutes is indicated by the dotted lines in the left-hand figure, calculated for a 
boiling solution containing 3 5 ppb chloride but no sodium. For infinitessimal condensation the presence 
of sodium ion is somewhat advantageous, in that the relatively concentrated initial condensate has more 
nearly neutral pH as compared with the assumption of zero sodium concentration. 

We have shown by reference to specific examples involving widely varying applications and conditions 
that the distribution of sparingly volatile compounds between liquid and vapor phases can have a dominant 
effect on the chemistry of aqueous fluids encountered in natural and technological systems. This work 
is currently being extended to include additional compounds known to be present in particular systems, 
and to  provide the further experimental evidence needed to develop a more complete theoretical and 
modeling approach to describe the behavior of solutes in coexisting phases over wide ranges of 
temperature and compositon. 
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